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ABSTRACT: Alzheimer’s disease (AD) is a complex neuro-
degenerative disorder marked by numerous causative factors of
disease progression, termed pathologies. We report here the
synthesis of a small library of novel sym-triazine compounds
designed for targeted modulation of multiple pathologies
related to AD, specifically human acetylcholinesterase (AChE),
butyrylcholinesterase (BuChE), and Aβ aggregation. Rational
targeting of AChE was achieved by the incorporation of
acetylcholine substrate analogues into a sym-triazine core in
either a mono-, di-, or trisubstituted regime. A subset of these derivatives demonstrated improved activity compared to several
commercially available cholinesterase inhibitors. High AChE/BuChE selectivity was characteristic of all derivatives, and AChE
steady-state kinetics indicated a mixed-type inhibition mechanism. Further integration of multiple hydrophobic phenyl units
allowed for improved β-sheet intercalation into amyloid aggregates. Several highly effective structures exhibited fibril inhibition
greater than the previously reported β-sheet-disrupting penta-peptide, iAβ5p, evaluated by thioflavin T fluorescence spectroscopy
and transmission electron microscopy. Highly effective sym-triazines were shown to be well tolerated by differentiated human
neuronal cells, as demonstrated by the absence of adverse effects on cellular viability at a wide range of concentrations. Parallel
targeting of multiple pathologies using sym-triazines is presented here as an effective strategy to address the complex,
multifactorial nature of AD progression.
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Alzheimer’s disease (AD) is the most prevalent form of age-
related dementia characterized by progressive, irreversible
impairments to memory1,2 and cognitive functions.3,4 Patho-
logical deterioration of AD patients has been strongly
associated with the overproduction and disregulation of the
amyloid-beta (Aβ) peptide.5 Aβ has been implicated in a
number of neurotoxic pathways related to the formation of
reactive oxygen species,6 the disruption of Ca2+ homeostasis7

and chronic activation of microglia.8 One prominent strategy to
reduce neurodegeneration has thus emphasized the removal of
neurotoxic Aβ oligomers by implementing small-molecule
aggregation modulators that disrupt π−π stacking between β-
sheets in order to impede Aβ self-association.9,10 Although the
development and commercialization of Aβ-modulating agents
are underway,11,12 currently available pharmacological treat-
ments have targeted more distal pathways of neurodegenera-
tion, which are limited to two classes of compounds: N-methyl-
D-aspartate (NMDA) receptor antagonists and cholinesterase
inhibitors (ChEIs).13 The aim of such drug therapies is not to
impede the proposed aetiopathologies but rather to ameliorate
behavioral and cognitive dysfunctions, which have significantly
delayed and in some cases avoided the need for institutionaliza-
tion.14

In particular, cognitive dysfunction has been associated with
the deterioration of cholinergic neurons of the basal forebrain
and neocortex, leading to profound deficits in the production of
the neurotransmitter, acetylcholine.15 Accordingly, ChEIs have
been implemented effectively to restore pathologically reduced
neurotransmitter levels by modulating native hydrolytic
degradation catalyzed by the enzyme, acetylcholinesterase
(AChE).16 Currently, four ChEIs have been approved by the
FDA for clinical treatment of mild to severe stage AD. These
include: galanthamine (REMINYL), rivastigmine (EXELON),
tacrine (COGNEX) and donepezil (ARICEPT).17,18 In view of
the limited number of commercially available drug therapies for
AD, continued progression toward more biologically compat-
ible ChEI is imperative.
Further motivation for the synthesis of novel ChEI has

stemmed from the recent identification of AChE as an
accelerant of Aβ aggregation via interaction with the peripheral
anionic site (PAS) of the enzyme. This has been further
confirmed by studies with butyrylcholinesterase (BuChE), a
nonspecific cholinesterase variant that lacks a PAS, which is
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unable to induce such accelerated growth.19 Rivastigmine is a
pseudo-irreversible inhibitor that binds to the catalytic active
site region forming a carbamylated enzyme intermediate that
dissociates slowly. Conversely, donepezil, tacrine, and gallanth-
amine are rapidly reversible inhibitors capable of only short-
term interaction with the AChE PAS.20,21 Notably, certain PAS-
binding ChEI, such as donepezil, have been shown to impede
AChE-induced Aβ aggregation, thereby prompting the develop-
ment of a novel class of ChEI capable of mediating long-term
beneficial changes.22 Combination targeting of distinct AD
pathologies using multiple, independently acting drug therapies
has emerged as a highly potent strategy to address the complex,
degenerative nature of AD. Combination studies of ChEI have
a synergistic enhancement of therapeutic effects compared to
single drug therapies.23 However, the implementation of
multiple single-drug entities also raises a potential for
conflicting bioavailabilities, pharmacokinetics, and metabolism
between compounds.24,25 More recent innovations have sought
to address these concerns through the incorporation of multiple
pharmacophores into single drug entities, which still retain the
ability of each individual component to interact with its
intended target.26 Multitargeted therapies are also expected to
simplify therapeutic regimens for patients leading to improved
applicability for AD care. An approach in multitarget drug
therapy development for AD is to integrate a ChEI
pharmacophore with a second unit capable of targeting a
separate AD pathology.27−30 Herein, we report for the first time
a library of novel sym-triazine-derived compounds capable of
parallel modulation of Aβ aggregation and AChE/BuChE
hydrolytic activity.

■ RESULTS AND DISCUSSION

Synthesis of sym-Triazine Derivatives. Most reactions of
sym-triazines are nucleophilic substitutions of chloro-triazines,
in particular, 2,4,6-trichloro-1,3,5-triazine (cyanuric chloride,

CC).31,32 CC is often used as a starting material due to the
facile displacement of its chlorine atoms, which has been
demonstrated using a number of nucleophiles in the presence
of hydrochloride acceptors such as sodium carbonate, sodium
bicarbonate, and sodium hydroxide.33 CC is especially
advantageous as it decreases in reactivity with successive
substitutions.34,35 Consequently, the number of arm substitu-
tions can be controlled by various factors including reaction
duration, solvent and base strength, the nucleophilic structure,
steric factors, and substituents already present in the sym-
triazine ring. Temperature is a primary factor governing CC
substitutions. Generally monosubstitutions were performed at
approximately 4 °C, disubstitutions at room temperature, and
trisubstitutions above 60 °C. The commercial availability and
low cost of CC render it a practical choice for the synthesis of
sym-triazine derivatives.34,36

Initial derivatization of cyanuric chloride (CC) involved the
incorporation of methoxy groups (1a and 2a) via nucleophilic
aromatic substitution of chlorine with methanol, following
procedures established by Dudley (Scheme 1).37 Methanol
substitution was integral for controlling the number of Aβ- and
AChE-targeted substitutions within the triazine core. Accord-
ingly, the synthesis of 2a was performed at 0 °C in order to
displace only a single chlorine unit in the triazine ring of CC,
leaving two chlorine units available for further derivatization
forming the targeted disubstituted species. Similarly, the
synthesis of 1a required reaction temperatures of 60 °C for
the displacement of two chlorine units, leaving a single unit
available for derivitization of a monosubstituted triazine. The
resulting products were washed with water to eliminate
inorganic salts formed during the reaction. The sym-triazine-
based carboxylic acids, 1b and 2b, were subsequently
synthesized from the methoxy derivatives, 1a and 1b,
respectively, using 4-oxybenzoic acid reported by Pogosyan et
al.38 The trisubstituted acid, 3b, was directly synthesized from a
reaction of 4-oxybenzoic acid with CC following conditions and

Scheme 1. Synthetic Routes for New Ester and Ester-Salt sym-Triazine Derivativesa

a(i) Reactions were run using oxybenzoic acid, NaOH, and water in acetone. Acidification was performed using concentrated HCl to yield 1b, 2b,
and 3b. (ii) Reactions were run at 60°C in SOCl2 using anhydrous CHCl3 as solvent and pyridine as catalyst. (iii) Reactions were carried out using 3-
dimethylamino-1-propanol, 1-dimethylamino-2-propanol, and 2-dimethylaminoethanol in anhydrous THF in the presence of triethylamine as the
base. (iv) Reactions were carried out at 40°C using iodomethane in anhydrous THF.
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procedures developed by Sklyarskii et al.39 Sodium hydroxide
was employed as a base to synthesize oxybenzoate salts of 1a,
2b, and 3b followed by the addition of dilute HCl to the salt
solution. Notably, we have observed that Aβ aggregation could
be severely impaired in vitro by the presence of hydrophobic
poly aromatic compounds, which are capable of disrupting or

preventing π−π stacking. Thus, the addition of multiple
aromatic functional units by substitution with oxybenzoate
salts was performed for rational targeting of Aβ aggregation.
The synthesis of the acyl chloride compounds 1c, 2c, and 3c

from 1b, 2b, and 3b, respectively, by a nucleophilic acyl
substitution reaction involved replacement of the hydroxy

Chart 1. sym-Triazine Derivatives Incorporating Acetylcholine-Like Substitutions for Multi-Targeted Inhibition of AChE,
BuChE, and Aβ Aggregation
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groups of the carboxylic acids with chlorine functional units. To
accomplish this, the carboxylic acid derivatives were treated
with thionyl chloride using anhydrous chloroform as the
solvent with a pyridine catalyst. IR spectroscopic data indicated
the formation of the acyl chloride by a shift of carbonyl and
carboxyl absorption peaks as well as the disappearance of the
hydroxyl peak. The resulting acyl chlorides were unstable
hygroscopic species that could be easily converted back to their
corresponding carboxylic acid derivatives simply by exposure to
air. As a result, esterification was performed immediately
following the formation of the acyl chlorides by nucleophilic
addition−elimination with various combinations of the
following compounds: 1-dimethylamino-2-propanol, 3-dime-
thylamino-1-propanol, and 2-dimethylaminoethanol. These
compounds were designed as analogues of the native enzyme
substrate, acetylcholine, and were thus incorporated into the
triazine structure for functional targeting of the AChE active
site. All compounds demonstrated moderate to high conversion
to the esters except for one due to the different temperature
conditions employed. Compound 3c reacted with 2-dimethy-
laminoethanol at a temperature maintained at 15 °C, which
generated the ester, 3d, in a poor isolated yield of 17%. Hence,
reaction conditions were optimized for the formation of esters
1d, 1e, 2d, 2e, and 3d by carrying out their synthesis at 40 °C.
The triethylamine hydrochloride salt formed during these
esterification reactions was eliminated from the solvent
tetrahydrofuran (THF) comprising the ester. For each
esterification reaction, a brown, viscous oil resulted after the
evaporation of THF, which was washed several times with
water to allow the esters to precipitate. Water was eliminated to
obtain the solid esters 1d, 1e, 2d, 2e, 3d, and 3e in 68.6, 41.6,
53.5, 34.2, 17.0, and 64.4% yields, respectively.
Further electrophilic substitution of the ester products with

iodomethane was used to generate a series of novel iodine-ester
salts, 1f in 88.0% yield; 1g in 74.2% yield; 2f in 38.7% yield; 2g
44.4% yield; 3f in 68.0% yield; and 3g in 89.1% yield.
Compounds 1g, 2g, and 3g were isolated as stereoisomers.
Reactions for all compounds synthesized were monitored using
thin layer chromatography (TLC) in 1:1 acetone and hexane
solution, and structures were confirmed using IR, MS, 1H
NMR, and 13C NMR (see Supporting Information).
Cholinesterase Inhibition Studies. The inhibitory effects

of 12 novel sym-triazine derivatives (Chart 1) on AChE activity

was characterized using Ellman’s colorimetric assay,22,29,40,41 in
which AChE-catalyzed hydrolysis was initiated in the presence
of a chromogenic agent, 5,5′-dithiobis (2-nitrobenzoic acid)
(DTNB). Enzyme activity was determined by comparing the
rate of substrate hydrolysis (ΔOD410/min) in the presence and
absence of inhibitor. The AChE IC50 values for all sym-triazines
are reported in Table 1 and correspond to the concentration of
inhibitor that resulted in a 50% reduction of enzyme activity.
The IC50 of each compound was derived from nonlinear
regression of AChE activity plots performed over a range of
inhibitor concentrations. Clinically established cholinesterase
inhibitor (ChEI), donepezil, was implemented as a positive
control for AChE inhibition. The AChE IC50 for donepezil was
determined to be approximately 0.02 μM, in agreement with
previously reported values.29,42

Substantial enhancement of inhibitor activity was achieved
via three rational modifications of the triazine core: (1) the
incorporation of acetylcholine substrate analogues as terminal
substituents of the triazine branches, (2) the conversion of
terminal amine groups to positively charged quaternary amine
iodide salts, and (3) by increasing the number of analogue-
containing branches from 1 to 3. Specifically, we characterized
the effects of three types of acetylcholine-like branch derivatives
(Scheme 1, red box) possessing either an additional methyl
subunit (R1), an elongated alkyl chain (R2), or an exact
structural analogue of acetylcholine (R3). Notably, the
elongated chains of R2 were found to significantly reduce
inhibition activity, resulting in much higher IC50 values.
However, this was not attributed to the increased hydro-
phobicity introduced by the alkyl chain unit since the activity of
the methyl substituent-containing R1-triazines showed inhib-
itory effects comparable to those of R3. One possibility is that
the triazine core plays a critical role in blocking the enzyme
active site, and the additional carbon chain of R2 creates a
sufficiently large gap for the substrate to enter. In general, the
branch activity in order of most effective to least effective
inhibitor of AChE was determined to be R3 > R1 > R2.
Subsequent incorporation of positive charges through

conversion of sym-triazines to quaternary amine salts enhanced
inhibition by increasing the electrostatic binding affinity toward
the negatively charged peripheral anionic site (PAS). As
expected, quaternary amine-modified monosubstituted triazines
(1f and 1g) presented greater inhibition (>50% drop in IC50)

Table 1. Analysis of AChE, BuChE, and Aβ Inhibition in Vitro by sym-Triazine Derivatives

compd yield (%) IC50 AChE (μM) IC50 BuChE (μM) IC50 ratio BuChE/AChE % inhibition Aβ fibrils 2×[i]a % inhibition Aβ fibrils 1×[i]a

1d 68.6 89.8 ± 2.9 >200 48.3 5.5
1e 41.6 56.4 ± 1.7 >200 46.6 6.6
1f 88.0 38.8 ± 1.4 >200 28.8 34.2
1g 74.2 18.4 ± 1.3 >200 25.2 31.3
2d 53.5 171.5 ± 8.6 >200 71.3 42.3
2e 34.2 110.5 ± 4.3 >200 88.2 58.4
2f 38.7 20.3 ± 1.5 >200 75.2 41.8
2g 44.4 9.7 ± 0.4 >200 95.2 65.6
3d 17.0 9.8 ± 0.2 13.9 ± 0.3 1.4 67.9 53.2
3e 64.4 80.8 ± 2.9 163.8 ± 7.7 87.4 68.5
3f 68.0 0.3 ± 0.02 3.9 ± 0.2 13.0 70.2 50.9
3g 89.1 2.8 ± 0.1 15.3 ± 0.9 5.5 89.9 72.1
N3 82.1 153.2 ± 12.7 >200
donepezil 23.0 0.02 ± 0.004 4.0 ± 0.4 200.0
iAβ5p 58.5 28.6

aMeasured with 100 μM Aβ1−40 incubated with 200 μM (2×) or 100 μM (1×) inhibitor ([i]) at 37 °C for 72 h in 50 mM PBS (pH 7.4).
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compared to that of their underivatized counterparts (1d and
1e). As a result, iodide salt-conversion was performed for di-
and trisubstituted sym-triazines. All quaternary amines (des-
ignated f or g) exhibited drastic improvements to inhibition
from increasing arm substitutions, with trisubstituted com-
pounds, 3f and 3g, resulting in the most profound inhibition of
AChE activity (IC50 of 0.3 μM and 2.8 μM, respectively). In
comparison, underivatized sym-triazines (designated d or e)
showed only comparable or even reduced inhibition with
increased branching from 1 to 3. A negative control lacking the
acetylcholine-like substitutions, N3 (Chart 1), showed lower
activity (IC50 of 153.3 μM) than the least effective quaternary-
amine-based sym-triazine, 1f (IC50 of 38.8 μM), thus emphasiz-
ing the relevance of positive charge in addition to acetylcholine-
like structures for enhancing targeted inhibition of AChE.
AChE inhibition plots of the most effective compounds, 2g, 3f,
and 3g, are shown in Figure 1a. In regard to the current FDA

approved ChEI, all three compounds as well as 3d were
characterized by IC50 lower than rivastigmine (IC50 > 10
μM).42 Notably, 3f (IC50 of 300 nM) demonstrated stronger
inhibition than galanthamine (IC50 of 575 nM)42 and was
surpassed only by donepezil (IC50 of 20 nM)42 in activity.
Inhibition of AChE-catalyzed hydrolysis involves ligand

interaction with either the catalytic active site or by allosteric
modulation of the PAS.43 Butyrylcholinesterase (BuChE) is a
variant of the cholinesterase enzyme, in which the absence of
several key aromatic residues at the PAS results in significantly
lowered binding affinity toward typical PAS-targeting ligands.44

Consequently, sym-triazine binding site selectivity could be
discriminated through comparative BuChE inhibition assays.
Analysis of BuChE IC50 (Table 1) indicated that all compounds
possessed substantially higher AChE selectivity (i.e., lower
IC50), suggesting that interaction with the PAS was critical to
sym-triazine-mediated cholinesterase inhibition. The most
effective BuChE inhibitors, 3f and 3g (Figure 1b), exhibited
activity (BuChE IC50 of 3.9 μM and 15.3 μM, respectively)
similar to that of donepezil (BuChE IC50 of 4.0 μM).
Comparing the inhibitory effects of acetylcholine analogues,
we found that R3 compounds (3d and 3f) showed higher
affinity for the BuChE active site over the methyl modified R1
triazines (3e and 3g). Increasing the number of analogue
branches was also found to significantly improve the active site
inhibition, resulting in substantially lower BuChE IC50. High
PAS affinity has been associated with suppression of AChE-
accelerated Aβ fibril formation22 specifically for compounds
that bind via a noncompetitive, mixed mechanism of inhibition.
Therefore, kinetic analysis of AChE (Figure S1, Supporting
Information) was also performed for highly effective sym-

triazines 2d, 3d, 3f, and 3g. Graphical analysis of double
reciprocal plots (Figure S1a−d, Supporting Information)
showed increased slopes with increasing inhibitor concentration
as well as intersecting intercepts beyond the y-axis, indicative of
mixed-type inhibition.41 Data replots (Figure S1e−h, Support-
ing Information) were used to determine the inhibitor
constants (Table 2) denoted by the x-intercept.

Inhibition of Aβ1−40 Aggregation. Targeting of Aβ
aggregation was achieved primarily through the addition of
multiple aromatic phenyl groups proximal to the triazine core.
Thus, a significant reduction of Aβ1−40 aggregation was
observed by Thioflavin T (ThT) fluorescence, as the number
of phenyl-containing substitutions was increased between
mono- and trisubstituted derivatives (Table 1). The additional
methyl substitution of 3g resulted in approximately 20%
improvement in the inhibition of fibril formation compared to
3f. It is suggested that additional methyl subunits provided a
greater hydrophobic component that enhanced the capacity to
intercalate between the β-sheets.45,46 Sym-triazine derivatives
possessing 2−3 arm substitutions showed greater than 70%
inhibition after 3 days of incubation at 37 °C at 2× the
concentrations. This measured activity was substantially greater
than that of the established penta-peptide-based β-sheet
breaker, iAβ5p (58.5%). ThT studies also confirmed that
donepezil exhibited a near negligible effect on amyloid
aggregation (6.9%), further highlighting the significance of
rational sym-triazine functionalization for β-sheet targeting.
Transmission electron microscopy (TEM) studies confirmed

the inhibition of fibril formation using quaternary amine-salt
converted sym-triazines 2f, 2g, 3f, and 3g as well as iAβ5p,
measured after 4 days of incubation (Figure 2). Aβ1−40 controls
showed distinct fibrillar networks of defined elongated structure
in the absence of sym-triazines. As also observed in ThT studies,
donepezil appeared to demonstrate no observable effect on the
fibril elongation process. While in the presence of a known
inhibitor, iAβ5p, a mixture of both globular aggregates and
fibrils was observed, suggesting incomplete inhibition con-
current with fluorescence data. This was further supported by
the observed length of iAβ5p-treated fibrils, which were
significantly truncated relative to the uninhibited controls.
Conversely, Aβ1−40 samples containing sym-triazines exhibited
only globular features lacking a defined fibrillar component.
The lack of Aβ1−40 fibrils was supported by a significantly
reduced ThT fluorescence emission at 485 nm relative to the
Aβ1−40 control. Previously, a number of Aβ-targeting therapies
focused largely on the disassembly or inhibition of Aβ fibril
formation.47 However, this particular strategy for Aβ-inhibition
has received much criticism as the decrease in fibrillar content
would lead to an increased concentration of the more toxic
soluble species of Aβ.48 Alternatively, amyloid-targeting agents
such as EGCG and various flavonoid compounds modulate Aβ

Figure 1. Inhibition plots of (a) AChE (2g, 3f, and 3g) and (b)
BuChE (3f and 3g) activity in the presence of increasing
concentrations of sym-triazine derivatives as determined by Ellman’s
method. Error bars denote the standard deviation for n ≥ 3.

Table 2. Competitive Inhibition Constants (Ki) of Highly
Effective sym-Triazine Derivatives for AChE

AChE

compd Ki (μM)

2g 4.31
3d 4.92
3f 1.62
3g 1.49
donepezil 0.01
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activity by forcing the peptide to deviate from conventional
fibrillar architecture in favor of off-pathway amorphous globular

aggregate states that have been found to be benign in
toxicity.49−51 It has been further suggested that the formation
of these benign amorphous aggregates could serve to be
additionally beneficial as they would function as potential sinks
for soluble Aβ oligomers.52 We observed that the tested sym-
triazine derivates stimulated the formation of globular
aggregates over fibrillar structures, though the toxicity of the
resulting aggregates requires further study.
Comparatively, TEM analysis of underivatized triazines, 2d,

2e, 3d, and 3e (Figure S2, Supporting Information), showed
globular formations similar to those seen for their quaternary
amine counterparts, in which the lack of fibrillar features was
also confirmed by a reduced ThT fluorescence emission. The
results indicated that the charges of the amine units did not
significantly affect the capacity of the triazines to impede fibril
assembly. We report for the first time the formation of
nonfibrillar amorphous Aβ aggregates in the presence of our
novel sym-triazine derivatives, highlighting the promising
potential of these sym-triazines for targeted inhibition of Aβ
aggregation.
Collective analysis of all tested sym-triazine compounds

revealed that 3f and 3g distinctly exhibited high activity in
regard to multitargeted inhibition of both AChE and Aβ

Figure 2. Transmission electron micrographs of inhibited Aβ1−40 fibril
growth measured in vitro at 0 and 4-day incubations of 100 μM Aβ1−40
in the presence and absence of sym-triazine derivatives 2f, 2g, 3f, and
3g (200 μM) at 37 °C. Well-described β-sheet disrupter, iAβ5p (200
μM), and AChE inhibitor, donepezil (200 μM), were employed as
controls for fibril inhibition.

Figure 3. Multitarget sym-triazine inhibitors 3f and 3g were tolerated by differentiated human neuronal cells. (a) Quantitative assay for the viability
of cells was examined by propidium iodide (PI) exclusion methodology as described in the Methods section. (b) Morphology of cells treated with
400 μM of 3f or 3g for 24 h was examined with phase contrast and epifluorescence (DAPI counter staining) microscopy. Only the positive control
(treatment with toxic dosage of celastrol at 3 μM)55 demonstrated dead cells showing extensive rounding of the cell body and condensation of
nuclei, as indicated by yellow arrows. Phase contrast and epifluorescence images were obtained using an AxioCam HRm camera on an AxioVert 200
M microscope (Carl Zeiss) with a X20 objective. Scale bar = 100 μm.
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pathologies. Compounds 3f and 3g possess the maximum
number of quaternary amine-derivatized acetylcholine sub-
stitutions and thus served as effective structures to be used for
comprehensive assessment of the sym-triazines' impact on live
cells. The propidium iodide (PI) exclusion assay demonstrated
that the viability of differentiated SH-SY5Y human neuronal
cells was not affected with treatment of up to 400 μM of 3f or
3g (Figure 3), demonstrating a tolerable threshold well above
the dosages required in this study for effective inhibition of
AChE activity. Fluorescence microscopy demonstrated the
absence of cell death morphology in differentiated human
neuronal cells treated with 400 μM 3f or 3g compared to
controls in which cell death was induced by toxic levels of
celastrol43 (Figure 3). The results further emphasized the
applicability of these sym-triazines to biological samples,
demonstrating a promising potential for further preclinical
investigations.
Multitargeted drug therapies are an innovative approach to

address the complex and inter-related nature of AD pathologies.
We presented the structure−activity studies of a novel class of
sym-triazine-based therapies for AD capable of multitargeted
inhibition of both AChE activity and Aβ aggregation in vitro.
Rational optimization of triazines resulted in progressive
enhancement of activity through successive derivitization.
Improved targeting of AChE was achieved through direct
incorporation of structural analogues of the native substrate,
acetylcholine. Additional directed inhibition of Aβ self-assembly
was achieved via the integration of multiple, hydrophobic
phenyl units that disrupted π−π stacking. Several disubstituted
and trisubstituted sym-triazine derivatives possessed comparable
or greater activity compared to those of several commercially
available inhibitors with regard to the modulation of both
AChE and Aβ activity. Compounds 2g, 3d, 3f, and 3g
demonstrated a mixed-type mechanism of inhibition and high
PAS affinity, which has been associated with the capacity to
impede AChE-accelerated Aβ fibril formation. Cell viability
studies showed that 3f and 3g were well tolerated by
differentiated human neuronal cells. Our design of sym-triazines
with acetylcholine-like substitutions has generated hybrid
molecules that possess multiple beneficial activities to be used
as potential candidates for AD therapies.

■ METHODS
Thin-layer chromatography (TLC) was performed on Merck Silica
Gel 60 F254, 20 × 20 cm plates and visualized using a 254 nm UV
lamp. 1H NMR spectra (400 MHz) and 13C NMR (100 MHz) spectra
were recorded on Bruker Avance III using solvents DMSO-d6, D2O,
and CDCl3 and were internally referenced to residual protic solvent
signals (δ 2.50, 4.79, and 7.26 δ, respectively). Data for 1H NMR are
reported as chemical shift (δ ppm), multiplicity (s = singlet, d =
doublet, t = triplet, q = quartet, m = multiplet, and dd = doublet of
doublets), J coupling constant (Hz), and assignment. Data for 13C
NMR are reported as chemical shift (δ ppm). IR spectra were recorded
on a Bruker Alpha-P spectrometer with ATR attachment and reported
in terms of frequency of absorption (cm−1). Mass spectra were
obtained using an AB/Sciex QStar mass spectrometer (ESI-TOF).
Melting points were recorded on a melting point apparatus (Fisher
Scientific). Reagents were obtained from commercial vendors and used
as received unless otherwise noted.
Procedures for the Preparation of sym-Triazine Based Acids.

4-((4,6-Dimethoxy-1,3,5-triazin-2-yl)oxy)benzoic Acid (1b) and 4,4′-
((6-Methoxy-1,3,5-triazine-2,4-diyl)bis(oxy))dibenzoic Acid (2b).
Compounds 1b and 2b were synthesized following the previously
reported procedure by Pogosyan et al.38

2,4,6-Tris (4′-Chlorocarbonylphenoxy)-1,3,5-triazine (3b). Com-
pound 3b was produced in one step by CC and 4-oxybenzoic acid;
applying the previously reported method by Sklyarskii et al.39

Procedure for sym-Triazine Based Acyl Chlorides. 4-((4,6-
Dimethoxy-1,3,5-triazin-2-yl)oxy)benzoyl Chloride (1c) (Procedure
A). A mixture of 11 g of 1b (0.04 mol), 8.82 mL of thionyl chloride
(0.12 mol), and one drop of pyridine in 100 mL of dry chloroform was
refluxed and boiled for 6 h. The reaction was monitored by thin layer
chromatography (TLC) for completion. Chloroform was distilled off
at 60 °C until the solution started to turn light yellow. Then, 120 mL
of petroleum ether was added to the solution and allowed to
precipitate for an hour. The white precipitate was washed with
petroleum ether. The white solid had a melting point of 105−107 °C
with a 60.6% final yield.

IR (neat) v = 3072.00, 1771.45, 1746.00, 1564.14, 1468.49, 1199.02,
806.35 cm−1; 1H NMR (400 MHz, CDCl3) δ 8.21−8.19 (d, J = 8.9
Hz, 2 H), 7.36−7.34 (d, J = 8.9 Hz, 2 H), 4.02 (s, 6 H); 13C NMR
(100.42 MHz, CDCl3) δ 174.1, 173.0, 167.9, 157.1, 133.4, 121.5, 55.9.
Calculated C12H10N3O4Cl ([M + H]+), 295.68; found, 296.0.

4,4′-((6-Methoxy-1,3,5-triazine-2,4 diyl)bis(oxy))dibenzoyl Chlor-
ide (2c). Compound 2b (5 g (0.01 mol)), 11.25 mL (moles) of thionyl
chloride, and one drop of pyridine in 100 mL of dry chloroform were
heated until boiling for 6 h. Procedure A was followed to provide 2c in
79.8% yield as a yellow powder with a melting range of 133−135 °C.

IR (neat) v = 3076.93, 1744.13, 1560.86, 1496.04, 1197.93, 815.30
cm−1; 1H NMR (400 MHz, CDCl3) δ 8.21−8.19 (d, J = 8.8 Hz, 4 H),
7.35−7.33 (d, J = 8.8 Hz, 4 H), 3.98 (s, 3 H); 13C NMR (100.42 MHz,
CDCl3) δ 172.8, 169.0, 167.8, 157.0, 133.8, 131.7, 121.4, 56.5.
Calculated C18H11N3O5Cl2 ([M + H]+), 420.2; found, 420.1.

2,4,6-Tris(4′-chlorocarbonylphenoxy)-1,3,5-triazine (3c). A mix-
ture of 4.894 g (0.01 mol) of 3b and 43.5 mL (0.60 mol) of thionyl
chloride in 80 mL of dry chloroform and 3 drops of dry pyridine
(catalyst) was refluxed under dry conditions. Procedure A was
followed to provide 3c as a light yellow powder with 185−188 °C
melting point and a final yield of 88.7%.

IR (neat) v = 3104.12, 3072.42, 2959.68, 1779.22, 1737.69,
1 6 0 5 . 5 6 , 1 5 6 0 . 8 3 , 1 4 9 5 . 8 4 , 1 2 0 9 . 3 9 , 1 1 9 3 . 5 8 ,
1167.44,1085.77,1016.88, 821.15; 1H NMR (400 MHz, CDCl3) δ
8.19−8.17 (d, J = 8.8 Hz, 6H), 7.32−7.29 (d, J = 8.8 Hz, 6H); 13C
NMR (100.42 MHz, CDCl3) δ 173.4, 167.0, 158.3, 133.5, 131.8,
122.0. Calculated C24H12N3O6Cl3 ([M + H]+), 544.8; found, 545.0.

Procedure for sym-Triazine Based Esters. 3-(Dimethylamino)-
propyl-4-((4,6-dimethoxy-1,3,5 triazin-2-yl)oxy)benzoate (1d) (Pro-
cedure B). Compound 1c (2.0 g) was dissolved in 40 mL of dry THF.
A solution of 6.76 mmol (0.94 mL) of dry triethylamine and 6.76
mmol (0.80 mL) of 3-dimethylamino-1-propanol in 10 mL of dry
THF was added dropwise to the 1c solution. The reaction was refluxed
and the temperature maintained at 40 °C. The reaction was monitored
by TLC for completion. The ester slurry was gravity filtered and
washed with 3 × 6 mL of dry THF. The combined filtrate was
evaporated under vacuum conditions. Then, 50 mL of dichloro-
methane was used to dissolve the ester residue. The dichloromethane
layer was washed with 6 × 50 mL water, and the organic layer was
collected. The ester solution was dried with anhydrous Na2SO4
overnight. The resulting residue was washed with small portions of
petroleum ether (40−60 °C) resulting in the formation of a
precipitate. Petroleum ether was evaporated, and 1d was collected in
68.6% yield as a white powder with a melting point of 60−64 °C.

IR (neat) v = 2953.87, 2822.95, 2764.52, 1709.96, 1567.03, 1468.08,
1264.86, 1220.38, 806.66 cm−1; 1H NMR (400 MHz, CDCl3) δ 8.11−
8.09 (d, J = 8.8 Hz, 2H), 7.27−7.25 (d, J = 8.8 Hz, 2H), 4.40−4.37 (t,
J = 6.4 Hz, 2H), 4.00 (s, 6H), 2.48−2.45 (t, J = 7.4 Hz, 2H), 2.29 (s,
6H), 2.00−1.93 (m, 2 H); 13C NMR (100.42 MHz, DMSO-d6) δ
174.5, 172.9, 165.8, 155.8, 131.8, 127.8, 122.9, 63.6, 56.4, 56.1, 45.5,
26.5. Calculated C17H22N4O5 ([M + H]+), 362.4; found, 363.0.

1-(Dimethylamino)propan-2-yl-4-((4,6-dimethoxy-1,3,5-triazin-
2-yl)oxy)benzoate (1e). Compound 1c (2.0 g) was dissolved in 40 mL
of dry THF. A solution of 6.76 mmol (0.94 mL) of dry triethylamine
and 6.76 mmol (0.83 mL) of 1-dimethylamino-2-propanol in 10 mL of
dry THF was added dropwise to the 1c solution. Procedure B was

ACS Chemical Neuroscience Research Article

dx.doi.org/10.1021/cn300171c | ACS Chem. Neurosci. 2013, 4, 339−349345



followed to provide 1e in 41.6% yield as a white powder with a melting
point of 48−52 °C.
IR (neat) v = 2979.50, 2820.82, 2765.94, 1715.25, 1566.16, 1467.85,

1267.09, 1217.91, 806.42 cm−1; 1H NMR (400 MHz, CDCl3) δ 8.11−
8.09 (d, J = 8.8 Hz, 2 H), 7.27−7.25 (d, J = 8.8 Hz, 2 H), 5.38−5.30
(m, 1 H), 4.00 (s, 6H), 2.74−2.69 (dd, 1H), 2.49−2.44 (dd, 1H), 2.28
(s, 6 H), 1.38−1.36 (d, J = 6.4 Hz, 3H); 13C NMR (100.42 MHz,
DMSO-d6) δ 174.0, 172.5, 165.6, 155.8, 131.6, 128.1, 122.8, 70.0, 64.4,
56.2, 46.8, 19.0. Calculated C17H22N4O5 ([M + H]+), 362.4; found,
363.0.
Bis(3-(dimethylamino)propan-yl)4,4′-((6-methoxy-1,3,5-triazine-

2,4-diyl)bis(oxy))dibenzoate (2d). Compound 2c(2.0 g) (0.0048 mol)
was dissolved in 55 mL of THF. Then, 1.32 mL of triethylamine and
0.0095 mols (1.13 mL) of 3-dimethylamino-1-propanol in 18.96 mL of
THF were added to the 2c solution in THF. Procedure B was followed
to provide 2d in 53.5% yield as a yellow powder with a melting point
of 110−125 °C.
IR (neat) v = 2948.39, 2856.39, 2768.09, 1710.28, 1578.14, 1466.51,

1268.23, 1207.71, 818.89 cm−1; 1H NMR (400 MHz, DMSO-d6) δ
8.01−7.98 (d, J = 8.8 Hz, 4H), 7.26−7.24 (d, J = 8.8 Hz, 4H), 4.35−
4.32 (t, 4H), 3.50−3.45 (t, 4H), 3.08 (s, 3H), 2.17 (s, 12H), 1.88−
1.81 (m, 4H); 13C NMR (100.42 MHz, DMSO-d6) δ 172.8, 170.0,
166.0, 157.7, 131.5, 126.5, 123.0, 62.6, 56.0, 53.0, 45.5, 26.8.
Calculated C28H35N5O7 ([M + H]+), 553.7; found, 554.3.
Bis(1-(dimethylamino)propan-2-yl)4,4′-((6-methoxy-1,3,5-tria-

zine-2,4-diyl)bis(oxy))dibenzoate (2e). Compound 2c (2.0 g) (0.0048
mol) was dissolved in 55 mL of THF. Then, 1.32 mL of triethylamine
and 0.009519 mols (1.126 mL) of 1-dimethylamino-2-propanol in
18.96 mL of THF was added to the 2c solution in THF. Procedure B
was followed to provide 2e in 34.2% yield as a yellow powder with a
melting point of 77−82 °C.
IR (neat) v = 2976.79, 2822.66, 2766.79, 1710.21, 1556.42, 1469.03,

1265.37, 1208.40, 814.06 cm−1; 1H NMR (400 MHz, DMSO-d6) δ
8.05−8.03 (d, J = 8.8 Hz, 4H), 7.29−7.27 (d, J = 8.8 Hz, 4H), 5.55−
5.50 (m, 2H), 3.96−3.92 (dd, 2H), 3.69−3.66 (dd, 2H), 3.16 (s, 3H),
2.09 (s, 12H), 1.38−1.36 (d, J = 6.4 Hz, 6H); 13C NMR (100.42 MHz,
DMSO-d6) δ 184.05, 180.47, 159.79, 157.57, 131.21, 125.87, 122.77,
66.24, 53.42, 45.90, 31.01, 19.06. Calculated C28H35N5O7 ([M + H]+),
553.7; found, 554.3.
2,4,6-Tris[(2′-dimethylamino-1′-ethoxy)-4′-]-1,3,5-triazine (3d).

Compound 3c (3.0 g) (5.51 mmol) was dissolved in 60 mL of dry
THF at room temperature conditions. A solution of 2.3 mL of 2-
dimethylaminoethanol and 2.5 mL of triethylamine in 10 mL of dry
THF was added dropwise to the 3c solution. Procedure B was
followed, however, with the temperature for the reaction maintained at
15 °C. Compound 3d had a melting point of 85−87 °C and a final
yield of 17%.
IR (neat) v = 2968.08, 2944.40, 2819.10, 2768.72, 1715.44, 1598.22,

1567.52, 1500.82, 1461.87, 1411.07, 1362.17, 1270.29, 1207.95,
1114.66, 1014.66, 861.27; 1H NMR (400 MHz, DMSO-d6) δ 8.01−
7.99 (d, J = 8.8 Hz, 6H); 7.42−7.40 (d, J = 8.8 Hz, 6H), 4.38−4.36 (t,
J = 5.6 Hz, 6H), 2.67−2.65 (t, J = 5.6 Hz, 6H), 2.24 (s, 18H); 13C
NMR (100.42 MHz, DMSO-d6) δ 173.3, 166.1, 155.0, 131.8, 128.2,
122.6, 62.9, 57.5, 46.0. Calculated C36H42N6O9 ([M + H]+), 702.9;
found, 703.3.
2,4,6-Tris[(1′-dimethylamino-2′-propoxy)-4′-carbonylphenoxy]-

1,3,5-triazine (3e). Compound 3c (1.3 g) (2.39 mmol) was dissolved
in 60 mL of dry THF at room temperature conditions. A solution of
0.725 g (7.16 mmol) of 1-dimethylamino-2-propanol and 0.725 g
(7.16 mmol) of triethylamine in 10 mL of dry THF was added
dropwise to the 3c solution under anhydrous conditions. Procedure B
was followed with temperature maintained at 40 °C to provide 3e in
64.4% yield as a white powder with a melting point of 76−82 °C.
IR (neat) v = 2976.71, 2945.91, 2821.90, 2771.82, 1713.27, 1604.26,

1562.07, 1501.56, 1266.04, 1201.13, 1159.69, 1113.14, 1013.70, 810.92
cm −1; 1H NMR (400 MHz, DMSO-d6) δ 8.01−7.99 (d, J = 8.8 Hz,
6H), 7.42−7.40 (d, J = 8.8 Hz, 6H), 5.5−5.19 (m, 3H), 2.67−2.63
(dd, 3H), 2.44−2.44 (dd, 6H), 2.24 (s, 18H), 1.30−1.28 (d, J = 6.3,
9H); 13C NMR (100.42 MHz, DMSO-d6) δ 172.6, 164.7, 153.4, 131.3,

128.4, 122.3, 69.5, 63.7, 46.0, 19.1. Calculated C39H48N6O9 ([M +
H]+), 745.0; found, 745.4.

Procedure for sym-Triazine Based Iodine-Ester Salts. 3-((4-
((4,6-Dimethoxy-1,3,5-triazin-2-yl)oxy)benzoyl)oxy)-N,N,N-trime-
thylpropan-1-aminium iodide (1f) (Procedure C). Iodomethane
(2.06 mL) (0.033 mol) was added dropwise to a solution of 1.20 g
(3.3 mmol) of 1d in 40 mL of dry THF. The mixture was stirred for 2
h at 40 °C and left overnight under dry conditions. The resulting
precipitate was filtered and washed by 2 × 6 mL of dry THF and 2 ×
10 mL of petroleum ether to provide 1f in 88.0% yield as a white
powder with a melting point of 176−179 °C.

IR (neat) v = 3002.94, 2954.31, 1717.40, 1554.68, 1459.01, 1266.75,
1215.76, 815.41 cm−1; 1H NMR (400 MHz, D2O) δ 8.02−8.01 (d, J =
8.9 Hz, 2H), 7.27−7.25 (d, J = 8.9 Hz, 2H), 4.37−4.35 (t, 2H), 3.88
(s, 6H), 3.46−3.43 (t, 2 H), 3.06 (s, 6H), 2.28−2.20 (m, 2 H); 13C
NMR (100.42 MHz, D2O) δ 173.6, 172.7, 167.6, 155.5, 131.6, 126.7,
122.2, 64.3, 62.5, 56.4, 53.3, 22.7. Calculated C18H25N4O5 ([M + H]+),
377.3; found, 377.2.

3-((4-((4,6-Dimethoxy-1,3,5-triazin-2-yl)oxy)benzoyl)oxy)-
N,N,N,2-trimethylpropan-1-aminium Iodide (1g). Iodomethane
(1.60 mL) (0.025 mol) was added dropwise to a solution of 0.92 g
(0.0025 mol) of 1e in 40 mL of dry THF. Procedure C was followed
to provide 1g in 74.2% yield as a white powder with a melting point of
188−191 °C.

IR (neat) v = 2997.32, 2952.72, 1721.29, 1558.83, 1467.22, 1256.47,
1220.57, 810.91 cm−1; 1H NMR (400 MHz, D2O) δ 8.05−8.03 (d, J =
8.8 Hz, 2H), 7.27−7.25 (d, J = 8.8 Hz, 2H), 5.64−5.56 (m, 1H),
3.93−3.89 (dd, 1H), 4.65 (s, 6H), 3.47−3.42 (dd, 1H), 3.11 (s, 9H),
1.36−1.34 (d, J = 6.43 Hz, 3H); 13C NMR (100.42 MHz, D2O) δ
173.6, 172.7, 166.2, 155.8, 132.0, 127.5, 122.2, 67.6, 56.2, 54.2, 54.1,
19.0. Calculated C18H25N4O5 ([M + H]+), 377.3; found, 377.2.

3,3′-((4,4′-((6-Methoxy-1,3,5-triazine-2,4-diyl)bis(oxy))bis-
(benzoyl))bis(oxy))bis(N,N,N-trimethylpropan-1-aminium) Iodide
(2f). Iodomethane 0.38 mL (6.1 mmol) was added dropwise to a
solution of 1.3 mmol of 2d in 34.6 mL of THF. Procedure C was
followed to provide 2f in 38.7% yield as a yellow powder with a
melting point of 180−185 °C.

IR (neat) v = 3014.25, 2956.28, 1710.56, 1559.66, 1476.14, 1271.12,
1208.75, 821.05 cm−1; 1H NMR (400 MHz, D2O) δ 7.84−7.82 (d, J =
8.8 Hz, 4H), 7.19−7.17 (d, J = 8.8 Hz, 4H), 4.33−4.29 (t, 4H), 3.8 (s,
3H), 3.65−3.61 (t, 4H), 3.01 (s, 18H), 1.78−1.74 (m, 2H) ; 13C NMR
(100.42 MHz, D2O) δ 181.2, 180.1, 167.3, 155.7, 131.6, 127.1, 122.2,
68.0, 64.0, 53.3, 53.0, 22.5. Calculated C30H41N5O7 ([M + 2H]2+),
291.9; found, 291.7.

2,2′-((4,′4-((6-Methoxy-1,3,5-triazine-2,4-diyl)bis(oxy))bis-
(benzoyl))bis(oxy))bis(N,N,N-trimethylpropan-1-aminium) Iodide
(2g). Iodomethane (0.38 mL) (6.1 mmol) was added dropwise to
the solution of 1.3 mmol of 2e in 34.6 mL of THF. Procedure C was
followed to provide 2g in 44.4% yield as a yellow powder with a
melting point of 205−210 °C.

IR (neat) v = 3007.65, 2958.47, 1709.58, 1560.48, 1498.38, 1264.01,
1210.11, 765.47 cm−1; 1H NMR (400 MHz, DMSO-d6) δ 8.13−8.11
(d, J = 8.5 Hz, 4H), 7.48−7.46 (d, J = 8.5 Hz, 4H), 5.56−5.50 (m,
2H), 3.98−3.94 (dd, 2H), 3.72−3.69 (dd, 2H), 3.18 (s, 3H), 2.09 (s,
18H), 1.39−1.37 (d, J = 6.3 Hz, 6H); 13C NMR (100.42 MHz,
DMSO-d6) δ 180.06, 176.57, 174.34, 164.18, 131.60, 127.17, 121.33,
68.47, 66.71, 53.43, 19.50. Calculated C30H41N5O7 ([M + 2H]2+),
291.9; found, 291.7.

2,4,6-Tris[iodomethylate(2′-trimethylamino-1′-ethoxy)-4′-car-
bonylphenoxyl 1,3,5-triazine (3f). Compound 3d (0.62 g) (0.88
mmol) was purified and dissolved in 45 mL of dry THF at room
temperature conditions. Separately, 0.4 mL (6.2 mmol) of methyl
iodide was dissolved in 15 mL of THF and stirred for 3 h. Procedure C
was followed to provide 3f with a melting point >185 °C with
decomposition and a final yield of 68.0%.

IR (neat) v = 3043.00, 3005.74, 2956.78, 1717.44, 1593.83, 1567.08,
1502.23, 1265.59, 1209.07, 1163.95, 1113.80, 1012.95, 808.38 cm −1;
1H NMR (400 MHz, DMSO-d6) δ 8.10−8.08 (d, J = 8.8 Hz, 6H);
7.47−7.45 (d, J = 8.8 Hz, 6H), 4.74−4.73 (t, 6H); 3.85−3.83 (t, 6H),
3.23 (s, 27H); 13C NMR (100.42 MHz, DMSO-d6) δ 173.06, 165.08,

ACS Chemical Neuroscience Research Article

dx.doi.org/10.1021/cn300171c | ACS Chem. Neurosci. 2013, 4, 339−349346



155.43, 131.66, 127.24, 122.32, 64.48, 59.21, 53.47. Calculated
C39H51N6O9 ([M + H]+), 748.0; found, 749.0.
2,4,6-Tris[iodomethylate(1′-trimethylamino-2′-propoxy)-4′-car-

bonylphenoxyl 1,3,5-triazine (3g). Methyl iodine (0.65 mL) (10.6
mmol) was added dropwise into a 1.16 g (1.56 mmol) solution of 3e
in 40 mL of dry THF at room temperature conditions. Procedure C
was followed to provide 3g as a light yellow powder with a 189−191
°C melting point and final yield of 89.1%.
IR (neat) v = 3036.05, 2998.40, 2974.64, 1713.58, 1592.99, 1565.76,

1501.62, 1262.78, 1206.61, 1162.67, 1093.84, 1013.10; 1H NMR (400
MHz, DMSO-d6) δ 8.12−8.10 (d, J = 8.8 Hz, 6H), 7.47−7.45 (d, J =
8.8 Hz, 6H); 5.56−5.50 (m, 3H), 3.98−3.93 (dd, 3H), 3.72−3.69 (dd,
3H), 3.30 (s, 27H); 1.39−1.37 (d, J = 6.0 Hz, 9H); 13C NMR (100.42
MHz, DMSO-d6) δ 173.09, 164.23, 155.59, 131.69, 127.62, 122.68,
68.38, 66.92, 53.69, 19.03. Calculated C42H57N6 O9 ([M + H]+),
790.1; found, 791.2.
Pretreatment for Amyloid Monomerization. Human Aβ1−40

Gln11 trifluoroacetate salt (EMD4Biosciences; Gibbstown, NJ) was
dissolved in neat HFIP at a ratio of 1 mg:1 mL. Cloudy suspensions
were sonicated for 15 min until samples became clear. Aβ1−40/HFIP
solutions were shaken at 400 rpm for 2 h at 4 ± 1 °C. The samples
were left in HFIP and sealed overnight. HFIP was then removed by
nitrogen bubbling, leaving a clear thin film. Samples were then stored
at −20 °C until needed and reconstituted in DMSO, followed by
dilution to the appropriate concentrations with 50 mM phosphate
buffered saline (PBS), and 100 mM NaCl at pH 7.4. ThT stock (10
mM) was prepared in 18.2 MΩ water and stored in aluminum foil.
Peptide concentrations were determined by measuring the OD at 280
nm (ε280 = 1280 M−1) using NanoDrop 2000 (ThermoScientific,
Mississauga, ON).
ThT Fluorescence. Fluorescence measurements were conducted

in black optilux fluorescence 96-well plates (BD Biosciences,
Mississauga, Canada) using a Synergy HT Multimode Microplate
reader from BioTek (Winooski, VT). Each 200 μL sample well
contained ThT (100 μM) and Aβ1−40 (100 μM) in the presence of 0
μM, 50 μM, 100 μM, or 200 μM of the tested inhibitor. Spontaneous
aggregation of amyloid samples was induced by incubation at 37 ± 1
°C with shaking at 300 rpm. Sample fluorescence (λEX 440 nm; λEM
485 nm) was recorded at various time intervals over 72 h (n ≥ 3).
Transmission Electron Microscopy Studies. An aliquot (6 μL)

of Aβ1−40 samples was spotted onto nickel Formvar mesh grids
(Electron Microscopy Sciences, Hatfield, PA) for 1 min and blot dried.
The TEM grids were subsequently stained using 6 μL of 1% uranyl
acetate for 1 min followed by blot drying. Samples were imaged using a
Hitachi H-7500 transmission electron microscope.46,53

Inhibition Assays for AChE and BuChE. The influence of sym-
triazine compounds on the hydrolytic activity of human erythrocyte
AChE (Sigma-Aldrich; Oakville, ON) was determined using Ellman’s
method.22,40,41 Enzyme assay solutions were prepared in a microplate
well containing AChE (0.1875 U/mL) and DTNB (340 μM) in 0.1 M
PBS at pH 8.0 at 37 ± 1 °C. The enzyme reaction was initiated by the
addition of acetylthiocholine iodide (0.550 μM). Optical density at
410 nm was measured in 15 s intervals for a period of 5 min using a
Synergy HT Multimode Microplate reader. The initial reaction rate
(OD410 nm/min) was determined from linear regression analysis of the
absorbance time curves (n = 3). The rate of the uninhibited enzyme
hydrolysis (Vo) was calibrated to 0.100 OD410 nm/min ± 0.030. The
reaction rate was then measured in the presence of inhibitors (Vi) at
various concentrations. AChE activity was determined by the
expression % AChE Activity = (Vi/Vo) × 100. For each inhibitor,
the enzyme activity was plotted as a function of the logged
concentration. Nonlinear regression of inhibition plots was performed
to determine the IC50 concentration. BuChE inhibition studies were
performed as previously described, using 0.350 U·mL−1 of BuChE and
0.550 μM butyrylthiocholine iodide substituted for the active enzyme
and substrate, respectively.
To determine the competitive inhibition constant, Ki, the initial

reaction velocities of 2g, 3d, 3f, and 3g at various concentrations were
measured over a range of low ATChI substrate concentration (550,
225, 112, and 56 μM) and evaluated by a double reciprocal plot. For

each inhibitor concentration, a linear slope showing the reciprocal of
initial velocity and substrate concentration was measured. Ki was
determined from replots of the slope data versus inhibitor
concentration, wherein the Ki value was denoted by the x-intercept
extrapolated by least-squares analysis.

Cell Culture, Differentiation, and Treatment. The human SH-
SY5Y neuronal cell line (American Type Culture Collection,
Manassas, VA) was maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS). Cultures were maintained at 37 °C in a humidified 5% CO2
atmosphere. After plating at a cell density of 4.4 × 104 cells per cm2

and allowing for cell adhesion for 24 h, neuronal differentiation was
induced by treatment using 10 μM of all-trans-retinoic acid at 37 °C
for 72 h under serum-free conditions.54

Cell Viability Studies. The quantitative assay for the viability of
differentiated human neuronal cells employed the propidium iodide
([PI], Sigma Aldrich, St Louis, MO, USA) exclusion methodology.
Samples (2 × 104 cells per well) were plated in 96-well plates with
eight replicates, treated with various concentrations of 3f or 3g as
indicated for 24 h.55 PI was used as a viability dye (10 μg/mL) and
300 nM 4′,6-diamidino-2-phenylindole (DAPI) (Invitrogen, Carlsbad
CA, USA) as a counter stain for nuclei. PI fluorescence was measured
by a FLUOstar OPTIMA microplate reader (BMG Labtech,
Offenburg, Germany) set to fluorescence mode with an excitation
wavelength of 544 nm and an emission wavelength of 612 nm. Healthy
cells that retained the membrane integrity were stained blue by DAPI
while being able to exclude PI. Dead cells (late apoptotic or necrotic)
were PI positive due to a loss of membrane integrity. Cell death of
differentiated human neuronal cells was induced by treatment with a
toxic dosage of celastrol (3 μM) as previously reported for use as a
positive control.55 Cell viability was further confirmed by examination
of cellular morphology with phase contrast and epifluorescence (DAPI
counter staining) microscopy. Cells were fixed with 4% paraformalde-
hyde followed by permeabilization with 0.1% Triton X-100. Dying
cells showed extensive rounding of the cell body and condensation of
nuclei.
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