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ABSTRACT: A library of isomeric 2,4-diaminoquinazoline
(DAQ) derivatives were synthesized and evaluated for
antiaggregation potential toward AS40/42. Structure—activity
relationship data identified compound 3k (N*-(4-bromobenzyl)-
quinazoline-2,4-diamine) with a 4-bromobenzyl substituent as
the most potent inhibitor (A#40 IC, = 80 nM) and was almost
18-fold more potent compared to the reference agent curcumin
(AB40 ICyy = 1.5 uM). The corresponding N*-isomer 4k (N*-
(4-bromobenzyl)quinazoline-2,4-diamine) was also able to
prevent Af aggregation (Af40 ICg, = 1.7 uM). However,
compound 4k exhibited superior inhibition of Af42 aggregation
(Ap42 1Cy, = 1.7 uM) compared to compound 3k (Af42 ICy, =
148 uM) and was ~1.8-fold more potent compared to
curcumin (Af42 ICyy = 3.1 uM). These results were supported

Anti-Amyloid-§ Aggregation

AB421Cs50=1.7 uM Br

by Ap aggregation kinetics investigations and transmission electron microscopy studies, which demonstrate the suitability of
DAQ ring system to develop antiamyloid agents as pharmacological tools to study Af aggregation.
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O ne of the most influential hallmarks of Alzheimer’s
pathology is the collapse of cellular amyloid manage-
ment, leading to the progressive accumulation of neurotoxic
Ap-deposits.'~* While the mechanisms intertwining the
amyloid pathway are vast and complex, a number of strategies
to combat its neuronal insults have been proposed, researched,
and evaluated in various preclinical and clinical settings.”~” An
essential tool utilized by researchers to further understand the
aggregation mechanisms of amyloidogenic peptides, such as Af,
is to develop and evaluate aggregation modulators and
inhibitors.”” Not only is this beneficial in understanding the
kinetics of amyloid aggregation but it may reveal potential
therapeutic candidates.

When it comes to developing drug candidates, nature plays
an important role in highlighting ideas for potential core
templates and scaffolds. Honing in on the case of A with
respect to aggregation modulators and inhibitors, compounds
such as curcumin, a component of the spice turmeric, and
resveratrol, a phytoalexin found in grapes and berries (Figure
1), are considered as model compounds in this context.'"~"
The synthetic compound, orange G is a commonly used stain/
dye and, like curcumin and resveratrol, is used as a
pharmacological tool in drug discovery due to its excellent
activity against amyloid aggregation.lz*'15

From a chemical standpoint, these small molecules share
structural features including aromaticity, conjugation, and
planarity resulting in their ability to intercalate and disrupt
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Figure 1. Structures of naturally occurring and synthetic amyloid
aggregation inhibitors and the DAQ_scaffold.

the backbone hydrogen bonding interactions in the beta-sheet
assembly thereby providing a framework to design small
molecules as Bharmacological tools to study Af aggregation and
inhibition.'®"” As part of our research program aimed at
discovering and developing novel small-molecules as potential
pharmacological tools to study Alzheimer’s disease (AD) and
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design novel anti-AD agents, we embarked on the development
of isomeric 2,4-diamino-quinazolines (DAQ) library as a novel
class of compounds that exhibit anti-Af} aggregation properties.
The planar, bicyclic quinazoline ring template can be
considered as a bioisostere of the naphthalene ring present in
orange G (Figure 1). A library of 34 isomeric DAQs were
synthesized and their anti-Af aggregation activity was evaluated
by monitoring the Af40 and AB42 aggregation kinetics using
ThT-fluorescence and by transmission electron microscopy
(TEM) measurements. Computational experiments were used
to propose their binding interactions with Af-aggregates. These
studies show that the anti-Af activity was sensitive to isomeric
placement of substituents either at the 2 or 4-position of the
quinazoline amine template and that they represent a novel
class of compounds that can be useful to design small molecules
with antiamyloid aggregation properties.

The DAQ template (2, Scheme 1) was synthesized starting
from 2-fluoro (1a) or 2-aminobenzonitrile (1b) by heating with

Scheme 17
RnH
a 4
SN
” N/)\NHZ
2
Sn 3a-q
N/ANH2
NH,
2 b SN
NS
H
4a-q
R
a = Benzyl

j = 3-Bromobenzyl
k = 4-Bromobenzyl
| = 3-Fluorobenzyl
m = 4-Fluorobenzyl

b = 3-Methylbenzyl
¢ = 4-Methylbenzyl
d = 3-Methoxybenzyl
e = 4-Methoxybenzyl

f = 3-Trifluoromethylbenzyl n = Phenylethyl
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i = 4-Chlorobenzyl q = Cyclohexylmethyl

“Reagents and conditions: (a) Alkyl- or aromatic halides, NaH,
DMSO, 0 °C to r.t. 14 h. (b) Alkyl- or aromatic halides, potassium
carbonate, DMA, r.t. to 85 °C, S h.

excess guanidine carbonate in dimethylacetamide (DMA)
under pressure (Scheme S1, Supporting Information).'®"
The reaction with 2-fluorbenzonitrile provided superior yield
(~70%) of 2 compared to 2-aminobenzonitrile (~40%). The
most challenging aspect of this synthesis was developing
selective alkylation methods to prepare either N> or N*-
substituted quinazoline amines. After investigating a variety of
base, solvent, time, and temperature combinations (Table S1,
Supporting Information), two selective conditions were
identified. Using NaH and DMSO provided the N*isomer
exclusively, whereas combination of potassium carbonate and
DMA favored the N*-isomer exclusively (Scheme 1). Their
chemical structures were confirmed by 'H, '*C NMR, and 2D
COSY NMR studies. These studies show that the N*-NHs are
more acidic (6 7.74 ppm) compared to the N>-NH protons (&
6.53 ppm).

The conditions used for selective alkylation provided low
yield (14—31%). The TLC examinations showed that the
reactions did not go to completion. Attempts to increase the
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yield by increasing the base equivalence along with that of the
R-groups resulted in mixed isomers and/or double substitutions
as confirmed by NMR studies. Based on these observations,
selective alkylation at either N> or N*-position was achieved
using K,CO;/DMA and NaH/DMSO, respectively, using
various substrates (Scheme 1, R = benzyl, substituted benzyl,
phenethyl, n-Pr, i-Pr, or cyclohexylmethyl). Attempts at
synthesizing the N’>- or N*-methylpyridyl based DAQ
compounds using the same conditions were not successful.
The assessment of these isomeric DAQ_derivatives against the
self-induced aggregation mechanisms of both Af40 and Ap42
revealed a combination of structure—activity relationships
(SARs). As shown in Table 1, the aggregation ICs, values are
listed for each derivative and were compared with standard
controls (orange G, curcumin, resveratrol) and the DAQ
template itself. Examining the SAR data obtained based on a
thioflavin T (ThT) based fluorescence spectroscopy method
(Table 1) demonstrates the overall ability of these N* and N*-
substituted DAQ_ derivatives to inhibit the aggregation of
amyloid peptides. In contrast, the DAQ template alone (Table
1) was promoting the aggregation process. Generally, N*
substituted DAQ_ derivatives (3a—q) were more effective at
inhibiting A40 compared to their N>-substituted isomers (4a—
q). Interestingly, this observation is completely reversed with
respect to Af42. The addition of a benzyl substituent either at
N* or N*-position in compounds 3a and 4a provided Af40
aggregation inhibition (Table 1). However, the N*-regioisomer
3a did not exhibit any inhibition of Af42 unlike the N*-
regioisomer 4a. The N’-placement in 4a was more effective
against AB42 (ICy, = 8.4 uM). Replacing the benzyl substituent
with a more lipophilic 3- or 4-methylbenzyl substituent in 3b,
3¢ and 4b, 4c modified the biological profiles significantly.
When compared to 3a, the N*-placement of a methylbenzyl
substituent, regardless of meta- or para-positioning, slightly
improved activity against A$40 (no more than ~1.3-fold
improvement) with no change toward Af42. This was not the
case with the N*-isomers, where the methyl-substituted benzyl
group resulted in loss of activity against both A$40 and Af42
(4b, Ap40/42 1Cy, > 25 uM) or a much weaker profile (4c,
AB40 ICy, = 13.1 uM, Af42 ICy, = 22.5 uM) compared to 4a
(Table 1). The addition of an electron-donating methoxybenzyl
group, in 3d, 3e and 4d, 4e, yielded mixed outcomes. The N*
placement of a 3-methoxybenzyl group (3d, AB40 ICy, = 20.6
uM, Ap42 1Cy, = inactive at 25 uM) was detrimental to
antiaggregation activity compared to the benzyl derivative 3a,
while the 4-methoxybenzyl substituent (3e, AS40 IC;, = 1.1
UM, Ap42 1Cy, > 25 uM) enhanced the activity against Af40
by ~4—4.5-fold (compared to 3a and 3c). However, N*
placement of the 3-methoxy-substituted benzyl group (4d,
AP40/42 IC,, > 25 uM) did not offer any benefits compared to
4a and was ineffective in providing antiaggregation activity. The
4-methoxy compound (4e, AS40 ICy, = 6.8 uM, Ap42 ICy, >
25 uM) was ~6-fold less potent compared to its N*isomer
(3e) toward Ap40.

The effect of electron-withdrawing trifluoromethylbenzyl
substituent was investigated in compounds 3f, 3g and 4f, 4g.
Interestingly, its presence at N*-position in compound 3f (3-
CF;-benzyl) provided similar inhibition profile compared to 3b
(3-Me) with ICs, values around 3.6 uM for AB40 and over 20
uM for Af42. This was not the case with 3g (4-CF;), which
was ~2-fold more potent toward AP40 compared to its
methylbenzyl bioisostere (3c). However, this modification did
not provide better inhibition of Af42. With N*-placement,
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Table 1. Inhibition Data for DAQ Isomeric Derivatives 3a—q and 4a—q against Self-Induced A#40 and Af42 Aggregation

FLNH NH,
=N N
vs.
o, oy
3a-q 4a-q
ICso (uM)** ICso (uM)™*
N*-isomer AB40 Ap42 R-group AB40 ApB42 N%-isomer
3a 4.8 >25 benzyl 22 8.4 4a
3b 3.6 >25 3-Me-benzyl >25 >25 4b
3c 3.9 >25 4-Me-benzyl 13.1 22.5 4c
3d 20.6 na 3-OMe-benzyl >25 >25 4d
3e 1.1 >28 4-OMe-benzyl 6.8 >25 4e
3f 3.5 21.0 3-CF;-benzyl 12.5 13.8 4f
3g 1.9 >28 4-CF;-benzyl 2.3 S3 4g
3h 1.9 >25 3-Cl-benzyl 5.9 134 4h
3i 0.62 >28 4-Cl-benzyl 0.93 8.1 4
3j 0.58 223 3-Br-benzyl 1.5 2.7 4
3k 0.08 14.8 4-Br-benzyl 1.7 1.7 4k
3l 2.8 >25 3-F-benzyl 11.3 14.7 41
3m 3.1 >25 4-F-benzyl >25 >25 4m
3n 7.8 >28 phenethyl 14.9 >25 4n
30 14.9 na n-Pr >25 >25 40
3p 10.2 na i-Pr >25 >25 4p
3q 13.6 >25 cyclohexylmethyl >25 >25 4q
DAQ PA PA 1.5 3.1 curcumin
orange G 3.0 8.7 2.6 4.1 resveratrol

“ICs, values are calculated based on the ThT-based fluorescence spectroscopy assay (excitation = 440 nm, emission = 490 nm). “Values are mean
values of triplicate readings for three independent experiments. n.a = not active. P.A = promotes aggregation.

however, the modification from (3/4-Me) to (3/4-CF;) was
positive across the board. While 4b was ineffective against both
Ap40/42 (ICy, > 25 uM), 4f (3-CF;) was active toward both
species (ICsy &~ 12—13 uM). Derivative 4g, however, was more
potent compared to 4c (4-Me), equipotent to 4a (Af40), and
~1.6-fold more potent toward AS42 compared to 4a. It
exhibited equipotent/comparable activity to the reference
compound resveratrol (Table 1). In the next set of compounds,
the effect of benzyl halides at N* and N*-position was explored.
Generally, the presence of benzyl halides increased overall
inhibition potency (with the exception of fluorobenzyl).
Starting with the N*placement of 3-chloro (3h) or 4-
chlorobenzyl (3i) substituents, both were more potent toward
AP40 compared to 3a (~2.5-fold and ~8-fold, respectively). In
this regard 3i exhibited potent inhibition of AB40 with an ICy,
= 620 nM and was approximately 2.4-fold more potent
compared to the reference agent curcumin (Af IC, = 1.5 uM).
However, both 3i and 3h were ineffective against Af42 (IC;, >
25 uM). Interestingly, the N>-placement of these chlorobenzyl
groups (4h/4i) exhibit inhibition of both Af40 and Af42
aggregation. They were not as potent as 3i and 3h against A$40
(Table 1). The bromine-based bioisosteres (3j, 3k and 4j, 4k)
were all more potent against both AB40/42 compared to their
chlorine-based counterparts with one exception (4k on Af40,
Table 1). Derivative 3k (4-bromobenzyl) was identified as the
most potent Af340 aggregation inhibitor (ICs, &~ 80 nM). It was
~7.5-fold more potent compared to its 3-bromobenzyl isomer
(3j, AB40 ICs, = 580 nM, Af42 ICy, = 22.3 uM) and ~21-fold
more potent compared to its N*-isomer (4k, AB40 and Ap42
ICsy = 1.7 uM). Both 3k and 3j were much more potent
inhibitors compared to reference agents orange G, curcumin,
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and resveratrol. Furthermore, placing the 3-bromobenzyl
substituent at N>-position, significantly enhances the Af42
aggregation inhibition in compound 4j (Ap40 ICy, = 2.7 uM)
with almost 8-fold gain in activity compared to the
corresponding N*-isomer 3j (Af42 ICyy = 22.3 uM, Table 1).
In contrast, the presence of an electronegative fluorobenzyl
substituent at either N?- or N*-position was detrimental
suggesting that smaller size of a fluorine atom compared to
either a bromine or chlorine atom was not favorable. The N*-
derivatives 31 and 3m were ineffective against A42. Although
they lost considerable activity toward A$40, they did maintain
moderate levels of inhibition (ICs, &~ 3 M) comparable to the
methyl- (3b, 3c) and trifluoromethyl-based derivatives (3f, 3g).
The extent of activity loss was greater with N*-placements,
where derivative 41 exhibited weak activity toward both A$40/
42 (ICsy &~ 11—15 uM) and 4m was ineffective against both
Ap40/42 (Table 1). In other SAR modifications, the addition of
a methylene group (phenethyl vs benzyl) in compounds 3n and
4n, did not improve the Af inhibitory activity compared to 3a
and 4a (Table 1). Compound 3n was ~1.6-fold less potent
toward Af40 compared to 3a and not very effective toward
Ap42 either. This modification also caused a loss of Ap42
inhibitory activity for 4n along with a ~ 6.7-fold decrease in
potency toward Ap40. Similarly, the addition of alkyl
substituents (n-Pr and i-Pr) either at N> or N'-position, as
seen in compounds 30, 3p and 4o, 4p resulted in either weak
or no inhibition of aggregation (Table 1). Furthermore, the
addition of a cyclic nonaromatic substituent such as a
cyclohexylmethyl group (compound 3q and 4q) was
detrimental to antiaggregation activity clearly displaying the
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Figure 2. (a) Amyloid aggregation kinetics study. Panels A and B: S uM Af40 with varying concentrations (1, S, or 25 uM) of DAQ derivatives 3j
and 3k, respectively. Panels C and D: S uM Ap42 with varying concentrations (1, S, or 25 uM) of DAQ_derivatives 4j and 4k, respectively.
Aggregation kinetics were monitored by ThT-fluorescence spectroscopy (excitation = 440 nm, emission = 490 nm) for 24 h at 37 °C in phosphate
buffer at pH 7.4. Results are based on three independent experiments in triplicate measurements. (b) Amyloid morphology analysis using
transmission electron microscopy (TEM) after 24 h incubation at 37 °C in phosphate buffer at pH 7.4. Panel A, 25 uM A$40 control; Panel B, 25
UM AP4A0 with 25 uM of DAQ derivative 3k; Panel C, 25 uM Af42 control; Panel D, 25 uM Ap42 with 25 yM of DAQ derivative 4k. Scale: black/

white bars represent 500 nm.

importance of having planar aromatic substituents to exhibit
antiaggregation properties.

In summary, based on this SAR study, we identified a total of
nine DAQ based compounds (3e, 3g—k, and 4i—k) that
exhibited superior or equipotent anti-Af} aggregation activity
profile compared to reference agents orange G, curcumin, and
resveratrol (Table 1). Compounds 4j and 4k met or surpassed
the Af42 activity seen with curcumin (the most potent among
the reference agents used), while a total of 9 derivatives (3e,
3g—k and 4i—k) closely met or surpassed the Af40 activity
shown by the same reference agents. Derivative 3k, N*-(4-
bromobenzyl)quinazoline-2,4-diamine, was identified as the
most potent A#40 aggregation inhibitor (ICs, ~ 80 nM), while
its N*-isomer, N*-(4-bromobenzyl)quinazoline-2,4-iamine (4k),
was identified as the most potent and dual Ap40/42
aggregation inhibitor (ICy, & 1.7 uM).

To better understand the modes of inhibition exerted by 3k
and 4k (and their regioisomers 3j and 4j), we investigated the
full aggregation kinetic plots (Figure 2a, panels A—D, and
Figure S1, Supporting Information) derived from the ThT
based aggregation assay used to determine the ICs, values listed
in Table 1. The assessment of the kinetic plots provided greater
insight into the potential mode of action for this class of
compounds. The aggregation kinetic plots for compounds 3j
and 3k (Figure 2a, panels A and B) show that both of these
derivatives achieve their superior inhibitory activity by
stabilizing the monomeric AB40 structures. The half time
(tso) that defines the time at which the fluorescence intensity
reaches the midpoint between pre- and postaggregation
baseline growth phase in the absence of test compounds was
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approximately 12.5 h for AS40 control curve. In this regard,
both compounds 3j and 3k were able to prevent the nucleation-
dependent aggregation process significantly, with a relatively
weak growth phase seen toward the end of the 24 h aggregation
period. Significantly, both of these compounds were exhibiting
potent antiamyloid aggregation properties at all the tested
concentrations (1, 5, and 25 M, Figure 2a, panels A and B).
The aggregation kinetics plot of the corresponding N*-isomers
4j and 4k (Figure S1, panels A and B, Supporting Information)
displayed concentration-dependent inhibition via improving
monomer stability and reducing the rate of aggregation;
however, the antiaggregation effect was not as drastic as
compounds 3j and 3k. Compound 4j at 25 uM was able to
delay the aggregation compared to Af control curve (¢ &~ 17 h
vs 12.5 h for Af control with no test compound), whereas 4k at
25 uM was able to exhibit complete inhibition of AS40
aggregation. These studies demonstrate that at 25 uM, N*-
isomers, compounds 3j, 3k, and the N*-isomer 4k were capable
of preventing the formation of Af aggregates including dimers,
trimers, oligomers, protofibrils, and fibrils.

With respect to Af42, the dominance of the N*-isomers (4j
and 4k, Figure 2a, panels C and D) became evident when
compared to their N*-counterparts (3j and 3k, Figure SI,
panels C and D, Supporting Information). The half time 5, was
approximately 2 h for AB42 in the absence of test compounds.
In this regard, compounds 3j and 3k were able to delay the lag
phase to a great extent (ts, values of approximately 2.6 and 3.5
h, respectively, at 25 yuM compared to Ap42 control. In
contrast, the N*isomers 4j and 4k exhibited better inhibition
profile with compound 4j showing a significant delay in
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aggregation (f5o & 6 h), whereas 4k was able to show complete
inhibition at 25 uM (Figure 2a, panels C and D). While all the
kinetic plots for A#42 demonstrated concentration-dependent
inhibition, none of these derivatives were capable of completely
halting the saturation phase except for the N*-isomer 4k at the
highest concentration tested.

To further validate these observations, A#40/42 morphology
was assessed using transmission electron microscopy (TEM,
Figure 2b, Figure S2 and S3, Supporting Information) in the
presence and absence of most potent DAQ _derivatives (3j, 3k,
4j, and 4k, Figure 2b and Figure S2, Supporting Information).
As observed with TEM, both Af40/42 control samples (25
uM) displayed high levels of dense and full aggregate species.
Coincubation experiments with DAQ derivatives (3j, 3k, 4j and
4k), at 25 uM, were able to drastically hinder the aggregation
process with the N*isomer 3k (Figure 2b, panel B) and N*
isomer 4k (Figure 2b, panel D) exhibiting almost complete
inhibition of aggregation. These results correlate with the ThT
aggregation kinetics data (Figure 2a and Figure S1, Supporting
Information).

In order to gain some insights into the mechanism of anti-Af
aggregation properties of DAQ_derivatives (3j, 3k, 4j, and 4k),
we investigated their binding interactions in both the Af dimer
and Af fibril model (Figures S4 and SS, Supporting
Information). In the dimer model (Figure S4, panels A and
B, Supporting Information), featuring the Af,_,, fragment,”
each of the docked DAQ derivatives interacted with the dimeric
structure in a unique fashion, although these interactions were
generally localized in the dimer-turn region (Asp23-Gly29).
This might explain the trends seen in the kinetic plots, where
monomer stability and substantial delays in the aggregation
process were observed. The DAQ ring scaffold of 3j was
oriented between Phe20 (perpendicular to the phenyl ring) and
Val24 (distance ~S—7 A), where the 3-bromophenyl ring was
aligned, in a parallel fashion, toward Ser26 and Asn27 (distance
~ 5 A). The bromine atom was oriented toward Ile32-Leu34
pocket at the C-terminal end (Figure S4, panel A). The C2-
amine was positioned across from Val24-Gly2S on the adjacent
monomer (distance ~ S A). However, the corresponding N*-
isomer 4j had its DAQ ring scaffold between Asp23 and Lys28
(distance ~ S A), where the C4-amine was undergoing
hydrogen-bonding interaction with Asp23 (distance < 3 A).
The 3-bromophenyl ring was oriented toward Asp23 and Val24
(distance ~ S5 A), where the C2—NH was undergoing
hydrogen-bonding with the Asp23 side-chain and backbone
carbonyl of Val24 (distance < 3 A). The 4-bromobenzyl
isomers (3k and 4k) exhibited nearly opposite binding modes
in the dimer model (Figure S4, panel B). The DAQ ring
scaffold of 3k was oriented parallel to the Ser26-Lys28 turn
region, where the C2-amine was in contact with the Asp23 side-
chain and backbone carbonyl of Val24 (distance = 2.7—3.1 A).
The 4-bromophenyl group was between Asp23 and Ile31
(distance &~ 5—6 A). In contrast, the corresponding N*-isomer
4k had its DAQ ring scaffold oriented between Ile31/32 and
Ala21-Asp23 in a perpendicular fashion, where the C4-amine
was hydrogen-bonding with the carbonyl backbone of Ile32
(distance ~ 2.7 A). The C2—NH was oriented toward Ala30
and was in contact with its carbonyl backbone (distance ~ 3 A),
while the 4-bromophenyl group was stacked, in a parallel
orientation, between Asp23 and Gly29 (distance ~ S A). These
studies suggest that DAQ ring system serves as a suitable
template to design small molecule probes to study Ap
aggregation and inhibition.
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In conclusion, we investigated the selective alkylation of the
2,4-diaminoquinazoline (DAQ) template, a privileged scaffold,
to generate a library of N* and N*-substituted DAQ _derivatives.
These compounds were then screened for antiaggregation
properties toward A$40/42 by monitoring their aggregation
kinetics, which revealed that halogen-substituted benzyl groups
generally exhibited superior anti-Af} aggregation effect with N*-
isomers providing better selectivity for A40, whereas the N*-
isomers exhibited better inhibition of AB42 aggregation. The
N*isomer 3k with a 4-bromobenzyl substituent was identified
as the most potent AB40 aggregation inhibitor (ICs, = 80 nM),
whereas the corresponding N*-isomer (4k) yielded our most
potent AB42 aggregation inhibitor (ICy, = 1.7 pM), which also
exhibited dual A40/42 aggregation inhibition. The outcomes
of this study demonstrates the usefulness of quinazoline
diamine template to design novel antiamyloid agents. These
small molecules serve as valuable pharmacological tools to
study and develop potential therapies to treat AD.
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