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ABSTRACT: This work presents a flexible synthesis of 10 novel FGER1 inhibitor A o
naphthoquinone—chalcone derivatives (1—10) by nucleophilic X Cﬁ[Nj
substitution of readily accessible aminochalcones and 2,3- \ aC-helix o N0
dichloro-1,4-naphthoquinone. All compounds displayed broad- ~ T (G0 =035 2001 i
spectrum cytotoxic activities against all the tested cancer cell lines Compound7  P-loop ) ‘ CW -
(i.e, HuCCA-1, HepG2, AS49, MOLT-3, T47D, and MDA-MB- B £ * J Cl,

4 AzD4547
231) with ICg, values in the range of 0.81—62.06 uM, especially =

the four most potent compounds 1, 3, 8, and 9. The in vitro
investigation on the fibroblast growth factor receptor 1 (FGFR1) 7~ o]
inhibitory effect indicated that eight derivatives (1—2, 4—S5, and 7— e ?aném o~
10) were active FGFRI inhibitors (ICg, = 0.33—3.13 nM) with _—

more potency than that of the known FGFRI inhibitor, AZD4547

(ICsp = 12.17 nM). Promisingly, compounds § (ICs, = 0.33 + 0.01

nM), 9 (ICs, = 0.50 + 0.04 nM), and 7 (ICs, = 0.85 + 0.08 nM) were the three most potent FGFR1 inhibitors. Molecular docking,
molecular dynamics simulations, and MM/GBSA-based free energy calculation revealed that the key amino acid residues involved in
the binding of the compounds 5, 7, and 9 and the target FGFR1 protein were similar with those of the AZD4547 (i.e., Val492,
LysS14, IleS4S, ValS61, Ala640, and Asp641). These findings revealed that the newly synthesized naphthoquinone—chalcone
scaffold is a promising structural feature for an efficient inhibition of FGFRI1.

ICs0 = 0.85 t 0.08 nM

ICs0 = 0.50 + 0.04 nM

B INTRODUCTION Several FGFR antagonists have been developed, and some of
them are currently being used in clinical trials or are
undergoing preclinical investigations such as LY28744SS,
ARQ-087, AZD4547, FGF401, BLU9931, and H3B6527s."°
The hybridization of bioactive pharmacophores with differ-
ent mechanisms of action into a single multifunctional

Cancer has been noted as one of leading causes of death
globally, and its impacts on human well-being are well-
recognized." While numerous classes of anticancer drugs are
currently available for clinical use, their adverse effects and

resistance are still of concern as challenging issues for effective i ; ) i )
2 . molecule is considered an attractive strategy in current rational
management.” Hence, the development of novel versatile

L 11-16 o . . . .
chemotherapeutic agents to be potentlally used as alternative drug design. In a}ddltlon, to their multiple actions, hybrid
drugs has gained continual interest.>™ compounds mostly display simpler and preferable pharmaco-

Fibroblast growth factor receptors (FGFRs) are a cell kinetic profiles, which are essential for further successful drug

1S .
membrane-expressing receptor tyrosine kinase family with four dfevelopment. Of no.te', seve?al hybrid molecules are under
subfamily members (FGFR1, FGFR2, EGFR3, and FGER4). different phases of clinical trials and are along the way of
The activation of the FGFRs upon binding of the native ligand approval ff" treatment of sex./eral disliases, including those of
leads to various vital physiological processes of the cells, problematic cancer drug resistance.

including proliferation, differentiation, migration, and survival.

Overexpression of FGFRs is observed in many types of cancers Received: May 8, 2023 0

(i.e, urothelial carcinoma, cholangiocarcinoma, endometrial Accepted:  August 14, 2023 )d
cancer, ovarian cancer, breast cancer, and non-small cell lung Published: August 30, 2023 Y
cancer).”™® Accordingly, the development of FGFR antago- tﬁ
nists/inhibitors to counteract the effects of FGFR over-

activation has become an attractive therapeutic strategy.”

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.3c03176

v ACS PUbl ications 32593 ACS Omega 2023, 8, 3259332605


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ronnakorn+Leechaisit"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Panupong+Mahalapbutr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pornthip+Boonsri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kun+Karnchanapandh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thanyada+Rungrotmongkol"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thanyada+Rungrotmongkol"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Veda+Prachayasittikul"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Supaluk+Prachayasittikul"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Somsak+Ruchirawat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Virapong+Prachayasittikul"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Virapong+Prachayasittikul"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ratchanok+Pingaew"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c03176&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03176?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03176?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03176?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03176?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03176?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/36?ref=pdf
https://pubs.acs.org/toc/acsodf/8/36?ref=pdf
https://pubs.acs.org/toc/acsodf/8/36?ref=pdf
https://pubs.acs.org/toc/acsodf/8/36?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c03176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.

acs.org/journal/acsodf

| o

1 X = X
T | R
= =

-10

1

Figure 1. Structures of AZD4547 and chalcone—naphthoquinone hybrids: previously reported hybrids I-III and our synthesized hybrids 1-10.

Scheme 1. Synthesis of Naphthoquinone—Chalcone Derivatives (1—10)
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Naturally derived compounds are well-recognized as great
sources of pharmacophores and bioactive fragments for
potential drug design and development. Chalcones are
flavonoid derivatives naturally found in many edible plants
and spices. Chalcone derivatives were reported for their wide-
ranging biological activities, including anticancer effects.'”™°
Additionally, various mechanisms of action underlying the
anticancer properties of the chalcone-based compounds have
been reported.”””* Quinone is a core skeleton present in
several classes of naturally occurring bioactive compounds, and
their analogs have been clinically used as anticancer drugs (ie.,
daunorubicin, doxorubicin, and mitoxantrone).23’24 The 1,4-
naphthoquinone scaffold is a privileged structure containing
two ketone groups as crucial moieties contributing to its
chelating and electrochemical properties.”*° Apparently, an
ability to accept electrons is noted to be an essential key
property for broad-ranging biological activities of naphthoqui-
none derivatives.””**

The pharmacological significance of chalcone and naph-
thoquinone scaffolds has inspired the scientific community to
synthesize hybrid molecules based on these skeletons to
provide diverse biological activities.”” > The hybridization of
these moieties (chalcone and naphthoquinone) into a single
molecule has been reported in the literature.**** For example,
chalcone—naphthoquinone hybrids I-IIT (Figure 1) possess-
ing anticancer activity have been studied.”’ ™ The anthraqui-
none-based chalcone I showed potent activity against HeLa,
LS174, and AS49 cancer cell lines (IC, = 1.93—17.18 uM)
and exhibited strong antiangiogenic activity.”” Shikonin-based
chalcone II showed potent anticancer and antitubulin effects

against HeLa, MCF-7, and AS49 cancer cell lines (ICy, =
2.36—5.84 uM).”*® Nor-p-lapachone-based chalcone III dis-
played potent cytotoxic activities against four cancer cell lines
(HL-60, OVCAR-8, SF295, and HCT-116) affording the ICs,
range of 0.04—1.53 uM.” These reports suggested that the
two pharmacophores are potential core skeletons for the
synthesis of hybrid multifunctional compounds. However,
there are only a few examples of chalcone—naphthoquinone
conjugates that have been explored, and their molecular targets
underlying the anticancer properties are rarely understood.

Computational tools are widely recognized for their roles in
facilitating successful drug development. Molecular docking
and molecular dynamics are structural-based methods to
elucidate the binding nature and key binding interactions
between the compounds and their biological targets."” They
are beneficial key knowledge for further design and develop-
ment of the related compounds with improved activity and
properties. Currently, some examples of the modeling for
revealing binding modes of the epidermal growth factor
receptor (EGFR) inhibitors have been published by our
research group.”'

In this study, a novel set of chalcone—naphthoquinone
hybrids 1—10 (Figure 1) was synthesized and investigated for
their in vitro anticancer effects against 6 cancer cell lines as well
as FGFR1 inhibitory activity. Furthermore, molecular docking
and molecular dynamics simulations were performed to reveal
possible binding modalities and ligand—target interactions.
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Figure 2. Chemical structures of naphthoquinone—chalcone derivatives (1—10).

B RESULTS AND DISCUSSION

Chemistry. The new naphthoquinone—chalcone deriva-
tives (1—10) were synthesized in two-step reactions as shown
in Scheme 1. Initially, aminochalcones 13 were readily
prepared by base-catalyzed Claisen—Schmidt condensation of
benzaldehyde derivatives 12 with 3- or 4-aminoacetophenone
11 in the presence of 40% NaOH in ethanol at room
temperature.””*” Then, the target hybrlds 1—10 were obtained
by a nucleophilic substitution reaction®**' of chalcones 13
with 2,3-dichloro-1,4-naphthoquinone (14) in refluxing
ethanol (35—58% yields). Structures of the hybrids 1-10
were characterized by 'H NMR, *C NMR, and HRMS data.
"H NMR spectra showed a pair of doublets of olefinic protons
with the coupling constant (J) values of 15—16 Hz
representing that the frans-configuration was denoted. Addi-
tionally, protons of secondary amine substituted on ring A
were displayed at 6 9—10 ppm, indicating that the nucleophilic
displacement occurred to form the hybrids 1-10. In *C NMR
spectra, the three carbonyl groups were observed at § 177 to
190 ppm. The central ring A of compounds 1—10 was noted as
meta (1-5) and para (6—10) isomers (Figure 2).

Biological Activities. Cytotoxic Activity. Cytotoxic
activities of chalcone—naphthoquinone hybrids (1—10) were
investigated against 6 human cancer cell lines, namely,
HuCCA-1 (cholangiocarcinoma), HepG2 (hepatocellular
carcinoma), AS49 (lung carcinoma), MOLT-3 (lymphoblastic
leukemia), T47D (hormone-dependent breast cancer), and

32595

MDA-MB-231 (hormone-independent breast cancer) cell lines
as summarized in Table 1.

In overview, all studied compounds showed a broad
anticancer potential against 6 cancer cell lines (ICs, value
range = 0.81—62.06 uM), except for the para-derivative 9
(inactive against HepG2 and AS549 cell lines), while 7 was
inactive against the HepG2 cell line. Notably, compounds from
the meta-series were shown to be more promising compounds
than those from the para-series as seen from the most potent
compounds 1 against three cancer cell lines (i.e, HuCCA-1,
HepG2, and AS49) and 3 against two breast cancer cell lines
(i.e,, T47D and MDA-MB-231). Conversely, compounds from
the para-series (8 and 9) were noted to be effective against the
MOLT-3 cell line. Most of the potent compounds showed
lesser potencies than the reference drug doxorubicin. However,
there is an exception for those of the top three most potent
compounds (1, 3, and 8) against the MDA-MB-231 cell line,
which displayed lower ICs, values compared to doxorubicin.

Compound 1, a 2,3-di-OMe analog of the meta-series, is the
most potent compound against the HuCCA-1 cell line (IC, =
1.16 uM). The second most potent compounds 3 and 8 (3,4,5-
tri-OMe analogs of the meta- and para-series) exhibited equal
potency (IC, = 4.72 uM) followed by compound §, a 4-OH
analog of the meta-series (ICs, = 5.65 uM). It was shown that
the replacement of an OMe group substituted on the ring B
with the OH group leads to decreased activity for the meta-
series (compounds 3 > 4, ICsy: 3 = 4.72, 4 = 7.06 uM) but
enhanced activity for the para-series (compounds 9 > 7, ICq:

https://doi.org/10.1021/acsomega.3c03176
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Table 1. Cytotoxic Activity (ICso, #M) of Chalcone—Naphthoquinone Derivatives (1—10)

Compound MH of A-ring R of B-ring
1 3 23-di0CH,
o 2 3 2.3 4-4ri0CH;
3 3- 3.4 54ri0CH;
cl o 4 3 4.0H-3,5-0CH;
O‘ = 5 3 4-0H
N @ @ R 6 4 3-0CH,
o H 7 4- 3,4-0CH;
: R il
10 4 4-OH
Cytotoxic activity®
Compound HuCCA-1 HepG2 A549 MOLT-3 T47D MDA-MB-231 MRC-5
1 1.16 £ 0.40¢ 5.13+0.15¢ 6.12+ 1.56¢ 1.24+0.03 1.81+0.04¢ 1.08 £ 0.12° 4.96+0.14
2 8.87+ 1.03 16.29 + 0.44 33.50+0.17 1.81+0.05 232+0.08 1.79+0.12 2.60+0.04
3 472 +0.48° 16.91 £ 0.74 51.55+10.34 0.99+0.12¢ 1.15+0.08¢ 1.05 = 0.04¢ 252+0.26
4 7.06+1.36 12.82+0.42 24.96 + 4.22¢ 1.10+0.14 2.12+0.11 1.43+0.11 2.90 +0.48
5 5.65+0.08° 13.07£0.12 31.94+3.71 2.19+0.26 5.75+ 0.00 3.33+0.08 10.96 = 0.997
6 11.06 = 0.37 6.88 +£2.72" 13.54 = 1.49° 1.78 +0.06 2.10+£0.12 1.31+0.03 2.69+0.15
7 7.32+0.37 NC# 62.06+0.14 127+0.12 1.86 +0.06 1.16 £ 0.03 2.93+0.16
8 472 +033° 10.87 = 0.01¢ 2576 +3.55 0.81+0.02¢ 1.61+0.07 1.09 + 0.02¢ 2.92+0.36
9 6.85+1.20 NC# NC# 0.83+0.01° 24.05+ 1.61 6.81+0.52 14.94 = 0.097
10 7.70 +2.85 57.51£1.28 44.15 £ 4.06 2.35+0.39 3.21+0.06 1.37+0.07 8.31+3.30
etoposide’ ND#¢ 33.98+0.01 ND# 0.041 +0.003 ND# ND# ND¢
doxorubicin’ 0.42 +0.02 0.57+0.05 0.37+0.02 ND# 0.84+0.01 1.84+0.13 2.79+0.11

“The most potent compound. ®The second most potent compound. “The third most potent compound. “Two compounds with the least
cytotoxicity. “Cell lines: the HuCCA-1 cholangiocarcinoma cell line, HepG2 hepatocellular carcinoma cell line, A549 lung carcinoma cell line,
MOLT-3 lymphoblastic leukemia cell line, T47D hormone-dependent breast cancer, MDA-MB-231 hormone-independent breast cancer, and
MRC-5 normal embryonic lung cell line.”Doxorubicin and etoposide were used as reference drugs. ®NC: noncytotoxic = ICs, > 50 pig/mL denoted

as noncytotoxic; ND: not determined.

7 = 7.32, 9 = 6.85 uM). The significance of the meta-amino
position on ring A was also noted when the decreased activity
was observed for the 4-OH para-analog 10 when compared to
its meta-compound § (5 > 10, ICsy: § = 5.65, 10 = 7.70 uM).

Eight out of 10 compounds were active against the HepG2
cell line, in which compound 1 ranked as the most potent one
followed by compounds 6 and 8. Additionally, seven
compounds (1—6 and 8) showed higher potency against the
HepG2 cell line (ICs, = 5.13—16.91 uM) than that of the
etoposide (IC5, = 33.98 uM). It was demonstrated that the
number and position of the OMe group on ring B influenced
the activities of the compounds of both series. Notable
impaired activities were observed when adding another an
OMe group onto the ring B of meta-compound 1 (ICy, = 5.13
UM) to give compounds 2 and 3 (ICs, = 16.29 and 16.91 uM,
respectively). A similar effect was noted for the para-
compounds 6, 7, and 8 (ICs, = 6.88, inactive, and 10.87
uM, respectively).

Similar patterns of potency were observed for the AS49 cell
line in which compounds 1 and 6 were ranked as the two most
potent compounds, and decreased activities were observed
when additional OMe or OH groups were introduced on the
ring B of meta-analogs (1 > 2 > 3 and 1 > 4) as well as para-
analogs (6 > 8 > 7).

Additionally, results revealed that this class of compounds
was more sensitive to the MOLT-3 cell line, as shown by the
narrow and low ICy, range (0.81—2.35 uM), in which the

para-compounds 8 and 9 were ranked as the two most potent
ones followed by the meta-compound 3 (ICyy: 8 = 0.81, 9 =
0.83, and 3 = 0.99 uM).

Compounds 1, 3, and 8 were noted as the top three most
potent compounds for both tested breast cancer cell lines (i.e.,
T47D and MDA-MB-23). Notably, these three compounds
were more potent than doxorubicin (ICy, = 1.84 uM)
displaying comparable ICs, values against the MDA-MB-23
cell line (ICgy: 3 = 1.05 > 1 = 1.08 > 8 = 1.09 zM). For the
T47D cell line, these compounds were less potent than
doxorubicin (ICs, = 0.84 #M) showing the ICg, ranking as 3 =
1.1§ > 8 = 1.61 > 1 = 1.81 uM.

Taken together, the substitution of multiple OMe groups on
the B ring was noted to be essential for potent cytotoxic
activity of the naphthoquinone—chalcones as observed from
the three most potent compounds (i.e, di-OMe compound 1
and tri-OMe compounds 3 and 8). This is presumably due to
the enhanced lipophilic effect of OMe groups required for
interacting with the target site of action.

Cytotoxicity investigation against the normal embryonic
lung (MRC-5) cell line indicated that compounds § (ICs, =
10.96 uM) and 9 (ICsy = 14.94 uM) were the two least
cytotoxic compounds followed by compounds 10 (ICs, = 8.31
uM) and 1 (ICy, = 4.96 uM). The rest of the compounds (2,
3,4,6,7 and 8; ICy, = 2.52—2.93 uM) showed comparable
ICy, values with that of the reference drug doxorubicin (ICy, =
2.79 uM) (Table 1).

https://doi.org/10.1021/acsomega.3c03176
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FGFR Kinase Activity. The FGFRI inhibitory activity of 10
naphthoquinone—chalcone compounds (1—10) was evaluated
using the ADP-Glo kinase assay. The known FGFR1 inhibitor
AZDA4547 was used as a reference drug. The preliminary
screening of the compounds at 1 uM indicated that only eight
compounds (1, 2, 4, S, and 7—10) showed active inhibitory
effects with % inhibition greater than 70 (Figure S1).
Therefore, these compounds were selected for further ICs,
determination.

Results showed that the selected compounds inhibited
FGFRI kinase activity in a dose-dependent manner affording
IC, values in the nanomolar scale (Figure S2 and Table 2).

Table 2. ICy, Values of Naphthoquinone—Chalcones (1—
10) and AZD4547 against FGFRI Tyrosine Kinase

ICyo (nM)“
0.91 + 0.08
1.50 + 0.28
0.96 + 0.05
0.33 + 0.01%*
0.85 + 0.08***
1.69 + 0.71
0.50 + 0.04**
10 3.13 + 0.67
AZD4547 12.17 + 1.3§

compound

=T BERN BV R L

“Data are shown as means + SEM (n = 3). *The most potent
compound, **the second most potent compound, and ***the third
most potent compound.

The compounds were ranked regarding their potencies as 5 >
9>7>1>4>2> 8> 10. Interestingly, the synthesized
compounds showed considerably higher potency than the
known FGFRI inhibitor, AZD4547. Of note, the top three
most potent compounds including 5, 9, and 7 (ICg, = 0.33,
0.50, and 0.85 nM, respectively) exhibited higher inhibitory
activity than the reported FGFRI1 inhibitors such as 3,5-
disubstituted indolin-2-ones A13 (ICs, = 6.99 nM),"* 3-vinyl-
quinoxalin-2(1H)-ones (ICgy = ~15,000—26,000 nM),** 2-
arylbenzothiazoles (ICg, = 190—370 nM),” and indazole 1
(ICso = 100 nM).*° Accordingly, these three compounds were
selected for further in silico studies.

Molecular Modeling. Molecular Docking. Molecular
docking was conducted to reveal possible binding modes of
compounds 5, 7, and 9 against the target protein FGFRI
tyrosine kinase domain (PDB ID 7WCL). Results revealed that
these compounds could occupy within an adenosine
triphosphate (ATP)-binding pocket of the FGFRI in a similar
manner to the known FGFR1 inhibitor, AZD4547 (Figure 3).
The phenyl ring B of the studied compounds (5, 7, and 9) was
pointed to the aC-helix to mimic the 3,5-dimethoxyphenyl
moiety of the AZD4547, while their naphthoquinone ring was
placed near the hinge region of the FGFRI tyrosine kinase
domain.

The 2D protein—ligand interaction profiles were further
constructed to unravel the ligand—protein interactions (Figure
4). Results revealed that the interacting amino acid residues
involved in the binding of compounds S, 7, and 9 were similar
with those of AZD4547, especially the residues Val492,
Lys514, 1le545, ValS61, Ala640, and Asp641 that interacted
with the terminal phenyl ring of the ligands via van der Waals
and 7 interactions. It should be noted that the number of
hydrogen bonds of compound 9 containing the 3-OH group

aC-helix

A

@émpound 5 \
Compound 7  P-loop )

Catalytic ~
loop

Figure 3. Alignment of the docked compounds § (purple), 7 (black),
and 9 (orange) inside the ATP-binding pocket of the FGFRI tyrosine
kinase domain. The binding orientation of crystallized AZD4547
(blue) was used as the reference.

on the phenyl ring B (two bonds with Asp641 and Asn659
residues) and compound § with the 4-OH group on the ring B
(three bonds with Lys482, LysS14, and GluS31 residues) was
higher than that of the compound 7 without the OH moiety on
the phenyl ring B (one bond with the Ala564 residue). Such a
high number of hydrogen bonds of 5 may involve the para-
effect of the phenolic (OH) group contributing the resonance
effect to the conjugated keto group (S with p-OH > 9 with m-
OH). This could be one of the reasons supporting the higher
inhibitory effects of these two compounds (S and 9) beyond
the compound 7 (Table 2).

System Stability. The stability of compounds S, 7, and 9 in
complex with the FGFRI1 tyrosine kinase domain along the
simulation times was characterized using root-mean-square
displacement (RMSD), number of native and non-native
contacts (# contacts), and solvent-accessible surface area
(SASA) calculations. The RMSD values of the compound 7/
FGFRI complex were stable at ~2.5 A after the first 20 ns,
whereas those of compound §/FGFR1 and compound 9/
FGFRI1 complexes were stable at ~2.0 A from the beginning to
the end of simulation, reflecting the high stability in an
aqueous environment (Figure S). The # contacts of compound
9/FGFR1 (1826 =+ 4.77, averaged from the last 20 ns
simulation) and compound S$/FGFR1 (15.83 =+ 3.94)
complexes were higher than that of the compound 7/FGFR1
(11.41 + 4.40) system. This was supported by the lower SASA
values on the amino acid residues within S A of compounds 9
and 5 when compared to that of compound 7. These
simulation results were in line with the findings from the in
vitro FGFR1 kinase assay, which showed that compounds $
and 9 elicited a better inhibitory effect than compound 7
(Table 2).

Key Binding Residues. The key interacting amino acid
residues involved in the binding of the studied compounds (5,
7, and 9) to the target FGFR1 were identified using the per-
residue decomposition free energy (AGygy.) calculation
based on the molecular mechanics/generalized Born surface
area (MM/GBSA) method. The contributing amino acids
were colored according to their AGy, esique Values, in which
only the residues exhibiting an energy stabilization value of <
—1 kcal/mol were focused.

Results revealed that there were five, ten, and seven hotspot
residues associated with the binding of compounds 7 (Leu484,
Val492, GlyS67, AsnS68, and Leu630), 9 (Leu484, Gly48S,
Val492, Lys514, Ile54S, Tyr563, AlaS564, Leu630, Ala640, and
Asp641) and 5 (Leu484, Val492, LysS14, GluS31, Vals6l,
AsnS68, and Leu630), respectively (Figure 6). The findings
agreed with those obtained from the # contacts (Figure 6) and
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Figure 4. Two-dimensional ligand—protein interaction profiles of three investigated naphthoquinone—chalcones in complex with FGFR1; (A)
compound §, (B) compound 7, (C) compound 9, and (D) cocrystallized AZD4547.
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Figure 5. Time evolution of RMSD (top), # contacts (middle), and

SASA (bottom) of compounds 5, 7, and 9 in complex with the
FGFRI tyrosine kinase domain.

in vitro assay (Table 2). These interacting amino acid residues
were also noted for other reported FGFRI inhibitors such as 1-
(1H-benzimidazol-5-yl)-5-aminopyrazoles,”” 2-arylbenzothia-
zoles,” and indazole 1.*° The van der Waals (AE.q, +
AG oty nonpolar) and electrostatic (AEg. + AGygpypolar) contribu-
tions from each interacting residue of FGFR1 to the bindings

of compounds S, 7, and 9 were further investigated. It was
demonstrated that the main energy contributing to the binding
of naphthoquinone—chalcone analogs against the target
FGFRI1 residues is the van der Waals interactions (blue line)
rather the electrostatic attraction (red line) (Figure 7).
However, the high electrostatic contribution was found
between (i) the Asp641 residue and compound 9 as well as
(ii) the GluS31 residue and compound 5, which was due to the
strong hydrogen bond formation between them (almost 100%
occupation, Figure 8).

Druglikeness Prediction. The druglike properties of three
selected compounds (5, 7, and 9) along with the known
FGFR1 inhibitor (AZD4547) were predicted using the
SwissADME web tool.** The investigated properties include
the molecular weight (MW), number of hydrogen bond
donors (HBD) and acceptors (HBA), number of rotatable
bonds (RB), topological polar surface area (TPSA), and
lipophilicity (LogP). The predictions demonstrated that all
investigated compounds (S, 7, and 9) are druglike compounds
as shown by their predicted parameter values falling within the
range of Lipinski’s rule of five criteria: (i) MW < 500 Da, (ii)
HBD < § and HBA < 10, (iii) RB < 10, (iv) TPSA < 140 A2,
and (v) LogP < S (Table 3). This suggested that these three
synthesized compounds have potential to be developed as
novel anticancer drugs.
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B CONCLUSIONS

The nucleophilic substitution reaction utilizing readily
available aminochalcones 13 and 2,3-dichloro-1,4-naphthoqui-
none 14 has been developed to obtain a set of novel
naphthoquinone—chalcone derivatives (1—10). All the synthe-
sized compounds exhibited broad-ranging anticancer activities
against 6 cancer cell lines (IC5, = 0.81—62.06 uM).
Compounds 1, 3, 8, and 9 were highlighted as promising
anticancer agents. Results from the FGFRI1 inhibitory
screening assay indicated that eight derivatives (1-2, 4-S5,
and 7—10) are active FGFR1 inhibitors (ICs, = 0.33—3.13
nM) with higher potency than that of the known FGFRI
inhibitor, AZD4547 (ICyy = 12.17 nM). Three compounds (5,
7, and 9) were noted as the three most potent FGFRI
inhibitors and were further selected for in silico investigations.
Molecular docking indicated that these three compounds (S, 7,
and 9) could snugly occupy within the ATP-binding pocket of
the target protein FGFRI in a similar manner as well as shared
key interacting amino acid residues with the AZD4547 (i.e.,
Val492, LysS14, lle54S, ValS61, Ala640, and Asp641 residues).
The ligand—protein interaction diagrams revealed that addi-
tional hydrogen bonding formation between compounds 9 and
S and the FGFR1 would play a role for their superior
inhibitory effects beyond the compound 7. Molecular
dynamics simulations also suggested that the bindings of
these compounds were mainly contributed from the van der
Waals interactions. Additionally, these top three FGFRI1
inhibitors (5, 7, and 9) were predicted as druglike compounds
with considerable potential for further development. Finally, a
novel set of naphthoquinone—chalcone derivatives was
suggested to be potentially developed as anticancer candidates
(1, 3, 8, and 9) as well as FGFR1 inhibitors (5, 7, and 9) for
cancer management, in which compounds 9 and § were

https://doi.org/10.1021/acsomega.3c03176
ACS Omega 2023, 8, 32593—-32605


https://pubs.acs.org/doi/10.1021/acsomega.3c03176?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03176?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03176?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03176?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03176?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03176?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03176?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03176?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
A) Compound 5
100
= Y563 ||
£ 80 - y
Y 2 B -\ N
S 1 —
*i 60
3 -
S a0 7
2 NS | E531-
2 204 AN — ~
= I /'Pnses r‘[\
0
& &£ &
B) Compound 7
100
£ 80
2
S '
5 90 Y
3 s
§ 401 }
°
c
2 /// 2
2 20 O 7 nses
0 > > N
g. 8 2
C) Compound 9
100 \
£ sl ;;564 A
2 & . )
; K514
2 60 YR KT
% | N e
S  40- 1.0 Ygtel
e S rer e
§ hi
= 209 N568 ? r&,\ D641
0. -

Figure 8. Percentage of H-bond occupation of FGFRI contributing to
the binding of (A) compound 5, (B) compound 7, and (C)
compound 9, where the ligand orientation in the enzyme active site is
illustrated in the right panel.

highlighted as the most promising ones with a preferable safety
profile (showing the least cytotoxicity against the normal cell
MRC-5).

B EXPERIMENTAL SECTION

Chemistry. Column chromatography was carried out using
silica gel 60 (70—230 mesh ASTM). Analytical thin-layer
chromatography (TLC) was performed on silica gel 60 F,g,
aluminum sheets. Melting points were determined using a
Griffin melting point apparatus and were uncorrected. 'H and
3C NMR spectra were recorded on a Bruker AVANCE 300
NMR spectrometer or a Bruker AVANCE NEO 500 NMR

spectrometer. Fourier transform infrared spectra were obtained
using universal attenuated total reflectance attached on a
PerkinElmer Spectrum One spectrometer. High-resolution
mass spectra (HRMS) were recorded on a Bruker Daltonics
(microTOF). High-performance liquid chromatography
(HPLC) was carried out using a Waters 600 pump and
controller, a 717 autosampler, equipped with a 996 PDA
detector at 360 nm, a column (Nova-Pak, C18, 4 um, 60 A,
150 mm X 3.9 mm), and mobile phases: H,0 (A) and
acetonitrile (B); conditions: isocratic at 60% B and 40% A, a
flow rate of 1 mL/min, a running time of 10 min, and an
injection volume of 10.00 yL. Each sample was prepared in
acetonitrile/water (9/1).

All biological tested compounds 1—10 were of >95% purity
as determined by HPLC, except for compound 6 that showed
92% purity.

General Procedure for the Synthesis of Amino-
chalcones (13). Compounds 13 were synthesized using
previously reported methods®>** with minor modifications. A
mixture of aminoacetophenone 11 (6 mmol) and benzalde-
hyde derivative 12 (6 mmol) in ethanol (15 mL) was stirred at
4 °C; then, 40% NaOH (5 mL) was added dropwise. The
reaction mixture was stirred at room temperature and
monitored by TLC until the completion of the reaction. The
reaction mixture was neutralized with 2 M HCI; then, the
precipitate was filtered and washed with cold water and cold
ethanol to give compound 13. In the case of (E)-1-(3-
aminophenyl)-3-(2,3-dimethoxyphenyl)prop-2-en-1-one, the
reaction mixture was neutralized with 2 M HCI after
completion of the reaction. The mixture was extracted with
ethyl acetate (3 X 30 mL). The combined organic phases were
washed with water (25 mL), dried over anhydrous sodium
sulfate, and evaporated to dryness. The crude product was
purified using silica gel column chromatography. 'H and *C
NMR spectra of the aminochalcone derivatives 13 were
consistent with those reported in the literature.

General Procedure for the Synthesis of Naphthoqui-
none—Chalcone Derivatives (1—-10). A mixture of 2,3-
dichloro-1,4-naphthoquinone 14 (2.4 mmol) and the appro-
priate aminochalcone derivative 13 (2.0 mmol) in absolute
ethanol (20 mL) was stirred under reflux until completion of
the reaction as monitored by TLC and then concentrated
under reduced pressure. The crude product was purified using
silica gel column chromatography to afford the pure product.

(E)-2-Chloro-3-((3-(3-(2,3-dimethoxyphenyl)acryloyl)-
phenyl)amino)naphthalene-1,4-dione (Compound 1). From
2,3-dichloro-1,4-naphthoquinone and (E)-1-(3-aminophenyl)-
3-(2,3-dimethoxyphenyl)prop-2-en-1-one. Orange solid. 48%
yield; mp 213-215 °C; IR (neat) cm™: 3204, 1677, 1600,
1571. '"H NMR (500 MHz, DMSO-d,): & 3.79, 3.84 (2's, 6H,

Table 3. Predicted Values of Druglikeness Parameters According to Lipinski’s Rule of Five Criteria for Compounds $, 7, 9, and

AZD4547¢
Lipinski’s rule of five
compound MW (<500 Da) HBD (<5) HBA (<10) RB (<10) TPSA (<140 A?) MLogP (<5) druglikeness
5 429.85 2 4 5 83.47 2.13 yes
7 473.90 1 5 7 81.70 1.99 yes
9 459.88 2 5 6 92.70 1.79 yes
AZD4547 463.57 3 5 9 91.51 2.48 yes

“MW, molecular weight; HBD, number of hydrogen bond donors; HBA, number of hydrogen bond acceptors; RB, number of rotatable bonds;

TPSA, topological polar surface area; LogP, lipophilicity.
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2 X OCH,;), 7.12—7.17 (m, 2H, ArH), 7.42 (dd, J = 8.0, 1.2
Hz, 1H, ArH), 7.51 (t, ] = 7.8 Hz, 1H, ArH), 7.56 (dd, ] = 6.9,
2,3 Hz, 1H, ArH), 7.81-7.90 (m, SH, ArH, COCH=CHAr),
798 (d, ] = 15.8 Hz, 1H, COCH=CHaAr), 8.06 (dd, J = 7.7,
0.9 Hz, 2H, ArH), 9.46 (s, 1H, NH). *C NMR (125 MHz,
DMSO-dg): 6 55.9, 61.0, 115.2, 115.3, 119.3, 122.9, 123.3,
124.3, 124.4, 126.2, 126.6, 128.1, 128.2, 128.5, 130.4, 131.9,
133.4, 134.8, 137.5, 138.3, 139.6, 143.1, 148.3, 152.8, 176.9,
180.1, 189.0. HRMS-TOF: [M + H]*, 474.1103 (calcd for
C,,H,,CINO;: 474.1103).
(E)-2-Chloro-3-((3-(3-(2,3,4-trimethoxyphenyl)acryloyl)-
phenyl)amino)naphthalene-1,4-dione (Compound 2). From
2,3-dichloro-1,4-naphthoquinone and (E)-1-(3-aminophenyl)-
3-(2,3,4-trimethoxyphenyl)prop-2-en-1-one. Castle red solid.
51% yield; mp 175—176 °C; IR (neat) cm™': 3299, 1672,
1593, 1567. 'H NMR (300 MHz, DMSO-dy): 6 3.77, 3.86 (2
s, 9H, 3 X OCHS,), 6.92 (d, ] = 8.9 Hz, 1H, ArH), 7.40 (4, ] =
7.9 Hz, 1H, ArH), 7.51 (t, ] = 7.8 Hz, 1H, ArH), 7.73 (d, ] =
8.8 Hz, 1H, ArH), 7.76 (d, J = 15.7 Hz, 1H, COCH=CHAr),
7.82—7.93 (m, SH, ArH, COCH=CHAr), 8.05 (d, J = 8.0 Hz,
2H, ArH), 9.49 (s, 1H, NH). 3C NMR (75 MHz, DMSO-d):
5 56.1, 60.5, 61.5, 108.5, 115.2, 120.5, 120.9, 123.2, 123.7,
1242, 126.1, 126.6, 127.9, 128.4, 130.4, 131.9, 133.3, 134.8,
137.7, 138.8, 139.5, 141.8, 143.1, 153.2, 155.9, 176.8, 180.0,
188.9. HRMS-TOF: [M + HJ*, 504.1198 (calcd for
C,sH,;CINOg: 504.1208).
(E)-2-Chloro-3-((3-(3-(3,4,5-trimethoxyphenyl)acryloyl)-
phenyl)amino)naphthalene-1,4-dione (Compound 3). From
2,3-dichloro-1,4-naphthoquinone and (E)-1-(3-aminophenyl)-
3-(3,4,5-trimethoxyphenyl)prop-2-en-1-one. Castle red solid.
38% vyield; mp 213—215 °C; IR (neat) cm™': 3295, 1668,
1603, 1574. '"H NMR (500 MHz, DMSO-d,): 6 3.71, 3.84 (2
s, 9H, 3 X OCH,), 7.20 (s, 2H, ArH), 7.43 (dd, J = 7.8, 1.1 Hz,
1H, ArH), 7.52 (t, ] = 7.8 Hz, 1H, ArH), 7.69 (d, ] = 15.6 Hz,
1H, COCH=CHAr), 7.79-7.83 (m, 3H, ArH, COCH=
CHAr), 7.86—7.91 (m, 2H, ArH), 8.05 (d, J = 7.7 Hz, 2H,
ArH), 9.45 (s, 1H, NH). *C NMR (125 MHz, DMSO-dy): 6
56.2, 60.2, 106.6, 115.4, 121.4, 123.2, 124.3, 126.2, 126.6,
128.0, 128.5, 130.2, 130.4, 132.0, 133.3, 134.8, 137.6, 139.6,
139.9, 143.2, 144.7, 153.2, 176.9, 180.1, 189.0. HRMS-TOF:
[M + HJ*, 504.1199 (caled for C,gH,3;CINOg: 504.1208).
(E)-2-Chloro-3-((3-(3-(4-hydroxy-3,5-dimethoxyphenyl)-
acryloyl)phenyl)amino)naphthalene-1,4-dione (Compound
4). From 2,3-dichloro-1,4-naphthoquinone and (E)-1-(3-
aminophenyl)-3-(4-hydroxy-3,5-dimethoxyphenyl) prop-2-en-
l-one. Orange solid. 35% yield; mp 199—201 °C; IR (neat)
em™t: 3300, 1671, 1594, 1567. '"H NMR (500 MHz, DMSO-
dg): 63.83 (25, 6H, 2 X OCH,), 7.16 (s, 2H, ArH), 7.41 (dd, |
=7.9,12Hz, 1H, ArH), 7.51 (t, ] = 7.8 Hz, 1H, ArH), 7.67 (d,
J = 15.5 Hz, 1H, COCH=CHAr), 7.71 (4, J = 15.5 Hz, 1H,
COCH=CHAr), 7.81-7.83 (m, 2H, ArH), 7.86—7.90 (m,
2H, ArH), 8.05 (d, ] = 7.4 Hz, 2H, ArH), 9.12 (br s, 1H, OH),
9.43 (brs, 1H, NH). *C NMR (125 MHz, DMSO-d,): § 56.2,
107.0, 115.3, 119.2, 1232, 124.3, 125.0, 126.2, 126.6, 127.8,
128.4, 130.4, 132.0, 133.4, 134.8, 137.9, 138.9, 139.5, 143.2,
145.5, 148.1, 176.9, 180.1, 188.8. HRMS-TOF: [M + H]",
490.1047 (caled for C,,H,,CINO: 490.1052).
(E)-2-Chloro-3-((3-(3-(4-hydroxyphenyl)acryloyl)phenyl)-
amino)naphthalene-1,4-dione (Compound 5). From 2,3-
dichloro-1,4-naphthoquinone and (E)-1-(3-aminophenyl)-3-
(4-hydroxyphenyl)prop-2-en-1-one. Red wine solid. 45%
yield; mp 235—236 °C; IR (neat) cm™': 3296, 1675, 1596,
1567. '"H NMR (500 MHz, DMSO-d,): 6 6.83 (d, ] = 8.6 Hz,
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2H, ArH), 7.39 (4, J = 7.8 Hz, 1H, ArH), 7.50 (t, ] = 7.9 Hz,
1H, ArH), 7.64 (d, ] = 15.6 Hz, 1H, COCH=CHAr), 7.69 (d,
J = 15.0 Hz, 1H, COCH=CHAr), 7.68 (d, ] = 8.6 Hz, 2H,
ArH), 7.80—7.83 (m, 2H, ArH), 7.86—7.89 (m, 2H, ArH),
8.05 (d, J = 7.7 Hz, 2H, ArH), 9.44 (s, 1H, NH), 10.13 (s, 1H,
OH). *C NMR (125 MHz, DMSO-d,): 6 115.1, 115.9, 118.5,
123.3, 124.3, 125.8, 126.2, 126.6, 127.9, 128.4, 130.4, 131.1,
132.0, 133.3, 134.8, 137.9, 139.5, 143.2, 144.8, 160.2, 176.9,
180.0, 188.8. HRMS-TOF: [M + H]*, 430.0828 (calcd for
CysH,,CINO,: 430.0841).
(E)-2-Chloro-3-((4-(3-(3-methoxyphenyl)acryloyl)phenyl)-
amino)naphthalene-1,4-dione (Compound 6). From 2,3-
dichloro-1,4-naphthoquinone and (E)-1-(4-aminophenyl)-3-
(3-methoxyphenyl)prop-2-en-1-one. Red solid. 41% vyield;
mp 210-212 °C; IR (neat) ecm™: 3223, 1676, 1596, 1568.
'H NMR (500 MHz, DMSO-dy): 6 3.83 (s, 3H, OCH,), 7.02
(dd, J = 8.1, 2.1 Hz, 1H, ArH), 7.23 (d, ] = 8.6 Hz, 2H, ArH),
7.37 (t, ] = 8.0 Hz, 1H, ArH), 7.44 (d, ] = 7.6 Hz, 1H, ArH),
7.49 (s, 1H, ArH), 7.70 (d, J = 15.5 Hz, 1H, COCH=CHAr),
7.84 (t, ] = 7.5 Hz, 1H, ArH), 7.89 (t, ] = 7.5 Hz, 1H, ArH),
7.98 (d, ] = 15.6 Hz, 1H, COCH=CHAr), 8.06 (d, ] = 7.5 Hz,
2H, ArH), 8.14 (d, J = 8.7 Hz, 2H, ArH), 9.59 (s, 1H, NH).
BC NMR (125 MHz, DMSO-d,): 6 55.3, 113.3, 116.6, 118.9,
121.7, 121.9, 122.3, 126.3, 126.6, 129.0, 130.0, 130.6, 131.8,
132.2, 133.6, 134.8, 136.2, 142.6, 143.3, 143.9, 159.7, 177.1,
180.0, 187.6. HRMS-TOF: [M + HJ*, 444.1001 (calcd for
CyH, oCINO,: 444.0998).
(E)-2-Chloro-3-((4-(3-(3,4-dimethoxyphenyl)acryloyl)-
phenyl)amino)naphthalene-1,4-dione (Compound 7). From
2,3-dichloro-1,4-naphthoquinone and (E)-1-(4-aminophenyl)-
3-(3,4-dimethoxyphenyl)prop-2-en-1-one. Red solid. 45%
yield; mp 214—215 °C; IR (neat) ecm™: 3227, 1674, 1593,
1574. '"H NMR (500 MHz, DMSO-dj): & 3.82, 3.86 (2 s, 6H,
2 X OCH,;), 7.02 (d, ] = 8.4 Hz, 1H, ArH), 7.22 (d, ] = 8.6 Hz,
2H, ArH), 7.38 (d, ] = 8.3 Hz, 1H, ArH), 7.54 (s, 1H, ArH),
7.69 (d, J = 15.4 Hz, 1H, COCH=CHAr), 7.83 (dt, ] = 7.5,
1.0 Hz, 1H, ArH), 7.85 (d, ] = 15.3 Hz, 1H, COCH=CHAr),
7.89 (dt, J = 7.4, 1.0 Hz, 1H, ArH), 8.05 (dd, ] = 7.4, 1.1 Hz,
1H, ArH), 8.06 (dd, ] = 7.6, 1.0 Hz, 1H, ArH), 8.12 (d, ] = 8.6
Hz, 2H, ArH), 9.57 (s, 1H, NH). *C NMR (125 MHz,
DMSO-d): 6 55.7, 55.8, 110.7, 111.6, 118.6, 119.6, 122.0,
124.0, 126.3, 126.7, 127.7, 128.9, 130.6, 131.9, 132.6, 133.6,
134.8, 142.8, 143.8, 143.9, 149.1, 151.3, 177.0, 180.1, 187.5.
HRMS-TOF: [M + H]*, 474.1097 (calcd for Cy,H,,CINO;:
474.1103).
(E)-2-Chloro-3-((4-(3-(3,4,5-trimethoxyphenyl)acryloyl)-
phenyl)amino)naphthalene-1,4-dione (Compound 8). From
2,3-dichloro-1,4-naphthoquinone and (E)-1-(4-aminophenyl)-
3-(3,4,5-trimethoxyphenyl)prop-2-en-1-one. Orange solid.
44% yield; mp 213—214 °C; IR (neat) cm™: 3296, 1673,
1591, 1569. 'H NMR (500 MHz, DMSO-dy): 6 3.71, 3.86 (2
s, 9H, 3 X OCHj,), 7.22—7.24 (m, 4H, ArH), 7.68 (d, ] = 15.5
Hz, 1H, COCH=CHAr), 7.84 (dt, ] = 7.5, 1.1 Hz, 1H, ArH),
7.89 (dt, J = 7.5, 1.3 Hz, 1H, ArH), 7.92 (d, ] = 15.6 Hz, 1H,
COCH=CHAr), 8.06 (dd, J = 7.6, 1.3 Hz, 1H, ArH), 8.07
(dd, J = 7.3, 1.2 Hz, 1H, ArH), 8.14 (d, J = 8.7 Hz, 2H, ArH),
9.61 (s, 1H, NH). *C NMR (125 MHz, DMSO-d,): § 56.2,
60.2, 106.5, 118.7, 121.2, 122.0, 126.3, 126.7, 129.0, 130.4,
130.6, 131.9, 132.4, 133.6, 134.8, 139.7, 142.7, 143.9, 144.0,
153.2, 177.1, 180.0, 187.5. HRMS-TOF: [M + H]*, 504.1192
(caled for C,5H,3CINOg: 504.1208).
(E)-2-Chloro-3-((4-(3-(3-hydroxy-4-methoxyphenyl)-
acryloyl)phenyl)amino)naphthalene-1,4-dione (Compound
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9). From 2,3-dichloro-1,4-naphthoquinone and (E)-1-(4-
aminophenyl)-3-(3-hydroxy-4-methoxyphenyl)prop-2-en-1-
one. Castle red solid. 58% yield; mp 218 °C (d); IR (neat)
em™": 3534, 3290, 1676, 1590, 1563. '"H NMR (300 MHz,
DMSO-dy): 6 3.84 (s, 3H, OCHj,), 7.00 (d, J = 8.3 Hz, 1H,
ArH), 7.22 (d, ] = 8.6 Hz, 2H, ArH), 7.30 (d, ] = 8.5 Hz, 1H,
ArH), 7.32 (s, 1H, ArH), 7.60 (d, J = 15.4 Hz, 1H, COCH=
CHAr), 7.73 (d, ] = 15.5 Hz, 1H, COCH=CHAr), 7.84 (t, ] =
7.6 Hz, 1H, ArH), 7.89 (t, ] = 7.5 Hz, 1H, ArH), 8.05—8.11
(m, 4H, ArH), 9.16 (s, 1H, OH), 9.57 (s, 1H, NH). *C NMR
(75 MHz, DMSO-dy): § 55.7, 112.0, 114.9, 118.5, 119.4,
121.9, 122.0, 126.2, 126.6, 127.8, 128.7, 130.5, 131.8, 132.6,
133.5, 134.7, 142.6, 143.6, 143.8, 146.6, 150.2, 176.9, 179.9,
187.4. HRMS-TOF: [M + HJ]*, 460.0946 (calcd for
CyHoCINOjs: 460.0946).

(E)-2-Chloro-3-((4-(3-(4-hydroxyphenyl)acryloyl)phenyl)-
amino)naphthalene-1,4-dione (Compound 10). From 2,3-
dichloro-1,4-naphthoquinone and (E)-1-(4-aminophenyl)-3-
(4-hydroxyphenyl)prop-2-en-1-one. Red wine solid. 43%
yield; mp 250 °C (d); IR (neat) cm™': 3224, 1675, 1593,
1569. 'H NMR (500 MHz, DMSO-d,): 6 6.83 (d, ] = 8.6 Hz,
2H, ArH), 7.22 (d, ] = 8.7 Hz, 2H, ArH), 7.66 (d, ] = 15.4 Hz,
1H, COCH=CHAr), 7.73 (d, ] = 8.6 Hz, 2H, ArH), 7.75 (d, ]
= 15.4 Hz, 1H, COCH=CHAr), 7.84 (dt, ] = 7.5, 1.2 Hz, 1H,
ArH), 7.89 (dt, ] = 7.5, 1.3 Hz, 1H, ArH), 8.05—8.09 (m, 4H,
ArH), 9.56 (s, 1H, NH), 10.09 (s, 1H, OH). 3C NMR (125
MHz, DMSO-d,): 5 115.9, 118.5, 118.5, 122.1, 126.0, 126.3,
126.6, 128.7, 130.6, 131.0, 131.8, 132.7, 133.6, 134.8, 142.7,
143.6, 143.9, 160.0, 177.1, 180.0, 187.5. HRMS-TOF: [M +
H]*, 430.0830 (calcd for C,sH,,CINO,: 430.0841).

Cytotoxicity Assay. The cells suspended in the corre-
sponding culture medium were inoculated onto the 96-well
microtiter plates (Corning, Inc, NY, USA) at a density of
10,000—20,000 cells per well and incubated for 24 h at 37 °C
in a humidified atmosphere with 95% air and 5% CO,. An
equal volume of additional medium containing either the serial
dilutions of the test compounds, positive control (etoposide
and/or doxorubicin), or negative control (DMSO) was added
to the desired final concentrations, and the microtiter plates
were further incubated for an additional 48 h. The number of
surviving cells in each well was determined using the MTT
assay’””" (for HuCCA-1, HepG2, A549, T47D, MDA-MB-
231, and MRC-5 cells) and the XTT assay’’ (for MOLT-3
cells). The ICs, value is defined as the drug (or compound)
concentration that inhibits cell growth by 50% (relative to the
negative control).

ADP-Glo Kinase Assay. The FGFR kinase inhibitory
activity of the target compounds was evaluated using the ADP-
Glo kinase assay (Promega, Wisconsin, USA). Briefly, 8 uL of
buffer (200 mM Tris—HCI pH 7.5, 100 mM MgCl,, and 0.5
mg/mL bovine serum albumin) was initially added to a 384-
well plate. After that, S uL of the FGFR1 enzyme (1.25 ng/uL,
Millipore, Billerica, MA, Cat. N.14—582) and 2 uL of
inhibitors were added. Then, 10 uL of a mixture of 12.5 ug/
mL poly(glu-tyr) and 25 uM ATP was added, and the plate
was incubated at room temperature for 1 h. To terminate the
kinase reaction, 5 L of the ADP-Glo reagent was then added
and incubated for 40 min. Finally, 10 uL of the kinase
detection reagent was added, and the plate was further
incubated at room temperature for 30 min. The luminescence
was detected using a microplate reader (Infinite M200
microplate reader, Tecan, Mannedorf, Switzerland). All assays
were performed in triplicate. The relative inhibition (%) of

inhibitors was calculated in comparison to the control with no
inhibitor as shown in eq 1.

%relative inhibition

itive — tive) — le — i
_ [(positive — negative) — (sample — negative)] % 100

(positive - negative)
(1)

Computational Details. System Preparation. The crystal
structure of FGFR1 complexed with pemigatinib (PDB ID
7WCL)>*> was downloaded from the Protein Data Bank
(PDB). The protonation state of all ionizable amino acids was
determined at pH 7.4 using PROPKA 3.1.°> The 3D chemical
structures of the selected compounds (5, 7, and 9) were
constructed using the Gaussian 09 program,54 whereas that of
the reference inhibitor, AZD4547, was obtained from PDB
entry 4V05.>° The protonation state of all studied ligands was
determined at pH 7.4 using the MarvinSketch program.’® All
of the ligands were fully optimized using the Gaussian 09
program with the HF/6-31d level of theory.”” Molecular
docking simulation was performed by the CDOCKER
module’® implemented in the Discovery Studio 2.5 program
using the site of pemigatinib in the FGFR1 crystal structure as
a docking sphere (13 A). The docked complexes with the
lowest CDOCKER interaction energy of each system were
chosen as the initial structure for MD simulation. The semi-
empirical AMI1-BCC charge model was used for the
preparation of partial atomic charges and parameters of the
ligands. The general AMBER force field version 2 (GAFF2)*>’
and the AMBER ff14SB® force fields were applied for ligands
and protein, respectively. All missing hydrogen atoms of
FGFR1 were added using the LEaP module. Then, each
system was solvated in a simulation box of the TIP3P water
model®" with a minimum buffer thickness of 12 A followed by
the incorporation of sodium counterions to keep the whole
system neutral. To remove the bad contacts, the added
hydrogen atoms and water molecules were subsequently
minimized using 1500 steps of the steepest descent (SD)
method followed by 1500 steps of conjugated gradient (CG)
algorithm. Finally, the whole complex was minimized using the
same procedure of SD and CG.

Molecular Dynamics (MD) Simulation. MD simulations of
the FGFR1-ligand complexes in an aqueous solution were
performed using the AMBER20 software package.”” The
SHAKE algorithm was used to constrain all covalent bonds
involving hydrogen atoms,” allowing a 2 fs time step of
integration. A 10 A cutoff distance was set for nonbonded
interactions,®*®> while the long-range electrostatic interactions
were treated using the particle mesh Ewald’s summation
approach.® Temperature and pressure were controlled by a
Langevin thermostat and a Berendsen barostat, respectively.
Initially, each system was thermalized from 10 to 310 K over
100 ps using the canonical ensemble (NVT) with positional
restraints of 10.0 kcal/mol-A” to the protein—ligand complex.
Subsequently, the entire system was run under the isothermal—
isobaric (NPT) ensemble (310 K and 1 atm) MD simulation
until 50 ns was reached.

Structural Analysis and Free Energy Calculation. The
CPPTRAJ module®”” of AMBER20 was used to compute
structural information, including root-mean-square displace-
ment (RMSD), the number of native and non-native contacts
(# contacts), and solvent-accessible surface area (SASA). The
per-residue decomposition free energy (AGyg,es) and energy
contribution were calculated using the molecular mechanics/
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generalized Born surface area (MM/GBSA) method®® on 200
frames extracted from the last 20 ns of the MD production
phase.

Druglikeness Prediction. Druglike properties of the three
compounds (S, 7, and 9) with potent FGFR1 inhibitory effects
as well as the known inhibitor (AZD4547) were predicted
using the SwissADME web tool.**
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