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Background: Farnesyl pyrophosphate synthase (FPPS) is a key regulatory enzyme in the biosynthesis of cholester-
ol and in the post-translational modification of signaling proteins. It has been reported that non-bisphosphonate
FPPS inhibitors targeting its allosteric binding pocket are potentially important for the development of promising
anti-cancer drugs.
Methods: The following methods were used: organic syntheses of non-bisphosphonate quinoline derivatives,
enzyme inhibition studies, fluorescence titration assays, synergistic effect studies of quinoline derivatives with
zoledronate, ITC studies for the binding of FPPS with quinoline derivatives, NMR-based HAP binding assays,
molecular modeling studies, fluorescence imaging assay and MTT assays.
Results:We report our syntheses of a series of quinoline derivatives as new FPPS inhibitors possibly targeting the
allosteric site of the enzyme. Compound 6b showed potent inhibition to FPPSwithout significant hydroxyapatite
binding affinity. The compound showed synergistic inhibitory effect with active-site inhibitor zoledronate. ITC

experiment confirmed the good binding effect of compound 6b to FPPS, and further indicated the binding ratio
of 1:1. Molecular modeling studies showed that 6b could possibly bind to the allosteric binding pocket of the en-
zyme. The fluorescence microscopy indicated that these compounds could get into cancer cells.
Conclusions:Our results showed that quinoline derivative 6b could become a new lead compound for further op-
timization for cancer treatment.
General significance: The traditional FPPS active-site inhibitors bisphosphonates show poor membrane perme-
ability to tumor cells, due to their strong polarity. The development of new non-bisphosphonate FPPS inhibitors
with good cell membrane permeability is potentially important.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Bisphosphonates are an important class of drug molecules that are
widely used to treat the bone loss associated with osteoporosis [1],
Paget's disease [2], hypercalcemia [3], and metastatic bone disease [4].
The main bisphosphonates in clinical use are thought to act primarily
by inhibiting the farnesyl diphosphate synthase (FPPS), an important
enzyme in the biosynthesis of cholesterol and in the post-translational
modification of signaling proteins [5–10]. The inhibition results in
decreased prenylation of proteins such as Ras, Rho, Rac, and Rap, and
impairment of cell survival signaling pathway [11–13]. However, due
to the strong polarity and high hydrophilicity, the bisphosphonate
m albumin; DTT, DL-dithiothrei-
apatite; MTT, 3-(4,5-dimethyl-
ydroxymethyl)aminomethane
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drugs show poor cell-membrane permeability to tumor cells and
other non-endocytic cells [5,14]. Several approaches have been taken
to optimize the pharmacokinetic properties of bisphosphonates, such
as reducing bone affinity with deoxy-bisphosphonates, or reducing
the polarity of the compounds by increasing side chain lipophilicity
[15–19]. In our previous work, we have developed a new type of
nitrogen-containing bisphosphonate analogs with a geranyl group
attached to one of phosphate groups showing nanomole inhibition
effect to FPPS with our newly developed assay method [20,21].

Recently, Jahnke group has reported a new type of non-
bisphosphonate inhibitors identified by fragment-based discovery
targeting a new allosteric pocket of FPPS [22], and quinolines and
salicylic derivatives have been shown as inhibitors of FPPS. Here, we
report our further design and synthesis of another series of quinoline
derivatives as new FPPS inhibitors. The combination of quinoline deriv-
ative 6b with zoledronate, an inhibitor targeting active site of FPFS,
showed higher inhibition effect than that of one individual inhibitor.
Molecular modeling study showed that 6b can bind well with the
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allosteric site of the FPPS. The fluorescence microscopy indicated that
these quinoline derivatives could get into cancer cells.

2. Materials and methods

2.1. Materials

All the reagents used in the biological assay were analytical pure.
Chemical reagents used in the synthesiswere of research grade or better
and were obtained from commercial sources. Zoledronate was
purchased from the Dalian Meilun Biotech Co., Ltd.

2.2. Organic syntheses of quinoline derivatives

1H and 13C NMR spectra were recorded using TMS as the internal
standard in DMSO-d6, CD3COCD3 or CDCl3 with a Bruker BioSpin
GmbH spectrometer at 400 MHz; Mass spectra (MS) were recorded
on a Shimadzu LCMS-2010A instrumentwith anESI-ACPImass selective
detector, and high resolution mass spectra (HRMS) were recorded on
Shimadzu LCMS-IT-TOF. Flash column chromatography was performed
with silica gel (200–300 mesh) purchased from Qingdao Haiyang
Chemical Co. Ltd. Organic syntheses of bisphosphonate derivatives
were shown in Schemes 1–4.

2.2.1. General procedures for the preparation of intermediates 1, 2, and 3
The syntheses of intermediates were as those reported before

[23,24] with some modifications. Aniline (100 mmol, 9.31 g) or
1-naphthylamine (100 mmol, 14.3 g) and ethyl acetoacetate
(100 mmol, 13.0 g) or ethyl 4-chloroacetoacetate (100 mmol, 16.4 g)
in 100 mL PPAwere heated at 130 °C for 1 h. After cooling and neutral-
ization, POCl3 was added to the solid product, and heated under reflux
at 100 °C for 3 h. The mixtures were cooled and poured into ice-water
mixture. After neutralization, it was filtered and dried to give the
intermediates 1, 2 and 3, which were used directly for the following
reaction without further purification.

2.2.2. Synthesis of methyl 2-((2-(chloromethyl)quinolin-4-yl)amino)
benzoate (4a) and 2-((2-(chloromethyl)quinolin-4-yl)amino)benzoic
acid (4b)

The synthesis of 4a was similar to that reported previously [25].
Intermediate 1 (10 mmol, 2.11 g) was added to a solution of methyl
2-aminobenzoate (10 mmol, 1.51 g) in ethanol, followed by two
drops of concentrated hydrochloric acid. The mixture was heated
Scheme 1. Syntheses of the intermediates 1, 2 and 3. Reagents a
under reflux at 80 °C for 5 h. After evaporation of the solvent, the
crude product was purifiedwith gel chromatography to give compound
4a as a white solid (2.62 g, 80%). 1H NMR (400 MHz, CDCl3) δ 10.57
(s, 1H), 8.14 (d, J = 8.0 Hz, 1H), 8.09 (dd, J = 8.0, 1.6 Hz, 1H), 8.05
(d, J = 8.4 Hz, 1H), 7.76 − 7.69 (m, 2H), 7.63 (s, 1H), 7.61 − 7.52
(m, 2H), 7.05 − 7.01 (m, 1H), 4.76 (s, 3H), 3.96 (s, 3H); 13C NMR
(100 MHz, CDCl3) δ 168.9, 157.2, 148.7, 146.3, 144.3, 134.2, 131.9,
130.1, 129.7, 126.5, 121.0, 120.8, 120.7, 117.6, 115., 104.3, 52.3, 47.7;
ESI-HRMS m/z: calcd for C18H15N2O2Cl [M-H]− 325.0749, found
325.0747.

48 mg LiOH (dissolved in 0.1 mL H2O) was added to a solution of
4a (1 mmol, 0.326 g) in THF/CH3OH (2.5 mL, 2.5 mL), and the mixture
was heated under reflux for 3 h. After cooling and neutralization
with 1 N HCl, the solution was filtered and dried to give a white
solid 4b (296 mg, 94.8%). 1H NMR (400 MHz, DMSO) δ 12.80
(s, 1H), 9.47–9.45 (m, 1H), 9.17 (s, 1H), 8.12 (d, J = 7.2 Hz, 3H),
7.90 − 7.88 (m, 2H), 7.86 − 7.80 (m, 2H), 7.42 − 7.38 (m, 1H),
6.83 (d, J = 8.4 Hz, 1H), 6.63 (t, J = 7.4 Hz, 1H), 4.84 (s, 3H); 13C
NMR (100 MHz, DMSO) δ 169.9, 157.3, 150.1, 145.8, 141.6, 134.5,
133.4, 131.8, 130.2, 129.0, 128.7, 128.1, 127.7, 124.6, 122.3, 120.5,
120.3, 114.7, 111.8, 110.8, 47.6; ESI-HRMS m/z: calcd for C17H13ClN2O2

[M-H]− 312.0756, found 312.0759.

2.2.3. Synthesis of ethyl 2-((4-chloroquinolin-2-yl)methoxy)benzoate (5a)
and 2-((4-chloroquinolin-2-yl)methoxy)benzoic acid (5b)

Intermediate 1 (10 mmol, 2.11 g) was dissolved in 50 mL CH3CN.
After the addition of ethyl 2-hydroxybenzoate (11 mmol, 1.83 g),
followed by K2CO3 (10 mmol, 1.38 g), the mixture was heated at
90 °C for 5 h. The solution was poured into water, and filtered to give
a white solid 5a (2.32 g, 68%). 1H NMR (400 MHz, CDCl3) δ 8.25
(d, J = 9.2 Hz, 1H), 8.10 (d, J = 10.0 Hz, 2H), 7.88 (dd, J = 7.8,
1.8 Hz, 1H), 7.82 − 7.78 (m, 1H), 7.67 − 7.63 (m, 1H), 7.46
(m, 1H), 7.05 (dd, J = 16.0, 8.0 Hz, 2H), 5.44 (s, 2H), 4.46
(q, J = 7.2 Hz, 2H), 1.44 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz,
CDCl3) δ 181.1, 166.3, 157.8 157.5, 148.2, 143.7, 133.5, 132.0,
130.6, 129.2, 127.4, 125.9, 124.2, 121.11, 121.05, 119.4, 113.5,
71.2, 61.1, 14.4; ESI-HRMS m/z: calcd for C19H16NO3Cl [M + Na]+

364.0711, found 364.0703.
The hydrolysis procedure for 5awas the same as that for 4a, and the

desired product 5b was obtained as a white solid. 1H NMR (400 MHz,
DMSO) δ 12.92 (s, 1H), 8.23 (d, J = 8.4 Hz, 1H), 8.12–8.09 (m, 2H),
7.91 (t, J = 7.8 Hz, 1H), 7.80 − 7.74 (m, 2H), 7.56 − 7.51 (m, 1H),
7.29 (d, J = 8.0 Hz, 1H), 7.07 (t, J = 7.4 Hz, 1H), 5.47 (s, 3H);
nd conditions: (a) PPA, 130 °C, 1 h; (b) POCl3, 100 °C, 3 h.



Scheme 2. Syntheses of 4a–6b. Reagents and conditions: (a) methyl 2-aminobenzoate, C2H5OH, conc. HCl, 5 h; (b) THF/CH3OH, LiOH, 3 h; (c) ethyl 2-hydroxybenzoate, K2CO3, CH3CN,
90 °C, 5 h.
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13C NMR (100 MHz, DMSO) δ 167.1, 158.1, 156.8, 147.7, 142.1, 133.3,
131.1, 131.0, 129.0, 128.0, 124.8, 123.6, 121.6, 120.9, 119.4, 114.1,
70.5; ESI-HRMS m/z: calcd for C17H12NO3Cl [M-H]− 312.0433, found
312.0433.

2.2.4. Synthesis of ethyl 2-((4-((2-(methoxycarbonyl)phenyl)amino)
quinolin-2-yl)methoxy)benzoate (6a) and 2-((2-((2-carboxyphenoxy)
methyl)quinolin-4-yl)amino)benzoic acid (6b)

Compound 5awas reacted with methyl 2-aminobenzoate following
the procedure for the synthesis of 4a to give the desired product 6a, and
the hydrolysis procedure for 6awas the same as that for 4a. 6a: 1H NMR
(400 MHz, CDCl3) δ 10.65 (s, 1H), 8.16 (d, J = 8.0 Hz, 1H), 8.07–8.03
(m, 2H), 7.91 (s, 1H), 7.84 (dd, J = 7.8, 1.8 Hz, 1H), 7.73 (m, 1H), 7.62
(d, J = 8.0 Hz, 1H), 7.59 − 7.56 (m, 1H), 7.49 − 7.45 (m, 1H),
7.45 − 7.40 (m, 1H), 7.07 (d, J = 8.4 Hz, 1H), 6.99 (td, J = 8.6,
0.8 Hz, 2H), 5.43 (s, 2H), 4.24 (q, J = 7.2 Hz, 2H), 3.95 (s, 3H), 1.25
(t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 169.0, 166.0, 158.1,
157.6, 145.9, 144.3, 134.5, 133.4, 131.6, 131.6, 129.8, 129.2, 126.0,
121.1, 120.9, 120.8, 120.6, 120.3, 117.7, 115.4, 113.6, 103.1, 71.4,
60.7, 52.2, 14.2; ESI-HRMS m/z: calcd for C27H24N2O5 [M + H]+

457.1758, found 457.1729.
6b: 1H NMR (400 MHz, DMSO) δ 10.99 (s, 1H), 8.22 (d, J = 8.0 Hz,

1H), 8.05 (d, J = 8.0 Hz, 1H), 7.97 (d, J = 8.4 Hz, 1H), 7.83
(t, J = 7.4 Hz, 1H), 7.72 − 7.65 (m, 3H), 7.61 (d, J = 3.2 Hz, 2H),
7.50 − 7.46 (m, 2H), 7.27 (d, J = 8.4 Hz, 1H), 7.20 − 7.16 (m, 1H),
7.05 (t, J = 7.4 Hz, 1H), 5.49 (s, 3H); 13C NMR (100 MHz, DMSO)
δ 174.7, 172.3, 162.4, 161.8, 152.3, 151.5, 147.4, 139.2, 138.3, 137.1,
136.2, 135.9, 132.4, 1315, 127.6, 127.5, 126.4, 126.4, 124.8, 124.8,
124.3, 119.8, 106.0, 75.5; ESI-HRMS m/z: calcd for C24H18N2O5

[M + H]+ 415.1288, found 415.1269.
Scheme 3. Syntheses of 13a and 13b. Reagents and conditions: (a) methyl
2.2.5. Synthesis of ethyl 2-((4-chlorobenzo[h]quinolin-2-yl)methoxy)
benzoate (7a) and 2-((4-chlorobenzo[h]quinolin-2-yl)methoxy)benzoic
acid (7b)

Intermediate 2was reactedwith ethyl 2-hydroxybenzoate following
the procedure described in Section 2.2.3, and the desired products 7a
and 7b were obtained as white solids. 7a: 1H NMR (400 MHz, CDCl3)
δ 9.34 (d, J = 8.0 Hz, 1H), 8.13 (d, J = 11.2 Hz, 2H), 7.95 − 7.90
(m, 3H), 7.78 − 7.72 (m, 2H), 7.49 − 7.45 (m, 1H), 7.14 (d, J = 8.4 Hz,
1H), 7.05 (t, J = 7.2 Hz, 1H), 5.56 (s, 3H), 4.47 (q, J = 7.2 Hz, 2H), 1.45
(t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 166.5, 157.6, 156.3,
146.8, 143.4, 133.8, 133.5, 132.0, 130.9, 128.8, 128.6, 127.9, 127.4, 125.0,
123.6, 121.1, 121.0, 120.9, 120.0, 113.6, 71.3, 61.1, 14.5; ESI-HRMS m/z:
calcd for C23H18NO3Cl [M + H]+ 392.1048, found 392.1041.

7b: 1H NMR (400 MHz, DMSO) δ 9.18 (dd, J =8.0, 4.0 Hz, 1H),
8.27 (s, 1H), 8.09 (s, 3H), 7.82 (dd, J = 6.2, 3.4 Hz, 2H), 7.64
(d, J = 6.4 Hz, 1H), 7.42 (t, J = 7.6 Hz, 1H), 7.24 (d, J = 8.0 Hz, 1H),
7.01 (t, J = 7.4 Hz, 1H), 5.53 (s, 2H); 13C NMR (100 MHz, DMSO)
δ 168.2, 157.2, 156.2, 145.9, 142.0, 133.3, 131.6, 130.4, 130.0, 129.0,
128.8 128.1, 127.6, 124.3, 122.6, 120.7, 120.2, 113.9, 70.6; ESI-HRMS
m/z: calcd for C21H14NOCl [M-H]− 362.0589, found 362.0603.

2.2.6. Synthesis of methyl 4-chloro-2-((4-((4-methoxyphenyl)amino)
benzo[h]quinolin-2-yl)methoxy)benzoate (8a) and 4-chloro-2-((4-((4-
methoxyphenyl)amino)benzo[h]quinolin-2-yl)methoxy)benzoic acid (8b)

Intermediate 2was reactedwithmethyl 4-chloro-2-hydroxybenzoate
following the procedure described in Section 2.2.3, and the resulting
product methyl 4-chloro-2-((4-chlorobenzo[h]quinolin-2-yl)methoxy)
benzoate was then reacted with 4-methoxyaniline following the
procedure described in Section 2.2.2, to give the desired bright yellow
product 8a and yellow product 8b. 8a: 1H NMR (400 MHz, CDCl3) δ
2-aminobenzoate, C2H5OH, conc. HCl, 5 h; (b) THF/CH3OH, LiOH, 3 h.



Scheme 4. Syntheses of 7a–12b. Reagents and conditions: (a) ethyl 2-hydroxybenzoate, K2CO3, CH3CN, 90 °C, 5 h; (b) THF/CH3OH, LiOH, 3 h; (c) methyl 4-chloro-2-hydroxybenzoate,
K2CO3, CH3CN, 90 °C, 5 h; (d,e) 4-methoxyaniline, C2H5OH, conc. HCl, 5 h; (f) dimethylmalonate, NaH, THF, 0 °C, 10 h; (g) conc. HCl, 150 °C, 24 h; (h) ethyl 2-(diethoxyphosphoryl)acetate,
NaH, THF, 0 °C, 10 h; (i) triethyl phosphate; (j) dimethyl 5-aminoisophthalate, C2H5OH, conc. HCl, 5 h.
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9.30 (d, J = 8.0 Hz, 1H), 7.86 (d, J = 7.2 Hz, 1H), 7.76 (q, J = 10.8 Hz,
3H), 7.72 − 7.63 (m, 2H), 7.29 (s, 1H), 7.23 − 7.19 (m, 3H), 6.95 (dd,
J = 13.0, 9.4 Hz, 3H), 6.67 (s, 1H), 3.83 (s, 3H), 3.68 (s, 3H); 13C NMR
(100 MHz, CDCl3) δ 174.8, 165.7, 158.7, 157.2, 139.4, 133.6, 132.8,
128.0, 127.6, 126.9, 125.3, 125.0, 120.8, 117.2, 115.2, 114.7, 114.5,
114.2, 101.0, 55.5, 51.8; ESI-HRMS m/z: calcd for C29H23ClN2O4

[M-H]− 498.1357, found 498.1346.
8b: 1H NMR (400 MHz, DMSO) δ 10.40 (s, 1H), 9.27 (s, 1H), 8.54

(d, J = 8.5 Hz, 1H), 8.17 (d, J = 4.8 Hz, 1H), 8.12 (d, J = 8.8 Hz, 1H),
7.91 − 7.87 (m, 2H), 7.77 (d, J = 8.4 Hz, 1H), 7.39 (d, J = 1.6 Hz,
1H), 7.31 (s, 1H), 7.29 (s, 1H), 7.17 (dd, J = 8.4, 1.2 Hz, 1H),
7.09 − 7.04 (m, 3H), 5.63 (s, 3H), 3.82 (s, 3H); ESI-HRMS m/z: calcd
for C28H21N2O4Cl [M-H]− 483.1117, found 483.1127.

2.2.7. Synthesis of dimethyl 2-((4-chlorobenzo[h]quinolin-2-yl)methyl)
malonate (9a) and 2-((4-chlorobenzo[h]quinolin-2-yl)methyl)malonic
acid (9b)

Sodium hydride (120 mg, 80%) was added to a solution of dimethyl
malonate (2 mmol, 0.264 g) dissolved in newly distilled THF at 0 °C.
After stirring for 30 min, a solution of intermediate 2 dissolved in
distilled THF was added dropwise to the mixture. After stirring for
10 h at 0 °C, the mixture was filtered, the solvent was removed, and
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the crude product was purified using silica gel chromatography to give
the desired brown product 9a with a yield of 62%. 1H NMR (400 MHz,
CDCl3) δ 9.28 − 9.25 (m, 1H), 8.07 (d, J = 9.2 Hz, 1H), 7.90
(dd, J = 6.8, 2.4 Hz, 1H), 7.86 (d, J = 9.2 Hz, 1H), 7.75 − 7.69
(m, 2H), 7.53 (s, 1H), 4.54 (t, J = 7.6 Hz, 1H), 3.79 (s, 6H), 3.71
(d, J = 7.6 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 169.8, 156.4, 146.7,
142.6, 133.8, 131.1, 128.7, 128.2, 127.8, 127.3, 125.1, 122.9, 121.8,
120.8, 52.7, 49.8, 36.3; ESI-HRMS m/z: calcd for C19H16NO4Cl
[M + H]+ 358.0841, found 358.0861.

2 mL concentrated hydrochloric acid was directly added to 9a
(1 mmol, 0.357 g) and heated at 150 °C for 24 h. The solution was neu-
tralized with 1 N NaOH. After filtration and drying, a brown product 9b
was obtainedwith nearly 100% yield. 9b: 1HNMR (400 MHz, Acetone) δ
9.35 − 9.32 (m, 1H), 8.11 (d, J = 9.2 Hz, 1H), 8.03 (t, J = 8.6 Hz, 2H),
7.77 (m, 3H), 4.43 (t, J = 7.2 Hz, 1H), 3.72 (d, J = 7.0 Hz, 3H); 13C
NMR (100 MHz, Acetone) δ 171.0, 159.0, 147.5, 142.8, 134.8, 131.9,
129.7, 129.3, 129.1 128.8, 128.3, 126.1 123.3, 123.1, 121.3, 50.3, 37.2;
ESI-HRMS m/z: calcd for C17H12NO4Cl [M-H]− 328.0382, found
328.0368.

2.2.8. Synthesis of ethyl 3-(4-chlorobenzo[h]quinolin-2-yl)-2-
(diethoxyphosphoryl)propanoate (10a) and 3-(4-chlorobenzo[h]
quinolin-2-yl)-2-phosphonopropanoic acid (10b)

Intermediate 2 was reacted with ethyl 2-(diethoxyphosphoryl)
acetate following the procedure described in Section 2.2.7. The desired
product 10awas obtained as a dark brown solid, and 10bwas obtained
by hydrolyzing 10a with concentrated hydrochloric acid directly.
10a: 1H NMR (400 MHz, CDCl3) δ 9.26 (dd, J = 6.0, 2.8 Hz, 1H), 8.08
(d, J = 9.2 Hz, 1H), 7.92 − 7.90 (m, 1H), 7.85 (d, J = 9.2 Hz, 1H),
7.71 (m, 2H), 7.52 (s, 1H), 4.31 − 4.18 (m, 6H), 4.17 − 4.12 (m, 1H),
3.81 (m, 1H), 3.57 (m, 1H), 1.39 (dt, J = 10.8, 7.0 Hz, 6H), 1.23
(t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 169.0, 156.8, 146.7,
142.4, 133.7, 131.2, 128.6, 128.1, 127.7, 127.2, 125.2, 122.8, 121.8,
120.8, 62.9, 61.5, 44.1, 42.8, 34.5, 16.4, 14.1; ESI-HRMS m/z: calcd
for C22H25NO5PCl [M + H]+ 450.1232, found 450.1237.

10b: 1H NMR (400 MHz, DMSO) δ 9.22 (d, J = 4.8 Hz, 1H), 8.03
(s, 3H), 7.78 (s, 3H), 3.75 (d, J = 8.0 Hz, 1H), 3.69 − 3.63 (m, 2H);
ESI-HRMS m/z: calcd for C17H12NO4Cl [M-H]− 364.0147, found
364.0160.

2.2.9. Synthesis of diethyl ((4-chlorobenzo[h]quinolin-2-yl)methyl)
phosphonate (11a) and ((4-chlorobenzo[h]quinolin-2-yl)methyl)
phosphonic acid (11b)

Intermediate 2 was reacted with triethyl phosphate following the
procedure described in Section 2.2.7, and the desired products 11a
and 11b were obtained as brown solids. 11a: 1H NMR (400 MHz,
CDCl3) δ 9.27 (d, J = 8.0 Hz, 1H), 8.39 (s, 1H), 8.05 (s, 2H), 7.86
(d, J = 8.8 Hz, 1H), 7.79 (d, J = 6.0 Hz, 1H), 7.72 − 7.65 (m, 4H),
7.63 (s, 1H), 7.44 − 7.40 (m, 1H), 7.09 (d, J = 8.4 Hz, 1H), 6.98
(t, J = 7.4 Hz, 1H), 6.86 (s, 1H), 4.13 (q, J = 7.2 Hz, 2H), 3.90 (s, 6H),
1.22 (t, J = 7.2 Hz, 3H); ESI-HRMS m/z: calcd for C18H19NO3PCl
[M + H]+ 364.0864, found 364.0851.

11b: 1H NMR (400 MHz, DMSO) δ 9.21 (s, 1H), 8.08 (s, 3H), 7.79
(m, 3H), 3.55 (s, 1H), 3.49 (s, 1H); 13C NMR (100 MHz, DMSO) δ
154.8, 146.1, 140.8, 133.2, 130.2, 128.9, 128.4, 128.0, 127.4, 124.5,
122.8, 121.7, 120.2, 38.7; ESI-HRMS m/z: calcd for C14H11NO3PCl
[M-H]− 308.0238, found 308.0221.

2.2.10. Synthesis of dimethyl 5-((2-((2-(ethoxycarbonyl)phenoxy)methyl)
benzo[h]quinolin-4-yl)amino)isophthalate (12a) and 5-((2-((2-
carboxyphenoxy)methyl)benzo[h]quinolin-4-yl)amino)isophthalic acid
(12b)

Compound 7a was reacted with dimethyl 5-aminoisophthalate
following the procedure described in Section 2.2.2, and the desired
products 12a and 12bwere obtained as yellow and brown solid, respec-
tively. 12a: 1H NMR (400 MHz, CDCl3) δ 9.27 (d, J = 8.0 Hz, 1H), 8.39
(s, 1H), 8.05 (s, 2H), 7.86 (d, J = 8.8 Hz, 1H), 7.79 (d, J = 6.0 Hz, 1H),
7.72 − 7.65 (m, 4H), 7.63 (s, 1H), 7.44 − 7.40 (m, 1H), 7.09
(d, J = 8.4 Hz, 1H), 6.98 (t, J = 7.4 Hz, 1H), 6.86 (s, 1H), 4.13
(q, J = 7.2 Hz, 2H), 3.90 (s, 6H), 1.22 (t, J = 7.2 Hz, 3H); 13C NMR
(100 MHz, CDCl3) δ 165.9, 158.0, 141.8, 133.4, 131.7, 130.9, 128.8,
128.1, 127.8, 126.9, 126.2, 125.5, 125.0, 120.4, 117.9, 116.4, 113.5,
103.8, 71.5, 60.7, 52.4, 14.2; ESI-HRMS m/z: calcd for C33H28N2O7

[M-H]− 563.1824, found 563.1842.
12b: 1H NMR (400 MHz, DMSO) δ 9.33 (d, J = 8.8 Hz, 1H), 8.55

(d, J = 9.2 Hz, 1H), 8.40 (s, 1H), 8.21 (m, 2H), 8.16 (s, 2H),
7.97 − 7.90 (m, 2H), 7.71 (dd, J = 7.6 Hz, 1.5 Hz, 1H), 7.57 − 7.50
(m, 1H), 7.43 (s, 1H), 7.25 (d, J = 8.3 Hz, 1H), 7.07 (t, J = 7.6 Hz,
1H); 13C NMR (100 MHz, DMSO) δ 166.6, 165.9, 156.3, 153.9, 152.2,
138.6, 134.2, 133.3, 132.9 131.3, 130.3, 129.2, 128.7, 128.0, 127.6,
124.0, 121.5, 121.4, 119.3, 114.8, 114.1, 101.2, 66.7; ESI-HRMS m/z:
calcd for C29H20N2O7 [M + H]+ 509.1343, found 509.1338.

2.2.11. Synthesis of methyl 2-(2-methylbenzo[h]quinolin-4-ylamino)
benzoate (13a) and 2-((2-methylbenzo[h]quinolin-4-yl)amino)benzoic
acid (13b)

Intermediate 3was reactedwithmethyl 2-aminobenzoate following
the procedure described in Section 2.2.2, and the desired products 13a
and 13b were obtained as white solids. 13a: 1H NMR (400 MHz,
CDCl3) δ 10.36 (s, 1H), 9.34 (d, J = 7.2 Hz, 1H), 8.08 (dd, J = 8.0,
1.6 Hz, 1H), 7.99 (d, J = 9.2 Hz, 1H), 7.89 (d, J = 8.0 Hz, 1H), 7.78
(d, J = 9.2 Hz, 1H), 7.72 − 7.65 (m, 2H), 7.59 (d, J = 8.0 Hz, 1H),
7.48 (d, J = 7.2 Hz, 1H), 7.45 (s, 1H), 6.95 (t, J = 7.4 Hz, 1H), 3.96
(s, 3H), 2.77 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 169.0, 158.0, 147.4,
145.4, 145.2, 134.1, 133.7 131.8, 131.6, 127.9, 127.6, 126.8, 126.2,
124.9, 119.7, 118.6, 117.3, 116.8, 114.8, 108.7, 52.2, 25.8; ESI-HRMS
m/z: calcd for C22H18N2O2 [M + H]+ 343.1441, found 343.1441.

13b: 1H NMR (400 MHz, DMSO) δ 13.63 (s, 1H), 10.85 (s, 1H), 9.38
(m, 1H), 8.49 (d, J = 9.2 Hz, 1H), 8.21 (dd, J = 9.2, 4.8 Hz, 2H), 8.11
(dd, J = 8.0, 1.2 Hz, 1H), 7.96 − 7.91 (m, 2H), 7.80 (td, J = 7.6,
1.2 Hz, 1H), 7.67 (d, J = 8.0 Hz, 1H), 7.56 (t, J = 7.2 Hz, 1H), 6.80
(s, 1H), 2.76 (s, 3H); 13C NMR (101 MHz, DMSO) δ 167.1, 154.0, 137.5,
137.1, 134.2, 133.8, 131.8, 130.2, 128.0, 127.9, 127.5, 127.5, 127.1,
126.7, 124.3, 122.9, 118.5, 102.8, 20.1; ESI-HRMS m/z: calcd for
C21H16N2O2 [M + H]+ 329.1285, found 329.1273.

2.3. The enzyme inhibition studies

The enzyme inhibition studies were performed in flat bottom,
96-well plates using our newly developed non-radioactive methods.
100 ng of pure FPPS was incubated with or without inhibitor for
10 min in a final volume of 100 μL buffer, containing 50 mM Tris,
pH 7.5, 2 mM MgCl2, 1 mM DTT, 5 mg/mL BSA, and 100 μU/μL of
inorganic pyrophosphatase in each well. Then, the substrates were
added to start the reaction. Assays were terminated by the addition of
10 μL of 2.5% ammonium molybdate reagent (in 5 N H2SO4), 10 μL
of 0.5 M 2-mercaptoethanol and 5 μL of Eikonogen reagent (0.25 g of
sodium sulfite and 14.7 g of meta-bisulfite dissolved in 100 mL
water). The mixtures in plates were incubated with gentle mixing on
a plate shaker for 20 min. The absorbance was measured at 830 nm
using a Microplate Reader. IC50 was determined by a curve fitting of
relative activity versus inhibitor concentration using GraphPad Prism
5 Software.

2.4. Fluorescence titration assay

Fluorescence titration assay was performed to evaluate the binding
affinity of these compounds to FPPS. The assay was carried out in
50 mM Tris buffer, pH 7.4, 5% glycerol, and 5 mM β-mercaptoethanol.
The excitation wavelength used in these experiments was 279 nm.
Emission spectra were scanned from 300 to 600 nm, with a 5 nm slit
width. For data analysis, the values measured for bound probe at the



Table 1
The IC50 and Kd values for inhibition of FPPS by the compounds.

Compound

Zoledronate 4a 4b 5a 5b 6a 6b 7a 7b 8a 8b 9a 9b 10a 10b 11a 11b 12a 12b 13a 13b

IC50 (μM) 0.2 4.10 3.85 4.87 28.6 5.42 3.46 3.51 3.75 7.86 4.28 4.44 10.4 11.6 3.93 13.8 7.92 13.7 5.27 13.3 8.57
Kd (μM) 9 38.4 20.8 31.8 16.5 12.4 5.78 18.8 15.1 15.6 27.5 27.2 8.24 49.0 14.2 18.2 38.6 20.3 16.5 23.0 15.0
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fluorescent emission peak of 538–540 nm were corrected for free
compounds/buffer and for any scattering occurred. These corrected
fluorescence enhancement data or reduced date were used to plot
against concentrations of compounds, and analyzed by nonlinear
regression to yield dissociation constants (Kd) and extrapolated
maximum fluorescence intensity (Fmax). Kd values were estimated by
fitting the titration data to the equation Y = [Fmax(X)] / [Kd + (X)].

2.5. The combination effect study of quinoline derivatives with zoledronate

The combination effect study of quinoline derivatives with
zoledronate was performed using the same enzyme inhibition assay.
The FPPS was incubated with zoledronate alone or with varying
concentrations of quinoline derivatives. The IC50 values for zoledronate
alone or zoledronate with different concentrations of quinoline
derivatives were calculated for the analyses of the combination effect
of these two types of compounds. The CompuSyn software [26,27]
was used to score the combination effect.

2.6. ITC study for the binding of quinoline derivatives with FPPS

ITC measurements were performed on a VP-ITC calorimeter. The
protein was dialyzed extensively against the buffer solution (50 mM
HEPES, pH 7.5, 25 mM NaCl, 2 mM DTT), and the ligand was dissolved
in the dialysis buffer. Calorimetric titrations were carried out at 25 °C.
A typical titration involved 25–30 injections of each ligand (4–10 μL
aliquot per injection) at 5-min intervals into the sample cell containing
the protein solution. The titration cell was stirred continuously at
307 r.p.m. The heat of the ligand dilution in the buffer alone was
subtracted from the titration data for each compound. The data were
analyzed to determine binding stoichiometry (N), binding affinity (Ka)
Fig. 1. The amino acid sequence of rat FPPS (accession code: EDM00670). Rat FPPS contains
Phe206, Phe239, which let the enzyme have fluorescence.
and thermodynamic parameters of the reaction using Origin software
(OriginLab 7.0).

2.7. NMR-based HAP binding assay

HAP binding assay was performed on a 400 MHz Bruker DRX
spectrometer. Solutions (1.0 mL) of quinoline derivatives (50 mM in
aqueous buffer containing 50 mM Tris pH 7.5, and 10% D2O) were
divided into two aliquots. One aliquot was incubated with HAP
(2.0 mg) for 5 min, centrifuged, and measured by using NMR. The
other aliquot was treated identically, but not mixed with HAP.

2.8. Molecular modeling study

To investigate the interacting mode between our synthetic
compounds and FPPS (PDB code: 3N6K), a molecular modeling study
utilizing the docking module named CDOCKER in Discovery Studio 2.5
(DS 2.5, Accelrys, Inc.)was carried out. The docked poseswere clustered
and four ligand poses were selected as the starting pose for further
MD studies. MD simulation parameter files were prepared for each
ligand-receptor complex using LEaP in AMBER 12. The parameters for
ligands were adopted from the General Amber Force Field (GAFF),
while AMBERff12SB force field was applied for the receptors. Based on
the electrostatic potential (ESP) calculations at the ab initio HF/6-31G*
level, the partial atomic charges of ligands were calculated by using
the restricted electrostatic potential (RESP) fitting protocol implement-
ed in the Antechamber module of the AMBER 12 package. The
complexes were neutralized by adding sodium/chlorine counter ions,
and solvated in anoctahedral box of TIP3Pwatermoleculeswith solvent
layers 10 Å between the box edges and solute surface.
many tyrosines, tryptophans, and phenylalanines, such as Tyr10, Tyr58, Tyr204, Tyr349,



Fig. 2. (a) The substrate binding sites and the allosteric binding site of FPPS. The left pocket
is the DMAPP or GPP binding site, the middle pocket is the IPP binding site, and the right
pocket is the allosteric binding site. (b) The computer model of allosteric pocket of rat
FPPS. Tyr10, Tyr56, Tyr204, and Tyr349 are located in this allosteric pocket.

Fig. 4. (a) FPPS activity in the presence of zoledronate and compound 6b. (b) The IC50 of
zoledronate in the presence of varying concentration of 6b. FPPS was incubated with
zoledronate alone or with varying concentrations of compound 6b. The concentrations
of zoledronate were 50 nM, 100 nM, 150 nM, and 200 nM, and the concentrations of
compound 6b used were 0.4325 μM, 0.865 μM, 1.73 μM, and 3.46 μM.
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Prior to the production step, the following protocol was applied,
using SANDER module in AMBER. The solutes were fixed, and the
Fig. 3. (a) Fluorescence titration of FPPS with zoledronate in the absence of 6b. (b) Fluorescence
zoledronate used was 2 μM, 6 μM, 10 μM in the absence or presence of 2 μM 6b.
solvent molecules with counter ions were allowed to move during a
2000-step minimization. All the atoms were allowed to be relaxed by
a 2000-step full minimization. After the minimization, each complex
was gradually heated from 0 to 300 K in 200 ps with solutes
titration of FPPS with zoledronate in the presence of 6b. The FPPS usedwas 1 μM, and the

image of Fig.�4
image of Fig.�3


Fig. 5. FPPS was titrated with 6b in ITC measurement. The data were analyzed to deter-
mine binding stoichiometry (N), binding affinity (Ka), and thermodynamic parameters
of the reaction using Origin software (OriginLab 7.0).
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constrained at aweakharmonic constraint of 5 kcal mol−1 Å−2. Finally,
periodic boundary dynamics simulations of 30 nswere carried outwith
an NPT (constant composition, pressure, and temperature) ensemble at
Fig. 6. In vitro HAP experiment for the binding of FPPSwith 6b. FPPS was incubatedwith 6b in t
1 atm and 300 K in the production step, using GPU accelerated PMEMD
inAMBER12. The temperaturewas kept at 300 Kbymeans of theweak-
coupling algorithm. The SHAKE algorithm was used to fix all covalent
bonds containing hydrogen atoms with a time step of 2 fs. The
particle-mesh Ewald (PME) method was performed to treat long-
range electrostatic interactions. A residue-based cutoff of 10 Å was
utilized for the non-covalent interactions.

The MM/PBSA method implemented in the AMBER 12 suite was
used to calculate the binding free energy between the receptor and
the ligand. The snapshots of last 10 ns from MD trajectories were col-
lected to calculate the binding free energies. The trajectory with a best
binding free energy was selected and its conformations were clustered
into 3 clusters. The representative conformation from the major cluster
was selected for binding mode analysis. The root mean square
deviations (RMSD) were calculated and plotted as time series for the
receptor backbone and the ligand, respectively.

2.9. MTT assay and fluorescence imaging assay

The types of tumor cells used in the present study included human
hepatocellular carcinoma cells (HepG2), human lung carcinoma cell
line (NCI), human cervical carcinoma cells (Hela), human leukemia
cells (A549 and HL60), and human normal epithelial cells (ECV-304).
The cells were seeded on 96-well plates (1.0 × 103/well), and exposed
to various concentrations of compounds. After 48 h of treatment at
37 °C in a humidified atmosphere of 5% CO2, the cells were centrifuged
and 10 mLof 5 mg/mLmethyl thiazolyl tetrazolium(MTT) solutionwas
added to each well, and incubation was continued for another 4 h. The
cells in each well were then treated with dimethyl sulfoxide (DMSO)
(200 μL for each well), and the optical density (OD) was recorded at
570 nm. All compound doses were parallel tested in triplicate and the
highest dose was 100 μM, and the IC50 values were derived from the
mean OD values of the triplicate tests versus compound concentrations.

3. Results and discussion

3.1. Organic syntheses of quinoline derivatives

The syntheses of the quinoline derivatives were as follow: the
starting materials aniline or 1-naphthylamine and ethyl acetoacetate
or ethyl 4-chloroacetoacetate were used to synthesize the intermedi-
ates as described previously [28]. These intermediates were reacted
with the aromatic esters or aliphatic esters to give the quinoline esters.
he presence or absence of 2.0 mg HAP for 5 min, centrifuged, andmeasured by using NMR.

image of Fig.�5
image of Fig.�6


Fig. 7.Molecular modeling study for the interaction between FPPS and 6b. (a) The binding mode of FPPS with 6b. (b) The RMSD in the presence and absence of 6b.

Table 2
The cytotoxic effects of the quinoline derivatives on cancer cells.

Compound IC50 (μM)

HepG2 NCI Hela HL60 A549 ECV304

4a 28.6 37.9 31.8 20.2 29.9 26.0
4b 30.2 44.6 50.1 44.2 18.4 70.8
5a 93.8 78.7 70.3 36.6 67.4 N100
5b 25.9 37.2 73.2 30.6 41.1 60.6
6a 45.8 54.5 50.0 12.2 15.8 99.7
6b 26.2 36.3 20.5 16.4 17.4 70.7
7a 49.6 50.4 35.7 19.4 27.4 N100
7b 49.6 92.8 77.3 80.3 76.8 N100
8a 52.1 27.8 36.6 31.1 16.8 N100
8b 85.8 82.8 75.3 37.6 43.3 N100
9a 65.6 90.2 57.5 56.8 73.5 N100
9b 28.8 47.5 30.2 20.7 65.3 N100
10a 18.6 28.3 25.0 7.16 24.3 65.3
10b 58.4 62.6 33.0 44.4 83.6 N100
11a 23.3 27.2 29.1 8.09 33.2 N100
11b 16.6 65.1 47.7 25.6 78.7 N100
12a 60.3 66.8 38.8 15.8 20.2 N100
12b 85.8 82.2 73.6 43.2 25.8 N100
13a 40.0 84.4 20.2 17.6 72.1 N100
13b 96.2 45.5 80.6 34.5 67.4 N100
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These esters were hydrolyzed with LiOH to generate the acid products.
The structures of the lead compounds were validated by using 1H NMR,
13CNMR, andHRMS. The quinoline esters and quinoline acidswere then
used for the enzyme inhibition studies.

3.2. The enzyme inhibition studies

The designed quinoline esters and acids were incubated with FPPS,
assayed with our non-radioactive method [20], and zoledronic acid
was used as a control. As shown in Table 1, all these synthetic
compounds showed good inhibitory activity against FPPS with their
IC50 values ranging from 3.46 μM to 28.6 μM. Generally, the acid
derivatives showed higher inhibitory effect than their ester derivatives.
It is possible that the hydrogen bonding interactions or ionic interac-
tions of the carboxylic acid made strong contribution to the binding.
The aromatic core could have hydrophobic interactions and/or π–π
stacking interactions with surrounding amino acids in the binding
pocket of FPPS. Compounds 6b and 7a displayed good inhibitory activity
with their IC50 values of 3.46 μM and 3.51 μM, respectively.

3.3. Fluorescence titration studies

In order to further confirm the binding between the FPPS and our
synthetic compounds, fluorescence titration experiment was per-
formed. Rat FPPS has some tyrosines and tryptophans with aromatic
side chains, which let the enzyme have fluorescence [29–31]. Based
on the amino acid sequence (Fig. 1) and the computer model of
three important binding pockets of rat FPPS (Fig. 2a and b), we found
that several residues including Tyr10, Tyr56, Tyr204, and Tyr349 are
located around the allosteric site. The binding of small molecule to the
enzymemay change hydrophilic and hydrophobic environment around
these amino acids, resulting in fluorescence absorbance changes. The
fluorescence titration experiment was carried out following that
described with minor modification [8,32]. The zoledronate was used
as a control. The dissociation constant Kd values (Table 1)were obtained
through data fitting using nonlinear regression analysis with equation
Y = [Fmax(X)] / [Kd + (X)]. Our result confirmed the binding interac-
tions between the FPPS and our synthetic molecules. The combination
of zoledronate and 6b decreased the fluorescence absorbance of FPPS
compared to that with zoledronate alone (Fig. 3). The Kd value for inhi-
bition of FPPS with zoledronate alone was 9.0 μM, and it was decreased
to 7.2 μM in the presence of 2 μM 6b. Similarly, the Kd value for 6bwas
5.78 μM, and it was decreased to 4.84 μM in the presence of 2 μM
zoledronate. It should be noted that the calculated Kd values are related
with hydrophilic and hydrophobic environmental changes of the
surrounding aromatic residues, while IC50 values indicated inhibitory
effects. Therefore, they are not necessarily correlated, but both support
the good binding interactions between the FPPS and our synthetic
molecules.

3.4. The studies for the combination of quinoline derivative and zoledronate

To investigate the combination effects of our synthetic compounds
with FPPS active-site inhibitor zoledronate, the FPPS was incubated
with zoledronate alone or with varying concentrations of compound
6b. Zoledronate alone gave a dose-dependent inhibition of FPPS with
IC50 value of ~200 nM, and the addition of compound 6b apparently
accelerated this inhibition (Fig. 4a), especially the combination of
3.46 μM 6b and 200 nM zoledronate had nearly 90% inhibition of
FPPS, indicating the possibility for the combined use of these two
inhibitors. The IC50 value of zoledronate decreased from 200 nM to
66 nM in the presence of 6b (Fig. 4b). Then, the CompuSyn software
was used to calculate the CI value (Supporting Information). The CI
values for the combinations of low concentrations of zoledronate
(50 nM, 100 nM, 150 nM) with various concentrations of 6b
(0.4325 μM, 0.865 μM, 1.73 μM, 3.46 μM) were approximately 1,
indicating the possibility of the additive effect or antagonism. The
combinations of 200 nM zoledronate and various concentrations of 6b
had the CI values of less than 1, indicating the possibility of the
synergism. However, the real effect for the combination use of these
two inhibitors may be more thoroughly evaluated through long term
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Fig. 8.Uptake of 6a and 6b by human Hela cells. Cells were incubatedwith compound 6a or 6b (10 μM) for 6 h, andwere subsequently examined via fluorescentmicroscopy. Control cells
under phase-contrast microscopy and under fluorescent microscopy are also shown. (a) Hela cells were treated with DMSO for 6 h; (b) Hela cells were treated with 6a for 6 h; (c) Hela
cells were treated with 6b for 6 h.
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monitoring their injection in animal experiments in the future.
Although the IC50 value of compound 6b (3.46 μM) is ~17 times higher
than that of zoledronate, considering tumor cell permeability problem
of zoledronate, the combined use of these two types of compounds
might be more effective for cancer treatment.

3.5. ITC study for the binding of quinoline derivatives with FPPS

In order to gain insight details on the binding affinity and thebinding
ratio of quinoline derivatives for FPPS, ITC experimentwas performed to
characterize the energy of molecular binding interactions [33–35]. The
titration of FPPS with compound 6b was carried out, with FPPS and 6b
both dissolved in the same dialysis buffer. The titration results including
corresponding enthalpy values are shown in Fig. 5, and small aliquots of
6b solutionwere added from the syringe into themicrocalorimeter cells
containing FPPS. The ligand dilution control experiment was also
carried out, and the same 6b solution was added from the syringe into
the dialysis buffer without FPPS in the cell. We found that the enthalpy
change for ligand dilution was typically quite small in magnitude. The
resulting net enthalpy change was then determined by subtracting the
value of dilution control. From Fig. 5, we determined a binding stoichi-
ometry of approximately 1:1 for the binding of 6b to one subunit of
the FPPS homodimer. The binding of 6b to FPPS was found to be exo-
thermic, and the binding enthalpy and entropy in this entropy-driven
binding event were determined to be −1.64 kcal mol−1 and 18.8 cal
mol−1 K−1, respectively. The resulting Kd value was determined to be
4.8 μM, which is consistent with the measured IC50 value (3.46 μM)
with the enzymatic assay. The free energy (ΔG) was determined to
be −7.25 kcal mol−1, indicating that the binding of 6b to FPPS is
exothermic.

3.6. NMR-based HAP binding assay

The traditional bisphosphonate compounds show strong binding to
hydroxyapatite (HAP) that is the major mineral component of bone,
making it less available for membrane penetration into tumor cells
[36]. In our experiment, the binding of quinoline derivatives to HAP
was determined by using 1H NMR. After the addition of 2.0 mg HAP,
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the 1H NMR signal (cyan line) was almost the same as that for the 6b
alone (dark red line), as shown in Fig. 6. This result showed that the
compound 6b had almost no binding with bonematerial, which should
be more available for membrane penetration into tumor cells.

3.7. Molecular modeling study

To investigate the interacting mode between our synthetic
compounds and FPPS (PDB code: 3N6K), a molecular modeling study
utilizing the docking program named AUTODOCK 4.0 package with
Discovery Studio 2.5 was carried out [37]. As shown in Fig. 7a,
compound 6b canwell occupy the allosteric pocket of FPPS. The carbox-
ylate groups connectedwith two benzene rings show strong hydrogen-
bonding interactions with Tyr49, Gly47, Lys48 and Asn50, and Lys48
also has electrostatic interaction with the carboxylate group of 6b. The
oxygen atom located in the salicylic acid phenolic hydroxyl group also
has the similar hydrogen-bonding interaction with Lys48, improving
the binding affinity of 6b to this pocket. The quinoline core penetrates
deeply into the pocket, and the introduction of benzene ring contributes
π–π stacking interactions with Phe197 and Phe230, and hydrophobic
interactions with Tyr49, Gly47 and Lys48.

The root mean square deviations (RMSD) were calculated and plot-
ted as time series for the receptor backbone and the ligand, respectively,
as shown in Fig. 7b. The backbone RMSD of FPPS reached 2 Å within a
short time and stayed relatively stable during the whole 30 ns simula-
tion, indicating a global equilibrium state. The ligand 6b RMSD was
stable for the first 10 ns and increased to 2 Å afterwards, then slightly
declined. The trend of ligand RMSD is in good agreement with that of
the receptor, which may imply a good ligand-induced fit of receptor.

3.8. Cytotoxic effects on cancer cells and cell localization

MTT assays were performed to evaluate the cytotoxic effects of the
quinoline derivatives on cancer cells. Most compounds showed mild
cytotoxic effects to cancer cells, and the best inhibition activity was
found for compounds 10a and 11a with their IC50 values of 7.16 μM
and 8.09 μM for HL60 cells. The IC50 value of 6b ranged from 16.4 μM
to 36.3 μM for different cancer cells. These quinoline derivatives
showed nearly no cytotoxic effects to human normal vascular endothe-
lial cell ECV304, with their IC50 values mostly more than 100 μM
(Table 2).

Fluorescence imaging is a very important technique for biological
studies and clinical applications due to high temporal and spatial reso-
lutions. In the present study, fluorescent microscopy was performed
to assess the cellular uptake of the fluorescent compounds 6b and 6a.
Hela cells were incubated with compound 6b or 6a (10 μM) for 6 h,
and were subsequently examined via confocal fluorescent microscopy.
As shown in Fig. 8, the fluorescence microscopy clearly showed that
compounds 6b and 6a can penetrate Hela cells.

In summary, we designed and synthesized a series of non-
bisphosphonate quinoline derivatives, which were found to be new
FPPS inhibitors. Molecular modeling and ITC studies indicated that
compound 6b can well occupy the allosteric pocket of FPPS with a 1:1
binding stoichiometry. None of these compounds showed measurable
affinity to hydroxyapatite, indicating their low affinity to bone mineral
material. Compound 6b showed synergistic effect with zoledronate for
FPPS inhibition, indicating the possibility for the combined use of
these two inhibitors. Compound 6b could become a lead compound
for further development for the treatment of cancer.
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