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Evodiamine and its derivatives have an asymmetric center at the C13b position. Herein, isomers of
evodiamine derivatives 2 and 3 were obtained by straightforward asymmetric total synthesis. Their
inhibitory activities toward topoisomerases I and II and their cytotoxicities in cancer cell lines were
evaluated. All the four isomers exhibited good to excellent antitumor potency and the (S)-isomers were

generally more active than the (R)-isomers. The binding modes of (S)-2 with topoisomerases I and Il were
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1. Introduction

Natural products have played an important role in the discovery
and development of clinically useful antitumor agents [1]. It is
reported that 79.8% of the marketed antitumor agents are derived
from natural products or their synthetic derivatives from the year
1981 to 2010 [2]. For example, vinblastine, vincristine,
campthothecin derivatives (e.g. topotecan and irinotecan), etopo-
side and paclitaxel are widely used in current antitumor
chemotherapy. Currently, natural products inspired novel antitu-
mor drug discovery continues to be an active area of research
interests [3]. Numerous antitumor natural products have been
reported and several of them (e.g. flavopiridol and combretastin A4
phosphate) are under clinical evaluation.

Evodiamine is a quinazolinocarboline alkaloid isolated from
the fruit of Evodia rutaecarpa Bentham. Evodiamine was reported
to be a multi-targeting antitumor lead compound with
cytotoxicity against various human cancer cell lines [4,5]. In
our previous studies, topoisomerase I (Top1) was identified as
one of molecular target of evodiamine by a structure-based
virtual screening study [6]. Moreover, a number of evodiamine
derivatives were designed and synthesized [7]. Several
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evodiamine derivatives, such as 3-fluoroevodiamine (2) and
10-hydroxylevodiamine (3), showed excellent antitumor activi-
ty against a variety of cancer cell-lines. Furthermore, in silico
target identification in combination with biological assays
confirmed that these highly active evodiamine derivatives acted
by dual inhibition of topoisomerases I and II [7].

Chirality is a key feature of natural products, and stereochem-
istry is often important for a specific biological activity [8]. Evo-
diamine and its derivatives have an asymmetric center at the
C13b position (Fig. 1). It is interesting to know the effects of
the C13b chiral center on the antitumor activity. Herein, isomers of
evodiamine derivatives 2 and 3 were obtained by asymmetric
synthesis and their antitumor activity was investigated.

2. Experimental

Nuclear magnetic resonance (NMR) spectra were generated on
a Bruker AVANCE300 and AVANCE500 spectrometer (Bruker
Company, Germany), using CDCl3 as the reference standard or
DMSO-ds. Chemical shifts (6 values) and coupling constants (J
values) are expressed in ppm and Hz, respectively. ESI mass spectra
were gathered on an API-3000 LC-MS spectrometer. TLC analysis
was carried out on silica gel plates GF254 (Qindao Haiyang
Chemical, China). Silica gel column chromatography was per-
formed with Silica gel 60 G (Qindao Haiyang Chemical, China).
Commercial solvents were used without any pretreatment.
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Fig. 1. Chemical structures of evodiamine and its derivatives.

Generally, the isomers of evodiamine derivatives 2 and 3 were methyl 5-fluoro-2-(methylamino)benzoate (0.45 g, 2.4 mmol) was
prepared according to the method described in Scheme 1. The added and the reaction mixture was stirred under reflux for 3 days.
anilines 4a-b were treated with NaNO, to yield diazkonium The mixture was diluted with water (100 mL) and then extracted
compounds 5a-b. Hydrolysis of ethyl 2-oxopiperidine-3-carboxyl- with EtOAc (3x 100 mL). The combined organic layers were
ate (6) gave the compound 7. The key S-carboline intermediates washed with saturated sodium chloride solution (3x 100 mL),
9a-b were synthesized by reacting 5a-b with 7, followed by treating dried over anhydrous Na,;SO,4 and concentrated under reduced
with HCOOH at reflux [9]. In the presence of POCls, intermediates pressure. The residue was purified by column chromatography
9a-b were reacted with methyl 2-(methylamino)benzoate 10a-b (gradient CH,Cl,:MeOH = 100:2-100:5) to give compound 11aas a
in anhydrous THF to afford the dehydroevodiamine derivatives yellow solid (0.29 g, yield 55%). 'H NMR (DMSO-ds, 600 MHz): §
11a-b. Finally, asymmetric catalytic hydrogenation of 11a-b by 3.32 (t, 2H, J=6.6 Hz), 4.04 (s, 3H), 4.64 (t, 2H, J=6.6 Hz), 7.25
RuCl[(S,S)-Tsdpen](p-cymene) or RuCl[(R,R)-Tsdpen](p-cymene) t,1H,J=7.5Hz),7.51 (t,1H,J = 7.5 Hz),7.70 (d, 1H, J = 8.2 Hz), 7.86
gave (5)-2, (5)-12, (R)-2 and (R)-12 using Noyori’s procedure (d, 1H, J=8.2 Hz), 8.01-8.05 (m, 1H), 8.09 (dd, 1H, J=7.8 Hz,
[10]. After removal of the protection group, compounds (S)-3 and 3.1 Hz), 8.28 (dd, 1H, J=9.0 Hz, 3.9 Hz), 12.78 (s, 1H). MS (ESI,
(R)-3 were obtained. The absolute configuration of the isomers positive) m/z calcd. for C;oH;5FN30* (M): 320.34; found: 320.12.
were assigned according to the previous reports [7,10]. The synthetic method for compound 11b was similar to that of

compound 11a.
2.1. Synthesis of 3-fluorodehydroevodiamine (11a)
2.2. Synthesis of (S)-3-fluoroevodiamine ((S)-2)

To a stirring solution of 9a [7] (0.3 g, 1.6 mmol) in dry THF
(20 mL), POCl5 (0.22 mL, 2.4 mmol) was added, and the mixture To a stirred solution of 11a (49 mg, 0.14 mmol) and RuCI[(S,S)-
was stirred under nitrogen atmosphere at 60 °C. After 40 min, Tsdpen](p-cymene) (4 mg, 6 mmol%) in DMF (2.5 mL) was added

R, NH, —2 g RIO—NZC1 II3‘\

(R)-12 —h>
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R
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RuCl[(S,S)-Tsdpen](p-cymene) RuCl[(R,R)-Tsdpen](p-cymene)

Scheme 1. Synthetic routes of the target compounds. Reagents and conditions: (a) NaNO,, hydrochloric acid, H,0, 0-5 °C, 2 h, yield 90%; (b) KOH, H,0, r.t., 12 h, yield 93%;
(c) r.t., 10 h, yield 85%; (d) HCOOH, reflux, 0.5 h, yield 55%-59%; (e) POCls, THF, reflux, 3 days, yield 55%; (f) Cat. A, HCOOH:Et3N (5:2), 0 °C, 8 h, yield 78%-87%; (g) Cat. B,
HCOOH:Et3N (5:2), 0 °C, 8 h, yield 84%; (h) 10% Pd/C, H,, DMF, r.t., 12 h, yield 83%-87%.
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the HCO,H-triethylamine mixture (5:2, 18 wL). Then, the reaction
mixture was stirred at 0 °C for 8 h, diluted with water (15 mL), and
extracted with EtOAc (3 x 15 mL). The organic layer was dried over
Na,S0,4 and the solvent was evaporated in vacuo. The residue was
purified by column chromatography (hexane:EtOAc = 4:1) to give
compound (S)-2 as a white solid (35 mg, yield 78%). '"H NMR
(DMSO-dg, 500 MHz): § 2.65 (s, 3H), 2.83-2.84 (m, 2H), 3.16-3.21
(m, 1H), 4.59-4.62 (m, 1H), 6.07 (s, 1H), 7.00 (t, 1H, J = 7.7 Hz), 7.10
(t, 1H, J=8.3 Hz), 7.18 (dd, 1H, J = 8.8 Hz, 4.4 Hz), 7.73-7.38 (m,
2H), 7.48 (d, 1H,J=7.7 Hz), 7.52 (dd, 1H, J = 8.8 Hz, 3.3 Hz), 11.15
(s, 1H). 3C NMR (DMSO-ds, 75 MHz): § 19.6, 36.6, 69.2, 111.6,
113.2,113.5,118.3,118.9, 120.4, 120.7, 122.0, 125.8, 129.6, 136.7,
146.0, 155.9, 158.7, 163.0. MS (ESI, positive) m/z calcd. for
C19H17FN30 (M+H): 322.36; found: 322.59. HPLC (Daicel Chiralpak
AD, 0.46 cm I.D. x 25 cm L x5 m, 25 °C, i-propanol/hexane = 30/
70, flow rate=0.8 mL/min, A=254nm): fmajor =8.72 mMin, tmi
nor = 6.51 min, ee = 99%. a3? 453.8 (¢ 1.45, MeOH).

The synthetic method for target compounds (R)-2, (S)-12, (R)-12
was similar to that of compound (S)-2.

(R)-3-Fluoroevodiamine ((R)-2): White solid: 38 mg (yield: 84%).
HPLC (Daicel Chiralpak AD, 0.46 cm I.D. x 25 cm L x5 pm, 25 °C, i-
propanol/hexane = 30/70, flow rate=0.8 mL/min, A =254 nm):
tmajor = 6.29 MiN,  tminor = 8.34 min, ee=92%. [a]22 —500.7 (c
1.45 mg/mL, MeOH).

(S)-10-Benzyloxyevodiamine ((S)-12): Yellow solid: 40 mg
(vield: 87%). 'TH NMR (CDCl;, 500 MHz) §: 2.51 (s, 3H), 2.90-
2.93 (m, 2H), 3.25-3.30 (m, 1H), 4.84-4.89 (m, 1H), 5.12 (s, 2H),
5.89 (s, 1H), 6.98 (dd, 1H, J = 9.0 Hz, 2.4 Hz), 7.10 (s, 1H), 7.14 (d,
1H,J=8.4Hz), 7.20 (t, 1H, J = 7.5 Hz), 7.30-7.51 (m, 7H), 8.12 (dd,
1H,J=7.2 Hz, 1.5 Hz), 8.19 (s, 1H). MS (ESI, negative) m/z calcd. for
Ca6H22N30, (M-H): 408.47; found: 408.59.

2.3. Synthesis of (S)-10-hydroxyevodiamine ((S)-3)

A solution of (5)-12 (30 mg, 0.07 mmol) and 10% Pd/C (3 mg) in
EtOAc (10 mL) was stirred under hydrogen atmosphere at room
temperature for 12 h. The mixture was filtered, and then the
solvent was evaporated under reduced pressure. The residue was
purified by column chromatography (Hexane: EtOAc = 3:1) to give
compound (S)-3 as a yellow solid (20 mg, yield 83%). 'H NMR
(DMSO-dg, 500 MHz): § 2.65-2.68 (m, 1H), 2.80-2.89 (m, 1H), 2.89
(s, 3H), 3.15-3.19 (m, 1H), 4.58-4.62 (m, 1H), 6.08 (s, 1H), 6.61-
6.62 (d, 1H,J = 8.5 Hz), 6.75 (s, 1H), 6.94 (t, 1H, J = 7.5 Hz), 7.02 (d,
1H, = 8.2 Hz), 7.14 (d, 1H, J = 8.5 Hz), 7.46 (t, 1H, J = 7.5 Hz), 7.78
(d, 1H, J = 7.8 Hz), 8.68 (s, 1H), 10.70 (s, 1H). '*C NMR (DMSO-dg,
75 MHz): 6 20.0, 31.1, 36.8, 70.4, 102.6, 111.5, 112.5, 112.5, 117.5,
119.5, 120.5, 127.1, 1284, 1314, 131.6, 133.9, 149.1, 151.1,
164.7. MS (ES]I, positive) m/z calcd. for C;9HgN30, (M+H): 320.37;
found: 320.14. HPLC (Chiralpak AD, 0.46 cm I.D. x 25 cm L x5 m,
25°C, i-propanol/hexane =30/70, flow rate 0.6 mL/min,
A =254 nm): tmajor = 4.399 min, ee > 99%. [o]3* 316.1 (¢ 2.5, MeOH)

The synthetic method for target compounds (R)-3 was similar to
that of compound (S)-3.

(R)-10-Hydroxyevodiamine ((R)-3): Yellow solid: 21 mg (yield:
87%). HPLC (Chiralpak AD, 0.46 cm L.D. x25cm L x5 wm, 25 °C,
i-propanol/hexane = 30/70, flow rate 0.6 mL/min, A =254 nm):
tmajor = 6.605 MiN, tminer = 4.459 min, ee = 91%. ()32 —283.0 (c 2.5,
MeOH).

2.4. Topl-mediated supercoiled pBR322 relaxation assay

Relaxation assays were carried out as described [7]. The 20 L
final reaction buffer contained 35 mmol/L Tris—-HCl (pH 8.0),
72 mmol/L KCI, 5 mmol/L MgCl,, 5 mmol/L dithiothreitol, 5 mmol/
L spermidine, 0.1% bovine serum albumin (BSA), 0.25 pg pBR322
plasmid DNA and 1 unit of Top1 (TaKaRa Biotechnology Co., Ltd.,

Dalian), 1 L of different compounds solution or the Top1 inhibitor
(CPT) as positive control. The reaction mixture was incubated at
37°C for 15 min and terminated by the addition of 2 wL of 10x
loading buffer (0.9% sodium dodecyl sulfate (SDS), 0.05% bromo-
phenol blue, and 50% glycerol). Then the DNA samples were
subjected to electrophoresis in 0.8% agarose gel in 1x TAE (Tris—
acetate-EDTA) at 8 V/cm for 1 h. Gels were stained with ethidium
bromide (0.5 pwg/mL) for 60 min. The DNA band was visualized
over UV light and photographed with Gel Doc Ez imager (Bio-Rad
Laboratories Ltd.).

2.5. Top2-mediated supercoiled pBR322 relaxation assay

Relaxation assays were performed using Topoisomerase Il Drug
Screening Kit (TopoGEN, Inc.) [7]. The 20 wL final reaction mixture
contained 50 mmol/L Tris-HCl (pH 8.0), 150 mmol/L NaCl,
10 mmol/L MgCl,, 5 mmol/L dithiothreitol, 30 pg/mL bovine serum
albumin (BSA), 2 mmol/L ATP, 0.25 g pBR322 plasmid DNA,
0.75 unit of Top2 (TopoGEN, Inc.), and 1 p.L of different compounds
solution or the Top2 inhibitor (Eto) as positive control. The reaction
mixture was incubated at 37 °C for 30 min and then terminated by
the addition of 2 pL 10x gel loading buffer (0.25% bromophenol
blue, 50% glycerol). The samples were analyzed on 1% agarose gel at
8 V/cm for 1 h with 1x TAE (Tris-acetate-EDTA) as the running
buffer. Gels were stained with ethidium bromide (0.5 j.g/mL) for
60 min. The DNA band was visualized over UV light and
photographed with Gel Doc Ez imager (Bio-Rad Laboratories Ltd.).

2.6. In vitro cytotoxicity assay

Cells were seeded in 96-well microtiter plates at a density of
5 x 103/well in a humidified atmosphere with 5% CO- at 37 °C for
24 h. All compounds to be tested were dissolved in DMSO at a
concentration of 10 mmol/L. Cells were treated in triplicate with
gradient concentrations of compounds at 37 °C for 72 h, with a 5%
CO, environment. Then, 20 p.L of MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) solution (5 mg/mL) was
added to each well. After incubated for an additional 4 h, the
formazan was dissolved in 100 pL of DMSO. The absorbance (OD)
was read on a WellscanMK-2 microplate reader (Labsystems) at
570 nm. The concentration causing 50% inhibition of cell growth
(ICsp) was determined by the Logit method [11,12]. All experi-
ments were performed three times.

2.7. Molecular docking

The X-ray crystallographic structures of CPT-DNA-Topl
ternary complex (PDB code: 1T8I [13]) and ATPase domain of
human Top2« (PDB code: 1ZXM [14]) were downloaded from the
protein data bank and prepared for docking using protein prepare
protocol in Discovery Studio 3.0 [15]. During this process, the
ligand was removed from the binding pocket, and polar hydrogens
were added. All the waters were deleted and each atom was
rendered with Gasteiger charges. In silico docking was carried out
using GOLD 5.1 [16] on a Linux PC as described before [6].

3. Results and discussion
3.1. In vitro antitumor activity

The growth inhibitory activities toward human cancer cell-lines
A549 (lung cancer), HCT116 (colon cancer), ZR-75-30 (human
breast cancer), CNE (human thyroid carcinoma) and KYSE-150
(human esophageal squamous cell carcinoma) were determined
using MTT assay. As shown in Table 1, all the four isomers showed
good to excellent antitumor activity against the five tested cancer
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Table 1

In vitro antitumor activity of isomers of evodiamine derivatives (ICso, umol/L).
Isomers A549 HCT116 ZR-75-30 CNE KYSE-150
(R)-2 0.02 +0.001 0.05 +0.002 3.0+04 9.0+0.7 15.0+6
(5)-2 0.005 + 0.0004 0.004 + 0.0002 0.5+0.06 46.0+7 0.140.02
(R)-3 0.008 -+ 0.0006 0.04 +0.005 0.007 +£0.001 1.0+£03 1.0+0.1
(5)-3 0.004 +0.0001 0.01 +0.003 0.01+0.001 0.9+0.1 0.6+0.07

DNA Topl 3 ®)-3 R-3 Topl (R)-2

Fig. 2. Top1 and Top2 inhibitory activity of compounds. (A

2 R-2 3

) Inhibition of Top1 relaxation activity at 50 umol/L. Lane 1, supercoiled plasmid DNA; Lane 2, DNA + Top1; Lanes 3,

DNA +Top1 + CPT; Lanes 4-6, DNA + Top1 + evodiamine derlvatlves (3,(5)-3,(R)-3); (B) Lane 1,DNA + Top1; Lanes 2, DNA + Top1 + CPT; Lanes 3-5, DNA + Top1 + evodiamine
derivatives (2, (5)-2, (R)-2). (C) Inhibition of Top2 relaxation activity at 50 wmol/L. Lane 1, supercoiled plasmid DNA; Lane 2, DNA + Top2; Lanes 3, DNA + Top2 + Eto; Lanes 4-

9, DNA + Top2 + evodiamine derivatives (2, (S)-2, (R)-2, 3, (S)-3, (R)-3).

cell lines. Particularity, these isomers were highly active toward
A549 and HCT116 cell lines with ICsq values in the range of 0.004-
0.02 pmol/L. Interestingly, it can be seen that the C13b chiral
center played an important role for the antitumor potency. In
general, the (S)-isomers showed better antitumor activity than
the (R)-isomers. However, the effects were different for specific
compound and cancer cell lines. For the A549 cell line, (S)-2 and
(5)-3 was 3.5 fold and 2 fold more potent than (R)-2 and (R)-3,
respectively. In contrast, the difference of the activity was enlarged
for the HCT116 cell line. (S)-2 and (S)-3 was 11.4 fold and 4.9 fold
more potent than (R)-2 and (R)-3, respectively. However, reverse
trend was observed for isomers 3 for the ZR-75-30 cell line and
isomers 2 for the CNE cell line. In both cases, the (R)-isomers was
more active than the (S)-isomers. For the (S)-isomers, (S)-3 was
more active than (S)-2 toward the A549, ZR-75-30 and CNE cell
lines, whereas (S)-2 showed better activity than (S)-3 toward the
KYSE-150 cell line.

3.2. Topoisomerase I and II inhibitory activity

In the previous study [7,17], we found evodiamine and its
derivatives were dual Top1/Top2 inhibitors. To investigate the
difference of Top1 and Top2 inhibitory activity between these
isomers, Top1- and Top2-mediated pBR322 DNA relaxation assays

Fig. 3. Binding mode of (S)-2 with Top1/Top2.
generated using PyMol (http://www.pymol.org/).

were performed. Camptothecin (CPT, a Topl inhibitor) and
etoposide (Eto, a Top2 inhibitor) were used as the positive controls
and drugs were dosed at 50 pmol/L. The results revealed that
compounds 2, 3 and their isomers showed moderate inhibitory
activity against Top1 at 50 pmol/L (Fig. 2A and B). Moreover, the
(S)-isomers exhibited higher inhibitory activity than the (R)-
isomers. As shown in Fig. 2C, Compounds 2, 3 and four isomers
showed moderate to good inhibitory activity against Top2. Most of
them were more potent than Eto at 50 wmol/L. Similarly, the
(S)-isomers exhibited stronger activity than the (R)-isomers. It is
concluded that the (S)-isomers are more active than the (R)-
isomers. This result was consistent with that obtained from the
cytotoxicity assay.

3.3. Binding mode of isomer (S)-2 with topoisomerase I and II

Molecular docking was performed to evaluate the binding
mode of (S)-2 with Topoisomerase I and II and the result was
shown in Fig. 3. As indicated in the interaction model between
(S)-2 and Top1-DNA complex (Fig. 3A), the binding mode was
very similar with evodiamine. The ABC-ring intercalates at the
site of DNA cleavage and form m-stacking interactions with both
the —1 (upstream) and +1 (downstream) base pairs. The N atom of
pyridine forms a hydrogen bond with the Arg364. DE-ring is faced

‘\
\\‘\_ ‘

(A) Binding mode of (S)-2 to Top1-DNA complex. (B) Binding mode of (S)-2 to the ATP-binding domain of Top2. The figure was
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into the minor groove. The binding mode of (S)-2 with Top2 was
also investigated (Fig. 3B). The D-ring oxygen atom undergoes
a hydrogen bond with Asn150. Moreover, the E-ring showed an
effective cation-sr interaction with the magnesium cation.

4. Conclusion

In this study, isomers of evodiamine derivatives 2 and 3 were
obtained by straightforward asymmetric total synthesis and their
antitumor activity was investigated. All the four isomers exhibited
good to excellent antitumor potency. The Top1/Top2 inhibitory
assay and further molecular docking confirmed that the isomers
acted by dual inhibition of Top1 and Top2. The (S)-isomers were
more active than the (R)-isomers against Top1/Top2. This study
provided a vital data for further research of the isomers of
evodiamine derivatives.
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