
pubs.acs.org/jmcPublished on Web 10/13/2010r 2010 American Chemical Society

J. Med. Chem. 2010, 53, 7521–7531 7521

DOI: 10.1021/jm100387d

Selection of Evodiamine as aNovel Topoisomerase I Inhibitor by Structure-BasedVirtual Screening and

Hit Optimization of Evodiamine Derivatives as Antitumor Agents
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Human topoisomerase I (TopoI) is recognized as a valuable target for the development of effective
antitumor agents. Structure-based virtual screening was applied to the discovery of structurally diverse
TopoI inhibitors. From 23 compounds selected by virtual screening, a total of 14 compounds were
found to be TopoI inhibitors. Five hits (compounds 1, 14, 20, 21, and 23) also showedmoderate to good
in vitro antitumor activity. These novel structures can be considered as good starting points for the
development of new antitumor lead compounds. Hit 20 (evodiamine) was chosen for preliminary
structure-activity relationship studies. Various groups, including alkyl, benzoyl, benzyl and ester, were
introduced to the indole nitrogen atom of evodiamine. The substituted benzoyl groups were found to be
favorable for the antitumor activity and spectrum. The 4-Cl benzoyl derivative, compound 29u, was the
most active one with IC50 values in the range 0.049-2.6 μM.

Introduction

DNA topoisomerase I (TopoIa) is a ubiquitous and essen-
tial enzyme in mammals.1 TopoI produces a single strand
break in DNA allowing relaxation of DNA supercoils. The
catalytic mechanism involves a nucleophilic attack by the
active site tyrosine OH group (Tyr723 in human TopoI) on
the phosphate group at 30-end of the cutting strand,2 which
results in the broken of the DNA phosphodiester bond and
the formation of a binary DNA-TopoI covalent complex
(cleavable complex). After cleavage, the broken (scissile)
DNA strand can rotate around the unbroken (nonscissile)
strand and remove DNA supercoils.

TopoI is a validated target for cancer chemotherapy3 since its
identification as the only target of camptothecin (CPT),4 which
was first isolated from the Chinese treeCamptotheca acuminata
byWall and co-workers in 1966.5 CPT and its derivatives act by
binding to a transient TopoI-DNA covalent complex, leading
to an accumulation of DNA strand breaks upon replication,
ultimately resulting in cell death during the S phase of the cell
cycle.6-8 CPT shows potent antitumor activity and has been
evaluated in the clinic. However, its therapeutic application is
hindered because of poor aqueous solubility and high in vivo
hepatoxicity. Subsequently, the structural modification of nat-
ural CPT has generated many new CPT derivatives with im-
proved pharmacological or pharmacokinetic profile.9-11 For
example, topotecan12 and irinotecan13 (Figure 1) have entered
clinical use. Several drug candidates, such as rubitecan,14

lurtotecan,15 and exatecan,16 are currently at different stages
of the clinical trials.

Although CPT analogues have achieved great success in clin-
ical cancer chemotherapy, the intrinsic instability of the highly
electrophilic R-hydroxylactone of the E ring undergoes rapid
hydrolysis to the biologically inactive carboxylate form under
physiological conditions.17 In order to improve the stability of
E-ring, two kinds of modifications have been performed. One
approach is the insertion of a methylene spacer between the
alcohol and carboxyl functions of CPT to obtain homocamp-
tothecin (hCPT).18 The modified A and/or B ring hCPT ana-
logues19-22 have produced two candidates in clinical trial (i.e.,
diflomotecan23 andBN80927,24Figure1).The secondapproach
is the conversion of the E-ring to a five-membered ring (R-keto
derivatives).25 They can completely block E-ring-opening and
retain high TopoI inhibitory activity. The cyclobutane methy-
lenedioxy derivative S39625 (Figure 1) shows remarkable po-
tency and is under consideration for clinical trials.26

Although CPT derivatives are the only clinically approved
TopoI inhibitors, theyhave severalmajor limitations:1,3,27,28 (1)
As discussed above, CPTs are chemically unstable and rapidly
inactivated to carboxylate in blood;. (2) TheCPT-trapped clea-
vage complexes reverse within minutes after drug removal,29

which means that they must be given as prolonged and/or
repeated infusions to maintain persistent cleavage complexes.
(3) Cells overexpressing the drug effluxmembrane transporters
are cross-resistant to CPTs.30-32 Moreover, several resistance
mutationsofTopoI (suchasAsn722SandArg364H) havebeen
reported.33,34 (4) The side effects of camptothecins are dose-
limiting and potentially severe (such as diarrhea and neutro-
penia), which limit the dose that can be safely administered.

To overcome the drawbacks of CPTs, the discovery of non-
CPTTopoI inhibitors has recently emerged as a promising field
to find better antitumor agents. Among non-CPT compounds,
the most promising are indolocarbazoles, indenoisoquinolines,
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and phenanthridines.3,35 Two indolocarbazoles, edotecarin36

and BMS-250749,3 have entered clinical trial, and two inde-
noisoquinolines derivatives (NSC 725776 and 724998) are
under review for clinical trials (see Figure 1).3 They have
shown favorable characteristics for the development of novel
anticancer agents.

Moreover, the discovery of novel TopoI inhibitors is
facilitated by the improvement of a variety of biochemical
and cellular assays and X-ray crystal structures. The X-ray
crystal structures of human apo-TopoI37 and TopoI-DNA
complex bound with camptothecin (PDB code 1T8I),38

topotecan (PDB code 1K4T),39 indolocarbazole (PDB code
1SCU),38 indenoisoquinoline (PDB code 1SC7),38 and nor-
indenoisoquinoline (PDB code 1TL8)40 have been reported.
The understanding of TopoI’s molecular structure and
mechanism of action provides insights into the physiologi-
cal functions of TopoI and also provides a strong structural
basis for the rational design of highly potent non-CPT
TopoI inhibitors.

Structure-based virtual screening (SBVS) is becoming a
powerful tool for hit identification.41-43 In this work, we
describe the rapid and successful identification of novel TopoI
inhibitors using SBVS. Five hits were identified to possess
both TopoI inhibitory activity and in vitro antitumor activity.
After preliminary optimization of hit 20, both antitumor
activity and antitumor spectrum were improved. To the best
of our knowledge, this is the first example of the successful
application of SBVS to identify novel TopoI inhibitors.

Results and Discussion

Virtual Screening. The evaluation of the reliability of
various docking methods for the docking of TopoI inhibitors
wasperformed (seeSupporting Information fordetailed results).
Gold with GoldScore fitness function was found to be the best
method for TopoI-DNA-CPT complex (PDB code 1T8I). A
schematic summary of the overall virtual screening procedure in
this study is presented in Figure 2.A total of 287000 compounds
in SPECS database (www.specs.com) were docked and ranked

Figure 1. Chemical structures of clinical relevant topoisomerase I inhibitors.
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withGOLD.The fitness score of CPT in the active site of TopoI
(fitness score of 90) was used as a cutoff value for the selection of
the initial compounds. Thus, top-ranked 7622 complexes were
first selected and submitted to docking validation and visual
inspection. The selection of the candidate molecules was based
on the following criteria: (1) Complementarity exists between
the ligand and the active site of TopoI. (2) Reasonable chemical
structure and pose are in the active site of TopoI. Some unusu-
ally highly scoredmolecules were found to havemany rotatable
bonds (such as long aliphatic structures), which were excluded
for further evaluation. (3) There is formation of at least one
hydrogen bond between the ligand and the important residues
of TopoI (such as Arg364, Asp533, and Asn722, etc). As
revealed by various TopoI-inhibitor complex structures,38,39

these residues are critical for the inhibitor binding. (4) Proton-
ation state and the tautomeric form of the ligand have to be
acceptable. (5) The binding mode of the compounds can be
reproduced by at least two docking methods. As a result, 163
candidate compounds can meet the above criteria. In order to
achieve good chemical diversity, the resulting 163 candidates
were subsequently filteredby similarity/substructure search.For
the compounds with the same scaffold, only the one with the
best fitness score was kept. Consequently, 48 potential TopoI
inhibitors were designated for purchase. However, only 23
compounds turned out to be commercially available for in vitro
assaying (Figure 3).

In Vitro TopoI Inhibition Assay.Generally,TopoI inhibitors
act by stabilizing a covalent TopoI-DNA complex called the
cleavable complex. Therefore, TopoI-mediated DNA cleavage
assays with purified TopoI were used to investigate the inhibi-
tory activity of the purchased compounds with their concentra-
tions ranging from 1 to 500 μM. The ability of compounds to
stabilize the cleavable complex was evaluated by incubating
TopoI and supercoiled DNA pBR322 in the presence of drugs.
Cleavable complexes were revealed by the appearance of short
DNA fragments when the samples were analyzed by gel electro-
phoresis under denaturing conditions. As shown in Figure 4, 14
of 23 compounds were discovered to be active against TopoI-
mediated relaxation of supercoiledDNAat high concentrations

(500 μM). The TopoI inhibition activity of 14 hits was further
tested at lower concentrationswith five compounds (1, 6, 14, 19,
and 21) active at 50 μM and two compounds (1 and 6) active
against 10 μM (see Supporting Information for details).

In Vitro Antitumor Activity. The solid tumor cell lines
A-549 (for non-small-cell lung cancer), LOVO (for colon
cancer), HCT116 (for colon cancer), and MDA-MB-435 (for
breast cancer) were chosen for testing the in vitro antitumor
activities of the compounds. CPT and irinotecan were used as
the reference compounds. In order to investigate the correlation
between theTopoI inhibitory activity andantitumor activity, all
thepurchasedcompoundswere tested for their cytotoxicity.The
results revealed that most of the compounds without TopoI
inhibitory activity did not show in vitro antitumor activity.
Some weak TopoI inhibitors (such as 3, 5, 8, 12, and 16) were
also inactive against the tested tumor cell lines. Among the
TopoI inhibitors, five compounds (1, 14, 20, 21, and 23) showed
moderate to good cytotoxicity. However, no in vitro antitumor
activity was observed for compound 6, the most potent TopoI
inhibitor. It is well accepted that the penetration ability of cell
membrane is an important factor for the cytotoxicity. Com-
pound 6has a carboxyl group andhas difficulty crossing the cell
membrane. Compounds 1 and 21, another two potent TopoI
inhibitors, also showed good in vitro antitumor activity with
broad spectrum. They are active against all the three human
tumor cell lines with their IC50 values in the range 0.50-43 μM.
The potent antitumor activity of the compounds can be well
related to their capacity to inhibit TopoI. Although the cyto-
toxicity of compounds identified from virtual screening is lower
than thatofCPTand irinotecan, theyprovidenovel chemotypes
for the discovery of novel antitumor agents.

BindingMode of the New TopoI Inhibitors. In order to obtain
accurate binding mode of the hits, molecular dynamics (MD)
simulationswereperformedonthedockingmodelof compounds
1, 6, 20, and 21 (see Supporting Information for detailed
computational protocols and results). We used the Desmond
method (Desmond_Maestro_academic-2009-02,http://www.
deshawresearch.com) to carryout all the simulations.After 2ns
of MD calculations, stable TopoI-DNA-inhibitor ternary

Figure 2. Flowchart of the virtual screening procedure.
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complexes were obtained. The MD results indicated that the
conformationofhits in theactive siteofTopoIwasvery similar to
that in the docking model (rmsd of <2 Å) and important
stacking and hydrogen-bonding interactions were preserved.
Although the hits represent several unique chemotypes, they
were predicted to bind with the TopoI active site in a manner
similar to that of the known TopoI inhibitors except compound

20 (Figure 5). Most of the compounds have planar structure,
which intercalates at the site of DNA cleavage and forms base-
stacking interactions with both the -1 (upstream) and þ1
(downstream) base pairs. Moreover, they can form hydrogen-
bonding interaction with the surrounding residues, such as
Arg364 and Asn352. For example, compound 6 can intercalate
intoDNAbase pairs with the thiazolotriazol ringmimicking the

Figure 3. Chemical structures of the purchased compounds from virtual screening.
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BC ring of CPT andwith the phenyl groupmimicking the E ring
ofCPT(Figure5B).The thiazolonecarbonyloxygenandtriazole
nitrogen can form two hydrogen bondswithArg364. Its indol-2-
one-N-acetic acid part is faced into the major groove, and the
terminal carboxyl group forms no direct interaction with TopoI,
suggesting that the carboxyl group can be replaced by a more
hydrophobic group to improve its cytotoxicity.Unlike other hits,
compound 20 shares “L type” conformation in the active site of
TopoI (Figure 5C). Only the DE ring of 20 intercalates at the

DNA cleavage site and stacks with the base pairs. Hydrogen
bonding interaction is observed between its indole NH and
Arg364 (Figure 5C).

Among the identified hits, compounds 1 and 21 showed
potent activity in both TopoI inhibition assay and antitumor
activity assay. The bindingmode of compound 1 in the active
site of TopoI is similar to that of CPT. Its orientation in
the active site cavity is perpendicular to the main axis of
the DNA and parallel to the bases. The planar nature of
the anthrathiadiazole ring system allows it to stack with the
base pairs. Hydrogen-bonding interaction was observed bet-
ween the nitrogen atom of thiadiazole ring and Arg364
(Figure 5A). The 4-tosyl group was faced into the major
groove and formed hydrophobic interaction with the sur-
rounding hydrophobic residues such as Ala351 andMet428.
Compound 21 is the only charged inhibitor depicted in
Figure 3. Like CPT, the six-member planar ring of 21 inter-
calates at the site of DNA cleavage, between the þ1 and -1
base pairs (Figure 5D). Its C ring is on the minor groove side
of the intercalation binding pocket, and its nitrogen atom
forms a hydrogen bond with Arg364 at a distance of 2.36 Å.
The amide side chain of the B-ring nitrogen projects in
the major groove with its amide NH forming hydrogen
bonding interaction with Asn352. In summary, compounds
1, 6, and 21 have three common structural features: (1) a
planar aromatic ring that intercalates at DNA cleavage
site; (2) a heterocyclic nitrogen atom as a hydrogen bond
acceptor that forms a hydrogen bond with Arg364; (3) a
hydrophobic side chain that faces into the major groove.
These structural features are well consistent with the known
TopoI inhibitors, such as CPTs, indolocarbazoles, and
indenoisoquinolines.38

Figure 4. Gel electrophoresis of TopoI-induced DNA cleavage
assay for hits fromvirtual screening. (A) Inhibition ofTopoI relaxation
activity at 500 μM: lane 1, DNAþ TopoI; lane 2, supercoiled plasmid
DNA; lane 3,DNAþTopoIþCPT; lanes 4-17,DNAþTopoIþ hit
(1, 3, 5, 6, 8, 11, 12, 13, 14, 16, 19, 20, 21, and 23, respectively).
(B) Inhibition of TopoI relaxation activity ranging from 50 to 500 μM:
lane 1, supercoiled plasmid DNA; lane 2, DNA þ TopoI; lanes 3-5,
DNA þ TopoI þ compound 20 (500, 100, and 50 μM); lanes 6-8,
DNA þ TopoI þ 1 (500, 100, and 50 μM).

Figure 5. Schematic representation of the proposed bindingmode for compounds 1 (A), 6 (B), 20 (C), and 21 (D) in theTopoI-DNAcomplex.
The figure was generated using PyMol (http://pymol.sourceforge.net/).
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PreliminaryOptimization ofHit 20 and Structure-Activity

Relationships.Compounds 1, 14, 20, 21, and 23 showed both
TopoI inhibitory activities andpotent in vitro antitumor activity
(Table 1). They provided good starting points for further opti-
mization. In the present study, compound 20 (evodiamine), a
quinolonealkaloid isolated fromthe fruitofEvodia rutaecarpa,49

was first chosen for preliminary structure-activity relationship
studies. Evodiamine has shown various biological activities,
including catecholamine secretion,50 testosterone secretion,51

antiobesity,52anti-inflammatory,53antiapoptosis,54,55 antinocicep-
tive,56 vasodilatory,57 and thermoregulatory58 effects. However,

the SAR study of evodiamine has not been reported. We chose
evodiamine for hit optimization because it possesses several
advantages for structural modification. (1) It is the only com-
pound with a free N-H function from which derivatives can
be readily obtained. (2) It has relatively low molecular weight
(MW=303) and is suitable for further optimization. (3) It shows
thebest cytotoxicityagainst thebreast cancer cell lineMDA-MB-
435 (IC50=29 μM). (3) Unlike other planar hits, it binds to
TopoI with “L type” conformation, which is uncommon for
TopoI inhibitors.

From the chemical point of view, the indole NH of
evodiamine is a good functional group for the synthesis of
various derivatives. The docking model also revealed that
evodiamine only partly intercalated into theDNA base pairs
(DE ring) and the attachment of an aromatic group to the
indoleNHcould improve the base-stacking interactionswith
TopoI. In order to keep the hydrogen bonding interaction
with Arg364, a proper linker between the aromatic group
and the indole NH is needed to interact with Arg364. As a
result, N-benzoylevodiamine derivatives were selected from
molecular docking studies. Figure 6 illustrated the binding
mode of compound 29u. The position of 4-chlorine benzoyl
group of compound 29u in the active site of TopoI was
similar to the position of the BC ring of CPT and formed
additional base-stacking interactions with both the -1
(upstream) and þ1 (downstream) base pairs (Figure 6B).
Especially, its carbonyl oxygen atom could also form hydro-
gen bonding interaction with Arg364. Therefore, a series of
N-benzoylevodiamine analogues were designed and synthe-
sized. In order to investigate the structure-activity relation-
ship (SAR), N-alkyl, benzyl, cyano, and ester evodiamine
derivatives were also prepared.

The synthetic route of compounds 29a-x is depicted in
Scheme 1. Evodiamine was synthesized by the reported
procedure (Scheme 1).44-48 Starting from 24, it was converted
to amide 25 by reacting with ethyl formate. In the presence
of POCl3, the key intermediate ABC ring 26 was obtained by
ring closure reaction of amide 25. On the other hand, reacting
2-(methylamino)benzoic acid27withClCOOEtafforded isatoic
anhydride28. Evodiaminewasobtainedby ring closure reaction

Table 1. In VitroAntitumorActivity of the CompoundsObtained from
Virtual Screening (IC50, μM)

IC50, μM

compd A549 LOVO MDA-MB-435

1 0.50 ( 0.021 43 ( 1.1 25 ( 0.97

2 naa naa naa

3 naa naa naa

4 naa naa naa

5 naa naa naa

6 naa naa naa

7 naa naa naa

8 naa naa naa

9 120 ( 2.3 naa naa

11 naa 75 ( 1.8 naa

12 naa naa naa

13 naa naa naa

14 naa 240 ( 29 170 ( 15

15 naa naa naa

16 naa naa naa

17 naa naa naa

18 naa naa naa

19 naa 190 ( 8.2 naa

20 naa naa 29 ( 3.4

21 37 ( 1.6 26 ( 2.0 77 ( 7.8

22 naa 45 ( 3.5 naa

23 naa 180 ( 7.2 naa

CPT 0.057 ( 0.0018 3.1 ( 0.71 0.71 ( 0.014

IRT 6.4 ( 0.35 8.8 ( 0.31 17 ( 0.80
a na = not active.

Figure 6. (A) Superimposition of the docked conformations of 20 with CPT. (B) Superimposition of the docked conformations of 29u with
CPT. (C) Binding mode of compounds 29u in the active site of TopoI-DNA complex. The figure was generated using PyMol (http://pymol.
sourceforge.net/).
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between 28 and carboline 26. In the presence ofNaHandDMF,
evodiamine was treated with various RX reagents (such as
substituted benzolyl chloride, substituted benzyl chloride, alkyl
chloride, etc.) to afford the compounds 29a-x.

In vitro TopoI inhibition assay indicated that the N-benzoyl
analogue 29u showed higher activity than evodiamine. Com-
pound 29u was active against TopoI-mediated relaxation of
supercoiled DNA at 100 μM, which is consistent with the
docking model of evodiamine and 29u. Moreover, improved
in vitro antitumor activities and spectrum of evodiamine deri-
vatives were also observed (Tables 2 and 3). Evodiamine is only
active against the breast cancer cell line. After the introduction
of an ethyl carboxylate group on the indole NH (compound
29c), both cytotoxicity and antitumor spectrumwere improved.
The IC50 values of compound 29c are in the range 9.4-130 μM.
The insertion of a methylene group between indole NH and
carboxylate groupof compound 29c resulted inadecreaseof the

activity. Compound 29d lost activity against lung cancer and
colon cancer cell lines again. When compound 29d was hydro-
lyzed to compound 29a, the cytotoxicity and spectrum were
improved again. Compound 29e, bearing a benzoyl substituent,
showed good inhibitory effects against all the three cancer cell
lines with IC50 values in the range 0.047-15 μM. Remarkably,
compound 29e was particularly effective against breast cancer
cell line, which was more potent than the reference drugs
CPT and irinotecan. The replacement of the benzoyl group of
compound 29e by a benzyl group (compound 29j) resulted in a
decrease of the cytotoxicity to a large extent. For compound 29j,
the addition of a chlorine at position 2 of the benzyl group
(compound 29g) led to a slight increase of the cytotoxicity. On
the other hand, a loss of the cytotoxicity was observed for 3-Cl
(compound 29f), 2,4-dichloro (compound 29i), and 4-methoxyl
(compound 29m) derivatives. Furthermore, most of the alkyl
derivatives (e.g., 29k, 29l, and 29n) proved to be totally inactive.
Only compound 29h showed moderate activity.

BecauseN-benzoyl derivative (compound 29e) revealed good
cytotoxicitywithbroad spectrum,we further introducedvarious
substituents on the benzoyl group (compounds 29o-x). It can
be seen that the cytotoxic potency of the compounds varies

Scheme 1
a

aReagents and conditions: (a)HCOOEt, reflux, 12 h, yield 84%; (b) POCl3, CH2Cl2, 0 2 h, room temp 2 h, yield 55%; (c) ClCOOEt, reflux, 12 h, yield

60%; (d) 26, CH2Cl2, 30-60 �C, 6 h, yield 70%; (e) RX, NaH, DMF, 80 �C, 24 h, yield 11-79%.

Table 2. In Vitro Antitumor Activity of the N-Substituted Evodiamine
Analogues (IC50, μM)

IC50, μM

compd A549 LOVO MDA-MB-435

29a 72 ( 2.3 130 ( 10 13 ( 0.81

29b 220 ( 7.9 naa 200 ( 4.6

29c 130 ( 3.7 95 ( 7.3 9.4 ( 0.54

29d naa naa 150 ( 7.6

29e 10 ( 0.60 15 ( 0.39 0.047 ( 0.0015

29f naa naa naa

29g 29 ( 1.3 74 ( 1.6 42 ( 0.50

29h 120 ( 4.2 59 ( 6.9 110 ( 5.3

29i naa naa naa

29j 55 ( 2.4 67 ( 3.3 110 ( 3.7

29k naa naa naa

29l naa naa naa

29m naa naa naa

29n naa naa naa

CPT 0.057 ( 0.0030 3.1 ( 0.067 0.71 ( 0.031

IRT 6.4 ( 0.27 8.8 ( 0.10 17 ( 0.95
a na = not active.

Table 3. In Vitro Antitumor Activity of the N-Substituted Benzoxyl
Evodiamine Analogues (IC50, μM)

IC50, μM

compd A549 MDA-MB-435 HCT116

29o 4.3 ( 0.21 0.13 ( 0.011 5.1 ( 0.27

29p 14 ( 3.1 0.18 ( 0.014 4.7 ( 0.066

29q 2.9 ( 0.082 0.051 ( 0.0029 3.3 ( 0.12

29r 4.2 ( 0.33 0.15 ( 0.0063 3.9 ( 0.041

29s 3.0 ( 0.17 0.038 ( 0.0032 4.3 ( 0.022

29t 2.8 ( 0.031 0.55 ( 0.026 4.1 ( 0.19

29u 0.86 ( 0.044 0.049 ( 0.0030 2.6 ( 0.083

29v 5.3 ( 0.38 0.39 ( 0.034 3.8 ( 0.066

29w 35 ( 0.46 naa 89 ( 0.93

29x 74 ( 9.1 naa 45 ( 4.0
a na = not active.
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considerably depending on the type and position of the substit-
uents. Comparedwith compound 29e, several compounds (e.g.,
29sand29u) showed improvedactivity. In general, 4-substituted
derivatives were more potent than 2-substituted and 3-substi-
tuted derivatives. For example, compound 29u showed higher
cytotoxicity than compounds 29p and 29q. For the 4-substituted
derivatives, halogens (i.e., chlorine and fluorine) and methyl
group are favorable for the cytotoxicity. In comparisonwith the
monochlorine substituted compounds (compounds 29p and
29u), the disubstituted derivative (compound 29v) led to a
decrease of the cytotoxicity. Remarkably, the IC50 values of
compound 29u against A549,MDA-MB435, andHCT116 cell
lines are 0.86, 0.049, and 2.6 μM, respectively, suggesting that it
is a promising lead for the discovery of novel anticancer agents.

Conclusion

From the above results, we can find that molecular weight
and synthetic possibility should be considered as two important
factors for the selection of hits for structural optimization. In
most cases, the molecular weight and hydrophobicity will be
increased during the process of hit-to-lead and lead-to-candi-
date. A starting structurewith relatively lowmolecularweight is
more likely to be optimized todruglike candidates.On the other
hand, the synthetic possibility is also a major problem for
natural product-like hits from virtual screening. Evodiamine
has a free amine group with moderate molecular weight, which
can be easily transformed to active derivatives with druglike
properties. This examplemight give us some useful information
about hit selection after SBVS studies. Such structural require-
ment, a scaffold with a free N-H group and molecular weight
of about 350, could be included in the next SBVS study.

Evodiamine shares an interesting “L type” conformation in
the active site of topo1-DNA cleavable complex. Its free
indole N-H function is a good site for chemical derivatiza-
tion. However, the hydrogen bond with Arg364 would be
broken if the indole aminewas substituted. In order to address
the contradiction, proper functional group transformation to
keep the hydrogen bonding interaction is an efficient method
to retain the binding affinity. In the present study, the indole
aminewas transferred to the amide and its carbonyl group can
also form a hydrogen bond with Arg364. By means of this
method, we think a key N-H group participating in a special
binding mode is amenable to further chemistry and can be
transformed to generate active derivatives.

Experimental Section

Chemistry. GeneralMethods.
1HNMRand 13CNMRspectra

were recorded on a Bruker Avance 300 spectrometer (Bruker
Company, Germany), using TMS as an internal standard and
CDCl3 orDMSO-d6 as solvent. Chemical shifts are given in ppm
(δ). Elemental analyses were performed with a MOD-1106
instrument and were consistent with theoretical values within
0.4%. The mass spectra were recorded on an Esquire 3000
LC-MS mass spectrometer. Silica gel thin-layer chromatogra-
phy was performed on precoated plates GF-254 (Qingdao
Haiyang Chemical, China). The purity of final compounds
was assessed on the basis of analytical HPLC, and the results
were greater than 95%. All solvents and reagents were analyti-
cally pure, and no further purification was needed. All starting
materials were commercially available.

General Procedure for the Synthesis of Compounds 29a-x.

NaH (60% oil, 6.6 mmol) was suspended in a solution of
evodiamine44-48 (0.20 g, 0.66mmol) inDMF(20mL).The reacting
mixture was heated to 80 �C and stirred for 24 h. The mixture
was diluted with H2O (50 mL) and then extracted with EtOAc

(50mL� 3). The extract was washedwith saturatedNaCl solution
(50 mL � 3), dried over anhydrous Na2SO4, and concentrated
under reduced pressure. The residue was purified by column chro-
matography (EtOAc/hexane = 1:4) to give compounds 20a-x

with moderate to good yields.
N-Acetic Acid Evodiamine (29a). Yield 60%, yellow oil. 1H

NMR (DMSO, 500 MHz) δ 2.41 (s, 3H), 2.85 (m, 1H), 3.05 (m,
1H), 3.17 (m, 1H), 4.80 (m, 1H), 5.07 (dd, 2H, J1 = 18.1 Hz, J2 =
18.1 Hz), 6.02 (s, 1H), 7.02-8.01 (m, 8H). ESI-MS (m/z): 362.2
[M þ 1]. Anal. (C21H19N3O3) C, H, N.

N-Acetonitrile Evodiamine (29b). Yield 44%, white solid. 1H
NMR (DMSO, 500MHz) δ 2.39 (s, 3H), 2.82 (m, 1H), 2.98 (m,
1H), 3.14 (m, 1H), 4.66 (m, 1H), 5.57 (s, 2H), 6.21 (s, 1H),
7.21-7.95 (m, 8H). 13CNMR (CDCl3, 500MHz) δ 20.08, 31.73,
36.97, 39.00, 67.89, 109.02, 114.44, 115.51, 119.54, 121.22,
123.61, 124.00, 124.24, 125.04, 126.32, 127.60, 129.00, 133.14,
136.92, 150.47, 164.34. ESI-MS (m/z): 343.74 [M þ 1]. Anal.
(C21H18N4O) C, H, N.

N-Ethyl Formate Evodiamine (29c). Yield 11%, yellow solid.
1H NMR (CDCl3, 500MHz) δ 1.29 (t, 3H, J=6.7 Hz), 2.45 (s,
3H), 2.86 (m, 1H), 2.99 (m, 1H), 3.20 (m, 1H), 4.45 (m, 2H), 4.91
(m, 1H), 6.29 (s, 1H), 7.04-8.27 (m, 8H). ESI-MS (m/z): 376.45
[M þ 1]. Anal. (C22H21N3O3) C, H, N.

N-Ethyl Acetate Evodiamine (29d). Yield 44%, yellow solid.
1H NMR (CDCl3, 500MHz) δ 1.25 (t, 3H), 2.40 (s, 3H), 2.84 (m,
1H), 3.03 (m, 1H), 3.24 (m, 1H), 4.20 (m, 2H), 4.92 (m, 1H), 4.93 (d,
1H), 5.15 (d, 1H), 5.93 (s, 1H), 7.15-8.23 (m, 8H). 13C NMR
(CDCl3, 500MHz) δ 14.13, 20.16, 36.66, 39.20, 45.21, 60.47, 68.00,
109.09, 113.89, 119.08, 120.17, 123.10, 123.33, 124.28, 124.52,
125.92, 128.40, 128.93, 132.84, 137.77, 150.83, 164.42, 168.54.
ESI-MS (m/z): 390.35 [M þ 1]. Anal. (C23H23N3O3) C, H, N.

N-Benzoylevodiamine (29e). Yield 37%, yellow solid. 1H
NMR (CDCl3, 500 MHz) δ 2.43 (s, 3H), 2.92 (m, 1H), 3.05 (m,
1H), 3.18 (m, 1H), 4.90 (m, 1H), 5.94 (s, 1H), 7.15-8.15 (m, 13H).
ESI-MS (m/z): 408.84 [M þ 1]. Anal. (C26H21N3O2) C, H, N.

N-(3-Chlorobenzyl)evodiamine (29f).Yield 67%, yellow solid.
1H NMR (CDCl3, 500 MHz) δ 2.35 (s, 3H), 2.95 (m, 1H), 3.06
(m, 1H), 3.21 (m, 1H), 4.90 (m, 1H), 5.38 (d, 1H, J= 16.8 Hz),
5.65 (d, 1H, J=16.8Hz), 5.81 (s, 1H), 6.88-8.11 (m, 12H). ESI-
MS (m/z): 428.61 [M þ 1]. Anal. (C26H22ClN3O) C, H, N.

N-(2-Chlorobenzyl)evodiamine (29g). Yield 75%, yellow so-
lid. 1H NMR (CDCl3, 500 MHz) δ 2.40 (s, 3H), 2.96 (m, 1H),
3.07 (m, 1H), 3.21 (m, 1H), 4.91 (m, 1H), 5.54 (d, 1H, J= 17.7
Hz), 5.78 (d, 1H, J=17.8Hz), 6.36 (s, 1H), 6.99-8.08 (m, 12H).
ESI-MS (m/z): 428.90 [M þ 1]. Anal. (C26H22ClN3O) C, H, N.

N-Hexylevodiamine (29h).Yield 27%, yellow solid. 1HNMR
(CDCl3, 500 MHz) δ 0.84 (t, 3H), 1.25-1.83 (m, 8H), 2.40 (s,
3H), 2.93 (m, 1H), 3.02 (m, 1H), 3.19 (m, 1H), 4.17 (t, 2H, J =
7.5 Hz), 4.90 (m, 1H), 5.96 (s, 1H), 7.15-8.15 (m, 8H). ESI-MS
(m/z): 488.93 [M þ 1]. Anal. (C25H29N3O) C, H, N.

N-(2,4-Dichlorobenzyl)evodiamine (29i). Yield 36%, yellow
solid. 1H NMR (CDCl3, 500MHz) δ 2.39 (s, 3H), 2.95 (m, 1H),
3.07 (m, 1H), 3.21 (m, 1H), 4.92 (m, 1H), 5.46 (d, 1H, J= 16.7
Hz), 5.76 (d, 1H, J=16.7Hz), 6.31 (s, 1H), 6.97-8.09 (m, 11H).
ESI-MS (m/z): 462.68 [M]. Anal. (C26H21Cl2N3O) C, H, N.

N-Benzylevodiamine (29j).Yield 58%, yellow solid. 1HNMR
(CDCl3, 500MHz) δ 2.38 (s, 3H), 2.93 (m, 1H), 3.06 (m, 1H), 3.19
(m, 1H), 4.91 (m, 1H), 5.44 (d, 1H, J=16.7 Hz), 5.68 (d, 1H, J=
16.7 Hz), 5.81 (s, 1H), 7.00-8.10 (m, 13H). ESI-MS (m/z): 394.72
[M þ 1]. Anal. (C26H23N3O) C, H, N.

N-Propylevodiamine (29k).Yield 79%, yellow solid. 1HNMR
(CDCl3, 500MHz) δ 0.95 (t, 3H, J=7.4Hz), 1.86 (m, 2H), 2.40
(s, 3H), 2.89 (m, 1H), 3.02 (m, 1H), 3.19 (m, 1H), 4.17 (m, 1H),
4.31 (m, 1H), 4.92 (m, 1H), 5.97 (s, 1H), 7.17-8.15 (m, 8H). ESI-
MS (m/z): 346.68 [M þ 1]. Anal. (C22H23N3O) C, H, N.

N-Ethylevodiamine (29l). Yield 64%, yellow solid. 1H NMR
(CDCl3, 500 MHz) δ 1.42 (t, 3H, J=7.2 Hz), 2.42 (s, 3H), 2.89
(m, 1H), 3.02 (m, 1H), 3.19 (m, 1H), 4.24 (m, 1H), 4.43 (m, 1H),
4.92 (m, 1H), 5.97 (s, 1H), 7.17-8.15 (m, 8H). 13C NMR
(CDCl3, 500 MHz) δ 15.16, 20.21, 29.52, 36.25, 39.16, 67.78,
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109.44, 109.45, 112.76, 118.85, 119.35, 122.40, 122.93, 123.97,
125.63, 127.92, 128.77, 132.67, 136.63, 150.77, 164.36. ESI-MS
(m/z): 332.83 [M þ 1]. Anal. (C21H21N3O) C, H, N.

N-(4-Methoxylbenzyl)evodiamine (29m). Yield 36%, yellow
solid. 1H NMR (CDCl3, 500MHz) δ 2.39 (s, 3H), 2.92 (m, 1H),
3.03 (m, 1H), 3.14 (m, 1H), 3.73 (s, 3H), 4.88 (m, 1H), 5.38 (d,
1H, J=16.7 Hz), 5.68 (d, 1H, J=16.7 Hz), 5.81 (s, 1H), 6.74-
7.62 (m, 12H). ESI-MS (m/z): 424.65 [M þ 1]. Anal. (C27H25-
N3O2) C, H, N.

N-Isopropylevodiamine (29n). Yield 66%, yellow solid. 1H
NMR (DMSO, 300MHz) δ 1.49 (d, 3H, J=6.9Hz), 1.70 (d, 3H,
J = 6.9 Hz), 2.37 (s, 3H), 2.95 (m, 1H), 3.03 (m, 1H), 3.17 (m,
1H), 4.66 (m, 1H), 4.82 (m, 1H), 6.13 (s, 1H), 7.04-7.94 (m, 8H).
ESI-MS (m/z): 346.37 [M þ 1]. Anal. (C22H23N3O) C, H, N.

N-(4-Fluorobenzoyl)evodiamine (29o). Yield 32%, yellow so-
lid. 1H NMR (DMSO, 300 MHz) δ 2.45 (s, 3H), 2.86 (m, 1H),
3.02 (m, 1H), 3.22 (m, 1H), 4.67 (m, 1H), 5.89 (s, 1H), 7.01-8.02
(m, 12H). ESI-MS (m/z): 448.31 [MþNa]. Anal. (C26H20FN3O2)
C, H, N.

N-(2-Chlorobenzoyl)evodiamine (29p). Yield 52%, yellow so-
lid. 1H NMR (CDCl3, 500 MHz) δ 2.41 (s, 3H), 2.90 (m, 1H),
3.04 (m, 1H), 3.21 (m, 1H), 4.78 (m, 1H), 5.74 (s, 1H), 6.98-8.01
(m, 12H). 13C NMR (CDCl3, 500 MHz) δ 20.44, 36.00, 37.64,
67.84, 115.37, 118.92, 121.92, 122.86, 123.31, 123.60, 123.93,
126.19, 126.41, 127.61, 127.97, 128.55, 129.82, 130.91, 131.73,
131.88, 132.51, 132.84, 133.81, 134.60, 150.14, 164.41. ESI-MS
(m/z): 464.83 [M þ Na]. Anal. (C26H20ClN3O2) C, H, N.

N-(3-Chlorobenzoyl)evodiamine (29q).Yield58%,yellowsolid.
1HNMR (DMSO, 300MHz) δ 2.40 (s, 3H), 2.88 (m, 1H), 3.03 (m,
1H), 3.20 (m, 1H), 4.65 (m, 1H), 5.76 (s, 1H), 7.01-8.02 (m, 12H).
ESI-MS (m/z): 465.03 [M þ Na]. Anal. (C26H20ClN3O2) C, H, N.

N-(2-Methylbenzoyl)evodiamine (29r). Yield 58%, yellow so-
lid. 1H NMR (DMSO, 300 MHz) δ 2.26 (s, 3H), 2.40 (s, 3H),
2.91 (m, 1H), 3.05 (m, 1H), 3.14 (m, 1H), 4.64 (m, 1H), 5.75 (s,
1H), 7.01-8.02 (m, 12H). ESI-MS (m/z): 445.36 [M þ Na]. Anal.
(C27H23N3O2) C, H, N.

N-(4-Methylbenzoyl)evodiamine (29s).Yield 54%, white solid.
H NMR (DMSO, 300MHz) δ 2.30 (s, 3H), 2.36 (s, 3H), 2.87 (m,
1H), 3.03 (m, 1H), 3.17 (m, 1H), 4.65 (m, 1H), 5.75 (s, 1H),
6.99-7.82 (m, 12H). 13CNMR (CDCl3, 500MHz) δ 20.55, 21.62,
36.48, 38.01, 68.08, 114.41, 119.03, 121.14, 122.79, 123.45, 123.82,
124.97, 127.33, 128.57, 128.91, 128.98, 129.30, 129.53, 129.76,
130.02, 132.06, 132.82, 137.70, 143.93, 150.61, 164.53, 168.69.
ESI-MS (m/z): 445.09 [M þ Na]. Anal. (C27H23N3O2) C, H, N.

N-(4-Nitrobenzoyl)evodiamine (29t).Yield 44%, yellow solid.
1H NMR (DMSO, 300 MHz) δ 2.21 (s, 3H), 2.89 (m, 1H), 3.00
(m, 1H), 3.15 (m, 1H), 4.64 (m, 1H), 5.74 (s, 1H), 6.95-7.97 (m,
12H).ESI-MS (m/z): 453.63 [Mþ 1].Anal. (C26H20N4O4) C,H,N.

N-(4-Chlorobenzoyl)evodiamine (29u).Yield57%,yellowsolid.
1HNMR (DMSO, 300MHz) δ 2.32 (s, 3H), 2.89 (m, 1H), 3.02 (m,
1H), 3.21 (m, 1H), 4.64 (m, 1H), 5.75 (s, 1H), 6.92-8.03 (m, 12H).
ESI-MS (m/z): 465.19 [M þ Na]. Anal. (C26H20ClN3O2) C, H, N.

N-(2,4-Dichlorobenzoyl)evodiamine (29v). Yield 61%, yellow
solid. 1H NMR (CDCl3, 500 MHz) δ 2.33 (s, 3H), 2.89 (m, 1H),
3.03 (m, 1H), 3.15 (m, 1H), 4.92 (m, 1H), 5.83 (s, 1H), 7.03-8.03
(m, 11H). ESI-MS (m/z): 477.02 [Mþ 1]. Anal. (C26H19Cl2N3O2)
C, H, N.

N-(2-Fluorobenzoyl)evodiamine (29w). Yield 54%, yellow
solid. 1H NMR (CDCl3, 300 MHz) δ 2.32 (s, 3H), 2.95 (m,
1H), 3.02 (m, 1H), 3.16 (m, 1H), 4.90 (m, 1H), 5.35 (s, 1H), 7.06-
8.04 (m, 12H). ESI-MS (m/z): 424.98 [M]. Anal. (C26H20FN3O2)
C, H, N.

N-(4-Methoxybenzoyl)evodiamine (29x). Yield 59%, yellow
solid. 1H NMR (DMSO, 300 MHz) δ 2.32 (s, 3H), 2.86 (m, 1H),
3.02 (m, 1H), 3.17 (m, 1H), 3.82 (s, 3H), 4.66 (m, 1H), 5.86 (s, 1H),
6.98-7.75 (m, 12H). 13C NMR (CDCl3, 500MHz) δ 20.45, 36.49,
37.98, 55.37, 68.00, 113.89, 113.91, 114.13, 118.96, 120.69, 122.39,
122.51, 123.40, 123.68, 124.71, 126.79, 127.19, 128.47, 129.61,
132.00, 132.70, 137.64, 150.57, 163.51, 164.37, 167.93. ESI-MS
(m/z): 448.93 [M þ 1]. Anal. (C27H23N3O3) C, H, N.

Computational Protocols. Protein Preparation. The crystal-
lographic coordinates of the ternary complex of CPT-DNA-
TopoI (3.0 Å resolution,Rcryst = 0.244) were obtained from the
Brookhaven Protein Databank entry 1T8I.38 All crystallo-
graphic water molecules were removed from the coordinate
set. The binding region was defined as all the atoms that are
15 Å around the centroid of CPT in the crystal structure.

Validation of the Docking Methods. The ligands were ex-
tracted from the X-ray complexes, which were subsequently
docked into their corresponding proteins by means of Gold
3.0.1,59 MolDock(MVD),60 Autodock 3.0,61 and Autodock
4.061,62 software. The docking results were evaluated through
a comparison between the resulting docked positions of the
ligand and the experimental ones. As a measure of docking
reliability, the rmsd value between the positions of heavy atoms
of the ligand in the calculated and experimental structures was
taken into account.

Gold 3.0.1. Docking runs were performed using the program
GOLD 3.0.1, and the standard default settings were used in all
calculations. For each of the 10 independent genetic algorithm
runs, a default maximum of 10 000 genetic operations was
performed, using the default operator weights and a population
size of 100 chromosomes. Two docking analyses were carried
out. In the first case, GoldScore was used. Default cutoff values
of 2.5 Å for hydrogen bonds and 4.0 Å for van der Waals
interactions were employed. In the second one, ChemScore was
used with the default setting. Early termination was allowed if
the top three solutions were within rmsd value of 1.5 Å. The
docking pose analysis was carried out for the pose that got the
highest score.

MolDock (MVD). MVD recognized DNA as ligand of To-
poI. So we converted it to cofactor before docking. The cavity
reference ligand was used for docking calculations using Mol-
Dock SE as searcher algorithm. During docking the binding site
radius was set to 10 Å. Other parameters were default. In
addition to MolDock Score, MolDock Score [grid] was also
calculated for each compound. All of the two fitness functions
used the default setting. The best docking conformations were
selected on the basis of docking energies.

Autodock 3.0 and 4.0.Autodock Tools was used to check and
prepare the ligands and receptors files. A grid of 44, 44, and 42
points in the x, y, and z directions was constructed centered on
the center of themass of the inhibitors.We used a grid spacing of
0.375 Å and a distance-dependent function of the dielectric
constant for the energetic map calculations. Lamarckian genetic
algorithm was used. The docked compounds were subjected to
50 runs of the Autodock search, using 500 000 steps of energy
evaluation and the default values of the other parameters.
Cluster analysis was performed on the results using an rms
tolerance of 1.0 Å. The docking pose analysis was carried out for
the first pose of the first cluster and the first pose of the most
populated cluster.

Virtual Screening. The GOLD program (version 3.0.1) was
applied to screen the SPECS database consisting of approxi-
mately 287000 compounds. The crystal structure of TopoI in
complex with CPT (PDB code 1T8I) was used as the template
for docking. Twenty genetic algorithm (GA) runs were per-
formed for eachmolecule. For eachGA run, 100 000 operations
were applied on a set of five islandswith a population size of 100.
The weights for three types of operations (crossover, mutation,
and migration) were chosen as 95%, 95%, and 10%, respec-
tively. The selection pressure, which is the ratio of the prob-
ability of the most fit member selected as a parent to the
probability of an average member selected as a parent, was set
to 1:1. The annealing parameters of van derWaals and hydrogen
bonding were set to 4.0 and 2.5 Å to allow a few bad bumps and
poor hydrogen bonds at the beginning of a GA run. The “early
termination” option was turned off to allow the continued
docking even though the first three docking solutions were very
similar, with rmsd values less than 1.5 Å. Moreover, analysis of
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various TopoI-inhibitor complex structures revealed impor-
tant hydrogen bonding interactions with Arg364. Therefore,
hydrogen bond constraints with a constraint weight of 10 were
applied to specify that Arg364 should form the H-bond with the
docked compounds. Absence of the hydrogen bonding interac-
tions with Arg364 was penalized by the value of 10 in the
GoldScore function. GoldScore implemented in GOLD was
applied to rank the docked compounds.

Enzyme Inhibition Assay. The enzyme activity was measured
by assessing relaxation of supercoiled pBR322 plasmid DNA.
Test compounds were dissolved in DMSO and were tested at
final concentrations of 500, 100, 50, 10, and 1 μM. The reaction
mixture contained 10� DNA TopoI buffer (2 μL), 0.1% BSA
(2 μL), TopoI (0.5 U), the test compounds (various con-
centrations), pBR322 plasmid DNA (0.25 μg), and distilled
water (varied as needed to bring the final volume to 20 μL) in
a final volume of 20 μL.Reactions were carried out for 15min at
37 �C and then stopped by adding SDS (0.5% final con-
centration). After that, 3.5 μL of 6� loading buffer (0.1 mM
EDTA, 7%glycerol, 0.01%xylene cyanol FF, bromopenol blue
0.01%) was added. Reaction products were electrophoresed on
a 0.8% agarose gel in TAE (Tris-acetate-EDTA) running
buffer at 120 V for 40 min. To visualize the reaction products,
the gel was stained with 0.5 μg/mL ethidiumbromide for 10min.
DNA bands were visualized using a UV transilluminator.

In Vitro Cytotoxicity Assay. One-thousand-two-hundred
cells per well were plated in 96-well plates. After culturing for
24 h, test compounds were added onto triplicate wells with
different concentrations and 0.1% DMSO for control. After
3 days of incubation, 20μLofMTT (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazoliumbromide) solution (5mg/mL)was added
to eachwell, and after the sampleswere shaken for 1min the plate
was incubated further for 4 h. Formazan crystals were dissolved
with 100 μL of DMSO. The absorbance (OD) was quantitated
with microplate spectrophotometer at 570 nm. Wells containing
no drugs were used as blanks for the spectrophotometer. The
survival of the cells was expressed as percentage of untreated
control wells.
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