
lable at ScienceDirect

European Journal of Medicinal Chemistry 112 (2016) 114e129
Contents lists avai
European Journal of Medicinal Chemistry

journal homepage: http: / /www.elsevier .com/locate/ejmech
Research paper
Discovery of antitumor anthra[2,3-b]furan-3-carboxamides:
Optimization of synthesis and evaluation of antitumor properties

Andrey E. Shchekotikhin a, b, *, Lyubov G. Dezhenkova a, Vladimir B. Tsvetkov c, d,
Yuri N. Luzikov a, Yulia L. Volodina e, Victor V. Tatarskiy Jr. e, Anastasia A. Kalinina e,
Michael I. Treshalin a, Helen M. Treshalina e, Vladimir I. Romanenko e,
Dmitry N. Kaluzhny f, Michael Kubbutat g, Dominique Schols h, Yves Pommier i,
Alexander A. Shtil a, e, Maria N. Preobrazhenskaya a, 1

a Gause Institute of New Antibiotics, 11 B. Pirogovskaya Street, Moscow 119021, Russia
b Mendeleyev University of Chemical Technology, 9 Miusskaya Square, Moscow 125190, Russia
c Topchiev Institute of Petrochemical Synthesis, Russian Academy of Sciences, 29 Leninsky Avenue, 119991 Moscow, Russia
d Institute for Physical-Chemical Medicine, 1A M. Pirogovskaya Street, Moscow 119435, Russia
e Federal State Budgetary Scientific Institution «N.N. Blokhin Cancer Research Center» of the Ministry of Health of the Russian Federation, 24 Kashirskoye
Shosse, Moscow 115478, Russia
f Engelhardt Institute of Molecular Biology, Russian Academy of Sciences, 32 Vavilov Street, Moscow 119991, Russia
g ProQinase GmbH, Breisacher Str. 117, 79106 Freiburg, Germany
h Rega Institute for Medical Research, KU Leuven, 3000 Leuven, Belgium
i Developmental Therapeutics Branch, National Cancer Institute, NIH, 37 Convent Drive, 37-5068, Bethesda, MD 20892, USA
a r t i c l e i n f o

Article history:
Received 30 October 2015
Received in revised form
27 January 2016
Accepted 28 January 2016
Available online 4 February 2016
We dedicate this work to the memory of
Professor Maria N. Preobrazhenskaya, the
eminent scholar in bioorganic and medici-
nal chemistry.

Keywords:
Anthra[2,3-b]furan-3-carboxamides
DNA ligands
Topoisomerase inhibitors
Protein kinase inhibitors
Cytotoxicity
Circumvention of multidrug resistance
Antitumor activity
Abbreviations: CDI, 1,10-carbonyldiimidazole
ylcarbodiimide; EDC, 1-ethyl-3-(3-dimethylaminopro
rescein isothiocyanate; PyBOP, benzotriazol-1-yl-ox
hexafluorophosphate; HATU, 1-[bis(dimethylamino)
[4,5-b]pyridinium 3-oxide hexafluorophosphate; PI,
(benzotriazol-1-yl)-N,N,N0 ,N0-tetramethyluronium tetr
* Corresponding author. Gause Institute of New A

Street, Moscow 119021, Russia.
E-mail address: shchekotikhin@mail.ru (A.E. Shch

1 Deceased author.

http://dx.doi.org/10.1016/j.ejmech.2016.01.050
0223-5234/© 2016 Elsevier Masson SAS. All rights re
a b s t r a c t

Anthraquinones and their analogues, in particular heteroarene-fused anthracendiones, are prospective
scaffolds for new compounds with improved antitumor characteristics. We herein report the use of a
‘scaffold hopping’ approach for the replacement of the core structure in the previously discovered hit
compound naphtho[2,3-f]indole-5,10-dione 2 with an alternative anthra[2,3-b]furan-5,10-dione scaffold.
Among 13 newly synthesized derivatives the majority of 4,11-dihydroxy-2-methyl-5,10-dioxoanthra[2,3-b]
furan-3-carboxamides demonstrated a high antiproliferative potency against a panel of wild type and drug
resistant tumor cell lines, a property superior over the reference drug doxorubicin or lead naphtho[2,3-f]
indole-5,10-dione 2. At lowmicromolar concentrations the selected derivative of (R)-3-aminopyrrolidine 3c
and its stereoisomer (S)-3-aminopyrrolidine 3d caused an apoptotic cell death preceded by an arrest in the
G2/M phase. Studies of intracellular targets showed that 3c and 3d formed stable intercalative complexes
with the duplex DNA as determined by spectral analysis andmolecular docking. Both 3c and 3d attenuated
topoisomerase 1 and 2 mediated unwinding of the supercoiled DNA via a mechanism different from con-
ventional DNA-enzyme tertiary complex formation. Furthermore, 3d decreased the activity of selected
human protein kinases in vitro, indicating multiple targeting by the new chemotype. Finally, 3d demon-
strated an antitumor activity in a model of murine intraperitoneally transplanted P388 leukemia, achieving
the increase of animal life span up to 262% at tolerable doses. Altogether, the ‘scaffold hopping’ demon-
strated its productivity for obtaining new perspective antitumor drug candidates.

© 2016 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Along with the advance of targeted anticancer therapy, the
anthracycline antibiotics and their synthetic analogues remain
highly effective drugs applicable in many chemotherapeutic
schedules [1]. However, the clinical use of these drugs including the
‘gold standard’ doxorubicin 1 (Fig. 1) is frequently limited by organ
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toxicity (mostly heart and bone marrow) and altered drug
response. Therefore, studies of new anthracyclines and their ana-
logues with improved chemotherapeutic properties are underway
[2]. Next generations of anthracycline based drug candidates have
been evaluated in preclinical or clinical studies [3e7].

A variety of chemical modifications have been performed to
identify the compounds with defined intracellular targets,
decreased general toxicity and circumvention of drug resistance.
The most important structural moiety responsible for therapeutic
properties of anthracyclines is the аnthraquinone core. Therefore,
аnthraquinones and their analogues are widely used as scaffolds for
the design of anticancer drug candidates. Previously we have
identified a high potential of hydroxy and amino derivatives of
linear hetareneanthracendiones. In particular, a series of pyrrole,
furan and thiophene fused derivatives of anthracendione that
target duplex or quadruplex DNA, have been designed and evalu-
ated [8e10]. 3-Aminomethylnaphtho[2,3-f]indole-5,10-diones
with cyclic diamines in the side chain demonstrated a potent in-
hibition of DNA modifying enzymes topoisomerases 1 and 2 (Top1,
Top2) and a high cytotoxicity against wild type and drug resistant
tumor cell lines [11,12]. The selected compound 2 (Fig. 1) demon-
strated a superior cytotoxicity than the reference drug 1 against
mammalian tumor cell lines with determinants of altered drug
response (such as Pgp expression or p53 inactivation) as well as
promising therapeutic efficacy in vivo [12]. However, further
development of 3-aminomethylnaphtho[2,3-f]indole-5,10-diones
is limited by a multistep procedure of synthesis.

In search for more accessible analogues we focused on the core
structure replacement (‘scaffold hopping’) [13]. Our previous
studies identified two important moieties of 3-
aminomethylnaphtho[2,3-f]indole-5,10-diones, namely, a cyclic
diamine as a side chain in the position 3 (3-aminopyrrolidine res-
idue in 2) and hydroxyl groups in the peri-position (4, 11) in the
quinone fragment of the core structure. Removal or modifications
of these moieties decreased the antiproliferative potency of naph-
tho[2,3-f]indole-5,10-diones. Based on these results, the ‘scaffold
hopping’ approach was employed to obtain new
hetarenanthracenediones.

In this study we replaced the core structure of naphtho[2,3-f]
indole-5,10-dione 2 with an alternative anthra[2,3-b]furan-5,10-
dione scaffold (Fig. 2) and analyzed the properties of new com-
pounds as antitumor drug candidates. Given its accessibility and
potential for diversification, 4,11-dihydroxy-2-methyl-5,10-
dioxoanthra[2,3-b]furan-3-carboxylic acid can be considered an
attractive scaffold. Transformation of this acid into the amides
bearing cyclic diamine residues yielded anthra[2,3-b]furan-3-
carboxamides highly similar to 3-aminomethylnaphtho[2,3-f]
indole-5,10-diones. We hypothesized that compounds with this
Fig. 1. Structures of doxorubicin (1) and le
scaffold retain the major properties critical for cytotoxicity of an-
thraquinones, i.e., the ability to bind to the double stranded DNA
and inhibit topoisomerases. Additionally, the scaffold hopping led
to the modification of the methylene spacer in 3-
aminomethylnaphtho[2,3-f]indole-5,10-diones into the carbox-
amide group at the appropriate position on the new scaffolds
(Fig. 2), providing an opportunity for drug binding to intracellular
targets.

The ‘scaffold hopping’ drug design strategy helped to identify a
new class of potential antitumor agents with the accessible scaffold.
The naphtho[2,3-f]indole-5,10-dione 2was synthesized via a linear
scheme that included 11 stages whereas the analogues 3aem based
on anthra[2,3-b]furan-5,10-dione scaffold can be obtained in 4e5
steps starting from commercially available quinizarine.

Presented herein is the design, synthesis and antitumor char-
acteristics of a newclass of antitumor agents based on anthra[2,3-b]
furan-3-carboxamides with cyclic diamine moieties attached to
carboxamide function. The combination of synthetic methods with
‘scaffold hopping’ approach led to the discovery of 3d with
improved properties in vitro and in vivo.
2. Results and discussion

2.1. Chemistry

At the initial step of synthesis of a new series of 4,11-dihydroxy-
2-methyl-5,10-dioxoanthra[2,3-b]furan-3-carboxamides, the start-
ing anthra[2,3-b]furan-3-carboxylic acid was obtained. According
to the method of preparation of 4,11-dihydroxy-2-methyl-5,10-
dioxoanthra[2,3-b]furan-3-carboxylic acid (6) [14], the condensa-
tion of ethyl acetoacetate with 1,4-hydroxy-2,3-
dichloroanthraquinone (4a) led to ethyl 4,11-dihydroxy-2-methyl-
5,10-dioxoanthra[2,3-b]furan-3-carboxylate (5a, Scheme 1). The
ester 5a is rather stable to alkaline or acidic hydrolysis, so for its
cleavage to anthra[2,3-b]furan-3-carboxylic acid 6 a severe heating
in concentrated sulphuric acid was used. With this method the
efficacy of synthesis of 6 was limited. Mainly, we achieved only
38e42% yield of 5a compared to 58% in the original procedure [14].
Furthermore, the harsh conditions, big consumption of sulphuric
acid for hydrolysis of 5a, and an insufficient purity of the target acid
6 were disadvantageous.

Therefore, for preparative synthesis of 6 we modified the re-
ported procedure. For heterocyclization we used a more reactive
2,3-dibromoquinizarine 4b [15] and tert-butyl acetoacetate. The
addition of the base into the reaction mixture at 120e125 �C
increased the yield of 5b and improved its purity by reducing the
formation of tar and angular by-products of heterocyclization. This
optimization elevated the yield of tert-butyl ester 5b up to 68% and
ad naphtho [2,3-f]indole-5,10-dione 2.



Fig. 2. ‘Scaffold hopping’: from 3-aminomethyl-4,11-dihydroxynaphtho [2,3-f]indole-5,10-dione 2 to 4,11-dihydroxy-2-methyl-5,10-dioxoanthra [2,3-b]furan-3-carboxamides
3aem.

Scheme 1. Synthesis of 4,11-dihydroxy-2-methyl-5,10-dioxoanthra [2,3-b]furan-3-carboxylic acid (6). Reagents and conditions: (a) ethyl acetoacetate, K2CO3, DMSO, 125 �C, 1.5 h,
35% 5a from 4a; (b) tert-butyl acetoacetate, K2CO3, DMSO, 125 �C, 15 min, 68% 5b from 4b; (c) H2SO4, 110 �C, 1 h, 84% 6 from 5a (d) trifluoroacetic acid, CHCl3, RT, 2 h, 97% 6 from 5b.
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simplified its isolation and purification. Cleavage of tertiary ester 5b
proceeded easier than of ethyl ester 5a, so a weak acid can be used
for hydrolysis. Thus, treatment of 5b with trifluoroacetic acid gave
anthra[2,3-b]furan-3-carboxylic acid 6 in a quantitative yield with
high purity.

For transformation of 6 into anthra[2,3-b]furan-3-
carboxamides, we tested various methods of activation of the
carboxyl group, including treatment with CDI, carbodiimides DCC
or EDC and condensing agents PyBOP, HATU and TBTU. These
methods yielded too small amounts of carboxamide (5e25%). The
most efficient approach to activate the carboxyl group in 6 was the
transformation into acyl chloride 7 by treatment with thionyl
chloride in refluxing benzene (Scheme 2). Compound 7 was un-
stable during storage, although treatment of freshly prepared 7
with amines gave the corresponding carboxamides in high yields.
To obtain anthra[2,3-b]furan-3-carboxamides 3aek the corre-
sponding mono-Boc protected cyclic diamines were used. Inter-
mediate Boc-carboxamides were purified by column
chromatography and converted into target derivatives 3aek in a
good yield (59e76%). Initially, a 3 M solution of HCl in methanol
was used for deprotection; however, the resulting hydrochlorides
were poorly soluble in water. Therefore, methanesulphonic acid
was used for deprotection and the resultingmethanesulphonates of
anthra[2,3-b]furan-3-carboxamides 3aek showed a better water
solubility. The carboxamides 3l,mwith the tertiary amino group in
the side chainwere obtained by acylation of methylpiperazine or 3-
aminoquinuclidine and converted into water soluble mesylates.

The target compounds 3aem were further purified by chro-
matography and re-precipitation of their mesylate salts. The puri-
fied compounds were used for analytical and biological studies. The
analytical and spectroscopic data of 3aem were in full accordance
with assigned structures. Of note, significant dynamic changes
were observed in NMR spectra of 3aem. Thus, at room temperature
in 1H NMR spectrum of 3d the signals of the chromophore were
slightly broadened; for diamine residues a double set of broadened
signals was observed (Fig. S1). In 13C NMR spectra of anthra[2,3-b]
furan-3-carboxamides at room temperature the signals of carbon
atoms of the chromophore frequently duplicated. The signals of C
atoms of diamine residues were significantly broadened (Fig. S2).
The signals in 1H and 13C NMR spectra were liable for shifting and
exhibited a coalescence behavior in the temperature range
105e130 �C (Figs. S1eS2). At 107 �C the pairs of the signals of C
atoms of the aromatic part of 3d in 13C NMR spectra coalesced in
one accidental signal. These changes were accompanied by a
decreased width of signals of the diamine moiety whose C atoms
were observed as duplicated signals even at 135 �C. Dynamic
changes of anthra[2,3-b]furan-3-carboxamides can be explained by
hampered conformational interconversions of the diamine moiety
due to rotational barriers in the carboxamide spacer attached to the
chromophore's side chain. In 3aef, j, k, m bearing asymmetrical
diamines in the side chains the barrier to COeN rotation in amides
[16] can lead to the formation of geometrical isomers (E/Z)
conversable into each other (Scheme 3).

This explanation fits the observed duplication of signals of car-
bon atoms in 13C NMR spectra of anthra[2,3-b]furan-3-
carboxamides at low temperatures and their coalescence during
heating. Furthermore, in 3aem the rotation of the HeteCON bond
is restricted due to steric hindrance between the carboxamide
moiety and the substituents in positions 2 and 4 (methyl and hy-
droxyl groups). This type of rotation restriction yields atropisomers
in sterically hindered tertiary aromatic amides [17,18]. Thus, NMR
spectroscopy data strongly suggested that anthra[2,3-b]furan-3-
carboxamides 3aef, j, k, m with chiral diamines in their side
chains represent a mixture of E/Z isomers or rotamers able to
reversibly convert into each other.
2.2. Biological testing

2.2.1. Antiproliferative activity
The antiproliferative potency of mesylates of 4,11-dihydroxy-2-



Scheme 2. Synthesis of 4,11-dihydroxy-2-methyl-5,10-dioxoanthra [2,3-b]furan-3-carboxamides 3aem. Reagents and conditions: (a) SOCl2, PhH, reflux, 1 h; (b) HR (N-Boc pro-
tected diamine or diamine), Py, CHCl3, RT, reflux, 5 min; (c) MsOH, CHCl3, RT, 59e76%.

Scheme 3. Conversion of geometrical isomers (E/Z) of 4,11-dihydroxy-2-methyl-5,10-dioxoanthra [2,3-b]furan-3-carboxamide 3d.
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methyl-5,10-dioxoanthra[2,3-b]furan-3-carboxamides 3aem was
tested against a panel of wild type cell lines and isogenic drug
resistant sublines, that is, murine leukemia L1210, human cervical
carcinoma HeLa, К562 myeloid leukemia and its multidrug resis-
tant (MDR), P-glycoprotein (Pgp) expressing K562/4 variant, as well
as human colon carcinoma HCT116 cell line and HCT116p53KO
subline with genetically inactivated p53.

All new compounds (3aem) inhibited tumor cell proliferation
at submicromolar or low micromolar concentrations. The most
potent was the derivative of (S)-3-aminopyrrolidine 3d which
inhibited the proliferation of wild tumor cell lines at sub-
micromolar concentrations. Its antipode 3c was slightly weaker
against the majority of tested cell lines. Their regioisomers 3a,b
were less active against L1210 and Hela but more potent for colon
carcinoma HCТ116. The analogues 3fek,m with 3- amino-
piperidine, 4-aminopiperidine, piperazine and 3-
aminoquinuclidine residues in the side chains largely showed a
lower potency than 3d (Table 1). Their analogue with ternary
amino group (N-methylpiperazine) in the side chain substantially
(10e100 fold) decreased the antiproliferative potency of 3l against
almost all tested tumor cell lines.

The majority of new anthra[2,3-b]furan-3-carboxamides were
cytotoxic for wild type cell lines as well as to their isogenic drug
resistant counterparts. The K562/4 cells express functional Pgp and
are resistant to the Pgp transported drug 1 (resistance indices
RI z 43, Table 1). In contrast, for anthra[2,3-b]furan-3-
carboxamides 3aeh,m and for naphtho[2,3-f]indole-5,10-dione 2
the resistance indices were close to or less than 1. The activity of 3e
and 3hwas even higher against Pgp-positive cells than for parental
K562 counterparts (RI ¼ 0.6 and 0.15, respectively; Table 1). Com-
pounds 3a, cej,m exhibited a similar toxicity for the HCT116p53KO
(p53�/�) subline and the wild type HCT116 cell line (RI ¼ 0.75 and
0.5, respectively) as opposed to a lower sensitivity of HCT116p53KO
subline to doxorubicin (Dox) 1 (RI ¼ 5.0; Table 1).

To evaluate the cytotoxicity of new agents for non-malignant
cells we tested 3c and 3d against hFB-hTERT6 skin fibroblasts.
Both compounds were virtually non-toxic (IC50 > 50 mMafter a 72 h
continuous cell exposure). Moreover, no detectable cytotoxicity of
3c and 3d was observed against donor peripheral blood lympho-
cytes (data not shown). These data further justified an in-depth
investigation of the new perspective chemotype.

Overall, new anthra[2,3-b]furan-3-carboxamides demonstrated
a high antiproliferative potency against tumor cells with two major
determinants of altered drug response, namely, Pgp expression and
p53 inactivation. Thus, scaffold hopping and subsequent optimi-
zation of the structure of the diamine moiety in the side chain of
anthra[2,3-b]furan-3-carboxamides yielded candidates for an in-
depth evaluation as drug candidates.



Table 1
Structure and antiproliferative activity (IC50a) of 4,11-dihydroxy-2-methyl-5,10-dioxoanthra[2,3-b]furan-3-carboxamides 3aem.

O

O

O

HO

HO

R
O

Me

*MsOH

Cmpd R L1210 HeLa К562 К562/4 RIb HCТ116 HCТ116(�/�) RIc

3a H
N

NH

5.4 ± 2.3 9.5 ± 5.9 0.7 ± 0.1 0.75 ± 0.1 1.1 0.3 ± 0.02 0.2 ± 0.1 0.7

3b H
N

NH

6.5 ± 1.2 64 ± 48 0.75 ± 0.1 0.8 ± 0.1 1.1 0.25 ± 0.04 0.5 ± 0.1 2

3c
N

NH2

1.9 ± 1.6 2.1 ± 0.7 1.1 ± 0.15 1.3 ± 0.2 1.2 1.2 ± 0.2 1.3 ± 0.2 1.1

3d
N

NH2

0.6 ± 0.1 0.5 ± 0.1 0.9 ± 0.1 1.4 ± 0.2 1.5 0.8 ± 0.2 0.8 ± 0.2 1

3e

NH
NH

3.0 ± 0.2 3.4 ± 3.0 0.6 ± 0.1 0.35 ± 0.04 0.6 1.6 ± 0.2 1.6 ± 0.2 1

3f
N

NH2

5.6 ± 1.8 1.4 ± 0.7 0.85 ± 0.1 0.7 ± 0.1 0.8 1.5 ± 0.2 1.6 ± 0.2 1.1

3g
NH

H
N

5.1 ± 0.2 11 ± 9 2.7 ± 0.3 4.0 ± 0.5 1.5 1.2 ± 0.1 0.7 ± 0.3 0.6

3h
N NH2

13 ± 10 9.7 ± 7.4 2.1 ± 0.2 0.4 ± 0.06 0.15 2.0 ± 0.2 2.1 ± 0.1 1

3i
N NH

4.1 ± 0.0 3.1 ± 1.3 1.3 ± 0.17 2.8 ± 0.4 2.1 2.3 ± 0.3 2.2 ± 0.3 1.0

3j
N NH

Me

3.7 ± 0.3 0.7 ± 0.1 1.1 ± 0.14 4.8 ± 0.6 4.7 1.6 ± 0.2 1.3 ± 0.2 0.8

3k
N NH

Me

3.7 ± 0.7 0.9 ± 0.4 0.9 ± 0.1 3.0 ± 0.4 3.3 1.3 ± 0.1 3.7 ± 0.5 3.0

3l 82 ± 38 104 ± 57 1.6 ± 0.2 5.9 ± 0.7 3.8 11.5 ± 2 25 ± 3 2.2

3m

N

H
N

2.4 ± 0.7 12 ± 15 0.6 ± 0.08 0.65 ± 0.1 1.1 0.9 ± 0.1 0.8 ± 0.1 0.9

1 e 0.4 ± 0.1 ntd 0.1 ± 0.03 4.3 ± 0.52 43 0.1 ± 0.03 0.5 ± 0.1 5.0
2 e 0.07 ± 0.02 ntd 0.4 ± 0.1 0.4 ± 0.06 1.0 1.6 ± 0.4 1.2 ± 0.1 0.7

Compounds 1 and 2 were used as reference agents.
a IC50, mM (mean ±S.D. of 3 experiments).
b RI, resistance index: IC50(K562/4)/IC50(K562).
c RI, resistance index: IC50(HCT116p53KO)/IC50(HCT116).
d Not tested.
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2.2.2. Intracellular accumulation in wild type and Pgp-expressing
cells

Based on the screening of the antiproliferative potency we
selected 3c and 3d, the compounds differed only in the
configuration of the NH2-substituted carbon in the carboxamide
ring. These stereoisomers were highly potent against parental and
drug resistant tumor cells; however, 3d was more active (Table 1).
To address the question of whether Pgp efflux can be circumvented
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by 3c and 3d, we analyzed the time course of intracellular accu-
mulation of these agents in K562 and K562/4 cells. As shown in
Fig. 3, the reference drug Dox (1) readily accumulated in K562 cells
after 1 h; by 24 h of exposure the cell associated fluorescence
increased significantly whereas the brightness of Pgp-positive
K562/4 cells increased to a much lesser extent. In contrast, fluo-
rescence of K562 and K562/4 cells loaded with 3c or 3d increased
similarly over time (Fig. 3). These results suggested that 3c or 3d are
weaker substrates for Pgp mediated transport than 1, the drug used
for selection of K562/4 subline. In other words, selection for sur-
vival in the presence of 1 conferred a PgpmediatedMDR phenotype
but no cross-resistance to 3c or 3d.
2.2.3. Cell cycle distribution and apoptosis
Pgp is not the sole mechanism that can limit the cytotoxicity of

anthraquinone derivatives. As shown in Table 1, HCT116p53KO cells
with genetically inactivated pro-apoptotic p53 were resistant to 1
(RI ¼ 5.0). Advantageously for the new chemotype, the majority of
compounds listed in Table 1 were similarly or even preferentially
toxic for HCT116p53KO subline than for wild type HCT116 cells. The
exceptions were 3b, 3k and 3l (RI � 2); still, 3b and 3kwere potent
at submicromolar or low micromolar concentrations (Table 1). To
address the question of whether our new compounds can alter cell
cycle distribution and cause cell death, we treated HCT116 and
HCT116p53KO cells with 3c or 3d at 1 mM, a concentration com-
parable to IC50. After 24 h of cell exposure the percentage of events
in G2/M phase increased statistically; this effect was paralleled by
an increase of subG1 values and a concomitant decrease of G1 and S
(Fig. 4). The most noticeable changes were detectable by 48 h. The
majority of cells underwent late stages of apoptosis as determined
by the predominance (>70%) of events in subG1. Thus, the arrest in
G2/M preceded DNA fragmentation. Importantly, the time course of
these changes was similar in HCT116 and HCT116p53KO cells;
therefore, the lack of functional p53 did not rescue cells, nor did it
change the sequence of death associated events, that is, G2/M block
followed by DNA degradation (Fig. 4). Treatment of HCT116 and
HCT116p53KO cells with 1 mM 3c resulted in essentially the same
time course of cell cycle changes as treatment with 3d (not shown).

Furthermore, staining with Annexin V-FITC and PI of HCT116
and HCT116p53KO cells exposed to 1 mM 3d showed an increased
percentage of apoptotic (Annexin Vþ/PI�) events by 24 h (Table S1).
The portion of PIþ (late apoptotic or necrotic) cells also increased
statistically although to a lesser degree. By 48 h we observed a
significant elevation of both Annexin Vþ/PI� and Annexin Vþ/PIþ

events, indicating that apoptosis was the predominant mode of cell
death. Importantly, as for cell cycle distribution, no substantial
difference of respective parameters was detected between HCT116
and HCT116p53KO cells (Table S1). Compound 3c caused similar
changes of Annexin V and PI reactivity in both cell lines (not
shown).
Fig. 3. Intracellular accumulation of 3c and 3d in K562 and K562/4 cells. Cells were treated w
immediately analyzed by flow cytometry. Shown are data of one representative experimen
Thus, 3c and 3d emerged as new potent cytotoxic agents for a
variety of mammalian tumor cell lines including those with mo-
lecular determinants of altered drug response, i.e., Pgp expression
or p53 inactivation. These compounds induced apoptosis preceded
by, or concomitant with, G2/M arrest. Considering their perspective
as drug candidates, we examined 3c and 3d for their ability to
interact with tentative intracellular targets such as DNA and protein
kinases, interfere with Top1 and 2 function, and to prolong the life
span of tumor bearing mice.

2.3. Interaction with intracellular targets

2.3.1. Complexes with duplex DNA
Intercalation into the DNA and/or the formation of ternary

complexes between the drug, DNA and topoisomerases are the key
prerequisites of antitumor activity of anthracyclines and their de-
rivatives [19]. The spectrophotometric analysis of interaction of 3c
and 3d with DNA isolated from calf thymus (ctDNA) showed a
decreased (~36%) extinction of the absorption maxima at 483 nm
and a 9 nm bathochromic shift upon the increase of ctDNA con-
centration, reflecting the formation of complexes between each
compound and the duplex DNA (Fig. 5A, C).

Significant changes in fluorescence spectra of 3c and 3d in
complexes with DNA were observed. Similarly to 1, the increase of
DNA concentration led to almost complete quenching of fluores-
cence of 3c and 3d (Fig. 5B, D). These changes can be explained by
intercalation of the chromophores between DNA base pairs.
Furthermore, DNA-ligand complex formation resulted in a sub-
stantially decreased polarity of the medium and the emergence of
stacking interactions between the anthraquinone nucleus and DNA
base pairs.

To build the binding isotherms, the concentration of bound (Cb)
and free (Cf) compoundswere determined by changes of absorption
(ε) at 470 nm using the formulas:

Cb ¼ (ε � εf)/(εb � εf); Cf ¼ C0 � Cb

where C0 is the concentration of compound in solution, εb and εf are
the extinction of bound and free drug.

Average DNA fill is the ratio of bound compound to one DNA
base pair (r ¼ Cb/CDNA). Using the found concentrations the binding
isotherms were generated in Scatchard coordinates (Fig. 6). The
binding constant (Ka) was determined by approximating experi-
mental isotherms with McGhee-von Hippel equation [20]:

r
Cf

¼ Kað1� n$rÞ
�

1� n$r
1� ðn� 1Þ$r

�ðn�1Þ
;

where Ka is the binding constant, r is the average number of bound
ligand molecules per one base pair (r ¼ Cb/CDNA), n is the number of
ith 1 mM of Dox, 3c or 3d for indicated time intervals, washed with ice cold saline and
t out of total three with essentially the same results.



Fig. 4. Cell cycle distribution in HCT116 and HCT116p53KO cells treated with 3d. Values are % events. *p < 0.05 between drug treated and untreated (0 h) groups. Data are
mean ± SD of four independent experiments.

Fig. 5. Changes in absorbance (A, C) and fluorescence (B, D) spectra of 3c and 3d depending on DNA concentration. Concentrations: 3c and 3d 5 mM; ctDNA concentrations (mM, base
pairs) are indicated to the right.
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base pairs bound to one molecule of the ligand (exclusion length).
The dissociation constants KD were calculated as reciprocal of

Ka. The determined binding constant (Ka) parameters of drug-
duplex interaction are presented in Table 2.

Both 3c and its stereoisomer 3d formed stable complexes with
ctDNA at micromolar concentrations. Compound 3d demonstrated
a slightly greater affinity to DNA than 3c, but for both stereoisomers
the binding constants (Ka) were 2e3-fold smaller than for refer-
ence compounds 1 [21] or 2 [12].

To elucidate the mode of interaction with DNA, 3c and 3d were
docked to the duplex (PDB: 2DES) using Molsoft ICM version 3.8.
Because NMR studies suggested a dynamic mixture of E/Z isomers
of the amide bond, for molecular modeling two E/Z isomers of 3c
and 3d were used. Fig. 7 shows that the binding modes of E/Z iso-
mers for 3c and 3d were similar to 1 (complexes of 1 with DNA are
known from crystallographic data) [22]. Similarly to 1, compounds
3c and 3d were anchored within the minor groove of the duplex
[23]. The chromophores intercalated between base pairs G(1)-C(12)
and C(2)-G(11) (intercalation site). The central moiety of the
intercalated chromophore was engaged in extensive stacking in-
teractions with flanking base pairs. This led to the formation of
hydrogen bonds between the ligands' hydroxyl groups and O atoms



Fig. 6. Binding isotherms of 3c and 3d with ctDNA shown as Scatchard plot. Solid
curves are the theoretical fit with McGhee-von Hippel equation.

Table 2
Binding parameters of 3c and 3d with duplex DNA.

Compound Ka, M�1 KD, mМ L, bp

3c 5.0 ± 0.5 � 105 2.0 ± 0.2 1.7 ± 0.2
3d 6.7 ± 1.0 � 105 1.5 ± 0.2 1.9 ± 0.3

Fig. 7. Docking of E� and Z-conformers of 3c and 3d into duplex DNA (ICM; PDB: 2DES). Hyd
was colored depending on hydrophobicity potential. (For interpretation of the references to
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of the furanose rings of the duplex backbone, thereby significantly
stabilizing the complexes. The furan cycle with the side diamine
residues (localized to the minor groove) further stabilized the
complexes by van der Waals and Coulomb's interactions between
the terminal amino group and the phosphate groups of A(3)-T(10)
at the distance 3.8e4.7 Å. Additionally, like the amino group of
the daunosamine residue of 1 [23], in the complexes of (E)-3c and
(E)-3d with DNA the terminal amino groups of the ligands inter-
acted with ‘backside’ carbonyl group of T(10) of the pair next to the
intercalation site (NH… O distance 2.1e2.3 Å). Thus, in general, the
obtained structures of complexes of 3c and 3dwith the DNA duplex
are similar, just slightly depending on geometry of 3-
aminopyrrolidine residue in the side chain of ligands. The calcula-
tion of free binding energy (Table S2) showed similar results of (E)-
3c and (E)-, (Z)-3d (DGsum ~ �5.6 kcal/mol) whereas (Z)-3c formed
somewhat less stable complexes (DGsum ¼ �5.0 kcal/mol). The
docking results are in concert with experimental data that showed
a higher affinity of 3d than of 3c to ctDNA (Table 2). Also, the mo-
lecular modeling confirmed that binding to DNA of anthrafuran-3-
carboxamides can alter the structure of the duplex, the fact
important for understanding the mechanisms of antitumor effects
of these compounds (see below).

2.3.2. Top1 and Top2 inhibition
Given that 3c and 3d are DNA binders, we investigated the

ability of these compounds to interfere with DNA modifying en-
zymes Top1 and 2. Fig. 8A shows that both compounds attenuated
Top1 mediated relaxation of the supercoiled plasmid DNA in a dose
rogen bonds are shown in yellow. The solvent-accessible Conolly surface of the duplex
colour in this figure legend, the reader is referred to the web version of this article.)



Fig. 9. Attenuation of in vitro protein kinase activity by 3d. Values are percent activity
of the respective enzyme incubated in the presence of 1 mM or 10 mM 3d. The enzyme
activity in the absence of 3d was taken as 100%. Shown are data of one out of 3 ex-
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dependent manner. At concentrations �1 mM neither compound
influenced the ability of the enzyme to generate slowly migrating
DNA topoisomers whereas at 5 mM and 10 mM one can observe
faster migrating DNAmolecules. Next, we testedwhether 3c and 3d
induce specific DNA clevage, a mechanism known for Top1 poisons
camptothecin (CPT) and indenoisoquinoline MJeIIIe65 (NSC
706744) [24]. Incubation of Top1 with an oligonucleotide carrying
Top1 cleavage sites [25] in the presence of CPT or MJeIIIe65
resulted in a pattern of bands characteristic for specific Top1 poi-
sons (Fig. 8B). Compound 2 cleaved some but not all these sites. In
contrast, 3c or 3d poorly generated the specific DNA cleavage,
suggesting that Top1 inhibition by 3c and 3d is not associated with
the drug-DNA-enzyme complex formation.

Furthermore, 3c and 3d were similarly potent as Top2 blockers
although this enzyme was attenuated to a lesser extent: even at
40 mM a certain amount of relaxed plasmid DNA was detectable
(Fig. 8C, bottom panel). In this assay etoposide (VP16) was signifi-
cantly less potent than 3c or 3d: even at 200 mM of VP16 the DNA
remained largely unwound. Thus, a dual Top1/2 inhibitory activity
was attributed to the newly synthesized chemotype.
periments with similar results. Aur B, Aur C: Aurora B or Aurora C protein kinase,
respectively.
2.3.3. Modulation of protein kinase activity
Protein kinases, the key regulators of a plethora of important

processes including cell survival in response to chemotherapeutic
drugs [26], can be targets for hydroxyanthraquinones [27e29]. In
in vitro kinase assays our new heterocyclic anthraquinone deriva-
tive 3d attenuated only nine out of 364 (2.5%) human protein ki-
nases (screened by ProQinase GMBH; Freiburg, Germany) at
micromolar concentrations (IC50 < 5 mM), suggesting a reasonable
enzyme selectivity. Among down-regulated enzymes were serine/
threonine protein kinases Aurora B and C, kinases of mitogen
activated cascades MKNK1 and MAP3K7/MAP3K7IP1, pro-
proliferative/anti-apoptotic Pim1 and -3, nuclear receptor kinases
RIPK5, TLK1 and the tyrosine kinase of fibroblast growth factor
receptor with missense mutation FGF-R1 (V561M) (Fig. 9). These
enzymes are mechanistically involved in regulation of cell division
and survival. Although none of the above protein kinases was
completely inhibited by tested concentrations of 3d, the multi-
plicity of attenuated targets can be important for antitumor prop-
erties of this compound.

Attenuation of protein kinase activity was illustrated by simu-
lation of 3d binding to Aurora B (PDB: 4A3F) using Molsoft ICM.
Both E- and Z- conformers of this compound fit well to the ATP
Fig. 8. Effects of 3c and 3d on Top1 and Top2 function. Attenuation of Top1 (A) and Top2 (C
mediated DNA cleavage by 3c and 3d and naphthoindoledione 2. Lanes: 1, DNA alone; 2, þ
concentrations (mM). Numbers on the left and arrows indicate cleavage site positions [25].
binding site of the enzyme (Fig. 10A, B). The complexes were
significantly stabilized by strong hydrophobic interactions (see
DGsurf value in Table S2) as the anthraquinone fragment of 3d
completely immersed into the hydrophobic cavity of the ATP
binding cleft (Fig. 10A, B, S3, S4). Additionally, the complexes can be
stabilized by hydrogen bonds between the functional groups of 3d
and the amino acid residues that form the ATP binding site
(Figs. 10A, B, S4). It should be noted that the complex of Z-isomer
with Aurora B was substantially more stable than the complex
formed by E-isomer (DGsum ¼ �4.49 vs � 3.88 kcal/mol, Table S3).

For both E- and Z-conformations of 3d the carbonyl and hy-
droxyl groups of the chromophore in positions 10 and 11 formed a
hydrogen bond with the elements of peptide bonds of Ala157 and
Pro158 (Figs. S4 A,B). For Z-conformation of 3d a significant
contribution into the complex stabilization was provided by
hydrogen bonds between the amino group of the pyrrolidine
moiety and the functional groups in Gly84 and Glu161, and by the
ionic interaction with carboxylic group of Glu161 (Fig. 10B, S4). The
complex can be further stabilized by a hydrogen bond between the
carbonyl group of the carboxamide moiety in 3d and NH groups in
) mediated plasmid DNA relaxation. DNAsc, supercoiled plasmid conformation. B, Top1
Top1; 3, þ CPT 1 mM; 4, þ MJ-III-65, 1 mM; lanes 5e16, þ 2, 3c and 3d at indicated



Fig. 10. Molecular docking of E-(A) and Z-(B) isomers of 3d into Aurora B (ICM; PDB: 4A3F). The solvent-accessible Conolly surfaces of the enzyme are colored depending on
hydrophobic potential. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Antitumor efficacy of 3c and 3d against murine i.p. transplaned P388 leukemia.

Groupa Dose, mg/kgb MLSc, days T/C, %

Single Total

Control, saline NAd NA 9.7 ± 1.1 100
3c 30 150 11.8 ± 1.1 122

50 250 17.3 ± 0.9 178
3d 30 150 20.8 ± 1.2 214

50 250 6.5 ± 1.3 death from drug toxicity

a n ¼ 6.
b Drugs were administered i.p. daily on days 1e5 after i.p. transplantation of P388

leukemia cells.
c Mean ± S.D.
d NA, not applicable.

Table 4
Life span of mice with i.p. P388 leukemia transplants.

Groupa Dose, mg/kgb MLSc, days T/C, %

Single Total

Control (saline) NAc NAc 9.6 ± 0.5 100c

3d 5 25 13.4 ± 0.4 140d

10 50 16.3 ± 0.1 170d

20 100 21.3 ± 1.2 222d

30 150 24.9 ± 2.1 260d

40 200 25.2 ± 4.3 262d

a n ¼ 11.
b i.p. injections daily on days 1e5 after inoculation of P388 leukemia cells.
c NA, not applicable.
d p < 0.05. Averaged data of four experiments.
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Lys164 or Glu161 located outside of the ATP binding pocket
(Fig. 10A, B, S3, S4). Thus, the docking model of binding to Aurora B
identified the role of individual structural fragments of 3d, espe-
cially the importance of the carboxamide moiety and the stereo-
chemistry of the diamine residue. In contrast, the parental
naphthoindoledione 2 and its regio- and stereoisomers with the
methylene spacer were much weaker inhibitors of Aurora B in vitro
(IC50 ¼ 130e150 mM), further highlighting a critical role of the
carboxamide group in targeting protein kinases by 3d.

Thus, compound 3d is capable of interacting with different
biomacromolecules. This multiplicity is not surprising since struc-
turally close anthraquinone derivatives with modified side chains
have been reported to bind not only to the duplex DNA but to the
complex DNA structures such as guanine quadruplexes [9,10]. The
ability to bind to a variety of important targets, thereby triggering
several death pathways, should be an advantageous property for
the drug candidate.

2.3.4. Antitumor activity in vivo
We tested the antitumor efficacy of stereoisomers 3c and 3d in a

model of i.p. transplanted P388 leukemia as a percent mean life
span (MLS) in treated (T) vs untreated (control, C) groups, T/C. As
minimal criterion of therapeutic efficiency T/C � 125% was used.
MLS in the untrated group was taken as T/C ¼ 100%. These assays
allowed for comparison of therapeutic potencies of new com-
pounds with our previous series of naphthoindolediones [12]. As
shown in Table 3, the effect of 3c at the single dose of 30 mg/kg
daily for 5 days (total dose 150 mg/kg) was close to minimal cri-
terion of therapeutic efficiency T/C ¼ 122% (MLS ¼ 11.8 ± 1.1 days)
while in the untreated group MLS was 9.7 ± 1.1 days. Only with the
single tolerated dose of 50 mg/kg (total 250 mg/kg) we achieved T/
C ¼ 178% (p < 0.05). In striking contrast, the stereoisomer 3d at the
single tolerated dose of 30 mg/kg (total 150 mg/kg) showed a more
pronounced antitumor efficacy (T/C ¼ 214%; p < 0.05). At the single
dose of 50 mg/kg (total 250 mg/kg) 3d was lethally toxic (Table 5),
with the spleen mass decreased down to 40% (average 87 mg vs
142 mg in the control group). Thus, in the 5 days daily regimen 3d
(at the tolerated dose) was more potent than 3c.

A detailed dose response revealed a higher antitumor efficacy of
3d injected i.p. with single doses of 5e40 mg/kg daily for 5 days
(total 25e200mg/kg). Table 4 shows that 3dwith at all tested doses
significantly prolonged the life span of mice bearing i.p. translanted
P388 tumor: T/C ¼ 140e262% (p < 0.05). No signs of general drug
toxicity were registered during or after treatment.
Thus, the strongest antitumor efficacy of 3d was achieved with
the single dose of 30e40mg/kg daily for 5 days (total 150e200mg/
kg; T/C up to 262%). Also, a reasonable effect could be accomplished
with 20 mg/kg daily (total 100 mg/kg), a well tolerated dose that
increased MLS more than twofold. The therapeutic perspective of
3d can be further proved by its advantage over the prototype
naphtho[2,3-f]indole-5,10-dione 2 in a similar treatment schedule
(T/Cmax ¼ 155%, total dose 150 mg/kg for five days [12]).
3. Conclusion

We applied the ‘scaffold hopping’ approach to obtain a new
chemotype, that is, anthra[2,3-b]furan-3-carboxamides as
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perspective antitumor compounds. Our hypothesis was founded on
the known anticancer efficacy of the anthraquinone scaffold pre-
sent in conventional chemotherapeutic drugs such as 1 and its
derivatives. Modifications of the anthraquinone scaffold, in partic-
ular, hetarene fused anthracenediones, have yielded the agents
with improved properties [8e12]. In this report we for the first time
synthesized a series of potently antiproliferative anthra[2,3-b]
furan-3-carboxamides and selected two stereoisomers, 3c and 3d,
for mechanistic studies. Unlike 1, compounds 3c and 3d were
similarly cytotoxic against wild type tumor cells of different tissue
and species origin, and to their isogenic sublines with the de-
terminants of altered drug response such as Pgp or non-functional
p53. Both stereoisomers formed stable complexes with the duplex
DNA and attenuated the DNA dependent enzymes Top1 and Top2
in vitro. Interestingly, the mechanism of Top1 attenuation by 3c and
3d was fundamentally different from that displayed by reference
agents CPT or MJeIIIe65 known to entrap tertiary drug-DNA-
enzyme complexes. Our models of interaction of 3c and 3d with
DNA suggest an interfacial mode of Top1 inhibition [30]. In contrast,
compound 2 can be regarded as a more specific Top1 inhibitor [12];
therefore, scaffold hopping can generate structurally close com-
pounds with substantially different mechanisms and properties.
Along with a lower specificity of Top1 inhibition, compound 2 at
1 mM attenuated this enzyme more potently than compounds 3c
and 3d at 10 mM ([12] and this study).

The ability of 3d to down-regulate a set of human protein ki-
nases in vitro, as well as the virtual models of interaction of 3c and
3d with Aurora B, add protein kinases to the growing list of intra-
cellular targets important for antitumor properties of heteroaren-
fused anthracendeiones. Recently we demonstrated that our
chloroacetamidine derivatives of anthrathiophenedione can bind
not only to the duplex DNA but to guanine quadruplexes, impli-
cating G-quadruplex carrying regulatory regions in the H-Ras
oncogene as a target [9]. We consider the multiplicity of bio-
macromolecules ‘druggable’ by different heteroaren-fused anthra-
cenediones as a therapeutic advantage since a variety of death
signaling pathways would be engaged. It could be that, regardless
of a certain lack of specificity to target or a lesser value of individual
parameters (such as DNA binding constant or intracellular accu-
mulation in case of several anthra[2,3-b]thiophene-5,10-diones
[31]), a compound with reasonable in vivo therapeutic efficacy
and tolerance can be obtained.

Indeed, the scaffold hopping produced a practically valuable
‘property hopping’ that led to the discovery of the potent antitumor
anthra[2,3-b]furan-3-carboxamides available for large-scale prep-
aration. Compound 3d was efficient against the murine intraperi-
toneally transplanted P388 leukemia (an increase of animals' life
span up to 262%). The stereoisomer 3c was less potent in cell cul-
ture and in vivo. Further in-depth development of this novel class is
expected to yield next generations of synthetic anthracycline ana-
logues with improved therapeutic properties.

4. Experimental section

4.1. General methods

NMR spectra of all newly synthesized compounds were recor-
ded on a Varian VXR-400 instrument at 400 MHz (1H NMR) and
100 MHz (13C NMR). Chemical shifts were measured in DMSO-d6 or
CDCl3 using TMS as an internal standard. Analytical TLC was per-
formed on silica gel F254 plates (Merck) and column chromatog-
raphy on Silica Gel Merck 60. Melting points were determined on a
Buchi SMP-20 apparatus and are uncorrected. High resolution mass
spectra were recorded by electron spray ionization on a Bruker
Daltonics microOTOF-QII instrument. UV spectra were recorded on
a Hitachi-U2000 spectrophotometer. HPLC was performed using
Shimadzu Class-VP V6.12SP1 system (GraseSmart RP-18,
6 � 250 mm). Eluents: A, H3PO4 (0.01 M); B, MeCN. All solutions
were evaporated at a reduced pressure on a Buchi-R200 rotary
evaporator at temperature below 50 �C. All products were dried
under vacuum at room temperature. All solvents, chemicals, and
reagents were obtained from Sigma-Aldrich (unless specified
otherwise) and used without purification. The naphtho[2,3-f]
indole-5,10-dione 2 was prepared as described [12]. The purity of
compounds 5, 6, 3aemwas >95% as determined by HPLC analysis.

4.1.1. tert-Butyl 4,11-dihydroxy-2-methyl-5,10-dioxo-5,10-
dihydroanthra [2,3-b]furan-3-carboxylate (5b)

To a stirring mixture of 2,3-dibromoquinizarin 4b [15] (6.4 g,
16mmol) and tert-butyl acetoacetate (9.0 ml, 54 mmol) in dimethyl
sulfoxide (120 ml) the anhydrous potassium carbonate (7.0 g,
50mmol) was carefully added at 120 �C. Themixturewas stirred for
15 min to 125 �C, cooled and poured into vigorously stirredmixture
of water (400 ml) and concd HCl (9 ml). The dark-brown precipitate
was filtered, washedwith water and ethanol (30ml), and dried. The
residue was purified by flash chromatography using hot (boiling)
eluting solvent (toluene-chlorobenzene-ethyl acetate mixture,
3:1:1). The product was crystallized from chlorobenzene to give
62% yield of compound 5b (4.4 g) as a red solid, mp 209e210 �C.
HPLC (LW¼ 260 nm, gradient B 70/ 95% (20min)) tR¼ 25.43min,
purity 98.6%. lmax., EtOH (lgε): 260 (4.4), 449(4.0), 509 (3.9) nm.
nmax: 1715,1622, 1611,1585,1453,1424, 1363, 1325,1307, 1277, 1167,
1128, 1082, 1024, 974 cm�1. 1H NMR (400 MHz, DMSO-d6) d 14.53
(1H, s, OH); 13.87 (1H, s, OH); 8.37 (2H, m, H-6,7); 7.81 (2H, m, H-
8,9); 2.75 (3H, s, Me); 1.65 (9H, s, OBut). HRMS (ESI) calculated for
C22H19O7 [MþH]þ 359.1125, found 395.1133.

4.1.2. 4,11-Dihydroxy-2-methyl-5,10-dioxo-5,10-dihydroanthra
[2,3-b]furan-3-carboxylic acid (6)

To a stirring solution of anthrafurandione 5b (4.0 g, 10 mmol) in
hot chloroform (100 ml) trifluoroacetic acid (15 ml) was added. The
mixture was stirred for 2 h and evaporated. Dichloromethane
(50ml) was added to the residue, themixturewas stirred 5min and
cooled. The precipitate was filtered, washed with dichloromethane
(20 ml) and dried at 90 �C. Red crystals, yield 3.3 g (96%), mp
330e332 �C (mp 299e301 �C [14]). HPLC (LW ¼ 260 nm, gradient B
70/ 95% (30min)) tR¼ 8.2min, purity 99.0%. lmax., EtOH (lgε): 259
(4.4), 481 nm (4.0). nmax: 1792, 1739, 1683, 1650, 1584, 1568, 1454,
1348, 1308, 1251, 1226, 1209,1156, 1126, 1016, 974 cm�1. 1H NMR
(400MHz, DMSO-d6) d 8.19 (2H, m, H-6,7); 7.91 (2H, m, H-8,9); 2.69
(3H, s, Me). HRMS (ESI) calculated for C18H11O7 [MþH]þ 339.0499,
found 339.0504.

4.1.3. 4,11-Dihydroxy-2-methyl-5,10-dioxo-5,10-dihydroanthra
[2,3-b]furan-3-carbonyl chloride (7)

Amixture of acid 6 (0.5 g,1.5mmol) and thionyl chloride (0.6ml,
8.5 mmol) in benzene (50 ml) was vigorously stirred for 1 h and
cooled. The resulting solution was evaporated under vacuum. The
solid residue can be used at the next steps without purification. For
analytical purposes the crude product was recrystallized from
anhydrous benzene to afford 82% of acyl chloride 6 as a red powder
with mp 212e213 �C. 1H NMR (400MHz, CDCl3) d 14.43 (1H, s, OH);
13.73 (1H, s, OH); 8.41 (2H, m, H-6,7); 7.86 (2H, m, H-8,9); 2.88 (3H,
s, Me).

4.1.4. (R)-4,11-Dihydroxy-2-methyl-5,10-dioxo-N-(pyrrolidin-3-yl)-
5,10-dihydroanthra [2,3-b]furan-3-carboxamide methanesulfonate
(3a)

To a stirring mixture of crude acyl chloride 7 (prepared from
acid 6 (500 mg, 1.5 mmol)) in anhydrous chloroform (30 ml) a
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solution of (R)-1-Boc-3-aminopyrrolidine (600 mg, 3.4 mmol) and
pyridine (0.6 ml, 7.0 mmol) in anhydrous chloroform (10 ml) was
added. Themixturewas refluxed for 5min, diluted with chloroform
(20 ml), washed with aqueous solution of HCl (0.3 M), dried and
evaporated. The residue was purified by column chromatography
on a silica gel in chloroformemethanol (10:0/ 10:1). The red solid
obtained after evaporationwas dissolved in hot chloroform (30ml).
Methanesulfonic acid (0.3 ml, 4.6 mmol) was added, the mixture
was stirred overnight and evaporated. The residue was dissolved in
boiling water (5 ml), filtered, the product was precipitated with
acetone-ether mixture (3:1). The red solid was collected by filtra-
tion, washed with acetone, Et2O, n-hexane and dried. The yield of
methanesulfonate 3a was 505 mg (71%) as a red solid, mp
333e335 �C (dec.). HPLC (LW ¼ 260 nm, gradient B 20 / 60%
(30 min)) tR ¼ 20.4 min, purity 97.2%. lmax., EtOH (lgε): 261 (4.4),
480 nm (4.0).nmax: 1651, 1618, 1586, 1457, 1418, 1341, 1301, 1226,
1158, 1038 cm�1. 1H NMR (400MHz, DMSO-d6, 23 �C) d 14.40 (1H, s,
OH); 13.56 (1H, s, OH); 8.84 (3H, br. s, NH, NH2); 8.15 (2H, m, H-6,7);
7.90 (2H, m, H-8,9); 4.53 (1H, m, NCH); 3.53 (1H, m, NCH2); 3.32
(2H, m, NCH2); 3.18 (1H, m, NCH2); 2.64 (3H, s, Me); 2.34 (3H, s,
SMe); 2.25 (1H, m, CH2CH2CH); 2.01 (1H, m, CH2CH2CH). HRMS
(ESI) calculated for C22H19N2O6 [MþH]þ 407.1238, found 407.1224.
Analysis calculated for C22H18N2O6*CH4O3S*2H2O, %: C 51.30, H
4.87, N 5.20. Found, %: 51.45, H 4.75, N 5.10.

4.1.5. (S)-4,11-Dihydroxy-2-methyl-5,10-dioxo-N-(pyrrolidin-3-yl)-
5,10-dihydroanthra [2,3-b]furan-3-carboxamide methanesulfonate
(3b)

This compound was prepared from 6 and (S)-1-Boc-3-
aminopyrrolidine as described for 3a. A red powder, yield 69%,
mp 333e335 �C (dec.). HPLC (LW ¼ 260 nm, gradient B 20 / 60%
(30 min)) tR ¼ 20.5 min, purity 98.8%. lmax., EtOH (lgε): 261 (4.4),
480 nm (4.0). nmax: 1651, 1618, 1586, 1457, 1418, 1341, 1301, 1226,
1158, 1038 cm�1. 1H NMR (400MHz, DMSO-d6, 23 �C) d 14.38 (1H, s,
OH); 13.55 (1H, s, OH); 8.84 (3H, br. s, NH, NH2); 8.15 (2H, m, H-6,7);
7.90 (2H, m, H-8,9); 4.53 (1H, m, NCH); 3.53 (1H, m, NCH2); 3.32
(2H, m, NCH2); 3.18 (1H, m, NCH2); 2.64 (3H, s, Me); 2.34 (3H, s,
SMe); 2.25 (1H, m, CH2CH2CH); 2.01 (1H, m, CH2CH2CH). HRMS
(ESI) calculated for C22H19N2O6 [MþH]þ 407.1238, found 407.1224.
Analysis calculated for C22H18N2O6*CH4O3S*2H2O, %: C 51.30, H
4.87, N 5.20. Found, %: 51.45, H 4.75, N 5.10.

4.1.6. (R)-3-(3-Aminopyrrolidine-1-carbonyl)-4,11-dihydroxy-2-
methylanthra [2,3-b]furan-5,10-dione methanesulfonate (3c)

This compound was prepared from 6 and (R)-3-(Boc-amino)
pyrrolidine as described for 3a. An orange-reddish powder, yield
75%, mp 327e328 �C (dec.). HPLC (LW ¼ 260 nm, gradient B
20 / 60% (30 min)) tR ¼ 17.2 min, purity 99.2%. lmax., EtOH (lgε):
261 (4.4), 479 nm (4.0). nmax: 1615, 1584, 1462, 1419, 1351, 1301,
1166, 1044, 1021, 968 cm�1. 1H NMR (400 MHz, DMSO-d6, 23 �C)
d 13.90 (1H, s, OH); 13.70 (1H, s, OH); 8.26 (2H, m, H-6,7); 8.07 (3H,
br. s, NH3); 7.96 (2H, m, H-8,9); 3.93 (1H, m, NCH2); 3.82 (1H, m,
NCH2); 3.75 (1H, m, NCH); 3.55 (2H, m, NCH2); 2.55 (3H, s, Me);
2.32 (3H, s, SMe); 2.25 (1H, m, CH2CH2CH); 2.00 (1H, m,
CH2CH2CH). 13C NMR (400 MHz, DMSO-d6, 23 �C) d 184.07, 183.94
(C ¼ O); 183.90, 183.91 (C ¼ O); 160.82, 160.72 (NeC ¼ O); 159.03,
158.81 (C); 154.79, 154.64 (C); 147.00 (C); 145.99 (C); 132.20, 132.15
(C); 132.06, 131.98 (C); 124.23, 124.14 (C); 114.76, 114.56 (C); 108.49,
108.39 (C); 107.72, 107.60 (C); 134.52, 134.46 (CH); 134.46, 134.38
(CH); 126.19, 126.11 (CH); 126.01, 125.93 (CH); 50.72, 49.67 (CH);
49.08, 48.57 (CH2); 45.25, 43.57 (CH2); 29.88, 28.23 (CH2); 39.76
(CH3); 12.93 (CH3). HRMS (ESI) calculated for C22H19N2O6 [MþH]þ

407.1238, found 407.1221. Analysis calculated for C22H18N2O6*-
CH4O3S*2H2O, %: C 51.30, H 4.87, N 5.20. Found, %: 51.64, H 4.67, N
5.13.
4.1.7. (S)-3-(3-Aminopyrrolidine-1-carbonyl)-4,11-dihydroxy-2-
methylanthra [2,3-b]furan-5,10-dione methanesulfonate (3d)

This compound was prepared from 6 and (S)-3-(Boc-amino)
pyrrolidine as described for 3a. An orange-reddish powder, yield
74%, mp 327e328 �C (dec.). HPLC (LW ¼ 260 nm, gradient B
20 / 60% (30 min)) tR ¼ 17.2 min, purity 96.9%. lmax., EtOH (lgε):
261 (4.4), 479 nm (4.0). nmax: 1615, 1584, 1462, 1419, 1351, 1301,
1166, 1044, 1021, 968 cm�1. 1H NMR (400 MHz, DMSO-d6, 107 �C)
d 10.13 (3H, br. s, NH3); 8.18 (2H, br. s, H-6,7); 7.87 (2H, br. s, H-8,9);
3.94e3.42 (5H, br. m, CH2NCH2CH); 2.54 (3H, s, Me); 2.41 (3H, s,
SMe); 2.33 (1H, br. s, CH2CH2CH); 2.08 (1H, br. s, CH2CH2CH). 13C
NMR (400 MHz, DMSO-d6, 107 �C) d 183.09 (C ¼ O); 182.90 (C ¼ O);
160.36 (NeC ¼ O); 158.33; 155.48; 147.99; 146.27; 132.27 (2C);
124.18; 114.52; 108.51; 107.73; 133.99 (CH); 133.93 (CH); 125.88
(CH); 125.78 (CH); 50.11, 49.23 (CH); 48.51, 48.35 (CH2); 44.77,
42.94 (CH2); 29.20, 27.86 (CH2); 39.20 (CH3); 12.22 (CH3). HRMS
(ESI) calculated for C22H19N2O6 [MþH]þ 407.1238, found 407.1230.
Analysis calculated for C22H18N2O6*CH4O3S*2H2O, %: C 51.30, H
4.87, N 5.20. Found, %: 51.53, H 4.76, N 5.10.

4.1.8. 4,11-Dihydroxy-2-methyl-5,10-dioxo-N-(piperidin-3-yl)-
5,10-dihydroanthra [2,3-b]furan-3-carboxamide methanesulfonate
(3e)

This compound was prepared from 6 and (R,S)-1-Boc-3-
aminopiperidine as described for 3a. A red powder, yield 71%, mp
314e316 �C (dec.). HPLC (LW ¼ 260 nm, gradient B 20 / 60%
(30 min)) tR ¼ 22.28 min, purity 97.3%. lmax., EtOH (lgε): 261 (4.4),
479 nm (4.0). 1H NMR (400 MHz, DMSO-d6, 23 �C) d 14.55 (1H, br. s,
OH); 13.58 (1H, br. s, OH); 8.68 (3H, br. s, CONH, NH2); 8.15 (2H, m,
H-6,7); 7.89 (2H, br. s, H-8,9); 4.13 (1H, m, CH); 3.40 (1H, m,
(CH2)2N); 3.24 (1H, m, (CH2)2N); 2.89 (2H, m, (CH2)2N); 2.64 (3H, s,
Me); 2.35 (3H, s, SMe); 1.95 (2H, m, CH2); 1.76 (1H, m, CH2); 1.61
(1H, m, CH2). 13C NMR (400 MHz, DMSO-d6, 70 �C) d 182.03 (C¼ O);
181.98 (C ¼ O); 163.13 (NeC ¼ O); 160.29; 157.50; 149.32; 146.64;
132.26; 132.11; 123.49; 114.24; 108.40; 107.70; 134.31 (CH); 134.29
(CH); 126.17 (CH); 126.00 (CH); 45.95 (CH); 43.30 (CH2); 42.84
(CH2); 27.33 (CH2); 20.30 (CH2); 39.40 (CH3); 13.48 (CH3). HRMS
(ESI) calculated for C23H21N2O6 [MþH]þ 421.1394, found 421.1385.

4.1.9. 3-(3-Aminopiperidine-1-carbonyl)-4,11-dihydroxy-2-
methylanthra [2,3-b]furan-5,10-dione methanesulfonate (3f)

This compound was prepared from 6 and (R,S)-3-(Boc-amino)
piperidine as described for 3a. A red powder, yield 73%, mp
331e332 �C �C (dec.). HPLC (LW ¼ 260 nm, gradient B 20 / 60%
(30 min)) tR ¼ 19.18 min, purity 98.1%. lmax., EtOH (lgε): 261 (4.4),
479 nm (4.0). nmax: 1643, 1613, 1581, 1479, 1455,1421, 1346, 1301,
1169, 1048, 1021, 963 cm�1. 1H NMR (400 MHz, DMSO-d6, 23 �C)
d 13.90 (1H, br. s, OH); 13.67 (1H, br. s, OH); 8.25 (2H,m, H-6,7); 8.05
(2H, br. s, NH2); 7.96 (2H, m, H-8,9); 7.73 (1H, d, J ¼ 11.4 Hz, CONH);
4.77e4.51 (1H, m, (CH2)2N); 3.99e3.69 (1H, m, (CH2)2N); 5.50 (1H,
m, CH); 3.20e2.99 (2H, m, (CH2)2N); 2.54 (3H, m, Me); 2.32 (3H, s,
SMe); 2.05e1.85 (2H, m, CH2); 1.59e1.54 (2H, m, CH2). 13C NMR
(400 MHz, DMSO-d6, 90 �C) d 183.19 (C¼ O); 182.98 (C ¼ O); 161.05
(NeC ¼ O); 157.64; 155.48; 148.02; 146.36; 132.33 (2C); 124.60;
113.54; 108.58; 107.80; 134.07 (CH); 134.01 (CH); 125.85 (CH);
125.80 (CH); 48.26, 46.56 (CH); 45.99 (CH2); 43.59, 40.84 (CH2);
27.78, 27.55 (CH2); 22.57, 21.13 (CH2); 39.22 (CH3); 12.14 (CH3).
HRMS (ESI) calculated for C23H21N2O6 [MþH]þ 421.1394, found
421.1390.

4.1.10. 4,11-Dihydroxy-2-methyl-5,10-dioxo-N-(piperidin-4-yl)-
5,10-dihydroanthra [2,3-b]furan-3-carboxamide methanesulfonate
(3g)

This compound was prepared from 6 and 1-Boc-4-
aminopiperidine as described for 3a. A red powder, yield 76%, mp
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332e334 �C �C (dec.). HPLC (LW ¼ 260 nm, gradient B 20 / 60%
(30 min)) tR ¼ 20.62 min, purity 98.0%. lmax., EtOH (lgε): 261 (4.4),
481 nm (4.0). nmax: 3031, 1650, 1617, 1580, 1457, 1354, 1306, 1228,
1159, 1043, 964 cm�1. 1H NMR (400 MHz, DMSO-d6, 23 �C) d 14.62
(1H, br. s, OH); 13.69 (1H, br. s, OH); 8.62 (1H, d, J ¼ 7.1 Hz, CONH);
8.55 (1H, br. s, NH2); 8.33 (1H, br. s, NH2); 8.25 (2H, m, H-6,7); 7.95
(2H, m, H-8,9); 4.11 (1H, m, CH); 3.32 (2H, m, (CH2)2N); 3.12 (2H, m,
(CH2)2N); 2.67 (3H, s, Me); 2.36 (3H, s, SMe); 2.08 (2H, m, CH2); 1.78
(2H, m, CH2). 13C NMR (400 MHz, DMSO-d6, 107 �C) d 182.26
(2C¼ O); 162.64 (NeC¼O); 160.12; 157.62; 149.25; 146.59; 132.19;
132.11; 123.81; 114.76; 108.38; 107.72; 134.44 (2CH); 126.23 (CH);
126.11 (CH); 43.58 (CH); 41.71 (2CH2); 27.55 (2CH2); 39.30 (CH3);
13.44 (CH3). HRMS (ESI) calculated for C23H21N2O6 [MþH]þ

421.1394, found 421.1402.
4.1.11. 3-(4-Aminopiperidine-1-carbonyl)-4,11-dihydroxy-2-
methylanthra [2,3-b]furan-5,10-dione methanesulfonate (3h)

This compound was prepared from 6 and 4-(Boc-amino)piper-
idine as described for 3a. A red powder, yield 70%, mp 335e337 �C
�C (dec.). HPLC (LW ¼ 260 nm, gradient B 20 / 60% (30 min))
tR¼ 17.8min, purity 98.3%. lmax., EtOH (lgε): 261 (4.4), 479 nm (4.0).
1H NMR (400 MHz, DMSO-d6, 23 �C) d 13.80 (1H, br. s, OH); 13.46
(1H, br. s, OH); 8.28 (2H, br. s, H-6,7); 7.97 (2H, br. s, H-8,9); 7.91
(3H, br. s, NH3); 4.62 (1H, d, J ¼ 13.4 Hz, CH); 3.64 (1H, m,
CON(CH2)2); 3.40 (1H, t, J ¼ 14.0 Hz, CON(CH2)2); 3.18 (1H, m,
CON(CH2)2); 2.91 (1H, t, J ¼ 10.0 Hz, CON(CH2)2); 2.54 (3H, s, Me);
2.32 (3H, s, SMe); 2.05 (1H, m, CH2); 1.80 (1H, m, CH2); 1.64e1.36
(2H, m, CH2). HRMS (ESI) calculated for C23H21N2O6 [MþH]þ

421.1394, found 421.1399.
4.1.12. 4,11-Dihydroxy-2-methyl-3-(piperazine-1-carbonyl)anthra
[2,3-b]furan-5,10-dione methanesulfonate (3i)

This compound was prepared from 6 and 1-Boc-piperazine as
described for 3a. A red powder, yield 71%, mp > 350 �C (dec.). HPLC
(LW ¼ 260 nm, gradient B 20/ 60% (30 min)) tR ¼ 18.1 min, purity
99.2%. lmax., EtOH (lgε): 261 (4.4), 479 nm (4.0). nmax: 1642, 1613,
1577, 1477, 1420, 1380, 1307, 1183, 1041, 1023, 1006, 968 cm�1. 1H
NMR (400 MHz, DMSO-d6, 23 �C) d 13.77 (2H, br. s, OH); 8.85 (2H,
br. s, NH2); 8.24 (2H, m, H-6,7); 7.94 (2H, m, H-8,9); 3.95 (1H, m,
CON(CH2)2); 3.83 (1H, m, CON(CH2)2); 3.56 (2H, m, CON(CH2)2);
3.25 (2H, m, (CH2)2N); 3.10 (1H, m, (CH2)2N); 3.05 (1H, m, (CH2)2N);
2.54 (3H, s, Me); 2.33 (3H, s, SMe). 13C NMR (400 MHz, DMSO-d6,
70 �C) d 184.22 (C ¼ O); 184.05 (C ¼ O); 161.13 (NeC ¼ O); 158.85;
154.88; 147.55; 146.47; 132.73; 132.68; 124.40; 112.93; 108.98;
108.21; 134.58 (CH); 134.55 (CH); 128.36 (CH); 126.30 (CH); 43.09
(CH2); 42.74 (CH2); 42.55 (CH2); 39.26 (CH3); 38.22 (CH2); 12.52
(CH3). HRMS (ESI) calculated for C22H19N2O6 [MþH]þ 407.1238,
found 407.1224.
4.1.13. 4,11-Dihydroxy-2-methyl-3-(2-methylpiperazine-1-
carbonyl)anthra [2,3-b]furan-5,10-dione methanesulfonate (3j)

This compound was prepared from 6 and 1-Boc-3-
methylpiperazine as described for 3a. A red powder, yield 69%,
mp 345e347 �C (dec.). HPLC (LW ¼ 260 nm, gradient B 20 / 60%
(30 min)) tR ¼ 19.2 min, purity 95.3%. lmax., EtOH (lgε): 261 (4.4),
479 nm (4.0). 1H NMR (400 MHz, DMSO-d6, 23 �C) d 13.80 (2H, br. s,
OH); 9.13 (2H, br. s, NH2); 8.28 (2H, m, H-6,7); 7.98 (2H, m, H-8,9);
5.01 (1H, m, CONCH2); 4.57 (1H, m, CONCH2); 4.15e4.08 (1H, m,
CONCH); 3.61e3.46 (2H, m, (CH2)2N); 3.25e3.09 (2H, m, (CH2)2N);
2.55, 2.52 (3H, s, Me); 2.33 (3H, s, SMe); 1.40, 1.23 (3H, m, Me).
HRMS (ESI) calculated for C23H21N2O6 [MþH]þ 421.1394, found
421.1383.
4.1.14. 4,11-Dihydroxy-2-methyl-3-(3-methylpiperazine-1-
carbonyl)anthra [2,3-b]furan-5,10-dione methanesulfonate (3k)

This compound was prepared from 6 and 1-Boc-2-
methylpiperazine as described for 3a. A red powder, yield 73%,
mp > 350 �C (dec.). HPLC (LW ¼ 260 nm, gradient B 20 / 60%
(30 min)) tR ¼ 19.1 min, purity 96.3%. lmax., EtOH (lgε): 261 (4.4),
479 nm (4.0). 1H NMR (400 MHz, DMSO-d6, 23 �C) d 13.79 (2H, br. s,
OH); 8.89 (2H, br. s, NH2); 8.24 (2H, m, H-6,7); 7.93 (2H, m, H-8,9);
4.62e4.43 (1H, m, CON(CH2)2); 3.77e3.66 (1H, m, CON(CH2)2);
3.45e3.39 (2H, m, CON(CH2)2); 3.20e3.05 (3H, m, CHNCH2); 2.55,
2.51 (3H, s, Me); 2.34 (3H, s, SMe); 1.32, 1.08 (3H, d, J ¼ 6.6 Hz, Me).
HRMS (ESI) calculated for C23H21N2O6 [MþH]þ 421.1394, found
421.1383.

4.1.15. 4,11-Dihydroxy-2-methyl-3-(4-methylpiperazine-1-
carbonyl)anthra [2,3-b]furan-5,10-dione methanesulfonate (3l)

To a stirring mixture of crude acyl chloride 6 (prepared from
acid 5 (100 mg, 0.3 mmol)) in anhydrous chloroform (10 ml) a so-
lution of N-methylpiperazine (100 mg, 0.1 mmol)) and pyridine
(0.1 ml, 1.1 mmol) in anhydrous chloroform (5 ml) was added. The
mixture was refluxed for 5 min, diluted with chloroform (20 ml),
washed with water, dried and evaporated. The residue was purified
by column chromatography on a silica gel using chloroform-
methanol-water-formic acid miхture (10:0:0:0 / 10:3:1:0.2) as
an eluting solvent. The red solid obtained after evaporation was
dissolved in the mixture of hot water (2 ml) and methane sulfonic
acid (0.3 ml, 4.6 mmol). The solution was filtered, the product was
precipitated with acetone-ether mixture (3:1). The red solid was
collected by filtration, successively washed with acetone, Et2O, n-
hexane and dried. The yield of methanesulfonate 3l was 98 mg
(68%) as a red solid, mp > 309e312 �C (dec.). HPLC (LW ¼ 260 nm,
gradient B 20 / 60% (30 min)) tR ¼ 18.8 min, purity 97.1%. lmax.,
EtOH (lgε): 261 (4.4), 479 nm (4.0). 1H NMR (400 MHz, DMSO-d6,
23 �C) d 13.94 (1H, br. s, OH); 13.69 (1H, s, OH); 9.76 (1H, br. s, NH);
8.30 (2H, m, H-6,7); 7.97 (2H, m, H-8,9); 4.66 (1H, m, CON(CH2)2);
3.81 (1H, br. s, CON(CH2)2); 3.55 (1H, br. s, CON(CH2)2); 3.44 (1H, br.
s, CON(CH2)2); 3.15 (4H, br. s, (CH2)2N); 2.88 (3H, s, NMe); 2.54 (3H,
s, Me); 2.31 (3H, s, SMe). HRMS (ESI) calculated for C23H21N2O6
[MþH]þ 421.1394, found 421.1405.

4.1.16. 4,11-Dihydroxy-2-methyl-5,10-dioxo-N-(quinuclidin-3-yl)-
5,10-dihydroanthra [2,3-b]furan-3-carboxamide methanesulfonate
(3m)

This compound was prepared from 6 and 3-aminoquinuclidine
hydrochloride as described for 3l. A red powder, yield 59%, mp
266e267 �C (dec.). HPLC (LW ¼ 260 nm, gradient B 20 / 60%
(30 min)) tR ¼ 22.7 min, purity 97.5%. lmax., EtOH (lgε): 261 (4.4),
481 nm (4.0). nmax: 3528, 1658, 1616, 1575, 1461, 1350, 1304, 1220,
1150, 1038, 970 cm�1. 1H NMR (400 MHz, DMSO-d6, 23 �C) d 13.67
(2H, br. s, OH); 9.49 (1H, br. s, NH); 8.98 (1H, d, J ¼ 6.0 Hz, NH); 8.21
(2H, m, H-6,7); 7.94 (2H, m, H-8,9); 4.33 (1H, br. s, NCH); 3.76 (1H, t,
J ¼ 11.7 Hz, (CH2)3N); 3.32 (4H, br. s, (CH2)3N); 3.11 (1H, m,
(CH2)3N); 2.66 (3H, s, Me); 2.31 (3H, s, SMe); 2.23 (1H, m, CH); 2.12
(1H, m, CH2); 1.96 (2H, m, CH2); 1.83 (1H, m, CH2). HRMS (ESI)
calculated for C25H23N2O6 [MþH]þ 447.1551, found 447.1572.

4.2. Cell culture and cytotoxicity assays

The K562 human leukemia cell line (American Type Culture
Collection; ATCC, Manassas, VA) and its Pgp-positive subline K562/
4 [32] selected for survival in the continuous presence of Dox, the
HCT116 colon carcinoma cell line (ATCC) with wild type p53 and
the HCT116p53KO subline (both p53 alleles deleted [33]; generated
in B.Vogelstein lab, Johns Hopkins University, Baltimore, MD) were
cultured in Dulbecco modified Eagle's medium supplemented with
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5% fetal calf serum (HyClone, Logan, UT), 2 mM L-glutamine, 100 U/
ml penicillin, and 100 mg/ml streptomycin. The murine leukemia
L1210 and human T-lymphocyte Molt4/C8 cell line (ATCC) were
propagated in RPMI-1640 supplemented with 10% fetal calf serum,
0.075% NaHCO3 and 2 mM L-glutamine, 100 U/ml penicillin, and
100 mg/ml streptomycin at 37 �C, 5% CO2 in a humidified atmo-
sphere. The hFB-hTERT6 skin fibroblasts (obtained via a lentiviral
transduction of full-length TERT gene under a CMV promoter
(generated in Engelhardt Institute of Molecular Biology; gift of E.
Dashinimaev) were cultured in Dulbecco modified Eagle's medium
supplemented with 5% fetal calf serum, 2 mM L-glutamine, 100 U/
ml penicillin, and 100 mg/ml streptomycin. Cells in logarithmic
phase of growth were used in the experiments. Newly synthesized
and reference compounds were dissolved in 10% aqueous DMSO as
10 mM stock solutions followed by serial dilutions in water
immediately before experiments. The assays were performed in 96-
well microtiter plates. To each well (5e7.5) � 104 tumor cells and a
given concentration of the tested compound were added. Cells
were allowed to proliferate for 48 h (L1210) or 72 h (all other cell
lines) at 37 �C in a humidified CO2-controlled atmosphere. At the
end of the incubation period, cells were counted in a Coulter
counter. The IC50 was defined as the concentration of the com-
pound that inhibited cell proliferation by 50%. The assessment of
cell viability by MTT test has been reported by us [10]. Cell cycle
distribution and Annexin V-propidium iodide staining were per-
formed as described [34].

4.3. Intracellular drug accumulation assays

The K562 or K562/4 cells (5 � 105 in 3 ml of culture medium)
were treated with 1 mM Dox, 3c or 3d for indicated time intervals,
pelleted, washed with ice cold saline, resuspended in saline on ice
and immediately analyzed by flow cytometry on a BD FACSCanto II
(BD Biosciences, USA) in the PE channel (575/26 nm). Values of MFC
were calculated from cell fluorescence histograms after the acqui-
sition of at least 10,000 single cell events. Background fluorescence
of untreated cells was subtracted from each group. Data were
analyzed using FACSDiva program (BD Biosciences).

4.4. Drug-DNA complex formation

The binding of compounds 3c and 3d to ctDNA was determined
in 100 mM KCl, 10 mM Na phosphate buffer pH 6.0 at 20 �C.
Absorbance spectra were recorded with Jasco V550 spectropho-
tometer (Jasco, Japan). Fluorescence spectra were recorded with
Cary Eclipse fluorescence spectrophotometer (Varian Inc, USA;
excitation 490 nm, emission 500e700 nm). The concentration of
ctDNA (double stranded; moles of bp) was determined in a sodium
phosphate buffered solution at 20 �C using the molar extinction
coefficient ε[ctDNA] ¼ 13200 M(bp)�1 cm�1. Binding constants
were determined by McGee-von Hippel approximation of binding
isoterms in Scatchard coordinates.

4.5. Molecular docking

The 3D models of the ligands were built using SYBYL X1.2 mo-
lecular graphics software package (Tripos Inc., St. Louis, MI). Search
of geometry for the models of ligand conformation with the
smallest energy and calculation of electron density distribution
were performed based on density functional theory (DFT) hybrid
exchange-correlation functional B3LYP (Becke three-parameter
(exchange); Lee, Yang and Parr (correlation)) [35] with basic sets
6-31Gþþ2d,2p. After that, to calculate partial atomic charges,
Natural population analysis (NPA) [36,37] scheme was used. All
quantum mechanics simulations were carried out using Gaussian
09 program [38].
The coordinates for 3D models of targets were taken from PDB:

2DES for DNA and 4A3F for protein. The 3D models of the targets
were created with Molsoft ICM version 3.8e3 [39,40]. During this
process the following procedures were performed: adding
hydrogen atoms and missing a heavy atom in the amino acid side
groups, assignment of atom types and charges from force field
ECEPP/3 [41], estimating the charged state of all His, Asp, Glu, Arg,
Lys, and Cys residues, and the sugar-phosphate backbone in DNA
taking into account pH 7.0, imposition of internal coordinates tree
on the original pdb coordinates, and MM optimization using con-
jugate gradient minimization was done to eliminate minor van der
Waals clashes of atoms.

To define the most probable binding site of ligands on the target
surface, the procedure of flexible ligand docking was performed
with Molsoft ICM. For the docking process 3D models of ligands
were converted into an ICM object. Docking on the protein kinase
surface was carried out in the domain containing the active site and
neighboring amino acids located around a 10 Å radius vicinity. For
both targets a rigid target docking was performed with application
of grid potential. The energy parameters were: EHvw is van der
Waals for carbon probe, ECvw for hydrogen probe, Ehp is hydrophobic
(proportional to the buried hydrophobic surface area), Eel is elec-
trostatic (computed by the Coulomb formula with distance
dependent dielectric constant (4*rij) and partial atomic charges of
the targets were corrected by charge quantity transferred to solvent
and estimated by solving the Poisson equation with application of
boundary element method); Ehb is hydrogen bonding (calculated as
spherical Gaussians centered at the ideal putative donor and/or
acceptor sites). Each aforementioned target was represented by
pre-calculated potential grid maps with 0.5 Å grid step. Search for
possible positions of ligands on the target surface was realized
using biased probability Monte Carlo (BPMC) minimization proce-
dure [42], involving a random change of the positional variables
and intramolecular variables of the ligand followed by local energy
minimization (1000 steps quasi-Newton method) and selection by
the Metropolis criterion. BPMC procedure was performed from
multiple starting points. The energy estimation used during each
BPMC procedure was performed by the formula:

E ¼ EHvw þ ECvw þ 2.16Eel þ 2.53Ehb þ 4.35Ehp þ 0.2Esolv

During each BPMC procedure the solvation energy Esolv, calcu-
lated with application of atomic solvent accessible surfaces (ASA)
model, was added after local energy optimization. For complexes of
the ligand with the protein kinase obtained in the initial rigid body
docking were further refined by optimizing the conformation of
side chain amino acids located in 4 Å radius vicinity of the ligand
with BPMC procedure. At this stage, during each BPMC procedure
the energy was calculated as

E ¼ Eint þ EHvw þ ECvw þ 2.16Eel þ 2.53Ehb þ 4.35Ehp þ 0.2Esolv

The internal energy Eint included internal van der Waals in-
teractions, hydrogen bonding and torsion energy calculated with
ECEPP/3 parameters, and the Coulomb electrostatic energy with
distance dependent dielectric constant (4*rij). Finally, for each
target, the conformational stacks obtained from docking were
sorted by energy, and 100 best conformations were selected for
accurate estimation of energy of binding. From the conformations
obtained in the docking to DNA we selected the ones with the ge-
ometry on the target surface similar to the position of the ligand in
the complex (PDB: 2DES [43]). We used this criteria assuming that
the similarity of structures of ligands should provide similarity of
theways of their binding to DNA. In case of docking into the protein
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kinase surface, in addition to the binding energy, a steric factor (i.e.,
the ability to penetrate into the cavity formed by the active center)
was used as the second criterion. Since the estimation of electro-
static free energy in the docking procedure was rather simple, it
was carried out more rigorously using REBEL method [44]. As the
values of energies of van der Waals interactions and the values of
hydrogen bond energies for individual molecules of targets and
ligands and for the target-ligand complexes are close in aqueous
environment, for estimation of binding energy (in case of DNA) the
sum of electrostatic and hydrophobic components was used. In case
of the protein kinase, the loss of configurational entropy of the side
chains of amino acid residues was added to this sum. The hydro-
phobic component was calculated as a product of the total solvent
accessible area by the surface tension parameter (0.012 kcal/
(mol*Å2). According to recommendations of ICM developers, the
dielectric constants of the targets, the ligands and the complexes
were taken as 12.7; the respective parameter for implicit water was
78.5. Graphical representation and calculation of hydrophobic po-
tential partition on the surface of targets were performed with
SYBYL X 1.2.

4.6. Top1/Top2 DNA relaxation assays and Top1 mediated DNA
cleavage reactions

One or two units of purified Top1 (Promega, USA) were incu-
bated with 250 ng of supercoiled pBR322 plasmid DNA (Fermentas,
Lithuania) in the buffer (35 mM Tris-HCl, pH 8.0; 72 mM KCl, 5 mM
MgCl2, 5 mM dithiotreitol, 2 mM spermidine, 100 mg/ml bovine
serum albumin) in the presence of 0.1% DMSO (vehicle control;
Fig. 8A, lane Top1) or tested compounds at 37 �C for 30 min. For
Top2 activity assays, 250 ng of supercoiled pBR322 plasmid and 4
units of purified enzyme (TopoGen, USA) were incubated in the
buffer (50 mM Tris-HCl, рH 8.0; 150 mM NaCl, 10 mM MgCl2,
0.5 mМ dithiothreitol, 30 mg/ml bovine serum albumin, 2 mM ATP)
in the presence of 0.1% DMSO (vehicle control; Fig. 8C, lane Top2) or
tested compounds at 37 �C for 30 min. The reactions were termi-
nated by the addition of sarcosyl (up to 1%). Then proteinase K was
added (final concentration 50 mg/ml), and the reaction mixtures
were incubated for 30 min (Top1) or 15 min (Top2) at 37 �C. DNA
topoisomers were resolved by electrophoresis in 1% agarose gel
(3 h, 70 V) in the buffer containing 40mMTris base,1 mМ EDTA and
30mМ glacial acetic acid. Gels were stainedwith ethidium bromide
after electrophoresis.

DNA cleavage reactions were performed as described [12,45]
with a DNA substrate consisting of a 117 bp oligonucleotide (Inte-
grated DNA Tech.,) encompassing previously identified Top1
cleavage sites in the 161 bp fragment from pBluescript SK(�)
phagemid DNA. The 117 bp oligonucleotide contains a single 50-
cytosine overhang which was 3'end-labeled by fill-in reaction with
[32P]dGTP in React 2 buffer (50mMTris-HCl, pH 8.0,100mMMgCl2,
50 mM NaCl) in the presence of 0.5 units of DNA polymerase I
(Klenow fragment, New England BioLabs). Unincorporated [32P]
dGTP was removed using mini Quick Spin DNA columns (Roche,
Indianapolis, IN). Approximately 2 nM of radiolabeled DNA sub-
stratewas incubatedwith recombinant Top1 in 20 ml of the reaction
buffer (10 mM Tris-HCl pH 7.5, 50 mM KCl, 5 mM MgCl2, 0.1 mM
EDTA, and 15 mg/ml bovine serum albumin) at 25 �C for 20minwith
indicated concentrations of compounds. Reactions were termi-
nated by sodium dodecyl sulphate (0.5% final concentration) fol-
lowed by the addition of two volumes of the loading dye (80%
formamide, 10 mM sodium hydroxide, 1 mM sodium EDTA, 0.1%
xylene cyanol, and 0.1% bromophenol blue). Aliquots of reaction
mixtures were subjected to 20% denaturing polyacrylamide gel
electrophoresis. Gels were dried and visualized with a phos-
phoimager and ImageQuant software (Molecular Dynamics). For
simplicity, cleavage sites were numbered as previously described in
the 161 bp fragment [25].

4.7. In vitro kinase assays

The ability of 3d to influence the activity of human protein ki-
nases was tested by ProQinase GMBH (Freiburg, Germany) ac-
cording to the company's standard protocol (33PanQinase®Activity
Assay). The full panel of tested protein kinases is presented in
Supplement Material.

4.8. Animals and in vivo tumor models

The DBA2 or BDF1[DBA2 x C57Bl6] conventional mice (female,
19e21 g) were bred and supported in the animal department at
FSBSI « N.N.Blokhin Cancer Research Center» of the Ministry of
Health of the Russian Federation. Animals were given food and
water ad libitum. P388 leukemia cells (106 per animal) were
transplanted i.p. according to the published protocol [46]. Com-
pounds 3c, 3d or saline (control) were injected into the peritoneal
cavity of mice (n ¼ 3e11) daily for 5 days starting on day 1 after
tumor inoculation. Animals' weight as well as behavioural and
nutritional habits were monitored daily. The minimal criterion of
therapeutic efficacy for screening was T/C � 125%. Statistical dif-
ference between groups was calculated using Student's t-test.
Values p � 0.05 were considered significant [47].
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