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Summary. A series of new N-functionalized amide derivatives of phenazine-1- and acridone-4-carboxylic acids

were synthesized and tested in vitro as potential topoisomerase I inhibitors. Their tricyclic heteroaromatic cores

with intercalative properties contained carboxamide functions modified with pyridyl and N,N-dimethylamino

groups attached via short linkers. These basic substituents are able to be protonated in water and thus could pro-

vide additional binding interactions of ligands with DNA and/or topoisomerase complex enhancing the inhibitory

activity of compounds. Pyridyl-modified derivatives of both heterocycles were found to inhibit topoisomerase in

vitro at 100 pM concentration, in contrast to non-modified carboxamides which are inactive against the enzyme.

Keywords: topoisomerase I, inhibitors, acridone, phenazine, carboxamides.

Introduction. Topoisomerases are enzymes
catalyzing changes in the topological state of
DNA, ie. the relaxation of supercoiled DNA.
Enzymes of this family resolve torsional strains
imposed on the double helix during DNA repli-
cation. They induce transient breaks in one
(topoisomerase I) or two (topoisomerase IT) DNA
strands to allow the strands to pass through each
other via the formed gap thus relaxing the DNA.
Then cleaved DNA is religated by the enzyme to
restore the normal DNA structure [1, 2].

Topoisomerases are involved in many cellular
processes, including replication, transcription,
recombination and DNA repair. Thus they are
currently considered important biological tar-
gets for the design of novel drugs. Inhibitors of
these enzymes, in particular topoisomerase I
(Topol), often exhibit antibacterial [3, 4] or anti-
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cancer [3, 5, 6] activity. The inhibitory effect of
small molecules is usually associated with their
binding to DNA (via intercalative or minor gro-
ove interactions) or DNA-enzyme complex [3, 6-
9]. Topoisomerase inhibitors are almost exclu-
sively based on polycyclic heteroaromatic scaf-
folds. Among them, numerous acridine [10-14]
and phenazine [15-18] derivatives were reported
as anticancer and antimicrobial agents targeting
topoisomerase 1.

Tricyclic carboxamides containing N-alkyl
and N-aryl substituents are widely used in the
search for antitumor, antibacterial and antiviral
drugs[10, 11, 15-17,19-21]. In general, biological
effect of polycyclic heteroaromatic compounds
depends on their ability to interact with DNA,
RNA or enzymatic complexes participating in
biosynthesis and metabolism of nucleic acids,
including the topoisomerase complex [9, 10, 12,
13, 21]. Important factors influencing the biolo-
gical activity are the nature of amide substi-
tuent and position of carboxamide group in the
core molecule [11, 16, 17]. For example, 2- and
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3-carboxamides of acridone were inactive aga-
inst herpes virus, in contrast to 4-substituted ana-
logs inhibiting topoisomerase [11].

We have found potent antibacterial agents
among N-aryl(hetaryl)-substituted amides of
phenazine-1-carboxylic acid, including the deri-
vatives active against drug-resistant Mycobac-
terium tuberculosis strains [22, 23]. Biological
screening of a series of N-arylamides of acrido-
ne-4-carboxylic acid allowed us to identify com-
pounds active against hepatitis C virus infection
inhibiting transcription and RNA replication [24].
N-pyridyl derivatives of acridone carboxamides
were found to inhibit NS3 helicase [24, 25].

In this work we have significantly extended
the range of N-substituted acridone and phena-
zine carboxamides as potential inhibitors of to-
poisomerase I (and possibly other enzymes of
nucleic acid biosynthesis).

Results and discussion. A series of carboxa-
mide derivatives of acridone and its close struc-
tural analog phenazine were synthesized (Sche-
me 1). Their amide groups were functionalized
with N,N-dimethylamino and pyridyl frag-
ments attached via the alkyl linkers of various
lengths (C1-C3). The introduced functions are
basic and thus can be protonated in water under
physiological conditions to form cationic moie-
ties. Structure design was based on the fact that
the tricyclic heteroaromatic systems of phena-
zine and acridine are known to efficiently inter-
act with DNA by intercalation mechanism [9,

d

26]; the attachment of basic/cationic substitu-
ents could enhance the binding of ligands to to-
poisomerase complex by additional interactions
with either anionic DNA phosphates or acidic
groups within the enzyme molecule. At the same
time, the aromatic pyridyl residues could also
interact with topoisomerase complex via hydro-
phobic mechanism further enhancing the bind-
ing of ligands to their target. Free core heterocy-
cles, i.e. acridone and phenazine, as well as their
non-substituted carboxamides, are inactive aga-
inst Topol, and additional binding interactions
provided by the introduced functional groups
were expected to increase the inhibitory poten-
tial of tricyclic carboxamides.

The set of structures contained N,N-dime-
thylaminoethyl- and -propyl groups and all iso-
meric pyridylmethyl fragments. Several carbo-
xamides of this series were reported previously,
e.g. acridone derivatives 1a and 1d [24]; phena-
zine carboxamides 2a-b were described by Rew-
castle et al. [28], although no synthetic details
and NMR data were presented (melting points
were provided for hydrochlorides). Heterocyclic
carboxamides containing —NHCH,CH,NMe,
pharmacophore residue were extensively stu-
died since N-[2-(dimethylamino)ethyl]carbox-
amide derivatives of phenazine [28], acridine [20,
29] and 9-aminoacridine [19] were identified as
efficient antitumor agents. However, we have
covered a broader spectrum of substituents in-
cluding pyridyl residues to get a library of com-
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pounds allowing the analysis of structure-acti-
vity relationship among the amides of two tri-
cyclic systems, phenazine-1-carboxylic and acri-
done-4-carboxylic acids (PCA and ACA, respec-
tively), functionalized with aliphatic and aroma-
tic basic groups.

The synthesis of N-substituted carboxamides
of nitrogen-containing heterocycles was based
on our previous approach developed for phena-
zine [23] and acridone [24] derivatives. However,
synthesis and purification protocols were opti-
mized to provide better reaction yields. Target
products were obtained by the reaction of chlo-
roanhydrides of acridone-4- and phenazine-1-
carboxylic acids with corresponding amino com-
ponents resulting in the formation of amides
1-2a-e (Scheme 1). Starting ACA and PCA were
synthesized according to previously reported
protocols [24, 27, 28].

The one-pot process consisting of the forma-
tion of acid chloroanhydride followed by its re-
action with amine is technologically convenient
preparative way to a variety of N-functionalized
heterocyclic carboxamides.

The yields of acridone derivatives after crys-
tallization were in the range 43-70 %, except for
compound 1b which was obtained in 28 % yield.
The isolated yields of phenazine analogs were
generally in the same range, although their pu-
rification was more difficult and additional
chromatographic step was sometimes necessary.

All synthesized carboxamide derivatives are
yellow crystalline solids with limited solubility
in alcohols and most other organic solvents.

To evaluate the inhibiting activity of carbox-
amides, they were tested in the in vitro system of
relaxation of supercoiled plasmid DNA by topo-
isomerase I from E. coli. During the enzymatic
reaction supercoiled DNA is transformed into
the relaxed form which is well separated from
the initial DNA in agarose gel electrophoresis.
The inhibitory effect of a compound is reflected
in the decrease of the amount of DNA relaxation
products, as compared to the control reaction
performed without inhibitors (where fully rela-
xed DNA is formed), and in the appearance of
partially relaxed DNA or even its initial form.

Phenazine and acridone derivatives contain-
ing aromatic pyridyl fragments were found to
partially inhibit the enzyme at 100 uM concen-

Rel DNA

SC DNA

1 2 3 4 5

Fig. 1. Agarose gel electrophoresis of in vitro topo-
isomerase reaction products. Lane 1 — supercoiled
plasmid pBR322, lane 2 — control reaction (plas-
mid + Topol), lanes 3-5 — reaction of DNA with
Topol in the presence of compound 2d at concen-
tration 100, 50 and 25 ubl, respectively. Gel was
stained with ethidium bromide. SC DNA — super-
coiled plasmid DNA, Rel DNA — fully relaxed DNA.

tration, whereas their analogs with aliphatic
basic substituents at carboxamide fragment (1,2
a-b) were less efficient under these conditions.
Non-modified carboxamides, ie. heterocycles
with CONH, function, were inactive against
topoisomerase 1.

The effect of o-pyridylmethyl phenazine de-
rivative 2d on topoisomerase activity is shown in
representative Fig. 1. The supercoiled plasmid
(the lowest band in the gel) is relaxed by topo-
isomerase I to form a relaxed DNA (upper band).
The inhibitor decreases the relative amount of
the latter and causes the formation of new bands
in the gel (which typically appear as a ladder or
a smear) below the band of fully relaxed DNA.

Thus, the introduction of basic pyridyl sub-
stituents, significantly increased the inhibitory
activity of carboxamides, and we expect that the
modification of core heterocycles will allow
obtaining more efficient enzyme inhibitors.

Full details of the study of biological activity
of N-functionalized acridone and phenazine car-
boxamides as topoisomerase I inhibitors and
their antiproliferative properties associated
with Topo inhibition will be published in a sepa-
rate communication.

Conclusion. We have developed convenient
one-pot synthetic protocols allowing the prepa-
ration of a range of N-functionalized derivatives
of tricyclic carboxamides. A library of compo-
unds based on two fused heteroaromatic sys-
tems containing aliphatic and aromatic basic
groups was obtained and characterized. Prelimi-
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nary data on biological activity of synthesized
compounds demonstrated that pyridyl-func-
tionalized phenazine and acridone carboxamides
are promising structural scaffolds for the design
of topoisomerase I inhibitors.

Experimental part. Chemical reagents and
solvents were from UkrOrgSynthez (Ukraine),
Fluka (Switzerland) and Acros Organics (Belgi-
um). The solvents were purified and dried by
standard methods. Agarose for electrophoresis,
ethidium bromide, sodium salt of ethylenedi-
amine tetraacetic acid (EDTA) and sodium do-
decylsulfate (SDS) were purchased from Sigma
(USA), topoisomerase I from E. coli and bovine
serum albumin were obtained from New Eng-
land BioLabs (USA), pBR322 plasmid DNA was
from Fermentas (Lithuania). Thin-layer chro-
matography (TLC) was performed on Silica gel
60F,;, plates (Merck, Germany) in solvent sys-
tems CHCl;/MeOH 9:1 (A) and CHCIl;/HOAc/
acetone 10:0.125:0.125 (B). '"H NMR spectra were
recorded on a Mercury-400 spectrometer
(400 MHz, Varian, USA) in DMSO-d; with tetra-
methylsilane as an internal standard; chemical
shifts are given in ppm. Melting points were de-
termined using a Boethius PNMK 05 apparatus
(Nagema, Germany). ACA and PCA were obtai-
ned by established synthetic methods ([27] and
[28], respectively).

9-0x0-9,10-dihydroacridine-4-carboxylic
acid (2-dimethylaminoethyl)-amide (la). ACA
(1.0 mmol, 239 mg) was suspended in dry toluene
(8 ml). Thionyl chloride (1.4 mmol, 0.1 ml) and
dry pyridine (1.4 mmol, 0.12 ml) were added
with stirring and the mixture was kept at room
temperature for 3 h. N,N-dimethylethylene dia-
mine and triethylamine (2.5 mmol each) were
then added to a yellow suspension and stirring
was continued until the reaction was complete
(TLC control in system A). The mixture was eva-
porated in vacuo and the residue was treated
with chloroform (25 ml) and washed with satu-
rated aq. NaHCO, (3x5 ml). Organic layer was
dried over Na,SO: and evaporated to dryness.

The residue was crystallized from acetoni-
trile. Yield 134 mg (43 %), mp 171-172 °C. 'H
NMR: 8 12.61 (brs, 1H, NH), 8.83 (br.s, 1H,
CONH), 8.44 (d, 1H, J=84 Hz, H-Ar), 8.25-8.20
(m, 2H, H-Ar), 7.75-7.68 (m, 1H, H-Ar), 7.60-7.57
(m, 1H, H-Ar), 7.28-7.22 (m, 2H, H-Ar), 347 (m,

2H, NHCH,), 2.55 (t+DMSO, CH,N), 2.27 (s, 6H,
NMe,).
Compounds 1b-e were synthesized by the
above general protocol.
9-0Ox0-9,10-dihydroacridine-4-carboxylic
acid (3-dimethylaminopropyl)-amide (1b). Yield
28 %, mp 158-163 °C (heptane/ethanol). 'H NMR:
612,50 (br.s, 1H, NH), 9.07 (br.t, 1H, CONH), 8.45
(d, 1H, J=8.0 Hz, H-Ar), 8.26-8.20 (m, 2H, H-Ar),
7.75 (m, 2H, H-Ar), 7.36-7.30 (m, 2H, H-Ar), 341
(m, 2H, NHCH,), 2.34 (t, 2H, J=6.8 Hz, CH,N),
2.15 (s, 6H, NMe,), 1.75 (m, 2H, CH,).
9-0Ox0-9,10-dihydroacridine-4-carboxylic
acid (pyridin-2-ylmethyl)-amide (1c). Yield
54 %, mp 219-223 °C (i-PrOH/EtOH) (lit. 211-
214°C [24]). '"H NMR: 6 12.63 (s, 1H, NH), 9.52
(br.t, 1H, CONH), 8.52 (d, 1H, J=4.0 Hz, H-Ar),
8.47(d, 1H,J=8.0 Hz, H-Ar), 8.38 (d, 1H, J=7.2 Hz,
H-Ar), 823 (d, 1H, J=7.6 Hz, H-Ar), 7.76-7.58 (m,
3H,H-Ar), 741 (d, 1H, J=8.0 Hz, H-Ar), 7.33-7.22
(m, 3H, H-Ar), 4.68 (d, 2H, J=5.6 Hz, CH,).
9-0Ox0-9,10-dihydroacridine-4-carboxylic
acid (pyridin-3-ylmethyl)-amide (1d). Yield
48 %, mp 255-259 °C (i-PrOH/EtOH). 1H NMR: §
12.61 (s, 1H, NH), 9.52 (br.t, 1H, CONH), 8.60 (s,
1H, H-Ar), 845 (m, 2H, H-Ar), 8.31 (d, 1H,
J=72Hz, H-Ar), 8.23 (d, 1H, J=7.6 Hz, H-Ar),
7.79 (d, 1H, J=8.0 Hz, H-Ar), 7.67 (m, 1H, H-Ar),
7.60-7.58 (m, 1H, H-Ar), 7.34-7.25 (m, 3H, H-Ar),
4.60 (d, 2H, J=5.6 Hz, CH,).
9-0Ox0-9,10-dihydroacridine-4-carboxylic
acid (pyridin-4-ylmethyl)-amide (le). Yield
70 %, mp 245-248 °C (i-PrOH/EtOH). '"H NMR: §
12.38 (s, 1H, NH), 9.65 (br.s, 1H, CONH), 8.54-8.22
(m, bH, H-Ar), 7.74 (s, 2H, H-Ar), 7.45-7.25 (m,
4H, H-Ar), 4.62 (s, 2H, CH,).
Phenazine-1-carboxylic acid (2-dimethylami-
noethyl)-amide (2a). To a suspension of 260 mg
(1.16 mmol) of PCA in 3 ml of dry toluene were
added thionyl chloride (1.5 mmol) and dry pyri-
dine (1.5 mmol), and the mixture was stirred at
room temperature for 3 h. Then N,N-dimethy-
laminoethylene diamine and triethylamine
(1.8 mmol each) were added and the reaction
mixture was left overnight. Solvent was remo-
ved under reduced pressure, and the residue
was treated with chloroform and aq. NaHCO..
Organic phase was washed with water, dried
over Na,SO, and concentrated. The precipitate
was purified by silica gel flash chromatography
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(eluent CHC1; + 1 % TEA) and crystallized from
acetonitrile. Yield 81 mg (24 %), mp 137-139 °C.
'H NMR: ¢ 10.85 (br.s, 1H, CONH), 8.73 (d, 1H,
J=7.2 Hz, H-Ar), 8.39 (d, 1H, J=84 Hz, H-Ar),
8.30-8.22 (m, 2H, H-Ar), 8.10-8.0 (m, 3H, H-Ar),
3.60 (q, 2H, J=5.2 Hz, NHCH,), 2.59 (t, 2H,
J=6.0 Hz, CH,N), 2.35 (s, 6H, NMe,).

This general protocol was used for the syn-
thesis of compounds 2b-e.

Phenazine-1-carboxylic acid (3-dimethylami-
nopropyl)-amide (2b). Yield 46 %, mp 55-58 °C
(heptane). 'H NMR: 6 10.31 (br.t, 1H, CONH), 8.63
(d, 1H, J=6.8 Hz, H-Ar), 8.42-8.28 (m, 3H, H-Ar),
8.08-8.03 (m, 3H, H-Ar), 3.54 (m, 2H, NHCH,),
241 (t, 2H, J=7.2 Hz, CH,N), 2.17 (s, 6H, NMe,),
1.83 (m, 2H, CH,).

Phenazine-1-carboxylic acid (pyridin-2-yl-
methyl)-amide (2c). Yield 54 %, mp 157-160 °C
(acetonitrile). '"H NMR: 8 11.33 (t, 1H, J=5.2 Hz,
CONH), 8.71 (m, 2H, H-Ar), 8.40 (t, 2H, J=8.8 Hz,
H-Ar), 8.28 (d, 1H, J=8.0 Hz, H-Ar), 8.09-8.04 (m,
3H, H-Ar), 7.88-7.83 (m, 1H, H-Ar), 7.62 (d, 1H,
J=17.6 Hz, H-Ar), 7.38-7.34 (m, 1H, H-Ar); 4.87 (d,
2H, J=5.2 Hz, CH,).

Phenazine-1-carboxylic acid (pyridin-3-yl-
methyl)-amide (2d). Yield 51 %, mp 158-160 °C
(acetonitrile). '"H NMR: 6 10.60 (t, 1H, J=6.0 Hz,
CONH), 8.80 (s, 1H, H-Ar), 8.58 (d, 1H, J=7.0 Hz,
H-Ar),851(d, 1H, J=4.8 Hz, H-Ar), 8.44-8.35 (m,
2H, H-Ar), 8.29 (m, 1H, H-Ar), 8.08-8.02 (m, 3H,
H-Ar), 7.96 (d, 1H, J=8.0 Hz, H-Ar), 7.45-7.42 (m,
1H, H-Ar), 4.79 (d, 2H, J=6.0 Hz, CH,).

Phenazine-1-carboxylic acid (pyridin-4-yl-
methyl)-amide (2e). Yield 33 %, mp 182-186 °C
(acetonitrile). 'H NMR: 6 10.63 (br.s, 1H, CONH);
8.63-8.56 (m, 3H, H-Ar); 8.46-8.40 (m, 2H, H-Ar);
8.32-8.29 (m, 1H, H-Ar), 8.15-8.03 (m, 3H, H-Ar),
7.55 (m, 2H, H-Ar), 4.79 (d, 2H, J=4.8 Hz, CH,).

DNA relaxation assay was based on the pro-
tocol described in [30]. The 20 pl assay mixture
contained Tris-acetate (20 mM, pH 7.9), potassi-
um acetate (50 mM), magnesium acetate (10 mM),
dithiothreitol (1 mM), bovine serum albumin
(100 pg/ml), pBR322 plasmid DNA (0.5 pg) and
tested compound at certain concentration (25-
100 puM). The reaction was started by the addi-
tion of Topol (1 unit) and the mixture was incu-
bated at 37 °C for 30 min. The reaction was
stopped by adding 6x loading buffer (60 % gly-
cerol, 1 % SDS, 0.03 % bromophenol blue,
100 mM EDTA, pH 7.6), and the mixture was
kept at 65 °C for 10 min. It was chilled in ice and
analyzed by electrophoresis in 1 % agarose gel.
The gel was stained with ethidium bromide and
photographed with FujiFilm FinePix S5600 digi-
tal camera under UV transillumination. Two in-
dependent experiments were carried out for
each compound.
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Cumnres i 6ioJ0oriyHa OIiHKa HOBUX MOXITHUX TPUHUKJIIYHAX FeTepoapoMaTUIHNX KapooKcaMiaiB
SAK MOTEHIIHNX iHrioiTopiB Tomoizomepasn I

BT Kocrina, I.B. Anekceena, H.A. JIucernko, B.B. Herpyupxka, 1. lyGeit

TacTuTyT MoserynapHOi Giosorii i renetnkn HAH Yrpainn
ByJ. Akaj. 3abosorHoro, 150, Kuis, 03680, Yrpaina

Peziome. CHTE30BaHO i1 TOCITIIKEHO in vitro cepito HOBUX N-(pyHKIIOHAIIZ0BaHNX aMigHMX MOXIITHUX (peHa3mH-1-
Ta aKpPUIOH-4-KapOOHOBOI KMCJIOT SK IOTeHIiHMX iHribiTopis Tomoisomepasu I Ixmi Tpumrmiumi retepoapomaTiuni
Anpa 3 iHTepKaJALIHNMM BJIACTUBOCTAMM MicTATbL KapOokcaMiznHi pyHkuii, mommdikoani nipmanasanmm ta N,N-
JyMeTHJIaMiHOrpynamy, IIpuegHaHuMU depeld KOopoTki JiiHKepy. 111 ocHOBHI 3aMiCHMKM 37jaTHI IPOTOHYBAaTUCh y BOII 1,
TaKVUM YMHOM, MOXKYTb 3a0e3ledunTy HONaTKOBi B3aeMmozil nmpm 3B’a3ysanHi jgiranzgis 3 JHK i/abo Tonoizomepasuum
KOMILJIIEKCOM i3 MeTO0 MiIBMIIIEHHA iHri0yBaJbHOI aKTMBHOCTI CIIoJIyK. BeTaHOBJIEHO, 1110 Hipuania-MoaudikoBaHi moxigHi
000X reTepOoIMKJIIB iHrOYIOTh TOmoizoMepasdy in vitro B KoHueHTpanii 100 mxM, Ha BigMmiry Bin HemommdiroBaHMX
kapOokcaMiziB, HEAaKTVMBHUX 100 (hbepMeHTa.

Karodogi caoBa: Tornoizomepasa I, inribiTopn, akpunoH, dpeHasnH, KapOokcaMinm.
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