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Aim. To increase the capacity of antitumor therapy based on DNA damage it is important to minimize the repair
of DNA lesions that can be achieved by inhibiting the activity of key DNA repair enzymes. To this end several
benzopentathiepine and benzo[1,3]dithiol derivatives were synthesized and tested as inhibitors of the key base
excision repair (BER) enzymes, PARP1, DNA polymerase β, and АРЕ1. Methods. The procedure of synthesis of
several new compounds was developed. The inhibitory capacity of the compounds was estimated by comparison
of the enzyme activities in specific tests in the presence of compounds versus their absence. Results. Benzopenta-
thiepine derivative bearing trifluoromethyl group at the 1-st position was shown to be a weak inhibitor of
PARP1. Cyclic substituents at the 1-st position attached through amide bond bring about moderate enhance-
ment of pol β inhibition. Each studied substituent at the 1-st position considerably increases the inhibition of
APE1-catalyzed hydrolysis of AP sites as compared to parent compound. Conclusions. Several new inhibitors of 
BER enzymes were revealed. The directions for further modification of compounds to improve their inhibitory
activity were found out.

Keywords: DNA polymerase β, poly(ADP-ribose)polymerase 1, apurinic/apyrimidinic endonuclease 1, polysul-
fide, pentathiepine, inhibitor.

Introduction. The base excision repair (BER) enzymes
repair  alkylated, oxidative and IR-induced damage of
DNA. Poly(ADP-ribose)polymerase (PARP1), DNA
polymerase β (pol β) and apurinic/apyrimidinic endo-
nuclease 1 (АРЕ1) are the key enzymes of BER pro-
cess. These enzymes expression is often enhanced in tu-
mor cells therefore their activity suppression may lead
to apoptosis and sensitize to action of apoptosis induc-
tors as it was shown for APE1 and PARP1 [1]. Sensi-
tizing of tumor cells to chemotherapeutic agents and ir-
radiation action by the BER enzymes inhibition is con-
sidered as perspective approach in oncotherapy [1].

Varacine analogs were chosen as candidates for the
BER enzyme inhibitors on the basis of computer mo-
deling and its known antitumor activity [2]. 

Materials and methods. Synthesis of varacine ana-
logs. Compound 1 was synthesized from 4-chloro-3,5-
dinitrobenzotrifluoride using inexpensive reagents in a
two-stage process, in accordance with the procedure pro-
posed earlier [3]. Modification of compound 1 at the
position 1 was conducted through corresponding acyl
chlorides. Dithiol compounds 4 and 5 were synthesized
from corresponding benzopentathiepines by interaction
with methylene chloride. For the best of our knowledge 
compounds 2, 3, 3⋅HCl, 4 and 5 are new. Structures of
the compounds were established using 1H, 13C and 19F
NMR, and high-resolution HPLC-MS.

Enzymes. Human recombinant PARP1, rat recom-
binant pol β and human recombinant APE1 were pre-
pared according to [4, 5, 6], respectively. The enzyme
activity tests for pol β, APE1 and PARP1 were carried
out as described previously [5, 6, 7], respectively.
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Results and discussion. The influence of 8-trifluo- 
romethyl-1,2,3,4,5-benzopentathiepine-6-amine (com- 
pound 1, Table) and its derivatives on the activity of key
BER enzymes was studied. The effect of the compounds
on DNA polymerase activity of pol β, autopoly(ADP-ri-
bosyl)ation of PARP1 and AP site cleavage by APE1
were analyzed. The results are shown in Table. An inhi- 
bitory potential of compounds was estimated as residu-
al activity (RA) of the enzymes in specific activity tests
in the presence of an indicated concentration of com-
pound versus its absence. 

Among pentathiepines bearing the trifluorome-
thyl group at the 5-th position, the compound 7 with
NHCOCF3 group at the 1-st position proved to be the
most efficient in PARP1 inhibition (RA is 18 %). Re-
placement of NHCOCF3 group to bulky substituents re- 
sults in a decrease of the inhibitory activity (RA is 83,
81 and 93 % for the compounds 2, 3 and hydrochloride
of 3, respectively). 

Comparative analysis of compounds bearing diffe-
rent substituents revealed a trend of influence of the sub-
stituent structure on the inhibitory properties in PAR
synthesis; these data may be useful in further design of
potential inhibitors. 

Piperidine and pyrrolidine substituents at the 1-st
position attached via amide bond, induced marked en-
hancement of inhibitory properties of compounds in
DNA synthesis catalyzed by pol β; RA of pol β dropped
from 86 % for parent pentathiepine 1 to 33–36 % for new
derivatives (Table). On the contrary, transition from pen-
tathiepines to dithiols results in a decrease or even loss
of inhibitory activity testifying to importance of penta-
thiepine cycle in the compounds for inhibition of pol β. 

In the case of АРЕ1, introduction of substituents to
the 1-st position also results in enhancement of inhibi-
tory characteristics (RA decreases from 76 % to 8.5–
23 % (Table); and cyclic substituents are more efficient 
compared to acyclic ones in their influence on the inhi-
bitory characteristics (RA is 8.5–15 % and 20–23 %,
respectively). It should be noticed that for АРЕ1 unlike
pol β presence of the pentathiepine cycle in derivatives
is not critical for their inhibitory properties since penta- 
thiepine and dithiol derivatives with the same substi-
tuent at the 1-st position bring about equal inhibition.

It is worthy of notice that destabilization of penta-
thiepine cycle caused by introduction of pyrrolidine or
piperidine substituents (the compounds 2 and 3) render
their properties to intrinsic ones of naturally occurring
varacines and consequently enhancing the likelihood
of manifestation of their antitumor activity.

Conclusions. Thus, the specific regularities were
revealed for each BER enzyme. For instance, the acyc-

Designation PARP1*, % @ 
1 mM

DNA polymerase β*, %
@ 1 mM

APE1*, % @ 
2 mM

1 93 86 76

2 83 36 15 

3 81 33 10 

3⋅HCl 93 42 12 

4 77 57 13 

5 77 93  8.5 

6 37 34 23 

7 18 72 20

*Residual activity of the enzyme in the presence of compounds (at
defined concentration) versus control.

Inhibitory characteristics of compounds in specific reactions
catalyzed by PARP1, DNA polymerase β and APE1 (see Figure) 

NH2

F3C

S

S

S

S

S

S

S

S

S

S

HN

F3C

N

O

S

S

S

S

S

HN

O

N

S

S

S

S

S

HN

O

N

HCl

S

S

NH

N

O

S

S

NH

O

N

S

S

S

S

S

S

S

S

S

S

F3C F3C

F3CF3C

F3C F3C

NHCOCH3 NHCOCF3

1 2 3 3AHCl

4 5 6 7

Structural formulas
of new derivatives
(see Table)



241

POLYSULFIDE COMPOUNDS AS INHIBITORS OF THE KEY BASE EXCISION REPAIR ENZYMES

lic substituents at the 1-st positions seem to be promi-
sing for PARP1 inhibitors. In the case of pol β the di-
thiol derivatives are ineffective as compared with penta-
thiepines, while the dithiol and pentathiepine derivati-
ves are comparable in APE1 inhibition. As a whole, the
data obtained allow us to propose the directions of fur-
ther compound modification for the selective inhibition 
of certain base excision repair stages.
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Полісульфідні спо лу ки як інгібітори клю чо вих
фер ментів ек сцизійної ре па рації основ

Ре зю ме

Мета. Щоб підви щи ти ефек тивність про ти пух лин ної те рапії,
за сно ва ної на по шкод жен нях ДНК, важ ли вим є мінімізу ва ти усу -
нен ня цих по шкод жень, чого мож на до сяг ти, при гнічу ю чи ак тив- 
ність клю чо вих фер ментів ре па рації ДНК. Для цьо го син тезова но 
і про тес то ва но декілька похідних бен зо пен татієпіну і бен зо[1,
3]дитіолу як інгібітори клю чо вих фер ментів ек сцизійної ре па рації
основ (ЕРО), ПАРП1, ДНК поліме ра зи β і АРЕ1. Ме то ди. Роз роб -
ле но про це ду ри син те зу низ ки но вих спо лук. Інгібіторні влас ти во- 
сті спо лук оціню ва ли, порівню ю чи фер мен та тив ну ак тивність у
спе цифічних тес тах за при сут ності і відсут ності по тенційних
інгібіторів. Ре зуль та ти. Похідне бен зо пен татієпіну, яке містить 
триф тор ме тиль ну гру пу у пер шо му по ло женні, ви я ви ло ся м’я ким
інгібіто ром ПАРП1. Приєднан ня до пер шо го по ло жен ня че рез
амідний зв’я зок циклічних замісників при зво дить до де я ко го по си -
лен ня інгібу ван ня ДНК-поліме ра зи β. Усі вив чені замісни ки у пер -
шо му по ло женні знач но збільшу ють інгібу ван ня роз щеп лен ня АР-
сайтів, яке ка талізується АРЕ1, порівня но з вихідни ми спо лу ка -
ми. Вис нов ки. Ви яв ле но декількі інгібіторів фер ментів ЕРО. Виз -
на че но та кож шля хи под аль шої мо дифікації спо лук для по кра-
щен ня їхніх інгібітор них ха рак те рис тик.

Клю чові сло ва: ДНК-поліме ра за β, полі(АДФ-ри бо за)поліме ра -
за 1, апу ри но ва/апіриміди но ва ен до нук ле а за 1, полісульфід, пен -
татієпін, інгібітор.
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По ли суль фид ные со е ди не ния как ин ги би то ры клю че вых
фер мен тов экс ци зи он ной ре па ра ции осно ва ний

Ре зю ме

Цель. Что бы по вы сить эф фек тив ность про ти во о пу хо ле вой те -
ра пии, осно ван ной на по вреж де ни ях ДНК, важ но ми ни ми зи ро-
вать ис прав ле ние этих по вреж де ний, что мо жет быть дос тиг ну -
то за счет под авления ак тив нос ти клю че вых фер мен тов ре па ра -
ции ДНК. Для это го были син те зи ро ва ны и про тес ти ро ва ны не-
сколь ко про из вод ных бен зо пен та ти е пи на и бен зо[1,3]ди ти о ла в
ка чес тве ин ги би то ров клю че вых фер мен тов экс ци зи он ной ре па -
ра ции основа ний (ЭРО), ПАРП1, ДНК по ли ме ра зы β и АРЕ1. Ме-

тоды. Раз ра бо та ны про це ду ры син те за ряда но вых со е ди не ний.
Инги би тор ные спо соб нос ти со е ди не ний оце ни ва ли, срав ни вая
фермен та тив ную ак тив ность в спе ци фи чес ких тес тах в при сут-
ствии и в от су тствие по тен ци аль ных ин ги би то ров. Ре зуль та -
ты. Про из вод ное бен зо пен та ти е пи на, не су щее триф тор ме тиль-
ную груп пу в пер вом по ло же нии, ока за лось мяг ким ин ги би то ром
ПАРП1. При со е ди не ние к пер во му по ло же нию че рез амид ную связь
цик ли чес ких за мес ти те лей при во дит к не ко то ро му уси ле нию ин -
ги би ро ва ния ДНК-по ли ме ра зы β. Все из учен ные за мес ти те ли в
пер вом по ло же нии зна чи тель но уве ли чи ва ют ин ги би ро ва ние рас -
щеп ле ния АР-сай тов, ка та ли зи ру е мо го АРЕ1, по срав не нию с ис -
ход ным со е ди не ни ем. Вы во ды. Обна ру же но не сколь ко новых ин-
ги би то ров фер мен тов ЭРО. Вы яв ле ны так же пути дальне й шей
мо ди фи ка ции со е ди не ний для улуч ше ния их ин ги би тор ных ха рак -
те рис тик.

Клю че вые сло ва: ДНК-по ли ме ра за β, поли(АДФ-ри бо за)по ли -
ме ра за 1, апу ри но вая/апи ри ми ди но вая эн до нук ле а за 1, по ли суль -
фид, пен та ти е пин, ин ги би тор.
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