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Abstract Benzoxazines are heterocyclic compounds

which have been used as intermediates in the synthesis of

many heterocyclic structures of biological importance as it

has been reported that some of the benzoxazines were

effective in promoting apoptosis and inhibiting cell pro-

liferation. Present study contains experimental data that

showed genotoxic potentials and inhibitory effects on

eukaryotic DNA topoisomerase I of 16 newly synthesized

benzoxazine derivatives. By rec assay, the bacterial geno-

toxicity assay, only four tested compounds were found

genotoxic at different concentrations and four compounds

showed reverse effect. RC50 values evaluated by rec assay

revealed that BS5 was the most genotoxic and BS4 was the

most cytotoxic compound at micromolar concentration.

Compounds were also tested for their inhibitory effects on

eukaryotic DNA topoisomerase I enzyme and it was found

that 14 of the compounds had inhibitory effects on

eukaryotic DNA topoisomerase I enzyme. The most active

compounds, BS18 and BS4, showed higher inhibitory

activities than the positive control drug camptothecin

which is a well-known commercial topoisomerase I

inhibitor.

Keywords Rec assay � Topoisomerase I � Benzoxazine �
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Introduction

Cancer is a disease that leads mortality in the world wide.

The discovery and development of new treatments are

urgently needed due to the problems of current treatments,

such as toxicities and drug-resistance (Krishna and Mayer,

2000). It has been reported that the antitumor efficacy of

chemotherapeutic agents correlated with their growth-

inhibiting, differentiation-inducing or apoptosis-inducing

abilities (Viala et al., 2004). There are several cytotoxic or

genotoxic anticancer agents with respect to following

strategy: ‘‘Cancer cells have problem with the DNA repair

system or cell cycle control, so it is more sensitive to DNA

damage of the other body cells’’ (Zhang et al., 2000).

Genotoxic drugs affect both normal and cancer cells, but

the selectivity associated with sensitivity of rapidly divid-

ing cells such as cancer cells (Zhang et al., 2000;

McGovern and Jacobson-Kram, 2006). The importance of

cancer cell-specific mechanism intended agents such as

inhibitors of DNA topoisomerases which are the major

class of anticancer drugs is increasing (Larsen and Gobert,

1999; Li and Liu, 2001). A number of anticancer drugs

were in clinical use in the 1970s before their cytotoxic

actions were linked to topoisomerases such as fluoroquin-

olone antibacterial agents and camptothecin (CPT) (Lesher

et al., 1962; Wall et al., 1966).

DNA topoisomerases regulate the conformational or

topological changes of DNA by catalyzing the concerted

breakage and rejoining of DNA strands during normal cell

growth (Topcu, 2001; Maxwell and Bates, 2009). DNA

generated key cellular processes like replication, tran-

scription, recombination, repair, and chromatin assembly

are related with the conformational changes of the topology

of DNA and topoisomerases (Nitiss, 1998; Pommier,

2013). There are two types of DNA topoisomerases which
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have been isolated from prokaryotes and eukaryotes

(Stewart et al., 1998). Type I DNA topoisomerases (topo I)

act by making a transient break in one strand of DNA,

whereas type II DNA topoisomerases (topo II) introduce

transient double-strand breaks (Berger et al., 1996).

Topo I can relax positive and negative supercoils; it is

responsible for relieving the torsional stress associated with

DNA replication, transcription, and chromatin condensa-

tion (Champoux, 2001; Topcu, 2001; Baker et al., 2009).

Anti-topoisomerase inhibitors are split into two main

classes. Topoisomerase poisons target the topoisomerase-

DNA complex (cleavable complex), which is normally

temporary and breaks DNA ends bounded immediately

after altering of topological state and they can trap this

complex to cause DNA single breaks. If the amount of

these DNA breaks is intolerable, stability of DNA could be

disrupted and apoptosis might be induced in the cells.

Catalytic inhibitors can bind either enzyme or DNA to

influence the catalytic activity of the enzyme. Both kinds of

inhibitors are commercially available for cancer treatment

(Bassi and Palitti, 2000; Leppard and Champoux, 2005).

Camptothecin is the best known topo I inhibitor. In

animal studies, CPT exhibited potent antitumor activity

against a broad spectrum of tumors (Gottlieb and Luce,

1972; Muggia et al., 1972). Studies suggested that CPT

was not only stabilized the cleavable complex but also

inhibited the relegation step of catalytic cycle of topo I

(Hsiang et al., 1985; Svejstrup et al., 1991).

Some new fused heterocyclic compounds such as ben-

zazoles and benzoxazines which are the analogs of flour-

oquinolones were investigated for induction and inhibition

of apoptosis on tumor cells (L5718, mouse lymphoma cell

line containing the human mdr-1 gene) by our research

team (Varga et al., 2005) depending on the idea that

substituted benzoxazoles and related fused-heterocyclic

compounds such as benzimidazoles, benzothiazoles, and

benzoxazines have shown antibacterial and antifungal

(Temiz-Arpaci et al., 2002a, b; Yalcin et al., 2003; Yildiz-

Oren et al., 2004a, b), antiviral (Plemper et al., 2004),

topoisomerase inhibiting (Alper et al., 2003; Pinar et al.,

2004), and antitumor activities (Shi et al., 1996; DeLuca

and Kerwin, 1997; Reynolds et al., 1999; Nofal et al.,

2000; Sato et al., 2001, Xiang et al., 2012). In addition, it

has been reported that some of the benzoxazines were

effective in promoting apoptosis and inhibiting cell pro-

liferation (Varga et al., 2005; Liu et al., 2009). Conse-

quently, these derivatives were subjected to application of

anticancer drug development (Topcu, 2001).

In this research, a series of previously synthesized

benzoxazine derivatives (as seen Table 1) showing anti-

microbial activity (Yalcın et al., 2003; Alper-Hayta et al.,

2006) was evaluated in connection with anticancer per-

spective. For this purpose, we used Bacillus subtilis

(B. subtilis) spore microplate rec assay method, a bacterial

genotoxicity test system to examine the tested compounds

whether they have genotoxic potential and DNA topo I

relaxation assay was used to understand if these com-

pounds were the inhibitors of eukaryotic topo I.

Results and discussion

Rec assay

Genotoxic potentials of benzoxazine derivatives were tes-

ted by rec assay. Evaluated RC50 values for both Bacillus

strains are shown in Table 1. According to RC50 values,

BS5 was found to be the strongest genotoxic active com-

pound, whereas compounds BS4, BS7, and BS9 revealed

some genotoxic effects. On the other hand, the reverse

effect was obtained with BS12, BS13, BS16, and BS17.

The remaining eight compounds did not present any

genotoxic potential.

Rec assay gives information for both genotoxic and

cytotoxic potentials of compounds. Obtained data sug-

gested that BS4 was the most cytotoxic compound (RC50 of

rec?: 430 lM) although it was not the most genotoxic one.

In contrast, BS5 was the most genotoxic compound (R50:

2.81), however it showed no cytotoxic effect at low con-

centrations. According to the expectation that cytotoxic

agents have to be the most effective in low concentrations,

it was found that BS4 is the most effective cytotoxic

derivative among the other tested compounds.

For genotoxicity assessment, ratio of rec? and rec-

strain was compared with survival when exposed to these

compounds. Survival differences between strains arised

from efficiency of post-replicational repair mechanisms.

Therefore, it was suggested that genotoxic effective com-

pounds caused damages on DNA such as base changes,

stranded breaks, crosslinks.

By rec assay, it was expected that rec? strain had to be

more resistant than rec- strain when encountered a geno-

toxic agent. In contrast, some compounds which induced a

reverse effect, cause higher survival ratio for rec- strain

than rec?. In this case, it could be supposed that RecE gene

defect could be reversed in rec- strain. According to this

probability, it was necessary that both strains could have

the same survival ratio. Therefore, it was suggested that the

compound-induced reverse effect could also induce some

mutations on DNA. But it has not been a clear report for

reverse effect. Therefore, further studies are needed to shed

light on what was responsible for the reverse effect.

Structure–activity relationship (SAR) analysis on rec

assay results revealed that holding by a NO2 group at the

benzene ring on position R3 might induce the genotoxic

potential of the compounds. Both genotoxically active
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compounds such as BS5 and BS7 have NO2 groups at R3

position as well as a hydrogen atom on position R1. When

the compounds have alkyl substituents as methyl or ethyl

groups at R1 position instead of hydrogen attached to the

nitrogen atom in the oxazin moiety of the compounds, such

as BS12, BS13, BS16, and BS17 which induce the reverse

effect. This observation showed that having hydrogen atom

on the nitrogen of the oxazin ring moiety is essential for the

activity to achieve a hydrogen-bond interaction by the

active side of the target.

When the structure of the most cytotoxic compound BS4

was analyzed, it was seen that an electron withdrawing

group COOC2H5 at R2 position had to be located unlike the

other tested compounds. This group could also play a

significant role in reducing the electron density of the

benzene ring like NO2 group to achieve an electron reci-

pient effect to the molecule to attack the nucleophilic side

of DNA.

DNA topoisomerase I inhibitor activity

We performed DNA topoisomerase I relaxation assay on

the test compounds. The main logic of this assay relies on

that in the presence and absence of a compound, enzyme

converts supercoiled DNA to its relaxed form in a partic-

ular time. If drug interrupts this process, DNA remains in

its supercoiled form. In this point, supercoiled DNA band

intensities could be compared with its control (untreated

supercoiled DNA band). According to IC50 values, 14 of

the tested 16 compounds revealed inhibitory effect at var-

ious concentrations (Table 1). Among these 14 com-

pounds, BS4 (IC50: 212 lM) and BS18 (IC50: 253 lM)

were found to be the most effective topo I inhibitors, even

they were more active than reference drug CPT (IC50:

497 lM). Electrophoregram of BS4 could be seen in

Fig. 1. The obtained gel electrophoresis results showed that

all of the inhibitory effective compounds inhibited

Table 1 Rec assay and DNA-topoisomerase I relaxation assay results of tested benzoxazine derivatives

N

O

O

R1

R

R2

R3

Compounds R R1 R2 R3 RC50 Rec? (lM) RC50 Rec- (lM) R50 Result IC50 (lM)a

BS1 CHd2COOC2H5 H H H 10,400 9,160 1.14 (-) 5,469

BS2 CH2COOC2H5 H CH3 H 5,810 5,450 1.06 (-) 2,790

BS4 CH2COOC2H5 H COOC2H5 H 730 420 1.71 (?) 212

BS5 CH2COOC2H5 H H NO2 28,360 10,060 2.81 (??) 12,090

BS6 CH2COOC2H5 H H NH2 6,816 4,892 1.39 (-) 1,390

BS7 CH2COOC2H5 H Cl NO2 1,210 660 1.82 (?) NE

BS8 CH2COOC2H5 CH3 H H 2,730 2,140 1.28 (-) 1,826

BS9 CH2COOC2H5 CH3 CH3 H 2,040 1,310 1.55 (?) NE

BS10 CH2COOC2H5 CH3 Cl H 1,800 1,440 1.25 (-) 25,508

BS12 CH2COOC2H5 CH3 H NO2 1,421 4,442 0.33 (r) 3,578

BS13 CH2COOC2H5 CH3 Cl NO2 1,220 2,430 0.5 (r) 1,317

BS14 CH2COOC2H5 C2H5 H H 2,620 2,420 1.08 (-) 5,239

BS15 CH2COOC2H5 C2H5 Cl H 5,600 5,600 1.0 (-) 4,084

BS16 CH2COOC2H5 C2H5 H NO2 920 1,980 0.46 (r) 4,535

BS17 CH2COOC2H5 C2H5 Cl NO2 320 1,300 0.25 (r) 7,890

BS18 OH H H H 6,730 4,790 1.4 (-) 253

4NQO 6.89 1.63 4.22 (??)

CPT 497

NE not effected, CPT camptothecin
a DNA-topoisomerase I inhibition
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conversion to relax DNA from supercoiled DNA and band

intensities of the supercoiled DNA of wells with com-

pounds were higher than the control well. As a result of

relaxation assay, the investigated benzoxazine derivatives

could be topo I catalytic inhibitors.

Conclusion

In this study previously synthesized 16 benzoxazine

derivatives which were originally designed to be anticancer

agents were investigated about their biological activities by

two different assays. Rec assay was used to examine a

number of environmental mutagens in a variety of sub-

stances such as food additives, pesticides, and metal

compounds (Sharma and Sobti, 2000; Suksamrarn et al.,

2003; Ozaki et al., 2004) as well as anticancer agents due

to genotoxic effects (Gümüş et al., 1996). Topo I inhibitors

are potential anticancer agents because of their crucial role

on DNA metabolism. Among the tested compounds, BS4

(ethyl 2-(2-ethoxy-2-oxoethyl)-3-oxo-3,4-dihydro-2H-1,4

benzoxazine-6-carboxylate), BS5 (ethyl(7-nitro-3-oxo-3,4-

dihydro-2H-1,4-benzoxazine-2-yl) acetate), and BS18 (2-

hydroxy-2H-1,4-benzoxazine-3(4H)-one) were found as

the remarkable compounds. By rec assay results, BS5 was

found to be the strongest genotoxic effect while BS4 was

evaluated genotoxic and the most cytotoxic compound.

BS4 and BS18 exhibited lower IC50 values than the ref-

erence drug CPT, for eukaryotic DNA topo I inhibitor

activity. In fact, BS4 showed the most preferred outcome in

both assays because it displayed strong genotoxic,

cytotoxic, and topo I inhibitory activities. In conclusion,

BS4 might be a new anticancer agents and it might cause

DNA damages like base substitutions, cross-links or breaks.

Materials and methods

Chemicals

Tested benzoxazine derivatives were previously synthesized

by our group at Ankara University, Faculty of Pharmacy

(Yalcin et al., 2003; Alper-Hayta et al., 2006). The chemical

structure of the compounds could be seen in Table 1. Both

bacterial strains B. subtilis H17 (arg-, trp-, recE?) and B.

subtilis M45 (arg-,trp-, recE-) were obtained from the

National Institute of Genetics, Mishima, Shizuoka-Ken,

Japan. pBR322 plasmid DNA and 69 loading buffer

(bromphenol blue ? xylene cyanole) were purchased from

MBL Fermentas. Calf thymus DNA topo I enzyme and DNA

topo I reaction buffer were purchased from Amersham

Biosciences UK. Agarose, CPT, ethidium bromide, 4-ni-

troquinoline 1-oxide (4NQO) were purchased from Sigma.

All the other chemicals were of analytical grade.

Genotoxicity study

Rec assay was performed according to the spore method by

Kada with some modifications (Kada et al., 1972, 1980).

The rationale of the B. subtilis rec assay is based on the

relative difference of survival of a DNA repair-recombi-

nation proficient strain M45 (rec?) and its deficient strain

H17 (rec-). Strictly, rec- strain is recE- and uvrABC?,

while rec? strain is recE? and uvrABC?. Both strains can

induce the uvrABC excision repair system after DNA

damages. However, in the presence of genotoxins excision

repair system is overwhelmed and this leads rec- strain to

death easily. The difference between their survivorships is

therefore, simply interpreted as the results of the loss of

recE-mediated repair in rec- (Kada et al., 1972, 1980).

Bacillus subtilis as Gram-positive bacteria is more

sensitive to chemicals than Gram-negative bacteria. In

addition, the usage of spore forms of B. subtilis in the

experimental procedures is much more advantageous

comparing to its vegetative forms. The fact was that spore

forms were more resistance to drugs than vegetative forms.

In this respect, rec assay might be used to detect geno-

toxicity at smaller concentrations (Kada et al., 1972, 1980;

Takigami et al., 2002).

Preparation of spores

The spores were prepared by spreading overnight broth

cultures of both strains in sterile plates on modified

Fig. 1 An electrophoregram result of BS4 for topoisomerase I

inhibition. All wells contain 0.1 lg supercoiled pBR322 plasmid

DNA and 1 unite of topoisomerase I except wells 1 and 10. BS4 was

added at 0.1, 0.5, 1,2,4,5 mM concentration into the lines 2–8,

respectively. 5 mM of BS4 was added into the DNA without enzyme

in line 10. 5 lg CPT was used as reference compound in the 9th well
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Schaeffer’s agar medium. The plates were incubated at

37 �C for 3 and 5 days for rec- (M45) and rec? (H17)

strains, respectively. After incubation, spores were scrap-

ped up, washed, and resuspended in fresh minimal salt

solution. Thereafter, they were treated with 2 mg/ml

lysozyme for 30 min and subsequently with 1 % SDS for

30 min. The detergent was removed with subsequent

washings with sterile distilled water. Spores were resus-

pended in sterile distilled water and stored at 4 �C until to

use (Sharma and Sobti, 2000).

Microplate technique of B. subtilis rec assay

Bacillus subtilis rec assay was miniaturized with satisfactory

performance using 96-well microplate. Test compounds

were prepared with DMSO which were diluted with the ratio

of � and triplicates of each concentration and negative

control DMSO was pipetted into their corresponding well.

Subsequently, B. subtilis spore suspensions in broth

(108 spore/ml) were added in each well. Then, the micro-

plate was incubated at 37 �C for overnight. Optic density

values of bacterial growth were measured at 620 nm in Elisa

reader. Each value was compared to the negative control

values which was assumed to be 100 % of survival to cal-

culate growth inhibition percentage. 4NQO was used as the

reference substance (Takigami et al., 2002).

Statistical analysis of rec assay

S-probit analysis was used to determine genotoxic poten-

tials of the compounds. A survival curve was drawn with

sample concentration on the abscissa and survivorship on

the ordinate. The area enclosed between survival curves of

rec? and rec- corresponds to genotoxicity. With the Probit

scale transformation, the two curves were converted to two

linear functions. Then the enclosed area between the two

lines can be calculated by a simple integration. This inte-

grated area designated as S-probit, is a quantitative index

for evaluating genotoxic potential.

RC50 values for rec- and rec? strains represent the

concentration of a compound, where the strain survives

50 %. It is respected that RC50 value of rec? is higher than

rec- because rec- strain have recE gene mutation. Con-

sequently, higher RC50 values mean higher genotoxicity.

In contrast, several compounds could induce higher

survival effect on rec- than rec? strain. In such cases the

effect of compound was called reverse effect.

Ratio of RC50 of rec?/RC50 of rec- was used to cal-

culate R50 value of a compound. R50 values show a range

to determine genotoxic potential of a compound. The cri-

teria consists of four ranges of genotoxicity shown on

Table 2 and also contains R50 values (Takigami et al.,

2002).

DNA topoisomerase I assay

We implemented relaxation assay to test the DNA topo I

inhibition effect of the compounds. Relaxation activity of

DNA topo I was determined by measuring the conversion

of supercoiled pBR322 plasmid DNA to its relaxed form.

The reaction mixture contained 1 ll of 109 DNA topo I

reaction buffer [35 mM Tris–HCI pH 8.0, 72 mM KCI,

5 mM MgCl2, 5 mM DTT, 50 mM spermidine, % 0.1

BSA], 0.1 lg pBR322 plasmid DNA, 1 unite topo I

enzyme, and different concentrations of test compounds in

a total volume of 10 ll. Initially tested compound was

incubated with enzyme for 5 min at 37 �C. When DNA

was added another 1 h incubation at 37 �C was provided.

The mixture was incubated for 1 h at 37 �C and 1 ll 1 %

SDS and 3 ll 69 loading buffer were added to terminate

the reaction. The samples were immediately run 2 h at

45 V onto 1 % agarose gel, which was prepared of TAE

(pH 8.0) buffer. Gels were stained by 1 lg/ml of ethidium

bromide and photographed under UV light (Halligan et al.,

1985; Stewart and Champoux, 2001). After the electropho-

resis, gels were stained with ethidium bromide (1 lg/ml)

and photographed under UV light.

Statistical analysis of DNA topoisomerase I assay

Optical intensity of the newly formed bands was used as a

measure of the enzyme activity. Moreover, topo I inhibi-

tion percentage of a compound was calculated by com-

paring supercoiled DNA band intensities of control and the

compound. Optical intensity of each concentration of a

compound was compared to the control to calculate inhi-

bition percentages. This percentages were used to estimate

50 % inhibitor concentration (IC50) of a compound by

S-probit analysis. CPT was used as the reference substance

for each experiments. If inhibition was not obtained at any

concentration of a tested compound it was assumed to have

no inhibitory activity (NE) on eukaryotic DNA topo I.
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Table 2 Criterion of genotoxicity in rec assay

R50 Result

[2 Strong genotoxic response (??)

1.99–1.5 Genotoxic response (?)

1.49–0.85 Non-genotoxic (-)

\0.85 Reverse effect (r)
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