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Fused heterocyclic systems are frequently focus of interest in 

medicinal chemistry. Due to the presence of heteroatoms, these 

small molecules, generally aromatic, could mime endogenous 

substrates displaying a wide spectrum of biological effects. The 

1,2,3-triazine scaffold represents a versatile lead structure with 

multitude of interesting applications in numerous 

pharmacological fields. Tubercidin, is a clear example of 1,2,3-

triazine derivative with potent antimicrobial activity.
1
 Fusion of 

heterocyclic nuclei like indole, thiophene and pyrazolo rings to 

the 1,2,3-triazine core generates series of derivatives with 

enhanced biological activities (e.g. antitumor,
2–4

 antimicrobial,
5
 

antiviral,
6
 analgesic properties

7
). 

In this light, our research interests are focused on planning 

heterocyclic compounds endowed with anticancer activity.
8
 

Therefore, the synthesis of designed compounds leads to the 

screening of new small molecules able to inhibit cancer cell 

proliferation. Among planned structures, characterized by the 

presence of annelated triazine ring and extended aromaticity, 

derivatives of the nuclei indolo[1,2-c]-1,2,3-benzotriazine 1 and 

pyrrolo[2,1-c]-1,2,4-triazine 2 (Figure 1) displayed a good 

antitumor effect at micromolar concentration.
4,9

 Recently, also 

heterocyclic compounds 3a,b, both embedded with properly 

decorated triazine nucleus and sulfur atom in the skeleton, 

demonstrated excellent in vitro and in vivo antiproliferative 

activity.
10

 In the same way, indolo[3,2-e]-1,2,3-triazolo[1,5-

a]pyrimidine derivatives of type 3c, designed as DNA interactive 

agents, have shown good antiproliferative activity against a wide 

panel of human tumor cell lines.
11

 

 

 

 

 

 

 

 

 

 

Figure 1. Designed heterocyclic compounds with wide spectra of 

antiproliferative activity. 

On the basis of these data, we decided to investigate the 

benzothieno[3,2-d]-1,2,3-triazine core 4, which presents three 

important requirements: the 1,2,3-triazine nucleus, the 

polyaromatic system, and the sulfur atom. This choice was driven 

by the opportunity of combining two different structural features 

present in several DNA anticancer drugs: the 1,2,3-triazine core 

and the aromaticity of polyheterocyclic moieties, enhanced by the 

presence of the isosteric sulfur atom. In particular, the 1,2,3-

triazine ring may undergo ring-opening with the release of 

alkylating species, and the planar heterocyclic scaffold could 

electrostatically bind DNA.
12

 Moreover, as below reported, the 

synthesis of the 1,2,3-triazine nucleus was achieved by 

cyclization of the corresponding triazene derivatives. In this 

regard, several triazene structural analogues showed antibacterial 

and antifungal effects,
13

 in addition to an interesting antitumor 
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activity as DNA alkylating agents.
14

 Indeed, even though few 

papers described the synthesis of the benzothieno[3,2-d]-1,2,3-

triazine core,
15

 only the anti-hyperlipidemic properties of few 

tetrahydro derivatives have been reported,
16–18

 pointing out the 

lack of data as anticancer candidate drug. 

 In this paper we have explored a synthetic strategy 

leading for the first time to benzothieno[3,2-d]-1,2,3-triazine 

compounds 11. DNA binding experiments and biological assays 

as antiproliferative agents against HeLa cells, on synthesized 

derivatives and their triazenes precursors, were carried out. 

Moreover, we have analysed the effect of the derivative with the 

highest antiproliferative activity on cell cycle. Finally, in silico 

studies, through the chemometric protocol VLAK (Virtual Lock-

and-Key),
19

 were also performed.
20

 

A well known synthetic route was applied to obtain the 

benzothieno[3,2-d]-1,2,3-triazine-4(3H)-one derivatives of type 

11 (Scheme 1).
21,22

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Synthesis of properly decorated benzothieno[3,2-d]-1,2,3-triazines 

11a-e. 

The key intermediate ethyl 3-aminobenzo[b]thiophene-2-

carboxylate 7 was obtained, in excellent yield, by reaction of 2-

fluorobenzonitrile 5, ethyl thioglycolate 6, and sodium hydride, 

using dry dimethyl sulfoxide (DMSO) as reaction solvent 

(Scheme 1). Diazotization of 7 in acetic acid and consequent 

coupling of the resulting diazonium salt 8 with primary amines 

9a-e,
23,24

 allowed the isolation of the ethyl 3-(3-phenyltriaz-1-

enyl)benzo[b]thiophene-2-carboxylates 10a-e. Finally, title 

benzothieno[3,2-d]-1,2,3-triazin-4(3H)-ones 11a-e were achieved 

by intramolecular cyclization of triazenes 10, heating the reaction 

mixture at 80 °C under basic condition. 

The benzothieno[3,2-d]-1,2,3-triazine compounds of type 11 

and their precursors 10 were tested to verify the DNA binding 

ability, through different techniques: UV-Vis absorption 

spectroscopy, circular dichroism (CD), and viscosity studies, 

using calf thymus DNA (ct-DNA). These methodologies were 

recently applied by us in the DNA binding studies of heterocyclic 

compounds and metal-complexes.
25

 Compound 10d was found to 

be slightly insoluble in buffered aqueous solutions at the 

DMSO/ethanol percentage used in all experiments, giving 

scattering during spectroscopic titration and therefore it was not 

further investigated. All tested compounds share absorption 

bands at about 250 and 280 nm; furthermore, a characteristic 

absorption band, in a region where DNA does not absorb is 

noticeable in 10a (389 nm), 10b (392 nm), 10c (394 nm),10e 

(398 nm), 11a (340 nm), 11b (348 nm), 11c (364 and 339 nm), 

11d (342 nm) and 11e (333 nm). The linear trend of the band 

intensities (Amax) with the compounds molar concentration shows 

that the Lambert-Beer law is nicely fulfilled in the concentration 

ranges used for the interaction studies. 

Among linear derivatives, only compounds 10a and 10e show 

modifications in their UV-Vis spectra in presence of increasing 

amounts of B-DNA. In detail, absorption band at 389 nm for 10a 

shows hypochromism of about 12% whereas the one sited at 398 

nm for 10e displays hypochromism of about 11%. Furthermore, a 

red shift of about 10 nm and 4 nm is noticeable respectively for 

10a and 10e. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Absorption spectra of 10a-c and 10e in presence of increasing 

amounts of ct-DNA. [10a]=17.0 μM, [DNA]=0.0-85.0 μM. [10b]=14.6 μM, 

[DNA]=0.0-74.0 μM. [10c]=18.4 μM, [DNA]=0.0-48.3 μM. [10e]=18.5 μM, 

[DNA]=0.0-74.0 μM. The arrows indicate the change upon DNA addition.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Absorption spectra of 11a-e in presence of increasing amounts of 

ct-DNA. [11a]=27 μM, [DNA]=0.0-159.6 μM. [11b]=60 μM, [DNA]=0.0-

302.75 μM. [11c]=51.4 μM, [DNA]=0.0-222.7 μM. [11d]=54 μM, 

[DNA]=0.0-149 μM. [11e]=29.1 μM, [DNA]=0.0-87.8 μM. The arrows 

indicate the change upon DNA addition. 

10a - ctDNA 10b - ctDNA

10c - ctDNA 10e- ctDNA

11a - ctDNA 11b - ctDNA

11d - ctDNA11c - ctDNA

11e- ctDNA



  

In each titration of triazine derivatives (Figure 3), with the 

exception of 11b, the characteristic spectrum is modified by the 

addition of increasing amounts of ct-DNA, showing a clear 

hypocromic effect.  

In details, the absorption band of 11a at 338 nm shows 

hypochromism of about 85%, 11c at 339 nm shows 

hypochromism of about 25%; the absorption band of 11d at 342 

nm shows hypochromism of about 28%; the absorption band of 

11e at 333 nm shows hypochromism of about 29%. 

On the other hand, the band at 346 nm of 11b is not modified 

by the presence of increasing amounts of DNA, suggesting thus 

the absence of any perturbation of its electronic structure (Figure 

3). Interestingly, the lack of interaction between 11b and DNA 

might be due to the presence of Cl and F in the derivative, which 

increases the lipophilic properties of the molecule. 

In order to obtain the DNA-binding constant (Kb) and 

stoichiometry (n) of the tested compounds, the results reported in 

Figure 2 and 3 have been analyzed by means of the McGhee-von 

Hippel equation (1):
26

 

r/L = Kb -nr) { (1-nr) / [1-(n-1)r] }
(n-1)

 (1) 

where r is the ratio between the concentration of bound ligand 

and DNAphosphate, L is the concentration of free ligand, Kb is the 

DNA-binding constant and n is the number of DNAphosphate 

binding sites occupied by a bound ligand. 

Results of data fitting are shown in Figure 4 and summarized 

in Table 1. As evident, linear derivatives 10a,e interact with B-

DNA with a stoichiometry that is almost two-fold than that one 

of cyclic derivatives 11a, 11c-e. Moreover, obtained binding 

constants are higher for linear than those of cyclic derivatives. 

This is in agreement with the statistical treatment of McGhee-von 

Hippel, by which the available DNA-binding sites, after ligand 

binding, are as less as much sites are bound, since each bound 

molecule hinders more than one free site. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Scatchard plots of the absorption titrations shown in Figures 3: 10a, 

black squares; 10e, red circles; 11a, blue up triangles; 11c, purple down 

triangles; 11d, green diamonds; 11e, orange pentagons. Solid lines show the 

fits to McGhee-von Hippel equation (1). DNA-binding constants (Kb) and 

binding stoichiometries (n) are reported in Table 1. 

 

 

Table 1. DNA-binding constant (Kb) and binding 
stoichiometry obtained using equation (1). 

Cpd Kb (M
-1) n 

10a 9.87×105 2.53 

10e 4.14×106 2.43 

11a 6.67×105 1.23 

11c 1.23×105 1.49 

11d 9.72×104 0.66 

11e 9.84×105 0.95 

 

CD is a useful technique to monitor changes in the DNA 

structure following drug–DNA interactions, since its CD signals, 

characterized by a positive band centered at 275 nm and a 

negative band at 240 nm (black solid lines in Figure 5 and 6),
27

 

are sensitive to little variations of the DNA chiral conformation.
28

 

For such a reason, we recorded CD titrations of DNA 

solutions with increasing amounts of binders. As shown in Figure 

5 and Figure 6, results demonstrate that CD spectra of DNA 

never changes drastically as it would be if binders were acting as 

intercalators.
29,30

 Only compounds 10a, 11c and 11d induce slight 

changes in the CD spectrum of DNA, whereas nothing occurs 

with compounds 10e, 11a and 11e (Figure 5 and 6). 

 

 

 

 

 

 

Figure 5. Circular dichroism spectra of ct-DNA (black line) in presence of 

increasing amounts of 10a and 10e. [DNA]=53 μM; [10a]=0.0-35.00 μM. 

[DNA]=53 μM, [10e]=0.0-35.00 μM. The arrows indicate the change upon 

binder addition. R1 = [Binder]/[DNA]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Circular dichroism spectra of ct-DNA (black line) in presence of 

increasing amounts of 10a and 10c-e. [DNA]=53 μM, [11a]=0.0-41.27 μM. 

[DNA]=53 μM, [11c]=0.0-24.96 μM. [DNA]=53 μM, [11d]=0.0-35.04 μM. 

[DNA]=53 μM, [11e]=0.0-35.04 μM. The arrows indicate the change upon 

binder addition. R1 = [Binder]/[DNA]. 

 

In details, the DNA dichroic band at 275 nm decreases in the 

presence of 11c and it increases at the higher molar ratios studied 

ctDNA - 10a ctDNA - 10e

ctDNA - 11a ctDNA - 11c

ctDNA - 11d ctDNA - 11e



  

for compounds 10a and 11d. Moreover CD induced bands (ICD) 

in the range 300-400 point out that 11c and 11d act as new CD 

chromophores after interacting with polynucleotide. These results 

allow us to argue that no deep conformational changes in the 

DNA helical structure occur due to interaction with the 

synthesized compounds, as it is referred in literature for typical 

groove binders.
31

 

It is known that molecules able to intercalate DNA could 

induce an unwinding of the duplex supercoils and elongation of 

the DNA, giving rise to changes in its hydrodynamic properties, 

especially an increase of its solution viscosity.
32,33

 In the absence 

of more detailed structural data (X-ray crystallography or NMR), 

viscosity experiments provide a critical test for intercalative 

binding.
34–36

 Thus, viscosity measurements were carried out in 

order to definitively exclude the intercalation mechanism for our 

compounds. 

As a matter of fact, the relative viscosity of a 5.3×10
-5

 M DNA 

solution is not significantly affected by the presence of all the 

compounds investigated (see Figure S1 in supplementary 

material). Therefore, these results suggest the absence of DNA 

intercalation and stress the conclusion that compounds 10a, 10e, 

11a, 11c-e act as groove binders. On the contrary, no interaction 

is observed for 10b, 10c, and 11b. 

The derivatives 11 and, due to the interesting antiproliferative 

activity showed by triazenes compounds in our previous 

findings,
37

 the intermediate triazenes 10, were tested using MTT 

based cell viability assay against HeLa cancer cell line. 

Dacarbazine (DTIC), an alkylating triazine employed in the 

treatment of various malignancies,
38

 and its triazene precursor 

temozolomide (TMZ), used against malignant brain tumors,
39

 

were tested as internal reference compounds. All synthesized 

compounds showed concentration-dependent and time-dependent 

cytotoxicity, but the antiproliferative effect was achieved with 

diverse efficacy. The GI50 values of selected compounds tested 

at 24h and 48h are shown in Table 2. In general, triazenes 10 

showed poor antiproliferative effects and displayed GI50 values 

> 20 µM at 24 h and > 10 µM at 48 h, whereas, in most cases, the 

corresponding triazines 11 were more active. This may indicate 

that the thiophene ring, unlike what is observed for pyrrole 

derivatives,
37

 makes the triazene moiety more stable and 

consequently less active in biological environment. 

Table 2. Cytotoxicity of triazines 11 and triazenes 10 
expressed as GI50 values against HeLa cell line. 

Cpd GI50±SE (µM) Cpd GI50±SE (µM) 

 24 h 48 h  24 h 48 h 

10a 49.34 ± 3.42 26.09 ± 2.23  11a 18.57± 1.52 9.79 ± 0.91  

10b 31.36 ± 2.81  12.87 ± 0.89  11b 6.35 ± 0.74 2.45 ± 0.22  

10c 42.08 ± 4.13  18.27 ± 2.37  11c 5.32 ± 0.47 1.88 ± 0.23  

10d 49.09 ± 3.91  17.39 ± 1.17  11d 4.37 ± 0.83 1.24 ± 0.63  

10e 22.76 ± 1.97   14.44 ± 1.05  11e 20.69 ±1.31 9.44 ± 0.73  

Among triazenes, derivative 10e is the most active, but no 

significant difference in GI50 values was observed between this 

compound and the corresponding triazine 11e. Among triazines 

11b, 11c, and 11d showed very strong cytotoxic effect with GI50 

at 24 h in the low micromolar range and at 48 h in the 

micromolar range. Finally, as determined by the LDH (lactate 

dehydrogenase) assay, all the tested compounds in the 

concentration range 1-50 µM did not affect the plasma membrane 

integrity of the HeLa cell line (data not shown). It is worth 

noting that synthetized triazines and their triazene precursors in 

our experimental setup result more potent antiproliferative 

agents, against HeLa cell line, then the drugs DTIC and TMZ. 

Indeed, when tested in a concentration range from 50 to 1 µM, 

neither DTIC nor its triazene precursor TMZ showed 

antiproliferative effects (GI50>50M). 

The derivative 11d, which showed the highest 

antiproliferative effect, was also tested in cell cycle perturbation 

experiments to evaluate its potential influence on cell-cycle 

distribution. Flow cytometric analysis was performed after 12 h 

and 24 h of incubation in order to detect the shifts in cell cycle 

distribution before a significant amount of cells underwent 

apoptosis. The working concentrations of compound 11d were 

fixed at 1x and 2x its GI50 value at 24 h. 

The histograms in Figure 5 represent the percentage of cells in 

the respective cell cycle phase (G1, S, and G2/M), along with the 

percentage of cells in the sub-G1 (dead cells) obtained by flow 

cytometry. Untreated HeLa cells showed a normal diploid 

distribution presenting fast proliferation characteristics, with S + 

G2/M phase cells accounting for over 35% of the total cells. 

Strong suppression of the G2/M phase with greater accumulation 

of cells in the G0/G1 was observed after 11d exposure. The 

effect is concentration-dependent and in our experimental 

conditions treatment with 2xGI50 (8.8 µM) induced cell cycle 

arrest as a result of 12 h treatment whereas after cell exposure to 

1xGI50 (4.4 µM) cell cycle arrest was observed after 24 h 

treatment. Moreover, after 24 h treatment with compound 11d at 

2xGI50, a significant increase in the cell population in the sub-

G1 phase was observed, which is indicative of apoptotic cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Effects of 11d derivative at 2x and 1x of its GI50 value on the cell 

cycle distribution of HeLa cells following 12 h and 24 h treatment. Results 

are expressed as the mean of two independent experiments, performed in 

duplicate ±SE. Statistical analyses were performed using the Student’s t test 

to determine the differences between the datasets. * denote significant 

differences (p < 0.05) from untreated cells (control) 



  

The specific arrest of cells in the G1 phase suggests that cell 

exposure to 11d can lead to perturbation, and consequent 

prevention, of DNA synthesis. Our results from spectroscopic 

studies suggest that DNA-binding ability of 11d is correlated to 

capacity of this derivative to act as minor groove binder. DNA-

interaction, even only reversible, can cause inhibition of DNA-

dependent functions, including DNA-replication, by interference 

with the catalytic activity of important regulatory proteins, such 

as DNA-helicase and topoisomerase I and II.
40,41

 Inhibition of 

DNA-Topoisomerase-I by groove ligands has already been 

shown and the ability of these DNA-binders to inhibit the 

enzyme was attributed to direct interactions with DNA at the 

minor groove.
42

 

On the other hand, arrest of cells in the G1 phase is thought to 

be an important cellular defense mechanism that prevents 

replication of damaged DNA,
43

 and we cannot exclude the 

possibility that cell exposure to 11d may produce DNA-damage. 

As shown in literature, DNA damage can results also by non 

covalent-interactions after cell exposure to minor groove 

binders.
44,45

 

Moreover, despite spectroscopic studies suggest no direct 

alkylating ability of 11d, as is the case for classical minor groove 

ligands,
46

 the possibility that in cellular environment 11d may 

produce adducts with alkylating capacity, similarly to what 

reported for other minor groove binders, cannot be excluded.
47

  

Recent in silico approaches for the design of heterocyclic 

compounds with biological activity
48,49

 allowed us to study 

specific biological targets involved in carcinogenic processes,
50–52

 

as well as to improve the antiproliferative activity of different 

classes of heterocyclic compounds.
48,53–55

 

The new benzothieno[3,2-d]-1,2,3-triazines, proposed herein, 

were submitted to the in silico protocol VLAK,
19

 with the aim to 

get information on the expected mechanism of action. 

The first step of the VLAK protocol is the conversion of the 

mechanism of action or the biological target in a “lock model” in 

which the keys (the structures) are “fitted”.
19

 

The NCI AntiCancer Agent Mechanism (ACAM) Database 

was chosen as source of biological data for the construction of 

the VLAK “lock models”. It consists of a repository of structures 

with anticancer activity and a reasonably well-known mechanism 

of action. Drug screening data are available for each structure as 

measurement of their growth inhibition ability over a panel of 

about 60 human tumour cell lines, and all tested molecules are 

explicitly designed as a training set for neural network and 

multivariate analysis.
56,57

 

In particular, this database is made up by 121 anticancer drugs 

classified according to their mechanism of action, which can be 

considered like the biological target in the protocol. The NCI 

ACAM Database was chosen because it was demonstrated that 

molecular descriptors, by means of multivariate analysis, are able 

to discriminate the drugs action mechanisms.
58

 

The VLAK protocol, through a calculation procedure detailed 

in the supplementary material, assigned to benzothieno[3,2-d]-

1,2,3-triazine compounds a percentage of affinity (A%) with 

respect to six mechanisms of action, including alkylating agents, 

antimitotic agents, topoisomerase I inhibitors, topoisomerase II 

inhibitors, RNA/DNA antimetabolites, and DNA antimetabolites 

(Table 3).  

 

 

Table 3. VLAK results on benzothieno[3,2-d]-1,2,3-triazine 
derivatives 

 MA (A%)* 

Compound A B C D E F 

11a 

1. 11a 

2. 55 3. 44 4. 39 5. 48 6. 53 7. 53 

11b 8. 58 9. 43 10. 38 11. 48 12. 53 13. 53 

11c 14. 57 15. 46 16. 51 17. 49 18. 54 19. 54 

11d 20. 59 21. 48 22. 53 23. 51 24. 56 25. 56 

11e 26. 59 27. 49 28. 47 29. 54 30. 57 31. 55 

*MA, mechanism of action: A%, percentage of affinity; A, Alkylating 

Agents; B, Antimitotic Agents; C, Topoisomerase I Inhibitors; D, 

Topoisomerase II Inhibitors; E, RNA/DNA Antimetabolites; F, DNA 

Antimetabolites. 

Benzothieno[3,2-d]-1,2,3-triazines of type 11 are well 

classified prevalently as alkylating agents (A). This trend, 

although not sharp, suggests that the antiproliferative activity of 

the benzothieno[3,2-d]-1,2,3-triazine derivatives could be related 

also to DNA interactions and consequent DNA damage and 

interference with DNA synthesis.  

It is evident the spectroscopic studies give an account of the 

first step of the DNA interaction of the proposed compounds with 

a minor groove binding mode. Instead, the cell cycle analysis, 

performed on the most active compound 11d, leads to 

hypothesize an antiproliferative mechanism which could involve 

covalent interactions, as in part confirmed by the in silico 

analysis VLAK. In fact, strong suppression of the G2/M phase 

with greater accumulation of cells in the G0/G1 was observed. 

The specific arrest of cells in the G1 phase suggests that cell 

exposure to 11d can lead to consequences as dramatic as DNA 

damage with perturbation of DNA synthesis. Moreover, a 

significant increase in the cell population in the sub-G1 phase 

was observed, which is indicative of apoptotic cells. G1 arrest can 

also be compatible with DNA-Topoisomerase-I inhibition and 

potential disturbances of replication or DNA damage.
59
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