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Interactions of antitumor triazoloacridinones with DNA
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Triazoloacridinones (TA) are a new group of potent antitumor compounds, from which the most 
active derivative, C-1305, has been selected for extended preclinical trials. This study investi-
gated the mechanism of TA binding to DNA. Initially, for selected six TA derivatives differing 
in chemical structures as well as cytotoxicity and antitumor activity, the capability of noncova-
lent DNA binding was analyzed. We showed that all triazoloacridinones studied stabilized the 
DNA duplex at a low-concentration buffer but not at a salt concentration corresponding to that 
in cells. DNA viscometric studies suggested that intercalation to DNA did not play a major role 
in the mechanism of the cytotoxic action of TA. Studies involving cultured cells revealed that 
triazoloacridinone C-1305 after previous metabolic activation induced the formation of interstrand 
crosslinks in DNA of some tumor and fibroblast cells in a dose dependent manner. However, the 
detection of crosslink formation was possible only when the activity of topoisomerase II in cells 
was lowered. Furthermore, it was impossible to validate the relevance of the ability to crosslink 

DNA to biological activity of TA derivatives.
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INTRODUCTION

Triazoloacridinones (TA) (see Table 1, for 
structures) are a class of antitumor agents synthe-
sized in our laboratory (Cholody et al., 1990). TA 
exhibited high cytotoxic activity against a broad 
spectrum of tumor cell lines in vitro and high anti-
tumor activity against transplantable tumors such as 
leukemia P388, melanoma B16, ascites colon 26 ad-
enocarcinoma and colon 38 adenocarcinoma in mice 
(Cholody et al., 1990; Kusnierczyk et al., 1994). The 
most active and promising derivate from the TA 
group, C-1305, was selected for extended preclinical 
trials.

Previous investigations demonstrated that 
triazoloacridinones inhibited cleavable complexes of 
topoisomerase II–DNA and also the catalytic activity 
of this enzyme (Skladanowski et al., 1999; Lemke et 
al., 2004), as well as induced G2 block of the cell cy-
cle followed by apoptosis (Augustin & Konopa, 1999; 
Augustin et al., 2000; 2006). These effects suggested 
that cellular DNA might be an important target for 
the TA drugs. Triazoloacridinone C-1305 strongly 
inhibited proliferation of cells lacking poly(ADP-ri-
bose) polymerase 1 (PARP-1), which was a surpris-
ing observation because such cells are generally re-
sistant to other topoisomerase II poisons (Węsierska-
Gądek et al., 2004). Moreover, recent data obtained 
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in our department indicated that triazoloacridinone 
C-1305 preferentially intercalated to DNA in gua-
nine triplet regions and induced specific changes in 
DNA structures (Lemke et al., 2005). The structural 
resemblance of triazoloacridinones to other anti-
cancer drugs, such as imidazoacridinones (Cholody 
et al., 1992; Kusnierczyk et al., 1994; Dziegielewski 
et al., 2002) and anthracenediones (Kapuscinski & 
Darzynkiewicz, 1985; Skladanowski et al., 2000) (flat 
structure of aromatic acridine ring (Arjunan et al., 
1993) and diamino alkylamino group in the side 
chain) indicated that DNA binding, including inter-
strand crosslinking of DNA, may play a role in the 
TA mechanism of action.

In this study, we examined the TA capabil-
ity of intercalation to DNA and formation of in-
terstrand crosslinks in cellular DNA, and tried to 
evaluate the importance of these phenomena for 
the biological activity of these compounds by cor-
relation analysis. 

MATERIALS AND METHODS

Chemicals. Triazoloacridinones were resyn-
thesized and purified as described earlier (Cholody 
et al., 1990) by Dr. Barbara Horowska from this de-
partment and were dissolved in water. Aurintricar-
boxylic acid (ATA) and sodium dodecylsulfate (SDS) 
were from Serva (Heidelberg, Germany); NaClO4 
was from Fluka (Sigma-Aldrich, Poland); 2,5-diphe-
nyl-oxazole (PPO) and 1,4-bis-(5-phenyl-2-oxazolyl)-
benzene (POPOP) were from Merck (Darmstadt, 
Germany); methyl-[14C]thymidine was from Amer-
sham International (Amersham, UK) and other rea-

gents were from Sigma-Aldrich (Poznań, Poland). 
All reagents used were at least of the analytical 
grade. Ultra pure water (18 MΩ) was used in all ex-
periments.

Cell culture and media. HL60 (human my-
eloblastic leukemia), HeLa S3 (human cervix carci-
noma) and NIH 3T3 (mouse fibroblasts) cell lines 
were cultivated at 37oC in 5% CO2/air atmosphere 
in appropriate culture medium (HL60: RPMI-1640, 
5% FCS; HeLa S3: MEM, 5% FCS; NIH 3T3: DMEM, 
10% FCS, respectively) supplemented with 100 µg/
ml streptomycin, 100 U/ml penicillin. The RPMI-
1640 medium, minimal essential medium (MEM) 
and Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 1000 mg/l glucose and fetal calf 
serum (FCS) were from Gibco Europe Ltd (Paisley, 
UK); antibiotics were from Sigma-Aldrich (Poznań, 
Poland); proteinase K was from Merck (Darmstadt, 
Germany); nuclease S1 was from Fermentas (Vilnius, 
Lithuania); sulforhodamine (SRB) and calf thymus 
DNA (ctDNA, type II) were from Sigma-Aldrich 
(Poznań, Poland).

Growth inhibition assay. Growth inhibition 
assays were carried out with exponentially grow-
ing cells. The cells were seeded into 24-well plates 
(20 000/2 ml per well) about 24 h before drug treat-
ment and exposed to drugs for 6 h followed by 72 h 
postincubation in drug-free medium or for 72 h of 
continuous incubation. Cytotoxic activity was de-
termined by cell counting (Bhuyan et al., 1992) (cell 
number was determined with ZBI Coulter Counter) 
or by sulforhodamine assay (Skehan et al., 1990).

DNA thermal denaturation studies. Stabiliza-
tion of secondary structure of DNA by TA was stud-
ied by determining melting temperatures of calf thy-
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Table 1. Chemical structures and biological activities of triazoloacridinones studied. Values are means ± S.D. from at 
least three independent experiments.

Compound

Chemical structure Biological activity

n R1 R2 R3 R4

aCells in vitro bP388 leukemia in mice
HeLa S3 OD ILS

EC50 [µM] (mg kg–1) (%)
C-1233 2 CH3 CH3 H H 37.6 ± 0.55 100 77.0
C-1296 3 CH3 CH3 CH3 H 7.6 ± 0.32 100 18.0
C-1303 2 CH3 CH3 OH H 2.8 ± 0.78 25 102.0
C-1305 3 CH3 CH3 OH H 8.6 ± 0.32 25 165.0
C-1533 2 CH3 CH3 OH CH3 37.4 ± 0.23 25 9.5
C-1567 2 CH3 CH3 C(CH3)3 H 27.2 ± 0.93 cN 0.0

aEC50, the concentration of the compound inhibiting growth of cells by 50% after 72 h incubation. bData taken from (Cholody et al., 1990). 
OD, the optimal dose and ILS is the increase in survival time of treated to control animals at optimal dose. cN, means that the compound 
was not active.
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mus DNA in the presence of 10 µM triazoloacridi-
nones in phosphate buffer (7.5 mM NaH2PO4, 1 mM 
EDTA, pH 7.0). Compounds tested were mixed with 
DNA at a 1 : 4 drug/bp (base pair) molar ratio. Sam-
ples were heated over the range 45–95oC (using a 
heating rate of 1oC/min) and absorbance at 260 nm 
was monitored in a Varian Cary 300 Bio UV-Vis 
spectrophotometer equipped with a programmable 
heating unit. The ‘melting’ temperature (tm) was 
read from the plot of relative hyperchromicity versus 
the temperature as the midpoint of the hyperchro-
mic transition (Pawlak et al., 1983). 

DNA viscometry studies. Viscometric meas-
urements were performed as described previously 
(Reinert, 1991; Suh & Chaires, 1995) in a Micro-Ub-
belohde microviscometer with a 0.53 mm capillary 
(Schott) at 25oC. Titration of ligands was performed 
by the addition of small volumes (20 µl) of concen-
trated stock solution (2 mM) in TE buffer (10 mM 
Tris/HCl, 1 mM EDTA, pH 7.4) to the viscometer 
chamber containing calf thymus DNA (2 mM in bp) 
sonicated to approx. 200 bp fragments in TE buffer 
(Chaires et al., 1982). Relative viscosity of DNA in 
either the presence or absence of a ligand was calcu-
lated from the equation:

η = (t – t0)/t0

where t is the observed flow time of the buffer con-
taining DNA, and t0 is the flow time of buffer alone. 
Intercalation of an aromatic chromophore between 
DNA base pairs induces lengthening and stiffen-
ing of DNA  which is related to r, the ratio of the 
molar concentration of bound compound to the mo-
lar concentration of DNA base pairs. Viscosity data 
were plotted as log (η/η0) versus log (1 + 2r), where η 
and η0 are the intrinsic viscosities of sonicated DNA 
in the presence and in the absence of bound com-
pound, respectively, and the slope value m, was es-
timated. The slope value m is between 2 and 3 for a 
monointercalating agent (Chaires et al., 1982).

Determination of interstrand DNA cross-
links. The fractions of renatured DNA were deter-
mined using nuclease S1 assay as described previ-
ously by Konopa (1983) and the percentage of DNA 
with induced interstrand crosslinks was determined 
using nuclease S1 assay as described previously 
by Składanowski and Konopa (1994a). DNA in ex-
ponentially growing cells (2 × 106) was labeled by 
overnight incubation of cells in medium containing 
[3H]thymidine (0.02 µCi/ml). Then, the cells were 
treated with different concentrations of the drugs 
studied for times indicated. In some experiments, 
cells were preincubated with 25 µM aurintricarboxy-
lic acid (ATA) for one cell doubling time depending 
on cell line (Benchokroun et al., 1995). For the exper-
iments with confluent NIH 3T3 cells, to reach con-
tact inhibition, exponentially growing cells (0.5 × 106) 

were seeded 48 h prior to treatment and concomi-
tantly during this time DNA was radiolabeled. After 
changing the medium, the cells were treated with 
TA for indicated times. In all cases, after treatment 
with the compounds the cells were transferred to 
test tubes and washed with PBS twice. After wash-
ing the cells were mixed with 0.2 ml of lysing solu-
tion (10 mM Tris/HCl, 10 mM EDTA, 10 mM NaCl, 
0.5% SDS, pH 8.0) supplemented with proteinase K 
(1 mg/ml). After 1 h at 37oC, 1.8 ml of denaturating 
solution (5.25 M sodium perchlorate, 1 mM EDTA, 
0.2% N-lauryl sarcosine, 20% methanol, pH 7.0) was 
added and incubation was continued for additional 
1 h. DNA was denatured by heating at 50oC for 
30 min, then renatured by rapid dilution with 10 ml 
of ice-cold zinc buffer (1 mM zinc acetate, 5 mM so-
dium acetate, 10 mM NaCl, pH 4.4) and cooling at 
–18oC. The fraction of crosslinked DNA (FCR) was 
calculated according to the formula:

100
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where FDS is the ratio of radioactivity (dpm) meas-
ured in treated vs. non-treated with nuclease S1 sam-
ples and defines the amount of dsDNA from cells 
treated with a drug (FDStreat) and non-treated cells 
(FDScontr). The relationship between drug concentra-
tion and fraction of crosslinked DNA was fitted to a 
linear equation and a C0 value — the concentration 
of triazoloacridinone at which the formation of the 
first DNA crosslink could be observed — was esti-
mated by extrapolation.

For DNA crosslink evaluation in a cell-free 
system, radiolabeled and non-treated cells were 
lysed in lysis solution as described above. C-1305 
was added to cell lysates to a final concentration of 
75 µM. Following incubation of cell lysates in the 
dark at 37oC, the fraction of crosslinked DNA was 
determined as described above. 

Thermal and alkaline stability of interstrand 
DNA crosslinks. Cell lysates from control or C-1305 
treated cells (75 µM) were heated at 95oC for 15 
min and then cooled in a methanol-dry ice bath for 
2 min or alkalized (pH 12.5) by the addition of 0.1 
M NaOH to 30 mM for 30 min at room temperature 
followed by neutralization with HCl. Samples were 
then processed for DNA crosslinking determination 
as described above.

RESULTS

The triazoloacridinone derivatives examined 
in this study have been selected to include analogs 
with divergent structures, covering a range of cy-
totoxic and anticancer activities (Table 1). All these 
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compounds share the same core structure of TA 
with two varying elements: (1) ring substitutions 
in the position 5 or 8, and (2) diaminoalkyl side 
chain.

Stabilization of secondary structure of DNA

Physicochemical drug–DNA interactions ex-
pressed as thermodynamic stabilization of DNA du-
plexes are of potential biological significance. All the 
triazoloacridinones studied shifted the DNA melt-
ing profiles upward when analyzed at 10 µM drug 
concentration (1 : 4 drug/DNA base pair molar ratio). 
The resulting melting curves were monophasic (not 
shown), and the increases in DNA melting point 
(∆tm values) varied from 6.8 to 15.1oC depending on 
the chemical structure of TA (Table 2). Derivatives 
with a hydroxy group in position 8, such as C-1303 
and C-1305, stabilized the double-stranded DNA 
structures most significantly. Compound C-1567, 
bearing a t-butyl group in position 8, caused lower 
increase in DNA tm than other triazoloacridinones. 
In a buffer with a higher concentration of NaCl (100 
mM), corresponding to the physiological concentra-
tion, practically no increases in ∆tm were observed 
in the case of all TA (Table 2).

Intercalation to DNA

In DNA viscometric studies the slope values 
m derived from the equation described in Materials 

and Methods provided evidence for monointerca-
lation for all triazoloacridinones studied except for 
the biologically inactive compound C-1567, bearing 
a t-butyl group in position 8, for which the m slope 
value was 1.24. Moreover, for the derivatives with a 
hydroxyl group in position 8 (C-1303 and C-1305), 
the m slope value was higher than between 2 and 
3 that is expected for monointercalating agents. Re-
sults are shown in Table 2.

Induction of DNA interstrand crosslinks in tumor 
cells

The ability to induce interstrand DNA cross-
links was determined using a procedure based on 
DNA denaturation-renaturation as described in Ma-
terials and Methods. DNA from drug-treated cells 
after induction of interstrand crosslinking and strand 
separation during denaturation renaturates more 
easily due to the zipper effect and this is the basis of 
many DNA crosslinking assays. Although the DNA 
denaturation-renaturation method is very sensitive 
for detection of DNA interstrand crosslinks, it is ex-
tremely susceptible to errors caused by damage to 
DNA, because the rate of renaturation is related to 
DNA length. Unfortunately, triazoloacridinones in-
hibit topoisomerases II (topo II), which results in the 
induction of topo II-associated double strand breaks 
(Skladanowski et al., 1999; Lemke et al., 2004). The 
induction of strand breaks was most probably the 
cause of unsuccessful initial experiments conducted 
to detect interstrand DNA crosslinks in HeLa S3 and 
HL60 cells treated with C-1305, the most active com-
pound from the triazoloacridinone group (Fig. 1A–B, 
open symbols). We were able to overcome this prob-
lem by pretreating cells with aurintricarboxylic acid 
(ATA), a compound known to inhibit the forma-
tion of topo II–DNA complexes and drug-induced 
DNA strand scission (Benchokroun et al., 1995). In 
all experiments, cells were incubated with 25 µM of 
ATA for one cell doubling time. Under these condi-
tions ATA had no effect on C-1305 cytotoxicity (not 
shown). Using a mild denaturation method it was 
found that C-1305 increased the fraction of cross-
linked DNA in cells of two different tumor cell lines 
(HeLa S3 and HL60) as compared to control cells 
non-treated with ATA (Fig. 1A–B, closed symbols). 
The crosslinks induced in the presence of ATA were 
dependent on C-1305 concentration. The DNA inter-
strand crosslink formation was strictly dependent on 
active intracellular enzymes. C-1305 incubated with 
cell lysates, in which cellular enzymes were deacti-
vated during lysis by detergent, did not cause any 
significant increase in the fraction of crosslinked 
DNA (Fig. 2). It should be stressed that the drug:
DNA ratio in cell lysates was comparable to or even 
higher than those in whole cells.

Table 2. Parameters describing physicochemical interac-
tion of triazoloacridinones with DNA.

Values are means ± S.D. from at least three independent 
experiments.

Compound
DNA duplex stabilization Viscometric  

measurement
a∆tm

b∆tm1
cm slope

[oC] –
C-1233 9.1 ± 0.09 –0.31 ± 0.93 2.74

C-1296 11.5 ± 0.61 1.20 ± 0.24 2.18

C-1303 13.1 ± 1.50 1.70 ± 0.49 3.36

C-1305 15.1 ± 0.13 2.00 ± 0.03 3.10

C-1533 8.1 ± 0.21 –0.93 ± 0.23 2.93

C-1567 6.8 ± 2.20 0.11 ± 0.09 1.24

a∆tm, the increase in DNA melting temperature at drug to DNA 
base pairs 1 : 4 molar ratio for calf thymus DNA in phosphate buf-
fer (7.5 mM NaH2PO4, 1 mM EDTA, pH 7.0); b∆tm1, the increase in 
DNA melting temperature at drug to DNA base pairs 1 : 4 molar 
ratio for calf thymus DNA in phosphate buffer supplemented with 
100 mM NaCl; cm, slope of the function log (η/η0) vs. log (1+2r) 
is calculated from the intrinsic viscosities of sonicated calf thymus 
DNA, where η and η0 are respectively the intrinsic viscosity in the 
presence and in the absence of a compound, and r is the ratio of 
the molar concentration of bound compound to the molar concen-
tration of DNA base pairs.
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In other experiments, we abolished topo II ac-
tivity in fibroblastic cells by growing them to con-
fluency. It is known that contact growth inhibition 
of normal mouse fibroblasts NIH 3T3 results in a 
decreased level of topoisomerase IIα (down to neg-
ligible, around 0% of the normal level); the level of 
topoisomerase IIβ, normally constituting less than 
20% of the total topoisomerase activity observed 

in dividing cells, remains unchanged (Isaacs et al., 
1996; and citated publications). In all experiments, 
to reach contact inhibition (confluency), exponen-
tially growing cells were seeded 48 h prior to C-1305 
treatment. In confluent NIH 3T3 cells it was found 
that C-1305 induced a similar increase in the fraction 
of crosslinked DNA as that obtained in tumor cells 
pretreated with ATA (Fig. 1C, open symbols). It was 
also found that pretreatment of contact inhibited 
cells with ATA did not affect the DNA crosslinking 
induced by C-1305 (Fig. 1C, closed symbols). We ob-
served no or only a minor increase in the fraction 
of crosslinked DNA when DNA from C-1305 treated 
cells was denaturated at pH 12.5, 30 min or at 95oC, 
15 min (Fig. 3).

The ability of other TA to induce interstrand 
DNA crosslinks was determined for confluent NIH 
3T3 cells which seemed to be a more proper model 
for studying DNA crosslinking than tumor cells ar-
tificially modified by pretreatment with ATA. For 
better comparison, all TA were studied at the same 
range of concentrations (10 to 100 µM). Five out of 
six selected TA induced a concentration-dependent 
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Figure 1. C-1305-induced interstrand crosslinking of ge-
nomic DNA.
HeLa S3 (A) and HL60 (B) cell lines at exponential or NIH 
3T3 (C) cells at confluent phase of growth were pretreat-
ed with 25 µM ATA before drug treatment (), or grown 
in ATA-free medium (), and treated with the drug for 
3 h and then the fraction of crosslinked DNA (FCR) was 
measured using mild denaturation method as described in 
Materials and Methods. Values are means (± S.D.) of three 
experiments.
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Figure 2. Characterization of C-1305-induced DNA inter-
strand crosslinks in HL60 cells pretreated with 25 µM 
ATA and treated with 75 µM C-1305 for 3 h.
Whole cells () or cell lysates () were treated with the 
drug and the level of DNA crosslinks was evaluated using 
denaturation method described in Materials and Methods. 
Values are means (± S.D.) of three experiments.
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Figure 3. Thermal and alkali stability of DNA inter-
strand crosslinks induced by C-1305 in NIH 3T3 cells at 
confluent phase of growth.
Cells were treated with 75 µM C-1305 for 6 h and the lev-
el of DNA crosslinking was evaluated after () mild de-
naturation (50oC, 30 min); alkali denaturation: pH 12.5, 30 
min; high temperature denaturation: 95oC, 15 min. Values 
are means (± S.D.) of three experiments.
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increase in the fraction of crosslinked DNA. Depend-
ing on the chemical structures of the TA studied, the 
maximum level of the fraction of crosslinked DNA 
varied from about 20 to 40% for the compound 
concentration amounting to 50 or 75 µM for tria-
zoloacridinones C-1233, C-1296, C-1303 and C-1305 
(Fig. 4A–C). Moreover, it was found that compound 
C-1533 was the most effective DNA crosslinking 
agent among the TA studied, with about 80% level 
of  the fraction of crosslinked DNA at 50 µM com-

pound concentration (Fig. 4C, closed symbols). For 
compound C-1567, bearing t-butyl group in posi-
tion 8, no increase in the fraction of crosslinked 
DNA was observed (Fig. 4C, open symbols). Using 
a cross-validation method we also estimated the C0 
value, which corresponds to a concentration of TA 
at which the first DNA crosslink could be detected 
by our method. Results are shown in Table 3.

Correlation between biological (cytotoxic) activity 
and drug–DNA binding parameters

After demonstration of the capability of TA of 
noncovalent or covalent binding to DNA by inter-
calation or formation of interstrand DNA crosslinks 
in cells, respectively, an important question arose 
regarding the relevance of such abilities to the bio-
logical properties of these compounds. Answering 
this question was possible only indirectly by study-
ing the correlation between the biological (cytotox-
ic) activity and the drug–DNA binding parameters. 
The biological activity data (Table 1 and 3) used for 
the correlation analysis were transformed to nega-
tive logarithms. The noncovalent drug–DNA bind-
ing parameters, ∆tm and m slope values (Table 3), 
were used directly. For the correlation analysis, the 
covalent binding parameter, C0 values, correspond-
ing to the concentration at which the first crosslink 
could be detected, were transformed to negative 
logarithms. The correlations between the biological 
(cytotoxic) activity and the drug–DNA binding pa-
rameters were performed by regression analysis and 
expressed as correlation coefficients and the results 
are shown in Table 4.

There are two groups of correlation coef-
ficients (in bold) higher than 0.8. The first group 
relates to cytotoxic activities (pEC) and indicates a 
positive correlation between the TA cytotoxic activi-
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Figure 4. Interstrand crosslinking of genomic DNA in-
duced by triazoloacridinones in NIH 3T3 cells at conflu-
ent phase of growth treated with the drugs for 6 h.
Fraction of crosslinked DNA (FCR) was measured using 
denaturation method described in Materials and Meth-
ods. Panel A: C-1233 (), C-1296 (); Panel B: C-1303 (), 
C-1305 (); Panel C: C-1533 (), C-1567 (). Values are 
means (± S.D.) of three experiments.

Table 3. Comparison between cytotoxic activity and the 
ability to induce interstrand crosslinks in DNA of NIH 
3T3 cells for studied triazoloacridinones

Compound
NIH 3T3 cells

aEC90 [µM] bC0 [µM]
C-1233 64.3 ± 1.30 4.6 ± 2.20

C-1296 4.3 ± 0.37 37.2 ± 7.60

C-1303 7.1 ± 1.20 21.9 ± 0.91

C-1305 5.6 ± 0.42 23.7 ± 9.90

C-1533 71.3 ± 1.70 3.5 ± 1.40

C-1567 266.3 ± 3.00 cN

aEC90, the concentration of the compound inhibiting  growth of 
cells by 90% after exposition to drugs for 6 h and 72 h postincu-
bation in drug-free medium; bC0, the drug concentration at which 
the first DNA crosslink could be determined in confluent NIH 3T3 
cells treated with the drug for 6 h; cN, means that DNA crosslinks 
were not observed.
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ties in two different cell lines. The second shows a 
positive correlation between the stabilization of DNA 
duplexes by triazoloacridinones (∆tm) in low concen-
tration phosphate buffer and the cytotoxic activity. 
However, no significant correlations were identified 
between the intercalation to DNA (m slope) and the 
cytotoxic activity, or between DNA duplex stabiliza-
tion and intercalation to DNA. Negative correlations 
were found between DNA crosslink formation (pC0) 
and the cytotoxic activity and other parameters. 
Compound C-1567 was excluded from the correla-
tion calculations as it had no crosslinking ability.

DISCUSSION

The aim of our study was to investigate the 
ability of a series of six triazoloacridinones differing 
in chemical structure and the cytotoxic and antitu-
mor activities (Table 1) to form noncovalent com-
plexes with DNA as well as covalent interstrand 
DNA crosslinks. We also assessed the significance of 
these interactions for biological activity of TA.

The ability of TA to interact with DNA was 
examined using thermal denaturation or viscomet-
ric titration methods. All TA compounds examined 
were able to stabilize DNA duplexes with the in-
creases in the ‘melting’ temperature of ctDNA, ∆tm, 
ranging from 6.8 to 15.1oC for a drug/DNA molar 
ratio 1 : 4 (Table 2). These results confirm the abil-
ity of TA to interact noncovalently with DNA. The 
higher affinity for DNA in low salt buffer and a sig-
nificant almost complete loss of a stabilization ef-
fect on the secondary structure of DNA in a buffer 
with a high concentration of NaCl (100 mM) point 
to a role of electrostatic interactions, probably be-
tween the positively charged side chain of TA and 
the polyanionic DNA phosphate backbone (Chaires 
et al., 1996). Modeling studies have suggested that 

the charged diaminoalkyl side chain of imidazo-
acridinone compounds can interact with DNA in 
the minor groove (Mazerski & Muchniewicz, 2000), 
in addition to intercalation. Such interaction is like-
ly for TA–DNA complexes.  Those data indicated 
also that intercalation is not involved in the stabili-
zation of secondary structure of DNA. The lack of 
stabilization of the secondary structure of DNA in a 
buffer with 100 mM NaCl, corresponding to the salt 
concentration in the cell, indicates that this stabiliz-
ing effect could not appear in cells and influence 
the biological activity of TA. In view of the above 
observation, the positive correlation found between 
stabilization of secondary structure of DNA in low 
salt buffer and cytotoxic activity has no implication 
for the biological activity of TA. Viscometric titra-
tion data, the m slope values, provide evidence for 
TA monointercalation to DNA (Table 2). It is im-
portant to note that viscometric studies on binding 
to DNA are regarded as the most reliable assay for 
intercalation to DNA (Suh & Chaires, 1995). Moreo-
ver, the presence of a hydroxyl group in position 
8 of acridinone ring slightly increases the affinity 
for DNA compared to unsubstituted or alkyl- sub-
stituted derivatives, possibly due to additional hy-
drogen bonds with the DNA phosphate backbone. 
Triazoloacridinones with 8-OH group (C-1303, C-
1305), as noted (Cholody et al., 1990; Kusnierczyk 
et al., 1994), were considerably more potent anti-
tumor agents than other derivatives. However, for 
the biologically non-active and non-crosslinking 
DNA compound C-1567, bearing a t-butyl group in 
position 8, the ∆tm and m slope values were 6.8oC 
and 1.24, respectively, indicating that stabilization 
of the DNA duplex by this compound probably 
derived from electrostatic interactions of the side 
chain with DNA and not from its intercalation to 
DNA. This means that intercalation to DNA is nec-
essary for the biological activity of TA.

Table 4. Correlation coefficients (R) between biological (cytotoxic) activity and drug–DNA binding parameters for 
studied triazoloacridinonesa

Correlation coefficient R values

bpEC50 HeLa S3
bpEC90 NIH 3T3 ∆tm m slope bpC0

pEC50 HeLa S3 1.000

pEC90 NIH 3T3 0.818 1.000

∆tm 0.801 0.907 1.000

m slope 0.405 0.564 0.646 1.000

pC0 -0.862 –0.995 –0.814 0.146 1.000

aExplanation of all abbreviations and symbols is given in Table 1, 2 and 3; bpEC50 HeLa S3, pEC90 NIH 3T3 and pC0 are expressed as negative 
logarithms.
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Among the TA derivatives tested there is no 
significant correlation between DNA duplex stabi-
lization (∆tm) and intercalation to DNA (m slope) 
(Table 4). This points to an additional manner of 
interactions of TA with DNA, in addition to inter-
calation. The weak correlation between intercalation 
to DNA (m slope) and the cytotoxic activity (pEC) 
suggests that intercalation to DNA does not play a 
major role in the mechanism of TA action important 
for their biological (cytotoxic) activity. Studies with 
related classes of intercalating drugs, such as imida-
zoacridinones (Dziegielewski et al., 2002), anthracen-
ediones (Johnson et al., 1979), azaanthracenediones 
(Hazlehurst et al., 1995), 1-nitroacridine derivatives 
(Pawlak et al., 1983) or anthracyclines (Capranico et 
al., 1990) also repeatedly showed a poor correlation 
between the drug cytotoxic potency and physico-
chemical DNA binding affinity.

In several cases, for a number of classes of 
intercalating drugs, further studies revealed drug 
metabolic activation in cellular systems, leading to 
the formation of covalent DNA adducts (Pawlak et 
al., 1984; Skladanowski & Konopa, 1994b). Therefore, 
the aim of our further studies was to investigate the 
ability of triazoloacridinones to form covalent inter-
strand DNA crosslinks and to assess the significance 
of this mode of binding to DNA for the biological 
activity of TA.  Triazoloacridinones are topo II in-
hibitors since they are capable of blocking cleav-
able topo II–DNA complexes (Skladanowski et al., 
1999; Lemke et al., 2004). This leads to DNA frag-
mentation during DNA denaturation step of DNA 
crosslinking determination, and thereby decreases 
the ability of DNA to renature. In consequence, the 
detection of DNA crosslinks declines or becomes im-
possible altogether. For instance, in DNA of HeLa 
S3 and HL60 cells treated with C-1305, it was not 
possible to detect interstrand crosslinks. However, 
we found that this triazoloacridinone induced in-
terstrand DNA crosslinks in cells in which topo II 
activity was lowered or “switched off”. Aurintricar-
boxylic acid inhibits the formation of topo II–DNA 
complexes (Benchokroun et al., 1995). Therefore, 
when HeLa S3 or HL60 cells were pretreated with 
ATA and then treated with C-1305, an increase in 
interstrand DNA crosslinks in a dose-dependent 
manner was observed. In other experiments, we sig-
nificantly lowered topo II activity in fibroblast NIH 
3T3 cells by growing them to confluency. In conflu-
ent (contact-inhibited) cells, the level of topoisomer-
ase IIα decreases almost to 0%, while the level of 
topoisomerase IIβ remains unchanged (Isaacs et al., 
1996). Triazoloacridinone C-1305 induced interstrand 
crosslinks in a dose-dependent manner also in DNA 
of confluent NIH 3T3. A similar level of crosslinked 
DNA was observed in confluent NIH 3T3 cells pre-
treated with ATA and then treated with C-1305. This 

result additionally, but indirectly, confirms the pre-
vious observations that C-1305 is a specific poison of 
topoisomerase IIα.

Triazoloacridinone C-1305 did not produce 
any detectable DNA crosslinking when added di-
rectly to cell lysates, in which cellular enzymes were 
inactivated. Based on this observation two conclu-
sions can be drawn. Firstly, the observed increase of 
the fraction of crosslinked DNA from cells treated 
with TA was not a result of their stabilization of the 
DNA structure by non-covalent interactions. Sec-
ondly, metabolic activation of TA was required for 
covalent crosslinking of DNA to occur. Pathways of 
metabolic activation of C-1305 are being currently 
under investigation. It seems probable that TA with 
the 8-OH group in the acridinone ring, like imida-
zoacridinones (Mazerska et al., 1997), could be acti-
vated in cells by oxidation. Oxidation leads to the 
formation of reactive imino-quinone derivatives that 
could be able, similarly as reported for ellipticine 
(Meunier et al., 1988), to bind nucleophilic centers of 
cellular macromolecules, including DNA. The alkyl-
diamino residue might be also important for the 
DNA crosslinking ability of TA. It was shown for 
mitoxantrone and ametantrone that their alkyldiami-
no residues after enzymatic activation were involved 
in covalent binding and DNA crosslink formation 
(Dackiewicz et al., 1995; Skladanowski et al., 2000).

The DNA crosslinks produced by C-1305 were 
disrupted at alkaline (pH 12.5, 30 min) or elevated 
temperature conditions (95oC, 15 min), hence could 
neither be detected by alkaline elution procedures 
where DNA is exposed to alkali for a prolonged 
period of time nor methods based on thermal dena-
turation of DNA. It is not a unique property, since 
interstrand crosslinks in DNA formed by anthracy-
clines (Skladanowski & Konopa, 1994a), anthracen-
ediones (mitoxantrone) (Skladanowski et al., 2000) 
and bizelesine (Lee & Gibson, 1993) are also alkali 
and thermally labile. Therefore, in this study we 
used a mild procedure developed in our laboratory 
which enables the detection of interstrand crosslinks 
in DNA at neutral pH and low temperature (50oC).

We addressed the question of how relevant 
to the biological activities of TA is their ability to 
crosslink DNA by studying the correlation between 
these properties in a group of selected TA of diver-
gent biological properties. Five from the six selected 
TA induced a concentration-dependent increase in 
the fraction of crosslinked DNA (FCR), reaching a 
maximum value of FCR equal to 20–40% mostly in 
cells treated with 50 or 75 µM TA. In some cases, 
in cells treated with higher concentrations of TA, the 
fraction of crosslinked DNA decreased as a conse-
quence of induction of apoptosis and the fragmenta-
tion of DNA (Augustin & Konopa, 1999; Augustin 
et al., 2000; 2006). Moreover, for compound C-1533, 
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the fraction of crosslinked DNA was about 80% at 
50 µM concentration of this compound. At the mo-
ment, it seems probable that the latter compound 
compared to the other TA studied is a less effective 
topo II inhibitor or is transported to cells and un-
dergoes metabolic activation more efficiently. Fur-
ther studies are required to clarify this notion. Com-
pound C-1567, bearing a t-butyl group in position 8, 
hence not intercalating to DNA, did not induce any 
increase in the fraction of crosslinked DNA. This ob-
servation suggests that probably intercalation of TA 
to DNA could be a necessary step for the formation 
of interstrand DNA crosslinks via positioning the 
drug molecules within DNA prior to the covalent re-
action. However, it is also possible that position 8 in 
TA is important for their ability to crosslink DNA. It 
is interesting to note that all TA with a substituent 
in position 8 other than OH, NO2, Cl or CH3, do not 
exhibit antitumor activity (Cholody et al., 1990).

The negative correlations between the ability 
to form DNA crosslinks expressed as the C0 value 
and their cytotoxic activities expressed as EC50 or 
EC90 values were rather surprising and unexpected. 
In previous similar studies, concerning 1-nitroacrid-
ines (Pawlak et al., 1984) and anthracyclines (Skla-
danowski & Konopa, 1994b), on the relevance of the 
capability of DNA crosslinking to the biological ac-
tivity of these compounds, a positive correlation be-
tween these two parameters was found, suggesting 
a crucial role of the ability to crosslink DNA for the 
biological activity. Correlations between the ability 
of the compounds studied to form DNA crosslinks 
and the cytotoxic properties were calculated for the 
five TA which induced DNA crosslinking. In the 
case of  C-1567, which is biologically inactive and 
does not form DNA crosslinks, we observed a re-
verse situation — a positive relation between the 
mentioned properties. This discrepancy does not 
allow one to make conclusions concerning the rele-
vance of the ability to crosslink DNA to the biologi-
cal properties of TA. This discrepancy might stem 
from an unknown factor influencing the assay of 
DNA crosslinking. This influence is very likely to re-
sult from the topo II poison properties of TA which 
may interfere with the DNA crosslinking assay in a 
more complicated and unpredictable manner than 
was assumed and could be solved in further more 
datailed studies.

In conclusion, we have shown here that TA 
intercalate to DNA, but this ability is not crucial for 
the biological activity of these compounds. After 
previous metabolic activation, TA induce formation 
of covalent interstrand crosslinks in DNA of tumor 
cells. The DNA crosslinking ability is usually crucial 
for the biological activity of compounds exhibiting 
such property. However, in the case of the TA stud-
ied, it was impossible to validate the relevance of the 

ability to crosslink DNA to their biological activity. 
Moreover, the ability to induce interstrand crosslink-
ing of DNA seems to be involved in the mechanism 
of action of TA, beside that of poisoning of topo II. 
Such a dual mechanism of action additionally sup-
ports the interest in TA, especially C-1305, as prom-
ising antitumor agents.
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