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Abstract—Tirapazamine is a bioreductively activated DNA-damaging agent that selectively kills the hypoxic cells found in solid
tumors. In this work, base excision repair enzymes were used to provide evidence that tirapazamine causes significant amounts of
damage to both purine and pyrimidine residues in double-stranded DNA. # 2002 Elsevier Science Ltd. All rights reserved.

The heterocyclic N-oxide 3-amino-1,2,4-benzotriazine
1,4-dioxide (1, tirapazamine) is a bioreductively acti-
vated DNA-damaging agent that selectively kills the
oxygen-poor (hypoxic) cells found in solid tumors.1,2

Accordingly, the compound shows promise as an anti-
tumor agent and is currently undergoing various phase
I, II, and III clinical trials for the treatment of several
human cancers.2 Tirapazamine is enzymatically reduced
in cells to yield a crucial radical intermediate (2, Scheme
1).3 In normally oxygenated cells, the activated form of
the drug (2) is rapidly destroyed by reaction with O2,

3�5

but, in the hypoxic environment of tumors, this radical
goes on to cause oxidative cleavage of the DNA back-
bone.3,6,7 A wealth of experimental data indicates that
DNA is an important cellular target for tirapazamine;8,9

however, the exact nature of the chemical species
responsible for tirapazamine-mediated strand cleavage
remains uncertain. It is commonly suggested that the
tirapazamine radical (2) directly abstracts hydrogen
atoms from the DNA backbone;1,2 however, there
is evidence indicating that the N-OH bond in the
protonated tirapazamine radical (2) may undergo
homolytic fragmentation to release the well known
DNA-cleaving agent hydroxyl radical (as shown in
Scheme 1).7,10 Recent studies show that, in addition to
generating deoxyribose radicals, tirapazamine (and its
mono-N-oxide metabolites) can further react with these
DNA radicals, thus converting them into strand
breaks.11�13

We were intrigued by a recent report suggesting that
activated tirapazamine selectively damages the deoxy-
ribose sugars of DNA but does not react with the het-
erocyclic bases in the biopolymer.13 We found this
surprising because, typically, small diffusible agents that
have the oxidizing power to abstract hydrogen atoms
from the deoxyribose backbone also cause oxidative
damage to the bases in DNA.14 For example, when
hydroxyl radical (HO�) attacks double-stranded DNA,
substantial amounts of base damage occur along
with reactions at the sugar-phosphate backbone of
the biopolymer.14�19 In light of the expectation that tir-
apazamine will cause DNA base damage, and with the
knowledge that base modification can have serious bio-
logical consequences,20�22 we decided to investigate
whether this drug damages the heterocyclic bases in
duplex DNA. In the work reported here, we have
employed base excision repair enzymes to provide evi-
dence that the antitumor agent tirapazamine does, in
fact, cause significant amounts of damage to both
purine and pyrimidine residues in double-stranded DNA.

DNA repair endonucleases are useful tools for the ana-
lysis of DNA damage.23,24 Used in this context, repair
enzymes do not repair damaged DNA at all; rather,
they recognize and cleave DNA at particular lesions,
leaving behind a strand break that can be readily detec-
ted using polyacrylamide or agarose gel electrophoresis.
Each repair enzyme used in this study recognizes and
cleaves at a set of DNA lesions (the substrate specifi-
cities are summarized in Table 1).23 The enzymes
exonuclease III (exo III) and endonuclease IV (endo IV)
reveal damage to the DNA backbone by converting
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C10-oxidized sugar residues (exo III and endo IV), C40-
oxidized sugar residues (endo IV), and abasic sites (exo III
and endo IV) into strand breaks (Fig. 1).23,25,26 The base
excision repair enzymes employed in this work, endonu-
clease III (endo III) and formamidopyrimidine glycosy-
lase (FPG), remove a wide variety of oxidatively damaged
pyrimidine and purine bases, respectively, from duplex
DNA (Fig. 1) and also catalyze subsequent strand clea-
vage at the resulting abasic site (Scheme 2).27�30 The
strand breaks caused by the reagents used in this study
provide a quantitative indication that a certain type of
lesion was present in the treated DNA. When DNA
damaged by a particular agent is treated with a panel of
repair enzymes, the resulting response (relative number
of strand breaks induced by each enzyme) has been
referred to as the ‘endonuclease fingerprint’ for that
DNA-damaging agent.23,24 The endonuclease finger-
print obtained for a given agent provides information
regarding the general types of DNA lesions that are
formed and, when compared to the endonuclease finger-
print of other well characterized DNA-damaging agents,

can provide insight regarding the chemical nature of the
species responsible for the DNA damage.24

We used a plasmid-based, agarose gel assay to measure
the strand breaks induced by endonuclease treatment of
tirapazamine-damaged DNA. This assay measures DNA
strand breaks by monitoring the relative amounts of
uncut (supercoiled, form I) and cleaved (nicked, form II)
plasmid DNA present in each reaction. With this assay it
is possible to quantitatively detect the increase in number
of strand breaks caused by treatment of the damaged
DNA with various repair enzymes. The compound 3-
amino-1,2,4-benzotriazine 1,4-dioxide (1, tirapazamine)
was prepared according to the method of Fuchs et al.31

Tirapazamine was activated using either the NADPH:cy-
tochrome P450 oxidoreductase or the xanthine/xanthine
oxidase enzyme system under anaerobic conditions. Both
of these systems have been shown to effectively trigger
DNA strand cleavage by tirapazamine3,6,7 and are known
to generate the same spectrum of metabolites obtained
from in vivo metabolism of the drug.31 The NADPH:
cytochrome P450 oxidoreductase system is thought to be
the major enzyme responsible for the bioactivation of tir-
apazamine.32 All DNA-damage reactions were prepared
using degassed solutions in an inert atmosphere glove
bag and incubated under anaerobic conditions pro-
tected from light.33

Figure 2 shows the endonuclease fingerprint for DNA
damage by the tirapazamine-NADPH:cytochrome P450
oxidoreductase system under anaerobic conditions. Tir-
apazamine causes spontaneous strand breaks in the
DNA under these conditions and these direct strand

Scheme 1.

Table 1. Substrate specificities for repair enzymes used in this studya

Enzyme AP Sites Oxidized bases

Regular 10-Ox 40-Ox Purines Pyrimidines

Exo III + + � � �
Endo IV + + + � �
FPG + � + + �
Endo IIIb + � + � +

aFor a more complete version of this table, see ref 23.
bEndo III has recently been shown to process some purine lesions.30

Figure 1. Structures of representative oxidatively-damaged DNA substrates recognized by the enzymes used in this study.
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breaks are depicted by the height of the bar labeled
‘SSB’ on the plot. The bar heights shown for each
endonuclease in Figure 2 represent the increase, above
and beyond spontaneous strand breaks, that results
from enzyme treatment. The total number of strand
breaks following exo III treatment (enzyme-induced
plus spontaneous cleavage events) is 1.5�0.1-fold
greater than the number of strand breaks present in the
tirapazamine-damaged DNA prior to enzyme treat-
ment. The exo III-mediated increase in strand breaks
indicates that abasic sites and/or C10-oxidized abasic
sites are formed by tirapazamine. Treatment of the
DNA with endo IV affords a somewhat larger increase
in the number of strand breaks (2.3�0.1-fold increase),
indicating that C40-oxidized sugar residues are produced
in the DNA damage reaction. The increase in strand
cleavage catalyzed by treatment with FPG (2.0�0.1-
fold increase) suggests that oxidized purine residues are
present in tirapazamine-damaged DNA. Treatment of
drug-damaged DNA with endo III results in the largest
increase in strand breaks (4.2�0.1-fold increase), indi-
cating that damaged pyrimidine residues probably con-
stitute the dominant form of base damage caused by
activated tirapazamine.

Activation of tirapazamine by xanthine/xanthine
oxidase under hypoxic conditions yields an endonu-
clease fingerprint (Fig. 3) very similar to that shown for
activation by the NADPH:cytochrome P450 oxidor-
eductase system (Fig. 2). This outcome was anticipated
because both enzymes generate the same reactive inter-
mediate (2) from tirapazamine. When the drug is acti-
vated by xanthine oxidase, treatment of the damaged
DNA by exo III yields a 1.4�0.2-fold increase in strand
breaks, endo IV yields a 1.8�0.2-fold increase, expo-
sure to FPG yields a 1.7�0.3-fold increase, and endo
III a 2.8�0.2-fold increase.

As a point of reference, we felt it would be informative
to compare the endonuclease fingerprint of enzymati-
cally-activated tirapazamine (Figs. 2 and 3) with that of
authentic hydroxyl radical under hypoxic conditions
(Fig. 4). It is well known that hydroxyl radical causes
oxidative base damage along with spontaneous strand
cleavage under anaerobic conditions;14�17 however, to
the best of our knowledge, the endonuclease fingerprint
for DNA damage by hydroxyl radical under low-oxygen
conditions has not previously been reported. In our
experiments, authentic hydroxyl radical was generated
by anaerobic g-radiolysis of N2O-saturated aqueous
buffer.34 The radiolysis experiments contained all
components of the NADPH:cytochrome P450 oxido-
reductase assay system (minus tirapazamine) so that
comparison to the endonuclease fingerprint for tir-
apazamine activated by this enzyme system would be
possible. We find that treatment of irradiated DNA
with exo III, endo IV, endo III, and FPG yields an
endonuclease fingerprint similar to that described above

Scheme 2.

Figure 2. Endonuclease fingerprint for tirapazamine-mediated DNA
damage (activated by NADPH:cytochrome P450 oxidoreductase
under hypoxic conditions). DNA damage reactions with tirapazamine
were conducted as described previously.36 The solutions contained
1mg of supercoiled pGL2 DNA, 500mM NADPH, 50mM sodium
phosphate (pH 7.0), 1mM desferal, 2mUnits of cytochrome P450
oxidoreductase, 0.2mg/mL catalase, and 12.5mM tirapazamine in
30mL total volume. Catalase and the iron chelator desferal were
included to quench potential background oxidative DNA damage
stemming from the conversion of trace amounts of molecular oxygen
to superoxide radical by either the enzyme or tirapazamine radical
anion. This mixture was incubated for 4 h and the DNA then pre-
cipitated by addition of 500mL of 0.3M sodium acetate (pH 5.2) in
70% ethanol, the resulting pellet washed with 70% EtOH (500 mL),
and the DNA pellets were briefly air dried. The pellets were subse-
quently redissolved in the appropriate buffer and treated with repair
endonucleases as described in ref 37. The tirapazamine reaction con-
ditions were carefully optimized to maintain levels of supercoiled and
nicked plasmid within a range that allows reliable quantitation from
the agarose gels (no linearized DNA present).

Figure 3. Endonuclease fingerprint for tirapazamine-mediated DNA
damage (activated by xanthine oxidase under hypoxic conditions). The
reactions utilizing the xanthine/xanthine oxidase enzyme system were
performed in the same manner as described for Figure 2, except the
assays contained 500mM xanthine (added to the assay as 3 mL of a
5mM solution in pH 11 aq NaOH) and 0.4 units/mL xanthine oxidase
(Boehringer) in place of NADPH:cytochrome P450 oxidoreductase
and the mixture incubated for 1 h prior to precipitation of the DNA.
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for tirapazamine where oxidized pyrimidine residues
(revealed by endo III treatment) are the primary type of
enzyme-labile base damage. As a test of our methods, we
confirmed that radiolysis of DNA under aerobic condi-
tions yields the expected endonuclease fingerprint23 in
which FPG-labile damage predominates over all other
types of enzyme-labile damage (data not shown).

The work reported here provides strong evidence that
tirapazamine damages the heterocyclic bases in double-
stranded DNA under physiologically relevant condi-
tions. DNA base damage can have serious effects on
cellular operations and, thus, may contribute to the
biological action of this drug.20�22 The yield of tir-
apazamine-mediated base damage is significant. The
total yield of base damage revealed by FPG and endo
III treatment is three to four times greater than the yield
of spontaneous strand breaks caused by the drug. The
relative amounts of strand cleavage induced by treat-
ment of tirapazamine-damaged DNA by FPG and endo
III suggests that tirapazamine inflicts approximately
three times more enzyme-labile damage on pyrimidine
residues than purine residues in duplex DNA. Initially,
the predominance of damage to pyrimidine residues
(revealed by endo III treatment) in these experiments
may seem surprising because purines (particularly gua-
nine) are more prone to oxidative damage under many
conditions.14 However, the results of our comparison
experiments with anaerobic hydroxyl radical indicate
that an endonuclease fingerprint showing a pre-
dominance of endo III-labile lesions is not unusual for
DNA damage by a small, diffusible oxidant under low-
oxygen conditions. Indeed, Dizdaroglu’s group has

previously shown using GC–MS analysis that, under
anaerobic conditions, hydroxyl radical causes more
damage to pyrimidine residues than to purines.16,17

Our finding that tirapazamine causes DNA base
damage meshes with the results of previous biological
experiments in which Edwards and Virk measured the
ability of tirapazamine-damaged phage DNA to infect
various strains of repair-deficient E. coli.35 Their results
suggested that exo III, uvrC, and endo III were involved
in the repair of the tirapazamine-damaged DNA and led
to the author’s conclusion that single-strand breaks and
pyrimidine damage are the major ‘inactivating’ DNA
lesions induced by tirapazamine. It should be noted that
our results, along with the earlier results of Edwards
and Virk, are inconsistent with the recent proposal that
tirapazamine selectively oxidizes the sugar-phosphate
backbone of DNA without causing DNA base
damage.13 In that work, 32P-postlabeling analysis suc-
cessfully detected products of tirapazamine-mediated
strand cleavage (e.g., phosphoglycolates), but no evi-
dence for DNA base damage was observed. The reason
for the discrepancy between our findings and the results
of this previous study is unclear at this time.

Our results show that reductive activation of tirapazamine
yields a pattern of DNA damage that is typical of a small,
diffusable oxidizing radical (e.g., hydroxyl radical), in
which damage to both the DNA backbone and the het-
erocyclic bases occurs. The exact identity of the base
damage inflicted by tirapazamine remains to be deter-
mined. Although the endonuclease fingerprint of enzy-
matically-activated tirapazamine appears similar to that
for anaerobic radiolysis (HO� ), there are reasons to
believe that the drug may yield a distinct spectrum of
DNA base lesions. This is because the drug has the abil-
ity to initiate the formation of DNA radicals and then
further react with these radical sites in two ways. First,
the ability of the drug and its metabolites to transfer
oxygen atoms to carbon-centered radicals11,12 may influ-
ence the base damage products. Second, unusual base
damage products could result from the reduction of
intermediate DNA radicals by the tirapazamine radical
anion. To fully understand the biological consequences
of tirapazamine-mediated base damage, it will be necessary
to characterize the detailed chemical nature of the base
damage caused by this drug and to determine whether such
damage occurs in vivo. Experiments designed to address
these questions are currently underway.

Acknowledgements

This work was generously supported by American
Cancer Society Grant RPG-00–028–01.

References and Notes

1. Denny,W. A.Wilson Expert Opin. Invest. Drugs 2000, 9, 2889.
2. Brown, J. M. Cancer Res. 1999, 59, 5863.
3. Laderoute, K. L.; Wardman, P.; Rauth, M. Biochem.
Pharmacol. 1988, 37, 1487.

Figure 4. Endonuclease fingerprint for hydroxyl radical under hypoxic
conditions. All reactions were performed under nitrous oxide (N2O).
The N2O used in these experiments contains less than 0.1% O2. Thus,
the final O2 levels in the radiolysis experiments are comparable to (or
below) those found in the enzymatic reactions described here. Nitrous
oxide scavenges solvated electrons produced in the radiolysis of water
and generates hydroxyl radicals.34 In the experiment, a solution con-
taining 1mg pGL2 DNA, 500mM NADPH, 50mM sodium phosphate
(pH 7.0), 1mM desferal, 2mUnits of cytochrome P450 oxido-
reductase, and 0.2mg/mL catalase in a conical-ended Pyrex tube
(2mm ID) was degassed by three freeze-pump-thaw cycles. At the end
of the last freeze-pump-thaw cycle, the tube was purged with nitrous
oxide (N2O). The tubes were sealed with rubber septa, the seals wrap-
ped with parafilm, and then exposed to 500 rads of g-radiation using a
60Co-source. The radiation dose was carefully chosen to maintain
levels of supercoiled and nicked plasmid within a range that allows
reliable quantitation from the agarose gels (no linearized DNA pre-
sent). Immediately following irradiation, the DNA was ethanol pre-
cipitated as described above and subjected to endonuclease treatment
as described in ref 37.

2328 D. Kotandeniya et al. / Bioorg. Med. Chem. Lett. 12 (2002) 2325–2329



4. Lloyd, R. V.; Duling, D. R.; Rumyantseva, G. V.; Mason,
R. P.; Bridson, P. K. Mol. Pharmacol. 1991, 40, 440.
5. Wardman, P.; Priyadarsini, K. I.; Dennis, M. F.; Everett,
S. A.; Naylor, M. A.; Patel, K. B.; Stratford, I. J.; Stratford,
M. R. L.; Tracy, M. Br. J. Cancer 1996, 74, S70.
6. Fitzsimmons, S. A.; Lewis, A. D.; Riley, R. J.; Workman,
P. Carcinogenesis 1994, 15, 1503.
7. Daniels, J. S.; Gates, K. S. J. Am. Chem. Soc. 1996, 118,
3380.
8. Biedermann, K. A.; Wang, J.; Graham, R. P. Br. J. Cancer
1991, 63, 358.
9. Siim, B. G.; van Zijl, P. L.; Brown, J. M. Br. J. Cancer
1996, 73, 952.
10. Patterson, L. H.; Taiwo, F. A. Biochem. Pharmacol. 2000,
60, 1933.
11. Hwang, J.-T.; Greenberg, M. M.; Fuchs, T.; Gates, K. S.
Biochemistry 1999, 38, 14248.
12. Daniels, J. S.; Gates, K. S.; Tronche, C.; Greenberg,
M. M. Chem. Res. Toxicol. 1998, 11, 1254.
13. Jones, G. D. D.; Weinfeld, M. Cancer Res. 1996, 56, 1584.
14. Burrows, C. J.; Muller, J. G. Chem. Rev. 1998, 98, 1109.
15. Breen, A. P.; Murphy, J. A. Free Rad. Biol. Med. 1995, 18,
1033.
16. Fuciarelli, A. F.; Wegher, B. J.; Blakely, W. F.; Dizdaroglu,
M. Int. J. Radiat. Biol. 1990, 58, 397.
17. Gajewski, E.; Rao, G.; Nackerdien, Z.; Dizdaroglu, M.
Biochemistry 1990, 29, 7876.
18. Greenberg, M. M. Chem. Res. Toxicol. 1998, 11, 1235.
19. Scholes, G.;Ward, J. F.; Weiss, J. J.Mol. Biol. 1960, 2, 379.
20. Lindahl, T. Nature 1993, 362, 709.
21. Kreutzer, D. A.; Essigmann, J. M. Proc. Nat. Acad. Sci.
U.S.A. 1998, 95, 3578.
22. McNulty, J. M.; Jerkovic, B.; Bolton, P. H.; Basu, A. K.
Chem. Res. Toxicol. 1998, 11, 666.
23. Epe, B.; Hegler, J. Methods Enzymol. 1994, 234, 122.
24. Epe, B.; Ballmaier, D.; Adam, W.; Grimm, G. N.; Saha-
Moller, C. R. Nucleic Acids Res. 1996, 24, 1625.
25. For the initial isolation and characterization of C10- and
C40-oxidized abasic sites in DNA, see: Dizdaroglu, M.;
Schulte-Frohlinde, D.; von Sonntag, C. Int. J. Radiat. Biol.
1977, 32, 481 and Dizdaroglu, M.; Von Sonntag, C.; Schulte-
Frohlinde, D. J. Am. Chem. Soc. 1975, 97, 2277.
26. Haring, M.; Rudiger, H.; Demple, B.; Boiteux, S.; Epe, B.
Nucleic Acids Res. 1994, 22, 2010.

27. Boiteux, S.; Gajewski, E.; Laval, J.; Dizdaroglu, M. Bio-
chemistry 1992, 31, 106.
28. David, S. S.; Williams, S. D. Chem. Rev. 1998, 98, 1221.
29. Karakaya, A.; Jaruga, P.; Bohr, V. A.; Grollman, A. P.;
Dizdaroglu, M. Nucleic Acids Res. 1997, 25, 474.
30. Dizdaroglu, M.; Bauche, C.; Rodriguez, H.; Laval, J.
Biochemistry 2000, 39, 5586.
31. Fuchs, T.; Chowdhary, G.; Barnes, C. L.; Gates, K. S. J.
Org. Chem. 2001, 66, 107.
32. Patterson, A. V.; Saunders, M. P.; Chinje, E. C.; Patter-
son, L. H.; Stratford, I. J. Anti-Cancer Drug Design 1998, 13,
541.
33. Daniels, J. S.; Chatterji, T.; MacGillivray, L. R.; Gates,
K. S. J. Org. Chem. 1998, 63, 10027.
34. von Sonntag, C. The Chemical Basis of Radiation Biology;
Taylor and Francis: London, 1987.
35. Edwards, D. I.; Virk, N. S. Int. J. Radiat. Biol. Phys. 1992,
22, 677.
36. Ganley, B.; Chowdhury, G.; Bhansali, J.; Daniels, J. S.;
Gates, K. S. Bioorg. Med. Chem. 2001, 9, 2395.
37. Treatment of DNA with Repair Endonucleases. To
ensure that all enzyme-labile DNA lesions were converted to
cleavage sites, separate aliquots of damaged DNA were trea-
ted with increasing amounts of repair enzyme (Trevigen) until
the yield of strand breaks reached was seen to reach a max-
imum. The lowest concentration of each enzyme required to
completely convert all DNA lesions into strand breaks was
employed in subsequent experiments. The DNA pellets were
dissolved 20mL of the appropriate buffer (Trevigen) cont-
aining 2 units of the appropriate repair endonuclease. The
solutions were incubated overnight at 37 �C. Following incu-
bation, 10mL of gel loading buffer was added to each endo-
nuclease reaction and the DNA analyzed by agarose gel
electrophoresis as described previously.7 Values were not
corrected for differential ethidium staining of form II and I
DNA. The S-values (strand breaks per plasmid) were calcu-
lated using the equation S=�ln(f1), where f1 is the fraction
of plasmid present in the supercoiled form (form I). The
values shown in the figures are corrected for the background
levels of strand cleavage produced when plasmid DNA that
has been subjected to the assay conditions minus drug or
minus radiolysis was treated with repair endonucleases. The
error bars shown represent the standard error from three
measurements.

D. Kotandeniya et al. / Bioorg. Med. Chem. Lett. 12 (2002) 2325–2329 2329


