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Hypoxia in tumors is a key determinant of resistance to both
chemotherapy and radiotherapy treatments and at the same time offers
an exploitable target for hypoxia-selective prodrugs (HSPs).1 The 1,2,4-
benzotriazine 1,4-dioxide (BTO) class of HSPs show selectivity for
killing hypoxic cells,2 with tirapazamine (TPZ, 1) advancing to clinical
trials.3 It is the susceptibility of the radical anion (2) and its protonated
form (3) to back-oxidation by molecular oxygen4 (Scheme 1) that is
pivotal to the hypoxia selectivity of TPZ in killing such cancer cells.

While there is recognition that the cytotoxin produced upon cellular
reduction of the BTO prodrugs is an oxidizing radical,5 leading to
DNA strand breaks and the poisoning of topoisomerase II,6 the identity
of the radical has remained a subject of debate for more than two
decades. We have presented spectral and kinetic evidence that 3
undergoes dehydration to the benzotriazinyl radical (BTZ, 5) (Scheme
1), which is capable of causing oxidative damage to DNA and
oxidizing TPZ itself.7,8 An alternative proposal is that 3 undergoes
N-OH bond homolysis to release the •OH radical and the 1-oxide,
4.4 The spectrum of products from TPZ-mediated damage to both DNA
bases and the deoxyribose sugar has been compared with that arising
from the •OH radical.9 Although the putative TPZ-derived active radical
elicits some preference in purine damage over pyrimidine damage, in
contrast to the •OH radical, the overall similarity in the range of
products has been taken as evidence that the •OH radical is the
damaging species. An attempt to identify the radical has been made
using the spin trap 5,5′-dimethylpyrroline 1-N-oxide (DMPO) com-
bined with electron paramagnetic resonance (EPR) observations.10 The
major signal observed was that of a typical six-line carbon-centered
radical with hyperfine coupling constants (HFCs) of aN ) 15.8 G and
aH ) 22.3 G for the DMPO C-centered adduct.11 This radical may
arise from the trapping of 3 or the product formed by reaction of the
active radical with materials in the biological matrix. An additional
spectrum was also observed in the above study, as well as in an earlier
study,12 with HFCs of aN ) 15.0 G and aH ) 14.9 G. This spectrum

corresponds to the known DMPO-OH radical adduct spectrum,11 and
this finding has been cited as support for the proposal that the •OH
radical is produced upon the reduction of TPZ. However, DMPO is
known to be subject to one-electron oxidation and to radical
addition-elimination reactions, to produce a radical cation that reacts
with solvent water to produce the same species as the DMPO-OH
radical adduct.13 In this study, we have employed the nitrone spin-
trap 5-diethoxyphosphoryl-5-methyl-pyrroline N-oxide (DEPMPO),
which is less prone to oxidation than DMPO, as �-phosphorylation
raises its oxidation potential relative to that of DMPO.14

One-electron reduction of TPZ by cytochrome P450 reductase-
enriched microsomes15 was carried out anaerobically at 37 °C within
a TE011 cavity equipped with a variable-temperature controller (ES-
DVT4) on a JEOL JES-FA200 EPR spectrometer16 operating at 9.1
GHz and 100 kHz field modulation. In agreement with the previous
study,10 using DMPO as the spin trap produced a mixture of two
species, (i) a six-line carbon-centered DMPO radical spectrum with
aN ) 16.1 G, aH ) 22.5 G and (ii) a four-line (1:2:2:1) DMPO-OH
adduct spectrum with aN ) 14.8 G, aH ) 14.8 G (Figure 1a).
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Scheme 1

Figure 1. EPR spectra of radicals obtained upon enzymatic reduction of
1 (4 mM) by cytochrome P450 reductase-enriched microsomes (2 mg/mL)
containing SOD (250 µg/mL), glucose-6-phosphate dehydrogenase (13 units/
mL), glucose-6-phosphate (10 mM), and NADPH (1 mM) at pH 7.4 in the
presence of (a) DMPO (100 mM) and (b) DMPO in 17O-labeled H2O (46%)
measured at room temperature. (c) Simulation spectrum of DMPO-OH,
DMPO-17OH, and DMPO C-centered adducts with a 0.45:0.40:0.15 ratio
of radicals (R ) 0.94). (d) Spectrum in the presence of DEPMPO (25 mM).
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A repeat of the experiment with H2
17O (70-75.9 atom % 17O,

Isotec) added to give a final isotope content of 46% resulted in an
initial spectrum containing a third species (Figure 1b), which was
simulated to have HFCs of aN ) 15.1 G, aH ) 14.5 G, and a17O )
4.6 G (Figure 1c). The observed splitting, in addition to those arising
from the DMPO-16OH and DMPO C-centered adducts, implies
that hydroxylation of the DMPO is sourced from the solvent and
not from TPZ. A further experiment was carried out using DEPMPO
as the spin trap. The obtained EPR spectrum, with aN ) 14.7 G,
aH ) 21.4 G, aP ) 47.4 G, is that for a trapped C-centered radical
without any contribution of a DEPMPO-OH adduct species (Figure
1d). The failure in the above experiments to detect radicals other
than C-centered radicals may result from factors such as (i) the
slow transition from 3 to 5 (kelim of ∼100 s-1),7 which could favor
spin trapping of a C-centered form of 3; (ii) a slow rate of trapping
or short lifetime of a spin-trapped N-centered radical species using
DMPO; and (iii) the known reactivity of the BTZ radical 5 in
oxidizing the parent benzotriazine 1,4-dioxide 1 to presumably an
N-oxide radical in a redox equilibrium.8 In an attempt to overcome
these potential drawbacks, an experiment with the highly soluble
TPZ analogue N-ethyl-7-methyl-6,7,8,9-tetrahydro[1,2,4]triazino[6,5-
g]isoquinolin-3-amine 1,4-dioxide (6) and its 1-oxide derivative,
9,17 was carried out using N-tert-butyl-R-phenylnitrone (PBN) as
the spin trap. The high solubility of 9, in contrast to that of the
1-oxide of TPZ, 4, can be utilized to maintain a significant
concentration of the putative oxidizing radical 7 in equilibrium 1
to aid its spin trapping by PBN. This spin trap has been successfully
used in identifying nitrogen-centered radicals, such as in the
metabolism of 3-methylindole.18

The spectrum observed upon incubation of 6 (640 µM) in the
presence of 9 (20 mM) is shown in Figure 2a. It is a composite
spectrum simulated (Figure 2b) by spin trapping of a C-centered

radical with HFCs of aN ) 16.00 G, aH ) 3.45 G and a multi-N-
centered radical with HFCs of aN ) 15.70 G, aH ) 3.64 G, aN )
2.85 G, aN ) 2.14 G, consistent with the formation of a radical
such as a BTZ radical. The involvement of a second N coupling is
unusual but most likely arises from the addition of the spin trap to
the tautomeric form of the BTZ radical at the N2 position. The
N-centered radical decayed faster than the C-centered radical.

In conclusion, we have found evidence that metabolism of the
1,2,4-benzotriazine 1,4-dioxide class of HSPs leads not to the
formation of the •OH radical but to both C-centered and N-centered
radicals. It is possible that other radical species are produced that
are not spin-trapped under the conditions of this study or that the
lifetimes of the spin-trapped species are too short for detection by
our methodology.

Acknowledgment. This work was supported by Grant 07/243
from the Health Research Council of New Zealand.

Supporting Information Available: Methods for preparation of
microsomes, solutions for EPR studies, and EPR control experiments.
This material is available free of charge via the Internet at http://
pubs.acs.org.

References

(1) (a) Brown, J. M.; Wilson, W. R. Nat. ReV. Cancer 2004, 4, 437. (b)
Tannock, I. F. Lancet 1998, 351, SII9.

(2) (a) Baker, M. A.; Zeman, E. M.; Hirst, V. K.; Brown, J. M. Cancer Res.
1988, 48, 5947. (b) Brown, J. M.; Lemmon, M. J. Cancer Res. 1990, 50,
7745. (c) Dorie, M. J.; Brown, J. M. Cancer Chemother. Pharmacol. 1997,
39, 361.

(3) Rischin, D.; Peters, L.; Fisher, R.; Macann, A.; Denham, J.; Poulsen, M.;
Jackson, M.; Kenny, L.; Penniment, M.; Corry, J.; Lamb, D.; McClure, B.
J. Clin. Oncol. 2005, 23, 79.

(4) (a) Laderoute, K. R.; Rauth, A. M. Biochem. Pharmacol. 1987, 35, 3417.
(b) Laderoute, K.; Wardman, P.; Rauth, A. M. Biochem. Pharmacol. 1988,
37, 1487.

(5) Patterson, A. V.; Saunders, M. P.; Chinje, E. C.; Patterson, L. H.; Stratford,
I. J. Anti-Cancer Drug Des. 1998, 13, 541.

(6) (a) Biedermann, K. A.; Wang, J.; Graham, R. P.; Brown, J. M. Br. J. Cancer
1991, 63, 358. (b) Peters, K. B.; Brown, J. M. Cancer Res. 2002, 62, 5248.
(c) Siim, B. G.; van Zijl, P. L.; Brown, J. M. Br. J. Cancer 1996, 73, 952.

(7) (a) Anderson, R. F.; Harris, T. A.; Hay, M. P.; Denny, W. A. Chem. Res.
Toxicol. 2003, 16, 1477. (b) Anderson, R. F.; Shinde, S. S.; Hay, M. P.;
Gamage, S. A.; Denny, W. A. J. Am. Chem. Soc. 2003, 125, 748. (c) Shinde,
S. S.; Anderson, R. F.; Hay, M. P.; Gamage, S. A.; Denny, W. A. J. Am.
Chem. Soc. 2004, 126, 7865.

(8) Anderson, R. F.; Shinde, S. S.; Hay, M. P.; Denny, W. A. J. Am. Chem.
Soc. 2006, 128, 245.

(9) (a) Daniels, J. S.; Gates, K. S. J. Am. Chem. Soc. 1996, 118, 3380. (b)
Birincioglu, M.; Jaruga, P.; Chowdhury, G.; Rodriguez, H.; Dizdaroglu,
M.; Gates, K. S. J. Am. Chem. Soc. 2003, 125, 11607. (c) Chowdhury, G.;
Junnotula, V.; Daniels, J. S.; Greenberg, M. M.; Gates, K. S. J. Am. Chem.
Soc. 2007, 129, 12870. (d) Junnotula, V.; Sarkar, U.; Sinha, S.; Gates, K. S.
J. Am. Chem. Soc. 2009, 131, 1015.

(10) Patterson, L. H.; Taiwo, F. A. Biochem. Pharmacol. 2000, 60, 1933.
(11) Buettner, G. R. Free Radical Biol. Med. 1987, 3, 259.
(12) Lloyd, R. V.; Duling, D. R.; Rumyantseva, G. V.; Mason, R. P.; Bridson,

P. K. Mol. Pharmacol. 1991, 40, 440.
(13) (a) Chignell, C. F.; Motten, A. G.; Sik, R. H.; Parker, C. E.; Reszka, K.

Photochem. Photobiol. 1994, 59, 5. (b) Singh, R. J.; Karoui, H.; Gunther,
M. R.; Beckman, J. S.; Mason, P. P.; Kalyanaraman, B. Proc. Natl. Acad.
Sci. U.S.A. 1998, 95, 6675.

(14) Tuccio, B.; Bianco, P.; Bouteiller, J. C.; Tordo, P. Electrochim. Acta 1999,
44, 4631.

(15) Cowen, R. L.; Patterson, A. V.; Telfer, B. A.; Airley, R.; Hobbs, S.; Phillips,
R. M.; Jaffar, M.; Stratford, I. J.; Williams, K. J. Mol. Cancer Ther. 2003,
2, 901.

(16) EPR spectra recorded at a power of 20 mW were averaged (5-10 scans)
over a scan range of 200 G with a modulation width of 0.5 G, scan time
of 2 min, and time constant of 0.1 ms. Computer simulations of spectra
were carried out using the WINSIM EPR program available in the public
domain of the NIEHS EPR database. The correlation coefficients, R, for
all of the spectral simulations were g0.93.

(17) Hay, M. P.; Hicks, K. O.; Pchalek, K.; Lee, H. H.; Blaser, A.; Pruijn, F. B.;
Anderson, R. F.; Shinde, S. S.; Wilson, W. R.; Denny, W. A. J. Med. Chem.
2008, 51, 6853.

(18) Chen, G.; Janzen, E. G.; Bray, T. M. Free Radical Biol. Med. 1994, 17,
19.

JA906860A

Figure 2. (a) EPR spectra of radicals obtained under the same conditions
as in Figure 1 for a 1:30 mixture of compounds 6 and 9 in the presence of
the spin trap PBN (50 mM). Dots indicate the multiplicity due to PBN
N-centered radical adducts. (b) Simulation spectrum of PBN N- and
C-centered radical adducts in the ratio 0.36:0.64 (R ) 0.93).

J. AM. CHEM. SOC. 9 VOL. 131, NO. 40, 2009 14221

C O M M U N I C A T I O N S


