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Abstract: Tirapazamine (3-amino-1,2,4-benzotriazine 1,4-dioxide), the lead bioreductive drug with selective
toxicity for hypoxic cells in tumors, is thought to act by forming an active oxidizing radical of high one-
electron reduction potential, £(1), when reduced by reductases. It has a dual mechanism of action, both
generating DNA radicals, following its one-electron reduction and subsequently oxidizing these DNA radicals
to form labile cations or hydrolyzable lactones through transferring an O atom, resulting in DNA strand
breaks. These parallel secondary reactions have been proposed to be also initiated by its two-electron
reduced metabolite, the 1-oxide. We have used pulse radiolysis to show that the benzotriazinyl radical of
a highly soluble analogue of tirapazamine, the 3-(N,N-dimethyl-1,2-ethanediamine) analogue, is able to
oxidize tirapazamine itself. We have found that both tirapazamine and the 1-oxides are in equilibrium with
their respective benzotriazinyl radicals, with high concentrations of the more soluble 1-oxide maintaining a
high concentration of the more reactive oxidizing radical of tirapazamine. The one-electron reduction
potentials, £(1), of the 1-oxides and related compounds have been measured and, together with the E£(1)
values of tirapazamine and the 2-nitroimidazole radiosensitizer, misonidazole, are shown to predict the
published percentages of electron transfer. This radical chemistry study gives an insight into the mechanisms
of the potentiation of radical damage, reported for DNA, that underlies the hypoxic cytotoxicity of electron
affinic compounds. The E(1) values of the benzotriazinyl radicals of the benzotriazine compounds govern
the position of the redox equilibria, which determine the amount of initial radical damage. The E(1) values
of the 1,4-dioxides and 1-oxide compounds govern the degree of potentiation of the initial radical damage
once formed.

Introduction reduction ofl results in its reducing radical anio®3,° and it

There is currently much interest in exploiting tumor hypoxia has bee.n proposed tha.t FhiS spegies subsequently eliminates the
to produce cytotoxins from prodrugs which selectively attack ‘©OH radical as the oxidizing speci€sWe have presented both
chemo- and radioresistant hypoxic tumor céll§he drug spectral and kinetic evidence ttfatindergoes a transformation
tirapazamine (3-amino-1,2,4-benzotriazine 1,4-dioxliis the to the benzotriazinyl radical, Scheme 1, which is an oxidizing
most clinically advanced bioreductive prodrug using this SPEcies of one-electron reduction potenEﬂS/ZAf) =131V,
strategy2° Both the known major two-electron metabolite (the CcaPable of causing radical damage on DNA?and that this
1-oxide,4), and the four-electron reduced metabolite (noroxide, "€d0X parameter tracks the hypo>§|c cytotoxicity to mammalian
6) of 1 are relatively nontoxic to hypoxic ceffsand research  Cells of a series of analogues bf? L _
efforts directed to understanding the cytotoxicity bihave 1 has also been shown to oxidize the |n_|t|al radical damage
mainly focused on the species formed following its one-electron {©© components of DNA through the formation and breakdown
reduction. There is universal agreement that the oxygen- ©f @dducts producing one-electron-reduced spegi@sand in

sensitive, one-electron reduction af by reductases under (5) Brown, J. M.Br. J. Cancer1993 67, 1163-1170.

hypoxia leads to the formation of an active radical species that (6) Biedetmann, K, &;Wang, J.; Graham, R. P.; Brown, JBf..J. Cancer

induces DNA damage leading to strand breaks and that such (7) wang, J.; Biedermann, K. A.; Brown, J. I@ancer Res1992, 52, 4473-

i ; ioi 5-8 |niti . 4477.
lesions underlie the cytotoxicity of. Initial one-electron (8) Delahoussaye, Y. M. Evans, J. W.: Brown, J. Blochem. Pharmacol.

2001, 62, 1201-12009.

" Department of Chemistry, The University of Auckland. (9) Laderoute, K.; Wardman, P.; Rauth, A. iBiochem. Pharmacol1988
* Auckland Cancer Society Research Centre, The University of Auckland. 37, 1487-1495.
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6 N onat Figure 1. Absorption difference spectra of radicals, relative to those of

parent compound, af)) 20 us and &) 300us following pulse radiolysis
(2.5 Gy) of 8 (300 uM) in Np-saturated solutions containing potassium

the case of the oxidation of sugar radicals, a labile sugar peroxodisulfate (15 mM), 2-methyl-2-propanol (0.2 M) at pH 7.0. (Insert)
cation1214-16 |n addition to this electron-transfer event. it has Oscilloscope trace of the change in transmittance following pulse radiolysis.

been shown, both experimentally in a model systetfhand V21 and E(5/4) = 1.31 V1! an equilibrium 1 was established

theoretically;” that an O-atom from thél-oxide moiety of1 on the 200us time scale between the one-electron-oxidized
can be donated to the radical site on the deoxyribose of DNA. forms of 8 and TMB, specied0 and TMB*.

Both the oxidation of carbon-centered radicals by electron-
affipic com_pom_mds to form labile cations (as the_bas_is of TMB+'+8~—K$TMB +104+H* 1)
radiosensitizatiol¥) and the transfer of an O atom (which fixes
the radical damad® are presumed to be cytotoxic events. The equilibrium constari; of 0.35+ 0.18, determined from
Recently, it has been reported that the hypoxic cytotoxicity of absorbance changes at 460 nm for three mixtures varying the
1 to mammalian cells can be increased through the co- concentrations of TMB an8él (0.1-1.0 mM), gives a calculated
administration of high concentrations of its 1-oxide metabolite, value of E = 1.18 + 0.02 V. This is somewhat lower than
4, or its more water-soluble form, the BL(N-dimethyl-1,2- previous reported 1.2F 0.01 V using 1,4-dimethoxybenzene,
ethanediamine) analogu&?° The mechanism of this potentia- DMB, as the redox indicator§(DMB*/DMB) = 1.30 V&)
tion appears to be different from that of the nitroimidazole where equilibrium was established on a much shorter time
radiosensitizers, misonidazole and metronidazole, that act asscale!? On close examination it was observed that an initial
DNA radical oxidants, since similarly high concentrations of radical,9, is formed by the reaction of the S0 radical with
these compounds do not act as potentiators of the cytotoxicity 8, which exhibits a similar absorption spectrum to that seen on
of 1. In this study we further examine the redox properties of the oxidation of4, and undergoes a fast transformatidn=
1 and of the benzotriazine mori¢-oxide derivativest and8, 1.0 x 10* s 1at pH 7), independent of the concentration8pf
as well as the interactions between their radical forms, to help to form the radical 10, with an absorbance band centered near
gain a fuller understanding of the observed potentiation of 350 nm. The absorption spectra @fand 10 are presented in
cytotoxicity as well as the molecular mechanisms of cytotoxicity Figure 1.
and radiosensitization. As such a transformation is not observed withor for
compounds with 3-NHR substituted side chains that do not
contain the dimethylamine moiety (data not shown), we interpret
Benzotriazinyl radicals (e.¢) are rapidly produced upon this as an intramolecular rearrangement of the initially formed
the one-electron oxidation of their 1-oxide analogues by the benzotriazinyl radical on the aromatic ring system, to form a
SOy~ radicall! The benzotriazinyl radicaand9 (the 3-(N,N- radical of lower one-electron reduction potential, involving the
dimethyl-1,2-ethanediamine) analogue 9f were found to side-chain amine. The formation of radicH) from 9 occurs
oxidize the redox indicator 1,2,4-trimethoxybenzene, TMB, to above pH 4 with an apparenKg of 6.10 & 0.18, Figure 2.
different extents. Whereas near complete electron transfer fromThe rate constant for this reaction increases with pH, plateauing
TMB to 5, to form its one-electron oxidized form, the radical to ca. 5x 10* s~ above pH 10. As is common for oxidizing
TMB, is expected and observed, sitg@MB/TMB) = 1.13 radicals,10 was found not to react with O
The SQ°~ radical was found also to oxidizeat 5.0+ 2.0

Results

(14) Jones, G. D. D.; Weinfeld, MCancer Res1996 56, 1584-1590. B — ; :
(15) Dar]iels, J. S.; Gates, K. S.; Tronche, C.; Greenberg, MChem. Res. x 10 M~tstto P_roo_luce the spectrum_presented_ln Flgure_ 3,
6 Loxwol. §9$8 (131, 12t&;>4f12'\?7'.vI Fuchs T G SiBehemising oo and a redox equilibrium 2 between this new radical species,
( )3§f’3292’49;1}125r§_en erg, M. M.; Fuchs, T.; Gates, K8iSchemistiy1999 11, and TMB was established.
(17) Ban, F.; Gauld, J. W.; Boyd, R. J. Am. Chem. So2001, 123 7320~ K
7325, . 2
(18) Wardman, PRadiat. Phys. Cheni.987, 30, 423-432. TMB™ +1=TMB + 11 (2)
(19) Kappen, L. S.; Lee, T. R.; Yang, C.-C.; Goldberg, | Bibchemistry1l989
28, 4540-4542. -
(20) Siim, B. G.; Pruijn, F. B.; Sturman, J. R.; Hogg, A.; Hay, M. P.; Brown, From the mea;ureldz of 1.02+ 0.07, a value fOE(]'l/l)
J. M.; Wilson, W. R.Cancer Res2004 64, 736-742. 1.15 £+ 0.01 V is calculated. On thermodynamic grounds,
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Figure 2. Changes in absorptior®) and in the rate constantl for the
formation with pH of the transient species centered at 350 nm, following
pulse radiolysis of the solution in Figure 1.
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Figure 3. Absorption difference spectrum of the radical, relative to parent
compound, at¥) 200us following the pulse radiolysis (2.5 Gy) af(150

uM) in N»-saturated solution containing potassium peroxodisulfate (15 mM),
2-methyl-2-propanol (0.2 M) at pH 7.0. (Insert) Oscilloscope trace of the
change in transmittance at 470 nm following pulse radiolysis under the
same conditions for a mixture & (500xM) and 1 (100 uM).

the radicals, 9, and10 are expected to oxidizeto radicalll,
as well as forming an equilibrium betweéft and8. The slow
formation of the benzotriazinyl radicab (~100 st 19),
following the one-electron reduction @f and the poor solubility
of 4 which can be oxidized to radic&l by the SQ*~ radical

Table 1. One-Electron Reduction Potentials

benzotriazine 1,4 dioxide A E(AAT)INV E(A"H*IA)NVD
3-NH,1,4-dioxide —0.4569(1) 1.19(11)
benzotriazine N-oxide, B E(B/B*)IV? E(B*,H*IB)IV®
3-NH; 1-oxide —0.568(4) 1.31(5)
3-NHRe1-oxide —0.50Z(8) 1.27(9)
1.18(10)
3-NH; 4-oxide —0.378(7) 1.14
3-NH; 2-oxide —0.650 1.19
3-NH; noroxide —0.562(6) 1.20
quinoxaline, C E(CIC)IvP
1,4-dioxide —0.574

aR = CH,CH,NTH(CHa). P Error £ 0.01 V. ¢ Reference 224 Reference
23.¢Reference 12 Reference 119 This work.

viologen, MVZ*, to measure a value for the benzotriazine
4-oxide, 7, and triquat, T®", for the 2-oxide analogue, the
noroxide,6, and the related quinoxaline 1,4-dioxide. These data,
along with the one-electron reduction potentials of the radical
species, are presented in Table 1.

Discussion

The above results demonstrate that benzotriazinyl radicals
derived from benzotriazine oxides undergo complex reactions.
A new transient specie&0, is formed following the formation
of benzotriazinyl radical9 via an intramolecular process
involving the N,N-dimethylamine moiety of the 3-NHR alky!
side chain. Electron transfer from the nonbonding pair electrons
of the N,N-dimethylamine moiety to the benzotriazinyl radical,
forming a N-radical cation, is a possible mechanism. The
calculated K, of the side-chain amine &is 8.65+ 0.28 (ACD
pKa calculator, v7.1, ACD Inc, Toronto Canada). This is
expected to decrease on formation of the benzotriazinyl radical,
which could account for the apparent shift iKgto 6.1, Figure
2. Similar removal of an electron from trimethylamine results
in the formation of a-radical cation with an optical absorption
spectrum centered near 260 nen= 3300 Mt cm™1) due to
transition of the unpaired p electréhThus, the grow-in of the
large absorption band centered near 350 ars (~5500 M™!
cm~1) cannot be accounted for by a shift of the radical from
the benzotriazinyl ring to the side chain. The position, width,
and intensity of the new band is reminiscentefo* absorption
bands arising from three-electron-bonded radicals known to be

prevented the pulse radiolysis investigation of the reaction of formed between heteroator#s28 In these systems a geo-

radical 5 with 1 which requires approximately millimolar
concentrations to quickly establish redox equilibria. However,
the higher solubility oB enabled it to be used to produce radical
10 and to study its reaction witt, equilibrium 3.

K
10+1+H =8+11 3)

The data obtained for three mixtures&énd1 were used to
calculateKs as 3.50+ 0.97, and hencéE (E(10, H/8) —
E(12/1)) = 0.040 V, consistent with the difference in one-
electron reduction potentials obtained above.

Similarly, employing redox equilibria to determine one-
electron reduction potential&(1), we have used methyl

(21) Literature value is 1.13 0.02 V (Jonsson, M.; Lind, J.; Reitberger, T;
Eriksen, T. E.; Merenyi, GJ. Phys. Chem1993 97, 11278-11282);
however, we have redetermined this value as #18.02 V against 1,4-
dimethoxybenzene.

metrically favorable overlap of a nonbonding p-orbital pair of
electrons on one atom with an unpaired p-electron of another
atom is thought to form a®-1o0* three-electron bond in an
intramolecular proces¥. While neutral S-N three-electron-
bonded specié$3%3land N-N* three-electron-bonded cationic
species are know#, 34 we believel0 may well be the first

(22) Priyadarsini, K. I.; Tracy, M.; Wardman, Free Radical Res1996 25,
393-400.

(23) Hay, M. P.; Gamage, S. A.; Kovacs, M.; Pruijn, F. B.; Anderson, R. F.;
Patterson, A. V.; Wilson, W. R.; Brown, J. M.; Denny, W. A. Med.
Chem.2003 46, 169-182.

(24) Das, S.; Von Sonntag, @. Naturforsch.1986 41h, 505-513.

(25) Gilbert, B. C.; Hodgeman, D. K. C.; Norman, R. O.L.C. S. Perkin Il
1973 1748-1752.

(26) Bonifacic, M.; Mockel, H.; Bahnemann, D.; Asmus, K.-D.C. S. Perkin
11 1975 675-685.

(27) Asmus, K.-D.; Bahnemann, D.; Fischer, C.-H.; VeltwischJDAm. Chem.
Soc.1979 101, 5322-5329.

(28) Asmus, K.-D.; Gobl, M.; Hiller, K.-OJ. C. S. Perkin 111985 641-646.

(29) Asmus, K.-D.Acc. Chem. Red979 12, 436-442.
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Scheme 2. Formation and Rearrangement of Benzotriazinyl Radicals of 8
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example of a neutrally charged-NN three-electron-bonded  classes of compounds can potentiate the DNA dantadeThe
species. Formation of such a species is probably due in part towell-known dependency of radiosensitization on the one-electron
the benzotriazinyl radical being relatively stabilized by having reduction potentialE(1), of electron-affinic compounésis
the unpaired electron spread over more than one nitrogen atomymirrored by the Hammett constants of substituentsSimilarly,
and the 3-NHR side-chain forming a six-membered ring, compounds of higher electron affinity show both enhanced
permitting favorable overlap of the lone pair of electrons on efficiency of electron transfer from DNA radicals in model
the dimethylamine, Scheme 2. systems, and enhanced DNA bond breakage by releasing
This study provides new insights into the mechanism by phosphate from'Spurine nucleotides and the forming of their
which high concentrations of benzotriazine mdtoxides can radical aniong? The extent of:®0 incorporation into 2-deoxy-
potentiate the cytotoxicity of. The benzotriazinyl radicab, ribonolactone from theN-oxide moieties ofl, 4, 7, and
produced following the one-electron reductionlofScheme 1, quinoxaline 1,4-dioxide and from the nitro group of the
can react either with target DNA to produce radical damage on 2-nitroimidazole, misonidazole, in the presence of solvefi®
DNA, or with 1 itself in a competitive reaction to produce the has been taken as a measure of O-atom transfer from these
less oxidizingl1radical. In the presence of exceékghe redox compounds to the test Ghucleotide radical® The inverse
equilibrium (Scheme 3) comes into play, effectively maintaining analysis of these data, namely the percentage of electron transfer
a higher concentration of the more oxidizing radicéisagd from the C1l-nucleotide radical to the electron-affinic com-
10) by driving the equilibrium toward the left-hand side with  pounds, tracks th&(1) values of the compounds measured in
an expected increase in the damage on DNA, giving rise to the present study, Figure 4.

cytotoxicity, Scheme 3. As increased cytotoxicity and radiosensitization abilities
However, the above scenario assumes that the concentratiorflualitatively correspond to highé&i(1) values for these com-
of 1 will be high enough to compete with the reaction5610 pounds?®**® we conclude that O-atom transfer is a far less

with a target molecule such as DNA. This may well be the case cytotoxic event compared to electron transfer from the nucle-
when1 is reduced by reductases in the cytoplasm of cells and otide radical to the oxidizing compounds. This study supports
diffusion to the nuclear target is compromised by the reaction the contention that the oxidation of a sugar radical on DNA,
of 5with 1 in Scheme 3. The fact that it is possible to achieve by electron transfer to aromatic electron-affinic nitroarenes and
high levels of4 in vivo (ca. 56-80 M), which results in an N-oxide compounds, underlies the major component of both
increase in the cytotoxicity of,2° supports the contention that ~ radiosensitization and cytotoxicity.

the redox equilibrium, Scheme 3, is active in vivo. Experimental Section

Only the benzotriazine 1,4-dioxides, and not their mono  Chemicals. All reagents used were of analytical grade. Sodium

N-oxide derivatives, undergo enzymatic one-electron reduction hydroxide, perchloric acid, and phosphate buffers were obtained from
to form a radical which can damage DNA. However, both

(35) Raleigh, J. A.; Chapman, J. D.; Borsa, J.; Kremers, W.; Reuvers,IAt.P.
J. Radiat. Biol.1973 23, 377-387.

(30) Musker, W. K.; Hirschon, A. S.; Doi, J. T. Am. Chem. S0d.978 100, (36) Adams, G. E.; Clarke, E. D.; Flockhart, I. R.; Jacobs, R. S.; Sehmi, D. S.;
7754-7756. Stratford, I. J.; Wardman, P.; Watts, M. E.; Parrick, J.; Wallace, R. G.;

(31) Musker, W. K.; Surdhar, P. S.; Ahmad, R.; Armstrong, DCAn. J. Chem. Smithen, C. Elnt. J. Radiat. Biol.1979 35, 133-150.
1984 62, 1874-1876. (37) Raleigh, J. A.; Greenstock, C. L.; Whitehouse, R.; Kremers|i.J.

(32) Alder, R. W.; Sessions, R. B. Am. Chem. Sod.979 101, 3651—3652. Radiat. Biol.1973 24, 595-603.

(33) Nelsen, S. F.; Alder, R. W.; Sessions, R. B.; Asmus, K.-D.; Hiller, K.-O.; (38) Wardman, P.; Dennis, M. F.; Everett, S. A.; Patel, K. B.; Stratford, M. R.
Gobl, M. J. Am. Chem. Sod.98Q 102 1429-1430. L.; Tracy, M. InFree Radicals and Oxidate Stress: Enronment, Drugs

(34) Alder, R. W.; Bonifacic, M.; Asmus, K.-DJ. Chem. Soc., Perkin Trans. and Food Addities Rice-Evans, C. A., Halliwell, B., Lund, G. G., Eds;
21986 277—284. Portland Press: London, 1995; Vol. 61, p 7194,
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Figure 4. Dependence of the incorporation’8O from solvent H'80 into

2'-deoxyribonolactone, following anaerobic photolysis of its precursor, on
the one-electron reduction potential of the oxidizing compound. Incorpora-

tion data interpolated from ref 16.

Merck, and all other reagents were from Aldrich Chemical Co. All

solutions were prepared in water purified by the Millipore “Milli-Q”

Rapid one-electron oxidation of the benzotriazine 1,4-dioxidéA,
and the benzotriazinBl-oxides, B, was carried out using the sulfate
radical €° SO /SO = ca. +2.5 V) produced in MN-saturated
solution containing 0.2 M 2-methylpropan-2-ol and 20 mM peroxo-
disulfate. The radical yield@ value) of11/B** in this systems is 0.28
uM Gy,

€ gt S0 — SO +S07 4)
*OH(He) + (CHy);COH— "CH,(CH,),COH+ H,0(H,)  (5)
SO~ +1/B—S0o” +11B™ (6)

The one-electron reduction potentials of the compounds were
determined at pH 7.0 (5 mM phosphate buffer) by establishing redox
equilibria between three mixtures of the one-electron reduced com-
pounds and the reference compounds methyl violoB&dY 2*/MV **)
= —4474+ 7 mV) and triquat E(TQ*"/TQ™) = =548+ 7 mV)* and
calculatingAE values from the equilibrium constantse, using the
Nernst equation, as described in the literatir8imilarly, the one-
electron reduction potentials of the radicals formed upon the one-
electron oxidation of the compounds were determined using mixtures
containing the reference compound 1,4-dimethoxybenzZefizvB **/

system. Solution pH values were adjusted by the phosphate salts (5PMB) = 1.30= 0.01 V) or 1,2,4-trimethoxybenzen&(TMB */TMB)

mM) and either NaOH or HCI@when necessary.
Tirapazamine,1,*° 1-oxide, 4,%° 2-oxide?° 4-oxide, 7,%° noroxide,
6,0 compound,*? and quinoxaline 1,4-dioxidéwere synthesized as

previously described.

Methods. Pulse radiolysis experiments were carried out at room

temperature (22 1 °C) usirg a 4 MeV linear accelerator, equipped
with optical detection, to deliver a typical absorbed dose-68 &y in

= 1.15+ 0.02 V)
KE — —
MV *ITQ™ + B/IC =MV /TQ*" + B /C’ 7

o/ +e ie‘ +e
DMB™TMB™ + 1/B = DMB/TMB + 11/B (8)
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