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Abstract: The mechanism by which a benzotriazine 1,4-dioxide class of anticancer drugs produce oxidizing
radicals following their one-electron reduction has been investigated using tirapazamine (3-amino-1,2,4-
benzotriazine 1,4-dioxide, 1) and its 6-methoxy (6), 7-dimethylamino (7), and 8-methyl (8) analogues. By
measuring the changes in absorption with pH, we found that the radical anions undergo protonation with
radical pK; values of 6.19 + 0.05, 6.10 + 0.03, 6.45 + 0.04, and 6.60 + 0.04, respectively. The one-
electron reduced species underwent a first-order reaction, with increased rate constants from 112 + 23
st for 1 to 777 + 12 s7%(6), 1120 + 29 s7* (7), and 825 + 89 s™! (8) at pH 7. No overall change in
conductance was observed following the one-electron reduction of 6, and 8 at pH 4.5, consistent with the
protonation of the radical anions, but a loss in conductance was seen for one-electron reduced 7 because
of further protonation of the initially formed radical. This is assigned to the protonation of the dimethylamino
group of the radical species, which has a pK, of 8.8 + 0.3. All conductance changes take place on a
time-scale shorter than those of the above first-order reactions, which are not associated with the formation
or loss of charged species. The absorption spectra present at the end of the unimolecular reactions were
found to be similar to those formed immediately upon the one-electron oxidation of the respective substituted
3-amino-1,2,4-benzotriazine 1-oxides, and it is suggested that common benzotriazinyl radicals are formed
by both routes. All these intermediate radicals underwent dismutation to produce final spectra matched by
equal contributions of the parent compound and their respective substituted 3-amino-1,2,4-benzotriazine
1-oxides. By establishing redox equilibria between the intermediate radicals formed on the one-electron
oxidation of the respective 3-amino-1,2,4-benzotriazine 1-oxides of the compounds and reference
compounds, we found the one-electron reduction potential of the oxidizing radicals to range from 0.94 to
1.31 V. The benzotriazinyl radical of tirapazamine was found to oxidize dGMP and 2-deoxyribose with rate
constants of (1.4 4+ 0.2) x 108 M~! s7* and (3.7 & 0.5) x 10% M~ s71, respectively.

Introduction promise in Phase Il trials for the treatment of several carfcérs.
TPZ is reduced by one-electron reductds&so form a radical

The presence of hypoxic cells in certain tumérbas been ; oo . . -~
linked with resistance of such tumors to radiotherapy treatfent. @nion @) which, in aerobic cells, is back oxidized by molecular

An approach to overcome this problem is the development of oxygeri®to generate the superoxide radical that mediates aerobic
bioreductive drugs, which specifically kill hypoxic cells in (5) Lee, D. J.; Trotti, A.; Spencer, S.; Rostock, R.; Fisher, C.; von Roemeling,

tumors. Tirapazamine (3-amino-1,2,4-benzotriazine 1,4-dioxide, R.; Harvey, E.; Groves, Hnt. J. Radiat. Oncol., Biol., Physi99§ 42,

. . 4 ; 811-815.
TPZ, 1) is the leading such drdgurrently undergoing Phase () Del Rowe, J.; Scott, C.; Werner-Wasik, M.; Bahary, J. P.; Curran, W. J.;
11 clinical trials, in combination with cisplatin, having shown Urtasun, R. C.; Fisher, BI. Clin. Oncol.200Q 18, 1254-1259.

(7) von Pawel, J.; von Roemeling, R.; Gatzemeier, U.; Boyer, M.; Elisson, L.
O.; Clark, P. T. D.; Rey, A.; Butler, T. W.; Hirsh, V.; Olver, I.; Bergman,
B.; Ayoub, J.; Richardson, G.; Dunlop, D.; Arcenas, A.; Vescio, R.; Viallet,

T Department of Chemistry, The University of Auckland.

* Auckland Cancer Society Research Centre, The University of Auckland. J.; Treat, JJ. Clin. Oncol.200Q 18, 1351—1359.
* Corresponding author, E-mail: r.anderson@auckland.ac.nz. (8) Walton, M. I.; Workman, PBiochem. Pharmacoll99Q 39, 1735-1742.
(1) Kennedy, A. S.; Raleigh, J. A.; Perez, G. M.; Calkins, D. P.; Thrall, D. E.; (9) Walton, M. I.; Wolf, C. R.; Workman, PBiochem. Pharmacoll992 44,
Novotny, D. B.; Varia, M. A.Int. J. Radiat. Oncol., Biol., Phy4997, 37, 251—259.
897—-905. (10) Fitzsimmons, S. A.; Lewis, A. D.; Riley, R. J.; Workman{rcinogenesis
(2) Movsas, B.; Chapman, J. D.; Horwitz, E. M.; Pinover, W. H.; Greenberg, 1994 15, 1503-1510.
R. E.; Hanlon, A. L.; lyer, R.; Hanks, G. EJrology 1999 53, 11-18. (11) Patterson, A. V.; Barham, H. M.; Chinje, E. C.; Adams, G. E.; Harris, A.
(3) Brizel, D. M.; Dodge, R. K.; Clough, R. W.; Dewhirst, M. \Radiother. L.; Stratford, I. J.Br. J. Cancer1995 72, 1144-1150.
Oncol. 1999 53, 113-117. (12) Patterson, A. V.; Saunders, M. P.; Chinje, E. C.; Patterson, L. H.; Stratford,
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Des.1998 13, 575-592. 37, 1487-1495.
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toxicity. It is inferred that the one-electron reduced species, if
not back oxidized, is cytotoxic to hypoxic cells as the two-
electron reduced species, 3-amino-1,2,4-benzotriazine 1-oxide
(4), is nontoxict* Thus the one-electron reduced species is
believed to be the key radical intermediate in the cytotoxic action
of TPZ.

The cytotoxicity of TPZ increases with decreasing ¥H, 0
pointing to the protonated radicad)((radical K, = 6.119) as
the cytotoxin, or as an obligate intermediate in forming a
cytotoxin, Scheme 1. Figure 1. Dependence of the reciprocal of the first half-life of radicals on

However. the protonated radicaAl. which mav well be in the initial radical concentration formed with increasing radiation dose.

T P ) . ' . y Radicals produced on scavenging thegein Na-saturated solutions

the form of a nitroxide with the unpaired spin centered on the containing 2-methylpropan-2-ol (0.2 M) at pH 7.0 (5 mM phosphate) and
N-1 position!8 is a reducing radical being readily oxidized by 150 uM concentrations ofl. (®), 6 (¥), 7 (a), and 8 (). Observations
molecular oxyged3161t is difficult to understand how such a ~ Were made in triplicate at 560, 380, 360, and 440 nm, respectively.

radical could also oxidize DNA and cause strand breaks, as has taini lect donati bstituent ldb iat
been suggested.1617 Another possibility, arising from work containing electron-donating substituents would be appropriate

- - - . P d first determined the radicaKpvalues of 6) 6.10+ 0.03,
with radical scavengers$,is that the'OH radical is eliminated an ) .
from 3, although spin-trap EPR experiments are inconclu¥ive. (7) 6.45+ 0.04, and ) 6.60== 0.04 by plotting the change in

In this paper, we examine the decay kinetics 218 for absorbance at different pH values, Figure 2. On carrying out a

tirapazamine and three analogues containing electron-donatingSlmllar Kinetic study at 560 nm to that above, Figure 1, we found

ial i 1
substituents, (6-methox;, 7-(dimethylamino)-, and 8-meth- ggsublstannal ;n;rze;je;;i va;lugs to 777:'[,[_ 12| s+ (6), 1120+
yl-, 8), by varying the radiation dose (radical concentration) s (7), an S~ (8), respeciively.

and using conductivity detection to detect if charged species b {:onoflucnw;y Stuldlets. The .pOSS'tp'“t:/ gf charged s(g)ei[ei
are produced or lost in the process. eing formed or lost was investigated using conductivity

detection. Control experiments, for comparative purposes, were
Results carried out using the well-characterized system of dimethyl
sulfoxide (DMSO, 1 mM) in NO-saturated solutions (to convert
€ aqinto *OH radicals) at both pH 4.5 and 10.0, Figure 3. The
conductance changes (irB) arise from the reaction cOH
radicals with DMSO producing sulfinic acid kg 2.35)2° The
H*/CH3SO,~ ion pair gives rise to a conductance increase in
acid solution (trace A) and a loss of conductance in basic
solution through neutralization (trace B).
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Decay Kinetics of One-Electron Reduced 1, 6, 7, and 8.
Pulse radiolysis experiments were conducted to rapidly reduce
the compounds (5@M) by the e 54in Np-saturated solutions
containing 2-methylpropan-2-ol (0.1 M) and to observe the
decay kinetics of the radicals. An earlier st&fflgetermined
the second-order decay ratés, of 2 (2 + 3) and reported
another minor, but undetermined, decay route. We have
examined the decay kinetics in detail with increasing radiation , .
dose by determining the half-livets;,, of decay of the radicals OH + (CHy),S0— (CHy),SO(OH] — "CH; + CH;SOH
at pH 7. For the competitive decay of a species of initial 1)
concentratiorC by both first-order ;) and a second-ordeks) - - +
processes, with the first half-liféy,, it can be shown that CHSOH + H,0 = CHSO, +H0 2)
epr(ltl/z) = (ki + ko[C])/(2k; + ko[C]). When [C] = 0, that is, H3O+ + "OH— 2H,0 ©)
the intercept of a plot of 1y, versus €], k1 = In 0.5 x 1/

We have measuredti values for a series of radical concentra- Experiments with compounds 6, 7, and8 were carried out in

tions of 1 by monitoring the decay at 560 Affor upt0 20 Gy | nhyffered N-saturated solutions at pH 4.5 containing 101

: : 1 _ : _
dose, Figure 1, from which a value faf of 112 23 sis  44ical scavenger, 2-methylpropan-2-ol (which forms an inert,
derived. This first-order reaction predominates at low radical nonconducting radical). An initial increase in conductance was

concentration, which is the case in enzymatic reactions. To study gaan, following the electron pulse because of the formation of
this reaction under pulse radiolysis conditions (high initial radical e radical anions on the scavenging ofgby the compounds
concentration which favors bimolecular reaction), itis necessary 5nq the proton produced by the pulse, followed by rapid

to increasek, relative tokz. We reasoned that derivativesf  hot4nation of the radical anions. While one-electron reduction
(14) Baker, M. A.: Zeman, E. M.; Hirst, V. K.: Brown, J. NCancer Res1988 did not resuI'F in a significant loss in the conductancé ¢data

48, 5947-5952. _ on the long time scale not show)(trace D), andB (trace E),
(15) Teicher, B. A,; Liu, J. T.; Holden, S. A.; Herman, T. Anticancer Res. a loss in conductance was observed for (trace C).

1993 13, 1549-1556.
(16) Lloyd, R. V.; Duling, D. R.; Rumyantseva, G. V.; Mason, R. P.; Bridson,

P. K. Mol. Pharmacol.1991, 40, 440-445. (20) Asmus, K.-D.; Janata, E. lhhe Study of Fast Processes and Transient
(17) Brown, J. M.Br. J. Cancer1993 67, 1163-1170. Species by Electron Pulse Radiolydsxendale, J. H., Busi, F., Eds.; D.
(18) Daniels, J. S.; Gates, K. $. Am. Chem. S0d.996 118 3380-3385. Reidel Publishing Company: Dordrecht, Germany, 1982; Vol. 86, pp 91
(19) Patterson, L. H.; Taiwo, F. Biochem. PharmacoR00Qq 60, 1933-1935. 113.
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Figure 2. Absorption spectra of radicals, relative to parent compounds,
following the one-electron reduction of (&), (B) 7, and (C)8 (100 u«M)

at high and low pH in NO-saturated solutions containing sodium formate
(0.15 M). Inserts are the changes in absorbance with pH at given
wavelengths from which theky values of the radicals are determined.
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Figure 3. Changes in conductance following pulse radiolysis (2.5 Gy) of
No-saturated solutions of the compounds (200) and 2-methylpropan-
2-0l (0.2 M), relative to that seen for dimethyl sulfoxide (1 mM) inQN
saturated solutions.

This loss in conductance is similar to the measured loss in
conductance observed on the oxidation of DMSO in basic
solution previously. The calculated change in conductivity in
an NbO-saturated basic solution of DMSO, due to the removal

750 J. AM. CHEM. SOC. = VOL. 125, NO. 3, 2003

of OH~ by the produced sulfinic acid, is

Z ClzlA; = G, o AOH + ACH,SO,~ — AOH") +
G.on(ACH;SQ,™ — AOH') + Gy o.(~AOH ") =
—86uScnf M Gy *

The magnitude of this loss in conductance is equal to the loss
of a H;O™ from solution and is consistent with an additional
protonation of the radical of, as

> clzla = G, of AR — AH,O") =
—83uScnfM Gy *

The above calculations are based on valueg\dbr HzO",
OH~, CHsSO,™ and a singly charged benzotriazine 1,4-dioxide
molecule being 331, 188, 35, and 35 S%anwl 1, respectively,
at21°c2

Production of Radical Spectra. A. One-Electron Oxidation
of 3-Amino-7-dimethylamino-1,2,4-benzotriazine 1-Oxide,

10. The selenite radical (Se©) was found suitable for these
experiments, as a rapid thermal reaction occurred beti8en
and peroxodisulfate, preventing the sulfate radical.{Seing
used. The Se® radical reacted witH0 (0.2 mM) at pH 6
with a second-order rate constant of (2:00.2) x 10° M~1

s71, resulting in an immediate spectrum having the known
characteristic features of an aromatic dimethylamine, namely a
narrow band of high absorbance near 350 nm and a broad band,
of less absorbance, centered near 55C##f, Figure 4A. The
spectrum produced at pH 9.6 has a slightly different absorption
characteristic above 500 nm from which Kjpof 8.8 + 0.3

was found from a plot of the absorption changes versus pH at
540 nm, Figure 4B insert. The species produced at pH 6.0
underwent a second-order reaction to form products whose final
spectrum is matched by equal amountsl6fand its benzotri-
azine 1,4-dioxidey, Figure 4C.

B. One-Electron Reduction of 3-Amino-7-(dimethylamino)-
1,2,4-benzotriazine 1,4-Dioxide, 7The one-electron reduction
spectrum of compound (0.2 mM) at pH 6.0 was produced by
electron transfer from the GO speciesk = 2.0 x 10° M1
s71) in N,O-saturated solutions containing formate ions (0.1 M).
The initial radical spectrum, composed of a mixture of the
radical anion and its protonated for® exhibits a sharp
absorbance band near 350 nm and a low absorbance 24100
M~1cm™1) to 650 nm, Figure 5A. This initial radical spectrum
underwent a rapid transformation with first-order kinetiks<
(1.34+ 0.3) x 10 s 1) to form a new spectrum which has a
higher absorbance than that of the initial spectrum at 350 nm
and a broad band centered near 550 nm, Figure 5B. The features
of the new transient spectrum match those of Figure 4B and
provides strong support that the same radical species is formed,
which is suggested to be the benzotriazinyl radital Scheme
2. This transient species decayed to give a final spectrum which
matches a composite spectrum of equal concentrationsod
10, Figure 5C.

(21) Robinson, R. A.; Stokes, R. Hlectrolyte SolutionsButterworth: London,
195

(22) Rao, P. S.; Hayon, B. Phys. Chem1975 79, 1063-1066.

(23) Neta, P; Hme R. El. Phys. Chem1985 89, 1783-1787.

(24) Fossum, R. D.; Fox, M. A.; Gelormini, A. M.; Pearson, AJ.JPhys. Chem.
B 1997, 101, 2526-2532.
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Scheme 2. Formation of Radical 11 upon One-Electron Reduction of 7 and Oxidation of 10
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Figure 4. Time-resolved spectra following reaction of the selenite radical A /nm

with 10. The N-saturated solution containd® (100uM), sodium selenate Figure 5. Time-resolved spectra following reaction of the £0species
(50 mM), and 2-methylpropan-2-ol (0.2 M) at pH 6.0 (5 mM phosphate). with 7. The NyO-saturated solutions contain@d(100 xM) and sodium
Solid symbols are time points corrected for the absorption of compound formate (0.15 M) at pH 6.0 (5 mM phosphate). Solid symbols are time
10 (solid line). Insert panel B displays the changes in absorption with pH points corrected for the absorption of compouh¢solid line).

of the initial radical formed.

spectrum and a new spectrum which exhibits a shoulder near

C. One-Electron Reduction of 3-Amino-6-methoxy-1,2,4- 400 nm and a decreased peak at 350 nm. This composite
benzotriazine 1,4-Dioxide, 6 The one-electron reduction 6f spectrum decayed to a final spectrum which matches a spectrum
(0.2 mM) by the CQ@~ species was carried out at pH 5.0 to of equal concentrations o and 3-amino-6-methoxy-1,2,4-
ensure formation of the protonated sped8snd to follow its benzotriazine 1-oxidel5, Figure 6C. These observations,
decay. The initial radical spectrum, which has a peak near 350together with the conductivity data, indicate that neither a
nm withe = 12 000 M~ cm™?, Figure 6A, decayed with first-  hydroxide nor*OH radical is eliminated from the transient
order kinetics to produce an intermediate spectrum, Figure 6B, radical species, as there is no loss in conductance at pH 4.5 or
which at 1 ms is composed of a small proportion of the initial quantitative formation o5 by the first-order reaction.

J. AM. CHEM. SOC. = VOL. 125, NO. 3, 2003 751
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Scheme 3. Radical Intermediates Formed on the One-Electron Oxidation of 15 and Intermediate Produced Following One-Electron

Reduction of 6
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12500 1 B Figure 7. Radical spectrum produced upon reaction of the sulfate radical
with 15. The Ny-saturated solution containetb (100 M), potassium
10000 - peroxidodisulfate (25 mM), and 2-methylpropan-2-ol (0.2 M) at pH 5.0 (5
mM phosphate). Solid symbols are time points corrected for the absorption
_ 7500 + of compound15 (solid line).
3
'.-; 5000 the incomplete decay of the initial radical due to the slow first-
5 2500 1 order rate constant measured earlier ¥8r Scheme 3.
E. One-Electron Reduction of 3-Amino-8-methyl-1,2,4-
0 - benzotriazine 1,4-Dioxide, 8 The one-electron reduction 8f
2500 (0.2 mM) by the C@~ species was also carried out at pH 5.0
i to ensure formation of the protonated spediésnd to follow
its decay. The initial radical spectrum has a peak near 350 nm
with e = 4000 M~ cm™?, Figure 8A, decayed with first-order
kinetics to produce an intermediate spectra with a peak near
430 nm, Figure 8B, which in turn decayed to a final spectrum
which matches a composite spectrum &fand 3-amino-8-
methyl-1,2,4-benzotriazine 1-oxid&8, Figure 8C. The inter-
mediate spectrum absorbs more strongly below 400 nm than
that of the 1-oxide derivativd,8, which indicates that a different
species is formed at the end of the first-order reaction.
F. One-Electron Oxidation of 3-Amino-8-methyl-1,2,4-
benzotriazine 1-Oxide, 18The one-electron oxidation spectrum
v v of compound18 (0.2 mM) at pH 5.0 was produced upon

250 300 350 400 450 500 550 600 650 700
A/nm

Figure 6. Time-resolved spectra following reaction of the £0species
with 6. The NO-saturated solutions contain&d(100 «M) and sodium
formate (0.15 M) at pH 5.0 (5 mM phosphate). Solid symbols are time
points corrected for the absorption of compouh(solid line).

D. One-Electron Oxidation of 3-Amino-6-methoxy-1,2,4-
benzotriazine 1-Oxide, 15.The one-electron oxidation df5
(0.2 mM) at pH 5.0 was carried out by reaction with the;SO
radical. The initial radical spectrum, Figure 7, exhibits a small
loss in absorption compared to that of the parent compound in
the 356-400 nm region with an absorption tail above 500 nm.
The radical spectrum decayed away to form a similar spectrum
to that finally seen, following the one-electron reduction6of
previously. It is seen that both the reduction &fand the
oxidation of15 produced a similar radical intermediate spectrum,
suggested to be the benzotriazinyl raditd] when corrected
for the absorption of the parent compounds and allowing for

752 J. AM. CHEM. SOC. = VOL. 125, NO. 3, 2003

reaction with the S@~ radical, Figure 9. The initial radical
spectrum exhibited a peak near 430 nm, similar to the above
intermediate which is formed following the one-electron reduc-
tion of 8, with ¢ = 4000 M~1 cm™L. It is suggested that the
benzotriazinyl radical 7 is formed by both pathways, Scheme
4.

One-Electron Reduction Potential and Reactivity of Oxi-
dizing Radicals. Pulse radiolysis can be used to determine the
reduction potentials of radicals by measuring the equilibrium
constants between the radicals formed upon one-electron
oxidation of substrates and reference compodhdde one-
electron reduction potential of the benzotriazinyl radk;at(5/

4) (Scheme 5) of TPZ was measured by establishing a redox
equilibrium between 3-amino-1,2,4-benzotriazine 1-oxdjend
1,4-dimethoxybenzene (DMB). Solutions contained sodium
peroxodisulfate (50 mM), 2-methylpropan-2-ol (0.5 M) buffered
at pH 7.0 (phosphate, 5 mM), and mixtures4gfind DMB.

(25) Steenken, S.; Neta, P. Phys. Chem1982 86, 3661-3667.
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Scheme 4. Radical Intermediates Formed on the One Electron Oxidation of 18 and Intermediate Produced Following One-Electron

Reduction of 8
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Figure 8. Time-resolved spectra following reaction of the £0species
with 8. The NO-saturated solutions contain&d(100 M) and sodium
formate (0.15 M) at pH 5.0 (5 mM phosphate). Solid symbols are time
points corrected for the absorption of compowh¢solid line).

The SQ°~ radical produced oxidize4 and DMB in <2 us,

and the position of the subsequent equilibrium (4) was deter-
mined at 460 nm, where the radical cation of DMB (DM
absorbs strongly.

4+ DMB' =5+ DMB (4)

From three mixtures o4 and DMB,Ke = 0.59+ 0.02. ASAE
= —(RT/F)In K¢ = =13 mV, and the valu&(DMB™/DMB)
= +1.30+ 0.01 V? a valueE(5/4) = +1.31+ 0.01 V is
determined. Similarly, the one-electron reduction potentials of

CH3 O-

U
g

17

250 300 350 400 450 500 550 600 650 700

A/nm

Figure 9. Radical spectrum produced upon reaction of the sulfate radical
with 18 The N-saturated solution containetB (100 uM), potassium
peroxidodisulfate (25 mM), and 2-methylpropan-2-ol (0.2 M) at pH 5.0 (5
mM phosphate). Solid symbols are points corrected for the absorption of
compound18 (solid line).

the radicals formed by the one-electron oxidationl6f 15,
and18 were determined as 0.94 0.01 V, 1.304+ 0.01 V, and
1.30+ 0.01 V, respectively.

Compound4 was found to react with the SO radical with
a rate constant of (4.& 0.3) x 1® M~1 s71 by observing the
rate of formation of the absorbance of radibadt 345 nm for
four concentrations of (20—100xM) in No-saturated solutions
containing 2-methylpropan-2-ol (0.5 M). In a series of experi-
ments,4 (0.75 mM) was reacted with the SO radical to
produce radicab in the presence of dAGMP {60.15 mM). The
initially formed absorption 06 was observed to convert to the
known, more highly absorbing, spectrum of the one-electron
oxidized dGMP (dGMP") specieg/ reaction 6.

SO~ +4—5+S0” (5)

(6)

The formation of dGMP" followed first-order kinetics, with
the rate dependent on the concentration of the added dGMP,
Figure 10, giving a second-order rate constdgt,of (1.4 +
0.2) x 10 M~1s71 In a similar set of experiments, no reaction
was observed between the radié@and dGMP.

The decay kinetics of radical| produced on the one-electron
oxidation of4 (1 mM) by the S@~ radical, was also studied
in the presence of 2-deoxyribose (dR) (6.4 mM) using the
same kinetic treatment of the data as done earlier for the one-
electron reduced compounds in Figure 1. The radiEas
exclusively formed initially under these conditions, since the
SOy~ radical reacts with dR 2 orders of magnitude slower at
3.8 x 10’ M1 s71 2 than its rate when reacting with Plots
of 1/ty/, against initial radical concentration for a series of
radiation doses gave lines with intercepts dependent on the dR
concentration, Figure 11. Plotting the first-order rate constants
derived from the intercepts against the dR concentrations yields

dGMP+ 5—dGMP" + 4

(26) Jonsson, M,; Lind, J.; Reitberger, T.; Eriksen, T. E.; MerenyiJ.Ghys.
Chem.1993 97, 11278-11282.

(27) Candeias, L. P.; Steenken,B5.Am. Chem. S0d.993 115 2437-2440.
(28) O'Neill, P.; Davies, S. EInt. J. Radiat. Biol.1987 52, 577—587.
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Scheme 5. Radical Pathways for the Formation of 1-Oxides Following One-Electron Reduction of Substituted 3-Amino-1,2,4-benzotriazine
1,4-Dioxides
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Figure 10. Dependence of the rate of oxidation of dGMP%gn dGMP Figure 11. Dependence of the reciprocal of the first half-life of theadical
concentration. The Nsaturated solution containdd500:M), potassium on the initial radical concentration formed with increasing radiation dose.

peroxidodisulfate (25 mM), and 2-methylpropan-2-ol (0.2 M) at pH 7.0 (5 Radicals produced on the oxidation 4f(1 mM) by the sulfate radical

mM phosphate). Insert displays oscilloscope trace for solution containing produced in N-saturated solutions containing potassium peroxidodisulfate

100 4M dGMP. (25 mM) and 2-methylpropan-2-ol (0.1 M) at pH 7.0 (5 mM phosphate) in
the presence ofl) 100 «M, (@) 200uM, (¥) 300uM, and (a) 400uM

. 2-deoxyribose. Observations were made in triplicate at 345 nm. Insert
the second-order rate constant for reaction 7 betvgesmd dR displays dependence of the first-order rate constants derived from the

ask; = (3.744+ 0.5) x 10° M1 s7%, Figure 11 insert. intercepts of the plots on the concentration of 2-deoxyribose.

5+dR—dR + 4 @) 1-oxide,4, followed by a final spectrum, which consists of equal
amounts ofl and 4, suggests that theOH radical is not
eliminated by pathway Il. The lack of charged species being
It is known that the one-electron reduction of TPZ, followed formed or lost during the first-order reaction rules out the
by protonation of the radical anion, produces radg&as a key elimination of a hydroxide ion fron3. As the redox nature of
intermediate in effecting the hypoxia-selective cytotoxicity of 3 is changed from a reductant to an oxidant by the first-order
TPZ. This study has shown that analogue8 ahdergo a first-  reaction, we suggest that a benzotriazinyl radisais formed.
order reaction to produce a radical intermediate that dismutatesRearrangement of the initial protonated radical to a nitroxide
to the benzotriazine 1,4-dioxidel,and respective benzotriazine o pitroxyl radical can be ruled out, as these are reducing species
1-oxides,4. Possible pathways for the reactions of analogues uf |ow reduction potential&® 2 Nitrogen-centered radicals are

ﬁzgi In ht))/poma are deplgted in S_cherlne 5.dF_’aIthv_vay I '5’ (_)nly oxidizing species, for example, the tryptophyl radical, where
IKely to be occurring under certain pu S€ radiolysis con '“F’”s = +1.08 V at pH 78° Such a radical most likely arises from
which produce a high initial concentration of radicals favoring oo .
. . " . the elimination of water from3, pathway Ill, which was

bimolecular reaction. Under conditions whelrés reduced by . . . .

: Co . proposed earlié? without any supporting evidence.
enzymes or in steady-state radiolysis experiments where a low
steady-state concentration of radicals is produced, the first-order . :
reaction reported here will predominate. The appearance of a(?%) el P Jenkins, T. 1. Chem. Soc., Faraday Trans1879 75, 1912-
new intermediate spectrum that is different from that of the (30) Merenyi, G; Lind, J.; Shen, XI. Phys. Chem1988§ 92, 134-137.

Discussion
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The reduction potentials d&, 14, and17 are all~1.3 V. At
this potential, radical damage on DNA, due to electron transfer

Experimental Section

Chemicals.All compounds used in this study were synthesized and

from at least the purine bases, is likely as the reduction potentialScharacterized as described previog&lgxcept 3-amino-7-dimethyl-
of the guanine and adenosine radicals in neutral solution areamino-1,2,4-benzotriazine 1-oxidd0. All reagents used were of

1.29 and 1.42 V, respectively We have shown previously that
radical 5 does oxidize dGMP. The much lower reduction
potential of 0.94 V measured here for the benzotriazinyl radical
11 means that it cannot effect similar radical damage to DNA.
Compound? exhibits the poorest hypoxic and aerobic cytotox-
icity to SCCVII cells of a series of benzotriazine 1,4-dioxide
drugs covering a wide range of substitueitand this may well

be explained by the low reduction potential of its radical.
However, the lethal lesion in the cytotoxic action of this class
of drug is the production of double strand breaks in DNA. The
initial event in this cytotoxic process is thought to be the

analytical grade. Sodium formate, sodium hydroxide, perchloric acid,
and phosphate buffers were obtained from Merck, and potassium
thiocyanate was obtained from Riedel-de Haen. All other reagents were
obtained from Aldrich Chemical Co. All solutions were prepared in
water purified by the Millipore Milli-Q system. Solution pH values
were adjusted using the phosphate salts (5 mM) and either NaOH or
HCIO4 when necessary.

Synthesis. 7-Dimethylamino-1,2,4-benzotriazin-3-amine 1-Oxide
(10). A solution of 7-fluoro-1,2,4-benzotriazine 1-oxfdé114 mg, 0.63
mM) and 40% aqueous MEH (5 mol) in CHCN (15 mL) was stirred
at 20°C for 5 days. The solvent was evaporated, and the residue was
partitioned between dilute ammonia (10 mL) and,CH (15 mL). The

abstraction of a hydrogen atom from the deoxyribose backboneaqueous layer was extracted with &b (3 x 15 mL), the combined

of DNA, and we report in this paper the rate constant between
5 and dR in a model system. Whether benzotriazinyl radicals

organic extract dried, and the solvent evaporated. The residue was
purified by chromatography, eluting with a gradient@%) of MeOH/

can induce double strand breaks per se or by effecting the initial CHClz to give 10 (64 mg, 61%) as an orange powder: mp (Ch/

damage, as modeled in this study, which is amplified by a
subsequent reaction with a further benzotriazine 1,4-dioxide
molecule33-35 warrants further study. It is known from steady-
state radiolysis experiments tHatloes form an oxidizing radical
following its one-electron reduction as hydrogen atoms are

hexane) 23%+233°C; *H NMR [(CD3),SO] 4 7.58 (dd,J = 9.4, 2.9
Hz, 1H), 7.45 (dJ = 9.4 Hz, 1H), 7.02 (dJ = 2.9 Hz, 1H), 6.97 (br
s, 2H), 3.05 (s, 6H):3C NMR [(CD5),S0] 6 158.3, 147.6, 130.3, 126.5,
125.6, 95.3, 40.0. Anal. Calcd forB1:NsO: C, 52.7; H, 5.4; N, 34.2.
Found: C, 52.4; H, 5.3; N, 34.2.

Methods. Pulse radiolysis experiments at room temperature#22

abstracted from hydrogen donor molecules, such as ribose and °c) were carried out usina 4 MeV linear accelerator, of variable

formate ions, to initiate short chain reactidf#lso the analysis

of DNA damage produced following the one-electron reduction
of 1 points to the formation of a strongly oxidizing species.
The induction of double strand breaks fhymay arise from
clustered damage in which a benzotriazinyl radical oxidizes the
sugar of DNA to form a reducing radical which in turn is
oxidized by anothefl. molecule to form a labile cation on the
sugar leading to a strand break. The newly prod&egecies
then undergoes elimination to form another benzotriazinyl
radical local to the first lesion and by a similar series of reactions

pulse length (200 ns to 2s), to deliver a typical absorbed dose of 2.5
Gy for spectral studies and 2220 Gy for kinetic studies.

Steady-stater-radiolysis experiments were carried out usirfjGo
source delivering a dose rate of 18 Gy mfinAqueous samples were
evacuated and repurged with appropriatefi@e gases in glass tubes
for three cycles. The tubes were fitted with a sidearm incorporating a
supracil spectrophotometer cell for JWis measurements.

Radiolysis of water produces three well-defined reactive radical
species and molecular products (concentrationgsNhper absorbed
dose of 1 Gy (J kg') given in parentheses).

induces a strand break on the adjacent DNA strand to give aH,0 ww— € ,{0.28)+ "OH(0.28)+ H'(0.06)+ H,(0.04)+

double strand break. In preliminary experiments, we have found

short chain reactions do occur wheis reduced in the presence
of excess 2-deoxyribose, similar to that reported for related
compounds® Our study gives evidence as to the exact nature

H,0,(0.07)+ H,0%(0.28)

The one-electron reduction of substrates, A, can be carried out (i) by
using the e,q alone (forming 0.28M Gy 1), while at the same time

of the oxidizing radical species and has determined the kinetic scavenging the oxidizing radicals with 2-methylpropan-2-ol to form

parameters relevant to the reactivity of the cytotoxic radical.
Clearly, the radical’s oxidizing power is affected by substituents
on the A-ring, with strongly electron-donating substituents

decreasing the one-electron reduction potential of the radical.

For example, we have found no evidence for the further
reduction of7 by a short chain reaction in the presence of
formate ions.

In summary, this work provides kinetic and spectral evidence
that the oxidizing radical that is generated from TPZ under
hypoxia, and which reacts with DNA as the initial event leading
to strand breaks, is the benzotriazinyl radial

(31) Steenken, S.; Jovanovic, S. ¥.Am. Chem. S0d.997 119 617-618.

(32) 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, in press.

(33) Jones, G. D. D.; Weinfeld, MCancer Res1996 56, 1584-1590.

(34) Daniels, J. S.; Gates, K. S.; Tronche, C.; Greenberg, MChMem. Res.
Toxicol. 1998 11, 1254-1257.

(35) Hwang, J.-T.; Greenberg, M. M.; Fuchs, T.; Gates, KBiSchemistry1999
38, 14248-14255.

(36) Priyadarsini, K. I.; Dennis, M. F.; Naylor, M. A.; Stratford, M. R. L;
Wardman, PJ. Am. Chem. S0d.996 118 5648-5654.

an inert radical, or (ii) by electron transfer from the £0species E°
COys7/CO, = —1.90 \V¥7) in N,O-saturated solutions (to quantitatively
convert the e,q to *OH radicals) containing 0.15 M sodium formate.
The radical yield of A™ in this system is 0.6&M Gy 1.3

€ qtA—A" (8)

‘OH(H") + (CH)3;COH— "CH,(CH,),COH+ H,O(H,) (9)

N,O + € ,o— ‘OH+ OH + N, (10)
*OH(H") + HCOO — H,O(H,) + CO,"~ (11)
CO, +A—A" +CO, (12)

The rapid one-electron oxidation of the 3-amino-1,2,4-benzotriazine
1-oxide derivatives (B) was carried out using the selenite radi€al (
SeQ/SeQ? = +1.68 V) or the sulfate radical° SO /SO =

(37) Schwarz, H. A.; Dodson, R. W. Phys. Chem1989 93, 409-414.

(38) Mulazzani, Q. G.; Venturi, M.; Hoffman, M. Z.; Rodgers, M. AJJPhys.
Chem.1986 90, 5347-5352.

(39) Klaning, U. K.; Sehested, Kl. Phys. Chem1986 90, 5460-5464.
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~+2.5 V9 produced in Msaturated solution containing 0.2 M  cell. The current in the circuit is measured by a current transformer,

2-methylpropan-2-ol and 20 mM selenate or peroxodisulfate. The radical which rejects the common mode electron pulse signal. The resulting

yield (G value) of BT in these systems is 0.28\1 Gy . signal is full wave rectified and is gated into a peak hold/follow circuit.
This allows fast updates every®, which it holds until the next peak.

_ o o - . _ A signal equal and opposite to the base conductance of the sample is
€ gt Seq” /(05" ) + H0—SeQ /SO, +20H + generated and used to restore the output to zero; hence, small signals
(SO,7) (13) can be easily resolved.

The change in conductanc&, of a solution following pulse
‘OH(H") + (CHZ);COH— "CH,(CH;),COH+ H,O(H,)  (9) radiolysis is related to the conductivity, by o = Gk. = 1072 ¥ iG|z| A,
" " . . - wherec; is the concentration of all species in motiiof chargez, A
SeQ" /SO, +B—SeQ” /SO, +B (14) is the equivalent conductivity in S évmol?, and k. is the cell
constant?
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