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Abstract: Tirapazamine is a bioreductively activated DNA-damaging agent that selectively kills the hypoxic
cells found in solid tumors. This compound shows clinical promise and is currently being examined in a
variety of clinical trials, including several phase Il studies. It is well established that DNA is an important
cellular target for tirapazamine; however, the structural nature of the DNA damage inflicted by this drug
remains poorly understood. As part of an effort to understand the chemical events responsible for the
hypoxia-selective cytotoxicity of this drug, the studies reported here are designed to characterize
tirapazamine-mediated damage to the genetic information stored in the heterocyclic base residues of double-
stranded DNA. Here, we used gas chromatography/mass spectrometry and liquid chromatography/mass
spectrometry to characterize and quantify oxidative DNA base damage mediated by tirapazamine. A
multiplicity of modified bases including 8,5'-cyclopurine-2'-deoxynucleoside tandem lesions were identified
and quantified. The results provide the first detailed insight regarding the structural identity of the DNA
base lesions caused by this drug. Interestingly, it appears that the hypoxic conditions under which
tirapazamine operates, along with the unique chemical properties of the drug, yield a unique variety of
DNA base damage that is dominated by formamidopyrimidine and 5-hydroxy-6-hydropyrimidine lesions.
Importantly, the results suggest that tirapazamine may generate a set of poorly repaired, potentially cytotoxic
DNA base lesions that block DNA transcription and replication. Overall, the results indicate that DNA base
damage may contribute to the biological effects of tirapazamine in vivo.

Introduction first in a new class of hypoxia-selective antitumor agents defined

) . by the heterocyclidN-oxide pharmacophor&l!
In the area of cancer chemotherapy, there is a longstanding When TPZ22 enters a cell, the drug undergoes enzymic one-

desire to identify aggnts with selective t oxicity against Cancer g |actron reduction to yield a radical intermediate that exists as
cells. The novel antitumor agent 3-amino-1,2,4-benzotriazine

1,4-dioxide (tirapazamine, TPZ, Scheme 1) achieves this goal (7) Gandara, D. R.; Lara, P. N.; Goldberg, Z.; Le, Q. T.; Mack, P. C.; Lau, D.

by capitalizing on the unique chemical environment found in H. M.; Gumerlock, P. HSemin. Oncol2002 29, 102-109.

12 op . . . . (8) Monge, A.; Palop, J. A.; de Cerain, A. L.; Senador, V.; Martinez-Crespo,
tumor cellst# Specifically, TPZ is a bioreductively activated F. J.; Sainz, Y.; Narro, S.; Garcia, E.; de Miguel, C.; Gonzalez, M.;
DNA-damaging agent that selectively kills the oxygen-poor ?ggs"?snul‘%ég_a{‘;gfé A.J.; Clarke, E. D.; Greenhow, DJTMed. Chem.
(hypoxic) cells found in virtually all solid tumors:® This (9) Priyadarsini, K. I.; Dennis, M. F.; Naylor, M. A.; Stratford, M. R. L.:

compound shows great clinical promise and is currently being 10) é’é‘ﬁ?&?i-?ﬁoﬁvﬂhﬁ?e& Sggﬁfgi %%Z?}‘i“;*jgf’g_-_ Gates, BioBig,

examined in a variety of clinical trials, including several phase Med. Chem2001, 9, 2395-2401.

ina? e i i (11) Hay, M. P.; Gamage, S. A.; Kovacs, M. S.; Pruijn, F. B.; Anderson, R. F.;
Il studies! It is important to note that TPZ may be just the Patierson, A, V.- Wilson. W. R. Brown. J. M.. Denny. W. A Med.
Chem.2003 46, 169-182.

+ . - (12) Abbreviations used in this paper: TPZ, tirapazami@&], hydroxyl radical;
. :\lqtlgngl .InSt't.li'te of Standards and Technology. X, xanthine; XO, xanthine oxidase; AMP, adenosiner®nophosphate;
5 nonu University. 8,5-cdAdo, 8,5-cyclo-2-deoxyadenosine; 8;8dGuo, 8,5cyclo-2-deoxy-
University of Maryland. guanosine; LC/MS, liquid chromatography/mass spectrometry; GC/MS, gas
I'University of Missouri. chromatography/mass spectrometry; dGTRJeébxyguanosine&riphos-
(1) Brown, J. M.Cancer Res1999 59, 5863-5870. phate; dATP, 2deoxyadenosine-friphosphate; Fpg, formamidopyrimidine
(2) Denny, W. A.; Wilson, W. RExpert Opin. Inest. Drugs200Q 9, 2889 glycosylase; 8-OH-dGuo, 8-hydroxy-@eoxyguanosine; 8-OH-dAdo, 8-hy-
2901. droxy-Z-deoxyadenosine; FapyGua, 2,6-diamino-4-hydroxy-5-formami-
(3) Vaupel, P.; Kallinowski, F.; Okunieff, RCancer Res1989 49, 6449- dopyrimidine; FapyAde, 4,6-diamino-5-formamidopyrimidine; 5-OH-6-
6465. HThy, 5-hydroxy-6-hydrothymine; 5-OH-6-HUra, 5-hydroxy-6-hydrouracil;
(4) Wilson, W. R. InThe Search for New Anticancer Dryg#&/aring, M. J., 8-OH-Ade, 8-hydroxyadenine; 8-OH-Gua, 8-hydroxyguanine; 2-OH-Ade,
Ponder, B. A. J., Eds.; Kluwer Academic: Lancaster, 1992; pp 1. 2-hydroxyadenine; 5-OH-Ura, 5-hydroxyuracil; 5-OH-Cyt, 5-hydroxycy-
(5) Siemann, D. WIint. J. Radiat. Oncol., Biol., Phys.998 42, 697—699. tosine; 5,6-diOHUra, 5,6-dihydroxyuracil (isodialuric acid), ThyGly, thy-
(6) Horsman, M. RInt. J. Radiat. Oncol., Biol., Phyd4.998 42, 701-704. mine glycol; and 5-OHMeUra, 5-(hydroxymethyl)uracil.
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a mixture of the radical anior2é) and the protonated neutral
radical @b, Scheme 1}:213In normally oxygenated cells, the

O, are required to convert intermediate DNA radicals into strand
breaks?2-35 However, recent research has shown that TPZ can
activated drug?) is rapidly back-oxidized to starting material  play a dual role in DNA strand breakage that allows the drug
(1) by reaction with Q@ (Scheme 133715 In the hypoxic to overcome this oxygen requireméft3® In addition to
environment of tumors, however, the drug radical causes initiating the formation of DNA radicals, TPZ and its metabolites
oxidative cleavage of the DNA backbo#e®17The exact nature  can react with the DNA radicals, resulting in oxygenation of
of the chemical species responsible for TPZ-mediated strandthese radical sites. Thus, it appears that the drug may effectively
cleavage remains uncertain. It has long been assumed that theubstitute for @ in the conversion of DNA radicals into DNA
neutral TPZ radical2b) directly abstracts hydrogen atoms from strand breaks and alkali-labile lesions.
the DNA backboné;2'8however, there is evidence indicating Itis well established that DNA is an important cellular target
that the N-OH bond in the protonated TPZ radica2bj for TPZ3%41 Thus, the structural nature of the DNA damage
undergoes homolytic fragmentation to release the well-known caused by TPZ may ultimately determine many of the cellular
DNA-damaging agent hydroxyl radicaidH) along with the responses to this drug. The desire for a more complete
observed mond-oxide metabolite3 (Scheme 1}7:1920This understanding of the chemical events underlying the biological
sort of homolytic fragmentation reaction is well precedented in activity of this promising antitumor agent provides an incentive
organic chemistryl—28 Nonetheless, an alternative mechanism to fully characterize the structural nature of the DNA damage
has recently been suggested involving dehydration of activatedcaused by TPZ under hypoxic conditions. Analysis of the
TPZ (2b) to yield the benzotriazinyl radical, which is products resulting from TPZ's biologically relevant reactions
postulated to be the ultimate DNA-damaging species generatedwill shed light on the chemical mechanisms by which hetero-
following reductive activation of the dru@§.While the precise cyclic N-oxides effectively deliver cytotoxic DNA-damaging
nature of the reactive intermediate(s) responsible for DNA strand radicals to the interior of hypoxic cells and may ultimately
cleavage remains controversial, there seems to be generafacilitate the development of second generation antitumor agents
agreement that one-electron reduction of TPZ leads to produc-within this class of drugs.
tion of a highly oxidizing radical species. As part of the effort to understand the chemical events
Normally, radical-mediated strand breakage in DNA is responsible for the hypoxia-selective cytotoxicity of TPZ, it is
inefficient under hypoxic condition®;3*because reactions with  important to characterize this drug’s ability to damage the
genetic information stored in the heterocyclic base residues of
double-stranded DNA. It is well-known that damage to DNA
bases can have serious biological consequences including
mutagenesis, inhibition of gene expression, blockage of DNA
replication, and cytotoxicit§?-51 While it has long been known
that reductive activation of TPZ leads to production of a highly

(13) Laderoute, K. L.; Wardman, P.; Rauth, Biochem. Pharmacol1988
37, 1487-1495.

(14) Lloyd, R. V.; Duling, D. R.; Rumyantseva, G. V.; Mason, R. P.; Bridson,
P. K. Mol. Pharmacol.1991, 40, 440-445.

(15) 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, Nr. J.
Cancer1996 74, S70-S74.

(16) Fitzsimmons, S. A.; Lewis, A. D.; Riley, R. J.; Workman{rcinogenesis
1994 15, 1503-1510.

(17) Daniels, J. S.; Gates, K. $. Am. Chem. S0d.996 118 3380-3385.

(18) Brown, J. M.Br. J. Cancer1993 67, 1163-1170.

(19) Inbaraj, J. J.; Motten, A. G.; Chignell, C. Ehem. Res. Toxico2003 16,
164-170.

(20) Zagorevski, D.; Yuan, Y.; Fuchs, T.; Gates, K. S.; Song, M.; Breneman,

(30) Lucke-Huhle, C.; Braun, A.; Hagen, @. Naturforsch197Q 25b, 1264-
1268.

(31) Lennartz, M.; Coquerelle, T.; Hagen, Idt. J. Radiat. Biol1973 24, 621—
625.

(32) Breen, A. P.; Murphy, J. AFree Rad. Biol. Med1995 18, 1033-1077.

C.; Greenlief, C. MJ. Am. Soc. Mass Spectro2003 in press.

(21) Barton, D. H. R.; Crich, D.; Motherwell, W. Bletrahedron1985 41,
3901-3924.

(22) Barton, D. H. R.; Jasberenyi, J. C.; Morrell, ATetrahedron Lett1991
32, 311-314.

(23) Adam, W.; Ballmaier, D.; Epe, B.; Grimm, G. N.; Saha-Moller, C.
Angew. Chem., Int. Ed. Endl995 34, 2156-2158.

(24) Aveline, B. M.; Kochevar, I. E.; Redmond, R. \M..Am. Chem. Sod996

(33) Pratviel, G.; Bernadou, J.; Meunier, Bagew. Chem., Int. Ed. Endl995
34, 746-769.

(34) Pogozelski, W. K.; Tullius, T. DChem. Re. 1998 98, 1089-1107.

(35) Greenberg, M. MChem. Res. Toxicol998 11, 1235-1248.

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

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

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

118 289-290. 38, 14248-14255.

(25) Theodorakis, E. A.; Wilcoxen, K. Ml. Chem. Soc., Chem. Comm896 (39) Biedermann, K. A.; Wang, J.; Graham, RB?. J. Cancerl991, 63, 358—
1927-1928. 362.

(26) Nagai, K.; Carter, B. J.; Xu, J.; Hecht, S. M.Am. Chem. Sod991, 113 (40) Siim, B. G.; van Zijl, P. L.; Brown, J. MBr. J. Cancer1996 73, 952—
5099-5100. 960.

(27) Lorance, E. D.; Kramer, W. H.; Gould, I. B. Am. Chem. So2002 124, (41) Wang, J.; Biedermann, K. A.; Wolf, C. R.; Brown, J. Hr. J. Cancer
15225-15238. 1993 67, 321-325.

(28) Gould, I. R.; Shukla, D.; Giesen, D.; Farid,t$elv. Chim. Acta2001, 84, (42) Delaney, M. O.; Weiderholt, C. J.; Greenberg, M.Ahgew. Chen2002
2796-2812. 41, 771-3.

)

(29) Anderson, R. F.; Shinde, S. S.; Hay, M. P.; Gamage, S. A.; Denny, W. A. (43) Wiederholt, C. J.; Greenberg, M. NIl. Am. Chem. So@002 124, 7278~
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reactive radical species (possibi®H) that is able to medi-
ate oxidative damage to the sugghosphate backbone in

nucleoside lesions are typically fornfédby the attack ofOH
on DNA under the low @conditions where TPZ is active. Thus,

DNA,13.16.17.36.53ntj| |ately, it remained uncertain as to whether we anticipated that the action of TPZ should yield significant
the drug inflicts damage upon the heterocyclic bases. To addressamounts of structurally diverse oxidized DNA base lesions. To
this question, we recently reported the use of base-excision repaitest this hypothesis, we employed GC/MS and LC/MS to search
enzymes that remove oxidatively damaged base residues fromfor modified bases and 8;8yclopurine-2deoxynucleosides that
DNA to show that TPZ causes significant amounts of DNA might be formed in DNA upon treatment with TPZ in the
base damag®.In these studies, we found that the yield of base presence of X/XO under hypoxic conditions. GC/MS and LC/
damage is three to four times greater than the yield of MS are capable of identification and quantification of a
spontaneous DNA strand breaks caused by the drifghile multiplicity of modified bases and nucleosides in DNA (for a
our previous work provided evidence that TPZ damages basereview, see ref 57).
residues in double-helical DNA under physiologically relevant =~ DNA Damage ReactionsAs part of these experiments, we
conditions, these experiments did not provide any detailed have devised a system for inflicting controlled levels of TPZ-
information regarding the chemical structure of the base lesions.induced damage on DNA. In this experimental design, calf
In the work reported here, we have examined the chemistry thymus DNA and the activating enzyme XO were placed inside
of TPZ in vitro, under well-defined conditions, to build an & dialysis bag and suspended in a buffered solution containing
improved foundation for understanding the potential of this drug the enzyme substrate (X) and TPZ. This system serves as a
to damage the heterocyclic bases of double-stranded DNA insidesimple model for TPZ-mediated DNA damage in hypoxic cells.
hypoxic tumor cells. We employed gas chromatography/mass It has been suggested that NADPH/cytochrome P450 reductase
spectrometry (GC/MS) and liquid chromatography/mass spec- O @ related enzyme is primarily responsible for the in vivo
trometry (LC/MS) with the isotope-dilution technique to char- activation of TPZ> but previous studies clearly show that
acterize and quantify oxidative DNA base damage mediated by the X/XO enzyme system used here converts TPZ to the same
TPZ. The results show that enzymically activated TPZ causes DNA-damaging intermediat&'®” and yields an identical
extensive oxidative damage to the heterocyclic bases in duplexSPectrum of drug metabolitéd:651 All reactions were
DNA and provide the first detailed insight regarding the conducted in deoxygenated aqueous buffer inside an inert

structural identity and quantities of the base lesions. atmosphere glovebox. In these reactions, drug activation is
confined to the relatively small volume inside the dialysis

membrane and the damaged DNA in the dialysis apparatus is
easily recovered at the end of the procedure. The substrates and
In this study, we investigated DNA base damage by the products of the enzymic drug-activation reaction are free to
antitumor drug TPZ. A previous study reported that TPZ did diffuse in and out of the dialysis bag containing the enzyme/
not cause base damage in DNA when activated with the DNA mixture. In this manner, it is possible to maintain
xanthine/xanthine oxidase (X/XO) enzyme systémihe main moderate, steady concentrations of TPZ and X inside the dialysis
damage to DNA observed in this earlier work was determined Compartment for extended periods of time, thUS, a||owing the
to be single-strand breaks indicating damage to the sugar moiety.enzymic activation of TPZ to proceed efficiently while avoiding
The suggestion that TPZ selectively causes damage to sugaproduct inhibition and scavenging of drug-derived radicals,
residues in DNA was surprising because enzymic reduction of which sometimes limit the yields of DNA damage that can be

Results

TPZ clearly leads to production 6®©H (or a similarly potent
oxidizing agent}.” Strong oxidizing agents such ®3H generate
a multiplicity of base modifications in DNA including purine-
and pyrimidine-derived lesions and 8&yclopurine-2-deoxy-

achieved for bioreductively activated drugs in vitro.

Analysis of DNA Base Damage by TPZUsing GC/MS to
analyze acidic DNA hydrolysates, the following modified bases
were identified and quantified in DNA samples: 2,6-diamino-

nucleosides along with sugar damage that leads to single- ands-hydroxy-5-formamidopyrimidine (FapyGua), 4,6-diamino-5-

double-strand breaki:355456 The 8,5-cyclopurine-2-deoxy-

(44) Henderson, P. T.; Delaney, J. C.; Gu, J. C.; Gu, F.; Tannenbaum, S. R;

Essigmann, J. MBiochemistry2002 41, 914-921.

(45) Duarte, V.; Muller, J. G.; Burrows, C. Nucleic Acids Res.999 27, 496—
502.

(46) McNulty, J. M.; Jerkovic, B.; Bolton, P. H.; Basu, A. Khem. Res. Toxicol.
1998 11, 666-673.

(47) Wallace, S. SFree Rad. Biol. Med2002 33, 1-14.

(48) Brooks, P. J.; Wise, D. S.; Berry, D. A.; Kosmoski, J. V.; Smerdon, M. J.;
Somers, R. L.; Mackie, H.; Spoonde, A. Y.; Ackerman, E. J.; Coleman,
K.; Tarone, R. E.; Robbins, J. H. Biol. Chem200Q 275, 22355-22362.

(49) Kreutzer, D. A.; Essigmann, J. Nroc. Natl. Acad. Sci. U.S.A998 95,
3578-3582.

(50) Graziewicz, M. A.; Zastawny, T. H.; Olinski, R.; Speina, E.; Siedlecki, J.;
Tudek, B.Free Rad. Biol. Med200Q 28, 75—-83.

(51) Tudek, B.; Boiteux, S.; Laval, Nucleic Acids Resl992 20, 3079-84.

(52) Baker, M. A.; Zeman, E. M.; Hirst, V. K.; Brown, J. NLancer Res1988
48, 5947-5952.

(53) Kotandeniya, D.; Ganley, B.; Gates, K.BBoorg. Med. Chem. Let2002
12, 2325-2329.

(54) von Sonntag, CThe Chemical Basis of Radiation Biolggyaylor and
Francis: London, 1987.

(55) Dizdaroglu, M. InFree Radicals in Chemistry, Biology, and Medigine
Yoshikawa, T., Toyokuni, S., Yamamoto, Y., Naito, Y., Eds.; OICA
International Ltd: London, 2001; pp 5&6.

(56) Burrows, C. J.; Muller, J. GChem. Re. 1998 98, 1109-1151.

formamidopyrimidine (FapyAde), 5-hydroxy-6-hydrothymine
(5-OH-6-HThy), 5-hydroxy-6-hydrouracil (5-OH-6-HUra), 8-
hydroxyguanine (8-OH-Gua), 8-hydroxyadenine (8-OH-Ade),
2-hydroxyadenine (2-OH-Ade), thymine glycol (ThyGly), 5-
hydroxycytosine (5-OH-Cyt), 5-hydroxyuracil (5-OH-Ura), iso-
dialuric acid [determined as 5,6-dihydroxyuracil (5,6-diOHUra)],
and 5-(hydroxymethyl)uracil (5-OHMeUra). It should be noted
that the uracil derivatives in DNA result from the deamination
of the cytosine derivative®, except for 5-OHMeUra, which is

a thymine produc®?54 The structures of these compounds are

(57) Dizdaroglu, M.; Jaruga, P.; Birincioglu, M.; Rodriguez,fHee Rad. Biol.
Med. 2002 32, 1102-1115.

(58) Patterson, A. V.; Saunders, M. P.; Chinje, E. C.; Patterson, L. H.; Stratford,
1. J. Anti-Cancer Drug Des1998 13, 541-573.

(59) Delahoussaye, Y. M.; Evans, J. M.; Brown, J. Blochem. Pharmacol.
2001, 62, 1201-12009.

(60) Laderoute, K.; Rauth, A. MBiochem. Pharmacoll986 35, 3417-3420.

(61) Fuchs, T.; Chowdhary, G.; Barnes, C. L.; Gates, KI.®rg. Chem2001
66, 107—114.

(62) Boiteux, S.; Gajewski, E.; Laval, J.; Dizdaroglu, Biochemistry1992
31, 106-110.
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Figure 1. Structures of the compounds identified and quantified in this work as products of reactions of TPZ with DNA.

Table 1. Modified DNA Bases and Their Yields (Lesions/106 DNA

> ds L but avoidable artifactual formation of this compound from free
Bases) as Measured by GC/MS Following Acidic Hydrolysis

guanine during derivatization of acid-hydrolysates of DRA?

product control XIX0 PZ TPZIXIXO Fpg does not release intact guanine, thus avoiding the formation
FapyGua 9.5:1.7 8.1+1.4 111423 1157495 of 8-OH-Gua from free guanine. Furthermore, we applied LC/
COM6HTh 66812 3110 64128 (gggfl?z)a MS following enzymic hydrolysis of DNA samples to measure
- -6- y . . . . . . H _ - i - -
5-OH-6-HUra 278040 270545 171+27 617+ 23 the nucleosple form of 8-OH Gu.a, that is, 8-hydroxy-2
FapyAde 7.0 1.0 714+ 04 564+21 279+9 deoxyguanosine (8-OH-dGuo) using a recently developed
(49.3+ 7.8y methodologyP® As Figure 2 illustrates, the levels of 8-OH-Gua
2'8:"“39 ggﬁ 2-103 gg% é3l-3 gg-gi f-g igﬁ %g measured by GC/MS following Fpg hydrolysis or by LC/MS
- —ura . . . . . . . . " -
5-OH—Cyt 112440 447414 347174 114L 24 cpnflrmed those obtalneq by GC/MS following acidic hydroly-
5,6-diOHUra  48.1-10.4 105+7.5 41.3+0.2 114+ 19 sis. These results clearly indicate that 8-OH-Gua was not formed
ZhogIAde 1S;l§i 8-;1 53.31 %0-3 lé-gi 8-7 1g3i 7 s in significant amounts by the TPZ/X/XO system. The use of
ThyGly 241, 5+25 9+0.7 53.7+ 4. ; s ;
8-OH-Gua EaL 40  207L41 226L48 276L26 Fpg hydrolysis alsc_) ppnflrmed the fo_rn_1at|on of ngyGua and
(29.9+ 3.37 FapyAde that was initially seen by acidic hydrolysis (Table 1).
5-OHMeUra 6.1+ 2.2 85+28  6.5+23 11.3+1.0 It should be noted that the levels of these compounds measured

— - using Fpg hydrolysis are lower than those measured using acidic
aValues represent the mean standard deviation of three independent,

measurements. The values were obtained following hydrolysis of DNA by hydrolysis. It is known that Fpg does not comple_tely excise itS_
Fpg. substrates from DNA when they are present at high levels as is

the case in this worR2-66

Formation of 8,5-Cyclopurine-2'-deoxynucleosidesEx-
posure of aqueous solutions of DNA to ionizing radiation under
anoxic conditions generates 8gyclopurine-2-deoxynucleo-

illustrated in Figure 1. The levels of DNA base lesions measured
in this work are shown in Table 1. Exposure of DNA to the
TPZ/X/XO system significantly increased the levels of all the
modified bases except 8-OH-Gua and 5-OHMeUra over those
.Observed in control samples. The laCk. of 8-OH-Gua_' formation (63) Cadet, J.; Douki, T.; Ravanat, J. Environ. Health Perspect1997 105,
is remarkable, because, in general, this compound is one of the * 1034-1039.
major products formed in DNA byOH reaction$657 To (64) EO%eri%léeZeVSH'; Jurado, J.; Laval, J.; Dizdaroglu, Nucleic Acids Res.
confirm this observation, we also used formamidopyrimidine (65) Dizdaroglu, M.; Jaruga, P.; Rodriguez, Nucleic Acids Res2001, 29,
glycosylase (Fpg) instead of acidic hydrolysis to remove 8-OH- 66) el2.

Gua from DNA prior to GC/MS analysis because of the potential

Karakaya, A.; Jaruga, P.; Bohr, V. A.; Grollman, A. P.; Dizdaroglu, M.
Nucleic Acids Resl997, 25, 474-479.
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Figure 2. Levels of 8-OH-Gua in DNA as measured by three different
methods in this work. (1) DNA alone; (2) DNA, X/XO; (3) DNA, TPZ;
(4) DNA, TPZ/X/XO. 8-OH-Gua was measured by LC/MS as its nucleoside
form 8-OH-dGuo. aqueous buffered solution to ionizing radiation. This allowed
us to compare the yields of each ‘8¢yclopurine-2-deoxy-
nucleoside diastereomer formed by radiation-gener@edand

the TPZ/X/XO system. Figure 3 shows that the amount &)(5
8,5-cdGuo produced by ionizing radiation was similar to that
produced by TPZ/X/XO. In contrast, ionizing radiation generated
2 times more (%9-8,5-cdGuo than did TPZ/X/XO. In both
cases, the (5)-diastereomer was produced more than thB)(5
diastereomer, in agreement with recently published ¥atae
ratios of (3R)-8,5-cdGuo to (59-8,5-cdGuo were 0.5 for TPZ/
X/XO and 0.24 for ionizing radiation. The results show a
surprising difference in the stereoselectivity of the damage done
by these two different DNA-damaging systems. A similar but
more dramatic trend was observed for the diastereomers’ef 8,5
cdAdo (Figure 4). The ratios of the'®-8,5-cdAdo to (89)-
8,5-cdAdo were 77 for TPZ/X/XO and 3 for ionizing radiation.
This means that TPZ/X/XO almost exclusively produced the
(5'R)-diastereomer of 8;5cdAdo, whereas ionizing radiation
generated significant amounts of both théRj5 and (89-
diastereomers.

B
(6'S)-8,5"-cdGuo

A
(5'R)-8,5'-cdGuo

40

level (lesions/10  DNA nucleosides)

level (lesions/10 SpNA nucleosides)

1 2 3 4 6 1

Figure 3. Levels of (8R)-8,5-cdGuo and (%5)-8,5-cdGuo in DNA. (1)
DNA alone; (2) DNA, X/XO; (3) DNA, TPZ; (4) DNA, TPZ/X/XO; (5)
unirradiated DNA; (6) DNAy-irradiated in NO-satured buffered solution
at 20 Gy.

5 2 3 4 S5 &

sides via a mechanism involving abstraction of 4-&% atom
from deoxyribose byOH, followed by cyclization of the C5
sugar radical onto the C8-position of the purine and, finally,
oxidation of the resulting nucleobase radical (reviewed in ref
55). This reaction is inhibited under aerobic conditions, because Discussion

the diffusion-controlled reaction of Qwith the carbon-centered Our results provide the first direct evidence that the antitumor
sugar radical competes with cyclization. The fact that activated agent TPZ causes extensive enzyme-activated oxidative damage
TPZ abstracts hydrogen atoms from the deoxyribose backboney, the heterocyclic bases of DNA under hypoxic conditions.
of DNA under hypoxic condition$*®7led us to suspect that  The cyrrent results are consistent with our previous studies
8,5-cyclopurine-2-deoxynucleosides might be formed by this \yhich indicate that tirapazamine causes more base damage than
drug. To test this hypothesis, we analyzed aliquots of DNA irect strand break®. A variety of base lesions and tandem
samples by GC/MS and LC/MS following enzymic hydrolysis g g_cyclopurine-2-deoxynucleoside lesions were produced. We

of DNA to nucleosides as recently descrisé&® (5R)-8,5-
cdGuo, (59-8,5-cdGuo, (5R)-8,5-cdAdo, and (55-8,5-cdAdo
were identified and quantified in DNA samples. As observed
previously, background levels of '§-8,5-cdGuo are higher
than those for the (R)-isomer®’ Figures 3 and 4 illustrate the
levels of these compounds. GC/MS and LC/MS yielded similar

observed extensive formation of products such as 5-OH-6-HThy,
5-OH-6-HUra, and 8,5cyclopurine-2-deoxynucleosides that are
typical for the reaction offOH with DNA under anoxic
conditions32:55 Thus, our data are consistent with the previous
suggestion thatOH plays a role in TPZ-mediated DNA
damagé’ The major products identified in TPZ-damaged DNA

results. The results illustrated in Figures 3 and 4 clearly show ¢powed an unusual predominance of FapyGua, 5-OH-6-HThy

that (8R)-8,5-cdGuo, (59-8,5-cdGuo, (5R)-8,5-cdAdo and
(5'9-8,5-cdAdo were produced in DNA by the TPZ/X/XO

5-OH-6-HUra, and FapyAde relative to the spectrum of base
damage typically seéhfor radiolytically generate¢OH under

system. This is the first observation of the formation of these jnaerobic or reducing conditions. This is quite noteworthy when
compounds by a DNA-damaging agent other than ionizing one considers the mechanism by which these lesions may be
radiation. For comparison, we also analyzed DNA samples thatfoymed. In the case of ionizing radiation, these compounds
were exposed t€OH generated by exposure oGrsaturated  ypically result from reduction of intermediate OH-adduct
radicals formed by the addition 0©OH to guanine, thymine,

(67) Jaruga, P.; Birincioglu, M.; Rodriguez, H.; Dizdaroglu, Blochemistry
2002 41, 3703-3711.

(68) Dizdaroglu, M.; Jaruga, P.; Rodriguez, Ffee Rad. Biol. Med2001, 30,
774-784.

(69) Fuciarelli, A. F.; Wegher, B. J.; Blakely, W. F.; Dizdaroglu, Mt. J.
Radiat. Biol.199Q 58, 397—415.
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cytosine, and adenine, respectively (Schemg23356.7673
Similarly, in our case, it is most straightforward to envision

of TPZ/X/XO to a significant extent. Rather, the €®H-adduct
radical of guanine may be exclusively reduced by TPZ/X/XO

that the major products are formed by a mechanism involving to yield FapyGua. Alternatively, it is possible that 8-OH-Gua

initial addition of TPZ-derivedOH to the DNA bases, followed

by reduction of the intermediate OH-adduct radicals by the TPZ/ conditions.

formed by TPZ undergoes further oxidation under the reaction
It has been reported that 8-OH-Gua is readily

XIXO system (Scheme 2). Here, it is important to remember oxidized?%77 In contrast to the results observed for guanine,
that reductively activated TPZ exists as a mixture of the FapyAde and 8-OH-Ade were formed in similar yields. This
protonated and unprotonated forms in the physiological pH range indicates that the C80H-adduct radical of adenine can undergo
(the K, of 2b is ~6.0)131574The radical anion of the drug either oxidation or reduction under the reaction conditions. The
(28) acts as a reducing agent (e.g., it is easily oxidized By O differences between adenine and guanine radicals in terms of
the reduction potential of TPZ is0.45 V vs NHE at pH 7), product formation might be due to their different reduction
while reactions stemming from the protonated for2b)(are potentials’® Other base lesions identified in TPZ-damaged
responsible for the oxidizing properties of the dd¢>7475The DNA result from oxidation of intermediate radicals produced
efficient reduction of OH-adduct radicals by the radical anion by the addition offOH to DNA bases, with the exception of
of the drug 24) in this DNA-damage process may be facilitated 5-OHMeUra, which is formed by oxidation of the allyl radical
because, under low-oxygen conditions where the drug operatespf thymine3255Although the major DNA base damage produced
alternate reactions involving the combination of base radicals by TPZ/X/XO arises from reduction of OH-adduct radicals, the
with O, are not efficient. It must be noted that, at this time, it other damaged bases detected in this study indicate that
is not possible to rule out more complex mechanisms for the oxidation of OH-adduct radicals can occur to a reasonable extent
initial stages of these base damage reactions involving eitherin the presence of the TPZ/X/XO system.
formation of intermediate TPZ-base adducts or one-electron TPZ produces substantial yields of the tandem lesion's 8,5
oxidation of the bases by activated TPZdr 4), followed by cyclopurine-2-deoxynucleosides. This is the first observation
addition of HO to the resulting radical cations. It has previously of the formation of these compounds by a DNA-damaging agent
been proposed that activated tirapazamine may damage DNAother than ionizing radiation. These lesions are typically formed
via direct hydrogen atom abstractibA182°however, it does by hydrogen atom abstraction from the '@®sition of the
not seem likely that direct hydrogen atom abstraction by species2-deoxyribose moiety, followed by attack of the sugar radical
such a2 or 4 could lead to most of the base damage products on the C8-position of the purine ring and subsequent oxidation
observed in this study. of the resultingN-centered purine radic&t. Formation of the
The absence of 8-OH-Gua formation is quite remarkable in 8,5-cyclopurine-2deoxynucleosides occurs preferentially under
that various DNA-damaging agents generally produce this low-oxygen conditions, such as those employed in the current
compound as one of the major products in DR&®We used studies. This is because the cyclization step is inhibited by the
three different methodologies to confirm that this compound diffusion-controlled trapping of the CSugar radical by @
was not formed by TPZ/X/XO. GC/MS using acidic hydrolysis There are two diastereoisomers possible for thed;&opurine-
or Fpg hydrolysis and LC/MS using enzymic hydrolysis 2'-deoxynucleoside lesions. Interestingly, TPZ/X/XO and radia-
provided similar results. This clearly established that 8-OH- tion-generatedOH produce substantially different ratios of the
Gua is not produced by TPZ under our experimental conditions. two diastereomers. TPZ/X/XO almost exclusively produced
Typically, 8-OH-Gua and FapyGua result, respectively, from (5'R)-8,5-cdAdo (77:1 ratio), whereas the ratio of the yields of
one-electron oxidation and one-electron reduction of the OH- (5'R)- and (89)-8,5-cdAdo was approximately 3 in DNA treated
adduct radical formed upon addition @H to the C8-position  with ionizing radiation. In the case of guanine, the ratios of the
of guanine (Scheme 2§:56.7073The absence of 8-OH-Gua (5'R)-8,5-cdGuo to (59-8,5-cdGuo were 0.5 for TPZ/X/XO
formation suggests that the one-electron oxidation of the C8 and 0.24 for ionizing radiation. The reasons why TPZ/X/XO
OH-adduct radical of guanine does not take place in the presenceand ionizing radiation produce different ratios of '8cyclo-
purine-2-deoxynucleoside diastereomers is unclear. It is unlikely
that TPZ alters the stereochemistry of the cyclization process
by distorting the structure of the DNA because the drug does

(70) Steenken, SChem. Re. 1989 89, 503-520.

(71) Reynisson, J.; Steenken,Bhys. Chem. Chem. Phy&002 4, 527-532.

(72) Steenken, S.; Jovanovic, S. V.; Candeias, L. P.; Reyniss@fein. Eur.
J. 2001, 7, 2829-2833.

(73) Candeias, L. P.; Steenken,Ghem. Eur. J200Q 6, 475-484.

(74) Prlyadarsml K. I Tracy, M.; Wardman, Pree Rad. Resl996 25, 393~

(76) Ravanat, J.-L.; Saint-Pierre, C.; CadetJ.JAm. Chem. SoQ003 125,
2030-2031.

(77) Luo, W.; Muller, J. G.; Rachlin, E. M.; Burrows, C.Ghem. Res. Toxicol.
2001, 14, 927-938.

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

(75) Tocher J. H.; Virk, N. S.; Edwards, D.Free Rad. Res. Commub99Q
10, 295-302.

11612 J. AM. CHEM. SOC. = VOL. 125, NO. 38, 2003



DNA Base Damage by the Antitumor Agent Tirapazamine

ARTICLES

not bind noncovalently with the double hefikThe differences

in the stereochemistry may indicate that TPZ and ionizing
radiation produce the 88yclopurine-2-deoxynucleosides by
distinct reaction mechanisms. It is possible that the drug’s
expected ability to oxygenate the ‘@teoxyribose radical-38
affords a novel chemical route for the formation of '8,5
cyclopurine-2-deoxynucleosides. This possibility may be ex-
amined in future studies.

It is well-known that oxidative damage to DNA bases can

conclusion is based on the results of recent studies dr 8,5
cdAdo. Both (5R)- and (839)-diastereomers of this compound
block primer extension by mammalian and microbial DNA
polymerase$! (5'9-8,5-cdAdo was also found to be a block
to gene expression in CHO and human c#lI3hese studies
indicate that (3R)-8,5-cdAdo and (59-8,5-cdAdo are poten-
tially cytotoxic lesions. Moreover, recent data obtained using
human DNA polymeraseg and 8,5-cdAdo-containing oligo-
nucleotides showed that the' §-diastereomer might be more

have serious biological consequences including mutagenesiscytotoxic than the (R)-diastereomer in viv8? Although no

blockage of DNA replication, inhibition of gene expression, and
cytotoxicity (reviewed in ref 47). Among the pyrimidine lesions
identified in this study, 5-OH-Cyt and 5-OH-Ura are strongly
mutagenic, leading to C> T transitions'®-8%-82 The major

data exist on the biological effects of 8&dGuo, one can
assume by inference that this lesion possesses cytotoxic proper-
ties similar to 8,5cdAdo. We find that the yield of 8;5dGuo
produced by TPZ/X/XO was significantly greater than that of

purine lesions produced by TPZ, FapyGua, and FapyAde may g 5-cdAdo. The putatively more toxic {9-8,5-cdGuo was

also be mutagenit243:83-85 This is suggested by recent studies

produced in a greater yield than'i}-8,5-cdGuo. In the case

showing that processing of FapyGua- and FapyAde-containing of the 8,3-cdAdo, the less toxic (R)-diastereomer was formed

oligonucleotides by Klenow exdeads to the misincorporation
of adenine, suggesting that these lesions may causelGnd
A — T mutations, respectivez43However, the mutagenicity

preferentially over the (5)-diastereomer by the action of TPZ/
X/XO on DNA. These findings suggest that 8¢siGuo may
contribute to the drug’s cytotoxicity more than 8¢slAdo.

or lethality of these lesions in vivo is not yet known. The other Overall, the data in this study, along with previously published

major purine lesion detected in these studies, 8-OH-Ade, is not

cytotoxic or mutagenic in bacterf,but this lesion causes A
— G and A— C mutations in mammalian ceft$.The purine
lesion 2-OH-Ade exhibits no cytotoxicity but causes-A G
mutations in mammalian celf8.Finally, 8-OH-Gua is highly
mutagenic (reviewed in ref 84) but was not produced by TPZ/
X/XO in any detectable amount under the experimental condi-
tions used in the present study.

A number of the base lesions detected in this work may
contribute to the medicinally relevant cytotoxic properties of
TPZ. ThyGly is not thought to be mutagenic but blocks
polymerases and is considered a lethal le$idh5-OH-6-HThy
behaves in a manner analogous to ThyGly, it is expected tha
this would be a cytotoxic lesion. Consistent with this notion,
computational and experimental studies provided evidence tha
5-OH-6-HThy inhibits polymerases by disrupting base stacking
within DNA.8%90 By inference, 5-OH-6-HUra might also be a
block to polymerases. Thus, two of the primary pyrimidine
lesions produced by TPZ/X/XO, 5-OH-6-HThy, and 5-OH-6-
HUra, along with the minor lesion ThyGly, are expected to
contribute to the cell-killing effects of TPZ.

The 8,3-cyclopurine-2-deoxynucleosides produced by the
action of TPZ also appear to be cytotoxic lesions. This

(79) Poole, J. S.; Hadad, C. M.; Platz, M. S.; Fredin, Z. P.; Pickard, L.; Guerrero,
E. L.; Kessler, M.; Chowdhury, G.; Kotandeniya, D.; Gates, K. S.
Photochem. PhotobioR002 75, 339—-345.

(80) Feig, D. I.; Sowers, L. C.; Loeb, L. Rroc. Natl. Acad. Sci. U.S.A994
91, 6609-6613.

(81) Purmal, A. A.; Kow, Y. W.; Wallace, S. ucleic Acids Resl994 22,
72-78.

(82) Jackson, A. L.; Loeb, L. AMutat. Res2001, 477, 7—21.

(83) Haraguchi, K.; Delaney, M. O.; Wiederholt, C. J.; Sambandam, A.; Hantosi,
Z.; Greenberg, M. MJ. Am. Chem. So@002 124, 3263-3269.

(84) Greenberg, M. M.; Hantosi, Z.; Wiederholt, C. J.; Rithner, C. D.
Biochemistry2001, 40, 15856-15861.

(85) Haraguchi, K.; Greenberg, M. M. Am. Chem. So@001, 123 8636—
8637

(86) Wood, M. L.; Esteve, A.; Morningstar, M. L.; Kuziemko, G. M.; Essigmann,
J. M. Nucleic Acids Resl992 20, 6023-6032.

(87) Kamiya, H.; Miura, H.; Murata-Kamiya, N.; Ishikawa, H.; Sakaguchi, T;
Inoue, H.; Sasaki, T.; Masutani, C.; Hanaoka, F.; Nishimura, S.; Ohtsuka,
E. Nucleic Acids Resl995 23, 2893-2899.

(88) Kamiya, H.; Kasai, HBiochemistry1997 36, 11125-11130.

(89) Miaskiewicz, K.; Miller, J.; Osman, BBiochim. Biophys. Act4994 1218
283-291.

(90) Greenberg, M. M.; Matray, T. Biochemistry1997 36, 14071+14079.

work, strongly suggest that 8;8yclopurine-2deoxynucleosides
could play a significant role in the biological effects of TPZ in
Vivo.

Finally, the observed DNA base damage may provide a
framework for understanding the reported involvement of
topoisomerases in the cytotoxicity of tirapazamine. Although
tirapazamine and its metabolites are not direct-acting topo-
isomerase inhibitors, it has been reported that exposure of cells
to the drug under hypoxic conditions leads to inhibition of
topoisomerase R3-%4We suggest that cellular attempts to repair
TPZ-mediated base damage could lead to inhibition of topo-

tisomerases. This idea is supported by recent studies showing

that abasic sites formed in DNA during base excision repair

{can serve as topoisomerase poisons and may lead to double-

strand break8 Most of the DNA base lesions detected in the
current work are known substrates for base-excision repair
enzyme$>% Thus, to the extent that the abasic intermediates
produced during repair of these damaged bases are accessible
to DNA topoisomerases, oxidative base damage may provide
an explanation for the reported tirapazamine-mediated inhibition
of topoisomerases.

In summary, we have provided the first structural character-
ization of DNA base damage by the promising new antitumor
agent TPZ. The unique variety of DNA base lesions produced
by this drug may contribute to its medicinally useful biological
properties. Studies are underway to better understand how the
spectrum of TPZ-mediated base damage responds to various
physiologically relevant changes in reaction conditions. Ulti-
mately, it will be important to extend these studies to the
characterization of DNA base damage produced by this drug
in vivo.

(91) Kuraoka, I.; Bender, C.; Romieu, A.; Cadet, J.; Wood, R.; LindaHPrac.
Natl. Acad. Sci. U.S.A200Q 97, 3832-3837.

(92) Kuraoka, I.; Robins, P.; Masutani, C.; Hanaoka, F.; Gasparutto, D.; Cadet,
J.; Wood, R. D.; Lindahl, TJ. Biol. Chem2001, 276, 49283-49288.

(93) Olive, P. L.Br. J. Cancer1995 71, 529-536.

(94) Peters, K. B.; Tung, J. J.; Brown, J. ancer Res2002 62, 5248~
5253.

(95) Wilstermann, A. M.; Osheroff, Nl. Biol. Chem2001, 276, 46290-46296.

(96) David, S. S.; Williams, S. DChem. Re. 1998 98, 1221-1261.
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Experimental Section N5 and (39-8,5-cdAdo+Ns were recorded between the wavelengths
of 210 and 350 nm. The spectra were identical to the absorption
Materials. TPZ was prepared as described previoGsiModified spectrum of authentic (5)-8,5-cdAdo, which was commercially
DNA bases, their stable isotope-labeled analogues, and other materialgyailable. The identity and purity of the compounds were checked and
for GC/MS were obtained as described previod&f.Nuclease P1,  confirmed by LC/MS using the analytical column. The isolated

phosphodiesterase I, phosphodiesterase II, xanthine (X), and xanthinecompounds were pure and did not contain any detectable unlabeled
oxidase (XO) were obtained from Sigma Chemical Company (St. Louis, analogues. Their positive-ion mass spectra consisted of the protonated
MO). Alkaline phosphatase was purchased from Roche Diagnostics molecular ion atz 255 and an ion atvz 169 due to cleavage of the

Corporation (Indianapolis, IN). '2Deoxyguanosine-&riphosphate- N-glycosidic bond and the bond between the&rbon and 4carbon
1,3,7,97N4-(2-amino?N) (dGTP+Ns) and 2-deoxyadenosineb of the sugar moiety, as expected on the basis of the previously published
triphosphate-1,3,7,%N4-(4-amino?N) (dATP-*Ns) were purchased  mass spectra of (B)-8,5-cdAdo and (59-8,5-cdAdo® The concen-
from Medical Isotopes, Inc. (Pelham, NH).' §-8,5-cyclo-2-Deoxy- trations of the solutions of fR)-8,5-cdAdo+5Ns and 5(S)-8,5-cdAdo-

adenosine [(%)-8,5-cdAdo] was obtained from Berry & Associates,  15\g were 0.085 mM and 0.035 mM, respectively, as determined by
Inc. (Ann Arbor, MI). Acetonitrile (HPLC grade) was from Burdick Uy spectroscopy using the absorption coefficient of 15 200 bn*

and Jackson (Muskegon, MI). Biomax5 ultra filtration membranes at 265 nm° and by LC/MS using an aliquot of 0.1 mM solution of
(molecular mass cutoff of 5 kDa) were purchased from Millipore 5/(g)-8,5-cdAdo as an internal standard.

(Bedford, MA). Water (HPLC-grade) for LC/MS analyses was from J. Treatment of DNA with TPZ. In a typical assay, 25@L of a

T. Baker (Phillipsburg, NJ). Water purified through a Milli-Q system ¢} tion containing highly polymerized calf thymus DNA (6@), XO
(Millipore, Bedford, MA) was used for all other applications. Forma- (100 mU), catalase (106g/mL), SOD (10ug/mL), desferal (1 mM),
midopyrimidine glycosylase (Fpg) was kindly provided by Dr. Tim 5,4 sqdium phosphate buffer (10 mM, pH 7.0) was prepared. Individual
O'Connor of the City of Hope Medical Center (Duarte, CA). Certain components of this solution (except for DNA and enzymes) were
commercial equipment or materials are identified in this paper in order degassed by three cycles of freezaimp—thaw in Pyrex tubes and

to specify gdequately the expe_rimental procedure. Such identific_ation then torch-sealed under vacuum. The sealed tubes were scored,
doe_s not imply recommendation or endorsement_by the National yansferred to a glovebag filled with argon, opened, and then used to
Institute of Standards and Technology, nor does it imply that the onare the solution. This solution was transferred to a slide-a-lyzer
materials or equipment identified are necessarily the best available forminidialysis unit (MW cutoff 3500; Pierce cat #69595), and the unit

the purpose. floated atop 5 mL of a freezepump—thaw degassed solution containing

Preparation of Stable Isotope-Labeled Analogues of 8/&yclo TPZ (250uM), X (500 uM), desferal (1 mM), and sodium phosphate
2-Deoxyadenosine and 8;5cyclo-2-DeoxyguanosineStable isotope-  puffer (10 mM, pH 7.0). The apparatus was gently stirred inside the
labeled analogues of the'f- and (39-diastereoisomers of 8;6yclo- argon-filled glovebag for 16 h at 24. The DNA-containing solution
2'-deoxyguanosine (8&dGuo) were prepared as descrilié@table was then dialyzed for 24 h twice against 5 mL of sodium phosphate

isotope-labeled analogues of théRp and (35)-diastereoisomers of  puffer (10 mM, pH 7.0) to remove the small molecules xanthine, uric
8,5-cdAdo were prepared in a similar fashion using commercially acid, desferal, TPZ, and its metabolites. The DNA-containing solution
available dATP™Ns. An N.O-saturated aqueous solution of dATP-  \as then removed from the dialysis unit and concentrated in a SpeedVac

"™Ns (5 mg/100 mL) was exposed to ionizing radiation in"€o under vacuum to a final volume 6f100uL. Finally, the concentration
y-source at a dose of 400 Gy (30 Gy/min) as descrifthis treatment  of DNA in the sample was determined by UV spectroscopy. All
was expected to produce bothRp8,5-cdATP+*Ns and (39)-8,5- solutions were prepared with water that was passed through a column

cdATP+5Ns from dATP+°Ns among other products, because it is well-  of chelex resin to remove trace metals.

known that the exposure of oxygen-free aqueous solutions of dAdo to |14 diation of DNA. An aqueous buffered solution of DNA (10
ionizing radiation generates'®-8,5-cdAdo and (59-8,5-cdAdo 8101 mM phosphate buffer, pH 7.4, 0.3 mg/mL) was saturated wit® N
Irradiated samples of dATPNs were dephosphorylated and filtered and irradiated withy-rays in a°Co y-source at a dose of 20 Gy (dose
as describedt® An aliquot (SuL) of the dephosphorylated and filtered 546 30 Gy/min). Subsequently, the DNA solution was dialyzed against

samplelswas analyzed by LC/MSlSand found to contain botR){8,5- 10 mM phosphate buffer (pH 7.4) for 18 h. Phosphate buffer outside
cdAdo+*Ns and (39)-8,5-cdAdo*Ns on the basis of the prewog;sly the dialysis tubes was changed 3 times during the course of dialysis.
reported LC/MS analysis of (8)-8,5-cdAdo and (55-8,5-cdAdo: Aliquots of 50ug of DNA were dried in a SpeedVac under vacuum.

Another aliquot was lyophilized, trimethylsilylated, and analyzed by - . .
GC/MS. This analysis also confirmed the presence of these compounds. Acidic and Enzymic Hydrolyses of DNA. Aliquots of stable

on the basis of the previously reported mass spectral characteristics oﬂ[zogﬁpﬁg?;)ﬁlfegqinﬂ?%uﬁz 2;?10?5;(9%21233 aigdusei dlgt:oedrgtgfrgfnde
the trimethylsilyl derivatives of (R)-8,5-cdAdo and (59-8,5- d g ples. °

cdAdo® 1 Subsequently, semipreparative LC was used o isold& (5 the DNA amount by GC/MS. The acidic hydrolysis of this compound

L ields guaniné®Ns, which is used as an internal standard for
8,5-cdAd0 s and (59-8,5-cdAdo N from irradiated and dephos-  } ' % 7 ERIET s BAEL S SE 28 BTt DNA
phorylated samples of dJATPNs using a Supelcosil LC-8 DB reversed- d g ) ’ ) .

. ) - samples were dried under vacuum in a SpeedVac and hydrolyzed with
phase column as previously describdUnder the experimental 0.5 mL of 60% formic acid in evacuated and sealed tubes at’C40
conditions used, (&)-8,5-cdAdo"*Ns and (9-8,5-cdAdo*N; eluted for 30 min Hydrolysates were lyophilized for 18 h
at 11.8 and 16.6 min, respectively, and were completely separated from For hyd.rolysis with Fpg, aliquots of DNA samplles (50) were
dAdo-*Ns, which eluted at 17.5 min. The fractions corresponding to ) 9 - e
(5'R)-8,5-cdAdo5Ns and (39)-8,5-cdAdos5Ns were collected. At least dissolved in 10QuL of the incubation buffer consisting of phosphate

50 injections of 10QuL aliquots were performed. Collected fractions buffer (final concentrgﬂ_on 59 mM, pH 7.4), 10(_) mM KCl, 1 mM

were dried in a SpeedVac under vacuum and then dissolved jni200 ~ EPTA, @and 0.1 mM dithiothreitol. Samples were incubated witingL

of water. The absorption spectra of the solutions ¢RE,5-cdAdo- of Fpg for 30 min. Aliquots of stable isotope-labeled a_nalo_gues _of
modified bases were added to the samples followed by filtration using

(97) Mason, J. C.. Tennant, . Chem. Soc. B97Q 911916 uItraf_iItratic_)n membranes with a mol_ecular mass cutoff of 5 k_E_)a by

(98) Dizdaroglu, M.Methods Enzymoll994 234, 3—16. ' centrifugation at 600& g for 30 min. Filtered samples were lyophilized

(99) Nelson, V. CJ. Labelled Compd. Radiopharrh996 38, 713-723. for 18 h.

(100) Tuo, J.; Jaruga, P.; Rodriguez, H.; Dizdaroglu, M.; Bohr, VJABiol.

Chem.2002 277, 30832-30837.

(101) Dirksen, M.-L.; Blakely, W. F.; Holwitt, E.; Dizdaroglu, Nint. J. Radiat. (102) Fasman, G. DHandbook of Biochemistry and Molecular Biolog3rd
Biol. 1988 54, 195-204. ed.; CRC Press: Boca Raton, 1983; Vol. I.
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For enzymic hydrolysis of DNA to nucleosides, aliquots diR}5 any further treatment. Measurements by GC/MS with isotope-dilution
8,5-cdAdo+*Ns, (59-8,5-cdAdo+®Ns, (5R)-8,5-cdGuo®®Ns, and technique and selected-ion monitoring were performed as deséfibed.
(5'9-8,5-cdGuo**Ns were added to aliquots of 5@ of DNA samples. Lyophilized acidic or enzymic hydrolysates of DNA samples were

This was followed by drying the samples in a SpeedVac under vacuum. trimethylsilylated with 60uL of a mixture of bis(trimethylsilyl)-
DNA samples were dissolved in 100 of a 20 mM succinic acid  trifluoroacetamide (containing 1% trimethylchlorosilane) and pyridine
solution (pH 6.0) containing 10 mM CaClIHydrolysis using four (/1 v/v) at 120°C for 30 min. Aliquots of 2uL of the derivatized

enzymes was performed as described previdistiydrolyzed samples  samples were injected onto the GC column using the split mode of
were filtered as described above. Six samples were prepared for ead]njection with a split ratio of 20 to 1.

data point. Three of the samples were lyophilized for 18 h to be used

for GC_/MS_ analysis. The other three samples were used for LC/MS Acknowledgment. K.S.G. thanks the American Cancer
analysis without further treatmefit.
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