Mechanisms of DNA Oxidation  (44449)

ANN E. AusT' AND JaMIE F. BEVELEIGH?
Department of Chemistry and Biochemistry, Utah State University, Logan, Utah 84322—0300

Abstract. Oxidative damage of DNA caused by a variety of chemical and physical
agents appears to be linked to cancer. However, it is becoming increasingly clear that
endogenous generation of oxidants, such as hydroxyl radical and peroxynitrite, lead

to oxidation of DNA, and this may cause cancer in individuals where no obvious
exposure to chemical or physical agents known to be carcinogenic has occurred. The
mechanisms for generation of these two oxidants in living organisms will be dis-
cussed and their reactivities with DNA to produce oxidized products (e.g., 8-oxo-dG)

will be presented with special emphasis on the individual characteristics of the gen-
eration and reactivity of each oxidant. [P.S.E.B.M. 1999, Vol 222]

xidation of DNA can result in damage to all four the answer to this question may be “yes.” It is estimated that

bases and the deoxyribose. One of the most abur2% of the oxygen consumed by humans produces reactive

dant and easily measured products of this oxidatioroxygen species (6). This is part of normal metabolism, and
is 8-oxo-7,8-dihydro-2deoxyguanosine (8-oxo-dG). The the body does not normally produce more than the tissues
relationship between the oxidized bases and the induction afan catabolize. However, when the production of reactive
cancer is not entirely clear. However, even though there i®xygen species exceeds the ability of the natural defenses of
no evidence that 8-oxo-dG is directly responsible for cancerthe body to handle them, a variety of diseases can result. For
Floyd (1) has noted what he considered to be a significanévery 132 oxygen molecules entering a cell each day, it is
correlation between elevated levels of 8-0xo-dG in the tarestimated that 1 in 100 damages protein and 1 in 200 dam-
get organs (2). Treatment of rats with the strong oxidantages DNA (6). It is oxidative damage to DNA, whether
KBrO; causes formation of kidney tumors, containing ainduced exogenously by radiation or chemical agents or
high level of 8-oxo0-dG in DNA (3). 2-Nitropropane is a endogenously be free radicals released during respiration,
liver carcinogen, and its administration caused an increasthat is generally regarded as a significant contributory cause
of 8-oxo-dG in DNA in target tissue, whereas administra-of cancer.
tion of its isomer, 1-nitropropane, did not cause elevation of ~ Current knowledge of endogenous processes that ap-
8-0x0-dG or liver tumors (4). Administration of iron, che- pears to contribute to the oxidation of DNA, evidenced by
lated with nitrilotriacetate (NTA), caused kidney tumors the production of 8-oxo-dG, suggests that transition metal—
and yielded a significant increase in 8-oxo-dG (5). catalyzed formation of HO™ or inflammation processes lead-

Thus, it appears that treatments with certain chemicaing to the production of peroxynitrite are the greatest con-
or physical agents lead to the formation of 8-0x0-dG, andributors. This review will focus on evidence for the par-
this may lead to cancer. Is it possible that reactive oxygetticipation of these endogenously generated chemical species
species produced under conditions that would not necessan the development of cancer and in the formation of 8-oxo-
ily be recognized as abnormal are involved in DNA damagedG and other oxidized bases. This will include a discussion
that leads to cancer? It is becoming increasingly clear thaof the chemistry of generation of these reactive species and
differences in their reactivities.

DNA Oxidation and Cancer
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relation between increased body iron stores and an inlecular structure (1), causing mispairing and ultimately pro-
creased risk of cancer of all organs and tissues in individualducing multiple amino acid substitutions (44).
not suffering from iron overload diseases (14-16). Iron has ~ Measurement of Oxidized DNA Products.  Oxi-
also been shown to be mutagenic in bacteria (17, 18) and idized DNA bases can be identified and quantified by using
the G12 transgenic strain of Chinese hamster lung V79 cellgas chromatography/mass spectroscopy with selected-ion
(19). Because mutations were induced in the G12 strain, bunonitoring (45). This technology requires hydrolysis and
not the parent V79 cells, it appeared that the mutagenicity oflerivatization of the samples before analysis. This has led to
iron was mediated by reactive oxygen species (19). Asbegiticism by some who say that these procedures tend to lead
tos is a known human carcinogen containing as much at an artifactual increase in the oxidation products produced
27% iron by weight. Iron from the asbestos fibers is re-during the post-treatment manipulations of the samples.
quired for its mutagenicity in the G12 strain of transgenicHowever, this technology has been very useful and has led
V79 cells (19) and for its ability to induce 8-oxo-dG in 0 the identification of 17 different modified base products
human lung epithelial A549 cells (20). Whether the iron in (46). One of the major products observed using this tech-
asbestos and other carcinogenic fibers is responsible fdHdue is 8-0xo-dG. .
their carcinogenicity is under investigation. Floyd et al. (47) have developed a more rapid and
Peroxynitrite.  The formation of ONOO has been sensitive means of detecting this oxidized base product by

linked to tumor formation and/or progression in a number of!SINg reversed phase HPLC with electrochemical detection.
studies. It has been shown in female Sencar mice thdpecause of the availability of HPLC systems and the ease

ONOO" was produced by dermal neutrophils during tumora”d sensitivity of this assay, most laboratories investigating
promotion (21). Peroxynitrite production has been identi—the production of oxidized base DNA damage are currently

fied in human colon adenomas and colon carcinomas, anldsing this technique. The disadvantages of this technique

this was related to iNOS induction (22). It has also beerf' © .that D th_e samples must be .hydrolyzed, u_sually enzy-

proposed that ONOOcould be involved in breast cancer, matically, which can produce ox@zed ba;gs '.f not done

formed from the interaction of catechol-estrogen and .Nof:arefully, and 2) |t'c'10e§ not provide identification of the

both of which are known to be formed in the breast andsample, only quantification. . -

uterus (23). The connection betweeklelicobacter pylori Recently_, a_”O”_‘er technique, liquid chromatography/
electrospray ionization mass spectrometry, has been used to

infection and gastric cancer is thought to be immune re- . : .
sponse—derived ONOQ24). identify and quantify base products (48). This methodology

._is particularly useful when nucleotides or relatively short
The tumor suppressor gene product p52 plays an im

. . oligonucleotides are used to study damage. The advantage
portant role in the cellular response to DNA damage. Th'sover the other GC/MS technique is that samples can be

protein participates in numerous vital cellular functions in- 4764 immediately after reaction without hydrolysis. The
cluding gene transcription, DNA repair, cell cycle control, 45 qyantage is that larger oligonucleotides (>20 base pairs)
genomic stability, and apoptosis (25-27). Inactivation ofyyqyig show only a small mass change associated with the
this tumor suppressor gene by deletion or point mutationeactions at a single base, which would complicate the iden-
appears to be a precondition for neoplastic transformation iRication of the lesions.

many types of human cancer (28). Peroxynitrite damage t0  The overall advantage of both of the mass spectropho-
this gene has been linked to tumor formation (29-31).  tometry techniques over the HPLC technique is that mass

Peroxynitrite treatment of theupFgene in the pSP189  gpectrometry provides the identity of the products, not just

plasmid induces mutations fO”OWing I’eplication in bacterialquantity of a chemical that is e|ectrochemica"y active and
or human cells (32). The majority of mutations are located;g-e|utes with 8-oxo-dG.

at G'C base pairs (98.5% in bacteria and 93.4% in human
cells), including G'C- T A transversions (65% of muta- Generation of Oxidizing Agents
tions in bacteria and 63% in human cells), GCCG Hydroxyl Radical. Reactions of organic molecules
transversions, and deletions (32). Because of the variougith molecular oxygen to generate reactive oxygen radicals
reactions that ONOOcan undergo, there is also a variety of do not occur because most organic molecules exist in the
DNA damage i.e., single-strand breaks (33, 34), nitratiorsinglet spin state whereas, ®xists in the triplet spin state.
(35, 36), and oxidation of bases (34, 36-38). Reactions of a triplet with a singlet molecule are formally
8-0x0-dG. One of the reasons 8-oxo-dG in DNA is forbidden and will generally be slower than?av2s™.
considered a potentially important factor in carcinogenesisiowever, transition metals like iron can bridge this kinetic
is that its presence in the DNA template cauggmlymer-  restriction by reducing ©to form radical species that are
ase to miscode incorporation of nucleotides in the replicatedapable of reacting with organic molecules (49). Other tran-
strands (39). Specifically, 8-oxo-dG is known to cause GCsition metals with a free coordination site could catalyze the
- TA transversions (40-43). It has been speculated that theeduction of Q or H,O,. The exposure to other transition
reason the presence of 8-0xo-dG in DNA causes mutationsietals is generally low, but they are capable of catalyzing
is related to the perturbations it induces in the macromosdeleterious reactions when introduced into biological sys-
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tems. Since iron exists at the highest concentration of angoordination sites of iron are bound by a chelator, as occurs

transition metal in most living organisms, it is thought to bewith desferrioxamine B or ferrozine, which stabilize the

responsible for most of the abnormal oxygen radical proFe(lll) or Fe(ll) forms, respectively, the redox activity of

duction observed. iron is inhibited. For that reason, these two chelators are
Several mechanisms have been proposed as the potesfien used to determine whether iron is involved in the

tial reactions of iron to generate reactive oxygen speciegroduction of radicals.

One of these is shown in the following series of reactions of ~ Reactivity of Hydroxyl Radical. = The hydroxyl

iron that together lead to the generation of a hydroxyl radi+adical is an extremely reactive species, reacting immedi-

cal (50). ately with all known biomolecules at diffusion-limited rates

of reactions [10—-10° M~*'s™). Thus, it is very short-

Reductant- Fe(lll) — Oxidant+ Fe(ll) 1) lived and will react at the site where it is formed. Radiation
- chemists have estimated the diffusion distance of the hy-
Fe(ll) + O, = Fe(lll) + O 2 . .
e+, e(lil)+O, & droxyl radical to be only 3 nm, about the average diameter
HO, + 0, = O,+H,0, ®) of a typigal pr.ot'eir_1 (54). This reacFivity dictates that tk_le
radical will be injurious to cells only if the metal catalyst is
Fe(ll) + H,O, — Fe(lll) + OH™ + HO (4) localized immediately adjacent to target biomolecules (52).

Peroxynitrite. Peroxynitrite is a unique oxi-

In addition to generation of HO, the ferryl iron species, gant formed from the reaction of the radical species "NO
Fé¥ = O, and F€ = O, = Fé" complex have been 4ng o

proposed to be involved in reactions catalyzed by iron. Of o
all of the reactive species generated by iron, the HO' is the O, + NO - ONOO (6)
only species that has been studied extensively, probablypis reaction has been determined to be at the near diffu-
because methods are more readily available for its detectiogign_controlled rate of 2.0 x #HM st (55), which is
and for studying its participation in reactions. _ faster than the reaction of O with superoxide dismutase.
Under physiological conditions, virtually all O will - Tne reaction is essentially irreversible because of a 22 kcall
exist as the unprotonated form (51). This species has severglg| decrease in Gibbs energy by forming ONO®6). The
reactivities. In an agqueous environment, it _wiII dismutate: NO for this reaction is generated enzymatically by the in-
spontaneously to yield }D, and O, at a reaction rate con- gycible form of nitric oxide synthase (iNOS). 'NO is pro-
stant 6 5 x 10°M~"'s™: duced at high levels by macrophages as a cytotoxic agent in
HO, + 0, +H* - H,0,+ 0, (5) the immune_ or iqflammatory response (57, 58). U_nde_r these
conditions, "NO is released along with other species, includ-
Because of this, the formation of,O is always accompa- ing O, ~. This can set the stage for high levels of formation
nied by the formation of significant amounts of®}, (52). of ONOO'. This may explain the apparent association be-
The enzymatic dismutation of O catalytically by super- tween inflammation and cancer.
oxide dismutase (SOD) has a rate constahox 10° Reactivity of ONOO ~. Peroxynitrite is a strong and
M~ts™, a rate that is three to four orders of magnituderelatively long-lived oxidant with a half-life of approxi-
faster than spontaneous dismutation at physiological phinately 1 sec under physiological conditions (59). Peroxy-
(51). This insures that the steady state levels §f @ vivo  nitrite has a [, of 6.8, so at physiological temperature and
approach zero (52). However, this creates another problenpH, it can be protonated to form peroxynitrous acid
as H,0, is produced as a byproduct of the reaction. Tech{ONOOH), which rapidly decomposes to nitrate:
nically, Hzozlis not a free radicql as it has no unpaired ONOOH - NO;™ +H* 7)
electrons. It is, however, a relatively stable oxidant even
though it does not react readily with biomolecules. It be-Peroxynitrous acid has the reactivity of hydroxyl radical and
comes biologically significant when it is considered that itsnitrogen dioxide, although it appears to react as a vibra-
interaction with redox-active transition metals results in thetionally activated complex rather than physically separating
formation of HO". into two distinct radical species (60, 61). As well as isom-
The reactivity of iron is highly dependent upon its elec- erization to nitrate, ONOOcan undergo reactions that fall
tronic environment. For example, iron bound to low- into four mechanistic classes: 1) one-electron or 2) two-
molecular-weight chelators like citrate or ADP is redox ac-electron oxidations, 3) oxygen atom transfer, and 4) elec-
tive (49). Grafet al. (53) have shown that coordination of trophilic nitrations (62—66).
iron by these chelators allows water, or other small mol- At neutral pH, the oxidative chemistry of ONOGQs
ecules like Q, to coordinate the metal. This allows the complex and controlled in part by ONOQGonformation
Fe(ll) chelates to reduce and generate highly reactive and in part by the type of molecule being oxidized (67). The
species. The rates at which these redox reactions occur wilDNOO™ has two conformationgis andtrans,based on the
depend upon the nature of the chelator, thus affecting thbending around the N-O-O bond. The ONO#fas a long
rate of formation of these reactive species. When all of thdifetime, which results from its being locked in the stabie
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conformation. Estimates of the energy barrier for rotationsulfur atoms to give sulfoxides; the third shows nitronium
from the cis to the trans configuration are as high as 25 cation (NQ") properties indicative of the nitration of aro-
kcal/mol (67). It has been suggested that this difference imatic species. These different oxidative pathways are pos-
energy is due to interactions between the terminal peroxidgible due to the ability of the O-O bond of ONO@ be
oxygen and the distal oxygen (67). These interactions areleaved either homolytically or heterolytically.

weaker in theransanion due to the inability of the terminal The second of these possibilities (HONO,) has been
oxygens to interact, and this results in the anion beingieemed to be too energetically expensive to be considered,
locked into thecis conformation. as it requires 105 + 20 kcal/mol (67). The reaction of

As well, the negative charge on the terminal oxygen isONOO™ with sulfhydryl groups is interesting in that it is one
partially delocalized over the entire molecule while in theof 0n|y two reactions known to occur with ONOGn the
cis form, and this causes the formation of weak partialcis geometry (67). No rate-limiting isomerization is neces-
bonds between the distal nitrogen and oxygen. These bondgry to take place before ONO@an oxidize a sulfhydryl
have the strength of a typical hydrogen bond and add to thgroyp and it attacks directly by a second-order reaction. The
stabilization (67). This delocalization of charge also inhibitstnirg of the possible HOONO* species (HO'NO,) is
the terminal oxygen from rotating around the OO-NO bondynown to occur and is catalyzed by transition metals (70).
or bending the N-O-Obond angle to thérans configura-  The complete separation of peroxynitrite into hydroxide ion
tion (67). This unusual stability as an anion is a Major (o™) and nitronium ion (NQ") requires only 13 kcal/mol
contributory factor to the toxicity of ONOO While in the (60). However, to form the charge pair Q-+ **NO, in
cis conformation, ONOOis able to diffuse a considerable \ a¢or initially, an energy barrier must be overcome, and this
distance to critical cellular targets and even cross ceIIuIaF1615 been calculated to be as much as 45 kcal/mol (67)
mgcrjnbranes bte fore bggorgéngMactgat?dﬁgtc;] the Colmugatﬁnless metal ions are present, this kinetic barrier favors
acid, peroxynitrous act (68). Markt al. (68) have carcu- decomposition to the hydroxyl radical-like pathway. Metal
lated the phospholipid membrane permeability coefﬁmentions circumvent this energy barrier, as shown by Beckman
for ONOO to be[B.0 x 10 cm's™, which compares well ?t al., for example, who have fo,und that FEDTA-

a " L

with water and is approximately 400 times greater than th catalyzed nitration by peroxynitrite has an activation energy
of O, (68). It was suggested that modulation of the, pf of 12 kcal/mol (70).

ONOO by the hydrophobic vesicular barrier facilitates its The formation of hydroxyl radical from the excited

transport across the membrane (68). This would suggest that . . o .
it is actually the acid form and not the anion that Crosse%ansconﬂguratmn of peroxynitrite was originally proposed

y Beckmanret al. (59) to occur as a result of spontaneous
membranes. homolytic cleavage of the O-O bond. This has since been
The diffusion distance of ONOThas been estimated to y Y ’

. : o shown to be impossible, as the rate of recombination be-
be approximately _1OQm " phosphate buffer at 37. C an_d tween hydroxyl radical and nitrogen dioxide is about“10
pH 7.4, based on its half-life (67). However, reactions WIthM_ls_l which is 100—1000 times faster than the diffusion
bicarbonate and thiols in the cell decrease the diffusio .

distance to an estimatedudn (67). This still gives ONOO Mimit (60). _Instead O.f physmglly_separatlng |_nto free_hy-
e . . . _droxyl radical and nitrogen dioxide, peroxynitrous acid is
a diffusion distance of approximately ten thousand time

further than hydroxyl radical. Delieved by some to distort into the high-energy intermedi-

The ONOOH can more readily isomerize to the reactiveate shown in Figure 2, whereby the intermediate oxidizes a

: : . . __target molecule.
trans configuration, a process that occurs at physiologica . . . . .
) . ; In discussing the physicochemical properties of peroxy-
pH. Through quantum mechanical calculations, it has been., . =~~~
. . . . nitrite, it is necessary to be aware of how exposure of per-
determined that theis form of ONOOH is lower in energy o . ) ) .
o . oxynitrite relates to its concentration. In a physiological
than thetransform by 1-3 kcal/mol (62). This difference is . . .
. system, the concentrations of ONOQ@sed to inactivate
smaller than that of the anion form because the presence @

the hydrogen neutralizes the negative charge which limit§2Y™Mes OF kill cells may be as high as Mn(71). This

rotation. The high reactivity of peroxynitrous acid is medi- seems to be an extreme concentration, but considering that

ated by a vibrationally excited intermediate that is proposeé)Nocy decomposition takes place in seconds at pH 7.4, the

to be able to perform hydroxyl radical-like oxidations (59— actual exposure is brief. To understand the reaction of per-

61, 69). This excited intermediate, referred to by some as xynitrite fully, itis important to conS|d_er the haIf-hfe of th?
compound as well as the concentration (71). This requires

.
HOONO, is postulatg d to haye three resonance Strucu.'rei‘nowledge of the rate of decomposition, which is calculated
based on the three distinct oxidative pathways for reactions

of ONOO (62, 67). These three structures are as foIIows:at any pH in the range of 4-9 by the following equation:
HO N02 = H()+ _NOZ = HO_ +NOZ (8) kl — kHA * H+/(H+ + Ka) (9)

The first of these (HO', "Ng shows the hydroxyl radical—
and nitrogen dioxide—like properties; the second {(HO At 25°C k., is 1.3 st and at 37°Ck,, is 4.5 $* (67). Net
"NO,) shows the electrophilic properties that could add toexposure to ONOQOis calculated at any pH by combining
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and rearranging the above equation as follows: with ONOQO ' results in the formation of 8-oxo-dG, 8-nitro-

Exposure= [ONOO ], (1 + 10°P" "), (10) G and o-xazolone (34, 36, 37). o .
At acidic pH well below the Ka of ONOD, the rate of Studies have shown that 8-oxo-dG is highly susceptible

decomposition is independent of pH, and the equation reto secondary oxidation, making it a target for further oxi-

duces to [ONOO]Jk,,. At the fK., of ONOO, the expo- dation by ONOO. The formation of 8-oxo-dG by ONOO

sure is twice as great as at acidic pH. At alkaline pH, thhas been controversial. Uppet al. (82) observed that

8-0x0-dG reacts very efficiently with ONOQbecoming a
ﬁ\)/(ggsure becomes much greater because ONS@nger better substrate for ONOQhan dG itself. As a nucleoside,

8-0x0-dG is approximately 1000-fold more reactive with

Reactions with DNA ONOO  than dG (82). Thus, the amount of 8-oxo-dG re-

Hydroxyl Radical. Reactions of HO™ can be classi- covered after ONOOtreatment depends upon the ratio of
fied into three main types: hydrogen abstraction, additionONOO /8-0x0-dG. One of the major products of oxidation
and electron transfer. These reactions produce other radicad$ 8-oxo-dG by ONOOQO is oxaluric acid (48, 83). Therefore,
that are less reactive than HO". Reaction of HO" with DNAIf further oxidation is suspected, one can monitor the pro-
leads to a wide range of damage to all four bases and to thduction of oxaluric acid.
deoxyribose. The reaction of HO" with deoxyribose pro-
ceeds by hydrogen abstraction forming carbon-centereummary
radicals. Further reactions of the carbon radicals can occur | jving organisms in an aerobic environment are con-

(e.g., reaction with oxygen to give peroxyl radicals or thestantly exposed to reactive oxygen species as a consequence
joining of two radicals to produce a nonradical product).of normal and, in some cases, abnormal metabolism. This
Hydrogen can be abstracted by HO" from all five carbons otan occur as the result of the generation of HO' by transition
deoxyribose (72). Under anaerobic conditions, the-C4 metal-catalyzed (likely iron) reactions with molecular oxy-
centered radical undergogs cleavage leading to DNA  gen or through the generation of ONO@Xter activation of
strand breakage followed by release of an intact base anghacrophages during inflammation. Although both species
formation of altered sugars (73, 74). The oxidation of thenave the potential to be strong oxidants, the rate of reaction
C1'-centered radical results in sugar lactone formation angf HO' is significantly higher than that of ONOGuch that
release of an intact base (75). Under aerobic conditiong40" will damage biomolecules only within 3 nm of the site
peroxyl radicals are formed by addition of molecular oxy- of its formation whereas ONOQ:an travel up to um with
gen to carbon-centered radicals. This results in cleavage @f capability of passing through membranes. This greatly
a carbon-carbon bond giving rise to an alkali-labile site (76)increases the biomolecules, which could be targets for re-
The C3-centered peroxyl radical converts to an oxyl radicalaction with ONOO. For HO™ to damage DNA, the transi-
leading top-cleavage and strand breakage followed by retjon metal generating the oxidant, would have to be in the
lease of an altered sugar and an intact base (73), or to strapghcleus immediately adjacent to the DNA. The damage that
breakage followed by aldehyde formation at the'C5 HO' inflicts on DNA appears to be much more varied than
end (77). that observed for ONOQ since all four bases and deoxy-
Hydroxy! radical reacts with the heterocyclic bases inripose are targets for HO', whereas guanine and to some
DNA by addition. In pyrimidines, HO" adds to the C5-C6 extent deoxyribose are the preferred targets for ONO®
double bond, giving rise to formation of base radicals. Ofaqddition, ONOO appears to react preferentially with one of
the radicals produced, the 5-hydroxy-6-yl radicals have rethe primary products of its own oxidation with guanine,
ducing properties whereas the 6-hydroxy-5-yl radicals arg-oxo-dG, raising the question as to whether 8-0xo0-dG is
oxidizing (78). An additional reaction with thymine is ab- the best indicator for the presence of ONO&s a DNA
straction éa H atom from the methyl group. In purines, HO" gamaging agent. Another product, 8-nitro-dG may be the
adds to C4, C5, and C8 positions resulting in equal amountgest indicator, although this adducted base is more difficult
of oxidizing and reducing types of adduct radicals (79). Theyo detect and also undergoes further reactions. Increasing
C4-OH and C5-OH adduct radicals dehydrate and are coninderstanding of the conditions under which each of these
verted to oxidizing radicals (78, 80, 81). The C8-OH adductyxidants is produced and of methods of inhibiting their for-
radicals of purines can undergo unimolecular opening of thenation will likely prove very important in preventing cancer

imidazole ring. - _ and other diseases of previously unknown origin.
Peroxynitrite. Peroxynitrite preferentially reacts

with guanine resulting in the formation of 8-oxo-dG (34,

37), 8-nitroguanine (35, 36), 2,2-diamino-4-[{@eoxy- The authors would like to thank Jeanne Hardy and Ryan Ball for their
B-D-erythro-pentafuanosyl)amino]-5-(2H)-oxazolone contributions and help in the writing of this review.
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