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ABSTRACT: Reactive intermediates generated by phagocytes damage DNA and may contribute to the link
between chronic inflammation and cancer. Myeloperoxidase, a heme protein secreted by activated
phagocytes, is a potential catalyst for such reactions. Recent studies demonstrate that this enzyme uses
hydrogen peroxide (¥D,) and nitrite (NQ™) to generate reactive nitrogen species which convert tyrosine

to 3-nitrotyrosine. We now report that activated human neutrophils use myeloperoxid@sgaiti NQ~

to nitrate 2-deoxyguanosine, one of the nucleosides of DNA. Through HPLC, UV/vis spectroscopy, and
mass spectrometry, the two major products of this reaction were identified as 8-nitroguanine and 8-nitro-
2'-deoxyguanosine. Nitration required each component of the complete enzymatic system and was inhibited
by catalase and heme poisons. However, it was independent of chloride ion and little affected by scavengers
of hypochlorous acid, suggesting that the reactive agent is a nitrogen dioxide-like species that results
from the one-electron oxidation of NOby myeloperoxidase. Alternatively;-Beoxyguanosine might be
oxidized directly by the enzyme to yield a radical species which subsequently reacts withroNRO,*

to generate the observed products. Human neutrophils stimulated with phorbol ester also generated
8-nitroguanine and 8-nitro=2leoxyguanosine. The reaction requiredN@nd was inhibited by catalase

and heme poisons, implicating myeloperoxidase in the cell-mediated pathway. These results indicate that
human neutrophils use the myeloperoxidakleO,—NO,~ system to generate reactive species that can
nitrate the C-8 position of' 2deoxyguanosine. Our observations raise the possibility that reactive nitrogen
species generated by myeloperoxidase and other peroxidases contribute to nucleobase oxidation and tissue
injury at sites of inflammation.

Reactive oxidants generated by phagocytic white blood This bactericidal oxidant bleaches aromatic compouBjis (
cells play critical roles in host defenses by destroying inactivates sulfhydryl group®), chlorinates and oxygenates
invading pathogens and malignant cells. A well-characterized unsaturated lipids1Q, 11), and converts amino acids into
source of such intermediates is myeloperoxidase, a secreted@hloramines that can decompose into reactive aldehyi@es (
heme enzymel(-5). Myeloperoxidase uses hydrogen per- 14). In a one-electron oxidation reaction that does not involve
oxide (HO,) generated by neutrophils and monocytes to chloride, myeloperoxidase converts tyrosine to highly reac-
produce potent cytotoxins. The major product at plasma tive tyrosyl radical 15, 16). This species cross-links tyrosine
concentrations of chloride ion is generally thought to be residues in proteins and initiates lipid peroxidation by a

hypochlorous acid (HOCI)g 7). pathway that is independent of free metal iohg, (18).
Nitric oxide (NO) is another potential precursor of reactive
Cl™ 4+ H.O, + H" — HOCI + H.O 1) intermediates 9, 20). It reacts with oxygen to form pDs,
22 2

a nitrosating agent2(l). It also reacts with superoxide to
form peroxynitrite, a potent oxidant that hydroxylates and
" Mass spectrometry experiments were performed at the Washingtonnitrates biological target®2®). Recent studies demonstrate,
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complex of myeloperoxidase and:®h (25—27): size-exclusion chromatographgs 53). Myeloperoxidase
prepared by this method had &as0/Aqgo ratio of 0.76.
NO,” + compound H- HY — Enzyme concentration was determined spectrophotometri-

Ca”y (6430 =170 mm1 Cm_l) (54)

Human NeutrophilsNeutrophils were prepared by density
gradient centrifugation and suspended at 1C° cells/mL
in Hank’s buffered salt solution (€&, Mg?*- and phenol
red-free; GibcoBRL, Life Technology Inc., Grand Island,
tNY) supplemented with 2 mM'2deoxyguanosinel(y). The
cells (2 mL) were incubated at 37C for 60 min and
maintained in suspension with intermittent inversion. The

proteins, .I|p|QS, and nu_clelc acids. legn. t_hat .chromc reaction was terminated by centrifugation of the cells ag400
inflammation is characterized by phagocytic infiltration and for 10 min. The supernatant was concentrated to dryness

is strongly associated with an increased cancer risk (reVie‘Nedunder vacuum, solubilized in 0.3 mL ob8, centrifuged at
in refs 28, 29), it is reaspnable to suspect that phagocytic 1400y for 10 min, and subjected to HPLC analysis.
products may be one important agent for the damage of Oxidation of 2-Deoxyguanosine by Myeloperoxidase.
nucleic acids. Moreover, phagocytic oxidants induce breaks Reactions were carried out for 30 min at 32 in 50 mM

in DNA sirands @0’ 3h1)’ mutate bacterialll DNAé:}Z_?’G)a sodium phosphate buffer (pH 7.4) that was treated with
cause cytoggnetm changes in mammaiian c @,(an Chelex resin to remove metal ions and supplemented with
promote malignant transformatioB8). One potential path- 1004M DTPA
way inyolves reactive_ hitrogen speqies derived fr_om_NO, Reduction of 2Deoxyguanosine Oxidation Products with
\('th'Ch IS Saiwnltg,gr!jzsa'treﬁ' d_earlnlgate, and o>_<t|(_jtat|vely Dithionite. HPLC fractions containing peaks 1 and 2 were
amage f ' 4 )- h.'sh'?c uades Eerol\%nl Me, a  collected, dried under vacuum, and resuspended in 50 mM
mutagenic oxi ant4s—-47) w Ich Torms whert reacts ammonium acetate. A small amount of dithionite was added
W'th supero?adezz, 48). P(_eroxymtnte convert§ guanine IO 15 each suspension until the yellow color of the solution
8_—n|troguan|ne and ox_ldlzes -ﬁe?xyguanosme into 4,5- disappeared. The reduced materials were then subjected to
dihydro-5-hydroxy-4-(nitrosooxy):leoxyguanosined®= o) ¢ and collected for GC/MS analysis.
52). Whether these pathways are physiologically relevant is Reverse-Phase HPLC Analysis of-Deoxyguanosine

nolt yﬁ: establlsr;edt. di lored the ability of th Oxidation ProductsProducts from the myeloperoxidase
n the current studies, we explore € abiiity of the H,0,—NO;~ system were analyzed with a Beckman reverse-

mygloperpmdt:;\]seHzolz—l\!doéjdzystem to modify nUCIG'dC | phase HPLC system equipped with a Ultrasphere ODS
acids, using the nucieosi oxyguanosine as a model  .q);mp (4.6 mmx 25 cm; 5um; Beckman Instruments,

target. Through mass spectro_metr)_/,_UV/vis Spectroscopy, andBerkeIey, CA). Compounds were resolved by isocratic
chr(_)matography, we ?hen |dent|f|eq 8—n|troguan|ne and elution with 20 mM ammonium formate buffer at a flow
8-nitro-2-deoxyguanosine as the major products. Activated rate of 1.0 mL/min 49). Nucleobases were detected by

Wh't?. blood pe!lsNaIso gltrateq'-ﬁzthﬁgganos{lr}e. Thed monitoring absorbance at 254 and 390 nm, corresponding
reaction required N& and was inhibited by catalase an to the absorbance maxima of-@oxyguanosine and the

heme poisons, implicating myeloperoxidase in the ce_IIuIar nitrated product, respectively. Ultraviolet/visible spectra of
pathway. These observations suggest that reactive n'trogerbluting peaks were obtained by scanning from 200 to 500

intermediqtes_geqerated by myeloperoxidase might damag%m on a Beckman photodiode array detector. HPLC fractions
nucleic acids in vivo. of interest were collected and concentrated under vacuum.

NO," + H,0 + compound Il (3)

These reactions may be physiologically relevant because
human neutrophils use the myeloperoxidasigO,—NO,~
system to chlorinate and nitrate free tyrosine and a fluorescen
probe in vitro @5, 26).

Reactive intermediates are potentially damaging to host

EXPERIMENTAL PROCEDURES For some experiments, collected products were again sub-
jected to HPLC fractionation on the ODS reverse-phase
Materials column using the ammonium formate isocratic system.

. . . . Gas Chromatography/Mass Spectrometry (GC/NSiy
Fisher Chemical supplied sodium phosphate an®H — methyisilyl (TMS) and tert-butyldimethylsilyl (BDMS)
(30%; ACS grade). Sodium nitrite, ammonium formate, 2 derivatives of nucleobases were produced with excess N,O-

deoxyguanine, diethylenetriaminepentaacetic acid (DJPA g trimethylsilylytrifluoroacetamide (BSTFA: Regis Tech-
superoxide dismutasegj-phorbol myristate acetate, and nologies, Morton Grove, IL) antl-methyl-N-(tert-butyldim-

sodium azide were obtained from Sigma Chemical Co. (St. g¢hysilyl)trifluoroacetamide (Regis Technologies, Morton
Louis, MO). Grove, IL) in acetonitrile (3:1; viv) at 110C for 1 h.
Products of derivatization reactions were concentrated to
Methods : i . -
dryness under nitrogen gas and reconstituted in pyridine for
Isolation of MyeloperoxidaséMyeloperoxidase was ex-  analysis.
tracted from HL60 cells with cetyltrimethylammonium Reaction products were analyzed on a Varian Star 3400
bromide and subjected to lectin affinity chromatography and CX gas chromatograph interfaced with an extended-mass
range Finnigan MAT SSQ 7000. Gas chromatographic
1 Abbreviations: BDMStert-butyldimethylsilyl; BSTFA,N,O-bis- separations were carried out utilizing a 12 m DB-1 capillary
(trimethylsilyl)trifluoroacetamide; GC, gas chromatography; DTPA, column (J&W Scientific; 0.2 mm i.d., 0.38m film thick-
diethylenetriaminepentaacetic amd;‘M molecular ion; MS, mass ness) with helium as the carrier gas. Source temperature,
spectrometrym/z, mass-to-charge ratio; 8-nitro-dG, 8-nitre-doxy- . >
guanosine; 8-nitroG, 8-nitroguanine; TMS, trimethylsilyl; ESI, elec- filament current, and electron multiplier voltage were set at
trospray ionization. 150°C, 700uA, and 1200 V, respectively. The injector and
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Ficure 1: Reverse-phase HPLC analysis d¢fd2oxyguanosine E
exposed to the myeloperoxidasd,O,—NO,~ system. The com-
plete system consisted of 2 mM'-@eoxyguanosine, 20 nM
myeloperoxidase, 100M H,0,, 30uM NO,~, and 10uM DTPA
in 50 mM sodium phosphate buffer (pH 7.4). Where indicated,
myeloperoxidase (MPO), 4D,, or NO,™ (nitrite) was omitted from
the complete system. After a 30 min incubation at °&7, the
reaction mixture was subjected to HPLC as described under
Methods. Products were detected by monitoring absorbance at 390
nm.

Absorbance

interface temperatures were 250 and 2Z0The initial GC _ ' '
oven temperature of 120C was maintained for 1 min, 210 250 300 350 400 450
followed by a 25°C/min increasing ramp to 25TC. Wavelength (nm)

Electrospray lonization MS-ull mass scanning, selected Ficure 2: Absorption spectra of peak 1 (A) and peak 2 (B)
ion monitoring, zoom scanning, and low-energy collisionally produced by the myeloperoxidasel,0,—NO,~ system. Spectra
activated dissociation were carried out on a Finnigan LCQ. ‘c’)"ferz‘? gggi'“ega‘;]"ggmae d"e?(d% §é8a>t’odtert]§0trﬂf gllérlg?o;z;g@arlawﬂs
A5 ch_ portion of sample_was injecteq at a flow rate of NO,~ Systgrgn as describez in the legend t% Figure 1 2
3 uL/min. Samples were introduced with an electrospray

source. The electrospray needle was held at 4500 V and the(termed peak 1, Figure 2A) and at 11 min (termed peak 2,
counter electrode was held at ground potential. Methanol/ Figure 2B) were yellow and had absorbance maxima at 390
water/acetic acid (50.:49:1; vivlv) was used to dlssplve and 380 nm, respectively. The minor peak that eluted at 14
samples and as a carrier solvent. The flow rate was typically iy exhibited an absorbance maximum at 385 nm: this
3 uL/min. Helium was used as a damping gas and collision material proved difficult to characterize and was not further
activation partner. The flow of gas (1 mL/min) into the mass jnyestigated. These results suggested that reactive nitrogen
analyzer cavity was regulated by a pressure regulator and gniermediates generated by myeloperoxidase had reacted with
capillary restrictor. Flow rates were matched to adjust the e aromatic ring of guanine to yield a nitroseNO), nitro
partial pressure of helium in the mass analyzer cavity to —NO3), nitrosooxy ONO), or nitrate £NOs) function.
approximately 10° Torr. The temperature of heated capillary ~ Nycleosides are hydrolyzed to nucleobases and ribose

was 200°C. The collision energy was varied by changing ynder acidic conditions. When we isolated peak 1 by HPLC
the resonance excitation RF voltage. In the full scan mode 54 exposed it to formic acid, we obtained a nearly

(m/z 100-400), 10 scans were signal averaged and the gantitative yield of peak 2. 8-Nitroguanine in DNA
background from the same number of scans was subtracteqmdergoes spontaneous depurinati¢®),(and we found that
from the full scan mass spectrum. the amount of peak 2 relative to peak 1 increased when the
RESULTS reaction mixture was incubated for prolonged periods of time.
These results suggest that the myeloperoxidés®,—NO,~
Myeloperoxidase Carrts 2-Deoxyguanosine into Oxida-  system initially converts'2deoxyguanosine into a modified
tion Products by a Reaction Requiring®;, and NQ. In nucleoside (peak 1), which then hydrolyses spontaneously
preliminary studies, addition of purified myeloperoxidase to or during exposure to acidic conditions to yield the respective
phosphate buffer (pH 7.4) containing®h, NO,~, and 2- modified nucleobase (peak 2).
deoxyguanine immediately generated a visible yellow color. The MyeloperoxidaseH,0,—NO,~ System Generates
A similar reaction occurred when guanine was substituted 8-Nitroguanine.Reactive nitrogen species might generate
for 2'-deoxyguanosine. This color change was not observedmultiple guanine isomeric products. We therefore investi-
when adenine, thymine, uracil, cytosine, and their respective gated the nature and regiospecificity of the guanine adduct-
nucleosides were substituted fdrd2oxyguanosine. (s) generated by myeloperoxidase by subjecting the TMS
Reverse-phase HPLC analysis ofdeoxyguanosine ex-  derivative of peak 1 to GC/MS analysis. The total ion
posed to the complete myeloperoxidas&O,—NO,~ system chromatogram of this material exhibited a single major peak,
in phosphate buffer revealed two major products (Figure 1). suggesting that a single major isomer was present. As
Their generation required #,, 2'-deoxyguanosine, NO, expected for nitroguanine or nitrosooxyguanine (the com-
and active enzyme. The peaks of material eluting at 9 min pound released from nitrated or nitrosooxygenatéd 2
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/’L S—NH, FiGure 4: Positive ion chromatogram of the TMS derivative of
73 NSV N peak 1 (A), reduced peak 1 (B), and 8-aminoguanine (C).
Ms H 2'-Deoxyguanosine was oxidized by the myeloperoxigds$gO,—
103 221 e, NO,” system. Peak 1 was isolated by reverse-phase HPLC,
\ 147 l T 310 M+ derivatized with BSTFA, or reduced with dithionite and then
0Lt Lok ol - : derivatized with BSTFA, and analyzed by electron ionization GC/
100 200 300 400 MS with selected ion monitoring of ions ([M- “CHa]*) of m/z
m/z 325 (A) ormvz 295 (B,C).

Ficure 3: Mass spectra of the TMS derivatives of peak 1 (A), o )
reduced peak 1 (B), and 8-aminoguanine (C)D2oxyguanosine ~ TMS derivative of the reduced material was analyzed by

was oxidized by the myeloperoxidase,0,—NO,~ system. Peak electron ionization GC/MS. The GC retention time (Figure
1 was isolated by reverse-phase HPLC, derivatized with BSTFA, 4B) and positive ion mass spectrum for TMS-derivatized and

or reduced with dithionite and then derivatized with BSTFA, and . . . .
analyzed by positive ion electretionization GC/MS. The deriva- reduced peak 1 (Figure 3B) were essentially identical to those

tization procedure removes the sugar moiety of the nucleoside. (A) Of TMS-derivatized authentic 8-aminoguanine (Figures 4C
lons in the mass spectrum consistent with a bis-TMS derivative of and 3C). These results suggest that peak 1 contained guanine

nitroguanine were observed \iz 340 (M™) andm'z 325 [M — with a single nitro substituent at the C-8 position.

"CHy|" (B,C). The mass spectra of the TMS derivatives of reduced 14 confirm that myeloperoxidase nitratesdzoxygua-
peak 1 and authentic 8-aminoguanine are identical, suggesting that. .~ . the C-8 it hvdrolvzed both red d K
the attachment site of the nitro group in peak 1 is the C-8 position nosine in the L-c position, we hydrolyzed both reduced pea

in the purine ring. 1 material and authentic 8-aminoguanosine to the corre-
sponding nucleobases with formic acid. Then we determined

deoxyguanine by derivatization, respectively), the positive the mass spectra and GC retention times of the DMTBS
ion electron ionization mass spectrum (Figure 3A) demon- derivatives of the free bases. The full scan mass spectrum
strated major ions am/z 340 (M™) and m/z 325 (M — of authentic 8-aminoguanine was consistent withbis
*CHz]*). In contrast, ions consistent with modification by DMTBS derivative, demonstrating a base peakrét 337
nitroso, nitrate, or nitrosooxy plus hydroxyl groups were [M — CsHg]™ and a small peak atvz 379 [M — CHy]*.
not observed in the mass spectra of peak 1 (Figure 3A) The molecular ion of the bis-DMTBS derivative of 8-ami-
and peak 2 (data not shown). These results suggest thahoguanine was undetectable in both the full scanning and
nitration or nitrosooxygenation was the major reaction selected ion monitoring modes. The GC retention times
catalyzed by myeloperoxidase under our experimental condi-and mass spectra of the DMTBS derivatives of hydro-
tions. The GC retention time and mass spectrum of deriva- lyzed 8-aminoguanosine and reduced, hydrolyzed peak 1
tized peak 2 was indistinguishable from that of peak 1. material were identical (data not shown). These results
Because derivatization of nucleosides with TMS hydrolyzes provide further evidence that peak 1 contained guanine with
the N-glycosyl bond, this again suggests that the materialsa single nitro substituent located at the C-8 position of the
in peak 1 and peak 2 contain the same modified nucleobasepurine ring.
and that one of the peaks is the nucleobase and the other is The Myeloperoxidaskl,0,—NO,~ System Does Not Gen-
the nucleoside. erate Nitroso or Nitrosooxy Adducts of Guanir@C/MS

To determine whether myeloperoxidase nitrates or ni- analysis might fail to detect nonvolatile or poorly ionized
trosooxygenates'2leoxyguanosine, we isolated peak 1 by derivatives of nitrosated products of guanine ahde&bxy-
reverse-phase HPLC and exposed it to dithiorsts,(which guanosine. To avoid this potential oversight, we subjected
reduces aromatic nitro groups to primary amino groups and the materials in peaks 1 and 2 to electrospray ionization mass
is anticipated to reduce nitrosooxy groups to an alcohol. The spectrometric analysis. This method of ionization is ap-
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Scheme 1: Proposed Mechanism for the Generation of Fragment lons in Low Energy Collisionally Activated Dissociation of
the Protonated Molecular lon of 8-Nitroguarfine

(A)

o) 0
AN N 0 AN
N" T _tr O
LB, L
H,N” SN N\_\J,OH H,N
m/z 197 H m/z 179

0
H N/ OH )i oH 1o )ljz
HZN/I\N N?_E\\ o /k >< —>/l\ >‘ o
H

\

m/z 197 m/z167 H
)]E >—no; o ﬁjﬁ
m/z 197 H m/z151 H

aThe m/z 197 ion (protonated peak 2) is decomposed to generate the productmdm &79 by hydride transfer from N-9 to the protonated
oxygen of the nitro group together with a rearrangement that eliminates neutral water (A). A two-step fragmentationvaflii ion also
produces an ion atVz 167 (B). In the first step, the double bond in the ring migrates to th& position, the unpaired electrons of Move to
the C-4 position, and the hydroxyl group of the nitro group migrates to C-8. In the second, a homolytic cleavage between C-8 and the NO group
removesNO and generates a distonic radical species. The product imfzd61 (C) is generated from a molecular ion with a protonated exocyclic
amine group by the elimination of nitrogen dioxide.

plicable to a broad array of biological molecules and 100, b
introduces compounds directly into the gas phase without ] M +H]'
the requirement for derivatization. ] 18

We isolated peaks 1 and 2 generated by the myelo- )ﬁ[%*//
peroxidase-H,O,—NO,~ system using reverse-phase HPLC. HQN*
Positive ion electrospray ionization mass spectrometry of
peak 2 revealed a major ion iz 197, consistent with the

Relative abundance
f.)
<]

protonated molecular ion of 8-nitroguanine (Figure 5A). ]

Control experiments performed with the carrier solvent RUR btk o A L JM
demonstrated that the other major peaks seen in Figure 5A 150 20 30 mz
were derived from impurities that coeluted with peak 2. The 100 B "™ 1o
electrospray ionization mass spectrum of peak 1 demon- 67 |/ :

strated a major ion at/z 313 that was consistent with a
protonated molecular ion [M- H]* of 8-nitro-2-deoxygua-
nosine (data not shown). A less abundant iormét 335
was consistent with a sodiated molecular ion fivNa]* of
8-nitro-2-deoxyguanosine. In contrast, major ions consistent
with guanine adducts of nitroso, nitrate, hydroxyl, or

50

Relative Abundance

nitrosooxy plus hydroxyl groups were not observed in the A 16‘041 - oy
electrospray ionization mass spectra of either peak 1 or peak mz
2. Ficure 5: Full scan positive ion electrospray ionization mass

To firmly establish the attachment site of the nitro group, spectra of 8-nitroguanosine (A) and low energy collisionally
we subjected the ion observedmalz 197 in the electrospray ~ activated tandem mass spectrum of the fMH] " ion of 8-ni-

. : troguanine (B). Peak 2 was isolated by HPLC and subjected to
mass spectrum to low energy collisionally activated tandem electrospray ionization mass spectrometry as described under

mass spectrometric analysis (Figure 5B). The-fMH]* ion Methods.
of the nitroguanine adducir(z 197) decomposed into major
ions atm/z 179 (M + H — HO)t , mz 167 (M + H — a major ion atm/z 180, representing loss of neutral BH

*NO)*™, andnvz151 (M+ H — *NO,)**. The failure to detect  suggests that there is little protonation of the exocyclic amine
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the major target for nitration by the myeloperoxidasgkt
Peak 1 ] NO,~ system.
NS N Nitration of 2-Deoxyguanosine by Myeloperoxidase Is
/J\ >—N0z
H,NT SN N
HO

(A) Non-reduced

Optimal at Neutral pH and Proceeds at Physiological&ks
of NO,". We used HPLC to investigate the optimal condi-
o tions for nitration of 2deoxyguanosine by myeloperoxidase,
OH assessing the reaction as the sum of 8-nitroguanine (peak 2)
22:2 and 8-nitro-2-deoxyguanosine (peak 1) in the mixture.
Addition of 20 nM myeloperoxidase to phosphate buffer (pH
7.4) containing 2deoxyguanosine, DTPA, 4@,, and NQ~
led to nitration of 2deoxyguanosine. Production of 8-ni-
troguanine and 8-nitro‘aleoxyguanosine increased rapidly
over the first 10 min and gradually over the next 100 min
(Figure 7A). Nitration of 2deoxyguanosine required each
component of the complete myeloperoxidasgO,—NO,~
A 210 system and was inhibited by heme poisons (3-aminotriazole
- A 390 .
(C) 8-Aminoguanine apd a_Z|de) and by catalase,_ a scavenggrszFﬂTable 1).
o Nitration of Z-deoxyguanosine was optimal at neutral pH
Hy N (Figure 7D) and at physiologically plausible concentrations
P DN of H,O, (100uM), with a decrease in yield at higher oxidant
N concentrations (Figure 7B).
Plasma contains-150 uM NO,~ under various inflam-
matory conditions§6—59). Nitration of 2-deoxyguanosine
- by myeloperoxidase was directly proportional to the con-
A 3% centration of N@~ up to 100uM. Higher concentrations
5 1‘0 15 resqlteq in less efficient nitratiqn (Figure 7C). '
Minutes Nitration of 2-Deoxygua_mos_|ne by Myeloperomdase Is
_ Independent of HOCIThe in vitro studies outlined above
FicURe 6 Reverse-phase HPLC analysis of peak 1 (A), reduced \qra nerformed in phosphate buffer that lacked chloride ion.
peak 1 (B), and hydrolyzed 8-aminoguanosine (C). 2-Deoxygua- Previous studies have su d .
nosine was oxidized with the complete myeloperoxieesgO,— . ggested that the reaction of HOCI
NO,~ system as described in the legend to Figure 1. Peak 1 isolatedwith NO,™ generates NELI, a nitrating and chlorinating
from the reaction mixture by HPLC, peak 1 isolated from the intermediate 24, 27). In addition, both chloride and NO
reaction mixture by HPLC and reduced with dithionite, and pind to myeloperoxidase, and it is likely that their binding

8-aminoguanosine subjected to formic acid treatment were then : L . . -
subjected to reverse-phase HPLC analysis with monitoring of to the active site is competitive?). We therefore investi

absorbance at 230 and 390 nm as described under Methods. ~ 9ated whether chloride ion affected the nitration o¢f 2
deoxyguanosine by the myeloperoxidas€O,—NO,~ sys-

of the nitrated guanosine molecular ion. Instead, the mosttem. In contrast to the ion’s inhibitory effect on tyrosine

likely location for the charge is an oxygen atom in the nitro oxidation (L5), chloride concentrations ranging from @i

group or carbonyl group of guanine. Scheme 1 rationalizes to 300 mM had little effect on the myeloperoxidase-catalyzed

the ion chemistry of peak 2 observed during electrospray nitration of 2-deoxyguanosine (Figure 8A). These results

ionization tandem mass spectrometry. We were unable tosuggest that chloride ion neither stimulates nor inhibits

rationalize the ion chemistry of peak 2 for other isomers of nitration by myeloperoxidase under our experimental condi-

nitroguanine or for nitrosooxyguanine, suggesting that the tions.

C-8 position is the major target for nitration by the myelo-  Two potent scavengers of HOCI, taurine and methionine

(B) Reduced Peak 1

H N
H

peroxidase system. (9), also failed to inhibit nitration of 2deoxyguanosine by
8-Nitro-2-deoxyguanosine Accounts Quantitaty for the the myeloperoxidaseH,0,—NO,~ system supplemented
Formation of Peak 1 by the Myeloperoxidade,O,—NO,~ with 100 mM chloride ion (as the sodium salt) (Figure 8B,C),

SystemChemical reduction of peak 1 with sodium dithionite even though their concentrations ranged fromuM to 1

(55) eliminated absorbance of the material at 390 nm and mM, three times the concentration of®} in the reaction
changed the HPLC retention time from 6.8 to 8.9 min (Figure mixture. Collectively, these results suggest that HOCI-
6A,B). Consistent with hydrolysis and reduction of a nitro dependent reactions are not major contributors to the NO
group to an amino group, the reduced material comigrated dependent nitration of' Zleoxyguanosine by myeloperoxi-
with authentic 8-aminoguanosine (Figure 6C). Moreover, dase.

peak 1 was quantitatively converted into a compound that Activated Human Neutrophils Employ the Myelo-
comigrated with 8-aminoguanine. These results confirm the peroxidase-H,O,—NO,~ System to Nitrate 'ZDeoxygua-
mass spectrometric analyses, which suggested that peak hosine.Reverse-phase HPLC analysis revealed that human
contained 8-nitro-2deoxyguanosine. Moreover, they indicate neutrophils activated witl#-phorbol myristate acetate in a
that 8-nitro-2-deoxyguanosine is likely to account for most physiological salt solution generated significant levels of
of the material in peak 1. Because peak 1 was quantitatively 8-nitroguanine and 8-nitro=2leoxyguanosine (Table 2).
converted into peak 2 by formic acid, it is likely that most Nitration of 2-deoxyguanosine required the presence of cells,
of the material in peak 2 is 8-nitroguanine (Scheme 2; next NO,~, and an activating stimulus. Addition of superoxide
page). Therefore, the C-8 position of guanine appears to bedismutase, which speeds the conversion of superoxide to
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FiGure 7: Oxidation of 2-deoxyguanosine by the myeloperoxidas&O,—NO,~ system. The reaction was initiated by the addition of
myeloperoxidase (20 nmol) to 128 of buffer (pH 7.4) containing 2 mM '2deoxyguanosine, 100M DTPA, 100uM H,0,, and 30uM

NO,". At the indicated times (A) or after a 30 min incubation<B) at 37 °C, the reaction products were analyzed by reverse-phase
HPLC. Conditions were varied by assaying the reaction mixture with the indicated final concentratios@,dBH NO,~ ions (C), and
hydrogen ions (D). 2Deoxyguanosine oxidation was terminated in the time course experiment by adding 200 nM catalase to the reaction

mixture.

Scheme 2

jgj“ ol ]5*“ — ﬁj[ 1o

Peak 1 Peak 2

H.0O,, increased the yields of 8-nitroguanine and 8-nitro-2  portional to the concentration of NOup to 100uM. As
deoxyguanosine, perhaps by increasing the supply of per-with myeloperoxidase, higher concentrations resulted in less
oxide or by protecting myeloperoxidase from inactivation efficient nitration (Figure 9).
(5). Nitration of 2-deoxyguanosine by human neutrophils ~ To confirm the identity of the products generated by
was inhibited by heme poisons (azide and cyanide) and byactivated neutrophils, we isolated the peak 1 and 2 materials
catalase. These results implicate the myeloperoxidase from the reaction mixture by reverse-phase HPLC. After
H.O,—NO,~ system in the cellular nitration of-2leoxygua- converting these products to their TMS derivatives, they were
nosine. subjected to electron ionization GC/MS analysis. The full
Reverse-phase HPLC was used to investigate product yieldscan mass spectra were virtually identical to those of the
of 8-nitroguanine and 8-nitro~&leoxyguanosine in '2 compounds generated by the myeloperoxigadsg,—NO,~
deoxyguanosine oxidized by activated human neutrophils. system. Moreover, the GC retention times and relative ion
Neutrophils (7 x 10°/mL) were incubated at 37C in intensities of the major ions observed in peak 1 (Figure 10;
medium supplemented with 2 mM-8eoxyguanosine and m/z 325 ([M — *CHs]") andnvz 340 (M**) ions; compare
the indicated final concentration of NQ Following a 60 with Figure 3A) and peak 2 (data not shown) were
min incubation, the reaction was terminated by pelleting the indistinguishable from those of peak 1 and peak 2 generated
cells by centrifugation, and the total product yield of by the complete myeloperoxidase system. These results
8-nitroguanine and 8-nitro=2leoxyguanosine in the super- provide strong evidence that activated human neutrophils
natant was determined by reverse-phase HPLC. Nitration of employ the myeloperoxidaséd,0,—NO,~ system to gener-
2'-deoxyguanosine by human neutrophils was directly pro- ate 8-nitro-2-deoxyguanosine.
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Table 1: Requirements of the Myeloperoxida$&O,—NO,~ Table 2: Requirements for the Conversion 6D2oxyguanosine
System for Conversion of' 2Deoxyguanosine into into 8-Nitro-2-deoxyguanosine by Human Neutrophils
8-Nitro-2-deoxyguanosirfe

8-nitroguaninet+

8-nitroguaninet 8-nitro-2-
8-nitro-2- condition deoxyguanosine (nM)
condition deoxyguanosineuf\) complete system 48
complete system 1.30 complete system minus
complete system minus phorbol myristate acetate 0
myeloperoxidase 0.00 cells 0
H20, 0.00 NO,~ 0
NO,~ 0.00 complete system plus
complete system plus azide (10 mMm) 0
NacCl (100 mM) 1.07 cyanide (10 mM) 0
aminotriazole (20 mM) 0.00 superoxide dismutase (100 nM) 98
azide (10 mM) 0.00 catalase (200 nM) 0
catalase (200 nM) 0.02

° ‘ a2The complete system consisted of 2 mMd2oxyguanosine, 30
heat-inactivated catalase (200 nM) 1.00 4M NO;~, 200 nM phorbol myristate acetate, anck 7LCP cells/mL in

aThe complete system consisted of 20 nM myeloperoxidase, 2 mM Hank’s buffered salt solution. Cells were incubated at°@7for 60
2'-deoxyguanosine, 30M NO;, -, 100uM DTPA, and 100uM H,0, min and maintained in suspension by intermittent inversion. The
in 50 mM sodium phosphate buffer (pH 7.4). The reaction was initiated reaction was terminated by pelleting the cells by centrifugation, and
by the addition of HO,. After a 30 min incubation at 37C, the reaction the concentrations of 8-nitroguanine and 8-nitta@oxyguanosine in
was terminated with catalase, and the concentrations of 8-nitroguaninethe supernatant were determined by HPLC analysis. Values are means
and 8-nitro-2-deoxyguanosine were determined by HPLC analysis. of duplicate determinations and are representative of the results found
Catalase was heat-inactivated by boiling for 10 min. Values are meansin three independent experiments.
of duplicate determinations and are representative of the results found
in three independent experiments.
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Ficure 8: Effects of chloride (A), methionine (B), and taurine (C) 01
on nitration of 2-deoxyguanosine by the myeloperoxidas&O,— 00 02 04 06 08 10
NO,~ system. Reactions and HPLC were carried out as described o
in the legend to Figure 7. For reactions involving methionine or Nitrite, mM

taurine, the reaction mixture was supplemented with 100 mM NacCl. FIGURE 9: Product yield of 8-nitroguanine and 8-nitrodeox-

yguanosine production by activated human neutrophils. Neutrophils

DISCUSSION (7 x 1P/mL) were incubated at 37C in Hank’s buffered saline
. ) ) - solution supplemented with 2 mM 2-deoxyguanosine and the

In this study, we investigated the ability of the myelo- indicated final concentration of NO. Following a 60 min

peroxidase-H,0,—NO,~ system to generate reactive nitro- incubation, the reaction was terminated by the addition of 200 nM
gen intermediates that nitrate nucleic acids. Multiple lines catalase, the cells were pelleted by centrifugation, and the total

. : . ; product yields of 8-nitroguanine and 8-nitr6-oxyguanosine in
of evidence implicate myeloperoxidase and NGn the the supernatant were determined by reverse-phase HPLC as

production of 8-nitroguanine by activated phagocytes. First, gescribed under Methods: 8-nitro-@eoxyguanosine, 8-nitro-dG;
when myeloperoxidase,B,, and NQ~ oxidized 2-deox- 8-nitroguanine, 8-nitroG.

yguanosine, two major peaks seen during HPLC analysis

exhibited absorption spectra characteristic of nitrated aro- strongly supported the structural assignment of the compound
matic compounds. Electron ionization GC/MS analysis and as 8-nitroguanine. These results indicate that the nitro group
electrospray ionization MS analysis of these peaks werewas located on C-8 of guanine and strongly suggest that
consistent with the presence of nitroguanine adducts. Second8-nitroguanine accounted for the majority of the modified
reduction of peaks 1 and 2 with dithionite yielded amino base in peaks 1 and 2. Finally, activated neutrophils nitrated
compounds as assessed by GC/MS analysis, strongly sup2'-deoxyguanosine as assessed by HPLC and GC/MS
porting the notion that the initial adduct was a nitro group. analysis. The reaction required,® and NQ~ and was
Third, HPLC analysis revealed that acid hydrolysis quanti- inhibited by heme poisons, implicating myeloperoxidase in
tatively converted peak 1 into peak 2, which in turn was the cellular pathway. Collectively, these results demonstrate
quantitatively converted into 8-aminoguanine by dithionite. that 8-nitroguanine and 8-nitrd-eoxyguanosine are prod-
Electrospray ionization MS analysis suggested that peaks lucts of 2-deoxyguanosine oxidation by reactive nitrogen
and 2 represented 8-nitré-@eoxyguanosine and 8-nitrogua- intermediates generated by myeloperoxidase.

nine, respectively, consistent with depurination of the nitrated  Previous studies have suggested that myeloperoxidase
nucleoside. Tandem mass spectrometric analysis of peak Zyenerates reactive nitrogen intermediates frony NGy two



2598 Biochemistry, Vol. 38, No. 8, 1999 Byun et al.

27x107 2 395 - Another important issue is whether reactive nitrogen
species generated by myeloperoxidase damage cellular DNA.
Superoxide andNO, the precursors of peroxynitrite, may
be produced both intracellularly and extracellula&g,(29,

z 61). In contrast, myeloperoxidase is a secreted heme protein
“:E 0 that generates oxidants in the extracellular mili2u2; 5).

2 The reactive nitrogen species generated by the myelo-
T 44x109 m/z 340 r peroxidase-H,O,—NO,~ system may also be less effective

than peroxynitrite at nitrating guanine. For the myeloper-
| oxidase system, the yield of 8-nitr6-@eoxyguanosine from
2'-deoxyguanosine was0.01 mol/mol of HO,. For a bolus
addition of reagent peroxynitrite, the yield of 8-nitroguanine
T 00 ' o0 from guanine and peroxynitrite was 6-fold higher(Q.06
Retention time mol/mol of peroxynitrite) 48). These studies may overes-
FiGURE 10: Positive ion chromatogram of the TMS derivative of timate the yield of 8-nitroguanine from peroxynitrite; tyrosine
8-nitroguanine generated by activated human neutrophils. Peak 1lis apparently nitrated much more effectively by peroxynitrite

was isolated by reverse-phase HPLC from the medium of neutro- gdded as a bolus than by peroxynitrite generated continuously

phils incubated with phorbol myristate and WCas described in ; ; P
the legend to Table 2. The TMS derivative of peak 1 was then (62). B%ce:just()a DNA _re5|desd n }Ih? nucle_us_dwhere If: IS
analyzed by electron ionization GC/MS with selected ion monitoring SUfrounded by proteins and cellular antioxidants, these

detection of ions amn/z 325 and 340. observations suggest that myeloperoxidase is unlikely to

nitrate DNA directly. However, it is important to note that
distinct pathways Z4—27). One involves the direct, one- oxidized nucleotides are mutagenic in bacte6id)(More-
electron oxidation of N@ to NGO, by compound I, a over, halogenated nucleobases, nucleosides, and nucleotides
complex of myeloperoxidase and®b. This pathway should  are incorporated into the DNA of cultured cells and tissues
not require chloride. The other involves the initial generation where they are mutagenic and clastogenic and induce sister-
of HOCI by myeloperoxidase and the reaction of HOC| with chromatid exchanges64). It is therefore possible that
NO,™ to yield NOCI , a nitrating and chlorinating intermedi-  nitration or chlorination of extracellular or cytosolic nucleic
ate. This pathway should be inhibited by sulfur- or amino- acids by myeloperoxidase-generated reactive intermediates
containing compounds that react with HOCI. We found that may generate products that exert genotoxic or cytotoxic
nitration of 2-deoxyguanosine by myeloperoxidase was not effects. It is also possible that peroxidases and heme proteins
dependent upon chloride ion and also was insensitive tolocated close to the nucleus generate reactive nitrogen species
scavengers of HOCI. Moreover, the oxidation potentials of that damage DNA directly.

NO,™ and chloride ion are-0.99 and—1.36 V (60, 61), Reactive phagocytic products may injure normal tissue
respectively, suggesting that NOwill be oxidized by mye- under pathological conditions, and these species have been
loperoxidase. These observations indicate that a-Nk2 implicated in carcinogenesis, aging, and atheroscler@s§js (
species is likely to mediate the formation of 8-nitree2oxy- 29, 65—67). Moreover, myeloperoxidase is a component of
guanosine by myeloperoxidase. Alternativelyyd2oxygua- human atherosclerotic tissue, where it co-localizes in part
nosine might be oxidized directly by compound I to yield a with tissue macrophageg§). The HOCI and tyrosyl radical
radical species which subsequently reacts with, N NO,* it generates may be relevant to oxidative damage in the artery

to generate the observed products. Indeed, certain oxidatiorwall because elevated levels of 3-chlorotyrosine and dity-
reactions of myeloperoxidase take place at or near the shelt+tosine have been detected in this tiss68, (70). We also
ered active sitel(—5). This might also represent a microen- have shown that 3-nitrotyrosine levels are elevated in human
vironment inaccessible to low molecular weight thiols. atherosclerotic tissuer/q). This raises the possibility that

A key question is whether these reactive nitrogen products myeloperoxidase both nitrates and chlorinates host tissues
of myeloperoxidase damage biological targets in vivo. In in vivo.
healthy humans, the level of NOin plasma is 0.54 uM Immunohistochemical detection of 3-nitrotyrosine in patho-
(56, 57). Much higher levels are present in saliva, respiratory logical disorders ranging from inflammatory bowel disease
fluid, and gastric juice as well as in plasma during inflam- to rheumatoid arthritis to acute lung injury has been
mation 68, 59). Nitration of Z-deoxyguanosine by myelop- interpreted as evidence that the pathway for oxidative damage
eroxidase was appreciable at plasma levels of, N@nd involves peroxynitrite, a product of the interaction of
increased rapidly at higher concentrations of NOTlhese superoxide and NO. It is noteworthy that neutrophils,
observations suggest that reactive nitrogen species generateghonocytes, and macrophages, all potential sources of my-
by myeloperoxidase may execute oxidative reactions in vivo. eloperoxidase, are present at high levels in these and other
One strategy for investigating this issue would be to analyze inflammatory conditions 1—5, 65—67). In vitro studies
normal and inflamed tissue for stable end products of this suggest that myeloperoxidase will generate reactive nitrogen
pathway. The mass spectrometric methods we have develspecies such as NOand NQCI, and demonstrate that
oped for detecting 8-nitroguanine and 8-nitfed2oxygua- activated human neutrophils nitrate tyrosine by a,NO
nosine should provide powerful tools for addressing this dependent pathway24—27). Moreover, NQ~ enhances
issue. We intend to adopt this approach to determine whethermacterial killing by myeloperoxidase28), and ingested
activated phagocytes can use the myeloperoxidbls®,— bacteria undergo protein nitration in the phagolysosorgg (
NO,™ system to nitrate nucleic acids in cultured cells and where high concentrations of,8, and myeloperoxidase are
animal tissues. secreted. Our observations suggest that damage of nucleic
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acids by myeloperoxidase may play a role in host defenses 26.
against invading pathogens. Collectively, these results pro-
vide strong evidence that multiple different pathways can
potentially contribute to the generation of reactive nitrogen ,go

species and the nitration of biological targets in vivo.

In conclusion, we have demonstrated that myeloperoxidase 29.

can use N@ and HO; to nitrate 2-deoxyguanosine. The
reaction appears to involve an Méike intermediate, and
it proceeds at plasma concentrations of N@nd chloride

ion, suggesting potential physiological relevance. These
observations, together with previous studies, raise the pos- 32.
sibility that reactive nitrogen intermediates generated by

myeloperoxidase and other peroxidases damage nucleic acids33.

as well as proteins at sites of inflammation.

REFERENCES

1.
2.
3.
4.
5.
6.

10.

11.
12.
13.
14.
15.

16.

17.
18.
19.

20.
21.

22.

23.
24.

25.

Klenbanoff, S. J., and Clark, R. A. (1978phe Neutrophil:

Function and Clinical DisordersNorth-Holland Publishing

Co., Amsterdam, The Netherlands.

Hurst J. K., and Barrette W. C. (198@yit. Rev. Biochem.

Mol. Biol. 24, 271-328.

Nauseef W. M. (1988)jematology/Oncology Clinics of North
America Vol. 2, pp 135-158.

Tobler A., and Koeffler H. P. (199Blood Cell Biochemistry,
Lymphocytes and Granulocytegol. 3, pp 255-288.

Kettle, A. J., and Winterbourn, C. C. (199Redox Rep.,3

3-15.

Harrison, J. E., and Schultz, J. (1976)Biol. Chem. 251

1371-1374.

.Foote C. S., Goyne T. E., and Lehrer R. I. (19R&}fure 301

715-716.

. Albrich, J. M., McCarthy, C. A., and Hurst, J. K. (1982j)oc.

Natl. Acad. Sci. U.S.A. 7@201—-214.

. Winterbourn, C. C. (1983 iochim. Biophys. Acta. 84@04—

210.

Winterbourn, C. C., Van den Berg, J. J. M., Roitman, E., and
Kuypers, F. A. (1992Arch. Biochem. Biophys. 29647—
555.

Heinecke, J. W., Li, W., Mueller, D. M., Bohrer, A., and Turk,
J. (1994)Biochemistry 331012710136.

Stelmaszynska, T., and Zgliczynski, J. M. (19'8)r. J.
Biochem. 92301—-308.

Thomas E. L., and Grisham M. B. (198dethods Enzymol.
132 569-585.

Hazen, S. L., Hsu, F. F., d’Avignon, A., and Heinecke, J. W.
(1998) Biochemistry 376864-6873.

Heinecke, J. W., Li, W., Daehnke, H. L., and Goldstein, J. A.
(1993)J. Biol. Chem. 2684069-4077.

Jacob, J. S., Cistola, D. P., Hsu, F. F., Muzaffar, S., Mueller,
D. M., Hazen, S. L., and Heinecke, J. W. (1996Biol. Chem.
271, 19950-19956.

Heinecke, J. W., Li, W., Francis, G. A., and Goldstein, J. A.
(1993)J. Clin. Invest.,2866-2872.

Savenkova, M. |., Mueller, D. M., and Heinecke, J. W. (1994)
J. Biol. Chem. 26920394-20400

Moncada, S., and Higgs, A. (199B) Engl. J. Med. 329
2002-2012.

Nathan, C. (1997). Clin. Invest. 100 2417-2423.

Tamir, S., Burney. S., and Tannenbaum, S. R. (129&m.
Res. Toxicol. &), 821—827.

Beckman, J. S., Beckman, T. W., Chen, J., Marshall, P. A.,
and Freeman, B. (199@®roc. Natl., Acad. Sci. U.S.A. 87
1620-1624.

Klebanoff, S. J. (1993Free Radical Biol. Med. 14351—
360.

Eiserich, J. P., Cross, C. E., Jones, A. D., Halliwell, B., and
van der Vliet, A. (1996)J. Biol. Chem. 27119199-19208.
Eiserich, J. P., Hristova, M., Cross, C. E., Jones, A. D.,
Freeman, B. A., Halliwell, B., and van der Vliet, A. (1998)
Nature 391 393—-397.

27.

30.

31

34.
35.
36.

37.

38

39.

40.

41.

42.

43.

44,
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.

57.

58.

Biochemistry, Vol. 38, No. 8, 1999599

Jiang, Q., and Hurst, J. K. (199%)Biol. Chem. 27232767
32772.

van der Vliet, A., Eiserich, J. P., Halliwell, B., and Cross, C.
E. (1997)J. Biol. Chem. 2727617-7625.

Weitzman, S. A., and Stossel, T. P. (198tjence 212546~

547.

Ames, B. N., Shigenaga, M. K., and Hagen, T. M. (1993).
Natl. Acad. Sci. U.S.A. 90915-7922.

Shacter, E., Beecham, E. J., Covey, J. M., Kohn, K. W., and
Potter, M. (1988)Carcinogenesis ,92297-2304.

. Yakes, F. M., and Van Houten, B. (199)oc. Natl. Acad.

Sci. U.S.A. 94514-519.

Weitzman, S. A., and Gordon, L. |. (199B)ood 76 655—
663.

Weitzman, S. A., and Stossel, T. P. (1982)mmunol. 128
2770-2772.

Barak, M., Ulitzur, S., and Merzbach, D. (1988ytat. Res.
121, 7-16.

Fulton, A. M., Loveless, S. E., and Heppner, G. H. (1984)
Cancer Res. 444308-4311.

De Togni, P., Fox, H. B., Morissey, S., Tansey, L. R., Levy,
S. B., and Babior, B. M. (1988Blood 71 463—466.
Weitberg, A. B., Weitzman, S. A., Destrempes, M., Latt, S.
A., and Stossel, T. P. (1983). Engl. J. Med. 30826—30.

. Weitzman, S. A., Weitberg, A. B., Clark, E. P., and Stossel,

T. P. (1985)Science 2271231-1233.

Dauki, T., and Cadet, J. (199)ee Radical Res. 28), 369—
380.

Kennedy, L. J., Moore, K., Jr., Caulfield, J. L., Tannenbaum,
S. R., and Dedon, P. C. (1990hem. Res. Toxicol. 14),
386—-392.

DeRojas-Walker, T., Tamir, S., Ji, H., Wishnok, J. S., and
Tannenbaum, S. R. (1998)hem. Res. Toxicol., 873-477.
Spencer, J. P., Wong, J., Jenner, A., Aruoma, O. |., Cross, C.
E., and Halliwell, B. (1998)Chem. Res. Toxicol., 4152—
1158.

Wink, D. A., Kasprzak, K. S., Maragos, C. M., Elespuru, R.
K., Misra, M., Dunams, T. M., Cebula, T. A., Koch, W. H.,
Andrews, A. W., Allen, J. S., and Keffer, L. K. (199%fience
254, 1001-1002.

Caulfield, J. L., Wishnok, J. S., and Tannenbaum, S. R. (1996)
J. Biol. Chem. 27312689-12695.

Juedes, M. J., and Wogan, G. N. (19®8)tat. Res. 34951

61.

Jeong, J. K., Juedes, M. J., and Wogan, G. N., (185&m.
Res. Toxicol. 11550-556.

Brunelli, L., Crow, J. P., and Beckman, J. S. (199%¢h.
Biochem. Biophys. 31827-334.

Yermilov, V., Rubio, J., Becchi, M., D., Frisen, M., Pignatelli,
B., and Ohshima, H. (1995}arcinogenesid6, 2045-2050
Yermilov, V., Yoshie, Y., Rubio, J., and Ohshima, H. (1996)
FEBS Lett. 39967—70.

Grace, S. C., Salgo, M. G., and Pryor, W. A. (196&BS
Lett. 426 24—28.

Yermilov, V., Rubio, J., and Ohshima, H. (1995BS Lett.
376, 207-210.

Douki, T., Cadet, J., and Ames, B. N. (199Bhem. Res.
Toxicol. 9 3—9.

Rakita, R. M., Michel, B. R., and Rosen, H. (19®pchem-
istry 29, 1075-1080.

Morita, Y., lwamoto, H., Albaba, S., Kobayash, T., and
Hasegawa, E. (1986). Biochem. (Tokyo) 9¥61-770.
Crowley, J. R., Yarasheski, K., Leeuwenburgh, C., Turk, J.,
and Heinecke, J. W. (199&nal. Biochem. 259127-135.
Ueda, T., Maekawa, T., Sadamitsu, D., Oshita, S., Ogino, K.,
and Nakamura, K. (1995} lectrophoresis 161002-1004.
Gaston, B., Reilly, J., Drazen, J. M., Fackler, J., Ramdey, P.,
Arnelle, D., Mullins, M. E., Sugarbaker, D. J., Chee, C., Singel,
D. J., Loscalzo, J., and Stamler, J. S. (1998)c. Natl. Acad,
Sci. U.S.A. 901095710961.

Green, L. C., Wagner, D. A., Glogowski, J., Skipper, P. L.,
Wishnok, J. S., and Tannenbaum, S. R. (19823l. Biochem.
126, 131—-138.



2600 Biochemistry, Vol. 38, No. 8, 1999

59. Torre, D., Ferrario, G., Speranza, F., Orani, A., Fiori, G. P.,
and Zeroli, C. (1996). Clin. Pathol. 49 574-576.

60. Taurog, A., and Dorris, M. L. (1998rch. Biochem. Biophys.
287, 288-296.

61. Koppenol, W. H., Moreno, J. J., Pryor, W. A., Ischiropulos,
H., and Beckman, J. S. (1992hem. Res. Toxicol., B34—
842.

62. Pfeiffer, S., and Mayer, B. (1998) Biol. Chem. 27327280~
27285.

63. Taddei, F., Hayakawa, H., Bouton, M. F., Cirinesi, A. M.,
Matic, 1., Sekiguchi, M., and Radman, M. (199¢ience 278
128-130.

64. Morris, S. M. (1993Mutat. Res. 29739-51.

65. Babior, B. M. (1978N. Engl. J. Med. 298659-668.

66. Weiss, S. J. (198H. Engl. J. Med. 320365-376.

67. Heinecke, J. W. (199Curr. Opin. Lipidol. 8 268—-274.

Byun et al.

68. Daugherty, A., Dunn, J. L., Rateri, D. L., and Heinecke, J.
W. (1994)J. Clin. Invest. 94 437—444.

69. Hazen, S. L., and Heinecke, J. W. (1997Clin. Invest. 99
2075-2081.

70. Leeuwenburgh, C., Rasmussen, J. E., Hsu, F. F., Mueller, D.
M., Pennathur, S., and Heinecke, J. W. (199.7Biol. Chem.
272, 3520-3526.

71. Leeuewenburgh, C., Hardy, M. M., Hazen, S. L., Wagner, P.,
Oh-ishi, S., Steinbrecher, U. P., and Heinecke, J. W. (1997)
J. Biol. Chem. 2721433-1436.

72.Evans, T. J., Buttery, L. D. K., Carpenter, A., Springall, D.
R., Polak, J. M., and Cohen, J. (199®)oc. Natl. Acad. Sci.
U.S.A. 93 9553-9558.

B19822980



