Inorg. Chem.2001,40, 50175023 5017
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Both electron paramagnetic resonance (EPR) and electronic absorption spectroscopy have been employed to
investigate the reaction of a guanine-rich DNA nuclectidemin complex (PS2.Mhemin complex) and organic
peroxide {-Bu-OOH). Incubation of the PS2./vhemin complex witht-Bu-OOH resulted in the time-dependent
decrease in the heme Soret with concomitant changes to the visible bands of the electronic absorbance spectrum
for the PS2.M-hemin complex. Parallel EPR studies using the spin trap 5,5-dimethyl-1-pyritlinzéde (DMPO)
combined with spectral simulation demonstrated the preserieg-tiutyloxyl, carbon-centered methyl, and methyl
peroxyl radicals as well as a simple nitroxide (triplet) signal. Experiments, performed by maintaining a constant
ratio of t-Bu-OOH/PS2.M-hemin complex £35 mol/mol) while varying DMPO concentration, indicated that

the relative contributions of each radical adduct to the composite EPR spectrum were significantly influenced by
the DMPO concentration. For example, at DMPO/PS2tidmin of 10-50 mol/mol, a complex mixture of radicals

was consistently detected, whereas at high trapping efficiency (i.e., DMPO/P$2iin of~250 mol/mol) the
tert-butyloxyl-DMPO adduct was predominant. In contrast, at relatively low DMPO/PS2Aé&Mmin complex

ratios of <5 mol/mol, a simple nitroxide three-line EPR signal was detected largely in the absence of all other
radicals. Together, these data indicate tieat-butyloxyl radical is the primary radical likely formed from the
homolytic cleavage of the ©O peroxy bond oft-Bu-OOH, while methyl and methyl peroxyl radicals result

from f3-scission of the primaryert-butyloxyl radical product.

Introduction of guanine in PS2.M is necessary for the binding and activation
of the heme prosthetic grodpg.

Recent reports have provided a detailed kinetic analysis of Low-temperature electron paramagnetic resonance spectro-
the oligonucleotide-hemin complex-catalyzed (per)oxidation of  scopic (EPR) investigations on the rest-state PS2:Nemin
2,2-azinobis(3-ethylbenzothiozoline)-6-sulfonic acid (ABTS)  complex indicated that the heme iron showed axial symmetry
in the presence of hydrogen peroxide,(4).22 These studies  similar to myoglobin with a water molecule and guanine likely
on the reaction of hemin complexes of a specific guanine-rich acting as the fifth and sixth axial ligands. Additionally, th€,p
DNA oligonucleotide (PS2.M) and corresponding RNA (rPS2.M) (pKa ~ 8.7) determined for the acitbase transition of the
suggested that PS2.M and rPS2.M can act as ligands to bindcomplex was similar to that for horse heart myoglobiflso,
and activate the heme iron for reaction with,@4 (and treatment of the PS2.Mhemin complex with HO, yielded a
ultimately catalyze the oxidation of substrates, e.g., ABTS) in radical exhibiting a singlet EPR signal. Parallel spin-trapping

the hemin-bound Michaelis compléxé The high percentage  studies using 2-methyl-2-nitrosopropane (MNP) indicated that
the free radical detected upon reactions of the PSzhibmin

complex with HO, was either a tertiary or secondary carbon-
centered radical, likely localized to the PS2.M oligonucleotide.

* University of British Columbia.
T Current address: The Heart Research Institute, 145 Missenden Road,

Camperdown, NSW 2050, Australia. Evidence for specific guanine base degradation on the PS2.M
8 Simon Fraser University. o oligonucleotide after reaction with @, further supported the
(1) Abbreviations used are as follows: ABTS, '2eZinobis(3-ethylben- idea that MNP trapped a carbon-centered radical potentially

zothiozoline)-6-sulfonic acid; RQ alkoxyl radicals; DMPO, 5,5- . . e . .
dimethyl-1-pyrrolineN-oxide; DTPA, diethylenetriamine pentaacetic  INvolved in the oxidative degradation of guanine basgsich

acid; EPR, electron paramagnetic resonance spectroscopy; HRP,oxidative damage to the matrix surrounding the heme prosthetic
horseradish peroxidase; MES, B-fnorpholinojethanesulfonic acid;  group is analogous to the translocation of oxidizing equivalents

CHs*, methyl radical; CHOO, methyl peroxyl radical; ROO alkyl . 1 1013 .
peroxyl radical; PS2.M, guanine-rich oligonucleotidé-@IGGG- to the apoprotein of myoglobin'! and hemoglobit?*3during

TAGGGCGGGTTGG-3; PS2.M-hemin, DNA-hemin complex;

t-Bu-OOH, tert-butyl hydroperoxidet-Bu-Cr, tert-butyloxyl radical; (7) Travascio, P.; Witting, P. K.; Mauk, A. G.; Sen, D. Am. Chem.

t-Bu-OO, tert-butyl peroxyl radical; TEMPO, 2,2,6,6-tetramethyl- Soc.2001, 123 13371348.

piperidineN-oxyl; Tris, trislhydroxymethyllaminomethane. (8) Maurus, R.; Overall, C. M.; Bogumil, R.; Luo, Y.; Mauk, A. G.; Smith,
(2) Travascio, P.; Bennet, A. J.; Wang, D. Y.; Senhem. Biol 1999 M.; Brayer, G. D.Biochim. Biophys. Actd997 1341 1-13.
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protein-mediated kD, decomposition. Collectively, the evi-

Witting et al.

(TEMPO), EDTA, Triton-100, diethylenetriaminepentaacetic acid

dence obtained from these previous studies supports the(DTPA), trislhydroxymethyllaminomethane (Tris), andiHfnorpholi-

conclusion that the PS2.4vhemin complex acts as a peroxidase

mimic. However, the precise mechanism for the reaction of the

PS2.M-hemin complex with added peroxide was not demon-
strated.

EPR has previously been employed to establish that heme

proteind*~18 and hemin aloné can react with organic peroxides
to cleave the © 0 bond and generate mixtures of organic free
radicals. Although it is accepted that the oxidizing equivalents
for the scission of the ©0 bond generate a ferryl [Fe(IV)]-

nolethanesulfonic acid (MES) were obtained from Sigma (St. Louis,
MO). DMPO (1 M in phosphate buffer, 50 mM, pH 7.4) was purified
before use by stirring with activated charcoal (100 mg/mL) in the &ark.
H20; (30% wi/v) was from BioRad (Richmond, CA). Hemin was from
Porphyrin products (Logan, Utah) and was used without purification.
Solutions of hemin£2 mM) were prepared by dissolving the porphyrin
in 0.01 M NaOH. Solutions of PS2.i/vhemin complex were freshly
prepared for each study by diluting the hemin stock solution into the
appropriate buffers containing the PS2.M oligonucleotide (see below).
Buffers were prepared from either glass-distilled water or glass-distilled

0Xo0 species, there has been some controversy as to whether thwater purified further by passage through a Barnstead Nanopure system.

O—0 bond is cleaved by a process similar to the classical
“peroxidase” mechanism (heterolysis), viz., yielding first an
undetected porphyrir-cation radical and an alcohol directly
[reaction 1] and subsequently alkoxyl (§@nd peroxyl (RO®
radicals [reactions 2 and 3], by a homolytic process yielding
RO as the primary product [reaction 4], or alternately by a
hydrogen abstraction reaction yielding first peroxyl radicals
(ROO) and subsequently RQreactions 5 and 6].

Heterolytic Mechanism
protein—Fe(lll) + ROOH—
[protein—Fe(IV)=0]" + ROH (1)
[protein—Fe(1V)=0]"" + ROOH—
[protein—Fe(IV)=0] + ROC + H* (2)
ROO + ROO — 2RJ + 0O, 3)

Homolytic Mechanism
protein—Fe(lll) + ROOH—
protein-Fe(IV)=0 + RO + H™ (4)

Metal-Mediated Hydrogen Abstraction Mechanism

protein—Fe(lll) + ROOH— protein—Fe(ll) + ROT + H"
©)

protein—Fe(ll) + ROOH— protein—Fe(lll) + RO + OH"~
(6)

In this study, we have employed EPR to investigate the
mechanism of organic peroxide decomposition by the hemin
complex of PS2.M oligonucleotide and now show that a mixture
of free radicals is produced from reaction teBu-OOH with
PS2.M-hemin complex.

Experimental Section

Materials. 5,5-Dimethyl-1-pyrrolineN-oxide (DMPO), tert-butyl
hydroperoxide %Bu-OOH), 2,2,6,6-tetramethylpiperidin¢-oxyl

(11) Tschirret-Guth, R. A.; Ortiz de Montellano, P. Rrch. Biochem.
Biophys 1996 335 93-101.

(12) Svistunenko, D. A.; Patel, R. P.; Voloshchenko, S. V.; Wilson, M. T.
J. Biol. Chem 1997, 272, 7114-7121.

(13) McArthur, K. M.; Davies, M. JBiochim. Biophys. Actd993 1202
173-181.

(14) Rota, C.; Barr, D. P.; Martin, M. V.; Guengerich, F. P.; Tomasi, A,;
Mason, R. PBiochem. J1995 328 565-571.

(15) Barr, D. P.; Martin, M. V.; Guengerich, F. P.; Mason, R.Ghem.
Res. Toxicol1996 9, 318-325.

(16) Greenley, T. L.; Davies, M. Biochim. Biophys. Actd992 1116
192-203.

(17) Davies, M. JBiochim. Biophys. Actd988 964, 28—35.

(18) Timmins, G. S.; Davies, M. J.; Song, D. X.; Muller-EberhardFeee
Radical Res1995 23, 559-569.

(19) Van der Zee, J.; Barr, D. P.; Mason, R.Aree Radical Biol. Med.
1996 20, 199-206.

All buffers were stored over Chelex-100 (BioRad) &tGHfor at least

24 h to remove contaminating transition metals as verified by the
ascorbate autoxidation analy$tsAll chemicals and solvents employed
were of the highest quality available.

Preparation of DNA—Hemin Complexes The guanine-rich PS2.M
oligonucleotide (5GTGGGTAGGGCGGGTTGG-3was synthesized
at the University Core DNA Service at the University of Calgary. Crude
preparations of the oligonucleotide were size-purified in preparative
polyacrylamide and repurified on Spice C18 columns as desctibed.
After lyophilization, purified PS2.M was dissolved in TE buffer (10
mM Tris, pH 7.5 with 0.1 mM EDTA) and stored at80 °C until
required. Solutions of PS2.M oligonucleotide were standardized from
absorbance abzgonm (With 1 OD taken to be 3540 ug/mL of DNA
oligonucleotide). When required, aliquots of PS2.M were first thawed
at 20°C and then heated at 9& for 5 min. Next, the oligonucleotide
was diluted using 100 mM MES buffer (pH 6.3 containing 50 mM
Tris, 40 mM KCI, 1% DMSO v/v, and 0.05% Triton-100 v/v) and
allowed to stand for 30 min at room temperature. Finally, hemin (25
mM in 0.01 M NaOH) was added to the oligonucleotide (at PS2.M/
hemin ratio of 2:1 mol/mol), and the mixture was gently mixed for 20
min at 20°C to yield the PS2.M-hemin complex. Thus, the DNA
oligonucleotide was present in 2-fold excess of added hemin. Peroxi-
dation assays were carried out with ratios of PS2hmin complex/
t-Bu-OOH as indicated in the legends to the figures.

EPR Spectroscopy X-band EPR spectra (293 K) were obtained
with a Bruker ESP 300e spectrometer equipped with a Hewlett-Packard
frequency counter. Where required, solutions of the PSzhimin
complex ¢~1 mM in MES buffer, 100 mM, pH 6.3 containing 50 mM
Tris, 40 mM KCI, 1% DMSO v/v, and 0.05% w/v Triton-100) were
treated witht-Bu-OOH at ratios of PS2.Mhemin{-Bu-OOH = 1:35
mol/mol in both the presence and absence of DMPO (PShéin
complex/DMPO ratio indicated in the legend to the figures). Analyses
of DMPO adducts were performed on aliquots (89 of the reaction
mixture transferred into capillary tubes with a glass pipet. The capillary
was then placed into a quartz EPR tube and transferred to the cavity
for analyses at 293 K. The limit of detection of a stable nitroxide
(TEMPO) was determined to be50 nM under identical conditions.
Unless indicated otherwise, the time between removal of the sample,
transfer to the appropriate cell, and tuning the spectrometer was
consistently less than 30 s. Spectra were obtained as an average of
five scans with a modulation frequency of 100 kHz and a sweep time
of 84 s. Microwave power, modulation amplitude, and scan range used
for each analysis varied appropriately as indicated in the figure legends.
Peak area was estimated by double integration using standard WINEPR
software. DTPA (10Q«M) was included in all solutions prior to the
addition oft-Bu-OOH to minimize the possibility of transition-metal-
mediated decomposition of peroxide by Fenton chemistry. Anaerobic
analyses were performed by degassing solutions with purified nitrogen
gas that had previously passed through a vanadium(ll)/meraimng-
amalgam bubbler as describ&dTransfer of degassed reactants and
reaction mixtures was carried out using gastight syringes and rubber
septa to avoid oxygen contamination.

Computer Simulation of EPR Spectra Hyperfine couplings were
obtained by spectral simulation using the simplex algorfiprovided

(20) Kotake, Y.; Reineke, L. A.; Tanigawa, T.; Koshida, Ftee Radical
Biol. Med 1994 17, 215-223.

(21) Buettner, G. RMethods Enzymoll99Q 186, 125-127.

(22) Meites, L.; Meites, TAnal. Chem 1948 20, 984-985.
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1.5F } ! spectrum derived from the reaction of the PS2Iemin
505 nm

Soret
(404 nm)

complex witht-Bu-OOH was also significantly different from
that of an Fe(IV)-ferryl species (i.e., compound II) of both HRP
and prostaglandin H synthase that exhibits a Soret band with
peak intensity slightly greater than that of the native protein
and is red-shifted relative to Soret maxima of the rest 2fate.
Moreover, the low molar absorbitivities in the Soret region of

. the HO, derivatives of HRP and some other hemoproteins (i.e.
700 catalase and chloroperoxidase) are considered as indicative of
the formation of a porphyrize-radical catior?” The lack of a
shift in the Soret maxima of PS2ivhemin complex upon
treatment witht-Bu-OOH would suggest that a compound II-
like intermediate is not detected under these conditions. The
latter observation is not necessarily uncommon as similar

Wavelength (nm) behavior has been reported for cytochront&€? for which a

Figure 1. Time-dependent decay of the Soret and visible maxima for compound | intermediate is thought by sdf# though not
reaction of PS2.Mhemin complex (M) with t-Bu-OOH (ratio of all*>28 to result in the catalytic decomposition of peroxide.
t-Bu-OOH/PS2.M-hemin of ~5 mol/mol). Reaction mixtures were Importantly, no free hemin (maximum Agggnm) Was detected
incubated at 20C, and spectra were obtained at 1 min intervals. Where jn mixtures of the PS2.M oligonucleotide and hemin either

shown, arrows indicate the direction of the change in absorbance. Insetbefore or after addition of peroxide, indicating that all of the

shows spectra measured over the visible region after 1 min (filled line), . o .

4 min (dashed line), and 8 min (dotted line). Data represent three or adde_d heme _remalned_bOI_Jnd to the ollgongcleotlde.

more experiments with different PS2-Nhemin complex preparations. Spin-Trapping Investigations on the Reaction of PS2.M-
Hemin Complex andt-Bu-OOH. The reaction of the PS2.M

in “WINSIM” software that is available for use at the NIEHS/NIH ~ hemin complex witht-Bu-OOH was also studied by EPR

website (URL, http://epr.niehs.nih.gov/). Hyperfine couplings are spectroscopy in combination with spin trapping. Aerobic addi-

expressed in units of millitesla. Simulations were considered acceptabletion of DMPO to the reaction at ratios of PS2Memin

at correlation factors oR > 0.85. Computer simulations of the  complext-Bu-OOH/DMPO of~1:35:10-50 mol/mol/mol, con-

experimental data obtained at various ratios of DMPO/PSzhbhmin sistently gave a complex mixture of radical adducts (e.g., see

complex were also used to determine the relative concentration of eaChFigure 2). This mixture of radicals contained components similar

radical adduct for each composite EPR spectrum. Relative concentra~ 1 qe ohserved previously for reactions of heme proteins and
tions of individual components were determined by first identifying oraanic hvdroperoxide$-1828311n contrast. no EPR sianals
the clearly resolved low-field absorption of each species in the various g ydrope : ! g
spectra by using spectral simulation. Next, the low-field EPR signals Were detected in the absence of DMPEBU-OOH, or the

of individual components were double integrated to give a relative mole PS2.M-hemin complex indicating that either no radical adducts
fraction of the particular DMPO adduct in the composite mixture at a Were produced under these conditions or that when formed, the

0.04+

0.5¢ 600

Absorbance (a.u.)

| 1
300 400 500 600 700

given ratio of DMPO/PS2.Mhemin complex. DMPO adducts were below the limit (i.e., yields of radical
Electronic Absorption Spectra. The spectral changes of PS2:M adduct of less than 50 nM) of detection (Figure-2B).
hemin (or hemin alone) were recorded using a Cary 300 Bic-UV Addition of DMPO to mixtures of hemin andBu-OOH in

visible spectrophotometer. The reagtions were ?nitiat'ed by the addition the apsence of PS2.M oligonucleotide also resulted in the
?r]:;-f?ufeOH at 20°C. Further details are provided in the legend 1o jetaction of radical adducts under identical reaction conditions
gure. (Figure 2E). Simulations of the EPR signals obtained in the
Results absence of the oligonucleotide indicated the presence of a
. . . mixture of radical adducts (not shown). The major component
Electronic Absorption Spectroscopy.The time-dependent ot the mixture showed coupling to single nitrogea) and

changes to the Soret and visible absorption bands of the fe”ichydrogen atomsa's) with hyperfine coupling constants a
form of the PS2.M-hemin complex upo-Bu-OOH addition = 0.70 andal; = 0.38 mT. These hyperfine couplings are

are shown in Figure 1. The rest-state complex showed a Sorelgimilar to that previously reported for 5,5-dimethyl-2-pyrroli-
band at 404 nm and weaker maxima over the visible range of doneN-oxyl (DMPOX),1031 an oxidation product of DMPO
480—-700 nm characteristic of a high-spin ferric statddition and so this radical was assigned as DMPOX. A second weaker

of t-Bu-OOH (-Bu-OOH/PS2.M-hemin complexs 200 mol/ ppmpO adduct (see arrows in Figure 2E) showed couplings of
mol) resulted in a time-dependent bleaching of the Soret with on — 1 51 andaf; = 1.45 mT, consistent with the assignment

isosbestic points algsgnm and As2gnm Significant changes to ¢ 4 hydroxyl radical adduct of DMPO (DMPEOH) 32 No

the visible bands were also detected over the period monitored. iher radical adducts were detected under these conditions.
Overall, the Soret intensity was decreased (by a factorf  Resjgual DMSO (present in the final buffer mixture) can be an
while changes to the visible region included a decreasegogim effective trap for hydroxyl radicals yielding methyl radicals or

and increases afsgonm and Aszonm (See Figure 1, inset).  formaldehyde or botB Importantly, the detection of DMPO
Collectively, these results are consistent with corresponding

reactions of the horseradish peroxidase (HRF)and prosta-  (27) ortiz de Montellano, P. Reytochrome P450Niley: New York, 1986.
glandin H synthasé with H,O,, in which the formation of (28) Barr, D. P.; Mason, R. Rl Biol. Chem 1995 270, 12709-12716.
compound | is reportedly characterized by similar changes to (29) Harel, S.; Salan, M. A.; Kanner, Bree Radical Res. Commut088

ey . : . 5, 11-19.
Soret and visible bands upon reaction with peroxide. The (3g) Harel,'s.: Kanner, Free Radical Res. Commun988 5, 21—33.

(31) Thornalley, P. J.; Trotta, R. J.; Stern,Biochim. Biophys. Acta983

(23) Duling, D. R.J. Magn. Resan1994 104B 105-110. 759 16—22.

(24) Chance, BArch. Biochem. Biophyd4949 21, 416-430. (32) Sargent, F. P.; Gardy, E. Mban. J. Chem1976 54, 275-279.
(25) Dunford, H. B.Coord. Chem. Re 1976 19, 187-251. (33) Rosen, G. M.; Britigan, B. E.; Halpern, H. J.; Sovitj, Pree
(26) Dunford, H. B.Heme PeroxidasedViley & Sons Inc: New York, Radicals: Biology and Detection by Spin Trappi@xford University

1999; p 389. Press: New York and Oxford, 1999; p 148.
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Figure 2. Panel A shows the EPR spectrum obtained from a mixture Figure 3. Composite EPR spectra from reaction mixtures of PS2.M
of PS2.M-hemin complext-Bu-OOH, and the spin trap DMPO ata  hemin complex{-Bu-OOH, and the spin trap DMPO at a ratio of 1:35:
ratio of 1:35:10 mol/mol/mol after 2 min reaction at 20. No EPR 10 mol/mol/mol (A), readily simulated to good fit (B) with a correlation
signal was detected in the absence of (B) DMPO, (C) PSZimin, factor R > 0.85. Individual components of the composite spectra are
or (D) t-Bu-OOH. In contrasti-Bu-OOH added to hemin and DMPO  assigned as DMPO radical adducts of (€j-butyloxyl, (D) methyl,

in the absence of PS2.M (E) yields a mixture of radicals. Arrows in (E) methyl peroxyl, and (F) a simple nitroxide species. Simulations
panel E indicate outlying EPR lines for DMPH. Spectra represent  were performed with “WINSIM” softwar (see Experimental Section).
an average of five scans and were obtained with microwave power of EPR parameters were as for Figure 2. All solutions of the PS2.M
100 mW, modulation amplitude of 0.1 mT, modulation frequency of hemin complex contained 1M DTPA. Data represent three or more
100 kHz, sweep width of 16 mT, sweep time of 84 s, and time constant experiments.

of 1.3 s. Solutions of PS2.Mhemin complex contained 100/ DTPA.

Data represent three or more experiments with different preparationsfor DMPO indicating that this radical is likely a simple free
of the PS2.M-hemin complex. nitroxide radical.

Oxygen-Dependence on DMPO Radical Adduct Forma-
tion. Peroxyl radicals derived froraRBu-OOH may arise from
one or all of the processes described by reaction8 Where
p-scission of thetert-butyloxyl radical {-BuO?) gives rise to
the carbon-centered methyl radical (€H

OH indicates that residual DMSO<(% v/v) present in the
buffer does not compete with DMPO for the trapping of
hydroxyl radical and is therefore unlikely to contribute to the
composite EPR spectra obtained from reaction mixtures of
PS2.M-hemin and-Bu-OOH.

EPR Spectral Simulations of Composite Spectralo assign

identity to the radicals comprising the complicated composite CHy" + O, —~ CH;00 ()
EPR spectra from the reaction mixtures of PS2Mh&min/

t-Bu-OOH/DMPO in ratios 0f-1:35:10-50 mol/mol/mol, the CH;’ + t-Bu-OOH— CH, + t-BuOC (8)
spectra were first separated into individual components by

spectral simulation (Figure 3). Overall, the composite mixture t-BuO’ + t-Bu-OOH— t-BUOH + t-BuOC 9)

of DMPO adducts obtained from a reaction of PS2Mmin
complex,t-Bu-OOH, and DMPO (e.g., Figure 3A) was readily EPR analyses of DMP®©peroxyl radical adducts cannot
simulated with good fits to the experimental data (e.g., Figure discriminate between adducts derived from methyl {0O8)
3B). Table 1 reports the hyperfine couplings from individual or tert-butyl peroxyl (-BuOO) radicals. Thus, the precise
EPR simulations (e.g., Figure 3—«E) of the various DMPO identity of the peroxyl radical adduct detected in reaction
adducts used to generate the final simulation of the compositesmixtures of PS2.M-hemin andt-Bu-OOH cannot be im-
spectra together with coupling values from known DMPO mediately assigned from the available data. Therefore, to assign
adducts. identity to these radical adducts, we investigated spin-trapping
A comparison of hyperfine values from the data obtained in experiments in both the presence and absence of oxygen (Figure
this study with literature values (Table 1) suggests the following 4). In the absence of dioxygen, and with a relatively low dose
assignment of identity to the DMPO adducts detectéett- of DMPO employed to optimize detection of peroxyl radicals,
butyloxyl- (Figure 3C), peroxyl- (Figure 3D), and carbon- the formation of the radical adduct assigned as a DMPO
centered radicals (Figure 3E). In addition to these radicals, a peroxyl radical ¥ in Figure 4) was decreased relative to the
triplet signal was also required to adequately simulate the tert-butyloxyl radical adduct® in Figure 4) (cf. parts A and B
composite spectra (Figure 3F). Interestingly, the sharp three-of Figure 4). In addition, the intensity of the DMPO adduct
line spectrum exhibited a line width of less than 0.01 mT assigned as derived from a carbon-centered radical Figure
indicating that if the triplet were to arise from a radical adduct 4) and the nitroxide radicallin Figure 4) increased marginally
of DMPO then hyperfine coupling to thehydrogen of DMPO in the absence of dioxygen (cf. parts A and B of Figure 4).
must either be less than or equal to 0.01 mT or not present atTogether, these data support the argument that the formation
all. Such a radical adduct has not been previously describedof the peroxyl radical is dependent on the presence of dioxygen.
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Table 1. Hyperfine Coupling Constants for Various DMPO
Adducts Obtained from the Reactions of Heme Proteins or Heme
Complexes and-Bu-OOH

Inorganic Chemistry, Vol. 40, No. 19, 2005021

2mT
—

adduct av as at, reference
tert-butyloxyl 1.4940.01 1.63+0.01 16, 17, 27,
30, 38
cumyloxyl 1.48+ 0.01 1.544+0.04 14, 27, 39
cumenyl peroxyl 1.45 1.08 0.18 40
methyl peroxyl  1.44+ 0.01 1.07+0.01 0.14+0.01 16, 17, 27,
30, 38
ethyl peroxyl 1.46 1.10 0.13 41
methyl 1.65+ 0.01 2.35+0.01 16, 17, 27,
30, 38
alkoxyl 1.4940.01 1.58+0.03 this work
peroxyl 1.43+£0.03 1.11+0.01 0.09+ 0.03 this work
alkyl 1.62+ 0.05 2.25+ 0.05 this work
triplet 1.62+ 0.02 this work

Intensity x3

aHyperfine coupling constants are given as data from a single
literature source or as mednSD of literature values or where indicated
are obtained from the current study. Hyperfine coupling values

determined in this study were optimized by simulation using WINSIM - Figure 5. Composite EPR spectra obtained from the reaction of the
software?? accepting correlation coefficients B> 0.85. Data shown PS2.M-hemin complex and-Bu-OOH in the presence of (A) 250,
represent mean: SD of at least three independent studies using () 50, and (C) 5 mM DMPO. EPR parameters were as for Figure 2.
different preparations of PS2ivhemin complex. All values are given  pjots A and B are presented with an identical vertical intensity scale
in units of r_mllltesla. Where data are not shown, the coupling constant g direct comparison of changes in peak intensity, while spectrum C
is not applicable. is plotted with a 3-fold larger scale. Symbols indicating the well-
resolved low-field lines of the various DMPO adducts are as for Figure
4. All solutions of the PS2.Mhemin complex contained 100M
DTPA.

Effect of Increasing Spin-Trapping Efficiency on the Yield
of DMPO Adducts. As indicated in the Introduction, there are
several mechanisms that may give rise to a mixture of free
radicals from the decomposition BBu-OOH. To obtain further
information on which of the possible mechanisms yields the
DMPO adducts detected here, we next investigated the effect
of increasing DMPO trapping efficiency (i.e., increasing the
DMPO/PS2.M-hemin complex ratio) while maintaining the
ratio of t-Bu-OOH/PS2.M-hemin at~35 mol/mol on the
formation of the various radical adducts (Figure 5). Secondary
reactions that lead to the formation of radicals after the
generation of an initial primary radical can be suppressed by
simply increasing the spin-trap concentration. Thus, under
conditions of high trapping efficiency, the primary radical
species produced in the reaction can be identified. Figure 5
shows that increasing the dose of DMPO (from 5 to 250 mM)
results in a marked decrease and increase for the relative
intensities of methyl peroxy in Figure 5) andert-butyloxy!
(®in Figure 5) adducts, respectively (cf. parts A and B of Figure
5). At the lowest concentration of spin trap investigated (5 mM)

2mT

I

Figure 4. The PS2.M-hemin complex was treated withBu-OOH
in the presence of DMPO (ratio of PS2-Memin complextBu-OOH/
DMPO 1:35:20 mol/mol/mol) in either (A) the absence or (B) the
presence of dioxygen. DMPO radical adducts are marked with the g e )
following symbols at well-resolved low-field absorptionsa)(methyl, a sharp tripletM in Figure 5) EPR signal! = 1.62 mT) was
(®) butyloxyl, (v) methyl peroxyl, and M) nitroxide radicals. EPR detected (Figure 5C). Under these conditions, the only other
parameters were as for Figure 2. Each plot is presented with an identicalradical detected was the DMP@nethyl adduct 4 in Figure
yertica}l intensity ;cale for direct comparison of changgs in peak 5) in low yield (Figure 5C). The triplet signal detected under
intensity. All solutions of the PS2.Mhemin complex contained 100 hage conditions was identical to that required for the accurate
uM DTPA. . . . S . .
simulation of the composite spectra (vide infra). The intensity
of the triplet signal also decreased with increasing dose of
Thus, the peroxyl radical detected here is likely generated by DMPO (cf. Figure 5A-C). Changes to the DMP@methyl
reaction of the carbon-centered radical and oxygen [reaction 7] radical adduct were less marked, and this species was detected
and not by simple hydrogen abstraction fromBu-OOH at all concentrations (albeit in decreasing relative concentration)
[reactions 8 and 9], as the latter process does not involve aof DMPO tested. Double integration of the clearly resolved EPR
dependence on dioxygen. The observed increase in the DMPQOabsorptions of each individual component of the composite
adduct of carbon-centered radicals under anaerobic conditionsspectrum afforded estimates of the relative fraction of each
that inhibit its conversion to a peroxyl radical also supports this radical adduct at each of the DMPO concentrations investigated
conclusion. On the basis of these oxygen-dependent studies, wéFigure 6). Clearly, the relative mole fraction of DMP@ethyl
assigned the peroxyl and the carbon-centered radicals as methyhnd DMPG-methyl peroxyl radicals and the nitroxide reached
and methyl peroxyl radicals, respectively. maximal concentrations at [DMPQ} 20 mM. Subsequently,
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“classical” peroxidase mechanism. Extrapolating the yield of
tert-butyloxyl and methyl peroxyl radicals (Figure 6) to
Y concentrations of DMPO greater than 250 mM would yield mole
0 50 100 150 200 250 fractions oftert-butyloxyl adducts approaching 100%, while that
[DMPO] (mM) for the peroxyl radical (and also the nitroxide radical) would

) ) approach 0%. Overall, this preferential trappingest-butyloxyl
\',:V'i%r‘]"iﬁgé gi‘r":‘ggs%?rf?rzzcé‘e?gmn?gggrg;rgggl‘ee icn‘zgﬁgzgﬁ iﬁ?;‘;ﬁg&aradicals indicates that the alkoxyl radical is the primary species
as the relative mole fraction as a function of DMPO concentration produced fr(?m the PSZ.Nhemln compl'e?(-medliated Scission
(mM). The concentration dfBu-OOH was maintained &tBu-OOH/ of the organic peroxide. Only when sufficiently high concentra-
PS2.M-hemin complex ratio of~35 mol/mol for all concentrations  tions of DMPO are employed can the spin trap compete with
of DMPO investigated. DMPO radical adducts are marked as follows: the kinetics of reactions leading to secondary radical products

(a) methyl, @) butyloxyl, (v) methyl peroxyl, andl) nitroxide. EPR such as methyl, methyl peroxyl, and nitroxide radicals.

ggrrgglwg;ecrznvtv:i:]eegslg%rMFg$rFt)aA2. All solutions of the PS2hiémin In addition, the definitive assignment of a putative porphyrin

radical cation (i.e., a compound I) in the reactions of PS2.M
the relative mole fraction of these radical adducts decreased in"€mMin andt-Bu-OOH cannot be made on the basis of the
the range of 20 mM< [DMPO] = 250 mM. In contrast, the evidence obtained from the light absorption studies. For

relative mole fraction of the radical adduct derived from trapping €*@mPple, similar to the case for the corresponding reaction with
tert-butyloxyl radicals increased significantly over all DMPO hydrogen peroxidéthe time-dependent loss of the Soret in the

100 However, the “classical” peroxidase mechanism cannot
g entirely account for the selective trapping of alkoxyl radicals
s 75l from the reaction of PS2.Mhemin complex anttBu-OOH in
B the presence of increasing concentrations of DMPO. The
£ 50 1 preferential trapping of species assignedeasbutyloxyl over
e those assigned as peroxyl radicals is the opposite of that
S 25| anticipated by the product distribution predicted from the
2
¢

concentrations tested. reaction of PS2.M-hemin complex and-Bu-OOH may also
be interpreted as evidence for significant heme degradation. Such
Discussion degradation of the heme group also leads to the time-dependent

changes in the optical spectra noted here in the reaction of
PS2.M-hemin andt-Bu-OOH and previously with bD,,’
thereby introducing ambiguity in the interpretation of these data.
Overall, on the basis of the combined EPR and optical
spectroscopic data, we conclude th&u-OOH degradation by
the PS2.M-hemin does not occur by a heterolytic mechanism.
Therefore, in agreement with our recent stldye conclude

Recently, we showed that the PS2demin complex reacts
with H,O, to yield a radical likely localized to the PS2.M
oligonucleotide. Although the precise mechanism for the
peroxidase reaction leading to the generation of this radical was
not fully elucidated, the PS2./vhemin complex clearly reacted
with H,O, to produce an oxidant capable of oxidizing substrates
(such as.ABTS) in a catalytic reactiéfi.As d'S.CUSSEd n thg that the reaction of PS2.W%hemin and peroxide proceeds
Introduction, the use of EPR to study organic hydroperoxide ithout formation of a compound I-like species
degradation mediated by heme-containing systems is reportedN . P P o
to successfully yield mechanistic data for this peroxidase BU-OOH Degradation by the PS2.M-Hemin Complex
process. Thus, we have useBu-OOH to determine the precise  through Metal-Mediated Hydrogen Abstraction. By way of

mechanism for the reaction of the PS2-kemin complex and a similar argument to that presented above, the DMPO-dose-
organic hydroperoxides. dependent results obtained here with the reactidrBaf-OOH

Heterolytic Cleavage oft-Bu-OOH by the PS2.M—Hemin and the PS2.Mhemin complex also conflict with the idea that

Complex. The mechanism of hydroperoxide degradation by both P€roxide degradation occurs by a hydrogen abstraction mech-
hemin alone and heme proteins is an area of considerable debat8"'SM [reactions 5 and 6]. That is, the observation that only the
in the literature. Despite the large number of studies, the precise/€lative mole fraction of theert-butyloxyl-DMPO adduct
mechanism(s) of alkyl peroxide decomposition and the identity cOntinued to increase with increasing dose of spin trap, as
of radical product(s) produced from this reaction are not clear, ©PP0sed to the predicted increase in bett-butyloxyl and
The classical “peroxidase” mechanism suggests that peroxideg?€roxy! radical adducts of DMPO, supports the argument that
can be reduced in a two-electron reduction process to give thet"BU-OOH degradation does not occur by processes shown in
corresponding alcohol [reaction 1] and a compound I intermedi- "€actions 5 and 6.

ate. This intermediate may then react further with the peroxide —Homolytic Cleavage oft-Bu-OOH by the PS2.M—Hemin

to yield a variety of secondary radical products including Complex. Consistent with data previously reported for cyto-
peroxyl, alkoxyl, and carbon-centered radicals [reactions 2 and chrome P450 and cytochroneg!>2?8 the data shown here on
3]. Thus, with the exception of the nitroxide radical, a heterolytic the degradation of an organic peroxide by the PS2émin
mechanism appears to account for the distribution of radicals complex largely support the idea thaBu-OOH degradation
and the concomitant changes in the electronic spectra detecteds mediated by the PS2.vhemin complex through a homolytic

in the reaction of PS2.Mhemin andt-Bu-OOH. These data,  Cleavage of the ©0O peroxy bond. Thatbutyoxyl radicals are
together with the repofthat reaction of PS2.Mhemin complex ~ the primary radical trapped by DMPO at the highest ratio of
and HO, also showed a DNA oligonucleotide-derived radical DMPO/PS2.M-hemin complex tested and methyl peroxyl
and loss of the Soret intensity analogous to that for the radicals are derived from thfescission of these primary radicals
corresponding reaction of HRP anc®},2426 are also sup-  supports this conclusion.

portive of the idea thatBu-OOH degradation in the presence Despite the conclusion that PS2-¥Memin reacts with organic

of the PS2.M-hemin complex may occur by a heterolytic peroxides by the homolytic mechanism of peroxide degradation,
mechanism yielding a porphyrim-radical cation. there is increasing evidence indicating that other hemoproteins
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that show peroxidase activity (e.g., both wild-type and mutant of PS2.M—hemin andt-Bu-OOH in the presence of the spin
sperm whale myoglobin¥) may react with peroxides by both  trap. Because a DMPO adduct displaying coupling to only a
homolytic and heterolytic mechanisms. Indeed, it is becoming single nitrogen atom has not been previously reported and the
increasingly evident that a variety of factors can influence the general structure of DMPO adducts by definition shows coupling
mechanism of peroxide degradation by heme-containing sys-to aj-hydrogen, itis unlikely that the triplet detected here is in
tems. For example, the extent of heterolysis reportedly dependsfact an adduct of DMPO. It is more likely however that the
on the K3® of the alcohol produced from the degradation radical is a free nitroxide species derived from PS2iMmin
reaction, while the extent of homolysis is apparently dependent for two reasons. First, no radicals were detected in the absence
on the stability of the radical produced from tlfescission of the PS2.M-hemin complex (Figure 2), and second, DMPOX
reaction of the corresponding alkoxyl radiéalAlso, the and DMPG-OH were the only radicals detected from the
presence or absence of suitable reducing agents on the matrixeaction of DMPO and hemin alone. Site-specific oxidation of
adjacent to the heme prosthetic group either nearby or within the nucleic acid guanine (G) at GG and GGG base sequences
the active site is also a key determinant of whether the secondand subsequent cleavage of DNA are known to occur in the
oxidation equivalent of compound 1 is found as a relatively presence of hydroperoxidé%:4> Our recent investigation of
unstable porphyrimz-radical cation or as a secondary radical DNA strand damage on PS2.M in the presence &+$upports
species derived from the oxidation of the maf®® Thus, the the argument that PS2.M oligonucleotide undergoes site-specific
heme environment may also strongly influence which (if any) guanine base oxidation in the presence of perokitieerefore,
is the preferred mechanism of peroxide degradaiion. it is conceivable that the oxidative damage to guanine may lead
Interestingly, a recent report has strongly questioned the to the formation of a putative nitrogen-centered radical that in
assignment of DMPO spin-trapped peroxyl radicals, suggestingthe presence of oxygen reacts to yield a free nitroxide radical.
that in many cases these dioxygen radicals cannot be trappedrhe marginal increase in the triplet signal observed in the
by DMPO at room temperatufé.Indeed, Dikalov and Mason  absence of dioxygen (Figure 4), however, does not support this
used oxygen-17 isotopic labeling to show that the DMPO adduct conclusion. Therefore, the precise identity of the nitroxide
of the methyl alkoxyl radical was derived from the correspond- detected in this study remains to be determined.
ing methyl peroxyl radical® Whether this reassignment of Conclusion.On the basis of the majority of previous literature
organic peroxyl radical adducts holds true for peroxyl species (however, for a conflicting view, see ref 36), the evidence
derived from either secondary or tertiary carbon centers is not provided in this study supports the conclusion that the PS2.M
yet known. However if this were to be true, then the data hemin complex degradesBu-OOH by scission of the €0
presented in this study, and elsewhere in the literafaié28.3%-42 bond by a homolytic mechanism to yietert-butyloxyl radicals
would require significant reinterpretation. That is, if the radical as the primary radical species. Tieet-butyloxyl radical appears
assigned here aert-butyloxyl were derived from the corre-  to be the major radical adduct detected under conditions of high
sponding (and presumably unstable) peroxyl species, the datarapping efficiency that overcome rapid kinetic processes that
presented are consistent with the idea that peroxyl radicals aregive rise to secondary radicals. After the formation of this
generated from the reactions of organic peroxides and theprimary alkoxyl radical3-scission yields methyl radicals that
PS2.M-hemin complex consistent with heterolytic cleavage of also react readily with oxygen to further yield methyl peroxyl
the peroxide. radicals. In addition to the formation tért-butyloxyl, methyl,
Another result from this study that warrants further discussion and methyl peroxyl radical adducts, an as yet unidentified
is the observation of triplet species obtained from the reaction nitroxide radical is also detected in the reaction mixture.
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