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Abstract. 2,4,6-Trichlorophenol (TCP) is an environmental dation in Aroclor 1254—induced rat liver S9 fractions yielding
contaminant that is toxic, mutagenic, and carcinogenic. We2,6-dichloro-1,4-benzene diol (Juét al. 1989). Incubation of
have investigated peroxidase-catalyzed oxidation of TCP as atie latter with PM2 DNA resulted in single strand breaks that
alternative pathway of TCP bioactivation using horseradishappear to involve reactive oxygen species, generated during
peroxidase (HRP) as a model peroxidase. TCP was shown tiol autoxidation.

function as a reducing substarte for HRP as evidenced by Alternatively, TCP may undergo oxidative metabolic activa-
TCP-dependent, HRP-catalyzed reduction of 5-phenyl-4-pentertion by mammalian peroxidases.§.prostaglandin H synthase,
1-yl hydroperoxide (PPHP) to its corresponding alcohol. Inmyeloperoxidase, thyroid peroxidase, salivary peroxidase, lac-
addition, TCP was shown to undergo hydroperoxideQj);l  toperoxidase, or others) because various phenols have been
ethyl hydroperoxide, or PPHP)-dependent metabolism as evishown to function as effective reducing cosubstrates for many
denced by electronic absorption spectroscopic analysis gberoxidases (reviewed in Everseal. 1991). However, meta-
reaction mixtures. A single major product was detected bybolic mechanisms associated with the oxidation of TCP or most
reverse phase HPLC and was identified as 2,6-dichloro-1,4ether chlorophenols by mammalian peroxidases have not been
benzoquinone (2,6-dichloro-2,5-cyclohexadiene-1,4-dione, CAShvestigated. Heme peroxidases reduce hydroperoxides to the
no. 697-91-6) on the basis of electronic absorption spectrossorresponding alcohols resulting in the generation of peroxi-
copy, mass spectrometry, and cochromatography with synthetidase compound |, which is two oxidizing equivalents above the
standard. In addition, HRP-catalyzed oxidation of TCP yieldedresting ferric state (Dunford 1991). Compound | consists of a
EPR-detectable phenoxyl radical intermediates whose EPRerrylintermediate (Fe(IV)= O) and, depending on the peroxi-
spectrum consisted of a 1:2:1 triplet characterized by protomlase, a porphyrinm-cation radical and/or protein radical.
hyperfine coupling constant§&> = 2.35 gauss. Mechanisms Peroxidase compound | undergoes one-electron reduction by
for the hydroperoxide-dependent, HRP-catalyzed oxidation operoxidase-reducing substrates, yielding the ferryl intermediate
TCP are proposed that are consistent with these results. compound II, which undergoes a second one-electron reduction
(by another equivalent of reducing substrate) to the resting
ferric state. Both compounds | and Il exhibit estimated redox
potentials of~1 volt and oxidize numerous compounds by

Chlorophenols represent maior and persistent worldwide envisequential electron transfer mechanisms including phenols,
P P . P catechols, hydroquinones, aromatic amines, vinylic alcohols,

ronmental pollutants that have been used as biocides and/ L rious heterocyclic compounds, and others.

have been generated during the manufacture of pentachlorophe-We have investigated the hydroperoxide-dependent oxidation

nol. 2,4,6-Trichlorophenol (TCP, CAS no. 88-06-2) has been . rcp by horseradish peroxidase (HRP) as a model peroxidase

\lljvsoeo?jzsnz;n ﬁg'mr'tlaiee\p\llgg\?:t'T%tg?stss;mer]]:;:ggtgeig;?n?g%stem and report that TCP functions as an excellent substrate
gluep : 9 y r HRP and undergoes hydroperoxide-dependent, HRP-

of phenol-containing waste waters with hypochlorite (NTPC talyzed oxidative dechlorination to 2,6-dichloro-1,4-benzoqui-
1985) and represents a metabolite of hexachlorobenzene (Engﬁ ne. We also report EPR evidence that hydroperoxide-

et al 1976) and lindane (Fitzlofét al. 1982), two widely used dependent, HRP-catalyzed oxidation of TCP results in the

b|00|des_. TCP IS toxic and carcinogenic. TC.:P has be?” shov_vn t%termediacy of TCP-derived phenoxyl radicals. Mechanisms
be carcinogenic in rats and mice following chronic feeding

bioassays (NCI 1979), is mutagenic in the L5178Y mouseggir:f;fifr?;\flv.;.tggur results are proposed for the HRP-catalyzed
lymphoma cell test (NTP 1987), and is positive in the lambda ’
prophage induction assay when a liver S9 activation system is

included (DeMariniet al. 1990). A major factor influencing Methods

TCP toxicity and carcinogenicity may involve metabolic activa-

tion by cytochrome P450. For example, TCP has been shown to

undergo NADPH-dependent, cytochrome P450—catalyzed oxiMaterials

HRP (EC 1.11.1.7, type VI, AJA,5= 3.1) was purchased from
Sigma (St. Louis, MO), desalted by Sephadex G-25 (Sigma) chromatog-
Correspondence tdZ. M. Samokyszyn raphy, and quantitated by measurement of the Soret absorbance at 402
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nm (s, = 9.5X 10* M~1 cm™%) (Mauk and Girotti 1974). Heat- 1.0 1
denatured HRP was prepared by subjecting HRP solutions to 100°C fc
20 min in a sealed container. 2,4,6-Trichlorophenol (TCP) (CAS no.__
88-06-2) and 2,6-dichloro-1,4-benzoquinone (2,,6-dichloro-2,5-cyclo-a 0.8 1
hexadiene-1,4-dione; CAS no. 697-91-6) were purchased from TCE
American (Portland, OR) and the TCP was recrystallized from®
hexane/acetone mixtures. These compounds are toxic and/or carcin + 0.6 7
genic; extreme care was taken, including the use of gloves anig
protective clothing. Cinnamyl alcohol (3-hydroxy-1-phenyl-1-pro- &«
pene) and hydrogen peroxide (30%) were purchased from Aldrict2
(Milwaukee, WI) and the latter was quantitated by iodometric titration &
using KIO;-standardized £4?-. Ethyl hydroperoxide was purchased &< 0.2
from Accurate Chemical & Scientific Corp. (Westbury, NY). 5-Phenyl- =

0.4

N\

4-penten-1-yl hydroperoxide was synthesized as described by \&eller W%’ —
al. (1985). Enzymatic reactions were carried out at 25°C (except EPF 0.0
experiments, which were conducted at ambient temperature) in 0.1 A B C D

phosphate buffer (pH 7.0), which had been treated with iminodiacetic ) ) )
acid chelating resin (Sigma) to minimize any contaminating redox-Fig. 1. TCP-dependent stimulation of HRP-catalyzed reduction of

active transition metals. All other reagents were obtained througtPPHP. PPHP (1.& 10 ~*M) was incubated in 0.1 M phosphate buffer
commercial sources. (pH 7.0) for 6 min at 25°C with A, HRP (1.& 10-"M); B, HRP +

TCP (2.0x 10 —*M); C, TCP alone; or D, HRP+ ascorbate

(2.0 X 10~*M). PPA and PPHP were extracted, chromatographed, and
Analytical Methods quantitated as described in the Methods section. The extent of PPHP

reduction is expressed as [PPA]([PPA][PPHP]) ! and the values

. . . . represent the meah SD of triplicate measurements
Electronic absorption spectra were obtained using a HewIett—Packaréa P P

8452A diode array spectrophotometer equipped with Pelltier tempera-

ture control. Analytical reverse phase HPLC analysis was carried out

using a Waters pBondapak C18 125A 10-um %.800 mm HPLC triplicate. PPHP (1.0x 10-4M) was incubated with HRP (1.8

column and a Waters 600E HPLC solvent pumping system and 994M0~’M), TCP (2.0X 10-*M), or HRP+ TCP in a total volume of 2.0

photodiode array detector run on Waters Millennfusoftware (ver- ~ ml. Incubation of PPHP with HRP and ascorbic acid (.00 ~*M)

sion 2.1) using a Gateway 2000 P5-90 computer. served as a positive control. After 6 min, PPHP and PPA were isolated
by solid phase extraction using 3 ml octadecylsilyl columns (J.T. Baker

Mass SpectrometryHPLC-purified samples were analyzed by elec- & CO. Phillipsburg, NJ) and eluted with HPCL-grade methanol
tron ionization mass spectrometry at 70 volts electron energy from 42 % 1.0 ml). An internal chromatographic standard (IS) of cinnamyl
direct exposure probe. The mass spectrometer was a model 4o@cohol (3-hydroxy-1-phenyl-1-propene, 25 pl of 8 mM stock solution
upgraded to 4500 capabilities (Finnigan MAT, San Jose, CA). Thel methanol) was added to each sample and the sqmpl_es Were_flltered
quadrupole analyzer was scanned from 45 to 645 daltons in 1 s, the ioff"d chromatographed by reverse-phase HPLC using isochratic 58%
source was set to 150°C (uncorrected), and the probe consisted grethanol as the mobile phase at a flow rate of 2.0 mI/m_m. Eluents were
Finnigan direct exposure probe with a rhenium wire tip and a Finnigarfi€tected by absorbance at 257 nm. The concentrations of PPA and
MAT current controller. The sample was applied to the rhenium wire tipPPHP were calculated relative IS by peak integration and PPHP
via a methanol solution and the solvent was allowed to partiallyreduction is expressed as [PPAJ/([PPAJPPHP]) (Figure 1).

evaporate in a hood before insertion into the probe vacuum lock for

final solvent evaporation before mass spectrometric analysis. The

probe current was ramped linearly from 0 to 650 mA at 5 mA/s as theReverse-Phase HPLC of PCP Metabolites
data were collected. The acquired spectra were compared with the

NIH/EPA/NBS mass spectral library (INCOS Library Search, version ., (2.0% 10-*M) was incubated with HRP (1.8 10-5M) (or no

8; 49,000 spectra). addition) for 3 min followed by the addition of, (2.0 X 10-*M) in

) ) ) a total volume of 1.0 ml. After 5 min, reaction mixtures were acidified
EPR SpectroscopyEPR spectra were obtained using a Varian E-104\yity HC| to pH 2.0, saturated with NaCl, and extracted with ethyl
spectrometer custom interfaced with an IBM-compatible computer for,cetate. The solvent was removed under a stream of argarvacuo,
data acquisition and analysis. All spectra were stored on the computhe residue was dissolved in HPLC-grade methanol (100 pl), and
for later analysis and signal intensities were measured from the storeghered. Reverse-phase HPLC was carried out using a mobile phase
spectra using locally written software. All reactions were carried out aloonsisting of 50:50 solvent Ain solvent B att0 — 2 min followed by
room temperature. Immediately after preparation, solutions were, jinear gradient to 85:15 A/B over 32 min at a flow rate of 1.0 mi/min.
aspirated into a 10.5-mm Wilmad flat cell centered in the, kM  gpjvent A consisted of methanol and solvent B consisted of 0.02 M
microwave cavity. To avoid the possibility of transition metal contami- ki p(, Eluents were detected at 270 and 290 nm. Reaction mixtures

nation, polyethylene tubing, rather than stainless steel, was used for thg; metabolite isolation for the acquisition of mass spectra were
aspiration. Because sample aspiration permits the flat cell to be cleane;qi;med_up 100-fold.

and refilled without being distrubed, reproducibility between scans was

greatly improved. (The composition of reaction mixtures and instrumen-

tal parameters employed in the ESR experiments are described in

Figure legend 6.) Results

PPHP Reduction Assays TCP-Dependent, HRP-Catalyzed Reduction of PPHP

The PPHP reduction assays are a modification of the method reporteCP was shown to function as a peroxidase reducing substrate
by Marnett’s group (Welleet al. 1985). Incubations were conducted in for HRP as evidenced by its ability to stimulate the HRP-
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Fig. 2. Reaction equation
1.2 4

orbance

catalyzed reduction of 5-phenyl-4-penten-1-yl hydroperoxide 3
(PPHP) to 5-phenyl-4-penten-1-ol (PPA) (Figure 2). Use of<
PPHP as a peroxidase probe was originally developed an
utilized by Marnett and co-workers to evaluate the peroxidast 4 |
reducing substrate efficiency of a variety of compounds for
HRP (Welleret al. 1985) and prostaglandin H synthase (Markey
et al. 1987). The method involves incubation of PPHP with 00 +—  —— “—————=
peroxidase in the presence and absence of test compound( 250 300 350 400
isolation of PPHP and PPA by solid phase extraction, anc
quantitation of PPHP reduction to PPA by reverse-phase HPLC
anaIySiS relative to an internal standard. Several modlflcat|0n$|g 3. Electronic absorption spectroscopic changes associated with
of the original method include the use of different reverse-phaseiRP-catalyzed oxidation of TCP. TCP (1.¥510-“M) was incubated
HPLC stationary and mobile phases and utilization of cinnamylt 25°C in 0.1 M phosphate (pH 7.0) with HRP (010-®M) and
alcohol as an internal standard (see Methods section). PCI®0, (3.50 X 10-4M). Spectra were obtained att0,5s,30 s, 120 s,
stimulated HRP-catalyzed reduction of PPHP to PPA (Figure 1)and 5 min

The limited extent of hydroperoxide reduction in the absence of

PCP may be due to some contaminating reductants in the
enzyme preparation which were not completely removed by the
desalting procedure. As shown in Figure 1, PCP-dependent
stimulation of PPHP reduction (expressed as [PPA]/
([PPA] + [PPHP])) was greater than that of ascorbic acid, 20
which has previously been shown to function as an effective
peroxidase reducing substrate for HRP (Wedleal. 1985). In

contrast, PCP in the absence of HRP failed to promote an
PPHP reduction (Figure 1).

0.8 1

Wavelength (nm)

Hydroperoxide-Dependent, HRP-Catalyzed
Oxidation of TCP

HRP was shown to catalyze the hydroperoxide-depender 1.2
metabolism of TCP, using hydrogen peroxide, ethyl hydroperox- _
ide, or PPHP as hydroperoxide substrates, as evidenced | &
time-dependent ultraviolet spectral changes of reaction mix
tures (Figure 3). TCP exhibited an absorption maximum at 31:
nm (e31» = 4440+ 14 M1 . cnr1) and a shoulder at 242 nm, 0.8
both of which disappeared with the emergence of an absorptio
maximum at 274 nm upon addition of hydroperoxide. Identical
spectral changes were observed using hydrogen peroxide, etr
hydroperoxide, or PPHP, and all spectral changes were elimi
nated in the absence of HRP or when active enzyme wa 0.4
substituted with a heat-denatured preparation (not shown).
The products generated in reaction mixtures of TCP, HRP
and hydrogen peroxide were analyzed by reverse-phase HPL
as described in the Methods section. The product profile L
obtained after reaction for 5 min, demonstrated the complet 0_0__//\,1\_/
disappearance of TCPr(t 23.8 min) and the formation of a
single major product &= 6.7 min) (Figure 4). Product forma- 0 !:, 1'0 1'5 2'0 o5
tion was not observed in reaction mixtures devoid of HRP or
when active enzyme was replaced with a heat-denature TIME (min)
preparation. The major product cochromatographed with syn-
thetic 2,6-dichloro-1,4-benzoquinone and exhibited an identicatig 4. Reverse-phase HPLC analysis of TCP oxidation products
electronic absorption spectrum characterized by an absorptiogenerated during hydroperoxide-dependent, HRP-catalyzed oxidation
maximum at 274 nm. The mass spectrum of this metabolitef TCP. Reaction conditions and analytical methods are described in
(Figure 5) exhibited a molecular ion ah/z 176, which  the Methods section
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Fig. 5. Electron ionization mass spectrum
m/z of the major TCP oxidation product

MWWWWMWWWWMWMWW Fig. 6. EPR spectrum of 2,4,6-trichlorophenoxyl
radicals generated during hydroperoxide-depen-
dent, HRP-catalyzed oxidation of TCP. TCP
C (1.0 X 10-3M) was incubated at ambient tem-

WMWMMWMWMWMWWWMWMWWWMW perature in 0.1 M phosphate (pH 7.0) with HRP (1
mg/ml) and hydrogen peroxide (520 10-“M).
Spectra were obtained using a modulation ampli-
D tude of 0.5 G, time constant of 0.25 s, receiver

x 20
gain of 4 10, microwave power of 20 mW, and

wwwwwwwwwwwwww a scan time of 4 min over 50 G

represents the base peak, and corresponds to the formula weight metaprotons (8% = a®> = 2.35 G). These results indicate
of the benzoquinone. Furthermore, the spectral fragmentatiothat HRP catalyzes the hydroperoxide-dependent oxidation of
pattern matched the INCOS library spectrum for 2,6-dichloro-TCP to the corresponding trichlorophenoxyl radical (Figure 7).
2,5-cyclohexadiene-1,4-dione with a 98.7% fit.

Discussion
EPR Studies

Our results demonstrate that TCP functions as a reducing
We have also carried out ESR spectroscopic investigationcosubstrate for HRP as evidenced by its ability to stimulate
Incubations of TCP, HRP, and hydrogen peroxide yieldedHRP-catalyzed hydroperoxide reduction using PPHP as a
ESR-detectable formation of TCP-derived phenoxyl radicalamolecular probe (Figure 1). We have also demonstrated that
(Figure 6A), which were not observed in reaction mixturesTCP undergoes hydroperoxide-dependent, HRP-catalyzed oxi-
devoid of TCP (Figure 6B), hydroperoxide (Figure 6C), or HRPdation involving a dechlorination mechanism, yielding 2,6-
(Figure 6D). The ESR spectrum was characterized by a 1:2:#lichloro-1,4-benzoquinone (2,6-dichloro-2,5-cyclohexadiene-
triplet arising by coupling of the unpaired electron density with 1,4-dione) as a major oxidation product (Figures 3-5). HRP-
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catalyzed oxidation of TCP was shown to proceed by onehydrolyzes giving an equivalent of TCP and tlgem
electron oxidations, characteristic of peroxidase-catalyzeahlorohydrin (Figure 8). The latter mechanism is consistent
oxidation reactions including oxidation of phenolic compoundswith the demonstrated bimolecular radical-radical coupling
(Dunford 1991), as evidenced by ESR spectroscopy demonstrateactions which characterize phenoxyl radicals (McDonald and
ing the intermediacy of TCP-derived phenoxyl radicals (FiguresHamilton 1973). In addition, the phenoxide is expected to
6, 7). Interestingly, TCP was shown to function as a morefunction as a good leaving group because of the relatively
effective peroxidase substrate compared with pentachlorophecidity of TCP (pK, = 5.99)(Li et al. 1991). Furthermore, the
nol (PCP) (Samokyszyrt al. 1995). This is evidenced by latter mechanism, involving intermolecular dichlorophenoxyl
comparing the ratios of PPHP reduction.e( ([PPA)/ radical coupling, is a much more likely mechanism kinetically
([PPA] + [PPHP])) for TCP or PCP versus ascorbate. Thebecause the concentration of TCP in the reaction mixtures is
chlorophenol/ascorbate PPHP reduction values for PCP anghagnitudes higher compared with the steady state concentra-
TCP are 0.88+ 0.05 and 3.41+ 0.30, respectively, under tion of phenoxyl radicals. HRP catalysis involves sequential
identical conditions. This difference may reflect differences of(and ordered) ping pong mechanisms involving reaction of one
pKas which are 6.0 and 4.5 for TCP and PCP, respectivelgt(Li equivalent of reducing substrate with compound | (with diffu-
al. 1991). This is significant because our reactions with HRPsion of the resultant radical from the active site) followed by
were carried out at neutral pH and the reaction of phenoliceaction of a second equivalent of the reducing substrate with
compounds with the HRP higher oxidation states occurs witltcompound Il yielding a second equivalent of the corresponding
the intact phenolic function rather than the correspondingree radical (Dunford 1991). Thus, the higher concentration of
phenoxide (Dunford 1991). This is consistent with our observaTCP compared with the concentration of phenoxyl radicals
tion that greater extents of hydrogen peroxide-dependentnakes it unlikely that HRP catalyzes the second one-electron
HRP-catalyzed oxidation of PCP oxidation occur at pH 5.5 andbxidation of the phenoxyl radical intermediates.
4.5 compared with pH 7.0 (data not shown), which are far Intramolecular elimination of HCI from the resultagem
below the pH optimum for HRP (Welleat al. 1985). However, chlorohydrin intermediate would give 2,6-dichloro-1,4-benzo-
at present we cannot rule out the involvement of otherquinone. This mechanism predicts that water would necessarily
descriptors (electronic, hydrophobic, steric) in conferring thebe the source of oxygen in the C4 carbonyl function. In fact, this
differences in chlorophenol substrate efficiencies. has been demonstrated by Hammel and Tardone (1988), using
Collectively, our results are consistent with a mechanism®0-labeling/mass spectrometric analysis, for the TCP-derived
involving sequential one-electron oxidations of TCP, by com-benzoquinone generated during lignin peroxidase—catalyzed
pounds | and/or Il, yielding TCP-derived phenoxyl radicals oxidation of TCP. Furthermore, this is consistent with our
(Figure 7); these were observed and characterized by ESBbservation that hydroperoxide-dependent, HRP-catalyzed oxi-
spectroscopy (Figure 6). These radicals may undergo a secomhtion of TCP is not associated with any uptake of dioxygen
one-electron oxidation yielding carbocations which react with(not shown). Thus, the phenoxyl radical does not appear to
water givinggemchlorohydrins (Figure 8). Alternatively, the autoxidize. In addition, Ortiz de Montellano and colleagues
TCP-derived phenoxyl radicals may undergo radical-radicahave demonstrated that HRP and lignin peroxidase cannot
coupling to yield an ether intermediate which subsequentlycatalyze oxidations via oxene transfer mechanisms because the
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tertiary structures of these proteins do not allow substraté@eMarini DM, Brooks HG, Parkes Jr. DG (1990) Induction of
access to the ferryl intermediate of compound | (Ator and Ortiz_prophage lambda by chlorophenols. Environ Mol Mutagen 15:1-9
de Montellano 1987; DePillist al. 1990). If the latter occurred, DePillis GD, Wariishi H, Gold MH, Ortiz de Montellano PR (1990)
this would result in the incorporation of hydroperoxide-derived ~ !nactivation of lignin peroxidase by phenylhydrazine and sodium
; ; ; azide. Arch Biochem Biophys 280:217-223.
oxygen. In fact the latter investigators have reported evidenc ; . o
. - N unford HB (1991) Horseradish peroxidase: structure and kinetic
suggesting that the peroxidase-catalyzed oxidations by bot roerties. In: Everse J. Everse. KE. Grisham MB (eds.) Peroxi-
HRP and ligninase involve sequential one-electron transfer properties. 'n: =V  Sverse, fe, Sr (eds) X

. . dases in chemistry and biology, vol. 2. CRC Press, Boca Raton,
mechanisms through the methine carbon atdtezige of the FL, p 1-24 Y o

heme prosthetic group. Engst R, Macholz RM, Kujawa M (1976) The metabolism of
Other than 2,6-dichloro-1,4-benzoquinone, our analysis of hexachlorobenzene (HCB) in rats. Bull Environ Cont Toxicol
peroxidase-dependent, TCP-derived oxidation products failed 16:248-252
to demonstrate any significant generation of other stablé&verse J, Everse KE, Grisham MB (eds) (1991) Peroxidases in
oxidation products including carbon—carbon or carbon—oxygen chemistry and biology, voll & 2. CRCPress, Boca Raton, FL
radical coupling product(g.,dimers). These represent major FitzloﬁqF, Por.tig J, SteinK (198?) !_indane metabolism by human and
phenoxy! radical oxidation products involving radical-radical  ratliver microsomes. Xenobiotica 12:197-202 o
coupling reactions ainsubstitutectarbon centers (McDonald Hammel KE, Tardone PJ (1988) The oxidative 4-dechlorination of

. . o polychlorinated phenols is catalyzed by extracellular fungal lignin
and Hamilton 1973). Thus, chlorine substitution at the ortho peroxidase. Biochem 27:6563-6568

and 'para positions |n' TQP, the carbons (.:hargcterlzed. bthl U, Blum K, Witte 1 (1989) The in vitro metabolites of 2,4,6-

unpaired electron density in the phenoxyl radical intermediate  yichiorophenol and their DNA strand breaking properties. Chem

(Figure 7), imposes steric restrictions that hinder intermolecular  Bjol Interactions 69:333—344

coupling reactions. This has previously been observed duringi S, Paleologou M, Purdy WC (1991) Determination of the acidity

peroxidase-catalyzed oxidation of PCP (Samokyseyral. constants of chlorinated phenolic compounds by liquid chromatog-

1995). Mechanistically, this also accounts for the absence of raphy. J Chromat Sci 29:66-69

detectable formation of TCP-derived chlorinated dibenzodioxLin PH, Waidyanatha S, Rappaport SM (1996) Investigation of liver

ins and chlorinated dibenzofurans, which have been detected as bic?éaling Og?ema‘f(h'orip;‘ggo'li’gsed upon measurements of protein
; ; i At adducts. Biomarkers 1:109—

g}ag?zlgﬁzngng Alf?g_tt? E: iﬁgré%iseig?t%ﬁf; (;)l(lld]«j:lgtg)(;l).pz)ndUCtEin PH, Waidyanatha S, Pollack GM, Rappaport SM (1997) Dosimetry

dditi | f ic eff . d by chlori of chlorinated quinone metabolites of pentachlorophenol in the
additional consequence of steric effects imposed by chlorine jyers ofrats and mice based upon measurement of protein adducts.

substitution is the relative stability of the TCP-derived phenoxyl  1oxicol Appl Pharmacol 145:399-408
radical intermediates, as evidenced by direct detection by EPRiarkey CM, Alward A, Weller PE, Marnett LJ (1987) Quantitative
spectroscopy in reaction mixtures (Figure 6). This is consistent  studies of hydroperoxide reduction by prostaglandin H synthase.
with our previous report demonstrating the generation of Reducing substrate specificity and the relationship of peroxidase to
relatively stable phenoxyl radicals during peroxidase-catalyzed cyclooxygenase activities. J Biol Chem 262:6266-6279
oxidation of PCP (Samokyszyet al. 1995). Mauk MR, Girotti AW (1974) The protoporphyrin-apoperoxidase
We predict that 2,6-dichloro-1,4-benzoquinone, the major complex. PhotoQX|dat|on studies. Bloch_em 13:1757—1_763"
peroidase oxidaton product of TCP. may funcion ao ar!*CXrASR Hanen oG et renoicone,
ef‘feqlve electrophlle that. reac ts with nuclgophlles by Mlchael chemistry, part B. Academic Press, New York, NY pp 97-134
addition reactions resulting in the formatlon of protein and;onks TJ, Hanzlk RP, Cohen GM, Ross D, Graham DG
DNA adducts as well as adducts derived from other cellular  (1992) Quinone chemistry and toxicity. Toxicol Appl Pharmacol
nucleophiles. This is consistent with the general electrophilic  112:2-16
nature of quinones (Monket al. 1992) as well as the demonstr- National Toxicology Program (NTP) (1985) CAS No. 85-002, US
ation by Rappaport and colleagues that the analogous PCP- Dept. of Health and Human Services
derived tetrachlorobenzoquinones react with protéinsitro ~ National Toxicology Program (NTP) (1987) CAS No. 88-06-2, US
andin vivo by reaction with cysteine sulfhydryls (Waidyanatha  Dept. of Health and Human Services _
et al. 1994, 1996; Liret al. 1996, 1997). In addition, we have National Cancer_lnstltute _(NCI) (;979) Bioassay of2,4,6-tr|chl_orophe-
recently demonstrated that synthetic 2,6-dichloro-1,4-benzoqui- nol for possible carcinogenicity: NCI-TR-155. NIH Publication

none reacts rapidly with low molecular weight primary amine- No. 79-1711, National Cancer Institute, Bethesda, MD
pialy gntp Y Oberg LG, Glas B, Swanson SE, Rappe C, Paul KG (1990) Peroxidase-

and.thlol-contalnlng molepula}r probes (data not shown) and we catalyzed oxidation of chlorophenols to polychlorinated dibenzo-p-
are in the process of elucidating the structures of these adducts. gjoxins and dibenzofurans. Arch Environ Contam Toxicol 19:930—
Thus, peroxidases may play a relevant role in the bioactivation g3g
of TCP (and perhaps other chlorophenaisyivo, which may = Samokyszyn VM, Freeman JP, Maddipati KR, Lloyd RV (1995)
contribute to the observed toxicity and carcinogenicity of TCP.  Peroxidase-catalyzed oxidation of pentachlorophenol. Chem Res
Toxicol 8:349-355
Waidyanatha S, McDonald TA, Lin PH, Rappaport SM (1994)
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