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Previously, we have shown that an additional bioactivation pathway for the hepatocarcinogen 
safrole (l-allyl-3,4-(methylenedioxy)benzene) exists which may contribute to its toxic effects: 
initial 0-dealkylation of the methylenedioxy ring, forming the catechol, hydroxychavicol (HC, 
l-allyl-3,4-dihydroxybenzene), 2-electron oxidation to the o-quinone (4-allyl-3,5-cyclohexadien- 
1,2-dione), and isomerization, forming the more electrophilic p-quinone methide (2-hydroxy- 
4-allylidene-2,5-cyclohexadien-l-one) [Bolton, J. L., Acay, N. M., 8z Vukomanovic, V. (1994) 
Chem. Res. Toxicol. 7, 443-4501. In the present investigation, we explored the effects of 
changing n-conjugation a t  the 4-position on both the rate of isomerization of the initially formed 
o-quinones to the QMs and the reactivity of the quinoids formed from 4-propylcatechol (11, 
2,3-dihydroxy-5,6,7,8-tetrahydronaphthalene (21, and 4-cinnamylcatechol (3). We selectively 
oxidized the catechols to the corresponding o-quinones or p-quinone methides and trapped 
these reactive electrophiles with glutathione (GSH). The GSH adducts were fully characterized 
by UV, NMR, and mass spectrometry. Microsomal incubations with the parent catechols in 
the presence of glutathione produced only o-quinone glutathione conjugates. However, if the 
trapping agent (GSH) was added after an initial incubation time, both o-quinone and p-quinone 
methide GSH conjugates were observed. The results indicate that extended n-conjugation a t  
the pura position enhances the rate of isomerization of the o-quinone to the quinone methide. 
Thus the half-life of the o-quinones decreased in the following order: the o-quinone of 1 > 2 
> HC > 3. In support of this, AM1 semiempirical calculations also showed the same trend: 
an increase in stability of the quinone methide relative to the o-quinone with extending 
n-conjugation a t  the 4-position. Finally, kinetic studies showed that the reactivity of the 
quinone methides with water increases with decreasing n-conjugation. These data provide 
further evidence that formation of these electrophilic quinone methides from o-quinones may 
be a general bioactivation pathway for synthetic and naturally occurring 4-alkylcatechols. 

Introduction 
o-Quinone' formation from naturally occurring cat- 

echols, phenols, or aromatic compounds in general has 
been invoked to explain the cytotoxic and/or genotoxic 
effects of several endogenous and exogenous compounds 
(1,2). The molecular mechanism for o-quinone cytotox- 
icity has been attributed to the alkylation of cellular 
macromolecules and/or redox cycling, generating reactive 
oxygen species which oxidize essential cellular compo- 
nents (Figure 1). Previously, we showed that an ad- 
ditional cytotoxic mechanism for the hepatocarcinogen 
safrole may exist involving 0-dealkylation to the catechol 
hydroxychavicol (HC), 2-electron oxidation giving 4-allyl- 
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Abbreviations: P450, cytochrome P450; safrole, l-allyl-3,4-(meth- 
y1enedioxy)benzene; HC, hydroxychavicol, l-allyl-3,4-dihydroxyben- 
zene; QM, quinone methide, 4-alkyl-2,5-cyclohexadien-l-one, for exam- 
ple: HC-QM, 2-hydroxy-4-allylidene-2,5-cyclohexadien-l-one; o-quino- 
ne, 3,5-cyclohexadiene-l,2-dione, for example: HC-quinone, 4-allyl-3,5- 
cyclohexadiene- 1,2-dione; BHT, butylated hydroxytoluene, 2,6-di-tert- 
butyl-4-methylphenol; eugenol, 4-allyl-2-methoxyphenol; ELMS, electron 
impact mass spectrometry; CI-MS, chemical ionization mass spectrom- 
etry. 
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Figure 1. Oxidation of catechols to o-quinones and potential 
mechanisms of cytotoxicity. 

o-quinone, and isomerization to the electrophilic HC-QM 
(Figure 2) (3). Quinone methides (QMs) are much more 
electrophilic than their o-quinone tautomers, and thus 
the chemistry of QMs is characterized by alkylation of 
cellular nucleophiles rather than redox reactions (4).  
They have not been as extensively studied as quinones, 
although their formation from butylated hydroxytoluene 
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SAFROLE HC +QUINONE QM 
Figure 2. Cytochrome P450-catalyzed bioactivation of safrole to quinoids. Adapted from ref 3. 
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Figure 3. Structures of the 4-alkylcatechols investigated. 

(BHT) and eugenol has been invoked to explain the 
toxicities of these food additives (5) .  

In our previous study (31, we selectively oxidized HC 
to the corresponding o-quinone or p-QM and trapped 
these reactive electrophiles with glutathione (GSH). The 
GSH adducts were fully characterized by UV, NMR, and 
mass spectrometry. Microsomal incubations with safrole 
or HC in the presence of glutathione produced only 
o-quinone glutathione conjugates. However, if the trap- 
ping agent (GSH) was added after an initial incubation 
of 10 min, both o-quinone and p-quinone methide GSH 
conjugates were observed. The first order rate constant 
of isomerization was estimated from the decrease in HC- 
quinone GSH adducts to be 1.9 x s-l (tl,z = 9 min). 
Kinetic studies showed that while HC-QM reacts rapidly 
with water, the model o-quinone (4-tert-butyl-3,5-cyclo- 
hexadiene-1,2-dione), which cannot isomerize to  a quino- 
ne methide, was remarkably stable in aqueous solution. 
These results provided evidence that formation of redox- 
active o-quinones followed by isomerization to  the more 
electrophilic QMs may be a general bioactivation path- 
way for 4-allylcatechols and their methylenedioxy pre- 
cursors. 

The present investigation concerns factors which influ- 
ence the rate of cytochrome P450 (P450)-catalyzed forma- 
tion of o-quinones, the isomerization of o-quinones to  
QMs, and reactions of the resulting QMs with nucleo- 
philes. The catechols, shown in Figure 3, are analogs of 
HC with either saturated 4-alkyl substituents as in 1 and 
2, or extended n-conjugation at  the para position as in 
3. In addition, some are metabolites of dietary aromatic 
ethers or analogs of carcinogenic hormones. For example, 
dihydrosafrole which is present in many herbs and spices, 
as well as insecticides, is hepatotoxic and carcinogenic 
in many animals (6). In vivo metabolic studies in the 
rat showed that as observed with safrole, the major 
metabolic pathway involves 0-dealkylation of the meth- 
ylenedioxy ring to give 1 (7). Compound 2 is an A and B 
ring analog of the catechol estrogen, 2-hydroxyestrone. 
Oxidation of the catechol estrogens to estrogen o-quino- 
nes and subsequent one-electron redox cycling andfor 
alkylation of cellular macromolecules has been proposed 
as the carcinogenic mechanism of these endogenous 
hormones (8). The results of this investigation suggest 

that the rate of isomerization of o-quinones to QMs and 
the QM hydrolysis rates are both highly dependent on 
the p-alkyl substituent, which may have a significant 
effect on the amount of cellular injury mediated by these 
electrophiles. 

Materials and Methods 
Materials. All chemicals were purchased from Aldrich 

(Milwaukee, WI), BDH (Toronto, Ontario), or Sigma (St. Louis, 
MO) unless stated otherwise. 13H]GSH (gly~ine-Z-~H) was 
obtained from Dupont, Canada, and diluted to a specific activity 
of 6.0 nCi/nmol. HC was synthesized as  previously described 
(3) .  4-Propylcatechol (1) was synthesized by hydrogenation of 
HC. Briefly, HC (2.1 g, 14 mM) was dissolved in ethanol (50 
mL), and 0.80 g of Pd on activated carbon was added along with 
400 p L  of trifluoroacetic acid. The flask was stirred under an  
Hz atmosphere for 24 h. The solution was filtered and the 
solvent removed in uucuo. The residue was redissolved in 
chloroform and purified on a silica gel column with 41 chloroform/ 
methanol mixture as eluant. lH NMR (CDC13) 6 0.92 (t, J = 
7.3 Hz, 3H, CH3), 1.57 (sextet, J = 7.5 Hz, 2H, CHz), 2.47 (t, J 
= 7.5 Hz, 2H, benzyl CHz), 6.61 (dd, J = 1.75 Hz, lH ,  ArH5), 
6.71 (d, J =  1.71 Hz, lH ,  ArH3), 6.77 (d, J = 8.0 Hz, l H ,  ArHfi); 
W (CH3CN) 228,282 nm; positive ion CI-MS (isobutane), m / z  
153 (100) (MH-). 2,3-Dihydroxy-5,6,7,8-tetrahydronaphthalene 
(2) was synthesized from 5,6,7,8-tetrahydro-2-naphthol accord- 
ing to  literature procedures (9). 'H NMR (CDC13) 6 1.72 (m, 4 
H, 2 x CH2), 2.60 (m, 4 H, 2 x benzyl CHz), 5.15 ( s ,  2H, 2 x 
OH), 6.55 (s, 2H, 2 x ArH); W (CH3CN) 210,226,288 nm; GC- 
MS, E1 m / z  164 (75) (M). 4-Cinnamylcatechol(3) was synthe- 
sized by condensing catechol with cinnamic alcohol as described 
previously (10). 'H NMR (CDC13) 6 3.44 (d, J = 6 Hz, 2H, CHd, 
6.38 (m, lH, vinyl CHI, 6.77 (m, l H ,  vinyl CH), 7.2-7.4 (m, 8H, 
ArH); W (CH30H) 206,252,284 nm; GC-MS, E1 m / z  226 (100) 
(MI. 

GSH Conjugates of o-Quinones. The structures of the 
o-quinone GSH conjugates are shown in Figure 4. The catechols 
were oxidized with tyrosinase in the presence of GSH as 
described previously for HC (3). Briefly, a mixture of each 
catechol (5 mM), GSH (10 mM), and tyrosinase (18 900 units) 
in 200 mL of sodium phosphate buffer (50 mM, pH 6.0) was 
incubated at 25 "C for 60 min. The adducts were isolated from 
the aqueous phase on C-18 extraction cartridges (J. T. Baker) 
and eluted with methanol. The conjugates were purified by 
semipreparative HPLC as  described below. Conjugate 4a: 'H 
NMR (DzO) 6 0.93 (t, J = 7.3 Hz, 3H, CH3), 1.56 (sextet, J = 7 
Hz, 2H, CHz), 2.16 (m, 2H, GluP), 2.50 (m, 2H, Gluy), 2.75 (t, 
2H, benzyl CHz), 3.31 (m, 2H, CysP), 3.69 (t, J = 3.5 Hz, 2H, 
Glya), 3.80 (t, J = 6 Hz, lH,  Glua), 7.00 ( s ,  l H ,  ArH); W (CH3- 
OH) 228, 276, 306 nm; positive ion electrospray-MS (1% CH3- 
COOH, pH 2.4), m / z  764 (26) (MH-), 457 (26) (MH' - GSH). 
Conjugate 5a: 'H NMR (D20) 6 0.87 (t, J = 7 Hz, 3H, CH3), 
1.50 (sextet, J = 7.5 Hz, 2H, CHz), 2.10 (m, 2H, GluP), 2.43 (m, 
2H, Gluy), 2.62 (t, J = 7 Hz, 2H, benzyl CHz), 3.25 (m, 2H, Cysp), 
3.63 (d, J = 2.75 Hz, 2H, Glya), 3.73 (m, lH ,  Glua), 6.82 ( s ,  l H ,  
ArH3), 7.04 ( s ,  lH ,  ArHG); W (CH30H) 210, 254, 294 nm; 
positive ion electrospray-MS m / z  458 (5) (MHT),145 (60) (Glu). 
Conjugate 6a: 'H NMR (Dz0) 6 0.84 (t, J = 7.3 Hz, 3H, CH3), 
1.50 (m, J =  7.4 Hz, 2H, CHz), 2.10 (m, 2H, GluP), 2.41 (m, 4H, 
Gluy, benzyl CHz), 3.25 (m, 2H, Cysp), 3.61 (d, J = 3 Hz, 2H, 
Glya), 3.74 (m, l H ,  Glua), 6.74 (d, J = 1.8 Hz, lH ,  ArH3), 6.81 
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Figure 4. Structures of o-quinone GSH adducts. The adducts are displayed in increasing order of HPLC elution time. 
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Figure 5. Structures of QM GSH adducts. 

(d, J = 1.8 Hz, l H ,  ArH9; UV (CH30H) 232, 256, 296 nm; 
positive ion electrospray-MS, mlz 458 (52) (MH+), 145 (35) 
(GluH+). Conjugate 7a: IH NMR (DzO, very dilute sample, only 
aromatic protons are reported) 6 6.66 (d, J = 8 Hz, lH ,  ArH), 
6.77 (d, J = 8 Hz, lH ,  ArH); UV (CH30H) 226, 256, 296 nm; 
positive ion electrospray-MS, mlz 458 (15) (MH'), 145 (90) 
(GluH+). Conjugate 6b: 'H NMR (DMSO) 6 1.95 (m, 2H, GlUp), 
2.35 (m, 2H, Gluy), 2.95 (m, 2H, Cysp), 3.15-3.4 (m, 3H, Glya, 
Glua), 4.4 (m, 2H, Cysa, benzyl CH) 6.5 (m, 4H, 2 x ArH 
(catechol ring), 2 x vinyl H), 7.3 (m, 5H, ArH), 8.3 (m, 2H, 2 x 
OH); UV (CH30H) 208, 256,295 nm; positive ion electrospray- 
MS, mlz 532 (55) (MH+), 554 (30) (M + Na). Conjugate 8: IH 
NMR (DzO) 6 1.57 (bs, 4H, 2 x CHz), 1.97 (m, 2H, GluP), 2.31 
(m, 2H, Gluy), 2.66 (bs, 4H, 2 x benzyl CHd, 3.07 (m, 2H, Cysp), 
3.57 (m, 3H, Glua, Glya), 4.14 (m, lH ,  Cysa); LJV (CH30H) 220, 
278, 306 nm; positive ion electrospray-MS, mlz 775 (5) (MH+), 
797 (3) (M + Na). Conjugate 9: lH NMR (DzO) 6 1.47 (bs, 4H, 

13 

OH 

H 0 Gs'b 
15 16 17 

2 x CHz), 1.95 (m, 2H, Glup), 2.28 (m, 2H, Gluy), 2.50 (bs, 4H, 
2 x benzyl CHz), 2.98 (m, 2H, Cysp), 3.57 (m, 3H, Glua, Glya), 
4.14 (m, lH ,  Cysa), 6.48 (s, lH ,  ArH); UV (CH30H) 228, 260, 
302 nm; positive ion electrospray-MS, mlz 470 (100) (MH+). 

GSH Conjugates of QMs. The structures of the QM GSH 
conjugates are shown in Figure 5. The QMs were prepared 
using a modification of the procedure described for vinyl QMs 
(3, 11). Silver oxide (5 g, 21.6 mmol) was added to  100 mg (0.7 
mmol) of each catechol in 100 mL of acetonitrile and the mixture 
stirred for 30 min at 60 "C. The solution was filtered and added 
in aliquots (4 x 25 mL) to a 10 mM solution of GSH in 100 mL 
of potassium phosphate buffer (pH 7.4). The CH3CN was 
removed after each addition under vacuum. The final concen- 
tration of the QM in the aqueous solution was 25 mM. The 
remaining aqueous solution was washed with ether. The 
adducts were isolated from the aqueous phase on '2-18 extrac- 
tion cartridges (J. T. Baker) and eluted with methanol. The 
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eluates were concentrated and subjected to semipreparative 
HPLC with a n  Ultrasphere ODs column (10 x 250 mm, 
Beckman) with a flow rate of 3.5 mlimin, and the same mobile- 
phase composition described below for analytical work. Con- 
jugates 10 and 11: IH NMR (DzO) 6 0.94 (t, J = 7 Hz, 3H, CH3), 
1.30 (m, 2H, CHz), 2.15 (m, J = 8 Hz, 2H, GluP), 2.52 (t, J = 6.8 
Hz, 2H, Gluyj, 3.35 (m, 2H, Cy$), benzyl CH obscured by 
suppression of HOD peak, 6.90 (m, 3H, ArH); UV(CH3OH) 232, 
282 nm; positive ion electrospray-MS, m / z  456 (11) (MH+). 
Compound 2 could not be oxidized with Ag2O. As a result, the 
QM of 2 was generated by oxidizing 2 with mushroom tyrosinase 
as described above. GSH was added after a n  initial incubation 
time of 30 min. Conjugates 12 and 13: IH NMR (DzO) b 1.60 
(m, 2H, CH2), 1.88 (m, 2H, CHZj, 2.08 (m, 2H, GluP), 2.50 (m, 
2H, benzyl CHd, 3.01 (m, l H ,  CysPj, 3.50, (m, l H ,  benzyl CHI, 
3.61 (m, 3H, Glua, Glya), 4.03 (m, l H ,  Cysa), 6.52 (s, l H ,  ArHj, 
6.77 (s, lH ,  ArHj; UV(CH30H) 226, 288 nm; positive ion 
electrospray-MS, m / z  470 (29) (MH-). Conjugates 14-17: LJV 
(CH30H) 208, 266, 300 nm; positive ion electrospray-MS, m / z  
532 (29) (MH+). 

Kinetic Experiments. Solvolysis experiments were con- 
ducted at  25 "C in 50 mM K2HP04 (pH 7.4) (12). Reactions were 
conducted by adding 30 pL of a 3.8 mM solution of the QM from 
3 in acetonitrile (0.11 mM final concentration) to  970 ,uL of 
buffer, and the first-order decay was followed by the change in  
absorbance at 420 nm for a t  least 6 half-lives with a Hewlett 
Packard Model 8452A diode array UV-vis spectrophotometer 
(3, 12). All rate constants were determined in triplicate. As 
we were unable to  generate pure solutions of the QM from 1, 
the hydrolysis rate was estimated as follows. Previous work 
showed that replacement of an  o-methoxy group in the QM from 
4-allyl-2-methoxyphenol (eugenol-QM) by a hydroxy substituent 
(HC-QMj enhanced the water solvolysis rate by 2-fold (3). The 
hydrolysis rate of the QM from 2-methoxy-4-propylphenol is 0.12 
ssl (13).  Thus the hydrolysis rate of the QM from 1 is predicted 
to  be 0.24 s-l. 

Calculations. The energies and structures of the quinoids 
were obtained by geometry optimization using the AM1 Hamil- 
tonian ( 1 4 )  as  implemented in SPARTAN 3.0 (15) on a n  SGI 
Iris Indigo. Single point energies on the optimized geometries 
were calculated using ab initio quantum chemical calculations 
a t  the Hartree-Fock level with the 3-21G* basis set (161, as 
executed by the SPARTAN 3.0 computer program. 

Incubations. Male Sprague-Dawley rats (180-200 g) were 
obtained from Charles River (Montreal, Quebec). Microsomes 
were prepared from rat  liver, and protein and P450 concentra- 
tions were determined as described previously (1 7). Incubations 
containing 1.0 nmol of P450 were conducted for 10 min a t  37 
"C in 50 mM phosphate buffer (pH 7.4, 500 pL total volume). 
Substrates were added as  solutions in dimethyl sulfoxide, and 
[3H]GSH (specific activity of 6.0 mCi/mmolj was added in 
phosphate buffer, to  achieve final concentrations of 0.5 and 1.0 
mM, respectively. An NADPH generating system consisting of 
0.4 mM NADP', 7.5 mM glucose &phosphate, and 1 unitJmL 
glucose-6-phosphate dehydrogenase was used together with 5.0 
mM MgC12. For control incubations, NADP* was omitted. The 
reactions were initiated by the addition of NADP+ and termi- 
nated by chilling in an  ice bath followed by the addition of 
perchloric acid (25 pLj. 

Adduct Quantification. The incubates were centrifuged 
at  13 000 rpm for 6 min t o  precipitate microsomal protein. 
Aliquots of the supernatant (100 pL) were analyzed directly by 
HPLC with a 4.6 x 150 mm Ultrasphere C-18 column (Beck- 
man) on a Shimadzu LC-1OA gradient HPLC with an SPD-1OAV 
W detector set a t  280 nm. The mobile phase consisted of 5% 
methanol in 0.25% perchloric acid/0.25% acetic acid a t  1.0 mL/ 
min for 5 min, increased to 40% CH30H over 45 min, isocratic 
for 5 min, and increased t o  90% CH30H over the last 20 min. 
For quantification of GSH conjugates, 0.3 mL aliquots of the 
column eMuent were collected during each run, and radioactiv- 
ity was measured with a Beckman Model LS 5801 liquid 
scintillation counter. Concentrations of the GSH conjugates 
were calculated by summing the radioactivity associated with 

each peak and converting the data to nanomolar amounts using 
the specific activity of the PHIGSH. 

Instrumentation. HPLC experiments were performed on 
a Shimadzu LC-1OA gradient HPLC with an  SPD-1OAV W 
detector and SIL-1OA auto injector. Peaks were integrated with 
Shimadzu Ezchrom software and a 486-33 computer. UV 
spectra were measured with a Hewlett Packard Model 8452 
diode array UV spectrophotometer, and IH NMR spectra were 
obtained with a Bruker AC-F 200 or AM 400 spectrometer a t  
200 or 400 MHz, respectively. Electrospray, EI, and CI mass 
spectra were obtained with a VG Quattro instrument. The 
electrospray conditions were 4 pIJmin of 1% CH3COOH (positive 
ion) using a Phoenix HPLC system 20. 

Results and Discussion 

GSH Adducts of Quinoids. Mushroom tyrosinase is 
known to exhibit wide substrate specificity and will 
readily oxidize a number of o-diphenolic compounds, 
generally producing o-quinones (18). QMs have also been 
reported but only in a few cases (19). Previously we 
showed that the HC-o-quinone is the initial product of 
enzymatic oxidation of HC by trapping it with GSH (3) .  
In this investigation, we examined the tyrosinase- 
catalyzed oxidation of the catechols shown in Figure 3 
in the presence of GSH. In all cases, ring-substituted 
GSH conjugates were produced resulting from reaction 
of GSH with the o-quinones (Figure 4). HPLC analysis 
of the catechol oxidation products formed in the presence 
of GSH indicated the formation of one major product in 
each case, conjugate 6 from the o-quinones of 1 and 3, 
and conjugate 9 from the o-quinone of 2. The other minor 
GSH conjugates are ring-substituted regioisomers (5, 7) 
as well as di-GSH conjugates (4,8) which are analogous 
to the products produced from reaction of GSH with the 
HC-o-quinone (3). GSH would be expected to react more 
selectively at  C-6, since this position is less sterically 
hindered, and the resulting anion enjoys greater reso- 
nance stabilization (20).  It is not clear whether this is a 
detoxification route in vivo, because these conjugates may 
autoxidize at  higher rates than the corresponding cat- 
echol (21, 22). However, it may be argued that GSH 
conjugation decreases the number of electrophilic sites 
in the o-quinone and, by increasing the hydrophilicity, 
facilitates excretion. 

In previous work, oxidation of HC with silver oxide 
produced a QM that was sufficiently stable in CH&N to 
allow spectral characterization (3) .  Addition of the HC- 
QM to GSH in aqueous solution and subsequent HPLC 
analysis produced three faster eluting conjugates com- 
pared to  those obtained from the tyrosinase-mediated 
oxidation. Two of the conjugates were the diastereoiso- 
mers resulting from attack of chiral GSH at the prochiral 
benzyl carbon of the HC-QM. The slower eluting adduct 
was identified as the trans adduct resulting from 1,8- 
addition of GSH at the 3'-position of HC-QM. In contrast 
to the HC results, oxidation of 1 with silver oxide gave 
mainly o-quinone derived GSH adducts; however, enough 
of the diastereoisomeric QM GSH conjugates (10, 11, 
Figure 5) were produced to  allow spectral characteriza- 
tion. It is likely that the o-quinone of HC is also the 
initially formed oxidation product which rapidly isomer- 
izes to  HC-QM in acetonitrile. Isomerization of the 
o-quinone to  the QM only slowly occurs during silver 
oxide-mediated oxidation of 1 because this QM is not 
stabilized by extended rc-conjugation (see below). As we 
were unable to oxidize 2 with silver oxide, we generated 
the corresponding QM through oxidation of 2 with 
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Figure 6. o-Quinone GSH conjugates produced in rat liver 
microsomal incubations in the presence of a n  NADPH generat- 
ing system and 1.0 mM GSH after 10 min at 37 "C. Results are 
the mean +SD of three determinations (black bars). White bars 
show P450-independent oxidation. 

tyrosinase in the absence of GSH to allow the initially 
formed o-quinone to isomerize to the QM. GSH was 
added after 30 min, and as with 1, two diastereoisomeric 
QM GSH conjugates (12, 13, Figure 5) were identified 
and fully characterized. Oxidation of 3 with silver oxide 
gave the expected QM (A,,, = 404 nm, CH3CN) which 
reacted with GSH to give four GSH conjugates (14-17, 
Figure 5). As the conjugates have very similar chro- 
matographic properties, attempts to  separate the conju- 
gates from each other were unsuccessful. 

Oxidation of Catechols by Cytochrome P450. We 
examined the oxidation of the catechols to quinoid 
metabolites in rat liver microsomes by trapping these 
reactive species with I3H1GSH (12). The trapping reac- 
tion should be very efficient due to  the high concentration 
of GSH in the medium, and the relatively fast rate of 
addition of thiols to quinoids relative to amino or hy- 
droxyl groups (23, 24). For example, the pseudo-first- 
order rate of addition of GSH to  4-methyl-0-quinone is 
1.2 x lo2 s-l, which was 3-4 orders of magnitude greater 
than non-sulfhydryl containing nucleophiles (25). Nev- 
ertheless, a small amount of binding to microsomal 
protein is possible, so conjugate formation shown in 
Figure 6 is a lower limit for the generation of quinoids. 
The radiochromatograms gave peaks with retention 
times and U V  spectra identical to those derived from 
addition of GSH to the o-quinones (data not shown); QM 
derived GSH adducts were not observed under these 
experimental conditions as the rate of trapping of the 
o-quinone by GSH is much faster than the rate of 
isomerization of the o-quinone to the QM. Quantitative 
data for metabolism of the catechols 1,2, and HC showed 
that similar amounts of o-quinone GSH conjugates were 
produced (Figure 6). All three catechols have similar 
lipophilic properties, which may explain why little P450- 
catalyzed regioselectivity is observed. Catechol 3 gave 
approximately 4-fold less o-quinone derived adducts 
possibly due to the limited size of the active site of the 
particular P450 isozyme responsible for the transforma- 
tion. Alternatively, the observed differences in product 
formation may also be due to variable o-quinone-medi- 
ated inhibition of further P450-catalyzed x-oxidation as 
quinones can interfere with the electron supply to the 
hemoprotein by accepting electrons directly from P450 
reductase (26). o-Quinone GSH conjugates were also 
observed in catechol incubations in the absence of 
NADPH. These results indicate that the majority of 
2-electron oxidation is mediated by P450; however, the 

Table 1. Rates of o-Quinone Disappearance and QM 
Hvdrolvsis 

half-life (min) 

rate of o-quinone QM 
catechol disappearancea hydrolysisb 

1 
2 
HC' 
3 

89 
20 
9 
3 

0.05' 
NDd 
5.6 
45 

1 was oxidized by silver oxide in acetonitrile, and incubations 
were conducted by adding acetonitrile solutions of the o-quinone 
(0.5 mM final concentration) to phosphate buffer. 2 (0.5 mM) was 
oxidized by mushroom tyrosinase in the absence of GSH, extracted 
with ether, exchanged with acetonitrile, and added back to 
phosphate buffer. Due to the fast rate of isomerization, 3 (0.5 mM) 
was oxidized by mushroom tyrosinase in the absence of GSH 
without ether extraction. For all catechols, incubations (15 mL) 
were conducted at 25 "C (pH 6.0). Aliquots (500 pL) were 
combined with 5.0 mM GSH at  various times. The sum of the 
peak area ratios of the o-quinone GSH conjugates was plotted 
against time, and the first-order decay was used to calculate the 
half-life of the o-quinone. Reactions were conducted by adding 
acetonitrile solutions of each QM (0.1 mM final concentration) to 
phosphate buffer (pH 7.4) a t  25 "C, and the disappearance of the 
reactant was determined at  the I,,,. Results are the means of 3 
determinations. c Estimate based on the solvolysis rate of the QM 
from 2-methoxy-4-propylphenol as described in Materials and 
Methods. 

reduced amount of o-quinone derived GSH products in 
the control incubations suggests that an additional 
oxidation mechanism(s1 not involving P450s may be 
involved in the metabolism of these catechols. 

Isomerization of the o-Quinones to p-QMs. Once 
the stores of intracellular GSH have been depleted, 
isomerization of the o-quinone to the p-QM could occur, 
resulting in a potent electrophile which could potentially 
alkylate numerous biopolymers, including proteins (27) 
and nucleic acids (28). Enzyme-catalyzed QM formation 
from o-quinones has been proposed to account for the 
sclerotization process in insect cuticle and melanization 
in mammals (5,291. The extreme reactivity of these QMs 
is used to the host cell's advantage by reacting with 
themselves or macromolecules in cells to  generate the 
highly polymerized, complex structures of cuticle or 
melanin. For example, N-acetyldopamine is oxidized by 
cuticular enzyme(s) to an o-quinone which isomerizes to 
the p-QM, catalyzed by quinone isomerase (30, 31). 
Simple catechols such as 4-methylcatechol are also 
oxidized to o-quinones which isomerize to QMs catalyzed 
by cuticular polyphenol oxidase (19). 

Previously we showed that the o-quinone of HC was 
the initially formed kinetic product which isomerized to 
the thermodynamically more stable QM intermediate 
over time (3). In contrast to  the sclerotization or mela- 
nization mechanisms, however, the isomerization of the 
o-quinone to its QM tautomer was not enzyme-catalyzed. 
Thus, incubation of HC with tyrosinase, ether extraction 
to separate the incubate from the enzyme, addition to 
pH 6.0 buffer, and quenching with GSH at various times 
showed a decrease in o-quinone GSH adducts along with 
the appearance of the GSH conjugates resulting from 
trapping of the HC-QM. The first-order rate constant of 
isomerization was estimated from the decrease in o- 
quinone GSH adducts to  be 1.9 x s~~ (tllz = 9 min). 
In the present study, we have shown that a similar 
process occurs with catechols 1-3; oxidation with either 
tyrosinase or silver oxide followed by quenching with 
GSH at various times also yielded a time-dependent 
decrease in o-quinone GSH adducts (Table 1, Figure 7). 

Not determined. e Data from ref 3. 
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Figure 7. HPLC chromatograms of incubations conducted with catechols 1-3 and mushroom tyrosinase, followed by addition of 5 
mM GSH. (A) 1, GSH added after 10 min. (B) 2, GSH added after 60 min. (C) 3, GSH added after 10 min. 

The o-quinone of 1 had the slowest rate of disappearance 
(t112 = 89 min). The ring-substituted analog from 2 
isomerized at  4 times the rate, perhaps due to the 
statistical increase in benzyl hydrogens and the existence 
of optimum geometry for the isomerization reaction 
imposed by the ring. With the o-quinone of 3, a complex 
pattern emerged (Figures 7C and 8). The o-quinone GSH 
conjugates disappeared rapidly with a corresponding 
increase in earlier eluting peaks which may be the result 
of reaction of GSH with a structural isomer of the 
o-quinone in which the double bond has moved in 
conjugation with the quinone ring (Figure 8, middle 
structure). During the synthesis of 3, it was observed 
that the catechol could not be purified by flash chroma- 
tography due to a similar, presumably acid-catalyzed, 
isomerization of 3 to 1-(3,4-dihydroxyphenyl)-3-phenyl- 
propene. The rate of appearance of the QM GSH adducts 
correlated with the rate of disappearance of the inter- 
mediate peaks. Attempts were made to characterize 
these four unidentified adducts; however, purification 
was impossible due to the similar chromatographic 
properties of the conjugates. The lifetimes of the o- 
quinones of 3 were estimated from the pseudo-first-order 
rate of disappearance of the GSH trapped products by 
HPLC (Figure 81, whereas the reactivity of the QM of 3 
was determined spectrophotometrically as described in 
Table 1. 

Reactivity of QMs. Rate data for the hydrolysis of 
the QMs compared with the isomerization rates of the 

+= min 

I \phenyl '\phenyl 

O E 8  1°R bhenyl 

TIME (see) 

Figure 8. Oxidation of 3 by mushroom tyrosinase: effect of 
combining with GSH at various times. Incubations were con- 
ducted for 120 min, 25 "C, pH 6.0. At various times 500 p L  of 
the incubate was added to 5.0 mM GSH. ( x )  o-quinone GSH 
conjugates (4b-7b1, (0) QM GSH conjugates (14-171, (0) 
tentatively identified as  o-quinone GSH conjugates from the 
structural isomer (middle structure) shown in the figure. 

o-quinones are shown in Table 1. The hydrolysis rate of 
the QM from 1 is predicted to  be 0.24 s-l, which suggests 
that the additional vinyl substituent in HC-QM decreases 
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AE = 2.9 kcaVmol AE = 3.8 kcaVmol 

AE = 4.6 kcaVmol AE = 5.1 kcaVmol 
Figure 9. Minimum energy structures of the quinoids calculated at the AM1 level. AI3 represents Eo-quinone - EQM. Atom symbols 
are (hatched circles) oxygen; (dark circles) carbon; (open circles) hydrogen. Quinoids are from (A) 1, (B) 2, (C) HC, (D) 3. 

the QM reaction rate by 2 orders of magnitude. The 
phenyl ring also imparts a modest increase on QM 
stability as shown by the %fold decrease in reactivity of 
the QM from 3 compared to HC-QM. As expected, the 
QM reactivity trend is the opposite to the o-quinone 
isomerization data where increasing n-conjugation en- 
hanced the rate of o-quinone isomerization to QMs. 

Calculated Energy Differences for Quinoids. In 
order to further investigate the effect of structure on the 
relative ability of o-quinones to isomerize to QMs, we 
optimized the o-quinone and QM structures using AM1 
semiempirical calculations. Figure 9 shows the mini- 
mized structures and the energy differences between the 
quinoids. The minimum energy structure for all of the 
QMs is a planar molecule through the n-system with the 
hydroxyl substituent hydrogen-bonded to the oxo group. 
It is not known precisely the effect of an o-hydroxyl 
substituent on QM reactivity; however, we previously 
demonstrated that the reactivity of the QM from BHT is 
greatly enhanced by hydroxylation of a tert-butyl group 
(12). Evidence demonstrates that this effect is due to 
intramolecular hydrogen bonding between the ring car- 
bonyl oxygen and the side-chain OH group which stabi- 
lizes the aromatic charge-separated resonance form. The 
calculated energy differences (Eo-quinone - EQM) follow the 
same trend as the kinetic o-quinone isomerization data, 
which shows that the rate of isomerization of the o- 
quinones to the QMs heavily depends on the stability of 
the QM product. QMs stabilized by extended n-conjuga- 
tion such as HC-QM and the QM from 3 are rapidly 
formed from their o-quinone tautomers. In contrast, only 
small amounts of the QM from 1 are produced from the 
o-quinone since AM1 semiempirical calculations indicate 
that the 4-propyl substituent does little to stabilize this 
QM relative to the o-quinone. Locking the o-quinone in 
a ring as in the o-quinone from 2 does enhance the rate 
of isomerization to the QM because of symmetry in the 
molecule and the favorable geometry for the reaction. As 
2 is an A B ring analog of 2-hydroxyestrone and 2-hy- 
droxyestradiol, these results indicate that this pathway 

may be involved in the mechanism of action of these 
carcinogenic endogenous steroids. 

In conclusion, data have been presented on the bioac- 
tivation of catechols to o-quinones which isomerize to 
highly electrophilic p-QMs. The rate of isomerization 
depends heavily on the relative stability of the QM 
products; the more the QM is stabilized by extended 
n-conjugation in the 4-position, the faster the rate of 
isomerization. In this in vitro investigation, the isomer- 
ization reaction was not enzyme-catalyzed, although it 
is quite possible that the rate could be enhanced by 
enzymes such as quinone isomerase in vivo especially for 
catechols with saturated 4-alkyl substituents. Finally, 
the implications for the o-quinonelp-QM pathway in the 
toxicological properties of the catechols is at present 
unknown; however, these in vitro data suggest that this 
process could occur in vivo for a wide range of synthetic 
and naturally occurring catechols. 
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