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Abstract-Following incubation of I 1-14C larachidonic acid with a microsomal preparation of ram seminal 
vesicles. 90 per cent of the products formed were classical prostaglandins and hydroxyfatty acid. In addition. 
approximately 8 per cent of the products formed possessed radioactivity which was covalently bound to the 
microsomal pellet after acid precipitation and solvent extraction. The amount of covalently bound material 
derived from arachidonate was related to the concentration of free prostaglandin (PG) endoperoxides in the 
incubation mixture. indicating that these reactive intermediates were probably responsible for the generation 
of the covalently bound material. Protein-associated radioactivity was also observed following incubation 
of [ I-“‘C IPGG, or I I-“C IPGH, with a heat-denatured preparation ofram seminal vesicle microsomes. Such 
preparations do not convert PGG, to PGH,; thus. the binding of PGG, was not due to its prior conversion to 
PGH,. The rate constant for the covalent binding of PGG, (0.19 min.‘) was approximately twice that for 
PGH, (0.1 I mini’), suggesting that both 9,11-endoperoxy and 15.hydroperoxy groups participate in the 
binding reaction. Moreover. the rate constant of binding derived from arachidonate (0.12 min.‘) approxi- 
mated those of the purified endoperoxides. In an active microsomal preparation, glutathione reduced covalent 
binding and increased PGE, formation without greatly affecting oxygen consumption and, therefore, without 
affecting total product formation from arachidonic acid. Glutathione, therefore. probably inhibited covalent 
binding by lowering free endopcroxide concentrations in the incubation mixture. Diethyldithiocarbamate and 
phenylbutazone, but not para-aminophenol or butylated hydroxyanisole, inhibited the covalent binding of 
PGG, to heat-denatured tissue urotein. These results suggest that the covalent binding reaction may proceed 
via the formation of free radicals. 

Previous work has demonstrated that incubation of [ l- 
Wlarachidonic acid with the microsomal fraction of 
guinea pig lung led to the covalent binding of a small 
but significant proportion of radioactive material to the 
microsomal protein [ 11. This was inhibited by indo- 
methacin, suggesting that the material was derived via 
the cycle-oxygenase pathway. Covalently bound mate- 
rial was also formed when [ 1-“‘Clarachidonic acid was 
incubated with the microsomal fraction of several other 
cycle-oxygenase-containing tissues, including ram and 
bovine seminal vesicles, human platelets, rabbit kidney 
and rat fundus [2], suggesting that the covalently 
bound material was derived from an intermediate com- 
mon to the prostaglandin (PG) biosynthesis in each 
tissue. The prostaglandin endoperoxides, PGG, and 
PGH, play a pivotal role in the biosynthesis of classical 
prostaglandins I3,4], prostacyclin [ ~1 and thrombox- 
anes [6]. They are also chemically reactive, as shown 
by their relatively short half-lives in aqueous media [ 71. 
The prostaglandin endoperoxides, therefore, would 
seem to be primary candidates for the role of active 
intermediates from which covalently bound material is 
derived. 

A variety of carcinogenic or mutagenic substances 
exert their toxic effects via conversion, usually by the 
mixed-function oxidases, to reactive intermediates 
which bind covalently to tissue macromolecules [ 8- 
10]. Covalent binding of electrophilic metabolites to 
cellular protein also precedes the bronchiolar and he- 

* To whom reprint requests should be sent. 

patic necrosis induced by halogenated aryl hydrocar- 
bons [ 11, 121. The finding that the cycle-oxygenase 
system also generates intermediates capable of covalent 
binding may, therefore, be of pathological significance. 
The present studies further investigate the covalent 
binding derived from [ l-l% larachidonic acid in ram 
seminal vesicle microsomes and provide evidence that 
the prostaglandin endoperoxides do indeed bind cova- 
lently to tissue macromolecules. 

Materials 

EXPERIMENTAL 

Arachidonic acid was obtained from Nu Chek Prep., 
Inc., Elysian, MN, and [ l-‘4C]arachidonic acid, 
specific activity 60 mCi/m-mole, from the Amersham 
Corp., Arlington Heights, IL. The following tritium- 
labeled compounds were obtained from New England 
Nuclear, Boston, MA, and were used as standards for 
thin-layer chromatography: [5,6,8,9,11,12,14,15- 
3H]arachidonic acid, [ 5,6,8,11,13,14, 15-3H]PGE,, [9- 
3HlPGF,, and I5,6--‘HlPGB,. Glutathione, L-trypto- 
phan, butylated hydroxyanisole and phenylbutazone 
were purchased from the Sigma Chemical Co., St. 
Louis, MO. Triphenylphosphine was purchased from 
the Aldrich Chemical Co., Milwaukee, WI. Para-ami- 
nophenol was purchased from the Eastman Kodak Co., 
Rochester, NY. Silica gel G thin-layer chromatography 
plates, 250pm, were purchased from Analtech, Inc., 
Newark, DE. Silicic acid, 100 mesh, was obtained from 
Mallinckrodt, St. Louis, MO. Aquasol scintillation 
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mixture was obtained from New England Nuclear, 
Boston. MA. 

Methods 

Incubation procedure. The microsomal fraction of 
ram seminal vesicles was prepared as described previ- 
ously 1 13 I. All incubations were carried out at 22-24”. 
Incubation mixtures had the following composition: 
microsomal protein, 2 mg/ml; sucrose, 125 mM; 
HEPES buffer, pH 7.5, 125 PM; k 1-Wlarachidonic 
acid, 90pM, 1.3 Y 10” dis./min/mt. In some experi- 
ments, reduced glutathione was included in the incuba- 
tion mixture prior to the addition of substrate. In 
experiments in which prostagi~din endo~roxides 
were used, the microsomal suspension was denatured 
by boiling for 30 min before incorporation into the 
incubation mixture and the addition of [ 1-‘“ClPGG2, 
1.8 PM, 1 x lo5 dis./min/ml, or 1 I-“C IPGH,. 

0.8 PM, 5 x 10’ dis./min/ml. In some experiments. an- 
tioxidants were added to the mixtures 5 min prior to the 
addition of [ ~-~“C]PGG,. 

Oxygen consumption studies. Oxygen consumption 
studies were carried out in a Clark oxygen electrode 
maintained at 24’. Incubation mixtures consisted of 
2 ml of the mixture described. The reaction was stopped 
at suitable times after the addition of substrate by the 
removal of 1 ml incubate, which was then examined for 
covalently bound material as described below. 

Measurement of free endoperoxide concentration. 
Following initiation of the reaction by the addition of 
the appropriate substrate, 2 Y 1 ml samples were simul- 
taneously withdrawn at suitable times. One sample was 
added to 6 ml ethyl acetate containing 0.2%, v/v, 
formic acid. The second sample was added to 6 ml ethyl 
acetate containing formic acid and 6 mg triphenylphos- 
phine, which reduced free endoperoxides to PGF,,. 
Following vortexing and phase separation, the aqueous 
layers were further extracted thrice with 6 ml ethyl 
acetate. The organic phases were pooled, reduced to 
dryness in vucuo, and the residues were examined by 
thin-layer chromatography in the solvent system chlo- 
roform-methanol-acetic acid-water (90:8: 1:0.8) 
v/v [41. Authentic tritium-labeled arachidonic acid and 
prostaglandins E, and F,, were applied to the plates as 
standards. After development, the plates were scraped 
in 0.4.cm sections from the origin to the solvent front, 
and the scrapings were mixed with 10 ml Aquasol 
scintillation mixture. Radioactivity in each section was 
determined by liquid scintillation counting. 

Measurement of covalently bound radioactivity. This 
was performed by a method described previously I 11. 
The protein in the aqueous layers following ethyl ace- 
tate extraction was precipitated and washed with 10% 
trichloroacetic acid. The protein pellet was extracted 
with chloroform-meth~ol (2: 1, v/v) until radioactiv- 
ity could not be detected in the washings. The pellet was 
similarly extracted with methanol-water (4: 1, v/v) and 
then solubilized in I N NaOH. Protein was estimated 
by the method of Lowry et al. [ 141. One-ml aliquots 
were mixed with 1 ml water and 15 ml Aquasol scintil- 
lation mixture and radioactivity was measured by liquid 
scintillation techniques. Radioactivity associated with 
the pellet after solvent extraction was termed “cova- 
lently bound material“. 

Preparation qfprostaglandin endoperoxides. I 1-W I 
prostaglandins G, and H, were prepared essentially 
according to published procedures [ 7 1, and were puri- 

fied by chromatography on silicic acid -5’. PGGz was 
eluted with ether-hexane (2:3, v/v) and PGH, was 
eluted with ether-hexane (3:2, v/v). The identity of the 
endoperoxides was established by the following proce- 
dures: thin-layer chromatography at -5’ in the solvent 
system ether-petroleum ether-acetic acid (85: 15:O. 1. 
v/v) I 151, by reduction with triphenylphosphine or 
stannous chloride [ 71, and by degradation in aqueous 
medium 171. The endoperoxides were found to be 70- 
90 per cent pure by these methods. 

RESULTS 

Ara~hidonic acid, 40pM, was incubated with the 
microsomal fraction of ram seminal vesicles. After acid 
lipid extraction and in the absence of tr~phenylphos- 
phine in the incubation mixture, examination by thin 
layer chromatography revealed unchanged arachidon- 
ate together with PGE,, lesser amounts of PGD, and 
PGF,, , and an unidentified hydroxyfatty acid, which 
was probably 12-hydroxy-5, 8, 10.heptadecatrienoic 
acid (HHT). No PGA, was detected. This is in agree- 
ment with previous reports 13, 161. Prostaglandins and 
HHT formed 90 per cent of the products derived from 
arachidonate. In addition, approximately 8 per cent of 
radioactive products derived from arachidonate were 
not removed by acid lipid extraction but remained 
associated material was considered to be covalently 
tation and solvent extraction. This macromolecule 
associated materials was considered to be covalently 
bound I 1 I. Approximately 2 per cent of products 
formed were detected in the trichloroacetic acid wash- 
ings, and were possibly water-soluble glutathione con- 
jugates I Il. 
Correlation between covalent binding and estimated 

free endoperoxide levels 

If the hypothesis is correct that the covalently bound 
material is derived from prostaglandin endoperoxides. 
and that the binding follows simple second-order kinet- 
ics. then 

d 
2; (covalent binding) __ k iendoperoxide 1 [protein 1 

If the receptor protein is assumed to be in excess. then 
the [protein 1 remains essentially constant, and 

covalent binding) = k’ lendoperoxide I 

Thus, covalant binding at time T after initiation of the 
reaction is equal to: 

Covalent 
Binding = k’_,‘a 1 endoperoxide J ,dt 

The relationship between covalent binding and the area 
under the free endoperoxide concentration curve should 
thus be linear. 

Following incubation of ( l-lJC j arachidonic acid 
with ram seminal vesicle microsomes, samples were 
withdrawn and the free endoperoxides were reduced to 

PGF,, by triphenylphosphine. The time-course of 
PGF,, formation in both reduced and nonreduced 
samples is shown in Fig. 1. PGF,, levels were higher in 
reduced samples; these were corrected by subtraction 
of PGF,, in the appropriate nonreduced samples. The 
corrected time-course reached a peak at approximately 
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Fig. 1. Upper panel: time-course of PGF,, formation follow- 
ing incubation of [ I-14C kachidonic acid with ram seminal 
vesicle microsomes. At suitable times after starting incuba- 
tion, duplicate I-ml samples were simultaneously withdrawn 
and added to either a reducing extraction mixture consisting 
ofethyl acetate, formic acid and triphenyiphosphin~. or a non- 
reducing extraction mixture consisting of ethyl acetate and 
formic acid. After extraction, PGF,, was measured by thin- 
layer chromatography. Key: (O-----O) PGF,, in reduced 
samples; and (0 -0) PGF,, in non-reduced samples. 
Lower panel: time-course of estimated levels of free endope- 
roxides. PGF,, in reduced samples was corrected by subtrac- 
tion of PGF, j in non-reduced samples, and also corrected for 

reduction efficiency. 

1 min and declined by 10 min (Fig. lb). This is consist- 
ent with the time-course of endoperoxide fo~ation 
from 8, 11, 14.eicosatrienoic acid by ram seminal vesi- 
cle microsomes at 28” 141; hence, the time-course 
probabiy accurately reflects free endoperoxide levels. 
The efficierky of reduction using purified prostaglandin 
endoperoxides in both active and boiled microsomes 
was 70 per cent for both PGG, and PGH, and was 
independent of the endoperoxide concentration over the 
range studied. PGF,,A levels were converted to ender- 
poxide levels assuming a reduction efficiency of 70 per 
cent, and the area under the resulting curve was esti- 
mated and correlated with covaIently bound material. 
The relationship was linear (Fig. 2), and, therefore, is 
consistent with the hypothesis that the covalently 
bound material is derived from PGG,, PGH, or both 
endoperoxides. The pseudo-first-order rate constant for 
the covalent binding was estimated from the slope of the 
line and found to be 0.12 min-‘. 

Covalent binding ofprostaglandins G, and H,. In 
order to determine which endoperoxide was responsible 
for .the generation of covalently bound material, [ I- 
I~C~prostagi~dins G, and H, were incubated with ram 
seminal vesicle microsomes. Heat~enatured micro- 
somes were used to facilitate the measurement of endo- 
peroxides in solution by preventing their rapid conver- 
sion to end products. Heat-denaturation also prevented 
the enzymic conversion of PGG, to PGH, 115 1, and 
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Fig. 2. Correlation between covalent binding and total endo- 
peroxide formation following incubation of[l- 
“YI larachidonic acid with ram seminal vesicle microsomes. 
The area under the free endoperoxide curve was estimated at 
suitable time increments and correlated with covalent binding 
at these times. Line was fitted by least squares regression 

analysis. Correlation coefficient, -0.958. 

thus allowed determination of the direct effects of 
PGG,. Covalently bound radioactivity was observed 
following incubation of either PGG, or PGH, with the 
heat~enatured microsom~ fraction. 

Free endoperoxides were estimated, and the areas 
under their decay curves were measured and correlated 
with covalently bound meterial. The relationships be- 
tween area and amount bound were linear (Fig. 3), with 

[endoperoxide]dt Cnmoles.min) 

Fig. 3. Correlation between covalent binding and total endo- 
peroxide concentration following incubation of [ l- 
“% jprostaglandins G, or H, with boiled ram seminal vesicle 
microsomes. Free concentrations of PGG, and PGH, were 
measured as described, and their areas at suitable time incre- 
ments were estimated and correlated with covalent binding at 
these times. Key: (O---O) PGG,; and (04) 
PGH,. Lines were fitted by least squares regression analysis. 

Correlation coefficient = 0.958 and 0.997 respectively. 
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Fig. 4. Effect of gi~tathione on covalent binding following 
incubation of / I-‘~J~achidonic acid with ram seminal vesi- 
cle microsomes. Incubations were carried out in a Clark 
oxygen electrode. At suitable times after addition of arachi- 
donate. the incubation was stopped by the withdrawal of I-ml 
samples. Covalent binding was estimated after precipitation 
and exhaustive solvent extraction of the protein. The degree of 
covalently bound material was correlated with total oxygen 
consumed by the reaction. Suitable amounts of giutathione 
were added to the incubation mixture jmmediately prior to the 
addition of substrate. Key: (A---- A) control: (*---0) 

glutathione. 0.5 mM: CO-----,- --0) glutathione. 5.0 mM. 

correlation coefficients of 0.985 and 0.997 respec- 
tively. The rate constant of binding of PGG,, assuming 
a reduction efficiency of 70 per cent. was estimated to 
be 0.19 mm’, while that for PGH, was 0. I I min-I. 

~n~~bi~~on of covalent binding. Studies with glutathi- 
one were carried out in a Clark oxygen electrode. [ I- 

* A. G. E. Wilson. personal communication 

“C I arachidonic acid was incubated with ram seminal 
vesicle microsomes in the presence or absence of suita- 
bte amounts ofreduced glutathione. Samples were with- 
drawn at intervals and the covalently bound material 
was determined. Correlation between covalent binding 
and oxygen consumption is shown in Fig. 4. In experi- 
ments in which stable prostaglandins were also esti- 
mated by thin-layer chromatography, and water-solu- 
ble metabolites were quantified, we confirmed previous 
reports i 171 that 2 moles of oxygen are consumed per 
1 mole of total product formed. Glutathione markedly 
inhibited the generation of covalently bound material 
without greatly affecting oxygen consumption, and. 
therefore. total product formation. In addition. the sole 
acid-lipid extractable product derived from arachidon- 
ate in the presence of glutathione was PGE,. 

The effect of several antioxidants on the covalent 
binding of I I-“C lPGGZ to boiled microsomal protein 
was studied. Both diethyldithiocarbamate and phenyl- 
butazone inhibited the binding. Para-aminophenol and 
butylated hydroxyanisole were inactive at the concen- 
trations used (Table I). 

DISCUSSION 

Incubation of 1 I-“C larachidonic acid with a micro- 
somal preparation of ram seminal vesicles led to the 
formation of macromolecule-associated radioactivity 
which could not be dissociated by the solvent extraction 
procedures employed. Similar protein-associated mate- 
rial formed following incubation of [ l-‘JC]arachidonic 
acid with guinea pig lung microsomes was not disso- 
ciated after digestion by gu~idine-HCl followed by 
Sephadex chromatography [ 11 or by refluxing with 
methanol for up to 90 min. *Covalently bound radioac- 
tivity was reduced following incubation of I I- 
w larachidonate with guinea pig lung microsomes in 
the presence of indomethacin and was not observed on 
incubation with heat-denatured microsomes i 1 I; hence. 
the binding is not due to fatty acid association with 
~bumin. Trjtium-labeled PG E2. Fzz and A: did not 

Table 1. Effects of antioxidants on covalent binding of I I-‘9c IPGG, to 
heat-denatured ram seminal vesicle microsomal protein * 

-____ -.- . .-.I___... 
Inhibition of 

Concn covalent binding 
Compound (mM) (‘S,) 

Diethyldithiocar~mate 

Phenylbutazone 

Para-aminophenol 

Butylated hydroxyanisole 

1 32 
5 52 
I 16 

10 62 
I 0 

IO 0 
5 0 

* lncubat~o~ mixtures containing boiled microsoI~~es. as described in 
Methods. were incubated at 22-24” for 5 min in the presence of 
suitable concentrations of antioxidants. I I-‘YZ IPGG,. I nmole/ml. was 
added and incubated for 8 min. Covalently bound material was measured 
after protein precipitation and exhaustive soivent extraction. Inhibition 
values quoted are the mean of five determinations (die~yldithioc~bamate 
and phenylbutazone) or of two determinations (para-aminophenol and 
butylated hydroxyanisole). In the absence of antioxidants. covalently 
bound material was 74 i 7 pmoles/nmole of PGG, added 
(mean j_ S. E. M.. thirteen determinations). 
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covalently associate with guinea pig lung micr’&omal 
fraction [ 11; this is to be expected since their structures 
would make covalent binding to protein unlikely. These 
findings when considered together strongly suggest that 
the protein-associated material derived from [ l- 
“C larachidonic acid following incubation with active 
ram seminal vesicles was covalently bound [ 1, 11 I. 

The present studies show that the covalent binding 
observed when 1 I-“Clarachidonic acid was incubated 
with ram seminal vesicle microsomes can probably be 
attributed to the prostaglandin endoperoxides PGG, 
and PGH,, since the degree of binding at any time was 
related to the free endoperoxide concentration. More- 
over, the rate constant of binding derived from arachi- 
donic acid approximated those of the endoperoxides 
themselves. The binding of PGG, cannot be ascribed to 
its enzymatic conversion to PGH, since binding of both 
purified prostaglandins occurred in heat-denatured tis- 
sue. The rate constant for the covalent binding of PGG, 
(0.19 mine’) was approximately twice that for PGH, 
(0.1 1 min’), presumably indicating that the 9, 1 l-en- 
doperoxy group of PGH, and both the 9, 1 l-endope- 
roxy and the 15.hydroperoxy groups of PGG, partici- 
pate in the binding reaction. 

Glutathione reduced covalent binding more than it 
affected total product formation from [ l- 
“C larachidonate. Glutathione is an absolute require- 
ment for prostaglandin E isomerase, and stimulates the 
conversion of PGH, to PGE, [ 181. This is confirmed 
by the present studies since in the presence of glutathi- 
one the sole acid-lipid product was PGE,. 

Prostaglandins D, and F, and HHT formed in the 
absence of glutathione may have been due to non- 
enzymic breakdown of the endoperoxides during the 
incubation of work-up procedures. The stimulation of 
PGE, formation, therefore, would lower free endope- 
roxide levels 121. Glutathione may also lower free endo- 
peroxide concentrations by the formation of water- 
soluble adducts I 1 ]. Lowering of free endoperoxide 
levels probably accounts for the inhibiting action of 
glutathione on covalent binding. 

The mechanism by which the binding takes place is 
not known at present. However, the formation of ad- 
ducts between protein and lipid peroxide generally 
proceeds via the formation of free radicals [ 191. Pros- 
taglandin endoperoxides may covalently bind to pro- 
tein by a similar type of mechanism. Such a mechanism 
is consistent with the finding that the binding of PGG, 
to protein was inhibited by diethyldithiocarbamate and 
by phenylbutazone. Diethyldithiocarbamate inhibits 
free radical propagation [ 201; phenylbutazone, which 
contains an enolic hydrogen, may also act as a free 
radical scavenger. However, relatively high concentra- 
tions of these compounds were required to inhibit the 
binding; in addition, the phenolic antioxidants para- 
aminophenol and butylated hydroxyanisole were inac- 
tive. Alternatively. the binding may proceed via interac 
tion of the endoperoxides with nucleophilic sites on the 
protein in a manner similar to that of electrophilic 
oxides produced from a variety of xenobiotics by the 

mixed-function oxidases [S-101. The possibility that 
the binding may proceed via free radical formation has 
important implications since the widespread tissue 
damage produced by such reactive species even at low 
concentrations is well documented [ 191. 

The specific protein, nucleic acid or other residue to 
which the endoperoxides covalently bind is also un- 
known at present. It is possible that binding occurs to 
the cycle-oxygenase itself, and may play a role in the 
regulation of its activity. It is known that cyclo-oxygen- 
ase undergoes self-inactivation; Egan et al. [ 171 have 
suggested that this is due to the release of an oxygen- 
centered radical during conversion of PGG, to PGH,, 
and, in support of this, have shown that PGG2, but not 
PGH,, inhibits cycle-oxygenase. However, Marnett et 
al. I2 1 I have provided evidence that both PGG, and 
PGH, inhibit cycle-oxygenase. The possibility of cova- 
lent binding of prostaglandin endoperoxides to cyclo- 
oxygenase deserves further investigation. 
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