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SUMMARY: Prostaglandin H synthase mediates the reaction of an extensive 
series of carcinogenic arylamines with tRNA. Structure-act iv i ty  relat ionships 
suggest that benzidine is especially reactive due to extended conjugation 
between the 4,4'-diamino groups. In trapping experiments with homopolyribo- 
nucleotides, benzidine reacts with polyguanylic acid but 4-aminobiphenyl 
reacts with polycyt idy l ic  acid. The nitrenium ion of 4-aminobiphenyl (formed 
by N,O-acyltransferase act ivat ion of N-hydroxy-4-acetylaminobiphenyl) reacts 
pr imari ly with polyguanylic acid and To a lesser extent with polyadenylic 
acid. The results suggest that arylamine act ivat ion by prostaglandin H 
synthase does not involve nitrenium ion formation. 

Arylamines are an important class of carcinogens that require oxidative 

metabolism to become carcinogenic (1). A key act ivat ion step in a number of 

t i ssues is N-hydroxy la t ion  catalyzed by cytochrome P-450 - or f l a v i n -  

containing monooxygenases (1,2). The N-hydroxylated derivatives or the i r  

esters can decompose to nitrenium ions that covalently bind to DNA and induce 

mutations, a c r i t i ca l  step in cell transformation (1-3). I t  has recently been 

reported that  arylamines can also be co-ox id ized during prostaglandin 

biosynthesis by the peroxidase ac t i v i t y  of PGH synthase; substrates oxidized 

include arylamines and aryldiamines (4-7), alkylarylamines (6-8), alkylamines 

(8), aminoazobenzenes (6,9), and aminophenols and acetamidophenols (10-12). 

Furthermore, benzidine and several arylmonamines are metabolized to protein- 

and DNA-binding derivatives during prostaglandin biosynthesis in ram seminal 

Abbrev ia t ions:  PGH synthase, prostaglandin H synthase; GMP, 
guanosine-5'-monophosphate. 
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vesicle microsomes (6). These observations, together with the distribution of 

PGH synthase (13) suggest that this enzyme may contribute to arylamine 

carcinogenesis in extrahepatic tissues. Since the major identifiable products 

of arylmonoamine metabolism by PGH synthase in vitro are the nitroso deriva- 

tives (6), which can be formed by oxidation of hydroxylamines, the reactive 

intermediates which bind to DNA might be nitrenium ions. We have investigated 

the mechanism of arylamine activation by this enzyme by comparing the base 

specificity of the reactive intermediate to that of the nitrenium ion 

generated by N,O-acyltransferase-catalyzed activation of arylhydroxamic acids. 

Our results show that the derivative which binds to nucleic acid is not a 

nitrenium ion. 

MATERIALS AND METHODS 

Arachidonic acid (Nu-Chek Prep, Inc., Elysian, MN), GMP (P.L. 
Biochemicals, Inc.),  tRNA (Calbiochem-Behring Corp.), indomethacin, and 
polycytidylic acid (Sigma Chemical Co.) were obtained as indicated; other 
homopolyribonucleotides were from Miles Laboratories. Radiochemicals were 
obtained as described below and~Apurities were determined by analytical 
thin-layer radiochromatography. [Z~C(U)]Benzidine (New England Nuclear, >96% 
purity, 1.04 mCi/mmole) in chloroform was titrated with acetic anhydride to 
obtain the mono- and diacetyl derivatives; these were purified by sil ica gel 
column chromatography, using ethyl acetate/CHCl R (1/3) to elute N-acetyl- 
benzidine (>99%~ and 100% ethyl acetate to ~ute N,N'-diacetylbenzidine 
(>99%). [Ring~H]-2-aminofluorene (>99%, 33.3 mCi/mm~le) was prepared by 
reducing [ring- H]-2-nitrofluorene3with hydrazine (14); the nitro starting 
materi~l was prepared from [ring- H]fluorene (Amersham) by nitration (15). 
[Ring-3H]-2-aminonaphthalene (>98%, 60 mCi/mmole) was prepared by reducing 
[ring- H]-2-nitronaphthalene (Mi3dwest Research Institute, Kansas City, MO) 
with hydrazine (14). [Ring- H]Acetami~ophen (>98%, 10 mCi/mmole) was 
purchased from New England Nuclear. [Ring- H]-N-hydroxyphenacetin (>98%, 109 
mCi/mm~le) was purchased from Midw-est Research Inst i tu te .  
[Ring~ H]-1-aminopyrene (>97%, 27.9 mCi/mmole) was prepared by reducing 
[ring- H]-l-nitropyrene wi#h zinc (16); the nitro starting material was 
prepared f r o m  [ring-~H]pyrene (Amersham) by ni t rat ion (17), 
[Ring-3H]-6-aminobenz[a]pyrene (>96%, 5.9 mCi/mmole) was prepared by reducing 
[ring- H]-6-nitrobenz[a]pyrene with zinc (16~; the starting material was 
prepared by ni t rat ion (18) 14of [ r ing- H]benz[a]pyrene (Amersham). 
2-Amino-4-(5-nitro-2-furyll)m[2- C]thiazole (>98%, 24 mCi/mmole) and 
N-[4-(5-nitro-2-furyl)-2-[2-~C]thiaz~lyl]formamide (>98%, 55 mCi/mmole) were 
prepared as described (19). [P~ng- H]-4-aminobiphenyl (>99%, 41 mCi/mmole) 
was prepared bx4reducing [ring- H]-4-nitrobiphenyl (Amersham) with hydrazine 
(14). 4,4'-[ ~ C]Methylene-bis(2-chloroaniline) (>99%, 7.3 mCi/mmole) was 
prepared by Amersham and kindly donated by the Michigan Toxic Substance 
Control Commission. 

The standard assays for PGH synthase-mediated binding (1.0 ml) contained 
0.086M phosphate buffer (pH 7.8), nucleic acid (i mg tRNA or 2.5 umole 
homopolyribonucleotide phosphate), ram seminal vesicle microsomes (0.17-0.34 
mg microsomal protein; prepared ~s in ref. 20),  and 50 uM radioactive 
substrate. After preincubation (37 , 3 minutes), the reaction was started by 
adding 0.1 mM arachidonic acid. The reaction was stopped 5 minutes later by 
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extract ing with phenol, and the nucleic acid binding was determined as 
described previousl~ (21). In addi t ion,  the N,O-acyltransferase-catalyzed 
binding of [ r i ng -  H]N-hydroxy-4-acetylaminobiph~n~l (>98%, 14.2 mCi/mmole 
(22)) to nucleic acid was assayed as described previously (21), using rat 
l i v e r  cy toso l  as the enzyme p repa ra t i on .  For both enzymes, con t ro l  
incubations were conducted by withholding the nucleic acid unt i l  the end of 
the incubation. To search for a speci f ic  adduct, the PGH synthase assay was 
modified as fol lows: nucleic acid was replaced by GMP (5mg/ml), the labeled 
subs t ra te  was 4-aminobiphenyl (100 uM), and s y n t h e t i c ,  unlabeled 
8-(N-4-aminobiphenyl)guanosine-5'-monophsophate (23) was added as a car r ie r  
( l ~ug /m l ) .  Recovery and analysis for th is  adduct was conducted as described 
previously (24). 

RESULTS AND DISCUSSION 

Incubat ion of benz id ine wi th  ram seminal ves i c l e  microsomes and 

arachidonic acid resulted in reaction of approximately 15% of the benzidine 

with tRNA (Table 1). This reaction appeared to be catalyzed by PGH synthase 

since i t  was diminished >98% by heat inact ivat ion of the enzyme, omission of 

arachidonic acid, or addit ion of the speci f ic  i nh ib i t o r  indomethacin (0.1 mM, 

data not shown). The low values in control incubations, in which tRNA was 

added at the end of the incubation rather than at the beginning, showed that 

the reactive product was shor t - l ived and that the tRNA iso la t ion  procedure 

e f f ec t i ve l y  removed unbound benzidine and i t s  metabolites as well as any 

labeled proteins that might have been present. 

A number of other N-substituted aryl compounds were also tested - a l l  of 

which are known or suspected carcinogens (Table i ) .  Although the net binding 

levels were no more than 2% of that of benzidine, resul ts with the complete 

system were at least 5-10 times greater than the control for  al l  compounds 

except the two n i t r o f u r a n s  and 4 , 4 ' - m e t h y l e n e - b i s ( 2 - c h l o r o a n i l i n e ) .  

Macromolecular binding of six of these compounds has been reported previously 

(6,10,11,25). 

Of par t icu lar  in terest  in Table 1 are the low levels of reaction for 

several compounds s t ruc tu ra l l y  related to benzidine, i . e .  N-acetylbenzidine, 

N,N' -d iacety lbenzid ine,  4-aminobiphenyl, and 4,4 ' -methylene-bis(2-chloro-  

an i l i ne ) .  This implies that the unusually high reac t i v i t y  of benzidine in 

th is  system could be due to the potent ial  for  extended conjugation between 

4,4'-amino subst i tuents.  In contrast to these resu l ts ,  N-acetylbenzidine is 
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Table I :  PGH Synthase-catalyzed Reaction of VariQus Substrates wi th tRNA. 

Substrate 

Adduct Formation (pmoles/mg tRNA) 

complete control  net 
system 

benzidine 7821 216 7605 
2-aminofluorene 144 6 138 
2-aminonaphthalene 110 5 105 
acetaminophen 118 18 100 
N,N--diacetylbenzidine 64 10 54 
N-acetylbenzidine 64 13 51 
N-hydroxyphenacetin 50 4 46 
T-aminopyrene 50 5 45 
6-aminobenzo[a]pyrene 55 11 44 
2-amino-4-(5-nitro-2-furyl)- 

thiazole 66 22 44 
4-aminobiphenyl 31 3 28 
N-[4-(5-nitro-2-furyl)-2- 

thiazolyl]formamide 76 53 23 
4,4'-methylene-bis- 

(2-chloroaniline) 8 9 0 

Standard incubat ions contained labeled substrates,  arachidonic ac id ,  ram 
seminal vesical microsomes, and tRNA as described in MATERIALS AND METHODS. 
For control  incubat ions,  tRNA was added at the end of the incubat ion,  ra ther  
than at the beginning. Nucleic acid adduct formation was assayed as described 
prev ious ly  (21). The resu l ts  are expressed as the mean of dup l ica te  
determinat ions,  which t y p i c a l l y  d i f f e red  from each other by 5-15% in the 
complete system. Results from d i f f e r e n t  experiments were normalized, using 
benzidine as a reference. 

much more mutagenic than benzidine in l i ver  microsome-mediated mutagenicity 

assays (26) and also constitutes the major DNA adduct in rodent l i ver  in vivo 

(27). Th is  difference may be a reflection of the fact that  the l i ver  is 

re lat ive ly  low in PGH synthase act iv i ty  (5,13) and high in N-hydroxylase 

act iv i ty  (2). 

The mechanism of act ivat ion of arylmonoamines during PGH 

synthase-mediated metabolism was investigated by examining adduct formation 

between 4-aminobiphenyl and specific trapping agents. For comparison, the 

N,0-acyltransferase-catalyzed activation of N-hydroxy-4-acetylaminobiphenyl 

was also included. The lat ter  reaction proceeds through loss of an acetyl 

group to yield the nitrenium ion of 4-aminobiphenyl and preferential ly yields 

an 8-(N-4-aminobiphenyl)guanine adduct (23,24). Although this adduct could be 

generated by substituting GMP for tRNA in the acyltransferase assay (24), i t  

could not be detected following incubation of 4-aminobiphenyl with GMP in the 
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Table 2: PGH Synthase- and N,O-Acyl t ransferase-cata lyzed Reactions of 
Benzidine and 4-Aminobiphenyl With Homopolyribonucleotides. 

Relative Nucleotide Substitution With 
4-Aminobipbenyl Benzidine 

Polynucleotide PGH PGH 
Synthase N,O-Acyltransferase Synthase 

tRNA 100 100 100 
polyadenylic acid <0.5 36 0.6 
polyguanylic acid 6 83 59 
po lycy t idy l ic  acid 53 <0.5 0.7 
po lyur idy l ic  acid <0.5 <0.5 <0.2 

PGH synthase-catalyzed adduct formation was assayed as described in Table I ,  
except that tRNA was replaced by homopolyribonucleotides as shown below. 
Comparative data for the nitrenium ion of 4-aminobiphenyl were obtained from 
the rat l i ve r  acyltransferase-catalyzed act ivat ion of N-hydroxy-4-acetyl- 
aminobiphenyl. The recovery of individual polynucleotid-es was determined 
fol lowing each incubation; the results were expressed as pmoles arylamine 
bound/umole polynucleotide P, and then corrected for the controls ( i .e .  late 
addition of polynucleotide) before being normalized to the tRNA values. The 
re lat ive amounts of the two enzymes used were such that they gave the same 
extent of binding of 4-aminobiphenyl to tRNA (18.6 and 18.2 pmoles/umole P for 
PGH synthase and acyltransferase respect ively);  the benzidine-substituted tRNA 
contained 3,360 pmoles/umole P. 

presence of PGH synthase and arachidonic  ac id .  However, the syn the t i c ,  

unlabeled adduct which was inc luded in the incubat ion  was re i so la ted  and gave 

the expected HPLC p r o f i l e ;  t h i s  procedure would have detected 7.5 pmoles of  

labeled adduct/ml incubat ion mix tu re .  In a d i f f e r e n t  approach, the base 

s p e c i f i c i t y  of the react ive  in termediate was determined by s u b s t i t u t i n g  

homopolymers fo r  tRNA in the b inding assays (Table 2).  Binding occurred 

p r i m a r i l y  w i th  p o l y c y t i d y l i c  acid in the PGH synthase-cata lyzed reac t i on ,  but 

the n i t ren ium ion in the acy l t rans fe rase  incubat ions reacted p r e f e r e n t i a l l y  

w i th  po lyguany l i c  acid and also w i th  po lyadeny l ic  ac id .  

These resu l t s  s t rong ly  suggest tha t  the nuc le ic  ac id -b ind ing  d e r i v a t i v e  

formed from 4-aminobiphenyl dur ing metabolism by PGH synthase is  not an 

a r y l n i t r en i um  ion.  Since a r y l n i t r en i um  ions are the reac t i ve  end-products of 

__N-oxidative pathways, t h i s  f u r t h e r  suggests tha t  _N-hydroxylat ion is  not 

q u a n t i t a t i v e l y  s i g n i f i c a n t  in  PGH synthase-medi  ated a c t i v a t i o n  of  

4-aminobiphenyl .  Although a r y l n i t r o s o  compounds can react w i th  p ro te in  (28),  

lO0 
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and have recent ly been reported as the major product of the PGH synthase- 

catalyzed oxidation of arylmonoamines (6), they do not react with nucleic acid 

(29,30). I t  is possible that hydroxylamines are the major i n i t i a l  metabolites 

of arylmonoamines, but that under the strongly oxidat ive assay condit ions, 

they are rapidly converted to ni troso der ivat ives rather than undergoing 

hetero ly t i c  decomposition to y ie ld  nitrenium ions. I f  th is  occurs with 

4-aminobipheny l ,  i t  is u n l i k e l y  tha t  in v i t r o  b ind ing of any of the 

ary|monoamines in Table 1 results from nitrenium ion formation. However, the 

strongly oxidiz ing condit ions of these incubations may not accurately re f l ec t  

the condit ions in vivo and the formation of arylhydroxylamines in in tact  ce l ls  

cannot be ru led out .  Indeed, i t  has been repor ted tha t  f o l l ow ing  

adm in i s t r a t i on  of 4-aminobiphenyl to dogs, a C-8 s u b s t i t u t e d  guanine 

der ivat ive is the major DNA adduct in the ur inary bladder (31), which is a 

primary target organ for  4-aminobiphenyl carcinogenesis in th is  species (32). 

The ur inary bladder epithelium contains PGH synthase a c t i v i t y  (33), but 

nitrenium ions may also arise from urinary hydroxylamineN-glucuronides (34). 

Table 2 also shows that benzidine, in contrast to 4-aminobiphenyl, 

reacted pr imar i ly  with polyguanylic acid. However, i t  seems un l ike ly  that 

th is  reaction would involve sequential formation of a hydroxylamine and a 

nitrenium ion due to the oxid iz ing condit ions noted above. Two-electron 

oxidat ion of benzidine could y ie ld  a diimine that would be expected to undergo 

an addit ion react ion; indeed, the major recoverable benzidine metabolite is 

cons i s ten t  wi th  an add i t i on  product between benz id ine and i t s  d i im ine  

der ivat ive (6). This diimine can also react with sulfhydryl  compounds (35) 

and thus presumably combines with protein.  I t  is unclear, however, whether 

the diimine reacts with nucleic acid, since the analogous quinone imine 

der ivat ives of aminophenols react readi ly  with protein,  but not with nucleic 

acid (36-38). An a l ternat ive  mechanism would involve a free radical analogous 

to that detected recent ly for 3 ,5,3 '5 ' - te t ramethy lbenzid ine (4); i t  has been 

reported that benzidine quenches the  free radical signal normally present 

during PGH synthesis (39). 
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Other studies have shown that PGH synthase-dependent epoxidation of 

polycycl ic hydrocarbon derivatives can be d i f ferent iated from that catalyzed 

by cytochrome P-450 on the basis of substrate spec i f i c i t y  (40,41), protein 

ident i ty  (42,43), and mechanism (44). This suggests that cooxidation during 

prostglandin biosynthesis is a pathway that is d is t inc t  from and complementary 

to mixed-function oxidase-dependent pathways of xenobiotic metabolism. The 

present results extend th is concept to aromatic amines by demonstrating that 

the nucleic acid-binding derivatives generated by PGH synthase are d is t inc t  

from the n i t renium ions resu l t i ng  from mixed- funct ion oxidase-dependent 

metabol i sm. 

ACKNOWLEDGEMENTS: These studies were supported by NIH grants CA 32303 (KCM), 
CA 23386 (CMK), CA 25904 (JBV), and CA 23800 (CYW). American Cancer Society 
support came from grant BC 244D (LJM) and Faculty Research Award 243 (LJM). 

REFERENCES 

1. King, C.M. (1982) In: Chemical Carcinogenesis, N ico l in i ,  C. ed., pp. 
25-46, Plenum Publishing Corp., New York. 

2. Freder ick ,  C.B.,  Mays, J .B . ,  Z ieg le r ,  D.M., Guengerich, F.P. ,  and 
Kadlubar, F.F. (1982) Cancer Res. 42, 2671-2677. 

3. Beranek, D.T., White, G.L., Heflic-h-~, R.H., and Beland, F.A. (1982) Proc. 
Natl. Acad. Sci. (U.S.A.) 79, 5175-5178. 

4. Josephy, P.D., Mason, R.~. and El ing,  T. (1982) Cancer Res. 4__~2, 
2567-2570. 

5. Zenser, T.V., Mattammal, M.B., and Davis, B.B. (1979) J. Pharm. Exp. 
Ther. 211, 460-464. 

6. Kadlubar, F.F., Frederick, C.B., Weis, C.C. and Zenser, T.V. (1982) 
Biochem. Biophys. Res. Comm. 108, 253-258. 

7. Marnett, L.J. ,  Siedl ik,  P.H., and Fung, L. W.-M. (1982) J. Biol.  Chem. 
257, 6957-6964. 

8. ~ a r a j a h ,  K., Lasker, J.M., Eling, T.E., and Abou-Donia, M.B. (1982) 
Mol. Pharmacol. 21, 133-141. 

9. Vasdev, S., Tsuruta, Y., and O'Brien, P.J. (1982) In: Prostaglandins and 
Cancer: F i rs t  International Conference, Powles, T.J. ,  Bockman, R.S., 
Honn, K.V., and Ramwell, P. ed., pp. 155-158, Alan R. Liss, New York. 

I0. Andersson, B., Nordenskjold, M., Rahimtula, A., and Moldeus, P. (1982) 
Mol. Pharmacol. 2__22, 479-485. 

I I .  Boyd, J.A. and Eling, T.E. (1981) J, Pharmacol. Exp. Ther. 219, 659-664. 
12. Mohandas, J. ,  Duggin, G.G., Horvath, J.S., and Til ler,----~.J. (1981) 

Toxicol. Appl. Pharmacol. 61, 252-259. 
13. Marnett, L.J. (1981) Life ~ iences 29, 531-546. 
14. Bavin, P.M.G. (1973) In: OrganTc Syntheses Co l l ec t i ve  Volume 5, 

Baumgarten, H.E., ed., pp. 30-32, John Wiley and Sons, New York. 
15. Spitzer, V.A., and Stewart, R. (1974) J. Org. Chem. 3__99, 3936-3937. 
16. Kuhn, W.E. (1943) In: Organic Syntheses Collective Volume 2, B la t t ,  

A.H., ed., pp. 447-448, John Wiley and Sons, New York. 
17. Bavin, P.M.G., and Dewar, M.J.S. (1956) Jo Chem. Soc. 164-169. 
18. Fieser, L.F., and Hershberg, E.W. (1939) J. Am. Chem. Soc. 6_j_i, 1565-1574. 
19. Morton, K.C. and Wang, C.Y. Cancer Res. in press. 
20. Marnett, L.J. ,  and Wilcox, C.L. (1977) Biochim. Biophys. Acta 487, 

222-230. 

102 



VoI. 111, No. 1, 1983 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

21. King, C.M. (1974) Cancer Res. 34, 1503-1515. 
22. Shirai, T., Fysh, J.M., Lee, M--/-S., Vaught, J.B., and King, C.M. (1981) 

Cancer Res. 41, 4346-4353. 
23. Lee, M.-S., an---d King, C.M. (1981) Chem.-Biol. Interactions 34, 239-248. 
24. Vaught, J.B., Lee, M.-S., Shayman, M.A., Thissen, M.R., and King, C.Mo 

(1981) Chem.-Biol. Interactions 34, 109-124. 
25. Matta~al, M.B., Zenser, T.V. ,Tnd Davis, B.B. (1981) Cancer Res. 4_!1, 

4961-4966, 
26. Tanaka, K., Mi i ,  T., Marui, S., Matsubara, I . ,  and Igaki, H. (1981) Int ,  

Arch. Occup. Environ. Health 49, 177-185. 
27. Martin, C.N., Beland, F.A., R~h, R.W., and Kadlubar, F.F. (1982) Cancer 

Res. 42, 2678-2686. 
28. Grant,m, P.H., Weisburger, E.K., and Weisburger, J.H. (1965) Biochim. 

Biophys. Acta 107, 414-424. 
29. Kriek, E. (1965--)--Biochem. Biophys. Res. Commun. 20, 793-799. 
30. Kriek, E. (1967) In: Carcinogenesis, A Broad~r i t ique,  M.D. Anderson 

Hospital and Tumor I n s t i t u t e ,  pp. 441-446, Williams and Wilk ins,  
Baltimore. 

31. Beland, F.A., Beranek, D.T., Dooley, K.L., Heflich, R.H., and Kadlubar, 
F.F. (1982) In: Proceedings of the Second International Conference on 
Carcinogenic and Mutagenic N-Substituted Aryl Compounds, Abstract SI6, 
National Center for Toxicological Research, Jefferson, Arkansas. 

32. Clayson, D.B., and Garner, R.C. (1976) In: Chemical Carcinogens, Searle, 
C.E., ed., ACS Monograph 173, pp. 366-461, American Chemical Society, 
Washington, D.C. 

33. Cohen, S.M., Zenser, T.V., Murasaki, G., Fukushima, S., Mattammal, M.B., 
Rapp, N.S,, and Davis, B.B. (1981) Cancer Res. 41, 3355-3359. 

34. Kadlubar, F.F., Mi l ler ,  J.A., and Mil ler E.C-/-(1977) Cancer Res. 3__~7, 
805-814. 

35. Rice, J.R., and Kissinger, P.T. (1982) Biochem. Biophys. Res. Commun. 
104, 1312-1318. 

36. King, C.M., Gutmann, H.R., and Chang, S.F. (1963) J. Biol. Chem. 238, 
2199-2205. 

37. King, C.M., and Kriek, E. (1965) Biochim. Biophys. Acta I I i ,  147-153. 
38. King, C.M., and Phi l l ips,  B. (1968) Biochem. Pharmacol. 17, 833-835. 
39. Zenser, T.V. Mattammal, M.B., Armbrecht, H.J., and Dav-Ts, B.B. (1980) 

Cancer Res. 4(], 2839-2845. 
40. Marnett, L.J.,  Reed, G.A., and Dennison, D.J. (1978) Biochem. Biophys. 

Res. Commun. 82, 210-216. 
41. Guthrie, J.,-h-obertson, I.G.C., Zeiger, E., Boyd, J.A., and Eling, T.E. 

(1982) Cancer Res. 4__22, 1620-1623. 
42. Ohki, S., Ogino, N., Yamamoto, S., and Hayaishi, O. (1979) J. Biol. Chem. 

254, 839-846. 
43. Marnett, L.J., Dix, T.A., Sachs, R.J., and Siedlik, P.H. In: Advances 

in Prostaglandin, Thromboxane, and Leukotriene Research, in press. 
44. Marnett, L.J., Bienkowski, M.J. (1980) Biochem. Biophys. Res. Commun. 9(], 

639-647. 

103 


