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diameter2 ( p  = 0.956), the solute molar volume2 ( p  = 0.988), and 
the solute polarizabilityZ ( p  = 0.988) so that values of AS," are 
also linearly related to these solute properties.lo If the relationship 
between ASs" and so is fundamental, then the observed AS," 
values might be attributed to loss of degrees of freedom of the 
solute. However, if, for example, the fundamental correlation is 
that between AS," and solute size, the origin of the AS," values 
might then be interpreted in terms of SPT-the larger the solute, 
the larger the required cavity in the solvent and the more negative 
the entropy of cavity formation. This illustrates the difficulty (if 
not the impossibility) of obtaining information on the molecular 
level from purely macroscopic quantitities (Le., AS," and so). 

Wertz7 also suggested that partition coefficients, or AG," values, 
of hydrocarbons between water and 1-octanol could be calculated 
through eq 4, where AS," is the entropy of solution of the hy- 
drocarbon in water. In the deduction of eq 4, Wertz assumed that 
the corresponding value of AH," was zero. Using eq 4, Wertz 
was able to reproduce the AG," values for the alkanes methane 

AG," (water - 1-octanol) = -0.63TASsD (in water) (4) 
to n-butane. There is a difficulty over standard states, since AG," 
seems to refer to standard states of unit mole fraction in water 
and 1-octanol whereas AS," in eq 4 corresponds to standard states 
of 0.0408 mol dm-3 in water and the gas phase. But this aside, 
the fundamental assumption that AH,' = 0 is just not correct. 
Thus for methane, AG," = 2.8 kcal mol-] (mole fraction standard 
states) but AH," is -2.4 kcal m01-],~*~' so the apparent success 
of eq 4 is somewhat fortuitous. 

(10). Correlation constants for plots of AS," in water against these solute 
properties are (n = 9 in all cases) 0.938 (hard-sphere diameter), 0.977 (molar 
volume), and 0.991 (solute polarizability). 

( 1  1) R. J. Wilcock, R. Battino, W. F. Danforth, and E. Wilhelm, J.  Chem. 
Thermodyn., 10, 817 (1978). 
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The hydroperoxidase activity of the heme protein prostaglandin 
endoperoxide synthetase catalyzes the h ydroperoxide-dependent 
oxidation of polycyclic hydrocarbons, aromatic amines, and ni- 
trofurans.' The natural hydroperoxide substrate is the hydro- 
peroxy intermediate of prostaglandin biosynthesis, PGG2, but 
polyunsaturated fatty acid hydroperoxides will also trigger oxi- 
dation.2 One of the compounds oxidized is 7,8-dihydroxy-7,8- 
dihydrobenzo[a]pyrene (BP-7,8-diol) which is a metabolite of the 
ubiquitous chemical carcinogen, benzo[~]pyrene.~ BP-7,8-diol 
is oxygenated during prostaglandin biosynthesis to strongly mu- 
tagenic derivatives which have been identified as diol  epoxide^.^ 
Since these diol epoxides are generally regarded as the ultimate 

(1) (a) Marnett, L. J. Life Sci. 1981, 29, 531-546. (b) Marnett, L. J.; 
Reed, G. A,; Johnson, J. T., Biochem. Biophys. Res. Commun. 1977, 79, 
569-576. (c) Sivarajah, K.; Anderson, M. W.; Eling, T. E. Life Sci. 1978, 
23, 2571-2578. (d) Sivarajah, K.; Lasker, J. M.; Abou-Donia, M. B.; Eling, 
T. E. J .  Biol. Chem., in press. ( e )  Davis, B. B.; Mattammal, M. B.; Zenser, 
T. V. Nephron 1981, 27, 187-196. 

(2) (a) Marnett, L. J.; Wlodawer, P.; Samuelsson, B. J .  Biol. Chem. 1975, 
250, 8510-8517. (b) Marnett, L. J.; Reed, G. A. Biochemistry 1979, 18, 
2923-2929. (c) Zenser, T. V.; Mattammal, M. B.; Davis, B. B. Cancer Res. 

(3) (a) Yang, S. K.; McCourt, D. W.; Roller, P. P.; Gelboin, H. V. Proc. 
Natl. Acad. Sci. U.S.A. 1976, 73,2594-2598. (b) Thakker, D.; Yagi, H.; Lu, 
A. Y.; Levin, W.; Conney, A. H.; Jerina, D. M. Ibid. 1976, 73, 3381-3385. 

(4) (a) Marnett, L. J.; Reed, G. A,; Denison, D. J. Biochem. Biophys. Res. 
Comm. 1978,82,210-216. (b) Marnett, L. J.; Johnson, J. T.; Bienkowski, 
M. J. FEES Lett. 1979, 106, 13-16. (c) Sivarajah, K.; Mukhtar, H.; Eling. 
T. Ibid. 1979, 106, 17-20. (d) Marnett, L. J.; Bienkowski, M. J. Biochem. 
Biophys. Res. Commun. 1980, 96, 639-647. 
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Table I. Hydroperoxide Specificity of 0, Uptake and 
BP-7,8-diol Oxidat ion 

0, Uptake, diol, 
hydroperoxide pM/min 

13-00H-18:2c 1 6 0  i 10 12.3 t 0.9 

15-00H-20 :  4e 1 6 0 k  10 1 2 t  1 
cumene hydroperoxide 0 1.9 i 0.1 

9-00H-18:2d 1 6 0  r 5 1 2 i  1 

n-butyl hydroperoxide 0 0 
hydrogen peroxide 0 0 

a [Hydroperoxide] = 500 gM, [hematin]  = 5 pM, [Tween 201 = 
200 pM, 0.1 M NaPO, (pH 7.8), 25 "C. ' [Hydroperoxide] = 5 0  
pM, [hematin]  = 0.5 pM, [BP-7,8-diol] = 18 pM, [Tween 201 = 
200pM, 0.1 M NaPO ( H 7.8), 25 "C. 13-hydroperoxy-9, l l -  
octadecadienoic acid.' ' 9-hydroperoxy-l0,12-octadecadienoic 
acid. e 15-hydroperoxy-5,8,11,13-eicosatetraenoic acid. 

carcinogenic forms of benzo[a]pyrene, it is possible that prosta- 
glandin endoperoxide synthetase plays a role in polycyclic hy- 
drocarbon carcinogenesi~.~ We have found that other heme 
proteins with peroxidase activity, such as methemoglobin, will 
catalyze the hydroperoxide-dependent epoxidation of BP-7,8-dioL6 
We now report that hematin, in the absence of protein, will 
catalyze the epoxidation of BP-7,8-diol by fatty acid hydroper- 
oxides and that peroxy radicals derived from the carbon skeleton 
of the hydroperoxide appear to be the epoxidizing agents. 

The initial velocity of BP-7,8-diol oxidation was determined 
by monitoring the decrease in absorbance at  370 nm. Saturation 
kinetics were observed for hematin and 13-hydroperoxy-9,ll- 
octadecadienoic acid with half-maximal velocities at 0.25 and 20 
pM, respectively. Maximal velocities were observed at 0.5 pM 
hematin and 50 pM hydroperoxide. A linear concentration de- 
pendence was observed for BP-7,8-diol in the range 0.1-50 pM; 
higher concentrations could not be experimentally attained. 

No oxidation of BP-7,8-diol is observed at  Tween 20 concen- 
trations below 50 pM, its critical micellar c~ncentration.~ A sharp 
increase to maximal initial velocities occurs between 70 and 100 
pM Tween. There is an increase in solubility accompanied by 
a shift in the absorbance maximum of BP-7,8-diol to longer 
wavelengths as the Tween 20 concentration is increased from 50 
to 100 pM. This indicates that the detergent solubilizes the 
hydrophobic substrate. In addition, it appears that detergents 
stimulate the peroxidase activity of the hematin. Oxidation of 
the water-soluble aromatic hydrocarbon, 9,10-bis(carboxy- 
ethyl)anthracene,* is increased sixfold by raising the Tween 20 
concentration from 25 to 100 pM. Thus, it appears that the basis 
for the detergent requirement is more complex than simple sub- 
strate solubilization. 

The major products of BP-7,8-diol oxidation are the isomeric 
tetraols 3-6 which are the hydrolysis products of epoxides 1 and 
2 (Scheme I).9 In a typical experiment 13-hydroperoxy-9,ll- 
octadecadienoic acid ( 5  pmol) is added to a solution of [7-14C]- 
BP-7,8-diol (1.8 pmol) and hematin (0.05 pmol) in 100 mL 0.1 
M sodium phosphate (pH 7.8) containing Tween 20 (20 pmol). 
After 5 min, 2-tert-butyl-4-methoxyphenol is added to terminate 
the reaction, and the solution is extracted with ethyl acetate. The 
extract is concentrated and analyzed by HPLC on a reversed-phase 
column (Radial Pak B) eluted with water-methanol gradients. 
Tetraols 3-6 account for 33% of the total radioactivity eluting 

~~ ~ ~~~~ 

(5) (a) Kapitulnik, J.; Wislocki, P. G.; Levin, W. Yagi, H.; Jerina, D. M.; 
Conney, A. H. Cancer Res. 1978.38, 354-358. (b) Sims, P.; Grover, P. L.; 
Swaisland, A.; Pal, K.; Hewer, A., Nature (London) 1974, 252, 326-328. (c) 
Huberman, E.; Sachs, L.; Yang, S. K.; Gelboin, H .  V. Proc. Natl. Acad. Sci. 
U.S.A. 1976, 73,607-61 1 .  (d) Wislocki, P. G.; Wood, A. W.; Chang, R. L.; 
Levin, W.; Yagi, H.; Hernandez, 0.; Jerina, D. M.; Conney, A. H .  Biochem. 
Biophys. Res. Commun. 1976, 68, 1006-1012. 

(6) Marnett, L. J.; Johnson, J. T.; Reed, G. A. Proc. Am. Assoc. Cancer 
Res. 1979, 20, 60. 
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M. Ibid. 1977, 99, 1604-1611. (b) Keller, J. W.; Heidelberger, C.; Beland, 
F. A.; Harvey, R. G. Ibid. 1976, 98, 8216-8217. 
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from the column; a compound which cochromatographs with the 
7,8-quinone of benzo[a]pyrene constitutes 15% of the radioac- 
tivity.I0 No other product peaks are seen consistently in the 
HPLC profiles." The total conversion of BP-7,8-diol in 5 min 
is 48%. 

It is found that 80% of the tetraols are derived from 2 and 20% 
from 1, indicating that a degree of stereoselectivity exists in the 
epoxidation. Inclusion of a chiral nucleophile, polyguanylic acid, 
in reaction mixtures containing (f)-BP-7,8-diol leads to the 
formation of diastereomeric adducts derived from enantiomeric 
epoxides. Digestion of the nucleic acid and HPLC separation of 
the nucleoside adducts produces a chromatographic profile 
identical with that observed when polyguanylic acid is reacted 
with (*)-1 and (f)-2.I2 This suggests that both enantiomers of 
1 and 2 are produced in equal amounts from (f)-BP-7,8-diol and 
that the epoxidations are not stereospecific.13 

The principal source of the oxygen incorporated into BP-7,8-diol 
is molecular oxygen. Reactions performed under an atmosphere 
of I8O2 (94 atom 46 excess) lead to the incorporation of I8O into 
the epoxide-derived products (87 atom % excess). Argon deox- 
ygenation reduces the initial velocity of BP-7,8-diol oxidation from 
12.3 to 1.2 pM/min. In  the absence of BP-7,8-diol, solutions of 
polyunsaturated fatty acid hydroperoxides and hematin consume 
O2 at a rapid rate. Table I lists the extent of O2 uptake observed 
with a series of hydroperoxides. It is clear that hydroperoxides 
containing multiple sites of unsaturation trigger the most vigorous 
O2 consumption. Furthermore, Table I demonstrates that the 
ability to stimulate O2 uptake correlates directly with the efficacy 
of individual hydroperoxides to trigger BP-7,8-diol epoxidation, 
suggesting a causal relationship between the two reactions. Finally, 
it should be noted that 1 pM 2-tert-butyl-4-methoxyphenol or 10 
pM 2,6-di-tert-butyl-p-cresol completely inhibit epoxidation. 

These experiments indicate that hematin-catalyzed epoxidation 
of BP-7,8-diol by polyunsaturated fatty acid hydroperoxides re- 
quires 0 2  and sites of unsaturation in the hydroperoxide and is 
potently inhibited by antioxidants. A mechanistic hypothesis which 

(10) Thakker, D. R.; Yagi, H.; Akagi, H.; Koreeda, M.; Lu. A. Y. H.; 
Levin, W.; Wood, A. W.; Conney, A. H.; Jerina, D. M. Chem. Biol. Interact. 
1977. 16. ~ X I - ~ O O  . -- .  - - -  -. 

(1  1) The recovery of radioactivity from the HPLC column is routinely 
greater than 90%. The radioactivity which does not elute with tetraols or the 
quinone is uniformly distributed throughout the profile but does not elute in 
discrete zones. If one quantitates only radioactivity which elutes with actual 
peaks, the tetraols and the quinone account for 69 and 31% of the total 
products, respectively. 

(12) Panthananickal, A.; Marnett, L, J., J .  Chromatogr. 1981, 206, 

(13) It is possible that the ratio of diasteromeric guanosine adducts ob- 
served in the present study is the result of an artifact introduced by the 
preferential reaction of one enantiomer with polyguanylic acid. Indeed, 
Meehan and Straub have found that (+)-diol epoxide 2 forms 20 times more 
deoxyguanosine adducts than (-)-diol epoxide 2. Meehan, T.; Straub, K. 
Nature (London) 1979, 277, 410-412. However, in the same study these 
authors demonstrated that this preferential reactivity is not observed when 
the enantiomeric diol epoxides are reacted with single-stranded or heat-de- 
natured double-stranded DNA. 

253-265. 
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is consistent with these observations is outlined in Scheme 11. The 
key step is the rearrangement of the initial alkoxy radical to a 
carbon-centered radical derived from the unsaturated portion of 
the hydr~peroxide. '~ The carbon-centered radical is scavenged 
by O2 to generate a peroxy radical which acts as the epoxidizing 
agent. Hamberg has reported that 61% of the products isolated 
following the reaction of 13-hydroperoxy-9- 1 1 -octadecadienoic 
acid with methemoglobin are epoxy alcohols which are presumably 
derived from reduction of the initially formed epoxy hydroper- 
ox ide~. '~  Gardner et al. have isolated these epoxy hydroperoxides 
in low yield following the reaction of 13-hydroperoxy-9,l l-octa- 
decadienoic acid with ferrous ion and have shown that they are 
reduced to epoxy alcohols under the conditions of the reaction.I6 
In addition, Gardner et al. have trapped the carbon-centered 
radical which is the precursor of the peroxy radical by carrying 
out the reactions in the presence of tocopherol." Thus there is 
ample literature precedent for the rearrangement of unsaturated 
fatty acid alkoxy radicals to carbon-centered radicals which react 
with dioxygen to form peroxy radicals. Epoxidation of aliphatic 
double bonds by peroxy radicals is well precedented, although the 
reason for the observed stereoselectivity is o b s c ~ r e . ' ~ * ~ ~  Scheme 
11, therefore, is consistent with the key experimental results detailed 
above as well as with the work of other investigators. 

The present report demonstrates that hematin can catalyze the 
epoxidation of BP-7,8-diol by unsaturated fatty acid hydroper- 
oxides. The epoxidation appears to be effected by peroxy radicals 
derived from the carbon skeleton of the hydroperoxide. Peroxy 
radicals derived from the unsaturated acyl moieties of phospho- 
lipids have been implicated as chain-propagating agents in the 
peroxidation of membrane lipids, which eventually leads to cell 
dysfunction and death.2' Our observation that these peroxy 
radicals epoxidize BP-7,8-diol indicates that they also may play 

(14) We cannot rule out the possibility that different carbon-centered 
radicals derived from the unsaturated moiety of the hydroperoxide are gen- 
erated by distinct reactions (e.g., bimolecular H abstraction). However, the 
literature cited provides no evidence for alternate pathways. 

(15)  Hamberg, M. Lipids 1975, 10, 87 -92. 
(16) Gardner, H. W.; Weisleder, D.; Kleiman, R. Ibid. 1978, 13,246-252. 
(17) Gardner, H. W.; Eskins, K.; Grams, G. W.: Inglett, G. E. Ibid. 1972, 

(18) (a) Ingold, K. U.; Roberts, B. P ;  "Free Radical Substitution 
Reactions"; Wiley-Interscience: New York, 1970; pp 148-193. (b) Mayo, 
R. Arc. Chem. Res. 1968,1, 193-201. (c) Porter, N. A.; Cudd, M. A,; Miller, 
R. W.; McPhail, A. T. J .  Am. Chem. SOC. 1980, 102, 414-416. (d) Porter, 
N. A,; Nixon, J. R. Ibid. 1978, 100, 71 16--71 I ? .  ( e )  Seranian, A,; Mead, J. 
F.: Stein. R .  A. Lioids 1979. 14. 634-643. cn Padwa. A,: Brodskv. L.. 

7, 324-334. 

Tetrahedron I t t t .  1973,1045-104d. (g) Hart, H.iLavrik, P. B.'J. Org. kht" 
1974. 39. 1793--1794. 

( 1 9 )  Previous reports of high-yield epoxidations by peroxy radicals indicate 
that the stereoselectivity mimics that of epoxidation by peroxy acids.lSf*g It 
is noteworthy that 2 is the princi a1 product of the epoxidation of BP-7,8-diol 
by m-chloroperoxybenzoic acidPo 

(20) Yagi, H.; Hernandez, 0.; Jerina, D. M. J .  Am. Chem. SOC. 1975, 97, 

(21) (a) Barber, A. A,; Bernheim, F. Adu. Gerontol. Res. 1967, 2, 
3555403. (b) Pryor, W. A. Photochem. Photobiol. 1978, 28, 781-786. (c) 
Mead. J. F in "Free Radicals in Biology"; Pryor, W. A,, Ed; Academic Press: 
New York. 1976; Vol. 1; pp 51-68. 
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a role in cell transformation by the oxidative activation of xe- 
nobiotics to carcinogenic derivatives. This may contribute to the 
association of dietary fat and carcinogenesis.22 
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Since the paper of Morris and Freeman' first describing a 
polarization-transfer sequence between two J coupled spins I and 
S (INEPT sequence), several communications have appeared 
a plying this method for NMR measurements of I3C,% 15N,2b and 

( S ,  'H; I ,  observed nucleus). The gain in signal over noise 
obtained using the INEPT sequence can reach, under optimal 

(1) G. A. Morris and R. Freeman, J. Am. Chem. SOC., 101, 760-762 
(1979). 

(2) (a) Reference 1; D. M. Doddrell, H. Bergen, D. Thomas, D. T. Pegg, 
and M. R. Bendall, J .  Magn. Reson., 40, 591-594 (1980). (b) G. A. Morris, 
J .  Am. Chem. SOC., 102,428-429 (1980). (c) D. M. Doddrell, D. T. Pegg, 
M. R. Bendall, W. M. Brooks, and D. M. Thomas, J .  Magn. Reson., 41, 
492-495 (1980). 

Figure 1. lWAg spectrum of a 4M solution of A g N 0 3  in H20 ( 1  scan, 
90' pulse). Top, with solvent proton irradiation; bottom, normal ac- 
quisition. 

experimental conditions, a factor equal to y S / y I  for an AX spin 
system. This enhancement is particularly welcome for N M R  
observations of isotopes with small y values. We now report results 
which show the possibilities offered by the INEPT sequence for 
direct observation of lo9Ag and Io3Rh in complexes where these 
nuclei have a 'H resolved scalar coupling [jJ(M,'H)].' 

From a practical point of view N M R  experiments on transi- 
tion-metal nuclei with small y values suffer from several draw- 
backs. Firstly, these nuclei often possess a negative y which implies 
a negative q (nuclear Overhauser enhancement) when measuring 
the sample using broadband proton decoupling irradiation; in 
general the metal center is not directly bonded to hydrogen and 
the effect of a remote 'H environment will reduce the theoretical 
enhancement of the metal resonance to a few percent. As the 
maximum theoretical q value can be quite large ( q  = -10.7 for 
Io9Ag), this small operative mechanism often leads to observed 
7 values of ca. -1 and gives a zero nuclear Overhauser effect (the 
"null signal" problem). Such a phenomenon has been found 
during measurements of transition-metal salts in protio solvents$ 
and Figure 1 clearly shows this effect on the '@Ag resonance of 
an AgN03 solution (4 M in 9O:lO (v/v) H20/D20) when observed 
with and without broadband 'H decoupling. Secondly, 'H de- 
coupling inescapably produces a slight increase of the sample 
temperature. Because of the large A6/K for many transition-metal 
n ~ c l e i , ~  the comparison of chemical-shift data can be unreliable. 
Finally, since low-y spin nuclei sometimes have very large TI 
values (900-1000 s for Io9Ag in aqueous solutions of AgNOj6) 
very long relaxation delays and small pulse angles are required. 

During the course of a detailed N M R  study of complexes of 
the type [Ag12[p(R,S)- 1,2- [ (6-R-2-C5H3N)C(H)=N]2cyclo- 
h e ~ a n e ] ~ ] ( O ~ S C F ~ ) ~  (I, R = H)7 and [(Rh*(CO)2)(p-(R,S)- 
1 ,2-[(2-C4H3N)C(H)=N]2cyclohexane)] (11) we considered the 
use of Io9Ag and Io3Rh N M R  spectroscopy to gain more insight 
into the electronic environment and the structural and dynamic 
behavior of these complexes in solution. Fortunately they all show 

r 1 A 
2 t  

J U 

I 
L 

~ _ _ ~ _ _ _  

(3) The y values for lWAg, lo3Rh (I spins), and 'H (S spin) are -1.2449, 
-0.8420 and 26.7510 X lo' rad T I  s-l, respectively. INEPT sensitivity gain 
is then equal to 21.48 for lWAg and 31.77 for lo Rh with a corresponding 
theoretical drop in accumulation time by a factor of 461 for lWAg and 1000 
for Io3Rh. 

(4) (a) G. C. Levy, P. L. Rinaldi, J. T. Bailey, J .  Magn. Reson., 40, 
167-173 (1980). (b) C. Brevard, unpublished results. 

( 5 )  (a) "NMR and the Periodic Table", R. K. Harris and B. E. Mann, 
Eds., Academic Press, New York, 1978, pp 194-278. (b) R. G. Kidd, Annu. 
Rep. NMR Spectrosc., 10, 1-79 (1980). 

(6) J. Kronenbitter, V. Scheizer, and A. Schwenk, Z .  Naturforsch. A,  35A, 

(7) G. C. van Stein, H. van der Pod, G. van Koten, A. L. Spek, A. J. M. 
Duisenberg, and P. S. Pregosin, J .  Chem. Soc., Chem. Commun. 1016-1018 
(1980). 

319-328 (1980). 
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