Vol. 160, No. 1, 1989 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
April 14, 1989 Pages 46-52

REGIO~ AND STEREOSELECTIVE REGULATION OF MONOOXYGENASE ACTIVITIES BY
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The phosphorylation of the two major phenobarbital-inducible cytochrome P450
isoenzymes IIB1 and IIB2 was increased.in hepatocytes by the action of the
membrane permeating cAMP derivatives N -dibutyryl-cAMP and 8-thiomethyl-cAMP.
Under these conditions the dealkylation of 7-pentoxyresorufin, a selective
substrate of cytochrome P4501IB1 and P45011B2 was markedly reduced. 16B-Hydr-
oxylation of testosterone which is catalyzed specifically only by cytochrome
P450I1B1 and IIB2 was strongly reduced; for 16a-hydroxylation which is also
catalyzed by cytochrome P4501IB1 and IIB2 but additionally by 3 further
cytochrome P450 isoenzymes, this reduction was less pronounced; for the
oxidation of the 17B-hydroxyl group which besides cytochromes P4501IB1 and
11B2 is additionally catalyzed not only by other cytochromes P450 but also by
178-hydroxysteroid dehydrogenase there was a clear tendency of reduction
which, however, no longer reached statistical significance. Hydroxylation at
other positions of testosterone which are catalyzed by other cytochrome P450
isoenzymes were not significantly changed. Hence isoenzyme-selective phos-
phorylation of cytochrome P450 leads to a corresponding isoenzyme-selective
modulation of monooxygenase activity which holds promise to be especially
important as a fast regulation of the control of genotoxic metabolites.
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Cytochrome P450-dependent monooxygenases play a pivotal role in the control
of genotoxic metabolites and hence in a very early crucial step of chemical
carcinogenesis and mutagenesis (1-4). Obviously the relative enzyme activities
are very important for this control. Moreover, the isoenzyme pattern govern-
ing alternative metabolic pathways is often crucial since the various isoen-
zymes may compete for the same pre-carcinogenic substrate and selective chan-
ges in their activities may therefore lead to drastic shifts between activat-
ing versus detoxifying pathways with consequent dramatic changes in the con-
trol of genotoxic metabolites (5,6). Such changes may be brought about by en-
zyme induction (5), a process studied in many Taboratories since quite a long

time (3,4). We have recently discovered a potentially faster process of such
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changes in the control of genotoxic metabolites by posttranslational modifica-
tion of cytochrome P450 by phosphorylation. This process is both donor- and
acceptor-selective in that specificity of the phosphorylation reaction was
observed with respect to both the phosphoryl-donating protein kinase species
as well as the phosphoryl-accepting cytochrome P450 isoenzymes (7-9). More
recently we have demonstrated, that this phosphorylation does not only take
place with the cell-free preparations of the purified protein kinase and
cytochrome P450 enzymes but alse in intact cells (hepatocytes), and is regu-
lated by cAMP levels which, in turn, are under hormonal control (10). In the
present study we show that the treatment of hepatocytes with the membrane
permeating cAMP derivatives N6-dibutury1-cAMP and 8-thiomethyl-cAMP which
leads to phosphorylation of the two major phenobarbital-inducible cytochromes

1

P450IIB1™ and P45011B2 (P450b and e) (10) leads to marked and isoenzyme-

selective changes in cytochrome P450-dependent monooxygenase activities. Thus,
in addition to the well-studied contrel of cytochrome P450 dependent monooxy-
genase activities by enzyme induction there exists a further isoenzyme-
selective control mechanism by posttranslational protein modification by
phosphorylation which holds promise to be especially important since it works

much faster than enzyme induction.

MATERIALS AND METHODS

Chemicals. (32P) Orthophosphate (carrier free) was purchased from New England Nuc-
ear. N -dibutyryl-cAMP and 8-thiomethyl-cAMP, 7-pentoxyresorufin, testosterone,
4-androstene-3,17-dione and corticosterone were supplied by Sigma (Deisenhofen,
FRG). 6B-, 7a-, 16a- and 16B-hydroxytestosterone were purchased from Steraloids
(Frankfurt, FRG). 2a-, 2B- and 6o-hydroxytestosterone were obtained from the
Steroid Reference Collection (Prof. Dr. D.N. Kirk, Department of Chemistry,
Queen Mary College, Mile End Road, London E1 4NS). Solvents for HPLC were
from Baker (Gross-Gerau, FRG). Purified resorufin was kindly provided by
Boehringer Ingelheim. Al1 other chemicals used were of highest purity commer-
cially available.
Preparation of cell fractions and incubation with cAMP derivatives. Male
Sprague-Dawley rats (180-200 g; Interfauna Sliddeutsche Versuchstierfarm,

1To facilitate it for the reader to follow the relatively complicated
cytochrome P450 nomenclature, the individual isoenzymes are (as far

as possible) designated by the recommended nomenclature for their (pro-
bable) genes (11) followed in brackets by a relatively simple and rela-
tively widely used one letter nomenclature (12) and - at there first
occurrence in the paper - very briefly characterized.
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Tuttlingen, FRG) were treated intraperitoneally on two consecutive days with
phenobarbital (75 mg/kg body wt). Intact hepatocytes were isolated by perfusion
of rat Tiver in situ as described previously (13).

In ordgr to examine the phosphorylation of cytochromes P450 in intact
cells, 6x10° hepatocytes were incubated at 37° C in Krebs-Henseleit buffer
containing 25 mM 4(2-hydroxyethyl)-1-piperazineethane-sulfonic acid (HEPES),
pH 7.4, 0,5% D-glucose, insulin (10 mg/Liter), and the amino acid mixture
recommended by Seglen (14). Incubgtion was carried out in the presence and
absence of the cAMP derivatives N -dibutyryl-cAMP (1.0 mM) and 8-thiomethyl-
cAMP {0.5 mM) for 90 minutes. After incubation the hepatocytes were sedimented
by centrifugation at 50 x g for 5 min. The supernatant was discarded, the
pellets were resuspended in 10 mM sodium phosphate buffer pH 7.4 containing
110 mM KC1, 5 mM EDTA, 0.1 mM NaF, 50 mM sodium pyrophosphate, 0.5 mM phenyl-
methylsulfonylfluoride and Trasylol (30 U/m1), homogenized using an Ultra-
turrax followed by sonication (Branson Sonifier Cell Disruptor Bl5; microtip,
output control: 20-40, 40 % duty cycie) for 30 sec. The homogenate was then
centrifuged at 5000 x g for 10 min, the supernatant centrifuged again at
100.000 x g for 40 min. The sediment was resuspended in 0.1 M Tris-HC1, pH 7.4
containing 20 % glycerol, 5 mM EDTA, and 1 mM dithiothreitol. Protein con-
centration was determined by the biuret method with a BioRad protein assay kit
(BioRad Laboratories, Miinchen, FRG) using bovine serum albumin as a standard.
Enzyme Assays. The O-dealkylation of 7-pentoxyresorufin was measured essen-
tially as described by Lubet et al. (15). A 2 ml reaction mixture consisted of
50 mM Tris-HC1, pH 7.5/25 mM MgC1,/10 ul of substrate (10 uM), and about 10 ul
of microsomes obtained from hepatgcytes. The reaction was started by addition
of 12.5 uM NADPH. The dealkylation of 7-pentoxyresorufin was monitored by
recording the increase in the relative fluorescence of the product of this
reaction (resorufin) as a function of time. Measurements were carried out on
an Aminco~SPF 500 spectrophotofluorimeter with excitation at 522 nm and
emission at 586 nm.

For assaying testosterone hydroxylation the incubations contained the
100.000 x g sediment of hepatocytes equivalent to 1.3 mg protein, 0.6 mM NADP,
8 mM glucose 6-phosphate, 1.4 units of glucose-6-phosphate dehydrogenase, 5 mM
MgCl,, 38 mM KC1 in a final volume of 2 ml 50 rmM HEPES buffer (pH 7.4). This
mixtare was preincubated for 2 min at 37 °C. The incubation was started by the
addition of 1 mM testosterone dissolved in 25 ul methanol and performed with
shaking at 37 °C. The incubation was stopped with 5 m1 of ice-cold dichloro-
methane followed by the addition of 12 nmol corticosterone (internal standard)
dissolved in 100 pl methanol. After vortexing for 1 min the phases were
separated by centrifugation at 1000 x g for 10 min. The aqueous phase was once
more extracted with 2 ml dichloromethane. The combined organic phases were
extracted with 2 ml 0.02 N NaOH followed by thrice repeated washing with
2 ml water. Then the organic phase was brought to dryness with a stream of
nitrogen and stored at -20 °C until HPLC separation for which the sample was
dissolved in 40 pl of methanol.

High-performance 1iquid chromatography was carried out with a Waters 600
Multisolvent Delivery System, Model 2140 Rapid Spectral Detector LKB Broma and
a25cmx 4.6 mm5 pm C-18 reverse phase analytical column (Supelco Inc.).

The metabolites of testosterone were separated according to earlier studies
(16). The effluent was monitored at 240 nm and the area under the absorption
peaks was integrated. The metabolites were quantitated by the internal stan-
dard technique.

RESULTS AND DISCUSSION
In the previous study (10) it had been shown that treatment of hepatocytes with
the membrane permeating cAMP derivatives N6-dibutury]-cAMP and 8-thiomethyl-
CAMP leads to phosphorylation of cytochrome P45011B1 and P45011B2 (P450b and
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e). Since these two P450 forms occur only in very low amounts in the untreated
rat liver and are highly inducible by phenobarbital, the effect was observable
most clearly in heptocytes from Tivers of phenobarbital-pretreated rats. In
the present study it was investigated whether the same treatment leads to

changes in monooxygenase activities.

7-Pentoxyresorufin is a selective substrate of the two cytochrome P450
forms IIB1 and I1IB2 (17) which were phosphorylated under the conditions de-
scribed above. Table 1 shows, that after treatment of the hepatocytes with the
membrane permeating cAMP derivatives the microsomal dealkylation of 7-pentoxy-
resorufin was substantially (35 %) Tower compared with this enzyme
activity determined from an aliquot of hepatocytes from the same phenobar-
bital-pretreated rats incubated for the same time in the same medium but not

containing the cAMP derivatives.

In order to investigate the isoenzyme selectivity of this modulation with
respect to a broader range of cytochrome P450 isoenzymes, the influence of the
treatment of the hepatocytes with the cAMP derivatives on the regio- and
stereoselective hydroxylation of testosterone was studied. Testosterone is ex-
quisitely suitable for such studies, since it had been demonstrated by other
investigators (18,19) that the regio- and stereoselectivity of the various
testosterone hydroxylation reactions is much more sharply cytochrome P450
isoenzyme selective (and in several instances apparently fully isoenzyme
specific) than with more commonly used "diagnostic" but largely overlapping
substrates. Thus, of all 10 purified cytochrome P450 isoenzymes investigated,
only the two isoenzymes P45011B1 and P45011B2 which were phosphorylated in the
hepatocytes treated with the cAMP derivatives catalyze the testosterone
hydroxylation in position 168 (18,19). Table 1 shows that this reaction is
markedly (44 %) decreased by the treatment with the cAMP derivatives. Hydroxy-
lation of testosterone in position 16a is also catalyzed by cytochromes
P45011B1 and IIB2 (18,19), but less specifically. This reaction is also
catalyzed by cytochromes P45011C7 (P450f, constitutive form immunologically

cross-reactive with P450I1B1), P450g (male specific, strain-dependent) and
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P45011C11 (P450h, male-specific testosterone 2¢/16a-hydroxylase) (18,19). The
depression of the hydroxylation at this site by treatment of the hepatocytes
with the cAMP derivatives is therefore "diluted" by the contribution of these
other cytochrome P450 isoenzymes and hence is of a smaller magnitude (32 %)
(Table 1). The third reaction of cytochromes PA45011B1 and 1IB2 catalyzed on
the teststerone molecule is the oxidation of the 17B-hydroxyl group leading to
androst-4-ene-3,17-dione (18,19). This reaction is still less specific, in
that it is not only catalyzed by a further cytochrome P450 isoenzyme (the
male-specific P4501IC11, also called P450h) but also by a 17B-hydroxysteroid
dehydrogenase (18,19). Hence here the decrease in activity due to the treat-
ment of the hepatocytes with the cAMP derivatives was even more *diluted” and
did not reach statistical significance at the P < 0.05 level (Table 1). Also at
other positions no statistically significant changes in the hydroxylation of
testosterone were observed (Table 1). This includes hydroxylation in 2« which
is specifically catalyzed by cytochrome P45011C11 (P450h); in 2B which is
selectively catalyzed by the synthetic steroid-inducible P450I1IA1 (P450p); in
6B which is catalyzed by several cytochromes P450 (P45011IA1,

the major 3-methylcholanthrene-inducible P450IA1 also called P450c, the

major isosafrol-inducible P450IA2 also called P450d and by P450g); and in 7a
specifically catalyzed by the constitutive P450IIA1 (P45Ca) (18,19)}.

Hence this study shows, that those cytochrome P450-dependent menooxygen-
ase reactions are markedly and selectively reduced by treatment of hepatocytes
with membrane permeating cAMP derivatives, which are selectively catalyzed by
those isoenzymes which are phosphorylated under these conditions. Short-term
regulation of cytochrome P450-dependent monooxygenase activities by post-
translational protein modification by phosphorylation is therefore highly
promising to exert a fast and important control on genotoxic metabolites,
especially in those cases in which the modulated isoenzyme competes with
another isoenzyme for the same substrate and where the isoenzymes in question
govern metabolic pathways of opposite (activating versus detoxifying) biolo-

gical significance.

51



Vol. 160, No. 1, 1989 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

ACKNOWLEDGMENTS
We thank Mrs H. Diirk for excellent technical assistance.

The first author (B.B.) gratefully acknowledges the support by a fellow-
ship of the European Science Foundation provided from funds of the European
Medical Research Council. The study was supported by the Deutsche For-
schungsgemeinschaft (SFB 302).

REFERENCES

1. Oesch, F. (1979) Arch. Toxicol., Suppl. 2, 215-227.

2. Doehmer, J., Dogra, S., Friedberg, T., Monier, S., Adesnik, M., Glatt,
H.R. and Oesch, F. (1988) Proc. Natl. Acad. Sci. USA 85, 5769-5773.

3. Miners, J.0., Birkett, D.J., Drew, R., May, B.K., and McManus, M.E. (eds.)
(1987) Microsomes and Drug Oxidations, Proceedings of the 7th Interna-
tional Symposium, Adelaide, Australia, Taylor & Francis, New York.

4, Snyder, R., Parke, D.V., Kocsis, J.J., Jollow, D.J., Gibson, C.G., and
Witmer, C.M. (eds.) (1982), Biological Reactive Intermediates, Plenum
Press, New York.

5. Biicker, M., Golan, M., Schmassmann, H.U., Glatt, H.R., Stasiecki, P.,
and Oesch, F. (1979) Mol. Pharmacol. 16, 656-666.

6. Golan, M.D., Schmassmann, H.U., Biicker, M., Raphael, D., Jung, R.,
Bindel, U., Brase, H.D., Tegtmeyer, F., Friedberg, T., Lorenz, J.,
Stasiecki, P., and Oesch, F. (1980) Drug Metab. Dispos. 8, 121-126.

7. Pyerin, W., Wolf, C.R., Kinzel, V., Kiibler, D. and Oesch, F. (1983)
Carcinogenesis 4, 573-576.

8. Pyerin, W., Taniguchi, H., Stier, A., Oesch, F., and Wolf, C.R. (1984)
Biochem. Biophys. Res. Commun. 122, 620-626.

9. Pyerin, W., Taniguchi, H., Horn, F., Oesch, F., Amelizad, Z., Fried-
berg, T., and Wolf, C.R. (1987) Biochim. Biophys. Res. Commun. 142,
885-892.

10. Bartlomowicz, B., Waxman, D.J., Utesch, D., Oesch, F., and Friedberg, T.
(1989) Carcinogenesis 10, 225-228.

11. Nebert, D.W., Adesnik, M., Coon, M.J., Estabrook, R.W., Gonzalez, F.J.,
Guengerich, P., Gunsalus, I1.C., Johnson, E.F., Kemper, B., Levin, W.,
Phillips, 1.R., Sato, R., and Waterman, M.R. {1987) DNA 6, 1-11.

12. Bandiera, S., Ryan, D.E., Levin, W., and Thomas, P.E. (1985) Arch.
Biochem. Biophys. 478-482.

13. Utesch, D., Glatt, H.R., and Oesch, F. (1987) Cancer Res. 47, 1509-1515.

14. Seglen, P.0. (1976) Biochim. Biophys. Acta 442, 391-404.

15. Lubet, R.A., Nims, R.W., Mayer, R.T., Cameron, H.U., and Schechtman, L.M.
(1985) Mutat. Res. 142, 127-131.

16. van der Hoeven, T.H. (1984) Anal. Biochem. 138, 57-65.

17. Burke, M.D., Thompson, S., Elcombe, C.R., Halpert, J., Haaparanta, T.,
and Mayer, R.T. (1985) Biochem. Pharmacol. 34, 3337-3345.

18. Levin, W., Thomas, P.E., Reik, L.M., Wood, A.W., and Ryan, D.E. (1984)
IUPHAR 9th International Congress of Pharmacology London 1984, Proceedings
Vol. 3 (W. Paton, J. Mitchell, P. Turner, Eds.), MacMillan Press, London,
pp. 203-209.

19. Waxman, D. (1988) Biochem. Pharmacol. 37, 71-84.

52



