(1971); O. P. Kuzulina, Ya. T. Terletska, L. P.
Syrovatska, Ukr. Biokhim. Zh. 44, 145 (1972).

4. N. Marks, B. D’Monte, A. Lajtha, Texas
Rep. Biol. Med., in press.
5. H. Morishima, T. Takita, T. Aoyagi, T.

Takeuchi, H. Umezawa, J. Antibiot. Tokyo
Ser. A 23, 263 (1970).

6. H. Ikezawa, T. Aoyagi, T. Takeuchi, H. Ume-
zawa, ibid. 24, 488 (1971); J. F. Woessner,
Biochem. Biophys. Res. Commun. 47, 965
(1972); A. J. Barrett and J. T. Dingle,
Biochem. J. 127, 439 (1972).

7. N. Marks and A. Lajtha, in Handbook of
Neurochemistry, A. Lajtha, Ed. (Plenum,
New York, 1971), vol. 5A, p. 49.

, Biochem. J. 89, 74 (1965); N. Marks,
B. D’Monte, A. Lajtha, in preparation.

9. N. Marks, Int. Rev. Neurobiol. 11, 57 (1968);

, R. K. Datta, A. Lajtha, J. Biol.
Chem. 243, 2882 (1968).

10. S. Serra, A. Grynbaum, A. Lajtha, N.
Marks, Brain Res. 44, 579 (1972).

11. J. Tang, Methods Enzymol. 19, 406 (1970).

12. N, Marks and A. Lajtha, ibid., p. 343.

13. J. D. Geratz, Arch. Biochem. Biophys. 111,
134 (1965).

14. M. Dixon and E. C. Webb, Enzymes (Acade-
mic Press, New York, ed. 2, 1964).

15. R. Vogel, 1. Trautschold, E. Werle, Natural
Proteinase Inhibitors (Academic Press, New
York, 1968).

16, H. Keilova, K. Bhaha, B. Keil, Eur. J.
Biochem. 4, 442 (1968); Coll. Czech. Chem.
Commun. 33, 131 (1968).

17. F. Gross, J. Lazar, H. Orth, Science 175,
656 (1972); R. P. Miller, C. J. Poper, C.
W. Wilson, E. De Vito, Biochem. Pharmacol.
21, 2941 (1972).

18. This work was supported in part by grant
NB-03226 from the U.S. Public Health Service
and by grant 874-4-1 from the National Multi-
ple Sclerosis Society.

20 April 1973 | ]

Gas Chromatographic Assay of Epoxide Hydrase
Activity with 3-Methylcholanthrene-11,12-Oxide

-on an

Abstract. Epoxide hydrase has been measured in rat tissue with 3-methylcholan-
threne-11,12-oxide as substrate; diol formation was assayed by gas chromato-
graphic separation of the trimethylsilylated derivative of trans-11,12-dihydro-11,-
12-dihydroxy-3-methylcholanthrene from the corresponding derivative of the 11
(or 12)-hydroxy-3-methylcholanthrene on 3 percent OV-17, which is formed from
the 11,12-oxide during the derivatization. The polycyclic hydrocarbons were
extracted initially from the incubation mixture with ethyl acetate. The assay is

have developed a relatively simple and
sensitive gas chromatographic method
in which the formation of the trans-
11,12-dihydrodiol of 3-methylcholan-
threne (3MC) is measured as a tri-
methylsilyl derivative. We have reported
the gas chromatographic characteristics
and the mass spectral patterns of the
trimethylsilylated derivatives of the 11,-
12-oxide and of the cis- and trans-11,12-
dihydrodiols (8). We now report the
details of the assay system.

Gas chromatography was conducted
instrument (Nuclear-Chicago
model 5000) containing a U-tube glass
column (4 mm by 1.8 m) which was
packed with Gas Chrom Q (100 to 120
mesh) coated with 3 percent OV-17
(Applied Science). The injection tem-
perature was 335°C; the detector tem-
perature was 255°C; the carrier gas was
N,, flowing at 60 ml/min. The chro-
matogram was programmed from 220°
to 280°C at 3° per minute. The 11,12~
oxide and frans-dihydrodiol derivatives
were prepared by the procedure of Sims
(9). Microsomes were prepared from
livers of adult male Charles River rats

simple, inexpensive, and sensitive.

Chemical carcinogens of the poly-
cyclic hydrocarbon type are thought to
exert their effect after modification to
metabolically active derivatives (I). In
this regard, Bcvland proposed that
epoxides may be formed from aromatic
ring structures as reactive intermediates
in the transition to diols, phenols, and
conjugates of glutathione (2). Since that
time, epoxides have been reported as
intermediates in the metabolism of
polycyclic hydrocarbons (3). The K-
region oxides are highly reactive sub-
stances and produce malignant trans-
formations of cells in vitro (4).

Not only is the rate of synthesis of
the K-region oxides of the polycyclic
hydrocarbons important, but considera-
tion must also be given to their rate
of metabolism. Thus, it has been
shown that these reactive substances
may be converted to trans-dihydrodiol
derivatives by a microsomal epoxide
hydrase (5). The hydrase has been
partially purified from the microsomes
of guinea pig liver and may actually
represent a heterogeneous class of
enzymes (6). Consequently, the intra-
cellular quantity of the reactive epoxide
derivative will be a function of the
levels of epoxide synthetase and hy-
drase enzymes.

Although the hydration of styrene-
oxide has been employed as the basis
for the hydrase assay in previous work
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- mg of protein) were first incubated in

after homogenization of the tissue in
0.25M sucrose (1 g of tissue per 5 ml
of sucrose). The homogenate was centri-
fuged at 9,000g for 15 minutes at 0°C,
and the supernatant was recentrifuged
at 100,000g for 1 hour at 0°C. The

(7), this reaction might not reflect an
accurate assay of the formation of
trans-dihydrodiol derivatives of poly-
cyclic hydrocarbons. Accordingly, we

Fig. 1. Gas chromatogram of participants
in the epoxide hydrase assay. The chro-
matogram was programmed from 220° to
280°C at 3° per minute. A4, Silylated
trans-diol; B, Cs. standard [dotriacontane
(Applied Science)]; C, silylated phenol
(from the oxide). Rat liver microsomes (2.3

10

0.1M sodium phosphate buffer, pH 8,
in a total volume of 0.4 ml for 2 min-
utes at 37°C. The 11,12-oxide (50 pg
in 0.05 ml of dimethyl sulfoxide) was
then added, and the incubation mixture
was shaken at 37°C for an additional 10
miputes. This amount of dimethyl sulf-
oxide. had no effect on the enzyme activity.
Boiled microsomes served as controls in
this and all further experiments. After the incubation, the tubes were plunged into
an ice bath to halt the reaction, and 2.0 ml of ethyl acetate was added. The poly-
cyclic hydrocarbons were extracted with shaking for 10 minutes and the suspension
was then centrifuged at 600g for 5 minutes. The organic solvent layer (top) was with-
drawn, and the aqueous layer was reextracted with an additional 1.0 ml of ethyl
acetate. The ethyl acetate extracts were combined, a 2.5-ml portion was removed, and
the organic solvent was evaporated under nitrogen. The residue was washed with ap-
proximately 1 ml of anhydrous ethyl cther and the latter was also evaporated off
under nitrogen. The remaining residue was trimethylsilylated under the following con-
ditions: To each tube was added 20 ul of Tri-Syl (Pierce) and, after the resultant
stoppered mixture was heated at 60°C for 30 minutes, 10 ul of N,O-bis-(trimethylsilyl )-
trifluoroacetamide (Pierce) was introduced. The solution was brought to a final vol-
ume of 70 ul by the addition of acetonitrile, and the derivatives were stored at 5°C
for no longer than 12 hours. At this juncture thin-layer chromatography of the silyl-
ated derivative in a benzene-ethanol system (19 :1) showed no underivatized diol
present; then 5-ul portions were injected into the gas chromatograph for analysis.
The ordinate is given as relative intensity (RI) and abscissa as increasing temperature
(T). The derivatives are stable under these conditions.
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top of the resultant pellet was carefully
washed with 1.15 percent KCl, and
the pellet was suspended in 1.15 per-
cent KCI. Protein concentration was
determined by the method of Lowry
et al. (10).

The gas chromatographic analysis is
presented in Fig. 1. We observed that
the presence of microsomal protein did
not significantly influence the quantita-
tive aspects of the extraction of trans-
dihydrodiol. More than 90 percent of
diol was recovered in the presence of
2.5 to 10 mg of microsomal protein
over a range of diol concentrations of
20 to 100 pg per 0.4 ml of assay
system. Peaks showing low retention
times (indicated by arrows) were also
present
from microsomes alone.

The large peak following the Csy
standard (B) was identified by mass
spectrometry (1) as the trimethylsilyl
ether of cholesterol. This compound
has the same retention time as the silyl-
ated derivative of cis-11,12-dihydro-
11,12 - dihydroxy-3-methylcholanthrene
(cis-diol). However, under our assay
conditions, no cis-diol could be detected
from the mass spectral fragmentation
pattern associated with this peak,
indicating that the microsomal reaction
is stereospecific.

The major enzyme activity is asso-
ciated with the microsomal fraction,
although the fraction sedimenting at
600 to 20,000g had a specific activity
which was approximately 30 percent
that of the 100,000g pellet (4.0 as
compared to 11.2 nmole of diol formed
per milligram of protein per 10
minutes). A good deal of the former
activity may be associated with micro-
somal contamination. No activity could
be found in the 100,000g supernatant.

The reaction appeared linear for up
to 10 minutes and, consequently, the
latter time was chosen as a part of the
assay conditions. A study of velocity of
the reaction plotted against substrate
concentration indicated that 0.44 mM
oxide (50 ng) was sufficient to saturate
the system; a calculated Michaelis con-
stant (K,,) for this substrate was 2.8 X
10—4 M. Enzyme activity was also di-
rectly proportional to the protein con-
centration of liver microsomes, up to
10 mg of protein per incubation.

The distribution of activity with
respect to rat tissues is indicated in
Fig. 2. Liver microsomes had the
greatest activity, whereas those from
kidney and lung appeared to be 25
and 5 percent as active, respectively.
No demonstrable enzyme activity could
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in control extracts obtained
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Fig. 2. Epoxide hydrase activity in rat

tissues. Microsomes from the tissues of
three male rats (approximately 120 g)
were prepared as described in the text.
Each incubation received 3.0 mg of mic-
rosomal protein and the number of nano-
moles of trans-diol formed were mea-
sured. The bars indicate the standard error.

be detected in microsomes from either
spleen or small intestine. Finally, as
reported by Oesch et al. (12) for the
hydration of styrene oxide, equimolar
quantities of  3,3,3-trichloropropene
oxide completely inhibited the forma-
tion of the diol from 3-methylcholan-
threne oxide (data not shown).

In conclusion, we have demonstrated
a relatively simple method for deter-
mining epoxide hydrase activity which
is based on the conversion of 3-methyl-
cholanthrene-11,12-oxide to the cor-
responding diol. The gas chromato-
graphic assay is advantageous because

(i) it requires only readily available
substrates and should be applicable to
various arene oxides, and (ii) it is
extremely sensitive and can detect less
than 0.2 nmole of diol.

T. A. STOMING, EDWARD BRESNICK
Department of Cell and Molecular
Biology, Medical College of Georgia,
Augusta 30902
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Regulation of Phosphodiesterase Synthesis: Requirement for
Cyclic Adenosine Monophosphate-Dependent Protein Kinase

Abstract. Endogenous cyclic adenosine monophosphate (AMP) and its dibutyryl
derivative increase cyclic AMP phosphodiesterase activity in cultured lymphoma
cells. This effect is prevented by cycloheximide. A variant population of cells
deficient in cyclic AMP—dependent protein kinase contains lower basal phospho-
diesterase activity, which cannot be induced by cyclic AMP.

Adenosine 3’,5’-monophosphate (cy-
clic AMP) is well established as an
intracellular “second messenger” for
many hormones, and plays an important
role in controlling growth of cells. How-
ever, the molecular basis of cyclic
nucleotide action is known for only a
few of these processes. Protein phos-
phokinases specifically activated by
cyclic AMP control the moment-to-
moment activity of several enzyme sys-
tems [for example, glycogen synthetase
and glycogen phosphorylase (/)]. Al-
though similar cyclic AMP-activated

protein kinases are present in most

mammalian cells (2), they have not been
directly implicated as mediators of the
other effects of cyclic AMP, including
induction of the synthesis of specific
enzymes (3, 4) and regulation of cell
growth and differentiation (5). We have
reported the selection of a stable popu-
lation of cultured lymphoma cells defi-
cient in both cyclic AMP-activated pro-
tein phosphokinase and its cyclic AMP—
binding subunit, and have presented
evidence that these cells may prove
useful in defining the role of such
kinases in mediating the diverse actions
of cyclic AMP (6). We now present
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