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Abstract—Male rats injected with 1-phenyl-3-(2-thiazolyl)-2-thiourea (U-14,624) (25 mg/kg/day i.p.) for
3 days prior to induction of anesthesia with pentobarbital (40 mg/kg, i.p.) slept significantly (P < 0.05)
longer than control animals. Plasma and brain half-lives of pentobarbital were also prolonged in the
treated animals, but both control and treated groups awakened with similar brain levels of pentobarbital.
In addition, the plasma half-life of antipyrine in treated animals was also prolonged significantly.
Subacute administration of U-14,624 (50 mg/kg/day i.p.) to male rats for 5-7 days suppressed the
activities of aminopyrine N-demethylase, aniline hydroxylase and p-nitroanisole O-demethylase enzymes
in vitro; this effect could not be demonstrated at lower doses. Single doses of U-14,624 (100-200 mg/kg,
i.p.) also suppressed the activities of the three oxidative enzymes. The suppression was positively .
correlated with reduced levels of hepatic microsomal cytochrome P-450. Levels of cytochrome bs and
NADPH-cytochrome ¢ reductase activity were not affected consistently by acute dosage with U-14,624,
The inhibitory effects of single doses (100-400 mg/kg, i.p.) on all enzymatic systems were reversible,
and recovery was complete within 48 hr. Whereas all three oxidative drug-metabolizing enzymes were
inhibited in a mixed manner by in vitro exposure to U-14,624 (107°-10"2 M), neotetrazolium diaphorase
was not inhibited by U-14,624 at concentrations as high as 5 mM. Inhibition of oxidative drug metabolism
by U-14,624 is mechanistically related to depletion of cytochrome P-450, but inhibition of these enzymes
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in vitro indicates that a second inhibitory mechanism may also be operative.

1-Phenyl-3-(2-thiazolyl)-2-thiourea (U-14,624) has
been used extensively as a pharmacological tool to
deplete central norepinephrine (NE) levels as a
consequence of its ability to inhibit the copper-con-
taining enzyme, dopamine p-hydroxylase [1-4].
Effects associated with U-14,624 administration
alone or prior to other drugs have usually been
interpreted in terms of the central dopaminergic
system without consideration of a possible peripheral
contribution to pharmacological responses [5-22].
At least two effects of U-14,624, its ability to protect
against the neurotoxicity of 6-hydroxydopamine and
its ability to impair the diabetogenic action of
alloxan, apparently are unrelated to its inhibition of
dopamine B-hydroxylase [23]. Preliminary studies in
this laboratory indicated that animals pretreated with
U-14,624 were more sensitive to pentobarbital anes-
thesia than were control animals under similar
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experimental conditions. Potentially, this finding
may be explained by a central and/or peripheral
action of U-14,624. The present study was initiated
to investigate the possibility that this highly lipophilic
metal chelator may modify the functional status of
the hepatic mixed-function oxidase system in the
male rat.

MATERIALS AND METHODS

Animals. Male Sprague-Dawley rats (Carworth
Farms, New York, NY) weighing 150-260 g were
used in all studies, except as noted. Purina lab chow
and water were available ad lib. during a 12-hr, light—
dark cycle (6:00 a.m.—-6:00 p.m.). Six or seven ani-
mals were housed together in wire-mesh cages over
SAN-I-CEL bedding (Paxton Processing Co., Inc.,
Whitehouse Station, NY) in rooms maintained at
22-25°.

Drugs and dosing. U-14,624 (Aldrich Chemical
Co., Milwaukee, WI) was uniformly suspended in
0.9% saline solution containing 1% Tween 80 (Sigma
Chemical Co., St. Louis, MO). The final concentra-
tion of the suspension was 25mg U-14,624 per
ml of suspension. The control suspending agent or
suspensions of U-14,624 were administered intra-
peritoneally in all experiments. A minimum of 24 hr
or a maximum of 48 hr intervened between final drug
injections and the initiation of remaining experi-
mental protocols.
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In vivo procedures. The LD, (48-hr, i.p.) of U-
14,624 was established in two weight ranges of male
rats (184-208 g and 400-510 g) in order to define a
useful, nontoxic dosage range for U-14,624. The LDs,
was computed from the number of deaths at each
dosage level by the moving average interpolation
method of Weil [24]. Four animals were used in each
dosage group.

Analysis of pentobarbital in plasma and brain.
Pentobarbital elimination from plasma and brain
tissues was assessed in animals pretreated with U-
14,624 (25 mg/kg/day x 3, i.p.) and in control ani-
mals. Twenty-four hr after the last treatment, control
and treated animals were divided into groups of five.
Killing and tissue sampling were begun 10 min after
an intraperitoneal injection of pentobarbital
(40 mg/kg) and were terminated when a group of
control and a group of treated animals awakened.
Blood was drawn by aortic puncture under ether
anesthesia and brains (minus cerebella) were
removed following decapitation. Analysis of pen-
tobarbital in tissues was performed according to the
method of Brodie er a/. [25] using a double extraction
with the organic phase.

Plasma clearance of antipyrine. The plasma clear-
ance of antipyrine was monitored in additional
animals (N = §5) pretreated with U-14,624 as above.
Under light ether anesthesia each animal was can-
nulated via the external jugular vein for bolus anti-
pyrine injections (100 mg/kg) and via the femoral
artery for blood collections (0.5 ml) at approximately
20, 40 and 60 min post-antipyrine injection. Plasma
antipyrine was assayed according to the method of
Brodie et al. [26], except that plasma protein was
precipitated with 0.3 N barium hvdroxide and 5%
zinc sulfate.

Microsomal enzyme assays. After either subacute
(50 mg/kg/day x 3-7 days) or acute (50400 mg/kg)
treatment with U-14,624, groups of control and
treated animals were decapitated; their livers were
excised and homogenized in 3 vol. (25% . w/v) of ice-
cold 50 mM Tris-1.15% KCl buffer (pH 7.5). After
centrifugation at 12,000 g for 10 min, 1.0-ml aliquots
of the soluble fractions were assayed for aminopyrine
N-demethylase [27], aniline hydroxylase [28] and p-
nitroanisole O-demethylase [29, 30] activities. Oxi-
dative drug metabolism was evaluated under the
optimal incubation conditions as outlined by Fouts
[31]. Microsomes were isolated from hepatic soluble
fractions by centrifuging aliquots of the soluble frac-
tion for 1 hr at 100,000 g. The resulting pellet was
assayed for protein content by the method of Lowry
et al. [32], using bovine serum albumin as the ref-
erence standard. The cytochrome P-450 and cyto-
chrome bs contents of microsomal suspensions were
determined with an Aminco DW-2 spectrophoto-
meter as described by Omura and Sato [33, 34]. using
extinction coefficients of 91 mM 'em ' and 171
mM~'em™!, respectively. NADPH-cytochrome ¢
reductase activity of these suspensions was estimated
according to the method of Phillips and Langdon
[35] on the same instrument operated at 550 nm in
the time base and split-beam modes. The reductive
process was followed for 5 min at 25° during this
time the assay was linear. An extinction coefficient
of 18.8 mM~'em ™! was employed for determinations
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of NADPH-cytochrome ¢ reductase activity. This
extinction coefficient was calculated from the sodium
dithionite reduction of oxidized cytochrome ¢ (Sigma
Type III).

In vitro enzyme kinetics. Lineweaver-Burk plots
were used to ascertain the capacity of U-14.624 to
inhibit three enzyme systems in vitro. In these kinetic
studies the source of the oxidative enzyme systems
was hepatic supernatant fraction (12,000 g) prepared
from livers of naive male rats, whereas the source
of reductive enzymes (neotetrazolium diaphorase)
was microsomal suspension (7.5 mg protein/ml) from
identical animals. U-14.624. dissolved in acetone
(20 mg/ml), was added to incubation beakers, and
the acetone was evaporated prior to initiation of
incubations.

In all kinetic studies, hepatic fractions (12,000 g
supernatant fractions or 100,000 g suspensions) were
routinely incubated with U-14,624 for 10 min prior
to initiating enzymatic reaction by substrate addition.
Control reactions were run in the absence of U-
14,614; however, the vehicle (acetone) was added
to each and then evaporated. Oxidative enzyme
activities were determined as mentioned previously;
the reductive activity of neotetrazolium diaphorase
was determined in virro according to the method of
Williams and Kiamin [36]. An extinction coefficient
of 14 mM™'em ! was used to quantify neotetrazolium
formazan formation. This reductive pathway was
monitored in order to determine whether U-14.624
would inhibit a microsomal pathway which does not
require cytochrome P-450.

Statistics. The Student’s two-tailed t-test for inde-
pendent samples was used to test for statistical sig-
nificance (P < 0.05) between U-14,624 and control
treatments. All curves represent best-fit regression
curves.

RESULTS

The intraperitoneal LDs, (48-hr) of U-14,624 in
male rats was found to vary with their age and size.
In animals weighing from 184 to 208 g, the LDs, was
found to be 519 mg/kg (95 per cent confidence inter-
val = 436-617 mg/kg). As the animals aged and
increased in weight (400-510g), they became
approximately three times more susceptible to the
lethal effects of U-14,624, an effect evidenced as a
reduction in the LD, to 178 mg/kg (95 per cent con-
fidence interval = 101-313 mg/kg).

Asshown in Fig. 1, U-14,624 pretreatment (3 days
at 25 mg/kg/day, i.p.) prolonged the time required
for clearance of pentobarbital from both the plasma
and brain. The T, of pentobarbital elimination from
plasma was increased from a control value of 48 +
0.3 min to 78 = 0.4 min by U-14,624 pretreatment.
Similarly, U-14,624 pretreatment increased the T,
of pentobarbital elimination from brain from 53 =
0.7min to 90 = 0.7 min. The pentobarbital sleep
time of treated animals (106 £ 7 min) was signifi-
cantly (P < 0.05) prolonged relative to that of con-
trols (64 = 2 min). At the termination of hypnosis,
the mean plasma and brain levels of pentobarbital
(£ S.E.) in control animals were 14.2 + 0.2 ug/ml
and 20.5 = 1.1 ug/g, respectively, while the corre-
sponding levels of the treated animals were 15.3 =
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Fig. 1. Brain and plasma clearances of pentobarbital (40 mg/kg, i.p.) in male rats 24 hr after the cessation

of three daily intraperitoneal injections of U-14,624 (25 mg/kg/day). Pentobarbital concentrations of

cither brain or plasma are shown on the ordinate; the abscissa represents time (min) from the loss of

the righting reflex. Bold arrows denote the return of the righting reflex. At least five animals were used
to establish each point. An asterisk (*) indicates P < 0.05.

0.8 ug/ml and 20.2 = 0.8 ug/g. An identical dosage
schedule also resulted in protracted elimination of
antipyrine from the plasma of treated animals. U-
14,624 pretreatment in this instance increased the
plasma half-life of antipyrine to 152 £ 13 min, which
was 49 per cent greater than the control half-life of
102 = 7 min.

Aithough administration of U-14,624 at
25 mg/kg/day, i.p., for 1-4 days was associated with
no significant change in the activities of aminopyrine
N-demethylase, aniline hydroxylase or p-nitroani-
sole O-demethylase in vitro, it was possible to inhibit
these hepatic drug-metabolizing enzymes by increas-
ing the daily dose of U-14,624 to 50 mg/kg/day as
shown in Table 1. A pattern of enzyme inhibition
was seen with all three enzyme systems in treated
animals with significant suppression (P <0.05) of

aminopyrine N-demethylase and aniline hydroxylase
occurring within 5 days, while 7 days were required
to inhibit significantly p-nitroanisole O-demethylase
activity in vitro.

Single doses of U-14,624 (100-200 mg/kg, i.p.)
produced linear, dose-dependent suppressions of
aminopyrine N-demethylase, aniline hydroxylase
and p-nitroanisole O-demethylase activities. As seen
in Fig. 2, suppression of oxidative enzymatic activity
is strongly correlated with reductions in microsomal
cytochrome P-450 levels. Other components of the
hepatic microsomal electron transport chain
(NADPH-cytochrome ¢ reductase and cytochrome
b;) were not modified consistently by U-14,624 treat-
ments. Recovery from the acute inhibitory effects
of U-14,624 was complete within 48hr in all
SUrvivors.

Table 1. Activities of hepatic microsomal oxidative enzymes in vitro 24 hr after U-14,624 admin-
istration (50 mg/kg/day i.p.) to male rats

Days
pretreatment
with
U-14,624 Treatment Aminopyrine Aniline p-Nitroanisole
(days) group N-demethylase* hydroxylaset O-demethylaset
3 C 96.8 = 4.3 (6) 9.0%1.2 (6) 15.8 1.6 (6)
T 86.7 = 5.9 (6) 9.6 = 1.0 (6) 19.8 £ 1.6 (6)
4 C 117.3 £ 6.3 (6) 11.6 2 0.6 (6) 271 +2.7 (6)
T 106.5 = 7.6 (6) 8.6+ 1.0 (6) 22.0 2.1 (6)
5 C 108.6 = 3.9 (6) 9.8x0.7 (6) 16.2 £ 1.7 (6)
T 78.8 £ 6.68(6) 6.3 % 0.7§(6) 11.6x1.5 (6)
7 C 107.6 £5.2 (4) 125405 (3) 349=1.2 (4)
T 40.3 + 6.0§(4) 3.6 = 1.2§(4) 17.4 = 2.88(4)

* Values represent mean activities expressed as nmoles CH,O formed per 30 min per mg
microsomal protein £ S.E. The numbers of animals are in parentheses.

t Values represent mean activities expressed as nmoles p-aminophenol formed per 20 min
per mg microsomal protein = S.E. The numbers of animals are in parentheses.

t Values represent mean activities expressed as nmoles p-nitrophenol formed per 20 min per mg
microsomal protein + S.E. The numbers of animals are in parentheses.

§ P<0.05.
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Fig. 2. Least squares regression curves and correlation coefficients demonstrating the relationship

between hepatic microsomal cytochrome P-450 levels and oxidative enzymatic activities 24 hr after a

single i.p. dose of U-14,624: (1) 200 mg/kg, N = 6; (2) 150 mg/kg, N = 6: (3) 100 mg/kg, N = 12; and

(4) 50 mg/kg, N = 6. Key: (A) aminopyrine N-demethylase (@); (B) aniline hydroxylase (A ): and (C)
p-nitroanisole O-demethylase ().

Repeated doses (> 25 mg/kg/day i.p.) and single
doses of U-14,624 impeded normal body weight gain,
but reduced initial body weights by less than 10 per
cent in all instances. Liver weight to body weight
ratios and total microsomal protein were not
depressed consistently by doses of U-14,624.

Figure 3 demonstrates that U-14,624 (107°-107*
M) is directly inhibitory when added to oxidative
drug metabolism systems in vitro. The inhibition
appears to be of a mixed type with an increased
apparent K, as well as reduced V,, for all three
systems [37]. Although U-14,624 is inhibitory to
hepatic microsomal aminopyrine N-demethylase,
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aniline hydroxylase and p-nitroanisole O-demethyl-
ase in vitro, it failed to inhibit microsomal neotetra-
zolium diaphorase activity in vitro at concentrations
as great as 5 X 107 M.

DISCUSSION

In contrast to the work of Khalsa and Davis [18],
we observed that the acute toxicity of U-14,624
(LDsy = 519 mg/kg) is not great in young, healthy
male rats. However, as our animals aged and as
respiratory difficulties appeared, the LDs) value was
observed to decrease. We suspect that the apparent
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Fig. 3. Double reciprocal plots of oxidative drug metabolism in the absence (controls) and in the
presence of U-14,624. (A) ammopyrme N- demethylase 2, 4 and 8 X 107> M aminopyrine; (B) aniline
hydroxylase: 4 and 8 X 107*M and 2 x 107> M aniline HCl; and (C) p-nitroanisole O- demethylase
1, 2 and 3 x 1072 Mg” -nitroanisole. Concentratlons of U-14,624 used were: controls (O), 10 °M
(<>) 107 M (@), 107°M (@) and 1072M (A). The source of oxidative enzyme systems and glucose-
6-phosphate dehydrogenase was hepatic soluble fraction (12,000 g) equivalent to 250 mg of liver (7.5 mg

of microsomal protein).
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discrepancy between the LDs, values is a function of
the respiratory difficulties seen with chronically
maintained rats together with the CNS depressant
properties of U-14,624. Animals receiving either
multiple (> 25 mg/kg/day, i.p.) or single doses of U-
14,624 developed static body weight growth patterns.
In the present experiments, U-14,624 depressed nor-
mal body weight increases, but did not cause the
pronounced weight decrements noted by Khalsa and
Davis [38]. Liver mass was not depressed by rela-
tively toxic doses of U-14,624.

Small, nontoxic doses of U-14,624 significantly
impaired the biotransformation of two type I sub-
strates, pentobarbital and antipyrine, in vivo. In the
case of pentobarbital, clearance of the drug was
slowed and sleeping times were prolonged without
any apparent increase in the sensitivity of the CNS
to the anesthetic. In the absence of increased CNS
sensitivity as indicated by identical plasma and brain
pentobarbital levels at awakening, increased bar-
biturate sleeping times can be attributed to inhibition
of barbiturate inactivation by microsomal enzymes
[39]. Welch ez al. [40] have demonstrated that the
plasma clearance of antipyrine accurately reflects the
functional status of several hepatic drug-metaboliz-
ing enzymes. Accordingly, the depressed hydroxy-
lation of antipyrine found in the present experiments
reinforces the hypothesis that U-14,624 is inhibitory
to drug-metabolizing systems in vivo.

Although the activities of hepatic microsomal
aminopyrine N-demethylase, aniline hydroxylase
and p-nitroanisole O-demethylase were inhibited by
multiple as well as single dosage regimens of U-
14,624, the latter regimen is especially effective in
inhibiting oxidative drug metabolism. This suppres-
sion of activity is correlated positively with reduc-
tions in hepatic microsomal cytochrome P-450 levels,
but not with reductions in cytochrome b; levels or
NADPH-cytochrome ¢ reductase activity. The pat-
tern of cytochrome P-450 depression with minimal
effects on other components of the mixed-function
oxidase system very closely simulates the interaction
of disulfiram with these same components [41]. Fur-
thermore, both U-14,624 and disulfiram produce
reductions in the microsomal cytochrome P-450 con-
tent that are quantitatively similar to the reduced
levels of cytochrome P-450 initiated by certain trace
metal deficiencies [42, 43]. It appears from the work
of Wagner and Tephly [44] and Johnson et al. [5]
that both U-14,624 and disulfiram chelate copper
and in this manner depress cytochrome P-450 levels
by interfering with heme biosynthesis. In addition,
both drugs, as chelators of heavy metal ions, may
negatively influence heme synthesis by chelation of
zinc ions which are required for 8-aminolevulinic
acid dehydratase activity and by chelation of mag-
nesium ions which are essential to the functioning
of d-aminolevulinic acid synthetase [43, 45]. Since
the half-life of the porphyrin moiety in cytochrome
P-450 is short-lived (22 hr) relative to that of cyto-
chrome bs (45 hr) [46], the content of cytochrome
P-450 would decrease prior to any change in the
levels of cytochrome bs; as observed in our
experiments.

Mixed inhibition of aminopyrine N-demethylase,
aniline hydroxylase and p-nitroanisole O-demethyl-
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ase resulted when enzymatic preparations from naive
animals were exposed to U-14,624 in vitro. Inhibition
kinetics of this type are frequently interpreted in
terms of two or more enzymes catalyzing the same
reaction or of a single enzyme that is only partially
inhibited [47]. Another explanation for the mixed
inhibition is suggested by the work of Hunter and
Neal [48] and DeMatteis [49]. These investigators
have reported that certain sulfur-containing chemi-
cals cause inhibition of drug metabolism and loss of
cytochrome P-450 on incubation with microsomes
in vitro or after their administration to rats in vivo.
Among these chemicals are disulfiram, diethyldi-
thiocarbamate and thionosulfur compounds of
diverse structure. Metabolic activation by way of
oxidative desulfuration has been implicated in the
mechanism of toxicity of all of these chemicals.
Activation of U-14,624 to a substance which is toxic
to cytochrome P-450 could well be instrumental in
producing the inhibition of drug metabolism
observed in these studies. The evidence of such a
mechanism must await further experimentation.

U-14,624 failed to inhibit the reduction of neo-
tetrazolium to its formazan derivative in vitro. Since
this reaction can proceed via an alternate pathway
not involving cytochrome P-450 [50], this result was
not unexpected. This observation supports the
impression that U-14,624 acts specifically on cyto-
chrome P-450 with minimal involvement of other
MFO components.

Studies which employ U-14,624 to evaluate the
pharmacologic manifestations of drugs after the
establishment of catecholamine imbalance should be
interpreted cautiously. The present data demon-
strate that U-14,624 impairs the bioconversion of
several drugs and prolongs the exposure of animals
to these compounds. In the presence of U-14,624,
pharmacologic responses to administered drugs may
or may not relate directly to inhibition of dopamine
B-hydroxylase.

Acknowledgements—The authors wish to express their
gratitude to A. B. Jones, Ph.D., and M. A. Walz, School
of Pharmacy, The University of Mississippi, University,
MS, for their technical assistance and suggestions. A special
thanks is reserved for Dr. Frank E. Greene, Department
of Pharmacology, Pennsylvania State University, Hershey,
PA, whose expertise in the field of drug metabolism greatly
facilitated our own work.

REFERENCES

1. S. Udenfriend and C. R. Creveling, J. Neurochem. 4,
350 (1959).

2. S. Friedman and S. Kaufman, J. biol. Chem. 240, 552
(1965).

3. S. Friedman and S. Kaufman, J. biol. Chem. 240, 4763
(1965).

4. S. Kaufman and S. Friedman, Pharmac. Rev. 17, 71
(1965).

5..G. A. Johnson, S. J. Boukma and E. G. Kim, J.
Pharmac. exp. Ther. 168, 229 (1969).

6. G. A. Johnson, S. J. Boukma and E. G. Kim, J.
Pharmac. exp. Ther. 171, 80 (1970).

7. G. A. Johnson, S. J. Boukma and E. G. Kim, J.
Pharmac. exp. Ther. 180, 539 (1972).

8. P. Von Voigtlander and K. E. Moore, Proc. Soc. exp.
Biol. Med. 133, 817 (1970).



24

9

10

1.

12.
13.

14.

22.

23.

24,

25.

26.

27.

28.

29.

30

. J« A. Dominic and K. E. Moore. Neuropharmacology
10, 33 (1971).

. J. E. Thornburg and K. E. Moorc, Archs. int. Phar-

macodyn. Thér. 194, 158 (1971).

P. S. Kalia, S. P. Kalia, L. Krulich, C. P. Fawcett and

S. M. McCann, Endocrinology 90, 1168 (1972).

P. D. Thut, Expl. Neurol. 35, 13 (1972).

M. D. Day. A. G. Roach and R. L. Whiting, Eur. J.

Pharmac. 21, 271 (1973).

H. N. Bhargava and E. L. Way.J. Pharmac. exp. Ther.

190, 165 (1974).

. W. D. Gray and C. E. Rauh, Eur. J. Pharmac. 28, 42
(1974).

. A. S. Hollister, G. R. Breese and B. R. Cooper.
Psychopharmacologia 36, 1 (1974).

. A. S. Hollister, G. N. Ervin, B. R. Cooper and G. R.
Breese, Neuropharmacology 14, 715 (1975).

. J. H. Khalsa and W. M. Davis, J. Pharm. Pharmac.
27. 620 (1975).

. W. M. Davis, S. G. Smith and J. H. Khalsa, Pharmac.
Biochem. Behav. 3, 477 (1975).

. H. E. Cheng, R. K. Bhatnagas and J. P. Long, Eur.
J. Pharmac. 33, 319 (1975).

. S. V. Diouva and R. V. Gallo, Endocrinology 99. 651
(1976).

pharmacologia 45, 287 (1976).

G. Cohen, B. Allis, B. Winston, C. Bytelineou and R.
Heikkila, Eur. J. Pharmac. 33. 217 (1975).

C. S. Weil, Biomerrics 8, 249 (1962).

B. B. Brodie, J. J. Burns, C. M. Lester. P. A. Lies.
E. Bernstein and E. M. Papper. J. Pharmac. exp. Ther.
109, 26 (1953).

B. B. Brodie, J. Axelrod, R. Soberman and B. B.
Levy, J. biol. Chem. 179, 25 (1949).

J. Cochin and J. Axelrod, J. Pharmac. exp. Ther. 125,
105 (1959).

417 (1966).

61 (1964).

L. Stinus, A. M. Thierey and B. Cardo, Psycho-

Y. Imai, A. Ito and R. Sato. J. Biochem., Tokyo, 60,

K. J. Netter and G. Scidel, J. Pharmac. exp. Ther. 146,

30.

31.
32.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.
50.

J. R. SMITH, I. W. WATERS and L. W. MASTEN

R. Kato and J. R. Gillette.J. Pharmac. exp. Ther. 150,
279 (1965).

J. R. Fouts, Toxic. appl. Pharmac. 16. 48 (1970).

O. H. Lowry, N. J. Rosebrough. A. L. Farr and R.
J. Randall. J. biol. Chem. 179, 25 (1931).

. T. Omura and R. Sato. J. biol. Chem. 239, 2370 (1964).
. T. Omura and R. Sato. J. biol. Chemn. 239, 2379 (1964).
. A. V. Phillips and R. G. Langdon. J. hiol. Chem. 237.

2652 (1962).

C. H. Williams and H. Kiamin, J. biol. Chem. 237. 587
(1962).

M. Dixon and E. C. Webb. in Enzymes. 2nd Edn. p.
315. Longmans, Greene & Co.. London (1964).

J. H. Khalsa and W. M. Davis. Fedn. Proc. 33. 564
(1974).

B. B. Brodie. P. A. Shore and S. L. Silver. Nature,
Lond. 175. 1133 (1955).

R. M. Welch. Y. E. Harrison and 1. J. Burns. Touxic.
appl. Pharmac. 10, 340 (1967).

M. A. Zemaitis and F. E. Greene, Biochem. Pharmac.
25, 1355 (1976).

G. C. Becking and A. B. Morrison, Biochem. Pharmac.
19, 895 (1970).

G. C. Becking and A. B. Morrison. Biochem. Pharmuc.
19, 2639 (1970).

G. S. Wagner and T. R. Tephly, Adv. exp. Med. Biol.
58. 343 (1975).

A. Cheh and J. B. Neilands. Biochem. biophys. Res.
Commun. 55, 1060 (1973).

H. Greim, J. B. Schenkman, M. Klotzbucher and H.
Remmer, Biochim. biophys. Acta 201, 20 (1970).

H. A. Sasame and J. R. Gillette. Molec. Pharmac. 5.
123 (1969).

A. L. Hunter and R. A. Neal. Biochem. Pharmac. 24,
2199 (1975).

F. DeMatteis, Pharmac. Ther. (A) 2. 693 (1978).

J. R. Gillette, in Advances in Pharmacology (Eds. S.
Garattint and P. A. Shore). p. 232. Academic Press,
New York (1966).



