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cloheximide added directly to the ODC as-
say medium in concentrations up to 0.2 mgI

L had no effect on enzyme activity (data
not shown).

As seen in Figure 2, control mature adult
rat heart ODC displayed saturation kinetics
with a single Km of 261 ± 43 �LM and a Vmax

of 9.01 ± 1.46 nmols/g/hr. Five hours after
treatment with actinomycin D or 15 mm
after cycloheximide the Vmax was less than
half of control values while Km remained

unchanged. Enzyme kinetics of ODC from
rats treated with isoproterenol differed con-
siderably from the controls (Fig. 3). Some

of the enzyme appeared to be in a high
affinity form, with a Km of 30 ± 2 �iM (range
in different batches of adult rats of various
sizes and either sex, 30-50 �LM), but a com-
ponent resembling the low-affinity form
could be detected at the two highest orni-
thine concentrations. A similar pattern was
obtained 24 hr after treatment with T3, with

some of the ODC displaying an apparent
Km of 46 ± 1 �LM and a low-affinity compo-
nent detectable at high concentrations (Fig.

4). Neonatal heart ODC also appeared to
possess a high affinity form, with an appar-
ent Km of 53 ± 2 �.tM (Fig. 5). The kinetic
parameters of the low-affinity component

FIG. 2. Double-reciprocal plot of mature adult

heart ODC in control, actinomycin D (5 hr after 10

mg/kg) and cycloheximide (15 mm after 200 mg/kg)

treated rats

Each point represents the mean of triplicate deter-

minations. For control, Km = 261 ± 43 ILM, V,nax 9.01

± 1.46 nmols/g/hr. For actinomycin D-treated Km =

301 ± 39 fLM (N.S. vs control), Vma, = 3.70 ± 0.48

nmols/g/hr (p < 0.01 vs control). For cycloheximide-

treated, Km = 213 ± 30 LM (N.S. vs control). Vma, =

4.07 ± 0.58 nmols/g/hr (p < 0.01 vs control).
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FIG. 3. Double-reciprocal plot of mature adult

heart ODC in control and isoproterenol-treated rats

(4 hr after 0.2 mg/kg)

Lines were fitted by least squares analysis with the

three highest concentrations as a separate group. Data

points for control appear in Figure 2. For the high-

affinity component in isoproterenol treated rats, K,,,

= 30 ± 2 �M (p <0.001 vs control) and V,,,.�,, = 9.71 ±

0.66 nmols/g/hr.
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FIG. 4. Double-reciprocal plot of mature adult

heart ODC in control and 7�,-treated rats (24 hr after

0.1 mg/kg)

Data points for control appear in Figure 2. For the

high affinity component in T,-treated rats, Km 46

± 1 �LM (p < 0.001 vs control) and Vmax 9.17 ± 0.25

nmols/g/hr (N.S. vs. control).

after isoproterenol or T3 or in the neonate
could not be assessed accurately because of
nonspecific decarboxylation of ornithine oc-
curing in assays with substrate concentra-
tions of 400 �tM or above.

To determine if transcription played a
role in the alteration of the Km produced by

isoproterenol, kinetics were determined in
rats treated with actinomycin D prior to
receiving isoproterenol (Fig. 6). Although

the apparent Km of the high-affinity form
remained the same as that derived from

animals treated with isoproterenol alone,
the apparent high-affinity Vmax of the acti-
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FIG. 5. Double-reciprocal plot of ODC in mature

adult and neonatal (2-day-old) heart

Data points for adult control appear in Figure 2.

For the high affinity component in neonates, Km 53

± 2 �zM (p < 0.001 vs. adult) and Vm,, 17.4 ± 0.7

nmols/g/hr.
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FIG. 6. Double-reciprocal plot of mature adult

heart ODC in isoproterenol-treated rats (4 hr after

0.2 mg/kg) with and without actinomycin Dpretreat-

ment (10 mg/kg 1 hr before isoproterenol)

Data points for rats given isoproterenol alone are

presented in Figure 4. For the high-affinity component

in rats given actinomycin D and isoproterenol, Km

33 ± 3 ;LM (N.S. vs. isoproterenol alone) and Vma,

6.17 ± 0.46 nmols/g/hr (p < 0.002 vs. isoproterenol

alone).

nomycin D-pretreated rats was reduced by

40% vs. the isoproterenol group, a reduction
comparable to that seen in control rats
given actinomycin D alone (Table 1, Fig.
2). The curve maintained its biphasic char-
acteristic at high substrate concentrations.

To determine if an excess “activator” or
ODC might be present in the stimulated
adult heart (isoproterenol or T3) or in the
neonatal heart, or whether an inhibitor
might contribute to the decline in activity

produced by cycloheximide, some super-
natant preparations of the control and of
the experimentals were mixed in vitro be-
fore ODC activities were assayed (Table 2).

Ornithine decarboxylase assays using mixtures of

enzyme samples obtained from rats given various

treatments. T3 (0.1 mg/kg), isoproterenol (0.2 mg/kg),

cycloheximide (200 mg/kg) or saline were adminis-

tered as described in METHODS. Each group represents

mean ± standard error of three determinations. The-

oretical value is midway between the activities of the

two original component samples.

Source of enzyme in assay ODC ac- Theoreti-
tivity cal ODC

activity

(pmols/g/ (pmols/g/
hr) hr)

100� from control adult

rats 382±6

100% from isoproterenol-

treated adults 3800 ± 60

50% from control adults +

50% isoproterenol-

treated 2020 ± 50 2090 ± 33

100� from T,-treated adults 636 ± 18

50C(� control adult 4- 50%

T:rtreated 511 ± 10 509 ± 12

100% from cycloheximide-

treated adults 73 ± 6

50% from control adult +

50% cycloheximide-

treated 241 ± 9 227 ± 6

100% from 2-day-old rats 2360 ± 30

50% from control adult +

50% 2 day old 1330 ± 30 1317 ± 18

In each case, the ODC activities of the
mixed samples agreed with the theoretical

values (midway between the activities of
the two original component samples).

Administration of dibutyryl cyclic AMP
or 8-bromocyclic AMP failed to cause any
significant alteration in heart ODC, but did
stimulate liver ODC (Table 3) . Similar re-
sults were seen with prostaglandin E1,
which increases intracellular cyclic AMP
levels. Theophylline, which itself had a

small direct stimulatory effect on heart
ODC, failed to synergize the effect of iso-
proterenol, as ODC activity with combined
treatment was simply the sum of the two
individual drug effects (Table 4).

DISCUSSION

The rapid increases in heart ODC activ-

ity in response to stimulation could result
from one of two mechanisms: ( 1) a decrease
in the rate of degradation of activity, or (2)
activation or induction of the enzyme. The
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Data points for adult control appear in Figure 2.

For the high affinity component in neonates, Km 53

± 2 zM (p < 0.001 vs. adult) and Vmax 17.4 ± 0.7
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FIG. 6. Double-reciprocal plot of mature adult

heart ODC in isoproterenol-treated rats (4 hr after

0.2 mg/kg) with and without actinomycin D pretreat-

ment (10 mg/kg I hr before isoproterenol)

Data points for rats given isoproterenol alone are

presented in Figure 4. For the high-affinity component

in rats given actinomycin D and isoproterenol, Km

33 ± 3 �AM (N.S. vs. isoproterenol alone) and Vma,

6.17 ± 0.46 nmols/g/hr (p < 0.002 vs. isoproterenol

alone).

nomycin D-pretreated rats was reduced by

40% vs. the isoproterenol group, a reduction
comparable to that seen in control rats
given actinomycin D alone (Table 1, Fig.
2). The curve maintained its biphasic char-
acteristic at high substrate concentrations.

To determine if an excess “activator” or
ODC might be present in the stimulated
adult heart (isoproterenol or T3) or in the
neonatal heart, or whether an inhibitor
might contribute to the decline in activity
produced by cycloheximide, some super-
natant preparations of the control and of

the experimentals were mixed in vitro be-
fore ODC activities were assayed (Table 2).

Ornithine decarboxylase assays using mixtures of

enzyme samples obtained from rats given various

treatments. T3 (0.1 mg/kg), isoproterenol (0.2 mg/kg),

cycloheximide (200 mg/kg) or saline were adminis-

tered as described in METHODS. Each group represents

mean ± standard error of three determinations. The-

oretical value is midway between the activities of the

two original component samples.

Source of enzyme in assay ODC ac- Theoreti-
tivity cal ODC

activity

(pmols/g/ (pmols/g/
hr) hr)

100% from control adult

rats 382±6

100% from isoproterenol-

treated adults 3800 ± 60

50% from control adults +

50% isoproterenol-

treated 2020 ± 50 2090 ± 33

100% from T:rtreated adults 636 ± 18

50% control adult + 50%

T:rtreated 511 ± 10 509 ± 12

100% from cycloheximide-

treated adults 73 ± 6

50% from control adult +

50% cycloheximide-

treated 241 ± 9 227 ± 6

100% from 2-day-old rats 2360 ± 30

50% from control adult +

50% 2 day old 1330 ± 30 1317 ± 18

In each case, the ODC activities of the
mixed samples agreed with the theoretical
values (midway between the activities of

the two original component samples).
Administration of dibutyryl cyclic AMP

or 8-bromocyclic AMP failed to cause any

significant alteration in heart ODC, but did
stimulate liver ODC (Table 3). Similar re-

suits were seen with prostaglandin E1,
which increases intracellular cyclic AMP
levels. Theophylline, which itself had a

small direct stimulatory effect on heart
ODC, failed to synergize the effect of iso-
proterenol, as ODC activity with combined
treatment was simply the sum of the two
individual drug effects (Table 4).

DISCUSSION

The rapid increases in heart ODC activ-
ity in response to stimulation could result
from one of two mechanisms: ( 1) a decrease
in the rate of degradation of activity, or (2)
activation or induction of the enzyme. The
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TABLE 3

Effects of cyclic AMP derivatives and prostaglandin

E on adult rat heart and liver ODC activity

Rats were killed 4 hr after treatment. Each group

represents mean and standard error of the number of

determinations in parentheses.

Treatment ODC activity

Heart Liver

(pmols/g/hr)

Saline vehicle 245 ± 49 (11) 616 ± 68 (11)

Dibutyryl cyclic

AMP (25 mg/kg

s.c.) 249 ± 39 (5) 1179 ± 63” (5)

Dibutyryl cyclic

AMP (25 mg/kg

i.p.) 206 ± 52 (6) 1353 ± 223h (6)

8-Bromo cyclic

AMP (18 mg/kg

s.c.) 190 ± 60 (6) 870 ± 94C (6)

DMSO vehicle 185 ± 32 (6) 502 ± 116 (6)

Prostaglandin E,

(50 pg/kg s.c. in

DMSO) 156 ± 41(6) 1561 ± 343” (6)

“p < 0.001 vs. saline vehicle.

b� < 0.01 vs. saline vehicle.

Cp <0.05 vs. saline vehicle.

d� < 0.02 vs. DMSO vehicle.

TABLE 4

Effect of theophylline on i.soproterenol-induced

stimulation of adult rat heart ODC

All rats were given chiorisondamine chloride (5 mg/

kg s.c.) followed one hour later by theophylline (45

mg/kg i.p.) or vehicle; one hour after theophylline,

saline or isoproterenol sulfate (0.2 mg/kg s.c.) were

given and rats killed 1 hr after this final injection.

Each group represents mean and standard error of 7-

8 determinations.

Treatment Heart ODC
activity

(pmols/g/hr)

Chlorisondamine 288 ± 29

Chlorisondamine + theophylline 667 ±42”

Chlorisondamine + isoproterenol 780 ±58”
Chlorisondamine + theophylline +

isoproterenol 1230 ± 150b

a � < ooo� vs. chlorisondamine.

h� < �oo� vs. chlorisondamine, N.S. vs. sum of

“chlorisondamine + theophylline” and “chlorisonda-

mine + theophylline + isoproterenol” groups.

first hypothesis is unlikely, because the
data obtained with cycloheximide show
that the half-life of heart ODC does not
change substantially during stimulation by

a $-adrenergic agonist (isoproterenol), a
hormone (T3), or during postnatal devel-

opment. In order to determine if the prompt
stimulation of enzyme activity involves a
new form of ODC, the kinetics of the en-
zyme were examined in the two adult stim-
ulation models and in the neonate, and
were compared with the kinetics of ODC in

control adult rats. After treatment with iso-
proterenol, a new form of the enzyme ap-
peared that had a Km for ornithine that was

lower by a factor of 5 to 8. These data
suggest that in the adult the increase in

ODC involves, in part, changes in the sub-
strate affinity of the enzyme. The alteration
appears to be a general response of the
heart to growth stimuli, as nearly identical

results were obtained with hormonal stim-
ulation of adult heart ODC by T3 or in

neonatal hearts.
Does the shift in Km reflect activation of

pre-existing ODC? A number of mecha-
nisms have been proposed previously to
account for interconversion of different

forms of ODC (12) involving various puta-

tive activators and inhibitors of the enzyme.
In the current study, a preliminary attempt
was made to determine if excess activators

or inhibitors were present in preparations
from control or drug-treated rats. In no case
did addition ofsupernatant from stimulated
rats activate ODC from control animals,
nor did supernatant from controls affect
ODC stimulated rats. Thus, if activation is

actually occurring, there appears to be no
excess of the activator present in the ho-
mogenate.

Another possibility is that the shift in
substrate affinity represents differential in-
duction of a second form of the enzyme in

the various types of cells present within the
heart. In an attempt to determine whether
induction of the enzyme participates in
stimulation of activity, studies were con-
ducted in which transcription was inhibited
by treatment with actinomycin D. Studies
in organs and tissues in which ODC can be
induced have demonstrated a dependence
of the induction upon production of new
mRNA (3, 5, 23); thus, increases in ODC
activity in regenerating rat liver, in hepa-
toma cells and in adrenal medulla can be
prevented by pretreatment with transcrip-
tional inhibitors (5, 24, 25). In the present
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SUMMARY

MASSERANO, JOSEPH M. AND WEINER, NORMAN. The rapid activation of adrenal
tyrosine hydroxylase by decapitation and its relationship to a cyclic AMP-dependent
phosphorylating mechanism. Mol. Pharmacol. 16: 513-528 (1979).

Rat adrenal tyrosine hydroxylase appears to exist in two forms that differ primarily in
their affinities for pterin cofactor. In the nonstressed rat that has been anesthetized either

by halothane or pentobarbital, approximately 25% of adrenal tyrosine hydroxylase is in
the activated (low Km) form. Following decapitation, approximately 60% of the enzyme is
found in the active (low Km) form, suggesting that a considerable fraction of the less active
form of the enzyme is rapidly transformed to the active form during stress. A similar,
although more complete, transformation of the less active form of the enzyme to the
active form can be produced if the soluble enzyme from either stressed or nonstressed
rats is incubated in the presence of cyclic AMP-dependent protein phosphorylating
system. In the presence of the cyclic AMP-dependent protein phosphorylating system,
the enzyme from both stressed and nonstressed animals achieves a comparable degree of
activation. These results suggest that stress related activation of tyrosine hydroxylase
may be mediated by a cyclic AMP-dependent protein kinase reaction.

INTRODUCTION

Tyrosine hydroxylase (TH)2 is consid-
ered to be the rate limiting enzyme in the
synthesis of catecholamines in both the pe-
ripheral and central nervous systems (1).

This work was supported by USPHS grants NS

07927, NS 09199 and AA 03527.

� A preliminary report of this work was presented

at the annual meeting of the American Society of

Neurochemistry, Denver, Colorado. ( Trans. Am. Soc.

Neurochem. 8: 144, 1977).

2 The abbreviations used are: TH, tyrosine hydrox-

ylase; 6-MePtH�, 6-methyltetrahydropterin; EGTA,

ethylene glycol bis($-aminoethyl ether)-N,N’-tetra-

acetic acid; TF.S, 2- ([tris-(hydroxymethyl)methylj-

amino) ethanesulfonic acid buffer.

Changes in the activity of TH in cate-
cholaminergic tissues have been attributed
to two basic mechanisms: induction (2) and

activation (3-6).
Induction of TH has been shown to occur

following prolonged stress of the animal,
including cold exposure (7, 8) and immobi-
lization (9, 10); as well as following treat-
ment with various drugs, such as carbachol

(11), reserpine (12) and oxytremorine (13).
The induction of TH requires many hours
and appears to be associated with an in-

crease in enzyme protein, as demonstrated
by immunochemical titration techniques.
The mechanism by which this induction
takes place has been examined by Costa
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Anesthesia. Adrenal enzyme from non-

and coworkers (14) who claim that it is
mediated by a cyclic AMP-dependent pro-
tein kinase reaction involving the translo-
cation of the protein kinase into the flu-
cleus. However, the validity of this hypoth-
esis has been challenged (15).

Acute activation of TH differs from in-

duction of the enzyme in that it can occur
following brief periods of nerve stimulation

(3). This type of activation has been shown

to take place in various preparations, in-
cluding following stimulation of the isolated
hypogastric nerve-vas deferens preparation
(3, 4), in the hippocampus following stimu-
lation of the locus coeruleus (16), and in the
striatum following administration of anti-
psychotic agents (6, 7).

Activation of TH also can be produced
by a cyclic AMP-dependent protein phos-
phorylating system (3, 5, 18, 19). Soluble,

crude enzyme may be activated by exposure
to MgCl2, ATP and cyclic AMP. In addi-
tion, treatment of various tissue prepara-

tions, including rat striatal slices (20, 21),
striatal and mesolimbic synaptosomes (22),
rat striatal homogenates (23) and intact vas
deferens (3) with dibutyryl cyclic AMP or
other cyclic AMP analogs is associated with
an increase in TH activity in these more
intact systems. Evidence for the phospho-
rylation of TH by a cyclic AMP-dependent
phosphorylating mechanism has been pro-
vided by experiments utilizing purified en-

zyme from various tissue preparations, in-

cluding bovine striatum (24), rat striatum
(25), rat pheochromocytoma (26), bovine

chromaffin cells (27) and bovine adrenal
medulla (28). Earlier efforts to demonstrate
direct phosphorylation of TH from either
rat striatum (5) or bovine caudate (29)
yielded negative results.

Weiner and co-workers (3, 30) have at-
tempted to relate the in vitro activation of
TH by the cyclic AMP-dependent protein

kinase system to the enzyme activation as-
sociated with nerve stimulation. They have
found that stimulation of the hypogastric
nerve-vas deferens preparation produces an
increase in TH activity within a fraction of

a minute. The addition of cyclic AMP, ATP

and Mg�� to soluble enzyme prepared from
stimulated and control tissues produces an
activation of both the less active enzyme

from unstimulated preparations and a less
dramatic increase in activity of the more

active enzyme from stimulated prepara-

tions. The activity of TH from control and
stimulated tissues in the presence of the
cyclic AMP-dependent protein phosphoryl-
ating system is similar, suggesting that the
effects of nerve stimulation may be me-
diated through a cyclic AMP-dependent
mechanism.

The purpose of these experiments was to

determine whether a similar activation can
occur in adrenal medulla tissue as a conse-
quence of the application of acute stress to
the intact animal.

Material

METHODS

Animals. Male-Sprague-Dawley rats
weighing 250 to 400 g were obtained from
Charles River Laboratories (Wilmington,
Massachusetts). Animals were housed in
groups of four to six with free access to food
and water.

Drugs and assay chemicals. Drugs were
obtained from the following companies: so-
dium pentobarbitai (Diamond Laborato-
ries, Des Moines, Iowa); halothane (Ayerst

Laboratories, New York, New York); ether
(J. T. Baker Chemical Company, Phfflips-
burgh, New York); chiorisondamine hydro-

chloride (Ciba Pharmaceutical Company,
Summit, New Jersey); and hexamethonium

bromide (Sigma Chemical Company, St.
Louis, Missouri).

Chemicals were purchased from the fol-
lowing companies: 6-methyltetrahydrop-
tern HC1 (6-MePtH4), Calbiochem (San
Diego, California); catalase, Boehringer-In-
getheim, Ltd. (Elinsford, New York); 1-’4C-
L-tyrosine and gamma-[32P]ATP, New
England Nuclear (Boston, Massachusetts);
dithiothreitol, histone, pyridoxal 5’-phos-
phate, NADPH, 3-iodotyrosine, cyclic

AMP and ATP, Sigma Chemical Company
(St. Louis, Missouri). All other reagents
were of the highest purity available com-
mercially.

Procedures for removal of adrenal glands
fr om stressed and nonstressed animals
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decapitated (nonstressed) animals was ob-
tamed by anesthetizing the animals with

either pentobarbital, halothane or ether
and removing the adrenal glands surgically.
An adequate anesthetic state was defined
as that level of anesthesia at which the
animals exhibit no blink reflex or response
to a small abdominal skin incision. Once

adequate anesthesia was obtained, the ab-
domen was opened and the adrenal glands
were removed, placed upon filter paper, and
maintained at 4#{176}on ice. The adrenal me-
dulla was then dissected out and immedi-
ately frozen on dry ice.

Pentobarbital anesthesia was induced by

the administration of 60 mg/kg of this com-
pound intraperitoneally. Anesthesia with
the volatile anesthetics was produced by
placing the animals into a one gallon jar
and injecting either halothane (0.066 vol-

ume %) or ether (0.2 volume %) onto gauze

attached to the underside of the jar lid. The
volatile anesthetic doses were calculated to
achieve a partial pressure which would pro-
duce surgical anesthesia within a five mm-
ute period.

Decapitation stress procedures. In the
studies in which the effects of pentobarbital
were assessed, control animals were in-

jected with 1 mi/kg of saline and five mm-
utes later the rats were decapitated, using
a small animal guillotine. In studies in
which the effects of either ether or halo-

thane were assessed, control animals were
placed in a one gallon jar for a period of five

minutes, removed and decapitated. The ad-
renals were removed and processed as de-
scribed above.

Administration of ganglionic blocking

agents. Chlorisondamine, 50 mg/kg, was
administered subcutaneously 4 hours prior
to either pentobarbital administration or
decapitation. Control rats received saline,
1 mi/kg, subcutaneously, four hours prior

to the removal of the adrenal gland. In
some cases chlorisondamine (15 mg/kg) or
hexamethonium (15 mg/kg) was adminis-
tered one hour before killing the animals.
Adrenal glands were removed as described
above.

Tissue preparation and assay of TH.
The adrenal medullae were weighed and
homogenized in 9 volumes of 0.05 M Tns-

acetate buffer, pH 6, containing 0.2% Triton

X-100. The homogenate was centrifuged at
40,000 x g for 30 mm at 4#{176}.One-half milli-
liter of the supernatant was passed over a

Sephadex-G25 column (28 cm x 0.9 cm) to
remove catecholamines and other small
molecules and the protein fraction was
eluted with homogenization buffer. The one
milliliter fraction following the void volume
(4.5 ml) was collected and 20 �tl aliquots of
the eluate fraction containing TH, as deter-
mined in preliminary experiments,, were
employed in each assay.

The TH activity of the adrenal tissue was
determined by means of the coupled decar-

boxylase assay (31) as modified by Zivkovi#{233}
et al. (6). The standard assay mixture (100

�d) contained: 90 mM potassium phosphate
buffer (pH 6.2), 20 mM Tris-acetate buffer
(pH 6), 10 mM sodium phospate buffer (pH
7), 1 mM 6-MePtH4, 0.5 mM NADPH, 4 m�i

pyridoxal 5’-phosphate, 2 �il hog kidney L-

aromatic amino acid decarboxylase (pre-
pared according to the method of Waymire
et al. [31]), 1,666 units of catalase, 10 �.il
sheep liver pteridine reductase (prepared

according to the method of Kaufman
[32]). The Tris acetate buffers and sodium
phosphate buffers are employed to dissolve

the NADPH and 6-MePtH4, respectively
(6). The final pH in the assay was 6.2. When
kinetic studies were performed, either the

6-MePtH4 concentration was varied from
0.033 mM to 1 mM, or the tyrosine concen-
tration was varied from 0.66 �tM to 100 �tM.

In cases where the “cyclic AMP-depend-
ent protein phosphorylating system” was
employed, the following compounds were

added to the assay mixture in a final total
volume of 100 zl: 0.1 rnr�i cyclic AMP, 0.5
mM ATP, 0.8 mM theophylline, 20 mM NaF,
20 mr�i magnesium acetate, and 0.12 m�i
EGTA (17).

Each sample was assayed in duplicate.
An additional tube, serving as a blank, con-
tamed ingredients identical to those in the
assay tubes, plus 2 mM 3-iodotyrosine in
0.01 N HC1. To the assay mixture was
added, at 4#{176},20 �tl of the adrenal enzyme
(after Sephadex chromatography) and, fi-
nally, 1-[’4C]L-tyrosine. Except in those ex-
penments where tyrosine concentration
was varied, the final concentration of
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[“1Cltyrosine employed was 0.1 mM (spe-

cific activity, 10 mCi/mmole).
Following the addition of substrate, the

tubes were capped with a rubber septum

from which a plastic well was suspended,
and the reaction was initiated by placing
the stoppered tubes into a 37#{176}bath. Each

sample was incubated for 20 mm, and then
transferred to an ice bath. This reaction
was linear with enzyme concentration and
with time for at least 30 mm. At the end of
20 mm, 50 �tl of 20 mM 3-iodotyrosine in 1
M sodium phosphate buffer, pH 8.0, was

added. The assay tube was then incubated
for an additional 30 mm at 37#{176}to allow for
the quantitative conversion of [‘4C]dopa to
‘4C02 and dopamine. The reaction was
stopped by injecting 0.1 ml 1.6 N perchioric

acid into the assay tube. Two-tenths miii-
liter of NCS solubiizer (Amersham Searle
Corporation, Arlington Heights, Illinois)
was injected into the plastic well suspended
from the rubber septum covering the top of
the assay tube and the tube was incubated
for an additional hour at 37#{176}to allow for
quantitative collection of the liberated CO2.
The plastic well was then removed and
placed into a scintillation vial to which was
added 10 ml scintillation fluid containing
0.5 g 1,4-bis(2-(4 methyl-5-phenyloxazolyl))

benzene (di-methyl POPOP), 4.9 g 2,5-di-
phenyloxazole (PPO) and 5 ml ethanol per

liter of toluene. Radioactivity was counted

by liquid scintillation spectrometry. Count-
ing efficiency was 85%. Protein was deter-
mined by the method of Lowry et al. (33).
Results are expressed as nmols product

formed per mg protein per hour.

Assay of cyclic AMP: Two adrenal me-

dullae were homogenized in one milliliter of
5% trichloroacetic acid to extract cellular
cyclic AMP. The homogenate was centri-

fuged at 4,000 x g for 20 mm at 4#{176}.The
supernatant was passed over a Dowex col-
umn according to the procedure of Su et al.
(34) to separate cyclic AMP from other
nucleotides. Cyclic AMP was assayed by
the radioimmunoassay procedure of Harper

and Brooker (35).
Assay of protein kinase. Protein kinase

was assayed based on the method of Lan-
gan (36). Four adrenal medullae were ho-
mogenized using a teflon pestle in 15 vol-

umes of buffer (pH 6.0) containing 10 mrvi

potassium phosphate, 10 mi�’i EGTA and 5
mM theophylline. The homogenate was
centrifuged at 40,000 x g for 15 mm at 4#{176}.

The protein kinase activity was assayed
within 20 mm in the presence and absence

of 20 �iM cyclic AMP. The assay mixture
(240 .tl) contained: 50 nmt TES (pH 6.5), 5

mM MgCl2, 1 mM dithiothreitol, 200 �tg his-
tone and 25 �il gamma-[32P]ATP (specific
activity, 45 jiCi/mole). The reaction was
initiated by placing 10 jil of supernatant
into the assay mixture and placing the assay
tubes into a 37#{176}bath. The tubes were in-
cubated for 5 mm and the reaction was
terminated by the addition of 2.25 ml of
28% TCA to each tube. Each sample was
passed over a Millipore filter (0.45 jim) and
washed with 16 ml of 25% TCA. Following

the wash the ifiters were allowed to dry and
then placed into 10 ml Omnifluor-toluene

(0.4%) fluid and counted by liquid scintil-
lation spectrometry.

Calculations and statistics. All differ-
ences between treatment groups were ana-

lyzed by the Student’s t-test for paired sam-
ples with a program from the Olivetti Pro-
gramma 101 computer. For the kinetic stud-
ies, the results were analyzed according to
the method of Lineweaver and Burk and
the kinetic constants were determined by
weighted linear regression analysis accord-
ing to the procedure developed by Wilkin-

son (37), employing the Olivetti computer
program. AU calculations from the kinetic
data presented in this paper were per-
formed to obtain the apparent Km and the
apparent Vmax values.

RESULTS

The apparent Km for tyrosine for the
adrenal enzyme from untreated, decapi-
tated rats is 58 jiM when the assay is per-
formed in the presence of 1 mM 6-MePtH4.
The Lineweaver-Burk plot of enzyme activ-
ity vs. tyrosine concentration yields a

straight line, suggesting that the enzyme
obeys Michaelis-Menten kinetics (Fig. 1).
The apparent maximal velocity of the en-
zyme reaction is 68 ± 9 nmols product
formed per hour per mg adrenal medulla
supernatant protein.

Kinetic analysis of the adrenal medulla




