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SUMMARY

CHALFIE, MARTIN, SETTIPANI, LAUREL & PERLMAN, ROBERT L. (1979) The role of

cyclic adenosine 3’:5’-monophosphate in the regulation of tyrosine 3-monooxygenase
activity. Mol. Pharmacol., 15, 263-270.

The activity of tyrosine 3-monooxygenase (TH) was measured in extracts of cell suspen-
sions prepared from a rat pheochromocytoma. Incubation of the cells with cholera toxin
(0.1-1 jig/mI) or dibutyryl cAMP (1 nmi) leads to an increase in TH activity in the cells.

The effects of these agents are not dependent upon the presence of extracellular Ca24’,

and are not blocked by diphenyihydantoin, an inhibitor of Ca24’ uptake into the cells. The
activation of TH by cholera toxin occurs after a lag period of 10-15 min, and is associated

with a large rise in cAMP levels in the cells. Cholera toxin and dibutyryl cAMP increase

the rate of catecholamine biosynthesis in these cells, but have no effect on the secretion
of catecholamine from the cells. Incubation of the cells in media containing 56 mr�i K4’
also leads to the activation of TH. However, this treatment does not result in a rise in

cAMP levels, nor does it increase the rate of formation of [3H]cAMP from [3H]adenine in
these cells. These results are consistent with the hypothesis that TH can be regulated by

two distinct pathways, one of which involves cAMP, and the other of which is independent
of the nucleotide.

INTRODUCTION

A growing body of evidence suggests that
cAMP3 may play a role in the regulation of

catecholamine biosynthesis. Dibutyryl
cAMP increases catecholamine synthesis in

brain slices (1) and in synaptosomes (2),
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and cAMP activates tyrosine 3-monooxy-

genase (E.C. 1.14.16.2, TH) in vitro (3-7).
We have been studying the regulation of

catecholamine biosynthesis in cell suspen-

sions prepared from a transplantable rat
pheochromocytoma (8). Incubation of these

cells in media containing 56 nmi K4’ pro-
duces an activation of TH, and an increase
in catecholamine synthesis. We have now
investigated the effects of cholera toxin and
of dibutyryl cAMP on TH activity and cat-
echolamine biosynthesis in these cells.
These studies provide the first direct cor-
relation between intracellular cAMP levels

and TH activity.

MATERIALS AND METHODS

Cell suspensions were prepared by me-

chanical disruption of the pheochromocy-
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toma (9), and were pre-incubated for one
30-mm period at 37#{176}in KRPG, under an
atmosphere of 100% 02. The cells were col-

lected by centrifugation at 800 x g for 40
sec at room temperature, and were resus-
pended in fresh medium. Aliquots of the

cell suspensions were then incubated with
the various test agents as described in the
text. Following incubation, the cells were

chilled, collected by centrifugation, and
lysed by freeze-thawing in a dry ice-acetone

bath, as previously described (10). Cate-
cholamines were removed by passage of the
extracts over Dowex 50 columns (10), and
TH activity in the catecholamine-free ex-
tracts was assayed by measuring the for-
mation of 1H20 from L-[3,5-3H]tyrosine, ac-
cording to a modification (10) of the
method of Shiman et al. (11). TH assays
were routinely carried out for 15 mm at 30#{176}

in 0.1 M sodium phosphate, pH 6.8, in the
presence of 10 jiM L-[3,5-3H]tyrosine and

300 jiM 6, 7-dimethyltetrahydropterin

(DMPH4). Reduced pteridine cofactor was

regenerated by dihydropteridine reductase
and NADPH (0.5 nmi); the dihydropteri-
dine reductase and NADPH are both pres-
ent in excess. The apparent Km of TH for
DMPH4 was determined in experiments in
which the DMPH4 concentration was var-
ied between 50 and 1000 jim; the apparent
Km of the enzyme for tyrosine was deter-
mined in experiments in which the tyrosine
concentration was varied between 5 and

100 /.LM, and in which DMPH4 was replaced
by tetrahydrobiopterin (300 jiM). TH activ-
ity was constant for at least 15 mm under
all of these conditions. The 3H20 produced
in the TH reaction was collected by passing

the samples over Dowex 50 columns, as

described by Nagatsu et al. (12). TH activ-
ity was estimated after subtraction of the
radioactivity found in control, enzyme-free
incubations, and is expressed as pmole ty-

rosine converted to dopa/min/mg protein,
mean ± SEM of experiments performed in
triplicate. Apparent KmS were estimated by

a least-squares analysis of 1/v versus 1/s.

Protein was measured by the method of
Lowry et al. (13), using bovine serum al-
bumin as a standard.

Catecholamine synthesis was estimated

by measuring the incorporation of [‘4C]ty-

rosine into dopamine and norepinephrine,
as previously described (8). In these exper-
iments, cells were pre-incubated for two 30-
mm periods at 37#{176}in KRPG. During the
first 30-mm period, this buffer contained 10
jiM pargyline; this treatment results in an

almost complete inhibition of amine oxi-

dase (flavin containing) (E.C. 1.4.3.4).
When the effect of cholera toxin on cate-

cholamine synthesis was studied, this agent
was present during the second pre-incuba-

tion period, as well as during the subse-

quent incubation period. Aliquots of the
cell suspensions were then incubated for 30
mm at 37#{176}in KRPG (or 56 mivl K4’-KRPG)

containing 10 m� Na ascorbate, 50 jiM L-
[14C]tyrosine (33 jiCi/jimol), and cholera
toxin or dibutyryl cAMP, as indicated. Fol-
lowing incubation, the cells were separated

from the medium by centrifugation through
a layer of silicone oil, catecholamines were
separated by high-voltage electrophoresis,
and the radioactivity incorporated into do-

pamine and norepinephrine was deter-

mined (8).

Catecholamine secretion was measured
as previously described (9).

cAMP levels in the cells were measured
by the competitive protein binding assay of
Brown et al. (14), using a cAMP binding
protein isolated from bovine adrenal cortex.
The binding-inhibitory activity in the cells
diluted out as did authentic cAMP, and was

completely destroyed by treatment of the
extracts for 30 mm with purified cAMP
phosphodiesterase. cAMP formation was

estimated in cells that had been pre-incu-

bated with [3H]adenine, according to a
modification of the method of Kebabian et

al. (15). In these experiments, cells were
pre-incubated for 45 mm in KRPG contain-

ing 10 jiM [2-3H]adenine, 200 jiCi/jimol. The
cells were then centrifuged, washed twice
with KRPG, and resuspended in fresh

KRPG for the experimental incubations.
Following these incubations, 50 jil of 10 mM
cAMP was added to each sample, the cells

were placed in a boiling water bath for 10

mm, and were then centrifuged for 10 mm

at 10,000 x g. One-half mffliiter aliquots of
the supernatant fractions were applied to
0.5 ml columns of Dowex 50-X4, 200-400
mesh, H4’ form, and [3H]cAMP was isolated
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by sequential chromatography on Dowex

50 and alumina columns, according to the
method ofSalomon et al. (16). Estimates of

cAMP formation are corrected for the re-
covery of cAMP in the isolation procedure,
which ranged between 50 and 60%.

KRPG contained 118 mM NaCl, 4.7 mM

KC1, 1.2 mM KH2PO4, 1.2 mi�i MgSO4, 1.25
mM CaC12, 16 mM sodium phosphate, pH

7.4, and 10 mM glucose; 56 mM K4’-KRPG
was prepared by substituting the appropri-

ate amount of KC1 for NaCl. Ca24’-free
buffers were prepared by omitting CaCl2,
and adding 0.1 mM ethyleneglycol-bis-(/3-
aminoethylether)-N,N’-tetraacetic acid. All
buffers were equiibriated with 100% 02 be-
fore use. L-[’4C]tyrosine (uniformly la-

beled), L-[3,5-3H]tyrosine, and [2-3H]ade-
nine were obtained from the New England
Nuclear Corp., Boston, Massachusetts. The

L-[3,5-3Hjtyrosine was purified by the

method of Creveling and Daly (17) before
use. Sheep liver dihydropteridine reductase
was a generous gift from Drs. S. Kaufman

and S. Milstien, National Institutes of
Health, Bethesda, Maryland. Cholera en-
terotoxin, a product of Schwarz Mann, Or-

angeburg, New York, was kindly provided
by Dr. M. Field, Beth Israel Hospital, Bos-
ton, Massachusetts. Tetrahydrobiopterin
was a gift from Dr. W. E. Scott, Hoffmann-

LaRoche, Inc., Nutley, New Jersey. Glass

distified water was used throughout.

RESULTS

We have previously shown that incuba-

tion of pheochromocytoma cells in media
containing 56 mM K4’ results in an activa-

tion of TH. This effect of 56 m�i K4’ is

dependent upon the presence of extracel-
lular Ca24’, and is blocked by diphenylhy-

dantoin, which inhibits the stimulus-cou-
pled uptake of Ca24’ into the cells (10).
Cholera toxin and dibutyryl cAMP also ac-
tivate TH in these cells (Table 1). These
agents, like 56 m�t K4’, produce approxi-
mately a two-fold increase in TH activity.
However, the effects of cholera toxin and

dibutyryl cAMP are not dependent upon
extracellular Ca24’, and are not inhibited by
diphenylhydantoin. In this experiment,

cholera toxin was used at a concentration

of 1 jig/mI, and dibutyryl cAMP was used

TABLE I

Activation of tyrosine 3-monooxygenase by cholera

toxin and dibutyryl cAMP

Pheochromocytoma cells were incubated at 37#{176}in

Krebs-Ringer phosphate glucose buffer, containing the

additions and modifications indicated. Cells were in-

cubated for 10 mm in control medium, in medium

containing 56 mM K4, and in the presence of dibutyryl
cAMP; cells were incubated for 30 mm with cholera

toxis. Following incubation, the cells were collected

by centrifugation, and TH activity was measured as

described. Data are presented as mean ± SEM of

triplicate determinations.

Incubation Tyrosise 3-monooxygenase activ-
conditions ity

1.25 m�i 0 Ca24 0.1 1.25 mM
Ca24 m�i Ca24 0.1

EGTA” mM DPH�

pmole/min/mg protein

Control 13.6 ± 0.3 12.1 ± 2.0 15.9 ± 0.8

56 m�,t K4 30.4 ± 2.1 13.6 ± 0.5 17.8 ± 1.0

Cholera toxin

(1 �g/ml) 30.0 ± 0.5 29.9 ± 1.1 32.6 ± 0.8

Dibutyryl

cAMP

(1 mM) 23.0 ± 0.6 25.9 ± 0.2 23.4 ± 1.6

#{176}Ethyleneglycol-bis-(fl-amisoethylether)-N,N’-tet-

raacetic acid.

h Diphenylhydantoin.

at a concentration of 1 nmi. The toxin pro-
duces a maximal effect at a concentration
of 100 ng/ml, and causes a partial activation

of TH at 10 ng/mI; dibutyryl cAMP at a
concentration of 0.1 nmi does not activate
TH (not shown). Table 1 reports the TH
activity in cells that had been incubated
under control conditions for 10 mm. TH

activity in cells incubated under these con-
ditions remains constant for at least 60 mm.

There is a lag period of about 10-15 mm

between exposure of the cells to cholera
toxin and the activation of TH (Fig. 1). The
enzyme is rapidly activated after this lag
period, and appears to be fully activated
within about 20 mm after addition of the

toxin. Cholera toxin also causes a large
increase in cAMP levels in the pheochro-
mocytoma cells (Fig. 1). In this experiment,

cAMP levels in control cells were approxi-
mately 80 pmole/mg protein, and cholera
toxin produced a six-fold increase in these

levels. The activation of TH is closely cor-

related with this rise in cAMP levels.
The activation of TH by 56 m�i K4’ is
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FIG. 1. Effect of cholera toxin on tyrosine 3-monooxygenase activity and cAMP levels inpheochromocytoma

cells

Cells were incubated at 37#{176}in KRPG containing 1 �tg/ml cholera toxin. At the times indicated, samples were

removed for TH assay (#{149}),and for measurement of cAMP levels (0). TH activity is expressed as pmole tyrosine

converted to dopa/min/mg protein, mean ± SEM of triplicate determinations, cAMP levels are expressed as

pmole/mg protein, mean ± SEM of triplicate determinations.

characterized by an increase in the Vmax of
enzyme activity, and not by changes in the
apparent Km5 of the enzyme for its pteridine
cofactor or for tyrosine (18). It was of inter-
est to determine the effects of cholera toxin
on the kinetic properties of TH. Under our
assay conditions, TH activity in extracts of

control cells has an apparent Km for tyro-
sine of 26 ± 3 jiM (n = 4), and an apparent
Km for DMPH4 in the range of 140-200 jiM

(n = 4). Treatment of the cells with 56 mxVI
K4’ or cholera toxin causes an increase in

the Vmax of TH, but neither treatment re-

sults in a significant change in the apparent
Km of the enzyme for tyrosine or for
DMPH4. Figure 2 presents the results of a
typical estimation of the apparent Km of
TH for DMPH4. In this experiment, the
apparent Km of the enzyme for DMPH4 was

117 jiM in extracts from control cells, 161
jiM in 56 mM K4’-treated cells, and 159 jiM

cholera toxin-treated cells. It appears that
cholera toxin and 56 mI��i K4’ produce similar
changes in the kinetic properties of TH.
Attempts to determine the apparent Km of
TH for tetrahydrobiopterin were frustrated

FIG. 2. Apparent K�, of tyrosine 3-monooxygenase

for DMPH4

Cells were incubated for 30 mm at 37#{176}is KRPG

(0), 56 mM K�-KRPG (El), or KRPG containing 1 �g/

ml cholera toxin (#{149}).Following incubation, the cells

were chilled and collected by centrifugation, and the

apparent K,,, of TH for DMPH4 was determined. The

values shown are for one representative experiment;

three other experiments produced comparable results.

because graphs of 1/v versus 1/s were not
linear for this cofactor. Numata (Sudo) et

al. have reported that TH from bovine
adrenal medulla exhibits two apparent KmS
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for tetrahydrobiopterin (19). Although our

data are in general agreement with the re-
sults of these workers, we were unable to
determine reproducible apparent KmS of
TH for tetrahydrobiopterin.

Because cholera toxin and dibutyryl
cAMP activate TH, it was reasonable to
suspect that these agents might also stim-
ulate catecholamine synthesis in pheochro-
mocytoma cells. As shown in Table 2, both

cholera toxin and dibutyryl cAMP, like 56
mM K4’, do increase the rate of catechola-

mine synthesis in these cells. The increase
in catecholamine synthesis produced by
these treatments is approximately two-fold,

and is thus comparable in magnitude to the

activation of TH that they produce. Under
all incubation conditions, the accumulation
of [‘4C]norepinephrine is greater than the

accumulation of [‘4C]dopamine. Treatment

of the cells with cholera toxin or with di-
butyryl cAMP has no effect on the uptake

of tyrosine into the cells, or on the specific
activity of the intracellular tyrosine pool.
As previously reported, however, the spe-

cific activity of the [‘4C]tyrosine pool in K4’-
stimulated cells is about #{189}that found in
cells incubated under control conditions (8).

TABLE 2

Stimulation of catecholamine synthesis by cholera

toxin and dibutyryl cAMP

Pheochromocytoma cells were incubated for 30 mis

at 37#{176}in Krebs-Ringer phosphate glucose buffer con-

taining 50 �M L-[’4C]tyrosise (33 �Ci4tmol), 10 mM

Na ascorbate, and the other modifications indicated.

Following incubation, the cells were collected by cen-

trifugation through silicone oil, and the radiaoctivity

incorporated into dopamise and norepinephrine was

determined. Calculations of dopamine and norepi-

nephrine synthesis represent the sum of the radioac-

tivity in the cells and in the medium. Data are pre-

sented as mean ± SEM of triplicate determinations.

Incubation condi- Product accumulated
tions

Dopamine Norepi- Total
nephrine cate-

chol-
amine

dpm/min/mg protein

Control 356 ± 7 581 ± 15 937

56mMK4 603±7 1031±7 1634

Cholera toxin (1

�ig/ml) 624 ± 44 1024 ± 44 1648

Dibutyryl cAMP
(1 mM) 726 ± 73 987 ± 29 1713

The effects of cholera toxin and dibutyryl
cAMP on catecholamine secretion were
also determined (Table 3). Under the con-

ditions of our experiments, neither cholera
toxin nor dibutyryl cAMP stimulate cate-
cholamine secretion from the pheochro-
mocytoma cells. In this respect, the effects

of these agents differ from the effects of 56
mM K4’ on the cells.

Because TH can be activated by cholera

toxin and by dibutyryl cAMP, it was im-
portant to determine whether the activa-
tion of the enzyme by 56 mM K4’ was asso-

ciated with a rise in cAMP levels in the
cells. Figure 3 shows the time course of the
effect of 56 mM K4’ on TH activity and on

cAMP levels in pheochromocytoma cells.
Enzyme activity increases without a de-

tectable lag period, and the enzyme appears
to be fully activated within 3-5 mm after
exposure of the cells to 56 m�i K4’. However,
as shown in Fig. 3, 56 m�i K4’ does not cause
a measurable rise in cAMP levels in the

cells.
Because of the high cAMP levels in the

pheochromocytoma cells, we were con-
cerned that we might not be able to detect
small increments in these levels. We there-

fore decided to measure the effects of 56
mM K4’ and cholera toxin on the synthesis
of [3H]cAMP in cells that had been pre-
incubated with [3H]adenine. As shown in

Table 4, treatment of the cells with cholera

TABLE 3

Effect of cholera toxin and dibutyryl cAMP on

catecholamine secretion

Pheochromocytoma cells were incubated for 30 mis

at 37#{176}in Krebs-Ringer phosphate glucose buffer, con-

taining the modifications indicated. Following incu-

bation, the cells were removed by centrifugation, and

the catecholamise content of the incubation medium

was determined. Catecholamine secretion was calcu-

lated after subtraction of the small amount of cate-

cholamise found in the medium of cell suspensions

that had been maintained at 0#{176}.Data are presented as

mean ± SEM of triplicate determinations.

Incubation conditions Catecholamine
secretion

nmole/mg protein

Control 0.2 ± 0.1

56 mM K4 2.5 ± 0.3

Cholera toxin (1 �tg/ml) 0.2 ± 0.1

Dibutyryl cAMP (1 mM) 0.3 ± 0.1
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toxin increases the accumulation of [1H]-
cAMP in these cells. In contrast, 56 m�t K4’

does not increase the formation of [3H]-
cAMP under these conditions. In the ex-

periment reported in Table 4, cells were
incubated with cholera toxin or 56 mr�t K4’

for 30 mm, in the presence of the cyclic
nucleotide phosphodiesterase inhibitor, 3-
isobutyl- 1-methylxanthine (0.1 mM). Essen-
tially similar results ware obtained in the

4 5 5
‘IME (-�r)

FIG. 3. Effect of 56 mM K4 on tyrosine 3-monoox-

ygenase activity and cAMP levels in pheochromocy-

toma cells

Cells were incubated at 37#{176}in 56 mM K4-KRPG.

At various times, samples were removed for TH assay

(#{149}),and for measurement of cAMP levels (0). TH

activity is expressed as pmole tyrosine converted to

dopa/min/mg protein, mean ± SEM of triplicate de-

terminations. cAMP levels are expressed as pmole/mg

protein, mean ± SEM of triplicate determinations.

TABLE 4

Effect of 56 mM K4 and cholera toxin on cAMP

accumulation

Pheochromocytoma cells were pre-incubated for 45

mm at 37#{176}Krebs-Ringer phosphate glucose buffer

containing 10 /LM [2-’H}adenine, 200 �Ci/�imole. The

cells were centrifuged, washed, and then incubated for

30 mm at 37#{176}in fresh medium containing 0.1 mM 3-

isobutyl-1-methylxanthine, and the modifications in-

dicated. Following this incubation, 50 �l of 10 mM

cAMP was added, the cells were placed in a boiling

water bath for 10 mm, and [‘H]cAMP was isolated.

Calculations of cAMP accumulation are corrected for

the recovery of cAMP during the isolation procedure.

Data are presented as mean ± SEM of triplicate

determinations.

Incubation conditions
cAMP

accumulation

dpm/mg protein

Control 185 ± 18

56mMK4 202±35

Cholera toxin (100 ng/ml) 603 ± 26

absence of this compound. In other experi-
ments, we found no effect of 56 m�i K4’ on

the accumulation of [3H]cAMP after a 10

mm incubation period (not shown).

DISCUSSION

Dibutyryl cAMP, and other cAMP ana-
logues, can activate TH in brain slices (1),
in synaptosomes (3, 7), and in peripheral
adrenergic neurons (20). TH activity in
both central (21) and peripheral (20, 22)
adrenergic nerves is also increased by elec-
trical stimulation. However, because of the
cellular heterogeneity of these experimen-
tal systems, it has not previously been pos-

sible to correlate enzyme activity with
cAMP levels in TH-containing cells. Chol-
era toxin causes a large increase in the
concentration of cAMP in pheochromocy-
toma cells, and produces a concurrent ac-
tivation of TH is these cells. Because the

activation of TH by cholera toxin is asso-
ciated with a rise in cAMP levels, and be-

cause it can be mimicked by exogenous
dibutyryl cAMP, it is likely that this action
of cholera toxin is mediated by a rise in
intracellular cAMP.

Incubation of pheochromocytoma cells in
media containing 56 m�t K4’ results in a

coupled increase in catecholamine synthe-
sis and catecholamine secretion. In con-
trast, cholera toxin and dibutyryl cAMP
stimulate catecholamine synthesis, but do

not increase catecholamine secretion. In
the presence of these two agents, there is a
dissociation in the regulation of these proc-
esses.

There is considerable controversy con-

cerning the effects of cAMP and of electri-
cal stimulation on the kinetic parameters of
TH activity. Most workers have found that

the activation of TH is characterized by a

decrease in the apparent Km of the enzyme
for its pteridine cofactor (3,5-7). The report
that the activation of TH is also accompa-
nied by a decrease in its apparent Km for

tyrosine (3) has not been confirmed (5-7).

In our experiments, the activation of TH
by cholera toxin and by 56 mr�i K4’ is char-
acterized by an increase in the V�, of the
enzyme; activation of the enzyme does not
change its apprent KmS for tyrosine or for
pteridine cofactor. This discrepancy be-
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tween our results and those of other work-
ers presumably reflects differences in the

TH assay conditions, or differences in the

composition of the crude extracts used for

TH assay. Whatever the explanation, it is
noteworthy that electrical stimulation of

peripheral adrenergic nerves has been re-
ported to cause an increase in the Vmax of
catecholamine synthesis, but not to alter
the apparent Km5 of this process for tyro-
sine or for pteridine cofactor (23). Thus, the

behavior of TH in our experiments may
fortuitously mimic the properties of the
enzyme in situ.

The fact that 56 m�i K4’ and cholera toxin
produce similar changes in the kinetic prop-
erties of TH is consistent with the hypoth-

esis that cAMP may also mediate the acti-
vation of TH by high K4’. However, stimu-

lation of pheochromocytoma cells by 56 nmi
K4’ does not increase the concentration of
cAMP in the cells, nor does it increase the
formation of [3H]cAMP in cells that have
been pre-incubated with [3H]adenine. Al-
though these experiments do not exclude
the possibility that 56 mi�i K4’ causes a
change in cAMP levels in some sub-cellular
compartment, they do not provide support

for the hypothesis that cAMP mediates the
activation of TH by 56 nmi K4’. We suggest

that TH can be activated by two distinct
pathways, one of which involves cAMP,

and the other of which is independent of
the nucleotide. Additional work will be re-
quired to determine the role of cAMP in
the physiological regulation of TH activity.
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