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FIG. 1. Kinetic analysis ofthe effects ofdecapitation, ether and halothane on adrenal tyrosine hydroxylase

activity at various substrate concentrations

The results are means from five experiments ± S.E.M. All values were determined at 1 mrst 6-MePtH4. Six

tyrosine concentrations were employed. For clarity of the figures the 0.66 �i and 1 �zM points were deleted from

the 5, V plot and the 100 5M point was deleted from the 1/5, 1/V plot.
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enzyme from unanesthetized, decapitated
rats, employing different concentrations of

pterin cofactor, also indicates that the en-
zyme obeys Michaelis-Menten kinetics over

a range of cofactor concentrations from
0.033 to 0.25 mM (Figs. 2 and 3). However,
at 1 mM 6-MePtH4, the reciprocal sub-
strate-velocity relationship appears to de-
viate from linearity in a downward (higher
enzyme activity) direction (Fig. 3). The ap-

parent Km for 6-MePtH4 is calculated to be
89 �M and the apparent Vmax in the presence
of 0.1 mM tyrosine is 33 nmols product

formed per hour per mg adrenal medulla
supernatant protein.

Comparison of tyrosine hydroxylase ac-
tivity in the adrenal gland following de-
capitation vs. anesthesia and surgical re-
moval

Variations in tyrosine concentration.

Table 1 summarizes the changes in the
activity of adrenal TH prepared from de-
capitated and anesthetized animals as a

function of different concentrations of ty-
rosine. No marked differences in the affin-
ity of the enzyme for tyrosine were ob-

served following any of the anesthetic pro-
cedures or decapitation. In contrast, in all
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FIG. 2. Kinetic analysis of the effects of decapita-

tion, ether and halothane on adrenal tyrosine hy-

droxylase activity at various cofactor concentrations

The results are means from four experiments ±

S.E.M. All values were determined at 0.1 mr,t [1-

‘4C]L-tyrosine.

cases where the adrenal was removed sur-
gically from the rat following anesthesia,
the apparent Vmax of the enzyme was sig-
nificantly less than that seen following de-

capitation (p <0.05). The apparent Vmax of
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FIG. 3. Kinetic analysis of the effects of decapita-

tion and pentobarbital ± “cyclic AMP mix” on ad-

renal tyrosine hydroxylase activity at various cofac-

tor concentrations

The results are means from four experiments ±

S.E.M. All values were determined at 0.1 mr�i [1-

‘4C]L-tyrosine.

the enzyme prepared from animals anesthe-
tized with halothane is also significantly
lower (p < 0.05) than the corresponding
value for the enzyme recovered from ani-
mals anesthetized with ether. These results
suggest that partial activation of adrenal
TH may be associated with ether anesthe-
sia, whereas minimal or no activation of the
enzyme occurs when the adrenals are re-
moved following anesthesia with halothane.

The activity of adrenal TH prepared
from animals anesthetized with pentobar-
bital was similar to that seen following an-
esthesia with halothane. There was no sig-

nificant difference in the affinity of the
enzyme for tyrosine between the pentobar-
bital anesthetized group and the group
killed by decapitation. However, TH pre-
pared from pentobarbital anesthetized ani-
mals exhibited a significantly lower reac-
tion velocity, at 1 nmi 6-MePtH4, than was
seen with comparable enzyme preparations

prepared from decapitated rats.
Effect of different cofactor concentra-

tions. When relatively low concentrations
of pterin cofactor were employed in the
assay, TH prepared from adrenals of decap-
itated rats exhibited significantly higher ac-

TABLE 1

The effects of stress and a cyclic AMP-dependent

protein kinase system on tyrosine hydroxylase of rat

adrenal

Tyrosine as variable substrate. The values are the

means from five experiments ± S.E.M. All kinetic

values for tyrosine were determined at 1 mM 6-

MePtH4. � values are presented as nmoles CO2

formed per hour per mg protein.

Treatment Km Vrnnx

(mM)

Series A

Halothane 0.048 ± 0.009 41.3 ± 6.0”

Ether 0.051 ± 0.008 53.9 ± 8.3#{176}

Decapitation 0.058 ± 0.008 67.8 ± 8.9

Series B

Pentobarbital 0.048 ± 0.006 50.5 ± 2.1#{176}’d

Decapitation 0.046 ± 0.007 70.7 ± 3.2�

Pentobarbital +

cAMP mix 0.061 ± 0.010 98.8 ± 9.2

Decapitation +

cAMP mix 0.062 ± 0.014 104.7±6.3

C,, h Significantly different from decapitation in the

corresponding series of experiments p < 0.05 and p <

0.01, respectively.

(. (I Significantly different from cAMP treatment p

< 0.05, p < 0.01, respectively.

� Significantly different from ether, p < 0.05.

tivity than the enzyme from anesthetized
rats. However, at the highest concentration
of pterin cofactor employed (1 mM), the

differences in tyrosine hydroxylase activity
between preparations obtained from aries-
thetized and decapitated rats were less pro-

nounced (Figs. 2 and 3). When the activity
of adrenal TH from rats anesthetized with
either halothane, ether or pentobarbital
was determined in the presence of different

cofactor concentrations and plotted accord-
ing to the method of Lineweaver and Burk,
a nonlinear relationship between the recip-
rocal of enzyme velocity and the reciprocal
of pterin cofactor concentration was ob-
tamed. The curves deviated downward con-
siderably at the highest cofactor concentra-
tions. This deviation was more marked for
enzyme prepared from animals anesthe-
tized with halothane or pentobarbital. Ac-
cording to Reiner (38), this type of relation-
ship suggests that more than one enzyme
type may be present and that these exhibit
different affinities for the variable sub-
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strate. Similar results have been obtained
for other enzymes, including the high and

low Km forms of cyclic AMP phosphodies-
terase (39), aldehyde dehydrogenase (40)
and N-hydroxyphentermine reductase (41).

Another possible interpretation of the
downward deviation of the Lineweaver-
Burk plot is that the enzyme exhibits neg-
ative cooperativity. In the present study,
the interpretation that there are two forms
of the enzyme present seems more likely,
since the cyclic AMP activated form of TH
enzyme shows a normal Lineweaver-Burk

plot with no apparent cooperativity (Hill
coefficient = 1.06) (42). This supports the
notion that the enzyme does exist in two
forms, although the possibility that the less
active form may exhibit negative coopera-
tivity cannot be excluded.

The kinetics of the enzyme were analyzed

according to the method of Wilkinson (37).
For enzyme from the adrenals of anesthe-

tized animals, where the curvilinear Line-
weaver-Burk relationships were apparent,
only the lower cofactor concentrations were
employed in these calculations. As is ap-
parent from Figures 2 and 3, at low cofactor
concentrations the straight line relation-
ship obtained in all instances.

Using the equations suggested by Reiner
(38) for the determination of the propor-
tions of two enzymes with different affini-
ties for substrate but similar maximal ye-
locities, the apparent Km value for the less
active form of the enzyme was calculated.
As was anticipated, the contribution of the
less active form of the enzyme to the total
enzyme activity becomes more prominent
as saturating levels of cofactor are ap-
proached. At the higher levels of cofactor,
a line is obtained with a slope equal to:

Ky + K,V2

V2
(1)

where V = maximal velocity, K = Km and

the subscripts refer to enzyme 1 (high affin-
ity enzyme) and enzyme 2 (low affinity
enzyme) and V = V1 + V2. the intercept of

this line on the vertical axis, -� is -�- and the
v V

tangent of the line segment intersecting the
ordinate, when extended to the abscissa
(-1/S) is equal to:

(V + V2)
-1/S= - (KV + K2V2)

If we assume that K1 is much less than K2,
then the equation may be simplified to:

K2V2
S = �1 + V2

(30). Using the above equations, the theo-

retical apparent Km values for the less ac-
tive form of the enzyme were obtained (Ta-
ble 2, column 3).

Based upon the analysis of the kinetic
properties of the adrenal enzyme obtained
from animals either decapitated or exposed
to halothane or ether, as indicated in Fig-

ures 2 and 3 and Table 2, it seems apparent
that different proportions of the less and
the more active forms of tyrosine hydrox-
ylase may coexist among the several groups.

The mean apparent Km value for the high

affinity enzyme is approximately 0.07-0.1
mM 6-MePtH4, whereas that for the low
affinity enzyme is approximately 0.7-0.9

mM. Thus, the high affinity enzyme exhibits
a 7-10-fold greater affinity for pterin cofac-
tor than does the low affinity form.

The effect of the cyclic AMP-dependent
protein phosphorylation system on the ac-

tivity of adrenal tyrosine hydroxylase pre-
pared from decapitated and anesthetized

rats

When soluble TH prepared from adre-

nals surgically removed from either decap-
itated or pentobarbital anesthetized ani-
mals was incubated with the cyclic AMP-

dependent protein phosphorylating system
in the presence of different concentrations
of tyrosine, further activation of the enzyme
was noted (Fig. 4). No change in the appar-
ent affinity of the enzyme for tyrosine was
seen with either preparation. However, for
the enzyme prepared from both decapitated
(p < 0.05) and pentobarbital anesthetized

(p < 0.01) animals, the apparent maximal
velocity of the reaction in the presence of
the cyclic AMP-dependent protein kinase
system was significantly greater than that
seen in the absence of this system. Similar

levels of enzyme activity were seen when
TH from these two groups of animals was
assayed in the presence of the cyclic AMP-
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TABLE 2

The effects of stress and nonstress procedures ± cyclic AMP mix on the cofactor kinetic parameters of

adrenal tyrosine hydroxylase

The values are the means from four experiments ± S.E.M. All kinetic values for cofactor were determined at

0.1 mM [1-”CIL-tyrosine. K,, values are presented as mM 6-MePtH4. Vmax values are presented as nmoles CO2

formed per hour per mg protein. High affinity Km (column 1) and � (column 2) values were obtained by using

the Wilkinson test (27). In cases where the treatments produced nonlinear reciprocal kinetics at high cofactor

concentrations, only the values obtained with the low cofactor concentrations, which are on the linear portion

of the plot, were used to determine the high affinity K,, and V,�, values. The low affinity Km values were

determined by two procedures described in the text. The K,, values in column 3 were determined by assuming

that the high affinity Km was much less than the low affinity K,,,. . As a consequence, when a sufficient

proportion of the enzyme is in the low affinity state, so that K,� V, �< Km. V2, Km � Vi may be ignored in these

calculations (equation 3). Values of S, V1 and V2 (equation 3) were determined by extrapolation of the linear

portion of the lines obtained experimentally. The Km values in column 4 were determined with the use of the

high affinity Km and � values presented in columns 1 and 2 which were obtained in the presence of the cyclic

AMP-dependent phosphorylating system (cAMP mix). This minimizes the uncertainty of the extrapolation of

the Lineweaver-Burk relationships, since deviation from linearity was insignificant, thus allowing one to obtain

a more precise value for Km � and total Vma� to use in the calculations. � values (column 5) were obtained by

inserting the high affinity V,�, values (column 2, + cAMP mix) into the following equation: Vmax (total) = Vma,

(high affinity) + VIm,x (low affinity). For the pentobarbital and decapitation groups the corresponding Vmax

values obtained in the presence of the cyclic AMP-dependent protein phosphorylating system were used as

estimates of total Vma,. For the halothane and ether groups, total Vmax was assumed to be that obtained in the

presence of cAMP mix following decapitation of the animals.

Treatment High Affinity Low Affinity-

Km V,,,8� K,, Km Vmax

Halothane 0.113 ± 0.006 8 ± 3#{176} 0.97 0.67 48

Ether 0.083 ± 0.010 15 ± 8#{176} 0.76 0.52 41

1)ecapitation 0.089 ± 0.009 33 ± 10 23

Decapitation + cAMP Mix 0.055 ± 0.010 56 ± 3

Pentobarbital 0.071 ± 0.010 16 ± 1#{176}‘ 0.51 0.38 35

Decapitation 0.066 ± 0.005 35 ± 1h 0.64 0.55 21

Pentobarbital + cAMP Mix 0.059 ± 0.003 51 ± 6

Decapitation + cAMP Mix 0.055 ± 0.010 56 ± 3

a Significantly different from decapitation, p < 0.05.

h Significantly different from cAMP treatment, p < 0.05.

. Significantly different from cAMP treatment, p < 0.01.

dependent protein phosphorylating system.

The activity of TH obtained from decap-
itated animals and animals anesthetized

with pentobarbital, measured in the pres-

ence and absence of the cyclic AMP-de-
pendent protein kinase system, also was

evaluated using variable cofactor concen-

trations. As indicated in Table 2, the Km
values of the enzyme in the presence of

cyclic AMP, ATP and Mg�, for the two
groups, was not significantly different. Al-
though the apparent Vn2ax for the high affin-
ity enzyme obtained from adrenals of rats

following decapitation is significantly
greater than that of anesthetized animals,
no significant difference in the apparent
Vrnax for this form of the enzyme was ob-

served when the enzyme from the two

groups was assayed in the presence of the
cyclic AMP-dependent protein kinase sys-
tem. The apparent Vmax values for the high

affinity enzyme from both groups of ani-
mals, when measured in the presence of

cyclic AMP, ATP and Mg�’�, was signifi-
cantly greater than the apparent Vmax Of

enzyme from pentobarbital treated animals

(p < 0.05) measured in the absence of these
constituents. The average apparent Km val-
ues for the low affinity enzyme were 0.45
mM for the pentobarbital anesthetized

group and 0.60 mM for the enzyme from
decapitated rats. The low affinity enzyme
exhibits an apparent Km which is approxi-
mately 7-10-fold higher than the Km value
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a Significantly different from decapitation, p < 0.05.

for the high affinity form of the enzyme.
Assuming the cyclic AMP-dependent

protein phosphorylating system is able to

convert the entire population of TH mole-
cules to the active form, the apparent Km
values for the less active form of the enzyme

may be calculated by an alternative proce-
dure, employing the reciprocal of equation
2.

S - Ky � K2V2
- VI+V2

For these calculations the values of Km

obtained by the Wilkinson weighted linear

0 Pentobarbital

0 Decapitation

#{149}Pentobarbital + cAMP Mix

a Decapitation + cAMP Mix

FIG. 4. Kinetic analysis of the effects of decapita-

tion and pentobarbital ± “cyclic AMP mix” on ad-

renal TH activity at various substrate concentrations

The results are means from five experiments ±

S.E.M. All values were determined at 1 mr�i 6-MePtH4.

Six tyrosine concentrations were employed. For clarity

of the figures the 0.66 5M and 1 jiM points were deleted

from the S, V plot and the 100 �tM point was deleted

from the uS, i,v plot.

regression analysis were employed. In all

experimental groups, when the enzyme was
assayed in the presence of the cyclic AMP-

dependent protein phosphorylating system,
the reciprocal plots of enzyme velocity vs.
cofactor concentration yield straight lines
which resembled the high affinity enzyme
form (Fig. 3). It was therefore assumed that

the Km and Vmax values obtained for the
enzyme assayed in the presence of the
cyclic AMP-dependent protein phosphoryl-
ating system reflected the Km and Vmax

values for the totally activated (high affin-
ity) form of the enzyme and that the entire
complement of enzyme was now in this
form; i.e., V2 = 0 and V1 = V1 + V2. When
this procedure is employed to analyze the

activated enzyme, V and K1 can be readily

determined from the Lineweaver-Burk
plot. The experimental data obtained in the

absence of a cyclic AMP-dependent phos-
phorylating system are then inserted into

equation (4) for different concentrations of
cofactor, and the apparent Km value for the
less active form of the enzyme can be ob-
tamed. These results are presented in col-

umn 4 of Table 2 for the halothane, ether
and pentobarbital anesthetized groups.

Cyclic AMP levels and protein kinase ac-
tivities in adrenal medulla following de-

capitation and pentobarbital anesthesia

Table 3 illustrates cyclic AMP levels and

protein kinase activity in the adrenal me-
dulla of rats subjected to decapitation or
pentobarbital anesthesia before the adre-
nals were removed. There is no significant
difference between the cyclic AMP levels
in the glands from the two groups. How-

ever, there is a significant increase (p <

The effects of stress on cyclic AMP levels and protein kinase activity in the adrenal medulla

The values are the means ± S.E.M. from 12 experiments for the cyclic AMP measurements and 5 experiments

for the protein kinase data.

Treatment Cyclic AMP Protein kinase activity

-cAMP +cAMP -cAMP/+cAMP

(pmols/mg) (nmols/hr/mg)

Pentobarbital 27 ± 10 42 ± 6#{176} 141 ± 7 0.30 ± 0.03

Decapitation 39 ± 12 67 ± 9 136 ± 6 0.49 ± 0.04
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0.05) in the cyclic AMP-independent pro-
tein kinase activity following decapitation

as compared with adrenal protein kinase
activity from animals anesthetized with
pentobarbital.

Effects of chlorisondamine upon stress

activated TH

The effect of chiorisondamine treatment
on the stress-induced activation of TH in
the adrenal medulla was determined.
Chlorisondamine, 50 mg/kg, was adminis-
tered subcutaneously 4 hours before killing
the rats. This treatment did not appear to
affect adrenal TH activity in the pentobar-
bital treated group of animals (Table 4). In
contrast, the ganglionic blocking agent in-
hibited the activation of TH associated
with decapitation by approximately 60%.

This effect was apparent at both high and
low cofactor concentrations. When chlori-
sondamine (15 mg/kg) or hexamethonium
(15 mg/kg) was administered one hour be-

fore decapitation or anesthetization of the
animals, similar results were obtained (data
not shown).

TABLE 4

Stress-activation of adrenal medulla tyrosine

hydroxylase

Effect ofchlorisodamine. The values are the means

from five experiments ± S.E.M. All values were deter-

mined at 0.1 mM [1-’4C]L-tyrosine. Data are presented

as nmoles CO2 formed per hour per mg protein. Chlor-

isondamine was given intraperitoneally (50 mg/kg), 4

hours prior to removal of the adrenal glands. In the

lowest line of the table, the percentages represent the

inhibition of adrenal tyrosine hydroxylase activation

in the decapitation stressed animals which was seen

following chlorisondamine treatment. Percentages

were determined by using the average of the pento-

barbital and pentobarbital + chlorisondamine groups

as the 0� value and the decapitation group as the

100% value.

Treatment [6-MePtH4]

(0.066mM) (1 mM)

Pentobarbital 5.3 ± 1.0 26.8 ± 3.6

Pentobarbital + chiorison-

damine 6.9 ± 1.0 29.8 ± 3.2

Decapitation 22.0 ± 3.5 69.7 ± 9.3

Decapitation + chlorisonda-

mine 13.7 ± 2.4

(I 58%)

42.1 ± 8.2

(1, 67%)

DISCUSSION

Rat adrenal TH can be activated rapidly
as a consequence of decapitation of the

animal. The activation of the enzyme ap-

pears to be related to a shift of a fraction of
the less active form of the enzyme to a more
active state. The notion that the enzyme

ordinarily exists in two different states is
suggested from the curvilinear Lineweaver-
Burk kinetics seen in adrenal medulla su-
pernatants prepared from animals that
were anesthetized prior to killing (Figs. 2

and 3). Quantitative transformation of the
enzyme to the active form can be produced
by incubation of enzyme prepared from
anesthetized rats in the presence of the

cyclic AMP-dependent protein phosphoryl-
ating system. The addition of the cyclic
AMP-dependent protein kinase system to
the enzyme obtained from adrenals of both
the stressed and nonstressed rats produces
activation to approximately the same level.
The elimination of the deviation from lin-
earity of the Lineweaver-Burk plot of en-
zyme activity versus cofactor concentration

suggests that the enzyme is now in the
totally active state.

A greater proportion of the less activated
form of TH is apparent in adrenals obtained
from animals anesthetized with ether, pen-
tobarbital or halothane, as compared with
animals whose adrenals are removed fol-
lowing decapitation. That this effect is seen
with all three anesthetics indicates that the
lower activity of TH obtained following an-
esthesia is due to a “non-stressful” removal

of the adrenal gland and not to some non-
specific effect of the anesthetics. We have
added pentobarbital (1 �LM to 1 mM) to
soluble adrenal TH and observed no effect
on TH activity. In addition, when adrenal
TH from animals that were subjected to
decapitation under pentobarbital anesthe-
sia was examined, the activity of the en-
zyme was similar to that seen in prepara-

tions obtained from unanesthetized, decap-
itated animals. It thus appears that the
differences in TH activation observed in
the several groups examined in this study
are due to the effects of the stress and are
not related to the anesthetic itself.

Since protein kinase is activated by de-
capitation (Table 3), it is possible that TH
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activity is enhanced artifactually either
during homogenization of the tissue or dur-
ing the assay. However, the preparation of

� the tissue for assay was conducted at 4#{176}.
We have demonstrated that the addition of

cyclic AMP, ATP and Mg�” to the adrenal
enzyme at 4#{176}does not result in enzyme
activation. In addition, the supernatant en-

zyme was routinely separated from small
molecules by Sephadex chromatography
prior to the assay. Thus, ATP and Mg�’�’
would be separated from the enzyme and

any cyclic AMP-independent protein ki-
nase present would be unable to activate
TH by phosphorylation subsequent to this
step. Furthermore, when protein kinase is
separated from TH by sucrose density cen-

trifugation, the activation of the latter en-
zyme following decapitation can still be
demonstrated. These results suggest that
the activation of TH following decapitation
is indeed occurring in the intact adrenal
gland.

It has been reported that the effects of
handling rats and injecting them intraperi-
toneally can itself be stressful (44; R. Kvet-

#{241}ansk�, personal communication). This
might explain the presence of a considera-
ble fraction of the enzyme in the activated

state in the anesthetized groups. However,
it is possible that there is some proportion
of activated enzyme present in the adrenal

gland even in the absence of adrenal im-

pulses and stress, because we observed no
difference in TH activity between animals
treated with pentobarbital and those
treated with chiorisondamine plus pento-
barbital. The proportion of the enzyme in
the active state that is seen in the anesthe-
tized groups may therefore represent the
“basal level” of rat adrenal TH activity.
Conversely, animals treated with cblorison-
damine prior to decapitation exhibit a 60%
decrease in adrenal TH activity as com-
pared to the decapitated animals not
treated with the ganglionic blocking agent.
This suggests that the TH activation seen

in the adrenal following stress is transsy-
naptically mediated.

Ether anesthesia was associated with a
significant increase in TH activity over that

seen with halothane anesthesia. This in-
crease may be explained by the fact that

ether produces a generalized sympathetic
nervous system response and catechola-

mine release from the adrenal medulla (45,
46), whereas halothane does not exert this
effect.

A considerable number of putative allo-
steric modulators of TH has been proposed
and one or more of these substances may

be responsible for the enhanced activity of
this enzyme that is associated with neural
activity or stress. Mandell et a!. (47) noted
that administration of either amphetamine,
reserpine or alpha-methyl-p-tyrosine to
rats is associated with a shift of caudate

TH from the soluble to the particulate
state, presumably as a consequence of
membrane binding. This was associated

with a modest activation of the enzyme.
However, stresses that presumably en-
hance central neural activity did not repro-
duce the effects of the drugs on this enzyme.

Kuczenski and Mandell (48) observed

that sulfate ions and heparin activated rat
caudate soluble TH in vitro. Both the max-
imal velocity and the affinity of the enzyme
for cofactor were enhanced by heparin. In

addition, the K1 for dopamine was increased
by this sulfated polysaccharide. The
changes produced by heparin resulted in an
enzyme whose kinetic properties resembled
closely those of particulate enzyme. Ku-
czenski and Mandell (49) proposed that

physiological stimuli may modify the solu-
ble enzyme or its environment in a manner

that allows the molecule to become mem-
brane bound. As a consequence, the enzyme
is activated. However, the relevance of this
effect of heparin to neurally induced en-
zyme activation is questionable (50).

Other anions, such as, phosphatidyl-L-

serine (51, 52), lysolecithin (52), and poly-
glutamic acid (53), are able to activate rat

caudate TH. In most instances, activation
involves an enhanced affinity of the enzyme
for cofactor, a shift in the optimal pH of the
enzyme toward the more physiological pH
region, and a reduced affinity of the enzyme
for dopamine. However, neither heparin
nor phosphatidyl-L-serine affect the activ-
ity of TH from peripheral adrenergic neu-
rons (54). In contrast, melanin is able to

activate both rat brain and bovine adrenal
TH (55).
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The similar activation of the enzyme as-
sociated with stress and with the cyclic

AMP-dependent phosphorylating system
suggests that direct phosphorylation or the
phosphorylation of some intermediate ac-
tivator may be responsible for enzyme ac-
tivation in vivo. This interpretation is based
upon the assumption that, if the stress ef-

fect were through some independent mech-
anism, one might expect to see an additivity
of the stress activation and the cyclic AMP-
dependent activation of the enzyme. Var-
ious other treatments do appear to produce
TH activation that is additive with cyclic
AMP-dependent enzyme activation. These
include the effects of calcium on TH in the
hippocampus (16), stimulation of TH activ-
ity in striatal tissue by lysolecithin (43) and
activation of TH in striatal synaptosomes

by ouabain and veratridine (22). We have
observed an additive effect of in vitro cyclic
AMP-dependent activation of the enzyme

and TH activation elicited in adrenal slices
in the presence of elevated potassium con-
centrations (unpublished observations).

In the present studies, we observed no

change in the apparent Km value for tyro-
sine. However, a small increase in the ap-
parent Vmax was observed with variable sub-
strate concentrations, following stress and
during incubation of the soluble enzyme

with cyclic AMP, ATP and Mg�t This is
probably because fully saturating cofactor
concentrations, at least for the high Km

form of the enzyme (1 mM), were not em-
ployed. ZivkovIc et al. (6) observed similar
kinetic changes in rat striatal TH following
neuroleptic administration, which may be
explained in a similar manner.

The present study suggests that, in the

rat adrenal medulla, two forms of TH co-
exist and the proportions of these two en-
zyme forms depends upon the manner in
which the animals are manipulated prior to

and during kffling.
Table 2 illustrates the Km values obtained

for the activated enzyme form in each
group. There are no significant differences
among these Km values, as would be ex-
pected if we assume we are dealing with the

same activated enzyme form in each group.
If we assume that the sum of the apparent

Vmax values presented in Table 2 for the

high affinity and low affinity enzyme are

indeed equal to the Vmax for the cyclic

AMP-dependent stimulated form (Vmax

high affinity + Vmax low affinity = Vmax

cyclic AMP), then we can make the follow-
ing statements: In the preparation from the

nonstressed rat, the adrenal TB is approx-
imately 25% activated; 75% is in the less

active form. Subsequent to decapitation,
the proportion of activated form in the
adrenal increases to 60%. These values are
calculated on the assumption that the ap-
parent Vmax �5 proportional to the quantity

of the enzyme. Proof of this awaits further
study directed toward the separation of the

two forms of TB and quantitation of the
amounts present by either immunotitration
or other means. Based on preliminary im-
munotitration studies, the assumption ap-

pears to be valid.
Table 2 presents the calculated apparent

Km values for the less active form of adrenal
TB. The average values are within the
range of 0.45 to 0.8 nmi. In previous studies
using tissue obtained from striatum (17, 49,
56), nucleus accumbens, hypothalamus,
brain stem (6, 56) and vas deferens (3), Km
values for the pterin cofactor (6-MePtH4 or
dimethyltetrahydropterin) for control tis-
sues were within the range of 0.47 to 0.80
mM. The absence of reports from other
laboratories that suggest the presence of

two forms of the enzyme may be due to the
fact that, in most tissues, the enzyme is

mainly in the less active state. Various
treatments, including nerve stimulation (3),
heparin sulfate (48), antipsychotic drugs
(17, 56) and melanin (55) appear to be as-
sociated with shifts in the apparent Km for
cofactor to values which are within the

range of 0.11 to 0.29 mr�i. The infrequency
of curvilinear reciprocal enzyme kinetics
reported for the above mentioned activated
forms of the enzyme may be due to the fact
that these treatments yield an enzyme that
is almost fully activated. However, demon-
stration of two forms of the enzyme may be
difficult unless the proportion of the less
common form of the enzyme is in excess of
20-25% of the total enzyme and unless a
sufficiently broad range of cofactor concen-
trations is examined.

Lovenberg and Bruckwick (17) reported
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that halopendol pretreatment of rats pro-
duces a reduction in the Km of striatal TH

for the cofactor from 0.53 mM to 0.21 mr�i.
The addition of the “cyclic AMP-depend-

ent protein phosphorylation system” to the
soluble striatal enzyme prepared from con-
trol rats produces a similar Km change from
0.50 mM to 0.16 m�i. It is apparent from
these studies that enzyme activation in

vivo, e.g., by haloperidol treatment, can
produce TB activation in the central nerv-
ous system comparable to that produced by
cyclic AMP-dependent protein kinase.
However, based on the present study, the
degree of activation of adrenal TB follow-
ing decapitation is not as great as that
attainable in vivo in the presence of a cyclic
AMP-dependent protein phosphorylating
system (Fig. 3).

Weiner et al. (3) have reported that cur-
vilinear reciprocal kinetics are obtained
with TB prepared from homogenates of
unstimulated hypogastric nerve-vas defer-
ens preparations, which is consistent with
data from the adrenal gland. The curvilin-
ear kinetics are less apparent for the en-
zyme prepared from stimulated vas defer-

ens tissue. The apparent Km value for co-
factor is reduced from approximately 0.5
mM in the unstimulated preparation to 0.07

mM in the stimulated preparation.
Similar results have been reported by

Nagatsu et at. (55) for rat brain TB and for

purified bovine adrenal TB. Nonlinear
Lineweaver-Burk plots were obtained in
both these preparations and were con-
verted to linear plots when the enzyme was
assayed in the presence of melanin.

Table 3 illustrates that decapitation of
rats produces an increase in protein kinase
activity with no demonstrable change in
cyclic AMP levels in the adrenal medulla.

Concomitant with the protein kinase in-
crease is an increase in TH activity (Fig. 3).
Recently, we have observed that 5 mm
following the transorbital application of
electroconvulsive shock to rats there is an
increase in protein kinase and TH activities
in the adrenal medulla with no concomitant

change in cyclic AMP levels (57). However,
10 min following the administration of elec-
troconvulsive shock to rats, a significant
increase in cyclic AMP levels in the adrenal

medulla does occur and is correlated with

a significant increase in both protein kinase
activity and TH activity in that tissue.
Thus, following stress in the rat, the acti-
vation of adrenal medulla protein kinase
appears to precede any measurable increase
in tissue cyclic AMP level. A similar result
has been reported by Corbin et al. (58) who
found that low doses of epinephrine (0.11
�LM) wifi produce an increase in protein ki-
nase activity and glycerol release in fat pads
without a demonstrable change in cyclic
AMP levels. Nevertheless, the failure to

demonstrate a significant increase in cyclic
AMP at a time when TB is already acti-
vated raises the possibility that the enzyme

activation is not mediated by cyclic AMP.
It is possible that protein kinase is activated
by a cyclic AMP-independent mechanism,
e.g., by calcium-dependent regulator pro-
tein (59, 60).

Our results do not exclude the possibility
that other mechanisms, such as anions (48,
49, 53) or phospholipid activation (51, 52)

may be responsible for the activation of TB
following decapitation.

Joh et at. (25) reported that phosphoryl-
ation of purified rat brain TH is associated
with an increase in Vmax of the enzyme, with
no change in Km for either tyrosine or pterin

cofactor. However, in this laboratory (P. R.
Vulliet, T. A. Langan and N. Weiner, un-
published observations), phosphorylation

of purified enzyme from rat pheochromo-
cytoma is associated with an increase in
affinity for pterin cofactor. The basis for
this discrepancy is not known, but it may
be related to intrinsic differences in the
enzyme from these two tissues.

When a severe stress, such as decapita-

tion, is imposed on the animal, adrenal TB
changes rapidly to a more activated form,
suggesting that the adrenal enzyme pos-
sesses considerable capacity to respond rap-
idly to stress. The adrenal gland is respon-
sive to a number of physiological stimuli,
including cold, heat, alterations in plasma
pH, asphyxia, hypotension, hypoglycemia,
glucagon and physical and emotional
stresses (61). It seems reasonable to sup-
pose that adrenal TB is maintained in a
state of partial activation and that it pos-
sesses the capacity for even greater activa-
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tion following severe stress. Preliminary ex-

periments in our laboratory have shown
that adrenal TB can be activated by other
stresses, including pain stress from subcu-
taneous formaldehyde injections and sei-
zures produced by electroconvulsive shock.

In the present study we have provided
further evidence to support the concept
that a cyclic AMP-dependent protein phos-
phorylating system mediates TB activa-
tion, and that this activation can occur in

the intact adrenal gland following decapi-
tation. Although this effect is not associated
with a demonstrable rise in cyclic AMP,

there is a significant increase in cyclic
AMP-independent protein kinase within
the adrenal medulla. It remains to be de-
termined whether the activation of the en-
zyme following stress or decapitation in-
volves phosphorylation of the enzyme.
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SUMMARY

O’CoNNoR, DANIEL T., RONALD P. FRIGON, AND RICHARD A. STONE. Human
pheochromocytoma dopamine-beta-hydroxylase: purification and molecular param-

eters of the tetramer. Mol. Pharmacol. 16: 529-538 (1979).

Several investigators have reported multiple molecular forms of dopamine-fl-hydroxylase

purified from human pheochromocytoma and human plasma. We purified the soluble
dopamine-fl-hydroxylase from the chromaffin vesicles of two human pheochromocytomas,
using carbohydrate affinity chromatography on Concanavalin A-Sepharose. The purified
products were electrophoretically homogeneous. No evidence of multimeric forms of the
enzyme were found by analytical polyacrylamide gel electrophoresis, preparative poly-
acrylamide gel electrophoresis with activity elution, analytical gel filtration chromatog-

raphy, or zonal sedimentation on sucrose density gradients. By combining the hydrody-
namic parameters of 52o.w and Stokes radii, the tumor enzyme was characterized as having

a molecular mass of 300,000 to 317,000 daltons, as compared to the bovine adrenomed-

ullary enzyme at 282,000 daltons. Its frictional ratio was 1.68 to 1.69, leading to anoma-
lously high molecular weights when estimated by gel filtration alone. The tetrameric

enzyme was composed of monomeric subunits of 78,000 to 80,500 daltons each, joined by

disulfide linkages to form dimeric subunits of 155,000 to 160,000 daltons, two of which
join by noncovalent interaction to form each tetramer.

INTRODUCTION

The molecular forms of the enzyme do-

pamine-beta-hydroxylase (3,4-dihydroxy-
phenylethylamine, ascorbate: oxygen
bxidoreductase (fl-hydroxylating) EC

.14.17.1) in human tissues have been the
ubject of much recent interest. Several

oups (1-3) including our own (4) have
ecently reported in human plasma 2 cata-
ytically active species of the enzyme, cor-
esponding in size to the intact tetramer

molecular weight 290,000 to 300,000) and
he dimer (molecular weight 142,000 to
47,000).

In human pheochromocytoma, the pub-
ished observations are, however, conflict-

ing. One of us, in publishing the initial

purification to homogeneity of the enzyme
from human pheochromocytoma (5) ob-

served that, while the enzyme elutes from
gel filtration media as a single symmetric
peak, suggesting one molecular form, its
behavior during sedimentation equilibrium
in the analytical ultracentrifuge suggests
several molecular forms weighing 145,000

to 500,000. This contrasts with the bovine
adrenomedullary enzyme, which is a tetra-
mer of weight 290,000, over a wide concen-

tration range, as determined by sedimen-

tation equilibrium (5).
In contrast, Park et a!. (6) claim to have

isolated from human pheochromocytoma
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at least three distinct forms of the enzyme
on sucrose density gradients. Their esti-

mated sedimentation coefficients were 6.20,

8.96, and 13.47, with molecular weights
judged very approximately (from sedimen-

tation coefficient alone) to be 164,000,
286,000 and 524,000, respectively. Further-
more, on resedimentation, these multiple
forms of active dopamine-fl-hydroxylase
appeared not to be readily interconvertible.
The possibility that these forms were arti-
facts of their purification process has not,
however, been excluded.

Because the human plasma enzyme does

exist in two forms, dimer and tetramer (1-
4) and because the adrenal gland is one
possible source of the plasma enzyme, we

elected to study the possibility of multiple
forms of the enzyme from a rich source of

human adrenal dopamine-$-hydroxylase,
the tumor pheochromocytoma. Our ap-
proach to the problem included: (a) pun-
fving to homogeneity the enzyme from two
separate tumors by Concanavalin A affinity
chromatography, (b) examining the pun-

fled product by gel electrophonesis to see if

enzymatic activity is present in one or mu!-
tiple bands and (c) characterizing the chro-
maffin vesicle lysate by zonal sucrose den-
sity gradient velocity sedimentation and by
gel filtration, to estimate molecular weights
of all dopamine-$-hydroxylase species pres-
ent without introduction of purification
procedure artifacts.

MATERIALS AND METHODS

Reagents. All chemicals were reagent
grade unless otherwise specified. For stand-
ardization of molecular weight determina-

tions, the following materials were used:
phosphorylase A, horse spleen apoferritin,
horse skeletal muscle myoglobin, ovalbu-
mm, bovine liver catalase and bovine serum

albumin were purchased from Sigma
Chemical Company. Chymotnypsinogen, ni-
bonuclease A, rabbit skeletal muscle aldol-
ase, and blue dextran were purchased from

Pharmacia Fine Chemicals.

Bovine adrenal medullary dopamine-$-
hydroxylase was prepared by the method

of Foldes et al. (7). Human hemoglobin was

prepared by freeze-thaw lysis of human red

blood cells, followed by centrifugal mem-
brane removal.

Assays. Protein was determined by the
method of Bradford (8). Dopamine-fl-hy-

droxylase activity was determined by thel
spectrophotometric method of Nagatsu and�
Udenfniend (9) using tyramine as substrate,
with enzyme activities expressed in units of

micromoles of octopamine formed per mm-
ute (per milligram of protein, for specific

activities).

Tumors. Two pheochromocytoma tu-
mors, from two patients, were obtained at
the time of surgical excision and placed on

ice immediately. Tumor 1 weighed 17.0 g,
and 2 weighed 17.5 g.

Preparative methods. Each tumor en-
zyme was purified and characterized sepa-
rately. Chromaffin vesicles were prepared
from the tumors by the method of Stone et

al. (5). The purified vesicle pellets were
lysed in ice-cold 0.005 M sodium phosphate,
pH 6.5, whereupon the lysate was centni-

fuged at 100,000 x g for 1 hour in a Beck-
man model L-2-65B ultracentnifuge, to sep-

arate soluble from membrane-bound en-
zyme. Enzyme activity was measured in the
lysate before and after centnifugation (to
determine the relative amounts of mem-
brane bound and soluble enzyme). There-
after, only the soluble form of the enzyme
was further purified and characterized.

Concanavalin A -Sepharose chromatog-
raphy. The lysate from tumor 1 was di-
alyzed extensively against 0.5 M NaCl, 0.01

M sodium phosphate pH 6.5, then pumpe
at 10 ml/hour onto a 10 x 0.9 cm column o

Concanavalin A-Sepharose (Pharmaci
Fine Chemicals, Piscataway, N.J.) previ
ously equilibrated with the same buffer

The column was washed with the sam
buffer until the absorbance of the eluate a
280 nm declined to zero. Then the colum

was eluted with 10�- (w/v) a-methyl-D
mannopyranoside in 0.5 M NaCl, 0.01
sodium phosphate, pH 6.5, at 3 ml/hour
collecting 2 ml fractions. To the lysate o

tumor 2 (30 ml) was added 3 ml of 0.1
sodium phosphate, pH 6.5, to yield a fina!

low ionic strength solution buffer of 0.01 i�

sodium phosphate, pH 6.5. The lysate wa�
then adsorbed onto a 10 x 0.9 cm colum
of Concanavalin A-Sepharose equilibrate
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with the same buffer. The column was
washed with this buffer until the absorb-

ance of the eluate at 280 nm declined to
zero; then the column was eluted with 10%
(w/v) a-methyl-D-mannopyranoside in 0.01

M sodium phosphate, pB 6.5, at 6 ml/hour,
collecting 2 ml fractions.

Gel filtration chromatography. The peak

fractions (10.4 ml) from the Concanavalin
A-Sepharose elution of the lysate from tu-
mon 2 were pooled and concentrated to a

volume of 2 ml on an Amicon ultrafiltration

device using a YM-lO membrane (Amicon

Corporation, Lexington, Mass.). This sam-
ple was then applied to a 90 x 1.5 cm

column of Sephacryl 5-200 gel filtration
resin (Pharmacia Fine Chemicals, Piscata-
way, N.J.), equilibrated with 0.01 M sodium
phosphate pH 6.5 and eluted with the same
buffer at 8 mi/hour, collecting 2 ml frac-
tions.

Analytical Methods. Polyacrylamide gel

electrophoresis. Poiyacrylamide gel elec-
trophoresis, to assess purity of native en-
zyme preparations, was performed accord-
ing to the method of Davis (10). After run-

ning, gels were stained with Coomassie blue

G-250 in trichioroacetic acid, and destained

in 5% acetic acid (11). When eluting gels for
enzyme activity after electrophoresis, the
gels were first pre-electrophoresed in 0.42

M Tris buffer, pH 8.9, at 4 mA/gel for 2
hours in order to remove excess persulfate
(12) and then run at 4#{176}.When enzymatic

activity peaks were desired, the pre-electro-
phoresed gels were run, and then, rather
than staining, they were sliced in 5 mm

pieces, crushed and eluted overnight at 4#{176}
in 200 �tl of 0.3 M Na phosphate, pH 6.5. 100
I_Li of supernatant over the crushed gel was

assayed, as previously described (9).
For determinations of subunit molecular

weights, the sodium dodecyl sulfate phos-
phate system of Weber and Osborne (13)
was used and calibrated with protein stand-

ards. Multimenic aldolase molecular weight
standards were prepared by the dimethyl-
subenmidate cross-linking method of Day-
ies and Stark (14). For detection of inter-

subunit disulfide bonds, each purified pro-
tein was run both in the presence and ab-
sence of f�-mercaptoethanol. Sodium dode-
cyl sulfate gels were stained with Coomassie

blue R-250 in 10% acetic acid and 45%
methanol, and destained in 7#{189}acetic acid.

Sucrose Gradient Ultracentrifugation.

A modification of the method of Martin
and Ames (15) was used. Five hundred mi-
croliter aliquots of each chromaffin vesicle
lysate, with no further purification, were

centrifuged on sucrose gradients in a Beck-
man model L-2-65B ultracentnifuge, using
an SW-41 rotor. Isokinetic sucrose gra-

dients of 10-30% were prepared in 0. 1 M

NaCl, 0.01 M sodium phosphate, pH 6.5. It
should be noted that the usual gradients of
5_20C/c used in the SW-39 rotor specified by

Martin and Ames are not isokinetic in the
longer SW-41 rotor (16) because a steeper

gradient is needed in the longer tube to

prevent convective disturbances ( 17). After
centnifugation at 40,000 rpm for 19 hours at
4#{176},the centrifuge was stopped without
braking, and 460 �il fractions were collected.
Dopamine-$-hydroxylase activity and pro-

tein were measured in each fraction. Stan-
dard proteins nun simultaneously were bo-
vine serum albumin, bovine dopamine-fl-

hydnoxylase (7), rabbit skeletal muscle a!-
dolase, and bovine liver catalase. Reference

S’20.w values were obtained from the litera-
ture (18-20). The &20.w values for the bovine

and human dopamine-/3-hydroxylases were
obtained by interpolation from a linear
least squares fit of the plot of � versus
distance migrated for the standards.

Analytical gel filtration chromatogra-

phy. Analytical gel filtration, using the the-
ory of Laurent and Killander (19), as ap-
plied by Siegel and Monty (20), was per-

formed on an 89 x 1.6 cm column of Ultro-
gel ACA-22 resin equilibrated in 0.1 M NaCl,
0.01 M Na phosphate pH 6.5. This resin was
chosen because dopamine-fl-hydroxylase is
well separated from the void volume (1),
facilitating determination of molecular
weight and Stokes radius by interpolation

between appropriate standard proteins.
Five hundred microliter aliquots of the
chromaffin vesicle lysate of each pheochno-
mocytoma, with no further purification,
were chromatographed in the above buffer,

at 8 mi/hour and 1.5 ml fractions were

collected. Dopamine-f3-hydroxylase activ-

ity was measured in the eluted fractions.
Standard proteins run on this column were
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bovine pancreatic nibonuclease A, equine

skeletal muscle myoglobin, human hemo-
globin, human serum albumin, rabbit skel-
eta! muscle aldolase, bovine liver catalase,
horse spleen apoferritin, bovine fibninogen,
and bovine adrenal dopamine beta hydrox-

ylase (7). Blue dextran and KC1 were used
to determine the void volume and total
internal volume of the column, respectively.

K� values for each protein were computed
from the relation Kay Ve - Vo/ Vt - Vo,
where Ve = the elution volume of the spe-

cies in question, Vo = void volume of the

column (66.0 ml by calibration with blue

dextran) and Vt = the total volume of the
column, 178.9 ml. Reference molecular
weights and Stokes radii for the standards
were obtained from the literature (18-20).

Apparent molecular weights for each do-
pamine-f3-hydroxylase species were deter-
mined by interpolation following linear
least squares analysis of the plot of K5�

versus molecular weight for the standards.
Stokes radius for each dopamine-$-hydrox-

ylase species was obtained by interpolation

from a linear least squares fit of the plot of
(-log� K5�) 1/2 versus Stokes radius for the
standards (19, 20).

Determination of molecular weight and
frictional ratio. Determination of molecu-

lar weight (M) and frictional ratio ( f/fe) for

each species of dopamine-13-hydroxylase
was done by combining the hydrodynamic

parameters of the enzyme derived from the

separate methods of sedimentation velocity

520.w and gel filtration (Stokes radius) (20).
S20.w and Stokes radius were obtained for
each species by the interpolative methods
noted above.

Molecular weights for each species of do-

pamine-fl-hydroxylase (human pheochro-
mocytoma tumors 1 and 2, and bovine ad-
renal) were calculated from the expression

(20):

M = 6in�NAs2o.�/(1 - Up)

where M = molecular weight in grams/

mole, ii = solvent viscosity in poise (g/cm.
sec), N = Avogadro’s number in molecules/
mole, A = Stokes radius in cm, 520.w

sedimentation coefficient in Svedberg units
(10�’� sec), U = partial specific volume in
cm1/g, and p = density of medium in g/cm3.

U for bovine dopamine-$-hydroxylase, cal-

culated from the amino acid composition
(21), is 0.731. U for human pheochromocy-
toma dopamine-$-hydroxylase, calculated
from our previously reported amino acid
composition (5), is 0.72. For each species of

dopamine-$-hydroxylase so analyzed, the A
value was that obtained from analytical gel

filtration chromatography, while the �
value was that obtained from sucrose gra-

dient ultracentrifugation.
The frictional ratio for each dopamine-

$-hydroxylase species is calculated from

the expression (20):

- 1/3

f/fe A/(�7�)

where f/f() = frictional ratio (dimensionless)
and other symbols are as noted above. For

each dopamine-f.�-hydroxylase analyzed, A
was obtained from analytical gel filtration
chromatography and M by the expression
set forth above.

RESULTS

Enzyme purification. The enzyme was

purified to homogeneity in each case. The
initial step involved removal of the chro-
mogranins by Concanavalin A-Sepharose

affinity chromatography. During punfica-
tion of the enzyme from tumor 1, 89% of the
initial activity was lost during dialysis of
the lysate against high salt buffer prior to

Concanavalin A affinity chromatography.
Subsequent studies indicated that elimina-

tion of the high salt dialysis step obviated
this activity loss. Adsorption of the dialyzed
lysate to Concanavalin A Sepharose re-
suited in complete retention of enzymatic
activity, and elution with a-methyl-D-man-
noside yielded 62% of the applied enzymatic
units. The product migrated as one band
on analytical polyacrylamide gel electro-
phoresis (Fig. 1), and catalyzed the forma-

tion of octopamine from tyramine at a rate
of 0.40 �tmoles/min/mg protein.

The lysate from tumor 2 was adjusted to
pH 6.5 with buffer containing no salt and
immediately adsorbed to Concanavalin A-
Sepharose with complete retention of activ-

ity. Fifty percent of the applied activity
could be eluted with a-methyl-D-manno-




