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SUMMARY

DILIBERTO, E. J., JR., AND P. L. ALLEN. Semidehydroascorbate as a product of the
enzymic conversion of dopamine to norepinephrine: Coupling of semidehydroascor-
bate reductase to dopamine-$-hydroxylase. Mol. Pharmacol. 17: 421-426 (1980).

Dopamine-$-hydroxylase, a copper monooxygenase, catalyzes the ascorbate-dependent

hydroxylation of dopamine to norepinephrine. In the transfer of two electrons from
ascorbate to dopamine-$-hydroxylase, the immediate product of enzyme reduction is not

dehydroascorbate, as previously thought, but rather semidehydroascorbate, a free radical.
Using the NADH-dependent semidehydroascorbate reductase preparation from rat liver
microsomes, generation of semidehydroascorbate during dopamine-$-hydroxylation was
observed. In the presence of catalytic amounts of ascorbate, a coupling of dopamine-$-
hydroxylase to semidehydroascorbate reductase has been demonstrated: Regeneration of

active cofactor is observed by the catalytic oxidation of NADH and formation of /3-
hydroxylated product; delayed addition of the reductase results in a decrease in the rate
of NADH oxidation; and, with further delay, no oxidation of NADH is observed, indicating
the lability of the free radical intermediate. At low rates of hydroxylation, a stoichiometnc
oxidation of NADH was obtained in the presence of the reductase during the formation
of octopamine from tyramine. Semidehydroascorbate reductase was found in membrane
fractions of the bovine adrenal medulla but not in the soluble fractions. Tyramine-
dependent oxidation of NADH, inhibited by fusaric acid and stimulated by fumarate, can
be observed using partially purified chromaffin vesicle membranes or large granular
fraction membranes. These results are consistent with a role for semidehydroascorbate
reductase in dopamine-/3-hydroxylation through regeneration of the active cofactor,
ascorbate.

INTRODUCTION

Dopamine-$-hydroxylase (EC 1.14.17.1; DBH’), a
mixed-function oxidase, catalyzes the final step in the
biosynthesis of norepinephrine (1). The putative external
electron donor for this system is ascorbate. /3-Hydroxyl-
ation of dopamine was previously described by a reaction
mechanism requiring the transfer of two electrons from
one molecule of ascorbate to enzyme-bound Cu2� ions
with the release of dehydroascorbate; this reduced form
of the enzyme was then reoxidized by molecular oxygen
and substrate with the formation of the /3-hydroxylated
product and water (2).

Despite the fact that dehydroascorbate has been ac-

I Abbreviations used: DBH, dopamine-fl-hydroxylase; SDR, semi-

dehydroascorbate reductase; NADH, nicotinamide adenine dinucleo-

tide, reduced.

cepted as a product of dopamine-$-hydroxylation, there
is no evidence for the presence of a system for the
reduction of dehydroascorbate to ascorbate in the ache-
nal medulla or noradrenergic neurons. In fact, the high
requirement of dietary ascorbate suggests that mammals
may not have a system to regenerate active cofactor from
dehydroascorbate.

Recent studies on the mechanism of catechol oxidation
by DBH suggested that catalytic oxidation of catechol
resulted from the formation of a partially reduced en-

zyme/catechol semiquinone complex, a species that may
undergo autooxidation to regenerate the oxidized form of
the enzyme (3). These results and the evidence that
several one-electron transferring agents support /3-hy-
droxylation implied that one-electron transfer from re-

ducing agent to enzyme may occur (3).
Studies on the purification and characterization of a
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2 Diliberto, E. J., Jr., and Allen, P. L., unpublished observations.

quinone reductase by Nason’s laboratory (4) led to the
discovery of a rat liver enzyme, semidehydroascorbate
reductase (EC 1.6.5.4; SDR’), localized on microsomal
membranes, which catalyzes the NADH’-dependent re-
duction of semidehydroascorbate to ascorbate (5).

In the present paper we report results which indicate

that the product of DBH reduction (first step in the
hydroxylation reaction) is not dehydroascorbate, as pre-
viously thought, but rather semidehydroascorbate, a free
radical. The finding of SDR in membrane fractions pre-
pared from the adrenal medulla suggests a role for this
enzyme in dopamine-/3-hydroxylation to regenerate the
reduced form of the cofactor, ascorbate. A preliminary
report of these findings has been presented (6).

METHODS

Semidehydroascorbate reductase activity was meas-
ured spectrophotometrically (Beckman, Acta MVI) by
the disappearance of absorbance at 340 nm (7). In this
assay, the free radical, semidehydroascorbate, was gen-
erated by mixing ascorbate and dehydroascorbate; for-
mation of semidehydroascorbate by this method has
been confirmed using electron paramagnetic resonance
spectroscopy (8, 9). The reaction mixture contained 0.1
mM NADH, 10 mM ascorbate, 7.5 nmi dehydroascorbate

(ICN Pharmaceuticals, Inc.), and 100 mitt Tris-HC1
buffer, pH 7.4, in a final volume of 1 ml. The reaction
was carried out at 30#{176}Cand was initiated by the addition
of the enzyme. Rat liver microsomal SDR was prepared
by a modification of the procedure of Schuize and Stau-

dinger (10) and extracted with an acetone/water mixture
(9: 1) according to the method of Lester and Fleischer
(1 1). The partially inactive SDR of extracted microsomes
was reactivated by the addition of 0.5 mM Triton X-45 or
Triton X-114 (10). SDR activity was also assayed by a
procedure adapted from an observation by Wosilait et al.

(4). In this procedure, semidehydroascorbate is generated
by the ascorbate oxidase-catalyzed oxidation of ascorbate
(12). The incubation mixture is identical to that stated
previously with the substitution of ascorbate oxidase for
dehydroascorbate; the concentration of ascorbate oxidase
was adjusted to give the maximal enzyme rate. Ascorbate

oxidase was purified from green zucchini squash (Cucur-
bita pepomedullosa) according to the method of Avigli-
ano et al. (13).

Dopamine-/3-hydroxylase activity was measured spec-
trophotometrically using pyrocatechol as the external
electron donor in place of ascorbate: The O-benzoqui-
none generated in this reaction is reduced nonenzymi-
cally by NADH and the oxidation of the latter compound
is followed by the decrease in absorbance at 340 nm (14).
The reaction mixture contained 20 nmi fumarate, 100 mM
Tris-HC1 buffer, pH 7.0, 0.1 miti NADH, 10 mM pyrocat-
echol, 5 mM tyranune, 60 �tg/mi catalase, and the enzyme

preparation to be assayed in a final volume of 1 ml;
incubations were carried out at 30#{176}C.DBH was also
assayed radiometrically by a modification of the proce-
dure of Friedman and Kaufman (2). The reaction mixture
contained the components listed previously except that
10 mM ascorbate and [side chain-2-’4C]tyramine (Amer-
sham Corp.), 1.0 �tCi, were added in place of pyrocatechol.

To measure the coupling of semidehydroascorbate re-
ductase to dopamine-f3-hydroxylase, /3-hydroxylation was
measured as described for DBH activity except that
semidehydroascorbate reductase, 10 mi�i ascorbate, and

0.5 mItt Triton X-114 were added to the incubation mix-

ture in place of pyrocatechol. A tyramine-dependent
oxidation of NADH was followed by the disappearance
of absorbance at 340 nm. Due to the presence of endog-
enous inhibitors of DBH in the SDR preparation, Cu2�
was added to the incubation mixture to give maximal
stimulation. Bovine adrenal medullary DBH was pre-

pared by a modification of the method of Ljones et al.
(15).

Monoamine oxidase activity, catecholamines, and pro-
teins were determined as previously described (16).

For the subcellular distribution studies, the medullae
from fresh bovine adrenal glands were dissected and
homogenized in 0.25 M sucrose contaming 1 mM EDTA
and 20 mM Tris-HC1, pH 7.4. Subcellular fractions of the
adrenal medulla were prepared by differential and dis-
continuous sucrose gradient centrifugations as previously
described (16).

RESULTS AND DISCUSSION

If semidehydroascorbate is a product of hydroxylation,
then SDR could play a role in regeneration ofthe cofactor
for f3-hydroxylation. Using the rat liver SDR preparation,
formation of the free radical, semidehydroascorbate, was
examined. A typical experiment illustrating NADH oxi-
dation with purified DBH and pyrocatechol as the elec-

tron donor is shown in Fig. 1A; a DBH- and tyramine-
dependent oxidation of NADH is observed. When SDR
is incubated in the presence of the ascorbate/dehydroas-
corbate redox couple, NADH oxidation is observed, dem-
onstrating an enzyme system which catalyzes the elec-
tron transfer from NADH to the free radical, semidehy-
droascorbate (Fig. 1B). In the presence of SDR and
ascorbate, a tyramine-dependent oxidation of NADH is
observed, suggesting the generation of semidehydroas-
corbate during dopamine-$-hydroxylation (Fig. 1C); no
NADH oxidation is observed in the absence of SDR (see
Table 2). Figure 1C also depicts the dependence of
NADH oxidation on the concentration of DBH. Indeed,

in other experiments, changes in the rate of /3-hydroxyl-
ation, produced by varying the tyramine concentration,
inhibiting DBH with fusaric acid, or activating DBH
with the anion, fumarate, caused corresponding changes

in the rate of NADH oxidation (Table 1).2 Furthermore,
at low rates of hydroxylation, a stoichiometric oxidation

of NADH was obtained in the presence of SDR during
the formation of octopamine from tyramine. One such
experiment is depicted in Table 1; at 60 ,LM tyramine the
ratio of octopamine formed to NADH oxidized is nearly
unity. As the rate of /3-hydroxylation is increased, there

is an elevation in the ratio of octopamine formed to
NADH oxidized. These results suggest a greater loss of
semidehydroascorbate through dismutation with increas-
ing rates of free radical generation. In a different experi-
ment, the ratio of the rate of NADH oxidation with 4.0
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3 Rajagopalan, K. V., personal communication.
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FIG. 1. The activity of dopamine-f3-hydroxylase, semidehydroas-

corbate reductase, and the dopamine-f3-hydroxylase-semidehydroas-

corbate reductase coupled reaction

The activity of purified dopamine-/3-hydroxylase (DBH) was meas-

ured spectrophotometrically by a disappearance in absorbance at 340

ma with pyrocatechol as the electron donor as described in Methods

(A). Curves 1, 2, 3, and 4 were generated from 0, 1.6, 4, and 8 �tg of

purified DBH, respectively. The arrow indicates the addition of tyra-

mine. The activity of the liver microsomal semidehydroascorbate re-

ductase (3 mg wet wt) was followed using the ascorbate/dehydroascor-

bate redox couple to generate semidehydroascorbate; curves 1 and 2

are in the absence and presence of ascorbate, respectively (B). In C the

oxidation of NADH was monitored in the DBH-SDR coupled reaction

with ascorbate as the electron donor for DBH. Curves 1, 2, 3, and 4

were generated with different concentrations of DBH: 0, 1.6, 4, and 8

ILg, respectively. The arrow indicates the addition of tyramine. NADH
oxidation in this reaction occurs through generation of semidehydroas-

corbate during $-hydroxylation and subsequent reduction ofthe radical

by SDR.

mM tyranune to the rate with 0.06 nmi tyramine was

increased with a higher concentration of SDR.
An important consequence of these findings is the

possible role of SDR in dopamine-$-hydroxylation in the
adrenal medulla. If this is the case, DBH activity should
be dependent on the continuous regeneration of the
cofactor, ascorbate, by SDR. With catalytic amounts of
ascorbate, a coupling of DBH to SDR was observed, i.e.,

TABLE 1

Stoichiometry oft/se DBH-SDR coupled reaction as a function of
tyramine concentration

Semidehydroascorbate reductase (3 mg wet wt), prepared from rat

liver microsomes, was coupled to purified DBH (4 gig) and the tyramine-

dependent oxidation of NADH was followed by the disappearance of

absorbance at 340 nm as described in Methods. After 10 mm of

incubation, aliquots were removed to measure the formation of octo-

pamine radiometrically using [side chain-2-’4C]tymmine. Note that at

low rates of hydroxylation (0.06 m�t tyramine), there is nearly stoichi-

ometric oxidation of NADH during the formation of octopamine from

tymmme.

Tyramine NADH oxida- Octopamine for- Ratio, octopa-
tion niation mine/NADH

mM nmol/lOmin n,nol/lOmin

0.06 7.07 8.42 1.19

0.25 17.20 27.32 1.59
1.00 31.83 57.70 1.81

4.00 40.03 90.51 2.26

FIG. 2. NADH oxidation by the dopamine-/3-hydroxylase-semide-
hydroascorbate reductase coupled reaction with catalytic amounts of

ascorbate

The oxidation of NADH by the dopamine-$-hydroxylase/semide-

hydroascorbate reductase coupled reaction was measured spectropho-

tometrically by a disappearance in absorbance at 340 am. The reaction

was carried out as described in Methods with dopamine-/3-hydroxylase,

18.6 �tg, semidehydroascorbate reductase, 6 mg wet wt, and catalytic

amounts of ascorbate, 12.5 nmoL Curves A, B, C, and D show the rate

of NADH oxidation due to 0, 1, 2, and 4 mm-delayed addition of NADH

(small arrows). In Curve A the amount ofNADH oxidized was threefold

greater than the amount of ascorbate added. Delayed addition (Curves

B and C) of NADH resulted in a decrease in the rate of NADH

oxidation; after a 4-mis delay (Curve D), no oxidation of NADH was

observed, indicating the labile nature ofthe free radical semidehydroas-

corbate. If at this time 12.5 nmol of additional ascorbate was added, a

rate of NADH oxidation similar to curve A was observed (Curve D,
large arrow).

oxidation of NADH in excess of the ascorbate added
(Fig. 2). The four curves in Fig. 2 show the rate of NADH
oxidation using catalytic amounts of aseorbate. In curve
A, NADH was added at time zero; after 29 mm of
incubation, the amount of NADH oxidized was threefold
greater than the amount of ascorbate added. Delayed
addition of NADH resulted in a decrease in the rate of
NADH oxidation (Fig. 2, curves B and C). With further
delay, no oxidation of NADH was observed, indicating
the labile nature of the free radical, semidehydroascor-
bate; if at this time additional ascorbate was added, a
rate of NADH oxidation similar to curve A was observed

(Fig. 2, curve D). DBH to SDR coupling was confirmed

in stoichiometry experiments, where concomitant oxida-
tion of NADH and formation of /3-hydroxylated product

were obtained in the presence of catalytic amounts of
ascorbate.2

The possibility that NADH oxidation may be a con-
sequence of superoxide anion generation during /3-hy-
droxylation was considered (17, 18).� It has been shown
that a NADH binding protein, such as lactate dehydro-
genase (LDH), can catalyze the oxidation of NADH by
superoxide anion, apparently through activation of the
NADH molecule (19). Thus, the question of whether
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4 Diiberto, E. J., Jr., and Kaufman, S., unpublished observations.

SDR is functioning nonspecifically as a NADH binding
protein was examined. The addition of superoxide dis-
mutase (0.5-10 �tg/ml) had no effect on the rate of NADH
oxidation by the DBH-SDR coupled reaction; the lowest
concentration of superoxide dismutase inhibited cyto-
chrome c reduction by 91% using the xanthine oxidase

system for generating superoxide anion (Table 2). In the
DBH-SDR coupled reaction, LDH (38-150 �sg/ml) was
without effect. Of greater significance was the fact that
LDH could not substitute for SDR, indicating that no
superoxide anion is generated in the DBH system (Table
2). These results confirm our previous observations show-

ing a lack of inhibition of DBH by superoxide dismutase
(17). Thus, it appears unlikely that superoxide anion is
involved in the oxidation of NADH by the DBH-SDR
coupled reaction.

The present results indicate that the product of DBH
reduction is not dehydroascorbate, but rather semide-
hydroascorbate. In the absence of SDR, the amounts of
dehydroascorbate and /3-hydroxylated product formed
are equivalent, i.e., ascorbate is oxidized stoichiometri-
cally during the hydroxylation reaction (2).� Since two
electrons are required for each hydroxylation cycle, two
molecules of ascorbate should be oxidized to semidehy-

droascorbate for each molecule of /3-hydroxylated prod-
uct formed. The mechanism for dopamine-$-hydroxyl-
ation then appears to involve multiple steps such that
reduction of the enzyme occurs through a series of one
electron transfers. Since the site of oxidation-reduction
in DBH appears to be enzyme-bound copper (2), one

possible explanation of the present results is that only
one Cu2� is exposed at the enzyme active site for inter-
action with ascorbate. In this mechanism, reduction of
the first Cu2� is followed by release of semidehydroas-
corbate and transfer of an electron from the first to the
second Cu2�; complete reduction of DBH involves trans-

fer of an electron from a second ascorbate molecule to
the first Cu2� and release of another semidehydroascor-
bate molecule. This fully reduced DBH (with two elec-
trons) can interact with substrate and oxygen to complete
the hydroxylation cycle, reoxidizing the enzyme and re-
leasing /3-hydroxylated product and water. Intramolecu-
lar electron transfer from one copper ion to another has
been demonstrated for the enzyme, laccase (20, 21). Al-
ternatively, the two enzyme-bound coppers may be
spaced far enough apart so as to require reduction by
different ascorbate molecules. Finally, the oxidation-re-
duction potential of the semidehydroascorbate/ascor-
bate couple as opposed to the dehydroascorbate/ascor-
bate couple may determine one electron transfer from
ascorbate to enzyme-bound Cu2�.

The antiradiation agent, 2-mercaptoethylguanidine,
inhibited norepinephrmne synthesis in intact chromaffin
vesicles without inhibiting dopamine uptake. Subse-

quently, this compound was shown to exert its effect by
inhibition of DBH (22). The mechanism of inhibition of
DBH by 2-mercaptoethylguanidine was found to involve
the interaction of DBH with two inhibitor molecules.
Since the site of inhibition appeared to be through che-
lation of enzymic Cu2�, these results suggested that two

TABLE 2

Effects of superoxide dismutase and lactate dehydrogenase on
NADH oxidation ofthe DBH-SDR coupled reaction

Semidehydroascorbate reductase (3 mg wet wt) was coupled to

purified DBH (4 �zg) as described in Methods. The tyramine-dependent

oxidation of NADH was followed by the disappearance of absorbance

at 340 run. Activity of the DBH-SDR coupled reaction is expressed in

nanomoles NADH oxidized per minute. Incubations were carried out

in the presence or absence of superoxide dismutase or lactate dehydro-

genase; in experiment III lactate dehydrogenase was substituted for

semidehydroascorbate reductase. The lowest superoxide dismutase

concentration produced 91% inhibition of cytochrome c reduction by

the xanthine oxidase system.

Experiment Additions” NADH oxidation

nmol/min

I None

SOD, 0.5 �Lg/ml

SOD, 1 �tg/ml

SOD, 5 �tg/m1

SOD, 10 �tg/ml

4.94

4.26
5.01

5.25

5.45

II None

LDH, 38 ;sg/ml

LDH, 150 �sg/ml

4.90

4.94

4.50

III None

LDH, 150 fig/mi, -SDR
4.18

0

a SOD, superoxide dismutase; LDH, lactate dehydrogenase; SDR,

semidehydroascorbate reductase.

Cu2� were exposed at the enzyme active site (23). The
previous proposal that only one Cu2� is exposed at the
enzyme active site may indicate that the attachment of
the first inhibitor molecule induces a change in the
conformation, enabling a greater accessibility of the en-
zymic copper for binding with the second molecule of

inhibitor.
These proposals, describing the mechanism of one-

electron transfers for dopamine-f3-hydroxylation, were
based on the enzyme mechanism studies by Friedman
and Kaufman (2) and kinetic studies by Goldstein et al.
(24) which support a model where each active site accepts
two electrons from the electron donor before binding
with 02 and the assignment of a redox role to the copper
of DBH. In contrast to this ping-pong mechanism ob-
tamed with ascorbate as the electron donor, Ljones and
Flatmark (25) reported a sequential mechanism for DBH
with potassium ferrocyanide as the electron donor. From
these kinetic studies and electron paramagnetic reso-
nance spectroscopy data (26), Ljones et al. suggested the

involvement of only one copper atom per enzyme active
site in the hydroxylation cycle and binding of 02 before
complete reduction of the enzyme. If this is the case,
then reduction of the Cu2� is followed by transfer of the
electron to bound 02 and release of semidehydroascor-
bate; complete reduction of DBH involves transfer of an
electron from a second ascorbate molecule to the Cu2�
and release of another semidehydroascorbate molecule.
However, this type of mechanism is not consistent with
the data of Friedman and Kaufman (2), where evidence
was presented showing complete reduction of the enzyme
anaerobically.

The subcellular localization of SDR in the adrenal
medulla has been examined using appropriate enzyme
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TABLE 3

Subcellular distribution ofsemidehydroascorbate reductase activity in the bovine adrenal medulla

Bovine adrenal medullae were homogenized 1:10 (w/v) in 0.25 M sucrose containing 1 mM EDTA and 20 miii Tris-HC1, pH. 7.4. Subcellular
fractions of the homogenate were prepared by differential and discontinuous sucrose gradient centrifugations as previously described (16). Since
semidehydroascorbate reductase (SDR) was found to be unstable and thought to be inactivated by peroxides (11), catalase (crystalline suspension,

Boehringer-Mannheim), 30 �sg/mi, was added to all sucrose solutions. Membranes of the large granular fraction were prepared by osmotic lysis

of the particles in 10 mist Tris-HC1 buffer, pH 7.4, containing catalase, 30 pg/mi; after centrifugation at 30,000g for 30 miii, the membranes were

resuspended 1:10 (w/v) in the Tris-HC1 buffer. Semidehydroascorbate reductase activity was measured spectrophotometrically using the
ascorbate oxidase/ascorbate system (AO/ascorbate) or the dehydroascorbate/ascorbate redox couple (DHA/ascorbate) to generate semidehy-

droascorbate as described in Methods. The higher SDR activity with the AO/ascorbate system is due to the higher concentration of free radical

generated by that system as compared to the DHA/ascorbate redox couple. A.liquots of each fraction were taken for assay of catecholamines,

proteins, monoamine oxidase (MAO), and dopamine-fl-hydroxylase (DBH). The values in parentheses represent the percentages of the large

granular fraction.

Fractions Total Total SDR activity Total MAO Total DBH Total cate-
protein cholamines

AO/ DHA/
ascorbate ascorbate

mg nmol/min nmol/min nmol/min �znol

Differential centrifugation

Homogenate 153.90 1627 - 58.02 6341 90.19

Large granular (P2) 55.02 1082 674 32.52 3956 35.43
(% in membranes [P2M}) (67.3) (60.8) - (92.5) (43.2) -

(% in soluble [P�S]) (23.4) (0.3) - - - (97.4)

Microsomal (P3) 7.76 194 121 6.42 596 1.72

Postmicrosomal supernatant (S3) 39.03 0 0 - 285 20.45

Discontinuous sucrose gradient centrifugation of P2

Mitochondria (0.8/1.3 M sucrose) 3.38 252 157 9.81 153 0.43

1.3/1.7 M Sucrose interface 7.78 264 164 10.45 495 2.98
Chromaffin vesicles 23.16 54 37 4.01 1106 14.96

Remaining gradient 18.75 264 - 12.92 1693 17.78

markers for the various subcellular fractions (Table 3).
Using two different assays for measuring SDR activity,
the enzyme was found to be localized on several mem-
brane fractions but not in the soluble fractions. Differ-

ential centrifugation revealed that most of the SDR
activity was in the microsomal and large granular frac-
tions. Separation of the latter fraction by sucrose density

gradient centrifugation showed that the highest specific
activity of SDR was on the mitochondrial membrane.
Furthermore, in gradients designed to give the least
mitochondrial contamination of the chromaffin vesicle
fraction, the SDR activity of the vesicle fraction can be
attributed to the presence of small amounts of mitochon-
dna. Thus, SDR does not appear to be located on the
chromaffin vesicle membrane. On the other hand, DBH
is a chromaffin vesicle component with intravesicular
active sites. For these results to be consistent with a
physiological role for SDR in /3-hydroxylation through
regeneration of active cofactor, either mitochondria and
chromaffin vesicles have permanent or transient cormec-
tions to allow for direct coupling of these enzymes or the
rate of transfer of the free radical from one particle to

another is faster than the rate of dismutation. Mem-
branes prepared from an adrenal medullary large granu-
lar fraction (containing chromaffin vesicles, lysosomes,
and mitochondria) (16) showed a tyramine-dependent
oxidation of NADH which was inhibited by fusaric acid
and stimulated by fumarate.2 Thus, in vitro coupling of

the two membrane-bound enzymes, DBH and SDR, can

be demonstrated. Since ascorbate is the putative cofactor
for DBH and the intravesicular concentration of ascor-
bate was estimated to be 13 nmi (27), a system for transfer

of ascorbate in the reduced form should be present in the
chromaffin vesicle.

Recently, Tirrell and Westhead studied the uptake of
ascorbate and dehydroascorbate into chromaffin vesicles
and found that dehydroascorbate but not ascorbate may
enter these particles by diffusion (28). If this is the case,

then vesicular ascorbate may require a system similar to
that suggested for ATP, i.e., the direct transfer of ATP

from the mitochondrial compartment into the vesicles
(29). This type of mechanism would be supported by the
high specific activity of SDR on the mitochondrial mem-
brane. Currently, these two mechanisms are being con-

sidered in our investigation of the role of SDR in dopa-
mine-/3-hydroxylation.

ACKNOWLEDGMENTS

We especially appreciate the constant encouragement, fruitful criti-

cism, and helpful discussion provided by Dr. 0. Humberto Viveros for

the duration of these studies. We are grateful to Dr. Charles A. Nichol

for reviewing the manuscript and valuable discussions.

REFERENCES

1. Levin, E. Y., B. Levenberg and S. Kaufman. The enzymatic conversion of 3,4-
dihydroxyphenylethylamine to norepinephrine. J. Biol. Chem. 235: 2080-
2085 (1960).

2. Friedman, S., and S. Kaufman. 3,4-Dihydroxyphenylethylamine fl-hydroxyl-
ase: Physical properties, copper content, and role of copper in the catalytic
activity. J. Biol. Chem. 240: 4763-4773 (1965).

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


426 SHORT COMMUNICATIONS

3. Diiberto, E. J., Jr., and S. Xaufman. Studies on the mechanism of catechol
oxidation catalyzed by dopamine-$-hydroxylase. Fed. Proc. 37(6): 1421
(1978).

4. Wosilait, W. D., A. Nason and A. J. Terrell. Pyridine nucleotide-quinone
reductase: Role in electron transport. J. Biol. Chem. 206: 271-282 (1954).

5. Staudinger, Hj., K. Krisch and S. Leonh#{228}user. Role of ascorbic acid in
microsomal electron transport and the possible relationship to hydroxylation
reactions. Ann. N.Y. Acad. Sci. 92: 195-207 (1961).

6. DIlibertO, E. J., Jr., and P. L Allen. Formation of the free radical, semide-
hydroascorbate, during dopamine-�-hydroxylation: Coupling of dopamine-
fl-hydroxylase to semidehydroascorbate reductase. Soc. Neurosci. Abstr. 5:
400 (1979).

7. Lumper, L., W. Schneider and Hj. Staudinger. Untersuchungen zur Kinetik
der mikrosomalen NADH: Semidehydroascorbat-Oxydoreduktase. Hoppe-
Seyler Z. PhysioL Chem. 348: 323-328 (1967).

8. Foerster, G. V., W. Weis and Hj. Staudinger. Messung der Elektronenspin-
resonanz an Sernidehydroascorbins#{228}ure. Ann. Chem. 690: 166-169 (1965).

9. Foerster, G. V., W. Weis and Hj. Staudinger. Weitere thermodynamishe
Daten der Semidehydroascorbinamire. Hoppe-Seyler Z. Physiol. Chem. 348:
234-235 (1967).

10. Schulze, H-U., and Hj. Staudinger. Untersuchungen zur Lipoidabhangigkeit
der NADH: Semidehydroascorbins#{228}ure-Oxidoreduktase (EC 1.6.5.4). Hoppe-
SeylerZ. Physiol. Chem. 352: 309-317 (1971).

1 1. Lester, R. L, and S. Fleischer. Studies on the electron-transport system: The
respiratory activity of acetone-extracted beef-heart mitochondria; role of
coenzyme Q and other lipids. Biochim. Biophys. Acta 47: 358-377 (1961).

12. Yamazaki, I., H. S. Mason and L. Piette. Identification, by electron paramag-
netic resonance spectroscopy, of free radicals generated from substrates by
peroxidase. J. Biol. Chem. 235: 2444-2449 (1960).

13. Avigliano, L, P. Gerosa, G. Rotilio, A. Finazzi Agr#{244},L Calabrese and B.
MondovI. Ascorbate oxidase: New method of purification of the enzyme from
green zucchini squash and identity of its copper moiety with that of cucumber
ascorbate oxidase. Ital. J. Biochem. 21: 248-255 (1972).

14. Levin, E. Y., and S. Kaufman. Studies on the enzyme catalyzing the conver-
sion of 3,4-dihydroxyphenylethylamine to norepinephrine. J. BIOI. Chem.
236: 2043-2049 (1961).

15. Ljones, T., T. Skotland and T. Flatmark. Purification and characterization of
dopamine-�-hydroxylase from bovine adrenal medulla. Eur. J. Biochem. 61:
525-533 (1976).

16. Diliberto, E. J., Jr., 0. H. Viveros and J. Axelrod. Subcellular distribution of
protein carboxymethylase and its endogenous substrates in the adrenal
medulla: Possible role in excitation secretion coupling. Proc. Natl. Acad. Sci.
U.S.A. 73: 4050-4054 (1976).

17. Diiberto, E. J., Jr., and S. Kaufman. Lack of inhibition of dopainine-$-

hydroxylase by superoxide dismutase, in Superoxide and Superoxide Di.s-
mutases (A. M. Michelson, J. M. MCCOTd and T. Fridovich, erie.). Academic
Press, New York, 407-408 (1977).

18. Liu, T. Z., J. T. Shen and W. F. Ganong. Evidence for the involvement of
superoxide anion in dopamine-�-hydroxylase system. Proc. Soc. Exp. Biol.
Med. 146: 37-40 (1974).

19. Bielski, B. H. J., and P. C. Chan. Enzyme-catalyzed chain oxidation of
nicotinamide adenine dinucleotide by superoxide radicals, in Superoxide and
Superoxide Dismutases (A. M. Michelson, J. M. MCCOrd and T. Fridovich,
eds.). Academic Press, New York, 409-416 (1977).

20. Andr#{233}asson L E., and B. Reinhammar. Kinetic studies of Rhus vernicifera
laccase; Role of the metal centers in electron transfer. Biochim. Biophys.
Acta 445: 579-597 (1976).

21. Br#{228}nd#{233}n,R., and B. Reinhammar. EPR studies on the anaerobic reduction of
fungal laccase: Evidence for participation of type 2 copper in the reduction
mechanism. Biochim. Biophys. Acta 405: 236-242 (1975).

22. Diliberto, E. J., Jr., and V. DiStefano. Effects of 2-mercaptoethylguanidine
and other compounds on norepinephrine synthesis by adrenal medullary
granules. Biochem. PharmacoL 22: 2947-2960 (1973).

23. DilibertO, E. J., Jr., V. DiStefano and J. C. Smith. Mechanism and kinetics of
the inhibition ofdopamine-�-hydroxylase by 2-mercaptoethylguanidine. Bio-
chem. Pharmacol. 22: 2961-2972 (1973).

24. Goldstein, M., T. H. Joh and T. Q. Garvey, HI. Kinetic studies of the
enzymatic dopamine-$-hydroxylation reaction. Biochemistry 7: 2724-2736
(1968).

25. Ljones, T., and T. Flatmark. Dopamine-/�-hydroxylase: Evidence against a
ping-pang mechanism. FEBS Lett. 49: 49-52 (1974).

26. Ljones, T., T. Flatmark, T. Skotland, L Petersson, D. Backatrom and A.
Ehrenberg. Dopamine-fl-hydroxylase: Electron paramagnetic resonance and
oxidation-reduction properties of the enzyme-bound copper. FEBS Left. 92:
81-84 (1978).

27. Terland, 0., and T. Flatmark. Ascorbate as a natural constituent of chromaffin
granules from the bovine adrenal medulla. FEBS Left. 59: 52-56 (1975).

28. Tirrell, J. G., and E. W. Westhead. The uptake of ascorbic acid and dehy-
droascorbic acid by chromaffin granules of the adrenal medulla. Neuroscience
4: 181-186 (1979).

29. Carmichael, S. W., and D. J. Smith. Continuities between mitochondria and
catecholamine-storage vesicles, in Catecholamines: Basic and Clinical Fron.
tiers (E. Usdin, I. J. Kopin and J. Barchas, eds.), Pergamon Press, New York,
1366-1368 (1979).

Send reprint requests to: Emanuel J. Diliberto, Jr., Department of
Medicinal Biochemistry, Weilcome Research Laboratories, 3030 Corn-

wallis Road, Research Triangle Park, North Carolina 27709.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/



