MOLECULAR PHARMACOLOGY, 9, 172-177

Analogues of Fusaric (5-Butylpicolinic) Acid as Potent Inhibitors of
Dopamine B-Hydroxylase

HirovosH1 Hipaka, ToMiko AsaNo, AND NoBUTAKA TAKEMoOTO!

Department of Biochemistry, Institute for Developmental Research, Aichi Prefecture Colony, Kasugat,
Aichi, Japan

(Received September 11, 1972)

SUMMARY

Hipaka, HirovosHi, AsaNo, Tomiko, AND TakEMoro, NoBUTAKA: Analogues of

fusaric (5-butylpicolinic) acid as potent inhibitors of dopamine g-hydroxylase. Mol.

Pharmacol. 9, 172-177 (1973).
Several derivatives of picolinic acid were effective inhibitors of a purified bovine adrenal
dopamine B-hydroxylase [3,4-dihydroxyphenylethylamine, ascorbate:oxygen oxidoreduc-
tase (hydroxylating), EC 1.14.2.1]. Inhibition of the enzyme by derivatives of picolinic
acid was uncompetitive with the substrate and competitive with ascorbic acid. Among the
derivatives of picolinic acid tested, 5-(3',4’-dihalobutyl)picolinic acid and 5-(3’-halobutyl)
picolinic acid were the most potent inhibitors of the hydroxylase, producing 50 % inhibition
at a concentration of 10 nM. While 5-butylpicolinic acid seemed to have the highest stabil-
ity constant of the copper chelate among the picolinic acids tested, its inhibitory activity
was not the strongest. There was no correlation between the copper-chelating capacity
of the picolinic acids and their inhibitory effects on the enzyme. Diethyldithiocarbamate,
which is a more effective copper-chelating agent than 5-butylpicolinic acid was a less potent
enzyme inhibitor. These data indicate that the inhibition of dopamine S8-hydroxylase by
picolinic acids was not primarily due to the chelate formation between the compounds
and copper of the enzyme. Some of these picolinic acids seemed to be specific inhibitors of
the hydroxylase and did not inhibit tyrosinase, a copper-containing enzyme, up to 10,000
times the concentration effectively inhibitory to dopamine g-hydroxylase.

INTRODUCTION

Dopamine g-hydroxylase [3,4-dihydroxy-
phenylethylamine, ascorbate:oxygen oxido-
reductase (hydroxylating), EC 1.14.2.1], the
enzyme that catalyzes the conversion of
dopamine to norepinephrine (1), is localized
in the chromaffin granules in the adrenal
medulla (2) and in the catecholamine-con-
taining vesicles in sympathetic nerve termi-
nals (3). Disulfiram, diethyldithiocarbamate,
and various aromatic thioureas are inhibitors
of this enzyme both in vivo and in witro
4-7).

1 Present address, Banyu Pharmaceutical Com-
pany, Ltd., Tokyo, Japan.
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Increasing interest in delineating possible
roles of dopamine B-hydroxylase in nor-
epinephrine biosynthesis has prompted a
search for compounds which will produce
specific inhibition of this enzyme. Hidaka
et al. (8) reported that 5-butylpicolinic acid
(fusaric acid) is an effective hypotensive
agent and a potent inhibitor of dopamine
B-hydroxylase (approximately 10 times more
potent than disulfiram). Terasawa et al. (9)
used FA? clinically and found it to be ef-

* The abbreviations used are: FA, 5-butyl-
picolinic acid (fusaric acid); BrsFA, 5-(3',4'-
dibromobutyl)picolinic acid; BrFA, 5-(3’-bromo-
butyl)picolinic acid; Cl;FA, 5-(3’,4’-dichlorobu-
tyl)picolinic acid.
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fective against human hypertension. These
facts have stimulated our interest in the use
of analogues of FA as inhibitors of dopamine
B-hydroxylase, as hypotensive agents, or as
pharmacological tools to alter levels of
amines in the nervous system.

MATERIALS AND METHODS

The picolinic acids used in this study were
synthesized at the Biological Screening Office,
Banyu Pharmaceutical Company, Tokyo.
Dopamine 8-hydroxylase was isolated from
bovine adrenals and highly purified through
the ammonium sulfate precipitation, char-
coal treatment, calcium phosphate gel treat-
ment, and DEAE-cellulose column chroma-
tography steps as described by Friedman
and Kaufman (10). A spectrophotometric
assay using tyramine as the substrate was
employed to determine enzyme activity (11).
The incubation mixture (1 ml) contained the
following components: potassium phosphate
buffer (pH 5.5), 100 mm; ascorbic acid,
10 mm; fumaric acid, 12 mM; tyramine hy-
drochloride, 10 mM; enough crystalline cata-
lase to give maximal stimulation of the
reaction rate; and 2040 ug of the purified
enzyme. Concentrations of inhibitors were
decreased over the range of 100 uM to 1 nm
until the inhibition fell below 50%. The
inhibitor concentration producing 45-55%
inhibition (Is) was determined graphically
(12). Mushroom tyrosinase was purchased
from Miles Company, Ltd. Its activity was
measured by the increase of absorption in
the region of 280-300 nm caused by the
formation of products. The reaction mixture
(3 ml) contained 1 mm L-tyrosine, 100 mm
phosphate buffer (pH 6.5), and 0.2 mg of the
enzyme. Tyrosinase was incubated for 10
min with or without inhibitor before adding
L-tyrosine. The reaction was initiated by
adding the substrate, L-tyrosine, at 25°.

Oxine (8-hydroxyquinoline) was employed
as a displacing ligand of copper to de-
termine the copper-chelating capacity (the
relative stability constant) of the picolinic
acids (13). When the concentrations of
copper, oxine, and the picolinic acids are
100, 200, and 200 uMm, respectively, the
relative stability constant (Kj) of picolinic
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acid and oxine is expressed by Eq. 1:

K, = (1= [Cu(0x).])’
4 [Cu(Ox).

where Cu(Ox). is the copper-oxine chelate.

The chelate formed between oxine and
copper [Cu(Ox).] has maximal absorption at
390 nm, but copper, oxine, the picolinic
acids alone, and the picolinic acid-copper
chelates have no absorption at 390 nm. Ac-
cordingly, the amounts of the copper-oxine
chelate were determined at an optical density
of 390 nm when the picolinic acids were
added to the solution containing oxine-cop-
per chelate. Reactions were carried out in
95% ethanol-2.5 mm acetate buffer (pH
5.0) at 25°. The copper-chelating capacity
(relative stability constant) of diethyldithio-
carbamate was determined spectrophoto-
metrically by measuring the decrease of
Ao, which is the absorption maximum of
the diethyldithiocarbamate-copper chelate,
using FA as a displacing ligand (13).

(1)

RESULTS

All the picolinic acids tested were found to
be inhibitory to some extent. The inhibitory
effects of some of the more interesting
members of this group upon the enzyme in
vitro are summarized in Table 1. 5-(3',4'-
Dibromobutyl)picolinic acid, 5-(3’-bromo-
butyl)picolinic acid, and 5-(3’,4’-dichloro-
butyl)picolinic acid were the most active of
the inhibitors in this series.

Table 2 summarizes the concentration of
Cu(Ox). remaining in the absence or the
presence of the picolinic acids (200 um) and
the relative stability constants of the pico-
linic acids and diethyldithiocarbamate. The
compound with the higher value in Table 2
forms the more stable copper chelate. Sub-
stitution by various radicals at position 5 of
picolinic acid did not produce marked
changes in the stability constants of their
copper chelates, except for 0-165 (Table 2).
FA has a higher capacity to form a copper
chelate (Table 2), but it is not relatively
potent as an inhibitor of dopamine B-
hydroxylase (Table 1). Although diethyl-
dithiocarbamate was approximately 13 times
less active an inhibitor of the enzyme than
was FA (Table 1), this substance was a more
effective copper-chelating agent than FA
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TaBLE 1
Inhibition of dopamine B-hydroxzylase by picolinic acids
The picolinic acids and diethyldithiocarbamate were added to the incubation mixture, and Is, was
determined graphically (12) (see MATERIALS AND METHODS).

N\—R Compound I
HOOC

ny
—CH,—CH,—CHBr—CH.Br Br.FA 10
—CH,—CH,—CHBr—CH, BrFA 10
—CH,—CH—CHCI—CH,Cl Cl,FA 10
—CH,—CH,—CH,—CH; FA 76
—CH,—S—CS—N(CHs): YP-279 77
—H Picoline acid 800
—NH—CS—N(CH,): B-265 1,000
—CH,—0—CO—N(CHa,): YP-180 5,000
—S0,—NH—CH, 0-165 80,000
Sodium diethyldithiocarbamate 1,000

TaBLE 2

Spectrophotometric determination of relative stability constants (Ka) of copper chelate of picolinic acids
and diethyldithiocarbamate
The picolinic acids (200 uM) were added to a 95%, ethanol-acetate buffer (2.5 mm, pH 5.0) containing
100 uM Cu(Ox)s. The molar extinction coefficient of Cu(Ox); in this solution was calculated to be 5420.
The concentration of Cu(Ox); remaining after addition of the picolinic acids was determined by meas-
uring A 390 . Ka was determined by fitting experimental data to Eq. 1.

Test substance Ao Cu(Ox): K, Log K4
remaining
M

None 0.542 100
Br:FA 0.203 37.5 4.63 0.666
FA 0.164 30.3 12.19 1.086
YP-279 0.239 4.1 2.04 0.310
Picolinic acid 0.210 38.7 3.97 0.599
YP-180 0.239 4.1 2.04 0.310
0-165 0.439 81.0 0.013 —1.886
Diethyldithiocarbamate 145,000+ 5.161

e Kq of the copper chelate of diethyldithiocarbamate and oxine was calculated from the K; of the
copper chelate of diethyldithiocarbamate and fusaric acid (see MATERIALS AND METHODS).

(Table 2). As shown in Tables 1 and 2, there
was no correlation between any copper-
chelating capacity of the picolinic acids and
their inhibitory effects on the enzyme.

The mechanism of dopamine B-hy-
droxylase inhibition by these picolinic acids
was then investigated. When the inhibitor
was added with the substrate or incubated

with enzyme before adding the substrate,
the inhibitor was uncompetitive for the
substrate. The double-reciprocal plot in Fig.
1A characterizes the uncompetitive inhibi-
tion of the picolinic acids as typified by
Br;FA. Incubation of the inhibitor with
enzyme before the addition of substrate did
not influence the inhibitory activity or the



INHIBITION OF

*BryFA 1210°%M

*BryFA Sx10°° M

A i 1

[} s 10 15
1s x107 Tyramine

DOPAMINE $-HYDROXYLASE BY

PICOLINIC ACIDS 175

“BrFA 3x10° M
1
e

[ L] 0 15

11S x10"" Ascorblc Acid

F16. 1. Lineweaver-Burk plots of molar tyramine (A) and ascorbic acid (B) concentration against rate
of B-hydrozylation of tyramine with and without BrsFA

The assay was carried out as described in MATERIALS AND METHODS. The velocities are expressed as
Aszo . O——O, enzyme alone; A——A, with 5 na BryFA; A——A, with 10 nu Br,FA; @—@, with

3 nM Br,FA.

mode of inhibition. The inhibitor was com-
petitive for ascorbic acid, and the double-
reciprocal Lineweaver-Burk plot character-
izes the competitive inhibition of the com-
pounds as typified by BrsFA (Fig. 1B).
Johnson et al. (7) previously noted that the
aromatic thioureas were competitive for the
substrate but that when the aromatic thio-
ureas were initially incubated for 15 min,
increasing concentrations of substrate could
not overcome the inhibition. The inhibition
of dopamine B-hydroxylase by the picolinic
acids was different from the inhibition by
the thioureas. Diethyldithiocarbamate was
noncompetitive for the substrate and ascor-
bic acid, and the double-reciprocal Line-
weaver-Burk plots for substrate and ascorbic
acid were characteristic of noncompetitive
inhibition (Fig. 2A and B).

In order to determine whether the picolinic
acids are specific inhibitors for dopamine 8-
hydroxylase, the effects of these compounds
on the activity of another copper-containing
enzyme, tyrosinase, were studied. The pico-
linic acids did not inhibit the activity of
tyrosinase up to 10 uM, as typified by FA
and Br;FA (Table 3). The concentrations of
Br;FA that produced 50% inhibition of

dopamine 8-hydroxylase and tyrosinase were
10 nM and 130 uM, respectively, a 10,000-
fold difference. The concentration of di-
ethyldithiocarbamate that produced 50 %
inhibition of dopamine B-hydroxylase and
tyrosinase was 1 uM. The inhibitory activities
of diethyldithiocarbamate toward both en-
zymes were identical.

DISCUSSION

Evidence that the mechanism of inhibition
of dopamine 8-hydroxylase by the picolinic
acids is not due primarily to the formation of
chelates with the copper of this enzyme were
the observations (a) that there was no cor-
relation between any copper-chelating capac-
ity of the picolinic acids and their inhibitory
effects on the enzyme, (b) that the addition
of copper to the incubation mixture could not
overcome the inhibition by the picolinic
acids (15), (c) that tyrosinase was not
inhibited by these compounds up to a con-
centration of 10 uM in vitro and monoamine
oxidase was also not inhibited in vivo and in
vitro (14), (d) that picolinic acid and dipico-
linic acid were effective inhibitors of dopa-
mine B-hydroxylase to approximately the
same extent in spite of the marked difference
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Fia. 2. Lineweaver-Burk plots of molar tyramine
(A) and ascorbic acid (B) concentration against rate
of B-hydrozylation of tyramine with and without
diethyldithiocarbamate (DDC) .

The assay was carried out as described in Ma-
TERIALS AND METHODS. The velocities are ex-
pressed a8 A . O——O, enzyme alone; @—@,
with 1 um (A) or 300 nM (B) diethyldithiocarba-
mate.

between their stability constants for copper
(16, 17), and (e) that FA, which is a far less
effective ligand of copper than diethyldithio-
carbamate, is approximately 13 times more
potent an inhibitor of the hydroxylase
(Tables 1 and 2). Although many copper-
chelating agents are known to inhibit dopa-
mine B-hydroxylase in witro (4), they are
probably not specific inhibitors of the en-
zyme and are less active than Br,FA.
Diethyldithiocarbamate inhibited tyrosinase
in vilro at approximately the same concen-
tration at which it produced dopamine g-
hydroxylase inhibition, but Br,FA did not
inhibit tyrosinase at up to 10,000 times the
concentration inhibitory to the hydroxylase.
We do not exclude the possibility of chelate
formation between the picolinic acids and
copper in dopamine 8-hydroxylase, because

ET AL.

TABLE 3
Inhibition of tyrosinase by FA, BrsFA,
and diethyldithiocarbamate
Inhibitors were incubated with enzyme for 10
min before adding the substrate. Enzyme activity
wa3s determined spectrophotometrically. Details
are described in MATERIALS AND METHODS.

Inhibitor Inhibition
%

Concentration

M

1X 1078
5 X 10°¢
1X 10
2 X 10~

FA

S8&o

1X 10-8
5 X 10-8
1 X 107
2 X 10~

BP:FA

Diethyldithiocarba-
mate

1X 1077
5 X 1077
1X10°¢
2 X 10-¢

B8 BEBo

p—

a change in the absorption spectrum of FA
was observed at high concentration. Tyro-
sinase was probably inhibited by chelate
formation between the picolinic acids and
copper of the enzyme. It should be noted
that the most important factor for dopamine
B-hydroxylase inhibition is the moiety at
position 5 of picolinic acid. This is not
directly involved in the chelate formation.

An isotopic study using [“C]dopamine
revealed that the conversion of [*C]dopa-
mine to [“C]norepinephrine was significantly
inhibited in heart and adrenal glands by
injection of the picolinic acids.® The reduc-
tion of norepinephrine after administration
of the picolinic acids seems to be due to
inhibition of the hydroxylase in vivo.

Our data indicate that the inhibition of
dopamine g-hydroxylase by the picolinic
acids is not primarily due to their copper
chelation. Specificity in the inhibition can be
best explained by the steric factors in posi-
tion 5 of picolinic acids, which affect pene-
tration to the active site. From this point
of view, it is reasonable that the substitution

3 H. Hidaka, N. Takemoto, and K. Takeya,
unpublished observations.
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of hydrogen for halogen at position 3’ or 4’
of 5-butylpicolinic acid would make the
derivatives more potent. It is noteworthy
that the most potent inhibitors of dopamine
B-hydroxylase, i.e., halofusaric acids (BroFA,
BrFA, etc.), are more potent antihyper-
tensive agents than FA (18).

ACKNOWLEDGMENTS

The authors are grateful to Dr. I. Matsumoto
and Dr. T. Miyano (Banyu Pharmaceutical Com-
pany, Ltd.) for help in preparing the picolinic
acids. They also thank Dr. K. Suzuki (Department
of Inorganic Chemistry, Faculty of Science, Uni-
versity of Nagoya) and Dr. K. Samejima (De-
partment of Analytical Chemistry, Faculty of
Pharmaceutical Science, University of Tokyo) for
their helpful advice on the copper chelate study.

REFERENCES

1. S. Kaufman and S. Friedman, Pharmacol. Rev.
17, 71-100 (1965).

2. N. Kirshner, J. Biol. Chem. 226, 821-825 (1957).

3. L. T. Potter and J. Axelrod, J. Pharmacol.
Ezp. Ther. 142, 299-305 (1963).

4. M. Goldstein, B. Anagnoste, E Lauber, and
M. R. McKereghan, Life Sci. 3, 763-767
(1964).

177

5. A. L. Green, Biochim. Biophys. Acta 81, 394
397 (1964).
6. Y. Hashimoto, Y. Ohi, and R. Imaizumi, Jap.
J. Pharmacol. 15, 445446 (1965).
7. G. A. Johnson, 8. J. Boukma, and E. G. Kim,
J. Pharmacol. Exzp. Ther. 168, 229-234 (1969).
. H. Hidaka, T. Nagatsu, K. Takeya, T.
Takeuchi, H. Suda, K. Kojiri, M. Matsuzaki,
and H. Umezawa, J. Antibiot. (Tokyo) 22,
228-230 (1969).
9. F. Terasawa and M. Kameyama, Jap. Circ. J.
35, 339-357 (1971).
10. S. Friedman and S. Kaufman, J. Biol. Chem.
240, 47634773 (1965).
11. J. J. Pisano, C. R. Creveling, and 8.
Udenfriend, Biochim. Biophys. Acta 43, 566
568 (1960).
12. E. G. McGeer, D. A. V. Peters, and P. L.
McGeer, Life Sci. 7 (Pt. II), 605-615 (1968).
13. V. L. Hughes and A. E. Martell, J. Phys. Chem.
57, 694699 (1953).
14. H. Hidaka, Nature New Biol. 231, 54-55 (1971).
15. T. Nagatsu, H. Hidaka, H. Kuzuya, K.
Takeya, H. Umezawa, T. Takeuchi, and H.
Suda, Biochem. Pharmacol. 19, 3544 (1970).
16. K. Suzuki, M. Yasuda, and K. Yamasaki, J.
Phys. Chem. 61, 229-231 (1957).
17. G. Anderegg, Helv. Chim. Acta 43, 414-424
(1960).
18. H. Hidaka and K. Takeya, Nature 239, 334-
335 (1972).

00





