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Abstract-Fusaric acid (5-butylpicolinic acid) was found to be a potent inhibitor of 
dopamine j-hydroxylase in vitro and in vivo. Fusaric acid inhibited the enzyme by 50 
per cent at a concentration of 3 x 10-8 M. Kinetic studies with purified dopamine /I- 
hydroxylase showed that the inhibition by fusaric acid was of the uncompetitive type 
with the substrate and of the mixed type with a cofactor, ascorbic acid. Fusaric acid 
lowered endogenous levels of norepinephrine and epinephrine in brain, heart, spleen 
and adrenal glands. Maximum depletion of norepinephrine and epinephrine was 
observed between 3 and 6 hr after the administration of fusaric acid. Since dopamine 
Bhydroxylase activity in adrenal medulla was found to be inhibited in vivo after the 
administration of fusaric acid, the decrease in the catecholamine levels is attributed to 
the inhibition of norepinephrine synthesis at the dopamine fi-hydroxylase stage. 

FUSARIC acid (Ebutylpicolinic acid), which is an antibiotic produced by fungus, has 
been found to be a potent hypotensive agent and a potent inhibitor of dopamine 
/3-hydroxylase by Hidaka et al.1 Since dopamine ,%hydroxylase [3,6dihydroxyphenyl- 
ethylamine, ascorbate : oxygen oxidoreductase (hydroxylating), EC 1.14.2.1]aJ 
catalyzes the final step in the biosynthesis of norepinephrine, the effect of fusaric 
acid on the endogenous levels of norepinephrine and epinephrine is of interest. The 
present communication describes kinetic studies on the inhibition of dopamine 
b-hydroxylase in vitro and the depletion of norepinephrine stores in sympathetically 
innervated tissues by the compound. By using a new method for the assay of dopamine 
&hydroxylase in homogenate of adrenal medulla,4 the enzyme activity in vivo also 
was found to be inhibited after the administration of fusaric acid. 

MATERIALS AND METHODS 

Fusaric acid was prepared from a culture filtrate of a fungus of Fusarium Species 
as reported previously.1 

Dopamine j3-hydroxylase was prepared from the soluble fraction4 of bovine 

*Postdoctoral visiting fellow in Aichi-Gakuin University, School of Dentistry. Present address: 
Institute of Biochemistry, Faculty of Medicine, University of Nagoya, Nagoya, Japan. 
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adrenal medulla according to the procedure of Friedman and Kaufman.3 The detergent 
“Cutscum” (isooctyIphenoxypo~yethoxyethano1 containing detergent) was not used 
for the solubikation, Assays of the enzyme activity during the purification procedure 
were carried out using tyramine as substrate in the presence of ~-~thylmaIeim~d~ as 
reported previously.4 Most experiments were carried out on the eluate from ca~c~urn 
phosphate gel. 

The reaction mixture for the enzymic assay (find volume, I.0 ml) contained (in 
pmoles): fumarate, 10; potassium phosphate (pW 6~5)~ 100; ascorbate, 10; an appro- 
priate amount of the enzyme (usually 9 pg of protein); and enough catalase to give 
m~imum stimuiation; and substrate (tyrami~e or dopamine), 10. This incubation 
mixture was preincubated for 8 min at 3?“, and the reaction was started by adding 

FIG. 1. Lineweaver-Burk plots of tyramine con~ntration against rate of hydroxy~at~on with and 
without fusaric acid. Tyramine was added after preincu~t~~n of enzyme with fusaric acid. Iacuba- 
tion was for 30 min. The assay was carried out as described in Materials and Methods. The velocities 
are expressed as moles of norsynephrine formed from tyramine per 30 min. The substrate concentra- 
tion is expressed in moles. t--4), enzyme alone; 0------0, enzyme with 5 x 1W M fusaric 
acid; A---- A, enzyme with 3 x 10-S M fusaric acid; A- A, enzyme with 1 x 1O-7 M fusaric 

acid. 

substrate. The reaction mixture was incubated for 30 min at 37” in air. The enzymic 
activity was measured by two methods. (1) When tyramine was the substrate, the 
conversion of tyramine to norsynephrine was followed according to the spectro- 
photometric procedure of Creveling et al.5 The reaction was stopped by the addition 
of 0.2 ml of 3 M trichloroacetic acid. As a control, the reaction mixture without 
tyramine was incubated at the same time, and the substrate was added after stopping 
the reaction. Tyramine and norsynephrine were adsorbed on an Amberlite CC&120, 
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H+ column and eluted with NH40H. The norsynephrine formed from tyramine was 
assayed on an aliquot of the column eluate by periodate oxidation and measurement 
of absorbance at 330 rnp of the p-hydroxybenzaldehyde formed. (2) When dopamine 
was used as substrate, the reaction was stopped by the addition of O-2 ml of 0.6 M 
trichloroacetic acid. A 10 pl-aliquot of the acidified reaction mixture was added to 
1.99 ml of 1 M acetate buffer (pH 6.5). Norepinephrine formed from dopamine was 
assayed according to the fluorometric procedure of Von Euler and Floding.6 

Dopamine Shydroxylase activity of rabbit adrenal medulla after the injection of 
fusaric acid was measured as described in our previous report.4 

The concentrations of dopamine, norepinephrine and epinephrine in tissues were 
determined by a sensitive method for the simultaneous estimation of norepinephrine 
and dopamine in tissue by Hoagans. * Catecholamines were extracted by using phos- 
phate buffer from tissue homogenates in dry butanol. To 2 ml of phosphate buffer 
extract (0.1 M, pH 6*5), 1-O ml of 4% EDTA was added. Exactly 2 min after the 
addition of 0.2 ml of iodine solution (48 g KI and 0.25 g sublimed iodine in 100 ml 
water), 0.5 ml of alkaline sulfite (5 ml 12.6% anhydrous sodium sulfite made up to 
25 ml with 5 N NaOH) was added. Exactly 2 min later 0.6 ml of 5 N acetic acid was 
added. The solutions were heated in a boiling water bath for 5 min, then cooled 
rapidly by immersion in cold water. The fluorescence intensities in the resulting 
solutions were determined in an Aminco-Bowman Spectrophotofluorometer at the 
following wavelengths (excitation, m&luorescence, mp): dopamine, 310/365; nore- 
pinephrine, 385/480; and epinephrine, 410/500. Assay values were corrected to 100 
per cent recovery. In the case of adrenals, epinephrine plus norepinephrine were 
assayed, and the results were calculated as epinephrine. 

Catalase activity was measured by a spectrophotometric method.7 Tyrosine 
hydroxylase activity was assayed fluorometrically* using partially purified enzyme 
preparations from bovine adrenal medulla. Fez+ ion (2 x 10-s M) was included in the 
incubation mixture. Monoamine oxidase activity was assayed by following the dis- 
appearance of kynuramine by the method of Weissbach et al.9 Rat liver mitochondria 
served as enzyme preparation. Aldehyde dehydrogenase activity was measured by the 
method of Racker.10 The high-speed supernatant of guinea-pig kidney was used as 
enzyme preparation. 

Studies in vitro 
RESULTS 

1. Inhibition of pur$ed dopamine fl-hydroxylase by fusaric acid. As shown in Table 1, 
fusaric acid inhibited dopamine t%hydroxylase at concentrations as low as 10-s M. 
At a concentration of 3 x 1O-8 M, the inhibition was about 50 per cent. Picolinic 
acid also inhibited the enzyme activity, but it was a less potent inhibitor than fusaric 
acid. Preincubation of dopamine t%hydroxylase with fusaric acid did not affect the 
extent of inhibition. 

Fusaric acid inhibited the enzymic formation of norepinephrine from dopamine 
also, but to a slightly lesser extent than that of norsynephrine from tyramine as 
shown in Table 2. 

Fusaric acid did not inhibit catalase at a concentration of 10-d M. Therefore, the 

*A. F. Hoagans, A sensitive method for the simultaneous estimation of norepinephrine and dopa- 
mine in tissue, personal communication. 
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inhibition was not due to the interaction of fusaric acid with catalase in the incubation 
mixture and the subsequent inactivation of the enzyme by Hz02 which is produced 
by non-en~c autoxidation of the cofactor, ascorbic acid.2 

2. Mechanism of the e#ect on purzjied dopamine /3-hydroxylase.- Reversibility of 
the inhibition by fusaric acid. The inhibition produced by fusaric acid was completely 
reversed by dialysis against phosphate buffer (Table 3). Since dopamine ,!!I-hydroxylase 

TABLE 1. INHIBITION OF DOPAMINE ~-HYDROXYLASE BY FUSARIC ACID AND 
PICOLINIC ACID 

Inhibitor Concenn;ation Dtpamine @hydr?x@se 
(/. of control acttvlty) 

-(Control) 
Fusaric acid 

H 

1 x IO-* 
3 x 10-9 

5 x to-9 

CHo-CHz-CHz-CHn\/YH 1 x io-8 
3 x 10-s 
5 x 10-8 

H/‘Ny\COOH 1 x 10-7 
3 x 10-7 

5 x 10-7 

1 x 10-9 

Picolinic acid 

80 

;z 
42 
31 
I6 
II 
8 

45 
17 

TABLE 2. COMPARISON OF INHIBITION OF WPAMINE @HYDROXYLASE BY 
FUSARIC ACID FOR DIFFERENT SUBSTRATES 

Con~ntration of Inhibition of 
Substrate fusaric acid dopamine ~-hydroxyias~ 

WI (%I 

21 
45 

32 

is a copper enzyme, the possibility that fusaric acid may inhibit the enzyme by the 
chelation with copper was examined. As shown in Table 4, the inhibition was not 
reversed significantly by the addition of copper. 

Kinetic studies on the ~~h~b~t~on by fksaric acid. Kinetic studies were made to deter- 
mine the type of inhibition involved in the action of fusaric acid. The results of these 
studies are expressed in Lineweaver-Burk plots. As shown in Fig. 1, inhibition of 
dopamine p-hydroxylase by fusaric acid was found to be of the uncompetitive type, 
implying that this compound affects the enzyme-substrate complex.ll The inhibition 
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of fusaric acid was of the mixed type in the presence of the cofactor, ascorbic acid, as 
shown in Fig. 2. The extent of the inhibition of fusaric acid did not depend significantly 
on the fumarate concentration between 1 x 1O-2 M and 5 x 1O-4 M (Table 5). 

Eflect of fusaric acid on tyrosine hydroxylase, monoamine oxidase and aldehyde 
dehydrogenase. To investigate the specificity of the inhibitory activity of fusaric acid 

TABLE 3. REVERSAL OF FUSARIC-ACID INHIBITION OF DOPAMINE 
~LHYDR~XYLASE BY DIALYSIS 

Dopamine ,%hydroxylase* 
(% of control activity) 

Before dialysis After dialysis 

Control 
Fusaric-acid 

treated enzyme 

100 100 

9 92 

*Enzyme was incubated with fusaric acid (1 x lO+M) 
for 10 min at 37”, and then dialyzed against 200 volumes of 
a05 M phosphate buffer (pH 6.5) at 5” for 24 hr. Buffer was 
changed three times. 

TABLE 4. EFFECT OF Cu2+ ON FUSARIC-ACID INHIBITION OF DOPAMINE ,%HYDROXYLASE 

Dopamine /Shydroxylase* 
( yO of control activity) 

cu2+ Enzyme Enzyme Enzyme 
Concentration alone 

Enzyme 
plus plus 

(M) 1 x lo-* M 
plus 

3 x lo-* M 1 x 10-7 M 
fusaric acid fusaric acid fusaric acid 

0 100 72 49 27 
1 x 10-5 15 

5 x 10-B 
1:; 

:: :: f: 
1 x 10-S 
1 x 10-7 loo :f: :i :B 

*Fusaric acid and Cu2+ were preincubated at 37” for 8 min. Complete 
incubation mixture was then added, and the reaction was carried out at 37” 
for 30 min. 

on dopamine fl-hydroxylase, the effects of this compound on some other oxidoreduc- 
tases were examined. At a concentration of 1O-5 M, fusaric acid did not inhibit 
tyrosine hydroxylase, monoamine oxidase, and aldehyde dehydrogenase. At a 
concentration of lop4 M and without adding Fe 2+ to the incubation mixture, tyrosine 
hydroxylase activity was inhibited significantly. 

Studies in vivo 
(1) Estimation of the inhibition of dopamine /I-hydroxylase activity by fusaric acid in 

the adrenal medulla in vivo. The simplified assay procedure of dopamine /3-hydroxylase 
in crude tissue preparations4 permitted to estimate the degree of inhibition of fusaric 
acid on dopamine &hydroxylase in vivo. Dopamine &hydroxylase activity was 
assayed in homogenates of the adrenal medulla after administration of fusaric acid 
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FIG. 2, Lineweaver-Burk plots of ascorbic acid con~ntmtion against rate of hydroxylation with and 
without fusaric acid. Fusaric acid and ascorbic acid were added simultaneously. Incubation was for 
30 min. The assay was carried out as described in Materials and Methods. The velocities are expressed 
as pmoles of norsynephrine formed from tyramine for 30 min. The substrate concentration is ex- 
pressed in moles. u, enzyme alone; O- 0, enzyme with 3 x 1O-8 M fusaric acid; &--A, 

enzyme with 7 x lo-* M fusaric acid. 

TABLE ~.EFFECTO~FUM~ATECON~E~TIONONFUS~IC ACID 

IwwrroN 0~ DowMINE ~SHYDR~XYLASE 

Dopamine p-hydroxylase 
(% of control activity) 

Fumarate 
Concennrition Enzyme plus fusaric acid (M) 

Enzyme 
alone 1 x 10-s 3 x 10-8 1 x 10-7 

to intact rabbits. As shown in Table 6, marked inhibition of the activity was observed 
in the adrenal medulla homogenate 3 hr after administration of fusaric acid. The 
reaI extent of the inhibition in viva may be even higher, since the dilution of the tissue 
homogenate during the assay procedure will cause dissociation of the inhibitor- 
enzyme complex. 

(2) Effect of fusaric acid on the levels of catecholamines in tissues of rats after admini- 
stration of a single dose offusaric acid. Above results showed that fusaric acid is a very 
potent inhibitor of dopamine /3-hydroxylase both in vitro and in vivo. Experiments 
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TABLE 6. DOPAMINE &HYDROXYLASE ACTIVITY IN HOMOGENATE OF RABBIT ADRENAL 
MEDULLA AFTER ADMINISTRATION OF FUSARIC ACID 

Dopamine j%hydroxylase activity 
(r.rmoles/30 min/g) 

Control 
Experiment No. 1 

No. 2 

169 f 61 

:z 

Two rabbits were injected i.p. with fusaric acid (100 
mg/kg). The animals were sacrificed after 3 hr and the 
enzyme activity in adrenal medulla was determined by a 
method for the assay of the activity in the homogenate.4 
Results in control were expressed as the mean i S.E.M. 
of four rabbits. 

o---a DOPAMINE 
m--a NOREPINEPHRINE 

--------____ --we__ 

P 

1 

I I I I I c 
0 3 6 9 12 24 

TIME (HRSl 

Fro. 3. Levels of norepinephrme and dopamine in brains of rats after administration of a single 
dose of fusaric acid (100 mg/kg i.p.). Each value represents the mean value (vertical line represents 

f 1 standard error) obtained from three to five rata. 

I I I I I I I 

0 3 6 12 
TIM% (HRS) 

24 

FIG. 4. Levels of norepinephrine in spleens of rats after administration of a single dose of fusaric 
acid (100 mg i.p.). Each value represents the mean value (vertical line represents f 1 standard error) 

obtained from three to six rats. 
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were carried out to see whether enzyme inhibition can lead to depletion of norepine- 
phrine in sympathetically innervated tissues. As shown in Fig. 3, norepinephrine 
IeveIs in brain decreased 3 hr after administration of fusaric acid, and returned to 
normal levels after 12 hr. In contrast, dopamine levels did not change significantly. 
Norepinephrine in spleen decreased slightly after 3 hr and returned to normal levels 
after 6 hr (Fig. 4). Marked reduction in norepinephrine levels was observed in heart 
as shown in Fig. 5. The depletion was by 66 per cent after 3 hr, by 53 per cent after 
6 hr, and the levels returned to the control values after 12 hr. Epinephrine levels in 
adrenals also decreased greatly (Fig. 6). The depletion continued up to 9 hr, and the 

0.6 - 

F 
Z 
; 0.6- 

z 

g 
i 04- 

z 

tl 

p 0.2- 

I I , I I I 

0 3 6 9 12 24 

TIME (HRS) 

FIG. 5. Levels of norepinephrine in hearts of rats after administration of a single dose of fusaric 

acid (100 mg/kg in.). Each value represents the mean value (vertical line represents f 1 standard -. - _. 
error) obtained from three to six rats. 
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FIG. 6. Levels of epinephrine (including norepinephrine) in adrenals of rats after administration of 

a single dose of fusaric acid (100 mg/kg i.p.). Each value represents the mean value (vertical line 
represents i 1 standard error) obtained from three rats. 



Inhibition of dopamine /I-hydroxylase by fusaric acid 43 

levels returned to the control values after 24 hr. Significant amounts of dopamine 
were not detected in spleen and heart after administration of fusaric acid. However, 
the ~on~n~ations of dopamine in adrenals increased (control, 10 pg/g; 3 hr after 
administration, 30 pg/g). 

DISCUSSION 
Fusaric acid was found to be a very potent inhibitor of dopamine &hydroxylase. 

At a concentration of 3 x 10-s M, the inhibition was 50 per cent. Picolinic acid was 
an effective inhibitor also, but the introduction of 5-butyl group increased the inhibi- 
tory activity. The picolinic acid structure is an essential part for the effect. Detailed 
study on the relationship between structure and inhibitory activity of pyridine 
derivatives will be reported elsewhere. 

The most potent inhibitors of dopamine fl-hydroxylase previously reported were 
~nzyloxyaminesls which are isosteres of phenylethylamine. They inhibited the enzyme 
by about 60 per cent at a concentration of 1 x 10-S M in vitro. The other type of 
potent inhibitors of dopamine @-hydroxylase in vitro and in vivo are copper chelating 
compounds such as diethyldithiocarbamatels or phenylethyldithiocarbamate.14 These 
compounds inhibited the enzyme at concentrations between 1O-5 M and 10-s M in 
vitro.15 Therefore, fusaric acid is the most potent inhibitor of dopamine @-hydroxylase 
which has been reported so far. 

The mechanism of inhibition of fusaric acid is characteristic. Since fusaric acid can 
produce chelation with metals, the inhibitory mechanism was initially expected to be 
due to chelation of the copper atom at the active site of the enzyme. However, the 
experimental results indicated that the inhibition may not be due to simple chelation. 
The inhibition by chelating agents such as sulfhydryl compound9 could be reversed 
by Ct.@* ion or by extensive dialysis, and was of non-com~titive type with substrate 
and cofactors. Therefore, the extent of inhibition was unrelated to the concentration 
of the substrate, ascorbate or fumarate. On the contrary, the inhibition by fusaric 
acid was of uncompetitive type with the substrate, indicating that this compound 
affects the enzyme-substrate complex .rr Fusaric acid exhibited a mixed type of inhibi- 
tion with a cofactor, ascorbate. The inhibition by fusaric acid could be reversed by 
extensive dialysis, but the addition of copper did not reverse the inhibition. These 
results suggest that the inhibition by fusaric acid is not due to simple chelation, but 
due to complex interactions with the enzyme-substrate complex. 

The decrease in the endogenous levels of norepinephrine in heart, brain, and spleen 
and of epinephrine in adrenals is attributed to the inhibition of catecholamine bio- 
synthesis in vivo at the dopamine Shydroxylase stage. This interpretation is supported 
by the decrease of norepineph~ne in heart, brain, and spleen and of epinephrine in 
adrenals without any marked decrease in dopamine concentrations. Fusaric acid 
did not alter the uptake or release of norepinephrine in mouse heart (unpublished 
results). Dopamine in brain did not show any increase, but that in adrenals increased. 
A similar elevation of dopamine in rat adrenals after the administration of inhibitors 
has been reported with diethyldithiocarbamatel7 and phenylethyldithio~rbamate.14 

As reported by Hidaka et al.,1 fusaric acid is a potent hypotensive agent in various 
mammals. From the present results it appears that the hypotensive action of fusaric 
acid is due to the decrease of endogenous norepinephrine concentrations in the 
cardiovascular system by the inhibition of dopamine /I-hydroxylase. 
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It was reported by Holtz et al.ls and Kumagai et al .l9 that incubation of dopamine 
with monoamine oxidase in vitro produced tetrahydropapaveroline which is a potent 
hypotensive agent. The inhibition of dopamine &hydroxylase in vivo may facilitate 
the monoamine oxidase pathway for dopamine metabolism to produce tetrahydro- 
papaveroline. However, the formation of this compound in rats after administration 
of fusaric acid could not be demonstrated. 

Fusaric acid did not inhibit tyrosine hydroxylase at a concentration sufficient for 
complete inhibition of dopamine /&hydroxylase. It has been established that tyrosine 
hydroxylase is the rate-limiting step in the biosynthesis of norepinephrine.20 However, 
such a potent inhibitor of dopamine &hydroxylase as fusaric acid would be able to 
reduce endogenous levels of norepinephrine, though the enzyme is not the rate- 
limiting step. Since fusaric acid is a potent and specific inhibitor of catecholamine 
biosynthesis at the dopamine &hydroxylase stage, the compound would be a valuable 
tool in pharmacological studies. 
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