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From isotopic studies it is known that the first step in the bio- 

synthesis of noradrenaline involves the conversion of tyroslne to 3,4- 

dihydroxyphenyliilanine (nOPA). Although the overall conversion of tyro- 

sine to noradrnaline can be demonstrated in various intact organs (l,2,3) 

and in tissue slices (4,5,6), nothing is known about the ceJJ.uJxc catalyst 

responsible for the first step in the biosynthesis. It has now been pos- 

tyrosine ) noradrenaline ) DDPA, DOPAmine 

slble to obtain mltochondrisl fractions from brain and a&t-end medulla 

which can hydroxylate L-tyrosine to DOPA. Some properties of this system 

are presented in the present report. 

~ANDMETEtOW 

L-Tyrosine-U-Cl4 (300 &mole), D-tyroslne-l-Cl4 (23.9 pc/pmole), 

DL-m-tyrosine-H3 (26.5 pc/pnole) , tyramLne-l-d-4 (1.83 pc/pmde) , aa DL- 

DOPA-H3 (223 pc/pmole) were obtained from New England Nuclear Carp. N'- 

(Methyl,3-hydroxybenzyl) hydrazine (pargyltie) was kindly donated by Dr. A. 

Sjoerdsma. N*-Methyl-N'-34ydroxyphenylhydrazine (NSD-1034) was kindly 

donatedby Dr. E. Costa. a-Propyl-3,4-di.bydroxyphenylacetsd&e XSB ldndly 

donate&by Dr. A. Carlsson. DL-a-Methyl-tyrosi was obtained from Merck 

SW & Dobme Research Laboratories, m-tyrosine from H. M. Chemicd Co., 

&f POStdoctord. Research Fellow, United gkates Public Health Service. 
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D-tyrosine fromMann Research Laboratories, Inc. Alumina was obtained 

from M. Woelm. Eschwege and treated according to the method of Crout (7). 

Unless otherwise specified incubations were carried out in air in 

a total volume of 4 x& containing 0.05 to 0.1 pg of tyr0sine-C 14 (100,000 

to 200,000 c.p,m.), potassium phosphate buffer pH 6.4 (400 p&e), 4 

pmoles of the decarboxylase inhibitor NSD-1034, and 4 qoles of the mono- 

amine oxidase inhibitor, pargyline. The incubation was stopped by the 

addition of 3 ml of 20% trichloroacetic da. Twenty kg of nonradknx- 

tive L-DOPA (snd in some instances DoPAmine) were added as carrier end 

the beaker was rinsed with 5 ml. of water. Catechols were adsorbed onto 

alumina according to the method of Grout (7). The alumina columns were 

then washed twice with 15 ml volumes of water and then e&ted with 6 ml 

of 0.3 N acetic acid. A 2 ml diquot of the acetic acid eluate contain- 

ing DOPA-C14 was transferred to a counting vial. Ten nil of Bray's solu- 

tion (8) was added and radioactivity measured in a scintillation spec- 

trometer. When20 pg of DOPAor DOPAminewere carriedtbroughthis pro- 

ceaure they were recovered to the extent of about 8%. 

!Y!yr0sine-& from commercial sources contained appreciable smounts 

of materisl which assayed as catechols by this procedure, Howwer, by 

treating the labelled tyrosine solutions twice with alumina as described 

above and then passing the solutions over IX-50 (Ma+ form) columns It 

was possible to remove slmost all catechol-like interferences3 500,000 

c.p,m. of purified lqrosine yielded less then 50 c.p.m, through the pro- 

cedure. 

REtmIx 

In a preliminsry survey homogenates or 15,000 x G perticle fractions 

Of a number of tissues of the @guinea pig were tested for their ability to 

COnVert L-tyrosine to DOPA. TOSSED heated at 80' for 10 minutes were 

USea as controls In each case. As can be seen in Table I adrenal medulla 

and brain stem were most active. Homogenates aa particles derived from 

brain stems of rats, rabbits, COWS and hogs exhibited activities compara- 
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ble to those of the guinea pig preparations. When homogenates of brain 

stem were prepsxed in 0.25 M sucrose and subjected to &Lfferentj.d. cen- 

trifugation essentislly dl the activity was found to be associated with 

tnose particles sedimentlng at 15,000 x G (Table II), 

TABLE I 

Conversion of L-tyroslne to DOPA by guinea pig tissues. The data 
presented in this table are typical of data obtained in msny similar 
experiments. The controls were heated at 8o" for 10 mln before adding 
substrates. Particles represent the sediment obtained by centrifuga- 
tlon at 15,000 x G and prepared as described in the text. 

Tissue DOPA formed 
(quuoles/g/br) 

Braln stem particles 7.53 
Brdn stem particles (heated) 0.03 

Whole adrenal homogenate 13.60 
Whole adrend. (heated) 0.12 

Heart particles 0.05 
Heart par-izicles (heatea) 0 l oo 

Spleen psrticles 0.49 
Spleen particles (heatea) 0.17 

Wver particles 
Liver particles (heated) 

0.29 
0.05 

ICLdneyparticles 
Kidney particles (heate&) 

0.07 
0.02 

TABIS II 

Intracellular localization of hog brain tyrosine hydroxylase activity 

Cell fraction DOPA formed 
(c.p.m./g/hr) 

Whole homogende 3540 

15,000 x G particles 4580 

15,000 x G aupernatant 760 
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That the product of the reaction was a catechol was shown by its 

adsorption onto akun.lna at pH 8.5 and subsequent elution with acetic 

acid. When acetic acid eluates (of ssmples incubated in the presence 

of the aecaxboqylase inhibitor IVSD-1034) were evaporated to dryness 

under nitrogen and subjected to chromatography on paper only one radio- 

active spot appe=ed having the same Rf as authentic DOPA (Fig. 1). 

When incubations were csxried out in the absence of the decarboxylase 

Inhibitor similar amounts of catechol were formed but most of the ma- 

terld. was now DOPAmine (Fig. 1). Enzymatically formed DOPA ana synthet- 

ic DOPA were dso found to be indistinguishable in their migrations on 

paper electrophoresis, 22 cm on Whatman Bo. 3 MM paper at 5 K volts for 

1.5 hour using 4$ formic acid as meilium, aa on column chromatography 

usfng IRC-50 (Wa+ form) and Dowex 50 (H+ fom)columns. 

Fig. 1. Chromatogrephk properties of enzymatically formed catechols. 
A, In the tibsence of a decarboxylase inhibitor, total catechols formed 
in experiment 96l9 c.p.m, B. In the presence of a decarboxylase in- 
hibitor, total catechols formed in experiment 12,942 c.p.m. The con- 
trol spots were visuaLizea by spraying tith 0.25s potassium ferricyenlde 
and then exposing to ammotia vapors. 
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The fact that heated preparations lost their activity is only in- 

direct evidence of 811 enzymatic catalysis, particula-rly In view of pre- 

vious reports of nonenzymatic catechol production from phenols (9,6). 

However, the marked speclflcFty of the reaction is definite evidence of 

enzyme catalysis. Thus, In a given experiment with 10-5 M tyrosine hav- 

ing 100,000 c.p.m. L-tyrosine yielded 7,500 c.p.m. By contrast compexa- 

ble amounts of II-tyrosine gave absolutely no labelllng in DOPA end did 

not inhibit the conversion of L-tyrosine. No conversion was observed 

even when D-tyrosine levels were raised to 10S3 M. In addition, tyra- 

mine and the meta isomer of tyrosine, 3-hydrolryphenylaladne, were abso- 

lutely Inactive. The particles dia not metabolize L-DOPA to any appre- 

ciable extent in the presence of the aecarboxylase inhibitor. 

With brain stem particles which had been washes once with isotonic 

KC!1 conta.inlng lOA M mereaptoethanol activity was msximal at pi 6.4. At 

this pH DOPA formaldon was linear for at least 30 minutes and then fell 

off. Oxygen was found to be an absolute requirement but high oggen tea- 

slon inhibited WPA formation. Other factors such as !LTlTH, DPNH, A!l?P, 

ma FAD prodncedllttle effect. Brain stem particles from ascorbic acid 

deficient guinea pigs (admels showing deflnlte symptoms of scurvy) had 

activity comparable to normd controls. In the particulate preparation 

the only suggestion of a cofactor was the inhibition observed with OL-CZ- 

itipyrldyl (10S3 M) which may be indicative of a Fe* Involvement. Other 

agents such as dlnitrophenol, azlde, p-cbloromercurlbenzoate, thiourea, 

diethyldlthlocarbae and versene (at 10 -4 to 10'3 M) aid not inhibit 

appreciably. 

Of specific Interest was the inhibition observed with some tyrosine 

analagues. p-Fluoro-D,L-phenylalanlne and a-methyl-D,L-tyrosi at 10 -4 

M -bite& to the extent of about 60$ and gO$ respectively using 

2 x 10-5 M substrate. a-Pr~yl-3,4-~hy~o~henylacetamiae was also an 

effective inhibitor producing 80% inhibition at 10 -4 M and 4G'$ inb&bition 
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at10 . -5 M Other catechol compounds, including DOPA, were also effective 

as inhibitors of this reaction, 

DfSCUSSIOH 

This is certainly not the first demonstration of an enzymatic mech- 

anism for conversion of tyrosine to DOPA. Such a conversion is known to 

occur during melanin formation and to be catalyzed by the enzyme typo- 

sinase. However, the enzyme in braLn and sympathetic tissue is not tyro- 

sinase because (a) it does not metabolize WPA, (b) it is not affected 

by inhibitors of tyrosinaae such BB thiourea ana dletbyl&lt~ocarb~te, 

(c) tyrosine oxidation is inhibited rather than stkm.iLated by DOPA, and 

(a) D-tyrosine is not a substrate as in the case of tyrosinase. The pH 

optimum, tissue localization and failure to observe pigment formation 

are dso evidence that the enzyme reported here is not tyrosinase but is 

in effect a tyrosine hydroxylase. 

!l!here have been many attempts in this and other laboratories to 

demonstrate the initial. enzyme step in noradrenaline biosynthesis. The 

failure to detect it before this was, we believe, aue to technical prob- 

lems in purifying the substrate and in using sufficiently small amounts 

of tyrosine and tissue to minimize nonenzymatic hydroxylation processes 

which are artifacts of in vitro experimentation. -- 

Following studies with inhibitors of the other two steps in nor- 

adrenaline synthesis we have suggested that the first step, tyrosine 

hydroxylation, must be the rate-limiting step (10). The Km of the brain 

tyrosine hydroxylase has been found to be between 10 -6 and 10 -5Me By 

contrast the Km value for DOPA decarboxylation by aromatic L-amino acid 

decarboxyl.ase is greater than 10 -4 MJ for purified dopsmlne+ oxid.ase it 

is about 10W3 M. The significance of these relative Km vdues with 

respect to noradrenaline production in intact tissues is being iwesti- 

gated using the isolated perfused guinea pig heart.* 

* Levitt, M., Spector, S., Sjoerdsma, A., and Uaenfriend, S., to be 
published. 
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The finding of this enzyme in brain and sympathetically innervated 

tissues is concl.uslv~ evidence that noradrenaline &synthesized loctdly 

and is not transpatied to the wrlous organs by the blood (3,U). The 

presence of such high concentrations of tyrosine hydroxylase in braln 

is an excellent corroboration of the In viva findings regardin@; rates -- 

of norsdrendine synthesis by McGeer et al. (XL) and. by U&nfriend and -I 

Zdtzman-Nirenberg (12). 
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