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Tyrosine Hydroxylase 

THE INITIAL STEP IN NOREPINEPHRINE BIOSYNTHESIS 

TOSHIHARU NAGATSU,* MORTON LEVITT, AND SIDNEY UDENFRIEND 

From the Laboratory of Clinical Biochemistry, National Heart Institute, Bethesda 14, Maryland 

(Received for publication, March 20, 1964) 

After demonstration of the decarboxylation of 3,4-dihydroxy- 
phenylalanine (dopa)’ to dopamine (I), the pathway for bio- 
synthesis of norepinephrine shown in Fig. 1 was proposed. Al- 
though evidence for this pathway was well established by isot,opic 
procedures (2, 3), it was not until 1960 that Levin, Levenberg, 
and Kaufman (4) succeeded in isolating and characterizing the 
third enzyme in the series, dopamine-B-oxidase (@hydroxylase). 
The enzyme responsible for converting tyrosine to dopa has, 
however, proved elusive. The enzyme tyrosinase was considered 
in this role, but no evidence for it could be obtained in sympa- 
thetically innervated tissues. Reports of the enzymatic con- 
version of tyrosine to catecholamines by tissue slices and minces 
have generally been unconvincing owing to large and variable 
blanks with boiled preparations (5, 6). It has now been possible 
to demonstrate that brain, adrenal medulla, and sympathetically 
innervated tissues contain a specific hydroxylase that catalyzes 
the conversion of L-tyrosine to dopa. A short report on the 
properties of a particle-bound preparation from brain has already 
appeared (7). The present communication describes the isola- 
tion, purification, and charact#erization of a soluble tyrosine 
hydroxylase from beef adrenal medulla. The soluble tyrosine 
hydroxylase requires for activity tetrahydropteridine derivatives 
comparable to those previously observed for phenylalanine 
hydroxylase (8). 

MATERIALS 

L-Tyrosine-‘4C (uniformly labeled, 250 mc per mmole) a,nd 
L-tyrosine-3H (398 mc per mmole, generally labeled) were ob- 
tained from New England Nuclear Corporation. All samples 
of radioactive tyrosine were found to contain material that be- 
haved like dopa in its adsorption onto alumina and in its chro- 
matographic properties. This impurity could be removed by 
adjustment of tyrosine solutions (3 to 5 ml) to pH 8.5, addition 
of alumina (0.5 g), and stirring for 10 minutes. After the 
solution was decanted, the treatment with alumina was repeated 
two more times. After the final treatment with alumina, the 
solution was adjusted to pH 6.5 and passed through a column, 
0.5 X 3 cm, of Amberlite IRC-50 (Na+) buffered to pH 6.5. 
Tyrosine was not adsorbed under these conditions and appeared 
in the effluent. The column was washed with 6 ml of water, 
and the effluent and washing were combined and acidified by 
adding HCI to a final concentration of 0.1 N. By this procedure, 

* Postdoctoral Research Fellow, United States Public Health 
Service. 

1 The abbreviations used are: dopa, 3,4-dihydroxyphenylal- 
anine ; dopamine, 2- (3’,4’-dihydroxyphenyl)ethylamine ; DMPH4, 
2-amino-4-hydroxy-6,7-din~ethyltetrahydropteridine. 

the dopa impurity in the tyrosine-1% preparation was reduced to 
less than 100 c.p.m. per 100,000 c.p.m. of tyrosine. With 
tyrosine-3H, the purest material contained about 150 to 200 
c.p.m. of apparent dopa per 100,000 c.p.m. of tyrosine. Solu- 
tions of purified tyrosine-‘4C were stable on standing. However, 
the impurity in solutions of tritium-labeled tyrosine continued to 
increase on standing even at 3” in 0.1 N HCl. 

Tyramine-1-14C (1.83 mc per mmole), 3-hydroxy-nL-phenyl- 
alanine-3H (m-tyrosine, 26.5 mc per mmole, generally labeled), 
and n-tyrosine-l-14C (23.9 mc per mmole) were obtained from 
New England Nuclear Corporation. 

Tetrahydrofolic acid was prepared according to the procedure 
of O’Dell et al. (9) and was stored in a vacuum at -20”. 2- 
Amino&hydroxy-6,7-dimethylpteridine was kindly supplied by 
Dr. L. Ellenbogen of Lederle Laboratories. It was reduced to 
the corresponding tetrahydropteridine (DMPH,) according to 
the procedure of Pohland et al. (10) and was stored at -20”. 

cr-Methyl-nL-tyrosine, ol-met.hyl-I.-tyrosine, and related o(- 
methylamino acids were generously donated by Merck Sharp 
and Dohme Research Laboratories. ar-Propyldihydroxyphenyl- 
acetamide (H-22/54) was generously supplied by Dr. Corrodi of 
H&sle Laboratories. p-Bromo-m-hydroxybenzoxyamine, a po- 
tent inhibitor of dopa decarboxylation, was generously supplied 
by Smith-Nephews, Ltd. All other compounds were obtained 
from commercial sources. 

Partially purified sheep liver pteridine reductase (8) was 
kindly supplied by Dr. Gordon Guroff. 

EXPERIMENTAL PROCEDURE 

Tissues were removed and chilled immediately before use. 
Adrenals stored in the frozen state for several weeks were found 
to contain appreciable activity. Subsequent steps of homogeni- 
zation and purification were carried out at 3”. 

Homogenization of tissues was generally carried out in 2 
volumes of 0.32 M sucrose. Particles for the initial studies were 
prepared with glass, motor-driven homogenizers; 1 to 5 g of 
tissue were used at a time. Most of the homogenizations for 
purified beef adrenal preparations were performed with the 
standard size Waring Blendor. Minced adrenal, 100 g, was 
suspended in 200 ml of 0.32 M sucrose containing 10m3 M mer- 
captoethanol, and homogenization was carried out for 1 minute 
at high speed. A 2-minute homogenization with the Servall 
Omni-Mixer, with the use of similar proportions in the solution 
of tissue and sucrose, was also found to yield satisfactory enzyme 
activity. 

Conversion of tyrosine to dopa was measured by a radioactive 
procedure. In studies with soluble enzyme preparations, 
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TYROSINE DOPA DOPAMINE 

FIG. 1. Pathway for norepinephrine formation 
NOREPINEPHRINE 

tyrosineJ4C or -3H (100,000 to 200,000 c.p.m.) was added to a 
test tube containing the various components in a volume of 1 ml 
(see below). Incubation was carried out at 37” on a metabolic 
shaker. After incubation, 20 pg of L-dopa were added as carrier. 
Two milliliters of 5% trichloroacetic acid were then added, and 
the tube was centrifuged. After centrifugation, the supernatant 
fraction was transferred to a small beaker containing 200 mg of 
alumina, 10 ml of 0.2 M sodium acetate, a,nd 0.5 ml of 0.2 M 

EDTA. The pH was adjusted to 8.5 with the glass electrode 
by adding 3 N NH40H dropwise and mixing with a magnetic 
stirrer. After 5 minutes of mixing, the alumina was permitted 
to settle and the aqueous phase was decanted and discarded. 
The alumina was then transferred to a column 0.5 cm in diameter 
and washed with 30 ml of water to remove tyrosine. After 
washing, the dopa was eluted with 2 ml of 0.3 N acetic acid. 
The eluate was collected in a counting vial to which were added 
10 ml of a naphthalene-dioxane counting fluid (ll), and the 
radioactivity was measured in a scintillation spectrometer. 
With this procedure, approximately 65% of added dopa was 
recovered in the 2 ml of eluate. Most of the remaining dopa 
appeared on further elution of the alumina. Only a small 
amount was not adsorbed onto the alumina. The values re- 
ported are corrected by the fraction 100/65. Where greater 
precision was required, fluorometric assay was ca.rried out to 
determine the fraction of dopa carrier isolated; calculations were 
based on the extent of isotope dilution. 

A standard incubation mixture, unless stated otherwise, con- 
tained the following: purified enzyme (0.5 to 2 mg of protein), 
0.1 pmole of L-tyrosine, 0.1 pmole of p-bromo-m-hydroxyben- 
zoxyamine, 5 pmoles of tetrahydrofolate, 0.5 pmole of FeS04, 
200 pmoles of acetate buffer, pH 6.0, and water to 1 ml. 

Incubations with slices, minces, and pa.rticle suspensions were 
carried out in a total volume of 4 ml. Details of these experi- 
ments are given in the legends accompanying the figures and 
tables. Aliquot portions of the incubation mixtures were 
carried through the procedure for the isolation of dopa as de- 
scribed above. 

Assays for the hydroxylations of n-tyrosine, m-tyrosine, and 
tyramine were carried out as described for L-tyrosine. When 
necessary, catechol impurities in these substrates were removed 
by alumina purification as for L-tyrosine. 

Hydroxylation of tryptophan to 5-hydroxytryptophan was 
investigated with the use of tryptophan-3-14C as substrate. 
After incubation, carrier 5-hydroxytryptophan was added, and 
the reaction mixture was treated with I-nitroso-Znaphthol and 
nitrous acid as in the procedure for the calorimetric assay2 of 
5-hydroxyindoles (12). The purple chromophore was adsorbed 
onto a column of IRC-50 (Na+), and the column was washed to 

2 The large amounts of mercaptoethanol in the standard incuba- 
tion mixtures interfered with the calorimetric procedure for 5-hy- 
droxytryptophan and with the fluorometric assays of tyrosine and 
dopa. When such procedures were used, the deproteinized incu- 
bation mixtures were extracted three times with 5 volumes of 
peroxide-free, water-saturated ether before assay. 

remove tryptophan. The chromophore was then eluted with 4 
N HCl in 70% ethanol. After the recovery of 5-hydroxytryp- 
tophan was determined by measuring the color at 540 rnp, the 
solution was evaporated to dryness to remove the acid, and the 
residue was taken up into 1 ml of water and 10 ml of the naph- 
thalene-dioxane counting fluid. Details of this procedure will be 
presented in a future publication. 

Protein was assayed by the Lowry procedure (13). Tyrosine 
was assayed by the fluorometric procedure2 of Waalkes and 
Udenfriend (14)) and dopa by the trihydroxyindole method (15). 

High voltage paper electrophoresis was carried out with the 
Gilson model D Electrophorator. Electrophoresis was done on 
Whatman No. 3 MM paper at 5 kv for 1Q hours with the use of 
4~~ formic acid as the medium. Chromatography on paper was 
carried out with Whatman No. 1 paper and with the use of 
butanol-acetic acid-water (4: 1: 1) for development. Chromato- 
grams and electrophoretograms were sprayed with 0.25% po- 
tassium ferricyanide and then exposed to ammonia vapor for 
visualization. Radioactivity was determined with a Vanguard 
4a paper strip counter. 

RESULTS 

I. Conversion of Tyrosine to Dopa in Tissues Slices, Minces, 
and Crude Tissue Extract,GMore than 10 years ago, studies in 
this laboratory (5) showed that tyrosine could be converted to 
catechol derivatives by slices and minces of adrenal medulla and 
other tissues. However, it was found that heated tissues were 
almost as active. Recent studies by Iyer, McGeer, and McGeer 
(6) illustrate this point. Because of the activity in heated 
preparations it was even considered that nonenzymatic reactions 
could conceivably explain aromatic hydroxylation in the adrenal 
gland (16). In recent studies it has been found that slices of 
tissues having sympathetic innervation convert only L-tyrosine 
to dopa; n-tyrosine is not active. When such tissue slices are 
heated, the activity may increase or decrease to some extent, but 
now both D- and L-tyrosine yield dopa. An example of such 
studies with adrenal and spleen slices is shown in Table I. It 
became apparent from these initial studies that intact tissues 
contain a stereospecific tyrosine-hydroxylating system and that 
the usual boiled or heated tissues were not suitable controls. 
Heating the tissue releases some oxidizing materials capable of 
hydroxylating aromatic compounds in a manner analogous to 
the nonenzymatic iron-ascorbic acid-Versene system described 
previously (5). It should be stressed that in such crude systems 
the appropriate control to correct for nonenzymatic hydroxyla- 
tion is with n-tyrosine as substrate, a.nd in fact D-tyrosine has 
been used as the control in following the purification of the 
L-tyrosine hydroxylase. 

II. Distribution of Enzyme Activity-As shown in Table II, 
conversion of tyrosine to dopa is catalyzed by all tissues tested 
that contain norepinephrine. It is of interest that in the adrenal 
gland the activity is only in the medulla and not in the cortex. 
Furthermore, the activity in brain is highest in the brain stem. 
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TABI.E I 

Conversion of tyrosine to dopa in normal and heated slices 
of guinea pig tissues 

Tissue slices (500 mg) were incubated for 80 minutes in 4 ml of 
solution containing 0.4 pmole of p-bromo-m-hydroxybenzoxya- 
mine and 400 pmoles of potassium phosphate buffer, pH 6.2. L- 

Tyrosine was added in a final concentration of 2 x 10e5 M contain- 
ing 200,000 c.p.m.; the same concentration of n-tyrosine was 
added, but the total radioactivity was 850,000 c.p.m. The L- 

tyrosine was diluted by tyrosine present in the slice, but this was 
assayed and corrections are included. The heated slices were 
kept at 80” for 10 minutes before being transferred to the incuba- 
tion flask. 

data in Table III are only of qualitative significance because 
the preparations were not fortified. As will be shown below, 
the activity in the soluble fraction of adrenal medulla prepara- 
tions can be increased 30- to 50-fold when the appropriate co- 
factors are added. 

The presence of so much of the activity in soluble form made 
beef adrenal homogenates an excellent source for purification of 
the enzyme. It is now apparent that the soluble activity 
represents the enzyme that is also present in particles but that 
has been released by the homogenization process. With more 
vigorous homogenization it has been possible to obtain a much 
greater proportion of adrenal medulla activity in solution than 
is shown in Table III. It has also been possible to obtain 
appreciable activity in 105,000 x g supernatant fluids of brain 
and heart. 

III. Purijication of Soluble Enzyme from Beef Adrenal Me- 

&&-Initial attempts at purification suggested that the enzyme 
was either unstable or that a cofactor was lost in the process. 
It was first found that 0.1 M mercaptoethanol alone could in- 
crease and maintain sufficient activity during dialysis, pre- 
cipitation, and incubation procedures to permit some degree of 
purification. It was then found that the enzyme activity in 
the 105,000 x g supernatant could be precipitated by addition 
of ammonium sulfate to 40% saturation. When the additional 
requirements of a tetrahydropteridine and Fe++ were revealed 
(see below), it became possible to determine the extent of puri- 
fication from the original homogenate to the 0 to 40 y0 ammonium 
sulfate precipitate (Table IV). It is apparent that the cruder 

TABLE III 
Intracellular localization of tyrosine-hydrorylating activity 

Incubations were carried out in a volume of 4 ml as described 
in Table I. Centrifugation at 15,000 and 20,000 X g was for 20 
minutes, and at 105,000 X g for 1 hour. 

Dopa formed 

Normal Heated 

mpmole/g 

3.52 0.74 
0.12 0.84 

0.82 0.34 

0.05 0.24 

Tissue Substrate 

Whole adrenal 

Spleen 

L-Tyrosine 
D-Tyrosine 

L-Tyrosine 
D-Tyrosine 

TABLE II 

Presence of tyrosine hydroxylase activity in various tissues 

Homogenates were obtained with a glass, motor-driven homog- 
enizer; 1 g of tissue plus 3 ml of 0.32 M sucrose was used. 
Particles were obtained by centrifuging at 15,000 x g for 20 
minutes. Homogenate and particle preparations equivalent to 
about 500 mg of original tissue were incubated with L-tyrosine for 
30 minutes in 4 ml of solution as described in Table I. Cor- 
rections were again made for dilution by endogenous t !  yrosine. 

Animal Tissue T  ype of preparation Activity 

Guinea pig 

Rat 

Rabbit, 
cow 

Hog 

Brain stem Particles 
Brain stem Homogenate 
Brain cortex Homogenate 
Brain cerebellum Homogenate 
Whole adrenal Homogenate 
Heart Particles 
Spleen Particles 
Liver Particles 
Brain stem Homogenate 

Brain stem Homogenate 
Brain stem Particles 
Adrenal medulla Homogenate 
Adrenal cortex Homogenate 
Brain stem Particles 

t,moles/g/hr 

12.0 
8.9 

2.3 
0.9 

16.0 
0.1 

0.6 
0.3 
8.1 

4.9 
3.7 
7.1 

0.2 
5.9 

Tissue Cell fraction 
Dopa 

formed 

m/moles/ 
g/h? 

8.9 
12.0 
0.0 

Guinea pig brain 

Reef adrenal medulla 

Whole homogenate 
Particles, 15,000 X g 

Supernatant, 15,000 X g 

Whole homogenate 7.1 
Particles, 20,000 X g 4.7 

Particles, 105,000 X g 0.1 
Supernatant, 105,000 X g 2.6 

TABLE IV 

Purification of tyrosine hydra- ylase from beef adrenal medulla 

The standard incubation mixture was used as described under 
“Experimental Procedure.” Incubation was for 15 minutes. Much less is present in cortex, and little is present in cerebellum. 

The activities shown in Table II are only of qualitative sig- 
nificance since the preparations were not fortified by cofactors 
(see below). 

The intracellular localization of tyrosine hydroxylase activity 
is shown in Table III. It can be seen that in brain and adrenal 
medulla, enzymatic activity is found associated with particles 
sedimenting at 15,000 to 20,000 x g. However, in beef adrenal 
appreciable activity is found in soluble form. Since the ac- 
tivity does not accompany the sediment at 105,000 x g, it 
cannot be due to partly fragmented large particles. Again the 

Protein 
Specific 
activity Preparation Total activity 

mrmoles/hr 

Homogenate 810 
Supernatant, 105,000 X g. 433 
Ammonium sulfate precipitate, 

o-409&. ..,,................ 12,000 

Dialyzed ammonium sulfate 
precipitate.................. 11,100 

mg 

2,400 
750 

300 

300 

n&Lntoles/ 
g protein 

0.3 
0.G 

40 

37 

1: 
m  
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TABLE V 
Effect of various substances on tyrosine-hydroxylating activity 

All samples contained a final concentration of 0.1 M mercapto- 
ethanol. Incubation was for 15 minutes with 2 mg of purified 
enzyme. All compounds were added to a final concentration of 
10m4 M. The amounts of buffer and decarboxylase inhibitor were 
as in the standard procedure. 

Addition Activity 

mpmoles 

None ____............._......._........ 
Tetrahydrofolate 
DMPH4. . . . 
Ascorbic acid........................... 
Glutathione. 
2 ,K-Dichlorophenolindophenol. 
Folate.................................. 
Fe++........... 

0.05 
4.40 

33.4 
0.33 
0.05 
0.12 
0.00 
0.22 

preparations contain inhibitory substances that are removed by 
the precipitation procedure. 

IV. Properties and Requirements of Partially Purified Enzyme 

-The stimulation produced by mercaptoethanol suggested that 
other reducing substances would be effective. On further study 
it was found that of all the compounds tested only tetrahydro- 
folic acid and DMPH4 produced marked stimulation (Table V). 
That this stimulation was truly mediated through enzyme 
catalysis was shown by the failure of the tetrahydropteridines to 
produce significant amounts of dopa when n-tyrosine was sub- 
stituted for the L isomer. 

The relationship between pteridine concentration and enzyme 
activity is shown in Fig. 2. It can be seen that stimulation with 
DMPH, was far greater tha,n it was with tetrahydrofolate. 
These activities are comparable to the relative activities found 
with purified phenylalanine hydroxylase (8). As with the 
latt.er enzyme, the K, for DMPHI is somewhat lower than with 
tetrahydrofolate-about 5 X lop4 M for DMPH4 as compared 
to lop3 M for tetrahydrofolate. 

In addition to the reduced pteridines, Fe++ also showed a 
small but definite degree of stimulation with the unfortified 
preparation (Table V). The fact that ar,ol’-dipyridyl at con- 
centrations of lo+ M was markedly inhibitory also suggested a 
Fe++ requirement. When Fe++ was added to preparations 
containing normal amounts of mercaptoethanol and tetrahy- 
drofolate, marked stimulation was observed (Fig. 3). Pre- 
incubation of the enzyme resulted in appreciable loss of enzyme 
activity, but minimal amounts of Fe++ during the preincubation 
period prevented this loss. With DMPH, as cofactor, the 
effect of Fe++ in preventing loss during preincubation was the 
same as with tetrahydrofolate. However, Fe++ did not stimu- 
late the action of DMPH, to an appreciable extent. Thus the 
action of Fe++ appears to be Z-fold: (a) on the enzyme itself or 
on an enzyme-bound cofactor, and (b) on the reduced pteridine 
added as cofactor. With DMPH, the latter effect is small, but 
with tetrahydrofolate the effect is large and may have something 
to do with stabilizing or modifying this unstable compound. 

In considering the various possibilities for components for an 
incubation mixture to be used for routine enzyme assay, DMPH4 
at first appeared to be superior to tetrahydrofolate. The higher 
activity, greater stability, and ability to omit Fe++ with DMPH, 
offered a great advantage. However, this was to a large extent 

I I I I I I 

1 

0.0 0.2 0.4 0.6 0.8 1.0 4.0 5.0 
TETRAHYDROPTERIDINE -pMOLES PER ML 

FIG. 2. Stimulation of tyrosine hydroxylase activity by tetra- 
hydrofolate and DMPHa. Incubation was for 10 minutes with 2 
mg of purified enzyme; Fe++ when used was at a concentration of 
3 X 1O-4 M. The various other components were as in the stand- 
ard incubation mixture. 

I 

2 
0 
0 

01 
I I I I 

0 0.1 0.2 0.3 
Fe++-p MOLES PER ml 

0.4 0.5 

FIG. 3. Stimulation of tyrosine hydroxylase activity by Fe++. 
Incubation was for 15 minutes with 1 mg of purified enzyme and 
the standard incubation mixture. o--e, all components 
added at zero time. O--O, enzyme and Fe++ preincubated for 
10 minutes before substrate and tetrahydrofolate were added; 
incubation was then continued for another 15 minutes. 
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offset by the fact that 2-amino-4-hydroxy-6,7-dimethylpteridine 
is not commercially available, whereas folate is. With phenyl- 
alanine hydroxylase it has been possible to couple the enzyme 
with a sheep liver pteridine reductase and a TPNH-generating 
system and thereby to use catalytic amounts of DMPHl (8). 
Some degree of success was achieved by coupling the adrenal 
tyrosine hydroxylase with sheep liver pteridine reductase and 
TPNH with the use of DMPH, as cofactor. However, success 
could only be seen in the absence of mercaptoethanol, and under 
these conditions the over-all activity was much lower than 
could be obtained with saturating levels of tetrahydrofolate and 
Fe++ in the presence of mercaptoethanol. In practice, the latter 
system was found to offer additional advantages in that pteridine 
reductase and a TPNH-generating system were not required. 

The effects of the various substituents in the standard incuba- 
tion mixture are shown in Table VI. It should be noted that 
again n-tyrosine could not replace n-tyrosine. In both the 
fortified and the unfortified preparations, oxygen was an ab- 
solute requirement, essentially no activity being observed when 
incubations were carried out in a nitrogen atmosphere instead of 
in air. The requirement for oxygen was made even more ap- 
parent in the fortified system when shaking of the incubation 
flask was found to be essential to obtain maximal and repro- 
ducible results. When incubations were carried out in the 
presence of 100% oxygen, the rates of conversion were reduced. 

At 37” the rate of dopa formation was linear for about 15 
minutes; at 21” linearity was maintained for about 1 hour. 
All of the studies were carried out at 37” and with incubation 
times of 10 to 15 minutes. 

The effect of enzyme concentration on the rate is shown in 
Fig. 4. The rate was linear up to 2 mg of protein. The lack of 
proportionality obtained with larger amounts of enzyme indi- 
cates the persistence of inhibitory substances in the undialyzed 
preparation used in these studies. 

The pH optimum was at 6.0 in both acetate and phosphate 
buffer. The relative activities at pH 5.5 and 6.5 were about 
50% of the value at pH 6.0. 

V. S~eczjGty-Of the compounds tested only L-tyrosine was 
found to serve as a substrate (Table VII). Tyrosine, tyramine, 
and m-tyrosine were assayed by using radioactive substrates and 
looking for catechol derivatives adsorbing onto alumina. The 
findings for tryptophan cannot be considered significant since 
the observed value is merely an indication of the limits of sen- 
sitivity of the method. 

TABLE VI 

Reqwirements for tyrosine hydra ylase activity 

Incubation was for 15 minutes with 2 mg of purified enzyme. 
Additions were as in the standard incubation mixture. 

Additions Dopa formed 

mpmoles 

Complete system........................ 13.0 
Minus mercaptoethanol 8.2 
Minus tetrahydrofolate 0.3 
Minus Fe++........................... 2.8 
Minus enzyme 0.0 

o-Tyrosine instead of 1,.tyrosine.. 

Nzinstead of 02 _.__._......_._...._... 
100% 02 instead of air. 

0.2 
0.1 

10.6 

OV I I I I I 

0 1.0 2.0 3.0 4.0 
ENZYME - mg PROTEIN 

FIG. 4. Tyrosine hydroxylation as a function of enzyme con- 
centration. The standard incubation system was used, and in- 
cubation was for 15 minutes. 

TABLE VII 

Substrate speci$city 

In each instance 0.1 rmole of compound containing 1 to 4 X lo6 

c.p.m. of the labeled amino acid was incubated for 15 minutes with 
2 mg of purified enzyme in the standard incubation mixture. 

Compound Hydroxylated product formed 

m/.0%&s 

L-Tyrosine ............................... 10.2 

o-Tyrosine .............................. 0.2 
Tyramine ............................... 0.1 
nn-m-Tyrosine ......................... 0.0 
1,.Tryptophan ........................... <0.2 

The K, for n-tyrosine in the complete system was found to 
be approximately 1 X lop5 M (see Fig. 5). 

VI. Inhibitors-&4 large variety of general inhibitors was tried, 
including dinitrophenol, azide, p-chloromercuribenzoate, thi- 
ourea, and diethyldithiocarbamate. At lop4 to 10e3 M these 
had little effect. In unfortified systems oc,cLdipyridyl was an 
effective inhibitor producing 80 to 90% inhibition at 10m3 M. 

or,&Dipyridyl was also an effective inhibitor in the fortified 
system. However, much of the inhibition here was due to 
titration with the added Fe++. 

A number of aromatic compounds related to tyrosine and 
dopa were tested as inhibitors with the use of brain particles and 
purified adrenal enzyme (Table VIII). It is of interest that a 
large number of aromatic amino acids were effective inhibitors. 
In these cases only the L-amino acids were active. The in- 
hibition with n-amino acids is probably of a competitive nature. 
This was definitely established for cr-methyltyrosine (Fig. 5). 
The finding that catechol compounds can inhibit may be a 
manifestation of product inhibition since dopa, norepinephrine, 
and related compounds inhibit. The compound oc-propyl-3,4- 
dihydroxyphenylacetamide (H-22/54), which was suggested to 
be an inhibitor of dopa formation from studies in viva (17), ap- 
pears to be a somewhat better inhibitor than dopa or the other 
naturally occurring catechol derivatives. The mechanism of the 
catechol inhibition has not been investigated. 
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% (p moles TYROSINE 1 

FIG. 5. Double reciprocal plot of tyrosine concentration against 
rate of hydroxylation with and without cu-methyl-L-tyrosine, 
1 X 1OV M. The standard incubation mixture minus Fe++ was 
used. Incubation was for 10 minutes with 2 mg of purified enzyme. 

VII. Identification of Product and Stoichiometry of Reaction- 

The product formed by the action of the partially purified and 
fortified adrenal enzyme on n-tyrosine, in the presence of an 
inhibitor of aromatic n-amino acid decarboxylase, can be ad- 
sorbed onto alumina at pH 8.5 and eluted with dilute acetic 
acid; it is not adsorbed onto IRC-50 (Na+) but is adsorbed onto 
Dowex 50-H+, from which it can be eluted with 1 N HCI. In 
all these systems the product behaves like dopa. When acetic 

acid eluates of alumina columns were subjected to chromatog- 
raphy or electrophoresis on paper (see “Experimental Proce- 
dure”), the enzymatically formed radioactive dopa migrated 
exactly as did the authentic dopa added as carrier (chromatog- 
raphy, 13.2 cm; electrophoresis, 20.6 cm). When enzyme 
activity was assayed by the appearance of dopa with the fluoro- 
metric procedure, the values were essentially the same as calcu- 
lated from radioassay. In two such cases, 14.2 and 12.7 rnp- 
moles were found by fluorometry and 14.8 and 14.1 mpmoles by 
radioassay. Furthermore, the fluorescence characteristics of the 
product were the same as those of authentic dopa: 365 rnp 
excitation peak and 495 rnp fluorescence peak (uncorrected). 
As shown in Table IX, one equivalent of dopa appeared for each 
equivalent of tyrosine utilized. 

In the absence of an inhibitor of aromatic n-amino acid de- 
carboxylase, most of the material formed by the partially purified 
adrenal preparation migrated as dopamine rather than as dopa. 
With the particulate enzyme from brain, large amounts of dopa 
were recovered in the absence of a decarboxylase inhibitor, but a 
large proportion also appeared as dopamine (7). Aromatic 
n-amino acid decarboxylase is widely distributed in tissues, and 
one would expect such crude preparations to be rich in this 
activity. The fact that the decarboxylase converts the product 
to dopamine is of importance for identificat,ion purposes since it 
shows that the product is n-dopa, the decarboxylase being ab- 
solutely stereospecific (18). 

VIII. Comparison of Soluble Adrenal Enzyme, Brain Particle 

Enzyme, and Animal Tyrosinase-The soluble enzyme activity 

found in beef adrenal medulla homogenat,es represents only a 
part of the activity in the t,issue. The soluble activity appears 
to result from disruption of a particle-bound enzyme. Com- 
parisons of certain properties of the soluble and particle-bound 
enzymes were made to show their similarities and to emphasize 
their difference from mammalian tyrosinase (Table X). 

TABLE VIII 

Inhibitors of tyrosine hydroxylase 

Studies with brain particles were carried out in a 4.ml volume 
with the incubation conditions described in Table I. No exoge- 
nous substrate was added. The tyrosine concentration, 1.2 X 

1OV M, was determined by fluorometric assay. Incubations with 
the purified adrenal enzyme were as described under “Experi- 
mental Procedure.” In neither case was the inhibitor preincu- 

bated with the enzyme before substrate was added. 

Compound 

I,-Phenylalanine 

u-Phenylalanine 

L-Tryptophan 
n-Tryptophan 

nn-p-Fluorophenylalanine 
cu-Methyl-nn-tyrosine 

cu-Methyl-L-tyrosine 
L-Dopa 
o-Dopa 

L-ol-Methyl-dopa 
n-a-Methyl-dopa 
Dopamine 

nn-Norepinephrine 
n-Epinephrine 
n-Epinephrine 

H-22/54* 
Catechol 
Gentisic acid 
3,4-Dihydroxybenzoic acid 

nn-Normetanephrine 

Concentration 
I- Brain Purified 

particle adrenal 
system, 

1.2 x10-5&l %Y2 
tyrosine tyrosine 

M 

IO-3 
10-h 
10-a 

10-4 
10-a 
IO-4 

10-4 
2 x 10-4 
2 x 10-b 

10-d 
10-4 
10-4 
10-d 

10-4 
10-d 

2 x 10-J 
IO-4 

10-d 
10-d 

10-b 
10-d 
IO-4 

2 x 10-4 

% 
92 
78 

7 
50 

0 

61 
92 

59 
86 
68 

0 

56 

53 
47 

35 
84 
41 
33 
55 

2 

60 
10 

0 
0 

60 
30 

8 
20 
12 

38 
25 

67 

15 

28 
0 

* ol-Propyldihydroxyphenylacetamide. 

TABLE IX 

Stoichiometry of enzymatic conversion of tyrosine to dopa 

Studies were with the purified enzyme system, and 50.0 mpmoles 
of tyrosine were added in each experiment. Experiment 1 was 

done with nonradioactive tyrosine as substrate and utilized 
fluorometric assay for both tyrosine and dopa. In experiments 

2 and 3, tyrosine-3H was used and dopa was determined by the 
radioactive assay. 

Experiment 
I 

Tyrosine utilized 
I 

Dopa formed 

I m/moles 
1 14.3 11.2 
2 11.5 11.7 

3 12.8 12.4 
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TAi3iiZ x 

Comparison of mammalian tyrosinasa and tyrosine hydroxylase 

Property 

pH optimum. 
Substrates 

L-Tyrosine. 
o-Tyrosine. . 
Tyramine. 
Dopa 

K,.......................... 
Activators 

Dopa.................. 
Inhibitors 

Dopa 
Thiourea. 
Diethyldithiocarbamate 
a,&-Dipyridyl 

Pigment formation. 

* Data of Pomerantz (19). 

Tyrosinase* 

7.0 

+ 
+ 
+ 

+++ 
G x 10-h 

+++ 

0 
++ 
++ 

0 
+++ 

Tyrosine hydroxylase 

Brain 
particles 

6.2 

+ 
0 
0 
0 

ca. 1O-5 

0 

+ 
0 
0 

++ 
0 

F,“d;‘;‘fil’,” 

enzyme from 
adrenal 
medulla 

6.0 

+ 
0 

0 

0 

1 x 10-S 

0 

+ 
0 
0 

+ 
0 

DISCUSSION 

A point of general interest concerns the relatively high ac- 

The finding that tyrosine hydroxylase requires the same 
tetrahydropteridines as are required by phenylalanine hydroxyl- 

tivities attained with saturating levels of tetrahydrofolate and 

ase (8) is of interest for two reasons. It represents the first 

Fe++. 

proven requirement of this type of cofactor in another hydroxyla- 
tion process. Furthermore, it emphasizes the important role 

The mechanism has not yet been ascertained; however, 

of folic acid derivatives in tyrosine biosynthesis and metabolism. 

since active pteridines other than folic acid are expensive and 

As in the case of phenylalanine hydroxylase, tetrahydrofolate 
and DMPH, may substitute only for the naturally occurring 

hard to obtain, the above combination may prove to be of use 

cofactor. Whether this will prove to be the same as the one 
isolated from mammalian phenylalanine hydroxylase (20) re- 

in other hydroxylation reactions. 

mains to be determined. It was found that the 0 to 40% am- 
monium sulfate preparation before dialysis still retains very 
small but significant activity, which is stimulated by the addition 
of mercaptoethanol alone. This endogenous activity could not 
be stimulated by addition of sheep liver pteridine reductase and 
TPNH (or DPNH), as is the case with phenylalanine hydroxyl- 
ase. It is conceivable that the actual cofactor is bound to the 
enzyme in some manner and that the tetrahydrofolate and 
DMPHl specifically reduce the enzyme-bound cofactor and 
maintain it in the reduced state necessary for hydroxylation. 
The nature of the coenayme and details of its role in tyrosine 
hydroxylation will most likely emerge on further purification of 
the soluble tyrosine hydroxylase. The relative stability of the 
beef adrenal enzyme has already made it possible to carry 
purification beyond that reported in this paper. 

The finding of this enzyme is of great significance with respect 
to the biochemistry of the sympathetic nervous system since it 
means that all the catalysts involved in norepinephrine bio- 

synthesis are now known. Some of t.he observed properties of 
tyrosine hydroxylase may also be of significance with respect to 
the physiology of the sympat,hetic nervous system. Although 
tyrosine has a far greater affinity for its enzyme, tyrosine hy- 
droxylase activity is much lower than are the other two ac- 
tivities. Under optimal conditions, dopamine-/?-oxidase and 
dopa decarboxylase activities in adrenal medulla slices are 
greater than 10,000 mpmoles per g per hour,3 whereas tyrosine 
hydroxylase activity ranges from 4 to 20 mpmoles per g per hour. 
Furthermore, the tyrosine concentration in tissues is about 
lop4 M, whereas dopa and dopamine are normally not detectable. 
These findings lend support to the previous suggestion that 
tyrosine hydroxylase is the rate-limiting step in norepinephrine 
biosynthesis (21). Additional studies involving perfusion of 
norepinephrine precursors through the isolated guinea pig 
heart (22) lend further support to this conclusion by indicating 
that the K, for the over-all conversion of tyrosine to norepineph- 
rine is the same as for conversion of tyrosine to dopa by tyrosine 
hydroxylase (K, = 10-S ~).4 Should this step prove to be rate- 
limiting, then the observed inhibition by norepinephrine and 
other catechol derivatives may signify a feedback control mecha- 
nism. Such mechanisms for regulating metabolism are widely 
distributed in nature and frequently involve inhibition by an 
end product of the initial step in the metabolic sequence leading 
to its accumulation (23). It would be intriguing to consider the 
possibility that norepinephrine functions in such a manner to 
regulate sympathetic activity. 

The significant inhibition of tyrosine hydroxylase by n-phenyl- 
alanine may also be of importance in phenylketonuria. The 
enormous preponderance of phenylalanine (1 to 3 X 10e3 M) over 
tyrosine (1 X lop4 M) in the blood, and therefore in the tissues, 
of such patients makes it highly likely that some degree of in- 
hibition must be in effect in viva. It will be interesting to see 
whether this is actually the case and whether the inhibition is 
relevant to some of the symptomatology of the disorder. Of 
general interest is the possibility of blocking norepinephrine 
synthesis by inhibitors of tyrosine hydroxylase. This has not 
been possible with even potent inhibitors of the decarboxylase 
and dopamine-Soxidase (21, 24). It should be pointed out 
that it may not be possible to increase norepinephrine synthesis 
in viva to an appreciable extent by raising tyrosine levels since 
normal levels of the amino acid are well above the K, value of 
1 x lo-‘M. 

A final point about studies with radioactive tyrosine concerns 
the appearance of relatively large amounts of dopa in samples of 
radioactive tyrosine obtained from commercial sources. When 
such contaminated samples are incubated with tissues, the im- 
pression may be given that tyrosine is enzymatically converted 
to dopamine and norepinephrine, since on heating the tissue, 

The nonenzymatic hydroxylation of tyrosine to dopa in 
heated tissue slices and minces was, of course, the reason why 
the presence of this enzyme went so long unnoticed. It is now 
apparent that boiled tissue preparations are not proper controls 
in studying enzymatic hydroxylation of substrates as readily 
oxidized as tyrosine. Fortunately, the absolute stereospecificity 
of this hydroxylase permitted the use of the D isomer as a control. 
Such a control may be useful in studies on other hydroxylases. 

3 S. Udenfriend, unpublished observations. 
4 M. Levitt, S. Spector, A. Sjoerdsma, and S. Udenfriend, to be 

published. 
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the activity disappears. It may well be that many such studies 
merely reflect, the decarboxylase and dopamine-Soxidase acting 
on the dopa impurity already present in the tyrosine. 

SUMMARY 

A tyrosine hydroxylase has been found in brain, adrenal 
medulla, and sympathetically innervated tissues. The enzyme, 
which is associated with particles sedimenting at 15,000 X g 
for 20 minutes, specifically catalyzes the conversion of L-tyrosine 
to 3,4-dihydroxy-~phenylalanine. Soluble preparations of the 
enzyme have been obtained from beef adrenal medulla. On 
fractionation with ammonium sulfate, these were shown to 
require for activity tetrahydropteridines such as tetrahydrofolic 
acid or 2 - amino - 4 - hydroxy - 6,7 - dimethyltetrahydrop teridine. 
Fe++ is also stimulatory, particularly with tetrahydrofolic acid. 
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