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SUMMARY

Two methods for the assay of p-hydroxyphenylpyruvate hydroxylase (p-
hydroxyphenylpyruvate, ascorbate: O, oxidoreductase (hydroxylating), EC 1.14.2.2)
activity are described. (1) Chemical method: The homogentisate formed was condens-
ed with cysteine to yield a 1,4-thiazine with an absorption maximum at 390 nm. (2)
Radiochemical assay: The release of #CO, from p-hydroxyphenyl[carboxy-14C}-
pyruvate was used as a measure of enzyme activity. Enzyme activation by certain
reducing agents, pH optimum, tissue distribution, and fetal and adult enzyme activi-
ties are reported. Phenylpyruvate and 3,4-dihydroxyphenylpyruvate were substrates
of the enzyme and were mutually competitive to p-hydroxyphenylpyruvate oxi-
dation. The substrates, p-hydroxyphenylpyruvate and oxygen, are inhibitory at
high concentration. Hydrogen peroxide, generated by the substrate and oxygen,
may account for the observed substrate inhibition.

The enzyme is found only in liver and kidney. The significance of these findings
to phenylketonuria and tyrosinemia is discussed.

INTRODUCTION

This work developed from a study of a patient with an inborn error of tyrosine
metabolism!-2. The patient’s plasma contained elevated levels of tyrosine while his
urine revealed a strikingly large amount of p-hydroxyphenylpyruvate and its meta-
bolic relatives®. A liver biopsy sample had normal amounts of p-hydroxyphenyl-
pyruvate hydroxylase (p-hydroxyphenylpyruvate, ascorbate: O, oxidoieductase
{(hydroxylating), EC 1.14.2.2) activity but no cytosol tyrosine aminotransferase
(EC 2.6.1.5) activity.

The results could be accounted for by the elevation in plasma tyrosine concen-
tration in the absence of liver cytosol tyrosine aminotransferase leading to a sharp
increase in the amount of tyrosine transaminated by other tissues. Brain, heart, and

Abbreviation: DOPA, 3,4-dihydroxyphenylalanine.
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skeletal muscle are endowed with mitochondrial tyrosine aminotransferasel»® but
conceivably lack p-hydroxyphenylpyruvate hydroxylase activity. The distribution
of the enzymes in this manner would lead to increased amounts of the keto acid in
the plasma. Unless subject to efficient renal tubular reabsorption, the p-hydroxy-
phenylpyruvate would appear in the urine.

Most earlier methods for assay of p-hydroxyphenylpyruvate hydroxylase
determined the loss of the substrates rather than the appearance of the products4?.
In order to obviate this major limitation we developed two methods which measure
the products of the hydroxylase and thus allow us to study the question which launch-
ed these investigations. The nature of the inhibition of the enzyme by its substrate
was explored as well as substrate specificity and tissue distribution of the enzyme.

MATERIALS AND METHODS

p-Hydroxyphenylpyruvate, phenylpyruvate, snake venom Il-amino acid oxi-
dase (Crotalus adamanteus), homogentisic acid, horseradish peroxidase (EC 1.11.1.7),
and beef liver catalase (EC 1.11.1.6) were obtained from Sigma Chemical Co.; L-
[carboxy-1*Cltyrosine 33.6 mCi/mM, [carboxy-*C]phenylalanine, and DL-3,4-dihy-
droxy[carboxy-14Clphenylalanine (DL-[carboxy-1*C]DOPA) from New England Nu-
clear; glutathione from Aldrich Chemical Co.; ascorbic acid, and 2,6-dichloroindo-
phenol sodium salt from Eastman Organic Chemicals; and KBH, from Metal Hy-
drides.

o-Hydroxyphenylpyruvic acid lactone (m.p. 145-150 °C) was prepared in the
manner described by Billek®. The lactone was converted to the acid by treating with
1 mM potassium phosphate (pH 7.3). p-Hydroxyphenylacetaldehyde was prepared
by the method of Fellman’® as modified by Robbinss. [Carboxy-14C]phenylpyruvic
acid derivatives were prepared by the oxidative deamination of 14C-labeled amino
acids with snake venom and catalase®.

Preparation of p-hydroxy[carboxy-12C Jphenylpyruvic acid

25 uCi L-[carboxy-14C]tyrosine was incubated for zo min at 37 °C with 1 mg
snake venom (Crotalus adamanteus) and 1000 units of beef liver catalasein 3mlo.x M
potassium phosphate (pH 6.5). The reaction was stopped with 1 ml 0.6 M HCl and
the mixture was put on a 1 cm X 3 cm Bio-Rad AG-50-X8 column (acid form, 2o00-
400 mesh) and the product was eluted with 100 ml 2 mM p-hydroxyphenylpyruvate
carrier. After lyophilization of the eluate the p-hydroxy{carboxy-1*C}phenylpyruvate
residue was diluted with carrier to a specific activity of g uCi/mM.

Preparation of sodium [carboxy-12C ] phenylpyruvate
Sodium(carboxy-14C]phenylpyruvate was prepared from 25 uCi L-{carboxy-14C]-
phenylalanine by the method described above for the synthesis of p-hydroxy(car-
boxy-1"C]phenylpyruvate. Carrier sodium phenylpyruvate was used to dilute the pro-
duct to a specific activity of 18 uCi/mM.
Preparation of 3,4-dilydroxy( carboxy-14C Jphenylpyruvic acid
3.4-Dihydroxy[carboxy-1*Clphenylpyruvic acid was prepared from 10 uCi DL-
[carboxy-1*C]DOPA by the method described above for the synthesis of p-hydroxy-
[carboxy-1*C]phenylpyruvate. Carrier 3,4-dihydroxyphenylpyruvic acid (m.p. 185-
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189 °C) was prepared by the method described by Harley—Mason and Waterfield!?
and used to dilute the product to a specific activity of 7 uCi/mM.

Preparation of tissue homogenates

Tissues were homogenized (glass tube with Teflon pestles) in 0.1 M phosphate
(pH 7.3). The homogenate was centrifuged for 30 min at 15000 X g and superna-
tants were dialyzed against 0.1 M phosphate (pH 7.3) and stored frozen. Rat liver
was used throughout except where noted.

Radiochemical assay method

The enzymatic oxidation of p-hydroxyphenylpyruvic acid to homogentisic
acid and CO, was studied using p-hydroxy{carboxy-14Clphenylpyruvic acid. The
HCO, evolved was trapped in hyamine and subsequently counted to determine the
rate of oxidation. The oxidation of phenylpyruvic acid and 3,4-dihydroxyphenyl-
pyruvic acid was also studied using *C-labeled substrates.

Radiochemical assay of p-hydroxyphenylpyruvate hydroxylase activity

The enzyme was assayed in a single side arm Warburg vessel closed with a
number 2 rubber stopper and a number 12 serum bottle cap. A 22 gauge nichrome wire
was embedded on the bottom of the stopper to form a 1.5 cm pin. An 11-mm diameter
disc of Whatman number 4 filter paper was stitched on the pin and moistened with
0.025 ml T M hyamine hydroxide in methanol to adsorb 14CQO,,.

The assay mixture (2 ml) consisted of activated enzyme™ in 100 mM potassium
phosphate (pH 7.3), volume 1.5 ml, in the reaction chamber, and o.5 ml 2 mM
p-hydroxy|carboxy-1*C]phenylpyruvate tipped in from the side arm. The assay mix-
ture was incubated for 10 min at 37 °C in a Dubnoff metabolic shaking incubator.
1 M H,SO, (0.3 ml) was injected into the side arm and was used to stop the reaction.
After 10 min equilibration, the discs were placed in 19 ml Buhler’s!? solution and the
amount of 1CO, was determined by counting in a liquid scintillation spectrometer.

Colorimetric assay method

This assay is based upon the reaction of p-quinones with cysteine to form yel-
low chromophoric 1,4-thiazine!®. The products of the enzyme action are homogen-
tisic acid and CO,. Since the colorimetric method depends upon the appearance of
homogentisic acid, it defines unambiguously the p-hydroxyphenylpyruvate hydroxyl-
ase activity of tissue extracts. Care must be taken to destroy the homogentisate oxi-
dase (EC 1.13.1.5) activity before assay of a tissue extract. The simplest procedure
for destroying homogentisate oxidase activity was to acid denature the extract as
described earlier'#:!5. Adjustment of the pH of the tissue homogenate to pH 5 with
1 M acetic acid and then readjustment to pH 7.3 with 1 M NaOH eliminates all of
the homogentisate oxidase activity, as shown by the total recovery of added homogen-
tisic acid to such acid treated homogenates.

The assays were carried out as follows: A standard 2.0 ml reaction mixture con-
tained 0.5 mM p-hydroxyphenylpyruvate, 1oo mM potassium phosphate (pH 7.3),
and enzyme extract which had been activated with GSH-2,6-dichloroindophenol or

* Enzyme extracts were activated before assay by the addition of an equal volume of
2.5 mM 2,6-dichloroindophenol and 52 mM GSH or 3.2 mM ascorbic acid!.
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ascorbic acid as described in the radiochemical assay procedure. Suitable controls
consisting of boiled enzyme and all other reagents were run with each assay. Tubes
were incubated, with shaking, in a 37 °C water bath. At the end of incubation, 0.5
mi of 8oo mM sulfosalicylic acid was added and the tubes were centrifuged at 1000 X g
for 5 min. 1 ml of the supernatant was transferred to 15 ml extraction tubes and ex-
tracted twice with 2 ml ethyl acetate. The combined ethyl acetate extracts were
shaken with 1 ml of 200 mM potassium phosphate (pH 8.0). The ethyl acetate was
discarded and 0.2 ml of 1 M KBH, added. After 10 min, 0.1 ml of 5 M acetic acid was
added and the tubes shaken to destroy excess KBH,. 0.2 ml of 200 mM cysteine and
3.0ml of 500 mM potassium phosphate (pH 12.0) were then added and the color
allowed to develop for 15 min. Tubes were well aerated with swirling and the absorb-
ance determined at 390 nm. The amount of homogentisic acid was determined by
reference to a standard curve of homogentisic acid.

RESULTS

The rate of release of 1#CO, from the substrate p-hydroxyphenylpyruvate was
directly related to the amount of tissue extract assayed (Fig. 1). This was supported
by the results obtained employing the colorimetric method. As seen in Fig. 1, the
number of ymoles of ¥CO, released was equal to the number of gmoles of homogen-
tisic acid formed over the range of the amount of enzyme extract studied. The vari-
ation in precision of the radiochemical assay was observed to be 19, by making 12
multiple assays of a single enzyme extract.
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Fig. 1. Formation of CO, and homogentisic acid from p-hydroxyphenylpyruvate. A crude rat
liver supernatant containing 24 mg protein/ml was used. @—@, pumoles homogentisic acid for-
med/5 min; A—/\, umoles 1CO, formed/5 min.

Fig. 2. Competitive inhibition of p-hydroxyphenylpyruvate hydroxylase by phenylpyruvate and
3,4-dihydroxyphenylpyruvate. (A) @—@, p-hydroxyphenylpyruvate, no inhibitor added; (B)
OQO—0O, plus phenylpyruvate, 2.5- 1074 M; (C) A— A\, plus 3,4-dihydroxyphenylpyruvate, 2.5- 10~
M.
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The effect of substrate concentration on the enzyme activity was studied.
Inhibition of activity by high amounts of substrates has been commented upon
before!*¢ and was observed in our studies (cf. the Lineweaver-Burk plot in Fig. 2).
The mechanism of this inhibition is discussed below. From these studies a K, for
this enzyme was observed to be 5-107® M. This compares with a reported value of
2-107% M for rat liver extracts® and 5-10-* M for frog liver enzymel!?.

The effect of the oxygen substrate on the velocity of the reaction was also
studied. K, for oxygen was calculated from Fig. 3: K = 109, or 1-107* M O, in
solution. These data also show an inhibitory effect of high oxygen partial pressures.

The effect of pH on the velocity of the enzyme was studied and it was found that
the pH optimum was =~ 7.5.
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Tig. 3. p-Hydroxyphenylpyruvate hydroxylase. O, as substrate. Enzyme used was a partially
purified” preparation. In addition to 2,6-dichloroindophenol-GSH activator, rooo units of cata-
lase was added per flask. p-Hydroxyphenylpyruvate concentration was o.5 mM. 1/v is the reci-
procal of the ymoles of homogentisic acid formed in 10 min. 1/[S] is the reciprocal of the percen-
tage of O, present in the flask as a gas. K, = 10% O, = 1-107* M.

* By the method of Taniguchi and Armstrong?®. Additional purification was attained by
treatment with Sephadex G-150 and carboxy methyl Sephadex. A 15-fold increase in specific
activity was achicved. This enzyme was devoid of detectable catalase activity.

Dialyzed liver homogenates are activated to maximal enzyme activity by the
addition of certain reducing agents!.18, This characteristic requirement of p-hydroxy-
phenylpyruvate hydroxylase was demonstrated using the radiochemical assay sys-
tem. Activity of the enzyme is progressively lost over a period of time when stored
at —20 °C. Much of this lost activity may be recovered by treatment with the acti-
vator, reduced z,6-dichloroindophenol.

Inhibition of the enzyme by substrate

A striking and puzzling property of p-hydroxyphenylpyruvate hydroxylase is
its vulnerability to high concentrations of its substrate (see above). A detailed ac-
count of this phenomenon has been described earlier*:!!. The inhibition is unusual
in that it occurs after a lag period. At low substrate concentration reduced 2,6-
dichloroindophenol, ascorbate, or other reducing agents will mitigate if not entirely
prevent this inhibition.
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From our studies it appears that the substrate, p-hydroxyphenylpyruvate, can
generate peroxide and this substance inhibits the enzyme. Evidence that hydrogen
peroxide was formed from the keto acid is the following:

(a) 1073 M solutions of p-hydroxyphenylpyruvate at pH 7.3 generated a sub-
stance when shaken in air but not when shaken in nitrogen, which behaved like hy-
drogen peroxide when tested using the methods of Schales!®.

Fig. 4. Hypothetical reaction for formation of p-hydroxyphenylacetic acid and H,O,.

The nature of the reaction of oxygen with p-hydroxyphenylpyruvate was in-
vestigated. The proposed intermediate structure I (Fig. 4) leads to H,0, plus CO,
plus p-hydroxyphenylacetic acid. Oxygen is reduced to hydrogen peroxide with p-
hydroxyphenylpyruvate oxidized to p-hydroxyphenylacetic acid. An alternative me-
chanism involves the hydration of the p-hydroxyphenylpyruvate and the subse-
quent reduction of oxygen with the decarboxylation to p-hydroxyphenylacetic acid.
Whichever mechanism holds, the product p-hydroxyphenylacetic acid should be ob-
served. Incubation of an assay mixture containing 0.5 mM p-hydroxyphenylpyru-
vate, 2.5 mM ascorbic acid, 100 mM potassium phosphate (pH #7.3) and 0.2 ml
(24 mg protein/ml) crude rat liver homogenate in a final volume of 2.0 ml was carried
out for 5 min and the reaction stopped by the addition of 0.5 ml of 8oo mM sulfo-
salicylic acid. An ethyl acetate extract of the reaction mixture was made. By thin
layer chromatography using silica gel plates with a benzene-methanol-acetic acid
(45:8:1, by vol.) solvent system a spot was observed indistinguishable from p-hy-
droxyphenylacetic acid, Rr 0.5. Using a Beckman GC-5 gas-liquid chromatography
system, the trimethylsilyl methyl ester derivative of the product was applied to an
SE 30-8’ column. A material appeared having an identical methylene unit to p-hy-
droxyphenylacetic acid. Boiled enzyme preparation also contained detectable p-
hydroxyphenylacetic acid. Indeed solutions of p-hydroxyphenylpyruvate in oxygen
(pH 7.0) slowly generated hydrogen peroxide and p-hydroxyphenylacetic acid de-
tectable by the methods described above. Furthermore in the absence of oxygen,
i.e., In nitrogen, no p-hydroxyphenylacetic acid could be observed. When the pH
of the system was raised much beyond 8.0 then most of the p-hydroxyphenylpyruvate
was oxidized by an alternate route leading to p-hydroxybenzaldehyde and oxalic
acid?®®.
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{b) It had been reported that p-hydroxyphenylpyruvate hydroxylase activity
could be separated into two fractions A and B, which individually had little activity
but added together had vigorous activity'®. Later these investigators showed that one
of these fractions could be replaced by catalase and suggested a specific role for the
enzyme in the peroxidative oxidation of the substrate. Following this report other
investigators questioned these findings's. They demonstrated that hydrogen peroxide
was not required for the enzymatic reaction and that catalase would stimulate the
activity only under conditions of high substrate and high oxygen such as used in
Warburg manometry. We examined this question and indeed found that as the cata-
lase was separated by protein fractionation from the p-hydroxyphenylpyruvate hy-
droxylase activity, the activity was lost. The effect of catalase on the rate of reac-
tion is seen in Fig. 5. Horseradish peroxidase acted similarly to catalase in protecting
the p-hydroxyphenylpyruvate hydroxylase activity from inhibition (Iig. 5).
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Fig. 5. Effect of catalase and horseradish peroxidase on the rate of the reaction. Enzyme was
partially purified (see Fig. 3) from rat liver supernate. Ascorbic acid (3.2 mM) was the activator
p-Hydroxyphenylpyruvate concentration was 1.2 mM. (A) @ —@, enzyme and substrate; (B)
O—0Q, enzyme and substrate plus 0.5 mg crude horseradish peroxidase per flask; (C) A-—A
enzyme and substrate plus 1000 units purified catalase per flask.

(c) Other observations relevant to the peroxide generating activity of the sub-
strate were the inhibition studies using o-hydroxyphenylpyruvate. This material
was investigated because we reasoned that the o-hydroxy group would interfere with
oxygen addition and thus peroxide formation would not occur. Thus, this material
should not exhibit non-competitive inhibition when preincubated with the enzyme.
TFFurthermore, o-hydroxyphenylpyruvate should not be a substrate for the enzyme.
Both properties were observed. The substance was, however, an excellent competitive
inhibitor of the enzyme. Finally, the non-enzymic oxidation of o-hydroxyphenylpy-
ruvate did not occur in alkaline solution as it did for the p-hydroxyketo acid. When
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a solution of 1078 M o-hydroxyphenylpyruvate was allowed to react at pH 9.3 in
100 mM phosphate, no alteration in the absorption spectrum was observed. The
single, symmetrical peak at 328 nm remained unchanged over a period of go min. A
comparable sample of p-hydroxyphenylpyruvate was rapidly oxidized to the p-
hydroxybenzaldehyde?°.

Other substrates and inhibitors

Several aromatic keto acids were studied as substrates and/or inhibitors of p-
hydroxyphenylpyruvic hydroxylase. Pheny! carboxy-1*Clpuruvate behaved as a
substrate in a manner similar to p-hydroxyphenylpyruvic acid. The applicability of
the radiochemical procedure to assay the phenylpyruvate hydroxylase activity is
seen in Fig. 6. The observed Ky, for this substrate was 6-107% M. A study of the inhi-
bitory effect of phenylpyruvate on the activity of the p-hydroxyphenylpyruvate
hydroxylase was undertaken. Phenylpyruvate was added to incubation mixtures
containing p-hydroxylcarboxy-14Clphenylpyruvate, and the evolution of labeled CO,
was followed. This data was plotted by the method of Lineweaver-Burk and is given
in Figs 2 and 7. These substrates were mutually competitive when added simulta-
neously but each behaved as non-competitive inhibitors when preincubated with the
enzyme before substrate was tipped in.

3,4-Dihydroxyphenylpyruvate was also studied as a substrate and ‘inhibitor
of p-hydroxyphenylpyruvate hydroxylase activity. Again the velocity of the hy-
droxylase reaction was directly related to the amount of tissue extract used (Fig. 6).
The observed Ky, for the enzyme with this substrate was 5-10-3 M. The inhibitory
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Fig. 6. Relationship of amount of enzyme to velocity of reaction. A—/\, phenylpyruvic acid
(0.5 mM) as substrate. Enzyme was partially purified rat liver supernate activated with 2,6-
dichloroindophenol-GSH as described in the methods section. Incubation time was 10 min.
®—®. 3,4-dihydroxyphenylpyruvic acid (0.5 mM) as substrate. Enzyme was rat liver supernate
activated with 2,6-dichloroindophenol-GSH. Incubation time was 10 min.

Fig. 7. Non-competitive inhibition of p-hydroxyphenylpyruvate hydroxylase by phenylpyruvate
and 3,4-dihydroxyphenylpyruvate. Enzyme was rat liver supernatant (0.1 ml containing 32 mg
protein/ml) activated with 2,6-dichloroindophenol-GSH as described in the methods section.
Enzyme was incubated with inhibitor 5 min at 37 °C before addition of substrate. Incubation time
after substrate addition was 5 min. (A) @—@, no inhibitor; (B) O—Q, phenylpyruvate, 6.7 1075
M; (C) A---A\, 3,4-dihydroxyphenylpyruvate, 1.7-107° M.
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activity of 3,4-dihydroxyphenylpyruvate for p-hydroxyphenylpyruvate hydroxylase
activity was also investigated as described for the phenylpyruvate. We observed ¢
profound non-competitive inhibition when the 3,4-dihydroxyphenylpyruvate was
preincubated before labeled p-hydroxyphenylpyruvate was tipped in (Fig. 7). How-
ever, these substrates were mutually competitive when simultaneously tipped in
(Fig. 2). The non-competitive inhibition observed when these substrate-type inhi-
bitors are preincubated with the enzyme but competitive when added simultaneously
with substrate, was also consistent with the peroxide mechanism for substrate inhi-
bition described above.

An extension of this argument was made by testing catechol as an inhibitor
of the enzyme activity. When 2-107% M catechol was preincubated with the rat liver
enzyme extracts for 5 min there was an approximately go9%, inhibition of the enzyme
activity. When this amount of catechol was added to the enzyme simultaneously
with the substrate (p-hydroxyphenylpvruvate), no inhibition was observed. Since
catechol can autooxidize to form hydrogen peroxide!® the pre-exposure of the enzyme
to catechol would be expected to cause an inhibition of the type described above.

o-Hydroxyphenylpyruvate was not a substrate but behaved only as a compe-
titive inhibitor of p-hydroxyphenylpyruvate. p-Hydroxyphenylacetaldehyde was
not a substrate for the enzyme and lacked inhibitory activity when tested at a con-
centration of 1073 M. The judgment that both p-hydroxyphenylacetaldehyde and o-
hydroxyphenylpyruvate were not substrates was based upon the lack of any new pro-
duct formed which could be detected by paper chromatography and the absence o}
a hydroquinone or catechol product detectable by condensation with cysteine to form
thiazines.

Tissue distribution

The enzyme activity was determined in a number of different organs and spe-
cies. These are given in Table I. No enzyme activity could be observed in any tissue
other than liver and kidney. The development of the activity in human, monkey,

TABLEI

TISSUE DISTRIBUTION OF p-HYDROXYPHENYLPYRUVATE HYDROXYLASE ACTIVITY IN A NUMBER OF
SPECIES

Supernatant fractions obtained from homogenates of tissues indicated, are reported. No activity
was found in non-supernatant fractions (see text). » = number of animals or human subjects
assayed. The values represent average specific activities (umoles/mg protein per h) 4 standard
deviations. 0.00 = < 0.00I ymole/mg protein per h.

Species n  Liver Kidney Heart Muscle Brain
Rat 4 1.00 £ 0.03 0.17 4 0.03 0.00 0.00 0.00
Monkey
“#Maternal 7 2.25 4= 0.52 1.23 4 0.13 0.00 0.00 0.00
?Neonatal 0—2 days 6 0.98 + 0.45 0.29 + 0.17
Human
Adult 2  0.60 4 o.TI 0.12 4 0.05 0.00 0.00 —_
Fetal 1328 weeks 7  o0.00 0.00
Salmon (Coho) 3 1.43 4 o.12 — — — —
Opossum
Maternal I 1.14 — — — —
Neonate (8 g) 6

0.77 £ 007 -— — — —

Biochim. Biophys. Acta, 284 (1972) 90100



H-HYDROXYPHENYLPYRUVATE HYDROXYLASE 99

and opossum tissue was studied. These results (Table I) confirm those of others who
showed the absence of hydroxylase activity in early fetal life?!,22.

Subcellular distribution

Separation of crude rat liver homogenates in 0.25 M sucrose® showed clearly
that all of the enzyme activity resided in the cytosol. No activity could be detected
in the nuclear, mitochondrial or microsomal fractions.

DISCUSSION

Early studies of p-hydroxyphenylpyruvate hydroxylase determined the loss of
substrates®:5. The methods described above measure the appearance of products and
are thus intrinsically more precise and more sensitive.

Ideally, the assay of enzymes requires that saturating amounts of substrates
are employed. In the instance cited here the enzyme is subject to a profound substrate
inhibition from both p-hydroxyphenylpyruvate and oxygen. This inhibition is probab-
ly never of biological consequence since in the normal mammalian state oxygen par-
tial pressures in excess of 100 mm Hg in liver and kidney tissues never occur. Also the
activity of the tyrosine aminotransferase responsible for producing p-hydroxyphe-
nylpyruvate in the liver and kidney is rate limiting®. In fact, the inhibition by sub-
strates in the case examined here is a contrivance resulting from the laboratory me-
thods conventionally used in enzyme assay, ¢.¢., 21%, oxygen with saturating amounts
of p-hydroxyphenylpyruvate.

The inhibitory effects of both substrates, oxygen and p-hydroxyphenylpyru-
vate, can be understood from our results. Catechol, a hydrogen peroxide generator,
was found to be a non-competitive inhibitor when preincubated with the enzyme plus
air. 3,4-Dihydroxyphenylpyruvate also behaved in this manner. However when 3,4-
dihydroxyphenylpyruvate was simultaneously added with p-hydroxy[carboxy-14C]-
phenylpyruvate to the enzyme, competitive inhibition of the enzymes was observed.
These findings coupled with experiments showing the detection of hydrogen peroxide
and p-hydroxyphenylacetic acid from solutions of p-hydroxyphenylpyruvate support
the view that “‘substrate inhibition” is due to peroxide formation leading to enzyme
inactivation. The fact that the addition of catalase or horseradish peroxidase to puri-
fied enzyme can mitigate the inhibition further supports this proposal.

Many of the previously described characteristics of the rat liver p-hydroxy-
phenylpyruvate hydroxylase were confirmed using both the radiochemical and colo-
rimetric assay procedures. The inhibition of the enzyme by high substrate concen-
tration, the activation of the enzyme by reduced 2,6-dichloroindophenol, the pH
optimum have all been described by previous methods. The apparent K, for the sub-
strate oxygen has not been previously reported. Perhaps the clearest display of the
versatility of the radiochemical procedure was the study of the mutually inhibitory
substrates. The radiochemical method allowed the study of the activity of the en-
zyme employing for example p-hydroxyphenylpyruvate as substrate and phenyl-
pyruvate as inhibitor. The observed competitive inhibition, when both substrate
and “inhibitor’” are simultaneously added to the enzyme, is consistent with the view
that a single enzyme is responsible for the oxidation of both substances?®. A biolo-
gical extension of this competition by substrates in tyrosinemia and phenylketon-
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uria has been observed. In tyrosinemia, elevated excretion of phenylpyruvate was
observed when the p-hydroxyphenylpyruvate increased?2® and in phenylketonuria,
the elevated urinary excretion of p-hydroxyphenylpyruvate?® has been reported. The
presence of the hydroxylase enzyme in mammalian liver and kidney but not in other
tissues can account for the appearance of p-hydroxyphenylpyruvate in the urine of
patients with tyrosinemia due to transaminase deficiency?®.

Finally, we confirm the absence of prenatal p-hydroxyphenylpyruvic hydroxy-
lase activity in fetal liver and kidney. All monkey neonate liver and kidney possessed
active enzyme and although the number of neonates examined was small we observed
a progressive postpartum increase in enzyme activity.
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