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The reported discrepancy between the in vitro and in vivo properties of 
p-chlorophenylalanine as an inhibitor of phenylalanine hydroljrlase (E.C.1.14. 
3.1) was investigated. It was demonstrated that the lack of inhibition, in 
vitro, was not due to (1) non-physiological pH or temperature of the in vitro 
assay system, (2) inhibition by m-chlorotyrosine, a product of the enzymatic 
hydroxylation of p-chlorophenylalanine, or (3) a slow irreversible reaction 
of p-chlorophenylalanine with enzyme. However, when the inhibitory properties 
of p-chlorophenylalanine were determined using the natural cofactor, tetrahy- 
drobiopterin, instead of the pseudocofactor 6,7-dimethyltetrahydropterin, which 
had been utilized in the reported in vitro studies, it was shown that p-chloro- 
phenylalanine is a potent inhibitor of the enzymatic hydroxylation of phenyla- 
lanine. The apparent Ki is 0.03mM with tetrahydobiopterin as cofactor, com- 
pared to 1.5mM with 6,7-dimethyltetrahydropterin. Ihe dependence of the in- 
hibitory properties of an aromatic amino acid analog on the structure of the 
cofactor may be a general phenomenon with all tetrahydrobiopterin dependent 
aromatic amino acid hydroxylases. 

p-Chlorophenylalanine has been used extensively as an in vivo inhibitor of 

phenylalanine hydroxylase for the induction of symptoms of phenylketonuria in 

experimental animals (e.g. 1,2). Yet it has been reported that, in vitro, p- 

chlorophenylalanine inhibits phenylalanine hydroxylase poorly, if at all, at 

concentrations which are effective in vivo (1,3). Although various hypotheses 

have been proposed to account for the lack of agreement between in vitro and in 

vivo data (4,5,6), little attention has been given to differences in the envi- 

ronment of the enzyme when assayed in vitro compared to its physiological envi- 

ronment. For example, differences in pH, temperature, or the use of pseudosub- 

strates or pseudocofactors could sufficiently affect an enzyme that its response 

to an inhibitor may be changed. 

In this report we demonstrate that the discrepancy between the in vivo and 

in vitro inhibition by p-chlorophenylalanine can, at least in part, be attributed 

to pseudocofactor used in published in vitro assay systems. These results may be 

of relevance in the interpretation of inhibitory data with all tetrahydrobiop- 

terin dependent hydroxylases. 

MATERIALS AND METHODS 

6,7-Dimethyltetrahydropterin, DL-p-chlorophenylalanine and tyrosine were pur- 

chased from Calbiochem; L-phenylalanine, dithiothreitol and catalase from Sigma; 

DL-m-chlorotyrosine from K and K; and protamine sulfate from Elanco division of 

Eli Lilly. Tetrahydrobiopterin was generously donated by Dr. K. J. M. Andrews, 

Roche Products Ltd., Hertfordshire, England. Since D-phenylalanine has no sub- 
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ztrate or inhibitory activity with phenylalanine hydroxylase, it was assumed 

that D-chlorophenylalanine, also, would not react with enzyme. The concen- 

tration of p-chlorophenylalanine in kinetic experiments was, therefore, taken 

as half the total concentration of DL-p-chlorophenylalanine. 

Phenylalanine hydroxylase was partially purified from rat livers. Livers 

were homogenized in 3 volumes of 0.2M Tris-HCl-1OmM mercaptoethanol, pH 7.5. 

The homogenate was centrifuged at 20,000 g for 15 minutes, and the supernatant 

was treated with 0.2 volumes of 2% protamine sulfate in O.lM Tris-HCl, pH 7.5. 

The protamine sulfate supernatant was fractionated with ammonium sulfate. 

Phenylalanine hydroxylase precipitates between 35 and 45% saturation with am- 

mon sulfate. The precipitate containing the enzyme was dissolved in O.lM Tris- 

HCl, pH 7.5 and frozen in liquid N2, in aliquots. 

Enzyme activity was monitored spectrophotometrically as the phenylalanine 

dependent rate of dihydropteridine formation, at 340nm for dihydrobiopterin, 

and at 330nm for 6,7-dimethyldihydropterin (7). Rates were measured in a double 

beam spectrophotometer in which the reference cell contained all the components 

of the reaction cell, except phenylalanine. The kinetics of inhibition by p- 

chlorophenylalanine, with 6,7-dimethyltetrahydropterin as cofactor, were also 

determined from the amount of tyrosine formed after a fixed incubation time in 

the presence of 5mM dithiothreitol to regenerate cofactor (8). Tyrosine was 

quantitated as its nitrosonaphthol derivative, either spectrophotometrically (9), 

or fluorometrically (10). Tyrosine standards, containing all components of the 

reaction mixture, were run with each experiment. Catalase, 0.25 mg (4,000 units), 

was included in all reactions to diminish the non-enzymatic rate of oxidation of 

the cofactor. For either method of assay, enzyme was equilibrated with buffer, 

phenylalanine and catalase for 5 minutes at the reaction temperature before 

pteridine cofactor was added to initiate the reaction. ll7e total volume was 1 

ml and, unless otherwise stated, the temperature was 27". All kinetic assays 

were performed at atmospheric 02, in O.lM Tris-HCl, pH 7.4, with 4-12 mU rat liver 

phenylalanine hydroxylase. 1mU is an amount of enzyme which produces 1 nmole of 

product per min. at pH 7.4 and 27" in the presence of 1mM phenylalanine and 0.2m~ 

6,7-dimethyltetrahydropterin. Kinetic data were analyzed by a graphics computer 

program (11). 

RESULTS - 
Inhibition as a function of p-chlorophenylalanine concentration. In the 

presence of 6,7-dimethyltetrahydropterin, hydroxylation is only slightly in- 

hibited by 0.5 mM p-chlorophenylalanine (Fig. 1). This is in agreement with 
the pubIished findings of others (1,3). However, with the natural cofactor, 
tetrahydrobiopterin, the reaction is >90% inhibited by 0.5mM p-chlorophenyl- 

alanine (Fig. 1A). In both cases Michaelis-Menten kinetics are observed, since 
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Figure 1. Inhibition by p-chlorophenylalanine in the presence of two different 
cofactors. (0) 6,7-Dimethyltetrahydropterin as cofactor at a concentration of 
O.Zmki; phenylalanine concentration is 1mM. (A) Tetrahydrobiopterin as cofactor, 
at a concentration of 0.05mM; phenylalanine concentration is 0.3m~. The con- 
centrations of cofactor and phenylalanine have been chosen to give comparable 
conditions with either cofactor, since the J$,, of 6,7-dimethyltetrahydropterin 
is 3-4 times higher than the Km of tetrahydrobiopterin (12), and the Km of phenyl- 
alanine with 6,7-dimethyltetrahydropterin as cofactor is 3-4 times higher than 
with tetrahydrobiopterin. (A) The ratio of vi) the inhibited rate, to v, the 
rate in the absence of inhibitor, is plotted as a function of inhibitor (p-chlor- 
ophenylalanine) concentration. (B) The reciprocals of the rates in (A) are 
plotted as a function of inhibitor concentration (Dixon plot (13) ). 

L 

Figure 2. Inhibition by p-chlorophenylalanine with respect to phenylalanine. 
(0) Control curve; (Cl) + p-chlorophenylalanine. See legend to Fig. 1. (A) 
The cofactor is 6,7-dimethyltetrahydropterin, 0.2mM, and the inhibitor concen- 
tration is 2.5mM. Reciprocal velocity is plotted against reciprocal phenylala- 
nine concentration. (B) The cofactor is tetrahydrobiopterin, O.O5mM, and the 
inhibitor concentration is 0.05mM. The reciprocal of the velocity is plotted 
against the reciprocal of the square of the phenylalanine concentration, since, 
in the presence of tetrahydrobiopterin, the l$,, curve for phenylalanine is sig- 
moidal, with a Hill coefficient of 2 (14). 

a plot of control rate/inhibited rate vs, the inhibitor concentration (Dixon 

plot) gives a straight line (Fig. 1B). Unier the conditions of the assay, 50% 

inhibition is reached at 0.045 mM p-chlorophenylalanine when tetrahydrobiop- 

terin is cofactor, but 2.5 mM p-chlorophenylalanine is required to give 507, 

inhibition with 6,7-dimethyltetrahydropterin. 
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Type of inhibition and Ki. The type of inhibition with respect to phenyl- 

alanine is close to competitive, regardless of which cofactor is used (Fig. 2A, 

2B). When the inhibition constants are determined under comparable conditions, 

the apparent Ki is 1.5mM with 6,7-dimethyltetrahydropterin as cofactor, and 

0.03mM with tetrahydrobiopterin. 

When phenylalanine concentration is held constant and cofactor concentra- 

tion is varied, extrapolation to infinite cofactor concentration does not re- 

move the inhibition. The observed mixed inhibition means that p-chlorophenyl- 

alanine, in addition to inhibiting the interconversion of ES complexes to form 

products, appears to increase the Km of the cofactor. This occurs with either 

cofactor (Fig. 3A,B). 

Inhibition by product. p-Chlorophenylalanine is slowly hydroxylated by 

phenylalanine hydroxylase. The major product is m-chlorotyrosine (15). Since 

in vivo inhibition could result from a metabolite of p-chlorophenylalanine, 

the effect of m-chlorotyrosine on the enzyme was determined. There appeared to 

be no inhibition of phenylalanine hydroxylase by concentrations of m-chloroty- 

rosine up to lmM, with 6,7-dimethyltetrahydropterin as cofactor, as already noted 

(1)s and only slight inhibition with tetrahydrobiopterin as cofactor. 

Effect of temperature on inhibition. The preceding kinetic experiments 

were all performed at 27". To ascertain whether or not the degree of inhibi- 

tion and the cofactor dependence of the inhibition would be the same at physi- 

ological temperatures, the inhibition as a function of p-chlorophenylalanine 

concentration was compared at 27" and 37". The percentage inhibition, and the 

cofactor dependence of the inhibition, was very similar at the two temperatures. 

Reversibility of inhibition. The above interpretation of the kinetics of 

-40 0 40 80 

Figure 3. Inhibition by p-chlorophenylalanine with respect to cofactor. (0) 
control curve; (Cl) + p-chlorophenylalanine. See legend to Fig. 1. (A) The 
phenylalanine concentration is lmM, and the inhibitor concentration is 2.5m~. 
Reciprocal velocity is plotted against reciprocal 6,7-dimethyltetrahydropterin 
concentration. (B) The phenylalanine concentration is 0.3mM, and the inhibitor 
concentration is 0.05mM. Reciprocal velocity is plotted against reciprocal tet- 

rahydrobiopterin concentration. 
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inhibition by p-chlorophenylalanine was based on the assumption that the inhibi- 

tion of phenylalanine hydroxylase was reversible. However, the in vivo effect- 
iveness of p-chlorophenylalanine could also be due to irreversible inhibition 

of the enzyme. In order to demonstrate whether or not this was the case, a 

concentrated solution of enzyme was preincubated with 1mM p-chlorophenylalanine 

for 48 hours at 0. The preincubated enzyme, 0.02 ml, was assayed with 0.2 

nmole 6,7-dimethyltetrahydropterin and 1 wmole phenylalanine in a total volume 

of 1 ml, so that p-chlorophenylalanine was diluted out to 0.02mM. Activity 

was measured directly from the rate of cofactor utilization. There was no in- 

hibition or loss of enzyme activity other than that which occurred in control 

enzyme. Since it was possible that irreversible inhibition of enzyme by p- 

chlorophenylalanine might only occur in the presence of cofactor, enzyme was 

preincubated with 1mM p-chlorophenylalanine, 0.05mM tetrahydrobiopterin and 

20mM dithiothreitol for 96 hours at O", or for 9 hours at 25". Activity was 

measured by the tyrosine assay, in the same reaction mixture as above. Under 

these conditions, also, it was not possible to demonstrate any irreversible in- 

hibition of phenylalanine hydroxylase. Therefore, if p-chlorophenylalanine can 

irreversibly inactivate the enzyme, it must be an extremely slow reaction. 

Similar experiments were conducted with 0.2mM 6,7-dimethyltetrahydropterin 

instead of tetrahydrobiopterin in the preincubation mixture, and also with 1mM 

m-chlorotyrosine in place of p-chlorophenylalanine. In all cases, no irrevers- 

ible inhibition of enzyme could be detected. 

DISCUSSION 

Previously reported studies of the in vitro inhibition of phenylalanine 

hydroxylase by p-chlorophenylalanine utilized the commercially available pseudo- 

cofactor 6,7-dimethyltetrahydropterin (1,3). Under these conditions, high con- 

centrations of p-chlorophenylalanine are required to produce significant inhi- 

bition of the enzymatic hydroxylation of phenylalanine. The results reported 

here show that when the natural cofactor, tetrahydrobiopterin, is used, the re- 

action of phenylalanine hydroxylase is highly sensitive to inhibition by p-chlor- 

ophenylalanine. Thus when the in vivo conditions are more closely simulated in 

vitro, p-chlorophenylalanine is a potent inhibitor of this enzyme. The apparent 

Ki is 0.03mM using a concentration of tetrahydrobiopterin close to that found 

in rat liver (16). At lower tetrahydrobiopterin concentrations, the inhibition 

would be even greater. 'Ihe increased inhibition with decrease in cofactor con- 

centration has been incorrectly interpreted to mean that p-chlorophenylalanine 

inhibits competitively with respect to cofactor (17, ~71). However, increase in 

inhibition with decrease in cofactor (or substrate) concentration also occurs 

with mixed inhibition. As shown here, inhibition is mixed with respect to co- 

factor, and competitive with respect to substrate. 
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It has been observed that the active phenylalanine hydroxylase content of 

the liver is decreased to about 10% of control level 1-2 days after injection 

of rats with a single dose of p-chlorophenylalanine (316-360 mg/Kg, i.p.> 

(4,18,19), but after prolonged treatment, the levels of phenylalanine hy- 

droxylase are 25-45% of control animals (20,21), and may eventually return 

to normal (22). However, even a quarter of normal activity would probably 

be sufficient for normal metabolism, considering that phenylalanine hydroxy- 

lase activity in rat liver is 3-4 times higher than that in human liver (23), 

and that humans heterozygous for phenylketonuria are able to maintain normal 

serum phenylalanine levels. The in vivo effectiveness of p-chlorophenylala- 

nine, in producing symptoms of phenylketonuria in experimental animals, may 

thus be accounted for by the results given here, that p-chlorophenylalanine 

is a potent reversible inhibitor of phenylalanine hydroxylase in the presence 

of the natural cofactor (Fig. 1, 2B, 3B). 

It appears that the dependence of the inhibitory potency of an amino acid 

analog on the structure of the cofactor is not a unique property of p-chloro- 

phenylalanine. Preliminary experiments show that p-fluorophenylalanine, also, 

is about a 50 times more potent inhibitor with tetrahydrobiopterin as cofactor 

than with 6,7-dimethyltetrahydropterin (14). 

The observation that the potency of an inhibitor can be controlled to such 

a large degree by a small change in the structure of the cofactor is not only 

of theoretical interest in the mapping of the active site of the enzyme, but 

also has significant practical value in drug design. In addition to the pro- 

duction of inhibitors of phenylalanine hydroxylase, analogs of aromatic amino 

acids have been extensively investigated in the development of inhibitors of 

tyrosine hydroxylase and tryptophan hydroxylase with the objective of producing 

clinically useful drugs for the regulation of nor-epinephrine and serotonin 

biosynthesis, respectively (3,17). In virtually all of this work the pseudo- 

cofactor, 6,7-dimethyltetrahydropterin, has been used in the in vitro assays. 

The results reported here suggest that a meaningful in vitro evaluation of a 

potential drug may require the use of the natural cofactor in the in vitro assay 

system. 
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