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IPHENYLALANINE METABOLISMANDFOLIC ACID
ANTAGONISTS*

BY THEODOREL. GOODFRIENDt AND SEYMOURKAUFMAN

(From the Endocrinology Branch, National Cancer Institute, and the Laboratory of Cellular
Pharmacology, National Institute of Mental Health, Bethesda, Md.)

(Submitted for publication March 10, -1961; accepted April 7, 1961)

Amethopterin and related folic antagonists in-
hibit the reduction of folic acid to tetrahydro folic
acid (2). The clinical effects of these drugs are
thought to be related in turn to the role of tetra-
hydro folic acid in single-carbon transfer reactions
during nucleic acid synthesis (3). Recently, pteri-
dines such as folic acid have been implicated in
another area of metabolism, the conversion of
phenylalanine to tyrosine. In this conversion the
pteridine is thought to act as a cofactor which is
reduced in a separate enzymatic reaction, then
takes part in the actual hydroxylation of phenyl-
alanine. The reaction sequence as it is currently
deduced from studies in vitro is presented in Fig-
ure 1. Enzymatic activities corresponding to
phenylalanine hydroxylase ("rat enzyme") and
the cofactor-reducing enzyme ("sheep enzyme"),
as well as the cofactor itself, have been observed
in normal human liver (4).

It has been shown that folic acid antagonists
such as amethopterin inhibit tyrosine synthesis in
a partially purified enzyme system, and in vivo in
the rat (5). The site of inhibition is believed to be
the enzymatic reduction of the pteridine cofactor.
The work reported here is an investigation of the
effects of amethopterin on phenylalanine metabo-
lism in man, and the possible relevance of this ef-
fect to the clinical properties of folic antagonists.
Experiments were also performed on rodents to
explore the possible interrelationship of folic acid
metabolism, phenylalanine metabolism, and cancer
chemotherapy.

METHODS

Patients receiving amethopterin (Methotrexate) for
the treatment of histologically-proven metastatic chorio-

* A preliminary report of the clinical findings described
here has been presented at the Forty-Fourth Annual
Meeting of the Federation of American Societies for
Experimental Biology, Chicago, Ill., April 13, 1960 (1).

t Present address: Department of Medicine, Washing-
ton University Medical Center, St. Louis, Mo.

carcinoma or leukemia were studied before, during and
after therapy. Amethopterin was given in either of two
dosage schedules: patients with carcinoma received 20 to
25 mg intramuscularly daily for 5 days in repeated
courses (6) ; patients with leukemia received 5 to 10
mg orally daily, as continuous therapy. Several pa-
tients were studied who received 6-mercaptopurine orally
in daily doses of 100 to 200 mg and several who received
vincaleukoblastine, 5 to 10 mg intravenously, each day
for 3 days (7). Six adults were studied who did not
have known malignant disease and did not receive chem-
otherapy.

Phenylalanine metabolism was measured by an oral
phenylalanine tolerance test. The DL or L -form of the
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FIG. 1. SCHEMATIC REPRESENTATIONOF THE ENZYME
SYSTEM FOR HYDROXYLATION OF PHENYLALANINE IN

MAMMALIANLIVER ANDTHE LOCUSOF INHIBITION BY FOLIC
ANTAGONISTS.

amino acid was given after an overnight fast in a dose
of 0.1 g per kg body weight mixed in orange-ice. Blood
was drawn at 0, 2, 4, and 6 hours after the phenylalanine
was given. The serum was analyzed for phenylalanine
by the method of La Du and Michael (8), and several
determinations confirmed by the method of Kaufman
and Levenberg (5). Tyrosine was measured by the
method of Udenfriend and Cooper (9).

Recoveries of added phenylalanine and tyrosine were

quantitative from sera of patients before, during and af-
ter therapy. The decay constants for serum phenylala-
nine were calculated for the 2- to 4-hour, and 4- to 6-hour
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intervals, from the equation

2.303 100(C2 - C4) 10(C4 - C6)
- 2~logso or2 C2 IC4

where C2, C4, and C6 represent the increment of serum
phenylalanine above the fasting level at 2, 4, and 6
hours, respectively. The greater of the two values for k
was included in Table I. These calculations assume that
serum phenylalanine fell in accordance with a first order
rate equation after an oral dose. The assumption is sup-
ported by the agreement of the k values for each time
interval after the second hour; i.e., the logarithms of the
phenylalanine values at 2, 4, and 6 hours fell on a
straight line when plotted against time. The other
parameters of phenylalanine tolerance were the maximal
serum phenylalanine achieved during the test and the in-
crement in plasma tyrosine during the test. Each pa-
tient provided her own control before or after therapy.
Several tests were performed in which oral L-tyrosine
was used in place of phenylalanine, and the data were
treated in the same way.

In some studies urine was collected in 6-hour samples
on the days of the tolerance tests and assayed for phenyl-
pyruvic acid by the method of Frilling and Sydnes (10).

The therapeutic response to the drugs was assessed
by hormonal and radiological criteria in the cases of
choriocarcinoma, as described by Hertz and co-workers
(6), and by hematological criteria in the cases of leu-
kemia. Drug toxicity was assessed clinically. The
parameters for toxicity included mucous membrane ul-
ceration, skin eruptions, and bone marrow suppression
as reflected in peripheral blood counts.

Several tissues were assayed for the presence of the
enzyme, phenylalanine hydroxylase, by using the two
independent methods described by Kaufman (11). The
tissue samples were homogenized in either 0.01 M acetic
acid, or in 0.01 M potassium phosphate buffer, pH 7.0.
Simultaneous assays were performed on rat liver as a
day-to-day check of the assay procedure.

Folic deficiency in Sprague-Dawley rats was induced
by feeding weanling animals either a commercial folic-
deficient diet with 2 per cent succinylsulfathiazole (Sulfa-
suxidine, Nutritional Biochemicals) for 7 weeks, or a
high-fat, folic-deficient diet for 16 weeks. The latter
diet, developed by Silverman and Pitney, prevents the
weight loss usually seen in folic deficiency in rats (12).
Controls were given the former diet plus 20 mg of folic
acid per kg of diet. Folic deficiency in the first group
of animals was documented grossly by failure to gain
weight, and by low total white blood cell counts. In
the group fed the high-fat diet, deficiency was docu-
mented by the elevated urinary excretion of formimino-
glutamic acid, as measured by a microbiologic assay.
The livers were assayed for folic acid plus precursors
with the digestion procedure of Silverman and Gardiner
(13), and a microbiological assay employing Pediococ-
cus cerezvsnae. The same livers were assayed for the
cofactor of phenylalanine hydroxylase by the method of
Kaufman (14). Assays were performed in the linear
range of the cofactor determination.
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FIG. 2. A REPRESENTATIVE PAIR OF ORAL PHENYLALA-

NINE TOLERANCETESTS PLOTTED ON LINEAR COORDINATES

(PATIENT 1, TABLE I).

A pilot study was performed to test whether changes
in the phenylalanine or tyrosine content of the diet af-
fected the response to amethopterin of transplantable
mouse leukemia. The diets contained either 1 per cent
L-phenylalanine and 1 per cent tyrosine (normal), 3.5
per cent L-phenylalanine and 1 per cent L-tyrosine (high-
phenylalanine), or 1 per cent L-phenylalanine and no ty-
rosine (low tyrosine). The diets were formulated ac-
cording to Franklin, Stokstad, Belt and Jukes (15), ex-
cept that the casein hydrolysate was treated to remove
aromatic amino acids 1 and supplemented with tryptophan
and methionine. Survival times were recorded, and a
dose-response curve to amethopterin was determined for
each diet after inoculation of the mice with strain L-1210
transplantable leukemia. The general procedure of Goldin,
Venditti, Humphreys and Mantel was employed (16).

RESULTS

Phenylalanine tolerance tests. Table I presents
the results of the clinical study and includes the
toxic and therapeutic effects of amethopterin, and
the parameters of phenylalanine tolerance. In
some patients repeated courses of therapy and
repeated phenylalanine tolerance tests were per-
formed. Every patient demonstrated impaired
phenylalanine tolerance after amethopterin. This
was manifest by a higher maximal serum phenyl-
alanine level, a slower decay from this maximum
(smaller k), and a smaller increment in blood ty-
rosine. A typical study is presented graphically
in Figure 2, and phenylalanine values for several
other studies are plotted on semilogarithmic co-
ordinates in Figure 3.

The shortest time interval between the first in-
jection of amethopterin and the performance of a
tolerance test was 12 hours, (Patients 5, 6), and

1 Supplied as compound MJ 309B by Mead, Johnson
and Co., Evansville, Ind.
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FIG. 3. ORAL PHENYLALANINE TOLERANCE TESTS,
PLOTTED ON SEMILOGARITHMIC COORDINATES. The curves
labeled 1, 2, 3, and 1A, 2A, 3A are from the correspond-
ing patients in Table I. The suffix "A" indicates tests
performed after amethopterin. The curves labeled "heter-
ozygotes" and "normals" are from the data of Hsia and
Paine (17). "Heterozygotes" are subjects whose chil-
dren had phenylpyruvic oligophrenia. The curve labeled
"phenylketonuric" is a phenylalanine test performed dur-
ing the current study on a subject with known phenyl-
pyruvic oligophrenia. All values are corrected for the
fasting phenylalanine level except those for the phenyl-
ketonuric subject.

a marked change in phenylalanine tolerance was
evident at that time. The changes in phenylala-
nine tolerance were observed 2 weeks after the last
injection of amethopterin.

The control tests (before therapy) in patients
with cancer did not differ from those in patients
without cancer. The fasting levels of phenylala-
nine and tyrosine did not differ in these groups,
nor did they change after therapy. Also included
in the table and in Figure 3 are the mean values
reported by Hsia and Paine for similar tests in
normal subjects and presumed heterozygotes for
the gene producing phenylpyruvic oligophrenia
(17). One test in the current study was done' on
a patient known to have phenylpyruvic oligo-
phrenia.

Oral tyrosine tolerance tests were performed
in three patients before and after therapy.
Amethopterin did not alter the absorption or me-
tabolism of tyrosine as measured by the maximal
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plasmna level andl the rate of decay of plasma ty-
rosine.

Routine liver function tests (serum bilirubin,
alkaline phosphatase, and glutamic-oxalacetic
transaminase levels) failed to show consistent
changes after amethopterin therapy.

Patients who received 6-mercaptopurine or

vincaleukoblastine demonstrated toxic side effects
to the drugs which resembled those that followed
amethopterin, but none of these patients showed
impaired phenylalanine tolerance (Patients 2, 10,
13-16).

Within Table I the patients are arranged
roughly in order of decreasing tumor response to
therapy. No correlation was found between this
response and the degree of impairment of phenyl-
alanine tolerance. Furthermore, no correlation
was observed between toxicity from amethopterin
and phenylalanine tolerance.

The urine of Patients 1, 3-6, 8, 9, 11 and 12
was tested for phenylpyruvic acid before and after
amethopterin. In those patients who received the
DL-phenylalanine mixture, there was detectable
phenylpyruvic acid in the urine, but the excretion
did not rise after therapy. In the patients who

received L-phenylalanine, no phenylpyrtuvic acid
was detected before or after therapy.

Assay of phenylalanine hydroxylase in various

tissues. Phenylalanine hydroxylase assays were

performed on the following numbers of separate
tissue specimens: 1 human choriocarcinoma (2
strains) grown as heterologous transplants in
the cheek pouch of the hamster (18), human
choriocarcinoma excised at surgery; 1 human
term placenta; 1 human placenta aborted after 18
weeks' gestation; 3 rat placenta approximately 3
days from term; 4 rat mammary gland during
pregnancy; 2 rat mammarygland during lactation;
20 immature rat uterus after 6 days' stimulation by
exogenous estrogen; 3 rat small intestine; 1 rabbit
marrow; 1 rabbit skin. These tissues were

chosen for assay because of their known sensitivity
to the effects of folic antagonists. There was no

phenylalanine hydroxylase activity detected in any

of the specimens tested. Thus, liver is the only
tissue in which significant phenylalanine hydroxy-
lase activity has been detected.

Effect of folic acid-deficient diet on cofactor
content of liver. Table II presents the findings
of an experiment to determine the effect of folic

TABLE II

Effects of folic-deficient diets on the content of cofactor for phenylalanine hydroxylase in rat liver

Peripheral Folic acid Cofactor
WBC FIGLU* content of content

Rat On diet Weight count excretion livert of livert

days g jimoles/day jIg/g wet liver U/g wet liver

Standard diet + folic acid
1 51 201 4,700 10.0 0.67
2 51 188 7.5 0.73
3 51 198 9.5 0.89
4 51 211 5,200 8.6 0.81
5 51 188 10.0 0.71
6 51 175 4,300 8.0 0.84

Standard diet, deficient
7 51 183 2,400 0.48 0.36
8 51 124 3,100 0.47 0.50
9 51 165 1,500 0.50 0.57

10 51 123 2,200 0.30 0.55
11 51 116 2,600 0.49 0.49

High-fat diet, deficient
12 120 180 133 0.56 0.77
13 120 170 113 0.46 0.80
14 120 180 113 0.49 0.69

* Formiminoglutamic acid; normal urinary excretion for the rat is less than 5 jsmoles/day.
t Measured as citrovorum factor after autolysis to convert "prefolic" and folic acids to citrovorum factor (13).
1 One unit is the amount of cofactor activity leading to the formation of 1 jumole tyrosine in a standard assay con-

taining phenylalanine, phenylalanine hydroxylase, and "sheep enzyme" (14).
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acid deficiency on the level of cofactor for p)henyl-
alanine hydroxylase in rat liver. There was a
36 per cent reduction in the mean level of co-
factor activity in only those rats which demon-
strated inanition. The rats fed a high-fat diet to
prevent inanition failed to show any reduction of
cofactor content.

The pilot study using mouse leukemia failed to
yield evidence for an effect of various dietary
phenylalanine: tyrosine ratios on prolongation of
survival time by amethopterin.

DISCUSSION

The complete phenylalanine hydroxylase system
requires two enzymes (named for their conveni-
ent animal sources), TPNH, oxygen, phenyl-
alanine, and a cofactor (Figure 1). The exact
structure of the cofactor is not known, but it has
many of the chemical characteristics of a pteridine.
Several synthetic tetrahydro pteridines including
tetrahydro folic acid can substitute for the natural
cofactor in vitro.

The second enzyme ("sheep liver enzyme"),
catalyzes the reduction of the cofactor by TPNH
(4). In the presence of reduced cofactor and
oxygen, phenylalanine is converted to tyrosine in
a reaction catalyzed by phenylalanine hydroxylase
(i"rat liver enzyme"). Folic antagonists are
thought to block the enzymatic reduction of co-
factor in a manner analogous to their inhibition of
the activation of folic acid coenzymes by folic acid
reductase (2). The experiments described here
suggest that the scheme of phenylalanine hydroxy-
lation derived from in vitro investigation applies
as well to the human.

The inhibition of phenylalanine metabolism by
amethopterin therapy is incomplete. There is,
possibly, nonenzymatic reduction of the cofactor,
unaffected by amethopterin, which permits phenyl-
alanine metabolism to proceed at a reduced rate
after inhibition of sheep liver enzyme. The ob-
served inhibition of phenylalanine metabolism is
of the same order of magnitude as the impaired
phenylalanine metabolism found by Hsia and
Paine in heterozygotes for phenylpyruvic oligo-
phrenia (17) but far less than that seen in the
homozygote. It should be emphasized that
whereas amethopterin blocks sheep liver enzyme,
patients with phenylpyruvic oligophrenia lack the

hydroxylating enzyme itself (rat liver enzyme).
The "sheep" enzyme and cofactor are present in
normal amounts in the liver of patients with this
disease (4).

There is little resemblance in the toxic state fol-
lowing folic antagonists to the clinical picture of
phenylpyruvic oligophrenia. No evidence was
obtained for characteristic mental or dermatologic
changes. In addition, the patients with drug-in-
duced impairment of phenylalanine metabolism
did not excrete phenylpyruvic acid in the urine.
This is consistent with the finding of Armstrong
and Low, who failed to detect phenylpyruvic acid
in the urine unless the serum phenylalanine level
exceeded 0.91 Mmoles per ml (19).

The results of our study, with regard to the
speed of onset and duration of changes in phenyl-
alanine tolerance after amethopterin, are in ac-
cordance with those found by Condit for folic re-
ductase activity (20). He measured the excre-
tion of citrovorum factor after a test dose of folic
acid and found an effect within 3 days of an in-
jection of amethopterin. The effect was evident
for 2 to 10 weeks after the last dose of amethop-
terin, depending on the dosage schedule. Char-
ache, Condit and Humphreys (21) found per-
sistence of amethopterin, detected by direct assay
of human liver, 3 months after the last dose of
amethopterin.

Three experiments were performed to assess
the importance of the "phenylalanine effect" of
amethopterin in chemotherapy, and all three were
negative. First, there was no correlation between
the degree of impaired phenylalanine tolerance
and the clinical response to treatment. Second,
there was no effect from feeding additional phenyl-
alanine or omitting dietary tyrosine on amethop-
terin therapy in mouse leukemia. These dietary
alterations were designed to accentuate the prob-
able metabolic consequences of inhibition of phenyl-
alanine hydroxylation. Third, there was no evi-
dence for the presence of phenylalanine hydroxy-
lase in tumor tissue or in normal tissues (other
than liver) which are known to be affected by folic
antagonists.

The folic-deficient diet failed to reduce the he-
patic level of cofactor for phenylalanine hydroxy-
lase except when inanition was also induced. The
folic acid level was consistently reduced. This
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may indicate that the cofactor is not derived from
folic acid, or that the cofactor is preferentially re-
tained in the liver under conditions of folic de-
ficiency, or both.

Hydroxylation is the first step in the sequence
of reactions that convert phenylalanine to CO2
via tyrosine and homogentisic acid. The reaction
may be considered, therefore, part of a degrada-
tive pathway for excessive phenylalanine, as well
as a part of several synthetic pathways which in-
clude tyrosine. Folic antagonists also inhibit the
degradation of the amino acid histidine by block-
ing the metabolism of formiminoglutamic acid
(FIGLU) (22). The excretion of this inter-
mediate has been used as a test of folic deficiency
or folic antagonism. There is no evidence that
FIGLU excretion correlates with the therapeutic
effects of amethopterin. Thus, three biochemical
tests are available for the assessment of folic an-
tagonism in mammals: the failure to excrete nor-
mal amounts of citrovorum factor after a test dose
of folic acid, the excretion of abnormally large
amounts of formiminoglutamic acid after the feed-
ing of histidine, and the impairment of phenylala-
nine metabolism during an oral tolerance test.

SUMMARY

1. Amethopterin therapy interferes with phenyl-
alanine metabolism in man, as measured by the
oral phenyalanine tolerance test.

2. No evidence could be obtained for a rela-
tionship between impaired phenylalanine metabo-
lism and the therapeutic or toxic effects of ame-
thopterin in man or in the mouse.

3. Pronounced folic deficiency in the rat is
sometimes accompanied by a slight reduction in
the level of the cofactor for phenylalanine hydroxy-
lase.

4. These findings have been discussed with ref-
erence to the proposed scheme of phenylalanine
metabolism and the enzymatic effects of amethop-
terin in man.
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