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The phenomenon of substrate induced enzyme
formation has been amply documented in studies
of microbial systems (1), and similar adaptive
changes in enzymic activity in the tissues of verte-
brate forms have been described by Knox, Mehler
and Lin (2, 3) and by others (4, 5). The sug-
gestion has been made (4, 6) that substrate in-
duction may be a mechanism involved in those
changes in enzymatic activities that normally oc-
cur during development and differentiation. An
extension of this concept might predict that changes
in the tissue level of a given substrate during de-
velopment would be associated with alterations in
the activities of enzymes concerned in the metabo-
lism of that substrate. The present studies were
initiated to test this hypothesis, using hepatic me-
tabolism of the essential amino acid phenylalanine
as a model system. Aside from incorporation into
protein, which is common to all amino acids, the
known reactions of phenylalanine in mammalian
liver include only transamination to yield phenyl-
pyruvate (7-9) and hydroxylation at the para
position to form tyrosine (10). A previous re-
port from this laboratory ( 11 ) established that the
enzyme system forming tyrosine from phenylala-
nine is essentially absent during fetal life in the
rat, developing to the level of the adult several
days after birth. In the present report, this ob-
servation has been extended to other mammalian
species and the nature of the enzymic deficiency
in the liver of fetal animals has been determined.
In addition, transamination of phenylalanine in
rat liver has been studied, with particular refer-
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ence to changes in activity of the enzyme during
fetal and neonatal periods of development. A pre-
liminary report concerning some of these studies
has been published (12).

METHODSANDMATERIALS

Tissue sources. The rats (Long-Evans) and rabbits
used in these experiments were from laboratory colonies.
The procedure for the determination of gestational age of
rat fetuses has been described (13); the age of rabbit
fetuses is estimated from the date of placing the male
with the female. Pig fetuses 19 to 20 cm. long (crown
to base of tail) were obtained at the abattoir. The sam-
ple of liver from a human premature infant was obtained
at autopsy, two to three hours after death.

Enzyme preparations. Livers were removed and placed
in cold saline or sucrose solutions as quickly as possible.
Homogenates were prepared in 0.15 M KCl or 0.25 M
sucrose using a Teflon homogenizer; livers of fetal and
newborn (less than 10 days of age) litter mates were
pooled. Preparation of mitochondria and other subcellu-
lar fractions from sucrose homogenates was carried out
as described by Schneider (14) with some modifications
(15). Fractions I and II, comprising the phenylalanine
hydroxylase of rat liver, were prepared essentially as de-
scribed by Mitoma (16).

Enzyme assays. Phenylalanine hydroxylase activity
was assayed by measuring tyrosine formation, using the
colorimetric procedure of Udenfriend and Cooper (17);
details of additions to reaction mixtures are given in the
appropriate tables. The high "blank" content of tyrosine
in crude preparations was routinely corrected for by inclu-
sion of samples in which enzymic activity had been ini-
tially terminated by trichloroacetic acid. Phenylalanine
transamination was routinely assayed in the direction of
phenylalanine formation by following the disappearance
of phenylpyruvate, using a method suggested by Gilvarg
(18). Small aliquots of trichloroacetic acid filtrates of
reaction mixtures were pipetted into 1 cm. spectrophotom-
eter cells, and sufficient NaOH was added to yield a
concentration of 1.0 M in a final volume of 3.0 ml. The
optical density of these mixtures was read at 321 m4 in
the Beckman spectrophotometer, and the content of
phenylpyruvate calculated from the extinction coefficient
of the product formed under these conditions (e = 1.45 X
10' cm.' per Mole phenylpyruvate). Nonspecific absorption
of reaction mixtures was found to be negligible, but it
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TABLE I

Effect of adult rat liver fractions on phenylalanine hydroxylase activity of liver preparations from
fetal rats, rabbits, pigs and a human premature infant*

Experiment AMoles
No. Enzyme preparations added tyrosine formed

1 Fetal rat liver soluble fraction 0.01
Fetal rat liver soluble fraction + Fraction I 0.13
Fetal rat liver soluble fraction + Fraction II 0.03
Maternal rat liver soluble fraction 0.17
Fractions I and II 0.07

2 Fetal rabbit liver soluble fraction 0.07
Fetal rabbit liver soluble fraction + Fraction I 0.34
Fetal rabbit liver soluble fraction + Fraction II 0.04
Maternal rabbit liver soluble fraction 0.43
Fractions I and II 1.76

3 Fetal pig liver soluble fraction 0.01
Fetal pig liver soluble fraction + Fraction I 0.62
Fetal pig liver soluble fraction + Fraction II 0.02
Fractions I and II 0.07

4 Premature human infant liver soluble fraction 0
Premature human infant liver soluble fraction + Fraction I 0.73
Premature human infant liver soluble fraction + Fraction II 0
Fractions I and II 0.98

*All assays were carried out for 60 minutes at 350 C. Enzyme preparations were added to beakers containing
150 MMoles phosphate buffer at pH 6.8, 2 pMoles reduced diphosphopyridine nucleotide, 2 juMoles L-phenylalanine, and
sufficient 0.15 MKCl to yield a final volume of 3.0 ml. Soluble fractions were prepared from 33 per cent homogenates
in 0.15 MKCl by centrifugation at 105,000 X G for 60 minutes; 1.0 ml. of this preparation was used in each experiment.
In each experiment either of the adult rat liver fractions alone formed only traces (less than 0.01 pAMole) of tyrosine;
assay of the two together in the amounts used is included in the table. Rat fetuses were at term (22 days) and rabbit
fetuses were at 21 days of gestation; in these experiments assays of preparations of the maternal liver are included for
comparison.

was necessary to include controls for nonenzymic removal
of phenylpyruvate, apparently due to binding to acid-
precipitated protein. The optical densities of these mix-
tures decreased slowly with time and were read at a fixed
interval, usually two minutes, after mixing.

Reagents. Diphosphopyridine nucleotide (DPN), tri-
phosphopyridine nucleotide (TPN), sodium phenylpyru-
vate, and trishydroxymethylaminomethane (Tris) were
all products of the Sigma Chemical Company. Reduced
DPN (DPNH) was prepared by reaction of DPNwith
ethanol and alcohol dehydrogenase as described by Rafter
and Colowick (19). Crystalline lactic and alcohol de-
hydrogenases were from the Worthington Biochemical
Corporation. Glucose-6-phosphate dehydrogenase was
prepared from dried yeast according to Kornberg and
Horecker (20). The phenylalanine hydroxylase co-
factor (2-amino-4-hydroxy-6,7-dimethyltetrahydropteri-
dine) was a generous gift from Dr. Seymour Kaufman of
the National Institutes of Health, Bethesda, Maryland.

RESULTS

Phenylalanine hydroxylation

It was first established by Mitoma (16) that the
phenylalanine hydroxylase activity of rat liver can
be dissociated by ammonium sulfate fractionation
into two components. One of these (Fraction I)

is found only in liver, is quite labile, and has been
shown to be deficient in the livers of phenylketo-
nuric individuals (21, 22). The second (Frac-
tion II) is a stable enzyme which can be prepared
from several tissues other than liver. Following
the demonstration (11) that the livers of fetal
and newborn rats are essentialy unable to form
tyrosine from phenylalanine, experiments were
carried out to determine whether this inactivity
could be traced to deficiency in one, or in both, of
the two enzymic components. Supplementing in-
active soluble fractions of livers from fetal rats,
rabbits and pigs with adult rat liver fractions
shows quite conclusively that, in each case, the
addition of Fraction I is sufficient to yield a com-
bination with phenylalanine hydroxylase activity
(Table I). A similar experiment was carried out
using the soluble fraction of liver from a human
premature infant, with the same result (Experi-
ment 4, Table I). However, since this tissue was
obtained at autopsy some time after the death of
the infant, this result must be interpreted with cau-
tion, particularly in view of the apparent lability of
this enzyme to autolysis (22).
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Certain aspects of these experiments that were

at first difficult to understand have been clarified
by the studies of Kaufman (23, 24) which estab-
lish that this reaction requires a hitherto unrecog-

nized cofactor. These aspects may be summarized
as follows. 1) While Fraction I loses activity
rapidly on aging or dialysis when assayed with
Fraction II, it was observed in several of these
experiments that Fraction I preparations which
had apparently lost most or all of their activity
(when assayed with II) were still highly active in
stimulating liver preparations from fetal animals
(Experiments 1 and 3, Table I). 2) As shown
in Mitoma's initial report (16) and repeated in
this laboratory, assay of the two rat liver fractions,
varying one while holding the other constant, re-

veals important differences between them (Fig-
ure 1). If Fraction I is held at a constant level,
and II varied, a typical enzyme concentration
curve is obtained, while if II is constant and I
varied, activity varies exponentially rather than
linearly with the amount of I added. This sug-

gests that Fraction I is providing more than one

component to the system. 3) As described in a

preliminary report (12), the addition of varying
amounts of Fraction I to inactive preparations of
fetal liver results in activity which is essentially
linearly related to the amount of I added; the
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FIG. 1. EFFECT OF VARYING AMOUNTSOF RAT LIvER
FRACTIONS IN HYDROXYLATIONOF PHENYLALANINE

Reaction mixtures containing 150 IAMoles phosphate
buffer, pH 6.8, 4,uMoles L-phenylalanine, 1 uMole DPN,
10 IAMoles sodium lactate, excess lactic dehydrogenase,
rat liver fractions and 0.15 MKCI to 2.0 ml. were shaken
at 350 C. for 30 minutes. After incubation trichloroacetic
acid was added to five per cent, the mixtures were centri-
fuged and aliquots taken for tyrosine assay as described
in "Methods." In A, all samples contained 0.5 ml. of
Fraction I, and Fraction II was varied as indicated; in
B, all contained 0.5 ml. of II, and I was varied as indi-
cated.

TABLE II

Specific requirement for hydroxylase (protein fraction I)
by liver of fetal rats*

1sMoles
tyrosine

Additions formed

Fraction I 0
Fraction II 0.05
Fractions I and II 0.16
Fractions I and II + cofactor 0.91

Fetal rat liver soluble fraction 0.02
Fetal rat liver soluble fraction + Fraction I 0.27
Fetal rat liver soluble fraction + Fraction II 0.06
Fetal rat liver soluble fraction + cofactor 0

* The reaction mixtures contained 100 IpMoles phosphate
buffer at pH 6.8, 2 juMoles phenylalanine, 10 MMoles
glucose-6-phosphate, 0.5 pMole triphosphopyridine
nucleotide, 2 pMoles reduced diphosphopyridine nucleotide,
excess yeast glucose-6-phosphate dehydrogenase, enzyme
and cofactor additions as noted, and water to 1.5 ml.
After 40 minutes at 370 C., trichloroacetic acid was
added and the mixtures assayed for tyrosine as described
in "Methods." The preparation of fetal rat liver was
the 105,000 X Gsupernatant of a 33 per cent homogenate
in 0.15 M KCl; 1.0 ml. of this preparation was used.
Fractions I and II of adult liver were added in volumes
containing 2.2 and 3.2 mg. of protein, respectively.
Seventy-five jig. of the cofactor (2-amino-4-hydroxy-6,
7-dimethyltetrahydropteridine) was added where indicated.

multiple order response obtained when Fraction
I is varied against II is not observed. These con-
siderations can now be interpreted as indicating
that Mitoma's Fraction I provides the rat liver
system with the cofactor as well as with the spe-
cific hydroxylation enzyme, and that only one of
these is required by fetal tissues. Thus the effect
of Fraction I in stimulating inactive preparations
from fetal animals could be due to deficiency of the
fetal tissue in either of these components.

A direct test of this problem was made possible
by Kaufman's discovery that the reduced form of
several pteridine derivatives can effectively sub-
stitute for the natural cofactor, although none of
those yet tested is identical with it (25). Among
the most active is 2-amino-4-hydroxy-6,7-dimethyl-
tetrahydropteridine, a sample of which was kindly
made available to us by Dr. Kaufman. This co-
factor was tested, along with aged protein frac-
tions prepared from adult rat livers several days
previously, for ability to stimulate hydroxylase
activity of fetal rat liver. The results are sum-
marized in Table II. It can be seen that this
preparation of Fraction II is not completely free
of I activity, and that I and II combined are rela-
tively inactive unless supplemented with cofactor.
This can be interpreted as indicating that I has
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TABLE III

Requirements for metabolism of phenylpyruvate by
rat liver preparations*

pMoles
phenylpyruvate

Additions metabolized

Homogenate 1.31
Mitochondria 0.21
Supernatant 0.27
Mitochondria + supernatant 1.18
Mitochondria + heated supernatant 1.22
Heated mitochondria + supernatant 0.15
Mitochondria + 5 juMoles L-glutamate 1.29

* Reaction mixtures containing 5 juMoles phenyl-
pyruvate, 40 j&Moles Tris buffer at pH 7.5, indicated
additions and 0.25 M sucrose to 2.0 ml. were shaken at
370 C. for 30 minutes in the Dubnoff metabolic shaker,
after which trichloroacetic acid was added and assays for
phenylpyruvate carried out as described in "Methods."
The mitochondria were washed three times with 0.25 M
sucrose and the washings discarded; the supernatant
fraction referred to is that part of the liver homogenate
that is not sedimented at 8,500 X G. The amounts of
each fraction added, in terms of equivalent weight of
liver, were 0.5, 0.5 and 1.0 Gm. for homogenate, mito-
chondria and supernatant, respectively.

lost activity since its preparation, due to loss of the
cofactor. Addition of II to the essentially inactive
preparation from fetal rats stimulates to an ex-
tent attributable to the activity of II alone. Addi-
tion of the cofactor is without effect, while addi-
tion of I yields an active combination of even
greater activity than I and II combined. This
result establishes, then, that the fetal liver prepa-
ration contains both the cofactor and the enzyme
of Fraction II, and is specifically deficient in the
hydroxylase enzyme, represented by Fraction I.

Phenylalanine transamination

In preliminary studies of the routes of metabo-
lism of phenylpyruvate, concentrated homogenates
of rat liver were observed to metabolize this com-
pound rapidly, either aerobically or anaerobically.
On fractionation of homogenates by differential
centrifugation, removal of phenylpyruvate could
be shown to require both the mitochondria and
the mitochondrial supernatant for maximal ac-
tivity (Table III); the nuclear fraction (sedi-
mented at 600 x G) was inactive. While the
mitochondrial component is heat labile, the super-
natant fraction lost no activity after boiling for
five minutes and could be replaced by a variety of
amino acids, of which glutamate was among the
most active. These experiments could be re-

peated in an atmosphere of nitrogen without
changing the results obtained.

The tentative conclusion that transamination
was occurring was confirmed by paper chromatog-
raphy of reaction mixtures; strong ninhydrin-
positive spots corresponding to phenylalanine were
obtained from each sample in which substantial
amounts of phenylpyruvate had disappeared. A
quantitative evaluation, measuring phenyalanine
by the bacterial decarboxylase method of Uden-
friend (26) was carried out, using washed mito-
chondria and glutamate under the conditions de-
scribed in Table III. In duplicate samples, 1.83
and 1.87 MMoles phenylpyruvate disappeared and
1.75 and 1.78 ,uMoles phenylalanine were formed;
in view of the uncertainties inherent in this phenyl-
alanine assay these values were accepted as satis-
factory stoichiometry.

The relative efficacy of several amino acids as
amino donors in this reaction was studied in iso-
lated subcellular fractions. Nuclear and micro-
somal fractions were essentially inactive with all
the amino acids tested. Activity in mitochondrial
and soluble fractions varied with each amino acid,
but the distribution of activity in these fractions
and the relative effectiveness of the amino acids
were quite reproducible in several experiments.
The data from a representative experiment are
presented in Table IV. It is apparent that, when
calculated in terms of an equivalent weight of

TABLE IV

Effectiveness of various amino acids in transamination with
phenylpyruvate in rat liver fractions*

Phenylpyruvate disappeared
(pMoles/hr./Gm. liver)

Amino donor added Mitochondria Soluble Total

None 0.36 0.12 0.48
Glutamate 6.24 2.53 8.77
Alanine 2.48 2.13 4.61
Aspartate 4.92 0.08 5.00
Glutamine 7.48 4.13 11.61
Leucine 3.12 1.13 4.25

* Reaction mixtures containing 50 ,uMoles Tris buffer
at pH 7.5, 30 jg. pyridoxal phosphate, 5 jMoles phenyl-
pyruvate, 10 jiMoles of the L-isomer of each amino acid
indicated, tissue preparation and 0.25 M sucrose to 2.0
ml. were shaken for 60 minutes at 37° C. under N2.
Mitochondria, washed three times, were added in an
amount equivalent to 0.5 Gm. of liver, while the amount
of soluble fraction (105,000 X G supernatant) added was
equivalent to 0.3 Gm. of liver. Assays for phenylpyruvate
were carried out after acid addition as described in
"Methods."
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FIG. 2. TRANSAMINATION OF PHENYLPYRUVATEWITH

L-GLUTAMINE IN RAT Lmiv MITOCHONDRIA

The reaction mixture, containing 50 IMoles Tris buffer,
pH 7.5, 60 ,#g. pyridoxal phosphate, 10lMoles L-gluta-
mine, 5 ,uMoles phenylpyruvate (4.84 ,uMoles by assay),
three times washed mitochondria from 1 Gm. liver, and
0.25 M sucrose to 2.0 mL was shaken at 37° C. under N2
in the Dubnoff metabolic incubator. Small aliquots were

taken at the times indicated and assayed for phenylpy-
ruvate as described in "Methods."

liver, activity is rather evenly distributed between
the two fractions. An exception is reaction with
aspartic acid, which was in each experiment re-

stricted to the mitochondria. These results sug-

gest that there are probably several or many dif-
ferent transaminases capable of reaction with
phenylpyruvate, although the possibility that some

amino acids react indirectly, by prior formation of
a specifically required donor, cannot be excluded.
The rate of transamination with glutamate or

glutamine is two to three times greater than with
the other amino acids tested. Transamination
with glutamine may be more rapid because this
reaction goes to completion (Figure 2), probably
due to coupling of transamination with deamida-
tion of the a-ketoglutaramide formed (27). In
contrast, reaction with glutamate tends toward
equilibrium (Figure 3), as shown previously by
Rowsell (9). It is of interest to note that the
relative rates of this reversible reaction under the
conditions used here (phenylalanine and phenyl-
pyruvate at about 0.005 M, a-ketoglutarate and
glutamate at 0.01 M) are quite different, the ini-

tial (first 30 minutes) rate in the direction of
phenylalanine formation being approximately
seven times greater than that of the reverse reac-
tion. Rowsell found the two reactions to proceed
at nearly equal rates, with all components added
at 0.025 M. This disparity suggests a large dif-
ference in the Michaelis constant for the various
reactants, with the phenylpyruvate-glutamate pair
being bound much more tightly than phenylalanine
and a-ketoglutarate.

Developmental study

The changes in activity of liver phenylpyruvate-
glutamate transaminase that occur during late fetal
and neonatal life in the rat are illustrated in Fig-
ure 4. Since this activity was shown to be dis-
tributed between mitochondrial and soluble frac-
tions, the entire liver homogenates were assayed
in this study. Under the conditions described in

10p
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FIG. 3. APPROACHTO EQUILIBRIUM OF THE REVERSI-

BLE TRANSAMINATION BETWEENPHENYLPYRUVATEAND
L-GLUTAMATE IN RAT LIVER MITOCHONDRIA

Both reaction mixtures contained 50 /AMoles Tris buffer,
pH 7.5, 60 jsg. pyridoxal phosphate, three times washed
mitochondria from 1 Gm. liver, and sufficient 0.25 M su-
crose to yield a final volume of 2.0 ml. In addition, 20
jMMoles L-glutamate and 10 /AMoles phenylpyruvate (9.6
MMoles by assay) were added to A, and 20 pAMoles
a-ketoglutarate and 10 uMoles L-phenylalanine were
added to B. The mixtures were shaken at 370 C. under
N2; at the times indicated, appropriate aliquots were taken
and assayed for phenylpyruvate as described in "Meth-
ods."
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FIG. 4. CHANGESIN ACTIVITY OF HEPATIC PHENYL-
PYRWVATE-GLUTAMATETRANSAMINASEDURING DEVELOP-
MENTOF THE RAT

Liver homogenates were shaken under N2 for 30
minutes at 370 C. with 50 ,.Moles Tris buffer pH 7.5, 60
l&g. pyridoxal phosphate, 10 /AMoles phenylpyruvate and
20 ,Moles L-glutamate in a total volume of 2.0 ml.
After acid addition aliquots were assayed for phenylpy-
ruvate as described in "Methods"; activity is expressed
in terms of &Moles phenylpyruvate disappearing per hour
per milligram homogenate protein. Adults are here con-

sidered as rats weighing 100 Gm. or more. The solid
circles are representative of the activity of livers of
gravid females.

Figure 4 the rate of transamination is roughly
linear with homogenate concentration over a 10-
fold range, and all assays were carried out in this
range. The choice of glutamate as amino donor
was due to the observation that of the amino acids
tested, it, together with glutamine, was consistently
the most active. Glftamine was not used because
the rate of reaction with this donor is apparently
dependent on deamidation as well as transamina-
tion. In several of these experiments reaction
mixtures were assayed for phenylalanine by the
bacterial decarboxylase procedure, and in each
case the amount of phenylalanine formed agreed to
within 10 per cent of that of phenylpyruvate that
had been metabolized.

Activity is present in the terminal days of fetal
life, and by the time of birth is equivalent to that
found in the livers of adult rats. During the neo-

natal period activity is high, reaching a peak during

the first 10 days, which is approximately twice the
usual adult level. By the end of the third week
activity has dropped to the adult level, and, al-
though not shown, the activity of livers of animals
older than three weeks was consistently within this
range (0.20 to 0.35 IMMole per hour per mg. pro-
tein). Little difference was noted between male
and female adults and the slightly increased ac-
tivity in livers of gravid females is probably not
significant.

While this manuscript was in preparation a
report was published describing changes in the
activity of several enzymes of rat liver during
development (28). Among the enzymes studied
was phenylalanine-a-ketoglutarate transaminase,
which was assayed in soluble fractions by follow-
ing the tautomerization of phenylpyruvate formed.
While the findings reported differ in some details
from those described here, the overall pattern of
change, including development during late fetal
life and high activity during the neonatal period,
was similar to that seen in Figure 4.

DISCUSSION

Perhaps the most notable feature of the patterns
of development of the two enzyme systems that are
considered here is their lack of uniformity. Ac-
tivity of phenylalanine hydroxylase has been shown
to be deficient in late gestation, as well as for the
first day or two of postnatal life in the rat (11).
Although the complex kinetics involved in the
study of this enzyme system make an accurate
evaluation of the activity of crude preparations
quite difficult, it was shown that activity is simi-
lar to that of adults by the third to twelfth day
after birth. In contrast, the capacity to form
phenylpyruvate from phenylalanine by transamina-
tion is present during late fetal life, and is equiva-
lent to that of adults by the time of birth. A lim-
ited series of analyses in this laboratory has indi-
cated that the free phenylalanine content of the
livers of fetal rats of 17 to 21 days of gestation is
at least as high as that of adults, when measured
-by the bacterial decarboxylase procedure in
perchloric acid filtrates of homogenates. The
methods used in these studies are of necessity
crude, and can yield no information concerning
what may be important intracellular or intercom-
partmental shifts of metabolite concentration.
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Thus, while substrate induction may be involved
in the mechanism of enzyme formation, these find-
ings indicate that it is not simply the amount of
substrate available that determines the time course

of enzyme development. In this connection it
might be noted that the development of tyrosine-
a-ketoglutarate transaminase, an enzyme metaboli-
cally related to those considered here, has been
shown to be under a measure of hormonal con-

trol (13).
The results reported here also establish that the

characteristic inability of the livers of fetal mam-

mals to form tyrosine from phenylalanine is due
to absence or inactivity of the specific hydroxylase
enzyme, as both the nonspecific enzyme and the
cofactor are present. A recent report by Kaufman
(25) has shown that biopsy specimens of liver
from phenylketonuric individuals contain the co-

factor as well as the nonspecific enzymic compo-

nent of the hydroxylase system. Further study of
the factors controlling the development of this en-

zyme in the newborn animal may prove to be of
significance in this regard.

SUMMARY

Liver preparations from fetal rats, rabbits, pigs
and a human premature infant were found to be
essentially incapable of forming tyrosine from
phenylalanine. Supplementing these inactive prep-

arations with adult rat liver fractions indicates
that each is deficient in the specific component of
the phenylalanine hydroxylase system. The ac-

tivity of fetal rat liver is not affected by addition
of 2 - amino - 4 - hydroxy - 6,7 - dimethyltetrahydrop-
teridine, which is active as a cofactor in this sys-

tem, indicating that inactivity is due to deficiency
of the hydroxylase enzyme.

Phenylpyruvate undergoes transamination with
several amino donors in the mitochondrial and
soluble fractions of rat liver; glutamate and glu-
tamine are particularly effective. In mitochon-
dria, reaction with glutamine goes to completion,
while reaction with glutamate approaches equi-
librium. Assay of phenylpyruvate-glutamate
transamination in the livers of fetal and neonatal
rats indicates that activity is present during late
fetal life, reaches the adult level by birth, and is
higher than that of the adult during the neonatal
period. Differences in the developmental patterns

of phenylalanine hydroxylation and transamination
are discussed from the point of view of substrate
controL
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