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ABSTRACT
The developmenéal patterns ofbthe enzymes iﬁvolvéd in‘,
the metébolic degradation of tyrosine in ratiliver, tyrosine  ;
transaninase, p-hydroxyphenylpyruvate hydroxylase, hbmogenti«k'
sate oxygenase, maleylacetoacetate isomerase and fumarylaceto-
acetate hydrolase were studied during the first 2l hours aftef:

birth. Except for tyfosine transaminase, all were quite active

at birth. The developmental changes indicated that the trans- .

aminase, isomerase, and hydrolase did nof appear to show
coordinated pattems in this time-period. However, the
hydroxylase and oxygenase appeared to be §oordinated in. |
their’deVelophént, an observaﬁion which is coneistent with

the ré$uits of the éﬁa;ySis of variénce. With the exception"f;
of the isomérase,“éééh enzyme showed a peak of activity at |
some point ih the 2l hours; these peaks appeared to be timéd

in the reverse of the métabolic sequence, The rirst.enzyﬁe

of the metabolic sequence (transaminase) had the lowest

activity at most times, the last enzyme (hydrolase) had







INTRODUCTION

The route for oxidative degradation of tyrosine ﬁo
acetoacetate and fumarate ié quantitatively ihe most im-
portant pathway, accounting for the bulk of tyrosine
catabolized daily‘under normal physiological'éonditions.
This route is of particular interest in that a number
of diseases resulting from "inborn errors of metabolism"
are associated with it, This pathway also accounts for
the classification of tyrosine as both ketogenic and
glucogenic, | » :

~ The metébolic sequence to be discussed is catalyzed
by five enzymes, Their official and unofficial names are
given in Table 1,

‘The overall mstabolic sequence.of tyrosine is showm
in Figure 1. This amino acid is converted reversibly.into
p-hydroxyphenylpyruvate by a process of,transamination’
.with a-ketoglutarate, catalyzed by tyrosine transamihase.
The transaninase is inducible by glucocorticoid hormones,
its coenzyme-precufsor, pyridoxine, and under certain éon—

ditions, by its substrate (discussed in detail in the next
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section), To a small exient, side paths of ninor importance
may occur in which E-hydroxyphénylpyruvate may be reduced £o
E-hydroxyphenyllactatelor decarboxylated to E-hydrokyphenyl—
acetate, neither of which is’knoﬁn‘to be metabolized any

~ further. ;

The major pathway by which 2~hydrcxyphenylpyfﬁvate is
catabolized involves its transformation to 2,5~dihydfoxypheny1—
acetate (homogentisate) with the\utilization of one moie of L
moleculaf oxygen. In this Step the reacti&h'is catalyzed by
p-hydroxyphenylpyruvate hydroxylase; én eﬁzyme whicﬁchas beén
shownlto require ascorbic acid or one of the other feducing
agents which can replace it, for example, ‘s 6—dichlorophenol-
indophenol and glutathione, These agents are capable of prenk
venting inhibition of B~hydroxypheny1pyruvate hydroxylase by ;
high concentrations of its own substrate. The enzyme is also4
5nhibited by metal complex-forming agehts; such as diethyl-
dithiocarbanate and sodium azide, which is consistent with the
hypothesis that E-hydroxyphenylpyruvate hydrcxyléée'is a metal;,
confaiﬁing enzyne, This enzyme is unique, since it apparently |
catalyzes three cencerted reactions - ring hydroxylation and
migration and oxidative decarboxyiation of the side chaln on

"~ the. aromatlc ring. ;

Y The “metabolic errof', tyrosinosis, which may be "inborn"
occurs at this site of the conversion of B—hydroxyphenylpyruvate
to homogentisate, However, very few cases have been reported |

and very little is known of its heritability.




Homogentisate is in turn oxidized and its ring opened_
to form maleylacetoacetate, a reaction requiring utilization
of another mole of molecular oxygen and the presence of
ferrous iron, and catalyzed by homogentisate oxygenase. In
this cataboiic step reducing agents such as ascorbate are re-
quired to maintain the iron in the ferrous state and to sup-
press autoxidation of the substrate. The enzyme is inhibited |

b& metal complex-forming agents, such as, ethylenediaminetetra-
acetic acid and a,a'-dipyridyl. Further catabolism of homoéen—
tisate is blocked in another inborn error of metabolism,
"alcaptonuria", due to lack of the enzyme.

The product, maleylacetoacétate, is in turn acted upon by
an enzyme, maleylacetoacetate 1somerasé,-whose épecific cofactor
is glutathione., The product is fumarylacetoacetate and the
reaction is a cis—» trans isomerization.

Finally, fumarylacetoacetate is hydrolyzed by a spécific
hydroiase to one mole of fumarate and one mole of acetoacetate,
The hydrolase requires no cofactors,

_Since the pathway from tyrosine to fumarate and aceto-

acetate occurs entirely in the non-pa?ticulate fraction and
“has no side paths of any importance,#it is of interest to de-
termine whether the five enzymes involved are subject to simi-

lar developmental controls.




In the normal developing animl no intermediates accumu-
late in this pathway, suggesting co—ordinated rates of develcp—-
ment,. The exception occurs in the premature in.fant maint.a‘ln@d
on protein-rich diets , where the activity of tyrosine trans-'

aminase may exceed that of E—-hydmxyphenylpymvate hydroxylasa, $

;we'—«:»\“




HISTORICAL REVIEW

A. Regulation.of Tyrosine Metabolism: Activation

and Inhibition in the Adult Rat

1. TYROSINE TRANSAMINASE

a. Induction

ﬂany investigations in the tyrosine pathway have been

concerned with the postnatal and adult increase or decrease
of the so—called/'adaptive enzymes',

Injection of glﬁcocorticoids resulted in as much as 10—‘ i‘ ﬁ
to 20-fold adaptive increase in the activity of liver tyrosine
fransaminase in S hours in either intact or adrenalectomized,
rats; In contrast, the injection of the substrété‘of this
enzyme, L-tyrosine, increased the enzyme level in the intact} 0
animals‘only; unless\hydrocortisohe was also administere&.

" Tyrosine administered together with hydrocortisone produced

a greater than additive increment of the enzyme activity in

* the adrenalectomized animal. It was concluded that the preéencéﬁ
or release of glucocorticoid was a4necessary condition for the
enzyme level to respond adaptively to the substrate. GlucoQ 3
corticoid was a sufficient stimulus, since tyrosine was inef-

fective in the absence of adrenal glands (2).




The increases of the protein moieties of tyrosins trans-
aminase induced by hydrocortisone were not affected by a defi-
ciency of the coenzyma,kpyridokal phosphate, in the. animal (3).
Apparent specificity for tyrosine and dependence 6n glucocorti-
colds suggested a dual control of thié enzyme - one hormonal and
the other a specific substrate adaptation. Reinvastigation of
the tyrosine induced activation of the transaminase showed that
the effect was non-specific and mediated entirely by adrenalcor-
ticoid hormones (h) However, a specific tyrosine effect has
been reported in young rats up to the age of 75 days: (5).

Extension and refinement of earlier work, using 1mmuno—
logical techniques to detect synthesis of enzyme protéin, ~'
established that the increased transaminase éctivity folldwihg. '
glucocorticoid administration was paralleled by an increase in

_ imaunologically detectable enzyme protein. Isotope siudies ;éd
to the conclusion that induction increased"ﬁhe rate of enzyme
é&ﬁthesis and that alteration in the rate of‘degradatiOn 6r
,the enzyme was not significant (6, ?, 8): L
; More recently, Greengard, Smith and Acs clearly dlstlnguished
" between the two- different mechanisms of induction by the use of :
“inhibitors (9). Both inductions represented 1ncreased sgnthesis
Sinenzvme pfotein, hence both were prevented by puromycin, an
inhibitor of protein synthesis at the ribcsomal 1evel.v Actino~-

mycin D, an inhlbltor of the DNA~dependent RNA synthesis, pre—




vented the glucocorticoid induction of tyrosine transaminase
(as well as the postnatal rise of the enzyme in new-born rats),
but did not prevent the induction of this enzymé by its sub-
strate.

Paradoxically, actinomycin D at concentrations'greater
than 0.1 pg/ml or continuous treatment of young rats with the
inhibitor over a period of 5 days caused an increase in tyro-
sine transaminasé activity even after adrenalectomy (10).

Very recently Tomkins and Peterkofsky (11) studied this effect :
in hepatoma cells in tissue culture to which cycloheximide (an
inhibitor of protein synthesis at the ribosomal level) was ‘
added in the presence or absence of 2,0 pg actinomycin D per
ml, They reported that, in the presence of c&cloheximide,

with or without actinomycin D, the level of tyrosine trans-
aminase was decreased, ‘suggesting that the antibiotic induc-
tion probably results from increased synthesis of the ehzyme ‘
raiher than activation or decrease in theirate of degradation,

Barnabei and Sereni (12) showed that adding 6-Cl4-orotate
to the perfusing blood of an isolated rat liver caused a rapid

incorporation of radicactivity into nuclear ribonucleic acid

to take place; cytoplasmic ribonucleié acid was poorly labelled

after 30 minutes, but its activity rose thereafter, Cortisol
stimulated the labelling of both the nuclear and cytoplasmic
ribonucleic acid; moreover it induced an increase of tyrosine

transaminase after a lag of about 30 minutes. In both cases,

b b L e E e o




the effect of the horﬁone was pre&ented by actiﬁpmycin’D or

by mitomycin C. These invesﬁigators found that livefs perfused
with cortisol had a higher ﬁuclear RNA polymerase (nncleosid§4‘ ‘
vtriphosphgte: RNA nucleotidyl transferase, EC 2.7.7.6) activiﬁy
than the controls, The fact that the synthesis of nuclear
ribonucleic acid preceded the increase of tyrosine transaminase::
and also that cortisol stimulated ribonucleic acid,polymerasei‘

strongly suggested ihat the action of the hormone can be’related

to an increase in the synthesis of messenger-ribonucléickacid
molecules for the synthesis of the enzyme, s
In more recent work there was isolated from the liver of
cortisol—treated‘rats a mENA fraction which when added to ah i
in vitro protein-synthesizing system gave rise‘to tyrbsiﬁe o
transaminase activity. The appearance of enzyme activity was’
prevented by puromycin and enythromyéin, hence development ofki}
kgnzyme activity was dependent on actiﬁe protein synthesis.
It was concluded that the mRNA fractioh contained'the/informaf '
tion for the formation of tyrosine transaminase and that thé
enzyme was formed, in vitro, by a de novo synthesis (13) ;
In contrast to the results obtained with slices (lh) and .
/homogenates (15), glucocorticoid induced an increase in tyro-
181ng\transaminase in the 1solated, perfused rat 1iv¢r,,mainf 5
) cnen o s higher level being dependent on continuous
provision of the hormone (16). Puromycin preventéd the induc-

tion and lowered the basal level of the transaminase. Similar




induction in the perfuséd liver was observed in another
laboratory, the most marked effect resulting from simultaneous
provision of both hormone and tyrosine. Induction was blocked
by anaerobiosis, chloramphenicol or ethionine (17).
Tyrosiﬁe—ketoglutarate transaminase activity was high in
Morris hepatoma 5123 and was not significantly influenced by
administration of tyrosine or glucocorticoid to the host, al-
though the activity in the host liver rose markedly in response
to that treatment., On the other hand, activity in tumors of
adrenalectomized animals was lower than in intact animals and
was raised by administration of glucocorticoids (18), i
The apparent simultaneous induction of tyroéine—; phenyl-
alanine-, and tryptophan-ketoglutarate transaminase in livers-’
of rats treated with the respective amino acids or glucocortifv.
coid was explained by the non-specificity of a single transéL
aminase (19), : . '
During the latter stages of groﬁth of Walker carcinomav256, :
a two-fold increase in liver tyrosine transaminase was noted, a
change vhich was not seen in regenerating liver (20). Therefore,
it seems unlikelykthét 1ncreased‘tnaQ§aminase acﬁivity in the
late stages of tumor growth resulted from an enhanced liver
mitotic activity, '
In adrenalectomized rais, the pancreatic hormones, insulin
and glucagon, initiated a rapid but limited increase in the

enzyme level, reaching a maximm after 3 hours (21)., Immuno-

E




chemical-isotopic analyses showed that the pancreatic hormones
caused an increase in the rate of synthesis of tyrosine trans-
aminase comparable to that caused by hydrocortisone., Effects
of the tvwo pancreatic hormones were not additive with one
another but were additive with the effect caused by hydrocorti—’
sone, Induction by either insulin or glucagon was inhibited
by actinomycin D, The discrete stéroid-independent induction
of tyrosine transaminase by glucagon is of great interest for
this is the only hormone shown so far to bring about an explo-
sive accumulation of tyrosine transaminase prematurely by a
single administration of the hormone to fetuses.

An additional mechanism for control of tyrosine transaminase
level was proposed by Greengard and Gordon (22), who found that
administration of large doses of pyridoxine\caused three—féld
elevation of this enzyme in li hours in the livers of adrenalec-
tomized rats, Termed "cofactor induction", the increase in
transaminase wvas reported to be preceded by increased hepatic
levels of pyridoxal phosﬁhate and to be prevented by puromycin
but not by actinomycin D, This type of induction appeared to

be analogous to thq\substrate induction of tryptophan pyrrolase

_by tryptophan (23, 24). Tryptophan sfabilized tryptophan pyrro-

lase both in vitro and in vivo (25)., Immunochemical analyses

 established that stabilization b§ the substrate brought about

the increased pyrrolase level in adrenalectomized rats given
tryptophan; that is, there was no change in the rate of enzyme

synthesis (26).

- n
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Holten, Wicks and Kenney (27) relnvestigated the role of
pyridoxine and its coenzymatically active derivative, pyrldoxal
phosphate, in determining the stability.of rat liver tyTOolne
transaminase in vitro, and in addition tested the poésibiliﬂy'
that increased tyrosine transaminase levels following pyridoxine
administration reflect stabilization of the tranéaminase by.its ‘
coenzyme in vivo. They presented evidence that protection by .
coenzyme involved its reaction vith the enzymatically active
sites and that induction of tyrqsine tranéaminasg by ﬁyridokine ; 
administration did not reflect stabilization in vivo. Cofactor
induction involved an increased rate of transaminase synthesié,
determined immunochemically, and was inhibited by;actiﬁomycin D.
It is thus similar to the inducticns of this‘enzyms brought [
about by hydrocortisone and other hormones., ‘

A nurber of indole derivatives, including Léiryptophan;.
D-tryptophan, acetyl-L-tryptophan, indole, DL-S-hydroxyt rypho-
ﬁhan and serotonin induced synthesis of tyrosine transaminase‘.
- in livers of both normal and adrenaiectomized rats (28). This Ve
ﬁés\tenned”“substrate induction® and vas prevenﬁed by ethionine‘
and puromycin bu&ynbt by actinomycin D, However, Labrie éndfzu

Korner (29) showed that aduinigbration of amine asids t4
.agrenglectomized rats stimulated the activity of tyrosine
transaminase and tryptophan pyrrolase by a process that re;: 
quired RNA synthesis, The stimulation by tryptophan of tjraQ.
sine transaminase aéfivity was entirely and that of the

pyrrolase partially dependent on RNA synthesis. These findings




are contrary to the geﬁerally accepted view that the stimulation
of activity of the enzymes by their substrates does not require
RNA synthesis and thereby differs from the hydrocortisone stimu-
lation. - il

Circadian fluctuation in the activity of hepatic tyrosine
transaminase in rats maintained under normal 1aborétéfy condi—
tions has been démonstrated (30) and confirmed (31, 32) Enzyme
activity was almost four times as great several hourb af»er
nightfall as it was in the morning. Although glucocortlc01d
hormone concentrations in bléod also vary rhythmiéally (2, 33);‘
the enzyme rhythm vas not produced by the hormone rhytﬁm,
inasmuch as it persisted in adrenalectomized or hypophysecQ
tomized animals (30)

Studies on the mechanisn of the daily rhythm in hepatic ; 
. tyrosine transaminase presented evidence that the rhythm was
genérated both by the tendency of the rat to consume most of
rits food during certain hours'of thé day and by'thé presenée'
-of amlno acids, especially tryptophan, in the diet (34). The |
dally rhythm vas rapldly extlngulshed when the rat was deprived
of dletary protein and also when starved It could be restored
when the animal was given access to a mixture of amino ac1qs,
bﬁt only if this mixture included tryptophan, In the absence
of other amino acids, dietary tryptophan alone could produce
gross oscillations ig tyrosine transaminase activity, provided}

that this amino acid was present in high concentrations.




Unfracticnated calf thymusuhistcnes‘inhibited the induc-
tion of tyrosine transaminase in adrenalectomized mice when
administered before the glucocorticoid inducer, but had’an ,
inducing action when given alone (35). In mofe recent wpfk,
decreasing order of inducing effeétiveheés was»shoﬁn by poly-
lysine, hydrocortisone, argiﬁine»rich histone, 1ysine-fich _
histone, protamines, and unfractionated histones (36). De-
creasing order of inhibition of hydrocortisone induétion was
shown by lysine-rich hiétone, arginine-rich histone, and un-
fréctionated histones. Hydrocortisone induction wai slightly

~augmented by protamine and polylysine.

In studies on the induction of another enzyme, tryptophan
pyvrrolase, injection of hydrocertisone vas folldwed by,an imme-
diate decrease of liver nuclear histone concentration, reaching
a minimum in 2-L hours, then rising £b the control level in

2 hours (37)., Enzyme activity reached a maximum in 3-l A
£hén fell‘to control levels in 2l hours. Histones were sﬁggested
as repressors of genetlc activity by inhibition of mRNA synthesis.’

Mason and Singer reported that benzoate caused a L-fold in— -
cfease in tyr051neltransaminase activity in the livers of fasted
adrenalectomized rats withln 3 hours after intragastric admlniv~

“tration (38) The effect was dose-dependent in the range of 5
to 20 mg per 150 gm body weight.. Of the 31 related compoundsf
rtested at equivalent dose levels, several (cyclohexanoate,

p-aminobenzoate \and o-naphthoate) were as effective as benzoate;
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Bt wore: Luss affecking or inefféciive. Both'actinomycin D
and pufomycin strongly inhibited the benzoate effect; in this
regard the benzoéte effectiiesembléd that of the glucocorticoids.,

Injection of’reserpine induced an inérease in tyrosine

transaminasewaétivity vhich exhibited a different time—coﬁrse
than that following glucocorticoid injection, in that very -
high lévels of the enzyme were still observed after 72 hours
~and the enzyme acti%ity returnéd to normal oniy after four
days (39). The fact that tyrosine transaminase ;ctivity was
still.elevated vhen toth the pharmacological and the, neuro-
hormonal effects of the alkaloid had disappeared, is not easily
understandable, | . |
Activation similar in characteristics ﬁo thaﬁ due to glu-

cocorticoids was produced by injection of total ratkliver RNA,
high molecular weight yeast RNA, commercial low molecular weight“
?NA and mixtures of 2',3'-nucleotides (LO). ‘The activation by
ENA vas dependent on the adrenal glandé, but the dependencévwas
not absolute in the case of the nucleotides.

';Pre-incubéiion of a liver supernatant microsomal system
from norﬁéi\rats'in théapfesence of Tris buffer, KC1, ATP, NAD,
ketoglutarate; MnCl,, glycine and MgClzzrésulted in an increment

‘of tyrosine trénsaminase activity (hl).‘ The system operated
énaerabically, varied vith tempexaiure and pH, and a8 ‘atimtated
by NAD and 3',S'~cyclic-AHP. Puromycin and ethionine, RNase, or

nuclear RNA had little effect, Since puromycin and ethionine do |

- 14 -




not inhibit the observed increase in enzyme activity, the

T pee iy emiomts

could arise in several ways, such as;
1) release of a bound form of the enzyme from the micro-
somél‘or’soluble fractions orbboth, .
2) an incubation-dependent activation of the apoenzyme,
3) an incubétion—dependent removal of an inhibitor,‘or
i) a physical change of the protein to a more active
state., However, direct evidence on these points is
not yet available. f «
Cycloheximide has been reported to increase the level of
’tyrosine transaminase in rat liver (42). The level of the en-
zyme was higher when hydrocortisbﬁevwas administered with
cycloheximide, indicating an additive effect. In adrehalec~
tomized rats, the antibiotic alone caused a large increase of
tyrbsine transaminase in L hours, This effect was inhibited
by puromycin. The induction of tyrosine transaminase by cyclo—“
heximide has been disputed by other workers (43) who used rats
anesthetized with pentobarbital and found that they were unabiek
Lo eonddn that effect in the anesthetized animal, Their data
showed that cycloheximidé inhibited the/induction caused by
hydrocortisoné in adrenalectomized rats or by stress in intact ,
‘rats.. .
In a new series of experiments (Ll) the induction of tyro-
sine transaminase by cyqloheximide'ih adrenalectomized raté was
 confirmed, and it was found that \pentobarbital abolished this

increase. It was assumed that glucagon may have been responéible




for the increased tyrosine transaminase by cycloheximide’and’
in accord with this assumption, cycloheximide was found not
to increase tyrosiné transaminase in pancreatectomized rats,
It seems, therefore, that péntobérbital‘interferes with the
release of glucagon by cycloheximide, In contrast to the‘rer
sults obtained with adult rats; Benson and Young (hS) reported
that administration of cycloheximide to newbofn réts consis~
tently produced partial inhibition of developmentai increase’
ofwtyrosine transaminase activity, k ‘

b. Repression _ e ’

Rivlin and Levine (L6) reported that li-week periods of

thyroxine administratioh to rafs with intéct‘adienal glgnds ‘
increased the activity of tyrosine transaminasé by ho%;' |
vhereas thyroidectomy reduced activity by 50%. The étﬁdies
that they carried out later were designed tcidetéimine whethef
‘th&roxine potehtiated the action of hydrocortiéohe as én iﬁdﬁcer ,[
bf\tyrosine transaminase, The results demonstraﬁed instéad
that thyroxine treatment tends ﬁo minimize thekéffectiveness
of ﬁydrocoriisone as an inducer, vhereas thyroiéectomy tends
to enhance its effecfiveness. Expergmentsrdemonstrated that
the indﬁcticn of tyrcsine transaminase in rat liver by hydro;
é&rtisone can bg modified by changes in the thyroid status of
| the animal, A given dose of hyd£ccortisone was a more effec;i

tive inducer in hypothyroid animals than in either euthyroid




or hyperthyr01d anlmals; by cantzaat, in hyperthyroxd anlmals
hydrocortisone was entlrely w1thout effect unless a massive
dose was glven.

Evidence for a mechaniém by means 6f which thyroxine treat-
ment minimized hydrocortisohe induction was obtained from subse-
quent studies involving the hepatic uptake of radiéactive
hydrocortisone and measurement of the amounts of steroid de-
graded (47)*. The ratio of metabolites of hyﬁrocortisone to
hydroco”tisone was 3 times greater in livers from hyperthyr01d
animals than in livers from euthyroid animals. Thegg findlngs
are consistent with those qf previous investigators, who have
shown increased capacity for degradation of corticosteroids :
by livers from hyperthyroid animals’(hS-SO). These data demon-
strated that, in hyperthyroid animals, whatever steroid was
available to induce tyrosine transaminase was being metabolized

“much more rapidly than in control animals. It was concluded
that thyroxine minimized the action of hydrocortisone as an
inducer of hepatic tyrosine transamlnase by increasing the rate

of steroid degradation,

1 It is important to note that Coldstein, Stella, and Knox (16)
had pfévioﬁély shown that, in isoclated, perfused'rap liver, tyro-
,si;é'transaminase (bué\not tryptophan pyrrolase) could be maintained
in the induced stafe only when a continuous supply of hydrocortiscne
was present in tﬁe blgpd circulating through the liver. One would
expect, therefore, thag hydrocortisone would not exért a ﬁaximal‘and
sustained elfect in any condition which tended to accelerate its

rate of degradation. ¥




Kenney (51) reported that moderate doses of the hypophy-
seal growth hormone could effect a selective repression of the
synthesis of rat liver tyrosine transaminase in hypéphysecto—
mized, as well as in adrenalectomlzed, rats, Treatment with
growth hormone brought about a transitory reduction in the
level of this enzyme in the liver. This reduction was due
to a marked, and sometimes,complete, cessation of syﬁthesis
of the enzyme, as shown by direct isotopic analysis and also
by virtual identity of the rate of reduction with the known
rate of degradative removal of the enzyme in normal turnover,
while labelling of the bulk of the liver proteins was increased
by the hormone., The inhibition of the synthesié‘of tyrosine
transaminase was, therefore, selective,

This repression is, however, apparently not entirely
unique to this enzyme, for Gaebler (52) and Harding and Rosen (53)
have described a similar reduction in‘the glutamic-alanine
transaminase (also inducible by glucocorticoids) in the livers
of growth horﬁone-treated rats, However, tryptophan pyrrolaqe
1evels were stable in the livers of stressed rats in which
tyrosine transaminase was repressed (54), so it would seem
ithat repression b&kgfowth hormone 1sAﬁbt common t6 all the .

glucocorticoid-inducible enzymes, : .
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It should be noted, however, that the responsefto
growth hormone was erratic and the basis for the inconstancy
has not yet been identified, One possibility is the com-

peting action of inducing hormones not removed by adrenalec~-

tomy, such as insulin and glucagon., Under Somé circumstances,
treatment with growth hormone may result in the releasé of
insulin'or glucagon, or both, in quantities to~block repres-
sion; the increase in enzyme sometimes seen to predede
repression could be due to an effect‘of this kind. Further-
more, in preliminary studies with isolated perfused livers
“and with cultures of rat hepatomas (55, 56), growth hormone
failed to effect this repression. Thus it is quite possible
that repression of hepatic enzyme syﬁthesis is secondary to
some other metabolic -change brought about by growth hormone
in vivo; such a secondary response might be expected to be
efrétic. ther experimentation is clearly needed to re-~

solve this question.

2. p-HYDROXYPHENYLPYRUVATE HYDROXYLASE

E}ﬁ}droxjphen}lpyruvate:hydréxylase levels have noﬁ under-
gone changes innparalléi‘with those of ?yrosine transéminése
brought abéut\bj inducing agents (glﬁdécorticoids,;gmino acids)
(57).. \ | | |
4 Injection of p-hydroxyphenylpyruvate into scoibutic guinea

pigs inhibited over half of the hydroxylese activity in the

liver, but this could be reactivated, in vitro, by ascorbic




acid or reduced dichlofﬁphenolihddphenol (58, 59). Livers
of scorbutic animals contained ﬁhevsame concentration of the
hydroxylase as normal liﬁer;; Aécofbic acid and dichloro-
phenolindophenol prevented inhibition of the ~enzyme by high
concentratlons of its own substrate.

Excretion of E—hydroxyphenyipyruvate on feediné tyrosine
to normal of écorbutic guineé pigs'waska result of induction
of tyrosine transaminasé coupled with substraté—depression 6£
p-hydroxyphenylpyruvate hydroxylaﬁe; the latter changé being
reversed in vivo or in vitro by’ascprbate or dichlorpphenol-
indophenol (60), ‘ | ‘

E—Hydréxyphenylpyruvate hydroxyiase was shown to'be'nearly
twice as sensitive to protein deprivation as tyrosine trans-
aminase, (the enzyme activity being reduced by about 85% within
‘seven déys) and was slightly less rapidly restored by protein
\elevatlon (61).

The inxcfive form of the hydroxylase found in liver of
tyr051ne-fed animals was produced by subjncting the enzyme,
in vitro, to various treatments, predomlnantly oxidizing or
metal-chelating agﬁnts‘{SQ). Inhibition by various suvlfhydryl

4 reagéhts‘and reversai of hcrcuric ioﬁfihhibition 5yvg1utathione
/‘(rgguced) indicated fhat thekenzxme’contained essential sulf-
' ﬁyd£yi groups, The requirement for redﬁced glutéthione for

optimal activity of the enzyme in the presence of dichloro- |
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phenolindophenol was attributed to the protection of the
sulfhydryl groups on the protein molecule. It was also sug- W
gested that activation by ascorbate or dichlorophenolindophenbl
was non-specific and involved re-formation or maintenance of
an essential metal group in the reduced form (63).

In the young rat fed tyrosine on a purified diet,
tyrosyluria was caused by the usﬁal 1nduction_0f‘the tyrosipe
transaminase, but the céncomitant élight inactivation of ﬁhe .
hydioxylase due to tyrosine, which was reversible in 22252’
was not prevented by administratioh‘of ascorbatekigiggzg (5);~
In addition, the major part of the depression in hydroxylase/ 
activity was caused by the purified dlet, which, while it
did not decrease the amount of enzyme already in the llver,
inhibited further synthesis (but only in the rapidlybgrowing,j
young animal), possibly due to lack of some necessary factor .
in‘fhe diet. 5

' Most of the depression in over-all tyrosine oxidation h
~seen in livers of thyroid-treated animals has‘beehkattributed  ’
to reduetion in the activity of E—hydroxyphenylpyruvate
hydroxyiase (6h)

3. HOMOGENTISATE CXYGENASE

X p ' v
~No systematic study of the regulation of this enzyme has
been made. However, the oxygenase was unaffected by protein

deprivation (é1), was lower than normal in rats made alcapto-
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nuric by a high tyrosine diet (635), and could be inereased
adaptively by administration of tyrdsine or glucocorticoid (57).
The reports-are contradictory; pointing out the need fof fufther
experimentation to sort out the mechanlsms oparating in the

control of this enzyme.

I MALEYLACETOACETATE ISOUERASE AND FUMA RYLACETOACETATE

'HYDROTASE
It vas suggested that these enzymes are constitutive, not
adaptive to substrate, since they were found in normal concen-
tration in the liver of alcaptonurics (66). However,kno sysf_k

tematic study of their control has been carried out,A

B. Develogpental Studies

1., TYROSINE T?ANSAHINASE

- It has been reported that ACTH and, less consistently,
‘ cortisone decreased the tyrosyluria of premature infants on v
high protein,.scorbutogenic diets (67), AcCTH had a variable
and transient effect in decreasing excretlon of keto acids
and tyrosyl compounds in scorbutic gulnea pigs, while corti—
coids had no effect (68), The difference in action between ”
the pituitary hormone and the adrenal hormones seems to be
the apparent abllity of ACTH to mobllize tissue stores of
ascorbate, thus making it avallgble for metabolic process
in the organism, \ .

The over-all rate of oxidaiion of tyrosine iﬁ the liver

of premature infants was found to be consistently less than
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pinee 1b 18 kniown (7)) that a single injectibn of this drug
induces adrenal insufficiency for only a limited time. When
added directly to the assay system in vitro, Amphenone ha:d‘:;o"‘ -
effect on the tyrosine transaminase activity of liver homogen— 
ates, a finding which supported the assumption that the drug
acts indirectly by inhibiting, at least partially, the forma- v
tion of adrenal steroids, That the adrenal glands do, :mdeed," ‘
play an important part in the development of the'transaminaéel
was ‘Sonfirmed by finding that adrenalectomy at birth caused a
marked inhibition of this development, an inhibition which caﬁ
be reversed by administration of hydrocortisone. |

In rabbit, guinea pig, and chicken, the phenomenon of‘
birth (or hatching) appeared to make ihe liver responsiﬁe to
the induction of tyrosine transaminase by glucocorticoids (75);

The large increase in transaminase activity after birih,
és~in the activation by glucocdrticoids, reflected an increaseif'
in immunologically antigenic prbtein’detectable by reaction o
with antisera to the purified enzyme, suggestinb that in bcth
cases the increase in enzyme activity was due to de novo apo—‘
enzyme synthesis (6—8) ‘ k

Tyrosine transaminase activity'increased in the maternal
" liver of pregnant rats from the 16th to the 19th day, then
dropgéd to the normal levels of non-pregnant rats (76). It

rose in response to glucocorticoids, protein-rich food,
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epinephrine injection, aﬁa édminiéfration of tyrbsine and feli
after proteiﬁ-free food and‘adranalectomy. ‘The embryonic li?ér
had low activity which remained relatively unaffected during
the various treatments of the mother. Sereni et al, (72) were
also unable to detect any significant effect of hydroéortisone
when fetuses were exposed to the hormone for 5 hours, a result
consistent with the data obtained by Yeung and his co-workers (1),
who did, however, find that tyrosine transaminase activity in
fetal rat liver was markedly elevated in animalé expoéed to the
hormone for 10 hours or more, but only in animals c;psé to term.
The increase in tyrosine transaminase activity shown after
prolonged exposure suggests that the hormone was reaching a tér—
get system in the liver, whatever the precise nature of the :
system might be. The results also indicate thatkglucocorticoids‘
| do not initiate the synthesis of this enzyme, since it has not 
: been possible to cause tyrosine'transéminase to appear prematurel& !
by the prenatal administration of glucocorticoid to fetuses.thét; ‘
are not close to term, The glucocorticoid may be a necessary but :
‘not. a sufficient factor in this developmental step.k,It is sug- f
gestéd\ihaﬂasuch hérmqnes play a part in control mechanisms for'»,
- regulation qf”eniime~activities ance_synthesis is initiated, ’
| The obéervation that induction of liver tyrésige transamihas;
,,by\hydrocortisone in aaulﬁ, adrenalectomized rats was greatly en-
hanced by prior starvation (78) provided the first indication of

an unknowm factor that may reguléte the level of this enzyme,
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later experiments on adult rats (79) provided a lead to
another hormonal factor that was involved in the development
of tyrosine transaminase, The abrupﬁ accumulation of tyro-
sine transgp;nase that norméliy'occurs in rats at‘birth has
been brought about prematurely by a single adminiétration’of’*3
glucagon to fetuseé. Serine dehydratase,thich accumulates |
normally after birth, and glucose-6~phosphatase, whlch begins
to develop Just before birth, have been prematurely increased ~Jk
in fetuses by glucagon, These findings suggest yhat glucagon 5;: o
may exert an important physiologidal function in the. rat dﬁring“
the time of major developmental change in carbohydrate and ;’ ;
amino acid metabolism, ’ ! ' i
An injection of glucagon to fed rats reprdducedffhe effect W
of fasting on tyrosine transaminase (79). The possibility thatﬁ
the same factor might be involved in the developmental fbrmatlon o
of tyrosxne transaminase was considered, because thls enzyme
appears after birth, shortly after ?he cessation of the placentalk
supply of nutrlents. Two hours after birth the blood glucosélf«‘ .
Tevels reaches a minimum of 20 mg/100 m (80), ‘snd he! secretion ;
of glucagon is known to be inversely related to the 1eVe1 of k
/blood glucose (81) - - A
g The administratidn of gmco‘se inhibits the early postnatal
accumulatlon of tyroszne transaminase and serine dehydratase

during the first 6 to 8 hours after birth._ The results are con-' k

sistent with the possibility that, under normal condltions,'the
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: deéreaoe in blood glucose, upon cessation of the placental
supply at birth, stimulates the secretion of glucagon, which
then triggers the formation of" tyrosine transaminase and .
- serine dehydratase (A}, ; |
Eplnephrine at concentrations of 10 6M or higher produced
a two- to three~fold increase in the tyrosine transamlnase :
activity in explants of fetal rat liver maintained in organ
culture. Experimental results were consistent with the con—V»i
clusion that epinephrine induces tyr031ne transaminase by a
mechanism involving cyclic AP, and that this mechanism is
~ different from that by which hydrocortisone increases the
synthesis of this enzyme (82). Since glucagon also 1ncreases
the concentration of cynlic AMP in the liver, it seems reason—b
able to suppose that induction by this hornone shﬁuld proceed
via cyclic AMP as an intermediate. Hewever, the r'espons0 to v
insulln 1nduction is virtually identical to that with glucagon,~ 
in vivo (83), and yet insulin lowers the concentration of cyclic
np in the liver (84), This apparent discrepancy points out the |
need for further experimentation to resolve the mechanisms opera-

ting to control the synthesis of tyrosine transaminase.

~2, p-HYDROXYPHEVYLPYRUVATE HYDRQXYLASE

B Livers of premature infants lacked g—hydroxyphenylpyruvate
hydroxylase activity, part of which could be restored by in vitro

addition of ascorbate (85).
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Livers of fetal rats and guinea pigs had lower basal
levels of hydroxylase activity than‘adnlt livers, but rose
to adult levels after birth, slowly in the rat and rapidlx
in the guinea pig (86, 87). Fetal, but not adult, enzyme‘
activity could be raised several fold by preincubation with

dichlorophenolindophenol and glutathione. The activatable

fraction in fetal livers resembles that which occurs in adult

guinea pigs after tyrosine feeding,

3. HOMOGENTISATE OXYGENASE

Y

The metabolic abnormality in alcaptonuria was scardelyk

evident and continued thereafter (88) in an alcaptomuric

|

:

|

|

|

% noted 38 hours after birth, although after 52 hours it was
3 :

|

E infant. Other developmental studies of this enzymé~are,1acking;

L. MALEYLACETOACETATE ISOMERASE AND FUMARYTACETOACETATE

a " HYDROLASE
No systematic studies of thesé,enzymes have been made

during development,

|
|
[
%
|
g
|
i




'EXPERTVENTAL PROCEDURES

A. Sources of Materials and Ceneral Procedures

1. MATERIAIS

Pregnant Vistar rats from West Jersey Biologicél Farms

-+ were kept in the animal room and watched closely until they

delivered. Compounds of highest available purlty ‘were ob-
tained from a variety of comnm erczal sources, L»Tyrosine,
potassium chloride, potassium phosphate (monobasic)
ammonium molybdate, disodlum ethylenediamznetetraacetaie,
p-hydroxyphenylpyruvic acid, sodium-g-ketoglutarate, pyri-
aoxaluphosphate, reduced glutathiohe, L-ascorbic acid and
tris(hydroxymethyl)aminomethane were obtalned from Sigma
; Chemical Company. Sodium 2 6~dichlorophenolindophenol, ‘
sodium dlethyldithiocarbamate and H~etby1ma1eimide were
obtained from Eastman Kodak Company. Homogentisic acid

‘obtained from Sigma Chemical Company was recrystallized

,‘before use, Meta-phosphoric acid was obtained from 9 i

Baker Chemical Oompany and crystalline bovine serum albuman
was obtained from Mann Laboratories. Filters were obtained

from Millipore Filter Company,




2, PREPARATION OF TISSUE EXTRACTS
Pregnant rats wére §rovided with Furina rat chow and
water‘and the exact timé of delivery was rgcorded by close
observation, Body weights of the newborn animalsvwere measured,
Animals ﬁéré killed by decapitation. The livers were removed
as quickly as poésible, pooled, maintained cold, weighed and
rapidly homogenized (Potter-Elvehjem) in an ice bath with féur
parts (weight per voiumé) of ice-cold 0.1lM KC1-0,02M phosphate
buffer, pi 7.6. The homogenates were then centrifuged in the
cold room in a Sorval centrifuge ﬁbdel 55-1 aﬁ 9,00Q‘x g for
one hour. The clear supernatant fractions were stored at -20°
for the assay 6f all five enzymes and estimation of protein,

All such determinations were carried out_in duplicate,

3. PROTEIN ESTIMATION

Proteins were estimated by the biuret method (89). One
milliliter of supernatant fraction was pipefted into a conical-
bottom centrifuge tube and to it 4.0 ml biuret reagent were
added and mixed well. fhe mixture vas allowed to stand for
30 minutes with stirring at frequent intervals, At this point
‘the solutions were usually cloudy. Three milliliters of
- petroleum ether were added, the tube was vigorousl& shaken
and then centrifuged to separate the layers. B; tﬁis process
lipid material was accumulated as a scum at the interface and
could be removed, along with the petroleum ether witﬁ a Pasteur

pipette. Extractions were repeated until the purple biuret-

« P




protein solution was clear. To remove the last traces of
lipid scum, the solution was forced through a 0,45 u vwhite
plain Millipore filter, The absorbance wvas measured at

540 mp in a Beckman B spedtrOphotometer against a blank
mixture of biuret reagent and water. The protein content
was calculated by comparison with a standard of crystalline_

bovine serum albumin,

L. PREPARATION OF MALEYLACETOACETATE

Since the substi'atés for maleylacetoacetate isomerase
and fumarylacetoacetate hydrolaée are not available ‘commer-
cially, it was necessary to carry out their preparations
ourselves, Maleylacetoacetate is the primary product of
homogentisate oxidation in animal liver and is apparenfly
formed by the single-step addition of oxygen to homoéentisate
by homogentisate oxyger;ase. ‘

Maleylaceioacetate has not been synthesized chemically,
but solutions of it have been prepared enzymatically by homo-
gentisate oxidation (90)., The enzyme preparation used for
this purpose was a supernatant fraction of a 20% rat liver
homogenate in 0.1l M KC1-0.02 M phosphate buffer, pH 7.6,
~which wa\s dialyzed exhaustively against a large volume of |
buffer in the cold \room for 2l hours with efficient stirring
and frequent change of buffer, 'i‘he dialyzed liver extract was
used to form ‘\maleylacetoacetate by the complete oxidation of

homogentisate in the presence of 10 pmoles ascorbate, 7180 jmoles
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tris(hydroxymethyl )aminomethane buffer, pH 7.k, and 2,0 pmoles
ferrous iron, The reaction was carried out in Warburg vessels
'with air as the gas phase. 0.5 ml of enzyme supernatant was ‘
used per vessel to catalyze the oxidation of 5 pmoles of homof
gentisa£é; When the oxygen uptake of the reaction stopped, the
flasks were prompfly chilled. The pooled conténts of the experi~-
mental flasks were deproteinized with 0.1 volume of 20% meta-
phosphoric acid, The filtrates were adjusted to pH 8.0 and
iyophilized. Fresh, dry preparations contained very iittle

or no fumarylacetoacetate and were much more stable than the

s
aqueous solutions,

5. PREPARATION OF FUMARYLACETOACETATE

The dry preparation described above was dissolved in a
minimum vplume of 1.0 N HC1, the pH adjusted to 1.0 or below,
filtered, and refrigerated for one week to allow non-enzymatic
acid isomeriz#tion of maleylacétoacetate to fuharwlacetoacetate.
This type of preparation contains considerable amounts of maleyl-

~ acetoacetate,

6. DETERMINATION OF MALEYIACETOACETATE AND FUMARYLACETOACETATE

IN MIXTURES OF THE T&O

Both these compounds were determined in the Beckman B spec-
tr;photometer from their absorbances at pH 1.0 and 13.0. Maleyl-
acetoacetate absorbs strongly onlj in alkaline solution, while
fumarylacetoaceﬁéte absorbs strongly in both acid and alkaline




solutions at 330 mp. These compounds can be determined singly

or in mixtures (90, 91) by solving two simultaneous equations
and two unknowns: f :

Maleylacetoacetate (umoles per ml) = A13~A1/lh.8 and
Fumarylacetoacetate (;mmles per ml) = 0.0801 Ay - 0.00601 A13,
where Al and A13 are the observed absorbances at 330 mi in

1.0 cm cells in 0,1 N HC1 and 0.1 N NaOH respectively.

B. Enzyme Assays

1. ASSAY OF TYROSINE TRANSAMINASE X

Tyrosine transaminase was routinely assayed by incubation . '
of 0.1 ml livér extract for twenty minutes at 37° with 12 }nnolésy
of I-tyrosine, 0.1 pmoles of pyridoxal phosphate, 30 pmoles -
a-ketoglutarate, 100 jmoles phosphate buffer, pH 1. 6 and water i
to a final volume of 3.0 ml (compos:xtion of mixture slightly
modified from that, of Ref, 9é) ' All components except a-keto» ;
glutarate were pre-incubated for 5 minu‘bes before the reaction
was init:.ated by its addition, In the case of the aero-time -
samples, ‘protein was precipitated before the addltwn of a~keto-
glutarate.\ In this -assay using unfractionated livar preparatloné,
5.0 pmoles of diethyldithiocarbamat.e vere added, which effectively
Lprevénted product removal by E-hydmxyphenylpymvate hydroxylase (93).4
7 The reaction was stopped by the addition of 0,2 ml of 100% "
trichloroacetic acid and the denatured proteins removed by cen~ ]

trifugation, after allow:x.ng the reaction mixtures to stand at

room temperature for 30 minutes. 2,5 ml aliquots of the clear -
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supernatant fractions were‘analyzed for thydroxyphenylpyruvate*
by the modified Briggs‘méthod (94), involving the addition of
2,0 ml of "mixed reagent", a freshly prepared 1:1 mixture of
3% ammonium molybdate in 5.0 N HC1 and 1% aqueous potassium
phosphééé; Th¢ absorbance of the resulting colored'solutibn- '
was read after 1 hour on a Beckman lodel B spectrophotometer
at 770 mp. The concentration of p-hydroxyphenylpyruvate was‘“
then calculated by comparison‘against the absorbance of a
standérd containing 0.2 umoles of p-hydroxyphenylpyruvate
carried through the assay procedure without the édd%tion of'ff”'
liver extract, cofactors and g-ketoglutarate, The rate of
formation of p-hydroxyphenylpyruvate was then calculated from
the differences in concentrations of this compound between the

zero-time and the incubated samples.

2, ASSAY OF p»dYD?OXYPHBUYLPYRUVATE HYD?OXYLASE

The assay of p-hydroxyphenylpyruvate hydroxylase was ih4
carried out manometrically in a Warburg apparatus in which
the main ccmpartment contained lhO‘pmoles sodiun phosphate
buffer, pH- 7 0, 1.0 pmole 2 6-dichlorophenolindophenol, h O
pmoles disodium. ethylenediaminetetraacetate, ho 0 pmoles
_glutathione and 0.5 ml liver extract, The side am contained :
5.0 pmoles p-hydroxyphenylpyruvate in tfxe experimental flasks
and water in the control flasks.. The centei weil contained o
0.2 ml of 207 KOH and a filter paper wick. The total fluid

volume in the main spﬁCe was 3,0 ml. After equilibratibn at
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37.5° for 10 minutes, the contents of the‘side arm were tipped .
in to start the reaction, Air was used as the gas phase,

The above procédure was adopted ffbm Zannoni and ILa Du (95)
but w@pp the following modifications: :

1. Disodium ethylenediaminetetraacetate (96) instead éf
a,a’ -dipyridyl (97) was added to prevent furthér oxidation of
homogentiséte by inhibiting homogentisate oxygenase,

2. Sodium 2,6;dichlorophenolindophenol replaced ascorbate
as thé redﬁcing agent capable of preventing an inhibifion of
p-hydroxyphenylpyruvate hydroxylase by high concentrations ofv
substrate (98-100).

The first alteration was made on the basig of a few‘obw
servations in the literature and our own data, indicating ’
slight but measurable inhibition of the hydroxylase by dipyridyl,
as compared with ethylenediaminetetraacetate (Table 2). The
second change was prompted by reports of the superior effective~v
;ness of the indophenol over aséorbate as enzyﬁe Hactivator",
~confirmed by our data (Table 2). . |

~_Even ﬁnder,our opﬁimum conditions, amounts of substrate
greater than 5 pmbles per‘flask began to exhibit inhibition :
of the hydroxylase well before the 15 ninute perlod used in
the assay (Figure 2).

Since two major factors in the Zannoni-La Du procedure
were altered,\it was important to establish that proportionality

was retained between concentration of enzyme and uptake of
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oxygen, That this was so can be seen in Figure: 3. The

actual assay procedure utilized the oxyggn uptake over a
ten-minute period, extending from éﬁé g:wﬁo the 15-minute
reading. A re-plot of the data from Figure 3 on this basis
is shown in Figure L.

3. ASSAY OF HOMOGENTISATE OXYGENASE

The enzyme assay was carried out manometrically in
Warburg vessels according to Ravdin and Crandall (91), with
some modifications. Tris(hydroxymethyl)aminémethéne buffer
was used instead of 2,h,6;collidine buffer. Ascorbate was
completely eliminated from the reaction mixture, since it
has been shown that systems in which tris(hydroxymethﬁi)amino~
methane serves as the buffer have a ;elatively high soluble
iron level in the absence of ascorbaﬁe and essentially no re-r

quifement for ascorbate (101). FUrthermore? the presence of
ascorbate introduces very high oxygen uptake in the control

flasks (Table 3). It is probable that ascorbate in the

presencé of homogentiséte blocks the oxiéation of the iatter,
or the presence of homogentisate may depress the oxidation of
ascorbate, Ih either case, subtracting the ascorbate blank
would lead to ihaccurate results, The main compartment con-

7 tained 190 pmoles tris(hydfoxymethyl)aminomethane buffer,

pH 7.L, 2.0 umoles ferrous sulfate, 6,0 umoles glutathione
and 0,5 ml of liver supernatant fraction in 3.0 ml total

volume, The side arm of the experimental flasks contained
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FIGURE 3

' Linearity of Oxygen Uptake with Varying
Concentrations of p-Hydroxyphenylpyruvate

Hydroxylase,

ok

The Warburg flasks contained 0.25 to 1.0 ml enzyme
preparation, 1L0 umoles phosphate buffer, pH 7.0, LO umoles
glutathione, 1.0 umole 2,6-dichlorophenolindophenol, 1.0

pnoles disodium ethylenediaminetetraacetate, and 5.0 umoles

of the substrate in a total volume of 3.0 ml. Control flasks

contained no substrate, Gas phase was air, and temperaturé
; \

was 37.5°.
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Oxidation of Homogentisat.e in the Presance and

Absence of Ascorbate.

The Viarburg flasks contained 190 amoles tris(hydmxy~ :

methyl )aminomethane buffer, pH 7.!;, 2,0 pmoles I‘errous sulfate, (o

6.0 pmoles glutathione and 0 5 ml liver supernatan‘b i‘raction

in a total volume of 3. 0 ml Where 1ndicated, ﬂasks comain edf S

5 pmoles homogentisate a.nd/or 8 ,umales ascorbate.
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5.0 jmoles homogentiéic"acid, while the substrate was 6mi£ted
from the control flasks. The center well contained O.2kmir6£
20% KOH and a filter paper wick; 'Aftér.equiiibration at 37.5°j 
for 10 minutes, the contents of the side arm were tipped in to
start the reaction. Air was ﬁsed as the gas phaéé.

Glutathione was added to prevent non—enzymatic ox1dat10n
of homogentisate and to malntain the 1ron in the ferrous

state (99).

L. ASSAY OF VAIEYLACETOACETATE ISOMERASE :
For assay of this enzyme, the Qontinuous spectrophotometric

method of Edwards and Knox (102) was changed to a fixed-time

method, with some further modifications. Tris(hydroxymethyl)-

aminomethane buffer, pH 8.75.wés used instead of phosphate

buffer, pH 7.5 (the optimum pH fér,the hydrolase, which is

J required in thevEdwardQ and Knox method) and no isomerase—frée'

hydrolase was added to the reaction mixture. The incubation  4‘

‘ mixture consisted of 50 umoles of tris(hydroxymethyl)amlnomethane

'buffer, pH 8.75, 2 5 pmoles of glutathione (this was diluted

daily from an unneutralized 0.1 M stock solution kept frozen)

0.1 ml 209 liver supernatant fraction, an amount of neutrallzed

‘substrate preparation vhich vould have an initial absorbance in

the more sensitive range of the spectrophotometer (usually 1.0 ml)

and water to a total volume of 3 O ml, Mixtures for the blank vere

made up 31m11ar1y, but with no substrate. ' The zero-time sample

(1.0 ml) was pipetted out of the reaction mixture before the addi-




tion of the substrate and deproteinized with 1,0 ml of 20%
meta-phosphoric acid. After standing a minimum of 15 minutes,
 one-third of the amount of substrate to .be used for the assay
was then added.

The remaining reaction mixture was equilibrated at 37°
for 10 minutes, and at zero time the remaining amount of sub-
strate was added and stirred well, After 3 minutes incubation
al.oml aiiquot was pipetted out and immediately deproteinized
with 1.0 ml of 20% meta-phosphoric acid. The remaining 1.0 ml
of the incubation mixture was allowed to incubate for 2 more
minutes affer which 1.0 ml of 20% meta-phosphoric acid was
addéd to stop the reaction., This was the S-minute sample.

A1l the tubes were allowed to stand at room temperature
for 15 minutes, then centrifuged, and 0.5 ml aliquots of the
clear supernatants were used for analysis of maleylacetoacetate
and fumarylacetoacetate as indicated in the section dealing
with the determination of these compounds (Section III. A. 6.)
In the course of establishing the method for the assay of this
enzyme, we\were able to confirm the finding by Knox and Edwards‘
(105) that this enzyme follows first-order kinetics (Figure 5).
ﬁe therefore followed the practice of Knox and Edwards in ex-
pressing the activity of this enzyme in terms of the first-order

reaction rate constant,

5., ASSAY OF FUMARYLACETOACETATE HYDROLASE

The general procedures for the assay of this enzyme were

similar to those described for the isomerase. The substrate,

ST
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FIGURE &

Kinetics of }.ia.leylacetoé.cetate Isomerasé.

Progress curves show 'thé change of the concentratic‘)n, :
linearly (A) and logarithmical’l‘yk (B) s of maleylacetoacetaté
as a function of time, Enzyme was assayed by a fixed-time
spectrophotometric method in Beckman B Spectrophotomet'er at‘ ‘ ’
330 mp.  Reaction mixture consisted of 50 xmoles of tr 1s(hy-
droxymethyl)aminomethane buffer, pH 8 75, 2.5 pmoles of
glutathione, 0.1 ml liver supernatant fraction, an amount
of neutralized substrate preparation which kwould have an ‘
initial absorbance in the more sensitive range of the S§ectro~ .
photometer (usually 1.0 ml) ahd vater to a total volume of |
© 3.0 ml. Control mixtures vere made up simla.rly but with no
%ubstrate. Samples were as sayed for maleylacetaacetate at

zero time, 3 minutes and 5 minutes at ¥

N




fumarylacetoacetate, was prepared by acid isomerization'of
maleylécetoacetate. The enzyme assay was carried out in thé
presence of N-ethylmaleimide to inhibit the isomefase (102},
since significant amounts of maleylacetoacetéte’were pi’esent '
~in the substrate as prepared. | o
The neutralized substrate was added to the reactién
mixture containing 100 smoles phosphate buffer, pH 7.5, 33.0(
~ pmoles of N-ethylmaleimide, 0.1 ml of a l:l diluted liver k
supérnatant fraction and water to a total VOlume‘ of 3.0 ml.
The blank was made similarly but ‘wdth no substArate.v . The pro- .
cedure of obtaining the zero-time, 3-minute and 5-minute samples;
and the assay of mlcyiacetoacetate and fumarylacetoacetate vfere
similar to those described for the isomerase. | ; |
The enzyme follows zero order kinetics, (Figure 6) ,  in
agreement with the finding by Edwards and Knox (10L),

X T
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FIGURE 6

Kinetics of Fumarylacetoacetate Hydrolase.

Progress curve shows the change of concentration of
fumarylacetoacetate as a function of time. Enzyme assay ‘
was similar to that of maleylacetoacetate isomerase, Reac-
tion mixture contained 100 pmoles phosphate buffer, pH 7.5,
3.0 pmoles N-ethylmaleimide, 0.1 ml of a 1l:l diluted liver

supernatant fraction and water to a total volune of 3.0 ml,
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RESULTS

The levels of the five enzymes during the first day
after birth and in the adult rat are given in Table L and
illustrated in Figure 7. A variety of developmental pat—,:

terns can be seen.

Tyrosine Transaminase:

The changes in the activity of the liver tyrosine
transaminase of the young rat are very pronounced. The
activity of the enzyme at birth‘is low, abcutx22% of.ﬁhat
of the advlt livers. There is little change in the enzyme
activity iﬁ the first 1 1/2 hours, but it increéses rapidly
thereafter, attaining a ma#imum at 12 hours after birth.:
The enzyme activity at the peak is a little over dbuble the

observed activity of the adult rat. Then the activity de-

¢reases,wgo’that‘by 2}y hours it has reached a value slightly

below that obsg;vea in the adult rat, These results are in.

" agreement with those of Sereni, Kenney and Kretchmer (72),

ig&@ﬁroxyphenylgyruvéte Hydroxylase:

The activity of liver p-hydroxyphenylpyruvate hydroxylase ‘

in the young rat is about eight times higher than that of the

- L9 -
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FIGURE 7

Development of TyrosinefMetabolizing Enzymes
During the First Day after Birth of the Rat.

Graphical presentation of the data reported in Table L.
Each upper and lower point represents one litter’(pooled).“

Lines are drawn through the means of each pair of points.

_phenylpyruvate hydrbxylase; Cs= hbmbgentisate_oxygenase;
D = maleylacetoacetate isomerase; E = fumarylacetoacetate

hydrolase.

_51_.. 

Abbreviations used: A = tyrosine transaminase; B =_B-hydrdxy%1 2 '




transaminase at birth and equal to that of the hydroxylase

in the adult. Like the transaminase, little change is ob-
served in the first 1 1/2 hours, but subsequently it increases
rapidly, reaching a peak at 3 hours., Thereafter, the activity
of the hydroxylase decreases gradually, reaching, at 12 hours
after birth, the value observed at birth. At 24 hours its
activity has decreased to a value a little beIOW'£h&t of the

adult rat.

Homogentisate Oxygenase:

At birth the activity of rat liver homogentisaéé oXygenasé‘
is veiy close to that of the hydroxylase and higher than the
adult value, However, its activity decreases in the firsﬁ 1.31/2
hours, followed by an increase, reaching'a peak at 3 hours (but
the activity remains lower than that'at birth), A gradual de—
crease in the activity of this enzyme follows, reaching, at 2l
hours, a value of half the activityjdbserved at birth, At 24 ’
hours the enzyme activity is slightly lower than the adult
value., After diverging at birth, this and the preceding enzyme

appear to follow parallel patterns.

Maleylacetoacetate Iéoméfase: ) 7

‘ The dhanges in the activity of liver maleylacetoacetate
isomerase appear to be less distinctive than what is observed
for the other enzymes, Its activity at birth is quite close

to that of the adult and very little change in enzyme activity

4 TRR




is observed in the{first“ivl/é hours, Thereéfter,fits,activity  ’
drops and rises a few times,‘and by>2h hours its acfivity is,
somewhat higher than that observed in the adult. ~ ‘

‘ Since isomerase activity is reﬁorted in terms of the first;
order r;éétibn’raté conétant rathéb than in standérd units,
strict compari“on with activ1ties of the other enzymes is not ;
possible. However, for purposes of approximation, isomerase
activities have been calculated also by the crude assunption
that the initial phase of the logarithmic progress-curve of
the reaction approximates a straight line’(therefora; zefo~ i
order), On this basis, isomerase activity more‘or less follows

the course plotted in Figure 7, but displaced somewhat lower,

to the areas occupied by the hydroxylase and oxygenase,

Fumarylacetoacetate Hydrolase-

- The developmental pattern of this enzyme appears to be
kqulte different from all the other enzymes in this pathway.~
To begin w1th, its actlvity is much higher at birth than the .
”rest; being 2 to 3 times higher than the hydroxylase and oxy—
genase, There is a striking increase in the activity in the i
first 1 1/2 hours, attaining a level which 1is about 2 1/2 tines '
that of the adult. It then decreaues steadily and by 2h hours :
the activity is back to what it Was at birth, but still much

| higher than the enzyme activity observed in the adult rat,

gy,




| DISCUSSION

The overall metabolic sequence and the enzymes responsible
for catalyzing the bxidative degradation of tyrosine to agetéej‘
acetate and fumarate are quite well known, The pewer‘prdblemgf '
open for study, therefore, are those of regulation. ., Since thé
tyrosine pathway occurs with no side-paths of any importance,
it seemed possible that all the enzymes involved in tﬁis‘route
are;coordinéted in their regulation.‘ Two areas are available |
for investigation: (1) control in the adult, and (2) develop-
mental control in thé young, This projéct covers ihe second
aspect |

The investigation of enzyme development adds a dimension
to the study of biochemical differentiation.“Thekcentral prdbgek 
, 1ém is how all cells of one organism possessiﬁg the same genome ‘
'acquire very different functions in the mature animal, The

regulation of enzyme activity poses some acute questlons in    4'
vsystems in which both enzymes and regulators are also developing.k
. The role of enzymes in the physiology of adult organs must be ;,’
rxéxtended to reach the difficult problems, peculiar to the embrjo,
of induction and differentiatibn;’ At the lével of gené action,

investigationé‘intq enzyme development hold particular pfomise,~

£ g




for the appearance or disappearance of an enzyme at a given
site or organ may provide clues to the differential gene acti-
vities that must be basic to the understanding of problems of
regulation. Unknown timing devices must tﬁrn on some genes
and turn off others at the appropriate time. Other controls
may operate at a non-genomic level, for example, at the ribo-
sonal site,

Although the nature of the timing mechanism is unknovm,
the first step in such investigatidns is to establish the facts,
that is, the resultant developmental patterﬁs. “

For most of this tyrosine pathway, the patterns have not
been described in the literature, However, it was known that
the transaminase underwent unusual fluctuations in the first
2l hours, and therefore it seemed of interest to investigate
all of the enzymes during this time pericd.

 One of the first problems f#ced in designing this project
vas that of deciding how to meésure»the metabolic reaction
rates. Several approaches can»be cdnsidgred:

(1) In some way, one Senls aséay the reactions in vivo,
or use in vitro conditions which simulate those in the animal,
to get an approximation of the actual status in vivo,

(2) One could assay the enzymes under optimum conditions
in z}izg. The activities will be maximal, and may well be
faster than the reactions which can take place in vivo. However,
they can serve as an approximation of how much apoenzyme is avail-
able or has been synthesizéd by a given age. They'give an upper

limit for conclusions as to ig vivo rates,

e BRI




The first approach is not feésible at present, ‘The
intracellular conditions for the tyrosine pathway, such as
substraterconcenﬁration, cofactor concentfatiéh, pH, etc.,
are not knovn, Conditions for whole animal‘experimenﬁs
(isotope‘iﬁbelling; eic.) are also not worked out as yet."
fherefore, we used the second approéch. '

A second problem in designing this project was that of
deciding how to expresé the results, Different methods of
reporting enzyme measurements havé been followed by reseaféh
workers in this field.‘ Enzyme units have been expressed ber e
(a) vhole organ or whole animal, or (b) unit ﬁeight 2? wet |
fissue, dry tissue, DNA-phosphorué (that is, per cell) of
protein. ' ‘ |

Methods (a) have the advanﬁage of emphasizing the tbtal ;
metabolic capability afailable’to the animal. However, this
1‘may not mean much when enzymes are assayed undef unphysipiogical':
(that is, 'optimun') conditions in vitro. All of the (b) 'metf’xodsk
ﬁave been used at one time or another; each has some'advantages
‘and disadvaﬂﬂéges. Ve are using protein'of‘thé.supernatani
fraction a;;our baéis, vhich relates theydévelopment of enzyme "
© activities to the synthesis of total cytoplasmic protein, and
iﬁdicétes vhether the former arekdeveIOping faster than,'at'the i
same rate as, or slower thah the latter, Hence differential .
rates of synthesis of specialized proteins will be brought tdfl 
1ight., ‘ : ;

- 56 -




All dlldalyolo OL varlance wado PeriONCG QI LIC CxXPCLLUICiival
results, using the mgthod déscribed in Winer for repeated measure-
ments-(i.e., different enzymes) with the same subjects (105). With
all five enzymes, there was, as expected, a highly significant in-
teraction between enzymes and time. That is, there was significant
departure from parallelism and, contrary to our original hopes, the

" enzymes did not appear to show coordinated patterns of development
in the first 2l hours.

Since the hydrolase was obviously quite different from the
other foﬁr, the analysis was repeated for the other four and again
there was significant interaction between enzymes and time.

Only in fhe case of hydroxylése and oxygenase wefe the data
consistent with the hypothesis of parallelism and this was true only
when the analysis was restricted to 1 1/2 hours and later., These two
then act as though they were coordinated and may be part of a "fﬁnc—
tional genic unit (106). It may be fruitful to look for coordination
in the control of tﬁese two enzymés in the adult, ‘

‘One possible relationship among the éﬁzyﬁes can be seen
in Figure 7, although it may be no more than a coincidence.

With the exception of the isomerase, each enzyme shows a péak

of activity at some point in the 2l4 hours, and these peaks -

appear to be timed in the reverse of fhe metabolic sequence:

~ tyrosine transaminase at 12 hours, p-hydroxyphenylpyruvate -
hydroxyiase and homogentisate oxygenase at 3 hours, and fumaryl-
acetoacetate hydrolase at 1 1/2 hours., Is there a physiological
mechanism which ensures that later reactions of a péthway are

ready before earlier reactions are activated, and, therefore,

i




avoids any accumulation of intermediate products? Further
work is required.

In terms of general levels on the activity scale,vthe :

first reaction of the metabolic‘sequence, the transaminase,

usually has the lowest activity (exgept at the 12-hour period),

R S G e e o o bl

and the last reaction, the hydroiase, has the highest activity,

with the remaining three enzymes ip between., The transaminase,

although a reversible reaction, would be expected to be rate-

E limiting (again, with the possiﬁle exception of the 12-hour
period, wﬁere the oxygenase may be rate-limiting), %?d hence
would be the ideal target for regulatory mechanisms, as indeed
is borne out by the literature. (It should be noted that we
assay the hydroxylase in its full& activated form; if, ggkzgzg,
it is less than fully activated, it may ﬁell be rate-limiting
along with the oxygenase at the 12-hour period).

~ We have no firm explanation for the very high activity
of the hydrolase. Although later reactions in a metabolic

‘sequence must be active enough to handle metabolites formed

by earlier reactions in the sequence, the activity of the(
hydrblase seems to go far beyond this need. There is a possié ’
bility‘that the hydrblase is asscciated with the lysosomes and

released due to the rupture of thesé:particles during homogeni-
zation, making it impossible to distinguish between f}ree" and
'bound' hydrolase, This possibility will have to be investigated
in future experiments, Secondly, the substrate, fumaryiéceto~
acetate, may be hérmf&l to the cell in some way, reqﬁiring its

removal immediately as it is formed., Finally, the enzyme may

1




have physiological functions other than the hydrolysis of this
one substrate. It is important to note the probable identlty ‘

of this enzyme with othars found in the liver which hydrolyze’
certain synthetic substrates (91, 106 107) Fur’bher work is
. required to see if the hydrolase has physiological substrates

. other than fumarylacetoacetate. |

- 5.




2.

SUMMARY AND CONCLUSIONS

‘The literature was reviewed on the regulation of

tyrosine metabdlism in both the adult and developing
rat. : |
In some cases, alterations were introduced in ype
general procedures for the ass;y of the enzymes in-
volved in the tyrosine pathway, in order to suit our
conditions,

Improved methods were established for the preparation

of the two substrates not available commercially.

~ Activities of the five enzymes of tyrosine catabolism

were assayed in the newborn rat at intervals from
birth to 24 hours.

The activity of liver tyrosine transaminase waé very
ioﬁ at'birth, but it ihcreased rapidly thereafter,
reaching a peak of about twice the adult level at 12
hours. Subsequently it decreased, reaching a value

slightly below that observed in the adult rat at 2l

hours.




E—hydro&yphenylpyruvate hydroxylase activxty was present
in the young rat at birth and equal to that of the hydroxy»»
lase activity in the adult. After. the first 11/2 hours,

the activity of the hydroxylase 1ncreased rapidly, reaching

a peak at 3 hours, followed by a gradual decrease, reachxng,L&,‘

at 12 hours after birth, the value cbserved at birth,
Similarly, homogentisaﬁe oxygenase was presént at birth,. .
followed by a deéréase in fhé first 1 1/2 hdurs; after
vhich this and the prece&ing enzyme appeared to follow .
parallel patterns. ’ i
Mol nstinn st atd Laoneumad pas praoent at birth, but the
developmental changes in the first 2l hpursfafter birth
appeared to be less distinctive than Whét was Obéefved

for the other enzymes. | | ’

The activity of rumarylacetbacetate hydrﬁlaSQk“as much

| higher at birth than the rest of the cnzymes 1nvolved in

this pathway, It increased dramatically in the first 3 1/2
hours, then decreased steadily, reaching, by 2L hours,-an,,\kk
activity which was still much higher than that observed

U4n the sdultl rat,

10,

After discussion of the rationale and the problems invnlved

4in designing this project,/var;ous explanationsVand 1nter~

pretations of the results vere offered, and areas for further

research‘we:e indicated.
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