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SUMMARY 

I. Tyrosine transaminase (L-tyrosine : 2-oxoglutarate aminotransferase, EC 

2.6.1.5) activity was lost rapidly in fresh rat-liver homogenates (pH 6.9), that were 

incubated at 38”. The inactivation was paralleled by the loss of the coenzyme but 

was not reversed by the subsequent addition of pyridoxal 5-phosphate. 
2. The coenzyme, the keto acid substrates, and their anionic analogs retarded 

the inactivation and dissociation. Various anionic steroids and diethylstilbestrol 

disulfate (5 . IO-~-~ * IO-~ M) also retarded the inactivation and dissociation; free 

steroids were ineffective at saturation levels. Aromatic carboxylic acids were effective 

at IO-~-IO-~ M, 5-hydroxytryptophan at IO-~ M, and L-glutamate, bicarbonate, and 
Pi at IO-~ M. Several other amino acids and NaCl were ineffective at IO-~ M. Many 

of the in vitro stabilizing agents caused elevated levels of hepatic tyrosine transami- 

nase when injected into adrenalectomized rats. In general, the most potent stabilizers 

were also the most effective agents in causing the elevated enzyme levels in vivo. 
3. Estradiol disulfate and diethylstilbestrol disulfate also retarded the in- 

activation and dissociation that occurred when the homogenates were incubated a.t 

25” in 1.1 or 2.2 M urea or when partially-purified tyrosine transaminase was incubated 
with trypsin (EC 3.4.4.4) or chymotrypsin (EC 3.4.4.5). The rate of inactivation in 

homogenates was not significantly changed by the presence of 0.001 M EDTA or 

mercaptoethanol nor by incubation with alkaline phosphatase (EC 3.1.3.1). 

4. A small but significantly greater degree of association of the tyrosine trans- 

aminase with its coenzyme was found in rat-liver homogenates prepared I h after 
cortisol administration than in the injected controls that were sacrificed immediately. 

There was also a significantly slower rate of coenzyme dissociation in the r-h animals. 
Similar doses of cortisone were ineffective in the latter case. 

* This work was included in a thesis submitted by S. S. in partial fulfillment of the require- 
ments for the Ph.D. degree. 

l * Present address: Department of Developmental Biology and Cancer, .\lbert Einstein 
College of Medicine, Eastchester Road and Morris Park Avenue, Bronx, N.Y., U.S.A. 
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INTRODUCTION 

Various conjugated steroids1p2 and carboxylic acids3 inhibit the kynurenine 
transaminase (EC 2.6.1.7) of rat kidney. This action of the conjugated steroids was 
attributable to their interference with the association of pyridoxal 5-phosphate with 
the apoenzymez; the carboxylic acids, on the other hand, inhibited by competition 
with the substratess. The conjugated steroids retarded the inactivation of the apo- 
enzyme that occurred during incubation at 37’ and also prevented the rapid inacti- 
vation catalyzed by chymotrypsin (EC 3.4.4.5) (ref 2). More recently4, they were 
also found to retard the dissociation of pyridoxal 5-phosphate from the holoenzyme 
in freshly-prepared homogenates. 

Conjugated steroids and carboxylic acids also influence the activity and 
stability of other pyridoxal 5-phosphate enzymes. JENKINS, YPHANTIS AND SIZERS 
reported that variousdicarboxylic acids inhibit aspartate aminotransferase (EC 2.6.1.1) 
and protect it from heat inactivation. Other authors have reported that preparations 
of this enzyme from placentas and from heart muscle71s are strongly inhibited by 
conjugated steroids. Preliminary tests of other pyridoxal 5-phosphate enzymes 
indicate that they are also inhibited by conjugated steroids and that diethylstilbestrol 
disulfate also retards the dissociation of pyridoxal 5-phosphate from rabbit-liver 
serine transhydroxymethylase (EC 2.1.2.1) and from rat-liver tyrosine transaminase 
(L-tyrosine:2-oxoglutarate aminotransferase, EC 2.6.1.5) (ref. 4). 

In the earlier work with kynurenine transaminase2, it was suggested that the 
interaction of the conjugated steroids with pyridoxal s-phosphate enzymes might 
also occur in viva and thereby alter metabolic activity. More recently9 we have shown 
that the administration oc diethylstilbestrol disulfate and various aromatic acids to 
adrenalectomized rats results in the induction* of hepatic tyrosine transaminase. 
The response to diethylstilbestrol disulfate and benzoate appears to be somewhat 
specific in that two other inducible enzymes and glycogen synthesis were not affectedlo. 
In the present study, we have examined the effects in vitro and in vivo, of a variety 
of anionic steroids and of a number of non-steroid compounds on tyrosine transami- 
nase in an attempt to ‘clarify the relation between the ability of compounds to 
stabilize the enzyme and their ability to induce it. 

MATERIALS AND METHODS 

Materials 

The free steroids, diethylstilbestrol, disodium cortisol 2r-succinate, indole 3- 
acetic acid, pyridoxal 5-phosphate, intestinal alkaline phosphatase (EC 3.1.3.1), and 
crystalline preparations of trypsin (EC 3.4.4.4) and chymotrypsin were purchased 
from the Sigma Chemical Co. Dipotassium estradiol diphosphate, ‘ultra-pure’ urea, 
and androst-5-ene-3/I-ol-r7p-oic acid were obtained from Mann Research Laboratories, 
and deoxypyridoxal phosphate from Calbiochem. Benzoic acid and related compounds 
were from lots previously describede. The steroid sulfates were prepared by the 

* The increased enzyme activity caused by non-steroid compounds has not been shown 
by rigorous criteria to be due to increased apoenzyme concentrations. For convenience, however, 
we shall refer to all compounds that cause increase as inducers, unless kinetic factors other than 
apoenzyme concentration are known to be responsible for the increase. 
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method of MoRREN~~.~. The two steroid mercaptoles, cortisol-zr-(3’,3’-dimethyl- 
glutarate) (Table I), and rr,%hydroxyestradiol were gifts from the Upjohn Co. 

Male albino rats were purchased from Rawley Farms, Plymouth, Michigan and 
maintained as described earlier”, before and after adrenalectomy, except as indicated. 

Methods 

In studies of the inactivation of tyrosine transaminase in liver homogenates, 
intact unfasted rats, weighing 150-190 g, were killed and their livers removed, 
immediately chilled, and homogenized in 12 times (except as indicated) their weight 
of ice-cold distilled water. The homogenates were centrifuged briefly at 4000 x g. 
Aliquots of the supematant fluid (9.00 ml) were combined with r.oo-ml aliquots of 
water and with r.oo-ml aliquots of an aqueous solution (pH 6.9) of the compound 
to be tested. The mixtures were maintained at the desired temperature and samples 
(0.80 ml, except as indicated) were assayed at zero time and after the indicated 
periods of incubation. 

Each sample was added to 4.60 ml of reaction mixture (pH 7.6), containing 
0.90 ,umole pyridoxal 5-phosphate (or water), 30 pmoles a-ketoglutarate, z5 kmoles 
sodium diethylthiocarbamate, 25 ,umoles L-tyrosine, and IOO ,umoles sodium phos- 
phate. After incubation at 37’ for IO or 15 min, the reaction was stopped by the 
addition of 0.40 ml of IOO~/~ (w/v) trichloroacetic acid. The reaction mixture was filter- 
ed and z.oo-ml aliquots of the filtrate were assayed for fi-hydroxyphenylpyruvate as 
described previouslyg. Activities are expressed, except as indicated, as the change in ab- 
sorbance obtained, per 0.8 ml of diluted homogenate, after a r5-min incubation period. 

In testing the action of proteolytic enzymes on tyrosine transaminase, a 7-8- 
fold purified transaminase preparation (the heated and dialyzed fraction of JACOBY 
AND LADu~~) was incubated with the proteinases and assayed for tyrosine trans- 
aminase activity. The preincubation mixture consisted of 0.20 ml of the transaminase 
preparation (30 mg protein per ml), 0.10 ml of water, and 0.20 ml of 0.30 M sodium 
phosphate (pH 7.6). The proteolytic reaction was initiated by adding 0.1 ml of a 
freshly-prepared solution of trypsin or chymotrypsin (z50,ugjml of water) and 
immersing the mixture in a 38” water bath. After 30 min, the mixture was diluted 
with 2.00 ml of ice-cold water and r.oo-ml aliquots were assayed for tyrosine trans- 
aminase activity as described above. The activity of these aliquots was compared 
with those obtained by substituting 0.10 ml of water for the proteinase solutions. 

For the induction studies, male rats, weighing 140-150 g initially, were adrena- 

lectomized bilaterally and maintained for 3-5 days as described earlierg. 011 the 
evening before use, food was removed from their cages and, 13-16 h later, saline or 
the compound to be tested was administered intraperitoneally. The rats were killed 
by decapitation, 3.5 or 4.5 h later, and the livers were homogenized in I5 times their 
weight of ice-cold distilled water. The homogenate was centrifuged briefly at 4ooo X g 
and the supernatant, 0.50-1.00 ml, was assayed immediately for tyrosine trans- 
aminase activity as described above. 

RESULTS 

Inactivation of tyrosine transaminase ill rat-liver homogenates 
Freshly-prepared rat-liver homogenates lost activity rapidly when they were 
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MINUTES MINUTES 

Fig. r. The inactivation of tyrosine transaminase in liver homogenates at o0 and 38’. In Expt. A, 
homogenates containing 8 ml of cold distilled water per g of fresh liver were prepared and im- 
mediately placed in an ice-bath. After o, 15, 30, 45, and 60 min, o.so-ml aliquots were assayed 
for tyrosine transaminase activity (see METHODS) in the presence and absence of 0.17 ,umole 
pyridoxal 5-phosphate (PLP). Activity is based on a ro-min period of incubation. In Expt. B 
fresh rat liver was homogenized, preincubated at 38” and assayed (in the presence and absence 
of PLP) as described in METHODS. 

incubated at o0 and then assayed in the absence of pyridoxal5-phosphate (Fig. IA). 
When pyridoxal5-phosphate was added to the assay mixtures the initial activity was 
regained. This indicated that the inactivation was a result of pyridoxal 5-phosphate 
dissociation. When homogenates were held at 38”, on the other hand, the enzyme was 
rapidly inactivated but could not be restored to the initial level of activity by the 
addition of pyridoxal 5-phosphate (Fig. IB). The inactivation at 38” paralleled the 
dissociation of cofactor, suggesting that it is the apoenzyme that is destroyed. There 
was no significant change in the pH of the homogenates during the first 45 min of 
preincubation at 38”, so the effect is not complicated by pH changes in the weakly- 
buffered system. 

O0-W 40 

HOURS MINUTES 

Fig. 2. The effect of pyridoxal 5-phosphate (PLP) and a-ketoglutarate (KG) on the inactivation 
of tyrosine transaminase at 3S0. The homogenates were prepared, preincubated at 38” and assayed 
(in the presence of PLP) essentially as described in METHODS. In the preincubation, either water 
or IO ,umoles KG @us 0.30 pmole PLP in a volume of o. I ml were added at zero time or after I h. 

Fig. 3. The effect of a-ketoglutarate on the inactivation and dissociation of tyrosine transaminase 
at 38”. The homogenate was prepared, preincubated at 38” and assayed (in the presence and 
absence of pyridoxal 5-phosphate (PLP)) as described in METHODS. a-Ketoglutarate concen- 
trations in the preincubation media are shown on the curves. 
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The effect of substrates, cofactor, and cofactor analogs on the inactivation of tyvosine 
tvansaminase at 38” 

The addition of a-ketoglutarate and pyridoxal z-phosphate at zero time pre- 
vented the inactivation for I h, after which time the activity decreased slowly (Fig. 2). 
When they kvere added after I h, further decline in the enzyme activity was largely 
prevented. In other experiments (not shown) the addition of a-ketoglutarate and 
pyricloxal 5-phosphate every hour from zero time prevented enzyme inactivation for 
4 h. These data suggest that the addition of substrate and cofactor results in stabi- 
lization and that the stabilization declines as the stabilizers are destroyed. 

a-Ketoglutarate alone retarded both the inactivation and the dissociation of 
hojoenzyme at a concentration of 6. IO-~ M [Fig. 3). In other experiments (not shown), 
phenylpyruvate and p-hydroxyphenylpyruvate were strongly effective at 5 *IO-~ M, 
whereas oxaloacetate was only weakly effective at that level. Glutarate was ineffective 
at IO-~ M. 

Pyridoxal s-phosphate alone stabilized the enzyme to varying degrees at 
concentrations from 3. IO-~ M to 10-s M, with the greatest effect occurring at IO-~ M 
(Fig. 4). At 3. IO-~ M, an actual increase in the rate of inactivation was observed. 
At concentrations of IO-~ M or higher, there appeared to be more protection I h 
after pyridoxal s-phosphate addition than at 30 min after its addition. This suggests 
that the coenzyme may act both to protect and, at the higher concentrations, to 
inhibit the enzyme and that pyridoxal 5-phosphate destruction during the course of 
the experiment releases the inhibition, permitting a more complete expression of the 
protection. LITWACK, SE.%RS-GESSEL AND WINICOU 13 have shown that high concen- 
trations of pyridoxal 5-phosphate inhibit the zoo-fold purified enzyme. In other 
experiments (not shown) both the dissociation and inactivation occurred in the 
presence of 3. IO-~ M pyricloxal 5-phosphate, although at a much reduced rate. 

No significant retardation of the inactivation was observed with pyricloxal or 
pyridoxine at concentrations as high as IO-~ M. However deoxypyridoxine 5-phos- 

lxl---_i L... 0 
0 30 600 30 SO 

MINUTES MINUTES 

Fig. 4. The effect of pyridoxal s-phosphate (PLP) on the inactivation of tyrosine transaminase 
at 38”. Homogenates were prepared, preincubated at 38” and assayed (in the presence of PLP) 
as described in METHODS. PLP concentrations in the preincubation media are shown on the curves. 

Fig. 5. The effect of deoxypyridoxine 5.phosphate (deoxy-PLP) on the inactivation of tyrosine 
transaminase at 38”. Homogenates were prepared, preincubated, and assayed (in the presence of 
pyridoxal 5-phosphate) as described in METHODS. Deoxy-PLP concentrations are indicated in 
the figure. 
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phate, which inhibited the enzyme activity at lO -6 M (Fig. 5), prevented further 
enzyme inactivation. At IO -v M deoxypyridoxine 5-phosphate also inhibited the 
initial activity and retarded the inactivation process. 

The effect of diethylstilbestrol disulfate on the inactivation of tyrosine transaminase 
Diethylstilbestrol disulfate has been shown to retard the dissociation of pyri- 

doxal 5-phosphate from the kynurenine transaminase of rat kidney 4 and to stabilize 
the apoenzyme against inactivation ~. In the present study, aliquots of fresh liver 
homogenate were preincubated in the presence and absence of pyridoxal 5-phosphate 
in buffered mixtures containing tyrosine and varying amounts of diethylstilbestrol 
disulfate. At a level of 8. lO -5 M, diethylstilbestrol disulfate greatly decreased the 
rate of pyridoxal 5-phosphate dissociation (Fig. 6A). Diethylstilbestrol disulfate also 
retarded pyridoxal 5-phosphate dissociation when added to aqueous homogenates 
tha t  did not contain other components of the reaction mixture (Fig. 6B); it also 
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Fig. 6. The effects of diethylstilbestrol disulfate (SDS) on the inactivation and dissociation of 
tyrosine t ransaminase  at  38°. In Expt .  A, o.5o-ml aliquots of fresh homogenate containing 7 ml 
of water per g of liver were incubated at  38 ° in 5.1 ml of preincubation mixture  containing 25 
/*moles of L-tyrosine, o.9o/*mole of pyridoxal 5-phosphate (PLP) (or water), ioo/*moles of sodium 
phosphate  (pH 7.6) and 8. lO .5 M SDS. After various periods of incubation, the reaction was 
s tar ted by the addition of 25/ ,moles of a-ketoglutarate and 15/,moles of disodium diethyldithio- 
carbamate  in o.5o ml of solution (pH 7.6). In Expt .  13 the homogenate was prepared, preincubated 
at  380 and assayed (in PLP) as described in METHODS. The concentration of SDS was 4 × 1°-4 M 
in the preincubation medium. 

retarded tile enzyme inactivation. As with a-ketoglutarate (Fig. 3), the effect on 
inactivation substantially outlasted the effect on dissociation. In separate experi- 
ments (not presented), diethylstilbestrol disulfate was shown to be effective at various 
concentrations between 2.10 -5 M and 10 -3 M. The stabilizing effect observed at 
I0 -a M, which was virtually complete during i h of incubation, was accompanied 
by a marked inhibition of the initial (zero time) activity. A similar association of 
stabilization and inhibition was noted earlier for kynurenine transaminase2, 4. 

The effect of various other compounds on the inactivation of tyrosine transaminase 
A large number of compounds were tested at various concentrations in experi- 

ments similar to those described for diethylstilbestrol disulfate in Fig. 6B. Repre- 
sentative data are listed in Table I. A rough comparison of the relative effectiveness 
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T A B L E  I 

T I t E  E F F E C T  OF V A R I O U S  C O M P O U N D S  ON T H E  R A T E  OF I N A C T I V A T I O N  OF T Y R O S I N E  T R A N S A M I N A S ~  

IN R A T - L I V E R  H O M O G E N A T E S  AT 3 8 0  

Abbrev i a t i ons :  dehydroep iandros t e rone  sulfate,  androst -5-ene- i7-one-3f l -yl  su l fa te ;  s teroid  
mercap to le  I, androst -5-ene-  3 /5-ol-i7-one, b i s ( ca rboxyme thy l )mercap to ]e ;  s teroid  mercap to le  I I ,  
5 f l - p r e g n a n e - I 7 a , 2 I - d i o l - 3 , I I , 2 o - t r i o n e ,  3 -b i s ( ca rboxyme thy l )mercap to l e ;  cor t isol  h e m i e s t e r I ,  
pregn-4-ene- I I/5,17 a-diol-3,2o-dione-2 I -y l  (3 ',3 ' - d ime thy lg lu t a r a t e )  ; cort isol  hemies t e r  I I, pregn- 
4-ene- I I /5,17 a-diol-3,2°-dione-2 i -y l  succinate .  

Compound tested Cohen. Initial Relative 
(raM) ** activity inactivation 

×ioat rater 
(30 min) 

H20 ~ 

p-Aminobenzoate IO.OO 
Diethylstilbestrol disu!fate o.2o 
Es t r ad io l  d i su l fa te  0.20 
Die thy l s t i l bes t ro l  d isulfa te  0.05 
E s t r a d i o l  d isu l fa te  0.05 

H20 
Dehydroepiandrosterone sulfate o.5o 
Testosterone sulfate o.5o 
Hyodeoxycholate o.5o 

H20 
Steroid mercaptole I o.5o 
Steroid mercaptole II o.5o 
Cortisol hemiester I o.5o 
Es t rad io l  d isu l fa te  0.50 

H20 
Androst-5-ene-3/5-ol- 17/5-oic acid o. 5 ° 

H20 
Cortisol hemiester II 5.oo 
Cortisol  o. IO 

H.20 
Diethylstilbestrol diphosphate o.6o 

H20 
Es t r ad io l  d iphospha te  0.40 
NaC1 i o. oo 

H20 
Es t r ad io l - I  7/5 ~* * o.6o 
i i f l -hydroxyes t rad io l*  * ~ o. 60 
Es t r io l  o. 60 

H20 
Diethyls t i lbes t rol**"  o.6o 
Die thy l s t i l bes t ro l  d isu l fa te  o.25 

HaO 
a - N a p h t h o a t e  i .oo 

H~O 
/5-Naphthoate  1.7 ° 
a - N a p h t h a l e n e  ace t a t e  1.7o 
o-Diphena te  io.oo 

34 ° ioo  
328 58 
32o 48 
338 39 
35 ° 79 
34 ° 73 

185 ioo  
178 58 
172 5 ° 
178 79 

175 lOO 
17o 42 
178 50 
175 89 
163 o 

33 ° IOO 
320 62 

158 IOO 
155 94 
156 97 

320 IOO 
320 I00 

262 ioo  
262 85 
272 8o 

178 ioo  
18o 96 
i8o  92 
178 9 ° 

37 ° ioo  
352 98 
37 ° 3 ° 

290 ioo  
29 ° 44 

360 ioo  
360 51 
360 56 
37 ° 62 
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T A B L E  I (cont inued)  

Compound tested Concn. In i t ia l  Relative 
( m M )  ~* activity inactivation 

× ~oa* rate~ 
(30 rain) 

H 2 0  - -  350 IOO 
D L - 5 - H y d r o x y t r y p t o p h a n  i .oo 320 7 ° 
DL-Tryp tophan  i .oo 375 i i o  

H20  - -  43o IOO 
p - H y d r o x y b e n z o a t e  i .oo 42o 68 
Indole  3-aceta te  I.OO 44 ° 48 
A n t h r a n i l a t e  io.oo 420 34 

H~O - -  200 lOO 
E D T A  I . O O  2 0 0  I O O  

H20  i .oo 43 ° ioo 
Mercap toe thano l  I.OO 424 96 
E t h a n o l  i .oo 428 89 

H20  - -  360 ioo  
Sal icylate  7.5 o 37 ° 63 

H20  - -  32o ioo 
Benzoa te  8.00 32o 5 ° 
p - A m i n o b e n z o a t e  7.5 33 ° 67 

1-120 - -  438 ioo 
DL-Alanine io .oo 420 97 
DL-Methionine IO.OO 42o 86 

H20  - -  270 ioo 
Glycine io .oo 275 IOO 
c~-Aminoisobutyrate  io.oo 275 97 
L-His t id ine  io.oo 265 80 
L-Glu t ama te  IO.OO 264 66 

H20  - -  35 ° ioo 
Sod ium p h o s p h a t e  io .oo 338 4 ° 

t-I20 ~ 300 IOO 
Sod ium b ica rbona te  io.oo 305 66 

* F r o z e n - t h a w e d  h o m o g e n a t e  was used  in s t ead  of f resh  homogena te .  
** Represen t s  the  mi l l imola r i ty  of  t he  c o m p o u n d s  in t he  p re incuba t ion  mix tu re .  

*** The  water - inso luble  c o m p o u n d s  were added  to the  vessels  as e thanol ic  solut ions,  evapo- 
ra ted  to d ryness  and  r e suspended  in water .  

t Re la t ive  inac t iva t ion  ra te  is de t e rmi ned  as t he  a m o u n t  of  ac t iv i ty  lost  dur ing  pre- 
i ncuba t i on  a t  3 8° as compared  to t he  a m o u n t  lost  in the  aqueous  controls.  In i t ia l  ac t iv i ty  is the  
ac t iv i ty  observed  before p re incuba t ion .  

o f  t h e  v a r i o u s  c o m p o u n d s  a s  s t a b i l i z e r s  c a n  b e  m a d e  b y  l i s t i n g  t h e  c o n c e n t r a t i o n s  

o f  t h e  c o m p o u n d s  r e q u i r e d  t o  r e t a r d  e n z y m e  i n a c t i v a t i o n  i n  t h e  t r e a t e d  h o m o g e n a t e s  

b y  3 0 - 7 0 %  o f  t h e  r a t e  o b s e r v e d  w i t h  t h e  c o n t r o l s .  T h i s  c o n c e n t r a t i o n  w a s  2 .  lO -4  M 

f o r  e s t r a d i o l  d i s u l f a t e  a n d  d i e t h y l s t i l b e s t r o l  d i s u l f a t e ,  5"  lO-4  M fo r  d e h y d r o e p i a n d r o -  

s t e r o n e  s u l f a t e ,  t e s t o s t e r o n e  s u l f a t e ,  a n d r o s t - 5 - e n e - 3  f i -o l - I  7 f l -oic  a c i d ,  a n d  t h e  t w o  

s t e r o i d  m e r c a p t o l e s ,  I O - ~ - 2  × lO -3  M fo r  a - n a p h t h o a t e ,  f l - n a p h t h o a t e ,  a - n a p h t h a l e n e  
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acetate, indole 3-acetate, 5-hydroxytryptophan, and p-hydroxybenzoate, 7.5" IO-a- 
lO -2 M for salicylate, p-aminobenzoate, benzoate, anthranilate, o-diphenate, gluta- 
mate, phosphate and bicarbonate. 

Several free steroids (estradiol-I7fl, Ilfl-hydroxyestradiol, estriol, and cortisol) 
and diethylstilbestrol were ineffective at saturating levels. Estradiol diphosphate and 
diethylstilbestrol diphosphate were ineffective at 5" lO-4 M, possibly due to rapid 
hydrolysis. Two steroid hemi-esters of dicarboxylic acids (cortisol-2I-(3',3'-dimethyl- 
glutarate) and cortisol-2I-hemisuccinate) were ineffective at 5" IO 4 M and 5" lO-3 M 
levels, resFectively. Several amino acids (glycine, alanine, a-aminoisobutyric acid, 
methionine, and histidine), had little or no retarding actions at lO -2 M levels. 

Preliminary studies of the nature of the inactivation process 
Earlier experiments by MASON AND GULLEKSON 2 showed that diethylstilbestrol 

disulfate stabilized kynurenine apotransaminase against inactivation by chymo- 
trypsin. To test the possibility that the conjugates also protect tyrosine transaminase 
against proteinase action, we examined the effect of trypsin and chymotrypsin on 
the partially-purified enzyme in the presence and absence of 5"1o-4 M diethylstil- 
bestrol disulfate and estradiol disulfate. Both of these compounds retarded the 

T A B L E  I I  

THE EFFECT OF DIETHYLSTILBESTROL DISULFATE AND ESTRADIOL DISULFATE ON THE PROTEOLYTIC 
DESTRUCTION OF PARTIALLY-PURIFIED TYROSINE TRANSAMINASE BY TRYPSIN AND CHYMOTRYPSIN 

D i e t h y l s t i l b e s t r o l  d i s u l f a t e  o r  e s t r a d i o l  d i s u l f a t e  w e r e  p r e s e n t  i n  t h e  i n c u b a t i o n  m i x t u r e s  a t  f i na l  
c o n c e n t r a t i o n s  o f  5 - 1 o - *  M;  o t h e r w i s e  t h e  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  a s  d e s c r i b e d  u n d e r  
METItODS. 

Expt. Activity retained after 3o rain Inactivation 
No. (%)  

Without With 
chymotrypsin chymotrypsin 

I E n z y m e  0 . 2 8 0  0 . 0 5 0  82 
E n z y m e  + d i e t h y l s t i l b e s t r o l  d i s u l f a t e  0 . 3 2 0  o . 1 6 o  5 ° 

2 E n z y m e  o . 3 1 5  o . 1 5 5  5 ° 
E n z y m e  + e s t r a d i o l  d i s u l f a t e  0 . 3 4 0  0 . 2 3 8  3 ° 

Without With 
trypsin trypsin 

i E n z y m e  o . 2 4 0  0 .042  83 
E n z y m e  + d i e t h y l s t i l b e s t r o l  d i s u l f a t e  0 . 2 6 0  o . 1 9 5  23 

2 E n z y m e  o . 3 1 5  o . 2 1 5  32 
E n z y m e +  e s t r a d i o l  d i s u l f a t e  0 . 3 4 0  0 . 3 0 2  I I 

proteolytic inactivation (Table II). In experiments similar to that reported by MASON 
AND G U L L E K S O N  2, 5" I0 4 M diethylstilbestrol disulfate did not interfere significantly 
with the digestion of casein by trypsin. We therefore assumed that diethylstilbestrol 
disulfate inhibited proteolysis by binding the transaminase rather than the proteinase. 

If, as suggested earlie#, the effective compounds impart stability to the enzyme 
by stabilizing its tertiary or quaternary structure, they would be expected to render 
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the enzyme more resistant to urea denaturation. As shown in Fig. 7 A, I . I  M or 2.2 M 
urea strongly accelerated the enzyme inactivation that  normally occurred slowly at 
25 °. Similar effects on a 2oo-fold purified enzyme were previously shown by  LITWACK, 
SEARS-GESSEL AND WINICOU 18. Diethylstilbestrol disulfate (5" lO-4 M) retarded this 
inactivation (Fig. 7B). The inactivation was halted but not reversed when diethyl- 
stilbestrol disuffate was added 30 rain after the addition of urea. These effects of 
diethylstilbestrol disulfate are similar to those observed when it is incubated with 
the homogenates at 380 in the absence of urea. Our data are consistent therefore 
with the above suggestion that  the protection of the enzyme in the homogenates is 
a result of the stabilization of its tert iary or quaternary structure. 

40C 

% 
X 

20C 

(A) 

' •  HzO 

0 3~) 60 
MINUTES 

' ' (B )  

' 3 0  6 0  

MINUTES 

Fig. 7- The effect of  u rea  and d i e thy l s t i l be s t ro l  d i su l fa te  (SDS) on the  i n a c t i v a t i o n  of ty ros ine  
t r a n s a m i n a s e  a t  25 °. I n  E x p t .  A, 8 ml  of homogena t e  ( i i  ml  of wa te r  per  g of liver) were added  
to  2.00 ml of w a t e r  or 2.o0 ml of w a t e r  con t a in ing  enough  urea  to  give the  ind ica t ed  u rea  concen- 
t r a t ions .  The t r e a t e d  hom oge na t e s  were i n c u b a t e d  a t  25 ° and  t h e n  assayed  as descr ibed in METHODS. 
In  E x p t .  B, 8 ml  of fresh h o m o g e n a t e  was  added  to  i ml  of w a t e r  con ta in ing  o, 2.5, or 5 / ,mo le s  
of SDS. These m i x t u r e s  were a l lowed to s t a n d  for 4 rain a t  o ° and  I.OO ml of i i  M urea  was  added  
to  each. Al iquo t s  (0.80 ml) were r emoved  a t  zero t ime  and af ter  30 and 60 min  in a 25 ° b a t h  and 
assayed  for ty ros ine  t r a n s a m i n a s e  in the  presence of 0.90 #mole  of p y r i d o x a l  5 -phosphate  (see 
METHODS). 

Added pyridoxal 5-phosphate retarded the inactivation of tyrosine transami- 
nase in the freshly-prepared homogenates (Fig. 4) and, as reported by  LITWACK, 
SEARS-GESSEL AND WINICOU 13, in the 2oo-fold purified preparation. However, the 
rate of pyridoxal 5-phosphate dissociation in the homogenates is much more rapid 
than the rate of inactivation (Fig. IB), so other stabilizing factors probably play a 
dominant role in determining the rate of inactivation. The destruction of pyridoxal 
5-phosphate in the homogenates by phosphatase action, for example, would be 
expected to favor dissociation but would not significantly accelerate the inactivation 
if other factors are rate-limiting. Consistent with this expectation, the addition of 
Mkaline phosphatase to the homogenates in amounts sufficient to increase the rate 
of pyridoxal 5-phosphate hydrolysis several-fold did not result in a significantly 
greater rate of enzyme inactivation. In this connection, it should also be noted that  
lO -3 M EDTA, an effective inhibitor of phosphatase action, did not alter the rate of 
inactivation (Table I). 

Other factors that  might influence the stability of the enzyme include the 
concentrations of hydrogen ions and of sulffiydryl compounds and the incubation 
temperature.  Dissociation occurred readily at o ° without appreciable inactivation 
(Fig. IA). As expected, the rate of inactivation was greater at 380 than at 23 ° and 
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was still greater at 46°. Diethylstilbestrol disulfate protected against inactivation at 
all three temperatures. Dissociation without inactivation also occurred when the pH 
of the homogenates was changed to 6.0 by the addition of dilute HC1. At pH 8.4, 
the dissociation and inactivation were similar to that  observed at pH 6. 9. The presence 
of IO -~ M mercaptoethanol in homogenates incubated at pH 6. 9 at 380 did not 
significantly alter the rate of inactivation (Table I), so the oxidation of enzymic 
sulthydryl groups does not appear to be important  in the inactivation process. 

The  correlation between the protect ion i n  vitro and  induc t ion  i n  vivo o f  tyros ine  t rans-  

aminase  

S e v e r a l  o f  t h e  c o m p o u n d s  t h a t  p r o t e c t e d  a g a i n s t  i n a c t i v a t i o n  ( T a b l e  I) w e r e  

s h o w n  e a r l i e r  t o  i n d u c e  t y r o s i n e  t r a n s a m i n a s e  i n  vivo. T h e  l i s t  i n c l u d e s  d i e t h y l s t i l -  

b e s t r o l  d i s u l f a t e ,  a - n a p h t h o a t e ,  s a l i c y l a t e ,  f l - n a p h t h o a t e ,  a - n a p h t h a l e n e  a c e t a t e ,  

T A B L E  I I I  

THE EFFECTS in vivo OF SOME STABILIZERS in vitro OF TYROSINE TRANSAMINASE 
The  n u m b e r s  in pa ren theses  represen t  t he  n u m b e r  of  an ima l s  injected wi th  the  compound .  Two 
or three  sa l ine- in jected controls  were used in each exper iment .  An ima l s  t h a t  were in jected a t  
zero t ime  and  2.5 h were killed a t  4.5 h, the  o thers  a t  3.5 h. Procedure  as described in METHODS. 

Compound tested Dosage per ~5 o g body wt. Exptl. enzyme 
( mmoles ) level~control 

enzyme level 
Zero time 2. 5 h 

Indole  3-aceta te  o.2 - -  2.65" (6) 
An th ran i l a t e  o.2 - -  1.5 o" (4) 
A n t h r a n i l a t e  0. 4 0.2 3.85" (3) 
p - H y d r o x y b e n z o a t e  0. 4 0.2 4 - I°"  (3) 
o -Diphena te  0.35 o-17 1.9 °" (4) 
Andros t -5-ene-3  fl-ol-i 7/~-oic acid 0.2 0.08 3 -6°" (3) 
Sod ium p h o s p h a t e  0. 4 0.2 1.3o (3) 
Glycine 0.27 0.27 0.82 (3) 
Es t rad io l  d isulfa te  0.03 - -  1.2o (3) 
Es t radio l - I  7/~ 0.03 - -  1.5 o" (3) 
Die thyls t i lbes t ro l  0.030 - -  1.6o" (3) 
Steroid mercap to le  I o.030 3 .00" (3) 
Steroid mercap to le  I I  0.036 - -  2.00* (4) 

* Sta t i s t ica l ly  s ignif icant  va r i a t ion  f rom controls  (P = o.o5). 

benzoate, p-aminobenzoate 9, and 5-hydroxytryptophan 14. Pyridoxal 5-phosphate 
may also be included if we assume that  it is the active inducing agent formed from 
injected pyridoxine 15. 

The suggested correlation between ability to induce and ability to retard 
inactivation prompted further in vivo tests of compounds which protected in vitro 
but which either had not been tested as inducers or had been tested and found to be 
ineffective in adrenalectomized rats. Indole 3-acetate, which had been reported 
ineffectual 14 was found to induce in our experiments (Table III) .  Anthranilate, p- 
hydroxybenzoate, and o-diphenate, which were found to be weak inducers in our 
earlier studies 9, were more effective at higher dosage levels and with longer time 
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intervals (Table III). The two steroid mercaptoles and androst-5-ene-3/5-ol-I7~-oic 
acid, which had not been tested before, were found to induce the enzyme at relatively 
low dosage levels (Table III) .  Glycine, methionine, and alanine, did not protect 
significantly (Table I). Methionine and alanine have been reported not to induce in 
intact rats14,1% Glycine was also tested in our in vivo experiments and found to be 
ineffectual as an inducer (Table III). Both estradiol-I 7/5 and diethylstilbestrol were 
weak inducers. Surprisingly, estradiol disulfate, which was at least as effective as 
diethylstilbestrol disalfate as a stabilizer, did not cause a significant effect when 
administered in amounts equivalent to the inducing levels of diethylstilbestrol 
disulfate (Table III) .  Large doses of inorganic phosphate, which protected in vitro 
(Table i), did not induce (Table III). 

The effect of cortisol administration on the association of the tyrosine transaminase in 
liver homogenates with pyridoxal 5-phosphate 

GREENGARD 17 reported that  rats injected with cortisone or pyridoxine showed, 
after I h a large increase in the degree of saturation of tyrosine transaminase in liver 
homogenates with pyridoxal 5-phosphate. This effect of cortisone appeared to be 
a manifestation in vivo of the type of stabilization that  we had observed in vitro 

T A B L E  IV 

THE EFFECT OF CORTISOL ADMINISTRATION in vivo ON THE PERCENT SATURATION OF HEPATIC TY- 
ROSINE TRANSAMINASE IN HOMOGENATES FROM INTACT RATS 

The per  cen t  s a t u r a t i o n  is defined as B/A × ioo.  I n t a c t  r a t s  were in jec ted  i n t r a p e r i t o n e a l l y  w i t h  
5 mg  of cor t i sol  per  15 ° g ra t .  A t  the  i nd i ca t ed  t imes ,  t h e y  were ki l led  and  the i r  l ivers  were r emoved  
and  chilled. Al iquo t s  (o.5o or i .oo  ml) of whole  homogena t e  (7.00 ml of o.14 M KC~ con ta in ing  
0.02 M sod ium p h o s p h a t e  (pH 7.6) per  g of l iver) were added  to  r eac t ion  m i x t u r e  con t a in ing  
p y r i d o x a l  5 -phospha te  (A) or w i t h o u t  p y r i d o x a l  5 -phospha te  (13) i m m e d i a t e l y  af ter  p repa ra t ion .  
The  enzyme  a c t i v i t y  ob t a ined  w i t h  bo th  a l iquo t s  is expressed  as the  average  absorbance  change  
p roduced  in i o  rain -¢- the  s t a n d a r d  dev ia t ion .  

Treatment Number Enzyme activity Enzyme activity Saturation 
of with added without added (%)  
animals cofaetor (A)  cofactor (B)  

Kil led  2 min  o.112 -4- 0.027 o.o74 ~: 0.020 65.5 ~- 4.2 
After  in jec t ion  io  0.202 i 0.042 o.136 :t: 0.035 68.7 ± 6.3 

Ki l led  i h o.135 ± o.o3o O.lO 3 ± o.o24 77.1 ± 5.6" 
After  in jec t ion  IO o.236 i o.o42 o.185 i o.o33 77.3 i 6.2* 

* S t a t i s t i c a l l y  s igni f icant  v a r i a t i o n  (P = o.o5). 

with diethylstilbestrol disulfate (Fig. 6). We found similar but much smaller in- 
creases using 5-rag doses of cortisol under presumably equivalent conditions, which 
included the use of 1:7 homogenates and 0.02 M phosphate buffer (Table IV). Under 
these conditions there was a small but statistically significant increase in the per cent 
saturation in rats that  were killed I h after injection as compared with those killed 
immediately after injection. 

When the homogenates from these two groups of animals were prepared in 
distilled water, the initial per cent saturation levels were 80-850/o. During I h in 
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Fig. 8. Tile effect of cortisol injection on the association of tyrosine t ransaminase  with cofactor 
in liver homogenates  at o °. In t ac t  male rats  were injected wi th  5 mg of cortisol and killed after 
2 rain or I h. Their  livers were removed rapidly, chilled, and homogenized in 8 vol. of water.  
Aliquots (o.50 ml) were immediately assayed for tyrosine t ransaminase  act ivi ty (see METHODS) 
in the presence and absence of 0.90/*mole of pyridoxal  5-phosphate.  The rest of the homogenate  
was held in an ice-bath and aliquots were assayed after the indicated periods of time. The average 
initial act ivi ty levels were 0.350 for animals killed after 2 min and 0.375 for animals killed after 
I h. The vertical bars  represent  the s tandard  deviation from the mean values for 4 2-min, and 
.5 i -h animals. 

an ice bath, the values for the two groups declined to the same equilibrium level 
(Fig. 8). The rate of decline was slower, however, in the homogenates from the I-h 
animals. In equivalent experiments, 5- and Io-mg doses of cortisone had no significant 
effect on the rate of dissociation. 

As reported briefly before *, we also at tempted to determine whether homo- 
genates from cortisol- or diethylstilbestrol disulfate-injected rats exhibited a retar- 
dation of the inactivation of tyrosine transaminase as compared to controls sacrificed 
immediately after injection. The data, which is not presented, indicated that  homo- 
genates from the treated animals killed 3 h after injection retained a higher percentage 
of the initial activity during various periods of incubation at 380 . More complete 
studies with the diethylstilbestrol disulfate-treated animals showed that  this apparent 
retardation paralleled the extent of induction during a I2-h post-injection period. I t  
was not certain, however, that  this basis of comparison is valid over the wide range 
of initial activities occurring during induction. A more definitive test  of the accumu- 
lation of stabilizing compounds in the liver of the injected rats is under investigation 
and is described below. 

DISCUSSION 

The accumulation of an enzyme in vivo must be due either to increased syn- 
thesis relative to destruction or decreased destruction relative to synthesis. Tyrosine 
transaminase is very labile in vivo, exhibiting a half-life of 2-3 h (ref. 18) as compared 
to several days for total hepatic protein Jg. I t  appears to have a corresponding lability 
in vitro, since the enzyme in fresh liver homogenates was rapidly inactivated by 
incubation at 380 (Fig. i), and is exceptionally unstable in purified form 13. The 
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observation that  a number of compounds that  stabilize against inactivation also 
induce the enzyme suggests that  the in vitro and in vivo effects are related. 

The effectiveness of the stabilizing agents in vitro (Table I) seems to be related 
to the presence of anionic groups and to the size of the hydrocarbon moiety. Neutral 
steroids and diethylstilbestrol were ineffective at saturating levels whereas most of 
the anionic steroids were highly effective. Monocyclie aromatic carboxylic acids were 
effective at concentrations near 10 -2 M, bicyclic aromatic acids at about 10-3-2 • I0 -a 
M, and tetracyclic acids at 5" 10-4-10-5 M. A somewhat similar relation seems to 
hold also for the induction process; tetracyclic acids were, in general, effective inducers 
at much lower doses than mono- or bicyclic ones 9 (Table III). These correlations 
suggest that  the steroid and non-steroid inducers may  differ in their potency but  not 
necessarily in their mode of action. 

Although rat  liver rapidly converts free steroids to anionic derivatives, one 
mus t  consider the possibility that  injected steroid conjugates may undergo hydrolysis 
prior to their action. I t  is interesting, in this connection, that  the action of diethylstil- 
bestrol on the enzyme level in vivo was much weaker than that  found earlier for 
diethylstilbestrol disulfate 9. That  anionic steroids may  be active without hydrolysis 
is also suggested by  the observation that  a steroid carboxylic acid (androst-5-ene- 
3/%o1-I7/5-oic acid), which cannot be hydrolyzed to yield a neutral steroid, was also 
a fairly potent  inducing agent (Table III). 

I t  may  be significant that  the concentrations of the compounds required for 
stabilization in vitro is of a similar order of magnitude to the levels that  one might 
find in the livers of the injected rats. For example, I/IO to i / ioo  of the 15 mg inducing 
dose of diethylstilbestrol disulfate 9, uniformly distributed in 6 ml of cellular water 
in the liver (livers of the I5o-g rats weighed 5.5-6.5 g), would give a concentration 
of approx. 5" lO-4-5 • lO-5 M. Levels of diethylstilbestrol disulfate in that  range were 
highly protective in vitro (Tables I, I I  ; Figs. 6, 7) so it is logical to expect that  its 
presence might influence the properties and fate of the enzyme in vivo. 

Although a precise correlation of structure and action in vitro with effectiveness 
in induction cannot be expected in view of the many  factors that  control the fate 
of injected compounds, it would seem possible to predict from the effectiveness of 
a compound as an stabilizer in vitro whether it is likely to be an effective inducer. 
This was, in fact, the reason that  indole 3-acetate was tested (and found to induce 
(Table III)) even though it was reported earlier to be ineffective 1.. Similarly, several 
other compounds were tested as inducers (Table III) on the basis of their action in 
vitro (Table I) and found to behave as predicted. 

Among the most effective stabilizers of tyrosine transaminase in vitro are its 
keto acid substrates (Figs. 2, 3, and text), the coenzyme (Figs. 2, 4) and various 
anionic compounds that  may  be regarded as coenzyme or substrate analogs (Table I). 
The suggested specificity might serve as a guide for the selection of stabilizers that  
are much more effective than any tested thus far. One substrate analog that  might 
be tested, for example, is the steroid a-keto acid, 3,2o-diketo-4-pregnen-2i-oic acid, 
which is formed from deoxycorticosterone by  guinea-pig liver e°. I f  such compounds 
were found to be highly effective their potency in vivo could then be tested. 

Of the amino acids studied, those giving some protection (5-hydroxytryptophan, 
glutamate and histidine) are among the ones that  have been found to be substrates 
or inhibitors of the enzymel2, zl. Tryptophan,  which is also a substrate TM, was inactive 
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at lO -3 M however; higher concentrations were not tested. The other amino acids 
tested (glycine, alanine, methionine, and e-aminoisobutyrate) were ineffective at 
IO -2 M. Phosphate and bicarbonate buffers were effective at that level, presumably 
as a result of the association of the buffer anions with the enzyme. 

The small effects of injected cortisol (Table IV, Fig. 8) on the degree of associ- 
ation of pyridoxal 5-phosphate with the hepatic tyrosine transaminase in the homo- 
genates and on the rate of  dissociation suggest that the steroid, its metabolites, or 
non-steroid compounds that may accumulate in the liver as a result of the gluco- 
corticoid injection, may exert stabilizing actions similar to those observed with tile 
anionic compounds that were added in vitro. This type of experiment is not well 
suited, however, for further examination of the possible role of  enzyme stabilization 
in the glucocorticoid-mediated induction. A more fruitful approach would be to test 
extracts of  the livers of  the glucocorticoid-injected rats for their ability to stabilize 
a partially-purified tyrosine transaminase preparation. Such extracts of the soluble 
fraction of rat liver have been reported by FIALA AND LITWAK 22 to contain a large 
proportion of the hepatic steroid in the form of anionic derivatives. 

The study of the tryptophan-mediated induction of hepatic tryptophan oxy- 
genase (EC 1.13.1.12 ) (refs. 23, 24) providess an example of mammalian enzyme 
induction in which the elevation of enzyme levels appears to be a result of the 
inhibition of enzyme degradation. L-Tryptophan and those analogs that induced the 
oxygenase protected it against inactivation in vivo as well as in vitro 24-2s. Further 
study is required to determine whether stabilization in vitro is related to the induction 
of tyrosine transaminase in a similar way. 
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