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SUMMARY 

Activities of TPN-dependent enzymes that  oxidize glucose 6-phosphate (glucose-6- 
phosphate and gluconic acid 6-phosphate dehydrogenases), isocitrate (isocitrate de- 
hydIogenase) and malate (malic enzyme} were determined in particle-free supernatant 
fractions prepared from normal and diabetic rat liver homogenates and from lactating 
and nonlactating rat mammary-gland homogenates. These activities were compared 
with actual oxidations of their respective substrates under conditions where TPN 
availability was limited. 

I. The decrease in activities of glucose 6-phosphate-oxidizing enzymes in diabetic 
rat livers was not associated with a reduction in the rate of oxidation of glucose 
6-phosphate. Thus, reoxidation of TPNH limits the oxidation of glucose 5-phosphate. 

.~. The inhibitory effect of citrate on oxidation of glucose 6-phosphate and 
malate in livers of normal and diabetic rats is principally due to high activities of 
isocitrate dehydrogenase. The inhibitory effect 9f glucose 6-phosphate on oxidation 
of citrate and malate by lactating gland fractions is due mainly to high activities of 
glucose 6-phosphate-oxidizing enzymes, 

3. Malic enzyme activity in diabetic liver was one-fourth that of normal liver. 
4. Weaning decreased activities of glucose 6-phosphate-oxidizing and malic 

enz3Taes in mammary  gland preparations. 
5. Further evidence is presented for conversion of DPN to TPN in the prcsence 

of ATP in rat liver and lactating mammary gland fractions. 

INTRODUCTION 

Previous reports l, 9. have shown that the oxidation of citrate, glucose 6-phosphate 
and malate by a rat liver homogenate preparation freed of mitochondria is limited 
by the availability of TPN and thus depends upon the reoxidation rate of TPNH. 
It  was also demonstrated that the oxidation of glucose 6-phosphate and malate 
was markedly inhibited by addition of citrate under conditions in which TPN avail- 
ability was limited, whereas addition of glucose 6-phosphate and malate only slightly 

.. 
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influenced citrate oxidation. These observations prompted us to investigate whether 
they resulted from different affinities of the enzymes for TPN or TPNH or from dif- 
ferences in the activities of TPN-dependent dehydrogenases. 

MATERIAL AND METHODS 

Female rats of the Long-Evans  strain, weighing from 2oo to z5o g, raised and main- 
tained on an adequate stock diet, were used. Alloxan diabetes was inducedbytaii-vein 
injection of 4o nag of recrystallized alloxan monohydrate (Eastman Kodak)/kg body 
weight. In order to ensure the presence of diabetes in the injected rats, their weights, 
food and water intake and urine output were measured daily; only animals with 
blood sugar values in excess of 3oo rag percent were selected fo:- study. Lactating 
rats that  had suckled at least 5 pups were killed l?::t:ve~n :8-21 days postpartum. 

Preparations of tissue homogenates with o.z 5 M sucrose solution and separation 
of particle-free supernatant fr~ ctions have been described elsewhere a, 4. The techniques 
of incubation of tissue homogenate fractions s and isolation of :~CO~ have also been 
reported previously s. 

Two methods for calculating T P N H  generation, (a) from ~4CO 2 production from 
[6-I4C]citrate and I4-uC !malate and (b) from the difference between uCO~, production 
from [I-14C]glucose 6-phosphate and [6-t4C3glucose 6-phosphate, have been pre- 
sentedl, 6. 

Enzymic assays were performed on the particle-free supernatant fractions at 3o ° 
in a Beckman model DU spectrophotometer. All determinations of enzymic activities 
were made at pH 7.5 (o.:5 M glycylglycine buffer) in the experiments with liver and 
at pH 7.2 (o.15 M glycylgl:,'cine buffer) in those with mammary  gland preparations. 
Readings were taken of blank mixtures that  contained all components except for 
the substrate studied. 

Reactions invclving ~'eductions or oxidations of pyridine nucleotides were 
measured at 34 ° m/~. Reactions involving formation of cis-aconitate were measured 
at 240 m/~. Enz}a-nic activities were calculated from the linear slop:s of extinction 
differences observed between 3 and Io min. An extinction coefficient of 6.22. Io%m 2 per 
mole of reduced pyridine nucle otide 7 was used to calculate dehydrogenase activity, 
and of 3.54" lOS cm2/mole of cis-aconitate to calciflate aconitase activit~ *. The activities 
of isocitric dehydrogenase s, glucose 6-phosphate-oxidizing enzyTaes ~°, and the malic 
enzyme n were determined under conditions in which substrate and TPN were present 
i n  e x c e s s .  

RESULTS AND DISCUSSION 

.~ comparison of o.~,.o~"~ . . . . . . . . . .  ~.~,,.,~.v,.o-'~'; ........ w.~,.;~ activities of TPNH~,,enerating enzymes 

Experiments with particle-free supernatant fractions prepared from livers of normal 
and alloxan-diabetie rats: The activities of the TPN-dependent dehydrogenases were 
compared under conditions in which both substratc and TPN were present in excess. 
Under such conditions, isocitric dehydrogenase had by far the highest activity of 
the dehydrogenase enzymes in both normal and diabetic rat liver supernatant fraction 
(Table I). The activity of isocitric dehydrogenase in diabetic preparations was only 
slightly lower than that  in normal preparations. The activities of the glucose 6-phos- 
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phate-oxidizing enzymes were considerably lower than that  of isocitric dehydrogenase. 
The observation of GLOCK ASD McLEAN 1" that  glucose-6-phosphate dehydrogenase 
activity in diabetic liver preparations is I~:,.~ than half that  in normal preparations 
is confirmed. 

The activity of the malic enzyme in normal rat liver supernatant fractions was 
low, about 1/2o that  of isocitlic dehydrogenase (Table I). A definite decrease in the 
activity of the malic enzym~ in diabetic rat liver preparations was observed. It  had 
about 1/4 the activity found in normal rat preparations' .  

If it be assumed that  changes in metabolic throughput are reflected in changes 
in enzymic activities, then the observation of a decrease in the malic enzyme activity 
observed in the liver of the alloxan-diabetic rat suggests that  the increased gluconeo- 
genesis in these livers does not proceed through the direct interconversion of maiate 
and pyruvate t3,14. 

Acov.itase activity, which was also measured in the particle-free liver supernatant 
fractions (Table I), was considerably lower than that  of isocitric dehydrogenase. 
In diabetic liver preparations it was somewhat lower than in normal liver preparations. 
The ratio of reaction velocities of the formation of cis-aconitate from isocitrate to 
that  from citrate was close to 2 (RAcKEII s has reported a ratio of 2.2). The over-all 
velocities for the two reactions cis-aconitate --7 x-ketoglutarate + CO2 and citrate --~ 
~-ketoglutarate + CO2, were significantly lower than those for the aconitase reactions. 
This observation calls for caution in the determination of enzymic activities by the 
use of combined reactions. 

The observation that  isocitric dehydrogenase had by far the highest enzyrrfic 
activity of the TPN-specific enzymes in the particle-free preparations obtained from 
liver homogenates (Table I) could explain the inhibition of glucose 6-phosphate and 
malate oxidation by citrate and isocitrate shown in Table II.  But the following 
considerations indicate that  this might not be the case: (a) the velocity conversion 
of citrate to ~-ketoglutarate + CO z was not higher than that  of glucose 6-phosphate 
to pentose phosphate + CO., under conditions where TPN was present in excess 
(Table I), (b) certain enzymes may have higher affinities for TPN than others, (c) high 
concentrations of T P N H  may inhibit various dehydrogenases to different degrees. 

Experiments with particle-free supernatant fractions obtained from the mammary 
glands of lactating rats: Since, as shown in the preceding section, a clear answer to 
the question raised in the introduction could not be obtained from experiments with 
rat liver, we looked for a soluble preparation with an entirely different composition 
of enzym=c activities. It  was found in particle-free, supernatant fractions obtained 
from lactating rat mammary  gland homogenates. In such preparations, the activities 
of the glucose 6-phosphate oxidizing enz3rmes are extremely high, whcr~as those of 
malic enzyme and isocitric dehydrogenase are considerably lower (Table I). Aconitase 
-ct ivi ty  in these preparations was higher than that  of isocitric dehydrogenase. Again, 
the velocities of the over-all reactions, cis-aconitate --~ a-ketoglutarate + CO~ and 
citrate ----> ~-ketoglutarate + CO 2, were significantly lower than that  of the reaction 
catalysed by the enzyme with the lowest activit~¢ (isocitric dehydrogenase). 

If the activities of the TPN-dependent dehydrogenase enzymes play an important 
role in the relative oxidation rates of their substr~ttes, under conditions where more 

* FITCH AND CHAIKOFF 13 reported a decline in hepatic malic enzyme activity in rats fasted 
24 h which had been prefed a diet containing 60 ~o of either glucose or fructose. 

Biochim. Biophys. Acta, 7 t (1963) 568-577 
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than one of these substrates is present in excess and TPN availability is limited, 
glucose 6-phosphate must have a significant inhibitory effect on the oxidation rates 
of citrate and InMate. This was found to be the case in earlier experiments with 
mammary  gland preparations tS. 

In the oxidation studies recorded in Table ii ,  where a limited amount of TPN 
was added, the amounts of TPN H generated from (a) glucose 6-phosphate, (b) malate, 
(c) citrate + glucose 6-phosphate, (d) citrate 4- malate and (e) glucose 6-phosphate 
-,- malate were about the same. This indicates that  availability of TPN is the limiting 
factor in oxidations requiring this pyridine nucleotide by lactating rat mammary 
gland supernatant fractions. Since the amount of TPN added to these preparations 
was small as compared with the amount of TPNH produced, and furthermore since 
all of the TPN added was converted t,q TPNH within the first minute, regardless of 
the TPNH-generating substrate used (citrate, glucose 6-phosphate or malate), the 
reoxidation rate of TPNH must be the limiting factor in the oxidation of these three 
substrates. 

Citrate, when used as sole substrate, yielded considerablv less TPNH than did 
any combination of TPNH-generating substrates (Table II). This is obviously due 
to the limited enzyme activities (aconitase and isocitric dehydrogenase) in the reaction 
chain involved in the conversion of citrate to a-ketoglutarate + CO.v (Compare this 
with the small TPNH generation observed in liver preparations when malate was 
the sole substrate.) 

In the lactating mammary gland supernatant fractions, citrate oxidation was 
inhibited to about 80 % in the presence of excess glucose 6-phosphate and to about 
40% by excess malate (Table II). Malate oxidation was inhibited about 70% in 
the presence of excess glucose 6-phosphate and about 35 % by excess citrate. Gb,,cose 
6-phosphate oxidation was only slightly inhibited by the addition of excess citrate 
(I3 %) and somewhat more so by excess malate (30 %). 

When the results obtained in the substrate oxidation studies (Table I I) with liver 
and mammary  gland preparations are compared, it becomes clear that different 
affinities of the enzymes for TPN or different inhibitions of the enzyme reactions bv 
T P N H  cannot explain the influence of one substrate on the oxidation rate of another. 
For example, in liver preparations, glucose 6-phosphate oxidation is strongly inhibited 
by citrate, whereas in mammary  gland preparations, citrate oxidation is strongly 
inhibited by glucose 6-phosphate. Unless it be assumed that  the enz3Tnes involved 
in these reactions in the two tissues have quite different reaction characteristics, 
we can rule out the possibility that  their affinity for TPN or TPNH has a pronounced 
effect on the oxidation velocity of one substrate in the presence of another. Thus, 
when the availability of TPN is limited (presumably this is the case in the intact 
celPe, l~), the oxidation rates of TPNH-generating substrates are dependent mainly 
upon the relative enzymic activities of enz)~nes catalysing the oxidation of sub- 
strates. 

Experiments with particle-free snpernatant fractions prepared from mammary glands 
of rats in which lactation was interrupted by weaning of the pups: Table I I I  shows that 
the activities of glucose 6-phosphate-oxidizing enzT~anes and of the malic enzyme in 
the rat mammary  gland preparation declined rapidly on the first day after cessation 
of suckling. In  contrast to this, the activity of isocitric dehydrogenase rose signifi- 
cantly. Under conditions where TPN availability was limited, the oxidation of all 
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t h r e e  s u b s t r a t e s  (g lucose  6 - p h o s p h a t e ,  m a l a t e  a n d  c i t r a t e )  d e c r e a s e d  m a r k e d l y  a f t e r  

w e a n i n g ,  a r e s u l t  w h i c h  i n d i c a t e s  t h a t  T P N H  u t i l i z a t i o n  a l so  d e c l i n e s  a f t e r  w e a n i n g .  

B o t h  e f f ec t s  of  w e a n i n g ,  t h e  c h a n g e s  in  e n z y m i c  a c t i v i t i e s  a n d  t h e  d e c r e a s e  in  

t o t a l  T P N H  o x i d a t i o n ,  c a n  be  a r r e s t e d  w h e n ,  a f t e r  o n e  d a y  o f  w e a n i n g ,  t h e  p u p s  

a r e  r e t u r n e d  t o  t h e  m o t h e r  for  o n e  d a y .  

E n z y m i c  reactions involving the use q[ D P N  

Conversion o f  D P N  to T P N :  I n  s p e c t r o p h o t o m e t r i c  s t u d i e s ,  n o  c o n v e r s i o n  of  

D P N  t o  D P N H  w a s  o b s e r v e d  w h e n  c i t r a t e  o r  g l u c o s e  6 - p h o s p h a t e  o r  m a l a t e  w a s  in -  

c u b a t e d  w i t h  s u p e r n a t a n t  f r a c t i o n s  p r e p a r e d  f r o m  l i ve r  o r  l a c t a t i n g  m a m m a r y  g l a n d .  

W h e n ,  h o w e v e r ,  t h e  o x i d a t i o n  of  t h e s e  s u b s t r a t e s  w a s  m e a s u r e d  in  t h e  p r e s e n c e  of  

D P N  a n d  A T P  b u t  in  t h e  a b s e n c e  of  T P N ,  c o n s i d e r a b l e  o x i d a t i o n  o c c u r r e d  (Tab l e  IV) .  

TABI .E  IV 

T I ' N H  PRODUCTION FROM CITRATE AND GI.UCOSE 6-PHOSPHATE AS SOLE SUBSTRATES 
WITH VARYING AMOUNTS OF PYRIDINE NUCLEOTIDES 

For exper imenta l  details see Table 1 I. Each value is the  average of the  results  obtained with 
4 rats ,  and  i ts  s t andard  error, and is expressed as pmoles  T P N H  produced in 2 h. The supe rna t an t  
protein concentra t ions  varied from 28 to 32 mg per incubat ion mix ture  in the  exper iments  with 

normal  liver fract ions and  from 15 to z2 mg in m a m m a r y  gland experiments .  

Supernatant fract ions prepared from: 
Pyridine nucleotide added TPNH production calculated from: 

Citrate Glucose 6-phosphate 
(l~mo!es) (l,moles) (llmoles) 

Normal  liver None 20.8 ~ 1.2 20. 3 !: 0.6 
T t 'N  0.5 29.0 ~k x.z 28.6 :!= 0.4 
TI 'N i .o 29.8 = 0.6 e9. 5 := o.8 
T P N  2.0 30.4 :k 1.5 30.2 ~: I.O 
I)PN 0.5 Zl.5 :~ 2.3 21.3 = 0.5 
I) t 'N I.o 24.7 i= 4.8 z4.3 .-_ o.7 
I)PN 2.o 24.9 7:2.0 ~1.6 = z. 5 

Normal  liver (Dowex-r-treatcd) None 3.2 ::~ o.I 3.8 _~ 0.2 
TPN 0.5 2 5 . 0 - :  I. 4 2.5.2 ;: 1.9 
I)I 'N 0. 5 I4. 3 -!: 0.8 It). 3 ~: I. 5 

TI 'N + I)PN 0.5 + 0.5 25.0 = 2.2 -'4"[ ~ [.o 

Lacta t ing  m a m m a r y  glaml None 3. I : o.3 6.9 :: o.7 
T t 'N  0. 5 t8.2 ~ L9 25. 5 ~ 2.o 
TPN t.o I7.7 ~ 0.9 26.o ~ i . i  
TPN 2.0 I7.8 -~ 1.2 28. 5 7: i .o  
I)I 'N 0. 5 7.i -k 0. 4 i3. 9 - o. 7 
DPN Lo  io.8 :~ z.5 I7.7 ± o.5 
I)PN 2.0 14.7 :" ~-5 I7.9 ~ z.5 

I n  t h e s e  e x p e r i m e n t s  t h e  s u p e r n a t a n t  l i ve r  f r a c t i o n s  h a d  b e e n  t r e a t e d  w i t h  D o w e x -  

i - c h l o r i d e  3 t o  r e m o v e  e n d o g e n o u s  T P N .  I n  t h e  m a m m a r y  g l a n d  s u p e r n a t a n t  f r a c t i o n *  

a n d  in  t h e  D o w e x - t r e a t e d  l i ve r  . q u p e r n a t a n t  f r a c t i o n ,  o : d d a t i o n  o f  T P N H - g e n e r a t i n g  

s u b s t r a t e s  w a s  n eg l i g ib l e  o v e r  a p e r i o d  o f  2 h ,  w h e n  n e i t h e r  p y r i d i n e  n u c l e o t i d e  w a s  

a d d e d  ( T a b l e  IV) .  T h e  a d d i t i o n  o f  0 .5  tzmole  o f  D P N  a n d  of  A T P  (4 8 / ~ m o l e s  for  l i ve r  

a n d  I O / ~ m o l e s  fox m a m m a r y  g l a n d )  r e s u l t e d  in  a T P N - d e p e n d e n t  s u b s t r a t e  o x i d a t i o n  

" I t  was not  necessat T to t rea t  the  m a m m a r y  gland supe rna tan t  fraction with Dowex-i-chloride 
because the  endogenous levels of T P N  are low in t h a t  t issue (see Table IV). 
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which was about half that  observed with 0. 5 t,mole of TPN alone. These findings 
suggest that  mammary  gland and liver supernatant  fractions contain the enzymic 
equipment needed for the conversion of DPN to TPN in the presence of ATP and other 
cofactors. The abili ty of rat  liver m and lactating rat mammary  gland preparations 4 
to convert DPN to TPN in the presence of ATP has been previously demonstrated. 

Activities of DPN-dependen~ enzymes: Malic and lactic dehydrogenases were 
highly active in both liver and mammary  gland preparations. Triosephospbate de- 
hydrogenase, determined as described 19, was demonstrated only in the presence of 
arsenate. In  the absence of arsenate, DPNH generation from fructose 1,6-diphosphate 
could not be detected. Instead, a rapid oxidation of DPNH was observed with hexose 
diphosphate (18.8 :~ 0. 5 mtLmoles DPNH/mg protein/rain were oxidized by liver 
preparations, and 2o.1 ~ 1.3 m/,moles DPNH/mg protein/min were oxidized by 
mammary  gland preparations). This oxidation of DPNH with hexose diphosphate 
as substrate can be explained by  the presence of ~-glycerophosphate dehydrogenase 
in the liver and mammary  gland preparations. 

By the use of [I,5-x4C2]citrate, some act ivi ty of a-ketoglutaric dehydrogenase 
could be demonstrated in all preparations*. This activity was determined by calcu- 
lating the release of 14CO2 by oxidation of the labeled citrate by  the ~-ketoglutaric de- 
hydrogenase system**. This system was capable of oxidizing only 0.50 -t- o. 15 mr,mole 
of ~-ketoglutarate/mg protein/min in the experiments with liver, and 0.45 ~ 0.08 in 
the experiments with lactating mammary  tissue. Spectrophotometric measurements,  
usually performed over short intervals of time, failed to detect the act ivi ty of this 
enzyme, but  by a study of the oxidation of a4C-labeled compounds over a:~ extended 
period, a low activity of this enzyme could be detected in the supernatant  fraction. 
I t  should be mentioned, however, that  the bulk of ~-ketoglutarate dehydrogenase 
activity is associated with the mitochondria. 
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