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S U M M A R Y  

The pH-act ivi ty  profiles of pure glyceraldehyde-3-phosphate dehydrogenase 
(EC I 2 i 12) from rabbit muscle, liver and heart are compared with the profiles ob- 
tained in crude extracts of these tissues No significant differences were found among 
the pure enzymes and the crude extracts with the exception of unusual activity of the 
crude heart extract at a low pH These findings suggest that there are no significant 
differences m the properties of this enzyme In different rabbit tissues and that there 
are no readily detectable alterations of the enzymatic activity in the physiological 
pH range as the result of interaction with other Intracellular components These fin- 
dings are discussed in relation to the behavior of other glycolytlc enzymes 

INTRODUCTION 

This study was carried out to determine if there are functional differences in 
the activity of glyceraldehyde-3-phosphate dehydrogenases (EC I 2 I 12) in the 
complex environments of different mammalian tissues The approach used here was 
to measure the activity of the enzyme in crude extracts of various rabbit tissues under 
standard conditions and over a wide range of pH values and to compare this activity 
with that of the purified enzymes The situations which we wanted to evaluate were 
(I) whether the intrinsic activity of glyceraldehyde-3-phosphate dehydrogenase from 
various rabbit tissues was identical with respect to the parameter chosen, and (2) 
whether the activity of the enzyme in each crude tissue extract was modified by inter- 
actions with other small molecules or proteins 

M E T H O D S  

Frozen tissues of New Zealand white rabbits were obtmned from Pel-Freez 
BIologicals Each tissue was thawed, minced and suspended in a volume of buffer 
(0.02 M phosphate, I mM EDTA, I mM dlthlothreitol, pH 7 5) equal to the weight of 
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the tissue The suspension was homogemzed for 2 rain an a Sorvall Omnl-Mlxer at top 
speed and was centrifuged at 27 ooo × g for 20 mln Then the supernatant solution was 
filtered through glass wool to gave the crude enzyme preparation 

Spectrophotometrlc enzyme assays were carried out in solutions of 2 o mM 
NAD, IO mM sodium arsenate, 2 o mM DL-phosphoglyceraldehyde and o 066 M buffer 
The buffers utilized were citrate, acetate, phosphate, pyrophosphate and glycine 
covering the pH range 3 o - Io  o 

Purified rabbit muscle glyceraldehyde-3-phosphate dehydrogenase was pur- 
chased from Sigma The purified enzyme from rabbit heart and liver were obtained by 
chromatography of the crude tissue preparations on cellulose phosphate in a buffer 
of o 02 M phosphate, i mM EDTA and I mM dlthlothreltol (pH 6 5) The enzyme was 
eluted by KC1 in the same buffer In typical experiments the enzyme was eluted 
between o 15 and o 2 M KC1 The enzyme is routinely eluted lust before a peak con- 
tainmg a red protein or proteins In liver preparations the glyceraldehyde-3-phosphate 
dehydrogenase is often contaminated with a yellow protein A repeat of the chromato- 
graphic procedure is usually sufficient to obtain hver glyceraldehyde-3-phosphate 
dehydrogenase which shows a single band on disc-gel electrophoresis This chromato- 
graphic procedure can also be used to purify the enzyme from rabbit muscle 
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Fig I pH-act iv l ty  profiles of rabbit muscle glyceraldehyde-3-phosphate dehydrogenase Pure 
rabbit muscle glyceraldehyde-3-phosphate dehydrogenase ((2)), crude homogenate of rabbit 
muscle (O) 

Fig 2 pH-act lvl ty  profiles of glyceraldehyde-3-phosphate dehydrogenase from rabbit liver, brain 
and kidney Crude homogenates of rabbit liver ((2)), b r im  (O), kidney (×) ,  pure rabbit hver 
glyceraldehyde-3-phosphate dehydrogenase (+) 

RESULTS A~/D DISCUSSION 

In Fig I are shown tile pH-act lvl ty  profiles for pure rabbit muscle glyceralde- 
hyde-3-phosphate dehydrogenase and the crude muscle extract The pH optimum of 
8 7 for the pure enzyme was first reported by CORI et al 1, and a sharp decrease In 
enzymatic activity at higher and lower pH values is apparent both in the crude and 
purified enzyme preparations The pH-act lvl ty  curves obtained with crude extracts 
of liver, kidney and brain and pure hver glyceraldehyde-3-phosphate dehydrogenase 
are shown in Fig 2 These curves are virtually identical and differ only slightly from 
those of muscle 

B~och*m Bwphys  Acta, 185 (1969) 305-309 



GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE 307 

12o- 

tOO- 

o 80- 

60' 

~ 4o ""', ! 
3 ~ g g ÷ g 9 Ib 

pH 

Fig 3 pH-ac t lv l ty  profiles of glyceraldehyde-3-phosphate dehydrogenase from rabbi t  heart .  
Crude homogenate of frozen hear t  (©), fresh rabbi t  hear t  (O), frozen rabbi t  hear t  before ( × ) and 
after (+ )  ultracentrlfugatlon,  pure rabbi t  hear t  glyceraldehyde-3-phosphate dehydrogenase (A) 

The pH-act ivl ty  profiles of three crude heart extracts and pure heart glyceralde- 
hyde-3-phosphate dehydrogenase are shown in Fig 3 From pH 5 to IO, these curves 
are virtually identical with those in Fig 2 However at lower pH values, there is an 
increase in the apparent activity of the enzyme in crude heart extracts This effect has 
been quite variable from preparation to preparation for as yet unexplained reasons 
Controls for turbidity or endogenous Interfering enzymatic activities, such as alcohol 
dehydrogenase, have been tested and cannot account for the observed activity The 
pure heart enzyme shows no corresponding enzymatic activity at a low pH The 
activity at a low pH is retained by the crude heart extract on storage over a period of 
several days In one experiment a crude heart extract was centrifuged at 30 ooo rev / 
mm for 30 mm m a Spmco Model L ultracentrifuge Almost all actlwty at a low pH 
was lost during the procedure which suggests that particulate fractions are involved 
in the unusual activity 

The results of this work show that there is very httle difference in the pH-act lvl ty  
profiles of pure glyceraldehyde-3-phosphate dehydrogenase isolated from rabbit 
muscle, liver or heart In addition, there is no difference in the mobility on disc-gel 
electrophoresls of the purified enzymes as they are obtained by the procedure described 
above Although these observations in themselves are insufficient to establish that 
these enzymes are identical, they do mchcate that if structural chfferences do exist, 
they do not affect the gross structural and functional properties examined here. 

Perhaps the more interesting question in a physiological context is whether these 
enzymes in the more complex mtracellular envlromnent are altered in function either 
by the familiar allosterlc mechanisms or by other mechanisms perhaps involving 
protem-protem or membrane-protem interactions Although the crude homogenate 
procedures used in this study may not reproduce the intracellular environment, they 
do permit a rapid survey for such possible modifications of enzyme activity within the 
cell The experiments reported here indicate that in muscle, liver, brain and kidney, 
no such Interactions occur which affect the activity of the enzymes with respect to the 
parameters investigated The single exception noted is that  of the crude heart extract 
Although the activity detected at a low pH in these extracts is undoubtedly not 
physiologically significant in itself, the observation shows that the glyceraldehyde-3- 
phosphate dehydrogenase activity in the crude extract in this respect is not accounted 
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for by the behavior of the pure enzyme The fact that  part  of the low pH act ivi ty  IS lost 
following ultracentrifugatlon suggests the involvement of a particulate fraction in 
this act ivi ty  

Although there has been no previous report of dehydrogenase act ivi ty of 
glyceraldehyde-3-phosphate dehydrogenase at a low pH, the phosphatase act ivi ty of 
the enzyme from skeletal muscle occurs at pH values below 7 and S-acylatlon of the 
enzyme with acetyl phosphate occurs at pH 4 6 (refs 2, 3) 

There are now reports in the li terature of the purification of rabbit  glyceralde- 
hyde-3-phosphate dehydrogenase from skeletal muscle 4,5, brain e and a prehmmary 
report on hver 7 From the information available in these papers, there is no indication 
of major structural  differences among these purified enzymes although there are 
prehmmary Indications of a difference in the kinetic properties of the hver and muscle 
enzymes I While the punficatlon procedure used in this paper is technically simpler 
than those pubhshed, the resulting enzyme does not appear to be significantly different 
from those obtained in the multiple-step methods The additional reformation in this 
paper leads to the conclusion that  the pH dependence of the act ivi ty  of the enzyme m 
crude extracts  of the tissues is lndlstmgulshable from that  of the purified enzymes 
(with the exception of the heart enzyme at a low pH) 

This conclusion leaves two anomahes unresolved At the physiological pH of 
about 7 4, the act ivi ty of glyceraldehyde-3-phosphate dehydrogenase is well below 
its maximal  act ivi ty  Obviously the low catalyt ic  efficiency of the enzyme can be 
counterbalanced by increasing the lntracellular concentration of the enzyme, but this 
is accomplished at the cost of some energy expenditure to the cell Unless there are 
other unknown functions which this enzyme carries out m the cell, it appears either 
that  selective pressures have tolerated the inefficiency of this enzyme or that  the local 
conditions within the cellular environment which may permit a more efficient turnover 
of the enzyme have not been reproduced expernnentally 

The second anomaly rests in the question of isoenzymes For the purpobes of 
this discussion we shall h i l t  the definition of lsoenzymes to those enzymes derived 
from a common genetic pool which catalyse the same reaction but  differ in pr imary 
structure A number of the glycolytlc enzymes have now been shown to occur as 
isoenzymes In mammalian tissues there is now evidence for lsoenzymen of hexo- 
klnasea, 9, phosphoglucomutase 10, aldolase 11, phosphoglycerate mutase TM, enolaselZ, 14, 
pyruvate  kmase15, ~6 and lactate dehydrogenase ~L18 Most of the other enzymea have 
not yet been mvestlgated in this respect In most examples where lsoenzynies have been 
shown to occur, the case has been made that  the structural  differences have been 
maintained because there are functional differences among the isoenzymes related to 
the regulation of act ivi ty within the different cell types 19 LEBHERZ AND RUTTER 2° 
have now shown that  electrophoretlcally distinct isoenzymes of glyceraldehyde-3- 
phosphate dehydrogenase occur in turtle, perch, trout, spinach and yeast but  that  no 
such forms occur in rabbit ,  rat,  chicken, honeybee, Euglena or Escher, chza col, By 
using the lsoelectrlc focusing technique, KOCHMAN AND RUTTER 6 have been able to 
demonstrate the existence of mlcroheterogenelty in rabbit  muscle and brain glyceralde- 
hyde-3-phosphate dehydrogenase, but  it is not yet clear whether these bands represent 
true lsoenzymes Such mlcroheterogenelty might be due mstead to different states of 
aggregation, conformatlonal differences or varying numbers of bound hgands within 
a population of identical proteins If, a~ IS suggested by  our ~tudles, there are no rune- 
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t l o n a l  d i f f e rences  a m o n g  t h e  g l y c e r a l d e h y d e - 3 - p h o s p h a t e  d e h y d r o g e n a s e s  w l t h m  a 

t i s s u e  or  a m o n g  d i f f e ren t  t i s sues ,  o n e  m u s t  t h e n  a s k  w h y  l s o e n z y m e s  o c c u r  in  t h e  o t h e r  

spec ies  a n d  h a v e  b e e n  los t  a t  l e a s t  in  t h i s  m a m m a l  I n  a r e l a t e d  q u e s t i o n ,  i f  s e l ec t i ve  

pl e s su r e s  h a v e  s e r v e d  to  e l i m i n a t e  m u l t i p l e  f o r m s  o f  t h i s  e n z y m e ,  w h y  h a v e  n u m e r o u s  

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

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

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

of  t h e  p o s t u l a t e d  c o n t r o l  m e c h a n i s m s  w i t h i n  t h e  g l y c o l y t l c  p a t h w a y  a l o n e  ~1 s u g g e s t s  

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

e x a m i n a t i o n  of  t h e  e n z y m e s  o f  t h i s  p a t h w a y  
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