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Summary 

Three electrophoretically distinct forms of phosphoglucomutase ((Y-D- 
glucose-1,6-diphosphate:(\1-D-glucose-l-phosphate phosphotransferase, 
EC 2.7.5.1) were found in rat adipose tissue. The most anodal form, in 
contrast to the other forms, did not require added Mg2+ for maximal activity. 
All three forms were activated by imidazole. Only those forms which were 
activated by added Mg2+, were reduced in diabetes and increased by insulin. 
ATP was a potent inhibitor of all three forms. This inhibition was pH 
dependent. 

Phosphoglucomutase (a-D-glucose-1,6-diphosphate:a-D-glucose-l- 
phosphate phosphotransferase, EC 2.7.5.1), catalyzes the interconversion of 
glucose l-phosphate and glucose 6-phosphate. Glucose 6-phosphate lies at the 
crossroads of glucose metabolism. Our interest in the regulation of glycolysis 
[ 1, 21 and of isoenzymes from the hexose-monophosphate shunt [ 3-61 has 
led us to examine the response of the multiple forms of this enzyme from rat 
adipose tissue, to various regulatory conditions. 

Epididymal fat pads from male albino rats (120-15Og) were homogenized 
in co1.d distilled water (0.1 ml of water per g of pooled fat pads from 4 rats) for 
10 s in an ice bath using a Willems-Polytron-Homogenizer (Model PT 10 ST 
“OD”, Kinematica) at a setting of 5. The homogenate was centrifuged at 4°C 
for 35 min at 15 000 X g. Aliquots of 1.25 yl (0.020-0.040 mg protein) of the 
clear supernatant were placed on cellogel strips using the Beckman microzone 
electrophoresis cell (Model R-101). Conditions for electrophoresis and color 
development are given in the figure legends. Controls were run simultaneously 
in which the substrate, coenzyme or the auxiliary enzyme was omitted. An- 
other part of the clear supernatant solution was diluted with an equal volume 
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Fig. 1. The effect of Mg 2+ and imidazole on the electrophoretically distinct phospho- 
glucomutases from rat adipose tissue. A, with Mg 2+ and imidazole; B, without Mg2+; C, 
without imidazole. Electrophoresis on cellogels strips at 250 V for 1 h in 7 • 10 -4 M citric 
acid and 4 3 . 1 0 - 4  M Na2HPO + (pH 7.0). After electrophoresis the cellogels were cut into 
three parts. One part (A) was developed for phosphoglucomutase activity at 37 °C for 
30 min in a reaction mixture consisting of 40 mM imidazole--HC1 (pH 7.5), 3 mM MgC12, 
1.5 mM EDTA, 50 mM Tris (pH 7.5), 2 mM glucose 1-phosphate, 10 uM glucose 1,6-di- 
phosphate, 3 units- ml-~ glucose-6-phosphate dehydrogenase (Sigma), 0.5 mM NADP +, 
0.1 mM phenazine methosulfate and 0.4 mM nitro-blue tetrazolium. The other two parts 
were developed in an identical medium, except for absence of MgC12 (B), or absence of 
imidazole (C). 20 experiments were carried out with identical results. 

of  co ld  disti l led wa te r  and  10-pl a l iquots  ( 0 . 0 7 5 - - 0 . 1 5 0  mg pro te in )  were  
used for  m e a s u r e m e n t s  of  to ta l  e n z y m a t i c  ac t iv i ty  by  the  s p e c t r o p h o t o m e t r i c  
m e t h o d  used  by  D a w s o n  and Mitche l t [7] .  I t  should  be  n o t e d  t ha t  the  ac t iv i ty  
of  the  auxi l iary  e n z y m e  (g lucose -6 -phospha te  dehydrogenase ) ,  which  was 
added  in excess,  was no t  a f f ec t ed  by  the  d i f f e ren t  cond i t ions  inves t iga ted  in 
the  p resen t  s tudy .  Pro te in  was e s t ima ted  by  the  m e t h o d  of  L o w r y  et  al. [8]. 

Three  e l ec t rophore t i ca l l y  d is t inc t  f o r m s  o f  p h o s p h o g l u c o m u t a s e  were  
f o u n d  in ra t  ad ipose  t issue (Fig. 1A). T h e y  were  des ignated  as 1--3  (1, being 
the  fas tes t  migra t ing  anoda l  band) .  The  s lowest  migra t ing  e n z y m e ,  was the  
largest  in a m o u n t ,  s imilar ly to  the  f indings in some  o the r  t issues [7, 9 ] .  In 
these  e x p e r i m e n t s  Mg 2+ and imidazole ,  which  axe k n o w n  as ac t iva tors  o f  the  
e n z y m e  [ 1 0 ] ,  were  p resen t  in the  reac t ion  mix tu re .  When Mg 2+ was o m i t t e d  
f r o m  the r eac t ion  m i x t u r e  (Fig. 1B), f o r m s  2 and  3 a lmos t  c o m p l e t e l y  dis- 
appeared ,  whereas  the  ac t iv i ty  of  f o r m  1 was unchanged .  The  ac t iv i ty  of  this 
f o r m  could  no t  be due  to  residual  t races  of  Mg 2+ in the  sys tem,  since it did 
no t  change even w h e n  E D T A  was added  in c o n c e n t r a t i o n s  ten to t w e n t y  t imes  
higher ( f o rms  2 and 3 c o m p l e t e l y  d i sappea red  unde r  these  condi t ions) .  When 
imidazo le  was o m i t t e d  f r o m  the reac t ion  m i x t u r e  (Fig. 1C), there  was a 
r educ t ion  in the ac t iv i ty  of  all th ree  forms .  These  e x p e r i m e n t s  reveal  t h a t  
f o r m s  2 and  3 are s t rongly  ac t iva ted  by  added  Mg 2+ fo r  m a x i m a l  ac t iv i ty .  All 
th ree  f o r m s  are ac t iva ted  by  imidazole .  
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Fig. 2. Tlae effect of alloxan diabetes and insulin on the different forms of phosphogluco- 
mutase from rat adipose tissue. A, adipose tissue from normal rats; B, adipose tissue from 
diabetic rats. Diabetes was induced in rats starved for 24 h, by injection of alloxan mono- 
hydrate (190 mg. k g -  ~ rat, subcutaneously). The animals were allowed unlimited access to 
food until being killed (after 48 h). C, adipose tissue from diabetic rats treated with insulin 
(protaminc zinc insulin, 4 units. 100 g-~ rat. d a y - ' ,  given subcutaneously in 2 divided 
doses each day for 48 h). Electrophoresis and color development were conducted as for 
Fig. 1A. 20 experiments were carried out with identical results. 

Cell f r ac t i ona t ion ,  by  a m e t h o d  prev ious ly  descr ibed  [4] showed  tha t  
all the  th ree  fo rms  of  p h o s p h o g l u c o m u t a s e  are p resen t  exclus ively  in the  
c y t o p l a s m .  

The  ac t iv i ty  of  p h o s p h o g l u c o m u t a s e  in musc le  and  liver was r e p o r t e d  
to be increased by  admin i s t r a t i on  of  insulin [11- -13] .  Since select ive changes  in 
the  d i f f e ren t  e n z y m e  f o r m s  c a n n o t  be de t ec t ed  in m e a s u r e m e n t s  of  t o t a l  
e n z y m a t i c  ac t iv i ty ,  we have u n d e r t a k e n  an inves t iga t ion  of  the  e f f ec t  o f  
a l loxan d iabe tes  and  insulin on the  d i f f e ren t  f o r m s  of  p h o s p h o g l u c o m u t a s e  
f r o m  the ra t  ad ipose  tissue. Fig. 2 reveals  t h a t  the  act ivi t ies  o f  f o r m s  2 and  3 
were  r educed  in d iabe tes  and  increased above  n o r m a l  by  insulin t r e a t m e n t .  
The  ac t iv i ty  o f  f o r m  1, however ,  was re la t ively  u n a f f e c t e d  b y  these  condi t ions .  
S p e c t r o p h o t o m e t r i c  m e a s u r e m e n t s  revealed t ha t  the  to t a l  ac t iv i ty  o f  the  
ad ipose  tissue p h o s p h o g l u c o m u t a s e  dec l ined  to  67 + 3% of  the n o r m a l  values, 
as a resul t  o f  d iabetes ,  and  increased to 127 + 6% of  the  no rma l  values,  
fo l lowing  insulin t r e a t m e n t  {values are means  + S.E. for  11 expe r imen t s ,  
P < 0 .001) .  

I t  is in teres t ing  t ha t  on ly  those  f o r m s  of  p h o s p h o g l u c o m u t a s e  which  
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Fig. 3. The  effect  of  ATP o n  the  d i f f e ren t  fo rms  of  p h o s p h o g l u c o m u t a s e  f rom ra t  adipose  
tissue. A, w i t h o u t  ATP;  B, w i th  10 mM ATP; C, w i th  5 mM ATP; D, w i th  1 mM ATP. 
E lec t rophores i s  was c o n d u c t e d  as for  Fig. i a f te r  w h i c h  t he  cellogels were  cut  in to  four  parts  
Color  d e v e l o p m e n t  of  each par t  was carr ied ou t  as descr ibed in Fig. 1A, in the  absence  (A) 
and  presence  (B--D)  of  the  nuc l eo t ide  at  d i f f e ren t  concen t r a t i ons .  20 e x p e r i m e n t s  were  
carr ied ou t  w i th  ident ical  results.  

require added Mg 2+ for maximal activity (forms 2 and 3, see Fig. 1), are 
affected by diabetes and insulin. It is possible that  these effects may result 
from changes in magnesmm metabolism [14, 15].  We have observed earlier a 
similar behaviour of the isoenzymes of glucose-6-phosphate dehydrogenase 
from the rat adipose tissue; here also only those isoenzymes which were 
activated by Mg 2+ [4] ,  were affected by diabetes and insulin [3] .  

The total activity of phosphoglucomutase from rabbit muscle and 
Escherichia coli was reported to be inhibited by several nucleotides [16] .  
Considering the important  role of adenine nucleotides in the control  of carbo- 
hydrate metabolism, we have undertaken an investigation of their effects on 
the different  forms of phosphoglucomutase from the rat adipose tissue. As 
shown in Fig. 3, ATP strongly inhibited the activities of all three phospho- 
glucomutases. The degree of inhibition was dependent  on the concentra t ion of 
ATP. Other adenine nucleotides, viz. ADP, AMP and adenosine cyclic 3':5'- 
monophosphate ,  had no significant effect  when added at physiological 
concentrat ions.  The inhibition of the enzyme by ATP could be reversed by an 
increase of  the glucose 1,6-diphosphate concentrat ion.  We also found that the 
inhibition by ATP was pH dependent ;  the enzyme was more sensitive to ATP 
inhibition at pH 7.0 than at pH 7.5. Therefore  phosphoglucomutase behaves 
similarly to phosphofructokinase.  Thus at pH 7.5, 5 mM ATP caused a 55 + 5% 
inhibition of the total enzymatic  activity, whereas at pH 7.0, 5 mM ATP 
caused a 89 i 9% inhibition (the values are means + S.E. for 10 experiments,  
P < 0.001). 
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The  s t rong  inh ib i to ry  e f f ec t  o f  ATP,  when  cons idered  in c o n n e c t i o n  
wi th  its c o n c e n t r a t i o n s  in tissues, suggests t ha t  this nuc leo t ide  m a y  p lay  a 
phys io logica l  role  in con t ro l l ing  the ac t iv i ty  of  p h o s p h o g l u c o m u t a s e  in vivo. 
Such con t ro l  m a y  c o m p l e m e n t  p h o s p h o f r u c t o k i n a s e  regula t ion.  The  
inh ib i to ry  e f fec t  o f  ATP on p h o s p h o f r u c t o k i n a s e  of  i tself  m a y  be inadequa te  
since p h o s p h o g l u c o m u t a s e  reac t ions ,  which  are regarded  as the  pr inciple  source  
of  glucose 1 ,6 -d iphospha te  in cells [17, 18 ] ,  m a y  provide  enough  glucose 1,6- 
d i p h o s p h a t e  to  reac t iva te  p h o s p h o f r u c t o k i n a s e .  I t  is k n o w n  tha t  glucose 1,6- 
d i p h o s p h a t e  is one  of  the  s t ronges t  ac t iva tors  a n d / o r  de inh ib i to r s  o f  phosph ,>  
f ruc tok inase  [19,  20 ] .  Thus  the  addi t iona l  b lock  induced  by  ATP on the  
p h o s p h o g l u c o m u t a s e  activit ies,  m a y  p reven t  this reac t iva t ion .  A similar 
c o m p l e m e n t a r i t y  by  ATP was observed  in our  earlier s tudies [21]  be tween  
aldolase and  p h o s p h o f r u c t o k i n a s e .  

A c k n o w l e d g m e n t s :  We t h a n k  Mrs A. Wroz lawsky  for  her  exce l len t  
technica l  assistance.  This research was s u p p o r t e d  in par t  by  the  Research  
C o m m i t t e e ,  Bar-Ilan Univers i ty .  
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