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Summary 

We devised a method of polyacrylamide gel electrophoresis at pH 7.3, modi- 
fied by omitting base catalyst, N,N,N’,N’-tetramethylethylenediamine, in the 
preparation of separating gels. Using this method, both liver and liver-like types 
of rat glycogen phosphorylase (l,&-D-glucan :orthophosphate cu-glucosyl- 
transferase, EC 2.4.1.1) were resolved into multiple forms, about 6-10, 
although either of them was purified to a single protein with the same molec- 
ular size on sodium dodecyl sulfate gel electrophoresis. The microheterogeneity 
of these two types was also confirmed by isoelectric focusing in polyacrylamide 
gels (pH 5-S). The major isoelectric points of the liver type phosphorylase 
were between 5.72 and 5.86, but those of the liver-like type were between 5.86 
and 5.92, and so the former had slightly but significantly lower isoelectric 
points than the latter. However, the both types were not distinguished 
immunologically. The brain and muscle types of rat phosphorylase did not 
show such a distinct heterogeneity by the same electrophoresis methods. 

Introduction 

It is well established that there are at least three types of glycogen phos- 
phorylase isozyme, namely muscle, brain (or fetal) and liver types in mam- 
malian organs in common [l-7]. One of the great differences among them is 
evident in catalytic properties of their dephosphorylated form (b or inactive 
form). Muscle and brain phosphorylase b forms exhibit their activities in the 
presence of AMP, whereas liver phosphorylase b is inactive even in the presence 

Abbreviations: TEMED, N,N,N’,N’-tetramethylethylenediamine: SDS, sodium dodecyl sulfate. 
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of this nucleotide and requires further sulfate ion for the full activity [8]. The 
liver type isozyme is located predominantly in the liver, but it is also present in 
other adult tissues such as ovary, spleen, kidney, testis, lung, stomach, . and 
small intestine, and also in fetal tissues and transplantable hepatomas [9--11]. 
This type in these tissues is similar to the type in the adult liver immuno- 
chemically and kinetically in requiring sulfate ion for activities, but it has the 
slightly smaller mobility on polyacrylamide gel electrophoresis [9,10] by the 
method of Takeo and Nakamura (pH 8.9) [12]. We designated previously this 
type as liver-like type [9,10]. In this study we investigated the differences 
between liver and liver-like types on polyacrylamide gel isoelectric focusing (pH 
5--8) as well as on polyacrylamide gel electrophoresis by the method of 
Yonezawa and Hori [13], modified by omitting base catalyst TEMED in the 
separating gels (pH 7.3). Both enzymes were purified to a single protein, 
respectively, and compared with each other. We found different microhetero- 
geneities between them. 

Materials and Methods 

Assay of glycogen phosphorylase. Glycogen phosphorylase was assayed in 
the direction of glycogen synthesis by measuring Pi liberated from glucose 
1-phosphate determined by the method of Fiske and SubbaRow [14]. The 
assay mixture was the same as reported previously [6]. The activities of the b 
forms of the liver and liver-like type phosphorylases were assayed in the pres- 
ence of 0.5 M Na2SO4 together with 1 mM AMP. Protein was determined by 
the method of Lowry et al. [15]. 

Enzyme sources. Sprague-Dawley rats weighing about 250 g were used and 
the Yoshida ascites hepatoma AH66F [10] was propagated by intraperitoneal 
implantation and was harvested within 6--7 days after inoculation. 

Polyacrylamide gel electrophoresis. This was performed according to the 
method of Yonezawa and Hori [13], slightly modified as follows. The 
separating gels without TEMED (5 X 50 mm) were polymerized by incubating 
them at 37°C overnight (15--20 h). Samples with 80 munits in 15% sucrose 
solution were directly applied to large pore gels without making sample gels. 
Electrophoresis was carried out at constant current 0.5 mA/column at 4°C until 
bromophenol blue moved 1 cm into the separating gels, and then the current 
was raised to 1 mA/column. 

Polyacrylamide gel isoelectric focusing. This was performed according to the 
method of Drysdale et al. [17] with slight modification at pH 5 to 8 in 6% 
polyacrylamide gel (2.5 × 50 mm) using 0.02 N H2SO4 as anolyte. Samples with 
10--20 munits activities were applied to separate columns. After isoelectric 
focusing at 250 V for 5 h at 4°C, the gels were incubated for 30 min to 1 h in 
40 mM Tris-maleate, pH 6.1, containing 40 mM glucose 1-phosphate and 2% 
hydrolyzed glycogen with and without 2 mM AMP and/or 0.75 M Na2SO4. At 
the end of the incubation time the gels were stained by immersing them in an 
iodine solution as reported previously [9,10]. 

SDS polyacrylamide gel electrophoresis. This was performed according to 
the method of Weber and Osborn [ 16] at 7.5% acrylamide concentration. 

Specific antibodies to muscle, brain, liver, and liver-like type phosphorylases. 
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They were prepared in rabbits as reported previously [6]. 
Chemicals. Glucose 1-phosphate, AMP and glycogen (from shell fish) for 

phosphorylase assay were obtained from Boehringer Mannheim, F.R.G.; 
Ampholine carrier ampholites from LKB Produkter  AB, Sweden; glycogen 
(from oyster) for enzyme activity staining after isoelectric focusing and poly- 
acrylamide gel electrophoresis from Nakarai Chemicals, Kyoto ,  Japan; Freund's 
complete adjuvant from Iatron Laboratories, Tokyo,  Japan, and other reagents 
from Wako Pure Chemical Industries, Osaka, Japan. The hydrolyzed glycogen 
for staining of  phosphorylase in gels was prepared as follows: 10% of  the glyco- 
gen suspension was hydrolyzed in 0.05 N HC1 at 100°C for 30 min, then cooled 
and neutralized with 2 M Tris. 

Results 

Purification of each type of phosphorylase 
The muscle type  isozyme from the skeletal muscle was recrystallized 3 times 

according to the method of  Sevilla and Fischer [18]. The liver type isozyme 
from the rat liver was prepared according to the method of Appleman et al. 
[8], slightly modified as follows: 105 000 X g precipitate was suspended in 10 
mM Tris-HC1, pH 7.4, containing 1 mM EDTA and 15 mM 2-mercaptoethanol 
(buffer A) and this suspension without  amylase digestion was directly applied 
to a column of  DEAE-ceUulose equilibrated with the above buffer and eluted 
with 0--0.4 M NaC1 gradient. The brain type  and liver-like type  isozymes were 
prepared from the rat brain and AH66F cells, respectively. The rat brain was 
homogenized with a Teflon glass homogenizer in 4 volumes of  62.5 mM Tris- 
HC1, pH 7.4, containing 25 mM 2-mercaptoethanol and 6.25 mM EDTA, and 
AH66F cells were sonicated at 9 KHz, 200 W, with a Kubota  Insonator model  
200 M (Japan). The homogenate was centrifuged at 5000 X g for 10 min, and 
the supernatant was incubated at 30°C for 45 min to convert a form phos- 
phorylases into b forms, and centrifuged at 105 000 X g for 45 min. The super- 
natant  was brought to 0.5 saturhtion with (NH4)2SO4 and the precipitate was 
dissolved in the buffer  A, and then to this medium was added the suspension of  
glycogen purified from rabbit  liver [10],  which contained no detectable protein 
on polyacrylamide gel electrophoresis, to final concentrations of  1.5--2.0%. 
The suspension was left at 4°C for 20 min, and then centrifuged at 105 000 X g 
for 45 min. This glycogen precipitation step was repeated 2--3 times. The 
specific ant ibody to the muscle or brain isozyme prepared in rabbits was added 
to the brain or AH66F glycogen precipitate fraction, respectively, to absorb the 
muscle type and its hybrid with the brain type  in the brain tissue, or the brain 
type  and its hybrid with liver-like type in AH66F cells [10].  This mixture was 
left at 40C for 20 h and centrifuged at 10 000 × g for 10 min and the super- 
natant was applied to a column of DEAE-cellulose, and eluted with 0--0.4 M 
NaC1 gradient. The fractions containing the phosphorylase activity were con- 
centrated in a collodion bag and dialyzed against the buffer A. When phos- 
phorylase activity was detectable in the 105 000 X g precipitate fraction from 
AH66F homogenate,  the fraction was suspended in the buffer A and digested 
with human salivary a-amylase at 4°C for 20 h, and centrifuged at 105 000 X g 
for 45 min. The supernatant was applied to a column of  DEAE-cellulose 



T A B L E  I 

P U R I F I C A T I O N  O F  L I V E R - L I K E  T Y P E  P H O S P H O R Y L A S E  F R O M  A H 6 6 F  C E L L S  

Deta i l s  o f  p r o c e d u r e  a re  g iven  in  t h e  t e x t .  The  s t a i n i n g  m a t e r i a l  w a s  1 2 5  m l  o f  A H 6 6 F  p a c k e d  cells.  
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F r a c t i o n  T o t a l  T o t a l  Spec i f i c  Yie ld  
p r o t e i n  a c t i v i t y  a c t i v i t y  (%) 
( rag)  (un i t s )  ( u n i t s / m g )  

Pur i f i -  
c a t i o n  
( - fo ld)  

C r u d e  e x t r a c t  9 5 6 4  3 5 9  0 . 0 3 8  
1 0 5  0 0 0  X g s u p e r n a t a n t  * 6 7 6 0  1 9 2  0 . 0 2 8  
( N H 4 ) 2  SO4 (0---50%) f r a c t i o n  4 3 7 3  1 7 9  0 . 0 4 1  
G l y c o g e n  p r e c i p i t a t e ,  a b s o r b e d  b y  

a n t i b o d y  t o  b r a i n  t y p e  23  1 2 0  5 . 2 1 7  
E l u a t e  f r o m  D E - 5 2  c h r o m a t o g r a p h y  9 .9  8 2  8 . 2 8 2  

1 0 0  1 
5 3 . 5  0 . 7 4  
4 9 . 9  1 . 0 8  

2 3 . 4  1 3 7 . 3  
2 2 . 8  2 1 8 . 0  

* In  1 0 5  0 0 0  × g p r e c i p i t a t e  f r a c t i o n ,  3 4 . 7 %  o f  p h o s p h o r y l a s e  ac t iv i t ies  w e r e  r e c o v e r e d ,  a n d  th i s  f r a c t i o n  
w a s  a lso  u s e d  f o r  p t t r i f i c a t i o n  o f  t h e  Hver-like i s o z y m e ,  as  d e s c r i b e d  o n  t h e  t e x t .  F i n a l l y ,  r e c o v e r y  w a s  
1 3 . 3 % ,  a n d  t h e  spec i f i c  a c t i v i t y  w a s  7 . 8 3  u n i t s / r a g  p r o t e i n .  

equilibrated with the buffer A, and eluted step-wisely with 0.4 M NaC1. To the 
fractions containing the activity the rabbit liver glycogen was added and the 
same glycogen precipitation procedure described above was performed. The 
typical purification procedure for liver-like type phosphorylase from AH66F 
cells is shown in Table I. 

Microheterogeneity of liver and liver-like type phosphorylases 
To the respective purified enzymes 1.5 volumes of 6.5 mM HCl-imidazole 

solution, pH 6.8, containing 25% sucrose were added and 0.1 ml of the solution 

Fig.  1.  E l e c t r o p h o r e t i c  p a t t e r n s  o f  p u r i f i e d  f o u r  t y p e s  o f  r a t  p h o s p h o r y l a s e  b - f o r m  in  p o l y a c r y l a r n i d e  gel  
p o l y m e r i z e d  w i t h  (A)  a n d  w i t h o u t  T E M E D  (B).  1 ,  b r a i n ;  2,  m u s c l e ;  3 ,  l iver;  4 ,  live~-like t y p e s .  T h e  
p u r i f i c a t i o n  p r o c e d u r e  o f  e a c h  t y p e  is d e s c r i b e d  in  t h e  t e x t .  Gel  1 a n d  2 we re  s t a i n e d  in  t h e  p r e s e n c e  o f  
2 m M  AMP,  a n d  gel 3 a n d  4 we re  s t a i n e d  bY f u r t h e r  a d d i t i o n  o f  0 . 7 5  M N a 2 S O  4.  
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Fig.  2. I soe lec t r i c  f o c u s i n g  p a t t e r n s  o f  f o u r  t y p e s  o f  p h o s p h o r y l a s e  in  p o l y a c r y l a m i d e  gels. 20  m u n i t s  of  a 
r e s p e c t i v e  p h o s p h o r y l a s e  w a s  a p p l i e d  t o  a gel  c o n t a i n i n g  p H  5 - -8  A m p h o l l n e s .  The  s a m p l e  n u m b e r s  are  
t h e  s a m e  as  t h o s e  i n  Fig.  1. 

applied to polyacrylamide gel electrophoresis with or without  TEMED in 
separating gels. As shown in Fig. 1A, all types of  phosphorylase were stained as 
a single sharp band in separating gels polymerized with TEMED. However, as 
can be seen in Fig. 1B, in the gels polymerized wi thout  TEMED, the liver and 
liver-like types were resolved into active multiple molecular forms, about  6--10, 
while the brain and muscle types were stained as a broad but  still single band, 
respectively. The multiple forms of  the liver and liver-like types were also 
observed on the gel isoelectric focusing with pH 5--8 gradient, as shown in 
Fig. 2. The patterns were similar to those of  polyacrylamide gel electrophoresis. 
The brain and muscle types had only one isoelectric point  at pI  5.6 and 6.3, 
respectively, but  the liver and liver-like types had the multiple isoelectric points 
over the wide range from 5.72 to 6.12, as about  ten forms. The difference 
between the liver and liver-like types was in the dominant  forms. The dominant  
forms of  the liver type had pI  5.72--5.86, while those of the liver-like type  had 
pI  5.86--5.92. To confirm the reproducibility of  these multiple molecular 
forms, the activity portion of  the liver-like type  containing about  6--10 molec- 
ular forms was cut into halves, and the upper and lower segments were 
repacked in separate columns and reelectrophoresis was performed. The 
mobilities to the anode and number  of  phosphorylase forms were identical with 
those in the original segments, respectively, and therefore the microhetero- 
geneity was quite reproducible (not  shown). 
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Fig. 3. Ouchter lony double  dif fus ion test  o f  l iver and liver-like type  phosphory lases .  L, liver type;  L', 
livemlike type;  Lab, a n t i b o d y  to  the liver type~ L'ab, ant ibody  to  the liver-like type  obta ined  from AH66F 
cells. 

Immunological identity of liver and liver-like type phosphorylases 
In Ouchter lony double  diffusion tests in agar the ant ibody to liver enzyme 

made a single precipitin line with both liver and liver-like types,  respectively, 
and the lines fused smoothly  with each other. The same result was obtained by  
using the ant ibody to liver-like enzyme, as shown in Fig. 3. 

Each type  isozyme used for the above examination of  heterogeneity was a 
single protein having the same molecular weight of  a monomer  at 100 000 of  
the muscle type  and no microheterogeneity was observed. 

Discussion 

Yonezawa and Hori [13] divised a new method of  polyacrylamide gel elec- 
trophoresis modified from that of  Davis et  al. [3], and could clearly separate 
the muscle-brain and liver-brain hybrids from their parent isozymes in various 
tissues. We eventually modified their method by  omitting TEMED in the prep- 
aration of  separating gels and found multiple forms in both liver and liver-like 
type  isozymes. 

It is unlikely that  the use of  separating gels wi thout  TEMED caused the arti- 
factural microheterogeneity,  because (1) the pattern of  microheterogeneity was 
constant  and reproducible for each individual isozyme preparation and through 
purification steps, (2) the microheterogeneity and the patterns were confirmed 
to be reproducible by  reelectrophoresis, (3) the heterogeneity was also 
observed on the polyacrylamide gel isoelectric focusing (Fig. 2) and further on 
the cellulose acetate membrane electrophoresis (Cellogel, Chemetron) as 
observed by  Kobayashi et al. [19] and confirmed by us (not  shown), and (4) 
the patterns of  microheterogeneity seen by  this method was well correlated 
with that  found on isoelectric focusing; that  is, the most  electronegative form 
of  the liver type  seen on disc electrophoresis showed the lowest isoelectric 
point,  as expected.  

The advantage of  this method in comparison with gel isoelectric focusing is 
that  the multiple forms in a crude extract  can be clearly separated in a shorther 
time (1.5--2 h). 
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By means of the SDS gel electrophoresis and of  the usual polyacrylamide gel 
electrophoresis using TEMED in the separating gels, we have been unable to 
detect  the microheterogeneity of  any type of  isozymes. 

So far we do not  known why the microheterogeneity can be observed in the 
separating gel polymerized without  TEMED, and we also are not  sure that  this 
new method is useful for detection of  microheterogeneity of  other  proteins. It 
has been demonstrated that  many other  proteins, such as albumin [20,21] ,  
a-fetoprotein [ 22--26],  creatine kinase [27], aldolase [28],  lactate dehydrog- 
enase [29], alkaline phosphatase [30],  7-glutamyltransferase [32],  amylase 
[33],  and so on, have the microheterogeneity observed on isoelectric focusing 
in gels or in sucrose gradient, on polyacrylamide gel electrophoresis and on 
cellulose acetate membrane electrophoresis. Many factors may cause micro- 
heterogeneity of  a protein, as discussed by Williamson et al. [34]. One of  the 
most  possible factors among them as known on alkaline phosphatase, 
7-glutamyltransferase, ~-glucuronidase, a-fetoprotein,  and galactosyltransferase 
[35],  is the difference in the sialic acid content.  However, liver and liver-like 
types showed no change in heterogeneity by  neuraminidase treatment.  The 
possibility of protease digestion such as by trypsin in the purification steps was 
not  believable, because microheterogeneity was observed in freshly prepared 
crude extract as well as in purified samples. No significant difference between 
phosphorylated (a) and dephosphorylated (b) forms was observed for 
explanation of  these heterogeneities. 

Recently Ogawa et al. [36] reported that  purified human pancreatic amylase 
was converted into several different minor molecular forms due to enzymic 
deamidation by peptidoglutaminase. The heterogeneity of phosphorylase 
reported here should be also confirmed to be due to the deamidation of  
asparagine or glutamine in the phosphorylase molecule. 

The liver-like type has been also distinguished from the liver type  by the 
polyacrylamide gel electrophoresis which used glycogen in the separating gels 
[9,10]. We purified these two types and compared with each other, and were 
able to discriminate them more clearly not  only by polyacrylamide gel electro- 
phoresis wi thout  TEMED in the separating gels but  also by isoelectric focusing. 
On polyacrylamide gel electrophoresis, more electronegative forms were pre- 
dominant  in the liver type,  while less electronegative forms were predominant  
in the liver-like type.  On isoelectric focusing, the liver type  was separated 
into the forms having the low isoelectric points, while liver-like type  had 
higher isoelectric points. This result suggests that  the liver type  may have a 
higher amount  of  electronegative groups in the molecular than the liver-like 
type.  

By polyacrylamide gel isoelectric focusing (pH 3--10), Koster et  al. [37] 
reported that  human liver and white blood cells had three forms of liver type  
enzyme, but  the white blood cells and fibroblasts cultured from a patient with 
liver type  phosphorylase deficiency (glycogen storage disease Type VI) 
defected one or two forms among them. These results together with our data 
reported here suggest that  the liver-like type  phosphorylase is controlled 
genetically differently from the liver type  isozyme. The liver-like type was 
observed in fetal tissues as well as in ascites hepatomas [9,10] and further even 
in cultured human skeletal muscle cells [38] and in primary cultured rat myo- 
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blasts (Hatayama, I. and Sato, K., unpublished data) and therefore the liver-like 
type may be another prototypic phosphorylase other than the brain type. 
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