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Summary 

The Neurospora  crassa glycogen synthase (UDPglucose:glycogen 4~-gluco- 
syltransferase, EC 2.4.1.11) was purified to electrophoretic homogeneity by a 
procedure involving ultracentrifugation, DEAE-cellulose column chromatogra- 
phy, (NH4)~SO4 fractionation and 3-aminopropyl-Sepharose column chroma- 
tography. The final purified enzyme preparation was almost entirely dependent  
on glucose-6-P and had a specific activity of  6.9 units per mg of protein. The 
subunit  molecular weight of  the glycogen synthase was determined by electro° 
phoresis in sodium dodecyl  sulfate-polyacrylamide gel to be 88 000--90 000. 
The native enzyme was shown to have a molecular weight of  270 000 as deter- 
mined b y  sucrose density gradient centrifugation. Thus, the glucose-6-P-depen- 
dent  form of the N. crassa glycogen synthase can exist as trimer of  the subunit. 
Limited proteolysis with trypsin or chymotrypsin converted the glucose-6-P-de- 
pendent  form of the enzyme into an apparent glucose-6-P-independent form. 
The enzyme was shown to catalyze transfer of  glucose from UDPglucose to 
glycogen as well as to its phosphorylase limit dextrin, but  not  to its H-amylase 
limit dextrin. Moreover, glucose, maltose and maltotriose were not  active as 
acceptors. 

Introduct ion 

Glycogen synthase (UDPglucose:glycogen 4-~-glucosyltransferase, EC 
2.4.1.11), the rate-limiting enzyme for glycogen synthesis, is present in mare- 

Abbreviations: glucose-6-P, glucose 6-phosphate; glycogen synthase D, glucose 6-phosphate-depen- 
dent form of glycogen synthase; glycogen synthase I, glucose 6-phosphate-independent form of 
glycogen synthase. 
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mals [1,2] and yeast [3,4] in two forms which are interconvertible by phos- 
phorylation and dephosphorylation. The phosphorylated enzyme, glycogen 
synthase D, requires glucose-6-P for its activity, whereas the dephosphorylated 
enzyme, glycogen synthase I, is active irrespective of the presence or absence of 
glucose-6-P. The two forms of the enzyme have been also observed with Neuro- 
spora crassa [5,6]. Recently, homogeneous preparations of glycogen synthase 
have been obtained from mammals [7--17], yeast [18] and bacteria [19,20]. 
Although some information on subunit structure and kinetic mechanism is 
available on the microorganism glycogen synthases, i.e. those from Saccharo. 
myces cerevisiae [ 18] and Escherichia coli [20], purification of these enzymes 
have been hampered by their high affinity for glycogen. 

In this paper, we describe a purification method of glycogen synthase from 
N. crassa. Advantage has been taken of the fact that the enzyme is readily sepa- 
rated from endogenous glycogen by DEAE-cellulose column chromatography 
and adsorbed on 3-aminopropyl-Sepharose. The molecular weight of the native 
enzyme and that of its subunit have been determined. We also report the pro- 
perties of the glycogen synthase, especially the primer dependence of the reac- 
tion catalyzed by the enzyme. 

Materials and Methods 

Materials. UDP[U-14C]glucose was purchased from New England Nuclear 
Corp. Rabbit liver glycogen, bovine serum albumin, glucose-6-P, NADP, beef 
liver catalase and rabbit muscle glycogen phosphorylase a were purchased from 
Sigma Chem. Co.; yeast glucose-6-P dehydrogenase from Oriental Yeast Ind. 
Co.; fl-amylase from Worthington Biochem. Co.; trypsin and chymotrypsin 
from Seikagaku Kogyo Co.; Nonion NS-120 from Nippon Yushi Co. Pullulan 
and pullulanase were generous gifts from Hayashibara Co. Maltotriose was pre- 
pared from pullulan by digestion with pullulanase. N. crassa glycogen was iso- 
lated and purified as reported previously [21]. fi-Amylase and phosphorylase 
limit dextrins of the N. crassa glycogen were prepared by exhaustive treatment 
of the glycogen with fi-amylase or phosphorylase. 3-Aminopropyl-Sepharose 
was prepared as described by Shaltiel and Er-E1 [22]. 

Buffer solutions. Buffer A comprised 50 mM glycine, 5 mM mercaptoetha- 
nol, 0.05 mM phenylmethylsulfonyl fluoride and 1 mM EDTA. It was adjusted 
to pH 8.0 with NaOH. Buffer B had basically the same composition as that of 
buffer A but comprised 25% (v/v) glycerol instead of EDTA. 

Assay o f  glycogen synthase. The standard incubation mixture contained 
6 pmol of glycyl-glycine/NaOH buffer (pH 8.6), 0.2 pmol UDP[14C]glucose 
(specific activity, 1.5. l0  s cpm/pmol), 0.5 mg glycogen and 0.25 pmol 
glucose-6-P. For the assay of glucose-6-P-independent activity of glycogen syn- 
thase, glucose-6-P was omitted from the incubation mixture. Reaction was 
started by adding 15 pl of the enzyme to 35 pl of the substrate solution. After 
incubation for 15 min at 30°C, a 50 pl portion of the incubation mixture was 
applied to a column (0.5 X 5 cm) of anion-exchange resin (Dowex 1 x8, C1- 
form, 50--100 mesh), and the column was immediately eluted with 1.0 ml of 
water. The radioactivity in the eluate was determined with a scintillation spec- 
trometer using 10 ml of NT scintillator [23]. One unit of the synthase activity 
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was defined as 1 pmol of glucose transferred in 1 min under the above condi- 
tions. 

Protein determination. Protein was determined by the method of Lowry et 
al. [24] after being precipitated with trichloroacetic acid. Bovine serum albu- 
min was used as a standard. 

Electrophoresis. Polyacrylamide gel electrophoresis under non-denaturing 
conditions was carried out  according to a modification of the method of Wil- 
liams and Reisfeld [25]. Polyacrylamide gel electrophoresis in the presence of 
sodium dodecyl sulfate was carried out according to the procedure described 
by Weber and Osborn [26] using 7% polyacrylamide gel. The reference poly- 
peptides for determination of subunit molecular weight were 7-globulin, bovine 
serum albumin, ovalbumin and chymotrypsinogen. 

Sucrose density gradient centrifugation. Sucrose density gradient centrifuga- 
tion was carried out as described by Martin and Ames [27]. Using a linear gra- 
dient of 5--20% (w/v) sucrose in buffer A, a 50- t~l portion of the enzyme solu- 
tion was loaded on the gradient (final volume, 4.4 ml). Centrifugation was car- 
ried out at 30°C and 35 000 rev./min for 6 h. Fractions of 7 drops each (about 
0.13 ml) were collected. Estimate of the molecular weight was obtained using 
catalase {250 000 [28]) and glucose-6-P dehydrogenase (101 600 [29]) as 
marker proteins. 

Digestion of  glycogen synthase with protease. The glycogen synthase was 
incubated at 30°C with trypsin or chymotrypsin (corresponding to 2% of the 
substrate protein) in buffer B, from which phenylmethylsulfonyl  fluoride was 
omitted.  At appropriate intervals, aliquots were withdrawn for measurement of 
enzyme activity in the absence and in the presence of glucose-6-P. As a control, 
a parallel assay was run without  addition of protease. 

Results 

Enzyme purification 
All purification steps were carried out at 0--4 ° C. 
(1) Extraction of the enzyme. A wild type strain of N. crassa {6068, IFO) 

was grown as reported previously [21]. The mycelia used for preparation of the 
enzyme were harvested in the late logarithmic phase (2.5--3 days after inocula- 
tion). The mycelia were collected with coarse filter paper on a Buchner funnel 
and rinsed sufficiently with distilled water. The mycelia pads (45 g, wet weight) 
were homogenized with a suitable amount  of quartz sand in 100 ml of buffer 
A. After cell debris were removed by centrifugation at 1500 X g for 15 min, the 
supernatant was further centrifuged at 20 000 X g for 30 min. The supernatant 
fluid at 20 000 × g was diluted to 100 ml with buffer A. 

(2) Isolation of  100 000 X g particulate fraction. The supernatant fluid at 
20 000 × g was centrifuged at 100 000 X g for 120 min. The 100 000 × g parti- 
culate was homogenized in 100 ml of buffer B by glass homogenizer. Almost 
all of the total glycogen synthase activity applied to the ultracentrifugation was 
recovered (Table I). The ratio of  the glucose-6-P-independent activity to the 
total activity was, however, decreased from 0.83 to 0.46 at this step (Table II). 

(3) DEAE-cellulose chromatography. The 100 000 X g particulate fraction 
was applied to a DEAE-cellulose column (4.5 × 14 cm) which was equilibrated 
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T A B L E  I 

P U R I F I C A T I O N  OF N. C R A S S A  G L Y C O G E N  S Y N T H A S E  

Purif icat ion step V o l u m e  
(ml )  

Act iv i ty  Spec i f i c  Yie ld  
(uni ts )  act iv i ty  (%) 

( u n i t s / m g )  

1. 20 000  X g s u p e r n a t a n t  100 
2. 100 000  X g pel let  100  
3. DEAE-ce l lu lose  165  
4. 45% ( N H 4 ) 2 S O 4 )  prec ip i ta te  10 
5 . 3 - A m i n o p r o p y l - S e p h a r o s e  20 

38  511 0 .023  100 
39 4 1 5  0 .051 102  * 
26 285  0 .208  68 
25 341 1 .633 66 
16 384  6 .884  43 

* O v e r e s t i m a t e d  value should  be due to  the  e x p e r i m e n t a l  error. 

with buffer B. The column was first washed with 800 ml of  buffer B, and then 
eluted with a linear gradient of  0--0.5 M NaC1 in buffer B. The endogenous 
glycogen was washed out  through the column and fractions containing glyco- 
gen synthase emerged at about 0.3 M NaC1. There was effective separation of  
the glycogen synthase from endogenous glycogen particle. The glucose-6-P- 
independent activity of  the enzyme emerged at the same fractions as those of  
the total activity (data not  shown). Glycogen synthase fractions were pooled 
and used for further purification. 

(4) Ammonium sulfate fractionation. Finely powdered (NH4)2SO4 was 
added to the pooled fractions to make 45% saturation and the mixture was 
adjusted to pH 8.0 by addition of  NH4OH. After stirring for 60 min, the pre- 
cipitate was collected by centrifugation at 25 000 × g for 60 min and dissolved 
in a minimal amount  of  buffer B. Then the enzyme solution was dialyzed for 
16 h against 1 1 of  buffer B. 

(5) 3-Aminopropyl-Sepharose chromatography. The ammonium sulfate 
precipitate fraction, 10 ml, was adsorbed onto a 3-aminopropyl-Sepharose 
column (1.4 × 9 cm) equilibrated with buffer B. The column was washed with 
30 ml of  buffer B, and then eluted with a linear gradient of  0--0.4 M NaC1 in 
buffer B. As shown in Fig. 1, the glycogen synthase was eluted as a single peak 
at approx. 0.2 M NaC1. About  65% of the total activity applied to the column 
was recovered. Fig. 1 shows that glucose-6-P-independent activity of  the 
enzyme was eluted in the same fractions as those of  the total activity. But the 

T A B L E  II 

C H A N G E S  OF R A T I O  OF T H E  G L U C O S E - 6 - P - I N D E P E N D E N T  A C T I V I T Y  TO T H E  T O T A L  ACTIV-  

I T Y  OF G L Y C O G E N  S Y N T H A S E  D U R I N G  P U R I F I C A T I O N  STEPS 

Puri f icat ion s tep Act iv i ty  (uni ts )  Ra t io  
- -GIc-6-P/+ GIc-6-P 

--Glc-6-P +GIc-6-P 

1. 20  0 0 0  X g s u p e r n a t a n t  31 967  
2. 100  000  × g pel let  18 175 
3. DEAE-ce l lu lose  12 785  
4. 45% ( N H 4 ) 2 S O  4 p rec ip i t a t e  9 720  
5. 3 - A m i n o p r o p y l - S e p h a r o s e  3 673 

38 511 0 .83  
39 4 1 5  0 .46  
26 285  0 .49  
25 341 0 .38  
16 384  0 .22  
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Fig.  1.  E l u t i o n  p a t t e r n  o f  the glycogen synthase f r o m  a 3 - a m i n o p r o p y l - S e p h a r o s e  c o l u m n .  - - o - - ,  t o t a l  g ly-  
c o g e n  s y n t h a s e  a c t i v i t y ;  ----m-- g l u c o s e - 6 - P - i n d e p e n d e n t  a c t i v i t y ;  ---~--, p r o t e i n .  F r a c t i o n s  o f  2 m l  were  col-  
l e c t ed  and assayed for e n z y m e  ac t iv i t y  u n d e r  t he  o p t i m u m  c o n d i t i o n s .  De ta i l s  are  g iven  in  t he  t ex t .  

ratio of  the glucose-6-P-independent activity to  the total activity was further 
decreased from 0.38 (ammonium sulfate fractionation step) to 0.22 (Table II). 
The active fractions (40--50) were pooled, dialyzed against 1 1 of buffer B, and 
then quick-frozen in a solid CO2/acetone bath and stored at --85°C. The puri- 
fied enzyme was stable for several months when stored at --85°C in the pres- 
ence of  buffer  B. 

The results of purification of  the enzyme are given in Table I. The isolated 
enzyme had a specific activity of  6.9 units per mg of protein. The enzyme was 
purified approx. 300-fold from the 20 000 × g supernatant fraction with 43% 
recovery of  the activity. In the initial crude extracts, the glycogen synthase was 
considerably more active in the absence of  glucose-6-P, but  the independent 
activity was decreased during the purification step and the purified glycogen 
synthase was mostly glucose-6-P-dependent form (Table II}. 

Purity o f  the enzyme preparation 
The purified preparation of glycogen synthase showed only one protein 

staining band after polyacrylamide gel electrophoresis under non-denaturing 
conditions and the enzyme activity was in good correspondence to the protein 
band (Fig. 2). Electrophoresis on sodium dodecyl  sulfate gels also showed a 
single protein band (Fig. 2). The molecular weight of  the synthase subunit was 
calculated to be 88 000--90 000 by comparison of  its relative mobili ty with 
that of  the standard proteins. 

Sucrose density gradient centrifugation 
The enzyme sedimented as a single peak in sucrose density gradient centrifu- 

gation (data not  shown). The glycogen synthase migrated slightly faster than 
beef  liver catalase and very much faster than yeast glucose-6-P dehydrogenase. 
The apparent molecular weight for the synthase was determined to be approx. 
270 000 using catalase and glucose-6-P dehydrogenase as references for molecu- 
lar weight. This result shows that the glucose-6-P-dependent form of N. crassa 
glycogen synthase appears to behave as a trimer during sucrose density gradient 
centrifugation. 
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Fig. 2. P o l y a e r y l a m i d e  gel e lec t rophores i s  of pur i f ied  N .  c r a s s a  glycogen  syn thase .  Gel  A: E lec t rophores i s  
of  the  na t ive  e n z y m e .  The  e n z y m e  (20 pg) was  sub jec ted  to  gel e lec t rophores i s  a t  4°C for  60  rain,  apply-  
ing 3 m A  per  c o l u m n .  Dupl ica te  c o l u m n s  were  run ,  one  c o l u m n  being s ta ined wi th  Coomass ie  Brill iant 
Blue to visualize the  p ro t e in  bands ,  the  o the r  cu t  in to  2 - m m  segmen t s  wh ich  were  assayed for  ac t iv i ty .  
Each s egm en t  was  soaked  in 100 #1 of bu f f e r  B for  12 h at  4~'C and  the  elute was  used  for  e n z y m e  activ- 
i ty.  T he  ac t iv i ty  profi le  ob t a ined  is s h o w n  in the  d iagram.  - - e - - ,  to ta l  syn thase  ac t iv i ty ;  - -m- -  glucose-6-P- 
i n d e p e n d e n t  ac t iv i ty .  Gel B: E lec t rophores i s  in the  p resence  of  sod ium d o d e c y l  sulfate.  The  e n z y m e  (10 
pg) was  sub jec ted  to gel e lec t rophores i s  (7% gel) at  r o o m  t e m p e r a t u r e  for  4 h, app ly ing  7 m A  per  c o l u m n .  
Pro te in  bands  were  s ta ined wi th  Coomass ie  Bril l iant Blue. 

Properties of the glycogen synthase 
Optimum pH range of the synthase was between pH 8.2 and 9.0 in 0.12 M 

glycyl-glycine/NaOH buffer and a maximal activity was obtained at 30°C. The 
glycogen synthase was stable at 4°C for 24 h in the pH range of 7.4--8.2 (data 
not shown). 

Effect of metal ions and various reagents 
The effect of several metal ions on the enzyme activity was examined (Table 

III). Divalent metal cations, Mg 2+, Mn 2÷, Ca 2÷ and Fe 2÷, as well as Fe 3÷ gave no 
significant effect on the synthase activity. The synthase was somewhat inhib- 
ited by Co2* and was strongly inhibited by 1 mM Cu 2÷, Zn2÷and Hg 2+. As shown 
in Table III, the synthase was also strongly inhibited by 1 mM sodium dodecyl 
sulfate and phenylmercuric acetate. However, EDTA, iodoacetic acid and sodi- 
um thioglycolate gave no significant effect on the synthase. 

Digestion of glycogen synthase with protease 
Purified preparation of glucose-6-P-dependent form of the glycogen synthase 

was digested with trypsin or chymotrypsin,  and the change in the enzyme activ- 
ity was followed (Fig. 3). The total activity of the synthase did not change 
during the first 15 min period of the incubation with trypsin but then 
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T A B L E  II I  

E F F E C T  OF V A R I O U S  M E T A L  IONS AND R E A G E N T S  ON T H E  A C T I V I T Y  OF G L Y C O G E N  SYN- 
T H A S E  

Final  c o n c e n t r a t i o n  of  m e t a l  ions was 1.0 raM, and tha t  of  chemica l  r eagen ts  was 1.0 raM, excep t  for  
p - c h l o r o m e r c u r i b e n z o a t e  (0.1 raM). 

C o m p o u n d  Remaining 
activity 
(%) 

None  100 
MgCl 2 - 6 H 2 0  101 
MnC12 • 4 H 2 0  106 
CaC12 • 2 H 2 0  100 
CoC12 • 6 H 2 0  77 
FeC12 95  
FeC13 99 

CuC12 • 2 H 2 0  11 
ZnC12 22 
HgC12 5 
E D T A  82 
Iodoace t i c  acid 90  
P h e n y l m e r c u r i c  ace ta te  52 
p -C hloro m e r c u r i b e n z o a t e  81 
S o d i u m  th iog lycola te  86 
Sod ium d o d e c y l  sulfate  7 

decreased to 60% of the initial activity after 60 min. On the other hand, the 
activity assayed in the absence of glucose-6-P increased rapidly from the begin- 
ning and declined slowly after 30 min. Thus, the ratio of the glucose-6-/'-inde- 
pendent activity to the -dependent activity showed an increase from 0.12 to 
0.43 during the first 15 min period of incubation, without any appreciable loss 
in total activity. With chymotrypsin, total activity of the synthase remained 
constant throughout the incubation (60 min). Simultaneously, gradual conver- 
sion of the glucose-6-P-dependent form of the synthase to glucose-6-P-inde- 

~ o.8 

o4 

• O - -  - - O - -  

| [ I I | ! 
0 20 40 60 

Time (rain) 

Fig. 3. E f f ec t  of  p ro teases  on  t h e  a c t i v i t y  of g lycogen  syn thase ,  g lucose-6-P-dependent  f o rm .  Fo r  condi-  
t ions  see in the  t ex t .  Al iquo ts  were  w i t h d r a w n  at  d i f fe ren t  t imes  and t h e  a c t i v i t y  was m e a s u r e d  e i ther  in 
t h e  absence  or  in the  p resence  of  glucose-6-P. Open  s ymbo l s  and solid s y m b o l s  r ep resen t  t h e  a c t i v i t y  in 
t h e  presence  and  in the  absence  of  glucose-6-P, respect ive ly ,  o, • con t ro l ;  a ,  4 t ryps in ;  a • c h y m o t r y p -  
sin. 
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Fig. 4. Various  pr imer  saturat ion k ine t i c s  o f  the  puri f ied N. c r a s s a  g l y c o g e n  synthase .  G l y c o g e n  synthase  
was  assayed under  the c o n d i t i o n s  (in the  presence  o f  gtucose-6-P)  descr ibed  in Materials  and M e t h o d s  at  
the  final c o n c e n t r a t i o n s  o f  pr imer  indicated.  Double -rec iproca l  c o n c e n t r a t i o n  o f  the  same  data axe s h o w n  
in the  diagram on  the right.  - - -o--  N. c r a s s a  g lycogen;  - - e - - ,  phosphory lase  l imi t  dex tr in  o f  N .  c r a s s a  

g lycogen;  - - A - -  f l-amylase l imi t  dextr in  o f  N .  c r a s s a  g lyc oge n .  Detai l s  axe in the  t e x t .  

pendent form occurred until after 60 min and the value of  the ratio of  the two 
synthase activities was raised to 0.41. 

Activity with primer 
Effect of  several primers in various concentrations on the enzyme activity 

was examined as shown in Fig. 4. In the absence of  added primer, no enzyme 
activity was observed. These results show that the purified enzyme preparation 
contains no endogenous glycogen. Unlike the undegraded glycogen and its 
phosphorylase limit dextrin, its fl-amylase limit dextrin seemed to be inactive 
as a primer (Fig. 4, left). Different slopes were observed in the reciprocal plots 
of  the reaction rate versus primer concentration with two different primers, the 
undegraded glycogen and phosphorylase limit dextrin of  the glycogen (Fig. 4, 
right). Although the V values of  the both primers were almost equal, the 
apparent Km value of  the phosphorylase limit dextrin (6.7 mg/ml) was higher 
than that of  the undegraded glycogen (1.5 mg/ml) under the standard condi- 
tions. Glucose and maltooligosaccharides (maltose and maltotriose) were 
examined for their ability to act as acceptors (Table IV). Glucose was found to 

T A B L E  IV 

A C T I V I T I E S  OF O L I G O S A C C H A R I D E  A C C E P T O R S  OF G L Y C O G E N  S Y N T H A S E  

A c c e p t o r  C o n c e n t r a t i o n  Glucose  transferred 

p m o l / m i n  per % 
mg prote in  

Glucose  100  mM 0 0 
200  mM 0 0 

Maltose  100  mM 0 . 128  1.9 
200  m M  0 .304  4.4 

Maltotr iose  100 mM 0 .047  0.7 
200 mM 0 . 100  1.5  

N.  c r a s s a  g l y c o g e n  1 0  m g / m l  6 . 8 5 4  1 0 0  
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be inactive as an acceptor, whereas very low activity was seen for maltose and 
maltotriose. 

Discussion 

The N. crassa glycogen synthase was extracted from the mycelia harvested in 
the late logarithmic phase and was purified to satisfactory homogeneity. Puri- 
fication of glycogen synthase has often encountered difficulty in separating the 
enzyme from endogenous glycogen, for the enzyme is in most cases firmly 
associated with the glycogen in vivo. The liberation of the synthase from the 
glycogen has been conventionally performed by digestion of the glycogen with 
s-amylase [8] or endogenous phosphorylase [16]. Uncertainty remains, how- 
ever, as to whether the purified enzyme preparations are completely free of 
glycogen. Fortunately, application of DEAE-cellulose chromatography has 
enabled us to separate the N. crassa glycogen synthase successfully from endo- 
genous glycogen. For the final purification of glycogen synthase, chromatog- 
raphy on aminoalkyl-Sepharose has often been employed. Thus, the rabbit 
muscle [22,30] and the E. coli [20] glycogen synthases were purified with the 
aid of aminoalkyl-Sepharose. With the N. crassa enzyme, 3-aminopropyl-Sepha- 
rose was found to be useful to purify the enzyme to electrophoretic homogene- 
ity. As can be seen from Table II, the ratio of the glucose-6-P-independent 
activity to the total activity of the enzyme was decreased to almost one-fourth 
of the initial value at the end of the final purification step. If regulation of gly- 
cogen synthesis in N. crassa is conducted by competitive action of the allosteric 
effectors, as is considered to be the case in yeast [31,32] and other fungi [33], 
decrease of the glucose-6-P-independent activity may be attributed to removal 
of the effectors during the purification process. However, other possibilities 
cannot be neglected, for the enzyme may be converted into the glucose-6-P- 
dependent form by phosphorylation. 

The value of specific activity, 6.9 units per mg of protein, of the purified 
enzyme is at a level similar to, or somewhat lower than, those reported for the 
mammalian enzymes {5--35 units per mg of protein) [7--17], but much lower 
than those of the yeast [18] and the E. coli [20] enzymes (93 and 505 units 
per mg of protein, respectively). The subunit molecular weight of the N. crassa 
enzyme (88 000--90 000), as determined by sodium dodecyl sulfate electro- 
phoresis, seems to be similar to those of the mammalian enzymes (85 000-- 
90 000) [9,13,16], but significantly different from that of the yeast (77 000) 
[18] or bacterial (49 000) [20] enzyme. The molecular weight of the native 
enzyme was determined to be 270 000 by sucrose density gradient centrifuga- 
tion. Hence, the native form of this enzyme appears to be composed of three 
identical subunits. As has been reported, some mammalian glycogen synthases, 
such as the rabbit muscle synthase D [8] and the rat liver synthase D [11], are 
present in trimers. However, other enzymes have been found to occur in differ- 
ent degrees of aggregation. For instance, the rabbit muscle synthase I [7], the 
swine kidney synthase I [12] and the yeast synthase D [18] are reported to be 
tetramers, whereas the rabbit liver enzymes, both I and D forms, exist as dimers 
[15]. The active forms of the E. coli enzyme are reported to occur as dimers, 
trimers and tetramers [20]. In spite of these findings, however, no satisfactory 
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explanation has been given for the relation between activity and degree of  
aggregation of  glycogen synthase. 

Recently,  Huang and Robinson [17] have reported that the purified human 
placental glycogen synthase D activity, is stimulated by Mg 2+, Mn 2÷ or Ca 2÷. 
A similar activation effect of Mg 2÷ has been reported with the enzyme prepa- 
rations from different sources [34,35].  However, activity of  the purified N. 
crassa glycogen synthase was not  stimulated by divalent metal cations (Table 
III). Several glycogen synthases have been reported to be readily inactivated by 
sulfhydryl group reagents, p-chloromercuribenzoate,  p-hydroxymercuribenzo-  
ate and 5,5'-dithiobis(2-nitrobenzoic acid) [18]. The N.  crassa enzyme was not  
significantly inactivated by sodium thioglycolate and p-chloromercuribenzoate,  
but  lost almost half of  its activity by treatment  with phenylmercuric acetate 
(Table III). A strong inactivation effect was also seen for sodium dodecyl  
sulfate. Other reagents, such as EDTA and iodoacetic acid, did not  affect the 
enzyme to a great extent. 

Although the interconversion of glycogen synthase is mainly conducted by 
phosphorylat ion and dephosphorylation,  irreversible conversion of one form of 
the enzyme to the other form by limited proteolysis has also been reported. 
With muscle glycogen synthase, limited proteolysis with trypsin converted the 
glucose-6-P-independent form into the glucose-6-P-dependent form, but  not  
vice versa [36,37].  On the contrary, t reatment  with trypsin or subtilisin 
converted the dependent  form of the yeast  enzyme into an apparent indepen- 
dent form [38]. With the N. crassa enzyme, t reatment of the glucose-6-P-de- 
pendent  form with trypsin or chymotrypsin brought about  conversion into an 
apparent glucose-6-P-independent form (Fig. 3). Thus, the N.  crassa glycogen 
synthase was shown to be more similar to the yeast enzyme. The different 
effect of  proteolysis may reflect the difference of fine structure of  the alloste- 
ric sites of  the two types of the enzyme. 

It is now generally accepted that most  glycogen synthases are active only in 
the presence of  added primer. In general, high-molecular-weight polymers are 
effective as acceptor molecules. However, low-molecular-weight oligosaccha- 
rides also function as primers though at much lower rates. The efficiency of the 
oligosaccharides as primers is different according to the variety of the enzyme. 
Thus, the rabbit muscle glycogen synthase has been reported to be able to 
utilize both glucose and maltose as glucosyl acceptors, in place of glycogen 
[30].  Maltose and maltotriose were effective as primers for the transfer of  glu- 
cose from ADPglucose in the E. coi l  glycogen synthase reaction, although the 
former was a rather poor  acceptor [20]. However, no activity was seen for glu- 
cose in the bacterial glycogen synthase reactions [20].  In common with other 
enzymes, the purified N.  crassa glycogen synthase was shown to require a 
primer for glycogen synthesis. As shown in Table IV, glucose was inactive as a 
primer in the N.  crassa glycogen synthesis and either maltose or maltotriose 
showed little priming activity. Moreover, a distinct difference was observed in 
the priming activity between /~-amylase limit dextrin and phosphorylase limit 
dextrin of the glycogen. Whereas the former was virtually inactive as a primer, 
as shown in Fig. 4, the latter showed considerable activity. The apparent K m 

value of  the phosphorylase limit dextrin was 4.4 times as large as that of  the 
glycogen itself (Fig. 4), although V values of both primers were almost equal. 
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It appears that the affinity of the primers for glycogen synthase may be 
affected by the change of  their outer chain length. These results suggest the 
existence of another enzyme system responsible for the de novo synthesis of  
the primer in vivo. A suggestion proposed by Drucker [39] that the conidia of 
N. crassa lack an appreciable amount of  reserve polysaccharides, may support 
this view. 

Our previous paper [40] has demonstrated that soluble enzyme preparation 
of N. crassa catalyzes the transfer of glucose from UDPglucose not only into 
the endogenous glycogen, but also into the trichloroacetic acid-insoluble frac- 
tion. The latter product was suggested to serve as a primer for the subsequent 
glycogen synthesis. However, clear evidence could not be obtained as to whe- 
ther these two transfer reactions were catalyzed by a single enzyme or by two 
different enzymes. Our present results that the purified N. crassa glycogen syn- 
thase cannot utilize short-chain primers, suggest the existence of  another 
enzyme system responsible for the de novo synthesis of  the primer in vivo. 
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