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Summary 

Glycogen phosphorylase (1,4-a-D-glucan:orthophosphate a-glucosyltransfer- 
ase, EC 2.4.1.1) activity was found in mycelial extracts of Coprinus macrorhi- 
zus concurrently with decrease of glycogen content in mycelial cells. Incubation 
of the enzyme sample with cyclic AMP and ATP leads to a 3-fold activation of 
the glycogen phosphorylase activity. Activation of the enzyme partially puri- 
fied through Sepharose 6B required a cellular fraction containing cyclic AMP- 
dependent protein kinase. 

Introduction 

It has been shown that glycogen metabolism in some eukaryotic microorgan- 
isms such as Neurospora crassa [1,2] and Saccharomyces cerevisiae [3--5] is 
regulated through interconversions of active and inactive forms of glycogen 
synthase (UDP-glucose:glycogen 4~-glucosyltransferase, EC 2.4.1.11) and gly- 
cogen phosphorylase (1,4-a-D-glucan:orthophosphate a-glucosyltransferase, EC 
2.4.1.1). 

Experiments with mammalian tissues indicate that cyclic adenosine 3':5'- 
monophosphate (cyclic AMP) exerts a regulatory role in interconversions of 
two forms of these enzymes [6--11]. In previous reports [12,13], we showed 
that the strains of a basidiomycete, Coprinus macrorhizus, that are able to form 
fruiting bodies produce cyclic AMP. The present report describes evidence 
showing that the glycogen phosphorylase of C. macrorhizus is activated in the 
presence of cyclic AMP. In addition, experiment is described in which a cellular 
fraction responsible for an apparent regulatory role of cyclic AMP was studied. 

* Present address: Department  of  Pharmacology ,  Yale University Schoo l  of  Medicine,  333  Cedar 
Street,  New Haven, Conn. 06510, U.S.A. 
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Materials and Methods 

Organism. The following strains of  C. macrorhizus Reaf .  microsporus Hongo 
were used: 708-15 A8B7 fisc and 708-15 A8B7 fis-. The origin and characteri- 
zation of  these strains have been described elsewhere [ 14]. 

Medium and cultivation. Production of mycelia, fruiting body primordia and 
fruiting bodies, and culture maintenance, were carried out  on a malt /yeast  me- 
dium which contained 10 g of malt extract, 4 g of  yeast extract, and 4 g of  glu- 
cose per 1 of  deionized water. Mycelial suspensions were inoculated and incu- 
bated in 100-ml Erlenmeyer flasks containing 20 ml of malt/yeast  medium at 
30°C for 8 days under continuous illumination {1000--6000 ergs/cm 2 per s) or 
in the dark unless otherwise stated. 

Preparation o f  cell-free extract. Mycelia, fruiting body primordia, and fruit- 
ing bodies were harvested on a filter paper, washed well with distilled water, 
and macerated in 50 mM tr is(hydroxymethyl)aminomethane hydrochloride 
Tris.  HC1) buffer, pH 7.4, with a Waxing blendor for 5 min. The suspension 
obtained was further homogenized with a Braun homogenizer for 3 min. The 
resulting homogenate was centrifuged at 20 000 × g for 20 min. The supernatant 
fluid was used as the crude extract.  Crude extract (100 ml) was saturated with 
(NH4)~SO4 (71 g) and after 2 h centrifuged at 20 000 X g for 20 min. The pre- 
cipitate was dissolved in 10 ml of  50 mM Tris. HC1 buffer, pH 7.4, put  on a 
Sephadex G-25 column (2 × 40 cm), and eluted with the same buffer. The tur- 
bid fractions were collected and used as the enzyme preparation (G-25 frac- 
tion). 

Glycogen measurement. Mycelia and fruiting bodies were homogenized in 
ethanol {96%) in a Braun homogenizer for 1 min. The homogenate was made 
up to 50 ml by adding ethanol to give a concentration of 1 g of  mycelia per 50 
ml ethanol. A 10-ml fraction of  the homogenate was centrifuged and the sedi- 
ment  was washed once with water. The sediment was then suspended in water, 
heated at 100°C for 10 min, and washed three times with water to remove 
viscous water-soluble materials. The sediment was then treated with 1 M KOH 
for 18 h at 25°C. The insoluble material was removed by centrifugation, and 
the clear supernatant fluid was adjusted to pH 5.0 with acetic acid. The precipi- 
tate was removed by centrifugation, and the glycogen content  in the superna- 
tant fluid was determined by  the anthrone method [15]. 

Enzyme assay. Glycogen phosphorylase activity was measured as follows: 
The assay mixture contained 1% glycogen, 2 mM [14C]glucose 1-phosphate 
(specific activity, 300 000 cpm per pmol), 15 mM MgC12, and 20 pl of  the 
enzyme sample (diluted in 50 mM Tris • HC1 buffer, pH 7.4, containing 20 mM 
NaF, 8.6 mM EDTA, and 7 mM mercaptoethanol) .  The total volume was 50 pl. 
After incubation for 20 min at 30 ° C, the reaction was s topped by  addition of  
50 pl of  20% trichloroacetic acid. The assay mixture was then precipitated by 2 
ml of  66% ethanol. The precipitate was isolated by centrifugation and washed 
with 66% ethanol. The radioactivity of the precipitated glycogen was measured 
in a liquid scintillation spectrometer  with Bray's solution [16]. One unit of  gly- 
cogen phosphorylase activity is defined as the amount  of  enzyme which cata- 
lyzes the incorporation of  1 nmol of  [14C]glucose 1-phosphate into glycogen in 
1 min. Glycogen-phosphorylase-activating activity was measured by the follow- 
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ing method.  The fractions which showed high glycogen phosphorylase activity 
in Sepharose 6B chromatography (Fractions Nos. 14--18 in Fig. 5) were pooled 
and used to test activation of glycogen phosphorylase. The incubation mixture 
contained 50 pM cyclic AMP, 3.3 mM ATP, 15 mM MgC12, 50 mM KC1, 50 mM 
Tris • HC1 buffer (pH 7.4), 20 pl of glycogen phosphorylase fraction (1.0 unit), 
and 10 pl of  fraction to be tested for the activating activity. The total volume 
was 50 pl. After  incubation for 30 min at 30°C an aliquot (10 p l ) o f  the mix- 
ture was assayed for glycogen phosphorylase activity. One unit of glycogen- 
phosphorylase-activating activity is defined as the amount  of enzyme which 
caused an increase of one unit of glycogen phosphorylase activity under these 
conditions. Cyclic AMP-dependent protein kinase activity was measured by the 
method described previously [17]. Cyclic AMP-binding activity was measured 
by the millipore filter method as described previously [ 12]. 

Protein measurement. Protein concentrat ion was determined by the method 
of Lowry et al. [18]. 

Chemicals. Special chemicals used and their sources were as follows: malt 
extract, Difco; yeast extract,  Kyokuto;  Sephadex G-25, Sepharose 6B, and 
Dextran Blue, Pharmacia; cyclic AMP, glucose 1-phosphate and glycogen, Boeh- 
ringer Mannheim; and [14C]glucose 1-phosphate, the Radiochemical Centre. 

Results 

Glycogen content  and glycogen phosphorylase in mycelia and fruiting bodies 
The amount  of glycogen in mycelia of this strain was at the maximum level 6 

days after inoculation (Fig. 1). The amount  of glycogen in fruiting bodies con- 
tinued to increase until 10 days after inoculation, but  that in mycelia decreased 
significantly (Fig. 1). Glycogen content  of  f/s c mycelia grown in the dark and 
fis- mycelia grown in the light, both of which are unable to form a fruiting 
body, was similar to that  in fis ~ mycelia grown in the light (Fig. 1). 

As shown in Fig. 2, glycogen phosphorylase activity in crude extracts of fis ~ 
mycelia grown in the light was at the maximum level 5 or 6 days after inocu- 
lation and then decreased gradually. Levels of the activity in fis ~ mycelia grown 
in the dark and f/s- mycelia grown in the light were lower than that in fis ~ 
mycelia grown in the light. 

Effect  o f  cyclic AMP on glycogen phosphorylase activity 
The addition of cyclic AMP (50 pM) to crude extracts showed no significant 

effect  on glycogen phosphorylase activity as indicated in Fig. 2. However, as 
shown in Table I, incubation of the G-25 fraction obtained from f/s c mycelia 
grown in the light with cyclic AMP lead to an activation of glycogen phosphor- 
ylase. No stimulating effect  of  preincubation with ATP alone was observed, but 
preincubation with cyclic AMP and ATP results in a 3-fold activation of the 
enzyme (Table I). The maximum activation of the enzyme was observed after 
preincubation for 30 min in the presence of cyclic AMP (50 pM) and ATP (3.3 
mM). The effect  of  incubation with cyclic AMP and ATP was not  observed in 
G-25 fractions from f/s c mycelia grown in the dark and f/s- mycelia grown in 
the light (Table II). No interference of these enzyme samples with that  of  fisc 
mycelia grown in the light was observed in the mixing experiments (Table II). 
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Fig. I. Changes of glycogen content in strains fis e and fis- grown in the light or dark. The amount of gly- 

cogen was measured, o o, mycelia and fruiting bodies of fisc strain grown in the light; o ...... o, 
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m y c e l i a  o f  f / s -  s t r a in  g r o w n  in  the  l ight .  
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Fig. 2. G l y c o g e n  p h o s p h o r y l a s e  a c t i v i t y  o f  c r u d e  e x t r a c t s  o b t a i n e d  f r o m  m y c e l i a  ( i n c l u d i n g  f r u i t i n g  b o d y  
p r i m o r d i a  a n d  f r u i t i n g  b o d i e s )  o f  v a r i o u s  ages  in  s w a i n s  f i s  c a n d  f is  - g r o w n  in  t h e  l i gh t  o r  d a r k .  G l y c o g e n  
p h o s p h o r y l a s e  a c t i v i t y  in  c r u d e  e x t r a c t s  w a s  a s s a y e d  i n  t h e  p r e s e n c e  ( so l id  l ine)  o r  a b s e n c e  ( l ~ o k e n  l i ne )  
o f  5 0  /~M c y c l i c  AMP.  o, S t r a i n  f i s  c g r o w n  in the  l igh t ;  e,  s t r a i n  f i s c  g r o w n  in the  d a r k ;  A, s t r a i n  f/s - g r o w n  
in t h e  l ight .  
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T A B L E  I 

E F F E C T  O F  CYCLIC AMP AND ATP ON G L Y C O G E N  P H O S P H O R Y L A S E  A C T I V I T Y  IN C. M A C R O -  
R H 1 Z  US 

G-25 f rac t ions  ob t a ined  f r o m  fis c myc c l i a  g rown in the  light for  8 days  were  p r e i n c u b a t e d  in the presence  
of  15 m M  MgCl 2 w i th  subs tances  as ind ica ted  a t  30°C for  10 rain and  cooled .  A f t e r  p r e in cu b a t i o n  a n o t h e r  
G-25 f rac t ion  was  o b t a i n e d  f r o m  p r e i n e u b a t e d  G-25 f r ac t ion  as descr ibed in Materials and Methods .  Gly-  
cogen  phosphory la se  ac t iv i ty  was  assayed for  the G-25 f rac t ion  thus  p r e p a r e d  wi th  or  w i t h o u t  50 pM 
cycl ic  AMP. 

Add i t ion  in p r e i n c u b a t i o n  m i x t u r e  Add i t i on  of  cyclic 
AMP (50 ~M) in 
r eac t ion  m i x t u r e  

G l y c o g e n  phosphory l a se  
ac t iv i ty  
( u n i t s /mg  p ro te in )  

None  
+ 

ATP  (3.3 raM) 
+ 

Cyclic AMP (50/~M) 
+ 

Cyclic AMP (50/~M) and  ATP (3.3 mM )  
+ 

1.10 
1.65 
0 .97  
1.67 
1.38 
1.39 
3.11 
3.22 
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Fig. 3. E f fec t  of  cycl ic  AMP a nd  A T P  on  g lycogen  phosphory i a s s  ac t iv i ty .  G l y c o g e n  p h o sp h o ry l a se  activi-  
ty of  G-25 f rac t ion  p r e p a r e d  f r o m  f/s c myce l i a  g r o w n  in t he  l ight w a s  assayed w i t h  the  fo l lowing  addi-  
tives: o o, the  ind ica ted  a m o u n t  of  cycl ic  AMP a nd  3.3 m M  ATP; o . . . . . .  o, the i nd i ca t ed  a m o u n t  
of  cycl ic  AMP; -" ~, the  i nd i ca t ed  a m o u n t  of  ATP.  
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T A B L E  II  

G L Y C O G E N  P H O S P H O R Y L A S E  A C T I V I T Y  IN M Y C E L I A  OF f isc A N D  f i s -  S T R A I N  G R O W N  IN T H E  
L I G H T  OR D A R K  

G-25 f r ac t ion  was  p r e p a r e d  f r o m  myce l i a  of each  s t ra in  g r o w n  in the  l ight  or  dark .  G l y c o g e n  p h o sp h o ry l -  
ase ac t iv i ty  was  assayed  wi th  or  w i t h o u t  50 #M cyclic  AMP in t h e  presence  of  3.3 m M  ATP an d  15 m M  
MgCI 2. 

Enzyme source Culture  cond i t i on  Add i t i on  of  G lycogen  
cyclic AMP p h o sp h o ry l a se  
(50  #M) in reac-  ac t iv i ty  
t ion  m i x t u r e  (uni t s / rag  p r o t e i n )  

f/sc L i g h t  - -  1.2 

+ 3.3 
f isc  Daxk - -  0 .50  

+ 0 .50  
f i s -  Light  - -  0 .35  

+ 0 .36  
f is  c * Light  and dark  * - -  0 .70  

+ 1.7 
f i sc  and  f i s -  ** Light  ** - -  0 .80  

+ 1.9 

* Mixture  o f  G-25 f rac t ions  (10  /~l each)  f r o m  fis c myce l i a  g r o w n  in the  l ight a n d  dark  was  used.  
** Mixture  of  G-25 f rac t ions  (10 #1 each)  f r o m  fis c and  f/s-  m y c e l i a  g rown  in the l ight was  used.  
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Fig. 4. Sepharose  6B c h r o m a t o g r a p h y  of  g lycogen  phos pho ry l a s e  in G-25 f r ac t ion  f r o m  f is  c my ce l i a  g ro wn  
in the  light.  4 m l  of  G-25 f r ac t i on  con t a in ing  3.3 m M  ATP  and  15 m M  MgCI 2 w e r e  p r e i n c u b a t e d  w i t h  
(solid l ine)  or w i t h o u t  ( b r o k e n  l ine)  50/~M cycl ic  AMP at  30°C  for  10 rain. T h e  e n z y m e  sample  thus  pre- 
p a r e d  was  app l i ed  to a Sepharose  6B c o l u m n  (2 .5  X 45 c m )  and  e lu ted  w i t h  50 m M  Tris • HCI b u f f e r  ( p H  

7.4).  F rac t ions  (4 .5  m l )  w e r e  co l lec ted  a nd  g lycogen  phos pho ry l a se  ac t iv i ty  in each  f rac t ion  was  m e a s u r e d  
w i t h  ( I )  or  w i t h o u t  (o )  50/~M cyclic  AMP. 
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The glycogen phosphorylase activity in the G-25 fraction increased as influ- 
enced by concentration of  cyclic AMP in the preincubation mixture with ATP. 
Half maximum stimulation of  this enzyme occurred with approximately 0.1 
pM cyclic AMP in the presence of  3.3 mM ATP (Fig. 3). 

A cellular factor responsible for activation of glycogen phosphorylase 
The enzyme sample (G-25 fraction) obtained from fisc mycelia grown in the 

light was eluted from Sepharose 6B mainly as a single activity peak (Fig. 4). 
Preincubation of  the same enzyme sample with cyclic AMP and ATP lead to a 
significant activation of the enzyme, but  did not  influence the elution position 
of the enzyme on the profile (Fig. 4). Further  addition of  cyclic AMP into each 
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d e p e n d e n t  p r o t e i n  k i n a s e  a n d  c y c l i c  A M P - b i n d i n g  a c t i v i t y  i n  S e p h a r o s e  6B c h r o m a t o g r a p h y .  S e p h a r o s e  
6B  c h r o m a t o g r a p h y  o f  G - 2 5  f r a c t i o n  o f  f i s  c m y c e l i a  g r o w n  i n  t h e  l i g h t  w a s  p e r f o r m e d  a s  d e s c r i b e d  i n  F i g .  
4 .  A:  o o,  g l y c o g e n  p h o s p h o r y l a s e  a c t i v i t y :  o . . . . . .  o,  g l y c o g e n  p h o s p h o r y l a s e  a c t i v a t i n g  a c t i v i t y :  
B: -- o, c y c l i c  A M P - d e p e n d e n t  p r o t e i n  k i n a s e  a c t i v i t y :  ~ . . . . .  e ,  c y c l i c  A M P - b i n d i n g  a c t i v i t y .  
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fraction showed no activation of the enzyme {Fig. 4). The fractions containing 
glycogen phosphorylase activity in Sepharose 6B chromatogram were collected 
and incubated with fractions containing no glycogen phosphorylase activity in 
the presence of cyclic AMP and ATP. Some fractions (Fractions Nos. 22--35) 
were effective in enhancing the glycogen phosphorylase activity (Fig. 5). In the 
same chromatogram at least five peaks of cyclic AMP-binding activity were 
found and the second one located at the same position as that stimulating gly- 
cogen phosphorylase activity (Fig. 5). Likewise, three main peaks of cyclic 
AMP-dependent protein kinase activity were observed and the second one coin- 
cided with the position of that stimulating glycogen phosphorylase activity 
(Fig. 5). 

Discussion 

We have previously reported the existence of cyclic AMP and cyclic AMP- 
dependent  protein kinase in this fungus [12,13,17], and the requirement of 
cyclic AMP and cyclic AMP-binding activity for fruiting body formation [12]. 
A significant activation of glycogen phosphorylase was observed only when 
cyclic AMP was added to partially purified enzyme samples. This may be due 
to the fact that crude extracts of mycelia which are able to form fruiting bodies 
contain cyclic AMP [13]. Loss of activation of glycogen phosphorylase even 
with cyclic AMP and ATP in enzyme samples obtained from mycelia which are 
unable to form a fruiting body may be due to the lack of cyclic AMP-binding 
activity [12] or proper protein kinase in these mycelia as discussed previously 
[17]. 

The activation of glycogen phosphorylase required preincubation of enzyme 
sample with cyclic AMP and ATP, and a particular fraction that is essential for 
the activation of partially purified enzyme fraction was found in Sepharose 6B 
chromatography. Such fraction had cyclic AMP-dependent protein kinase activ- 
ity as well as cyclic AMP-binding activity. The results suggest that  the activa- 
tion of glycogen phosphorylase may be regulated by a cyclic AMP-dependent 
protein kinase. Thus, the regulation of glycogen phosphorylase activity in C. 
macrorhizus resembles that of mammalian cells [6--11]. More works are, how- 
ever, required to show phosphorylation of glycogen phosphorylase protein as a 
mechanism of activation of this enzyme. 

A constant level of glycogen content in mycelial cells which form fruiting 
bodies may be ensured by activation of glycogen phosphorylase by cyclic AMP 
synthesized in the course of fruiting body formation. Mycelia which are unable 
to form a fruiting body may keep a constant level of glycogen content  by pro- 
duction of low levels of glycogen phosphorylase and glycogen synthetase. 
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