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SUMMARY 

The form of yeast glycogen synthetase independent of glucose 6-phosphate is 
reversibly inactivated by cold in the absence of substrates. Addition of glycogen or 
of a high concentration of glycerol completely prevents the inactivation, whereas 
glucose 6-phosphate, uridine diphosphate glucose and (NH4)2SO 4 afford partial pro- 
tection. Sedimentation coefficients of II .2 S at 3o °C and IO.I S at o °C were calcu- 
lated from centrifugation in sucrose density gradients. This small difference appears 
to t;e due to a change in conformation rather than to dissociation of the enzyme into 
subunits in the cold. The glucose 6-phosphate-dependent form of glycogen synthetase 
does not display cold sensitivity. 

INTRODUCTION 

This laboratory is presently engaged in the study and purification of yeast 
glycogen synthetase (UDPglucose :glycogen a-4-glucosyltransferase (EC 2.4. i. i i) 1. As 
a part of this study, a method was developed 2 for the separation, in the absence ot 
glycogen, of the glucose-6-P-dependent (D) and -independent (I) forms of the enzyme. 
Under these conditions the activity of the I form was found to be decreased by 
previous incubation at o °C, an effect which was studied in some detail because of 
its obvious relevance to further purification of the enzyme. One of the findings was 
that the enzyme showed only a small change in sedimentation coefficient with 
temperature. This result contrasts with recent reports'% 4 according to which the I 
form from rabbit muscle and rat liver shows aggregation at low temperature, and also 
with the properties of most cold-labile enzymes whose hydrodynamic properties have 
been studied. Because of this unusual behavior it seemed of interest to communicate 
our results at the present time. 

Abbreviations: I, glucose 6-phosphate-independent form of glycogen synthetase; 1), 
glucose 6-phosphate-dependent ff)rm of glycogen synthetase. 
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MATERIALS 

Uridine diphosphate ~14C61glucose (specific activity 227 Ci/mole) and Aquasol 
were obtained from New England Nuclear Corp. Nonradioactive UDPglucose and 
shellfish glycogen were purchased from Sigma Chemical Company. Chromatographic 
sheet (ITLC-SG type, 20 cm × 20 cm) was the product of Gelman Instrument  
Company. Yeast glucose 6-phosphate dehydrogenase was obtained from Boehringer- 
Mannheim Corporation and bovine liver eatalase from Worthington. 

METHODS 

Preparation of D and I forms of glycogen synthetase 
D and I forms of yeast glycogen synthetase were prepared by DEAE-cellulose 

chromatography at 4 °C according to the methods described earlier 2. Both enzyme 
preparations were concentrated by ultrafiltration through an Amicon UM-Io mem- 
brane, dialyzed against 0.045 M Tris-HC1 buffer, pH 7.5, containing I mM mereapto- 
ethanol and IO% glycerol and stored at --20 °C until used. The enzyme preparations 
were stable for several months under these conditions. 

A ssay of glycogen synthetase activity 
Glycogen synthetase was assayed by a method based on the same principle as 

that  described by Thomas et al. 5. The assay mixture contained I #mole of glycyl- 
glycine buffer, pH 7.5, 0.2 #mole of EDTA, 0.6 mg of shellfish glycogen, o. i /zmole 
of ~14ClUDPglucose (specific activity 4.7"lOb cpm/#mole), 0.2 /zmole of glucose-6-P 
and enzyme in a total  volume of 25/~1. Glucose-6-P was omitted when the independent 
activity was measured. Incubation was at 30 °C for 2 rain and the reaction was 
stopped by adding 5/zl of glacial acetic acid. Aliquots of the reaction mixture (25/zl) 
were applied to 1. 5 cm × 9.8 cm strips of Gelman chromatographic sheet, 1. 5 cm 
above the bot tom edge. The strips were dried with warm air and developed ascend- 
ingly in a solvent system of 66% ethanol containing o.I M ammonium acetate. After 
developing for 12 min the strips were taken out and dried again with warm air. In 
this solvent system the reaction product (I14Clglycogen) remained at the origin, 
whereas [14C]UDPglucose moved with the solvent front. A 2.3-cm segment of each 
strip, from 1. 3 cm above to I.O cm below the starting line, was cut out and inserted 
into a scintillation vial. After adding IO ml of Aquasol the radioactivity was measured 
in a scintillation counter. 

One unit of activity is defined as that  amount of enzyme which catalyzes the 
incorporation of I #mole of glucose per rain into glycogen. 

Assay of the temperature sensitivity of glycogen synthetase 
The assay was performed by  incubating glycogen synthetase at various temper- 

atures in the presence of IO mM glycylglycine, pH 7-5, and 5 mM magnesium acetate. 
At t imed intervals, aliquots (usually 3/zl) were withdrawn for the determination of 
glycogen synthetase under standard assay conditions. 

Other methods 
Sucrose density gradient centrifugation was carried out by the procedure of 
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Martin and Ames 6 with an SW-65 rotor in a Beckman L2-65B ultracentrifuge. 
Catalase was assayed according to Beers and Sizer ~ and glucose 6-phosphate dehydro- 
genase as described by Warburg and Christian s. Proteins were determined by the 
method of Lowry et al). 

RESULTS 

Recovery of D and I-form glycogen synthetase after DEAE-cellulose column chromato- 
graphy 

During purification of glycogen synthetase by DEAE-cellnlose column chro- 
matography at 4 °C, it was found that  the recovery of the I form was always lower 
than that  of the D form. As shown in Table I, when an undialyzed crude extract, 
containing enzyme mainly in the D form 2, was chromatographed on a DEAE-cellulose 
column, 87% of the total  activity applied was recovered as D-form enzyme. When 

T A B L E  I 

R E C O V E R Y  OF Y E A S T  G L Y C O G E N  S Y N T H E T A S E  A F T E R  D E A E - C E L L U L O S E  C O L U M N  C H R O M A T O G R A P H Y  

The separat ion of D and I forms of glycogen synthe tase  was carried out  at 4 °C according to the 
methods  described earlier ~. Concentrat ion of the pooled fractions was performed in an Amicon 
ultrafi l trat ion cell wi th  a UM-Io membrane  at  4 °C. The pooled enzyme fractions were usually 
concentrated about  IO times, then  dialyzed against  0.o45 M Tris-HC1 buffer, p H  7.5, containing 
i mM mercaptoethanol  and lO% glycerol. The dialyzed enzymes were then distr ibuted in several 
tubes  and kept  at  - -20 °C. The act ivat ion step was carried out  by  incubat ing the concentrated 
enzyme at 30 °C for 2o min. in the presence of io mM glycylglycine buffer, p H  7-5, and 5 mM mag- 
nesium acetate. After 20 min incubation,  al iquots were wi thd rawn  for the measurement  of gly- 
cogen synthe tase  activity. 

Undialyzed crude extract  
Dialyzed crude extract  
Undialyzed and dialyzed crude 

ext rac t  (equal portions)** 

Pooled After After 
fractions (%)* concentration (%)* activation (%)* 

I D I D I D 

- -  87 - -  86.5 - -  86.5 
4 ° - -  56.5 - -  82 - -  

22.8 46 24.6 43.8 39.6 43.8 

" Total  activity applied to the column taken as lOO%. 
*" Total act ivi ty (I + D) equal to t ha t  applied to the other  two columns. 

the same amount of dialyzed crude extract,  containing enzyme in the I form 2, was 
separated under identical conditions, only 40% of the total act ivi ty applied was 
recovered as I form, and no significant activity was detected in the fractions which 
corresponded to the elution area of the D form. When equal portions of dialyzed and 
undialyzed crude extracts containing equal activities of I and D form respectively, 
were applied to a DEAE-cellulose column and chromatographed as described previ- 
ously, 46% of the total  act ivi ty applied was recovered as D-form enzyme, and only 
22.8% as I-form enzyme. Concentration of the pooled I form by ultrafiltration 
increased the yield somewhat. Significant increase in the recovery of the I form was 
achieved when the concentrated pooled fractions were incubated in the presence of 
IO mM glycylglycine, pH 7.5, and 5 mM magnesium acetate at 3o °C for 2o min 
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Fig. I. Effect of incubation at 3 ° °C upon the D and I forms of glycogen synthetase. Incubation 
mixtures containing i/~mole of glycylglycine buffer, pH 7.5, o.5/,mole of magnesium acetate 
and either o.41 mg, as protein, of I form (A) or o.18 mg of D form (B) in a total volume of o.i ml, 
were kept in an ice bucket at o °C. At zero time, the incubation mixtures were transferred to a 
3 ° °C water bath, and 3-/,1 aliquots were withdrawn at various time intervals for the measure- 
ment of glycogen synthetase activity, both in the presence and absence of glucose-6-P at 3 ° °C 
for 2 min. 

(Table I). After this incubat ion,  the recovery of the I form was comparable to tha t  of 
the D form. Tris buffer is as effective as glycylglycine buffer, and  the addi t ion of 5 mM 
magnes ium acetate only accelerates the rate of act ivat ion 1°. 

Effect of incubation at 3 ° °C on the I and D forms of glycogen synthetase 
From the results of Table I, it is evident  tha t  the I and  D forms obta ined  from 

DEAE-cellulose columns behave differently upon  incubat ion  at 3o °C. A more detailed 
comparison between the two forms showed (Fig. i) tha t  the I form undergoes a 
gradual  ac t iva t ion  when it is assayed either in the presence or absence of glucose-6-P. 
No such ac t iva t ion  was observed for the D form. The degree of ac t iva t ion  of I form 
upon incuba t ion  at 3o °C varied somewhat from one preparat ion to the next  bu t  
ranged from 1.5 to 3-fold. The ratio of independence I of the I form also increased to 
some extent  dur ing  incubat ion  at 30 °C. 

Time course of the reaction with 1-form glycogen synthetase 
The t ime course of the react ion catalyzed by  the I form was determined before 

and  after incuba t ion  of the enzyme at 30 °C. Wi th  previously ac t ivated  enzyme a 
l inear increase in incorporat ion was obtained,  whereas un t rea ted  preparat ions  gave 
rise to a curve of increasing slope (Fig. 2). This result suggests tha t  some ac t iva t ion  
may  occur dur ing  incuba t ion  under  assay conditions. Dur ing  the short incuba t ion  
t ime used in the s tandard  assay, i.e. 2 rain, the conversion appears to be negligible. 

Reversibility of temperature effects 
After the I form was ac t ivated  by  incuba t ion  at 30 °C, its ac t iv i ty  remained 

stable on fur ther  incuba t ion  (Fig. 3). Successive cycles of cooling and  heat ing resulted 
in parallel  decreases and  increases of act ivi ty.  
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Fig. 2. Effect  of p rev ious  incuba t ion  on the  t ime  course of the  reac t ion  wi th  I form. I n c u b a t i o n  
of the  enzyme  a t  3 ° °C before the  assay,  where indica ted ,  was carr ied  out  for 2o min  under  the  
cond i t ions  of Fig. i .  The assay  m i x t u r e  con ta ined  5/~moles of g lycy lg lyc ine  buffer, pH  7.5, 
i t tmole of EDTA,  3 mg of shellfish glycogen,  o. 5/~mole of [14C] UDPglucose  ( total  a c t i v i t y  235 ooo 
cpm), i / , m o l e  of g lucose-6-P and 22 #g, as protein,  ot i form in a t o t a l  vo lume  of o.125 ml. 
Dur ing  the  fol lowing i ncuba t ion  a t  3 ° °C, 5-/~1 samples  were w i t h d r a w n  a t  var ious  t ime  in t e rva l s  
and  p ipe t t ed  onto a c h r o m a t o g r a p h i c  s t r ip  (see Methods) a t  the place where 5/~1 of glacial  acet ic  
acid had  jus t  been spot ted .  The a c t i v i t y  is expressed in cpm incorpora ted  in to  glycogen.  I form 
wi thou t  p rev ious  incuba t ion ,  Q---O, 1 form af ter  2o rain incuba t ion ,  m--re.  
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Fig. 3. Hever s ib i l i t y  of cold inac t iva t ion .  The con ten t  of the incuba t ion  m i x t u r e  was  as descr ibed 
under  Fig. I. Samples  were t ransfer red  to the  a pp r op r i a t e  t e m p e r a t u r e  where ind ica ted  by  the  
arrows. Al iquo t s  were w i t h d r a w n  a t  different  t imes  from each i ncuba t ion  m i x t u r e  and  the  a c t i v i t y  
measured  under  s t a n d a r d  assay  condi t ions.  E n z y m e  incuba t ed  a t  3 ° °C, 0 - - 0 ;  a t  3 ° °C. then  a t  
o °(', C~ C~; a t  3 ° °C, then  a t  o °C, f inal ly aga in  a t  3 ° °C, A--~.~.  
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Fig. 4. Effect of incubation temperature  on the act ivat ion of the I form. The experiments were 
carried out  as described under Fig. I. The amount  of I form used in the prior incubation mixture 
was 1.3 mg of protein. 

Fig. 5. Effect of different substances on cold inactivation. The conditions for incubation and assay 
were as described under Fig. t. All effectors when added were present in the mixture from the 
beginning of the incubation at  3 ° °C. At io min (arrows) samples from each mixture were trans- 
ferred to a ba th  at  o °C (open symbols). (A) Control, 0 - - 0  and O - - O -  (B) 30 mg/ml of shellfish 
glycogen added, 0 - - 0  and O - - O ;  IO mM glucose-6-P added, A - - &  and ~ - - A ;  io mM UDP- 
glucose added, I I - - l l  and U]--[~. (C) 45°/,'o glycerol added, 0 - - 0  and O O ; io mM (NH4)2SO 4 
added, & - - &  and A - - ~ -  

Effect of incubation temperature on rate of activation 
T h e  I f o r m  of  g l y c o g e n  s y n t h e t a s e  w as  i n c u b a t e d  a t  v a r i o u s  t e m p e r a t u r e s  a n d  

t h e n  a s s a y e d  a t  30 °C w i t h  t h e  r e s u l t s  s h o w n  in  Fig .  4. No  a c t i v a t i o n  was  o b s e r v e d  

u p o n  i n c u b a t i o n  a t  o °C b u t  i n c r e a s i n g  t e m p e r a t u r e  r e s u l t e d  in  a n  i n c r e a s e d  a c t i v a t i o n  

r a t e .  A t  4 ° °C a n  o p t i m a l  r a t e  w as  r e a c h e d ,  h o w e v e r  t h e  e n z y m e  b e g a n  t o  lose a c t i v i t y  

u p o n  p r o l o n g e d  i n c u b a t i o n .  

Effect of various substances on the temperature sensitivity of the I form 
T h e  I f o r m  o b t a i n e d  f r o m  D E A E - c e l l u l o s e  c o l u m n s  d i d  n o t  c o n t a i n  g lycogen .  

S ince  t h e  e n z y m e  b i n d s  s t r o n g l y  t o  g l y c o g e n  I a n d  t h e r e f o r e  m i g h t  wel l  be  a t t a c h e d  

to  t h e  p o l y s a c c h a r i d e  in vivo, i t  w as  o f  i n t e r e s t  to  s t u d y  t h e  ef fec t  o f  g l y c o g e n  on  cold 

i n a c t i v a t i o n .  I t  was  i n d e e d  f o u n d  (Fig.  5B)  t h a t  g lycogen ,  whi l e  n o t  p r e v e n t i n ~  

a c t i v a t i o n  a t  30 °C, a f f o r d e d  c o m p l e t e  p r o t e c t i o n  a g a i n s t  i n a c t i v a t i o n  a t  low t e m p e r -  

a t u r e s .  O t h e r  s u b s t a n c e s  were  p a r t i a l l y  or  t o t a l l y  e f f ec t ive  in  p r e v e n t i n g  co ld  inac t i -  

v a t i o n .  T h e  c o - s u b s t r a t e  U D P g l u c o s e  p r o v i d e d  o n l y  m o d e r a t e  p r o t e c t i o n ,  w h e r e a s  
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Fig. 6. Sucrose dens i t y  g rad ien t  cen t r i fuga t ion  o f  I - form e n z y m e  a t  o °C (A) and  3 ° °C (B). 
Samples  o f  o. i  ml, con ta in ing  g lycogen s y n t h e t a s e  (0. 3 m g  of  protein)  bovine  l iver ca ta lase  and  
yeast~glucose 6 -phos pha t e  dehyd rogenase  were layered  on 5 ml  of  a 5-2o~o sucrose  dens i ty  gra-  
d ien t  in io  m M  glycylglycine  buffer,  p H  7.5, and  5 m M  m a g n e s i u m  aceta te .  Samples  for the  3 ° °C 
cen t r i fuga t ion  were i ncuba t ed  for 20 mi n  a t  th i s  t e m p e r a t u r e  pr ior  to layering.  Cen t r i fuga t ion  was  
pe r fo rmed  a t  60 ooo r ev . / m i n  for 360 and  200 min,  a t  o and  3 ° °C respect ively ,  in an  SW-65 
rotor.  F rac t ions  of  o.14 ml  were collected and  a s sayed  for g lycogen syn the t a se ,  0 - - 0  ; catalase ,  
0 - - - 0 ;  and  glucose 6 -phospha t e  dehydrogenase ,  [22--[2]. The  smal l  a m o u n t s  of  g lycogen s y n t h e -  
t ase  wh ich  r e m a i n e d  a t  tile top  of  the  g rad ien t  appea r  to be ar t i fac tua l ,  s ince in o the r  e x p e r i m e n t s  
some  ac t iv i ty  of  the  m a r k e r  e n z y m e s  was also found  a t  the  s ame  location.  

the allosteric effector glucose-6-P was more efficient (Fig. 5B). Glycerol at 45% was 
an excellent protector, and IO mM (NH4)2SO 4 was partially effective (Fig. 5C). If  
one defines protection as the percentage of total decrease in activity, as observed in 
the control at 80 min, which is prevented by any given substance, the results are as 
follows: IOO% protection for glycogen and glycerol; 77% for glucose-6-P; 63% for 
(NHa)~SO a and 50% for UDPglueose. KC1 at IO raM was totally ineffective. 

Sucrose density gradient centrifugation 
Cold inactivation of enzymes usually has been correlated with dissociation or 

aggregation of the enzyme molecules. To ascertain if such was the case with yeast 
glycogen synthetase, the sedimentation behavior of the I form was determined at o 
and 3o °C with the use of sucrose density gradients 6. A small decrease in the sedi- 
mentat ion coefficient was observed at the lower temperature (Fig. 6). Using bovine 
liver catalase and yeast glucose-6-P dehydrogenase as markers, sedimentation 
coefficients of 11.2 S and IO.I S were calculated at 3o and o °C, respectively. This 
would correspond to apparent molecular weights of 243 ooo and 2o2 ooo, respectively. 

DISCUSSION 

Exposure of glycogen-free preparations of yeast glycogen synthetase in the I 
form to o °C resulted in a loss of activity, which could be reversed by rewarming. 
Glycogen totally prevented the inactivation, whereas UDPglucose and glucose-6-P 
afforded partial protection. In contrast to the results of Smith and Larner 3 and Mc- 
Verry and Kim*, who found extensive aggregation of rabbit  muscle or rat liver 
glycogen synthetase in the I form upon cooling, the yeast I form only showed a 



COLD LABILITY OF GLYCOGEN SYNTHETASE 247 

smal l  decrease in s ed imen ta t ion  coefficient a t  low t e mpe ra tu r e .  This  effect is so 
modest ,  t h a t  it  appears  to  be due to  a change in the  shape of  the  molecule  ra the r  
t han  to a dissociat ion into subuni ts .  Therefore,  the  enzyme m a y  exis t  in a t  least  two 
in te rconver t ib le  configurat ions.  Bo th  t e m p e r a t u r e  and  the presence of cer ta in  l igands  
affect the  equ i l ib r ium be tween  these forms. Since the  D form of the  syn the tase  
appears  to be comple te ly  res is tan t  to cold inac t iva t ion ,  it  m a y  be concluded t ha t  the  
occurrence of phospha te  groups  at  cer ta in  locat ions of the  molecule resul ts  in the  
s tab i l i za t ion  of one of the  configurations.  T e m p e r a t u r e  affects not  only  the  equi l ib r ium 
bu t  also the  ra te  of the  t rans i t ion ,  as ind ica ted  b y  the  resul ts  of Fig. 4. 

A perusa l  of  the  l i t e ra ture  shows t h a t  abou t  20 enzymes  have been found to 
exhib i t  cold lability3, n-19. In  most  cases, when the  h y d r o d y n a m i c  behav ior  of  the  
p ro te in  was de t e rmined  the  inac t iva t ion  was found to be accompan ied  b y  a large 
decrease in s ed imen ta t ion  coefficient, which was in t e rp re t ed  as a dissociat ion of the  
enzyme into subuni ts .  I n  one of the  few occasions in which an  increase in sedimen-  
t a t ion  ra te  occurred n,  the  enhancemen t  of  th is  effect b y  an  increased d i lu t ion  of  the  
enzyme suggested t h a t  dissociat ion preceded  the aggregat ion  13. Cold l ab i l i ty  was 
therefore  in te rp re ted  as a direct  resul t  of  enzyme dissociat ion,  which would  be caused 
b y  the weaken ing  of hydrophob ic  in te rac t ions  at  low t e mpe ra tu r e s  la. I n  the  case of  
yeas t  glycogen syn the tase  I form and  of r ibulose d iphospha te  ca rboxy lasO 5 no gross 
change in sed imen ta t ion  behav ior  wi th  t e m p e r a t u r e  has  been found. The loss in 
a c t i v i t y  at  low t empera tu r e  appears  to  resul t  f rom a change in configurat ion of the  
prote in .  These findings, added  to the  fact  t ha t  a change in conformat ion  pr ior  to  
dissociat ion was de tec ted  wi th  p y r u v a t e  ca rboxy lasO 4, suggest  t ha t  d issocia t ion is 
not  a "s ine  qua non"  condi t ion  for cold inac t iva t ion .  Indeed,  i t  is qui te  possible t h a t  
in most  cases the  p r i m a r y  event  is a conformat iona l  t r ans i t ion  which m a y  or m a y  not  
be followed b y  a dissociat ion.  The p ro tec t ion  afforded b y  subs t ra tes  and  al losteric  
effectors suppor t s  th is  idea. The ava i l ab i l i t y  of cold-sensi t ive enzymes  which do not  
exhib i t  gross va r ia t ions  in molecular  size at  low t e mpe ra tu r e s  m a y  help in e luc ida t ing  
this  problem.  The glycogen syn the tase  sys tem m a y  be especial ly  appropr i a t e  for this  
purpose ,  because of the  presence of a na tu r a l  "con t ro l " ,  the  D form, which is not  
cold-labile .  
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