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1. Introduction 

Control of the phosphorylation state of rabbit- 
muscle glycogen synthase (UDPglucose: glycogen 
4-a-glucosyltransferase, EC 2.4.1.11) by the action of 

hormones such as insulin and epinephrine [ 1,2] is 

considered to be an important feature of the endocrine 

regulation of the activity of this enzyme. The control 
of activity follows from the fact that the kinetic prop- 
erties of glycogen synthase are strongly dependent on 
the phosphorylation state of the enzyme [3,4], a higher 
phosphorylation state correlating with lower activity 
under most conditions. In previous work, we investi- 
gated the relationship between enzyme kinetic 

properties of synthase and the alkali-labile phosphate 
content of the enzyme [3,4]. Enzymes differing in 

phosphorylation state were obtained by incubation 
of partially purified enzyme containing kinase(s) 
with ATP, cyclic-AMP and Mg”for different lengths 
of time. 

These experiments indicated a smooth, monotonic 
dependence of properties on phosphate content. 
Therefore, we wished to observe whether endogenous 
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or native enzyme purified without deliberate conversion 
(that is, phosphorylation or de-phosphorylation) had 
properties that correlated with our earlier findings. 
Also, we wished to know whether the effects of 
perturbation of synthase in vivo by insulin were 

transmitted to the properties of glycogen synthase 
in a manner consistent with our experiments in vitro. 
We report here that the properties of the enzyme purified 
from control animals and from animals treated with 
glucose plus insulin fell close to our previous results 
with the isolated enzyme. 

2. Materials and methods 

2.1. Assays for glycogen synthase activity 

Standard assays for glycogen synthase were performed 
as in Thomas et al. [5]. The Y% activity is defined as the 
ratio of enzyme activity in the absence of glucose 6-P 
to that in the presence of 7.2 mM glucose 6-P, 
expressed as a percentage. A unit of enzyme activity 
is defined as 1 I.tmol of UDPglucose incorporated into 
glycogen per minute. Enzyme assays to determine 
kinetic parameters were similar, and details have been 
described [3]. 

2.2. Purification of glycogen synthase 
Glycogen synthase was purified from each of several 

rabbits, treated as below, using the published procedure 
for the D (glucose-6-P dependent, phosphorylated) 
form of the enzyme [6]. No conversion step was, 
however, included and the enzyme was eluted from the 
DEAE-cellulose column with buffer containing 0.25 M 
NaCl. 
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2.3. Treatment of rabbits 

Male rabbits of 2 to 4 kg weight were subjected 

to various treatments as below, before being killed 
by the injection into the marginal vein of the ear of 

3 ml pentobarbital. 
Controls: Two rabbits were killed without treat- 

ment (giving enzyme samples Cl and C2. 
Glucose/insulin: Two rabbits received intraperit- 

oneal injections of glucose (20% w/v) to give final 
doses of 2 g/kg body weight. After either 4 min (11) 

or 10 min (12), 0.66 ml of 1 mg/ml insulin (Novo Pork- 
Lot MC-S-821 506) was injected into the marginal vein 
of the ear. The animals were killed 10 min after the 

insulin injections. 

2.4. Other methods 
Determinations of the alkali-labile phosphate 

contents of purified glycogen synthase samples were 
carried out as described by Smith et al. [7]. Protein 
was estimated by the method of Lowry et al. [S]. 

3. Results 

3.1. Enzyme purification and the relationship of %I 
activity with hormone treatment 

Glycogen synthase was purified from the four 
rabbits treated as described above. It is evident from 

table 1 that at the stage of the crude muscle extracts, 
the dependency of the enzyme activity on glucose 
6-P (%I activity) correlated with most current theories 

of insulin action. Insulin treatment after a previous 
glucose injection caused a change in %1 activity from 
48% or 56% to 63%. 

We hoped in these experiments to retain the 
hormone-induced alterations of synthase properties 
during the purification of the enzyme. Therefore, F- 
was present in the initial stages of the purification to 
inhibit phosphatase activity, and later the normal 
incubation with ATP, cyclic-AMP and Mg*’ was omitted 
to prevent further phosphorylation. Examination of 
table 1 indicates that in fact there were some changes 
in the %I activity during purification. The control and 
the glucose/insulin samples did, however, maintain a 
difference in %1 activity throughout purification. The 
final “/or activities of the controls were 40% and 42% and 
of the insulin treated animals 55% and 51%. 

3.2. Chemical characterization of enzyme samples 
A summary of the properties of the various enzyme 

samples is shown in table 2. Previously, values for the 
specific activity of purified glycogen synthase in this 
laboratory were between 30 and 40 units/mg [3,6]. 
The values obtained here are, therefore, low. The 
results of polyacrylamide gel electrophoresis in the 

presence of sodium dodecyl sulfate (not shown) did 
indicate slightly elevated levels of impurities but 
insufficient to account for a 50% reduction in specific 
activity. A possible explanation for the lower specific 

activities could, therefore, be the presence of inactive 

glycogen synthase, but this is not proven. The alkali- 
labile phosphate contents of the two insulin samples 

Table 1 
Glucose 6-P dependency (W activity) as a function of glycogena synthase 

purification 

Sample W Activity 

Tissue 

extract 

After EtOH 

precipitation 

Before 

Sepharose 4B 

chromatography 

Final 

Cl 48 48 33 40 

c2 56 43 27 42 

I1 63 56 39 55 

12 63 53 35 51 

“Standard assays, in the presence and absence of 7.2 mM glucose 6-P were 

performed as described in Materials and methods. The details of the treatments 
for the different samples is also given in the text; enzymes Cl and C2 came from 

control rabbits, enzymes 11 and 12 from rabbits treated with glucose then insulin 
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Table 2 

Characterization of glycogen synthase samples 

Samplea Alkali-labileb %I Activity SpecificC UDPglucosed Glucose 6.Pe 

phosphate activity varied varied 

(P/subunit) (units/mg) 

S,. 5 Wf) Hill M,., (mM) Hill 

slope slope 

Cl 1.31 40 9.3 5.5 0.86 0.037 0.93 

c2 1.34 42 12 6.6 0.76 0.020 1.00 

11 0.98 55 23 4.6 0.80 0.013 0.88 

I2 0.75 51 20 5.1 0.78 0.014 0.83 

aSamples as identified in the text, with C for control, I for glucose/insulin treated rabbits. 

bAverage of triplicates, except for Cl which was done in duplicate, and assuming a subunit molecular weight of 

85 000 [6] 

‘Determined by standard assay in the presence of 7.2 mM glucose 6-P 

dAssays as in Materials and methods, with S,, determined from Hill plots 

eAssays as in Materials and methods, with 0.2 mM UDPglucose; M,., determirled from Hill plots 

were less than those of the controls, consistent with 
the idea that insulin action favors production of the 

dephosphorylated form of glycogen synthase. 

3.3. Kinetic characterization of enzyme samples 

When the substrate, UDPglucose, concentration was 
varied, deviations from Michaelis-Menten kinetics were 
observed, similar to those found previously [3]. 
Hill plots had slopes in the range 0.76 to 0.86, average 
0.80, compared with a value of 0.79 found before [3]. 

Values for SOS obtained from Hill plots are shown in 
table 2. Activation by glucose 6-P for samples Cl, C2, 
and I1 followed essentially hyperbolic activation 
kinetics although one sample, 12, had a rather lower 
Hill slope (0.83). 

3.4. Correlation of enzymic properties with previous 
results for phosphorylation in vitro 

As described above, previous studies of glycogen 
synthase related various enzymic properties with the 
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Fig.1. Comparison of data for current glycogen synthase samples with earlier results with the enzyme. Enzyme kinetic parameters; 

(A), %I activity; (B) M,., for glucose 6-P; and (C), S,., for UDPglucose obtained in the present studies are shown compared with data 
from earlier work in this laboratory (see text). In particular, the correlation between kinetic properties and phosphate content has 

been illustrated. The shaded areas represent the range of values from previous studies. The results for different enzymes are 

identified by the numbering described in Materials and methods, and the exact values for the parameters are to be found in table 2. 
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phosphorylation state achieved by incubation of the 

enzyme at a stage of partial purification, with ATP, 
cyclic AMP and Mg” [3]. The data for the enzyme 
samples described here are compared with these earlier 
results in fig.1. Three parameters were used: %Cr 
activity, S0.s for UDPglucose, and Me.s for glucose 6-P. 
The relationship between %I activity and phosphate 
content was that predicted from in vitro studies for 
enzymes Cl, C2, and 11, and sample I2 was close to 
the predicted range (fig.lA). With regard to glucose 
6-P activation, both control and insulin samples were 

close to the predicted range (fig. 1 B) as were the values 
for the Se5 for UDPglucose (Fig.lC). We note that 
enzyme 12 was always the most aberrant. 

namely dephosphorylation, fits with current views 

of insulin control of glycogen metabolism. This 
dephosphorylation correlates with an increased %1 
activity, decreased S0.s for UDPglucose, and decreased 
Me.s for glucose 6-P. What is demonstrated here for 

the first time is that glycogen synthase in the basal 
state in vivo contains l-2 mol of phosphate per subunit. 
Thus, the role of the covalent control by hormones 

would appear to be to modify the covalent phosphate 
content of the enzyme from a basal state to a new state. 
This is a different situation from the case of phosphoryl- 

ase, where the interconversion entails the removal or 
addition of one phosphate per subunit. The implications 
of the control of glycogen synthase by multiple phos- 
phorylation have been recently discussed [9,10]. 

4. Discussion 

References 
The first point of interest is the lack of constancy 

of the %I activities of the enzymes during purification. 

All samples decreased in %1 activity subsequent to the 
first ethanol precipitation but regained %Iactivity after 
the final chromatography step. Thus, the overall 
changes in %Z activity were not very large and the 
removal of soluble modifiers is a possible explanation 
for these changes. 

In previous work, we had detailed the relationship 
between various kinetic properties of glycogen synthase 
and its degree of phosphorylation as obtained by 
incubations of the enzyme in vitro. For the enzymes 
obtained here from control rabbits and glucose/insulin 
treated rabbits, the data fitted quite well on the earlier 
plots of kinetic parameters versus phosphorylation state 
This would tend to suggest that under some conditions, 
the relationship between enzymic characteristics and 
phosphate content found in vitro may be similar to 
that in vivo. Further, the sense of the insulin action, 
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