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Glycogen Synthase Sensitivity to Insulin and
Glucose-6-Phosphate Is Mediated by Both 
NH2- and COOH-Terminal Phosphorylation Sites 
Alexander V. Skurat, Amy D. Dietrich, and Peter J. Roach

In skeletal muscle, insulin activates glycogen synthase
by reducing phosphorylation at both NH2- and COOH-ter-
minal sites of the enzyme and by elevating the levels of
glucose-6-phosphate, an allosteric activator of glycogen
synthase. To study the mechanism of regulation of glyco-
gen synthase by insulin and glucose-6-phosphate, we
generated stable Rat-1 fibroblast clones expressing rab-
bit muscle glycogen synthase with Ser→Ala substitu-
tions at key phosphorylation sites. We found that
1) elimination of the phosphorylation of either NH2- or
COOH-terminal sites did not abolish insulin stimula-
tion of glycogen synthase; 2) mutations at both Ser-7 and
Ser-640 were necessary to bypass insulin activation; 3)
mutation at Ser-7, coupled with the disruption of the
motif for recognition by glycogen synthase kinase-3
(GSK-3), did not eliminate the insulin effect; and 4)
mutation of either Ser-7 or Ser-640 increased the sensi-
tivity of glycogen synthase to glucose 6-phos-
phate >10-fold. We conclude that Ser-7 and Ser-640 are
both involved in mediating the response of glycogen
synthase to insulin and activation by glucose 6-phos-
phate. In Rat-1 fibroblasts, GSK-3 action is not essential
for glycogen synthase activation by insulin, and GSK-
3–independent mechanisms also operate. Diabetes
49:1096–1100, 2000

A
major metabolic consequence of insulin action is
an increase in glycogen levels, especially in liver
and muscle. A key enzyme in the regulation of
glycogen synthesis is glycogen synthase, which

is controlled by multisite phosphorylation and the binding of
allosteric ligands (1–3). Phosphorylation leads to inactivation
of glycogen synthase, but activity is restored by the allosteric
activator glucose-6-phosphate. In mammalian glycogen syn-
thase, phosphorylation sites are located at both NH2- and
COOH-termini (Fig. 1). Of the 7 COOH-terminal phosphoryl-
ation sites, Ser-640 (site 3a) and Ser-644 (site 3b) are the most

important for regulation of glycogen synthase (4). At the NH2-
terminus, both Ser-7 (site 2) and Ser-10 (site 2a) influence
glycogen synthase activity (5,6). Insulin administration causes
dephosphorylation of glycogen synthase and, consequently,
activation of the enzyme. In one study, insulin treatment of
24-h–starved rabbits decreased the total phosphate from 2.7
to 2.3 mol per glycogen synthase polypeptide with the great-
est decrease within the region containing phosphorylation
sites 3a, 3b, and 3c (7). Even in this study, dephosphorylation
of NH2-terminal sites was reported, and several other investi-
gations (8–10) have shown that insulin promotes dephos-
phorylation of sites 2 and/or 2a, as well as site 1b.

Insulin stimulation of glycogen synthase most likely
occurs via a signaling pathway involving phosphatidyl-
inositol 3-kinase (PI3-kinase). One current hypothesis is that
activation of PI3-kinase by insulin results in phosphorylation
and activation of protein kinase B, which in turn phosphory-
lates and inactivates glycogen synthase kinase-3 (GSK-3) (11).
In vitro, GSK-3 phosphorylates sequentially sites 4, 3c, 3b,
and 3a in glycogen synthase, but recognition of site 4 by GSK-
3 requires that glycogen synthase has first been phosphorylated
at site 5 (12–14). The molecular basis appears to be that GSK-
3 modifies residues in the sequence motif S-X-X-X-S(P), for
which S indicates serine, P indicates phosphate, and X indi-
cates any  amino acid (15). However, more recent work has
shown that sites 3a and 3b can also be directly phosphorylated
by currently unidentified protein kinases (4,16). The role, if any,
of these protein kinases in insulin signaling to glycogen syn-
thase has yet to be demonstrated. Insulin also has been
reported to activate the glycogen-associated protein phos-
phatase type 1 (PP1G) by phosphorylation of the regulatory
subunit of PP1G (RGL) at Ser-48 (17). Despite extensive study,
the exact signaling pathways linking the activation of PP1G
to the insulin receptor are not well understood, and the role
of RGL in insulin signaling has been challenged by the obser-
vation that RGL knockout mice have normal insulin stimula-
tion of glycogen synthase (18).

Dephosphorylation of glycogen synthase, such as occurs in
insulin action, causes significant changes in enzyme kinetic
properties that result generally in increased activity. Thus,
activity measured in the absence of glucose-6-phosphate is
increased due to an increased affinity for the substrate UDP-
glucose. In addition, the concentration of glucose-6-phos-
phate required for half-maximal stimulation (M0.5) is
decreased ~1,000-fold for dephosphorylated glycogen syn-
thase compared with species with a high phosphate content
(19,20). The sensitivity to glucose-6-phosphate was shown to
be determined by phosphorylation of specific regions in
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glycogen synthase. Incorporation of 1.2 mol/subunit of phos-
phate into rabbit skeletal muscle glycogen synthase catalyzed
by GSK-3 caused a 15-fold increase in M0.5 for glucose-6-phos-
phate. However, phosphorylation to a similar extent with
either cyclic AMP–dependent protein kinase or phosphory-
lase kinase produced smaller changes in activity (21). The con-
tribution of the individual phosphorylation sites to the sen-
sitivity of glycogen synthase to glucose-6-phosphate was not
analyzed in these studies.

Previously, we had constructed a series of glycogen syn-
thase mutants with Ser→Ala substitutions at different phos-
phorylation sites. Expression of the mutants in COS cells
followed by measurements of the enzymatic activities and
phosphorylation resulted in identification of the critical phos-
phorylation sites involved in regulation of glycogen synthase
(4,5). In the present work, we used some of these same muta-
tions (Fig. 1) for stable expression in Rat-1 fibroblasts as a cell
model to study insulin stimulation of glycogen synthase. We
show that both sites 2 (and/or 2a) and 3a are involved in
mediating the sensitivity of glycogen synthase to insulin and
glucose-6-phosphate.

RESEARCH DESIGN AND METHODS

Stable expression of glycogen synthase in Rat-1 fibroblasts. Construc-
tion of cytomegalovirus promoter-driven expression vector containing rabbit
muscle glycogen synthase cDNA that encodes wild-type or mutated proteins
has been described previously (4,5). Each of the expression plasmids was
mixed with pCMVneo vector for co-transfection of Rat-1 fibroblasts using
LipofectAMINE (Life Technologies, Rockville, MD). Stable clones were
obtained by selection in Dulbecco’s modified Eagle’s medium (DMEM)
(Sigma, St. Louis, MO) supplemented with 10% fetal bovine serum (FBS), 100
U/ml penicillin, 100 µg/ml streptomycin, and 0.8 mg/ml G418 (Life Technolo-
gies). The levels of expression of glycogen synthase in G418-resistant clones
were determined by the measurement of the specific activity of glycogen
synthase. Transfection of Rat-1 fibroblasts with pCMVneo alone resulted in the
generation of G418-resistant clones, one of which was used as a control.
Insulin treatment and preparation of cell extracts. Stable clones of
Rat-1 fibroblasts were cultured to confluent monolayers in 60-mm dishes in
DMEM with 25 mmol/l glucose supplemented with 10% FBS, 100 U/ml peni-
cillin, 100 µg/ml streptomycin, and 0.4 mg/ml G418, followed by 48-h incuba-
tion in the same media with 5 mmol/l glucose. The cells were incubated in
serum- and glucose-free DMEM for 3 h, and porcine insulin (Eli Lilly, Indi-

anapolis, IN) was added to a final concentration 100 nmol/l. After incubation
for 1 h, cells were rinsed with 6 ml of ice-cold homogenization buffer (HB)
(50 mmol/l Tris-HCl, pH 7.8, 10 mmol/l EDTA, 2 mmol/l EGTA, 100 mmol/l NaF,
0.1 mmol/l N�-p-tosyl-L-lysine chloromethyl ketone, 1 mmol/l phenylmethyl-
sulfonyl fluoride, and 1 mmol/l dithiothreitol) and were frozen in liquid nitro-
gen in 0.5 ml of HB buffer. After thawing, lysed cells were collected by scrap-
ing with a rubber policeman and were homogenized by repeated pipetting.
Homogenates were centrifuged at 16,000g for 15 min, and pellets were resus-
pended in 0.5 ml HB buffer. The supernatants and resuspended pellets were
designated as the soluble and pellet fractions, respectively.
Glycogen synthase assay. Glycogen synthase activity was determined by
measuring the incorporation of [14C]glucose from UDP-[U-14C]glucose into
glycogen (22). For standard activity assays, soluble or pellet fractions (30 µl)
were incubated at 30°C with a 60-µl assay mixture containing 50 mmol/l
Tris-HCl, pH 7.8, 25 mmol/l potassium fluoride, 20 mmol/l EDTA, 1% glycogen,
6.67 mmol/l UDP-[14C]glucose (specific activity 200 cpm/nmol). The reaction
was carried out in the absence or presence of glucose-6-phosphate at differ-
ent final concentrations. For the standard –/+ glucose-6-phosphate activity
ratio, glucose-6-phosphate was present at 7.2 mmol/l. For the measurement of
fractional velocity (23), the low glucose-6-phosphate condition was 30 µmol/l
and the high concentration was 7.2 mmol/l. The activity was expressed as the
amount of glucose transferred from UDP-glucose to glycogen in 1 min/mg of
cell extract protein. The activity of the pellet fraction was expressed in terms
of the protein in the corresponding soluble fraction to allow direct compari-
son between the 2 measurements.

Protein was quantitated by the method of Bradford (24) using bovine
�-globulin as the standard.

RESULTS

Generation of Rat-1 cell lines stably expressing glyco-

gen synthase. In a previous work, we studied the effects of
Ser→Ala substitution at individual phosphorylation sites on the
activation state of glycogen synthase transiently expressed in
COS cells (4,5). Although this cell model was effective for
identification of the phosphorylation sites having the greatest
effects on glycogen synthase activity, it did not allow us to eval-
uate their role in insulin signaling. COS cells respond poorly
to insulin, and the transfected cell population is heteroge-
nous, with high levels of expression in only a fraction of the
cells. Thus, we chose to make stable clones of Rat-1 fibroblasts
overexpressing wild-type and mutated glycogen synthase.
Consistent with the subcellular distribution of expressed
glycogen synthase observed in COS cells (25), glycogen syn-
thase was found predominantly in the low-speed pellet frac-
tions of Rat-1 cell homogenates. As was shown with COS cell
expression, the expressed glycogen synthase was active in the
presence of glucose-6-phosphate (Table 1) and was co-sedi-
mented with glycogen, which over-accumulated (data not
shown), indicating that the protein is functional inside the cell.
The activity state of wild-type protein measured in the
absence of glucose-6-phosphate was extremely low; this find-
ing is consistent with hyperphosphorylation of the glycogen
synthase and corresponds to a –/+ glucose-6-phosphate activ-
ity ratio close to zero. Therefore, for some determinations, the
activation states of wild-type and several mutated glycogen
synthases were estimated as the ratio of the activity mea-
sured in the presence of 30 µmol/l glucose-6-phosphate to
that measured in the presence of 6.7 mmol/l glucose-6-phos-
phate (Table 1). This parameter, sometimes called fractional
velocity, has often been used to make activity changes easier
to measure in analyses of the effects of insulin and other hor-
mones on glycogen synthase (23). Another group of mutants
with Ser→Ala substitutions at both NH2- and COOH-termini
was characterized by higher glucose-6-phosphate–indepen-
dent activity, and, therefore, it was possible to monitor the
alterations in their activation state as changes in the stan-
dard –/+ glucose-6-phosphate activity ratio.

FIG. 1. Arrangement of phosphorylation sites in wild-type and mutated

glycogen synthase. The horizontal line represents rabbit muscle glyco-

gen synthase; the vertical tick marks indicate phosphorylation sites.

The amino acid sequence of 2 regions containing phosphorylation sites,

as underlined, is given. The designation of the phosphorylation sites

and residue numbers, also as underlined, are shown. For the mutants,

the amino acids in the positions corresponding to each phosphorylation

site, as well as their respective names, are indicated.
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Overexpression of wild-type glycogen synthase in the
clone analyzed in Table 1 increased the total enzyme activity
(+glucose-6-phosphate) >30-fold in the pellet fraction of the
Rat-1 cells (activity of endogenous glycogen synthase in the
pellets from control clones is ~1.8 nmol · min–1 · mg–1). There
was significant variability in the absolute levels of enzyme
activity between different clones expressing the same glyco-
gen synthase mutant, but there was no strong correlation
between the expression level and either the fractional veloc-
ity or the degree of the insulin activation. Therefore, phos-
phorylation in the cells did not depend on expression level.
For further analysis, we selected the clones with the highest
glycogen synthase activities. Some mutants (most notably AA
and 2,AA) (Fig.1) were expressed at lower levels than wild-
type enzymes in all of the clones analyzed (Table 1). It is
possible that some phosphorylation sites are important to the
stability of the expressed proteins. In our previous work (5),
we found that sites 1a and 1b were not important in deter-
mining glycogen synthase activity, and hence we did not
include mutations in these sites in the present study. Refer-
ence to the COOH-terminal phosphorylation sites signifies
sites 3a, 3b, 3c, 4, and 5.
Insulin activation of glycogen synthase. Incubation of
Rat-1 clones expressing wild-type glycogen synthase with
insulin caused a 2.3-fold increase in fractional velocity
(Table 1 and Fig. 2). Elimination of the key regulatory sites (2,
2a, 3a, or 3b [mutants 2, 2a, 3a, and 3b]) (Fig.1) individually
did not abolish the ability of insulin to activate glycogen syn-
thase, implying that the insulin response involves dephos-
phorylation of multiple sites in glycogen synthase. Likewise,
mutation either of both NH2-terminal sites (mutant 2,2a)
(Fig. 1) or of 5 COOH-terminal sites (mutant AA) (Fig. 1) did
not eliminate the insulin effect (Fig. 2). Phosphorylation sites
3a, 3b, 3c, and 4, which were missing in the mutant AA, are

targets for GSK-3. Therefore, the results suggest that regula-
tion of GSK-3 activity is not sufficient to account for the
insulin effect. These results also suggest that insulin regulates
both NH2- and COOH-terminal phosphorylation in glycogen
synthase. In a previous work, we found that a Ser→Ala sub-
stitution at site 2 abolishes phosphorylation of the second
NH2-terminal regulatory site 2a (5). Therefore, combining a
mutation at site 2 with mutations at sites 3, 4, and 5 allowed
us to analyze the relative contributions of the individual
COOH-terminal phosphorylation sites in insulin signaling.

TABLE 1
Effect of mutations of phosphorylation sites on the activation state of glycogen synthase expressed in Rat-1 cells

Glycogen synthase total activity Glycogen synthase activation state

Mutation Control Insulin Control Insulin n P*

Fractional velocity†
Wild type 62 ± 19 67 ± 17 0.014 ± 0.004 0.032 ± 0.007 4 0.01

2 111 ± 50 103 ± 39 0.069 ± 0.026 0.125 ± 0.035 5 0.001
2a 129 ± 29 106 ± 20 0.092 ± 0.013 0.13 ± 0.026 3 0.039
2,2a 137 ± 33 132 ± 22 0.043 ± 0.01 0.068 ± 0.016 3 0.016
3a 46 ± 10 45 ± 12 0.062 ± 0.007 0.106 ± 0.013 3 0.012
3b 60 ± 10 66 ± 5 0.038 ± 0.003 0.066 ± 0.013 3 0.038
AA 19 ± 4 20 ± 4 0.027 ± 0.012 0.062 ± 0.025 3 0.048

Activity ratio‡
2 111 ± 50 103 ± 39 0.016 ± 0.007 0.039 ± 0.015 5 0.002
2,3b 116 ± 19 129 ± 27 0.048 ± 0.008 0.065 ± 0.007 4 0.001
2,SS 66 ± 8 65 ± 11 0.035 ± 0.007 0.05 ± 0.009 4 0.017
2,SA 42 ± 7 39 ± 3 0.123 ± 0.028 0.164 ± 0.046 3 0.059
2,3a 188 ± 70 187 ± 63 0.22 ± 0.022 0.215 ± 0.028 3 ND
2,AA 17 ± 3 19 ± 4 0.42 ± 0.015 0.42 ± 0.03 3 ND

Data are means ± SE of duplicate determinations for the number (n) of experiments indicated. *Significance of difference in frac-
tional velocity and activity ratio between glycogen synthases from control and insulin-treated cells. †Glycogen synthase fractional
velocity was estimated as a ratio of specific activity measured in the presence of 30 µmol/l glucose-6-phosphate to the specific activ-
ity measured in the presence of 7.2 mmol/l glucose-6-phosphate. Fractional velocity was used to characterize wild-type glycogen syn-
thase and the mutants 2; 2a; 2,2a; 3a; 3b; and AA. ‡Glycogen synthase activity ratio is the specific activity measured without glucose-
6-phosphate divided by the specific activity measured in the presence of 7.2 mmol/l glucose-6-phosphate. Activity ratio was used to
characterize the mutants 2; 2,3b; 2,SS; 2,SA; 2,3a; and 2,AA. ND, not determined.

FIG. 2. Stimulation of wild-type and mutated glycogen synthase by

insulin. For this figure, the data from Table 1 were used. The bars rep-

resent the percentage of change in fractional velocity (A) or activity

ratio (B) for wild-type and mutated glycogen synthase as a result of

insulin administration. Results are means ± SE of duplicate determi-

nations for the number of experiments indicated in Table 1. *P < 0.05

relative to values for wild-type glycogen synthase (A) or mutant 2 (B).

A B
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Mutations at sites 2 and 3b (mutant 2,3b) (Fig.1) or at sites 2,
3c, 4, and 5 (mutant 2,SS) (Fig. 1) did not eliminate insulin
stimulation (Fig. 2). An important characteristic of these
mutants is the disruption of the consensus motif for GSK-3,
S-X-X-X-S(P) (15). Therefore, although the presence of site 3a
or sites 3a and 3b correlated with insulin activation of the
enzyme, these results suggest that the regulation in Rat-1
cells does not occur exclusively via inhibition of GSK-3. Site
3a appeared to be important for insulin action. In cells
expressing the mutant 2,SA, in which only site 3a remains of
the regulatory COOH-terminal sites (see Fig.1), there was
still a trend towards insulin activation (P = 0.059) (Table 1).
To test whether GSK-3 can phosphorylate site 3a in mutant
2,SA, the mutant was expressed and purified from
Escherichia coli. No detectable phosphorylation of the
recombinant mutant by GSK-3 was observed (A.V.S.,
Q. Wang, P.J.R., unpublished data). This is consistent also with
previous in vitro phosphorylation of recombinant glycogen
synthase with mutations only of COOH-terminal sites (26).
The importance of site 3a in insulin regulation of glycogen syn-
thase was also supported by the observed inability of insulin
to activate glycogen synthase in the cell line expressing the
mutant 2,3a (Fig. 2). Although the basal activation state of
glycogen synthase in these cells was elevated, it was still 2
times lower than the activity in cells expressing the mutant
2,AA (Table 1), which is not phosphorylated in the regulatory
COOH-terminal sites. Thus, there was the potential for further
activation of the glycogen synthase by insulin. From these
data, we infer that insulin action involved dephosphorylation
of site 3a in glycogen synthase and that the mechanism is inde-
pendent of GSK-3. The lack of GSK-3-dependent insulin-
induced activation of glycogen synthase in Rat-1 cells could
be explained by the presence of other protein kinases that
phosphorylate regulatory sites 3a and 3b. It is possible that,
in other cell types, a different balance among the activities of
these protein kinases, GSK-3, and protein phosphatases
could allow for cell-specific mechanisms for insulin signaling
to glycogen synthase.
Sensitivity to glucose-6-phosphate. According to the
aforementioned studies, insulin activation of wild-type glyco-
gen synthase involves dephosphorylation of both NH2- and
COOH-terminal sites, as judged by changes in activity mea-
surements based on the sensitivity to the allosteric activator
glucose-6-phosphate. In earlier works, it was shown that
phosphorylation decreases the sensitivity of glycogen syn-
thase to glucose-6-phosphate (19,20). The increase in appar-
ent concentration required for half-maximal activation (Ka)
for glucose-6-phosphate  was found to be greater after phos-
phorylation of glycogen synthase by GSK-3, as compared
with the effect of cAMP-dependent protein kinase or phos-
phorylase kinase (21). However, the role of the individual
phosphorylation sites in the regulation of glycogen synthase
by glucose-6-phosphate has not been extensively studied.
Therefore, we compared the effects of mutations at regula-
tory NH2-terminal (mutant 2) (Fig. 1) or COOH-terminal
(mutant 3a) (Fig. 1) sites on the sensitivity of glycogen syn-
thase to activation by glucose-6-phosphate. The concentration
dependence of glucose-6-phosphate activation was deter-
mined in extracts of cell lines expressing these 2 mutant
forms of glycogen synthase, and it was compared with that
seen for wild-type enzymes. Wild-type glycogen synthase in
cell extracts had a Ka for glucose-6-phosphate of ~1.6 mmol/l

(Fig. 3), a value close to the those previously reported for
extensively phosphorylated protein (19,21). Mutation of
either site 2 or site 3a significantly reduced the Ka values to
0.15 and 0.08 mmol/l, respectively (Fig. 3). Therefore, dephos-
phorylation at either the NH2- or the COOH-terminus is capa-
ble of eliciting a substantial change in glucose-6-phosphate
activation, which is likely to be an important aspect of glyco-
gen synthase control in vivo.

DISCUSSION

The results of this investigation lead us to conclude that
insulin activation of glycogen synthase involves control of
both NH2- and COOH-terminal phosphorylation sites. This
conclusion is consistent with earlier animal studies in which
the phosphate content was measured directly (7–10). Addi-
tionally, our experimental approach allows us to reach 2
other conclusions. First, dephosphorylation of either the NH2-
or the COOH-terminus, as mimicked by appropriate phos-
phorylation site mutations, is sufficient to cause a signifi-
cant increase in the sensitivity of the enzyme to glucose-6-
phosphate. Thus, although insulin may normally control
phosphorylation in both regions of the molecule, dephos-
phorylation at either region can significantly affect activity.
Secondly, the results demonstrate that insulin-dependent
dephosphorylation of site 3a in the COOH-terminus of glyco-
gen synthase, which is the single most important regulatory
site in the region, can occur in cell lines expressing mutant
enzymes in which phosphorylation of site 3a cannot be medi-
ated by GSK-3 (e.g. mutants 2,SA and 2,3b). Therefore, GSK-3
action is not essential for glycogen synthase activation by
insulin, and GSK-3–independent mechanisms can operate.
These mechanisms could be through control of protein phos-
phatases or other protein kinases that phosphorylate the
COOH-terminus of glycogen synthase.
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