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1. Introduction

Rabbit skeletal muscle glycogen synthetase exists
in two forms, the non-phosphorylated, glucose
6-phosphate-independent I-form and the phos-
phorylated, glucose 6-phosphate-dependent D-form.
The conversion of the I-form to the D-form can be
effected by phosphorylation catalyzed by either cyclic
AMP-dependent [1,2] or cyclic AMP-independent
[3—5] protein kinases and by limited proteolytic
digestion [6—9], whereas conversion brought about
by phosphorylation can be reversed by the action of
phosphoprotein phosphatase(s), that due to proteases
is irreversible. Takeda and Larner [8] and Soderling
(91 reported that the conversion of synthetase I to
synthetase D by trypsin is accompanied by a decrease
in the molecular weight from 90 000 to about
75 000. Takeda and Larner [8] further reported that
the action of trypsin on synthetase is restricted to the
COOH-terminal part of the molecule.

This report is concerned with further examination
of the effect of proteolysis digestion on glycogen
synthetase structure and activity using subtilisin as
well as trypsin for this purpose. A striking feature of
the effect of subtilisin is a marked activation of the
enzyme that occurs during the early part of the reac-
tion as seen by activity determinations carried out in
the presence or absence of glucose 6-phosphate. In
the course of this work the amino acid sequence of
the NH, -terminal portion of the synthetase was
determined and found to be slightly different from
that reported [10]. It was noted that low levels of
either trypsin or subtilisin cause some modification of
the NH, -terminal region of the synthetase.
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2. Materials and methods

Glycogen synthetase I was isolated from rabbit
skeletal muscle as previously described [2,11]. Partial
hydrolysis of the synthetase by trypsin and subtilisin
was carried out at 30°C in buffer containing 50 mM
Tris—HCl (pH 7.5), 2 mM EDTA, 45 mM §-mer-
captoethanol and 10% sucrose at 1—2 mg protein/ml
and at substrate-to-trypsin or substrate-to-subtilisin
ratios ranging from 5000:1 to 100:1 (w/w). For
measurement of synthetase activity after partial
proteolytic hydrolysis, the reaction was stopped by
diisopropylfluorophosphate (DFP) and immediately
diluted 50-fold in cold buffer containing 50 mM
Tris—HCl (pH 7.5), 1 mM EDTA, 0.25 mg/ml bovine
serum albumin, 5 mg/ml glycogen and 45 mM S-mer-
captoethanol. Synthetase activity was assayed at 30°C
by the method of Thomas et al. [12] in the presence
and absence of glucose 6-phosphate. The final concen-
tration of synthetase in the assay ranged from
1020 ug/ml. Specific activity is defined as the incor-
poration of 1 umol glucose from UDP-glucose into
glycogen per min per mg protein under the assay
condition. For samples used in sodium dodecy] sulfate
electrophoresis, the reaction was stopped by adding an
equal volume of glacial acetic acid to the reaction
mixture, which was frozen and lyophilized. Sodium
dodecyl sulfate gel electrophoresis was performed in
7.5% polyacrylamide according to Weber and Osborn
[13].

To prepare the samples for NH, -terminal sequence
determinations, the protease digestion was terminated
by adding concentrated trichloroacetic acid to a final
concentration of 10%. The mixture was cooled on ice
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for 30 min and centrifuged. The pellet was collected

and washed several times with cold 5% trichioroacetic

acid, then extracted several times with ether for
removal of trichloroacetic acid and lyophilized.

NH, -terminal sequence analyses of the intact and

trypsin- and subtilisin-digested synthetase were

performed using the Beckman 890 C sequencer with
the standard protein program and 0.1 M Quadrol as
buffer. Fractions from the sequencer were converted
to the phenylthiohydantoin by heating at 80°C for

10 min in 1 N HCI {14]. The PTH derivatives were

extracted with ethyl acetate and were identified by

a combination of:

(i) Gas chromatography;

(ii) Thindayer chromatography on polyamide sheets
[15};

(iii) Amino acid analysis after regeneration at 150°C
for 16 hin 6 N HCL

PTH-Arg, which stays in aqueous phase, was identified

by:

(i) Sakaguchi stain [16] and phenanthrenequinone
spray [17] after pH 1.9 high-voltage paper
electrophoresis with standard PTH-Arg as
reference;

(ii) Amino acid analysis after regeneration as in (jii)
above.

3. Results

3.1. NH-terminal amino acid sequence of glycogen
synthetase
The NH, terminal amino acid sequence of rabbit
skeletal muscle glycogen synthetase was determined
to be:

Pro—Leu—Ser—Arg—Thr—Leu—Ser—Val—Ser—
Ser—Leu—Pro—Gly—Leu—Glu

differing from that reported by Takeda et al. [10] in
that residue 4 is arginine rather than serine.

3.2, Limited digestion of glycogen synthetase with
trypsin
It has been reported [6,8,9] that glycogen syn-
thetase I can be converted to a glucose 6-phosphate-
dependent form by limited digestion with trypsin.
This was confirmed here as in shown in fig.1 in which
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Fig.1. Time course of trypsin digestion of glycogen synthetase.
Synthetase 1 (2 mg/ml) was incubated at 30°C with trypsin
{2 ug/ml) for the indicated times. The reaction was stopped
with DFP and diluted in a buffer containing 5 mg/mi
glycogen,0.25 mg/ml BSA, 50 mM Tris—HCl buffer (pH 7.5),
1 mM EDTA and 45 mM g-mercaptoethanol, and agsayed for
synthetase activity in the presence and absence of glucose
6-phosphate. The synthetase activity was expressed as specific
activity (S.A)).

frypsin was used at a synthetase-to-trypsin ratio
{wiw) of 1000:1. With varying synthetase-to-trypsin
ratios ranging from 100:1 to 5000:1 essentially the
same results as shown in fig.1 were obtained except
that with lower ratios, the conversion to the glucose
6-phosphate-dependent form was faster. It will be
noted that there was some increase in activity as
measured in the presence of glucose 6-phosphate
during the first 10 min. This was followed by a
gradual decay to approximately the original activity
seen at 30 min. The activity assayed in the absence of
glucose 6-phosphate dropped rapidly but almost
leveled off within 10 min. It can be seen in fig.2 that
the loss of synthetase 1 activity corresponds to a
transformation of the enzyme from an original

90 000 mol. wt species to an approx. 75 000 mol. wt
species. The NH, -terminal sequence of the trypsinized
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Fig.2. Sodium dodecyl sulfate disc gel electrophoresis of
glycogen synthetase during limited tryptic digestion.
Synthetase I was incubated with trypsin as in fig.1 for the
indicated times. The digestion was stopped by adding glacial
acetic acid to the reaction mixtures which were lyophilized
immediately. Electrophoresis was carried out in 7.5% poly-
acrylamide gels according to Weber and Osborn {13].

(1000:1, w/w, 10 min) synthetase was found to be:

Thr—Leu—Ser—Val—Ser—Ser—Leu—Pro—Gly—
Leu—Glu

i.e., a tetrapeptide, Pro—Leu—Ser—Arg, is missing as
compared with the NH, -terminal sequence of
untreated synthetase. This transformation would be
expected from the specificity of trypsin, The result
presented here is different from that reported by
Takeda and Larner [8] who reported no change in
the amino-terminal portion of the synthetase due to
mild treatment with trypsin. The reason for the
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difference is not clear at the present time, but the
tryptic peptide reported by Rylatt and Cohen [18],
which also has 4 residues deleted from the NH, -
terminal, supports the result that NH, -terminal
sequence of synthetase and partially-trypsin-digested
synthetase is different.

3.3. Limited digestion of glycogen synthetase with
subtilisin

The result of limited digestion of glycogen
synthetase with subtilisin was strikingly different
from that of trypsin digestion although both were
carried out under the same conditions. Whereas the
major effect of trypsin was conversion of synthetase I
to a glucose 6-phosphate-dependent form, subtilisin
activated synthetase activity both in the presence and
absence of glucose 6-phosphate when the synthetase-
to-subtilisin ratio was more than 1000:1 as is shown
in fig.3. The plus glucose 6-phosphate activity
remained high even after 1 h incubation, whereas the
minus glucose 6-phosphate activity decayed after
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Fig.3. Time course of subtilisin digestion of glycogen
synthetase. The conditions for the digestion and activity
assay were identical to that in fig.1 except that subtilisin at a
synthetase to subtilisin ratio (w/w) of 5000:1 was used.
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Fig.4. Sodium dodecyl sulfate disc gel electrophoresis of
synthetase during limited subtilisin digestion. Glycogen
synthetase I was incubated with subtilisin at a synthetase-to-
subtilisin ratio of 5000:1 (w/w) at 30°C for the indicated
times under identical conditions to those of fig.3. Electro-
phoresis was performed as in fig.2.

10 min. This latter change corresponded to the
appearance of a smaller molecular-weight species of
the synthetase (fig.4). At a synthetase-to-subtilisin
ratio less than 500:1 (w/w) (not illustrated), the loss
of activity as measured in the absence of glucose
6-phosphate was accentuated but the glucose
6-phosphate-dependent activity remained high. When
the NH, -terminal sequence was analyzed on subtilisin-
digested glycogen synthetase (either with 1000: 1 or
5000:1 for 10 min) the major sequence was as
follows:
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Ser—Val--Ser—Ser—Leu—Pro—Gly —Leu--Glu

This is 6 residues shorter than the NH, -terminal of
synthetase itself.

4. Discussion

In this study we extended the NH, -terminal
sequence of glycogen synthetase somewhat beyond
that reported in [10]. One difference was noted in
that it was found that residue 4 from NH, -terminal
of synthetase is arginine instead of serine. Limited
digestion of synthetase I by trypsin and subtilisin
differed in their effects on the activity and in the
structural changes that resulted. Tryptic digestion, as
reported [6,8,9] mimics the phosphorylation by
cyclic AMP-dependent |1,2] and cyclic AMP-
independent kinases [3—5] by converting glycogen
synthetase I to a glucose 6-phosphate-dependent
form. As shown in fig.2, there is a bond or bonds
extremely susceptible to tryptic digestion in the
COOQOH-terminal part of synthetase molecule which,
when split, results in the conversion of the 90 000
mol. wt subunit to an approx. 75 000 mol. wt species
within minutes under a wide range of trypsin concen-
trations. We also found in the present study that the
tetrapeptide, Pro—Leu—Ser—Arg, is missing from
the NH; terminal of the synthetase molecule after
limited tryptic digestion. This finding is in contrast
to the previous report by Takeda and Larner [10]
who found that there was no change in the NH, -
terminal sequence caused by this treatment, The data
presented in this paper, together with the report by
Rylatt and Cohen [18] shows that arginine is the 4th
residue from the NH, -terminal of the synthetase
molecule.

Limited subtilisin digestion elevated glycogen
synthetase activity assayed in the presence or
absence of glucose 6-phosphate (fig.3). With prolonged
digestion or with higher subtilisin concentrations,
glycogen synthetase-I was converted to a glucose
6-phosphate-dependent form, but activity assayed in
the presence of glucose 6-phosphate remained elevated.
The NH, -terminal-sequence analysis of subtilisin-
treated synthetase showed that there were 6 residues
missing as compared with the original synthetase. The
sodium dodecyl sulfate—disc gel electrophoresis
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patterns shown in fig.4 suggest that subtilisin cleaves References

the NH, -terminus of synthetase-I and this is followed

by cleavage in the COOH-terminal of the molecule.
The conversion of synthetase-I to a glucose
6-phosphate-dependent form seems to correlate with
the appearance of the lower molecular species, as it
does with tryptic digestion. The results presented
here suggest that both the NH, -terminal and the
COOH-terminal of the synthetase molecule are
susceptible to tryptic and subtilisin cleavage. They
also suggest that the COOH-terminal of synthetase is
responsible for the conversion of synthetase-I to the
D-form. Cleavage of the NH; -terminal may be
responsible for the activation of synthetase.

Acknowledgements

The authors are grateful to Mr Floyd Kennedy
for his help with the enzyme preparation, to Mr Fred
Beason for his excellent technical assistance, and to
Mr Alan Smith of University of California Davis for
the sequencer runs and preliminary identification of
PTH-amino acid by GC. This work was supported in

part by a grant from the Muscular Dystrophy Associa-

tion of America.

70

[1] Schlender, K. K., Wei, S. H. and Villar-Palasi, C. (1969)
Biochim, Biophys. Acta 191, 272.
[2] Sodesling, T. R., Hickenbottom, J. P., Reimann, E. M.,
Hunkeler, F. L., Walsh, D. A. and Krebs, E. G. (1970)
J. Biol. Chem.. 245,6317-6328.
[3] Schlender, K. K. and Reimann, E. M. (1975) Proc. Natl.
Acad. Sci. USA 72,2197-2201.
[4] Itarte, E., Robinson, J. C. and Huang, K. P. (1977)
J. Biol. Chem. 252,1231-1234.
[5] Soderling, T. R., Jett, M. F., Hutson, N. J. and
Khatra, B. 8. (1977) J. Biol. Chem. 252, 7517-7524.
[6] Appleman, M. M., Belocopitow, E. and Torres, H. N.
(1964) Biochim. Biophys. Acta 14, 550—-554.
[7] Belocopitow, E., Appleman, M. M. and Torres, H. N.
(1965) J. Biol. Chem. 240, 3473 -3478.
[8] Takeda, Y. and Larner, J. (1975) J. Biol. Chem. 250,
8951-8956.
{91 Soderling, T.R.(1976) J. Biol. Chem, 251, 4359-4364.
[10] Takeda, Y., Brewer, H. B., jr and Larner, J. (1975)
J. Biol. Chem. 250, 8943-8950.
[11] Huang,T.S.and Krebs, E. G. (1977) Biochem, Biophys.
Res. Commun. 75, 643-650.
[12] Thomas, J. A., Schlender, K. K. and Larner, J. (1968)
Anal. Biochem. 25, 486-499.
[13] Weber, K. and Osborn, M. (1969) J. Biol. Chem. 244,
4406-4412.
[14] Pisano, J. J. and Branzert, T. J. (1969) J. Biol. Chem.
244, 5597-5607.
[15] Summers, M. R., Smythers, G, W. and Oroszlan, S.
(1973) Anal. Biochem. 53, 624 -628.
[16] Irrevere, F, (1965) Biochim. Biophys. Acta 111,
551-552.
[17] Yamada, S. and Itano, H. A. (1966) Biochim. Biophys.
Acta 130, 538-540.
[18] Rylatt, D. B. and Cohen, P. (1979) FEBS Lett. 98,
71-75.



