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1. Introduction 

Glycogen synthase can be phosphorylated in vitro 
by several protein kinases, producing forms of the 
enzyme that are more dependent on the allosteric 

activator glucose 6-phosphate (reviewed in [ 1,2]). 
One of these glycogen synthase kinases is the enzyme 
cyclic AMP-dependent protein kinase [3,4] which 

may underlie the inhibition of glycogen synthase that 
occurs in vivo in response to adrenaline [5,6]. 

Cyclic AMP-dependent protein kinase has been 
shown to phosphorylate glycogen synthase on three 

serine residues in vitro termed site-l a, site-lb and 
site-2 [7,8]. The initial rate of phosphorylation of 
site-l a is 7-lo-fold faster than site-2 and 15-20-fold 
faster than site-lb; the activity of glycogen synthase 
is determined by the state of phosphorylation of site-2 

as well as site-l a [8]. The phosphorylation of site-lb 

does not appear to have a direct effect on the activity 

[7,8]. Site-2, which is located seven residues from the 
N-terminus of glycogen synthase, is the major site 
phosphorylated by phosphorylase kinase [9,10]. 

Here, the amino acid sequence surrounding site-la 

has been determined. This analysis has surprisingly 

demonstrated that sites-l a and 1 b are separated by 
only 13 amino acids in the primary structure of gly- 
cogen synthase, which comprises -770 residues [ 1 I]. 

2. Materials and methods 

Glycogen synthase [ 11 ,121, the catalytic subunit 
of cyclic AMP-dependent protein kinase [ 131 and 
phosphorylase kinase [ 141 were purified from rabbit 
skeletal muscle by standard procedures. Trypsin 
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(treated with tosylphenylchloromethylketone) was 
from Worthington, thermolysin from Boehringer, 
[T~~P]ATP, tritiated iodoacetic acid from the Radio- 
chemical Centre and Sephadex G-50 (Superfine grade) 
from Pharmacia. 

Glycogen synthase was phosphorylated at 1 .O 
mg/ml by cyclic AMP-dependent protein kinase or 
phosphorylase kinase as in [ 11. Automated sequence 
analysis was carried out using a Beckman 890C 

sequencer as in [ 21 and amino acid analyses were per- 
formed on an LKB Biochrom 4400 amino acid analyser. 
Manual sequence analysis was carried out by the micro- 

dansyl Edman procedure in [ 151. 

3. Results 

3.1. Isolation and structure of the tryptic phospho- 
peptide containing site-la 

Glycogen synthase (60 mg) was phosphorylated to 
2.4 mol/subunit with cyclic AMP-dependent protein 

kinase (10 U/ml) and contained approximately equal 
amounts of phosphate in sites-la, lb and 2 [8]. The 
reaction was stopped by the addition of 0.1 vol. 
100 mM EDTA (pH 7.0) and 0.1 vol. 500 mM NaF. 

The native enzyme (0.8 mg/ml) was then incubated 
for 5 min with trypsin (0.02 mg/ml) at 30°C. This 
treatment releases sites-l a and 1 b quantitatively, but 
does not release detectable amounts of site-2 [8]. The 
reaction was terminated by the addition of 0.05 vol. 
100% (w/v) trichloroacetic acid, and after standing in 
ice for 10 min, the suspension was centrifuged at 
15 000 X g for 5 min. The supernatant was extracted 
5 times with ether to remove trichloroacetic acid and 
lyophilised. The material was then subjected to gel 
filtration on Sephadex G-50 (Superfine) equilibrated 
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in 1 .O M acetic acid. Site-la was eluted at a Ve/Vo of 
1.9-2.0 and site-lb at Ve/Vo of 1.4-l S. Site-la was 
pooled, lyophilised, performic acid oxidised as in [8] 
and further purified by peptide mapping on thin-layer 
cellulose [ 161 using electrophoresis at pH 3.5 in the 

first dimension and ascending chromatography 
(butan-l -ol/pyridine/acetic acid/water, 15: 10:3 : 12) 

in the second dimension. Site-l a migrated extremely 
slowly during ascending chromatography and this 
step was repeated twice. The chromatography was 
repeated 4 times in butan-l +l/pyridine/acetic acid/ 

water, 10:15:3:12. 

Table 1 
Amino acid analyses of phosphopeptides derived from site-la 

and site-lb of glycogen synthase 

Amino acid Tl T2 Th-1 

Autoradiography of the peptide map showed a 
major (T-l) and a minor (T-2) radioactive species, 
which were eluted with 1 .O M acetic acid. Peptide T-2 
migrated slightly slower than T-l during electropho- 

resis and slightly faster during chromatography. The 
amino acid compositions of these peptides were iden- 
tical, except that T-l contained two arginine residues 

whereas T-2 contained one (table 1). 

Aspartate/asparagine 
Threonine 
Serine 
Glutamate/glutamine 
Proline 
Glyclne 
Alanlne 
Valine 
lsoleucine 
Lysine 
Arginine 
Cysteine 
Tryptophan 

2.1 (2) 
0.95 (1) 0.7 (1) 1.7 (2) 
5.1 (5) 4.2 (5) 8.8 (9) 

1.5 (1) 
1.9 (2) 

2.2 (2) 2.3 (2) 1.95 (2) 
1.0 (1) 1.0 (1) 1.9 (2) 

0.9 (1) 
0.7 (1) 

1.2 (1) 1.2 (1) 0.95 (1) 
2.2 (2) 1.1 (1) 3.8 (4) 
+ (1) + (1) 0.95 (1) 

0.7 (1) 

Peptide T-l was subjected to automated sequencer 
analysis and the results are summarised in table 2. 

The sequence was found to be: 

Arg-Ala-Ser-(Cys)-Thr-Ser-Ser-Ser--Gly- 

Total 13 12 29 

Serine and threonine were corrected for 10% and 5% destruc- 
tion, respectively, and cysteine was identified as cysteic acid 
after oxidation with performic acid. Hydrolyses were for 
24hor72hin6NHClat110°C,orfor72hwith3Nmer- 
captoethane sulphonic acid at 110°C for the determination 
of tryptophan. The figures in parentheses represent residues 
detected by sequence analysis. Impurities below 0.1 residues 
are omitted 

Gly-Ser-Lys-Arg 

After the fourth cycle only traces of PTH cysteic acid 
were detected by HPLC or by amino acid analysis 
after back hydrolysis of the PTH-derivative. Dansyl 
cysteic acid was also detected after 3 cycles of man- 
ual Edman degradation. The evidence presented in 
section 3.2 confirmed that this residue was cysteine. 
All the 32P-radioactivity associated with peptide T-l 
was lost after the third cycle of manual Edman deg- 
radation confirming this serine residue as the only site 
of phosphorylation [ 71. 

Table 2 
Results of automated sequencer analysis on peptide T-l 

(20 nmol) 

Peptide T-2 was also subjected to automated 
sequencer analysis. The first 12 residues were identi- 
cal to T-l. This indicated that T-2 lacks the C-termi- 
nal arginine present in T-l (not shown). 

It was then noticed that the last 7 residues of this 
peptide were identical to the first 7 residues of a 
phosphopeptide containing site-lb obtained with 
digestion by subtilisin [ 171. The sequence of this pep- 
tide was reported to be: 

Ser-Ser-Gly-Gly-Ser-Lys-Arg-Ser-Asn- 

Step HPLC Amino acid Sequence 
analysis (nmol)a residue 

1 Arg Arg (13.7) Arg 
2 Ala Ala (8.7) Ala 
3 - Alab (1.8) Ser 
4 - - 

5 Thr ThrC (3.8) Thr 
6 - Alab (1.6) Ser 
7 - Akib (1.1) Ser 
8 - Alab (1.2) Ser 
9 Gly Gly (4.3) Gly 

10 GIY Gly (6.2) Gly 
11 - Alab (0.8) Ser 
12 LYS LYS (0.7) LYS 
13 Arg Arg (0.7) Arg 

a After back hydrolysis of the PTHamino acids with HI, nor- 
malised to the recovery of PTH-norleucine internal standard 

b PTHserine is converted to alanine during back hydrolysis 
’ Identified as aamino butyric acid 

Ser(P)-Val-Asp-Thr-Ser A hyphen denotes that no positive assignment could be made 
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Since the pr~bab~ity of obtaining 2 identical hepta- 

peptides in a polypeptide chain af 770 amino acids 
is <I in 106, this suggested that site-la and site-lb 

were only 13 residues apart in the primary structure. 

3.2. isolation and structure of a thermolytic phospho- 
peptide containing site-la and site-lb 

Glycogen synthase (50 mg) was phosphorylated to 

2.0 mo~~subunit with cyclic ASP-depeildent protein 

kinase, precipitated with 45% ammonium sulphate, 
redissolved in 50 mM Tris-HCI (pH 7.0) containing 
50 mM NaF and 0.1% (v/v) 2.mercaptoet~lano~, and 
dialysed against this buffer. The native enzyme 
(IO mgimi) was then incubated with thermoiysin 
(I .O mg/mt) for 30 min at 30°C. Of the 32P-radio- 

activity 60-6 5% was released as peptides soluble in 

trichloroacetic acid. Since a control incubation using 

glycogen synthase phosphorylated by phosphorylase 
kinase showed that there was no release of site.2 
under these conditions, this indicated that sites-l a 
and 1 b had been released quantitatively. 

The tric~oroa~etic acid supernatant was extracted 

5 times with ether, lyoph~is~d, redissolved in 5% 
formic acid and chron~atographed on Sephadex G-50 
(Superfine) equilibrated in the same solvent. The elu- 

tion profile is shown in fig.1. A single major peak of 
32P-radioa~tivity was eluted (VJv, = 1.9) separated 

from virtually all of the 280 nm absorbance. This 

peak (Th-1) was pooled and further purified by pep- 
tide mapping as in section 3.1. The amino acid com- 
position of Th-1 is shown in table 1. The peptide was 
carbo~ymethylated by incubation with iodoj3H]- 

l”, 
-. --.---------I 

Fig.1. Gel filtration of a thermolytic digest of gtyeogen syn- 
thase on Sephadex G-50 fduperfine). The column 050 X 
I .5 cm) was equilibrated in Sk (v/v) formic acid. The sample 
volume was 2.0 ml and the flow rate 15 ml/h. Fractions of 
1.25 ml were collected, after 70 ml had passed through the 
column. fie closed cirebs and fuU fine show 3ZP-radioactiv- 
ity, the open circles and broken line absorbance at 280 nm, 
and the horizontal bar the fractions pooled after elution. 
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acetate at pH 7.0 for 5 h at 35°C and subjected to 

automated sequencer analysis. The results are sum- 
marised in table 3. This extended the sequence of 
peptide T-l by 8 amino acids in the N-terminal direc- 

tion. A large burst of radioactivity after the 12th 
cycle and the identification of PTH-carboxymethyl- 
cysteine by HPLC confirmed that this residue was 

cysteine in the native glycogen synthase. Since the 
structure of peptide T-l was established in section 3 .I, 
the sequence of Th-I was: 

Table 3 
Results of automated sequencer analysis on S-carboxy- 

methylated peptide Th-1 (20 nmol) 
-__-.-- 

Step HPLC Amino acid Sequence 
analysis (nmoifa residue 

I Ile 
2 Arg 
3 Ala 
4 Pro 
5 C&l 
6 ‘Iip 
7 Pro 

8 Arg 
9 Arg 

10 Ala 
11 - 
12 CMCys 
13 Thr (trace) 
14 - 
15 - 
16 - 
17 Gly 
18 GlY 
19 _ 

20 LYs 
21 - 

22 - 
23 Asn (trace) 
24 - 

25 Val 

Ile t15,fjt 
Ark! (6.6f 
Ala (12.2) 
Pro (13.01 
Glx (I 2.6) 
Gly + AIab (5.9) 
PI0 (10.0) 

Arg (3.2) 
AX (5.6) 
Ala (6.1) 
AlaC (4.1) 
- 

Thrd 0.51 
- 
_ 
_ 

GlY (2.6) 
Gly (6.51 
- 
- 

Ile 

Ark? 
Ala 
Pro 
Gin 

TW 
Pro 

Arg 
Arg 
Ala 
Ser 
c’ys 
Thr 

_ 
- 

Gly 
Gly 
- 

Us 
_ 
- 

Asn 
_ 

Val 

a After back hydro~y~s ofthe PTH amino acids with I-it, nor- 
malised to the recovery of PTH-norfeucine internal standard 

b PTH-tryptophan is converted to both g.iycine and alanine 
during back hydrolq’sis 

c PTH-serine 1s converted to alanine during back hydrolysis 
d identified as fu-amino butyrlc acid 

A hyphen denotes that no positive assignment could he made. 
Only cycles l-20 were analysed after back hydrolysis 
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The composition of the final 8 residues, obtained by 
subtracting this sequence from the composition of 
Th-1 , are identical to the first 8 residues of the tryp- 
tic phosphopeptide containing site-lb [7,18]. The 
identification of asparagine at position 23 and valine 
at position 25 of Th-1 (table 3) was also consistent 

with this conclusion. 
In order to confirm that the final 8 residues rep- 

resented site-lb, peptide Th-1 was subdigested with 
trypsin and subjected to peptide mapping on thin- 
layer cellulose using electrophoresis at pH 6.5 in the 

first dimension and ascending chromatography 

(butan-l ul/pyridine/acetic acid/water, 15 : 10:3 : 12) 
in the second dimension. An acidic 32P-labelled pep- 
tide was eluted and its amino acid composition 

(Asx*,Thr ,,Ser4,Val) corresponded to the 8 C-termi- 
nal residues of Th-1. This proves that Th-1 contains 

site-lb as well as site-la. The complete amino acid 
sequence in this region is shown in fig.2. Of the 
46 residues in this sequence 16 are serine and threo- 
nine. Only the 2 serines C-terminal to each pair of 

adjacent basic amino acids are phosphorylated, in 
keeping with the known specificity requirements of 

cyclic AMP-dependent protein kinase [ 191. 

finding that site-l a and site-lb lie very close to one 
another in the primary structure and recent evidence 

suggests that the clustering of phosphorylation sites 
may be a common phenomenon. The 3 serine resi- 

dues in glycogen synthase that are phosphorylated by 

glycogen synthase kinase3 (sites3a, 3b and 3c) are 
located within 9 residues of the primary structure 

[2], while 2 of the 3 serine residues on pyruvate 

dehydrogenase that are phosphorylated by pyruvate 
dehydrogenase kinase are separated by only 8 amino 
acid residues [20]. The presence of 2 phosphorylation 
sites in close proximity may help to amplify the 

effects of phosphorylation, or allow phosphorylation 
at one site to regulate the rate at which the other is 
phosphorylated or dephbsphorylated. The finding 

that sites-l a and 1 b are so close to one another in the 
primary structure will also facilitate studies of the 

phosphorylation of glycogen synthase in vivo which 
are in progress in this laboratory. 
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