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Rabbit-muscle glycogen contains covalently bound phosphorus, equwalent to 1 phosphate group per 208 glucose residues. This often disputed, 

minor component was previously thought to represent a phosphomonoester group at C-6 of a glucose residue. Here we show that more than half 
the phosphorus is present as a phosphodiester, the remainder being monoester A novel enzyme activity has been found in muscle that can account 
for the presence of the phosphodiester in glycogen. This ts a UDPglucose:glycogen glucose l-phosphotransferase that posittons glucose l-phosphate 
on C-6 of glucose residues m glycogen. formmg a dtester. The phosphomonoester groups present may arise by removal of the glucose residue 

originally transferred as glucose l-phosphate. 

Glycogen; Glycogen phosphodiester: Glucose l-phosphate transferase 

1. INTRODUCTION 

This is a report of a novel structural feature in the 
glycogen molecule and the enzyme responsible for its 
introduction. The structure is a phosphodiester group 
joining an ol-glucosyl residue to the primary hydroxyl 
of a glucose residue in a glycogen chain. 

While the presence of small amounts of esterified 
phosphate in starch has long been accepted, Fontana [l] 
noted that reports of covalently bound phosphate in 
glycogen have been disputed. He observed that co- 
valently bound phosphate could be introduced into rat- 
liver glycogen by administration of 3’P, to the whole 
animal. Where, in starch, it has been thought that the 
phosphate is present mostly on primary hydroxyl 
groups. as a monoester, i.e. glucose 6-phosphate [2], 
Fontana concluded that only part of the 32P in glycogen 
was in this form. He also noted that the glycogen could 
be fractionated on DEAE-cellulose into components 
differing severalfold in their content of 32P. 

We have been studying minor components of the gly- 
cogen molecule. In particular, we discovered the pres- 
ence in muscle glycogen of one molecular proportion of 
a covalently bound protein, glycogenin, which is the 
primer for glycogen synthesis [3]. It is an autocatalytic 
self-glucosylating protein [4,5]. Glycogenin contains a 
serine phosphate residue [6], accounting, at least in part, 
for the claimed presence of phosphate. We also detected 
glucosamine as a naturally occurring component of 
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liver glycogen [7], but not muscle glycogen [8], and in 
the case of liver glycogen were able to repeat Fontana’s 
[l] observation that it could be fractionated on DEAE- 
cellulose [9]. His belief that the fractionation was related 
to the presence of phosphate groups was confirmed in 
that our liver-glycogen fractions contained variable 
amounts of bound phosphate. with the phosphate con- 
tent varying between extreme fractions by a factor of 
almost 100. Other differences in physical and chemical 
properties paralleled the changing phosphate contents. 
Liver glycogen was therefore revealed to be very heter- 
ogeneous in terms of this minor phosphate component. 

We turned our attention to muscle glycogen which 
proved to contain more bound phosphate than did liver 
glycogen. and certainly more than could be accounted 
for by the serine phosphate residue in glycogenin [6]. 
Our intent has been to characterize the nature of the 
linkage of phosphate to glycogen. In doing so we have 
uncovered a novel structural feature involving phos- 
phate and have detected an enzyme capable of introduc- 
ing it. 

2. MATERIALS AND METHODS 

2.1. Materlak 
[B-“P]UDPglucose and p-“S]UDPglucose (P-phosphoro[“S] 

thioate analog of UDPglucose) were synthesized as by Marchase et al. 
[lo]. Their respective specific acttvittes were 1400 Ci/mmol and 1100 
Ci/mmol and were used wtthout dilutton of the isotope. QAE-Se- 
phadex and molecular sieves were from Pharmacia Glucose 6-phos- 
phate dehydrogenase was from Boehrmger. a-Amylase was the crys- 
talline enzyme, prepared from saliva [l 11. UDPpyrtdoxal was the gift 
of Professor T. Fukui. Osaka. Japan, Bovme intestinal alkaline phos- 
phatase and all other reagents were from Sigma. 
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2.2. Anal]wal methods 
Carbohydrate was measured by the phenol&ulphuric acid method 

[I21 or, as glucose, with glucose oxidase [13]. Free and combined 
phosphate were assayed as by Hess and Derr [14]. When glycogen was 
treated wrth alkaline phosphatase, it was at pH 8.9 for I .5 h at 37°C 
m 5 mM Tris-HCI with 6 mg of glycogen and 0.4 U of enzyme in a 
0.2 ml digest. 

2.3. Pur~jicat~on of glycogen, drgestlon NQII a-atnylase and separatwn 
of phospho-olrgosuccharldfs 

Glycogen was Isolated and purified from rabbtt skeletal muscle as 
by Kennedy et al. [3]. Briefly, the method conststs in blending the 
muscle m cold 10% trrchloroacetrc actd followed by ethanol preciprta- 
non and then shaking an aqueous solution with chloroform/octanol 
(3:l) to denature protein. The glycogen is recovered with ethanol and 
purified by chromatography on Sepharose CL-6B m 6 M guamdmium 
chloride. The glycogen that is eluted in the void volume is extensively 
dialyzed against distilled water and freeze-dried. 

Glycogen (258 mg) was digested for 14 h at room temperature with 
a-amylase (5 U) m 1 mM Tris-HCI, pH 7.0 (10 ml.). The digest was 

brought to pH 8.0 with 1M Trts-HCI and the sample applied to a 
QAE-Sephadex column (5 ml) which was washed with 5 volumes of 
buffer and then with water to remove neutral carbohydrate. The ad- 
sorbed carbohydrate was eluted first wrth 20 mM NaCl m 1 mM 
Tris-HCl, pH 8.0 and then with 80 mM NaCl in the same buffer. The 
carbohydrate contents of the fractions are shown in Fig. I. The total 
werghts of carbohydrate eluted by 20 mM and 80 mM NaCI. were 2 9 
mg and 2.1 mg respectrvely. Fractrons 5-l 5. eluted by 20 mM NaCl 
were freeze-dried, dissolved and desalted on a small column of Se- 
phadex G-25. again freeze-dried, dissolved m 0.02 N trtfluoroacetrc 
acid (0.5 ml.) and heated at 100°C for 20 mm. After neutralization 
with ammomum bicarbonate. the solutron was freeze-dried. Thereaf- 
ter. water was twice added followed by freeze-drymg. The product was 
dissolved m 1 mM Tris-HCI, pH 8.0 and refracttonated on QAE- 
Sephadex in 20 mM and 80 mM NaCl (see Fig. 1). 

2.4. III wtro labelhng of glycogerz \vrrh j’P 
The source of the glucose transferring enzyme used here was the 

ammonium sulfate precipitate obtained in the purrfication of the au- 
tocatalytic self-glucosylatmg protein from muscle [4]. It was solubrl- 
tzed in and dialyzed against 50 mM Tns-HCI. 2 mM CHAPS (3-[(3- 
cholam~dopropyl)-d~methylammon~o]-l-propanesulfonate), pH 7.4. 
Purified glycogen (50 mg) was solubrhzed in 0 5 ml of 100 mM acetate 
buffer containing 10 mM dithiothreitol (pH 5.5). The muscle extract 
(2OOfil,5 mg protein) was added followed by “P-labeled UDPglucose 
(lo-50 ~CI). After overnight Incubation at 37°C under toluene, the 
reactron was arrested by addition of an equal volume of 20% cold 
trichloroacettc acid. The pellet was discarded and glycogen was precip- 
nated from the supernatant with two volumes of cold ethanol. It was 
redissolved m water, twice reprecrprtated with ethanol and then solu- 
bilized in 6 M guanidmium chloride (0.5 ml) The solutron was passed 

through a Sepharose CL-6B column (8 ml) m 6 M guanidmrum chlo- 
ride. The glycogen that eluted in the void volume was dialyzed exten- 
sively against water and freeze-dried. This last procedure served to 
remove the last traces of low molecular weight radtorsotope. In SIX 
experiments the “P mcorporated ranged from 7,800 to 12.200 counts/ 
min. When treated with alkaline phosphatase, no radioacttvrty was 
released. All the label remained m the glycogen, after recovery, 

The pH of 5 5 chosen to carry out thus reaction was selected after 
an experiment in which we had tested the degree of “S labeling of 
glycogen at different pH values using @3SS]UDPglucose (Table I). 

2.5. Characterization of rad~olabelled glycogen 
The recovered “P-1abelled glycogen (100 mg) was digested wrth 

cx-amylase (5 U) in I mM Trrs-HCl buffer, pH 7.0 (2 ml). After 5 h 
the pH was brought to 8.0 with 1 M Tns-HCl and the sample applied 
to a QAE-Sephadex column (2 ml) equilibrated with 1 mM Tris-HCI 
buffer pH 8.0. The column was washed with 5 volumes of buffer and 
then with water and the washings discarded. The “P-labelled oligosac- 
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charides retained by the column were eluted with 0.2 M trifluoroacettc 
acid. freeze-dried. hydrolyzed in 1 M trrfluoroacetic acid for 3 h at 
100°C and, after addition of ammomum bicarbonate to 100 mM final 
concentration, again freeze-dried. Dissolution m water and freere- 
drying were repeated twice. The sample was dissolved in 22 ~1 of 400 
mM Tris-HCI buffer pH 7.9 containing 10 mM oxrdrzed NADP and 

divided mto two equal portions. To one portion was added glucose 
6-phosphate dehydrogenase (I U). The second portion served as a 
control. After 1 h at room temperature, the samples were applied to 
Whatman 3 MM paper and subjected to high voltage electrophoresis 
at 1.5 kV for 1.5 h m 5% acetic acid/OS% pyridine. pH 3.5 As a 
control, “C-1abelled glucose 6-phosphate was subjected to all steps of 
the above procedure beginnmg with the hydrolysis m 1 M tnfluoroace- 

tic acid (see Fig. 2). 

3. RESULTS 

3.1. Phosphate irz muscle glJ,cogen 
Muscle glycogen was purified by the procedure we 

use for the preparation of the covalently bound protein 
glycogenin, which involves treatments designed to re- 
move all non-covalently bound proteins [3]. The result- 
ing glycogen contained 0.064% by wt of phosphorus. 

3.2. Nature of linkage(s) of phosphate to glycogen 
In order to concentrate the phosphoester groups of 

glycogen. we hydrolysed it with a-amylase. an endohy- 
drolase, and passed the products through QAE-Se- 
phadex. The neutral oligosaccharides were not retained 
but the phosphorylated oligosaccharides were held back 
and were desorbed in two fractions by 20 mM and 80 
mM NaCI. The respective weights from 258 mg of gly- 
cogen were 2.9 mg and 2.1 mg (Fig. 1). This experiment 
revealed that the phosphate was present in two forms, 
behaving as di- and mono-esters [ 151. We tested this 

2 

1 

2OmM NaCl Bomu NaCI 

Fig. 1. Fracttonation of glycogen-derived phosphorylated oligosac- 
charides. Glycogen (258 mg) was digested with cr-amylase and the 
products fractionated on QAE-Sephadex (see section 3). Shown by 
open circles are the ohgosaccharides eluted by 20 mM NaCl (diesters) 
and 80 mM NaCl (monoesters). Fractions 5515 from the diesters were 
combined, hydrolysed m 0.02 N trrfluoroacetic acid (20 min, 100°C) 
and again passed through the column. emerging as shown by the solid 

circles. For condmons. see section 2 
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deduction by hydrolyzing the supposed diester oligosac- 
charide fraction with mild acid under conditions that 
caused a 30% hydrolysis of glucose l-phosphate while 
causing no significant hydrolysis of maltose (data not 
shown). Refractionation on QAE-Sephadex revealed 
that 36% of the fraction that had previously eluted as 
a diester now emerged as a monoester (Fig. 1). We 
conclude that the majority (60%) of the phosphate in the 
original a-amylase digest was present as a diester, of 
which one ester bond was acid-labile. 

3.3. Enzymic introduction of phosphate into glycogen 
The conclusion that an acid-labile phosphodiester is 

present in muscle glycogen led us to consider that it 
might be introduced after the manner in which 
phosphodiesters are synthesized on mannose residues in 
the carbohydrate chains of glycoproteins [15]. The N- 
acetylglucosamine l-phosphate moiety of UDP-N-ace- 
tylglucosamine is transferred en bloc to the mannose, 
followed by the hydrolytic removal of the N-acetylglu- 
cosamine. In the present case, the donor to the primary 
hydroxyl group of a glucose 1 -phosphate residue would 
be UDPglucose, accounting for the diester, followed by 
hydrolysis of the glucose to leave a phosphomonoester. 
A direct transfer of glucose 1 -phosphate from UDPglu- 
case to protein has already been noted [lo]. 

A systematic search was made in a rabbit-muscle ex- 
tract for an enzyme activity capable of carrying out such 
a glucose l-phosphate transfer. We used Gg-3’P]UDPGlc 
and, in some experiments, its P-phosphorothioate ana- 
logue (@35S]UDPGlc). We obtained evidence of such 
transfer (Table I). The activity was not that of glycogen 
synthase since the transfer of 32P occurred unimpeded 
in the presence of UDPpyridoxal which is a powerful 
glycogen synthase inhibitor [16] (result not shown). 

Glycogen labelled with 32P in this way was rigorously 
purified to remove non-covalently bound phosphorus. 
A residue of 32P persisted. The glycogen was then hy- 
drolysed with a-amylase. This resulted in the formation 
of 3’P-labelled oligosaccharides, indicating that the 32P 
was indeed bound to glycogen. These were concentrated 

Table I 

pH dependence of the incorporation of 35S into glycogen. from 
v-%]UDPglucose 

PH 4.5 5.5 6.5 1.5 8.5 9.5 

35S mcorpora- 
tion 

(counts/min) 3.050 7,586 4,519 2.064 1,950 1,450 

The buffers used were sodium acetate-acetic acid (pH 4.5, 5.5). imt- 
dazole-HCI (pH 6.5). Trts-HCI (pH 7.5, 8.5) and glycine-NaOH (pH 
9.5). The digests were of the same composition as in the in vitro 
labelling of glycogen (section 2.4). The UDPglucose concentratton was 
63 nM and the specific activity was 1,100 Cilmmol. The maxtmum 
incorporation, at pH 5.5, was equal to 3.13 fmol of glucose l-phos- 

phate transferred to the 50 mg of glycogen taken. 

1 2 3 4 

Fig. 2. Radioautograph showing the electrophoretic behavior of the 
32P-labelled product obtained by a-amylolysis, followed by acid hy- 
drolysis, of ‘*P-labelled glycogen (lane 3). Lane 4 deptcts the electro- 
phorettc behavror after the lane 3 product had been treated with 
glucose 6-phosphate dehydrogenase. Authenttc I%-labelled glucose 
h-phosphate is seen in lane I. and m lane 2 after treatment with the 

dehydrogenase. For conditions, see sectton 2. 

by ion-exchange, subjected to prolonged hydrolysis 
with acid to split the glycosidic bonds and diester bonds 
in order to release the phosphorylated monosac- 
charide(s), which were then subjected to electrophoresis 
before and after treatment with glucose 6-phosphate 
dehydrogenase. Fig. 2 shows that the 3’P-labelled prod- 
uct of acid hydrolysis of the labelled glycogen migrated 
during electrophoresis as glucose 6-phosphate, and was 
completely converted by glucose 6-phosphate dehydro- 
genase into a compound migrating during electrophore- 
sis at the same rate as the product formed by dehydro- 
genase action on authentic 14C-labelled glucose 6-phos- 
phate, i.e. 6-phosphogluconate. 

DISCUSSION 

For proof of covalently bound phosphate in liver 
glycogen. Fontana [l] relied on the inability, by several 
methods, to remove 32P from glycogen into which the 
isotope had been introduced by labelling in the whole 
animal. In our own case, we examined muscle glycogen 
that was carefully purified to remove non-covalently 
bound low and high molecular weight components and 
found that 0.064% P remained, by weight, with no de- 
tectable inorganic phosphate. This is within the range 
of phosphate contents reported for a variety of plant 
starches [17] and is 250 times the amount represented 
by the serine phosphate in glycogenin [6]. 

Although the phosphate ester in starch is thought to 
be present as a monoester [2.17], Fontana [l] had con- 
cluded from the chemical stability to acid and alkali of 
the 32P in his liver glycogen that two types of phosphate 
were present. We were able to confirm this deduction 
and to identify the two types. The phosphate residues 
were concentrated by subjecting the glycogen to a-amy- 
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Fig. 3 
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lolysis and ion-exchange chromatography. The charged 
oligosaccharides were separated into two fractions that 
behaved as mono- and di-esters (Fig. 1). The molar 
ratio of the two types of ester, based on the relative 
yields of phosphorylated oligosaccharides, appeared to 
be approx. 60 diester: 40 monoester. 

Confirmation that an acid-labile linkage behaving as 
a diester was present. corresponding to phosphate 
joined to C-l of a glucose residue, came from the fact 
that mild acid hydrolysis. sufficient to split glucose l- 
phosphate by 30%. caused a 36% conversion of the 
oligosaccharide diester fraction into a monoester (Fig. 

1). 
We then considered how phosphate groups might be 

introduced into glycogen. One possibility was that of a 
hexokinase-like enzyme, able to phosphorylate C-6 of 
a glucose residue in glycogen from ATP. The alterna- 
tive, as noted earlier, was based on an analogy with the 
phosphorylation of the carbohydrate chains of 
glycoproteins [ 151, involving the introduction of a glu- 
cose l-phosphate residue from a nucleoside di- 
phosphate glucose. 

We were able to detect the latter type of activity by 
using p-“P-1abelled UDPglucose. demonstrating that 
“P could be introduced into glycogen from this sub- 
strate and that it was not removable in a denaturing 
environment. 

Our evidence for the enzymic introduction of 
phosphodiester groups into glycogen is therefore that 
glycogen became phosphorylated when /?-3’P-labelled 
UDPglucose was the donor, for which a logical explana- 
tion would be a transfer of glucose l-phosphate by anal- 
ogy with a similar glycosylphosphate transfer to 
glycoproteins [ 151. The 32P so incorporated could not be 
removed by alkaline phosphatase, consistent with its 
not being present as a phosphomonoester. We were able 
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to concentrate the “P in charged oligosaccharides by 
the same procedure as for the phosphodiester groups of 
native glycogen (Fig. 1). from which it was released by 
acid hydrolysis as “P-1abelled glucose 6-phosphate (Fig. 
2). We therefore postulate that glucose l-phosphate is 
transferred from UDPglucose to the primary (C-6) hy- 
droxyl of a glucose residue in glycogen (Fig. 3). 

The enzyme activity responsible for the glucose l- 
phosphorylation appeared to have a pH optimum of 5.5 
(Table I). It is possible that the actual pH optimum is 
at a more neutral pH and that pH 5.5 is an apparent 
optimum arising from competing reactions that also use 
UDPglucose and are catalyzed by other enzymes in the 
impure preparation of the glucose l-phosphotrans- 
ferase. The activity was not that of glycogen synthase. 
It appears to be a new enzymic activity for muscle glyco- 
gen metabolism. not hitherto described. 

We cannot exclude the possibility that some phos- 
phate groups of glycogen are introduced directly from 
ATP as phosphomonoesters by a hexokinase-like en- 
zyme. On the other hand, a plausible scenario for the 
origin of the phosphomonoesters is that they are formed 
from the diesters. The ‘capping’ glucose could in time 
be removed by a glucose l-phosphate phosphod- 
iesterase, as detected in liver [1X]. or an ol-glucosidase, 
of which there are several in muscle cytosol [ 191, leaving 
the phosphomonoester residue. If such a group could be 
phosphorolysed, it would provide the glucose 1,6-bis- 
phosphate needed as a coenzyme in the onward conver- 
sion of glucose l-phosphate into glucose 6-phosphate. 
We should also note that when glucose 6-phosphate 
residues have been detected in starches and glycogens. 
this has frequently been done by acid hydrolysis of the 
polysaccharide, thereby destroying any evidence of a 
phosphodiester [ 171. 

The function of the phosphate groups remains ob- 
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scure, but the demonstration of a phosphodiester bond 
may explain long-standing observations of the behavior 
of glycogen when treated with dilute acid or alkali, as 
if there are present some particularly labile bond(s) [20]. 
We will later report evidence suggesting that the 
phosphodiester groups may function as chain initiators, 
such that a proportion of the branches in glycogen are 
not only the 1,6-glucosylglucose bonds but that some 
contain an intervening phosphodiester group as in Fig. 
3. The partial depolymerization of glycogen seen after 
mild acid or alkali treatment [20] would be a conse- 
quence of the presence of such bonds. 

The alkali lability of phosphoesters may in part ex- 
plain why there has been a ready acceptance of the idea 
of phosphate in starch [2,17] but not in glycogen [l]. 
Starch is isolated by relatively mild treatment, at neutral 
pH without heating, making use of its water insolubil- 
ity. Glycogen is most commonly isolated by the Pfliiger 
method that takes advantage of the fact that glycogen 
is the only mammalian macromolecule that is largely 
stable to alkali. Accordingly, tissue is heated for several 
hours at 100°C in 30% KOH, conditions not conducive 
to retaining phosphoesters. di- or mono-. It was for the 
same reason of preparing glycogen in this way that the 
presence of protein, claimed as long ago as 1886 [21], 
remained controversial until 1985, when a covalently 
bound protein, glycogenin, was isolated from glycogen 
that had been purified without resort to alkali [3]. The 
use of drastic chemical procedures to isolate natural 
products is not without pitfalls. 
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