
Vol. 42, No. 2, 1971 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

REVEESIBLE AGGREGATION OF MUSCLE GLYCOGEN SYNTIIETASY BY METABOLITES 

R. J. Staneloni and B. Piras 

Instituto de Investigaciones Bioquimicas "Fundacibn Campomar88 

Obligado 2490, Buenos Aires (28), Argentina 

Received December '7, 1970 

LYXJW4AR.Y - Partially purified glyoogen eynthetase from rat skeletal muscle 
show a single nearly symmetrical peak with a molecular weight of approxima- 
tely 193,OOqas judged by activity measurements in sucrose gradient centri- 
fugations. In the presence of UBP-glucose and glucose-6-P this enzyme gives 
rise to a series of oligomers. The effeot is specific, and it is shonn that 
in order to obtain the glycogen synthetase polymerization the substrate site 
must be occupied, and that glucose-6-P greatly facilitates the process. ATP 
can reverse the aggregation. The results obtained are discussed in conneo- 
tion with the previously found allosterio behaviour of glyoogen synthetase. 

GS1 (UBP-gluoose:d-1.4 glucand-4-glucosyltransferase, E.C. 2.4.1.11) 

from skeletal muscle is normally associated to glycogen (1, 2), but tetanic 

stimulation can release it from the polysaccharide (2, 3). Sucrose gradient 

oentrifugation of crude homogenates obtained from muscle electrically stimu- 

lated have shown that this GS does not behave as a single, symmetrical peak, 

but rather has a complex pattern. On the other hand, it has been shown that 

muscle GS is an allosterio enzyme (4). The possibility of working with a 

glpoogen-free GS, and the fact that the enzyme could be found under several 

aggregation states, prompted the investigation of the effect of various me- 

tabolites on the eventual distribution of GS molecular speoiee. 

MATERIALS AND METBOlU - Enzyme Preparation. GS was prepared by a prooedu- 

re similar to that used for phosphorylase-phosphatase (5). Muscles from the 

hind legs of male Wistar rats were homogenized (1:5) rith 4 mM UTA-4 mM KOH 

in a blendor for 3 min. The homogenate vas centrifuged at 12,000 x g for 10 

ruin, filtered through glass wool, and the supernatant fluid oentrifuged at 

105,000 x gfor 60 min. The pellets rere resuspended in 0.6 ml/g muscle of 

1 Abbreviations: OS, glyoogen synthetase; EW, molecular weight. 
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50 m?d Trie-HCl, pH 7.5, 40 mh! meroaptoethanol, 1 mM EDTA (Buffer ‘*A*‘). NaCl 

was aleo added to a final concentration of 0.1 111, and then, as an d-amylaee 

eource, 0.13 ml/g mueole of a 27,000 x g aupernatant fluid of saliva. The 

preparation wae incubated at 4’ for approximately 20 hr, end was then oentri- 

fuged at 105,000 x 8 for 40 min. The clear supernatant fluid (from 30-40 g 

of muscles) was applied to a DEAE column (2 x 12 om) equilibrated with buffer 

*‘A*’ containing 0.1 Y NaCl, and the column wae then washed with 600 ml of buf- 

fer nA@* - 0.15 M NaCl at a flow rate of 0.3 ml/min. GS was eluted with buf- 

fer “An - 0.35 M NaCl, and the most aotive fraotions were pooled and passed 

through a G-25 Sephadex column (1 x 20 om) equilibrated with buffer ‘*A” in 

order to remove the NaCl. Sucrose was then added to a s (w/v) final oonoen- 

tration, the enzyme fraotionated in aliquote, and frozen with liquid air. 

Recoveries with respect to the crude homogenate were 20-30s. The preparation 

ie stable, and it ie free of glyoogen-phoephorylaee and amylaee. It has 

usually a 60$ content of I-form, and the activity in the absence of glycogen, 

and under the standard assay conditions, is less than 6 of that obtained in 

its presence. 

Sucrose-prradient Centrifunstione. Suoroee solutions were made in 10 mM 

glycylglyoine, #-I 7.5, 50 mM NaF’, 10 mM EDTA, 2 mh! YgSO4, and 20 ml4 meroapto- 

ethanol. In addition, they contained the metabolites tested, as indicated in 

each experiment. The metabolites were also added to the enzyme, thus deoreas- 

ing the oonoentration of auoroae present to 3.s; 75 ~1 of this solution were 

layered on linear f3 to 1% (w/v) gradients (4.5 ml). Centrifugations were 

usually carried out at 60,000 rpm in a SW 65 K rotor (Spinco) for 3 hr at 2’. 

Gradients were fractionated into 40 fractions, and 25 ~1 aliquota used for 

enzymatic assays. The recovery of aotivity wae usually 70-9C&. MW were oal- 

culated aocording to Martin and Ames (6). 

GS Aeeav. It wae carried out by a procedure eimilar to that previously de- 

scribed (4). Gluooae-6-P (10 zM) was inoluded in all assays (60 oin at 30’) 

in order to measure maximal aotivity. 
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RESULTS - Suorose-gradient centrifugations of homogenate8 from resting 

musoles have shown that GS is associated to glycogen (100 S), and that eleo- 

triaal stimulation or epinephrine perfusion partially di88Ooi8te8 the ensyme 

from the polyeaccharide, giving rise to a peak of approximately 11 S (2, 3). 

Sucrose-gradient centrifugations of a 105,000 x g supernatant fluid obtained 

from an homogenate of a 15 8ec tetanioally stimulated muscle have further 

indicated that GS, not only is dissociated from glycogen, but also that it 

has a oomplex pattern (Fig. l), suggesting the existence of multiple states 

of aggregation. Even though the resolution ia incomplete, two main species 

fraction number 

Fig. 1. Sucrose gradient sedimentation of OS. The orude ansyme (s-s-*) is 
a lO5,OOO x & supernatant fluid of an homogenate from muscles stimulated 
for 15 se0 (2, 7). Purified GS is the preparation described under Methods, 
centrifuged in the absenoe (-) or presanoe (*****) of 0.5 I&I GDP-glucose 
and 0.5 mM glucose-6-P. The arrows indicate the migration of phosphorylase 
2 (P) and catalase (C), which were used as markers (8, 9). 

with bWl of approximately 270,000 and 370,000 seem to be present. Purifica- 

tion of GS gives rise to a single, nearly symmetrical peak of MV 195,000, as 

determined by comparison with catalase and phosphorylaee k2. The slight 

asymmetry of the GS peak, which in few instances take8 the shape of a shoul- 

2 The relationship between the pattern3 of purified and crude OS is not clear. 
In faot, the results of Fig. 3A (vide infra) suggest that the profile found 
with crude GS cannot be ascribed to the metabolites whioh might have been pre- 
sent in the homogenate supernatant fluid. Whether manipulation of GS during 
purifioation or other factor8 are responeible for the shift in MW ia under 
current inveetig;ation. 
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der, is toward the region of higher MW indicating that the purified GS might 

undergo some aggregation. Addition of the substrate (GDP-glucose) and the 

positive effector (glucose-6-P) brings about a complete change in the sedi- 

mentation pattern. In fact, the profile obtained suggests that 30-40% of 

the species present have MW higher than the original one. The specific ac- 

tivities of each peak could not be determined because of the very low protein 

oonoentration used. No further ahanges in the profile were observed with 

hi&er ooncentrations of these metabolites. 

The results of Fig. 28 show that glucose-6-P alone is unable to produce 

aggregation, and that IJDP-glucose and UDP (a competitive inhibitor) can indu- 

ce a slight aggregation, as indicated by a shoulder and a second peak, 

respectively. hlW of this species is of approximately 340,000. However, 

neither metabolite seems to be able to produce species of higher MW, even 

though GDP-glucose or glucose-6-P were used at concentrations up to 5 mM. 

The substitution of either UDP-glucose or glucose-6-P by an analogue is in- 

dicated in Fig. 2B. As can be seen, UDP oan replace UllP-glucose rather ef- 

fectively, even though not completely. On the other hand, when glucose-l-P 

is substituted for glucose-6-P, the pattern is similar to that obtained with 
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Fig. 2. The effect of various metabolites upon the sedimentation of GS in 
sucrose gradients. The experimental conditions are described under Methods. 
Metabolites were used at 0.5 mM concentration. 
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UDP-glucose alone. It should be pointed out that while GDP is a competitive 

inhibitor, glucose-l-P cannot replace glucose-6-F kinetically (4, 10). These 

experiments suggest that binding at the substrate site is necessary to obtain 

aggregation, but this cannot proceed to high MW species unless the positive 

effector site is also occupied. 

. . . ..~DKiI.C16p) 

f faction number 

Fig. 3. The reversibility of the (GDP-glucose + glucose-6-F) effect upon the 
sedimentation of GS. (A) OS was centrifuged alone (-), or in the presence 
of the metabolites both in the sample layered on the gradient and in the 
graaient l **** 

I 1 
; and with the metabolites in the sample, but not in the 

gradient e-*-e . (13) The inhibitors ATP and AMP were used at a 5 mfd con- 
centration. Other conditions are described under Methods. 

The reversibility of the phenomenon just described was also investigated. 

The pattern of a OS centrifuged with WF-glucose and glucose-6-F present on- 

ly in the sample layered on the gradient is compared with those obtained when 

the metabolites were either present throughout, or not at all (Fig. 5A). It 

oan be seen that when the metabolites are present only in the sample the pat- 

tern resembles that of the untreated enzyme. In addition, 0.6 M Kc1 can re- 

verse the aggregation completely, even in the presence of IJDP-glucose and 

glucose-6-F (not shown). The reversibility can also be achieved with ATP 

(Fig. 3B). In fact, when the nucleotide (5 mM) is included in the gradient 

most of the oligomers disappear. This effect cannot be elicited by 5g-AMP. 

The GS inhibition by several nucleotides previouely reported (4) was ob- 
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tained under different conditions than those uaed in the present study, hen- 

ce, it was thought necessary to obtain the inhibition data under the same 

oiroumatancea used for the sedimentation experiments. The results are sum- 

marized in Table I, together with the most pertinent data obtained by gra- 

dient centrifugation. It can be seen that, with the exception of UDP, the 

other nucleotidee do not inhibit appreciably. While this result might seem 

to contradiot the previous data (4) it should be pointed out that the GS used 

in this study has a relatively high content of I-form, and therefore, a small 

glucose-6-P concentration can reverse the inhibition. The percentage of oli- 

gomere distribution obtained by sedimentation under the various conditions is 

also indicated in Table I. It is apparent that there is no correlation be- 

tween activity and, e.g., the amount of high MW species. 

TABLE I - The Effect of Yetabolitee upon the Activity and Sedimentation 
of GSa 

b 46 GS 
Speoiee distribution (6)" 

Additions 
Activity L M H 

None 
ml&glucose + glucose-6-P 100 ;r: $2 2: 

II + ” + AMP 
8; :: 

36 22 
,I + ” + ATP 6 
II + ,t + UDP 51 40 2 24 

'The same purified GS (6@ of I-form) was used for the SSdiSISnt8tiOII 8nd 
kinetic experiments. The latter were performed with the buffer employed 
in the sucrose gradient. 
b The concentrations used are: UDP-glucose, UDP and glucose-6-P, 0.5 mb¶d; 
AhfPand ATP, 5 I&. 

'The peroentages were calculated from the areas corresponding to the frac- 
tions which have been labelled in Pig. 1 8s L, M, end H. They roughly re- 
present the region of an eventual monomer, dimer-trimer, and higher oligo- 
mere, respectively. 

3ISCUSSION - Aggregation or dieaggregation upon addition of substrate and/ 

or effectore has been reported for 8 number of enzymes (11-20). The specifi- 

cit.v and concentration of the metabolitee which can produce GS aggrestion and 

its reversion (Figs. 2 and 3) are within the levels found in muscle (7). It is 
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therefore tempting to speculate that they might play a role in viva' and that -- 

this phenomenon is related to the allosteric behaviour of GS (4). The lack of 

correlation found under the present conditions between the kinetic and sedi- 

mentation data (Table 1) does not seem to substantiate this hypothesis. How- 

ever, before dismissing it, a more exhaustive investigation is necessary, sin- 

ce - as pointed out by Stadtman (20) - the apparent inconsistencies between 

physical and kinetic data may reflect relative differences in the strength of 

subunit interactions. In fact, it is highly remarkable that ATP could rever- 

se the aggregation, while AMP not (kinetically a strong and weak inhibitor, 

respectively). 

The MW of the "untreated" purified ensyme (195,000) resembles that of phos- 

phorylase 2 (8). Since it has been obtained at a rather low protein ooncen- 

tration it is possible that the actual value is e.g. twice, if synthetase can 

undergo dissociation with diluticn like phosphorylase 2 (8, 21). 

The possibility that the GS aggregation observed is due to polysaccharide 

synthesis seems rather unlikely since a) there is no increase in the amount of 

higher MW species on preincubation, while there is an increased incorporation 

into glyoogen-like material (not shown), b) the aggregation occurs with UDP 

and glucose-&P, that is, when there is no possibility of synthesis, and, 

o) the process is reversible under conditions (ATP or KCl) which do not af- 

fect the disscoiation of GS from glyoogen (2, 3). 
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