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The portions of both liver and muscle glycogen that have a high protein content have 
been investigated. In liver the high molecular weight portions of glycogen may be 
rendered insoluble by treatment with trichloroacetic acid. This shows that reported 
desmo- (or insoluble) glycogen is an artefact of the extraction process and therefore of 
no physiological significance. In contrast, muscle glycogen insolubility is not 
associated with any specific molecular size range. Insolubility of muscle glycogen is 
shown to be related to partial degradation of the polysaccharide and to the high pro- 
tein content remaining after the gentle extraction procedure. Since the molecular 

weight profile is unaltered by the removal of the insoluble glycogen it does not in- 
terfere with the interpretation of metabolic studies. 

It is well known that glycogen, carefully extracted from liver or mu scle tissue, has signifi- 
cant amounts of protein associated with it [1-81 . Further, we have established, following 
on from the original suggestion by Krisman and Barengo [4], that both liver and muscle 
glycogen have, at least partially, a proteoglucan natu re I9-11[. These studies have shown 
that the high molecular weight glycogen is built up on a protein backbone (possibly 
through a tyrosine residue I12, 13!, and is formed covalently into very high molecular 
weight molecules by the joining of these backbones through disulphide bonds. 

The existence of protein-bound glycogen led to the revival of the concept of insoluble 
(or desmo-) glycogen in addition to soluble (or lyo-) glycogen f8, 14-171. This concept was 
popular 20 or 30 years ago but has been ignored in most recent studies I1-4, 18-211. Shu Id 
desmo-glycogen exist in the cell, i.e. if it is not an artefact of the extraction processes, 
then there could be profound implications for the interpretation of metabolic ex- 
periments on glycogen (for example see I141). Our recent work showed that high 
molecular weight glycogen has a relatively high protein content [3, 111 and, in addition, 
it.is well-established as being located in the lysosomal compartment of the cell [18-231. 
We decided to extend our investigations of protein-bound glycogen. In addition, mus- 
cle glycogen was utilised, particularly because of its high relative protein content [3, 5-71. 
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Table 1. Effect of trichloroacetic acid upon liver glycogen. 

Preparation Total soluble glycogen 
mode (mg/g liver) 

Relative 
yield (%) 
(phenol =100) 

Protein/ 
glycogen 
(%) 

1. Phenol extraction 53.6 
2. TCA extraction 31.1 

3. TCA treatment 
of purified phenol 
extraction 29.0 

100 2A0 
58 0.36 

54 0.32 

Glycogen content (%) in 
molecular weight ranges (xl0-6) 

<250 250-500 > 500 

1. 46.4 21.8 31.7 
2. 88.7 3.8 7.5 
3. 90.0 2.7 7.3 

Materials and Methods 

Sprague-Dawley rats were used in all experiments. Liver [22-24] and muscle [3, 11 i 
glycogens were extracted and purif ied as already described. Purified glycogens were 
analysed on sucrose density gradients as previously described [2, 3, 9,10,11,18-23, 25, 26]. 
Protein content was measured by the coomassie blue micro-assay of Bradford [271 and 
glycogen concentrations were measured bya calcium chloride enhanced iodine-iodide 
assay [28]. Total glycogen in tissue was determined by the method of Kemp and van Hei- 
jningen [29]. Total carbohydrate was assessed by a phenol-sulphuric acid method [30]. 
Chain lengths and t3-amylolysis limits were determined by standard methods [31, 32] us- 
ing t3-amylase (Boehringer, Mannheim, W. Germany) and Pullulanase (Boehringer) as 
previously described [2, 11, 33]. 

Extraction or treatment utilising trichloroacetic acid (TCA)(BDH Chemicals, Poole, U.K.) 
essentially followed standard methodology [341 with the exception (see Table 1) that 30 
min was adopted as the extraction time, there being no additional loss of polysac- 
charide between 4 and 30 min. 

Results and Discussion 

Liver glycogen extracted by the normal phenol/water process has a protein content 
averaging about 2% [2, 5, 21] but this varies by a factor of approximately four [5, 21] over 
the vast molecular size range of glycogen [9, 22, 23, 25] with the high molecular weight 
species having consistently the higher content of protein. Exposure of whole liver 
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]'able 2. The loss of soluble purified muscle glycogen on dialysis against water. The dia- 
lysate was centrifuged 1000 x g x 15 min prior to analysis. 

Total 
Glycogen a carbohydrate b Protein c 

Total Relative Total % Total as % 
(g/kg muscle) (%) (g/kg muscle) Glycogen (g/kg muscle) Glycogen 

Pre-dialysis 4300---+ 700 100 4400 --+ 100 98 600 + 50 14 
Post-dialysis 3450 + 500 80 3500 + 200 101 300 --+ 100 9 

a, b, c Analyses by the methods of Krisman [28] (a), Dubois [30] (b), and Bradford [27] (c). 

glycogen to 10% TCA at 4~ for 4 m in causes a loss of 42% of sol u ble glycogen. Prolong- 
ed exposure to the acid (up to 30 min) does not result in any significant increase of this 
loss. Table I shows that the effect of TCA upon liver glycogen, whether pu rifled or in the 
extraction process from tissue, is to cause insolubilisation of the high molecular weight, 
high protein content glycogen [3, 11, t8, 33]. This results in a loss of approximately 85% 
of glycogen-bound protein with corresponding loss of only medium and high 
molecular weight polysaccharide (>250 x 106). Thus it is clear that desmo-glycogen 
from liver is an artefactual product of the TCA-extraction process, and that this glycogen 
is normally found in the soluble product extracted by the mild, modern methods [9, 
22-25, 35]. As a check that no degradation of the polysaccharide had resulted from the 
treatment, samples were spectrophotometrically tested by the calcium chloride 
enhanced iodine-iodide assay [28]. Since this assay depends on the outer chain lengths 
of the o~(1-4)-Iin ked glucose u n its of the glycogen [36] any degradation of this type wou Id 
be clearly indicated. No evidence of any degradation was found. 

Thus we can conclude that desmo-glycogen of liver tissue is clearly an artefact of the ex- 
traction processes and cannot, as has been suggested [8], have a separate physiological 
existence. By corollary, lyo-glycogen is therefore also an artefact since it is selected 
negatively by the TCA extraction. 

Studies of insoluble glycogen were then extended to muscle tissue. Recently, high 
molecular weight glycogens have been identified in muscle [3, 11, 33] and shown to be 
constructed in apparently the same manner as in liver. However, muscle glycogen has 
a very high protein content [3, 5-7, 11] which may be related, at least partially, to its extrac- 
tion process. Muscle glycogen is extracted in aqueous 3% mercuric chloride [3] in con- 
trast to liver, where aqueous 45% phenol is used [9, 22, 23, 25]. 

When freshly prepared muscle glycogen is dialysed, a water insoluble product is form- 
ed which contains approximately 20% of the purified glycogen and approximately 50% 
of the protein (Table 2). As with liver glycogen, removal of the insoluble material did not 
affect the shape of the Iodine-lodide-CaCI2 spectra. However, in contrast to the situa- 
tion with the liver material, removal of the precipitate does not significantly alter the 
molecular weight profile of the glycogen. In fact, if the insoluble material is resuspend- 
ed with solubleglycogen and a sucrose density centrifugal analysis is performed, there 
is, no difference observed in the molecular weight spectrum, as the insoluble material 
is solidly pelleted at the bottom of the centrifuge tube and therefore is not analysed. 
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Table 3. Solubi l isat ion of water- insoluble muscle glycogen. Solubi l isat ion was determi-  

ned as the total soluble carbohydrate I301 after centr i fugat ion (1000 x g x 15 min). 

Treatment Glycogen solubilised 
(37~ x 48h with shaking) (%) 

H20 16 
Buffer alone (T.1 M sodium phosphate, pH 7.0) 22 

Buffer containing: 
0.1% sodium dodecyl sulphate 44 
1.0% sodium dodecyl sulphate 68 
10.0% sodium dodecyl sulphate 82 
8 M urea 75 
10% triton X-100 62 
10% tween 80 63 
10% sodium deoxycholate 51 

Table 4. Effect of decreasing the amount  of associated protein on the solu b i l i ty  of pu ri- 

f led, water insoluble, glycogen. 

% recovery as soluble material after treatment with: 

45% phenol [221 Sevag I37] 
(chloroform/octanol, 3/1 by vol) 

glycogen 42 65 
protein 3.8 3.5 

% protein/glycogen 5.1 5.4 

N.B. The original protein content of the insoluble glycogen is always high but very variable (see Table 2). The 
original % protein content for phenol- and Sevag-treated insoluble glycogens was 56.4% and 100.3%, respec- 
tively. 

Table 5. Chain lengths and ~-Iimits of solubi l ised, water- insoluble, muscle glycogen. 

13 Overall chain External chain Internal chain 
length length length 

Soluble muscle 
glycogen (control) 55 12.7 9.5 2.2 

VariousSevagpreparationsofinsolubleglycogen 

1 39 9.9 6.4 2.5 
2 36 9.4 5.9 2.5 
3 38 9.3 6.0 2.3 
Average 38 9.5 6.1 2.4 
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Figure 1. Molecular weight profiles of soluble muscle glycogen before (11) and after (A) removal of excess pro- 
tein by the Sevag procedu re. Each experimental point represents the percentage content of glycogen with the 
average molecular weight indicated. 

Attempts were made to solubilise the glycogen pellet as indicated in Table 3. Incubation 
with hydrogen bond breaking reagents could solubilise up to 82% of the water insolu- 
ble material. However, a high percentage of protein remained associated with the 
solublised material and, regardless of the technique used, all of the glycogen 
reprecipitated upon removal, by dialysis, of the solubilising agent. Therefore it can be 
concluded that, as with TCA-insoluble liver glycogen, protein is a factor in the in- 
solubility. 

In order to solubilise the glycogen in aform where further analyses could be performed 
it was decided to remove protein impurities by treatmen with aqueous phenol [221 or 
by the Sevag procedure [7, 37] (Table 4). Both procedures removed much of the protein 
and gave a soluble glycogen product with a relatively low protein content (approximate- 
ly 5%). On performing sucrose density gradient centrifugation, the deproteinised 
material exhibited a molecular weight profile (Fig. 1) very similar to that for "normally" 
soluble glycogen. Thus the insolubility is not associated with any specific size range, in 
contrast to the desmo-glycogen of liver tissue. 

To investigate the possibility that the insolubility of this glycogen arose from variations 
in the structure of the polysaccharide portion, further analyses were performed. 
Glycogen solubilised by the Sevag procedure was precipitated with ethanol, redissolv- 
ed in buffer and treated with ~-amylase and pullulanase. From Table 5 it is clear that the 
glycogen has short outer chains as evidenced by its low ~-amylolysis limit (38%) and low 
average external chain length (ECL), which was 64% of the control. This is also confirm- 
ed by the Iodine-lodide-CaCI2 absorbance spectrum (Fig. 2), where the solubilised 
glycogen exhibits an absorption maximum of 400 nm, a characteristic of a partially 
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Figure 2. Relative optical densityversus wavelength profilies for various glycogens treated with Iodine-Iodide- 
Calcium Chloride solution. The O.D. at 410 nm was been assigned the same value in all cases. ( n m m m m ~ )  
liver glycogen, ( ............................................. ) soluble muscle glycogen, ( r i 1111 ,  ) whole muscle glycogen prior to 
removal of insoluble material bycentrifugation, ( ........ , ........... ) insoluble material solubilised by the Sevag pro- 
cedure. 

degraded glycogen molecule [36]. Thus the insoluble, or desmo-glycogen of muscle 
tissue arises from the extraction of material in which the polysaccharide port ion is par- 
tially degraded, and has a very high protein level associated with it upon extraction. The 
reason for the extensive polysaccharide degradation most probably lies in the very 
rapid post-mortem hydrolysis of the glycogen. After death, muscle glycogen is degrad- 
ed at four to five times the rate of its liver counterpart (Calder PC, Geddes R, ex- 
periments in progress, [261). Thus, like its counterpart in the liver, the insoluble muscle 
glycogen is an artefact of the extraction process. Since in liver tissue TCA extraction is 
an outmoded procedure which has been largely replaced by aqueous procedures [211 
and in muscle tissue loss of the "desmo-glycogen" does not cause any preferential size 
selection effect on the soluble extract, only a reduced yield, the existence of this 
artefact may be ignored in future metabolic and structural studies. 

In conclusion, the desmo-glycogen of liver tissue has been clearly demonstrated to be 
an artefact of the extraction process and to have no separate physiological existence [8]. 
The insoluble glycogen from muscle is associated with both a high protein content, and 
partial degradation of the polysaccharide. The latter may well be associated with the 
very rapid post-mortem changes in the tissue [3, 26, 38, 39] which we are cont inuing to 
investigate. 
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