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ABSTRACT 

The incorporation of radioactivity into liver glycogen has been shown not 

only to be a metabolically inhomogeneous process but also to depend critically on 
the nature of the precursor. D-Galactose is incorporated into glycogen by a 
mechanism which is separate from that associated with the incorporation of D- 

glucose. D-Galactose is favoured for incorporation into high-molecular-weight 
glycogen and consequently is affected more by treatment of the animal with the 
antibiotic tunicamycin, since high-molecular-weight glycogen is preferentially 
found in the lysosomal compartment. 

INTRODUCTION 

Recently, it has been shown that the incorporation of 2-amino-2-deoxy-D- 
galactose (D-galactosamine) into liver glycogen as its glucose analogue is a metabol- 
ically inhomogeneous process after starvation l. It has also been reported that D- 

galactosamine is metabolised in liver by the same pathway as D-galactose2-4. There- 
fore, it seemed of interest to compare the incorporation of D-galactose and D- 

glucose. The resynthesis utilising D-galactosamine appears to be associated with 
the ribosomes or the rough endoplasmic reticulum4 as does that with D-glucose 
under similar circumstances5. 

Glycogen is well established as being metabolically and structurally in- 
homogeneous in the liver1,6-17 and other tissues18J9. It is found in the form of 

single spheres (/3-particleszO) or covalently constructed aggregates of these spheres 
(a-particles20). Although the carbohydrate construction of the spheres within the 
a-particles is well elucidated21 and fairly uniform22, the covalent linkage to the 
protein backbone23 appears to be limited to the high-molecular-weight material’. 
This latter material is also associated with the lysosomal compartment of the ce1112J3 
and binds glycogen synthase in preference to phosphorylase24. 

EXPERIMENTAL 

New Zealand white rats (Wistar type) were used. Livers were removed 
rapidly, after cervical dislocation, and plunged into liquid nitrogen in order to 

0008-6215/85/$03.30 @ 1985 Elsevier Science Publishers B.V. 



286 R. CHING, R. GEDDES, S. A. SIMPSON 

eliminate the effects of the rapid, metabolically inhomogeneous, post-mortem 
degradation . l4 Glycogen was isolated by a cold-water extraction method and frac- 

tionated on sucrose density-gradients as previously described12. Diffusion 
coefficients had previously been determined for glycogen fractions by laser 
intensity-fluctuation spectroscopy15J6, and molecular weights were obtained by 

application of the Svedberg equation15. 
Concentrations of glycogen solutions were determined by a calcium chloride- 

enhanced iodine-iodide reaction’* and those of protein by a modification of the 

Lowry method25. 
Lysosomal glycogen was isolated by the technique of Geddes and Stratton’*. 

RESULTS AND DISCUSSION 

As can be seen from Fig. 1, there was a radically different distribution of 

radioactivity in normally fed rats when D-glucose or D-galactose was provided as a 
glycogen precursor, regardless of whether the isotope was introduced intra- 
peritoneally or intravenously. Radioactivity originating from galactose had a much 
greater tendency to be found in high-molecular-weight glycogen. Since it is well 

established that a significant proportion of normal hepatic glycogen metabolism 
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Fig. 1. Radioactive incorporation into liver glycogen with respect to molecular weight. Normally-fed 
Wistar rats were injected with either D-[U-14C]ghxose (A,B) or D-[U-14C]galactose (C,D), in- 
traperitoneally (A$) or intravenously (B,D), and sacrificed after 3 h. 
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proceeds via the lysosomal compartment1*J3, glycogen was also isolated from a 
lysosome-enriched sub-cellular fraction r2. The results (Fig. 2) again show clearly 
the preferential incorporation of D-galactose into high-molecular-weight glycogen, 
in contrast to the inco~oration of D-gh.tCOSe. This finding confirms the metabolic 
heterogeneity of glycogen with respect to molecular size8J0J2. 

Devos and Hers*7*26-28 have proposed a molecular order in hepatic synthesis 
and degradation. Since these authors utilised mostly D-galactose as the precursor 
and took no account of metabolic heterogeneity, their experimental procedures17 
were repeated and the results examined in relation to molecular size of glycogen 
(Fig. 3). After the starvation/refeeding regime, early incorporation was mainly into 

low-molecular-weight glycogen with the effect being much more marked and 
intense with galactose. These results must be considered in conjunction with the 
data in Table I where the marked heterogeneity of the resynthesis in regard to 
molecular weight and amount is shown. During starvation, the glycogen stores are 
heavily depleted and the glycogen is greatly reduced in molecular size8Jo. As 
observed beforelJO, the intense, post-starvation resynthesis of the glycogen stores 

MOLECULAR WE&HI-(X I ?I 

Fig. 2. Distribution of radioactivity incorporated into lysosomal glycogen utilising D-[W-*bC]glucose (A) 
or D-[U-14C]galactose (B) as precursor. 
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favours initially the synthesis of high-molecular-weight material (after 3 h, there 
was a 27-fold increase in glycogen of molecular weight ~500 X lo6 as compared to 
a 5-6 fold increase in the low-molecular-weight range), but continued resynthesis 
subsequently overproduced low-molecular-weight glycogen’J’. The resynthesis was 
accompanied by a -50% increase in the protein-polysaccharide ratio1,9. Fig. 3 
indicates that the incorporation of radioactivity from glucose and galactose 

proceeds by somewhat different routes. In the intense metabolic activity following 
refeeding, radioactivity from glucose was lost over all the glycogen-size-range. 

whereas the high-molecular-weight material synthesised with radioactivity from a 

galactose precursor was retained even after 9 h. The loss of the glucose-originating 
activity reflects their depletion during the normal functioning, in the cytosol, of a 

glycogen synthase/phosphorylase futile cycle. as has been reportedZ9.“0. The 
“stable” radioactivity in high-molecular-weight glycogen arising from the galactose 
precursor is not involved in this cycle, i.e., it is in a separate compartment, presum- 
ably the lysosomei2J3. 

Further evidence of the complexity of the involvement of glycogen 
metabolism with the lysosomal compartment was provided by the results of the 
treatment of the animal with tunicamycin. This nucleoside antibiotic produced by 

Streptomyces lysosuperifcus31 not only blocks the first step in the pathway of the 
synthesis of the oligosaccharide portion of asparagine-linked glycoproteins32, but 
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Fig. 3. Incorporation of radioactivity into liver glycogen, after a period of starvation followed by refeed- 
ing*‘. The radloactive precursor was either o-[U-‘%]glucose (---¤---) or D-[U-‘4C]gaktOSe (II Ill~l1 I I I). 

The periods of refeeding were 0 5 (A) or 9 h (B). 
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TABLE 1 

HETEROGENEITY OF GLYCOGEN RESYNTHESIS AFTER A PERIOD OF STARVATION AND VARIED PERIODS OF 

REFEEDING, USING THE CONDITIONS DESCRIBED BY DEWS AND HERS” 

Period of refeeding (h) 

mol. wt. <500 
Glycogen (%) 

mol. wt. >500 

mol. wt. <So0 
Relative’amount 

mol. wt. X00 

0.5 3 9 

86 55 16 

14 45 24 

6 33 111 

1 21 3.5 

“As g/g of wet liver; mol. wt. >500 after 0.5-h refeeding, taken as 1. 
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Fig. 4. The effect of tunicamycin on the incorporation of radioactivity into glycogen after refeeding 0.5 
h after starvation (conditions as for Fig. 3). The radioactive precursor was either o-[U-“Clgalactose (A) 
of o-[U-14C]glucose (B); tunicamycin-treated, --A--; control, __0__. The insert shows the 
molecular weight distribution’s of tunicamycin-treated (------) and control (- ) glycogens. 
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also interferes with the secretory processes associated with the endoplasmic 

reticulum-Golgi-lysosome compartments 33. Since it would seem unlikely, by the 

nature of the synthesis involved %, that glycogen is linked to protein9Ji,23 through 
nitrogen, then tunicamycin should only affect glycogen secretion. As shown in Fig. 
4, not only is the overall size distribution grossly affected but again there are large 
differences in the incorporation of galactose and glucose into glycogen. Tunica- 

mycin, by affecting secretion, would be expected to affect the overall glycogen- 

molecular-weight distribution (Fig. 4b) since interference with lysosomal glycogen 
metabolism, whether by targetting of antibodies13 or by the use of acarbose35, has 
been shown to have a feedback effect on glycogen synthesis. 

All the results presented above indicated that there was clearly a different 
route of incorporation of radioactivity from galactose into glycogen as compared to 
the glucose route, and points to a pronounced compartmentalisation of glycogen 

metabolism. Radioactive D-galactose, after being presented to the cell, is converted 
into the l-phosphate and thence into the nucleotide sugar by exchange with UDP- 
D-glucose2-4. Subsequent epimerisation of the radioactive molecule provides 

radioactive UDP-D-Glc as a substrate for glycogen synthase36. Incorporation of 

radioactivity from D-glucose passes through the 6- and l-phosphates. Our experi- 
ments showed these two routes to incorporation into glycogen to be independent 

of one another, Le., in separate compartments. Glycogen is already known to be 
heterogeneous with respect to (u) molecular weight618J5, (b) construction (a- and 
/?-particles)9-11, ( c molecular structure (protein content)le9, and (d) cellular loca- ) 

tion12-14. These results show that heterogeneity in synthesis must also be taken into 
account when assessing glycogen metabolism. The molecular order in the synthesis 
and degradation of glycogen in the liver observed by Devos and Hers17J-28 is 

clearly not a molecular effect, as suggested, but a consequence of the compart- 
mentalisation of glycogen synthesis and degradation described above. The results 
of electron microscopy published later in support of the molecular hypothesis28 may 

be discounted, since -50% of the glycogen was lost during the fixation process37 
and this post-mortem loss is known to deplete high-molecular-weight glycogen 
preferentially14. 
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