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ABSTRACT

Glycogen of high molecular weight has been isolated from mammalian mus-
cle, in contrast to the material of low molecular weight commonly described. The
large polysaccharide is similar to liver glycogen in the structure of its individual
B-particles and also, partially, in the mode of assembly into the gross a-particles.
The large particles may be disrupted by 2-mercaptoethanol, but not to the same
extent as their liver counterparts.

INTRODUCTION

The ubiquity of glycogen in mammalian tissues is well established, but fine-
structural analyses have largely been confined to glycogen from liver-? and
muscle!>16, with only isolated investigations in other tissues, e.g., brain'’-1. Liver
glycogen is composed of a very heterogeneous population!-3%20, ranging in molecu-
lar weight to >10°. Heterogeneity of structure has also been demonstrated; liver
glycogen of high molecular weight is constructed on a protein backbone*>2!, appa-
rently with a molecular structure similar to that of the mucins?>-23, and thus differs
from its low-molecular-weight counterpart®’. Apart from its water-binding charac-
teristics?*, there is no gross discrepancy between the glycogens of low and high
molecular weight in liver, but they differ significantly in their metabolism!->7:25.
Despite the close similarity of muscle-glycogen metabolism to that in liver and the
similar cellular storage in the systemic disease, glycogenosis type II (Pompe’s dis-
ease)?®, glycogen from mammalian muscle has only been observed in the low-
molecular-weight (single B-particle) form'>-1>. However, the glycogen in insect
flight-muscle is polydisperse with a significant component?’ of high molecular
weight. Apart from the obvious species difference, the greatest contrast in the pre-
paration of the insect, as compared to the mammalian, glycogen was in the rate and
manner by which the tissue was treated to isolate the glycogen. The insects were
suddenly frozen in liquid nitrogen, and the thoraces were isolated and maintained
at ~80° until the glycogen was isolated?”’ by an essentially aqueous procedure. By
contrast, in electron-microscopic studies of mammalian muscle tissue, a prolonged
(up to 3 h) fixation period*?® was used or the animals were anesthesized and
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bled!*15 before excision of the muscle tissue and subsequent extraction of the glyco-
gen. The time involved in the mammalian preparations could permit post-mortem
degradation of the type already described for liver?’. Indeed, it has been reported™
that soleus muscle, when subjected to anaerobic incubation. underwent a 33% loss
of glycogen in 30 min and 83% in 1 h. It therefore seemed important to investigate
the effect of more rapid extraction on glycogen from mammalian muscle.

EXPERIMENTAL

New Zealand white rats were used in all experiments. Muscles (predomi-
nantly adductor magnus) were quickly removed after cervical dislocation. The
tissue was chopped into cubes (~3 mm), obvious fat and connective tissue were
discarded, and the cubes were then rapidly frozen in liquid nitrogen (the average
time from death to freezing of the tissue was 3.5 min). The frozen tissue was
homogenised with 5 vol. of aqueous 3% mercuric chloride in an Ultra-Turrax
homogeniser (60 s, maximum speed). After centrifugation (500g X 15 min). the
supernatant solution was filtered through two layers of cheese-cloth. The pellet was
re-extracted with aqueous 3% mercuric chloride, the extract was centrifuged. and
the supernatant solution was combined with that from the original extract. From
the combined supernatants at 2°, the glycogen was precipitated overnight with 3
vol. of ethanol, isolated by centrifugation (1000g X 20 min). resuspended, re-
precipitated, and recentrifuged. After a final resuspension, the glycogen was redis-
solved in water and the solution was freeze-dried.

Glycogen was fractionated on sucrose density-gradients as previously
described!. Diffusion coefficients for glycogen fractions had been measured previ-
ously by laser intensity-fluctuation spectroscopy**, and molecular weights were de-
termined by application of the Svedberg equation?.

Glycogen concentrations were determined by an iodine—iodide reaction'®,
using rat-liver glycogen for calibration (450 nm). Protein concentrations were deter-
mined by a modification of the method of Lowry er al.3L.

For treatment with 2-mercaptoethanol, freeze-dried glycogen was dissolved
(2 mg/mL) in 0.1M Tris buffer (pH 8.5) containing 8M urea. After bubbling oxygen-
free nitrogen through the solution for 30 min, the sample was divided into 3 parts.
One part received no further treatment (control). The other parts were treated
with 2-mercaptoethanol (0.1 mL./mL, 30 min), and one was subsequently treated
with iodoacetamide (0.3 g/mL). The 3 parts were then fractionated on sucrose
density-gradients'>.

RESULTS AND DISCUSSION
As can be scen in Fig. 1. careful, but rapid, extraction of mammalian muscle

indicates that this tissue, like the liver'=3, has a heterogeneous population of glyco-
gen with respect to molecular size. The data in Table I illustrate the apparent
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polydispersity of this glycogen as compared to that in other tissues. However,
caution must be expressed over this comparison since, even in liver (the most
accessible of these tissues), post-mortem changes are exceedingly rapid?® and, as
mentioned above, similar changes may be expected in muscle. Nonetheless, it is
clear from Table I that, even after our relatively slow time (~3.5 min) from death
to immersion in liquid nitrogen, there is a substantial amount of high-molecular-
weight material. In Table I, size is described in terms of apparent molecular weight,
since the sedimentation coefficient—diffusion coefficient relationship has yet to be
checked; these experiments will be reported elsewhere2.

Large amounts of high-molecular-weight glycogen in the form of aggregates
or spheres (a-particles) have been observed by electron microscopy of mosquito
(C. tarsalis) flight-muscle, particularly in the sarcoplasm, while single glycogen
spheres (B-particles) have been observed®? in the M-band. In contrast, previous
reports on mammalian muscle glycogen®® have indicated that, practically exclu-
sively, only single B-particles are present. We have now shown this conclusion to
be incorrect, and it appears that earlier results could be related to the prolonged
time between death and the observation of the glycogen. Particularly with the pro-
longed fixation-process required for electron microscopy, the danger of artefactual
observations is greatly increased3+.

Fig. 2 shows the effect of the glycogen source on the glycogen—iodine spec-
trum as enhanced by part-saturated calcium chloride®, and contains a typical spec-
trum of liver glycogen with absorbance peaks at ~460 and ~410 nm. This pattern is
characteristic of undegraded glycogen®!4. The spectrum of muscle glycogen also
exhibits these maxima, whereas oyster glycogen shows a single peak at ~410 nm.
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Fig. 1. Concentration distribution of 4 separate preparations of muscle glycogen after centrifugation on
sucrose density-gradients. The line is drawn through averaged values. Sedimentation coefficients are
displayed at the top of the graph.
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TABLE 1

CONCENTRATION DISTRIBUTION OF MUSCLE-GLYCOGEN PREPARATIONS IN COMPARISON WITH OTHER
GLYCOGENS

Glycogen source Glycogen content (%) i various apparent-molecular-weight
ranges (X 10-%)

0-50 50-100 100-250 250-500 >500

Brain® 94 6 0 0 0
Livert 24 20 20 18 18
Liver
KOH-degraded 96 4 0 U 0
Muscle? 1 19 30 24 10 18

2 20 36 22 8 15

3 17 28 21 13 21

4 20 14 17 16 34
Normalised average 18 25 19 18 20

“Interpolated from results of Chee et al.!” *Average of 30 different preparations. Calculated from the
results of Geddes er al.%. “Calculated from the results of Bullivant et al.%. Results of four independent
preparations Values averaged from up to four separate centrifugations (sucrose density-gradient).

These spectra indicate that muscle glycogen is closely related to its counterpart in
the liver. Absorption in the 350-600 nm region of the glycogen—iodine spectrum is
related to the fine structure, most probably the external chain-lengths, of individual
B-particles® 3. Therefore, it can be concluded that the external surface of muscle-
glycogen particles closely resembles that of liver-glycogen particles. Preliminary
experiments with beta-amylase confirm this conclusion, in that liver an#l muscle
glycogen are degraded to approximately the same extent32.

Further to the initial demonstration that liver glycogen could be synthesised
on a protein backbone?!, it is known that this backbone has disulphide bridges
which, when disrupted, cause a large decrease in molecular size in liver glycogen*.
As can be seen from Table II, a similar phenomenon occurs in muscle glycogen.
Treatment solely with 2-mercaptoethanol was reversible by exhaustive dialysis al-
though with some rearrangement in the distribution of molecular size, resulting, in
some cases, in an increase in the proportion of high-molecular-weight glycogen.
Blocking of the reduced disulphide bonds with iodoacetamide resulted in a perma-
nent change in distribution, with the production of a much higher proportion of
low-molecular-weight material compared to the untreated glycogen. Both these
effects paralleled those in liver glycogen but, after reducing and blocking, there
was distinctly more material of high molecular weight left in the muscle prepara-
tions.

This finding suggests that muscle may contain glycogen having a gross hy-
drodynamic structure distinguishable from that of the glycogen of liver®, as has
already been observed for glycogen isolated from brain!’. Nevertheless, after the
2-mercaptoethanol/iodoacetamide treatment, ~50% of the glycogen of >2000S



MAMMALIAN MUSCLE GLYCOGEN 253

o

ABSORBANCE
(@]
o

350 400 450 500 550
WAVELENGTH(am)

Fig. 2. Calcium chloride-enhanced iodine-iodide spectra of various glycogen solution (~1 mg/mL):
1, average of 4 muscle-glycogen preparations; mmmmmm , liver glycogen; szs2¢8# , commercial oyster-
glycogen (Sigma).

had been reduced to smaller material compared to 80-90% in the case of liver
glycogen.

The data in Table III show that the observed content of glycogen (~0.6% of
wet-muscle weight) compares reasonably with previous reports. The high content
of protein (15%) is a characteristic of muscle-glycogen preparations. Removal of
this protein requires fairly drastic procedures'¢1527. However, the bulk of the pro-
tein does not affect the size distributions on sucrose density-gradients, in that much
of the protein is “floated off” from the glycogen during centrifugation because of
its lower density!*. However, some protein is intimately involved in the structure.
The 2-mercaptoethanol experiments (Table II) indicate that muscle glycogen is par-
tially built on a protein backbone held together by disulphide bonds. Certainly,
some of the other protein associated with muscle glycogen seems to be more firmly
bound than that associated with liver glycogen. However, the large amount of
associated protein suggests that there may be more than a casual relationship bet-
ween muscle glycogen and protein (c¢f., for example, hyaluronic acid and chon-
droitin sulphate and their relationship in connective tissue36).

These results indicate that glycogen in muscle is heterogeneous with respect
to molecular size in a manner similar to that observed for liver'-3. This finding is
contrary to a long-held belief!>15 that muscle glycogen consists solely of B-particles.
It had been reported® that glycogen extracted from autopsy or biopsy specimens of
human muscle includes a component of high molecular weight. However, that study
did not indicate polydispersity of glycogen from either rat liver or rat skeletal mus-
cle. Muscle glycogen appears to be at least partially built on a protein backbone
held together by disulphide bonding similar to the situation in liver glycogen*s.
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TABLE II

EFFECT OF DISRUPTION OF DISULPHIDE BONDS IN GLYCOGENS WITH RESPECT TO SEDIMENTATION COEFFICIENT

Glycogen source Treatment (before dialysis) Glycogen content (%)
<20008 > 20008

Livers None 80 20
2-mercaptoethanol 85 IS
2-mercaptoethanol + iodoacetamide 98 2
Liver® None 81 19
2-mercaptoethanol 86 14
2-mercaptoethanol + iodoacetamide 97 3
Muscle 1 None 72 28
2-mercaptoethanol 66 34
2-mercaptoethanol + 1odoacetamide 80 20
2 None 66 34
2-mercaptoethanol 61 39
2-mercaptoethanol + 1odoacetamide 85 15
3 None 71 29
2-mercaptoethanol 80 20
2-mercaptoethanol + iodoacetamide 84 16
4 None 69 31
2-mercaptoethanol 63 37
2-mercaptoethanol + iodoacetamide 84 16

aFrom Chee and Geddes’. »Performed with the same time and conditions as the muscle-glycogen prep-
arations, to act as a control.

TABLE III

PROTEIN CONTENT AND GLYCOGEN YIELD

Glycogen source Glycogen content of total Protein content of purified product
homogenate (% of wet-tissue wt.)  (as % of glycogen content)

Liver* — 16
Muscle 1 058 13.8
2 0.57 12.2
3 0.66 15.3
4 0.54 18.1
Average 0.59 14.9
Rabbit muscle? 0.5-0.8 5-30¢
Insect flight-muscle? 1-1.5 29¢

“Control; experiments performed with the same time and conditions. ®Calculated from Table I, ref. 14.
Prior to treatment with chloroform and urea. “From Childress e a/.?”. ¢Calculated from Table 1, ref. 27.
Prior to modified Sevag procedure.
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Differences between the liver and muscle molecules appear to be confined to the
extent of disruption by disulphide bond-breaking reagents and the large amount of
protein associated with muscle glycogen. Since muscle is the largest storage area
for glycogen in mammals (liver has the highest concentration), if glycogen of high
molecular weight is found to be associated within the lysosomal compartment, as in
liver!-3, there are profound metabolic implications particularly for the Cori cycle™.
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