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Glycogen: an overview of possible regulatory roles
of the proteins associated with the granule1

Terry E. Graham

Abstract: While scientists have routinely measured muscle glycogen in many metabolic situations for over 4 decades,
there is surprisingly little known regarding its regulation. In the past decade, considerable evidence has illustrated that the
carbohydrate stores in muscle are not homogeneous, and it is very likely that metabolic pools exist or that each granule
has independent regulation. The fundamental aspects appear to be associated with a complex set of proteins that associate
with both the granule and each other in a dynamic fashion. Some of the proteins are enzymes and others play scaffolding
roles. A number of the proteins can translocate, depending on the metabolic stimulus. These various processes appear to
be the mechanisms that give the glycogen granule precise yet dynamic regulation. This may also allow the stores to serve
as an important metabolic regulator of other metabolic events.
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Résumé : Depuis plus de quatre décennies, les scientifiques ont mesuré systématiquement le glycogène dans de nombreu-
ses conditions métaboliques et curieusement, peu se sont penchés sur sa régulation. Au cours de la dernière décennie,
beaucoup d’observations probantes révèlent que les réserves de sucres dans le muscle ne sont pas homogènes et qu’il est
fort probable que des pools métaboliques existent et que chaque granule dispose de sa propre régulation. Ces fondements
sont issus de la présence d’un ensemble complexe de protéines qui s’associent avec le granule et entre elles de façon dyna-
mique. Certaines des protéines sont des enzymes et d’autres ont une fonction d’échafaud. Un certain nombre de protéines
peuvent faire de la translocation selon le stimulus métabolique. Ces divers phénomènes semblent être à la base des méca-
nismes qui donnent au granule une régulation dynamique spécifique. De cette façon, les réserves peuvent jouer un impor-
tant rôle de régulation des autres événements métaboliques.

Mots-clés : sucres, glycogénine, larforine, maline, glycogène synthase.

[Traduit par la Rédaction]

Introduction
In this overview, I will be addressing the role of regula-

tory proteins (especially laforin and malin) and the glycogen
granule. This may seem to be a very specific focus, but, in
fact, it merits at least a full review, rather than this brief
prospectus. The understanding of the organization and regu-
lation of the granule is in its infancy, but it is already clear
that the complement of proteins associated with the granule
and the protein–protein interactions are extremely important.
This supports the concept that the granule is indeed an or-
ganelle, and that regulation occurs at this level. In other
words, all granules are not equal. The implication is that
metabolic pools can and likely do exist to serve different
roles in the cell. This complicates the science and restricts
the ability to interpret investigations in which only total gly-
cogen is measured.

I have been involved with 2 previous reviews (Shearer
and Graham 2002, 2004), and in this report I will attempt
to focus on the advances in this decade. Insightful work by
Bergstrom et al. (1967), Hermansen et al. (1967), Hultman
(1967), and Gollnick et al. (1974) in the 1960s and 1970s
demonstrated what is now accepted as a fundamental under-
standing of the responses of muscle glycogen to exercise
and diet. Text books list the basic enzymes that are in-
volved: the synthases, phosphatases, and kinases. It is under-
stood that the rate of depletion is exponential during
prolonged exercise, that strenuous exercise reduces the gly-
cogen concentration by approximately 80%, and that the
subsequent ingestion of carbohydrates can increase it to
50%–80% in excess of the normal resting level. But it is
not understood how this regulation is taking place in such a
highly regulated manner.
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A number of scientists have shown that the concentration
of glycogen can serve as a regulator: higher resting concen-
trations result in more rapid degradation during exercise,
and low concentrations have been associated with an in-
creased expression of a number of metabolic genes. In fact,
the concentration of glycogen may be more important as a
glucose uptake regulator than insulin itself (Nielsen and
Richter 2003; Richter et al. 2001; Hargreaves 2004; Pile-
gaard et al. 2002). But how is this regulation occurring?
Certainly, in this modest manuscript I cannot offer the ex-
planations, but I will endeavour to present information that
should add to the understanding of these metabolic events.
It is startling to realize that we do not understand the basics
of how a granule is formed, and we do not know where they
are formed. Are they formed where they ultimately are
found as mature granules, or are they synthetized in associa-
tion with GLUT4 transporters and then moved to their func-
tional locations? Granules are found in specific subcellular
locations, suggesting that there are various metabolic pools
of glycogen, but we do not understand what these are or
how some granules are regulated differently from others.

The granule
The theoretical structure of the granule has been well de-

scribed (Melendez-Hevia et al. 1993; Melendez et al. 1997).
Granules are formed on the protein glycogenin and grow to
be as large as 42 nm in diameter in a highly organized man-
ner, consisting of 12 tiers of carbohydrate. The carbohydrate
density increases exponentially with each additional tier. Be-
cause of the progressive branching, it remains soluble, can
contain approximately 55 000 glucosyl units, and the number
of nonreducing ends is estimated to be 2100. This allows for
fast mobilization by the abundant enzyme, glycogen phos-
phorylase. Because of the degree of branching with each
tier, 34.6% of the total carbohydrate in a granule is in the
outermost tier. For the maximal tier 12 granule, this is
19 000 residues. For a granule that has only 1 less tier, this
decreases to 9500 residues. Thus, it is surprising that very
few granules are found in this size range. Marchand et al.
(2002) measured the diameter of approximately 55 000 gran-
ules in resting human muscle, and the average diameter was
only 25 nm (i.e., approximately tier 8). Very few granules
were found that were in the tier 10–12 range, even though
increasing granule diameter from tier 9 (30.6 nm) to 12
(42 nm) would increase carbohydrate content from approxi-
mately 26 500 to 55 0000 glucosyl units per granule. One
would expect that the goal for storage would be to take
every granule to the 12 tier (42 nm) size; yet virtually all
studies repeatedly report that granules average 20–30 nm di-
ameter. Why would the cell elect to generate more granules
instead of expanding the existing ones to their maximum
size? What regulatory factors tend to stop synthesis at this
mid-range size?

Subcellular pools
Lees et al. (2001) reported that the glycogen in the sarco-

plasmic reticulum fraction from muscles fatigued by tetanic
contractions decreased to merely 0.5% of the resting level,
and the glycogen phosphorylase (GP) activity was reduced
to only 4% of control. They speculated that this would com-

promise calcium homeostasis. Previously Shearer and Gra-
ham (2002, 2004) pointed out that various fractions or pools
of glycogen granules appear to be degraded preferentially,
depending on the exercise conditions. Many researchers
(summarized in Shearer and Graham 2002) have employed
the terms pro- and macroglycogen for the acid-insoluble
and soluble fractions, respectively, and have interpreted
these as differing in granule size. This has recently been
challenged by James et al. (2009), who demonstrated that
the 2 fractions had similar granule size in gel filtration chro-
matography, and suggested that a portion of the granules are
likely trapped by undisrupted myofilaments. Nevertheless,
their data are consistent with the notion that one fraction of
granules is more responsive to a metabolic stimulus. This
may well be based on subcellular location and (or) associa-
tion with cytoskeletal elements rather than granule size.

Elsner et al. (2002) noted that tiers 9–12 (diameter 30.6 to
42 nm) would contain the majority of the glucosyl units that
can be stored in granule. However, in their cell cultures,
when glycogen storage was stimulated, the granules only in-
creased from 24.9 nm to 28.1 nm and, similarly, during gly-
cogenolysis, the average diameter decreased to 24.4 nm. The
net change in carbohydrate stores led them to predict that the
granule diameter should have changed by 11% rather than
the observed 4.4%. They concluded that storage was associ-
ated with a simultaneous formation of granules, even though
the average granule was only at tier 7 or 8, and that glycogen
catabolism resulted in total destruction of some granules.
This is a strong indication that regulation occurs at the level
of the granule and that different metabolic pools exist.

A considerable amount of information from the past decade
suggests that a large number of proteins is associated with the
granule, and that many of these have regulatory properties.
The physiology of these various enzymes and scaffolding
proteins may very well be critical in metabolic regulation.

Glycogenin
Glycogenin is the protein that initiates the formation of a

granule by catalyzing the addition of 7–11 glucosyl units to
a specific tyrosine residue; it then acts as a substrate for gly-
cogen synthase (GS) and the branching enzyme. It is essen-
tial for the synthesis of a granule. Thus, one would expect
that the concentration of this protein would vital to glycogen
stores. However, there have been 3 studies (Mamedova et al.
2003; Yang et al. 2002; Hansen et al. 2000) in which glyco-
genin was overexpressed in skeletal muscle, and the impact
on glycogen stores was minimal. Unfortunately, the number
of granules was not evaluated. It would appear that the
amount of glycogenin is not a limiting factor in the regula-
tion of glycogen, but the regulation of glycogenin itself is
not well understood. For example, we do not know what
happens to glycogenin as granules are degraded. Is it de-
graded or inactivated, or does it remain in an active form?
Similarly, just as we do not know if granules can move, we
do not know if glycogenin can translocate. This is vital to
learning how and where new granules are synthesized.

Translocation of glycogen synthase
In the past decade, there have been important advances in

the understanding of the regulation of GS. While the basic
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aspects of allosteric regulation have been well established,
GS has recently been shown to translocate under different
metabolic circumstances. Furthermore, physical association
with the enzyme protein phosphatase 1 (PP1) has been dem-
onstrated and, as discussed below, these and other protein–
protein interactions appear to be critical in the regulation of
the granule.

In 1999, Brady et al. (1999) showed that when cultured
adipocytes were exposed to insulin, the increase in GS activ-
ity was associated with a marked decrease in cytosolic GS
and a simultaneous increase and dephosphorylation (activa-
tion) of GS in the granule pool. They speculated that insulin
stimulated the translocation and that the activation was fa-
cilitated by glucose 6-phosphate enhancing the action of
PP1 and allosterically activating GS. Garcia-Rocha et al.
(2001) also found that this translocation was dependent on
the cytoskeleton in hepatocytes. Subsequently, 2 investiga-
tions (Nielsen et al. 2001; Prats et al. 2005) showed that ex-
ercise (and low glycogen) causes a similar shift in GS, from
the glycogen granule fraction to the membrane and cytosolic
fractions. Prats et al. (2005) also demonstrated that the GS
translocation was dependent on phosphorylation (inactiva-
tion) of specific sites on the protein. Thus, this key enzyme
appears to be able to change subcellular pools; this may be
facilitated by the cytoskeleton, and its interaction with PP1
may be dependent on the location.

PP1
PP1 is the primary phosphatase acting on the key phos-

phorylation sites of GS, and its close association with GP al-
lows for reciprocal control of these key enzymes. There are
5 glycogen targeting subunits of PP1, and the most notable
are targeting protein glycogen (PTG or R5), RGl (or GM),
and the liver form, GL. The investigation of the various tar-
geting subunits is in its infancy, but they have been shown
to have a number of key roles. PP1/RGl is a glycogen–
sarcoplasmic-reticulum-associated phosphatase (Aschenbach
et al. 2001), suggesting that it could be important in a spe-
cific glycogen metabolic pool. While insulin can stimulate
GS without an active RGl, it is essential for the exercise-
induced effects on GS and GP (Aschenbach et al. 2001;
Suzuki et al. 2001). Similarly, GL binds to GP more
strongly than AMP, and this allows the PP1 to dephosphor-
ylate and inactivate GP and GP kinase. PTG is primarily in
insulin-sensitive tissues (Aschenbach et al. 2001), and
binds to glycogen and forms complexes with GP kinase,
GPa, and GS.

In their review of GS regulation, Nielsen and Richter
(2003) addressed mechanisms for how exercise can stimu-
late GS independent of the insulin-signaling pathway. They
pointed out that GS activity is closely coupled to the con-
centration of glycogen, and speculated that this could be
partly due to subcellular location. They concluded that, in
glycogen breakdown, the PP1/RGl complex, and possibly
the translocation of GS, is important in the stimulatory regu-
lation of GS during exercise, and that AMP-activated protein
kinase (AMPK) and epinephrine (via protein kinase A) are
essential for exercise-induced inhibition of GS.

These protein–protein interactions and translocations are
important in the regulation of glycogen, and can add specif-

icity to the responses of various metabolic pools. However,
it has been difficult to visualize the way the various interac-
tions and translocations occurred. Recent studies involving
the proteins laforin and malin have added insight.

Laforin
Recent work with the protein laforin (as well as malin)

has provided preliminary information that may well lead to
an integration of our understanding of the dynamic nature
of many events that have been briefly outlined above. This
protein was identified in studies of Lafora disease, a severe
neurological condition characterized by Lafora bodies in the
neurons and other tissues. These are insoluble, glycogen-like
structures in which the carbohydrate chains are not as or-
dered as in glycogen. There are fewer branches (every 15–
30 glucose monomers), and the insoluble structure has been
described as starch-like. Laforin is the only known phospha-
tase to have a carbohydrate binding module (Worby et al.
2006), and its gene is 1 of 2 that are mutated in Lafora dis-
ease. Laforin can naturally create stable dimers, which are
required for optimal activity (Liu et al. 2006). Worby et al.
(2008) found that the enzyme will not dephosphorylate any
of the proteins associated with glycogen, such as the target-
ing subunits of PP1, GS kinase, the branching enzyme, ma-
lin, or AMPK. However, it does dephosphorylate complex
carbohydrate structures, and they proposed that this enzyme
functions to remove phosphate groups from glycogen during
synthesis to facilitate branching.

Tagliabracci et al. (2007, 2008) reported that mutation of
the laforin gene in mice resulted in the mice developing La-
fora bodies, and the muscle glycogen had a 4-fold increase in
covalently linked phosphate per molecule. Furthermore, the
phosphate groups are found, not merely on the surface, but
throughout the granule. They propose that the excessive phos-
phorylation impaired normal branching of the granule, and
that laforin normally functions to dephosphorylate the granule
to allow for branching to take place. Fernandez-Sanchez et
al. (2003) found that laforin interacts with itself and with
PTG, and acts as a molecular scaffold, assembling PP1
with its substrate GS at the granule. Furthermore, laforin
must be bound to glycogen to dephosphorylate the granule.

To get a more complete appreciation of the putative roles
of laforin, one must also examine the protein malin; once
again, much of our understanding comes from investigations
of neurons and Lafora disease. Virtually all Lafora disease
cases are associated with mutations of genes for laforin and
(or) malin. Vilchez et al. (2007) stated that neurons nor-
mally do not synthesize glycogen because GS is phosphoryl-
ated (inactive) and the laforin–malin complex causes
proteasome-dependent degradation of GS and PTG (PTG
brings PP1 to GS for activation). Hence, protein–protein in-
teractions and the binding to the granule appear to be even
more vital to the normal regulation of glycogen.

Malin
Malin is a newly identified E3 ubiquitin ligase protein,

which functions intimately with laforin and is yet another
key regulatory protein that binds to PTG. Gentry et al.
(2005) pointed out that malin ubiquitinates and targets a
number of proteins that regulate glycogen synthesis for pro-
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teasome-dependent degradation, and this contributes to the
tight control of glycogen metabolism. The complex of la-
forin and malin downregulates PTG-induced GS activation
(Gentry et al. 2005) by ubiqitinating and degrading PTG.
Malin can also induce the ubiquitination of laforin itself
and the debranching enzyme. These actions would obviously
curtail the synthesis of glycogen and the growth of granules.
However, to date, there are no reports regarding the re-
sponses of laforin or malin to exercise and recovery.

It is noteworthy that the interaction between laforin and
malin is modulated by the energy sensor AMPK. AMPK in-
creases the phosphorylation (inactivation) of GS while in-
creasing glucose uptake. It also increases the formation of
the laforin–malin complex and, ultimately, the degradation
of PTG and the branching enzyme. This may be an impor-
tant process in integrating the regulation of GS and the reg-
ulation of metabolic demand for glycogen.

Worby et al. 2008) reported that overexpression of any of
several glycogen targeting proteins (PTG, R6, and GL) re-
sulted in increased glycogen storage. However, if this was as-
sociated with overexpression of either malin or laforin, the
enhanced glycogen stores were impeded by 25% and, if
coexpressed, the entire PTG effect was blocked. They also
found that malin ubiquinates PTG in a laforin-dependent
manner. They put forward an attractive hypothesis in which
the phosphorylation of the glycogen granule is a byproduct
of its synthesis. As the granule forms, PTG and the branching
enzyme are targeted to the granule, as is laforin. Laforin then
dephosphorylates the granule to facilitate branching. Malin is
attracted and ubiquinates laforin, PTG, and the branching en-
zyme, releasing them from the granule and targeting them for
degradation. If their hypothesis is correct, this could account
for the reason it is relatively rare to find granules that are ap-
proaching the maximum size (tiers 11 and 12).

Potential integration
The multiple protein–protein interactions appear to play

major roles in the regulation of the synthesis and degrada-
tion of the granule. However, as noted earlier, it has fre-
quently been observed that the magnitude of the glycogen
stores is an important regulator and, of course, the stores
must be sensitive to energy demands. AMPK is the key kin-
ase for phosphorylation (inactivation) of GS. The beta subu-
nit of AMPK has a glycogen-binding domain (McBride et
al. 2009). High glycogen concentration inhibits AMPK ac-
tivity, indicating that energy availability and energy sensing
are inter-related. AMPK binds to nonreducing ends at the
surface of the granule. Removal of 1 tier of carbohydrate
from the granule releases 30% of available carbohydrate
and halves the number of nonreducing ends. This could
lead to release of AMPK to phosphorylate protein targets as-
sociated with insulin actions (McBride et al. 2009).

PTG has also been proposed as a key regulator of glyco-
gen synthesis as PP1 activates GS and inhibits GP. Vernia et
al. (2009) found that AMPK modifies the phosphorylation
status of PTG, and they showed that this was specific to the
PTG isoform of the glycogen-targeting protein. Thus, if this
isoform is found in the granules in 1 subcellular compart-
ment, it would allow those granules to be AMP-sensitive.
Vernia et al. (2009) also resolved that the activity of PTG

was downregulated by the laforin–malin complex. In addi-
tion, AMPK phosphorylation of PTG accelerates its own
laforin–malin-dependent ubiquitination and degradation, re-
sulting in a decrease in glycogenic activity.

While investigations of the many proteins and their asso-
ciations with each other are in their infancy, the results to
date shed considerable light on exciting possibilities for the
way individual granules could be regulated independently,
why granules rarely reach the maximum tier 12 structure,
and how the magnitude of the glycogen store may operate
to regulate cell metabolism.
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