|BC THEMATIC MINIREVIEW

The dynamic life of the glycogen granule

Published, Papers in Press, February 26,2018, DOI 10.1074/jbcR117.802843
Clara Prats*’, Terry E. Graham", and

Jane Shearer/**?

From the *Center for Healthy Aging and ®Core Facility for Integrated Microscopy, Department of Biomedical Sciences, University of
Copenhagen, Copenhagen 2200, Denmark, the "Department of Human Health and Nutritional Science, University of Guelph,
Guelph, Ontario N1G 2W1, Canada, and the ”Department of Biochemistry and Molecular Biology, Faculty of Medicine,

and **Faculty of Kinesiology, University of Calgary, Calgary, Alberta T2N 1N4, Canada

Edited by Roger J. Colbran

Glycogen, the primary storage form of glucose, is a rapid and
accessible form of energy that can be supplied to tissues on
demand. Each glycogen granule, or “glycosome,” is considered
an independent metabolic unit composed of a highly branched
polysaccharide and various proteins involved in its metabolism.
In this Minireview, we review the literature to follow the
dynamic life of a glycogen granule in a multicompartmentalized
system, i.e. the cell, and how and where glycogen granules
appear and the factors governing its degradation. A better
understanding of the importance of cellular compartmentaliza-
tion as a regulator of glycogen metabolism is needed to unravel
its role in brain energetics.

Glycogen granules and their metabolic regulation differ
widely between tissues, cell types, and even between intracellu-
lar compartments. Although the biochemical pathways of gly-
cogen synthesis and degradation are similar between tissues,
the enzymes involved and their regulation are uniquely adapted
to the metabolic demands of each cell type (Table 1).

Each glycogen granule contains carbohydrate with a diverse
complement of associated regulatory proteins, considered
together as an organelle-like structure or “glycosome” (1). This
Minireview is designed to summarize and integrate the existing
physiology, cell biology and biochemical literature to propose a
generalized model for the dynamic “life” of a glycogen granule
or glycosome. Although this series of Minireviews is focused on
the brain, a great deal of the understanding of the granule
comes from investigations of muscle glycogen. Unless specified
otherwise, the information in this Minireview originates from
skeletal muscle; however, the overriding principles should
apply to the brain as well.

The glycosome

Glycogen granules are composed of protein-glycogen (2).
Three types of glycogen structures have been identified by EM
and termed - and B-granules and y-particles (1, 3) (Fig. 1A).
The a-granules are mainly found in liver and are formed by
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several B-granules arranged in a broccoli-like fashion. The
B-granules are individual glycogen granules, which include sev-
eral y-particles, 3 nm protein-rich subunits that are highly elec-
trodense after staining with lead and uranyl acetate (4) (Fig. 1, B
and C). The B-granules are considered a rapid energy source
and are ~20-30 nm in diameter and ~10°~10" in molecular
weight, whereas the liver a-granules are considered a slower
energy source (5) and can be as large as 300 nm in diameter and
of >10® in molecular weight (1, 3). The molecular structure of a
B-granule includes a central priming protein, glycogenin (GN)?
(6), covalently bound to the glucose polymer, which is formed
by chains of ~13 glucose residues bound through «-1,4-glyco-
sidic linkages and interconnected by «-1,6-glycosidic linkages
at branching points (7).

According to the tiered model (8) for glycogen organization,
B-granules are organized as concentric layers of glucose chains
(tiers). The theoretical maximum size for an independent
B-granule has been set to 42 nm, i.e. to consist of 12 tiers (9).
Because the amount of glucose residues stored doubles in each
increasing tier, a hypothetical 13th tier has been estimated to be
physically impossible due to spatial constraints (7, 8, 10). In
liver, several B-granules can form an a-granule; however, the
process by which B-granules aggregate and the nature of the
linkage between them remain elusive (11, 12). Based on the ob-
servation that GN accounts for 0.0025% of liver glycogen mass,
200-fold lower GN content than muscle glycogen (13), it was
initially suggested that one GN molecule could prime the synthesis
of several B-granules, forming an «-granule (6). However, the
majority of the literature indicates that the B-granules in an
a-granule are formed independently. EM studies of mouse liver
glycogen during cycles of fasting/feeding show that when liver gly-
cogen reaches a maximum concentration, it consists almost
entirely of B-granules, which later form a-granules by binding via
a protein backbone (5, 12, 14) capable of forming disulfide bonds
(15). Further studies are needed to unravel the sequential pro-
cesses involved in the initiation and formation of a-granules.

Glycogen fractions according to chemical properties

In addition to GN, many different proteins have been identi-
fied as part of the glycogen granule proteome (Table 2). The
protein composition and/or the ratio of protein to carbohy-

3 The abbreviations used are: GN, glycogenin; GS, glycogen synthase; GBE,
glycogen-branching enzyme; GDE, glycogen-debranching enzyme; GP,
glycogen phosphorylase; SR, sarcoplasmic reticulum; PTG, protein target-
ing to glycogen; AMPK, 5’-AMP-activated protein kinase.

J. Biol. Chem. (2018) 293(19) 7089-7098 7089

© 2018 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.


https://orcid.org/0000-0001-6465-3068
https://orcid.org/0000-0002-1224-979X
mailto:cprats@sund.ku.dk

THEMATIC MINIREVIEW: Dynamic life of the glycogen granule

K drate within a glycogen granule and its association with cellular
g T compartments affect its solubility in acid. As early as 1934, two
3 i; fractions of glycogen were described according to their solubil-
= g ity in boiling water or cold TCA; the extractable fraction was
g £ Y ]
2 g named lyoglycogen, and the nonextractable fraction was
= g named desmoglycogen (16). Desmoglycogen was reported to
= S . glycog glycog P
¢ |z =5 include glycogen granules associated with filaments and/or sar-
2| 23 coplasmic reticulum, and lyoglycogen included free unbound
= S £ p yoglycog
2 29 granules (17). Cells with a high content of glycogen contained
9 .
& = mainly lyoglycogen, whereas the proportion of desmoglycogen
9 [ el o1
g ss s increased as cell glycogen was depleted (18). The solubility of
g am 8 % i NF glycogen to acid treatment was also used to propose the exist-
g =8 i 5" £U 4 ence of two distinct populations of glycogen granules, termed
- pro- and macro-glycogen (19-21). The acid-insoluble form,
& 2 ro-glycogen, was thought to consist of smaller granules (1-8
S g pro-glycog g g
® A tiers), which were the substrate for subsequent addition of car-
& =y bohydrates, eventually becoming acid-soluble macro-glycogen
w Q —
S | E_Tg (granule size >400,000 Da) (21, 22). Subsequently, James et al.
g é E g (23) reported that alterations in the extraction conditions influ-
5 |5 g E enced the proportions of acid-soluble/insoluble glycogen and
5 |3 s - prop g
E é &5 that these fractions did not correspond to specific granule sizes.
PR 3 é Nevertheless, there is clear evidence in the literature of the
& . .
o =2 existence in the cell of acid-labile (desmoglycogen/pro-glyco-
© =3 v S glycog gly
5 SENNCE - gen) and acid-soluble (lyoglycogen/macro-glycogen) glyco-
g | Tag 328 7 . e o . .
Z 221832 &% 8 somes, which within this Minireview will be termed acid-solu-
8 . ble and acid-insoluble fractions.
o =
g £
g % The birth of a new glycogen granule
N —%} . g Biosynthesis of a new glycogen granule is initiated by GN
E e Sz dimerization and autoglycosylation (Fig. 24). GN autoglycosyl-
° £ £ g g ation occurs in two sequential steps: initial intermolecular
= £5< . . .
:. 2 gf g glycosylation and subsequent intramolecular glucose chain
o
v e - lengthening (Fig. 24) (24, 25). During intermolecular glycosyl-
2 £ . Al 8 g (Fig
2= |5 23 ‘g ation, GN catalyzes the transfer of glucose from UDP-glucose
= = @
s |® Eog to Tyr-194 of a separate GN molecule, forming a 1-O-tyrosyl
s 9 =) Y P g Yy
T >E gg = linkage (Fig. 2B) (24, 25). GN then catalyzes the addition of
= = .a v PRs . .
G <32 5:.:205 g 6-17 additional glucose residues onto the O-linked glucose,
= =<7 3 . . 1s . . . .
g 3 & 2288 forming «-1,4-glucosidic linkages (25). Dimerization of the
- ERERs roteins is weak, potentially allowing the units to separate after
[ =7} > 5 im p p y g p
€ 8= wES? & the initial intermolecular glycosylation reaction (26). GN binds
3 Qs -~ . . . . .
% N E T2 59.3);; = E g E o to a conserved amino acid sequence in the C-terminal domain
’ =l
2 ‘E% Sescd0 UUUOU of glycogen synthase (GS) (27, 28). In skeletal muscle, GS and
£ % g = GN are expressed in equimolar amounts, suggesting an average
TS5 ED s of one GS molecule associated with each glycogen granule in
e =5 vivo (28). As the glycogen granule grows, GS unbinds from GN
2 v = - 12} X
g qéé 2z i z and binds the polysaccharide through a glycogen-binding site
v = » 7 ) . . )
2% <3 g at its C terminus (6), adding new glucosyl residues to the outer
v = . . sy .
qg’\ ol |8 g _5 polysaccharide chains. Once the initial chains are formed, the
£ § ?-Ej 8 g é = g g glycogen-branching enzyme (GBE) cuts the distal end of the
gz 2|53 2% % El newly-formed chain and attaches it to a glucose residue from
= 3 =} =0 = =B .. . . .
S EIEEEE g 2 8 the older existing chain through an «-1,6 linkage (Fig. 2C) (29).
;c: g2 L gﬂ oy £ % 2 The coordinated action of GS and GBE create the spherical and
ks % B | § Es8E % e 3 branched structure of the granule, which ensures solubility and
= = gg 28 = o1 .
T SESES2 22 g creates a hydrophilic surface necessary to reduce the osmotic
— g 59833 =] g & y P y
S 53| |o5E88% £5 g pressure exerted by each granule (30, 31).
2 S & MWeE § g 3 gHEb  8b . .
-2 8 SSEEZE 88 8§ The question arises as to where and when new glycogen
2852 |20a5ES GG O les are initiated and how thi is regulated. Accu-
5938 Al EO granules are initiated and how this process is regulated. Accu
kS35 mulating evidence in the literature indicates that the start of

7090 J. Biol. Chem. (2018) 293(19) 7089-7098 SASBMB



THEMATIC MINIREVIEW: Dynamic life of the glycogen granule

Figure 1. Glycogen granule and the actin-rich spherical structures: EM observations. Analysis of glycogen granules by transmission EM has led to the
identification of three structural entities: the y-particle, the 8- granule, and the a-granule (A). The y-particle is highly electrodense after lead and uranyl acetate
staining visualized as black clusters in the magnified arrow-marked glycogen granules (top-right corner) (B and C). The 3- granule includes the carbohydrate
polymer and the bound vy-particles, and the a-granule is composed of several B-granules bound via a protein backbone rich in disulfide bonds. At the start of
glycogen re-synthesis after severe storage depletion, actin-rich spherical structures form (37), which in skeletal muscle are visualized by transmission EM as
electrodense structures at the I-band of the sarcomeres in close proximity to the sarcoplasmic reticulum and transverse tubuli (D-G, white arrows). Scale bars,
B, 250 nm; Cand F, 200 nm; and D, E, and G, 500 nm.

each glycogen granule is associated with the actin cytoskeleton,
with actin binding a conserved DNIKKKL C-terminal domain
of GN. Disruption of the actin cytoskeleton by cytochalasin D
leads to granule dispersion (32), explaining previous observa-
tions of alignments of glycogen granules associated with cyto-
solic filaments (1). Interestingly, several independent studies
have reported that the initial stages of glycogen re-synthesis
after episodes of low glycogen levels are linked to cytosolic
actin-rich spherical structures. Cid et al. (33) reported GS
intranuclear localization in cultured human muscle and in
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3T3-L1 cells under low glucose conditions and GS transloca-
tion to cytoplasmic spherical structures upon glucose adminis-
tration. In response to glucose administration after glycogen
depletion, similar structures have been reported in different cell
types, among them Saccharomyces cerevisiae (34), 3T3-L1 adi-
pocytes (35), hepatocytes (36), and rabbit and human skeletal
muscle (37, 38). A combination of light and EM was used to
characterize the spherical structures resulting from dynamic
actin cytoskeleton rearrangement in low glycogen conditions, a
process that required 1.5 h and was a prerequisite for glycogen
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re-synthesis to start (37). These observations are in agreement
with previous studies reporting that glycogenolysis results in
the release of dissociated GN and GS to the cytoplasmic frac-
tion; in vitro, 50% re-association of these two proteins took
hours (28). Altogether, the start of new glycogen granules is
associated with and regulated by the actin cytoskeleton; how-
ever, further studies are needed to understand the regulation
and dynamics of the molecular pathways involved.

Glycogen storage (granule size versus number)

Changes in cell glycogen content may respond to changes in
the size and/or number of granules. Given that the amount of
carbohydrate storage increases exponentially with each tier,
one might assume that to maximize storage efficiency granules
would grow to their maximal size (~42 nm). Remarkably, most
investigations of granule size in brain, liver, skeletal, and cardiac
muscle have consistently reported a continuum of sizes, rang-
ing from 10 to 44 nm in diameter, with an average granule
diameter of roughly 25 nm (5, 39). Thus, most of the glycogen
granules contain only about 20% of the theoretical maximum
amount of carbohydrate that they could store. In agreement,
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Figure 2. Life of a glycogen granule: birth to maturity. The start of a newly synthesized glycogen granule results from the coordinated dimerization and
autoglycosylation of GN (A). GN glycosylation is believe to occur in the following two steps: intermolecular glycosylation as the transfer of 1-2 glucose units to
tyrosine 194 (Tyr-194) from the other GN, and subsequent intramolecular glycosylation resulting in the elongation of the primer chain by the transfer of 7-16
glucose residues (B). Further elongation of the primer chain involves the coordinated action of glycogen synthase (GS) and glycogen-branching enzyme (GBE),
adding glucose residues to the granule through a-1,4-linkage (B) and «-1,6-linkage (C), respectively. GN binds to actin filaments for the start of glycogen
synthesis (D), and in situations of severe low glycogen levels, the formation of spherical actin-rich cellular structures (E) in which glycogen re-synthesis
machinery gathers has been reported in several cell types. As glycogen granules mature, it may be released to the cytosol as an unbound acid-soluble glycogen

granule (F), less metabolically active and ranging in size from 20 to 30 nm (G).

more granules: overexpression of PPP1R6 led to smaller aver-
age granule size (~14 nm), but overexpression of PPP1R3C/
PTG increased the average granule size (to ~37 nm), resulting
in 1.4- and 12-fold increases in glycogen content, respectively.
Even though the molecular mechanisms regulating glycogen
granule size and number remain elusive, a strong inverse cor-
relation between GS activation and glycogen levels has repeat-
edly been reported, suggesting that glycogen regulates its own
synthesis, perhaps through GS substrate inhibition.

Phosphorylation and granule growth

Although there have been reports of glycogen-containing
phosphate groups (20), these were originally clouded with

SASBMB

questions of contamination of the samples, etc. The identifica-
tion of the glycogen phosphatase laforin and its mutation as a
key factor in Lafora disease reaffirmed the relevance of glycogen
phosphorylation in the regulation of glycogen metabolism. In
skeletal muscle, glycogen granules contain approximately one
phosphate per ~650 glucosyl units in rabbit and one phosphate
per ~1500 glucosyl units in the mouse (49, 50), and these are
found throughout the granule. Recently, Turnbull et al. (51)
suggested that the hydrophilic phosphoryl groups could unfold
the branch chains, exposing hydrophobic regions in a similar
way as in starch. Laforin dephosphorylates glycogen, and it has
been speculated that this dephosphorylation facilitates normal
branching of glycogen during synthesis, allowing the granule to

J. Biol. Chem. (2018) 293(19) 7089-7098 7093
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remain soluble (50). The origin and role of the reversible phos-
phorylation of glycogen remain unclear, as reviewed in the
accompanying Minireview by Gentry et al. (52). Even though
the role of glycogen phosphorylation remains unclear, it should
be noted that two starch kinases have been identified, raising
the question of whether similar glycogen kinase(s) exist. A qual-
ity control role for glycogen phosphorylation has also been sug-
gested (53), according to which a glycogen granule accumulates
phosphate throughout its lifetime, becomes less soluble, and is
eventually targeted for lysosomal disposal (Fig. 3D). This idea is
supported by observations in laforin-KO mice, whose glycogen
has ~4-6-fold higher phosphate content than the WT,
reduced solubility, and forms characteristic Lafora bodies (49,
50). Independently of whether glycogen phosphorylation rep-
resents an enzymatic side-reaction error or is part of a regulated
biochemical mechanism, there is no doubt that it has significant
effects on glycogen metabolism.

Utilization of a glycogen granule and the fate of
glycogen-bound proteins

Glycogen granules can be utilized by two pathways: 1) cyto-
solic degradation by the coordinated action of glycogen phos-
phorylase (GP) and glycogen-debranching enzyme (GDE) (Fig.
3A), and 2) lysosomal degradation by the action of a-glucosi-
dase (Fig. 3D) (54).

Cytosolic degradation is mediated by the rate-limiting
enzyme GP, which cleaves a terminal glucose residue bound to
a glycogen branch by substitution of a phosphoryl group for the
a-1,4 linkage. Four residues before a branching (a-1,6-linked
glucosyl residue), the GDE catalyzes the transfer of three of the
remaining four glucose units to the end of another glycogen
chain, where they can be degraded by GP. The exposed a-1,6
branching point is then hydrolyzed by a second catalytic
domain of GCE, releasing a molecule of glucose and eliminating
abranch point. Thereafter, The exposed a-1,6-branching point
is hydrolyzed by a second catalytic domain of GDE, releasing a
molecule of glucose and eliminating the branch point. Thus, the
degradation of a glycogen granule results in the release of Glc-
1-P and glucose (Fig. 3A). Glc-1-P is converted to glucose
6-phosphate (Glc-6-P) by phosphoglucomutase, and glucose is
phosphorylated to Glc-6-P by hexokinase. In most tissues, the
resulting Glc-6-P is used internally to feed glycolysis flux; how-
ever, in gluconeogenic tissues, such as the liver, kidney, and
intestine, endogenous Glc-6-P can be transported into the ER
lumen, where it is dephosphorylated to glucose and secreted by
the cell to the interstitial space (Fig. 3B).

In skeletal muscle, glycogen and glycogenolysis have been
associated with the sarcoplasmic reticulum (SR). A high pro-
portion of total GP and phosphorylase kinase (PhK) activities,
39 and 53% respectively, were recovered associated with puri-
fied SR vesicles (55), forming part of the ER-SR glycogenolytic
complex, linking glycogenolysis to the SR calcium (Ca**)-
ATPase. Highlighting the compartmentalized nature of the
complex, lowering extravesicular Ca>* concentration (56) or
inhibiting GDE (57) in vitro decreased the phosphorylation of
only SR-bound GP, with no effect on the phosphorylation state
of unbound GP. The coordination of GP activation with SR
Ca*>" -flux in muscle allows for rapid GP activation at the onset

7094 J Biol. Chem. (2018) 293(19) 7089-7098

of muscle contraction. A similar link between glycogenolysis
regulation and the endoplasmic reticulum Ca®"-ATPase has
been reported in primary cultures of murine cerebellar and cor-
tical astrocytes. By stimulating store-operated Ca”>* entry or
blocking glycogenolysis, Miiller et al. (58) showed that ER
Ca®" -uptake triggers astrocytic glycogenolysis in a cAMP-de-
pendent manner. The existence of a compartmentalized cellu-
lar structure regulating GP activity, the glycogenolytic com-
plex, can explain accumulating observations in the literature
reporting that not all granules within a cell are regulated in an
identical fashion; instead, specific intracellular pools of glyco-
gen exist that are designated for cytosolic degradation (36). Fur-
thermore, the brain expresses two different GP isoforms, the
muscle and the brain isoforms (59), that are differently regu-
lated by phosphorylation and AMP (60) and thus are expected
to serve different physiological roles (60). Norepinephrine-in-
duced up-regulation of glycogen degradation has been shown
to be mainly mediated by the GP muscle isoform (60), whereas
the glycolytic supercompensation seems to depend on brain GP
activation (61). Whether the role of the two GP isoforms in the
regulation of glycogen utilization can be explained by differen-
tial intracellular compartmentalizations in the astrocytes
remains elusive.

Lysosomal glycogen is enriched in very large molecular
weight granules, and its degradation affects 5% of total muscle
glycogen and 10% of total liver glycogen (15, 62). The following
questions arise. When and how are glycogen granules targeted
for lysosomal degradation? What is the metabolic relevance of
such a cellular process? In newborns, liver lysosomal glycogen is
the product of glycogen autophagy, and it has been suggested to
serve as an extra glucose source during and after birth (63).
Several studies have reported evidence suggesting a role for
laforin and malin in the regulation of glycogen and removal
of glycogen-associated proteins via autophagy-lysosomal
and ubiquitin—proteasome pathways, respectively (64). The
autophagy-lysosomal pathway involves chaperone-mediated
autophagy and unspecific invagination of a fraction of the cyto-
plasm into an autophagosome, which then fuses with a lyso-
some for content breakdown. Selective down-regulation of
hepatic chaperone-mediated autophagy leads to glycogen
depletion, potentially explained by the reduced degradation of
glycolytic enzymes, leading to enhanced glycolysis rates (65).
The ubiquitin—proteasome pathway, in which substrate pro-
teins are targeted for 26S proteasome degradation by ubiquiti-
nation, is highly selective (66). Malin has been shown to ubiq-
uitinate several glycogen-associated proteins in vitro, among
them laforin, PTG, GDE, and GS (67-69); however, the sub-
strates of malin in vivo remain unclear, as discussed by Gentry
et al. (52). In contrast, starch binding domain 1 (Stbd-1) has
been identified as a selective autophagy receptor for glycogen.
Stbd-1 has a higher affinity for less branched polysaccharides
(70), and it has an autophagy-related 8-family interacting motif
(71).

Intracellular compartmentalization and dynamics of a
glycogen granule

Aninteresting quandary in glycogen metabolism involves the
intracellular localization of granules. As introduced above, gly-
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Figure 3. Life of a glycogen granule: partial and complete degradation. Glycogen granules can be utilized by cytosolic degradation or by lysosomal
degradation. Cytosolic glycogenolysis has been associated with the endoplasmic and sarcoplasmic reticulum, where the glycogenolytic complex, formed by
glycogen phosphorylase (GP) and phosphorylase kinase (PhK), links glycogen utilization with calcium-ATPase (A). The coordinated action of GP and
glycogen-debranching enzyme (GDE) results in the release of glucose 1-phosphate (Glc-1-P) and glucose (Glc), which are converted to glucose 6-phosphate
(Glc-6-P) by phosphoglucomutase and hexokinase, respectively. Glc-6-P will either be used as substrate for glycolysis or, in gluconeogenic tissues, will enter the
ER/SR through a glucose 6-phosphate transporter (Glc-6-PT) and converted to Glc by glucose-6-phosphatase (Glc-6-Pase) (B). The mechanisms by which
glycogen granules are tagged for lysosomal degradation remain elusive; however, evidence indicates that phosphorylation of glycogen granules may play a
role. Increased glycogen phosphorylation has been associated with increased branching points and solubility (C), whereas increases in glycogen phosphory-
lation are associated with lower branching degree and solubility (D). Binding and phosphorylation of laforin leads to malin recruitment, which could result in
ubiquitination of glycogen-bound proteins directing them toward proteasome degradation (E). However, the starch binding domain 1 (Stbd-1) will bind to less
branched glycogen granules tagging them for lysosomal degradation (F).

cogenolysis is associated with the ER/SR, whereas glycogen syn-  cally low glycogen levels trigger actin cytoskeleton rearrange-
thesis seems to be associated with actin filaments. Thus, are ment, forming actin-rich spherical-like structures, which could
glycogen granules formed in specific locations, and do they facilitate GN dimerization and interaction with GS for efficient
move during their lifetime? glycogen re-synthesis (Fig. 2, A and D). In mouse astrocytes, the

As an attempt to integrate the reviewed literature, we take start of glycogen resynthesis after fasting has been reported in
the opportunity to propose a generalized hypothetical model close association with the vasculature (72). Restored glycogen
for the dynamic life of a glycogen granule (Figs. 1 and 2). Criti- levels would lead to dissolution of the actin-rich structures and
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explain the observation by Rybicka (1) of lines of cytoplasmic
glycogen granules associated with filaments (Fig. 2E). As actin-
associated glycogen granules grow, they may eventually disso-
ciate from actin filaments, becoming free unbound granules
(Fig. 2F) that could eventually associate with the ER/SR, becom-
ing the glycogenolytic complex for cytosolic degradation (Fig.
3A). In skeletal muscle, ~75% of glycogen granules are found
between myofibrils in the intermyofibrillar space (73) where
the SR is located, and the rest are associated with contractile
filaments inside the myofibrils at the actin I-band of the sar-
comere or underneath the plasmalemma (39, 74). Investigation
into the distinct roles for the skeletal muscle subcellular glyco-
gen pools has suggested that intramyofibrillar glycogen is
tightly associated with muscle resistance to fatigue, whereas
intermyofibrillar glycogen appears to be linked with muscle
relaxation time and the regulation of Ca®>" uptake by the SR
(73). These observations support the proposed model in which
actin-associated (intramyofibrillar) granules are key for glyco-
gen re-synthesis after depletion, and intermyofibrillar glycogen
granules associated with the SR-glycogenolytic complex link
glycogenolysis with SR Ca>" uptake.

When a granule is not recruited for cytosolic degradation,
accumulative glycogen phosphorylation would lead to altera-
tions in the polysaccharide’s structure (branching) (50), making
it less soluble. Binding of 5'-AMP-activated protein kinase-
phosphorylated laforin to the highly phosphorylated granule
would increase malin binding (Fig. 3D), ubiquitination of gly-
cogen-associated proteins, and subsequent proteasome-depen-
dent degradation. In addition, because Stbd-1 has high affinity
for less branched polysaccharides, it may tag aging granules
toward lysosomal degradation (Fig. 3F) (71, 75). This idea is
supported by the Lafora bodies that form and accumulate when
laforin is absent, and these granules are water-insoluble, phos-
phate-rich, and ubiquitin-positive (76, 77).

In the proposed model, the acid-insoluble glycogen fraction
would include the nascent glycogen granules associated with
actin filaments and glycogen granules associated with the
ER-SR-glycogenolytic complex, whereas the acid-soluble frac-
tion may include cytosolic unbound glycogen granules. This
idea is supported by studies reporting that the acid-insoluble
glycogen fraction is more metabolically active (10) and has
lower average external chain lengths (11). Interestingly, the
amount of glycogen acid-soluble fraction has been reported to
be more responsive to fasting/feeding and exercise/re-feeding
cycles (23, 78). These results may seem contradictory; yet, they
can be rationalized by the proposed model. In the model, the
amount of metabolically active acid-insoluble glycogen gran-
ules (actin- and ER/SR-bound) could be stable, with the
regained glycogen storage capacity predominantly occurring in
the less metabolically active acid-soluble unbound glycogen
granules. Whether glycogen synthesis and degradation co-exist
in individual glycogen granules remains unsolved. It is interest-
ing to note that newly formed granules in periportal hepato-
cytes have been reported to be closely associated with ER (79),
and the actin-rich spherical structures in which glycogen re-
synthesis localizes interact closely with SR—-membrane systems
and transverse tubules in skeletal muscle (Fig. 1, D-G, white
arrows). A close physical proximity between the protein com-

7096 J. Biol. Chem. (2018) 293(19) 7089-7098

plexes regulating glycogen synthesis (actin-associated GN and
GS and GLUT4 glucose uptake) and degradation (ER/SR-asso-
ciated PhK, GP, and Ca®" -ATPase) suggests that the regulation
of the two events is likely coordinated.

Closing remarks and open ends

The dynamic life of a glycogen granule is tissue-specific. A
large amount of the available literature originates from skeletal
muscle and liver, and thus further studies investigating the reg-
ulation of glycogen metabolism in other tissues, especially
brain, are needed. In addition, the importance of intracellular
compartmentalization in the regulation of glycogen metabo-
lism makes the integration of physiology, biochemistry, and
structural biology studies essential.
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