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ARTICLE INFO ABSTRACT

Keywords: Glycogen is a glucose-storage polysaccharide molecule present in animals, fungi and bacteria. The enzyme
Glycogeﬂ. glycogenin can self-glycosylate, forming an oligosaccharide chain that primes glycogen synthesis. This priming
Glycogenin role of glycogenin was first believed to be essential for glycogen synthesis, but glycogen was then found in the

Glucose metabolism
Glycogen « particles
Liver

skeletal muscle, heart, liver and brain of glycogenin-knockout mice (Gyg KO), thereby showing that glycogen can
be synthesized without glycogenin. Within the liver, glycogen is present in the form of individual glycogen
particles, called p particles, and larger composite aggregates of linked f particles, called a particles. Previous
studies suggested that liver glycogenin plays a role in linking f particles into « particles and thus participating in
glucose homeostasis, which implies that a particles would be absent in Gyg KO mice liver. Here we test this
through targeted characterization of glycogen structure and through proteomic and metabolic studies on Gyg KO
mice. The results show that, contrary to what had been believed, glycogenin is not necessary for normal liver-
glycogen metabolism.

1. Introduction

Most living organisms use glucose as their primary energy source for
metabolism. Glycogen is a highly branched polysaccharide that serves as
a glucose storage molecule in animals [1], fungi [2] and bacteria [3].
Given the key role of glycogen in metabolism, evolutionary forces ensure
that these organisms have developed a means of synthesizing this
molecule, although the biosynthetic process may not be the same across
species; because glycogen is essential for these various species, it would

not be surprising if more than one pathway had evolved for its biosyn-
thesis in different organisms (indeed, such redundancy is not uncommon
in nature [4]). Here we examine certain biosynthetic aspects of the
protein glycogenin, a molecule involved in glycogenesis in all species
examined to date.

Glycogen biosynthesis in mammals starts with an oligosaccharide
chain primed by glycogenin [5,6], which is then elongated by glycogen
synthase (GS, which adds glucose via (1 — 4)-a glycosidic linkages), and
by glycogen branching enzyme (GBE), which introduces branches via (1
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— 6)-a linkages. In most mammals, glycogenin is present in two iso-
forms: GYG1, which is widely expressed, and GYG2, which is predom-
inantly found in the liver. However, rodents carry a single glycogenin
gene (Gygl), which is expressed in all tissues [7,8]. Glycogenin can self-
glycosylate to form a chain of around 10 anhydroglucose units attached
to a tyrosine residue, which then provides a primer for glycogen syn-
thesis [9]. This priming role of glycogenin had been believed to be
essential for glycogen synthesis. However, we previously showed that
glycogenin-knockout mice (Gyg KO) synthesize glycogen in all tissues
analyzed, namely skeletal muscle, cardiac muscle, brain and liver [10],
despite the lack of glycogenin. Other researchers reported that lack of
glycogenin-1 did not affect human muscle glycogen synthesis [11]. Liver
and brain glycogen were found to be present at normal levels in Gyg KO
mice, while glycogen content in skeletal muscle even increased, which in
turn caused a switch of oxidative myofibers towards glycolytic meta-
bolism [10]. More recently, we demonstrated that the lack of glycogenin
impairs pulmonary glycogen metabolism, resulting in respiratory
distress syndrome [12]. Similar results were found in humans: lack of
glycogenin lead to abnormal glycogen storage in the heart [11]. Thus, in
some tissues, although glycogen is still present, the lack of glycogenin
results in functional disturbances.

Glycogen is present in the liver in the form of compound particles.
Small p particles, ~20 nm in diameter and comprising randomly-
branched anhydroglucose monomer units [13], are joined together to
form large a particles with a diameter up to 300 nm [14]. This wide size
range contributes to improved regulation of glucose release, as larger
particles degrade more slowly when exposed to glycogen phosphorylase
[15]. Therefore, a particles are important in the maintenance of blood-
glucose homeostasis [16] and o particle structure integrity was found
associated with the development of diabetes [15-17]. Glycogenin has
been proposed to be the protein that binds §§ particles together to form a
particles [18]. Although glycogen levels are normal in the livers of Gyg
KO mice [10], the synthesis and degradation of liver glycogen in the
absence of glycogenin might have different kinetics than that of
glycogen primed by glycogenin, and might thus have an effect on whole-
body glucose homeostasis. Here we test the hypothesis that the absence
of glycogenin in mouse liver will lead to the absence of glycogen o
particles and thus impact liver metabolism in general.

The investigation of the above hypothesis can help to clarify some
current knowledge gaps, including the following. 1) Glycogenin deple-
tion leads to multiple functional disturbances; the effects of this deple-
tion on the structure of glycogen a particles, and how such depletion
might affect glycogen metabolism, are not well understood. 2) The ef-
fects of glycogenin knock-out on liver metabolism (the liver being the
main glycogen storage organ) merit deeper exploration. Addressing
these gaps is important in refining knowledge of the mechanisms un-
derlying glycogen metabolism and the involvement of glycogenin in its
regulation.

Here we explore the role of glycogenin in the liver by: 1) employing a
SWATH (Sequential Window Acquisition of all THeoretical fragment ion
spectra mass spectrometry) proteomic investigation and analyzing
glucose body homeostasis to study liver glycogenin function in vivo; and
2) characterizing the structure of glycogen to test the hypothesis that
glycogenin is essential for the formation of « particles. Our results show,
somewhat to our surprise, that glycogenin is largely dispensable for
normal glycogen metabolism in the liver and for the regulation of
glycaemia.

2. Methods
2.1. Animals

Gyg KO mice were generated as previously described (see [10] for
detailed genotype information). Briefly, ES cells (Gyg™!aOMPIWisiy

were obtained from the KOMP Repository (www.komp.org). Mice het-
erozygous for the glycogenin (Gyg) gene were obtained from ES cells in a

International Journal of Biological Macromolecules 291 (2025) 139084

C57B16 background and subsequently bred to produce Gyg KO animals.
Mice were kept in the Barcelona Science Park Animal Facility (Spain) in
specialized pathogen-free conditions, under a 12 h light-dark cycle and,
unless indicated, they had unlimited access to food and water. All
experimental protocols were approved by the Barcelona Science Park
Animal Experimentation Committee and were carried out following
Spanish (BOE 34/11370-421, 2013) and European Union (2010/63/
EU) regulations and the National Institutes of Health guidelines for the
care and use of laboratory animals. Experiments were conducted using
litter mates, and unless indicated, males and females were included in
each group. Where necessary, groups included multiple litters for sta-
tistical validity. The design of specific genotyping probes and genotyp-
ing was performed using TransnetYX:. The genotype of the knockout
mice were confirmed by western blot analysis in our previous publica-
tion [10].

In the production of knockout mice, it is important to note that most
embryos were still-born or died shortly after birth. This observation thus
indicates the importance of adequate glycogenin production for repro-
ductive health. The mice were then subjected to following experiments
as shown in Fig. 1.

2.2. Treadmill exercise

Treadmill exercises were performed as previously described [10].
Briefly, mice were accustomed to running on a treadmill (Columbus
Instruments) for 5 min a day for 5 days at a speed of 10 to 14 cm/s and
on a 0° slope. On the day of the trial, animals ran for 3 min on a treadmill
with a 10° slope and at a speed of 10 cm/s. The pace was increased by 2
cm/s every 2 min until the mice were exhausted or a maximum speed of
46 cm/s was reached. Mice were then sacrificed, and the liver was
quickly removed and frozen in liquid nitrogen.

2.3. Glucose tolerance test, insulin tolerance test, and glucagon tolerance
test

A glucose tolerance test (GTT) was performed as previously
described [19]. Briefly, 2 g/kg (body weight) of glucose was adminis-
tered intraperitoneally to mice after an overnight fast (16 h). A gluc-
ometer (Contour Next, Bayer Healthcare) was used to measure
glycaemia in tail blood taken at the indicated times after injection. An
insulin tolerance test (ITT) was performed in 6-h fasted mice after an
intraperitoneal injection of 0.75 units/kg of insulin. Blood glucose was
measured at the indicated time points after the challenge. A glucagon
tolerance test was performed in 6-h fasted mice after an intraperitoneal
injection of 100 pg/kg of glucagon. Blood glucose was measured at the
indicated time points after the challenge.

2.4. Blood and biochemical analysis

Glycogen content was determined in samples of the frozen liver by
measuring amyloglucosidase-released glucose from glycogen, as previ-
ously described [20]. GS activity was determined in the presence or
absence of glucose-6-phosphate (G6P), as previously described [21]. GS
activity measured in the presence of saturating G6P [(+) G6P] corre-
sponds to the total amount of enzyme, whereas measurement in its
absence [(—) G6P] is an indication of the active (unphosphorylated) GS
form. The (—) G6P / (+) G6P activity ratio is an estimate of the activity
state of the enzyme. GP activity was determined by measuring the
incorporation of [U—14C] glucose from [U*MC] glucose-1-phosphate
into glycogen in the presence of 5 mmol/L AMP [22]. ATP, AMP, and
ADP were measured from perchloric acid extracts of the liver, as pre-
viously described [23], using a Brisa LC2 C18 column (4.6 mm x 150
mm, 3 pm particle size) interfaced with a photodiode array detector
(260 nm) and a constant flow rate of 0.6 mL/min. Liver lactate was
measured in perchloric-acid extracts, as previously described [24-26].
The intracellular concentration of G6P was measured in perchloric-acid
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Fig. 1. Schematic of research protocol. Created in BioRender. Tan, X. (2024) https://BioRender.com/x42u085

extracts with a fluorometric assay, as described in [27]. Hepatic tri-
acylglycerol (TAG) was quantified in 3 mol/L KOH and 65 % ethanol
extracts, following the method described by Salmon and Flatt [28] using
a kit (Sigma-Aldrich, St Louis, MO, USA).

2.5. Western blot analyses

Liver samples were homogenized in 50 mM Tris/HCI (pH 7.4), 150
mM NaCl, 1 mM EDTA, 5 mM sodium pyrophosphate, 1 mM sodium
orthovanadate, 50 mM NaF, 1 % NP-40, 1 mM PMSF, and a protease
inhibitor cocktail tablet (Roche) [25]. Homogenates were agitated for 1
h at 4 °C in an orbital shaker and centrifuged at 16,000g for 15 min at
4 °C. Proteins were resolved in 10 % acrylamide gels for SDS-PAGE and
transferred to Immobilon membranes (Millipore). Immunoblot analysis
of homogenates was performed using the following antibodies: GS (ref.
3886 from Cell Signaling), GAPDH (ref. AM4300 from Thermo Fisher
Scientific), GPH (Rabbit, peptide 830-850, Genosys), and P-GPH (IgY,
Chicken, phosphopeptide 9-19, Genosys).

2.6. Statistical methods

In Figs. 3-8, the data are expressed as the mean + SEM. Significance
between the groups was analyzed with Prism8 software (GraphPad)
using a Student's t-test, or ANOVA with post hoc Tukey tests, as appro-
priate. The following p values were considered to be statistically sig-
nificant: p value <0.05 (*), p value <0.01 (**), and p value <0.001(***).

2.7. Whole liver sample preparation for proteomic analysis

Liver tissue was homogenized, denatured, and reduced or alkylated
as previously described [29], with minor changes. Briefly, approxi-
mately 50 mg of liver tissue was mixed with guanidine denaturing buffer
(6 M guanidinium, 10 mM DTT, and 50 mM Tris-HC]) to a final volume
of 1 mL and then homogenized with a Dounce homogenizer and
centrifuged at 1500g for 5 min. The supernatants were transferred to

new tubes, and cysteines were alkylated by the addition of acrylamide to
a final concentration of 30 mM, and then incubation at 30 °C for 1 h with
shaking. The excess acrylamide was then removed by the addition of
DTT to a final concentration of 10 mM. Samples were clarified by
centrifugation at 18,000g for 10 min at room temperature. The super-
natants were collected and processed with Filter Assisted Sample Prep-
aration (FASP) [29] using a 10 kDa cutoff Amicon ultra 0.5 mL filter
(EMD Millipore, Billerica, MA) by centrifugation at 14,000g for 20 min
at room temperature. A volume of 200 pL of 50 mM ammonium acetate
was added to the filters, and samples were further centrifuged at 14,000g
for 20 min and diluted with 130 pL of 50 mM ammonium acetate.
Trypsin (proteomics grade, Sigma) was added in a 1:100 (enzyme/
protein) ratio, and the mixture was incubated overnight at 37 °C with
shaking. The trypsin-digested peptides were then eluted by centrifuga-
tion at 14,000g for 20 min. Columns were washed with 50 pL of 0.5 M
NaCl and centrifuged at 14,000g for 20 min. Trypsin-digested peptides
were desalted with C18 ZipTips (Millipore) following the manufacturer's
instructions. A pooled sample with approximately 40 pg of peptides in a
total volume of 500 pL 0.1 % formic acid solution was subjected to high
pH reverse-phase fractionation. Peptides were added to a 50 mg tC18
Sep-Pak (Waters), washed with 500 pL of double distilled water, eluted
in eight separate 500 pL fractions of acetonitrile (5 %, 7.5 %, 10 %, 12.5
%, 15 %, 17.5 %, 20 %, and 50 %) in 0.1 % triethylamine, vacuum-dried
(miVac Centrifugal Concentrators, Genevac, UK), and resuspended in
0.1 % formic acid.

2.8. Mass spectrometry

An LC-ESI-MS/MS setup, using a Prominence nanoLC system (Shi-
madzu) and a TripleTof 5600 instrument with a Nanospray III interface
(SCIEX), was used to obtain MS/MS spectral data, as previously
described [30]. For the whole-liver extract library construction, 50 pL
samples of each desalted fraction from the previous section were
injected for data-dependent acquisition (DDA). For data-independent
acquisition (DIA), 8 pL (~0.4 pg peptides) was injected for SWATH
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analysis. LC parameters were identical for DDA and DIA, and LC-MS/MS
was performed as previously described [30]. Peptides were separated
with buffer A (1 % acetonitrile and 0.1 % formic acid) and buffer B (80 %
acetonitrile with 0.1 % formic acid) in a gradient of 10-60 % buffer B
over 45 min, for a total run time of 70 min per sample. Gas and voltage
settings were adjusted as required. For DDA analyses, an MS-TOF scan
from m/z of 350-1800 was performed for 0.5 s, followed by DDA of MS/
MS in high-sensitivity mode with automated CE selection of the top 20
peptides from m/z of 40-1800 for 0.05 s per spectrum and dynamic
exclusion of peptides for 5 s after 2 selections. Identical LC conditions
were used for DIA SWATH, with an MS-TOF scan from an m/z of
350-1800 for 0.05 s followed by high-sensitivity DIA of MS/MS from m/
z of 50-1800 with 26 m/z isolation windows with 1 m/z window overlap
each for 0.1 s across an m/z range of 400-1250. Collision energy was
automatically assigned by Analyst software (SCIEX) based on m/z win-
dow ranges.

2.9. Data analysis

Peptide identification was performed essentially as previously
described [30] using ProteinPilot 5.0.1 (SCIEX), searching against the
Mus musculus (Mouse) proteome with standard settings: sample type,
identification; cysteine alkylation, acrylamide; instrument, TripleTof
5600; species Mus musculus; ID focus, biological modifications; enzyme,
trypsin; Search effort, thorough ID. False discovery rate analysis using
ProteinPilot was performed on all searches with limits of 99 % identi-
fication confidence and 1 % local false discovery rate. The ProteinPilot
search results were used as ion libraries for SWATH analyses. Peptide
abundance was measured using PeakView software with standard set-
tings, summing the integrated areas of up to six fragment ions per
peptide. Protein abundance was measured using the sum of the abun-
dances of up to six peptides per protein. Protein-centric analyses were
performed as previously described [31], and protein abundances were
recalculated using a strict 1 % FDR cutoff [32]. Normalization was
performed to the total protein abundance in each sample, as previously
described [33]. Principal component analysis (PCA) was performed
using R (version 4.3.2). The heatmap was generated with Pheatmap
package (version 1.0.12) from R (version 4.3.2). Statistical analyses for
SWATH proteomics were performed using MSstats in R [30]. PeakView
output was reformatted as previously described [32] and significant
differences in protein abundance were determined using MSstats (2.4)
[34] in R, with a significance threshold of p = 10-5 [35]. Gene ontology
(GO) term enrichment was performed using GOstats (2.39.1) [36] in R,
with a significance threshold of p = 0.05 [35]. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Con-
sortium via the PRIDE [37] partner repository with the dataset identifier
PXD054512. Reviewer account details: Username:
pxd054512@ebi.ac.uk. Password: tOjvWX55x1RC.

reviewer_

2.10. Degradation of glycogen by acid

A method similar to that used previously [38] was employed for the
acid hydrolysis of liver glycogen. Glycogen samples (6 from WT (wild-
type) and 5 from Gyg KO mouse models) were dissolved in 0.1 M sodium
acetate buffer (2 mg/mL, pH ~3.5) and heated to 80 °C in a thermo-
mixer for timed intervals between 30 min and 18 h. The samples were
removed from the thermomixer at 30 min, 1 h, 2 h and 18 h, and
precipitated with four volumes of ethanol. Glycogen pellets were
collected by centrifugation at 4000g for 10 min and then dissolved in
aqueous ammonium nitrate eluent (50 mM NH4NO3 with 0.02 % sodium
azide) for SEC and FACE analyses.

2.11. Size-exclusion chromatography (SEC)

SEC was performed with a water-based eluent. Glycogen samples
obtained as described above were dissolved in 200 pL eluent solution
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(50 mM NH4NO3 with 0.02 % sodium azide). This was followed by in-
jection of the liver glycogen samples into an Prominence LC-20 CE SEC
(Shimadzu) with SUPREMA pre-column and with 1000 and 10,000
columns (Polymer Standards Service, Mainz, Germany) in series [39].
An oven was used to keep columns at 80 °C with the flow rate 0.3 mL/
min [39]. A refractive index detector (Optilab UT-rEX, WYATT, Santa
Barbara, CA, USA) was connected to the column outlet to give the SEC
weight distribution as a function of the hydrodynamic radius of the
analyte, w (logRyp) [39]. Pullulan standards (PSS) with a molar mass
range of 342-2.35 x 10° Da were used for the universal calibration
curve; these were dissolved in the same SEC eluent (50 mM ammonium
nitrate/0.02 % sodium azide) as that used for the samples. The glycogen
weight distribution was normalized to the highest peak between Ry, =
0-60 nm.

For statistical analysis of the § particle ratio (BetaRatio), glycogen
particles with Ry < 30 nm were defined as p particles and those in the
range 30 nm < Ry < 60 nm as « particles. The Areas Under the Curves
(AUC) of a and p particles were integrated and the BetaRatio was defined
as:

BetaRatio = AUCp / (AUCP + AUCa)

2.12. Chain length distributions

Glycogen samples were debranched as previously described [40];
0.9 mL of deionized water was added to glycogen (1-2 mg) samples for
heating at 100 °C for 10 min before cooling to room temperature. Next,
0.1 mL of sodium acetate buffer (pH 3.5) and 2.5 pL of isoamylase (1000
U/mL) were added to the samples, which were then vortexed and
incubated at 37 °C for 30 min. The pH of the samples was adjusted to 7
with ~0.1 mL of sodium hydroxide (0.1 M) and samples were then
heated at 80 °C for 1 h. These debranched samples were then frozen in
liquid nitrogen and lyophilized (VirTis BTP-9EL freeze-dryer).
Debranched glycogen chains (0.2 mg) were labelled with APTS (8-
amino-1,3,6-pyrenetrisulfonic acid) in 2 mL Eppendorf tubes by adding
1.5 pL of a solution of APTS (0.1 mg pL™1) in 15 % glacial acetic acid and
1.5 pL of 1 M aqueous sodium cyanoborohydride. The reaction mixture
was vortexed and incubated at 60 °C for 1.5 h in the dark, diluted with
80 pL of Milli Q water and vortexed until all the precipitate dissolved.
The insoluble material was removed by centrifugation at 4000g for 10
min, and 50 pL of the supernatant was then transferred to 200 pL
microcentrifuge tubes for immediate fluorophore-assisted carbohydrate
electrophoresis (FACE) analysis.

The CLDs (chain length distributions) were obtained using FACE.
Labelled chains were separated on a PA-800 Plus System and quantified
with a solid-state laser-induced fluorescence (LIF) detector with an
argon-ion laser as the excitation source (Beckman-Coulter, Brea, CA,
USA). A 50-pum diameter NCHO-coated capillary (included in the Car-
bohydrate Labeling and Analysis Kit) was used to separate samples.
Carbohydrate separation buffer, also included in the kit, was used as the
separating medium. The sample was injected into the capillary for 3 s at
0.5 psi (3.4 kPa above atmospheric pressure). Separation of the labelled
linear glucans was achieved using an applied voltage of 30 kV at 25 °C.

3. Results
3.1. SWATH analysis of whole liver extract

To study the consequences of the lack of glycogenin in the liver, we
first profiled proteomes from whole-liver extracts from Gyg KO and WT
mice. A total of 750 proteins were identified with a false discovery rate
(FDR) of <1 %. Of these, 612 were quantified by sequential window
acquisition of all theoretical fragment ion spectra mass spectrometry
(SWATH). Based on this successfully quantified protein list, the protein
abundance information was subjected to principal component analysis
(PCA). Clusters of liver samples from WT (black) and Gyg KO mice (red)
overlapped, and the separation between the groups was not obvious
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from the PC1 and PC2 coordinates (Fig. 2A). Specifically, WT samples
were clustered in the centre while the Gyg KO samples were scattered.
This pattern is consistent with clusters in the heatmap (Fig. 2C), where
Gyg KO and WT samples were not completely separated based on rela-
tive protein abundance but still showed close distance among most
samples from the same genetic background: WT6, KO2, WT5, WT1,
WT7, WT2, WT8, and WT4 showed close relationship in the phyloge-
netic analysis and the rest of the samples were relatively distant.

To explore the specific differences in the whole liver extract prote-
ome, MSstats analysis combined with GO term enrichment analysis was
applied to the differentially abundant proteins. Five proteins were found
to be increased in abundance and 6 proteins decreased in Gyg KO mice
with a p < 0.00001 and |log2FC| > 0.5 cut-off (Table 1). These differ-
entially abundant proteins were visualized by a volcano plot in (Fig. 2B).
GO term enrichment analysis of the differentially abundant proteins did
not generate significantly enriched terms from either the increased or
decreased protein list. Close inspection of the MSstats result showed that
proteins relating to fatty acid synthesis or ATP production (UDP-glu-
curonosyltransferase 1A1) were significantly different. Other signifi-
cantly different proteins were common in cytoplasm or membrane
(glutathione S-transferase Mu 6, indolethylamine N-methyltransferase,
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indolethylamine N-methyltransferase, histone H3.2, cathepsin B),
mitochondria (ATP-citrate synthase, D-lactate dehydrogenase) possibly
comtamination (keratin, type II cytoskeleal 75). However, as no GO
terms were significantly enriched from the differentially abundant
protein list, these differences were minor.

3.2. Liver glycogen content

The amount of glycogen stored in the liver is regulated by the bal-
ance between glycogen synthesis and glycogen degradation. We previ-
ously showed that the consequences of the absence of glycogenin in
glycogen content are tissue-specific: Gyg KO mice were found to accu-
mulate significantly more glycogen in muscle and heart, whereas they
showed normal glycogen levels in liver and brain [10]. To find possible
subtle differences, we further refined the measurement of glycogen
levels in the livers of Gyg KO mice. Liver glycogen content did not show
significant differences across age and gender subgroups (Fig. 3A, and B).
To analyze liver glycogen mobilization, glycogen content was also
measured after extenuating exercise. Both groups showed a significant
decrease in liver glycogen after exercise, but no difference was observed
between Gyg KO and WT mice (Fig. 3C).
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Table 1

Differentially abundant proteins from Gyg KO mice compared to WT mice.
Protein log 2FC Adj. p value Protein name
Upregulated
sp|P19096|FAS_ MOUSE 0.587581 3.40 x 1071° Fatty acid synthase
sp|Q05816|FABP5_MOUSE 0.638704 3.40 x 1071° Fatty acid binding protein 5
sp|Q8BGZ7|K275 MOUSE 1.572474 3.40 x 1071% Keratin, type II cytoskeleal 75
sp|Q91V92|ACLY MOUSE 0.590458 3.40 x 1071° ATP-citrate synthase
sp|035660|QSTM6_MOUSE 0.757191 1.12 x 10°° Glutathione S-transferase Mu 6
Downregulated
sp|P40939|INMT MOUSE —0.629435 3.40 x 1071° Indolethylamine N-methyltransferase
sp|Q63886|UD11_MOUSE —595,274 3.40 x 1071° UDP-glucuronosyltransferase 1A1
sp|Q64459|CP3AB_MOUSE —0.752391 3.40 x 107° Cytochrome P450 3 A11
sp|Q7TNG8|LDHD_MOUSE —0.989169 1.20 x 10710 Probable D-lactate dehydrogenase, mitocondrial
spP84228|H32_MOUSE —0.85411 3.97 x 1071° Histone H3.2
sp|P10605|CATB_MOUSE —0.633769 6.53 x 1077 Cathepsin B
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Fig. 3. Characterization of liver glycogen content. A) Biochemical quantification of glycogen content in the livers of adult (18 weeks old) and old (60 weeks old) WT,
heterozygous (Gyg +/—) and Gyg KO mice, n = 5-8 per group. B) Biochemical quantification of glycogen content in livers of male and female mice, n = 5 per group.
C) Biochemical quantification of glycogen content in liver of rested and exercised mice, n = 5 per group; **p < 0.01, ***p < 0.001.
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3.3. Glycogen molecular size distribution

Based on a previous report that glycogenin is involved in the regu-
lation of the higher-order structure of liver glycogen [18],here we tested
whether glycogen structure was altered in Gyg KO mouse liver. To this
end, we characterized the structure of this molecule by obtaining
glycogen size distributions (the distribution of the relative total weight
of molecules as a function of their molecular size in the solvent) from
size exclusion chromatography (SEC), and chain length distributions
from fluorophore-assisted carbohydrate electrophoresis (FACE). The
results show that glycogen from fasted WT and Gyg KO mouse livers was
mainly composed of « particles regardless of whether the animals were
fasted or reinjected with glucose (Fig. 4). The observation that o parti-
cles still formed even when Gyg was knocked out indicates that glyco-
genin is not essential for a-particle formation, which disproves the
hypothesis [18] that glycogenin is the only linking agent between f
particles to form o particles. Furthermore, there were no significant
differences in the chain length distributions between the liver glycogen
of Gyg KO (red) and WT (wild-type) mice (blue) (Fig. 5), which char-
acterized the individual glucose polymer chain length when higher-level
structure (o and p particles) was disrupted. This chain length distribu-
tion is associated with relative enzyme activities involving in glycogen
synthesis [41].

3.4. WT and Gyg KO liver glycogen show the same acid-degradation
pattern

To further explore possible differences in a-particle structure be-
tween the two groups, we designed experiments to characterize a-par-
ticle degradation patterns under acidic conditions. In these conditions,
glycogen a particles tend to disintegrate preferentially into p particles
before degrading into glucose molecules, while in phytoglycogen, a
protein-free glycogen model, no individual p particles are observed
during acid degradation [38]. If glycogenin participates in linking f
particles into o particles, we expected the acid-degradation pattern of
Gyg KO liver glycogen to differ from that of WT, perhaps similar to that
of phytoglycogen. At pH = 3.5, WT mouse-liver glycogen a particles

WT fasted
15
=10
4
g
%05
0.0
0 20 40 60
R, (nm)
Gyg KO fasted
1.5
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4
8
%05
0.0
0 20 40 60
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mice liver glycogen chain length distribution
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Fig. 5. Chain-length distribution of glycogen from livers of WT (blue) and Gyg
KO mice (red). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

were degraded into smaller particles, as expected, and these smaller
particles were dominant after 18 h of incubation (Fig. 5). When Gyg KO
mouse-liver glycogen was subjected to identical conditions, the same
degradation pattern was observed: a particles first degraded to f parti-
cles under acid incubation, showing a two-phase degradation pattern («
particles degraded to § particles and then to glucose molecules). SEC size
distributions did not show any obvious differences between glycogen
from the two groups of mice (Fig. 6). These results again indicate that
glycogenin is dispensable for the normal formation of a particles.

3.5. Engymatic activities and energy state

Glycogen-related metabolic processes include GS catalysis of the
addition of glucose units to existing polysaccharide molecules, and GP
catalysis of the removal of glucose monomers from glycogen. We
measured liver GS activity in the presence of saturating G6P (+G6P),
corresponding to the total amount of enzyme, and in its absence (-G6P),
as an indication of the active (unphosphorylated) GS form, as well as GP

WT fasted + 30 min glucose injection
1.5

0.0
20 40

R;, (nm)

60

Gyg KO fasted + 30 min glucose injection
15

w(logRh)

w

0.0

20 40
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Fig. 4. Glycogen weight distribution in livers of fasted WT and Gyg KO mice and 30 min after glucose injection treatment.
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activity in the livers of WT and Gyg KO mice. Hepatic GS and GP activity
showed no significant difference between the two genotypes (Fig. 7A, B,
C, and D). Moreover, WT and Gyg KO mice showed similar GS and GP
protein levels (Fig. 7E and F).

The hepatic energy state is defined by adenine nucleotide levels,
particularly by the AMP/ATP ratio [24]. It has been suggested that liver
glycogen contributes to decreasing appetite by maintaining hepatic ATP
levels during fasting [23,42]. To analyze the energy state of the livers of

A B
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WT and Gyg KO mice, the amounts of ATP, AMP and ADP were
measured. No significant differences between the two genotypes were
observed (Fig. 8A, B and C).

3.6. Glycogen re-synthesis after fasting

To analyze the capacity of WT and Gyg KO mice to re-synthesize liver
glycogen after depletion, the animals were fasted for 16 h and injected
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Fig. 7. Biochemical characterization of key enzymes related to glycogen metabolism. A) Enzymatic activity of liver GS in the absence of G6P, corresponding to the
active GS form; n = 5-6 per group. B) Enzymatic activity of liver GS in the presence of G6P, corresponding to the total amount of GS; n = 5-6 per group. C) Activity
ratio (ratio -G6P/+G6P); n = 5-6 per group. D) Enzymatic activity of liver GP in the presence of AMP; n = 6 per group. E) Immunoblot for GS, phosphorylated GP (p-
GP), GP and GAPDH (as a loading control) in the livers of WT and Gyg KO mice, and quantification of the western blots; n = 6 per group.
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Fig. 8. Liver nucleotides in WT and Gyg KO mice. A) ATP levels. B) AMP. C) ADP levels. D) AMP/ATP ratio. n = 5-6 per group.

intraperitoneally with glucose. Liver glycogen was then measured at
several time points post-injection. Glycogen content in WT livers showed
a dramatic decrease after fasting, as previously described
[19,20,23,25,26,42]. This decrease was slightly but significantly smaller
in Gyg KO livers (Fig. 9A). Thirty minutes after glucose injection,
glycogen content was also slightly but significantly higher in the livers of
Gyg KO mice than in those of controls. However, 60 min after the in-
jection, there was no significant difference between the two groups
(Fig. 9A). We next measured liver GS activity in the two genotypes. The
only significant difference was found 60 min after glucose injection,
when WT mice showed higher GS activity (-G6P) and a higher -G6P/
+G6P activity ratio (Fig. 9B and D). No significant differences in total GS
activity (+G6P) were found between the two genotypes (Fig. 9C).

3.7. Liver metabolites

We next measured metabolites related to carbohydrate metabolism
in the livers of WT and Gyg KO mice under fed conditions, fasted con-
ditions, and 30 or 60 min after glucose administration. WT and Gyg KO
livers showed similar levels of lactate (Fig. 10A), G6P (Fig. 10B), ATP
(Fig. 10C) and triglycerides (TG) under all conditions (Fig. 10D).

3.8. Glycemic control

The increase in muscle glycogen in Gyg KO mice has been reported to
be accompanied by muscle function impairment [10]. This observation
was limited to muscle, which involves a different carbohydrate meta-
bolism compared to the liver, which is the other main glycogen-storage
tissue in mammals [43]. Liver glycogen is mobilized to generate glucose,
which is released into the blood to maintain whole-body glucose ho-
meostasis, while muscle glycogen is used mainly as a local energy supply
during muscle fiber contraction [44]. Although glycogen levels were
normal in the livers of Gyg KO mice, we examined whether glycemic
control was altered in these animals. Glycaemia characterization was
conducted in WT and Gyg KO and control mice, including glucose-level
monitoring after long fasting (Fig. 11A), a glucose tolerance test
(Fig. 11B), an insulin tolerance test (Fig. 11C) and a glucagon tolerance
test (Fig. 11D). In all these experiments, Gyg KO mice showed no sig-
nificant differences compared to WT mice, indicating that glycemic
control is not altered in the absence of glycogenin.

4. Discussion

The biochemical function of glycogenin has been well established
regarding self-glycosylation [9], the initiation of glycogen synthesis
[45], and as a primer for the latter [46]. Due to these well-recognized
biological roles, glycogenin had been regarded as essential for
glycogen metabolism, an inference supported by clinical cases where

glycogenin deficiency was associated with glycogen synthesis defects
[47-49]. However, recent studies have demonstrated that glycogenin is
in fact dispensable for glycogen synthesis. First, we reported that Gyg
KO mice accumulate glycogen in multiple tissues, including skeletal
muscle, liver, and others [10,12]. Furthermore, glycogen is present in
human muscle tissue from patients lacking both GYG1 and GYG2 [11].
Despite glycogenin not being essential for glycogen synthesis, its sig-
nificant role in glycogen metabolism raises intriguing questions. Indeed,
glycogenin must have important roles that justify its widespread con-
servation across numerous species. In this regard, the skeletal muscle of
Gyg KO mice accumulates four times more glycogen than that of WT
litter mates [10], thereby indicating that the synthesis of glycogen,
while possible, is deregulated in the absence of glycogenin in this tissue.

Although glycogen is present at normal levels in the livers of Gyg KO
mice in fed conditions [10], here we explored whether the absence of
glycogenin also interferes with normal liver glycogen metabolism. In
this regard, glycogenin was proposed as a potential linking agent of
glycogen p particles to form o particles [18], noting, as pointed out
above, that this linking agent does not have to be the same in all or-
ganisms. The formation of a particles in the liver is important for correct
regulation of glycaemia, as these particles degrade more slowly than
B-type ones, enabling the controlled release of blood glucose [17]. Thus,
here we tested the hypothesis that the lack of glycogenin in mouse liver
would lead to a decrease or the absence of glycogen a particles, thereby
impacting mouse-liver metabolism and whole-body glucose
homeostasis.

Our results did not support this hypothesis. First, in a proteomic
study, only some proteins related to fatty acid synthesis or ATP pro-
duction were significantly different. However, no GO terms were
significantly enriched from the list of differentially abundant proteins,
thus indicating that the livers of Gyg KO mice do not substantially differ
from those of WT animals. Regarding the characterization of glycogen
structure, the distribution of molecular size and chain lengths were very
similar in glycogen obtained from WT and Gyg KO livers. These results
suggest that the absence of glycogenin does not affect glycogen a-par-
ticle formation. However, to find possible subtle differences in a-particle
formation or stability, we studied degradation patterns under acid
conditions. In this regard, o particles in diabetic mice are easily broken
down into B particles, which impacts glycemic control [17]. Again, we
did not observe any significant difference when the acid-degradation
pattern of Gyg KO liver glycogen was compared to that of WT mice.

In line with the lack of changes in glycogen structure, Gyg KO liver
glycogen metabolism was very similar to that of WT livers. While it
would be of interest to conduct metabolomic analysis of Gyg KO and WT
mice livers, this is not needed to test our hypothesis about glycogen
structure and glucose metabolism requires targeted characterization of
glycogen- related enzyme activity, energy state and levels of key me-
tabolites. For this, we applied targeted biochemical characterization
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Fig. 9. Glycogen re-synthesis and liver GS characterization. A) Glycogen levels after bolus glucose injection in Gyg KO and WT mice. Gyg KO mice were fasted for 16
h, followed by intraperitoneal administration of glucose (2 mg/g body weight). Mice were sacrificed at the indicated time points and liver glycogen levels were
determined (n = 5-13 per group). B) Glycogen synthase activity (-G6P) after bolus glucose injection in Gyg KO and WT mice. Gyg KO mice were fasted for 16 h,
followed by intraperitoneal administration of glucose (2 mg/g body weight). Mice were sacrificed at the indicated time points and liver glycogen levels were
determined (n = 4-6 per group). C) Glycogen synthase activity (+-G6P) after bolus glucose injection in Gyg KO and WT mice. Gyg KO mice were fasted for 16 h,
followed by intraperitoneal administration of glucose (2 mg/g body weight). Mice were sacrificed at the indicated time points and liver glycogen levels were
determined (n = 4-6 per group). D) Glycogen synthase activity (-G6P/+G6P) after bolus glucose injection in Gyg KO and WT mice. Gyg KO mice were fasted for 16 h,
followed by intraperitoneal administration of glucose (2 mg/g body weight). Mice were sacrificed at the indicated time points and liver glycogen levels were
determined (n = 4-6 per group). *p < 0.05, **p < 0.01, ***p < 0.001.

(Figs. 7-11). Metabolomics can provide a more comprehensive charac- state was very similar between the two genotypes, as measured by the
terization of potential features in biological samples. However, metab- amount of ATP, ADP, and AMP. Similarly, no changes were observed in
olomic analysis only provides semi-quantitative information and is best liver metabolites such as lactate, G6P or TG. To further discard a dif-
verified by targeted biochemical analysis, as we have done in the ference in glycogen dynamics, we subjected WT and Gyg KO mice to
manuscript. Here, we have characterized enzymatic activity and quan- overnight fasting to deplete liver glycogen, and we measured glycogen
titation of key proteins involving in glucose metabolism: GS and GP. This re-synthesis after intraperitoneal glucose injection. Gyg KO liver
covers both key enzymes involved in the glycogen synthesis and glycogen content was slightly higher in fasting conditions and 30 min
degradation phases. No significant changes were found in the protein after glucose infusion. However, 60 min after glucose injection, these
expression or activity of GS or GP, the two main enzymes responsible for differences disappeared, and glycogen levels became similar in WT and

glycogen synthesis and degradation, respectively. The hepatic energy Gyg KO livers. In line with this, GS activity was slightly higher in Gyg KO
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livers 60 min after glucose injection. The underlying mechanisms for
these kinetic differences in mouse-liver metabolism induced by the
absence of glycogenin require further research. However, the levels of
lactate, G6P, ATP and TG were similar in both groups in all conditions.
Furthermore, these slight changes were only observed at the early stage
of glycogen synthesis. This transient difference in the glycogen synthesis
kinetics observed only in Gyg KO mice did not have an observable
impact on whole-glucose body homeostasis. Indeed, blood glucose levels
in fed and fasted conditions were similar in both genotypes. Along the
same lines, the glucose tolerance test, insulin tolerance test and
glucagon tolerance test showed no differences between genotypes.
Taken together, these results indicate that the absence of glycogenin
does not lead to altered glucose homeostasis.

This surprising result (that glycogen content, glycogen synthase, and
glycogen phosphorylase activities were not significantly different in our
wild-type vs. Gyg KO comparison) could be from more than one possi-
bility. a) A compensatory mechanism exists to replace the glycogenin
function in animal liver to initiate glycogen synthesis. A similar mech-
anism was proposed in yeast where hyperactive glycogen synthase was
proposed to enhance glycogen synthesis at the absence of glycogenin
[50]. b) Glycogenin has some novel function(s) beyond being the
glycogen primer, which do(es) not alter glycogen synthase or glycogen
phosphorylase activity or only affect(s) the activities transiently. In the
other word, potential glycogenin novel function is associated with
glycogen synthesis kinetics but not final glycogen structure or size. This
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possible novel function may be associated only with early glycogen
synthesis. This possibility is partially supported in previous research
where a glycogen synthase — glycogenin complex modulates glycogen
synthesis through an avidity effect [48]. Also, a linking area in glyco-
genin was reported to associate with final glycogen size [51].

Our findings show that the current model for the formation of
glycogen a particles and glucose metabolism, which highlights glyco-
genin as an essential component, is incomplete. The liver appears to
maintain glucose metabolism and glycogen structure in the absence of
glycogen a particles, indicating that alternative pathways in glycogen
structure and glucose metabolism need to be explored.

5. Conclusions

This study showed that glycogenin is dispensable for normal liver
glycogen metabolism and body glucose homeostasis. No significant
differences were observed in the structure of glycogen in terms of chain
length distribution and molar mass/size distributions of Gyg KO mice
liver glycogen compared to that of WT mice. Glycogen structural anal-
ysis demonstrated that the linkage between glycogen p particles is un-
likely to be driven by glycogenin, refuting what had been previously
proposed. The absence of glycogenin resulted only in minor changes in
glycogen content at the early stage of synthesis; however, these changes
did not result in altered whole-body glucose homeostasis.
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