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Abstract 

Glycogen is the primary source of energy in mammals. It acts as a metabolic buffer, storing or releasing 

glucose from liver and skeletal muscles in response to an excess or demand of energy. Inherited 

metabolic disorders that affect glycogen metabolism, such as Glycogen Storage Diseases (GSDs), are 

related to the appearance of aberrant glycogen structures, which impact on the rate and extent of 

glucose availability. To date, details on the structure and metabolism of glycogen are still not sufficient 

to provide an accurate insight into GSDs. The aim of this project is to develop easy-to-use 

methodologies to analyse and better define the structure of glycogen from healthy and GSDs sources.  

To achieve the goal of this project, two methodologies were developed. The first one consisted in the 

enzymatic debranching of glycogen to determine the chain length distribution and the degree of 

branching. The method was established on commercially available glycogen (from oyster) and 

validated on glycogen extracted from HepG2 cells and HepG2 cells bearing GSD type Ia (glucose 6-

phosphatase deficiency). The second method aimed at elucidating the position of the branching points 

by a stepwise enzymatic digestion of the branches and the external chains of the standard glycogen. 

The results obtained from this second method were then integrated with a theoretical model (called 

DP15) to have a better understanding on the branches arrangement. The development of both 

methodologies was supported by analytical techniques, such as thin-layer chromatography (TLC), 

high-performance anion exchange chromatography coupled with pulsed amperometric detector 

(HPAEC-PAD), and bicinchoninic acid (BCA) assay to assess the hydrolysed products qualitatively and 

quantitatively.  

The application of the first methodology showed that the structure of the glycogen standard contained 

10% of branching points, and the chains were predominantly longer than DP6 in agreement with 

literature. The same structural analysis was applied on glycogen from mammalian HepG2 cells and 

mouse liver after the development of a novel extraction protocol. Preliminary studies showed that 

HepG2 glycogen had 20% of branching points, equivalent to twice the amount observed in oyster 

glycogen, and was mainly made of chains longer than DP7. The comparison of the chain length 

distribution between HepG2 cells and GSDIa HepG2 cells showed that this genetic mutation does not 

impact the length of the branches and the activity of the glycogen branching enzyme. The same 

methodology was also applied to glycogen from mouse liver, and the results showed a group of 

predominant chains between DP4 and DP8. The lack of a peak in the chain length distribution of mouse 

liver glycogen was attributed to the activity of glucosidases present in liver tissues. 

The results obtained from the second methodology showed that the glycogen β- and phosphorylase- 

limit dextrins have chain length distributions (CLDs) shifted towards a low DP, namely DP2, DP3 and 

DP4, when compared to oyster glycogen. The combination of the CLDs collected experimentally into 

the DP15 model led to select branched structures bearing branching points at the 3rd or 4th glucose 

residues from the reducing end of the main chain, suggesting that glycogen branching enzyme 

potentially branches every three or four glucose units. 

To conclude, the methodologies presented in this thesis were demonstrated to be feasible and 

applicable on commercially available standards or samples isolated from mammalian cells for the 

investigation of the structure of glycogen. Further applications on samples from GSDs sources could 

elucidate the impact of these genetic mutations on glycogen structure. 
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Chapter 1 - Introduction 

Glycogen was discovered in 1857 by the French scientist Claude Bernard during his studies on 

the metabolism of sugars in animals.1 Since then, efforts have been focused to unravel the 

structure of glycogen and its role in the organism. The analysis of glycogen structural features 

revealed the capacity of this molecule to store large quantities of glucose units, maintaining 

a soluble and organised structure.2,3 In addition, the investigation of glycogen in a biological 

context elucidated the influence that insulin and glucagon have on glycogen synthesis and 

degradation in response to the uptake of glucose from diet; or its mobilisation from liver and 

muscles due to exercise and stress. Consequently, glycogen was defined the storage form of 

energy and the substance used by the whole body to maintain glucose homeostasis.4 

Glycogen was initially considered as an “inert” molecule with the simple function of storing 

and releasing glucose in times of plenty or need.4–6 However, the role of glycogen as simple 

storage unit was challenged when severe clinical manifestations were diagnosed in relation 

to impairments in its metabolism.7 Hepatomegaly, hypoglycaemia, accumulation of glycogen, 

and muscle weakness were the common hallmarks in patients affected by these disorders 

called Glycogen Storage Diseases (GSDs).3 While the cause of GSDs was related to genetic 

mutations affecting the activity of enzymes involved in glycogen metabolic pathways, it was 

not clear how an apparently “inert” molecule had deleterious consequences for the whole 

body. These posed several questions such as: How does the deficiency of an enzyme involved 

in glycogen synthesis or degradation has an impact on overall metabolism? Why can glycogen 

not be used as a source of energy in GSDs? Is glycogen only responsible of storing energy or 

does it play other roles? Despite the many efforts made by the scientific community since the 

discovery of glycogen, these questions still need to be addressed.  

The scope of this chapter is to review the information available on glycogen structure and 

metabolism, and how this could be exploited to propose new research lines to address 

unanswered questions. Firstly, structural features of glycogen and their impact in the 

physiochemical properties of the polysaccharide are presented. Secondly, an overview on 

glycogen metabolism with a focus on enzyme structures and the impact that mutations 

associated with glycogen storage diseases have on their activity is provided. The discovery of 

the role of glycogen as a sensor molecule for signalling network is also briefly introduced.  
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1.1. Structural features of glycogen 

Glycogen is mainly stored in the cytosol of the cells found in skeletal muscles, brain, and liver.4 

Being the energy reservoir of the organism, the structure of glycogen requires a well-designed 

organization to ensure the maximum storage capacity without interfering with the 

surrounding environment. To avoid an impact on the cell osmolarity, glucose units are linked 

by α(1,4)- and α(1,6)-glycosidic bonds to form linear chains and branching points, 

respectively.8 The combination of both type of linkages creates a complex branched network, 

and it has been estimated that this arrangement facilitates the storage of approximately 

55,000 glucose units.2 If this same number of monomers was stored as free glucose in the 

cytoplasm, it would cause a dramatic increase in the cell osmolarity. The storage of such a 

high number of glucose units in the form of glycogen reduces the concentration of soluble 

sugars from ca. 400 mM to only 0.01 µM.9,10  

The chemical structure of glycogen shares similarities with that of starch, the storage 

polysaccharide in plants.11 For this reason, most of the terminology used to describe glycogen 

structural organisation is the same reported for starch, starting from the nomenclature used 

for the branches. The type of chains distributed within the glycogen structure are classified 

as follows (Fig. 1): A-chains with no branching point; B-chains containing one or more 

branching points; and C-chains containing two or more branching points and bound to the 

protein core of glycogen (glycogenin) via reducing end.12,13 Furthermore, the glucose residues 

between two branching points forms the internal chains, whereas those between a branching 

point and a non-reducing end constitute the external chains. 



14 
 

 

Figure 1 Schematic illustration of glycogen (in the centre) with a focus on the chemical structure (top left) and on the type of 
chains (top right and bottom). A-chains = no branching points; B-chains = one or more branching point; C-chains = more than 
one branching point and bearing the reducing end (red circle) linked to the protein glycogenin (yellow star). External chains 
are between a non-reducing end and the branching point; internal chains are between two branching points. The black arrows 
indicate the branching point. Glycogen image adapted from McArdle et al. 14 

The arrangement of the glucose units as showed in Fig. 1 was proposed to follow a tier model 

(Fig. 2).2,8 In this model, elaborated using mathematical models, glycogen is organised in 

several concentric layers in which the number of glucose units and branching points increase 

from the inner to the outer layers. The first tier contains glycogenin and the first branching 

point, while the others contain only glucan chains with multiple α(1,6)-glycosidic bonds. In 

addition, this arrangement also included the bulky enzymes required for the synthesis and 

degradation of glycogen. According to the model, 12 is the maximum number of tiers 

contained in glycogen as beyond that the structure hinders the activity of glycogen-active 

enzymes.2,8 Later, this model was supported by Deng et al.15 by correlating the reduction in 

space from the inner to the outer layers to the substrate specificity of the glycogen branching 

enzyme (GBE), one of the enzymes involved in glycogen synthesis. This latest model will be 

discussed in Chapter 2.  
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Figure 2 Scheme showing the glycogen structure following the tier model; only 5 tiers are represented with the 
glycogenin core indicated with G. Image adapted from Melendez et al. 9 

However, up to date, the 12-tier model has not been demonstrated experimentally. The 

sequential digestion of glycogen tiers is a challenging task due to the lack of enzymes or 

chemical treatments that target a single layer without disrupting the following one. 

Therefore, mathematical and computer modelling are the only resources currently used to 

evaluate this model.2,9,10,15   

1.1.1. Degree of branching  

The degree of branching (DB) is the percentage of branching points in a glycogen sample and 

indicates the ratio between α(1,4)- and α(1,6)-glycosidic bonds. The information currently 

available on DB suggests that glycogen from a healthy source should have between 8% and 

12% of branches.16,17 Due to variations in glycogen structure depending on the species, DB is 

reported as a range. Furthermore, there is insufficient information to establish the exact 

distance between branching points. Based on mathematical models, glycogen can have a 

branching point every three glucose residues, on average, meaning that there is an α(1,6)-

linkage every 0 to 6 glucose residues.17–19 However, these are theoretical data that have not 

been demonstrated experimentally yet.  

The DB depends on the branching process catalysed by GBE, the mechanism of which will be 

discussed in-depth in the section 1.2.1.3. The branching frequency, namely the number of 
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branching points, and the distance between them, is crucial to maintain the solubility of 

glycogen in the cytosol. In fact, an increase in the number of glucose residues between two 

successive α(1,6)-linkages creates long chains resembling starch-derived amylopectin. As a 

consequence, the interaction between long unbranched chains results in insoluble aggregates 

that precipitate in the cytoplasm.20,21 It is interesting to notice that these amylopectin-like 

structures interfere with glycogen metabolic pathways,22,23 but they do not have the same 

effects on starch metabolism.   

The DB is not only important for the physiochemical properties of glycogen, but it has been 

demonstrated to play an important role in the signalling network. Recent studies from 

McBride et al.24 showed that AMPK, the main regulator of energy in the body, binds to the 

branching points of glycogen. By binding glycogen, AMPK is inactivated, and thus it cannot 

promote glycogen synthesis through the activation of glycogen synthase. When the 

degradation of glycogen commences, the number of branching points decreases. As a result, 

AMPK loses affinity towards glycogen and activates glycogen synthesis. These studies 

represented one of the first reports of glycogen as a regulatory molecule, and more 

investigations are needed to identify the potential branching arrangements responsible for 

the inhibition of AMPK.  

1.1.2. Chain length distribution  

The number of chains of a given degree of polymerization (DP) distributed across the 

structure of glycogen is known as chain length distribution (CLD), and it represents one of the 

structural features of glycogen. In initial studies of Illingworth et al.12 and in those that 

followed,25,26 the structural analysis of glycogen was limited to the investigation of the 

average chain length (ACL) found in the overall polysaccharide. The ACL was calculated 

theoretically using the reciprocal of the percentage of the branching points, e. g. the ACL of 

rabbit liver glycogen with a DB of 6.6% is equal to 15.12 Following the development of more 

sophisticated techniques, such as high-performance chromatography or capillary 

electrophoresis, the ACL is being measured experimentally by integration of the peaks per DP 

divided per total area of the chromatogram.27 This new application enabled scientists to 

collect more accurate data on the ACL, and also to investigate the CLD.  

The analysis of the CLD on glycogen samples revealed that this feature correlates with several 

factors. One of them is the species object of the studies, e. g. healthy mouse liver glycogen 
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has chains predominantly between DP16 and DP20, whereas oyster glycogen shows a large 

abundance of DP6 in the distribution.28,29 The other variable is the presence of pathological 

conditions in the selected source. Sullivan et al.30 analysed the CLD of diabetes type II and 

observed a small variation in the distribution of the chains compared to the one from glycogen 

extracted from healthy mice liver. Yet, in other studies from Sullivan et al.31 it was 

demonstrated the dramatic change in the CLD of mice bearing metabolic diseases, such as 

GSD type IV or Lafora disease (LD) (Fig. 3). Thus, the investigation of the CLD of glycogen 

represents an important tool, more informative than the ACL.  

 

Figure 3 Chain length distribution of glycogen from skeletal muscles of healthy mice (in purple) and from mice 
with Lafora Disease (Epm2a-/-, in pink or yellow). Image taken from Sullivan et al.31   

1.1.3. The organization of glycogen molecules into granules  

Each glycogen molecule is associated with proteins, such as laforin and malin, involved in its 

metabolism resulting in an organelle-like structure called glycosome or glycogen granules.8 

Studies performed by electron microscopy2 and light scattering8,32 showed that there are two 

types of granules. The first type are β-granules with a size of 20-40 nm and are located in liver 

and skeletal muscles, while the second ones are the α-granules, they can reach a size of 

almost 300 nm and are observed only in liver.  

The aggregation of glycogen molecules into granules is still poorly understood. One of the 

most debated hypotheses is the presence of proteins that promote the aggregation between 

small granules,8,33 but experimental evidence on a protein component with this role has not 

been reported so far. The presence of one type of granules instead of the other, however, 

seems to play a role in the maintenance of glucose homeostasis, as observed in mice with 
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diabetes type II.34,35 In these animal models, it was demonstrated that the aggregation of β-

granules into α-granules was impaired. Since the β-granules facilitate the rapid release of 

glucose in skeletal muscles, it was proposed that the uncontrolled release of glucose in the 

blood circulation was also caused by the presence of small rather than large glycogen 

granules.36 However, it was not clear whether the presence of β-granules was a consequence 

of or a cause of diabetes, and further investigations are required to address this point. 

1.2. Glycogen metabolism  

Glycogen metabolism is controlled by hormones (Fig. 4).37 In the feeding state, insulin 

promotes the uptake of glucose in the cells via glucose transporters (GLUT). The transported 

glucose is then converted into UDP-glucose prior its use. Glycogen synthase (GS) is also 

activated by insulin, and it catalyses the synthesis of glucan chains using UDP-glucose as 

building block. The activity of GS is balanced with Glycogen branching enzyme (GBE) whose 

role is to form branching points. Another enzyme called glycogenin (GN) is involved in 

glycogen synthesis and its function is to form a primer chain for GS activity. The activation of 

GN seems to involve a protein called glycogenin-targeting protein (GNIP) but its role in 

glycogen synthesis is still unclear.38  

 

Figure 4 Schematic illustration of glycogen synthesis (in green) and degradation (in purple). 

During the fasting state or exercise, glucagon (in liver) and adrenaline (in skeletal muscles) 

activate an enzymatic cascade that terminates with the phosphorylation of glycogen 

phosphorylase (GP). The phosphorylated GP (active form) catalyses the removal of glucose 

residues from glycogen as glucose 1-phosphate (G1P), while the branching points are digested 
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by glycogen debranching enzyme (GDE). Successively, the G1P is converted into glucose 6-

phosphate (G6P) by phosphoglucomutase via a reversible reaction. At this point, G6P can 

enter the glycolysis pathway (in skeletal muscles) to form pyruvate or can be 

dephosphorylated by glucose 6-phosphatase in the endoplasmic reticulum (ER) to release 

glucose into blood circulation.6   

Fig. 4 shows a simplified version of glycogen metabolism, and the number of signalling 

molecules involved in the regulation of glycogenesis and glycogenolysis are more than those 

illustrated.39 However, from Fig. 4, it is possible to understand that each reaction is highly 

dependent on the product of the previous reaction. In fact, the deficiency of a single enzyme 

involved in one of the metabolic pathways generates a cascade of events that interferes with 

the overall metabolism, as observed in GSDs. Thus, the scope of this section is to review the 

structural properties of the enzymes directly involved in the synthesis and degradation of 

glycogen, and how their activity is impaired by GSDs. 

1.2.1. Glycogen Synthesis 

1.2.1.1. The role of glycogenin as initiator of glycogen synthesis  

When GS and GP were discovered,40 scientists believed these two enzymes to be responsible 

for the synthesis of glycogen. In vitro experiments, however, demonstrated that these 

enzymes were not sufficient to initiate the synthesis of a glucan chain, starting solely from 

UDP-glucose or G1P. In 1975, Krisman and Barengo41 extracted, from rat liver, a protein with 

the molecular weight of 38 kDa covalently bound to glycogen. Later, this protein was named 

glycogen-initiator synthase or glycogenin (GN),42 as its function was correlated with the de 

novo synthesis of glycogen.  

GN belongs to glycosyltransferase (GT8) family, and it carries out a peculiar, if not unique, 

activity. This protein accounts two chemically distinct reactions and serves as the acceptor 

substrate for glucan chain initiation (Fig. 5).43,44 In the first reaction, GN catalyses the self-

glycosylation of its Tyr194 residue through the formation of glucose 1-O-tyrosyl linkage using 

UDP-glucose as donor. In the second reaction the glucose covalently bound to the protein is 

elongated to form a linear glucan chain with an average of 11 units.45 The importance of 

Tyr194 was confirmed by Lin et al.43 by showing that the substitution of Tyr194 with Phe 

inhibited the self-glycosylating activity. To date, GN is known to be expressed in muscles 
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(glycogenin-1) and liver (glycogenin-2).4 The two isoforms differ in the position of the amino 

acid involved in the linkage of the first glucose residue: in glycogenin-1, the tyrosine-O-

glucose bond is at position Tyr195, whereas in glycogenin-2 the glucose is attached to 

Tyr228.46 

 

Figure 5 Mechanism of self-glucosylation of glycogenin; R = glucose units. 

In 2002, Gibbons et al.44 solved the crystal structure of GN (Fig. 6), showing that the N-

terminal residue has the function of binding to UDP-glucose, whereas a loop of 35 residues at 

its C-terminus forms a complex with GS. The crystal structure also revealed that the Tyr194 

was located approximately 15 Å from the active site for UDP-glucose, an unfavourable 

distance for GN to carry out its self-glycosylation.44 
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Figure 6 Crystal structure of glycogenin taken from Gibbons et al.44 The dimer of glycogenin is represented with 
ribbons: α-helices coloured in blue and green; β-sheets coloured in red and yellow; and coils coloured in grey. 
UDP – glucose molecules and Tyr194 sidechains are shown as ball-and-stick models. The distances between the 
UDP glucose and the Tyr194 hydroxyls are indicated with the arrows.   

Lin et al.47 proposed a mechanism performed by GN to initiate glycogen synthesis, which was 

later confirmed by several investigations (Fig. 7).44,48,49 GN is found in vivo as a dimer and the 

Tyr194 (Tyr195 in human GN) is placed in the contact surface of the two subunits. To initiate 

the auto-glycosylation, one monomer transfers glucose units to the Tyr194 of the opposite 

monomer via an inter-subunit mechanism. After Tyr194 has acquired four to seven glucose 

units,47 the short oligosaccharides can be elongated by intra-subunit glycosylation within the 

same monomer.  

 

Figure 7 Mechanism of glucosylation of the Tyr194. The intra-subunit mechanism consists in the transfer of the 
glucan chain from the active site to the amino acid residue. The inter-subunit mechanism involves both 
monomers, and the glucan chain is transferred from the active site of one monomer to the Tyr194 of the opposite 
monomer. AS = active site. 

Further investigations on GN self-glycosylation were published in 2011.50 The co-

crystallization of GN with UDP-glucose showed that a native glucan chain induces a 
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conformational change of the protein. This causes the movement of a “loop” from the active 

site enabling the entrance of UDP-glucose. Nevertheless, it is not clear how this mechanism 

promotes the self-glycosylation of GN.  

With the elongation of the primer chain by GN, the catalytic efficiency of this enzyme 

decreases dramatically with the increase of the chain length, as demonstrated by Romero et 

al.51 The authors found that after reaching a chain length of 13 glucose residues, GN was no 

longer able to transfer glucose units to the native chain due to the helical structure adopted 

by the protein-bound oligosaccharide. As a consequence, GS takes over the synthesis while 

GN remains linked to the oligosaccharide to form the core of the newly synthesised glycogen 

molecule.  

1.2.1.2. The elongation of the primer chain by glycogen synthase 

GS belongs to glycosyltransferases (GT3) family and is expressed in two isoforms found in 

skeletal muscles (GS-1) and liver (GS-2). The activity of GS consists in the addition of glucose 

units to the non-reducing end of the existing chain by formation of new α(1,4)-glycosidic 

bonds.52  

Despite the fact that GS was discovered almost a century ago,53 the crystal structure was 

initially investigated by Buschiazzo et al.54 in 2004 and further studied in 2010 by Baskaran et 

al.55 GS presents multiple phosphorylation sites at its N- and C-terminal residues that are 

phosphorylated in a hierarchical fashion, meaning that the recognition of one phosphorylated 

site promotes the addition of phosphate groups to the following one.56,57  

GS catalyses the rate-limiting reaction in the glycogenesis, and as such, its regulation is strictly 

controlled by phosphorylation or promoted allosterically by G6P. The implications of the 

phosphorylation and allosteric activation on GS structure were elucidated only in 2022 when 

Marr et al.58 provided an in-depth study on the full-length crystal structure of GS and its 

complex with GN. The authors demonstrated that four GS molecules interact with four units 

of GN resulting in an octameric complex with GN is linked to GS through its C-terminal residue 

(Fig. 8). This conformation exposes the C-terminal residues of one tetramer to the N-terminal 

of the other tetramer creating a contact surface containing the main phosphoregulatory unit 

(α22) and phosphorylation site (S641). When GS is in the inactive and phosphorylated state, 

the interaction of two amino acid residues (R588 and R591) with S641 within the α22 region 
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locks the structure of GS in a “tense” conformation. The dephosphorylation by 

phosphatasesor the allosteric binding of G6P “relax” the structure promoting the activation 

of the enzyme. 

 

Figure 8 Mechanism of activation of GS in complex with GN. GN interacts with GS to direct the primer chain into 
the GS active site for elongation. GS is regulated by allosteric activation and inhibitory phosphorylation. Phospho-
S641 (pS641) interacts with the regulatory helices α22 to cause enzyme inhibition. This can be relieved by glucose-
6-phoshate (G6P), with or without phosphatases, to reach a high activity state. Kinases can phosphorylate GS to 
inhibit the enzyme. Image taken from Marr et al.58   

When the crystal structure of GS was elucidated, Baskaran et al.59 noticed the lack of a 

carbohydrate-binding module (CBM) commonly present in enzymes involved in the 

metabolism of polysaccharides.60,61 In GS, four maltodextrin-binding sites, distinct from the 

active site, play the same role of the CBM by binding glycogen chains or the primer 

oligosaccharide generated by GN.59  

1.2.1.3. The formation of new branching points by glycogen branching enzyme  

The branching process is important to maintain the physicochemical properties of glycogen, 

and dysfunctions of this mechanism result in insoluble aggregates as seen in GSD type IV.62 
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For this reason, GBE plays a crucial role in glycogen synthesis, and in determining the degree 

of branching of a glycogen molecule.63  

The crystal structure of human GBE (Fig. 9) was solved by Froese et al.62 in 2015 following its 

expression in insect cell. GBE has an elongated structure containing four regions: the N-

terminal segment, the carbohydrate-binding module 48 (CBM48), the catalytic core in the 

central area, and the α-amylase C-terminal domain. The CBM48 found in a distinct pocket 

from the catalytic cleft represents one of the binding sites on the enzyme surface responsible 

to anchor glycogen. In addition, this non-catalytic pocket was proposed as a ‘molecular ruler’ 

to select the substrates used for the branching activity.62,64  

 

Figure 9 Crystal structure of hGBE via orthogonal views. The N-terminal helical segment is in orange, the CBM48 
is in pink, the central catalytic domain in green and the C-terminal domain in blue. The catalytic triad Asp357-
Glu412-Asp481 is shown as red sticks and indicated with the red arrow. Image taken from Froese et al.62 

The active site of hGBE is placed in the central region of the enzyme, and a catalytic triad 

formed by Asp357, Glu412 and Asp481 is responsible for the two activities of GBE (Fig. 10): 

hydrolysis and glycosyltransferase activity. The first reaction consists of the cleavage of the 

α(1,4)-glycosidic bond from a glucan chain. The chain is approached from the non-reducing 

ends, and the cleavage site (between -1 and +1) is oriented towards the Asp357. The covalent 

linkage of the glucose residue with Asp357 forms an intermediate that promotes the release 

of the remaining glucan chain bearing the reducing end. In the second reaction, the Asp357 

is displaced by the hydroxyl group in C6 of a glucose residue part of the same (intra-molecular 

transfer) or another (inter-molecular transfer) glucan chain. The amino acids Glu412 and 

Asp481 facilitate the formation of the new α(1,6)-glycosidic bond. By following this 

mechanism, GBE doubles the number of accessible residues (number of non-reducing ends) 

to GS for the elongation and it promotes the synthesis of one branching point at the time. 
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Figure 10 Mechanism of branching of GBE using the catalytic triad Asp357, Glu412, and Asp481. Image adapted 
from Froese et al.62 

The crystal structure of GBE did not provide insights into its substrate specificity towards 

chains of variable lengths due to the unsuccessful co-crystallization of GBE with 

maltoheptaose.62 For this reason, the length of the branched chain, the distance between 
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branching points, and the selectivity towards inter vs. intra molecular transfer is still poorly 

understood.  

Despite the challenges related to the investigation of the substrate specificity of GBE via 

crystallization, there are other potential approaches that can be investigated for this purpose. 

Human GBE shares 54% sequence homology of the central catalytic core (aa 184-600) with 

Oryza sativa branching enzyme I (OsBEI), and 28% with GBE from Mycobacterium tubercolosis 

(MtGBE).62 The homologies that hGBE shares with these branching enzymes are mainly within 

the active site and the CBM48 domain, and they can be exploited to speculate on the 

substrate specificity of hGBE. Among the mentioned species, extensive studies have been 

performed on the activity of starch-branching enzymes such as OsBEI.64 It was demonstrated 

that this OsBEI prefers to use unbranched substrates, such as amylose, with a minimum length 

of 15 glucose residues, and it transfers short glucan chains between 6 and 14 glucose 

residues.65,66 If the same substrate specificity is applied to hGBE, the structure of glycogen 

would be expected to be populated by chains between DP6 and DP14. This hypothesis is 

based on the assumption that the outer layers of glycogen are branched by GBE using its 

minimum substrate length as proposed by Deng et al.15 To date, information on the chain 

length distribution of human glycogen is not available, and thus this hypothesis cannot be yet 

supported by scientific evidence. However, the analysis of the chain length distribution of 

glycogen represents an alternative means to investigate the substrate specificity of GBE of a 

certain species as will be presented in Chapter 4 using experimental data. 
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1.2.2. Glycogen degradation 

1.2.2.1. The initiation of glycogen degradation by phosphorolysis   

GP was discovered in 1939 by the Nobel laureates Cori and Cori,53 and it was crystallized in 

1943 by Green and Cori.67 This enzyme controls the glucose homeostasis by mobilization of 

glycogen deposits (rate-limiting enzyme),4 and as such it is involved in many studies aimed at 

reducing the amount of circulating glucose in type II diabetes patients.67–70  

The role of GP is to release G1P from glycogen branches starting from their non-reducing ends 

until three or four glucose residues before the branching point. The remaining stubs are then 

transferred onto other chains by GDE.54,71 Although phosphorylases have reversible activity, 

as observed for starch phosphorylases,72,73 the in vivo phosphorolysis of glycogen by GP is 

considered to be regulated irreversible due to the high ratio of Pi/G1P within the cells. 

GP exists in two interconvertible forms, a and b, by allosteric ligands or inhibitors, e. g. AMP 

and caffeine, that bind to different binding sites within the protein (Fig. 11).68 GPb is the 

inactive form of the enzyme that can be found in the inactive “tense” (T) state, or “relaxed” 

(R) state. The passage from T to R state is caused by AMP that induces a conformational 

change in the protein. When GP must be activated to promote glycogenolysis, the GPb in the 

R state is phosphorylated at its Ser14 residues by phosphorylase kinase (PKA) and converted 

into the GPa active and R state. The inactivation of GPa can occur by allosteric inhibition by 

ATP, glucose, caffeine, indole, and carboxamides, leading to the T inactive but still 

phosphorylated state. Finally, the conversion from GPa to dephosphorylated GPb is carried 

out by the phosphatase PPP1R3-PP1.67,68,74 This last protein is crucial in the regulation of 

glycogen synthesis and degradation. The C-terminal residue of the GPa interacts with PPP1R3-

PP1, a glycogen-targeting subunit of protein phosphatase 1 (PP1), which is also responsible 

for activating GS. However, the dephosphorylation of GS by PPP1R3-PP1 cannot occur until 

this protein is linked to GPa. Only when GPa is dephosphorylated and in its inactive form, 

PPP1R3-PP1 can activate GS by dephosphorylation. For this reason, glycogen synthesis cannot 

occur at the same time of glycogen degradation.74  
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Figure 11 Mechanism of activation of glycogen phosphorylase. 

1.2.2.2. Removal of branching points by glycogen debranching enzyme 

Following the shortening of the chains by GP, the resulting structure of glycogen bearing 

maltotetraose or maltopentaose stubs undergoes debranching by GDE (Fig. 12). While 

debranching enzymes acting on starch, such as isoamylase and pullulanase, directly cleave 

the α(1,6)-glycosidic bonds, GDE debranches the structure of glycogen with a unique indirect 

two-step mechanism.75 At first, a maltotriose residue resulting from the phosphorolysis is 

cleaved and transferred onto the same (intra-molecular mechanism) or another (inter-

molecular mechanism) glucan chain. Then, the remaining glucose residue linked by a α(1,6)-

glycosidic bond is removed and released as free-glucose. This mechanism is possible for GDE 

dual activity as glucosidase and transferase that are carried out by two distinct active sites.  
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Figure 12 Schematic representation of GDE activity. The hexagons of different colours indicate glucose units 
linked by α(1,4)- or α(1,6)- glycosidic bonds. 

The crystal structure of GDE (Fig. 13) was solved by Zai et al.75 by expressing GDE from Candida 

glabrata (38% sequence identity to the human GDE) in E. coli, and the interactions with 

glycogen were investigated by co-crystallization of the protein with maltopentaose. GDE has 

an elongated structure with four domains. The N-terminal region hosts the active site for the 

glucosidase (GC) activity which is located at the opposite site of the C-terminal region where 

the glycosyltransferase (GT) activity occurs. In addition, two domains (M1 and M2) create an 

intermediate region that widely interacts with both N- and C-termini, and that possesses 

multiple non-catalytic binding sites. 
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Figure 13 Crystal structure of GDE and the arrangement of the domains. Domains M1, M2 and GC, and the GT 
subdomains A, B and C are colour coded. The views are related by a 180° rotation around the vertical axis. The 
red stars indicate the active sites. Bound oligosaccharides are shown in stick representation with their carbon 
atoms in black. Image taken from Zhai et al. 75 

The co-crystallization of GDE with maltopentaose in the GT active site showed that two 

oligosaccharides corresponding to the branch (four glucose residues) and main chain (five 

glucose residues) can be fitted into the pocket, whereas chains longer than five glucose 

residues caused steric clashes. These studies suggested that the donor chain cannot be longer 

than five residues whereas the acceptor chain can be of any size. The substrate specificity 

suggested by the described crystal structure was later supported by the studies of Watanabe 

et al.76 and Ikeda et al.77 Both research groups demonstrated that GDE uses the stubs resulting 

from the phosphorolysis as donor substrates to be transferred onto an unbranched chain 

longer than 5 units. For this reason, GP becomes the rate-limiting enzyme, because without 

the shortening of the chains by this enzyme, GDE cannot act upon long chains. 

Interestingly, the authors showed by TLC analysis that the glycosyltransferase activity of GDE 

with maltopentaose resulted in a series of oligosaccharides from 3 to 7 and more glucose 

residues.75 Based on the activity of GDE, a maltopentaose should be cleaved between the first 

and second glucose residues from the reducing end, thus releasing a maltotetraose that is 

transferred onto another maltopentaose, and a glucose residue. However, no glucose residue 

was observed. Furthermore, a chain with three glucose residues was also found as one of the 
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products. This means that GDE may have transferred free-glucose residues onto another 

chain or to other glucose residues to form a new chain as a DP3. This hypothetical mechanism 

suggests that the single glucose units released from the cleavage of each branching points 

may be “recycled” by GDE to elongate existing chains. This is a role of GDE that would be of 

interest for further investigations. 

1.2.3. Lysosomal degradation of mis-branched glycogen 

An alternative pathway to the cytosolic degradation of glycogen is the lysosomal digestion 

that solely involve the enzyme acid α-glucosidase (AAG) to generate glucose.6 Lysosomes 

degrade material taken up from the inside or outside of the cells via autophagy, which is the 

same way used to take glycogen. Interestingly, glycogen granules were found in these 

organelles in the form of large particles, and it naturally arises the question about its role and 

its location in such unexpected part of the cells. In addition, the importance of this metabolic 

pathway is highlighted by the onset of a congenital disorder known as Pompe’s disease or 

GSD type II when AAG is defected.6,78  

Considering the role of lysosomes in the break-down of malfunctioning proteins or other 

molecules, it was proposed that the glycogen in these organelles is mis-branched.79 This 

means that aberrant glycogen structures are recognised and destroyed by the lysosomes 

before they are accumulated in the cytosol, suggesting a “quality control mechanism”. This 

interesting aspect of the lysosomes role was postulated successively to the findings that HOIL-

1 mutants mouse models accumulate insoluble glycogen structures, known as polyglucosan 

bodies (PB). HOIL-1 is a ubiquitin ligase that ubiquitylates the hydroxyl groups of serine and 

threonine residues of proteins that must be degraded. This protein is a small component of a 

larger complex known as Linear Ubiquitin Chain Assembly Complex (LUBAC) which was found 

to be associated with glycogen. The mechanism proposed and demonstrated by Kelsall et al.80 

consists in the ubiquitylation of poorly branched chains by HOIL-1 at the C6-hydroxyl group 

leading to their recognition by the glycophagy machinery and uptake into lysosomes for their 

hydrolysis (Fig. 14).  
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Figure 14 Hypothetical mechanism of ubiquitylation of mis-branched glycogen by HOIL-1, followed by lysosomal 
degradation. 

Other studies focused on the investigation of Lafora bodies (LB) in Lafora disease (LD) also 

highlighted the role of lysosomes in the digestion of mis-assembled material.81,82 Laforin and 

malin are a protein phosphatase and a ubiquitin-ligase, respectively. They form a complex 

that is associated with glycogen in the first stages of its synthesis, but their role in this process 

is still unclear. Among the two of them, Laforin binds to several glycogen-associated proteins 

and one of them is the starch binding protein 1 (Stbd1), which in turn interacts with an 

autophagy protein (GABARAPL1).83 When there is a mutation in the genes encoding for laforin 

or malin, two consequences are observed: the accumulation of hyperphosphorylated and 

insoluble glycogen in the cytosol, and dysfunctions in the processes of autophagy.79 Being 

laforin a phosphatase, it was proposed that this enzyme dephosphorylates glycogen during 

its synthesis, and that deficiencies in this process lead to the hyperphosphorylation of 

glycogen that precipitate in the cell. These structures cannot be removed from the cytosol 

because laforin activates the mTOR (mammalian Target Of Rapamycin), the master inhibitor 

of autophagy, that might somehow inhibit the recruitment of mis-branched glycogen by Stbd1 

for glycophagy. However, this is a hypothesis that requires further experimental evidence to 

substantiate it. 
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1.3. Glycogen Storage Diseases (GSDs) 

Glycogen metabolism plays a key role in the regulation of blood glucose, and its importance 

is further highlighted by the fact that deficiencies of enzymes involved in glycogen synthesis 

and degradation have consequences in the overall organism. Glycogen Storage Diseases 

(GSDs) are the class of metabolic disorders that impair glycogen metabolic pathways.3 The 

clinical manifestations of GSDs depend on the relative expression and type of defected 

enzyme since glycogen deposits can be found in several organs, such as liver, skeletal muscles, 

heart, and brain. However, fasting and ketotic hypoglycaemia, hepatomegaly, and muscle 

weakness, are the common hallmarks for GSDs. To date, several GSDs are known and 

classified based on the enzyme affected by the genetic mutation as showed in Fig. 15. It is 

important to mention that only a part of the GSDs directly affect the metabolism of glycogen, 

whereas the others affect enzymes that are involved in its regulation or in the glycolysis 

pathways. Nevertheless, the use of glycogen or glucose as energy storage and fuel is hindered 

regardless of the enzyme affected by GSDs.  
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Figure 15 Map of GSDs defected enzymes involved in glycogen synthesis (in green) and degradation (in purple), 
and other related pathways. 

The focus of the following section is on liver GSDs that have a direct impact on glycogen 

metabolism. The information available in literature is reviewed to gain an in-depth knowledge 

on the amino acids affected by the genetic mutations and their consequences on the activity 

of the enzymes and glycogen structure. Among them, GSDI is indirectly related to glycogen 

degradation, and it is the only one selected to study how an indirect mutation in glycogen 

metabolism may affect the structure of glycogen.  

1.3.1. Glycogenin deficiency – GSD type XV 

GSD type XV, known as polyglucosan body myopathy 2 is caused by mutations in the GYG1  

gene that encodes for the isoform glycogenin-1 expressed both in liver and muscles. The first 

case of a patient affected by GSDXV was reported in 2010 by Moslemi et al.,84 and since then 
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30 patients have been identified with this disorder. The amino acids affected by the mutations 

were mainly involved in the stabilization of the non-reducing end of the growing chain 

(Asp102 and Asp163) and in the chain “loop” responsible to accommodate UDP-glucose into 

the active site (Thr83). In both situations, the glycosylating property of GN was inhibited.50   

Considering the crucial role of GN in the de novo synthesis of glycogen, glycogen deposits 

were not expected to be identified in the patients. Surprisingly, the absence of glycogenin-1 

was associated to the storage of glycogen and polyglucosan bodies in the affected patients.84 

The presence of glycogen was assessed by Periodic Acid-Schiff (PAS)-staining of the tissue and 

the results showed an accumulation of abnormal material identified as polyglucosan bodies.46 

However, no structural studies on glycogen were performed to confirm the abnormal chain 

lengths commonly associated with polyglucosan bodies. These findings challenged previous 

studies that indicated the role of GN as the initiator of glycogen synthesis. One of the 

hypotheses is that the second isoform of GN is relocated in the affected tissues,84 but 

evidence in support of that has not been reported. Another hypothesis speculates on the role 

of GS as primer of the glycogen synthesis. In bacteria and starch, there is no evidence of a GN-

like protein and synthases are responsible for the synthesis of the polysaccharide by 

elongation of a short oligosaccharide.85,86 Thus, it is possible that GS in animal species may 

possess the same auto-glycosylating or primer function of GN. Nevertheless, these are only 

speculations that will require further investigations.  

1.3.2. Glycogen synthase deficiency – GSD type 0 

GSD type 0 is caused by deficiency of the hepatic isoform of glycogen synthase (GYS2).7 The 

clinical manifestation of GSD0 is unusual if compared with the other GSDs. It does not show 

hepatomegaly or accumulation of glycogen in liver, and it is rather characterised by ketosis 

with atypical symptoms such as lethargy and nausea, and no storage of the polysaccharide.87 

The lack of glycogen reservoir is consistent with the role that this enzyme plays in glycogen 

synthesis, but the clinical features are not as deleterious as expected to be in absence of such 

an important component. In fact, GSD0 is often incorrectly diagnosed as diabetes type II.88  

GSD0 has a frequency of less than 1% of all GSD cases,89 and there is insufficient information 

to understand the biochemical aspect of this disorders. Several mutations88 have been 

identified in patients bearing GSD0, and the relative consequences on the activity and 

structure of the enzyme are still poorly understood. Based on the crystal structure and on the 
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amino acids substituted by genetic mutations, it is possible to speculate on the consequences 

that GSD0 has on the activity of GS. For instance, the substitution of Arg582 with Lys may 

impair the binding of G6P to GS.88 Other mutations, however, are more challenging to 

understand because they occur in part of the protein not involved in any of the known 

functions described in literature, e. g. the substitution of Thr445 with Arg is found in an 

intermediate region between two subunits and far from the phosphoregulatory unit and 

active site. 

1.3.3. Glycogen branching enzyme deficiency – GSD type IV 

GSD type IV is the genetic mutation that affects the activity of GBE. The first cases were 

reported by Illingworth et al.90 by analysis of liver samples from patients presenting 

hepatomegaly and hyperglycaemia, the common symptoms of GSDs. The hallmark of GSDIV 

was an accumulation of glycogen with an amylopectin-like structure. For this reason, GSDIV 

is also known as amylopectinosis, or adult polyglucosan body disease (APBD) when the onset 

occurs at adult age.62 Considering that abnormal glycogen contains 5-6% of branches as 

amylopectin, it is important to understand at what extent and how the activity of GBE is 

impaired by mapping the mutations in the structure.   

To date, 25 mutations of GBE have been identified and reported in the Human Gene Mutation 

Database1, and most of them is located within or in the surrounding environment of the 

catalytic core. They are classified as “destabilising substitutions” that disrupt the GBE 

structure, thus preventing the interaction with the substrate, or “catalytic substitutions” that 

are more likely to interfere with the binding of the substrate and its catalysis.62  The former 

group includes the most common mutation found in GSDIV patients that is the substitution 

of Tyr329 with a Ser329 which was demonstrated by Froese et al.62 to destabilise the protein 

structure. The structural analysis of glycogen from APBD mouse models bearing Tyr329Ser 

showed two types of soluble and insoluble polysaccharide. The soluble glycogen showed a 

chain length distribution with a peak at DP6, whereas the insoluble glycogen was 

predominantly made of chains between DP16 and DP22 indicating that the branching 

frequency was severely altered.31 These findings suggest that patients with APBD may still be 

able to use glycogen as a source of energy in their first years of life until the large 

 
1 http://www.hgmd.cf.ac.uk/ac/index.php 

http://www.hgmd.cf.ac.uk/ac/index.php
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accumulation of abnormal glycogen creates a steric hindrance that prevents access to the 

metabolic enzyme. This may be the explanation of why the APBD is the adult form of GSDIV.  

The percentage of GBE residual activity remaining in GSDIV was seen to correlate with the 

phenotype; and the activity of GBE is commonly assessed using the enzyme extracted from 

leukocytes.78,91 In absence of GBE activity (0%), the clinical manifestations occur at an early 

stage of life and are lethal for the patient78 With low but detectable activity (0-20%),78 there 

is an onset of a juvenile form, characterised by cardiomyopathy. When GBE shows a partial 

activity (20-50%),78,91 GSDIV is more likely to manifest at adult stage. As a consequence, the 

reduced activity of GBE compared to GS leads to an elevated level of chain elongation 

compared to the branching process.  

The presented findings highlight the importance of GBE in maintaining the branching 

architecture of glycogen to prevent the onset of polyglucosan bodies. Nevertheless, Lafora 

disease (LD) is a neuronal disorder affecting the activity of laforin that also causes the 

accumulation of polyglucosan bodies in the affected organs.92 Laforin is a protein involved in 

the early stage of glycogen synthesis and its role in this process is still unclear. These results 

suggest that the regulation of the branching process may be more complex and involved more 

enzymes than the single GBE.  

1.3.4. Glycogen phosphorylase deficiency – GSD type V/VI 

GP catalyses the rate limiting step in glycogen degradation; mutations affecting its activity 

cause GSD type V (skeletal muscles) or VI (liver), which is characterised by hepatomegaly and 

hypoglycaemia.78 Studies on the effects of GSDVI on glycogen structure and metabolism are 

limited besides clinical case  reports, and only in 2019 the first mouse model with the 

mutation of the liver form of GP was developed to gain knowledge on GSDVI.93 The results 

showed an increased amount of glycogen in the Pygl knockout mouse (ca. 4 mg of glycogen 

per mg of protein) compared to the wild type (<100 µg of glycogen per mg of protein), and 

this accumulation of glycogen correlated with the onset of fibrosis in adult animals. The 

structural analysis of glycogen was not performed, and thus it is not clear whether the 

glycogen stored is normal or resembles the one observed in GSDIV.  

Earlier in this section the importance of GP in the activation of GS through PPP1R3C was 

mentioned. If GP is defected, it is possible that PPP1R3C activates GS and, without the 
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presence of GP, this activation is constant, therefore promoting the accumulation of glycogen 

which cannot be degraded. More investigations are needed to evaluate this hypothesis.  

1.3.5. Glycogen debranching enzyme deficiency – GSD type III 

Glycogen storage disease type III (GSDIII), or Cori Disease, is caused by deficiency of the gene 

encoding for GDE; to date 70 mutations of the enzyme have been identified.78 Most of the 

mutations are in the catalytic site and affect the binding of the substrates drastically 

decreasing the activity of the enzyme. Other mutations might disrupt the correct folding 

and/or stability of GDE, indirectly affecting its activity.75 

The first case of GSDIII was discovered by Illingworth and Cori16 in a liver sample isolated from 

a patient presenting the common GSDs symptoms. The analysis of the structure of glycogen 

by periodate oxidation and methylation analysis revealed short chains with a high degree of 

branching when compared to glycogen isolated from healthy patients. This is the only 

information available on the structure of glycogen from GSDIII, and no engineered mouse 

models have been developed so far to further investigate this disorder at the glycogen 

structural level.  

1.3.6. Glucose 6-phosphatase deficiency - GSD type I 

When glucose 6-phosphate is generated from glycogen, it is converted into glucose by glucose 

6-phosphatase (G6Pase) found as a transmembrane protein in the endoplasmic reticulum 

(ER). G6Pase comprises a catalytic subunit (G6PC) and the transporter subunit for G6P (G6PT) 

that translocate G6P from the cytoplasm to the lumen of the ER for its conversion into 

glucose.94 There are two types of GSDI: GSDIa that affects the G6PC unit of G6Pase causing 

the accumulation of G6P in the ER, and GSDIb that affects the G6PT unit leading to high G6P 

levels in the cytoplasm. In both cases, the inability to produce glucose from either 

glycogenolysis or gluconeogenesis leads to the accumulation of glycogen in the liver. In 

addition, the resulting hypoglycaemia causes an excess of free fatty acids to be released in 

the form of ketones, thus leading to ketosis.78,94 

GSDIa is the most common metabolic disorder among those listed so far. Although GSDIa does 

not directly impair glycogen metabolism, it is not clear whether there is an impact on the 

synthesis and degradation, or structural properties of glycogen. G6P is an allosteric inhibitor 

of GP, and the accumulation of this molecule in the cytosol might inactivate the degradation 



39 
 

of glycogen. With GP inactivated, GS and GBE promote the synthesis of glycogen leading to 

its potential accumulation. Nevertheless, there are several metabolic pathways involved and 

more insight into glycogen metabolism and structure are needed. For this reason, GSDIa was 

selected in the present studies as model to investigate the impact of a genetic mutation not 

directly related to glycogen metabolism on glycogen structure (Fig. 16). 

 

Figure 16 Schematic representation of glycogen metabolism. Glycogen synthesis is illustrated with green arrows, 
and glycogen degradation with purple arrows. The red cross at the top of glucose 6-phosphatase indicates the 
enzyme affected by GSDIa. 
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1.4. About PoLiMeR project  

The PoLiMeR consortium (Polymers in the Liver – Metabolism and Regulation) supports a 

multidisciplinary research project funded by the European Union (EU). The aim of PoLiMeR is 

to shed light on the rare liver-related metabolic disorders that impair the metabolism of 

glycogen and fatty acids. These inherited disorders are known as hepatic Glycogen Storage 

Diseases (GSDs) and mitochondrial Fatty-Acids Oxidation disorders (mFAO). Glycogen and 

fatty acids are large metabolites that are in some metabolic diseases, and there are many 

challenges associated with investigating such complex molecules with a single approach. 

Furthermore, the way that metabolic pathways are activated varies among patients. For this 

reason, PoLiMeR aims at approaching GSDs and mFAO from a systems medicine perspective 

and at training 15 early stage researchers (ESRs) in this field. A system medicine approach is 

based on computational models fed with experimental data and information from patients to 

provide the basis for personalised treatments. With a focus on this methodology, the 15 

research projects are divided into 5 work packages (WPs) to investigate the different aspects 

of the metabolic disorders. The project discussed in this thesis is part of the WP2, which 

consists in the collaboration of 3 ESRs focused on the elucidation of the structure of glycogen 

in GSDs using a combination of experimental and computational data as illustrated in Fig. 17.  

 

Figure 17 Goal of the individual research projects and of the WP2. 
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1.5. Aim of the Project 

The complex branched architecture of glycogen is the result of a balanced synthesis and 

degradation and the alteration of any step of the two pathways results in the onset of GSDs 

and in the accumulation of abnormal glycogen in the affected organs. Despite efforts made 

by the scientific community and the progresses achieved in the past years in our 

understanding of glycogen metabolism,the substrate specificity of the enzymes acting on 

glycogen and the impact that GSDs have on their activity or on the structure of glycogen are 

poorly understood. Furthermore, a common methodology to extract glycogen and determine 

its structural features is missing, making the studies more challenging.  

The goal of this project is to investigate the chain length distribution and degree of branching 

of glycogen from mammalian sources, and to correlate these structural features of glycogen 

with the activity of the branching enzyme. To this end, a simple methodology based on a 

stepwise enzymatic degradation was developed and optimised on commercially available 

glycogen. In addition, a new theoretical model called DP15 was designed and combined with 

the experimental approach to have a better understanding on the branches arrangements 

generated by the branching enzyme.  

Firstly, the products expected from the enzymatic treatments were speculated using the DP15 

model. Secondly, the experimental part consisted of the use of commercial standard glycogen 

(from oyster) to develop the methodology. The chain length distribution and degree of 

branching were investigated by direct debranching of glycogen with Pseudomonas isoamylase 

and pullulanase. The external chains were shortened with two enzymes, glycogen 

phosphorylase and β-amylase, and the resulting chain length distribution assessed with 

analytical techniques. The data collected experimentally were incorporated into the 

theoretical model to study the possible branching pattern of glycogen and activity of GBE. 

Finally, the debranching protocol was applied on glycogen bearing GSDs source to investigate 

the impact of GSDIa on glycogen structure.  
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Chapter 2 – Enzymatic assays and analytical techniques 

employed in the present studies 

The CLD and DB are key structural features of glycogen. The aim of this chapter is to discuss 

the most common analytical techniques employed for the assessment of CLD and DB with a 

focus on those selected in the present studies.   

2.1. Chemical treatments vs. Enzymatic assays 

When glycogen was discovered and studied between the 19th and 20th century,1,95 chemical 

treatments, such as periodate oxidation and methylation of the hydroxyl groups, were the 

first techniques to be employed in the structural analysis of this polysaccharide. These 

approaches predate the development of enzymatic assays.12,26  

The vicinal hydroxyl groups of glucose units within the chain or at the non-reducing end of 

each chain were the target of the chemical reactions. The periodate oxidation converts 

polysaccharides with free vicinal hydroxyl groups into formic acid and polyaldehydes. The 

amount of formic acid titrated is equal to the number of non-reducing ends (Fig. 18) and 

cleavable vicinal diols;96,97 this chemical modification has been implemented over the past 

years and it is now known as Periodic Acid Schiff (PAS) reaction.98 In contrast, the methylation 

method derivatises free hydroxyl groups of glucose units to form methylated compounds, 

such as the 2,3,4,6-tetramethylglucoside (Hakomori reaction), that are hydrolysed with acids 

and acetylated to form volatile compounds for gas-liquid chromatography.99 Despite the 

selectivity of both chemical reactions towards the functional groups of monosaccharides, 

their application requires relatively large amounts of material, tedious and time-consuming 

optimisation steps. In addition, depolymerisation of complex molecules can be a side reaction 

that depends on various factors questioning the reliability of the results.98 
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Figure 18 General principles of periodate oxidation of polysaccharides. (a) double oxidation occurs at the non-
reducing end between C2 and C3, and between C3 and C4 with the release of C3 as formaldehyde (HCOOH); (b) 
in (1,4)-linked residues, the cleavage occurs between C2 and C3. Image taken from Kristiansen et al.97 

Enzymatic methods can overcome the limitations presented by chemical treatments, 

enhancing selectivity and yield of the reaction. As a matter of fact, enzymes can digest 

selected glycosidic linkages100 limiting side-products, thus resulting in a much simpler and 

more precise structural analysis of complex polysaccharides. With starch and glycogen, the 

reducing end of each branch is the target of the enzymatic digestion for the determination of 

the average chain length and the degree of branching.26,101 The quantification of the reducing 

ends can be performed by colorimetric assays, such as bicinchoninic acid (BCA) assay,102 

dinitrosalicylic acid (DNS) assay,103,104 and Nelson-Somogyi (NS) assay105 (see section 2.3 for 

more details). Quantitative assays are commonly coupled with analytical techniques such as 

thin-layer chromatography (TLC), high-performance anion exchange chromatography 

coupled with pulsed amperometric detector (HPAEC-PAD), fluorophore-assisted 

carbohydrates electrophoresis (FACE), and size-exclusion chromatography (SEC), to get 

insigths into the chain length distribution and size of the particles. 

Herein, we decided to investigate the structure of glycogen by enzymatic digestion employing 

debranching enzymes (e. g. isoamylase, pullulanase, oligo α(1,6)-glucosidase and 

amyloglucosidase), amylolytic enzymes (e. g. α- and β-amylase), or phosphorylases (i. e. 

glycogen phosphorylase). The enzymatic digestion was combined with quantitative (BCA 

assay, and HPAEC-PAD) and qualitative techniques (TLC) to measure the degree of branching 

and the degree of polymerisation of glycogen, as schematically represented in Fig. 19.  
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Figure 19 Schematic illustration of the enzymatic digestion of a branched substrate followed by the investigation 
of its degree of branching using the BCA assay, and its chain length distribution and size of the glycogen particles 
by analytical techniques (TLC, HPEAC-PAD and SEC). 

2.1.1. Debranching enzymes  

2.1.1.1. Isoamylase and pullulanase 

Isoamylase (ISA) was isolated for the first time in 1968 by Harada et al.106 using the strain 

Pseudomonas amyloderamosa (SB15), while the three-dimensional structure was determined 

in 1998 from Katsuya et al.107 by X-ray diffraction. Based on the CAZy database, isoamylase is 

part of the glycoside hydrolase (GH) family 13 presenting the active site and the catalytic 

residues Asp375, Glu435 and Asp510 in the N-terminal region of the protein. Pullulanase (Pull) 
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is also part of the GH13 family, and this enzyme was isolated by Bender and Wallenfels in 

1961 in the organism Klebsiella pneumonia.108,109  

Both ISA and Pull are direct debranching enzymes, meaning that they digest endo-α-1,6 

glycosidic bonds of B-chains (chains bearing more than one branch) and A-chains (chains with 

no branches) generating linear oligosaccharides.108,109 Whilst isoamylase only cleaves 

branching points, there are two types of pullulanase known as type I and type II. The former 

is only capable of cleaving α(1,6)- linkages and the latter digests both α(1,4)- and α(1,6)-

glycosidic bonds; the experiments reported in this thesis were performed with pullulanase 

type I from Klebsiella pneumonia.18  

2.1.1.1.1. Substrate specificity of isoamylase and pullulanase 

Kainuma et al.110 and Adbullah and French111 examined the action pattern of ISA and Pull on 

large polysaccharides and short-branched oligosaccharides. Briefly, the substrates were 

incubated for 10 minutes with either ISA or Pull, and the products released within this time 

frame were quantified by the Nelson-Somogyi method. Fig. 20 reports the rate of hydrolysis 

calculated by the authors based on the enzymes preferential substrates; for isoamylase, 100% 

was taken as the initial rate of hydrolysis of amylopectin and, for pullulanase, 100% was the 

initial rate of hydrolysis of pullulan. For complex polysaccharides, such as glycogen and 

amylopectin, the debranching with ISA resulted in a higher initial rate of hydrolysis than the 

digestion with Pull.  

 

Figure 20 Relative rate of hydrolysis of isoamylase and pullulanase towards complex branched polysaccharides 
reported in the table. Figure adapted from Kainuma et al.110 

The digestion of short-branched fragments by ISA and Pull was dictated by the length of the 

main chain and branch, and the distance of the branching point from the reducing end of the 

main chain (Fig. 21). For example, ISA cleaved maltotriosyl branches faster than maltosyl 

branches, and accepted branches placed three units from the reducing end of the chain. 
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Conversely, pullulanase digested branches of two glucose residues located on the third 

glucose residue from the reducing end, e. g. pullulan-like structures. Lastly, glucosyl stubs 

were not released by both enzymes from branched structures containing α(1,6)-glycosidic 

bonds on their reducing ends, such as in isomaltose, isomaltotriose, and isomaltotetraose. 

Following these studies, other authors reported differences in the substrate specificity of 

isoamylase and pullulanase, concluding that the former is as efficient towards complex 

branched structures as the latter is with short-branched polysaccharides.109,112 

 

Figure 21 Schematic representation of the substrate specificity of (a) isoamylase and (b) pullulanase for short-
branched structures investigated by Kainuma et al.110 Blue dots = glucose residues, red dots = glucose residues 
with free reducing-end. 

To confirm the data reported in literature and for a better understanding of the results 

presented in the next chapters, the activity of commercial ISA and Pull was assessed on 

commercially available short-branched oligosaccharides, such as isomaltose, isomaltotriose, 

63-α-glucosyl-maltotriose (G1-G3), and 63-α-maltotriosyl-maltotriose (G3-G3). The products 

were assessed by TLC. Fig. 22 shows that neither ISA or Pull debranched isomaltose, 

isomaltotriose, or G1-G3, namely structures bearing branches of single glucosyl unit. In 

contrast, G3-G3, a pullulan-like structure, was partially digested by ISA and completely 

converted into maltotriose by Pull in the same time frame.  
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Figure 22 Activity of ISA and Pull with short-branched oligosaccharides. At the top, schematic representation of 
the structures of each oligosaccharide: a. isomaltose, b. isomaltotriose, c. 63-α-glucosyl-maltotriose (G1-G3), and 
63-α-maltosyl-maltotriose (G3-G3); blue dots = glucose residues, red dots = glucose residues with free reducing-
end. The standards (2 mg/mL) were incubated with Pull (0.15 U) or ISA (0.15 U) for 24 h at 40 °C. At the bottom, 
TLC analysis of the results; std = standards glucose (G1), maltose (G2), and maltotriose (G3); mobile phase CH3CN: 
EtOAc: iPrOH: H2O (85:20:50:50). The TLC plate was eluted three times before its development with a solution of 
5% H2SO4 in EtOH and heating with a heat gun. 

The action pattern of ISA and Pull examined with the four commercially available showed that 

Pull digests short-branched structures more efficiently than what ISA does in the same units 

and incubation time, and glucose stubs at the non-reducing end of the main chain are not 

substrates for both enzymes. These results    were supported by the findings of Kainuma et 

al.110

2.1.1.2. Oligo α(1,6)-glucosidase and amyloglucosidase 

Oligo α(1,6)-glucosidase (OGL) or isomaltase can be found in the animal kingdom, some 

bacteria species, and fungi,113 and it belongs to the GH13 family. It hydrolyses exo-α(1,6)-

glucosyl stubs from the non-reducing ends of α-limit dextrin and isomaltooligosaccharides to 

generate α-glucose units. Amyloglucosidase (AMG) is also part of the GH13 family, and it is an 

exo-enzyme that breaks down both α(1,4)- and α(1,6)- glycosidic linkages to release α-glucose 

from the non-reducing of a chain (Fig. 23).114 In humans, OGL and AMG takes part in the 
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digestion of starch in the small intestine generating glucose molecules that are transferred in 

the blood system via glucose transporters.114  

 

Figure 23 Schematic representation of the activity of oligo α(1,6)-glucosidase (OGL) and amyloglucosidase 
(AMG). OGL only digests the glucosyl stub, whereas AMG cleaves both α(1,4)- and α(1,6)- glucosidase. Blue dots 
= glucose residues, red dots = glucose residues with free reducing-end. 

In the presented studies, OGL was employed to determine the presence of eventual glucosyl 

stubs generated by stepwise enzymatic digestion of glycogen. In addition, AMG was included 

in an enzymatic cocktail to readily digest glycogen into glucose which will be discussed later 

in this section. To study the activity of OGL, we incubated the enzyme with short-branched 

oligosaccharides in sodium acetate buffer (0.1 M, pH 4.5) for 24 h at 40 °C and the products 

were assessed by TLC. Fig. 24 shows that isomaltooligosaccharides, such as isomaltose and 

isomaltotriose, were converted into glucose, while G1-G3 was split into glucose and 

maltotriose. As expected from the specificity of this enzyme towards glucosyl stubs, the 

incubation of G3-G3 with OGL did not generate any products confirming that OGL operates 

at the non-reducing terminus of α(1,6)-glycosidic linkages.  

 

Figure 24 TLC analysis of the activity of oligo α(1,6)-glucosidase (OGL) with short-branched oligosaccharides. 
Each substrate (2 mg/mL) was incubated with 0.025 U of enzyme in sodium acetate buffer (pH 4.5, 0.1 M) for 24 
h at 40 °C; stds = standards glucose (G1), maltose (G2), and maltotriose (G3). The schematic structures of the 
substrates are illustrated in Fig. 22. 
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2.1.2. Amylolytic Enzymes 

2.1.2.1. α-Amylase  

α-Amylase (AMY) was isolated in 1833,113 and it is part of the GH13 family. As an endo-acting 

enzyme, it catalyses the hydrolysis of α(1,4)-glycosidic bonds in starch and glycogen by 

releasing short-branched structures (α-limit dextrin), maltose (G2), and maltotriose (G3) (Fig. 

25). In these studies, AMY was included in an enzyme cocktail to digest glycogen into glucose. 

 

Figure 25 Schematic representation of the activity of α-amylase (AMY) on linear chains and branched fragments. 
Blue dots = glucose residues, red dots = glucose residues with free reducing-end, A-chain = branch with no 
branching points, B-chain = chain bearing one or more branching point; the red dotted line (---) indicates the 
cleavage point; G2 = maltose, G3 = maltotriose. 

2.1.2.2. β-Amylase 

β-amylase (BMY) was discovered in 1924 by Kuhn and crystallised in 1948 by Balls et al.115 

BMY is an exo-acting enzyme that cleaves maltosyl residues from the non-reducing ends of 

starch, glycogen, or related polysaccharides. The term “beta” does not refer to the 

configuration of the linkage substrate of BMY, and it rather indicates the inversion of the 

anomeric configuration of the maltose residues when they are cleaved;109,116 for its 

mechanism, BMY is part of the GH14 family. Literature reports that when BMY acts on linear 

chains with an odd number of glucose residues (DP7, DP9, etc.), maltose (G2) and maltotriose 

(G3) are released and the ratio G2:G3 depends on the chain length. With branched 

polysaccharides such as glycogen, BMY halts 2 or 3 glucose residues before a branching point, 

since α(1,6)-glycosidic bonds cannot be bypassed by this enzyme. The activity of BMY on 

branched structures generates products with external chains of 3-4 glucose residues that are 

called β-limit dextrin (Fig. 26).109,116  
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Figure 26 Schematic representation of the activity of β-amylase (BMY) on linear chains and branched fragments. 
Blue dots = glucose residues, red dots = glucose residues with free reducing-end, A-chain = branch with no 
branching points, B-chain = chain bearing one or more branching point; G2 = maltose, G3 = maltotriose; the red 
dotted line (---) indicates the cleavage point. 

To evaluate the activity of BMY, linear and short-branched oligosaccharides were digested 

with the enzyme for 24 h, the same incubation time used for the reactions with glycogen 

reported in Chapter 4. The conditions for the enzymatic treatment were those suggested by 

the supplier (Megazyme), namely sodium phosphate buffer (pH 6.0, 0.2 M) at 37 °C. In 

contrast, the units of enzyme were established based on the amount of glycogen employed 

for the reactions presented in the next chapter, and the products were assessed by TLC. Fig. 

27 shows that the linear oligosaccharides with an even number of glucose residues 

(maltotetraose-G4 and maltohexaose-G6) were converted into maltose, while those with an 

odd number of glucose units (maltotriose-G3, maltopentaose-G5, and maltoheptaose-G7) 

were mainly converted into G2, and in a smaller amount into G1 and G3. Considering the 

activity of BMY reported in literature, we believed that this enzyme initially digested odd-

length linear chains into G2 and G3, and due to the prolonged incubation (24 h), the reaction 

proceeded with the split of G3 into G1 and G2. Based on this assumption, the ratio of 

G1:G2:G3 expected and estimated by TLC depends on the chain length of the initial substrate, 

e. g. maltohexaose is initially split into G2 and G3 with a ratio of 2:1, and after 24 h, the 
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products are G1 and G2 in the ratio of 1:3. Looking at the results reported in Fig. 27, the ratio 

G1:G2 for both G5 and G7 is very small as expected by the number of maltose residues in 

these oligosaccharides. Differently, for G3, an equal ratio of G1:G2 was expected, but Fig. 27 

shows that G2 is more abundant than G1. In 1966, Lee and Whelan117 published about the 

complete digestion of maltotriose into maltose and glucose by BMY and the authors did not 

detect any starting material in the products, as instead reported in Fig. 27. In 1984, Kainuma 

et al.118 reported an unusual activity of BMY. The authors found that BMY extracted from the 

plant Stachyurus praecox converted G3 into G2 following a glucose transfer mechanism 

illustrated in Fig. 27: a) G3 is split into G2 and G1, b) G1 is used to convert G3 into G4, c) G4 is 

then digested into two moles of G2. However, the suggested mechanism has not been 

reported for BMY from barley, the source used for the present experiments. Thus, it is not 

possible to confirm that this is the mechanism that led to the unexpected ratio of G1:G2 

generated by G3. 

 

 

Figure 27 On top, enzymatic digestion of oligosaccharides (2 mg/mL) by β-amylase (BMY, 60 U) in potassium 
phosphate buffer (pH 6.0, 0.2 M) at 37 °C for 24 h; mobile phase CH3CN: EtOAc: iPrOH: H2O (85:20:50:50); the 
TLC plate was eluted three times before its development with a solution of 5% H2SO4 in EtOH and heating with a 
heat gun. On the bottom, mechanism of BMY with maltotriose, described from Kainuma K.118 Blue dots = glucose 
residues, red dots = glucose residues with free reducing-end. 
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Finally, the hydrolysis of G3-G3 by BMY resulted in the product G1-G3 suggesting that with 

prolonged treatments odd linear chains can be converted into glucosyl stubs, rather than G3 

as reported in the literature for BMY from sweet potato.119  

2.1.3. Phosphorolytic Enzyme 

2.1.3.1. Glycogen phosphorylase 

Glycogen phosphorylase (GP) is a key enzyme in glycogen degradation that catalyses the 

conversion of unbranched or branched chains into maltotetraose stubs by releasing single 

G1P units from the non-reducing end (Fig. 28).120,121 However, depending on the ratio of G1P 

and inorganic phosphate (Pi), GP can elongate existing chains by addition of G1P to the non-

reducing end.122 In the cytosol of the cells, the addition of glucose from G1P to glycogen by 

GP does not occur due to the ratio of Pi/G1P which was estimated by Brown et al. 122 in 1961 

to be greater than 3.37 at physiological conditions (pH 6.8, 37 °C) (Fig. 29).  

 

Figure 28 Schematic representation of the activity of glycogen phosphorylase (GP). Blue dots = glucose residues, 
red dots = reducing ends, yellow dots = glucose 1-phosphate, G4 = maltotetraose, Pi = inorganic phosphate. 
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Figure 29 Activity of glycogen phosphorylase (GP) based on the ratio of inorganic phosphate (Pi) and glucose 1-
phosphate (G1P) equal to 3.37.122 

In the present studies, we adapted the working conditions reported from Zhai et al.75 to 

promote the phosphorolysis of glycogen, and the products (phosphorylase-limit dextrin) were 

studied to estimate their chain length distribution and arrangement of the branching points 

which will be discussed in the next chapters.  

To favour the top reaction of Fig. 29, the ratio of Pi
 in solution and G1P released from glycogen 

by GP must be higher than 3.37. Considering that the percentage of G1P expected from 

literature is equal to 40%,16 it was estimated that ca. 2 mg (11 μmol) is the quantity of G1P 

released from 5 mg of glycogen (Table 1), and the total amount of PO4
3-  in solution is 100 

μmol. Thus, the ratio of PO4
3-/G1P substantially exceeds 3.37. 

Table 1 Calculations of the amount of glucose 1-phosphate expected and inorganic phosphate required for the 
digestion of glycogen by glycogen phosphorylase (GP). 

Amount of 

glycogen (mg) 

Glucose 1-

phosphate 

expected  

Inorganic 

phosphate (Pi) 

required  

Inorganic 

phosphate (Pi) used 

in the reaction 

Ratio Pi/G1P 

expected in the 

reaction 

5 mg 2 mg, 11.1 μmol 

(0.011 mmol) 

11.1 μmol  

(0.011 mmol) 

100 μmol (0.1 mmol)  >> 3.37 
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To evaluate the activity of GP with the conditions selected, standard linear and branched 

oligosaccharides were digested for 1h and 24 h, and the products assessed by TLC. The TLC in 

Fig. 30 shows that linear chains longer than five glucose residues were mostly converted into 

maltotetraose (G4) and G1P, and in a smaller proportion into maltopentaose (G5) in an hour, 

whereas no activity was observed on G3 and G3-G3 (Fig. 30a and 30b). To further assess the 

digestion of G4 and G5 into short chains during prolonged treatments, these oligosaccharides 

were incubated with GP for 24 h. The TLC in Fig. 30c shows that no chains shorter than G4 

were generated. These results agree with data from literature,123 and they confirmed that the 

conditions selected promote the phosphorolysis of the substrate by GP.  

 

Figure 30 Activity of 10 U of glycogen phosphorylase (GP) with linear and branched oligosaccharides (2 mg/mL) 
in potassium phosphate buffer (pH 6.8, 0.2 M) at 37 °C. a) G3, G5, G6, and G7 were incubated for 1 h; b) the 
branched oligosaccharide G3-G3 was incubated for 1 h and 24 h; c) G4 and G5 were incubated for 24 h. Samples 
were desalted with an anion exchange resin before their application onto the TLC. Mobile phase CH3CN: EtOAc: 
iPrOH: H2O (85:20:50:50). The TLC plate was eluted three times before its development with a solution of 5% 
H2SO4 in EtOH and heating with a heat gun. 

a b c 



 

2.2. Analytical techniques commonly employed to determine the chain length 

distribution 

Glycogen chain length distribution (CLD) is important for understanding the activity of the enzymes 

active in glycogen metabolism. As a matter of fact, it is the target of many investigations for 

determining the impact of metabolic disorders, such as diabetes,30,124 GSDs,16 and Lafora disease 

(LD)92 on glycogen structure. Nevertheless, the analysis of the CLD of polysaccharides can be very 

challenging due to their uncharged nature and lack of functional groups that facilitate their 

detection by spectrophotometric techniques. To overcome these problems, three analytical 

techniques have been developed and optimised over the past years for studies on starch and 

glycogen. These methods are known as fluorophore-assisted carbohydrate electrophoresis (FACE), 

high performance anion exchange chromatography (HPAEC), and size-exclusion chromatography 

(SEC, or also termed GPC, gel-permeation chromatography).  

2.2.1. Fluorophore-Assisted Capillary Electrophoresis (FACE) 

Fluorophore-Assisted Capillary Electrophoresis (FACE) technique consists of the derivatization of 

glycan chains with a charged fluorophore by reductive amination at the reducing end.125 The 

fluorescent tag provides a negative net charge to the chain, which can migrate in an electric field by 

capillary electrophoresis. The most common fluorophores are 8-amino-1,3,6-pyrenetrisulfonic acid 

(APTS) or 8-amino-1,3,6-naphthalene trisulfonic acid (ANTS) that are suitable for laser-induced 

fluorescence (LIF) detection, as used in FACE. 126 Each labelled glycan is detected as a single peak, 

the area of which is directly proportional to the concentration of chains per degree of 

polymerisation. Peak assignment is obtained merely by counting the peak after calibration of the 

instrument with one oligosaccharide with known degree of polymerisation, e. g. maltopentaose 

(DP5) as reference peak and the successive peaks are DP5+1, DP5+2, ..., DP5+n.127 Fig. 31 shows the 

workflow for the analysis of glycogen chain length distribution by FACE.  



 

 

Figure 31 Workflow to determine the chain length distribution of glycogen employing FACE analysis. On the right, the 
mechanism of the reductive amination reaction of the hemiacetal group by primary amine function of 8-amino-1,3,6- 
pyrenetrisulfonic acid (APTS). Image taken from Fermont et al.125 

Despite the relatively simple procedure of FACE, a successful FACE analysis relies on the efficiency 

and specificity of the derivatisation step.128 Therefore, the type and concentration of the 

fluorophore, the screening of the working conditions suitable for the substrate represent crucial 

steps that may sometimes be time-consuming. In addition, instruments for capillary electrophoresis 

are not widely available in every lab limiting the analysis of the samples with FACE.128 

2.2.2. High-Performance Anion Exchange Chromatography coupled with Pulsed 

Amperometric Detection (HPAEC-PAD) 

High-performance anion exchange chromatography coupled with pulsed amperometric detection 

(HPAEC-PAD), developed in the 1980s, overcame the problems related to the derivatisation step 

required for sugars analysis. HPAEC is a sensitive technique that can separate picomole of sugars 

without the additional derivatisation step.129 The principle of the HPAEC is to convert glucan chains, 

that are weak acids (pKa 12-14), into oxyanions under alkaline conditions using NaOH (pH>12).130 

The oxyanions pass through an anion-exchange column made of quaternary ammonium resin 

resistant to high pH, and their elution occurs via displacement method using NaOAc buffer. In this 

way, the retention time of the glucan chains depends on the affinity that they have towards the 

column compared to the acetates; the chain length, the linkage position, and the accessibility of the 

oxyanions to the functional groups of the resin are some of the factors that can influence this 

affinity.130 An example of chromatogram expected from the HPAEC is showed in Fig. 32. The linear 

oligosaccharides of glucose are separated based on the chain length and on the presence of 



 

branching points, i. e. a maltotetraose (G4) is more retained on the column than a branched 

oligosaccharide of the same DP (G1-G3). 

 

Figure 32 Separation of linear oligosaccharides with a chain length between one (glucose, G1) and seven glucose residues 
(maltoheptaose, G7). The chromatogram is overlayed with the one collected for the branched oligosaccharide 63-α-
glucosyl-maltotriose (indicated with G1-G3; structure illustrated in Fig. 6). Both chromatograms were obtained with a 
CarboPac PA1 column (2x250 mm) using a flow rate of 0.250 mL/min and the following gradient: 0-2’ of 150 mM NaOH 
(100%), 2’-55’ of 600 mM NaOAc buffer (0-100%), and 55’-60’ of 150 mM NaOH (100%). 

The detect©on of each glucan chain occurs by pulsed amperometric detector (PAD) based on three 

potentials and on a gold electrode;129 the word “pulsed” refers to the waveform generated by the 

three different potentials used for the detection. The initial increase of the potential is required to 

oxidise the sugar at its reducing end and convert it into gluconic acid. When the material has been 

detected, the drop in the potential promotes the inactivation and the cleaning of the electrode from 

any material left. To reactivate the electrode, the potential returns to the initial value. The signal 

obtained by the oxidation of the sugar is proportional to the concentration of the glucan chain. 

However, some papers127,131,132 claimed that HPAEC is a semiquantitative technique because the 

detector (PAD) gives a different response for chains of different length, resulting in peak area not 

proportional to the CLD.  

2.2.3. Size-Exclusion Chromatography (SEC) 

Size-Exclusion Chromatography (SEC) is a chromatographic technique that separates the glucan 

chains based on their molecular weight and the hydrodynamic volume occupied inside the 

column.133 SEC uses differential refractive index (DRI) instead of a fluorescence or pulsed 

amperometric detector as in FACE and HPAEC, respectively. When the samples are eluted from the 

largest to the smallest, the DRI measures their refractive index and compare it to a reference cell 

containing only solvent. With this type of detection, the signal is not directly proportional to the 



 

concentration of each glucan chain (Nde(X)), but it is rather a representation of the weight (W) 

distribution defined as Wde(X). In addition, SEC separation suffers of band broadening resulting in a 

lack of baseline resolution as instead obtained with FACE and HPAEC.  

Considering the benefits and drawbacks of each technique mentioned above, we decided to 

combine the TLC analysis of the samples with the HPAEC and SEC (GPC) separation for a better 

investigation of glycogen structures.  

2.3. Quantification of glucan chains reducing ends to determine the degree of 

branching  

When a branched polysaccharide is digested with an isoamylase-type debranching enzyme, the 

products are linear chains with a free reducing end that can participate in redox reactions. The DB 

is then calculated by the ratio between the number of α(1,6)-, namely branching points, and α(1,4)-

glycosidic linkages that characterise glycogen of a certain species. Most of the reducing end methods 

are based on colorimetric assays, such as the bicinchoninic acid (BCA) assay,102 dinitrosalicylic acid 

(DNS) assay,103,104 and Nelson-Somogyi (NS) assay.105  

2.3.1. Bicinchoninic Acid (BCA) assay 

The BCA assay is a colorimetric method for the quantification of carbohydrates having reducing end 

moieties. In alkaline solution, the reducing sugar reduces cupric (Cu2+) to cuprous ion (Cu+), which 

forms a purple complex with the bicinchoninic acid. The total concentration of reducing ends is 

extrapolated from a standard calibration curve against the absorbance intensity of the Cu+-BCA 

complex at 560 nm (Fig. 33).102,134,135 The preparation of the sample involves the mixture of an 

alkaline solution with a copper reagent which solution is added to the sample in 1:1 proportion. This 

assay shows accurate data when applied to mixture of oligosaccharides with different degree of 

polymerisation. However, the BCA assay can also be used for the quantification of proteins.136 

Therefore, the application of this assay to samples containing a mixture of sugars and proteins does 

not provide an accurate response.  



 

 

Figure 33 Principle of BCA assay. Reaction a: in alkaline conditions, the reducing end of glucose (in red) is exposed to the 
oxidisation into gluconic acid while Cu2+ is reduced to Cu+; reaction b: Cu+ reacts with two molecules of bicinchoninic acid 
disodium salt to form a purple complex that absorbs at 540 nm. 

In our studies, we selected the BCA assay to quantify the branching points in glycogen samples. 

Before its application, we evaluated the limits of detection for the lowest and highest 

concentrations of sugars that the BCA assay can detect (Fig. 34). We found that the linear range is 

within 0.5 and 10 μg/mL. 

 

Figure 34 Calibration curve of the BCA assay performed with glucose in triplicates. 
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2.3.1.1. Quantification of glycogen in a sample based on reducing-end assay 

The quantification of glycogen in a sample can be performed with the phenol-sulfuric acid (PSA) 

assay or a commercially available kit. The PSA assay is specific towards sugars and is based on the 

chemical cleavage of the glycosidic bonds in strong acid conditions followed by reaction of the 

aldehyde groups with phenol (Fig. 35).137,138 As result, an orange complex absorbing at 450 nm is 

formed. The PSA assay has a simple protocol, and it consists of the addition of 95% H2SO4 and 5% 

phenol to the sample followed by 5 mins at 95 °C.139,140 However, the use of harmful and toxic 

reagents combined with the difficulties to pipette viscous solutions such as concentrated sulfuric 

acid challenge the reproducibility of this assay. In the commercially available kit, glycogen samples 

are converted into glucose by enzymatic digestion with amyloglucosidase. Then, glucose takes part 

in a redox reaction to generate a product that reacts with a coloured probe. In both cases, the 

digestion of glycogen cannot be followed to confirm the completion of the reaction, and the 

methods are either harmful (PSA assay) or expensive (glycogen kit assays). Therefore, we developed 

a method to quantify the amount of glycogen in a sample using an enzymatic cocktail of three 

enzymes followed by quantification of glucose with the BCA assay.  

 

Figure 35 Reaction of the phenol-sulfuric acid (PSA) assay as reported by Zhang et al.138 

The enzyme cocktail consists of two endo-acting enzymes, ISA and AMY, and an exo-acting enzyme 

AMG. While ISA and AMY cleave endo-α(1,6)- and endo-α(1,4)- glycosidic bonds to release linear 

chains and small-branched structures, AMG breaks the products into glucose. In the literature, it is 

reported that the combination of AMG and AMY can digest starch at a much faster rate than single 

enzymes. Thus, we decided to use both enzymes for the digestion of glycogen.114 We used 500 μg 



 

of glycogen and assessed the completion of the reaction by TLC. We estimated ca. 500 μg of glucose 

from the conversion of glycogen considering a negligible amount of protein complexed with the 

polysaccharide. The quantification of glucose was performed with the BCA assay and the results 

compared with those obtained by PSA method. Fig. 36 shows that  that the application of the BCA 

for the measurement of glucose is subjected to less variability within replicates compared to the 

PSA assay. Based on these results, we decided to use the enzymatic cocktail for the quantification 

of glucose when needed. 

 

Figure 36 Quantification of the amount of glucose in a glycogen sample using bicinchoninic acid (BCA) assay and phenol-
sulfuric acid (PSA) assay. The grey column indicates the expected amount of glucose (ca. 500 μg) from a glycogen sample, 
the orange and blue column represents the results obtained by BCA assay and PSA assay, respectively. The error bars 
are from three different experiments. 

2.3.2. Dinitrosalicylic acid (DNS) and Nelson-Somogyi (NS) assay 

The DNS assay was developed by Sumner in 1921 and modified by Miller in 1951.141 It is a rapid test 

that consists in the addition of the DNS reagent to the sample in a 1:1 proportion followed by a 

boiling step for 5 mins before analysis by spectrophotometry. The chemistry of the DNS method is 

relatively simple because it utilises the reducing power of the free reducing end of each glucan chain 

to reduce the 3,5-dinitrosalycilic acid to 3-amino-5-nitrosalicylic acid, which absorbs at 540 nm. 

Similarly, the NS method, developed in 1954, uses the reducing end of the chain to reduce Cu2+ into 

Cu+ which further reduces the arseno-molybdate complex resulting in a blue dye that absorbs at 

500 nm.105 Despite the simple and rapid protocols of both methods, they suffer from several 

limitations.  In the presence of glucose concentrations lower than 0.1 or 1 mM, the assays lack 

accuracy. In addition, the response per reducing group is dependent on the length of the 

oligosaccharide,103 hence, they are not ideal assays for quantitative determination of the reducing 

ends in a mixture of different oligosaccharides as in the present studies.  
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Chapter 3 – DP15 model 

In this chapter, a theoretical model called DP15 is presented. The purpose of the DP15 was to create 

hypothetical branched structures to help understanding about the position of the branching points 

in glycogen, based on its experimental chain length distribution (Fig. 37).  

Initially, the rationale used to build up the model is discussed, along with the combinations of the 

branches created. Then, the resulting structures are subjected to the theoretical digestion using the 

enzymes mentioned in the previous section. Although the substrate specificity of the enzymes was 

assayed experimentally, the digestion of the DP15 models was based solely on the information 

reported in literature. Finally, the theoretical products were exploited to predict the chain length 

distribution expected from each enzymatic digestion, and the results will be compared with data 

obtained experimentally from commercial or mammalian glycogen sources, as presented in Chapter 

4.   

 

Figure 37 Schematic representation of the rationale used to create the theoretical models (DP15) and chain length 
distribution (on the left), and comparison of the results with the experimental data (on the right) to understand the 
position of the branching points in the structure of glycogen.  



 

3.1. Branching mechanism used to build up the DP15 models 

The library of theoretical branched structures was created by branching a substrate of 15 glucose 

residues (DP15) using the intramolecular transfer described in Chapter 1. Fig. 38 shows that the 

linear chain of DP15 bears the reducing end on the right and the non-reducing end on the left (Fig. 

38a). The chain is split into two fragments called X1 and X2 (Fig. 38b), and X1 is transferred onto every 

glucose residue of the remaining chain X2 to form each branched combination (Fig. 38c). As result, 

the transfer of X1 onto X2 generated over 100 branched structures (Fig. 38d) that are illustrated in 

Appendix 1. The number of combinations for each X1 and X2 in Appendix 1 depends on the number 

of glucose residues in X2. An example of a branched structure formed following this method is 

reported in Fig. 39 using DP6 as X1 and DP9 as X2. As result, 9 positions and combinations are 

generated.  

 

Figure 38 Theoretical branching process used to build up the DP15 model. A linear chain of 15 glucose residues is split 
into two chains X1 (green circles) and X2 (white circles). To create the possible branching arrangements, X1 is transferred 
onto X2 occupying every glucose residue of this chain. The red cursor represents the theoretical cleavage site to form the 
two chains. NRE = non reducing end; RE = reducing end indicated with a crossed circle. 
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Figure 39 Example of the branching arrangements created with a chain of DP6 (X1) and DP9 (X2) starting from DP15. (a) 
The first step is the cleavage of the chain (red arrow) between the ninth and the tenth glucose residue from the reducing 
end. (b) The second step is the split of the chain into DP6 and DP9, and (c) the final step is the transferred of the DP6 
onto DP9 to form 9 combinations. The red cursor represents the theoretical cleavage site to form the two chains. NRE = 
non reducing end; RE = reducing end indicated with the crossed circle. 

3.1.1. Selection of the branched models based on the substrate specificity of glycogen 

branching enzyme 

Froese et al.62 stated that “GBE cleaves every 8–14 glucose residues of a glucan chain, an α-1,4-

linked segment of more than six glucose units from the non-reducing end”. Although no reference 

to literature was mentioned by the authors, the substrate specificity of GBE reported by Froese et 

al.62 was used to rule out some of the branched models in Appendix 1.  

According to the specificity of GBE, X1 must be equal or longer than DP6 while X2 is equal to the 

length of the initial chain minus X1. Therefore, the compounds that must be discarded are those 

bearing X1 shorter than 6 glucose units (Fig. 40). As result, the combinations are reduced to 45, and 

the branched compounds are those generated by X1 between DP6 and DP14, and X2 between DP9 

and DP1.  

a 

b 

c 



 

 

Figure 40 The combinations of X1 with X2 selected according to the substrate specificity of GBE reported by Froese et al.62 
The combinations discarded are those in the red rows, while those selected are in the blank rows.  

3.2. Theoretical chain length distribution using the branched DP15 models 

The selected combinations illustrated in Fig. 40 were used to investigate the theoretical CLD that 

could potentially be generated by a glycogen bearing the proposed combinations. To this end, each 

branched structure was digested in silico into linear chains following the substrate specificities of 

the debranching enzymes ISA and Pull. The most extensive work on the characteristics of ISA and 

Pull was carried out by Kainuma et al.110 (1978) as already discussed in Chapter 2. According to the 

enzymes’ specificities, structures bearing glucose stubs or branches placed on the reducing end 

must be discarded because they are not substrates of ISA and Pull. Among other substrates 

evaluated by Kainuma et al.,110 the short-branched structures with the branch on the second glucose 

residue from the reducing end were digested by Pull but not by ISA. However, these structures were 

not discarded as both enzymes were included in the model. Fig. 41 illustrates an example of the 

branched structures discarded from the models generated by the combination of DP6 with DP9, and 

DP7 with DP8. 



 

 

Figure 41 Branched structures selected to investigate the chain length distribution generated by their debranching; the 
structures crossed in red are those discarded according to the substrate specificity of ISA and Pull. The reducing end is 
illustrated with crossed circle. 

Following the method depicted in Fig. 42, the chain length distribution was modelled according to 

the specificity of ISA and Pull. Each glycan reported in Appendix 1 was counted only once, and an 

absolute value of one was assigned to every chain released from every model. For example, Fig. 42 

shows two combinations of DP6 and DP9: in model A, DP6 is placed on the fifth glucose residue of 

DP9, while in model B, DP9 is branched on the fourth glucose residue. From both models A and B, 

two chains of DP6 and two chains of DP9 are released after debranching treatment. Then, the 

absolute numbers of chains per degree of polymerisation were placed in an Excel file and plotted in 

a chart.  



 

 

Figure 42 Method developed to create a theoretical chain length distribution of glycogen from the DP15 models reported 
in Appendix 1. The reducing end is illustrated with a crossed circle. 

By application of the method in Fig. 42, it is possible to predict the chain length distribution as 

showed in Fig. 43. In the calculated data, the chains between DP6 and DP9 are more abundant than 

shorter or longer DPs; any DP1 or DP14 is obtained because the only possible combination of these 

two DPs is not a suitable substrate of ISA and Pull.  

 

Figure 43 Hypothetical chain length distribution obtained with the models reported in Appendix 1. 

In the literature, the structure of glycogen is characterised by a peak depending on the source, and 

short chains (< DP10) are always more abundant than long ones (>DP10).142 In Fig. 44, the glycogen 

chain length distribution from three different animals was investigated experimentally by Matsui et 

al.142 using HPAEC analysis. A group of short chains between DP2 and DP5 was detected, and the 

concentration of each DP within this range depended on the source. In our model, short chains 
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between DP2 and DP5 are only obtained when X1 is equal or longer than DP10 suggesting that the 

short chains observed experimentally might represent the remaining stubs, namely X2, left after the 

cleavage of X1 by GBE.  

 

Figure 44 Chain length distribution of glycogen from oyster, mussel, and slipper limpets. Image adapted from Matsui et 
al.142 

The experimental data of Matsui et al.142 show a peak at DP6, and the abundance of branches longer 

than six glucose residues decreases by increasing the DP. Differently, no major peak is obtained in 

the theoretical model of Fig. 43. An explanation for the observed discrepancy between the in vitro 

and in silico data might be due to the preference of GBE to select one chain more frequently than 

others. As a result, the preferred DP becomes the most abundant and predominant peak in the chain 

length distribution of glycogen. In our model, the selection of DP6 as preferential chain (X1) would 

lead to a chain length distribution with only two chains, DP6 and DP9, as illustrated in Fig. 45. In our 

opinion, it is possible that the large abundance of DP6 may be the result of the cleavage of this chain 

length from substrates shorter and longer than DP15. However, this mechanism would imply a more 

complex model than DP15, which scope goes beyond the aim of this chapter.  



 

 

 

Figure 45 Theoretical models created by the combination of (a) DP6 onto DP9 and (b) DP9 onto DP6. A hypothetical 
debranching treatment was performed for each structure and the theoretical chain length distribution (c) was 
calculated following the method explained in Fig. 38. 
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3.3. Digestion of the DP15 models with β-amylase and glycogen phosphorylase 

The theoretical model presented in the previous section showed discrepancies with the 

experimental data reported in literature. However, the branched structures obtained with the DP15 

model can help understanding the branching arrangement in glycogen by comparison of the chain 

length distribution of glycogen β- or phosphorylase- limit dextrin from in vitro and in silico models. 

To this purpose, the digestion of the glycans with BMY and GP leads to products that differ from 

each other based on the position of the branching point on X2. Therefore, the analysis of β- and 

phosphorylase- limit dextrin can provide a better understanding of the branching arrangements 

within glycogen structure. In the literature, BMY and GP are described as enzymes that act upon 

unbranched chains releasing maltose (DP2) and glucose 1-phosphate (G1P), respectively, and their 

activity is halted by branching points. While BMY produces maltose or maltotriose stubs depending 

on even or odd substrates, GP creates maltotriose residues regardless of the number of glucose 

residues in the chain. As result, β-limit dextrins are be populated by DP2 and DP3 whereas 

phosphorylase-limit dextrins by DP4. Bearing in mind that the structure of glycogen is branched, 

chains longer than DP2/DP3 or DP4 are indicative of chains that contained α(1,6)-glycosidic bonds 

that prevented their further digestion by BMY or GP.  

To investigate the theoretical CLD of in silico β- and phosphorylase- limit dextrins, the branched 

glycans illustrated in Fig. 46 were treated with BMY and GP followed by treatment with the 

debranching enzymes. The combinations of DP6 and DP9 illustrated in Fig. 46 were the only models 

selected for these enzymatic treatments to understand the CLD expected from a structure bearing 

a peak chain length of DP6 as occurs in oyster glycogen. The method applied to calculate the CLD 

was the same reported in Fig. 38.  

When X1 and X2 are either DP6 or DP9, the major peaks in the β-limit dextrins are DP2 and DP3, 

whereas DP4 is the major one in phosphorylase-limit dextrins (Fig. 46b and c). For phosphorylase-

limit dextrins, the amount of DP4 observed in silico in Fig. 46b is higher than that in Fig. 46c because 

the number of DP4 counted for each model is equivalent to the number of positions that X1 occupies 

onto X2. As a matter of fact, the number of combinations of DP6 onto DP9 is bigger than the opposite 

arrangement. It is interesting to note that in both β- and phosphorylase-limit dextrins, the length of 

the chains longer than DP2 and DP3, and DP4 depends on the position of the branching point, and 

this information could be exploited to understand the branching arrangement in experimental data. 
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Figure 46 β-amylolysis and phosphorolysis of the branched models created by the combination of (a) DP6 onto DP9 and 
(c) DP9 onto DP6. A hypothetical debranching treatment was performed on each limit dextrin resulted from the 
enzymatic digestion, and the theoretical chain length distribution (b-d) was calculated following the method explained 
in Fig. 38. 

The analysis of the proposed theoretical models using mainly DP6 and DP9 as X1 and X2 provided 

insights into the CLD that can be generated from structures bearing a peak at DP6 as oyster 

glycogen. The few experimental data published about glycogen β- and phosphorylase-limit dextrins 

(Bertoft and Makela, 2007)5 shows the presence of chain lengths both observed in Fig. 46b and 46d. 

For instance, DP4, DP6 and DP8 are not found in the models of Fig. 46a but they are generated by 

structures in Fig. 46b suggesting that both combinations can be part of the glycogen structure. 

However, these are theoretical studies that require further validation with experimental data. 
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In Chapter 4, the theoretical models obtained according to the substrate specificity of GBE stated 

by Froese et al.62 were used to interpret the experimental chain length distribution determined in 

the present study. In the case that the models proposed will not be sufficient to provide support to 

the experimental data, further branched structures will be suggested and described in the 

discussion section. For instance, the theoretical chain length distribution reported for the limit 

dextrin is the result of the single combination generated by DP6 and DP9. If the selected 

combinations are not somehow relevant to interpret the results, more models will be included using 

chains shorter or longer than the DPs chosen.  

 

 

 

  



 

Chapter 4 – Stepwise enzymatic digestion of glycogen and 

combination of the results with theoretical models 

In this chapter, the methodology developed to investigate DB, the position of the branching points, 

and the CLD of glycogen is discussed. Initially, the conditions for the reactions with ISA and Pull 

(Section 4.1) are investigated to achieve a stepwise debranching of glycogen. Then, the enzymatic 

debranching procedure is applied to β- and phosphorylase- limit dextrins (Section 4.2 and 4.3) to 

study the impact of β-amylolysis and phosphorolysis on the chain length distribution of glycogen. 

Finally, the results obtained from the debranching of glycogen and limit dextrins are compared with 

the theoretical model to evaluate on the branching arrangement that populates the outer most 

layers of glycogen and to gain more insights into the activity of GBE (Section 4.4). 

4.1. Enzymatic debranching of glycogen by isoamylase and pullulanase 

4.1.1. Digestion of glycogen with isoamylase 

4.1.1.1. Assessment of the debranching conditions 

Commercially available oyster glycogen was the substrate of choice for the enzymatic debranching 

with Pseudomonas isoamylase (ISA). The working conditions employed by Harada et al.108 were 

followed to achieve exhaustive release of chains from glycogen in 24 h, as illustrated in Fig. 47 from 

their studies.  

 

Figure 47 Image adapted from Harada et al.143 Debranching of 10 mg/mL of oyster glycogen in 0.05 M acetate buffer at 
pH 3.5 with 0.0027 mg () and 0.027 mg  () of isoamylase, or with 2.9 mg ()and 29 mg () of pullulanase at pH 5.0. 



 

Briefly, the authors expressed and purified ISA from E. coli and used 0.027 mg (ca. 1600 U)143 of the 

purified enzyme to debranch the polysaccharide in 24 h. The degree of branching, measured by the 

Nelson-Somogyi assay, was ca. 10%, namely 0.092 g of reducing termini released for 1 g of substrate, 

and the completion of the reaction was assessed by SEC separation using a Sephadex G75 column. 

In the present studies, commercial ISA extracted from Pseudomonas was selected. Thus, the units 

of enzyme were calculated based on the specific activity of ISA reported by the supplier and the 

amount of substrate employed for this experiment.  

Initially, oyster glycogen was incubated with three different units of ISA (0.15 U, 0.06 U, and 0.006 

U) for 1 h to determine the most promising amount of enzyme for a stepwise debranching as the 

one reported in Fig. 48. It was estimated that ca. 12 mg of glycogen is made by ca. 12 mg (70 µmol) 

of glucose molecules linked by α(1,4)-glycosidic bonds and ca. 10% (7 µmol) by α(1,6)-glycosidic 

bonds. Based on the units of enzyme employed and the incubation time (Table 2), 0.006 U was 

expected to be the most promising amount of enzyme compared to the other two which were 

supposed to complete the debranching in one or two hours. Nevertheless, the analysis of the results 

by TLC showed that 0.006 U of ISA debranched glycogen so slowly that the products, mainly chains 

longer than 6 glucose residues (DP6), were barely detected by TLC (Fig. 48a). In contrast, 0.06 U and 

0.15 U of ISA (Fig. 48b and 48c) digested a greater quantity of products as observed by the gradual 

darkening of the TLC spots over an hour. Among those units of enzyme, 0.15 U of ISA were selected 

to assess the debranching of glycogen over 24 h.  

Table 2 Estimated time required to debranch oyster glycogen by Ps. isoamylase (ISA) per units of enzyme employed; 1 

U =  1 µmole of D-glucose reducing sugar per min. 

Enzyme Ps. isoamylase (ISA) 

Units of enzyme used 0.15 U 0.06 U 0.006 U 

Amount of time 

required to digest ca. 

7 μmol of reducing 

ends 

< 1 h ca. 2 h ca. 20 h 

 



 

 

Figure 48 Qualitative analysis of the chains released from oyster glycogen (10 mg/mL) per time point (0’, 5’, 10’, 15’, 20’, 
45’, 1 h) using (a) 0.006, (b) 0.06, and (c) 0.15 U of ISA; the standards are indicated with G2 (maltose), G6 (maltohexaose), 
and G7 (maltoheptaose), and the TLC plate was developed three times in the solvent mixture CH3CN: EtOAc: H2O: iPrOH 
(85:20:50:50) before staining with 5% H2SO4 in EtOH.  

  

a b c 



 

4.1.1.2. BCA assay and HPAEC analysis of the products released from glycogen using the 

selected debranching conditions 

The TLC analysis of each time point up to 24 h (Fig. 49a) shows the presence of linear 

oligosaccharides mostly longer than DP6, as observed by the comparison with the standard 

maltohexaose (G6). However, it was noticed that the differences in the staining intensity were 

evident until 1 h, and that products larger than DP10 deposited at the bottom line of the TLC plate 

(dark dots). To have a better understanding of the debranching progress over 24 h, the material 

released per time point was quantified by BCA assay. Furthermore, the HPAEC was performed to 

analyse the chain length distribution of oyster glycogen at completion of the debranching. 

The plot of the number of chains as reducing ends released per time point (Fig. 49b) resulted in a 

progress curve that follows the same trend reported by Harada et al.108 (Fig. 47). In the first hour, 

ca. 3.5 µmol of chains were released by ISA, which value is equal to half of the total amount of 

branches calculated (ca. 7 µmol) per quantity of substrate employed. After an hour, ISA activity 

decreased and the enzyme slowly debranched the remaining glycogen in the following 23 h. To 

confirm that the debranching of oyster glycogen with ISA achieved completion in 24 h, the sample 

collected at 24 h was treated with an excess of enzyme (15 U) and incubated for one hour before 

quantification by BCA assay. The results in Fig. 49c confirmed that the debranching of glycogen was 

complete because the reducing power of the solution did not change.  

 

Figure 49 Debranching of oyster glycogen (10 mg/mL) by ISA (0.15 U) in sodium acetate buffer (pH 3.5, 0.05 M) at 40 °C. 
The progress of the reaction was followed by TLC (a) and the material released per time point was quantified by BCA 
assay (b); the standards are indicated with G2 (maltose), G6 (maltohexaose), and G7 (maltoheptaose), and the TLC plate 
was developed three times in the solvent mixture CH3CN: EtOAc: H2O: IPA (85:20:50:50) before staining with 5% H2SO4 
in EtOH. To confirm that the branching with ISA was completed in 24 h, 15 U of enzyme was added to the sample and 
any increase was recorded by BCA assay (c). Error bars are from triplicates of three different experiments.  

Following the quantification of the products released by ISA, the sample collected at completion of 

the debranching (24 h) was analysed by HPAEC (Fig. 50a and 50b). The chain length distribution of 



 

glycogen is characterised by a small percentage of short chains (DP2-DP5) and a peak at DP6; a 

decreasing concentration per DP is observed for chains longer than DP7. These results support the 

TLC analysis reported in Fig. 50a, and the distribution of chains longer than DP6 is consistent with 

those reported in literature.5,17 In contrast, the proportion of short chains between DP2-DP5 differed 

from that available in literature. For instance, Fig. 50b shows that DP2 and DP4 are in lower 

concentration than DP3 and DP5, whereas Matsui et al.3 found that chains from DP2 to DP5 shared 

the same abundance. Small discrepancies among glycogen of the same species may be attributed 

to the metabolic turnover that this molecule is subjected to, e. g. feeding and fasting state, or 

seasonal variations.28,144,145  

 

 

Figure 50 Chain length distribution of oyster glycogen digested with ISA (0.15 U) in sodium acetate buffer (0.1 M, pH 4.5) 
in 24 h at 40 °C. At the top (a), the chromatogram collected with raw data; the number at the top of the peaks indicate 
the degree of polymerisation. The chromatogram was obtained with a CarboPac PA1 (2x250 mm) column using a flow 
rate of 0.250 mL/min and the following gradient: 0-2 min of 150 mM NaOH (100%), 2-120 min of 600 mM NaOAc buffer 
(0-100%), 120-135 min of 150 mM NaOH (100%). At the bottom (b), the μmol of chains per each degree of polymerization 
was calculated using the area (nC x min) of 0.5 μmol glucose standard. Chains from 2 to 7 glucose residues were 
confirmed with the standards. Error bars are from triplicates of three different experiments. 

Looking at the raw data reported in Fig. 50a, small humps were detected between two identified 

peaks. It was hypothesised that glycogen has short-branched structures, e. g. single glucose 
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residues, that ISA cannot debranch (see Chapter 2.1.1.1 for substrate specificity). These products 

remain in solution as components of the debranched mixture and have different retention time than 

the linear oligosaccharides of the same DP, e. g. maltotetraose is eluted later than 63-α-glucosyl-

maltotriose (Fig. 32). To prove that the intermediate peaks are chains with glucose branches, the 

mixture of ISA-debranched was digested products with oligo α(1,6)-glucosidase (OGL) that 

selectively debranches glucosyl chains. To perform this experiment, a one-pot reaction was 

prepared in sodium acetate buffer (pH 4.5, 0.1 M). The selected working conditions were slightly 

more basic than those used in the previous section (sodium acetate buffer pH 3.5, 0.05 M) for the 

treatment with ISA because OGL has its maximum activity at pH 4.5 as reported by the supplier 

(Megazyme). In addition, the use of a pH suitable for both enzymes eliminated additional steps 

required to adjust the pH. Considering the activity of OGL, it was expected to have an increase in 

the amount of glucose accompanied by a decrease in the intensity of some intermediate peaks. The 

separation of the products by TLC and HPAEC (Fig. 51) showed a different outcome with neither 

glucose detected or loss of peaks intensities.            

 

Figure 51 Digestion of glycogen with oligo α(1,6)-glucosidase (OGL) in sodium acetate buffer (0.1 M, pH 4.5) in 24 h at 
40 °C. Comparison of the chain lengths distribution of oyster glycogen before (in black) and after (in blue) addition of 
the enzyme. The number at the top of the peaks indicate the degree of polymerisation. Both chromatograms were 
obtained with a CarboPac PA1 (2x250 mm) column using a flow rate of 0.250 mL/min and the following gradient: 0-2 
min of 150 mM NaOH (100%), 2-120 min of 600 mM NaOAc buffer (0-100%), 120-135 min of 150 mM NaOH (100%). The 
insert represents the TLC analysis of the enzymatic digestion. 



 

4.1.1.3. GPC analysis of the mixture of debranched oligosaccharides 

To further investigate the intermediate peaks, we employed gel-permeation chromatography (GPC) 

to separate the components of the debranched mixture. Differences in the hydrodynamic volume 

in linear and branched oligosaccharides can be exploited to separate and characterise these 

products by SEC,146 as also explained in Chapter 2.2.3. Therefore, the mixture of oligosaccharides 

collected after 24 h of debranching underwent GPC analysis (Fig. 52).  

 

Figure 52 Comparison of the GPC chromatograms of 10 mg of glycogen debranched with 0.15 U of isoamylase in sodium 
acetate buffer (pH 4.5, 0.1 M; in orange) with the standards (G1 to G7, in blue) and glycogen (in green). The separation 
was performed with a TSK 40S column (22 mm ID x90 cm) with a flow rate of 0.2 mL/min using MQ water as eluent; the 
fractions were collected with 7 mL per tube from 150 mins to 650 mins.  

The GPC chromatogram of the ISA-hydrolysed products partially overlays the one obtained from 

glycogen suggesting that a small amount of the starting material was still in solution after 24 h 

debranching. This hypothesis, however, contradicted the quantitative results reported earlier in Fig. 

49. Therefore, the fractions corresponding to the overlay and collected between 270 and 300 

minutes were analysed by TLC along with the others, and further investigated by HPAEC (Fig. 53a 

and 53b). In Fig. 53a, the products eluted from fraction number 6 onwards have a degree of 

polymerisation between 1 and 11 glucose residues, and the solutions did not display any precipitate. 

Differently, fractions 1 to 5 mainly contain material that cannot be separated by TLC and deposit at 

the bottom line of the TLC with a dark dot at the centre of the spot. In addition, the vials containing 

those fractions had a white precipitate. Due to the challenges related to the analysis of the 

precipitate, the supernatants of fractions 1 to 5 were analysed by HPAEC. The results in Fig. 53b 

show that the samples are characterized by a range of oligosaccharides between DP20 and DP37. 

Considering that long linear oligosaccharides can form aggregates, as double helixes, it was 

hypothesised that the products released by ISA partially precipitated in water due to the formation 

of complexes, and only some of the chains remained in solution. This hypothesis was supported by 

the findings of Akai et al.143 The authors reported that when rabbit liver glycogen was incubated 

with ISA, a precipitate was observed after 24 h hydrolysis because of the aggregation of long glucan 

chains released.   



 

The GPC analysis aimed at providing more insights into the intermediate peaks observed by HPAEC 

in Fig. 51. Nevertheless, the separation of the chains achieved by GPC was not efficient enough to 

have a small number of products per fraction to selectively analyse the unidentified peaks between 

DP2 and DP11. 

 

 

Figure 53 Separation of the products by GPC and analysis of the fractions by TLC and HPAEC. (a) At the top, TLCs of all 
the fractions collected by GPC; the standards are in the first line of each TLC and are named G1 (glucose) to G6 
(maltohexaose). (b) At the bottom, analysis of the fractions 1-5 by HPAEC. The chromatograms were obtained with a 
CarboPac PA1 (2x250 mm) column using a flow rate of 0.250 mL/min and the following gradient: 0-2 min of 150 mM 
NaOH (100%), 2-120 min of 600 mM NaOAc buffer (0-100%), 120-135 min of 150 mM NaOH (100%). Each colour 
corresponds to the fraction indicated in the insert. 
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4.1.2. Digestion of glycogen with pullulanase 

Pull is more efficient than ISA in digesting short-branched structures such as pullulan, a 

polysaccharide made of maltotriose units connected by α(1,6)-glycosidic bonds. The digestion of 

glycogen with Pull can be helpful to target the distribution of short chains rather than long branches, 

as ISA does, and to characterise the intermediate peaks observed in Fig. 51. To carry out the 

debranching of glycogen with Pull and ISA, the working conditions suitable for both enzymes 

(sodium acetate buffer pH 4.5, 0.1 M) and the same number of units (0.15 U) were selected, and 

the reactions were performed simultaneously using 500 µg of glycogen. For this experiment, the 

end point of the reaction at 24 h was the only one analysed by TLC, HPAEC and BCA assay.  

The TLC analysis reported in Fig. 54a shows that the products released  by ISA or Pull are qualitatively 

the same, namely chains longer than DP6 with a low abundance of short chains (DP2-DP5). However, 

it was noticed a difference between the staining intensity of the material released by ISA and that 

by Pull. Therefore, the BCA assay was performed to quantify the chains released by both enzymes 

(Fig. 54b). Considering the amount of glycogen employed (500 µg equal to 2.8 µmol of glucose), ca. 

0.3 µmol of chains were expected to be digested by ISA, and a lower value than ca. 0.3 µmol by Pull 

as glycogen is not its preferential substrate. Indeed, the results collected by BCA assay showed that 

Pull cleaved only ca. 0.1 µmol of chains compared to the expected 0.3 µmol that were released by 

ISA (Fig. 54b).  

 

Figure 54 (a) TLC separation of the branches released from oyster glycogen (10 mg/mL) by ISA (0.15 U) and Pull (0.15 U) 
in sodium acetate buffer (0.1 M, pH 4.5) in 24 h at 40 °C. Each sample was applied 3x0.5 µL; std = standards, OG = oyster 
glycogen, and standards are from glucose (G1) to maltohexaose (G6). Mobile phase CH3CN: EtOAc: iPrOH: H2O 
(85:20:50:50). The TLC plate was eluted three times before its development with a solution of 5% H2SO4 in EtOH and 
heating with a heat gun. (b) BCA quantification of the branches released from oyster glycogen (10 mg/mL) by ISA (0.15 
U) and Pull (0.15 U); error bars indicate standard deviation from three individual experiments. 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

µ
m

o
l o

f 
ch

ai
n

s 
re

le
as

ed
 a

s 
re

d
u

ci
n

g 
en

d
s

a b 



 

The chain length distribution of glycogen obtained with Pull was then analysed and compared to 

that obtained by ISA digestion (Fig. 55a and 55b). The analysis of the samples by HPAEC confirmed 

the chain length distribution estimated by TLC for short chains (DP2-DP11) and provided a more 

detailed profile for long chains between DP12 and DP37. The minor peaks detected between the 

identified DPs overlay those observed in the sample digested with ISA, and yet, they remained 

unidentified. When glycogen is incubated with either ISA or Pull, the peak of the distribution curve 

is at DP6, the abundance of longer chains (>DP6) decreases by increasing DP, and  DP3 and DP5 are 

more abundant than DP2 and DP4. The HPAEC analysis also showed two different profiles of the 

debranching activity for Pull and ISA. Whilst the former enzyme cleaved preferentially short chains 

between DP2 and DP5, the latter enzyme mainly digested chains longer than DP6 in the same 

incubation time (24h). The results reported in Fig. 55 are consistent with those observed by Rani et 

al.10 and Matsui et al.11  



 

 

 

Figure 55 Chain length distribution of oyster glycogen digested with ISA (0.15 U) and Pull (0.15 U) in sodium acetate 
buffer (0.1 M, pH 4.5) in 24 h at 40 °C. At the top (a), the raw data of both chain length distribution for ISA in black, and 
Pull in dark red; the chromatograms were obtained with a CarboPac PA1 (2x250 mm) column using a flow rate of 0.250 
mL/min and the following gradient: 0-2 min of 150 mM NaOH (100%), 2-120 min of 600 mM NaOAc buffer (0-100%), 
120-135 min of 150 mM NaOH (100%). At the bottom (b), the quantitative data per degree of polymerization; the μmol 
of chains per each degree of polymerisation was calculated using the area (nC x min) of 0.5 μmol glucose standard in 5 
µL sample. Chains from 2 to 7 glucose residues were confirmed with the standards. Error bars are from triplicates of 
three different experiments. 
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4.1.2.1. GPC analysis of products debranched by pullulanase from glycogen 

The results obtained from the BCA assay (Fig. 54b) suggested that the sample collected after 24 h 

debranching with Pull still contain branched material. To further investigate the material left from 

the digestion of glycogen with Pull, the sample collected at the end of the reaction was analysed by 

GPC separation (Fig. 56) and by TLC analysis (Fig. 57).  

The GPC chromatogram (Fig. 56) shows two major peaks between 240 and 360 minutes, and only 

the largest partially overlays that of glycogen; small peaks between 390 and 540 minutes correspond 

to short oligosaccharides as indicated by the comparison with the standards. In the analysis of the 

ISA-digest by GPC, a partial overlay of the chromatogram with that of glycogen was also observed 

and attributed to aggregates of long chains that precipitated in water. In contrast, the material 

collected between 240 and 300 minutes, and corresponding to the largest peak, did not contain a 

precipitate. Therefore, the largest peak in Fig. 56 is more likely to represent glycogen not digested 

by Pull. To validate this hypothesis, the fractions collected from the GPC analysis were analysed by 

TLC and, only those containing large material, by HPAEC.  

 

Figure 56 Comparison of the GPC chromatograms of 10 mg of glycogen debranched with 0.15 U of Pull in sodium acetate 
buffer (pH 4.5, 0.1 M; in orange) with the standards (G1 to G7, in blue) and glycogen (in green). The separation was 
performed with a TSK40S column with a flow rate of 0.2 mL/min using MQ water as eluent; the fractions were collected 
with 7 mL per tube from 150 mins to 650 mins. 

The TLC analysis of each fraction (Fig. 57a) showed material deposited at the baseline of the plate 

in the fractions 1 to 5, as also observed in the TLC analysis of the ISA digest reported in Fig. 53a. The 

HPAEC analysis (Fig. 57b) revealed only a small percentage of long chains (>DP10) for fractions 1 to 

4 confirming that the material deposited at the baseline of the TLC was more likely to be glycogen 

not digested by Pull. Differently, the fraction 5 corresponding to the smallest peak of the GPC 

chromatogram contained chains mainly longer than DP15. However, the precipitation of material 



 

was not observed for this sample probably because the concentration of chains was not high enough 

to form a visual precipitate.  

 

 

Figure 57 (a) At the top, the TLC analysis of the fractions collected by GPC after digestion of 10 mg of glycogen with 0.15 
U of pullulanase. The standards are in the first line of each TLC and are named G1 (glucose) to G6 (maltohexaose). Mobile 
phase CH3CN: EtOAc: IPA: H2O (85:20:50:50). The TLC plate was eluted three times before its development with a solution 
of 5% H2SO4 in EtOH and heating with a heat gun. (b) At the bottom, the raw HPAEC data of the fractions 1 to 5. The 
chromatograms were obtained with a CarboPac PA1 (2x250 mm) column using a flow rate of 0.250 mL/min and the 
following gradient: 0-2 min of 150 mM NaOH (100%), 2-120 min of 600 mM NaOAc buffer (0-100%), 120-135 min of 150 
mM NaOH (100%).
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4.2. Digestion of the external chains with β-amylase 

4.2.1. Exhaustive digestion of glycogen with β-amylase  

Oyster glycogen was incubated with BMY to generate β-limit dextrins (BLD) and maltose using the 

working conditions suggested by the enzyme supplier, as described in Chapter 2.1.2.2. The progress 

of the β-amylolysis was monitored by TLC (Fig. 58a) and, at completion of the reaction, the limit 

dextrins were separated from maltose by EtOH precipitation. To establish the concentration of EtOH 

required to achieve an efficient separation of the β-amylolysis products, four different percentages 

(25%, 45%, 50%, and 75%) of organic solvent in water were assessed (Fig. 58b) using glycogen and 

maltose as standard mixture. It was observed that 50% EtOH efficiently separated the standards, 

whereas the others only led to a partial precipitation of glycogen or to the contamination of the 

precipitate with maltose. Thus, BLD were separated from maltose by using 50% of cold EtOH (Fig. 

58c), and then incubated with the debranching enzymes as described in the following sections.  

 

Figure 58 Digestion of glycogen (OG, 10 mg/mL) with BMY (60 U) in phosphate buffer (pH 6.0, 0.2 M) at 37 °C for 24 h 
and EtOH separation of the products. (a) The β-amylolysis was monitored by TLC every 24 h until no more maltose was 
observed; (b) four concentrations of EtOH were assessed to selectively precipitate glycogen from maltose: 600, 200, 165, 
and 68 μL of 100% cold EtOH were added to 200 μL of the mixture of glycogen (10 mg/mL) and maltose (2 mg/mL) in 
phosphate buffer (pH 6.0, 0.2 M) to achieve 75, 50, 45, and 25% of EtOH concentration, respectively; P = precipitate, SN 
= supernatant. (c) TLC of BLD and maltose after precipitation of the former with 50% cold EtOH. Mobile phase CH3CN: 
EtOAc: iPrOH: H2O (85:20:50:50). The TLC plates were eluted three times before their development with a solution of 5% 
H2SO4 in EtOH and heating with a heat gun. 

  



 

4.2.2. Quantification of maltose and β-limit dextrins  

In the literature, it is reported that the β-amylolysis rate, namely the percentage of maltose 

released, is between 38% and 42%, and it is commonly measured by reducing end assays using 

maltose as standard for the calibration curve.17,28 Here, the quantification of the maltose was 

performed by BCA assay (Fig. 59). The results show that ca. 40% (4 mg/mL) of glycogen was 

converted into the disaccharide, a value in agreement with the expected range.  

 

Figure 59 Quantification of maltose released from glycogen by BMY. The column on the left indicates the expected 
concentration of maltose, whereas the column on the right represents the data collected by BCA assay. 

BLDs were digested by the enzyme cocktail described in Chapter 2.3.1.1, and the quantity of glucose 

formed was quantified by BCA assay (Fig. 60). The results show that ca. 60% (6 mg/mL) of BLD 

remained after digestion of glycogen with BMY, and the comparison of this value with that obtained 

from the β-amylolysis rate confirmed that glycogen was completely converted into the products.  

 

Figure 60 Quantification of BLD by BCA assay and comparison of the results with the quantity of maltose released. The 
quantity of glycogen is represented by the blue column, whereas that of BLD () and maltose are illustrated with a plain 
green and dotted green column (), respectively. 
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4.2.3. Investigation of the chain length distribution of the β-limit dextrin  

BLD were incubated with ISA or Pull, and the CLD was investigated by TLC and HPAEC. The TLC 

analysis (Fig. 61a, insert) shows that DP2 and DP3 were in greater abundance than longer chains 

(>DP4). The HPAEC analysis confirmed that DP2 and DP3 were the most predominant chain lengths 

regardless of the debranching enzyme used (Fig. 61a and 61b). In Fig. 61a, the raw data show the 

presence of small unidentified (intermediate) peaks between those assigned to specific DPs. 

Moreover, the mixture of oligosaccharides resulting from ISA digestion shows more intermediate 

peaks detected between DP3 and DP15 than those observed in the sample collected after Pull 

digestion of BLD. Nevertheless, these peaks were not identified. The amount of DP2 calculated by 

integrating the peak area of the raw data was ca. 1.6 μmol for Pull and ca. 1.2 μmol for ISA, a 

difference caused by the higher efficiency of the former enzyme towards maltosyl residues than the 

latter one. In addition, a small peak shoulder between DP13 and DP20 in the CLD obtained was 

observed for ISA and not for Pull that might be caused by the selectivity of the former enzyme 

towards long chains compared to the latter.  

  



 

 

 

Figure 61 Chain length distribution of BLD digested with ISA (0.15 U) and Pull (0.15 U) in sodium acetate buffer (0.1 M, 
pH 4.5) in 24 h at 40 °C. At the top (a), the raw data of both chain length distribution for ISA in black and Pull in dark red; 
the chromatograms were obtained with a CarboPac PA1 (2x250 mm) column using a flow rate of 0.250 mL/min and the 
following gradient: 0-2 min of 150 mM NaOH (100%), 2-120 min of 600 mM NaOAc buffer (0-100%), 120-135 min of 150 
mM NaOH (100%). The insert illustrates the TLC analysis of the chain length distribution; mobile phase CH3CN: EtOAc: 
iPrOH: H2O (85:20:50:50), and the TLC plate was eluted three times before its development with a solution of 5% H2SO4 
in EtOH and heating with a heat gun. At the bottom (b), the quantitative data per degree of polymerization; the μmol of 
chains per each degree of polymerisation was calculated using the area (nC x min) of 0.5 μmol glucose standard in 5 µL 
sample. Chains from 2 to 7 glucose residues were confirmed with the standards. Error bars are from triplicates of three 
different experiments. 

In Chapter 2.1.2.2, it was demonstrated that odd linear chains are converted into glucose and 

maltose by BMY, and glucosyl stubs cannot be digested by ISA or Pull. If this is the case, the presence 

of glucose could be detected in BLD, and the amount  expected would be possibly equal to the 

concentration of odd unbranched chains in the structure, namely DP5, DP7, DP9, etc. For instance, 

if it is assumed that ca. 5.3 µmol (in 50 µL) of DP7 in oyster glycogen is unbranched, β-amylolysis 
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would generate 5.3 µmol of glucose, a quantity that can be easily detected by TLC as showed in 

previous analysis. Thus, the presence of glucosyl branches is assessed by digestion of BLD with OGL; 

glycogen was also subjected to hydrolysis with OGL as negative control. The results in Fig. 62 show 

only a dark spot at the baseline of the plate related to BLD, and no traces of glucose in neither 

glycogen nor BLD.   

 

Figure 62 TLC analysis of the digestion of oyster glycogen (OG) and BLD with oligo α(1,6)-glucosidase (OGL) for 24 h 
(sodium acetate buffer pH 4.5, 0.1 M). Mobile phase CH3CN: EtOAc: iPrOH: H2O (85:20:50:50); the TLC plate was eluted 
three times before its development with a solution of 5% H2SO4 in EtOH and heating with a heat gun; stds = standards, 
G1 = glucose, G2 = maltose, G3 = maltotriose.  

4.2.4. Quantification of the branches released from β-limit dextrin 

The debranching of oyster glycogen by Pull resulted in a partial hydrolysis of the branches in the 

polysaccharide. To evaluate that the same activity occurred for BLD, the quantity of chains released 

was quantified by BCA assay (Fig. 63). Pull digested ca. 0.9 mg/mL of chains from BLD compared to 

the 0.1 µmol of chains released from glycogen suggesting that this enzyme was more effective in 

the cleavage of branches in BLD than it was in glycogen. In contrast, no significant differences were 

noticed between the debranching of glycogen and BLD by ISA.   

 

Figure 63 Quantification of the reducing ends released from BLD by ISA and Pull. The measurement was performed by 
BCA assay, and the standard deviations are from three different triplicates. 
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4.3. Digestion of glycogen with glycogen phosphorylase 

4.3.1. Exhaustive digestion of glycogen with glycogen phosphorylase 

Phosphorylase-limit dextrins (PLD) were generated following the same procedure used for BLD. 

Briefly, oyster glycogen was exhaustively digested with glycogen phosphorylase using the working 

conditions reported in Chapter 2.1.3.1, and the reaction was monitored by TLC (Fig. 64a). The same 

percentages of EtOH tested to separate maltose from BLD (Fig. 58) were also used for the 

precipitation of a standard mixture of glycogen and G1P (Fig. 64b), and with 50% cold EtOH 

providing the most efficient separation (Fig. 64c). Then, the CLD of PLD was investigated by 

debranching treatment with ISA or Pull, while G1P was quantified as described below.  

 

Figure 64 Digestion of glycogen (10 mg/mL) with glycogen phosphorylase (10 U) in phosphate buffer (pH 6.8, 0.2 M) at 
37 °C for 24 h. (a) The phosphorolysis was monitored by TLC every 24 h until no more G1P was observed; (b-c) G1P was 
separated from PLD by EtOH precipitation, and the concentration of organic solvent was established on a mixture 
glycogen (10 mg/mL) and G1P (2 mg/mL); the four concentrations of EtOH evaluated are 75, 50, 45, and 25% which were 
obtained by addition of 600, 200, 165, and 68 μL of 100% cold EtOH to 200 μL of the mixture of in phosphate buffer (pH 
6.8, 0.2 M); P = precipitate, SN = supernatant. Mobile phase CH3CN: EtOAc: iPrOH: H2O (85:20:50:50). The TLC plate was 
eluted three times before its development with a solution of 5% H2SO4 in EtOH and heating with a heat gun.  

4.3.2. Quantification of glucose 1-phosphate and phosphorylase-limit dextrin  

The quantification of G1P is commonly performed with colorimetric assays based on the conversion 

of G1P into G6P by phosphoglucomutase.75,147 Then, G6P participates in a redox reaction that leads 

to the reduction of a colourless probe into a coloured product that absorbs in the UV-Vis range (Fig. 

65a). This method is highly selective towards G1P, but the costs of the commercially available kit or 

the purchase of its single components may not be widely accessible. For this reason, an alternative 

method was developed to quantify G1P based on the dephosphorylation of the sugar with alkaline 

phosphatase (ALP) (Fig. 65b). The reaction was monitored by TLC, and the BCA assay was used to 

quantify the glucose released.  



 

 

 

Figure 65 (a) Quantification of G1P reported in literature75,147 vs (b) dephosphorylation of G1P by alkaline phosphatase. 

Literature reports that 30-40%12 of glycogen is converted into G1P by the phosphorolysis, meaning 

that 3-4 mg/mL of G1P are expected to be released from 10 mg/mL of glycogen used in these 

experiments. Here, ca. 3.3 mg/mL (33%) of G1P were measured after digestion of glycogen by GP, 

which value is within the range expected (Fig. 66a). The complete conversion of glycogen into PLD 

and G1P was confirmed by digestion of PLD into glucose using the enzymatic cocktail. The results 

(Fig. 66b) show that ca. 6.4 mg/mL is the amount of PLD measured by BCA assay, and the 

comparison of this value with that of G1P confirms that the starting material was completely 

converted into the products.  

 

Figure 66 Quantification of the products released from glycogen by phosphorolysis. In the graph at the top (a), the 
concentrations of G1P expected (--) and experimentally measured (--). In the graph at the bottom (b), the concentration 
of glycogen (in blue) is compared to the concentration of PLD (in orange) and G1P (--). The experimental data were 
collected from three individual experiments and quantified by BCA assay. 
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4.3.3. Investigation of the chain-length distribution in phosphorylase-limit dextrin  

The estimation of the CLD by TLC (Fig. 67, insert) shows that the structure of PLD is predominantly 

made of chains longer than DP4 with a low abundance of DP2 and DP3. The raw data of the HPAE 

analysis support these results and show intermediate unidentified peaks between those assigned 

to each DP, regardless of the debranching enzyme used (Fig. 67). 

 

 

Figure 67 Chain length distribution of PLD digested with ISA (0.15 U) and Pull (0.15 U) in sodium acetate buffer (0.1 M, 
pH 4.5) in 24 h at 40 °C. At the top (a) the raw data of both chain length distribution for ISA in black, and Pull in dark red; 
the chromatograms were obtained with a CarboPac PA1 (2x250 mm) column using a flow rate of 0.250 mL/min and the 
following gradient: 0-2 min of 150 mM NaOH (100%), 2-120 min of 600 mM NaOAc buffer (0-100%), 120-135 min of 150 
mM NaOH (100%). The insert illustrates the TLC analysis of the chain length distribution; mobile phase CH3CN: EtOAc: 
iPrOH: H2O (85:20:50:50), and the TLC plate was eluted three times before its development with a solution of 5% H2SO4 
in EtOH and heating with a heat gun. At the bottom (b), the quantitative data per degree of polymerization; the μmol of 
chains per each degree of polymerisation was calculated using the area (nC x min) of 0.5 μmol glucose standard in 5 µL 
sample. Chains from 2 to 7 glucose residues were confirmed with the standards. Error bars are from triplicates of three 
different experiments. 
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The peak of the CLD at DP4 is the result of the activity of GP on branches bearing an even number 

of glucose residues as explained in Chapter 2.1.3.1. Differently, DP2 and DP3 are not products of the 

phosphorolysis but rather chain lengths part of the glycogen structure. If this is the case, the amount 

of DP2 and DP3 of PLD must be the same of that measured in oyster glycogen. The comparison of 

the quantitative data collected by HPAE analysis in glycogen and PLD does not show an increase in 

the amount of DP2 and DP3 after phosphorolysis (Fig. 68).  

 

Figure 68 Comparison of the amount of DP2 and DP3 released from OG and PLD by ISA. The quantitative data of OG are 
those measured by HPAEC analysis and reported in Fig. 50. 

In Chapter 2.1.3.1, it was demonstrated that GP can easily convert DP5 into DP4 during prolonged 

incubation time (24 h), meaning that DP5 must not be detected in PLD after completion of 

phosphorolysis. However, the results (Fig. 67) show that DP5 is one of the peaks in the CLD, and that 

its amount (ca. 0.2 μmol) corresponds to the one measured in glycogen. These findings suggest that 

DP5 may contain a branching point that prevents its digestion into DP4, and the potential location 

of the α(1,6)-glycosidic bond will be investigated in the next section.  

The CLD collected for PLD showed that Pull and ISA followed the same debranching trend with no 

significant difference in the amount of branches released per DP. To assess the debranching rate of 

both enzymes towards PLD, the amount of chains released was quantified by BCA assay and the 

collected date are reported in Fig. 69. The results show that PLD were largely debranched by ISA but 

to a slightly lesser extent by Pull. It is possible that the length of the external chains, mainly with 

DP4, were not as suitable for Pull activity as they were for ISA.   
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Figure 69 Quantification of the reducing ends released from PLD by ISA and Pull. The measurement was performed by 
BCA assay, and the standard deviations are from three different triplicates. 

4.4. Discussion  

4.4.1. The digestion of glycogen with pullulanase and isoamylase provides insights into the 

distribution of short and long chains 

4.4.1.1. Pullulanase is more efficient towards limit dextrin than on glycogen 

In our results, glycogen was debranched more efficiently by ISA than by Pull, and the activity of Pull 

increased in BLD and PLD. We hypothesised that either the distance between branching points or 

the length of the chains limit the activity of Pull on glycogen. If the distance between branching 

points was the problem, the number of reducing ends released by Pull from BLD and PLD would be 

the same of that measured for glycogen, but the results show a different situation. Thus, we thought 

that the efficiency of Pull on BLD and PLD is higher than on glycogen for the large number of short-

branched oligosaccharides in their structures. When the chains in the external layers are exposed 

to the activity of BMY and GP, they become more accessible to Pull: the shorter the branches are in 

branched polysaccharides, the more efficient Pull is in debranching the structure. Indeed, the 

reducing ends cleaved from BLD by Pull are more than those digested from PLD because the external 

layer of the former dextrin has a high number of DP2-DP3, a length shorter than that found in the 

latter dextrin. These results also provide an explanation for the scarce debranching activity of Pull 

towards glycogen.  

4.4.1.2. The outer layers of glycogen are populated by branched structures more accessible to 

pullulanase than to isoamylase 

In studies published in the early 1970s,108,143 the incomplete degradation of glycogen by Pull was 

attributed to its activity as exo-acting enzyme resulting in the inability to penetrate the interior 

layers of the polysaccharide. In contrast, ISA was classified as an endo-acting enzyme, and thus 
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capable of digesting complex branched structures such as glycogen and amylopectin. In 1978, the 

substrate specificity of Pull and ISA was elucidated by Kainuma et al.110 reporting that this enzyme 

was highly efficient towards short-branched structures. Considering these studies and the 

experimental data reported in earlier sections of this chapter, we hypothesise that Pull is more 

efficient towards the external layers of glycogen for the presence of a large number of short-

branched structures. When the enzyme reaches the internal layers bearing longer branches than 

those found in the outer tiers, the activity is reduced. When glycogen is subjected to β-amylolysis 

and phosphorolysis, the amount of short-branched structures increases and also the debranching 

efficiency of Pull. For these reasons, the debranching of glycogen or its limit dextrins by Pull must 

be performed when information on short chains and branching points situated in the external layers 

are needed, whereas ISA is more suitable to investigate the overall structural features of glycogen 

or its limit dextrins. Further information on the arrangements of the branches digested by Pull in 

the outer most layers of glycogen will be speculated in the following sections.  

4.4.2. Potential branching arrangements in the outer layers of glycogen 

Literature focuses more on the applications and structural analysis of amylopectin BLD due to their 

wide industrial applications than on glycogen BLD. Similarly, PLDs are more used as substrates to 

assess the activity of BMY119 and GDE,75,148 rather than for structural studies. For this reason, we 

found particularly challenging to search information on the structural analysis of glycogen BLD and 

PLD to validate our data, and, to the best of our knowledge, we found one paper published about 

BLD and PLD that is discussed below.  

In the proceedings from a starch congress published by Bertoft and Mäkelä in 2007 (Fig. 70),5 the 

CLD of BLD and PLD of glycogen from oyster were examined. Following an overnight digestion of 

glycogen with BMY or GP (the exact incubation time of the treatment was not specified), both limit 

dextrins were debranched with ISA and/or Pull, and the CLD analysed by HPAEC. The debranching 

of BLD from oyster glycogen resulted in a large amount of DP2 and DP3, and longer chains than DP3 

had a decreasing concentration per DP. For PLD, the authors reported a major peak at DP4 and a 

minor one at DP6. Lastly, the authors showed that the β-amylolysis and phosphorolysis rate was 

48% and 32%, respectively.  



 

 

Figure 70 Chain length distribution of oyster glycogen, and the related β- and phosphorylase (φ)-limit dextrins. Image 
taken from Bertoft and Mäkelä. 5 

Here, our findings are consistent with those reported by the authors except for a small discrepancy 

in the percentage of maltose and G1P released. However, we have already mentioned that small 

discrepancies may occur among glycogen of the same species due to variations in the time of 

extraction and feeding state.  

In the discussion section of the results reported by Bertoft and Makela,5 DP2 and DP3 were 

identified as the products of the activity of BMY towards even and odd unbranched chains, 

respectively. In contrast, in the present studies, we demonstrated that odd-length branches are 

converted into DP1 by β-amylolysis, but glucose residues were not detected in BLD. Therefore, we 

hypothesise that DP3 is the product of branches with an odd number of glucose residues bearing a 

branching point.  

4.4.2.1. DP3 is generated by odd-length branches bearing a branching point on the second or 

third glucose residue 

In section 4.2.3, we observed that BLD do not have glucose stubs and we suggested earlier that DP3 

is the product of the β-amylolysis conversion of only branched chains. To investigate the potential 

structures that could generate DP3 after BMY digestion, we used the DP15 models. The theoretical 

branched structures were digested following the substrate specificity of BMY resulting from 

experimental data and reported in Chapter 2.1.2.2. By screening the Appendix 2 containing the 

whole set of DP15 models, the structures bearing a branching point on the third glucose residue 

from the non-reducing end are the only ones that could generate DP3 after BMY digestion. Fig. 71 

shows an example of one of these structures. 



 

 

Figure 71 Illustration of a branched structure with DP6 and DP9 that can generate DP3 after digestion with BMY. 

4.4.2.2. The minimum distance between two branching points is of two or three glucose 

residues  

To support the hypothesis that DP3 in the CLD of BLD comes from the arrangement proposed in the 

previous paragraph, we must demonstrate that: 

(I) glycogen has not odd unbranched chains, or if so, they are in a negligible amount 

(II) the distance of two glucose residues between branching points is the only possible branching 

arrangement that β-amylolysis can convert into DP3 

Firstly, in Chapter 2.1.2.2, we discussed the activity of BMY, and DP2 is the β-amylolysis product of 

branches with an even number of glucose residues. Therefore, the amount of DP2 measured in BLD 

is equal to the quantity of even unbranched chains exposed to the surface of glycogen. The 

phosphorolysis shortens odd and even unbranched chains to DP4, and the position of the branching 

point on the reducing end represents the unique possibility to form DP4 by the activity of GP on a 

branched chain. However, structures containing a branching point on the reducing end were 

discarded from the DP15 model because they are not substrates of the activity of ISA and Pull. 

Therefore, the amount of DP4 that we measured in PLD is the sum of even and odd unbranched 

chains that populated glycogen before its phosphorolysis. If we consider that the CLD of BLD and 

PLD were obtained from the same glycogen source and in the same working conditions, we can 

estimate the amount of odd linear chains by subtracting the amount of DP2 from that of DP4 as 

follows:  

𝐷𝑃2 = 𝑒𝑣𝑒𝑛 𝑢𝑛𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑑 𝑐ℎ𝑎𝑖𝑛𝑠 =  1.5 μmol ±  0.008   

𝐷𝑃3 = 𝑜𝑑𝑑 𝑢𝑛𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑑 𝑐ℎ𝑎𝑖𝑛𝑠 + 𝑜𝑑𝑑 𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑑 𝑐ℎ𝑎𝑖𝑛𝑠 = 1.5 μmol ±  0.0004  

𝐷𝑃4 = 𝑒𝑣𝑒𝑛 𝑢𝑛𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑑 𝑐ℎ𝑎𝑖𝑛𝑠 + 𝑜𝑑𝑑 𝑢𝑛𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑑 𝑐ℎ𝑎𝑖𝑛𝑠 = 1.14 μmol ±  0.40  

𝐷𝑃4 = 𝐷𝑃2 + 𝑜𝑑𝑑 𝑢𝑛𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑑 𝑐ℎ𝑎𝑖𝑛𝑠 

𝑜𝑑𝑑 𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑑 𝑐ℎ𝑎𝑖𝑛𝑠 = (𝐷𝑃4𝑃𝐿𝐷 −  𝐷𝑃4𝐺𝑙𝑦𝑐𝑜𝑔𝑒𝑛) − (𝐷𝑃2𝐵𝐿𝐷 −  𝐷𝑃2𝐺𝑙𝑦𝑐𝑜𝑔𝑒𝑛) 

= (1.14 μmol ±  0.40 −  0.2 μmol ±  0.04) − (1.5 μmol ±  0.008 −  0.2 μmol ±  0.04) =  

= (1.14 μmol ±  0.40 − 1.5 μmol ±  0.008) = −0.36 ± 0.408 = ~0 



 

This result suggests that glycogen is not populated by odd linear chains, and the DP3 generated by 

β-amylolysis is in fact the product of branched chains, explaining the lack of glucose stubs in BLD.  

Secondly, we modelled the possible branched structures that can be generated by GBE using a 

substrate of 15 glucose residues (DP15). Among the designed combinations, we noticed that only 

odd-length B-chains bearing a branching point on the third or second glucose unit from the reducing 

end of a chain can be converted into DP3 by the activity of BMY. Fig. 72 shows two examples of 

branching arrangements modelled with odd (DP9) and even (DP10) B-chains. When B-chains have 

an odd number of glucose residues as those illustrated in Fig. 72a and 72b, the β-amylolysis products 

are always chains with DP3 regardless of the position of the branching point on the third or second 

glucose unit. In contrast, even B-chains (Fig. 72c and 72d) are digested into DP4 or DP2 depending 

on whether the α(1,6)-glycosidic bond is located on the third or second glucose residue, 

respectively. Therefore, the presence of DP3 in BLD is more likely to be the result of BMY on 

structures represented in Fig. 72a and 72b. 

 

Figure 72 Branched structures designed by combination of odd and even B-chains bearing a branching point on the third 
or second glucose residue from the reducing end followed by their digestion with BMY. The length of the chain used was 
15 glucose residues that was in turn split into DP9 and DP6 (a and b), and DP10 and DP5 (c and d). 

To further support that glycogen contains branches on the third glucose residue from the reducing 

end, we modelled the products that are more likely to be generated by phosphorolysis of the 

branched structures in Fig. 73. When GP acts upon substrates as those depicted in Fig. 73, DP5 and 

DP6 are the products regardless of the length of the B-chain. If we assume that glycogen was largely 

branched on the third or second glucose residue from the reducing end, PLD would be populated 
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by DP4, the product from A-chains, and DP5 and DP6, the products from branched chains. In the 

CLD of PLD (Fig. 67), we observed that DP6 was the second most abundant chain length after DP4, 

whereas DP5 was in much lower amount than DP4 and DP6. Furthermore, we noticed that the only 

substrates converted into DP6 by phosphorolysis are those in Fig. 73. Indeed, a branching point on 

the fourth glucose residue from the reducing end results in a chain of DP7. This data suggested that 

the DP6 in PLD was generated by the conversion of odd and even B-chains branched on the third 

glucose residue.  

 

 

Figure 73 Branched structures designed by combination of odd and even B-chains bearing a branching point on the third 
or second glucose residue from the reducing end followed by their digestion with GP. The length of the chain used was 
15 glucose residues that was in turn split into DP9 and DP6 (a and b), and DP10 and DP5 (c and d). 

4.4.2.3. Chains longer than DP5 in both β- and phosphorylase-limit dextrins are generated 

from branches bearing branching points on the non-reducing end 

In the previous section, we discussed that DP5 and DP6 are the products of the GP activity on B-

chain with a branching point on the third or second glucose residue (Fig. 72), and we also reported 

that BMY would convert these branched structures into DP2, DP3, and DP4 (Fig. 73). If we assumed 

that branches on the third or second glucose residue of a B-chain largely characterised glycogen, we 

would not expect to see chains longer than DP5 and DP6 in the structure of BLD and PLD. 

Nevertheless, the CLDs of BLD (Fig. 61) and PLD (Fig. 67) report chains equal or longer than DP5. 

Therefore, glycogen is also branched in other positions than those suggested so far. Among the 

models designed in Chapter 3 and Appendix 2, chains longer than DP5 are only generated from B-
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chains bearing a branching point on the non-reducing end or on the penultimate glucose residue. In 

Fig. 74, we report some hypothetical substrates with odd B-chains and modelled the products after 

BMY and GP digestion. As result, none of the B-chains represented can be digested by BMY and GP 

suggesting that they can be potential structures in glycogen that generated chains longer than DP5 

in both BLD and PLD.  

 

Figure 74 Branched structures designed by combination of odd and even B-chains bearing a branching point on the third 
or second glucose residue from the reducing end followed by their digestion with BMY and GP. The length of the chain 
used was 15 glucose residues that was in turn split into DP9 and DP6 (a and b), DP7 and DP8 (c and d), and DP5 and 
DP10 (e and f). 

4.4.3. The substrate specificity of GBE can be hypothesised by investigating the CLD of 

glycogen 

In the most recent mathematical model proposed by Deng et al.,15 the glycogen surface is mostly 

populated by short chains due to the limitations imposed to the activity of GBE by the dense surface. 

As we explained in Chapter 1,  GBE enzyme removes a fragment (X1) from the non-reducing end of 

a chain, and it is transferred onto another chain to form a new branch (X2). The length of  X1 is of a 
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DP equal or greater than the minimum chain length that GBE can cleave, while X2 is long enough to 

be elongated by GYS. With increasing number of new branches, glycogen structure becomes more 

crowded reducing the space available for the activity of GBE and GYS (crowding effect); for these 

reasons, it has been reported that glycogen can only have 12 tiers which outer most layers contain 

the highest percentage of branches (see Chapter 1).2,149,150 When GBE is exposed to the crowding 

effect, the chain length of X1 might be reduced to the minimum substrate required for its activity; 

the cleavage and transfer of longer chains than that might create additional steric hindrances 

compromising the overall structure.  

Based on the model proposed by Deng et al.,15 the predominant chain length observed in a certain 

species might be indicative of the minimum substrate required for the GBE activity (X1). In our 

studies, the peak at DP6 in the CLD of oyster glycogen could represent X1, and in Chapter 3, we 

investigated the potential chain length distribution that a glycogen structure would have when DP6 

is the preferential chain length for GBE. Nevertheless, the results from the DP15 models were not 

consistent with the experimental data or those reported in literature due to the limited 

combinations available with a chain of DP15.  

The discrepancies between the experimental data presented in these studies and the theoretical 

models proposed might be the results of a GBE substrate specificity different from the one proposed 

for the DP15 model. In this model, we assumed that GBE always uses a substrate of 15 glucose 

residues to create new branches of different length. However, we believe that the chain length of 

the substrate selected and branched by GBE varies broadly rather than being constant as projected 

in the DP15 model, while the length of X1 is more likely to remain the same (Fig. 75).  



 

 

Figure 75 Possible mechanism of action suggested for GBE. In the first hypothesis, GBE is more likely to branch glycogen 
using substrate with a constant number of glucose residues; the total amount of branching arrangements is generated 
by the positions that X1 occupies on X2. In the second hypothesis, GBE cleaves fragments of the same length, e. g. DP6, 
from substrates bearing different number of glucose residues from each other, e. g. DP15 and DP16. The red arrow 
indicates the position discarded from the current models. The reducing end of the chain is illustrated with ø. 

To validate the second hypothesis proposed for the activity of GBE, we investigated the theoretical 

CLD by using chain lengths between DP8 and DP17, and by maintaining DP6 or DP7 as the length of 

the X1.  

4.4.3.1. Chain length distribution obtained from short-branched structures designed with 

chains between DP8 and DP17 

Linear chains between DP8 and DP17 were branched by transferring X1 equal to DP6 or DP7 onto X2 

(Fig. 76). The library of models (Appendix 3) created with this method were theoretically 

debranched, and the chain length distribution was investigated as explained in Fig. 38. For 

consistency with the models in the Appendix 1, the chains bearing glucose stubs or on the reducing 

end were not counted for the chain length distribution. 



 

 

Figure 76 Methodology followed to create the library of models reported in Fig. 57. Chains between DP8 and DP17 were 
split into X1 and X2; the length of X1 is maintained constant at DP6 or DP7, whereas the length of X2 depends on the 
amount of glucose residues (DP) in the initial substrate (n). For each substrate (DP8 to DP17), DP6 and DP7 were placed 
on every glucose residue of X2 excluding the reducing end (illustrated with crossed circle and indicate by the red arrow). 
Once the library was completed, the structures were debranched following the method described in Fig. 38. 

The CLD illustrated in Fig. 77 follows a trend that resembles the one measured for oyster glycogen 

for chains between DP2 and DP11. Two major peaks are observed at DP6 and DP7, and chains longer 

than DP7 are less abundant that these DPs. The CLD did not include glucosyl residues because they 

cannot be debranched by ISA or Pull.  

 

Figure 77 Comparison of the chain length distribution calculated by debranching the models in the Appendix 2 with 
chains between DP8 and DP17 (on the left, in blue) with the one obtained experimentally (on the right, in orange) by 
debranching oyster glycogen with ISA. 

4.4.3.2. Chain length distribution of β- and phosphorylase- limit dextrin generated from short-

branched structures designed with chains between DP8 and DP17 

To further support the proposed GBE activity, we investigated the CLD of β- and phosphorylase- 

limit dextrin generated by the structures reported in Appendix 3. The substrate specificity of BMY 



 

and GP found experimentally was applied to the models, and the theoretical CLD was investigated 

as described in Fig. 38. The resulting CLD were compared with those measured experimentally for 

glycogen, BLD, and PLD after treatment with the debranching enzymes.  

In Fig. 78, the theoretical model of glycogen has a peak at DP6 that was shifted to DP2 after β-

amylolysis. However, we noticed that the amount of DP2 in the theoretical model of BLD is larger 

than that of DP3, whereas the proportion of DP2 and DP3 were the same in glycogen BLD. We think 

that the results from the theoretical model suggest that BLD from oyster glycogen may contain 

structures with DP2 that were not debranched neither by ISA nor by Pull. In the chromatogram 

reported for BLD (Fig. 61), we indeed noticed intermediate peaks that may represent structures 

bearing maltosyl stubs. Interestingly, in the models resulting from BMY digestion, we noticed that 

any of the branched structures generated glucose residues, as also was observed experimentally in 

oyster glycogen. The CLD calculated for phosphorylase limit dextrin resembles the one obtained 

experimentally. DP4 and DP6 are the two major peaks, with the former length in greater abundance 

than the latter, while DP5 is in a lower abundance than DP4 and DP6. Among the branched models 

reported in Appendix 3, DP5 was one of the products of the phosphorolysis only in presence of a 

branching point at least on the third glucose residues.  

 

Figure 78 Comparison of the theoretical (left) and experimental (right) CLDs of glycogen, BLD, and PLD debranched 
enzymatically. The CLDs were calculated as described in Fig. 38, and they are illustrated with a blue line for glycogen, in 
orange for BLD, and in green for PLD.  

The comparison of the theoretical models with the experimental data supported the hypothesis that 

GBE is more likely to transfer and cleave the same X1 from a variety of chain lengths. Furthermore, 

the application of this hypothesis also supported that the lack of DP1 in the experimental data is 

more likely to be attributed to structures bearing branching points on the third glucose residues as 

mentioned earlier in this section. Finally, to prove that the models created with chains between DP8 



 

and DP17 provides a better representation of the CLD of glycogen or its limit dextrin, we investigated 

the CLD generated by the structures reported for the DP15 model.  

The predicted CLD of the phosphorylase limit dextrin resembles the one reported in literature for 

oyster glycogen. In contrast, the CLD of β-limit dextrin never shows a peak at DP1 but rather at DP2 

and DP3. Considering the models reported in Appendix 2, the large number of DP1 was counted 

from the conversion of odd chains into glucose stubs, while the DP2 was the product of even chains. 

Furthermore, it was noticed that the chains longer than DP2 were the products of the activity of 

BMY on chains bearing a branching point on the non-reducing end or the penultimate glucose 

residue. For example, DP3 was generated by a chain containing a branch on the third or second 

glucose residue from the reducing end, DP5 from a chain on the fourth or on the fifth glucose 

residue, and so on for all other DPs (Fig. 79).  

Despite the shared similarities, the DP15 model is not a good fit to interpret the experimental data 

as instead is the model created with chains between DP8 and DP17. 

 

Figure 79 Chain length distribution predicted from the DP15 models reported in Appendix 2. Only those resulted from 
the BMY and GP digestion are selected for the calculations of the CLD. The CLD of BLD is in blue, and that of PLD is in 
green. 
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Chapter 5 - Investigation of the structure of glycogen from 

mammalian sources 

5.1. Review of the current methodologies to extract glycogen from mammalian 

sources 

Claude Bernard,1 the discoverer of glycogen, was the first to develop an extraction protocol for the 

polysaccharide from liver. Very few steps were involved, and they consisted of boiling samples for 

3 hours in a solution of 30% NaOH (1.5 or 2 volumes per weight of tissue), followed by addition of 

EtOH in the concentration of 33% to 50% at 20-25 °C to precipitate glycogen. This methodology was 

applied by other scientists, such as Illingworth et al., 145 to study the structure of glycogen in GSD 

patients. Carroll et al.151 explored other procedures, based upon the homogenization of tissues in 

5% trichloroacetic acid (TCA), followed by the precipitation of glycogen in 5 volumes of 95% EtOH. 

While both protocols were effective in isolating glycogen from the other components of the tissues, 

the use of such harsh conditions were later proved to be deleterious for the structure of glycogen.152 

Indeed, in the 1960s, hot alkali or acid extraction methods were shown to influence the molecular 

weight and the chemical structure of glycogen. These findings were recently supported by Wang et 

al.,153  proving that the extraction of glycogen with KOH or TCA influenced the size of the particles 

and the yield of the material extracted.  

In 1990, Vardanis154 proposed an alternative extraction technique that did not include hot alkali or 

acid conditions instead using a Tris buffer with mechanical homogenization. The Tris buffer proved 

to be an inhibitor of glucosidase activity, limiting the hydrolysis of glycogen particles.27,153 A tissue 

sample was homogenized in ice with Tris HCl (pH 7.5), EDTA, and NaF. The homogenate was then 

centrifuged at low speed (10,000 g) to remove the insoluble material, and the supernatant 

underwent ultracentrifugation (350,000 g) to precipitate glycogen. The pellet was then fractionated 

by SEC to study the size of glycogen particles. In the following years, this procedure was combined 

to a sucrose density gradient ultracentrifugation.27,124,155 This type of centrifugation consists of using 

various concentrations of sucrose between 25% and 75% that are placed in a column density 

gradient, and the homogenate is layered on top of it. During centrifugation at high speeds, the 

components of the samples separate from each other for their size and shape with the largest 

molecule trapped at the bottom in the highest concentration of sucrose. In this way, 

macromolecules, such as glycogen, sediments while the contaminants remain in the 



 

supernatant.27,156 Although this method limits the use of harsh conditions and damages to glycogen, 

one disadvantage of the sucrose density gradient is that glycogen yield is low because small and less 

dense particles remain in the supernatant. Furthermore, there are a high number of time-

consuming steps involved. The use of a 30% sucrose gradient was suggested by Wang et al.153 to 

solve the yield issue, but the number of steps required did not decrease. An example of the protocol 

based on sucrose gradient centrifugation is reported below in Fig. 80.  

 

Figure 80 Protocol to extract glycogen from mouse liver samples proposed and described by Wang et al.153  

In the present study, a rapid and mild extraction technique is proposed as alternative option to the 

sucrose gradient centrifugation. To limit the use of harsh conditions and minimise the structural 

damages, glycogen was extracted using heat and mild acidic buffer combined with ethanol 

precipitation. The protocol was initially developed using HepG2 cells and later adapted to mouse 

liver samples. The developed protocol aimed at providing a simple procedure to be applied on both 

tissues and cell lines from healthy and GSDs sources. At this time, the yield, and the effects of each 

step on the particle size were not evaluated as the purpose was to investigate the chain length 

distributions of glycogen in healthy and GSDs sources. 

  



 

5.1.1. Development of the protocol to extract glycogen from tissues and cells 

When tissues or cells are removed from animals or media, glycogen is rapidly degraded by the action 

of the degradative enzymes at room temperature.157 For this reason, samples must be either 

immediately processed or freeze in liquid nitrogen (snap freezing) to prevent glycogen degradation. 

In these studies, both approaches were applied. The material obtained from cells was freshly 

prepared and rapidly processed, whereas mouse liver samples were snap frozen for a later use.  

5.1.1.1. Extraction from HepG2 cells 

The cell line selected for the development of the protocol was the immortalised mammalian HepG2. 

This cell line is an adherent one meaning that the proteins on the membrane (integrins) interact 

with the culture plate. Commercial polystyrene plates are pre-treated with a plasma gas to add 

oxygen-containing functional groups providing a negative net charge.158 In this way, integrins bind 

to the plastic surface, and the growth and proliferation of the cells is promoted. As consequence, a 

detachment step is required to collect the cells from the plate, and trypsin, a serine protease, is 

commonly selected for this purpose (Fig. 81, steps 1-8).  

 

Figure 81 Summary of the extraction protocol of glycogen from HepG2 cells. 

After the cells are entirely detached from the plate, they are rapidly collected and pelleted by 

centrifugation. Then, they are resuspended in water, and immediately boiled for 30 minutes at 100 

°C to inactivate the degradative enzymes (Fig. 81, step 9-10). During these first steps, the high 

temperature damages the phospholipid layer of the cell membrane, releasing material stored in the 

cytosol, such as glycogen. Heating for prolonged period was a concerning step of the protocol due 

to the potential impact on the chemical structure of glycogen. Nevertheless, the recent studies 



 

published by Wang et al. 153 showed that boiling the sample for either 1 min or 120 min does not 

influence the chain length distribution of the polysaccharide.  

The boiled sample was centrifuged to pellet the insoluble material, and the supernatant containing 

glycogen was treated with acidic acetate buffer (pH 4.5, 0.1 M). The low pH created a hostile 

environment for the nucleic acids causing their denaturation and subsequent precipitation. As a 

matter of fact, a white precipitate was observed after addition of the acetate buffer which is 

separated from the solution by centrifugation. Finally, the supernatant containing glycogen is 

treated with 50% cold EtOH (Fig. 81, steps 11-19) to collect the polysaccharide. 

5.1.1.2. Extraction of glycogen from mouse liver 

The protocol developed on HepG2 cells was transferred and optimised on samples from mouse liver. 

Due to the unfeasibility to process fresh liver immediately, the liver samples were frozen to preserve 

the integrity of glycogen. 

The procedure followed the same principles used for HepG2 cells, except the heating step was 

increased from 30 minutes to 1 hour to complete the disruption of the tissue (Fig. 82). 

 

Figure 82 Summary of the extraction protocol of glycogen from mouse liver samples. 

  



 

5.2. Chain length distribution of glycogen from HepG2 cells and mouse liver 

To investigate the CLD of glycogen extracted from HepG2 cells and mouse liver, the same 

debranching procedure reported in Chapter 4.1 for oyster glycogen was applied. Briefly, the pellet 

of glycogen was dissolved in acetate buffer, treated with Ps. isoamylase for 24 h, and the products 

were analysed by HPAEC (Fig. 83a and 83b); TLC analysis was not possible at this stage due to the 

small quantity of glycogen extracted. In addition, due to the low number of chains released from 

glycogen extracted from HepG2 cells, the values of the relative areas were used to facilitate the 

comparisons of the CLD between the three different sources. 

In Fig. 83a, the raw data of the chromatogram collected for mouse liver are characterised by a group 

of predominant chains between DP3 and DP8 and the peak detected before DP3 does not 

correspond to DP1 or DP2 which was therefore considered unidentified. It is important to bear in 

mind that mouse liver was not processed immediately, and degradative enzymes might have caused 

the partial digestion of the chains altering the real CLD.  

The peaks detected between those confirmed with the standards, namely the intermediate peaks 

between DP3 and DP7, may be the results of branched structures not digested with ISA. The raw 

data of oyster glycogen shows the same intermediate peaks, and further enzymatic treatments were 

performed for their analysis without a successful outcome as reported in Chapter 3. Differently, the 

raw data collected for HepG2 glycogen do not show intermediate peaks, and DP7 is the most 

abundant chain length.  

The integration of the raw data of the three sources to calculate the relative areas revealed a peak 

shoulder between DP12 and DP15 for HepG2 and mouse liver glycogen, but not for oyster glycogen. 

Considering that HepG2 and mouse are from the mammalian class, glycogen is expected to share 

more structural similarities than with a source from a different class such as oyster (from Bivalvia). 

Nevertheless, the data reported in Fig. 83a show that oyster glycogen contains structural features 

more closely related to both HepG2 cells and mouse liver than those shared by glycogen from the 

mammalian sources. In the discussion section, further interpretation of these data is presented. 



 

 

  

Figure 83 Chain length distribution of oyster glycogen (green), glycogen extracted from HepG2 cells (red), and mouse 
liver (yellow) digested with ISA (0.15 U) in sodium acetate buffer (0.1 M, pH 4.5) in 24 h at 40 °C. At the top (a), the raw 
HPAE data; the number at the top of the peaks indicate the degree of polymerisation. The chromatogram was obtained 
with a CarboPac PA1 (2x250 mm) column using a flow rate of 0.250 mL/min and the following gradient: 0-2 min of 150 
mM NaOH (100%), 2-55 min of 600 mM NaOAc buffer (0-100%), 55-60 min of 150 mM NaOH (100%). At the bottom (b), 
the relative areas (%) were calculated by dividing the area of each peak per the total value.  

5.2.1. Preliminary measurements of the degree of branching in glycogen from HepG2 cells 

The samples analysed by HPAEC were assessed by BCA assay to measure the number of reducing 

ends before their digestion into glucose to quantify the total glycogen. Table 3 contains the 

concentration of branches released by ISA and the total glycogen in 108 HepG2 cells. Preliminary 

studies on the degree of branching in HepG2 glycogen revealed a striking difference with oyster 

glycogen. The percentage of branches in HepG2 cells is 20%, a value that is two times higher than 
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that observed in the commercial oyster glycogen (10%). To the best of our knowledge, literature 

does not report information on the structure of glycogen in HepG2 cells. However, it is important 

to bear in mind that these measurements are preliminaries. The growth of more HepG2 cells to 

evaluate the reducing end value in the sample of glycogen was not possible due to continuous 

contamination of the cells with fungi. Therefore, the value reported in Table 3 may be an 

overestimation of the actual number of reducing ends in HepG2 glycogen. 

Table 3 Quantity of glycogen and reducing ends released from HepG2 cells. 

Quantity of glycogen in 108 

cells 

Quantity of reducing ends 

released from HepG2 

glycogen by ISA 

5.42 µg ± 1.4 1.1 µg ± 2.2 

Degree of branching: 20.2% 

Degree of branching of oyster glycogen: 10% 

 

  



 

5.3. Discussion  

5.3.1. The peak in the CLD of HepG2 glycogen is a possible anchoring point for the 

branching activity of GBE  

According to the DP15 model explained in Chapter 2, the chain length distribution of glycogen from 

HepG2 cells provides insights into the substrate specificity of GBE expressed in mammalian cell line. 

The major peak at DP7 observed in Fig. 83b identifies the preferential chain length cleaved and 

transferred by GBE, while chains in a minor abundance as those included in the peak shoulder 

(DP10-DP16) are selected less frequently than DP7. These findings suggest that the catalytic site of 

GBE in HepG2 cells can accommodate substrates equal or longer than DP7, a length one unit larger 

than that observed for oyster glycogen. 

To date, the substrate specificity of human GBE or from HepG2 cells is not clear. In 2015, the 

crystallisation of the human GBE by Froese et al.62 with maltoheptaose revealed a non-catalytic 

binding cleft that it could be used by the enzyme as anchor point to start the branching reaction 

(Fig. 84). If this is the case, the major peak observed in every glycogen chain length distribution 

might represent the preferred substrate cleaved and transferred by GBE and the chain length used 

by the enzyme to anchor the structure during the synthesis. However, more studies are needed to 

validate this hypothesis. 

Yet, Froese et al.62 modelled a deca-saccharide into the active site showing that the cleavage 

occurred between the third and fourth glucose residue from the reducing end, named +1 and -1 in 

Fig. 84, respectively. As result, DP7 was the substrate cleaved and transferred onto an acceptor 

chain while DP3 was the remaining stub. These results collected by molecular docking can provide 

an explanation to the presence of short chains observed in every glycogen CLD. For instance, short 

chains between DP2 and DP5 for oyster glycogen or between DP4 and DP6 for HepG2 cells represent 

the chain length left after that GBE has cleaved an α(1,4)-glycosidic bond. In the outer most layers 

of glycogen, the resulting stubs may not be suitable substrates for glycogen synthase, thus 

remaining in the structure to be further digested by the GDE. This hypothesis converges with the 

one suggested by Sullivan et al.,15 which proposed that GBE on glycogen external layers maintains 

its substrate specificity towards the chains to be transferred while the remaining chain is gradually 

shortened from the inner to the outer shell. However, these assumptions are based on 

mathematical models and further experimental studies are required in their support.  



 

 

Figure 84 Surface representation of the complex of human GBE with maltoheptaose (Glc7) and the deca-saccharide to 
identify non-catalytic binding cleft and to model the hydrolysis of the chain by GBE. The cleavage site is located between 
the third and the fourth from the reducing end of the deca-saccharide. The cleavage site of the deca-saccharide is located 
between the positions -1 and +1. Image adapted from Froese et a. 62  

5.3.2. Possible degradation of mouse liver glycogen by degradative enzymes 

A different scenario from HepG2 cells was observed for the distribution of chains in mouse liver 

glycogen. The polysaccharide did not show any predominant chain length but rather a range of DPs 

between DP3 and DP8 more abundant than others. To compare our data, only one paper published 

by Sullivan et al.159 in 2012 was found about the chain length distribution of glycogen. Other papers 

published by Nitschke et al.92 (2017) and Sullivan et al. (2019)31 report the CLD of the mice skeletal 

muscle rather than liver, and for this reason, those studies were not compared with our data.  

Sullivan et al. 159 used mice constantly fed and sacrificed at different time of the day; a method also 

followed for the animals used in these studies. The distribution of the chains collected by the 

authors using FACE technique shows a major peak at DP3 and a peak shoulder between DP12 and 

DP20 (Fig. 85). The differences observed between our data and those collected by Sullivan et al. 159 

suggested that the structure of glycogen may have been altered by the enzymatic degradation. The 

high proportion of short chains (DP3-DP8) could be generated by the activity of glucosidases on the 

external layers of glycogen before they are inactivated by heat.  



 

 

Figure 85 Chain length distribution of glycogen measured by FACE technique from mouse liver samples. The x-axis 
indicates the degree of polymerisation, while the y-axis represents the number of chains per degree of polymerisation. 
Each distribution was collected from a single mouse. Image adapted from Sullivan et al.159  

In the extraction procedure used by Sullivan et al.,159 a mechanical homogenisation of the mouse 

liver sample was performed with a glycogen isolation buffer containing Tris which buffer is known 

to inactivate glucosidases. The use of this component may explain the difference with our results. 

However, both mouse liver and HepG2 cells express glucosidases. If the glucosidases were not 

inactivated following the protocol developed, the CLD of HepG2 glycogen would have been 

populated by short chains as seen for mouse liver, and this was not observed in Fig. 83. To conclude, 

more studies aiming at comparing the extraction of glycogen from mouse liver with and without Tris 

buffer using the developed methodology are required to confirm or not the reported CLD.  

5.4. Preliminary studies on the structure of glycogen from GSDIa HepG2 cells 

GSD type I indirectly affects glycogen metabolism. This genetic mutation of the G6PC gene impairs 

the activity of glucose 6-phosphatase, the transmembrane protein that converts glucose 6-

phosphate into glucose in the endoplasmic reticulum (ER) (Fig. 86).160 As consequence, glycogen 

metabolism is altered.21,82 However, it is not clear yet how GSDIa might affect glycogen metabolism 

and structure.  



 

 

Figure 86 Image reported from Chapter 1. 

Here, in collaboration with PhD student Marìa Rodrìguez Peiris and Prof Kathrin Thedieck, HepG2 

cells were genetically modified to express the GSDIa type. The wild-type cell line does not express 

G6PC gene. Therefore, the cells were induced to express the G6PC gene before the expression of 

the GSDIa mutations. Three cells line were generated with the following genetic mutations located 

in the catalytic site: R83C (Arg → Cys), A124T (Ala → Thr), and T255I (Thr → Ile).94 The extraction 

protocol used for the wild type HepG2 cells was transferred onto the GSDIa models, and the 

glycogen debranched following the same methodology reported for the wild type cells line. 

5.4.1. Results and Discussions 

The results in Fig. 87 shows the CLD of glycogen from controls and the three GSDIa mutant cell lines. 

The analysis of the CLD of glycogen from HepG2 cells bearing the GSDIa shows a peak at DP7, and 

chains between DP4 and DP6 were less abundant than DP7, as also observed in the controls; 

intermediate peaks between DP1 and DP3 were detected but not identified.  

Our findings suggest that mutations affecting the catalytic site of glucose 6-phosphatase do not have 

an impact on the CLD of glycogen. Based on the theoretical models proposed in Chapter 3 and 4, 

the peak at DP7 represents the minimum chain length selected by GBE to create new branches. 

Since the peak of the distribution does not change in GSDIa samples, it was hypothesised that the 



 

substrate specificity of GBE is not influenced by GSDIa. However, further studies on the degree of 

branching are needed to evaluate the impact of GSDIa on the branching frequency of GBE, and 

treatments with BMY and GP will be useful to evaluate the distance between branching points in 

HepG2 cells and HepG2 GSDIa cells. To the best of our knowledge, these are the first studies on the 

chain length distribution of glycogen from HepG2 cells with GSDIa mutations.  

 

 

Figure 87 Chain length distribution of glycogen extracted from HepG2 cells bearing GSDIa mutations. Each glycogen 
sample was digested with ISA (0.15 U) in sodium acetate buffer (0.1 M, pH 4.5) in 24 h at 40 °C. The raw HPAE data; the 
number at the top of the peaks indicate the degree of polymerisation. The chromatogram was obtained with a CarboPac 
PA1 (2x250 mm) column using a flow rate of 0.250 mL/min and the following gradient: 0-2 min of 150 mM NaOH (100%), 
2-55 min of 600 mM NaOAc buffer (0-100%), 55-60 min of 150 mM NaOH (100%). The raw data are from an individual 
experiment. 

  



 

Chapter 6 - Conclusions  

Glycogen has a complex structure, and its structural features depend on the species or on the 

physiological state of the organism at the time of glycogen extraction. Here, we demonstrated that 

glycogen from mammalian sources can be extracted and analysed using mild conditions and user-

friendly techniques. The proposed approach also provides the standard procedure that can be 

applied on glycogen from GSDs sources to evaluate the impact of this metabolic disorders on 

glycogen structure.  

The experimental procedure was successfully developed following a top-down approach. The use of 

enzymes prevented time-consuming and tedious method developments required for an analytical 

chemistry-based approach. In the present studies, three commercial debranching enzymes were 

selected to target specific information on the structure of glycogen. The broad substrate specificity 

of Ps. isoamylase towards complex branched structure was exploited to provide an overview on the 

structural features of glycogen. In contrast, the efficiency of pullulanase towards short-branched 

oligosaccharides was preferred when it was required a focus on the short chains of part of the outer 

most layers of glycogen as in BLD and PLD. Then, the selectivity of oligo α(1,6)-glucosidase for 

glucosyl stubs was used to assess the presence of glucose residues in glycogen, which enzyme was 

proved to be crucial to study the branching arrangement of BLD and PLD. 

The combination of the experimental data with theoretical models represented another strength of 

the presented methodology. Thanks to this approach it was possible to elucidate the structures 

generating DP3 from β-amylolysis. We indeed proposed that DP3 was the product of BMY from 

structures branched on the third glucose residue from the reducing end instead of unbranched odd 

chains as often suggested in literature. Furthermore, the theoretical models were demonstrated to 

be an efficient tool to elucidate the activity of GBE showing that the peaks in the chain length 

distribution were indicative of the preferential chain length selected by GBE to create new branches. 

Finally, the design of branched models using substrates between DP8 and DP17 suggested that the 

GBE was more likely to select the same chain length cleaved and transferred onto the same chain.   

The application of the debranching treatments to glycogen from HepG2 cells, HepG2 GSDIa type 

cells, and wild-type mouse liver validated the developed methodology. The samples of glycogen 

collected with a new extraction protocol from HepG2 cells showed a peak at DP7. These results 

suggested that GBE in this species has a selectivity towards the cleavage and transfer of chains with 

seven glucose residues. The same chain length distribution was measured in HepG2 GSDIa mutant 



 

lines. These results suggested that this type of GSD has little as no impact on the length of the chains, 

and, consequently, on the substrate specificity of GBE. The same methodology was also applied to 

mouse liver samples, but the results were not consistent with those reported in literature, due to 

possible degradation of the sample.  

Finally, the presented methodology has a potential for the investigation of the activity of GSDs 

defected enzymes. The commercial enzymes could be substituted with enzymes extracted from 

wild-type or GSDs sources using standards oligosaccharides as substrates for their activity. Then, the 

products obtained from defected enzymes would be compared with those from wild type to get 

more insights into how the substrate specificity is influenced by GSDs mutations.  

  



 

Chapter 7 - Materials and Methods 

The following products were purchased from Sigma-Aldrich. Standard oligo- and poly- saccharides: 

glycogen from oyster (dry powder), glucose (G1), maltose (G2), maltohexaose (G6) and 

maltoheptaose (G7). Enzymes: phosphorylase a from rabbit muscle (lyophilised powder 20-30 

U/mg); alkaline phosphatase from calf intestine (2 U/µg of protein, 1000 U, 20 U/µL); α-amylase 

from barley (1000 U/mg, 10,000 U/mL in 5 mL of 3.2 M ammonium sulphate); amyloglucosidase 

from Aspergillus niger (lyophilized powder 70 U/mg). Mobile phase for TLC and TLC plates: 

acetonitrile (CH3CN), ethyl acetate (EtOAC), and isopropanol (iPrOH); supelco TLC silica gel 60 F254 

(20x20 cm), 25 units. Eluents for HPAEC: sodium acetate anhydrous (NaOAc); sodium hydroxide 18.4 

M (NaOH). BCA reagents: sodium carbonate (Na2CO3), sodium bicarbonate (NaHCO3), bicinchoninic 

acid (BCA), copper sulphate pentahydrate (CuSO4 x 5H2O), and L-serine. Others: Amicon® Ultra-4 

centrifugal filters (10 kDa cutoff) for glycogen purification; amberLite MB mix bead anion exchange 

resin. 

The following products were purchased from Carbosynth. Standard oligosaccharides: maltotriose 

(G3), maltotetraose (G4), maltopentaose (G5), isomaltose, and isomaltotriose.  

The following products were purchased from Megazyme. Standard oligosaccharides: 63-α-glucosyl-

maltotriose (G1-G3), and 63-α-maltotriosyl-maltotriose (G3-G3). Enzymes: Pseudomonas isoamylase 

(600 U, 180 U/mg, 200 U/mL in 3.2 M ammonium sulphate), Klebsiella pneumonia pullulanase (2000 

U, 78 U/mg, 1000 U/mL in 3.2 M ammonium sulphate), β-amylase from barley (10,000 U/mL, 435 

U/mg, 20,000 U in 3.2 M ammonium sulphate) and oligo α(1,6)-glucosidase (6000 U, 145 U/mg, 

1000 U/mL in 3.2 M ammonium sulfate). Milli-Q H2O was used in all experiments in which the use 

of water is mentioned.  

The following instruments were employed for the analysis of the samples. BMG Labtech - POLARstar 

Omega Plate Reader was employed to record the absorption intensity at 560 nm using Costar 96-

well plates clear bottom flat from Sigma-Aldrich. Centrifugation of the samples were performed 

with Sorvall™ ST 16 Centrifuge Series (Thermo Fisher) and bench centrifuge Mini centrifuge IKA. 

Heat-inactivation of the enzyme was performed with the heating block Dri-Blocks® Techne. 

Evaporation of the solvents in the samples were performed with the rotavapor Büchi. Separation of 

glycogen chains was performed with Dionex 6000 with the column used CarboPac PA-1 analytical 

column (2x250 mm) with a guard column (2x50 mm), and with the GPC Gilson with RI detector using 

the column TSK40S 22x90 cm.  



 

7.1. Purification of commercially available oyster glycogen 

A stock solution of commercially available oyster glycogen was purified from glucose impurities as 

follows. 100 mg of oyster glycogen were dissolved in 5 mL of water, and 1 mL of this solution was 

transferred to a centrifugal tube (4 mL) with an insert of 10 kDa cut-off. The tube was centrifuged 

for 20 minutes at 4,000 rpm at 4 °C using a Sorvall™ ST 16 Centrifuge Series (Thermo Fisher). The 

filtered solution with glucose impurities was removed from the tube, while the insert containing 

purified glycogen was refilled with 1 mL of the stock solution and centrifuged again as indicated 

above. This process was repeated until the whole stock solution (5 mL) was filtered. Once the 

centrifugation step was completed, purified glycogen in the insert was transferred into a glass vial, 

and 500 µL of water were added to the insert to collect residues of glycogen. Purified oyster 

glycogen was frozen at -80 °C for 3 h and dried under vacuum overnight. The dried oyster glycogen 

had a pale-yellow colour, and it was stored at 4 °C.  

7.2. Enzymatic treatments 

7.2.1. Debranching of oyster glycogen with ISA and Pull 

The debranching of oyster glycogen, PLD or BLD with ISA or Pull was performed using aliquots taken 

from the stock solution of the sample in water (10 mg/mL). Before addition of the enzymes to 

glycogen, stock solution of each enzyme was prepared as follows. For ISA, 50 µL of 200 U/mL of 

enzyme were added to 150 µL of reaction buffer (acetate buffer pH 4.5, 0.1 M) to reach 50 U/mL; 

the units and concentrations used for the assay are 0.15 U (0.83 μg) and 2.6 U/mL. For Pull, 50 µL of 

1000 U/mL of enzyme were added to 450 µL of reaction buffer (acetate buffer pH 4.5, 0.1 M); the 

units and concentrations used for the assay are 0.15 U (1.9 μg) and 2.6 U/mL. Then, the stock 

solutions were used to prepare the reaction mixture. 50 μL of sample was mixed with 3 μL of sodium 

acetate buffer (pH 4.5, 2.5 M) to reach 0.1 M. Pre-mixed in separate Eppendorf: (a) 12 μL of ps. 

isoamylase (50 U/mL) with 6 μL of AB (0.1 M, pH 4.5), and (b) 12 μL of AB (0.1 M, pH 4.5) with 6 μL 

of pullulanase (100 U/mL). Then, 4.5 µL of mix (a) or (b) were added to 53 μL of glycogen, BLD or 

PLD in acetate buffer. The samples were incubated at 40 °C for 24 h, and the reaction was stopped 

by heat-inactivation of the enzyme in the heating block at 100 °C for 5 minutes. The inactivated 

enzyme was centrifuged 2 minutes at 13,000 x g and separated from the sample. Each sample was 

desalted with the mix bed anion exchange resins before TLC analysis.  



 

7.2.2. Digestion of oyster glycogen with BMY or GP 

The stock solutions of β-amylase or glycogen phosphorylase were prepared prior to their addition 

to glycogen. For the stock solution of 1500 U/mL β-amylase, 150 µL of 10000 U/mL of the enzyme 

were added to 200 µL of PB (pH 6.0, 1 M) and 650 µL of H2O; the units and concentrations used for 

the reaction are 60 U (0.13 mg) and 120 U/mL. For the stock solution of phosphorylase a, 10 mg of 

enzyme were dissolved in 2 mL of reaction buffer (potassium phosphate buffer pH 6.8, 0.2 M) and 

freeze at -20 °C in 100 µL aliquots (10 U each, 100 U/mL).  

The addition of β-amylase or glycogen phosphorylase to glycogen was performed as follows in a 

total volume of 500 µL. 20 mg of glycogen were dissolved in 1 mL of water and vortex until complete 

dissolution of the polysaccharide. For the digestion with β-amylase, 250 µL of glycogen (20 mg/mL) 

were added to 100 µL of PB (pH 6.0, 1 M), 110 µL of water and 40 µL of β-amylase (1500 U/mL). For 

the digestion with glycogen phosphorylase, 250 µL of glycogen (20 mg/mL) were added to 100 µL of 

PB (pH 6.8, 1 M), 50 µL of water and 100 µL of phosphorylase a (100 U/mL). Both reactions were 

incubated for 24 h at 37 °C and the enzymes were inactivated by heating the sample at 100 °C for 5 

minutes. The enzyme was precipitated with 2 minutes at 13,000 x g and the supernatant was 

separated from the precipitate. 500 µL of cold EtOH was added to the mixture of limit dextrin and 

glucose 1-phosphate or maltose to reach 50% (v/v), and the samples were left in ice for 1 h. After 1 

h, the samples were centrifuged for 2 minutes at 13,000 x g, and the limit dextrin precipitated was 

separated from the supernatant containing glucose 1-phosphate or maltose. Both limit dextrins 

were dissolved in 300 µL of water to which 300 µL of cold EtOH was added and left in ice again for 

1 h. After completion of the EtOH precipitation, the precipitated limit dextrin was dissolved in 300 

µL of water. For the successive incubation of limit dextrin with BMY or GP, 100 µL PB (1 M), 160 µL 

of water, and 40 µL of β-amylase or 100 µL of phosphorylase a to the samples. Repeat the digestion 

and the following steps until no more glucose 1-phosphate or maltose is released. 

Standard oligosaccharides (2 mg/mL) were digested under the same conditions of the reaction with 

glycogen. The digestion of standards oligosaccharides with 24 h GP were prepared in 4 mg/mL to 

enhance the possibility to determine the presence of G3 by TLC. 

For the precipitation of the standards in EtOH, a solution of 200 µL of 10 mg/mL of OG with 2 mg/mL 

of glucose 1-phosphate or maltose was treated with 600, 200, 165 and 68 µL of cold EtOH, and 

placed in ice for 1 h. The samples were centrifuged for 2 minutes at 13,000 x g. The supernatant was 

separated from the precipitate, and the EtOH was evaporated by rotavapor before freeze-drying. 



 

The precipitate and the freeze-dried supernatant were both re-dissolved in 100 µL of water and 

analysed by TLC.  

7.2.3. Dephosphorylation of G1P 

The samples collected from each incubation with phosphorylase a were merged and the mixture of 

the water/EtOH solution was evaporated with the rotavapor. The sample was freeze-dried and 

dissolved in 1 mL of water. 1 mL of Tris-HCl (pH 9.0, 1 M) and 2 μL of ALP (5 U/μL) were added to 1 

mL of sample and incubated at 40 °C for 24 h. The progress of the reaction was monitored by TLC. 

After completion, the enzyme was inactivated by heating the sample for 5 minutes at 100 °C, and 

the buffer removed with the anion exchange resin before quantification with the BCA assay. 

7.2.4. Digestion of glycogen, BLD and PLD by enzymatic cocktail 

The stock solutions of AMY, AMG, and ISA were prepared prior their addition to the samples. For 

AMY, 200 µL of 2000 U/mL were added to 800 µL of reaction buffer (pH 4.5, 0.1 M); the units and 

concentrations used for the reaction are 10 U (10 μg) and 160 U/mL. For AMG, 6.2 mg of enzyme 

were dissolved in 1 mL of reaction buffer (pH 4.5, 0.5M); the units and concentrations used for the 

reaction are 0.5 U (7 μg) and 8.1 U/mL. For ISA, the stock solution was the same reported in the 

section 6.2. The mixture of the three enzymes was prepared by addition of 5.1 μL of AMY to 1.15 μL 

of AMG and 3 μL of ISA, which solution was transferred to 52.3 μL of sample in acetate buffer. The 

sample was incubated at 40 °C for 24 h and the enzyme was inactivated by heating at 100 °C for 5 

mins. Before TLC analysis, the sample was desalted with a mix bead anion exchange resin.  

7.2.5. Digestion of the samples with OGL 

The stock solution of OGL was prepared by addition of 20 µL of 200 U/mL of enzyme to 180 µL of 

the reaction buffer (pH 4.5, 0.1 M); the units and concentrations used for the assay are 0.025 U (3.4 

μg) and 0.5 U/mL. The reaction was performed as follows. 50 µL of the sample were treated with 

2.3 µL of AB (pH 4.5, 2.5 M) and 1.25 µL of 20 U/mL of OGL, and incubated for 24 h at 40 °C. The 

enzyme was inactivated by heating the sample at 100 °C for 5 mins. The sample was desalted with 

the mix bead anion exchange resin prior the TLC analysis. 

7.3. Quantitative and qualitative analysis of the samples 

7.3.1. Quantification of the samples by BCA assay 

The protocol for the BCA assay was reported by Kobayashi et al.102 BCA reagent was freshly prepared 

by mixing equal volumes of solution A (3.2 g Na2CO3, 1.2 g NaHCO3 and 97.1 mg BCA in 50 mL water) 

and solution B (62 mg CuSO4 x 5H2O and 63 mg L-serine in 50 mL water). Each sample obtained from 



 

the debranching treatment was diluted 1:100 in MQ water, glucose from the dephosphorylation 

treatment and from the enzymatic cocktail, and maltose were diluted 1:2000 in MQ water. The 

calibration curve with glucose and maltose were prepared from a solution of 6.25 μg/mL in water 

and diluted seven times with a DF of 1:2. To control the reliability of the assay, three known 

concentrations of glucose and maltose (6, 0.8 and 0.1 μg/mL) were always measured with the 

samples. Then, 100 µL of BCA reagent were added to each sample and standard, heated in a water 

bath at 80 °C for 40 minutes, and left at room temperature for 10 minutes. 150 µL of the solution 

was placed in a 96-well plate, and the absorbance was read at 560 nm.  

7.3.2. HPAEC analysis of the chain length distribution of glycogen, PLD, and BLD  

The protocol reported was adapted by Ryu et al.27 The branch-chain length distribution of glycogen 

obtained before and after treatment with BMY and GP was determined by separation of the 

hydrolysed branches using an HPAEC system (ICS-5000, Dionex equipped with a pulse amperometric 

detector). The sample loop was 25 μL and the sample injected was 5 μL. Eluents A and B consisted 

of 150 mM NaOH and 150 mM NaOH containing 600 mM NaOAc, respectively. Chromatographic 

separation of the linear malto-oligosaccharides was achieved by a linear gradient mode from 100% 

of eluent A to 0% in 2 h followed by 15 mins of 100% A to equilibrate the column. The elution of the 

sample occurred at an operating flow rate at 0.250 mL/min. For the injection, 50 μL of the sample 

was diluted with 50 μL of water, filtered through a 0.2 μm PTFE filter and transferred into an 

interlocked vial with fused glass insert for HPLC analysis. 

Samples of glycogen collected from HepG2 cells and mouse liver were eluted with the following 

linear gradient mode: from 0% to 100% of eluent B in 55 mins followed by 5 mins of 100% A to 

equilibrate the column. 

7.3.3. GPC analysis of the samples digested by ISA and Pull 

The samples digested by ISA and Pull were separated by GPC as follows. 10 mg of oyster glycogen 

were dissolved in 948 µL of sodium acetate buffer (pH 4.5, 0.1 M), treated with 52 µL of 50 U/mL of 

ISA or 26 µL of 100 U/mL of Pull, and incubated for 24 h at 40 °C. The enzyme was inactivated by 

heating the sample at 100 °C for 5 mins. Then, the solution was filtered through a 0.2 μm PTFE  filter 

and injected in the GPC using a TSK40S column 22 mm ID x90 cm, the void volume was 320 mL. The 

flow rate was 0.2 mL/min with a collection of each fraction every 14 mins (7 mL per tube) that 

started at 150 mins and ended at 750 mins. At completion of the run, each fraction was freeze-dried, 

and dissolved in 50 µL of water. 



 

7.4. Growth of HepG2 cells for the extraction of glycogen 

Human HepG2 cells were kindly provided by Prof Julie Gough. The cells were cultured in DMEM 

medium supplemented with 10% foetal bovine serum (FBS) and 2 mM L-glutamine, and they were 

maintained at 37 °C in a humidified atmosphere of 5% CO2. A laminar flow hood was used while 

working with HepG2 cells.  

7.4.1. Thawing cells 

A vial of 107 HepG2 cells (1.5 mL) was thawed at room temperature, and the content was transferred 

into a corning tube containing 10 mL of DMEM. Then, the cells were pelleted by centrifugation (490 

g x 5 min), resuspended in 5 mL of medium, and placed in a T25 flask. At 80% confluency evaluated 

by visual estimation, the cells were passaged.   

7.4.2. Passaging cells 

The growth medium (DMEM) was removed, and the cells washed twice with 10 mL of DPBS to 

remove any residue left from the medium. Then, the cells were incubated with 10 mL of trypsin at 

37 °C with 5% CO2 until they were completely detached from the flask. The trypsinisation was 

inactivated by addition of 20 mL of DMEM followed by centrifugation of the solution (300 g x 3 min). 

The pellet containing cells was resuspended into 5 mL of medium and transferred into a T75 flask.  

When the cells reached the 80% confluency, the pellet obtained after trypsinisation was 

resuspended in 15 mL and divided into three T75 to generate 108 cells.   

7.4.3. Extraction of glycogen 

The content of three T75 flasks was used to extract glycogen. Initially, each flask underwent 

trypsinisation, and the content of the three flasks was merged into a corning tube to collect the cells 

by centrifugation (300 g x 3 min). The pellet was immediately dissolved in 1 mL of cold water, rapidly 

transferred into a 2 mL eppendorf, and heated at 100 °C x 30 min to lyse the cells. The vial containing 

the cell lysate was centrifuge at 13000 g x 5 min, and the supernatant containing glycogen and 

nucleic acids was transferred into another vial to which 1 mL of cold acetate buffer (pH 4.5, 0.1 M) 

was added. The sample was placed in ice for 30 min followed by centrifugation at 13000 g x 5 min. 

The pellet was discarded while the supernatant was treated with 1 mL of cold 100% EtOH and placed 

in ice for 1 h. The vial was centrifuged at 13000 g x 5 min to collect glycogen and processed 

immediately as described in the next section. 

7.5. Extraction of glycogen from mouse liver samples 



 

1 g of frozen liver from three healthy mice was kindly provided by Prof Barbara Bakker and prepared 

by PhD candidate Ligia Akemi Kiyuna. For the extraction of glycogen, 50 mg of mouse liver were 

rapidly weight, dissolved in 1 mL of water, and heated at 100 °C for 1 h.  The vial containing the 

tissue lysate was centrifuge at 13000 g x 5 min, and the supernatant containing glycogen and nucleic 

acids was transferred into another vial to which 1 mL of cold acetate buffer (pH 4.5, 0.1 M) was 

added. The sample was placed in ice for 30 min followed by centrifugation at 13000 g x 5 min. The 

pellet was discarded while the supernatant was treated with 1 mL of cold 100% EtOH and placed in 

ice for 1 h. The vial was centrifuged at 13000 g x 5 min to collect glycogen and processed 

immediately as described in section 7.6. 

7.6. Debranching of glycogen extracted from HepG2 cells, GSDIa HepG2 cells, and 

mouse liver 

Glycogen from GSDIa cells was kindly provided by Prof Kathrin Thedieck and PhD candidate Maria 

Rodriguez Peiris following the extraction protocol developed and described in section 6.2.1. The 

pellet of glycogen freshly extracted from HepG2 cells, GSDIa HepG2 cells, or mouse liver was 

dissolved in 50 µL of acetate buffer (pH 4.5, 0.1 M), and incubated with 3 µL of 50 U/mL of ps. 

isoamylase at 40 °C for 24 h. The reaction was stopped by heating at 100 °C x 5 min, and the 

inactivated enzyme pelleted by centrifugation at 13000 g x 5 min. The HPAE analysis was performed 

as described in section 7.3.2.  
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Substrates for the enzyma c treatment with  S  and  ull combined with  M  and    diges on. The structures 
circled in red are not digested by these enzymes

          

          

Pull and ISA
 ‐amylase   

Pull/ISA or OGL
Glycogen Phosphorylase

Pull/ISA or OGL

1 x DP2
1 x DP13

1 x DP2
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1 x DP13

1 x DP2
1 x DP13

1 x DP2
1 x DP13

1 x DP2
1 x DP13
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1 x DP13
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1 x DP2
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1 x DP2
1 x DP7

1 x DP2
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1 x DP2
1 x DP5

1 x DP2
1 x DP13
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1 x DP2
1 x DP12
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1 x DP11
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1 x DP10

1 x DP2
1 x DP9

1 x DP2
1 x DP8



 

  



 

 



 

 



 

 

  



 

Appendix 3 

 



 

 



 

 



 

 



 

 

 


