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PREFACE 
AMP-activated protein kinase (AMPK) is a heterotrimeric protein consisting of -, - 
and -subunits that coordinates and maintains cellular and whole-body energy 
homeostasis. Metabolic stresses, such as nutrient deprivation, muscle contraction, 
exercise and hypoxia, increase the intracellular AMP to ATP ratio promoting the 
activation of AMPK. In turn, activated AMPK will phosphorylate a series of 
downstream proteins involved in switching off ATP-requiring anabolic pathways (e.g., 
glycogen synthesis, fatty acid synthesis, cholesterol synthesis, and hepatic 
gluconeogenesis), while simultaneously switching on ATP-producing catabolic 
pathways (e.g., muscle glucose and fatty acid transport, glycolysis, fatty acid oxidation, 
mitochondrial biogenesis). Therefore, AMPK is considered as key therapeutic drug 
target for treating metabolic diseases such as obesity, insulin resistance and type 2 
diabetes. 
 
Scientific scope and outline of the thesis 
The research described in this thesis provides insight into the molecular mechanisms 
determining the subcellular localization of AMPK with a focus on the cytoplasmic 
versus glycogen-bound AMPK pool, and elucidates the significance of localized AMPK 
in regulating glycogen metabolism.  

Chapter 1 introduces the macromolecule glycogen and gives a compact 
overview of AMPK, a key metabolic enzyme, regarding its tissue-specific function and 
distribution, subcellular localization and role in glycogen metabolism. Studies on the 
carbohydrate-binding module (CBM) of the -subunit of AMPK identified the -
threonine-148 (Thr-148) as a phosphorylation site. Autophosphorylation of this 
specific residue prevented AMPK from binding to glycogen (Chapter 2). Therefore, 
Thr-148 phosphorylation was predicted to impair the interaction of AMPK with other 
known glycogen-binding proteins. To this end, the interaction of muscle-specific 
AMPK 2 with protein phosphatase 1-targeting subunit R6 was investigated (Chapter 
3). To advance our understanding of AMPK activity at specific subcellular 
localizations, i.e., glycogen versus cytoplasm, FLIM/FRET was employed as a novel, 
alternative approach to monitor intracellular AMPK activity (Chapter 4). 
Furthermore, a drug-targeting approach to identify and characterize novel 
compounds that compete with binding of AMPK to glycogen was carried out. The 
disruption of the AMPK–glycogen binding may have beneficial impact on metabolic 
diseases such as type 2 diabetes (Chapter 5). To conclude, in chapter 6 the findings 
described in this thesis in relation to the dynamic interplay of AMPK and glycogen are 
being discussed.  
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The aim of this chapter is to give a general overview of the two key players of this 
doctoral thesis: AMP-activated protein kinase (AMPK), a key metabolic enzyme 
coordinating cellular and whole-body energy metabolism, and glycogen, the storage 
form of glucose. This chapter presents the route from myocellular glucose uptake to 
glycogen, and provides information about AMPK, i.e., its structure, tissue-specific 
roles, activation, and subcellular localization. Clarification of the AMPK–glycogen 
binding and known AMPK-binding to proteins, as well as the AMPK involvement in 
glycogen metabolism, supports the understanding of the following experimental 
chapters of this thesis.  
 
Coordination of myocellular glucose uptake and glycogen metabolism 
Glucose is an essential substrate for cellular energy homeostasis, in which skeletal 
muscle is one of the major organs for glucose deposition into glycogen, and is 
therefore essential for proper regulation of blood glucose (1,2). Similar to insulin, an 
increased rate of muscle contraction, for instance as elicited by exercise, facilitates the 
uptake of glucose by increasing GLUT4 translocation to the plasma membrane; 
importantly, this pathway occurs in an insulin-independent manner (2). Besides 
glucose entering the glycolytic pathway for the production of ATP, myocellular 
glucose can be stored into glycogen. This process requires coordinated regulation, as 
glycogen serves as an immediate source of glucose for cellular use, e.g., under 
conditions of metabolic stress. This paragraph presents current knowledge on the 
structure (3), regulation (4), and subcellular localization of glycogen (5), and on 
enzymes involved in glycogen metabolism (6), which encompasses the regulated 
release and storage of glucose. AMPK facilitates glucose import, binds to glycogen and 
phosphorylates glycogen-bound proteins (7). Thus, expanding our knowledge on the 
role of AMPK can contribute to a better understanding of specific mechanisms 
involved in regulating this dynamic process. 

Glycogen is an essential macromolecule that consists of a highly branched 
network containing maximally 12 tiers (macroglycogen) (8). The molecule per se has a 
spherical shape, but only the four most external tiers are usually involved in the 
turnover process of synthesis and degradation (9). Glycogen synthesis and 
degradation are biochemical processes, which each require the interplay of various, 
but different enzymes. Glycogen synthesis takes place upon excess of intracellular 
glucose. The initiation of glycogen synthesis depends on the dimeric protein 
glycogenin (10), a glycosyltransferase. Glycogenin catalyzes the addition of glucosyl 
units to form short -1,4-glucose chains, which are covalently bound to a specific 
tyrosine residue of  glycogenin, by self-glucosylation (10), and then serves as a 
substrate for both glycogen synthase (GS) and glycogen branching enzyme (GBE) (6). 
GS is the key regulatory protein in glycogen synthesis and catalyzes the synthesis of -
1,4 linkages to the glycogen chain. In general, glycogen contains -1,4-linkages that 
have an average chain length of 10–18 glucose residues, and each chain can have two 
branching points at least four glucose residues away from each other. A branch, and 
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thus a branching point, originates from interruption of an -1,4-glycosidic bond and 
formation of an -1,6-glycosidic bond. When a glycogen chain reaches its maximal 
length, GBE cuts the distal end of the chain, preferentially with six or seven glucose 
residues, and transfers it at an -1,6-position of an existing chain, creating such a new 
branching point. Subsequently, this allows GS to promote further growth of the 
glycogen chain (11) (Fig. 1).  

 
Figure 1. Branched structure of glycogen. Glycogen has a spherical shape and consists of several tiers. 
The initiation of glycogen synthesis is mediated by the core protein glycogenin (G). Glycogen is composed of 
glucose chains linked by -1,4-glycosidic bonds, and driven by the enzyme glycogen synthase (GS). Upon 
reaching a length of approximately 12 glucose molecules, glycogen-branching enzyme (GBE) transfers part 
of the glucose chain to another position creating a new branching point. Per chain, maximally two branching 
points exist (adapted from Melendez et al. (8)). 
 
Glycogen breakdown is a multi-step process, in which the key enzyme glycogen 
phosphorylase (GP) is involved. GP catalyzes the degradation of glycogen and release 
of glucose-1-phosphate (G1P), which can be converted into glucose-6-phosphate 
(G6P), and stops degrading the outer chains when four glucose units remain on the 
side chain (12). Because glucose-6-phosphatase is absent in heart and skeletal muscle, 
G6P will enter the glycolytic pathway for ATP production. Although GP is a rate-
limiting enzyme in glycogenolysis, glycogen debranching enzyme (GDE) is responsible 
for complete degradation of glycogen by resolving the remaining branches (12).  

The enzyme activities of both GS and GP are dependent on phosphorylation 
and allosteric activation (13,14). GS is known to be phosphorylated at multiple 
residues by a variety of protein kinases, such as protein kinase A (PKA) and glycogen 
synthase kinase-3 (GSK-3), casein kinase 1/2 (CK1/2), and AMPK, leading to 
inactivation of the enzyme (15), whereas phosphorylation of GP results in increased 
enzymatic activity. It has been shown that G6P can allosterically activate GS, whereas 
ATP inhibits it (16,17). On the contrary, GP comprises an allosteric AMP binding site 
in muscle isoforms that stimulates its activity, while G6P allosterically inhibits it (18). 
Studies using transgenic knockin mice bearing a constitutively active GSK3 /  
mutation provided evidence that G6P is involved in glycogen storage. In these mice, 
insulin failed to induce activation of GS, whereas glycogen content was not impaired 
(19). They showed that insulin-induced glycogen synthesis mainly depends on G6P, 
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which allosterically activates GS, thereby promoting glycogen synthesis (20). 
Furthermore, these researchers observed a strong reduction in insulin-induced 
muscle glycogen synthesis and glycogen content using knockin mice overexpressing a 
G6P-insensitive mutant. Together, these data provided evidence that allosteric 
activation of GS by G6P  contributes to glycogen synthesis in vivo (21). Interestingly, it 
has also been shown that the phosphorylation status of skeletal muscle GS is not only 
involved in the regulation of GS activity, but also determines its subcellular 
localization (22). For instance, Prats et al. reported that phosphorylation of GS at Ser-
7/Ser-10 targets the enzyme to subsarcolemmal or intermyofibrillar glycogen 
particles, not only in rabbit but also in human skeletal muscle (22). Therefore, it could 
be speculated that also allosteric activation might affect the glycogen-binding affinity 
or subcellular localization of GS.  

Also fundamental for the regulation of glycogen metabolism is the 
involvement of protein phosphatases (PP). These enzymes decrease glycogenolysis by 
dephosphorylating and inactivating key metabolic enzymes such as GP, but also 
accelerate glycogen synthesis by dephosphorylating GS and converting it to its active 
form.  

Although one might expect that glycogen is equally distributed throughout 
the cell, transmission electron microscopy revealed that glycogen localizes to three 
main cellular areas in type I (slow-twitch) and type II (fast-twitch) fibres of skeletal 
muscle, i.e., subsarcolemmal, intermyofibrillar, and intramyofibrillar (5,23). It has 
even been shown that the depletion of glycogen is dependent both on subcellular 
localization and fibre type in response to exercise (24); for instance, submaximal 
exercise results in degradation of intermyofibrillar and subsarcolemmal glycogen 
(25). Furthermore, cardiac glycogen is found to be either cytosolic or vacuolar, i.e., 
enclosed in double–membrane bound structures, presumably autophagosomes (26), 
suggesting coordinated regulation of glycogen turnover by various mechanisms. The 
next paragraph provides insight into how proteins are capable of binding to glycogen.  
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Glycogen-binding via the Carbohydrate-Binding Module 
Many of the enzymes involved in cellular glycogen metabolism have been shown to 
contain a specific subdomain termed the carbohydrate-binding module (CBM), also 
known as glycogen-binding domain. Over the past years, structural and biochemical 
insight has led to a better understanding of specific carbohydrate recognition and the 
mechanisms involved in carbohydrate binding (27,28). Originally, CBM was used as a 
term to describe all non-catalytic sugar-binding modules derived from glycosidases 
(29). Besides being part of enzymes active in carbohydrate metabolism (29), i.e., 
carbohydrate-active enzymes (28), CBM domains can also be found in non-hydrolytic 
enzymes (30) or as single domains (31). To date, roughly 64 families of CBM domains 
have been defined in the CAZY database (http://www.cazy.org) based on their amino 
acid similarities. Of these, many are known to bind to cell wall carbohydrates of the 
plant, whereas others are known to target starch or glycogen (32), indicating that the 
CBM domain promotes targeting of the enzyme to its substrate in order to accelerate 
its degradation (27,28). Although not generally accepted, it has even been reported 
that some cellulose-binding proteins are capable of non-catalytically disrupting the 
crystalline structure of cellulose (28). Furthermore, despite being part of a same CBM 
family, it has been shown that the ligand-recognition by the CBM is correlated with its 
biological function. For instance, three of the family 35 CBMs appended to plant cell 
wall degrading enzymes, rather than directly targeting the substrate of the catalytic 
enzyme, whereas the fourth one acts as an anchoring module for bacterial cell wall 
surfaces by binding to uronic acid sugars (33). Moreover, CBMs have been shown to 
be involved in pathogenesis (34) and, more importantly for this thesis, in glycogen 
metabolism (35).  

Although CBM domains differ in its three-dimensional structures, in which 
the -sheet is the most important structural element (28), the properties of protein-
carbohydrate interactions are fairly similar in all CBM-containing proteins. The CBM 
families have been subdivided, for instance based on their function, i.e., CBM Type A 
(surface-binding), CBM Type B (glycan-chain-binding) and CBM Type C (small-sugar-
binding) (28) (Fig. 2).  

 
Figure 2. CBM types. Schematic overview of three different CBM types bound to polysaccharides 
(cazypedia.org). 

 

http://www.cazy.org/
https://www.cazypedia.org/index.php/Carbohydrate-binding_modules
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For example, Type A class includes families of CBM domains that bind to the 
surface of crystalline polysaccharides such as cellulose or chitin, a derivative of 
glucose, as for example found in CBM family 1, 2a, 3a, and 10, respectively (36). Type 
B class allows CBM domains to bind internally to glycan chains, and therefore is 
referred as to ‘chain binders’, which is characteristic for CBM families 2b, 4, 6, 15, 17, 
20, 22, 27–29, 34, and 36, respectively (36). Type C class CBM domains optimally bind 
the ends of glycans, such as mono-, di or tri-saccharides, therefore called small sugar-
binding CBM, such as CBM families 9, 13, 14, 18, and 32 (37).  

In a recent review, CBMs that have an affinity for starch have been referred to 
as starch binding domains (SBD), and nine families (CBM family 20, 21, 25, 26, 34, 41, 
45, 48, and 53, respectively) have been reported to contain SBDs (38). To better 
characterize CBM families, Carvalho et al. recently placed 27 of the CBM families into 
nine tribes, which encompass CBM families whose members have very similar tertiary 
structures and common binding mechanisms (37), showing that, for instance, tribe 
CBM-A contains the CBM20 family, e.g., laforin, whereas CBM families 21 and 48, 
including the PP1-glycogen-targeting subunits  and AMPK (39), respectively, have 
been assigned into tribe CBM-B. 

 
Protein-carbohydrate interactions are mainly stabilized by hydrogen bonds 

and van der Waals’s interactions. Additionally, exact regulation of these interactions is 
often mediated by several residues involved in forming the binding pocket, and a 
conformational change is enforced to modulate the accessibility to and from the 
binding site (40). Therefore, in addition to structural data and NMR, many studies 
used mutagenesis tools in order to understand the residues involved in protein 
interactions at the level of the glycogen–protein complex (28,40). As already 
mentioned, the CBM domain is also crucial for regulating glycogen metabolism in a 
coordinated fashion, as it allows enzymes to bind to glycogen with high affinity (32), 
thus guiding the catalytic domain towards its substrate. An important protein 
phosphatase involved in glycogen metabolism is protein phosphatase 1 (PP1) (41), a 
protein that is known to dephosphorylate AMPK (42). PP1 has seven glycogen-
targeting subunits that mediate its recruitment to sites of glycogen formation via a 
conserved CBM domain (43-45). Although these subunits (i.e., GM, GL, R5, R6, R3E, 
R3F and R3G) are differentially regulated (46), they all enable PP1 to dephosphorylate 
its substrates (47), e.g., GS or GP (48), via a PP1-binding motif (49). Consequently, 
these actions facilitate glycogen synthesis, while preventing glycogen degradation 
(35). For instance, the targeting subunit R5 is a scaffold protein, as it binds to glycogen 
particles as well as to PP1 or other relevant proteins involved in regulating glycogen 
metabolism, such as GS, GP and laforin (50,51).  
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Laforin is a ubiquitous protein that is most highly expressed in brain, skeletal 
muscle, heart and liver (52,53). Laforin, a glycogen-associated protein (54), is the only 
dual specificity phosphatase in eukaryotes that contains a carbohydrate-binding 
module type 20 (CBM20) (35). The N-terminal CBM of laforin localizes it to glycogen, 
where it can dephosphorylate glycogen (50) or other complex phosphorylated 
carbohydrates (55), suggesting that the phosphatase activity may be necessary for the 
maintenance of normal cellular glycogen. Thus, laforin, forming a complex together 
with malin, is known to regulate glycogen metabolism (56). Mutations in the CBM 
domain of laforin (e.g., W32G) disrupt the binding pocket, thereby inducing mis-
targeting of the enzyme (57). Such mutations are associated with Lafora Disease, a 
fatal autosomal recessive neurodegenerative disorder that is related to intraneuronal 
accumulation of so-called Lafora bodies, which consequently result in progressive 
myoclonus epilepsy. As mentioned, another protein interacting with laforin is malin. 
Although malin does not contain a CBM domain, this protein is capable of directly 
binding to and subsequently ubiquitinating laforin, thus targeting laforin for 
degradation. Also mutations in malin have been associated with Lafora Disease. 

Another protein that has been shown to bind glycogen, in vitro, is starch-
binding domain-containing protein 1 (STBD1), a protein highly expressed in muscle 
and liver (58). Via its C-terminal CBM belonging to family 20 (35), Stbd1 preferentially 
binds to less branched but more phosphorylated carbohydrates (58), and interacts 
with other glycogen-binding proteins, such as GS, GP and laforin (59). Besides playing 
a role in glycogen-binding and glycogen metabolism, Stbd1 is also associated with 
autophagy (58). Stbd1 mediates membrane anchorage through interaction with the 
autophagy protein GABA(A) receptor-associated protein-like 1 (GABARAPL1), 
suggesting that particular autophagic pathways exist for the breakdown of glycogen 
(60). 

The enzymatic duo GBE and GDE also each carry a CBM domain (61) (e.g., 
CBM48), which serves as a glycogen-binding domain. Interestingly, Diaz et al. reported 
that GS, and likely GP, contains a functionally conserved non-catalytic high affinity 
glycogen-binding site located away from its active center, which appears to be 
different from the classical CBM (62). Using GS mutants encompassing reduced 
carbohydrate-binding affinity, they found impaired intracellular distribution and 
lowered glycogenic capacity, indicating that the glycogen-binding site is required for 
the catalytic properties of GS (62). 
 

Altogether, glycogen is not only a target for proteins that contribute to its 
metabolism, but also serves as a scaffold compartment to which the enzymes involved 
in its metabolism can associate and eventually interact. Therefore, such glycogen-
protein complex is termed the glycosome (11). Another key metabolic enzyme that 
may be considered as being part of the glycosome is AMPK (3) (Fig. 3), as it is capable 
of targeting glycogen via its CBM domain (63,64). Before highlighting the role of the 
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CBM domain of AMPK, first, the physiological function, mode of activation and tissue-
specific distribution of AMPK will be reviewed in the next paragraphs. 

 
Figure 3. Representation of the glycosome. The glycosome, also known as glycogen–protein complex, 
comprises intracellular glycogen associated with key enzymes involved in its metabolism, such as R6, PP1, 
GS and AMPK (11). 

 
AMPK, a key metabolic enzyme involved in preserving energy 
homeostasis   
AMPK is an -trimeric protein complex, consisting of one catalytic subunit ( ) and 
two regulatory subunits (  and ). The -subunit ( 1 and 2 are the two alternative 
isoforms) contains an N-terminal serine/threonine kinase domain that carries the 
crucial threonine-172 (Thr-172) phosphorylation site within the activation loop (65), 
and a C-terminal domain involved in the heterotrimeric complex formation. The -
subunit exists in two different isoforms, ubiquitously expressed 1 and muscle-
specific 2. In addition to its role in glycogen-binding, due to a specific mid-molecule 
CBM domain, the -subunit is also involved in tethering the - and -subunits together 
via its C-terminal / -interacting domain (66). The -subunit, ( 1, 2, and 3 being 
the three isoforms) contains four repeats of cystathionine- -synthase (CBS) domains 
that are essential for binding of adenine nucleotides (67).  

Under physiological conditions, AMPK activity is relatively low. Thus, in cells 
that do not undergo any kind of metabolic stress, the ATP: AMP: ADP ratio is around 
10: 0.1: 1, driving the adenylate kinase reaction towards ADP synthesis (ATP + AMP  
2ADP), thereby maintaining very low concentrations of AMP. However, under 
conditions of metabolic stress, in which the aforementioned reaction is reversed, 
increases in AMP levels are more pronounced than increases in ADP or ATP. 
Nowadays, it has been generally accepted that binding of AMP (and to a lesser extend 
ADP (68,69)) to the -subunit induces a conformational change that results in 
allosteric activation of AMPK up to 10-fold, and protects AMPK from 
dephosphorylation of Thr-172 by phosphatases (70-72). Simultaneously, allosteric 
activation further triggers phosphorylation of Thr-172 by AMPK upstream kinases. 
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Mammalian AMPK is activated by AMP via three mechanisms: i) promotion of 
Thr-172 phosphorylation; ii) inhibition of Thr-172 dephosphorylation; and iii) 
allosteric activation. The second effect can be mediated by ADP (73), whereas all three 
mechanisms are antagonized by ATP. Upon allosteric activation via an increase in 
AMP level, LKB1 (liver kinase B1), the major upstream kinase of AMPK (74), has been 
demonstrated to promote Thr-172 phosphorylation and activation of AMPK (Fig. 4). 

In addition to LKB1, CaMKK2/CaMKK  (Ca2+/calmodulin-dependent protein 
kinase kinase ) was revealed as an alternative upstream kinase that acts 
independently of changes in adenine nucleotides (75-77), but only phosphorylates 
Thr-172 upon increases in intracellular Ca2+ levels. The third recognized, and debated, 
upstream kinase of AMPK is TAK1 (transforming growth factor (TGF)- -activated 
kinase 1) (78), a mediator of TGF-  signaling in mammalian cells (79). TAK1, in 
combination with its binding partner TAB1, phosphorylates AMPK at Thr-172 (80,81). 

As earlier mentioned (Preface), upon activation, AMPK controls cellular and 
whole-body energy homeostasis by switching off ATP-requiring anabolic pathways 
(e.g., glycogen synthesis, fatty acid synthesis, cholesterol synthesis, and hepatic 
gluconeogenesis), whereas switching on ATP-producing catabolic pathways (e.g., 
muscle glucose and fatty acid transport, glycolysis, fatty acid oxidation, mitochondrial 
biogenesis). An overview of the role of AMPK is displayed in Figure 4. 

 
Figure 4. Regulation of AMPK. AMPK is a heterotrimeric complex consisting of an -, -, and -subunit. 
Upon cellular stress (i), a rise in AMP/ADT:ATP ratio causes allosteric activation of AMPK (ii). This further 
triggers upstream kinases to activate AMPK via phosphorylation of the Thr-172 residue (iii). AMPK restores 
energy balance by activating processes that produce energy, while inhibiting those that consume energy 
(iv). Once energy homeostasis is restored, phosphatases are capable of dephosphorylating and inactivating 
AMPK (v) (adapted from O’Neill et al. (82)).   
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Control of AMPK by pharmacological activators 
Besides the canonical regulation of AMPK by phosphorylation and physiological 
changes in adenine nucleotide levels, AMPK can also be pharmacologically activated 
by a variety of compounds. A widely used compound that is intracellularly converted 
into ZMP, an analog of AMP, is 5-aminoimidazole-4-carboxamide ribonucleoside 
(AICAR), which is able of indirectly activating AMPK without changing adenine 
nucleotide ratios (83). In skeletal muscle, AICAR has been shown to stimulate glucose 
uptake (84), whereas in heart it only stimulated fatty acid uptake (85). Furthermore, it 
has been shown that AICAR increases phosphorylation of TBC1D1 and TBC1D4 in 
rodent skeletal muscle (7), thus involving GLUT4 trafficking. In hepatocytes, it has 
been shown that AICAR inactivates GS via Ser-7 phosphorylation (86), thereby 
regulating glycogen synthesis. Most other pharmacological AMPK activators such as 
oligomycin, hydrogen peroxide and the biguanide drug metformin are metabolic 
poisons that inhibit ATP production, thus increasing cellular AMP levels and 
subsequently activating AMPK indirectly. Also, thiazolidinediones (TZDs) are insulin-
sensitizing agents that can indirectly, via increased expression and production of 
adiponectin, or directly activate AMPK in tissues (87). More direct activators of AMPK 
have been derived from high-throughput screens targeting AMPK, such as 991 (88), 
MT 63-78 (89), Compound 2 (90) and A-769662, known as Abbott compound (91-93). 
These compounds preferentially activate 1-containing AMPK complexes, and bind at 
a site between the -kinase and -CBM domain, which is distinct from the AMP 
binding site. 

Targeting of AMPK with A-769662 has been shown to be beneficial for the 
treatment of metabolic disorders (91). Similar to AMP, A-769662 inhibits Thr-172 
dephosphorylation (93), although this is not the primary mechanism of action.  
Instead, depending on the phosphorylation status of 1-Ser-108, A-769662 
allosterically activates AMPK in the absence of Thr-172 phosphorylation. Also 
salicylate, a natural plant product, has been shown to activate AMPK and binds at the 
A-769662 site to allosterically activate AMPK and inhibit dephosphorylation of Thr-
172 (94). Other natural products, such as resveratrol (red grapes), quercetin (fruits 
and vegetables), curcumin (Curcuma longa), berberine (Coptis chinensis), 
epigallocatechin gallate (EGCG, green tea) and theaflavin (black tea) have also been 
reported to activate AMPK, presumably via indirect inhibition of ATP synthesis and 
thereby resulting in an increased AMP:ATP ratio (95).  
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Tissue-specific expression and function of AMPK 
Despite being ubiquitously expressed, AMPK has a multifaceted role throughout the 
body, the significance of each individual subunit should not be underestimated. All 
three subunits, including its different isoforms, are differentially expressed in a wide 
variety of tissues (see Table 1).  
 
Table 1. Tissue-specific distribution of the individual AMPK subunits (adapted from Hardie et al. (96)). 

 
 

Taking a closer look at each of the subunits of AMPK (Fig. 5), in particular at the -
subunit, it has been reported that both cardiac and skeletal muscles predominantly 
express AMPK 2 complexes. In adipose tissue, AMPK 1 is most abundantly present, 
whereas the liver expresses both 1 and 2-containing complexes (97). Importantly, it 
is widely known that AMPK plays a central role in a wide variety of metabolic 
processes, and therefore can be found at different subcellular localizations, such as the 
cytosol or the nucleus. This nuclear–cytoplasmic shuttling is mediated via the nuclear 
export sequence in the -subunit (98), and implies direct phosphorylation of 
transcription factors or other essential downstream targets. Hence, earlier studies 
showed that AMPK 1 and 2 complexes have a different dependence on AMP and that 
AMPK 2 is preferentially located in the nucleus, whereas 1 is found in the cytoplasm 
(99,100). Also, it has been reported that AMPK 2 subcellular redistribution is 
regulated by the -subunit isoform, as activated 2 1-containing complex were 
situated in the cytoplasm, whereas activated 2 2-containing complex localized to the 
nucleus (101). In human skeletal muscle, it has been shown that AMPK 2 nuclear 
translocation is further induced upon exercise (102). Also, not only various forms of 
stress, potentially mediated via the extracellular signal-regulated kinase 1/2 
(ERK1/2)-mitogen-activated protein kinase (MAPK) pathway (103), but also leptin 
(101) has been shown to induce nuclear AMPK accumulation. Moreover, other studies 
demonstrated that the nuclear localization of AMPK 1 is regulated in a circadian 
rhythm (76,77). Altogether, these results indicate that AMPK subcellular localization 
is well-coordinated, which is required for proper response to local metabolic stimuli. 
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The expression of 1 is ubiquitous, whereas the expression of 2 and 3 is 
highly expressed in cardiac (104) and skeletal muscle (105), respectively. It has been 
reported that 1, similar to 1, is almost exclusively present in the cytosol, and that 

2, equal to 2, is mainly locating to subcellular organelles such as the nucleus (106). 
Furthermore, AMPK 3-containing complexes are only weakly activated by AMP 
(107), and highest activation is found in 2 2-containing AMPK complexes. In skeletal 
muscle, AMPK 1 2 1 (15%), 2 2 1 (65%) and 2 2 3 (20%) complexes are 
significantly present, but not expressed to the same extent (108,109). Wojtaszweski et 
al. reported that AMPK 2 2 complexes preferentially form a complex with 3, 
whereas the remaining 1 2 and 2 2 associated with 1 (108). Furthermore, it was 
shown that the AMPK 2 2 3 complex appears to be the predominant isoform 
activated in skeletal muscle in response to exercise (105,109).  

Besides - and -subunits, also the -subunit displays some variation in tissue 
distribution. AMPK 1 is ubiquitously expressed, although most abundantly found in 
brain and liver. AMPK 2-subunit is primarily expressed in heart and skeletal muscles 
(110,111), but more recently it was also found in human liver (112). Interestingly, 
also the AMPK 1 subunit has been shown to translocate to various subcellular 
localizations, which is dependent on its post-translational modifications (113). For 
instance, Dasgupta et al. showed that 2 is predominantly cytoplasmic in neuronal 
stem cells (114), whereas Turnley et al. reported that 1 is predominantly located in 
the nucleus, in both neuronal stem cells and neurons (100).  

 
 
Figure 5. Subunit structure of AMPK. Schematic representation of each subunit of the heterotrimeric 
enzyme. AID, auto-inhibitory domain; CBM, carbohydrate-binding module; CBS, cystathionine beta 
synthase; CD, catalytic domain; CTD, C-terminal domain.  
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Relevance of AMPK in cardiac and skeletal muscle 
AMPK plays a prominent role in maintaining energy homeostasis in key metabolically 
relevant tissues such as heart, skeletal muscle, adipose tissue, liver, and 
hypothalamus. Although the main focus is on the role of AMPK in cardiac and skeletal 
muscle, the other tissues will also be shortly discussed. 

Both in heart and skeletal muscle, highly metabolically flexible organs 
(115,116), activation of AMPK increases essential metabolic processes such as glucose 
uptake, fatty acid uptake and oxidation and mitochondrial biogenesis, by regulating 
gene expression, substrate transporter translocation and activity of several key 
enzymes (117). Acute muscle AMPK activation increases fatty acid oxidation by 
decreasing malonyl-CoA levels through inhibition of acetyl-CoA carboxylase (ACC) and 
activation of malonyl-CoA decarboxylase (MCD), changes that also have been found in 
liver and adipose tissue, for instance due to the release of exercise-induced hormones 
such as interleukin-6 (IL-6) (118). AMPK activation has also been shown to increase 
long-term fatty acid oxidation via enhanced expression of PPAR -target genes, 
suggesting that AMPK regulates many genes involved in skeletal muscle metabolism 
(119). Activated AMPK increases the TBC1D1-mediated myocellular translocation of 
the glucose transporter GLUT4 from intracellular storage vesicles to the plasma 
membrane to stimulate glucose uptake (120,121), and it is known to enhance GLUT4 
expression and glycolysis. AMPK also coordinates skeletal muscle energy production 
by regulating mitochondrial biogenesis, mediated by transcription factors such as 
nuclear respiratory factor-1 (NRF-1), mitochondrial transcription factor A (MTFA) 
and peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC1 ). 
AMPK can directly phosphorylate PGC1  and it is known to drive the expression of 
PGC1  upon exercise or pharmacological AMPK activation (122). In parallel, AMPK 
increases cellular NAD+ levels and enhances SIRT1 activity, resulting in deacetylation 
and activation of PGC1  (123). During fasting and after exercise, skeletal muscle can 
efficiently switch from carbohydrates to lipids in order to preserve glycogen and 
blood glucose levels for glucose-dependent tissues. In this respect, AMPK can function 
as an initial sensor, as a deficiency in AMPK resulted in improper regulation of SIRT1 
activity and its downstream transcriptional regulators PGC1  and FOXO1 (123). 

In adipocytes, AMPK activation inhibits insulin-stimulated glucose 
metabolism, but also increases the production of anti-inflammatory cytokines such as 
IL-10 in macrophages and promotes macrophage polarization to an anti-inflammatory 
functional phenotype (124). AMPK also has been shown to increase fatty acid 
oxidation by inactivating ACC, and possibly inhibits lipolysis by phosphorylation of 
hormone sensitive lipase (HSL) and adipose triacylglycerol lipase (ATGL) (125-127). 
Liver AMPK is involved in controlling glucose homeostasis mainly through inhibition 
of genes and proteins involved in hepatic glucose output and gluconeogenesis. For 
instance, AMPK inhibits gluconeogenesis by disrupting CREB–CRTC2 interaction and 
binding to phosphoenolpyruvate carboxykinase (PEPCK) and G6Pase gene promoters 
(128). AMPK also decreases hepatic lipogenesis via phosphorylation and inactivation 
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of ACC1/2 (129). Hypothalamic AMPK has been shown to regulate appetite, probably 
indirectly via ACC, in response to circulating nutrient, (e.g., glucose and fatty acids), as 
well as hormonal signals derived from the pancreas, adipose tissue, and gut (130). 
Leptin, an adipocyte hormone, inhibits AMPK activity in the hypothalamus to mediate 
the anorexic effect of leptin (131), whereas ghrelin, a peptide hormone released from 
the stomach, activates AMPK in the hypothalamus (132), which may contribute to its 
orexigenic effect (133). 

It is obvious that AMPK plays a key physiological role in cellular and whole-
body metabolism (96). Detailed insight into the physiological roles of the various 
subunits and isoforms of AMPK has been gained from extensive knockout and 
transgenic mice studies. For instance, the generation of catalytic -subunit knockout 
animals has highlighted the role for AMPK 1 and AMPK 2 in the regulation of energy 
metabolism (97). Although AMPK 1 2 double-knockout mice have been found 
embryonically lethal, studies on AMPK 1 or AMPK 2 tissue-specific or whole-body 
knockout mice provided insight. Whereas AMPK 1 or 2 whole-body knockout mice 
did not show any effect on appetite or body mass, Jørgensen et al. observed lowered 
AMPK activity both at rest and during exercise in AMPK 2 knockout muscles (134). 
The generation of transgenic mice overexpressing a dominant-negative form of the 
catalytic -subunit (135) or transient overexpression of constitutively active forms of 
AMPK (136) have provided information on the role of AMPK in different tissues. The 
generation of transgenic mice harboring naturally occurring mutations in the human 
2 (137-140) and pig 3 (141) subunit advanced our understanding of AMPK 

regulation in heart and skeletal muscle, respectively. Genetic models with deletion of 
the AMPK  subunit provided evidence that this regulatory subunit is of great 
importance for AMPK activity and thus for regulating metabolic homeostasis. 
Steinberg et al. reported that AMPK 2 null mice, despite overcompensation of 1, had 
reduced muscle AMPK activity and exercise tolerance (142), and showed that AICAR-
stimulated glucose uptake was impaired in these mice (142). Also, these mice 
appeared to have a similar phenotype to the mice lacking the 2 (143) or 3 (144) 
subunit (109). Mice bearing a germline deletion of AMPK 1 displayed reduced hepatic 
AMPK activity due to lowered AMPK -subunit expression, and had lowered appetite, 
adiposity and total body mass (145). Further, young mice lacking muscle-specific 
1 2 showed that AMPK plays a role in maintaining mitochondrial capacity and 

contraction-stimulated glucose uptake into skeletal muscle (109). In summary, these 
data provide evidence that AMPK plays a pivotal role in heart and skeletal muscle. 
Nevertheless, the explicit function of AMPK with respect to glycogen, and glycogen 
metabolism, has not been sufficiently addressed as yet. Identification of a CBM domain 
in the -subunit of AMPK suggests the involvement of AMPK in key processes related 
to glycogen metabolism. To better understand how AMPK is capable of binding to 
glycogen, the next paragraph provides detailed insight into the role of the -CBM 
domain. Furthermore, a compact overview of AMPK’s function regarding glycogen 
metabolism will be given. 
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Role of the AMPK -CBM domain  
Both using cell free and cellular assays (63,146), it has been shown that the CBM of 
AMPK is involved in glycogen binding. The sequence of the CBM domain is conserved 
in the yeast homologue SNF1, referred to as glycogen-binding domain of the 
regulatory subunits Gal83 and Sip2 (146), as well as in plant homologue SnRK1, 
referred to as SBD of AKIN 2 and a -type subunit AKIN  (147), respectively. To 
better understand the process of AMPK attaching to glycogen, several groups have 
taken a closer look at the structure and function of the CBM domain by means of 
mutagenesis studies. Structural analysis of AMPK 1-CBM in complex with -
cyclodextrin ( -CD) (Fig. 6), a cyclic model sugar mimicking glycogen, revealed 
certain well-conserved key residues within the AMPK-CBM (i.e., W100, W133, N150 
and K126 and L146) that are essential for AMPK–carbohydrate interaction, and 
mutagenesis studies on these residues indeed revealed either partial or complete loss 
of carbohydrate-binding ability (63,64). In contrast with the C-terminal -interaction 
domain (148,149), the CBM domain appears not to be essential for the formation of 
stable (active) heterotrimeric complexes (150).  

Although the ubiquitously expressed 1 and muscle-specific 2 subunits are 
almost 100% identical concerning the residues involved in binding to -CD, critical 
examination of the binding of AMPK 1- and 2-containing complexes to 
carbohydrates revealed that 2 is distinct from 1. Koay et al. reported that the major 
difference between the two -isoforms is a threonine-101 insertion (corresponding to 
Thr-102 in 2 subunit) (Fig. 6). This particular insertion differentiates the 
carbohydrate-binding affinity between the two isoforms (151), whereas other 
differences (e.g., F82I, Y92F, T106I, R107K, N11D, T134V, and Q154H) did not appear 
to have impact on the structure or biological function of the CBM domain. 

 

 
Figure 6. Overlay of 1-CBM and 2-CBM in complex with -cyclodextrin (151). 1-CBM is displayed in 
light blue and purple, whereas 2-CBM, including a Thr-101 insertion, is presented in green and yellow 
(151). The cyclic sugar -CD is shown in blue.  
  



1 

 
 

 
 

 
 

 
 

 
 

 

Chapter 1  

24 

Although AMPK carries a CBM domain within the  subunit, not all AMPK is 
localized to glycogen (99,103), which implies that AMPK presumably acts in a 
coordinated localization-dependent manner. Several studies extensively investigated 
the role and activity of AMPK at glycogen. Consistent with in vitro data of Carling and 
Hardie (152,153) showing that AMPK is capable of phosphorylating and inhibiting 
myocellular GS at Ser-7 (site 2), it has been shown that glycogen-localized AMPK 
physically interacts with GS, GP and GDE in mammalian cells (110,150,154), and 
AMPK is capable of phosphorylating the glycogen phosphatase laforin (155). 
Regarding the involvement of AMPK in myocellular glycogen metabolism, several 
studies reported that acute treatment of isolated rat muscles with AICAR impaired 
insulin-stimulated glycogen synthesis (156). In AMPK- 2 knockout mice, AICAR-
mediated phosphorylation of GS was prevented (154), suggesting a significant role for 
AMPK in the regulation of glycogen metabolism. In contrast, chronic AMPK activation 
in rodents rather promoted glycogen storage both in cardiac and skeletal muscle 
(157), which in some cases even may be related to cardiac dysfunction. For instance, 
patients with McArdle’s Disease (carrying an inherited mutation on the glycogen 
phosphorylase gene) have increased glycogen accumulation, although AMPK is hyper-
activated. Also, transgenic mice bearing a naturally occurring 2 mutation, which 
mimics the Wolff-Parkinson-White (WPW) syndrome in humans, display an unusual 
type of cardiomyopathy due to abnormal accumulation of glycogen. This mutation 
disrupts the binding site for AMP, which is causal for the aberrant AMPK activity 
observed (137,140,158). 

Altogether, it is obvious that AMPK is involved in controlling glycogen 
metabolism, but the consequence of AMPK activity on glycogen storage seems to be 
conflicting. On one hand, it has been established that AMPK phosphorylates GS, 
indicating that AMPK might be a partner of the glycosome. On the other hand, using 
knock-in mice bearing a dominant-negative mutation on GS, it was shown that AICAR-
stimulated glycogen synthesis is regulated by G6P-mediated allosteric activation, 
suggesting that G6P overcomes the primary inhibitory function of AMPK on GS and 
consequently glycogen synthesis (159). Regarding the level of AMPK activity at 
subcellular localizations such as glycogen, McBride et al. reported that the CBM 
domain of AMPK is not only involved in localizing AMPK to glycogen, but also 
regulates allosteric inhibition of AMPK activity when bound to highly branched 
glycogen (160). Consistently, Momcilovic et al. reported that the glycogen-binding 
domain of the regulatory Gal83 subunit is involved in glucose-mediated inhibition of 
SNF1 activity (161), whereas others failed to observe such effects on AMPK activity 
(63,162). Furthermore, glycogen loading has been shown to prevent AICAR-mediated 
AMPK activation in rat skeletal muscles (151, 152) or exercise-mediated AMPK 
activation in humans (155). Conversely, AMPK is activated in muscle by 
exercise/contraction (163), suggesting that AMPK-mediated glucose import might be 
enhanced as a consequence of glycogen degradation.  
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Because this thesis has a main focus on the interplay of AMPK with glycogen, in 
particular the AMPK  subunit, this chapter also introduces the various post-
translational modifications known to occur on the -subunit and elucidates how these 
post-translational modifications regulate AMPK. 
 
Regulation of CBM and full-length AMPK  by post-translational 
modifications  
Ubiquitination  
Ubiquitination is a multistep process in which specific proteins are recognized by E3 
ubiquitin ligases. First, the E1 ubiquitin-activating enzyme interacts with ubiquitin in 
an ATP-dependent process to form a thioester linkage between the C-terminal 
carboxyl group of ubiquitin and the E1 sulfhydryl moiety. Second, ubiquitin is 
transferred to the active cysteine of the E2 ubiquitin-conjugating enzyme. Finally, E3 
ubiquitin ligases recognize specific substrates and transfer ubiquitin to a lysine on its 
target protein. Qi et al. demonstrated that cell death-inducing DFFA-like effector a 
(Cidea) interacts specifically with the AMPK  subunit to form a complex that can be 
targeted for ubiquitination in order to promote AMPK degradation (164). Conversely, 
ubiquitination of AMPK  introduced by E3-ubiquitination ligase malin does not target 
the enzyme for proteasomal degradation, but promotes accumulation of AMPK into 
inclusion bodies, likely affecting subcellular distribution (165). 
 
Sumoylation 
Sumoylation is the addition of sumo-conjugates to enzymes, carried out by an E3-
small ubiquitin-like modifier (SUMO) ligase. It has been shown that protein inhibitor 
of activated STAT (PIASy) adds SUMO2- but not SUMO1-conjugates to AMPK 2, which 
results in enhanced AMPK activity. Interestingly, these researchers also found that 
sumoylation can simultaneously compete for ubiquitination, a condition that is known 
to inactivate AMPK (166). Also the yeast homolog Snf1 has been shown to undergo 
sumoylation, a modification that inhibits SNF1 activity (167).  
 
Acetylation 
Recently, Lu et al. showed significant effects upon acetylation of Sip2 (168). Sip2 is a 
regulatory  subunit of SNF1 protein kinase, which is mainly involved in metabolism 
and other cellular processes in response to energy supply. They demonstrated that 
Sip2 acetylation increases physical interaction with Snf1, thereby antagonizing its 
catalytic activity. This further results in decreased phosphorylation of downstream 
targets involved in cell aging (168), indicating that acetylation of the AMPK  subunit 
regulates various cellular processes in yeast, which needs to be verified in mammalian 
cells.  
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Myristoylation  
The -subunit is post-translationally modified by N-terminal myristoylation, which 
targets AMPK 1-containing complexes to the plasma membrane (113,169). Oakhill et 
al. showed that the muscle-specific AMPK 2 subunit can also be myristoylated, and 
that myristoylation is required for allosteric stimulation of Thr-172 phosphorylation, 
whereas it is not required for protection from dephosphorylation or allosteric 
stimulation of kinase activity. Additionally, glucose deprivation has been shown to 
promote membrane association of myristoylated AMPK (170), indicating that there is 
a myristoyl-switch mechanism upon cellular stress. Removal of the myristoylation site 
using site-directed mutagenesis (G2A mutant) provided insight into the regulation of 
enzyme activity, heterotrimeric assembly and subcellular localization, showing that 
myristoylation inhibits AMPK activity (113). Also, Lin et al. reported that N-
myristoylation of Sip2a, the Snf1 kinase -subunit, perturbs cellular histone kinase 
activity, thereby regulating aging (171). 
 
(Auto)Phosphorylation 
Nowadays, protein phosphorylation and autophosphorylation are well-established 
post-translational modifications known to play a role in the regulation of subcellular 
localization (172,173). Indeed, AMPK can undergo extensive phosphorylation on - 
and -subunits (113,174), and in particular, AMPK can be autophosphorylated at 
multiple sites as a result of AMPK activation (174,175). Focusing on the -subunit, it 
has been shown that mutations on known phosphorylation residues serine-182, 
serine-24 and serine-25 within the 1 subunit, the latter two being identified as 
autophosphorylation sites, are associated with nuclear redistribution but not with 
altering enzyme activity (174,175). Also, autophosphorylation of the -serine-108 
residue situated in the CBM (174), appears to be required in activating AMPK by A-
769662 without affecting cellular localization (92,176). Interestingly, we recently 
identified a novel autophosphorylation site in the AMPK  subunit, involved in 
coordinating AMPK recruitment to glycogen, a topic that is highlighted in chapter 2.   
 

  



1 

 
 

 
 

 
 

 
 

 
 

 
General Introduction 

27 

AMPK as a therapeutic target to combat muscle insulin resistance 
Type 2 diabetes is a growing epidemic, thus increasing the demand for safe and 
effective medications. It is widely known that activation of AMPK, a key metabolic 
master switch, is impaired in rodents and humans with the metabolic syndrome. 
Because AMPK has beneficial impact on a wide variety of peripheral organs, by 
increasing catabolic processes while turning off anabolic processes, and can decrease 
blood glucose levels independent of insulin, activation of AMPK is considered as a 
therapeutic target for treating metabolic diseases, such as type 2 diabetes. Skeletal 
muscle is the major site of impaired glucose disposal in insulin resistance (2). Both 
exercise and pharmacological activation of AMPK have been shown to improve insulin 
sensitivity in skeletal muscle of obese (177) or insulin resistant rodents and humans 
(178). Notably, one key feature of type 2 diabetes is impaired stimulation of insulin-
induced glycogen synthesis (179,180), causing a reduction in muscular glycogen 
content. Although increased AMPK activity lowers blood glucose levels by increasing 
the intracellular glucose uptake, AMPK is simultaneously known to phosphorylate and 
inhibit glycogen synthase, thereby channeling glucose into glycolysis. Therefore, the 
subcellular localization of activated AMPK has significant physiological impact on 
glucose and glycogen metabolism, as AMPK will likely encounter a different subset of 
downstream targets in its surrounding (i.e., cytoplasmic free versus glycogen-bound).  
 
Conclusion 
In summary, AMPK extensively undergoes post-translational modifications, which in 
turn has metabolic consequences on a wide variety of tissues. In skeletal muscle, 
activation of AMPK promotes glucose uptake, fatty acid oxidation, and mitochondrial 
biogenesis, whereas it inhibits protein and glycogen synthesis. Similarly, in cardiac 
muscle, AMPK activation stimulates glucose uptake, fatty acid oxidation and glycolysis. 
On the other hand, 150 years after the discovery of glycogen granules, there is still 
more to learn about the regulation of glycogen metabolism. Although AMPK is a well-
established metabolic master switch adapting to changes in energy balance by 
controlling glucose homeostasis, surprisingly, there is a lack of understanding 
regarding the role of AMPK in coordinating myocellular glycogen metabolism. 
Additionally, the physiological impact of post-translational modifications of AMPK 
with respect to glycogen metabolism is relatively understudied. With this in mind, this 
thesis aims at advancing the current knowledge of the complex interplay between 
AMPK and glycogen, and the role of modulators involved in glycogen metabolism. 
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ABSTRACT 
The mammalian AMP-activated protein kinase (AMPK) is an obligatory  
heterotrimeric complex carrying a carbohydrate-binding module (CBM) in the -
subunit (AMPK ) capable of attaching AMPK to glycogen. Nonetheless, AMPK localizes 
at many different cellular compartments, implying the existence of mechanisms that 
prevent AMPK from glycogen binding. Cell-free carbohydrate-binding assays revealed 
that AMPK autophosphorylation abolished its carbohydrate-binding capacity. X-ray 
structural data of the CBM displays the central positioning of threonine-148 residue 
(T148) within the binding pocket. Substitution of T148 for a phospho-mimicking 
aspartate (T148D) prevents AMPK from binding to carbohydrate. Overexpression of 
isolated CBM or 1-containing AMPK in cellular models revealed that wild-type (WT) 
localizes to glycogen particles, whereas T148D shows a diffuse pattern. 
Pharmacological AMPK activation and glycogen degradation by glucose deprivation 
but not Forskolin enhanced cellular T148 phosphorylation. Cellular glycogen content 
was higher if pharmacological AMPK activation was combined with overexpression of 
T148D mutant relative to WT-AMPK. In summary, these data show that glycogen-
binding capacity of AMPK  is regulated by T148 autophosphorylation with likely 
implications in regulation of glycogen turnover. The findings further raise the 
possibility of regulated carbohydrate-binding function in a wider variety of CBM-
containing proteins. 
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INTRODUCTION 
Many enzymes involved in the synthesis and degradation of complex carbohydrate 
molecules, such as cellulose or glycogen, contain a domain called the carbohydrate-
binding module (CBM) specialized in the binding of complex carbohydrates. CBMs are 
present in various taxa and protein types (1,2). Despite their lack of direct catalytic 
activity, CBMs may enhance specific enzymatic activity by targeting the enzyme to its 
substrates and increasing its effective concentration (3,4). Other proteins that are not 
directly carbohydrate-active but are involved in glucose metabolism regulation are 
also known to contain a CBM: this is notably the case for the mammalian energy 
sensor AMP-activated protein kinase (AMPK) (5,6), as well as its fungal homolog SNF1 
(7) and its plant homolog SnRK1 (8). 

AMPK is a heterotrimer consisting of (i) a catalytic subunit  ( 1 or 2) 
carrying the kinase domain, (ii) a regulatory subunit  ( 1 or 2) with the CBM and 
the C-terminal region tethering  and  together, and (iii) a regulatory subunit  ( 1, 
2 or 3) responsible for the adenine nucleotide sensing (9,10). AMPK is a well-

known, highly conserved metabolic enzyme central for coordinating cellular and 
whole body energy homeostasis. Upon cellular stress, such as contraction, exercise or 
hypoxia, AMPK is activated by several mechanisms. Briefly, the increased AMP level 
induces a conformational change in AMPK facilitating the phosphorylation of 
threonine-172 (T172) on the activation loop of the -subunit by upstream kinases 
such as liver kinase B1 (LKB1) or calcium/calmodulin-dependent protein kinase 2 
(CaMKK2) resulting in roughly 1000-fold activation of the enzyme (11-13). The AMP-
binding to AMPK  also reduces the rate of dephosphorylation at T172, thus keeping 
AMPK in its active state (11,14).  As a result, AMPK phosphorylates a number of 
downstream targets to restore energy balance by facilitating glucose uptake, 
glycolysis, and fatty acid oxidation, thus increasing the energy production, and 
simultaneously switching off ATP-consuming pathways, such as glycogen, fatty acid 
and cholesterol synthesis (9,12).  

Considering the micromolar affinity of recombinant AMPK complexes and 
CBM for small cyclic and linear oligosaccharides (15,16), the interaction between 
AMPK and glycogen in cells may be relatively strong. Since some AMPK targets, such 
as glycogen synthase (17), are associated with glycogen (18), the presence of a CBM 
might be beneficial in juxtaposing the kinase next to its substrates (5). However, in the 
case of targets not located at glycogen, such as the acetyl-CoA carboxylase 2 (ACC2), 
which is associated with the mitochondria (19), the retention of AMPK to glycogen by 
the CBM could be detrimental for a quick cellular response to energy stress. Besides, 
AMPK has been detected in different subcellular areas, for example at the cell 
membrane (20,21) or in the nucleus (22,23). This variety of localizations and actions 
implies that the AMPK–carbohydrate binding ability may be regulated in cells.  
In this study, using cell-free and cellular systems, we show that AMPK loses its 
carbohydrate-binding ability upon activation due to a bimolecular 
autophosphorylation event that modifies the AMPK -CBM at threonine-148 (T148). 
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EXPERIMENTAL PROCEDURES 
Plasmids - Bacterial expression plasmids encoding for hexahistidine-tagged 

wild-type (WT) AMPK ( 1 1 1, 1 2 1, 2 1 1, 2 2 1) (24,25), non-tagged LKB1-
MO25-STRAD  complex (26), and GST-tagged CaMKK2 (11) have been described. The 
isolated 1- and 2-CBMs were bacterially expressed as described (16). The cDNA of 
1 lacking the CBM (aa 182-270) was amplified by PCR and initially subcloned into 

the NcoI and SpeI restriction sites of the pET3dx vector (24). Subsequently, the 
bacterial expression plasmid encoding for the heterotrimeric hexahistidine-tagged 
AMPK lacking the CBM ( 1 1 CBM 1) was generated using the published procedure 
(24). The kinase-deficient AMPK 1 plasmids with a non-phosphorylatable alanine 
(D157A) ( 1 1 1-KD or 1 2 1-KD, respectively) were constructed as published 
earlier (27). The coding sequence for T148 in the AMPK 1 subunits was changed to 
encode a non-phosphorylatable alanine (T148A) or a phosphorylation-mimicking 
aspartate (T148D) by site-directed mutagenesis following the manufacturer’s 
instructions (QuikChange, Stratagene).  

To obtain activated AMPK phosphorylated at T172, each of the tricistronic 
WT and kinase-deficient coding sequences were combined with the LKB1-MO25-
STRAD  coding sequence in a single hexacistronic plasmid, allowing for co-expression 
of both protein complexes and the subsequent purification of the hexahistidine-tagged 
AMPK alone (referred to as 1 1 CBM 1 active, 1 1 1 and 1 2 1 active, 1 1 1-
KD pT172, and T148A active, respectively) as also published recently (28).  

For expression in mammalian cells, the cDNA of wild-type (WT) 1-CBM (aa 
68-163) or 2-CBM (aa 67-163) was amplified by PCR and ligated in frame into the 
pAcGFP expression vector (Clontech) via the EcoRI and SalI restriction sites, resulting 
in expression constructs for CBM 1-WT-GFP or CBM 2-WT-GFP, respectively. The 
cDNA of full-length 1 was amplified by PCR and subcloned either into the pmCherry 
expression vector (Clontech) via EcoRI and SalI restriction sites, or into the pCMV5-
3xHA expression vector (29) via HindIII and SalI restriction sites. GFP-tagged CBMs or 
mCherry-tagged 1 bearing a threonine-to-aspartate mutation on residue 148 
(T148D) were generated using the Quick-change site-directed mutagenesis kit 
(Stratagene). The pcDNA3 constructs for expression of AMPK 1-myc and 1-subunit 
were kindly provided by Dr. D. Carling (Imperial College London, London, United 
Kingdom).  

For retroviral overexpression, GFP-tagged CBM 1 or CBM 2 (either WT or 
T148D) was subcloned, using an oligonucleotide linker, into the EcoRI and SalI 
restriction sites of the pBMZ-ires-neo retroviral backbone (kindly provided by Dr. G. 
Nolan, Stanford University, CA). Primer sequences are available from the author upon 
request. All of the constructs were verified by sequencing.  
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Bacterial Expression and Purification - Proteins were expressed in Rosetta 
2 (DE3) Escherichia coli cells (Novagen). Bacteria were grown in auto-induction 
medium and proteins were purified as described with few modifications (30). Briefly, 
the bacterial pellet was collected by centrifugation, resuspended in lysis buffer (for 
hexahistidine-tagged proteins: 50 mM NaH2PO4, 30 % Glycerol, 0.5 M sucrose, 10 mM 
imidazole, pH 8; for GST-tagged proteins: PBS, pH 7.3) and lysed using a high-pressure 
homogenizer. After centrifugation, the supernatant was incubated for 1 h at 4°C on a 
roller bank in presence of either 1 mL of nickel-sepharose HP (GE Healthcare) for the 
hexahistidine-tagged proteins or with 1 mL of gluthathione sepharose 4B (GE 
Healthcare) for the GST-tagged proteins. After centrifugation, the resin was washed 3 
times with wash buffer (for hexahistidine-tagged proteins: 50 mM NaH2PO4, 30 % 
Glycerol, 0.5 M sucrose, 20 mM imidazole, pH 8; for GST-tagged proteins: PBS, pH 7.3) 
then the protein was eluted in elution buffer (for hexahistidine-tagged proteins: 50 
mM NaH2PO4, 30 % Glycerol, 0.5 M sucrose, 250 mM imidazole, pH 8; for GST-tagged 
proteins: Tris-HCl 50 mM, 10 mM reduced glutathione, pH 8), frozen in liquid nitrogen 
and kept at -80°C until use.  
 

-cyclodextrin Binding Assay - -cyclodextrin was immobilized on epoxy-
activated sepharose 6B (GE Healthcare) according to the manufacturer's protocol. 
Briefly, Ni2+-affinity purified AMPK was rebuffered into assay buffer (10 mM Tris-HCl 
pH 7.2) using PD-10 columns (GE Healthcare) and 500 µl (25 µg/ml) of this AMPK 
solution (I-fraction) was incubated with 50 µl of pre-equilibrated -cyclodextrin resin 
in a 0.7 ml reaction tube (LoBind, Eppendorf) with gentle agitation for 15-20 minutes. 
The supernatant containing the non-bound material (S-fraction) was removed after 
centrifugation (2000 × g, 1 min) and the resin was washed twice in assay buffer. The 
wash fractions were discarded. Bound AMPK was eluted by incubation in 500 µl of 
elution buffer (5 mM -cyclodextrin in assay buffer) for 5 min with gentle agitation. 
After centrifugation the supernatant (P-fraction) was collected, the resin was washed 
twice with elution buffer and supernatants were discarded. Finally, the resin was 
incubated with SDS-sample buffer at 95°C to obtain the precipitated fraction (L-
fraction). For analyses, 5 µl of each fraction were subjected to SDS-PAGE and Western 
blotting, and further processed with AMPK  and phospho-AMPK (pT172) antibodies 
(Cell Signaling Technologies).  
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Phosphorylation Assay of Recombinant Proteins – AMPK was in vitro 
activated by upstream kinases as previously described (30). Briefly, recombinant 
AMPK ( 1 1 1 or 1 2 1, 25 g/ml) was activated in kinase buffer by recombinant 
GST-CamKK2 (15 g/ml) for 30 min at 37 °C, and subsequently incubated with -
cyclodextrin resin for 10 min with gentle agitation to allow for binding. Alternatively, 
recombinant AMPK was first incubated with -cyclodextrin resin, followed by 
activation with upstream kinases. As described above, the assay was continued with 
three washing steps, then three times -cyclodextrin elution buffer, and finally SDS-
sample buffer. Subsequently, the presence of (phosphorylated) AMPK in the various 
fractions (I, S, P, L) was probed by Western blot analysis. 

 
Cell Culture - The human hepatocyte HepG2 and human embryonic kidney 

293T cell line (HEK293T) were cultured in DMEM with high glucose (25 mM) (Gibco), 
supplemented with 10 % (v/v) heat-inactivated fetal calf serum (Bodinco BV, 
Alkmaar, The Netherlands) and penicillin/streptomycin (Invitrogen), unless 
otherwise stated. HL-1 cardiomyocyte cell line was kindly provided by Dr. W. 
Claycomb (Louisiana State University, New Orleans, LA, USA), cultured on fibronectin 
(5 ug/ml, Sigma)/gelatin (0.01 %, Merck)-coating in Claycomb medium 
(supplemented with 10 % heat-inactivated fetal calf serum (iFCS), 0.1 mmol/l 
noradrenaline [norepinephrine], 2 mmol/l L-glutamine, 100 U/ml penicillin and 100 

g/ml streptomycin) at 37 °C and 5 % CO2. 
For transient transfections, HEK293T cells were seeded to 30 % confluence in 

6-well plates (Greiner Bio-One) 24 h before transfection. Cells were co-transfected 
with plasmid DNA ( 1-myc, mCherry-tagged 1-WT/ 1-T148D and 1 for 
immunoprecipitation and Western blotting, or 1-myc, HA-tagged 1, 1 and 
mCherry-tagged 1-WT/ 1-T148D for localization studies of the holoenzyme) using 
Lipofectamine 2000 (Invitrogen) in antibiotic-free culture medium. Six to eight hours 
after transfection, transfection medium was replaced by normal growth medium. At 
24 - 48h after transfection, cells were either harvested or fixed. 

For the glycogen depletion experiments, cells were either maintained in high 
glucose medium (DMEM with 25 mM glucose and 10 % iFCS) or treated with forskolin 
(100 µM, Sigma) in the same medium, or glucose-deprived (glucose-free DMEM, 10 % 
iFCS), for 16 hours. 

In order to activate cellular AMPK, cells were serum-starved (plain DMEM, 5.5 
mM glucose) for 16h and subsequently treated with 5-aminoimidazole-4-carboxamide 
riboside (AICAR, 1 or 1.5 mM, Sigma), oligomycin (3 or 5 M, Sigma), A769662 (100 
uM) or phenformin (1.5 mM), vehicle (DMSO) or high glucose medium for 45 – 60 min. 
Insulin (100 nM, Sigma) treatment for 15 min was done in order to stimulate glycogen 
synthesis. 
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Immunoprecipitation and Immunoblotting - Cells were lysed in 
immunoprecipitation lysis buffer (20 mM Tris-HCl pH 8.0, 137 mM NaCl, 10 % 
glycerol, 1 % Triton X-100, 2 mM EDTA), supplemented with protease and 
phosphatase inhibitor cocktails (Roche). Endogenous AMPK was immunoprecipitated 
using a combination of AMPK 1 and AMPK 2 antibodies raised in sheep (kindly 
provided by G. Hardie). Myc-tagged AMPK was immunoprecipitated using a myc-tag 
antibody (Cell Signaling Technology, Beverly, MA). The primary antibody was 
incubated top-over-top with 350 g of protein lysate at 4 ºC for 16 h, followed by 
incubation with protein G Sepharose beads for 3-4 h at 4 ºC. The immune complexes 
were then collected by centrifugation. The immunoprecipitated proteins were 
electrophoresed by SDS-PAGE and analyzed by Western blot analysis. Immunoblot 
analysis was carried out with the following primary antibodies: myc-tag, AMPK , 
phospho-AMPK-T172, Akt, phospho-Akt-S473 and GS (all from Cell Signaling). GS-pS7 
antibodies were a kind gift from G. Hardie. In order to detect changes in T148 
phosphorylation, a phospho-specific AMPK -T148 antibody was produced (peptide 
sequence AMPK 2 (142-154) pT148; VTSQLGINNLI) (5). Detection was performed 
using anti-rabbit or anti-mouse horse-radish peroxidase (HRP)-conjugated secondary 
antibodies (Cell Signaling Technology or Dako, respectively), followed by 
chemiluminescence.  
 

Biochemical Cellular Glycogen Measurement - Extraction of glycogen from 
293T cells was adapted from a method described by McMahon and Frost (31). Briefly, 
cells were lysed in potassium hydroxide (30 %) and boiled at 70°C for 30 min. 
Subsequently, samples were cooled to 25°C before sodium sulfate (6 % w/v) and 
EtOH (99.5 % v/v) were added at the ratio 1:1:3. After thorough mixing, samples were 
rotated top-over-top at 4°C for 30-60 min. The precipitate was collected by 
centrifugation at 5000 rpm for 5 min at 4°C. To hydrolyze, pellets were dissolved in 
1M HCl and boiled at 100°C for 2h. Samples were cooled before neutralization using 
2M NaOH. Hydrolysates were used for glucose determination using a Glucose (GO) 
Assay Kit (Sigma), according to the manufacturer’s instructions. 
 

Retroviral Vectors and Infections - Retroviral systems and Phoenix helper-
free retrovirus producer cell lines were used as published before (32-34). 
Amphotropic retroviral supernatants were produced following calcium 
phosphate/DNA transfection of producer cells; 24-48 hours post-transfection, the 
supernatants were harvested, filtered (0.45 micron filters; Corning, Germany) and 
used for infection of HepG2, HEK293T and HL-1 cells in presence of 4 µg/ml 
polybrene (Sigma). For infections, cells were incubated with virus particles for 6-8 
hours and then allowed to recover for 48 hours on fresh medium before selection 
pressure was applied. Infected cells were selected with 200 to 500 g/ml G418 (PAA 
Laboratories GmbH) for two weeks preceding experiments.  
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Immunocytochemistry - Cells were grown in 12-wells plates (Greiner Bio-
One) on coverslips (Ø 20 mm; Thermo Scientific) to 60-80 % confluence. Cells were 
washed twice with PBS and fixed with 4 % formaldehyde in PBS for 10 min at room 
temperature. Fixed cells were stored at 4°C in PBS-NaN3 (0.03 %) or washed three 
times with PBS+/+ (Gibco) and directly used for immunocytochemistry (IC). 
Subsequently, cells were permeabilized (0.1 % Triton X-100 and 0.2 % BSA in PBS) for 
15 min and blocked (2 % BSA-PBS) for 30 min at room temperature. Primary and 
secondary antibodies (2 % BSA-PBS) were incubated for 1h at room temperature. 
Coverslips were washed and mounted onto glass slides using DABCO-glycerol medium 
(Sigma-Aldrich) containing diamidino-2-phenylindole (DAPI, 1:10000, Sigma-Aldrich) 
in order to counterstain nuclei. The anti-glycogen antibody (1:500) was a courtesy of 
Dr. O. Baba (Tokyo Medical and Dental University, Tokyo, Japan), the secondary 
antibody was goat anti-mouse IgM Alexa647 (1:200, Invitrogen) or goat anti-mouse 
IgM Alexa488 (1:200, Invitrogen). 
 

Microscopy and Image Capturing - Fixed cells were imaged using a Leica 
TCS SPE confocal laser scanning microscope (Leica Microsystems GmbH) equipped 
with an air-cooled Argon–Krypton mixed gas laser, using oil-immersion objectives 
(63×, NA=1.4). Optical sections were recorded 3 scans for each image. Image J 
software was used to process and analyse the images. Image brightness and contrast 
was adjusted to the same settings were needed. 
 

Statistical Analysis - All bar graph data are presented as means ± S.E.M. 
Statistical analysis was performed by using Student's t test and statistical analysis 
software Prism 4 (GraphPad Software, Inc.). A p value of <0.05 was considered 
statistically significant. 
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RESULTS 
 
The carbohydrate-binding ability of AMPK is lost upon activation 
To verify the carbohydrate-binding ability of AMPK, -cyclodextrin was coupled to 
sepharose beads, and recombinant AMPK ( 1 1 1) was expressed in bacteria, 
purified and loaded onto the packed column. As shown in Figure 1A, immobilized -
cyclodextrin retains the AMPK complex in the column and could therefore be used to 
affinity-purify recombinant AMPK. On the contrary, when no -cyclodextrin was 
immobilized to the sepharose, the overexpressed AMPK was not retained confirming 
that AMPK retention is dependent on -cyclodextrin. In further experiments, this 
procedure was simplified by allowing the recombinant AMPK to bind to the -
cyclodextrin resin in a batch set-up (Fig. 1B) instead of using a column.  Fractions of 
the protein that could not bind to the resin stayed in the supernatant (S), whereas 
fractions that bound to the resin were eluted from this initial pellet fraction (P) by 
inclusion of soluble -cyclodextrin in the buffer. The remaining resin bound proteins 
were solubilized by extraction with Laemmli buffer (L) and considered as unspecific 
precipitates. All fractions were collected and analyzed by SDS-PAGE followed by 
Coomassie Brilliant Blue Stain or Western blotting. This assay was performed both 
with the isolated CBM ( 1-CBM or 2-CBM, respectively) and a kinase-dead (KD) 
mutant of AMPK ( 1 1 1-KD or 1 2 1-KD, respectively) (Fig. 1C). As expected, both 
CBM isoforms as well as both catalytically inactive AMPK complexes were able to bind 
to the resin and were consequently found in the pellet fraction.  

To obtain T172-phosphorylated active AMPK, the tricistronic plasmid for 
AMPK expression (24,25) was combined with the LKB1-Mo25 -Strad  tricistron 
resulting in a hexacistronic AMPK-LKB1 co-expression construct (Fig. 1D). AMPK  is 
the only protein of the plasmid constructs carrying a His-tag, which resulted in 
purified AMPK complexes when using the His-tag purification protocol. 
Heterotrimeric 1 1 1 and 1 2 1 AMPK complexes, as well as the AMPK 1 1 1 
complex lacking the N-terminal CBM ( 1 1- CBM 1), were expressed and purified in 
its inactive and active state (Fig. 1E). As shown in Figure 1F, the 1 1- CBM 1 
complex was expectedly found in the supernatant fraction and therefore did not retain 
the ability to bind to carbohydrates (Fig. 1F, upper panel). As seen before with the KD 
mutants, the inactive forms of the AMPK complexes containing full-length 1 or 2 
normally bound to -cyclodextrin, since these were found in the pellet fraction. In 
contrast, the active AMPK isoforms showed a loss of binding-affinity to the -
cyclodextrin resin similar to the truncated AMPK complex (Fig. 1F, lower panel). 
These findings suggest that activation of AMPK prevents its later binding to 
carbohydrates such as -cyclodextrin.  
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Figure 1. The carbohydrate-binding ability of AMPK is lost upon activation. (A) Application of 
immobilized -cyclodextrin for purification of AMPK. Epoxy-activated Sepharose was allowed to react with 
soluble -cyclodextrin or was inactivated (control). The column resin was equilibrated in 100 mM Tris-HCl 
pH 7.2 (binding buffer). Bacterially expressed AMPK heterotrimers ( 1 1 1) were Ni2+-affinity purified. 4.6 
mg of the eluate was subsequently rebuffered to binding buffer. The AMPK sample was split into halves and 
either loaded to control resin or resin with immobilized -cyclodextrin (500 µl bed volume each). The flow 
through (FT) was collected, and both columns were washed repeatedly with binding buffer (W1-W3) and 
then eluted twice with binding buffer containing 5 mM -cyclodextrin. 10 µl of each fraction was subjected 
to SDS-PAGE and gel was stained by Coomassie Brilliant Blue.   
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Figure 1 continued. (B) Schematic model illustrating the -cyclodextrin binding assay protocol. (C) His-
tagged CBM (CBM 1 or CBM 2) and kinase-deficient AMPK ( 1 1 1-KD or 1 2 1-KD) were subjected to 
the -cyclodextrin binding assay and visualized by Coomassie Brilliant Blue Stain. (D) Schematic 
representation of the hexacistronic expression vector containing both AMPK (e.g., 1 1 1) and its upstream 
kinase LKB1-MO25 -Strad , allowing for ‘in vivo’ activation of AMPK in the bacterial cytosol and 
subsequent purification of active hexahistidine-tagged AMPK (28). (E) Detection of purified inactive and 
active heterotrimeric AMPK ( 1 1 1 or 1 2 1) and AMPK complexes lacking the CBM ( 1 - CBM 1) by 
Coomassie Brilliant Blue Stain. Recombinant active proteins were bacterially expressed by means of 
hexacistronic plasmids. (F) Immunoblot analysis of inactive and active (pT172) WT 1 1 1/ 1 2 1 or 
truncated AMPK complexes ( 1 1 CBM 1). AMPK binding to -cyclodextrin was assessed using the total 
AMPK  antibody. Activation of AMPK was assessed using the pT172 antibody. Data are representative of 
three experiments. I, input; S, supernatant/non-bound protein; P, pellet/bound protein, L, Laemmli 
buffer/precipitated protein.  
 
AMPK activation by upstream kinases is not directly responsible for the loss of 
binding ability to carbohydrates 
To test whether phosphorylation of T172 in AMPK  was sufficient to cause the loss of 
carbohydrate binding, a KD mutant of AMPK 1 1 1 was bacterially expressed in the 
presence or absence of the LKB1-Mo25 -Strad  complex and subsequently purified. 
In contrast to WT-AMPK, both T172-phosphorylated and non-phosphorylated KD 
complexes were found in the pellet fraction, indicating that catalytically inactive 
AMPK did not lose its ability to bind to the -cyclodextrin when co-expressed with the 
LKB1-Mo25 -Strad  complex (Fig. 2A). Thus, phosphorylation of AMPK at T172 by an 
upstream kinase is insufficient to trigger the loss of carbohydrate binding, suggesting 
that AMPK enzyme activity is required. 

To confirm this, AMPK 1 1 1, 1 2 1 and 1 1- CBM 1 were expressed as 
inactive kinases (i.e., without co-expression of the LKB1-Mo25-Strad  complex) for 
subsequent activation in vitro before or during the -cyclodextrin binding assay. 
Bacterial expression of recombinant CaMKK2 yields higher purity than LKB1 complex 
and was therefore used as an alternative upstream kinase of AMPK for these assays. 
As shown by the phosphorylation of T172, all AMPK isoforms were activated and, as 
expected, mostly lost their binding ability to the resin material (Fig. 2B), indicating 
that activation of AMPK leads to loss of its carbohydrate-binding ability irrespective of 
the identity of the upstream kinase used, CaMKK2 or LKB1. However, when inactive 
AMPK was initially allowed to bind to the -cyclodextrin resin and was subsequently 
incubated with CaMKK2, both AMPK isoforms retained their ability to bind to the 
resin, as the proteins were predominantly found in the pellet fraction, despite 
phosphorylation at T172 (Fig. 2C). The 2-isoform showed stronger retention upon 
activation compared to the 1 complex, which corresponds to a higher binding affinity 
of the 2-CBM for -cyclodextrin (16). In this experimental setup the 1 1- CBM 1 
only appears in the input and not in the S or P fraction due to its inability to bind the 

-cyclodextrin resin, and therefore the protein is lost upon removal of the supernatant 
in step 1. Similar results were obtained using 2-containing ( 2 1 1 and 2 2 1) 
AMPK complexes (Fig. 2D-F).  
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The data, together with the retention of carbohydrate binding for the phosphorylated 
KD mutant, underline that phosphorylation of AMPK at T172 is compatible with its 
binding capacity to carbohydrates. Further, the binding of AMPK to -cyclodextrin 
prior to activation is protective against the loss of binding ability. 

We speculated that autophosphorylation could be responsible for the loss of 
binding to carbohydrates, because autophosphorylation is a consequence of the initial 
activation of kinases. Moreover, autophosphorylation at multiple sites has been 
demonstrated for AMPK upon activation (35,36). Experimentally it is difficult to 
initiate autophosphorylation without kinase activation. However, presuming a 
bimolecular mechanism it can be tested if the phosphorylation of inactive AMPK by its 
active counterpart would result in the loss of carbohydrate-binding ability. Hence, 
inactive recombinant AMPK ( 1 1 1, 1 2 1 or 1 1- CBM 1, respectively) was 
incubated with a very low amount of active AMPK (ratio 100:1). In the absence of ATP, 
both full-length AMPK proteins retained their ability to bind to the -cyclodextrin 
resin, whereas the heterotrimer lacking the CBM was not capable of binding (Fig. 2G). 
However, in the presence of ATP, both AMPK isoforms were found in the supernatant 
fraction, indicating their loss of binding ability to the -cyclodextrin resin despite the 
lack of T172 phosphorylation by upstream kinases. The presence of the small fraction 
of active AMPK was confirmed by prolonged exposure (Fig. 2G, lower panel). These 
results show that a catalytic amount of enzymatically active AMPK is sufficient to 
prevent inactive AMPK from binding to -cyclodextrin in the presence of ATP, 
suggesting a bimolecular autophosphorylation event precludes AMPK from -
cyclodextrin binding. 
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Figure 2. AMPK activation by upstream kinases is not directly responsible for the loss of binding 
ability to carbohydrates. (A) Immunoblot of non-phosphorylated and phosphorylated (pT172) 
recombinant kinase-deficient AMPK ( 1 1 1-KD) (as in Fig. 1) subjected to the -cyclodextrin binding 
assay.  
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Figure 2 continued. (B, C) Immunoblot of WT ( 1 1 1 or 1 2 1) or truncated recombinant AMPK 
complexes ( 1 1 CBM 1) (as in Fig. 1) phosphorylated in-vitro by the upstream kinase CaMKK2 (B) prior 
to exposure to -cyclodextrin, or (C) after initial binding to -cyclodextrin. (D-F) Four different isoforms of 
AMPK heterotrimers were subjected to the -cyclodextrin binding assay. Immunoblot analysis of (D) 
inactive AMPK complexes, (E) AMPK complexes that were in-vitro phosphorylated by the upstream kinase 
CaMKK2 prior to -cyclodextrin exposure, or (F) AMPK complexes that were in-vitro phosphorylated after 
initial binding to -cyclodextrin. (G) Inactive and active AMPK complexes were mixed (ratio 100:1) and 
incubated in the presence or absence of ATP and subjected to the -cyclodextrin binding assay. In all 
experiments, the effect on AMPK binding to the model carbohydrate was evaluated. AMPK binding and 
activation status of AMPK was assessed using the total AMPK  and pT172 antibodies, respectively. Data are 
representative of three experiments. l.e., long exposure; -CD, -cyclodextrin. 
 
Autophosphorylation of AMPK at -T148 causes a loss of binding ability to 
carbohydrate 
Considering that the binding of -cyclodextrin prior to AMPK activation is protective 
from loss of binding, we speculated that the autophosphorylation event takes place 
directly in the carbohydrate-binding pocket of the CBM. Inspection of the X-ray 
structure of the 1-CBM identified the threonine-148 (T148) residue as centrally 
located in the carbohydrate-binding pocket (Fig. 3A). Using point mutagenesis, this 
site was mutated to an alanine (phosphorylation-resistant mutant T148A) in both 
inactive and active 1 1 1 complexes. In the -cyclodextrin binding assay, the 
inactive mutant conserved its binding capacity (Fig. 3B). However, in contrast to the 
active WT (cf,. Fig. 1F), the active T148A mutant partially conserved its carbohydrate-
binding capacity upon co-expression of AMPK with the LKB1-Mo25-Strad  complex 
(Fig. 3B), implying a protective role of the T148A mutation.  

To further establish the involvement of T148 phosphorylation in the 
carbohydrate-binding ability of AMPK 1 1 1, a phosphorylation-mimicking T148D 
mutant was incubated with the -cyclodextrin resin. Although not being activated, the 
T148D mutant was unable to bind to the -cyclodextrin resin (Fig. 3C). In addition, a 
phosphorylation site-specific T148 (pT148) antibody was developed allowing for 
detection of the modification in AMPK by Western blotting. The recombinant activated 
WT-AMPK 1 1 1 and 1 2 1 complexes showed a T148 phospho-specific signal, 
whereas neither the inactive counterparts nor inactive/active 1 1 CBM 1 showed 
detectable signals (Fig. 3D). Moreover, the T172 phosphorylated KD and T148A 
mutants of AMPK 1 1 1 did not show a pT148 signal either (Fig. 3E), thus indicating 
the specificity of the pT148 antibody. 

Therefore, the T148 site is indeed autophosphorylated and this modification 
directly correlates with the inability of AMPK to bind to the -cyclodextrin resin. 
Taken together, these results indicate that autophosphorylation of AMPK at T148 
mediates its loss of carbohydrate-binding capacity. 
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Figure 3. Autophosphorylation of AMPK at -T148 causes a loss of carbohydrate-binding ability. (A) 
Representation of AMPK 1-CBM co-crystallized with -cyclodextrin (PDB code: 1Z0M). The secondary 
structure of the protein is represented in light grey ribbon and molecular surface, the -cyclodextrin in dark 
sticks and the side chain of T148 within the carbohydrate-binding pocket is highlighted in sticks. This image 
was generated using the software YASARA View (37). (B) Binding capacity of inactive and active AMPK 
bearing a non-phosphorylatable mutation at 1-T148 (T148A). (C) Effect of a phospho-mimicking 
modification of 1-T148 (T148D) on AMPK-carbohydrate binding.  (D) Determination of T148 
phosphorylation on inactive and active recombinant AMPK complexes using a phospho-specific -T148 
antibody. (E) Immunoblot analysis of inactive and active recombinant AMPK. Wild-type (WT) AMPK or 
AMPK complexes bearing either a kinase-deficient ( 1 1 1-KD) (as in Fig. 1) or a non-phosphorylatable 
mutation at residue T148 (T148A) were analyzed for T148 phosphorylation using the phospho-specific 
T148 antibody. AMPK presence was assessed using the total AMPK  antibody. Activation was determined 
by the pT172 antibody. Data are representative of three experiments. 
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The phosphorylation-mimicking T148D mutation prevents AMPK from binding 
to glycogen 
Next, we investigated whether the T148 phospho-mimicking mutation (T148D) 
triggers a loss of binding of AMPK to glycogen, its natural ligand, both in the 1- and 

2-isoforms. Our initial analysis concentrated on the isolated WT and T148D -CBMs. 
Stable cell lines were established that expressed GFP-tagged CBM variants in the 
human hepatic cell line HepG2 and cultured mouse HL-1 cardiomyocytes. 
Immunofluorescence showed a marked speckled pattern of the WT GFP-tagged 
constructs, 1-CBM in HepG2 (Fig. 4A) and 2-CBM in HL-1 (Fig. 4B) both co-
localizing with glycogen. In contrast, the 1- and 2-CBM T148D presented a diffuse 
pattern despite the presence of glycogen, as shown by a glycogen-specific antibody. 
Similar results were obtained using the HEK293T cell line stably expressing the 1-
CBM (Fig. 4C): the speckled pattern of the WT-CBM co-localized with glycogen, 
whereas the diffuse pattern of the mutant was incongruent with the observed 
glycogen staining. We further assessed the glycogen localization of mCherry-tagged 
full-length AMPK 1-WT and T148D mutant after transient transfection of AMPK 
subunits in HEK293T cells. Results shown in Figure 4D again revealed co-localization 
with glycogen for the WT, while the T148D mutant was diffusely located in the 
cytosol. Altogether, these findings indicate that the CBM of AMPK, expressed as an 
isolated domain or as full-length protein forming part of the AMPK heterotrimer, 
naturally binds to glycogen, whereas the phospho-mimicking T148D mutation 
prevents this binding from occurring.  
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Figure 4. The phosphorylation-mimicking AMPK -T148D mutation prevents AMPK from binding to 
cellular glycogen. (A) HepG2, (B) HL-1, (C) HEK293T cells stably overexpressing the WT and T148D 
mutant GFP-tagged CBM 1 or CBM 2 isoforms (in green) as indicated. Cells were fixed and stained with an 
anti-glycogen antibody that was detected by an Alexa647-labeled secondary antibody (in red) and with 
DAPI for nuclei (in blue), after which co-localization was assessed by confocal imaging. (D) Co-localization 
of WT or T148D mCherry-tagged 1-AMPK complexes (in red) was assessed as in A and B, but using 
Alexa488-labeled secondary antibody for glycogen detection (in green). Data are representative of three to 
five experiments. Data have been adjusted for brightness and contrast to obtain best quality fluorescent 
images.  
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Endogenous AMPK -T148 phosphorylation is a dynamic and regulated process 
In order to investigate the occurrence of T148 phosphorylation in cells and its 
detection with the pT148 antibody, we immuno-precipitated endogenous AMPK from 
treated and untreated HEK293T or HepG2 cells (Fig. 5A and B). Importantly, 
phosphorylation of T148 could be detected in both cell lines, although under different 
conditions. In HEK293T, only the treatment with AICAR plus insulin led to the 
detection of the T148 phosphorylation (Fig. 5A) and this treatment also showed the 
highest level of T172 phosphorylation. In HepG2, however, T148 phosphorylation 
occurred independently of AMPK activation changes (Fig. 5B). Hence, the data verifies 
T148 phosphorylation as an endogenous posttranslational modification. In addition, 
the differences of T148 phosphorylation between cell types and conditions underline 
the control and dynamics of this post-translational modification.  

 
 
Figure 5. Endogenous AMPK -T148 phosphorylation is a dynamic and regulated process. 
Immunoprecipitation of endogenous AMPK with AMPK 1/ 2 antibodies from (A) HEK293T or (B) HepG2 
cells. Immunoblot analyses using total AMPK , AMPK -pT172, AMPK -pT148, total Akt and Akt-pS473 
antibodies. Phosphorylation of AMPK -T148 was detected following immunoprecipitation upon single 
treatment of insulin (100 nM, 15 min) or AICAR (1 mM, 45 min), or a combined treatment (Ins + AICAR). All 
immunocomplexes were assessed for activation of AMPK and -T148 phosphorylation using the pT172 and 
pT148 antibody, respectively. Data are representative of two experiments. 
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Glucose deprivation triggers AMPK -T148 phosphorylation 
To investigate the signals leading to AMPK T148-autophosphorylation, we tested 
whether glycogen depletion induced AMPK -T148 phosphorylation (Fig. 6A) and 
compared 1-WT with 1-T148D mutant AMPK expressing cells (Fig. 6B). HEK293T 
cells were either triple-transfected (as before) with AMPK 1, myc-tagged AMPK 1 
and mCherry-tagged AMPK 1 (WT or T148D) or left untransfected, and then treated 
for 16 hours with a high glucose medium with or without forskolin, a drug which 
promotes glycogen degradation (38), or with a medium without glucose. As expected, 
in forskolin-treated or glucose deprived cells, the glycogen content was diminished if 
compared to control condition in high glucose medium, although statistical 
significance was only reached in untransfected cells (Fig. 6B). In all of the three 
culturing conditions the glycogen content was similar in untransfected, 1-WT and 

1-T148D mutant expressing cells. Notably, T148 phosphorylation was specifically 
induced by glucose deprivation but not forskolin, although both treatments depleted 
from glycogen (Fig. 6A). The pT148 signal was absent in immuno-precipitates of 
T148D cells, reassuring that the antibody specifically recognizes the phosphorylation 
modification on the T148 residue. Given the fact that increased AMPK activation by 
glucose deprivation is correlated with increased phosphorylation of T148, these data 
support the cellular AMPK-mediated T148 autophosphorylation mechanism.  
 

 
Figure 6. Glucose deprivation triggers AMPK -T148 phosphorylation. (A, B) HEK293T cells 
transiently overexpressing myc-tagged 1, 1 and WT or T148D mCherry-tagged 1, were either treated for 
16 hours with high glucose medium containing serum (HiG), with the same medium supplemented with 
forskolin (100µM; HiG-Forsk) or with medium containing serum but no glucose (NoG). (A) AMPK  was 
immunoprecipitated using the myc-tag antibody. Immunoblot using myc-tag antibody following 
precipitation shows the immunoprecipitation efficiency. Immunoblot with AMPK -pT172 and AMPK -
pT148 show AMPK activity and autophosphorylation status. (B) Glycogen was quantified biochemically, 
corrected for protein concentration and normalized to the level of WT cells under HiG. Statistical test: 
Student’s t-test HiG vs. treatment within one cell type (*: p<0.05, #: p=0.06); n=2   
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-T148 phosphorylation plays a role in regulation of glycogen metabolism 
To further explore the physiological significance of T148 phosphorylation we treated 
cells with different AMPK activators and measured the resulting glycogen content. To 
allow for comparison of 1-WT with 1-T148D mutant AMPK, we again employed the 
HEK293T triple-transfection model. As expected, in serum-starved cells the treatment 
with oligomycin, A769662 and phenformin resulted in activation of AMPK in 1-WT 
as well as in 1-T148D cells, as observed by an increase in phosphorylation of T172 
(Fig. 7A). Further, the pT172 levels were paralleled by similar increases in T148 
phosphorylation with the pT148 signal virtually absent in high-glucose treated cells 
and highest upon phenformin treatment. Cellular glycogen content generally 
decreased upon AMPK activation in accordance with the expected AMPK-induced shift 
towards catabolism (Fig. 7C). Statistically significant reductions were observed 
between vehicle and AICAR or oligomycin-treated WT-transfected cells. Interestingly, 
in A769662 or AICAR-treated cells, glycogen content was significantly higher in 
T148D vs. WT-transfected cells, which may relate to AMPK 1-T148D being absent 
from glycogen and thus unable to inhibit glycogen synthesis. Indeed, the AMPK-
dependent inhibition of glycogen synthase (GS) by phosphorylation at serine 7 (pS7) 
was strongly increased in WT-transfected cells upon oligomycin and A769662, 
whereas the respective pS7 signals were fainter in the T148D-transfected cells (Fig. 
7B). Moreover, the glycogen content of WT-transfected cells treated with phenformin 
showed neither a difference with the vehicle-treated WT cells, nor with the 
phenformin-treated T148D cells (Fig. 7C). Interestingly, this absence of difference 
correlated with the highest T148 phosphorylation (Fig. 7A), suggesting that the 
autophosphorylation was sufficient to mimic the effect of the mutation. Taken 
together, T148 is phosphorylated upon AMPK activation and thus prevents AMPK 
from binding to glycogen, which affects glycogen metabolism.    
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Figure 7. AMPK -T148 phosphorylation plays a role in regulation of glycogen metabolism. (A-C) 
HEK293T cells transiently overexpressing myc-tagged 1, 1, and 1-mCherry, either wild-type (WT) or 1 
carrying the phospho-mimicking T148D (T148D) were serum-starved for 16h prior to treatment with 
either high glucose medium (HiG) or DMSO, AICAR (1.5 mM), oligomycin (3 M), A769662 (100 M) or 
Phenformin (1.5 mM) for 1 h. (A) AMPK  was immunoprecipitated using the myc-tag antibody. Immunoblot 
using myc-tag antibody following precipitation shows the immunoprecipitation efficiency. Immunoblot with 
AMPK -pT172 and AMPK -pT148 show AMPK activity and autophosphorylation status. (B) Immunoblot of 
the associated input samples shows the expression levels of overexpressed myc-protein and of glycogen 
synthase (tGS) and the phosphorylation status of glycogen synthase (GS-pS7). (C) Glycogen was quantified 
biochemically, corrected for protein concentration and normalized to the level of WT cells under HiG. 
Statistical test: Student’s t-test (*: p<0.05)  
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DISCUSSION 
In this study, we investigated the molecular mechanism causing AMPK to refrain from 
binding to glycogen thereby affecting glycogen turnover. Our results demonstrate that 
bimolecular AMPK autophosphorylation at -subunit T148 interferes with its 
carbohydrate-binding capacity. The T148 site is located within the center of the 
carbohydrate-binding pocket, thereby controlling the attachment to glycogen. 
Accordingly, autophosphorylation at T148 is prevented by carbohydrate occupancy. 
We also provide evidence that WT isolated CBMs and full-length 1-subunit as part of 
the AMPK heterotrimer localizes to glycogen particles, whereas the respective T148D 
mutants do not bind cellular glycogen. In addition, we show that activation of AMPK 
enhances cellular T148 phosphorylation and provide first evidence for involvement of 

1-T148 phosphorylation in preventing AMPK from glycogen metabolism regulation.  
It is established that many protein kinases catalyze their own activation by 

autophosphorylation (39). Autophosphorylation of AMPK has been described 
previously (11,35,36) but, at present, little is known about the biological functions of 
AMPK autophosphorylation. Autophosphorylation of S108 is required for activation of 
AMPK by the small molecule A-769662 independently of T172 phosphorylation (40), 
but the physiological function of this modification has remained elusive so far. The 
phosphorylation of S24/25 in the 1 subunit leads to nuclear exclusion (20) and 
S24/25 were identified as autophosphorylation sites (35,36). Here, we identify T148 
as a new autophosphorylation site and also ascribe its function to regulation of 
subcellular localization. Likewise, Feng and Hannun (41) reported a dissociation of 
protein kinase C (PKC) from the plasma membrane to the cytosol upon 
autophosphorylation. Also, the kinase ERK1/2 translocates to the nucleus upon 
autophosphorylation induced by extracellular signal, where it phosphorylates nuclear 
targets that are known to initiate cardiac hypertrophy (42). Hence, 
autophosphorylation, which more commonly has been regarded as a ‘mistake’ of 
active kinases, rather emerges as a self-regulatory mechanism with possible 
consequences in subcellular targeting, and thus relevant for health and disease.   

Our investigation revealed that little amounts of active AMPK were sufficient 
to prevent catalytically inactive AMPK from binding to glycogen, suggesting that a 
bimolecular autophosphorylation event is involved in this process. Therefore, it seems 
possible that few activated AMPK molecules are able to prevent glycogen binding of 
the entire pool of AMPK molecules, which would explain why the correlation of T172 
and T148 phosphorylation was not always seen in cells. However, we can expect that 
the cell will have preventive measures, such as dephosphorylation of T148 in order to 
restore glycogen binding. The phosphatase responsible for dephosphorylation 
therefore awaits identification.  

Although some proteins can indirectly associate to glycogen via interacting 
with other glycogen-binding proteins (43), most proteins capable of directly attaching 
to glycogen or other polysaccharides possess a CBM. Regulation of glycogen binding 
by post-translational modifications has been previously reported. Notably, the protein 
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phosphatase 1 (PP1) was found to detach from glycogen upon phosphorylation of its 
CBM-containing regulatory subunit G (44). Later work showed that this 
phosphorylation led to dissociation of the PP1 from the G-subunit and its 
translocation to cytosol, while the G-subunit stayed bound to glycogen (45). Glycogen 
synthase, which does not carry a CBM, has also been reported to change cellular 
localization upon phosphorylation: when phosphorylated at site 1b, it associates with 
intramyofibrillar glycogen particles, whereas the site 2+2a phosphorylated enzyme 
binds to intermyofibrillar particles (46). Nevertheless, both of these phosphorylation 
events are unrelated to the glycogen-binding site of the glycogen synthase (18). AMPK 
carries a -subunit CBM that is known to target proteins to glycogen (5,6), but 
regulation of its glycogen-binding function is unknown as AMPK is found in various 
subcellular compartments including those devoid of glycogen. In this current study, 
we provide evidence for a direct modification within the CBM, which we believe is the 
first example of such modification within a CBM resulting in loss of carbohydrate-
binding affinity. We report the blocking of AMPK glycogen binding by T148 
autophosphorylation.   Indeed, X-ray structural data indicated that T148 of the AMPK-
 subunit is positioned in the center of the carbohydrate-binding pocket and thus 

could be predicted to cause loss of binding upon phosphorylation. In support, our 
results revealed that the phosphorylation mimicking AMPK-T148D mutant was 
indeed incapable of binding to carbohydrates, suggesting that T148 phosphorylation 
plays a role in localizing AMPK away from carbohydrates. This novel mechanism of 
AMPK regulation is furthermore consistent with studies using large-scale phospho-
proteome analyses and reporting T148 as a 2 phosphorylation site (47,48). Notably, 
in our study we find the 1 and 2-subunits are both modified by 
autophosphorylation at the T148 site. Although the antibody was raised against the 

2-sequence, it recognizes the modification in both isoforms (Fig. 3E). Therefore, 
based on our data we cannot draw conclusions on isoform-specific differences of 
cellular T148 phosphorylation.  

To further evaluate the significance of T148, we addressed the question 
whether -T148 is being phosphorylated in cellular models. Our data showed that the 
levels of T148 phosphorylation were mostly correlated with AMPK activity. In fact, 
based on our findings, we can assume that the molecular T148 autophosphorylation 
mechanism we describe here and binding to glycogen occurs in a mutually exclusive 
manner. In other words, AMPK-carbohydrate binding results in masking of the T148 
residue, which subsequently prevents AMPK from autophosphorylation. In line with 
this, the binding of -cyclodextrin prior to activation was protective for the loss of 
carbohydrate-binding ability. Moreover, insulin treatment prevented further 
increases of AICAR-mediated T148 phosphorylation in HepG2 (Fig. 5B). This 
observation could be related to the fact that insulin promotes glycogen synthesis (49), 
thereby stimulating AMPK binding to glycogen and preventing it from 
autophosphorylation at T148. As a possible interpretation of our results, even if AMPK 
in response to stresses would get very highly activated, T148-phosphorylated and, 
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thus, prevented from interacting with glycogen, the glycogen-residing part of the 
AMPK pool would remain bound to carry on with AMPK activities at glycogen.  

The precise roles of AMPK associated with glycogen are still subject to debate. 
On the one hand, AMPK stimulates GLUT4-mediated myocellular glucose uptake 
(50,51) and co-immunoprecipitates with glycogen-binding proteins, such as glycogen 
phosphorylase (52), glycogen debranching enzyme (53) and glycogen synthase (54), 
suggesting AMPK plays a role in the disposal of glucose into glycogen. In support of 
this notion, the phosphorylation of glycogen synthase by AMPK switches off the 
synthesis of glycogen (17,55) and that of laforin reduces phosphatase activity and 
regulates its interaction with malin, thereby playing a major role in glycogen 
metabolism (56). However, on the other hand, Hunter et al. (54) delimited the 
supposed role of AMPK on glycogen synthesis by showing that the AMPK-mediated 
inactivation of glycogen synthase can be overridden by increased glucose-6-
phosphate levels. Partly in line with this, McBride et al. (57) showed a clear inhibition 
of AMPK when bound to certain branch points of glycogen, raising a doubt on the 
ability of AMPK to quickly phosphorylate its glycogen-bound downstream targets. 
Recently, Li et al. showed that binding of the CBM to carbohydrates destabilizes the 
CBM-kinase domain interaction thereby increasing the accessibility of the kinase 
domain for T172 dephosphorylation (58), which is consistent with an inhibitory effect 
of glycogen-binding on AMPK kinase activity. Our findings suggest irrelevance of 
AMPK glycogen-localization for the process of glycogen degradation (Fig. 6). In 
contrast, the increased glycogen content in 1-T148D mutant vs. 1-WT expressing 
cells upon AMPK activation (Fig. 7C) could be interpreted as augmented rate of 
glycogenesis due to loss of AMPK glycogen localization and thus exclusion from 
glycogen synthesis inhibition. In any case, the unraveling of a new mechanism 
allowing for AMPK to stay unbound in the cytosol has consequences for our 
understanding of the kinase function, especially in the myocellular cell types where 
glycogen is a major fuel resource (59). Hence, future efforts will be focused on 
determining the biological roles of -T148 phosphorylation in cardiac or skeletal 
muscle. 
 In summary, using cell-free systems and cellular models, we shed light on a 
novel molecular mechanism that is responsible for the loss of AMPK-glycogen 
interaction. T148 autophosphorylation blocks the carbohydrate-binding pocket of the 

-CBM, thus adding a new layer of complexity and identifying an unexpected switch 
regulating AMPK subcellular localization with relevance for glycogen metabolism.  
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ABSTRACT 
AMP-activated protein kinase (AMPK) was suggested to coordinate muscular glucose 
uptake and glycogen metabolism in response to metabolic stress. We previously 
showed that glucose deprivation induces autophosphorylation of AMPK  at 
threonine-148 (Thr-148), which prevents the binding of AMPK to glycogen. 
Furthermore, in MIN6 cells AMPK 1 binds to R6 (PPP1R3D), a glycogen-targeting 
subunit of protein phosphatase 1 (PP1), thereby regulating the glucose-induced 
inactivation of AMPK. Here, we further investigated the interaction of R6 with AMPK  
and the possible dependency on Thr-148 phosphorylation status. Yeast two-hybrid 
analyses and co-immunoprecipitation of the overexpressed proteins in HEK293T cells 
revealed that both AMPK 1 and 2 wild-type (WT) isoforms bind to R6. The 
interaction with R6 was stronger with the muscle-specific 2-WT and required 
association with the substrate-binding motif of R6. When HEK293T cells or C2C12 
myotubes were cultured in high-glucose medium, AMPK 2-WT and R6 weakly 
interacted. In contrast, glycogen depletion significantly enhanced this protein 
interaction. Mutation of AMPK 2 Thr-148 prevented the interaction with R6 
irrespective of the intracellular glycogen content. Treatment with the AMPK activator 
oligomycin enhanced AMPK 2/R6 interaction in conjunction with increased Thr-148 
phosphorylation in cells grown in low glucose medium. These data are in accordance 
with R6 binding directly to AMPK 2 when both proteins detach from the diminishing 
glycogen particle, which is simultaneous to increased AMPK 2 Thr-148 auto-
phosphorylation. Such model points to a possible control of AMPK by PP1-R6 upon 
glycogen depletion in muscle.  
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INTRODUCTION 
Muscular tissue, in particular skeletal muscle, is an important site for glucose storage. 
It has become evident that glucose disposal into glycogen is essential for coordinated 
glucose homeostasis, as conditions limiting glycogen synthesis are associated with, for 
instance, hyperglycemia and insulin resistance (1). AMP-activated protein kinase 
(AMPK) is a metabolic energy sensor that mediates insulin-independent GLUT4 
translocation to the plasma membrane resulting in increased glucose uptake (2). 
Therefore, AMPK activation could normalize blood glucose levels in type 2 diabetic 
patients. In response to various cellular stresses (e.g., contraction, nutrient-
deprivation), AMPK is activated and modulates downstream targets to induce 
catabolic, ATP-producing processes and inhibit anabolic, ATP-consuming processes 
thereby restoring energy homeostasis. AMPK consists of three subunits, the catalytic  
subunit, and two regulatory  and  subunits; the latter are essential for regulating 
AMPK activity, as well as subcellular localization. AMPK subunits occur in different 
isoforms ( 1, 2; 1, 2; 1, 2, 3) partly showing a tissue specific expression 
pattern. Namely, 2 is the predominant isoform found in heart and skeletal muscle 
(3,4). 

AMPK is known to shuttle between the nucleus (5,6) and the cytoplasm (7,8), 
suggesting that AMPK exerts compartment-specific effects in order to monitor and 
coordinate complex cell biological processes. The -subunit carbohydrate-binding 
module (CBM) allows AMPK to associate with glycogen (9,10), where it interacts with 
other glycogen-targeting proteins including glycogen synthase (GS) (10) and glycogen 
phosphorylase (GP) (9). Exercise-induced AMPK activation inactivates GS via Ser7 
phosphorylation in skeletal muscle, thereby preventing the glycogen synthesis 
process from further consuming ATP under conditions of cellular stress. Notably, 2 
shows higher affinity for glycogen compared to 1 (11). 

The regulation of the activity status of localized AMPK is dependent on 
allosteric activation/repression and the action of upstream kinases capable of 
phosphorylating Thr-172 (e.g., LKB1, TAK1, CaMKK2).  Several protein phosphatases 
(e.g., PP1, PP2A, PP2C) dephosphorylate Thr-172 thus leading to AMPK inactivation. 
PP1 is an important protein phosphatase in mammalian cells that is involved in 
proper coordination of glycogen metabolism by dephosphorylating target enzymes 
such as GS and GP. Recruitment of PP1 to its target substrates and to glycogen occurs 
by means of its glycogen-targeting proteins, such as PTG/R5 (PPP1R3C) (12) or R6 
(PPP1R3D) (13,14). Insight into PP1-mediated AMPK regulation came from our 
previous study (15), which showed that R6 physically interacts with the AMPK 1-
subunit resulting in glucose-induced AMPK dephosphorylation by the PP1-R6 
complex. Furthermore, we found that the CBM domain within the AMPK 1 subunit is 
required for interaction with R6, as substitution of glycine-147 for arginine (G147R) 
resulted in total loss of AMPK-R6 interaction (15). These results were consistent with 
parallel studies in yeast showing that Snf1 is regulated by glucose, and that Gal83 via 
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its CBM interacts with Reg1, the orthologs of AMPK  and R6, respectively (16), thus 
pointing to an evolutionary conserved mechanism.  

We recently reported that autophosphorylation of Thr-148 interferes with 
the recruitment of AMPK to glycogen, suggesting that AMPK-glycogen localization is 
tightly regulated and linked to glycogen storage (17). Given the direct binding of 
AMPK 1 to R6 and the observed loss of this interaction in the AMPK 1-G147R 
mutant, we hypothesized a role for AMPK  Thr-148 phosphorylation. In this current 
study, we provide insight into the binding of AMPK 2 to R6 in relation to glycogen 
content and Thr-148 phosphorylation. Our results indicate that the AMPK 2-R6 
interaction is dynamically controlled by glycogen content. 
 
 
EXPERIMENTAL PROCEDURES 

Plasmids - For expression in mammalian cells, the cDNA of full-length 
AMPK 1 and AMPK 2 was amplified by PCR and ligated in frame into the pmCherry 
expression vector (Clontech) via EcoRI and SalI restriction sites, as previously 
described (17). mCherry-AMPK 2 constructs bearing a threonine-to-aspartate 
mutation on residue 148 (T148D) was generated using the Quick-change site-directed 
mutagenesis kit (Stratagene). The pcDNA3 constructs for expression of AMPK 1 and 
myc-AMPK 1 were kindly provided by Dr. D. Carling (Imperial College London, 
London, United Kingdom). The corresponding ORF of AMPK 2-T148D mutant was 
subcloned into pBTM116 to allow for expression in yeast (LexA-AMPK 2-T148D). The 
pFLAG-R6 construct for mammalian expression of R6-WT and R6-mutants (R6-RARA, 
-RAHA, -WDNAD and -WANNA) were generated as previously described, and the 
pFLAG was used as empty vector (EV) control (15,18). 

Other plasmids used for yeast two-hybrid analyses were pGADT7-  (GAD, 
empty plasmid), pGADT7-R6 (GAD-R6), pBTM-R6 (LexA-R6), pBTM-R6-RARA (LexA-
R6-RARA), pBTM-R6-RAHA (LexA-R6-RAHA), pBTM-R6-WANNA (LexA-R6-WANNA), 
pBTM-R6-WDNAD (LexA-R6-WDNAD), pGADT7-AMPK 1 (GAD-AMPK 1), pGADT7-
AMPK 2 (GAD-AMPK 2), pBTM-AMPK 1 (LexA-AMPK 1), pBTM-AMPK 2 (LexA-
AMPK 2) (15,18-20). 

For retroviral overexpression and optimal detection of exogenous 2, full-
length 2-WT was amplified using PCR primers containing an optimized tetra-
cysteine sequence (FlAsH-tag; FLNCCPGCCMEP). First, the corresponding ORF was 
subcloned into the SalI and NotI site of the mammalian pmCherry- 2 construct, 
replacing mCherry- 2-WT with FlAsH- 2-WT. Second, FlAsH- 2-WT was amplified 
and subcloned into the EcorI and SalI site of the retroviral pBabe-puromycin 
retroviral backbone (kindly provided by Dr. G. Nolan, Stanford University, CA). 
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For retroviral co-expression of R6, the corresponding ORF (R6-WT) was 
amplified by PCR and subcloned into the BstxI and SalI restriction sites of the pBabe-
hygromycin retroviral backbone (kindly provided by Dr. G. Nolan, Stanford University, 
CA). The pBabe-hygromycin EV was used as control. Primer sequences are available 
from the author upon request. All of the constructs were verified by DNA sequencing.  
 

Cell culture - The human embryonic kidney 293T cell line (HEK293T) was 
cultured in DMEM with high glucose (25 mM) (Gibco), supplemented with 10 % (v/v) 
heat-inactivated fetal calf serum (iFCS, Bodinco BV, Alkmaar, The Netherlands) and 
penicillin/streptomycin (Invitrogen), unless otherwise stated. For transient 
transfections, HEK293T cells were seeded to 30 % confluence in 6-well plates 
(Greiner Bio-One) 24 h before transfection. For determination of protein-protein 
interaction, cells were co-transfected with AMPK ( 1-myc, 1, and mCherry- 1-WT or 
mCherry- 2-WT/ 2-T148D), and/or FLAG-R6 (R6-WT/R6-RARA/R6-RAHA/R6-
WANNA/ R6-WDNAD) or FLAG empty vector (EV) plasmid DNA using Lipofectamine 
2000 (Invitrogen) in antibiotic-free culture medium. Six to eight hours after 
transfection, transfection medium was replaced by normal growth medium. At 48-72 
h after transfection and continuous culturing (i.e., without change of medium), cells 
were harvested for glycogen or subjected to immunoprecipitation and Western 
blotting.  

In order to induce glycogen depletion, HEK293T cells growing in high glucose 
medium (DMEM 25 mM glucose, 10 % iFCS), were subjected to forskolin treatment 
(100 µM, Sigma), low glucose medium (DMEM 3 mM glucose, 10 % iFCS), or glucose-
deprived medium (DMEM 0 mM, 10 % iFCS) for 16 h. To activate AMPK, cells were 
serum-starved in high- (DMEM 25 mM) or low-glucose (3 mM) medium for 16 h, and 
subsequently treated with oligomycin (3 M, Sigma) for 1 h.  

The mouse skeletal muscle cell line C2C12 was kindly provided by Dr. R.C. 
Langen (Maastricht University, The Netherlands). C2C12 cells were continuously 
cultured to approximately 80 % confluence in DMEM with high glucose (25 mM) 
(Gibco), supplemented with 10 % (v/v) iFCS (Bodinco BV, Alkmaar, The Netherlands) 
and 1 % penicillin/streptomycin (Invitrogen). For differentiation into myotubes, 
myocytes (75 - 85 % confluence) were further grown in differentiation medium 
(DMEM 25 mM glucose (Gibco), supplemented with 2 % heat-inactivated horse serum 
(Invitrogen, Life Technologies) and 1 % penicillin/streptomycin (Invitrogen) for  4 – 5 
days. Subsequently, cells were used in the corresponding experiments. In order to 
induce glycogen depletion, myotubes were maintained in low glucose medium (DMEM 
3 mM glucose, supplemented with 2 % iFCS), for 16 h. In order to activate AMPK, 
myotubes were maintained in high or low glucose for 16 hours as described above, 
and subsequently treated with oligomycin (5 M, Sigma) for 30 min.  
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Retroviral infections - In order to study protein-protein interactions in 
C2C12 myotubes, growing cells were (co-)infected with AMPK 2-WT and/or R6 
retroviruses. Briefly, retroviral systems and Phoenix helper-free retrovirus producer 
cell lines were used as published before (21-23). Amphotropic retroviral supernatants 
were produced as previously described (17). Briefly, 24 - 48 h after calcium 
phosphate/DNA transfection of producer cells, supernatants were harvested, filtered 
(0.45 micron filters; Corning, Germany) and used for infection of C2C12 cells in 
presence of 4 µg/ml polybrene (Sigma). For infections, cells were incubated with virus 
particles for 6 - 8 h and then allowed to recover for 48 h on fresh medium, before 
selection pressure was applied. Stably infected cells were selected 2 days post-
infection with 4 g/ml puromycin for 36 – 48 h, and 7 days post-infection with 
300 g/ml Hygromycin B for 10 days preceding experiments.  
 

Immunoprecipitation and Western blotting - Immunoprecipitation 
procedures were performed as previously described (17). Briefly, exogenous myc-
AMPK 1 was immunoprecipitated using anti-myc-tag antibody (9B11, Cell Signaling 
Technology, Beverly, MA), and exogenous R6 was immunoprecipitated using anti-
FLAG-tag antibody (F3165, Sigma), followed by incubation with protein G-Sepharose 
beads (GE Healthcare). Western blot analysis was carried out using the following 
primary antibodies: myc-tag, tAMPK , AMPK 1, AMPK 2, phospho-AMPK-T172 (all 
from Cell Signaling Technology, Beverly, MA), FLAG-tag (F3165, Sigma), R6 
(AP13440a, Abgent), and phospho-AMPK 2-T148 (17). R6 was detected using FLAG-
tag (F3165, Sigma), unless otherwise stated. Detection was performed according to its 
primary antibody using anti-rabbit (Cell Signaling Technology) and anti-mouse (Dako) 
horse-radish peroxidase (HRP)-conjugated secondary antibodies, followed by 
chemiluminescence.  

In order to investigate the role of glycogen, myc-AMPK 1 was 
immunoprecipitated using the anti-myc-tag antibody after the addition of the 
glycogen-mimic -cyclodextrin (5 mM, Sigma) for 1 h at 4 °C. Subsequently, immune 
complexes were electrophoresed by SDS-PAGE and analyzed by Western blot analysis, 
as described above. 
 

Biochemical intracellular glycogen measurement - Intracellular glycogen 
content was measured, as previously described (17). Briefly, HEK293T cells (non-
transfected or transfected) or stably-infected C2C12 myotubes were lysed in 
potassium hydroxide (30 %) and boiled at 70 °C for 30 min. Subsequently, samples 
were cooled to 25 °C before sodium sulfate (6 %, w/v) and EtOH (99.5 %, v/v) were 
added at a 1:1:3 ratio. After thorough mixing, samples were rotated top-over-top at 4 
°C for 30 – 60 min. The precipitate was collected by centrifugation at 5000 rpm 
(Eppendorf Centrifuge 5415 R) for 5 min at 4 °C. To hydrolyze glycogen, pellets were 
dissolved in 1 M HCl and boiled at 100 °C for 2 h. Samples were cooled before 
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neutralization using 2 M NaOH. Hydrolysates were used for glucose determination 
using a glucose (GO) assay kit (Sigma), according to the manufacturer’s instructions. 
 

Yeast two-hybrid (Y2H) analyses - Yeast two-hybrid analysis was performed 
as previously described (15,19). Briefly, interaction analysis using yeast THY-AP4 
strain (MATa, ura3, leu2, lexA::lacZ::trp1, lexA::HIS3, lexA::ADE2) co-transformed with 
the indicated combination of plasmids (see above). Transformants were grown in 
selective 4 % glucose synthetic complete medium lacking the corresponding 
supplements to maintain selection for plasmids. The strength of the interaction was 
determined by measuring -galactosidase activity in permeabilized yeast cells and 
expressed in Miller units. In all Y2H analyses similar protein levels were obtained 
from the expression constructs, as verified in the crude extracts from the different 
yeast transformants. 
 

Statistical analysis - All bar graph data are presented as mean ± S.E.M., 
unless otherwise stated. Statistical differences were evaluated using unpaired 
Student's t test and statistical analysis software Prism 4 (GraphPad Software, Inc.). 
P values equal to or less than 0.05 were considered statistically significant. 
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RESULTS 
 
R6 preferentially interacts with AMPK 2 
We previously demonstrated that R6 (PPP1R3D), one of the glycogen-targeting 
subunits of the protein phosphatase 1 (PP1), physically interacts with AMPK 1 in 
MIN6 pancreatic  cells (15). To verify AMPK 1/R6 interaction in HEK293T cells, we 
overexpressed myc-tagged AMPK heterotrimers (myc- 1, mCherry- 1, 1), together 
with FLAG-tagged R6 (FLAG-R6) or empty vector control (EV). Physical interaction 
between AMPK 1 and R6 was assessed by immunoprecipitation (IP) of AMPK from 
cells that were routinely cultured under glucose-rich conditions (25 mM glucose) (Fig. 
1A). Pull-down of myc-AMPK 1 resulted in co-immunoprecipitation of both mCherry-
AMPK 1 (65 kD) and FLAG-R6, indicating formation of the heterotrimeric AMPK 
complex and the interaction with R6 (Fig. 1A). As expected, FLAG-R6 signal was 
absent in cells transfected with EV. Next, we investigated the interaction between 
muscle-specific AMPK 2 heterotrimers (myc- 1, mCherry- 2, 1) and R6 (FLAG-R6) 
using co-transfection and immunoprecipitation in HEK293T. Again both proteins co-
immunoprecipitated, thus pointing to occurrence of a physical interaction between R6 
and AMPK 2 (Fig. 1B). Interestingly, co-immunoprecipitation appeared stronger in 
the presence of the AMPK 2 compared to 1. These data were further confirmed by 
yeast-two-hybrid (Y2H) analyses: in Fig. 1C it is shown that R6 binds to both AMPK 1 
and 2, while the interaction between AMPK 2 and R6 is significantly stronger than 
the one between AMPK 1 and R6. Combined, these findings suggest that R6 more 
tightly interacts with AMPK 2 if compared to AMPK 1. 

 
Figure 1. R6 preferentially interacts with AMPK 2. (A and B) HEK293T cells transiently overexpressed 
FLAG-R6 and heterotrimers of AMPK 1 (myc- 1, 1, mCherry-AMPK 1) (A) or AMPK 2 (myc- 1, 1, 
mCherry-AMPK 2) (B). FLAG empty vector (EV) was used as control. Cells were continuously cultured 
under high glucose (25 mM) conditions and harvested 56 h post-transfection. Interaction between 
AMPK 1/2 and R6 was assessed by immunoprecipitating the heterotrimeric AMPK complex from 800 g of 
lysate using the anti-myc-tag antibody. Western blots were assessed using the indicated antibodies. 
Representative Western blots have been shown. (C) Yeast THY-AP4 strain (see Materials and Methods) was 
transformed with the indicated combination of plasmids. Transformants were grown in high glucose (4 % 
glucose) containing medium and protein interactions were estimated by measuring the -galactosidase 
activity. Empty vector pGADT7 (GAD- ) served as control. Values correspond to means from at least 6 
different transformants (bars indicate S.D.). * p<0.001 vs. LexA-AMPK 1-WT + GAD-R6. 
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R6 interaction with AMPK 2 requires its substrate-binding motif 
Recently, a number of functionally distinct protein domains have been identified in 
the R6 glycogen-targeting subunit of PP1 (18). R6 is composed of domains that 
mediate binding to carbohydrates (via its CBM), binding to the PP1 catalytic subunit 
(PP1c; RVXF motif), and to the glycogen metabolism-related substrates of PP1 (via the 
highly conserved WDNND motif). To investigate whether and which of these motifs is 
involved in the interaction between the AMPK  subunit and R6, we performed studies 
in HEK293T cells co-expressing AMPK 2 complex (myc- 1, mCherry- 2, 1) with 
FLAG-R6, the latter carrying various mutations corresponding to its protein motifs 
(18) (Fig. 2A, B). We again immunoprecipitated myc-AMPK 1 using a myc-directed 
antibody. Of note, endogenous R6 was not detected either in lysate or in 
immunoprecipitated material, thereby substantiating the need for FLAG-R6 
overexpression and interaction between AMPK 2 and R6 (Fig. 2B: EV condition). R6 
carried various domain-specific mutations: in both R6-RARA and R6-RAHA mutants, 
the hydrophobic valine and phenylalanine residues within putative R6-RVXF motifs 
were substituted for alanine, allowing us to probe the role of the PP1-binding motif in 
AMPK 2/R6-binding (Fig. 2B). R6-RARA, a mutant known to have lost its capacity to 
bind to endogenous PP1c but not to PP1-substrates (18), presented a similar 
AMPK 2-binding profile compared to wild-type, non-mutated R6 (R6-WT; Fig. 2B; 
right panel). The R6-RAHA mutant that carried mutations in a domain close to the 
substrate-binding motif, however, had completely lost its ability to interact with 
AMPK (Fig. 2B; right panel). This data was nicely reproduced in a reciprocal Y2H 
assay using AMPK 2 as bait (Fig. 2C). Further, the substrate-binding motif (WDNND) 
was mutated to study its effect on AMPK 2/R6 interaction. In one of the mutants, the 
two aspartate residues present within the WDNND motif were replaced by alanine 
(R6-WANNA mutant), whereas in the R6-WDNAD mutant, the second asparagine 
residue was replaced by alanine. Whereas the R6-WDNAD mutant was still capable of 
interacting with AMPK 2, the WANNA mutation abolished AMPK 2 binding (Fig. 2B 
right panel, C). In good agreement, Y2H analyses using AMPK 1 or AMPK 2 as bait 
confirmed that the binding of R6 to the AMPK  subunits depended on the R6 
substrate-binding motif being intact (Fig. 2C and 2D). Thus, we show that the 
AMPK /R6 interaction requires the R6 substrate-binding motif. In all subsequent 
experiments, we concentrated on AMPK 2/R6 interaction. 
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Figure 2. R6 interaction with AMPK 2 requires its substrate-binding motif. (A) Schematic model 
indicating the PP1- and substrate binding sites of R6, and its corresponding mutations. (B) HEK293T cells 
transiently co-expressing AMPK 2 heterotrimers (myc- 1, 1, mCherry-AMPK 2) and FLAG-R6 wild-type 
(R6-WT) or mutant (R6-RARA, R6-RAHA, R6-WANNA, R6-WDNAD, respectively) were continuously 
cultured under high glucose (25 mM) conditions and harvested 48 h post-transfection. FLAG empty vector 
(EV) was used as control. Interaction between AMPK 2 and R6 was assessed by immunoprecipitating the 
heterotrimeric AMPK complex from 450 g of lysate using the anti-myc-tag antibody. Western blots were 
assessed using the indicated antibodies. Representative Western blots have been shown. (C and D) Yeast 
THY-AP4 strain (see Materials and Methods) was transformed with GAD-AMPK 2 (C) or GAD-AMPK 1 (D) 
plasmids and LexA-R6 plasmids as indicated. Transformants were grown in high glucose (4 % glucose) 
containing medium and protein interactions were estimated by measuring the -galactosidase activity. 
Values correspond to means from at least 6 different transformants (bars indicate S.D.). * p<0.05 and ** 
p<0.001 vs. LexA-R6-WT. 
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AMPK 2 Thr-148 mutant shows reduced interaction with R6 
Previously, we showed that substitution of the glycine-147 residue for arginine 
(G147R) within the 1-CBM domain abolished the interaction of AMPK with R6 (15), 
indicating that AMPK 1 requires the CBM for interaction with R6. More recently, we 
demonstrated that autophosphorylation at the -threonine-148 (T148) residue, 
centrally located in the CBM, prevents AMPK from binding to carbohydrates such as 
glycogen (17). As we show here that R6 also interacts with AMPK 2, we next 
investigated whether Thr-148 is required for AMPK 2/R6 interaction. To this end, a 
phospho-mimicking T148D AMPK 2 mutant was generated. Transiently transfected 
HEK293T cells co-expressing FLAG-R6 and AMPK heterotrimers (myc- 1 and 1 in 
combination with either mCherry- 2-WT or mCherry- 2-T148D), were cultured 
under high glucose conditions (25 mM) and used for co-immunoprecipitation analysis. 
Impaired interaction between AMPK 2 and R6 was observed in cells overexpressing 
mutant AMPK 2-T148D (Fig. 3A; right panel); relevantly, FLAG-R6 and mCherry- 2 
were expressed at comparable levels (Fig. 3A; left panel).  Independent Y2H analyses 
corroborated these findings: T148D mutation decreased the interaction between 
AMPK 2 and R6 (Fig. 3B). Taken together, our data indicate that Thr-148 mutation 
into Asp results in loss of AMPK 2/R6 interaction, suggesting that an intact Thr-148 
residue is essential for the formation of the AMPK 2/R6 complex under glucose-rich 
culturing conditions. 

 
Figure 3. AMPK 2 Thr-148 mutant shows reduced interaction with R6. (A) HEK293T cells transiently 
transfected with myc- 1, 1 and mCherry-AMPK 2 wild-type (WT) or Thr-148 mutant (T148D) were co-
transfected either with FLAG-R6 (+), or FLAG empty vector (-) as control. Cells were cultured under high 
glucose (25 mM) conditions, and harvested 56 h post-transfection. Interaction between AMPK 2 and R6 
was assessed by immunoprecipitating the heterotrimeric AMPK complex from 800 g of lysate using the 
anti-myc-tag antibody. Western blots were assessed using the indicated antibodies. Representative Western 
blots have been shown. (B) Yeast THY-AP4 strain was transformed with plasmids LexA-AMPK 2-WT or 
LexA-AMPK 2-T148D and GAD-R6 as indicated. Transformants were grown in high glucose (4 % glucose) 
containing medium and protein interactions were estimated by measuring the -Galactosidase activity. 
Empty vector pGADT7 (GAD- ) served as control. Values correspond to means from at least 6 different 
transformants (bars indicate S.D.). * p<0.001 vs. LexA-AMPK 2-WT + GAD-R6. 
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Glycogen negatively regulates the interaction between AMPK 2 and R6 
To investigate whether the interaction between AMPK 2 and R6 is responsive to 
variation in glycogen level, we aimed to deplete cellular glycogen content. Hence, 
HEK293T cells were either pharmacologically treated with forskolin, a compound 
inducing glycogen breakdown (24), or glucose-deprived, after which glycogen content 
was assessed. Because R6 is known to have glycogenic properties (19), we included 
non-transfected control cells and compared these with cells that were either 
transfected with FLAG-R6 alone, or co-transfected with all three subunits of AMPK 
(myc- 1, mCherry- 2-WT, 1).  

As expected, cells overexpressing FLAG-R6 showed high glycogen content 
(both in the absence and presence of co-overexpression of AMPK 2): basal glycogen 
levels were 30-40-fold increased compared to non-transfected control cells (Fig. 4A). 
Both forskolin-treatment and glucose-deprivation significantly lowered the 
intracellular glycogen levels in all cell lines, as compared to control (Fig. 4A). To 
assess the effect of cellular glycogen content on AMPK 2/R6 interaction, HEK293T 
cells overexpressing both FLAG-R6 and AMPK 2 heterotrimers were either treated 
with forskolin or glucose-deprived for 16 h. Reduction of cellular glycogen content, 
either by forskolin or glucose-deprivation, substantially enhanced the interaction 
between AMPK 2 and R6 (Fig. 4B; right panel); as total levels of AMPK and R6 did not 
change within the experimental time frame (Fig. 4B; left panel), this ruled out any 
possible interference by altered expression. Collectively, our data suggest that the 
interaction between AMPK 2 heterotrimers and R6 is inversely correlated to cellular 
glycogen level. 

To independently examine a possible direct effect of glycogen on the 
AMPK/R6 binding, we next used -cyclodextrin ( -CD), a model-sugar that mimics 
glycogen, in competitive binding-immunoprecipitation experiments, in HEK293T cells 
cultured under high glucose. Addition of -CD completely disrupted the interaction 
between AMPK 2 and R6 (Fig. 4C; right panel). Combined, this data suggests that 
under glucose-rich conditions glycogen disturbs AMPK 2/R6 interaction, indicating 
that glycogen interferes with and therefore weakens the interaction between AMPK 2 
and R6.   
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Figure 4. Glycogen negatively regulates the interaction between AMPK 2 and R6. (A and B) HEK293T 
cells either non-transfected, transiently transfected with FLAG-R6 alone, or co-transfected with FLAG-R6, 
myc- 1, 1 and mCherry-AMPK 2-WT were cultured under high glucose (25 mM) conditions. Prior to lysis, 
cells were treated with forskolin (100 M) or DMSO (control) under high glucose conditions, or cells were 
glucose-deprived (GD, 0 mM) for 16 h. (A) Intracellular glycogen level was determined as described in the 
section Materials and Methods. Levels were corrected for corresponding protein concentrations. * p<0.05 
vs. corresponding DMSO controls; n=2. (B) Heterotrimeric AMPK was immunoprecipitated from 500 g of 
lysate using the anti-myc-tag antibody, followed by Western blot analysis using the indicated antibodies. (C) 
HEK293T cells were transiently co-transfected as indicated and harvested 56 h post-transfection. Cells were 
continuously grown under high glucose (25 mM) conditions. -cyclodextrin ( -CD) was added prior to 
immunoprecipitation. Representative Western blots have been shown. 
 
AMPK 2-R6 interaction is enhanced in conjunction with increased AMPK 2 
Thr-148 phosphorylation 
Next, we assessed the impact of Thr-148 phosphorylation on the glycogen-modulated 
AMPK/R6 interaction. To this end, we co-transfected HEK293T cells with AMPK 
heterotrimers (myc- 1, 1, and either mCherry- 2-WT or -T148D mutant) and FLAG-
R6 and challenged the cells for 16 h with various concentrations of glucose. The 
expression of AMPK 2-T148D mutant did not affect the glycogenic activity of FLAG-
R6 in cells growing in high glucose conditions (Fig. 5A), indicating that glycogen 
production depends on the function of R6 and not on the interaction between R6 and 
AMPK 2. Reduced availability of glucose (3 mM or 0 mM) correlated with significantly 
decreased intracellular levels of glycogen (Fig. 5A) in both AMPK 2-WT and -T148D 
expressing cells (Fig. 5A). Interestingly, we observed increased level of Thr-148 
phosphorylation in 2-WT immunoprecipitates upon lowering glucose conditions, 
although we did not find changes in the levels of AMPK Thr-172 phosphorylation, 
neither in cellular lysates nor in the precipitates from 2-WT or 2-T148D expressing 
cells (Fig. 5B). Low glycogen content enhanced AMPK 2/R6 interaction (Fig. 5B; cf. 
Fig. 4). Whereas AMPK 2-WT/R6 binding was readily detectable, T148D mutation 
completely abolished AMPK 2 interaction with R6 (Fig. 5B; cf. Fig. 3). To dissociate 
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AMPK from glycogen via Thr-148 phosphorylation and study the effect thereof on 
AMPK 2/R6 interaction, we next exposed cells to the AMPK activator oligomycin in 
the context of high and low cellular glycogen. If glycogen content was low (i.e., 3 mM 
glucose), oligomycin activated AMPK (Thr-172 phosphorylation; Fig. 5C), an effect 
that was overruled by high cellular glycogen content (i.e., 25 mM glucose). 
Oligomycin-induced activation of AMPK and the consequential Thr-148 
phosphorylation further enhanced the interaction of AMPK 2-WT and R6 (Fig. 5C; 
right panel) under low glycogen conditions. This interaction was disrupted by high 
cellular glycogen or by T148D mutation (Fig. 5C). These results indicate that 
glycogen-depletion enhances both AMPK 2/R6 interaction and phosphorylation of 
Thr-148. These results also indicate that physiological phosphorylation of AMPK 2 at 
Thr-148 has a different outcome from AMPK 2-T148D mutant: whereas the AMPK 2-
T148D mutant is not able to interact with R6, this interaction is improved under 
physiological conditions that enhance AMPK 2 Thr-148 phosphorylation (Fig. 5C). 

 
Figure 5. AMPK 2/R6 interaction is enhanced in conjunction with increased AMPK 2 Thr-148 
phosphorylation. (A and B) HEK293T cells co-expressed AMPK 2 heterotrimers (myc- 1, 1, mCherry-
AMPK 2-WT or -T148D) and FLAG-R6. Prior to lysis, cells were cultured under various glucose conditions 
(25 mM, 3 mM, 0 mM) for 16 h. (A) Intracellular glycogen levels were biochemically determined and 
corrected for the corresponding protein concentrations. * p<0.01 vs. WT 25 mM, # p<0.01 vs. T148D 25 mM, 
## p<0.001 vs. T148D 25 mM; n=2. (B) Heterotrimeric AMPK was immunoprecipitated from 350 g of 
lysate using the anti-myc-tag antibody, followed by Western blot analysis using the indicated antibodies. (C) 
Cells were serum-starved both under low (3 mM) and high (25 mM) glucose conditions for 16 h, prior to 1 h 
treatment with oligomycin (3 M) or DMSO (control). AMPK was immunoprecipitated from 500 g of lysate 
as described in panel B, followed by Western blot analysis using the indicated antibodies. Representative 
Western blots have been shown. 
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AMPK 2 shows enhanced interaction with R6 upon glycogen depletion in C2C12 
myotubes 
Furthermore, we explored the significance of cellular glycogen with respect to 
AMPK 2/R6 interaction in C2C12 myotubes, a more physiologically relevant model. 
Since endogenous R6 was below detection level in C2C12 cells (data not shown), we 
co-expressed AMPK 2-WT and FLAG-R6 in C2C12 myoblasts (Fig. 6A, B).  C2C12 cells 
were differentiated to myotubes and cultured under high (25 mM) or low (3 mM) 
glucose concentrations prior to oligomycin-treatment. Lowered glucose availability 
significantly decreased the myocellular glycogen content in cells expressing 2-WT 
(Fig. 6A). As expected, R6 overexpression enhanced the levels of glycogen under basal 
and treated conditions (Fig. 6A). Oligomycin clearly induced AMPK activation in total 
cell lysates, under both high and low glucose conditions (Fig. 6B, left panel). However, 
as in HEK293T cells, oligomycin-mediated AMPK activation could only be detected in 
immunoprecipitates from cells that were cultured under low glycogen conditions (Fig. 
6B; right panel). As expected, increases in interaction of AMPK 2/R6 were detected 
after immunoprecipitating FLAG-R6 from cells treated with oligomycin under low 
glycogen conditions (Fig. 6B; right panel). Taken together, in good agreement with 
our observations in HEKT293 cells, these data support the idea that cellular glycogen 
content controls AMPK 2/R6 binding. 

 
Figure 6. AMPK 2 shows enhanced interaction with R6 upon glycogen depletion in C2C12 myotubes. 
(A and B) C2C12 cells stably overexpressing both FLAG-R6 and wild-type AMPK 2 ( 2-WT) were 
differentiated into myotubes for 4-5 days, and subsequently incubated with high (25 mM) or low (3 mM) 
glucose for 16 h, followed by 30 minutes treatment with oligomycin (5 M) or DMSO (control). Empty 
vector FLAG (EV) was used as control. (A) Myocellular glycogen levels were determined using biochemical 
glycogen assay, as described in Materials and Methods. * p<0.05, ** p<0.01, *** p<0.001; n=3. (B) Interaction 
between AMPK 2 and R6 was assessed by immunoprecipitation using the anti-FLAG-tag antibody, followed 
by Western blot analysis using the indicated antibodies. Representative Western blots have been shown. 
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DISCUSSION 
We recently showed that activation of AMPK precedes AMPK  Thr-148 
autophosphorylation to preclude the AMPK complex from binding to glycogen (17). 
Further data suggested a possible role for Thr-148 phosphorylation in glycogen 
turnover. R6 is a known glycogen-binding protein and PP1-targeting subunit acting as 
a glycogenic driver (19). In the current study, we demonstrate the involvement of Thr-
148 in the dynamic AMPK 2/R6 interaction that is governed by glycogen content.  

R6 recruits PP1 phosphatase to its substrates (e.g., GS and GP) (18), thus 
playing a critical role in the regulation of glycogen metabolism. Most of the PP1-
glycogen-targeting subunits exert their actions through binding to PP1 via a 
conserved N-terminal PP1-binding motif (RVXF), and interact with PP1-substrates via 
a conserved C-terminal substrate-binding (WXNXGNYX(L/I)) motif (18). We have 
recently shown that R6 does utilize this conserved region to bind to its glycogenic 
substrates GS and GP (18). In line with these results, our work indicates that 
AMPK /R6 interaction occurs also via the R6 substrate-binding motif (Fig. 2), as a 
mutation in this domain resulted in loss of interaction, a process that is independent 
of PP1 binding. Therefore, these results may suggest that R6 acts as a scaffold to bring 
AMPK 2 in close proximity to the PP1 phosphatase, for instance, under conditions 
that require AMPK dephosphorylation and inactivation. However, we did not find 
evidence for R6/PP1-dependent AMPK dephosphorylation in our study under 
conditions where AMPK 2/R6 interaction was enhanced. This may be attributed to 
the use of glycogen depletion and mitochondrial poisoning as triggers. Although we 
find these treatments as required to induce significant AMPK 2/R6 interaction, their 
application necessarily goes along with elevated AMP levels and consequent 
protection from Thr-172 dephosphorylation (25). 

In this work, we also aimed at better understanding the role of AMPK 2 Thr-
148 phosphorylation in glycogen metabolism. In accordance with earlier findings on 
AMPK 1 (15), we show that AMPK 2/R6 interaction is markedly increased under low 
glucose conditions, which correlated with decreased glycogen levels. Strong AMPK 2 
Thr-148 phosphorylation signals were only detected when glycogen levels were low. 
In this condition, oligomycin further enhanced the interaction between AMPK 2 and 
R6, which augmented the phosphorylation of Thr-148. Therefore, Thr-148 
phosphorylation is compatible with binding to R6 and even the interaction is 
enhanced in conjunction with this post-translational modification. In agreement with 
our earlier work, Thr-148 phosphorylation occurred if glycogen pools were 
diminishing. Thus, the autophosphorylation of Thr-148 by AMPK may be understood 
as a marker indicating detachment of AMPK from glycogen in conditions that 
challenge cellular glycogen level. Notably, in conjunction with lowered glycogen 
content, oligomycin-induced Thr-172 phosphorylation was higher. Therefore, 
consistent with our results obtained in HEK293T cells and C2C12 myotubes, glycogen 
may be interpreted as a storage site for inactive AMPK, which is in agreement with an 
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earlier study that suggested AMPK inhibition by binding to glycogen branch points 
(26). 

Similar to the observations in yeast (27), the equivalent AMPK 1-G147R 
mutation impaired the ability to interact with R6 (15). Since AMPK  Thr-148 is 
located adjacent to Gly-147, one would expect a similar loss of binding to R6 for Thr-
148 mutant. In agreement, we report here that AMPK 2/R6 interaction was 
completely lost in the AMPK 2-T148D mutant. In our previous study, we found that 
T148D mutant did not bind glycogen (17). Nevertheless, the molecular mechanism of 
explaining the loss of binding to R6 as a result of T148D mutation remains unclear, 
since Thr-148 phosphorylation occurs in conjunction with R6 interaction. There are at 
least two possible explanations: (i) the T148D mutation causes a subtle modification 
in the conformation of the 2 subunit resulting in the loss of interaction with R6, a 
process not shared by the physiological phosphorylation of this subunit; or (ii) the 
interaction of AMPK 2-WT with R6 that is observed during glycogen degradation 
evolves from their initial binding at glycogen. While we formally cannot rule out the 
former, there are arguments in support of the latter notion. Firstly, both AMPK 2 and 
R6 bind to glycogen via their respective CBM (9,28) and weakly interact under 
conditions of high glycogen content. This interaction might be indirect, i.e., both 
proteins bind to glycogen independent of each other. It could be anticipated that 
localization of AMPK and R6 to glycogen would bring these proteins in closer 
proximity to each other and thus allow them to interact in a direct manner as a second 
step. This is indeed in accordance with our findings showing that depletion of 
intracellular glycogen resulted in enhanced AMPK 2/R6 interaction. The treatment of 
AMPK 2/R6 co-immunoprecipitations with -CD accordingly showed that the 
AMPK 2/R6 interaction was completely abolished under high intracellular glycogen 
content (Fig. 4C), whereas the interaction remained more stable if 
immunoprecipitations were performed from glucose-deprived cells (Fig. 4B). 
Similarly, in Y2H analyses, low glucose media augmented the AMPK 1/R6 interaction 
(29). One step further, high glycogen content was found to decrease AMPK 2/R6 
interaction and thus glycogen may in fact rather perturb the direct binding between 
AMPK 2 and R6. Although our experiments provide proof-of-principle for the 
inhibitory role of glycogen in AMPK /R6 interaction, the exact details, i.e., whether -
CD scavenges AMPK or R6 or both, are unknown. Yet, it might not be surprising if R6 
prefers binding to glycogen over AMPK 2 to further promote glycogenic activity, since 
the R6-substrate-binding motif partially overlaps with the CBM domain (18). 
Therefore, these data support the idea that both AMPK 2 and R6, independently, are 
capable of binding to glycogen, thus facilitating the formation of multi-protein-
glycogen complexes (30). The alternative direct binding mode is triggered by lowered 
glycogen content as further discussed below. 

AMPK plays an essential role in various biological processes involved in 
restoring cellular energy homeostasis. Tuning of such processes requires adequate 
regulation, and involves AMPK compartmentalization and complex formation with 
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other proteins and substrates. For example, AMPK controls glycogen metabolism, as it 
is known to phosphorylate and inactivate GS in vitro and in vivo (31,32). In yeast, it 
was reported earlier that Gal83 (Snf1 -subunit ortholog) is involved in binding to 
Reg1 (PP1 glycogenic subunit ortholog) and studies in mouse pancreatic  cells 
revealed that AMPK 1 interacts with the PP1-glycogen targeting subunit R6 (15,33). 
In the present study, we show that AMPK 2 interacts more strongly with R6 if 
compared to AMPK 1, pointing to a possible role for this interaction in skeletal 
muscle. The CBM domain of AMPK 2 possesses higher binding affinity for 
carbohydrates such as glycogen than 1 (11). In a more detailed study the CBM 
domain of AMPK 2 bound linear carbohydrates and single 1,6-branched 
carbohydrates 4-30 fold tighter in comparison with 1 (34). These data suggest that 
the AMPK 2 isoform maybe more important for coordination of glycogen storage and 
breakdown. Furthermore, given that AMPK 2, as well as R6, are highly expressed in 
skeletal muscle (3,35), a tissue active in controlling disposal of glucose into glycogen 
(36), it is likely that these proteins contribute to myocellular glycogen turnover. The 
C2C12 murine cell line is widely used as an in vitro model of skeletal muscle (37), and 
we used these cells upon differentiation into muscle-like myotubes to investigate the 
dynamic interaction between AMPK 2 and R6. Consistent with the findings of Bujak et 
al. that prolonged fasting induces the breakdown of skeletal muscle glycogen content 
(38), we demonstrate the reduction in myocellular glycogen levels as a result of 
glucose deprivation (Fig. 6A). Although we are currently lacking a direct proof, this 
breakdown of glycogen may cause AMPK 2 and R6 to leave glycogen, as was reported 
for GS (39,40). The possible mechanisms causing AMPK 2 and R6 to leave the 
dwindling glycogen particle may include protein phosphorylation, such as Thr-148 
phosphorylation, and the decreasing surface binding options. On a diminishing 
glycogen granule, we can indeed expect the concentration of potential interaction 
partners to increase dramatically, which may facilitate a direct binding between these 
proteins concomitant with their detachment from glycogen. In support of such notion, 
oligomycin-induced AMPK activation augments AMPK 2/R6 interaction in skeletal 
muscle myotubes while further depleting glycogen and inducing Thr-148 
phosphorylation (Fig. 6A), suggesting that these events are linked. In summary, we 
describe for the first time that R6 physically interacts with AMPK 2 in C2C12 skeletal 
muscle myotubes, which is markedly enhanced if glycogen content is low. Vice versa, 
high availability of extracellular glucose and thus high intracellular glycogen are 
negative regulators of the direct AMPK 2/R6 interaction. Given these findings, one 
would expect that dysregulation of AMPK 2/R6 interaction may be linked to 
metabolic disorders such as type 2 diabetes or glycogen storage diseases, in which the 
glycogenic pathway is either impaired or hyper-activated, respectively. 

Altogether, we envisage the following sequence of events: high glucose 
availability (Fig. 7A), mimicking an in vivo ‘fed’ state, maintains cellular glycogen 
stores. Glycogen-binding proteins such as AMPK 2 heterotrimers and R6 associate 
with glycogen, thereby forming multi-protein-glycogen complexes. AMPK 2-T148D 
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remains cytosolic, and is thus prevented from ‘indirectly’ interacting with R6. Upon 
nutrient deprivation (Fig. 7B), mimicking an in vivo ‘fasted’ state, the AMP:ATP ratio 
rises, and the cellular glycogen level decreases. In response, AMPK 2 heterotrimers 
and R6 are increasingly concentrated at the surface of the glycogen particle until 
forced to release and simultaneously engage in a direct interaction. Under these 
conditions, AMPK is turned into an active state, and due to an AMP-mediated 
conformational change, it is further prevented from dephosphorylation by protein 
phosphatases such as PP1 (25). In addition, Thr-148 autophosphorylation prevents 
AMPK from returning to glycogen. Since the T148D mutant is not present at the 
glycogen particle during the departure of R6, these proteins are less likely to bind and 
form complexes. In response to glucose replenishment (Fig. 7C), mimicking an in vivo 
‘re-fed’ state, ATP-binding makes AMPK a better substrate for PP1-R6 mediated 
dephosphorylation. Thus, increases in intracellular glycogen reinforce the formation 
of a multi-protein-glycogen complex. The model provides with a possible explanation 
for AMPK 2/R6 interaction in situations of low energy, where AMPK requires 
additional surveillance by PP1 to switch-off once cellular ATP is restored. Despite the 
fact that this model is supported by the presented results and experimental data from 
various studies, we admit that further investigation is required to advance it into solid 
knowledge. For instance, the molecular interplay of AMPK and PP1-R6 as yet has not 
been addressed in cell free assays, which would allow for defined adenine nucleotide 
levels, and suitable genetic mouse models are lacking to further study AMPK functions 
in relation to PP1-R6 in tissues and the whole body context. 
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Figure 7. Myocellular glycogen content dynamically regulates AMPK 2-R6 interaction. (A) Regulation 
by high glucose availability/glycogen content, mimicking an in vivo ‘fed’ state. (B) Regulation by low glucose 
availability/glycogen content, mimicking an in vivo ‘fasted’ state. (C) Regulation by glucose re-
availability/glycogen replenishment, mimicking an in vivo ‘re-fed’ state. See main text for details. 
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ABSTRACT 
AMP-activated protein kinase (AMPK) is a metabolic enzyme that plays a key role in 
controlling cellular metabolism. AMPK is known to cycle between at least two 
different subcellular pools, namely cytoplasm and glycogen, in which the -subunit 
carbohydrate-binding module (CBM) plays an important regulatory role. Previously, 
an AMPK-specific Förster Resonance Energy Transfer (FRET) biosensor, AMPKAR, 
was developed for measuring intracellular AMPK activity in living cells. Here, we 
present a novel, optimized AMPK-specific biosensor (ASS) that allows for monitoring 
of cytoplasmic AMPK activity in HL-1 cardiomyocytes, based on a sophisticated 
Fluorescence Lifetime Imaging Microscopy (FLIM) approach. A strong increase in 
basal FRET efficiency (24.4 ± 2.0 %) was observed in cells expressing wild-type ASS as 
a result of nutrient starvation, which impaired further monitoring of changes in 
average CFP lifetime induced by the AMPK activator oligomycin. Optimization of the 
experimental conditions revealed that glucose/serum-rich medium (non-starvation) 
minimized this effect (4.9 ± 2.9 %). Under this condition, FRET efficiency of wild-type 
ASS increased upon treatment with oligomycin (to 6.6 ± 1.4 %), but this was mainly 
attributed to the DMSO vehicle. Interestingly, 5-aminoimidazole-4-carboxamide 
ribonucleotide (AICAR), an analogue of AMP capable of activating AMPK, enhanced 
FRET efficiency of wild-type ASS expressing cells to 9.9 ± 1.1 %, which occurred in a 
time- but not dose-dependent manner. Altogether, our findings indicate that the wild-
type ASS biosensor detects increased AMPK activity albeit dynamic range is limited. 
Hence, we provide evidence that FLIM/FRET can be used as an approach to accurately 
quantify fluctuations of intracellular AMPK activity. Because little is known about the 
activity of glycogen-localized AMPK, we also generated glycogen-targeted biosensors 
that in the near future could advance our understanding of the role and activity of 
glycogen-bound AMPK. 
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INTRODUCTION 
Dynamic protein–protein interactions belong to a complex signal transduction 
network system that plays a key role in the regulation of cellular activities. 
Extracellular signal transduction to various subcellular localizations often involves 
protein kinases. In particular, the AMP-activated protein kinase (AMPK) is a master 
switch important for maintaining cellular and whole-body energy homeostasis by 
phosphorylating downstream targets to switch on catabolic energy-producing 
processes (e.g., glycolysis and fatty acid oxidation), while inhibiting anabolic energy-
requiring processes (e.g., lipid and glycogen synthesis) (1). AMPK is a highly 
conserved sensor of increased levels of AMP and ADP originating from ATP depletion 
(2,3), which activates AMPK via allosteric regulation. This triggers upstream kinases, 
e.g., liver kinase B1 (LKB1) (4), Ca2+/calmodulin-dependent protein kinase kinase  
(CaMKK ) (5), and transforming growth factor- -activated kinase 1 (TAK1) (6,7), to 
activate AMPK by phosphorylating the catalytic -subunit at threonine-172 (Thr-172). 
Once the energy balance has been restored, AMPK undergoes dephosphorylation and 
inactivation by protein phosphatases (e.g., PP1, PP2A, PP2C) (8-10). 

Because phosphorylation events occur in a second-to-minute time frame 
(11,12), classical methods such as immunofluorescence microscopy or Western 
blotting do not provide sufficient in situ spatiotemporal resolution and quantitative 
real-time information, as these techniques are limited to the use of fixed or lysed cells, 
respectively. A biological breakthrough in reporting detailed information on dynamic 
changes in cellular signaling is the advent of fluorescent reporters, termed biosensors. 
A widely used technique enabling the visualization of molecular signaling events in 
living cells is Förster Resonance Energy Transfer (FRET) (13), representing the 
occurrence of non-radiative energy transfer between donor and acceptor fluorophore 
(14). FRET is a two-step process, i.e., the donor needs to be excited from the ground 
state to the excited state (i) in order to non-radiatively transfer energy to the acceptor 
molecule through dipolar coupling between donor emission and acceptor excitation 
dipole moments (ii) (15). (For further details on the FRET principle, see section 
Supporting Information at the end of this chapter). 

The use of FRET biosensors has become evident for gaining insight into 
spatiotemporal changes of signaling pathways in living cells (16,17). FRET biosensors 
are subdivided into two classes, intermolecular and intramolecular biosensors. The 
former is known as FRET pair (bimolecular), consisting of a donor fluorescent protein 
and an acceptor fluorescent protein. The latter (unimolecular) is most widely used 
(16,18), in which donor and acceptor fluorescent proteins are positioned in one single 
construct, allowing for high transfection efficiency, high signal-to-noise ratio, and 
relatively straightforward ratiometric image analysis (16,18). Recently, it was shown 
that FRET biosensors enable real-time monitoring of dynamic post-translational 
modifications, such as phosphorylation of lipids and proteins (19,20). An example of 
such intramolecular construct is Picchu (21), which monitors the in vivo tyrosine 
kinase activity of the CrkII adapter protein. This kind of backbones comprises a 
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substrate-specific sequence (sensor domain) that can be phosphorylated by the 
corresponding kinase (22). Subsequently, FRET occurs upon recognition of the 
sensor-phosphorylation by the ligand domain, bringing donor and acceptor 
fluorophores in close proximity, thereby enabling the visualization of subcellular 
kinase activity.  

Because FRET efficiency of a specific intramolecular biosensor is 
predominantly affected by the distance and relative orientation of the two 
fluorophores (14), the development of optimized biosensors is growing rapidly. In 
order to render (available) biosensors distance-dependent, Komatsu et al. developed a 
backbone that consists of a long, flexible linker (Eevee backbone), as well as optimized 
fluorescent proteins (22), thereby improving the detection of FRET signals. 
Interestingly, Tsou et al. demonstrated that the AMPK biosensor AMPKAR displays 
enhanced FRET, predominantly in the cytoplasm, in response to AMPK-mediated 
phosphorylation of its target (23). Additionally, these researchers reported that, 
depending on its stimulus, phosphorylation of AMPKAR occurs in the cytoplasm and in 
the nucleus, suggesting that the biosensor serves as a molecular tool that enables the 
detection of spatiotemporal AMPK activity in living cells. Both studies (22,23) 
employed ratiometric biosensors (14), indicating that the level of FRET,  i.e., change in 
kinase activity, was calculated based on the ratio of FRET (fluorescence intensity 
measured in the YFP (yellow fluorescent protein) channel upon donor excitation) and 
CFP (fluorescence intensity of the CFP (cyan fluorescent protein) channel upon donor 
excitation), referred to as FRET/CFP ratio. Ratiometric FRET measurements are 
relevant for specific experimental configurations and cannot be compared with other 
setups (24-27). Although ratiometric FRET quantification enables live-cell detection of 
molecular interactions without the need for specialized equipment, the interpretation 
of intensity-based FRET measurements is limited by experimental conditions and 
potential artifacts, such as bleed-through, the concentration and labelling efficiency of 
the fluorochromes, photobleaching, and cross excitation, thus requiring careful and 
time-consuming and complicated correction measurements (24-27).  

An alternative and more accurate method for the detection of FRET is 
Fluorescence Lifetime Imaging Microscopy (FLIM), as it overcomes the limitations 
associated with ratiometric FRET. FLIM/FRET is a technique based on the (average) 
donor fluorescence lifetime, which is a unique characteristic of a fluorophore in a 
certain environmental condition (28,29). Fluorescence lifetime is known as the 
average time that a molecule spends in the excited state before returning to its ground 
state. However, upon energy transfer to its acceptor, fluorescence lifetime of the 
donor decreases. The fluorescence lifetime measurements are insensitive to local 
concentration of the fluorophore or local excitation light intensity (28,30). Thus, FLIM 
is capable of precisely detecting the shorter donor (average) lifetime that results from 
FRET occurrence, thereby providing insight into, for instance, post-translational 
modifications in living cells (30).   
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In the present study, we modified a previously reported optimized FRET-
biosensor backbone (22) to a novel optimized AMPK biosensor by exchanging the 
sensor domain with a previously reported AMPK-specific substrate (23), hereafter 
referred to as ASS biosensor. To our knowledge, this is the first time that an AMPK-
specific biosensor, in combination with the FLIM/FRET technique, has been used to 
monitor and estimate cytoplasmic AMPK activity based on average donor lifetimes 
and derived FRET efficiencies.  
 
 
EXPERIMENTAL PROCEDURES 

Materials - Restriction enzymes were purchased from New England Biolabs 
(Ipswich, MA). T4 DNA Ligase and Polynucleotide Kinase (PNK) were acquired from 
Fermentas (Burlington, CA). All primers and oligonucleotides were obtained from 
Eurogentec (Seraing, BE). ECFP and EYFP control vectors were kindly provided by Dr. 
Aoki (Kyoto University, Kyoto). Antibodies directed against phospho-AMPK-Thr-172, 
phospho-ACC-Ser-79, GAP-DH and -actin were purchased from Cell Signaling 
(Beverly, USA). 
 

FRET Biosensor Construction - AMPK-specific substrate (ASS) FRET 
biosensors were engineered based on previous publications (31,32). Wild-type (WT) 
ASS motif sequence was derived from Tsou et al. (32), and a non-phosphorylatable 
mutant (MT) motif sequence was generated. ASS–WT and ASS–MT were subcloned, 
using oligonucleotide linkers, into the NotI and BspEI restriction sites of the 
cytoplasmic PKA activity construct, pAKAR3EV (kindly provided by Dr. Aoki) (22), 
thereby exchanging the sensor domain (i.e., ASS substrate instead of PKA substrate), 
referred to as ASS–WT and ASS–MT constructs. 

In order to monitor AMPK activity at glycogen, CBM 2 sequence was fused 
with the ASS-constructs. The cDNA CBM 2 (33) was amplified by PCR and initially 
subcloned into the EcorI and MluI restriction sites of the PKC activity construct, 
pEevee-PKC (kindly provided by Dr. Aoki), thereby exchanging the optional domain 
(i.e., CBM 2 instead of C1 domain of PKC ), referred to as pEevee-CBM 2. 
Subsequently, the ASS inserts (WT/MT) were subcloned into the EcorI and XbaI 
restriction sites of the pEevee-CBM 2, thereby exchanging the sensor domain (i.e., ASS 
instead of PKC substrate), referred to as ASS-CBM 2 (WT/MT) constructs. Primer 
sequences are available upon request. All of the constructs were verified by 
sequencing. 
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Cell culture - HL-1 cardiomyocyte cell line was kindly provided by Dr. W. 
Claycomb (Louisiana State University, New Orleans, LA), cultured on fibronectin (5 

g/ml; Sigma)/gelatin (0.01%; Merck)-coating in Claycomb medium (supplemented 
with 10% heat-inactivated fetal calf serum (iFCS, Bodinco BV, Alkmaar), 0.1 
mmol/liter noradrenaline, 2 mmol/liter L-glutamine, 100 units/ml penicillin, and 100 

g/ml streptomycin) at 37 °C and 5% CO2. 
For transient transfections, HL-1 cells were seeded on coverslips (Ø 20 mm; 

Thermo Scientific) at a density of 90,000 cells/well in 12-well plates (Greiner Bio-
One) 24 h before transfection. For fluorescence lifetime imaging microscopy, cells 
were transfected with 1 g of plasmid DNA (AMPK activity reporter, see Results 
section) using Lipofectamine 2000 (Invitrogen) in antibiotic-free culture medium. Six 
to eight hours after transfection, transfection medium was replaced by normal growth 
medium. At 48 h after transfection, cells were used for FLIM-FRET studies.  

For FLIM-FRET-based reporting of AMPK activity, two different protocols 
were used. For the starvation protocol, cells were cultured in low glucose, serum-
starved medium (5.5 mM glucose), supplemented with 1% penicillin/streptomycin, 
1% non-essential amino acids (Life Technologies) and 1% L-glutamine) at least 6 h 
prior to the experiment. To allow for microscopic monitoring, cells were switched to 
phenol-red free serum-starved, low glucose medium (DMEM 11880, 5.5 mM glucose), 
supplemented with HEPES (25 mM).  

For the non-starvation protocol, cells were switched from normal growth 
medium to phenol-red free high glucose medium (25 mM), supplemented with 10% 
FBS and HEPES (25 mM) prior to the experiment. In order to visualize AMPK activity, 
cells were treated with or without oligomycin (Sigma, 5 M) or AICAR (Sigma, 2 mM), 
and lifetime images were measured at different time points. 
 

Western blotting - Cells were lysed in Ripa lysis buffer (50 mM Tris HCl pH 8, 
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with 
protease and phosphatase inhibitor mixtures (Roche Applied Science). Cell lysates 
were electrophoresed by SDS-PAGE and analyzed by Western blot.  
 

Microscopical Imaging and Image Processing - Imaging was performed 
using a Leica TCS SP5 (Leica Microsystems GmbH, Wetzlar, Germany) two photon 
microscope. A Ti:Saphire Chameleon Ultra II (Coherent, USA) mode locked at 800 nm 
was used as the excitation source. A Leica HCX APO L 20x/1.00 was used for excitation 
and epicollection. CFP and YFP fluorescence was detected in the 470-500 nm and 530-
550 nm range, respectively. Emission spectra were acquired in the emission 
wavelength scanning mode. Sixteen images at 10 nm intervals from 450-600 nm were 
acquired. Images were analysed and reconstructed in MATLAB 7.1 (Mathworks Inc, 
Natick, USA) based on a custom routine. Spectra presented in figures are the 
normalized summed spectra over the entire cell surface.  
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The FLIM detection was performed using a Becker&Hickl TCSPC (Time 
Correlated Single Photon Counting) module (SPC 830, Becker&Hickl GmbH, Berlin, 
Germany) adapted on the Leica TCS SP5. Detection was performed with a photon 
counting PMT. CFP lifetime images were detected in the same range with the same 
PMT in the photon counting mode. Acquired images were visualized using the 
dedicated software SPCM 9.5 (Becker-Hickl GmbH, Berlin, Germany). Acquisition was 
performed on a 256 m2 region of interest with 256-pixel resolution and 256 ADC 
(Analog to Digital Converter) resolution. Exponential fits, de-convolution, and 
fluorescence decay analysis were performed with the dedicated software SPC-Image 
3.5 (Becker-Hickl GmbH, Berlin, Germany) (34). The Instrument Response Function 
(IRF) was extracted from the rising time of the signal. A double exponential function, 
equation (1), was used to fit the fluorescence decay, where F(t) is the time dependent 
fluorescence emission, F0 the fluorescence at time zero, and t is time. 

  [1] 

The fast ( 1) and slow ( 2) components of the CFP fluorescence with 
corresponding pre-exponential factors ( 1) and ( 2) were extracted from equation [1]. 
The mean lifetime was computed using the amplitude weighted mean lifetime formula 

mean= 1  1 + 2 2 [2], defined by + = 1 [3]. Lifetime images presented are 
colour coded in the range between 1000-2000 ps. 
Photobleaching of YFP (acceptor) was performed using the 514 nm laser line. Selected 
regions of interested were continuously scanned with maximum laser intensity until 
the fluorescence intensity reduced to 90% of its initial value. Scanning was performed 
on 256×256 m2 regions with 512×512 pixel resolution at 100Hz line scan speed. In 
average, 100 scanned frames were required. 

FRET efficiency (EF) was calculated as the donor molecule (CFP) lifetime 
change according to the following formula: EF=1-( after/ before) [4], in which before is 
the mean lifetime of CFP before biosensor activation, and after is the mean lifetime 
after biosensor activation. The mean lifetime is calculated based on formula [2].
 Autofluorescence levels of cells were investigated under normal cell density 
levels (section Cell Culture) and normal levels of laser power used for the ASS 
biosensor. The level of autofluorescence in the CFP channel was below detection 
levels. 
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RESULTS 
 
Design of ASS biosensor for FLIM/FRET-based monitoring of intracellular AMPK 
activity  
To generate a desirable FRET-based reporter of cytoplasmic AMPK activity, we 
replaced the sensor domain of the previously reported pAKAR3EV backbone (22) with 
the AMPK-specific substrate (ASS) (amino acid sequence: MRRVAT*LVDL) (23). This 
intramolecular biosensor carries four different functional domains that are expressed 
as a single polypeptide chain in mammalian cells, with an N-terminal acceptor YFP, 
and a C-terminal donor CFP. YFP is followed by an intrinsic FHAI domain (22), serving 
as ligand domain, a long flexible EV-linker, and a Ser/Thr-kinase substrate sequence 
(ASS) as sensor domain (Fig. 1A). Upon AMPK-mediated phosphorylation, FHAI 
recognizes the specific phosphorylation signal on ASS, thereby positioning CFP and 
YFP in close proximity and facilitating the transfer of energy (Fig. 1B; left panel: 
FRET). To exclude the possibility of measuring off-target effects due to the ASS 
sequence, we designed a non-phosphorylatable ASS mutant construct by replacing the 
threonine phosphorylation residue (T*) to alanine, referred to as ASS–MT. Therefore, 
ASS–MT serves as negative control due to its insensitivity for AMPK activity, thus 
preventing the occurrence of FRET (Fig. 1B; right panel: No FRET). 

   

 
Figure 1. ASS biosensor. (A) Schematic representation of the biosensor including the different domains 
(adapted from Komastu et al. (22)). (B) Mechanism of action of ASS–WT versus ASS–MT. The ligand (FHAI) 
domain is attached to an acceptor fluorophore (YFP), while the sensor domain (ASS–WT) is linked to a 
donor fluorophore (CFP). Upon AMPK-mediated phosphorylation of ASS–WT, the flexible linker facilitates 
the binding of ASS–WT and FHAI domain, which is capable of recognizing phosphorylation. Subsequently, 
CFP and YFP are in close proximity, and FRET occurs (left panel). The non-phosphorylatable ASS–MT 
prevents this from occurring, resulting in a constitutive ‘No-FRET’ situation (right panel). 
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Starvation significantly perturbs the average CFP lifetime of the ASS–WT 
biosensor  
To monitor AMPK activity based on the ASS reporter, we employed the FLIM/FRET 
technique after transient transfection of ASS–WT in HL-1 cardiomyocytes. Both ASS–
MT and ECFP, the latter which does not carry an acceptor molecule, served as negative 
control. Considering that serum-starvation, often in combination with glucose-
deprivation, is a commonly used cell culture procedure to induce cell cycle 
synchronization and cellular senescence (35) or to enhance cellular responses to 
pharmacological agents (36), we speculated that under these conditions, oligomycin 
would activate AMPK, leading to changes in FRET signal. Therefore, HL-1 
cardiomyocytes were cultured under low glucose (5.5 mM), serum-starved conditions 
for a period of 6 h prior to fluorescence-lifetime imaging, referred to as starvation, and 
subsequently treated with oligomycin (5 M) for 20 min (Fig. 2). At basal conditions, 
i.e. after a starvation period of 6 h, the ASS–WT construct provided a CFP donor 
average fluorescence lifetime of 1,291 ± 16.81 ps in HL-1 cells (Fig. 2C). The average 
CFP lifetime did not significantly decrease after treatment with oligomycin (1,254 ± 17 
ps) (Fig. 2C), an effect that was reflected by the corresponding color-coded lifetime 
images (Fig. 2A, middle panel), suggesting that the starvation condition already 
resulted in maximal FRET response. In order to assess whether oligomycin was 
capable of activating AMPK, we performed Western blot analysis to determine AMPK 
activity. As expected, oligomycin enhanced AMPK activation (pAMPK-Thr-172), both 
in ASS-transfected and non-transfected HL-1 cells (Fig. 2D).  Hence, contrary to the 
expectations, AMPK activation by oligomycin in serum-starved cells did not yield 
decreased average CFP lifetimes. 

Based on literature, CFP has a slightly higher average lifetime (2,200 ps (37)) 
as compared to the lifetimes we observed for the ASS–MT control (Fig. 2C). To test 
whether starvation, in cells expressing ASS–WT, was responsible for the initial drop in 
average CFP lifetime, we compared the lifetime before and after photobleaching of the 
YFP acceptor, as the transfer of energy from donor to acceptor is prevented in that 
case. After photobleaching of YFP in HL-1 cells expressing ASS–WT, we observed that 
average CFP lifetime increased to 1,766 ± 40 ps (Fig. 2C; reflected by Fig. 2A; right 
panel), which was not significantly different from the average CFP lifetime of cells 
overexpressing ASS–MT (Fig. 2C). Similarly, emission spectra of CFP did not 
significantly change before or after activation (Fig. 2B), whereas photobleaching of 
YFP resulted in an emission spectrum (peaks at 477 nm and 503 nm) that clearly 
corresponded to the ECFP control emission spectrum (38) (data not shown). 
Altogether, our data suggest that starvation causes a basal AMPK activation, which 
adversely induces FRET occurrence and limits the dynamic range of the biosensor.  
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Figure 2. Starvation significantly perturbs the average CFP lifetime of the ASS–WT biosensor. HL-1 
cardiomyocytes overexpressing ASS–WT have been starved for 6 h prior to treatment with oligomycin (5 

M). (A) Representative lifetime before activation and after activation with oligomycin, and after 
photobleaching. (B) Normalized corresponding spectra of the emission CFP, before activation (red), after 
activation (green) and after YFP photobleaching (blue). (C) Average CFP lifetimes of ASS–WT (sphere) and 
ASS–MT (square) biosensors before activation (black), after activation (dark grey), and subsequently after 
photobleaching (light grey) ASS–WT n=10, ASS–MT n=6; * p< 0.01; ** p<0.001; n.s. non-significant (D) 
Representative Western blot showing that oligomycin activates AMPK both in non-transfected HL-1 cells 
and in HL-1 cells transfected with ASS–WT as compared to DMSO control. 
 
 
The non-starvation protocol allows for detectable changes of FRET efficiency  
To investigate whether starvation indeed involves basal AMPK activity, thereby 
affecting average CFP lifetime, we compared the behavior of ASS–WT with ASS–MT. 
ASS–MT is a mutant reporter that carries a non-phosphorylatable AMPK-specific motif 
sequence, which in turn should prevent the occurrence of FRET under conditions 
causing AMPK activation (cf. Fig. 1B; right panel: No FRET). After starvation, ASS–WT 
showed an average CFP lifetime of 1,291 ± 17 ps, whereas the average CFP lifetime of 
ASS–MT was significantly higher (1,708 ± 13 ps) (Fig. 3A), and was found to be almost 
equivalent to the lifetime of cells expressing ECFP alone (data not shown). Thus, our 
results indicate that starvation causes significant basal AMPK activity, as shown by an 
increase in FRET signal detected by ASS–WT under starvation conditions compared to 
ASS–MT. 
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Next, we aimed to optimize FLIM/FRET-assisted reporting of intracellular 
AMPK activity. In order to dampen the effect of starvation on average CFP lifetime, we 
modified the experimental set-up and switched to measuring lifetime upon treatment 
with glucose-rich (25 mM), serum-containing medium (non-starvation). Interestingly, 
in comparison with starvation conditions, the average CFP lifetime of ASS–MT did not 
alter upon non-starvation conditions (1,708 ± 13 ps vs. 1,725 ± 28 ps, respectively) 
(Fig. 3A). However, the average CFP lifetime of ASS–WT was significantly higher 
under non-starvation conditions compared to starvation conditions (1,291 ± 17 ps vs. 
1,641 ± 15 ps, respectively), and reached almost the average CFP lifetime of the ASS–
MT control (Fig. 3A). To estimate the level of AMPK activity induced by starvation, we 
calculated the average difference in CFP lifetimes between ASS–WT (which allows 
FRET) and ASS–MT (which does not allow FRET) under starvation and non-starvation 
conditions, displayed as lifetime difference (%) (Fig. 3B). Starvation per se resulted in 
24.4 ± 2.0 % increase in basal AMPK activity, whereas only 4.9 ± 2.9 % increase was 
observed in response to non-starvation conditions (Fig. 3B). Based on these results, 
we preceded our experiments with non-starvation conditions to limit basal AMPK 
activity, thereby increasing the dynamic range of ASS–WT.  

 
Figure 3. Comparison of starvation and non-starvation conditions. HL-1 cardiomyocytes were 
transiently transfected with ASS–WT or ASS–MT. (A) Average CFP lifetimes of ASS–WT (sphere) and ASS–
MT (square) biosensors after starvation (grey) or non-starvation (black) conditions. (B) Estimation of the 
percentage of basal AMPK activity upon starvation (grey) and non-starvation (black) conditions. 
Calculations were based on differences in average CFP lifetime of ASS–WT versus ASS–MT. ASS–WT 
starvation n=10; ASS–MT starvation n=11; ASS–WT non-starvation n=16; ASS–MT non-starvation n=12; * 
p<0.01; ** p<0.001. 
 

  



 

 
 

4 

 
 

 
 

 
 

 
 

Chapter 4 

96 

Effect of oligomycin-induced AMPK activation on FRET efficiency  
Oligomycin is known to induce AMPK activation by inhibiting mitochondrial ATP 
synthesis (39). To assess whether we could measure cytoplasmic AMPK activity using 
FLIM/FRET, we treated HL-1 cells with oligomycin and subsequently performed time-
lapse imaging. After 10 minutes of incubation, oligomycin significantly enhanced FRET 
efficiency in cells expressing ASS–WT (6.6 ± 1.4 %), whereas it barely induced FRET in 
cells expressing ASS–MT (2.3 ± 0.5 %) (Fig. 4A). Furthermore, over a time period of 
25 minutes, oligomycin gradually induced AMPK activity, which did not even reach 
maximal activation after 25 min (9.9 ± 1.6 %), as shown by the trend (Fig. 4B). 
Notably, the statistical sample number is small. Therefore values are not completely 
representative of the population as shown in Figure 4A. However, the trend is 
indicative of the actual situation, showing that AMPK activity does not reach plateau 
levels after 10 min. Although we did not follow-up the effect of oligomycin on AMPK 
activity over a longer period of time, these results indicate that oligomycin induced 
FRET in a time-dependent manner, suggesting that ASS–WT can be used for 
visualizing real-time AMPK activity based on a FLIM/FRET approach. 

 
Figure 4. Effect of oligomycin-induced AMPK activation on FRET efficiency. HL-1 cardiomyocytes were 
transiently transfected with ASS–WT (sphere) or ASS–MT (square) and incubated with non-starvation 
medium. (A) FRET efficiency (%) of ASS–WT versus ASS–MT after 10 min incubation with oligomycin (5 

M). ASS–WT n=13; ASS–MT n=11; * p=0.01. (B) Time-course of oligomycin to measure the change in 
average CFP lifetime in cells expressing ASS–WT (light grey) versus cells expressing ASS–MT (dark grey), 
presented as FRET efficiency (%); n=3. 
 

 
  



 

 
 

4 

 
 

 
 

 
 

 
 

FLIM/FRET-based monitoring of intracellular AMPK activity 

97 

Given that DMSO might have cellular and molecular side-effects (40), we 
assessed whether oligomycin induced FRET as a consequence of DMSO. Time-lapse 
imaging was performed and CFP average lifetimes of ASS–WT and ASS–MT in 
response to DMSO were measured in order to calculate FRET efficiencies (Fig. 5). 
Despite the fact that DMSO had minimal effect on ASS–MT (1.6 ± 0.6 %), a significant 
increase in FRET was observed in cells expressing ASS–WT (6.3 ± 1.4 %), suggesting 
that DMSO consequently induced basal AMPK activation. The induction in FRET signal 
was strongest after 15 min of incubation, after which it got stabilized, indicating that 
DMSO presumably interferes with the AMPK signaling cascade. Therefore, it is likely 
that the increase in AMPK activity caused by DMSO interferes with the measurements 
of FRET efficiency of the ASS–WT biosensor, thereby overestimating the effect 
resulting from oligomycin.  

 

 
 
Figure 5. Effect of DMSO on FRET efficiency (%) of ASS–WT versus ASS–MT. HL-1 cardiomyocytes were 
transiently transfected with ASS–WT (spheres; light grey) or ASS–MT (squares; dark grey) and incubated 
with non-starvation medium. Time-course of DMSO to measure the change in average CFP lifetime in cells 
expressing ASS–WT versus cells expressing ASS–MT, presented as FRET efficiency (%); n=3.  
 
 
ASS–WT biosensor supports the monitoring of AMPK activity in response to 
AICAR in a time-dependent manner  
To circumvent the possible adverse effect caused by DMSO, we investigated whether 
5-aminoimidazole-4-carboxamide ribonucleoside (AICAR), an AMP analogue 
dissolved in phosphate-buffered saline (PBS), could have similar effects on FRET 
efficiency, i.e., AMPK activity. Therefore, we performed time-lapse imaging and 
measured average CFP lifetimes from ASS–WT and ASS–MT (Fig. 6C). Representative 
images and spectra are shown in Figure 8A. Upon AICAR treatment, average CFP 
lifetime of ASS–WT decreased significantly after 10 min of incubation (1659 ± 18 ps 
vs. 1494  ± 20 ps, respectively), an effect that was reflected by the corresponding 
emission spectrum and FLIM image color change (Fig. 6A). Thus, AICAR induced a 
significant change in AMPK activity, represented by a FRET efficiency of 9.9 ± 1.1 % 
(Fig. 6C). As expected, we did not observe significant changes in average CFP lifetime 
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in cells expressing ASS–MT (1736 ± 11 ps vs. 1724 ± 17 ps, respectively) (Fig. 6B). 
This result was re-confirmed by measuring the FRET efficiency, providing a 
percentage that was close to non-detectable levels (0.6 ± 1.3 %) (Fig. 6C). 
Remarkably, in the following 20 min, FRET efficiency of ASS–WT slowly further 
increased to reach a level of 13.0 ± 1.0 % after 30 min of AICAR treatment, which did 
not even reach plateau phase, and this effect that was completely abolished by the 
ASS–MT biosensor. Taken together, these data suggest that AICAR allows for 
FLIM/FRET-assisted reporting of cytosolic AMPK activity in a time-dependent 
manner. 

 

 

Figure 6. ASS–WT biosensor supports the monitoring of AMPK activity in response to AICAR in a 
time-dependent manner. Representative FLIM images and corresponding spectra before, and after 10 min 
of activation with AICAR (2 mM) from HL-1 cells overexpressing ASS–WT n=11 (A) or ASS–MT n=11 (B), * 
p<0.001. (C) FRET efficiencies of ASS–WT (spheres) versus ASS–MT (squares) in response to AICAR under 
non-starvation conditions. ASS–WT n=10; ASS–MT n=8; * p<0.001. (D) Time-course of AICAR to measure 
the change in average CFP lifetime in cells expressing ASS–WT (spheres; light grey) versus cells expressing 
ASS–MT (squares; dark grey), presented as FRET efficiency (%); n=3. 
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AICAR-induced AMPK activity is not regulated in a dose-dependent manner  
To examine whether FLIM/FRET is an accurate technique for the detection of dynamic 
changes in AMPK activity, the amount of AICAR was based on a dose-response with 
concentrations of 0.5, 2 and 8 mM, which is either four times lower or higher, 
respectively, than the concentration of 2 mM frequently used for the stimulation of 
(cardio)myocytes (41-43). Consistent with our previous data (cf. Fig. 6), efficiency of 
FRET in cells overexpressing AMPK-WT increased in response to low (0.5 mM), 
medium (2 mM) and high (8 mM) doses of AICAR (11.7 ± 1.4, 9.9 ± 1.1 and 12.0 ± 0.8 
%, respectively), whereas the ASS–MT blunted these effects (6.2 ± 0.7, 0.6 ± 1.3 and 
3.4 ± 0.9, respectively) (Fig. 7A). Consistently, Western blot analyses showed that 
AICAR induces AMPK activation (pAMPK-Thr-172 and its downstream target pACC-
Ser-79, respectively) both in cells expressing ASS–WT and ASS–MT (Fig. 7B), but this 
activation was concentration-independent. Altogether, using the ASS biosensors, our 
results suggest that, in HL-1 cells, AICAR-induced activation of cytosolic AMPK is 
regulated in a dose-independent manner. 

 
 
Figure 7. AICAR-induced AMPK activity is not regulated in a dose-dependent manner. (A) FRET 
efficiencies of ASS–WT (spheres) versus ASS–MT (squares) in response to medium (2 mM; ASS–WT n=10; 
ASS–MT n=8), low (0.5 mM; ASS–WT n=16; ASS–MT n=19) and high (8 mM; ASS–WT n=26; ASS–MT n=15) 
concentrations of AICAR under non-starvation conditions after 10 min. * p<0.001 (B) Representative and 
corresponding Western blot showing the level of AMPK activation in response to AICAR. 
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DISCUSSION 
Fluorescent biosensors are used for reporting on various dynamic signaling events, 
such as post-translational modifications in living cells. Understanding these 
spatiotemporal regulations involves advanced microscopy techniques, such as FRET, 
and sophisticated image processing, which demands for specific correction 
measurements. To circumvent these kinds of corrections, we monitored cytoplasmic 
AMPK activity using a novel biosensor, ASS–WT, based on fluorescence-lifetime 
imaging (FLIM/FRET). Our results demonstrated that ASS–WT is sensitive to cytosolic 
AMPK activation. Optimization of experimental conditions revealed that starvation 
leads to high basal AMPK activity, thereby causing FRET before the addition of 
pharmacological AMPK activators, whereas a non-starvation condition prevented this 
basal FRET occurrence. Although both oligomycin and AICAR resulted in a FRET 
increase of 6.6 ± 1.4 % (Fig. 4) and 9.9 ± 1.1 % (Fig. 6), respectively, our results show 
that DMSO interferes with FLIM/FRET measurements of AMPK activity following 
oligomycin (Fig. 5). Altogether, we provide evidence that FLIM/FRET can be used as a 
technique for accurately monitoring cytoplasmic, or localized, AMPK activity, 
specifically using non-starvation and DMSO-free protocols. 

Based on the fact that starvation is a standard procedure for increasing 
cellular responses to external stimuli, we hypothesized that this experimental 
condition would allow for maximal activation of AMPK in response to oligomycin, to 
be monitored on a FLIM/FRET-based approach. Surprisingly, starvation caused an 
unexpected induction in FRET signal in ASS–WT expressing cells. Given that the 
changes in AMPK activity were strong enough to prevent the detection of oligomycin-
induced AMPK activation, these results suggest that ASS–WT is very sensitive to slight 
changes in cytoplasmic AMPK activation, and that the FLIM/FRET technique allows 
for the detection of such minor changes in AMPK activity. Therefore, we excluded the 
starvation protocol for monitoring cytoplasmic AMPK activity induced by 
pharmacological agents.  

Optimization of the experimental conditions (starvation versus non-
starvation) greatly improved the dynamic range of CFP regarding the ASS–WT 
biosensor, indicating that non-starvation has a negligible effect on basal AMPK 
activity. Based on these conditions, we showed that pharmacological AMPK activation 
resulted in enhanced FRET efficiency in HL-1 cardiomyocytes. Although oligomycin 
was shown to increase FRET efficiency to 9.9 ± 1.6 % after 25 min of incubation, we 
observed that these effects were DMSO-dependent. Strikingly, the percentage of DMSO 
was only 0.2 %, which is generally considered to be non-cytotoxic. Indeed, if we 
compared DMSO, often used as vehicle control (44,45), with oligomycin treatment in 
non-transfected or transfected HL-1 cells, we clearly observed oligomycin-induced 
AMPK activation determined by Western blot analysis. Yet, when monitoring 
oligomycin-induced AMPK activity based on FLIM/FRET microscopy, the increase in 
activity was largely due to DMSO. Given these findings, it can be speculated that 
FLIM/FRET offers encouraging prospect to visualize little AMPK activity changes, 
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which are below detection levels by conventional techniques, such as Western blot 
analyses or immunofluorescence studies. 

An alternative pharmacological AMPK activator dissolved in PBS, AICAR, 
resulted in a 13.0 ± 1.0% change in FRET efficiency after 30 min of incubation, 
reconfirming that our FLIM/FRET-based approach is suitable for measuring 
cytoplasmic AMPK activity. Despite FLIM/FRET allowed for measurement of small 
changes in AMPK activity, we did not find significant difference in FRET efficiency 
when cells were treated with different concentrations (0.5, 2 or 8 mM) of AICAR, 
similar to what we found by Western blot analysis. To better understand the dynamic 
range of ASS–WT regarding the visualization of cytoplasmic AMPK activity, we tested 
very low concentrations of AICAR (50 M) (data not shown). Based on the fact that 
neither FLIM/FRET nor Western blot analysis allowed for detection of small changes 
in AMPK activity, we conclude that further optimization is required to advance our 
understandings of the physical properties of the ASS–WT biosensor, as the AMPK 
activity transition appears to occur between the range of 50–500 M of AICAR.  

Although ECFP is widely used as a donor molecule in FRET studies, several 
studies report on the exchange of ECFP for alternative brighter cyan fluorescent 
protein variants, such as mTurquiose (46). As ECFP has bi-exponential fluorescence 
dynamics, i.e., the existence of two different lifetimes (47), this complex fluorescent 
decay makes it rather complicated to acquire FLIM data that allow for accurate 
distinction between the fraction undergoing FRET (two lifetimes) and the fraction not 
undergoing FRET (two lifetimes) (48). Other technical difficulties to be considered are 
the experimental set-up, as it may possibly affect actual lifetime measurements. Based 
on the number of experimental conditions and repeats, the use of small coverslips was 
preferred over culturing dishes to perform lifetime measurements. However, as 
coverslips are prone to movement or floating, for instance after changing treatment 
condition, it occasionally caused a loss of individual or clusters of cells to be analyzed, 
thus influencing the accurate measurement of single-cell AMPK activity. An alternative 
approach overcoming these issues would be the use of an advanced microfluidic cell 
culture system, as described by Tsou et al. (23), enabling a controlled flow of medium, 
thereby facilitating the detection of small changes upon addition or removal of 
external stimuli.  

A limitation in fluorescence microscopy could be the detection of 
autofluorescence, if it is not addressed adequately. Autofluorescence can originate 
from cellular components that have fluorescent properties, resulting in background 
fluorescence. Autofluorescence is dependent on cell confluence (49). However, if 
levels of transfection were moderate and cell confluence was controlled to normal cell 
density levels, autofluorescence did not influence the lifetime measurements. 
Additionally, spontaneous beating of the HL-1 cardiomyocytes might interfere with 
spatial resolution and accuracy; therefore, beating cells were excluded. As transient 
transfection is known to have a cell-to-cell variability, e.g., regarding the concentration 
of the fluorescent biosensor observed as brightness, we performed measurements on 
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both high (bright) and moderate (less bright) expressing cells. Notably, we preferred 
the imaging of less bright cells over bright cells, as in certain cases cell-blebbing was 
observed in very bright cells, which could be attributed to phototoxicity and –damage. 
Furthermore, by selecting less bright cells, we also minimized the contribution to 
inter-construct FRET, which occurs in a concentration-dependent manner, only when 
donor and acceptor from two different constructs are in close proximity (50). Another 
limitation is that these lifetime measurements are time-consuming, taking into 
account (i) the measurement itself (40 sec per measurement), (ii) defining proper 
regions of interest (iii) following-up different regions of interest on the same coverslip 
in time. 

To overcome the rather low transfection efficiency in HL-1 cells (± 30 %) as 
well as the variation in brightness, it might be an option to stably express the ASS 
FRET biosensors in these cells using retrovirus. However, high sequence homology 
between CFP and YFP might results in recombination during integration to the 
retroviral genome (18,51), which makes this strategy a challenge. Interestingly, 
various techniques has been developed to support the generation of stable cell lines 
carrying the FRET-based biosensor, such as the piggyBac gene transfer system (51). 

Because AMPK is known to cycle between different cellular compartments, for 
instance between glycogen and the cytoplasm (52-54) (Oligschlaeger et al., submitted), 
we hypothesized that FRET biosensors containing a muscle-specific glycogen-
targeting domain, i.e. CBM 2 (see Experimental Procedures), would enable the 
monitoring of glycogen-localized AMPK activity. Very recently, Miyamoto et al. (55) 
reported that osABKAR, an optimized and further developed AMPK biosensor, is 
capable of monitoring localized AMPK activity. Targeting of this biosensor to a wide 
variety of specific intracellular compartments, due to fusion with corresponding signal 
sequences for instance for plasma membrane, Golgi apparatus, ER, etc. provided 
insight into the cellular distribution of AMPK activity. However, these researchers did 
not report on the activity of glycogen-localized AMPK.  

While optimization is required to draw solid conclusions on the regulation of 
AMPK activity, our results collectively suggest that ASS–WT is a valuable tool for 
visualizing AMPK activity at specific subcellular localizations by means of a 
FLIM/FRET approach. Future studies using the glycogen-targeting ASS–WT biosensor 
may enable assessment of the function and activity of glycogen-bound AMPK. These 
developments will create further opportunities to implement a cell-based screening 
that utilizes the glycogen-bound biosensor to study the role of small molecules on 
AMPK-glycogen binding and glycogen metabolism. 
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SUPPORTING INFORMATION 
During FRET, upon illumination, the donor fluorescent molecule gets excited from the 
ground state to the excited state for a few nanoseconds (Supp. Fig. 1A). During this 
time, the donor molecule loses some of its energy and can relax to the ground state by 
either emission of photons (fluorescence), or by various other processes (mainly 
radiationless relaxation to the ground state) (Supp. Fig. 1A; left panel). In case 
another fluorescent molecule is in close proximity (1-10 nm), the donor transfers its 
energy to this acceptor molecule, which emits energy as photons (fluorescence) to 
return to the ground state. Thus, in the case were also FRET occurs, excitation of the 
donor fluorophore not only results in donor emission, but also in acceptor 
fluorescence (Supp. Fig. 1A; right panel). 
The FRET phenomenon depends on a number of factors: (i) the distance between 
donor and acceptor (r; maximally 1-10 nm; Supp. Fig. 1A); (ii) the spectral overlap 
between the donor emission and acceptor excitation (Supp. Fig. 1B), and (iii) the 
relative orientation of the fluorophores to allow dipole-dipole coupling and thus 
energy transfer (16,22).  

 

 
Supplemental Figure 1. Basic principle of Förster Resonance Energy Transfer (FRET). (A) Jablonski 
diagram showing the principle of FRET. (B) Spectral overlap between donor emission and acceptor 
excitation (13). 
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Energy transfer efficiency is most sensitive to changes when the distance 
between donor and acceptor approaches the Förster distance (R0) for the two 
molecules. R0 can be calculated by means of aforementioned factors (i), (ii) and (iii). In 
other words, R0 is the characteristic distance in which the FRET efficiency is 50%, 
indicating that half of the excitation energy of the donor is transferred to the acceptor. 
The Förster theory dictates that FRET efficiency (EFRET; Supp. Fig. 2A) varies with the 
sixth power of distance between the donor and acceptor (r) (13). Therefore, distances 
(r) smaller than R0 have a FRET efficiency close to maximal, whereas distances larger 
than R0 have an efficiency close to zero (13).The dynamic range of FRET biosensors 
represents the difference between zero and maximal FRET occurrence (22) (Supp. 
Fig. 2B). FRET efficiency is represented as the change in average CFP lifetime after 
activation normalized to the average CFP lifetime before activation. 

 
 
Supplemental Figure 2. Schematic representations. (A) FRET efficiency versus distance (13). (B) 
Dynamic range of a FRET biosensor (adapted from Komatsu et al. (22)). 
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ABSTRACT 
As a central player of energy metabolism, AMP-activated protein kinase (AMPK) is a 
well-established pharmacological target. Several identified AMPK-activating small 
molecules have fueled further research into their mechanism of action and 
substantiated the beneficial effects of AMPK activation in multiple disease settings. 
Here, we employ a novel screening protocol focusing on the carbohydrate-binding 
module (CBM) of AMPK. The procedure combines virtual ligand screening, a 
carbohydrate-binding competition assay, and assessment of the CBM subcellular 
localization pattern. Among the identified hit molecules, a cluster of similar 
compounds scored well in all screening steps. Specifically, two of the identified 
compounds had micromolar affinities for displacement of AMPK–CBM in cells. Surface 
plasmon resonance confirmed the direct binding of these two compounds to the CBM 
of AMPK. Remarkably, cellular application of a high-affinity compound led to 
increased AMPK activity and phosphorylation of a downstream target. Furthermore, 
the compound stimulated both glucose and fatty acid uptake in cultured 
cardiomyocytes, which could be reversed with the AMPK inhibitor Compound C. In 
summary, blocking access of AMPK to glycogen by targeting the carbohydrate-binding 
pocket with small molecules could be a novel alternative approach to AMPK activity 
modulation. 
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INTRODUCTION 
As a cellular hub that integrates many input signals (hormones, exercise, nutrient 
availability for instance) and balances energy expenditure and conservation, AMP-
activated protein kinase (AMPK) is a recognized target for pharmaceutical modulation 
(1-5). Initially identified as a target of interest in type 2 diabetes (2), AMPK is now 
being investigated in a vast area of cardiovascular diseases as well as in cancer and 
neurological diseases (2,4,6). 

Targeting AMPK with pharmacological agents is not a field in its beginning 
and no less than 3 different mechanisms have already been identified to 
pharmacologically activate AMPK (1,2,5). This heterotrimeric kinase, constituted of a 
catalytic subunit  and two regulatory subunits  and , is primarily activated by 
phosphorylation on the -Thr172 and is stimulated by an elevation of AMP:ATP ratio 
sensed by binding domains on its regulatory -subunit (6). The first class of AMPK 
activators acts either indirectly by changing the adenine nucleotide ratio mainly via 
inhibition of the mitochondrial respiratory chain (e.g., phenformin, oligomycin) or by 
mimicking the AMP molecule and directly binding to the -subunit (e.g., 5-amino-4-
imidazolecarboxamide ribonucleoside [AICAR]) (2,6). The activators of the second 
class (e.g., A-769662) bind between the regulatory subunit  and the kinase domain of 
the catalytic subunit  (7), which induces a conformational change and allosterically 
activates AMPK (8) without necessarily changing its phosphorylation status (9,10), 
and protects the Thr172 from dephosphorylation (8). The compounds of the third 
class (e.g., PT-1) act by relieving the auto-inhibition on the kinase domain within the 

-subunit (11), although this mechanism of action has recently been doubted (12). 
Over the years, AMPK regulation has emerged as a very fine and complex 

system, conveyed by post-translational modifications, subcellular localization and 
metabolite sensing (3). Specifically, the AMPK -subunit contains a carbohydrate-
binding module (CBM), which is able to bind carbohydrates without having any 
catalytic activity (13,14). In cells, the CBM is capable of tethering AMPK to glycogen 
particles, and this binding is prevented by -T148 autophosphorylation (15). The 
physiological role of AMPK bound to glycogen was suggested to be the facilitation of 
the targeting of the kinase towards glycogen-bound partners (14). Indeed, AMPK 
phosphorylates several glycogen-related targets, such as glycogen synthase (16), and 
spatial proximity would allow for a quick modulation of their activities. However, it 
was recently reported that in vitro binding of AMPK to glycogen inhibited its kinase 
activity (17), suggesting the existence of a glycogen-bound reserve of inactive AMPK 
in the cell. Although seemingly in disagreement, these two roles of glycogen-localized 
AMPK may be dependent on the degree of glycogen branching and thus separated in 
time or space (17). The specific interplay of AMPK with glycogen, accordingly, remains 
an active area of research that furthers our understanding of AMPK’s involvement in 
cellular glucose handling and glycogen metabolism. 
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Here we present a new screening protocol for identification of compounds 
that prevent AMPK from binding to glycogen, which combines a virtual ligand 
screening, a competition assay for binding of CBM to the carbohydrate -cyclodextrin 
and a quantitative assessment of CBM subcellular localization. The most effective 
compounds resulting from this screening were further characterized for their binding 
affinity and cellular activity. 
 
 
EXPERIMENTAL PROCEDURES 

Protein target preparation - The X-ray structures of the isolated CBM 1 
protein domain in complex with -cyclodextrin (PDB ID: 1Z0M, resolution: 1.91 Å, 
(18)) and of the isolated apoprotein domain CBM 2 (PDB ID: 2F15, resolution: 2.00 Å) 
were retrieved from the PDB-Redo database (19). After removal of the co-crystallized 

-cyclodextrin from the 1Z0M structure, the YASARA-WHAT IF twinset package (20) 
was used to add hydrogen and optimize both structures by energy minimization. The 
optimized structures were checked with the NIH structural analysis server which 
compiles 6 different programs (21-25) and were judged satisfactory after minor 
targeted residue optimizations. A short molecular dynamics simulation was run for 14 
ns to sample possible conformations for both CBM proteins, with the md_run.mcr 
macro of the YASARA-WHAT IF Twinset package (with default parameters: AMBER03 
as force field, 2.5 fs time step, and without constraint). Conformations of the 
snapshots taken every 25 ps were ranked according to volume of the carbohydrate-
binding pocket. The 8 conformations with largest pockets that involved the loop 
formed by S100/T101 residues were selected for the virtual screening. For this step, 
icmPocketFinder (MolSoft) was used to quickly analyze all conformations. The 
selected conformers were then subjected to DoGSiteScorer (26) for further analysis of 
the targeted pocket. The sequence alignment was performed with ClustalX2 (27). 

 
Ligand database preparation - A database of ~800,000 compounds 

composed of both the Express-Pick and the Combinatorial libraries of ChemBridge 
were retrieved (data from January 2012, hit2lead.com) and desalted with the Desalt 
script from Mobyle@RPBS webserver. FAF-Drugs2 (28) was used to select drug-like 
compounds according to their ADME/tox properties with Lipinski's rule of 5 (29) and 
the filter for undesirable moieties and pan-assay interference compounds (PAINs 
(30)). For rigid docking, the Omega2 software was used on the filtered library to 
generate multiple 3D conformations (~35 conformers/compound; OpenEye Scientific 
Software, version 2.4). For flexible docking, a single 3D conformation was generated 
with Omega2 for the selected compounds, since that step includes ligand flexibility. 
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Computer-based screen - The in silico screen of the compound library 
followed an established pipeline of successive rigid and flexible dockings (31-33). 
Briefly, the rigid-body docking software FRED (OpenEye Scientific Software, version 
2.2.5) was first used to screen the complete collection of multiple compound 
conformers on 8 target protein conformations of CBM 2 to rapidly remove unlikely 
ligands from the library. The remaining best 240,000 compounds based on an 
averaged consensus score of the 8 conformations were selected for flexible docking 
with Surflex (BioPharmics LLC, version 2.514). Next, compounds were prioritized 
based on their averaged Combo scores. The bound poses of the best-scoring 1,000 
compounds were visually inspected and the remaining top-800 compounds were 
purchased from ChemBridge, diluted in DMSO and further tested in vitro. During the 
process and the following steps, the large amount of data was processed with Perl and 
Knime (34) using the CDK (35) and JChem Extension (ChemAxon, version 204) 
packages. Additionally, the webserver ChemMine was used to compare the 
compounds according to 2D similarity (36). 

 
Re-docking and binding free energy calculations - Coordinates of the 3D 

structures of AMPK CBM 1 in complex with -cyclodextrin (PDB code 1Z0M) and 
apoprotein AMPK CBM 2 (PDB code 2F15) were downloaded from the PDB-Redo 
database as mentioned above. Ligands were docked into the binding pocket of the 
AMPK CBM -2 by application of the Autodock Vina module plugin for PyMol (37). The 
two isoforms were first superimposed and then coordinates of the -cyclodextrin 
from the original X-ray structure of AMPK CBM 1 (1Z0M.pdb) were selected as the 
center of the docking box for AMPK CBM 2 (2F15.pdb). The dimension of the box was 
set to 26.5 x 26.5 x 26.5 Å to include all key residues at the binding pocket.  

Binding free energy calculations such as MM/PB(GB)SA and recently developed 
QM/MM-GBSA were applied to first determine a likely binding mode of the potent 
compounds (6456019 and 6469172) and subsequently the best method was used to 
predict the binding affinity of these and other compounds as well. Generally, binding 
free energy ( Gbinding) is computed based on the equations: 

 
      Gbinding = Htot – T S              (1) 

    Htot  =  EMM or QM/MM  +  Gsol                    (2) 
 
in which the Htot term represents the binding enthalpy value and the –T S term is 
the entropy change upon ligand binding. The enthalpy is derived by summation of the 
molecular mechanics (MM) or the hybrid quantum mechanics/molecular mechanics 
(QM/MM) interaction and the free energy of solvation ( Gsol). The QM method used in 
this study are AM1-DH+ and PM6-DH+ in which the dispersion and hydrogen bond 
correction are added (38). The generalized Born model 8 (GB8) is used to calculate 
the free energy of solvation as it has been shown recently that the GB8 model 
performs better than other GB models (39). The entropy change upon ligand binding 
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was calculated by normal analysis. The calculated binding free energy ( Gcal.) either 
MM/PB(GB)SA or QM/MM-GBSA was computed by application of the -MMPBSA.py 
module (40) implemented in AMBER12 (41) using the protocols as described 
previously (42,43) except for those parameters mentioned above. 

 
Plasmids - Constructs for mammalian transient overexpression of myc-

tagged AMPK 1, AMPK 1 and AMPK 1 were kindly provided by Dr. D. Carling 
(Imperial College London, London, United Kingdom). The construct of GFP-tagged 
CBM 1 and CBM 2 for retroviral infection of mammalian cells are described 
elsewhere (15). The CBM of the 2 subunit (amino acid 67-163) was amplified by PCR 
and inserted into the pScherry2 expression vector (Delphigenetics) via the EcoRI and 
SalI restriction sites, resulting in bacterial expression constructs for SCherry-tagged 
CBM 2. 

 
Cell-free in vitro screening - SCherry-tagged CBM 2 was expressed in 

Rosetta2 (DE3) Escherichia coli cells (Novagen). Bacteria were grown in auto-
induction medium as described before (15), with the exception that the culture was 
upscaled to a 4-liter fermentor and run at 20°C for 30 hours. The protein was purified 
using metal affinity chromatography as previously described (15), and was 
subsequently loaded onto a column of epoxy-activated sepharose 5B (GE Healthcare) 
coupled to -cyclodextrin. The column saturation was monitored using the red color 
of the SCherry tag. After column wash, the protein-resin complex was resuspended in 
a 50% slurry with PBS supplemented with 0.5% v/v Tween 20.  

The principle of the competition assay is to test the ability of selected 
compounds to dissociate the protein from the immobilized -cyclodextrin. The slurry 
is aliquoted in a 96-well plate where the compounds, dissolved in DMSO, are added 4 
at a time, then for the active mixes only, one compound at a time to a final 
concentration of 100 µM (final concentration of DMSO: 4% for mixes, 1% for singles). 
After settlement of the resin, the protein concentration found in the supernatant was 
measured with the Pierce BCA Protein Assay Kit (Life Technologies). The direct effect 
of the compound on BCA was measured in absence of protein/resin and subtracted to 
the first measure. This normalized absorbance was compared to effect on protein 
dissociation of vehicle (4% for mixes, 1% DMSO for singles) or 100 µM maltoheptaose 
(Sigma Aldrich). We arbitrarily defined a difference of absorbance with the vehicle of 
0.01 or higher, as a hit, if the associated two-tailed Student t-test gave a p-value below 
0.05 (significant) or below 0.1 (near-significant). 

 
Cell-based screening - C2C12 cells stably expressing the GFP-tagged CBM 1 or 

2 were plated in a black 96-well plate (Greiner Bio-One) with 10,000 cells/well in 
assay medium (DMEM with 4.5 g/L glucose, L-Glutamine, 25 mM Hepes, without 
phenol red [Life Technologies], supplemented with 100 units/ml penicillin, 100 g/ml 
streptomycin [Life Technologies] and with or without 5% heat-inactivated fetal calf 
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serum [iFCS; Bodinco BV, Alkmaar, The Netherlands]). The following day, cells were 
stained with Hoechst (1 g/mL final concentration, Life Technologies) for 30 minutes 
then treated for 8 hours at 37 C according to conditions described below, 
subsequently fixed with 2% paraformaldehyde for 10 minutes and finally kept in PBS 
supplemented with azide. Fixed cells were imaged for Hoechst and GFP with the high-
content imaging system BD Pathway 855, with 16 pictures per well using a 40X 
magnification and autofocus for each view. Images were processed using the BD 
AttoVision software (version 1.7) to define cell circumferences using both nuclear 
staining and cell outline obtained with high gain imaging (typically >200) of the GFP 
signal. With low exposure images (typically 250 ms), the GFP speckles, presumably 
caused by the concentrated binding of the GFP-tagged CBM to intracellular glycogen 
particles, were delineated. Next, image data were imported in Kaluza software 
(version 1.2 Beckman Counter, Inc.) for image cytometric analyses, which gave the 
mean number of GFP speckle per cell for each well (typically 150-200 cells were 
imaged in every well). Alternatively, the percentage of cells showing the expected GFP 
pattern was retrieved for each well by applying gating for a minimal count of one GFP 
speckle per cell. During the first screen, cells were treated with 25 µM compound 
(0.25% DMSO) in plain DMEM without serum or antibiotics and supplemented with 
10 µg/mL digitonin (Sigma-Aldrich) to facilitate cellular entry of the compounds. We 
arbitrarily defined a reduction in speckle number of 35%, as compared with the 
control, as a hit. The dose response titrations were performed at varying compound 
concentrations (0-100 M) with a constant 1% DMSO in DMEM supplemented with 
5% iFCS but without digitonin. The negative and positive control of speckle levels 
were the vehicle and 100 µM forskolin (1% DMSO), respectively. The dose response 
curves were fit to a dose-response model using GraphPad Prism software (GraphPad 
Software, Inc., version 5.03) to obtain IC50 measurements. 

 
Cell culture and treatment - C2C12 cells were cultured in high-glucose 

medium (DMEM with 4.5 g/L glucose, L-glutamine and pyruvate, supplemented with 
10% iFCS, 100 units/ml penicillin, and 100 g/ml streptomycin) and differentiated for 
7 days into skeletal muscle myotubes with differentiation medium (high glucose 
DMEM, supplemented with 2% horse serum [Life Technologies], 100 units/ml 
penicillin, and 100 g/ml streptomycin). Human embryonic kidney HEK293T and 
human hepatic HepG2 cells were cultured in the same high-glucose medium. Human 
fibroblast-derived near-haploid HAP1 cells, WT or knock-out for either AMPK- 1 or -

2, were cultured according to distributor guidelines (Horizon Genomics). All these 
cells were treated in their own DMEM but with only 5% iFCS, except for 
undifferentiated C2C12 which were treated in assay medium (described above) with 
or without 5% iFCS. Apart from screened compounds, treatment included oligomycin 
(Sigma-Aldrich), AICAR (Sigma-Aldrich), A-769662, and phenformin: the duration and 
concentrations are mentioned throughout the results. Following treatment, cells were 
quickly lysed and the lysates were prepared for Western blotting. Alternatively, cells 
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were fixed then stained with a glycogen antibody (courtesy of Dr. O. Baba, Tokyo 
Medical and Dental University, Tokyo, Japan) and imaged by confocal microscopy as 
described elsewhere (15). 

 
Cytotoxicity assay - C2C12 cells were plated in assay medium at 10,000 

cells/well of a 96-well plate. The following day, cells were treated with different doses 
of compound, vehicle (1% DMSO), 1% Triton-X or left untreated. After 2 hours of 
treatment, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Life 
Technologies) was added to the cells according to the manufacturer’s 
recommendations. Cells were incubated for 4 hours at 37°C then DMSO was added 
and mixed until complete dissolution of the crystals. Absorbance was measured at 545 
nm and normalized to that of untreated cells. 

 
Glucose and fatty acid uptake - Glucose and fatty acid uptake were performed 

as previously described (44). Briefly, cardiomyocyte HL-1 cells were cultured 
according to the guidelines of the establishing team (45), and were treated in high 
glucose DMEM without iFCS. After overnight serum starvation, cells were pre-treated 
with 10 M Compound C (Dorsomorphin, abcamBiochemicals) or with vehicle for an 
hour, then 25 M of compound or vehicle (0.5 % DMSO final concentration) was 
added for an extra hour. Alternatively, 100 nM of insulin was added for the last 20 
minutes of treatment. After stimulation, a mixture of [3H]deoxyglucose and 
[14C]palmitate was added to the cells for 10 minutes then washed away. Glucose and 
fatty acid uptake was assessed by scintillation counting of the cell lysate (44). Part of 
the final lysate was used for Western Blot. 

 
Surface plasmon resonance - SCherry-tagged CBM 2 protein was expressed 

and purified as described above and then immobilized on a SPR Sensorchip HC 1500 
m (Xantecbioanalytics GmbH) by amine coupling to a density of 24,000 RU. The direct 
binding of the compounds was assessed at different concentrations in the running 
buffer (PBS, 0.05% Tween 20, 5% DMSO (v/v), pH 7.4) by surface plasmon resonance 
(Biacore T200; GE Healthcare). Sensorgrams were corrected for binding to an empty 
reference flow cell and were solvent corrected to account for slight changes in DMSO 
content. Data were analyzed with the BIAevaluation software and next compiled with 
GraphPad to obtain equilibrium dissociation constants (KD). 

 
Immunoprecipitation and kinase activity assay - HEK293T cells were 

transfected with myc-tagged AMPK 1, AMPK 1 and either AMPK 1 or 2 using 
Lipofectamine 2000. Forty eight hours after transfection, cells were lysed and AMPK 
was immunoprecipitated using a myc-tag antibody (Cell Signaling Technology). For 
studying interaction partners of AMPK, before immunoprecipitation, the cell lysate 
was incubated with 5 mM -cyclodextrin (Sigma-Aldrich), 25 M tested compounds or 
vehicle (0.5 % DMSO). Following immunoprecipitation, the samples were washed 3 
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times with lysis buffer before preparation of the proteins for Western Blot. In the case 
of the kinase assay, the immunoprecipitate was washed with the lysis buffer 
supplemented with high salt (1 M NaCl) to remove interacting partners, then 3 
additional washes were performed with Tris Buffer (80 mM Tris with protease and 
phosphatase inhibitors, pH 7.4). The kinase assay was conducted following an adapted 
protocol from Promega for AMPK activity measurement using the ADP-Glo kit. Briefly, 
after the last wash, the kinase assay reactants were placed on the resin used to 
immunoprecipitate AMPK in a 2-fold concentrated manner to account for the bead 
volume. Final assay concentrations were 40 mM Tris, 20 mM MgCl2, 0.1 mg/mL BSA, 
50 µM DTT, 100 µM AMP, 150 µM ATP, 100 µM SAMS, and either 100 µM compound or 
corresponding vehicle (5 % DMSO). The kinase assay was incubated at room 
temperature for 60 minutes with regular resuspension of the beads. Then 25 µL of 
supernatant was transferred to a white 96-well plate to follow the ADP-Glo procedure 
(Promega) and measure with a luminometer (Glomax 96 Microplate Luminometer, 
Promega). The amount of ATP consumed by the kinase under different conditions was 
extrapolated from the standard curves as described in the Promega protocol. 

 
Statistical analysis - All statistical analyses as well as graphics were prepared 

with the GraphPad Prism software (GraphPad Software, Inc., version 5.03). 
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RESULTS 
 
A screening coupling in silico and in vitro steps to identify glycogen-delocalizing 
molecules 
Each of the three AMPK subunits exists as isoforms, which partly exhibit tissue-
specific expression profiles and different functions. In case of the -subunit, the 1 
isoform is rather ubiquitously expressed, whereas the 2 is more selectively 
expressed in muscle and liver tissues in humans (3,46) and has a higher affinity 
towards carbohydrate compared to the 1 isoform (47). Considering that muscle and 
liver are very relevant target tissues in metabolic diseases (6) and contain high levels 
of glycogen, we aimed at targeting the 2-subunit and focused on that isoform in the 
design of the screening. However, inspection of the X-ray structures and protein 
sequences of both CBM isoforms revealed a high sequence identity of 82% and 
sequence similarity of 93% (Fig. 1A). Amino acid sequence conservation is especially 
high in the carbohydrate-binding region. The main difference between the -isoforms 
resides in the insertion of a threonine in position 101 (Thr101, according to 
numbering of the human 2 sequence) enlarging the loop of the lower edge of the 2-
isoform binding pocket (Fig. 1B) (47). In order to take advantage of this particularity, 
the selection of the protein conformations sampled with molecular dynamics was 
based on the inclusion of this extra space, as well as the more defined carbohydrate-
binding region. Since the Thr101 points towards the outside of the pocket, its side 
chain is not part of the defined pocket. However, the targeted pocket was lined with 
the side chains of the residues Ser93, Ser95, Trp99, Lys102, Gln124, Lys216, Trp133, 
Ser144, Leu146, Thr148 and Asn150, therefore it harbors both hydrophobic features 
and polar residues, which may allow hydrogen bond formation. Among these protein 
conformations, the eight largest pockets occupied a volume between 254 and 305 Å3 
according to icmPocketFinder (261 to 371 Å3 according to DoGSiteScorer). Despite 
their rather small volumes, the good chemical properties of the pocket allowed them 
to be judged fairly satisfactory druggable pockets by the DoGSiteScorer analysis, 
scoring 0.59 in average on a scale from 0, undruggable, to 1, druggable. Validated 
carbohydrate-binding pockets are known to score quite poorly in that kind of analysis, 
which means that a score around 0.6 is acceptable for such pocket (48). These eight 
protein conformations were thus selected for the virtual screening. 

A commercially available database of small molecules was retrieved and 
screened first with the Lipinski rule of 5 to retrieve compounds which are more likely 
to possess drug-like properties: this resulted in exclusion of ~10% of the compounds 
(722,000 compounds kept of the original 800,000 compounds; Fig. 1C). Subsequently, 
two consecutive steps of the virtual ligand screening of eight different CBM 2 
conformers followed an established protocol of rigid docking to remove the 
geometrically most unlikely compounds from the database, and then of a more 
exhaustive flexible docking that allows ligand and target side chain flexibility (31-33). 
The docked poses of the 1,000 best scoring compounds were visually inspected and 
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the top-800 were ordered for further testing in a two-step in vitro screening, as 
described in the following section (Fig. 1C). At the end of the process, 10 compounds 
were found positive in both assays, leading to a hit-rate of 1.25%. Interestingly, six of 
the compounds clustered together when a cutoff of 0.5 was used in ChemMine Binning 
Clustering Tool, whereas each of the other four compounds was binned separately. 
Therefore, this cluster of compounds, which dominated the hits, is further described 
below. 

 
 
Figure 1. A screening coupling in silico and in vitro steps to identify glycogen-delocalizing molecules. 
(A) 2D-alignment of both CBMs sequences (Homo sapiens, UniProt accession codes: Q9Y478.4 for 1 and 
O43741.1 for 2), with conservation represented in symbols (“*” full, “:” strong, and “.” weak conservation) 
and bar graph; numbering based on human 1-sequence.  
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Figure 1 continued. Black arrows represent the known carbohydrate-binding residues, the blue arrow 
highlights the Thr101 insertion (in position 102 due to the numbering based on human 1-sequence). (B) 
3D-representations of AMPK 1- (left, PDB ID: 1Z0M) and 2- (right, PDB ID: 2F15) CBM in grey ribbon with 
the loop of positions 100-101 represented in blue and the binding pocket volume highlighted in orange 
balls. (C) Scheme representing the screening steps with associated number of compounds. The in silico steps 
are represented in blue and the in vitro ones in green; in white are the filtering steps.  
 
 
Identification of similar compounds with ability to dislocate the CBM 
The initial in vitro screening was based on a cell-free, carbohydrate-binding 
competition assay (Fig. 2A). First, the recombinant AMPK CBM 2 domain was 
allowed to bind to the glycogen 1-6 turn analog, -cyclodextrin, which was 
immobilized on a resin. The isolated CBM domain was chosen over the AMPK 
heterotrimer because its use increased the signal to noise ratio (Supp. Fig. 1A; 1.2 vs 
3.8 using maltoheptaose for the heterotrimer and CBM, respectively). Secondly, the 
compounds were added to the protein-resin complex in solution: since active 
compounds compete for interaction with the CBM, they should displace the protein 
from the resin-bound carbohydrate to the supernatant. The protein amount in the 
supernatant was estimated by the difference in absorbance, named “normalized 
sample absorbance”, between signal measurements in the presence of a compound 
and of vehicle only (Fig. 2A). To alleviate a direct effect of compounds on the BCA 
protein determination, the BCA absorbance was measured with the compound alone, 
in the absence of protein, and subtracted with the absorbance of vehicle alone, to give 
the “normalized background absorbance”. 

The 800 compounds were first tested as mixes of four compounds at a 
concentration of 100 M, and the mixes showing a significant difference between 
normalized background and sample absorbance were selected for individual testing. 
After initial screening of single compounds at a concentration of 100 µM, 42 single 
compounds were judged active (i.e., difference between background and sample 
absorbance of at least 0.01), with a significant difference in 30 cases and near-
significant difference in 12. Interestingly, nine of these compounds showed a very 
similar structure with two benzene rings linked by a flexible chain of 6–7 atoms of 
carbon and oxygen (Table 1). The ring “A” shared the exact same features across all 
hit compounds, while the substitutions on ring “B” vary. Since the substitutions of the 
ring “A” correspond to those of the natural product isoeugenol, this group of nine 
compounds is referred to as isoeugenol derivatives in the rest of the text. Isoeugenol 
derivatives exhibited a lower background absorbance compared to the vehicle 
(negative normalized background absorbance) probably by either stabilizing the 
copper of the BCA assay in an oxidized state or influencing directly the absorbance 
measurement. Six of them showed a significant difference with the normalized sample 
absorbance, and the three others reached near-significance (Fig. 2B), and were 
therefore considered active in this assay and included in the subsequent screening 
step. Of the complete set of tested compounds, only one other compound shared the 
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isoeugenol feature of the common structure (7969338, Table 1), however this 
compound showed no activity in the carbohydrate-binding competition assay (Fig. 
2B). The shorter linker and bulkier ring “B” found in this compound compared to the 
active isoeugenol derivatives point toward a structure–activity relationship.  

 

 
 
Figure 2. Identification of similar compounds with ability to dislocate the CBM. (A) Schematic 
representation of the carbohydrate-binding competition assay. (B) Normalized absorbances, as described in 
the scheme (background in grey, sample in black, represented as means with SEM), of the identified 
isoeugenol derivatives in the carbohydrate-binding competition assay. As described in the text, isoeugenol 
derivatives presumably interfered with the BCA readout, explaining the consistently negative normalized 
absorbances. Each compound and maltoheptaose (MalHep) were used at 100 M. Statistical significance: 
Student’s two-tailed t-test of sample vs. background absorbance, ***: p<0.001, **: p<0.01, *: p<0.05, #: 
p<0.1, n=4. (C) Representative image of C2C12 cells stably overexpressing the GFP-tagged CBM 2 (in 
green). Cells were fixed then stained with an anti-glycogen antibody that was detected by an Alexa647-
labeled secondary antibody (in red) and with DAPI for nuclei (in blue), after which co-localization was 
assessed by confocal imaging. (D) Percentage of cells showing the GFP speckled pattern normalized to level 
of vehicle (0.25% DMSO). Forskolin control was used at 100 M while the compounds were tested at 25 M, 
in serum-free medium supplemented with 10 g/mL digitonin. Statistical significance: Student’s t-test 
compound vs. DMSO, ***: p<0.001, **: p<0.01, *: p<0.05, n=4. 
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For the following screening step, we used C2C12 cells stably over-expressing 
the GFP-tagged CBM 2, which is known to show a punctuate pattern of GFP-positive 
areas that co-localize with glycogen (Fig. 2C) (15). Cells were incubated in the absence 
or presence of compounds and were monitored for the (dis)appearance of this 
peculiar pattern upon treatment. As a proof-of-concept, use of forskolin, an agent that 
depletes glycogen through the cAMP pathway, led to an 80% reduction in speckle 
amount (Fig. 2D). For the initial screening process, a small amount of digitonin was 
added to the serum-free medium, which allowed a better crossing of the membrane 
(Supp. Fig. 1B) without showing any obvious cytotoxicity. In this experimental 
setting, three of the nine aforementioned compounds were unfortunately not 
sufficiently soluble for testing, probably due to the relatively high hydrophobicity of 
this class of compounds (logP 5). In contrast, all other six compounds were found to 
significantly reduce the incidence of speckled pattern of the GFP-tagged CBM 2, as 
judged by the observed lowering in the percentage of speckled cells compared to 
vehicle (Fig. 2D). Since they all decreased the number of speckles by more than the 
arbitrary threshold of 35%, the six compounds were judged active in cells and 
therefore classified as hit molecules. In summary, our two-step screening process 
following the virtual ligand screening, allowed us to identify isoeugenol derivatives 
with effects on carbohydrate binding both in a cell-free in vitro assay and in a cellular 
assay on subcellular localization. 
 
Table 1. Structures and activities of the identified isoeugenol derivatives 

 
R1, R2, R3 and R4 correspond to the substitution on the benzene ring "B". “BB” stands for Backbone, the 
blank spaces mean either that the substitution is a hydrogen, or, for the last compound, no additional 
substitution. “BCD” stands for the -cyclodextrin-based cell free assay. 
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Table 1 continued. “Cell” stands for the cellular assay of GFP speckle quantification; “IC50” refers to the 
IC50 determination in CBM 2 expressing cells by quantification of GFP speckles. 
 
Two of the identified compounds have a micromolar activity and directly bind 
the CBM 
To follow up on the cellular activity of the 6 identified compounds, half maximal 
inhibitory concentrations (IC50) were measured in absence of digitonin and in 
presence of serum by testing different concentrations in the cell-based assay. The 
compounds 6456019 and 6469172 showed micromolar activity (1.3 [0.1-14] and 8.9 
[4-19] M [95% confidence interval, CI95] respectively; Fig. 3A). The compound 
6456019 only displaced up to 49% of the total amount of speckles, while addition of 
compound 6469172 maximally resulted in a 92% displacement. However, the 
compounds 6455633, 6457231 and 6481670 seem to have little activity at the 
described concentrations and their IC50 could not be determined. The compound 
6478568 did not show a significant decrease in speckle amount at any of the 
concentrations. This lack of activity of the four latter compounds is inconsistent with 
the effects seen during the cellular screening, which might for example be explained 
by their inability to cross the membrane readily in the absence of digitonin.  

For the two remaining hit molecules with low micromolar activity (6469172 
and 6456019), surface plasmon resonance was performed on the immobilized CBM 2 
to assess direct interaction. The resulting dose-dependent response confirmed direct 
binding. Supporting a direct effect in the cellular assay, the estimated dissociation 
constants of both compounds were in the same range as their IC50, with overlapping 
95% confidence intervals (5.4 [3.9-7.5] and 25 [19-33] M [CI95] for 6456019 and 
6469172 respectively; Fig. 3B). Therefore, the compounds 6456019 and 6469172 
show high activity towards speckle disappearance in cells even in the absence of 
digitonin, and can directly bind to the recombinant CBM 2. To further confirm a 
potential role of the compounds in glycogen-related pathways and to test the effect on 
heterotrimeric AMPK, we investigated the effect of the compounds 6469172 and 
6456019 on the interaction of AMPK with glycogen-bound downstream targets in a 
cell-free setting. The heterotrimer AMPK 1 2 1 was immunoprecipitated from co-
transfected HEK293T cells (myc- 1, 2, 1). Under basal condition, glycogen synthase 
immunoprecipitated with AMPK (Fig. 3C). However, when the cell lysate was pre-
incubated with the glycogen mimetic, -cyclodextrin, glycogen synthase was no longer 
recovered in the immunoprecipitate of AMPK, suggesting that glycogen may act as a 
scaffold between the two proteins in the lysate and that -cyclodextrin disrupts their 
glycogen binding. Both compounds 6469172 and 6456019 similarly decreased the 
interaction of AMPK with glycogen synthase, showing their ability to mimic -
cyclodextrin and therefore suggesting a common binding pocket and action on AMPK. 
To verify that this effect was not an artifact, the same experiment was carried out with 
a CBM-unrelated AMPK activator, oligomycin (Supp. Fig. 2).  
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As expected, oligomycin did not disrupt the co-immunoprecipitation of AMPK and 
glycogen synthase. Therefore, the effect of 6469172 and 6456019 on AMPK 
heterotrimer was specific and similar to that induced by -cyclodextrin. 

 
 
Figure 3. Two of the identified compounds have a micromolar activity and directly bind the CBM. (A, 
D) IC50 determination based on the average number of speckles per cell following treatment with a range 
of concentration (0-100 M). Assay was carried out for a selected number of compounds with CBM 2-
expressing C2C12 cells (A) and for 6469172 with CBM 1-expressing C2C12 cells (D). Max inhibition refers 
to the maximal percentage of speckles removed by the tested compound. CI95: 95% confidence interval, 
Stdev: standard deviation, n=3 repeats with >150 imaged cells each. (B) Determination of the equilibrium 
dissociation constant (KD) by surface plasmon resonance using immobilized CBM 2 and different 
concentrations of 6456019 and 6469172 (0-50 M for 6456019 and 0-100 M for 6469172); n=4. (C) 
Lysate of AMPK-overexpressing mammalian cells treated with either vehicle (0.5% DMSO), 25 µM of 
compound 6469172 or 6456019, or 5 mM -cyclodextrin (left panel). Immunoprecipitation of AMPK 
heterotrimer was performed with the myc antibody following the treatment (right panel). The used 
antibodies recognize total level of glycogen synthase (GS), total level of AMPK- 2 subunit (AMPK- 2), and 
phosphorylation status of AMPK at Thr172 (AMPK-pThr172); n=2  

 
 
After confirming an effect of both compounds on the CBM 2 and on the 2-

containing AMPK heterotrimer, we sought to check for isoform specificity. In view of 
possessing both micromolar IC50 and high amplitude of action, compound 6469172 
was selected for further testing on cells expressing the GFP-tagged CBM 1 in the same 
setting as the described cellular screening. Expectedly, owing to the lack of pocket 
specificity, the determined IC50 was similar for both protein isoforms (10.9 [2-50] µM 
for CBM 1 vs. previously mentioned 8.9 [4-19] M for CBM 2 [CI95]; Fig. 3A and 3D), 
suggesting absence of -isoform selectivity.  

In summary, the compounds 6469172 and 6456019 are direct binders of the 
carbohydrate-binding module of AMPK and have an activity in the micromolar range 
to change the subcellular localization of AMPK away from glycogen. 
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Docking poses of the identified compounds suggest an explanation for the 
difference in affinity and absence of isoform-specificity of the identified 
compounds 
The six compounds of the identified cluster tested for IC50 (Table 1) were re-docked 
into the binding pocket of CBM 2 structures with AutoDock Vina to obtain a more 
detailed insight into their structure–activity relationship. Molecular docking of the 
active compounds (6456019 and 6469172) yielded two different possible binding 
modes for each compound. All binding poses share a similar orientation of the 
common ring “A” toward the loop of Thr101 (numbering of the human sequence of 
AMPK- 2), while the linker is positioned between Trp99 and the loop of Leu146 and 
the variable ring “B” is close to Gln124 (Fig. 4A and 4B, Supp. Fig. 3A and 3B). While 
in all conformations, the compounds occupy the carbohydrate-binding site (as seen in 
the right panel of Fig. 4A compared with pocket definition shown in the right panel of 
Fig. 1B), the orientation of the rings account for main differences between the two 
poses found for each compound. 

Several binding free energy calculations (e.g., MM/PB(GB)SA and QM/MM-
GBSA), which were previously shown to perform well in predicting binding affinity 
(42,49) and binding mode (43,50,51), were applied to estimate the binding strength 
for the two compounds in these two different poses. For both compounds 6456019 
and 6469172, the poses depicted in Fig. 4A and 4B (defined as mode 1) had 
consistently lower binding free energy across calculation methods, compared to those 
in Supp. Fig. 3A and 3B (defined as mode 2) (Supp. Fig. 3C). Therefore, the binding 
mode 1 is more favorable and represents a likely binding mode of these analogous 
compounds in the binding pocket of CBM 2.  

Interestingly, the position occupied by the compound in the proposed binding 
modes resides in an area that is identical between CBM 1 and CBM 2 (Fig. 4C). 
Although the ring “A” substitution points towards the loop formed by Thr101 in the 

2-isoform, the compound does not fully occupy the extra space and can therefore 
also be accommodated in the smaller pocket of the 1-isoform. Besides, the Thr101 
residue, which is not present in CBM 1, is flipped towards the outside of the binding 
pocket and cannot form additional interactions. Thus, these data could explain the 
absence of isoform-specificity seen in the in vitro experiments (Fig. 3D). When looking 
at the poses of the two most active compounds, the linker of 6456019 seems more 
interesting than that of 6469172 since the extra oxygens can form hydrogen-bonds 
with Trp99 and Asn150 (Fig. 4B). Interestingly, substitutions to the ring B of both 
compounds interact with additional residues (Fig. 4A and 4B): the nitro group at the 
R1 of 6456019 induces an electrostatic interaction with Asn98, while in R1/R2 of 
6469172, the pyridine ring forms a hydrogen bond with Trp99. In contrast, none of 
the four other compounds tested for IC50 (6457231, 6478568, 641870 and 6455633) 
could form these stabilizing interactions since their substitutions on ring B are only 
hydrophobic groups (Table 1). Therefore, the extra hydrogen bonds with Trp99 and 
Asn98 formed by 6469172 and 6456019 could explain the difference seen in IC50. 
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Figure 4. Docking poses of the identified compounds suggest an explanation for the difference in 
affinity and absence of isoform-specificity of the identified compounds. (A–B) Predicted binding 
modes (defined as mode 1) of 6469172 (A) and 64556019 (B) in CBM 2 carbohydrate-binding pocket. The 
overall fit of the compound 6469172 is illustrated in the whole domain of CBM 2 represented in green 
ribbon (A, right panel), whereas the other representations offer a closer view of the binding modes with 
explicit residues shown in sticks. Hydrogen bonds are shown as dashed lines. For 6469172, -  interaction 
between the benzene ring and Trp133 is observed. For 6456019, the distance between nitrogen of the NO2 
group of the compound and oxygen of the side chain of Asn98 is 3.87 Å, which can induce electrostatic 
interaction. (C) Docking pose of the compound 6469172 on superimposed CBM 1 (cyan ribbon and stick) 
and CBM 2 receptors (green ribbon and stick, with the insertion loop Ser100-Thr101 shown in orange 
stick).  
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Among the different methods used to calculate binding free energy (Supp. 
Fig. 3C), the QM/MM-GBSA approach using PM6-DH+ method shows the best 
performance since the calculated binding free energy ( Gcal.) of the 6456019 and 
6469172 compound derived by this method is in close agreement with the available 
experimental data ( Gexp.). The free energy differences of the 6456019 compound are 

Gcal. -7.93 kcal/mol vs. Gexp. -7.23 kcal/mol and for 6469172 Gcal. -6.57 kcal/mol vs. 
Gexp -6.93 kcal/mol. Thus, this binding free energy calculation method was also 

applied to estimate binding affinity of the other 4 selected compounds. The inactive 
compounds (6457231, 6478568, 641870 and 6455633) gave positive or less negative 
binding free energy difference implying an unfavorable binding to CBM 2, which is in 
agreement with the experimental data (Table 2).  
 
Table 2. Experimental and predicted binding free energy of the compounds tested for IC50 
determination.  

 
 

In summary, the re-docking data offer interesting explanations for the lack of 
isoform specificity and for differences in binding affinities between compounds. The 
agreement between virtual and experimental data support the suggested binding 
modes and thus suggests a direct binding in the carbohydrate-binding pocket of 
AMPK. 
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Compound 6469172 is a cellular but not an allosteric activator of AMPK 
Compound 6469172, which showed the highest activity in the cell-based assay to 
measure subcellular localization (Fig. 3A), was next studied for its ability to influence 
the AMPK pathway in C2C12 cells. Dose-dependent activation of AMPK and 
phosphorylation of its downstream target acetyl-CoA carboxylase (ACC) were seen 
after compound treatment (Fig. 5A). At higher concentrations, the effect of compound 
6469172 was similar to that of oligomycin, an indirect AMPK activator. This AMPK 
activating effect was not due to cytotoxicity of the compound, as appeared from the 
MTT assay results, where no difference in cell viability was seen at any concentration 
compared to vehicle (Supp. Fig. 4). Activation by 6469172 was also time-dependent 
with a quick onset of AMPK and ACC phosphorylation but reaching a maximal 
activation after a longer period of time (Fig. 5B). In contrast, the oligomycin effect hit 
a maximal action on phosphorylation quickly and then faded away, suggesting either a 
quicker absorption or a different mechanism of action for these two AMPK activators.  

Based on the previous results (Fig. 3 and 4), we did not expect -isoform 
specificity, which we sought to confirm using the near-haploid cell line HAP1. Analysis 
of HAP1 cell lysates showed clearly increased AMPK and ACC phosphorylation upon 
6469172 treatment and a milder response for AICAR (Fig. 5C). Interestingly, A-
769662 treatment led to an increase in ACC phosphorylation while AMPK 
phosphorylation remained low, suggesting that AMPK allosteric activation drives 
most of the effect in this cell line. In HAP1 cell lines, either of the two -subunit 
isoforms were targeted using the CRISPR/Cas9 system resulting in clean knock-outs 
as can be seen from the -subunit expression (Fig. 5C). As was expected, upon 
treatment with 6469172 both knockout cell lines showed strong Thr-172 
phosphorylation signals comparable to the WT, confirming the absence of -isoform 
specificity. Similarly, AICAR activated AMPK in all cell lines, although somewhat 
stronger Thr-172 phosphorylation signals were obtained for the 1-knockout. A-
769662 treatments were also comparably efficient in knockout cell lines and WT with 
regard to enhancement of ACC phosphorylation signal. In contrast to the WT and 2-
knockout cell lines, treatment with A-769662 increased AMPK Thr-172 
phosphorylation in the 1-knockout cell line, indicating that in absence of the 1-
isoform, the action of A-769662 on AMPK may follow another mechanism (i.e., change 
in phosphorylation status rather than allosteric activation; see Discussion for details). 
Therefore, the 6469172 compound activates both 1- and 2- containing AMPK 
heterotrimers.  

AMPK is mainly activated through three methods: allosteric activation, 
facilitation of Thr172 phosphorylation or protection from Thr172 dephosphorylation. 
To test whether 6469172 acted allosterically to upregulate AMPK activity, 
immunoprecipitated myc-tagged AMPK heterotrimers from triple-transfected 
HEK293T cells (myc- 1, 2, 1) were tested for kinase activity. The enzymatic activity 
assessed by this assay seemed truly specific to AMPK, since the addition of SAMS 
peptide (substrate for AMPK) led to a dramatic increase in ATP consumption (Fig. 
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5D). The presence of the known allosteric activator A-769662 increased basal AMPK 
activity of the 1 1 1 but not 1 2 1 complex. On the contrary, and as expected, the 
compound 6469172 failed to increase AMPK activity in both cases, suggesting that 
6469172-induced AMPK activation in cells may rather depend on increased Thr172 
phosphorylation than on a direct allosteric effect. Therefore, we conclude that 
6469172 is a novel AMPK activator without -isoform specificity, whose mechanism 
of action does not rely on allosteric effect. 

 
 
Figure 5. Compound 6469172 is a cellular but not an allosteric activator of AMPK. (A) Dose-
dependent response of 6469172 treatment on AMPK and ACC phosphorylation. Assay carried out in C2C12 
cells after 1.5 hour-treatment, doses in M with a constant amount of vehicle (1% DMSO). Oligomycin was 
used at 5 M for 1.5 hour. (B) Time-dependent response of AMPK and ACC phosphorylation in C2C12 cells 
after 15, 30 or 60-minute treatment with 25 M of 6469172 compound or 5 M oligomycin with a constant 
amount of vehicle (1% DMSO, 60 minute-treatment). (C) Treatment of the haploid cell line HAP1, in its WT 
form, or with a knock-out of either the AMPK- 1 ( 1-KO) or - 2 subunit ( 2-KO). 2-hour treatment of 
vehicle (0.25% DMSO) or 50 M 6469172, or 1-hour treatment of 1.5 mM AICAR or 100 M A769662. (A–C) 
The used antibodies recognize total level of ACC protein (ACC), phosphorylation status of ACC at Ser79 
(ACC-pSer79), total level of AMPK-  subunit (AMPK- 1/2), total level of AMPK-  subunit (AMPK- 1/2), 
phosphorylation status of AMPK at Thr172 (AMPK-pThr172) and total level of -actin ( -actin) which was 
used as loading control. (D) Kinase activity assay on myc-tagged AMPK heterotrimers 1 1 1 (left panel) or 
1 2 1 (right) immunoprecipitated from mammalian cells. Assays were done in the absence (white bars) 

or presence (grey bars) of 100 M SAMS peptide, an AMPK substrate, and with 100 M 6469172 or 50 M 
A769662 in constant vehicle content (5% DMSO).  
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The identified compound affects metabolism-related cell lines and pathways  
Muscle and liver are important organs for glycogen storage and therefore are of 
particular interest for our study. To assess the ability of 6469172 to activate AMPK in 
more physiologically relevant cell types, C2C12 cells were differentiated into 
myotubes. The treatment with 6469172 induced a strong AMPK and ACC 
phosphorylation comparable to that of other known AMPK activators (Fig. 6A). 
Secondly, the human hepatoma cell line HepG2 was also sensitive to 6469172 and 
other AMPK activator treatments, showing a strong AMPK and ACC phosphorylation 
(Fig. 6B). Therefore, the compound 6469172, which was shown to have the most 
interesting effect on CBM displacement from glycogen, also activates the AMPK 
pathway in relevant cell lines.  

 
 
Figure 6. The identified compound affects metabolism-related cell lines and pathway. (A) Treatment 
of C2C12 cells differentiated in myotubes: 2-hour treatment with vehicle (1% DMSO) or 75 M 6469172, or 
1-hour treatment with 1.5 mM AICAR, 100 M A769662 or 1.5 mM phenformin. (B) Treatment of the 
hepatic cell line HepG2: 2-hour treatment with vehicle (0.75% DMSO) or 75 M 6469172, or 1-hour 
treatment with 1.5 mM AICAR or 100 M A769662. (C) Glucose uptake measurement following treatment 
with vehicle (0.5% DMSO), 100 nM insulin or 25 M 6469172, with (grey bars) or without (white bars) pre-
treatment with 10 M Compound C. Statistical significance: Student’s t-test of vehicle without Compound C 
vs other treatment, *** : p<0.001, ** : p<0.01, * : p<0.05, n=4. (D) Western Blot resulting from the previously 
described glucose uptake experiment. CC = Compound C pre-treatment. (A–B, D) The used antibodies 
recognize total level of ACC protein (ACC), phosphorylation status of ACC at Ser79 (ACC-pSer79), total level 
of AMPK-  subunit (AMPK- 1/2), total level of AMPK-  subunit (AMPK- 1/2), phosphorylation status of 
AMPK at Thr172 (AMPK-pThr172), phosphorylation status of AS160 at Thr642 (AS160-pThr642), total 
level of Akt protein (Akt), phosphorylation status of Akt at Ser473 (Akt-pSer473) and total level of -actin 
( -actin) which was used as loading control. 
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A well-documented role of AMPK is the increase of glucose and fatty acid 
uptake by triggering transporter translocation to the membrane (6). In HL-1 
cardiomyocytes, treatment with 6469172 resulted in an increase in glucose uptake 
similar to that induced by insulin (Fig. 6C, left panel). Surprisingly, pre-treatment with 
the AMPK inhibitor Compound C raised the unstimulated levels of glucose uptake. A 
trend toward a further increase was seen upon insulin co-treatment, whereas the 
compound 6469172 in conjunction with Compound C did not lead to any further 
increase. Regarding fatty acid entry into HL-1 cardiomyocytes, the same increase in 
unstimulated uptake was seen with Compound C (Fig. 6C, right panel). With or 
without Compound C, insulin failed to trigger an increase in fatty acid uptake in that 
cell line. On the contrary, the compound 6469172 led to a 1.6-fold increase compared 
to basal, which was blunted after Compound C treatment. These results were 
mirrored by the Western Blot results (Fig. 6D): insulin strongly upregulated Akt and 
AS160 phosphorylation and slightly decreased AMPK and ACC phosphorylation, 
whereas 6469172 had the exact opposite effect on both pathways. Compound C 
reduced the AMPK and ACC phosphorylation even in presence of 6469172 and 
triggered the insulin pathway, as seen with the increased Akt and AS160 
phosphorylation in each treatment, which could explain the increased nutrient uptake 
in Compound C treated samples. These results point to a potential beneficial effect of 
treatment with 6469172, since showing increased glucose and fatty acid uptake in an 
insulin-independent manner.  
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DISCUSSION 
In this study, we first established a new protocol to target the CBM of AMPK by means 
of virtual ligand screening followed by a carbohydrate binding competition assay and 
monitoring of CBM subcellular localization. Using this workflow, we identified a set of 
structurally related compounds, the isoeugenol derivatives, with satisfactory scores in 
all screening steps. Two of these were found to bind directly to the CBM by surface 
plasmon resonance and mimic the -cyclodextrin induced dissociation of the AMPK 
heterotrimer from another glycogen-bound protein, i.e., glycogen synthase. The 
differences in activity seen in the cluster of isoeugenol derivatives (Table 1) could be 
explained by the presence of additional hydrogen-bonds in the most active ones that 
are predicted to stabilize the interaction between the compound and the CBM. The 
compound 6469172 additionally potently activated AMPK in several relevant cell 
lines, but did not allosterically activate AMPK as determined by cell-free kinase assays. 
Furthermore, 6469172 triggered increased nutrient uptake in HL-1 cardiomyocytes 
that was correlated to AMPK activation and blunted by treatment with the AMPK 
inhibitor Compound C. 

The method of screening we established here is meant to identify agents that 
disrupt the glycogen–AMPK interaction. The in silico screen coupled with a two-step in 
vitro assessment led to a hit rate of 1.25%, which is in the reported range for a typical 
virtual screening (1–5 %) and better than that of classical high-throughput screenings 
(  0.01 % success) (52). Higher success rates are generally achieved in virtual 
screenings when the amount of data on receptor structure and known ligands is high 
(52). In our case, only carbohydrates were known to bind to the CBM at the start of 
the project and they cannot be used for training in a classical virtual screening since 
requiring specific docking methods (53). The identification of a first set of active and 
inactive compounds, and the production of direct-binding experimental data, is 
therefore a great opportunity for further in silico screening attempts. In particular in 
the phase of compound development and optimization, computer-based techniques 
help to prioritize the possible compounds to be tested (54). In this study, the binding 
free energy calculations support the proposed binding modes since the results of the 
QM/MM-GBSA approach on these poses are in conformity with the experimentally 
determined values. However, in other studies, this method has also been successfully 
applied prior to compound ordering to further discriminate potential active and 
inactive compounds (43). Given the promising results obtained in this application, we 
expect such calculations to be useful for further lead generation of the isoeugenol 
derivatives as well. 

The absence of -isoform specificity for the identified compounds could be 
foreseen by the high global sequence similarity between the two isoforms and 
especially within the binding pocket (Fig. 1A). However, the predicted binding poses 
found by re-docking of the active compounds, which are supported by binding free 
energy calculations, show that the identified compounds do not fully take advantage 
of the larger pocket induced by the Thr101 insertion in the 2-isoform (Fig. 4A). 
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Hence, it identifies a strategy for further hit-to-lead optimization to possibly reach 
isoform specificity. Nevertheless, isoform preference rather than specificity may be a 
more appropriate goal in the AMPK field, considering the close resemblance between 
AMPK holoenzymes and their complex regulation. For instance, the well-characterized 
activator A-769662 was often reported as being 1-isoform specific: in recombinant 
protein activity assays, only 1-containing complexes are activated independently of 
the - and -isoforms (55), while in cells and tissues expressing mainly 2 (56) as well 
as in 1 knockouts (57), A-769662 fails to activate AMPK and AMPK-dependent 
pathways. In agreement with this view, in the kinase activity assay of this study, the 
immunoprecipitated 1-containing complex, but not the 2 heterotrimer, was 
activated with 50 M A-769662 (Fig. 5D). However, in the haploid cell lines, AMPK 
was activated upon 100 M A-769662 treatment independently of the expressed -
isoform (Fig. 5C). This result falls in line with other reports that showed that 2-
complexes can bind the A-769662 (58) with a dissociation constant higher than that of 
1 complexes but still in the low micromolar range (7) and that 2-expressing tissues, 

like heart (59) and skeletal muscle (10,60,61), were sensitive to the compound. 
Moreover, A-769662 can provide a certain degree of protection against 
dephosphorylation to 2-containing heterotrimers in vitro (57): this may be the 
mechanism at play in the 1-deficient HAP1 cells as the phosphorylation degree of 
AMPK was increased upon treatment in this cell line compared to the WT and 2-
knockout cells (Fig. 5C). Therefore, even in the case of the well-established A-769662 
compound, isoform preference remains a delicate puzzle. As described above, in the 
case of compound 6469172, a possible optimization strategy remains to be exploited 
based on our first results, which may lead to preference for 2-containing complex, 
and therefore give a profile reciprocal to that of A-769662. 

The identification of a cluster of six isoeugenol derivatives among the hit 
molecules provides with a head start for future studies on the structure–activity 
relationship. Isoeugenol is a natural compound found in essential oil of allspice 
(Pimenta dioica) or in Petunia flowers, for instance (36). In industry, this compound is 
widely found in fragrances and flavors, and is also used as precursor for the synthesis 
of vanillin (62,63). Although isoeugenol is classified as one of the most important 
fragrance allergens (62), the known applications of isoeugenol testify of a rather 
benign compound, which bodes well for the development of isoeugenol derivatives for 
possible use as drugs. Moreover, the risk profile may well be altered by the second 
ring found in all active derivatives of isoeugenol connected to the first by a carbon-
oxygen linker of 6–7 atoms (Fig. 4, Table 1). As preliminary toxicological data, we did 
not find effects on cell viability (Supp. Fig. 4). To refine the definition of necessary 
features for both safety and potency, more derivatives of the identified compounds 
will need to be screened. In this future attempt, our protocol of in vitro screenings 
should come of use to quickly identify more active compounds. 
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Importantly, our screening is based exclusively on the CBM of AMPK and not 
on the heterotrimer, and thus relies on the assumption that AMPK–glycogen binding 
depends mainly on the CBM and little to no cooperative effect of the heterotrimer is 
needed. While we cannot formally exclude any influence on the CBM from the 
surrounding parts of the AMPK heterotrimer, several lines of evidence indicate the 
dominant contribution of CBM to glycogen binding. Firstly, for each of the -subunit 
isoforms the reported dissociation constants for carbohydrates were similar for the 
isolated CBM (47) and the heterotrimer (64), i.e., only one to three-fold difference 
with better binding for the isolated CBM. Secondly, the CBM was recently reported to 
directly interact with the kinase domain of the -subunit and notably form the binding 
pocket needed to accommodate A-769662 (7,46). However, -cyclodextrin binding to 
the CBM prevented interaction with the kinase domain indicating that the 
carbohydrate-binding ability of AMPK does not rely on interaction with the -subunit 
(65). Thirdly, hydrogen/deuterium exchange mass spectroscopy showed that the -
cyclodextrin binding did not affect the - and -subunits but only the CBM (58). 
Finally, since our identified compound mimicked the effect of -cyclodextrin binding 
on the immunoprecipitated AMPK heterotrimer, we remain confident that focusing on 
the CBM during the screening was a sensible approach to target the heterotrimer. 

The intended goal of the screening was to find a compound inducing the 
AMPK subcellular localization change from glycogen-bound to cytosolic free. 
Unexpectedly, our screening led to the identification of a new cellular activator of 
AMPK. The 6469172-stimulated AMPK activation was correlated with an increase in 
glucose and fatty acid uptake in a cardiomyocyte cell line. Similarly, also AICAR 
treatment and contraction cause an insulin-independent upregulation of glucose (66-
68) and fatty acid (69) uptake in cardiac and skeletal muscle. Interestingly, these 
AMPK-dependent effects, as well as others including glycogen synthase 
phosphorylation, depend on glycogen levels (70,71). Despite some discrepancy, 
several papers reported an interdependence between AMPK activity and glycogen (3). 
McBride et al. tried to reconcile the different views by suggesting that although AMPK 
can bind to both branching points of glycogen, only the 1-6 branches are inhibitory 
and thus different glycogen levels may lead to different effects on AMPK (17). This 
hypothesis was thoroughly tested in cell-free experiments but could not be tested in 
cells. As mentioned above, another study reported disruption of the CBM and kinase 
domain interaction upon carbohydrate binding which may explain the inhibitory 
effect of glycogen on AMPK (65). However, the precise mechanism through which 
glycogen branching points inhibits AMPK is largely unknown at this stage. In contrast 
to the branching points, 6469172 activates AMPK, but although we provide evidence 
that the compound does not act in an allosteric manner in cell-free kinase assays, the 
exact mechanism triggering this activation requires further clarification.  
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In summary, we established a new screening procedure for identification of 
compounds capable of preventing AMPK from binding to glycogen. The 
implementation of the screening uncovered an interesting cluster of isoeugenol 
derivatives able to compete the binding of the CBM domain of AMPK to the 
carbohydrate -cyclodextrin and change the subcellular localization of the AMPK 
molecule. The compound 6469172 directly binds the recombinant CBM, activates 
cellular AMPK and triggers glucose and fatty acid uptake. Although many questions 
remain open, the duality of action on AMPK glycogen-binding and activity points to 
possible uses in models of metabolic disease. 
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SUPPLEMENTAL FIGURE LEGENDS 

 
 
Supp. Fig. 1. (A) Normalized absorbance (sample in black and background in grey) of 100 µM 
maltoheptaose in the carbohydrate-binding competition assay, using either the 1 2 1 AMPK heterotrimer 
or the isolated CBM- 2; n=3. (B) Dose-dependent effect of digitonin on permeabilization. C2C12 were 
treated with a constant concentration of the non-permeable substance NTA-Atto 647N (Sigma-Aldrich) and 
with increasing doses of digitonin (0 to 25 g/mL). After treatment, cells were washed once in PBS and 
imaged with a fluorescent microscope.  
 

 
 
Supp. Fig. 2. Lysate of AMPK-overexpressing mammalian cells untreated or treated with either vehicle (0.5 
% DMSO), 5 µM of oligomycin, or 5 mM -cyclodextrin (Left panel). Immunoprecipitation of AMPK 
heterotrimer was performed with the myc antibody following the treatment (right panel). The used 
antibodies recognize total level of myc tagged-protein (myc), total level of glycogen synthase (GS), total 
level of AMPK-  subunit (AMPK- 1/2), and phosphorylation status of AMPK at Thr172 (AMPK-pThr172); 
n=2. 
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Supp. Fig. 3. (A–B) Alternative predicted binding mode of 6469172 (A) and 6456019 (B) in CBM 2 
(defined as mode 2). (C) Experimental and predicted binding free energy calculations for both binding 
modes of 6469172 and 6456019 with different methods.  
 

 
 
Supp. Fig. 4. Toxicity measurement by MTT method with increasing amount of 6469172 (doses in M with 
constant level of vehicle, i.e., 1 % DMSO). Absorbances were normalized to untreated cell absorbance, which 
gave 100% cell viability. Positive control was 1 % triton-X (TX).  
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AMPK is a key metabolic energy sensor for maintaining cellular and whole-body 
energy homeostasis (1), and is involved in regulating various signaling pathways that 
contribute to the dysregulation of metabolic homeostasis as observed during 
metabolic syndromes (MetS). One of the key features of MetS is a perturbation of 
glucose metabolism which, ultimately, leads to aberrant glycogen metabolism. To 
better understand this pathophysiological condition, in this thesis, the central focus is 
the interplay between the intracellular glycogen level and the localization of AMPK. 
Our research has made a valuable contribution to understand the critical crosstalk 
between AMPK’s action and glycogen availability, thus unravelling possible novel links 
between AMPK and glycogen metabolism. Based on current advances in the field, this 
final section of the thesis allows for recapitulation of previous and novel findings and 
overall discussion. Furthermore, some additional data (that have been collected 
during the thesis work but are not part of the previous chapters) will be presented, 
and future experimental approaches will be suggested.   

Principally, the research described in this thesis has provided (I) insight into the 
mutually exclusive molecular signaling event involved in regulating the recruitment of 
AMPK to glycogen (Chapter 2). Additionally, we have reported on (II) the dynamic 
interplay between AMPK and R6 with respect to intracellular glycogen content 
(Chapter 3). Having this research focus in mind, we attempted to visualize (III) 
localized AMPK activity using FLIM-FRET applications (Chapter 4). Given the role of 
AMPK in glycogen metabolism, and its function in metabolic diseases, our insights 
served as a basis for (IV) the design of a drug-targeting strategy that allows for the 
identification of CBM-specific compounds capable of shifting AMPK away from 
glycogen (Chapter 5). In this final section, the first three topics will be discussed in 
further detail. 
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AMPK activation has metabolic impact on a wide variety of tissues, and this effect may 
differ among tissues most probably due to the tissue-specific expression of individual 
AMPK subunits. From extensive studies (2-5), it has become evident that the presence 
of a CBM in the N-terminal part of the -subunit allows for AMPK localization at 
glycogen. Thereby, the CBM can bridge AMPK to downstream targets such as glycogen 
synthase (GS) or glycogen phosphorylase (GP) for regulation of glycogen metabolism 
(6). However, AMPK localizes at many different cellular compartments. Similar to its 
upstream kinase liver kinase B1 (LKB1) (7,8), AMPK shuttles between the nucleus (9-
11) and the cytoplasm (12,13) (Figure 1), where it phosphorylates and inactivates 
cytoplasmic acetyl-CoA carboxylase (ACC), or regulates nuclear targets such as 
peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC1 ) and 
peroxisome proliferator-activated receptors (PPARs) to control transcriptional 
processes (14,15), respectively. The fact that exposure to metabolic stress, for 
instance, promotes nuclear AMPK localization (16), implies the existence of specific 
regulatory mechanisms that tightly control the nuclear–cytoplasmic and glycogen–
cytoplasmic cycling of AMPK. 

 
 
Figure 1. Subcellular localizations of AMPK. AMPK cycles between the nucleus (9,10) and cytoplasm 
(12,13), and between glycogen (2,4,5) and the cytoplasm. 
 

Insight into the binding of AMPK to glycogen has come from studies in which 
AMPK was overexpressed in cellular systems, showing that the presence of an intact 

-CBM allows for AMPK-glycogen binding in cultured cells (2,4,17), and that AMPK 
physically interacts with (2,4) and phosphorylates GS and GP (18). AMPK-induced 
phosphorylation at Ser-7 supports Ser-10 phosphorylation by casein kinase-1 (CK-1), 
and together, these phosphorylations result in inactivation of GS (19). Treatment of 
cultured human muscle cells with the AMPK activator 5-aminoimidazole-4-
carboxamide ribonucleoside (AICAR) resulted in increased glucose uptake and was 
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inversely correlated with GS activity (20), results that were further confirmed in vivo 
(21). Furthermore, they also showed that AMPK inactivates GS by virtue of Ser-7 
phosphorylation (22), providing evidence that AMPK regulates GS in skeletal muscle. 
However, in contrast to its inhibitory role on glycogen synthesis, long-term AMPK 
activation caused accumulation of glycogen in skeletal muscle (23). Furthermore, it 
was shown that AICAR treatment promotes glycogen accumulation in skeletal muscle 
via increasing glucose uptake (24). A possible explanation for these contradictory 
observations is that AICAR-induced AMPK activation increases glucose uptake and 
subsequently elevates the intracellular content of G6P, which allosterically activates 
GS, thereby overriding the inhibitory phosphorylation by AMPK (25). These findings 
suggest that AMPK may adapt its mechanism of action presumably depending on the 
immediate metabolic state of the cell. Alternatively, AMPK’s response to various 
metabolic situations depends on its subcellular localization. Although mutational 
studies on AMPK -CBM contributed to a better understanding of AMPK–glycogen 
binding (2,3,5), the regulatory mechanism by which AMPK glycogen–cytoplasmic 
cycling is achieved had yet to be determined.  
 
 
Glycogen–cytoplasmic cycling of AMPK: another way of ‘exercise’ to 
combat type 2 diabetes? 
One of our main focuses of study was to shed light on the regulatory mechanisms 
involved in the release of AMPK from glycogen. As described in Chapter 2 and 
summarized in Figure 2, we present AMPK -Thr-148 autophosphorylation following 
AMPK activation as a mechanism to regulate AMPK–glycogen binding (17). Under 
normal physiological conditions, AMPK is quiescent and binds to glycogen via its CBM 
(Fig. 2; clockwise). In response to metabolic stress, this glycogen-bound pool of AMPK 
may be activated by upstream kinases (AMPKK) such as LKB1. Subsequently, AMPK 
may phosphorylate and inactivate the glycogen-binding protein GS in order to inhibit 
glycogen synthesis. If AMPK activation occurs in the cytoplasm, cytoplasmic AMPK -
Thr-172 phosphorylation causes rapid -Thr-148 autophosphorylation in order to 
inhibit AMPK-glycogen localization, presumably ceasing the inhibitory effect of AMPK 
on glycogen synthesis (Fig. 2; counterclockwise). Hence, dephosphorylation of 
cytoplasmic AMPK by protein phosphatases allows for AMPK ‘re-cycling’ towards 
glycogen. However, once bound to glycogen, the Thr-148 autophosphorylation event 
will not occur, because the Thr-148 residue, which is centrally situated in the binding-
pocket, is occupied. Thus, as depicted in the figure below, our findings suggest that 
AMPK cycles between glycogen and cytoplasm, a mechanism that is properly 
controlled by autophosphorylation of Thr-148. 
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 Figure 2. Tour d’AMPK: glycogen–cytoplasmic cycling of AMPK. Inactive AMPK localizes to glycogen 
(clockwise). There, it can be activated by upstream kinases (AMPK-K), presumably leading to 
phosphorylation and inactivation of GS. Alternatively, cytosolic AMPK can be activated by upstream kinases 
(counterclockwise), resulting in autophosphorylation of the -Thr-148 residue, which is situated in the 
center of the -CBM. Importantly, once phosphorylated at Thr-148, AMPK is prevented from binding to 
glycogen. This is a mutually exclusive situation, indicating that glycogen-bound AMPK does not undergo 
autophosphorylation at Thr-148, as it is occupied due to glycogen binding. Hence, activation of cytosolic 
AMPK might not only result in increased glucose uptake and increased glycolysis, thus improving blood 
glucose levels, but might also cease the AMPK-mediated inhibition of glycogen synthesis (Chapter 2). 

 
 
The fact that 1 and 2 isoforms each show a distinct tissue distribution 

pattern (26,27) indicates a tissue-specific functional role of AMPK. Skeletal muscle is 
the main organ for insulin-dependent glucose storage into glycogen (28) and it has 
been shown that muscle-specific AMPK 2 has a higher binding affinity for glycogen as 
compared to 1. In chapter 2, we investigated the molecular mechanism causing 
AMPK to refrain from glycogen and found that autophosphorylation of Thr-148 
prevents AMPK from binding to glycogen. Because we expected that ‘free’ cytosolic 
AMPK might have beneficial impact on skeletal muscle glucose and/or glycogen 
metabolism, as displayed in Figure 2, i.e. increased glucose uptake in conjunction with 
increased glycogen storage, we attempted to investigate the potential role(s) of 
localized AMPK in mouse skeletal muscle myotubes under physiological conditions. 
Hence, we performed studies using C2C12 cells that were stably infected with wild-
type AMPK 2 (glycogen-bound AMPK) and the phospho-mimicking 2-T148D mutant 
(cytosolic AMPK). In agreement with Halse et al. (20,29), preliminary data 
(unpublished) showed that 16 h treatment of C2C12 myotubes with media, in which 
glucose concentrations are lowered in a stepwise manner, resulted concomitantly in a 
decrease in intracellular glycogen content (Fig. 3A), and an increase in glucose uptake 
(Fig. 3B), presumably as a result of AMPK activation. These data support the findings 
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that AMPK mediates glucose import when cellular energy stores are depleted (30). 
Remarkably, our data also revealed that cytoplasmic AMPK ( 2-T148D) further 
induced glucose uptake both under high and low intracellular glycogen content, when 
compared to glycogen-bound AMPK ( 2-WT), and this effect was correlated with 
increased basal levels of glycogen. Accordingly, this data (Fig. 3) implies a novel role 
for glycogen-cytoplasmic cycling of AMPK in skeletal muscle glycogen metabolism, as 
cytoplasmic AMPK localization ( 2-T148D) may promote glucose import, presumably 
stored in the form of glycogen if cellular energy levels are sufficient and used for 
glycolysis in case of energy deficit. Previously, Prats et al. proposed that the 
intracellular compartmentalization of glycogen itself plays a role in the regulation of 
metabolic pathways (31). It should also be noted that the dynamic binding and 
dissociation of glycogen-binding proteins to glycogen particles is essential for 
adequate coordination of glycogen synthesis and breakdown. Besides the fact that the 
T148D mutation prevented AMPK from binding to glycogen (Chapter 2), we found a 
negative correlation regarding AMPK–R6 interaction (Chapter 3): cytoplasmic AMPK 
( 2-T148D) was precluded from binding to R6. Hence, it could be speculated that R6 
may have enhanced glycogenic properties if AMPK is not in close proximity, which 
implies that AMPK may function as gatekeeper for initiating R6-mediated glycogen 
synthesis.  

 
 
Figure 3. Physiological impact of shifting AMPK away from glycogen on glycogen metabolism. C2C12 
cells stably infected with AMPK 2-WT or AMPK 2-T148D were differentiated to myotubes. Briefly, at 85 % 
confluence, cells were cultured in glucose-rich containing medium (25 mM) supplemented with 2 % horse-
serum for 5 days. Subsequently, myotubes were treated with high (25 mM), low (3 mM) or no glucose (0 
mM) medium for 16 h. (A) Intracellular glycogen levels were determined as described in the Experimental 
Procedures of Chapter 3; n=2. $ p<0.05, # p<0.05 vs. T148D 25 mM, * P<0.01 vs. WT 25 mM (B) Glucose 
uptake protocol was adapted from Schwenk et al. (32). Following treatment, cells were incubated with 
glucose uptake buffer containing 3H-labeled deoxyglucose and 10 M deoxyglucose for 10 min. Unbound 
substrate was removed by washing the cells with ice-cold uptake buffer and cells were lysed in 0.1 M NaOH. 
Incorporated glucose was assessed by scintillation counting of 3H; n=3. $ p<0.01 compared to WT. Student’s 
test was performed to assess statistical significance.  
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The data displayed above provide a basis for better understanding the role of 
glycogen-localized AMPK in metabolic diseases, suggesting that activation of 
cytoplasmic AMPK might be beneficial in type 2 diabetes. Under normal physiological 
conditions, insulin activates PP1 to dephosphorylate and activate GS, inhibits GSK-3–
mediated GS phosphorylation and inactivates GP, all pointing towards increased 
glycogen synthesis (33). Insulin resistance is associated with reduced GS activity and 
thus impaired glycogen synthesis (34) as a consequence of impaired insulin 
sensitivity, indicating that a defect in insulin action not only impairs the ability to 
maintain normal blood glucose levels but also alters skeletal muscle glycogen 
metabolism, a common feature in people with type 2 diabetes (34). According to 
Højlund et al. (35), obese subjects, both with and without type 2 diabetes, showed a 
lack of dephosphorylation of GS Ser-7 and Ser-10. Previously, both in lean and type 2 
diabetic subjects, AICAR treatment has been shown to increase GLUT4 translocation 
and subsequent glucose import in skeletal muscle (6). These data suggest that AMPK 
is indeed able to stimulate non-insulin dependent glucose uptake in insulin-resistant 
skeletal muscle, but what proportion of AMPK is localized to either glycogen or the 
cytoplasm remains unknown and possible roles of R6-PP1 are undefined as yet. Given 
the concept that insulin resistance reduces the rates of glycogen synthesis in type 2 
diabetic muscle (36), which may be due to reduced glucose import, it is rational that 
muscle glycogen content is found significantly lowered in type 2 diabetes (34,37). 

To further explore the role of cytoplasmic AMPK in the context of type 2 
diabetes, we used an established approach to make cells insulin resistant by 
subjecting them to high palmitate treatment (38), similar to insulin resistance in 
patients being characterized by elevated plasma levels of both insulin and fatty acids 
(39). First, we observed in such insulin resistant cells that localization of AMPK to the 
cytosol ( 2-T148D) increased AMPK-Thr-172 phosphorylation levels when compared 
to cells expressing 2-wild-type AMPK (Fig. 4A), suggesting that AMPK activity was 
higher upon dissociation from glycogen. These findings support the concept that 
glycogen mildly inhibits the catalytic activity of AMPK activation (5). With respect to 
insulin signaling, we observed that high palmitate treatment impaired insulin-
stimulated Akt phosphorylation in cells containing wild-type (glycogen-bound) AMPK 
( 2-WT) (Fig. 4A), suggesting that glycogen-bound AMPK does not help to overcome 
lipid-induced insulin resistance. In contrast, overexpression of cytosolic ( 2-T148D) 
AMPK partially prevented the onset of insulin resistance upon lipid oversupply, as can 
be deduced from the partially preserved insulin-stimulated Akt and AS160 
phosphorylation (Fig. 4A). Concomitantly, palmitate-treatment impaired insulin-
induced glucose uptake when AMPK was glycogen-bound ( 2-WT). Cytosolic ( 2-
T148D) AMPK markedly increased glucose uptake (2-fold) both under basal and 
palmitate-treated conditions (Fig. 4B). Accordingly, our data indicate that shifting 
AMPK away from glycogen positively affects AMPK activity, thereby enhancing 
glucose uptake under insulin resistant conditions. Although we did not see an 
improvement of insulin-stimulated glucose uptake, the marked enhancement in 
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AMPK-mediated glucose uptake could have beneficial effects on lowering of blood 
glucose levels in vivo, in type 2 diabetic animal models. Complementary to AMPK’s 
beneficial effects on glucose uptake, Vitzel et al. showed that chronic AICAR treatment 
increases glycogen content in glycolytic muscle of insulin resistant rats (40). These 
findings might be related to an increased availability of G6P to override AMPK-
mediated GS phosphorylation (25). On the other hand, it might be that cytosolic AMPK 
promotes glucose uptake without inhibiting glycogen synthesis. Our results clearly 
indicate significant differences in the signaling pattern and in glucose uptake between 
glycogen-bound ( 2-WT) AMPK and cytosolic ( 2-T148D) AMPK. Notably, the 
endogenous expression of wild-type AMPK 2 may still weaken the effects that we 
have observed in 2-T148D cells. Future in vivo studies will be required to determine 
the physiological impact of altering subcellular AMPK localization on glycogen 
metabolism, a topic that is further discussed in the paragraph Future perspectives.  

 
 
Figure 4. Effect of disrupting AMPK-glycogen binding in the context of insulin resistance. C2C12 cells 
stably infected with AMPK 2-WT or AMPK 2-T148D were differentiated to myotubes. Briefly, at 85 % 
confluence, cells were cultured in glucose-rich containing medium (25 mM) supplemented with 2 % horse-
serum for 5 days. Briefly, C2C12 myotubes were incubated in the presence or absence of the palmitate (HP; 
16 h, 750 M) before stimulation with insulin (ins, 100 nM, 15-20 min) (41). Prior to lysis in 0.1 M NaOH, 
cells were incubated with glucose uptake buffer containing 3H-labeled deoxyglucose and 10 M 
deoxyglucose for 10 min. (A). Lysates were subjected to Western blot and assessed using the indicated 
antibodies. Representative Western Blot is shown. (B) Incorporated glucose was assessed by scintillation 
counting of 3H as described (32); n=3 with internal triplo measurements.* p<0.001 compared to 2-WT 
Basal-; ** p<0.001 compared to 2-WT Basal+; # p<0.01 compared to 2-WT. Student’s test was performed 
to assess statistical significance. 
 
 

It remains unclear whether the increase in myocellular glycogen level is 
beneficial. Several studies have shown that slight increases in the absolute 
concentration of muscle glycogen were correlated with an increase in insulin 
resistance in human muscle cells (42,43). Also, glycogen depletion as a result of 
physical activity has been shown to improve insulin resistance (44). In contrast, with 
respect to exercise training, it appears beneficial to maintain a high intramuscular 
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glycogen content at the onset of training (45). Thus, exploring the in vivo effects of 
AMPK dissociation from glycogen will provide novel insights into the role of glycogen-
localized AMPK. Furthermore, it is important to know what proportion of AMPK is 
bound to glycogen; however, to our knowledge, this aspect has never been unraveled, 
presumably due to technical limitations. Yet, this information would be relevant to 
better understand to what extent AMPK–glycogen localization contributes to the 
various physiological settings. 
 
 
The interplay of AMPK with interaction partners: glycogen–localized 
effect on cellular physiology? 
It is well-known that the CBM domain of the muscle-specific 2 isoform of AMPK has 
higher binding affinity for carbohydrates than 1 (26). Very recently, Mobbs et al. 
showed that 2-CBM binds to linear carbohydrates and single 1,6-branched 
carbohydrates with 4–30 fold greater affinity than 1. From studies with knockout 
mouse models, it has been concluded that each of the two -subunits exerts specific 
functions in metabolism. For instance, it has been reported that loss of 1 reduces 
hepatic AMPK activity and appetite, and protects from high fat diet-induced adverse 
effects (46). In contrast, AMPK 2 null mice have reduced AMPK activity in skeletal 
muscle, are insensitive to AICAR treatment and have reduced exercise tolerance in 
spite of overcompensation of 1 protein expression (47). Thus, the 2 subunit is a 
critical player in glucose and glycogen metabolism, especially in skeletal and cardiac 
muscle, which are tissues active in coordinating intracellular glucose disposal into 
glycogen. Other important regulatory proteins involved in glycogen metabolism are 
the glycogen-targeting subunits of protein phosphatase PP1, which bind to glycogen 
themselves and target PP1 to downstream substrates such as GS. Knowing that 
cellular glycogen is occupied with glycogen-binding proteins, and that AMPK 1-R6 
physical interaction is disrupted by a single amino acid mutation in the 1-CBM, we 
addressed the question of AMPK-binding to the glycogenic protein R6 (Chapter 3), 
which shows the highest level of expression in skeletal and cardiac muscle (48). From 
our work, we concluded that AMPK 2/R6 interaction has an inverse relationship with 
intracellular glycogen: AMPK 2/R6 interaction was weak with high intracellular 
glycogen content, whereas glycogen depletion strongly increased AMPK interaction 
with R6. Collectively, this data describes a possible model for glycogen–cytoplasmic 
cycling of AMPK under different metabolic conditions (Fig. 5). Under basal conditions, 
both glycogen-binding proteins, and possibly other glycogen-binding proteins such as 
GS, independent of each other, predominantly localize to glycogen to form a protein-
glycogen complex in order to facilitate glycogen-bound signaling (Fig. 5A; (i)). In 
skeletal muscle, glycogen synthesis under normal conditions is mostly controlled by 
the inhibition of GS (through phosphorylation by various kinases including AMPK). 
However, upon glycogen depletion muscle GS is also capable of translocating to the 
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nucleus (49) or cytoplasm (50). Therefore, we presume that glycogen-binding 
proteins are forced to leave the glycogen granule upon degradation in energy stress 
conditions, which supports the cytoplasmic physical (direct) interaction between 
AMPK 2 and R6, but may also induce the binding and phosphorylation of GS (Fig. 5A; 
(ii)). As R6 forms a PP1-R6 holoenzyme, one could expect that glycogenolysis initiates 
the formation of a cytosolic multi-protein complex, consisting of AMPK, R6, PP1, and 
GS amongst others, in which PP1 dephosphorylates its substrates, depending on the 
energy status of the cell (Fig. 5A; (iii)). In addition to increased AMPK 2/R6 
interaction, we observed that glycogen breakdown increases Thr-148 
phosphorylation (Fig. 5A; (ii)), an effect that is even further induced by the AMPK 
activator oligomycin (Chapter 2 and 3). Under these conditions, we assume that 
AMPK is part of a multi-protein complex. Altogether, the depletion of glycogen stores 
with consequent cytosolic shift of AMPK, which involves Thr-148 phosphorylation to 
block the return of AMPK to glycogen, as well as the maintained high catalytic activity 
of AMPK that changes its conformation to protect it from PP1-mediated 
dephosphorylation, facilitate sustained insulin-independent glucose import.  

The question remains open under which conditions AMPK would 
phosphorylate GS.  In the previous paragraph it was suggested that GS could be 
leaving the glycogen particle together with AMPK and R6, which may facilitate its 
AMPK-dependent phosphorylation (Fig. 5A; (ii)). Further evidence for this notion is 
found below (Figure 6). From an evolutionary point of view, we propose that prompt 
glycogen replenishment prepares the cell for new “fight or flight” events. Indeed, 
previously it was shown that during exercise, glycogen mainly functions as energy 
substrate (51), and that the rate of glucose import and glycogen synthesis increased 
after a bout of exercise in order to replenish glycogen stores (45). However, it is 
important to keep in mind that decreasing glycogen concentrations may increase GS 
activity via coordinated dephosphorylation of GS (50,52), whereas under these 
conditions, increased AMPK activity may simultaneously decrease GS activity by 
phosphorylating it. According to our data (Chapter 3), under low glucose conditions 
AMPK would leave glycogen as a result of breakdown. Hence, it may be speculated 
that during glycogen replenishment conditions the predominately cytoplasmic AMPK 
would be unable to affect GS activity, as AMPK would not be in close proximity to 
glycogen and its downstream target GS. However, our data points towards the idea 
that AMPK if localized to glycogen is rather inactive, whereas active AMPK 
predominantly localizes to the cytoplasm as a consequence of glycogen breakdown 
(Chapter 3). This would support the idea that cytosolic, active AMPK acts as a 
surveillant to properly control glycogen synthesis. Thus, a possible initial and 
transient AMPK-dependent inhibition of GS that occurs in the cytosol after glycogen 
depletion could serve the purpose of using glucose as an energy source to replenish 
cellular ATP before approving glycogen resynthesis as an energy costly process. In 
contrast, in absence of an additional energetic challenge the net effect of a cytosolic 
shift of AMPK (by means of 2-T148D overexpression) will rather be the glycogen 
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synthesis. Accordingly, the 2-T148D mutant is a valid tool for studying the 
physiological effects of cytosolic AMPK on glycogen metabolism, as this mutation 
precludes AMPK from binding to glycogen (17), enhances glucose uptake, and 
presumably prevents the inhibitory effect of AMPK on GS (Fig. 5B). Consequently, 
carbohydrates can be increasingly stored as muscle glycogen, thus allowing the cell to 
prepare for the next energy demand. Therefore, dissociation of AMPK from glycogen 
will likely have beneficial impact on myocellular glucose uptake and glycogen storage 
in the context of type 2 diabetes. 

 

 
 
Figure 5. Glycogen–cytoplasmic cycling of AMPK under different metabolic conditions. The possible 
impact of wild-type AMPK (A) vs. T148D mutant AMPK (B). (i) Glycogen-rich condition; (ii) glycogen-
deprived condition; (iii) glycogen-replenishment following increased glucose uptake. (adapted and 
extended from Chapter 3). 
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Our data revealed that AMPK/R6 interaction is decreased by culturing of cells 
in high glucose-containing media, which was leading to high glycogen content 
(Chapter 3). Vice versa, enhanced interaction between AMPK and R6 was observed 
under a glucose-deprived, low glycogen situation and occurs in conjunction with Thr-
148 phosphorylation (Chapter 3). Given that high glucose may induce PP1-R6-
mediated dephosphorylation of AMPK, we tested the effect of glucose recovery on 
AMPK 2/R6 interaction. As depicted in Figure 6, glucose recovery resulted in 
reduced AMPK activity (as shown by Thr-148 phosphorylation) and reduced the 
interaction between AMPK 2 and R6, and a similar pattern was found for GS.  
However, Thr-172 phosphorylation only transiently decreased around 5 minutes after 
glucose re-availability, but increased thereafter to levels similar to control (25 mM 
glucose continuous culturing). Due to technical limitations with available antibodies 
we could not show physical interaction with PP1. Nevertheless, these results are 
suggesting a sequential mechanism involving PP1-R6. We speculate that re-
availability of glucose (glucose recovery) is sufficient to meet the immediate 
intracellular energy demand. Accordingly, AMPK will change its conformation due to 
ATP bound, thus allowing for PP1-mediated dephosphorylation of AMPK at -pT172. 
R6-PP1 may then return to glycogen to support for resynthesis of glucose stores. With 
some delay, dephosphorylation of 2-Thr-148 will allow AMPK re-localization to 
glycogen (c.f., Fig. 5A (iii)). As yet, however, we do not fully understand the transient 
Thr-172 dephosphorylation and relatively high level of AMPK activation also in 
control conditions (25 mM continuous culturing). Nevertheless, these unknown 
mechanisms are apparently unrelated to AMPK 2/R6 interaction, since the complex 
has dissociated completely 30 minutes after recovery. 

 
 
Figure 6. Effect of glucose re-availability on AMPK–R6 interaction HEK293T cells transiently co-
transfected with AMPK 2-WT (myc- 1, mCherry- 2 and 1) and R6 (FLAG-R6). Briefly, cells were cultured 
under serum-starved low glucose conditions (3 mM) for 16 h. Subsequently, cells were recovered with 
serum-starved high glucose medium (25 mM) in a time-dependent fashion, as indicated. Exogenous myc-
AMPK 1 was immunoprecipitated using a myc-tag antibody, followed by incubation with protein G-
Sepharose beads, as described in Chapter 3. Western blot analysis was carried out using the indicated 
antibodies. 
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Interestingly, Mobbs et al. (53) provide with a different hypothesis that the 
Thr-101 insertion in AMPK 2, as compared to 1, further expands the pocket to make 
it more accessible for branched carbohydrates such as partially degraded glycogen. 
These findings would argue that the degradation of glycogen, which presumably 
occurs gradually per tier, allows for increased glycogen-binding of AMPK 2, 
suggesting that AMPK 2 might remain bound to the inner tiers of the glycogen 
particle, thereby enhancing the partnering of AMPK with glycogen-bound R6 and GS 
(Fig. 5A (ii)). Although this possibility is not ruled out, our data clearly indicate that 
glycogen breakdown results in increased phosphorylation of Thr-148. Since this post-
translational modification occupies the carbohydrate-binding pocket, it prevents the 
recruitment of AMPK to glycogen. Conversely, if AMPK would remain bound to 
glycogen, the increase in Thr-148 phosphorylation would not have taken place, since 
in the bound situation Thr-148 is not accessible for phosphorylation. Therefore, it is 
more likely that AMPK cycles away from glycogen, at the same time finds its 
interaction partners, and regulates glycogen replenishment from a cytosolic 
localization. Yet, whether the increase in AMPK/R6 interaction is a consequence of 
glycogen degradation per se or is enhanced by Thr-148 phosphorylation remains 
unclear at this moment. Future experiments employing the use of glycogen 
breakdown inhibitors (i.e., CP-91149), in addition to oligomycin for activating AMPK, 
could possibly clarify the role of Thr-148 phosphorylation on AMPK 2–R6 interaction. 
 
 
AMPK signaling: a possible role for other interaction partners 
AMPK signaling may also occur at specific cytosolic domains through its interaction 
with scaffold proteins, which promote the interaction of various signaling pathways. 
For instance, AMPK interacts with the TAK-1-binding protein-1 (TAB1), a scaffold 
protein mediating TAK-1 activation and p38 mitogen activated protein kinase 
autophosphorylation (54-56). Based on our results, we assume that AMPK, or R6, may 
also act as scaffold proteins for other interacting partners.  

Interestingly, a potential direct protein–protein interaction between Fyn and 
R6 was identified using the peptide arrays target screening (PATS) method (57). 
However, the physical interaction has not been further verified as yet. Increases in 
muscle energy demands activate AMPK and induce sarcolemmal recruitment of fatty 
acid translocase CD36, which plays a role in regulating cellular lipid utilization. CD36 
facilitates long-chain fatty acid uptake (58) and AMPK is known to increase fatty acid 

-oxidation by inhibiting acetyl-CoA carboxylase (ACC) through its phosphorylation 
(59). It has been shown that CD36 physically interacts with the Src family kinase Fyn 
(60), and regulates AMPK activity by decreasing Thr-172 phosphorylation in order to 
activate ACC and decrease fatty acid oxidation. Recently, Samovski et al. reported that 
AMPK regulation by CD36 is linked to fatty acid supply and multi-protein complex 
formation of CD36/Fyn/LKB1/AMPK (61). These researchers provided evidence that 
low exogenous concentrations of fatty acid exposure keeps AMPK in a quiescent state 
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by promoting Fyn-dependent LKB1 phosphorylation, which drives nuclear 
localization of LKB1. Upon fatty acid binding to CD36, Fyn dissociates from the 
complex, by which nuclear translocation of LKB1 is prevented. This allows LKB1 to 
remain cytosolic and activate AMPK. Consequently, LKB1 induces cytosolic activation 
of AMPK to promote fatty acid oxidation. Therefore, a direct protein–protein 
interaction between Fyn and R6 could provide with an interesting link. Given that 
AMPK activation status is regulated by phosphorylation/dephosphorylation, the 
findings that Fyn interacts with CD36/LKB1 to inhibit LKB1-mediated AMPK 
activation under quiescent conditions, suggest that Fyn could recruit PP1–R6 to the 
CD36/LKB1 complex to initiate dephosphorylation of AMPK. Together, this would 
suggest that AMPK, R6 and Fyn could play a very significant role, i.e. linking glycogen 
and fatty acid metabolism. 

Another group of researchers has shown that AXIN, a central regulator of Wnt 
signaling, recruits LKB1 for phosphorylation of AMPK. Rises in intracellular AMP 
concentration increases the affinity of AMPK for AXIN, which at the same time, 
recruits LKB1, thereby promoting the activation of AMPK by Thr-172 
phosphorylation. This model suggests for the vicinity of phosphatases to allow for 
immediate adaptation to metabolic changes. Indeed, Luo et al. reported that PP1 
interacts with AXIN. This interaction was investigated in the context of Wnt signaling, 
showing that PP1 controls the AXIN/GSK-3 complex by means of coordinated 
phosphorylation and dephosphorylation of AXIN. GSK-3 has been shown to play a role 
in insulin-stimulated glucose transport and GS activation. Therefore, PP1/AXIN/GSK-3 
may take part in the multi-protein complex in response to AMPK dissociation from 
glycogen, suggesting that those AMPK interacting proteins may be involved in 
glycogen metabolism.  

 
 

Excluding AMPK from access to glycogen in order to apply the brakes on 
glycogen synthesis? 
Whereas in type 2 diabetes the disposal of plasma glucose into muscular glycogen is 
diminished, studies have also demonstrated that chronic activation of AMPK results in 
glycogen accumulation in both skeletal and cardiac muscles, thus adding a layer of 
complexity. However, whether the subcellular localization of AMPK has a major 
impact in the dysregulation of glycogen deposition, to our knowledge, has never been 
addressed.  

The -subunit is an important subunit for regulation of AMPK as it senses the 
intracellular AMP:ATP ratio. Traditionally, binding of AMP allosterically activates the 
enzyme and protects it from dephosphorylation at Thr-172. The naturally-occurring 
R302Q mutation in the AMPK 2 subunit is associated with the Wolff-Parkinson-White 
(WPW) syndrome (62,63). WPW is characterized by excessive intramyocellular 
glycogen deposition and cardiac hypertrophy that is associated with ventricular pre-
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excitation and consequent impairment of electric conduction (64). Although a number 
of 2-mutations have been associated with increased AMPK activity (63), previous 
studies described discrepancies in AMPK activity as a consequence of the 2-R302Q 
mutation. Several reports suggested that the observed increases in glycogen storage 
were due to the inability of AMPK to inhibit GS as a result of impaired AMP-induced 
AMPK activation (65,66), implying that R302Q is a dominant negative mutation. 
Paradoxically, others have reported that R302Q was associated with an increased 
AMPK activity and resulted in increased glucose transport and glycogen synthesis 
(67), suggesting that R302Q might be a gain-of-function mutation that constitutively 
activates the holoenzyme and overrides the normal inhibition of glycogen synthesis. 
Alternatively, our model supports the concept that -Thr-148 autophosphorylation, 
which makes AMPK to remain cytosolically localized, might occur as a consequence of 
constitutive AMPK activation thereby ceasing the inhibition of GS activity (68). Does 
this mean that the subcellular localization of AMPK is the underlying cause, or in other 
words, that relocalization of AMPK to glycogen is capable of reversing the glycogen 
accumulation and consequent disease symptoms seen in WPW?  

To address this kind of questions, we developed biological tools to investigate 
localization-dependent AMPK function and/or activation (Chapter 3; Experimental 
Procedures). These tools consist of the smallest available tag (FlAsH-tag; optimized 
tag 12 AA) for protein-labeling in living cells, based on the affinity of the green FlAsH 
or red ReAsH reagents. Thus, in order to optimize co-localization studies on muscle-
specific AMPK 2, we decided to exchange the large mCherry tag (27 kD) with the 
FlAsH tag, and generate stable cell lines. Alternatively, we generated both adenoviral 
and retroviral constructs encompassing the 2R302Q mutation in order to investigate 
the role of -Thr-148 in the context of WPW (not shown). Currently, all tools are 
available for studying, for instance, the physiological implications of -Thr-148 
phosphorylation on AMPK localization in a variety of cellular models mimicking these 
pathophysiological conditions. We hypothesize that interference with cytosolic AMPK 
localization, thus driving AMPK towards glycogen, may inhibit glycogen synthesis, an 
implication that is expected to be beneficial for WPW patients. 

Another crucial link between AMPK and glycogen metabolism, either 
glycogen accumulation (WPW) or glycogen deficit (type 2 diabetes), may be the 
glycophagic process. This process is distinct from normal macrophagy, as it selectively 
targets glycogen for lysosomal degradation via autophagic recruitment, for instance in 
hepatocytes from newborns (69). More recently, it has been reported that the 
glycophagic pathway also exists in the adult heart (70,71), which is responsive to 
insulin and exposure to extracellular high glucose. Besides the prominent role in 
classical autophagic pathways, AMPK is also involved in glycophagy (70). Activation of 
glycophagy might have potential beneficial effects on glycogen-storage diseases, such 
as  WPW, Pompe’s disease (72), Danon disease (73), and Lafora disease (74), each of 
which are characterized by aberrant accumulation of glycogen. Furthermore, 
glycophagy may be an alternative mechanism to control glucose homeostasis under 
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conditions of sugar demand, such as acute metabolic stress. Based on the fact that 
AMPK is involved in glycophagy, it might be speculated that AMPK subcellular 
localization may have great impact on this process, thereby regulating glycogen 
metabolism. Thus, further investigations on the role of AMPK in glycophagy, 
particularly in relation to glycogen–cytoplasmic cycling of AMPK, will be informative.  
 
 
Visualization of glycogen-localized AMPK  
The precise coordination of basic cellular and molecular processes is essential for the 
existence of living cells/organisms. Fluorescent protein-based biosensors coupled 
with live-cell imaging allow for the visualization of such events (75) and, for instance, 
have advanced our current understanding of certain signaling pathways on a 
subcellular level. Förster resonance energy transfer (FRET)-based reporters provide 
information about dynamic posttranslational modifications, such as phosphorylation 
in living cells (76), which cannot be detected using traditional biochemical techniques 
(75). For instance, a high-throughput method, using ratiometric FRET-based 
fluorescent sensors, has been applied for the reading of dynamic kinase activities (77). 
As mentioned before, the particular role of AMPK at different subcellular localizations 
remains unclear. Tsou et al. reported on the visualization of cytoplasmic versus 
nuclear endogenous AMPK activity in living cells using an AMPK-specific biosensor 
(78). Recently, Miyamoto et al. provide insight into the compartmentalized regulation 
of AMPK using various AMPK biosensors, for detection of cytosolic, nuclear, 
membrane, Golgi, ER, mitochondrial and lysosomal fractions, respectively, which rely 
on high spatiotemporal precision (79). Consistent with our findings (Chapter 4), 
these researchers demonstrate that the cytosolic FRET efficiency, determining the 
AMPK activity in the cytoplasm, increases in response to glucose-deprivation (79). For 
the first time, they provided evidence that genetically encoded compartment-specific 
fluorescent biosensors, which can be targeted to specific subcellular localizations, 
represent a powerful real-time approach for understanding the intracellular and 
spatiotemporal behavior of AMPK. In this respect, it is of particular interest to study 
the dynamic glycogen-localized AMPK activity, thus addressing the dynamic interplay 
of AMPK and glycogen, an area of research that, to our knowledge, has not been 
studied yet. To achieve this, we have been exploring novel AMPK biosensors (Chapter 
4), which by means of the CBM 2 sequence are targeted to glycogen, and thus should 
allow for the monitoring of glycogen-localized AMPK activity (Fig. 7) using a 
FLIM/FRET approach. While modest in scope, our study provides a compelling 
stimulus for further work to develop a more complete understanding of the dynamic 
regulation of localized (glycogen versus cytoplasmic) AMPK activity. Given the rapidly 
evolving drug discovery field, the application of genetically encoded fluorescent 
biosensors might further advance our understandings of the mechanism of action of 
potential novel drug candidates, such as presented in Chapter 5.  
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Figure 7. Principle of FRET-based reporting of glycogen-localized AMPK activity using the 2-CBM 
(adapted from Chapter 4). 
 
 
Future perspectives 
The research described in this thesis has highlighted several important facets of AMPK 
regulation. Although the finishing line of the Tour d’AMPK has not been reached yet, 
the current status of research provides both advanced insight and ample novel 
opportunities for furthering our understanding with regard to exact regulation and 
physiological outcome of the glycogen–cytoplasmic cycling of AMPK. Translating our 
knowledge into more complex ex vivo/in vivo model systems, e.g., using transgenic 
rodents or established disease models, will further clarify how interference with the 
AMPK–glycogen dynamics could have beneficial effects in the context of metabolic 
diseases such as type 2 diabetes (decreased cellular glycogen content) and WPW 
(increased cellular glycogen content). Several options for future research on the 
interplay between AMPK and glycogen metabolism and the role of modulators 
involved in this process are sketched below.   

 
In vivo dynamic regulation of AMPK 
Translation of the in vitro cell culture data into experimental animal models would 
allow for further studying the role of Thr-148 phosphorylation and yield physiologic 
data, and drawing conclusions on interaction between organs. To directly assess the 
physiological impact of Thr-148 phosphorylation on glucose and glycogen 
metabolism, we could make use of transgenic mice overexpressing muscle-specific 
(MLCK or MCK-driven) 2-WT and 2-T148D. These mice would offer the unique 
perspective of determining the whole body metabolic effects of changing the 
subcellular localization of AMPK. Full characterization of the mouse will include 
determination of muscle glycogen, as well as measurement of insulin-stimulated 
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glucose uptake. High-fat diet induced insulin resistance or exercise regimes may be 
required to further investigate the metabolic stability of these transgenics. On the 
molecular level, it might be interesting to check for the AMPK activity status and 
AMPK-dependent signaling (i.e., ACC-Ser-79 and GS-Ser-7 phosphorylation). Tissue 
sections may show structural differences between the muscles of the mutants and 
may be further investigated using immunological techniques also to show AMPK 
localization and to visualize glycogen.  

An alternative, interesting approach to study the physiological role of tissue-
specific AMPK 2-Thr-148 phosphorylation is the in vivo transfection of plasmids in 
fully differentiated myotubes of rodents (80). To achieve this, it would be of interest to 
express fluorescently-tagged genetically modified forms of AMPK (i.e., transfection of 
mCherry-tagged 2-T148D into skeletal muscle of one leg, while the contralateral 
muscle receives the mCherry-tagged 2-WT control plasmid) in order to assess its 
functional relevance in more detail, e.g., with respect to the endogenous distribution 
of AMPK and the interaction of AMPK with binding partners and with glycogen. 
Fluorescent microscopy and 2-photon laser scanning microscopy would allow for 
identification of the overall expression, whereas the latter would also aim for high-
resolution imaging deep into muscle tissue of living rodents (e.g., C57BL/6 mice), 
gaining detailed insight into the intracellular localization. To overcome the 
physiological consequence of interference by endogenous protein, one could apply 
this technique in whole-body AMPK 2 knockout mice (47) or muscle-specific 
AMPK 1 2 double knockouts (81).  

Another in vivo experimental approach to determine the potential direct 
effect of glycogen content on Thr-148 phosphorylation or AMPK/R6 interaction is to 
deplete glycogen by altering the pre-exercise glycogen levels in one single leg of a 
rodent by means of single-legged (treadmill) exercise prior to performing two-legged 
exercise (82). The advantage of single-legged exercise is to have a second leg serving 
as an internal control. Parameters to be considered may be the phosphorylation status 
of AMPK (e.g., p-Thr-172, p-Thr-148) and AMPK-dependent signaling (e.g., p-ACC-Ser-
79, pGS-Ser-7), rates of glucose uptake, fatty acid oxidation and muscle glycogen 
content, synthesis, and enzyme activity and protein levels (e.g., GS and GP), 
measurements of blood glucose levels, and AMPK-dependent signaling pathways on 
transcriptional and translational level.  

In addition, to evaluate, in an in vivo setting, whether AMPK–R6 interaction is 
largely attributed to changes in intracellular glycogen content, rodents (e.g., C57BL/6 
mice) could undergo prolonged fasting followed by refeeding. We anticipate that 
starvation followed by refeeding will induce an excessive glycogen accumulation, 
providing information on the dynamic regulation of AMPK–R6 interaction by 
glycogen, e.g., by assessing protein–protein interactions, skeletal muscle glycogen 
storage, glycogen fractionation and signaling pathways on transcriptional and 
translational level. Alternatively, the effect of glycogen on AMPK–R6 interaction 
and/or Thr-148 phosphorylation can be assessed by comparing a group of mice that 
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only performed acute treadmill exercise with a second group that is exposed to a 
carbohydrate-rich diet following acute treadmill exercise. A third group may serve as 
sedentary controls. Parameters to be measured may be similar to the ones described 
above. Based on our results, we believe that AMPK–R6 interaction is under control of 
intracellular glycogen, showing that this interaction is required for proper 
coordination of glycogen metabolism. 

Ultimately, gathered knowledge could be translated into established disease 
models (e.g., diabetic (ob/ob) mice). Such established disease models would enable for 
assessing the occurrence and/or significance of Thr-148 phosphorylation or, 
alternatively, whether changes in AMPK subcellular localization can considerably 
improve obesity and/or type 2 diabetic outcomes, i.e. by investigating the concept of 
inhibiting the binding of AMPK to glycogen in insulin resistance. Muscle-specific 
effects could be addressed in such diseased models by means of recombinant 
adenoviral vectors for gene delivery to the target tissue (83). We anticipate that 
shifting AMPK away from glycogen (AMPK 2-T148D) improves glycogen metabolism 
in a type 2 diabetic situation by increasing glucose uptake and ceasing the inhibition 
of glycogen synthesis, thus increasing glycogen storage. 

It might also be interesting to translate our knowledge to established WPW 
disease models (84), which have been characterized by excessive glycogen 
accumulation and consequent cardiac defects. Such models would allow for drawing 
solid conclusions on the significance of glycogen-bound vs. free cytosolic AMPK, as we 
anticipate that driving AMPK towards glycogen may inhibit glycogen synthesis, an 
effect that is expected to be beneficial for WPW patients.  

Finally, as autophosphorylation of Thr-148 causes loss of glycogen-binding 
capacity to glycogen, the CBM can be viewed as a new target for therapeutic 
intervention in the development of drugs to shift AMPK away from its original 
destination at glycogen. Therefore, the administration of AMPK- -CBM-targeted drugs 
(Chapter 5) to the in vivo models as described above might help in the search for 
novel therapeutic drugs to combat metabolic diseases such as type 2 diabetes. 
 
 
Concluding Remarks 
The interplay between AMPK and glycogen metabolism and the role of interacting 
proteins, especially PP1-glycogen-targeting subunit R6, involved in this process has 
been elaborated with focus on normal physiological conditions. Further studies are 
required to clarify the metabolic consequences for the heart under pathophysiological 
conditions, but also for skeletal muscle and liver in particular, because these latter 
tissues are quantitatively the major sites of glycogen storage.  
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AMP-activated protein kinase (AMPK) is a metabolic master switch that plays a key 
role in maintaining energy homeostasis. This thesis has shed light into the functional 
role and regulation of AMPK in glycogen metabolism, advanced our understanding of 
AMPK activity at the subcellular level, and focused on finding a novel therapeutic 
strategy to shift AMPK away from glycogen, which may have beneficial impact on 
metabolic diseases such as type 2 diabetes. Further, this thesis introduces a new 
concept, the glycogen–cytoplasmic cycling of AMP-activated protein kinase, that is 
pictured as ‘Tour d’AMPK’. 
 
Chapter 1 introduces the two key players of this thesis: AMPK and glycogen. AMPK is 
an enzyme that is only functional and stable upon formation of an obligatory  
heterotrimer. The -subunit is a catalytic subunit that carries the threonine-172 
phosphorylation site within the kinase domain. The -subunit allows AMPK to sense 
changes in adenine nucleotides, thereby regulating AMPK activity, whereas the 
regulatory -subunit is responsible for regulating AMPK activity, and more 
importantly, localization to and from glycogen owing to a carbohydrate-binding 
module (CBM) being part of the -subunit. Recent discoveries suggest that AMP is 
known to have three different effects on the activation of AMPK: (i) promotion of 
phosphorylation by upstream kinases to phosphorylate the enzyme at threonine-172, 
thereby activating AMPK, (ii) protection against the dephosphorylation of AMPK by 
protein phosphatases, and (iii) allosteric activation of AMPK. The introductory chapter 
further describes the coordination of myocellular glucose uptake and glycogen 
metabolism, discusses the structure of glycogen and provides insight into 
carbohydrate–protein interactions by specifying the role of the CBM in general. In 
more detail, this chapter presents the structure, activity, tissue-specific expression 
and function, and highlights the role and regulation of the AMPK -CBM domain. 
Altogether, in this chapter, the interplay of AMPK with glycogen and/or its glycogen-
binding proteins has been evaluated. 
 
In Chapter 2, the molecular mechanism responsible for AMPK localization to and 
from glycogen was investigated. Although the -subunit of AMPK carries a CBM, AMPK 
is known to localize to a variety of subcellular localizations, such as the cytoplasm or 
glycogen. Using cell-free carbohydrate-binding assays, our data revealed that AMPK 
autophosphorylation rather than AMPK activation is involved in the regulation of 
AMPK–glycogen binding. Furthermore, structural data disclosed the presence of the 
threonine-148 (Thr-148) residue, centrally situated in the carbohydrate-binding 
pocket. Substitution of Thr-148 to a phospho-mimicking aspartate (T148D) resulted 
in loss of carbohydrate-binding ability of the AMPK- -CBM in cell-free assays. 
Immunofluorescence studies confirmed that the T148D mutant had lost its capability 
of binding to intracellular glycogen, whereas wild-type CBM localizes to glycogen 
particles. Breakdown of glycogen, which was induced by lowering glucose availability 
and/or pharmacological activation of AMPK, enhanced phosphorylation of Thr-148.  
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In contrast to overexpression of AMPK- -T148D, the intracellular glycogen content 
further decreased upon overexpression of wild-type AMPK. Altogether, these data 
suggest that phosphorylation of Thr-148 of AMPK  is involved in regulating the 
synthesis and breakdown of glycogen.  
 
Chapter 3 provides novel insight into the role of muscle-specific AMPK 2 and the 
involvement of Thr-148 phosphorylation in regulating glycogen metabolism. In this 
chapter, yeast-two-hybrid analyses and co-immunoprecipitation assays in HEK293T 
cells showed protein-protein interaction between wild-type AMPK 1 or AMPK 2 and 
the protein phosphatase 1 (PP1)-glycogen targeting subunit R6 upon overexpression, 
an interaction that occurred via the substrate-binding motif of R6. AMPK 2 
interaction with R6 was weak upon culturing HEK293T cells and C2C12 myotubes in 
high glucose, whereas glycogen breakdown significantly induced the interaction. 
Substitution of Thr-148 to the phospho-mimicking aspartate (T148D) prevented the 
interaction from occurring, independently of the intracellular glycogen content. 
Treatment of cells cultured in low glucose with the known AMPK activator oligomycin 
not only increased Thr-148 phosphorylation, but also enhanced the interaction 
between muscle-specific AMPK 2 and R6. These data indicate that R6 directly binds 
to AMPK 2 presumably after leaving the degrading glycogen particle, and that this 
interaction occurs in conjunction with increased AMPK 2 Thr-148 phosphorylation. 
This model suggests that AMPK 2/R6 interaction is dynamically regulated by the 
intracellular glycogen content. Whether AMPK is under proper control by the protein 
phosphatase complex PP1–R6 under conditions of glycogen breakdown in muscle 
needs further investigation.  
 
In Chapter 4, cytoplasmic AMPK activity was monitored using a novel optimized 
AMPK-specific Förster Resonance Energy Transfer (FRET) biosensor, referred to as 
ASS, based on Fluorescence Lifetime Imaging Microscopy (FLIM) technology, as the 
activity of (glycogen-) localized AMPK is understudied. Data revealed a strong 
increase in basal FRET efficiency upon nutrient starvation in HL-1 cardiomyocytes 
overexpressing wild-type ASS. However, this increase impaired further monitoring of 
changes in average cyan fluorescent protein (CFP) lifetime induced by the known 
AMPK activator oligomycin. Optimization of the experimental conditions revealed that 
glucose/serum-rich medium (non-starvation) minimized this effect. Although 
oligomycin increased the FRET efficiency of wild-type ASS, the effect was mainly 
attributed to the DMSO vehicle. In contrast, the AMPK activator 5-aminoimidazole-4-
carboxamide ribonucleotide (AICAR), an AMP analog, enhanced FRET efficiency of 
wild-type ASS-expressing cells in a time- but not dose-dependent manner, whereas 
overexpression of a non-phosphorylatable mutant ASS biosensor prevented FRET 
from occurring. Altogether, these data revealed that the wild-type ASS biosensor is 
capable of detecting increased AMPK activity albeit that the dynamic range is limited, 
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suggesting that FLIM/FRET can be used as an approach to properly monitor 
fluctuations of intracellular AMPK activity.  
 
Chapter 5 highlighted the importance of AMPK as therapeutic drug target and 
provided insight into a novel drug-targeting approach based on the CBM of AMPK. 
This strategy was based on three different methods (i) virtual ligand screening, (ii) 
carbohydrate-binding competition assay, and (iii) determination of the CBM 
subcellular localization pattern of the AMPK-CBM. Two of the top candidate 
compounds had intracellular micromolar affinities for cycling the AMPK-CBM away 
from glycogen, and direct binding of these compounds to the AMPK-CBM was 
observed using the surface plasmon resonance technique. Furthermore, in cellular 
assays, the most active and high-affinity compound induced increased intracellular 
AMPK activity and phosphorylation of the downstream target acetyl-CoA carboxylase 
(ACC). Moreover, this compound was capable of increasing glucose and long-chain 
fatty acid uptake in cultured HL-1 cardiomyocytes, an effect that was inhibited by the 
AMPK inhibitor Compound C. These data imply that compound-based targeting of the 
AMPK-CBM shifts AMPK away from glycogen and regulates AMPK activity, a dual 
effect that might have beneficial outcomes with respect to metabolic diseases such as 
type 2 diabetes. 
 
Chapter 6 shortly recapitulates the concept of the ‘Tour d’AMPK’, recapitulated and 
elaborates on the novel findings described in the experimental chapters 2, 3, 4 and 5, 
and integrated these novel data with current knowledge in order to provide exciting 
future perspectives. Altogether, this chapter discussed the interplay of AMPK and 
glycogen metabolism and focused on the role of interacting glycogen-related proteins, 
in particular the PP1 glycogen-targeting subunit R6. Although the finish line of the 
‘Tour d’AMPK’ has not been reached yet, this chapter provides ample novel ideas 
and/or approaches to support the search for the metabolic impact of glycogen–
cytoplasmic cycling of AMPK (e.g., on heart, skeletal muscle and liver) under both 
healthy and pathophysiological conditions. In summary, the assembly of generated 
knowledge, speculations and/or future directions described in this thesis allows for 
further elucidating the exact role and significance of AMPK in glycogen metabolism, 
with special reference to the heart and other relevant tissues strongly linked to 
metabolic diseases such as type 2 diabetes.  
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Het eiwit AMP-activated protein kinase (AMPK) speelt een essentiële rol in de 
stofwisseling door te functioneren als sensor bij het behoud van de energiebalans, 
zowel in afzonderlijke cellen als in het gehele lichaam. In dit proefschrift is specifiek 
de functie bestudeerd van AMPK bij de regulatie van het glycogeenmetabolisme. 
Glycogeen is de vorm waarin met de voeding opgenomen koolhydraten in de cel 
worden opgeslagen. Omgekeerd hadden deze studies ook tot doel te achterhalen of de 
activiteit van het AMPK afhankelijk is van de plaats waar het zich bevindt in de cel. 
Daarnaast hebben we, door middel van een innoverende aanpak, getracht te 
onderzoeken of beïnvloeding van de AMPK–glycogeen interactie, dat wil zeggen het 
binden van AMPK aan glycogeen en het vervolgens weer loslaten, een gunstige 
werking zou kunnen hebben op metabole ziekten zoals type 2 diabetes. Kortom, dit 
proefschrift introduceert een nieuw concept, dat ik ‘Tour d’AMPK’ heb genoemd. 
 
Hoofdstuk 1 beschrijft de twee belangrijkste elementen van dit proefschrift, namelijk 
het eiwit AMPK en glycogeen. AMPK is een enzym dat alleen stabiel en dus werkzaam 
is wanneer het een complex vormt op basis van drie verschillende onderdelen, 
namelijk . Het katalytische -onderdeel bevat een kinase domein waarin het 
belangrijke threonine-172 residu (Thr-172) is gelegen. Het -onderdeel reguleert de 
activiteit van het eiwit AMPK door de binding van ribonucleotiden. Het derde, en in dit 
proefschrift belangrijkste, onderdeel is de  subeenheid. Ook dit onderdeel is 
betrokken bij het regelen van de activiteit van AMPK, maar bevat daarnaast ook een 
domein dat ervoor zorgt dat AMPK aan glycogeen kan binden, het zogeheten 
koolhydraat-bindend domein (carbohydrate-binding module, CBM).  

Recente studies hebben aangetoond dat adenosinemonofosfaat (AMP) op drie 
verschillende manieren de activiteit van AMPK kan reguleren. (i) AMP kan enkele 
enzymactivatoren (kinases), die hogerop in de signaalcascade staan, stimuleren om 
Thr-172 te fosforyleren; hierdoor wordt AMPK geactiveerd. (ii) AMP beschermt AMPK 
tegen defosforylatie door specifieke fosfatases. (iii) AMP activeert AMPK op 
allosterische wijze; dit houdt in dat er een conformatieverandering van het enzym 
plaatsvindt waardoor het actief wordt.  

In dit inleidend hoofdstuk wordt ook de communicatie tussen AMPK, 
glycogeen en andere betrokken eiwitten beschreven. Hiervoor gaat dit hoofdstuk 
dieper in op de structuur van glycogeen, het proces van glycogeenopbouw en -afbraak 
(glycogeenmetabolisme) in hart- en spiercellen, en op de algemene functie van het 
CBM domein. Om het verband tussen AMPK en glycogeen te verduidelijken worden de 
rol, structuur, activiteit en orgaan-specifieke functies van AMPK besproken en wordt 
in het bijzonder aandacht besteed aan de taak van het CBM domein van AMPK.  
 
  



 

 
 

 

 

 

 

Sv 

 
 

 
 

 

Samenvatting 

169 

In hoofdstuk 2 is gezocht naar het onderliggende moleculaire mechanisme dat 
bepaalt of AMPK zich verenigt met glycogeen of niet. Ondanks het feit dat het CBM 
domein, gelegen in het -onderdeel van AMPK, ervoor zorgt dat AMPK kan binden aan 
glycogeen, blijkt uit onderzoek dat niet alle AMPK gebonden is aan glycogeen. Door 
middel van technieken waarbij in vitro de bindingscapaciteit van AMPK aan 
koolhydraten (zoals glycogeen) kan worden opgespoord, hebben we kunnen aantonen 
dat het niet de activatie maar de autofosforylatie van AMPK is die ervoor zorgt dat 
AMPK los komt van glycogeen.  

In de literatuur recent beschikbaar gekomen gegevens over de eiwitstructuur 
van AMPK toonden aan dat het threonine-148 residu (Thr-148) centraal ligt in de 
‘binding-pocket’ van het -CBM domein. Op grond daarvan hebben we gebruik 
gemaakt van een AMPK mutant waarbij Thr-148 vervangen werd door een 
asparaginezuur (T148D), om zo het effect van constitutieve Thr-148 fosforylatie na te 
bootsen. We ontdekten dat door deze mutatie AMPK niet meer kon binden aan 
glycogeen, terwijl het oorspronkelijke (wild-type) AMPK–CBM domein wel kon 
binden. Met behulp van fluorescentiemicroscopie hebben we dit bevestigd.   

Tenslotte hebben we in hartspiercellen gevonden dat de afbraak van 
intracellulair glycogeen resulteerde in een verhoogde fosforylatie van Thr-148. Door 
het glucosegehalte in het omringende medium te verlagen of door farmacologische 
activatie van AMPK werd deze cellulaire glycogeen-afbraak in gang gezet. 
Overexpressie van wild-type AMPK had een sterker effect op de afbraak van glycogeen 
dan de T148D mutant. Dit alles wijst er op dat de fosforylatie van het Thr-148 residu 
een prominente rol speelt in de regulatie van het glycogeenmetabolisme.  
 
In hoofdstuk 3 komt vooral AMPK 2 aan bod. Deze AMPK isovorm komt 
voornamelijk voor in hart- en skeletspieren. In dit hoofdstuk wordt dieper ingegaan 
op de rol van 2-Thr-148 met betrekking tot het glycogeenmetabolisme. Met behulp 
van methodes zoals de gist two-hybrid analyse en co-immunoprecipitatie hebben we 
kunnen aantonen dat zowel AMPK 1 en AMPK 2 interageren met het eiwit R6. R6 is 
een eiwit dat in staat is om het enzym protein phosphatase 1 (PP1) naar glycogeen te 
begeleiden. Zonder aanwezigheid van het substraatbindingsdomein gelegen in R6 kan 
deze wisselwerking niet plaatsvinden. Wanneer HEK293T cellen en C2C12 
spierbundels gekweekt werden in een kweekmedium met een hoog glucosegehalte 
was de interactie tussen AMPK 2 en R6 zwak. Echter, wanneer het intracellulaire 
glycogeengehalte van deze cellen werd verlaagd, observeerden we een sterkere 
wisselwerking tussen de twee eiwitten.  

Substitutie van Thr-148 door een asparaginezuur (T148D) zorgde ervoor dat 
de wisselwerking tussen AMPK en R6 niet kon plaatsvinden. Dit stond los van het 
intracellulaire glycogeengehalte. Wanneer echter wild-type cellen waren gekweekt in 
een kweekmedium met een laag glucosegehalte, en daarna blootgesteld aan de AMPK-
activator oligomycine, zagen we zowel een toename in de fosforylatie van Thr-148 als 
een versterkte interactie tussen AMPK 2 en R6.  
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Deze gegevens wijzen erop dat R6 een directe binding kan aangaan met AMPK 2, 
waarschijnlijk nadat beide eiwitten loskomen tijdens het afbraakproces van 
glycogeen. Dit doet ons veronderstellen dat de wisselwerking tussen AMPK 2 en R6 
op dynamische wijze gereguleerd wordt door het intracellulaire glycogeengehalte. De 
vraag of AMPK gereguleerd wordt door het eiwit complex PP1–R6 vereist verder 
onderzoek. 
 
In hoofdstuk 4 onderzochten we de cytoplasmatische activiteit van AMPK onder 
verschillende omstandigheden. Het meten van deze activiteit was gebaseerd op het 
gebruik van een nieuwe, geoptimaliseerde AMPK-specifieke biosensor (hierna ASS 
genoemd). Om de cytoplasmatische AMPK activiteit te kunnen visualiseren hebben we 
Förster Resonance Energy Transfer (FRET) in combinatie met fluorescence lifetime 
imaging microscopie als techniek gebruikt. Onze experimenten zijn uitgevoerd op 
bepaalde hartspiercellen (HL-1 cellen) waarin de ASS-biosensor tot expressie is 
gebracht. Wanneer aan het kweekmedium van deze cellen zowel serum als glucose 
werd onttrokken, werd een verhoging in het basale FRET rendement gemeten; een 
waarde berekend op basis van gemiddelde lifetime van het cyaan fluorescentie eiwit 
(cyan fluorescent protein, CFP). Echter, de meting van een mogelijke, door oligomycine 
gestimuleerde, verdere stijging in FRET rendement werd belemmerd door deze 
onverwacht hoge toename. Door het eerder genoemde kweekmedium te vervangen 
met medium waaraan glucose en serum werden toegevoegd konden we de 
ongewenste stijging voorkomen. Hoewel oligomycine op basis van dit medium het 
FRET rendement leek te verhogen in de cellen, bleek dit effect echter te danken aan 
het oplosmiddel DMSO.  

Wanneer we HL-1 cellen, die ASS tot overexpressie brengen, blootstelden aan 
een andere activator van AMPK, namelijk 5-aminoimidazole-4-carboxamide 
ribonucleotide (AICAR), zagen we een duidelijke toename in FRET rendement. Deze 
toename bleek wel tijdsgebonden, maar niet concentratiegebonden te zijn. Dit FRET 
effect vond echter niet plaats wanneer HL-1 cellen een ASS mutant biosensor tot 
expressie brachten, die niet gefosforyleerd kan worden. Samengevat wijzen deze 
resultaten erop dat de (wild-type) ASS biosensor een hulpmiddel kan zijn om 
verhoogde AMPK activatie in levende cellen te detecteren. Toepassing van deze 
techniek zou het mogelijk moeten maken om schommelingen in de intracellulaire 
activiteit van glycogeen-gebonden AMPK nauwkeurig te kunnen waarnemen. 
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In hoofdstuk 5 staat het loskomen van AMPK van zijn binding aan glycogeen centraal. 
Hierbij doelen we op de therapeutische mogelijkheden van AMPK en hebben we 
gescreend op kleine moleculen met het CBM domein als doelwit. Deze drug-targeted 
strategie bestond uit drie opeenvolgende methodes: (i) een virtuele ligand screening, 
(ii) een competitie assay gebaseerd op het CBM domein, en (iii) de waarneming van 
het intracellulaire glycogeen bindingspatroon van het CBM domein. Twee van de top-
kandidaat moleculen hadden een hoge affiniteit (micromolair) voor het CBM domein 
waardoor AMPK gescheiden kon worden van glycogeen. Daarnaast werd met de 
surface plasmon resonance techniek bevestigd dat deze moleculen direct konden 
binden aan het CBM domein van AMPK.  

Blootstelling van cellen aan het meest actieve molecuul resulteerde in een 
verhoging van de activiteit van AMPK. Tevens vonden we een toename in de 
fosforylatie van het eiwit acetyl-CoA carboxylase (ACC), dat in de signaleringscascade 
zich downstream bevindt van AMPK. Daarnaast zorgde dit molecuul voor een 
verhoogde opname van glucose en van vetzuren door HL-1 hartspiercellen, terwijl dit 
effect geremd werd door de enzymremmer Compound C. Onze studie suggereert dat 
de drug-targeted strategie die we hier beschrijven, dat wil zeggen, het onderbreken 
van de AMPK–glycogeen wisselwerking door middel van een klein molecuul specifiek 
gericht tot het CBM domein van AMPK, zou kunnen worden toegepast om zo de 
glycogeenvoorraad van hart- en skeletspiercellen van type 2 diabetes patiënten beter 
op peil te kunnen houden. 
 
Tenslotte wordt in hoofdstuk 6 een algemene beschouwing gegeven van de 
bevindingen beschreven in de experimentele hoofdstukken 2, 3, 4 en 5. Integratie van 
deze nieuwe onderzoeksresultaten en de huidige kennis van AMPK opent nieuwe 
wegen. Dit hoofdstuk bediscussieert de wisselwerking tussen AMPK en het 
glycogeenmetabolisme en richt zich op de essentie van glycogeen-bindende eiwitten, 
in het bijzonder het eiwit R6. Ondanks dat de eindstreep van deze ‘Tour d’AMPK’ nog 
niet in zicht is, levert dit proefschrift een grote hoeveelheid nieuwe ideeën om verder 
onderzoek te stimuleren. Het doel is om completer inzicht te krijgen in de rol van de 
AMPK–glycogen cycling, enerzijds in gezonde cellen, en anderzijds onder 
verschillende pathofysiologische omstandigheden. De nieuwe kennis en 
vooruitzichten in deze thesis dagen ertoe uit om de functie die AMPK heeft in het 
reguleren van het glycogeenmetabolisme verder uit te diepen. Zonder twijfel is dit van 
groot belang niet alleen voor het hart maar ook voor andere organen die betrokken 
zijn bij metabole ziektes zoals type 2 diabetes. 
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Socioeconomic relevance 
It is well recognized that diet and physical inactivity are major contributors to obesity 
and diabetes. Diabetes is one of the most common chronic diseases in the Netherlands, 
a disease that is for instance correlated with increased risk for cardiovascular disease. 
Especially for people with type 2 diabetes (T2D), regular exercise together with 
moderate caloric intake are important for maintaining health. Nevertheless, some 
people with T2D may also need diabetes medications, alternative therapies, dietary 
compounds or insulin therapy.  

Epidemiological research shows that in the Netherlands around 1 million 
people have diabetes, with an incidence of 50.000 new cases a year. Approximately 
3.12 billion euro is spent for taking care of diabetes patients, which is approximately 
9% of the total health care costs (1-3). According to the World Health Organization, 
350 million people suffer from diabetes, a number that may be doubled by 2025, and 
90% of all diabetic patients have T2D (4). Because T2D affect an enormous amount of 
people, (e.g., due to financial and intangible costs), it is of great importance to arrest 
this growing global epidemic and improve the quality of life of T2D patients. Thus in 
an era of epidemic obesity, diabetes and sedentary lifestyles, there is serious need for 
effective and potentially curative therapies.  

The dysregulation of AMPK plays an important role in the development of 
T2D and activation of AMPK (i.e., pharmacological or physiological) can prevent or 
ameliorate some of the pathologies. Nevertheless, the actions of activated AMPK have 
generated questions regarding its potential role at specific subcellular localizations 
such as glycogen. We know that activated AMPK improves glucose uptake, glycolysis 
and fatty acid oxidation to provide ATP, but what exactly occurs with and/or at 
glycogen, to our knowledge, has never been considered. Because phosphorylation of 
muscle glycogen synthase is known to inhibit the rate of glycogen synthesis, the 
present study aimed at investigating the molecular mechanism involved in the 
‘cycling’ of AMPK to and from glycogen. We were excited to dissect a relatively 
unexplored area, the role and/or activity of glycogen-localized AMPK, with particular 
interest in glycogen metabolism, and employed a variety of biochemical, cell-biological 
and mutational studies. With the work described in this thesis, we envisage the novel 
concept that ‘cycling’ of AMPK might be another way of exercise to restore glycogen 
deficiency.  

Our results can be considered as the first step towards clinical 
implementation (‘Bench to Bedside’). In a nutshell, we have shown the importance of 
the threonine-148 residue (Thr-148). Our data revealed that phosphorylation of this 
residue, both in cell-free assays and in vitro, prevents AMPK from binding to glycogen 
(5). Further investigation confirmed these findings, but also led to new mechanistic 
insight. The fact that the interaction between AMPK and other glycogen-binding 
proteins, such as the PP1 glycogen-targeting subunit R6 or glycogen synthase is 
dynamically regulated by glycogen, suggests a tight regulation of glycogen 
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metabolism, likely depending on the formation/collapse of an AMPK/R6/PP1 multi-
protein complex. In order to decode the circuits linking fundamental cell biological 
processes to physiology, we further explored the role of ‘cycling’ of AMPK away from 
glycogen in cells that were made insulin resistant. Our data revealed that cytosolic 
AMPK was more active, had increased basal glycogen levels, enhanced glucose uptake, 
and was capable of preventing cells from becoming insulin resistant. Overall, the 
research described in this thesis presents a novel molecular mechanism that provides 
possibilities of utilizing it to combat T2D, which will be further elucidated below. 

To gain insight into the possible clinical impact of shifting AMPK away from 
glycogen either on a healthy volunteer or on a T2D patient, the very first step to be 
undertaken is to translate the results presented into experimental animal models: 
investigate the in vivo (and/or ex vivo) regulation of AMPK, aiming at activity, 
subcellular localization, protein interaction and its role on glycogen metabolism. In 
other words, the question whether the ‘cycling’ of AMPK away from glycogen (by 
modifying the Thr-148 residue) does affect insulin-independent glucose uptake, and 
in particular intracellular glycogen levels, requires further investigation. The use of 
healthy rodent models, in combination with applying the toolbox and techniques 
established in the lab will provide detailed insight into the AMPK signaling cascade on 
transcriptional and translational level, intracellular localization, and the regulation of 
glycogen metabolism. Also studying important processes such as 
autophagy/glycophagy, fatty acid oxidation and gluconeogenesis will contribute to 
knowledge of the function of localized AMPK on whole-body level.  

Although addressing this kind of questions will certainly lead to novel 
insights mimicking physiological situations, many clinically relevant questions would 
still remain unanswered. Since AMPK is rapidly activated during exercise/contraction, 
caloric restriction, or in response to pharmacological agents (e.g., metformin) 
sustained cytoplasmic AMPK activation may prove beneficial. However, does the shift 
of AMPK away from glycogen lower blood glucose levels in T2D conditions? Does it 
prevent the possible inhibitory effect of AMPK on glycogen synthesis? Or, 
alternatively, does it inactivate cytoplasmic glycogen synthase and thus negatively 
affect glycogen synthesis? The use of established disease models (e.g., diabetic ob/ob 
mice) would allow for addressing such kinds of questions and would ultimately help 
in understanding whether the deficiency in glycogen-storage observed in heart and 
skeletal muscle of T2D patients is preventable and/or reversible by modulating the 
subcellular localization of AMPK. Today it is the challenge of the scientist, in 
collaboration with different target groups, to find these answers, explain them to the 
patient, and translate them into the clinic. 
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Target groups 
The involvement of patients, healthcare providers and society, i.e., target groups, is 
fundamental to the quality care for metabolic diseases such as T2D. From a scientific 
point of view, this list of people/groups, being interested in our work or being 
important for knowledge development, can be further extended for instance with 
other scientists and/or collaboration partners, patient associations, foundations, and 
pharmaceutical industry. 

To make other scientists aware of our recent discoveries, and also 
importantly, to gather novel insights from different research angles, thereby 
facilitating scientific progress and contribution, the studies described in this thesis 
were presented at relevant scientific conferences by means of oral presentations at 
national (Genetics Retreat, Rolduc, Kerkrade, the Netherlands, 2012; NVDO Annual 
Dutch Diabetes Research Meeting, Oosterbeek, the Netherlands, 2013) and 
international conferences (1st European AMPK Workshop, Maastricht, the 
Netherlands, 2013; Society for Heart and Vascular Metabolism (SHVM) Conference in 
TromsØ, Norway, 2014; FASEB Science Research Conference on AMPK, Lucca, Italy, 
2014) and poster presentations (FASEB Science Research Conference on AMPK,  
Asilomar, Pacific Grove, California, 2012; 2nd European AMPK Workshop, Maastricht, 
the Netherlands, 2015) . In addition, our findings were published in scientific journals 
relevant to the research field (Journal of Biological Chemistry). In the near future, it 
might be of interest to participate in and present our current knowledge on 
conferences such as the World Congress on Interventional Therapies for Type 2 
Diabetes, as it is a comprehensive, multidisciplinary forum of worldwide specialists 
whose aim is discuss on research priorities and health policy initiatives, and gain 
further insight into how the study of increasing intracellular glycogen content may 
improve our understanding of T2D and provide direction for future treatments of 
curative intent. 

To further encourage knowledge utilization and development, there is strong 
interest for collaboration with people directly connected to our research/the field; in 
other words, networking with current collaborators or colleague scientists that are 
willing to cooperate and/or provide for instance relevant mouse models related to our 
research. Further, approaching gene targeting companies (for example, GenoWay), as 
they may be involved in the production of highly physiologically relevant transgenic 
mouse models (e.g., wild-type AMPK 2 vs. AMPK 2-T148D transgenic mice) might be 
of serious interest. In future, such mice may be used to explore the above mentioned 
physiological impact of Thr-148 phosphorylation on glucose and glycogen 
metabolism. 
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In the era of advanced therapeutic approaches, we established a new 
screening procedure for the identification of small molecules specifically targeting the 
carbohydrate-binding module (CBM) of AMPK.  Based on this strategy, we aimed at 
shifting AMPK away from glycogen by means of small molecules, for instance, to 
modulate cardiac and/or skeletal muscle glycogen content. Besides targeting AMPK to 
prevent it from binding to glycogen, the top candidate molecule has been shown to 
activate the AMPK signaling pathway and induce nutrient (i.e., glucose and long-chain 
fatty acid) uptake. However, up until now, there was no isoform-specificity found 
(AMPK 1 vs. AMPK 2), underlining that optimization (e.g., chemical modification) is 
necessary to obtain isoform-specificity. Thus, the manufacturing of innovative 
molecules/drugs for clinical use must involve our pharmaceutical friends. 

In order to make sure that innovative findings and discoveries result into 
improvements for patients, investment must be put in big national and international 
collaborations. In essence, one should keep in mind that it is the total assembly of 
knowledge, from scientists, clinicians, health care providers, human subjects, 
pharmaceutical industry and foundations that creates the value. Therefore, we will 
need to extensively discuss, interact and collaborate in order to valorize. An example 
of such national collaboration is the CVON (Dutch Cardiovascular Research), which 
supports large-scale national research projects in which researchers, universities, and 
industry work together. Being involved in grants such as CVON would provide an 
excellent opportunity for further knowledge development (6). Moreover, European 
grants such as Horizon2020 Projects or European Framework for Research Program 
should create and further support such international collaborations and sharing of 
expertise (7). 
 
Activities and products 
Products of great relevance for the society may be the awareness of diabetes as an 
epidemic. To make the knowledge described in this thesis more transparent, 
accessible and useful for the benefit of the society, one of the best target groups to 
reach would be foundations such as the Diabetes Fonds or Hartstichting (1,6). Their 
function is to improve access to medicines and healthcare by disseminating 
knowledge to all layers of the population, making use of brochures and campaigns, 
and providing education, counseling and care. One of the aims/challenges could be to 
get more connected to such organizations. By giving them regularly comprehensible 
updates on the status/progress of the research, the transfer of knowledge to society 
will surely be facilitated and thus increased. In such way, the society (including the 
patient, relatives, generally interested people, contributors to the foundation, etc.) 
might better understand, realize, discuss or wonder about what kind of research 
(stepwise) is conducted in the lab for the benefit of the patient. Thus, by providing 
scientifically relevant information regarding the syndrome, which is intelligible for 
layman, we may create opportunities for improving the health status and quality of 
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life of the patient. Further, the organization Hart&Vaatgroep is an important 
association for patients or their relatives, which organizes regional or national 
meetings, workshops, courses and mutual patient connection (6). Making such 
organizations aware of the scientifically/clinically relevant questions being addressed 
will foster the exchange of knowledge for the benefit of the patient. 

One of the products of great importance for future is based on the drug-
targeted strategy presented in this thesis and thus may include novel 
molecules/drugs. After optimization of the top candidate molecule(s), the ost potent 
molecule(s) would need to undergo pharmacodynamics, pharmacokinetics, ADME and 
toxicity testing through in vivo approaches before going into clinical trials. Although 
on average, only one in every 5,000 compounds that makes it through lead 
development to the stage of pre-clinical development becomes an approved drug 
these steps are of high value, thus determining the safest dose for first-in-human 
studies and evaluating the product’s safety profile. Ultimately, the drug should have 
selective capacity to shift AMPK away from glycogen, and similar safety and 
bioavailability as for instance metformin does. Ideally, the drug should have the 
capacity of stimulating glucose uptake, and finally, it should not cross the blood brain 
barrier to prevent influence on hypothalamic AMPK.  
 
Innovation and future directions 
It is of vital importance to invest in patient care and prevention, and thus in the 
pioneering research that is underlying, also to reduce for instance the risk of heart 
failure. In other words, identification of the molecular mechanisms involved in the 
onset and/or progression of the metabolic dysregulation ultimately allows for new 
insights and therapeutic developments for the regression and cure of T2D, and this is 
where our fundamental molecular-biology-oriented research contributes. Obviously, 
we do not provide here any evidence for a potential new medication that would lead 
to the cure of the type 2 diabetic patient. However, interestingly, this thesis provides 
important knowledge and state-of-the-art techniques that is needed as basis for the 
development of therapeutic strategies and/or techniques that may lead to novel 
treatment options for T2D. As described in the paragraphs above, our findings provide 
ample of possible opportunities (i.e., further exploring the novel drug-targeting 
approach, translational research by means of animal experimentation, pre-clinical 
testing, etc.) not only to address the importance of AMPK as metabolic master switch 
of the cell, but also to emphasize the relevance of subcellular localization of AMPK. 
This research will only be innovative if the ideas described here will ultimately 
become reality; in other words, if we can finally extrapolate all gathered knowledge to 
human subjects, aiming at the cure of the patient.  
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Conversely, from another interesting point of view, we might be able to 
further extract and apply this potentially advance knowledge to other diseases, such 
as the Wolff-Parkinson-White syndrome, a congenital cardiac abnormality associated 
with abnormal glycogen accumulation. In such disease, it might be interesting to study 
whether the shift of AMPK towards glycogen, in contrast to T2D, would lower cardiac 
glycogen content. Moreover, AMPK is also emerging as a possible metabolic tumor 
suppressor. Although there is no evidence yet, it might be worthy to further 
investigate whether the development of new drugs specifically aiming at shifting 
AMPK away from glycogen may have a potential beneficial role in cancer prevention 
and/or treatment. 
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ACC   acetyl-CoA carboxylase 
ADP   adenosine diphosphate 
AICAR   5-aminoimidazole-4-carboxamide ribonucleoside 
AMP   adenosine monophosphate 
AMPK   AMP-activated protein kinase 
ASS   AMPK-specific substrate – biosensor 
ATGL   adipose triacylglycerol lipase 
ATP   adenosine triphosphate 
CaMKK2/CaMKK   Ca2+/calmodulin-dependent protein kinase kinase  
CBM   carbohydrate-binding module 
CBS   cystathionine- -synthase 
CFP   cyan fluorescent protein 
Cidea   cell death-inducing DFFA-like effector a 
CK1/2   casein kinase1/2 
EF   FRET efficiency 
EGCG   epigallocatechin gallate 
ERK1/2   extracellular signal-regulated kinase 1/2  
EV   empty vector 
FLIM   Fluorescence Lifetime Imaging Microscopy 
FRET   Förster Resonance Energy Transfer 
G1P   glucose-1-phosphate 
G6P   glucose-6-phosphate 
GABA    gamma-aminobutyric acid 
GABARAPL1  autophagy protein GABA(A) receptor-associated  

protein-like 1 
Gal83    Snf1 -subunit ortholog 
GB8   generalized Born model 8  
GBE   glycogen branching enzyme 
GDE   glycogen debranching enzyme 
GP   glycogen phosphorylase 
GS   glycogen synthase 
GSK-3   glycogen synthase kinase-3 
HiG   High glucose 
HSL   hormone sensitive lipase 
IC50   half maximal inhibitory concentrations  
iFCS   heat-inactivated calf serum 
IL-6   interleukin-6 
Ins   insulin 
IP   immunoprecipitation 
KD    equilibrium dissociation constants  
LKB1   liver kinase B1 
MAPK   (ERK1/2)-mitogen-activated protein kinase 
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MCD   malonyl-CoA decarboxylase 
MetS   metabolic syndrome 
MT   mutant 
MTFA   mitochondrial transcription factor A 
MTT   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl  

tetrazolium bromide 
NRF-1   nuclear respiratory factor-1  
PEPCK   phosphoenolpyruvate carboxykinase  
PGC1    peroxisome proliferator-activated receptor  coactivator 1  
PIASy    protein inhibitor of activated STAT 
PKA   protein kinase A 
PKC   protein kinase C 
PNK   Polynucleotide Kinase 
PP   protein phosphatase 
PP1   protein phosphatase type 1 
PPAR   peroxisome proliferator-activated receptor 
PPP1R3C  PTG/R5 
PPP1R3D  R6 
PTG   protein targeting to glycogen 
RVXF    N-terminal PP1-binding motif of R6 
R6   PP1-glycogen-targeting subunit PPP1R3D 
Reg1    PP1 ortholog 
SBD   starch binding domain 
Snf1 sucrose-non-fermenting 1; Reg1, yeast targeting subunit of 

PP1 
STAT   Signal Transducer and Activator of Transcription 
STBD1   starch-binding domain-containing protein 1 
SUMO   E3-small ubiquitin-like modifier 
TAK1    (TGF- -activated kinase 1 
TGF   transforming growth factor 
Thr-148 / T148  threonine-148 
Thr-172 / T172  threonine-172 
TZDs   thiazolidinediones 
T2D   type 2 diabetes 
WPW   Wolff-Parkinson-White 
WXNXGNYX(L/I) C-terminal substrate-binding site of R6 
WT    wild-type  
Y2H   yeast two-hybrid 
YFP   yellow fluorescent protein 

-CD   -cyclodextrin 
Gcal.   calculated binding free energy  
Gexp    experimental binding free energy  
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Dit proefschrift is het resultaat van mijn PhD traject binnen de afdeling Moleculaire 
Genetica, Maastricht University. De afgelopen vier jaar was een hektische periode. De 
tijd is omgevlogen. Het waren niet de makkelijkste vier jaar van mijn leven, maar ik 
ben enorm trots op mezelf en het resultaat dat er nu ligt. Als ik terugkijk naar mijn 
promotietraject, ben ik ontzettend blij dat ik zóveel heb geleerd, zóveel kennis heb 
opgedaan en dat ik zóveel leuke mensen heb mogen leren kennen. Het was net een 
achtbaan. En alles is mij bijgebleven….deel uitmaken van een geheel nieuwe groep, 
technieken opzetten, fellowship schrijven, nieuwe assays leren en opzetten, 
celkweken, racletten, koffie leuten, vlaai proeven, labchats, 11e van de 11e, Journal 
Clubs, Sinterklaas vieren, kerstborrels, I’M CARIM representative, California, Golden 
Gate, Napa Valley, FASEB AMPK Conference Asilomar, poster presentations, PBL 
systeem, tutoren, progress meetings, lab-uitjes, high-tea TeaZone, paaseitjes tietsjen, 
etentjes, Goed-Fout-Feest, AMPK Workshop Maastricht, oral presentations, 
organiseren lab-uitje 2013, Bierfeesten, promotie-feestjes, CARIM Course Week & 
Social Events, SHVM Norway, EIC awardee, hiking, barbecue, Ridderronde Maastricht, 
Carnaval, borrels, FASEB AMPK Conference Lucca, Pisa, musical Dreamgirls, 
cursussen, CoffeeLovers, pretparken, Swentibold tocht, papers schrijven, JBC, 
weekendje Monschau, Solar, èn…..dit proefschrift schrijven. Dit alles had ik allemaal 
nóóit willen missen, en daarom wil ik graag iedereen bedanken die hierbij betrokken 
is geweest! 
 
Omdat je wetenschappelijk onderzoek natuurlijk niet alleen doet, ga ik de volgende 
mensen speciaal bedanken. 
 
Allereerst wil ik de coach van Team Neumann bedanken om mij deel uit te laten 
maken van de selectie. Dear Dr. Neumann, dear Dietbert, first of all I would like to 
thank you for your confidence and support during this period of time. I have great 
admiration for you as a scientist. Your critical view, passion and perfectionism have 
guided me to this great end result. Thank you for giving me the opportunity of 
presenting our work on a variety of conferences and thanks for all knowledge and 
skills I have acquainted during this four-year trajectory. Also I would like to thank 
your wife Anja, your twins Alwin and Bero and your au-pair Romina for the warm 
welcome and great dinners we had at your home. 
 
Ten tweede wil ik mijn promotor Prof. dr. Glatz bedanken. Beste Jan, dank dat ik op 
uw afdeling - Moleculaire Genetica - mijn promotie-onderzoek heb mogen uitvoeren. 
Ook in woelige tijden was u mijn vaste baken. Dank voor uw roestvaste vertrouwen in 
mij, uw ondersteuning, hulp en alle positieve feedback tijdens mijn hele promotie-
traject. 
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Ten derde wil ik graag mijn co-promotor Dr. Luiken bedanken. Beste Joost, hoewel je 
misschien zelf het gevoel had dat je te weinig als co-promotor voor mij hebt kunnen 
betekenen, wil ik dit hier graag weerleggen. Dank voor alle feedback gedurende de 
Joost-Luiken/Progress Meetings, labchats en 1-op-1 gesprekjes. Daarnaast wil ik je 
extra bedanken voor je support tijdens het schrijven van mijn proefschrift. 
 
I would like to thank the members of the reading committee, Prof. dr. Ellen Blaak, Prof. 
dr. Terje Larsen, Prof. Dr. Casper Schalkwijk, Dr. Blanche Schroen and Dr. Ramon 
Langen for being part of my reading committee and for their critical reading and 
proficient evaluation of this doctoral thesis.  
Also I would like to thank all the members of the corona. 
 
Ten vijfde wil ik mijn twee allerliefste paranimfen bedanken.  
Lieve Armand, gedurende je stage bij ons wist ik dat er een klik was. Ik ben super trots 
dat jij mijn paranimf bent! Je bent naast een goede vriend, ook een intelligente en 
gezellige collega om mee samen te werken. Ik wil je enorm bedanken voor al je hulp in 
het lab, alle wetenschappelijke en niet-wetenschappelijke gesprekken, en alle leuke 
momenten die we samen, met Famke, hebben gehad en nog steeds hebben. Eén ding is 
zeker, ik miste je echt in ons team, maar ik ben ontzettend blij dat je zelf een leuke 
plek hebt gevonden bij Biochemie en wens je ook heel veel succes voor de komende 
tijd. Daarnaast: dankjewel voor je ondersteuning in de laatste sprint van dit traject. 
Natuurlijk doe jij dit paranimf-schap niet alleen!  
Lieve Petra, ik voel me echt vereerd dat jij tijdens mijn promotie naast mij staat. Ik 
vergeet nooit het moment dat ik jou, samen met Bert, onder het genot van een lekker 
hapje en drankje mijn kaartje overhandigde waarin ik je vroeg of je misschien mijn 
paranimf wilde zijn. Heel erg bedankt voor alle Eerste Hulp Bij Onderzoek, zowel als 
secretaresse als buiten het werk om. Dank ook voor alle mooie momenten die we 
samen hebben gedeeld. Deze keer sta jij, samen met mij, aan deze kant. We zullen er 
samen van genieten! 
 
Ten zesde wil ik graag Team Neumann bedanken. A word of thanks goes to the whole 
team! Marie, Dipanjan, Xiaoqing, Yilin, Jieyi, Ricardo, Armand, Jairo, Laura, Özge, 
Jurriaan, Hacer, Kenrick, Kwang, Daphne, Elianne, Magdalena, Christian and Milou, 
thanks for being my colleagues and friends! Thanks for collaborating and having lots 
of fun in and out of the lab. Thanks for all your help, sharing knowledge with me and 
having lots of scientific conversations. I am very glad that I have been one of the 
players in a team consisting of all of you, guys!  
Dr. Miglianico, dear Marie, I am super proud of you, you have done an awesome job! It 
was an honour for me to be your paranimf. Thanks for the close connection in and 
outside the lab! I will never forget your lessons about the vegetable/fruit seasons. 
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Dr. Chanda, dear Dip, I have no words for all your insights, efforts and critical 
readings. Our coffee moments at the coffee house, library and at CoffeeLovers are 
unforgettable. I hope, that once, Joël and me are able to see your hometown! 
Dear Xiaoqing, Yilin and Jieyi, thanks for the delicious Chinese dishes I have been able 
to taste. I wish you lots of good luck with finishing your doctoral theses!  
Dr. Rodriguez-Calco, dear Ricardo, thanks for being my friend and thanks for the great 
time we had in the lab.  
Ook zijn er een aantal studenten die ik heb mogen begeleiden. Laura en Jairo, dank 
jullie wel voor de prettige samenwerking! Last but not least, Milou, onze wervelwind, 
altijd vroeg aanwezig op het lab. Jouw gedrevenheid zal je nog heel ver brengen; héél 
veel succes in Basel en we’ll keep in touch! 
 
Daarnaast wil ik graag alle PI’s en ervaren onderzoekers bedanken: Willem, Marjo, 
Ronit, Guillaume. Dank jullie wel voor jullie kritische blik en wetenschappelijke input 
gedurende de afgelopen vier jaar. Willem, jouw alertheid gedurende all kind of 
meetings waardeer ik enorm. Dank je wel voor je kennis, sparren, ‘nasty questions’ en 
dus kritische maar waardevolle feedback. Ook heb ik onder andere van jou geleerd om 
vragen te durven stellen aan collega-wetenschappers.  
Marjo, ik vond het jammer dat jullie groep na ongeveer de helft van mijn PhD traject 
onze afdeling ging verlaten. Dank je wel voor alle gezellige, maar ook 
wetenschappelijke gedachtewisselingen die we hebben gehad.  
Dear Ronit, your constructive and positive feedback was always very helpful. Even in 
times I felt a bit lost in science, you knew how to cheer me up. Your warm words will 
stick in my mind forever.  
Guillaume, bedankt voor je niet aflatende belangstelling, koffie-momentjes en de 
heerlijke groenten uit jullie eigen moestuin. Jouw kracht en positiviteit waardeer ik 
enorm.  
 
Dan wil ik graag het ondersteunend personeel bedanken. Will, Vivian, Patrick, Marion, 
Nicole, Chantal en Hanneke. Dank jullie wel voor alle organisatie, zowel binnen als 
buiten het lab om. Will, dank voor de fijne samenwerking op het lab. Ik zal altijd 
terugdenken aan ‘het zuchtend – uh – briesend paard’. Dank voor alle bestellingen die 
je keer op keer voor me deed. Je warme belangstelling voor privé-omstandigheden 
heb ik altijd zeer op prijs gesteld. 
Vivian, zonder jou had ik nóóit zoveel kunnen celkweken. Ik heb veel profijt gehad van 
jouw geordende en betrokken werkwijze. Een éxtra woord van dank voor je fanatieke 
hulp en inzet gedurende de laatste paar maanden rondom het AMPK 2/R6-project!  
Patrick en Marion, ik vond het een eer om samen met jùllie het labuitje te mogen 
organiseren. Wat een geweldige ervaring, met die kickbikes door Maastricht. Zóveel 
lol. Die avondjes samenzitten om uit te dokteren hoe we de routes zo spannend 
mogelijk konden maken waren echt de moeite waard. We hadden een top dag met een 
heerlijke barbecue en wijnproeverij als afsluiter bij Marion thuis.  
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Nicole, van jou heb ik ook ontzettend veel geleerd, van confocale microscopie tot het 
isoleren van cardiomyocyten. Jammer dat je weg moest van onze afdeling!  
Chantal, kersverse mama, het was een plezier om met jou op het lab te zijn en zo’n 
Goed-Fout-feestje is voor herhaling vatbaar. 
Hanneke, fijn dat jij in alle drukte rustig en kritisch door mijn thesis heen hebt willen 
bladeren voordat het naar de beoordelingscommissie werd gestuurd. Dank je wel 
daarvoor. 
 
Ten zevende bedank ik graag de volgende dames van MolGen, Vivian, Petra, Marion, 
Nadine, Peggy en Sofie, waar ik de meeste culinaire uurtjes na werktijd mee heb 
doorgebracht.  
Dr. Jetten, lieve Nadine, lachen, gieren, brullen, dat kunnen we samen goed. Bedankt 
dat jij zo’n lieve kamergenoot voor me was. Ik heb je erg gemist vanaf het moment dat 
je weg bent, maar ik ben blij dat jij ook zo van Sushi-eten houdt. We’ll keep in touch! 
Dr. Prikaerts, lieve Peggy, zat ik eindelijk gezellig in jullie lab, was jij er niet meer...wat 
een gemis! Ondanks alles ben ik blij dat je maar een kattensprong van me vandaan 
woont zodat ik jou en je gezinnetje af en toe eens kan treffen. 
Dr. Walenbergh in spe, lieve Sofie, ook op jou ben ik ontzettend trots, want ook jou is 
het in 4 jaar tijd gelukt om een prachtig proefschrift te schrijven! Dank je wel voor de 
sportieve en gezellige uitjes die we samen hebben gehad, en hopelijk herhalen we 
deze nog vaak in de toekomst. 
 
Ten achtste gaat een woord van dank uit naar mijn lieve (ex-)collega-AIO’s/post-docs 
op de afdeling MolGen: Tim, Sofie, Nadine, Guus, Emiel, Tom, Mike, Ellen, Veerle, Ine, 
Peggy, Laura, Lauran, Yeliz, Veronika, Miranda. Dank jullie wel, allemaal, voor de 
geweldige tijd die ik heb ervaren op deze afdeling! In het bijzonder wil ik dan graag 
nog even een van mijn kamergenoten bedanken.  
Dr. Hendrikx, lieve Tim, ook jou heb ik sinds dat je naar Wenen vertrok moeten 
missen. Dankjewel voor alle humoristische momenten en voor het organiseren van de 
wekelijkse vrijdagmiddag-borrels van kamer 5.120.  
Lieve Tom, ook gij zijt sinds een klein half jaartje mijn kamergenoot geworden, daar 
ben ik enorm fier op. Dank u voor de fijne en inzichtelijke gesprekjes en Belgische 
grapkes.  
Dr. Stöger, beste Lauran, jammer dat ik maar zo kort je buurvrouw ben geweest.  
Daarnaast wil ik ook Kosta, Bart, Martijn en Nathalie bedanken voor de gezellige tijd 
op het lab en in het pretpark. 
 
Ten negende bedank ik de mensen van I’M CARIM, Timo, Emiel, Siamack, Elke, Tom en 
Armand, voor de leuke activiteiten die we samen georganiseerd hebben. Van social 
events tijdens de CARIM Course Week tot Young Investigator Rounds en het 
organiseren van Workshops. Fijn dat we samen zo’n actief team gevormd hebben. Een 
speciaal woord van dank gaat naar Timo en Emiel, die vertrouwen in mij hadden en 
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mij deel uit lieten maken van I’M CARIM. Elke, Tom en Armand, ik weet zeker dat jullie 
goed zullen opvolgen. Siamack en Tom, ook jullie wens ik veel succes met de laatste 
loodjes. 
Daarnaast wil ik ook graag de CARIM EPC board bedanken. Beste Marc, Matthijs, Hans, 
Adriaan, Eline, Simone, Esther, Riet, Tara en prof. dr. Unger. Bedankt dat jullie mij de 
kans gegeven hebben om kritisch een steentje te kunnen bijdragen aan de benadering 
van verschillende zaken die gerelateerd zijn aan onderwijs, monitoring en begeleiding 
van AIO’s. Ik ben er trots op dat we er samen voor gezorgd hebben dat er een nieuwe 
CARIM Talent Fellowship van de grond komt. 
 
Ten tiende wil ik alle congresorganisatoren bedanken voor het feit dat ik mijn 
wetenschappelijke ondervindingen mondeling heb mogen delen op de FASEB AMPK 
Conference in Lucca, SHVM in TromsØ, European AMPK Workshop in Maastricht en 
NVDO Diabetes meeting in Oosterbeek. 
 
Een woord van dank gaat ook uit naar de supervisors van de stages gedurende de 
Bachelor- en Master-fase.  
Dear Prof. dr. Maria Flavia di Renzo, I would like to thank you for giving me the great 
opportunity to join your Cancer Genetics lab at the IRCC in Candiolo (Turin). Almost 
seven years ago I got inspired from the amazing work you performed in your lab and 
the scientific knowledge you have and shared with me.  
Geachte Prof. dr. van Schooten, beste Frederik-Jan, dank u voor de mogelijkheid die ik 
kreeg om op uw afdeling stage te mogen lopen.  
Dear Dr. Chiu and Dr. Godschalk, beste Roland en beste Roger. Dank jullie wel voor 
jullie supervisie tijdens mijn stage die ik bij jullie liep. Roger, ik vond het geweldig dat 
ik na mijn stage bij jou de kans kreeg om me verder te ontwikkelen, dat ik aangesteld 
werd als student-assistent en dat hier nog een publicatie uitgekomen is.  
Dr. Schults, beste Marten, dank je wel voor je directe supervisie op het lab en voor 
alles wat ik van jou geleerd heb. 
Geachte Dr. Theys, beste Jan, dank voor de warme begeleiding die ik kreeg gedurende 
de periode dat ik senior stage liep op het NKI in Amsterdam. Ik heb in alle opzichten 
veel geleerd gedurende deze periode, mede dankzij u. 
 
Ten twaalfde bedank ik graag al mijn vrienden & vriendinnen. Voor alle gezellige 
uitjes, etentjes en drankjes samen, tussen alle bedrijven door. Vandaar ook dank jullie 
wel voor jullie begrip! In het bijzonder bedank ik dan ook graag Evelyne, Eva, Linda en 
Jessica, en natuurlijk jullie lieve partners. Ook wil ik graag mijn maatjes-door-het-
ganse-land bedanken. Lieve Kirsten, Sanne, Sandrine, Julia, Brenda, Ryan en Niels, 
thanks!  
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Gedurende mijn studententijd heb ik ook lieve mensen leren kennen, Helma, Kathleen, 
Evelyne, Niki, Emma, Leonie and Sara, with whom I still have a very special 
relationship, because out of sight is not out of mind… Thanks e grazie mille for being 
my friends and for all the good times we had and have together! 
 
Paul & Nicole, mijn liefste broer en zus. Ik heb er respect voor hoe jij, lieve Nicole, als 
hard werkende vrouw, maar ook als liefste mama, door het leven gaat. Coachen, dat 
kun jij als geen ander! Bedankt voor al jouw goede input en positieve energie. Ik 
koester alle momenten die ik samen met jou, maar ook met mijn schone broer en lieve 
papa Marcel van Ilyano en Elysia heb kunnen, en nog steeds, kan delen.  
Lieve Paul, ik sta versteld van de uitdagingen die jij keer op keer weet aan te gaan en 
van de avonturen die je daarin opzoekt. Je bent niet alleen een harde werker en 
diplomaat, die veel kennis heeft en dit ook goed weet over te dragen op anderen, maar 
gelukkig ook een levensgenieter! Ik vind het kei-gaaf dat jij al zoveel van de wereld 
hebt gezien! Geloof het of geloof het niet, er zijn van die momenten, dan ben je echt 
een voorbeeld voor me.  
Ik ben trots op jullie!  
 
Hans en Liliane, mijn lieve pap en mam. Als eerste wil ik zeggen dat ik veel 
bewondering voor jullie heb! Onvoorwaardelijke steun en liefde, onvoorwaardelijk 
geloof en vertrouwen in mij. Mede dankzij jullie kundige opvoeding, ben ik geworden 
wie ik ben. Dank jullie wel voor al jullie interesse in mijn onderzoek de afgelopen 
jaren; voor alle begrip, ondersteuning, luisterende oren en adviezen. En voor het 
zelfvertrouwen als ook het relativeringsvermogen dat jullie me hebben meegegeven. 
Hoe dan ook, wanneer dan ook, jullie stonden altijd voor me klaar en lieten blijken hoe 
trots jullie op me waren. Dat heeft me altijd veel kracht en moed gegeven. Ik heb mijn 
doel bereikt. Paps en mamsie, dank jullie wel voor alle mooie en waardevolle 
momenten, samen, met ons allen! Ik hoop dat er nog veel zullen volgen. Ik hou van 
jullie. 
 
Dan mijn liefste Joël & onze Gioia. Lieverd, ‘wachten’ was een van mijn key words denk 
ik zo…dankjewel voor jouw engelengeduld! Je hebt te pas en te onpas interesse 
getoond in mijn onderzoek. Dat je begrijpt dat mijn onderzoek gaat over een eiwit dat 
AMPK heet, en dat ik probeer te onderzoeken waarom, wanneer en hoe dit eiwit bindt 
aan glycogeen, vind ik heel bijzonder. Dat tekent jouw karakter; jouw belangstelling, 
jouw interesse, in mij, en in de dingen die ik belangrijk vind. Je stond en staat àltijd 
voor me klaar. Dankjewel voor je ultieme geloof en vertrouwen in mij. Jij bent een 
onuitputtelijk bron van energie! Jouw geduld en support hebben mij gebracht waar ik 
nu sta. De wandelingen met Gioia, samen of alleen, gaven me positieve energie en de 
ruimte om alles in mijn hoofd te kunnen ordenen. Dankjewel voor de liefde die jij me 
gegeven hebt. Zonder jou was dit nooit zo gelukt. Nu zijn we samen klaar voor een 
nieuw avontuur. Every day I love you more. 
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Last but not least; het was niet altijd even gemakkelijk. Ondanks het feit dat niet alle 
elementen gedurende dit traject zijn gelopen zoals ik gehoopt had, ben ik dankbaar 
dat ik deze leerweg ben ingeslagen. Een ding is zeker: wetenschap is onvoorspelbaar, 
bestaat uit vallen en opstaan, bergen en dalen, negatieve en positieve (of soms geen) 
data.  
Na veel hoop, moed, ploeteren, wilskracht, energie en vooral doorzettingsvermogen, 
ben ik ontzettend trots op het onderzoek dat ik hier beschreven heb, en spreek de 
hoop uit dat dit proefschrift bijdraagt aan de huidige kennis van AMPK en al haar 
relevante biologische processen. Daarnaast hoop ik dat mijn onderzoek 
wetenschappers uitdaagt om nog beter inzicht te krijgen in de regulatie van glycogeen 
metabolisme in (hart)spieren van zowel gezonde mensen als mensen met diabetes 
type 2, of van mensen die kampen met een glycogeen-opstapelingsziekte. Het 
uiteindelijke doel is de levenskwaliteit van deze patiënten te verbeteren.  
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