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Summary
The AMP-activated protein kinase (AMPK) is a sensor of cellular energy stress that,
once activated, promotes ATP-producing process while it switches off ATP-consuming
pathways, in order to restore the cellular energetic balance under conditions of stress.
Activation of AMPK is dependent on the phosphorylation of the residue Thr172 in its α
subunit. This phosphorylation is generally mediated by the known tumour suppressor
LKB1, but also CaMKKβ has been shown to phosphorylate AMPK. As its name suggests,
AMPK is also activated by the binding of AMP to its γ subunit. This binding causes a >10
fold allosteric stimulation, promotes phosphorylation of Thr172 by upstream kinases
and protects AMPK from dephosphorylation of Thr172 by protein phosphatase(s).
In 2010 it was reported that oxidative stress mediated by H2O2 activated AMPK by
increasing the cellular AMP:ATP and ADP:ATP ratios (Hawley et al, 2010). However, the
same year another work suggested that the mechanism of activation of AMPK by H2O2
was direct, independent of AMP and involved the oxidation of two cysteine residues in
the α subunit of AMPK (Zmijewski et al, 2010). Given this discrepancy, here we
provided evidence that H2O2, generated by addition of glucose oxidase in the cell
medium, activates AMPK mostly through an increase of AMP:ATP and ADP:ATP ratios,
as previously suggested in our laboratory. However, it seems that there might be a
second, minor mechanism of activation that is independent of the changes in cellular
nucleotides. This second mechanism was not identified in our previous work because
we were not aware of how rapidly a single bolus of H2O2 can be metabolized by the
antioxidant defences of the cell. We could not identify the alternative mechanism of
activation

by

H2O2

but

showed

that

H2O2

could

protect

Thr172

from

dephosphorylation, which might suggest a direct effect of H2O2 on the phosphatase(s)
16

dephosphorylating AMPK. However, since the identity of this phosphatase(s) remains
unclear, we could not rule out the possibility that the protection from
dephosphorylation that we observed could still be mediated by the increase in
AMP:ATP and ADP:ATP ratios. Moreover, it remains still possible that a direct effect of
H2O2 on AMPK might be responsible for the small but significant activation we
detected in cell expressing a nucleotides-insensitive mutant of AMPK.
Recently, a new crystal structure of AMPK obtained by Xiao et al (2013) provided new
insights about AMPK structure and regulation. In particular, the authors identified a
new binding pocket located at the interface between the N-lobe of the α-kinase
domain and the β-CBM of AMPK, which appeared to be the binding site for two direct
activators of AMPK: A769662 and 991. Here we confirm that this novel binding pocket
is indeed the binding site for both A769662 and 991, and provide evidence that
another direct activator of AMPK, MT63-78, also binds at the same site. Mutation of
two important residues in this pocket (Lys29 and Lys31 of the α2 subunit) abolished
the allosteric stimulation of AMPK by A769662, 991 and MT63-78 while it had no effect
on allosteric stimulation by AMP. However, we also showed that the same mutation
abolished protection against Thr172 dephosphorylation not only by A769662, 991 and
MT63-78, but also by phenformin and H2O2, which are known to activate AMPK by
increasing the AMP:ATP and ADP:ATP ratios. These data show that the integrity of this
pocket is important for the effect of AMP to protect against Thr172
dephosphorylation, but not for its ability to cause allosteric stimulation. Moreover, in
HEK-293 cell stably expressing an α2 subunit carrying the mutation of both Lys29 and
Lys31, the basal activity of AMPK due to Thr172 phosphorylation was almost 6-fold less
than in cells expressing wild-type α2. This result pointed out for the first time that
17

there might be a natural ligand binding in the newly discovered binding pocket that is
not able to bind to the double mutant, explaining the difference in activity observed.
However the identity of this possible natural ligand remains unclear and more studies
will be necessary to uncover it.
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Chapter 1: Introduction
1.1 Protein phosphorylation
Protein phosphorylation is a post translational modification involving the transfer of a
phosphate group from ATP to the hydroxyl group of a serine, threonine or tyrosine
residue of a protein. The enzymes catalysing phosphorylation are called protein
kinases while those reversing this reaction, removing the phosphate group, are known
as protein phosphatases. The reversible phosphorylation of proteins regulates nearly
every aspect of cell life (Cohen, 2002). Phosphorylation alters the structural
conformation of a protein, resulting in the modification of its function by several
different ways: i) by increasing or decreasing its activity; ii) by changing its subcellular
localization; iii) by promoting or preventing interactions with other proteins; iv) by
increasing its stability or labelling it for destruction. Protein phosphorylation is
involved in a variety of signalling transduction pathways and its abnormal regulation is
now recognised as a common event in many human diseases. The first reaction
recognized to be regulated by protein phosphorylation was the conversion of inactive
glycogen phosphorylase b to active glycogen phosphorylase a, achieved in the
presence of Mg-ATP and catalysed by an enzyme called phosphorylase kinase (Fischer
& Krebs, 1955). The concept of a signalling cascade was first defined in 1968 when
cyclic-AMP dependent protein kinase (PKA) was shown to phosphorylate and
inactivate phosphorylase kinase (Walsh et al, 1968). Sequencing the human genome
allowed the identification of 518 putative protein kinases, of which 478 contain the
classical “eukaryotic protein kinase” (ePK) catalytic kinase domain (Manning et al,
2002). Protein kinases are grouped into families based on the sequence similarities of
20

their catalytic domains, the domain structure outside the catalytic domain and the
known biological functions (Manning et al, 2002).

1.2 AMP-activated protein kinase (AMPK): discovery and
historical background
3-Hydroxyl-3-methylglutaryl coenzyme A reductase (HMGR) converts HMG-CoA to
mevalonic acid, playing a crucial role in the cholesterol biosynthesis pathway. Beg et al
(Beg et al, 1973) described a reduction in the activity of HMGR that was dependent
upon a cytosolic fraction and MgATP. HMGR could then be reactivated by incubation
with another cytosolic fraction, demonstrating that HMGR activity could be
interconverted between active and inactive states. Nordstrom et al (Nordstrom et al,
1977) showed that the inactivation of HMGR could be reversed by an activating factor
that could be completely inhibited by the protein phosphatase inhibitor sodium
fluoride, suggesting that regulation of HMGR activity relied on changes in its
phosphorylation status. More conclusive evidence came from the incubation of HMGR
with Mg2+ ions and [γ-32P]ATP, which resulted in increased

32

P-incorporation into the

enzyme and a decrease in its activity. Conversely, incubation with partially purified
phosphatase released 32P and increased enzyme activity (Beg et al, 1978). It was thus
clear that HMGR activity was regulated by a cycle of phosphorylation and
dephosphorylation. In 1985, Ferrer and colleagues demonstrated that 5’-AMP bound
and activated the HMGR kinase (Ferrer et al, 1985). Concurrently with the above
studies, Carlson and Kim (1973) showed that incubation with MgATP inactivated
acetyl-CoA carboxylase (ACC), an enzyme involved in long-chain fatty acid synthesis.
The reduced activity occurred along with the incorporation of 32P into protein and was
dependent on the presence of a protein fraction presumed to contain an ACC kinase.
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Also, the reactivation of ACC, following incubation with MgCl2, was sensitive to sodium
fluoride, suggesting the presence of a phosphatase and, consequently, that ACC
activity is also regulated by a cycle of phosphorylation and dephosphorylation. It was
later reported that 5’-AMP promoted the inactivation of ACC, although this was
incorrectly attributed to a direct effect of AMP on ACC itself (Yeh et al, 1980). Despite
this, the mechanism of regulation of ACC clearly resembled that seen with HMGR, and
in 1989 Carling and co-workers obtained evidence to show that it was the same kinase
inactivating both ACC and HMGR, through an AMP-stimulated mechanism (Carling et
al, 1989). The unifying name of AMP-activated protein kinase (AMPK) firstly appeared
in the literature in 1988 (Munday et al, 1988).

1.3 AMPK structure: the α, β and the γ subunits
AMPK exists throughout eukaryotes as a heterotrimeric complex composed of a
catalytic α subunit and regulatory β and γ subunits. In mammals each subunit is
encoded by distinct genes and is present as multiple isoforms (α1, α2; β1, β2; γ1, γ2,
γ3) (Grahame Hardie, 2014). The α subunit was the first to be identified, showing a
molecular mass of 63 kDa (Carling et al, 1989) while two additional polypeptides of 38
and 35 kDa were subsequently purified (Davies et al, 1994). These two polypeptides
are now known as β and γ subunits and, along with the α subunit were shown to comigrate through gel filtration and to be present in a molar ratio of 1:1:1 (Davies et al,
1994; Mitchelhill et al, 1994). Figure 1.1 shows a schematic representation of AMPK
subunits.

22

Figure 1.1. The α,β and γ subunits of AMPK. Linear layout of the domains
forming a typical mammalian AMPK heterotrimer.

1.3.1 The α subunit

The first α subunit identified was the one that we now know as α2 (Stapleton et al,
1996). It showed a significant sequence homology with the yeast sucrose nonfermenting (Snf1) protein (Carling et al, 1994), which is now known to be an
orthologue of AMPK (Woods et al, 1994). Snf1, as well as AMPK, regulates ACC
function and phosphorylates the SAMS peptide, a specific AMPK substrate. The α1
isoform was later identified and, despite being encoded by a distinct gene, it shares
90% sequence identity within the kinase domain, and 61% elsewhere, compared with
α2 (Stapleton et al, 1996). However, the isoforms are not evenly distributed, with α1
being more ubiquitous and present almost equally in all tissues, while α2 is usually less
abundant but is preferentially expressed in skeletal muscle, heart and liver. The Ntermini of both α subunits contains a kinase domain with a conserved threonine
residue (Thr172) in the activation loop, whose phosphorylation by upstream kinases is
fundamental for AMPK activation (Hawley et al, 1996). The presence of an
autoinhibitory domain (AID) between residues 313-335 of α1 (311-333 of α2) was
suggested by an increase in kinase activity when α1 was C-terminally truncated at
residue 312 (Crute et al, 1998). A short linker region was identified between the AID
23

and the C-terminal domain of the α subunit, which appeared to interact with the β and
γ subunits (Crute et al, 1998).

1.3.2 The β subunit
The two mammalian AMPK β subunits (β1 and β2), like the α subunits, are encoded by
distinct genes and are differentially expressed. β1 levels are higher in the liver and the
brain, while β2 is more expressed in skeletal muscle (Thornton et al, 1998). Three gene
products in budding yeast, Sip1, Sip2 and Gal83, are closely related to the mammalian
β subunits, and they also interact with Snf1, the yeast orthologue of AMPK-α,
underlying once more the functional similarity between SNF1 and AMPK complexes
(Jiang & Carlson, 1997). AMPK-β subunits contain a carbohydrate-binding module
(CBM) in their central part, which causes AMPK to associate with glycogen particles
(Hudson et al, 2003; Polekhina et al, 2003). To date the full significance of this
interaction is still not clear, although it might be that it helps AMPK to localize close to
glycogen-bound substrates, such as glycogen synthase. Another hypothesis is that
AMPK itself is regulated by glycogen (Hardie, 2007), as suggested by the inhibitory
effect of glycogen on AMPK observed in both purified cell-free systems (McBride et al,
2009) and in skeletal muscle (Wojtaszewski et al, 2002). The C-terminal domain of the
β subunits act as a scaffold for assembly of the AMPK complex since it interacts with
both the α and the γ subunits (Woods et al, 1996). The AMPK-β subunits are subject to
different post-translational modifications. Several phosphorylation sites have been
identified, i.e. Ser24/25, Ser108 and Ser182 (Mitchelhill et al, 1997). Ser24/25 and
Ser108 are autophosphorylated by the catalytic activity of the α subunits, while the
identity of the kinase phosphorylating Ser182 is yet to be determined. It has been
reported that phosphorylation of Ser24/25 and Ser182 does not affect AMPK activity
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but it is apparently necessary for the nuclear exclusion of β1 (Warden et al, 2001).
Phosphorylation of Ser108 does not affect subcellular localization of AMPK but it
increases its activity (Sanz et al, 2013). Human AMPK-β subunits contain the consensus
motif for myristoylation (MGNXXS/T) and both subunits are subject to myristoylation
at Gly2 following cleavage of the initial methionine (Martin et al, 2011; Oakhill et al,
2011). In 2008 it was reported that the β subunits of AMPK could also be modified by
ubiquitination (Qi et al, 2008) and that this post-translational modification targeted the
AMPK complex, or just the β subunit, for proteasomal degradation (Zungu et al, 2011).
Finally, it seems that β2 subunit, but not β1, can be sumoylated, and that this results in
an increased phosphorylation of Thr172 (Rubio et al, 2013), although the detailed
mechanism is yet to be clarified.

1.3.3 The γ subunit
AMPK γ subunits are encoded by three distinct genes and the first isoform to be
identified was the one we now know as γ1 (Cheung et al, 2000). The three isoforms are
differentially expressed, with γ1 and γ2 being ubiquitously expressed while γ3 seems to
be restricted to skeletal muscle. The N-terminal part of the γ subunits is very variable,
while the C-terminal regions are highly conserved, with a sequence identity of 63 to
77% (Cheung et al, 2000). These C-terminal regions are characterized by the presence
of four tandem repeats of a sequence motif of about 60 amino acids known as
cystathione β synthase (CBS) motifs (Bateman, 1997). These repeats associate in pairs
to form domains that bind adenosine-containing ligands (Scott et al, 2004). CBS
repeats carry a key aspartate residue that is critical for binding of the ribose ring of the
bound nucleotide (Kemp et al, 2007). A crystal structure published in 2011 revealed
that the four CBS repeats appear to form a flattened disc, where the nucleotides bind
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in the clefts between CBS repeats 1 and 2, and CBS repeats 3 and 4 (Xiao et al, 2011).
Thus AMPK contains 4 potential nucleotide binding sites which are numbered
according to the CBS repeat bearing the conserved aspartate that binds the ribose ring.
Site 2 lacks the key aspartate residue and appears to be always empty. Sites 1 and 3
were proposed to reversibly bind AMP or ATP, while site 4 was proposed to contain a
permanently-bound AMP molecule (Xiao et al, 2011). In this work it was suggested that
site 1 and site 3 have different affinities for AMP or ADP, with site 1 being almost 30fold stronger than site 3. Xiao and colleagues also identified site 3 as the one
responsible for protection against dephosphorylation and thus the one to which ADP
also binds. However, it has subsequently been proposed that both site 3 and site 4
account for allosteric stimulation by AMP (Chen et al, 2012). Given the discrepancies
mentioned above, it is still not possible to establish a definite model describing the
effects of the different binding sites on AMPK activation. Two hereditary conditions,
i.e. familial hypertrophic cardiomyopathy (abnormal thickening of the heart walls) and
Wolff-Parkinson-White (WPW) syndrome (characterized by ventricular pre-excitation,
a premature electrical excitation of the ventricles) are associated with point mutations
in the CBS domains of human γ2 subunits (Gollob et al, 2001). These mutations reduce
the sensitivity of AMPK to AMP and also the binding of AMP to the CBS domains when
introduces into expressed heterotrimers (Daniel & Carling, 2002; Scott et al, 2004).
Death during infancy is associated with two more severe mutations: R531Q and R384T
(Akman et al, 2007; Burwinkel et al, 2005). All the mutations described show elevated
cardiac glycogen content, which may prevent the normal electrical separation of the
atria and ventricles, leading to ventricular pre-excitation (Arad et al, 2003; Gollob,
2003; Hardie, 2007). Elevated glycogen storage in skeletal muscle is also observed
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when the γ3 subunit presents similar mutations in pigs (Milan et al, 2000) and in
humans (Costford et al, 2007).

1.4 AMPK activation by upstream kinases
1.4.1 Phosphorylation by LKB1
Thr172 in the α subunit of AMPK was identified as a fundamental residue for the
activation of the kinase, being the target of phosphorylation by upstream kinases.
Work in Saccharomyces cerevisiae allowed the identification of three kinases (Elm1,
Pak1/Sak1 and Tos3) that could activate Snf1 (the yeast homologue of AMPK) in a
partially redundant manner, by phosphorylation of Thr210 (equivalent to Thr172 in
mammals) (Hong et al, 2003; Sutherland et al, 2003). The catalytic domain of the LKB1
kinase in mammals is closely related to the catalytic domains of these three yeast
kinases, suggesting that LKB1 could be the upstream kinase phosphorylating AMPK in
mammals. Indeed it was shown that LKB1 could phosphorylate and activate
bacterially-expressed AMPK (Hong et al, 2003) and, later it was reported that LKB1
acted in complex with the pseudokinase STRAD (Ste-20 related adaptor) and MO25
(mouse protein 25). This heterotrimeric complex was identified to be the major
upstream kinase of AMPK (Hawley et al, 2003; Shaw et al, 2004; Woods et al, 2003).
LKB1 is a Ser/Thr kinase that is found to be mutated in the Peutz-Jeghers syndrome
(PJS) (Alessi et al, 2006). Peutz-Jeghers syndrome is an inherited, autosomal dominant,
condition characterized by the formation of benign hamartomatous polyps, especially
in the gastrointestinal tract. The binding of LKB1 to STRAD and MO25 is required for its
full catalytic activity (Hawley et al, 2003). STRAD and MO25 stabilize the active loop of
LKB1 in the conformation needed to phosphorylate its substrates (Zeqiraj et al, 2009a).
Being a pseudokinase, STRAD does not possess any catalytic activity but still binds ATP,
27

adopting a closed conformation similar to that of active kinases (Zeqiraj et al, 2009b).
Mutations in the ATP-binding pocket of STRAD prevent the full association with MO25
and, consequently, the activation of LKB1 (Zeqiraj et al, 2009b).
LKB1 has been recognized as the master kinase of another 12 AMPK-related protein
kinases (ARKs) including NUAK family SNF1-like kinase 1 (NUAK1), sucrose nonfermenting protein-related kinase (SNRK), brain selective kinase1/2 (BRSK1 and BRSK2)
or synapses of amphids-deficient kinase (SADK), Salt-inducible kinase1/2/3 (SIK1, SIK2
and SIK3), microtubule affinity regulating kinase1/2/3/4 (MARK1, MARK2, MARK3 and
MARK4) or partitioning defective gene 1 (Par1) and maternal embryonic leucine zipper
kinase (MELK) (Lizcano et al, 2004). Except for the latter, LKB1 can enhance the kinase
activity of ARKs by phosphorylating the threonine residue corresponding to Thr172 in
AMPK.

1.4.2 Phosphorylation by CaMKKβ
It has been shown that LKB1 is required to phosphorylate AMPK in response to energy
stress (Sakamoto et al, 2005; Shaw et al, 2005). However, it has also been shown that
AMPK was still phosphorylated on Thr172 even in LKB1-null cell lines, suggesting the
existence of a second kinase phosphorylating AMPK. Ca2+/calmodulin-dependent
protein kinase kinase (CaMKK) purified from pig brain had been demonstrated to
phosphorylate and activate AMPK in cell-free assays (Hawley et al, 1995), although at
that time this was not thought to be the physiologically relevant kinase. The final
confirmation that the CaMKK (especially the β isoform) was a second physiologically
relevant upstream kinase phosphorylating Thr172, and thus activating AMPK, arrived
ten years later (Hawley et al, 2005; Hurley et al, 2005; Woods et al, 2005).
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1.5 AMPK regulation by adenosine nucleotides: promotion of
phosphorylation
Moore et al (1991) showed that when rat hepatocytes were treated with 20 mM
fructose, reciprocal changes in the activities of AMPK and ACC were observed over
time. When they measured the AMP:ATP ratio following the addition of fructose, they
observed a transient increase that then returned to basal values with time,
accompanied by a transient activation of AMPK and a transient inactivation of ACC.
While the inactivation of ACC could be explained by allosteric stimulation of AMPK by
AMP, the increase in AMPK activity could not be due only to allosteric stimulation,
because such changes would not have been observed in a cell lysate. Therefore,
changes in AMPK phosphorylation must have occurred. This was the first evidence that
the phosphorylation of AMPK could be mediated by nucleotide levels. Further
confirmation arrived in 1994 when Weekes et al (1994) separated AMPK activity from
the activity of its upstream kinase and showed that phosphorylation of AMPK was
dependent upon the distinct upstream kinase and that this was stimulated by AMP. An
important breakthrough came when Thr172 was recognized as the target site for the
upstream kinase on the AMPK α subunit (Hawley et al, 1996). However, since 1991 the
role of AMP to promote Thr172 phosphorylation has been discussed and challenged. In
2010 it was proposed that promotion of phosphorylation by AMP could be achieved
only when the β subunit was myristoylated on Gly2 (Oakhill et al, 2010). Mutation of
Gly2 did not seem to affect either allosteric stimulation of AMPK or the ability of AMP
to protect against dephosphorylation. However, Thr172 phosphorylation, induced by
glucose deprivation, and the consequent membrane association of wild-type AMPK
were lost with the non-myristoylatable G2A mutant (Oakhill et al, 2010). The myristoyl
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group in the β subunit promote association of AMPK with cellular membranes (Warden
et al, 2001) and it is known that a number of AMPK substrates associate with the
membrane. A model for AMPK regulation, dependent on its β subunit myristoylation
was proposed. High levels of ATP were proposed to induce the association between
the myristoyl group and the kinase domain, preventing the access of upstream kinases
to Thr172. When cells experience stress conditions, AMP was proposed to displace
ATP at the γ subunit, causing the release of the myristoyl group and promoting AMPK
membrane association (thus targeting some of its substrates) and Thr172
phosphorylation by the upstream kinases (Oakhill et al, 2010). When ATP returns to
basal levels, the mechanism is reversed.

1.6 AMPK regulation by adenosine nucleotides: allosteric
stimulation and protection from dephosphorylation
The level of AMP in the cell seems to be determined by the activity of the enzyme
adenylate kinase (Dzeja & Terzic, 2003) which catalyses the reversible interconversion
of the three adenine nucleotides: 2ADP↔ATP+AMP. Adenylate kinase appears to
have a high basal activity in almost all eukaryotic cells, so that the mass action ratio
([ATP]•[AMP]/[ADP]2) is always close to the equilibrium value of around 1. If this
reaction is at equilibrium, the cellular AMP/ATP ratio will vary as the square of the
ADP/ATP ratio so that the increase in AMP, occurring whenever ATP/ADP falls, will be
much larger than the changes in ATP or ADP (Hardie & Hawley, 2001). So, when the
cells experience metabolic stress that causes the ATP/ADP ratio to fall, cellular AMP
concentration can be used as sensitive indicator of such energy stress. Binding of AMP
to AMPK γ-subunits causes >10 fold allosteric stimulation (the regulation of a protein
by binding of an effector molecule at a site other than the active site, usually caused by
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a conformational change). It was also demonstrated that binding of AMP to AMPK
protected the kinase from dephosphorylation of Thr172 by protein phosphatases
(Davies et al, 1995). When this effect was analysed, it was found that the IC50 for the
effect of AMP on dephosphorylation was very similar to the EC50 for the allosteric
stimulation. Also, the effect was mimicked by AMP analogues that allosterically
stimulated AMPK activity and was not specific for a particular phosphatase. Finally the
activity of the phosphatases themselves was not affected by AMP. All these lines of
evidence suggested that the effect of AMP on inhibition of dephosphorylation is
substrate-mediated. The protection from dephosphorylation mediated by AMP was
further confirmed when it was shown that mutation of the nucleotide binding sites of
the γ subunits abolished it (Sanders et al, 2007b).

1.7 AMPK regulation by ADP
In 2011 Xiao and colleagues suggested that the protection against dephosphorylation
mediated by the binding of AMP to AMPK could be mimicked by the binding of ADP
(Xiao et al, 2011). It was also proposed that ADP could promote phosphorylation of
Thr172 by both LKB1 and CaMKKβ (Oakhill et al, 2010; Oakhill et al, 2011). These
findings, together with the fact that ADP concentration in the cell is usually up to one
order of magnitude higher than that of AMP, raised the possibility that ADP, not AMP
was the physiological signal promoting AMPK activation. This question was
investigated by Gowans and co-workers (Gowans et al, 2013). In this study it was
demonstrated that dephosphorylation of Thr172 by the phosphatase PP2Cα was
prevented by both ADP and AMP. However AMP was 10-fold more potent than ADP. It
was also confirmed that phosphorylation of Thr172 by LKB1 was promoted by AMP,
but not ADP, while phosphorylation by CaMKKβ was not dependent on either AMP or
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ADP. According to their results, while ADP appeared to have a role in AMPK regulation,
AMP was still likely to be the critical physiological activator of AMPK, so that the name
AMP-activated protein kinase remained appropriate.
A summary of the mechanisms that regulate AMPK activation is presented in Figure
1.2.

Figure 1.2. Regulation of AMPK. Schematization of the mechanisms by
which AMPK is regulated by AMP, ADP and ATP. 1) Promotion of
phosphorylation
by
upstream
kinases;
2)
Protection
from
dephosphorylation; 3) Allosteric stimulation.
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1.8 AMPK activators
As a sensor of cellular energy stress, AMPK is mostly activated by those processes that
interfere with the levels of ATP in the cell. Processes that increase ATP consumption
(i.e. muscle contraction during exercise) or that decrease ATP production (i.e.
ischaemia or hypoxia) lead to an increase in both AMP:ATP and ADP:ATP ratios, thus
activating AMPK. A variety of drugs and xenobiotics (Hardie et al, 2012a), as well as a
number of hormones (Kahn et al, 2005), are also known to promote AMPK activation.
In the following sections the different mechanisms by which AMPK is activated are
described (Fig.1.3)

Figure 1.3. Activators of AMPK. AMPK is activated by a large number of
different drugs and xenobiotics as well as by hormones and exercise.

1.8.1 Exercise activates AMPK
When skeletal muscles contract during exercise, the intracellular glucose transporter
GLUT4 is translocated to the cell surface, and the level of glucose uptake increases
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(Merry & McConell, 2009). Muscle contraction, causing ATP depletion, activates AMPK,
which is then responsible for the increase of glucose uptake (as explained in more
details in section 1.9.1) (Hayashi et al, 1998). It has been suggested that AMPK
activation by exercise is mediated by LKB1. In mice lacking LKB1 in skeletal muscle,
AMPK-α2 activity was dramatically reduced and could not be increased by muscle
contraction. In the same way, also glucose uptake was inhibited and phosphorylation
of Acetyl-CoA carboxylase 2 (ACC2), a downstream target of AMPK, was greatly
reduced, underlying the central role of LKB1 in AMPK activation by exercise (Sakamoto
et al, 2005) . It has also been shown that AMPK is the only ARK downstream of LKB1
responding to muscle contraction, further confirming that the effects on glucose
uptake in skeletal muscle are mediated by AMPK rather than another ARK (Sakamoto
et al, 2004). It has been proposed that AMPK was also responsible for many of the
beneficial effects of exercise, especially increased mitochondrial biogenesis (Zong et al,
2002) and increased fatty acid oxidation (Aschenbach et al, 2004)

1.8.2 Activation of AMPK by hormones
Adipocytes secrete a range of hormones collectively termed adipokines and it has been
shown that AMPK is regulated by more than one of them (Kahn et al, 2005). The first
example is the hormone ghrelin, that is released from the gut during fasting or
starvation and, once in the hypothalamus, it acts as a “hunger signal” to increase
appetite. Ghrelin receptors are located in the arcuate nucleus of the hypothalamus
together with NPY/AgRP neurons, that are required for ghrelin to promote feeding
(Luquet et al, 2007). It has been suggested that ghrelin may not act on NPY/AgRP
neurons themselves, but on presynaptic neurons upstream. Activity of these neurons
was indirectly assessed by measuring the frequency of postsynaptic currents in the
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NYP/AgRP neurons (Yang et al, 2011). Pharmacological analysis of these currents
suggests that ghrelin activates the G-coupled receptor GHSR1, stimulating the
production of IP3 and the consequent release of Ca2+ in the presynaptic neurons. Ca2+
then triggers AMPK activation via CaMKKβ. As a confirmation of this hypothesis,
increases in food intake induced by administration of ghrelin, were absent in mice with
whole-body knock-out of CaMKKβ (Anderson et al, 2008).
The hormone leptin, known also as “satiety hormone”, is produced in proportion to
the fat levels of the body and released in large amounts in obese individuals. Leptin
was shown to rapidly but transiently increase activation of AMPK, enhancing fatty acid
oxidation in skeletal muscle (Minokoshi et al, 2002). However, in the hypothalamus,
leptin has been reported to inhibit AMPK-α2 (Minokoshi et al, 2004). It has been
suggested that leptin triggers the release of an opioid (possibly β-endorphin) from the
proopiomelanocortin (POMC) neurons, which then inhibits AMPK via µ-opioid
receptors in the presynaptic neurons upstream of NPY/AgRP neurons. By interrupting
the positive feedback loop set up by ghrelin, leptin can terminate the stimulation of
NYP/AgRP neurons and thus feeding (Yang et al, 2011). It is then possible to picture the
possible scenario in which leptin and ghrelin, along with insulin, play critical roles in
order to regulate food intake and energy expenditure via neuronal circuits. During
fasting or starvation ghrelin increases while insulin, usually released from pancreatic βcells in response to hyperglycaemia, and leptin decrease. This will result in increased
AMPK activity in the presynaptic neurons, increased activity of NPY/AgRP neurons and
decreased activity of POMC neurons, driving an orexigenic response. On the other
hand, during a positive energy balance, leptin and insulin levels will rise while ghrelin
levels will decrease, leading to AMPK inhibition and, thus, increasing anorexigenic
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outputs. This mechanism seems to fail in obese individuals, who apparently become
resistant to both leptin and insulin in the hypothalamus. In this condition ghrelin can
escape the restraining influence of leptin and insulin, chronically activating AMPK in
the hypothalamus and thus inappropriately activating NPY/AGRP neurons. This would
maintain a prolonged hunger signal despite a positive energy balance (Hardie &
Ashford, 2014).
The hormone adiponectin is released from adipocytes in larger amounts in lean
individuals, suggesting that it is released when fat stores are low. Binding of
adiponectin to its receptor AdipoRI activates AMPK (even if the precise mechanism of
activation is not yet clear) and promotes fat oxidation in liver and muscle, while
inhibings glucose production in the liver (Kadowaki & Yamauchi, 2005). In the
hypothalamus, adiponectin activates AMPK, mimicking the effect of ghrelin but
opposing the effect of leptin (Kubota et al, 2007).
The thyroid hormone tri-iodothytonine (T3) has an effect in almost all cells. However,
its effect on whole-body energy balance appears to involve inhibition of AMPK in
neurons of the ventromedial hypothalamus (Lopez et al, 2010). This inhibition triggers
the release of norepinephrine and/or epinephrine in the periphery and increase
energy expenditure by stimulating the release of fatty acids from adipose tissue and by
promoting fat oxidation and heat production in brown adipose tissue (Lopez et al,
2010).

1.8.3 Activation of AMPK by drugs and xenobiotics
A vast range of compounds had been shown to activate AMPK, using a variety of
mechanisms. In 2010 a study was conducted to generate a straight forward technique
that would easily allow identification of the mechanism by which each compound
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activated AMPK (Hawley et al, 2010). In this study HEK-293 cells were modified in
order to stably express a mutated form of the γ2 subunit of AMPK. Mutation of Arg531
in AMPK-γ2 (located in CBS repeat 4) to Gly (RG mutant), found in some cases of WPW
syndrome, prevents nucleotide binding at site 3 and renders AMPK insensitive to
changes in cellular nucleotide levels. Thus, when a compound only activates the wildtype γ2-containing complexes, it means that its mechanism of activation relies on
changes in cellular nucleotides. This class of compounds was demonstrated to disrupt
energy status by increasing both the ADP:ATP and AMP:ATP ratios, in most cases by
altering mitochondrial function (Hawley et al, 2010). Other compounds are instead
able to activate AMPK also when the RG mutation is present in the γ2 subunit and their
mechanism of activation is clearly AMP-independent (Hawley et al, 2010).
1.8.3.1 Mitochondrial inhibitors
Many of the compounds found to activate AMPK are metabolic poisons that either
affect glycolysis or, more often, mitochondrial activity. In doing so, they inhibit ATP
synthesis and activate AMPK indirectly by increasing cellular AMP levels. Several
different compounds belong to this class of activators. The first one worth to be
mentioned is metformin. Metformin is a widely prescribed drug, used as a first-choice
treatment for type 2 diabetes (Rena et al, 2013). Along with the related compound
phenformin, it derives from galegine, a natural product of the plant Galega officinalis
whose extracts had been used for centuries to treat symptoms of diabetes (Hardie et
al, 2012a). Both galegine and phenformin had been shown to be also very potent
activators of AMPK (Hawley et al, 2003; Mooney et al, 2008). Metformin was shown to
activate AMPK in intact cells, leading to decreased hepatic glucose production and
increased glucose uptake in muscle (Zhou et al, 2001). However it was clear that this
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activation was indirect since no effect of metformin could be observed on in vitro
AMPK activity (Hawley et al, 2002). It had been shown that metformin inhibits complex
I of the mitochondrial chain (El-Mir et al, 2000) suggesting that the mechanism by
which it activates AMPK could be dependent on changes in cellular nucleotides. This
hypothesis was confirmed in the study conducted by Hawley and colleagues (Hawley
et al, 2010) where it was demonstrated that metformin failed to activate AMPK
containing the RG-γ2 mutant. In the same study, phenformin and galegine were shown
to activate AMPK through the same mechanism. However some discrepancies have
emerged about the role of AMPK as a mediator of the beneficial effects of metformin.
The effect of metformin was reversed when compound C, an AMPK inhibitor was used
(Zhou et al, 2001). However, compound C appeared to be a non-specific inhibitor of
AMPK, having different off-target effects (Bain et al, 2007). Also, mice with both
catalytic subunits of AMPK deleted from the liver displayed normal acute effects of
metformin on hepatic glucose production, as did hepatocytes from mice lacking either
AMPK or LKB1 (Foretz et al, 2010). Metformin was also claimed to inhibit mTORC1
signalling and to stimulate glucose uptake in an AMPK-independent manner (Kalender
et al, 2010; Turban et al, 2012). However, a recent study has suggested that AMPK
actually has a crucial role in the response to metformin. Mice carrying alanine knock-in
mutations at the sites phosphorylated by AMPK in both ACC1 (Ser79) and ACC2
(Ser212) displayed increased hepatic lipogenesis and decreased fatty acid oxidation
compared to wild-type mice. This resulted in elevated hepatic lipid content which was
associated with insulin resistance. Indeed these mice were found to be
hyperglycaemic, hyperinsulinemic, glucose intolerant and insulin resistant. However,
they were not obese (Fullerton et al, 2013). If mice underwent a high-fat diet and
became obese, long-term treatment with metformin reduced hepatic lipid content and
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improved insulin-sensitivity in wild-type mice but not in the double knock-in mice. It
therefore seems that phosphorylation and inhibition of ACC by AMPK is fundamental
in mediating the long-term beneficial effects of metformin (Fullerton et al, 2013). Also,
it is worth noting that pre-treatment of hepatocytes with low concentrations of
metformin (80 µM was the highest concentration used, and is the highest
concentration found in the portal vein) resulted in the suppression of glucose
production and gluconeogenic gene expression. This effect occurred without any
increase in AMP/ATP ratio but, at the same time, was mediated by an increase in
AMPK phosphorylation, possibly suggesting and additional direct effect of metformin
on AMPK activation (Cao, J. et al. 2014).
Troglitazone, pioglitazone and rosiglitazone belong to the class of thiazolidinediones
(TZDs), which have been used as antidiabetic drugs, and were shown to increase AMPK
activity (Fryer et al, 2002; LeBrasseur et al, 2006; Saha et al, 2004). TZDs are also
known to activate AMPK through indirect mechanisms. Firstly, they bind to the
transcription factor PPAR-γ, causing its activation.

As a consequence of this,

adiponectin, an hormone known to activate AMPK, is released (Yamauchi et al, 2002).
Most of the beneficial effects of low doses of TZDs on diabetes were abolished by
knocking out adiponectin, confirming this mechanism of action (Kubota et al, 2006).
However, at higher concentrations, TZDs have also been shown to inhibit
mitochondrial function (Fryer et al, 2002; Hawley et al, 2010), causing rapid glucose
uptake and fatty acid oxidation that could be AMPK-dependent and are unlikely to be
explained by changes in transcription (LeBrasseur et al, 2006).
In nature, there are numerous plant products that have been demonstrated to
promote AMPK activity, many of which have been used in traditional medicines. Some
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examples are resveratrol, present in red wine and grapes (Baur et al, 2006), berberine,
from Chinese Goldthread (Turner et al, 2008) and quercetin, found in fruits and
vegetables (Ahn et al, 2008). The precise mechanism of activation of all these different
compounds remains uncertain, although it has been proposed that some of them also
activate AMPK by impairing mitochondrial function (Turner et al, 2008). Indeed
resveratrol, berberine and quercitin all failed to activate the AMPK containing the RGγ2 mutant, confirming that their mechanism of activation is indirect and dependent on
changes in cellular nucleotides (Hawley et al, 2010).
1.8.3.2 AMP analogues
Another class of AMPK activators are pro-drugs that are converted following cellular
uptake into AMP analogues, which activate AMPK by mimicking the effect of AMP
binding (Hardie, 2015). The nucleoside 5-aminoimidazole-4-carboxamide riboside
(AICAR) belongs to this class of compounds, and was also the first compound identified
to activate AMPK in intact cells and in vivo. Once in the cell, AICAR is converted to the
monophosphorylated

form

5-aminoimidazole-4-carboxamide

ribonucleoside

monophosphate (ZMP) (Sabina et al, 1985). ZMP activates AMPK by allosteric
stimulation and by protection against dephosphorylation (Corton et al, 1995). Since
ZMP binds to the same site as AMP, treatment of cells with AICAR does not have any
effect on AMPK containing the RG-γ2 mutant (Hawley et al, 2010) and it has been
extensively used as a tool to characterize the downstream effects of AMPK. However,
being an AMP mimetic, ZMP is also able to bind to other AMP-sensitive enzymes such
as fructose-1,6-bisphosphatase, to reduce gluconeogenesis (Vincent et al, 1991), and
to glycogen phosphorylase, to increase glycogenolysis (Longnus et al, 2003). Despite
the fact that AICAR has been shown to reverse some of the defects associated with the
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metabolic syndrome (Song et al, 2002), this lack of specificity, very low oral availability
and rapid metabolism renders it unsuitable for clinical use.
For many years, AICAR was the only member of this class of compounds. Recently a
new AMP analogue, 5-(5-hydroxyl-isoxazol-3-yl)-furan-2-phosphonic acid or C2, was
reported to activate AMPK and to be a 1000-fold more potent activator than ZMP in
cell-free assays (Gomez-Galeno et al, 2010). It was identified as a potent activator after
screening a library of 1200 AMP mimetics against both human and rat AMPK, by
monitoring the phosphorylation of SAMS peptide (Davies et al, 1989). Unlike AICAR, C2
does not affect other AMP-sensitive metabolic enzymes and most kinases, including
members of the AMPK-related kinase family and AMPK upstream kinases, were not
significantly affected by low doses of C2 either (Hunter et al, 2014). Cell-free kinase
assays showed that C2 activates AMPK both allosterically and by protecting Thr172
from dephosphorylation. Also, it has a preference for α1-containing complexes
(Hunter et al, 2014). C2 carries a negatively charged phosphonate group and is not cell
permeable. However, it can be administered to cells as a pro-drug called C13, in which
the phosphonate group is esterified, with C13 being converted into C2 by intracellular
esterases. C13 has been shown to activate AMPK in a concentration-dependent
manner in isolated mouse hepatocytes, leading to the inhibition of both de novo lipid
synthesis and fatty acid esterification. Both effects were lost in AMPK-KO hepatocytes
(Hunter et al, 2014). Although the precise binding site of C2 has not been identified, it
is a structural analogue of AMP. Treatment of cells with C13 did not affect the levels of
cellular nucleotides, and no increase in AMPK activity could be observed when RG-γ2
expressing cells where treated with the compound (Hunter et al, 2014). These lines of
evidence strongly suggest that C2 binds to the same site(s) as AMP, and it can be
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considered the second member of the class of AMPK activators that are AMP
analogues.
1.8.3.3 Direct activators
A third class of activators is comprised of molecules that bind directly to AMPK. There
are currently four compounds belonging to this group: A769662, salicylate, 991 and
MT63-78. The first direct activator identified was the thienopyridone A769662 (Cool et
al, 2006). Like AMP, A769662 has been found to allosterically activate AMPK and to
protect Thr172 from dephosphorylation (Goransson et al, 2007; Sanders et al, 2007a).
Despite sharing some of the same effects, A769662 and AMP do not bind at the same
site to promote AMPK activation. The A769662 binding site involves the β subunit of
AMPK and particularly its residue Ser108. Thus, an S108A mutation that prevents
autophosphorylation of that serine residue, almost completely abolished AMPK
activation by A769662 (Scott et al, 2008). Furthermore, the compound has a
preference towards β1-containing complexes, since it almost completely fails to
activate AMPK-β2 complexes (Hawley et al, 2012; Scott et al, 2008). A769662 is one of
the few compounds that also activates AMPK containing the RG-γ2 mutant, confirming
its AMP-independent mechanism of activation (Hawley et al, 2010). Although it has the
ability to directly activate AMPK, A769662 has poor oral solubility (Cool et al, 2006)
and may possess AMPK-independent functions (Moreno et al, 2008) which may limit
its use as a therapeutic agent.
A second compound that has been found to directly activate AMPK is salicylate. Among
the four direct activators, salicylate is the only natural compound. It is present in
willow bark but it is also produced by other plants as a defence mechanism in response
to infection. For millennia it has been used in traditional medicine. Nowadays its
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medical usage has been largely replaced by aspirin or by salsalate, which are both
broken down to form salicylate after oral administration. Aspirin is known to inhibit
prostaglandin synthesis by inhibiting the cyclo-oxygenases COX1 and COX2 (Vane,
1971). However salicylate has recently been shown to directly activate AMPK in a
manner independent of changes in cellular energy state (Hawley et al, 2012). Like
A769662, salicylate also requires phosphorylation of Ser108 to effectively activate
AMPK, and activates β2-containing complexes very poorly. Salicylate can modestly
stimulate AMPK activity allosterically, although its major effect is to protect Thr172
from dephosphorylation by protein phosphatases. It was shown that salicylate can
antagonize allosteric stimulation by A769662, suggesting that they compete for
binding at the same site. Salicylate treatment in vivo can cause a switch from
carbohydrate to fat utilization and can decrease the serum levels of fatty acids. Both of
these effects require the presence of the β1 isoform of AMPK, confirming that these
metabolic effects are mediated by AMPK activation (Hawley et al, 2012).
Recently two other compounds have been identified to join the group of direct
activators. The small molecule MT63-78 was identified in a targeted screen using
purified human recombinant AMPK and, using cell free assays, it was proven to
allosterically activate AMPK in a dose-dependent manner (Zadra et al, 2014). Like AMP,
A769662 and salicylate, MT63-78 also protects AMPK from dephosphorylation by
protein phosphatases and shows a preference for β1-containing complexes. However,
in vitro experiments show that high doses of MT63-78 were also able to activate β2containing AMPK complexes (Zadra et al, 2014).
The fourth and possibly the most potent of the AMPK direct activators is a cyclic
benzimidazole derivative developed by Merck Sharp and Dohme Corporation and
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Metabasis Therapeutics, called 991. This compound was shown to be 5-10 fold more
potent than A769662 in assays monitoring allosteric stimulation and protection against
dephosphorylation (Xiao et al, 2013). Cell-based assays to determine the effectiveness
of 991 showed activation at much lower concentrations than required for A769662.
Like the other direct activators, 991 binds β1-containing AMPK 10 times more tightly
than β2 complexes, without losing the ability to activate the latter. Recently, it has
been showed that 991 binds in the same site as A769662 (Xiao et al, 2013). Additional
studies showed that 991 (also known as ex229) dose-dependently increased AMPK
activity in rat epitrochlearis muscle and, at a concentration of 100 µM, AMPK
activation was comparable to that observed after muscle contraction. It also caused a
2-fold increase in glucose uptake, which, along with ACC phosphorylation, was
abolished in AMPK α1/α2 double knock-out myotubes incubated with 991 (Lai et al,
2014).
The presence of a well-defined binding site for all of these direct activators raises the
intriguing questions as to where this binding site is located and whether there are
natural ligands that bind this site. These questions will be further investigated in the
following chapters of this thesis.
1.8.3.4 Calcium
It has been demonstrated that AMPK can be phosphorylated at Thr172 by CaMKKβ, a
kinase that is activated in response to rising levels of calcium (Hawley et al, 2005).
Hawley and colleagues demonstrated that silencing CaMKKβ using targeting siRNAs
greatly reduced AMPK activation by the calcium ionophore A23187, confirming that
the expression levels of CaMKKβ were critical for AMPK activation by calcium to occur.
The same outcome was obtained when CaMKKβ was inhibited with the inhibitor
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STO609. Pharmacological agents that increase the level of calcium in the cell can
therefore significantly activate AMPK. Examples in this regards are the calcium
ionophore A23187 (Hawley et al, 2010), ionomycin (Hurley et al, 2005) and also, in
muscle, caffeine (Jensen et al, 2007).

1.9 Downstream events regulated by AMPK
Once activated, AMPK acts as a sensor of cellular energy status, in order to re-establish
energetic balance when it is disrupted during cellular stress conditions. To accomplish
this, AMPK promotes catabolic pathways that generate ATP and, at the same time,
switches off anabolic pathways that consume ATP. It achieves this by directly
phosphorylating metabolic enzymes or by regulating transcription factors or coactivators (Hardie, 2015). Some downstream effects of AMPK are summarised in
Figure 1.4. AMPK phosphorylates downstream targets at Ser/Thr residues located in a
sequence motif characterized by hydrophobic residues at the -5 and +4 positions and
basic residues at -4 or -3, or both (Hardie et al, 2012b). An additional basic residue at 6 increases the specificity and the best substrates for AMPK (such as ACC1 and ACC2)
also have additional hydrophobic residues forming an amphipathic helix N-terminal to
the -5 position.
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Figure 1.4. Some downstream targets and effects of AMPK. AMPK
senses changes in cellular energetic status and, in order to maintain it,
promotes catabolic pathways producing ATP while inhibiting anabolic
pathways consuming ATP.

1.9.1 Glucose metabolism
During muscle contraction, blood glucose is used to generate ATP, and activated AMPK
appears to mediate the increase in glucose uptake that occurs during this process.
Enhanced glucose uptake is achieved by translocation of the glucose transporter
GLUT4 from intracellular storage vesicles to the plasma membrane. These vesicles
move to the plasma membrane in a process mediated by members of the Rab family of
G-proteins in their GTP-bound state (Sakamoto & Holman, 2008). Under basal
conditions, Rabs are kept in the inactive GDP-bound state by TBC1D4 and/or TBC1D1,
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which contain Rab-GTPase activator protein (Rab-GAP) domains and are associated
with vesicles containing GLUT4. The insulin-activated kinase Akt phosphorylates
TBC1D4, triggering association with 14-3-3 proteins and consequent dissociation from
the storage vesicles (Geraghty et al, 2007). In the same way, AMPK phosphorylates
TBC1D1, leading to a similar outcome (Chen et al, 2008). In cell-free assays it seems
that AMPK can phosphorylate both Ser237 and Thr596 of TBC1D1. However in intact
cells, only Ser237 appears to be phosphorylated in response to AMPK activation,
suggesting that other kinases may be involved in Thr596 phosphorylation and hence
GLUT4 translocation (Chen et al, 2008). Dissociation of both TBC1D1 and TBC1D4
promotes the conversion of Rabs to their GTP-bound form, with the consequent
transport and subsequent fusion of GLUT4with the plasma membrane. It is still not
clear whether AMPK entirely mediates the effect of muscle contraction on glucose
uptake. For example, in mice with a knock-out of the AMPK-α2 subunit, AICAR had no
effect on glucose uptake but the effects of muscle contraction were normal. When the
AMPK-α1 subunit was deleted there were no changes in the response to either AICAR
or muscle contraction (Jorgensen et al, 2004b). However, experiments performed by
genetically depletion of only one AMPK isoform still leaves open the possibility that
there might be residual AMPK activity, sufficient to increase glucose uptake during
muscle contraction. Mice lacking both β1 and β2 subunits showed reduced muscle
glucose uptake during treadmill exercise and muscle contraction (O’Neil et al., 2011).
Recently also mice lacking both α1 and α2 subunits of AMPK have been characterized
and they were found to have a reduction in contraction-stimulated glucose uptake in
the soleus but not extensor digitorium longus muscle (Lantier et al., 2014). On the
other hand, when mice lacked LKB1 in muscle, glucose uptake was not enhanced
significantly either by AICAR or by contraction (Sakamoto et al, 2005).
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AMPK can also promote glucose uptake in cells other than those in muscle which
express a different glucose transporter, GLUT1. GLUT1 is already located in the plasma
membrane and it seems that AMPK promotes glucose uptake by activating GLUT1
(Barnes et al, 2002). Barnes and colleagues showed that in the rat liver epithelial cell
line Clone 9 metabolic and osmotic stress leaded to increased glucose uptake. This
increase was not paralleled by changes in cell-surface levels of GLUT1. However, they
showed that the increased glucose transport seen in Clone 9 cells correlated with
increased exofacial labelling of GLUT1 and was also enhanced by treatment with
AICAR. Recently a mechanism for this activation was suggested. Binding of GLUT1 to
TXNIP, an α-arrestin family protein that is induced by glucose elevation, promotes
GLUT1 internalization through clathrin coated pits. AMPK has been found to
phosphorylate TXNIP, enhancing its rapid degradation and thus preventing the
internalization of GLUT1. This eventually leads to increased glucose uptake (Wu et al,
2013).
The main storage form of glucose in the body is glycogen. When the energy balance of
the cell is affected, glucose needs to be used to produce ATP. To this aim, apart from
enhancing glucose uptake, AMPK also phosphorylates and inhibits the enzyme
producing glycogen, glycogen synthase, thus decreasing the rate of glycogen synthesis
(Jorgensen et al, 2004a) and preventing storage of “precious” glucose. Mammalian
glycogen synthase exists as two isoforms, muscle glycogen synthase (GYS1) and liver
glycogen synthase (GYS2). The first is widely expressed while the liver isoform
expression is entirely restricted to the liver. Glycogen synthase(s) catalyses the transfer
of the glucose moiety of UDP-glucose to the hydroxyl at C4 of the terminal residue of a
glycogen chain, thus promoting the elongation of the chain itself. Glycogen synthase(s)
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contain clusters of phosphorylation sites on both the N and C termini. The largest
effects on glycogen synthase activity were observed by phosphorylation of site 2, in
the N-terminal region, and site 3a, in the C-terminal region. While site 3a, as well as
3b, 3c and 4 are phosphorylated by glycogen synthase kinase-3 (GSK3), AMPK appears
to be the major kinase acting on site 2 in GYS1 (Carling & Hardie, 1989; Jorgensen et
al, 2004a). Site 2 was identified as Ser7 (in both isoforms), a residue that lies in a
favourable consensus motif for phosphorylation by AMPK (Bultot et al, 2012). When
AMPK phosphorylates Ser7, glycogen synthase affinity for UDP-glucose and glucose-6phosphate decreases dramatically, leading to the enzyme inactivation. When isolated
rat hepatocytes were incubated with AICAR, phosphorylation of Ser7 could be
observed along with a persistent inactivation of glycogen synthase. By contrast,
inactivation of glycogen synthase by glucagon was transient. In mice carrying a specific
deletion of α1/α2 subunits in the liver, inactivation of glycogen synthase by AICAR was
blunted while glucagon continued to inactivate the enzyme. These results provided
evidence that phosphorylation of Ser7, mediated by AMPK, inactivates glycogen
synthase (Bultot et al, 2012)
AMPK can down-regulate the expression of some gluconeogenic genes, including
glucose-6-phosphatase, by regulating the activity of transcriptional co-activators, such
as CRTC2 (CREB-regulated transcription co-activator 2) (Koo et al, 2005). Downregulation of the expression of gluconeogenic genes seems to be achieved also
indirectly by AMPK. FOXO transcription factors promote the expression of
gluconeogenic genes and they are activated by class IIa histone deacetylases. It has
been reported that AMPK can inhibit the function of these deacetylases by promoting
their nuclear exclusion (Mihaylova et al, 2011).
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AMPK has been shown to also increase the rate of glycolysis through the
phosphorylation

of

isoforms

of

6‑phosphofructo-2‑kinase/fructose‑2,6‑

biphosphatase (PFKFB), the enzyme catalysing the generation and breakdown of
fructose‑2,6‑bisphosphate, a potent activator of the glycolytic enzyme 6phosphofructo-1-kinase. However, this form or regulation has been observed only in
cells expressing the PFKFB2 isoform, such as cardiac myocytes (Marsin et al, 2000), or
the PFKFB3 isoform, such as monocytes, macrophages and certain cancer cells (Marsin
et al, 2002).

1.9.2 Lipid metabolism
The role of AMPK in lipid metabolism is mainly to reduce fatty acid and cholesterol
synthesis while promoting fatty acid oxidation. ACC is the enzyme that catalyses the
conversion of acetyl-CoA into malonyl-CoA, one of the first steps of fatty acid
synthesis. There two isoforms of ACC, ACC1 and ACC2, and both of them are
phosphorylated and inhibited by AMPK. Phosphorylation on Ser79 of ACC1 reduces its
catalytic activity, therefore inhibiting fatty acid synthesis (Davies et al, 1992; Davies et
al, 1990). ACC2 is associated with mitochondrial membranes and is thought to increase
malonyl-CoA levels at the mitochondrial surface (Abu-Elheiga et al, 2000). Malonyl-CoA
inhibits carnitine:palmitoyl-CoA transferase 1 (CPT1), the enzyme mediating the entry
of long-chain fatty acids into mitochondria for fatty acid oxidation. By inhibiting ACC2,
AMPK reduces levels of malonyl-CoA and consequently promotes fatty acid oxidation
(Merrill et al, 1997). However, genetic disruption of ACC1 and ACC2 showed confliction
results about the roles of these enzymes in controlling fatty acid metabolism. Specific
knock out of ACC1 in the livers was compensated by ACC2 activity, and the de novo
lipogenesis rate was not significantly altered (Harada, N. et al, 2007). Also, knock out of
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ACC2 had no effect on total malonyl-CoA content and fatty acid oxidation rates in
skeletal muscle, suggesting a metabolic compensation in response to the loss of ACC2
(Olson, D.P. et al, 2010). Mice with alanine knock-in mutations in ACC1 (at Ser79) and
ACC2 (at Ser212) showed elevated lipogenesis and lower fatty acid oxidation, without
a clear separation of the individual roles of ACC1 and ACC2, suggesting that their
activities might be redundant (Fullerton et al, 2013). AMPK also downregulates
expression of ACC1 and other lipogenic enzymes, probably through the
phosphorylation of the lipogenic transcription factor sterol regulatory element-binding
protein 1C (SREBP1C) (Li et al, 2011).
The enzyme HMG-CoA reductase, crucial for cholesterol synthesis, is also
phosphorylated and inactivated by AMPK (Clarke & Hardie, 1990), while its
transcription, mediated by SREBP2, is also down-regulated by AMPK (Liu et al, 2015).

1.9.3 Protein metabolism
AMPK plays a role in regulating protein synthesis and cellular growth, and it does so by
inhibiting the mammalian target of rapamycin (mTOR) pathway (Gwinn et al, 2008).
The mTOR complex 1 (mTORC1) controls protein synthesis and is composed of mTOR,
the regulatory-associated protein of mTOR (Raptor) and other subunits. mTORC1
phosphorylates the eukaryotic translation initiation factor 4E-binding protein (4E-BP1)
and ribosomal S6 kinase (S6K) (Holz et al, 2005; Wullschleger et al, 2006). AMPK
suppresses mTORC1 by two possible mechanisms. The first mechanism involves the
phosphorylation of tuberous sclerosis 2 (TSC2), an upstream negative regulator of
mTORC1 that has GTPase activator protein (GAP) activity against the small G protein
Ras homolog-enriched in brain (Rheb). TSC2 is inhibited by Akt by phosphorylation on
multiple serine residues. This phosphorylation has been shown to stimulate the
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dissociation of TSC2 from Rheb at the lysosomal surface, with consequent conversion
of Rheb to its active GTP-bound form (Menon et al, 2014). Phosphorylation by AMPK,
at different sites, appears to activate TSC2 and thus inhibit Rheb; this results in
inhibition of mTORC1 signalling (Inoki et al, 2003; Shaw, 2009). The second mechanism
by which AMPK inhibits mTORC1, relies on the direct phosphorylation of Raptor, which
leads to the binding of 14-3-3 proteinsto Raptor itself, and a consequent reduction in
mTORC1 activity (Gwinn et al, 2008). Inhibition of mTORC1 results in the lack of
phosphorylation of both 4E-BP1 and S6K. Suppression of their phosphorylation allows
4EBP1 to bind and inhibit the translational initiation factor eIF4E (Haghighat et al,
1995) and prevents S6K from upregulating the translation of certain mRNAs, such as
those encoding hypoxia-inducible factor-1α, Myc and cyclin D1, all involved in cell
cycle progression and cell growth (Guertin & Sabatini, 2007). The final outcome is
reduced protein synthesis and cellular proliferation.

1.9.4 Regulation of cell cycle
DNA replication and mitosis are energy requiring processes and preventing their
execution might be an additional mechanism to re-establish the energetic balance
when the cell experiences stress conditions. AMPK causes arrest in G1 phase before
DNA replication (Imamura et al, 2001). Arrest follows phosphorylation of p53 at Ser15.
This site does not fit with AMPK recognition motif, which suggests that it might not be
a direct phosphorylation. However, phosphorylation of Ser15 stabilizes p53 leading to
the activation of a cyclin-dependent kinase inhibitor, p21WAF1, that triggers G1:S phase
cell cycle arrest (Imamura et al, 2001; Jones et al, 2005).
Phosphorylation of another cyclin-dependent kinase inhibitor, p27KIP1, by AMPK also
induces G1:S cell cycle arrest by stabilizing p27KIP1. However, also in this case,
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phosphorylation of p27KIP1 might not be direct, since the phosphorylation site at the
C-terminal does not fit the AMPK consensus motif (Liang et al, 2007).
Unexpectedly, other studies suggest that AMPK activity is necessary for completion of
mitosis. A chemical genetic screen identified several new AMPK targets that had roles
in mitosis and cytokinesis (Vazquez-Martin et al, 2009). Among them, it is worth
mentioning PPP1R12C, a regulatory subunit of PP1 phosphatase that targets PP1 to
dephosphorylate myosin regulatory light chain (MRLC), and the protein kinase PAK2
that phosphorylates MRLC. Phosphorylation of PPP1R12C on Ser452 by AMPK,
promote its binding with 14-3-3 proteins, thus preventing dephosphorylation of MRLC
by PP1. Phosphorylation of MRLC seems to be crucial to the completion of mitosis
(Banko et al, 2011). In mitotic cells phosphorylation of both AMPK and PPP1R12C is
increased and mutation of Ser452 to alanine leads to an increase to multinucleated
cells, which suggests a defect in mitosis. It is still not clear why AMPK activation
promotes mitosis. One hypothesis could be that mitosis is accelerated so that cell cycle
arrest can occur in the ensuing G1 phase. However it is not possible to rule out that
this is an ancillary function of AMPK, not related to its role as an energy sensor.

1.9.5 Mitochondrial biogenesis and autophagy
AMPK has been demonstrated to promote mitochondrial biogenesis, a process that in
the longer-term generates increased capacity for the oxidative catabolism of glucose,
fatty acids and amino acids. Improved exercise endurance and increased expression of
mitochondrial genes in muscles was observed in mice daily treated with AICAR (Winder
et al, 2000). Mitochondrial biogenesis is regulated by the peroxisome proliferatoractivated receptor-γ coactivator-1α (PGC1α), which enhances the activity of a variety
of transcription factors acting on nuclear-encoded mitochondrial genes (Lin et al,
53

2005). AMPK can promote mitochondrial biogenesis either by direct phosphorylation
of PGC1α (Jager et al, 2007) or by promoting its deacetylation through an increase in
the concentration of NAD+, a co-substrate for the deacetylase sirtuin 1 (SIRT1) (Canto
et al, 2010).
AMPK is also involved in the turnover of mitochondria through a specific kind of
autophagy called mitophagy. Autophagy is a process regulating the degradation of
damaged or dysfunctional cellular components to recycle important molecules such as
lipids and amino acids.

During autophagy, large vesicles, containing cytoplasmic

components, fuse with lysosomes to form autophagosomes. Lysosomal hydrolases
digest the content of autophagosomes, thus providing a source of amino acids and
nutrients when they cannot be provided from somewhere else (Mizushima et al,
2008). Autophagosomal formation is initiated by UNC‑51‑like kinase 1 (ULK1) and
ULK2, the mammalian orthologues of the yeast Atg1, which are phosphorylated and
activated by AMPK (Egan et al, 2011). Phosphorylated ULK1 resulted in increased
autophagy and mitophagy, where dysfunctional mitochondria are degraded. When
cells lack functional ULK1 or when the AMPK phosphorylation site was mutated,
mitochondria showed an aberrant morphology and an impaired function (Egan et al,
2011). AMPK regulation of both autophagy and mitophagy maintains the energy status
of the cell under times of stress and maintains the health and functionality of
mitochondria.

1.10 AMPK and human diseases
Having dozens of physiological targets, AMPK is a key regulator of energy balance at a
cellular level as well as a whole-body level. It is then not surprising that in many human
disorders, from inflammatory diseases to cancer, AMPK plays a significant role.
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1.10.1 Type 2 diabetes
Type 2 diabetes is a systemic disease involving multiple pathophysiologic disturbances.
It is a progressive condition that starts with a moderate- to severe insulin resistance in
muscle and liver, impaired pancreatic β-cell glucose sensitivity and increased insulin
secretion. With time, β-cells stop secreting sufficient amounts of insulin to offset
insulin resistance, causing a condition called Impaired Glucose Tolerance, which then
progresses to type 2 diabetes (Ferrannini & DeFronzo, 2015). Insulin resistance is
associated with accumulation of triacylglycerols in liver and in skeletal muscle,
especially in obese individuals whose capacity to store triacylglycerols in adipose tissue
is exceeded. It has in fact been shown that individuals with lipodystrophy, who
completely lack adipose tissue, store triacylglycerols in liver and muscle, which become
insulin resistant (Samuel et al, 2010). Activated AMPK promotes the oxidation of fatty
acids and inhibits the synthesis of new fatty acids and triacylglycerols. It also increases
glucose uptake by skeletal muscle and prevents gluconeogenesis in the liver. Agents
that activate AMPK are thus expected to reduce lipid stores in liver and skeletal
muscle, improving insulin sensitivity, and to improve the hyperglycaemia associated
with type 2 diabetes. Indeed treatment with AICAR reversed several metabolic
abnormalities in animal models of obesity and insulin resistance (Buhl et al, 2002; Song
et al, 2002). The direct AMPK activator, A769662, was also shown to increase fatty acid
oxidation in rats, and to decrease plasma glucose, body weight gain, plasma and liver
triacylglycerols and hepatic expression of gluconeogenic and lipogenic enzymes in
ob/ob mice (Cool et al, 2006). Like A769662, the natural product berberine also
improves glucose tolerance and reduces body weight in db/db mice (Lee et al, 2006).
All the beneficial effects of metformin, currently the drug of choice for treatment of
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type 2 diabetes, have been previously discussed in this chapter and, along with the
other lines of evidence here reported, support the fundamental role that AMPK has in
the progression of type 2 diabetes.

1.10.2 Cancer
The idea that AMPK could be involved in tumourigenic processes first arose when the
tumour suppressor LKB1 was identified as the major upstream kinase phosphorylating
AMPK (Hawley et al, 2003). As previously discussed in this chapter, individuals carrying
mutations in the gene encoding LKB1 develop Peutz-Jeghers syndrome, a condition
associated with the development of benign intestinal tumours, with an increased risk
of developing malignant cancers at other sites (Nakau et al, 2002). Although there are
12 AMPK-related kinases phosphorylated by LKB1 that could potentially mediate its
tumour suppressor effect, AMPK is the only one that has been proved to inhibit
mTORC1, and almost all biosynthetic pathways required for cell growth, and to induce
cell cycle arrest. Also, AMPK is known to

promote oxidative metabolism, thus

opposing the switch to aerobic glycolysis observed in many tumour cells (Vander
Heiden et al, 2009). Consistent with this hypothesis, it has been shown that activators
of AMPK, such as metformin, phenformin and A769662, delay tumour onset in
tumour-prone mice (Huang et al, 2008). Furthermore, whole-body knockout of AMPKα1 (the only isoform expressed in lymphocytes) increases the development of
lymphomas in mice overexpressing Myc oncogene in B cells (Faubert et al, 2013).
Several studies have also reported that patients treated with metformin had a lower
incidence of cancer compared to those treated with a different medication (Evans et
al, 2005). Although it is still not clear whether the beneficial effect of metformin on
cancer development is entirely mediated by AMPK, there is evidence that treatment
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with metformin or phenformin increases the rate of apoptosis in tumour cells that
have lost LKB1 (Shackelford et al, 2013). However, the precise role of AMPK in cancer is
still not completely understood. It has been shown that prolonged mitotic arrest
causes a mitophagy-dependent loss of mitochondria, along with reduced ATP levels
and subsequent AMPK activation. AMPK phosphorylates PFKFB3 (6-Phosphofructo-2Kinase/Fructose-2,6-Biphosphatase 3), which resulted in oxidative respiration to be
replaced by glycolysis, suggesting a pro-cancer effect of AMPK (Domenech, E. et al,
2015). Also, a complete loss of AMPK function is rare in human cancers and when it
occurred it resulted in a clear disadvantage in cancer cells survival, suggesting that,
paradoxically, tumour cells need a certain level of AMPK for their proliferation (Hardie,
D.G. 2015).
The growth-promoting protein kinase B/ Akt pathway is known to be hyperactivated in
many human cancers. Hyper-activation is caused either by activating mutations in
phosphatidylinositide 3-kinase (PI3K) or by loss-of-function mutations in the tumour
suppressor PTEN (Yuan & Cantley, 2008). It has been reported that Akt phosphorylates
rat AMPK-α1 on Ser485 and that this phosphorylation, inhibited the subsequent
phosphorylation of Thr172 by LKB1 (Horman et al, 2006). Recently our laboratory has
demonstrated that Akt can phosphorylate the equivalent site (Ser487) on human
AMPK-α1 (Hawley et al, 2014). These sites lie in a loop termed the “ST-loop” which has
been proved to interact with the C-helix on the AMPK kinase domain, blocking access
of upstream kinases to Thr172. These data, along with the discovery that Ser487 is
phosphorylated in three different human cell lines in which Akt is hyperactivated,
suggest that Akt downregulates AMPK in tumour cells, underlying once more the
possible importance of AMPK as a tumour suppressor.
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1.10.3 Inflammatory disease
There is increasing evidence that the metabolic actions of AMPK may be involved in
some anti-inflammatory effects (Steinberg et al, 2013). Unactivated dendritic cells,
neutrophils and T-cells generate ATP usually through oxidative metabolism. However,
once activated during an immune response, they switch to aerobic glycolysis, and it
seems that this switch is coupled with a decrease in AMPK activation. Downregulation
of AMPK has been shown to inhibit the switch to aerobic glycolysis while
pharmacological activation of AMPK seems to promote it (Krawczyk et al, 2010).
Studies performed in mouse models showed that AMPK-β1 knock-out in macrophages
(β1 is the predominant form expressed in these cells) resulted in reduced ACC
phosphorylation and mitochondrial content, as well as reduced rates of fatty acid
oxidation that promoted the accumulation of pro-inflammatory diacylglycerols. In β1deficient macrophages, A769662 also failed to stimulate fatty acid oxidation and,
consequently, to suppress inflammation (Galic et al, 2011). These findings support the
idea that AMPK mediates the anti-inflammatory response via its effects on fatty acid
oxidation.

1.11 Experimental aims
AMPK is a crucial metabolic regulator and, as such, is involved in a variety of
pathophysiological processes. Understanding the precise mechanisms by which it is
activated by different molecules and compounds will give us additional tools to further
investigate metabolic events, whose critical role in numerous diseases is now
emerging. Oxidative stress, mediated by hydrogen peroxide, has been shown to
activate AMPK. However the precise mechanism of activation as well as its possible
biological meaning remained to be clarified. The aim of Chapter 3 of this thesis will be
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to investigate whether AMPK is activated by hydrogen peroxide through a direct or an
indirect mechanism of activation and to discuss the importance of such activation.
Furthermore, recent evidence provided new insights into the structure of AMPK,
allowing the identification of the binding site where some direct activators exert their
effect. The characterization of this novel binding pocket will be the focus of Chapter 4
of this thesis.
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Chapter 2: Materials and Methods
2.1 Materials
2.1.1 Chemicals
Sodium fluoride, sodium pyrophosphate, Triton X-100, benzamidine hydrochloride,
phenylmethylsulfonylfluoride (PMSF), soyabean trypsin inhibitor (SBTI), berberine
chloride, A23187, sodium salicylate, phenformin, dimethyl sulfoxide (DMSO), hydrogen
peroxide, SU6656, glucose oxidase, catalase, magnesium chloride, Serva blue G,
sodium pyruvate, sodium ethylenediaminetetraacetate (EDTA), tri-n-octylamine and
1,1,2-trichlorotrifluoroethane

were

from

Sigma

(Poole,

UK).

Hepes,

Tris(hydroxymethyl)methylamine (Tris), dithiothreitol (DTT) and isopropyl-α-Dthiogalactopyranoside (IPTG) were from Fomedium (Hunstanton, UK). Sodium
ethylenebis(oxyethylenenitrilo)-tetraacetate (EGTA), sodium chloride, orthophosphoric
acid, Brij-35, Tween-20, ethanol, methanol and 2-propanol were from VWR (UK).
STO609 was from Tocris (UK). [γ-32P]ATP was from Perkin Elmer (Bucks, UK). ATP, ADP
and AMP were from Melford (CHelsworth, UK). EDTA-free protease cocktail inhibitor
tablets were from Roche Diagnostics (Lewisham, UK). Protein G-Sepharose, 5 ml
HisTrap FF columns, and HiLoad 16/60 Superdex 200 pg column were from GE
Healthcare (Bucks, UK). Dulbecco’s Modified Eagle’s Medium (DMEM), McCoy’s 5A
medium, Foetal Bovine Serum (FBS), blasticidin, hygromycin B, trypsin-EDTA and
penicillin-streptomycin solution (pen-strep) were from Life Technologies (UK). FuGENE
was from Promega (UK). A769662 was manufactured as described previously (Iyengar
et al., 2005). Compound 991 was kindly provided by Benoit Viollet (Institue Cochin,
Paris).
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2.1.2 Molecular biology reagents
QIAprep Spin Miniprep kit, QIAprep Hi-Speed Plasmid Maxi kit, QIAquick PCR
purification kits and QIAquick Gel Extraction kit were from QIAGEN (Crawley, UK).
QUikchange II site-directed mutagenesis kit was from Stratagene (La Jolla, CA).
Molecular grade agarose and dNTPs were from Sigma (Poole, UK). Blue/orange 6X
loading dye was from Promega (Southampton, UK). XL-10 Gold and OneShot BL21
(DE3) and XL-1 competent Escherichia coli were from Life Technologies (UK). Liquid LB
media and plates supplemented with ampicillin or kanamycin, SOC media and
autoinduction media were supplied by Media Service, College of Life Sciences,
University of Dundee.

2.1.3 Plasmids
Plasmids used in this thesis are shown in table 2.1 and were kindly provided by Dr.
Fiona Ross, University of Dundee.
Plasmid

Vector

Expression

Tag

AMPK-α1

pCMV

Mammalian

FLAG

AMPK-α2

pCMV

Mammalian

FLAG

AMPK-α1β1γ1

pcDNA 5/FRT/TO

Bacterial

His

GST-CaMKKβ

pGEX

Bacterial

GST

Table 2.1. Plasmids used in this thesis
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2.1.4 Primers
Primers used in this thesis were from Sigma and are given in table 2.2
Mutation

Forward primer

Reverse primer

AMPK-α1[K40A]

CACCTTCGGCGCAGTGAAG

CAATTCATGTTTGCCAACCTTCA

GTTGGCAAACATGAATTG

CTGCGCCGAAGGTG

CCTTCGGCAAAGTGGCGGT

CAATTCATGTTTGCCAACCGCC

TGGCAAACATGAATTG

ACTTTGCCGAAGG

CCTTCGGCGCAGTGGCGGT

CCCAGTCAATTCATGTTTGCCAA

TGGCAAACATGAATTGACT

CCGCCACTGCGCCGAAGG

AMPK-α1[K42A]

AMPK-α1[K40A/K42A]

GGG
AMPK-α2[K29A]

CACCTTCGGCCGAGTGAAG

CTGTTAATTGATGTTCTCCAATC

ATTGGAGAACATCAATTAA

TTCACTCGGCCGAAGGTG

CAG
AMPK-α2[K31A]

CACCTTCGGCAAAGTGGCG

CTGTTAATTGATGTTCTCCAATC

ATTGGAGAACATCAATTAA

GCCACTTTGCCGAAGGTG

CAG
AMPK-α2[K29A/K31A]

CTTCGGCCGAGTGGCGATT

GTTAATTGATGTTCTCCAATCGC

GGAGAACATCAATTAAC

CACTCGGCCGAAG

Table2.2. Primers used in this thesis
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Mutants created by site-directed mutagenesis are shown in table 2.3
Mutant

Plasmid DNA

Primers

AMPK-α1[K40A]β1γ1

pcDNA 5/FRT/TO

AMPK-α1[K40A]

AMPK-α1[K42A]β1γ1

pcDNA 5/FRT/TO

AMPK-α1[K42A]

AMPK-α1[K40A/K42A]β1γ1

pcDNA 5/FRT/TO

AMPK-α1[K40A/K42A]

AMPK-α2[K29A]

pcDNA 5/FRT/TO

AMPK-α2[K29A]

AMPK-α2[K31A]

pcDNA 5/FRT/TO

AMPK-α2[K31A]

AMPK-α2[K29A/K31A]

pcDNA 5/FRT/TO

AMPK-α2[K29A/K31A]

Table 2.3. AMPK mutants created as part of this thesis

2.1.5 Protein biochemistry reagents
XCell SurelockTM Mini-Cell, XCell Blot ModuleTM, iBlot transfer module, NuPAGE® LDS
Sample Buffer (4X), pre-cast NuPAGE Novex 4-12% Bis-Tris gels and 3-8% Tris-acetate
gels, NuPAGE MOPS SDS running buffer (20X), SeeBlue Plus2 Pre-Stained Standard and
IRDye 680 secondary antibodies were from Life Technologies (UK). IRDye800
secondary antibodies were from Rockland (Gilbertsville, PA). Bovine serum albumin
(BSA) was from Sigma (Poole, UK). Vivaspin protein concentrators were from Sartorius
(UK).

63

2.1.6 Proteins
Rat liver AMPK was purified as described previously (Hawley et al., 1996) except that
the final size-exclusion chromatography step was on a Superdex 20 (Hi load 16/60)
column, not on Sephacryl S-200. A GST-fusion of human CaMKKβ and His-fusion
human AMPK α1β1γ1, AMPK α1[K40A]β1γ1, AMPK α1[K42A]β1γ1 and AMPK
α1[K40A/K42A]β1γ1 constructs were expressed and purified from E.coli. PP2Cα was
purified from E.coli by the Division of Signal Transduction Therapy (DSTT), University
of Dundee.

2.1.7 Peptides
The AMARA and SAMS peptides were synthesised by GL Biochem (Shanghai, China)
and are detailed in table 2.4
Peptide

Sequence

Reference

AMARA

AMARAASAAALARRR

(Dale et al, 1995)

SAMS

HMRSAMSGLHLVKRR

(Davies et al, 1989)

Table 2.4. Peptides used in this thesis.

2.1.8 Antibodies
Antibody

Species

Recognises

Company

Phospho

Rabbit

AMPK-α1 and α2

Cell

AMPK-α

phosphorlated at

Signalling

(Thr172)

Thr172
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Catalogue No.

AMPK α1

Rabbit

AMPK α1

Cell
Signalling

AMPK β1

Rabbit

AMPK β1

Abcam

AMPK γ1

Rabbit

AMPK γ1

Abcam

FLAG

Mouse

FLAG peptide

Sigma

(DYKDDDDK)
GAPDH

Mouse

GAPDH

Abcam

Table 2.5. Commercial antibodies used in this thesis

Antibody

Species

Immunogen

Recognizes

Reference

AMPK-α1

Sheep

CTSPPDSFLDDHHLTR

AMPK-α1

Woods et
al. 1996

(344-358 of rat AMPKα1)
AMPK-α2

Sheep

CMDDSAMHIPPGLKPH

AMPK-α2

Woods et
al. 1996

(352-366 of rat AMPKα2)
Phospho ACC

Sheep

TMRPSMSGLHLVK

ACC1/ACC2

Hawley et

(217-226 of human

phosphorylated

al. 2003

ACC2)

at Ser79/Ser221
respectively

Table 2.6. Non-commercial antibodies used in this thesis
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2.1.9 Buffers
Hepes assay buffer:
50 mM Hepes pH 7.4, 150 mM NaCl, 1 mM DTT
IP Buffer (low salt): 50 mM Tris-HCl pH 7.25, 150 mM NaCl, 50 mM NaF, 5 mM NaPPi,
1 mM EGTA, 1 mM EDTA, 1 mM DTT, 0.1 mM benzamidine hydrochloride, 0.1 mM
PMSF, 5 µg/ml soyabean trypsin inhibitor, 1 % (v/v) Triton-X100
IP buffer (high salt): 50 mM Tris-HCl pH 7.25, 500 mM NaCl, 50 mM NaF, 5 mM NaPPi,
1 mM EGTA, 1 mM EDTA, 1 mM DTT, 0.1 mM benzamidine hydrochloride, 0.1 mM
PMSF, 5 µg/ml soyabean trypsin inhibitor, 1 % (v/v) Triton-X100
Lysis buffer (mammalian cells): 50 mM Tris-HCl pH 7.25, 150 mM NaCl, 50 mM NaF, 1
mM NaPPi, 1 mM EGTA, 1 mM EDTA, 1 mM DTT, 0.1 mM benzamidine hydrochloride,
0.1 mM PMSF, 5 µg/ml soyabean trypsin inhibitor, 1 % (v/v) Triton-X100
Lysis buffer (bacterial cells): 50 mM Tris-HCl pH 8.1, 500 mM NaCl, 1 mM DTT, 1 mM
EDTA, 1 mM EGTA, 1 mg/ml lysozime with Complete Protease Inhibitor mix
Elution buffer: 50 mM Hepes pH 8.0, 200 mM NaCl, 20 mM glutathione
TBS-tween: 20 mM Tris-HCl pH 7.4, 137 mM NaCl, 0.1 % Tween-20
Coomassie stain:

50 % (v/v) methanol, 10 % (v/v) acetic acid and 0.1 % (w/v)

Coomassie Brilliant blue
Coomassie destain: 10 % (v/v) methanol, 10 % (v/v) acetic acid
Low imidazole buffer: 50 mM Tris-HCl pH 8.1, 500 mM NaCl, 20 mM Imidazole
High imidazole buffer: 50 mM Tris-HCl pH 8.1, 200 mM NaCl, 1 M Imidazole
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Dialysis buffer: 50 mM Hepes pH 8.1, 200mM NaCl
Dialysis buffer (phosphorylated proteins): 50 mM Hepes pH 8.1, 200mM NaCl, 50 % (v/v)
glycerol

6X Sample Buffer: 1.2 ml 4 x Tris 1M pH 6.8, 4.7 ml glycerol, 1.2 g SDS, 0.93 g DTT (0.6 M), 6
mg bromphenol blue, 2.1 ml H2O.

2.1.10 Media
The media kitchen, University of Dundee, provided all bacterial culture media.
Bacterial culture medium: Luria Bertani broth: 10 g bacto-tryptone was added to 5 g
bacto-yeast extract, 10 g NaCl, 950 ml double distilled and deionised water and
adjusted to pH 7.0 with NaOH. The medium was autoclaved for 20 minutes at 15 psi
then antibiotics were added to their final concentration. LB plates contained the above
plus 15 g L-1 of bacto-agar.
SOC (Super Optimal Broth/Catabolite Repression): 30 g of bacto-tryptone was added
to 5 g bacto-yeast extract, 0.5 g NaCl and dissolved. 10 ml KCl was added from a stock
concentration of 250 mM and 5 ml of MgCl2 from a stock concentration of 2 M. The
medium was autoclaved for 20 minutes at 15 psi and allowed to cool. 20 ml glucose
was added from a stock concentration of 2 M, the pH adjusted to 7.0 and made up to 1
L with double distilled and deionized water.
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2.2 Methods
2.2.1 Site-directed mutagenesis
Site-directed mutagenesis on DNA constructs was performed using Statagene
QuikChange II site-directed mutagenesis kit according to manufacturer’s instructions.
The mutagenesis reactions were set up in sterile 0.2 ml PCR tubes and each reaction
contained: 1X reaction buffer, template plasmid dsDNA (50ng), forward and reverse
mutagenic oligonucleotide mutagenesis primers (0.3 µM each), 1 mM dNTPs, 2.5 U Pfu
turbo DNA polymerase made up to a final volume of 50 µl with sterile de-ionised
water. The reactions were performed in a Hybrid PCR express thermal cycler using the
following conditions: [95°C (1 min)] x 1, [95°C (1 min), 55°C (1 min), 68°C (1 min/kb
plasmid length)] x 18, [ 68°C (10 min)] x1. After cycling, 10 U of DpnI

digests

methylated DNA (template plasmid DNA) but not non-methylated DNA (mutant
plasmid). This reaction mixture(10 µl) was used to transform competent XL-10 Gold
E.coli cells following the protocol explained in section 2.2.2 of this section. DNA
constructs were verified by DNA sequencing.

2.2.2 Transformation of E.coli
Bacterial cells were defrosted in ice, 1 µl of the selected DNA was added and the cells
were then incubated on ice for 30 minutes. The cells were subject to heat shock at
42°C for 45 seconds, before incubation on ice for 2 minutes. SOC medium (250 µl) was
added to the cells prior to incubation in a shaking incubator at 37°C for 1 h. The cells
were then streaked on an LB plate containing the appropriate antibiotic for selection
by incubation at 37°C overnight.
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2.2.3 Purification of plasmid DNA from E.coli
Small scale purification: Transformed bacterial cells were grown overnight at 37°C in 5
ml of LB broth supplemented with the appropriate antibiotic for selection. The cells
were pelleted by centrifugation at 13000 rpm for 2 minutes. Plasmid DNA was purified
using the QIAGEN QIAprep Spin Miniprep kit according to manufacturer’s instructions.
The cells were resuspended in buffer P1 and lysed in buffer P2 of the kit. The SDS
contained in these buffers solubilizes proteins and phospholipid, leading to lysis of the
cells and the alkaline conditions ensure denaturation of chromosomal/plasmid DNAs
and protein. Buffer N3 of the kit was used to neutralize and adjust the lysates to high
salt conditions. In this step chromosomal DNA, proteins and SDS precipitate while
plasmid DNA remains in solution and is separated from the precipitate by
centrifugation before being applied to a column containing a silica membrane. The
membrane binds the plasmid DNA under high salt conditions. Salts were removed by
washing with an ethanol-based buffer and plasmid DNA was eluted using sterile
deionized water. DNA was sequenced as described below in section 2.2.5.
Large scale purification: E.coli cells were grown at 37°C overnight in 200 ml of LB broth
plus the appropriate antibiotic for selection. The cells were centrifuged at 7000 rpm
for 15 minutes at 4°C and the plasmid DNA was extracted using the QIAGEN Hi-Speed
Plasmid Maxi kit according to manufacturer’s instructions. As for small scale
purification, the cells were resuspended in P1 and lysed in P2 buffer from the kit. The
lysates were then neutralized with buffer P3, cleared by filtration and then applied to a
column containing a silica membrane. DNA bound to the membrane was precipitated
by the addition of isopropanol and collected using the QIAPrecipitator, before elution
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in sterile deionized water. DNA was then sequenced as described below (section
2.2.5).

2.2.4 DNA quantification
1.5 µl of DNA was quantified using the NanoDrop 1000 Spectrophotometer from
Thermo Scientific. Absorbance was measured at 260 nm, against a water blank, to give
an estimation of the DNA present in the sample. For double‐stranded DNA, an Optical
Density (OD) of 1 at 260 nm corresponds to a DNA concentration of 50 ng/μl.

2.2.5 DNA sequencing
DNA sequencing was performed by The Sequencing Service, College of Life Sciences,
University of Dundee, using Applied Biosystems Big-Dye Ver 3.1 chemistry on an
Applied Biosystems model 3730 automated capillary DNA sequencer.

2.2.6 Expression of human recombinant proteins in E.coli
GST-fusion proteins: BL21 (DE3) competent cells were transformed with plasmid DNA
and streaked on plates containing the appropriate antibiotic. A single colony was
selected to inoculate 10 ml of medium overnight at 37°C. Five ml from the overnight
culture was used to inoculate 1 L of medium. The medium was shaken at 200 rpm and
37°C until the absorbance at 600 nm was between 0.6 and 0.8. The culture was then
put on ice for 10 minutes and 1 mM isopropyl-β-D-galactopyranoside (IPTG) was
added. The culture was shaken at 160 rpm overnight at 20°C. The cells were pelleted
by centrifugation at 7000 rpm for 15 minutes at 4°C, frozen in liquid nitrogen and
stored at -20°C prior to purification.
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His-fusion proteins: The same technique described for GST-fusion proteins was
performed using Auto Induction medium (AIM). AIM has been formulated to grow
IPTG-inducible expression strains, initially without induction, and then to induce
production of target protein automatically, usually near saturation at high cell density.
A limited concentration of glucose is metabolized preferentially during growth, which
prevents uptake of lactose until the glucose is depleted, usually in mid to late log
phase. As the glucose is depleted, lactose can be taken up and converted by βgalactosidase to the inducer allolactose. Allolactose causes release of lac repressor
from its specific binding sites on DNA and thereby induces expression of T7 RNA
polymerase from the lacUV5 promoter and unblocks T7lac promoters, allowing
expression of target proteins by T7 RNA polymerase.

2.2.7 Purification of GST-fusion proteins
Frozen pellets obtained as explained in section 2.2.6 were resuspended in lysis buffer
and left in ice for 30 minutes. The lysate was then sonicated usually for 10 x 10
seconds at 75 % of maximum, depending on the volume of the lysate, and clarified by
centrifugation at 30000 rpm for 30 minutes at 4°C. Supernatant was applied to a preequilibrated 5 ml glutathione-Sepharose column at a flow rate of 1 ml/min at 4°C. The
column was subsequently washed with 10 column volumes of lysis buffer and the
protein was eluted in the elution buffer described in section 2.1.9.

2.2.8 Purification of His-fusion proteins
Frozen pellets obtained as explained in section 2.2.6 were ground to a fine powder
using a mortar and pestle in the presence of liquid nitrogen. The powder was
resuspended in lysis buffer and clarified as explained in section 2.2.7. The supernatant
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was applied to a pre-equilibrated 5 ml HisTrap FF column at a flow rate of 1 ml/min.
The column was washed with 10 volumes of low imidazole buffer and the protein was
eluted over an imidazole gradient (20 mM to 1 M). Upon an increase in the absorbance
at 280 nm, the gradient was held until no further protein was eluted. Relevant
fractions were pooled together, dialysed overnight in the dialysis buffer described in
section 2.1.9 and then stored at -80°C.

2.2.9 Phosphorylation of α1β1γ1 AMPK by CaMKKβ
Small scale experiment
Purified bacterial AMPK (0.5 µg) was incubated with increasing concentrations of
CaMKKβ for 30 minutes with ATP (200 µM) and MgCl2 (5 mM). AMPK activity was
measured by kinase assay as described in section 2.2.24. The small scale experiment
allowed the ratio between bacterial AMPK and CaMKKβ required for AMPK activation
to be determined.
Large scale experiment
5-6 mg of bacterially expressed AMPK was incubated with CaMKKβ for 30 minutes at
30°C in presence of ATP (200 µM) and MgCl2 (5 mM). The mixture reaction was then
applied to a pre-equilibrated HiLoad Superdex 200 16/600 column, connected to a 5 ml
glutathione-Sepharose column to retain GST-CaMKKβ. Purified fractions were eluted at
a flow rate of 1-1.4 ml/min. Fractions containing phosphorylated AMPK were
concentrated, dialysed against a glycerol-containing buffer and stored at -20°C.
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2.2.10 General mammalian tissue culture
All media and buffers used for tissue culture were warmed to 37°C prior to use. Cells
were cultured and maintained in 75 cm3 or 175 cm3 flasks at 37°C in an atmosphere
containing 5% CO2. The cells were grown until 80-90% confluency before splitting for
routine maintenance. For passaging of cells, the culture medium was aspirated, 5-10
ml of trypsin-EDTA was added and the cells were returned to the 37°C incubator for 35 minutes. After the cells had detached from the surface of the flask, 1 ml of the cell
suspension was used to seed a fresh 75 cm3 or 175 cm3 flask containing 15 ml or 25 ml
of complete culture medium.

2.2.11 Freezing and thawing cell lines
Cells were grown to confluency in 175 cm3 flasks and trypsinised as described in
section 2.2.10. Cells were pelleted by centrifugation at 1000 rpm for 5 minutes, the
trypsin was aspirated off and the cells were resuspended in growth media containing
10% (v/v) DMSO. The cells were transferred to cryo-protective tubes and frozen in a 80°C freezer before being transferred to liquid nitrogen for long-term storage. Frozen
cell stocks were thawed in a 37°C water bath and transferred to 10 ml of pre-warmed
media. Cells were pelleted and the supernatant was aspirated to remove DMSO. The
cells were resuspended in fresh growth media and seeded into 75 cm3 flasks.

2.2.12 HEK-293 cells
HEK-293 cells were cultured in DMEM supplemented with 10% (v/v) foetal bovine
serum (FBS), 100 IU/ml penicillin and 100 µg/ml streptomycin. HEK-293 stably
expressing AMPK-γ2-FLAG, both WT and RG mutant, were kind gifts from Dr Fiona
Ross, University of Dundee and cultured as above except that the medium was
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supplemented with hygromycin B (200 µg/ml) and blasticidin (15 µg/ml). HEK-293
cells were generated using the Flp-In system to stably express AMPK-γ2-FLAG under
the control of a tetracycline repressor. In the absence of tetracycline, the tet repressor
(constitutively expressed from a gene stably inserted into the host genome) forms a
homodimer that binds to a tet operator sequence in the promoter of a the gene of
interest (in this case AMPK-γ2-FLAG) which had also been stably inserted to the
genome. This represses transcription of the gene of interest. Upon addition,
tetracycline binds to the tet repressor, rendering it unable to bind to the tet operator
and allowing transcription of the gene of interest. Tetracycline (1 µg/ml) was added to
the cells for 36 hr prior to the treatment and lysis. AMPK-α1-/--α2-/- HEK-293 cells,
containing a Flippase Recognition Target (FRT) site incorporated using Flp-In
technology according to the manufacturer’s instructions, were a kind gift of Dr. Alex
Gray and were cultured as standard HEK-293 cells.

2.2.13 HeLa cells
HeLa cells were cultured in DMEM supplemented with 10% (v/v) foetal bovine serum
(FBS), 100 IU/ml penicillin and 100 µg/ml streptomycin.

2.2.14 G361 human melanoma cells
G361 cells were cultured in McCoys 5A media supplemented with 10% (v/v) foetal
bovine serum (FBS), 100 IU/ml penicillin and 100 µg/ml streptomycin.

2.2.15 Generation of HEK-293 cells expressing wild-type, K29A, K31A and
K29A/K31A AMPK-α2
These cells were generated using Flp-In technology according to the manufacturer’s
instructions. A construct encoding human AMPK-α2 fused to an N-terminal FLAG tag
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was inserted into the pcDNA/FRT plasmid. FRT-containing AMPK-α1-/--α2-/- HEK-293
cells were transfected with AMPK-α2 plasmid and a plasmid (pOG44) encoding a Flp
recombinase. Transfection was performed using FuGENE according to manufacturer’s
instructions. After 48 hr, hygromycin B (100 µg/ml) and blastacydin (15 µg/ml) were
added and the medium changed every 4-5 days until single clones could be identified
and expanded. The same procedure was also performed using the following
constructs: (i) human AMPK-α2 [K29A]; (ii) human AMPK-α2 [K31A]; (iii) human AMPKα2 [K29A/K31A]. All the constructs were fused to an N-terminal FLAG tag.

2.2.16 Lysis of mammalian cells
Cells were harvested for rapid lysis, using a method which minimizes activation of
AMPK. Dishes were placed on ice and the media discarded. The cells were washed with
ice-cold PBS, lysed in 200 µl lysis buffer and scraped into pre-chilled 1.5 ml tubes.
Lysates were clarified by centrifugation for 10 minutes at 12000 rpm, at 4°C. The
supernatant was collected and the protein concentration determined. Lysates were
flash frozen in liquid nitrogen and stored at -80°C. Prior to use, lysates were thawed on
ice.

2.2.17 Estimation of protein concentration
Protein concentrations were estimated using Bradford reagent. A standard curve was
generated using a range of BSA concentrations. Protein concentrations of samples
were determined by adding 200 µl of Bradford reagent to 1 µl of protein sample, and
measuring the absorbance at 595 nm.
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2.2.18 SDS-PAGE
SDS-PAGE separates proteins according to molecular weight. The anionic detergents
sodium or lithium dodecyl sulphate (SDS or LDS) are used to denature proteins and
confer a negative charge proportional to their size resulting in a constant mass/charge
ratio. When subject to an electric field, proteins migrate towards the anode at a rate
proportional to their molecular weight.
Samples to be resolved were denatured by the addition of 6X sample buffer and
heated at 70°C for 10 minutes. Samples, along with pre-stained molecular weight
standards (Invitrogen SeeBlue Plus 2), were loaded onto pre-cast NuPAGE 4-12 % bistris gels and subject to electrophoresis at 150 V for about 1 hr in NuPAGE 1X MOPS
running buffer. For separation of acetyl-Co-A carboxylase (ACC), pre-cast 3-8 % trisacetate polyacrylamide gels were used and for electrophoresis at 150 V for 80 minutes
in NuPAGE 1X tris-acetate running buffer after which proteins were transferred to
nitrocellulose membranes for immunoblotting or stained with Coomassie Brilliant Blue
for visualization of protein bands.

2.2.19 Coomassie Blue staining of gels
To visualize proteins after SDS-PAGE separation, gels were soaked for 30 minutes in
Coomassie Brilliant Blue staining solution. Gels were then washed in Coomassie
destain solution overnight. All incubations were performed at room temperature on a
rocker platform. Imaging was performed using the LiCor Odyssey detection system
(700 nm channel).
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2.2.20 Immunoblotting (Western blotting)

Proteins were resolved by SDS-PAGE and transferred to a nitrocellulose membrane for
immunoblotting. For gels consisting of up to 15 wells, transfers were performed using
an Invitrogen XCell II Blot Module according to manufacturer’s instructions. The gel
membrane sandwich was assembled as follows: 2x blotting pad, 3 MM filter paper, gel,
nitrocellulose membrane, 3MM filter paper, blotting pads. The sandwich was
orientated to place the gel closest to the cathode and the membrane closest to the
anode. Transfers were performed at 35 V for 90 minutes using 1X NuPAGE transfer
buffer containing 20 % (v/v) methanol.
For gels containing more than 15 wells, transfers were performed using the Invitrogen
iBlot dry blotting system according to manufacturer’s instructions. The gel-membrane
sandwich was prepared as follows: anode stack (containing nitrocellulose membrane),
gel, 3 MM filter paper, cathode stack, sponge. Transfers were performed at 20V for 7
minutes. Membranes were blocked in LiCor Odyssey blocking buffer for 1 hr then
probed with primary antibody overnight. Membranes were washed 3 x 10 minutes
with TBST buffer. Membranes were then incubated with the appropriate IRDye 680 or
IRDye 800 secondary antibodies diluted 1:5000 in TBST for 45 minutes. Membranes
were washed as above and the signal detected using the LiCor Odyssey IR detection
system.

2.2.21 Non covalent-coupling of antibodies to protein G-sepharose beads
Protein G-sepharose beads (stored in 20 % ethanol) were washed four times with lowsalt IP buffer to remove alcohol. The beads were then incubated with the required
antibody (1 µg of antibody/ µl of beads) on a roller mixer at 2-8°C overnight to allow
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coupling of antibody to beads. The beads were washed three times in high-salt IP
buffer to remove unbound antibody and then with low-salt IP buffer for storage as a
30 % (v/v) slurry at 2-8°C until required.

2.2.22 Immunoprecipitation and assay of AMPK from cell lysates
Anti AMPK-α1 and α2 antibodies were non-covalently coupled to protein G-sepharose
beads as described in section 2.2.21. The beads were then incubated with cell lysates
on a roller mixer for 2 hr at 2-8°C to immunoprecipitate AMPK. When AMPK presented
an N-terminal FLAG tag, immunoprecipitation was performed using EZview™ Red ANTIFLAG® M2 Affinity Gel. The beads were washed 1X with high-salt IP buffer, 1X with
low-salt IP buffer and 1X with Hepes assay buffer. The beads were then resuspended in
Hepes assay buffer and aliquoted in 1.5 ml tubes in a final volume of 20 µl for
subsequent kinase assay.
The activity of AMPK was measured by its ability to phosphorylate the synthetic
AMARA peptide (AMARAASAAALARRR), which was derived from the sequence of rat
acetyl-coenzyme A carboxylase (ACC), a substrate of AMPK (Dale et al., 1995). Assay
mixture were started by the addition of 30 µl of assay buffer, containing 200 µM AMP,
200 µM [γ32P]ATP, 5 mM MgCl2 and 200 µM AMARA, in a final volume of 50 µl. Assays
were incubated at 30°C in an orbital shaker for 15 minutes. Reactions were terminated
by pipetting 30 µl of assay mixture onto squares of P81 phosphocellulose paper and
placing these into a solution of 1 % (v/v) orthophosphoric acid. The papers were
washed with water to remove any unincorporated ATP and allowed to dry at room
temperature. The radioactivity incorporated in each sample was measured using an
LKB-Wallace 1214-Rackbeta scintillation counter. One unit of activity is the amount of
kinase catalyses the incorporation of one nmol of 32P into the synthetic peptide.
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2.2.23 Allosteric stimulation of AMPK immunoprecipitated from cell
lysates
Immunoprecipitations and assays were carried out as described in section 2.2.22 but
SAMS peptide was used in place of AMARA and the kinase reactions were performed
in presence or absence of allosteric ligands (i.e. 200 µM AMP, 10 µM A769662).

2.2.24 AMPK assay ofbacterially expressed AMPK heterotrimers
AMPK assays were performed using either the SAMS or the AMARA peptide (200 µM)
and a reaction mixture containing AMP (200 µM, unless otherwise indicated in the
figure legends), ATP (200 µM, unless otherwise indicated in figure legends) and MgCl2
(a constant 4.8 mM molar excess over ATP was maintained). The final volume of the
reactions was 25 µl and incubation was at 30°C for 15 minutes after which 15 µl
aliquots of the assay mixture were spotted onto squares of P81 filter paper for
stopping in 1% (v/v) orthophosphoric acid. The incorporation of radioactivity was
measured as described in section 2.2.22.

2.2.25 Protection against dephosphorylationin in-solution assays
Bacterially expressed AMPK, phosphorylated by CaMKKβ as described in section 2.2.9,
was incubated with enough PP2Cα to give approximately 70 % Thr172
dephosphorylation. AMP, A769662 and salicylate were added at the concentrations
indicated in the figures. Reactions were started by addition of MgCl2 and stopped by
diluting the reaction in Hepes assay buffer. Aliquots were removed for kinase assays as
described in section 2.2.24.
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2.2.26 Protection against dephosphorylation using immunoprecipitated
AMPK
Immunoprecipitation was carried out as described previously. After the last wash in
Hepes buffer, the beads were resuspended in Hepes buffer and aliquoted in 1.5 mL
Eppendorf tubes (100 µL aliquots). 70 µL of the supernatant was removed and in each
Eppendorf tube 5 µL of phosphatase (PP2C) was added. As a negative control 5 µL of
Hepes were added. To start the reaction, 10 µL of a 1:1 mixture of 50 mM ATP and 98
mM MgCl2 was added to each tube. The reaction was carried out for 10 minutes at
30˚C and then stopped by adding 1 mL of Hepes buffer. The tubes were spinned, the
supernatant discarded and an additional 1 mL Hepes wash was performed. Samples
were recentrifuged, the supernatant discarded and the beads were resuspended in
Hepes and aliquoted into new tubes (100 µL). 80 µL of supernatant were discarded.
AMPK assays were performed as described previously using AMARA peptide and the
kinase reactions were carried out in the presence or absence of ligands (i.e. 200 µM
AMP, 10 µM A769662, 3 µM 991, 100 µM MT63-78, 10 mM salicylate).

2.2.27 Nucleotide measurements
Culture medium was removed from cells, which were then washed in ice-cold PBS and
lysed in ice-cold 5 % (v/v) perchloric acid. The samples were vortexed and clarified by
centrifugation at 12000 rpm, 4°C for 10 minutes. The supernatant was collected and an
equal volume of 1:1 mixture of tri-n-octylamine and 1,1,2-trichlorotrifluoroethane
added. The samples were vortexed, centrifuged at 12000 rpm, 4°C for 3 minutes and
the top aqueous phase collected. This procedure was repeated twice more and the
pooled acqueous phases were stored at -20°C before analysis.
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Sample analysis was performed using a Beckman Coulter P/ACE 5500 capillary
electrophoresis instrument using 50 mM sodium phosphate, 50 mM NaCl (pH 5.2,
leading buffer) and 100 mM MES/Tris (pH 5.2, tailing buffer). Each buffer contained 0.2
% (v/v) hydroxymethylcellulose. Nucleotide peaks were detected by UV absorbance at
254 nm and nucleotide ratios were calculated using peak heights. Retention times for
each nucleotide were determined prior to sample analysis by running a mixture of
pure nucleotides through the capillary.

2.2.28 Hydrogen peroxide measurement in cell medium
Cells medium was collected and centrifuged at 10000 rpm for 5 minutes to remove
insoluble particles. The supernatant was then assayed with the Cell Biolabs’
OxiSelectTM Hydrogen Peroxide Assay Kit. The OxiSelect™ Hydrogen Peroxide Assay Kit
is a quantitative assay for measuring hydrogen peroxide in aqueous and lipid samples.
For aqueous samples, sorbitol first converts peroxide to a peroxyl radical, which
oxidizes Fe2+ into Fe3+. For lipid samples, peroxide converts Fe2+ into Fe3+ directly. Then
Fe3+ reacts with an equal molar amount of xylenol orange in the presence of acid to
create a purple product that absorbs maximally between 540-600 nm. The antioxidant
BHT is provided to prevent further undesirable chain peroxidation. The peroxide
content in unknown samples is determined by comparison with the predetermined
H2O2 standard curve.

2.2.29 Data analysis
Data, unless indicated otherwise, is mean ± SEM. Unless otherwise stated, statistical
analysis was by ANOVA, using Bonferroni’s multiple comparison test of selected data
sets (*P<0.05, **P<0.01, ***P<0.001, P ≤ 0.0001).
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Chapter 3: AMPK is activated by oxidative stress mainly
through increases in cellular AMP/ATP ratios
3.1 Introduction
3.1.1 Oxidative stress
Reactive oxygen species (ROS) are by-products of aerobic metabolism, mostly
originating in mitochondria. They consist of free radical and non-radical species,
derived from the partial reduction of oxygen (Ray et al, 2012). In aerobic conditions
90% of the oxygen consumed is reduced to water by cytochrome oxidase through a
four-electron mechanism in the electron-transport chain (ETC) (Ott et al, 2007). The
electron transport chain is located in the inner mitochondrial membrane and its
activity is coupled with pumping of H+ out of the membrane. The resulting H+ gradient
is then used to drive synthesis of ATP from ADP, thus conserving some of the energy
dissipated in the form of a high ratio of ATP to ADP. The remaining 10% of molecular
oxygen undergoes a one-electron reduction forming the superoxide anion free radical
(O2·-). The superoxide anion is considered the “primary” ROS and can interact with
other molecules to form “secondary” ROS (Valko et al, 2005). A further one-electron
reduction of the superoxide anion, along with the addition of 2 protons, leads to the
formation of the secondary ROS, hydrogen peroxide (H2O2). The superoxide anion can
be converted into H2O2 either spontaneously, or enzymatically through the catalytic
activity of superoxide dismutases (SOD), enzymes that are located in the cytosol and
mitochondrial membrane (SOD1), and also in the mitochondrial matrix (SOD2).
Superoxide dismutases prevent the accumulation of the superoxide anion under
physiological conditions (Schieber & Chandel, 2014). H2O2 is also generated by the
activity of reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidases
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(Lambeth, 2004). The third and most reactive ROS is the hydroxyl radical (˚OH), which
originates from H2O2 in presence of ferrous ions, via the Fenton reaction (Fe2+ + H2O2
Fe3+ + ®OH + OH-) (Pastor et al, 2000). At high concentrations, ROS can induce damage
to cell structures by reacting with nucleic acids, lipids and proteins. For example the
hydroxyl radical is able to react with the DNA, damaging the purine and the pyrimidine
bases, as well as the deoxyribose phosphate backbone (Dizdaroglu & Jaruga, 2012).
This kind of oxidative damage is thought to represent an early step in mutagenesis,
carcinogenesis and ageing. Polyunsaturated fatty acid residues within phospholipids
are also extremely susceptible to oxidation by ROS (Siems et al, 1995). The major
products of lipid peroxidation are malondialdehyde and 4-hydroxy-2-nonenal, the first
being mutagenic and carcinogenic, while the second is extremely toxic (Wang et al,
1996). The side chains of amino acids within protein, especially cysteine and
methionine residues, are also a well-known targets of ROS action (Stadtman, 2004).
The possibility of being exposed to different forms of damage caused by ROS has led
living organisms to develop a variety of defence mechanisms. Antioxidant systems are
aimed either at eliminating ROS, minimizing of their deleterious effects, and they can
be placed essentially in two main groups, i.e. low molecular mass antioxidants and high
molecular mass antioxidants (Lushchak, 2014). A series of different compounds belong
to the first group, such as vitamins C (ascorbic acid) and E (α-tocopherol), carotenoids,
anthocyanins, polyphenols and uric acid. Almost all of these antioxidants are taken up
by humans either by ingestion of natural foodstuffs, or as supplements. However,
there is another low molecular mass antioxidant that is synthesized by most living
organisms: the tripeptide glutathione (γ-glutamyl-cysteinyl-glycine or GSH). GSH
controls ROS levels in different ways: (i) it scavenges the hydroxyl radical directly; (ii) it
regenerates vitamins C and E to their active forms, reducing the tocopherol radical
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directly or reducing semihydroascorbate to ascorbate (Pastore et al, 2003); (iii) it is a
cofactor for detoxifying enzymes (Lushchak, 2012). These detoxifying enzymes belong
to the second group of antioxidant systems, and include the superoxide dismutases
(SOD), glutathione peroxidase (GPx), and catalase. The concentration of ROS in the cell
is generally kept low through the balance between the rate of their production and the
rate of their elimination by these antioxidant systems. However there are several
events that can disturb this equilibrium, such as: (i) depletion of reserves of low
molecular antioxidants; (ii) a decrease in the production or inactivation of antioxidant
enzymes; (iii) increased level of compounds whose autoxidation is coupled with
increased ROS production. The possible consequences of this disequilibrium depends
on the level and location of ROS generation, the efficiency of the antioxidant defences
and availability of energetic resources, as well as the cellular targets with which ROS
interact. Under normal conditions, ROS levels can fluctuate within a certain range, so
that a slight increase in their production (or a slight decrease in antioxidant systems)
does not have deleterious effects, and may even be necessary for certain physiological
functions. There are a great number of such physiological functions that are indeed
controlled by redox-responsive signalling pathways, such as: (i) redox-regulated nitric
oxide (NO) production; (ii) ROS production by NAD(P)H oxidase in phagocytic cells; (iii)
regulation of vascular tone by NO; (iv) redox regulation of cell adhesion; (v)redox
regulation of immune responses; (vi) ROS-induced apoptosis. However, when the
balance between ROS production and elimination is disturbed more severely, ROS
become mediators of the process known as oxidative stress (Betteridge, 2000). Under
conditions of oxidative stress, cells usually block general programs such as growth and
progress through the cell cycle, in order to develop responses aimed at neutralizing the
negative effects of ROS. Oxidative stress has been correlated with several pathological
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conditions which can be categorised into two main groups: (i) diseases characterised
by conditions of mitochondrial oxidative stress; (ii) diseases characterised by
inflammatory oxidative conditions and enhanced activity of enzymes such as NAD(P)H
oxidase (Valko et al, 2007). A significant redox imbalance has also been found in
various cancer cells suggesting possible correlations between oncogenesis and
oxidative stress. Moreover, ROS-induced DNA damage can result in the arrest or the
induction of transcription, induction of signal transduction pathways, replication errors
and genomic instability, all of which are associated with carcinogenesis (Marnett,
2000). Increased amounts of O2•- and H2O2 have been found in hypertensive patients,
establishing the correlation between ROS-induced oxidative stress and the
pathogenesis of hypertension (Romero & Reckelhoff, 1999). It has also been proposed
that one of the major causes of the diabetic complications caused by hyperglycaemia
could be oxidative stress. Hyperglycaemia stimulates ROS formation through oxidative
phosphorylation, glucose auto-oxidation, NAD(P)H oxidase, lipooxygenase, cytochrome
P450 monooxygenases and nitric oxide synthase (Brownlee & Cerami, 1981).
Furthermore, the brain is extremely vulnerable to oxidative damage because of its high
oxygen utilization, its content of oxidizable polyunsaturated fatty acids, and the
presence of redox-active metals such as copper and iron. In this organ oxidative stress
can be considered as a major causative factor in several neurodegenerative diseases.
For example, the brain of patients with Alzheimer’s disease shows a significant extent
of oxidative damage associated with accumulation of amyloid-β peptide, the main
constituent of amyloids deposits characterizing this disease (Butterfield et al, 2002).
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3.1.2 Hydrogen peroxide
Hydrogen peroxide was firstly isolated by Thérnard in 1818. It has been clear for many
years that high concentrations of this compound damage key cellular molecules such
as lipids and DNA (Plaine, 1955). Given high enough concentrations and long enough
reaction times, nearly every protein will react in some fashion with H2O2. In order to
maintain a normal redox function, cells therefore need to carefully control H2O2
concentration (Makino et al, 2004). Peroxidases reduce H2O2 to water and at the same
time oxidize a secondary reductant, such as GSH or ascorbate. Catalases instead utilize
H2O2 itself as a reductant, oxidising it to molecular oxygen. A large class of peroxidases
use a deprotonated cysteine thiol (or thiolate) as the reactive moiety. Their active site
cysteine residue results in a deprotonated thiolate anion (R-S-), which promotes a 10to 100-fold more rapid reaction with H2O2. H2O2 plays a crucial role in oxidative stress,
being the most stable ROS under physiological conditions (Davies, 1995). Upon
exposure to increasing levels of H2O2, eukaryotic cells begin to oxidize their pools of
free thiols with almost no alteration to the reduced glutathione pool and the overall
reductive potential of the cell. This state is generally defined as mild oxidative stress
(Halvey et al, 2005). This becomes severe oxidative stress when a further increase in
H2O2 levels eventually affects the glutathione pool and the reductive potential of the
cell. However there is increasing evidence that H2O2 is not only a mediator of oxidative
stress, but also an intracellular signal. Interestingly, when its intracellular
concentration is below 0.7 µM, H2O2 acts a signalling molecule, involved in the
regulation of several biological and physiological processes (Stone & Yang, 2006). One
of the mechanisms of redox signalling involves the oxidation of cysteine residues
within proteins (Rhee, 2006). H2O2 oxidizes the thiolate anion (Cys-S-) to the sulfenic
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form (Cys-SOH), causing changes in the protein and altering its function. This reaction
is reversible, and the sulfenic form can be reduced back to the thiolate anion again by
the reductases thioredoxin (Trx) and glutaredoxin (Grx) so that the functions of the
protein are restored. However, if the level of H2O2 further increases, the sulfenic form
can become oxidized to sulfinic (SO2H) or sulfonic (SO3H) forms. These modifications
are irreversible, resulting in permanent protein damage (Schieber & Chandel, 2014).
Growth factors such as platelet-derived growth factor (PDGF), epidermal growth factor
(EGF), fibroblast growth factors (FGF) or vascular endothelial growth factor (VEGF) use
H2O2 to induce downstream effects on tyrosine phosphorylation (Bae et al, 1997; Lo &
Cruz, 1995; Sundaresan et al, 1995; Ushio-Fukai et al, 2002). Many tyrosine
phosphatases can be inactivated by H2O2 oxidation, while growth factor receptor
tyrosine kinases show an increased activity after the oxidation of a critical active site
cysteine (Paulsen et al, 2012). The serine/threonine MAP kinases Erk1/2, JNK and p38
as well as the protein kinase B (PKB or Akt) are activated by H2O2 which also modulates
the duration of their signalling by inactivating the upstream components of their
pathways (Truong & Carroll, 2013; Ushio-Fukai et al, 1999). Extensive evidence also
links H2O2 with modulation of gene expression through regulation of several
transcription factors, such as NF-κB (suggesting an involvement in the inflammation
process), hypoxia-inducible factor-1α (HIF 1α), Nrf2, p53 and activator protein-1 (AP-1)
(Covas et al, 2013; Groeger et al, 2009).

3.1.3 AMPK and hydrogen peroxide: previous studies
AMPK and H2O2 are involved in a variety of signalling pathways, modulating a series of
different fundamental cellular processes. H2O2, being an important mediator of
oxidative stress as well as a second messenger of signalling pathways, is likely to affect
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cellular energy balance, while AMPK is a known sensor of the cellular energetic state.
One might wonder whether there is a link between H2O2 and AMPK and, if so, how
they might affect one another. Choi et al (2001) first proposed that increased levels of
H2O2 were accompanied by AMPK activation, and suggested that this activation was
indirect since it correlated with decreased levels of ATP. However, in 2009 it was
reported that low levels of hypoxia, which are known to generate ROS, induced AMPK
activation without apparent changes in the level of cellular nucleotides (Emerling et al,
2009). These authors also showed that pre-treatment of cells with anti-oxidants was
not associated with an alteration in the AMP:ATP ratio. By contrast, in our laboratory
HEK-293 cells stably expressing the RG mutant of the AMPK-γ2 subunit, which is
insensitive to changes in adenine nucleotide levels, completely lost AMPK activation or
increased Thr172 phosphorylation induced by treatment with H2O2, which suggested
instead that AMPK activation by H2O2 was entirely dependent on changes in the
AMP:ATP ratio (Hawley et al, 2010). A further level of uncertainty regarding the precise
mechanism by which H2O2 activates AMPK was added when Zmijewski et al (2010)
proposed a mechanism involving direct oxidation of Cys-299 and Cys-304 in the α1
subunit of AMPK, which appeared to be sufficient for AMPK activation. They therefore
suggested an AMP:ATP-independent mechanism of activation. It is important to note
that in primary cardiomyocytes an inhibitory effect of H2O2 on AMPK activation has
also been claimed (He et al, 2014; Shao et al, 2014), thus leaving the precise nature of
the H2O2-AMPK interaction still open to debate. The aim of this chapter will be to take
advantage of well-established methodologies from our laboratory combined with new
techniques presented in other studies, to try to address whether AMPK activation by
the reactive oxygen species H2O2 occurs because of a direct oxidation of AMPK or
through an indirect AMP:ATP dependent mechanism.
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3.2 Results
3.2.1 AMPK activation correlated with changes in cellular nucleotides
when H2O2 was generated using glucose oxidase
In our laboratory, the effect of H2O2 on AMPK had been previously studied using
cultured HEK-293 cells stably expressing either the WT γ2 subunit of AMPK (WT cells)
or its R531G mutant (RG cells), which renders AMPK insensitive to changes in cellular
nucleotides. H2O2 had been added to these cells as a single bolus and AMPK activation
measured 1 hour later, a time point used for all the other AMPK-activating agents
tested in the study of Hawley et al (2010). However, Zmijewski and colleagues used the
enzyme glucose oxidase to generate H2O2. Glucose oxidase, when added to the cell
medium, catalyses the oxidation of some of the glucose present in the medium to H2O2
and D-glucono-δ-lactone, resulting in a slow but constant production of H2O2 and thus
potentially representing a better model for physiological oxidative stress. Since it had
not been studied previously, the first thing we decided to check was how much H2O2
was produced in HEK-293 cell medium following the incubation with glucose oxidase.

Figure 3.1. Measurement of H2O2 concentration after incubation with
glucose oxidase. HEK-293 cells were incubated with 10 mU/ml glucose oxidase

for increasing times. Cell media were collected and assayed for H2O2 content using
the OxiSelectTM Hydrogen Peroxide Assay Kit (Colorimetric). Data represent the
mean of 3 biological replicates ± SEM.
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As shown in Figure 3.1, H2O2 concentration increased rapidly up to 20 minutes and
then appeared to approach a plateau at around 20 µM.

Figure 3.2. AMPK activation by incubation with glucose oxidase. HEK-

293 cells were incubated with 10 mU/ml glucose oxidase for increasing times. (A)
Western blot analysis to evaluate AMPK phosphorylation using anti-pT172
antibody and phosphorylation of the downstream target ACC at the AMPK site.
Anti-α1/α2 and anti-ACC antibodies were used as controls for the total protein
amounts. (B) AMPK from cell lysates was immunoprecipitated with α1/α2
antibodies and its activity assessed by peptide kinase assay. The normalized value
of 1 corresponds to a basal activity of 0.3 nmol/min/mg. The graph represents the
average of 3 independent experiments and the error bars represent the standard
error of the mean (SEM). **** = P ≤ 0.0001.
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As suggested previously by Stone and Yang (2006), such extracellular concentrations
results in an intracellular concentration of about 2 µM of H2O2, which is representative
of a mild oxidative stress. We next wanted to assess the effect of exposure to glucose
oxidase on AMPK activity Figure 3.2).As also observed by Zmijewski et al (2010),
maximal phosphorylation of Thr172 was detected after 20 minutes of incubation with
glucose oxidase, correlating with an increased phosphorylation of the downstream
target acetyl-CoA carboxylase (ACC) (Figure 3.2A). Increased AMPK activity was also
detected by kinase assays as shown in Figure 3.2B. However, when we measured the
cellular nucleotide content after treatment with glucose oxidase, what we observed
(Figure 3.3) significantly diverged from Zmijewski’s findings.

Figure 3.3 Estimated contents of ATP, ADP and AMP at various times
after addition of glucose oxidase. HEK-293 cells were treated with glucose

oxidase for increasing times. Cellular nucleotides were then extracted as explained
in Materials and Methods and ADP and ATP content were measured by capillary
electrophoresis. Values are area under curve (a.u.c.) of absorbance at 254 nm. Data
represent 3 biological replicates ±SEM.

Figure 3.3 clearly shows that incubation of HEK-293 cells with glucose oxidase
markedly modified the content of cellular adenine nucleotides. There were decreases
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in ATP and increases in both AMP and ADP that became significant by 20-30 minutes,
which then remained relatively constant up to 50 minutes. Thus, AMPK activation and
ACC phosphorylation showed a temporal correlation with the increases in AMP and
ADP during glucose oxidase treatment. Taken together, these data suggest that AMPK
activation by H2O2 might be mediated by changes in adenine nucleotide content.

3.2.2 Effect of glucose oxidase in cells expressing an AMP-insensitive
mutant of AMPK
In order to confirm that the mechanism of activation of AMPK by H2O2 relies on the
increase of AMP: ATP and ADP: ATP ratios, we used HEK-293 cells stably expressing a
FLAG-tagged WT γ2-AMPK or its RG mutant. We treated these cells with glucose
oxidase for increasing times, immunoprecipitated AMPK using anti-FLAG antibody, and
measured

kinase

activity

in

the

precipitates.

Figure 3.4. Activation of AMPK by glucose oxidase is greatly reduced
but not completely lost, in RG cells. WT and RG cells were treated with

glucose oxidase. Immunoprecipitation with anti-FLAG antibody was performed
and AMPK activity was measured by kinase assays. Data represent 3 biological
replicates ±SEM where the normalized value of 1 corresponds to a basal activity of
0.2 nmol/min/mg for both wild type and RG cells. **** = P ≤ 0.0001.
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In WT γ2 cells, treatment with glucose oxidase promoted a large activation of AMPK
between 10 and 20 minutes that was sustained for up to 50 minutes (Figure 3.4). The
activation of AMPK in RG cells was much less than that in WT cells at all time points,
consistent with the idea that AMPK activation by H2O2 was mediated primarily by
increases in AMP or ADP. However, unexpectedly, when RG cells were treated with
glucose oxidase, a small but significant activation of AMPK could still be observed at
later time points. Data shown in Figure 3.5 (A, B and C) suggest a possible explanation
for the apparent discrepancies between the results previously obtained in our
laboratory (Hawley et al, 2010) and our new findings. When WT and RG cells were
treated with increasing concentrations of H2O2, added to the cell medium as a single
bolus, and AMPK activity measured after 1 hour, only WT cells showed a dose
dependent increase in AMPK activity, while no response could be detected in RG cells
as previously reported (Hawley et al, 2010) (Figure 3.5A). However, when a time
course was performed using with 1mM H2O2, maximal activation of AMPK in WT cells
was detected after 10 minutes after which it declined although a > 2-fold activation
was still observed after 60 minutes. A small but significant activation of AMPK was also
seen in RG cells after 10 minutes of incubation with H2O2, but this had declined back to
baseline by 60 minutes (Figures 3.5B and C).
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Figure 3.5. Effect of H2O2 on WT and RG cells. (A) Cells were treated with

increasing concentrations of H2O2 for 60 minutes and the lysates were analysed by
IP-kinase assay. (B) Cells were treated with 1 mM H2O2 for increasing time and
AMPK activity measured. (C) Cells were treated with a bolus of H2O2 for 0, 10 and
60 minutes. Cell lysates were immunoprecipitated with the anti-FLAG antibody
and AMPK phosphorylation evaluated by Western blot analysis with anti-pT172
and anti-FLAG antibodies. Graphs represent the average of 3 independent
experiments and the error bars represent the SEM. The normalized value of 1
corresponds to a basal activity of 0.5 nmol/min/mg in the wild type cells and of 0.2
nmol/min/mg in the RG cells.

When we measured the concentration of H2O2 present in the cell medium, either after
treatment with a single bolus of H2O2 or during incubation with glucose oxidase, it was
clear that a single dose of H2O2 was rapidly metabolized by HEK-293 cells, presumably
by cellular catalases and/or peroxidases. Even though the amount of H2O2 added had
been calculated to yield a final concentration of 1 mM, the maximal concentration
detected (after 2 minutes) was only 60 µM, and it then declined extremely rapidly and
became completely undetectable by 60 minutes. By contrast, during incubation with
glucose oxidase, the concentration of H2O2 increased up to 5 minutes and then
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reached a constant level of around 10-20 µM (Figure 3.6). This is presumed to
represent a steady state where the rate of production of H2O2 by glucose oxidase is
balanced by its rate of breakdown by cellular catalases and/or peroxidases.

Figure 3.6. H2O2 measurements after either H2O2 treatment or
incubation with glucose oxidase. WT HEK-293 cells were treated with

glucose oxidase or with a bolus of H2O2 (calculated to yield a final concentration of
1 mM) for increasing time points. H2O2 concentrations were measured using the
OxiSelectTM Hydrogen Peroxide Assay Kit. Data represent the average of 3
biological replicates ±SEM.

Taken together, these results suggest that Hawley et al (2010) may have missed the
small degree of AMPK activation by H2O2 in RG cells because they were using a
standard incubation time of 60 minutes, by which time cellular antioxidant systems
had almost completely metabolized H2O2 and had reversed any oxidative damage that
might have affected cellular ATP levels. The small but significant amount of AMPK
activation we observed in RG cells at later time points suggests that AMPK activation
by H2O2 might happen part through an AMP/ADP-independent mechanism, perhaps
through the direct oxidation of AMPK as suggested by Zmijewski et al (2010). However,
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the much larger degree of activation in the WT cells by both H2O2 and glucose oxidase
treatment (Figures 3.4 and 3.5) suggests that the primary effect of oxidative stress on
AMPK is due to changes in adenine nucleotide ratios.

3.2.3 AMPK activation by H2O2 is prevented by catalase
To confirm that the effect of glucose oxidase was mediated by H2O2, we pre-treated
WT and RG cells with catalase, prior to the addition of either glucose oxidase or H2O2.
Figures 3.7A and 3.7B show that catalase treatment did not have any effect on AMPK
on its own. However, it completely prevented the increase in AMPK activity and
Thr172 phosphorylation observed in response to either glucose oxidase or H2O2, in
both WT and RG cells, thus confirming that the glucose oxidase effect on AMPK is
mediated by H2O2.

Figure 3.7. Catalase reverts the effect of both H2O2 and glucose
oxidase. WT (A) and RG (B) cells were treated with either glucose oxidase or

H2O2 in the presence or in absence of 5000U/ml of catalase. Lysates were
immunoprecipitated with the anti-FLAG antibody and AMPK activity was
evaluated either by Western blot analysis or by kinase assay. Each graph
represents the average of 3 independent experiments where the error bars
represent the SEM. In (A) and (B) control AMPK activity corresponds to 0.4
nmol/min/mg and 0.1 nmol/min/mg respectively. **** = P ≤ 0.0001.
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Given that activation of AMPK by H2O2 can be prevented by catalase, we wondered
whether the effect of H2O2 on cellular nucleotides was a reversible process. We
incubated WT cells with H2O2, extracted nucleotides and measured the ADP: ATP ratio
at various time points. As shown in Figure 3.8, we observed a large increase in ADP:
ATP ratio at early time points, but this had reverted to the baseline values by 90
minutes.
This result further confirms that the concentration of H2O2 used in our experiments
only temporarily affects the cellular content of adenine nucleotides, and hence AMPK
activity.

Figure 3.8. The increased ADP:ATP ratio induced by H2O2 is transient.
A time course was performed with HEK-293 cells treated with H2O2 for 5, 30, 60
and 90 minutes. Nucleotides were extracted and ADP/ATP ratio was measured.
Data represent the average of 3 biological replicates ± SEM. The normalized value
of 1 corresponds to 0.3. **** = P ≤ 0.0001.
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3.2.4 Pre-treatment with STO609 affects AMPK activation by glucose
oxidase in HeLa and G361 cells but not in HEK-293 cells
Although the results in the previous section suggest that

H2O2 activates AMPK

primarily by increasing AMP:ATP and ADP:ATP ratios, there must be a secondary
nucleotide-independent mechanism of activation that explains the small activation
observed in the RG cells either during prolonged treatment with glucose oxidase or
during short-term treatment with H2O2. We decided to investigate whether CaMKKβ is
involved in this second pathway. To this aim we pre-treated WT and RG cells with the
CaMKKβ inhibitor STO609, and then incubated with glucose oxidase or the Ca2+
ionophore A23187.

Figure 3.9. AMPK activation by H2O2 is not CaMKKβ-dependent. WT (A)

or RG (B) HEK-293 cells were treated with glucose oxidase, STO609 or A23187.
Anti-FLAG immunoprecipitation was performed and AMPK activation was
evaluated through kinase assay and Western blot analysis. Treatment with A23187
was used as positive control, while treatment with 25 µM STO609 alone was used
as negative control. Cells pre-treated with STO609 and then treated with A23187
were used as control for the efficacy of the inhibitor STO609. 3 independent
experiments were performed to generate each graph. Error bars represent the
SEM. The normalized value of 1 represents a basal AMPK activity of 0.3
nmol/min/mg in wild type cells and of 0.4 nmol/min/mg in RG cells. ** = P ≤ 0.01;
**** = P ≤ 0.0001.
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Figure 3.9 (A and B) shows that STO609 is able to inhibit activation of AMPK by the Ca2+
ionophore A23187, as expected. However no significant loss of activity could be
detected in response to glucose oxidase after pre-treatment with the inhibitor, either
in WT or in RG cells, suggesting that increased AMPK activity and Thr172
phosphorylation in response to oxidative stress was not dependent on CaMKKβ under
these conditions. However, when we pre-treated either HeLa or G361 cells, which are
LKB1-null human cell lines (derived originally from a cervical cancer or a melanoma
respectively), with STO609, glucose oxidase-induced AMPK activation was greatly
reduced. These findings (Figures 3.10 A and B) indicate that the mechanism of AMPK
activation by H2O2 in these LKB1-null cell lines does require CaMKKβ as an alternative
upstream kinase.

Figure 3.10. CaMKKβ mediates AMPK activation by H2O2. HeLa (A) and
G361 (B) were incubated with glucose oxidase, STO609 and A23187. IP-kinases
assay using anti-α1/α2 antibodies were performedon cell lysates. Data represent 3
biological replicates ± SEM. In (A) and (B) control AMPK activities correspond to
0.02 nmol/min/mg and 0.03 nmol/min/mg respectively. ** *= P ≤ 0.001; **** = P ≤
0.0001.
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3.2.5 Hydrogen peroxide treatment inhibits Thr172 dephosphorylation in
intact cells
The results in the previous section suggested that treatment of cells with glucose
oxidase to generate oxidative stress could cause activation of AMPK irrespective of
which upstream kinase (LKB1 or CaMKKβ) was being utilized. This suggested that
oxidative stress might be acting by affecting the rate of Thr172 dephosphorylation,
rather than phosphorylation. To examine this, we used HeLa cells, which lack LKB1 and
thus are the ideal model system to study this hypothesis. In these cells, basal
phosphorylation of Thr172 is very low, but can be increased by activation of CaMKKβ,
following the addition of the Ca2+ ionophore A23187. After 30 minutes of A23187
treatment, Thr172 phosphorylation then reaches a new, higher steady state level. The
addition of STO609 will then instantly inhibit CaMKKβ, and, since the cells lack LKB1 or
any other upstream kinase, any change in AMPK activity and Thr172 phosphorylation
subsequently observed must be due to dephosphorylation rather than promotion of
phosphorylation. This experimental procedure, which is summarized in Figure 3.11,
gave us a unique opportunity to measure the rate of Thr172 dephosphorylation in
intact cells.

Figure 3.11. Protocol for assays to monitor Thr172 dephosphorylation
in intact cells
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By 1 minute after the addition of STO609 to the cell medium, an almost complete
dephosphorylation of Thr172, and inactivation of AMPK had occurred. The speed with
which this occurred indicates that the phosphate on Thr172 is turning over very
rapidly, even under conditions where upstream kinase(s) are active. After 10 minute
treatment with H2O2 (following the pre-treatment with A23187), there was a
significantly increased steady state phosphorylation of Thr172 and AMPK activation
compared with pre-treatment with A23187 alone. This could either have been due to
activation of CaMKKβ or inhibition of protein phosphatase(s) activing on Thr172.

Figure 3.12. H2O2 promotes Thr172 phosphorylation by inhibiting
dephosphorylation. HeLa cells were treated with 10 µM A23187 for 20

minutes. H2O2 (1 mM) was then added for 10 minutes. Cells were then treated with
25 µM STO609 for 1 and 5 minutes and AMPK phosphorylation was evaluated by
Western blot analysis using anti-pT172 and anti-α1/α2 antibodies. Lysates were
immunoprecipitated with anti-α1/α2 antibody and AMPK activity measured by
kinase assay. The graph represents the average of 3 independent experiments with
the error bars representing the SEM. Control AMPK activity corresponds to 0.007
nmol/min/mg. **** = P ≤ 0.0001.
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However, H2O2 treatment also very significantly reduced the rate of dephosphorylation
observed following the addition of STO609, when CaMKKβ should be completely
inactive (Figure 3.12).Compared with the controls not treated with H2O2, there was a
modest and insignificant Thr172 dephosphorylation and inactivation 1 minute after
addition of STO609, although the effects were more substantial after 5 minutes. There
results suggest that H2O2 was mediating its effects, at least in part, by the inhibition of
Thr172 dephosphorylation.
We also tested the effect of H2O2 and A23187 on cellular nucleotide content. As
expected, treatment with H2O2 causes a large increase in ADP: ATP ratio in HeLa cells.

Figure 3.13. Effect of H2O2 and A23187 on ADP/ATP ratio in HeLa cells.
HeLa cells were stimulated with H2O2, A23187 or both. Nucleotides were extracted
and ADP/ATP ratio evaluated via capillary electrophoresis. Thr172
phosphorylation and total AMPK were detected by Western blot analysis using
anti-pT172 and anti-α1/α2 antibodies. Data represent the average of 3 biological
replicates ± SEM. ** = P ≤ 0.01; **** = P ≤ 0.0001.

Surprisingly, treatment with A23187 reduced the effect of subsequent H2O2 addition,
despite having no effect on its own. The combination of A23187 plus H2O2 also
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resulted in higher Thr172 phosphorylation compared with treatment with either agent
alone (Figure 3.13).

3.3 Discussion
The findings shown in this chapter clarify some of the apparent discrepancies between
the previous study from our laboratory (Hawley et al., 2010) and the work of Zmijewski
et al (2010). Hawley et al (2010) reported that a single dose of H2O2 activated wild type
AMPK while having no effect on the R531G mutant, suggesting that the mechanism of
activation was entirely explained by changes in cellular nucleotides. However, at that
time it was not realized how rapidly H2O2 is metabolized by cultured cells (Figure 3.6)
and a standard incubation time of 60 minutes was used, as used for all of the other
activating agents under study. Here we show that a small but significant activation of
the R531G mutant-AMPK can be detected after 10 minutes of treatment with H2O2,
but the effect is reversed by 60 minutes (Figures 3.5B and C). However, Figure 3.6
shows that a single dose of H2O2 is metabolized very rapidly by HEK-293 cells
(presumably by cellular catalase and/or peroxidases), and that H2O2 was almost
completely eliminated from the medium after only 10 minutes. The findings that both
ADP:ATP ratio (Figure 3.8) and AMPK activity in the RG cells (Figure 3.5 B) had returned
to baseline by 60 minutes suggest that the cells must also be able to rapidly reverse
any oxidative damage to cellular ATP-producing pathways. In the wild type HEK-293
cells, AMPK activation was also significantly higher 10 minutes after H2O2 addition
compared with that observed after 60 minutes (Figure 3.5 B). In their work Zmijewski
et al (2010) used a different method to stimulate cells with H2O2, incubating cells with
glucose oxidase to generate H2O2 from glucose present in the cell medium. Figure 3.6
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shows that addition of glucose oxidase rapidly establishes a constant concentration of
10-20 µM H2O2 in the medium, presumably because the rate of H2O2 production by
glucose oxidase is balanced by its destruction by cellular catalase and/or peroxidases.
This is likely to be a better model for physiological oxidative stress than addition of a
single bolus of H2O2 to the medium, which we showed to cause an initially much higher
concentration of H2O2 in the medium (although much lower than expected based on
the dilution involved) but which was extremely short-lived, almost all of it having
disappeared by 10 minutes (Figure 3.6). Using this approach we could observe AMPK
activation after 20 minutes of incubation with glucose oxidase (Figures 3.2A and B),
similar to that observed by shown by Zmijewski et al (2010). Moreover, using an
incubation time of 50 minutes a small but still significant effect was also observed in
RG cells (Figure 3.4). It is possible that this small degree of activation of the RG mutant,
which we observed with both glucose oxidase and H2O2 treatment although with
different time courses, could be caused by a direct oxidation of cysteine residues on
AMPK, as suggested by Zmijewski et al (2010). However, from our data it is clear that
the much larger increase in AMPK activity that we observed in WT cells, correlated
with large increases in ADP:ATP and AMP:ATP levels (Figure 3.3), strongly suggesting
that the primary activation mechanism depends on changes in cellular nucleotides.
Zmijewski et al (2010) claimed that there was no increase in ADP:ATP ratio after
incubation of HEK-293 cells with glucose oxidase for 40 minutes, in direct contrast to
our results (Figure3.3). The reason for this discrepancy remains unclear. A direct
comparison between their nucleotide measurements and ours is difficult partly
because two different methods for extracting cellular nucleotides were described by
Zmijewsky et al., but it is unclear which of the two were used in the results presented.
Furthermore, they did not report absolute ADP:ATP ratios, but only presented their
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results as relative to the control. It has been suggested that concentrations of H2O2
causing a mild oxidative stress (between 0.7 to 20 µM) might induce a temporary
growth arrest in cultured mammalian fibroblasts (Davies, 1999). This mechanism could
be considered as a defence against oxidative stress; during H2O2-induced growth
arrest, progress through the cell cycle is inhibited, protecting the DNA from potential
oxidative damage while it is particularly vulnerable during replication in S-phase. The
expression of many housekeeping genes is also halted, while the expression of a select
group of stress-response genes is induced. AMPK activation by oxidative stress could
be included in such a context as a mechanism through which cells try to re-establish
their energetic balance, after disturbance by oxidative stress. However, it is worth
considering that, once activated, AMPK causes arrest in G1 phase before DNA
replication (Imamura et al, 2001). It is possible that AMPK itself mediates the
temporary growth arrest induced by H2O2. Figure 3.8 clearly shows that after 60
minutes of incubation with H2O2, ADP:ATP ratios had returned to the baseline, perhaps
due to the activated-AMPK promoting alternative pathways to produce ATP and
switching off pathways consuming ATP. Interestingly, the effect of H2O2 on AMPK
appeared to be independent of the upstream kinase being utilized. In HEK-293 cells
LKB1 appeared to be the kinase primarily phosphorylating Thr172, since pre-treatment
with STO609, a CaMKKβ inhibitor, did not affect either activation or phosphorylation of
AMPK induced by glucose oxidase (Figures 3.9 A and B). This predominant role of LKB1
may be because it appears to be constitutively active, whereas CaMKKβ is only active
under conditions where intracellular Ca2+ has increased. Despite this, in cells lacking
LKB1 such as HeLa or G361 cells, glucose oxidase-induced AMPK activation was
prevented by STO609, suggesting that, in the absence of LKB1, CaMKKβ is required for
the mechanism of activation of AMPK by oxidative stress. This is consistent with the
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idea that the major effect of increased cellular AMP:ATP or ADP:ATP ratio on net
Thr172 phosphorylation is due to inhibition of Thr172 dephosphorylation, which
occurs irrespective of the upstream kinase that is being used for Thr172
phosphorylation. It was previously proposed that AMPK activation by H2O2 in HeLa
cells is mediated by CaMKKβ (Woods et al, 2005). Moreover, it has been suggested
that CaMKII, a member of the closely related family of Ca2+/Calmodulin-dependent
kinases (CaMKs), is activated by H2O2 by the oxidation of two methionine residues in
its regulatory subunit (Burgoyne et al, 2013). This leaves open the possibility of a direct
effect of H2O2 on CaMKKβ.
There might be several different explanations for the H2O2-induced increase in AMP
and ADP levels observed here. One possibility is that oxidative stress induces DNA
damage, resulting in poly ADP-ribose polymerase (PARP) activation and the
consequent depletion of cellular NAD+, leading to inhibition of glycolysis (Kim et al,
2005). Glycolysis might also be inhibited by promotion of ADP-ribosylation of
glyceraldehyde-3 phosphate dehydrogenase by oxidative stress (Dimmeler et al, 1992).
However, by measuring cellular oxygen uptake, our laboratory previously provided
evidence that H2O2 impairs the function of the mitochondrial respiratory chain (Hawley
et al.,2010), which could also be the cause of increases in AMP and ADP. AMP and ADP
bind to the AMPK-γ subunits and increase AMPK phosphorylation in part by protecting
Thr172 from dephosphorylation. This study provides direct evidence that H2O2 inhibits
AMPK dephosphorylation in intact cells. In HeLa cells the Ca2+ ionophore A23187
stimulates AMPK activation entirely through CaMKKβ. Subsequent addition of the
CaMKKβ inhibitor STO609 caused rapid Thr172 dephosphorylation that was almost
complete within 1 minute (indicating that the phosphate on Thr172 is turning over
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very rapidly, even when phosphorylation levels are high). However, when cells were
treated with H2O2 for 10 minutes prior to treatment with STO609, an initial increase in
steady state AMPK activation and phosphorylation was observed, as well as a large
reduction in the rate of inactivation and dephosphorylation on subsequent addition of
STO609 (Figure 3.12). We propose that this effect is due to the inhibition of
dephosphorylation caused by the binding of AMP or ADP to AMPK, although we
cannot rule out the possibility that H2O2 might also have a direct inhibitory effect on
the protein phosphatases that dephosphorylate Thr172. There are few reports of
regulation of Ser/Thr phosphatases by oxidative stress compared to the well-known
redox sensitivity of protein tyrosine phosphatases, which has been reported to have a
clear biological importance in different experimental models (Salsman et al, 2005).
However, some reports suggest that H2O2 might have an inhibitory effect also on
Ser/Thr phosphatases (O'Loghlen et al, 2003; Rao & Clayton, 2002).
Interestingly, the increase in ADP:ATP ratio observed in HeLa cells following H2O2
treatment appeared to be less pronounced when the cells had been pre-treated with
A23187 (Figure 3.13). This suggests that AMPK activation by A23187 had already
induced metabolic changes, such as acute activation of glucose uptake and glycolysis
(Hardie et al, 2012b) that helped the cells to better deal with the oxidative damage
caused by H2O2.
While this work was in progress, it was shown that oxidative stress can inhibit (rather
than activate) AMPK in primary cardiac myocytes (Shao et al, 2014). AMPK α-subunits
were identified as targets of thioredoxin-1 (Trx1), and when Trx1 was knocked out in
mice, the normal AMPK activation that occurred during cardiac ischemia was
prevented. Two cysteine residues were identified (Cys130 and Cys174) in the α subunit
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whose reduction by Trx1 protected AMPK from inhibition during glucose deprivation or
cardiac ischemia. These cysteines differ from those suggested to be involved in AMPK
activation during oxidative stress by Zmijewski et al (2010). Moreover, Shao et al
(2014) could not find any evidence for oxidative modification of AMPK when HEK-293
cells were treated with H2O2, despite an increase in Thr172 phosphorylation. This is
consistent with our conclusions that the primary effect of oxidative stress on AMPK in
HEK-293 cells was indirect, due to changes in cellular adenine nucleotides rather than
direct oxidative modification of AMPK. Shao et al (2014) speculated that immortalized
cell lines, such as the HEK-293, HeLa and G361 cells used in our studies and those of
Zmijewski et al (2010) might have up-regulated anti-oxidant defences compared to
primary cells, and this might prevent the inactivation of AMPK during oxidative stress
that they observed in primary cardiac myocytes.
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Chapter 4: A novel regulatory site on AMPK
4.1 Introduction
The overall structure of AMPK, along with the description of its subunits, was
extensively discussed in Chapter 1 of this thesis. However, while the work for the
completion of this PhD was being carried out, a paper describing a new crystal
structure of an almost complete human α2β1γ1 heterotrimer was published (Xiao et
al, 2013). The work of Xiao and colleagues provided new insights in the understanding
of the structure of AMPK, together with the discovery of a new ligand binding pocket
located at the interface between the α and the β subunits. This study represented a
real breakthrough in the field, allowing a better comprehension not only of the
structure of AMPK itself, but also of its different regulatory mechanisms. According to
these latest discoveries, the structure of AMPK can be divided into two major modules:
the “catalytic module”, containing the α kinase domain and the β-CBM, and the
“nucleotide-binding module” formed by the γ subunit and the α and β C-terminal
domains. These two modules are connected by: (i) the α-AID and the α-linker, the
latter being a region of extended polypeptide that connects the α-AID to the α-CTD;
and (ii) the linker between the β-CBM and the β-CTD, which is poorly resolved in all
existing structures. Thr172 is located in the cleft between these two modules, in a
position where access to upstream kinases and phosphatases might be particularly
sensitive to conformational changes. Figure 4.1 provides a schematic representation of
the up to date structure of AMPK.
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Figure 4.1 Crystal structure of the human α1β2γ1 AMPK. This figure was

obtained from Hardie et al. (2015). It shows how AMPK complex can be divided

into two main modules: a catalytic module (top part of the structure), containing

the kinase domain and part of the CBM of the β subunit, and a nucleotide-binding
module (bottom part of the structure), comprising the γ subunit and the C-termini
of both α and β subunits.

The recent crystal structure of human AMPK, along with subsequent studies, provided
new interesting details of the structure of the α, β and γ subunits, which will be now
discussed briefly.
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4.1.1 New insights into AMPK structure and regulation
Within the α subunit of AMPK, the kinase domain at the N terminus contains the small
N-lobe and larger C-lobe of a typical serine/threonine kinase domain. As previously
discussed in Chapter 1, the kinase domain of the α subunit is followed by the autoinhibitory domain (α-AID) (Pang et al, 2007). Structures of isolated rat and human AIDs
showed that they form a compact bundle of three α helices (Chen et al, 2013). Studies
performed on a construct from the Schizosaccharomyces pombe orthologue showed
that when AMPK is in an inactive conformation, helix α3 of the α-AID interacts with
the kinase domain on the opposite surface to the active site, forming contacts with
residues in the C-helix of the N-lobe and the E-helix of the C-lobe. This seems to
maintain the kinase domain in an inactive conformation (Chen et al, 2009). Although in
the structure presented by Xiao et al (2013) the α-AID was not fully resolved,
comparison with the S.pombe α-AID structure (Chen et al, 2009) made it clear that the
α-AID had undergone a large rotation so that helix α3 interacted with the γ subunit,
rather than with the N- and C-lobes of the kinase domain. This was further confirmed
by Li et al (2015) by structures of a kinase domain-AID construct from human α1, and
of a complete human α1β2γ1 heterotrimer. The rotation seems to be caused by the
binding between the AMP-bound γ subunit and the α-linker, which together with the
α-AID forms a hinge between the catalytic module and the nucleotide-binding module.
One of the most interesting features revealed by the new heterotrimer structure is
that the β-CBM appears to be located next to the N-lobe of the kinase domain, forming
a cleft between the two subunits. One of the five β-sheets forming the core of the Nterminal domain of the kinase domain packs against a pair of antiparallel β-strands of
the β-CBM (Xiao et al, 2013) and this cleft seems to be the binding site for A769662
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and 991 (Xiao et al, 2013). Despite not being directly involved in the binding of those
ligands, Ser108 within the β-CBM, once phosphorylated, appears to stabilize this
binding cleft by forming interactions between the CBM and the N-lobe of the kinase
domain. In the new crystal structure, an α-helix immediately C-terminal to the β-CBM
was also identified for the first time. This α-helix interacts with the C-helix of the Nlobe of the kinase domain by forming hydrophobic contacts, and it seems that this
interaction may transmit the effects of binding of A769662 and 991 to the active site.
In fact, one of the crucial steps for the activation of many kinases is a change in the
position of the N-terminal end of the C-helix (Taylor & Kornev, 2011).
Already in 2011 Xiao and colleagues had suggested that the α-linker wrapped around
the face of the γ subunit containing sites 2 and 3 (Xiao et al, 2011). However, it was
pointed out that their mapping of the sequence of the α-linker to the electron density
may have been incorrect (Chen et al, 2013). A re-interpretation of the data (Xin et al,
2013) suggested that a well-conserved sequence motif of the α-linker (α-regulatory
subunit interacting motif-1, α-RIM1) made contact with site 2, while another
conserved segment, α-RIM2, contacte site 3 with its bound AMP (this re-interpretation
was later accepted by Xiao et al (2013)). It has been proposed that the binding of αRIM1 and α-RIM2 to the γ subunit when AMP is bound in site 3, would force the α-AID
to dissociate from the kinase domain, thus preventing its inhibitory effects. This
change may also pull the catalytic and the nucleotide-binding modules together, so
that protein phosphatases could no longer easily access Thr172, thus protecting AMPK
from dephosphorylation and inactivation.
The new features discussed so far along with additional data shown by Li et al (2015)
also provide a new model for AMPK regulation by adenine nucleotides. This presents
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AMPK as a molecular machine with four interconnected moveable parts: the N- and Clobes of the kinase domain, the β-CBM, the α-AID and αRIM. In the presence of ATP,
the interaction of the α-AID and α-linker with the nucleotide-binding module of AMPK
is weak, and the α-AID is free to engage its inhibitory interaction with the kinase
domain. This locks the kinase domain in an open position with a low catalytic activity.
Furthermore, the release of the α-linker from the nucleotide-binding module makes
AMPK less compact and more accessible to protein phosphatases. On the other hand,
in the presence of AMP, both α-AID and α-linker interact with the nucleotide-binding
module, thus releasing the kinase domain from inhibition. The N- and C-lobes of the
kinase domain are now free to move toward each other to adopt a closed and active
conformation (Hawley et al, 2014). The interaction between the α-linker and the γ
subunit also means that the catalytic and nucleotide-binding modules are pulled
together, making Thr172 less accessible to protein phosphatases. In support of this,
luminescence energy transfer measurements with probes attached to the N-termini of
the α and γ subunits suggest that the heterotrimer adopts a more compact
conformation in the presence of AMP, and a less compact conformation in the
presence of ATP (Li et al, 2015).
As previously mentioned, the α2β1γ1 crystal structure presented by Xiao et al (2013)
also allowed the identification of the binding site for both A769662 and 991. The same
study also provided evidence that two residues in the binding cleft, Lys29 and Lys31 of
the α2 subunit, play a fundamental role in the binding of those two activators.
Mutation of both Lys29 and Lys31 to alanine resulted in a reduction of more than 25fold in affinity for 991 and completely abolished binding of A769662 (Xiao et al, 2013).
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The aim of this chapter will be to further characterize the newly discovered binding
pocket, by mutating Lys29 and Lys31 of the α2 subunit (equivalent to Lys40 and Lys42
in the α1 subunit), in order to confirm that it is the binding site of A769662 and 991
and to test whether it could be the binding site for other known activators of AMPK.

4.2 Results
4.2.1 Purification and phosphorylation of bacterial AMPK
In order to verify whether the newly discovered binding site at the interface between
the N-lobe of the α subunit and the β-CBM is where some direct activators of AMPK
exert their effects, we started by using a bacterially expressed α1β1γ1 complex. Two
lysine residues in the α2 subunit, Lys29 and Lys31, were identified from the crystal
structure as critical for the binding of both A769662 and 991. Those two residues
correspond to Lys40 and Lys42 in the human α1 subunit. Therefore we produced
bacterially expressed complexes carrying single and double mutations of those two
lysines. We used site-directed mutagenesis to mutate Lys40 and Lys42 into alanine
residues. The wild type and mutant heterotrimers generated also contained a His-tag
at the N-terminus of their α subunits, which allowed us to purify the complexes easily.
Figure 4.2 A shows the absorbance at 280 nm during the purification of the wild type
complex on Ni2+-Sepharose (the procedure was also performed with the mutated
heterotrimers).
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Figure 4.2 Purification of α1β1γ1 heterotrimer. (A) His-tagged α1β1γ1 was

expressed in BL21 E. coli. Bacteria were lysed in an imidazole-containing buffer.
The lysate was ultracentrifuged and applied to a HisTrap HP column, prepacked
with Ni2+-containing Sepharose. Elution was performed using a gradient of
imidazole. (B) Protein elution was detected by absorbance at 280 nm.Relevant
fractions were visualized by SDS-PAGE followed by Coomassie Blue staining.

Some of the fractions eluting in the protein, were then loaded on a gel, confirming the
presence of AMPK α, β and γ subunits in the fractions analysed (Figure 4.2 B).
Bacterially expressed proteins are not phosphorylated on Thr172, and consequently
have an extremely low basal activity, so it was necessary to incubate them with an
upstream kinase (CaMKKβ) to phosphorylate Thr172 phosphorylation and needed for
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AMPK activation. Firstly, the heterotrimeric complexes were incubated with different
concentrations of CaMKKβ and MgATP for 30 minutes, to determine by kinase assay
the amount of CaMKKβ to give maximal activation of the AMPK complex (Figure 4.3 A).
A large scale reaction was then performed using AMPK and the appropriate quantity of
CaMKKβ, ATP and MgCl2. To remove the CaMKKβ, which was GST-tagged, a gel
filtration column in line with a glutathione-Sepharose column was used. As can be seen
in Figures 4.3 B, all the fractions eluted during the gel filtration step contain AMPK α, β
and γ subunits and were free of CaMKKβ, showing that CaMKKβ had been removed by
the glutathione-Sepharose column used. At this point we wished to verify that we had
equal recoveries of each complex and that the degree of phosphorylation was the
same.
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Figure 4.3 Phosphorylation of α1β1γ1 by CaMKKβ. (Α) 0.5 µg of α1β1γ1

was incubated with serial dilutions of CaMKKβ. The reaction occurred in the
presence of 200 µM ATP and 5 mM MgCl2 for 30 min. Aliquots of each reaction was
assayed for AMPK activity using the SAMS peptide. (B) α1β1γ1 (6 mg) was
incubated with GST-CaMKKβ (0.6 mg), 200 µM ATP and 5 mM MgCl2 in a final
volume of 1.8 ml for 30 minutes. The reaction was then applied to a HiLoad 16/60
Superdex 200 column at the end of which a GST-conjugated column was mounted.
Selected fractions were subject to SDS-PAGE followed by a Coomassie Bluestaining. As a control, the first lane was loaded with a sample of the reaction before
the gel filtration step.

We therefore analysed them by SDS-PAGE followed either by Coomassie Blue staining
(Figure 4.4 A) or Western blot analysis (Figure 4.4 B). As shown in the figures, all of the
preparations contained almost the same amount of α, β, and γ subunits (note that β1
and γ1 almost co-migrate on SDS-PAGE). Furthermore, phosphorylation of Thr172 was
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comparable in the 4 different complexes (Figure 4.4 B top panel). Finally we also
performed a kinase assay testing the basal activity of the four bacterial complexes
which, as shown in Figure 4.4 C, was comparable for the wild type and the single
mutants, while the double mutant seemed to be somewhat less active.

Figure 4.4 Normalization of wild type and mutated α1β1γ1 complex.
SDS-PAGE was performed using purified wild type and mutated heterotrimeric
α1β1γ1 complexes. (A) Coomassie Blue staining. (B) Western blot analysis using
pT172, α1, β1 and γ1 antibodies. (C) The same quantity of wild type and mutated
purified proteins was assayed using a standard kinase assay with SAMS peptide.
The graph is representative of 3 biological replicates where error bars represent
SEM. *** = P≤0.001.

4.2.2 Mutation of Lys40 and Lys42 inhibits activation of bacterial AMPK
by A769662
In order to confirm the findings of Xiao et al (2013), we tested the effects of increasing
concentration of A769662 with each bacterial complex generated. The wild type
protein and the two single mutants respond to A769662 in almost the same manner
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showing a maximal degree of allosteric activation of more than 2-fold with an EC50
comprised between 0.1 and 0.2 µM, while no response could be detected using the
double mutant, confirming that Lys40 and Lys42 are indeed crucial residues for the
binding of A769662 and their mutation prevents AMPK allosteric stimulation by
A769662. The results are shown in Figure 4.5.

Figure 4.5 A769662 dose response curve with wild type and mutated
α1β1γ1 complex. Equal amounts of purified heterotrimeric complexes (wild type

and mutants) were assayed in the presence of increasing concentrations of
A769662 through a kinase assay using SAMS peptide. Data were fitted to the
equation: Y=Basal+((Activation*Basal-Basal)*X)/(EC50+X). Continuous lines were
generated using this equation with the parameters cited in the text. Data represent
the average of 3 biological replicates ± SEM. Control AMPK activity corresponds to:
WT= 1300 nmol/min/mg; K40A= 1400 nmol/min/mg; K42A= 1400
nmol/min/mg; K40A/K42A= 950 nmol/min/mg.

4.2.3 Dephosphorylation of bacterial AMPK cannot be prevented by
A769662, salicylate or AMP
One of the main effects of direct activators of AMPK is to protect Thr172 from
dephosphorylation by protein phosphatases. To test if the newly described binding
pocket is also the site where some direct activators exert their protective effect against
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dephosphorylation, we decided to perform dephosphorylation protection assays in
presence or absence of direct activators. The protein phosphatase used for these
experiments was PP2Cα and before performing the assay we needed to evaluate for
each bacterial protein a concentration of PP2Cα that could decrese Thr172
phosphorylation by around 70%, since the ligands investigated were expected to
protect against dephosphorylation but not to prevent it completely. For each bacterial
complex we therefore performed a dephosphorylation reaction using serial dilutions of
PP2Cα so that we could select a suitable concentration.

Figure 4.6 Titration with PP2Cα. Wild type and α1β1γ1 mutants were

incubated with serial dilutions of PP2Cα. The dephosphorylation reaction was
started by the addition of MgCl2 and was stopped by diluting the reaction 16 times
with assay buffer on ice. (A) Diluted samples were then either used for a Western
blot analysis performed with pT172 and α1 antibodies or (B) they were assayed in
presence of AMARA peptide through a kinase assay. The normalized value of 1
corresponds to: WT= 3000 nmol/min/mg; K40A= 3000 nmol/min/mg; K42A=
7000 nmol/min/mg; K40A/K42A= 6000 nmol/min/mg. The graph represents 3
independent experiments and the error bars represent the SEM.
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Figure 4.6 A shows that wild type and K40A mutant required about 0.25 µg of PP2Cα
while K42A and the double mutant K40A/K42A needed about 0.15 µg of PP2Cα to
yield this extent of dephosphorylation. These findings were confirmed by Western blot
analysis shown in Figure 4.6 A, evaluating the phosphorylation of Thr172 and the
relative total amount of AMPK-α1 subunit. As a pilot experiment we decided to test
whether A769662, AMP and salicylate were able to protect against PP2C-induced
dephosphorylation of the wild type bacterial protein. Unfortunately, although there
was a modest effect with A769662, almost no protection from dephosphorylation was
detected using either AMP or salicylate (Figure 4.7), in contrast to previous
observations from our laboratory (Hawley et al, 2012).

Figure 4.7 Dephosphorylation protection assay. Wild type purified α1β1γ1

was incubated with PP2Cα in the presence of A769662 (1 µM), AMP (200 µM) or
salicylate (10mM). A dephosphorylation protection assay was then performed
using the AMARA peptide. Data represent the average of 3 biological replicates ±
SEM.
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For reasons that we do not yet fully understand, previous experience in the laboratory
has shown that with some preparations of bacterially expressed heterotrimers it is
difficult to detect protection against dephosphorylation by AMPK activators.

4.2.4 Use of unphosphorylated bacterial AMPK to study the effect of
direct activators
Given that our current preparations did not allow us to proceed with a full
investigation of the novel binding site, and that, unfortunately, there was not enough
time to make new preparations of phosphorylated bacterial AMPK, we needed to find
an alternative preparation to carry out our studies. Scott et al (2014) recently
demonstrated that, despite not being phosphorylated on Thr172, bacterially
overexpressed purified heterotrimeric complexes can still respond to both A769662
and AMP. According to their results, the ability of the bacterially expressed complexes
to respond to allosteric activators depended on the phosphorylation of Ser108 in the β
subunit, and this phosphorylation seemed to be dependent on the temperature at
which the bacterial AMPK is expressed. An optimal temperature of 22˚C was
suggested, while the standard purification protocol for bacterially expressed AMPK
used a temperature of 20˚C or less. In our studies the expression of His-tagged
heterotrimeric complexes was induced by the presence of allolactose in the growth
medium, followed by a decrease of the incubation temperature, as explained in detail
in Materials and Methods. We therefore tested three different temperatures of
expression and performed SDS-PAGE, followed by Coomassie Blue-staining, using
samples from the pre-induction, induction and post-induction phases. As shown in
Figure 4.8 A, the best expression of the α subunit of AMPK could be observed in the
post-induction sample, when induction was performed at 25˚C. Once the purification
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protocol was optimized, we proceeded with the purification of the wild type and
mutated complexes. The four purified complexes could be detected by SDS-PAGE
followed by Coomassie Blue-staining (Figure 4.8 B), while the level of their
phosphorylation on Ser108, which was comparable, is shown in Figure 4.8 C, top panel.

Figure 4.8 Purification and normalization of unphosphorylated
α1β1γ1. (A) Three bacterial cultures expressing wild type α1β1γ1 were grown at
37˚C until their OD was 0.6. A sample (Pre) was taken from each culture. In each
culture the induction of α1β1γ1 expression occurred at different temperatures (16,
20 or 25˚C). A sample from each culture was taken 10 minutes after the induction
started (Ind). The induction lasted 16 hr and before starting the purification,
another sample was taken from each culture (Post). All of the collected sample
were subject to SDS-PAGE followed by Coomassie Blue staining. Normalization of
purified wild type and mutant α1β1γ1 was performed as explained in Figure 4.3,
through SDS-PAGE followed by Coomassie Blue staining (B) and Western blot
analysis with PS108, β1, α1 and γ1 antibodies (C).
123

We used these unphosphorylated bacterially expressed proteins to investigate their
response to four allosteric activators: A769662, 991, MT63-78 and AMP. As expected,
the wild type AMPK responded to all the activators, although to different extents.

Figure 4.9 K40A/K42A mutant is allosterically activated only by AMP.
Purified wild type and mutant α1β1γ1 complexes were tested for their response to
increasing concentrations of three direct activators of AMPK and AMP in a
standard kinase assay using SAMS peptide. Data obtained with A769662, 991 and
MT63-78 were fitted to the equation: Y=Basal+((Activation*BasalBasal)*X)/(EC50+X), while data obtained with AMP were fitted to the equation
Y=Basal+(((Activation*Basal-Basal)*X)/(EC50+X))(((Activation*Basal)*X)/(IC50+X)). Continuous lines were generated using this
equation with the parameters cited in the text. Each graph represents the average
of 3 independent experiments ± SEM. Control AMPK values correspond to: WT=
0.3 nmol/min/mg; K40A= 0.2 nmol/min/mg; K42A= 0.1 nmol/min/mg;
K40A/K42A= 0.1 nmol/min/mg.
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While only a modest 2-fold activation was seen with AMP (EC50 = 16 µM), around 30fold activation could be observed with A769662 (EC50 = 1 µM) and 991 (EC50 = 0.2 µM),
while a 10-fold activation was detected as a response to MT63-78 (EC50 = 23 µM).
Activation by A769662, 991 and MT63-78 was decreased when the single mutants
were tested and was completely abolished when the double mutant was used. In
contrast, both the wild type and the mutated complexes responded to increasing
concentrations of AMP, confirming once again that the binding site of some direct
activators differs from that of AMP, and suggesting that mutations in the newly
described binding site only impairs AMPK activation by these direct activators but not
by AMP. These results are summarised in Figure 4.9. In their study, Scott et al (2014)
also

demonstrated

that

A769662

and

AMP

can

synergistically

activate

unphosphorylated bacterial AMPK. As shown in Figure 4.10 A, the synergistic effect of
A769662 and AMP was significantly impaired in the single mutants and almost
completely abolished in the double mutant, similar to what was observed using
A769662 alone. However, a small 1.5-fold activation could still be detected in the
double mutant protein. This residual activation was entirely dependent on AMP. Figure
4.10 B confirms that all the four complexes responded almost equally to allosteric
stimulation by AMP. These data confirm that mutations in the new binding pocket only
impair allosteric stimulation of AMPK by some direct activators but not by AMP.
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Figure 4.10 Synergistic effect of A769662 and AMP is affected by
K40A/K42A mutation. (A) Wild type and mutated α1β1γ1 heterotrimes

underwent a kinase assay with SAMS peptide in presence of A769662, AMP or
both. (B) Plotting of the data from panel A including only the results obtained with
AMP alone and using a different scale on the y axis. Data obtained with A769662
were fitted to the equation: Y=Basal+((Activation*Basal-Basal)*X)/(EC50+X),
while data obtained with AMP were fitted to the equation
Y=Basal+(((Activation*Basal-Basal)*X)/(EC50+X))(((Activation*Basal)*X)/(IC50+X)). Continuous lines were generated using this
equations with the parameters cited in the text. Data represent the average of 3
biological replicates ± SEM. Control AMPK activity corresponds to: WT= 0.5
nmol/min/mg; K40A= 0.4 nmol/min/mg; K42A= 0.2 nmol/min/mg; K40A/K42A=
0.3 nmol/min/mg.

4.2.5 Mutation of Lys40 and Lys42 in α1 and Lys29 and Lys31 in α2
prevents allosteric stimulation of AMPK by direct activators in
transfected cells

Experiments performed so far in cell-free assays had confirmed that Lys40 and Lys42 in

the α1 subunit were crucial residues for the binding and the effect of some direct
activators of AMPK. The CRISPR (Clustered Regularly Interspaced Short Palindromic
126

Repeats)/Cas9 system is a relatively simple, RNA-programmable method to mediate
genome editing in mammalian cells, and can be used to generate gene knockouts in
cultured cells. Our laboratory has used this technology to knockout the α1 and α2
subunits of AMPK in HEK-293 cells. In this knockout cell line we reintroduced either the
wild type or the mutated α subunits in order to evaluate the effect of direct and
indirect activators when the two lysine residues in the novel binding site were
mutated. In Figure 4.11 A, α1/α2 knockout HEK-293 cells were transiently transfected
with α1 subunit, either wild type or carrying the double mutation of Lys40 and Lys42.
Transfected cells were then treated with three different AMPK activators: A769662,
salicylate and H2O2. From the Western blot analysis shown, it can be seen that all the
activators induced phosphorylation of ACC when wild type α1 was transfected.
However, in cells transfected with the double mutant of α1, both A769662 and
salicylate failed to promote ACC phosphorylation, which was, however, still clearly
detectable after the treatment with H2O2. The result was confirmed by a kinase assay
(Figure 4.11 B) showing that in cells transfected with the double mutant, AMPK could
not be activated by A769662 or salicylate while an activation, albeit reduced, was still
detectable when cells were treated with H2O2. These findings confirmed once more
that Lys40 and Lys42 are crucial residues involved in the binding and in the effect of
some direct activators of AMPK, and also suggested for the first time that the newly
discovered binding pocket is also the site where salicylate exerts its effect.
Interestingly, H2O2 was still able to stimulate AMPK activation in cells expressing the
double mutant. In Chapter 3 of this thesis it was been shown that H2O2 activated AMPK
primarily by increasing the AMP:ATP ratio, and we have previously shown (Figure 4.9)
that AMP maintains its allosteric effect on bacterially expressed AMPK, even when the
127

double mutation in Lys40 and Lys42 was present. Thus the results obtained in cell-free
assays were confirmed by experiment performed in intact cells.

Figure 4.11 The K40A/K42A mutation prevents activation by A769662
and salicylate in transiently transfected cells. HEK-293 cells with a α1/α2

knock out were transiently transfected with either wild type or K40A/K42A α1
subunit carrying a FLAG-tag. Cell were treated with DMSO as negative control,
A769662 (300 µM), salicylate (3 mM) or H2O2 (1 mM) and then were lysed. (A)
SDS-PAGE was performed followed by a Western blot analysis with pACC, ACC,
pT172 and FLAG antibodies. (B) Lysates were immunoprecipitated with FLAG
antibody and then subject to a kinase assay using the AMARA peptide. Data
represent the average of 3 biological replicates ± SEM. The normalized value of 1 in
panel B corresponds to a control AMPK activity of 0.04 nmol/min/mg in both wild
type and K40A/K42A transfected cells.
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However, when we transfected α1/α2 knockout HEK-293 with the α2 subunit,
either wild type or mutated, instead of α1, the outcome was slightly different.
As expected, cells transfected with the double mutant form of α2 did not
respond to any of the four direct activators used (A769662, salicylate, MT63-78
or 991). However, no response was detected even after treatment with
phenformin or H2O2, which are known to indirectly activate AMPK by increasing
the AMP:ATP ratio. These results are shown in Figure 4.12.

Figure 4.12 AMPK K29A/K31A α2 subunit does not respond to any
activator. α1/α2 knockout HEK-293 cells were transiently transfected with

FLAG-α2 subunit (wild type or carrying the double mutation) and were treated
with a variety of AMPK activators: A769662 (300 µM), salicylate (3 mM), MT63-78
(30 µM), 991 (30 µM), phenformin (3 mM) and H2O2 (1 mM). α2-AMPK was
immunoprecipitated through an anti-FLAG antibody and its activity assayed by
kinase assay using AMARA peptide. The graph represents the average of 3
independent experiments where the error bars represent the SEM. Control AMPK
activity corresponds to 0.1 nml/min/mg in both wild type and K29A/K31A
transfected cells.

4.2.6 Dephosphorylation protection by direct activators is prevented by
mutation of Lys29 and Lys31
The lack of activation of AMPK in response to phenformin or H2O2 when Lys29 and
Lys31 in the α2 subunit were mutated suggested that this mutation promotes a
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change in the AMPK kinase domain such that the effect of AMP was also impaired. We
have already shown that the allosteric stimulation by AMP was preserved in AMPK
carrying the double mutation (Figure 4.9). However, the effects shown in Figure 4.11
were observed in immunoprecipitates so must have been due to changes in covalent
modification (such as phosphorylation) rather than allosteric effects. We therefore
considered the possibility that the protection from dephosphorylation induced by AMP
was affected by mutation of Lys29 and Lys31. To explore this possibility, we performed
dephosphorylation protection assay with PP2Cα, in the presence of absence of AMP,
using immunoprecipitated AMPK from transfected cells.

Figure 4.13 Titration of immunoprecipitated AMPK with PP2Cα. (A)
α1/α2 knockout HEK-293 cells were transfected with DNAs encoding either the
wild type or the mutated α2 subunit. AMPK-α2 was immunoprecipitated by antiFLAG antibody and the precipitates underwent a 10-minutes dephosphorylation
reaction in presence of 5 mM ATP with increasing amount of PP2Cα. After
dephosphorylation, samples were assayed for kinase activity using the AMARA
peptide. (B) Magnification of panel A including only the results with the
K29A/K31A mutant, using a different scale on the y axis.
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Before performing the experiment, we determined the amount of PP2Cα needed to
obtain an appropriate level of dephosphorylation of the immunoprecipitated AMPK. As
shown if Figure 4.13 A, almost 1 µg of PP2C was sufficient to dephosphorylate wild
type AMPK. However, as shown in Figure 4.13 B, much more phosphatase was needed
to dephosphorylate the double mutant; 25 µg of PP2Cα was used to dephosphorylate
immunoprecipitated AMPK carrying the K29A/K31A mutation. We then performed the
dephosphorylation

protection

assay

using

either

wild

type

or

mutated

immunoprecipitated AMPK in the presence or absence of increasing concentrations of
AMP.

Figure 4.14 AMP does not protect the K29A/K31A mutant against
dephosphorylation by PP2Cα. AMPK-α2 (wild type or mutated), was

immunoprecipitated from transfected lysate and underwent a dephosphorylation
protection assay in the presence of increasing concentrations of AMP. Data were
fitted to the equation Y=Basal+(((Activation*Basal-Basal)*X)/(EC50+X))(((Activation*Basal)*X)/(IC50+X)). Data represent the average of 3 biological
replicates ± SEM. Control AMPK activity corresponds to: WT= 0.04 nmol/min/mg;
K429/K31A= 0.02 nmol/min/mg.
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In immunoprecipitates from cells transfected with wild type α2, 100 µM AMP was able
to completely protect against dephosphorylation by PP2Cα, but in immunoprecipitates
from cells transfected with the double mutant AMPK activity was insensitive to AMP
(Figure 4.14). The same experiment was performed in presence of a single dose of
AMP or using four direct activators of AMPK.

Figure 4.15 AMPK activators cannot protect the K29A/K31A mutant
against dephosphorylation. Immunoprecipitated AMPK-α2 from transfected

lysates was subject to a dephosphorylation protection assay in presence of
different AMPK activators: A769662 (10 µM), 991 (300 nM), MT63-78 (100 µM),
salicylate (10 mM) or AMP (200 µM). The graph represents the average of 3
independent experiments with the error bars representing the SEM. The
normalized value of 1 corresponds to a basal AMPK activity of 0.07 nmol/min/mg
in the wild type transfected cells and of 0.02 nmol/min/mg in K29A/K31A
transfected cells.

Figure 4.15 shows that none of the activators used, including AMP, could protect the
mutated AMPK against the dephosphorylarion by PP2Cα, showing that mutation of
Lys29 and Lys31 in the α2 subunit impairs the dephosphorylation protection effect not
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only of direct activators that bind between the α-kinase domain and the β-CBM, but
also of AMP, which binds to the γ subunit.These data also suggest that the pocket
discovered at the interface between the kinase domain and the β-CBM is the site
where all the direct activators known so far bind and activate AMPK.

4.2.7 Basal AMPK activity is severely impaired in stable cell lines
expressing a mutated α2 subunit
The next step towards a better understanding of the possible importance of the novel
binding site consisted in the establishment of a cell line stably expressing either the
wild type or the mutated α2 subunit. To this aim we took advantage of the α1/α2
knockout HEK-293 cell line containing an integrated Flp-recombinase target (FRT) site,
which allows the tetracycline-inducible expression of the gene of interest from a
specific genomic location (O'Gorman et al, 1991). Once the constructs containing
either the wild type or the single and double mutants of α2 were inserted into the FRT
site, we tested whether their expression was actually tetracycline-dependent. As
shown in Figure 4.15, only samples treated with tetracycline expressed the α2 subunit
and the FLAG peptide (all the constructs inserted were tagged with the FLAG peptide).
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Figure 4.16 Establishment of stable cell lines expressing α2-AMPK
either wild type or mutated. α1/α2 knockout HEK-293 cells carrying a FRT-

site underwent the protocol to generate stable cells expressing wild-type, K29A,
K31A or K29A/K31A double mutant AMPK-α2 (see Materials and Methods). Stable
cell lines were treated with or without 1 µg/ml tetracycline for 36 hr to induce
gene expression prior to lysis. Lysates underwent SDS-PAGE followed by Western
blot analysis with pT172, α2, α1, FLAG, β1, γ1 and GAPDH antibodies. Wild type
HEK-293 and α1/α2 knockout HEK-293 were used as positive and negative
controls respectively.

Interestingly, as shown in the top panel of Figure 4.16, cells stably expressing the
K29A/K31A mutant of AMPK show a dramatic decrease in the basal phosphorylation of
Thr172. When we performed a kinase assay comparing the basal activity of wild type
and mutated AMPK, we observed that the K29A/K31A mutation resulted in a more
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than 5-fold decrease in the basal activity of AMPK (Figure 4.17), even though the
expression of the protein was very similar (Figure 4.16).

Figure 4.17 The basal activity of the K29A/K31A α2 mutant is lower
than the wild type. Stable cell lines expressing either wild type or mutated α2-

AMPK were lysed. α2-AMPK was immunoprecipitated by FLAG antibody and its
activity assayed by kinase assay using the AMARA peptide. Data represent the
average of 3 biological replicates ± SEM. Statistical analysis was performed by
unpaired t-test where **** = P≤0.0001.

Our results underlie the importance that the newly discovered binding pocket seems
to have in the regulation of AMPK. Unfortunately, our studies with the stable cell lines
could not be taken much further. After a few weeks of culturing cells we noticed that,
for reasons not yet fully understood, the cell line expressing the double mutant of α2
started to respond to direct activators in the same way as those expressing the wild
type subunit. Considering that all our previous studies suggested that this double
mutation rendered AMPK almost insensitive to direct activators, we realized that
something had changed in the stable cell lines. When we initially tested the α1/α2
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knockout HEK-293 cells obtained using the CRISPR/Cas9 methodology, we could detect
almost no ACC or Thr172 phosphorylation following the treatment with three different
AMPK activators (A769662, H2O2 and A23187) as shown in Figure 4.18 A. However, the
cells used in this control experiment were grown in media containing a high
concentration (25 mM) of glucose. When we performed the control experiment again,
we grew cells in a medium containing 5 mM of glucose and tested a larger variety of
activators, including the recently discovered activator, SU6656 (Bain et al, 2007).
Figure 4.18 B shows that the level of phosphorylation of ACC induced by different
treatments, was comparable between the wild type and the α1/α2 knockout HEK-293
cell line. These results suggest that we had not obtained a complete knockout of both
the α1 and α2 subunits in our HEK-293 cells. The presence of traces of α1 and α2
subunit could have compromised the generation of the stable cell lines discussed
above. In order to continue with this study, it will be necessary to generate the double
knockout cell line again, which will be then used to establish stable cell lines expressing
either the wild type or the mutated α2 subunit.
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Figure 4.18 Characterization of α1/α2 knockout HEK-293 cells. Standard

and α1/α2 knockout HEK-293 were grown in media containing either 25 mM
glucose (A) or 5 mM glucose (B). They were then treated with DMSO as control,
A769662 (300 µM), berberine (3 mM), phenformin (3 mM), salicylate (3 mM),
SU6656 (100 µM), A23187 (10 µM) and H2O2 (1 mM) and lysed. Western blot
analysis was performed with pACC, ACC, pT172, α1α2 and GAPDH antibodies.

4.3 Discussion
The data shown in this chapter contribute to a better characterization of the novel
binding pocket located at the interface between the N-lobe of the α-kinase domain
and the β-CBM, which was first described by Xiao et al (2013). In their work, Xiao and
colleagues identified this pocket as the binding site for both A769662 and the
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compound 991, and suggested an important role for Lys29 and Lys31 in the binding
pocket. Our data show that mutation of both lysine residues in the α1 subunit of a
bacterially expressed heterotrimer (Lys40 and Lys42) almost completely abolished
AMPK activation by three of its known direct activators, A769662, 991 and MT63-78
(Figure 4.9). Here we also show for the first time that MT63-78, a newly discovered
AMPK activator (Zadra et al, 2014), binds at the same site of A769662 and 991. It has
been shown that, in this binding pocket, 991 interacts with hydrophobic residues from
both the kinase domain and the β-CBM, mainly through ring-1 and ring-2 of its
structure (Xiao et al, 2013). Furthermore, ring-3 and its linkage to ring-2, are involved
in some polar interactions. Electrostatic interactions are also formed between Asp88
and N2 of ring-2, and Lys29 and the carboxyl group of ring-3. Moreover, Lys31
interacts with the phosphorylated Ser108 of the β-CBM. The three activators tested
share a similar structure, comprising aromatic rings. It is therefore not surprising that
mutation of two residues that not only stabilize the structure of the binding pocket
itself, but that may also make contact with the activators, severely impairs the
response of AMPK to those activators. Unexpectedly, bacterial α1β1γ1 complexes
carrying single mutations in these lysine residues, responded in a different way to
A769662 depending on the phosphorylation status of Thr172. Thus, K40A and K42A
mutant complexes, that had been phosphorylated by CaMKKβ showed the same
degree of sensitivity to A769662 as the wild type (Figure 4.5). On the other hand,
unphosphorylated K40A and K42A complexes were activated much less by A769662
(Figure 4.9, top left). Although a clear explanation for this result is not yet available, it
may be that phosphorylation of Thr172 stabilizes the structure of the binding pocket,
counteracting the effects of single mutations. However, mutation of both Lys29 and
Lys31 in the α2 subunit of AMPK resulted in such a dramatic change that the presence
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or absence of phosphorylation on Thr172 did not make any difference. This could also
explain the decreased basal activity of the phosphorylated α1β1γ1 complex carrying
the double mutation, observed in Figure 4.4. Interestingly, while the K40A/K42A
mutant was not allosterically activated by most of the direct activators tested, it did
still respond to AMP (Figure 4.9, bottom left), as also previously found by Xiao et al
(2013). However we showed that protection against dephosphorylation of Thr172 was
no longer produced by AMP, using AMPK immunoprecipitated from cells transfected
with the double mutant (Figure 4.14). These findings can explain why AMPK activators
that act mainly by increasing the AMP:ATP ratio, such as phenformin or H2O2, also
failed to activate AMPK when the K29A/K31A mutant of α2 subunit was expressed in
α1/α2 knockout HEK-293 cells (Figure 4.12). As suggested by Li et al (2015), the
binding of AMP to the γ subunit promotes the release of the α-AID from the kinase
domain by stabilizing the interaction of both the α-AID and α-linker with the γ subunit.
This may also cause the catalytic and nucleotide-binding modules to move toward each
other, generating a more compact conformation of the complex in which Thr172 is
protected from dephosphorylation. If Lys29 and Lys31 are mutated to alanine they
would no longer be able to interact with phosphorylated Ser108 on the β-CBM. This
may result in a detachment of the β-CBM from the N-lobe of the kinase domain. In this
conformation Thr172 might be more exposed to the action of protein phosphatases,
thus explaining why both AMP and direct AMPK activators failed to protect the
K40A/K42A α2-AMPK from dephosphorylation (Figure 4.15). One region of the
heterotrimer that has never been resolved in any of the crystal structures is the
connecting peptide that links the β-CBM (part of the catalytic module) and the β-CTD
(which forms the core of the nucleotide-binding module). This linker might also be
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crucial in the conformational changes that determine accessibility to Thr172, which
may therefore be affected by mutations that affect the interaction of the kinase
domain and the β-CBM.
Surprisingly, α1-AMPK was still activated by H2O2 even when both Lys40 and Lys42
were mutated (Figure 4.11). In Chapter 3 of this thesis we demonstrated that H2O2
activates AMPK mainly by increasing AMP:ATP ratio. We also proved that H2O2 had a
significant role in protecting Thr172 from dephosphorylation, although it is still unclear
whether this was a direct effect of H2O2 on the phosphatases dephosphorylating
AMPK, or an effect mediated by the increase of AMP levels affecting the conformation
of AMPK. Therefore the result shown in Figure 4.9 was somewhat unexpected.
However, although the reasons for that outcome are still unclear at the present, we
have to consider that for all the experiments performed in Chapter 3 we only used cell
lines expressing primarily the α1 subunit, and there is the possibility that the
mechanism of activation of α2-AMPK by H2O2 might show some differences compared
to α1-AMPK. It has already been shown that different compounds have different
effects according to the α subunit expressed. For instance, it was shown that the
AICAR-induced glucose uptake in mouse skeletal muscle is mediated by α2 but not by
α1 subunit. The effect was abolished only when α2 subunit was knocked out while
knock out of α1 showed no differences compared to the wild type (Jorgensen et al,
2004b). Moreover we had not ruled out a possible direct effect of H2O2 on α1
containing complexes, given that RG-γ2 expressing cells still responded to H2O2, even if
to a lower extent compared to wild type cells. Further investigation will be needed to
fully understand the differential response of α1 or α2 double mutants to H2O2.
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One of the most interesting results of this chapter is shown in Figures 4.16 and 4.17.
The stable cell line expressing the K29A/K31A mutant α2 subunit exhibited a basal
AMPK phosphorylation and activity which was at least 6 times lower than those in cells
expressing the wild type α2. This might suggest that the wild type complex is binding in
the cells a natural ligand that affects its net phosphorylation state. If this natural ligand
is not able to bind to the double mutant, this would explain the difference in Thr172
phosphorylation and hence activity. If this hypothetical natural ligand exists, its
presence at the interface between the β-CBM and the N-lobe of the kinase domain
may be crucial for AMPK to maintain its activity, and to regulate all the metabolic
processes in which it is involved. However, to date the identity of the possible natural
ligand that binds to AMPK at this site remains unclear.
Another possibility which would be worth exploring is that the new binding pocket
affects a currently unidentified post-translational modification of AMPK, crucial for its
stability and/or activity. The disruption of the binding site (i.e. by mutating Lys29 and
Lys31) would prevent the possible interactions between the amino acids of the pocket
and the post-translational modification element, thus destabilizing AMPK and/or
decreasing its basal activity. This is just a mere speculation, since no evidence so far
suggest this scenario. However, it has been demonstrated that AMPK can be
ubiquitinated by the laforin-malin complex. The Laforin-malin complex promotes the
formation of K63-linked ubiquitin chains in AMPK β subunits (Moreno et al, 2010) and
K63-linked polyubiquitin chains are known not to be involved in protein degradation
but in other intracellular signalling functions, including the promotion of protein
stability (Ikeda & Dikic, 2008). Ubiquitination is only one of the possible posttranslational modifications that could be considered and only further studies will allow
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us to understand why the binding pocket between the α and β subunits exists,
whether it allocates a natural ligand or a post-translational modification, and how it is
involved in AMPK regulation.
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Chapter 5: Conclusions and future perspectives
5.1 Introduction
In this thesis both canonical and non-canonical mechanisms of activation of AMPK
were investigated. AMPK is a crucial metabolic regulator, involved in numerous
pathophysiological processes, and the we understand about its regulation, the better
we can understand its roles in various human diseases. As well as AMPK, oxidative
stress is a process involved in a variety of pathophysiological conditions, raising the
question of whether there is an interplay between AMPK and oxidative stress and how
that would work. Using different cell lines we studied the effect of H2O2, a reactive
oxygen species, on AMPK activation, and obtained evidence that it can regulate AMPK
through more than one mechanism. Recent works have pointed out the existence of a
new binding pocket located at the interface between the N-lobe of the α-kinase
domain and the β-CBM of AMPK. It was suggested that this new site was where the
synthetic activators of AMPK, A769662 and 991, bound to exert their effect. Using cellfree systems as well as intact cells, we further characterized this novel binding site,
showing not only that it is the binding site of four direct activators of AMPK, but also
pointing out its possible role in the overall regulation of AMPK. This last chapter
discusses the implications of the findings in this thesis and suggests some directions for
future research.

5.2 Activation of AMPK by oxidative stress
The work described in Chapter 3 was aimed at understanding the mechanism by which
H2O2 activates AMPK, in order to clarify the apparent discrepancies between previous
work from our laboratory (Hawley et al, 2010) and the study from Zmijewski et al
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(2010). While Hawley and colleagues reported that H2O2 activates AMPK by increasing
the AMP:ATP and/or the ADP:ATP ratios, Zmijewski and co-workers had suggested a
direct mechanism of activation, dependent on the oxidation of Cys299 and Cys304 in
the α subunit of AMPK. In Chapter 3 of this thesis we showed that, even when we
generated H2O2 in the cell medium through the addition of glucose oxidase (which is a
better model for physiological oxidative stress than addition of a single bolus of H2O2
to the medium), cellular ADP:ATP ratio still increased along with AMPK activity
suggesting, in contrast to Zmijewski et al (2010), an indirect mechanism of activation.
However, our work also revealed that there might be additional mechanisms by which
AMPK is activated by H2O2. Prolonged incubation with glucose oxidase resulted in a
small but significant activation of AMPK in RG cells, which express an AMP/ADPinsensitive mutant of AMPK and are therefore insensitive to changes in cellular
nucleotides. This activation was not detected in our previous study (Hawley et al,
2010) because, as we have now shown, a single bolus of added H2O2 is rapidly
metabolized and has completely disappeared 10-20 minutes after its addition to the
medium. This explains why after 60 minutes treatment with H2O2 no AMPK activation
was detected in RG cells, and only the rapid AMP/ADP independent effect was
observed (Hawley et al, 2010). Our data also provided evidence that H2O2 activates
AMPK by protecting Thr172 from dephosphorylation by protein phosphatases in intact
cells. One issue not settled in Chapter 3 is whether this effect of H2O2 to protect
against dephosphorylation is simply due to the increase in AMP level, caused perhaps
by oxidative damage to mitochondria, or whether H2O2 has a direct effect on the
protein phosphatase(s) that dephosphorylate AMPK. Unfortunately, until the identity
of these protein phosphatase(s)is clarified, this question will remain unsolved. Also, we
cannot completely rule out the possibility that the small AMP-independent effect of
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H2O2 on AMPK, observed during prolonged incubation of cells with glucose oxidase, is
mediated by a direct oxidation of Cys299 and Cys304 in the α subunit, as suggested by
Zmijewski et al (2010). The laboratory is currently in the process of generating HEK-293
cells with a complete double α1/α2 knockout. Once these cells are available it would
be possible to generate cells stably expressing either a wild type α subunit or an α
subunit carrying mutations in those two cysteine residues. This would allow us to
investigate whether modification of Cys299 and Cys304 are involved in AMPK
activation by H2O2.

5.3 Studies of the A769662-binding pocket
The new crystal structure presented by Xiao et al (2013) represented a breakthrough in
the field, allowing a better comprehension of both AMPK structure and regulation and
in particular identifying the binding site for the synthetic AMPK activator A769662. The
work in Chapter 4 of this thesis was aimed to provide a more extensive
characterization of the novel binding pocket discovered in the new crystal structure
which was located at the interface between the N-lobe of the α-kinase domain and the
β-CBM of AMPK. This novel binding site was identified as the site where both A769662
and 991 exerted their effects on AMPK. In our study we could not only confirm this,
but we also provided evidence that two other direct activators of AMPK, MT63-78 and
salicylate, bind at the same site. We could show that allosteric stimulation of AMPK by
A769662, 991 and MT63-78 was almost completely abolished when Lys40 and Lys42 in
the α1 subunit were mutated into alanine residues. At the same time, allosteric
stimulation by AMP, while smaller than that by A769662, was nevertheless unaffected
by the double mutation. We also found, rather unexpectedly that the protection
against Thr172 dephosphorylation that all the direct activators, including AMP, are
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known to exert, was lost when Lys29 and Lys31 were mutated in the α2 subunit. This
suggested that the mutation of those two lysine residues might promote a large
conformational change in AMPK structure, which could result in Thr172 to be more
exposed to the action of protein phosphatases. Lys31 has been reported to make
electrostatic interaction with Ser108 of the β-CBM. Further studies should be made to
investigate the extent of the conformational modification that might result from
mutation of either Lys31 or Ser108. Interestingly we found out that when both Lys29
and Lys31 were mutated in intact cells, the basal activity of AMPK dropped down to
almost one sixth of the wild type isoform of the kinase. This outcome suggests a crucial
role for the newly discovered binding pocket in AMPK regulation and might indicate
the presence of a natural ligand able to bind the wild type, but not the mutant AMPK
at that very site. The existence of a natural ligand binding to the same site as A769662
has been an interesting possibility since evidence was obtained in 2007 that A769662
bound at a different site from AMP (Goransson et al, 2007). More studies are now
required order to identify this possible ligand. One possible approach might be to
generate cell lines expressing either the wild type or the K29A/K31A mutant of α2, it
will be possible to immunoprecipitate AMPK and then run mass spectrometry
experiments to search for metabolites that might be bound to the wild type complex.
Another might be to screen a library of metabolites in cell-free assays using the
bacterially expressed, unphosphorylated wild type and K29A/K31A mutant of α2, as
described in Chapter 4 of this thesis. Using A769662, the wild type complex was
activated >40-fold by A769662, whereas the double mutant was not activated at all.
This would therefore provide an excellent assay to screen a library of metabolites.
These approaches might open up a new chapter in the story of AMPK, allowing us a
better and more complete understanding of AMPK structure and regulation, and
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possibly providing new interesting details about its role in different pathophysiological
processes.

147

References

Abu-Elheiga L, Brinkley WR, Zhong L, Chirala SS, Woldegiorgis G, Wakil SJ (2000) The
subcellular localization of acetyl-CoA carboxylase 2. Proceedings of the National Academy of
Sciences of the United States of America 97: 1444-1449
Ahn J, Lee H, Kim S, Park J, Ha T (2008) The anti-obesity effect of quercetin is mediated by the
AMPK and MAPK signaling pathways. Biochemical and biophysical research communications
373: 545-549
Akman HO, Sampayo JN, Ross FA, Scott JW, Wilson G, Benson L, Bruno C, Shanske S, Hardie
DG, Dimauro S (2007) Fatal infantile cardiac glycogenosis with phosphorylase kinase deficiency
and a mutation in the gamma2-subunit of AMP-activated protein kinase. Pediatric research 62:
499-504
Alessi DR, Sakamoto K, Bayascas JR (2006) LKB1-dependent signaling pathways. Annual review
of biochemistry 75: 137-163
Anderson KA, Ribar TJ, Lin F, Noeldner PK, Green MF, Muehlbauer MJ, Witters LA, Kemp BE,
Means AR (2008) Hypothalamic CaMKK2 contributes to the regulation of energy balance. Cell
metabolism 7: 377-388
Arad M, Moskowitz IP, Patel VV, Ahmad F, Perez-Atayde AR, Sawyer DB, Walter M, Li GH,
Burgon PG, Maguire CT, Stapleton D, Schmitt JP, Guo XX, Pizard A, Kupershmidt S, Roden DM,
Berul CI, Seidman CE, Seidman JG (2003) Transgenic mice overexpressing mutant PRKAG2
define the cause of Wolff-Parkinson-White syndrome in glycogen storage cardiomyopathy.
Circulation 107: 2850-2856
Aschenbach WG, Sakamoto K, Goodyear LJ (2004) 5' adenosine monophosphate-activated
protein kinase, metabolism and exercise. Sports medicine 34: 91-103
Bae YS, Kang SW, Seo MS, Baines IC, Tekle E, Chock PB, Rhee SG (1997) Epidermal growth
factor (EGF)-induced generation of hydrogen peroxide. Role in EGF receptor-mediated tyrosine
phosphorylation. The Journal of biological chemistry 272: 217-221
Bain J, Plater L, Elliott M, Shpiro N, Hastie CJ, McLauchlan H, Klevernic I, Arthur JS, Alessi DR,
Cohen P (2007) The selectivity of protein kinase inhibitors: a further update. The Biochemical
journal 408: 297-315
Banko MR, Allen JJ, Schaffer BE, Wilker EW, Tsou P, White JL, Villen J, Wang B, Kim SR,
Sakamoto K, Gygi SP, Cantley LC, Yaffe MB, Shokat KM, Brunet A (2011) Chemical genetic
screen for AMPKalpha2 substrates uncovers a network of proteins involved in mitosis.
Molecular cell 44: 878-892

148

Barnes K, Ingram JC, Porras OH, Barros LF, Hudson ER, Fryer LG, Foufelle F, Carling D, Hardie
DG, Baldwin SA (2002) Activation of GLUT1 by metabolic and osmotic stress: potential
involvement of AMP-activated protein kinase (AMPK). Journal of cell science 115: 2433-2442
Bateman A (1997) The structure of a domain common to archaebacteria and the
homocystinuria disease protein. Trends in biochemical sciences 22: 12-13
Baur JA, Pearson KJ, Price NL, Jamieson HA, Lerin C, Kalra A, Prabhu VV, Allard JS, Lopez-Lluch
G, Lewis K, Pistell PJ, Poosala S, Becker KG, Boss O, Gwinn D, Wang M, Ramaswamy S, Fishbein
KW, Spencer RG, Lakatta EG, Le Couteur D, Shaw RJ, Navas P, Puigserver P, Ingram DK, de Cabo
R, Sinclair DA (2006) Resveratrol improves health and survival of mice on a high-calorie diet.
Nature 444: 337-342
Beg ZH, Allmann DW, Gibson DM (1973) Modulation of 3-hydroxy-3-methylglutaryl coenzyme
A reductase activity with cAMP and wth protein fractions of rat liver cytosol. Biochemical and
biophysical research communications 54: 1362-1369
Beg ZH, Stonik JA, Brewer HB, Jr. (1978) 3-Hydroxy-3-methylglutaryl coenzyme A reductase:
regulation of enzymatic activity by phosphorylation and dephosphorylation. Proceedings of the
National Academy of Sciences of the United States of America 75: 3678-3682
Betteridge DJ (2000) What is oxidative stress? Metabolism: clinical and experimental 49: 3-8
Brownlee M, Cerami A (1981) The biochemistry of the complications of diabetes mellitus.
Annual review of biochemistry 50: 385-432
Buhl ES, Jessen N, Pold R, Ledet T, Flyvbjerg A, Pedersen SB, Pedersen O, Schmitz O, Lund S
(2002) Long-term AICAR administration reduces metabolic disturbances and lowers blood
pressure in rats displaying features of the insulin resistance syndrome. Diabetes 51: 2199-2206
Bultot L, Guigas B, Von Wilamowitz-Moellendorff A, Maisin L, Vertommen D, Hussain N,
Beullens M, Guinovart JJ, Foretz M, Viollet B, Sakamoto K, Hue L, Rider MH (2012) AMPactivated protein kinase phosphorylates and inactivates liver glycogen synthase. The
Biochemical journal 443: 193-203
Burgoyne JR, Oka S, Ale-Agha N, Eaton P (2013) Hydrogen peroxide sensing and signaling by
protein kinases in the cardiovascular system. Antioxidants & redox signaling 18: 1042-1052
Burwinkel B, Scott JW, Buhrer C, van Landeghem FK, Cox GF, Wilson CJ, Grahame Hardie D,
Kilimann MW (2005) Fatal congenital heart glycogenosis caused by a recurrent activating
R531Q mutation in the gamma 2-subunit of AMP-activated protein kinase (PRKAG2), not by
phosphorylase kinase deficiency. American journal of human genetics 76: 1034-1049
Butterfield DA, Castegna A, Lauderback CM, Drake J (2002) Evidence that amyloid betapeptide-induced lipid peroxidation and its sequelae in Alzheimer's disease brain contribute to
neuronal death. Neurobiology of aging 23: 655-664
149

Canto C, Jiang LQ, Deshmukh AS, Mataki C, Coste A, Lagouge M, Zierath JR, Auwerx J (2010)
Interdependence of AMPK and SIRT1 for metabolic adaptation to fasting and exercise in
skeletal muscle. Cell metabolism 11: 213-219
Carling D, Aguan K, Woods A, Verhoeven AJ, Beri RK, Brennan CH, Sidebottom C, Davison MD,
Scott J (1994) Mammalian AMP-activated protein kinase is homologous to yeast and plant
protein kinases involved in the regulation of carbon metabolism. The Journal of biological
chemistry 269: 11442-11448
Carling D, Clarke PR, Zammit VA, Hardie DG (1989) Purification and characterization of the
AMP-activated protein kinase. Copurification of acetyl-CoA carboxylase kinase and 3-hydroxy3-methylglutaryl-CoA reductase kinase activities. European journal of biochemistry / FEBS 186:
129-136
Carling D, Hardie DG (1989) The substrate and sequence specificity of the AMP-activated
protein kinase. Phosphorylation of glycogen synthase and phosphorylase kinase. Biochimica et
biophysica acta 1012: 81-86
Carlson CA, Kim KH (1973) Regulation of hepatic acetyl coenzyme A carboxylase by
phosphorylation and dephosphorylation. The Journal of biological chemistry 248: 378-380
Chen L, Jiao ZH, Zheng LS, Zhang YY, Xie ST, Wang ZX, Wu JW (2009) Structural insight into the
autoinhibition mechanism of AMP-activated protein kinase. Nature 459: 1146-1149
Chen L, Wang J, Zhang YY, Yan SF, Neumann D, Schlattner U, Wang ZX, Wu JW (2012) AMPactivated protein kinase undergoes nucleotide-dependent conformational changes. Nature
structural & molecular biology 19: 716-718
Chen L, Xin FJ, Wang J, Hu J, Zhang YY, Wan S, Cao LS, Lu C, Li P, Yan SF, Neumann D, Schlattner
U, Xia B, Wang ZX, Wu JW (2013) Conserved regulatory elements in AMPK. Nature 498: E8-10
Chen S, Murphy J, Toth R, Campbell DG, Morrice NA, Mackintosh C (2008) Complementary
regulation of TBC1D1 and AS160 by growth factors, insulin and AMPK activators. The
Biochemical journal 409: 449-459
Cheung PC, Salt IP, Davies SP, Hardie DG, Carling D (2000) Characterization of AMP-activated
protein kinase gamma-subunit isoforms and their role in AMP binding. The Biochemical journal
346 Pt 3: 659-669
Choi SL, Kim SJ, Lee KT, Kim J, Mu J, Birnbaum MJ, Soo Kim S, Ha J (2001) The regulation of
AMP-activated protein kinase by H(2)O(2). Biochemical and biophysical research
communications 287: 92-97
Clarke PR, Hardie DG (1990) Regulation of HMG-CoA reductase: identification of the site
phosphorylated by the AMP-activated protein kinase in vitro and in intact rat liver. The EMBO
journal 9: 2439-2446
150

Cohen P (2002) The origins of protein phosphorylation. Nature cell biology 4: E127-130
Cool B, Zinker B, Chiou W, Kifle L, Cao N, Perham M, Dickinson R, Adler A, Gagne G, Iyengar R,
Zhao G, Marsh K, Kym P, Jung P, Camp HS, Frevert E (2006) Identification and characterization
of a small molecule AMPK activator that treats key components of type 2 diabetes and the
metabolic syndrome. Cell metabolism 3: 403-416
Corton JM, Gillespie JG, Hawley SA, Hardie DG (1995) 5-aminoimidazole-4-carboxamide
ribonucleoside. A specific method for activating AMP-activated protein kinase in intact cells?
European journal of biochemistry / FEBS 229: 558-565
Costford SR, Kavaslar N, Ahituv N, Chaudhry SN, Schackwitz WS, Dent R, Pennacchio LA,
McPherson R, Harper ME (2007) Gain-of-function R225W mutation in human AMPKgamma(3)
causing increased glycogen and decreased triglyceride in skeletal muscle. PloS one 2: e903
Covas G, Marinho HS, Cyrne L, Antunes F (2013) Activation of Nrf2 by H2O2: de novo synthesis
versus nuclear translocation. Methods in enzymology 528: 157-171
Crute BE, Seefeld K, Gamble J, Kemp BE, Witters LA (1998) Functional domains of the alpha1
catalytic subunit of the AMP-activated protein kinase. The Journal of biological chemistry 273:
35347-35354
Dale S, Wilson WA, Edelman AM, Hardie DG (1995) Similar substrate recognition motifs for
mammalian AMP-activated protein kinase, higher plant HMG-CoA reductase kinase-A, yeast
SNF1, and mammalian calmodulin-dependent protein kinase I. FEBS letters 361: 191-195
Daniel T, Carling D (2002) Expression and regulation of the AMP-activated protein kinase-SNF1
(sucrose non-fermenting 1) kinase complexes in yeast and mammalian cells: studies using
chimaeric catalytic subunits. The Biochemical journal 365: 629-638
Davies KJ (1995) Oxidative stress: the paradox of aerobic life. Biochemical Society symposium
61: 1-31
Davies KJ (1999) The broad spectrum of responses to oxidants in proliferating cells: a new
paradigm for oxidative stress. IUBMB life 48: 41-47
Davies SP, Carling D, Hardie DG (1989) Tissue distribution of the AMP-activated protein kinase,
and lack of activation by cyclic-AMP-dependent protein kinase, studied using a specific and
sensitive peptide assay. European journal of biochemistry / FEBS 186: 123-128
Davies SP, Carling D, Munday MR, Hardie DG (1992) Diurnal rhythm of phosphorylation of rat
liver acetyl-CoA carboxylase by the AMP-activated protein kinase, demonstrated using freezeclamping. Effects of high fat diets. European journal of biochemistry / FEBS 203: 615-623

151

Davies SP, Hawley SA, Woods A, Carling D, Haystead TA, Hardie DG (1994) Purification of the
AMP-activated protein kinase on ATP-gamma-sepharose and analysis of its subunit structure.
European journal of biochemistry / FEBS 223: 351-357
Davies SP, Helps NR, Cohen PT, Hardie DG (1995) 5'-AMP inhibits dephosphorylation, as well as
promoting phosphorylation, of the AMP-activated protein kinase. Studies using bacterially
expressed human protein phosphatase-2C alpha and native bovine protein phosphatase-2AC.
FEBS letters 377: 421-425
Davies SP, Sim AT, Hardie DG (1990) Location and function of three sites phosphorylated on rat
acetyl-CoA carboxylase by the AMP-activated protein kinase. European journal of biochemistry
/ FEBS 187: 183-190
Dimmeler S, Lottspeich F, Brune B (1992) Nitric oxide causes ADP-ribosylation and inhibition of
glyceraldehyde-3-phosphate dehydrogenase. The Journal of biological chemistry 267: 1677116774
Dizdaroglu M, Jaruga P (2012) Mechanisms of free radical-induced damage to DNA. Free
radical research 46: 382-419
Dzeja PP, Terzic A (2003) Phosphotransfer networks and cellular energetics. The Journal of
experimental biology 206: 2039-2047
Egan DF, Shackelford DB, Mihaylova MM, Gelino S, Kohnz RA, Mair W, Vasquez DS, Joshi A,
Gwinn DM, Taylor R, Asara JM, Fitzpatrick J, Dillin A, Viollet B, Kundu M, Hansen M, Shaw RJ
(2011) Phosphorylation of ULK1 (hATG1) by AMP-activated protein kinase connects energy
sensing to mitophagy. Science 331: 456-461
El-Mir MY, Nogueira V, Fontaine E, Averet N, Rigoulet M, Leverve X (2000) Dimethylbiguanide
inhibits cell respiration via an indirect effect targeted on the respiratory chain complex I. The
Journal of biological chemistry 275: 223-228
Emerling BM, Weinberg F, Snyder C, Burgess Z, Mutlu GM, Viollet B, Budinger GR, Chandel NS
(2009) Hypoxic activation of AMPK is dependent on mitochondrial ROS but independent of an
increase in AMP/ATP ratio. Free radical biology & medicine 46: 1386-1391
Evans JM, Donnelly LA, Emslie-Smith AM, Alessi DR, Morris AD (2005) Metformin and reduced
risk of cancer in diabetic patients. Bmj 330: 1304-1305
Faubert B, Boily G, Izreig S, Griss T, Samborska B, Dong Z, Dupuy F, Chambers C, Fuerth BJ,
Viollet B, Mamer OA, Avizonis D, DeBerardinis RJ, Siegel PM, Jones RG (2013) AMPK is a
negative regulator of the Warburg effect and suppresses tumor growth in vivo. Cell
metabolism 17: 113-124
Ferrannini E, DeFronzo RA (2015) Impact of glucose-lowering drugs on cardiovascular disease
in type 2 diabetes. European heart journal
152

Ferrer A, Caelles C, Massot N, Hegardt FG (1985) Activation of rat liver cytosolic 3-hydroxy-3methylglutaryl coenzyme A reductase kinase by adenosine 5'-monophosphate. Biochemical
and biophysical research communications 132: 497-504
Fischer EH, Krebs EG (1955) Conversion of phosphorylase b to phosphorylase a in muscle
extracts. The Journal of biological chemistry 216: 121-132
Foretz M, Hebrard S, Leclerc J, Zarrinpashneh E, Soty M, Mithieux G, Sakamoto K, Andreelli F,
Viollet B (2010) Metformin inhibits hepatic gluconeogenesis in mice independently of the
LKB1/AMPK pathway via a decrease in hepatic energy state. The Journal of clinical
investigation 120: 2355-2369
Fryer LG, Parbu-Patel A, Carling D (2002) The Anti-diabetic drugs rosiglitazone and metformin
stimulate AMP-activated protein kinase through distinct signaling pathways. The Journal of
biological chemistry 277: 25226-25232
Fullerton MD, Galic S, Marcinko K, Sikkema S, Pulinilkunnil T, Chen ZP, O'Neill HM, Ford RJ,
Palanivel R, O'Brien M, Hardie DG, Macaulay SL, Schertzer JD, Dyck JR, van Denderen BJ, Kemp
BE, Steinberg GR (2013) Single phosphorylation sites in Acc1 and Acc2 regulate lipid
homeostasis and the insulin-sensitizing effects of metformin. Nature medicine 19: 1649-1654
Galic S, Fullerton MD, Schertzer JD, Sikkema S, Marcinko K, Walkley CR, Izon D, Honeyman J,
Chen ZP, van Denderen BJ, Kemp BE, Steinberg GR (2011) Hematopoietic AMPK beta1 reduces
mouse adipose tissue macrophage inflammation and insulin resistance in obesity. The Journal
of clinical investigation 121: 4903-4915
Geraghty KM, Chen S, Harthill JE, Ibrahim AF, Toth R, Morrice NA, Vandermoere F, Moorhead
GB, Hardie DG, MacKintosh C (2007) Regulation of multisite phosphorylation and 14-3-3
binding of AS160 in response to IGF-1, EGF, PMA and AICAR. The Biochemical journal 407: 231241
Gollob MH (2003) Glycogen storage disease as a unifying mechanism of disease in the PRKAG2
cardiac syndrome. Biochemical Society transactions 31: 228-231
Gollob MH, Seger JJ, Gollob TN, Tapscott T, Gonzales O, Bachinski L, Roberts R (2001) Novel
PRKAG2 mutation responsible for the genetic syndrome of ventricular preexcitation and
conduction system disease with childhood onset and absence of cardiac hypertrophy.
Circulation 104: 3030-3033
Gomez-Galeno JE, Dang Q, Nguyen TH, Boyer SH, Grote MP, Sun Z, Chen M, Craigo WA, van
Poelje PD, MacKenna DA, Cable EE, Rolzin PA, Finn PD, Chi B, Linemeyer DL, Hecker SJ, Erion
MD (2010) A Potent and Selective AMPK Activator That Inhibits de Novo Lipogenesis. ACS
medicinal chemistry letters 1: 478-482

153

Goransson O, McBride A, Hawley SA, Ross FA, Shpiro N, Foretz M, Viollet B, Hardie DG,
Sakamoto K (2007) Mechanism of action of A-769662, a valuable tool for activation of AMPactivated protein kinase. The Journal of biological chemistry 282: 32549-32560
Gowans GJ, Hawley SA, Ross FA, Hardie DG (2013) AMP is a true physiological regulator of
AMP-activated protein kinase by both allosteric activation and enhancing net phosphorylation.
Cell metabolism 18: 556-566
Grahame Hardie D (2014) AMP-activated protein kinase: a key regulator of energy balance
with many roles in human disease. Journal of internal medicine 276: 543-559
Groeger G, Quiney C, Cotter TG (2009) Hydrogen peroxide as a cell-survival signaling molecule.
Antioxidants & redox signaling 11: 2655-2671
Guertin DA, Sabatini DM (2007) Defining the role of mTOR in cancer. Cancer cell 12: 9-22
Gwinn DM, Shackelford DB, Egan DF, Mihaylova MM, Mery A, Vasquez DS, Turk BE, Shaw RJ
(2008) AMPK phosphorylation of raptor mediates a metabolic checkpoint. Molecular cell 30:
214-226
Haghighat A, Mader S, Pause A, Sonenberg N (1995) Repression of cap-dependent translation
by 4E-binding protein 1: competition with p220 for binding to eukaryotic initiation factor-4E.
The EMBO journal 14: 5701-5709
Halvey PJ, Watson WH, Hansen JM, Go YM, Samali A, Jones DP (2005) Compartmental
oxidation of thiol-disulphide redox couples during epidermal growth factor signalling. The
Biochemical journal 386: 215-219
Hardie DG (2007) AMP-activated/SNF1 protein kinases: conserved guardians of cellular energy.
Nature reviews Molecular cell biology 8: 774-785
Hardie DG (2015) AMPK: positive and negative regulation, and its role in whole-body energy
homeostasis. Current opinion in cell biology 33: 1-7
Hardie DG, Ashford ML (2014) AMPK: regulating energy balance at the cellular and whole body
levels. Physiology 29: 99-107
Hardie DG, Hawley SA (2001) AMP-activated protein kinase: the energy charge hypothesis
revisited. BioEssays : news and reviews in molecular, cellular and developmental biology 23:
1112-1119
Hardie DG, Ross FA, Hawley SA (2012a) AMP-activated protein kinase: a target for drugs both
ancient and modern. Chemistry & biology 19: 1222-1236
Hardie DG, Ross FA, Hawley SA (2012b) AMPK: a nutrient and energy sensor that maintains
energy homeostasis. Nature reviews Molecular cell biology 13: 251-262
154

Hawley SA, Boudeau J, Reid JL, Mustard KJ, Udd L, Makela TP, Alessi DR, Hardie DG (2003)
Complexes between the LKB1 tumor suppressor, STRAD alpha/beta and MO25 alpha/beta are
upstream kinases in the AMP-activated protein kinase cascade. Journal of biology 2: 28
Hawley SA, Davison M, Woods A, Davies SP, Beri RK, Carling D, Hardie DG (1996)
Characterization of the AMP-activated protein kinase kinase from rat liver and identification of
threonine 172 as the major site at which it phosphorylates AMP-activated protein kinase. The
Journal of biological chemistry 271: 27879-27887
Hawley SA, Fullerton MD, Ross FA, Schertzer JD, Chevtzoff C, Walker KJ, Peggie MW, Zibrova D,
Green KA, Mustard KJ, Kemp BE, Sakamoto K, Steinberg GR, Hardie DG (2012) The ancient drug
salicylate directly activates AMP-activated protein kinase. Science 336: 918-922
Hawley SA, Gadalla AE, Olsen GS, Hardie DG (2002) The antidiabetic drug metformin activates
the AMP-activated protein kinase cascade via an adenine nucleotide-independent mechanism.
Diabetes 51: 2420-2425
Hawley SA, Pan DA, Mustard KJ, Ross L, Bain J, Edelman AM, Frenguelli BG, Hardie DG (2005)
Calmodulin-dependent protein kinase kinase-beta is an alternative upstream kinase for AMPactivated protein kinase. Cell metabolism 2: 9-19
Hawley SA, Ross FA, Chevtzoff C, Green KA, Evans A, Fogarty S, Towler MC, Brown LJ,
Ogunbayo OA, Evans AM, Hardie DG (2010) Use of cells expressing gamma subunit variants to
identify diverse mechanisms of AMPK activation. Cell metabolism 11: 554-565
Hawley SA, Ross FA, Gowans GJ, Tibarewal P, Leslie NR, Hardie DG (2014) Phosphorylation by
Akt within the ST loop of AMPK-alpha1 down-regulates its activation in tumour cells. The
Biochemical journal 459: 275-287
Hawley SA, Selbert MA, Goldstein EG, Edelman AM, Carling D, Hardie DG (1995) 5'-AMP
activates the AMP-activated protein kinase cascade, and Ca2+/calmodulin activates the
calmodulin-dependent protein kinase I cascade, via three independent mechanisms. The
Journal of biological chemistry 270: 27186-27191
Hayashi T, Hirshman MF, Kurth EJ, Winder WW, Goodyear LJ (1998) Evidence for 5' AMPactivated protein kinase mediation of the effect of muscle contraction on glucose transport.
Diabetes 47: 1369-1373
He H, Liu X, Lv L, Liang H, Leng B, Zhao D, Zhang Y, Du Z, Chen X, Li S, Lu Y, Shan H (2014)
Calcineurin suppresses AMPK-dependent cytoprotective autophagy in cardiomyocytes under
oxidative stress. Cell death & disease 5: e997
Holz MK, Ballif BA, Gygi SP, Blenis J (2005) mTOR and S6K1 mediate assembly of the translation
preinitiation complex through dynamic protein interchange and ordered phosphorylation
events. Cell 123: 569-580
155

Hong SP, Leiper FC, Woods A, Carling D, Carlson M (2003) Activation of yeast Snf1 and
mammalian AMP-activated protein kinase by upstream kinases. Proceedings of the National
Academy of Sciences of the United States of America 100: 8839-8843
Horman S, Vertommen D, Heath R, Neumann D, Mouton V, Woods A, Schlattner U, Wallimann
T, Carling D, Hue L, Rider MH (2006) Insulin antagonizes ischemia-induced Thr172
phosphorylation of AMP-activated protein kinase alpha-subunits in heart via hierarchical
phosphorylation of Ser485/491. The Journal of biological chemistry 281: 5335-5340
Huang X, Wullschleger S, Shpiro N, McGuire VA, Sakamoto K, Woods YL, McBurnie W, Fleming
S, Alessi DR (2008) Important role of the LKB1-AMPK pathway in suppressing tumorigenesis in
PTEN-deficient mice. The Biochemical journal 412: 211-221
Hudson ER, Pan DA, James J, Lucocq JM, Hawley SA, Green KA, Baba O, Terashima T, Hardie DG
(2003) A novel domain in AMP-activated protein kinase causes glycogen storage bodies similar
to those seen in hereditary cardiac arrhythmias. Current biology : CB 13: 861-866
Hunter RW, Foretz M, Bultot L, Fullerton MD, Deak M, Ross FA, Hawley SA, Shpiro N, Viollet B,
Barron D, Kemp BE, Steinberg GR, Hardie DG, Sakamoto K (2014) Mechanism of action of
compound-13: an alpha1-selective small molecule activator of AMPK. Chemistry & biology 21:
866-879
Hurley RL, Anderson KA, Franzone JM, Kemp BE, Means AR, Witters LA (2005) The
Ca2+/calmodulin-dependent protein kinase kinases are AMP-activated protein kinase kinases.
The Journal of biological chemistry 280: 29060-29066
Ikeda F, Dikic I (2008) Atypical ubiquitin chains: new molecular signals. 'Protein Modifications:
Beyond the Usual Suspects' review series. EMBO reports 9: 536-542
Imamura K, Ogura T, Kishimoto A, Kaminishi M, Esumi H (2001) Cell cycle regulation via p53
phosphorylation by a 5'-AMP activated protein kinase activator, 5-aminoimidazole- 4carboxamide-1-beta-D-ribofuranoside, in a human hepatocellular carcinoma cell line.
Biochemical and biophysical research communications 287: 562-567
Inoki K, Li Y, Xu T, Guan KL (2003) Rheb GTPase is a direct target of TSC2 GAP activity and
regulates mTOR signaling. Genes & development 17: 1829-1834
Jager S, Handschin C, St-Pierre J, Spiegelman BM (2007) AMP-activated protein kinase (AMPK)
action in skeletal muscle via direct phosphorylation of PGC-1alpha. Proceedings of the National
Academy of Sciences of the United States of America 104: 12017-12022
Jensen TE, Rose AJ, Hellsten Y, Wojtaszewski JF, Richter EA (2007) Caffeine-induced Ca(2+)
release increases AMPK-dependent glucose uptake in rodent soleus muscle. American journal
of physiology Endocrinology and metabolism 293: E286-292

156

Jiang R, Carlson M (1997) The Snf1 protein kinase and its activating subunit, Snf4, interact with
distinct domains of the Sip1/Sip2/Gal83 component in the kinase complex. Molecular and
cellular biology 17: 2099-2106
Jones RG, Plas DR, Kubek S, Buzzai M, Mu J, Xu Y, Birnbaum MJ, Thompson CB (2005) AMPactivated protein kinase induces a p53-dependent metabolic checkpoint. Molecular cell 18:
283-293
Jorgensen SB, Nielsen JN, Birk JB, Olsen GS, Viollet B, Andreelli F, Schjerling P, Vaulont S, Hardie
DG, Hansen BF, Richter EA, Wojtaszewski JF (2004a) The alpha2-5'AMP-activated protein
kinase is a site 2 glycogen synthase kinase in skeletal muscle and is responsive to glucose
loading. Diabetes 53: 3074-3081
Jorgensen SB, Viollet B, Andreelli F, Frosig C, Birk JB, Schjerling P, Vaulont S, Richter EA,
Wojtaszewski JF (2004b) Knockout of the alpha2 but not alpha1 5'-AMP-activated protein
kinase isoform abolishes 5-aminoimidazole-4-carboxamide-1-beta-4-ribofuranosidebut not
contraction-induced glucose uptake in skeletal muscle. The Journal of biological chemistry 279:
1070-1079
Kadowaki T, Yamauchi T (2005) Adiponectin and adiponectin receptors. Endocrine reviews 26:
439-451
Kahn BB, Alquier T, Carling D, Hardie DG (2005) AMP-activated protein kinase: ancient energy
gauge provides clues to modern understanding of metabolism. Cell metabolism 1: 15-25
Kalender A, Selvaraj A, Kim SY, Gulati P, Brule S, Viollet B, Kemp BE, Bardeesy N, Dennis P,
Schlager JJ, Marette A, Kozma SC, Thomas G (2010) Metformin, independent of AMPK, inhibits
mTORC1 in a rag GTPase-dependent manner. Cell metabolism 11: 390-401
Kemp BE, Oakhill JS, Scott JW (2007) AMPK structure and regulation from three angles.
Structure 15: 1161-1163
Kim MY, Zhang T, Kraus WL (2005) Poly(ADP-ribosyl)ation by PARP-1: 'PAR-laying' NAD+ into a
nuclear signal. Genes & development 19: 1951-1967
Koo SH, Flechner L, Qi L, Zhang X, Screaton RA, Jeffries S, Hedrick S, Xu W, Boussouar F, Brindle
P, Takemori H, Montminy M (2005) The CREB coactivator TORC2 is a key regulator of fasting
glucose metabolism. Nature 437: 1109-1111
Krawczyk CM, Holowka T, Sun J, Blagih J, Amiel E, DeBerardinis RJ, Cross JR, Jung E, Thompson
CB, Jones RG, Pearce EJ (2010) Toll-like receptor-induced changes in glycolytic metabolism
regulate dendritic cell activation. Blood 115: 4742-4749
Kubota N, Terauchi Y, Kubota T, Kumagai H, Itoh S, Satoh H, Yano W, Ogata H, Tokuyama K,
Takamoto I, Mineyama T, Ishikawa M, Moroi M, Sugi K, Yamauchi T, Ueki K, Tobe K, Noda T,
Nagai R, Kadowaki T (2006) Pioglitazone ameliorates insulin resistance and diabetes by both
157

adiponectin-dependent and -independent pathways. The Journal of biological chemistry 281:
8748-8755
Kubota N, Yano W, Kubota T, Yamauchi T, Itoh S, Kumagai H, Kozono H, Takamoto I, Okamoto
S, Shiuchi T, Suzuki R, Satoh H, Tsuchida A, Moroi M, Sugi K, Noda T, Ebinuma H, Ueta Y, Kondo
T, Araki E, Ezaki O, Nagai R, Tobe K, Terauchi Y, Ueki K, Minokoshi Y, Kadowaki T (2007)
Adiponectin stimulates AMP-activated protein kinase in the hypothalamus and increases food
intake. Cell metabolism 6: 55-68
Lai YC, Kviklyte S, Vertommen D, Lantier L, Foretz M, Viollet B, Hallen S, Rider MH (2014) A
small-molecule benzimidazole derivative that potently activates AMPK to increase glucose
transport in skeletal muscle: comparison with effects of contraction and other AMPK
activators. The Biochemical journal 460: 363-375
Lambeth JD (2004) NOX enzymes and the biology of reactive oxygen. Nature reviews
Immunology 4: 181-189
LeBrasseur NK, Kelly M, Tsao TS, Farmer SR, Saha AK, Ruderman NB, Tomas E (2006)
Thiazolidinediones can rapidly activate AMP-activated protein kinase in mammalian tissues.
American journal of physiology Endocrinology and metabolism 291: E175-181
Lee YS, Kim WS, Kim KH, Yoon MJ, Cho HJ, Shen Y, Ye JM, Lee CH, Oh WK, Kim CT, HohnenBehrens C, Gosby A, Kraegen EW, James DE, Kim JB (2006) Berberine, a natural plant product,
activates AMP-activated protein kinase with beneficial metabolic effects in diabetic and
insulin-resistant states. Diabetes 55: 2256-2264
Li X, Wang L, Zhou XE, Ke J, de Waal PW, Gu X, Tan MH, Wang D, Wu D, Xu HE, Melcher K
(2015) Structural basis of AMPK regulation by adenine nucleotides and glycogen. Cell research
25: 50-66
Li Y, Xu S, Mihaylova MM, Zheng B, Hou X, Jiang B, Park O, Luo Z, Lefai E, Shyy JY, Gao B,
Wierzbicki M, Verbeuren TJ, Shaw RJ, Cohen RA, Zang M (2011) AMPK phosphorylates and
inhibits SREBP activity to attenuate hepatic steatosis and atherosclerosis in diet-induced
insulin-resistant mice. Cell metabolism 13: 376-388
Liang J, Shao SH, Xu ZX, Hennessy B, Ding Z, Larrea M, Kondo S, Dumont DJ, Gutterman JU,
Walker CL, Slingerland JM, Mills GB (2007) The energy sensing LKB1-AMPK pathway regulates
p27(kip1) phosphorylation mediating the decision to enter autophagy or apoptosis. Nature cell
biology 9: 218-224
Lin J, Handschin C, Spiegelman BM (2005) Metabolic control through the PGC-1 family of
transcription coactivators. Cell metabolism 1: 361-370
Liu S, Jing F, Yu C, Gao L, Qin Y, Zhao J (2015) AICAR-Induced Activation of AMPK Inhibits
TSH/SREBP-2/HMGCR Pathway in Liver. PloS one 10: e0124951

158

Lizcano JM, Goransson O, Toth R, Deak M, Morrice NA, Boudeau J, Hawley SA, Udd L, Makela
TP, Hardie DG, Alessi DR (2004) LKB1 is a master kinase that activates 13 kinases of the AMPK
subfamily, including MARK/PAR-1. The EMBO journal 23: 833-843
Lo YY, Cruz TF (1995) Involvement of reactive oxygen species in cytokine and growth factor
induction of c-fos expression in chondrocytes. The Journal of biological chemistry 270: 1172711730
Longnus SL, Wambolt RB, Parsons HL, Brownsey RW, Allard MF (2003) 5-Aminoimidazole-4carboxamide 1-beta -D-ribofuranoside (AICAR) stimulates myocardial glycogenolysis by
allosteric mechanisms. American journal of physiology Regulatory, integrative and comparative
physiology 284: R936-944
Lopez M, Varela L, Vazquez MJ, Rodriguez-Cuenca S, Gonzalez CR, Velagapudi VR, Morgan DA,
Schoenmakers E, Agassandian K, Lage R, Martinez de Morentin PB, Tovar S, Nogueiras R,
Carling D, Lelliott C, Gallego R, Oresic M, Chatterjee K, Saha AK, Rahmouni K, Dieguez C, VidalPuig A (2010) Hypothalamic AMPK and fatty acid metabolism mediate thyroid regulation of
energy balance. Nature medicine 16: 1001-1008
Luquet S, Phillips CT, Palmiter RD (2007) NPY/AgRP neurons are not essential for feeding
responses to glucoprivation. Peptides 28: 214-225
Lushchak VI (2012) Glutathione homeostasis and functions: potential targets for medical
interventions. Journal of amino acids 2012: 736837
Lushchak VI (2014) Free radicals, reactive oxygen species, oxidative stress and its classification.
Chemico-biological interactions 224C: 164-175
Makino N, Sasaki K, Hashida K, Sakakura Y (2004) A metabolic model describing the H2O2
elimination by mammalian cells including H2O2 permeation through cytoplasmic and
peroxisomal membranes: comparison with experimental data. Biochimica et biophysica acta
1673: 149-159
Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S (2002) The protein kinase
complement of the human genome. Science 298: 1912-1934
Marnett LJ (2000) Oxyradicals and DNA damage. Carcinogenesis 21: 361-370
Marsin AS, Bertrand L, Rider MH, Deprez J, Beauloye C, Vincent MF, Van den Berghe G, Carling
D, Hue L (2000) Phosphorylation and activation of heart PFK-2 by AMPK has a role in the
stimulation of glycolysis during ischaemia. Current biology : CB 10: 1247-1255
Marsin AS, Bouzin C, Bertrand L, Hue L (2002) The stimulation of glycolysis by hypoxia in
activated monocytes is mediated by AMP-activated protein kinase and inducible 6phosphofructo-2-kinase. The Journal of biological chemistry 277: 30778-30783

159

Martin DD, Beauchamp E, Berthiaume LG (2011) Post-translational myristoylation: Fat matters
in cellular life and death. Biochimie 93: 18-31
McBride A, Ghilagaber S, Nikolaev A, Hardie DG (2009) The glycogen-binding domain on the
AMPK beta subunit allows the kinase to act as a glycogen sensor. Cell metabolism 9: 23-34
Menon S, Dibble CC, Talbott G, Hoxhaj G, Valvezan AJ, Takahashi H, Cantley LC, Manning BD
(2014) Spatial control of the TSC complex integrates insulin and nutrient regulation of mTORC1
at the lysosome. Cell 156: 771-785
Merrill GF, Kurth EJ, Hardie DG, Winder WW (1997) AICA riboside increases AMP-activated
protein kinase, fatty acid oxidation, and glucose uptake in rat muscle. The American journal of
physiology 273: E1107-1112
Merry TL, McConell GK (2009) Skeletal muscle glucose uptake during exercise: a focus on
reactive oxygen species and nitric oxide signaling. IUBMB life 61: 479-484
Mihaylova MM, Vasquez DS, Ravnskjaer K, Denechaud PD, Yu RT, Alvarez JG, Downes M, Evans
RM, Montminy M, Shaw RJ (2011) Class IIa histone deacetylases are hormone-activated
regulators of FOXO and mammalian glucose homeostasis. Cell 145: 607-621
Milan D, Jeon JT, Looft C, Amarger V, Robic A, Thelander M, Rogel-Gaillard C, Paul S, Iannuccelli
N, Rask L, Ronne H, Lundstrom K, Reinsch N, Gellin J, Kalm E, Roy PL, Chardon P, Andersson L
(2000) A mutation in PRKAG3 associated with excess glycogen content in pig skeletal muscle.
Science 288: 1248-1251
Minokoshi Y, Alquier T, Furukawa N, Kim YB, Lee A, Xue B, Mu J, Foufelle F, Ferre P, Birnbaum
MJ, Stuck BJ, Kahn BB (2004) AMP-kinase regulates food intake by responding to hormonal and
nutrient signals in the hypothalamus. Nature 428: 569-574
Minokoshi Y, Kim YB, Peroni OD, Fryer LG, Muller C, Carling D, Kahn BB (2002) Leptin
stimulates fatty-acid oxidation by activating AMP-activated protein kinase. Nature 415: 339343
Mitchelhill KI, Michell BJ, House CM, Stapleton D, Dyck J, Gamble J, Ullrich C, Witters LA, Kemp
BE (1997) Posttranslational modifications of the 5'-AMP-activated protein kinase beta1
subunit. The Journal of biological chemistry 272: 24475-24479
Mitchelhill KI, Stapleton D, Gao G, House C, Michell B, Katsis F, Witters LA, Kemp BE (1994)
Mammalian AMP-activated protein kinase shares structural and functional homology with the
catalytic domain of yeast Snf1 protein kinase. The Journal of biological chemistry 269: 23612364
Mizushima N, Levine B, Cuervo AM, Klionsky DJ (2008) Autophagy fights disease through
cellular self-digestion. Nature 451: 1069-1075

160

Mooney MH, Fogarty S, Stevenson C, Gallagher AM, Palit P, Hawley SA, Hardie DG, Coxon GD,
Waigh RD, Tate RJ, Harvey AL, Furman BL (2008) Mechanisms underlying the metabolic actions
of galegine that contribute to weight loss in mice. British journal of pharmacology 153: 16691677
Moore F, Weekes J, Hardie DG (1991) Evidence that AMP triggers phosphorylation as well as
direct allosteric activation of rat liver AMP-activated protein kinase. A sensitive mechanism to
protect the cell against ATP depletion. European journal of biochemistry / FEBS 199: 691-697
Moreno D, Knecht E, Viollet B, Sanz P (2008) A769662, a novel activator of AMP-activated
protein kinase, inhibits non-proteolytic components of the 26S proteasome by an AMPKindependent mechanism. FEBS letters 582: 2650-2654
Moreno D, Towler MC, Hardie DG, Knecht E, Sanz P (2010) The laforin-malin complex, involved
in Lafora disease, promotes the incorporation of K63-linked ubiquitin chains into AMPactivated protein kinase beta subunits. Molecular biology of the cell 21: 2578-2588
Munday MR, Campbell DG, Carling D, Hardie DG (1988) Identification by amino acid
sequencing of three major regulatory phosphorylation sites on rat acetyl-CoA carboxylase.
European journal of biochemistry / FEBS 175: 331-338
Nakau M, Miyoshi H, Seldin MF, Imamura M, Oshima M, Taketo MM (2002) Hepatocellular
carcinoma caused by loss of heterozygosity in Lkb1 gene knockout mice. Cancer research 62:
4549-4553
Nordstrom JL, Rodwell VW, Mitschelen JJ (1977) Interconversion of active and inactive forms
of rat liver hydroxymethylglutaryl-CoA reductase. The Journal of biological chemistry 252:
8924-8934
O'Gorman S, Fox DT, Wahl GM (1991) Recombinase-mediated gene activation and site-specific
integration in mammalian cells. Science 251: 1351-1355
O'Loghlen A, Perez-Morgado MI, Salinas M, Martin ME (2003) Reversible inhibition of the
protein phosphatase 1 by hydrogen peroxide. Potential regulation of eIF2 alpha
phosphorylation in differentiated PC12 cells. Archives of biochemistry and biophysics 417: 194202
Oakhill JS, Chen ZP, Scott JW, Steel R, Castelli LA, Ling N, Macaulay SL, Kemp BE (2010) betaSubunit myristoylation is the gatekeeper for initiating metabolic stress sensing by AMPactivated protein kinase (AMPK). Proceedings of the National Academy of Sciences of the
United States of America 107: 19237-19241
Oakhill JS, Steel R, Chen ZP, Scott JW, Ling N, Tam S, Kemp BE (2011) AMPK is a direct
adenylate charge-regulated protein kinase. Science 332: 1433-1435
Ott M, Gogvadze V, Orrenius S, Zhivotovsky B (2007) Mitochondria, oxidative stress and cell
death. Apoptosis : an international journal on programmed cell death 12: 913-922
161

Pang T, Xiong B, Li JY, Qiu BY, Jin GZ, Shen JK, Li J (2007) Conserved alpha-helix acts as
autoinhibitory sequence in AMP-activated protein kinase alpha subunits. The Journal of
biological chemistry 282: 495-506
Pastor N, Weinstein H, Jamison E, Brenowitz M (2000) A detailed interpretation of OH radical
footprints in a TBP-DNA complex reveals the role of dynamics in the mechanism of sequencespecific binding. Journal of molecular biology 304: 55-68
Pastore A, Federici G, Bertini E, Piemonte F (2003) Analysis of glutathione: implication in redox
and detoxification. Clinica chimica acta; international journal of clinical chemistry 333: 19-39
Paulsen CE, Truong TH, Garcia FJ, Homann A, Gupta V, Leonard SE, Carroll KS (2012) Peroxidedependent sulfenylation of the EGFR catalytic site enhances kinase activity. Nature chemical
biology 8: 57-64
Plaine HL (1955) The Effect of Oxygen and of Hydrogen Peroxide on the Action of a Specific
Gene and on Tumor Induction in Drosophila Melanogaster. Genetics 40: 268-280
Polekhina G, Gupta A, Michell BJ, van Denderen B, Murthy S, Feil SC, Jennings IG, Campbell DJ,
Witters LA, Parker MW, Kemp BE, Stapleton D (2003) AMPK beta subunit targets metabolic
stress sensing to glycogen. Current biology : CB 13: 867-871
Qi J, Gong J, Zhao T, Zhao J, Lam P, Ye J, Li JZ, Wu J, Zhou HM, Li P (2008) Downregulation of
AMP-activated protein kinase by Cidea-mediated ubiquitination and degradation in brown
adipose tissue. The EMBO journal 27: 1537-1548
Rao RK, Clayton LW (2002) Regulation of protein phosphatase 2A by hydrogen peroxide and
glutathionylation. Biochemical and biophysical research communications 293: 610-616
Ray PD, Huang BW, Tsuji Y (2012) Reactive oxygen species (ROS) homeostasis and redox
regulation in cellular signaling. Cellular signalling 24: 981-990
Rena G, Pearson ER, Sakamoto K (2013) Molecular mechanism of action of metformin: old or
new insights? Diabetologia 56: 1898-1906
Rhee SG (2006) Cell signaling. H2O2, a necessary evil for cell signaling. Science 312: 1882-1883
Romero JC, Reckelhoff JF (1999) State-of-the-Art lecture. Role of angiotensin and oxidative
stress in essential hypertension. Hypertension 34: 943-949
Rubio T, Vernia S, Sanz P (2013) Sumoylation of AMPKbeta2 subunit enhances AMP-activated
protein kinase activity. Molecular biology of the cell 24: 1801-1811, S1801-1804
Sabina RL, Patterson D, Holmes EW (1985) 5-Amino-4-imidazolecarboxamide riboside (Zriboside) metabolism in eukaryotic cells. The Journal of biological chemistry 260: 6107-6114
162

Saha AK, Avilucea PR, Ye JM, Assifi MM, Kraegen EW, Ruderman NB (2004) Pioglitazone
treatment activates AMP-activated protein kinase in rat liver and adipose tissue in vivo.
Biochemical and biophysical research communications 314: 580-585
Sakamoto K, Goransson O, Hardie DG, Alessi DR (2004) Activity of LKB1 and AMPK-related
kinases in skeletal muscle: effects of contraction, phenformin, and AICAR. American journal of
physiology Endocrinology and metabolism 287: E310-317
Sakamoto K, Holman GD (2008) Emerging role for AS160/TBC1D4 and TBC1D1 in the regulation
of GLUT4 traffic. American journal of physiology Endocrinology and metabolism 295: E29-37
Sakamoto K, McCarthy A, Smith D, Green KA, Grahame Hardie D, Ashworth A, Alessi DR (2005)
Deficiency of LKB1 in skeletal muscle prevents AMPK activation and glucose uptake during
contraction. The EMBO journal 24: 1810-1820
Salsman SJ, Hensley K, Floyd RA (2005) Sensitivity of protein tyrosine phosphatase activity to
the redox environment, cytochrome C, and microperoxidase. Antioxidants & redox signaling 7:
1078-1088
Samuel VT, Petersen KF, Shulman GI (2010) Lipid-induced insulin resistance: unravelling the
mechanism. Lancet 375: 2267-2277
Sanders MJ, Ali ZS, Hegarty BD, Heath R, Snowden MA, Carling D (2007a) Defining the
mechanism of activation of AMP-activated protein kinase by the small molecule A-769662, a
member of the thienopyridone family. The Journal of biological chemistry 282: 32539-32548
Sanders MJ, Grondin PO, Hegarty BD, Snowden MA, Carling D (2007b) Investigating the
mechanism for AMP activation of the AMP-activated protein kinase cascade. The Biochemical
journal 403: 139-148
Sanz P, Rubio T, Garcia-Gimeno MA (2013) AMPKbeta subunits: more than just a scaffold in the
formation of AMPK complex. The FEBS journal 280: 3723-3733
Schieber M, Chandel NS (2014) ROS function in redox signaling and oxidative stress. Current
biology : CB 24: R453-462
Scott JW, Hawley SA, Green KA, Anis M, Stewart G, Scullion GA, Norman DG, Hardie DG (2004)
CBS domains form energy-sensing modules whose binding of adenosine ligands is disrupted by
disease mutations. The Journal of clinical investigation 113: 274-284
Scott JW, Ling N, Issa SM, Dite TA, O'Brien MT, Chen ZP, Galic S, Langendorf CG, Steinberg GR,
Kemp BE, Oakhill JS (2014) Small molecule drug A-769662 and AMP synergistically activate
naive AMPK independent of upstream kinase signaling. Chemistry & biology 21: 619-627

163

Scott JW, van Denderen BJ, Jorgensen SB, Honeyman JE, Steinberg GR, Oakhill JS, Iseli TJ, Koay
A, Gooley PR, Stapleton D, Kemp BE (2008) Thienopyridone drugs are selective activators of
AMP-activated protein kinase beta1-containing complexes. Chemistry & biology 15: 1220-1230
Shackelford DB, Abt E, Gerken L, Vasquez DS, Seki A, Leblanc M, Wei L, Fishbein MC, Czernin J,
Mischel PS, Shaw RJ (2013) LKB1 inactivation dictates therapeutic response of non-small cell
lung cancer to the metabolism drug phenformin. Cancer cell 23: 143-158
Shao D, Oka S, Liu T, Zhai P, Ago T, Sciarretta S, Li H, Sadoshima J (2014) A redox-dependent
mechanism for regulation of AMPK activation by Thioredoxin1 during energy starvation. Cell
metabolism 19: 232-245
Shaw RJ (2009) LKB1 and AMP-activated protein kinase control of mTOR signalling and growth.
Acta physiologica 196: 65-80
Shaw RJ, Kosmatka M, Bardeesy N, Hurley RL, Witters LA, DePinho RA, Cantley LC (2004) The
tumor suppressor LKB1 kinase directly activates AMP-activated kinase and regulates apoptosis
in response to energy stress. Proceedings of the National Academy of Sciences of the United
States of America 101: 3329-3335
Shaw RJ, Lamia KA, Vasquez D, Koo SH, Bardeesy N, Depinho RA, Montminy M, Cantley LC
(2005) The kinase LKB1 mediates glucose homeostasis in liver and therapeutic effects of
metformin. Science 310: 1642-1646
Siems WG, Grune T, Esterbauer H (1995) 4-Hydroxynonenal formation during ischemia and
reperfusion of rat small intestine. Life sciences 57: 785-789
Song XM, Fiedler M, Galuska D, Ryder JW, Fernstrom M, Chibalin AV, Wallberg-Henriksson H,
Zierath JR (2002) 5-Aminoimidazole-4-carboxamide ribonucleoside treatment improves
glucose homeostasis in insulin-resistant diabetic (ob/ob) mice. Diabetologia 45: 56-65
Stadtman ER (2004) Role of oxidant species in aging. Curr Med Chem 11: 1105-1112
Stapleton D, Mitchelhill KI, Gao G, Widmer J, Michell BJ, Teh T, House CM, Fernandez CS, Cox T,
Witters LA, Kemp BE (1996) Mammalian AMP-activated protein kinase subfamily. The Journal
of biological chemistry 271: 611-614
Steinberg GR, Dandapani M, Hardie DG (2013) AMPK: mediating the metabolic effects of
salicylate-based drugs? Trends in endocrinology and metabolism: TEM 24: 481-487
Stone JR, Yang S (2006) Hydrogen peroxide: a signaling messenger. Antioxidants & redox
signaling 8: 243-270
Sundaresan M, Yu ZX, Ferrans VJ, Irani K, Finkel T (1995) Requirement for generation of H2O2
for platelet-derived growth factor signal transduction. Science 270: 296-299
164

Sutherland CM, Hawley SA, McCartney RR, Leech A, Stark MJ, Schmidt MC, Hardie DG (2003)
Elm1p is one of three upstream kinases for the Saccharomyces cerevisiae SNF1 complex.
Current biology : CB 13: 1299-1305
Taylor SS, Kornev AP (2011) Protein kinases: evolution of dynamic regulatory proteins. Trends
in biochemical sciences 36: 65-77
Thornton C, Snowden MA, Carling D (1998) Identification of a novel AMP-activated protein
kinase beta subunit isoform that is highly expressed in skeletal muscle. The Journal of
biological chemistry 273: 12443-12450
Truong TH, Carroll KS (2013) Redox regulation of protein kinases. Critical reviews in
biochemistry and molecular biology 48: 332-356
Turban S, Stretton C, Drouin O, Green CJ, Watson ML, Gray A, Ross F, Lantier L, Viollet B,
Hardie DG, Marette A, Hundal HS (2012) Defining the contribution of AMP-activated protein
kinase (AMPK) and protein kinase C (PKC) in regulation of glucose uptake by metformin in
skeletal muscle cells. The Journal of biological chemistry 287: 20088-20099
Turner N, Li JY, Gosby A, To SW, Cheng Z, Miyoshi H, Taketo MM, Cooney GJ, Kraegen EW,
James DE, Hu LH, Li J, Ye JM (2008) Berberine and its more biologically available derivative,
dihydroberberine, inhibit mitochondrial respiratory complex I: a mechanism for the action of
berberine to activate AMP-activated protein kinase and improve insulin action. Diabetes 57:
1414-1418
Ushio-Fukai M, Alexander RW, Akers M, Yin Q, Fujio Y, Walsh K, Griendling KK (1999) Reactive
oxygen species mediate the activation of Akt/protein kinase B by angiotensin II in vascular
smooth muscle cells. The Journal of biological chemistry 274: 22699-22704
Ushio-Fukai M, Tang Y, Fukai T, Dikalov SI, Ma Y, Fujimoto M, Quinn MT, Pagano PJ, Johnson C,
Alexander RW (2002) Novel role of gp91(phox)-containing NAD(P)H oxidase in vascular
endothelial growth factor-induced signaling and angiogenesis. Circulation research 91: 11601167
Valko M, Leibfritz D, Moncol J, Cronin MT, Mazur M, Telser J (2007) Free radicals and
antioxidants in normal physiological functions and human disease. The international journal of
biochemistry & cell biology 39: 44-84
Valko M, Morris H, Cronin MTD (2005) Metals, toxicity and oxidative stress. Curr Med Chem 12:
1161-1208
Vander Heiden MG, Cantley LC, Thompson CB (2009) Understanding the Warburg effect: the
metabolic requirements of cell proliferation. Science 324: 1029-1033
Vane JR (1971) Inhibition of prostaglandin synthesis as a mechanism of action for aspirin-like
drugs. Nature: New biology 231: 232-235
165

Vazquez-Martin A, Oliveras-Ferraros C, Menendez JA (2009) The active form of the metabolic
sensor: AMP-activated protein kinase (AMPK) directly binds the mitotic apparatus and travels
from centrosomes to the spindle midzone during mitosis and cytokinesis. Cell cycle 8: 23852398
Vincent MF, Marangos PJ, Gruber HE, Van den Berghe G (1991) Inhibition by AICA riboside of
gluconeogenesis in isolated rat hepatocytes. Diabetes 40: 1259-1266
Walsh DA, Perkins JP, Krebs EG (1968) An adenosine 3',5'-monophosphate-dependant protein
kinase from rabbit skeletal muscle. The Journal of biological chemistry 243: 3763-3765
Wang M, Dhingra K, Hittelman WN, Liehr JG, de Andrade M, Li D (1996) Lipid peroxidationinduced putative malondialdehyde-DNA adducts in human breast tissues. Cancer
epidemiology, biomarkers & prevention : a publication of the American Association for Cancer
Research, cosponsored by the American Society of Preventive Oncology 5: 705-710
Warden SM, Richardson C, O'Donnell J, Jr., Stapleton D, Kemp BE, Witters LA (2001) Posttranslational modifications of the beta-1 subunit of AMP-activated protein kinase affect
enzyme activity and cellular localization. The Biochemical journal 354: 275-283
Weekes J, Hawley SA, Corton J, Shugar D, Hardie DG (1994) Activation of rat liver AMPactivated protein kinase by kinase kinase in a purified, reconstituted system. Effects of AMP
and AMP analogues. European journal of biochemistry / FEBS 219: 751-757
Winder WW, Holmes BF, Rubink DS, Jensen EB, Chen M, Holloszy JO (2000) Activation of AMPactivated protein kinase increases mitochondrial enzymes in skeletal muscle. J Appl Physiol
(1985) 88: 2219-2226
Wojtaszewski JF, Jorgensen SB, Hellsten Y, Hardie DG, Richter EA (2002) Glycogen-dependent
effects of 5-aminoimidazole-4-carboxamide (AICA)-riboside on AMP-activated protein kinase
and glycogen synthase activities in rat skeletal muscle. Diabetes 51: 284-292
Woods A, Cheung PC, Smith FC, Davison MD, Scott J, Beri RK, Carling D (1996) Characterization
of AMP-activated protein kinase beta and gamma subunits. Assembly of the heterotrimeric
complex in vitro. The Journal of biological chemistry 271: 10282-10290
Woods A, Dickerson K, Heath R, Hong SP, Momcilovic M, Johnstone SR, Carlson M, Carling D
(2005) Ca2+/calmodulin-dependent protein kinase kinase-beta acts upstream of AMPactivated protein kinase in mammalian cells. Cell metabolism 2: 21-33
Woods A, Johnstone SR, Dickerson K, Leiper FC, Fryer LG, Neumann D, Schlattner U, Wallimann
T, Carlson M, Carling D (2003) LKB1 is the upstream kinase in the AMP-activated protein kinase
cascade. Current biology : CB 13: 2004-2008

166

Woods A, Munday MR, Scott J, Yang X, Carlson M, Carling D (1994) Yeast SNF1 is functionally
related to mammalian AMP-activated protein kinase and regulates acetyl-CoA carboxylase in
vivo. The Journal of biological chemistry 269: 19509-19515
Wu N, Zheng B, Shaywitz A, Dagon Y, Tower C, Bellinger G, Shen CH, Wen J, Asara J, McGraw
TE, Kahn BB, Cantley LC (2013) AMPK-dependent degradation of TXNIP upon energy stress
leads to enhanced glucose uptake via GLUT1. Molecular cell 49: 1167-1175
Wullschleger S, Loewith R, Hall MN (2006) TOR signaling in growth and metabolism. Cell 124:
471-484
Xiao B, Sanders MJ, Carmena D, Bright NJ, Haire LF, Underwood E, Patel BR, Heath RB, Walker
PA, Hallen S, Giordanetto F, Martin SR, Carling D, Gamblin SJ (2013) Structural basis of AMPK
regulation by small molecule activators. Nature communications 4: 3017
Xiao B, Sanders MJ, Underwood E, Heath R, Mayer FV, Carmena D, Jing C, Walker PA, Eccleston
JF, Haire LF, Saiu P, Howell SA, Aasland R, Martin SR, Carling D, Gamblin SJ (2011) Structure of
mammalian AMPK and its regulation by ADP. Nature 472: 230-233
Xin FJ, Wang J, Zhao RQ, Wang ZX, Wu JW (2013) Coordinated regulation of AMPK activity by
multiple elements in the alpha-subunit. Cell research 23: 1237-1240
Yamauchi T, Kamon J, Minokoshi Y, Ito Y, Waki H, Uchida S, Yamashita S, Noda M, Kita S, Ueki
K, Eto K, Akanuma Y, Froguel P, Foufelle F, Ferre P, Carling D, Kimura S, Nagai R, Kahn BB,
Kadowaki T (2002) Adiponectin stimulates glucose utilization and fatty-acid oxidation by
activating AMP-activated protein kinase. Nature medicine 8: 1288-1295
Yang Y, Atasoy D, Su HH, Sternson SM (2011) Hunger states switch a flip-flop memory circuit
via a synaptic AMPK-dependent positive feedback loop. Cell 146: 992-1003
Yeh LA, Lee KH, Kim KH (1980) Regulation of rat liver acetyl-CoA carboxylase. Regulation of
phosphorylation and inactivation of acetyl-CoA carboxylase by the adenylate energy charge.
The Journal of biological chemistry 255: 2308-2314
Yuan TL, Cantley LC (2008) PI3K pathway alterations in cancer: variations on a theme.
Oncogene 27: 5497-5510
Zadra G, Photopoulos C, Tyekucheva S, Heidari P, Weng QP, Fedele G, Liu H, Scaglia N, Priolo C,
Sicinska E, Mahmood U, Signoretti S, Birnberg N, Loda M (2014) A novel direct activator of
AMPK inhibits prostate cancer growth by blocking lipogenesis. EMBO molecular medicine 6:
519-538
Zeqiraj E, Filippi BM, Deak M, Alessi DR, van Aalten DM (2009a) Structure of the LKB1-STRADMO25 complex reveals an allosteric mechanism of kinase activation. Science 326: 1707-1711

167

Zeqiraj E, Filippi BM, Goldie S, Navratilova I, Boudeau J, Deak M, Alessi DR, van Aalten DM
(2009b) ATP and MO25alpha regulate the conformational state of the STRADalpha
pseudokinase and activation of the LKB1 tumour suppressor. PLoS biology 7: e1000126
Zhou G, Myers R, Li Y, Chen Y, Shen X, Fenyk-Melody J, Wu M, Ventre J, Doebber T, Fujii N,
Musi N, Hirshman MF, Goodyear LJ, Moller DE (2001) Role of AMP-activated protein kinase in
mechanism of metformin action. The Journal of clinical investigation 108: 1167-1174
Zmijewski JW, Banerjee S, Bae H, Friggeri A, Lazarowski ER, Abraham E (2010) Exposure to
hydrogen peroxide induces oxidation and activation of AMP-activated protein kinase. The
Journal of biological chemistry 285: 33154-33164
Zong H, Ren JM, Young LH, Pypaert M, Mu J, Birnbaum MJ, Shulman GI (2002) AMP kinase is
required for mitochondrial biogenesis in skeletal muscle in response to chronic energy
deprivation. Proceedings of the National Academy of Sciences of the United States of America
99: 15983-15987
Zungu M, Schisler JC, Essop MF, McCudden C, Patterson C, Willis MS (2011) Regulation of
AMPK by the ubiquitin proteasome system. The American journal of pathology 178: 4-11

168

