s1dLIOSNUBIA JoyINy sispund DN 8doin3 ¢

s1dLosnuUep JoyIny sispund DN adoin3 ¢

Europe PMC Funders Group
Author Manuscript
Cell Metab. Author manuscript; available in PMC 2017 November 17.

Published in final edited form as:
Cell Metab. 2014 December 02; 20(6): 939-952. d0i:10.1016/j.cmet.2014.09.013.

AMPK — sensing energy while talking to other signaling
pathways

D. Grahame Hardie

Division of Cell Signalling & Immunology, College of Life Sciences, University of Dundee, Dow
Street, Dundee, DD1 5EH, Scotland, UK

Summary

The AMP-activated protein kinase (AMPK) is a sensor of cellular energy and nutrient status,
expressed almost universally in eukaryotes as heterotrimeric complexes comprising catalytic (a.)
and regulatory (B and -y) subunits. Along with the mechanistic target-of-rapamycin complex-1
(mTORC1), AMPK may have been one of the earliest signaling pathways to have arisen during
eukaryotic evolution. Recent crystal structures have provided insights into the mechanisms by
which AMPK is regulated by phosphorylation and allosteric activators. Another recent
development has been the realization that activation of AMPK by the upstream kinase LKB1 may
primarily occur not in the cytoplasm but at the surface of the lysosome, where AMPK and
mMTORC1 are regulated in a reciprocal manner by the availability of nutrients. It is also becoming
clear that there is a substantial amount of crosstalk between the AMPK pathway and other
signaling pathways that promote cell growth and proliferation, and this will be discussed.

The AMP-activated protein kinase (AMPK) is a ubiquitous sensor of cellular energy and
nutrient status in eukaryotic cells. Because of the adenylate kinase reaction (2ADP <> ATP
+AMP), which appears to be maintained close to equilibrium in essentially all cells,
increases in the cellular ADP:ATP ratio (signalling a deficit in cellular energy), are always
accompanied by even larger increases in the AMP:ATP ratio (Gowans et al., 2013). AMPK
monitors the ratio of AMP:ATP (and, to a lesser extent, ADP:ATP) and, if energy deficit is
detected, acts to restore energy homeostasis by switching on alternate catabolic pathways
that produce ATP, while switching off biosynthetic pathways and other non-essential
processes consuming ATP. The pathway appears to have arisen very early during eukaryotic
evolution, because AMPK orthologs are found in essentially all eukaryotes, including
protists, fungi, plants and animals. One interesting exception that “proves the rule” is the
microsporidian parasite Encephalitozoon cuniculi, a eukaryote that lives as an obligate
parasite within mammalian cells. It has an extremely small genome encoding only 29
conventional protein kinases, which lacks any genes encoding AMPK subunits (Miranda-
Saavedra et al., 2007). Its genome does encode a glycolytic pathway, but it lacks functional
mitochondria and appears to “steal” ATP from its host cell by means of ATP:ADP
translocases located in its plasma membrane (Tsaousis et al., 2008). Rather than being an
ancestral eukaryote that never contained AMPK, it therefore seems more likely that £.
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cuniculi, which has been able to strip its genome down to the bare minimum due to its
existence as an obligate parasite, has dispensed with AMPK because its host cell contains
AMPK and can maintain energy homeostasis on its behalf.

A major event within the last year was the publication of the first complete crystal structure
for a human AMPK complex (Xiao et al., 2013), and I discuss below how this and related
structural studies have illuminated the mechanism by which the AMPK system senses
cellular energy. While AMPK was viewed at one time as a system that operated rather
independently of other signalling pathways, as the field matured it was perhaps inevitable
that an increasing amount of crosstalk with pathways regulating cell growth and
proliferation would be found. The past year or so has also seen major developments in this
area, particularly in the interaction with the mechanistic target-of-rapamycin (nTORC1)
pathway. This will form another major theme of this review. Readers interested in other
aspects of AMPK function, such as the identification of downstream targets, its anti-cancer
or anti-inflammatory effects, or its role in the regulation of whole body energy balance,
should consult other recent reviews (Hardie, 2014; Hardie and Ashford, 2014; Hardie et al.,
2012; O'Neill and Hardie, 2013; Steinberg et al., 2013).

regulation by phosphorylation and by adenine nucleotides

AMPK appears to exist in all eukaryotes as heterotrimeric complexes comprising catalytic a
subunits and regulatory B and -y subunits. In mammals these occur as multiple subunit
isoforms (al/a2, P1/p2, -y1/y2/y3) encoded by distinct genes, which can form at least 12
distinct heterotrimeric combinations. The kinase activity of the a subunit increases >100-
fold following phosphorylation at a conserved threonine residue within the activation loop of
the kinase domain (usually called Thr172 due to its position in rat al/a2 (Hawley et al.,
1996)). The major upstream kinase phosphorylating this site was identified as a
heterotrimeric complex containing the tumour suppressor kinase LKB1, the pseudokinase
STRAD and the scaffold protein MO25 (Hawley et al., 2003; Shaw et al., 2004; Woods et
al., 2003). Subsequently, an alternate upstream pathway was discovered in which Thr172 is
phosphorylated by calmodulin-dependent kinase kinases (CaMKKs), especially CaMKKf
(Hawley et al., 2005; Hurley et al., 2005; Woods et al., 2005). The Ca2*-dependent and
AMP-dependent pathways occur independently, although because AMP acts in part by
inhibiting Thr172 dephosphorylation (see below) the two can act synergistically if both Ca*
and AMP are elevated (Fogarty et al., 2010).

Phosphorylation by the LKB1 complex is also required for the activity of at least twelve
AMP-related kinases, which have kinase domains related to AMPK but do not have the
other domains or subunits associated with it (Lizcano et al., 2004). The activities of LKB1 or
these AMPK-related kinases do not appear to change under conditions of metabolic stress
where AMPK is activated in an LKB1-dependent manner, such as during muscle contraction
(Sakamoto et al., 2004; Sakamoto et al., 2005). This implies that regulation of AMPK under
these circumstances is primarily due to signals acting on the downstream kinase (AMPK)
rather than on the upstream kinase (LKB1). As in other situations of metabolic stress,
muscle contraction is accompanied by increases in the AMP:ATP and ADP:ATP ratios
(Sakamoto et al., 2005), and numerous studies in cell-free systems have revealed that
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binding of AMP and/or ADP to AMPK activates the kinase by three complementary
mechanisms, all of which are antagonized by binding of ATP:

1)

2)

3)

AMP binding promotes Th172 phosphorylation by the LKB1 complex. It has
been suggested that binding of ADP also promotes phosphorylation by
CaMKKGp (Oakhill et al., 2010; Oakhill et al., 2011), but the author’s group
found, using both nucleotides at 300 pM, that this effect was specific for AMP,
and only operated with LKB1 and not CaMKKp (Gowans et al., 2013). Major
new insights into the mechanism by which LKB1 activates AMPK in intact cells
have been obtained within the last year, and will be discussed later.

AMP binding causes a conformational change that inhibits dephosphorylation of
Thrl72 by protein phosphatases (Davies et al., 1995). It was subsequently
reported that binding of ADP, as well as AMP, can produce this effect (Xiao et
al., 2011). The author’s group finds that the effect of ADP requires about ten-
fold higher concentrations than those of AMP, although this is compensated by
the fact that cellular concentrations of ADP are usually also about ten-fold
higher than AMP. Both nucleotides may therefore contribute to the effect in
intact cells, although we have argued that AMP may be the more important
physiological activator because the changes in AMP in cells undergoing stress
are always much larger than those in ADP (Gowans et al., 2013).

Binding of AMP, but not ADP, causes allosteric activation of the kinase. Under
appropriate conditions the degree of allosteric activation by AMP can be
substantial (>10-fold), even in the presence of physiological ATP concentrations
(5 mM) (Gowans et al., 2013).

Activation by natural products and synthetic activators

Given the great potential of AMPK activators as therapeutic agents (Hardie, 2013), many
high-throughput screens have been conducted and numerous activators found; the structures
of some of these are shown in Fig. 1. They can be divided into three major classes according
to their mechanism of action:

1)

Indirect activators that inhibit cellular ATP production and thus increase cellular
AMP:ATP and ADP:ATP ratios (Fig. 1a). Most of these compounds reduce ATP
production by inhibiting the respiratory chain, although resveratrol, quercetin
and oligomycin inhibit the mitochondrial ATP synthase (F1Fq-ATPase) (Gledhill
et al., 2007), while 2-deoxyglucose inhibits glycolysis. This mechanism is most
clearly demonstrated using cells expressing a mutation in the AMPK-vy subunit
(e.g. R531G in y2) that prevents binding of AMP at the critical activating site;
this class of compound fails to activate the mutant kinase. This approach has
been used to show that the anti-diabetic drug metformin, the glycolytic inhibitor
2-deoxyglucose, and the plant products, resveratrol, berberine and galegine
(metformin was derived from the latter), all act via this mechanism (Hawley et
al., 2010). In the last two or three years a bewildering variety of natural plant
products, many of which (like berberine) have been used in traditional Asian
medicine, have been shown to activate AMPK. The author recently compiled a
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list of over 50 such compounds (Hardie, 2014). While their mechanism of action
has not been established in most cases, the author suspects that many of them are
mitochondrial poisons produced by plants as a defensive mechanism. Following
the aphorism of Paracelsus that “the dose makes the poison”, at high doses these
compounds may act as mitochondrial poisons that deter grazing of the plant by
animals or insects, or infection by plant pathogens, while at lower doses they
may have useful therapeutic properties by causing a mild inhibition of ATP
synthesis that activates AMPK.

Compounds that are pro-drugs converted into AMP analogs inside cells. The
founder member of this class is 5-aminoimidazole-4-carboxamide
ribonucleoside (AICAR), a nucleoside that is taken up into cells by adenosine
transporters (Gadalla et al., 2004) and then phosphorylated to the equivalent
nucleotide ZMP (Fig. 1b). ZMP is an AMP analog that mimics all three effects
of AMP on the AMPK system (Corton et al., 1995) and binds to the same site(s)
as AMP, so the effects of AICAR are also abolished by the R531G mutation
(Hawley et al., 2010). For many years, AICAR was the only member of this
class, but recently a new AMP analog, 5-(5-hydroxyl-isoxazol-3-yl)-furan-2-
phosphonic acid or C2, was reported to be 100-fold more potent than AMP, and
over 1000-fold more potent than ZMP, as an AMPK activator in cell-free assays.
Since it carries a negatively charged phosphonate group, C2 is not cell-
permeable, but it can be administered to cells in the form of the pro-drug C13
(Fig. 1b) in which the phosphonate group is esterified; C13 is converted into C2
by intracellular esterases. Unlike ZMP, C2 has the advantage that it does not
affect other AMP-sensitive metabolic enzymes, such as glycogen phosphorylase
or fructose-1,6-bisphosphatase (Gomez-Galeno et al., 2010). Like AMP and
ZMP, C2 causes both allosteric activation and protection against Thr172
dephosphorylation, and its effects are abolished by the R531G mutation, but
unlike AMP and ZMP it is a selective activator of complexes containing AMPK-
al rather than -a.2 (Hunter et al., 2014).

Direct AMPK activators whose binding involves the B subunit carbohydrate-
binding moaule. The recently recognized binding site for this class of AMPK
activator is described in more detail in the section on AMPK structure below.
The first activator in this class was the thienopyridone A769662 (Cool et al.,
2006), which directly activates AMPK, mimicking the effects of AMP to cause
allosteric activation and protect against Thr172 dephosphorylation (Goransson et
al., 2007; Sanders et al., 2007). A769662 acts in an AMP-independent manner,
since it activates AMPK in cells expressing the AMP-insensitive R531G mutant
(Hawley et al., 2010). Even before the exact binding site had been clarified, it
was clear that it involved the B subunit, because activation was more effective
with B1 than B2 complexes (Scott et al., 2008) and was abolished by a mutation
within B1 (S108A) that prevents autophosphorylation of that serine residue
(Sanders et al., 2007). Recently, two new activators, “991” and “MT-63-78",
have been described (Fig. 1c). Crystallography showed that 991 binds in the
same site as A769662 (Xiao et al., 2013), while MT-63-78 also shows selectivity
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for 1 complexes (Zadra et al., 2014) and is likely therefore to bind the same
site. The presence of a well-defined binding site for these synthetic activators
raises the intriguing question as to whether there are natural ligands that bind
this site. Salicylate (derived originally from the bark of the white willow, Sa/ix
alba) has been used as a medicine for thousands of years, and is the natural
product from which aspirin was derived. Aspirin is an acetyl ester that is rapidly
broken down to salicylate following its adsorption from the gut. Its acetyl group
(not present in salicylate) irreversibly inactivates the cyclo-oxygenases (COX1
and COX2) that catalyse the key step in prostanoid biosynthesis, which are
generally regarded as the main targets of aspirin. However, the very short half-
life of aspirin in the circulation (a few minutes) compared with salicylate
(several hours) raises doubts as to whether all of the therapeutic effects of aspirin
are mediated by this mechanism (Steinberg et al., 2013). Salicylate, but not
aspirin, activates AMPK in intact cells at concentrations that occur in plasma of
humans taking high doses of aspirin (Hawley et al., 2012). Like A769662 or
991, activation by salicylate is selective for 1 complexes and is abolished by an
S108A mutation in 1, so these compounds all appear to bind at the same site.
In mice, treatment with either salicylate or A769662 caused a more rapid switch
from carbohydrate to fat oxidation at the onset of fasting, but these metabolic
effects were absent in 1 knockout mice, providing strong evidence that they
were mediated by AMPK activation (Hawley et al., 2012). While salicylate is a
natural ligand, it is a plant product and this leaves open the question as to
whether there are naturally occurring ligands binding at the A769662 site that
are produced by mammals.

Allosteric activation in the absence of Thr172 phosphorylation

Since phosphorylation of AMPK at Thr172 increases its activity by >100-fold, the
dephosphorylated enzyme has generally been regarded as inactive, and many researchers
have used the degree of Thr172 phosphorylation (assessed using phosphospecific antibodies)
as a surrogate for AMPK activation. However, recent results suggest that this may not
always be valid (Scott et al., 2014). A769662 was found to cause a very large allosteric
activation of either wild type AMPK not phosphorylated on Thr172, or of a hon-
phosphorylatable T172A mutant (65- or 100-fold respectively). However, maximal
activation required either prior autophosphorylation of Ser108, or a phosphomimetic
mutation (S108E) at that residue. Remarkably, a T172A/S108E double mutant was activated
~900-fold by A797662, and in the presence of AMP (which caused 20-fold activation on it
own) this increased to ~2,500-fold, reaching a final activity comparable with that obtained
with the maximally phosphorylated wild type kinase. Thus, combined allosteric activation
by A-769662 and AMP can achieve the same final activity with or without Thr172
phosphorylation, although this does require Ser108 to be phosphorylated. In the same study,
it was shown that Ser108 was modified by c¢is autophosphorylation and that, following a
pulse of CaMKK} activation in COS7 cells, dephosphorylation of Ser108 was slower than
that of Thr172. This implies that, following an event that caused a transient Thr172
phosphorylation (which would trigger Ser108 autophosphorylation), the binding of
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activators at both the A769662 and AMP sites might then cause a hyper-activated state that
could continue even after Thr172 was dephosphorylated, as long as Ser108 remained
phosphorylated. Another interesting possibility is that there might be a distinct upstream
kinase for Ser108. While these findings are intriguing, their true physiological significance
may only become clear when a natural ligand that binds the A769662 site has been
identified. However, they do show that relying on Thr172 phosphorylation alone as a marker
for AMPK activation is inadvisable, and that the phosphorylation of a downstream target
such as acetyl-CoA carboxylase should also be monitored. While unlikely to be relevant to
the mechanism described by Scott et al (2014), others have found situations in vivo where
changes in AMPK activity measured in immunoprecipitates (and therefore not due to
allosteric effects) did not appear to be associated with changes in Thr172 phosphorylation
(Dagon et al., 2012; Pulinilkunnil et al., 2011).

AMPK - structure and regulation

I will now discuss how the recent crystal structure of a complete human a2p1y1 complex
(Xiao et al., 2013), together with analysis of previous partial structures, has illuminated the
regulatory mechanisms described above. The structure of the heterotrimer can be divided
into two major sections, i.e. the “catalytic module” (Fig. 2, bottom left) and the “nucleotide-
binding module” (Fig. 2, top right). The critical phosphorylation site, Thr172, lies in the
cleft between these two modules, where access to upstream kinases and phosphatases may
be particularly sensitive to conformational changes. The structures of the three subunits
within the heterotrimer will now be discussed in turn.

The a subunit

The kinase domain at the N-terminus of the a subunit has the small N-lobe and larger C-
lobe of a typical serine/threonine kinase domain, with the active site that binds MgATP
(which in this structure contained the kinase inhibitor staurosporine) located in the cleft
between them. Despite this bound inhibitor the kinase domain was in an active
conformation, because Thr172 had been phosphorylated prior to crystallization, and because
the construct was also crystallized in the presence of two activating ligands, i.e. AMP and
991. In addition, the four hydrophobic residues that form the “regulatory spine” (Leu68 and
Leu79 from the N-lobe, and His137 and Phe158 from the C-lobe) were aligned as in other
active kinases (Taylor and Kornev, 2011). Within the a. subunit sequence the kinase domain
(KD) is immediately followed by the auto-inhibitory domain (AID), so-called because KD-
AID constructs are around ten-fold less active than constructs containing the KD alone, even
after phosphorylation on Thr172 (McBride et al., 2009; Pang et al., 2007). Structures for a
KD-AID construct from the fission yeast Schizosaccharomyces pombe (Chen et al., 2009),
and for two isolated rat and human AIDs (Chen et al., 2013), show that AIDs form a
compact bundle of three a-helices. In the structure of the S. pombe KD-AID (Chen et al.,
2009), where the kinase is in an /nactive conformation with the “regulatory spine” out of
alignment, helix a3 of the AID interacts with the “rear” of the kinase domain (i.e. the
opposite side to the active site), forming interactions with residues in the C-helix of the N-
lobe and the E-helix of the C-lobe that appear to maintain the kinase domain in an inactive
conformation (Fig. 3, left). Although the AID was not fully resolved in the human structure

Cell Metab. Author manuscript; available in PMC 2017 November 17.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Hardie

Page 7

(Xiao et al., 2013), it was clear by comparison with the S. pombe KD-AID structure that the
AID had undergone a major rotation, so that helix a3 within it now interacts with the -y
subunit, rather than with the N- and C-lobes of the kinase domain (Fig. 3, right). The first
part of the linker between the AID and the C-terminal domain of the a subunit (the “a-
linker”) forms the “hinge” between the “catalytic module” and the “nucleotide-binding
module”, and the binding of this linker to the AMP-bound -y subunit appears to cause this
reorientation of the AID. This is discussed in more detail below, in the section describing the
vy subunit.

The globular C-terminal domain of the a subunit terminates with an a-helix that carries a
well-defined nuclear export sequence. A similar sequence is found in both the a1 and a2
isoforms, although it has only been shown to be functional as a nuclear export sequence in
the case of a2 (Kazgan et al., 2010). Just prior to this a-helix there is a long serine/
threonine-rich loop that has not been resolved in any of the crystal structures. We refer to
this as the “ST loop”, and its function will be discussed later.

The B subunit

Within the B1 subunit, only the two conserved regions found in B subunits from all species,
i.e. the carbohydrate-binding module (CBM) and the C-terminal domain, were fully resolved
in the structure (Xiao et al., 2013). The CBM is related to non-catalytic domains found in
enzymes that bind starch and glycogen, and has been shown to be responsible for the
binding of a proportion of AMPK to the surface of glycogen particles (Hudson et al., 2003;
McBride and Hardie, 2009; Polekhina et al., 2003; Polekhina et al., 2005). The physiological
role of glycogen binding is not completely clear, although it would co-localize AMPK with
glycogen synthase, whose phosphorylation by AMPK causes inactivation of both the muscle
and liver isoforms and thus inhibits glycogen synthesis (Bultot et al., 2012; Carling and
Hardie, 1989; Jorgensen et al., 2004). One of the most intriguing features of the new
heterotrimer structure is that the CBM sits next to the N-lobe of the kinase domain, with the
cleft between them providing the binding site for the synthetic AMPK activators 991 and
AT769662 (Fig. 2). Ser108 within the CBM, which must be autophosphorylated to allow full
activation by A769662 and salicylate, is not directly involved in binding of these ligands, but
when phosphorylated it forms electrostatic interactions between the CBM and the N-lobe of
the kinase domain that stabilize the binding cleft. The CBM is followed in the p1 subunit
sequence by the “C-interacting helix”, which interacts with the C-helix of the N-lobe of the
kinase domain. It seems likely that this interaction transmits the effects of binding of
AT769662-like activators to the active site, because a change in the position of the N-terminal
end of the C-helix is one of the critical steps that must be achieved for activation of many
kinases (Taylor and Kornev, 2011).

Turning to the C-terminal domain of the B subunit, the first portion has an extended
conformation that interacts with the C-terminal domain of the a subunit. It then takes an
excursion termed the B-loop, which contacts one quadrant of the -y subunit (see below),
before terminating with two strands of a three-stranded B-sheet, the third strand being
contributed by the -y subunit. This method of linking the three subunits is conserved in
AMPK orthologs from humans, fission yeast and budding yeast (Amodeo et al., 2007;
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Townley and Shapiro, 2007; Xiao et al., 2007). The N-terminal region of the B subunit
(containing the myristoylation site), and the 30 residues connecting the C-interacting helix
and the C-terminal domain, have not been resolved in any structure to date.

The vy subunit

It has been known for many years that the y subunit contains the regulatory binding sites for
adenine nucleotides (Cheung et al., 2000; Scott et al., 2004). Following N-terminal regions
that vary greatly in length and sequence between different isoforms, and a short segment
providing the p-strand that interacts with the C-terminal domain of the p-subunit, -y subunits
from all species contain four tandem cystathione B-synthase (CBS) repeats. CBS repeats
occur in a small number of other human proteins (including cystathione B-synthase itself)
(Bateman, 1997), usually as just two repeats that form a structure known as a Bateman
domain, with a cleft between the repeats that often binds ligands containing adenosine (Scott
et al., 2004). The two Bateman domains in the AMPK-vy subunits assemble in a pseudo-
symmetrical head-to-head manner, forming a flattened disk with one CBS repeat in each
quadrant. This arrangement provides four symmetrical clefts near the center of the disk
where the regulatory nucleotides could potentially bind; by convention (Kemp et al., 2007)
these are numbered 1-4 according to the number of the CBS repeat providing a conserved
aspartate side chain that interacts with the ribose ring of the bound nucleotide. However, in
mammalian AMPK only sites 1, 3 and 4 are utilized, with site 2 always unoccupied
(interestingly, CBS2 has an arginine in place of the conserved aspartate). The phosphate
groups of adenine nucleotides bound at sites 1, 3 and 4 lie close together in the center of the
disk. Some amino acid side chains interact with nucleotides at more than one site, or even
with nucleotides in different sites depending on which nucleotide is bound (Chen et al.,
2012; Xiao et al., 2007; Xiao et al., 2011). This arrangement suggests that there would be
complex interactions between the three sites; agreeing with this, mutations of any of the
three sites reduces the effects of AMP on both Thr172 phosphorylation and allosteric
activation (Oakhill et al., 2010). Sites 1 and 3 are able to bind AMP, ADP and ATP in
competition, but there is some disagreement about site 4. It was originally suggested that site
4 only binds AMP in a “non-exchangeable” manner, with sites 1 and 3 being the sites where
ADP or ATP exchanged with AMP when they were soaked into crystals made using AMP
(Xiao et al., 2007; Xiao et al., 2011). However, it was subsequently reported that if the core
of the heterotrimeric complex was crystallized in the presence of ATP rather than AMP, ATP
was found at sites 1 and 4, rather than 1 and 3 (Chen et al., 2012). Binding of ATP rather
than AMP was also observed to cause a conformational change in which the two Bateman
domains (formed by CBS1/CBS2 and CBS3/CBS4) rotated towards each other by 5°, which
had not been observed in the previous crystal soaking experiments. Since AMPK complexes
purified from bacteria in the absence of added nucleotides predominantly have AMP rather
than ATP bound at site 4, Chen et al (2012) argued that this site must have a higher affinity
for AMP than ATP. As discussed in the next paragraph, site 3 appears to be the site where
AMP binding causes activation, but analysis of the crystals obtained in the presence of ATP
also suggested that binding of ATP at site 4 would preclude binding of any other nucleotide
at site 3 (Chen et al., 2012). Thus, to obtain binding of AMP at the critical site 3, AMP may
have to be already bound at site 4, suggesting a co-operative interaction between the two
sites.
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Intriguingly, the linker peptide between the AID and the C-terminal domain of the a. subunit
wraps around the face of the -y subunit that contains sites 2 and 3 (Xiao et al., 2013; Xiao et
al., 2011). One well-conserved sequence motif within this linker (a-regulatory subunit
interacting motif-1, a-RIM1) contacts the unused site 2, while another (a-RIMZ2) contacts
AMP bound in site 3 (Xin et al., 2013). These authors proposed that the binding of a-RIM1
and a-RIM2 to the -y subunit when AMP is bound in site 3 would force the AID to
dissociate from the kinase domain, thus relieving its inhibitory effects. Since this linker also
forms the hinge between the “catalytic” and the “nucleotide-binding” modules, this change
may also pull these modules together, reducing the accessibility of Thr172 to protein
phosphatases and protecting it against dephosphorylation. Although this model is quite
compelling, more structures of mammalian heterotrimers in inactive states will be required
to confirm it. The role of nucleotide binding at site 1, and the reason why ADP mimics only
one of the three effects of AMP, remain unclear. Also unclear is the mechanism by which
AMP hinding promotes phosphorylation of Thr172 by LKB1, although the next section
describes some intriguing new twists in this story.

LKB1 may activate AMPK at the lysosomal surface in a reciprocal manner
with mTORC1

Using a highly purified, reconstituted cell-free system, LKB1 can phosphorylate Thr172 and
activate AMPK in a reaction stimulated by AMP, without requiring any additional
components (Gowans et al., 2013). However, recent remarkable results from the group of
Shengcai Lin suggest that in intact cells this interaction may be facilitated by the assembly
of these complexes, with the help of various adapter proteins, at a two dimensional surface,
i.e. the cytoplasmic surface of the lysosomal membrane (Zhang et al., 2014; Zhang et al.,
2013). These studies also suggest that there are close reciprocal interactions between the
regulation of the AMPK system, which is activated by lack of energy or nutrients, and that
of mMTORCL, which is activated under the opposite circumstance, i.e. by availability of
nutrients.

Initial clues came from studies of axin, a scaffold protein originally identified as a negative
regulator of Wnt signaling (Zeng et al., 1997). Unexpectedly, knockdown of axin in mouse
liver using siRNAs caused accumulation of triglycerides that was accompanied by reduced
AMPK activation (Zhang et al., 2013). In cell lines in which axin was knocked down, the
activation of AMPK by treatments such as glucose deprivation, 2-deoxyglucose or AICAR
was also defective. Moreover, co-precipitation studies suggested that axin enhanced Thr172
phosphorylation by assembling in a signaling complex with AMPK and LKB1, whose
formation was enhanced by prior glucose deprivation of the cells. In cell lysates, co-
precipitation of axin and AMPK (but not of axin and LKB1) was promoted by AMP and
inhibited by ATP, while ADP had no effect. These results suggested a model in which LKB1
and axin form a constitutive complex, while AMPK is recruited to this complex when it
binds AMP, thus enhancing the phosphorylation of Thr172 and causing AMPK activation.

Following up this study, the same group performed a two-hybrid screen to detect axin-
interacting proteins and detected LAMTORL1 (Zhang et al., 2014), a protein that is tethered
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to the lysosomal membrane by N-terminal myristoylation and palmitoylation, and which is
one of the components of the Ragulator complex. The latter is a pentameric complex, which
under nutrient-rich conditions acts as a guanine nucleotide exchange factor (GEF) for the
small G proteins RagA or RagB (Bar-Peled and Sabatini, 2014). In their GTP-bound state
RagA or B (together with their heterodimer partners RagC or RagD) recruit mTORCL1 to the
lysosomal membrane. The Ragulator also interacts with the vacuolar ATPase (v-ATPase),
the protein that acidifies the lumen of the lysosome by pumping protons into it. This
complex is required to sense nutrients (particularly amino acids) within the lysosomal
lumen, because v-ATPase inhibitors block mTORC1 activation by nutrients, although the
molecular details of the sensing mechanism remain unclear (Bar-Peled and Sabatini, 2014).

Lin and colleagues (Zhang et al., 2014) also generated mice with floxed alleles of the
LAMTORI gene, and used these to knock out LAMTORL conditionally in various tissues
and cells. Remarkably, AMPK activation was defective in response to starvation in
LAMTORZ1-deficient liver, in response to exercise in LAMTOR1-deficient muscle, and in
response to glucose deprivation in LAMTOR1-deficient mouse embryo fibroblasts (MEFS).
In lysates derived from MEFs, anti-axin antibodies pulled down LAMTOR1, LKB1 and
AMPK, and this co-precipitation was enhanced by prior glucose deprivation of the cells. The
interaction between LAMTOR1 and axin required the N-terminal region of axin (1-400)
whereas only the C-terminal region (507-731) was required for the interaction with LKB1
and AMPK. Thus, axin appears to be an adaptor protein that recruits LKB1 and AMPK to
the Ragulator, and hence the lysosome, under nutrient-poor conditions. Interestingly,
LAMTOR1 deficiency did not affect activation of AMPK by the Ca2* ionophore A23817,
and CaMKK{p did not co-precipitate with axin or LAMTORL, suggesting that LAMTOR1
and axin are not involved in the alternate, Ca2*-mediated pathway for AMPK activation. By
sub-cellular fractionation, the LAMTOR1:axin:LKB1 complex was found in “late
endosomal” and “detergent-resistant/lipid raft” membrane fractions following glucose
deprivation. Interestingly, AMPK was detected both in these membrane fractions and in
cytosolic fractions in control incubations, and the amount recovered in the membrane
fractions did not increase upon glucose deprivation, although its phosphorylation on Thr172
did. By fluorescence microscopy, both LKB1 and axin also co-localized with the lysosomal
membrane marker LAMP2 following glucose deprivation, and the translocation of LKB1 to
the lysosomal membrane following glucose deprivation required axin, but not AMPK.

Interestingly, AMP promoted co-precipitation of axin and AMPK in detergent lysates of the
“late endosomal” fraction from MEFs, but this occurred at much lower AMP concentrations
if the membrane fractions had been prepared from glucose-deprived cells. These results
suggest that the Ragulator complex somehow senses glucose deprivation and, while this acts
independently of the canonical activation of AMPK by LKBL1 in the presence of AMP, the
two regulatory systems can interact with and reinforce each other. The Ragulator-dependent
mechanism seems to require the v-ATPase, because it was affected by siRNA knockdown of
subunits of the v-ATPase, while the v-ATPase inhibitor concanamycin A promoted
translocation of axin and LKB1 to the lysosome, mimicking the effects of glucose
deprivation.
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Taken together, these results suggest that the Ragulator complex, which is known to be
important for recruiting mTORC1 to the lysosome under nutrient-rich conditions, is also
involved in the reciprocal recruitment of the axin-LKB1 complex to the lysosome under
nutrient-poor or low energy conditions, leading to phosphorylation and activation of AMPK
(Fig. 4). Axin deficiency was also found to reduce the dissociation of mMTORCL1 from the
lysosome following a switch from nutrient-rich to nutrient-poor conditions. It was already
known that activation of AMPK causes inactivation of mMTORC1 by phosphorylating Raptor
(Gwinn et al., 2008) and TSC2 (Inoki et al., 2003). Raptor is a key component of the
mTORC1 complex that interacts with RagA/BCTP:RagC/DCPP, thus recruiting mTORC1 to
the lysosome (Sancak et al., 2008). Phosphorylation of Raptor by AMPK may therefore be
part of the mechanism by which mTORCL dissociates from the lysosome under nutrient-
poor conditions.

At first sight, these findings of Lin and colleagues (Zhang et al., 2014; Zhang et al., 2013)
seemed quite surprising, because neither axin nor LAMTOR1 have been found to interact
with LKB1 or AMPK in protein interaction screens by other laboratories, and because their
proposed new mechanism (Fig. 4) also represents a radical departure from the existing view
of AMPK activation by LKB1. However, there are other recent findings that might be
consistent with their hypothesis:

1) Another component of mMTORCL regulation is the folliculin complex, containing
folliculin and folliculin-interacting protein-1 or -2 (FNIP1/2). Loss-of-function
mutations in the folliculin gene (FLCN)in humans cause Birt-Hogg-Dubé
syndrome, characterized by the formation of frequent benign tumors of hair
follicles (hence the name), as well as increased risk of development of lung and
kidney cysts and renal cancer; folliculin is therefore a tumor suppressor (Tee and
Pause, 2013). The folliculin complex acts as a GTPase activator protein (GAP)
for RagC/D, the heterodimer partners of RagA/B (Tsun et al., 2013). Since
recruitment of MTORC1 to the lysosome requires RagA/B to be in the GTP-
bound form and (unusually) RagC/D to be in the GDP-bound form, the
Ragulator and folliculin complexes are both positive regulators of mMTORC1,
even though one is a GEF and the other a GAP. Interestingly, it was shown in
2006 that AMPK interacts with FNIP1, and it was suggested that folliculin was
phosphorylated by AMPK, although direct phosphorylation site(s) have not been
identified (Baba et al., 2006; Wang et al., 2010). \Very recently it has been
reported that AMPK is constitutively activated in folliculin-deficient MEFs, and
that this is associated with various metabolic changes, including increased
mitochondrial biogenesis. Similar changes in gene expression were observed by
immunohistochemistry in renal cell carcinomas from Birt-Hogg-Dubé patients
(YYan et al., 2014). Thus, folliculin appears to be a positive regulator of mMTORC1
but a negative regulator of AMPK.

2) The major splice variant of LKB1 expressed in most cell types (Towler et al.,
2008) contains a C-terminal CKQQ sequence where the cysteine residue is
modified by farnesylation. Recently, a knock-in mouse with a C—S mutation
that prevents farnesylation was generated (Houde et al., 2014). The lack of
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farnesylation did not affect the intrinsic activity of LKB1 measured using a
peptide substrate, but the activation of AMPK and the phosphorylation of
downstream targets in isolated hepatocytes in response to AICAR, and during in
situ contraction or AICAR treatment in skeletal muscle in vivo, was impaired.
There was also a significantly smaller proportion of the farnesylation-deficient
mutant associated with membrane fractions in mouse liver or MEFs. These
authors proposed that the farnesylation of LKB1 and the p-subunit
myristoylation of AMPK might cause them to associate together at a membrane
surface, thus facilitating their interaction (Houde et al., 2014).

3) On glucose deprivation of COS7 cells expressing wild type GFP-tagged AMPK,
GFP fluorescence changed from a diffuse cytoplasmic signal that was lost when
the plasma membrane was permeabilized with digitonin, to a speckled
perinuclear pattern that was digitonin-resistant. By contrast, in cells expressing a
non-myristoylatable G2A mutant the cytoplasmic fluorescence was unaffected
by glucose deprivation, and the speckled perinuclear pattern was not seen
(Oakhill et al., 2010). Based on the recent findings of Lin and colleagues, it is
tempting to speculate that the speckled perinuclear location to which AMPK
migrates on glucose deprivation is the lysosome, and that the farnesylation of
LKB1 might also help to co-localize it on the lysosomal surface with axin.

Taking all of these observations together, the lysosomal surface may represent a key locus
where nutrients are sensed in a reciprocal manner by both the mTORC1 and the AMPK
signaling pathways. mTORCL is activated by the availability of nutrients, and promotes cell
growth and proliferation and the associated metabolic changes (e.g. expression of HIF-1a.,
leading to increased glucose uptake and aerobic glycolysis (Shackelford et al., 2009)),
whereas AMPK is activated by lack of nutrients, inhibits cell growth and proliferation, and
promotes the more energy-efficient oxidative metabolism exhibited by most quiescent cells.
By phosphorylating Raptor, AMPK may also be involved in promoting dissociation of
mTORC1 from the lysosomal membrane under nutrient-poor conditions.

Why might AMPK and mTORC1 sense nutrients at the lysosome?

One can make several evolutionary arguments at to why nutrient sensing might have
developed at the lysosome. Many heterotrophic protists, such as flagellates, ciliates and
amoebas, feed primarily by phagocytosis, which delivers macromolecules directly to
lysosomes or vacuoles without passage through the cytoplasm. Lysosomes or vacuoles in
unicellular organisms can therefore be regarded as the equivalent of the gut in a multicellular
organism. All eukaryotic cells also carry out autophagy, the process by which organelles and
macromolecular complexes, such as protein aggregates or glycogen particles, are engulfed
by autophagosomes and delivered to lysosomes for digestion. Indeed, AMPK plays a
fundamental role in switching on autophagy during starvation by phosphorylating ULK1, the
protein Kinase that initiates the process (Egan et al., 2011). Plant and fungal cells contain
vacuoles, which are essentially very large lysosomes that can be used for long-term storage
of nutrients and other purposes. Interestingly, in the budding yeast Saccharomyces cerevisiae
there appear to be two pools of glycogen, a cytoplasmic pool that can be rapidly mobilized
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by phosphorylase (encoded by GPHI) during early stationary phase, and a vacuolar pool
mobilized by a-glucosidase (encoded by SGAZ) during late stationary phase (Wilson et al.,
2010). These two pools can be distinguished by mutations in GPHZ or SGA1 (which both
cause increased glycogen accumulation, but at different stages during stationary phase), and
because the vacuolar pool does not form in strains with mutations in genes required for
autophagy. Intriguingly, deletion of any one of twelve genes required for the structure or
assembly of the v-ATPase also leads to glycogen accumulation, which may occur because
acidification of the vacuole fails to occur, and this is necessary for the activity of the
vacuolar a-glucosidase encoded by SGAZ (Wilson et al., 2002). Glycogen breakdown can
also occur in lysosomes in mammals, particularly during the neonatal period. Thus, human
cells also express a lysosomal a-glucosidase, whose genetic loss is fatal during the first year
of life. Interestingly, following the birth of rats numerous glycogen-containing
autophagosomes rapidly appear in the liver and muscle and then disappear within a few
hours (Schiaffino et al., 2008). In addition, mice with knockouts in the autophagy genes
Atg5and Atg7are born at the expected frequency, but die within one day of birth (Komatsu
et al., 2005; Kuma et al., 2004). Mice with a knock-in mutation in RagA that inhibits its
GTPase activity and locks it in its GTP-bound state, thus activating mTORCL1 irrespective of
nutrient supply, also die within a few hours of birth. This appears to occur because they are
unable to respond to the profound hypoglycemia that follows the loss of nutrient supply
from the placenta, by switching off mMTORC1 and inducing autophagy (Efeyan et al., 2013).
It appears that lysosomal glycogen breakdown may be particularly important in newborn
mammals, which must rapidly switch from the placenta to the gut for their source of
nutrients. All of these observations suggest that the lysosome or vacuole can be an important
site where sensing of glucose has to occur.

Crosstalk between AMPK and other pathways

Phosphorylation of the ST loop of AMPK by Akt, PKA and GSK3

When the sequences of AMPK-a subunits from different species are aligned, a1 and a2
sequences from vertebrates and Caenorhabditis elegans can be seen to contain a serine/
threonine-rich insert of about 55 amino acids, just preceding the final a-helix with its
nuclear export sequence. This “ST loop” is absent or truncated in sequences from other
invertebrates such as Drosophila melanogaster or Saccharomyces cerevisiae (Fig. 5), and is
not resolved in any existing crystal structures, suggesting that it is mobile within the crystals.
I will now discuss the evidence that phosphorylation at one or more sites within this loop
down-regulates AMPK signaling.

The phosphatidylinositol (PI) 3-kinase — Akt pathway is activated by binding of insulin or
insulin-growth factor-1 (IGF1) to their cognate receptors, with P 3-kinase generating the
Akt-activating second messenger, PI-3,4,5-trisphosphate (PIP3). These hormones are signals
emanating from elsewhere in the body indicating either that nutrients are available (insulin),
or that conditions are suitable for cell growth (IGF1). In general, insulin promotes the uptake
of nutrients (glucose, fatty acids and amino acids) and their anabolic conversion to
macromolecular storage forms, i.e. glycogen, triglycerides and proteins. Although AMPK
can also stimulate uptake of glucose and fatty acids, it does so for a different purpose, i.e.
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their catabolic breakdown to generate ATP. The insulin/IGF1 and AMPK pathways are
therefore essentially antagonistic, and it is perhaps not surprising that there should be
mechanisms by which Akt down-regulates AMPK. In 20086, it was reported that Akt
phosphorylated Ser485 of rat a1, which lies within the ST loop. Evidence was presented
that this phosphorylation inhibited the phosphorylation of Thr172 by LKB1 and, consistent
with this, prior treatment of perfused rat hearts with insulin caused phosphorylation of
Ser485, and this was associated with reduced Thr172 phosphorylation during subsequent
ischemia (Horman et al., 2006). Our group has recently confirmed and extended these
observations, and provided evidence for a molecular mechanism for the effect (Hawley et
al., 2014). We were able to confirm that Ser487 on human a1 (corresponding to Ser485 in
rat al; to avoid confusion | will use human residue numbering in the following text, and in
Fig. 5) was a good substrate for Akt. However, the equivalent residue on human a2, Ser491,
was an extremely poor substrate for Akt although subject to rapid autophosphorylation.
Consistent with this, Ser487 on a1l became phosphorylated when cells were incubated with
IGF1 to activate Akt, but not when incubated with berberine to activate AMPK, whereas the
converse was true for Ser491 on a.2. Pre-treatment of cells expressing wild type a1 with
IGF1 greatly reduced subsequent Thr172 phosphorylation in response to A769662, but this
effect was completely abolished in cells expressing an S487A mutant. To place these
observations in the context of cancer, in three different tumor cell lines in which Akt was
hyper-activated due to loss of PTEN (the phosphatase that breaks down PIP3), there was
only a modest Thr172 phosphorylation and AMPK activation in response to A769662, but
full effects could be restored either by adding a selective Akt inhibitor, or be re-expressing
PTEN. These results show that a previously unrecognized effect of Akt hyper-activation in
tumor cells (which can also occur due to mutations in P1 3-kinase, or upstream receptors), is
that AMPK activation is down-regulated, removing the restraining influences that AMPK
might otherwise have on cell growth and proliferation.

We also established the likely mechanism for these effects of Ser487 phosphorylation
(Hawley et al., 2014). Although the ST loop is not resolved in the crystal structures, the
residues at the ends of the “missing” loop lie quite close to Thr172. This suggested that
when the ST loop was phosphorylated it could interact with the kinase domain, blocking
access of upstream kinases to Thr172. We noticed a series of basic residues within the C-
helix of the N-lobe of the kinase domain (Arg64, Lys 71 and Arg74) that are conserved in all
vertebrate AMPK-a subunits, but not in most other kinases. Our hypothesis is that
phosphorylated side chains on the ST loop interact with these basic residues, anchoring the
loop to the N-lobe of the kinase domain and thus blocking access to Thr172. We tested this
using two approaches: (i) a synthetic peptide corresponding to the ST loop inhibited Thr172
phosphorylation and activation of a human a1p2y1 complex, but only when phosphorylated
on the residue equivalent to Ser487; (ii) the inhibitory effect of Ser487 phosphorylation was
completely abolished by a triple mutation of the C-helix (R64A/K71A/R74A), although
kinase activity and Ser487 phosphorylation were unaffected. Prior Ser487 phosphorylation
also inhibited Thr172 phosphorylation by CaMKK} as well as LKB1, supporting a
mechanism involving physical exclusion of the upstream kinases from Thr172. How Ser487
phosphorylation might affect dephosphorylation of Thr172 has not yet been addressed.
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Other protein kinases may also phosphorylate the ST loop. Hurley et al (2006) reported that
Ser487/491 on AMPK-al or -a.2 (the isoform was not specified) was phosphorylated in
response to the cyclic AMP-elevating agents in the pancreatic  cell line, INS-1. A
recombinant AMPK-al1 peptide could also be phosphorylated at Ser487 by cyclic AMP-
dependent protein kinase (PKA) in cell-free assays. Complicating this story, however,
CaMKKp appeared to be inactivated by cyclic AMP-elevating agents in INS-1 cells, and
their effects on AMPK were abolished in CaMKKp-null MEFs, suggesting that they were
mediated by modulation of CaMKKGp, rather than AMPK (Hurley et al., 2006). To add
further complications, using a bacterially expressed AMPK complex (a1p1y1), PKA was
found to phosphorylate not only Ser487 but also Ser499 (also within the ST loop), as well as
Ser175 (within the activation loop and adjacent to Thr174, the residue equivalent to Thr172
in human a1). Various mutations at these sites were generated, and their analysis suggested
that it was phosphorylation at Ser175, rather than Ser487 or Ser499, that blocked subsequent
Thr174 phosphorylation and AMPK activation. These authors also provided evidence that
this mechanism of down-regulation of AMPK by PKA limited the ability of AMPK to
inhibit lipolysis in white adipocytes (Djouder et al., 2010). A puzzling feature of this paper
is that the authors did not observe any effect on subsequent Thr172 phosphorylation when
Ser487 was phosphorylated by PKA, even though this has been observed by other
laboratories when the same residue was phosphorylated by Akt.

In addition to Ser487 and Ser499, the ST loop may be regulated by phosphorylation at other
sites. Suzuki et al (2013) reported that the protein kinase GSK3p phosphorylated Thr481
and Ser477 (within the ST loop just N-terminal to Ser487), that this was “primed” by
phosphorylation of Ser487, and that this further inhibited AMPK by promoting Thr172
dephosphorylation. While this is an interesting proposal, the physiological rationale
underlying inhibition of AMPK by GSK3 is difficult to grasp, because both GSK3 isoforms
(a and B) are inactivated by phosphorylation by Akt, and because GSK3 generally acts, like
AMPK and in contrast to Akt, to inhibit rather than promote anabolic pathways. For
example, GSK3 and AMPK both inactivate glycogen synthase and hence glycogen synthesis
(Carling and Hardie, 1989; Jorgensen et al., 2004; McManus et al., 2005).

As discussed earlier, Ser487 on al is a good target for Akt, whereas the equivalent site on
a2, Serd91, is a very poor substrate for Akt and appears to be modified by
autophosphorylation instead (Hawley et al., 2014). It will therefore be important to examine
the role of ST loop phosphorylation using the individual a subunit isoforms of AMPK,
rather than simply assuming that results obtained with one isoform will be applicable to the
other. For example, it has been suggested that p70 S6 kinase directly phosphorylates Ser491
in a recombinant a2p1y1 complex, and that this explains how leptin inhibits AMPK in the
hypothalamus (Dagon et al., 2012). While this is an attractive hypothesis, the evidence that
S6 kinase directly phosphorylates Ser491 was based mainly on the acquisition of signal
using an anti-pS491 phosphospecific antibody, which gives no information about the real
extent of phosphorylation. Given our own findings (Hawley et al., 2014), it is also puzzling
as to why these authors did not observe autophosphorylation when the a2p1y1 complex was
incubated without S6 kinase. In addition, there is no direct evidence that phosphorylation of
Ser491 on a.2 down-regulates Thr172 phosphorylation, which has currently only been
demonstrated for Ser487 on al1.
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Crosstalk between the AMPK and the Ras-Raf-MEK-ERK pathways

A-Raf, B-Raf and c-Raf are paralogous protein kinases involved in the Ras-Raf-MEK-ERK
pathway, by which the effects of many growth factor receptors on cell growth and
proliferation are transduced. The role of B-Raf in cancer was highlighted by findings that a
V600E mutation in its activation loop, which causes constitutive activation, is present in
around 50% of all cases of malignant melanomas, and in smaller proportions of other
cancers (Davies et al., 2002). It was shown many years ago that AMPK phosphorylates a site
near the C-terminus of c-Raf, Ser621, in cell-free assays (Sprenkle et al., 1997), and recently
this has been re-investigated. Despite the fact that the sequence around Ser621 is a good fit
for the consensus recognition motif for AMPK (Gwinn et al., 2008; Scott et al., 2002),
treatment of MEFs with the AMPK activator A769662 did not appear to cause increased
phosphorylation of c-Raf at Ser621. However, it did cause increased phosphorylation of B-
Raf at the equivalent site, Ser729, as well as attenuation of ERK activation, and both effects
were lost in AMPK knockout MEFs (Shen et al., 2013). When B-Raf was re-expressed in B-
Raf-deficient MEFs, the ability of AMPK activators to inhibit ERK activation was regained
using wild type B-Raf but not an S729A mutant; a keratinocyte cell line expressing the
S729A mutant B-Raf also proliferated more rapidly than cells expressing the wild type.
Phosphorylation of Ser729 on B-Raf does not directly inhibit its kinase activity, but instead
promotes 14-3-3 binding and thus prevents association of B-Raf with KSR1, a scaffold
protein with a kinase-like domain related to the Raf kinases, on which the latter normally
assemble with their downstream kinases MEK and ERK to trigger downstream signaling
(Shen et al., 2013) (Fig. 6).

Inhibitors of oncogenic B-RafY6%0E such as vemurafenib and dabrafenib, are initially very
effective in treating melanomas carrying the mutation, but unfortunately resistance to these
drugs develops rapidly and disease returns. However, following their findings suggesting
that AMPK down-regulated B-Raf signaling, the same group showed that treatment of
melanoma cells with a combination of PLX4720 (a relative of vemurafenib) and phenformin
(a more cell-permeable relative of metformin) enhanced apoptosis and reduced cell viability
in a synergistic manner, delayed the emergence of PLX4720 resistance in a cell culture
model, and induced tumor regression in xenograft and genetically engineered (B-RafV600E/
PTEN") mouse models of melanoma (Yuan et al., 2013). These results suggest that the
AMPK activators metformin or phenformin might be useful adjuncts for therapy of human
melanoma patients with B-Raf inhibitors.

Interestingly, the AMPK signaling pathway was also reported to be down-regulated in cells
expressing the B-Raf V600E mutation; this was associated with phosphorylation by ERK
and RSK of two sites on LKB1 that were proposed to negatively regulate phosphorylation of
AMPK (Zheng et al., 2009). Thus, there appear to be two opposing negative feedback loops
operating between B-Raf and AMPK (Fig. 6).

Although the molecular details are less clear, there are other possible connections between
the Ras-Raf-MEK-ERK and AMPK pathways. KSR2 is a paralog of KSR1; protein
interaction screens identified several AMPK subunits (a1, a2, f1, y1) as binding partners
that had a preference for KSR2 over KSR1 (Costanzo-Garvey et al., 2009). Although only
KSR1 is detectable in MEFs, neither ksrZ”" nor ksr2”- MEFs were able to oxidize
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exogenous fatty acids, but this was restored by over-expression of either KSR1 or KSR2;
this required the region of these proteins (between domains CA2 and CA3) that interact with
AMPK. Interestingly, KSR2 knockout mice become obese, glucose-intolerant and insulin-
resistant as adults, which appeared to be due to reduced energy expenditure rather than
increased food intake. The phosphorylation of AMPK in response to AICAR in explants of
white adipose tissue from wild type mice was lost in the KSR2”~ mice, and genes involved
in oxidative metabolism were also down-regulated in white adipose tissue. Interestingly, this
function of KSR2 appears to translate into humans (Pearce et al., 2013), because in a screen
of around 2000 obese humans, a significantly higher proportion had heterozygous mutations
in the KSR2gene compared with lean controls. Heterozygous carriers of human KSR2
mutations had lower basal metabolic rates and higher respiratory quotients, the latter
indicating a relative deficit in fat oxidation. Finally, fatty acid oxidation was enhanced in
myotubes that had been differentiated from C2C12 myoblasts transfected with DNA
encoding wild type KSR2, but this was partially or completely abolished using most of the
human KSR2 mutants, although the defect could be restored in every case by treating the
cells with metformin (Pearce et al., 2013). Thus, KSR2 appears to be required for the ability
of AMPK to promote fatty acid oxidation. However, the molecular mechanisms underlying
this remain obscure, particularly because by Western blotting KSR2 is only detectable in
mouse brain; very low levels of mMRNA are detectable in liver and muscle, and essentially
none in adipose tissue (Costanzo-Garvey et al., 2009). It is therefore not clear that the effect
of KSR2 loss on AMPK activation /n vivois a cell-autonomous process.

Conclusions and future challenges

The “canonical’ regulation of AMPK by adenine nucleotides and by phosphorylation of
Thr172 is now well understood, and the recent crystal structure of a complete human AMPK
heterotrimer (Xiao et al., 2013) has provided many insights into how this regulation operates
at the molecular level. However, elucidation of some details of the activation mechanism,
such as the exact roles of the three individual adenine nucleotide-binding sites, how they
distinguish between AMP, ADP and ATP, and the mechanism by which combinations of
allosteric activators (AMP and A769662) can mimic the effects of phosphorylation, remain
for the future. Another remaining challenge is the identification of natural ligands (other
than salicylate) that bind at the same site as the synthetic activator A769662.

Particularly exciting developments in the past year have concerned the mechanisms by
which the AMPK pathway talks to other signaling pathways. It appears that that LKB1 and
AMPK do not simply wait to collide within the three dimensions of the cytoplasm, but are
brought together on the two-dimensional surface of the lysosome by the adapter proteins
axin and LAMTORL, where the reciprocal regulation of mTORC1 and AMPK may be
intimately linked (Zhang et al., 2014). Although both are absent in the obligate parasite £.
cuniculi (Miranda-Saavedra et al., 2007), genes encoding the mTORC1 and AMPK
pathways are present in the genome of Giardia lamblia, which has the smallest kinome of
any free-living eukaryote and appears to have branched very early from the main eukaryotic
lineage (Manning et al., 2011). The mTORC1 and AMPK pathways were therefore probably
among the first signaling pathways to have developed during evolution of eukaryotes, where
their functions may have been to sense to the availability, or lack of availability, of nutrients
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that were delivered to the lysosome or vacuole by phagocytosis or autophagy, and to regulate
cell growth and metabolism accordingly. However, the complex cross-talk between AMPK
and other signaling pathways that arose later during the development of multicellular
animals, such as the insulin/IGF1 and Ras-Raf-MEK-ERK pathways, is also now being
unraveled.
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Figure 1. Structures of a selection of three different classes of AMPK -activating compounds.
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Figure 2. Structure of complete a2@1y1 heterotrimer of AMPK.
The model was created with MacPyMol using PDB file 4CFE. The a, p and y subunits are

shown in “cartoon view” with different domains color coded, while the activator 991, the
kinase inhibitor staurosporine, the three bound molecules of AMP, and phospho-Thr172 are
shown in “sphere view” with C atoms green, O red, N blue and P orange. Various features
labeled are discussed in the text.
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Figure 3. Comparison of structure of the inactive KD:AlD fragment from S. pombe, and the
active KD:AID fragment from human a.2, showing the dramatic changein the position of the
AID.

The models were created with McPymol using PDB entries 3H4J and 4CFE (although the
latter was a complete heterotrimer, only the KD and AID are shown). The kinase domains
are viewed from approximately the same angle, so that the change in the orientation of the
AID is more obvious. The N- and C-lobes of the kinase domain are in yellow and cyan
respectively, except that the activation segments within the C-lobe (which have markedly
different conformations in the two structures) are in red. The AIDs are in orange, with their
three a-helices labeled AID-a 1 to -a3 (AID-a2 was poorly resolved in the human
structure). In the inactive S. pombe structure, AID-a.3 interacts with aC (C-helix) from the
N-lobe and a E (E-helix) from the C-lobe, whereas in the active human structure it interacts
mainly with the -y subunit (not shown) instead.
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Figure 4. Proposed mechanism for reciprocal regulation of mMTORC1 and AMPK at the
cytoplasmic surface of the lysosome.

The model is based on (Bar-Peled and Sabatini, 2014) and (Zhang et al., 2014). (1)
Activation of mMTORC1.: nutrient availability (amino acids and/or glucose) within the
lysosome are sensed by a mechanism requiring the v-ATPase proton pump, and this effect is
transmitted to the Ragulator, which converts RagA/BCPP to RagA/BC TP, while the
folliculin:FNIP complex converts RagC/DCTP to RagC/DCEPP. The RagACTP:RagCCPP
complex binds the Raptor component of mMTORC1, whose activation also requires
Rheb:GTP. Formation of the latter complex is promoted by growth factors via
phosphorylation and dissociation from the lysosome of TSC1:TSC2, a Rheb-GAP (Menon
etal., 2014). (2) Activation of AMPK: nutrient lack causes the Ragulator to recruit the
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axin:LKB1 complex, and elevated AMP also recruits AMPK to this complex. LKB1
phosphorylates and activates AMPK, which then presumably dissociates from the complex
to phosphorylate downstream targets. Two of these targets are Raptor and the TSC1:TSC2
complex. Phosphorylation of Raptor by AMPK, coupled with conversion of
RagACTP:RagCCPP to RagACPP:RagCCTP, may promote the dissociation of mMTORC1 from
the lysosome. Phosphorylation of the TSC1:TSC2 complex appears to increase its Rheb-
GARP activity, thus converting Rheb:GTP to the inactive Rheb:GDP form, although the exact
mechanism remains unclear.
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nuclear
export
sequence
[LTPRP-G--——— SHTIEFFEMCANLI-KILA
APRP-G--—--- SHTIEFFEMCANLI-KILA
[[LPRP-G----- SHTIEFFEMCANLI-KLLA
SPRL-G-—---— SHTMDFFEMCASLI-TTLA
RSPRL-G----- SHTMDFFEMCASLI-TALA
[LTPRO-G--——— SHTMDFFEMCASLI-TTLA

STQSSEPEAPTRSQTMEFFATCHIIMQALLA
TPPPSPGGAKLSQTMQOFFEICAALI-GTLA
PLOPTG----- HHTMEFFEMCAALI-IQLA
——————————————— YPFLHLTTKLI-MELA
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Figure 5. Alignment of sequences at the C-terminal end of the a subunits, showing the location of
the ST loop.

Sequences were aligned using CLC Main Workbench 6 using a “gap open cost” of 10 and a
“gap extension cost” of 1. Serine and threonine residues within the ST loop are highlighted
in bold type, with residues where there is evidence for phosphorylation shown with arrows

(human residue numbering). Also shown are the nuclear export sequences at the extreme C-
termini, with critical hydrophobic residues highlighted in bold.
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Figure 6. Proposed reciprocal feedback loops oper ating between the Raf-M EK-ERK-RSK and
LKB1-AMPK signaling pathways.

In the inactive state of B-Raf, phosphorylation of Ser365 and Ser729 [the latter by AMPK
(Shen et al., 2013)] causes binding of 14-3-3 proteins that prevent association of B-Raf with
the plasma membrane and with the Raf-like scaffold proteins KSR1 or KSR2. When Ras is
activated it binds to the Ras-binding region of the B-Raf CR1 domain, relieving the
inhibitory effect of the latter, and if 14-3-3 proteins are not bound KSR1 or KSR2 then
forms a complex with B-Raf and MEK, causing phosphorylation and activation of the latter
by B-Raf. This in turn triggers a cascade of phosphorylation and activation of the
downstream kinases, ERK and RSK. The latter phosphorylate LKB1 at Ser325 and Ser428
respectively, reducing its ability to activate AMPK via phosphorylation of Thr172 (Zheng et
al., 2009). Activated AMPK then phosphorylates B-Raf at Ser729, causing its interaction
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with 14-3-3 proteins and down-regulation once again. For more details of the conserved
domains on B-Raf, KSR1 and KSR2, see Udell et al (2011).
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