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SUMMARY

AMP-activated protein kinase (AMPK) regulates cellular energy homeostasis by inhibiting
anabolic and activating catabolic processes. While AMPK activation has been extensively studied,
mechanisms that inhibit AMPK remain elusive. Here we report that glycogen synthase kinase 3
(GSK3) inhibits AMPK function. GSK3 forms a stable complex with AMPK through interactions
with the AMPK P regulatory subunit and phosphorylates the AMPK a catalytic subunit. This
phosphorylation enhances the accessibility of the activation loop of the a subunit to phosphatases,
thereby inhibiting AMPK kinase activity. Surprisingly, PI3K-Akt signaling, which is a major
anabolic signaling and normally inhibits GSK3 activity, promotes GSK3 phosphorylation and
inhibition of AMPK, thus revealing how AMPK senses anabolic environments in addition to
cellular energy levels. Consistently, disrupting GSK3 function within the AMPK complex sustains
higher AMPK activity and cellular catabolic processes even under anabolic conditions, indicating
that GSKS3 acts as a critical sensor for anabolic signaling to regulate AMPK.

INTRODUCTION

Differences in nutrient availability trigger cells to activate anabolic programs to promote
growth in nutrient-rich conditions, or catabolic programs to sustain survival in nutrient-poor
conditions. The insulin/insulin-like growth factor-1 (IGF1) signaling pathway represents a
key anabolic pathway that is activated when nutrients are readily available. Upon insulin/
IGF1 stimulation, the PI3K-Akt pathway stimulates a variety of anabolic processes that
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consume cellular ATP. In contrast, the AMPK pathway represents a major catabolic
signaling pathway that is activated when cells are metabolically starved. AMPK
phosphorylates diverse substrates to stimulate catabolic processes that maintain cellular ATP
levels while inhibiting anabolic programs. Although there are a few exceptions, such as
glucose transport, gluconeogenesis, and lipolysis in certain tissues, these two pathways
generally exert opposite functions in the regulation of metabolic processes. For instance,
insulin stimulates biosynthetic pathways to promote protein, glycogen, and lipid synthesis
(Samuel and Shulman, 2012), whereas AMPK suppresses these biosynthetic pathways and
stimulates autophagy, a bulk protein degradation and recycling pathway triggered under
starvation conditions (Hardie et al., 2012).

Under nutrient-rich, anabolic conditions, growth factors stimulate the PI3K-Akt pathway. In
turn, activated Akt phosphorylates and inhibits tuberin (TSC2), resulting in the activation of
the mammalian mTOR (target of rapamycin) complex 1, which promotes protein and lipid
synthesis (Duvel et al., 2010; Peterson et al., 2011). Akt also phosphorylates and inhibits
glycogen synthesis kinase 3 (GSK3), thereby stimulating glycogen synthesis (Cross et al.,
1995). Conversely, under nutrient-limiting catabolic conditions, AMPK inhibits protein
synthesis by phosphorylating TSC2 and Raptor (regulatory-associated protein of mTOR)
(Gwinn et al., 2008; Inoki et al., 2003), but stimulates autophagy via ULK1 phosphorylation
(Egan et al., 2011; Kim et al., 2011). AMPK also phosphorylates acetyl-CoA carboxylases 1
(ACC1) and 3-hydroxy-3 methylglutaryl CoA reductase (HMGR) to inhibit fatty acid and
cholesterol synthesis, respectively (Carling et al., 1989; Clarke and Hardie, 1990).
Furthermore, AMPK phosphorylates and inhibits glycogen synthase (GS) to suppress
glycogen biosynthesis (Jorgensen et al., 2004).

AMPK is composed of a catalytic a subunit, and  and y regulatory subunits (Kahn et al.,
2005). AMPK activation requires phosphorylation of the activation loop (AL: Thr172) in the
kinase domain of the a catalytic subunit and is accomplished by upstream kinases such as
LKB1 and CAMKKSs (Hawley et al., 2005; Woods et al., 2003). Phosphorylation of the a
subunit AL site is essential for AMPK activity. Under catabolic conditions such as
starvation or ischemia, ATP is converted to ADP, which leads to subsequent production of
AMP through the activation of adenylate kinase. Increased cellular AMP induces allosteric
activation of AMPK by binding to the AMPK vy regulatory subunit. Furthermore, ADP also
binds to the y regulatory subunit and induces a conformational change of the a catalytic
subunit, which promotes AMPK kinase activity by preventing dephosphorylation of the AL
Thr172 site by phosphatases (Oakhill et al., 2011; Xiao et al., 2011).

Although the molecular events underlying AMPK activation under nutrient-limiting
catabolic conditions have been well characterized, the mechanisms by which the activity of
AMPK is inhibited under nutrient-rich or anabolic conditions have not been well
understood. Here we report that glycogen synthase kinase 3 (GSK3) constitutively interacts
with the AMPK heterotrimeric kinase complex and inhibits AMPK kinase activity under
anabolic conditions. Surprisingly, PI3K-Akt signaling, a canonical inhibitory pathway for
GSK3, promotes GSK3-dependent AMPK phosphorylation and inhibition. Thus, we provide
an unexpected molecular mechanism whereby the PI3K-Akt pathway and GSK3 collaborate
to negatively regulate AMPK activity /n vitroand in vivo. We propose that, in addition to
the cellular energy levels, GSK3 in the AMPK heterotrimeric complex plays a key role in
sensing growth factor signaling to regulate AMPK activity during transitions between
catabolic and anabolic states.

Mol Cell. Author manuscript; available in PMC 2014 May 09.
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RESULTS

GSK3 associates with the AMPK heterotrimeric kinase complex

Recent studies have identified more than thirty AMPK substrates, significantly expanding
our understanding of the physiological roles of AMPK (Banko et al., 2011; Hardie et al.,
2012). However, studies elucidating the regulatory mechanisms that affect AMPK function
remain relatively scant. In this study, we identified proteins that associate with AMPK to
discover a stable association between the a subunit of AMPK and glycogen synthase kinase
3B (GSK3p), a kinase that plays diverse roles in catabolic conditions (Cohen and Frame,
2001). Mammalian cells express two isoforms of the AMPK a subunit, al and a2. We
found that both isoforms of the endogenous AMPK a. subunit associate with endogenous
GSK3p via cationic interactions and/or hydrogen bonding (Figures 1A and S1A).
Subsequent analyses showed that GSK3p was co-1Ped with individual AMPK subunits
(Figure S1B, S1C, and S1D), and, reciprocally, all three AMPK subunits were co-1Ped with
GSK3p (Figure 1B), indicating that GSK3p associates with the AMPK heterotrimeric kinase
complex. GSK3p was co-1Ped with the B subunit in a1/3a 2 null mouse embryonic
fibroblast (MEF) cells (Figure 1C), and neither the a nor the y subunit was essential for the
interaction between GSK3p and the AMPK f subunit (Figure 1D), suggesting that GSK3p
primarily interacts with the B regulatory subunit of the AMPK complex. Furthermore, the
association between endogenous GSK3p and the endogenous AMPK complex was not
dependent on cellular energy status, AMPK activity, or serum stimulation, indicating that
GSK3p stably and constitutively associates with the AMPK complex (Figure S1E).
Mammalian GSK3 consists of two isoforms, GSK3a and GSK3p (Woodgett, 1990).
Exogenous GSK3a was also co-1Ped with the B subunit of AMPK (Figure S1F), suggesting
that both GSK3 isoforms interact with the AMPK complex.

AMPK a subunit is an atypical substrate of GSK3

The a catalytic subunit of vertebrate AMPK contains candidate sites for GSK3
phosphorylation in a serine/threonine stretch (ST-stretch) near its carboxyl terminus (Figure
2A). The ST-stretch of the mammalian AMPK a subunit contains seven consecutive serine
or threonine residues that represent candidate GSK3 phosphorylation sites. Treatment with
wild type or constitutively active GSK3p (S9A) that lacks the inhibitory phosphorylation
site, but not with kinase inactive GSK3p (GSK3B-KI), retarded the electrophoretic mobility
of the HA-AMPK a1 subunit in a A phosphatase-sensitive manner (Figure S2A), indicating
that GSK3 induces the phosphorylation of the AMPK a subunit in cultured cells.

Many GSK3 substrates are first phosphorylated by another protein kinase at a serine or
threonine residue (priming site) located four residues C-terminal to the site of GSK3
phosphorylation (Cohen and Frame, 2001). Once primed, GSK3 substrates can be subject to
multiple rounds of GSK3 phosphorylation, thereby creating a cluster of phosphorylated
residues as seen in some of its substrates such as glycogen synthase (Fiol et al., 1987). To
determine if the ST-stretch could be phosphorylated by GSK3, we mutated these serines and
threonines individually to alanine and monitored the mobility shift of the a1 mutants.
Substitution of Thr479 or Ser475 in the ST-stretch with alanine largely attenuated the
GSK3p-induced mobility shift of the a1 subunit, while mutation of the other putative
GSK3p sites in the ST-stretch (e.g. T471A) show varying degrees of increased
electrophoretic mobility relative to wild type (Figure 2B). These observations suggest that
Thr479 might be a priming phosphorylation site for GSK3, leading to the successive
phosphorylation of additional residues, including S475 and T471, in the ST-stretch of the al
subunit /n vivo.

Mol Cell. Author manuscript; available in PMC 2014 May 09.
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To examine whether GSK3p itself can function to directly phosphorylate Thr479 in the ST-
stretch, we performed /n vitro kinase assays using a polypeptide containing the ST-stretch
(aa. 463-520) purified from bacteria. Generally, bacteria-derived polypeptides are poor
substrates for GSK3 /n vitro because they lack any post-translational modifications of
serine/threonine residues, which are typically required for functional priming sites of GSK3
substrates. However, we found that wild type GSK3p, but not kinase-inactive GSK3p-KI,
effectively phosphorylates bacteria-derived a1 polypeptide /n vitro, suggesting that the ST-
stretch can be phosphorylated by GSK3p alone without first being phosphorylated at a
priming site by another kinase (Figure 2C). Consistent with the /in vivo observations (Figure
2B), mutation of Thr479 to alanine (T479A) in the a1 polypeptide completely abrogated
phosphorylation by GSK3p, while GSK3p-induced phosphorylation was partially inhibited
in the S475A or T471A mutant /n vitro (Figure 2D). These data suggest that GSK3 alone
primes the phosphorylation of the AMPK a1 subunit at Thr479 and then subsequently
phosphorylates Ser475 and Thr471 using phosphorylated Thr479 as the priming site. This
hypothesis is also supported by stoichiometry analyses in which GSK3p incorporates more
than twice the amount of phosphates in the wild type ST-stretch polypeptide (Figure 2E)
with a distinct Ky, (Figure S2B and S2C) compared to the S475A mutant where only Thr479
can be phosphorylated. In addition, GSK3p is able to phosphorylate Tau polypeptide, a
representative non-primed substrate (Stoothoff et al., 2005), with similar Kinetic constants as
those of the S475A mutant polypeptides, but failed to phosphorylate unprimed TSC2
polypeptide, a representative substrate for GSK3 that requires priming phosphorylation, /n
vitro (Inoki et al., 2006). Collectively, these observations suggest that Thr479 of the a
subunit can be phosphorylated by GSK3 in a non-primed manner that does not require
priming phosphorylation by another kinase. To examine further GSK3-induced Thr479
phosphorylation of the AMPK a subunit in mammalian cells, we generated a phospho-
specific Thr479 antibody (pT479-AMPKa). The specificity of the pT479-AMPK a antibody
was confirmed by phosphorylation of the IPed endogenous a1 subunit with al or pT479-
AMPK a antibody, which was abolished by treatment of lysates with A. phosphatase, or with
a GSK3-specific inhibitor CHIR99021 in cultured cells (Figure 2F). Consistently, GSK3p
overexpression enhanced Thr479 phosphorylation of both wild type a1 and a2 subunits, but
failed to phosphorylate the T479A a1 mutant or the T485A a2 mutant in which Thr485, an
equivalent site to Thr479 in the a1 subunit, was substituted with alanine (Figure S2D). In
contrast, while GSK3a knockdown or GSK3p knockout partially suppressed endogenous
Thr479 phosphorylation of the a subunit, the ablation of both GSK3a and GSK3p
completely abolished phosphorylation of the same residue, indicating that both GSK3a and
GSK3p contribute to Thr479 phosphorylation (Figure 2G). Finally, the priming-independent
Thr479 phosphorylation of the a subunit was tested in mammalian cells using the GSK3p
R96A mutant, which bears a mutation in the priming phosphorylation recognition site. The
GSK3p R96A mutant is unable to phosphorylate primed substrates but is still capable of
phosphorylating non-primed substrates (Frame et al., 2001). Consistent with our /in vitro
observations, the GSK3p R96A mutant effectively enhanced a1 Thr479 phosphorylation /n
vivo (Figure 2H), but failed to enhance the phosphorylation of B-catenin (Figure S2E), a
representative substrate for GSK3 that requires priming phosphorylation (Liu et al., 2002).
Taken together, these data indicate that the a subunit of AMPK is an atypical non-primed
substrate for GSK3.

GSK3 inhibits AMPK activity through Thr479 phosphorylation of the a subunit

To explore the functional role of GSK3 phosphorylation in the regulation of AMPK, we
examined the effect of GSK3 inhibitors on the kinase activity of a subunit and the
phosphorylation status of its activation loop (AL site: Thr172), which is well correlated with
in vivo AMPK activity. Interestingly, inhibition of endogenous GSK3 activity by treatment
of cells with CHIR99021, BIO (6-bromoindirubin-3’-oxime), or LiCl enhanced
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phosphorylation of Thr172 of the endogenous AMPK a subunit and increased AMPK
kinase activity with a concomitant decrease in Thr479 phosphorylation (Figure 3A).
Conversely, GSK3p or GSK3a overexpression decreased AL phosphorylation and AMPK
kinase activity with a concomitant enhancement of Thr479 phosphorylation of the al
subunit (Figure 3B, S3A, 3C, and S3B). However, when Thr479 of the a1 subunit is
mutated to alanine (T479A), even overexpression of GSK3p failed to inhibit AL
phosphorylation and AMPK kinase activity (Figure 3C and S3B). These data indicate that
GSKa3 inhibits AMPK by phosphorylating the Thr479 of the a subunit. Since GSK3 also
phosphorylates Ser475 and possibly Thr471 of the a1 subunit in a manner dependent on
Thr479 phosphorylation in vivo (Figure 2B and S2B), we tested the functional role of these
primed phosphorylation sites for AL phosphorylation. Intriguingly, neither T471A nor
S475A mutation significantly prevents GSK3-induced reduction of AL phosphorylation
(Figure 3D), suggesting that only Thr479 phosphorylation by GSK3 is sufficient to inhibit
AL phosphorylation and AMPK activity /n vivo.

GSK3-induced Thr479 phosphorylation enhances the phosphatase sensitivity towards the
AL site of the a subunit

To explore the molecular mechanisms by which GSK3-induced phosphorylation of the a
subunit inhibits AMPK activity, we examined the possible molecular events including 1) a
direct influence of GSK3 on the activity of LKB1, a major AL kinase of the a subunit, 2) an
interference of LKB1-dependent AL phosphorylation by GSK3-induced Thr479
phosphorylation, and 3) the effect of Thr479 phosphorylation on phosphatase sensitivity
towards AL phosphorylation. Our data indicated that GSK3p did not suppress the kinase
activity of LKB1 (Figure S4A), and Thr479 phosphorylation of the a1 subunit did not
interfere with the phosphorylation of the AL site by overexpressed LKB1 (Figure S4B).
These data suggest that Thr479 phosphorylation in the a subunit may enhance the
phosphatase sensitivity of the AL phosphorylation site. Previous studies indicated that the
replacement of AMP/ADP with ATP on the AMPK -y regulatory subunit increases
phosphatase sensitivity of the AL site, possibly through conformational changes of the a-
hook, linker, and kinase domains of the a subunit (Oakhill et al., 2011; Xiao et al., 2011).
However, GSK3p was still able to inhibit AL phosphorylation of the a subunit when co-
IPed with a mutant form of the y subunit (R152Q/R171Q) that is defective in adenylate
nucleotide exchange (Figure 4A). This finding suggests that GSK3-mediated inhibition of
AL phosphorylation is independent of the regulatory role of the -y subunit. Additionally,
GSK3p also inhibits the AL phosphorylation in an a-hook mutant (Xiao et al., 2011) that
mimics the ATP-bound conformations of the linker and kinase domains of the a subunit
(Figure S4C). Furthermore, an additional T479A mutation in the a-hook mutant restored
decreased AL phosphorylation induced by not only GSK3p but also the a-hook mutation
(Figure S4C). These results indicate that GSK3-induced reduction of AL phosphorylation of
the a subunit is not mediated by adenylate nucleotide exchange on the -y subunit and the
related conformational changes of the a subunit; rather, these data suggest that Thr479
phosphorylation may have a parallel but unique role in enhancing phosphatase sensitivity
towards the AL site. Consistent with this model, cells expressing the Thr479 phospho-
mimetic a1 mutant (T479E) were partially resistant to the induction of AL phosphorylation
by 2-deoxyglucose or glucose depletion, which stimulates AMP/ADP binding to the -y
subunit and protects dephosphorylation of the AL site from phosphatases such as PP2Ca
(Figure 4B and S4D). To test directly the role of Thr479 phosphorylation in regulating the
sensitivity of AMPK to phosphatase, AMPK complexes containing either wild type, T479A,
or T479E a subunits were purified from cells overexpressing GSK3p and LKB1, followed
by /n vitro measurement of their sensitivities to PP2Ca., a known phosphatase for the AL
site of the a. subunit. Consistent with our hypothesis, the T479A mutation inhibited
dephosphorylation of the AL site by PP2Ca. (Figure 4C and 4D). The phospho-mimetic
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mutant (T479E) was as sensitive to PP2Ca as wild type a subunits phosphorylated on
Thr479, and more sensitive than T479A (Figure S4E). Furthermore, T479A, but not T479E
ST-stretch polypeptide, associated with the kinase domain of the a subunit /n vitro (Figure
4E). These data suggest that the ST-stretch may provide a unique phosphorylation-sensitive
shield for the AL site: GSK3-dependent Thr479 phosphorylation may inhibit the association
of the ST-stretch with the kinase domain, thereby inducing dephosphorylation of the AL site
by phosphatase.

The PI3K-Akt pathway inhibits AMPK via GSK3-dependent Thr479 phosphorylation of the a

subunit

How is GSK3-mediated AMPK inhibition regulated? Interestingly, glucose starvation-
induced phosphorylation of the AL site of the AMPK a subunit and of Acetyl-CoA
Carboxylase (ACC1/2), a major AMPK substrate, were suppressed by serum stimulation in
a phosphoinositide 3-kinase- (P13K) and GSK3-dependent manner (Figure 5A), suggesting
that PI3K and GSK3 function in the same pathway to inhibit AMPK activity. Moreover, the
level of Thr479 phosphorylation was dramatically enhanced by both serum and insulin
treatment in a GSK3-dependent manner (Figure 5B and S5A). Consistently, insulin-induced
AL dephosphorylation of the a subunit and the inhibition of AMPK activity were restored
by GSK3 inhibitors (Figure 5C and S5A). In further support of these observations, genetic
ablation of both GSK3a and GSK3p abolished insulin-induced AL de-phosphorylation
(Figure 5D), and insulin stimulation failed to suppress AMPK kinase activity in GSK3-
deficient cells (Figure S5B). Although ablation of GSK3a or GSK3p partially attenuated
insulin-induced Thr479 phosphorylation of the AMPK a subunit, ablation of either isoform
alone failed to block insulin-induced AL dephosphorylation (Figure S5C), suggesting that
both GSK3a and GSK3p contribute to insulin-induced AL dephosphorylation of the AMPK
a subunit. Importantly, insulin failed to induce AL dephosphorylation in the T479A mutant
of the AMPK a subunit (Figure 5E), indicating that GSK3-dependent Thr479
phosphorylation is essential for insulin-induced AL dephosphorylation. Together, these data
indicate insulin/PI3K is required for GSK3 to phosphorylate Thr479 and inhibit AMPK
activity.

The insulin/PI3K-Akt pathway phosphorylates Ser9 in the N-terminus of GSK3p to block
GSK3p from phosphorylating primed substrates (Cross et al., 1995). The phosphorylated N-
terminus of GSK3p acts as a pseudo substrate and occupies its phosphate binding pocket
through the intra-molecular interaction with the Arg96 (R96) residue of GSK3p. Thus, it has
been proposed that GSK3-dependent phosphorylation of non-primed substrates such as Axin
is not blocked by Akt-dependent GSK3 phosphorylation (Frame et al., 2001). Indeed, Ser9
of GSK3p co-IPed with the AMPK complex was largely phosphorylated upon insulin
treatment (Figure S5D). To examine whether insulin-induced Ser9 phosphorylation of
GSK3p modulates its kinase activity towards the AMPK a subunit, we compared the ability
of Ser9-phosphorylated GSK3 and non-phosphorylated GSK3p to phosphorylate Thr479 of
the ST-stretch /n vitro. Although the activity of Ser9-phosphorylated GSK3p towards a
primed substrate (e.g. pTSC2) was significantly decreased as expected (Figure S5E), the
kinase activity of Ser9-phosphorylated GSK3p for the ST-stretch of the a subunit or another
non-primed substrate (Tau) was comparable to the kinase activity of non-phosphorylated
GSK3p (Figure S5F and S5G). These data suggest that growth factor-induced
phosphorylation of Ser9 does not affect GSK3p to phosphorylate Thr479 of the AMPK a
subunit. However, it remains unclear why insulin promotes GSK3-dependent Thr479
phosphorylation of the AMPK a subunit.

Previous studies have demonstrated that Akt enhances Ser485 phosphorylation of the a
subunit and inhibits AMPK activity in heart tissue and vascular smooth muscle cells via
unknown mechanisms (Horman et al., 2006; Kovacic et al., 2003). We speculated that Akt
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phosphorylation of the AMPK a subunit might positively influence GSK3-dependent
Thr479 phosphorylation in a hierarchical manner, but not in a priming-dependent fashion
since R96A GSK3, which is not able to recognize a primed phosphate, still sufficiently
phosphorylates Thr479 of the a subunit /n vivo. To test this hypothesis, we examined the
effect of insulin or active Akt overexpression on the phosphorylation of Thr479 in the
S485A a subunit mutant, which is unable to be phosphorylated by Akt. As expected, insulin
and active Akt effectively enhanced both Thr479 (GSKS3 site) and Ser485 (Akt site)
phosphorylation and inhibited AL phosphorylation in the wild type a1 subunit, and the
reduction of AL phosphorylation were completely blocked in the T479A mutant (Figure 5E
and 5F). Interestingly, they failed to stimulate Thr479 phosphorylation and to
dephosphorylate AL phosphorylation in the S485A mutant (Figure 5E and 5F), suggesting
that endogenous GSK3-depependent Thr479 phosphorylation requires Akt-dependent
Ser485 phosphorylation /n vivo. Importantly, the phosphorylation of Ser485 (Akt site) alone
is not sufficient to produce AL dephosphorylation because Ser485 is highly phosphorylated
by insulin or active Akt in the T479A mutant (Figure 5E and 5F). Finally, Ser485
phosphorylation does not affect the interaction of GSK3p with the AMPK complex (Figure
S5H). Collectively, these data demonstrate a novel regulatory mechanism wherein anabolic
stimuli such as serum and insulin suppress AMPK activity through an unexpected
collaboration between Akt and GSK3, which regulate the phosphatase accessibility towards
AL phosphorylation of the a subunit via successive phosphorylations of the ST-stretch. To
validate these observations obtained from cell lines, GSK3-mediated AL dephosphorylation
of the a subunit was investigated under more physiological conditions. In murine heart
tissue and primary hepatocytes, insulin treatment significantly enhanced Thr479
phosphorylation and induced AL dephosphorylation, while LiCl pretreatment abolished the
effects of insulin on these phosphorylation sites (Figure 5G and S51). Furthermore, GSK3-
dependent Thr479 phosphorylation in heart tissue requires PI3K-Akt activity, as insulin
failed to stimulate Thr479 phosphorylation when the PI3K-Akt pathway was downregulated
by the constitutive activation of mMTORCL signaling that occurs in the muscle-specific 7sc1
knockout mice (Harrington et al., 2004; Hsu et al., 2011; Yu et al., 2011) (Figure 5H). The
reciprocal relationship between Thr479 and AL site phosphorylation was also observed
under other physiological settings such as satiety, where food intake stimulated Thr479
phosphorylation but inhibited AL phosphorylation in a GSK3-dependent manner (Figure
S5J). These observations indicate that GSK3 also functions as a critical negative regulator
for AMPK activity /in vivo.

Loss of GSK3-dependent AMPK inhibition causes metabolic inflexibility

Finally, the functional importance of GSK3 in the regulation of AMPK signaling was
interrogated in al/a.2 double knockout MEF cells stably expressing only wild type or
T479A mutant a1 subunit (Figure S6). AMPK phosphorylates and inhibits both ACC and
Raptor (Gwinn et al., 2008), stimulating fatty acid beta-oxidation (Merrill et al., 1997) and
inhibiting protein synthesis, respectively. These processes are important for maintaining
cellular energy under stress conditions. In contrast, under anabolic conditions, growth
factors such as insulin stimulate fatty acid and protein synthesis. Both ACC and Raptor
phosphorylation were diminished in AMPKa1/a.2 double knockout MEF cells, confirming
that AMPK, but not other kinases, is responsible for these phosphorylation events (Figure
6A). In two reconstituted cell lines, the levels of ACC and Raptor phosphorylation under
serum starvation conditions were similar. However, insulin treatment inhibited ACC as well
as Raptor phosphorylation in cells expressing the wild type a1 subunit, but not the T479A
a1 subunit (Figure 6A), suggesting that GSK3-dependent Thr479 phosphorylation may play
an important role in the catabolic-to-anabolic state transition. Consistent with this
hypothesis, the rate of protein synthesis was significantly lower in cells expressing the
T479A a1 subunit than in cells expressing wild type a1 subunit after serum stimulation
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(Figure 6B). The data indicate that disrupting GSK3 function in the AMPK complex failed
to drive sufficient anabolic responses to growth factor stimuli. We next examined the effect
of GSK3-mediated AMPK function in catabolic processes. Recent studies demonstrated that
AMPK also plays a role in the induction of autophagy, a major catabolic pathway for protein
degradation and recycling (Egan et al., 2011; Kim et al., 2011). Interestingly, cells
expressing the T479A mutant a1 subunit showed significantly higher autophagosome
formation (Figure 6C) as well as autophagic flux (Figure 6D) compared to wild type cells
after serum stimulation. Together, these data demonstrate that GSK3-dependent Thr479
phosphorylation of the a subunit is critical for cells to enter an anabolic state in response to
environmental cues.

DISCUSSION

The data presented in this study reveal an unexpected role for GSK3 in sensing anabolic
stimuli to inhibit the AMPK pathway. The ability of endogenous GSK3 to phosphorylate
and inhibit the a catalytic subunit of AMPK requires PI3K-Akt signaling, which
paradoxically is a major canonical inhibitory pathway for regulation of GSK3 activity in
other systems. However, our studies demonstrate a novel mechanism where GSK3 is able to
continue to phosphorylate the ST-stretch of the AMPK a subunit and inhibit AMPK activity
in a timely manner when cells are ready to transition from catabolic to anabolic conditions.

Recent crystal structures of the mammalian AMPK heterotrimeric complex omit the region
that contains the ST-stretch of the a subunit due to its extensive flexibility (Xiao et al.,
2011). Interestingly, our study suggests that this flexible region functions as a
phosphorylation-sensitive switch that regulates phosphatase accessibility to the kinase
domain of the a subunit (Figure 6E). Through an increase in negative charge of the ST-
stretch via successive phosphorylations achieved by GSK3 and Akt, this molecular switch
plays an important role for the catabolic-to-anabolic conversion in cultured cells. Our data
indicate that upon growth factor-mediated PI3K activation, Akt first phosphorylates Ser485
on the ST-stretch of AMPK a subunit, which induces GSK3-dependent Thr479
phosphorylation in a non-primed manner and subsequent dephosphorylation of the AL site
of the a. subunit. Therefore, although Akt has been widely recognized as a primary
suppressor for both GSK3a and B via its Ser21 and Ser9 phosphorylation, respectively, thus
predominantly inhibiting the activity of GSK3 to phosphorylate primed substrates, the
activity of GSK3 to phosphorylate Thr479 of the AMPK a subunit is nonetheless still
maintained. However, the precise molecular mechanism by which Akt-dependent Ser485
phosphorylation enhances GSK3-dependent Thr479 phosphorylation remains elusive. Given
that the interaction of endogenous GSK3 with the AMPK complex is not changed by growth
factor stimulation (Figure S1E) and Akt-induced Ser485 phosphorylation of the a subunit
(Figure S5H), we speculate that Ser485 phosphorylation of the a subunit may induce an
intermolecular conformation change that unmasks or exposes the Thr479 residue on the ST-
stretch to GSK3. Our data also suggest that upon Thr479 phosphorylation of the a subunit
by GSK3, a subsequent conformational change of the ST-stretch plays an important role in
regulating the accessibility of phosphatase to the AL site. We found that the phospho-
defective, but not the phospho-mimetic, ST-stretch of the a subunit interacts with its kinase
domain. Since phosphorylation of the ST-stretch by Akt and GSK3 induces AL
dephosphorylation and inhibits the activity of AMPK /n vivo, the non-phosphorylated ST-
stretch may block the accessibility of phosphatase to the AL site. However, in contradiction
to our simple assumption, the phospho-defective (T479A) ST-stretch polypeptide, which has
a higher affinity for the kinase domain of the AMPK, did not significantly protect against
PP2Ca-induced AL dephosphorylation of the a subunit /n vitro (data not shown). These
results indicate that the ST stretch polypeptide, which encompasses 57 amino acids near the
carboxyl terminus of the AMPK a subunit, is not a region directly responsible for repelling
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phosphatase accessibility to the AL site. Instead, we posit that regions adjacent to the ST
stretch may function as a shield for the AL site from the phosphatases.

Our observations suggest that the PI3K-Akt-GSK3 mediated AMPK inhibition plays
important roles in rapid catabolic-to-anabolic conversion such as growth factor-induced
protein synthesis and possibly the storage of energy as glycogen. Interestingly, previous
studies demonstrated that GSK3 collaborates with or supports AMPK function to inhibit
glycogen and protein synthesis under catabolic conditions. Glycogen synthase (GS) is
negatively regulated by AMPK- and GSK3-dependent phosphorylation under catabolic
conditions where AMPK phosphorylates Ser8, while GSK3 phosphorylates Ser641, Ser645,
Ser649, and Ser653 in a manner dependent on CK2-induced Ser657 phosphorylation (Fiol et
al., 1987; Jorgensen et al., 2004). Interestingly, maximal activation of GS was observed
when both AMPK and GSK3-mediated phosphorylation were blocked /n vitro (Skurat et al.,
1994). It is likely that upon anabolic stimuli, active Akt inhibits GSK3 to phosphorylate
primed phosphorylation sites on GS, and may simultaneously suppress AMPK
phosphorylation of GS by inducing GSK3-mediated Thr479 phosphorylation of the AMPK
a subunit. Consistent with our hypothesis, a recent study showed that insulin stimulation
reverses both GSK3- and AMPK-mediated phosphorylation of GS (Hunter et al., 2011).
TSC2, a Tuberous Sclerosis Complex (TSC) gene product, is a critical suppressor of
mTORC1 that stimulates translation initiation and protein synthesis (Sengupta et al., 2010).
TSC2 is negatively regulated by Akt-dependent phosphorylation under anabolic conditions,
but is positively regulated by AMPK and GSK3-dependent phosphorylation under catabolic
conditions (Inoki et al., 2006; Manning et al., 2002). Our findings suggest that active Akt
may inhibit TSC2 through not only its direct phosphorylation but also attenuation of both
AMPK and GSK3-mediated TSC2 phosphorylation under anabolic conditions.

From a pathophysiological point of view, disruption of GSK3 function in the AMPK
complex may have beneficial effects in preventing the progression of metabolic disorders
such as insulin resistance and obesity because increasing AMPK activity supports glucose
oxidation and inhibits lipogenesis (Steinberg and Kemp, 2009). Intriguingly, GSK3
inhibitors have recently been shown to stimulate glucose uptake and suppress certain
gluconeogenic gene expression /n vitro and /n vivo by unknown mechanisms (Dokken et al.,
2005; Lochhead et al., 2001; Ring et al., 2003). We speculate that these anti-diabetic
properties may be mediated at least in part through the activation of AMPK (Koo et al.,
2005; Lochhead et al., 2000). While clarification of the physiological relevance of GSK3-
AMPK regulation may require generation of an a1l/a2 T479A knock-in mouse model, our
biochemical data raise the possibility that facilitating GSK3 dissociation from the AMPK
complex may represent a novel therapeutic approach for stimulating AMPK activity without
suppressing cellular energy levels.

EXPERIMENTAL PROCEDURE

Kinase assays

For the AMPK kinase assays, HEK293T or MEF cells were lysed with RIPA buffer (50 mM
Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM EDTA and EGTA, 0.5% deoxycholic acid, 0.1%
SDS, 1% Triton X-100, 1 mM DTT, 1mM PMSF, 10 mM pyrophosphate, 50 mM NaF, and
protease inhibitors) and AMPK was IPed by HA (for exogenous) or AMPK (for
endogenous) antibody with protein G-Sepharose beads. IPed AMPK was subjected to a
kinase reaction mixture (18 mM HEPES [pH 7.5], 10 mM MgCl,, 50 uM cold ATP, 1 mM
DTT, 1 uCi [y-32P] ATP) with GST-fused TSC2 fragments (1193-1247 amino acid)
purified from bacteria as substrates. Reaction mixtures were then incubated for 30 min at
30°C, terminated with SDS sample buffer, and subjected to SDS-PAGE and
autoradiography. For the GSK3p or LKB1 kinase assay, GST-fused AMPK a1 fragments
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purified from bacteria or full length AMPK a1 purified from Sf9 cells were used as
substrates, respectively. Conditions for these kinase reactions were the same as those used
for the AMPK Kkinase assay.

In vitro de-phosphorylation assays

HA-AMPKal or indicated HA-AMPKa1 mutants were purified from HEK293T cells in the
presence of LKB1 and GSK3p expression. The immunoprecipitates were incubated at 25 °C
in a buffer containing 50 mM Tris, [pH 7.5], 100 mM NaCl, 0.1 mM EDTA and 2.5 mM
MgCly,, in the presence or absence of recombinant PP2Ca (Calbiochem).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GSK3 associates with the AMPK heterotrimeric kinase complex through the g

regulatory subunit

(A) Endogenous AMPK a1 or a2 subunit co-1Ps endogenous GSK3p in HEK293T cells.
(B) All three AMPK subunits co-IP with GSK3p in HEK293T cells.
(C) AMPK al/a2 subunits are dispensable for the interaction between GSK3p and the p/y
heterodimer. HA- GSK3p sufficiently co-1Ps with Flag-AMPK B1 subunit in AMPK a.1/2
double knockout MEF cells.
(D) AMPK a1 and y1 subunits are dispensable for the interaction of GSK3 with the p/y
and a/p heterodimers, respectively. His-tagged AMPK B1 subunit and the indicated AMPK
subunits were expressed with GSK3p in Sf9 insect cells. GSK3 co-purifies with the His-p1
AMPK subunit (Elution) in the absence of the al ory 1 subunit expression. See also Figures

S1.
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Figure 2. AMPK a subunit isan atypical substrate of GSK3

(A) Location and sequence conservation of the ST-stretch of the asubunit.

(B) GSK3p-induced phosphorylation of the a1 subunit is largely abolished in T479A al
mutant in HEK293T cells. The mobility shift was monitored by Phos-Tag"™ acrylamide gel
electrophoresis.

(C) GSK3p phosphorylates the a1 subunit /n vitro. Myc-tagged wild type or kinase inactive
GSK3p was purified from HEK293T cells. A GST-AMPK a1 subunit fragment (aa. 463
520) containing the ST-stretch purified from bacteria was used as a substrate.

(D) T479A mutation of the a subunit abolishes GSK3p-induced AMPK phosphorylation /n
vitro. *p<0.05, **p<0.01 vs WT or 483A with GSK3, mean+SEM (n=3).

(E) Stoichiometry analysis of GSK3p-induced ST stretch phosphorylation. The indicated
polypeptides (10 M) were subjected to /n vitro kinase assay using GSK3p (0.23 uM)
purified from Sf21 insect cells. Note that unprimed TSC2 peptide containing GSK3
phosphorylation sites was used in this assay.

(F) GSK3 inhibitor-sensitive Thr479 phosphorylation of the a subunit. Levels of Thr479
phosphorylation of the IPed endogenous AMPK a1 subunit were detected with a phospho-
specific Thrd79 antibody. CHIR99021 (10 nM for 1 hr) treatment was performed.

(G) Ablation of GSK3 expression abolishes Thr479 phosphorylation of the endogenous
AMPK a subunit. GSK3a was knocked down in wild or GSK3p~/~ MEF cells.
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(H) GSK3p mutant (R96A) phosphorylates Thr479 of the a1 subunit in HEK293T cells.
See also Figures S2.
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Figure 3. GSK3-induced Thr479 phosphorylation inhibits AL phosphorylation and kinase
activity of the a subunit

(A) Reciprocal correlation between Thr479 and Thr172 (AL) phosphorylation of the a
subunit. Levels of AL and Thr479 phosphorylation and the kinase activity of endogenous
AMPK al subunit were monitored. Pretreatment with DMSO or GSK3 inhibitors,
CHIR99021 (10 nM), BIO (5 pM), or LiCl (20 mM) treatment for 1 hr was performed
before harvesting the HEK293T cells. **p<0.01 vs other groups; mean+SEM (n=3).

(B) GSK3p inhibits AL phosphorylation through its kinase activity. Levels of AL and
Thr479 phosphorylation were monitored in the presence or absence of GSK3 inhibitors in
serum-starved HEK293T cells.

(C) GSK3p inhibits AL phosphorylation via Thr479 phosphorylation. Levels of AL and
Thr479 phosphorylation and the kinase activity were monitored in serum-starved HEK293T
cells. **p<0.01 vs other groups; mean+=SEM (n=3).

(D) GSK3B inhibits AL phosphorylation via Thr479 but not Ser475 or Thr471
phosphorylation. GSK3p-induced reduction of AL phosphorylation in the indicated a1
mutant was monitored in serum-starved HEK293T cells. See also Figures S3.
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Figure 4. GSK 3-induced Thr479 phosphorylation enhances the sensitivity of phosphatase
towardsthe AL site of thea subunit

(A) GSK3B inhibits AL phosphorylation in a manner independent of adenine nucleotide
exchange on the -y regulatory subunit in serum-starved HEK293T cells.

(B) The T479E a1 mutant is resistant to the induction of its AL phosphorylation upon
glucose starvation. Transfected cells cultured in growth media containing 10% FBS were
treated with glucose-free DMEM without serum for 2 hrs. The ratio of phospho-
AMPK(T172): total AMPK was determined. Data were expressed as meanSEM (n=3).

(C and D) The T479A a1 mutant shows resistance to PP2Ca-induced AL de-
phosphorylation in vitro. The indicated AMPK complex containing wild type or the T489A
al subunit was purified from HEK293T cells and incubated with PP2Ca. in vitro. 250 nM
PP2Ca was used in the time course experiments (C). The PP2Ca titration experiments were
incubated for 1 hr (D). Levels of AL phosphorylation were quantified. *p<0.05, **p<0.01 vs
WT, mean+SEM (n=3).

(E) T479A, but not T479E, a1 polypeptide interacts with the kinase domain of the al
subunit. GST pull-down assays were performed using the indicated GST-ST-stretch
polypeptides purified from E. coli and cell lysates expressing HA-AMPK a1 kinase domain
(aa. 1-312, T172D). Intensity of the pulled down kinase domain was quantified. **p<0.01
vs. other groups, mean=SEM (n=3). See also Figures S4 and Supplemental Methods for
additional details.
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Figure 5. The PI3K-Akt pathway inhibits AMPK via GSK 3-dependent Thr479 phosphorylation
of the AMPK a subunit

(A) Serum stimulation inhibits AL phosphorylation of the endogenous a subunit in a PI3K-
and GSK3-dependent manner. Serum- and glucose-starved MEF cells were stimulated with
10% dialyzed serum for the indicated times in the presence or absence of PI3K inhibitor
(LY294002: 20 M; preincubation for 2 hrs) or GSK3 inhibitors (LiCl: 20 mM, BIO: 5 pM;
preincubation for 2 hrs). Levels of AL phosphorylation of endogenous AMPK a subunit
were quantified. *p<0.05, **p<0.01 vs time 0, mean+SEM (n=3).

(B) Serum stimulation induces GSK3-dependent Thr479 phosphorylation of the a subunit.
MEF cells were treated with the indicated concentrations of serum for 30 min in the
presence or absence of GSK3 inhibitors.

(C) Insulin enhances GSK3-dependent Thr479 AMPK phosphorylation. The effect of
insulin (100 nM for 60 min) on Thr479 or AL phosphorylation, or the kinase activity of the
a1 subunit was monitored in the presence or absence of the GSK3 inhibitors in serum-
starved HEK293E cells. **p<0.01 vs other groups, mean+SEM (n=3).
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(D) Ablation of GSK3 attenuates insulin-induced Thr479 phosphorylation and AL de-
phosphorylation. GSK3a was knocked down in GSK3B~/~ MEF cells. The effects of insulin
(100 nM) on AL and Thr479 phosphorylation of the endogenous a subunit were monitored.
(E) Insulin-dependent Ser485 phosphorylation is required for GSK3-induced Thr479
phosphorylation. HEK293E cells were transfected with the indicated AMPK a1 subunits.
The cells were treated with insulin (100 nM) for 60 min.

(F) Active Akt induces AL dephosphorylation through GSK3-dependent Thr479
phosphorylation in HEK293E cells.

(G) Insulin induces AL dephosphorylation in a GSK3-dependent manner /n vivo. C57BL/6J
male mice starved for 16 hours were treated with insulin (1 mU/g, ip) for 60 min. LiCI (200
a/g, ip) was injected 2 hrs before obtaining heart tissues. **p<0.01 vs other groups, mean
+SEM (n=5).

(H) PI3K activity is required for GSK3-dependent AMPK inhibition /n vivo. Wild type and
muscle-specific TSC1 knockout male mice were treated as Figure 5G. **p<0.01 vs other
groups, NS indicates “not significant”, mean=SEM (n=3). See also Figures S5.

Mol Cell. Author manuscript; available in PMC 2014 May 09.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Suzuki et al.

Page 21

T479A

WT
WT _ T479A KO

insulin (1000NM) = + = + = + -
PS79-ACC s == s - = . = ,:;,‘:

N

ACC we o v e e n‘
pS792-Raptor  #% - : .-
-
Raptor W e aNe e o o= -

PTIT2AMPKA e

Protein synthesis
Protein synthesis (Arbitrary units)

pT479-AMPKa _ .
wT T479A
AMPKG s ———
o - -
pS473-AKT —_ - p— B
AKT | s - — pS792-Raptor - —
RapIOr i - - -
pT172-AMPKa Ngp——
PT479-AMPKO s
AMPKO g s s o o o
WT T479A

D NH4CI

@ Starve->Growth o Starve -> Growth
& N 50
& 15min 30 60 ° 15min 30 60

LC3-| e e > @ @D - - -

LC3-lI - o ——

LC3 stain

B-actin

40

Ratio of LC3
N @
S 3

3

°

wT T479A Starve 15min 30min 60min

Starve > Growth
NH4CI

Catabolic Anabolic
condition condition

Activation
Loop

Active Insulin Inactive

Figure 6. Loss of GSK 3-dependent AMPK inhibition causes metabolic inflexibility

(A) Insulin fails to suppress ACC1/2 and Raptor phosphorylation in T479A MEF cells. The
indicated MEF cells were serum-starved for 16 hours and then stimulated with insulin (100
nM) for 60 min. See also Figures S6.

(B) Lower levels of protein synthesis are observed in T479A MEF cells. The indicated MEF
cells were serum-starved for 16 hours and then stimulated with serum (10%) for 4 hours.
Nascent protein synthesis was determined (upper panel). The rate of nascent protein
synthesis was quantified by the expression of B-actin. *p<0.05, mean+SEM (n=3).

(C) Higher autophagic activity is observed in T479A MEF cells. Autophagosome formation
was monitored in the indicated MEF cells in the presence of serum stimulation (10% for 60
min). The number of LC3-puncta per cell was measured and quantified in the indicated MEF
cells. **p<0.01, meantSEM (n=15).

(D) Higher autophagic flux is observed in TA79A MEF cells. MEF cells were stimulated
with serum (10% for 60 min) in the presence of NH4CI. The ratio of LC3-11/LC3-I was
quantified. *p<0.05, vs WT 30 min, mean£SEM (n=3).
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(E) Schematic model of AMPK inhibition by GSK3. Under catabolic conditions (low energy
and low PI3K-Akt activity), the binding of AMP or ADP to the -y subunit promotes the
association of the a.-hook with the -y subunit and the subsequent interaction of the kinase
domain (KD) with the B subunit. Simultaneously, the non-phosphorylated ST-stretch and its
adjacent region of the a subunit (blue bar) may sterically hinder phosphatase accessibility
for the activation loop (left panel). In response to anabolic stimuli (high PI3K-Akt activity),
successive phosphorylations on the ST-stretch of the a subunit induced by Akt and GSK3
may promote dissociation of the ST-stretch from the KD, thereby allowing the phosphatase
to dephosophorylate AL loop (middle panel). Under anabolic conditions (high energy), the
KD of the a subunit may be further exposed to the phosphatase through additional
conformational changes in the a-hook and linker region (right panel). A previous structure
study proposed that the dissociation of the a.-hook from the -y subunit precedes nucleotide
exchange (AMP/ADP to ATP) on the y subunit (Xiao et al., 2011). Whether this steric
change of the ST-stretch triggers dissociation of the a hook from the -y subunit remains to
be resolved.
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