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Structural insight into the autoinhibition mechanism
of AMP-activated protein kinase
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The AMP-activated protein kinase (AMPK) is characterized by
its ability to bind to AMP, which enables it to adjust enzymatic
activity by sensing the cellular energy status and maintain the
balance between ATP production and consumption in eukaryotic
cells1,2. It also has important roles in the regulation of cell growth
and proliferation, and in the establishment and maintenance of
cell polarity3. These important functions have rendered AMPK an
important drug target for obesity, type 2 diabetes and cancer
treatments4. However, the regulatory mechanism of AMPK
activity by AMP binding remains unsolved. Here we report the
crystal structures of an unphosphorylated fragment of the
AMPK a-subunit (KD-AID) from Schizosaccharomyces pombe
that contains both the catalytic kinase domain and an autoinhibi-
tory domain (AID), and of a phosphorylated kinase domain from
Saccharomyces cerevisiae (Snf1-pKD). The AID binds, from the
‘backside’, to the hinge region of its kinase domain, forming con-
tacts with both amino-terminal and carboxy-terminal lobes.
Structural analyses indicate that AID binding might constrain
the mobility of helix aC, hence resulting in an autoinhibited
KD-AID with much lower kinase activity than that of the kinase
domain alone. AMP activates AMPK both allosterically and by
inhibiting dephosphorylation5,6. Further in vitro kinetic studies
demonstrate that disruption of the KD-AID interface reverses
the autoinhibition and these AMPK heterotrimeric mutants no
longer respond to the change in AMP concentration. The struc-
tural and biochemical data have shown the primary mechanism of
AMPK autoinhibition and suggest a conformational switch model
for AMPK activation by AMP.

AMPKs are highly conserved heterotrimeric enzymes found in
most eukaryotic species. The catalytic a-subunit contains a conven-
tional Ser/Thr kinase domain, followed by an autoinhibitory
sequence and a C-terminal segment for interacting with the
b-subunit7,8 (Supplementary Fig. 1). The activity of AMPK is tightly
regulated by upstream kinases through the phosphorylation of a
conserved threonine (Thr 172 in rat) within the activation segment9.
Furthermore, 59-AMP that binds to the regulatory c-subunit acti-
vates AMPK by eliciting allosteric changes and inhibiting pThr 172
dephosphorylation5,6,10. The scaffold b-subunit bridges a- and c-
subunits by means of its C-terminal sequence, and contains a central
non-catalytic glycogen-binding domain that may sense the status of
cellular energy reserved in the form of glycogen11,12. In addition to
AMP, the thienopyridone A-769662 was reported to directly activate
AMPK by an unexpected mechanism involving the glycogen-binding
domain of the b1-subunit, highlighting a regulatory role of the
b-subunit in modulating AMPK activity13–16. Recently, the core
structures of the abc heterotrimers from yeast and mammals, con-
taining the whole c-subunit but only the C-terminal interacting seg-
ments of the a- and b-subunits, have been independently

determined17–19. Because the critical kinase domain and autoinhibi-
tory sequence were not included, many outstanding questions con-
cerning the regulatory mechanism of AMPK activity remain, such as
how the catalytic kinase domain is regulated by the autoinhibitory
sequence and how AMP binding to the c-subunit can ultimately
enhance the kinase activity in the a-subunit.

We generated and purified the kinase domains and KD-AID frag-
ments from rat and yeast AMPKs, and all proteins could be readily
phosphorylated and activated by CaMKKb15 (Supplementary Fig. 2).
Like mammalian AMPK, the yeast KD-AID fragments were inactive in
their unphosphorylated state, and exhibited low basal kinase activities
when phosphorylated at the Thr residues (Thr 189 in S. pombe and
Thr 210 in S. cerevisiae; Fig. 1a–c). The differences between the enzy-
matic activities of yeast kinase domains and those of KD-AID frag-
ments were found to be around tenfold, comparable to the 17-fold
increase of the rat kinase domain to its KD-AID7. These data demon-
strate that the autoinhibitory property is evolutionarily conserved.

To determine the molecular and structural basis for the autoinhi-
bition by the AID and the activation by upstream kinases, we solved
a 2.8-Å structure of the unphosphorylated KD-AID fragment from
S. pombe (Fig. 1d), and a 2.9-Å structure of the phosphorylated kinase
domain from S. cerevisiae (Snf1-pKD) (Fig. 1e and Supplementary
Fig. 3). Both kinase domains have the same canonical Ser/Thr protein
kinase fold as those from S. cerevisiae Snf1 (Protein Data Bank (PDB)
accession codes 3FAM and 2FH9)20,21 and human AMPK-a2 (also
known as PRKAA2; PDB accession codes 2H6D and 2YZA). The
N-terminal lobe consists of a five-stranded antiparallel b-sheet and
two a-helices, including the prominent helix aC, whereas the
C-terminal lobe is dominated by a-helices. Snf1-pKD displays a
‘closed’ conformation, although the phosphorylated Thr 210 is
invisible, whereas the unphosphorylated kinase domain of S. pombe
KD-AID adopts an ‘open’ inactive conformation readily superim-
posed to Snf1-KD22 (Fig. 1f). The AID adopts a compact conforma-
tion consisting of three a-helices (a1–a3), and binds to the backside
of the kinase domain through a new mechanism (see later).

Both structures comprise two molecules within an asymmetric unit
that form head-to-tail dimers involving the activation segments and
helices aG. Notably, the well-ordered activation segment of S. pombe
KD-AID is jammed into its active site, and the critical catalytic resi-
dues make several intra- and intermolecular contacts (Supplementary
Fig. 4). Such a dimeric interaction is expected to inhibit its kinase
activity. To determine the biological significance of crystal packing
interfaces of dimeric kinase domains23, we first characterized the oli-
gomeric state of AMPK fragments in solution (Supplementary Fig. 5).
Unlike the kinase domain or the KD-AID fragment from S. cerevisiae
that showed phosphorylation-dependent dimer–monomer switch,
both unphosphorylated and phosphorylated S. pombe KD-AID were
eluted as monomers. Similar results were obtained with the S. pombe
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kinase domain and rat proteins. These data indicate that the dimers
observed in our crystals are probably crystallization artefacts. The
structural analyses hereafter were on the basis of monomer A of
S. cerevisiae Snf1-pKD, and monomer B of S. pombe KD-AID, with
lower average temperature factors (Supplementary Table 1).

Although no homologue structure was found for KD-AID in the
PDB using the Dali server, the kinase domain and AID separately
show high similarity to the kinase domain and ubiquitin-associated
(UBA) domain of the AMPK-related protein kinases MARKs24. Both
the AID of AMPK and the UBA domain of MARK fold into a non-
canonical UBA conformation, yet they differ in both their interaction
mode and regulatory function (Fig. 2 and Supplementary Fig. 6). In
MARK, the UBA domain binds exclusively to the N-lobe of its kinase
domain, and is required for its phosphorylation24,25. In contrast, the
AID binds to the hinge region, opposite to the catalytic cleft of the
kinase domain, and is not essential for the phosphorylation/activa-
tion of AMPK15 (Fig. 1). In KD-AID, both the N- and C-lobes of the
kinase domain are engaged with the AID, resulting in the burial of
,1,500 Å2 exposed surface area. The predominantly hydrophobic
interactions mainly involve four helices: a1 and a3 from the AID
and aC and aE from the kinase domain. In particular, the invariant
Leu 341 on helix a3 penetrates into a groove lined by hydrophobic
residues from both lobes of the kinase domain (Fig. 2c). In turn,
highly conserved Leu 88 at the C terminus of helix aC nestles into a
hydrophobic pocket on the AID, gated by Met 316 of helix a1 and
Leu 342 of helix a3. As well as the hydrophobic contacts, the nega-
tively charged Glu 344 on helix a3 of the AID interacts with positively
charged Arg 149 from the C-lobe, which also hydrogen bonds to the
linker connecting the AID with its kinase domain (Fig. 2d). The side
chain of the next residue Asn 345 is in contact with Tyr 146 from the
C-lobe and Arg 90 from the N-lobe. This interaction mode contrasts
sharply with that observed in MARK, in which the UBA domain
binds, mainly through its helix a3, onto the concave outer face of
the N-lobe b-sheet of its kinase domain (Supplementary Fig. 6b). In
view of the marked difference, the observed interaction mode
between AMPK kinase domain and its AID is distinct from that in
the predicted model for the human AMPK a1-subunit fragment8.

Many kinases are regulated, in addition to phosphorylation on the
activation segments, through protein–protein interactions involving
their kinase domains22,23,26. We wondered how AID-binding retains
the kinase domain in a low-activity conformation. A close-up view of
the superposition of kinase domains from S. pombe KD-AID and
Snf1-pKD shows that residues from helix aC of a phosphorylated
kinase domain could introduce a steric clash with the side chains of
the key interface residues on the AID. For instance, owing to the
inward and downward movement of helix aC, the ambulant side
chain of Leu 109 in Snf1-pKD (Leu 88 in S. pombe KD-AID) may
block the hydrophobic pocket for AID binding (Fig. 1f). Conversely,
AID binding probably constrains the mobility of helix aC, resulting
in a ‘relative open’ kinase conformation. Thus, this result discloses a
unique mechanism for modulating kinase activity by directly inter-
acting with helices aC and aE, although the interaction mode of AID
binding to the backside of its kinase domain is reminiscent of the
intramolecular autoinhibition mode observed in ZAP70 (ref. 27).

To assess the importance of the aforementioned interactions, we
generated a series of point mutations on the S. pombe KD-AID
fragment and examined their effect on catalytic function (Fig. 3a).
When the key hydrophobic residues on the AID interface were
individually replaced by charged residues (L341D, L342D and
M316E), their catalytic efficiencies were increased approximately
tenfold, comparable to that of the wild-type kinase domain. Mutant
E344K, engineered to disrupt the hydrophilic interactions, yielded a
modest but marked increase in basal activity, whereas substitution of
the next residue (N345A) had little effect. To determine the role of the
short linker connecting the AID to the kinase domain, we mutated
Arg 280 that anchors the linker via four hydrogen bonds (Fig. 2c). The
R280A mutation had no effect on kinase activity. However, mutating
Leu 312 at the hydrophobic core of the AID to charged Asp (L312D)
led to marked enzymatic activation (Supplementary Fig. 6d), which
indicates that integrity of the AID is also required for its inhibitory
function. We also mutated two crucial residues on the kinase domain
interface, L88A and R149E, and these kinase-domain mutants had
decreased catalytic activities. Nevertheless, the corresponding
mutants in the background of KD-AID had similar kinase activities,
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Figure 1 | Structure and activity of the AMPK
kinase domain and KD-AID. a–c, Time courses of
AMPK-catalysed SAMS (a modified peptide
derived from residues 73–85 of rat acetyl-CoA
carboxylase) phosphorylation. The absorption
was recorded after the addition of 100 nM rat
(a), 500 nM S. pombe (b), or 500 nM S. cerevisiae
(c) AMPK proteins. The insets show the kcat/
Km(SAMS) (Michaelis constant) values for
phosphorylated proteins (mean and s.e.m.,
n 5 3). d, Schematic and surface representations
of S. pombe KD-AID in two views related by a 90u
rotation around a vertical axis. The N- and
C-lobes of the kinase domain are coloured in red
and green, respectively, the activation segment is
in magenta, the linker is in yellow, and the AID is
in blue. e, Schematic representation of S.
cerevisiae Snf1-pKD. The N- and C-lobes are
coloured in light pink and pale green,
respectively, and the activation segment is in
orange. f, Superposition of the structures of S.
pombe KD-AID, S. cerevisiae Snf1-pKD and Snf1-
KD (PDB accession code 2FH9, in grey). In the
close-up view on the right, corresponding KD-
AID interface residues from Snf1-pKD are
highlighted in cyan and labelled in parenthesis.
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indicating that these mutations also abolished AID inhibition (data
not shown). These results indicate that the hydrophobic contacts
between the kinase domain and the AID have a predominant role
in controlling the conformational change between low- and high-
activity forms of AMPK.

Because autoinhibition by the AID is universal to AMPK subfamily
kinases, and as residues buried in the hydrophobic core of the AID are
highly conserved (Figs 1 and 2), it is reasonable to postulate that rat

AMPK also has a functionally and structurally conserved autoinhi-
bitory domain. We generated rat AMPK-a1 (also known as
PRKAA1) mutants bearing mutations corresponding to those on
the S. pombe KD-AID and examined their effects on kinase activity.
As expected, in rat KD-AID mutants R263A and N330A there was
little or no effect, whereas all others showed enhanced specific activ-
ities of more than 15-fold (Fig. 3b). To confirm the role of the AID
further, we carried out a trans-inhibition assay using isolated rat AID,
and the incomplete inhibition plateauing at ,50% provides evidence
for the non-active-site binding of the AID (Fig. 3c and
Supplementary Fig. 6e). Consistent with the effects of mutating the
interface residues of the AID in cis-configuration, mutations in the
isolated AID removed its trans-inhibition on the catalytic activity of
kinase domain (Fig. 3c, inset).

As mammalian AMPK can be allosterically regulated by AMP bind-
ing to the c-subunit, we next examined the effect of these mutations
on the AMP activation of the rat AMPK holoenzyme. The wild-type
heterotrimer is activated about twofold in the presence of 200mM
AMP, as reported7 (Supplementary Fig. 7a). Mutant N330A, with a
slightly higher initial rate, retained a certain AMP-dependence,
whereas the intrinsic activities of the remaining mutants were
increased independently of AMP (Fig. 4a and Supplementary Fig.
7b). These data suggest that the AID is central to the allosteric control
of AMPK by AMP. Therefore, we consider that the inhibition of
AMPK kinase activity is probably due to the AID interaction but
not the proposed pseudosubstrate contribution from the c-subunit28.
Intriguingly, some of the mutants exhibited even higher activity than
AMP-activated wild-type AMPK, which highlights the potential to
develop new types of small compounds that activate AMPK by ant-
agonizing the autoinhibition role of the AID, such as PT1 (ref. 29).

In addition to its allosteric effect, AMP was reported to markedly
reduce the dephosphorylation rate of AMPK6,30. Incubation of wild-
type AMPK with human protein phosphatase 2C-a (PP2C-a, also
known as PPM1A) alone led to marked dephosphorylation of
pThr 172, whereas the addition of AMP significantly slowed down
the dephosphorylation rate (Fig. 4b and Supplementary Fig. 8). In
contrast, the interface mutants drastically reduced the pThr 172-
dephosphorylation rate and largely abolished the AMP-dependence.
These results indicate that the AID interaction may facilitate the
dephosphorylation, and that this effect can be reversed by disruption
of the KD-AID interface through mutation or by AMP-binding to the
c-subunit. Together, these mutagenesis data suggest a new confor-
mational switch model for AMPK regulation: AMP binding to the
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c-subunit might transmit, by a yet unknown mechanism, onto the
AID, alter the interaction between the AID and the kinase domain,
and ultimately remove the effect of the AID on both kinase activation
and pThr 172 dephosphorylation (Supplementary Fig. 9).

A long-standing paradox concerning the regulation of AMPK is
that the a-subunit, in its isolated form, has little kinase activity and is
apparently inhibited by the autoinhibitory sequence, and yet the
AMPK holoenzyme is in a relatively active state7. To address this
question, we further evaluated the role of the AID within heterotri-
meric AMPK by detailed kinetic analyses. These analyses showed that
the AID in the holoenzyme has a bona fide inhibiting role in the rate
of phosphoryl transfer (catalytic constant, kcat) as it does in the KD-
AID, and that the catalytic activity and substrate binding affinity of
AMPK are separately regulated by AMP binding and the assembly of
b- and c-subunits onto the a-subunit (Supplementary Table 2).
Taken together, we have unravelled the structural basis of the auto-
inhibition of AMPK by the AID. The regulatory mode of AMPK by
AMP provides a new mechanism by which autoinhibitory kinases are
regulated by physiological signals.

METHODS SUMMARY

The kinase domain and KD-AID fragments of AMPKs from yeast and rat were

subcloned and purified. The rat AMPK holoenzyme was expressed in a tricistronic

vector. All mutants were generated by overlap PCR procedure. The purified

proteins were stored at 280 uC and glycerol was added to stocks used for enzy-

matic assay. Crystals of S. pombe KD-AID and S. cerevisiae Snf1-pKD were grown

by mixing proteins with ammonium sulphate and ammonium formate, respec-

tively. The structures were solved by molecular replacement and additional resi-

dues (of the AID fragment) were manually located. The data processing and

refinement statistics are summarized in Supplementary Table 1. AMPK proteins

were phosphorylated by CaMKKb, and the enzymatic activity of AMPK was

determined by a coupled spectrophotometric assay. The kinetic parameters were

obtained by fitting the experimental data to the Michaelis–Menten equation. The

dephosphorylation of AMPK by PP2Ca was analysed with western blotting.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 4 | Effect of KD-AID interface mutants on AMP-regulation of AMPK
holoenzyme. a, Activity of AMPK heterotrimeric mutants independent of
AMP change (mean and s.e.m., n 5 3). The assay was performed in the
presence of 2 nM AMPK, 1 mM ATP and 100mM SAMS, with or without the
addition of 200mM AMP. b, Effects of mutations on AMP-protection of
pThr 172 dephosphorylation (mean and s.e.m., n 5 3). Phosphorylated
AMPKs (7mM) were treated with PP2Ca (0.6 mM) for 40 min at 25 uC, in the
absence or presence of AMP (200mM).
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METHODS
Constructs, mutagenesis and protein purification. The KD-AID (residues 25–

351) and kinase domain (25–297) of S. pombe AMPK a-subunit were amplified

by standard PCR procedure from complementary DNA of strain SPQ-01 (pro-

vided by J. Liang) and inserted into pET28b vector by NcoI/XhoI sites with

C-terminal His6-tag. The KD-AID (residues 41–398) and kinase domain (41–

315) of S. cerevisiae AMPK were amplified from genomic DNA of S. cerevisiae

S288C (Invitrogen) and inserted into pET21b vector. The KD-AID (residues

1–358), kinase domain (1–280) and AID (284–358) of rat a1-subunit (cDNA

provided by P. Li) were also cloned into pET28b. The rat AMPK holoenzyme

(a1b1c1) was expressed in a tricistronic vector as reported31. All mutants were

generated by overlap PCR procedure and subjected to DNA sequencing. The

expression vector of CaMKKb was provided by C. R. Mena. All proteins, over-

expressed in E. coli BL21(DE3) cells at 20 uC, were first purified over Ni-NTA

columns (Qiagen) and further polished by ion exchange and gel filtration chro-

matography (Source-15Q/15S and Superdex-200, GE Healthcare). The KD-AID

fragments and kinase domains from S. pombe, S. cerevisiae and rat, phosphory-

lated or unphosphorylated, were stored at 280 uC and subjected to crystalliza-
tion trials. Glycerol at a final concentration of 20% (v/v) was added into protein

stocks used for enzymatic assay.

Crystallography. Crystals of S. pombe KD-AID were grown by the hanging-drop

vapour diffusion method by mixing protein (,10 mg ml21) with an equal volume

of reservoir solution containing 0.1 M sodium citrate, pH 5.6, 1.2 M ammonium

sulphate. Crystals of S. cerevisiae Snf1-pKD were grown by mixing protein

(,10 mg ml21) with an equal volume of reservoir solution containing 0.1 M

Tris, pH 8.5, 4.0 M ammonium formate. Both crystals appeared after 2–3 days

and grew to full size after 1 week. The crystals were cryoprotected in the reservoir

solution supplemented with 20% glycerol and flash-frozen under cold nitrogen

stream at 100K. The diffraction data set for KD-AID was collected at NW12 beam

line at Photon Factory (Tsukuba, Japan) with an ADSC CCD detector, and that

for Snf1-pKD collected at Beijing Synchrotron Radiation Facility with a CCD

detector. Data were processed using HKL-2000 (ref. 32). The structures were

solved by molecular replacement using Phaser33 with one molecule from Snf1

kinase domain (PDB accession 3FAM) as search model20. Additional residues that

were not included in the search model were manually located. Standard refine-

ment was performed with the programs Phenix34 and Coot35. The final model was
refined to the R and Rfree values of 21.8% and 25.7% for KD-AID and 22.7% and

26.6% for Snf1-pKD, respectively. The data processing and refinement statistics

were summarized in Supplementary Table 1. All structural representations in this

paper were prepared with Pymol (http://www.pymol.org).

Phosphorylation and activation of AMPK by CaMKKb. To determine the

phosphorylation and activation time of AMPK by CaMKKb, the AMPK proteins

were incubated in a phosphorylation buffer containing 50 mM Tris, pH 8.0, 2 mM

DTT, 100 mM NaCl, 10 mM MgCl2 and 1 mM ATP at 25 uC36,37. The reactions

were initiated by adding CaMKKb. Aliquots were withdrawn at indicated time

intervals, and reactions were terminated by adding EDTA to a final concentration

of 50 mM. The samples were then coupled to an AMPK kinase assay (see later) to

directly examine the activation of AMPK by CaMKKb, and a maximum activation

was observed after 30 min of incubation (Supplementary Fig. 2). The identical

samples were also subjected to western blot analysis to examine the phosphoryla-

tion state using an antibody against the phospho-Thr 172 of AMPK (Cell

Signaling Technologies). In the following experiments, wild-type AMPK and all

mutants (50mM) were preincubated in the phosphorylation buffer with CaMKKb
(5mM) and ATP (1 mM) for 1 h before the kinase activity assay.

Kinetic analysis of kinase activity. The enzymatic activity of AMPK was deter-

mined, with SAMS peptide as substrate, using a coupled spectrophotometric

assay38,39. This assay couples the production of ADP with the oxidation of NADH

by pyruvate kinase and lactate dehydrogenase (LDH). The standard assay was

carried out at 25 uC in 1.8-ml reaction mixture containing 50 mM MOPS,

pH 7.0, 100 mM NaCl, 0.1 mM EDTA, 10 mM MgCl2, 0.2 mM NADH,

1.0 mM phospho(enol)pyruvate (PEP), 20 units ml21 LDH, and 15 units ml21

pyruvate kinase, and varying amounts of ATP, SAMS peptide and enzyme as

indicated. Reactions were initiated by the addition of AMPK to the reaction

mixture, and the enzymatic activity of AMPK was measured spectrophoto-

metrically. Progress of the reaction was monitored continuously by following

the formation of NAD1 at 340 nm, on a PerkinElmer Lambda 45 spectropho-

tometer equipped with a magnetic stirrer in the cuvette holder. Initial rates were

determined from the linear slope of progress curves. The concentrations of ADP

formed in AMPK-catalysed reaction were determined using an extinction co-

efficient for NADH of 6220 cm21 M21. The concentration of SAMS peptide was

determined by turnover with the enzyme under conditions of limiting peptide at

a fixed concentration of ATP. The kinetic parameters were obtained by fitting the

experimental data to the Michaelis–Menten equation.

Dephosphorylation of AMPK by PP2Ca. The phosphorylated wild-type AMPK

and mutants (7mM) were incubated at 25 uC in a buffer containing 50 mM MOPS,

pH 7.0, 100 mM NaCl, 0.1 mM EDTA and 2.5 mM MgCl2, in the presence or

absence of recombinant PP2Ca (0.6mM) and AMP (200mM). At indicated time

intervals, aliquots were removed from the reservoir and the reaction was termi-

nated by the addition of gel-loading buffer. Samples were resolved by SDS–PAGE

and subjected to western blot analysis using a phospho-specific anti-AMPK

pThr 172 antibody.
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