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The AMP-activated protein kinase (AMPK) is activated
by a fall in the ATP:AMP ratio within the cell in
response to metabolic stresses. Once activated, it phos-
phorylates and inhibits key enzymes in energy-consum-
ing biosynthetic pathways, thereby conserving cellular
ATP. The creatine kinase—phosphocreatine system
plays a key role in the control of ATP levels in
tissues that have a high and rapidly fluctuating energy
requirement. In this study, we provide direct evidence
that these two energy-regulating systems are linked in
skeletal muscle. We show that the AMPK inhibits
creatine kinase by phosphorylationin vitro and in
differentiated muscle cells. AMPK is itself regulated by
a novel mechanism involving phosphocreatine, creatine
and pH. Our findings provide an explanation for the
high expression, yet apparently low activity, of AMPK
in skeletal muscle, and reveal a potential mechanism
for the co-ordinated regulation of energy metabolism
in this tissue. Previous evidence suggests that AMPK
activates fatty acid oxidation, which provides a source
of ATP, following continued muscle contraction. The
novel regulation of AMPK described here provides a
mechanism by which energy supply can meet energy
demand following the utilization of the immediate
energy reserve provided by the creatine kinase—phos-
phocreatine system.
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Introduction

Mammalian AMP-activated protein kinase (AMPK)
belongs to a family of protein kinases that play a major
role in response to metabolic stress (Corétral., 1994;
Hardie, 1994; Hardieet al, 1994; Hardie and Carling,

other metabolic pathways (Carling and Hardie, 1989;
Hardie et al., 1989). AMPK is regulated by reversible
phosphorylation, being phosphorylated and activated by a
distinct AMPK kinase (AMPKK), thereby forming a
protein kinase cascade (Carliagal., 1987; Hawleyet al.,
1995, 1996). In addition, as its name suggests, AMPK is
activated by AMP via a number of independent mechan-
isms. AMPK is activated allosterically by micromolar
concentrations of AMP (Carlingt al, 1989; Mitchelhill
etal, 1994; J.E.Sullivaet al., 1994a). AMP also activates
the upstream kinase, i.e. AMPKK is itself an AMP-
activated protein kinase (Moost al., 1991; Hawleyet al,,
1995). Finally, binding of AMP to AMPK makes it a
better substrate for phosphorylation by AMPKK and a
worse substrate for dephosphorylation by protein phos-
phatases (Daviest al, 1995; Hawleyet al, 1995). The
effects of AMP are antagonized by high concentrations
of ATP so it appears that the kinase responds to the
ATP:AMP ratio, rather than AMP itself (Hardie and
Carling, 1997). Once activated, AMPK phosphorylates a
number of enzymes involved in biosynthetic pathways,
causing their inactivation and preventing further ATP
utilization (Hardie and Carling, 1997). These findings
have led to the hypothesis that the AMPK cascade has
evolved to monitor the energy status, or fuel supply, within
the cell and to initiate appropriate energy-conserving
mechanisms in response to ATP depletion (Hardie, 1994;
Hardieet al, 1994; Hardie and Carling, 1997).

There is compelling evidence to support the hypothesis
that AMPK is regulated in response to the ATP:AMP ratio
in liver. It remains possible, however, that in other tissues,
e.g. skeletal muscle, alternative mechanisms are involved
in the regulation of AMPK. Paradoxically, although AMPK
is highly expressed in skeletal muscle, very little activity
can be detected, making it difficult to define a role for
AMPK in this tissue (Verhoevert al, 1995). Several
recent reports, however, describe a potential role for
AMPK in the activation of fatty acid oxidation in skeletal
muscle, which provides an additional source of ATP
required during contraction (Winder and Hardie, 1996;
Hutberet al, 1997; Vavvaset al, 1997). This proposed
function is perfectly consistent with the overall hypothesis
for AMPK in energy conservation.

A key feature of energy metabolism in skeletal muscle,
but not in liver, is the presence of the creatine kinase
(CK)—phosphocreatine (PCr) system (reviewed in Bessman

1997). This family of kinases has been highly conserved and Carpenter, 1985; Wallimaenal., 1992). CK catalyses
throughout evolution, and homologues have beenidentified the interconversion of creatine (Cr) and ATP with PCr

in yeast and plants (Carlingt al, 1994; Hardie and
Carling, 1997). AMPK was first identified in rat liver

and ADP. PCr can be viewed as a temporary energy buffer
providing the immediate fuel source during periods of

through its role in the phosphorylation and inactivation of contraction when ATP is used up faster than it is produced
anumber of enzymes involved in lipid metabolism (Carling (Wallimann, 1994). It is generally accepted that the CK—
et al, 1987; Hardieet al, 1989; Hardie, 1992), and PCr system is involved in maintaining the delicately
subsequently was shown to phosphorylate enzymes inbalanced ATP:ADP ratio within the muscle cell. A number
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of CK isoforms exist, and their subcellular compart- MM-CK by protein phosphatase 2C (PP2C). This is
mentalization has led to the hypothesis that PCr and Crthe first study, to our knowledge, which demonstrates
act as shuttle molecules between the sites of ATP produc-unequivocally that phosphorylation by a defined protein
tion and utilization (Wallimann, 1994). In skeletal muscle, kinase regulates MM-CK activity.
this shuttle mechanism has the advantage of targeting a
proportion of ATP to specific sites, e.g. myosin ATPase, Effect of creatine/phosphocreatine on AMPK
which have high energy demands during contraction Having established the regulation of MM-CK by AMPK,
(Wallimann, 1994). This process also prevents the overall we decided to examine the effect of PCr and Cr, the
depletion of ATP, and consequently the build up of ADP, substrates of CK, on the activity of AMPI vitro (Figure
which would be detrimental to other pathways (van 2). We found that PCr inhibits AMPK in a dose-dependent
Deursenet al., 1993). manner. In the presence of 20 mM PCr, which is within
The well established role for CK in energy metabolism, the physiological range in muscle (5-40 mM) (M.J.
combined with the reported role for AMPK in the regula- Sullivan et al, 1994; Wallimann, 1994; Steeglet al.,
tion of fatty acid oxidation in skeletal muscle, led us to 1997), the activity of AMPK was<50% of that measured
examine whether these two systems are linked. Here wein the absence of PCr (Figure 2A). In contrast, Cr had no
show, for the first time, that AMPK phosphorylates and direct effect on AMPK activity (Figure 2B), even at
inactivates the muscle-specific isoform of CK (MM-CK). 20 mM Cr, a concentration well above the physiological
Furthermore, we demonstrate that, in addition to regulation range (5—-10 mM) (M.J.Sullivaet al., 1994; Wallimann,
by the ATP:AMP ratio, AMPK activity is modulated by = 1994; Steeghst al., 1997). In the presence of 10 mM Cr,
the PCr:Cr ratio. Together, these results imply that AMPK however, inhibition of AMPK by 20 mM PCr was totally
regulates the activity of CK by responding to the level of abolished (Figure 2B). This antagonistic effect is depend-
CK substrates. The generally accepted role for CK is to ent not only on Cr concentration but also on the concentra-
maintain the high levels of ATP necessary to satisfy the tion of PCr (Figure 2C). This shows that the inhibition of
immediate energy demands required during contraction. AMPK is dependent on the ratio of PCr:Cr, rather than
Although one would imagine that this process would be on the concentration of PCr alone. Although we used
tightly regulated, until now there has been no evidence AMPK purified from rat liver for these studies, the effect
for such control. We propose that it is the AMPK which of PCr and Cr was identical if kinase isolated from rat
provides the control mechanism required for the efficient skeletal muscle was used (data not shown). A fall in the
function of CK and co-ordinates the energy status of the PCr:Cr ratio within the cell would be expected, therefore,
cell with the regulation of other metabolic pathways. to cause activation of AMPK as a result of the release of
inhibition exerted by PCr. This effect mirrors the situation
in hepatocytes, where a fall in the ATP:AMP ratio leads
to stimulation of AMPK activity (Cortoret al., 1994). In
Phosphorylation of creatine kinase by AMPK this case, however, activation is brought about by an
As a first step to determine whether CK is a physiological increase in the allosteric activator, AMP. The effect of
substrate for AMPK, we used purified MM-CK in an PCr/Cr on AMPK activityin vitro occurs in the absence
in vitro phosphorylation assay with AMPK (Figure 1A and or presence of AMP (data not shown). These results
B). SDS—PAGE analysis of the phosphorylation reaction suggest that the regulation of AMPK by the PCr:Cr ratio
revealed that a single polypeptide of 43 kDa, corresponding and the ATP:AMP ratio may act in parallel within the
to the MM-CK monomer, is phosphorylated by AMPK. cell. Since a synthetic peptide (SAMS) was used to assay
The stoichiometry of phosphorylation by AMPIK vitro for AMPK activity, it seems likely that inhibition is a
is ~0.5 mol of phosphate per mol of CK monomer (data direct effect of PCr on AMPK, rather than being substrate
not shown). During the time course of the reaction, MM- mediated.
CK was not phosphorylated in the absence of AMPK. Intracellular pH plays an important role in metabolism
The phosphorylation recognition motif for AMPK is in muscle (Dudley and Terjung, 1985; Wallimaeh al.,
O(X,B)XXSITXXX @, whereg is a hydrophobic residu, 1992; M.J.Sullivaret al., 1994), therefore we next investi-
a basic residue and the order within parentheses is notgated whether there was any effect of pH on the regulation
critical (Dale et al, 1995; Woodset al, 1996b). The of AMPK by the PCr:Cr ratio. AMPK was assayed at
amino acid sequence of the muscle CK isoform contains varying pH in the absence or presence of PCr (20 mM)
three potential phosphorylation sites which fit this motif or both PCr (20 mM) and Cr (10 mM) (Figure 2D). In
(corresponding to Ser136, Ser199 and Ser373 in the humarthe presence of PCr, the degree of inhibition of AMPK
sequence, see Table I) (Perrymenal, 1986). We have  increases with increasing pH. At pH 6.6, PCr inhibits
found that the brain isoform (BB-CK) is also phosphoryl- kinase activity by ~30%, whereas at pH 7.3 the inhibition
ated by AMPK (data not shown). Two of the potential rises to ~50%. A greater effect of pH was seen when
phosphorylation sites identified in the muscle isoform are AMPK was assayed in the presence of both PCr and Cr.
conserved in the brain isoform (Ser136 and Ser199, TableAt pH 7.3, Cr did not protect AMPK significantly against
) (Kaye et al., 1987). the inhibition by PCr, whereas at pH 6.6, Cr afforded
The effect of phosphorylation by AMPK on MM-CK  almost complete protection.
activity was determined (Figure 1C and D). In the absence As anticipated, PCr also inhibits the phosphorylation
of AMPK, the activity of MM-CK remained constant of MM-CK by AMPK (Figure 2E), although in this case
throughout the incubation. Phosphorylation by AMPK we cannot rule out the possibility that PCr alters the rate
caused ~60% inhibition of MM-CK activity. This effect of phosphorylation by acting on both AMPK and the
was almost completely reversed by dephosphorylation of substrate, CK. Similarly, as found with the SAMS peptide

Results
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Fig. 1. Phosphorylation and inactivation of MM-CK by AMPK vitro. MM-CK (4 pg) was incubated withyf32PJATP and AMP in the presence or

absence of AMPK. Samples were taken at 0, 15 and 30 min and analysed by SDS—PAGE followed by autoradiography. The Coomassie-stained gel

(A) and corresponding autoradiogra) (are shown. The migration of molecular mass standards and MM-CK are indic&)et@ihé¢ effect of
phosphorylation on MM-CK activity was determined. MM-CK was phosphorylated by AM®K After 45 min (marked by an arrow), the
phosphorylation mixture was divided into two. EDTA (10 mM) was added to one half to prevent further phosphorylgtiém ¢rder to
dephosphorylate MM-CK, purified PP2C was added to the remaining B4 control reaction in which MM-CK was incubated with-f2P]ATP

and AMP, but in the absence of either AMPK or PP2C, is shawh During the incubations, aliquots were removed and MM-CK activity
determined spectrophotometrically. Activities are expressed as a percentage of MM-CK activity at the beginning of the control indpa@tien. (
phosphorylation of MM-CK was determined by autoradiography following SDS—PAGE analysis of samples taken during the time course of the
reactions. The data shown are representative of four independent experiments.

Table |. Potential AMPK phosphorylation sites within creatine kinase
isoforms

Enzyme Site Peptide sequence

Human MM-CK (Ser136) VRTGRIKGY
(Ser199) FDKP\BPLLL
(Ser373) LEKG@IDDM

Human BB-CK (Ser136) VRTGHRGF
(Ser199) FDKP\BPLLL

Rat acetyl-CoA carboxylase (Ser79) MRSSGLHL

Consensus X, BYXX SXXX @

The amino acid sequence surrounding potential sites (shown in bold)
within MM-CK and BB-CK phosphorylated by AMPK are shown.
Studies using synthetic peptides based on the sequence surrounding
the known phosphorylation site within acetyl-CoA carboxylase (Ser79)
have revealed a consensus motif for phosphorylation by AMPK (Dale
et al, 1995). Amino acids are shown using the single letter code, with
X representing any amino acig,a hydrophobic amino acid arféla

basic amino acid.

ation of MM-CK or by the SAMS peptide assay in the
presence of MM-CK, PCr and Cr. Presumably, this is
because the presence of MM-CK and both its substrates
in the assay will effectively dilute out thg-f2P]ATP with
unlabelled ATP due to phosphate cycling.

Our results suggest that the activity of AMPK in muscle
is determined by several physiological parameters (Figure
3). It would be predicted that in resting muscle these
parameters will maintain AMPK in an inactive state
and that activation of AMPK occurs following muscle
stimulation.

Association of AMPK and creatine kinase

AMPK is a heterotrimer of a catalytic subunit, (M,
~63 kDa), and two regulatory subunif$(30 kDa) andy

(36 kDa) (Carlinget al, 1994; Mitchelhill et al., 1994;
Stapletonet al,, 1994; Dycket al., 1996; Woodset al.,
1996a). Isoforms for each of the subunits have been
identified recently (Stapletoet al., 1996), but the precise

assay, Cr had no direct effect on the phosphorylation of physiological role of the isoforms remains unclear. In

MM-CK. However, we were unable to determine whether order to phosphorylate MM-CHa vitro, we used AMPK

Cr antagonized the PCr inhibition under these conditions. that had been immunoprecipitated from rat liver and,

AMPK activity could not be assayed either by phosphoryl- during the course of our experiments, we analysed the
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Fig. 2. Effect of PCr and Cr on AMPK activityn vitro. (A) Dose-dependent inhibition of AMPK activity by PCr. Results are the mean of three
independent experiments SEM. B) AMPK activity was measured in the absence or presence of PCr (20 mM), Cr (10 mM) or both PCr and Cr.
Results are the mean of four independent experimen&EM. (C) AMPK activity was measured in the presence of 20 mM P&y ¢r 40 mM PCr

(O) at varying concentrations of Cr. Results are the mean of three independent expetrinfetd. (D) Effect of pH on regulation of AMPK by

PCr and Cr. AMPK activity was measured at varying pH in the absence or presence of 20 m@)P&rioth 20 mM PCr and 10 mM CiXY).

Results are the mean of four independent experimen&EM. For all the above experiments, AMPK activity was determined by phosphorylation of
the SAMS peptide. In (A), (B) and (C), AMPK activity is expressed as a percentage of activity measured in the absence of additions. For (D),
activity is expressed as a percentage of the activity in the absence of additions at eaEh pffiect of PCr and Cr on phosphorylation of MM-CK

by AMPK. MM-CK (4 ng) was phosphorylated by AMPK in the absence or presence of PCr (20 mM) or Cr (10 mM). The reactions were analysed
by autoradiography following SDS—PAGE.

immune complexes following phosphorylation. Surpris- were obtained using a humber of different AMPK subunit
ingly, we found that MM-CK associated with AMPK in  antibodies (data not shown). The association between
the immune complex (Figure 4A). In order to rule out AMPK and MM-CK is relatively strong, since it survived
non-specific binding of MM-CK, we performed a number extensive washing with buffer containing high salt (1 M
of controls. MM-CK was detected only in immune com- NacCl) and detergent (1% Triton X-100). Furthermore, we
plexes containing AMPK, and did not associate with did not find any significant effect of PCr or Cr on the
AMPK antibodies alone (Figure 4B). The same results interaction (Figure 4B). Although these results demonstrate

1691



M.Ponticos et al.

High [PCr]
High [ATP]
High pH

AMPK AMPK
Inactive Active

N

High [Cr]
High [AMP]
Low pH

Fig. 3. A simplified model for regulation of AMPK in muscle. A
number of factors affect AMPK activity. In resting muscle, AMPK
activity is low and this coincides with high concentrations of PCr and
ATP. Following muscle contraction, PCr and ATP are utilized and Cr
and AMP are produced and, combined with a fall in pH, AMPK is
activated. Despite this simplified model, it is likely that other factors
are involved in the control of AMPKn vivo.
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that AMPK and MM-CK interacin vitro, it is difficult to
draw firm conclusions regarding the stoichiometry of the
association. It is clear from Figure 4B that the AMPK-
MM-CK complex is not in a 1:1 ratio, since the AMPK
subunit polypeptides (apparent,ldn SDS—PAGE of 63,
38 and 36 kDa) are barely visible, compared with relatively
strong staining of the MM-CK polypeptide (apparent M
43 kDa). MM-CK is a dimer (Dawsoet al., 1965), and
it is possible that higher-order complexes may form under
the conditions of thén vitro assay and this may account,
at least in part, for the excess amount of MM-CK relative
to AMPK. This physical interaction was also detected in
differentiated muscle fibres in the mouke2K® muscle
cell line (Morganet al., 1994). MM-CK is co-precipitated
with AMPK following immunoprecipitation oH-2KP cell
extracts with antibodies specific for either AMRKE
(Figure 4C, lane 2) or AMPKx2 (Figure 4C, lane 3),
demonstrating that both catalytic isoforms associate with
MM-CK in H-2KP cells. Following immunoprecipitation
with MM-CK antibodies, AMPKf was detected in the
immune complex (Figure 4D, lane 1).

Having shown by immunoprecipitation that AMPK and

kDa 1 2 3 4 5
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70 -
p—p—
45- T~ MM-CK
29 - -y = B

kDa 1 2 3

Fig. 4. Association of AMPK and CK-Mn vitro andin vivo. (A) MM-CK was phosphorylated by AMPK present in an immune complex obtained
by immunoprecipitating a partially purified rat liver extract with anti-AMPBKantibodies coupled to protein A—Sepharose. Following incubation, the
immune complex was recovered by centrifugation, washed thoroughly with PBS cogtaiiihNaCl and 1% Triton X-100 and analysed by SDS—

PAGE followed by autoradiography. The Coomassie-stained gel (lane 1) and the corresponding autoradiogram (lane 2) show MM-CK associated with

the immune complex.B) MM-CK was incubated with AMPK using the same conditions used for phosphorylation, treated as above, and the
immune complexes analysed by SDS—PAGE and visualized by Coomassie staining. Lane 1, MM-CK alone (no antibody); lane 2, MM-CK with

antibody—protein A—Sepharose alone; lanes 3-5, MM-CK with AMPK immune complex in the absence (lane 3) or presence of 20 mM PCr (lane 4)

and 10 mM Cr (lane 5).¢ and D) Co-precipitation of AMPK and CK from differentiated-2KP cells. Partially purified extracts, prepared from
cells which had been induced to differentiate by growth in non-permissive conditions for 4-5 days (37°C in the absencg,ofiéF&used for
immunoprecipitation with antibodies against MM-CK (lane 1), AMBK-(lane 2) or AMPKe2 (lane 3). Following extensive washing, the immune

complexes were resolved by SDS—PAGE, transferred to a polyvinylidene fluoride membrane and probed with antibodies against either MM-CK (C)

or AMPK-B (D). Arrows indicate the positions of MM-CK and AMPR- The additional band in lane 1 (C and D) is due to a strong cross-reaction
of the rabbit IgG heavy chains with the anti-rabbit secondary antibody.
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Fig. 5. Co-localization of AMPK and CK in single rat muscle fibres. Muscle fibres were immunostained with antibodies againstRRMRKred)

or CK (B, green). C) An overlay of the two shows them to be in register. AMBR-antibodies were detected with biotinylated swine anti-rabbit
antibodies, followed by Texas red-conjugated streptavidin. CK antibodies were detected with FITC-conjugated goat anti-mouse antibodies. The scale
bar represents 2(0m.

MM-CK associatein vitro and in cultured myotubes, we AMP. In some cell types, ZMP can accumulate to milli-
examined the localization of the proteiirs vivo. Single molar concentrations and can activate AMPK both by an
muscle fibres were isolated from adult rat extensor allosteric mechanism and by promoting phosphorylation
digitorum longus muscle and used to detect AMPK and by the upstream kinase, AMPKK. Differentiatet 2K
MM-CK by fluorescence microscopy. A regular striated cells were incubated in the presence or absence of AICA
pattern was observed following labelling with antibodies riboside and the activities of AMPK and MM-CK in cell
against either AMPK32 or MM-CK (Figure 5A and B), lysates were measured in the presence or absence of
and double staining of the fibres demonstrated that AMPK protein phosphatase inhibitors (NaF and NaPPi). In the
and MM-CK co-localize (Figure 5C). Identical results presence of phosphatase inhibitors, treatment with AICA
were obtained using a number of different antibodies riboside resulted in a 3-fold stimulation of AMPK activity
from different species (sheep anti-AMRK-rabbit anti- compared with control cells (Figure 6A). Under the same
AMPK-y, goat and rabbit anti-MM-CK; data not shown). conditions, the activity of MM-CK was reduced by ~50%
The primary antibodies were judged to be specific by compared with control cells (Figure 6B). In the absence
Western blotting of crude tissue lysates (data not shown), of protein phosphatase inhibitors, the effects of AICA
and there was no detectable signal in the presence of theriboside on AMPK and CK were abolished. This result
secondary antibody alone. It has been reported previouslysuggests that the activation of AMPK and the inhibition
that a pool of MM-CK localizes to the M line of myofibrils  of CK observed with AICA riboside are due to phosphoryl-
(Wallimannet al., 1984) and, if this is the case, our results ation events, which can be reversed by the action of

indicate that AMPK is also found in this location. endogenous phosphatases present within the cell lysate.
These results strongly suggest that AMPK phosphorylates
AMPK regulates creatine kinase in muscle cells and inactivates MM-CK in muscle cells.

In order to determine the physiological significance of the
phosphorylation of MM-CK by AMPK in muscle, we
usedH-2KP cells as a model. Under defined conditions,
these cells can be induced to differentiate into myotubes Phosphorylation of MM-CK by AMPK

(Morganet al, 1994). Previous studies have shown that Here we describe for the first time the finding that MM-
the activity of AMPK in cultured cells can be stimulated CK is regulated by phosphorylation in skeletal muscle.
with 5-amino-4-imidazolecarboxamide riboside (AICA We show that AMPK, a protein kinase previously shown
riboside) (J.E.Sullivaret al., 1994b; Cortoret al., 1995; to be involved in the cellular response to ATP depletion,
Henin et al, 1995). AICA riboside is taken up by cells phosphorylates and inactivates MM-CK vitro. Since
and phosphorylated to the monophosphate form, 5-amino-MM-CK catalyses a reversible reactidam vitro, it might
4-imidazolecarboxamide ribotide (ZMP), an analogue of be thought of as an unlikely target for regulation by

Discussion
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Fig. 6. Effect of AICA riboside on AMPK and CK activity in

myotubes H-2KP cells, which had been induced to differentiate by
growth in non-permissive conditions for 4-5 days, were incubated in
the absence or presence of 50 AICA riboside for 30 min prior to
harvesting. Cells were lysed in buffer A or buffer B (buffer A lacking
the protein phosphatase inhibitors, NaF and NaPPi), partially purified
and the extracts used to measure the activities of AMRKanhd CK

(B). Activities are plotted as fold stimulation of AMPK, or percentage
of CK activity, measured in the absence of AICA riboside in buffer A.
Results are the average of four independent experimer&M.

phosphorylationln vivo, however, the reaction catalysed
by MM-CK is far from equilibrium, and the enzyme works
in essentially one direction due to the spatially distinct
sites of PCr production and utilization (Wallimaedt al.,
1992; Wallimann, 1994). Under these conditions, regula-
tion of MM-CK by phosphorylation could have a physio-
logically significant role. Indeed, given the importance of
the role of MM-CK in the control of energy supply in
muscle, it would be surprising if it was not regulated
within the cell. What is even more surprising is that,
despite extensive study, no regulation of MM-CK has

1694

been identified to date. It has been reported, however, that
the BB-CK (brain) isoform is phosphorylated by PKC,
although the physiological relevance of this finding is
unclear (Queset al, 1990). We have found that AMPK
phosphorylates BB-CK (data not shown) although we
have not investigated the significance of this further.

Previous studies in liver have revealed that AMPK
plays an important role in ATP conservation (reviewed in
Hardie and Carling, 1997). CK isoforms are involved in
coupling ATP generation with ATP utilization in muscle
(reviewed in Bessman and Carpenter, 1985; Wallimann
et al, 1992). Two mitochondrial forms of CK (Mi-
CK) exist which are functionally related to oxidative
phosphorylation (Wysst al., 1992; Wallimann, 1994). In
addition, several lines of evidence suggest that a pool of
MM-CK, located at the sarcomeric | band, is coupled to
glycogenolysis and glycolysis (Wallimaret al., 1992).
These pools of MM-CK and Mi-CK catalyse the produc-
tion of PCr which diffuses to the sites of ATP utilization.
MM-CK present at the sites of high ATP utilization, e.g.
the myofibrillar M lines in skeletal muscle, catalyses the
production of ATP from ADP. The Cr produced as a result
diffuses back to the sites of ATP synthesis where it is re-
phosphorylated (Wallimann, 1994). Our finding that MM-
CK is phosphorylated by AMPK provides a link between
these two enzymes and suggests an underlying mechanism
for the control of energy metabolism in muscle.

An unexpected result to emerge from our studies on
the phosphorylation of MM-CK by AMPK was the finding
that the two enzymes physically associatevitro and
co-localizein vivo. We have found that heterotrimeric
complexes containing all combinations of AMPK subunit
isoforms so far identified in muscle associate with MM-
CK. Furthermore, our results indicate that AMPK and
MM-CK co-localize in rat muscle fibres. These results do
not allow us to predict whether all of the AMPK present
in muscle is associated with MM-CK. It is possible that
a proportion of AMPK, although co-localized, is not
physically associated with MM-CK. There is good evid-
ence to suggest that different functional pools of MM-CK
exist within the cell. MM-CK has been localized to
the M line of myofibrils (Wallimannet al., 1984), the
sarcomeric | band and the outer face of the sarcoplasmic
reticulum (Rossiet al., 1990). It will be of interest to
determine the precise interaction of AMPK with the
different fractions of MM-CK.

Regulation of AMPK

A key finding which supports a physiological role for the
control of MM-CK by AMPK was the elucidation of a
novel and complex mechanism of AMPK regulation by
PCr and Cr. We have shovim vitro that, at concentrations
which occur within muscle, PCr inhibits AMPK and Cr
antagonizes this inhibition. This implies that AMPK is
sensitive to the PCr:Cr ratio, rather than to the concentra-
tion of either metabolitgper se A fall in the PCr:Cr ratio
leads to activation of AMPK, which is analogous to the
activation in response to a fall in the ATP:AMP ratio in
liver (Cortonet al, 1994; Hardie and Carling, 1997). A
decrease in the PCr:Cr ratio in muscle following contrac-
tion has been well documented (Dudley and Terjung,
1985; Wallimannret al., 1992; Wallimann, 1994), and this
would therefore lead to activation of AMPK. It is well



established that in man the intracellular pH in muscle falls
from pH ~7.2 at rest to pH 6.7 after exercise (M.J.Sullivan
et al, 1994). In rats, intracellular pH can fall even further
to pH 6.2 following strenuous exercise (Dudley and

Regulation of creatine kinase by AMPK

show that the inactivation of MM-CK is due to phosphoryl-
ation. Combined with our data on tlrevitro phosphoryl-
ation of MM-CK, we would argue that the inactivation of
MM-CK in myotubes following treatment with AICA

Terjung, 1985). Our data show that the effects of PCr and riboside is due to a direct effect of AMPK.

Cr on AMPK activity are pH sensitive and favour the
activation of AMPK at low pH (6.6). It is interesting to
note that Cr almost completely relieves the PCr inhibition
on AMPK at pH 6.6, a value which is close to the
physiological pH in muscle during contraction (M.J.
Sullivan et al, 1994). Although obtainedn vitro, the
results define a mechanism for the regulation of AMPK

Taken together, the evidence provided by our study
suggests a physiologically important regulation of AMPK
and MM-CK in skeletal muscle, and has led us to propose
a working model emphasizing some of the key features
arising from this work (Figure 7). In resting muscle (Figure
7A), the ratios of PCr:Cr and ATP:AMP are maintained
at relatively high levels, and intracellular pH is ~7.2.

which operates under the precise conditions that occur Under these conditions, AMPK will be in a predominantly

in vivo.

inactive form, and this may account for the apparent low

We have not characterized the molecular basis for the activity yet high level of expression previously observed

regulation of AMPK by PCr and Cr. Although we have

in skeletal muscle (Verhoevest al., 1995). During muscle

no conclusive evidence to demonstrate that PCr and Crcontraction (Figure 7B) when the energy requirement of

bind directly to AMPK, and therefore regulate AMPK
allosterically, it seems likely to us that this will be the

the cell increases rapidly, MM-CK catalyses the transfer
of phosphate from PCr to ADP, meeting the immediate

case. The PCr/Cr effect is observed using highly purified demand for ATP, e.g. by myosin ATPase. The net effect

AMPK present in an immunoprecipitated complex, which
makes it unlikely that another protein is involved. More-

is a decrease in the PCr:Cr ratio and, under these condi-
tions, MM-CK could catalyse the reverse reaction, i.e. the

over, the effect occurs using a synthetic peptide substrateproduction of PCr from Cr and ATP. However, as the

(SAMS) of AMPK, suggesting that it is not substrate

PCr:Crratio decreases, together with a fall in the intracellu-

mediated. This evidence is analogous to that for allosteric lar pH, the inhibition of AMPK will be gradually released.

activation of AMPK by AMP (Carlinget al., 1989; Davies
et al, 1989). There is some evidence that AMP binds to
the catalytic subunitd), although a role for one or both
of the other subunitsf(andy) in AMP binding has not
been ruled out (Hardie and Carling, 1997). The PCr/Cr

An increase in AMPK activity will result in the phos-
phorylation and inactivation of MM-CK. This would
safeguard against the potentially detrimental depletion of
ATP by MM-CK, ensuring that there is sufficient ATP to
sustain contraction until other energy-generating pathways

effect occurs in the absence or presence of AMP (dataare initiated. In addition, activation of AMPK would

not shown) and it is unlikely, therefore, that PCr/Cr share
the AMP-binding site. We currently are investigating the
nature of the binding sites within AMPK. In addition to
allosteric regulation, AMPK is activated by phosphoryl-
ation catalysed by an upstream protein kinase (AMPKK)
which is itself activated by AMP, making the AMPK-

presumably lead to the phosphorylation of other substrates.
One likely target is acetyl-CoA carboxylase since consider-
able evidence already exists suggesting that it is phos-
phorylated and inactivated by AMPK in skeletal muscle

(Winder and Hardie, 1996; Hutbeat al, 1997; Vavvas

et al, 1997). The concentration of malonyl-CoA drops

AMPKK cascade extremely sensitive to changes in the during exercise, and it has been suggested that this is due

intracellular concentration of AMP (Hawlest al., 1995).
It remains to be determined whether AMPKK is regulated
by PCr, Cr and pH in a manner similar to AMPK.

MM-CK regulation by AMPK in muscle cells
The role of AMPK in the regulation of a number of

to the inhibition of acetyl-CoA carboxylase by AMPK
(Winder and Hardie, 1996; Vavvas al, 1997). Such a
decline in malonyl-CoA is known to relieve the inhibition
of carnitine palmitoyltransferase-1, causing an increase in
the rate of fatty acid oxidation within the mitochondria
(reviewed in McGarry and Brown, 1997). An increase in

metabolic pathways has been investigated previously usingAMPK activity, therefore, would result in an increase in

AICA riboside. Incubation of adipocytes or hepatocytes
with AICA riboside activates AMPK, resulting in inhibi-
tion of fatty acid synthesis and lipolysis in adipocytes
(J.E.Sullivanet al., 1994b) or inhibition of fatty acid and
sterol synthesis in hepatocytes (Cortral.,, 1995; Henin

et al, 1995). These data demonstrated that inhibition of

the rate of fatty acid oxidation generating the ATP required
for continued muscle contraction. Thus, by regulating both
MM-CK and fatty acid oxidation, AMPK provides a direct
link between the immediate burst of energy consumption
and the subsequent production of ATP in muscle.

It has been proposed that the activation of AMPK

the pathways was due to phosphorylation and inactivation during muscle contraction is mediated by an increase in

by AMPK of the regulatory enzymes, acetyl-CoA carb-
oxylase, hormone-sensitive lipase and 3-hydroxy-3-

AMP concentration (Winder and Hardie, 1996; Hutber
et al, 1997; Vavvaset al, 1997). In muscle, however,

methylglutaryl-CoA reductase. We treated tissue cultured although the concentration of free AMP rises during

myotubes with AICA riboside at a concentration which
activates AMPK in adipocytes or hepatocytes without
changing the levels of ATP, ADP or AMP (Cortaat al,
1995). AMPK activity was stimulated ~3-fold by AICA
riboside, similar to the stimulation observed in previous
studies (J.E.Sullivaret al., 1994b; Cortoret al, 1995).
Concomitant with the increase in AMPK activity, a
decrease in MM-CK activity was observed. Our results

extreme conditions, such as ischaemia, (Dudley and
Terjung, 1985; M.J.Sullivaret al., 1994) or in response

to electrical stimulation (Hutbeat al., 1997), no significant
increase in the concentration of AMP has been observed
following mild exercise (Dudley and Terjung, 1985;
Winder and Hardie, 1996). The finding that AMPK is
activated by a fall in the PCr:Cr ratim vitro provides a
mechanism for the activation of AMPK in muscle which
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Fig. 7. Proposed model for the regulation of MM-CK by AMPKAY In resting muscle under normal conditions, PCr and ATP levels are high. The

PCr within the cell is readily available as an immediate energy supply. Under these conditions, AMPK activity is low due to inhibition by the high
concentrations of PCr and ATP and therefore does not affect MM-CK acti@}yD(ring muscle contraction when a rapid burst of energy is

required, myosin ATPase utilizes ATP which it obtains from the transfer of phosphate from PCr to ADP, catalysed by MM-CK. This reaction causes
a reduction in the concentration of PCr and an increase in the concentration of Cr. Unchecked, this change could result in MM-CK catalysing the
reverse reaction, i.e. the formation of PCr from Cr and ATP. This reaction would be detrimental to the cell as it would result in further depletion of
ATP. A possible mechanism to safeguard against this would be achieved by the action of AMPK phosphorylating and inhibiting MM-CK. As the
concentration of PCr falls, the inhibition of AMPK activity is released, allowing it to phosphorylate MM-CK. At the same time, activation of AMPK
promotes further ATP synthesis by increasing the rates of fatty acid oxida@yrur{der the extreme conditions of prolonged exercise or metabolic
stress, such as ischaemia, PCr is severely depleted. In these circumstances, the concentration of ATP falls, causing an increase in ADP, which in turn
leads to an increase in AMP due to the action of adenylate kinase (AdK). Thus, full activation of AMPK is achieved by changes in both the PCr:Cr
and ATP:AMP ratios. AICA riboside causes a rise in ZMP, which mimics AMP, activating AMPK. The shaded arrow denotes the concentration
gradients for PCr and ATP, with the highest concentration in resting muscle. Similarly, intracellular pH is highest in the resting state. Increased or
decreased font sizes indicate the relative concentrations of the different metabolites.

is relevant to the conditions which occur during moderate Prolonged muscle contraction, or extreme conditions such
exercise. Since the primary role of the CK—-PCr system is as ischaemia and hypoxia (Figure 7C), will cause a
to buffer ATP levels during the early stages of muscle continuing fall in the concentration of PCr, and eventually
contraction, we hypothesize that the initial activation of will lead to ATP depletion. Concomitant with a fall in
AMPK occurs in response to a fall in the PCr:Cr ratio. ATP is a rise in ADP followed by an increase in AMP,
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due to the action of adenylate kinase. Under these condi-assays were carried out in 50 mM PIPES at varying pH. CK activity
tions, full activation of AMPK will result from decreases @S assayled by an NkADP"'”kEd spectrophotometric method using a
_ , _ o CK i Di ics).
in both the PCr:Cr and ATP:AMP ratios. Presumably, c°mmercial CK assay kit (Sigma Diagnostics)
incubation of myotubes with AICA riboside overrides the
fall in the PCr.Cr ratio as the signal for activation
of AM PK. . . limbs of heterozygousi-2KP tsA58 transgenic mice (Jat al., 1991).
This study describes a novel role for AMPK in the cell proliferation and differentiation are temperature- and interferon
control of energy metabolism in muscle, and has raised a (IFN)-y-dependent. Skeletal myoblast clones remained proliferative
number of important points within this field Although we invitro for >80 generations under permissive conditions. Myoblasts
. . o - were maintained in the presence of heat-inactivated fetal calf serum
have obtained good evidence to support this mec.hanlsm,(zo%)‘ chick embryo extract (29), gelatine (0.01%) and WFAL-33°C.
some aspects of our hypOthQSIS remain speculative. FOryowever, when densely plated myoblasts are switched to media without
instance, the precise mechanism by which PCr/Cr regulateiFN-y and the temperature raised to 37°C (non-permissive conditions),

Growth and harvesting of H-2Kb-tsA58 cells
Conditionally immortal myogenic clonal cell lines were derived from

AMPK, the phosphorylation of different functional pools
of MM-CK by AMPK and the significance of this regu-
latory mechanism in different muscle types have yet to

they differentiate, forming myotubes which continue to increase in
number and size over several days, forming sarcomeres by 3-4 days
(Morganet al.,, 1994).

Myotubes that had been grown under non-permissive conditions for

be resolved and are subjects of current studies. Fortunately,_s gays were harvested by removing all of the media and rapidly lysing

mice that have been genetically modified to alter the
expression of CK isoforms have been produced. Using
these mice models, it will be possible to investigate the
AMPK-CK mechanismin vivo. A recent study reported

that mice lacking both the mitochondrial and cytosolic
skeletal muscle CK isoforms were defective in lipid

metabolism and showed signs of impaired capacity to
utilize fatty acids (Steeghet al., 1997). We propose that

in these mice, which have permanently high levels of PCr
even during exercise, AMPK is inactive and cannot,
therefore, switch on fatty acid oxidation. Furthermore,

mice have been produced which express the BB-CK gene

in liver (Brosnanet al,, 1990). Since CK is not normally
expressed in liver, the CK—PCr system is not involved in
the regulation of energy metabolism in this tissue. It will
be interesting to determine the effect of CK expression
on the activity of AMPK and how this correlates with the

in either ice-cold buffer A or buffer B containing 1% Triton X-100. In
some experiments, AICA riboside (5QfM) was added to the media
and the cells incubated for a further 30 min prior to harvesting. The cell
debris was removed by centrifugation at 13 @9@r 5 min, and the
insoluble fraction was discarded. Polyethylene glycol [50% (w/v)] was
added to the supernatant to a final concentration of 10% (w/v). The
mixture was left on ice for 20 min and then centrifuged at 13 §@6r

20 min. The resulting pellets were resuspended in either buffer A or
buffer B and assayed for AMPK or CK activity.

Immunoprecipitation of AMPK and MM-CK

The resuspended polyethylene glycol pellets fidr8K° myotubes were
used for immunoprecipitation of CK and AMPK. Extracts were pre-
cleared with pre-immune rabbit or sheep antisera and incubated at 4°C
for 1 h with either AMPKeal or -02 antibodies coupled to protein G—
Sepharose (Woodst al., 1996b), or MM-CK antibodies (Biogenesis)
coupled to protein A—Sepharose. Immune complexes were recovered by
centrifugation, washed extensively with buffer A containing 1 M NaCl
and 1% Triton X-100, analysed by SDS-PAGE and transferred to
polyvinylidene fluoride membranes. The membranes were probed with

changes in energy metabolism observed in these transgeniegabbit polyclonal antisera raised against either MM-CK or AMBK-

mice (Brosnaret al, 1991; Milleret al., 1993).

Materials and methods

Phosphorylation of CK by AMPK

The AMPK used for phosphorylating MM-CK (purified from rabbit
skeletal muscle and obtained from Sigma) was purified from rat liver
up to and including the DEAE-Sepharose ion-exchange step, as describe:
previously (Carlinget al, 1989). In this study, however, AMPK was
purified further by immunoprecipitation using antibodies raised to the
different AMPK subunits g1, a2, 1 or y1) (Woodset al, 1996a,b).
Different antisera, raised in either sheep or rabbits and bound to either
protein G- or protein A—Sepharose, were used interchangeably with the
same results. The immunoprecipitated AMPK was used to phosphorylate
purified MM-CK from rabbit skeletal muscle (Sigma). Phosphorylation
reactions were performed in the presence of AMP (0.2 mJ2P]ATP

(0.2 mM) and MgC} (5 mM) either in buffer A [50 mM Tris—HCI

pH 7.5 at 4°C, 1 mM EDTA, 1 mM dithiothreitol, 10% (v/v) glycerol,

50 mM NaF, 5 mM sodium pyrophosphate (NaPPi)] or in buffer B
(buffer A without the protein phosphatase inhibitors NaF and NaPPi).
After incubation at 37°C, the phosphorylation mixture was centrifuged
at 13 000g for 1 min in order to remove the immune complex, and the

supernatant was removed. The immune complex was washed thoroughly

with phosphate-buffered saline (PBS) containing 1% (v/v) Triton X-100

and 1 M NaCl. The washed complexes and the supernatants were

analysed by SDS—-PAGE, dried and subjected to autoradiography.
Dephosphorylation reactions were carried out in buffer B by addition
of recombinant human PP2C (0.016 U) and Mg@® mM).

AMPK and CK activity measurements

AMPK activity was assayeith vitro by the phosphorylation of a synthetic
peptide (HMRSAMSGLHLVKRR, the ‘SAMS’ peptide) in the absence
or presence of AMP (0.1-0.2 mM) as described previously (Davies
et al, 1989). For determining the effect of pH on AMPK activity, the

followed by goat anti-rabbit horseradish peroxidase-conjugated secondary
antibodies, and visualized using enhanced chemiluminescence
(Boehringer Mannheim).

Immunohistochemistry
Single muscle fibres were prepared from freshly dissected rat extensor
digitorum longus muscle. The muscle was digested with collagenase and
laced onto glass slides as described previously. Single fibres were fixed
ith methanol/acetone (1:1) for 5 min and blocked with 3% bovine
serum albumin and 5% horse serum in PBS for 20 min. Double staining
was carried out with rabbit polyclonal antibodies raised against the
AMPK-B2 subunit and a monoclonal antibody against MM-CK (Morris
and Cartwright, 1990). Samples were incubated with both primary
antibodies simultaneously for 1 h. AMPB2 antibodies (1:15 dilution)
were detected with biotinylated swine anti-rabbit immunoglobulins
(Dako, 1:500 dilution) followed by Texas red-conjugated streptavidin
(Amersham Life Science, 1:200 dilution). MM-CK antibodies (1:5
dilution) were detected with fluorescein isothiocyanate (FITC)-conjug-
ated goat anti-mouse immunoglobulins (Dako, 1:200 dilution). All
incubations were carried out at room temperature for 1 h with intervening
washes for 10 min with PBS. Samples incubated with PBS instead of
primary antibody were used as control. The stained samples were then
mounted with Dako fluorescent mount medium and viewed with a
fluorescent microscope.
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