








fore used to dissect the relative effect of Ser150 and
Ser23/24 modification. Troponin reconstituted with
Ser150Asp cTnI phosphomimic resulted in ATPase regu-
lation with increased Ca2� sensitivity (�pCa50��0.13;
n�3; P�0.05) and enhanced maximum rate (9.96�0.09
seconds�1 compared with 7.89�0.04 seconds�1 for wild-
type; n�3; P�0.05) (Figure 5B). In contrast, troponin recon-
stituted with Ser23Asp/Ser24Asp cTnI resulted in regulation
with profoundly reduced Ca2� sensitivity and maximally
activated rate (Figure 5B). ATPase regulation by troponin

reconstituted using the triple phosphomimic, in which Asp
residues replaced Ser at positions 23, 24, and 150, showed
significantly reduced Ca2� sensitivity and maximally acti-
vated rate compared with wild-type (P�0.05) (Figure 5B);
however, these parameters were both significantly elevated
compared with the Ser23Asp/Ser24Asp mutant (P�0.05),
suggesting (as with the comparison of wild-type and
Ser150Asp cTnI) that the effect of Ser150 modification is to
increase Ca2� sensitivity.

The effect of site-specific cTnI phosphomimics on the
regulation of force generation was examined using demem-
braneated mouse trabeculae in which the endogenous tro-
ponin was displaced using excess reconstituted recombinant
human troponin. Compared with trabeculae reconstituted
with wild-type troponin, trabeculae containing Ser150Asp
cTnI showed significantly increased Ca2�-sensitivity of force
generation (wild-type pCa50�5.62�0.03, n�6; Ser150Asp
pCa50�5.73�0.05, n�6; P�0.05) (Figure 5C). In contrast,
trabeculae reconstituted with troponin containing Ser23Asp/
Ser24Asp/Ser150Asp cTnI showed Ca2� -sensitivity slightly
lower than wild-type (pCa50�5.57�0.03, n�3; P�NS),
compared with wild-type (P�0.05, compared with Ser150).
There was no significant difference in maximum Ca2�-acti-
vated force between the groups; however, the Hill coefficient
of Ser150Asp (nH�2.65�0.25, n�6) was significantly lower
than both wild-type (nH�3.77�0.26, n�6) and the triple
phosphomimic (nH�3.86�0.27, n�3) (P�0.05 for both).

Effects of AMPK Activation on cTnI
Phosphorylation and Shortening in Murine
LV Myocytes
An increase in myofilament Ca2� sensitivity suggests that
AMPK activation may be involved in the regulation of
myocardial function. We examined this hypothesis by inves-
tigating the effect of AMPK agonist AICAR on cTnI phos-
phorylation and contractile function in LV myocytes isolated
from mouse hearts.

Treatment with 2 mmol/L AICAR resulted in phosphory-
lation of cTnI at Ser150 (�5-fold increase compared with
control), as determined by Western blotting (Figure 6A).
Preincubation of LV myocytes with AMPK inhibitor com-
pound C (10 �mol/L, 10 minutes at 37°C) attenuated the effect
of AICAR on cTnI phosphorylation at Ser150; incubation with
AICAR (or with AICAR plus compound C) did not change the
phosphorylation status of Ser23/24 (Figure 6A).

Myocyte contractility and Ca2� dynamics were measured
in LV myocytes loaded with Fura-2 (Figure 6B through 6D).
Incubation with AICAR for 15 minutes was found to signif-
icantly increase cell shortening without changing the ampli-
tude of Ca2� transients (P�0.01 and P�0.7, n�13, respec-
tively; Figure 6B and 6C), suggesting an increase in
myofilament Ca2� sensitivity by AMPK activation. Under
these conditions, AICAR shortened the time constant of
decay of Ca2� transients (tau) but did not affect myocyte
relaxation (P�0.01 and P�0.7, n�13, respectively; Figure
6B and 6D).

Contractility was also measured in LV myocytes in the
absence of Fura-2. Under these conditions (Figure 6E),
AICAR significantly prolonged LV myocyte relaxation (Fig-

Figure 3. High-resolution MS/MS analysis of synthetic pep-
tides phosphorylated by AMPK. Peptides were treated with
200 nmol/L His-AMPK�1(1–312) activated by 15 nmol/L LKB1/
STRAD/MO25, then subjected to mass spectrometry analysis
and sequencing by electron capture dissociation (ECD) frag-
mentation. Peptide sequences with bond cleavages and frag-
ment ions detected are illustrated at the top of each MS/MS
panel. The phosphoyl moiety is shown in the peptide sequence
as a “p” before the residue phosphorylated. Neutral losses com-
monly observed in ECD spectra refer to the loss of amino acid
side chains. A, ECD spectrum of monophosphorylated peptide
containing Ser150 of cTnI. B, ECD spectrum of monophosphor-
ylated peptide (human sequence) containing Ser23/24 of cTnI.

Figure 4. Phosphorylation of cTnI Ser150 on activation of
AMPK in situ. Western blot showing the detection of AMPK
phosphorylated at Thr172 of the � subunit and cTnI phosphory-
lated at Ser150. Lanes 1 to 3: 25 �g protein of total heart
extract from control Langendorff-perfused hearts (3 different
hearts); Lanes 4 to 6: 25 �g protein of total heart extract from
Langendorff-perfused hearts with 30 minutes ischemia (3 differ-
ent hearts).
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ure 6E, P�0.009, n�11) and tended to increase cell short-
ening (Figure 6E, P�0.6, n�11). Compound C preincubation
for 10 minutes abolished the effect of AICAR on time to 50%
relaxation (TR50) over the same time course (Figure 6E,
P�0.8 between compound C and compound C�AICAR,
n�9). Taken together, these results suggest that AMPK
activation results in increased myocardial contractile func-
tion, mediated by an increase in myofilament Ca2�

sensitivity.

Discussion
A yeast 2-hybrid screen of a human cardiac cDNA library
using the unique N-terminal extension of AMPK �2 as bait
identified cTnI as an interactor. Our subsequent work dem-
onstrated that cTnI is a novel substrate for AMPK and that the
principal in vitro phosphorylation site is Ser150. This site is
phosphorylated on ischemia in whole hearts, and the func-
tional consequence of Ser150 modification at the myofila-
ment level is increased Ca2� sensitivity. Furthermore, on
incubation of isolated cardiomyocytes with the AMPK acti-
vator AICAR, this site is phosphorylated and the myocyte
relaxation time is increased. We propose that AMPK modi-
fication of troponin represents a novel mechanism for regu-
lating cardiac contractility.

The initial screen produced a relatively low yield of
putative interactors with 5 individual genes identified. Of the
singly represented clones (Table), the function of FARP1
(encoding a protein identified in chondrocytes33), PSMD10
(encoding a proteasome subunit containing 6 ankyrin repeat
domains34), and SKIIP (encoding a nuclear protein that
interacts with the Vitamin D receptor35 and the SKI oncopro-
tein36) in cardiac cells is poorly understood. However,
ANKRD1 encodes cardiac ankyrin repeat protein (CARP),
which has been reported to be both a nuclear protein in the
cardiomyocyte, interacting with the ubiquitous transcription
factor YB-1,37 and also found in the myofibrillar I-band
region, specifically associated with the N2A region of titin,
where it is believed to form part of a N2A stretch sensing-
signaling complex along with p94/calpain-3 and myopalla-
din.38 CARP expression increases profoundly on various
cardiac insults and it is a recognized hypertrophic marker39;
mutations in ANKRD1 have also been reported as causes of
hypertrophic and dilated cardiomyopathies.40,41 This was
clearly an interesting putative interactor; however, prelimi-
nary work examining possible phosphorylation of CARP
found it to be a poor AMPK substrate and attempts at
coimmunoprecipitation of CARP and AMPK �2 were unsuc-
cessful (data not shown).

Our identification of cTnI, a major cardiac phosphoprotein,
as a putative interactor with the N-terminus of AMPK �2,

Figure 5. Effects of AMPK phosphorylation and cTnI phos-
phomimics on the regulation of actin-tropomyosin–acti-
vated myosin S-1 ATPase activity. A, Comparison of the
Ca2� dependence of actin-tropomyosin–activated myosin S-1
ATPase activity regulated by unphosphorylated troponin and
troponin phosphorylated by AMPK. B, Comparison of the

Ca2� dependence of actin-tropomyosin–activated myosin S-1
ATPase activity regulated by wild-type (unphosphorylated) tro-
ponin and troponin containing cTnI phosphomimics. C, Compar-
ison of the Ca2� dependence of force generation in skinned
mouse trabeculae containing wild-type troponin or troponin with
cTnI phosphomimics. Maximum Ca2�-activated force: wild-
type�24.4�3.4 mN�mm�2 (n�6); Ser150Asp�24.3�3.0 (n�6);
and Ser23Asp/Ser24Asp/Ser150Asp�22.0�2.7 (n�3) (no signifi-
cant differences).
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prompted us to test whether cTnI was a substrate for the
AMPK holoenzyme. It was found that cTnI is indeed phos-
phorylated by AMPK at high efficiency in vitro, showing a
similar initial rate of phosphorylation as the SAMS peptide
test substrate. As revealed by site-specific mutants and mass
spectrometry analysis of synthetic peptides phosphorylated
by AMPK, the principal phosphorylation site is Ser150 with
the Ser23/24 doublet also being phosphorylated in vitro.
Importantly, we show that Ser150 phosphorylation occurs in
situ in isolated hearts on AMPK activation during ischemia
(Figure 4). Although the initial cTnI interaction was identi-
fied using the �2 bait, at least in vitro cTnI is also a good
substrate for �1-containing AMPK (Figure 2A). Given the
current lack of published data on the localization of different
AMPK isoforms in cardiomyocytes, it is not clear which
complexes (�2-containing or �1-containing or both) are
concentrated in the vicinity of the contractile apparatus to
account for the observed phosphorylation of cTnI in intact
hearts and isolated myocytes (Figures 4 and 6).

Although the effect of in vitro phosphorylation of cTnI by
AMPK on the regulation of actin-activated myosin ATPase is

modest (Figure 5A), the use of site-specific phosphomimics
showed that a significant increase in the Ca2� sensitivity of
both ATPase activity in vitro and force regulation in demem-
braneated trabeculae was caused by Ser150 modification
(Figure 5B and 5C). Ser150 of cTnI has previously been
shown to be phosphorylated in vitro by p21-dependent
kinase.31 Consistent with AMPK phosphorylation (Figure
5A), modification by p21-dependent kinase was also found to
increase contractile Ca2� sensitivity. Ser150 lies at the
N-terminus of the so-called switch peptide region (amino
acids 148–163), and C-terminal of the well-characterized
inhibitory peptide sequence (residues 137 and 148), which
binds to actin at low Ca2� concentrations and inhibits
activation of actomyosin ATPase.27 The switch peptide binds
to a hydrophobic pocket within the N-terminal domain of
cTnC in the presence of Ca2� and induces opening of the
domain.42 The incorporation of a phosphate group at Ser150
may increase Ca2� sensitivity by altering the switch peptide-
cTnC interaction.

AICAR significantly increased myocyte contractility with-
out changing the amplitude of Ca2� transient (Figure 6B and

Figure 6. Effect of AICAR and compound C on
the contractility of mouse LV myocytes. A,
Western blot showing the detection of AMPK acti-
vated by phosphorylation of Thr172 of the � sub-
unit, cTnI phosphorylated either on ser150 or
Ser23/24, and total cTnI. Mean values normalized
to controls (�SEM, n�3): Thr172 control,
1.00�0.12; AICAR, 3.25�0.27; AICAR�compound
C, 1.13�0.21; ser150 control, 1.00�0.19; AICAR,
5.21�0.37; AICAR�compound C, 1.46�0.26;
Ser23/24 control, 1.00�0.08; AICAR, 1.09�0.08;
AICAR�compound C, 1.16�0.11. B, Representa-
tive raw traces of cell shortening and Ca2� tran-
sient in LV myocytes loaded with Fura-2 and
paced at 3 Hz; control (Ctr) or after 15-minute
incubation with 2 mmol/L AICAR. C, Mean frac-
tional shortening and mean amplitude of Ca2�

transient. AICAR significantly increased percent
cell shortening (P�0.009, n�14) but did not affect
amplitude of Ca2� transient (P�0.7, n�14). D,
Mean time to 50% relaxation (TR50) and mean
time constant of Ca2� transient decay (tau). AICAR
shortened tau (P�0.01, n�14) but did not affect
TR50 (P�0.07, n�14). E, Mean fractional shorten-
ing and mean time to 50% relaxation (TR50) in LV
myocytes in the absence of Fura-2 and paced at 3
Hz; control (Ctr) or after 15-minute incubation with
2 mmol/L AICAR, in absence or presence of
10 �mol/L compound C. AICAR significantly pro-
longed TR50 (P�0.01, n�11) and tended to
increase percent cell shortening (P�0.6, n�11).
Compound C prevented AICAR-induced prolonga-
tion of TR50.
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6C). In addition, despite the time constant of the decay of
Ca2� transient being faster, TR50 remained unchanged (Fig-
ure 6 B and 6D). These results strongly suggest that AICAR
positively regulates myocyte contractility by increasing myo-
filament Ca2� sensitivity. In LV myocytes in the absence of
Fura-2, AICAR significantly prolonged relaxation but did not
induce significant increase in myocyte cell shortening. It is
known that AMPK activation exerts various functions in
cardiac myocytes; for example, it can inhibit the Na�-H�

exchanger43 and therefore the negligible effect of AICAR on
myocyte shortening in Fura-2 unloaded conditions may rep-
resent combined effects on myocyte function. Furthermore,
AICAR is known to have AMPK-independent effects: for
example, in skeletal muscle AICAR can increase both phos-
phorylation of acetyl-coA carboxylase 2 and rates of fatty
acid oxidation and reduce malonyl-CoA levels independent
of AMPK44 and can activate glycogen phosphorylase directly
in fibroblasts.45

There is emerging evidence that there is considerable
interplay between the O-GlcNAcylation and phosphorylation
pathways.46,47 In an analysis of in vivo O-GlcNAcylation of
myocardial proteins, it was found that Ser150 of cTnI was
modified.48 This raises the possibility of cross-talk between
AMPK phosphorylation and O-GlcNAcylation signals at this
residue, possibly fine tuning cTnI-mediated contractile
regulation.

Although this is the first report of AMPK modification of
troponin in cardiac myocytes, the enzyme has previously
been linked to the regulation of motile processes in both
nonmuscle and smooth cells. The AMPK-null mutation in
Drosophila is lethal, producing severe defects in cell polarity
and mitosis; it was shown that nonmuscle myosin regulatory
light chain was phosphorylated directly by AMPK, and the
expression of a phosphomimetic light chain was found to
rescue the cell polarity and mitosis phenotype.49 AMPK
phoshorylates and desensitizes smooth muscle myosin light
chain kinase50 and has been shown to be involved in the
regulation of Drosophila visceral smooth muscle via myosin
light chain phosphorylation.51 In mammalian cells, both the
activated � subunit and the �2 subunit have been localized to
distinct position in the cytokinetic apparatus,52,53 and in
epithelial cells the kinase has also been shown to mediate
reorganization of the actin cytoskeleton.54 Troponin has also
been suggested to act as an A-kinase anchoring protein, in
this case via interaction with cTnT.55

The disease-causing PRKAG2 mutations probably cause an
increase in basal AMPK activity56; thus, if cTnI is a physio-
logical substrate for �2-containing AMPK, PRKAG2 muta-
tions would be predicted to increase Ca2� sensitivity of
contractile regulation and this may contribute to disease
pathogenesis. This change in contractile function is qualita-
tively the same as that caused by mutations in cTnI and other
thin-filament proteins that cause hypertrophic cardiomyop-
athy.57 The identification of cTnI as an AMPK substrate may
also have broader relevance. AMPK in the heart is most
markedly activated during ischemia and on exercise10,12;
hence, AMPK phosphorylation may contribute to the altered
contractile changes observed during, and recovery from,
ischemic episodes. For example, extended relaxation duration

is observed in myocardial stunning in humans and large-
animal models.58–60
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Novelty and Significance

What Is Known?

● AMP-activated protein kinase (AMPK) plays a key role in cardiac
metabolic regulation.

● Mutations in PRKAG2, which encodes the �2 regulatory subunit of
AMPK, cause cardiac hypertrophy and conduction abnormalities.

● PRKAG2 is widely expressed in different tissues but, because PRKAG2
mutations cause cardiac disease, it is likely to have specific roles
in the heart.

What New Information Does This Article Contribute?

● A yeast 2-hybrid screen identified cardiac troponin I (cTnI) as an
interactor of AMPK�2.

● AMPK phosphorylates cTnI at serine-150 both in vitro and in whole
heart.

● Modification of serine-150 of cTnI increases myofilament Ca2�

sensitivity in vitro and enhances contraction and prolongs relax-
ation of isolated cardiac myocytes.

AMPK is a trimeric protein central to the control of energy balance
at the cellular and whole-body levels. Mutations affecting the
regulatory �2 subunit cause an essentially cardiac-restricted phe-
notype of hypertrophy and conduction disease, suggesting a
specific role for this subunit in the heart. A yeast 2-hybrid screen of
a human heart cDNA library using the N-terminal 273 residues of
�2 as bait identified cTnI, a myofilament protein involved in the
Ca2� regulation of cardiac contractility, as a putative interactor. We
show that cTnI is a novel AMPK substrate in vitro, with serine-150
being the preferred phosphorylation site. This residue is also
phosphorylated on AMPK activation in the heart. Functional studies
showed that serine-150 modification increases Ca2� sensitivity of
contractile regulation in vitro. Furthermore, the AMPK activator
AICAR caused increased contraction and prolonged relaxation of
isolated cardiac myocytes. Our data reveal that AMPK has novel
actions in modulating contractility that may be relevant both to the
disease caused by PRKAG2 mutations and to physiological and
pathological conditions when AMPK is highly activated in the heart,
for example, during exercise and ischemia.
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Materials and Methods 
Human Heart cDNA Library Screening by Yeast Two-Hybrid Assay 
The bait plasmid was constructed by cloning the sequence encoding amino acids 1-
273 (N-terminal extension plus β subunit binding sequence) of AMPKγ2 (cDNA 
accession number NM_016203) in frame with the yeast GAL4 DNA-binding domain 
(DNA-BD) of the vector pGBKT7 (Clontech). Before screening the Pretransformed 
MATCHMAKER Human Heart cDNA Library in Y187 (Clontech), bait fusion 
protein (DNA-BD/1-273) was tested for toxicity effects and transcriptional activation 
according to the instructions of the manufacturer (Pretransformed MATCHMAKER 
Libraries User Manual, Clontech). The library screening was undertaken by yeast 
mating following the manufacturer’s instructions. Primary selection medium was 
chosen to be of low level of stringency – SD agar/-His/-Leu/-Trp/15 mmol/L 3-
amino-1,2,4-triazole. Following this, surviving colonies – His+ – were transferred 
onto medium of high level of stringency – SD agar/-Ade/-His/-Leu/-Trp/X-α-Gal, 
with surviving colonies – Ade+, His+, Mel1+ – constituting the candidates for a two-
hybrid interaction. 
 
Preparation of Proteins 
Human AMPK heterotrimers α1β1γ2, α1β1γ1 and α1(D157A)β1γ1 were 
overexpressed in E. coli and purified as previously described 1, 2. Recombinant AMPK 
heterotrimers were activated by incubation with 0.2 mmol/L ATP, 5 mmol/L MgCl2 
and recombinant Ca2+/calmodulin-dependent protein kinase kinase (CaMKK-β; 50 
µg/mL) for 30 min at 30°C. Recombinant human contractile proteins - cardiac 
troponin C, cTnI, cardiac troponin T and Ala-Ser-α-tropomyosin were prepared 
according to our published methods 3-5. Point mutations of cTnI were created by a two 
step PCR method and the mutant proteins expressed and purified as wild type. Whole 
cardiac troponin complexes were isolated using our established protocol involving 
stepwise dialysis and gel filtration. The preparation of rabbit skeletal myosin 
subfragment-1 (S-1) and extraction of rabbit skeletal F-actin were according to 
standard protocols 6, 7. 
 
Gel electrophoresis and immunoblotting 
Standard SDS-PAGE using 12% acrylamide gels was employed and protein detected 
using Coomassie Blue and/or autoradiography. Immunoblotting was carried out 
according to standard protocols using enhanced chemiluminescence for detection. 
Commercial antibodies were used to detect AMPK α Thr172 phosphorylation (Santa 
Cruz Biotechnology), total cTnI (Sigma Aldrich) and phosphorylation of ser23/24 of 
cTnI (Cell Signaling Technology). For detection of  cTnI ser150 phosphorylation, a 
polyclonal antibody (Proteintech Group, custom, Chicago, IL), was generated against 
the phosphopeptide LRRVRIS(phos)ADAMMQA and affinity purified with affinity 
cross-absorption with the non-phosphorylated peptide. 
 
In Vitro Phosphorylation by AMPK  
Phosphorylation reactions were carried out at 37°C for one hour with up to 0.37 MBq 
γ32P-ATP in 50 mmol/L HEPES pH 7.4, 150 mmol/L KCl, 25 mmol/L MgCl2, 1 
mmol/L dithiothreitol, 125 µmol/L AMP, 1 mmol/L ATP in the presence of activated 
recombinant AMPK trimer and substrate protein (recombinant human cTnI or cardiac 
troponin complex) 2. Phosphorylation was analyzed by SDS-PAGE and 
autoradiography or by spotting onto phosphocellulose paper and scintillation counting 
8. 
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Phosphoamino acid analysis was carried out according to a standard protocol 9. 
Briefly, 32P-labelled protein prepared as described above was precipitated with 20% 
trichloroacetic acid (TCA) and hydrolysed in 5.7 mol/L HCl at 100°C for 30 minutes. 
After removal of HCl by evaporation, the amino acids were resuspended in pH 1.9 
electrophoresis buffer with phosphoserine, phosphothreonine and phosphotyrosine 
standards. The mixture was then separated by electrophoresis on a cellulose plate in 
two dimensions, first at pH 1.9 and then at pH 3.5. Phosphoamino acid standards were 
visualised by ninhydrin staining and 32P-labelled amino acids by autoradiography. 
 
Mass spectrometry 
His-AMPK α1(1-312) was expressed and purified as previously reported and 
activated using 15 nmol/L LKB1/STRAD/MO25 in 60 mmol/LHEPES-NaOH pH 
7.5, 3 mmol/L MgCl2, 3 µmol/L Na3VO4, 1.2 mmol/L DTT, 500 µmol/L ATP for 4 
hours at 37 °C 10. Peptides (250-270 µmol/L), synthesized and purified as earlier 
described 11, were incubated with 200 nmol/L activated His-AMPK α1(1-312).  
Phosphopeptides were desalted using an offline reverse phase C18 protein microtrap 
(Michrom Bioresources, Inc, Auburn, CA) and eluted first with 1% acetic acid in 
50:50 methanol:water and then 1% acetic acid in 75:25 methanol:water.  All data 
were acquired on a linear trap/FTICR (LTQ FT Ultra) hybrid mass spectrometer 
(Thermo Scientific Inc., Bremen, Germany) equipped with an automated chip-based 
nanoESI source (Triversa NanoMate, Advion BioSciences, Ithaca, NY) as described 
previously 10, 12, 13.  Individual charge states were  isolated first and then dissociated 
by Electron Capture Dissociation (ECD) with 3-5% "electron energy" and 75-150 ms 
duration with no delay time.  All reported Mr values are most abundant masses.  All 
FTICR spectra were processed with Xtract Software (FT programs 2.0.1.0.6.1.4, 
Xcallibur 2.0.5, Thermo Scientific Inc., Bremen, Germany) using a signal to noise 
threshold of 2 and fit factor of 40%, and then validated manually.  The resulting mass 
lists were further assigned using in-house "Ion Assignment" software (Version 1.0) 
based on the peptide sequence. 
 
Langendorff perfusion and global ischemia protocol 
Male C57BL/6 mice (26-30g) from Harlan UK were anesthetized with pentobarbital 
(300 mg/kg with 150 IU heparin, IP). After midline sternotomy, hearts are rapidly 
excised and retrogradely perfused at a constant pressure of 80 mmHg with a modified 
Krebs-Henseleit (KH) buffer containing (in mmol/L) NaCl 118.5, NaHCO3 25.0, KCl 
4.75, KH2PO4 1.18, MgSO4 1.19, D-glucose 11.0, and CaCl2 1.41, at pH 7.4, 
saturated with 95% O2 and 5% CO2.  
During perfusion, the heart temperature was continuously monitored by a K-type 
thermo-couple passed retrogradely through the pulmonary valve into the right 
ventricle. Hearts were immersed in a water-jacketed chamber containing KH buffer 
maintained at 37oC. Coronary flow was measured every 10 minutes by collecting 
effluent from the right ventricular outflow tract using a graduated cylinder.  
After cannulation, hearts were stabilized for 20 minutes. All hearts had to fulfill the 
following inclusion criteria: coronary flow between 1.5 and 4.5 ml/min, time from 
thoracotomy to aortic cannulation <3 min, and no persistent dysrhythmia during 
stabilization.	
  
After a period of 20 minutes stabilization, hearts were subjected to either 30 min 
global ischaemia (ischaemia group), or to an additional 30 min period of normal 
perfusion (time control group), prior to freeze-clamping, as depicted below: 
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In Vitro Actin-Tropomyosin-Activated Myosin ATPase Assay 
ATPase activities were measured using as previously described using 0.5 µmol/L 
myosin S-1 and thin filaments reconstituted using 3.5 µmol/L actin, 0.5 µmol/L 
tropomyosin, and 0.5 µmol/L troponin in 50 mmol/L KCl, 5 mmol/L PIPES, 3.87 
mmol/L MgCl2, 0.25 mmol/L dithiothreitol, pH 7.0, at 37 °C. The free Ca2+ 
concentration was set using 1 mmol/L EGTA and the appropriate concentration of 
CaCl2 as previously described 4, 5. Phosphate release was determined colorimetrically 
by our standard protocol. 
 
Force measurements in skinned preparations  
Hearts from adult C57BL6 mice were frozen on liquid nitrogen immediately after 
cervical dislocation and retrograde aortic perfusion with phosphate buffered saline 
(PBS). Before an experiment the heart was thawed on ice in relaxing solution 
supplemented with 20 mM BDM (2, 3-butanedione monoxime) (Sigma, UK). 
Individual left ventricle trabeculae were dissected and then further thinned to a size of 
approximately 150 µm in the same solution before suspension in skinning solution for 
incubation for 3 hrs on a rotating disc at 4 ˚C.  
For troponin exchange experiments the preparations were incubated in 1mg/ml 
reconstituted recombinant human cardiac troponin in troponin exchange buffer 
overnight at 4 ˚C. Before force measurements the preparations were incubated on a 
rotating disc in relaxing solution with BDM for 30 min at 4 ˚C to equilibrate before 
mounting on the set-up.  
All force traces were recorded on a set-up from Aurora Scientific Inc. (360 Industrial 
Parkway S., Aurora, Ontario, Canada). Briefly, the preparations were mounted, using 
aluminium clips, between a force transducer and static steel holder to ensure isometric 
contraction at a sarcomere length of 2.2 µm, set by laser diffraction, followed by 
measuring dimensions using an ocular graticule. The diameter was recorded at 
multiple points along the preparation and a circular cross section assumed. All 
experiments were performed at a controlled temperature of 20 ˚C. 
The preparations were activated in different ratios of activating to relaxing solution, 
each known to correspond to a certain [Ca2+]free. In between each contraction the 
preparations were allowed to relax to resting level. An initial full activation enabled 
only preparations loosing less than 20% of their force generating capacity over the 
course of the experiments to be included.  
All data acquisition and analysis were performed in a blinded fashion. pCa50 –values 
and the Hill coefficient (nH) were derived using a sigmoidal 3 parameter Hill 
equation curve approximation in SigmaPlot 12.0.  
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Solutions (in mmol/L unless other unit stated) ( all reagents from Sigma unless 
otherwise stated): 
Relaxing solution: EGTA 10; MgCl2 5.6; KCl 100; imidazole 20; ATP 5; creatine 
phosphate 10;  creatine kinase 15 U/ml; Complete Mini EDTA free protease inhibitor 
1 tablet per 10 ml solution (Roche, UK). pH set to 7.0 at room temperature. 
Activating solution: Relaxing solution supplemented with 10.4 mmol/L CaCl2.  
Skinning solution:  Relaxing solution supplemented with 1 % (v/v) Triton X-100 and 
20 mmol/L BDM.  
TnI exchange buffer: MOPS 20 pH 6.5, KCl 200, EGTA 5, MgCl2 5, DTT 1. 
 
The efficiency of troponin replacement was determined using a troponin reconstituted 
using wild type cTnT and cTnC, with a truncation mutant of cTnI lacking the N-
terminal 30 amino acids. This allowed quantitation of the exchange which was 
measured at 72% replacement of endogenous with recombinant human troponin 
(Figure). 
 

 
 
Isolation of murine left ventricular myocytes 

C57BL/6 mice of 2-5 months old (purchased from Harlan UK) were killed 
humanely by cervical dislocation (Schedule 1). Hearts were quickly cannulated 
through aorta and moved to Langendorff perfusion system. All protocols were in 
accordance with the Home Office Guidance on the Operation of Animals (Scientific 
Procedures) Act, 1986 (HMSO).  

LV myocytes were isolated using a standard enzymatic dispersion technique 
(Sears, 2003; Zhang, 2008). Briefly, the heart was perfused for 3 minutes with a 
nominally Ca2+ -free modified Tyrode solution (in mmol/L) 130 NaCl, 5.4 KCl, 3.5 
MgCl2, 10 glucose, 5 HEPES, 0.4 Na2PO4, 20 Taurine, pH 7.4, NaOH.), followed by 
a further 8-9 minutes with an enzyme-containing solution (collagenase, 1 mg/ml, 
Worthington Biochemical Co., protease 0.1 mg/ml, Ca2+ 0.05 mmol/L).  LV myocytes 
were harvested following further five and ten minutes digestion periods in fresh 
enzyme solution (collagenase, 1 mg/ml, Ca2+ 0.05 mmol/L), washed twice and re-
suspended in storage solution (in mmol/L): 120 NaCl, 5.4 KCl, 5 MgSO4, 0.2 CaCl2, 
5 Na-pyruvate, 20 glucose, 20 taurine, 10 HEPES, pH 7.4, NaOH).  The myocyte 
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suspension was stored at room temperature and cells were used within 8 hours of 
isolation.  

Measurement of LV myocyte shortening & Ca2+ transient 
LV myocytes were superfused continuously with a solution containing (in 

mmol/L) NaCl 140, KCl 5.4, MgCl2 1.2, HEPES 5, Glucose 10, CaCl2 1.4 (pH of 7.4) 
in the recording chamber.  LV myocyte length was measured  by using a video-edge 
detection system (IonOptix Corp, field stimulation at 3Hz). % cell shortening was 
calculated as the ratio between absolute cell shortening and diastolic cell length. Time 
to 50% relaxation (TR50) was used to analyse relaxation.  

Ca2+ transients were evaluated in Fura-2 AM-loaded (5 µmol/L, Molecular 
Probles) LV myocytes. Fura-2 was excited at 365 and 380 nm and emitted at 510 nm 
(IonOptix Corp.). Amplitude of Ca2+ transients (difference between peak and diastolic 
Fura-2 levels) and tau of Ca2+ transient decay (fitted with clampfit program) were 
analysed.  Both myocyte shortening and Ca2+ transients were detected at 36±1oC.  

Functional relevance of AMPK on LV myocytes was studied by using AMPK 
activator AICAR (5-aminoimidazole-4-carboxamide ribonucleotide). AICAR has 
been shown to activate AMPK in a time-dependent manner in cardiac myocytes and it 
reaches steady-state in 10-15 min.14  Therefore, the effect of AICAR (2 mmol/L) on 
both cell shortening and Ca2+ transients were analyzed at 15 minutes (field 
stimulation at 3 Hz). Where desired, LV myocytes were pre-incubated with AMPK 
inhibitor compound C (6-[4-(2-Piperidin-1-yl-ethoxy)-phenyl)]-3-pyridin-4-yl-
pyyrazolo[1,5-a] pyrimidine) for 10 min (10 µmol/L, 37oC). Compound C was then 
perfused throughout the recording period and functional parameters in response to 
AICAR were compared in the presence or absence of compound C. 
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