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ABSTRACT
Heart failure is characterized by the inability of the heart to meet the demands of
the body, often through inadequate ventricular filling or pumping. Progression into this
compromised state is marked by several structural and biochemical changes to the
myocardium. A modification germane to the study at hand is the altered energetic and
metabolic status of the cardiomyocyte. Therefore, the purpose of this study is to
understand how regulators of energetic status, liver kinase B 1 (LKB1) and AMPactivated protein kinase (AMPK), interact with and alter function of the greatest energy
consumer in the heart, the myofilament. Using measures of muscle myofilament function
and post-translational modification status, relative activation of the LKB1/AMPK
pathway was found to differentially alter contractility, cross-bridge kinetics, Myosin
Binding Protein C phosphorylation, and Troponin I phosphospecies distribution. LKB1
complex treatment of cardiac trabeculae was shown to blunt contractility and maximum
tension generation. Furthermore, regulation of the LKB1 complex was examined. The
LKB1 complex was shown to alter its association with myofibrillar proteins, depending
on the energetic state of the cardiomyocyte. The LKB1 complex was found localize in the
region of the Z-Disk of the cardiac sarcomere, and potentially associate with both
mitochondrial and mechanotransduction regulatory proteins. These results indicate
potential roles for the LKB1/AMPK signaling axis to modify myofilament function,
potentially though alterations in key post-translational modifications and protein-protein
associations, in response to energetic stress. As such, targeting the LKB1/AMPK
pathway could be beneficial in treating energetically impaired hearts.
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1

GENERAL INTRODUCTION
Heart failure is characterized by the inability of the heart to meet the demands of

the body, either through insufficient ventricular filling or pumping. The progression into
this compromised state is marked by several structural and biochemical changes to the
myocardium. A biochemical change pertinent to the study at hand is the altered energetic
and metabolic state of the cardiomyocyte. As such, the long term goal of this dissertation
is to determine how the heart responds globally to changes in energetic status.
Furthermore, the purpose of this particular dissertation is to understand how regulators of
energetic status, liver kinase B 1 (LKB1) and AMP-activated protein kinase (AMPK),
interact with and alter the function of the greatest energy consumer in the heart, the
myofilament. To provide appropriate context into the operation of energetic homeostatic
regulatory pathways, a discussion of normal cardiac energetics, compromised cardiac
energetics in heart disease, and the known mechanisms under which the LKB1/AMPK
pathway functions is necessary.

1.1

BIOENERGETICS IN HEALTH

1.1.1.1 Thermodynamics of ATP Hydrolysis
To begin the discussion of cardiac bioenergetics, a basic understanding of
thermodynamics under typical cellular conditions is necessary. In order to power nearly
all cellular operations, including contraction, the cell must extract the chemical energy
stored in the form of adenosine triphosphate (ATP). Extraction of ATP’s chemical energy
is obtained when ATP is hydrolyzed to adenosine diphosphate (ADP) and orthophosphate
(Pi) (Equation 1).
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Gibb’s standard free energy change at pH7 (∆ ° ) indicates that the nature of ATP
hydrolysis, or transfer of ATP’s terminal phosphate, is spontaneous under standard
conditions. Moreover, the total change in free energy (∆ , Eq. 2), is based upon the
concentrations of the reactant (ATP) and the products (ADP and Pi) of hydrolysis as well
as the standard free energy.
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This means that the cell can drive forward reactions, or shift the total change in
free energy of a reaction by controlling the concentrations of ATP, ADP, and Pi within
the cell, or even in subcellular microenvironments. Furthermore, the hydrolysis of ATP
can be coupled to thermodynamically unfavorable reactions within the cell, to make them
overall spontaneous, or thermodynamically favorable. Therefore, controlling the
concentrations of ATP, ADP, and Pi is vitally important for driving forward cellular
reactions.
Moreover, by optimizing phosphorylation potential, defined as the relative ratio of
the concentrations of ATP to its hydrolysis products ADP and Pi, the cell can build in an
energy reserve to power cellular reactions. That is, the larger the difference between the
cellular ΔGATP and the ΔG of specific ATPases, the greater the available driving force a
reaction will have. Conversely, if there is a decrease in ΔGATP, energetic reserve is
diminished. For example, the free energy for the actinomyosin ATPase is -46 kJ/mol. If
the ΔGATP decreases or becomes less negative, say from -58kJ/mol to -51kJ/mol as
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occurs during hypoxia, there will be less of a driving force for the actinomyosin ATPase
to hydrolyze ATP and the myocyte to contract [1]. Under these conditions, there would
still be enough of a driving force to power contraction; however, under increased
workloads, diminished energetic reserve could impair contraction. If the ΔGATP was
higher than that of the actinomyosin ATPase, there would be no driving force for
contraction at all. This can be seen under ischemic conditions. The ischemic ΔGATP is 44kJ/mol, being higher than the ΔG for actinomyosin, caused contractile function to cease
[1]. Therefore, the cell must maintain a high phosphorylation potential and thus a large
spontaneous ΔGATP.
1.1.1.2 Cardiovascular Energetics
Cardiomyocytes derive their energy from ATP hydrolysis as described above.
The heart is interesting as it is the largest energy consuming organ, by weight. The highly
energetic tissue of the heart has developed somewhat unique structural and biochemical
characteristics to maintain cardiac output for the entire life of an organism. Central to
maintaining output under various workloads is creating a large phosphorylation potential
and therefore ΔGATP as mentioned previously. Building a large phosphorylation potential
enables formation of significant energetic reserves and thus drives forward cellular
reactions. To create large phosphorylation potentials, the cell must maintain a significant
concentration of ATP and buffer ADP and Pi concentrations. This is done in the heart by
linking ATP-consuming and ATP-producing pathways [2].
The link between ATP consumption and ATP production can be seen by
examining the inhibitors and activators of ATP consumers (ATPases) and ATP
producers. ATPases that hydrolyze ATP to power reactions are inhibited by an increase
14

in ADP concentration. For example, when [ADP] is increased at the myosin ATPase,
cross-bridge detachment and therefore cross-bridge cycling slows [3]. Likewise, reactions
that produce or resynthesize ATP are activated by increases in [ADP] and inhibited by an
increase in [ATP]. In this way ATP and its hydrolysis products work together to prevent a
mismatch between ATP use and production. Therefore, the main consumers of ATP, the
production of ATP, and the functional connections between them will be briefly
discussed.
1.1.1.2.1 ATP-Consuming Pathways
The main user of cellular energy is the myosin ATPase. Approximately 60-70%
of ATP in the myocyte is used by the myosin ATPase to power contraction [4]. Other
major consumers of ATP in the heart include sarcoendoplasmic reticulum Ca2+ATPase
(SERCA), Na+ -K+ ATPase, and macromolecular synthesis [1]. However, as a significant
portion of this project is dedicated to studying active tension generation and cross-bridge
kinetics, a brief overview of contraction as powered by myosin ATPase is necessary.
1.1.1.2.1.1 ATP-Consuming Pathways: Cross-Bridge Cycle
Muscle is a highly structured tissue that specializes in contraction. In striated
muscle specifically, the tissue is ultimately organized into discrete contractile units
termed sarcomeres. According to the sliding filament theory, force generation or
contraction in sarcomeres occurs when thick and thin filaments, the main component of
the sarcomere, slide past one another. This sliding action in the sarcomere can be
interpreted as the myosin head in the thick filament binding to actin in the thin filament.
A cross-bridge is said to have formed when the globular head of myosin binds to actin.
Total force generation is then proportional to the number of cross-bridges formed. Strong
15

cross-bridge formation is dependent on a number a factors, including free Ca2+
concentrations, Ca2+ sensitivity and cooperativity of thin filament activation, and as
implied above, ATP, ADP and Pi concentrations.
Ca2+ is a regulator of cross-bridge formation as the signal for cross-bridge
development is a rise in cytoplasmic free Ca2+. Under relaxed conditions, Ca2+ is
sequestered and myosin is sterically blocked from strongly binding to actin by the
troponin-tropomyosin complex. However, to permit formation of strongly bound crossbridges, Ca2+ is released from the sarcoplasmic reticulum and activates the thin filament.
Ca2+ binding to the troponin complex causes a macromolecular rearrangement of the
troponin-tropomyosin complex revealing the binding site for the myosin head on actin.
Once the thin filament is activated, interactions of the myosin head with ATP and actin
determine cross-bridge formation and therefore tension generation. The process of crossbridge formation or the cross-bridge cycle is as follows:
1. The myosin ATPase hydrolyzes ATP, to produce ADP and Pi. ATP
hydrolysis provides the energy necessary to change the conformational
state of the myosin head to the so-called “cocked” position [5].
2. The cocked myosin head with bound ADP and Pi binds strongly to
actin, forming the cross-bridge.
3. Pi is released from the myosin head. The release of the hydrolysis
products from the myosin head is strongly associated with a change in
myosin conformation, the “power-stroke”; that is, the myosin head
while bound to actin changes conformation so there is a shortening of
the sarcomere.
16

4. ADP is released from the myosin head. The release of ADP from the
myosin head can be the rate limiting step for cross-bridge detachment
or relaxation.
5. The cross-bridge leaves the strongly bound state when myosin binds
ATP again, releasing the strong bond between actin and myosin and
therefore causing cross-bridge detachment.
6. ATP is hydrolyzed again to continue the cross-bridge cycle. This
process will repeat until Ca2+ is sequestered or ATP becomes limiting.
Cross-bridge dynamics can be further described by the two state system [6, 7].
This system states that the kinetics of attachment, or cross-bridge formation, is
determined by a cross-bridge transitioning between a non-force generating or weakly
bound state to a force-generating or strongly bound state. The rate constant describing the
rate of cross-bridge attachment is termed f. The second state for this model describes the
kinetics of detachment. The rate of detachment is determined by cross-bridges
transitioning between a force-generating state to a non-force generating state. The rate
constant describing the rate of cross-bridge detachment is termed g. The two state model
of cross-bridge kinetics is particularly useful as f and g can be measured empirically
using a release-restretch protocol (ktr Methods). The measurement of cross-bridge rate
constants becomes particularly useful in terms of cellular energetics as the rate limiting
step of cross-bridge detachment is the dissociation of ADP from the myosin head
followed by binding of ATP [8].
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1.1.1.2.2 ATP-Production Pathways
The heart has been described as an omnivore in regards to its substrate use to
produce energy. However, the majority of ATP produced in the heart is derived from
oxidative phosphorylation of free fatty acids. Glycolysis is also used as a secondary
mechanism for ATP production. As both basic mechanisms for ATP synthesis in the
mitochondria via the electron transport chain and anaerobic ATP synthesis are discussed
at length in biochemistry textbooks, another review is not necessary here. However, what
is especially interesting in terms of total ATP production in the heart is its remarkable
ability to turnover ATP and keep concentrations of ATP nearly constant even under
various workloads. This speaks to not only matching metabolic pathways for production
and consumption as mentioned above, but also to the heart’s energetic reserves. The main
energetic reserves, or sources to maintain ATP pools, lie in the phosphotransfer systems
of the heart. Creatine kinase (CK) and adenylate kinase (AK) are the main catalytic
enzymes that transfer phosphate to produce ATP. In addition to acting as energetic
reserves, phosphotransfer reactions serve as both an ATP shuttle and ADP buffer.
1.1.1.2.2.1 Phosphotransfer Systems: Integrating ATP Production and
Consumption
As stated previously, the majority of ATP in the heart is produced by ADP
phosphorylation via ATP synthase. Rephosphorylation of adenine nucleotides into ATP
produces an ATP pool of approximately 10mM. Yet, 10mM of ATP is only enough to
power contraction for a few seconds. Therefore, energetic reserve systems must be in
place to maintain ATP concentrations under all working conditions of the heart. Creatine
kinase (CK, Eq. 3) acts as a main energetic reserve as it can 1) turn over ATP ten times
18

faster than ATP synthesis from oxidative phosphorylation and 2) optimize free energy
available from ATP hydrolysis [9].
% +

↔ % '( ! +

(

. 3)

The differences in kinetics allow phosphotransfer systems to be a ready and reliable
source of ATP, even under changing workloads. In addition to preventing decreases in
ATP pools, phosphotransfer reactions also buffer increases in ADP concentrations. By
mass action, increasing ADP concentrations favor the formation of both ATP and
creatine via CK. These two actions together improve the phosphorylation potential of
cell, and therefore enhance free energy available from ATP hydrolysis.
As phosphotransfer reactions optimize free energy available in the heart, they
provide the energetic foundation for contractile support under increased cardiac demand.
Stated in other words, energetic reserves sustain contractile reserves. This concept is
supported when examining the energetic state and corresponding contractile function
when CK activity is blocked in hearts [10] . Hearts that have diminished flux through
CK display a compromised energetic phenotype; under high workloads, there is a
significant increase in ADP concentrations with a corresponding decrease in ATP. These
changes in ADP and ATP increase ΔGATP under CK inhibition. Furthermore, an
equivalent reduction in energetic reserve occurs with compromised free energy available
to the myocyte under CK inhibition. These hearts with blunted energetic reserves also
display a lessened ability to respond to increased work demands. Contractile reserve, as
indexed by the net change in rate pressure product (Eq. 4) from baseline to high work
demand, is significantly reduced in hearts without full CK flux. This study, in addition to
many others, provide evidence for the energetic basis for contractile reserve.
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CK also represents the major phosphotransfer system used to shuttle ATP
between the site of ATP production, the mitochondria, and the sites of ATP consumption.
CK has multiple isoforms in the heart that are localized to either the mitochondria or
other cytoplasmic locations, eg. the myofibril. Mitochondrial CK (mt-CK) uses the ATP
produced locally at the mitochondria to phosphorylate creatine to yield phosphocreatine
(PCr). PCr is then transferred away from the mitochondria to be used by cytoplasmic CK.
Specifically, CK uses PCr located in the myofibril to produce ATP. Therefore, specific
isoforms of the phosphotransfer enzymes move high-energy phosphates from the
production site in the form of PCr, to the site of energy consumption. In effect, these
subcellular localizations of phosphotransfer networks establish energetic microcompartments within the myocyte [11].
Adenylate kinase (AK) also catalyzes the transfer of a phosphate group to
increase ATP pools (Eq. 5). The resulting product of the phosphotransfer is an increase in
AMP and ATP while buffering ADP concentrations.
2

↔ < +

(

. 5)

AK acts in a similar manner to CK in regards to maintaining energetic resources to
support myocyte function. Similarly, AK subcellular localization also exists in energetic
micro-compartments coupling energetic consumption with production [12]. However,
AK is unique as a phosphotranferase as its byproduct of supplementary ATP production
20

is AMP. Therefore, under conditions of increased flux through AK, secondary ATP
production yields substantial changes in AMP. In this way, AMP can act as a highly
sensitive sensor of energetic stress.
1.1.1.2.3 Summary of Bioenergetics in Health
The free energy derived from ATP hydrolysis powers cardiac function, with a
large portion of ATP dedicated to fuelling contraction. There are extensive regulatory
systems in place to control relative adenine nucleotide pools to optimize free energy and
therefore cardiac performance. Furthermore, functional coupling of ATP production and
ATP consumption via these regulatory systems create micro-domains where local
adenine nucleotide pools are controlled.

1.2

CARDIOVASCULAR ENERGETICS IN DISEASE
Heart failure is a complex progressive syndrome resulting from any number of

cardiac insults that ultimately leads to the inability of the ventricles to either fill with or
eject blood. Central to the topic at hand, failing hearts undergo extensive energetic
remodeling. Cardiomyocytes from failing hearts have at first decreased flux through CK
phosphotransfer reactions, increases in both ADP and AMP concentrations due to
lowered phosphocreatine, altered substrate utilization, and eventually an approximate
25% decrease in total ATP [13]. Such drastic changes in energy regulation can have
major impact on contractile function as energetic reserves are intimately tied to
contractile reserves. Therefore, studying regulators of energetic homeostasis could be
quite beneficial for preserving contractile function in the face of cardiac disease.
However, before investigating pertinent homeostatic regulators, a discussion into the
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changing metabolic landscape in which these homeostatic regulatory mechanisms exist is
necessary.
1.2.1

Alterations in ATP Production
A major change in the energetic landscape of a diseased cardiomyocyte begins

with altered flux through phosphotransferase pathways. Studies have shown that there is
diminished import of creatine into the cardiomyocyte as well as decreases in CK enzyme
activity itself in multiple models of heart failure [14, 15]. The drop in creatine import
necessitates a comparable reduction in phosphocreatine as creatine is not synthesized in
the cardiomyocyte. Taken together, these findings demonstrate a decrease flux through
CK which greatly endangers cardiomyocyte energetic reserve.
Interestingly, there is not a similar reduction in AK flux as there is with CK. In
fact, phosphotransfer through AK either remains stable [15] or increases [16] depending
on the model of heart failure examined. The relative availability of phosphotransfer then
could switch to AK in a failing cardiomyocyte to compensate for CK loss. ADP that
would have been phosphorylated by CK (Eq. 3) to generate ATP would have an
increased probability of being phosphorylated by AK (Eq. 5) to generate both ATP and
AMP. Therefore, the net changes in ATP production via phosphotransfer reactions that
occur in heart failure could result in an overall increase in ADP and AMP concentrations.
Changes in nucleotide pools, particularly with AMP, begin alterations in energetic
cellular signaling. The increase in AMP is an indicator of cellular stress and activates
numerous pathways to reprogram cardiomyocyte metabolism.
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1.2.2

Alterations in ATP Consumption: Familial Hypertrophic Cardiomyopathy
In comparison to marked differences in ATP production pathways that occur in

heart failure, hearts containing sarcomeric mutations leading to familial hypertrophic
cardiomyopathy (FHC) have modifications in ATP consumption. Despite a myriad of
different mutations and disease severity, a proposed unifying mechanism to development
of hypertrophy seen in FHC is an increased cost of contraction [17, 18]. FHC hearts can
be characterized as containing sarcomeric proteins that hydrolyze more ATP to produce
an equivalent amount of tension as normal hearts. Therefore, FHC hearts have built-in
contractile inefficiencies. The R403Q mutation in the myosin head is a better
characterized FHC model and therefore will be discussed.
R403Q hearts contain an arginine to glutamine missense mutation in the actin
binding domain of the myosin head at residue 403 [19]. This mutation leads to
asymmetrical hypertrophy, increased probability for arrhythmias and sudden cardiac
death. R403Q hearts have a decreased PCr/ATP ratio [20], faster cross-bridge relaxation
kinetics, and increased tension cost [21, 22]. The R403Q mutation could then be
interpreted as a gain of function mutation, with the myosin ATPase cycling more quickly
and inefficiently through the cross-bridge cycle. This change in ATP handling can be
postulated to alter downstream cellular energetic signaling. To that end, these hearts
display altered cellular energetics before overt pathology is detected. Mutations in the
myosin heavy chain display work inefficiencies in pre-hypertrophic hearts [23].
Furthermore, preliminary data in our lab suggests that the R403Q mutation modifies
metabolic signaling in young, pre-hypertrophic mice. The presence of the R403Q
transgene increased glycogen phosphorylase phosphorylation (Fig.1). Increased glycogen

23

phosphorylase activity could indicate an early altered energetic background in FHC
hearts that requires increased access to glycogen stores.
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Figure 1: ProQ Diamond Phosphoprotein Stain. Cardiac homogenates from male (M)
and female (F) wild type (WT) or R403Q hypertrophic (HCM) mice were examined for
global changes in phosphorylation. In the R403Q transgenic animals, there was an
increase in phosphorylation of a band occurring at 97kDa, regardless of sex [ n=4 per
group p<0.05]. Mass spectrometry analysis (Orbitrap LC/MS/MS) of the 97P band
identified the protein as glycogen phosphorylase [Generated spectra was compared
against Uniprot database for identification. False detection rate was 0.1%, protein
threshold was set to 99.0%, a minimum of two unique peptides was required for positive
identification].
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All the energetic changes associated with sarcomeric mutations support the notion that
the sarcomere, which performs as a load sensing, power generating structure in the
myocyte, also serves as an energy regulating hub. Additionally, there is evidence that
energy regulating pathways feedback into and alter the contractile apparatus. Specifically,
AMP-activated protein kinase (AMPK) can not only sense alterations in energetic state
seen in both acute and in chronic adaptions of cardiac disease, but can also modify the
contractile unit. AMPK is aptly suited for the task as it is directly regulated by adenine
nucleotide pools; by extension, AMPK is then subject to CK and AK signaling. AMPK
not only senses cellular adenine nucleotide pools, but also increases ATP production and
inhibits ATP consumption. Therefore, AMPK promotes free energy from ATP hydrolysis
by appropriately adjusting the ATP: ADP ratio. For these reasons, AMPK signaling is an
attractive subject of study in terms of cardiovascular energetics in health and disease.

1.3

INTRODUCTION TO CHAPTER 3: REGULATION OF CELLULAR ENERGETIC
HOMEOSTASIS: AMP-ACTIVATED PROTEIN KINASE
AMPK is a highly conserved heterotrimeric kinase composed of a catalytic α

subunit, and regulatory β and γ subunits. AMPK is the major regulator of cellular
energetic homeostasis, found in nearly all eukaryotic organisms. Here, activation and
regulation of AMPK signaling will be discussed in the context of both cardiovascular
health and disease.
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1.3.1

Activation and Regulation of AMPK

1.3.1.1 Structure of AMPK
The structure of proteins is key to their function; this general statement is true for
AMPK. The α subunit of AMPK contains the catalytic serine-threonine kinase domain;
this subunit also contains an autoinhibitory domain that decreases kinase activity.
Autoinhibition is relieved upon AMP binding to the γ subunit. Furthermore, there are at
least three physiological sites available on the γ subunit to which adenine nucleotides can
bind. These are termed cystathione β synthetase (CBS) domains. CBS site 1 is the high
affinity binding site responsible for allosteric activation. Site 1 can bind either AMP or
ATP depending on the relative concentration of either in the cell. Site 3 can bind AMP,
ADP or ATP and impacts phosphorylation, and therefore activity, of the catalytic subunit
at Thr172 [24]. Site 4 only binds AMP and is nonexchangeable. The β subunit serves to
not only bind the catalytic domain and main energy sensing domains together, but also
has the ability to bind glycogen. With glycogen bound, the upstream activation of AMPK
is blocked. Taken together, the structure and function of each subunit imparts the ability
of AMPK to sense energetic state and alter downstream targets accordingly.
1.3.1.2 Control of AMPK Activation State by Adenine Nucleotides
AMPK activity is regulated by competitive binding of adenine nucleotides as
described above. Furthermore, the activation state of AMPK is determined by which type
of adenine nucleotide binds to the γ subunit. Under conditions where ATP is sufficient
for required cellular work, the predominant adenine nucleotide that interacts with AMPK
is ATP. ATP-bound AMPK does not greatly influence ATP production or ATP
consumption pathways, as ATP does not allosterically activate AMPK. Conversely, when
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the cell is under energetic stress, there is an increase in AMP and ADP, either of which
are able to out compete ATP at the γ subunit. AMP binding allosterically activates the
kinase domain, while promoting upstream activation of AMPK as well. Therefore,
AMPK is controlled in part by the relative ratio of AMP to ATP. It should be noted that
the main pathway for AMP production in the heart is through AK. By extension, AMPK
is then subject to regulation of phosphotransfer networks.
1.3.1.3 Activation by Upstream Kinases
In addition to allosteric regulation of AMPK activity, AMP binding at the γ
subunit inhibits dephosphorylation of the α catalytic subunit [25]. Inhibiting
dephosphorylation of the α catalytic subunit at Thr172 effectively increases the probability
that a constitutively active upstream kinase will increase total phosphorylation of Thr172
AMPKα. The resulting increase in Thr172 phosphorylation results in a greater than 100
fold rise in AMPK activation [26]. Therefore, AMPK activation is regulated directly by
adenine nucleotide pools and the relative availability of upstream kinases. The group of
kinases capable of phosphorylating Thr172 is termed AMPK Kinases, including Calciumcalmodulin–activated protein kinase kinase-β (CaMKKβ) and the Liver Kinase B1,
Mouse protein 25, and STE-related adaptor protein complex (LKB1/Mo25/STRAD)
complex . The major AMPK kinase in the heart is LKB1/Mo25/STRAD and is primarily
responsible for AMPK activation in cardiomyocytes.
1.3.1.4 Additional Regulation of AMPK: Localization and Expression
Controlling total AMPK expression and relative expression at specific
myocellular locations are additional mechanisms the cardiomyocyte utilizes to regulate
the effects of AMPK. Upregulation of the kinase itself increases the availability of
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AMPK to direct energy homeostasis. Differential AMPK isoform expression was
measured in a variety of cardiovascular insults known to alter cellular energetics.
Increased protein expression of AMPKα1β1γ2 was seen in human heart failure arising
from both idiopathic dilated cardiomyopathy and ischemic cardiomyopathy [27].
Interestingly, when examining left ventricular hypertrophy there was also an increase in
AMPK α1 expression but a decrease in AMPKα2 expression; however, regardless of α1
or α2 isoform expression, both enzyme activities increased [28]. Higher AMPK activities
for the α1 isoform could then be attributable to increased total α1 protein expression. The
elevated α2 isoform activity could be due to increased activation by the upstream kinase
LKB1/Mo25/STRAD, as the LKB1/Mo25/STRAD complex is able to preferentially
activate the α2 isoform in response to increases in the AMP/ATP ratio [29]. Therefore, it
is essential to measure total upstream kinase expression relative to AMPK expression to
understand myocellular responses to energetic stress.
In addition to measuring total expression of AMPK, identifying the subcellular
locations where AMPK functions is equally important. Specific targeting of AMPK to
particular cellular environments can modulate cell signaling. Full characterization of
AMPK subcellular localization under normal and energetic stress is of interest as
energetic micro-domains exist. As mentioned previously, these energetic microdomains
shuttle adenine nucleotides between sites of energy consumption and energy production.
Therefore, positioning AMPK near these adenine nucleotides exchangers could impart
greater sensitivity and control over subcellular energetics. Although no current studies
have examined co-localization with phosphotransfer networks, AMPKγ has been found
to reside at a central signaling node within the contractile apparatus, the Z-Disk [30].
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Subcellular localization also imparts discrimination to AMPK substrate
selectivity. Translational modifications appear to impart some regulation into targeting of
AMPK to specific subcellular substrates. Myristoylation of AMPKβ enables tethering of
the complex to particular membrane domains within the cell [31]. Furthermore, the
upstream kinase complex LKB1/Mo25/STRAD has been shown capable of being
farnesylated [32]. These translational modifications taken together could imply that
AMPK and its activating upstream kinase complex could be targeted and co-localized to
a common membrane domain. Co-localization of LKB1/Mo25/STRAD with AMPK
could promote efficient AMPK activation, and therefore alter downstream signaling.
1.3.2

Cardiovascular-Specific Effects of Activated AMPK
Cardiovascular stresses that lead to AMPK activation include ischemia, oxidative

stress, pressure overload, cardiomyopathy, metabolic hormone stimulation, and exercise
[24, 33, 34]. Although diverse in origin, these energetic stresses all increase AMPK
activity. Once AMPK is active within the heart, the kinase will act upon both energy
consuming and energy producing pathways to stabilize cardiomyocyte energetics.
1.3.2.1 AMPK Alterations of Metabolic Pathways: Increasing ATP Production
Activated AMPK will act on numerous aerobic and anaerobic metabolic pathways
to boost ATP production. Specifically, AMPK increases glucose transport via GLUT4
and to a lesser extent GLUT1 in myocytes [35]. In addition to increased glucose flux into
the myocyte, AMPK also enhances phosphofructokinase-1 activity, the rate limiting step
of glycolysis [36]. Therefore, there is increased ATP production through glucose
metabolism. AMPK also increases ATP production through augmented fatty acid
oxidation. AMPK phosphorylates acetyl-CoA carboxylase (ACC) to promote the
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transport of fatty acyl-CoA into the mitochondrial matrix for oxidative phosphorylation
[37]. AMPK stimulates fatty acid oxidation by increasing fatty acid uptake into the
myocardium, increasing lipoprotein lipase activity [38, 39]. Additionally, AMPK
promotes long term energy production by increasing mitochondrial biogenesis through
PGC-1 [40].
1.3.2.2 AMPK Alterations of Metabolic Pathways: Blunting ATP Consumption
AMPK generally economizes the expenditure of ATP. For example, synthesizing
low turnover proteins is not an acute vital function under energetic stress. Therefore,
AMPK inhibits energetic consumption for macromolecular synthesis [41]. AMPK is also
capable of targeting the main consumer of energy in the myocyte, the contractile
apparatus. The current known sarcomeric target of AMPK in the heart is Ser150 of cardiac
Troponin I (cTnI) [42]. cTnI is the inhibitory subunit of the regulatory troponin complex
that influences cross-bridge formation and therefore tension development. Phospho-ser150
TnI is known to increase Ca2+-sensitivity of tension development and is consequently
said to increase contractility [43-45]. cTnI also serves as a convergence point for many
cellular signaling cascades. Here, multiple signals are integrated to ultimately modulate
contractile function as required [46]. Therefore, integration of signaling via posttranslational modification of cTnI can coordinate energetic signaling from AMPK with
global cell signaling to influence contractile function [45]. Furthermore, by
phosphorylating cTnI, AMPK has the potential to economize ATP use for contraction. In
isolated cardiomyocytes treated with an AMP mimetic, an increased time to relaxation
was observed. Therefore, AMPK activation was associated with prolonged relaxation
times [43]. As cross-bridge detachment, or ATP binding to the myosin head, governs
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relaxation, AMPK could cause the myofilament to use less ATP and increase
contractility.
1.3.3

Stoichiometric Activation of AMPK by the LKB1/Mo25/STRAD Complex
To summarize thus far, the free energy from ATP hydrolysis is used to power all

cellular work. The cell actively sustains free energy by policing ATP, ADP, and AMP
concentrations. This is done by producing ATP mainly through oxidative
phosphorylation and sustaining ATP reserves through the phosphotransfer systems. In
addition to maintaining ATP pools, the phosphotransfer network buffers large changes in
AMP and ADP concentrations. However, under energetic stress the ability to buffer
changes in AMP and ADP is diminished. Fluctuations in the adenine nucleotide pools
activate AMPK. AMP activation of AMPK concurrent with upstream activation by the
LKB1/Mo25/STRAD complex enables restoration of energetic homeostasis. This is
accomplished when AMPK promotes ATP production and inhibits ATP consumption.
What is not known is how altering upstream activation of AMPK by the LKB1 complex
changes the ability of AMPK to function. Studying the effects of altering stoichiometric
AMPK activation by the LKB1 complex is relevant as 1) the total expression and activity
of AMPK can change depending on cardiac insult, and 2) adenine nucleotides are able to
recruit AMPK and induce LKB1 complex activation of AMPK [47].
As previously mentioned, expression of the AMPK protein itself can change with
energetic stress. Hypertension and the presence of cardiomyopathy upregulate AMPK
expression. Upregulating expression of AMPK provides an opportunity to alter the ratio
between AMPK and LKB1/Mo25/STRAD. Furthermore, the alterations in the isoform
expression pattern can change with disease state as well. Aortic banding increases
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AMPKα2 expression, while cardiomyopathy increases AMPKα1 expression. Changes in
the relative ratio of AMPK isoform to the LKB1/Mo25/STRAD could alter downstream
AMPK signaling as the LKB1 complex preferentially phosphorylates AMPKα2.
Examining relative stoichiometry of the LKB1 complex activation of AMPK is
also essential at the subcellular level. Energetic microdomains established by
phosphotransfer networks enable the movement and exchange of adenine nucleotides
without influencing bulk nucleotide pools. The existence of AMP in these microdomains
has the potential to alter AMPK activity locally. Additionally, AMP has been shown to
initiate the recruitment of AMPK to LKB1 complex containing signaling scaffolds [47].
Given these conditions, it is possible to have differing subcellular AMPK activation
depending on the local AMP concentration and LKB1 recruitment. For these reasons the
following question was examined: does the amount or availability of
LKB1/Mo25/STRAD relative to the amount of AMPK alter the response of the
sarcomere to energetic regulation? (Chapter 3)

1.4

INTRODUCTION TO CHAPTER 4: UPSTREAM ENERGETIC REGULATION: LIVER

KINASE B1
As indicated in the previous sections, LKB1 complex activation of AMPK is
required for metabolic homeostasis. In addition to regulating cell metabolism, LKB1 has
been implicated in controlling a variety of cellular functions including cell polarity, cell
growth, and tumor suppression [48]. Even though the LKB1/Mo25/STRAD complex has
been identified as an AMPK activator, there is a dearth of information regarding its role
and regulation in the heart.
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1.4.1

Structure of the LKB1 complex
LKB1 is a serine/ threonine kinase that phosphorylates an entire family of

AMPK-like kinases. LKB1 on its own displays poor kinase activity as it is unable to
coordinate Mg2+, and therefore needs the accessory proteins STRAD and Mo25 to
become fully active [49]. STRAD performs as a pseudokinase, imparting activation to
LKB1; Mo25 is a scaffolding protein that stabilizes the LKB1 conformation required for
STRAD to induce kinase activity [50]. LKB1, STRAD, and Mo25 then work together to
form a catalytically active complex. All three subunits must be present in order to
phosphorylate downstream targets.
1.4.2

Regulation of the LKB1 complex
As all three subunits of the complex are required for full kinase activity,

controlling the protein expression of any of the subunit could alter regulation downstream
of the LKB1 complex. That is, if one member of the complex is downregulated, the
corresponding subunits are rendered ineffective. Some evidence exists of altered Mo25
expression in the heart. In mice containing the R403Q transgene leading to hypertrophic
cardiomyopathy, there is decreased protein expression of Mo25. Decreased Mo25
expression blunts downstream signaling as seen with decreased AMPK and ACC
phosphorylation [51]. Therefore, controlling relative expression of the LKB1 complex
subunits is a potential mechanism for kinase regulation. Furthermore, altered LKB1
complex subunit expression gives further credence to determining if the amount or
availability of LKB1/Mo25/STRAD relative to the amount of AMPK alters the response
of the sarcomere to energetic regulation (Chapter 3).
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Post-translational modifications have been also shown to regulate LKB1 complex
signaling. The LKB1 complex has acetylation, phosphorylation, and farnesylation sites,
but only acetylation has been shown to alter kinase activity in mouse liver [52].
Phosphorylation and farnesylation do not change complex activity, but these
posttranslational modifications can alter subcellular localization [53, 54]. Furthermore,
metabolic activation from contraction or AICAR treatment of skeletal muscle does not
alter LKB1 kinase activity [55]. Nearly all evidence gathered to date indicates that once
LKB1, Mo25, and STRAD form an active complex, this complex is constitutively active.
It is then hypothesized that the LKB1 complex is constitutively active once formed, and
regulation of the active complex is controlled through subcellular localization.
Therefore, the major proposed mechanism to regulate LKB1 complex function is
through altered subcellular localization. Determining to where and to what the LKB1
complex associates with in the heart is necessary to understand upstream energetic
regulation. As the myofilament is the main energy consumer in the heart, it is a potential
target for downstream LKB1/AMPK signaling. For these reasons we hypothesize the
LKB1 complex can target myofilament proteins, and that targeting or localization
can change with energetic status (Chapter 4).
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2

MATERIALS AND METHODS

2.1

ANIMAL MODELS
All procedures were in accordance with institutional guidelines regarding the care

and use of laboratory animals. The primary model used for a majority of the studies in
this dissertation was the rat; male Sprague-Dawley rats were used approximately two
months of age. Transgenic male R403Q mice aged four months and their corresponding
non-transgenic littermates were also used. Prior to sacrifice no special conditions existed
for these animals. IACUC protocol approval was obtained for each of the studies
(protocol 08-133).

2.2

MUSCLE MECHANICS SAMPLE PREPARATION

2.2.1

Preparation of Right Ventricular Cardiac Trabeculae
Rats were anesthetized by brief exposure to Isofluanre. The hearts were rapidly

excised and cannulated through the aortic stump. The heart was retrogradely perfused
with a modified Krebs-Henseleit (K-H) solution as described by De Windt et al. (1999)
with the addition of several components including 20 mmol/L 2,3 butanedione monoxime
to prevent beating of the heart during dissection (see solutions)[56]. The right ventricle
was opened exposing the interior of the free wall. Thin, uniform, and unbranched
trabeculae were carefully dissected from the RV free wall and transferred to an ice-cold
standard relaxing solution containing 1% Triton X-100 overnight at 4°C. Care was taken
during the dissection procedure not to stretch excessively or handle the trabeculae except
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at the very ends where a large portion of the ventricular wall or valve was cut in addition
to the trabeculae. The fibers were used within 3 days of harvest.
2.2.2

Activation of and Treatment with AMPK
To activate the AMPK complex, phosphorylation of thr172 on AMPKα by the

LKB1/STRADα/MO25α (Millipore 14-596) complex is required. Two separate protocols
were used to activate the AMPK complex. For one protocol, 20nM of
LKB1/STRADα/MO25α was added to 100nM AMPK (α1β1γ1 Calbiochem 171536) in
kinase reaction buffer (60mM HEPES pH 7.5, 3mM MgCl2, 3µM Na3VO4, 1.2mM
DTT, 500µM ATP, 10mM EGTA, 5µm NaF, 100µM ADP, protease inhibitor cocktail
(Sigma), and 1mM PKAi( Sigma)) for 10 minutes at 37°C. For the second protocol,
100nM of LKB1/STRAD/MO25 was added to 100nM AMPK in the aforementioned
kinase reaction buffer for 10 minutes at 37°C . 100nM of the LKB1/STRAD/MO25 in the
absence of exogenous AMPK was used as a control. To test how different stoichiometric
ratios of the LKB1 to AMPK complex impact myofilament function, skinned trabeculae
or papillaries were incubated with activated AMPK and either low LKB1 (10nM LKB1:
50nM AMPK), high LKB1 (50nM LKB1: 50nM AMPK) or the LKB1 complex itself
(50nM LKB1) in the kinase reaction buffer for 30 minutes at 30°C. After incubation,
fibers were washed (15 min; repeated three times) with standard relaxing buffer on ice.

2.3

MUSCLE MECHANICS EXPERIMENTAL APPARATUS

2.3.1

Sarcomere Length Measurement by Laser Diffraction
Sarcomere length was measured by laser diffraction as described in detail

previously [57, 58]. The striations of cardiac muscle act as an optical grating to incident
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light. Each fiber segment was illuminated by a 10 mW helium-neon laser beam. The
laser beam was reflected such that it was perpendicular to the long axis of the fiber in the
muscle bath. A variable neutral density filter was placed in the laser path to adjust the
intensity of the laser. Muscle fibers diffract the light into a zero-order band and multiple,
spatially symmetrical, higher order band pairs. The angle between the first-order and
zero-order diffraction band is proportional to the grating spacing, in this case, the
sarcomere length, and the wavelength of the laser light (632.8 nm). To measure this
angle, the first-order diffraction band was projected onto 2048 pixel high speed linear
CCD sensor (Dexela Ltd., London, UK). Because of the nature of the diffracting material,
the first-order diffraction band is focused by two convergent lenses. Linear sensor
calibration was achieved by placing gratings of known spacing in the same position. It
was shown previously that the asymmetry of the diffraction pattern due to Bragg angle
artifact differed by less than 4% [58], therefore the opposite first-order diffraction band
was not monitored.
2.3.2

Cardiac Trabeculae
For mechanical measurements of skinned cardiac trabeculae, each fiber was

mounted to the experimental apparatus as previously described [59]. Aluminum T-clips
were carefully attached to the ends of the fibers; small aluminum T-clips were made by
photo-etching standard aluminum foil. The T-clips with the attached fiber were placed
on stainless steel hooks that extended from the motor arm and the force transducer. The
motor arm was a high-speed servomotor (Aurora Scientific model 315C) and the force
transducer was a modified silicon strain gauge (model AE801, Kronex, CA). Both the
servomotor and force transducer were attached to X-Y-Z manipulators mounted to a
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movable stage. This allowed the suspended muscle to be lowered into a muscle trough
(~200µl) milled from an anodized aluminum block. Water was circulated through the
block and allowed for temperature control of the solutions in the muscle bath.
Temperature was monitored throughout the experimental protocol and kept constant at 15
± 0.1 C. Sarcomere length was measured by laser diffraction as described in detail above.
Force was digitally converted with an A/D converter and custom software (LabVIEW,
National Instruments; Austin, Texas) for off-line analysis.

2.4
2.4.1

MUSCLE MECHANICS EXPERIMENTAL PROTOCOL
Ca2+ Sensitivity of Tension Cardiac Trabeculae
Ca2+ sensitivity of tension was measured as previously described with slight

modifications[58]. Prior to activation, the relaxing solution in the muscle bath was
exchanged with a preactivating solution (Table 1). Use of an exchange volume that was
three times the trough volume ensured complete exchange of the fluid. The solution
exchange was accomplished such that the muscle was never exposed to air. Each
incubation period was 3-4 minutes allowing full equilibration of the fiber with the
solution. Next, the sensitivity of force development to Ca2+ was determined by activating
the muscle during a series of preactivating-activating relaxation cycles using a range of
free [Ca2+] in the activating solutions. The experimental apparatus provided a method to
monitor sarcomere length throughout the experimental protocol. Tension generation at a
given length is underestimated due to damage inflicted on the fiber ends during sample
preparation. This end-compliance results in significant shortening of central sarcomeres
at the expense of the end sarcomeres during an isometric contraction [57, 58, 60].
Although end-compliance was minimized, it could not be altogether eliminated.
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Therefore, strict length-control was instituted during maximal and submaximal
activations to ensure an accurate description of the myofilament responsiveness to Ca2+ at
a given sarcomere length. After each activation, muscle length was adjusted so as to
maintain each desired sarcomere length. Because of the damaged-end compliance,
multiple populations of sarcomeres will shorten non-uniformly. To circumvent this
problem an area of no larger than 400 µm was illuminated by the laser light. Because the
experimental criteria were strict, approximately one sample preparation in ten was not
discarded. Once steady-state was achieved at the selected sarcomere length, peak active
tension was measured. For each activation, instituting a quick release prior to fiber
relaxation identified zero force level. The amount of active tension generated at each
[Ca2+] was calculated as the difference between total tension and relaxed, passive tension
that was assessed by slackening the fiber at each sarcomere length while it was in the
relaxed state. To determine any decline in tension-generating capability, the fiber was
maximally activated at the beginning and at the end of the protocol. If the fibers did not
maintain 80% of initial maximal tension then the fiber data was discarded. Similarly, any
fiber that lost a visible first-order laser diffraction band at any point in experimental
protocol was discarded. Tensions in submaximally activating solutions were expressed
as fractions of the maximum tension P0 at the same sarcomere length. The P0 value used
to normalize submaximal tension was obtained by linear interpolation between successive
maximal activations. Submaximal Ca2+ activations were done in random order. Each
curve was fit to a modified Hill equation.
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Table 1. Composition of relaxing, activating, and preactivating solutions
Solution
CaNa2ATP
MgCl2
EGTA
HDTA
Kprop
EGTA
Relaxing
5.95
6.41
10
--50.25
Preactivating
5.95
6.25
-10
-50.51
Activating
6.08
6.20
--10
29.98
Table 1 Composition of Relaxing, Preactivating, and Activating Solutions (mM). CaEGTA is made by mixing equimolar amounts of CaCl2 and EGTA. In addition to the
above constituents all solutions contained the following (mM): phosphocreatine 10, N,Nbis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES) 100, phenylmethylsulfonyl
fluoride (PMSF) 0.1, dithiothreitol (DTT) 1, 50 U/ mL creatine phosphokinase, and
protease inhibitor cocktail (sigma) 4µLcocktail/ml solution. Free Mg2+ and Mg-ATP
concentration were 1 and 5 mM, respectively. Relaxing and activating solutions were
mixed to obtain the desired range of free [Ca2+]. The pH is adjusted to 7.0 at 15.0 °C with
KOH.
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2.4.2

Rate Constant for Tension Redevelopment Cardiac Trabeculae
The rate constant for tension redevelopment was measured as described

previously [61]. To do this, tension and muscle length signals were collected at a high
sample rate (1 kHz for 0.5 s) during a rapid release–restretch protocol. This maneuver was
applied to the muscle at the end of a contraction after steady-state tension was reached to
measure apparent rate of tension redevelopment (ktr). The release was 15% of fiber length
and lasted 5ms; following fiber release, the fiber was quickly (1ms) restretched to 15%
longer than original length. The recovery of tension towards the isometric steady-state
level was fitted to a single exponential, yielding the rate constant ktr. As ktr is dependent
on both levels of activating Ca2+ and strongly bound cross-bridges, ktr was determined
over a range of submaximal activating [Ca2+]. As with the Ca2+ sensitivity of tension
measurements, preactivating-activating relaxation cycles using a range of free [Ca2+] in
the activating solutions were used to generate differing amounts of tension. Sarcomere
length was monitored and kept constant during contraction at 2.2µm using laser
diffraction as described above. If the fibers did not maintain 80% of initial maximal
tension then the fiber data was discarded. Similarly, any fiber that lost a visible laser
diffraction band at any point in experimental protocol was discarded. Tensions in
submaximally activating solutions were expressed as fractions of the maximum tension
P0 at the same sarcomere length. Submaximal Ca2+ activations were done in random
order. All measured rate constants were then plotted against relative force and fit by
linear regression and exponential curvilinear regression.
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2.5
2.5.1

PROTEOMIC ANALYSIS
Sample Preparation for SDS-PAGE and Phospho-Affinity SDS-PAGE

2.5.1.1 Myofibrillar Isolation
Myofibrillar proteins from frozen tabeculae or papillaries were isolated as detailed
previously [62]. Briefly, frozen tissue was transferred to a dounce homogenizer
containing a relaxing buffer (75mM KCl, 10mM imidazole (pH 7.2), 2mM MgCl2, 2mM
EDTA, amd 1mM NaN3) and 1% Triton X-100 and homogenized. The sample was then
spun down and the supernatant was removed. Samples were then washed in a relaxing
buffer without Trition X-100 to remove all detergent. After washing, UTC buffer (8M
Urea, 2M Thiourea, 4% CHAPS) was then added to the sample based upon a 1:20 (W/V)
ratio of sample to UTC. Samples were transferred back to the dounce and homogenized.
Following homogenization, samples were placed on an orbital shaker for 30 minutes and
then placed in a water bath sonicator for 10 minutes; this was repeated for a total of 1
hour on the orbital shaker and 20 minutes sonication. Samples were then spun to obtain a
clarified soluble sample. An RC-DC assay (Biorad) was performed to determine protein
concentrations. Aliquots were flash frozen in liquid nitrogen and stored at -80°C.
2.5.1.2 Demembranated Myocyte Isolation
Frozen ventricular tissue (twenty mg) was homogenized into relax for 10-15s
using a drill press. After homogenization, sample was gently spun at 80 g for one
minute, then the supernate was removed. Relax containing 0.3% TritonX-100 was added
to the pellet, triturated, and incubated on ice for 5 minutes. Following skinning with 0.3%
TritonX-100, sample was gently spun at 80 g for one minute, and supernate was
removed. Sample was then resuspended in relax and allowed to pellet on ice, and the
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supernate was removed. 100uL of solubilization buffer (8M Urea, 2M Thiourea, 3%SDS,
0.05M Tris-HCl, 0.03% bromophenol blue) was added to sample and heated for 10
minutes at 60°C. Samples were then spun, frozen, and stored at -80°C.
2.5.2

ProQ Diamond Phosphoprotein Stain
SDS-PAGE was used to separate out myofibrillar proteins and to measure

phosphorylation status as detailed previously [63]. Briefly, the composition of SDSPAGE gels were as follows, stacking gel: 5% acrylamide (29:1 acrylamide: bisacrylamide), 0.1% SDS, 0.1% APS, 0.1% TEMED, 0.125 M Tris pH 6.8; resolving gel:
12% acrylamide (29:1 acrylamide: bis-acrylamide), 0.1% SDS, 0.1% APS, 0.06%
TEMED, 0.375 M Tris pH 8.8. Approximately, 5 μg of total protein was loaded into each
lane. Gels were run using the Criterion system in ice cold running buffer (2.5 mM Tris,
19 mM glycine, 0.35 mM SDS) and at constant current (30mA per gel). Gels were then
fixed and stained according to manufacturer’s instructions (Invitrogen). Following
phosphoprotein staining, gels were then stained for total protein with Coomassie Brillant
Blue. Phosphorylated protein optical densities were quantified using LabImage 1D
software and normalized to their respective Coomassie stained total protein bands.
2.5.3

Immunoblot Analysis
5μg of each myofibrillar sample was separated using SDS-PAGE (12%

acrylamide). Following electrophoresis, proteins were transferred to a PVDF membrane
using the Trans-Blot® SD Semi-Dry Transfer Cell (BioRad). Following transfer, total
protein was measured with Ponceaus S stain (Sigma). Antibodies were used to probe
selected proteins (Table 2).
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Table 2. Primary Antibodies
Dilution
Manufacturer
Application
Total cTnI
1:5000
AbCam
IB
23/24
Phospho-ser
cTnI
1:1000
Cell Signaling
IB
Phospho-ser150cTnI
1:500
AbCam
IB
Phospho-ser43cTnI
1:125
AbCam
IB
Total Myosin Binding Protein C
AbCam
IB
1:1000
Phospho-ser282 Protein C
1:1000
Enzo Life Sciences
IB
Total AMPKα
1:1000
Cell Signaling
IB
Cell Signaling
IB
Phospho-Thr172AMPKα
1:1000
LKB 1
1:1000
Cell Signaling
IB
Cell Signlaing
IB, IP
Mo25
1:2000
LKB1
1:100
EMD Millipore
IF
1:100
AbCam
IF
Mo25
AbCam
IF
α-Actinin
1:100
Table 2 Primary Antibodies. Antibodies used to probe for selected proteins and postAntibody

translational modifications. Dilutions and manufacturer, and the application of each
antibody is given [IB, immunoblot, IP, immunoprecipitation, IF, immunofluorescence].
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Protein optical densities were quantified using LabImage 1D software and normalized to
total protein to adjust for alterations in loading parameters. After adjusting for slight
variations in loading, the normalized optical densities from phospho-antibodies were then
divided by their respective total protein optical density.
All immunoblot analysis was performed from the semi-quantitation of individual
blots and was not compared across blots according to accepted guidelines. Some
immunoblot images of a given target were cropped from the same blot in order to
conserve figure space and redundancy.
2.5.4

Phosphate –Affinity SDS Page
Phosphate-affinity SDS PAGE was performed according to manufacturer’s

instructions (Wako Pure Chemical Industries Richmond, VA) and as described
previously [64-66]. Membranes were probed for total cTnI, phospho-ser23/24cTnI, and
phospho-ser150cTnI (Table 2). Total protein was measured by either SYPRO Ruby
Protein Blot stain (Bio Rad) or Ponceau S solution (Sigma). Human recombinant cardiac
Troponin I (hcTnI) and rat cardiomyocytes treated with protein kinase A (PKA catalytic
subunit; 1 U/μL) were used as relative standards to identify different phosphospecie
populations. hcTnI (kindly provided by Dr. Jil Tardiff) was used to identify minimally
phosphorylated, and therefore furthest migrating cTnI phosphospecies. PKA treated
myocytes were used to identify highly phosphorylated, and therefore minimally
migrating, cTnI phosphospecies. By convention, phosphospecies were labeled according
to parameters of their separation. The phosphospecie that traveled the furthest though the
gel, along with hcTnI, was termed un-phosphorylated (0P). Phosphospecies below 0P are
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classified as degradation products. The phosphospecie that traveled above the 0P band
was labeled mono-phosphorylated (1P); and finally, the phosphospecie that moved the
least through the gel was designated bis-phosphorylated (2P). Phosphospecies optical
densities were quantified using LabImage 1D software and normalized to their SYPRO or
Ponceau total protein bands. Each phosphospecies was normalized to their respective
total cTnI optical density.
2.5.5

Co-Immunoprecipitation and Mass Spectroscopy
Co-immunoprecipitation was performed using a kit from Thermo-Scientific

according to manufacturer’s instructions. Antibodies to Mo25 (Table 2) were
immobilized on the column. Following anti-Mo25 immobilization, demembranated heart
tissue treated with active recombinant LKB1/Mo25/STRAD (50nM LKB1, 30 minutes)
as well as tissue from AICAR treated hearts were added to the column and incubated
overnight at 4°C. Columns were then washed, and the Co-IPs were eluted. Eluted
samples were then prepared for SDS-PAGE by adding solubilization buffer (Urea, BME),
and heated for 5 min at 90°C. Following SDS-PAGE, silver stain (BioRad) was
performed to visualize proteins associating with Mo25. The identity of those bands, or
candidates for Mo25 binding, were analyzed with LC-MS/MS. Mass spectrometry and
proteomics data were acquired by the Arizona Proteomics Consortium supported by
NIEHS grant ES06694 to the SWEHSC, NIH/NCI grant CA023074 to the UA Cancer
Center and by the BIO5 Institute of the University of Arizona. The Thermo Fisher LTQ
Orbitrap Velos mass spectrometer was provided by grant 1S10 RR028868-01 from
NIH/NCRR.
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2.6

IMMUNOHISTOCHEMISTRY

2.6.1

Mouse Myocyte Isolation
Approximately 4 month old male c57/bl6 mice were anesthetized with isoflurane

and their hearts rapidly excised. Myocytes were isolated from enzymatically digested
hearts according to previously published methods [43, 67].
2.6.2

Myocyte Culture and Treatment
Adult mouse cardiomyocyte cells were obtained after enzymatic digestion and

cultured immediately. The cells were cultured on 18x18 coverslips (Fisherbrand cat#12542A) coated with 1:20 dilution of Matrigel (Corning GFR #354230) and were cultured
in DMEM (Gibco #11885) with 1% Pen/Strep and 10% heat inactivated FBS (Gibco
#16141-079) for approximately 1 to 2hrs at 37°C. The cells were broken into two groups:
non-treatment and twenty minute treatment with AICAR (5-aminoimidazole-4carboxamide ribonucleotide). Post-treatment, the cells were washed 3x with 1x PBS.
1mL of 1x relax solution with 4mM ATP was added to the coverslips and rocked for
fifteen minutes at room temperature. The relax solution was removed and 1mL of
2%formaldehyde/1x relax with 4mM ATP was added to the coverslips and rocked for
twenty minutes at room temperature.
2.6.3

IF Staining: Intact Myocytes
Fixed mouse cardiomyocytes were permeablized in 0.2% Triton X-100/PBS for

twenty minutes at room temperature. After fixed cardiomyocytes were permeablized,
they were treated with 1mg/ml solution of Sodium Borohydride dissolved in 1x PBS for 4
mins, repeated twice. Cardiomyocytes were then rinsed with 1x TBS with 1% Tween
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(TBS-T) 3x for five minutes each. Once all residual sodium borohydride had been
removed, cardiomyocytes underwent a 1% SDS Antigen Retrieval for five minutes then
washed with 1x TBS-T 3x for 5mins each. The fixed cardiomyocytes were blocked with
2% BSA plus 1% normal donkey serum/PBS for 1 hour at room temperature and
incubated overnight at 4°C with mouse monoclonal anti-α-actinin, and polycolonal antiLKB1 or monoclonal anti-sarcomeric- α-actinin, monoclonal anti-Mo25 (Table 2).
Sections were then washed with 1X TBST-T for twenty minutes, and incubated with
secondary antibodies/TBS-T for 1.5 hours. Secondary antibodies (Invitrogen) included
Alexa Fluor 488-conjugated goat anti-mouse IgG (1:1,000) and Alexa Fluor 350conjugated goat anti-mouse IgG (1:200) for the staining of α-actinin and anti-LKB1.
Secondaries used for monoclonal anti-sarcomeric- α-actinin and monoclonal anti-Mo25
were Alexa Fluor 350 anti-rabbit IgG (1:200) (A21049, Invitrogen) and Alexa Fluor 488
goat anti-rabbit IgG (1:500) (A11034, Molecular Probes) respectively. Texas-Red- or
Alexa Fluor 488-conjugated phalloidin (1:50) was used to stain F-actin. Sections were
washed with TBS-T for twenty minutes then mounted onto slides with Aqua Poly/Mount
(Polysciences Inc.). Images were captured using a Deltavision RT system (Applied
Precision) with a 100× NA 1.3 objective, and a charge-coupled device camera
(CoolSNAP HQ; Photometrics). Images were deconvolved using SoftWoRx software and
processed using Photoshop CS (Adobe).
2.6.4

IF staining: Skinned Myocytes
Skinned myocytes were fixed for 2hrs with a 4% formaldehyde/PBS solution in

suspension using 1.5mL eppendorf tube at 4°C using a spinning end over end rocker to
avoid clumping of cells. After fixation the cells were then quenched to remove any of the
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leftover aldehyde groups in the fixative with 20mM NH4Cl for 5mins. The adult mouse
cardiomyocytes were permeablized in 0.2% Triton X-100/PBS for 20 min at room
temperature. The cells were then washed 2x times with 500uL of ice-cold TBST-T. The
cell suspension underwent a 1% SDS Antigen Retrieval for five minutes then washed
with 1x TBS-T 3x for five minutes. Incubation of primary and secondary antibodies as
well as imaging were done as described above.

2.7
2.7.1

DATA AND STATISTICAL ANALYSIS
Ca2+ sensitivity of tension
Each Ca2+-force curve generated was fit to a modified Hill equation: Prel =

[Ca2+]n/( EC50n + [Ca2+]n), where Prel = relative tension, EC50 = [Ca2+] at which tension is
half-maximal, n = slope of the Ca2+-force relationship (Hill coefficient). Similarly, the
Hill equation can be rewritten as: F = Fmax•[Ca2+]n/( EC50n + [Ca2+]n), F = steady-state
force, Fmax = maximum saturated force, EC50 = [Ca2+] at which force is half-maximal, n =
slope of the Ca2+-force relationship (Hill coefficient). The Prel, or Fmax, value used to
normalize submaximal tension was obtained by linear interpolation between successive
maximal activations
Length-dependent activation was expressed as the ∆EC50 which was calculated as
the difference in EC50 at SL = 2.0 µm and 2.2 µm for each experiment. The differences
among EC50, ∆EC50, for each group at each SL were analyzed with a one-way ANOVA
followed by a student’s t-test with a post-hoc Tukey correction to assess differences
among mean values. All values are means ± S.E.M. P values less than 0.05 were
considered significant
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2.7.2

Rate Constant of Tension Redevelopment
Tension redevelopment following the release and restretch protocol (ktr) was fit

to a mono-exponential function given by, F = (F0-Fres)(1-ektrt)+Fres, where Fo is the steady
state isometric tension and Fres is the residual tension from which the fiber starts to
redevelop tension. Results are presented as mean ± SEM. One-way ANOVA with a
Tukey post-hoc test was used to determine differences in means. Multiple linear
regression was also used to determine the relationship between ktr and tension. P values
less than 0.05 were considered significant.
2.7.3

Immunoblot and ProQ Diamond Analysis
Results are presented as mean ± SEM. Student’s T test was used to determine

differences in only two means. One-way ANOVA with a Tukey post-hoc test was used to
determine differences in more than two means. P values less than 0.05 were considered
significant.
2.7.4

Mass Spectroscopy

Spectra obtained from the LTQ Orbitrap Velos mass spectrometer were compared
against the UNIPROT database for positive protein identification. Protein threshold for
positive protein identification was set to 99.0%, with at least two unique peptides and
0.1% false detection rate.

2.8

SOLUTIONS
The K-H solution used for dissection of cardiac trabeculae contained (in mmol/L)

NaCl (118.5); KCl (5); MgSO4 (1.2); NaH2PO4 (2); D(+)-glucose (10); NaHCO 3 (25);
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CaCl2 (0.2). The K-H solution is in equilibrium with a 95/5% O2/CO2 mixture to obtain a
pH of 7.35-7.4 at room temperature. Upon dissection of the fibers, they were placed in a
standard relaxing solution with 1% Triton X-100 to solubilize all membranous structures.
For the studies using cardiac trabeculae, three bathing solutions were used: a
relaxing solution, a preactivating solution with low Ca2+-buffering capacity, and an
activating solution. The ionic composition of these solutions is shown in Table I. The
ionic strength of the solutions was kept at 180 mmol/L by adding the appropriate amount
of potassium propionate. In addition, all solutions contained the following (in mmol/L):
phosphocreatine (10), N,N-bis[2-hydroxyethyl]-2-aminoethanesulfonic acid (BES) (100),
0.1 leupeptin, phenylmethylsulfonyl fluoride (PMSF) (0.1), dithiothreitol (DTT) (1), and
50 U/ml creatine phosphokinase. The free Mg2+ and Mg-ATP concentration was
calculated at 1 and 5 mmol/L, respectively, and the solutions were calculated using the
methods of Fabiato and Fabiato (1979). To achieve a range of free Ca2+ concentration
([Ca2+]), activating and relaxing solutions were appropriately mixed with an apparent
stability constant of the Ca2+-ethylene glycol-bis(β-aminoethyl ether)-N,N,N’,N’tetraacetic acid (EGTA) complex of 106.39 assumed. The pH was adjusted to 7.0 at 15.0
°C with KOH (see also Table I).
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3.1

ABSTRACT
The myocardium undergoes extensive metabolic and energetic remodeling during

the progression of cardiac disease. Central to remodeling are changes in the adenine
nucleotide pool. Fluctuations in these pools can activate AMP-activated protein kinase
(AMPK), the central regulator of cellular energetics. Binding of AMP to AMPK not only
allosterically activates AMPK, but also promotes phosphorylation of AMPK by an
upstream kinase complex, LKB1/Mo25/STRAD (Liver Kinase B 1, Mouse Protein 25,
STE-related Adaptor Protein). AMPK phosphorylation by the LKB1 complex results in a
substantial increase in AMPK activity. Molecular targeting by the LKB1 complex
depends on subcellular localization and transcriptional expression. Yet, little is known
about the ability of the LKB1 complex to modulate targeting of AMPK following
activation. Accordingly, we hypothesized that differing stoichiometric ratios of LKB1
activator complex to AMPK will uniquely impact myofilament function. Demembranated
rat cardiac trabeculae were incubated with varying ratios of the LKB1 complex to AMPK
or the LKB1 complex alone. Post incubation, Ca2+-sensitivity of tension, the rate constant
for tension redevelopment, maximum tension generation, length-dependent activation,
cooperativity, and sarcomeric protein phosphorylation status were measured. We found
Ca2+-sensitivity of tension and cross-bridge dynamics were dependent on the LKB1
complex: AMPK ratio. We also found that the LKB1 complex desensitizes and
suppresses myofilament function independently of AMPK. Phospho-proteomic analysis
of myofilament proteins revealed site-specific changes in cardiac Troponin I (cTnI)
phosphorylation as well as a unique distribution of cTnI phosphospecies that were
dependent on the LKB1 complex to AMPK ratio. Fibers treated with the LKB1 complex
alone did not alter cTnI phosphorylation or phosphospecies distribution. However, LKB1
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complex treatment independent of AMPK increased phosphorylation of Myosin Binding
Protein C. Therefore, we conclude that the LKB1/AMPK signaling axis is able to alter
muscle function through multiple mechanisms.

Keywords
cTnI, phosphorylation, energetics, contractility, cross-bridge cycling
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3.2

INTRODUCTION
During the progression of cardiac disease, the myocardium undergoes cellular and

molecular remodeling including a changing metabolic and energetic landscape [68, 69].
Central to energetic remodeling is an alteration in the production and use of ATP. The
molecular underpinnings of the metabolic derangements during cardiac disease reside in
changes in the mediators of ATP generation, utilization and delivery. In general, creatine
kinase (CK) reversibly and rapidly converts ADP and phosphocreatine (PCr) to ATP and
creatine (Cr)[70]. In a parallel reaction, adenylate kinase (AK) mediates a complementary
intracellular phosphotransfer promoting high-energy Pi transfer from ADP to ATP
(leaving an increasing [AMP] pool) via distinct isoforms with different cellular
localizations[71, 72].
As cardiac disease ensues, the loss of total Cr and PCr results in elevated [ADP]
and [AMP] even if [ATP] is maintained [73]. Further along the disease process, CK
activity is reduced leading to a gradual decrease in cellular [ATP][74]. Interestingly, AK
amount and activity does not change in heart disease, which may be a compensatory
mechanism in response to declining CK levels [71]. Considering the relatively high rate
of ATP synthesis in the heart [75], a gradual decrease in [ATP] can cause
disproportionate energetic deficiencies [76, 77]. Such changes in energetics limit
contractile reserve and the ability to power myocellular ATPases necessary to support
contractile function.
AMP-activated protein kinase (AMPK) has emerged as a key non-genomic, posttranslational regulator of cellular energy homeostasis. AMPK is a phylogenetically
conserved heterotrimeric complex consisting of a catalytic α subunit and regulatory β
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and γ subunits [78]. An increase in myocellular [AMP], as occurs with cardiac disease,
allosterically activates AMPK and permits phosphorylation of the α catalytic subunit at
thr172 by the upstream Liver Kinase B1 (LKB1) kinase complex [26, 79, 80]. LKB1 acts
in concert with Mo25 (mouse protein 25) and STRAD (ste-related adaptor protein) to
phosphorylate AMPK potentiating its activity and promoting ATP producing pathways
while inhibiting ATP consuming pathways [79, 80]. In addition, AMPK targets ser150 of
Troponin I (cTnI) and subsequently increases myofilament sensitivity to Ca2+ [42, 43,
45]. Therefore, AMPK could not only respond to changes in CK and AK activity through
changes in the ATP pool, but could also directly tune myofilament function to the
energetic demand through post-translational modifications.
Because of the energy-freeing reactions of AMPK, AMPK is an attractive
therapeutic target for heart failure. Indeed, AMPK activation promotes survival in
ischemia-induced heart failure [81]. We propose that a potential mechanism by which
AMPK protects the heart during cardiac disease is by acting as a nodal point for sensing
changes in cellular energetics and then appropriately targeting the contractile apparatus to
alter contractility. However, exploring the mechanism of AMPK-based protection against
heart failure is complicated by 2 critical findings; (1) CK and AK enzymes are localized
to the myofilaments [71, 82] and (2) stoichiometry of the upstream activator
LKB1/Mo25/STRAD complex (LKB1 complex) and AMPK drives AMPK-target
activity [51, 83]. The suggestion is that both localized adenine nucleotides pools and the
stoichiometric activator complex are indispensable in driving AMPK-dependent targeting
of myofilament proteins. Although we are pursuing the former concept, we provide novel
insight on this latter topic. In this study, we hypothesized that differing stoichiometric
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ratios of LKB1 activator complex to AMPK will uniquely impact myofilament function.
To do this, we assessed Ca2+-sensitivity of tension, the rate constant for tension
redevelopment, maximum tension generation, length-dependent activation, and
cooperativity in demembranated cardiac trabeculae following treatment with varying
ratios of LKB1 complex to activated AMPK. In addition, the phosphorylation pattern of
myofilament proteins was measured. We show that the Ca2+-sensitivity of tension and
cross-bridge dynamics is dependent on the LKB1 complex: AMPK ratio. Unexpectedly,
we show that the LKB1 complex can uniquely desensitize and suppress myofilament
function independent of activating AMPK. Subsequent phospho-proteomic analysis
reveals insight as to the underlying mechanism of these observations.

3.3

MATERIALS AND METHODS

3.3.1

Muscle Mechanics

3.3.1.1 Cardiac Muscle Preparation
Two-month-old male Sprague-Dawley rats were anesthetized with isoflurane and
their hearts rapidly excised. Hearts were then retrogradely perfused with a modified
Krebs-Henseleit solution (NaCl 118.5 mM, KCl 5 mM, MgSO4 1.2 mM, NaH2PO4 2
mM, D-(+)-glucose 10 mM, NaHCO 3 25 mM, CaCl2 0.2 mM, and 2,3-Butanedione
monoxime 20 mM) [84]. Thin, even, free standing trabeculae were isolated from the
right ventricular wall, as well as left ventricular papillaries. Following isolation,
trabeculae and cut papillaries were transferred to an ice-cold relaxing solution (Table 1:
Methods) containing 1% Trition X-100 for overnight demembranation at 4°C.
3.3.1.2 Activation and Treatment of AMP-Activated Protein Kinase
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Separate protocols were used to activate the AMPK complex. For one protocol,
20nM of LKB1/Mo25/STRAD (LKB1 complex Millipore Darmstadt, Germany) was
added to 100nM of AMPK (α1β1γ1 Calbiochem, Darmstadt, Germany) in kinase reaction
buffer (60mM HEPES pH 7.5, 3mM MgCl2, 3µM Na3VO4, 1.2mM DTT, 500µM ATP,
10mM EGTA, 5µm NaF, 100µM ADP, protease inhibitor cocktail (Sigma St. Louis,
MO), and 1mM protein kinase A (PKA) inhibitor (Sigma)) to prevent endogenous PKA
activity) for 10 minutes at 37°C. In the second protocol, 100nM of LKB1 complex was
added to 100nM of AMPK in the aforementioned kinase reaction buffer for 10 minutes at
37°C. Both protocols resulted in saturating levels of AMPK activation as measured by
direct AMPK kinase assay (data not shown)[51]. 100nM of the LKB1 complex in the
absence of exogenous AMPK was used as a control. To test how different stoichiometric
ratios of the LKB1 to AMPK complex impact myofilament function, skinned trabeculae
or papillaries were incubated with activated AMPK and either low LKB1 (10nM LKB1:
50nM AMPK), high LKB1 (50nM LKB1: 50nM AMPK) or the LKB1 complex alone
(50nM LKB1) in the kinase reaction buffer for 30 minutes at 30°C. After incubation,
fibers were washed (15 min; repeated three times) with standard relaxing buffer on ice.
3.3.1.3 Experimental Apparatus and Protocol
The experimental apparatus for mechanical measurements of cardiac trabeculae was
similar to that described previously [84]. Ca2+-sensitivity of tension development was
determined by activating the muscle during a series of pre-activating-activatingrelaxation cycles using a range of free [Ca2+] in the activating solutions (Table 1:
Methods) selected in random order [84]. Sarcomere length (SL) was set at either 2.2µm
or 2.0 µm determined from the first order He-Ne laser light diffraction band monitored by
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a 2048 pixel high speed linear CCD sensor (Dexela Ltd., London, UK). Fibers reached
steady state tension and then were rapidly slackened by 20% of total fiber length. The
difference between steady state tension and slacked tension is total tension (Fig. 2A).
Active tension is the difference between total tension and relaxed, passive tension. To
determine the rate constant for tension redevelopment (ktr), fibers reached steady-state
tension at maximal and submaximal [Ca2+] under controlled SL (2.2 µm) and subjected to
rapid release-restretch protocol (Fig. 2B). Fibers that did not retain 85% of initial
maximal tension or a diffraction pattern were discarded. Given these stringent criteria,
yields for mechanical experiments were approximately 10%. At the completion of each
protocol, tissue was flash frozen in liquid nitrogen and stored at -80°C for proteomic
analysis.
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Figure 2: Mechanical Protocols Used for Determining Ca2+-Sensitivity of Tension
and the Rate Constant for Tension Redevelopment. A) Step release protocol used
for the determination of Ca2+-sensitivity of tension. Fibers were allowed to reach
steady state tension development, as depicted by the first force plateau in the figure. Once
steady state was achieved, fibers were quickly released by 20% of total fiber length prior
to fiber relaxation. This step release identified the zero force level. Therefore, the total
tension was calculated by finding the difference between force at maximum steady state
tension and zero force. Total force is then calculated for multiple Ca2+ concentrations.
The amount of active tension generation per fiber was also calculated by subtracting
passive tension (tension generated in a purely relaxing solution, at a given sarcomere
length) from the total tension. Active tension was then plotted against corresponding
Ca2+ concentrations to render the force- Ca2+ relationship. B) Rate constant for tension
redevelopment. Raw trace of release-restretch protocol for each experimental group at
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approximately 30% of maximal tension generation. Following steady state tension
generation, fibers were quickly released by 15% of total fiber length for 5ms. After the
release, fibers were rapidly stretched (1ms) to 15% over original length to release all
weakly bound cross bridges. Tension was then allowed to redevelop, and the rate
constant for tension redevelopment (ktr) was calculated. Note the shallower slope in the
rAMPK: LKB1lo group compared to untreated fibers.
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3.3.2

Proteomic Analysis

3.3.2.1 Sample Preparation for SDS-PAGE and Phospho-Affininty SDS PAGE
Myofibrillar proteins from frozen tabeculae or papillaries were isolated as
detailed previously [85]. An RC-DC assay (Biorad Hercules, CA) was performed to
determine protein concentrations.
3.3.2.2 ProQ Diamond Phosphoprotein Stain
SDS-PAGE was used to separate myofibrillar proteins and to measure
phosphorylation status as detailed previously [86]. Following SDS-PAGE, gels were
fixed and stained according to manufacturer’s instructions (Invitrogen Grand Island, NY).
Following phosphoprotein staining, gels were stained for total protein with Coomassie
Brillant Blue. Phosphorylated protein optical densities were quantified using LabImage
1D software and normalized to their respective Coomassie stained total protein bands.
3.3.2.3 Immunoblot Analysis
SDS-PAGE was used to separate myofibrillar samples. Following transfer, total
protein was measured with Ponceaus S stain (Sigma). Antibodies were used to probe for
total cTnI (AbCam Cambridge, UK; 1:5,000), phospho-ser23/24 cTnI (Cell Signaling
Beverly, MA; 1:1000), phospho-ser150 cTnI (AbCam; 1:500), phospho-ser43cTnI
(AbCam: 1:125), phospho-ser282 myosin binding protein C (Enzo Life sciences,
Farmingdale, NY 1:1000), and total myosin binding protein C (Abcam, 1:1000). Protein
optical densities were quantified using LabImage 1D software and normalized to total
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protein to adjust for alterations in loading parameters. Normalized optical densities from
phospho-ser23/24cTnI, phospho-ser150cTnI, and phospho-ser43 cTnI were divided by total
cTnI optical density. In a similar manner, optical densities from phospho-ser282 myosin
binding protein C were divided by total protein C optical density.
All immunoblot analysis was performed from the semi-quantitation of individual
blots and was not compared across blots according to accepted guidelines. Some
immunoblot images of a given target were cropped from the same blot in order to
conserve figure space and redundancy. All samples used for statistical analysis were
obtained from different animals; there are no comparisons including 2 samples from the
same rat.
3.3.2.4 Phosphate–Affinity SDS PAGE
Phosphate-affinity SDS PAGE was performed according to manufacturer’s
instructions (Wako Pure Chemical Industries Richmond, VA) and as described
previously [64-66]. Membranes were probed for total cTnI (1:5000), phospho-ser23/24cTnI
(1:1000), and phospho-ser150cTnI (AbCam; 1:500). Total protein was measured by either
SYPRO Ruby Protein Blot stain (Bio Rad) or Ponceau S solution (Sigma). Human
recombinant cardiac Troponin I (hcTnI, kindly provided by Dr. Jil Tardiff) and rat
cardiomyocytes treated with protein kinase A (PKA catalytic subunit; 1 U/μL) were used
as relative standards to identify different phosphospecie populations hcTnI was used to
identify minimally phosphorylated, and therefore furthest migrating cTnI
phosphospecies. PKA treated myocytes were used to identify highly phosphorylated, and
therefore minimally migrating, cTnI phosphospecies. By convention, phosphospecies
were labeled according to parameters of their separation. The phosphospecie that traveled
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the furthest though the gel, along with hcTnI, was termed un-phosphorylated (0P).
Phosphospecies below 0P are classified as degradation products. The phosphospecie that
traveled above the 0P band was labeled mono-phosphorylated (1P); and finally, the
phosphospecie that moved the least through the gel was designated bis-phosphorylated
(2P).Phosphospecies optical densities were quantified using LabImage 1D software and
normalized to their SYPRO or Ponceau total protein bands. Each phosphospecies was
normalized to their respective total cTnI optical density.
3.3.3

Data and Statistical Analysis
Tension in submaximally activating solutions was expressed as fractions (Frel) of

the maximum tension (F0) at the same sarcomere length. The F0 value used to normalize
submaximal tension was obtained by linear interpolation between successive maximal
activations. Each individual Ca2+-tension relationship was fit to a modified Hill equation
where Frel = [Ca2+]n/( EC50n + [Ca2+]n), Frel = relative tension, EC50 = [Ca2+] at which
tension is half-maximal, n = slope of the Ca2+-tension relationship (Hill coefficient). The
∆EC50 was calculated as the difference in EC50 at SL = 2.0 µm and 2.2 µm for each
experiment. Likewise, the ∆pCa50 was calculated as the difference in pCa50 (–log [EC50])
at SL = 2.0 µm and 2.2 µm. Tension redevelopment following the release and restretch
protocol (ktr) was fit to a mono-exponential function given by, F = (F0-Fres)(1-ektrt)+Fres,
where Fo is the steady state isometric tension and Fres is the residual tension from which
the fiber starts to redevelop tension. Results are presented as mean ± SEM. One-way
ANOVA with a Tukey post-hoc test was used to determine differences in means.
Multiple linear regression was also used to determine the relationship between ktr and
tension. P values less than 0.05 were considered significant.
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3.3.4

Animal Subjects

All experiments were performed using protocols that adhered to guidelines and
approved by the Institutional Animal Care and Use Committee at the University of
Arizona and to NIH guidelines for care and use of laboratory animals.

3.4

RESULTS

3.4.1

Muscle Mechanics

3.4.1.1 Ca2+-Sensitive Tension Development
AMPK targets cardiac troponin I (cTnI) by phosphorylation at ser150 increasing the
sensitivity of the myofilaments to Ca2+ [42, 43, 45, 87]. In addition, Ca2+-sensitivity has
been used to index the impact of exogenously administered kinases, such as protein
kinase A [88-90]. We asked whether the amount of LKB1 complex relative to the
activated AMPK complex differentially impacted myofilament function. Therefore, we
determined the Ca2+-sensitive tension development of demembranated cardiac fibers
incubated with increasing amounts of LKB1 complex relative to activated AMPK
complex. Figure 3 displays the Ca2+-sensitive tension development (SL=2.2 μM) of
demembranated fibers from 4 treatment groups: (1) untreated, (2) recombinant AMPK
complex (rAMPK) activated with a relatively low amount of LKB1 complex to AMPK
(rAMPK: LKB1lo), (3) rAMPK activated with a relatively high amount of LKB1 complex
to AMPK (rAMPK: LKB1hi), and (4) LKB1 complex alone (LKB1). Similar to previous
work, when demembranated fibers were treated with rAMPK:LKB1lo, the Ca2+-tension
relationship was shifted left, indicative of an increase in Ca2+-sensitive tension
development compared to untreated fibers (Fig. 3A). Alternatively, Ca2+-sensitivity was
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decreased in fibers treated with rAMPK: LKB1hi when compared to untreated fibers (Fig.
3A). Unexpectedly, treatment with the LKB1 complex in the absence of activated
rAMPK desensitized the fibers to Ca2+ when compared to untreated and both rAMPK:
LKB1lo and rAMPK: LKB1hi treatment groups (Fig. 3B).
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Figure 3: Ca2+-Sensitivity of Tension Development in Untreated and Treated
Demembranated Cardiac Trabeculae. A) Ca2+-sensitivity of tension in trabeculae
treated with low levels of LKB1 complex activation of AMPK (open diamonds, rAMPK:
LKB1lo), high levels of LKB1 complex activation (open squares, rAMPK: LKB1hi)
compared to untreated fibers (closed circles, untreated). B) Ca2+-sensitivity of tension in
trabeculae treated with only the LKB1 complex (open circles) compared to untreated
fibers (closed circles). Sarcomere length was set to 2.2µm and all data were normalized
to saturating Ca2+ (maximal) tension.
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To test the response of the myofilaments to changes in length (length-dependent
activation; LDA), Ca2+-sensitivity of tension at a shorter SL (SL=2.0 μM) was
determined under each treatment condition. The impact of a SL change (ΔEC50 or
ΔpCa50) on the Ca2+–tension relationship was not significantly different when comparing
all treatment groups (Table 3). However, treatment of fibers with the LKB1 complex
alone significantly dampened maximum tension relative to all other groups at both SLs.
Cooperativity, as indexed by the Hill coefficient (Table 3), was not different among the
groups studied.
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Table 3. Ca2+-Sensitivity of Tension
Untreated

rAMPK:LKB1lo

rAMPK:LKB1hi

LKB1

(n=13)

(n=8)

(n=6)

(n=6)

EC50 (µM)

2.58±0.11

1.56±.06*

3.71±.17*

4.16±.12*

pCa50

5.59±0.02

5.81±0.02*

5.43±0.02*

5.38±0.01*

Hill
Coefficient

5.04±0.44

5.31±0.61

3.98±0.58

6.97±2.29

ΔEC50

0.58±0.10

0.59±0.06

0.60±0.17

0.43±0.08

ΔpCa50

0.08±0.02

0.13±0.04

0.07±0.03

0.03±0.01

Maximum
Tension

33.98±2.32

35.33±4.07

30.02±2.62

21.50±1.71*

(n=36)

(n=14)

(n=18)

(n=27)

rAMPK:LKB1hi

LKB1

(n=10)

(n=11)

(mN/mm2)

Tension Redevelopment
Untreated
(n=10)

rAMPK:LKB1

lo

(n=12)
Ktr Max (s-1)

5.28±0.27

6.14±0.41

4.91±0.25

5.35±0.54

Linear fit (s1/P/P )
0

4.19±0.48

6.16±0.71*

5.08±0.46

3.59±0.37

Monoexponential
fit (s-1/P/P0)

2.26±0.59

10.02±2.37*

4.71±0.73

3.96±1.11

Table 3: Mean Values for Hill Fit to Ca2+ -Tension Curve and Rate Constant for
Tension Redevelopment. Each column contains mean values ± standard error. Cardiac
trabeculae were either untreated, treated with low amounts of activating LKB1 complex
to AMPK (rAMPK: LKB1lo), high amounts of activating LKB1 complex to AMPK
(rAMPK:LKB1hi), or exogenous LKB1 complex alone (LKB1). Ca2+-sensitivity of
tension for each group is indicated by EC50 (µM) and pCa50. There is an increase in Ca2+sensitivity in the rAMPK: LKB1lo group (p<0.001). There is a decrease Ca2+-sensitivity
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in the rAMPK: LKB1hi group (p<0.001), and an even further decrease in Ca2+ sensitivity
is seen with the LKB1 complex alone (p<0.001). A one-way ANOVA performed
indicated that all EC50 values were different from one another. There was no difference
in cooperativity (Hill Coefficient) or in length-dependent activation (ΔEC50, ΔpCa50)
between sarcomere lengths of 2.2µm and 2.0µm. Maximum tension generation was also
determined; LKB1 complex treatment decreased tension generation (p<0.05). In an
additional set of skinned fibers, the relationship between ktr and tension was determined
with both a linear and mono-exponential fit to the data. Slopes for each fit are reported
above. There is an increase in the slope between ktr and tension in the rAMPK: LKB1lo
group regardless of linear or mono-exponential fit (p< 0.05) compared to untreated fibers.
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3.4.1.2 Rate of Tension Redevelopment (ktr)
Considering the central role of AMPK as a regulator of cellular energy homeostasis,
we wished to determine the impact of the different treatment protocols on measures of
cross-bridge cycling. The rate constant for tension redevelopment (ktr) measures the sum
of the apparent rates with which the actin-myosin cross-bridges enter and leave tension
generating states [91]. Figure 2B shows representative tension recordings after a ktr
protocol at activating [Ca2+] for each of the experimental conditions. There were no
differences in maximal, or Ca2+ saturating, ktr (Table 3) between the treatment groups.
As ktr is dependent on both levels of activating Ca2+ and strongly bound crossbridges, ktr was determined over a range of submaximal activating Ca2+, plotted against
relative tension (Fig. 3) and fit by linear regression (Table 3). In addition to an increase
in Ca2+ sensitivity, rAMPK: LKB1lo-treated fibers displayed a significantly steeper
tension-ktr linear relationship compared to untreated fibers. However, the relationship
between tension and ktr over the range of activating Ca2+ is curvilinear in striated muscle
and is best fit with nonlinear regression [91]. Even with a curvilinear fit to the tension-ktr
relationship, rAMPK: LKB1lo-treated fibers displayed a significantly steeper slope
compared to untreated fibers. Interestingly, the presence of activated rAMPK regardless
of the LKB1 complex amount resulted in a decreased ktr at submaximal tension (Fig. 4).
However, LKB1 complex-treated fibers in the absence of activated rAMPK displayed a
similar ktr at all activation levels.
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Figure 4: Rate Constant for Tension Redevelopment. Ktr plotted as a function of
normalized tension for fibers treated with low LKB1 activation of AMPK (rAMPK:
LKB1lo), high LKB1 activation of AMPK (rAMPK: LKB1hi), and LKB1 complex alone
(LKB1) plotted relative to untreated fibers. A-C) Data were binned and fitted to a
curvilinear fit. There is a significant increase in the slope of rAMPK: LKB1lo treated
fibers compared to untreated fibers (p<0.05). rAMPK: LKB1hi treated fibers tended to
have a increased slope compared to untreated fibers. There is no difference between
curvilinear slopes between LKB1 complex treated fibers and untreated fibers. D-F) Raw
data were fitted with a linear regression and multiple linear regression analysis was used
to measure differences between slopes. There is a significant increase in the slope in
fibers treated with rAMPK: LKB1lo (p<0.05). There is tendency for an increased slope
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with rAMPK: LKB1hi treated fibers, with a significantly different intercept (p<0.05)
compared with untreated fibers. There is no difference in linear slopes between LKB1
complex treated and untreated fibers.
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3.4.2

Phosphorylation of Sarcomeric Proteins

3.4.2.1 Global Phosphorylation Status
Sarcomeric proteins are targets for multiple kinases and remain a central
integration site for regulatory signaling cascades. As a result of these signaling cascades,
post-translational modification of myofilament proteins has known effects on Ca2+sensitivity [88], crossbridge cycling rate [92] and Ca2+ binding characteristics [93].
Considering the differential impact on Ca2+-sensitivity and tension redevelopment (ktr),
we hypothesized that rAMPK: LKB1lo, rAMPK: LKB1hi, and LKB1 treatment would
similarly have a differential effect on sarcomeric protein phosphorylation. Using SDSPAGE followed by Pro-Q Diamond phosphoprotein staining, we were able to identify
and quantify global phosphorylation levels of key myofilament proteins such as myosin
binding protein C (MBPC), desmin, cardiac troponin T (cTnT), cardiac tropomyosin
(cTm), cardiac troponin I (cTnI), and myosin light chain 1 (MLC-1). There was no
measurable alteration in overall phosphorylation status in any of the activated rAMPKtreated groups. Yet, there was a detectable increase in MBPC phosphorylation in fibers
treated with only the exogenous LKB1 complex (Fig. 3).
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Figure 5 ProQ Diamond Phosphoprotein Stain After Treatment with and without
Various Activated AMPK and the LKB1 Complex. A) Representative lanes (n=4 per
treatment group) from the same gel stained first for phosphorylation (ProQ Diamond) and
then for total protein content (Coommassie Brilliant Blue). Protein identification as seen
on the left was based upon molecular weights of known myofibrillar proteins. B) Relative
optical density of the phosphoprotein signal was normalized for loading by dividing the
ProQ diamond signal by the corresponding Coomassie Brilliant Blue signal per protein.
There is a significant increase in phosphorylation of myosin binding protein C in skinned
trabeculae treated with only exogenous LKB1 complex compared to all other groups
(p<0.05 [n=4 per group]). In all other proteins, there is no significant change in global
phosphorylation status
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3.4.2.2 Western Blot Site-Specific Phosphorylation Status
Cardiac Troponin I (cTnI). Despite no differences in total phosphorylation determined by
Pro-Q Diamond phosphoprotein staining (Fig. 5), it remains possible that each treatment
strategy resulted in a unique pattern of site-specific phosphorylation. Because AMPK is
known to specifically target ser150 of cTnI [42], we first determined if different amounts
of the LKB1 complex could impact the ability of activating rAMPK to phosphorylate
ser150 of cTnI by Western blot analysis using a phospho-ser150cTnI specific antibody. As
shown in Figure 6, ser150-cTnI was robustly phosphorylated (phospho-ser150cTnI) in the
presence of activated rAMPK independent of the LKB1 complex concentration. No
difference in phospho-ser150cTnI was detected between untreated and LKB1 complextreated groups.
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Figure 6: Western Blot Analysis of Phosphorylated cTnI. Western blot depicting
phospho-cTnI in myofibrils treated with various stoichiometric LKB1 activation of
AMPK and the LKB1 complex with the corresponding normalized optical density plotted
on the right. A) Phospho-ser23/24 cTnI was measured in treated and untreated myofibrils.
Fibers treated with a high level of LKB1 activation of AMPK (rAMPK: LKB1hi) had a
significant increase in phosphorylated ser23/24 content relative to untreated myofibrils
(p<0.05 [n=4 for all groups]). B) Phospho-ser150 cTnI was measured in treated and
untreated myofibrils. There is a significant increase in phosphorylated ser150 in rAMPK:
LKB1hi and rAMPK: LKB1lo treated fibers (p<0.05 [n=3-4 per group]). C) Phosphoser43cTnI was measured in treated and untreated myofibrils. There was no change in
phospho-ser43cTnI in any treatment group (p>0.05)
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AMPK, among other kinases, is capable of targeting ser23/24 of cTnI [42]. In the
present study, we confirmed that activated rAMPK targeted and phosphorylated ser23/24cTnI to a level that reached significance over controls only in the presence of high LKB1
(rAMPK: LKB1hi). Phospho-ser23/24cTnI levels in fibers treated with rAMPK: LKB1lo or
LKB1 complex alone were unchanged from controls (Fig. 6). The PKC site, ser43cTnI
was also examined; there were no changes in phospho-ser43cTnI content in any
experimental group (Fig. 6).
Myosin Binding Protein C (MBPC). Pro-Q Diamond phosphoprotein staining suggests
that the unique AMPK/LKB1 treatments impact the post-translational pattern of MBPC
phosphorylation. MBPC is targeted by many kinases at multiple phosphorylation sites
[94] but this study is the first to implicate MPBC as a potential target of the
LKB1/AMPK signaling axis. Accordingly, we determined phosphorylation of MBPC at
one of these sites (phospho-ser282MBPC) as an initial examination of this novel AMPK
targeting. We found that fibers treated with rAMPK: LKB1lo showed a level of phosphoser282MBPC that was significantly elevated over control fibers only (Fig. 7).
Interestingly, this is different from the global elevation in MBPC phosphorylation in the
LKB1 treated group as determined by Pro-Q Diamond phosphoprotein (Fig. 5). This is
most likely due to potential differences in alternative MBPC phosphorylation sites
detailed in the discussion.
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Figure 7: Western Blot Analysis of Phosphorylated MBPC. Western blot depicting phospho-

ser282MPBC in myofibrils treated with activated AMPK and the LKB1 complex. The
phosphorylated signal was normalized to total MBPC, and the corresponding normalized
optical density is plotted below. Fibers treated with a low level of LKB1 activation of AMPK
(rAMPK: LKB1lo) had a significant increase in phosphorylated ser282 content relative to
untreated myofibrils (*p<0.05 [n=4 for all groups]).
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3.4.2.3 Phosphate-Affinity SDS PAGE
cTnI harbors multiple phosphorylation sites including the protein kinase A sites
ser23/ser24, protein kinase C sites ser43/45 and thr144, and p-21 activated kinase/AMPkinase site ser150 [95]. It has been suggested that the specific distribution of cTnI
phosphorylation along its multiple phosphorylation sites can uniquely impact
myofilament behavior [96, 97]. Therefore, we were interested in the overall distribution
of cTnI phosphospecies in response to each treatment condition. We used the strategy of
SDS-PAGE-Phos-tag™ coupled with phospho-specific antibodies to separate and
measure the relative distribution of cTnI phosphospecies.
Using an antibody that recognizes total cTnI regardless of phosphorylation status, 3
distinct cTnI groups were found (Fig. 6) that has been designated, by convention as the
unphosphorylated (0P), mono-phosphorylated (1P), and bis-phosphorylated (2P) species
of phospho-cTnI. As expected, the summed densitometry of all three cTnI bands was not
different among the groups studied. There was no change in cTnI phosphospecies
distribution in fibers treated with LKB1 complex alone. Interestingly, when the same
molar amount of LKB1 complex was added to the fibers in the presence of rAMPK there
was a shift in the distribution of cTnI (Fig. 6 rAMPK: LKB1hi). Fibers treated with
rAMPK: LKB1hi had a shifted cTnI phosphospecies distribution away from the 0P
unphosphorylated state toward the 2P bis-phosphorylated state. The distribution away
from the 0P state was also mirrored in the fibers treated with rAMPK: LKB1lo (Fig. 6
rAMPK: LKB1lo).
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Figure 8: Phosphate Affinity SDS-PAGE (Phos-tag ™) Total cTnI Phosphospecies
Distribution. Separation of cTnI into unphosphorylated [0P], mono-phosphorylated [1P],
bis-phosphorylated [2P] phosphospecies by SDS-PAGE-Phos-tagTM followed by Western
blot analysis with a total cTnI antibody Top panel: Representative SDS-PAGE-PhostagTM followed by Western blot illustrating 3 bands corresponding to 0P, 1P, and 2P.
Human recombinant cTnI (hcTnI) and protein kinase-treated (+PKA) were used to
confirm each phosphospecies. Bottom panel: Stacked bar graph indicating the relative
amounts of each phosphospecie per experimental group. There is a significant shift in
fibers treated with both high and low LKB1 activation of AMPK (rAMPK: LKB1hi and
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rAMPK:LKB1lo) away from the 0P state (p<0.05). There is no change in total cTnI
phosphospecies distribution in the LKB1 complex treated group.
Phosphate-affinity SDS-PAGE was then performed again on cTnI using site-specific
antibodies to phosphorylated ser23/24 and ser150 to determine the relative content of each
cTnI phosphospecies. Cross-reactivity of the phospho-ser23/24 cTnI antibody with hcTnI
at high concentrations (Fig. 9) identifies the 0P band and indicates the presence of
phospho-ser23/24 cTnI in the 1P and 2P state. There was an increase in phosho-ser23/24
content in the 2P band for both rAMPK: LKB1hi and rAMPK: LKB1lo, with rAMPK:
LKB1hi having the most overall phospho-ser23/24 in the 2P state (Fig. 10).
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Figure 9:Relative Promiscuity of Phospho-Specific Antibodies. Human recombinant
troponin I (hcTnI), expressed to not have post-transalational modifications, and Protein
Kinase A (PKA) treated myocytes were diluted and probed using phospho-specific and
pan-TnI antibodes. In lane 1, hcTnI was loaded to the same extent as used in figs. 5,6,7.
Lanes 2-6 are 10 fold serial dilutions of lane 1 hcTnI. In lane 7, a PKA treated myocyte
sample was loaded to the same extent as in fig. 5,6,7. Lanes 8-12 contain 10 fold serial
dilutions of lane 7 PKA treated myocytes. As seen in the top blot, there was signifigant
reactivity of the phospho-ser23/24cTnI antibody with both unphosphoryalted hcTnI and
with PKA treated control. However, when using the phospho-ser150cTnI antibody, there is
no cross reactivity of the phospho-antibody with unphosphoryalted hcTnI.
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Figure 10: Phosphate Affinity SDS PAGE (Phos-tag ™) Phospho-ser23/24 cTnI
Phosphospecies Distribution. Separation of cTnI into unphosphorylated [0P], monophosphorylated [1P], bis-phosphorylated [2P] phosphospecies by SDS-PAGE-Phos-tagTM
followed by Western blot analysis with a phospho-ser23/24 cTnI antibody Top panel:
Representative SDS-PAGE-Phos-tagTM followed by Western blot illustrating 2 distinct
bands corresponding to 1P, and 2P. Human recombinant cTnI (hcTnI) and protein kinasetreated (+PKA) were used to confirm each phosphospecie. Bottom panel: Stacked bar
graph indicating the relative amounts of each phosphospecie per experimental group.
There is a significant increase in 2P phospho-ser23/24cTnI in rAMPK: LKB1hi and
rAMPK: LKB1lo treated fibers (p<0.05). In addition, rAMPK: LKB1hi treated fibers
contain more 2P phospho-ser23/24cTnI than rAMPK: LKB1lo treated fibers. There was no
change in the LKB1 complex only treated group.
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Similar to our previous study, we are able to detect phosphorylation at phosphoser150 cTnI in the 0P, 1P and 2P bands indicating the existence of phospho-ser150 cTnI in
at least three states of cTnI phosphorylation [98]. However, there was no overall change
in the distribution of phospho-ser150 cTnI phosphospecies among groups (Fig. 11).
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Figure 11: Phosphate Affinity SDS-PAGE (Phos-tag ™) Phospho-ser150 cTnI
Phosphospecie Distribution Separation of cTnI into unphosphorylated [0P], monophosphorylated [1P], bis-phosphorylated [2P] phosphospecies by SDS-PAGE-Phos-tagTM
followed by Western blot analysis with a phospho-ser150 cTnI antibody. Top panel:
Representative SDS-PAGE-Phos-tagTM followed by Western blot illustrating 2-3 distinct
bands corresponding to 0P, 1P, and 2P. Human recombinant cTnI (hcTnI) was used
unphosphorylated cTnI standard. Bottom panel: Stacked bar graph indicating the relative
amounts of each phosphospecie per experimental group. There was no change in the
distribution of phospho-ser150 cTnI phosphospecies among groups.
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Therefore, both the differing ratios of LKB1 activation of AMPK will shift cTnI
phosphospecies distribution toward the 2P state but the fibers treated with rAMPK:
LKB1hi will have a greater phospho-ser23/24 content in the bis-phosphorylated state than
fibers treated with rAMPK: LKB1lo. It should also be noted that fibers treated with
LKB1complex alone had no change in phospho-ser23/24 and phospho-ser150 cTnI
phosphospecies distribution (Fig. 10, 11).

3.5

DISCUSSION
Energetic remodeling is a hallmark of cardiac disease progression regardless of

disease etiology. A disturbance in the CK/AK phosphotransfer system is observed early
on and, speaking directly to its significance, is a stronger predictor of HF mortality than
functional status [77]. It is now appreciated that the driver for metabolic remodeling is
the ATP requirement from the myocellular ATP consumers such as myosin [75, 99, 100].
Therefore, elucidating the underlying mechanisms of energetic remodeling necessitates a
clear understanding regarding the cost of contraction. Consequently, we chose to examine
the LKB1/AMPK signaling axis as it is uniquely positioned to respond to the changing
energetic environment while modifying contractile function by directly targeting
myofilament proteins. However, AMPK activity is subject to localized regulation by
AMP pools. In addition, LKB1 target activation depends on its subcellular localization
and transcriptional expression [51, 71, 82, 83, 101]. Therefore, we hypothesized that the
amount of the LKB1 complex relative to activated AMPK will uniquely impact
myofilament function. We chose to use maximally activated AMPK and then vary the
amount of LKB1 with the notion that this most appropriately represents the in vivo
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conditions. The major findings from this study are: (1) Ca2+ sensitivity of tension and
cross-bridge cycling are dependent on the LKB1: AMPK ratio, (2) the LKB1 complex
impacts contractile function independently of exogenous AMPK, (3) the pattern of posttranslational modifications indicate that the LKB1:AMPK ratio differentially alters cTnI
phosphorylation, and (4) the LKB1 complex alone targets the myofilament potentially
though Myosin Binding Protein C.
In order to best preserve the native state of myofilament proteins, we used intact
demembranated cardiac fibers (trabeculae or cut papillaries) for incubation with each of
the treatment protocols. Similar to previous studies [45], a lower LKB1:AMPK
(rAMPK:LKB1lo) sensitizes the myofilaments to Ca2+, shifting the Ca2+-tension curve to
the left. However, a higher molar ratio of LKB1 complex to AMPK (rAMPK:LKB1hi)
desensitizes the myofilaments to Ca2+, shifting the Ca2+-tension curve to the right.
Unexpectedly, when only exogenous LKB1 complex is incubated with cardiac
trabeculae, the myofilaments are even further desensitized to Ca2+. In addition, fibers
treated with rAMPK:LKB1lo demonstrate a reduced ktr compared to untreated fibers at
submaximal Ca2+ concentrations [91]. Because Ca2+-saturated (maximal) ktr is not
different, the net result of reduced sub-maximal ktr is a steeper tension-ktr relationship
compared to all other groups.
The significance of this finding can be illustrated using a simplified two-state
cross-bridge model where the rate of tension redevelopment, ktr, is proportional to both
attachment and detachment rates. Using this model, we predict that the dominant
mechanism responsible for the lower, submaximal ktr is a decrease in the cross-bridge
detachment rate. The implication from these data is a potential economizing of tension
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with AMPK treatment. In support of this contention, Oliveira et al. [43] demonstrated
that treatment of ventricular myocytes with the AMPK activator 5-aminoimidazole-4carboxamide ribonucleotide increases myocyte contractility without changing the
amplitude of the Ca2+ transient. Although an increased sensitivity to Ca2+ may contribute
to this observation, it is likely that a delay in cross-bridge detachment, evidenced by a
decreased ktr as measured in this study, prolongs cross-bridge attachment and increases
cell shortening. Similarly, a modest prolonged time to relaxation may indicate slower
rates of cross-bridge detachment under AMPK activation. The ability of AMPK to
provide an energetic benefit at the level of the myofilament is consistent with an “energysparing” function of AMPK activation and may represent a fundamental mechanism by
which AMPK impacts myofilament function and protects against a reduced ATP pool.
Still, the question remains as to the underlying mechanism driving changes in
myofilament function. Post-translational modifications (PTM) of specific
serine/threonine residues play a critical role in regulating parameters of myofilament
function including Ca2+ sensitivity, crossbridge cycling, and passive tension [96].
Consistent with an increase in Ca2+-sensitivity of tension and with previous studies [42,
43], incubation of rat cardiac trabeculae with activated AMPK regardless of LKB1
complex amount results in an increase in phospho-ser150cTnI relative to untreated
controls.
Nixon et al. [45] previously demonstrated that the increase in Ca2+ sensitivity in
fibers containing cTnI pseudophosphorylated at ser150 is blunted in the presence of cTnI
pseudophosphorylated at ser23/24. Therefore, we also examined phosphorylation status of
ser23/24-cTnI. Western blot analysis indicates there is also an overall increase in ser23/24
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phosphorylation in rAMPK: LKB1hi treated fibers. AMPK is capable of targeting ser23/24cTnI, but the kinetic parameters of target-specific phosphorylation suggest that ser150 is
the preferential site for activated AMPK [42]. Our data indicate that increasing the
amount of the LKB1 complex shifts the AMPK preferred site from ser150 to ser23/24. The
implication is that the increase in phospho-ser23/24 blunts AMPK-dependent Ca2+
sensitization. However, our data also implicates an increase in LKB1 as a potential
desensitization agent.
Apart from the changes in Ca2+ sensitivity, the reduction of submaximal ktr cannot
be wholly attributable to PTM of cTnI. An increase in cTnI-ser23/24 phosphorylation
accelerates ktr in the murine myocardium[102]. Our data suggests, that the presence of
AMPK and LKB1 blunts the impact of cTnI-ser23/24 phosphorylation on ktr. This may be
due to PTM of alternative myofilament proteins or to a unique localization/association of
the LKB1/AMPK with the myofilaments thereby altering cross-bridge kinetics. Future
studies are required to determine molecular mechanisms of these observations. These
studies support the notion that controlling the relative activation of AMPK through the
LKB1 complex is a potential mechanism for fine-tuning contractile dynamics through
phosphorylation.
To better illustrate the distribution of phosphorylation sites on cTnI, we
implemented SDS-PAGE-Phos-tagTM followed by site-specific Western blotting with
cTnI-specific antibodies. We detected 3 distinct bands of cTnI designated, by convention,
as 0P, 1P, and 2P, with 2P containing the largest phospho-cTnI population [66, 103]. In
general, the pattern of increased phosphorylation with activated AMPK treatment
regardless of LKB1 amount paralleled the Western blot data using SDS-PAGE without
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Phos-tagTM; there is a shift in phosphospecies distribution away from the 0P toward the
2P state. Although there is a discrepancy when examining total ser150-cTnI
phosphospecies by SDS-PAGE-Phos-tagTM, the ser150-cTnI phosphospecies tends to exist
predominantly in the 2P band. This latter observation is most likely due to the increase in
ser23/24-cTnI phosphorylation, which is clearly elevated whether determined by traditional
Western blotting or SDS-PAGE-Phos-tagTM.
Because multiple kinase pathways converge on cTnI resulting in at least 10
possible phosphorylation sites [96], we can conclude that the categorization of each band
as un-, mono-, or bis-phosphorylated may under-represent the existence and number of
alternative cTnI phosphospecies. The technique of SDS–PAGE-Phos-tag™ identifies the
most abundant phosphospecies within the densitometric range, only. In this study,
therefore, we cannot rule out the existence of other phosphospecies as indicated in
previous work[65]. This contention is supported by the presence of phospho-ser150cTnI in
the presumably, un-phosphorylated, 0P band. We previously demonstrated that a custom
made phospho-ser150cTnI antibody detects cTnI only when phosphorylated at ser150 of
cTnI [66]. In this study using a different, commercially available phospho-ser150cTnI
antibody (see Methods), we again detect phospho-ser150cTnI in the 0P band (Fig. 7).
Nevertheless, SDS–PAGE-Phos-tag™ remains an extremely useful tool to highlight
unique and distinct patterns of cTnI phosphorylation (and other phospho-species like
MBPC[104]) in response to signaling pathway activation.
Interestingly, there seems to be two separate mechanisms for the LKB1 complex’s
interaction with the myofilament: one through the activation of the AMPK complex as
described above and the other through an AMPK-independent mechanism. In our study,
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the LKB1 complex alone can decrease Ca2+-sensitivity of tension development and
maximum tension generation independently of exogenous AMPK. Unlike AMPK treated
groups, there are no changes to the phosphorylation status of cTnI, both globally or a sitespecific distribution of cTnI phosphospecies. We do identify PTM of MBPC as a
potential novel mechanism for LKB1 to act independently of AMPK. However, when
probing for changes in PTM at a known phosphorylation site on MBPC, we reveal a
discrepancy between global phosphorylation as measured by Pro-Q Diamond
phosphoprotein staining and a single phosphorylation site, specifically phosphoser282MBPC. This is not surprising considering that MBPC harbors multiple
phosphorylation sites all of which will contribute to the summed, global phosphorylation
level. Again, we posit that the pattern of site-specific phosphorylation may better
represent the summed effect of these many kinase pathways. Future studies identifying
the impact of the LKB1/AMPK pathway on site-specific changes in MBPC
phosphorylation are warranted.
It is also likely that LKB1-dependent changes in myofilament function may
operate through direct association of the LKB1 complex with myofilament proteins.
Indeed, certain isoforms of AMPK have been shown to target sarcomeres at the Z disc
[30], which could affect localized molar ratios of LKB1 and activating AMPK complex.
However, further investigation of LKB1’s association with the myofilament is required.

3.6

CONCLUSIONS AND SUMMARY
Although the LKB1/AMPK signaling axis is a promising target for heart failure, a

clear understanding of this complex regulatory system is required. We show that this
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signaling pathway has the capability to impact myofilament function through two
independent means. One pathway is through a LKB1-dependent activation of AMPK. In
this system, changing stoichiometric activation of AMPK will change Ca2+ sensitivity of
tension, cross-bridge cycling, and the specific content and distribution of cTnI
phosphospecies. Another pathway can operate seemingly independently of AMPK; the
LKB1 complex alone can target the myofilament (potentially through MBPC) altering
tension generation and Ca2+ sensitivity of tension. Future studies will be directed at
elucidating the mechanism of action for the LKB1 complex and understanding the complex
relationship between adenine nucleotides, LKB1, AMPK and PTM of myofilament
proteins.
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4.1

ABSTRACT
Contractile machinery found in the myofilament must extract chemical energy

found in ATP and convert that energy into mechanical work. Consequently, complex
regulatory mechanisms exist to maintain energetic supply to maintain pump function.
Among those key energy regulating pathways is the LKB1/AMPK signaling axis.
Regulation of LKB1 complex and subsequent downstream signaling in either normal
energetic condition or stressed cellular energetics in the heart is not well known.
However, control of the LKB1 complex in other tissues has been based upon subcellular
localization and to what LKB1 complex associates. Therefore, we hypothesize that the
LKB1 complex acting as an energetic regulator can signal to myofilament or contractile
proteins, and that signaling or localization can change with energetic status. Using
measures of muscle mechanic function, immunoblot analysis, co-immunoprecipitation,
mass spectroscopy, and immunofluorescence we have found that 1) myofibrillar proteins
retain or bind to LKB1 and Mo25 post LKB1 complex treatment, 2) altered
cardiovascular energetic signaling changes binding of LKB1 and Mo25 to myofibrillar
proteins, and 3) the LKB1 complex is found in the region of the Z-Disk and signaling
could through vinculin and ATP Synthase subunit O. These data open many unexplored
and potentially impactful targets for energetic regulation and modification of cardiac
function.
Keywords: LKB1, energetics, z-disk, myofibril, myofilament, contractility

97

4.2

INTRODUCTION
In order for the heart to contract and pump blood, the contractile machinery found

in the myofilament proteins must extract the chemical energy found in ATP and convert
that energy into mechanical work[13]. This process must operate unceasingly and under
high demand for the entire life of an organism. As 70% of ATP in the heart is hydrolyzed
to fuel contraction, alterations in either the production or efficiency of ATP use can
severely alter the ability of the heart to contract [4]. Therefore, complex regulatory
mechanisms exist to maintain energetic supply even in the face of increased work
load[105]. Among those key energy regulating pathways is the AMP-activated protein
kinase/liver kinase B 1 signaling axis.
AMP-activated protein kinase (AMPK) is a serine/threonine kinase that acts as a
regulator of cellular energetic homeostasis[106]. When the heart is placed under
increased workload or energetic demand, there is an increased in ATP use or hydrolysis.
Increasing ATP breakdown can increase the concentration of AMP, a subsequent
byproduct of ATP hydrolysis[105]. AMPK can sense the increase in cellular AMP
concentrations when AMP binds to the gamma subunit of AMPK; this binding event is
postulated to cause a change in AMPK conformation associated with an increase in
AMPK activity[107]. Therefore, AMPK is subject to regulation by local AMP pools.
However, permissive to full activation AMPK is phosphorylation of the catalytic
subunit of AMPK at Thr172 by the upstream kinase complex, LKB1/Mo25/STRAD (Liver
Kinase B, Mouse Protein 25, and Ste-related Adaptor Protein) [108]. Evidence exists to
support the idea that AMP binding to AMPK initiates an assembly of an activating
complex that brings LKB1/Mo25/STRAD into close association with AMPK allowing
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phosphorylation of Thr172 on AMPKα by LKB1/Mo25/STRAD[47]. Therefore, the
AMPK/LKB1 signaling pathway is subjected to regulation by not only AMP pools but
also to alterations in AMPK and LKB1/Mo25/STRAD subcellular associations and
possible localization. Once activated, AMPK can then promote energy freeing pathways
and inhibit energy consuming pathways. Much study has been placed into the effects of
AMPK on the heart. However, there is a dearth of information concerning the effects of
the upstream kinase complex LKB1/Mo25/STRAD in the myocyte.
LKB1 is a serine/threonine kinase that is active when bound to both the
scaffolding protein Mo25 and the pseudokinase STRAD [50]. LKB1 has known functions
as a tumor suppressor, a mediator of cell polarity, and in conjunction with AMPK, also
regulates cell metabolism [48]. The upstream regulation of LKB1, in addition to its
complex partners Mo25 and STRAD, is not particularly well known, especially in the
heart. There has been some speculation that once the components of the upstream kinase
complex are bound together LKB1/Mo25/STRAD becomes constitutively active[53].
Therefore, controlling when and where the subunits of the LKB1/Mo25/STRAD complex
are expressed is key to regulating its function. Indeed, there have been some studies in
adipocytes and skeletal muscle that suggest alterations posttranslational modification of
LKB1 leads to alterations in subcellular localization [109, 110]. However, there have
been no studies presented thus far that examine the change in LKB1 complex subcellular
localization concurrent with changes in energetic demand in the heart.
Studying alterations in myocellular localization becomes interesting in the context
of cardiovascular energetics. Cardiac muscle is organized into discrete energetic units,
compromised by an energy producer (mitochondria) and the main energy user (the
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myofilament) held in tight conjunction [111]. Between the mitochondria and the
myofilament are specifically localized energy transfer proteins; the system is organized to
place energy regulating proteins next to their energy consuming or producing
targets[112]. Therefore, as we are interested in LKB1 as a regulator of cellular energy,
knowing its possible place within an energetic unit would be telling of its function in the
heart.
Examining LKB1 complex subcellular localization in the heart becomes
particularly interesting as we have shown that the LKB1 complex is capable of modifying
myofilament function. When demembranated cardiac fibers are treated with the LKB1
complex, there is a decrease in Ca2+ sensitivity of tension, and overall lowering of tension
generating capacity. The mechanism of the LKB1 complex’s interaction with the
contractile apparatus is currently unknown as well. For these reasons we hypothesize that
the LKB1 complex can engage myofilament proteins, and that alterations in energetic
signaling will modulate targeting or localization of the LKB1 complex. To that end we
have found that 1) myofibrillar proteins retain or bind to LKB1 and Mo25 post LKB1
complex treatment 2) altered cardiovascular energetic signaling changes binding of LKB1
and Mo25 to myofibrillar proteins and 3) the potential target of the LKB1 complex is
located at the Z-Disk.

4.3

MATERIALS AND METHODS

4.3.1

Animal Subjects

Animal models included male Sprague-Dawley rats, aged two months; four month
old male R403Q transgenic mice; and four month old male c57/bl6 mice. All experiments
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were performed using protocols that adhered to guidelines and approved by the
Institutional Animal Care and Use Committee at the University of Arizona and to NIH
guidelines for care and use of laboratory animals.
4.3.2

Isolation and Perfusion with 5-Aminoimidazole-4-Carboxamide
Ribonucleotide

Rats were anesthetized with isoflurane and their hearts rapidly excised. Control
hearts were then retrogradely perfused through the aortic stump with a Krebs-Henseleit
solution (NaCl 118.5 mmol/L, KCl 5 mmol/L, MgSO4 1.2 mmol/L, NaH2PO4 2 mmol/L,
D-(+)-glucose 10 mmol/L, NaHCO3 25 mmol/L, CaCl2 0.2 mmol/L, and 2,3-Butanedione
monoxime (20 mmol/L)[84]. For separate 5-Aminoimidazole-4-carboxamide
ribonucleotide (AICAR) treatment, a modified Krebs- Henseleit solution containing 2mM
AICAR was used for perfusion. All hearts were retrogradely perfused for 30 minutes.
Following perfusion, hearts were flash frozen and stored for proteomic analysis at -80°C.

4.3.3

Trabecular Isolation and Treatment with LKB1/Mo25/STRAD

Sprague-Dawley rats were anesthetized with isoflurane and their hearts rapidly
excised. Hearts were then retrogradely perfused with a modified Krebs-Henseleit
solution. Thin, even, free standing trabeculae were isolated from the right ventricular
wall, as well as left ventricular papillaries. Following isolation, trabeculae and cut
papillaries were transferred to an ice-cold relax solution (Na2ATP 5.95mmol/L, MgCl2
6.41mmol/L, EGTA10mmol/L, K+Propionate 50.25mmol/L, phosphocreatine 10mmol/L,
N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES) 100 mmol/L,
phenylmethylsulfonyl fluoride (PMSF) 0.1mmol/L, dithiothreitol (DTT) 1mmol/L, 50 U/
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mL creatine phosphokinase, and protease inhibitor cocktail (Sigma) 4µL cocktail/ml
solution) containing 1% Trition X-100 for overnight demembranation at 4°C [43, 84].
Following demembranation, 50nM of active recombinant LKB1/Mo25/STRAD
(Millipore) was added to demembranated trabeculae for 30 minutes at 30°C. After
incubation, fibers were washed (15 min; repeated three times) with standard relaxing
buffer on ice. The Ca2+-Force relationship was then measured for each fiber, followed by
flash freezing and storage at -80°C.
4.3.4

Muscle Mechanics: Experimental Apparatus and Protocol

The experimental apparatus for mechanical measurements of cardiac trabeculae was
similar to that described previously [84]. The fiber was attached to the apparatus via
aluminum T-clips to stainless steel hooks that extended from a high-speed servomotor
(Aurora Scientific model 315C) and a modified silicon strain gauge force transducer
(model AE801, Kronex, CA), both of which were attached to X-Y-Z manipulators
mounted on a temperature controlled stage (15 ± 0.1 C). Force was digitally converted
with an A/D converter and custom software (LabVIEW, National Instruments; Austin,
Texas) for off-line analysis. Ca2+-sensitivity of tension development as a function of
sarcomere length was determined by activating the muscle during a series of preactivating-activating-relaxation cycles using a range of free [Ca2+] in the activating
solutions (Table 1) selected in random order [84].
Sarcomere length (SL) was set at either 2.2µm or 2.0 µm determined from the first
order He-Ne laser light diffraction band monitored by a 2048 pixel high speed linear
CCD sensor (Dexela Ltd., London, UK) and adjusted to maintain constant SL throughout
contraction. Fibers were allowed to reach steady state tension and then rapidly slackened
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by 20% of total fiber length. The difference between steady state tension and slacked
tension determined total tension. Active tension at each [Ca2+] is the difference between
total tension and relaxed, passive tension. For all experiments, fibers that did not retain
85% of initial maximal tension or a detectable diffraction pattern were discarded. Given
these stringent criteria, yields for mechanical experiments were approximately 10%. At
the completion of the experimental protocol, tissue was flash frozen in liquid nitrogen
and stored at -80°C for proteomic analysis.
4.3.5

Skinned Myocyte Preparation

Frozen tissue (twenty mg) was homogenized into relax for 10-15s using a drill press.
After homogenization, sample was gently spun and supernate removed. Relax containing
0.3% TritonX-100 was added to the pellet and incubated on ice for 5 minutes. Following
skinning with 0.3% TritonX-100, sample was gently spun and supernate was removed.
Sample was then resuspended in relax and allowed to pellet on ice, and the supernate was
removed. 100uL of solubilization buffer (8M Urea, 2M Thiourea, DTT, SDS) was added
to sample and heated for 10 minutes at 60°C. Samples were then spun, frozen, and stored
at -80°C.
4.3.6

Myofibrillar Isolation

Myofibrillar proteins from frozen tissue were isolated as detailed previously [62].
Briefly, frozen tissue was transferred to a dounce homogenizer containing a relaxing
buffer (75mM KCl, 10mM imidazole (pH 7.2), 2mM MgCl2, 2mM EDTA, amd 1mM
NaN3) and 1% Triton X-100 and homogenized. The sample was then spun down and the
supernatant was removed. Samples were then washed in a relaxing buffer without Trition
X-100 to remove all detergent. After washing, UTC buffer (8M Urea, 2M Thiourea, 4%
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CHAPS) was then added to the sample based upon a 1:20 (W/V) ratio of sample to UTC.
Samples were transferred back to the dounce and homogenized. Following
homogenization, samples were placed on an orbital shaker for 30 minutes and then placed
in a water bath sonicator for 10 minutes. Samples were then spun to obtain a clarified
soluble sample. Aliquots were flash frozen in liquid nitrogen and stored at -80°C.
4.3.7

Immunoblot Analysis

Samples were separated using SDS-PAGE (12% acrylamide). Following
electrophoresis, proteins were transferred to a polyvinylidene fluoride (PVDF) membrane
using the Trans-Blot® SD Semi-Dry Transfer Cell (BioRad). Following transfer, total
protein was measured with Ponceaus S stain (Sigma). Total protein optical density from
the Ponceaus S stain was measured with LabImage 1D software. There was no difference
in loading between any group (P>0.05). Antibodies were used to probe for LKB1
(1:1000, Cell Signaling), Mo25 (1:2000, Cell Signaling), phospho-Thr172AMPKα
(1:1000, Cell Signaling), and AMPKα (1:1000, Cell Signaling). Protein optical densities
were quantified using LabImage 1D software.
All immunoblot analysis was performed from the semi-quantitation of individual
blots and was not compared across blots according to accepted guidelines. Some
immunoblot images of a given target were cropped from the same blot in order to
conserve figure space and limit redundancy.
4.3.8

Co-Immunoprecipitation and Mass Spectrometry
Co-immunoprecipitation was performed using a kit from Thermo-Scientific

according to manufacturer’s instructions. Antibodies for Mo25 (Cell Signaling) were
immobilized on the column. Following anti-Mo25 immobilization, demembranated heart
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tissue treated with active recombinant LKB1/Mo25/STRAD (50nM LKB1, 30 minutes)
as well as tissue from AICAR treated hearts were added to the column and incubated
overnight at 4°C. Columns were then washed, and the Co-IPs were eluted. Eluted
samples were then prepared for SDS-PAGE by adding solubilization buffer (8M Urea,
2M Thiourea, 3%SDS, 0.05M Tris-HCL, 0.03% Bromophenol Blue, 1% BME), and
heated for 5 min at 90°C.
Following SDS-PAGE, silver stain was performed to visualize proteins associating
with Mo25. The identity of those bands, or candidates for Mo25 binding, was analyzed
with LC-MS/MS by the Arizona Proteomics Consortium. Charge state deconvolution and
deisotoping were not performed. All MS/MS samples were analyzed using Sequest
(Thermo Fisher Scientific, San Jose, CA, USA; version 1.3.0.339). Sequest was set up to
search uniprot_sprot_Dec2014.fasta (unknown version, 459734 entries) assuming the
digestion enzyme trypsin. Sequest was searched with a fragment ion mass tolerance of
0.80 Da and a parent ion tolerance of 10.0 PPM. Oxidation of methionine and
carbamidomethyl of cysteine were specified in Sequest as variable modifications.
4.3.8.1 Criteria for Protein Identification
Scaffold (version Scaffold_4.4.1.1, Proteome Software Inc., Portland, OR) was used
to validate MS/MS based peptide and protein identifications. Peptide identifications were
accepted if they could be established at greater than 10.0% probability to achieve an FDR
less than 0.1% by the Scaffold Local FDR algorithm. Protein identifications were
accepted if they could be established at greater than 99.0% probability and contained at
least 2 identified peptides. Protein probabilities were assigned by the Protein Prophet
algorithm [113]. Proteins that contained similar peptides and could not be differentiated
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based on MS/MS analysis alone were grouped to satisfy the principles of parsimony.
Proteins sharing significant peptide evidence were grouped into clusters.
4.3.9

Mouse Myocyte Isolation and Treatment with AICAR
Approximately 4 month old male c57/bl6 mice were anesthetized with isoflurane

and their hearts rapidly excised. Myocytes were isolated from enzymatically digested
hearts according to previously published methods [43]. Cardiomyocytes obtained after
enzymatic digestion were cultured on 18x18 coverslips (Fisherbrand cat#12-542A)
coated with 1:20 dilution of Matrigel (Corning GFR #354230) in DMEM (Gibco #11885)
with 1% Pen/Strep and 10% heat inactivated FBS (Gibco #16141-079) for approximately
1 to 2hrs at 37°C. Isolated myocytes were then treated for 20 minutes with 2mM 5aminoimidazole-4-carboxamide ribonucleotide (AICAR). Post-treatment, the cells were
washed 3x with 1x PBS. 1mL of 1x relax solution with 4mM ATP was added to the
coverslips and rocked for fifteen minutes at room temperature. The relax solution was
removed and cardiomyocytes were fixed with 1mL of 2%formaldehyde/1x relax with
4mM ATP. Fixed cardiomyocytes were stored at 4°C for subsequent immunofluorescent
staining.
4.3.10 Immunofluorescent Staining Intact Cardiomyocytes
Fixed mouse cardiomyocytes were permeablized in 0.2% Triton X-100/PBS for
twenty minutes at room temperature. Next, cardiomyocytes were treated with 1mg/ml
solution of Sodium Borohydride dissolved in 1x PBS for 4 mins, repeated twice.
Cardiomyocytes were then rinsed with 1x TBS with 1% Tween (TBS-T) 3x for five
minutes each. Once all residual sodium borohydride had been removed, cardiomyocytes
underwent a 1% SDS Antigen Retrieval for five minutes then washed with 1x TBS-T 3x
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for 5mins each. Cardiomyocytes were blocked with 2% BSA plus 1% normal donkey
serum/PBS for 1 hour at room temperature and incubated overnight at 4°C with mouse
monoclonal anti-α-actinin (1:200, EA-53, Sigma) and polycolonal anti-LKB1 (1:100, 05832, EMD Millipore) or monoclonal anti-sarcomeric- α-actinin (1:100, ab68167, abcam)
and monoclonal anti-M025 (1:100, ab51132, Abcam).Sections were then washed with 1X
TBST-T for twenty minutes, and incubated with secondary antibodies/TBS-T for 1.5
hours. Secondary antibodies (Invitrogen) included Alexa Fluor 488-conjugated goat antimouse IgG (1:1,000) and Alexa Fluor 350-conjugated goat anti-mouse IgG (1:200) for
the staining of α-actinin and anti-LKB1. Secondaries used for monoclonal antisarcomeric- α-actinin and monoclonal anti-Mo25 were Alexa Fluor 350 anti-rabbit IgG
(1:200, A21049, Invitrogen) and Alexa Fluor 488 goat anti-rabbit IgG (1:500, A11034,
Molecular Probes) respectively. Texas-Red- or Alexa Fluor 488-conjugated phalloidin
(1:50) was used to stain F-actin. Sections were washed with TBS-T for twenty minutes
then mounted onto slides with Aqua Poly/Mount (Polysciences Inc.). Images were
captured using a Deltavision RT system (Applied Precision) with a 100× NA 1.3
objective, and a charge-coupled device camera (CoolSNAP HQ; Photometrics). Images
were deconvolved using SoftWoRx software and processed using Photoshop CS
(Adobe).
4.3.11 Immunofluorescent Staining Skinned Cardiomyocytes
Skinned rat cardiomyocytes obtained from frozen perfused and AICAR perfused
hearts were fixed for 2hrs with a 4% formaldehyde/PBS solution in suspension using
1.5mL eppendorf tube at 4°C using a spinning end over end rocker to avoid clumping of
cells. After fixation the cells were then quenched to remove any of the leftover aldehyde
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groups in the fixative with 20mM NH4Cl for 5mins. The adult mouse cardiomyocytes
were permeablized in 0.2% Triton X-100/PBS for 20 min at room temperature. The cells
were then washed 2x times with 500uL of ice-cold TBST-T. The cell suspension
underwent a 1%SDS Antigen Retrieval for five minutes then washed with 1x TBS-T 3x
for five minutes. Incubation of primary and secondary antibodies as well as imaging was
done as described above.
4.3.12 Data and Statistical Analysis
Tension in submaximally activating solutions was expressed as fractions (Frel) of
the maximum tension (F0) at the same sarcomere length. The F0 value used to normalize
submaximal tension was obtained by linear interpolation between successive maximal
activations. Each individual Ca2+-tension relationship was fit to a modified Hill equation
where Frel = [Ca2+]n/( EC50n + [Ca2+]n), Frel = relative tension, EC50 = [Ca2+] at which
tension is half-maximal, n = slope of the Ca2+-tension relationship (Hill coefficient). The
∆EC50 was calculated as the difference in EC50 at SL = 2.0 µm and 2.2 µm for each
experiment. Likewise, the ∆pCa50 was calculated as the difference in pCa50 (–log [EC50])
at SL = 2.0 µm and 2.2 µm. Results are presented as mean ± SEM. Student’s-t test was
used to determine differences in means. P values less than 0.05 were considered
significant.

4.4
4.4.1

RESULTS
LKB1 Complex Blunted Contractile Function
The function and regulation of the LKB1 complex in majority of tissues are not

well known, particularly in the heart. Study of the LKB1 kinase complex in the heart is
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especially compelling as the heart, by weight, is largest user of ATP and LKB1, acting as
a modulator of cellular metabolism, could have significant impact on cardiac function.
Therefore, the focus of the present study was placed on the interaction between cardiac
contractile proteins and the LKB1 complex as the myocyte uses a disproportionate
amount of energy (~70% of ATP) to power contraction.
Therefore, the first set of experiments assessed the impact the LKB1 complex has
on contractile function. Ca2+-sensitivity has been used extensively to index the influence
of exogenously administered kinases on contractility. [88-90]. Consequently, Ca2+sensitivity of tension development was determined in demembranated cardiac fibers
incubated with LKB1 complex. Figure 12 illustrates that when fibers are treated with the
LKB1 complex, there is a decrease in Ca2+-sensitivity of tension.
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Figure 12: Ca2+-Sensitivity of Tension Development in Untreated and Treated
Demembranated Cardiac Trabeculae. Ca2+-sensitivity of tension in trabeculae
treated with only the LKB1 complex (open triangles) compared to untreated fibers
(closed circles). Sarcomere length was set to 2.0µm and all data were normalized
to saturating Ca2+ (maximal) tension.
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In addition to Ca2+ sensitivity of tension, other parameters of myofilament function were
measured under LKB1 complex treatment. Maximum tension generation and
cooperativity (Hill Coefficient) were measured (Table 4). Interestingly, there is a
decrease in tension generation capacity in LKB1 complex treated fibers (Table 4).
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TABLE 2. CA2+-FORCE CURVES
Untreated
LKB1 Complex Treated
(n=7)
(n=5)
3.23±0.25
5.00±.52*
EC50 (µM)
5.50±0.03
5.31±0.04*
PCA50
3.93±0.30
3.75±.54
HILL COEFFICIENT
MAXIMUM
29.42±2.99 †
18.57±3.59‡ *
TENSION
(MN/MM2)
Table 4: Mean Values for Hill Fit to Ca2+ -Tension Curve. Each column contains mean

values ± standard error for the Ca2+-tension relationship in rat cardiac trabeculae that
were either untreated or treated with exogenous LKB1 complex. Sarcomere length was
set to 2.0µm. Ca2+-sensitivity of tension for each group is indicated by EC50 (µM) and
pCa50. There is a decrease Ca2+-sensitivity in fibers treated with LKB1 complex alone
(p<0.05). There was no statistical difference in cooperativity (Hill Coefficient).
Maximum tension generation was also determined; there is a decrease in total tension
generation in fibers that were treated with the LKB1 complex [additional fibers were
tested for maximum tension generation, † indicates n=10, ‡ indicates n=7, p<0.05).
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4.4.2

LKB1 Complex Associated with Myofibrillar Proteins
As the LKB1 complex can impact contractile function, the next set of experiments

was designed to determine the nature of the interaction between the LKB1 complex and
myofilament proteins. Interestingly, the LKB1 complex is retained by myofibrillar, or
contractile proteins after treating with the LKB1 complex and post-washout (Figure 13).
This indicates there is an association between the LKB1 complex and myofibrillar
proteins. Therefore targeting of LKB1 to these contractile proteins would give LKB1
ample opportunity to regulate cellular energetics.
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Figure 13: Western Blot of GST-LKB1/Mo25/STRAD Treated Fibers.
Myofibrils isolated from untreated skinned fibers and fibers treated with
recombinant GST fused LKB1/Mo25/STRAD were probed for Mo25 and LKB1.
Myofibrils exposed to GST-LKB1/Mo25/STRAD retained the LKB1 complex
post washout (p<0.05, n=4 untreated, n=5 GST-LKB1/Mo25/STRAD treated).
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4.4.3

LKB1 Complex Decreased Association with Myofibrillar Proteins Under
AICAR Perfusion
As stated previously, a proposed mechanism for regulating LKB1 function is

through altering its location within the cell. Furthermore, changes in subcellular
localization can occur by altering binding or association with other proteins. Thus, as we
are seeking to understand the role of LKB1 in the heart, the relative amount of LKB1
complex associated with contractile proteins was measured under several models of
altered cardiac metabolism or energetics.
The first model of altered cellular energetics was obtained by perfusing AICAR, a
cell permeable AMP mimetic, into rat coronary arteries and ultimately into myocytes.
AICAR would then effectively mimic a rise in myocyte AMP levels, modeling an
increase in ATP hydrolysis. As Figure 14 shows in the skinned sample preparations,
there are no changes in either LKB1, or Mo25 protein levels in AICAR treated hearts.
The active target of the LKB1 complex, phosphorylated AMPK (pAMPK), also remained
unchanged. However, when samples were prepared for myofibril isolation, there is a
decrease in protein content in Mo25, LKB1, AMPK, and pAMPK in hearts that were
treated with AICAR. Therefore, under AICAR stimulation, there is altered association
between members of the LKB1 complex, the active form of AMPK, AMPK and
contractile or myofibrillar proteins.
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Figure 14: Western Blot of AICAR Perfused Hearts. Skinned and myofibrillar fractions

were assayed for pAMPK, AMPKα, Mo25, and LKB1 for control and AICAR perfused
hearts. A) There is no change in phosphorylated Thr 172 of AMPK content between
groups in skinned tissue. In the myofibrillar fraction, there is a decrease in
phosphorylated AMPK at Thr172 in AICAR perfused hearts (n=5 per group p<0.05) B)
AMPKα remains constant between AICAR treated hearts in the skinned fraction. There is
a decrease in AMPKα associated with the myofibrillar fraction treated with AICAR (n=5
per group p<0.05). C) Mo25 also remains constant in either group in skinned tissue.
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There is also a decreased Mo25 content associated with myofibrils when hearts are
perfused with AICAR (n=5 per group p<0.05). D) LKB1 levels are the same in skinned
tissue regardless of treatment. There is also a similar drop in the amount of LKB1 in
associated with myofibrils (n=5 per group p<0.05).
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4.4.4

ATP Synthase, and Vinculin Associated with LKB1 Complex and Also Have
Decreased Association with Myofibrillar Proteins Under AICAR Perfusion
In addition to looking at members of the LKB1 complex and forms of AMPK, a

more global examination of control and AICAR perfused hearts was performed in both
the skinned fraction and myofibrillar fraction of proteins. Proteins found in skinned and
myofibrillar fractions were stained with silver stain, which revealed a specific decrease in
proteins only in AICAR treated myofibrils (Figure 15). However, these highlighted
proteins are present in untreated myofibrils as well as all skinned proteins.
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Figure 15: Silver Staining of Untreated and AICAR Treated Rat Hearts and
Co-Immnoprecipitation. SDS-PAGE was used to separate samples from either
hearts perfused with Krebs-Hensleit containing 2mM AICAR (lanes labeled A) or
hearts perfused with control Krebs-Hensleit (lanes labeled C). Samples were then
further fractionated into either myofibril/ rigor associated proteins (lanes labeled
Myofibril), or proteins left over after removing lipid membranes (lanes labeled
Skinned). In addition, the eluants from the Co-Immunoprecipitation assays (lanes
labeled Co-IP), with anti-Mo25 immobilized on the column, were also separated
on this gel. Silver stain revealed a unique pattern of protein content; there is
decreased amounts of an ATP Synthase subunit O, and Vinculin (boxed) in
AICAR treated tissue isolated for myofibrils.
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This pattern is consistent with the LKB1 complex and AMPK immunoblots mentioned
above (Figure 14). The identity of these proteins was determined by LC-MS/MS. The
band occurring at 24kDa was identified as ATP Synthase Subunit O; the candidates for
the band between 100 and 150 kDa were identified as NAD (P) Transhydrogenase, 2oxogluterate dehydrogenase, SERCA2a, and vinculin. These proteins are also present
in untreated and AICAR treated tissue co-immunoprecipitated with Mo25. This suggests
that LKB1 complex can associate with ATP synthase subunit O and NAD (P)
Transhydrogenase, 2-oxogluterate dehydrogenase, SERCA2a, and vinculin and as a
group they decrease their association with the proteins isolated for myofibrils.
Vinculin, as opposed to NAD (P) Transhydrogenase, 2-oxogluterate
dehydrogenase, SERCA2a, appears to be a stronger candidate for LKB1 complex
interaction as this protein and not the others demonstrated a significant interaction in
fibers treated with recombinant GST-LKB1 complex (Fig 16 and Table 5).
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Figure 16: Silver Stain of LKB1 Treated Tissue Co-Immunoprecitipated with Mo25. Rat
trabeculae treated with GST-LKB1 complex was added to a column containing an
antibody raised against Mo25; eluent from this column was separated with SDS-PAGE
followed by silver stain as represented in the image above. Bands that appeared
following silver stain were labeled as represented by the number to the right of each
band. Bands 1, 7, and 8 were isolated from the gel and analyzed with LC-MS/MS to
identify protein content.
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Table 5. LC-MS/MS of Mo25 Coupled Co-IP, LKB1 Complex Treated Tissue
Band 1
Myosin Light Chain 3: 22kDa
Band 7
Alpha Actinin 2: 104 kDa
Catenin, Alpha: 100kDa
Catenin, Beta-1: 85kDa
Junction Plakoglobin: 82 kDa
Band 8
Alpha Actinin 2: 104kDa
Vinculin: 117 kDa

Table 5: LC-MS/MS of Mo25 Coupled Co-IP, LKB1 Complex Treated Tissue.
Protein identification of bands 1, 7, and 8 (Figure 16) that meet the requirements of
over a 99.0% protein threshold and at least 2 unique peptides; this selection criteria
gives an effective false detection rate of 0%. Protein identification must also be in the
correct molecular weight range for the selected band. Proteins are listed in alphabetical
order and bolded selections are the closest in molecular weight to the standard marker
used.
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The second model of altered cardiac energetics is the R403Q model of
hypertrophic cardiomyopathy (HCM). This transgenic mouse model has a mutation in the
myosin head which recapitulates the hypertrophic phenotype seen in its human
counterparts [98]. Studies of this disease model have shown an alteration in cellular
energetics, potentially resulting from alterations in the contractile apparatus’ use of ATP
in force generation [18, 22]. Therefore, knowing that there is evidence for perturbed
energetics, we again chose to study the LKB1 complex and pAMPK in this model. There
is not an overall change in skinned preparations (Figure 17) for the examined proteins.
However, again there is a change in association in the myofibril isolation. There is more
LKB1 and Mo25 associated with the myofibrillar proteins in transgenic HCM mice
compared to their wild-type littermates (Figure 17). This again indicates that there is
altered association between LKB1 complex and contractile proteins during altered
energetic signaling.
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Figure 17: Western Blot of Hypertrophic Hearts. Skinned and myofibrillar
fractions were assayed for pAMPK, AMPKα, M025, and LKB1 in transgenic
HCM mice and WT littermates [n=4 per group]. A) There is no change in
pAMPK in HCM mice in either skinned or myofibrullar fractions. B) There is no
change in AMPKα content in either genotype regardless of skinned or
myofibrillar fraction. C) Mo25 does not change with genotype in skinned
preparations. However, myofibrillar Mo25 content increases in HCM hearts
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(p<0.05). D) LKB1 levels do not change with genotype in skinned samples.
Myofibrillar LKB1 content does increase in HCM myocytes (p<0.05).
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4.4.5

LKB1 Complex Localizes to the Z-Disk of the Sarcomere
As both AICAR and R403Q immunoblots indicate altered signaling to

myofibrillar proteins under energetic stress, we chose to examine to which portion of the
myofilament LKB1 and Mo25 localize. Both skinned and intact cardiomyocytes with and
without AICAR treatment were visualized with immunofluorescent (IF) staining. Skinned
cardiomyocytes were stained for actin, alpha-actinin, Mo25, and LKB1 (Figure 18).
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Figure 18: Immunofluorescent Staining of Skinned Cardiomyocytes. A, C) Untreated,
skinned rat cardiomyocytes. B, D) AICAR treated, skinned rat cardiomyocytes.
Antibodies raised against the z-disk marker alpha-actinin (A,B,C,D), LKB1 (A,B), and
Mo25 (C,D) were used to visualize said proteins. Phalloidin (A,B,C,D) was used to
visualize actin.
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IF staining in skinned cardiomyocytes for both LKB1 and Mo25 was striated in
appearance. Furthermore, these members of the LKB1 complex are located in the region
of alpha-actinin, a marker of the z-disk. Also, treatment with AICAR does not appear to
change LKB1 or Mo25 subcellular localization. This could be due to a large signal from
the LKB1 complex at the Z-disk overwhelming small changes in the signal in other parts
of the cell. IF staining of intact cardiomyocytes displayed similar patterns of staining for
members of the LKB1 complex; there were visible striations in the region of the z-disk
(Figure 19). However, in intact cardiomyocytes LKB1 appears to be also in the plasma
membrane; Mo25 does not have strong staining in the plasma membrane.
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Figure 19: Immunofluorescent Staining of Intact Cardiomyocytes. A, C) Untreated,
murine cardiomyocytes. B, D) AICAR treated, murine cardiomyocytes. Antibodies raised
against the z-disk marker alpha-actinin (A,B,C,D), LKB1 (A,B), and Mo25 (C,D) were
used to visualize said proteins. Phalloidin (A,B,C,D) was used to visualize actin.
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4.5

DISCUSSION
The goal of this project was to gain understanding into how the upstream kinase

complex, LKB1/Mo25/STRAD (LKB1 complex), operates within the heart under both
normal energetic conditions, and under energetic stresses. Emphasis was placed upon
how this complex interacts with the myofilament or contractile proteins, as majority of
the cell’s energetic resources are used to fuel contraction. For these reasons we
hypothesized that the LKB1 complex can target myofilament proteins, and that targeting
or localization can change with energetic status. We found that 1) the LKB1 complex
decreases Ca2+-sensitivity of tension development and maximum tension generation
capacity, 2) myofibrillar proteins retain or bind to LKB1 and Mo25 post LKB1 complex
treatment 3) altered cardiovascular energetics change binding of LKB1 and Mo25 to
myofibrillar proteins and 4) the potential target of the LKB1 complex is located at the ZDisk.
A major finding of this study was the capability of the LKB1 complex to
dramatically decrease Ca2+- sensitivity of tension development. As the inherent
sensitivity of the myofilaments to Ca2+ is a significant element of whole heart
contractility, the LKB1 complex has ability to possibly diminish whole heart
contractility. Furthermore, in addition to decreasing Ca2+-sensitivity, the LKB1 complex
also blunted contractile function by reducing total tension generation. Decreasing tension
generation capacity could have a major impact on cardiac energetics as force generation
is a major user of ATP. However, to fully understand the energetic ramifications, a true
measurement of tension cost or efficiency of ATP use under LKB1 complex treatment is
necessary.
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The exact mechanism for the ability of the LKB1 complex to alter myofilament
contractile function remains nebulous. However, we showed that the myofibrils retain the
LKB1 complex post wash-out. We conclude that the LKB1 complex associates with the
myofibrillar proteins. The ability of the LKB1 complex to associate with myofibrillar
proteins is of interest as this could indicate regulatory mechanisms for the LKB1 complex
in the heart. That is, changes in subcellular localization can occur by altering binding or
association with other proteins and localization within the cell has been shown to be a
key regulatory mechanism for the LKB1 complex. This is especially true for striated
muscle, as LKB1 found in muscle appears to be constitutively active, regardless of
energetic state [55].
In addition to demonstrating targeting of the recombinant LKB1 complex to
myofibrillar proteins, we also show changes in association of the native LKB1 complex
to the myofibrillar proteins under altered energetic conditions, namely treatment with the
cell permeable AMP mimetic, AICAR. There is decreased content of LKB1, Mo25, and
their downstream target AMPK, as well as the active form of AMPK, pAMPK in the
fraction of proteins associated with the rigor complex. However, when examining a less
selective fraction of proteins, the skinned preparation, there is no change in LKB1, Mo25,
AMPK, or pAMPK content. This could imply that under increased concentrations of
AMP, the LKB1 complex and AMPK either change their subcellular location or alter
myofibrillar anchoring. There is evidence to suggest that AMP acts as a low energy
signal to recruit the formation of a LKB1/AMPK activating complex, which once formed
increases AMPK activation 100 fold [47]. It is possible that when AICAR was
retrogradly perfused into the heart that some LKB1 and AMPK formed into an activating
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complex. The formation of this activating complex decreased affinity for its myofibrillar
binding partner and came away from the rigor complex. However, a significant amount
of work is required to determine that nature of LKB1 and AMPK binding to the
myofilament. To that end, we have begun to examine candidates for LKB1 binding. Of
particular interest is the proteins ATP synthase subunit O and vinculin as these proteins
could bind to the LKB1 complex and change association with the myofilament under
energetic stress. Still, a considerable amount of work is required to determine if the
potential LKB1 binding partners are physiologically relevant.
LKB1, Mo25, AMPK, and pAMPK were also examined in hearts containing the
R403Q transgene. This mutation is strongly associated with the development of familial
hypertrophic cardiomyopathy (FHC/HCM)[19]. Germane to this discussion, the R403Q
mutation is linked with a higher tension cost for contraction [18, 22], meaning that more
ATP is required to generate tension compared to wild-type tissue. Interestingly, there was
more LKB1 associated with the myofibrils containing the R403Q transgene compared to
their non-transgenic littermates. As we have shown LKB1 to cause decreased tension
generation, it is possible that increasing the amount of LKB1 associated with the
contractile complex in R403Q hearts can be related to the higher tension cost also
observed in R403Q hearts. Nevertheless, much more work is required to determine the
exact mechanism into the higher tension cost observed in R403Q hearts as well as into
the mechanism of LKB1’s blunting of force generation.
As the immunoblots for both AICAR treated and R403Q signaled modified
parameters of binding to myofibrillar proteins under energetic stress, we examined to
which portion of the myofilament LKB1 and Mo25 localize. We conclude that the
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majority of LKB1 and Mo25 reside in the Z-disk. This finding is of great interest to our
group as the z-disk has not only structural functions but has also become a nodal site for
myocyte signaling [114]. Furthermore, the presence of the LKB1 complex in the region
of the z-disk coincides with AMPK staining [30, 115]. When using antibodies raised
against the regulatory gamma subunit of AMPK, there is striated, punctate staining at the
z-disk similar to that seen with the LKB1 complex. The LKB1 complex and AMPK
subcellular localization at the z-disk could be important functionally if these two proteins
form an active cell signaling complex as suggested by other authors [116].
To conclude, a novel interaction of the LKB1 complex with muscle myofilament
protein was established. Furthermore, we have demonstrated that the LKB1 complex can
target myofilament proteins, and that targeting can change with energetic signaling.
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5
5.1

GENERAL DISCUSSION
GENERAL INTRODUCTION TO DISCUSSION
Maintaining energetic homeostasis is vital for optimal pump function of the heart

under all workloads. Furthermore, energetic signaling has been shown to change in a
diverse set of compromised cardiac conditions. Therefore, the goal of this dissertation is
to understand how regulators of energetic homeostasis, Liver Kinase B1 (LKB1) and
AMP-activated Protein Kinase (AMPK), interact with and alter function of the greatest
energy consumer in the heart, the myofilament. To that end, we have found that the
LKB1 complex significantly modifies myofilament function in an AMPK dependent and
AMPK independent manner. Studying the effects of these energetic mediators is even
more relevant as pharmaceuticals targeted to this pathway are implicated in the treatment
of several metabolic and cardiac conditions.

5.2

AMPK DEPENDENT MECHANISMS OF LKB1
Myofilament function and post-translational modifications (PTM) were measured

under differing stoichiometric LKB1 activation of AMPK. Ca2+ sensitivity of tension
increased under rAMPK: LKB1lo while decreasing under rAMPK: LKB1hi treatment.
Also, the rate constant of tension redevelopment at submaximal Ca2+ was depressed
under rAMPK: LKB1lo treatment conditions as well. Corresponding changes in
myofilament modifications were also measured; PTMs of key regulatory proteins were
uniquely changed under differing stoichiometric activation of AMPK. The relevance of
altered function and modifications of the myofilament due to LKB1 complex activation
of exogenous AMPK will be examined in the context of localization, contractile reserve,
cross-bridge energetics, and integration of myofilament PTM.
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5.2.1

Influence of Subcellular Localization
There is potential for localized changes in AMPK activation due to subcellular

compartmentation. Specifically, there could be alterations in the activation state of
AMPK at the level of the myofilament due to local changes in adenine nucleotide pools
and myocellular targeting of AMPK to the myofilament. Phosphotransfer systems such as
Creatine Kinase and Adenylate Kinase are also compartmentalized; they are expressed to
shuttle adenine nucleotides between the mitochondria and the myofilament (see
Introduction). Thus, they can regulate adenine nucleotide pools without exchanging or
altering bulk adenine pool concentrations. As certain isoforms of AMPK have been
shown to target sarcomeres at the Z disk and the M-Line, localized phosphotransfer
networks have the potential to create environments conducive for AMP activation of
AMPK [30].Therefore, it is possible that AMPK could sense the local energetic
environment at the sarcomere and act to change myofilament function accordingly.
The present study also identifies the Z-Disk as a major myocelluar localization for
the LKB1 complex. Thus both AMPK and the LKB1 complex are expressed in the same
region of the cardiomyocyte; however, it is not possible to state if they co-localize based
upon current evidence. Therefore, as it is possible for localized LKB1 activation of
AMPK to occur at the Z-Disk, relative stoichiometric activation of AMPK by the LKB1
complex has the ability to influence myocyte modification and function at the local level.
For example, PTM of TnI and MBPC is influenced by the relative ratio of LKB1
complex to AMPK; altering the ratio of local AMPK: LKB1 can influence nearby PTM
and alter responsivity of TnI or MBPC to other signaling cascades. The suggestion here is
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that the dose dependency of LKB1 activation of AMPK can set up the myofilament to
respond differentially to a diverse set of signaling pathways.
5.2.2

Influence on Contractile Reserve
As stoichiometric activation of AMPK by the LKB1 complex could influence other

myocellular signaling pathways, we would also posit that the relative activation state of
AMPK could impact the ability of the myofilament to respond to adrenergic stimulation.
Under basal, unstimulated conditions, AMPK will be at a relatively low activation state
presumably in the presence of a constitutively active LKB1 complex. Consequently, the
myofilament would be exposed to low amounts of activated AMPK relative to the LKB1
complex. This state would be best modeled by rAMPK: LKB1hi treated fibers. Under
such conditions there would be an increase in phospho-ser23/24cTnI, which could blunt the
impact of PKA (adrenergic) targeting of the myofilament. That is, there is a
phosphorylation limit at ser23/24, and rAMPK: LKB1hi phosphorylation of ser23/24 would
restrain the responsiveness of this site to phosphorylation by PKA. Upon AMPK
activation, the stoichiometry of AMPK to LKB1 would shift to a relatively high ratio of
activated AMPK to LKB1 complex. Assuming a steady amount of LKB1 complex, this
state would be mimicked by our rAMPK: LKB1lo treated fibers. Under these treatment
conditions, phospho-ser23/24cTnI is lowered making this site more susceptible to targeting
by PKA. The suggestion is that in the face of cardiovascular stress, AMPK activation
would promote cardiomyocyte energetic economy while increasing adrenergic contractile
reserve.
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5.2.3

Influence on Cross-Bridge Cycling
In addition to potentially increasing adrenergic contractile reserve, a rAMPK:

LKB1lo activation state could also economize cross-bridge cycling. rAMPK: LKB1lo
treatment of skinned fibers lead to a ktr depression under submaximal Ca2+ activation. Ktr
is measured by both the rate of cross-bridge attachment (fapp) and the rate of cross-bridge
detachment (gapp). A depression in ktr therefore can be due to a lowering of both fapp and
gapp, or just one of the rate constants. Nevertheless, it is more likely in this study that gapp
decreases. A reduced rate of detachment corresponds to a study performed in mouse
cardiomyocytes treated with AICAR to active AMPK [43]; here, a prolonged time to
relaxation was observed in cardiomyocytes treated with AICAR. For cardiomyocytes to
relax, cross-bridges must detach. Therefore, a prolonged time to relaxation indicates a
prolonged time for cross-bridges to detach. Thus, there is a greater probability for a
decreased cross-bridge detachment rate or gapp under a rAMPK: LKB1lo activation state.
In terms of cardiovascular energetic stress, decreasing gapp could be a potentially
beneficial mechanism. Cross-bridge detachment is governed by ADP leaving the myosin
head, and followed by subsequent binding of ATP. Therefore, decreasing detachment
rates would lower rates of ATP binding and hydrolysis while promoting contractility. In
future experiments, measuring tension cost under altered AMPK activation states by the
LKB1 complex would be required. Knowledge into the potential alterations in tension
economy under differential AMPK activation would give insight into energy sparing
mechanisms.
A potential mechanism to alter cross-bridge cycling can be through
phosphorylation of myosin binding protein C (MBPC). rAMPK: LKB1lo treatment was
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associated with elevated phospho-ser282 -MBPC. Transgenic mice possessing pseudophosphorylated ser282, while rendering all other known MBPC phosphorylation sites nonphosphorylatable, demonstrate an increased affinity for ADP and ATP at the myosin head
[117]. Therefore, ser282 phosphorylation can have significant impact on cross-bridge
cycling. However, as useful as it is to understand site-specific phosphorylation effects, it
is important to note that there are at least two more major phosphorylation sites, ser302
and ser273, on MBPC. These sites were not examined for increased or decreased phosphocontent under relative AMPK activation by the LKB1 complex. Understanding
combinatorial phosphorylation status is particularly key as MBPC demonstrates a
hierarchical phosphorylation scheme with each site causing unique functional changes to
the myofilament [118]. Furthermore, ser282 phosphorylation is the gatekeeper of
phosphorylation at other sites, and as rAMPK: LKB1lo increased phospho-ser282MBPC,
examination at other sites is required to fully understand the possible mechanisms for
rAMPK: LKB1lo blunting of tension redevelopment.
5.2.4

Model for PTM Integration

Although it is important to understand the contribution of site specific
phosphorylation to changes in myofilament function, it is necessary to understand the
role of combinatorial phosphorylation in cardiomyocyte function. As seen with most
phosphorylation studies, many contractile proteins do not exist in a state with only one
post-translational modification (PTM) present [97]. Furthermore, multiple cell signaling
cascades can converge on contractile proteins, altering PTM status of many residues at
one time. Therefore, it is possible that the state of global cell signaling is reflected in the
PTM state. Consistent with a unique PTM state in response to upstream signaling
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cascades, is a distinctive functional response. The results presented here can serve as a
model for integration of upstream kinase signaling through combinatorial posttranslational modification giving imparting unique functional response. Relative AMPK
activation state by the LKB1 complex generated a distinct phosphospecies distribution
along cTnI. That is, the myofilament integrates signaling from either rAMPK: LKB1lo,
rAMPK: LKB1hi, PKA, or untreated fibers to generate altered cTnI phosphospecies.
Corresponding to differential cTnI phosphospecies distribution are concurrent changes in
contractile properties. Therefore, a unique contractile response is provided to net kinase
signaling.
MBPC phosphorylation status is a prime example of combinatorial phosphorylation
influencing differential myofilament function. Phosphorylation at one residue (ser282) can
regulate the phosphorylateability at other residues (ser302), and the phosphorylation state
of other proteins as well (myosin light chain) [117, 118]. Therefore, net phosphorylation
status of the myofilament can impart unique contractile characteristics, and PTM can
assimilate multiple myocellular signaling pathways.

5.3

AMPK INDEPENDENT EFFECTS OF LKB1 COMPLEX
The LKB1 complex has the ability to alter myofilament function without added

exogenous AMPK. LKB1 complex treatment decreases tension generation capacity, and
Ca2+-sensitivity of tension development. These functional changes do not correspond to
any changes in cTnI phosphospecies distribution or phosphorylation of ser282-MBPC as
seen with LKB1 complex activation of AMPK. However, the mechanism of LKB1
complex induced changes in myofilament function could lie with LKB1 complex
subcellular localization and to what LKB1 complex associates. Therefore, the potential
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effects of subcellular location, and protein associations of the LKB1 complex will be
discussed.
5.3.1

Localization and Associations of the LKB1 Complex
A recombinant LKB1 complex was shown to associate with proteins in a

myofibrillar isolation. Furthermore, the native LKB1 complex also associates with
myofibrillar proteins. This association was shown to change under altered energetic
conditions, namely treatment with the cell permeable AMP mimetic, AICAR, and with
mice containing the R403Q transgene. This could imply that under altered energetic
signaling, the LKB1 complex modifies its subcellular location or myofibrillar anchoring.
There is evidence to suggest that AMP acts as a low energy signal to recruit the formation
of a LKB1/AMPK activating complex, which once formed, increases AMPK activation
100 fold [47]. It is possible that when perfusing AICAR retrogradely into the heart some
LKB1 and AMPK form into an activating complex. The formation of this activating
complex decreases affinity for its myofibrillar binding partner and comes away from the
rigor complex. This conjecture is supported when examining immunoblots from AICAR
perfused hearts; isolated myofibrils have significantly less Mo25 and LKB1 when
perfused with AICAR. However, a significant amount of work is required to determine
that nature of LKB1 and AMPK binding to the myofilament.
To that end, we have begun to examine candidates for LKB1 binding. Of
particular interest is the protein ATP synthase subunit O. Based upon previously
presented proteomic data (Chapter 4), this protein could interact with the LKB1 complex
and change association with proteins isolated with myofibrils under energetic stress in the
same fashion as Mo25 and LKB1. ATP synthase subunit O, also called the oligomycin140

sensitivity conferring protein (OSCP), couples proton transport to ATP synthesis [119].
OSCP is a member of a complex peripheral stalk connecting the FO proton channel to the
F1 rotary motor, ATP producing subunit in the FOF1 ATP synthase; OSCP has also been
shown to prevent loss of ATP Synthase enzyme efficiency [120]. There is no known
direct, or functional association between the LKB1 complex and OSCP. However, these
proteins could be functionally linked together and act in concert to regulate cardiac stress
through Sirtuin3. Sirtuin3 is a NAD+ dependent deacetlyase. Sirtuin3 was shown to
deacetylate OSCP and enhance ATP synthase enzyme activity[121]. Sirtuin3 also has
been shown to deacetylate LKB1, increasing its activity, potentially through increased
binding to the pseudo-kinase STRAD [116, 122]. Although tenuous, Sirtuin3 acting as a
positive regulator of cell metabolism in cardiovascular stress, could coordinate and be the
indirect linker between the LKB1 complex and OSCP.
Substantial work remains into elucidating the mechanisms of LKB1 complex
association with OSCP, if they are even directly associated at all. Among the questions
that need to be answered are 1) how does a mitochondrial protein associate with a protein
shown to target the Z-Disk or alternatively, what are the limitations to the myofibrillar
isolation protocol? And 2) how does AICAR treatment influence the interaction between
the LKB1 complex, OSCP?
5.3.2

LKB1 as a Member of the Myocellular Z-Disk Signaling Complex
Essential to understanding LKB1 complex function is identifying its subcellular

localization. Both LKB1 and Mo25 were shown to mainly localize to the region of the ZDisk. Only LKB1 was in the region of the plasma membrane and the Z-disk. Mo25 also
had a unique punctate appearance strung along the Z-disk as well; this punctate
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appearance is similar to those studies examining AMPKγ localization. The punctate
staining of Mo25, and that of AMPK, could serve as accumulation and activation sites for
the LKB1 complex as LKB1 cannot act on its own as a functional kinase. This could
indicate that the Z-Disk would be a central site for LKB1 activation, and subsequent
activation of AMPK. Therefore, the regulation of upstream metabolic signaling could lie
with controlling shuttling of LKB1 to and from the Z-Disk.
To determine if the Z-Disk is the site of energetic signaling regulation, a colocalization study between AMPK and Mo25 would need to be performed. This study
would gain insight into the punctate staining between AMPK and Mo25. If Mo25 and
AMPK appear together, further experimentation would be required to determine if a
scaffolding protein or any other mediator, such as AXIN, is required for subsequent
signaling. In addition, identifying shuttling of LKB1 to these aggregates would be
necessary to determine if regulation of metabolic signaling occurs at the Z-Disk. This
could be done by labeling LKB1 and monitoring alterations in subcellular localization
under altered cellular energetics; labeled LKB1 would need to co-localize with Mo25 and
AMPK aggregates.
5.3.3

Potential Interaction Between Vinculin and LKB1
The Z-Disk is also in the region of mechanotransduction. Near the Z-Disk,

specialized structures allow for transmission of force between adjacent myocytes, the
myocyte to the extracellular matrix, and the extracellular matrix (ECM) into the myocyte.
Force is transmitted between either cell or matrix when a physical force or stress/strain is
sensed (either generated from within the myocyte or from the ECM), and then that
mechanical stress is converted into a chemical signal; altered cell signaling then allows
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the myocyte to respond in either an adaptive or maladaptive manner to the original
change in mechanical stress. In this way, mechanotransduction permits the
cardiomyocyte to respond to its changing a mechanical environment.
Mechanotransduction operates through many types of proteins. Of these
mechanotransduction proteins, vinculin is of particular interest as the LKB1 complex
could bind to vinculin. Vinculin is a member of a multi-protein complex linking the
actin-cytoskeleton to the sarcolemma and, through interactions with integrins and
cadherins, influences cell-cell or cell-matrix interactions [123]. Vinculin depletion
studies have indicated that this protein is required for securing matrix adhesion under
mechanical stress, and could transmit information related to myofilament contractile
function [124]. That is, there is a disruption in typical formation of vinculin-dependent
focal adhesions and costameres when cardiomyocyte contractile function is
pharmacologically blocked[125]. Therefore, the implication of LKB1 complex
interaction with vinculin in terms of mechanotransduction would be to either alter
energetic signaling based on load or alter cell adhesion based on energetics.
Interaction of vinculin with the LKB1 complex could also potentially mediate
anti-hypertrophic signaling seen with LKB1 activation through altering Focal Adhesion
Kinase (FAK) signaling. LKB1 knock-out mice display left ventricular hypertrophy
potentially mediated in part by the mammalian target of rapamycin (mTOR) [126]. FAK,
also known to mediate mTOR signaling, is a tyrosine kinase that has been shown to
facilitate growth of cardiomyocytes in reaction to mechanical stress, hormones, and
growth factors [127]. The LKB1 complex has been shown to repress FAK activation.
That is, when the LKB1 complex was knocked down in lung cancer cells, there was an
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increase in phosphorylation at Tyr397 of FAK, indicating increased FAK activity. The
inverse was also true; intact LKB1 complex signaling decreased FAK activity [128]. The
LKB1 complex was also found to not directly interact with FAK, necessitating
intermediaries to suppress FAK activation [128]. It is possible that LKB1 complex
interaction with vinculin is a mechanism for FAK suppression. Vinculin has been shown
to blunt downstream FAK pathways by sequestering proteins necessary for FAK
signaling [129]. Therefore, the LKB1 complex could promote vinculin sequestering of
FAK required proteins, blunting downstream FAK induced hypertrophic signaling.
Much work is required to link potential anti-hypertrophic signaling of the LKB1
complex to FAK. First, the nature of association between vinculin and LKB1 needs to be
verified. It is possible that even if LKB1 and vinculin interact directly, that interaction
could either inhibit or promote vinculin activity. Second, LKB1 complex interaction with
FAK signaling has to be determined in the heart as it was in lung cancer cells. Third, the
mediator of LKB1 complex and FAK, potentially vinculin, needs to be identified. Last,
hypertrophic signals from FAK need to be mechanistically tied to the LKB1 complex;
one potential key signaling molecule that would tie in hypertrophic signaling pathways is
mTOR.
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