Examining the effects of SERCA2a acetylation in the heart

By: Shanel Susser

A Thesis submitted to the Faculty of Graduate Studies of
The University of Manitoba
In partial fulfilment of the requirements of the degree of

MASTER OF SCIENCE

Faculty of Health Sciences, College of Medicine
Department of Physiology and Pathophysiology
University of Manitoba
Winnipeg, Manitoba, Canada

Copyright © 2015 by Shanel Susser

Abstract

The sarcoplasmic reticulum Ca2+-ATPase (SERCA2a) is responsible for calcium transport in the
heart and its dysfunction in heart disease and diabetes make it a target for treatment strategies.
SERCA2a structure can be modified post-translationally by the addition of an acetyl protein via
acetylation. Sirtuin3 (SIRT) is a deacetylase, which may interact with SERCA2a to reverse its
acetylation. The aim of this study was to determine if SERCA2a function is altered by acetylation,
if this occurs in the diabetic heart, and if SIRT3 influences SERCA2a acetylation. Our data
indicates that modification to three SERCA2a acetylation sites impairs its activity in a cell culture
model and that SERCA2a acetylation occurs at higher levels in the diabetic heart. Furthermore,
SERCA2a is acetylated at higher levels in absence of SIRT3, suggesting that SIRT3 activity
influences SERCA2a. Our data identifies possible therapeutic strategies to target and reduce
SERCA2a acetylation in the diabetic heart.
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Chapter 1: Literature Review
Heart disease is the leading cause of death for diabetic patients
Diabetes affects millions of people worldwide, and 2 million people in Canada 1. The incidence
of diabetes is increasing dramatically. It is estimated that 450 million people worldwide will
have diabetes by 2030 2, which indicates the growing need for treatment strategies to counteract
the clinical complications of diabetes. Cardiovascular disease is the most common complication
of diabetes 3, and is the leading cause of death for diabetic patients 4. Heart failure in diabetic
patients is characterized by the development of a specific form of cardiomyopathy called diabetic
cardiomyopathy 5, which has been associated with both type 1 and 2 diabetes and is
characterized by altered metabolic regulation 6, cardiac dysfunction 7, and impaired myocardial
calcium-cycling 8 9. The reduced contractility of the diabetic heart is primarily due to altered
calcium transport during excitation coupling in the heart 10, and more specifically, the impaired
activity of the sarcoplasmic reticulum Ca2+-ATPase (SERCA2a), which mediates Ca2+ uptake
and allows the heart to relax during diastole 9, 11. SERCA2a dysfunction in the diabetic heart is
partially caused by high blood glucose, which promote damage to transport proteins 12. Post
translational modifications to SERCA2a may also occur in the diabetic heart, leading to
alteration in its regulation and activity.
Modifications of proteins by acetyl groups play a role in chronic and acute regulation
In normal healthy cells, DNA is tightly packaged into chromatin by histone proteins 13. In
order for transcription and translation to occur, these tight chromatin packages must be unwound
to allow access to the DNA 13. This process is partially facilitated by covalent modifications to
the amino terminal tails of the histone proteins, which include methylation, phosphorylation and
acetylation 13. Specifically, the acetylation process is catalyzed by histone acetyltransferase, 13
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which is an enzyme that transfers an acetyl group from an acetyl coenzyme A metabolic
intermediate to a lysine residue of a histone 13. The presence of this acetyl group causes a
conformational change to the histone protein, lowering its affinity for DNA, allowing unwinding
to occur and transcription to be initiated 13. The acetylation process is highly reversible and is
regulated by the efficiency of the reverse reaction 13, which is mediated by histone deacetylases
(HDAC) 14. More recently it was discovered that HDACs can also catalyse the removal of an
acetyl group from the lysine residue of non-histone proteins influencing their function 15.
Histone deacetylases are classified into three classes based on their homology with HDACs of
yeast 14. Class I and II HDACs are homologous to yRPD3 and yHDA1 respectively 14; whereas,
Class III HDACs, also known as sirtuins (SIRT), are homologous to ySirt2 13. SIRTs are unlike
class I and II histone deacetylases in that they consume nicotinamide adenine dinucleotide
(NAD) in the process of deacetylation 16; whereas, Class I and II HDACs do not require NAD.
There are seven known mammalian SIRTs 17, which are further classified based on their subcellular localization and functional roles. For example, SIRT1 and SIRT2 are both found in the
nucleus and cytoplasm; however, they are functionally different. SIRT1 is known to deacetylate
many non-histone proteins while SIRT2 is mainly involved in chromosomal stability during
mitosis 18. SIRT3 is located in the nucleus, cytoplasm as well as in mitochondria 19. SIRT4 has
weak deacetylase activity 20 is located primarily in the mitochondria 18. SIRT5 is an efficient
protein lysine desuccinylase and demalonylase , and is also located in the mitochondria20. SIRT6
and 7 are localized with chromatin and nuclei, respectively and influence a variety of cellular
processes including genomic stability, glucose homeostasis and inflammation 16, 18.
SIRT3 is present as different forms within the heart and exists in two distinct active isoforms:
a 28 kDa short length (SIRT3S) form in the mitochondria and a 44kDa full length (SIRT3FL)
2

form present in the mitochondria, nucleus and cytoplasm 21. Recently, both forms of SIRT3 were
shown to be active 22, 23; however, SIRT3S has significantly lower mitochondrial expression and
may have less deacetylase activity 22. When over expressed, both forms of SIRT3 are also
localized in the nucleus 23, explaining why it was originally proposed that SIRT3FL has nuclear
activity 24. The transcriptional regulation of these isoforms and whether they have specific target
proteins remains unknown.
Acetyl group protein modifications play a role in both chronic and acute protein regulation.
Chronic protein regulation, or long term changes to protein function or expression, can occur
when histone proteins are deacetylated. The removal of an acetyl group from a histone leads to a
tighter winding of DNA, causing the transcriptional processes occurring on that particular region
of DNA to be reduced 13. This alteration of transcription rates will eventually lead to chronic
changes in protein production and subsequent cell function. Deacetylation of non-histone
proteins can also produce acute changes in protein function (Figure 1). For example,
deacetylation of acetyl coenzyme A (acetyl CoA) synthase by SIRT3 25 causes it to become
more active, leading to higher rates of acetyl CoA produced to enter the tricarboxylic acid cycle
(TCA cycle). This results in an acute increase in ATP production. In addition, peroxisome
proliferated-activated receptor g coactivator 1α (PGC-1α), which is a coactivator for the
transcription of genes encoding for mitochondrial biogenesis and antioxidant enzymes, is
deacetylated by SIRT1 and SIRT3 25. Deacetylation of PGC-1α causes an acute increase in its
activity, leading to acute changes to proteins downstream of PGC-1α in its signalling pathway
(Figure 1). Because PGC-1α is a transcriptional coactivator 25, its deacetylation also leads to
chronic changes in the transcription of genes coactivated by PGC-1α.
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Figure 1. Illustration of protein deacetylation pathway of SIRT3. A, Acetyl Group. SIRT3,
Sirtuin3. NAD+, Nicotinamide adenine dinucleotide. NAM, nicotinamide mononucleotide
NAM
NAD

+

Sirt3

A

Target
Protein

Target
Protein

SIRT3 has a role for influencing health and aging
SIRT3 activity is thought to influence human lifespan, as polymorphisms in the SIRT3
promoter were shown to be associated with survivorship in older adults 26. Cellular damage due
to reactive oxygen species (ROS) is a characteristic of cell aging. Interestingly, SIRT3
expression was suppressed in aged stem cells with high levels of ROS, and this age induced cell
degeneration was reversed by viral overexpression of SIRT3 27, further illustrating SIRT3’s role
in promoting cellular longevity. SIRT3 may also be involved in the prevention of age related
changes in the heart, as SIRT3 deficient mice express accelerated cardiac aging in the form of
cardiac fibrosis and hypertrophy compared to wild type mice 28.
The functional importance of SIRT3 has been shown in a number of models
SIRT3 plays a role in the regulation of ATP production. SIRT3 knockout mice show a marked
increase in mitochondrial protein acetylation and have a 50% reduction in basal ATP levels in
heart, kidney and liver 29. Additionally, in vitro studies using mouse embryonic fibroblasts
isolated from SIRT3 deficient mice also showed a reduction in basal ATP levels (30%), and this
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was reversed by overexpression of SIRT3 via adenovirus 29. Other in vitro experiments 17, 30
conducted in similar conditions confirm these results, suggesting that SIRT3 is involved in the
regulation of mitochondrial ATP production. A variety of mechanisms through which SIRT3
influences mitochondrial function and ATP production have been proposed. Specifically, the
Complex I of the mitochondrial electron transport chain is directly deacetylated and subsequently
activated by SIRT3. In SIRT3 deficient mice, this complex becomes hyperacetylated, which
leads to its acute deactivation and suppression of basal ATP production 29. SIRT3 also
deacetylates and activates acetyl CoA synthase as well as long chain acetyl CoA dehydrogenase
25, 29
,

which are both rate limiting factors for the production of ATP through the TCA cycle.

Finally, SIRT3 directly deacetylates PGC-1α, leading to increased expression of genes
promoting fatty acid oxidation and mitochondrial biogenesis 25, which would in turn chronically
increase ATP production. In general, these results suggest a possible role for SIRT3 in energy
homeostasis and mitochondrial function.
SIRT3 may also be involved in protecting cells from reactive oxygen species (ROS), which are
produced in a number of cell regions. Upwards of 90% of ROS are produced in the mitochondria
31

by electrons escaping the electron transport chain Complex I and III 31, where they interact

with oxygen to form superoxides that damage cell components and cause oxidative stress. ROS
are usually detoxified by anti-oxidant enzymes, such as superoxide dismutases, which are
regulated by a member of the family of forkhead transcription factors (Foxo3a). However, in the
development of oxidative stress, the process of removing and detoxifying ROS is less effective
and cell damage continues 18. Isolated cardiomyocytes from SIRT3 deficient mice were shown to
have high levels of ROS, which suggests that SIRT3 may play a role in regulation of oxidative
stress 18. This may occur through a number of potential mechanisms. Firstly, PGC-1α, which is
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activated by SIRT3, is known to reduce ROS damage by increasing the expression of genes for
anti- oxidant enzymes 25. Secondly, SIRT3 directly deacetylates and activates Foxo3a in an NAD
dependent manner 32, which activates the transcription of genes encoding for manganese
superoxide dismutase and catalase 32. Furthermore, SIRT3 directly deacetylates lysine residues
of manganese superoxide dismutase 33 and superoxide dismutase 2, activating and promoting
their antioxidant activity 34 35. Collectively, these changes lead to a chronic reduction in oxidative
stress.
The involvement of SIRT3 in the oxidative stress pathway suggests that it may also play a role
in the development of cardiac hypertrophy. In fact, SIRT3 knockout mice treated with
angiotensin II, a compound known to induce cardiac hypertrophy, developed more severe
hypertrophy, as compared to wild type animals given the same treatment 32. Furthermore,
transgenic mice overexpressing SIRT3 did not develop cardiac hypertrophy in response to
angiotensin II 32. Interestingly, a natural upregulation of SIRT3FL occurred in cardiomyocytes
exposed to angiotensin II or phenylephrine, which is also a hypertrophy-inducing compound 21.
This was likely a response to counteract the stress signal. Finally, it was shown that increasing
SIRT3 activity via exogenous NAD treatment was able to prevent the development of agonist
induced cardiac hypertrophy in WT mice. However, NAD treatment was not effective in mice
lacking SIRT3 36. This data suggests that SIRT3 has a functional role in protection against ROS
and is involved in cardiac health.
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Metabolic disease and SIRT3
SIRT3 has been implicated in the development of metabolic disease due to its regulatory role
in mitochondrial function and energy production. Mitochondrial processes are crucial for health
and mitochondrial dysfunction contributes to the development of metabolic disease. During
situations of stress, the activity of mitochondrial enzymes is acutely regulated by adaptive
changes to their acetylation status 37. SIRT3 has been shown to be responsible for the
deacetylation of some of these enzymes resulting in both acute and chronic changes to their
function during times of adaptation. For example, during fasting, SIRT3 upregulation controls
metabolic pathways by deacetylating and activating enzymes such as long-chain acyl-CoA
dehydrogenase 38, which leads to an acute increase in fatty acid oxidation in the liver 37. SIRT3
function is also altered during caloric overload or high fat feeding38. For example, mice fed a
high fat diet are characterized by a decrease in hepatic SIRT3 protein content and marked
hyperacetylation of mitochondrial proteins 38, 39. Because of its apparent role in regulation of
metabolism, decreased SIRT3 activity has been thought to contribute to the metabolic
abnormalities of diabetes. Recently, it was shown that SIRT3 protein expression was decreased
by 50% in skeletal muscle isolated from streptozotocin induced type 1 diabetic mice and high fat
diet induced type 2 diabetic mice 39. These results are especially interesting as pathological
adaptations to skeletal muscle such as reduced glucose uptake, insulin resistance, decreased
mitochondrial protein function and ATP production rates are hallmarks of type 2 diabetes. It is
well established that ROS and oxidative stress are damaging to insulin receptors and insulin
receptor substrate proteins, and therefore, result in resistance to the action of insulin. SIRT3
promotes antioxidant activity and the removal of ROS 21 32, suggesting SIRT3 may be involved
in the maintenance of insulin receptors. In general, SIRT3 expression is reduced in obesity and
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diabetes, leading to alterations in mitochondrial protein function and increased ROS. As such,
SIRT3 may be a novel target for the treatment of metabolic syndrome.
SIRT3 activity and expression is influenced by exercise
It is well known that exercise is beneficial for health and that physical inactivity is a risk factor
for the development of type 2 diabetes and cardiovascular disease. Exercise also reduces
oxidative stress and inflammation 40 and promotes mitochondrial biogenesis in muscle tissue 41.
Many of the beneficial effects of exercise are mediated through PGC-1α activity as it is
upregulated by exercise training in humans and rodents 41, 42. Because of the relationship
between SIRT3 and PGC-1α, it is likely that exercise may affect SIRT3 activity. In support of
this idea, exercise training induced a significant increase in SIRT3 expression in the cardiac and
skeletal muscle of mice 42. Additionally, SIRT3 and PCG-1α are upregulated in skeletal muscle
tissue of elderly humans who exercised regularly as compared with sedentary age matched
controls 43. SIRT3 may acutely regulate PGC-1α during exercise through a positive feedback
mechanism44 (Figure 2). SIRT3 is known to deacetylate and activate liver kinase B1 (LKB1),
which phosphorylates and subsequently activates adenosine monophosphate activated protein
kinase (AMPK) 36. This, in addition with the direct activation of AMPK by SIRT3, allows
AMPK to phosphorylate and activate PGC-1α expression 25. Because PGC-1α can chronically
affect SIRT3 gene expression 25, a positive feedback mechanism is initiated. Exercise can
influence this pathway at numerous points i.e. stimulation of AMPK, SIRT3 or PGC-1ɑ directly.
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Figure 2. The effects of exercise on SIRT3. SIRT3 expression and activity is upregulated by
exercise through a positive feedback pathway. SIRT3 may also be activated by PGC-1α or
AMPK during exercise. SIRT3, Sirtuin3. LKB1, Liver Kinase B1. AMPK, AMP- activated
protein kinase. PGC-1α, peroxisome proliferated-activated receptor δ coactivator 1α. TFAM,
mitochondrial transcription factor A.
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Sarcoplasmic reticulum ATPase is a calcium transport protein
Sarcoplasmic reticulum calcium ATPase (SERCA) is a calcium transport protein known to be
involved in heart and skeletal muscle health as well as metabolic disease. SERCA is an ATP
driven calcium transport pump that is responsible for the majority (i.e. up to 70% in the human
heart 45) of cytoplasmic calcium regulation in cardiac and skeletal muscle cells and is abundantly
expressed in the sarcoplasmic reticulum (SR) 46. Calcium cycling out of and into the SR is
crucial for the normal contraction and relaxation cycle of muscle and is accomplished in a
number of sequential steps. First, an action potential depolarizes the sarcolemma of skeletal
muscle leading to activation of voltage gated dihydropyridine receptors (DHPR). This opens the
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SR calcium release channels (i.e. ryanodine receptor; RyR) to release calcium into the cytoplasm
47

. In the heart, calcium induced calcium release is responsible for the release of calcium into the

cytoplasm. Briefly, an action potential initiates the release of calcium into the cytoplasm via Ltype calcium channels 48. This increase in calcium triggers further calcium release from the
sarcoplasmic reticulum by activating RyR 48. Increases in intracellular calcium stimulate actinmyosin cross bridge cycling and muscle contraction. Finally, skeletal and cardiac muscle
relaxation is initiated by the re-uptake of calcium from the cytosol back into the SR primarily by
SERCA, which transports two calcium ions for every ATP hydrolyzed 46. This re-uptake of
calcium into the SR not only induces muscle relaxation but also replenishes the calcium stores
within the SR needed for subsequent contractile cycles.
SERCA2a is a 110kDa protein, and has three cytoplasmic domains; the A domain which
contains Ca2+ binding sites, the N domain, containing the nucleotide binding site, and the P
domain, which is where ATP binding occurs 49 50. SERCA2a also has a M domain, which
includes the transmembrane helices and the short luminal loops 49.
Several isoforms of SERCA exist and are expressed in different tissues. SERCA1a and
SERCA1b are found in adult and neonatal skeletal muscle, respectively 47. SERCA2a is present
in both cardiac tissue and slow-twitch skeletal muscle; whereas, SERCA2b is found only in
smooth muscle cells. SERCA3a is widely expressed in non-muscle tissues such as endothelial
cells 47. SERCA isoforms have differences in their rates of calcium transport 51. For example,
although SERCA1a and SERCA2a have similar rates of calcium transport and ATP hydrolysis,
SERCA2b and SERCA3a have significantly lower affinity for calcium binding as well as lower
rates of ATP hydrolysis 51.
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Phospholamban is a SERCA regulator

The functional characteristics of SERCA enzyme kinetics are influenced by a number of
regulatory proteins. For example, phospholamban (PLN) is a protein that inhibits SERCA2a and
is highly expressed in cardiac muscle and to a lesser extent in skeletal muscle 50. In its
unphosphorylated state, PLN binds to SERCA causing it to have a lower affinity for calcium at
sub-maximal concentrations 52, thereby acutely reducing SERCAs ability to transport calcium
back into the SR at sub-maximal cytosolic calcium concentrations. When an increase in muscle
activity is necessary, β-adrenergic stimulation leads to the phosphorylation of PLN and
subsequently its disassociation from SERCA. This relieves PLN’s inhibitory action and increases
SERCA calcium transport rate50.There are two distinct phosphorylation sites that exist on PLN: a
Ser16 site, which is phosphorylated by Protein kinase A and a Thr17 site, which is phosphorylated
by Ca2+/calmodulin-dependent protein kinase 53. Phosphorylation of PLN at either Ser16 or Thr16
increases calcium uptake rates into the SR and subsequently improves SR calcium release by
increasing the amount of releasable calcium 53. Together this creates a positive inotropic effect
and cardiac function is improved 53. PLN knockout mice have abnormally high cardiac
contractility as SERCA is not inhibited allowing calcium cycling to occur at a higher rate 54.
Mice with an over expression of PLN have reduced calcium cycling due to over inhibition of
SERCA, and develop cardiomyopathy due to depressed cardiac relaxation and contractility 50.

Sarcolipin (SLN) is a PLN homologue found mainly in human skeletal muscle, with small
amounts present in cardiac muscle. In contrast, rodents express high levels of SLN in cardiac
tissue and lower expression in skeletal muscle 55. SLN regulates SERCA1a and SERCA2a in a
similar fashion to PLN where it is inhibitory when bound to SERCA 55. However, the inhibitory
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function of SLN may have a distinctly different physiological role. It has been suggested that
SLN uncouples SERCAs ATP hydrolysis and calcium transport, leading to inefficient energy use
and subsequent heat production 56. The inhibitory effects on SERCA2a by SLN are regulated by
its phosphorylation by the serine/threonine kinase STK16 57. Unlike WT mice, SLN deficient
mice are not able to maintain their core body temperature when exposed to cold 56. Additionally,
SLN deficient mice become significantly more obese compared to WT mice when fed a high fat
diet56, indicating that SLN has a role in influencing body weight.
Changes in SERCA2a function and expression may influence metabolic health
Metabolic syndrome is a group of risk factors (e.g. abdominal obesity, elevated triglycerides,
low high-density lipoprotein cholesterol, high fasting blood glucose, or high blood pressure) that
increase a person’s risk of cardiovascular disease and type 2 diabetes 58. Skeletal muscle
metabolic dysfunction also plays a role in the development of metabolic syndrome 58.
Impairment in SERCA2a protein function and expression is related to this metabolic
dysfunction, as SERCA2a is responsible for 40-50% of energy utilization during muscle
contraction 59. It has also been shown that a transgenic mouse model overexpressing SERCA2a
had increased glucose utilization and decreased fatty acid utilization and oxidative metabolism in
the heart 60. Additionally, Walker et al. recently showed that over expression of SERCA1a
enhances active cell-surface GLUT-4 and glucose uptake in the myocardium as well as whole
body glucose tolerance in both healthy and Type 1 diabetic (streptozotocin-injected) mice 8.
Taken together these data suggest that SERCA proteins may represent a therapeutic target to
treat metabolic syndrome.
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Diabetes leads to altered calcium transport in the heart
Diabetes causes alterations in calcium transport within the heart 61, which contributes to the
development of heart failure 61. One of the consequences associated with high blood glucose
levels is cellular damage, which concurrently affects calcium transport proteins and causes them
to malfunction 12. This alteration to calcium transport is characteristic of diabetic
cardiomyopathy, a specific form of heart disease affecting diabetic patients that is characterized
by early onset diastolic dysfunction followed by later onset systolic dysfunction in the absence of
ischemia 61. A dysregulation of calcium transport and, specifically, alterations in the uptake of
calcium into the SR occur in hearts from both human patients and animal models with heart
failure 11. Reduction in SERCA2a protein expression and activity has also been shown in nondiabetic animal models of heart disease

62

, suggesting that SERCA2a may play a role in the

maintenance of cardiac health. Furthermore, SERCA2a knockout mice have high rates of
mortality (i.e. 40% died after birth) and those that do survive have significant cardiac
dysfunction as characterized by cardiac hypertrophy and dysregulation of contraction-relaxation
kinetics 11. Studies also suggest that alterations in expression or phosphorylation status of PLN
may contribute to SERCA2a dysfunction in the diabetic heart 50, and often the decrease in
cardiac relaxation seen in diabetic cardiomyopathy can be attributed to an increase in PLN
expression or a decrease in SERCA2a-to-PLN ratio 63 64. Diabetes also modifies SERCA2a posttranslational modifications, which will be discussed in more detail in a later section of this
document.
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SERCA2a is influenced by exercise
Exercise has been shown to improve cardiac health and overall survival in heart failure patients
65

. One of the reasons that exercise improves heart health is that it increases SERCA’s sensitivity

to calcium and, therefore, improves cardiac contractility 66. Aerobic exercise training improved
calcium transport and SERCA2a expression in both the heart and skeletal muscles of mice with
genetically induced heart failure 67. Additionally, exercise training of rats who received low dose
streptozotocin and were fed a high fat diet prevented the down regulation of SERCA2a protein
content and subsequent diastolic dysfunction 68. Furthermore, endurance training was able to
improve previously established cardiac dysfunction as well as increase both SERCA2a protein
expression and function in cardiomyocytes isolated from type 1 diabetic rats 66. Though the
effect of exercise training on SERCA has been well demonstrated, the mechanisms through
which exercise influences SERCA2a expression and function remain to be fully elucidated.
SERCA2a function is regulated by mitochondrial function
A strong link exists between mitochondrial function and calcium handling in the heart 69.
SERCA2a is dependent on the consumption of ATP for its function and requires more free
energy than any other ATP consuming protein 69. This, as well as the constant adaptations to
variations in cardiac workload, makes efficient ATP production essential for cardiac function.
One key regulator of mitochondrial ATP production is mitochondrial transcription factor A
(TFAM), which is responsible for the maintenance of mitochondrial DNA and transcription of
genes and proteins necessary for ATP production 69. Both TFAM and ATP levels are reduced in
the failing heart 69, suggesting that TFAM plays a key role in the production of ATP needed to
fuel the healthy heart. Published data suggests that TFAM regulates SERCA2a expression and
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has a regulatory influence over the maintenance of calcium transport in the heart 69. The cell
damage that occurs as a result of hyperglycemia in the diabetic heart leads to a down regulation
of TFAM, which chronically impairs mitochondrial ATP production and function 12. This
reduction in ATP availability would acutely affect SERCA2a function. Additionally, TFAM may
chronically regulate SERCA2a through alterations to its gene expression. Both TFAM and
SERCA2a mRNA were decreased in rats with induced myocardial infarction 69, suggesting their
function may be co-regulated. Adenoviral overexpression of TFAM induced a significant
increase in SERCA2a mRNA and prevented SERCA2a down regulation by hydrogen peroxide, a
ROS produced in the failing heart 69. Finally, a TFAM binding site has been identified within the
SERCA2a gene 69, further supporting the idea that TFAM may chronically affect SERCA2a
expression. With this example in mind, it is possible that other mitochondrial signalling
pathways may also influence the regulation of SERCA2a expression or function in the heart.
Targeting SERCA2a as a health intervention
Recently, transgenic over expression of SERCA2a prevented the development of
cardiomyopathy and normalized calcium transport in diabetic mice 61, suggesting that SERCA2a
has potential as a target for the treatment of diabetes induced heart disease. Experimental drugs
to stimulate increased gene expression of SERCA2a have been tested in humans as well.
Currently, the most promising is Istaroxime, a drug that stimulates SERCA2a activity and
improves contractility and diastolic relaxation 70. In addition to pharmacologic manipulation of
SERCA2a activity, gene therapy to increase SERCA2a expression and function is also being
explored. For example, adenoviral over expression of SERCA2a restored diastolic function in
aged rats with developed systolic and diastolic dysfunction 71. The CUPID clinical trial utilized
intracoronary injection of a high dose Adeno-associated Virus- Type 1 over expressing
15

SERCA2a was given to patients with diagnosed advanced heart failure. This treatment resulted
in 88% fewer adverse cardiovascular events as well as reduced hospital admittance 3 years post
treatment 72. Studies of this nature suggest that cardiac gene therapy, and pharmacological
interventions that enhance SERCA2a expression or function are plausible treatment strategies for
patients with heart failure.
SERCA2a is influenced by post translational modifications
Many groups have shown SERCA2a protein levels to be down regulated in diabetes and heart
failure 32, 38. However, in some cases SERCA2a protein levels were maintained in hearts with
established diabetic cardiomyopathy 46. This data suggests that SERCA2a activity may be
modified during diabetes through other means. SERCA2a protein has a half-life of 14 days 73.
Therefore, it may be susceptible to post translational modifications that influence conformational
changes to its structure and stability. For example, SERCA2a activity can be modulated by the
post translational addition of a small ubiqitin-related modifier-1 (SUMO1), which is known to be
involved in regulation of a number of cellular pathways such as nuclear transport, transcriptional
regulation, apoptosis, and protein stability. 74. SUMOylation involves the reversible addition of a
SUMO1 to lysine amino acid residues, leading to changes in protein stability and activity 75.
SERCA2a is SUMOylated at lysine residues 480 and 585 and levels of SUMOylated SERCA
and circulating SUMO1 levels are reduced in the failing heart 74. Kho et al 74 have shown that
mutating the two lysine residues that SUMO1 is added to on SERCA2a led to prevention of
SUMOylation and increased ubiquitination and degradation of SERCA2a 74. When SERCA2a
was co-expressed with SUMO-1 using the same methods, its half-life was increased by one day,
highlighting the effect of SUMOylation on protein stability 74. Additionally, the over expression
of SUMO1 via adenoviral associated virus delivery improved cardiac function in a mouse model
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of heart failure 74. These results suggest that post translational regulation of SERCA via
SUMOylation is crucial for the functionality and stabilization of SERCA2a in the heart.
SIRT3 may be involved in the regulation of SERCA2a
It has been shown that SERCA2a has three acetylation sites 76; namely, lysine262, lysine510,
lysine533 . This suggests that acetylation of SERCA2a may occur and may lead to changes in its
stability or structure. It is currently not known what effects the acetylation of SERCA2a has on
its functional characteristics. Although it is known that SERCA2a has three acetylation sites 76,
the HDACs and HATs that regulate SERCA2a acetylation remain unknown. It is possible that
SIRT3 may directly deacetylate SERCA2a or that it may deacetylate proteins upstream of the
SERCA2a signalling pathway, thereby, affecting SERCA2a function indirectly. For example,
SERCA2a activity may be mediated by AMPK activity 77, and it has been established that SIRT3
and AMPK co-activate each other 25, 42. Additionally, it is possible that SIRT3 could chronically
influence SERCA2a expression and function through alteration to its gene expression. One of the
mechanisms through which this could occur is indirectly though PGC-1α’s action on TFAM
expression, where PGC-1α promotes the expression of TFAM 41, which in turn promotes
SERCA2a expression. SIRT3 is a known activator of PGC-1α and could begin this signalling
pathway. SIRT3 may also influence TFAM expression directly, as it was recently shown to be
deacetylated by SIRT3 78.
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Figure 3. The effects of SIRT3 on SERCA regulation. SERCA2a, Sarcoendoplasmic
reticulum Ca2+ ATPase. SIRT3, Sirtuin3. AMPK, AMP- activated protein kinase. PGC-1α,
peroxisome proliferated-activated receptor δ coactivator 1α. TFAM, mitochondrial transcription
factor A.
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Chapter 2: Study Design and Methods
Statement of Problem:
While it is currently known that acetylation acutely and chronically regulates the function of
many proteins, it remains to be determined if acetylation affects SERCA2a activity. It is also
unknown whether the acetylation of SERCA2a is modified by diabetes. Furthermore, although it
is known that exercise training enhances SIRT3 deacetylation activity in cardiac muscle, it is not
yet known if the SIRT3 pathway regulates the acetylation, expression or function of SERCA2a in
sedentary or exercise trained mice. More specifically, this thesis will address three aims:
Aim:
Aim 1: To determine if the mutation of all three known SERCA2a acetylation sites will impair
SERCA2a function in vitro;
Aim 2: To determine if SERCA2a acetylation will be increased in tissue from type 1 diabetic
streptozotocin injected rats or mice fed a high fat diet (45% Kcals from fat), which is a model of
diet-induced obesity, as compared to controls;
Aim 3: (A) To determine if SIRT3 Knockout mice (SIRT3 KO) will have increased SERCA2a
acetylation as well as reduced SERCA2a expression, and activity, compared to WT mice and (B)
to determine if SERCA2a expression and activity will be increased by exercise-training in SIRT3
KO and WT mice.
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Hypothesis:
Our general hypotheses are that SERCA2a activity will be altered by acetylation and that this
acetylation will be increased in the diabetic heart. We also hypothesize that SIRT3 is involved in
the regulation of SERCA2a acetylation.
Four specific hypotheses will be tested for aims 1-3:
Aim 1: The triple acetylation mimic SERCA2a mutant will have impaired SERCA2a function,
as compared to WT SERCA2a.
Aim 2: SERCA2a acetylation will be increased in tissue from streptozotocin injected rats and
high fat diet fed mice, as compared to control animals.
Aim 3: (A) SIRT3 KO mice will have increased SERCA2a acetylation, reduced SERCA2a
expression and impaired function compared to WT mice; and, (B) SERCA2a function and
expression will be enhanced by exercise training in WT mice, but not in SIRT3 KO mice.
Materials and Methods
SERCA2a Site Directed Mutagenesis:
To create the SERCA2a mutations, human SERCA2a plasmids were purchased from
Invitrogen, where they were designed by sub cloning of specific SERCA2a sequences into a
vector. SERCA2a plasmids were modified so that three lysine (K) sites within the wild-type
SERCA2a sequence were substituted with glutamine (Q) to create the acetylation mimic
SERCA2aK464Q/K510Q/K533Q mutant. Glutamine has a similar charge, is very structurally similar to
lysine, and has been used previously for this purpose 79. A second acetylation deficient mutant
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was created by substituting all three lysine sites with arginine (R) to create the
SERCA2aK464R/K510R/K533R mutant. Lysine and arginine are both positively charged amino acids,
which will minimize the disruption of secondary structure, but unlike lysine, arginine cannot be
acetylated. This substitution is commonly used to determine the functional characteristics of
acetylation deficient proteins 80 79. This approach was chosen because the mutants represent the
minimal and maximal acetylation states of SERCA2a. Once the plasmids were created, they
were transfected into Cos-1 cells, which are known to have very low endogenous expression of
SERCA2a 49. 25 million Cos-1 cells were plated in five 150 mm plates per treatment. Plates
were incubated with 15 ml warmed PBS at room temperature for 15 min. PBS was removed and
plates were incubated with 15 ml of DEAE-Dextran (1mg/ml) for 9 minutes at room
temperature. DEAE-dextran solution was then removed and cells were gently washed 2 times
with warmed PBS. After the final wash, 21 g SERCA2a or Mutant DNA was diluted into 3 ml
PBS and was added into each plate and incubated while rocking 30 minutes at room temperature.
After DNA incubation, 12 ml growth medium with 8 mM chloroquine was gently placed onto
plated cells and was incubated for 4 hours. Following incubation, chloroquine was replaced with
normal growth media and cells were harvested 48 hours after start of transfection. After
collection, western blotting was done to assess expression of SERCA2a by detection of c-myctagged SERCA2a to ensure transfection efficiency.
Animal Models:
Two animal models were used to complete Aim 2. Firstly, 9 week old male Sprague Dawley
rats were injected with either saline solution or 85 mg/kg streptozotocin to induce type 1 diabetes
as previously used by our group 68, and others 81. Secondly, male C57BL/6J mice were fed either
a low fat diet (LFD) that contained 10% kcals, or a high fat diet (HFD) containing 45% kcals
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from fat for 4 months to mimic diet induced obesity and insulin resistance. For Aim 3, male
129S1/SvImJ inbred wild type (WT) and 129S1/SvImJ inbred whole body SIRT3 knockout (KO)
mice were fed a low fat diet (LFD) (10% kcals from fat- Research Diets D12450B) for four
months All animal studies were done using a sample size of 8 animals per group. All animals
were purchased from Jackson laboratory. Animals were housed and cared for according to
guidelines set by the Canadian Council for Animal Care and were fed ad libitum.
Exercise training and graded exercise testing:
For Aim 2, WT mice were given access to voluntary running wheels in their cages (WT EX
LFD and WT EX HFD groups (n=8)). Aim 3, WT and KO mice (n=8) were exercise trained
(EX) using a treadmill (Columbus Instruments; Exer-3/6 Treadmill) and an interval training
protocol 82. After a 10 minute warm up at 60% of their VO2Max, animals performed intervals of 8
minutes and 2 minutes at 90% and 60% of their VO2Max, respectively for 1 hour daily for 4 days
per week. A graded exercise test was used at baseline and bi-weekly to indirectly determine their
VO2max and subsequently adjust their daily running speeds to account for increases in aerobic
fitness. Briefly, for baseline testing, mice ran at 7 m/min with speed being increased by 1.6
m/min until fatigued. During exercise training, the operator was blinded to the genotypes of the
mice and fatigue was determined using a set of pre-established guidelines (e.g. dragging tail,
refusal to run). For follow-up testing, mice warmed up at 60% of previous max speed for 2
minutes, followed by increases to 70% and 80% of previous max speed for an additional 2
minutes each. Mice then ran at 95% of previous max speed for 2 minutes. From this point, the
treadmill speed was increased by 0.8 m/min until the animal was fatigued. Animals were
deemed fatigued when they could no longer maintain a running pace. The maximal speed
attained by each mouse was then converted into VO2max using an equation to convert maximal
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speed attained during a graded exercise test to VO2max (equation 1) 83. The control group (SED)
was housed in standard cages and was not provided daily access to the treadmill. They did
undergo graded exercise testing at baseline and at the 1, 2, 3, and 4 month time points.
Equation 1: Conversion Equation for Vo2max
VO2max = (51.9*speed) + 36.7

Figure 4. Experimental Design for Aim 3: Wild Type (WT) and SIRT3 Knockout (SIRT3
KO) mice were sedentary (SED) or exercise trained (EX).
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Blood Glucose and Oral Glucose Tolerance measurements
For Aim 3, an oral glucose tolerance test (OGTT) was conducted on all WT and KO mice 4
months into the study protocol, as previously described 68. Briefly, the mice were fasted for 8 h to
achieve a baseline glucose level prior to administration of the OGTT. After the fast, one drop of
blood was taken from the tail at baseline and then 15, 30, 60 and 120 min after oral gavage of
glucose (2 g(kg body weight)-1). During this protocol, a fasting blood glucose measurement was
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taken prior to glucose administration. All blood glucose measurements were calculated using a
calibrated glucose meter (AlphaTRAK).
Echocardiography
For Aim 3, echocardiography was utilized to identify changes in left ventricular structure and
function in vivo, as previously described for WT mice

84

. Prior to conducting echocardiograms

(either the day of, or a day before), mice were weighed and 1 cm of fur was removed from the
thorax region using Nair. Nair was removed using 70% ethanol, after which a layer of acoustic
gel was applied. A GE Vivid 7 machine (GE Medical Systems) was used and a 13-MHz probe
was placed over the gel to acquire both a parasternal long axis view and a parasternal short axis
view. Heart rate (HR), ejection fraction (EF), left ventricular internal dimension in diastole
(LVIDd), left ventricular posterior wall dimension (LVPWd), tissue doppler imaging (TDI), early
ventricular filling velocity (E wave), atrial ventricular filling velocity (A wave), E/A ratio and
deceleration time (DT) were the variables measured. Echocardiography was performed on all mice
at 4 months into the study and was done by technicians from Dr. Davinder Jassal’s laboratory 84
Tissue Isolation
For Aims 2 and 3, animals were anesthetized by an intraperitoneal injection of ketaminexylazine (150:100 mgkg-1) and the left ventricle was isolated from the heart. One piece of heart
tissue was frozen immediately in liquid nitrogen, and the remaining tissue was diluted 1:10 (w/v)
and homogenized in ice-cold buffer (pH 7.5) containing 250 mmolL-1 sucrose, 5 mmolL-1
HEPES, 0.2 mmolL-1 phenylmethylsulfonyl fluoride (PMSF) and 0.2% sodium azide (NaN3).
The tissue was homogenized on ice using an all- glass tissue grinder (Kimble Chase Glassware).
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Western blotting
For Aims 2 and 3, total protein content of left ventricle homogenates was quantified in triplicate
using the bicinchoninic acid (BCA) protein assay after samples were pre cleared by centrifugation.
Twenty micrograms of sample was loaded and resolved on 7.5 - 15% SDS-polyacrylamide gels,
depending on protein size. This was followed by transfer onto polyvinylidene difluoride
membranes (PVDF; Bio-Rad Laboratories). Depending on the protein of interest, blocking was
performed with either 5% milk or 5% BSA in tris-buffered saline tween-20 (TBST) for one hour
at room temperature. After blocking, blots were immuno-labeled with protein specific primary
antibodies from Cell Signalling Technologies (i.e.SIRT3, SERCA2a, p-PLN, PLN, AMPK,
Acetylated Lysine) followed by three 10 minute washes in TBST. After washes, blots were
incubated in specific anti rabbit secondary antibody and washed another 3 times in TBST for 10
minutes each. Membranes were then incubated in ECL reagent (Thermo Scientific; 32106 or
Amersham; RPN2232) and visualized with the Fluor-S-Max MultiImager (Bio-Rad Laboratories).
Blots were then stripped and re-imaged for β-actin to act as a loading control. A loading control
(LC) sample was also loaded in each gel in order to standardize protein levels between membranes.
Immunoprecipitation:
For all Aims, tissue or cell proteins were immunoprecipitated using a SERCA2a antibody, and
then the acetylation status was determined using western blotting techniques. Briefly, transfected
Cos-1 cells or left ventricular tissue were homogenized in non-denaturing lysis buffer 10x v/w
;20 mmolL-1 Tris-HCL, pH 7.5, 137 mmolL-1 NaCl, 10% glycerol, 1% Triton-X100, 2
mmolL-1 EDTA supplement with EDTA free protease inhibitors (Clontech), 5 µM Trichostatin
A (HDAC Inhibitor) and an additional 5 mmolL-1 EDTA. Lysates were then centrifuged for 30
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s at max speed to pellet cell debris, and a DC protein assay (BioRad) was performed on the
supernatant. Thermo Protein A/G beads (Thermo Fisher) were added to 500 µg of lysate and
rotated end to end for 1 h at 4°C to preclear the lysate. The mixture was then centrifuged for 1
min at max speed to pellet beads. Immunoprecipitations were performed on the supernatant
using antibody against acetylated-lysine (No. 9441, Cell Signaling Technology; 1:100 v/v).
Antibody and lysate were rotated overnight at 4°C, after which time Thermo Protein A/G beads
were added for an additional 2 h at RT. The mixture was centrifuged at max speed for 1 min and
lysate was removed. Beads were washed three times in PBS and 0.1% Tween 20. The beads
were then finally suspended in 2X Laemmli buffer and heated to 90°C for 10 min.
RNA Isolation and Real-Time Polymerase Chain Reaction (RT-PCR)
For Aim 3, total RNA was harvested from WT and SIRT3 mouse left ventricular tissue using
TRIzol reagent (Invitrogen) according to manufacturer’s protocol. Total RNA (200 ng) underwent
a DNAse digestion (Invitrogen) as per manufacturer’s protocol, followed by amplification using a
one-step real-time RT-PCR kit (Bio-Rad Laboratories) on an IQ5 RT-PCR system (Bio-Rad
Laboratories) with the primer sets listed in Table 1. GAPDH was used as a control to account for
any variations in the amount of RNA input and the efficiency of reverse transcription.

Table 1. Forward and reverse primers for left ventricle qPCR (n.b. All primers span
introns).
Gene
Forward primer (5’-3’)
Reverse primer (5’-3’)
SERCA2a
PLN
GAPDH

TGGAGAACGCTCACACAAAG
CTTTTGCCTTCCTGGCATAA
TGCACCACCAACTGCTTAGC

CTCAATCACAAGTTCCAGCA
AGGTTCTGGAGATTCTGACG
GGCATGGACTGTGGTCATGAG
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Assessment of SERCA Activity
Measurement of the kinetic properties of Ca2+-dependent SERCA activity, which measures ATP
hydrolysis stimulated by different concentrations of Ca2+, was completed using a
spectrophotometric assay, as modified by Duhamel et al.85 for use on a plate reader
(SPECTRAmax; Molecular Devices). This protocol enables the analysis of 3 different samples
simultaneously on a single plate. Nine mg protein from transfected Cos-1 cells (Aim 1) or 20 μg
left ventricle protein (Aim 3) was mixed with 4.25 mL of buffer cocktail containing ATPase buffer
lactate dehydrogenase and pyruvate kinase. Additionally, 8.8 μL calcium ionophore was added to
the assay buffer so that calcium could permeate cell membranes. Calcium-dependent activity was
then measured by varying the amount of calcium (10-25 μL 1 mM CaCl2) loaded in an Eppendorf
tube that contained 250 μL buffer cocktail and left ventricle protein. To determine basal ATPase
activity, 2 μL of the SERCA inhibitor cyclopiazonic acid (CPA140) was used in one sample, and
this basal activity was subtracted from total Ca2+-stimulated ATPase activity, which enabled the
calculation of Ca2+-stimulated SERCA activity. After plotting a graph of enzyme activity versus
Ca2+ concentration, maximal enzyme activity (Vmax), Ca50 and the Hill slope were calculated using
GraphPad Prism software. Vmax was defined as the peak SERCA activity; whereas, Ca50 was
defined as the concentration of Ca2+ that elicits 50% of Vmax when graphed using a sigmoidal fit
of the data. The Hill slope was defined as the slope of the relationship between Ca2+ and SERCA
activity, obtained by using the portion of the SERCA activity curve that corresponds to 10-90%
Vmax 45.
Statistical analyses
For Aim 1, Vmax, Ca50 and Hill slope were analyzed by 1-way ANOVA for between group
comparisons. When significant differences (p<0.05) were observed within the ANOVA, a Student
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Newman-Keuls post-hoc test was used to identify differences between specific means. The sample
size was n= 3 for each treatment. For Aim 2, WT versus STZ was analyzed by Student T-test for
independent samples (n=3 rats). The diet and exercise intervention in Aim 2 was analyzed by a 2way ANOVA with two between group comparisons [Factor 1: Diet (Con or HFD); Factor 2:
exercise intervention (Sed or Ex)]. If the ANOVA detected a difference (p=<0.05), a Student
Newman-Keuls post-hoc test was conducted. The sample size for the diet and exercise intervention
in Aim 2 was 8 mice. For Aim 3, a 2-way ANOVA with two between group comparisons was used
[Factor 1: genotype (WT or SIRT3 KO); Factor 2: exercise intervention (Sed or Ex)], followed by
Student Newman-Keuls post-hoc test if significant. The sample size for aim 3 was 8 mice.
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Chapter 3: Results

Aim 1: Site Directed Mutagenesis
To determine the effects of acetylation on SERCA2a, a site directed mutagenesis approach was
used. We mutated acetylation sites within SERCA2a so that the three lysine (K) sites on
SERCA2a were substituted with glutamine (Q) to create the SERCA2aK464Q/K510Q/K533Q (i.e. an
acetylation mimic mutant) or with arginine (R) to create the SERCA2aK464R/K510R/K533R (i.e. an
acetylation deficient mutant). These plasmids were transfected into Cos-1 cells and after 48
hours cells were collected for experiments. Spectrophotometric SERCA2a activity assays
revealed that maximal SERCA activity of the acetylation-mimic SERCA2aK464/510/533Q mutant
was reduced from 37±6 to 24±6 (P<0.05) when compared to WT cells transfected with WT
SERCA2a plasmid that had all natural acetylation sites intact (Figure 5A). There was no
difference in SERCA2a activity of the acetylation deficient SERCA2aK464R/K510R/K533R compared
to other groups. Calcium sensitivity (Ca50) was also measured using SERCA activity assays and
there was no significant difference between groups.
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Figure 5: SERCA2a assays on Cos-1 cells transfected with mutant DNA. Maximal
SERCA2a activity measured in Cos-1 cells transfected with mutant DNA .Graphs indicate the
mean ± SEM (n=3). (A). Calcium sensitivity measured in Cos-1 cells transfected with mutant
DNA (B). WT, Wild Type Cos-1 cells transfected with WT Serca2a construct. Acetylationmimic SERCA2aK464/510/533Q mutant, Acetylation Deficient Mutant SERCA2aK464/510/533R. *
K464/510/533Q
Different from Control (P<0.05). # Different from Acetylation-mimic SERCA2a
mutant (P<0.05).

Aim 2: SERCA2a Acetylation levels in diabetic tissue
Immunoprecipitation experiments were used to determine SERCA2a acetylation levels in two
models of diabetes. These experiments revealed SERCA2a acetylation was increased by 100% in
the hearts of streptozotocin injected Sprague-Dawley rats (Figure 6A), which is a model of type
1 diabetes characterized by impaired SERCA2a activity and left ventricular dysfunction 86.
Furthermore, IP experiments showed that SERCA2a acetylation was increased by 118% in
cardiac tissue from the WT high fat fed mice, which is a model of diet-induced obesity and
insulin resistance similar to type 2 diabetes. Exercise training reduced SERCA2a acetylation
levels by 77% in both WT EX LFD and WT HDF EX groups (Figure 6B)
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Figure 6: Acetylation of SERCA2A in cardiac tissue from diabetic mice. A) SERCA2a
acetylation in cardiac tissue. Graphs indicate the mean ± SEM, (n= 3 (A) or 8 (B)). WT, wild
type Sprague Dawley rats, STZ, Streptozotocin injected Sprague Dawley rats.* different from
WT (P<0.05). B) SERCA2a acetylation measured in cardiac tissue. WT SED LFD, wild-type
mice housed in standard cages (sedentary condition) and fed a low fat diet, WT EX LFD, wildtype mice housed in cages with voluntary exercise wheels (exercised condition) fed a low fat
diet, WT SED HFD, wild-type mice housed in standard cages (sedentary condition) and fed a
high fat diet, WT EX HFD, wild-type mice housed in cages with voluntary exercise wheels
(exercised condition) fed a high fat diet. * Different from Control or Wild-type (P<0.05). #
Different from sedentary animals fed the same diet (P<0.05)

Aim 3
General Animal Characteristics of WT and SIRT3 KO mice
Physiological parameters of WT and SIRT3 KO mice (sedentary and exercise-trained) are
presented in Table 2. At the time of tissue collection, exercise trained mice had 22% lower body
weights than SED mice (main effect of exercise P<0.05). Similarly, exercise trained mice had
16% lower heart weight: tibial length regardless of genotype (main effect of exercise, P<0.05).
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Oral glucose tolerance testing done at 4 months showed that KO EX mice had 26% higher AUC
compared to WT EX mice. No other differences for OGTT were detected.
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Table 2. General characteristics of mice at time of tissue collection in Aim 3.

Body mass (g)
Heart Weight (mg)

WT SED

WT EX

31.0 ± 2.0

28.0 ± 1.0

114± 3

128 ± 10

KO SED

KO EX

33.0 ± 1.0

28.0± 1.0

102 ± 4

Heart weight: tibial length ratio
(mg)

6.2 ± 0.2

5.5 ± 0.2

6.9 ± 0.5

Oral glucose tolerance test (area
under the curve)

1227 ± 67

1002 ± 69

1221 ± 43

Main effects
Main effect of
exercise (P<0.05)

103± 5

Main effect
of genotype
(P<0.05)

5.5 ± 0.3

Main effect
of exercise
(P<0.05)

1363 ± 94

*

Values are means ± SEM (n =8 mice per group). WT SED, wild-type mice that are not
exercise trained (sedentary condition).WT EX, wild-type mice that are exercised daily
on treadmill (exercised condition). KO SED, SIRT3 knockout mice that are not exercise
trained (sedentary condition). KO EX, SIRT3 knockout mice that are exercised daily on
treadmill (exercised condition).*, different from WT (P < 0.05)
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Graded Exercise Testing
To determine whether daily high-intensity interval training on a treadmill increased maximal
running speed, a graded exercise treadmill test was performed at the end of the study protocol
(Table 3). A main effect of exercise was observed, where EX mice reached speeds 19% faster
than SED Mice (SED < Ex; P < 0.05). A main effect of genotype was also detected, where WT
mice reached maximum speeds 7% faster than KO mice (P < 0.05).
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Table 3. Four month graded exercise treadmill test.
WT SED
Maximum speed achieved
(m/min)

21.0 ± 0.3

WT EX
26.9 ± 0.8

KO SED
20.1 ± 0.5

KO EX
24.3 ± 0.9

Main
effects
Main effect
of exercise
and
genotype
(p<0.05)

Values are means ± SEM (n = 8 mice per group). WT SED, wild-type mice that are not exercise trained
(Sedentary condition).WT EX, wild-type mice that are exercised daily on treadmill (exercised condition).
KO SED, SIRT3 knockout mice that are not exercise trained (sedentary condition). KO EX, SIRT3
Knockout mice that are exercised daily on treadmill (exercised condition
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Echocardiography
In vivo echocardiography was performed to determine if changes in heart function and
structure occurred (Table 4). A main effect of genotype was observed for heart rate where
WT<KO (P<0.05). There was also a main effect of genotype for deceleration time and LVPWd,
where WT>KO (P<0.05). SED mice had 20% lower LVIDd than EX mice (main effect of
exercise (P<0.05)). No effects of genotype or exercise-training were observed for ejection
fraction.
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Table 4. Echocardiography parameters at 4 months

WT SED

WT EX

KO SED

KO EX

Main Effect

Heart Rate (beats/min)

664 ± 13

639 ± 26

685 ± 11

701± 15

Main effect of
genotype (P<0.05)

Deceleration time (msec)

38.0 ± 1.7

38.1 ± 3.5

31.3± 2.9

30.2 ± 3.3

Main effect of
genotype (P<0.05)

LVIDd (mm)

2.8 ± 0.04

3.0 ± 0.04

2.9 ± 0.1

3.0 ± 0.2

Main effect of
exercise (P<0.05)

LVPWd (mm)

1.05 ± 0.03

1.04 ± 0.02

0.99 ± 0.02

1.00 ± 0.03

Main effect of
genotype (P<0.05)

Ejection Fraction

80.8 ± 1.53

80.2 ± 0.89

81.2 ± 1.40

80.4 ± 1.91

TDI Posterior

38.0 ± 1.7

38.1 ± 3.5

31.3 ± 2.9

30.2 ± 3.3

MV E

534.8 ± 66.2

568.1 ± 46.6

522.8 ± 52.6

503.2 ± 52.2

MVA

1259.7± 70.4

1049.3 ± 100.9

1154.4 ± 30.5

1230.4 ± 153.4

0.5 ± 0.1

0.4 ± 0.0

E/A ratio

0.5 ± 0.1

0.8 ± 0.2

Values are means ± SEM (n =8 mice per group). WT SED, wild-type mice that are not
exercise trained (sedentary condition).WT EX, wild-type mice that are exercised daily on
treadmill (exercised condition). KO SED, SIRT3 knockout mice that are not exercise trained
(sedentary condition). KO EX, SIRT3 knockout mice that are exercised daily on treadmill
(exercised condition).*, different from WT (P < 0.05)
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Acetylation of SERCA2a in WT and KO mice
Immunoprecipitation experiments were used to determine changes in acetylation status of
SERCA2a between WT and KO mice and whether exercise training reduced acetylation of
SERCA2a. SERCA2a protein was immunoprecipitated using a SERCA2a antibody, and then the
acetylation status of these residues was determined by Western blotting with an anti-acetylated
lysine antibody (Figure 7). KO SED mice had 50% higher acetylated SERCA2a protein levels
than WT SED mice, while exercise training prevented this increase in KO EX mice.
Figure 7. The acetylation of SERCA2a in WT and KO mice. Graph indicates the mean ±
SEM (n = 8 mice per group). *, different from WT (P < 0.05), #, Different from SED (P <
0.05).WT EX, wild-type mice that are exercised daily on treadmill (exercised condition). KO
SED, SIRT3 knockout mice that are not exercise trained (sedentary condition). KO EX, SIRT3
knockout mice that are exercised daily on treadmill (exercised condition).

Representative Blot –Acetylated SERCA2a

WT SED WT EX KO SED KO EX
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SUMOylation of SERCA2a in WT and KO mice
Immunoprecipitation experiments were used to determine if SUMOylation of SERCA2a
occurs in cardiac tissue isolated from WT and KO mice. SERCA2a protein was
immunoprecipitated using a SERCA2a antibody and then the SUMOylation status of these
residues was determined by Western blotting with a SUMO-1 antibody. The ratio between
SUMOylated SERCA2a and SERCA2a protein (SUMO/SERCA2a) is shown in Figure 8. A
main effect of genotype was observed for SUMO/SERCA2a protein, where WT < KO (P <
0.05). Exercise increased SUMOylated SERCA2a:SERCA2a protein ratio by 20% (main effect;
P<0.05).
Figure 8. The ratio between SUMOylated SERCA2a and SERCA2a protein levels. Graphs
indicate the mean ± SEM (n = 8 mice per group). ‡, main effect of genotype where WT < KO (P
< 0.05). †, main effect of exercise training where SED > EX (P < 0.05). WT EX, wild-type mice
that are exercised daily on treadmill (exercised condition). KO SED, SIRT3 knockout mice that
are not exercise trained (sedentary condition). KO EX, SIRT3 knockout mice that are exercised
daily on treadmill (exercised condition).

Representative Blot –SUMOylated SERCA2a
SERCASERCA2a

WT SED WT EX KO SED KO EX

39

Calcium-dependent SERCA2a activity in left ventricle tissue
A spectrophotometric assay was used to determine calcium dependent SERCA2a activity of
WT and KO mice. No effect of exercise-training was observed for Vmax in WT EX LV tissue.
KO EX mice had significantly higher Vmax values compared to KO SED mice (p<0.05). A main
effect of genotype was observed for Ca50, where WT < KO (P < 0.05).
Figure 9: Calcium-dependent SERCA activity from left ventricle samples isolated from
sedentary and exercise-trained animals. Graphs indicate the mean ± SEM (n = 8 mice per
group). (A) Calcium sensitivity, Ca50 and (B) Maximal SERCA activity (Vmax). ‡, main effect of
genotype where WT < KO (P < 0.05). WT EX, wild-type mice that are exercised daily on
treadmill (exercised condition). KO SED, SIRT3 knockout mice that are not exercise trained
(sedentary condition). KO EX, SIRT3 knockout mice that are exercised daily on treadmill
(exercised condition).

A. Vmax

B. Ca50

‡
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mRNA Expression in Cardiac Tissue
Real-Time Polymerase Chain Reaction (qRT-PCR) was used to determine the expression of
SERCA2a mRNA levels. Exercise training increased SERCA2a mRNA levels in WT mice by
37% (Figure 10A). Similarly, exercise training increased PLN mRNA levels in WT mice by 33%
(Figure 10B). A main effect of exercise was observed where SUMO-1 mRNA was increased by
23% (P<0.05) (Figure 10C). KO mice had 80% higher SUMO-1 mRNA expression than WT
mice (Figure 10c) and a main effect of genotype was observed (P < 0.05).
Figure 10: SERCA2a mRNA expression in cardiac tissue. Graphs indicate the mean ± SE (n =
8 mice per group). *, different from WT (P < 0.05). #, different from SED (P < 0.05). ‡, main
effect of genotype where WT < KO (P < 0.05). WT EX, wild-type mice that are exercised daily
on treadmill (exercised condition). KO SED, SIRT3 knockout mice that are not exercise trained
(sedentary condition). KO EX, SIRT3 knockout mice that are exercised daily on treadmill
(exercised condition).
A. SERCA2a mRNA

C. SUMO-1 mRNA

B. PLN mRNA

‡
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Protein Expression in Cardiac Tissue
Western blotting was used to determine the protein expression of SERCA2a, PLN, p-PLN, and
AMPK in cardiac tissue using specific primary antibodies and β-actin as a control. Differences
between groups were not significant for any of the target proteins (Figure 11). Additionally, the pPLN/PLN ratio was calculated, but was not altered by genotype or by exercise.
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Figure 11: Protein expression in cardiac tissue isolated from WT and SIRT3 KO mice.
Graphs indicate the mean ± SEM (n = 8 mice per group). (A) SERCA2a protein expression. (B)
AMPK protein expression. (C) PLN Oligomer protein expression. (D) PLN monomer protein
expression. (E) p-PLN protein expression. WT EX, wild-type mice that are exercised daily on
treadmill (exercised condition). KO SED, SIRT3 knockout mice that are not exercise trained
(sedentary condition). KO EX, SIRT3 knockout mice that are exercised daily on treadmill
(exercised condition).
A. Representative SERCA2a Western blot
SERCA2a

β-Actin

B. Representative AMPK Western blot
AMPK

110 kDa

β-Actin

48 kDa

WT SED WT EX

KO SED

WT SED

WT EX

KO SED

KO EX

D. Representative PLN Monomer Western blot
β-Actin

48 kDa

PLN
PLN 24 kDa

48 kDa

KO EX

C. Representative PLN Oligomer Western blot
β-Actin

62 kDa

48 kDa

6 kDa

24 kDa

WT SED
WT SED

WT EX

KO SED

KO EX

KO SED

KO EX

WT EX

KO SED

KO EX

E. Representative p-PLN Western blot
β-Actin

PLN 24 kDa

48 kDa

24 kDa

WT SED

WT EX

43

Chapter 4: Discussion
It has been shown that SERCA2a has three acetylation sites: lysine262, lysine510, lysine533,
suggesting that acetylation of SERCA2a could occur and lead to changes in its activity. The
effect of acetylation on SERCA2a function has not yet been reported in the literature and it is
unknown if sirtuins have any influence on this process. It has been shown previously that both
SIRT3 42 and SERCA2a 68, 87, 88 activity are regulated by exercise; however, an interaction
between SIRT3 and SERCA2a has not yet been identified. Therefore, the aims of this study were
to first determine the effects of acetylation on SERCA2a function (Aim 1), secondly, to
determine if SERCA2a acetylation is modified by diabetes (Aim 2), and finally, to determine
what role SIRT3 may play in SERCA2a function and expression within the hearts of sedentary
and exercise trained mice (Aim 3).
Aim 1
The mutation of all 3 acetylation sites impairs SERCA2a function
When SERCA2a activity was assessed using a spectrophotometric assay (Figure 5), it was
determined that SERCA2a maximal activity (Vmax) was 30% lower in the triple acetylated
SERCA2a mutant (SERCA2aK464Q/K510Q/K533Q) compared to the WT SERCA2a, suggesting that
SERCA2a function is indeed negatively influenced by acetylation in cell culture (Figure 5).
Interestingly, SERCA2a function was not increased in the acetylation deficient mutant SERCA2a
(SERCA2aK464R/K510R/K533R) when compared to WT SERCA2a. This could be explained by the
fact that the Cos-1 cells were incubated in a controlled condition, and therefore, the WT
SERCA2a would be expected to be non-acetylated.

These data are novel in that we are the first
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group to demonstrate that the modification of three known SERCA2a lysine residues to mimic
acetylation, impairs its activity in a cell culture model. There was no change in the calcium
sensitivity of SERCA2a in the triple acetylated mutant, as measured by Ca50 (Figure 5). This
suggests that acetylation may not modify Ca2+ sensitivity directly, which makes sense as the
acetylation sites are not located within SERCA2a’s Ca2+ binding sites 89, 76. It also suggests that
the increase in SERCA2a activity is independent of interactions with PLN, which inhibits
SERCA2a through a reduction in its affinity for calcium 52. This interpretation is further
supported by the fact that PLN is not expressed in Cos-1 cells 90. One of the ways acetylation
may influence the functional characteristics of SERCA2a is through creating conformational
changes within its nucleotide binding domain. This is possible as all three acetylation sites within
the SERCA2a protein are located in this region 49,76. Conformational changes to the SERCA2a
nucleotide binding domain have been shown to reduce ATP binding affinity and alter its activity
91

. For example, Maruyama et al. 92 showed that mutation of two key lysine residues within the

nucleotide binding domain of SERCA2a led to significant reduction in ATP binding affinity and
deactivation of the SERCA2a protein. They, like our group, used Cos-1 cells to determine the
effects of mutations to lysine residues largely because they have high plasmid copy rates and
allow for SERCA2a to be expressed at levels similar to those found in the sarcoplasmic
reticulum of muscle cells 92. Furthermore, Kho et al. created SERCA mutants that had
alterations to lysine480 and lysine585, which are SUMOylated within the nucleotide binding
domain. When these sites were mutated to replace lysine with other amino acid residues, they
could not be SUMOylated. This led to reduced ATP binding affinity and subsequently reduced
SERCA2a function 74.
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It is unknown if one or more of the acetylation sites is critical for altering SERCA2a function
as our experiments only employed a triple mutation model (all three sites were altered). Future
experiments utilizing single site mutations (i.e. changing one acetylation site at a time) or double
mutations would allow for a better understanding of the regulatory control that individual
acetylation sites have over SERCA2a function. Additionally, further experiments are needed to
fully identify the mechanisms through which acetylation modifies SERCA2a. This could be
done by labelling the SERCA2a nucleotide binding domain with specific fluorescent probes such
as FITC, or NCD-4 and using a spectrofluorometer to compare conformational changes between
SERCA2a mutation models 91. Even so, the idea that SERCA2a can be acetylated and that this
changes its functionality is novel and has implications for therapeutically targeting SERCA2a
function to treat cardiovascular disease.
Aim 2
Acetylation of SERCA2a is increased in diabetes
Two well-established models were used to mimic conditions associated with both type 1 or
type 2 diabetes and determine if acetylation of SERCA2a occurs in the diabetic heart. First,
streptozotocin was injected into rats to induce pancreatic dysfunction and type 1 diabetes 93.
Secondly, WT mice were fed a high fat diet (i.e. 45% kcal from fat) to induce obesity and mimic
obesity-induced insulin resistance 94,95 . Both of these models have been used previously by our
research group. It is well known that SERCA2a expression and function are altered by both type
1 and 2 diabetes 52, 63, 96. For example, our group has previously shown that SERCA2a protein
content and Vmax is reduced by 21% and 32%, respectively in low dose streptozotocin and high
fat fed mice. This reduced functionally leads to diastolic dysfunction and subsequent diabetic
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cardiomyopathy 68. Our immunoprecipitation experiments demonstrated that SERCA2a is indeed
acetylated in the heart and that these acetylation levels are increased in diabetic tissue (Figure 6).
This is novel in that we are the first group to show that SERCA2a can be modified post
translationally via acetylation in an in vivo model. Additionally, we are the first group to report
higher levels of acetylated SERCA2a in hearts isolated from streptozotocin injected rats and
HFD fed mice. This novel finding suggests that post translational modification of SERCA2a via
acetylation may be involved in the development of diabetes induced cardiac dysfunction. Future
experiments are needed to measure SERCA2a activity in diabetic tissue to determine whether
this acetylation is causing alterations to SERCA2a function in the diabetic heart. The findings in
Aim 1 suggest this would likely be the case. These data have implications for the development of
therapeutic strategies targeting the acetylation of SERCA2a to treat diabetes induced heart
disease. For example, we could target SERCA2a and block the acetylation binding sites using an
acetylation blocker, which may prevent SERCA2a acetylation and the SERCA2a dysfunction
that is associated with diabetes. Another strategy to modify the acetylation status of SERCA2a
would be to inhibit the HAT responsible for acetylation on site specific SERCA2a lysine
residues. One example of HAT inhibition therapy is the drug curcumin, a HAT inhibitor that
specifically inhibits p300 and has been shown to have beneficial effects on LV function
following myocardial infarction in rats 97. In addition to the inhibition of HATs, specific HDACS
that target SERCA2a could be upregulated via gene therapy, as similar approaches have been
used recently to increase expression of specific proteins in humans 72. Pharmacological
approaches are also being used to inhibit specific HDAC’s. One example of HDAC inhibition is
sodium butyrate 98, which is a selective HDAC class 1 and 11 inhibitor 99. This type of HDAC
inhibition has been shown to be beneficial for cancer treatment, as it increases the acetylation of
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proteins and genes associated with cell cycling 98. Furthermore, HDAC inhibition via sodium
butyrate was shown to induce the expression of superoxide dismutase, a powerful antioxidant,
after myocardial infarction in rats 99. It also led to increased acetylation of GLUT 1 and
upregulation of both GLUT 1 and 4 in the heart of diabetic rats 99. It is not yet known which
HAT and HDAC are responsible for altering the acetylation status of SERCA2a, and future
experiments are required.
Aim 3
SERCA2a acetylation is increased in SIRT3 KO mice
We are the first group to show the level of acetylated SERCA2a is significantly increased in the
absence of SIRT3. This is novel because SIRT3 activity has the potential to be targeted as a
therapy to reduce the high SERCA2a acetylation associated with diabetes. High levels of
acetylated SERCA2a were observed in SIRT3 KO mice (Figure 7), suggesting that SIRT3 is
involved in the deacetylation pathway of SERCA2a in the heart. It is not yet known exactly how
SIRT3 influences SERCA2a acetylation; however, we can speculate that SIRT3 may deacetylate
SERCA2a directly. Deacetylation of SERCA2a would likely occur via cytosolic SIRT3FL , as
mitochondrial SIRT3S would not be able to access the SERCA2a acetylation sites 21. SIRT3
could influence SERCA2a acetylation indirectly by deacetylating and activating another
cytosolic HDAC or SIRT that could go on to deacetylate SERCA2a. SIRT3 may also influence
SERCA2a activity by deacetylation of other proteins that are involved in SERCA2a activity
regulation. For example, AMPK is known to be deacetylated and activated by SIRT3 42, and its
activation leads to increased expression of SERCA mRNA and increased SERCA activity 87.
Similarly, PCG-1ɑ is also activated by deacetylation and can go on to activate TFAM 25, 42,
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which in turn increases SERCA2a gene expression 69. Further experiments are needed to refine
the understanding of how SIRT3 influences SERCA2a activity both directly via deacetylation,
and indirectly though the involvement of other pathways. This knowledge will determine if
targeting and upregulating SIRT3 may prove to be a potential therapeutic strategy to reduce
SERCA2a acetylation and increase SERCA2a activity in models of disease.
Exercise training effects SERCA2a acetylation and activity in absence of SIRT3
SERCA2a activity was not altered by exercise training in WT mice. Others have shown
SERCA2a activity increases in WT mice with exercise training 100; however, this is the second
time our group has shown that exercise training did not increase SERCA2a Vmax in WT mice 87.
In contrast, exercise training increased SERCA2a activity and reduced SERCA2a acetylation in
SIRT3 KO mice (Figure 7 and 9). Exercise may reduce levels of SERCA2a acetylation through
the downregulation of histone acetyl transferases. GCN5 is a mitochondrial HAT known to
counteract the deacetylation effects of SIRT3 101 and is responsible for the acetylation and
inactivation of PGC-1a 102. It is possible down regulation of HAT’s such as GCN5, could occur
during exercise in SIRT3 KO mice. For example, Philp et al recently showed that PGC-1ɑ
acetylation levels decreased after acute bouts of exercise training in mice lacking SIRT; this
occurred in parallel with the down regulation of GCN5 103. Additional experiments are
necessary to determine if HAT activity is altered after exercise training in SIRT3 KO mice and if
reduced HAT activity influences SERCA2a acetylation. This experiment could be done by
utilizing a GCN5 knockout mouse model and comparing the acetylation of SERCA2a via
immunoprecipitation following exercise training.
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The SIRT3 KO genotype effects exercise training capacity
A graded exercise training protocol 104 was used to determine the maximum speed mice could
attain (Table 3). Exercise training increased the aerobic capacity of WT as well as SIRT3KO
mice, as EX mice reached higher speeds than SED mice did during graded exercise testing. Our
data also indicates that SIRT3 KO EX mice achieved lower speeds than WT EX mice.
SERCA2a Vmax was not altered in SIRT3 KO mice, so it is unlikely that the reduced aerobic
capacity observed in SIRT3 KO mice is due to alterations in SERCA2a activity. It is more likely
that other factors are being modified in absence of SIRT3. For example, SIRT3 may play a role
in energy substrate utilization and muscle adaptation during exercise, as it has been shown that
SIRT3 KO mice have reduced rates of oxygen consumption and decreased mitochondrial
oxidation in skeletal muscle 38,39. Additionally, Jing et al. recently showed that a switch from
carbohydrate metabolism to lactic acid production and fatty acid oxidation occurs in the absence
of SIRT3 in muscle tissue105. SIRT3 is activated by exercise training in muscle and cardiac tissue
from mice 42 and in muscle tissue from humans 43, suggesting it does play a role in muscle
adaptation to exercise.. Taken together, these results imply that SIRT3 influences the adaptation
to exercise training.
SIRT3 KO mice did not exhibit cardiac dysfunction but did respond to exercise training
SIRT3 KO mice have been shown to develop more severe cardiac hypertrophy after transverse
aortic constriction when compared to their WT counterparts 28. Similar cardiovascular protective
effects have been shown in cells isolated from SIRT3 transgenic mice, where cell survival was
improved after cells were grown in serum free medium 21. Furthermore, SIRT3s is significantly
reduced in the failing heart 32 35. Based on these data and the finding that SERCA2a is acetylated
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in absence of SIRT3, we hypothesized that SIRT3 KO mice would exhibit cardiovascular
dysfunction. This was not observed, as there was only a small amount of cardiovascular
remodelling in SIRT3 KO mice. A genotypic effect of increased heart rate and decreased
LVPWd was observed (Table 4). Both of these parameters were unchanged by exercise training,
suggesting that these changes in the SIRT3 KO genotype are not due to increased SERCA2a
acetylation. Exercise training equally increased LVIDd in both WT and SIRT3 KO mice,
suggesting that LVIDd is being altered independently of SERCA2a acetylation and SIRT3
activity. SIRT3 KO mice have been shown by others to exhibit elevated LVPW, which was
further exacerbated by TAC surgery 106. This does not match our data as LVPW was decreased
in SIRT3 KO mice. Furthermore, others have shown that SIRT3 mice develop increased heart
weight to body weight ratios 106, 32, and this was not observed in our mice. The reason our
results differ from others is not clear.
SUMOylation of SERCA in SIRT3 KO mice
SUMOylation has recently been shown to occur on SERCA2a 74. We have demonstrated that
both SUMO-1 mRNA levels and SUMOylation of SERCA2a were upregulated in SIRT3 KO
mice (Figure 10 and 11). It is known SUMOylation influences protein stability, and recently it
was shown by Kho et al. 74 that SUMOlaytion increases the half-life of SERCA2a protein by one
day and prevents its ubiquitination and degradation. SUMOylation of the SERCA2a protein may
also improve its functionality, as SUMOylation occurs on the nucleotide binding domain of
SERCA2a and has been shown to improve SERCA2a ATP binding affinity 74. The upregulation
of SUMOylated SERCA2a in the absence of SIRT3 may explain why SERCA2a activity was
increased in SIRT3 KO mice. SUMOylation may prevent PLN from binding to SERCA2a, as
they are both bound in close proximity within the same region on SERCA2a 74, 107, which could
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explain why SERCA2a calcium sensitivity was higher in SIRT3 KO mice. If the binding affinity
of PLN on SERCA2a is reduced, calcium sensitivity would be increased. A relationship between
SUMOylation and PLN has not yet been determined, and additional experiments are needed to
determine if they interact or compete with each other for binding on SERCA2a. Furthermore,
SERCA2a mRNA was upregulated by exercise training in WT mice, but not in SIRT3 KO mice.
This could be due to increased SERCA2a stability in SIRT3 KO mice; if the SERCA2a that is
currently present in the heart is stable, less SERCA2a protein would need to be made, and an
increase in SERCA2a mRNA would not be necessary.
There is some literature indicating a relationship between acetylation and SUMOylation.
For example, Class 1 HDAC inhibition was shown to increase SUMOylation of proteins in
cardiomyocytes in the absence of protein or gene upregulation 108, which supports our findings.
Interestingly, it is known that SUMO-1 can be acetylated itself and this affects its ability to bind
and SUMOylate proteins 109. However, this does not match what has been described by
Blakeslee et al 108 or our data. More experiments are necessary to determine the possibility of
crosstalk between acetylation and SUMOylation in the context of post-translational
modifications to SERCA2a. In general, our data suggests that both acetylation and SUMOylation
of SERCA2a may play a role in its expression, function, and response to exercise training. This
knowledge could lead to the creation of new therapies aimed to target these post translational
modifications to SERCA2a.
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Regulation of PLN in WT and SIRT3 KO mice
PLN and p-PLN protein was unchanged by exercise in both WT and SIRT3 KO mice (Figure
11). This result was not expected, as higher levels of phosphorylated PLN are known to improve
the calcium transport rate of SERCA2a 50. Others have shown that exercise training increases the
phosphorylation of PLN residues Thr17 and Ser16

66,68

. Interestingly, mRNA levels of PLN were

increased by exercise training in WT mice (Figure 10). Locatelli et al. 110 showed an increase in
PLN mRNA expression in rats who were endurance swim trained for 6 weeks; however, this
change occurred in conjunction with an increase in the phosphorylated form of the PLN protein.
It is not understood why PLN mRNA expression was increased in the absence of upregulated pPLN protein in our mice; however, it could be possible that the p-PLN was counteracting the
change in total PLN protein. PLN is known to bind in the nucleotide binding domain of
SERCA2a 111, and due to the close proximity of acetylation and PLN binding sites on SERCA2a,
we propose that high levels of acetylation could reduce the binding affinity of PLN. This could
be a mechanism though which SERCA2a calcium sensitivity is increased in SIRT3 KO mice, as
reduced PLN binding would improve the calcium sensitivity of SERCA2a. However, further
immunoprecipitation experiments looking at PLN binding to SERCA are needed to determine
this. Interestingly, PLN itself is known to be acetylated at lysine25, and its inhibitory effect on
SERCA2a is dependent on this acetylation 112. This suggests that PLN acetylation may play a
role in SERCA2a function; however, it does not explain why calcium sensitivity is increased in
SIRT3 KO mice. Further experiments are needed to identify if high levels of PLN acetylation
occur in absence of SIRT3 or if another HDAC is responsible for the deacetylation of PLN.
Identifying a relationship between a specific HDAC or HAT and PLN could lead to the
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development of a therapeutic strategy to reduce PLN’s inhibition of SERCA2a in the diabetic
heart.
Study Limitations
One of the limitations in our study is that glutamine and arginine were used to replace lysine
residues on SERCA2a in Aim 1. Though the charge on glutamine is similar to that of acetylated
lysine, 79 it does not fully replicate the effects of lysine acetylation on SERCA2a function
Similarly, substitution of arginine for lysine does not fully represent the natural deacetylated
state of SERCA2a. The method of using glutamine or arginine to replace lysine residues has
been used previously 79 and both are accepted as a valid substitutions. Furthermore, lysine
residues can be modified via succunylation or malonylation, which would not occur once these
residues were modified in Aim 1. Further experiments are needed to understand the possible role
these post translational modifications play on SERCA2a. A second study limitation is the
graded exercise testing protocol in Aim 3. The mice were run until fatigued, which was
determined by observation from the tester. Though guidelines for fatigue were established (i.e.
refusal to continue, tail dragging, or visible stress) the decision to classify a mouse as fatigued
was subjective. Furthermore, the tester was not blind to the animal study groups. This type of
limitation often occurs when exercise training animals. A final limitation was the use of
immunoprecipitation experiments to determine SUMOylated SERCA2a. This technique is
widely used to identify protein to protein interactions; however, immunoprecipitation does not
identify the quantity or affinity of these protein interactions. It also does not prove that direct
protein binding is occurring as it detects both indirectly and directly bound proteins together.
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Conclusions
Our study is novel because it is the first to show that SERCA2a is acetylated in vivo. We are
also the first group to demonstrate that the modification of three SERCA2a lysine residues to
mimic acetylation impairs SERCA2a activity in a cell culture model. Additionally, we report that
acetylation of SERCA2a is increased in type 1 diabetic mice and HFD fed mice. This suggests
the acetylation of SERCA2a could be a possible target for future therapeutic strategies to treat
diabetes induced heart disease. Our study also provides insight into the relationship between
SERCA2a and SIRT3. We have shown that SERCA2a is acetylated at higher levels in the
absence of SIRT3, suggesting that SIRT3 activity may acutely regulate SERCA2a acetylation.
The action of SIRT3 may acetylate SERCA2a directly or alter its function indirectly though
other pathways. More work is needed to fully elucidate the intricate relationship between SIRT3
and SERCA2a. Finally, both acetylation and SUMOylation may influence SERCA2a activity, as
they were inversely altered in SIRT3 KO mice. Others have demonstrated that these post
translational modifications interact, and that SUMOlyation has positive effects of SERCA2a
activity. Taken together, the results of our study indicate that levels of SERCA2a acetylation are
increased in the hearts from rodent models of diabetes and obesity induced insulin resistance,
and that increased acetylation of SERCA2a alters its activity. This work will lead to future
experiments that will have implications for furthering our understanding of post translational
modifications of SERCA2a in the heart and how SERCA2a acetylation may be altered to treat
diabetes and heart disease.
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