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Abstract 

The production of ATP is of the utmost importance to cell survival.  To maintain energy 

homeostasis, cells regulate mitochondrial content through the control of degradative and 

synthetic processes. Mitochondrial biogenesis is primarily controlled through a small 

number of transcriptional regulators, primarily nuclear respiratory factor-1 (NRF-1), 

NRF-2, and peroxisome proliferator-activated receptors (PPARs). DNA-binding proteins 

regulate genes encoding the machinery of oxidative phosphorylation.  In addition to these 

DNA-binding proteins, the coactivator PPAR gamma coactivator-1 alpha (PGC-1α) is 

central to control of mitochondrial genes, so much so that it has been dubbed a “master 

controller” of energy homeostasis in mammalian muscle tissues. Though well studied in 

mammals, previous studies suggest that this NRF-1-PGC1α axis may be disrupted in fish. 

The response to treatments such as temperature and diet cause reciprocal effects on NRF-

1 and PGC-1α. A serine-rich insertion into the NRF-1 binding domain of PGC-1α most 

likely disrupts this interaction.  

 In this study I looked at the ability for the goldfish PGC-1α gene to interact with 

the PGC-1α binding domain of NRF-1. I have found that goldfish PGC-1α does not 

physically bind NRF-1, which would suggest that the PGC-1α-NRF-1 axis in fish is 

disrupted. To further explore the role of PGC-1α in fish we looked at the role of AMP-

activated kinase (AMPK) to phosphorylate goldfish, zebrafish, and human PGC-1α. The 

results from this analysis show that AMPK in a zebrafish embryonic cell line (ZEB2J) 

have their AMPK activated by the AMPK activator AICAR. This response was shown to 

be both dose and time dependent. Transcript data was generated looking at typical AMPK 
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responsive targets in the mammalian system. The target of ramapamycin (TOR) gene 

responded with a decrease as is expected in mammals. Hexokinase 2 (HK2), PGC-1α, 

and NRF-1 all decreased which is opposite of the typical mammalian response. COX7C a 

downstream target of the PGC-1α-NRF-1 axis did not respond to treatment. Indicating a 

disruption in the AMPK- PGC-1α-NRF-1 pathway.  
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Chapter 1 

Introduction and Literature Review 

1.1 Thesis Overview 

The production of ATP is of the utmost importance to cell survival.  One important 

determinant of ATP production in tissues is mitochondrial content. Cells regulate 

mitochondrial content through the control of degradative and synthetic processes. 

Mitochondrial biogenesis is primarily controlled at the transcriptional level by a small 

number of transcriptional regulators, primarily nuclear respiratory factor-1 (NRF-1), 

nuclear respiratory factor-2 (NRF-2), and peroxisome proliferator-activated receptors 

(PPARs); the coactivator PGC-1α (PPAR gamma coactivator-1 alpha) is central to 

control of mitochondrial genes, so much so that it has been dubbed a “master controller” 

of energy homeostasis in mammalian muscle tissues. PGC-1α itself is regulated through 

a variety of posttranslational modifications including phosphorylation by the energy 

sensing AMP-activated protein kinase (AMPK). Of particular interest in this study is the 

relationship between NRF-1 and PGC-1α, which can be considered a central axis through 

which PGC-1α activation is transmitted to control mitochondrial biogenesis. 

 Though well studied in mammals, previous studies suggest that this NRF-1-PGC-

1α axis may be disrupted in fish. Two major stresses that activate the NRF-1-PGC-1α 
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axis in fish are temperature and diet. In the mammalian model these cause a concurrent 

increase in both NRF-1 and PGC-1α. The response in fish to temperature and diet cause 

reciprocal effects on NRF-1 and PGC-1α. A serine-rich insertion into the NRF-1 binding 

domain of PGC-1α and modification of the AMPK phosphorylation site most likely 

disrupts this response pathway. 

1.2 Background 

 The production of energy within the cell is one of the most tightly regulated 

processes. In eukaryotes, mitochondrial metabolism provides the majority of the energy 

within the cell and consequently its control is essential for cell survival. To produce 

appropriate levels of adenosine triphosphate (ATP), the major energy currency within the 

cell, mitochondrial output must match energy demanded. Production of ATP through 

oxidative phosphorylation in the mitochondria must be regulated to meet the energy 

demands in the cell. Cells live in a dynamic environment, and to ensure that they can 

meet fluctuations in energy needs it is important to have several different coping 

mechanisms.  For short-term stimuli that dissipate quickly, cells rely on mass action 

effects as well as allosteric and covalent regulation of existing enzymes. 

 Cells have the ability to buffer changing energy demands by utilizing a variety of 

short term coping mechanisms, such as mass action. Like all buffering systems there is 

only a limited capacity to absorb perturbations in a system. The cell must respond to 

long-term changes then in a systemic manner that returns buffering capacity to the system 
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as current basal energy production approaches the real demand for energy in the cell. 

To accomplish this, the most commonly used strategy is to change the mitochondrial 

content within the cell to adapt to developmental or environmental stressors (1-5). This is 

an incredibly complicated process, requiring responses from hundreds of different genes. 

This is further complicated by the need for the mitochondrial genome (mtDNA) to work 

in parallel with the nuclear genome.  Regulation of these genes accounts for both 

developmental differences in mitochondrial content (e.g. muscle fiber types) and adaptive 

remodeling of adult tissues (e.g., training responses) (6). The difficulties faced by the 

regulation of semi-autonomous organelles are numerous. For instance, any given cell can 

have multiple mitochondria containing multiple copies of their genome; consequently a 

ratio of 1:5,000 between the nuclear and mitochondrial genomes is reasonable (7). 

Despite these challenges, mitochondrial enzyme levels and stoichiometries remain almost 

constant (8). How these complex pathways are regulated, while maintaining proper 

stoichiometries is an important question. Most such research focuses on mammalian 

models, and far less is known about the basis of mitochondrial biogenesis in other 

vertebrates.  

1.3  AMPK and the cellular energy sensing pathway  

All molecular pathways require three major components to function: sensor, 

transducer, and effector. In the case of the energy response pathway, one of the sensor 

proteins is AMPK, dubbed for this reason the cellular “fuel gauge”(9). Due to the 
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importance of maintaining energy homeostasis in the cell, an integrator, PGC-1α, acts to 

coordinate the response of AMPK with other cell status sensors and adjust mitochondrial 

biogenesis accordingly. 

1.3.1 Need for an energy sensing protein 

 AMPK directly responds to changing levels of AMP in the cell, which are linked 

to ADP levels through the adenylate kinase pathway (10). AMPK has recently become a 

major research interest due to its role in diabetes. Drugs used for treating diabetes have 

moved from insulin mimics to molecules that sensitize the insulin response; the 

mechanism of action for the insulin sensitizers is thought to be activation of AMPK (11-

13), making AMPK a hot topic in diabetes research and cancer research where diabetes 

drugs have shown to have modulating effects. 

 Research into AMPK has been ongoing for the last 40 years. AMPK was initially 

discovered in 1973 when two different research groups found incubation with ATP 

inactivated acetyl-CoA carboxylase and 3-hydroxy-3-methyl-CoA-reductase (HMG CoA 

reductase) (14, 15). Furthermore, a contaminating kinase was thought to be the 

mechanism of action in both cases. One of these groups went on to show that AMPK was 

activated by an upstream kinase, making it the second kinase cascade to be discovered 

(16). Moreover, up until 1978 AMPK was called HMG-CoA reductase kinase; the name 

change only occurred when it was found that AMPK is multi-substrate kinase, and 

renamed to reflect its allosteric activator 5’-AMP (10). 
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1.4 Why AMP? 

 As the cellular “fuel gauge” AMPK must insert itself into the metabolic pathway 

at a point most conducive to measuring cellular energy status effectively. Given that ATP 

is the major energy currency of the cell and ADP is the major product of its use; 

measuring ATP:ADP levels would seem to be a good start. ATP is however, in high flux 

and what could be considered by the cell to be a large fluctuation in ATP:ADP ratio 

could be hard to detect based solely on the biophysical limitations on binding domains.  

Given the importance of maintaining energy homeostasis, the faster a response to 

changing energy conditions can be mounted the more muted energy fluctuations will be 

to external factors. If another metabolite then responded to ATP:ADP levels, but did so in 

a non-linear manner then this metabolite would allow for earlier detection of ATP 

depletion, a quicker response than any measurement of ATP alone. Although obvious 

from its name, AMPK responds to changes in the AMP level, which is directly related to 

ATP and ADP ratios through a reaction catalyzed by adenylate kinase (reaction can be 

seen below). 

2𝐴𝐷𝑃 → 𝐴𝑇𝑃 + 𝐴𝑀𝑃 

Adenylate kinase is a highly conserved enzyme that has been found in all eukaryotic 

cells. It has an extremely high turnover rate and maintains the reaction that it catalyzes at 

equilibrium, giving it an equilibrium constant close to 1 (17): 

1 ≈ !"# ∙ !"#
!"# ! . 
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Rearranging this equilibrium equation to show the ratios of ATP:AMP to ATP:ADP 

gives: 

[!"#]
[!"#]

≈ [!"#]
[!"#]

!
, 

reflecting the fact that ratio between ATP:AMP responds exponentially to the ratio of 

ATP:ADP. This nonlinear relationship means that [AMP] is a much better indicator for 

cellular energy status. Given that ATP can block the binding of AMP, the ATP/AMP 

ratio is what is important for regulating AMPK activity(18). Furthermore, given a general 

ratio of 1:10 for ADP:ATP the AMP:ATP ratio is then approximately 1:100  which 

allows for low levels of AMPK activation under homeostatic conditions(19). 

1.5 Regulation 

AMPK is a heterotrimeric complex composed of α, β, and γ subunits. AMPKα 

contains the kinase domain and the β and γ subunits are regulatory components(20-22). 

The α subunit in addition to containing the catalytic domain also contains a βγ-binding 

domain required for complex formation. The β domain contains a non-catalytic glycogen-

binding domain, which is found in enzymes that breakdown starch and glycogen(23-25). 

Given this function, it is hypothesized that AMPK is also able to read glycogen reserve 

status from the cell in addition to being able to sense ATP:AMP ratios. At the C-terminus 

of the β subunit is the αγ-binding domain that is also required for complex 

formation(22). Lastly, the γ domain is responsible for sensing the ATP:AMP levels 
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through 4 CBS domains(26). The CBS motifs, which in tandem form the Bateman 

domain, bind adenosine-containing compounds like ATP, ADP and S-adenosyl 

methionine (27).  

AMPK has two Bateman domains, which are required for proper functioning (28). 

The two Bateman domains in AMPK have been shown to bind AMP and ATP in a 

mutually exclusive yet cooperative manner. To show the cooperatively of binding, 

mutations in the N or C-terminus domains have been made to reduce the affinity for 

AMP. Mutations in either domain have shown that, at an AMP level typically able to 

induce AMPK activation, both mutants suffered a reduction in activation. This is 

indicative of the requirement for both sites to have bound AMP for AMPK activation. 

Furthermore, mutations in the Bateman domains of the γ subunit have been shown to 

cause human heart disease with the severity of the mutation tied with the severity of the 

disease. 

1.5.1 Bateman folds and stabilizing adenosine 

To understand the mechanism for a response to AMP, crystal structures of the 

yeast orthologue, SNF1, of AMPK were generated with ATP or AMP. It is possible to 

see the two CBS motifs, beta-alpha-beta-beta-alpha, which comprise the Bateman 

domain. In AMPK alpha, the CBS domains line up head-to-head although a tail-to-head 

confirmation is also seen in other proteins. Given the similarity in structural change when 
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binding ATP or AMP, charge differences most likely play a role in the signaling between 

the Bateman domains and catalytic domain. 

Upon the binding of AMP, three things happen to activate the kinase. For AMPK 

to be active Thr-172 of the α subunit, which lies in the catalytic domain, needs to be 

phosphorylated. This residue is exposed upon AMP binding and becomes a better 

substrate for its upstream kinase, liver kinase B1 (LKB1) (29). The activation by AMP 

also, causes the phosphorylated kinase to adopt an active confirmation; this then inhibits 

dephosphorylation of Thr-172. Binding of ATP, which has a lower affinity for the 

Bateman domains than AMP, reverses the process and makes the kinase more prone to 

dephosphorylation. This gives rise to a four state regulation mechanism (Figure 1-3). 

1.5.2 Upstream regulation of AMPK 

 In order to be activated, AMPK must both bind AMP and be phosphorylated by 

an upstream kinase. Since AMP levels reflect the current energy status of the cell, to 

which AMPK responds, a modulation of the response can occur through the 

phosphorylation step in activation. In mammalian cells, the primary upstream kinase of 

AMPK is LKB1(29). LKB1 is found in complex with two other accessory subunits, 

MO25 and STRAD. MO25 appears to hold the STRAD and LKB1 complexes together 

(30). STRAD is a pseudo-kinase, which is to say that it has a classical kinase domain but 

changes in its active site render it inactive. Furthermore, STRAD has the ability to bind 
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ATP but when this is lost through mutagenesis it does not change the ability of LKB1 to 

phosphorylate AMPK. 

 

 

Figure 1-3 The four state mechanism of AMPK activation. 

From the top left, AMPK upon binding of AMP exposes Thr-172. Thr-172 is phosphorylated by LKB1 to 
produce the active AMPK, bottom right. This process is reversed upon the loss of AMP, where an upstream 
kinase will remove the phosphorylation mark and return AMPK to the inactive state.  Adapted from (31). 
 
 LKB1 was originally discovered as the gene that is mutated in Peutz-Jeghers 

Syndrome (PJS) (32). Patients with PJS are 15 times more likely to develop cancerous 

tumors. It was then discovered that LKB1 was responsible for phosphorylation of AMPK 

at Thr-172 on the α subunit. It has been demonstrated that HeLa cells lack LKB1 activity 

and reintroduction of LKB1 inhibits proliferation. LKB1 phosphorylates other AMPK-
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related proteins but the majority of the tumor suppressing nature of LKB1 is thought to 

be through AMPK activation. 

 Even in HeLa cells where LKB1 is not expressed there is a detectible basal 

amount of AMPK phosphorylation (30). An increase in phosphorylation in response to 5-

aminoimidazole-4-carboxamide ribonucleotide (AICAR) treatment is also seen indicating 

a LKB1 independent mechanism in HeLa cells. AICAR is capable of activating AMPK 

and is currently used to treat ischemic heart injuries and has shown clinical success in 

diabetes trials. AICAR-dependent phosphorylation of AMPK in the LKB1-free 

background, points to a secondary mechanism of AMPK phosphorylation, likely the 

Ca2+/calmodulin-activated protein kinase kinases, CaMKKβ. LKB1-null cells treated 

with Ca2+ and AMPK activators see a significant increase in response when compared to 

AMPK activators alone (33). 

1.6 Downstream effects of AMPK activation 

 Given the use of AMPK activators to treat diabetes, ischemic heart injury and 

cancer, it should indicate that downstream pathways under AMPK regulation play a role 

in cell growth and hypoxia response. As an energy sensor, it makes intuitive sense that 

upon activation, low energy conditions detected by AMPK, the correct cellular response 

is to limit cell growth (e.g., shutting down protein synthesis), adjust energy input (e.g., 

increase glucose uptake or shut down fatty acid metabolism), and increasing 

mitochondrial biogenesis.  
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 Under the control of AMPK are a variety of genes responsible for anabolic cell 

processes. The best-known of these is the mammalian target of rapamycin (mTOR) 

complex, comprised of TOR kinase and regulatory-associated protein of mTOR 

(RAPTOR) (34). AMPK inhibits the complex through RAPTOR and down-regulates 

protein synthesis. In addition to mTOR, AMPK also down-regulates transcription 

initiation factor IA (TIFIA). RNA polymerase I needs TIFIA for transcription of 

ribosomal RNA effectively down regulating all protein production at the translational 

level (35). 

Given that AMPK sits atop a large signaling cascade responsible for down-regulating 

anabolic pathways and increasing catabolic pathways, it would make sense that certain 

cellular stresses that are indicative of metabolic stress also cause AMPK activation. One 

example of the AMPK response to cellular stress is hypoxia. During hypoxia, reactive 

oxygen species (ROS) are used to signal cellular stress. ROS activates hypoxia inducible 

factor (HIF), and causes calcium channels to open. Calcium influxes activate CaMKK-β, 

which in turn activates AMPK when experiencing low AMP levels.  Since AMPK 

activation leads to mTOR inactivation through RAPTOR, and tumor cells are hypoxic 

environments, this pathway accounts for a large portion of AMPK tumor suppression.   
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1.6.1 AMPK regulation of PGC-1α  

As the master regulator of mitochondrial biogenesis PGC-1α has a large role to play 

in adapting to adverse energetic conditions. AMPK regulates the level of PGC-1α 

activation, through phosphorylation of threonine 177 and serine 570 on the human 

sequence. PGC-1α transcript levels increase in response to AICAR treatment in 

mammals (36). 

This increase in response to AICAR is due to the mechanism of self-regulation. PGC-

1α is controlled though an autoregulatory loop where more active PGC-1α induces its 

own transcription (37). Phosphorylation of PGC-1α is required for autoinduction (38). 

The relationship between AMPK and PGC-1α is complicated by a reduction in 

transcription levels upon rapamycin treatment in mammals(39). Since mTOR is a known 

target for AMPK inactivation, same function as rapamycin, it makes for a complicated 

regulatory pathway. 

1.7 Evolutionary Lineage 

AMPK is central to the ability of mammalian cells to respond to metabolic changes, 

acting though regulation of catalytic proteins, transport proteins, and transcription factors. 

Given its central role in bioenergetics, it not surprising that there are AMPK homologs in 

other eukaryotic lineages, including yeast (SNF1) and plants (RKIN1). To assess whether 

function was preserved across kingdoms, knockouts of AMPK were transformed with 
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homologs from other lineages and showed a recovery when compared to knockouts 

alone. To test the ability for endogenous plant enzymes to phosphorylate known 

mammalian AMPK targets, plant cell extracts were used and showed the ability to 

phosphorylate mammalian AMPK targets. More evidence directed at the conservation of 

AMPK across kingdoms is seen when antibodies raised against SNF1 detected a target in 

the plant extract of approximately the same size. All of this wet lab data supports the 

bioinformatics data indicating the specificity and conservation of the kinase domains 

across species, where approximately 60% homology to the mammalian target can be seen 

in both plants and yeast. 

1.7.1 AMPK function in fish 

 As this is a comparative study it is important to look at AMPK function 

specifically in fish. Aquatic animals provide a great study system for energy homeostasis 

in response to cellular stress. The largest of the environmental stresses for most aquatic 

animals is hypoxia, where it is not uncommon for dissolved oxygen levels to fluctuate 

wildly between seasons. In particular, hypoxia intolerant animals have been shown to 

lose control over ATP levels upon hypoxia exposure which ultimately leads to death (40). 

Hypoxia tolerant animals seem to possess the ability to regulate ATP down to much 

lower oxygen levels, and subsequent metabolic depression. Regulating levels of total 

protein synthesis is a good place to start and is indeed key in the hypoxia response (41). 
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Given that mTOR is a known to be downstream target for inactivation by AMPK 

and the sensitivity to hypoxia AMPK demonstrates its not surprising that this kinase 

might a have a role to play in fish. Studies into AMPK activation in goldfish have shown 

over 5-fold increase in active AMPK levels within 30 minutes of hypoxia exposure in 

liver.(42). This same study also showed an 11 fold spike in the AMP:ATP ratio upon 

hypoxia exposure showing how severe the metabolic effects of oxygen deprivation are. In 

carp extreme exposure to hypoxia showed an increase in both AKT and AMPK 

phosphorylation, however when exposed to anoxia AMPK levels increased but AKT 

levels reversed themselves and decreased (43). These results indicate a strong role for 

AMPK in fish. 

1.8 Mitochondrial transcription factors  

 Given the highly conserved and far reaching impact of NRF-1, in particular with 

regard to mitochondrial biogenesis, it is prudent to look at the function of many of the 

downstream transcription factors directly responsible for mitochondrial regulation 

through which AMPK might act. In the early 1980s, genes for cytochrome c and 

cytochrome c oxidase subunits had just been characterized, leading to a search for factors 

that activate these and other respiratory genes. The earliest studies identified a novel 

transcription factor, nuclear respiratory factor-1 (NRF-1), responsible for increases in 

transcription of several respiratory genes (44, 45). NRF-1 is a homodimer that binds a 

palindromic element within the cytochrome c promoter. NRF-1 uses a hydrophobic 
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carboxyl terminal to interact with the transcription initiation complex. Phosphorylation of 

NRF-1 by a serine kinase at its amino terminus increases its DNA binding activity (46). 

This kinase was later identified as protein kinase B (PKB/AKT), which is activated by 

both mTOR complex 2 (mTORC2) and phosphoinositide dependent kinase 1 (PDK1) 

(47-49).  

 NRF-1 is a key component in the activation of the majority of mitochondrial genes 

needed for aerobic metabolism and many of the affected genes encode members of the 

electron transport chain encoded by nuclear genes (50, 51). In addition, chromatin 

immunoprecipitation (ChIP) assays have shown that NRF-1 in humans interacts with the 

nuclear genes encoding proteins that regulate mtDNA replication and expression, 

including Tfam, TFB1M, TFB2M, and POLRMT (52). Thus, NRF-1 plays a role in 

ensuring that the mtDNA-encoded subunits of OXPHOS complexes are expressed in 

parallel with their nuclear-encoded counterparts. NRF-1 has also been found to associate 

with members in the heme synthesis pathway (affecting oxygen delivery) and protein 

importers (affecting mitochondrial biogenesis). With these responsibilities, NRF-1 was 

thought to be one of the master regulators of oxidative metabolism.  

 The NRF-1 role in early development has been shown with a series of studies using 

NRF-1 knockouts, mutations, and deletions in sea urchins, Drosophila, zebrafish, and 

mice (53). In the case of homozygous null NRF-1 mutations, the majority of the 

Drosophila and zebrafish die in the early larval stage while those who don’t die, suffer 
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severe brain damage. The mouse knockout results in death between 3.5 and 6.5 

embryonic days; attempts to grow blastocytes fail completely (54). Homozygous null 

mutants show mitochondrial defects, including a failure to generate an adequate 

mitochondrial membrane potential and low mtDNA copy number. In contrast, Tfam 

knockouts suffer low mtDNA copy numbers (55). Tfam is an essential factor in the 

maintenance of mtDNA copy number and transcription, and comparing these knockouts 

shows that low mtDNA copy numbers are not enough to cause lethality and that NRF-1 

must have other targets in key development processes. R ecognition site screening has 

suggested a variety of non-mitochondrial genes as targets for NRF-1(56), possibly 

indicating that the loss of NRF-1 inhibits cellular growth and development pathways in a 

mtDNA independent manner (57). Furthermore, ChIP-on-chip assays performed to look 

for NRF-1 in vivo interactions with 13,000 possible human promoter targets indicated 

that 691 have NRF-1 binding activity (52). As expected, most of these were genes 

responsible for mitochondrial maintenance and function but interestingly some of the 

newly discovered targets also bound the growth factor, E2F, an essential group 

transcription factor required for the G1 to S transition in mammalian cells. These results 

show that NRF-1 might not just be responsible for the regulation of mitochondrial genes, 

but also might have been involved in the activation of vital cell cycle components. 

 In addition to its role in cell growth and differentiation, the role of NRF-1 as a key 

player in aerobic respiration has been cemented by studies linking NRF-1 activity and 
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mitochondrial function. Studies have shown that NRF-1 interacts with the gene for Tfam 

(58) while increased exercise causes an up-regulation of NRF-1 and its coactivator PGC-

1α (59, 60). 

 NRF-2 is another nuclear respiratory factor that was originally found as an essential 

factor in the activation of cytochrome c oxidase subunit four (COXIV)(61). NRF-2 also 

up-regulates the COXVb subunit, which indicates that NRF-2 might play a more general 

role in regulation of COX subunits (62). In addition to regulating COX subunits NRF-2 

has been shown to bind to the Tfam gene, indicating a larger role within the cell (55, 63). 

NRF-2-dependent promoters more than likely also contain a NRF-1 binding site (64-66).  

 RNAi studies have shown that knockdowns of either NRF-1 or NRF-2 can impair 

the transcription of all nuclear-encoded COX subunits. However, not all respiratory genes 

are sensitive to both NRF-1 and NRF-2.  For example, the rodent Tfam promoter has only 

the NRF-2 site while human Tfam has both the NRF-1 and NRF-2 binding site (58, 62), 

both of which can occupy the same gene for tighter cellular control over respiration. Just 

like NRF-1, NRF-2 is regulated in part by PGC-1α, giving more credence to its name as a 

master controller. 

 Myocyte enhancing factor 2c (Mef2c), which is DNA binding protein that acts as 

an enhancer for PGC-1α transcription in muscle, and has been shown to also increase the 

transcription of muscle related COX isoforms (67). Consequently it acts as both a binding 

partner and activator of PGC-1α. 
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1.9 Nuclear Hormone Receptors 

 Another group of transcription factors that is important in the maintenance of 

cellular metabolism is the nuclear hormone receptor family (NHR). In the context of 

metabolism, perhaps the most important member of the NHR superfamily is the 

peroxisome proliferator-activated receptor (PPAR) family. All members of this share a 

basic structural homology, which include a DNA binding domain (DBD) and a ligand 

binding domain (LBD)(68). PPARs bind a ligand and form heterodimers, which can bind 

to a PPAR responsive element (PRE) (69, 70). The family name dates back to studies 

exploring the toxicity of plasticizers, which cause a proliferation of peroxisomes. These 

studies lead to the discovery of PPARα (71). Later on, PPARγ was discovered through 

the analysis of the fatty acid binding protein 4 (FABP4) gene. Like all the members of the 

PPAR family, PPARγ is of particular interest when discussing mitochondrial activity. It 

is in direct control of lipid transport (FABP4) (72), fatty acid uptake 

(LPE,FATP/SLC27A1, OLR1) (73-75) fatty acid recycling (PEP-CK/PCK1, GK, 

AQP7)(76-78) and lipolysis (GPR81)(79, 80). PPARγ is crucial in brown fat to control 

nonshivering thermogenesis. It would then be expected that fat usage and mitochondrial 

proliferation would be coregulated through a common factor. 

 Another important member of NHR family is the retinoid X receptor  (RXR), 

which forms a heterodimer with PPARs upon activation (81, 82). Interestingly, the RXR 

receptor is also a great example of evolution after a duplication event (83), discussed later 
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on, with a large variety of different ligand binding partners within the nuclear hormone 

receptor family. 

1.10 PGC-1α an essential coactivator of NRF-1 and PPARγ 

 In 1998, PGC-1α was the first of the PPARγ coactivator family (PGC-1) to be 

characterized (84) and was found to be a stimulator of thermogenin expression in brown 

fat. Shortly following its discovery, two other family members were discovered, PGC-1β 

and PGC-1-related coactivator (PRC) (85, 86). PGC1 proteins are multifunctional 

proteins, sharing a capacity to bind many transcription factors including NRF-1 and 

PPARγ (see Figure 1-4) (57, 87-90). The three PGC1 proteins share some features, but 

also have distinct functions.  

 PGC-1α and PGC-1β share activation roles within the cell, including 

developmental differences in mitochondrial copy number (91-93), changes to nutrition 

(86, 94) and adaptation to external stimuli such as the activity of muscles (95, 96). The 

PGC-1 family’s ability to bind to a variety of different ligands makes it a central 

interaction point between several pathways. This is probably best indicated by PGC-1 

structure, which features several different binding domains.  

 PGC-1α, which is the most studied of all the PGC-1 members, has four main  

functional domains. The first domain is the activation domain (AD), which contains the 

consensus amino acid sequence LXXL, allows PGC-1α to interact with nuclear hormone 

receptors (NHRs) similar to PPARs, estrogen-related receptor alpha (ERRa) and 
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hepatocyte nuclear factor 4 alpha (HNF4a) in mammals. This allows PGC-1α to control 

metabolic enzyme levels and maintain energy homeostasis (97, 98). The next domain in 

PGC-1α is the NRF-1 binding domain, which is responsible for PGC-1α interaction with 

NRF-1 and its regulation of mitochondrial content. The last two domains are the MEF-2c 

binding domain and the RNA binding domain (RBD). The MEF-2c binding domain 

allows PGC-1 to further exhibit its effects on muscle development. PGC-1α binds all of 

these factors in an independent manner allowing it to act as a “master control” of 

mitochondrial homeostasis (57, 86, 99-101). PGC-1α regulation of mitochondrial content 

has been found in all mammals and a similar effect has been found in birds (102).  

 In any multifunctional protein, the different functional domains can change without 

influencing the other domains. The modular layout for PGC-1α has allowed each of the 

domains to evolve independently of one another. In vertebrates, the AD and RBD have 

evolved relatively slowly, but the NRF-1 and MEF2 domains have experienced markedly 

faster rates of evolutionary change (103). Though PGC1 may be central to metabolic 

gene regulation, the specific ways it manages this may differ among species. This would 

allow different species to have distinct solutions to the challenges of controlling 

mitochondrial biogenesis and homeostasis.  

1.11 Differences in NRF-1 PGC1 interactions between fish and mammals 

To adequately address the differences between the controls of mitochondrial 

function it is important to put it into an evolutionary perspective. Vertebrates show a 
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wide array of biochemical specialization. Phenotypic changes have been brought about 

through the expansion of genomes and advances in the biochemical specialization. Most 

of the variation seen within the vertebrates is due to duplication events rather than single 

mutations (for review see (104-106)). The two whole genome duplication events, 1R and 

2R caused four copies of each gene to be rendered within the cell (104, 107). It is also 

suggested now, by genomic analysis, that fish went through a third duplication event 3R 

in the ray-finned fish lineage (108, 109). Consequently it is expected that for every 

duplication, one gene would be under pressure to maintain its current role while the other 

would be free and more likely require rapid mutation to prevent doubled gene expression 

(105, 110). One example of this is the rapid production of (NHR) type genes in 

vertebrates (111). Other fates of newly duplicated genes are possible subfunctionalization 

events where each of the two members takes on subsets of the roles of their parent gene. 

It is also possible for one or both copies to go on to take new roles entirely, 

neofunctionalization. (105, 110). This allows vertebrates with the same genes to come up 

with their own solution to environmental problems by making adaptive changes. These 

duplication events easily explain the existence of more than one PGC-1 but not why fish 

PGC-1α has lost NRF-1 interaction ability or lost its ability to respond to AMPK 

activation. 

 A possible example of subfunctionalization with relation to the control of 

mitochondrial biogenesis is divergence of the ancestral duplicates that gave rise to PGC-
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1α and PGC-1β. Although they have similar structure and have overlaps in 

responsibilities, roles have been identified for each that are independent of the other (87, 

93, 112). Recently, findings have indicated that within fish PGC-1α there is strong 

conservation of all the functional domains except the NRF-1 and MEF2c binding 

domains (103). This indicates that PGC-1α is still important in the regulation of fatty acid 

biosynthesis and as a hormone receptor. Although functioning as a hormone receptor the 

cross talk between fatty acid metabolism and mitochondrial biogenesis might be 

uncoupled in certain cases due to PGC-1α mutation. Most likely PGC-1β would take up 

the role of establishing a connection between the two pathways (113) but PGC-1α 

specific activators would no longer be correlated with fatty acid metabolism supported by 

gene-expression studies in fish suggested differences in PGC-1α function (103, 113, 

114). Although there does not appear to be any differences in functions in mammals. This 

suggests that possibly during one of the gene duplication events in fish, a loss-of-function 

mutation occurred within the PGC-1α.  This became fixed in the genome because PGC-

1β was there to take over the essential responsibilities for NRF-1 control by nuclear 

hormone receptors. 

 Looking at the NRF-1 and MEF2c interaction domain of fish PGC-1α there are two 

major insertions that may be causing the loss of function with regard to mitochondrial 

biogenesis (99, 100, 115). In the NRF-1 interaction domain (a.a 180-403) there was an 

insertion of between 12 and 31 residues containing 56-86% serines within difference 
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species of fish (103). This is more than likely the cause of the disruption between the 

PGC-1α activity and NRF-1 caused gene responses. Furthermore in this domain lies the 

AMPK phosphorylation site, which has also been mutated in fish. It was also shown that 

even less conservation was seen within the Mef2c interaction domain (75). This 

represents a general theme of uncoupling of PGC-1α with direct interaction with the 

OXPHOS machinery. Consequently more research should be done to examine whether it 

is in fact this serine rich insertion that is causing this loss of function or some other factor 

that has not been elucidated yet.   

 In conclusion, previous studies in mammals have shown that AMPK, PGC-1α, and 

NRF-1 have central roles in cellular respiration. AMPK acts as the cellular energy sensor, 

and PGC-1α acts as a master controller for key DNA-binding proteins. This functional 

use of site-specific DNA-binding proteins such as NRF-1, NRF-2 and MEF2c, by PGC-

1α, allows AMPK to exert its effects throughout the process of aerobic respiration.  

However some of this cross talk has been interrupted in fish as a series of insertions and 

mutations have been accumulated. 

1.12 Hypothesis 

In this thesis I will investigate the relationship between AMPK activation and subsequent 

levels of gene expression in fish. I have examined amino acid sequences of both AMPK 

and PGC-1α and will use this information to construct my hypothesis. I have three major 

hypotheses: 



 

 

 

24 

1. Given the similarity between AMPK in mammals and fish I hypothesize that 

zebrafish AMPK will respond through activation, phosphorylation of the 

equivalent to Thr-172 in mammals, in response to AICAR treatment. 

2. Looking at the sequence surrounding the equivalent of Thr-177 in mammalian 

PGC-1α I expect a reduced level of phosphorylation in goldfish in comparison to 

mammals and none in the zebrafish where the site is lacking. 

3. I will examine the interaction between PGC-1α and NRF-1 and hypothesize the 

large insertion into the interaction region of PGC-1α for NRF-1 will render it 

nonfunctional in goldfish. 
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Chapter 2  

Methods 

2.1 AMP-dependent Protein Kinase Assay 

The ability of AMPK to phosphorylate PGC1 homologues was assessed in vitro 

using commercial AMPK and peptides.  

PGC-1α peptides (15 residues) were based on the human sequence and 

homologous regions of zebrafish and goldfish (Figure 2-1). The substrates were 

purchased from LifeTein (South Plainfield, NJ USA). The in vitro kinase assay was 

conducted at 30°C for times from 0 to 30 min.  Kinase assay buffer (5 mM 3-(N-

morpholino)propanesulfonic acid (MOPS), pH 7.2, 2.5 mM glycerol 2-phosphate, 5 mM 

MgCl2, 1 mM ethylene glycol tetraacetic acid (EGTA), 0.5 mM dithiothreitol (DTT) 50 

ng/ml bovine serum albumin (BSA) and 5% glycerol). Peptide working solutions (1 

mg/ml) were prepared from lyophilized peptides in ddH2O (LifeTein, South 

Plainfield, NJ, USA; >95% purity). The assay was conducted in a total volume of 20 µL, 

containing 50 ng of human AMPK (α1/β1/γ1) (Sigma-Aldrich, St. Louis, MO, USA) in 

10 µL of kinase assay buffer plus 5 µL of 1 mg/mL peptide solution. The reaction was 

started by adding 5 µL of 10 mM ATP (2 mM final), and stopped with the addition of 25 

µL of 300 mM EDTA (150 mM final). 
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Figure 2-1 PGC-1α peptide sequences used for AMPK assay. 

The threonines in bold are the known or suspected phosphorylation sites and numbers indicated residue 
numbers in human PGC-1α. 
 
 Samples from the kinase assay were separated using SDS-PAGE as follows. 

Samples were combined with 12 µL of 5x sodium dodecyl sulfate (SDS) page loading 

buffer (bromophenol blue 0.25% w/v, DTT 0.5 M, glycerol 50 % v/v, SDS 10 % w/v, 

tris(hydroxymethyl)aminomethane (Tris-Cl) 0.25 M pH 6.8) and boiled for 5 minutes. 

Denatured samples (30 µL) were loaded onto a 20% Tris-Tricine gel (19:1 

acyrlamide:methyl-bis-acrylamide) and run at 100V for 30 minutes in Tris-Tricine 

running buffer (0.1 M Tris, 0.1 M Tricine, 0.1% SDS w/v, pH 8.3) at 4°C. Gel was then 

transferred to fixation buffer (50% methanol, 10% glutaraldehyde) and incubated 

overnight. Gels were then washed 3 times in 100mL of distilled deionized water (ddH2O) 

for 30 minutes. Gels were microwaved in 60mL of ProQ Diamond Stain (Invitrogen, 

Burlington, ON, Canada) to a temperature of approximately 75°C using a glass 

thermometer and incubated on a rocker for 7 minutes. The gel was microwaved again to 

approximately 75°C and incubated for another 7 minutes. Gel was destained in buffer 
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(20% acetonitrile, 50 mM sodium acetate) for 2, 30-minute washes. Gels were then 

washed for 5 minutes in 100mL of ddH2O three times. 

 Stained gels were then imaged using a Typhoon 8600 variable mode imager 

(Molecular Dynamics, Piscataway, NJ, USA) with an excitation wavelength of 532 nm, 

560 nm long pass emission filter, and 600 V photo multiplier tube voltage. Resulting 

images were subjected to densitometry in ImageJ. 

2.1 Tissue Culture Experiments 

To assess if AMPK activation alters oxidative gene expression, we assessed the 

response of cultured fish cells to AMPK agonists.  

ZEB2J zebrafish epithelial cells were employed in this study. Cells were grown in 

Leibovitz’s L-15 media (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% 

fetal bovine serum (FBS, Invitrogen, Carlsbad, CA, USA) under regular atmospheric 

conditions. ZEB2J cells were maintained at 26°C. Cells were grown in 6-well plates until 

they were approximately 90% confluent. The media was then switched to fresh L-15 with 

10% FBS containing 0-2 mM AICAR (5-aminoimidazole-4-carboxamide-1-β-D-

ribofuranosyl 5′-monophosphate; Sigma-Aldrich, St. Louis, MO, USA). After the 

treatment period ended, cells were collected for protein and RNA.  
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2.1.1 Protein isolation 

Cells were harvested for protein extraction immediately following these treatments by 

scraping cells in growth media and pelleting. Cell pellets were weighed and frozen in 

liquid nitrogen and then stored at -80°C. Frozen cells were suspended in RIPA buffer (10 

mM Tris-Cl (pH 8.0), 1 mM EDTA 0.5, mM EGTA, 1% Triton X-100, 0.1% sodium 

deoxycholate, 0.1% SDS, 140 mM NaCl, 1μM PMSF, 20μM NaF, 100μM Na3VO4), and 

lysed by sonication for 30 second on ice. Lysis mixture was pelleted for 30 minutes at 

21,000xg and supernatant was used for immunoblotting. 

2.1.2 Immunoblots 

Gels were loaded with volumes of samples corresponding to equivalent ammounts 

of total protein, as determined by Bradford assay with BSA used as a protein standard 

(Biorad, USA). Samples were denatured in loading buffer and boiled for 5 minutes and 

electrophoresed on sodium dodecyl sulfate (SDS) polyacrylamide gels (12.5%). Gels 

(12.5% acrylamide) were run at 200 V in running buffer (25 mM Tris, 192 mM glycine, 

0.01% SDS). After 5 minutes in transfer buffer (25 mM Tris, 192 mM glycine, 20% 

methanol, pH 8.3), gels were electroblotted onto polyvinylidene fluoride Immobilon-P 

membranes (Millipore, Billerica, MA) soaked in 100% methanol for 5 minutes before 

use. Transfer was carried out at 4°C at 100 V for 1 hour in a Trans-Blot® Transfer Cell 

(Biorad, USA). After the transfer, the membrane was blocked with 5% bovine serum 

albumin (BSA) in TBST (20 mM Tris, 137 mM NaCl, 0.1% Tween-20, pH 7.6) under 
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steady agitation at 23°C for 1 hour and probed with primary antibody (Cell Signaling 

monoclonal Rb anti-AMPK pThr172 40H9). Secondary antibody, directed against 

primary antibody host antigen conjugated to horseradish peroxidase was used at a 

1:10,000 dilution for 1 hour at room temperature under steady agitation. The membrane 

was washed three times for 5 minutes in TBST after the incubation with secondary 

antibody. Levels were quantified using Immobilion Western substrate (Millipore, 

Billerica, MA) using a Cell Biosciences FluorChem HD2 system (Santa Clara, CA). 

Consistent with manufacturer specifications, Immunoreactive polypeptides were analyzed 

using the band analysis tool of AlphaView software (ver. 3.2.2.0). 

2.1.3 RNA purification 

Cells were harvested for RNA extraction immediately following these treatments 

by removing the media and scraping in RLT buffer from Qiagen’s RNeasy kit (Qiagen, 

Valencia, CA, USA) containing 1% β-mercaptoethanol.  

2.1.4 Quantitative PCR 

Primers for qPCR were designed to amplify 50-200 bp in a manner that was linear 

with respect to template concentration and produced only a single dissociation peak. 

When possible, primers were designed using sequences available online.  

Cloning and sequencing was carried out for all primer sets used. They were first 

tested by PCR using an Eppendorf Mastercycler Gradient thermocycler (Eppendorf, 
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Hamburg, Germany). All reactions were run in 25 µl volumes containing 1× PCR buffer, 

1 mM MgCl2, 0.75 units Taq DNA polymerase (Qiagen, Valencia, CA, USA), 0.4 µM 

dNTPs (Promega, Madison, WI, USA), 0.3 µM of each primer, 50-100 ng of cDNA 

template, and the balance of nuclease-free water. PCR runs involved a 3 minutes 

denaturation at 94°C followed by 35 cycles of 15 seconds at 94°C, 30 seconds at the 

appropriate annealing temperature, and 30 seconds at 72°C. There was a final extension 

period of 10 minutes at 72°C. PCR products were visualized on 1% agarose gels with 

ethidium bromide. DNA amplicons of the expected sizes were removed and purified from 

the gel, ligated into the pDrive cloning vector (Qiagen, Valencia, CA, USA), transformed 

into cloning-competent DH5α cells (Invitrogen, Carlsbad, CA, USA), and grown on agar 

plates containing 0.05 mM IPTG, 0.2 mM X-gal, and 50 ng/µl ampicillin. Colonies 

testing positive for inserts were grown overnight in lysogeny broth (Bioshop Canada, 

Burlington ON Canada) with 50 ng/µl ampicillin. Plasmids were purified using the 

QIAprep Spin Miniprep kit (Qiagen, Valencia, CA, USA), quantified by 

spectrophotometric readings at 260 nm, and then sequenced (Robarts Research Institute, 

London, ON, Canada). Samples were sequenced with an Applied Biosystems 3730 

Analyzer (Applied Biosystems, Carlsbad, CA, USA) and aligned with published 

sequences to verify the amplification of the correct gene fragment. 

Real-time quantitative PCR was run on an ABI 7500 real-time PCR system 

(Applied Biosystems, Carlsbad, CA, USA) using GoTaq qPCR Master Mix (Promega, 
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Madison, WI, USA). Reactions were done in 25 µl volumes with 12.5 µl of the GoTaq 

Master Mix, 25-100 ng of cDNA template, 0.58 µM each of the forward and reverse 

primer, and the balance of water. qPCR runs consisted of an initial 15 minutes 

denaturation at 95 °C followed by 40 cycles of 15 seconds at 95 °C, 15 seconds at the 

appropriate annealing temperature, and 36 seconds at 72 °C. All samples were run in 

duplicate and each primer set was run with a no template control. 

For every transcript level measured in qPCR, the threshold cycle (Ct) of each 

cDNA sample was normalized to a housekeeping factor obtained from the geometric 

mean of the Ct recorded for β-actin and RPL13A. Thus changes in Ct levels for a 

particular transcript between samples from different treatments could be corrected for any 

changes due to the efficiency of cDNA synthesis. 

2.2 Construction and analysis of PGC-1α  and NRF-1 fusion proteins 

To analyze the interaction between NRF-1 and PGC-1α I created a novel expression 

vector for goldfish and rat PGC-1α N-terminus fragments. I then extracted RNA and 

created complementary DNA (cDNA) from rat, zebrafish, and goldfish. Genes of interest 

from the respective species were cloned into either commercial or my novel expression 

vector (described in the 2.2.1) and then used for interaction analysis in bacterial extracts. 

Rat and goldfish truncated PGC1α, and zebrafish NRF-1 interaction domain were used 

instead of full-length constructs.  
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2.2.1 Construction of dual-tag expression vector 

 To facilitate easy visualization and purification a double-tagged vector was 

created. A dual N-terminus GST and C-terminus His tagged vector was created by 

inserting an N-terminal His tag sequence into a commercial vector with a C-terminal 

GST tag (pGEX-4T3). I accomplished this by cloning the synthesized sequence 5’-

CGGCCGCACTCGAGCACCACCACCACCACCACTGAGCGGCCGCA-3’ into 

pGEX-4T3 (GE Life Sciences, Piscataway, NJ, USA). Sense and antisense strands of the 

sequence were synthesized (Operon, Huntsville, AL USA) and annealed by heating a 

mixture of both strands (100 µM each) to 95 °C and cooling to 4 °C over 30 minutes 

using an Eppendorf Mastercycler Gradient thermocycler (Eppendorf, Hamburg, 

Germany).  

 The double-stranded insert and PGEX-4T3 were digested with EagI and XhoI 

(New England Biolabs) for 1 hour. The plasmid was electrophoresed on a 1 % agarose 

gel with ethidium bromide and collected using a gel extraction kit (Qiagen, Valencia, CA, 

USA). The digested insert was purified using a PCR cleanup kit (Qiagen, Valencia, CA, 

USA). The digested and cleaned insert and vector were then ligated overnight at 4 oC 

with T4 DNA ligase (New England Biolabs, Whitby, ON, Canada), using 300 ng of 

plasmid and 300 ng of insert. The ligation mix was used to transform cloning-competent 

DH5α cells (Invitrogen, Carlsbad, CA, USA), and grown on agar plates containing 50 

ng/µl ampicillin. Colonies were grown overnight in LB (lysogeny broth; Bioshop 
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Canada, Burlington ON Canada) with 50 ng/µl ampicillin. Plasmids were purified using 

the QIAprep Spin Miniprep kit (Qiagen, Valencia, CA, USA), quantified by 

spectrophotometric readings at 260 nm, and then sequenced (Robarts Research Institute, 

London, ON, Canada). 

2.2.2 RNA extraction and cDNA synthesis 

The production of expression constructs required purification of mRNA from a 

mammal (rat) and two fish (zebrafish and goldfish). RNA was extracted from goldfish 

and zebrafish tissues with TRIzol (Invitrogen, Carlsbad, CA, USA), using 1 ml of TRIzol 

per 50 mg of tissue. Samples were homogenized in TRIzol with a tissue homogenizer 

(Fisher, Ottawa, ON, CAN) and then centrifuged at 12,000 g for 10 minutes at 4 °C. The 

supernatant of each sample was collected and mixed with 0.2 ml of chloroform per 1 ml 

of TRIzol. Samples were incubated at room temperature for approximately 3 minutes and 

then centrifuged at 12 000 for 15 minutes at 4 °C. The upper aqueous layer was collected 

and mixed with 0.5 ml of isopropanol per 1 ml of TRIzol. After 5 minutes of incubation 

at room temperature, the samples were centrifuged at 12 000 g for 10 minutes at 4 °C. 

The supernatant was removed and an equal volume of 75 % ethanol was used to wash the 

pellet. Samples were resuspended in RNase-free water and quantified using a 

spectrophotometer reading at 260 nm. Quality of the RNA samples was also assessed 

during the quantification using the 260/280 ratio. 
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Extraction of RNA from cell lysates was done using an RNeasy Mini kit (Qiagen, 

Valencia, CA, USA). Purified RNA samples were quantified by reading absorbance at 

260 nm. 

RNA was reverse-transcribed to cDNA using the QuantiTect Reverse 

Transcription Kit (Qiagen, Valencia, CA, USA) with 1 µg of RNA in a 20 µl reaction, as 

per the manufacturer’s instructions. 

2.2.3 Construct creation and transformation 

 After collection of RNA from tissues amplification of gene fragments was 

performed to generate inserts for expression vectors. Primers were designed with 

restriction sites added for cloning into expression vectors, NdeI and XhoI for NRF-1 and 

BamHI and XhoI for PGC1α. For PGC1α constructs only the first 403 amino acids of the 

rat and 422 of the goldfish (due to insertions) were used. This region includes both the 

activation domain and NRF-1 interaction domain. For the NRF-1 construct only the DNA 

binding domain, which includes the NRF-1 binding domain, was used and is constituted 

by residues 108-305 (99). Restriction digest reactions were run in 25 µl containing 1× 

PCR buffer for Taq DNA polymerase (Qiagen, Valencia, CA, USA) plus 1 mM MgCl2, 

and 0.75 units Taq DNA polymerase (Qiagen, Valencia, CA, USA), 0.4 µM dNTPs 

(Promega, Madison, WI, USA), 0.3 µM of each primer, 100 ng of cDNA template, and 

the balance of nuclease-free water. The PCR reactions use 3 minutes denaturation at 94 

°C followed by 35 cycles of 15 seconds at 94 °C, 30 seconds at 59 °C, and 120 seconds at 
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72 °C. There was a final extension period of 10 minutes at 72 °C. PCR products were 

cloned in the same fashion is as in the Quantitative PCR method. 

 Final constructs were then transformed into BL21(DE3) pLysS (Promega, 

Madison, WI, USA). BL21 cells were grown overnight in 5 mL cultures of LB without 

antibiotics. A 1 mL aliquot of this culture was used to inoculate 100 mL of fresh LB and 

grown to OD550 of 0.5. Cells were centrifuged for 5 minutes at 4,000 g at 4 °C, 

resuspended in 50 mL of ice-cold 50 mM CaCl2 and incubated on ice for one hour. Cells 

were then recentrifuged and resuspended in 5 mL of ice-cold 50 mM CaCl2 and stored in 

250 µl aliquots.  

 Transformations of BL21 cells used 300 ng of plasmid from isolations described 

previously. This mixture was incubated on ice for 1 hour and then heat shocked for 40 

seconds at 42 °C and then placed back on ice for 5 minutes. LB (0.5 mL) was added and 

cells were incubated for 1 hour at 37 °C, then 100 ul were used to inoculate agar plates 

with 50 ng/µl ampicillin, which were left overnight at 37 °C. Colonies were then picked 

and grown overnight at 37 °C in 5 mL LB with 50 ng/µl ampicillin. Frozen stocks were 

prepared by combining 750 µl of culture with 250 µl of glycerol and frozen at -80 °C. 

The remaining culture was used for purification of plasmids, the identity of which was 

confirmed by sequencing (Robarts Research Institute, London, ON, Canada). 
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2.2.4 Protein-protein Interaction  

 Recombinant proteins were expressed in LB containing 50 ng/µl ampicillin and 

grown at 37 oC. Glycerol stocks were sampled and used to inoculate 5 mL LB and grown 

overnight. This culture was then used to inoculate 25 mL (or 500 mL) of LB for PGC-1α 

(or NRF-11) constructs. These cultures were grown in 2 L flasks for 4 hours at 37 °C at 

270 rpm, at which point 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) was added. 

After a further 4 hours of growth, bacteria were pelleted at 4,000 g for 30 minutes and 

frozen at -20 °C. Pellets were thawed in 5 mL of binding buffer (20 mM HEPES pH 7.7, 

75 mM KCl, 0.1 mM EDTA, 2.5 mM MgCl2, 0.05% nonidet P-40 (NP40), 2 mM DTT, 

1% glycerol) with protease inhibitor cocktail (S8830; Sigma-Aldrich, St. Louis, MO, 

USA) and 5 mg lysozyme (Bioshop Canada). Bacteria were lysed by gentle agitation for 

an hour at 23 °C and then sonicated on ice for 4x30 s. Lysed cells were centrifuged at 4 

°C at 25,000 g for 30 minutes. Supernatants were collected and used directly for 

interaction analysis. 

 The interaction between NRF-1 and PGC1 of rat and zebrafish was explored in 

clarified bacterial extracts. Equal volumes (2.5 ml) of NRF-1 extract and one of the 

PGC1 extracts were combined and incubated overnight at 4°C with 200µl of a 50% slurry 

of Glutathione-Superlow (Qiagen, Valencia, CA, USA). Mixtures were centrifuged to 

remove the supernatant. The pellet containing the Glutathione-Superlow beads was 

washed for 5 minutes, three times in 10mL of binding buffer with gentle agitation. After 
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the final centrifugation beads were resuspended in 100µl of binding buffer containing 

50mM reduced glutathione (Bioshop Canada). Supernatants from the elution buffer were 

taken by centrifugation and 21,000g. Samples were submitted to western blot analysis 

using a mouse poly-histidine tag antibody (EMD Millipore, Billerica, MA) 

2.3 Statistical Analysis 

All data presented as means are presented with SEM. Data is expressed as a relative 

value to control treatments. To determine significance multi-factor ANOVAs were 

performed with post hoc Tukey-Kramer tests in R. Differences were considered 

significant if a P value of less than 0.05 were obtained. 
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Chapter 3 

Results 

 To analyze the signal transduction pathway from energy sensor to downstream 

actions we used a variety of in vitro methods.  

3.1 AMPK activation by AICAR in ZEB2J cells 

Starting at the top of the pathway and working down, we first looked at the ability for 

AICAR to activate AMPK in in ZEB2J cells. As a proxy for AMPK activity we used 

phosphorylation of the homologous threonine 172 in humans, since I am using an anti-

human antibody. When a dose response assay was performed for AICAR on ZEB2J cells 

we saw a large response to doses over 0.5 mM of AICAR (Figure 3-1A). The response at 

2mM AICAR had large variability and showed a lower amount of relative activation than 

the 1mM treatment. We then choose to use 1 mM AICAR to do a time course to look at 

AMPK activation response over time. Regression analysis preformed to look at AMPK 

activation to AICAR over time showed a significant positive relationship in activation 

with respect to time (Figure 3-1B). Since there was a clear response to AICAR treatment, 

we proceeded to look at traditional downstream targets to determine if the signal 

transduction pathway remained intact. 
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Figure 3-1 AICAR has the ability to activate AMPK in ZEB2J cells.  

 

  

Activity is measured by phosphorylation of the zebra fish AMPK at Thr-172 relative to basal 
activity. ZEB2J cells were split equally into treatment groups and treated with AICAR. Cells were 
collected after treatment and samples were used for imunoblotting. Cell Signaling anti-Thr-172 
monoclonal antibody (40H9) was used. Densitometry was performed as is described in the 
methods. A) The dose response of AMPK to AICAR concentrations at 24 hours, n=4. B) Time 
course showing AMPK activation with regression analysis (P<0.05) showing a timed dependency 
of AICAR treatment, n=5. Error bars are SEM. 



 

 

 

40 

3.2 mRNA levels in response to AICAR treatment 

To assess the retention of AMPK control over downstream targets trough the PGC-

1α-NRF-1 axis we measured mRNA transcript levels. Quantitative real-time PCR was 

performed to determine relative copy number of specific transcript levels after AICAR 

treatment. This experiment was done in a time course fashion in parallel with the AMPK 

activation time course experiment (Figure 3-2). Melt curve analysis was performed on all 

the samples to ensure that only one product was amplified in the reaction. COX 7C 

transcript levels showed no significant changes over the first 16 hours of treatment, with 

the 24th hour showing a small but significant decrease. With a mean of 0.83 relative to the 

control it is unlikely that the COX7C 24 hour time point represents a biologically 

significant value. PGC-1α transcript levels decreased over time with the exception of the 

24 hour time point, the only significant decrease was seen at 16 hours of AICAR 

treatment. NRF-1 and mTOR responded in a decreasing fashion over time with all-time 

points with the exception of hours showing a significant decrease relative to control. HK2 

showed a significant and decrease over all time points. This was contrary to the expected 

mammalian response of an increase in response to AICAR.  
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Figure 3-2 Time resolved response of transcripts to AICAR treatment. 

  Gene transcript levels were assessed after give times of AICAR treatment. ZEB2J cells were split 
equally into 6 biological replicates for each time point. These were then treated with AICAR at a dose 
of 1mM. Cells RNA was then harvested and cDNA was generated for use in quantitative-PCR. Data 
was normalized to the untreated (0 h) time point. One-way ANOVAs were performed followed by a 
Tukey-Kramer post-hoc test where astrixes represent a significant difference (P<0.05).  
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3.3 PGC-1α  phosphorylation and binding 

To try to explain the disconnect between AICAR activation and downstream 

transcriptional response we decided to evaluate the ability for PGC-1α to be 

phosphorylated at threonine 177. To assess this we ordered synthetic peptides containing 

the AMPK recognition site on PGC-1α at thr-177. These 15-mer polypeptides were then 

used in a time course experiment with the full complex AMPK (α1, β1, γ1) from human 

that has high homology to zebrafish AMPK. PRO-Q diamond staining assessed 

phosphorylation status and densitometry data was normalized to the 5-minute time point 

(Figure 3-3). When regression analysis was performed there was a significant correlation 

between human sequence phosphorylation and time (R2=0.98, P<0.05) whereas both 

zebrafish and goldfish did not show a significant correlation between phosphorylation 

and time.  
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Figure 3-3 PGC-1a peptide phosphorylation shows effects of AMPK recognition site mutations. 

Relative phosphorylation levels of human (☐), goldfish (+), and zebrafish (x) peptide phosphorylation over 
time as measured by Pro Q diamond phosphorylation staining. Kinase activity came from purified human 
AMPK (sigma a1233). Human sequence showed a significant correlation with time (R2=0.98, P<0.05) 
while both goldfish and zebrafish lack a significant correlation (P>0.05) 
 
When multiple PGC-1α sequences were aligned in the phosphorylation region it is 

evident that there are three major changes in the AMPK phosphorylation site of PGC-1α, 

which are well represented by the species chosen in the time course experiment (Figure 

3-4). Humans and closely related species contain the typical AMPK recognition site. The 

next large block contains proline where the human threonine was originally, and the 

threonine is now moved back one residue to the c-terminus, this group contains 
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Figure 3-4 Alignment of PGC-1a AMPK recognition sites between different vertebrate species. 

Arrow is indicating Thr-172 in humans and corresponding residues that align to it. 
 
Carassius auratus (goldfish). The last block containing Danio rerio ( zebrafish) lose the 

phosphorylated threonine residue completely but maintain higher homology to the 

goldfish group than to that of the human block. 
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To evaluate the ability for PGC-1α to transmit activation signals to downstream effectors 

a protein interaction analysis was performed. A GST pull-down of GST- PGC-1α 

(goldfish or rat) and the NRF-1 interaction domain, which is homologous across 

zebrafish and rats, was performed. An immunoblot of the resulting eluted fractions from 

the immobilized PGC-1α was visualized with an immune blot with a poly-histidine tag 

antibody. Both PGC-1α and NRF-1 were tagged with a poly-histidine tag, which allowed 

both to be visualized on the same blot. It is clear that goldfish PGC-1α has lost the ability 

to bind NRF-1 in vitro where, as expected, the rat PGC-1α retained binding ability.  

Figure 3-5 Interaction between goldfish and rat PGC-1α  NRF1 and activation domain and NRF1 
binding domain with NRF1 PGC-1α  binding domain. 

The activation domain and NRF-1 binding domain were used to create a fusion protein, GST-PGC-1α-
6xHis, from both goldfish and rat was expressed in bacterial cells. These lysates were clarified and mixed 
with equal amounts of clarified bacterial lysate from cells expressing truncated NRF-6xhis. GSH-agarose 
(Qiagen) was then used to pull down PGC-1α and samples were taken from the eluted fraction. These 
samples were immunoblotted and detected using an anti-His monoclonal antibody. The PGC-1α is 
approximately 73 kDa and the NRF-1 band is approximately 20 kDa. 
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Chapter 4 

Discussion 

 As basic biochemical research on model systems continues to deepen our 

understanding of the regulatory networks controlling cellular energy production, 

comparative biochemists can use data from model systems to explore the evolutionary 

component of signal transduction pathways. Identifying genetic differences between 

species gives us a good starting point from where to start looking at specific differences 

in the function of transcriptional networks. With the relationship between structure and 

function being a central tenant of biochemical work it is important to look at mutations 

through their implication in the structure function relationship. Consequently looking 

solely at genetic changes is not enough to definitively state the affect a mutation has on a 

pathway, requiring physical interaction studies to be performed. 

 In this study we looked at PGC-1, a homologous gene with mutations leading to a 

possible disruption in function. Sitting at the top of the mitochondrial biogenesis pathway 

(99), PGC-1α has been well studied in mammals for decades. To control mitochondrial 

biogenesis PGC-1α exerts its effects though a number of transcription factors such as 

NRF-1, NRF-2, and the PPARs. The wide reach of PGC-1α to control mitochondrial 

function has given it the moniker of “master regulator” of energy homeostasis. It has only 

been recently, that researchers have looked at PGC-1α in non-vertebrate systems.  
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 To contrast the mammalian model a lower vertebrate model was chosen. Recent 

research has suggested that fish display a different mode of mitochondrial regulation 

when contrasted with mammals. For example in a 2008 study looking at the 

transcriptional response to diet change showed differences from the mammalian response 

(113). In particular where PGC-1α mRNA levels track well with oxidative capacity in 

mammals (116, 117), in the fish model, PGC-1α mRNA was no longer correlated to 

NRF-1 and mitochondrial content, but retained a strong relationship with PPAR transcript 

amounts (113). Further evidence of the ability for mammalian PGC-1α  to up-regulate 

oxidative capacity is seen through over expression studies. Here over expression of PGC-

1α  was able to increase mitochondrial biogenesis (91, 99). With such strong evidence to 

support a PGC-1α-NRF-1 interaction in mammals it was interesting to see the lack of 

interaction in fish. This seemed to indicate a disruption in the PGC-1α-NRF-1 axis in 

goldfishes. 

With the modular structure allowing for domains to evolve, or at the minimum 

function independently of one another, specific functions are more easily gained or lost 

than under a single domain structure. Looking at the evolution of the individuals domains 

it becomes clear that the NRF-1 binding domain has been heavily mutated while the 

activation domain has remained mostly intact (103). Given that NRF-1 is a primary 

transcription factor through which oxidative capacity can be increased it makes sense that 

NRF-1 and oxidative capacity would exhibit a strong correlation.  
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 In this study I have focused on the NRF-1 interaction domain of PGC-1α as this is 

where a large amount of divergence is seen between the mammalian PGC-1α. With a 

clearly defined domain structure, with each domain functioning independently, 

deleterious mutations to PGC-1α function will probably be isolated to the domain in 

which they are contained. In particular there are two glutamine-rich insertions into the 

binding domain for NRF-1 in PGC-1α and different AMPK recognition sequence which 

could affect the ability for PGC-1α to regulate oxidative capacity. Other domains are 

mutated to a lesser extent, some much less. This is seen in the relationship maintained 

between PGC-1α transcript levels and PPAR transcripts in the relatively highly 

conserved activation domain, which contains the PPAR binding site. 

4.1 AMPK activation in cell culture 

As the fuel gauge of the cell, AMPK is responsible for sensing and transmitting 

energy status information to downstream effectors. AMPK accomplishes this by directly 

responding to changes in the levels of AMP in the cell, which are linked to ADP levels 

through the adenylate kinase pathway (10). Adenylate kinase is responsible for 

regenerating ATP from two ADP and in the process produces AMP. Since AMP is the 

primary activator of AMPK, adenylate kinase is a crucial step in the energy sensing 

pathway.  

AMPK is a trimer, with the α-subunit containing the kinase domain and the β and γ 

subunits performing a regulatory role (20-22). In mammalian cells, the primary upstream 
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kinase of AMPK is LKB1 (30, 118). LKB1 is found in complex with two other accessory 

subunits, MO25 and STRAD. MO25 appears to hold the STRAD and LKB1 complexes 

together (30). STRAD is a pseudo-kinase, which is to say that it has a classical kinase 

domain but point mutations in its active site would render it inactive (119). LKB1 is both 

present and required in lower vertebrates for the energy sensing pathway. This was 

demonstrated in zebrafish where the orthologous LKB1 was knocked out. These 

knockouts were lethal upon embryonic development passed the initial yolk depletion 

(120). It is hypothesized that at this point in development LKB1 is required to activate 

AMPK to up-regulate oxidative capacity as the embryo needs to start producing energy 

from sources other than the yolk.  

Given the evidence suggesting an active upstream kinase in the lower vertebrates, we 

wanted to assess whether AMPK was able to phosphorylate homologs of PGC-1α. To 

asses this ability we used peptides generated from published DNA sequences. Given the 

probable loss of interaction between PGC-1α and NRF-1 and the mutated 

phosphorylation site we were hesitant to assume that the ability of AMPK to 

phosphorylate PGC-1α in lower vertebrates remained intact; even though evidence from 

the knockout study suggests an LKB1 dependent energy responsive pathway.  

We also wanted to assess the AMPK-PGC-1α-NRF-1 axis in cultured cells, using 

AICAR as an exogenous activator. Upon the binding of AMP, or in this case an AMP 

analogue, the kinase exposes Thr-172 on the α-subunit, which can then be 
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phosphorylated. We used this step to assess the ability for AICAR to activate AMPK in 

cell culture. This phosphorylation activates AMPK so that it can phosphorylate 

downstream targets and induce a transcription response which we measured using 

quantitative real-time PCR. 

4.1.1 AMPK activation and response to AICAR 

When cells were treated with AICAR, we expected an increase in phosphorylation of 

AMPK (reflecting an activation of the enzyme) and a change in mRNA of genes that are 

direct or indirect targets of an AMPK cascade.  

To assess activation, we used an immunoblot to measure Thr-172 phosphorylation in 

zebrafish-cultured cells (ZEB2J). Phosphorylation increased with duration of the 

treatment (R2=0.95, P<0.05). A sizable response was seen at all AICAR concentrations, 

and the strength of the response generally increased with concentration. Thus, AICAR 

induced phosphorylation (and presumably activation) of AMPK is both dose- and time-

dependent in ZEB2J cells, indicative that upstream of AMPK there is the correct 

molecular machinery required for AMPK activation. 

 As we see a significant phosphorylation response to AICAR in ZEB2J this 

mechanism of activation must remain active in zebrafish. For AMPK to be activated by 

AMP it not only requires the binding of AMP to the Bateman domains but both the 

presentation of Thr-172 on the α-subunit of AMPK to an upstream kinase which must 

phosphorylate it. This necessitates that there be a functional interaction between the 
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sensing γ –subunit and the residue presenting α-subunit. It also requires a functional 

upstream kinase for AMPK activation. LKB1, which is the primary activator of AMPK in 

mammals, is found in zebrafish with 82% homology to the human protein. This is 

supported by findings that LKB1 null zebrafish survive gastrulation, unlike their 

mammalian counterparts, but die upon exhausting the yolk as an energy source (120). 

Furthermore, it was shown in the same study that phosphorylation of AMPK in zebrafish 

embryos is completely abolished in the LKB1 knockout. AMPK activation under AICAR 

was also shown in cultured trout myotubules(121). Even though we are not measuring 

AMPK activity directly we are confident that we have achieved activation given the 

changes in transcriptional response seen in the next section. 

4.1.2 Transcriptional responses to AMPK activation 

In addition to looking at AMPK activation in response to AICAR in zebrafish cells, 

we analyzed transcript levels of various down-stream targets of AMPK in the mammalian 

system. Collectively, these results show that AMPK affects many of the genes known to 

be sensitive in mammals, but there is no evidence of a response from a PGC-1α cascade 

of mitochondrial genes. I will break down the results from the cell culture study into two 

major groups, traditionally PGC-1α-NRF-1 dependent regulation and PGC-1α-NRF-1 

independent regulation. 
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4.1.2.1 PGC-1α independent regulation 

The major focus of this study is to look at the role of the AMPK-PGC-1α-NRF-1 

regulatory pathway, it is important to look at what would be expected to be highly 

conserved responses to AMPK outside of this regulatory chain. This will allow us to 

determine whether the whole AMPK signal transduction is different than in the 

mammalian model or whether it is just the signals going through PGC-1α and NRF-1. 

The PGC-1α independent transcriptional response also gives us evidence that there is in 

fact a transcriptional response to AICAR treatment, thus serving as a positive control as 

well.  

Under the control of AMPK are a variety of genes responsible for anabolic cell 

processes. One of the best known of these is the mammalian target of rapamycin (mTOR) 

complex, comprised of TOR kinase and regulatory-associated protein of mTOR 

(RAPTOR). AMPK inhibits the complex through RAPTOR and down-regulates protein 

synthesis. The mTOR signaling cascade is central to cell survival and consequently is 

highly conserved across species, orthologs can be found all the way down to yeast (122).  

One of the strongest responses to AICAR treatment in zebrafish cells was mTOR, 

where there is a significant decrease in mRNA. The reduction of mTOR transcripts upon 

AICAR activation is very well conserved among mammals, and has been documented 

numerous times (123). This implies that like the mammalian model zebrafish also see a 

decrease in mTOR transcription upon AICAR activation. 
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The other non- PGC-1α target used in this study is HK2. Increases in transcription of 

HK2 are well documented upon AICAR treatment in mammalian cells (124, 125). Here 

however, we see a significant decrease over all time points. HK2 is regulated 

independently of PGC-1α in mammals (126). The discrepancy between what the 

zebrafish does in response to AICAR and what the traditional mammalian model does 

seem to suggest a novel regulatory system. Since our comparison is to treated versus non-

treated cells we can none the less say that the AICAR treatment had an effect on the cells 

transcriptional response. HK2 is a major regulatory element in the glycolysis pathway, 

interestingly though zebra fish lack glucose transporter 4 which is also another major 

point of glycolysis regulation in mammals. It might be that hexokinase is differentially 

expressed to compensate for the lack of control at the transporter level.    

4.1.2.2 PGC-1α dependent regulation 

Since mTOR and HK2 both showed significant changes to AICAR we can safely 

suggest that AICAR treatment did affect a transcriptional response. PGC-1α in response 

to AICAR should increase if the mammalian model were to be universally correct (36). 

However given that PGC-1α mRNA transcripts decreased significantly after 16 hours of 

AICAR treatment, it appears that zebrafish have a different response to AICAR treatment 

than mammals. This is contrary to a trout study that found an increase in HK transcription 

as well as PGC-1 transcription under AICAR treatment (250 µM) (121). It is possible 

that under the relatively low concentrations used in this experiment compared to our own 
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caused the transcriptional response to reverse itself. More likely is that there is significant 

divergence of zebrafish from trout. In the trout study a lot of attention was paid to GLUT-

4 levels, where zebrafish don’t contain this gene. Consequently it isn’t surprising that a 

different regulation system might exist in such divergent systems. 

PGC-1α is controlled though an autoregulatory loop where more active PGC-1α 

induces its own transcription (37). Combine this with evidence that PGC-1α transcript 

levels decrease upon rapamycin treatment (39) and it becomes apparent that AMPK 

regulation of PGC-1α occurs on a knife’s edge. With phosphorylation of PGC-1α 

required for autoinduction (38) and evidence presented here that in lower vertebrates the 

N-terminal AMPK activation site is either obliterated or nonfunctional it is possible that 

this lack of phosphorylation causes PGC-1α to not respond to AMPK activation directly 

which would explain why there wasn’t an increase in transcription in response to 

activation. 

A study looking at the transcriptional response to rapamycin in mammals might 

explain why there is a decrease in PGC-1α levels. In this study rapamycin treatment was 

shown to cause a decrease in PGC-1α transcript levels (39). This effect was completely 

eliminated upon knocking down the transcription factor yin yang-1 (YY1). YY1 is 

activated by binding both PGC-1α and mTOR. It is most likely then that the 

autoregulatory loop through which PGC-1α is regulated is YY1 dependent and involves 

its activation with mTOR. Like rapamycin, AMPK activation destabilizes the mTOR  
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complex causing a decrease in activity. Consequently it is possible that this down 

regulation of PGC-1α is being caused by mTOR inactivation by AMPK. 

Like YY1, NRF-1 is another key transcription factor in controlling oxidative 

metabolism. NRF-1 is a homodimer that binds a palindromic element within the 

cytochrome c promoter. NRF-1 has also been shown to increase MEF2A promoter 

activity, which is known to increase transcription of COX genes through MEF2A 

transcription that also up-regulates transcription of PGC-1α (127). This provides an 

important mechanistic step in the autoregulatory loop of PGC-1α in mammals.  

Further down the NRF-1 pathway is COX7C, which is one of the nuclear encoded 

subunits in the COX complex. In particular COX7C in mammals is thought to be under 

NRF-1, NRF2 and YY1 control, all of which bind PGC-1α, to change expression levels in 

mammals (128, 129). Interestingly, in fish we found no change in COX7C transcription 

upon activation of AMPK. Furthermore, given the significant decrease in NRF-1, mTOR, 

and PGC-1α mRNA it is likely that COX7C transcription is not under their control. 

4.2 AMPK specificity 

The analysis of zebrafish cells suggests that the AMPK-PGC1 axis important in 

mammals does not function in fish. The explanation for this difference may relate to the 

sequence variation in PGC1 homologues in different vertebrates. Since this experiment 

was done with peptides it is possible that other factors may have affected the results 

outside of strict sequence differences. These include other post-translational 
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modifications that are required for correct AMPK recognition and the co-evolution of 

kinase with target sequence. However given the general trend in the AMPK pathway 

from a PGC-1α centric response to one with out it, the most parsimonious outcome would 

be a loss of AMPK phosphorylation of PGC-1α in lower vertebrates. 

A survey of genomic data suggests that fish lack the homologous Thr-172 resides that 

is so important in mammals. As you move into the lower vertebrates the threonine 

residue traditionally phosphorylated by AMPK seems to move back one residue. A 

proline is found where the threonine used to be. Proline with its α-helix breaking ability 

and unique structural shape is possibly disruptive to successful recognition by AMPK.  

Continuing away from Homo sapiens there is the complete absence of the 

phosphorylation site. All of the fish species without the normally phosphorylated 

threonine also contains the proline addition noted previously suggesting this mutation 

occurred prior to the loss of the phosphorylation site.  

Though fish collectively lack the homologous Thr-172, there are threonine resides in 

the region that could, in principle, be targets for AMPK. When we looked into the 

specificity of AMPK for these sequences we found that the first round of AMPK 

recognition site modification, seen in the group with the additional proline in front of the 

threonine, is sufficient for a lack of recognition by AMPK. Consequently, the loss of the 

phosphorylation site was a not a functional change after the proline addition that 

happened earlier on in the evolutionary lineage. 
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4.3 NRF-1-PGC-1α  interaction 

In addition to an apparent disruption of the AMPK-PGC-1α interaction, there is also 

evidence that the PGC-1α-NRF axis differs between fish and mammals. Recent findings 

have indicated that within fish PGC-1α there is strong conservation of all the functional 

domains except the NRF-1 (as well as MEF2c) binding domains (103). This would lead 

to the uncoupling of the oxidative response from activation domain function. Looking at 

the NRF-1 interaction domain of fish PGC-1α there is a major insertion that may cause 

the loss of function with regard to mitochondrial biogenesis. In the NRF-1 interaction 

domain (a.a 180-403) there was an insertion of between 12 and 31 residues containing 

56-86% serines within different species of fish (103). This loss of interaction can be seen 

in the inability of goldfish PGC-1α to pull down the NRF-1 interaction domain. This is 

supported by mRNA data showing a lower correlation between PGC-1α and NRF-1 

transcripts in fish than other transcription factors that bound in more homologous 

domains to the mammalian PGC-1α (113). 

This interactions found in this study must be qualified with the possibility that there is 

both a false positive for the rat PGC-1α and a false negative for the goldfish PGC-1α 

interaction. Reasons for this could include requisite phosphorylation needed for binding, 

or other post-translational modifications required for a successful interaction. This 

experiment was also conducted in cleared bacterial extract devoid of chaperones that 

might facilitate the interaction or are required for correct folding. There are a myriad of 
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other factors conditions in which the ability of these protein to interact might be affect. 

Consequently, while we failed to see an interaction in this experiment further work must 

be done to look at the validity of this interaction. 

4.4 Implications for the AMPK transcriptional response 

Taken together my results show that in fish there has been an uncoupling of 

mitochondrial biogenesis from the traditional energy-sensing pathway seen in mammals. 

Given the high homology between fish and mammal NRF-1 (91% identity) it is likely 

that NRF-1 maintains its function as a transcription factor. However, its activation by 

PGC-1α is unlikely given an inability of PGC-1α to bind NRF-1. Furthermore, with the 

mutations to the phosphorylation site in NRF-1 domain it is unlikely that information on 

the energy status from AMPK would have been transmitted to the NRF-1. It does seem 

logical that a loss of phosphorylation status in the NRF-1 binding domain also coincided 

with a complete loss in ability to recruit NRF-1 by PGC-1α.  

 Transcriptional data in light of the loss of function of both the ability to sense and 

then transmit the energy status to the oxidative machinery can be told as two stories. 

There is no evolutionary reason to maintain NRF-1 and PGC-1α coregulation, 

transcriptionally, in fish after this loss. Consequently upon AMPK activation, 

phosphorylation of RAPTOR leads to a decrease in PGC-1α mRNA, and independent of 

this PGC-1α NRF-1 transcription decreases through another AMPK response cascade.  
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The other possible explanation of these data is a NRF-1 dependent decrease in PGC-

1α, by upstream down-regulation of NRF-1 by AMPK and then a decreased MEF2A 

response to decrease PGC-1α autoinduction, once again causing no consequence on 

COX7C as it is no longer under NRF-1-PGC-1α control. The mostly likely outcome 

though is a balancing of both of these responses given evidence for both mTOR 

regulation and phosphorylation dependent regulation of PGC-1α. 

If fish have uncoupled activation domain activity from mitochondrial biogenesis in 

response to metabolic stress than what is the most likely control mechanism? A possible 

explanation is the subfunctionalization of mitochondrial biogenesis between PGC-1α and 

PGC-1β. Although both PGC-1α and PGC-1β have similar structures and overlap in 

some responsibilities, differential roles have been identified for each that are independent 

of the other (87, 93, 112). Most likely in response to a non-function NRF-1-PGC-1α axis 

PGC-1β would take up the role of establishing a connection between the two pathways 

(113) but PGC-1α specific activators would no longer be correlated with fatty acid 

metabolism which is supported by gene expression studies in fish (103, 113, 114). This 

suggests that possibly during one of the gene duplication events in fish, a loss of function 

mutation occurred within the PGC-1α.  This became fixed in the genome because PGC-

1β was there to take over the essential responsibilities for NRF-1 control by nuclear 

hormone receptors. 
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4.5 General Discussion 

My results suggest that the AMPK-PGC-1α-NRF-1 pathway is no longer functional 

in fish. There are several ramifications to these results and it also suggests a myriad of 

future avenues of research. I will break my general discussion down into three major 

sections concerned with: possible control mechanisms for oxidative capacity in fish, 

when was AMPK and NRF1 binding acquired (lost), and future directions for this 

project. 

4.5.1 Possible control mechanisms for oxidative capacity in fish 

Given the large insertion and lack of interaction of NRF-1 with goldfish PGC-1α it is 

likely that there is another control pathway that has taken on the former regulatory duties 

of PGC-1α. Since the PGC-1 family has three members (PGC-1α, PGC-1β, PRC) it is 

likely that one of the family members is taking over from PGC-1α in fish.  

Out of the two other family members PGC-1β would seem to be a better fit for the 

role. Looking at the domain structure you can see that PGC-1β still retains the NRF-1 

binding domain required for co-activation. Stronger evidence is provided when looking at 

transcript level correlations. When PGC-1β and NRF-1 level correlations are looked at an 

R2=0.45 is found where an R2=0.27 is seen with PGC-1α (113). Over expression of both 

PGC-1β and PGC-1α in mammals have shown increase in oxidative capacity suggesting 

that both are able to regulate oxidative capacity in the mammalian model (91). When 

examining the domain structure as well we see relatively high levels of homology 
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between the other (AD and RBD) domains of PGC-1α and the mammalian models. 

Likely, this suggest that PGC-1α and to some extent PGC-1β resemble their mammalian 

orthologous and minus large mutations—like the ones seen in gold fish PGC-1α –would 

retain similar capacities. 

 The loss of PGC-1α-NRF-1 interaction might also be explained by 

subfunctionalization of two related genes in fish. Given the obvious difference in 

metabolic requirements for fish and mammals it is not surprising that there might be a 

need to regulate activation binding domain partners differentially in fish than in 

mammals. Losing PGC-1α-NRF-1 binding in PGC-1α would allow PGC-1α to control 

other binding partners, of which there are many, without affecting the oxidative capacity 

of the cell through NRF-1. The other domain in PGC-1α that is highly divergent from the 

mammalian one is the MEF2c binding domain (103). MEF2c is responsible for 

increasing both PGC-1α transcription and is a strong activator of myogenesis, of which 

NRF-1 also plays a role in. The high divergence of these two domain and not the others 

suggest that PGC-1α has lost its ability to affect aerobic capacity and the muscle 

phenotype in a semi concerted manner, furthering support for the role of 

subfunctionalization in fish. 

4.5.2 When was AMPK and NRF1 binding acquired or lost 

My results have shown that the ability for goldfish PGC-1α to be phosphorylated by 

AMPK is abolished. Furthermore, my results suggest that goldfish PGC-1α has also lost 
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the ability to bind NRF-1. Although not necessarily universally true, the proximity of a 

phosphorylation site to the NRF-1 domain might suggest a structural link. With both 

binding ability and phosphorylation status being lost there seems to be a strong 

evolutionary link between these two abilities.  

There are two main ways that this situation may have come about. The first is if both 

NRF-1 binding and PGC-1α phosphorylation were lost in a concerted fashion from an 

ancestral PGC-1α gene containing both a functional phosphorylation site and NRF-1 

binding ability. Conversely, the mammalian PGC-1α gene could have acquired the ability 

to be phosphorylated and then bind NRF-1 from the ancestral PGC-1α. 

4.5.3 Future Directions 

There are several things that given unlimited time I would have liked to complete. The 

first and most natural extension of my work here would to be to determine what part(s) of 

the NRF1 domain mutations have in fact caused a lost of interaction. Repeating my 

interaction assay using different chimeric rat-gold PGC-1α proteins could do this. By 

varying the part of the gene that was rat and which part was goldfish it would be possible 

to determine the exact section of the protein that causes the loss of interaction. This 

would also increase our understanding of the exact region and residues of PGC-1α 

required for NRF-1 binding. Continuing this approach with the AMPK site would allow 

for delineation of the specific residues that are required for AMPK recognition. This 

would again allow for better understanding of what is exactly required for AMPK 
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recognition and phosphorylation. Current knowledge on AMPK binding is limited mostly 

to phosphorylation of the serine residue so research into its threonine specificity would 

greatly deepen our understanding AMPK. Lastly with the protein interaction study an 

exact measure of Km for both AMPK and NRF-1 for PGC-1α would be useful. 

Further outside of the direct extension of my work I would like to perform the same 

interaction study with MEF2c and PGC-1α that I did with NRF-1. Since this domain is 

highly divergent from the mammalian model like the NRF-1 binding domain it would be 

interesting to see if the relationship is still intact. Furthermore, given the similar roles of 

NRF-1 and MEF2c it would add a lot to the physiological implications of PGC-1α 

mutations in fish. 

This project has had a rocky start when you consider the difficulties we have faced, 

however with these challenges behind us there is a lot we can do to build on the results 

found herein. With PGC-1α being degraded in bacteria within an hour of expression it 

has been a challenge to find a purification method that results in a clean product that is 

detectable. The double-tagged expression scheme seems to have solved this problem. The 

interaction assay that we have developed also seems robust and would provide a good 

place to start for any future experiments. In addition to the results presented this project 

presents a clear and robust mechanism for doing PGC-1α interaction studies in fish. This 

is one the great strengths of this current project and should provide for fruitful research in 

the future. 
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