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Abstract 
 

The wood frog, Rana sylvatica, can tolerate high degrees of freeze-tolerance, a stress that 

also requires anoxia, dehydration and hyperglycemia tolerance. Frozen wood frogs show no 

heartbeat, brain activity, muscle movement or breathing, but phenomenally return to normal once 

thawed. Control of enzymatic activity is crucial for regulating metabolism and it is imperative 

for wood frog survival. This thesis investigates the properties of two key enzymes metabolic 

enzymes, glutamate dehydrogenase and glyceraldehyde-3-phosphate dehydrogenase in liver of 

the wood frogs exposed to freezing, dehydration and anoxia. Current data show that changes in 

activity, substrate affinity and stability of the enzymes play a major role in their regulation to 

support the survival of the wood frog during stress, and these regulations are partly controlled by 

post-translational modifications. Therefore, these enzymes undergo regulation at the level of 

posttranslational modification to contribute to the overall readjustment of energy production in 

the wood frog.  
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1.1 Survival strategies and metabolic rate depression  
 

Organisms that live in the wild must deal with unpleasant environmental conditions. Many 

animals have developed numerous coping strategies to survive harsh seasonal changes in their 

environments. For instance, some animals migrate to escape harsh environmental changes 

(Canada geese), while others must endure month-long periods of stress, such as seasonal freezing 

or dehydration during extreme cold or dry seasons. Those animals that can’t escape unforgiving 

conditions developed adaptations to cope with seasonal changes (cold or dry) and drastic 

decreases in resources (food, water or level of oxygen) that allow them to survive for a long 

period of time [1]. To survive under these conditions, many animals transition into a 

hypometabolic state to sustain general metabolic functioning over a long period of time through 

the slow use of endogenous fuels reserves [1].These animals have the ability to lower their 

metabolic rate below the typical resting rate to extend their survival period. This is necessary 

because normal metabolic rate would likely burn through fuel reserves in a short period of time 

which would then make their survival impossible. This mechanism is found throughout the 

animal kingdom including both vertebrates and invertebrates [1,2]. For example, some small 

mammals and reptiles drop their metabolic rate to 1-20% of their resting rate [1]. Similarly, 

hibernating amphibians are capable of decreasing their metabolic rate up to 75% to survive 

hypoxic conditions [3]. Therefore, the ability to transition into a hypometabolic state and reduce 

metabolic rate are essential for stress survival.         

Metabolic rate depression (MRD) requires major behavioural, physiological and 

biochemical changes. The typical behavioural and physiological responses include cessation of 

feeding, digestion, movement, as well as substantial decreases in breathing and slowing of 

cardiac activity [4]. Moreover, other vital organs like kidney display reduced filtration and the 
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brain can undergo alternation in neurological organization [4]. It is believed that at least half of 

the energy savings are due to major alternations in cellular biochemistry [4]. The biochemical 

changes are established by reaching a balance between ATP-consuming and ATP-producing 

processes. This is accomplished by reduction in the activity of cellular processes, but the 

reductions are not the same throughout all tissues and they are dependent on the animals and 

corresponding stress that they encounter. Protein synthesis is an energy expensive process which 

was found to be suppressed to a varying degree in ground squirrel organs during torpor [5,6]. 

However, in the brown adipose tissue protein synthesis stays fully functional throughout torpor 

but it is strongly supressed in the brain and kidney [5,6]. Although the majority of metabolic 

processes are shutdown during hypometabolic state, some processes need to be enhanced to aid 

the survival of the organisms. For example, cellular protection (antioxidant, anti-apoptotic and 

chaperone proteins) in the wood frog are enhanced during hypometabolism [7–9]. Another 

example is urea synthesis that is suppressed by 70% during anaerobiosis in freshwater turtles but 

it is significantly increased during land snail estivation [10,11]. These examples indicate that 

MRD is selective and depends on the metabolic adjustments needed by individual species for 

survival during hypometabolism.  

The selective regulation that is needed to enter a hypometabolic state is achieved by 

several mechanisms at the transcriptional level which have been shown to be essential mediators 

of MRD [4]. During hypometabolic states, certain transcription factors are differentially 

modified which alters gene expression. Additionally, the control of MRD also happens post-

transcriptionally by the action of microRNA [12–16] that have the ability to target mature 

mRNA transcripts for either degradation or silencing [17,18]. These microRNAs can act quickly 

and provide an inexpensive method of suppressing costly protein synthesis while providing the 
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possibility of storing mRNA in stress granules until conditions improve [19,20]. Moreover, at the 

post-translational level, proteins/enzymes are regulated through modification. One method 

known for regulating proteins is post translational modifications (PTMs) such as 

phosphorylation, acetylation, nitrosylation, methylation, ADP ribosylation and many other more. 

These PTMs are energetically inexpensive compared to protein synthesis and degradation and 

can be easily reversed by appropriate kinases or phosphatases, making this a useful mode of 

metabolic regulation under rapidly changing conditions that often accompany MRD [21–25].   

1.2 The wood frog, Rana sylvatica, as a model for adaptation to extreme environments 
 

The wood frog, Rana sylvatica, is not only one of the most well-studied freeze-tolerant 

vertebrates, but also demonstrates a robust ability to endure dehydration, anoxia and 

hyperglycemia [26]. They are widely distributed across the boreal forests of North America 

ranging from northern Georgia to Alaska [27]. They spend the winter months frozen under leaf 

litter, and although air temperature can reach -30 °C, the temperature under leaf cover rarely 

drops below -5 °C [27]. Wood frogs begin to freeze at high sub-zero temperatures (-0.5 °C) that 

gives them enough time to initiate freeze tolerance strategies. Ice nucleation typically initiated 

upon epithelial contact with environmental ice [28,29]. This facilitation of ice nucleation is 

guided by ice nucleators such as bacteria on the skin or gut or by the production of ice nucleating 

proteins (INPs) [28,29]. The action of these INPs helps ice formation to occur at a slow rate and 

thereby avoid extensive supercooling [28,29]. It has been shown that wood frog blood plasma 

contains ice nucleating proteins which upon activation mediate the formation of ice crystals 

within the vasculature [30]. Due to the permeable skin of the wood frogs, ice formed on the skin 

surface allow it to penetrate through the internal body fluids and initiate an internal ice 

nucleation cascade [31,32]. Wood frogs confine ice growth within the extra-organ space, such as 



5 
 

the abdominal cavity, bladder, and/or between skeletal muscle and the skin in order to limit 

cellular damage to capillaries and tissues [33]. The wood frog freezes up to 65-70% of its total 

body water as extracellular ice causing a reduction in cell volume and ultimately cellular 

dehydration [26,31,34]. Previous experimental studies have shown that it takes 12-24 h for the 

wood frog to achieve maximum ice content of 60-70% [31]. In addition, all physiological 

activities such as breathing, muscle movement, cardiac and neurological functions cease [26]. 

The freezing of blood plasma interrupts oxygen delivery to organs which results in anoxic 

conditions throughout the body.  

Wood frogs also show well-developed dehydration tolerance (an ability to endure the loss 

of approximately 60% of total body water) and anoxia resistance (at least 48 h exposure to N2 

gas at 5 °C) independent of freezing [26,35,36]. Indeed, pre-existing abilities to deal with low 

oxygen or wide variation in body water content, likely supported the development of freeze 

tolerance in selected northern frog species. Therefore, the wood frogs have developed multiple 

adaptive mechanisms to effectively combat freezing, cellular dehydration and anoxia. One 

beneficial mechanism added by wood frogs to support freezing tolerance is the accumulation of 

high amounts of glucose to be used as a cryoprotectant. Glucose act as a cryoprotectant by 

retaining enough water inside the cell and also by aiding in stabilization of macromolecules [37]. 

During the late summer and autumn, the wood frog accumulates extensive level of glycogen 

(~180 mg/g wet weight) in the liver [31,38]. Upon ice nucleation (within the first 2-5 minutes), 

the liver starts to mobilize large quantities of glycogen (via glycogenolysis) to form glucose 

which is then exported via the blood to other organs [39]. Glucose levels in the frozen wood 

frogs can increase to 250-300 mM from a normal concentration of around ~5 mM [34,40]. 

Glucose production in the liver is maintained during the freezing period and continues until the 
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beginning of the thawing period [34]. Similarly, glycogenolysis was activated to produce glucose 

in dehydrated wood frogs [36]. This was proven by the increase in liver glucose-6-phosphate 

(G6P) and glucose in frogs that only lost 10% of total body water [36]. The importance of 

glucose as a cryo- or osmo-protectant in wood frogs has been well understood, however, more 

recent research has begun to elucidate the relevance of urea in the wood frog for survival 

purposes [25,41–43]. In general, amphibians are prone to water loss due to the highly permeable 

nature of their skin and many species are thought to use urea as an osmoprotectant during 

dehydration [42]. The accumulation of urea is one of the strategies to prevent excessive water 

loss. For example, Rana sylvatica, can accumulate up to 90 mM urea under dry conditions or 

freezing [41]. Urea has been demonstrated to function as both an osmo-protectant and 

cryoprotectant in wood frogs. Urea functions as cryoprotectant has been shown on several level 

where it significantly reduce damage to organs such as heart and muscle during freezing [42]. A 

previous study demonstrated that a 48 h freezing of wood frogs from Ohio led to a 40% increase 

in liver urea level compared to a control from the same population whereas Alaskan wood frogs 

displayed an 80% increase in urea compared to the unfrozen liver group [44]. This suggest that 

urea may play a role in the wood frog freeze survival since the Alaskan population are known to 

be resistant to lower temperatures than the Ohioan population. Therefore, glucose and urea both 

play critical roles in aiding the wood frog survival during the winter season.  

The accumulation of glucose and urea are only found in wood frogs under freezing and 

dehydration however, there is no known accumulation of cryoprotective agents in wood frogs 

under anoxia treatment only [26]. Under anoxia conditions, the wood frog need to transition from 

oxidative phosphorylation to anaerobic glycolysis as a source of ATP. This transition is also seen 

in the wood frogs during freezing due to oxygen deprivation and during dehydration when water 
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loss reaches a high level that impairs blood circulation. Under normoxic conditions, the 

catabolism of glucose via glycolysis + the tricarboxylic acid cycle can produce up to 38 moles of 

ATP per one mole of glucose whereas during anoxic conditions, breakdown of glucose to lactate 

and H+ yield only 2 moles of ATP for each mole of glucose [45]. This means that the amount of 

ATP produced anaerobically is far less than the amount of ATP produced under aerobic 

conditions. As a consequence, many species have developed metabolic rate depression to sustain 

life until conditions are better. This is accomplished through switching into a hypometabolic 

state during the period of stress which is globally coordinated. MRD has been well studied in the 

wood frog. However, metabolic rates during dehydration and anoxia have not been measured in 

wood frogs but studies in other organisms that undergo these stresses showed suppression of 

overall metabolic rates [1]. A previous study on isolated mitochondria from the skeletal muscle 

of the frog, Rana temporaria, under hypoxia revealed a reduction in metabolic rate as oxygen 

levels were limited. In another example, the spadefoot toad that employs aestivation as a survival 

strategy to withstand extended periods of dry conditions was documented to lower its metabolic 

rate to just 20%-30% of its normal resting rate [46]. Other anoxia-tolerant vertebrates, such as 

freshwater turtles can reduce overall metabolic rate to just 10%-20% of the normal aerobic level 

[1,47]. These examples support the suppression of metabolic rate in the wood frog in response to 

dehydration and anoxia.  

MRD is centrally controlled and coordinated by mechanisms that help to reduce most 

ATP-expensive or harmful cellular processes while maintaining the limited energy available only 

for pro-survival pathways [7–9,35,48,49]. This is accomplished at various cellular levels 

including: transcription (epigenetic modification such as changes in histone phosphorylation, 

acetylation & methylation, DNA methylation & acetylation, etc.), post-transcription (microRNA 
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and stress granules), and post-translational (post-translational modifications such as reversible 

protein phosphorylation, acetylation & methylation, etc.) [15,26,50]. Some of the important pro-

survival pathways are processes that are needed for cellular protections such as dealing with the 

production of reactive oxygen species (ROS). Given that the ETC is reduced during anoxia, it 

becomes more susceptible to producing large quantities of ROS upon re-oxygenation which can 

cause serious damage to cells. Therefore, the wood frog selectively modulates the level and 

activities of specific antioxidant enzymes. For example, wood frogs showed up-regulation of 

superoxide dismutase, catalase, glutathione S-transferase, glutathione reductase and total Se-

dependent glutathione peroxidase in most of the tissues in response to anoxia [31,51]. There are 

many energy intensive cellular pathways such as gene expression or protein synthesis which 

require a great amount of ATP to power DNA replication, or the cell cycle [9]. Therefore, 

transcription and subsequent translation are suppressed during hypometabolic states [50]. One 

important mechanism used as an inhibitory control during MRD is reversible protein 

phosphorylation of targets involved in energetically demanding processes in the wood frogs 

[23,25]. It has been shown that metabolic enzymes are heavily regulated to balance suppression 

of all aspects of metabolism in the wood frog. For example, many glycolytic enzymes in the 

wood frog undergo reversible protein phosphorylation [22,26,52]. Taken all together, the wood 

frog provides a tight regulation of energy utilization through the modification of enzymes.  

1.3 Post-translation modification  
 

The readjustment of energy demand is one of the key strategies employed to support 

long-term stress survival in a hypometabolic state. This requires tight control over metabolic 

pathways which is often accomplished by altering PTMs in response to stress. Covalent 

modification can alter the degree of activity and/or the conformation of its target depending on 
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which group is added and to which amino acid residue [53]. The significance of PTMs as a 

regulatory mechanism lies in the fact that they can often be reversibly added or removed and 

doing so is less energetically costly than the synthesis of proteins [53]. Therefore, controlling 

enzyme function by PTMs are an attractive option to modulate their activity and metabolic 

processes during a hypometabolic state [54].  

Protein phosphorylation is the most commonly reported modification in regulating 

enzymatic activity. The addition of phosphate groups to a protein is accomplished by enzymes 

called protein kinases whereas phosphate groups are removed by protein phosphatases. Protein 

phosphorylation constitutes a potent effector in stress-responsive regulation of metabolic 

enzymes [23]. Several studies have highlighted the importance of reversible phosphorylation in 

animals that undergo hypometabolic state such as estivation, hibernation and anoxia [24,55–58]. 

Recently, other PTMs have been discovered that may act independently or in conjugation with 

phosphorylation [59]. For example, protein acetylation has been recently been demonstrated to 

be a common modification in enzymes and plays an important role in regulating metabolism 

[60,61]. Protein acetylation has been found for most enzymes of glycolysis and gluconeogenesis, 

in the TCA cycle through the activation of malate dehydrogenase, in the urea cycle via the 

inhibition of argininosuccinate lyase, glycogen metabolism and fatty acid metabolism in human 

liver tissue with the acetylation status depending on the concentration of the metabolic fuels [62]. 

Glycogen phosphorylase was revealed to be acetylated on Lys470 which enhances its interaction 

with the protein phosphatase 1 targeting subunit to favour glycogen phosphorylase 

dephosphorylation and inactivation [63]. Studies from our lab have highlighted the role of PTMs 

in regulating enzymatic activity during undesirable conditions. Lactate dehydrogenase (LDH) 

from red-eared slider displayed modification of the acetylation state of LDH with corresponding 
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changes in enzyme properties [64]. Another study showed that glutamate dehydrogenase (GDH) 

may be regulated by acetylation and ADP-ribosylation in the freeze tolerant wood frog. That 

study showed a decrease in Km for substrates in both directions of the reaction concurrent with a 

reduction in GDH acetylation and ADP-ribosylation suggesting that GDH is more active during 

freezing in order to facilitate the production of urea [65]. These examples imply the importance 

of PTMs in modifying enzymes to suit physiological needs of the animals.  

PTMs have been found to play a critical role in helping to regulate the metabolic 

pathways of the wood frog. For example, in response to dehydration a reduction in acetylation of 

LDH was seen that agreed with the altered kinetic parameters of the enzyme [23]. Studies of the 

regulation of glycogen metabolism in wood frogs also  demonstrated that glycogen synthase 

kinase 3 (GSK3) is strongly regulated by phosphorylation in multiple tissues leading to glycogen 

synthase being phosphorylated and inactivated and thus reducing the level of glycogen synthesis 

and facilitating the breakdown of glycogen by glycogen synthase in order to accelerate the 

production of the cryoprotectant glucose [31,66]. Results from a recent phosphoproteomic study 

on wood frog liver in response to freezing, dehydration or anoxia  showed differential 

phosphorylation patterns in glycolytic, glycogenolysis and urea cycle enzymes [25]. This study 

revealed the importance of reversible protein phosphorylation in regulating key metabolic 

enzymes in the wood frog. Additionally, antioxidant enzymes in the wood frog (superoxide 

dismutase, glutathione reductase and catalase) have been also shown to be regulated by 

reversible protein phosphorylation to overcome oxidative stress encountered over freeze-thaw 

cycles [67,68]. Protein kinase C (PKC) is known to be involved in targeting other proteins for 

phosphorylation at serine and threonine residues and it was shown to be less phosphorylated (less 

active) in the liver and kidney of wood frogs in response to full body freezing [69]. This suggests 
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that reversible protein phosphorylation may act as a general regulatory response for making 

modification to enzymes or pathways during freezing. Taken together, PTMs, particularly 

reversible protein phosphorylation may serve as a common regulatory response for controlling 

metabolic and pathways in the wood frog. Therefore, alterations in PTMs are key players in 

contributing to the changes needed for entry into MRD in wood frogs upon encountering a stress.  

1.4 Metabolic pathway   

Tight control of metabolic rate is coordinated with a specific subset of regulatory 

enzymes whose activity is modulated to control cellular processes [31]. Thus, it is unsurprising 

that MRD strategies are regulated by key metabolic enzymes in response to harsh environmental 

conditions. Previous studies have shown that glycolysis in wood frogs is controlled through the 

regulation of key glycolytic enzymes [36,70–72]. The wood frog produces a huge quantity of 

glucose that is needed to serve as a cryoprotectant in cells, and therefore, wood frogs need to 

suppress the activity of key glycolytic enzymes to prevent the use of cryoprotectant glucose as a 

source of fuel [72]. Hexokinase (HK) is the first main control point in glycolysis and catalyzes 

the first reaction of this pathway. This enzyme was found to be modified (reversible protein 

phosphorylation) in the wood frog during freezing in order to help conserve a high level of 

cryoprotectant glucose and to reduce the consumption of glucose [22]. Phosphofructokinase 

(PFK) is another key regulatory enzyme of glycolysis that converts fructose-6-phosphate (F6P) 

to fructose 1,6-bisphosphate. This enzyme has also been shown to be highly regulated in wood 

frogs. It was reported that level of F6P and glucose-6-phosphate (G6P) significantly increased in 

the liver of the wood frog [70]. Additionally, levels of fructose-2,6-bisphosphate (F2,6P2) a 

potent activator of PFK were significantly decreased during freezing in wood frog liver [73,74]. 

These results suggest an inhibitory block of glycolysis at the PFK step during freezing of wood 



12 
 

frogs. Similarly, glycolysis was also reported to be inhibited at the PFK locus in wood frogs in 

response to dehydration [36]. The regulation of PFK has also been seen in other species that 

experience extreme environmental conditions. For example, PFK in the anoxia tolerant snail 

Littorina littorea was found to be less active and displayed lower substrate affinity under anoxia 

conditions which was consistent with regulation through reversible protein phosphorylation [75]. 

Moreover, PFK enzymatic activity was also reduced in hepatopancreas of another snail, Otala 

lactea, in response to anoxia [76]. Generally, it was reported that levels of F2,6P2 decreased in 

response to anoxia/ischemia in different animals in the liver, demonstrating strong glycolytic 

control, during oxygen deprivation [77,78]. The third main control point of glycolysis is pyruvate 

kinase (PK) that catalyze the last step in glycolysis. PK was shown to decrease in enzymatic 

activity due to increases in total serine phosphorylation during freezing [71]. The regulation of 

PK through phosphorylation was suggested to contribute to energy conservation and overall 

MRD as well, maintaining cryoprotectant levels during freezing [71]. Suppression of PK was 

also seen in other animals that that experience harsh environmental conditions such as Littorina 

littorea, spadefoot toads and marine oysters [79–81]. This suggests that PK is a regulatory target 

in animals that undergo MRD and its inactivation supports the overall MRD. Taken all together, 

glycolysis is highly regulated pathway during hypometabolism.    

Lately, the role of urea had gained a lot of attention in wood frog responding to freezing 

or dehydration. It has been noted that urea plays a role as an osmoprotectant and cryoprotectant 

along with glucose to help reduce freezing and/ or dehydration stress as well as to protect cells 

from freeze/thaw injury. Therefore, the urea cycle is likely to be highly regulated in order to 

facilitate urea production in wood frog liver to aid its survival. Carbamoyl phosphate synthetase I 

(CPSI) is a rate limiting step of urea synthesis that mediate the entrance of nitrogen in the form 
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of free ammonia into organic compounds. A previous study showed that purified liver CPS1 

from frozen wood frogs had increased affinity for ATP and a lower Ka for N-acetylglutamate 

(NAG; an allosteric activator of CPSI) when exposed to 400 mM glucose, a physiological level 

in frozen frogs [82]. These results suggested that CPSI activity increases in response to freezing 

in order to produce urea even as ATP levels decrease in the liver of frozen frogs [34]. 

Additionally, it has been noted that the wood frog can maintain levels of CPSI activity during 

freezing regardless of a reduction in overall metabolic rate [83]. Another study from our lab 

showed that ornithine transcarbamylase (OTC) had increased phosphorylation on serine residues 

and increased affinity for ornithine in response to freezing [84]. This study suggested that OTC 

could be regulated through phosphorylation to increase the affinity for ornithine in order to 

encourage flux through the urea cycle and reduce the access of ornithine to competitive pathways 

[84]. The African clawed frog, Xenopus laevis, displayed an increase in activity of multiple urea 

cycle related enzymes including argininosuccinate lyase, CPSI and OTC in response to elevated 

salinity [85]. These studies indicate the importance of regulating urea cycle enzymes in the wood 

frogs in order to mediate urea production to serve as a cryoprotectant or osmoprotectant.  

Altogether, the above studies demonstrated the strict control over selected metabolic 

enzymes in response to stress in efforts to meet metabolic demand and contribute to the 

reorganization of metabolism. The current research focuses on two key enzymes, glutamate 

dehydrogenase (GDH) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), both of 

which play pivotal roles in regulating core metabolic processes. Therefore, the aim of this project 

to determine whether or not GDH and GAPDH are regulated in response to environmental stress 

and if they contribute to the overall suppression of metabolic rate.  
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1.5 Objective  

The wood frog is an excellent model for studying MRD and adaptations to extreme 

environmental conditions since it can survive multiple stresses that are deadly to most animals 

including, winter freezing, dehydration and anoxia. The wood frog demonstrates remarkable 

adaptations to cope with these stresses including production of cryoprotectants (glucose and 

urea) and suppression of metabolic rate to survive when tissues are oxygen starved. The wood 

frog must undergo metabolic rate depression to ensure that stored carbohydrate supplies are 

sufficient for the animal to survive during bouts of freezing. This is mediated through the 

coordinated regulation of metabolic pathways and their enzymes often through the action of 

altered PTMs. This thesis seeks to understand metabolic regulation in the liver of the wood frog 

in response to extreme environmental stresses with regard to the functions of key enzymes 

associated with carbohydrate and nitrogen metabolism: GAPDH and GDH. Wood frog liver 

GAPDH and GDH are characterized kinetically, structurally and post-translationally in response 

to freezing, dehydration and anoxia stresses in order to fully to understand their role in energy 

metabolism.  

1.6 Hypotheses and Prediction  

Based on the importance of regulating central metabolism in the wood frog during 

hypometabolic states the following hypotheses are proposed about the regulation of GDH and 

GAPDH in the liver of the wood frog, 

Chapter 1: Glutamate dehydrogenase. 

I hypothesized that the activity of GDH in the glutamate-oxidizing direction is enhanced to 

provide another source of energy other than glycolysis as well as providing the ammonium 



15 
 

needed to contribute to the production of urea (a key molecule for maintaining osmotic balance 

in amphibian dehydration) during dehydration exposure in the wood frog. Due to the overall 

suppression of oxygen-based metabolism, I hypothesize that liver GDH is suppressed in the 

glutamate-oxidizing direction during anoxia in the wood frog. Finally, I hypothesize that PTMs 

are involved in the regulation of GDH in response to anoxia and dehydration.  

Chapter 2: Glyceraldehyde-3-phosphate dehydrogenase 

This chapter investigates the regulation of GAPDH in the liver of the wood frog in response to 

freezing, dehydration and anoxia treatment. Given that glycolysis is inhibited at the PFK level in 

liver of the wood frog in response to freezing and dehydration, I hypothesize that liver GAPDH 

is also suppressed in the liver of the wood frog during freeze and dehydration exposure in order 

to enhance and support the overall decrease in glycolysis. In addition, glycolysis was also 

inhibited at the PFK level in liver of anoxia-tolerant animals leading to hypothesize that liver 

GAPDH from anoxic wood frogs is also actively suppressed. In order to achieve the regulations 

predicted above, I hypothesize that PTMs would play a part in GAPDH regulation during 

freezing, dehydration and anoxia.   
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Abstract  
 

Glutamate dehydrogenase (GDH) plays a crucial role in metabolism by linking amino 

acid and carbohydrate metabolism in cells and mediating the production of ammonium ion for 

urea biosynthesis. The present study analyzed the regulation of GDH from liver of wood frogs, 

Rana sylvatica, a species that employs freeze tolerance as a winter survival strategy. During 

freezing, wood frogs experience cellular dehydration due to water withdrawn into extracellular 

ice formation, as well as anoxia due to interruption in blood flow. GDH was purified from 

control (5°C), 40% dehydrated, and 24 h anoxia-exposed male wood frogs. Purification involved 

a two-step column chromatography procedure using a Cibacron blue affinity column and a GTP-

agarose affinity column. Analysis of kinetic properties revealed significant stress-responsive 

changes in Km values for glutamate and NAD+, alpha-ketoglutaric acid and ammonium ion, Vmax 

values, Ka values for ADP (a GDH activator), and inhibition by urea between control and 

stressed conditions. Thermal denaturation of GDH was assessed by differential scanning 

fluorimetry and revealed that GDH from dehydrated frogs was significantly less stable than 

controls. However, the effect of additives such as urea significantly stabilized the enzyme in that 

condition. Immunoblot analysis of posttranslational modifications to GDH showed differential 

modifications of liver GDH in response to dehydration (serine phosphorylation, acetylation and 

ADP-ribosylation) and anoxia (serine phosphorylation) that could adapt enzyme responses under 

these diverse stresses. These results indicate that GDH plays a key role in energy metabolism to 

aid the survival of wood frogs under stress.    

Key words: Glutamate dehydrogenase, carbohydrate metabolism, Rana sylvatica, 

posttranslational modifications, Dehydration, Anoxia     
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2.1. Introduction  
 

Many animals must find a way to survive harsh conditions like major changes in 

environmental parameters (temperature or salinity) or drastic decrease in resources available 

(food, water, and sufficient amount of oxygen). To survive under these conditions, animals have 

developed a range of physiological and biochemical adaptations. For example, the wood frogs 

employ freeze tolerance as a survival strategy to withstand harsh winter conditions [1,2]. Freeze 

tolerance is an extreme winter survival strategy that has been extensively investigated in multiple 

species including insects, nematodes, some molluscs, reptiles (turtles & snakes) and amphibians 

(frogs & salamanders) [1]. One of the most beneficial adaptations that aid freeze tolerant animals 

is metabolic rate depression (MRD), a strategy that lowers cell ATP demand by reducing the 

activity of most ATP-expensive or harmful cellular processes (cell cycle, proliferation, 

apoptosis,) and allocating limited fuel/energy supplies only for pro-survival pathways [3–5]. 

Such processes include antioxidant defenses, anti-apoptosis, and chaperone proteins [1,2,4,6].  

The best-studied freeze-tolerant amphibian is the North American wood frog, Rana 

sylvatica. These frogs display one of the highest freeze tolerance capacities in the animal 

kingdom by enduring the freezing of 65-70% of their total body water as extracellular and extra-

organ ice masses [1,7,8]. Freezing  is associated with the reduction of various vital physiological 

functions such as breathing, heartbeat, muscle movement and brain activity [1,7]. As one 

consequence of freezing, the cells of wood frogs also need to cope with severe dehydration due 

to the loss of water from cells, and prolonged  periods of anoxia due to the freezing of blood 

plasma which would interrupt oxygen delivery to organs [1,2,9,10]. Indeed, in the absence of 

freezing, wood frogs can endure dehydration up to ~60% of total body water lost, and survive 

anoxia exposures of at least 48H under a N2 gas atmosphere at 5 °C [1,10]. Freezing and 
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dehydration also impose mechanical challenges to cell membrane that could lead to membrane 

rupture or breakdown of the lipid bilayer. As such, wood frogs have developed several 

adaptations to deal with these challenges, including the production of high amounts of glucose to 

be used as a protectant during freezing or dehydration [1,11–13]. For example, liver glucose 

content increases 3.8-fold in response to dehydration, and blood glucose levels can rise from 5 

mM to 300 mM in response to freezing [1,9]. In addition, urea has been experimentally shown to 

be an important metabolite that contributes to cryoprotection in Rana sylvatica to help protect 

cells from freeze/thaw or dehydration injury [13–18]. Anoxic exposure is not environmentally 

relevant to the wood frogs, but since its one of the stressors that is associated with freezing, it is 

important to investigated whether wood frogs also regulate their metabolism under anoxia in a 

similar manner as during dehydration or freezing. Anoxic frogs do not experience interruption of 

blood flow show no significant accumulation of cryoprotective agents [1]. As cells become 

anoxic, they switch from aerobic metabolism via the tricarboxylic acid cycle (TCA) and the 

electron transport chain (ETC) to anaerobic metabolism with a heavy reliance on anaerobic 

glycolysis [1]. Under these conditions, ATP production decreases, thereby forcing cells to enter a 

hypometabolic state [1]. Therefore, suppression of energy expensive processes while prioritizing 

available ATP for pro- survival processes is necessary for enduring long periods of anoxia.     

Glutamate dehydrogenase (GDH; E.C. 1.4.1.3) is a key enzyme that contributes to 

multiple metabolic processes. It is present in the mitochondrial matrix that and catalyzes the 

reversible conversion of L-glutamate to -ketoglutaric acid (-KG) and ammonium ion while 

reducing NAD+ or NADP+ [19]. In the oxidative deamination direction (denoted as the forward 

reaction), GDH is the entry point for carbon skeletons derived from the catabolism of from the 

various amino acids (glutamate, glutamine, arginine, histidine and proline) into the Krebs cycle, 
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contributing into the increase in energy production and the generation of mitochondrial 

ammonium ions needed for the synthesis of urea through the urea cycle [20]. In the opposite 

direction, GDH produces L-glutamate, that is subsequently a key substrate for transamination 

reactions to synthesize other amino acids [20]. Thus, the role of GDH in many cellular processes 

indicates the need for its strict regulation. It is well known that GDH is regulated by multiple 

allosteric modifiers including nucleotides (ATP, ADP, AMP, GTP), where ADP is an allosteric 

activator and ATP/GTP act as inhibitors to reduce the flux into the Krebs cycle [21–23]. 

Posttranslational modification (PTM) represents an energy inexpensive mechanism by which 

enzymes can be regulated based on environmental conditions. This enzyme modification  

controls their form and function in the presence of denaturants or other stressors and modulates 

their substrate binding capacity under such conditions [24]. GDH has shown to be modified by 

posttranslational modifications in multiple different organism ranging from bacteria and yeast, to 

snails, turtles, and  ground squirrels, among others  [25–29]. It was recently shown that GDH can 

be regulated by acetylation and ADP-ribosylation in the liver of freeze tolerant wood frogs 

responding to 24 h freeze exposure [30]. Given the importance of GDH in carbohydrate and 

nitrogen metabolism as well as in amino acid catabolism, this raised our interest to see how this 

multifunctional enzyme is regulated in response to anoxia and dehydration exposures. 

 A readjustment of energy use is one of the key strategies employed to support the 

survival of the wood frog in response of severe dehydration and anoxia. This led us to investigate 

the regulation of liver GDH, an enzyme that is pivotal to carbohydrate, amino acid and nitrogen 

metabolism. It was hypothesized that GDH from liver of dehydrated frogs may contribute to the 

overall suppression of metabolic rates and to the reorganization energy metabolism to promote 

glutamate oxidization as another substrate for cellular energy metabolism besides glycolysis. In 
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addition, GDH would also provide the ammonium ion needed for the production of urea, which 

is a key osmolyte  aiding cell water retention under dehydrating or freezing conditions [15,17]. 

However, the inhibition of aerobic metabolism (TCA cycle and ETC) under anoxia led us to 

hypothesize that there is a suppression in liver GDH activity in anoxic wood frogs. A previous 

study of GDH from wood frog liver showed a reduction of Km values for substrates in both 

directions as well as a reduction in acetylation and ADP-ribosylation in response to whole body 

freezing [30]. This suggested that GDH in liver of frozen frogs was regulated by acetylation and 

ADP-ribosylation in order to favour glutamate catabolism to support urea synthesis. The present 

study revealed that GDH isolated from liver of control, dehydrated and anoxic wood frogs had 

significantly different properties that were potentially caused by differences in the covalent 

modification of the enzyme, including protein acetylation, ADP-ribosylation and 

phosphorylation.    

2.2. Methods 

2.2.1 Animals and experimental procedures 

Adult male wood frogs were captured from spring breeding ponds in the Ottawa area. 

Prior to experimentation, all frogs were washed in a tetracycline bath and then placed in plastic 

containers lined with a damp sphagnum moss for two weeks at 5 °C to acclimate. The control 

group was randomly selected and sampled from this condition.  

The dehydration exposure experiments were conducted as previously published [9]. 

Briefly, acclimated frogs were individually weighed and then placed in open plastic containers 

on ice (4 frogs per container). Containers were then placed in incubators set at 5°C, where 

animals were allowed to lose body water via evaporation. Frogs were weighed at intervals to 

monitor dehydration. The amount of body water lost was calculated using the following equation 
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(Mi-Md)/(Mi x %H2O), where Mi is the initial mass of the animal, Md is the mass at a given 

weighing and %H2O is the percentage of total body mass of hydrated control frogs that is water 

(80.8 + 1.2%). Experimental dehydration was continued until frogs reached 40% of total body 

water lost when animals were sampled.  

Anoxia exposure experiments followed a previously established protocol [31]. Frogs 

were placed in plastic chambers that were fitted with a single layer of damp paper towel on the 

bottom (previously wetted with water that had been bubbled with 100% N2 gas for ~15 min) in 

order to prevent dehydration. The chambers had two ports in the lid, one allowing nitrogen gas to 

enter and the other one to vent the gas out. The containers were flushed with nitrogen gas for ~20 

min and then frogs (4-5 animals) were quickly added to the jars and lids were closed and sealed 

with parafilm. Nitrogen gas was flushed for another ~30 min and then ports were closed, and 

chambers were placed back in the 5C incubator for 24 h. After this time, containers were 

reconnected to the nitrogen gas lines while held on ice and anoxic frogs were quickly sampled.  

In all cases, frogs were euthanized via pithing and tissues were rapidly dissected, flash 

frozen in liquid nitrogen and transferred to an ultralow freezer for storage. All animal procedures 

had the prior approval of the Carleton University Animal Care Committee (protocol #106935) in 

accordance with guidance set out by the Canadian Council on Animal Care.   

2.2.2 Preparation of Liver Extracts   

Frozen liver samples from control, anoxic or dehydrated conditions were quickly 

weighed and homogenized in 1:5 w:v in ice-cold buffer A (25 mM HEPES buffer pH 7.5, 10 

mM  -mercaptoethanol, 10% v:v glycerol, 25 mM -glycerophosphate (Sigma, Cat. No. 

G9422), 1 mM EDTA (Sigma, Cat. No. 2854), 2 mM EGTA (Sigma, Cat. No. 324626)) and a 

few crystals of phenylmethylsulfonyl fluoride (PMSF) (Bioshop, Cat. No. PMS444). Samples 
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were then centrifuged in an Eppendorf 5810R for 30 min at 13,500 x g at 4°°C. The supernatant 

was removed and held on ice until purification columns were prepared. 

2.2.3 Enzyme Assay  

Standard conditions for the forward reaction of GDH (glutamate-oxidizing direction) 

were 50 mM HEPES buffer at pH 8.0 with 40 mM glutamate and 4 mM NAD+. These conditions 

were experimentally determined to be sufficient to obtain maximal velocity of the enzymatic 

reaction. The reverse reaction (-KG-reducing direction) was assayed using 50 mM HEPES 

buffer at pH 7.2 in the presence of 0.2 mM NADH, 0.8 mM -KG, and 240 mM ammonium 

chloride (NH4Cl). Assays were performed at 22°C. The absorbance of individual wells was read 

every 21 seconds for 40 times at 340 nm using a Thermo Scientific Multiskan Spectrum 

microplate reader. 

2.2.4 Enzyme Purification  

 A Cibacron Blue affinity column was prepared (Bioworld, Cat. No. 20181096-1) and 

equilibrated with 15 mL of buffer A at pH 7.5. Crude extract was loaded onto the column and 

washed with 25 mL buffer A in order to elute any unbound proteins. GDH was then eluted with 

30 mL of linear salt gradient of 0-2 M potassium chloride (KCl) prepared in buffer A. The 

activity of GDH was measured in the glutamate-oxidizing direction and the top 6 fractions 

containing GDH activity were pooled and desalted using an Amicon Ultra-4 centrifugal filter 

10K (Sigma-Aldrich, 10,000 MWCO). The sample was then centrifuged in a Sorvall RC-58 for 

15 min at 8,000 x g at 4°C. The volume was recorded and brought back to its original volume by 

addition of buffer A.  
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 A GTP-agarose affinity column (Sigma Chemical Co.) was prepared and equilibrated by 

running through 15 mL of buffer A at pH 7.5. The enzyme sample was then loaded onto the 

column, followed by a 25 mL wash with buffer A to remove unbound proteins. GDH was eluted 

from the column using 30 mL of a linear salt gradient of 0-2 M KCl prepared in buffer A. The 

top 3 fractions containing GDH activity were collected.  

   Protein concentrations of samples were determined using the Bradford method with the 

BioRad prepared reagent (Cat. No. 50000006) with bovine serum albumin as the protein 

standard. Sample absorbance was read at 595 nm using a BioTek microplate reader.  

2.2.5 Gel electrophoresis and staining  

 GDH purity was assessed via SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis). Enzyme samples were mixed 1:1 v:v with SDS loading buffer (100 mM Tris 

buffer, pH 6.8, 4% w:v SDS, 20% v:v glycerol, 0.2% w:v bromophenol blue, and 10% v:v β -

mercaptoethanol) and were boiled for 5 min before being stored at -20 °C until use. Purified 

GDH samples were loaded onto gels (10% resolving gel, 5% stacking gel) and run at 180V for 

55 min in running buffer (25 mM Tris-base, 250 mM glycine, and 0.1% SDS). A protein 

molecular weight ladder (Froggabio, Cat. No. PM005-0500) and a commercially purified sample 

of bovine liver GDH (Sigma, Cat. No. G2626) were also run on the gel along with the samples. 

Once appropriate separation was reached, gels were stained with Coomassie Brilliant Blue 

(0.25% w:v Coomassie brilliant blue, 7.5% v:v acetic acid, 50% methanol) for 30 min and then 

destained using Coomassie destain solution (10% acetic acid, 15 % methanol). Gels were 

visualized under light and images were captured using the ChemiGenius BioImaging system 

(Syngene, Frederick, MD).   



32 
 

2.2.6 Kinetic parameters 

 The Km values for different substrates were determined by varying the substrate 

concentration while keeping co-substrate concentration(s) constant at optimal levels. Km values 

for forward glutamate, NAD+) and reverse (-KG and NH4
+) directions were determined at 22 

°C. The inhibitor concentration for urea that reduced enzyme activity by 50% (I50 values) were 

determined by increasing urea concentrations under optimal substrate conditions in the forward 

direction at 22 °C. The activator constant (Ka) values for ADP was determined by varying ADP 

concentrations under optimal substrate conditions in the forward direction at 22 °C. The maximal 

rate (Vmax) of GDH is presented as units/mg of soluble purified protein. The Vmax was 

determined in both directions by measuring the activity at optimal substrate concentration as well 

as in the presence of 0.5 mM ADP. The effects of ADP, urea and glucose on enzyme affinity for 

glutamate, NAD+, -KG and NH4
+ were analyzed at a constant concentration of the metabolites 

(0.5 mM ADP, 100 mM urea and 400 mM glucose) while varying substrate concentrations. Data 

were processed using an enzyme kinetic analysis program, Kinetics v.3.5.1 [32].  

2.2.7 Western blots analysis of post-translational modifications  

 In order to assess the putative control of GDH via PTMs, western blot analysis using 

purified GDH was used with antibodies that detected different PTMs. Samples of purified GDH 

were prepared as described for gel electrophoresis and staining. All samples of purified liver 

GDH used for western blots were standardized to a constant protein concentration. The western 

blotting procedure was as described previously [33]. Purified samples were loaded on 10% 

polyacrylamide gels at 180V for 55 min. Following electrophoresis, protein was transferred to 

polyvinylidene fluoride (PVDF) membranes at 160 mA for 90 min using transfer buffer (25 mM 

Tris, pH 8.5, 192 mM glycine and 10% v/v methanol). Membranes were then blocked with 2.5 % 
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non-fat dried milk in Tris-buffered saline containing Tween-20 (TBST: 20 mM Tris base, pH 

7.6, 140 mM NaCl, 0.05 % v/v Tween-20) for 20 min and then washed 3x for 5 min with TBST. 

Membranes were incubated overnight at 4 °C with different primary antibodies. The primary 

antibodies used in this study were anti-rabbit except for phospho-tyrosine which was anti-mouse. 

Antibodies were diluted 1:1,000 (v:v) in TBST and were as follows: anti-phosphorylated 

tyrosine (Cell signaling, # 9441), anti-phosphorylated serine (Abcam, # ab9332), anti-

phosphorylated threonine (Invitrogen, #718200), anti tri-methylated lysine (StressMarq, # SPC-

158), anti nitrosylated cysteine (Abcam, # ab50185), anti- pan acetylated (Santa Cruz 

Biotechnology, # SC-8663), and anti-glutamate dehydrogenase (GeneTex, GTX105765). In 

addition, ADP-ribose binding reagent conjugated to the Fc portion of rabbit IgG (EMD 

Millipore, MABE1016) was used to probe the protein for mono- and poly-ADP ribosylation in 

the same manner as for a primary antibody. 

After incubation, unbound primary antibody was removed and membranes were washed 

3x for 5 min with TBST before being incubated with secondary antibody, either horseradish 

peroxidase conjugated anti-rabbit IgG or anti-mouse IgG (BioShop, diluted 1:8,000 v:v in TBST) 

for 30 min at room temperature with gentle rocking. To remove unbound secondary antibody, 

membranes were washed with TBST for 3 x 5 min. An enhanced chemiluminescence protocol 

was used to visualize PTM signal strength where the luminol and oxidizing reagent (hydrogen 

peroxide) were mixed in 1:1 v:v and the enhanced chemiluminescence (ECL) signal was 

detected via a ChemiGenius Bioimaging system (Syngene, Frederick, MD). Blots were then 

stained with Coomassie blue and GDH bands were reimaged. PTM and GDH immuno-band 

intensities from the enhanced chemiluminescent membranes were then standardized again, the 

Coomassie-stained band intensity of the same membrane being used to correct for any minor 
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discrepancy in sample loading. GeneTools software was used to determine the relative signal 

intensities and data are reported relative to controls which set to 1.  

2.2.8 Differential scanning fluorometry 

 Differential scanning fluorimetry (DSF) is a method used to monitor the thermal 

unfolding of proteins in the presence of a fluorescent dye (SYPRO orange) [34]. The technique 

uses a real-time PCR machine in order to measure the melting point of a protein [35]. Purified 

GDH was mixed with the fluorescent dye resulting in a fluorescence signal when bound to an 

exposed hydrophobic residue of a denatured protein [35]. Changes in fluorescence are monitored 

as the sample is heated at a constant rate from 22 °C to 95 °C. The protocol was followed as 

previously published [36]. Purified GDH (0.06 mg/mL), DSF buffer (100 mM potassium 

phosphate, pH 7.0, 150 mM NaCl) and 40X SYPRO orange dye with a final concentration of 5X 

per well were mixed in a 20 µL final volume in the microplate wells. The plates were sealed and 

placed in a Bio-Rad CFX ConnectTM Real-Time PCR Detection System (Bio-Rad, Cat. No. 

1855201) and SYPRO orange fluorescence was measured at excitation 490 ± 20 nm and 

emission of 625 ± 30 nm wavelengths. The thermal stability of GDH was also examined by the 

addition of 100 mM urea (prepared in DSF buffer) in order to test the effect of urea on enzyme 

thermal stability. The increase in fluorescence was modeled by using Boltzmann distribution 

curve via OriginPro 8.5.  

2.2.9 Data and Statistical Analysis  

 Enzyme activities were analysed using a Microplate Analysis (MPA) program, and 

kinetic parameters were determined using a nonlinear least square regression program, Kinetics 

v.3.5.1, modelled to the Hill equation (h>0) to determine Km and I50 values [32]. Standardization 
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of protein concentrations for western blots was accomplished by quantifying the GDH band from 

the purified protein samples using Coomassie stain on PVDF membrane after transfer from an 

SDS-PAGE gel. The data are expressed as mean ± SEM from independent determinations on 

separate enzyme preparations (n≥4). Graphing and statistical testing used RBioplot with two-

tailed Student’s t-tests accounting for unequal variance (p<0.05) [37]. The difference between 

the Km determined in the presence of either 0.5 mM ADP, 100 mM urea or 400 mM glucose and 

respective standard assay conditions for one of the animal treatments determined by one-way 

ANOVA followed by Dunnett’s post hoc test ( p<0.05), while the difference between the control 

and its corresponding treatment in the stress group were analyzed using a two-tailed Student’s t-

tests accounting for unequal variance (p<0.05) [37].  

2.3. Results  

2.3.1 Enzyme purification  

 GDH from wood frog liver was purified to homogeneity using a two-step 

chromatographic process. The typical scheme for the purification is summarised in Table 2.1. 

The first step in the purification was affinity chromatography on Cibacron blue where GDH was 

eluted with a gradient of 0-2 M KCl. This gradient was effective at removing impurities and 

resulted in a 5.3-fold purification with 84.7 % recovered activity. The fractions containing GDH 

activity were pooled and desalted by centrifugation using an Amicon Ultra-4 filter centrifugal 

filter 10K. The second column step depended on the binding of GDH to GTP agarose where the 

enzyme was eluted with a 0-2 M KCl gradient, a range that was very effective in removing the 

rest of the impurities. The second step resulted in a 12.0-fold purification with approximately 

95.0 % activity retained. The full procedure yielded 81.4 % of the enzymatic activity and a 64.3-

fold purification with a final specific activity at 1.93 U/mg protein. GDH from liver of anoxic 
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and dehydrated wood frogs was purified with the same scheme (supplementary information; 

Table S1). SDS-PAGE analysis was used to determine the purity of the samples followed by 

Coomassie brilliant blue staining. The GDH band from all conditions was found at ~62 KDa 

based on electrophoretic mobility compared to a commercial GDH standard (Fig.2.1)    

2.3.2 Enzyme kinetics 

 The purified GDH from control, dehydrated and anoxic frogs was used to analyze 

enzymatic parameters in the forward and reverse directions (Table 2.2). Under standard assay 

conditions at 22 °C, the Km of glutamate in the dehydrated group (1.26 mM) was significantly 

lower than for controls (2.06 mM). Km glutamate (2.65 mM) for the enzyme from anoxic frogs 

did not change significantly compared with controls but an increase in the Km of NAD+ (2.91 

mM) under anoxia was significantly different compared to controls (2.06 mM) (Table 2.2). The 

-KG consuming direction also showed some differences between control and the dehydration 

or anoxia treatments. The affinity for ammonium ion for GDH from control and dehydrated 

conditions was significantly different with the dehydrated group showing a lower Km than the 

control group (10.8 mM versus 16.3 mM). The affinity for ammonium ion of anoxic GDH was 

significantly lower with a Km of 35.2 mM compared with control (16.3 mM).  

In the forward direction the maximal activity was measured with GDH from liver of 

dehydrated frogs showing a significantly greater value than the control (9.69 U/mg compared to 

3.53 U/mg for control) (Table 2.2). However, enzyme activity from anoxic frogs was 

significantly lower than the control at 1.60 U/mg (Table 2.2). In the reverse reaction, the activity 

of the anoxic enzyme increased compared to control, with the anoxic GDH being 9.22 U/mg 

compared to the control value of 6.57 U/mg (Table 2.2). ADP is known to be an activator for 

GDH activity and so the maximal activity was also measured in the presence of 0.5 mM ADP in 
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both directions (Table 2.2). There was similar trend for maximal activity in the forward reaction 

where dehydrated GDH (14.9 U/mg) increased and anoxic GDH (1.45 U/mg) decreased 

compares to control (5.86 U/mg). Furthermore, the maximal activity for control and dehydrated 

enzyme was significantly higher in the presence of ADP compared to control or the dehydrated 

enzyme without ADP (Table 2.2; denoted by a). The reverse reaction demonstrated a significant 

decrease in dehydrated GDH maximal activity compared to control in the presence of 0.5 mM 

ADP (Table 2.2). In addition, dehydrated GDH maximal activity increase significantly in the 

presence of ADP where, GDH activity in presence of ADP was 6.68 U/mg and dehydrated GDH 

without ADP was 5.38 U/mg (Table 2.2; denoted by a).  

 The Ka is the concentration of activator that causes a half maximal increase in enzymatic 

activity. In this study, the Ka value for ADP was examined in the forward direction to assess the 

strength of the activator on GDH. There was no significant different between the control and 

dehydrated GDH for Ka ADP (Table 2.2). However, the Ka value for ADP from anoxia treatment 

(0.29 mM) was significantly higher than the control group (0.11 mM; Table 2.2).  

The effect of ADP on GDH affinity for glutamate, NAD+,-KG and NH4
+ were also 

investigated in response to dehydration (Fig. 2.2) and anoxia treatments (Fig. 2.3). For the 

dehydration treatment, there was no significant change in the Km for glutamate (Fig. 2.2A), Km 

for NAD+ (Fig. 2.2B), Km for alpha-ketoglutarate (Fig. 2.2C) or Km for NH4
+ (Fig. 2.2D) in 

comparison to control group in the presence of ADP. The addition of ADP increased the 

glutamate Km for dehydration group compared to the standard condition (2.39 mM compared to 

1.26 mM; Fig. 2.2A) but decreased the Km for NAD+ compared to the standard condition (0.38 

mM versus 0.83 mM; Fig. 2.2B). For anoxia treatment, Km for NAD+ (0.40 mM) was 

significantly lower compared to the standard value (2.91 mM) and no significant change was 
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noted compared to the control (Fig. 2.3B). However, the addition of 0.5 mM ADP increased 

alpha-ketoglutarate Km for the anoxia GDH by 1.10-fold relative to the standard condition (0.21 

mM compared to 0.19 mM; Fig. 2.3C). Finally, the control and anoxia group displayed lower Km 

for NH4
+ compared to the standard values for both control and anoxia group (Fig. 2.3D).   

 The effects of urea on the affinity of GDH for its substrate were also examined (Fig. 

2.2&2.3). The results showed a significant increase in the Km for glutamate for the dehydration 

group compared to the control group (Fig. 2.2A). However, the addition of urea lowered the Km 

for glutamate for the control GDH (0.87 mM versus 2.06 mM under standard conditions), but not 

for the dehydration group (Fig. 2.2A). Both forms of GDH (control and dehydration) appeared to 

have higher Km values for NAD+ in the presence of 100 mM urea relative to their standard 

conditions as well; Km for NAD+ for dehydration group displayed a significant increase 

compared to control group (Fig. 2.2B). Anoxic GDH had higher Km values for glutamate 

compared to control, with the anoxia value being 2.54 mM compared to the control value of 0.87 

mM (Fig. 2.3A). Similar trends were shown for the Km for NAD+ whereas the anoxic Km value 

was 3.49 mM and the control Km value was 2.39 mM (Fig. 2.3B). In the forward direction, urea 

lowered the I50 values for dehydrated and anoxia treated groups compare to control, with the 

control value being 0.73 M, dehydrated being 0.66 M and anoxia 0.62 M (Table 2.2). The effect 

of urea was also investigated in the reverse direction of the reaction. The Km alpha-ketoglutarate 

for dehydration (0.25 mM) increased relative to standard condition (0.17 mM; Fig.2C), but 

decreased for anoxia (0.16 mM) compared to standard condition (0.19 mM; Fig. 2.3C). The 

control and anoxic form of GDH displayed a lower Km value for NH4
+ compared to the standard 

values for both control and anoxia groups, with the control parameter being 10.5 mM with urea 
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and 16.3 mM without urea and anoxia parameter being 10.7 mM with urea compared to the 

anoxia standard condition value of 35.2 mM (Fig. 2.3D).      

 Lastly, the effect of 400 mM glucose on the affinity of GDH for each substrate was 

investigated. In the forward direction, the Km value for glutamate in response to dehydration 

(0.77 mM) increased significantly compared to control (0.32 mM). The control and dehydrated 

GDH displayed a higher Km for NAD+ in the presence of 400 mM glucose compared to their 

standard condition (Fig. 2.2B). The Km for glutamate and NAD+ of the anoxia-exposed enzyme 

was significantly higher than the control (Fig. 2.3A & 2.3B). In the reverse direction, glucose 

greatly increased the Km of the control and dehydrated GDH for alpha-ketoglutarate relative to 

their standard value (Fig. 2.2C) while the Km for anoxic GDH significantly decreased relative to 

the standard value (Fig. 2.3C). In addition, the Km for alpha-ketoglutarate was found to be 

significantly lower in anoxia treatment than in the control (Fig. 2.3C). The presence of 400 mM 

glucose resulted in a significant increase in the Km of NH4
+ under both control and dehydration 

conditions relative to their standard values (Fig. 2.2D). It also displayed a significant increase 

compare to the control, with GDH from dehydrated frogs being 44.4 mM compared to the 

control value of 26.8 mM (Fig. 2.2D).     

2.3.3 Structural stability of GDH  

 DSF was used to determine the thermal stability of purified GDH from control, 

dehydrated and anoxic frogs in the presence and absence of urea (Figure 2.4). The Tm value is 

defined as the temperature at which 50% maximal fluorescence is achieved during the unfolding 

of the protein. The Tm value for GDH from dehydrated frogs was significantly lower (52.2 °C) 

by 5 °C compared to control GDH (57.2 °C) (Fig. 2.4A). Due to the high concentration of urea 

accumulated by the dehydrated frogs, a concentration of 100 mM urea was used to evaluate the 
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effect of urea on Tm for GDH. The Tm significantly increased (56.6 °C) by 4.4 0C in the presence 

of 100 mM urea compared to GDH from dehydration treated frogs (52.2 °C) in the absence of 

urea (Fig. 2.4A). In contrast, anoxic GDH did not display any significant differences 

with/without urea treatment compared to controls (Fig. 2.4B).  

2.3.4 Western blots for posttranslational modification  

Western blot analysis was used to determine whether purified GDH is post-translationally 

modified in vivo in response to dehydration or anoxia treatments. Phosphorylation on serine 

residues of the dehydrated form of GDH was calculated to be 1.40-fold greater than control (Fig. 

2.5). In contrast, dehydrated GDH showed a significant decrease in acetylation and ADP-

ribosylation by ~17% and ~41% compared to control, respectively (Fig. 2.5). Interestingly, the 

level of phosphorylation on serine residues in response to anoxia treatment showed a decrease by 

~16% relative to the control (Fig. 2.5).   

2.4. Discussion 
 
 Extreme environmental conditions such as temperature fluctuation, limited food 

availability, water loss and fluctuations in environmental oxygen level can inflict distress to 

organisms living in the wild. These animals must adjust at both the biochemical and 

physiological levels to survive theses stresses. One example of environmental stress adaptation is 

employed by North American wood frogs; they tolerate freezing of their whole body where 65-

75% of their body water is converted into extracellular ice [1,8]. Along with ice formation 

throughout their body, wood frogs need to also deal with severe dehydration due to the loss of 

water and anoxia since breathing, heart rate and blood circulation are stopped while frozen [1]. 

To survive all of these stresses, wood frogs have developed adaptations such as the accumulation 

of glucose and osmolytes (urea) as a cryoprotectants in order to prevent intracellular ice 
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formation and minimize cell shrinkage due to water loss to join extracellular ice crystals 

[15,38,39]. Moreover, MRD is a core component for surviving long term freezing and its 

associated stresses in wood frogs [1,2]. MRD is aided by several control mechanisms such as 

regulation of key metabolic enzymes to conserve energy. Glutamate dehydrogenase is a 

mitochondrial enzyme with a significant role in carbohydrate, amino acid and nitrogen 

metabolism [20]. The present study revealed that purified liver GDH from control, dehydrated 

and anoxic frogs had significantly different kinetic properties, response to cellular metabolites 

and thermal stability compared to controls. It also demonstrated regulation by post-translational 

modifications. 

 Wood frog GDH was functionally purified using a combination of affinity 

chromatography techniques (Fig. 2.1). For the control GDH this resulted in 64.3-fold purification 

with activity yield of 81% (Table 2.1). The GDH from dehydrated and anoxia- exposed frogs 

revealed a similar yield (supplementary information, Table S1). The purification schemes 

presented in this study are comparable to those used in other studies in different animals, thereby 

demonstrating a reproducible and effective way of isolating GDH from tissues [27–30].     

Analysis of kinetic parameters of purified GDH revealed differences between dehydrated 

wood frogs compared with control GDH. In the glutamate oxidizing direction, GDH from 

dehydrated frogs was more active since it displayed higher affinity for its substrate in addition to 

demonstrating an increase in Vmax (Table 2.2). Conversely, dehydrated GDH in the reverse 

direction was less active than the control (Table 2.2). The dehydrated GDH displayed a 

significant lower Km for NH+
4 compared to controls (Table 2.2). However, the Km for 

ammonium ion was much higher compared to the Km value of other substrates, meaning that the 

activity of reverse direction (producing glutamate) is likely low in the wood frog as seen in 
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mammals [19]. The increase in substrate affinity in the forward direction is likely to increase the 

flux in the glutamate consuming direction in response to dehydration (Table 2.2). The higher 

affinity for glutamate in the dehydration state could be important since glutamate levels increase 

in the liver of estivated spadefoot toads, which can contribute to more ammonium ion being 

produced to feed into the urea cycle [40]. Therefore, the increase in the affinity of glutamate 

could contribute to more -KG being produced, which can be used to fuel the Krebs cycle as 

another source of energy, and to producing more ammonium ion to feed into the urea cycle. This 

is needed as it would provide the ammonium ion to carbamoyl phosphate synthetase I (CPSI) to 

catalyze the first step of the urea cycle [41]. The significant increase in maximal activity of GDH 

in the glutamate consuming direction also suggests that wood frogs may be breaking down 

proteins at an increased rate to provide a source of energy in addition to glycolysis during 

dehydration [42]. ADP is a well-known activator for GDH, as it cause a conformational change 

in the enzyme, leading to an increase in its reaction rate [21]. The maximal activity of GDH in 

the forward direction increased significantly in the presence of 0.5 mM ADP compared to 

controls and increased by 1.54-fold compared to dehydrated GDH without ADP (Table 2.2). This 

further suggests that dehydrated GDH is likely more responsive to changes in the energy state of 

the cell, and it may function in the liver to promote catabolism of glutamate during dehydration.   

 Kinetic studies were also assessed for purified GDH from anoxic frogs, and results 

revealed a lower affinity for all the substrates in both directions. The decrease of substrate 

affinity in both directions suggests a substantial decrease in GDH activity in response to anoxia. 

In addition, the maximal activity of anoxic GDH decreased for the forward reaction (Table 2.2), 

which could indicate that GDH is suppressed in this condition. The anoxic GDH had lower 

affinity for NH4
+ and there were no significant changes for the other substrates (glutamate, 
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NAD+ and -KG) in the presence of 0.5 mM ADP compared to the control group (Fig. 2.3). This 

further suggests that GDH activity is likely suppressed during anoxia since it is less sensitive to 

activation by ADP. Taken together, a reduction in liver GDH activity during anoxia correlates 

with the metabolic changes that occur in this condition in the wood frog. In response to anoxia, 

aerobic metabolism is inhibited; therefore, the breakdown of glutamate to -KG for as an energy 

substrate would be unnecessary. This coincides with another study that showed a decreased GDH 

enzymatic activity during anoxia, which is an indicative of reduced TCA cycle activity [28].  

 As previously discussed, accumulation of urea and glucose as osmolytes serves as an 

effective way to help maintain cellular integrity and reduce the amount of intracellular 

dehydration. The concentration of glucose has been shown to increase in the liver of the wood 

frog in response to dehydration [43,44]. Under dry conditions, the levels of urea can raise up to 

90 mM in wood frogs [15]. In addition, urea accumulation was suggested to play a key role in 

the induction of metabolic rate depression in wood frogs [45]. The affinity of GDH for its 

substrates were measured in the presence of glucose and urea to mimic intracellular conditions 

when they experience dehydration. Interestingly, dehydrated GDH’s affinity for its substrate in 

the forward direction in the presence of 100 mM urea decreased relative to the control (Fig. 2.2). 

This may suggest that urea acts as a feedback regulator to inhibit over production of NH4
+ during 

dehydration. This coincides with the another study that showed decreased glutamate and NAD+ 

affinities in the presence of 100 mM urea in response to whole-body freezing of the wood frog 

liver [30]. In addition, it can be hypothesized that urea could act as a regulator of GDH during 

dehydration and contribute to MRD. These results support findings from a previous study which 

showed that urea-treated liver from wood frogs had significantly depressed metabolic rates 

(~15%) compared to control liver [45]. Therefore, the effects of urea on GDH could be a 
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physiological mechanism to regulate the activity of the enzyme during stress in order to 

contribute to the overall MRD. Urea did not result in any significant changes in the reverse 

direction for dehydrated GDH compared to the control group (Fig. 2.2C&D).  

It was also noted that the presence of 400 mM glucose significantly increased the Km 

value for ammonium ion for dehydrated GDH (Fig. 2.2D). Glucose may alter the affinity of 

dehydrated GDH for ammonium ion to limit the formation of glutamate. This was seen in wood 

frog liver where ammonium ion increased up to ~7.5 μmol/g wet weight in response to freezing 

[11]. The presence of 100 mM urea and 400 mM glucose were also examined on the anoxic 

GDH (Fig. 2.3). It was revealed that both urea and glucose decreased the affinity of GDH in 

response to anoxia for its substrates in the forward direction compared to the control group (Fig. 

2.3A&B). This suggests that urea and glucose may alter the affinity of the anoxia-exposed GDH 

to lower the production of the TCA cycle intermediates (-KG), that are generated from 

glutamate. This would further support the idea that GDH activity is being suppressed to limit the 

production of unnecessary metabolites such as -KG since it will not be necessary for energy 

production under anoxia conditions.  

 The changes in kinetic parameters are an indication of potential structural differences to 

the enzymes. DSF was used to see if the differences in kinetic parameters are related to the 

change in the overall structure of the enzymes [46]. GDH from dehydrated liver had significantly 

lower melting temperature compared to the control enzyme without urea treatment (Fig. 2.4A). 

The effect of urea on the thermal stability of GDH was also investigated since dehydration in 

amphibians raises the concentration of urea in their body to limit water loss [16]. Levels of urea 

can rise up to 90 mM in wood frogs under dry conditions [15]. The addition of physiological 

levels of urea (100 mM) significantly increased the thermal stability of GDH isolated from 
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dehydrated frogs (Fig. 2.4A). This indicates that urea exhibits a stabilizing effect on protein 

structure and prevents protein unfolding. As such urea enhances the thermal stability of GDH in 

response to dehydration. Urea is a chaotropic agent that at high concentrations can result in 

protein denaturation. The concentration required to reduce the activity of GDH by half was less 

for GDH from dehydrated frogs compared to controls as seen by the DSF results (Table 2.2). 

Additionally, the I50 values for anoxia exposed GDH were less than those of the control (Table 

2.2), further indicating that there are stability and structural differences between enzymes from 

different treatment conditions.  

 Enzymatic regulation is of great interest especially when biochemical adaptations are 

required to survive various unfavorable conditions. One way that this regulation is achieved, is 

through altering amino acid residues of an enzyme by reversible PTMs, a common method used 

by cells to regulate metabolic pathways [47]. It is suggested that changes in enzyme kinetics and 

stability are regulated via changes in PTMs which alter the functionality of the enzyme in order 

to survive environmental stress. Western blot analysis revealed that for most PTMs examined in 

this study there were not responsive to anoxia or dehydration treatments (Fig. 2.5). However, 

current results show that GDH from dehydrated frogs had significantly more (1.40-fold greater) 

phosphorylated serine residues than GDH from control frogs (Fig. 2.5), suggesting that perhaps 

the increase in activity seen here could be due to this PTM. GDH regulation via phosphorylation 

may play an essential role for animals that enter hypometabolic states and its regulation may 

depend on the environmental stress encountered by the organism. For example, a mammalian 

hibernator (Richardson's ground squirrels) showed a reduction in liver GDH phosphorylation 

during hibernation, which suggests that GDH is regulated in order to promote amino acid 

oxidation to contribute to energy production during hibernation [27]. The regulation of GDH was 
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also examined in foot muscle from estivating snails (land snail) and results revealed an increase 

in phosphorylation in GDH in response to estivation [29]. Indeed, this increase could play a role 

in promoting urea synthesis under this condition, a response that may be necessary to maintain 

cellular viability during stress. In comparison, GDH from anoxic frogs was found to have 

significantly lower level of phosphorylated serine residues compared to GDH from control frogs 

(Fig. 2.5). The reduction of phosphorylation at serine residues as it transitions into an anoxic 

state correlates with the reduction of enzymic activity and lower affinity for its substrate seen in 

this study (Table 2.2). This suggests that GDH from anoxic frogs might be modified through 

phosphorylation in order to decrease its activity to prevent build-up of TCA cycle intermediates 

(-KG) and inhibit the synthesis of amino acids in anoxic conditions. This was also seen in the 

anoxia-tolerant freshwater turtles which revealed that GDH from anoxic liver was significantly 

less phosphorylated than control GDH [28]. This further supports the suppression of GDH during 

anoxia-exposure and agrees with the overall shutdown of aerobic metabolism. In addition, 

dehydrated GDH had significantly lower acetylated amino acids residues compared to control 

GDH (Fig. 2.5). It was shown that deacetylation of GDH in vitro and  in vivo via Sirtuin 3 (Sirt3) 

increases GDH activity, thereby indicating that acetylation has an inhibitory role on GDH [48–

50]. Dehydrated GDH was also shown to have significantly lower ADP-ribosylation residues 

(lysine and arginine) relative to controls GDH (Fig. 2.5). An increase in mono-ADP-ribosylation 

plays a major role in the regulating GDH activity, which can result in substantial inhibition of its 

catalytic activity [51]. A previous study showed that Sirtuin 4 (NAD+-dependent enzymes; Sirt4) 

can interact with GDH and modify GDH by ADP- ribosylation to suppress its activity [52]. 

Therefore, the decrease in ADP-ribosylation may be due to the inhibition of Sirt 4 activity, which 

in turn could promote GDH activity. Previous studies from our lab showed that GDH from 
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frozen wood frogs is regulated by acetylation and ADP-ribosylation, suggesting that dehydrated 

and frozen frogs experience similar physiological responses whereby GDH is regulated by a 

reduction in acetylation and ADP-ribosylation to increase its activity [30]. However, GDH from 

anoxia-exposed frogs experiences different regulation than frozen or dehydrated frogs. With 

entry into the anoxic state, GDH undergoes a reduction in phosphorylated serine residues, and 

this correlates with the reduction of enzymatic activity and affinity for its substrates, thereby 

suggesting the suppression of GDH activity during anoxia.   

2.5. Conclusion  
 
 The data presented above indicates that liver GDH experiences different physiological 

responses to stress. GDH from dehydrated frogs is regulated by acetylation, ADP-ribosylation 

and phosphorylation, likely to increase the flux into the TCA cycle and facilitate the production 

of ammonium species during dehydration. This was supported by the increase in GDH maximal 

activity and higher affinity of GDH for glutamate and NAD+. The regulation of GDH from 

dehydrated frogs may play a key role in providing another source of cellular energy in sustaining 

high level of urea, since it was seen in this study that urea significantly increases GDH stability 

during dehydration. In contrast, kinetic analyses of GDH from anoxic frogs indicated that a 

stable suppression of the enzyme may due to a reduction in GDH serine phosphorylation during 

anoxia. This suppression of enzymatic activity is beneficial to the anoxic wood frog which could 

prevent wasteful accumulation of TCA cycle intermediates. Therefore, the overall suppression of 

GDH activity agrees with the overall MRD and suppression of all aerobic metabolism during 

anoxia condition. Taken together, these results support that GDH play a key role in carbohydrate 

and nitrogen metabolism when these animals encounter undesirable environmental conditions.   



48 
 

Tables 
 
Table 2.1: Purification scheme for wood frog GDH in liver. Two steps were used to achieve the 

purification: (a) Cibacron Blue column chromatography where the enzyme was eluted using a 

salt gradient 0-2 M KCl, and (b) GTP agarose affinity chromatography where the enzyme was 

eluted using 0-2 M KCl. Activities were measured in the glutamate oxidizing direction at 22 °C. 

This step was repeated n≥ 5.  

 

Steps Total 
protein (mg) 

Total 
Activity (U) 

% Yield Specific 
Activity 
(U/mg) 

Fold 
purification 

Crude  21.1 0.72 - 0.03  
Cibacron 
Blue  

3.90 0.61 84.7 0.16 5.3 

GTP-agarose  0.30 0.58 81.4 1.93 64.3 
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Table 2.2: Comparison of purified liver GDH kinetic parameters from control, dehydrated and 

anoxic exposed wood frog in the glutamate-consuming direction at pH 8.0 and -KG consuming 

direction at pH 7.2. Assay were conducted at 22 °C and data are expressed as mean ± SEM, n≥ 

4 independent purified enzyme preparations. The Km values were determined at optimal co-

substrate concentrations; the assay conditions were as described in the Method section 

 Control Dehydration Anoxia 
Forward reaction 

Km Glutamate 
(mM) 

2.06±0.21 1.26±0.14* 2.65±0.55 

Km NAD+ (mM) 1.03±0.08 0.83±0.04 2.91±0.46* 
Vmax (U/mg) 3.53±0.04 9.69±0.03* 1.60±0.06* 
Vmax (U/mg) with 
0.5 mM ADP 

5.86±0.02a 14.9±0.65*a 1.45±0.062* 

[Vmax 0.5 mM ADP/ 
Vmax non activated] 
(U/mg) 

1.65±0.02 1.54±0.07 0.91±0.04* 

Ka ADP (mM) 0.11±0.01 0.11±0.01 0.29±0.04* 
I50 urea (M) 0.73±0.006 0.66±0.008* 0.62±0.004* 

Reverse reaction 
Km -KG (mM) 0.22±0.01 0.17±0.01 0.19±0.01 
Km NH4+ (mM) 16.3±0.83 10.8±0.62* 35.2± 0.31* 
Vmax (U/mg) 6.57±0.64 5.38±0.15 9.22±0.59* 
Vmax (U/mg) with 
0.5 mM ADP 

8.13±0.23 6.68±0.06*a 8.52±0.57 

[Vmax 0.5 mM ADP/ 
Vmax non activated] 
(U/mg) 

1.27±0.13 1.25±0.03 0.93±0.05 

 
*Significantly different from control values using the Student’s t-test, P<0.05. (a) indicates the 
parameter is significantly different from the corresponding parameter in the presence of ADP, 
(Student’s t-test p<0.05). Data means ± SEM, n = 4 independent trials. 
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Figures 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Representation of purified control, dehydrated and anoxic Rana sylvatica GDH from 

liver. The Coomassie blue stained gel displays the follo`wing lane 1: piNK Plus Pre-stained 

Protein Ladder 10-175KDa, 2: purified control GDH, 3: purified dehydrated GDH, 4: purified 

anoxic GDH, 5: bovine liver GDH (Sigma)      
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Figure 2.2: The effect of metabolites (0.5 mM ADP, 100 mM urea and 400 mM glucose) on 

purified GDH from Rana sylvatica liver control and dehydrated GDH affinities for (A) glutamate 

Km, (B) NAD+ Km, (C) alpha-ketoglutarate Km, and (D) NH4
+ Km. The assays were performed in 

50 mM HEPES buffer at pH 8.0 (forward direction) and 50 mM HEPES buffer at pH 7.2(reverse 

direction) at 22 0C. Data are means ±  SEM, n=4 with Km expressed in mM. Statistical analysis 

used ANOVAs and Dunnett’s post-hoc test for each condition of GDH to compare the effects of 

different metabolites on the Km, data were considered significantly different when p<0.05 which 

represented by ‘*’. ‘✟’ denotes a difference between the control and dehydrated parameters 

determined by two-tailed Student’s t-test p<0.05.  
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Figure 2.3: The effect of metabolites (0.5 mM ADP, 100 mM urea and 400 mM glucose) on the 

Rana sylvatica liver control and anoxic GDH affinities for (A) glutamate Km, (B) NAD+ Km, (C) 

alpha-ketoglutarate Km, and (D) NH4
+. Other information as in Fig. 2.2. 
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Figure 2.4: The melting temperature (Tm) for purified GDH from control, dehydrated (A) and (B) 

anoxic Rana sylvatica in presence and absence of 100 mM urea at pH 7.4 using DSF. The 

enzyme concentration used in this experiment was 0.06 mg/mL of purified GDH per assay well. 

‘*’ represent a significant different between Tm of the control and the corresponding stress 

condition (p< 0.05, student’s t-test). ‘✟’ indicate that the Tm in the presence of 100 mM urea was 

significantly different from the same parameter without urea (p< 0.05, student’s t-test). Data 

represent mean ± SEM, n≥3    
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Figure 2.5: Analysis of posttranslational modification of liver GDH from control, dehydrated and 

anoxic wood frog via western blot analysis. Data are mean ± SEM, n=4 independent purified 

enzyme preparations. The relative band intensity refers to the intensity of the chemiluminescent 

signal standardized to band intensity from the same membrane stained with Coomassie brilliant 

blue. (*) indicates that values are significantly different from the corresponding control (p< 0.05, 

student’s t-test) 
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Supplementary information  
 
Table S1: Purification scheme for dehydrated and anoxic wood frog GDH in liver. Two steps 

were used to achieve the purification: (a) Cibacorn Blue column chromatography and (b) GTP 

agarose affinity chromatography. The activities were measured in the glutamate oxidizing 

direction at 22 °C. This step was repeated n≥ 5 for each stress.    

  

Purification 
Step 

Total 
protein (mg) 

Total 
Activity (U) 

% Yield Specific 
Activity 
(U/mg) 

Fold 
purification 

Dehydration      
Crude  41.4 0.87 - 0.02 - 
Cibacron 
Blue  

5.53 0.72 82.8 0.13 6.20 

GTP-agarose  0.22 0.52 59.5 2.37 112 
Anoxia      
Crude  30.1 0.75 - 0.02 - 
Cibacron 
Blue  

3.68 0.61 81.3 0.16 6.66 

GTP-agarose  0.24 0.47 62.6 1.94 78.1 
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Abstract  
 

Wood frogs (Rana sylvatica) are one of the few species capable of full body freezing. In 

response to cold temperatures, these creatures convert up to 70% of their total body water to 

extracellular ice. Cellular dehydration and anoxia are two consequences of freezing and wood 

frogs can tolerate these stresses independently. Survival of these stresses requires a coordinated 

metabolic response, one of which is regulation of enzymatic activities. Glyceraldeyde-3-

phosphate dehydrogenase (GAPDH) is a key enzyme in the glycolytic and gluconeogenic 

pathway and it catalyzes the reversible conversion of D-glycerldeyhde-3-phosphate to generate 

1,3-bisphosphateglycerate. GAPDH was purified from liver of wood frogs exposed to freezing, 

dehydration, or anoxia by a two-step column chromatography procedure using Cibacron blue 

affinity and phenyl Sepharose hydrophobic columns. Analysis of kinetic parameters of the 

purified GAPDH at room temperature versus 5 °C showed several notable differences between 

control and stresses in Km values for GAP, NAD+ and 1,3BPG. The maximum GAPDH activity 

at 5 °C was lower for the enzyme isolated from the three stress conditions compared to the 

control in both directions. Thermal denaturation assessed by differential scanning fluorimetry 

revealed that purified GAPDH from frozen and dehydrated frogs was significantly more stable to 

thermal denaturation compared to control. Western blot analysis of common posttranslational 

modifications indicates an overall increase in phosphorylation at serine, threonine and tyrosine 

residues in response to freezing, dehydration and anoxia. Additionally, the nuclear distribution of 

GAPDH increased following dehydration and anoxic treatments. This suggests that GAPDH is 

translocated to the nucleus in order to aid cell survival during stressful condition. Overall, a 

reduction in GAPDH activity would likely contribute to the overall reduction of glycolytic flux 
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as part of metabolic rate depression, and GAPDH phosphorylation may contribute to the 

regulation of non-glycolytic and gluconeogenic processes under these conditions.  

Key words: Glyceraldeyde-3 phosphate dehydrogenase, Glycolytic & gluconeogenic pathways, 

Rana sylvatica, differential scanning fluorimetry, Posttranslational modification, 

Phosphorylation     

3.1. Introduction  
 

The North American wood frog, Rana sylvatica, can survive the harsh winter months by 

employing a freeze tolerance strategy where it can endure the freezing of up to 65-70% of its 

total body water as extracellular ice [1,2]. During whole body freezing, all physiological 

activities such as breathing, movement, cardiac and neurological functions stop but resume to 

full function during springtime [1,2]. Furthermore, frozen frogs need to cope with a lack of 

oxygen delivery to different organs because heart beat and blood flow are interrupted [3]. Frogs 

also need to cope with the consequences of cellular dehydration due to the loss of much 

intracellular water to extracellular and extra-organ spaces to join ice crystals. This not only 

reduces cell volume, but also increase cellular osmolality and ionic strength [3,4]. Interestingly, 

wood frogs have also been shown to endure the loss of ~60% of total body water and 48 h 

exposure to anoxia (N2 atmosphere) at 5 °C, independent of freezing, thereby allowing 

researchers to study the these stresses separately [5–7]. As a cryoprotective measure to freezing 

and dehydration, wood frogs produce large quantities of glucose as cryoprotectant [8–10]. 

Studies have shown that the onset of freezing triggers the mobilization of glucose from liver 

glycogen, thereby increasing blood glucose levels from ~5 mM to ~300 mM and saturating all 

organs with copious amounts of this cryoprotectant [1,9,11]. In order to survive whole body 

freezing, the wood frog would also need to rework its internal biochemical processes to reduce 
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its metabolic expenditure [9]. Metabolic rate depression (MRD) is a useful adaption used by 

Rana sylvatica to aid with freezing, dehydration and anoxia survival, allowing most nonessential 

ATP-expensive cellular processes to be temporally reduced to allocate remaining limited 

fuel/energy only to pro-survival pathways [9]. Therefore, a regulated decrease of metabolism 

during freezing would be useful in order to conserve energy, and this can be achieved through 

strictly regulating metabolic enzymes.  

The wood frog prepares itself for winter by increasing its liver glycogen storage in the 

fall and using that storage to generate cryoprotective glucose via glycogenolysis that is triggered 

within minutes after ice crystal formation on its skin. Glucose is then rapidly distributed to all 

organs in the body before extensive ice accumulation shuts down heartbeat and blood flow. 

During freezing the wood frog relies mainly on carbohydrate metabolism because the 

interruption in blood flow inhibits oxygen supply and leads to a switch to anaerobic glycolysis as 

the major internal means of ATP production  [4,9]. Evidence showed an increase in 

phosphoenolpyruvate carboxykinase (PEPCK) activity in the liver, indicating that 

gluconeogenesis is occurring in early states of the freezing period [12]. Several studies showed a 

decrease in glycolytic flux in the liver of the wood frog during freezing [1,9,13,14]. It was shown 

within 5 min of freeze initiation, glucose-6-phopsphate (G6P) and fructose-6-phosphate (F6P) 

increased many fold in the liver and remained high over time as glucose was synthesized and 

exported, whereas fructose-1,6-bisphosphate (F1,6P2) and triose phosphate intermediates of 

glycolysis did not show significant changes during freeze exposure [14]. In addition, levels of 

fructose-2,6-bisphosphate (F2,6P2) a potent activator of phosphofructokinase (PFK) were 

significantly decreased during freezing in wood frog liver [13,15]. Indeed, these results indicate 

exposure to freezing inhibits glycolysis at the PFK step to block carbon flow into glycolysis and 
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facilitate glycogenolysis and production of glucose [13,14]. Therefore, it is important to 

investigate into the regulation of metabolic enzyme in response to cellular stress.   

One of the important enzymes involved in carbohydrate metabolism is glyceraldehyde-3-

phosphate dehydrogenase (GAPDH, EC 1.2.1.12), which make it an interesting enzyme to 

characterize in animals that experience extreme fluctuations in their fuel metabolism. GAPDH 

plays an important role in the glycolytic and gluconeogenic pathways, where it facilitates the 

conversion of D-glyceraldeyhde-3-phosphate (GAP) and NAD+ to generate 1,3-

bisphosphoglycerate (1,3BPG) and NADH in the glycolytic direction or the reverse reaction in 

the gluconeogenic pathway [16]. GAPDH is a homotetramer composed of identical subunits with 

molecular weights of approximately 37 KDa [16]. A previous study showed that GAPDH is 

regulated in a mammalian hibernator, thirteen-lined ground squirrels (Ictidomys 

tridecemlineatus) in skeletal muscle, to cope with hypometabolism [17]. The study showed a 

decrease in GAPDH activity with a reduction of GAPDH tyrosine phosphorylation during torpor, 

suggesting a stable suppression of GAPDH by reversible posttranslational modification, 

potentially to aid a reduction of carbohydrate metabolism during torpor [17]. It is well known 

that posttranslational modification (PTM) can be used to control cellular metabolism in response 

to environmental conditions, by promoting the stability or substrate binding specificity/affinity of 

enzymes [18]. The addition or removal of a small PTM is ATP-inexpensive and can be easily 

reversed by appropriate phosphatase or kinases and thereby regulation of enzyme function can be 

controlled by this mechanism when animals experience environmental stress and enter a 

hypometabolism state. Protein phosphorylation is the most commonly reported modification of 

enzymes in Rana sylvatica. For instance, protein phosphorylation mediates the activities of 

enzymes involved antioxidant defense (superoxide dismutase and catalase) as well, in glucose 
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metabolism (hexokinase and glycogen phosphorylase) [19–23].Therefore, changes in 

phosphorylation state are indicative of regulatory changes contributing to global MRD.   

Along with its conventional metabolic role in carbohydrate metabolism, GAPDH is also 

known to have multiple non-canonical roles in the cell such as membrane trafficking, apoptosis, 

oxidative stress response, autophagy, DNA repair and transcriptional activation depending on its 

posttranslational modifications  [16,24]. Previous studies showed that serine/threonine protein 

kinase (Akt2) interacts with GAPDH to phosphorylate it at Thr-237, resulting in a 

decrease/inhibition of its nuclear translocation and its role in apoptosis [25]. Moreover, 

acetylation of GAPDH increases the glycolytic activity of GAPDH but inhibits its gluconeogenic 

functions [26,27]. In addition to its known function in glycolysis, cytoplasmic GAPDH is 

acetylated by acetyltransferase p300/CREB binding protein (PCAF), and this induces its nuclear 

translocation whereas it can participate and induce cell death [27,28]. Furthermore, GAPDH is 

modified by other posttranslational modification such as S-nitrosylation, ADP ribosylation, 

carbonylation, and S-glutathionylation, all of which regulate GAPDH association in apoptosis, 

nuclear translocation, autophagy, signal transduction and oxidative stress sensing [16,24,29–32]       

Given the change in the flux of carbohydrate metabolism in response to freezing and its 

associated stress (dehydration and anoxia), it was hypothesized that liver GAPDH activity may 

be inhibited to contribute to the overall suppression of metabolic rate and the diversion of carbon 

flow into glucose output as a cryoprotectant. Therefore, the present study explored the regulation 

of GAPDH in freezing by investigating its different kinetic parameters and its physical and 

regulatory properties in response to freezing, dehydration and anoxia. The results revealed that 

purified liver GAPDH from control, frozen, dehydrated and anoxic frogs had significantly 
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different kinetics properties, thermal stability and is regulated by changes in protein 

phosphorylation.  

3.2. Methods  

3.2.1 Animals and experimental procedures 

Adult mature male wood frogs were collected from spring breeding ponds in the Ottawa 

area, Ontario, Canada in April. All frogs were washed in a tetracycline bath and held at 5 °C in 

plastic containers lined with damp sphagnum moss for two weeks for 1-2 weeks before the 

experiments. This allowed the wood frogs to acclimate before experimentation. Control animals 

were randomly sampled directly from this condition. Whole animal freezing was conducted as 

previously published [33]. Frogs were randomly selected and then placed in closed plastic 

containers lined with damp paper towels and placed in an incubator set at -4 °C for 45 min in 

order to initiate ice nucleation. Following the initial 45 min, the incubator temperature was raised 

to -2.5 °C for 24 h and then the frozen grogs were sampled.    

Dehydration exposure was conducted as previously published [34]. Acclimated frogs 

were individually weighed and then placed in open dry container at 5 °C. The frogs were 

weighed at different intervals to monitor the percentage of body waster lost by evaporation 

which was calculated using the following equation: 

% change=[(Mi-Md)/(Mix%H2O)]x100 

where Mi is the initial body mass of the animal, Md is the mass at a given weighing and %H2O 

percentage of body mass that is water which was determined to be 80.8+1.2% for control frogs. 

Frogs were sampled when they reached 40% dehydration.  
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Anoxia experiments followed to a previously established protocol [35]. Large plastic jars 

were fitted with inlet and outlet ports to allow flushing with nitrogen gas. The containers were 

placed on ice and the bottom of the container was lined with a layer of damp paper towel that 

was previously wet in water bubbled with 100% N2 gas. Nitrogen gas was then flushed into the 

containers for 20 min prior to placing the frogs. Acclimated frogs were placed in the jar, the lid 

was tightened, and nitrogen gas was reintroduced for another 30 minutes to ensure that jars were 

100% anoxic. Following exposure, containers were sealed with parafilm and transferred to a 5 °C 

incubator for 24 h prior to sampling. During sampling, the nitrogen gas line was reconnected in 

order to maintain an anoxic environment in the jar. 

In all cases, frogs were euthanized via pithing and liver tissues were rapidly dissected, 

flash frozen in liquid nitrogen and transferred to -80 °C storage. All animal procedures were 

approved by Carleton University’s Animal Care Committee (protocol #13683) in accordance 

with guidance set out by the Canadian Council on Animal Care.   

3.2.2 Preparation of Liver Extracts 

Liver samples were weighed and homogenized in 1:5 w:v ratio in ice-cold buffer A 

containing 25 mM imidazole buffer pH 7.0, 15 mM -mercaptoethanol, 10% v:v glycerol, and 

inhibitors of protein phosphatases (12.5 mM -glycerophosphate; Sigma, Cat. No. G9422), 

protein kinases (1.25 mM EDTA and 1.25 mM EGTA) and proteases (a few crystals of 

phenylmethylsulfonyl fluoride; PMSF; Bioshop, Cat. No. PMS444) using a Polytron 

homogenizer. Samples were then centrifuged in an Eppendorf 5810R for 30 min at 13,500 x g at 

4°C. The supernatant was removed, and its volume measured; the pellet was discarded. 
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3.2.3 Enzyme Assays  

The optimal assay conditions were experimentally determined for the oxidation of D-

glyceraldehyde-3-phosphate (GAP) and were 2.5 mM GAP (Chem Cruz, Cat. No. Sc.280680), 3 

mM NAD+, 30 mM sodium arsenate (Na2HAsO4), and 50 mM sodium phosphate (NaH2PO4), pH 

8.0 in a total volume of 100 𝜇L with 20 𝜇L of purified GAPDH protein. The optimal assay 

conditions for the reverse reaction were 2.5 mM 3-phosphoglycerate (3PG), 2 mM Mg-ATP, 0.1 

mM NADH, 1 unit of phosphoglycerate kinase (Boehringer Mannheim), and 50 mM Tris-HCl 

buffer, pH 8.0. The enzyme reaction for the reverse direction was initiated by addition of 20 𝜇L 

of purified GAPDH protein from wood frogs in a total volume of 200 𝜇L. These conditions were 

determined to be sufficient to elicit maximal velocity of the enzyme reaction in both directions. 

All assays were performed at 22°C unless otherwise stated. The absorbance at 340 nm of each 

well was read using a Thermo Scientific Multiskan Spectrum microplate reader over a 15 minute 

period, at 21 second intervals for 40 times. 

Protein concentrations of the obtained samples were determined using the Bio-Rad 

protein assay (BioRad, Cat. No. 50000006) using bovine serum albumin as a standard. Sample 

absorbance was read at 595 nm using a BioTek microplate reader.  

 3.2.4 Enzyme Purification  

A Cibacron Blue affinity column (Bioworld, Cat. No. 20181096-1) was prepared and 

equilibrated with 15 mL of buffer A at pH 7.0. Crude enzyme homogenate was loaded onto the 

column and washed with 20 mL buffer A to elute any unbound protein. GAPDH was then eluted 

with a 60 mL linear salt gradient of 0-2 M potassium chloride (KCl) prepared in buffer A. The 

activity of GAPDH was measured under optimal conditions for the oxidation of D-
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glyceraldehyde-3-phopshate as described and the top 6 fractions containing GAPDH activity 

were pooled and used for subsequent steps. 

The phenyl-Sepharose column (Bioworld, Cat. No. 20181074-1) was prepared and 

equilibrated by running through 15 mL of buffer B (buffer A containing 1.5 M KCl). The salt 

concentration of the samples was increased to ~1.5M KCl before loading on to the column. A 

volume of 20 mL of buffer B was used to remove any unbound proteins from the column. 

GAPDH was then eluted with a 100 mL linear 1.5-0 M KCl gradient (decreasing salt 

concentration). The top four fractions with the highest GAPDH activity were collected and held 

at 4 °C until use.    

The purity of GAPDH was assessed via SDS-PAGE (sodium dodecyl sulfate-

polyacrylamide gel electrophoresis). Enzyme samples were prepared by mixing them with 1:1 

v:v  of SDS loading buffer (100 mM Tris buffer, pH 6.8, 4% w:v SDS, 20% v:v glycerol, 0.2% 

w:v bromophenol blue, and 10% v:v β -mercaptoethanol) except for purified GAPDH obtained 

from the phenyl chromatography step that was mixed with 4:1 v:v SDS loading buffer. All 

samples were boiled for 5 min, cooled on ice and stored at -20 0C until use. Aliquots containing 

~10 μg of protein, protein molecular weight ladder (Froggabio, Cat. No. PM005-0500) and a 

commercially purified rabbit muscle GAPDH (Kristal suspension) were loaded into wells of 

SDS-polyacrylamide gels (10% resolving gel, 5% stacking gel). The gel was run at 180V for 50 

min in running buffer (25 mM Tris-base, 250 mM glycine, and 0.1% SDS). Once appropriate 

separation was reached, the gel was stained with Coomassie Brilliant Blue (25% w:v Coomassie 

brilliant blue, 7.5% v:v acetic acid, 50% methanol) for 30 min and then destained using 

Coomassie destain solution (10% acetic acid, 15 % methanol). The gel was visualized under light 
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and images were captured using the ChemiGenius BioImaging system (Syngene, Frederick, 

MD).   

3.2.5 Determination of Kinetic Parameters   

The kinetic parameters of purified Rana sylvatica liver GAPDH were investigated to 

understand the properties of GAPDH under different conditions. The Michaelis-Menten constant 

(Km) values for different substrates were determined by varying the substrate concentration while 

keeping co-substrate concentration(s) constant at optimal levels, as listed above. Km values for 

GAP, NAD+ and 1,3-bisphosphoglyceric acid were determined. The inhibitor concentration that 

reduced enzyme activity by 50% (I50 values) were determined for urea, KCl and sodium chloride 

(NaCl) by increasing their concentration and using optimal substrate conditions in the forward 

direction, as above. The Vmax was also determined in both directions by measuring the activity at 

optimal substrate concentrations and are expressed as units per milligram of purified protein. 

Data was processed using an enzyme kinetic analysis program, Kinetics v.3.5.1[36]    

3.2.6 Low Temperature Enzymes kinetics 

To assess the influence of temperature on the enzymatic activity of GAPDH, the assays 

were performed at low temperatures. The kinetics parameters (Km and Vmax values) for GAPDH 

in the forward and reverse direction were also assessed at 5 °C. To establish the low temperature 

condition, the Thermo Scientific Multiskan spectrophotometer was placed in a Precision 815 low 

temperature incubator (Thermo Scientific) set at 5 °C. The microplate containing all assay 

components except for purified GAPDH (that was cooled separately) was pre-chilled at 5 °C. To 

ensure adequate cooling, the temperature of a blank well was measured using a thermistor before 

adding GAPDH. The Kinetics computer program was used to analyze the data [36].  
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3.2.7 Total protein extraction  

Total protein extraction was performed as previously described [37]. Approximately 50 

mg of frozen liver (n=4 independent biological replicates from different animals) from control, 

frozen, dehydrated and anoxia treatments were homogenized  in 1:2 w/v homogenization buffer 

(20 mM HEPES, pH 7.5, 200 mM NaCl, 10 mM sodium fluoride [NaF], 10 mM -

glycerophosphate, 0.1 mM EDTA, 1 mM sodium orthovanadate [Na3VO4], 1 mM PMSF, and 1 

L/mL of protease inhibitor cocktail [BioShop, no.P1C00.1]) using a Polytron PT10 

homogenizer for 20 seconds. Samples were then centrifuged at 10,000 rpm for 10 min at 4°C. 

The supernatant containing the soluble protein fractions were collected, their concentration was 

measured using the Bradford method (BioRad, no.5000006). All samples were then standardized 

to a constant protein concentration using the same homogenization buffer. Aliquots of total 

soluble protein extracts were mixed in 1:1 v:v with 2X loading buffer to give final concentration 

of 5 g/L. All samples were boiled for 5 min, and then stored at -80 °C for future use.       

3.2.8 Cytoplasmic/nuclear extraction  

The procedure of the cytoplasmic and nuclear fractionation was followed as previously 

described [37]. Liver samples (n=4) from all treatment (control, frozen, dehydration and anoxia) 

were homogenized with 1:2 w/v buffer A containing 10 mM HEPES, pH 7.9, 10 mM KCl, 10 

mM EDTA, 10 µL of 100 mM dithiothreitol (DTT) (Bioshop, Cat. No. DTT001.10) and 10 µL 

of protease inhibitor cocktail per 1 mL of buffer using a Dounce homogenizer and then 

centrifuged at 10,000 rpm for 10 min at 4 °C. The supernatant was collected and saved as the 

cytoplasmic fraction. The resulting pellets were resuspended in buffer B containing 10 mM 

HEPES, pH 7.9, 400 mM NaCl, 1 mM EDTA, 10% v/v of glycerol, 10 µL of 100 mM DTT and 

10 µL of protease inhibitor cocktail per 1 mL per 1 mL of buffer. All samples were incubated on 
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ice for 1 hour with a gentle vortexing every 10 minutes. Following incubation, samples were 

centrifuged as explained previously, and the supernatants were collected and stored as the 

corresponding nuclear fractions. The protein concentration of cytoplasmic and nuclear extracts 

were measured by using the Bradford assay. The fractions were prepared for western blotting 

analysis as explained under western blots analysis. Histone H3 (nuclear marker) or  -tubulin 

(cytoplasmic marker) were used to test the efficiency of the fractionation process.                 

3.2.9 Western Blots Analysis  

Immunoblotting was used to investigate relative GAPDH expression, subcellular 

localization and PTMs. Semi-purified samples obtained from the first Cibacron blue 

chromatography step were used to determine relative level of GAPDH PTMs. The semi-purified 

samples were prepared by mixing them 1:1 v:v with SDS loading buffer. The amount of GAPDH 

used for western blots was adjusted by dilution such that equals amounts of GAPDH was loaded 

on each well of the gel. The procedure for western blots were followed as described previously 

[38].The semi-purified sample were loaded on 10% polyacrylamide gels with 5% stacking gels 

and then run for 50 min at 180 V. For total GAPDH and nuclear GAPDH, equal amount of 15 µg 

for all the conditions were loaded into wells of the gel and were run through 12% polyacrylamide 

gels with 5% stacking gels at 180V for 70 min. Following electrophoresis, proteins were 

transferred to a polyvinylidene fluoride (PVDF) membrane at 160 mA for 90 min using transfer 

buffer (25 mM Tris, pH 8.5, 192 mM glycine and 10% v/v methanol).  

Following transfer, membranes were probed with anti-GAPDH or PTM-specific primary 

antibodies and incubated overnight at 4 0C while rocking. For total GAPDH and nuclear 

GAPDH, the membrane was blocked with 5% non-fat dried milk in Tris-buffered saline 

containing Tween-20 (TBST: 20 mM Tris base, pH 7.6, 140 mM NaCl, 0.05 % v/v Tween-20) 
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for 30 min at room temperature while rocking, and then washed 3x for 5 minutes with TBST 

with the same conditions. The primary antibodies used in the experiments were diluted 1:1000 

and weare as follows: anti-phosphorylated tyrosine (Cell signaling, # 9441), 2: aAnti-

phosphorylated serine (Abcam, # ab9332), 3: anti-phosphorylated threonine (Invitrogen, 

#718200), 4: anti tri-methylated lysine (StressMarq, # SPC-158), 5: anti nitrosylated cysteine 

(Abcam, # ab50185), 6: anti- pan acetylated (Santa Cruz Biotechnology, # SC-8663), and 7: anti-

GAPDH (GeneTex, GTX100118)   

After incubation, unbound primary antibody was removed and membranes were washed 

five times for 5 min each with TBST before being incubated with either horseradish peroxidase 

conjugated anti-rabbit IgG or anti-mouse IgG antibodies (BioShop, diluted 1:8,000 v:v in TBST) 

for 30 min at room temperature while rocking. Following washing, equal volumes of 

chemiluminescence reagent and hydrogen peroxide were added to the membranes and imaged 

using the ChemiGenius Bioimaging system (Syngene, Frederick, MD). Following exposure, 

membranes were stained with Coomassie Brilliant-blue and imaged in the same manner. Band 

intensities from GAPDH expression, modification and subcellular localization were normalized 

against the same band on the Coomassie stained membrane using GeneTools software. Data for 

samples from stressed frogs are reported relative to controls which were set to 1.   

3.2.10 Differential scanning fluorimetry  

Differential scanning fluorimetry (DSF) is a fluorescent based (SYPRO orange) 

technique that monitors the thermal unfolding of proteins and measures the melting temperature 

(Tm) using Bio-Rad CFX ConnectTM Real-Time PCR Detection System (Bio-Rad, Cat. No. 

1855201) [39]. SYPRO orange dye fluoresces when it is bound to the exposed hydrophobic 

residues of denatured proteins, and this can be measured as an indicator of protein folding [40]. 
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Prior to DSF, purified GAPDH was spun on a G25 Sephadex column previously pre-equilibrated 

in DSF buffer (100 mM potassium phosphate, pH 7.0, 150 mM NaCl), at 2500 rpm for 1 min. 

Following equilibration, an Amicon Ultra-4 centrifugal filter 10K (Sigma-Aldrich, 10,000 

MWCO) column was used to concentrate GAPDH. The column was centrifuged in a Sorvall RC-

58 for 15 min at 8,000 x g and 4°C. Purified GAPDH at final concentration of 0.08 mg/mL, DSF 

buffer and 40X SYPRO orange dye (5X final concentration of the dye per well) were mixed in a 

20 µL final volume in PCR microplates wells. The PCR plate was sealed and placed into the Bio-

Rad CFX Connect Real-Time System instrument customized for fluorescence detection of 

SYPRO orange (Invitrogen). The following wavelengths were used: excitation 490 ± 20 nm and 

the emission filter 625 ± 30 nm. Measurement was taken as temperature rose from 20 to 95 °C 

with a 0.5 °C increase per cycle. The protein Tm was determined by analysis the fluorescence 

intensity with respect to temperature by using OriginPro 8.5 and the Boltzmann distribution 

curves [41].    

3.2.11 Data and Statistical Analysis  

All enzyme kinetic data were analyzed using a Microplate Analysis program (MPA) and 

Kinetics parameters (Km and I50 values) were calculated using a nonlinear least regression 

computer program, Kinetics v.3.5.1 [36]. A Hill equation curve (h>0) was used to fit the data 

points and determine the kinetic parameter. The standardization of protein concentration used for 

western blots was accomplished by quantifying the GAPDH band from the purified protein 

samples using Coomassie stain on a PVDF membrane after transfer from an SDS-PAGE gel. 

Data for all kinetics parameters, western blots and DSF compared between control and stresses 

were analyzed using two-tailed Student’s t-test with accounting for unequal variance where a 
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significant result was p<0.05. Graphing was performed using RBioplot statistical software with a 

two-tailed Student’s t-test ( p<0.05) [42].     

3.3. Results  

3.3.1 Enzyme Purification  

GAPDH from liver of the wood frog was purified to homogeneity in two-steps by using a 

Cibacron blue affinity column followed by a hydrophobic column of phenyl-Sepharose. The 

overall activity yield of GAPDH purification was 11% as measured from the total activity (units) 

from the final step divided by the total starting activity (crude), with a fold purification of 79 and 

a final specific activity of 15.3 U/mg (Table 3.1). The overall yield of GAPDH from liver of 

frozen frogs was 8% with a fold purification of 108 and a specific activity of 40 U/mg (Table 

3.1). The full procedure for dehydrated GAPDH gave a 16% yield of enzymatic activity and a 

57-fold purification with a final specific activity for GAPDH at 11.4 U/mg (Table 3.1). Finally, 

the overall yield for anoxic GAPDH was 13% with a 61-fold purification and 7.3 U/mg specific 

activity (Table 1). The purity of GAPDH was assessed by SDS-PAGE followed by staining with 

Coomassie brilliant blue (Fig.3.1). A standard of commercial rabbit muscle GAPDH was run 

alongside the frog GAPDH samples to act as a positive control. GAPDH from liver or control, 

frozen, dehydrated and anoxic wood frogs showed a consistent molecular weight of around 37 

KDa based on electrophoretic mobility, as compared to the protein standard ladder (Fig. 3.1)  

3.3.2 Enzyme Kinetics 

Enzymatic parameters were investigated in the GAP oxidizing direction and 1,3BPG-

reducing direction using purified GAPDH from control, freeze-exposed, dehydrated-exposed and 

anoxia-exposed frogs at room temperature (22 0C) and at low temperature (5 °C). There were 

several significant differences in GAPDH kinetics parameters (Table 3.2). At 22 °C in the GAP-
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oxidizing direction, the Km values for GAP isolated from dehydration and anoxic exposures were 

significantly lower than the control with the dehydrated parameter being 0.73 mM and anoxia 

value of 0.81 mM compared to control value of 1.28 mM. This trend also happened for Km of 

NAD+ where frozen (0.37 mM), dehydrated (0.35 mM) and anoxic (0.27 mM) forms of the 

enzyme showed a significant decrease as compared to the control (0.57 Mm; Table 3.2). In 

addition to the increase in substrate affinity in response to stress, the Vmax was significantly 

increased under all stress conditions compared to the control (Table 3.2). The maximal activity 

of GAPDH under different conditions was as follows: freezing 19.6 U/mg, dehydration 17.6 

U/mg and anoxia 11.9 U/mg compared to control which was 4.81 U/mg. The enzymatic activity 

was also measured in the 1,3BPG-reducing direction at 22 ℃, where the Km of 1,3BPG of the 

freeze-exposed enzyme (0.22 mM) was significantly lower than the control (0.32 mM). Values 

for GAPDH Vmax in the 1,3BPG direction were significantly different between the purified 

samples, where frozen and anoxic GAPDH were ~53% and ~34 % less compared to the control, 

respectively. The dehydration exposed GAPDH (15.0 U/mg) increased significantly when 

compared to the maximal activity of control GAPDH (14.3 U/mg).  

Kinetic parameters were also assessed at 5 °C (Table 3.2). The frozen GAPDH showed a 

significant decrease in the affinity for NAD+ (0.41 mM) in comparison to the control (0.19 mM) 

and there was a significant decrease in the maximal activity with the frozen form of the enzyme 

being 57% less than control (Table 3.2). The maximal activity in the reverse reaction also 

showed a significant decrease when compared to the control values, where the activity was 53% 

less in frozen, 15% less in dehydrated and 25% less in anoxia-expose tissue, compared with 

controls. The Km for 1,3BPG was significantly lower under dehydration compared to the control 
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(0.27 mM versus 0.38 mM) and significantly higher under anoxic conditions than control (0.54 

mM versus 0.38 mM).      

The stability of GAPDH was evaluated using denaturants including urea, KCl and NaCl 

to calculating I50 values in response to increasing concentration of denaturants (Table 3.3). The 

I50 for urea for frozen GAPDH increased significantly by 1.23-fold compared to the control. The 

I50 of urea value of the dehydrated form of GAPDH (3.09 M) and anoxic form of GAPDH (4.78 

M) did not show a statistically significant changes compared to the control (Table 3.3). The I50 

KCl values for the enzyme showed no significant differences between control and stress forms of 

GAPDH (Table 3.3). Finally, I50 NaCl for GAPDH from dehydrated frogs increased by 1.34-fold 

compared to controls (Table 3.3). However, the I50 NaCl for GAPDH from frozen and anoxic 

frogs did not show any significant differences as compared to the control value (Table 3.3).      

3.3.3 Differential scanning fluorimetry 

DSF is a high throughput method that determines the thermal stability of purified proteins 

in the presence of a fluorescent dye. The freeze-exposed enzyme displayed a significantly higher 

unfolding temperature (Tm) of 78.2 °C compared to the control 51.2 °C (Fig. 3.2). As well, 

dehydration-exposed enzyme (72.3 °C) showed a higher Tm than control (Fig. 3.2). The anoxia 

exposed enzyme did not change significantly compared to controls with a Tm of 49.3 °C (Fig. 

3.2).  

3.3.4 Analysis for posttranslational modifications  

Different posttranslational modifications of GAPDH were assessed through western 

blots. Overall, most PTMs were unresponsive to the different stresses with a few exceptions. P-

tyrosine levels for frozen GAPDH were 1.19 times higher compared to controls (Fig. 3.3A). 
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Similarly, levels of methyl-lysine were 1.43 times higher compared to the control (Fig. 3.3A). 

The dehydrated form of the enzyme demonstrated 4.08-fold higher P-serine levels compared to 

controls (Fig. 3.3B) and the anoxic GAPDH showed a significant increase in P-tyrosine content 

(~1.40 fold) but level of P-threonine on the anoxic variant decreased by ~16% relative to 

controls (Fig. 3.3C).  

3.3.5 GAPDH subcellular localization 

The total and nuclear levels of GAPDH from control, frozen, dehydrated and anoxic samples 

were assessed to determine the overall expression and localization of GAPDH using western 

blotting. The total levels of GAPDH from freeze-exposed samples were 37% less compare to 

control GAPDH levels (Fig. 3.4A). In comparison, GAPDH from dehydrated frogs showed a 

slight but insignificant decrease in the total GAPDH level and anoxic GAPDH showed a slight 

insignificant increase in GAPDH levels (Fig. 3.4B&C). Nuclear GAPDH levels for freeze-

exposed enzyme did not show any significant change when compared to controls (Fig. 3.5A). 

However, the dehydrated and anoxic conditions demonstrated 1.27 and 1.49 higher nuclear 

GAPDH levels compared to control, respectively (Fig. 3.5B&C).    

3.4. Discussion 
 

Many animals deal with winter conditions differently: some migrate to warmer climates, 

some hide away in their hibernacula, and others adopt a freeze tolerance strategy. Wood frogs 

are among the most freeze-tolerant vertebrates and they can endure the  conversion of 65-70% of 

their total body water into extracellular ice [2]. The freezing of the extracellular water leads to 

intracellular dehydration since water is withdrawn from cells to form extracellular ice crystals. 

Freezing also leads to an anoxic cellular environment due to the freezing of blood plasma and 

interruption in heartbeat, all of which reduce oxygen delivery to other organs [3]. Therefore, the 
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freeze tolerant wood frog must endure freezing, dehydration and anoxia stresses to survive 

during the winter. As cryoprotective responses, wood frogs produce large quantities of 

cryoprotectants (glucose and urea) and suppress their metabolic rate to save energy [8]. 

Numerous studies have been done to illustrate how wood frogs regulate their carbohydrate 

metabolism by focusing on key enzymes involved in metabolism [4,9]. Given the potential 

importance of GAPDH and its pivotal role in carbohydrate metabolism and energy production, it 

was of interest to study this enzyme in wood frog liver under freezing and associated stresses.  

Wood frog liver GAPDH was purified to homogeneity by using a combination of affinity 

and hydrophobic chromatography techniques. Results show a purified GAPDH band (Fig. 3.1) 

where the yield was 11% for control GAPDH, 8% for frozen GAPDH, 16% dehydrated GAPDH 

and 13% anoxic GAPDH (Table 3.1). The purification scheme used in this study is comparable 

to those used in other studies in different animals, thereby demonstrating an effective way of 

isolating GAPDH from tissues [17,43–45].  

Analysis of the kinetic parameters of purified GAPDH from liver of freeze, dehydrated 

and anoxia exposed wood frog showed several key differences in this enzyme. The kinetic 

parameters of purified GAPDH were tested at room temperature 22 °C and 5 °C. Although this is 

not environmentally relevant to freezing (acclimated frogs were kept at 5 °C), this temperature 

was chosen to avoid the freezing of assay reagents. In addition, assays run at 5 °C are relevant to 

dehydration and anoxic-treated frogs. A comparison between control and frozen frogs showed 

interesting results (Table 3.2). The Km for NAD+ in the GAP-oxidizing direction was showed 

opposite trends for both temperatures where GAPDH from frozen frogs assayed at room 

temperature had higher affinity for NAD+ compared to control (Table 3.2). This was reversed at 

5 °C, where GAPDH from frozen frogs had low affinity for NAD+ compared to control (Table 
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2). Furthermore, Vmax of GAPDH in the GAP-oxidizing direction showed a significant increase 

at room temperature for enzyme isolated from frozen frogs but showed a significant decrease at 5 

°C. The results at 5 0C do coincide with the expected reduction of liver glycolysis as wood frogs 

slow down their glycolytic pathway. Indeed, it was shown that exposure to freezing inhibited 

glycolysis at the PFK step where levels of F2,6P2 decreased during freezing leading to the 

inhibition of PFK and ultimately of glycolysis [12,14,15]. In addition, pyruvate dehydrogenase 

was revealed to be suppressed during freezing and that further supports the overall decrease in 

glycolysis [46]. In the 1,3-BPG reducing direction, the maximal activities at both temperatures 

for the enzyme from freeze exposed frogs were significantly lower relative to control samples 

(Table 3.2). This suggests that GAPDH activity is also decreased in the gluconeogenic direction 

during freeze exposure. The higher activity and apparent affinity of frozen GAPDH versus 

controls for GAP and NAD+ at the higher temperature may be important during periods of 

thawing since wood frogs can experience multiple freeze-thaw cycles over the winter. F2,6P2 

levels increase during thawing (24 h-thaw) which would activate PFK and ultimately stimulate 

glycolysis [13,15]. In addition, PFK activity was found to increase during thawing (24 h-thaw) 

indicating that glucose catabolism was activated and/or reinstated in the liver of the thawed frogs 

[12].Current studies lack information on when exactly the wood frog switches from anaerobic to 

aerobic metabolism. In fact, restoration of the heartbeat is the first physiological function that 

resume during the first hour of thawing [47]. This would restore blood flow to different organs 

and causes metabolic demands to increase which would ultimately switch back to aerobic 

metabolism as the frogs are warming up [47]. Therefore, this might indicate that during brief 

period of thawing, frogs increase their energy demand causing a switch to aerobic metabolism 
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and maybe increasing glycolytic rate which may explain the increase in GAPDH activity at 

higher temperature.   

Kinetic parameters were also measured for purified GAPDH in tissues from dehydrated 

and anoxic frogs (Table 3.2). The decrease of GAPDH activity during dehydration exposure 

coincides well with previous investigations of wood frog liver, supporting that conclusion that 

glycolysis is inhibited at the PFK locus as seen by  elevated levels of G6P and F6P but levels of 

F1,6P2 or triose phosphates that did not change during dehydration [6]. This appears to be a 

conserved regulatory response since the same regulation was observed in freezing frogs. In 

addition, a previous study found that three glycolytic enzymes including GAPDH (as well as 

pyruvate kinase and lactate dehydrogenase) decreased in activity in the liver of spadefoot toads, 

Scaphiopus couchi, during estivation [48]. At 5 °C, GAPDH from the anoxia treatment displayed 

a lower maximal activity in both directions relative to the control suggesting that GAPDH is 

suppressed as well during anoxia exposure (Table 3.2). Unlike dehydration, anoxia inhibits tissue 

oxygenation and promotes a switch to anaerobic energy production. Anoxia exposure also differs 

from freezing and dehydration conditions since it does not need the production of 

cryo/osmoprotectants (ie. glucose), and thereby an alternate mode of glycolytic control can be 

involved in the liver [3]. In general, it has been found that levels of F2,6P2 decreased in response 

to anoxia/ischemia in the liver of different organism, suggesting a strong glycolytic control 

acting at the PFK locus during oxygen deprivation  [49,50]. Similarly, a strong reduction in PFK 

enzymatic activity in Otala lactea hepatopancreas occurred in response to anoxia [51]. The drop 

of F2,6P2 may be part of the overall mechanism of MRD during anoxia. Given these animals are 

anoxia tolerant, it highly likely that wood frogs regulate their glycolytic activities in a similar 

manner. Interestingly, a recent phosphoproteomic study revealed that there was no change in 
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PFK phosphorylation level, and therefore, either other novel posttranslational modification are 

involved in regulating its activity, or wood frogs regulates their glycolysis at a level downstream 

of PFK during anoxia [52]. Further research is warranted to investigate this claim. In summary, 

the results for GAPDH at 5 °C support an overall decrease in glycolysis flux during freezing and 

its associated stressors [14,15]. The decrease in GAPDH activity would be beneficial to the wood 

frog as it will contribute to the overall MRD to conserve energy as well as limiting the 

consumption of cryoprotectant glucose by slowing the rate of glycolysis. A similar study showed 

that GAPDH is involved in regulating metabolism during hibernation in ground squirrels 

(Ictidomys tridecmlineatus) [17]. The study showed a reduction in Vmax at 5 °C in both directions 

(glycolytic and gluconeogenic) during hibernation, a finding that parallels the results seen in this 

study that demonstrate a decreased in GAPDH activity [17]. Therefore, a suppression of GAPDH 

activity may be a conserved regulatory response in animals that undergo MRD.   

The differences in kinetic parameters of GAPDH between control, frozen, dehydrated 

and anoxia states suggest a potential regulation of this enzyme based on its structure. To test if 

the differences in kinetic parameters are related to changes in overall enzyme structure, DSF was 

used [17]. Current results show that GAPDH from livers of frozen and dehydrated frogs was 

significantly more stable compared to the control group (Fig 3.2). This indicates that GAPDH 

from frozen and dehydrated wood frogs is more structurally stable and more resistant to thermal 

denaturation. This provides further proof that GAPDH from control, frozen and dehydrated 

animals exhibit some structural differences that support the differences in kinetic properties of 

GAPDH under different conditions (Table 2). This may suggest that changes in protein stability 

and structure are influencing the kinetic properties of GAPDH in order to match the need of the 

wood frog stress response. Additionally, enzyme stability could be advantageous to wood frogs 
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in order to aid cellular energy preservation. Indeed, protein synthesis and degradation are highly 

energy expensive processes and it has been estimated that the total energetic input for each 

peptide bond is as much as 7.5 unit of ATP [53]. Therefore, stabilizing an enzyme during 

undesirable conditions may contribute to overall energy savings. In addition, GAPDH from 

control, frozen, dehydrated and anoxic frogs showed a high degree of stability against urea where 

its structure remained stable up to ~ 4 M urea before showing any decrease in enzymatic activity 

(Table 3.3). At high concentrations, urea is commonly used as a chemical denaturant to 

determine the overall stability and structure of enzymes under different conditions. The 

concentration required to reduce the activity by half was greater for freeze exposed GAPDH than 

for controls (Table 3.2). This further suggests that the frozen variant of the enzyme exhibits 

higher stability as was also seen by the DSF results. The high stability of frozen GAPDH against 

urea denaturation supports the idea that there are structural differences between the two variants 

of the enzyme. Taken together, these data may suggest that protein stabilization is prioritized 

during hypometabolism.  

The differences in kinetic parameters observed in GAPDH obtained from control and 

stress conditions suggests that perhaps this enzyme is regulated by alternative methods. This 

regulation of GAPDH could be changes in its PTMs, which could affect its enzymatic activity. In 

fact, regulation at the PTM level is an energy effective technique to regulate enzymatic activity 

under hypometabolic conditions and/or mainlining enzymes in their inactive form until needed 

[17,38]. Western blot analysis showed that most PTMs studied were not affected by the different 

treatment conditions (Fig. 3.3). There was an increase in tyrosine phosphorylation during 

freezing compared to control, suggesting perhaps the decrease in activity seen here could be due 

to this PTM (Fig. 3.3A). GAPDH has been shown to contain phospho-tyrosine residues but no 
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enzymatic effect was reported to be associated with the phosphorylation event [54]. Additionally, 

phospho-tyrosine residues of GAPDH have been shown to be a targets for serval kinases such as 

muscle Ca2+/calmodulin-dependent protein kinase (CAMK), protein kinase B (Akt) and protein 

kinase C (PKC)[25,55–58]. For example, tyrosine phosphorylation of GAPDH by atypical 

protein kinase C and Src kinases was found to be involved in vesicle trafficking [56,59]. While 

this was not measured in the wood frogs, it is possible that the increase seen in this study could 

be associated in this pathway. However, further investigation is warranted to test this hypothesis. 

In addition, current results show an increase in lysine methylation of GAPDH extracted from 

frozen liver (Fig. 3.3A). The importance of lysine modification to GAPDH has been investigated 

in different organism where several proteomic studies have identified 4 lysine residues in 

GAPDH that are targeted for post translational modification [60–62]. For example, lysine 

modification of GAPDH has been recently investigated in Salmonella, where acetylation on 

lysine residues of GAPDH favours glycolysis [63]. In addition, it was shown that lysine 225 and 

lysine 252 have a potent effect on controlling GAPDH activity since both of these residues sit 

within the catalytic cleft of GAPDH [60]. A previous study found a lysine residue from rabbit 

muscle GAPDH to be reactive toward pyridoxal 5’-phosphate, which was competitively 

inhibited by anions (phosphate) [64]. This suggested that residues might be important for 

GAPDH’s catalytic activity and methylation at lysine residues might play a role in inhibiting 

GAPDH function by preventing it from interacting with inorganics [65]. Hence, the increase in 

methylation on lysine residues found in this study could potentially regulate this enzyme’s 

activity given that current results showed a decrease in both substrate affinity and activity in 

response to freezing. 
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There was significant increase in phosphorylation on serine residues of GAPDH 

extracted from dehydrated liver. It has been shown that cytoplasmic GAPDH is phosphorylated 

on Ser122 by activated 5’AMP-activated protein kinase (AMPK), and this allows GAPDH to 

translocate to the nucleus and play a pivotal role in activating autophagy initiation [66]. Under 

energy depletion, cytoplasmic GAPDH is phosphorylated on Ser122 by activated AMPK that 

causes GAPDH entry into the nucleus [66]. Phosphorylated GAPDH in the nucleus interacts 

directly with Sirtuin 1 (Sirt1) and is activated by disassociating Sirt1 from its repressor (DBC1) 

which ultimately initiates autophagy [66]. This function is possible given that AMPK activity 

was shown to increase by 2-fold in liver of frozen frogs compare to controls, suggesting that 

perhaps AMPK is involved in GAPDH’s translocation to the nucleus[67]. To test if GAPDH is 

translocated to the nucleus, a cytoplasmic/nuclear fractionation protocol was performed. Current 

results show a significant increase in nuclear GAPDH localization during dehydration (Fig. 

3.5B). This provides evidence that GAPDH may be translocated to the nucleus during 

dehydration exposure.   

PTM changes were also examined in response to anoxia treatment. Results show a 

significant decrease in threonine phosphorylation of GAPDH from anoxic liver compared to the 

control group (Fig. 3.3C). Phosphorylation on threonine residues was shown to be important in 

preventing nuclear translocation of GAPDH. This phosphorylation was mediated by Akt2 at 

Thr237, resulting in the inhibition of  GAPDH nuclear translocation [25]. The present study 

showed a significant increase in the relative nuclear level of GAPDH during anoxia exposure 

(Fig. 3.5C). This further supports the idea that GAPDH is translocated to the nucleus under 

anoxia condition. The nuclear translocation of GAPDH plays a role in oxidative stress and 

initiation of apoptosis but also  nuclear GAPDH can participate in DNA repair [32,55]. It was 
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documented that there is an overall decrease in apoptosis in the liver during anoxia treatment 

[68]. This suggested that nuclear GAPDH might not be able to participate in initiation of 

apoptosis. However, the wood frog experiences ischemia-reperfusion events that are associated 

with the freeze-thaw cycle that correlate with the production of reactive oxygen species (ROS), 

especially during the first hours of recovery [7]. In addition, increasing levels of ROS can cause 

oxidative damage to DNA during this cycle [7]. Therefore, a decrease in threonine 

phosphorylation of GAPDH may induce its translocation to the nucleus and may play a role in 

protecting cells from oxidative damage to DNA during stress.     

 Studies showed that phosphorylation of Y94, S98 and T99 in the GAPDH binding pocket 

stabilizes this region and increases the protein’s NAD binding affinity [69,70]. However, despite 

showing an increase in phosphorylation on serine, threonine and tyrosine residues for frozen, 

dehydrated and anoxic frogs (Fig. 3.3), this change was not associated with an increase in NAD 

affinity (Table 3.2). This could potentially suggest that phosphorylation of GAPDH is not 

associated with GAPDH catalytic activity or its role in glycolytic or gluconeogenic regulation. It 

appears that GAPDH phosphorylation in the wood frog liver may be significant during stress 

states. Therefore, GAPDH may be contributing in the regulation of non-glycolytic processes 

while suppressing its catalytic activity to save energy.  

3.5. Conclusion  

This study characterized the kinetic, physical and regulatory properties of wood frog liver 

GAPDH from 24 h freezing, 40% dehydrated and 24 h anoxic conditions. Kinetic parameters of 

this enzyme indicated a suppression of GAPDH activity during stress, which coincided with the 

decrease of glycolytic and gluconeogenic output during whole body freezing. Structural studies 

of the stability of GAPDH demonstrated that GAPDH from frozen and dehydrated livers is more 
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stable than the control enzyme, and that GAPDH has a high degree of stability against urea, an 

osmolyte that is abundant during stress in wood frogs. GAPDH is regulated by phosphorylation 

and the effect of increasing phosphorylation is associated with GAPDH nuclear localization.  

  



89 
 

Tables 
Table 3.1: Representation of the purification of liver GAPDH in the wood frog (A) control, (B) 

freeze exposure, (C) dehydrated exposure and (D) anoxia exposure. Two steps were used to 

achieve the purification: (a) Cibacron Blue column chromatography with elution using a salt 

gradient 0-2 M KCl, and (b) Phenyl Sepharose hydrophobic column using 1.5-0 M KCl gradient. 

Activities were measured in the forward (GAP oxidizing direction of the reaction). This step was 

repeated n≥ 5 for each stress.  

Purification Step Total 
protein (mg) 

 

Total 
Activity 

(U) 

% Yield Specific 
Activity 
(U/mg) 

Fold 
Purification 

A 

Supernatant  25.8 5.00 - 0.19 - 

Cibacron Blue  2.71 1.03 20.5 0.37 1.95 

Phenyl 

Sepharose 

0.03 0.54 11.0 15.3 79.0 

B 

Supernatant  35.3 13.1 - 0.37 - 

Cibacron Blue  7.09 6.34 48.5 0.89 2.42 

Phenyl 

Sepharose 

0.03 1.06 8.15 40.0 108 

C 

Supernatant  35.0 7.00 - 0.20 - 

Cibacron Blue  5.95 3.51 50.3 0.60 2.95 

Phenyl 

Sepharose 

0.10 1.09 15.5 11.4 56.8 

D 

Supernatant  24.7 2.98 - 0.12 - 

Cibacron Blue  6.64 2.23 74.8 0.33 2.78 

Phenyl 

Sepharose 

0.05 0.37 12.5 7.33 61.0 
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Table 3.2: Kinetic parameters of purified Rana sylvatica liver GAPDH from control, frozen, 

dehydrated and anoxic frogs exposed frogs in the GAP-oxidizing and 1,3-BPG-reducing 

directions at 22 0C and 5 0C. The Km values were determined using saturating conditions for co-

substrate(s). Data are means±SEM, n≥4; the assay conditions were as described in the Method 

section. 

 Control Frozen Dehydration Anoxia 
Kinetics at 22 0C in the forward reaction 

Km GAP (mM) 1.28± 0.02 1.20±0.03 0.73±0.002* 0.81±0.02* 

Km NAD (mM) 0.57±0.01 0.37±0.02* 0.35±0.03* 0.27±0.01* 

Vmax (U/mg) 4.81±0.01 19.6±0.19* 17.6±0.12* 11.9±0.09* 

Kinetics at 5 0C in the forward reaction 
Km GAP (mM) 0.73±0.09a 0.75±0.01a 0.81±0.02 0.89±0.09 

Km NAD (mM) 0.19±0.02a 0.41±0.04* 0.20±0.02a 0.27±0.08 

Vmax (U/mg) 6.23±0.06a 2.72±0.07*a 6.29±0.16a 5.34±0.22a 

Kinetics at 22 0C in the reverse reaction 
Km 1,3BPG (mM) 0.32±0.02 0.22±0.01* 0.28±0.03 0.38±0.005 

reverse Vmax 
(U/mg) 

14.3±0.06 6.73±0.007* 15.0±0.08* 9.54±0.06* 

Kinetics at 5 0C in the reverse reaction 
Km 1,3BPG (mM) 0.38±0.009 0.37±0.005a 0.27±0.01* 0.54±0.005*a 

reverse Vmax 
(U/mg) 

8.27±0.06a 3.90±0.01*a 7.04±0.03*a 6.27±0.03*a 

 
Data are means ± SEM, n = 4 independent trials. *Significantly different from the corresponding 
control, p<0.05, a indicates the parameters is significantly difference from the corresponding 
parameter at room temperature (22 0C), p<0.05 via student’s t-test.  
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Table 3.3: The effect of urea and salts on purified liver GAPDH activity from control and frozen, 

dehydrated and anoxic exposed frogs. GAPDH was assayed in the GAP-oxidizing direction at 22 

0C. The I50 values for inhibitors were determined using saturating conditions and data are 

means±SEM, n≥4 where the assay conditions were as described in the Methods section. 

 Control Frozen Dehydration Anoxia 
I50 urea 4.78±0.33 5.90±0.04* 3.09±1.21 5.68±0.29 

I50 KCl 0.66±0.07 0.84±0.04 0.72±0.04 0.52±0.009 

I50 NaCl 0.44±0.01 0.60±0.05 0.59±0.02* 0.40±0.007 

 
Data are mean ± SEM, n = 4 independent trials. *Significantly different from the corresponding 
control (p<0.05, student’s t-test) 
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Figures 

 

Figure 3.1: SDS-PAGE with Coomassie Blue stain shows the GAPDH purification from control 

wood frog liver tissue. From left to right lanes are, 1: piNK Plus Pre-stained Protein Ladder 10-

175kDa,2: rabbit GAPDH,3: crude sample, 4:  pooled peak fractions eluted from the Cibacron 

blue column, 5: pooled peak fractions eluted from phenyl-Sepharose. 
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Figure 3.2: Differential scanning fluorimetry analysis of the relative thermal stability of purified 

GAPDH purified from liver of Rana sylvatica from control, frozen (A), dehydration (B) and 

anoxia (C). The experiment was performed with a concentration of 0.08 mg/mL of purified 

GAPDH in each assay well. The data were quantified as mean ± SEM, n≥4, the statistical 

analysis was carried by Student’s t-test with p<0.05 considered to be significant where (*) 

denotes significant differences from control sample 
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Figure 3.3: Western blot analysis of posttranslational modification of partially purified GAPDH 

from liver of Rana sylvatica under control, frozen (A), dehydration (B) and anoxia (C) 

conditions. The relative band intensity refers to the intensity of the chemiluminescent signal 

divided by the band intensity after staining with Coomassie brilliant blue. Data are mean ± SEM, 

n=4; (*) significantly different from the corresponding control value as determined by the 

Student’s t-test, p<0.05.
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Figure 3.4: Relative GAPDH expression levels in liver of Rana sylvatica from control, frozen 

(A), dehydration (B) and anoxia (C) as determined by western blots. Relative GAPDH levels 

were determined by the intensity of the chemiluminescent signal divided by the band intensity 

after staining with Coomassie brilliant blue. Data are mean ± SEM, n=4 independent biological 

replicates from different animals. (*) significantly different from the control as determined by the 

Student’s t-test, p<0.05.   
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Figure 3.5: Relative nuclear GAPDH expression level in liver of Rana sylvatica from control, 

frozen (A), dehydration (B) and anoxia (C) frogs assessed by western blots. Other information as 

in Fig. 3.4.   
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Animals that live in the wild can experience unforgiving environmental conditions such 

as limited food, water loss, fluctuations in environmental oxygen level and fluctuation in 

temperatures. Survival of harsh environmental conditions requires that animals to depend on 

their endogenous fuel reserves as well establish a new balance between ATP-consuming and 

ATP-producing processes. These requirements necessitate major biochemical and physiological 

adaptations including reorganization and reprioritization of energy use, altered expression of 

various proteins, differential regulation of enzymes, and strong reduction in overall metabolic 

rate [1,2]. 

Metabolic rate depression (MRD) is a key biochemical mechanism that is essential for 

animal survival during harsh environmental conditions [2]. Metabolic rate can be dropped by 5-

40% of their resting rate depending on the animal [2]. MRD is carried out in a selective manner 

where ATP-expensive and non-essential cellular processes are suppressed whereas processes 

needed for cellular survival are upregulated [2]. The transition into MRD, also called entrance 

into a hypometabolism state, provides animals with a chance to extend their survival time by 

conserving fuel reserves. Many factors are involved in regulating the metabolic transition from a 

normal resting state to a hypometabolic state [2,3]. For example, control of enzymes plays an 

essential role in controlling anabolic and catabolic processes [2,3]. Moreover, the changing 

nature of environments requires changes to metabolic systems that are rapid and energetically 

inexpensive. Synthesis and degradation of proteins are energy demanding and overall 

restructuring of cellular metabolic enzymes that control ATP-consuming and ATP-producing 

pathways are energy expensive under stress conditions [2,3]. Therefore, key metabolic enzymes 

involved in different aspects of metabolism can be differentially regulated through PTMs 

instead. This mechanism is rapid, energy-inexpensive and can be easily reversed by an 
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appropriate phosphatases or kinases depending on the cell status. Indeed, multiple studies have 

shown metabolic regulation of enzymes through PTMs in hypometabolic animals in order to 

sustain life [2–6].  

The North American wood frog, Rana sylvatica, undergoes whole body freezing when 

confronted with harsh winter conditions. They can endure freezing of up to 65% of total body 

water as extracellular ice [7]. Freezing is associated with the reduction and cessation of various 

vital physiological functions such as breathing, heartbeat, muscle movement and nerve 

conductivity [7,8]. Freezing also imposes stress on all cells including dehydration due to the loss 

of water from cells into extracellular ice crystals and anoxia due to the freezing of the blood 

plasma that interrupts oxygen delivery to organs [7,9]. Wood frogs have the ability to endure 

dehydration and anoxia where they develop dehydration resistance (enduring the loss of up to 

60% of total body water), and anoxia resistance of at least 48 h exposure of N2 gas at 50C, 

independently of freezing [7,10,11]. Therefore, it is important to investigate each of those 

stresses independently to see if they regulate their pathways in similar manner as freezing.  

Both freezing and dehydration can cause damage to cell membranes and, as a result, 

wood frogs have developed several adaptations to prevent or overcome any damage. One of the 

important mechanisms is the production of a high amount of glucose that is used as a cryo- or 

osmo-protectant agent [12,13]. Glucose functions in retaining enough water inside the cell to 

prevent any damage to subcellular architecture. Previous studies have shown that blood glucose 

can rise from 5 mM to as high as 300 mM in response to freezing and liver glucose content was 

shown to increase 3.8-fold in response to dehydration [7,11]. Recently, urea has also been shown 

to be a significant metabolite that contributes to protection in the wood frog to aid cells from 
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freeze/thaw injuries and from excessive dehydration [13,14]. It was noted that urea content 

increases in liver during freezing and the level of urea can rise up to 90 mM in wood frogs under 

dry conditions [13,15]. Given that anoxia is one of the stressors associated with freezing in wood 

frogs, it is important to investigate independently. There is no accumulation of cryoprotective 

agents in wood frogs under anoxia since they do not experience interruption of blood flow or 

water loss from cells [7]. However, the wood frog needs to switch from oxidative 

phosphorylation for ATP synthesis to anaerobic fermentative glycolysis due to the oxygen 

deprivation during freezing or anoxia exposures and, to a lesser extent, during dehydration when 

water loss reaches a high level that impairs blood circulation. Anaerobic glycolysis has been 

proven to be used as the pathway to produce energy due to the accumulation of lactate under 

freezing or anoxia conditions [16]. However, the amount of ATP produce anaerobically is much 

less than the amount of ATP generated under aerobic condition. Therefore, cells need to reduce 

their metabolic rates to conserve energy and balance ATP production with ATP consumption on. 

Entry into a hypometabolic state requires the coordination and integration of various signaling 

pathways that allow survival under harsh conditions [7]. While metabolic rates in response to 

dehydration and anoxia have not been measured in wood frogs, studies in other amphibian and 

non-amphibian models suggest that exposure to these stresses result in suppression of overall 

metabolic rates [3].  For example, during estivation, the spadefoot toad reduces its metabolic rate 

to just 20%-30% of its normal resting metabolism in order to survive extended periods of dry 

conditions [17] Another example is anoxia-tolerant vertebrates, such as some turtles, that can 

depress their metabolic rate by 80%-90% when faced with hypoxia or anoxia conditions [18,19]. 

Additionally, a study of mitochondria from skeletal muscle of a hypoxic frog, Rana temporaria, 

showed reduced metabolic rates when oxygen was limiting [20]. These further supports the 
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suppression of metabolic rate during dehydration and anoxia exposure. Wood frogs have been 

shown to selectively regulate the activities and expression levels of metabolic enzymes that are 

involved in glycolysis, TCA cycle, gluconeogenesis, amino acid catabolism, and fatty acid 

oxidization to survive harsh conditions [3,4,21]. Reversible protein phosphorylation has been a 

commonly reported modification in the wood frog under stress [22–24]. Recent studies showed 

the importance of reversible protein phosphorylation in regulating enzyme activities involved in 

glycolysis and the urea cycle in wood frogs in response to freezing, dehydration or anoxia [25]. 

Hence, enzyme regulation via PTMs seems to play a critical role in the entrance into a 

hypometabolic state by the wood frog when energy resources are limited. 

Metabolic reactions require the help of an enzymes in order to maintain life. Therefore, 

the study presented in this thesis investigated the regulation of two enzymes that have 

fundamental roles in metabolism. Chapter 2 looked into the regulation of GDH in the liver of the 

wood frog in response to dehydration and anoxia treatment. Chapter 3 focused on the regulation 

of GAPDH in the liver of the wood frog in response to freezing, dehydration and anoxia 

treatment. These studies provide an insight into how these different enzymes are regulated during 

hypometabolic states and their contribution to the overall energy metabolism to aid with the 

survival of the wood frog during undesirable conditions.  

4.1 The role of GDH in wood frog liver during dehydration and anoxia  

GDH is a critical enzyme in many organisms that link amino acid, carbohydrate 

metabolism and urea cycle. Chapter 2 of this thesis investigated GDH from liver of wood frogs 

in response to dehydration and anoxia stresses, as compared with control frogs. The study 

revealed significant difference between the three enzyme states. The data determined that GDH 
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from dehydration exposed frogs was more active in the glutamate-oxidizing direction while the 

glutamate-synthesizing reaction was less active in the dehydrated condition compared to 

controls. The increase of GDH activity in the glutamate-oxidizing direction during dehydration 

was expected since GDH is a chief generator of NH4
+ to feed into the urea cycle. As was 

mention earlier, urea helps with water retention during periods of dehydration [26]. It has been 

noted that urea concentrations in the wood frog liver increase during dehydration [13]. An 

increase in glutamate breakdown via GDH and subsequence urea production have been 

documented in several anurans that encounter dry environments [27,28]. Majority of the energy 

used in estivated animals such as spadefoot toads is primarily based upon lipid oxidation and 

protein catabolism [3]. It was shown that potein oxidation occurs in proportion to the need for 

urea production [3]. Interestingly, glutamate levels increased in the liver of estivated spadefoot 

toads [17]. In additon, a previous study showed an increase in the levels of plasma amino acids 

during dehydration in Xenopus laevis [29]. This increase in amino acids during dehydrating 

conditions might be associated with protein breakdown to provide an energy source. Therefore, 

the increase in maximal activity of GDH in the oxidizing direction suggests that wood frogs may 

be breaking down protein to provide a source of energy during dehydration, as seen in other 

animals under dehydration. The reduced activity of the glutamate synthesizing reaction also 

corresponded with an overall suppression of anabolic processes during dehydration. In general, 

animals that experience dehydration (e.g. frogs and pulmonate land snails have received most 

attention) reduce their metabolic rate, particularly targeting energy expensive processes such as 

protein synthesis [30,31]. Thus, it makes sense that synthesis of glutamate through GDH in order 

to participate in the production of protein is suppressed during dehydration. GDH isolated from 

dehydration-treated frogs was noted to display a decreased level of post-translational acetylation 
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and ADP-ribosylation as well as an increase in phosphorylated serine residues. This is thought to 

be related to the increased activity of GDH under dehydrated treatment as it was seen in other 

studies [32,33]. Previous studies showed that liver GDH had much lower phosphorylation of 

residues during hibernation whereas GDH from foot muscle in an estivated animal revealed an 

increase in phosphorylation [34,35]. Therefore, protein phosphorylation of GDH seems to play 

an important role for animals that enter hypometabolic states.  

Based on kinetic analysis, GDH from anoxia-exposed frogs was significantly less active 

in both directions as compared to the controls. The reduced GDH activity in the glutamate-

oxidizing direction coincides with the suppression of oxygen-based metabolism (TCA cycle and 

ETC). Thereby, shuttling of -KG into the TCA cycle would be useless and unnecessary during 

anaerobiosis. On the other hand, the decrease in GDH activity in the glutamate-synthesising 

direction correlated with the fact that synthesis processes are largely suppressed in 

hypometabolic states [3]. Therefore, GDH suppression helps to prevent nonessential energy 

expenditure under anoxia exposure. It was revealed that GDH phosphorylation states differed 

between the two forms of the enzyme. Particularly, GDH isolated from anoxia treated frogs 

revealed a decrease in phosphorylated serine residues compared to controls. It has been well 

established that reversible protein phosphorylation is associated with regulation of metabolic 

pathways and plays a role in activating or suppressing enzymatic activity. Therefore, based on 

the kinetic analysis data we can conclude that protein phosphorylation plays a role in the 

regulation GDH to decrease its activity and help prevent a build-up of TCA cycle intermediates 

and inhibit the synthesis of amino acids in anoxic conditions. 
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4.2 Role of GAPDH in wood frog liver during freezing, dehydration and anoxia   

GAPDH is a pivotal enzyme that plays an important role in both glycolytic and 

gluconeogenic pathways. Analysis of the kinetic properties of liver GAPDH in both directions 

revealed statistically significant changes. Freeze exposure of the wood frog showed a slowdown 

in the glycolytic pathway where glycolysis was inhibited at the PFK step [4,36,37]. This was 

proven by the decreased levels of F2,6P2 during freezing [36]. Additionally, pyruvate 

dehydrogenase also was also suppressed during freezing, further supporting the overall decrease 

in glycolysis [21]. Interestingly, glycolysis was also inhibited at the PFK level in the liver of 

wood frogs during dehydration [11]. Levels of F2,6P2 have been shown to be reduced in 

response to anoxia/ischemia in different organisms in the liver, indicating a strong glycolytic 

control, during oxygen deprivation in anoxia-tolerant organisms [38,39]. Moreover, a strong 

reduction in PFK enzymatic activity in Otala lactea hepatopancreas was also documented in 

response to anoxia [40]. The suppression of GAPDH in the wood frog in response to freezing, 

dehydration or anoxia stresses illustrated in this thesis coincides well with the overall 

reduction/suppression of liver glycolysis. Wood frog GAPDH was determined to be regulated by 

reversible protein phosphorylation as there was a substantial difference in phosphorylation state 

between stress conditions and controls. The protein phosphorylation of GAPDH in the liver of a 

wood frog is associated with nuclear localization where it contributes to non-glycolytic 

processes. In addition, there was an increase in lysine methylation of GAPDH extracted from 

frozen liver. The increase in methylation on lysine residues could potentially regulate this 

GAPDH activity given that current results showed a decrease substrates affinity and activity in 

response to freezing. The regulation of GAPDH through lysine modification has been shown in 

other organism to be associated in regulating GAPDH catalytic activity [41,42].   
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4.3 Conclusion  

The wood frog is an amazing animal model to study due to its adaptations to extreme 

environments. The wood frog needs to endure freezing, dehydration and anoxia [7]. These 

stressors are managed on a metabolic scale which requires a major change to the biochemistry of 

the frogs [43]. Particularly, the suppression of metabolic enzymes that play a major role in the 

transition into a hypometabolic state and support the need of the cells for long term survival 

during stress condition [43]. The research conducted in this thesis demonstrated the importance 

of GDH and GAPDH to energy metabolism in the liver during hypometabolic states in the wood 

frog. These enzymes have demonstrated that there are stress-specific responses in the wood frog. 

As it was seen in chapter 2, GDH isolated from dehydration-exposed frogs had different 

biochemical properties compared to GDH from anoxia-exposed. The activation of GDH in 

response to dehydration helps to provide another source of cellular energy from the catabolism of 

amino acids as well supporting the synthesis of a high level of urea that is an important 

protectant in anuran dehydration survival [27]. However, the suppression of GDH in response to 

anoxia agrees with the overall suppression of aerobic metabolism when oxygen is lacking [3]. 

GAPDH was found to be suppressed under all the stressors to support the overall decrease in 

glycolytic flux and contribute to the overall MRD to conserve energy.  

The reduction or activation of both enzymes was mediated by various factors and 

correlated with altered PTMs on the enzymes. PTMs are known to influence enzyme function in 

the cell. Reversible protein phosphorylation was shown to play a role in regulating both GDH 

and GAPDH properties. GDH from dehydrated frogs showed significantly increased 

phosphorylation at serine residues that agrees with the increased affinity for glutamate whereas 

GDH from anoxia-exposed frogs showed reduced phosphorylation at serine residues that also 
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agrees with the reduced affinities for its substrate. The efficient method of 

phosphorylation/dephosphorylation may be crucial to regulate enzyme activity during stress to 

serve cell/organ needs as well as to mediate the functional switch of GDH during 

dehydration/rehydration and anoxia/reoxygenation. Increased protein phosphorylation at serine, 

threonine and tyrosine residues was also seen in GAPDH in response to freezing, dehydration 

and anoxia. Based on the literature, GAPDH phosphorylation facilitates the nuclear translocation 

of GAPDH in order to allow the enzyme to participate in non-glycolytic processes [44,45]. 

Protein phosphorylation might be responsible for the altered kinetic properties that were seen in 

this study. For example, studies of glycolytic enzymes have shown that protein phosphorylation 

is responsible for the altered kinetic properties that affect the catalytic activity of most of these 

enzymes [23,46,47]. Therefore, protein phosphorylation might play a role is suppressing 

GAPDH activity during stress to support the overall decrease in glycolysis.  

Interestingly, other PTMs were also shown to be involved in regulating GDH including 

acetylation and ADP-ribosylation. Protein lysine acetylation has emerged as a key PTM in 

cellular regulation, practically in mediating metabolism [48,49]. GDH activation and regulation 

via protein acetylation and ADP-ribosylation has also been  seen in other vertebrates where GDH 

activity increased in relation to starvation stress [32,33,48,50]. The results presented in this thesis 

showed that the energetic needs differ for each stress and required stress-specific regulation of 

key metabolic enzymes. This study highlighted the importance of the control of metabolic 

enzymes through PTMs in order to serve specific cellular needs in each hypometabolic state. In 

conclusion, this thesis provides a novel insight on the dynamic regulation of metabolism in the 

liver of the wood frog during hypometabolic states.  
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4.4 Future directions 
 

The studies described in this thesis identified the regulation and role of GDH and 

GAPDH in the metabolism of wood frog liver under different stressors. These studies also 

revealed new research directions that can be pursued in the future. First, specific kinetic 

parameters can be further investigated. For example, GTP and ATP are known to be allosteric 

inhibitors of GDH and the enzyme is also known to be activated by succinyl-CoA and by some 

amino acids such as isoleucine, leucine and valine [51–55]. Given that GDH can uses NAD+ or 

NADP+ as a cofactor, it would be interesting to study its kinetic parameters in liver of the wood 

frog using NADP+ as the cofactor [35,56]. In addition, kinetics parameters for GAPDH could be 

investigated in the presence versus absence added high levels of glucose or urea to replicate 

physiological conditions of the wood frog during freezing and dehydration. Another direction to 

expand these studies would be to expose these enzymes in incubation studies to different kinases 

and protein phosphatases to determine if these changed phosphorylation states of the enzymes. 

Such a study would further support the proposal that reversible protein phosphorylation was in 

fact involved in modulating the enzymes under stress conditions [35]. Possible effects by 

additional PTMs (ubiquitination, SUMOlyation, carbonylation, and S-glutathionylation) could 

also be examined for both enzymes in order to determine the involvement of these PTMs in 

supporting enzyme regulation during hypometabolic states, providing further evidence that 

enzymatic responses to stress are coordinated by covalent modification. Similar studies could 

also be performed on these enzymes isolated from different animal models that undergo 

hypometabolism such as the ground squirrel (Ictidomys tridecemlineatus), the marine snail 

(Littorina littorea) and dehydration tolerant and estivating African clawed frog (Xenopus laevis) 

and/or from other tissues such as muscle. It would also be interesting to examine the effects of 
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urea on GDH other anurans such as Xenopus laevis, that undergo bouts of dehydration and  

where urea is needed to maintain osmatic balance [29]. Another way to expand this study is to 

look at other key enzymes in the liver of the wood frog that play a role in energy metabolism 

such as PFK, hexokinase, α-ketoglutarate dehydrogenase, citrate synthase and many others.  
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Appendix I: Representative western blots 
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Figure S1: Whole image of ECL-detected membrane using the control, dehydration and anoxia 
liver GDH samples probed with anti-phosphoserine antibody 
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Figure S2: Whole image of ECL-detected membrane using the control and dehydration liver 
GAPDH samples probed with anti-phosphoserine antibody 
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Figure S3: Whole image of ECL-detected membrane using the control and frozen liver samples 
probed with anti-GAPDH antibody 
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Figure S4: Whole image of ECL-detected membrane using the control and frozen liver nuclear 
samples probed with anti-GAPDH antibody 
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Figure S5: Whole image of ECL-detected membrane using the control and dehydration liver 
samples probed with anti-GAPDH antibody 
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Figure S6: Whole image of ECL-detected membrane using the control and dehydration nuclear 
liver nuclear samples probed with anti-GAPDH antibody 
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Figure S7: Whole image of ECL-detected membrane using the control and anoxia liver samples 
probed with anti-GAPDH antibody 
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Figure S8: Whole image of ECL-detected membrane using the control and anoxia liver nuclear 
samples probed with anti-GAPDH antibody 
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Appendix II: mass spectroscopy 
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Figure S9: Protein bands excised (boxed outline) from 10% resolving SDS-PAGE for mass 
spectrometry (Proteomics Core Facility, CHU de Quebec Research Center, Laval University). 
The mass spectrometry provided identification of proteins bands to be: (A) Alpha-1,4 glucan 
phosphorylase at 98.4 KDa, (B): catalase at 60.2 KDa, (C): glutamate dehydrogenase at 62 KDa 
and (D): uncharacterized protein   
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Figure S10: Protein bands excised (boxed outline) from 10% resolving SDS- PAGE for mass 
spectrometry (Proteomics Core Facility, CHU de Quebec Research Center, Laval University). 
Commasie Blue stain show the GAPDH purification of control wood frog liver tissue. From left 
to right, 1: piNK Plus Pre-stained Protein Ladder 10-175KDa,2: pooled peak fractions eluted 
from phenyl Sepharose. Mass spectrometry confirmed that protein band to be GAPDH at 37 
kDa.  
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• Saleem, R,. Al-attar, R., Storey, KB. The Activation of Pro-Survival Pathways of the 

North American Myotis lucifugus, during hibernation. Cryobiology. CRYO_2020_16, 

15/01/2020 (Under Review)   

 
 


