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ABSTRACT 

PATHWAYS OF HYDROXYUREA SYNTHESIS IN THE MITOCHONDRIA OF THE 

LITTLE SKATE (LEUCORAJA ERINACEA) 

Elisa Pui-Yee Lau 

University of Guelph, 2020

Advisor: 

Dr. Jim S. Ballantyne 

Hydroxyurea (HU) is an anti-proliferative and anti-microbial compound that is 

widely used in medical therapy but is also found to occur naturally in different 

phylogenetic groups. However, it is still unknown how this compound is endogenously 

synthesized. I hypothesized that HU is synthesized through either the diversion of 

hydroxyarginine from the nitric oxide synthase (NOS) pathway by arginase, or the 

hydroxylation of urea by cytochrome P450. To test the possible pathways involved in 

HU synthesis, I incubated isolated Leucoraja erinacea mitochondria with stable isotope 

labelled arginine and enzymatic inhibitors and determined the activity of mitochondrial 

arginase and NOS. While HU was found to be mainly mitochondrial, the inhibition of 

either enzyme had no effect on the rate of HU production, suggesting that another 

pathway is involved in HU synthesis. The pathway for HU synthesis is still unknown. 

However, this study contributes to the known evolutionary timeline for mitochondrial 

NOS.  

  



iii 

 

 

 

ACKNOWLEDGEMENTS 

 This thesis really would not have been possible without the support of the people 

around me. First and foremost, I want to thank my advisor Dr. James Ballantyne for all 

the time and the patience you have given me over the four years through my 

undergraduate and graduate years. Thank you for giving me the space to make 

mistakes and letting me explore with you! I am also so thankful for my committee 

members Dr. Andreas Heyland and Dr. John Lumsden for their knowledge and 

willingness to help me out when needed. Thank you to Dyanne and Armen for teaching 

and working with me for all the GCMS development, as well as everyone who has taken 

the time to train me in different techniques and letting me use their equipment. The work 

done in this thesis definitely could not have been accomplished without the help of 

current and past Aqualab staff, Matt Cornish, Mike Davies and Abiran Sritharan, as well 

as the numerous volunteers that have generously donated their time to help take care 

and maintain the animals. Thank you to my friends that have supported me emotionally 

and mentally through the rollercoaster of these last three years with the board game 

nights, good food, and late night talks. I’m grateful for my parents and sister that have 

watched me pursue my dreams and supported me through all the craziness and 

adventures. Above all, thank you to Thomas for being my backbone and keeping step 

with me throughout this whole journey. It means everything to me.  

  



iv 

 

 

 

TABLE OF CONTENTS 

 

Abstract ................................................................................................................................ ii 

Acknowledgements ............................................................................................................ iii 

Table of Contents ............................................................................................................... iv 

List of Tables ...................................................................................................................... vi 

List of Figures .................................................................................................................... vii 

List of Symbols, Abbreviations or Nomenclature ............................................................. viii 

1 Introduction .................................................................................................................. 1 

1.1 Immunity from jellyfish to humans ....................................................................... 1 

1.2 Mitochondria in immunity ..................................................................................... 4 

1.3 Immunology in Elasmobranchs ........................................................................... 6 

1.4 Hydroxyurea ......................................................................................................... 8 

1.4.1 Nitric Oxide Synthase ................................................................................. 10 

1.4.2 Arginase ...................................................................................................... 13 

1.5 Research Objectives.......................................................................................... 15 

2 Methods ..................................................................................................................... 18 

2.1 Experimental Animals ........................................................................................ 18 

2.2 Enzyme Colocalization ...................................................................................... 18 

2.2.1 Isolation of Mitochondria ............................................................................ 18 

2.3 Synthesis of Hydroxyurea.................................................................................. 19 

2.3.1 Gas Chromatography Mass Spectrometry (GCMS).................................. 19 

2.3.2 Incubation with L-arginine and inhibitors .................................................... 24 

2.4 Characterization of the elasmobranch NOS and arginase ............................... 25 



v 

 

 

 

2.4.1 Arginase (EC 3.5.3.1) ................................................................................. 25 

2.4.2 Nitric Oxide Synthase (EC 1.14.13.39) ...................................................... 26 

2.4.3 Measurement of Arginase and NOS in the cytosol and mitochondria ...... 27 

2.4.4 Calculations ................................................................................................ 28 

3 Results ....................................................................................................................... 31 

3.1 Compartmentalization of Arginase and NOS .................................................... 31 

3.2 Mitochondrial Hydroxyurea ................................................................................ 31 

3.3 Mitochondrial Urea ............................................................................................. 32 

3.4 Arginine .............................................................................................................. 33 

3.5 Compartmentalization of Hydroxyurea .............................................................. 33 

4 Discussion ................................................................................................................. 40 

4.1 Compartmentalization of Arginase and NOS .................................................... 40 

4.2 Urea Production is affected by Arginase Inhibition ........................................... 42 

4.3 Hydroxyurea Production is unaffected by Arginase or NOS inhibition............. 43 

4.4 Arginine concentrations were unchanged ......................................................... 46 

4.5 Compartmentalization of Hydroxyurea .............................................................. 46 

4.6 Hydroxyurea in the elasmobranch system ........................................................ 47 

4.7 Conclusions and Perspectives .......................................................................... 49 

References........................................................................................................................ 52 

APPENDIX A: Hydroxyurea and Urea Concentrations over Time .................................. 69 

APPENDIX B: Raw Mass Spectrophotometry Data ........................................................ 73 

APPENDIX C: Arginase Substrate Data .......................................................................... 81 

 

  



vi 

 

 

 

LIST OF TABLES  

Table 2.1: Retention Times and Ions Used for GCMS Analysis ..................................... 21 

Table 2.2: GCMS Operating Conditions .......................................................................... 22 

Table 2.3: GCMS Temperature Conditions ..................................................................... 23 

Table 3.1: Adjusted cytosolic and mitochondrial activity of arginase and nitric oxide 
synthase (NOS) in isolated L. erinacea mitochondria. .................................................... 34 

 

  



vii 

 

 

 

LIST OF FIGURES  

Figure 1.1: Hypothesized pathways of hydroxyurea synthesis. ...................................... 17 

Figure 3.1: Change in total hydroxyurea over time in isolated L. erinacea mitochondria
 .......................................................................................................................................... 35 

Figure 3.2: Rate of enriched hydroxyurea production over time between 0 to 60 minutes 
in isolated L. erinacea mitochondria exposed to inhibitors and incubated with arginine.
 .......................................................................................................................................... 36 

Figure 3.3: Change in the tracer:tracee ratio of urea over time in L. erinacea 
mitochondria. .................................................................................................................... 37 

Figure 3.4: Enriched urea production over time in isolated L. erinacea mitochondria 
exposed to inhibitors and incubated with arginine........................................................... 38 

Figure 3.5: Comparison of cytosolic and mitochondrial hydroxyurea in the three control 
groups in isolated L. erinacea mitochondria (N=2) at the start of the experiment (A) and 
after 60 minutes (B) .......................................................................................................... 39 

Figure 4.1: Possible pathways of elasmobranch arginine metabolism and hydroxyurea 
synthesis. .......................................................................................................................... 51 

 

  



viii 

 

 

 

LIST OF SYMBOLS, ABBREVIATIONS OR NOMENCLATURE 

ADC  arginine decarboxylase 
ADP  adenosine diphosphate 
AGM  agmatinase 
AIS  adaptive immune system 
ATP  adenosine triphosphate 
BSTFA  N,O-Bis(trimethylsilyl)trifluoroacetamide 
cGMP  cyclic guanosine monophosphate 
CS  citrate synthase 
DAMO 2,3-butanedione monoxime 
Dscam1 Down syndrome cell adhesion molecule 1 
ETC  electron transport chain 
FAD  flavin adenine dinucleotide 
G6P   glucose-6-phosphate 
G6PD  glucose-6-phosphate dehydrogenase 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HIV  human immunodeficiency virus 
HU  hydroxyurea 
IF  isotopic fractionation 
IgNAR  immunoglobulin new antigen receptor 
IIS  innate immune system 
IRF  interferon regulator factor 
LDH  lactate dehydrogenase 
M1  classically activated  
M2  alternatively activated 
MAVS  mitochondrial antiviral signaling protein 
MHC  major histocompatibility complex 
mtDNA mitochondrial DNA 
mtNOS mitochondrial nitric oxide synthase 
NADH  nicotinamide adenine dinucleotide phosphate] 
NED  N-(1-napthyl)ethylenediamine 
NMMA N-monomethyl-arginine 
nor-NOHA Ng-hydroxy-nor-L-arginine 
NOS  nitric oxide synthase 
NOSI  neuronal nitric oxide synthase 
NOSII  inducible nitric oxide synthase 
NOSIII endothelial nitric oxide synthase 
PRR  pathogen recognition receptor 
RAG  recombination activating genes 
ROS  reactive oxygen species 
sGC  soluble guanylyl cyclase 
SIM  selected ion mode 
STING stimulator of interferon genes 



ix 

 

 

 

Th1  T helper type I 
Th2  T helper type 2 
TMCS  trimethylchlorosilane 
TSC  thiosemicarbazide 
VLR  variable lymphocyte receptors 



 

 

1 

 

1 Introduction 

1.1 Immunity from jellyfish to humans 

The immune systems of eukaryotic organisms have evolved out of a necessity for 

discrimination of self from non-self, whether for pathogen defense or to maintain 

homeostasis (Buchmann, 2014). The classical mammalian model of the immune system 

involves two separate ‘arms’ of immunity: the innate immune system (IIS) and the 

adaptive immune system (AIS). The key differentiator between the IIS and the AIS is the 

specificity between the two components and the time taken for each component to 

respond (Schenten and Medzhitov, 2011). The AIS uses diversification of T-cell and B-

cell receptors through recombination activation genes (RAG) to provide antigen-specific 

targeting of microbes and immunological memory. The IIS is always active, providing 

preventative protection through physical barriers and competition with commensal 

bacteria. Effector cells, such as macrophages and dendritic cells, are able to recognize 

microbes and trigger further inflammatory responses. Thus, the IIS is used to provide a 

broad level of protection at a quick response rate, whereas the AIS supplements this by 

antigen-specific targeting of microbes later on in the immune response.  

The presence of an AIS occurs in animals after the divergence of the 

Chondrichthyan and Agnathan phylogenetic groups (Rauta et al., 2012). The AIS is 

activated by the innate immune system, and involves a repertoire of immunoglobulins 

and T-cells with receptors that are able to specifically bind to foreign antigens (Rauta et 

al., 2012). The diversification of T-cell receptors and immunoglobulin through RAG 

allowed the recognition of much wider range of microbes (Litman et al., 2010). Among 

the vertebrates, genetic diversity in variable lymphocyte receptors (VLRs) are generally 

created by selection of gene segments from gene loci by RAG (Koonin and Krupovic, 

2015). Hagfish and lampreys, the jawless vertebrates, form VLRs differently, where 

genetic diversity is generated through addition of leucine rich repeats onto an 

incomplete VLR gene (Pancer et al., 2004; Pancer et al., 2005). Furthermore, the AIS 

allows formation of immunological memory (Buchmann, 2014). B-cells already 
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containing the receptors for a specific pathogen are stored in lymphoid organs and can 

be rapidly replicated in the event of a repeated infection (Dzik, 2010).   

However, invertebrates which do not have an AIS are able to defend against 

pathogens. There has been some evidence of specific memory in invertebrates, but the 

mechanisms behind the phenomena do not seem to correspond with a vertebrate model 

of the AIS (Milutinović and Kurtz, 2016). Sponges have evidence of precursors of 

immunoglobulin genes, such as tyrosine kinase, which is used in the process of 

degranulation (Dzik 2010). Genes similar to the vertebrate RAG1 and RAG2 have been 

discovered in the sea urchin (Rast et al. 2006) and RAG1 in the cnidarians (Hemmrich 

et al. 2007), thus suggesting vertebrates may have co-opted the genes for receptor 

recombination (Dzik, 2010). A study has demonstrated diverse nucleotide sequences in 

sea urchin (Stronglyocentrus purpuratus) immune cells after lipopolysaccharide 

stimulation (Terwilliger et al., 2006). The Down syndrome cell adhesion molecule 1 

(Dscam1) gene in the fly (Drosopholia melanogaster) has also the potential to produce 

diverse isoforms through exon splicing, however its activity has been shown to be 

unaffected by E. coli exposure (Armitage et al., 2014). While there is some evidence 

that some invertebrates may have the potential to produce specific immunity, traditional 

vertebrate-AIS experiments have also failed to produce substantiated evidence for a 

functional AIS in an invertebrate model (Hauton and Smith, 2007). Thus, the idea of 

invertebrate specific immunity may not occur within the confines of a traditional 

vertebrate view of AIS.  

In comparison to the AIS, the IIS is part of the initial immune response. An important 

role of the IIS is the ability to prevent microbial infection. The epithelial layers provide 

mechanical protection against microbial entry, and harbour macrophages that can 

remove pathogens or infected cells (Riera Romo et al., 2016). The mucosal 

components within the digestive and urogenital systems produce a biochemical defense 

against foreign invaders with low pH, enzymes, and other bioactive molecules that are 

either antibacterial or can trigger inflammation (Riera Romo et al., 2016).  Gut microbes 

can regulate the immune response as well, by stimulating pathogen recognition 



 

 

3 

 

receptors (PRRs), competing for resources, and by producing antibacterial compounds 

such as hydrogen peroxide and organic acids that can inhibit bacterial growth (Yoon et 

al., 2014). There is evidence that commensal bacteria in humans are more resistant to 

endogenously produced antimicrobial compounds compared to those of pathogenic 

bacteria (Cullen et al., 2015). These components provide another line of defense to 

support cellular mechanisms of pathogen recognition.  

Sentinel cells, such as macrophages, neutrophils and dendritic cells, are able to 

recognize microbes through receptors, such as toll-like and NOD-like receptors, 

resulting in expression of cytokines and chemokines that lead to activation of defense 

mechanisms (Riera Romo et al., 2016). These phagocytes are able to kill engulfed 

microbes by a respiratory burst using NADPH oxidase and nitric oxide synthase (NOS), 

producing reactive oxygen species (ROS) and nitric oxide (NO) (Neumann et al., 2001). 

Furthermore, phagocytes also contain lysozymes that are able to break down bacterial 

cellular walls (Chipman et al., 1969). Once microbes are degraded, sentinel cells can 

carry antigens from the pathogen to lymph nodes and present the antigen to T cells to 

initiate the AIS (Weiss and Schaible, 2015). Macrophages and neutrophils are also 

contain antimicrobial substances such as lysozyme, cathepsins, cathelicidins, and 

phospholipases that can kill bacteria and promote recruitment of further effector cells 

(Flannagan et al., 2015). 

The basic components and molecules of the IIS are similar across phylogenetic 

groups. In arthropods and crustaceans, hemocytes perform the functions of 

phagocytosis, blood coagulation, wound repair and nodule formation (Rowley and 

Powell, 2007). Antimicrobial peptides, similar to those seen in vertebrates are also 

conserved across phylogenetic groups of invertebrates (Rowley and Powell, 2007).  For 

example, of the three distinct types of lysozyme, at least one of the three forms have 

been found in all vertebrate and invertebrate phylogenetic groups studied to date 

(Callewaert and Michiels, 2010). ROS and NO also assist in bacteria killing during 

hemocyte directed immune responses (Franchini et al., 1995; Philipp et al., 2012). 

Thus, the conservation of these molecules and many parts of the immune system 
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across phylogenetic groups suggest the usefulness of a comparative approach to 

understanding the function of the mammalian immune system and its evolution.   

1.2 Mitochondria in immunity 

Mitochondria are double membraned organelles that are present in almost all 

eukaryotic organisms and are responsible for mediating both cell death and cell 

energetics (Karnkowska et al., 2016; Yang et al., 2016). They are thought to have 

originated from bacteria ingested by a nucleus-containing host since they have their 

own mitochondrial DNA that encodes for proteins necessary for normal mitochondrial 

function (Gray et al., 1999). Proteins that originate outside of the mitochondria contain a 

mitochondrial targeting sequence that specify them for transportation into the 

mitochondria (Alberts et al. 2002).  These proteins fuel a variety of metabolic processes 

that support the larger functioning of the cell. Most importantly, mitochondria form 

adenosine triphosphate (ATP) by phosphorylating adenosine diphosphate through 

oxidative phosphorylation, the Krebs Cycle, and fatty acid oxidation (Scheffler, 2007). 

Mitochondria are also responsible for the catabolism of amino acids for conversion into 

other bioactive products (Scheffler, 2007). In the mammalian liver, mitochondria are 

also responsible for part of the urea cycle, which converts nitrogenous waste into a 

product that can be excreted (Scheffler, 2007).  

Oxidative phosphorylation, or the electron transport chain (ETC) is the backbone for 

cellular respiration through channeling of electrons through several enzymes. 

Subsequently, this also means that mitochondria are also the most active producers of 

endogenous ROS (Yang et al., 2016). When a buildup in electrons occur during a delay 

in the ETC, the electrons can bind with O2 to form superoxides, which can be turned 

into hydrogen peroxide by superoxide dismutase, both of which are highly reactive 

(Sabharwal and Schumacker, 2014). The primary producer of ROS is complex 1 from 

the ETC, either from a backlog of electrons without electron acceptors or during reverse 

electron transport, where electrons are transferred backwards toward complex 1 

(Murphy, 2009).  
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Production of ROS is a normal part of mitochondrial function and in other 

biochemical processes (Betteridge, 2000). Antioxidant systems are largely localized to 

compartments where ROS are produced in order to minimalize the negative effects of 

free radicals out in the larger cellular environment (Schieber and Chandel, 2014). 

Oxidative stress occurs when the capacity of antioxidant systems surpass the 

production of ROS produced (Betteridge, 2000). When hydrogen peroxide and 

superoxide are produced at high amounts, oxidative stress can occur where these 

radicals damage proteins and lipids, which may eventually lead to membrane rupture 

(Betteridge, 2000).  

Mitochondrial components also act as signaling molecules for the IIS, especially as 

endogenous danger associated molecular patterns (DAMPs). Mitochondrial DNA 

(mtDNA), in both oxidized and not-oxidized forms can bind to cGAS and TLR9 PRRs to 

respectively stimulate the stimulator of interferon genes (STING)-interferon regulatory 

factor (IRF) and MYD88 pathways to trigger pro-inflammatory cytokines and type 1 

interferon responses (West and Shadel, 2017). Furthermore, mtDNA can activate 

inflammasomes that trigger production of interleukin-1β and interleukin-18, which 

mediate pro-inflammatory processes in innate immunity (Dinarello, 2018; West and 

Shadel, 2017). 

The outer mitochondrial membrane is also the site for mitochondrial antiviral 

signaling protein (MAVS), a protein activated by retinoic acid inducible gene (RIG-I)-like 

receptors, which are another group of PRRs (Cloonan and Choi, 2012). The activation 

of MAVS viral signaling pathways further activates NF-κB and interferon regulatory 

factors, ultimately resulting in the production of Type 1 interferons and proinflammatory 

cytokines (West et al., 2011). While MAVS has been demonstrated to occur in teleost 

fish, there has yet to be any report of MAVS in cartilaginous fish, suggesting an 

alternate viral suppression pathway in more ancestral groups (Me et al., 2012).   
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1.3 Immunology in Elasmobranchs 

Elasmobranchs are a group of cartilaginous fish, composed of both sharks and 

rays that sequester urea as an osmoregulatory molecule to maintain a similar osmolality 

to their environment (Ballantyne, 1997; Janvier and Pradel, 2016). Using urea as an 

osmoregulatory molecule has consequences in protein function as maintenance levels 

of urea can act as a denaturing agent and competitive inhibitor of physiological 

enzymes (Rajagopalan et al., 1961). Urea concentrations of 50 mM, much less than 

seen in marine elasmobranchs, are symptomatic of final stage renal disease in humans, 

resulting in high reactive oxygen species production and increased insulin resistance 

(D’Apolito et al., 2010).  Constant exposure to urea, and its byproduct, cyanate, can 

cause modification to proteins through a process called carbamylation (Kalim et al., 

2014). Carbamylation neutralizes positively charged lysines, which affect ionic protein 

interaction (Kalim et al., 2014). Elasmobranchs maintain a 2:1 ratio of urea to 

trimethylamine N-oxide (TMAO; Yancey and Somero, 1979), where TMAO and some 

other methylamines act as counteracting solute inhibiting the number of interactions 

between urea and proteins (Ganguly et al., 2018).  

Despite these physiological differences, elasmobranch immune systems contain 

many of the same components as their mammalian counterparts. Nurse sharks 

(Ginglymostoma cirratum) have two of the conventional light and heavy chain combined 

immunoglobulin receptors (IgM and IgW), but also have their own unique 

immunoglobulin, Ig new antigen receptor (IgNAR), which lacks the light chain 

component (Greenberg et al., 1995). One lineage of IgM and IgNAR increase in 

response to repeated exposure to antigen, demonstrating evidence of immunological 

memory (Dooley and Flajnik, 2005). Generation of T-cell receptor diversity is produced 

by the joining of VH, DH, JH, and CH, segments that are linked together sequentially 

rather than separated such as in mammalian recombination (Hinds and Litman, 1986). 

The antigen processing major histocompatibility complex (MHC) genes I and II have 

been detected in several species of elasmobranchs (Hashimoto et al., 1992; Ma et al., 
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2013; Wang et al., 2003), and MHC II has been demonstrated to be upregulated upon 

bacterial exposure (Ma et al., 2013).  

In the IIS, elasmobranch equivalents of the mammalian neutrophil and 

macrophages have been found circulating in peripheral blood and lymphomyeloid 

organs and are chemotactically attracted to immune stimuli (Hyder et al., 1983; Obenauf 

and Smith, 1985; Walsh and Luer, 1998). Neutrophils and other immune cells are able 

to secrete a diverse number of antimicrobial compounds that do differ and have 

similarities with known compounds from mammalian systems (Vaughan and Smith, 

2014). There have also been a number of novel antimicrobial proteins found in the 

mucus of stingrays that have been found to be effective against common bacteria 

(Conceição et al., 2012; Vennila et al., 2011). There has been considerable interest in 

the use of elasmobranchs in biomedical research to look for new methods of medical 

therapy (Luer and Walsh, 2018).   

Also notable in elasmobranchs is the observed lower numbers of neoplasms, 

defined by uncontrolled proliferative cellular growth (Ostrander et al., 2004). This could 

be correlated with maintenance of low circulating concentrations of glutamine and non-

esterified fatty acids, which are both necessary for tumor growth (Ballantyne, 1997).  

Growth medium made from epigonal cells from bonnethead sharks (Sphyrna tiburo) 

resulted in a significant reduction of growth in malignant human cell tumor line (Walsh et 

al., 2006a). The low incidence of neoplasia may also just be a result of observer bias, 

where the ill individuals die before they can be sampled or observed, due to the 

tendency for elasmobranchs to live in pelagic or deep environments (Ostrander et al., 

2004). Nevertheless, whether elasmobranchs are actually resistant to cancer requires 

more evidence in the form of systematic surveys before forming firm conclusions. 

However, there are characteristics of elasmobranch physiology that would facilitate an 

anti-tumor environment.  Specifically, Fraser et al. (2015) demonstrated the presence of 

HU (HU) in an elasmobranch species, which may provide an alternate method of 

disease resistance in elasmobranchs.  
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1.4 Hydroxyurea 

HU is an anti-proliferative organic compound that is used extensively in medical 

therapy to treat psoriasis, human immunodeficiency virus (HIV), sickle cell anemia 

(SCA), and myeloproliferative diseases, such as neoplasia and leukemia (Madaan et 

al., 2012). HU is noted to improve patient outcomes for a number of cancers and is able 

to reduce the polymerization of hemoglobin seen in patients with SCA (Agrawal et al., 

2014; Madaan et al., 2012). The main mechanism of action of HU is through its 

inhibition of ribonucleotide reductase (RR) where it reacts with the tyrosyl radical of the 

active enzyme (Elleingand et al., 1998). RR catalyzes the reduction of ribonucleotides to 

deoxyribonucleotides, which is the rate-limiting step in DNA synthesis (Elleingand et al., 

1998). Inhibition of this enzyme may cause dose-dependent strand breakage and 

accumulation of mutations, although the concentrations used in human therapy are low 

enough to not have a significant effect during therapy (Hanft et al., 2000). The 

compound’s ability to inhibit cellular growth is used to synchronize cellular growth in cell 

cultures (Sinclair, 1965).  

The metabolism of exogenous HU also activates several signaling pathways that 

result in antibacterial effects. HU is metabolized into nitric oxide (NO), which activates 

cyclic guanosine monophosphate (cGMP) signaling to increase -globin expression to 

reduce the effects of the hemoglobin polymerization observed in patients with SCA 

(Cokic et al., 2003). NO induces fetal hemoglobin and prevents cell adhesion to 

vascular walls, which alleviates symptoms of sickle cell anemia (Lebensburger et al., 

2012). Furthermore, in in vitro oxidative conditions, catalase and horseradish 

peroxidase are able to reduce HU to NO (Huang et al., 2002; Huang et al., 2004). While 

it has been noted that nitrate and nitrite, products of NO degradation, are increased 

after HU administration (Huang et al., 2006; Nahavandi et al., 2000), the specific 

pathways that produce NO from HU in vivo are still unknown. Another possible pathway 

in vitro is the possibility of urease-catalyzed formation of hydroxylamine from HU to 
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produce NO, however the lack of a mammalian urease likely removes this option as a 

possibility (King, 2004).  

While HU is used to treat cancers and other diseases, the compound is also 

effective against microbes and viruses. Concentrations of 2 M are enough to inhibit 

50% of viral Leishmania mexicana cellular replication after 6 days (Martinez-Rojano et 

al., 2008). With HIV, 75 M is able to inhibit 50% of activity the virus after a week (Lori 

et al., 1994). The mechanism of its antibacterial and antiviral action is likely through the 

formation of NO in vivo (Jones-Carson et al., 2012). However, it must be considered 

that according to Haber’s Law, the incidence and severity of an exposure is dependent 

on the exposure time (Gaylor, 2000). Thus, maintaining high amounts of HU within 

tissues, would have larger consequences for tissue toxicity than studied in vivo.  

In spite of extensive research into the effects of exogenous HU, it was only 

recently found that the compound naturally occurs in animals from a wide range of 

phylogenetic groups (Fraser et al., 2015). Notably, the little skate, Leucoraja erinacea, 

was found to maintain HU concentrations in its spiral valve of 250 M, more than 2-3 

times higher than found in the invertebrates (Spisula solidissima, Homarus americanus, 

Lithobates pipiens) and 5-10 times higher than the vertebrates also measured in the 

study (Fraser et al., 2015). There have been few reports of endogenous HU in animal 

systems before Fraser et al. (2015). Kettani et al. (2009) unintentionally measured 

endogenous HU in human serum when optimizing a gas-chromatography mass 

spectrometry (GCMS) method to measure HU for clinical studies. HU was also detected 

as a metabolite for the bacterium Streptomyces garyphalus to synthesize D-cycloserine 

(Svensson et al., 1981). The concentrations detected in skate tissues would be high 

enough to have anti-bacterial and anti-viral effects in vitro.  

While we know that HU naturally accumulates in animal tissues, it is still 

uncertain how HU is synthesized. Labelled HU was found to be produced when 

radioactively labelled arginine and citrulline were incubated with the bacterium 

Streptomyces garyphalus (Svensson et al., 1981). Similarly, when Natelson and 
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Sherwin (1979) incubated mouse liver cells with arginine and aspartate, HU was 

produced. The authors showed that urea can be hydroxylated using a solubilized 

cytochrome P450 system (Lu et al., 1969; Natelson and Sherwin, 1979). Alternatively, 

the widespread appearance of HU across phylogenetic groups support the hypothesis 

of a highly conserved mechanism of HU synthesis (Fraser et al., 2015). The conserved 

nature of the nitric oxide system anti-bacterial system in phagocytes led Fraser et al. 

(2015) to hypothesize that HU may be synthesized by the diversion of hydroxyarginine, 

a metabolite of the nitric oxide synthase (NOS) pathway, by arginase to produce HU, 

thus supporting the idea of HU’s role in the immune system within a mitochondrial 

system.  

1.4.1 Nitric Oxide Synthase 

Nitric oxide synthases (EC 1.14.1.39) are enzymes that produce NO from L-

arginine. The reaction is sequential; L-arginine is first hydroxylated to Nw-hydroxy-L-

arginine, and then oxidized to L-citrulline and NO (Tejero and Stuehr, 2013).   There are 

three known isoforms of NOS, differing in  their structure and function (Andreakis et al., 

2011). All three enzymes contain binding sites for heme, (6R)-5,6,7,8-tetrahydro-L-

biopterin (BH4), flavin mononucleotide (FMN), and flavin adenine dinucleotide (FAD), 

and require three electrons from NADPH and two O2
- ions (Daff et al., 1999).   

Neuronal NOS (NOSI) was discovered to occur within the brain and skeletal 

muscle of mammalian systems (Barroso et al., 2000; Nakane et al., 1993) and since 

then has been found to occur throughout the central and peripheral nervous, cardiac, 

and skeletal systems of mammals and other animals (Calabrese et al., 2007; Zhang et 

al., 2014). NO functions as a neurotransmitter in the nervous system, mediating 

vasodilation in blood vessels and signaling, when responding to cGMP upregulation 

(Calabrese et al., 2007). NO also regulates the contraction and relaxation of cardiac and 

skeletal muscles through soluble guanylyl cyclase (sGC) signaling (Kobzik et al., 1994; 

Xu et al., 1999). NO binds to the sGC receptor, activating the secondary messenger 

cyclic guanosine monophosphate (cGMP) (Arnold et al., 1977). cGMP further mediates 
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muscle relaxation by activating protein kinases, ultimately resulting in a reduction of 

intracellular Ca2+ concentrations and sensitivity (Carvajal et al., 2000).  

Inducible NOS (NOSII) is characterized by a lack of an inhibitory loop in the FMN 

domain, making it calcium independent (Daff et al., 1999). NOSII is heavily involved 

within the immune response, being noted to increase in response to inflammatory 

stimuli across vertebrate groups (Andreakis et al., 2011). In mammals, the T helper type 

1 (Th1) and T helper type 2 (Th2) cytokines mediate a polarization of macrophages to 

allow different responses throughout the immune response (Munder et al., 1998). Most 

notably, NOSII is expressed in the initial phase of inflammation in macrophages, where 

upon exposure to lipopolysaccharides, can polarize toward an M1 (classically activated) 

phenotype characterized by an increase in NO activity (Munder et al., 1999). Binding of 

NO can cause deamination of deoxynucleosides, deoxynucleotides and DNA (Wink et 

al., 1991).  

Endothelial NOS (NOSIII) is both constitutive and calcium dependent, similar to 

NOSI (Alderton et al., 2001). The main difference is the presence of an N-myristoylation 

sequence that determines its localization to endothelial cells (Busconi and Michel, 

1993). Interestingly, NOSIII can also be activated by fluid shear stress leading to 

phosphorylation and thus greater calcium sensitivity of the enzyme (Förstermann and 

Sessa, 2012). NOSIII is also involved in vasodilation, macrophage adhesion, inhibition 

of vascular smooth muscle proliferation, angiogenesis, and activating endothelial 

progenitor cells (Förstermann and Sessa, 2012). 

NOS is ubiquitous across phylogenetic groups as invertebrate systems maintain 

constitutive NO for various functions from responding to environmental stress to 

locomotion (Andreakis et al., 2011; Palumbo, 2005). In some invertebrates, such as the 

silk worm (Bombyx mori) and shrimp (Fenneropenaeus chinensis), there is evidence of 

an mixed response NOS that occurs constitutively but is also upregulated in response to 

infection (Imamura et al., 2002; Wu et al., 2013). There is also evidence of invertebrate 

hemocytes binding to inflammatory stimuli and producing NO in response (Yeh et al., 
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2006). Thus, as basal phylogenetic groups only contain a constitutive NOS, the 

ancestral NOS is thought to be NOSI (Andreakis et al., 2011).  

The separation of constitutive and inducible isoforms of NOS, specifically NOSI 

and NOSII, occur with the appearance of the cartilaginous and bony fish (Andreakis et 

al., 2011).  NOSI and NOSII sequences occur within bony fish, although only rainbow 

trout (Oncorhynchus mykiss) and zebrafish (Danio rerio) had both isoform sequences 

(Andreakis et al., 2011). The enzymes support photoreception (Westermann and 

Meissl, 2008), reproduction (Lal and Dubey, 2013), and mediate infection. (Barroso et 

al., 2000; Campos-Perez et al., 2000; Laing et al., 1999; Severin et al., 2010). The 

whole genome sequencing of the chimaera, a representative of the Holocephans, has 

sequences for both NOSI and NOSII (Venkatesh et al., 2014).  Similarly, there is 

genetic evidence for the presence of NOSI and NOSII in representatives of the 

elasmobranchs. Gene sequences for NOSI has been found in the whale shark 

(Rhinocodon typus) [Accession no. NW_018033321.1] and thorny skate (Amblyraja 

radiata) [Accession no. NC_045980.1]. NOSII has been found in R. typus [Accession 

no. NW_018056200.1], A. radiata [Accession no. NC_045983.1], and the small spotted 

catshark (Scyliorhinchus canicula; Reddick et al., 2006). NOS II has also been found to 

be functionally inducible by lipopolysaccharides in the clearnose skate (Raja eglanteria) 

and the nurse shark (Ginglymostoma cirratum) (Walsh et al., 2006). 

In contrast, there has been little evidence for NOS III in fish. While there has 

been evidence for binding of NOSIII antibodies in fish endothelial cells, this seems to be 

due to non-specific binding of the standard NOSIII antibody (Syeda et al., 2013). 

Trajanovska and Donald (2011) found a NOSIII within a representative amphibian, 

Xenopus tropicalis, but noted that it was non-functional. Andreakis et al. (2011) suggest 

that NOSIII occurred after the divergence of teleosts and tetrapods. Nevertheless, NOS 

is still an evolutionarily conserved enzymes with vital roles in metabolism and signaling.  

 NOSI and NOSIII are known to be localized in the cytoplasm and the outer 

mitochondria membrane respectively in mammalian systems (Busconi and Michel, 
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1993; Gao et al., 2004; Vannucchi et al., 2002). However, another form of NOS, 

mtNOS, was found to occur associated with the inner mitochondria membrane 

(Ghafourifar and Richter, 1997). Between the three isoforms, only when NOSI was 

genetically knocked out in mice, was there was an absence of NO production in the 

mitochondria, linking mtNOS to NOSI (Kanai et al., 2001; Lacza et al., 2003). The 

association of NOS with the mitochondria suggests a role in mediating oxidative 

phosphorylation through its production of NO. Indeed, mtNOS was found to bind directly 

to cytochrome c oxidase (complex I) and cause inhibition (Persichini et al., 2005), but 

also promotes formation of free radicals once complex I is inactivated (Parihar et al., 

2008a). By binding to the same site as oxygen on complex 1, NO further reduces 

respiration especially during low oxygen conditions (Torres et al., 1995). NO can also 

irreversibly destroy the iron-sulfur clusters in the succinate-ubiquinone (complex II) to 

impair ETC function (Welter et al., 1996). MtNOS has been reported in neurons 

(Vannucchi et al., 2002), liver (Ghafourifar and Richter, 1997), and cardiac tissue (Kanai 

et al., 2001). The presence of mtNOS would suggest the possibility of NO-related 

interactions with the ETC and other mitochondrially-produced compounds. However, the 

studies examining mtNOS have been focused solely on mammalian systems, so the 

evolutionary development of mtNOS is unknown.  

1.4.2 Arginase 

Arginases (EC 3.5.3.1) are responsible for the formation of urea from arginine 

and occur in most animals studied to date (Samson, 2000). Arginase is a trimeric 

protein that requires a manganese cluster for catalytic activity (Kanyo et al., 1996). 

While there are two isoforms of arginase in mammalian systems, both catalyze the 

reaction from L-arginine to L-ornithine and urea (Munder, 2009). Sequence analysis of 

the arginase family in vertebrates shows a common ancestor with agmatinase, present 

in some Archaebacteria (Dzik, 2014; Ouzounis and Kyrpides, 1994). Animals that are 

ammoniotelic or uricotelic still have arginase activity, although at lower activities than 

other ureotelic vertebrates (Jenkinson et al., 1996). There are two reported isoforms of 

arginase: ARG-I and ARG-II, which are compartmentalized in the cytosol and the 
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mitochondria respectively in mammals (Jenkinson et al., 1996; Morris, 2009). More 

ancestral vertebrate groups such as fish and elasmobranchs show only mitochondrial 

versions of arginase (Srivastava and Ratha, 2010). The spiny dogfish (Squalus 

acanthias) does expresses an ARG-1-like gene in the kidney (Chana-Munoz et al., 

2017), however, there has been no such evidence of cytosolic arginase activity (Casey 

and Anderson, 1985). Interestingly, the catfish Clarias batrachus contains two functional 

mitochondrial arginase genes (Banerjee et al., 2017). 

In addition to its role in nitrogen excretion in the form of urea, arginase is also 

vital in tissue repair and mediating immune function in higher vertebrates. In most 

vertebrates, macrophages can be polarized by either Th-1 or Th-2 cytokines, released 

by T-helper cells, toward an M1 and M2 (alternatively activated) phenotype (Wiegertjes 

et al., 2016). M2 phenotypes are characterized as anti-inflammatory and are identified 

by an upregulation of ARG-1 (Yang and Ming, 2014). As arginase and nitric oxide 

synthase compete for the same substrate, arginine, upregulation of arginase can 

decrease the pool of arginine available for NO synthesis (Modolell et al., 1995). 

Polarization toward an M2 phenotype changes the immune response to one of healing 

rather than destruction (Wiegertjes et al., 2016).  

M2 macrophages are also characterized for being involved in tissue repair. 

Ornithine, one of the products formed by arginase, is a precursor for synthesis of proline 

and polyamines (Dzik, 2014). This process has been noted to be upregulated post 

infection to induce tissue repair. The production of polyamines also activates pro-

angiogenic pathways (Lenis et al., 2017). Although the exact pathway is yet to be 

elucidated, inhibition of the endogenous tissue inhibitors of metalloproteases, TIMP and 

TIMP-2, block spermidine-activated angiogenesis in chick embryos (Takigawa et al., 

1990). As TIMPs are known to promote growth in cells (Hayakawa et al., 1994), this 

supports the role of polyamines in promoting growth. Tissue repair is especially 

important post-inflammation to repair damage caused by anti-bacterial processes or 

destructive pathogens (Allen and Wynn, 2011). ARG-1 is expressed in anti-

inflammatory M2 polarized macrophages after inflammatory stimuli or Th1 stimulation 
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(Munder, 2009; Munder et al., 1999). In contrast, the function of ARG-2 seems to be 

toward a pro-inflammatory phenotype, where the enzyme is upregulated during an 

immune response separate from NOSII activity (Yang and Ming, 2014).  

The earliest ancestral vertebrate demonstrating evidence of polarized 

macrophages are the teleost fish (Benedicenti et al., 2017; Hodgkinson et al., 2017; 

Joerink et al., 2006). While there is evidence of NO production in the elasmobranch 

macrophage (Walsh et al., 2006), there has been little evidence for arginase being 

expressed in the macrophage, suggesting that this phenotypic dichotomy may only be 

present up to the bony fish. However, it has been demonstrated that IL-4/13-like 

sequences, which induce arginase expression in bony fish (Hodgkinson et al., 2017), 

are expressed in the catshark (S. canicula), suggesting the possibility for polarization in 

cartilaginous fish (Redmond et al., 2018). This polarization of arginase still has to be 

tested further in groups other than mammals.  

 The finding of accumulated HU in widespread phylogenetic groups by Fraser et 

al. (2015) suggests that the pathways involved in HU synthesis are conserved across 

most groups. NOS and arginase are both highly conserved enzymes across 

phylogenetic groups, and one of the metabolites of the NO pathway, hydroxyarginine, 

could function as a precursor of HU if it was catalyzed by arginase. However, previous 

research from Natelson and Sherwin (1979) suggest that the cytochrome P450 system 

in the mammlian liver, where HU is formed from the hydroxylation of urea, could be the 

source of the pathway instead.  

1.5 Research Objectives 

The objective of this thesis was to (1) demonstrate the presence of a 

mitochondrial NOS and arginase in the elasmobranch system, (2) to determine the 

precursors of HU synthesis, (3) establish the metabolic pathway that produces HU as 

an end product. Due to the unique physiology and the possible use of HU in disease 
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resistance by elasmobranchs, little skates (Leucoraja erinacea) were used as a model 

organism. There were two alternate hypotheses tested in this thesis: 

H1: Arginase-NOS hypothesis  

HU is formed from the diversion of N-ω-hydroxy-L-arginine from the NOS 

pathway by arginase (Fig. 1.1). Thus, I predict that addition of labelled arginine would 

result in labelled HU, inhibition of either NOS or arginase will cause decreased 

production of HU, and NOS and arginase would need to be colocalized in the 

mitochondria for the enzymes to interact.   

H2: Urea Hydroxylation hypothesis 

HU is formed by the hydroxylation of urea by the cytochrome P450 system (Fig 

1.1). Thus, like H1, I predict that addition of labelled arginine would result in labelled 

HU. Inhibition of arginase would cause decreased production of HU and inhibition of 

NOS would have no effect on the production of HU.  

To complete objective 1, enzyme activities of isolated mitochondria and 

cytoplasm were measured to determine sublocalization of arginase and NOS. For 

objectives (2) and (3), since localization of arginase in elasmobranchs is known to only 

be in the mitochondria, liver mitochondria of little skates (Leucoraja erinacea) were 

incubated with L-guanidoN15-arginine (stable isotope-labeled arginine) and inhibitors of 

either arginase or NOS.  
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Figure 1.1: Hypothesized pathways of hydroxyurea synthesis.  

The arginase-NOS pathway was originally hypothesized by Fraser et al. (2015) and the 
urea hydroxylation pathway from Natelson and Sherwin (1979).  
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2 Methods 

2.1 Experimental Animals 

 Animal experiments were approved under the University of Guelph Animal Care 

Committee Animal Utilization protocol 3324. Little skates (Leucoraja erinacea) were 

obtained through trawling in Passamaquoddy Bay, New Brunswick under the 

Department of Fisheries and Oceans Canada Permit 323401. Animals were held for 

more than a year in the Hagen Aqualab (University of Guelph, ON) before use and were 

fed 5x a week to satiety on shrimp and small smelt. Animals were kept at 11°C 

seawater on a photoperiod corresponding to the light: dark cycle in Passamaquoddy 

Bay throughout the year.  

2.2 Enzyme Colocalization 

2.2.1 Isolation of Mitochondria 

Mitochondrial isolations were carried out as described in Stuart and Ballantyne 

(1996). All steps of this procedure were carried out on ice unless otherwise noted. Liver 

was freshly excised from skates and immediately placed in isolation medium containing 

500 mM sucrose, 150 mM KCl, 20 mM HEPES, 5 mM MgCl2, and 0.1% bovine serum 

albumin (pH 7.2; Chamberlin and Ballantyne, 1992). The tissue was homogenized with 

6 passes of a Potter-Elvehjem homogenizer in isolation medium. The first 3 passes 

were with a loose fitting pestle followed by 3 passes with a tighter fitting pestle. Samples 

were then centrifuged at 920 g for 10 minutes at 4°C using a Sorvall RC 6+ Centrifuge 

(Thermo Scientific, Waltham MA) to remove cellular debris in the pellet. The remaining 

supernatant was centrifuged at 9,660 g for 10 minutes at 4°C to isolate the 

mitochondrial pellet. The supernatant of this fraction was then used to represent the 

cytosolic fraction. The mitochondrial pellet was resuspended in isolation buffer and spun 

again at 9,660 g for 10 minutes at 4°C. The resulting mitochondrial pellet was used for 

mitochondrial studies. Samples were frozen at -80°C before being used for further 

processing.  
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 Cross contamination of subcellular fractions was quantified by measuring citrate 

synthase (CS), a mitochondrial enzyme, in both the cytosolic and the mitochondrial 

fractions. If CS was detected in the cytosol, the last centrifugation step was repeated. 

Concentrations of mitochondria were measured by diluting a small aliquot of 

mitochondria 1000x and measuring in a Bradford Assay (CAT#50000006; Biorad, 

Missisauga, ON) according to manufacturer’s instructions with bovine serum albumin as 

a standard. The final concentration of mitochondrial protein within the assay was 

calculated by subtracting the known protein concentration in isolation medium from the 

adjusted concentration determined from the Bradford assay. 

2.3 Synthesis of Hydroxyurea  

2.3.1 Gas Chromatography Mass Spectrometry (GCMS) 

To determine the concentrations of HU, arginine, and urea, a GCMS method was 

developed in conjunction with the Mass Spectrophotometry Facility at the University of 

Guelph Advanced Analysis Centre. Chemicals were obtained from Millipore Sigma 

(Oakville, ON) unless otherwise stated. Mitochondrial preparations were prepared as 

described earlier.  

Previously frozen mitochondrial fractions were resuspended to 50 µl with HPLC 

grade water before being sonicated for 10 seconds while chilled in an ice slurry. 

Samples were frozen at -80°C before being used for further processing.  

Samples were prepared for GCMS using the method described by Sheikh et al. 

(2011) with modifications. Internal standard (5 µl of tropic acid; 1 g/L) was added to 

previously reconstituted samples before 165 µl of chilled (-20°C) HPLC acetonitrile was 

added to the samples or standard mixture containing chosen analytes. Once well mixed, 

the sample was chilled at -80°C for 2 hours before being centrifuged at 13,250 g for 10 

minutes at 4°C. An aliquot of supernatant was then transferred to a screw cap vial 

(Phenomenex, Torrance CA) and dried under a Speedvac vacuum concentrator. N,O-

Bis(trimethylsilyl)trifluoroacetamide (BSTFA) (100 µl) with 1% trimethylchlorosilane 
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(TMCS) was added for derivatization. The sample was then heated to 100°C for one 

hour. The sample was cooled to room temperature, centrifuged at 13,250 g for 10 

minutes to remove any precipitate, before 1 µl was injected into an Agilent 6580 gas 

chromatography/mass spectrophotometer operated in simultaneous ion monitoring 

(SIM) mode. Conditions of operation are listed in Table 2.2. Temperatures were 

controlled as in Table 2.3.  
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Table 2.1: Retention Times and Ions Used for GCMS Analysis 

Compound Retention Time (min) Ion mass/charge 

Tropic Acid-3TMS (internal standard) 20.18 280 

Hydroxyurea-3TMS 10.906 277, 279, 292, 294 

Urea-2TMS 11.384 189, 191 

Ornithine-4TMS (Arginine) 20.89 142 
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Table 2.2: GCMS Operating Conditions 

Column Pressure 5 psi 

Injector Temperature 250°C 

Mode Splitless 

Purge Time On 0.7 min 

Detector Temperature 280°C 

MS Source Temp 230°C 

MS Mode Electron Impact at 70 eV, SIM 

MS Tune Autotune 
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Table 2.3: GCMS Temperature Conditions 

 
Temperature (°C) Rate (°C/min) Hold (min) Total (min) 

Initial 60.0  3.0 3 

1 100.0 20.0 3.0 8 

2 200.0 5.0 1.0 29 

3 250.0  5.0 0 39 

4 300.0 40.0 5.0 45.25 
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2.3.2 Incubation with L-arginine and inhibitors 

Nω-hydroxy-arginine (nor-NOHA) and NG-Methyl-L-arginine (NMMA) were used as 

inhibitors to inhibit arginase and NOS respectively. Nor-NOHA is an arginase inhibitor 

through interaction with the Mn-bound cluster on the enzyme (Custot et al., 1997). 

NMMA is a competitive nitric oxide inhibitor that inhibits the three isoforms of NOS 

(Víteček et al., 2012). Effective concentrations for each inhibitor were initially 

determined from literature values (Parihar et al., 2008b; Topal et al., 2006) and tested 

with sonicated mitochondria to determine enzyme inhibition.  

To demonstrate in vitro mitochondrial HU synthesis through the production of the 

NOS and arginase enzymes, isolated little skate mitochondria were incubated under 

various conditions. Intact, isolated mitochondria in a final concentration of 2.5 mg/ml 

were incubated in reaction mixture (10 mM KH2PO4, 150 mM KCl, 50 mM, sucrose, 30 

mM HEPES, 400 mM urea, 200 mM TMAO, 1% BSA, pH 7.2, from Chamberlin and 

Ballantyne, 1992), 10 mM glutamic acid, 10 mM pyruvate, 1 mM L-arginine either 

labelled or unlabeled, and 0.4 mM nor-NOHA or 0.4 mM L-NMMA, or no arginine at all.  

Mitochondria were incubated at 15°C in a water bath with reaction mixture 

containing either L-guanidoN15-arginine (Cambridge Isotope Laboratories, MA, USA) 

(n=7), unlabeled arginine (n=7), no arginine (n=2), labelled arginine and nor-NOHA 

(n=7), labelled arginine and NMMA (n=7), or labelled arginine and both inhibitors (n=7). 

Inhibitors had a final concentration of 0.1 mg/L. Mitochondria from one skate would be 

exposed to all treatments. Aliquots of 1000 µl were sampled at the start and after 1 hour 

and centrifuged at 9660 g for 10 minutes to stop the reaction and separate the 

supernatant and mitochondrial fractions. The separated mitochondria and supernatant 

were then frozen at -80°C for further processing. The supernatant was further 

lyophilized until dry using a lyophilizer (Labconco, Kansas City, MO) and frozen at -80°C 

until processing for GCMS analysis.   
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2.4 Characterization of the elasmobranch NOS and arginase 

While the enzymatic characteristics of elasmobranch arginase have been studied 

(Casey and Anderson, 1985), NOS has only been confirmed to be active in 

macrophages thus far (Walsh et al., 2006). Elasmobranch arginase and NOS have not 

been confirmed to react to inhibitors (Ng-hydroxy-nor-L-arginine and N-monomethyl-

arginine respectively) so the Km for each arginase for arginine was determined, and 

inhibitor concentrations for each enzyme was tested for effectiveness. Due to time 

constraints, the Km for NOS in the mitochondria was not measured.  

2.4.1 Arginase (EC 3.5.3.1) 

Arginase was measured by the colorimetric formation of urea based on the 

method of Mommsen et al. (1983) with some modifications. MnCl2 and arginine 

solutions were made in 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) buffer at pH 7.4. Previously frozen isolated mitochondria were diluted to a 

concentration of 2 g/L with 20 mM Tris-HCl at a pH of 7.4 and then sonicated for 10 s 

chilled by an ice slurry. Sonicated sample (5 µl) was added to 5 µl 20 mM MnCl2 (final 

concentration of 10 mM MnCl2) and incubated for 15 minutes at room temperature.  

After incubation, the reaction was started by adding buffer and arginine to a final 

concentration of 30 mM. Samples were incubated for 15 minutes at 15°C. Aliquots (100 

µl) were taken at 5, 10, and 15 minutes to determine the rate of reaction. Reactions 

were stopped by the addition of 12.5 µl 4 M PCA. K2CO3
 (4 M; 9.23 µl) was added to 

neutralize the reaction to pH 7.4. The sample was centrifuged at 12,000 g for 10 

minutes before urea was measured at each time point. Blank controls (absence of the 

enzyme and of the substrate) for each reaction were run concurrently with each sample 

reaction. Sample reactions were run in duplicate and the average was taken for each. 

Urea was measured according to Rahmatullah and Boyde (1980). 1:1 dilution of 

sample in 20 mM HEPES (10 µl) was added to a freshly mixed 1:2 mixture of DAMO-

TSC (5 g/L 2,3-butanedione monoxime (DAMO); 0.1 g/L thiosemicarbazide(TSC)) and 

acid-ferric solution (0.1 g FeCl3 in 1/10 v/v 85% phosphoric acid, 3/5 v/v 95% sulphuric 
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acid). Samples were vortexed and then boiled for 10 minutes in a water bath. Samples 

were then transferred to microplates and measured at 535 nm in a Spectra Plus 384 

microplate reader (Molecular Devices, San Jose, CA). Urea standard curves were 

created to measure the concentration of urea between 0 to 1 mM. Samples were 

measured in duplicate. Plate absorbance was also measured prior to adding the boiled 

sample to remove any variation in absorbance from the plate. 

2.4.2 Nitric Oxide Synthase (EC 1.14.13.39) 

NOS was measured by the colorimetric formation of nitrite. As NO readily 

degrades to nitrite and nitrate, a secondary conversion step by nitrate reductase was 

needed to convert nitrate into nitrite for measurement. The assay was based on  

methods from Ghigo et al. (2006). Tissue homogenate or mitochondrial sample (30 µl) 

was added to 195 µl of 20 mM HEPES buffer (pH 7.4), followed by addition of 10 µl of 

glucose-6-phosphate dehydrogenase (G6PDH) to a final concentration of 0.04 U/ml. 

Cofactor mixture (10 µl) was then added, containing the following ingredients (final 

concentration in parentheses): NADP+ (0.2 mM), MgCl2 (1.8 mM), glucose-6-phosphate 

(0.17 mM), tetrahydropterin (5 µM) and CaCl2 (2 mM). The reaction was started by 

addition of 5 µl of arginine to a final concentration of 5 mM. Samples were incubated at 

15°C in a water bath. A 100 µl sample of the reaction was stopped by 12.5 µl 4 M PCA 

at 0, 15, and 30 minutes. 9.23 µl of 4 M K2CO3 was added to increase to pH 7.4. 

Samples were centrifuged at 15,000 g for 5 minutes to remove the precipitate and the 

supernatant was transferred to a new tube for nitrate reduction. Blank controls for each 

reaction were run concurrently with each sample reaction with the absence of sample 

and substrate.  

Nitrate reduction was done according to manufacturer’s instructions. Nitrate 

reductase (Cayman Chemical, Ann Arbor, MI, CAT#780010) was added to 80 µl of 

sample, along with 5 µl of cofactors to a final concentration 50 µM of nicotinamide 

adenine dinucleotide phosphate (NADP+), 100 µM of glucose-6-phosphate (G6P), and 5 

M of flavin adenine dinucleotide (FAD). Samples were incubated at 37°C for 15 
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minutes. After reduction, lactate dehydrogenase (LDH) was added to samples to reduce 

NADPH to minimize interference with the Griess reaction (Nussler et al., 2002). 10 µl of 

LDH was added to a final concentration of 10 U/ml. Samples were incubated for 5 

minutes at 37°C and then 100 µl of HEPES buffer and 100 µl of 1% sulfanilic acid in 3 M 

HCl was added to each sample. Samples were centrifuged at 15,000 g for 15 minutes at 

4°C, then 150 µl of the previous solution was added to each microplate well to create 

two replicates. 50 µl of 0.1% N-(1-napthyl)ethylenediamine (NED) was added to each 

well. After incubation for 5 minutes at room temperature, the samples are measured at 

540 nm. Nitrite standard curves were created using sodium nitrite.  

For kinetic determinations of Km and Vmax, reactions were run at 7 different 

arginine concentrations ranging from 100 mM to 0 mM for arginase and 10-0 mM for 

NOS. Samples were then fitted to a Eadie-Hofstee plot to determine the Vmax  and Km as 

it provides the most precise estimations out of linear methods (Cho and Lim, 2018; 

Hofstee, 1959).  

2.4.3 Measurement of Arginase and NOS in the cytosol and mitochondria 

To determine the localization of arginase and NOS, arginase, NOS, citrate 

synthase (CS), and LDH were measured in both the cytosol and mitochondrial fraction 

of skate liver tissue. CS (mitochondrial marker) and LDH (cytosolic marker) assays were 

performed on both mitochondrial and supernatant samples to determine quality of 

mitochondrial isolations and possible cross contamination. Citrate synthase assays 

were performed as described in Stuart and Ballantyne (1996). Optimal substrate and 

cofactors were determined using a supernatant of a crude homogenate. Maximal 

enzyme activities were determined by following the reaction with 5,5’-dithio-bis-(2-

nitrobenzoic acid) (DTNB) with acetyl-CoA using a Cary Win 300 spectrophotometer 

kinetic assay at 412 nm. The reaction mixture consisted of 100 µl of sample in a final 

volume of 1.6 ml with 0.1 mM DTNB, 0.3 mM acetyl-CoA, 0.5 mM oxaloacetate in 

imidazole buffer (50 mM, pH 8.0). The extinction coefficient (13.6 mM-1 cm-1) was used 

to determine maximal enzyme activity.  
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LDH assays were performed by measuring the reduction of NADH. Enzyme 

activities were determined using a Spectra Plus 384 microplate reader. NADH (0.2 mM) 

and sodium pyruvate (1 mM) were added to a sample to a final volume of 200 ul. 

Samples were measured at 340 nm for 15 minutes. The extinction coefficient (6.22 mM-

1 cm-1) was used to determine maximal enzyme activity.  

2.4.4 Calculations 

2.4.4.1 Adjustment of NOS and Arginase activity for cross contamination 

Some cross contamination was detected in samples when measuring NOS and 

arginase activity and therefore CS and LDH activity in each compartment was used to 

adjust NOS and arginase activity to account for contamination. CS activity in the cytosol 

represented the mitochondrial contamination in the cytosol, while LDH activity in the 

mitochondria represented cytosolic contamination in the mitochondria. Adjusted activity 

was calculated by first determining the activity within each compartment for the four 

enzymes. The percent contamination was then determined by finding the activity of 

each marker enzyme (CS or LDH) in each compartment and dividing by total activity of 

each marker enzyme overall. The percent contamination, either cytosolic or 

mitochondrial, was then multiplied by the total NOS or arginase activity to find the 

amount of contaminated activity of the target enzyme. Activity was finally adjusted by 

the adding the amount of contaminated of the target enzyme activity back to the original 

compartment.  

2.4.4.2 Atom Percent Enrichment (APE) 

To calculate the APE of HU and urea, I followed the method outlined by Wolfe and 

Chinkes (2005). The peak area of each sample was first determined by manual 

integration using MSD ChemStation (Agilent Technologies) of the major ion of each 

analyte (M) and its M+2 ion, representing the heavier stable isotope labelled compound. 

The tracee to tracer ratio (TTR) was calculated using the following equation: 
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𝑇𝑇𝑅 =
# 𝑜𝑓 𝑡𝑟𝑎𝑐𝑒𝑟 𝑖𝑜𝑛𝑠

# 𝑜𝑓 𝑡𝑟𝑎𝑐𝑒𝑒 𝑖𝑜𝑛𝑠
 

Atom percent enrichment (APE) was the calculated by the following equation: 

𝐴𝑃𝐸 =
𝑇𝑇𝑅𝑜𝑏𝑠 − 𝑇𝑇𝑅𝑛𝑎𝑡

1 + (𝑇𝑇𝑅𝑜𝑏𝑠 − 𝑇𝑇𝑅𝑛𝑎𝑡)
 𝑥 100% 

Rate of enrichment was calculated by determining the change in APE and dividing by 

the time taken and the amount of mitochondrial protein in each individual experiment.   

2.4.4.3 Concentration 

To calculate the concentration of each analyte in the sample, the µg of sample 

was determined by a combination of standard curve and internal standard. A standard 

equation was determined by plotting the intensity of each of the ions of each analyte 

(arginine: 142; urea: 189+191, HU: 277+279) standardized to the intensity of the known 

quantity internal standard (tropic acid: 280) to the expected amount added. Samples 

were similarly standardized to its respective internal standard for each analyte to 

calculate the expected µg produced.  

The amount was then divided by the volume of mitochondria, using the average 

volume of liver mitochondria from L. erinacea  measured during state 3 respiration 

(Ballantyne and Moon, 1986), to find the concentration. Similarly to enrichment, the rate 

of production was calculated by dividing the difference between time points by the time 

and the mitochondrial protein concentration.  

The enriched concentration was calculated by multiplying the calculated 

concentration by the TTR to determine the proportion of analyte that is enriched.  

2.4.4.4 Statistical Analysis 

For statistical analysis, data was initially tested for normality using Shapiro Wilk 

Tests using R version 3.5.4 (R Core Team, 2013). Outliers were determined by 

removing any values that fell further than 3 standard deviations from the mean. Alpha 
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value was determined at 0.05. Where needed, data was transformed by either a log or 

square root transformation. Data were compared between treatment groups at each 

time point, and between time points within each treatment group using a repeated 

measures one-way ANOVA. If transformations did not enable normality, data was 

compared using the Skillings-Mack test, which allows for comparison when there are 

missing data points (Chatfleld and Mander, 2009; Srisuradetcha, 2015). Post-hoc 

pairwise comparison t-tests were run if significance was detected. ggpubr and ggplot2 

were used to organize data and create graphs (Wickham, 2016; Kassambara 2020).  

  



 

 

31 

 

3 Results 

3.1 Compartmentalization of Arginase and NOS 

Arginase (Km = 7.75 mM) and NOS activity were measured in isolated 

mitochondria and separated cytosol. As there was observed mitochondrial enzyme (CS) 

activity in the cytosol and LDH activity in the mitochondria, the values of arginase and 

NOS were adjusted if contamination was detected. As expected, arginase activity was 

detected in isolated mitochondria (0.23 ± 0.13 µmol/min/g mitochondrial protein), with 

some arginase activity detected in the cytosolic fraction (0.011 ± 0.017 µmol/min/g mt 

protein), although activity detected in the cytosol may be due to contamination that was 

not fully corrected by the control enzymes (Table 3.1). NOS activity was detected in 

both the cytosolic and mitochondrial fractions of isolated skate mitochondria (Table 3.1). 

Activity in the cytosol (0.0028 ± 0.0013 nmol/min/g mt protein) was similar to the activity 

in the mitochondria (0.0036 ± 0.00080 nmol/min/g mt protein). 

3.2 Mitochondrial Hydroxyurea 

 Overall changes in analyte concentrations was determined through the total 

concentrations of both enriched and non-enriched compound, the enriched 

concentrations, and the APE. HU was measured using GCMS to determine 

concentrations and enrichment over time and between treatment groups in isolated 

mitochondria. There was no significant change in HU in the total concentrations or 

enriched concentrations. Comparison of the rate of enriched HU formation found no 

significant differences between treatment groups (Fig. 3.1). 

The addition of inhibitors had no effect on the enriched concentrations nor the 

APE when compared at each time point. However, the omission of arginine showed 

significant differences in HU concentrations between the six treatment groups at the first 

two time points (T=0 min: F5,25=7.64591, p=0.0002; T=60 min: F5,24=6.6836, p=0.0004). 

Pairwise-t tests with Holm correction were performed as a post-hoc test to compare the 

effect of treatment groups at each time point while controlling for individual 
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mitochondrial differences. The no substrate (NS) control group (16.78 ± 3.70 µM) had 

significantly lower concentrations of HU compared to the labelled control group (38.99 ± 

1.41 µM; p=0.02). Furthermore, differences of the NS group compared with the 

unlabeled (36 ± 1.28 µM; p=0.056), NMMA (35.59 ± 0.75 µM; p=0.066), and nor-NOHA 

groups (36.65 ± 1.09 µM; p=0.051) showed p-values approaching significance. At one 

hour, while overall differences were detected with repeated measures ANOVA, pairwise 

T-tests found no significant differences across groups. However, the p-values were 

once again approaching significance when the NS group was compared to the rest 

(ARG: 34.83 ± 1.00 µM, p=0.096; N15: 36.02 ± 1.38 µM, p=0.072, NMMA: 35.87 ± 1.04 

µM, p=0.072; nor-NOHA: 35.54 ± 1.18 µM; p = 0.075; NMMA + nor-NOHA: 35.48 ± 0.97 

µM,  p = 0.075; Fig 3.2).  

3.3 Mitochondrial Urea 

 Urea concentrations and enrichment were also determined over time in isolated 

mitochondria. There was no significant change in urea over time in either the total 

concentration, enriched concentrations, or rate of enrichment (APE over time). Overall 

differences were detected across treatment groups for all three parameters at the first 

(concentrations, F5,25=3.1173, p=0.025; enriched concentrations; F5,25=3.13454, 

p=0.025; TTR: F5,25=6.684, p=0.0044) and second time points (concentrations, 

F5,25=8.655, p=0.0000725; enriched concentrations; F5,25=4.098, p=0.00828; 

TTR:F5,25=36.273, p=1.12x10-10).  Despite detected differences in the one-way ANOVA, 

pairwise t-tests did not reveal any significant differences across all the groups for the 

total concentration and the enriched concentration. However, there was a significant 

decrease in labelling in the groups incubated with unlabeled arginine compared to the 

labelled arginine groups (N15: p= 0.047, NMMA: p=0.029; nNOHA: p=0.026; 

NMMA+nNOHA: p=0.049; Fig. 3.3). Comparison with the no substrate groups found 

significant or close to significant effects of arginine omission on labelling (N15: p= 0.057, 

NMMA: p=0.049; NMMA+nNOHA: p=0.058; nNOHA: p=0.046).  
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 There was a significant decrease in the rate of production with the addition of the 

arginase inhibitor nor-NOHA compared to the labelled arginine controls (F5,25=2.95, 

p=0.0316; p=0.030) but not the other treatment groups (Fig. 3.4). 

3.4 Arginine 

 Arginine was also measured during GCMS throughout the process of the 

experiment. There were no detectable differences in arginine concentration over time, 

or between treatments.  

3.5 Compartmentalization of Hydroxyurea 

 HU in the cytosolic and mitochondrial fractions of the mitochondria were 

compared to track the change in HU over time in either compartments. Overall, there 

was 10 fold higher HU concentrations in the mitochondria (34.80 ± 1.15 M) compared 

to the cytosol (3.95 ± 0.60 M) at 0 minutes (p=8.2x10-7; Fig. 3.5A) and at 60 minutes 

(MT: 34.56 ± 0.41 M, CT: 1.92 ± 0.18 M; p=2.7x10-6; Fig 3.5B).  

 

  



 

 

34 

 

Table 3.1: Adjusted cytosolic and mitochondrial activity of arginase and nitric 
oxide synthase (NOS) in isolated L. erinacea mitochondria. 

Citrate synthase was used as a marker for mitochondrial contamination in the cytosol 
and lactase dehydrogenase was used as a marker of cytosolic contamination in the 
mitochondria. Initially measured activities of arginase and NOS were adjusted by finding 
the percentage of contaminated activity and subtracting the value from the 
compartment. Data are expressed as mean ± s.e.m. (N=5)  

 Cytosol Mitochondria 

Arginase Activity (mol/min/g) 0.011 ± 0.017 0.23 ± 0.13 

NOS activity (nmol/min/g) 0.0028 ± 0.0012 0.0036 ± 0.00080 

% Mitochondrial Contamination 0.56 ± 0.35%  

% Cytosolic Contamination  58.5 ± 23.89% 
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Figure 3.1: Change in total hydroxyurea over time in isolated L. erinacea 
mitochondria  

Data at each point is presented as mean ± one s. e. m. Significance at each time point 
between treatment groups is indicated by an asterisk. Mitochondria incubations with 
arginine omitted contained significantly less hydroxyurea at the first two time points 
compared to the other treatment groups. ARG: unlabeled arginine (N=7); NS: no 
arginine added (N=1-2); N15: labelled arginine (N=7); nor-NOHA: labelled arginine and 
nor-NOHA (N=7); NMMA : labelled arginine and NMMA (N=7); NMMA+nNOHA: labelled 
arginine and both inhibitors (N=7). 
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Figure 3.2: Rate of enriched hydroxyurea production over time between 0 to 60 
minutes in isolated L. erinacea mitochondria exposed to inhibitors and incubated 
with arginine.  

There were no significant differences between groups. Single points are outliers in the 
dataset. ARG: unlabeled arginine (N=7); NS: no arginine added (N=1-2); N15: labelled 
arginine (N=7); nor-NOHA: labelled arginine and nor-NOHA (N=7); NMMA : labelled 
arginine and NMMA (N=7); NMMA+nNOHA: labelled arginine and both inhibitors (N=7). 
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Figure 3.3: Change in the tracer:tracee ratio of urea over time in L. erinacea 
mitochondria.  

Data is presented as mean ± one s. e. m. Significant differences between treatment 
groups at each time point are indicated by asterisks. The NS and ARG group had 
significantly lower TTRs than the other groups but did not differ significantly from each 
other. ARG: unlabeled arginine (N=7); NS: no arginine added (N=1-2); N15: labelled 
arginine (N=7); nor-NOHA: labelled arginine and nor-NOHA (N=7); NMMA : labelled 
arginine and NMMA (N=7); NMMA+nNOHA: labelled arginine and both inhibitors (N=7). 
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Figure 3.4: Enriched urea production over time in isolated L. erinacea 
mitochondria exposed to inhibitors and incubated with arginine. 

Significance, determined by repeated measures ANOVA, is indicated by letters. Single 
points are outliers in the dataset. Data is presented as mean rate ± s. e. m. ARG: 
unlabeled arginine (N=7); NS: no arginine added (N=2); N15: labelled arginine (N=7); 
nor-NOHA: labelled arginine and nor-NOHA (N=7); NMMA : labelled arginine and 
NMMA (N=7); NMMA+nNOHA: labelled arginine and both inhibitors (N=7). 
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Figure 3.5: Comparison of cytosolic and mitochondrial hydroxyurea in the three 
control groups in isolated L. erinacea mitochondria (N=2) at the start of the 
experiment (A) and after 60 minutes (B).  

There were significantly greater hydroxyurea concentrations found in the mitochondria 
compared to the cytosol at both time points for the three treatments. Data is presented 
as mean ± s. e. m. ARG: unlabeled arginine (N=7); NS: no arginine added (N=2); N15: 
labelled arginine (N=7).  
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4 Discussion 

  The research described here did not provide evidence for either of the two 

pathways proposed. The Arginase-NOS hypothesis suggested that HU would be 

produced from the diversion of hydroxyarginine from the NOS pathway produced from  

arginine, thus requiring arginase and NOS to be located close to each other in 

mitochondria (Fraser et al., 2015). Alternatively, the urea hydroxylation pathway 

proposed that HU is formed by the hydroxylation of urea using the mitochondrial 

cytochrome P450 system (Natelson and Sherwin, 1979). While the present study 

demonstrated the presence of NOS in elasmobranch liver mitochondria, I was unable to 

detect labelled HU after incubation of liver mitochondria with stable isotope labelled 

arginine. Incubations with arginase and NOS inhibitors also did not have an effect on 

the rate of HU synthesis. The potential role of arginine as the precursor of HU is 

common to both hypotheses. While I was not able to detect labelled HU, there were 

detected differences caused by the omission of arginine from the incubation.  

4.1 Compartmentalization of Arginase and NOS  

 This study provides the first evidence for the presence of an NOS within the 

mitochondria of an elasmobranch. Of the three known isoforms of NOS, elasmobranchs 

are thought to have only NOSI and NOSII (Ballantyne, 2015). NOSI and NOSII are both 

found within the cytosol of vertebrates (Alderton et al., 2001). However, there is very 

strong evidence that NOS also occurs within the mitochondria as well (Ghafourifar and 

Cadenas, 2005). MtNOS is thought to be linked to NOSI (Kanai et al., 2001) but there is 

evidence that NOSIII docks on the outer mitochondrial membrane (Gao et al., 2004). 

However, since there is no evidence of a functional NOSIII in elasmobranchs, that 

isoform is unlikely to be contributing to the production of nitric oxide and citrulline as 

seen in this study. NOSII does occur in elasmobranchs as part of the IIS (Reddick et al., 

2006; Walsh et al., 2006). There was no evidence the animals used were 

immunologically stimulated in this study so it is unlikely that the form observed in this 
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experiment would produce detectable activity without stimulation. Thus, NOSI is likely to 

be the isoform detected in skate liver mitochondria.  

 The production of NO within the mitochondria has effects on redox reactions and 

the production of free radicals. Complex I, a major source of ROS in the ETC, and 

cytochrome c oxidase are both inhibited by NO (Carreras et al., 2004; Cleeter et al., 

1994). Immunoprecipitation of the mtNOS and cytochrome c oxidase suggests that the 

two enzymes are able to physically interact (Persichini et al., 2005). An analysis of a 

cytochrome c oxidase model and interactions of NO suggest that in the presence of a 

reduced catalytic site, the reaction of NO and the heme unit of cytochrome c oxidase 

produces superoxide that reacts with the NO-heme unit to regenerate the enzyme for 

the ETC (Collman et al., 2008). Furthermore, NO reacts with ROS, specifically 

superoxide ion, to form peroxynitrite (Litvinova et al., 2015). Peroxynitrite has been 

noted to uncouple eNOS, where the change of electron transfer results in production of 

superoxide instead of NO (Schulz et al., 2008) The formation of peroxynitrite anions and 

acids through a reaction of NO with superoxide causes formation of nitrite or nitrate, 

formation of -OH species, and nitration of superoxide dismutases (Radi, 2018). 

Incubation of isolated rat mitochondria with NO donors induced activation of the ETC 

(Dynnik et al., 2019). 

 The presence of NOS in the same subcellular localization as arginase suggests 

that the two enzymes may affect one another. Macrophages contain both arginase and 

NOSII, used during different stages of the inflammatory process, and activity of one 

enzyme can be regulated by the other to mediate the inflammation process (Munder et 

al., 1998). The Km of arginase is several fold higher than the Km of NOS, suggesting that 

NOS has a higher affinity for arginine than that of arginase. However, the activity of 

arginase is several fold higher than that of NOS. In mammals, ARG-2 is the enzyme 

localized within the mitochondria throughout the body, and in humans seems to be 

localized within the prostate, thyroid and kidney in the highest amounts (Fagerberg et 

al., 2014).  The elasmobranch arginase is also a mitochondrial isoform, as there is no 

evidence of a cytosolic arginase thus far. Arginase likely also acts as a regulator of 
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arginine concentrations in the mitochondria, reducing availability and NOS activity, as 

seen in macrophages (Rath et al. 2014). At low mtNOS activity, low concentrations of 

NO affect the initiation of respiration (Dynnik et al., 2019), while NO at high levels 

induces superoxide production (Radi, 2018). Thus, arginase may have an additional 

role in regulating arginine pools to mediate mtNOS activity. 

 My discovery of mtNOS within elasmobranch mitochondria also adds a further 

timeline to the evolutionary history of mtNOS. The original discovery of mtNOS was 

within rat liver mitochondria (Ghafourifar and Richter, 1997), and since then has been 

found in other mammalian tissues such as cardiac muscle (Kanai et al., 2001) and 

cerebral tissue (Parihar et al., 2008a; Persichini et al., 2005). There is evidence that 

mtNOS may also occur in birds (Rey et al., 2011). The addition of a representative 

elasmobranch species to the list of animals that have mtNOS suggests that the 

presence of mtNOS is more widespread across evolutionary groups than previously 

thought. NO is widespread phylogenetically across both invertebrates and vertebrates, 

being linked to neurotransmission, feeding, symbiosis, immunity, and vasoregulation 

(Palumbo, 2005). The vital role of NO in metabolism becomes apparent from the 

localization of the enzyme in the cell. In addition to the mitochondria, NOS isoforms are 

found within vesicles, membranes, endoplasmic reticulum, and the cytosol (Hecker et 

al., 1991; Hecker et al., 1994; Nacsa et al., 2015). While it is possible that mtNOS is the 

ancestral form, it is more likely that the enzyme started out in the cytosol or was 

membrane-bound before being incorporated into the mitochondria.   Examination of 

other representative groups may be useful for understanding the evolutionary 

distribution of the NOS isoforms.  

4.2 Urea Production is affected by Arginase Inhibition 

 As expected, there was a significant labelling of urea in mitochondria incubated 

with labelled arginine. However, there was no change over time, suggesting that the 

rate of reaction is faster than the time taken to process the sample. The rate of 

production of urea significantly decreased with the addition of nor-NOHA to the 
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mitochondria. Nor-NOHA is an arginase inhibitor used to reduce excess arginase 

activity (Abdelkawy et al., 2017). This is supported by several studies that have found 

dose-dependent effects of nor-NOHA on arginase in cells and mitochondria (Li et al., 

2016; Topal et al., 2006). These observations validate the capacity of the mitochondria 

to generate urea and the efficacy of the arginase inhibitor used.  

Labelling of urea in this in vitro  study occurred in less time and with higher levels 

of incorporation than in a dietary in vivo study with humans (Mariotti et al., 2013). 

Dietary studies likely allow labelled arginine to distribute across several metabolic 

pathways including in the cytosol, which would explain why lower labelling is seen. 

Other experiments using labelled arginine with isolated mammalian mitochondria found 

between 3% to 8% of total urea was labelled after incubation which is lower than found 

in this study (Nissim et al., 2005). This is likely due to differences between arginine 

utilization between elasmobranch and mice mitochondria. Yu et al. (1995) suggested 

that there are two distinct pools of arginine in humans, one used for urea synthesis 

within the hepatocytes, and one in the plasma contributing to protein synthesis.   

4.3 Hydroxyurea Production is unaffected by Arginase or NOS 
inhibition 

 Labelling of HU was not detected after incubation of isolated skate mitochondria 

with labeled arginine throughout the whole study, indicating that arginine is not a direct 

precursor of HU synthesis. Across all treatment groups, the mean and standard error of 

the TTR was in 0.091 ± 0.0053 urea, while it was 0.497 ± 0.025 in HU. The variation of 

HU labelling in the mitochondria may have masked any signal from the label. In 

addition, mitochondrial HU also had 3-fold higher average TTR than the standards 

measured, suggesting that the skate mitochondria may be selecting for the heavier 

isotopologue even in the unlabeled arginine group. The variability suggests that other 

factors can confound studies of HU that use stable isotopes in mitochondria.  

 Isotopic ratios found within an animal are dependent on geochemical processes, 

with variation dependent on the location (Hansen et al., 2012), the trophic position of an 
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animal (Nielsen et al., 2015), and physiological conditions (Cruz et al., 2012). Ratios 

also vary depending on different compartments and organs (Halley et al., 2010; Schmidt 

et al., 2015). Enzymes are able to exhibit metabolic branching, where enzymes 

specifically select for lighter isotopes to reduce the energy needed for catalysis, leaving 

a pool of heavy isotopes behind (Schmidt et al., 2015). Stable isotope fractionation (IF) 

occurs when there ends up being an uneven incorporation of enrichment in products 

from a single source through metabolic branching (Schmidt et al., 2015). IF of 

nitrogenous compounds have been reported from ammonia by glutamine synthetase in 

spinach (Yoneyama et al., 1993). Interestingly, it’s been noted that IF values seem to 

vary among nitrogenous compounds (Schmidt et al., 2015), which may explain why 

there is such a variation in isotopic ratios between HU and urea, despite being 

structurally similar compounds. The large differences between HU and urea labelling 

also support the hypothesis that HU is produced from a different pathway as well.  

 Incubation of elasmobranch mitochondria found incubation with inhibitors of 

arginase and NOS had no effect on the rate of HU production. The inhibitor nor-NOHA 

decreased urea production but not HU production supporting the interpretation that 

arginine is not the precursor for HU production via arginase. For either hypothesis, I 

would have expected a significant drop in the rate of production of HU in either the 

enriched concentrations or total concentrations of HU after inhibition of arginase. This 

suggests that arginase likely has no role in the production of HU. In addition, inhibition 

of NOS also seemed to have no effect on the production of HU compared to the 

arginine-added controls. L-NMMA is a known inhibitor of cytosolic NOS (Alderton et al., 

2001), and has been shown to work on mammalian mitochondria in inhibiting mtNOS 

(Ghafourifar and Richter, 1997; Parihar et al., 2008a; Parihar et al., 2008b). Although 

untested in skate liver mitochondria, L-NMMA inhibits NOS in bony fish (Eddy, 2005). 

 In contrast, I did detect significant or approaching significant differences in total 

HU concentration in the treatments with arginine compared to the no substrate control. 

This result suggests that somehow arginine is involved in the production of HU, which 

supports results from Natelson and Sherwin, (1979) and Svensson et al., (1981) where 
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they detected HU after addition of arginine in rat liver microsomes and bacteria (S. 

garyphalus) respectively. Arginine is a semi-essential amino acid where the body is able 

to obtain the amino acid from diet and endogenous production (Morris, 2007). The three 

known pathways in which arginine is broken down are (1) the NOS pathway, which 

ultimately produces NO and citrulline, (2) the arginase pathway in the urea cycle, which 

synthesizes urea and ornithine, and (3) through arginine decarboxylase (ADC; E.C. 

4.1.1.19) with the production of agmatine (Satriano, 2004). While I have addressed the 

first two pathways in this study, the third pathway through arginine decarboxylase will 

need to be explored further in the context of synthesis of HU and in elasmobranch 

metabolism. 

 Agmatine is synthesized from arginine by ADC and then broken down further by 

agmatinase (E.C. 3.5.3.11) to form urea and putrescine (Laube and Bernstein, 2017). 

ADC was originally discovered in bacteria and plants, but since its’ original discovery 

has been found in mammals (Laube and Bernstein, 2017). Isolated mammalian 

mitochondria and perfused liver are able to produce agmatine from radioactively 

labelled arginine (Horyn et al., 2005). ADC is likely localized in the mitochondrial 

membrane (Li et al., 1995; Regunathan and Reis, 2000). Research into other 

phylogenetic groups has not been conducted to the best of my knowledge. Addition of 

agmatine to cells results in decreased thymidine incorporation, resulting in lower DNA 

synthesis and cellular proliferation (Arndt et al., 2009). Furthermore, the compound acts 

as an ROS scavenger, resulting in decreased hydrogen peroxide concentrations (Arndt 

et al., 2009). Although for this pathway to be true, I also should have seen labelling of 

HU from the addition of arginine and to see changes over time. However, as I observed 

from urea, the time points may have been too far apart for detection. HU is noted to 

break down into NO and subsequent metabolites such as nitrate and nitrite (Kovacic, 

2011), so labelling might have been distributed into other products by the time of 

measurement. The consistent concentrations of HU may be a result of steady state 

concentrations of HU as the experiment progressed, as animals seem to maintain 



 

 

46 

 

constant levels of HU in their tissues rather than induce production as needed (Fraser et 

al., 2015). 

4.4 Arginine concentrations were unchanged 

Arginine concentrations were not found to change over time in this study. This is 

likely due to methodological issues, where arginine breaks apart during derivatization 

into several ions. In this case, ornithine-4-TMS was used as a representative ion. As 

arginase produces urea and ornithine during its reaction, it is likely that measurement of 

arginine using this method measured both ornithine and arginine, resulting in no 

perceived change in arginine. Labelling of arginine was unable to be detected because 

the labeled atoms were lost during derivatization. Alternative methods of derivatization 

that do not cause breakdown of products in this specific pattern would be more useful 

for determining the actual labelling of arginine. 

4.5 Compartmentalization of Hydroxyurea 

The HU in the supernatant during incubations were measured in the mitochondria 

of two individuals. Cytosol in this context was defined as the liquid outside of the 

membrane during in vitro incubations, not in the cytosol isolated from the liver. While a 

sample size of two is not enough to draw full conclusions, it can be possible to pull 

some trends from the data that we do have. First, comparison of the concentrations of 

HU across the two arginine groups in the cytosol and mitochondria were significantly 

different, with 50-fold more HU in the mitochondria than in the cytosol. This suggests 

that most of the HU is contained within the mitochondria. Concentrations of HU in the 

mitochondria (90.33 μM  9.45 μM) were lower than that of HU measured in Fraser et 

al. (2015), where they found liver homogenate HU values of 95.56  11.43 μM in L. 

erinacea whole liver homogenate. While similar overall, the actual total amount of HU 

would be a lot lower in this study because it is concentrated in the mitochondria 

compared to the hydroxyurea in the whole homogenate. HU being largely contained in 

the mitochondria suggests that its function may lie within mitochondrial metabolism.  
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 The mitochondria is involved in innate immunity through its association with the 

innate immune NLRP3 receptor, which binds to the pro-inflammatory signal mtDNA and 

is controlled by MAVS (Chen et al., 2018). Furthermore, the mitochondrial cyclic GMP-

AP synthase (cGAS) with the activation of the stimulator of interferon gene (STING) 

triggers pro-inflammatory and anti-tumor responses (Chen et al., 2018). Mammals and 

teleost fish have been found to have functional STING and MAVS signaling, but these 

signaling pathways have not been investigated in elasmobranchs yet (Me et al., 2012). 

HU may play a role in the immune response triggered by these pathways, especially 

since the compound seems to be contained within the mitochondria. The main 

mechanism of HU’s effects is through its inhibition of RR, which is responsible for 

production of deoxynucleotides for cell proliferation (Kovacic, 2011).  RR subunits can 

be found in both the cytoplasm and the mitochondria (Chimploy et al., 2013; Liu et al., 

2005), so HU may be able to inhibit any activity in the mitochondria. If HU can be 

released from the mitochondria by these signaling pathways, it could also play a role of 

mediating anti-proliferative growth outside of the mitochondria as well. This suggests 

that HU is likely part of an intracellular response to mediating bacterial or viral growth.  

Furthermore, the large concentration gradient of HU between the cytoplasm and 

the mitochondria suggests that there is a transporter that mediates movement across 

the mitochondria membrane. In the little skate, the urea is transported across the 

mitochondrial membrane using a bidirectional transporter to help equilibrate urea across 

the membrane (Rodela et al., 2008). However, in this case we see the maintenance of a 

concentration gradient of HU across a subcellular membrane. It is likely that 

transportation across the mitochondria membrane is facilitated by a urea transporter, as 

transport across cellular membranes for HU has also been noted to be facilitated by an 

SLC-family protein (Walker et al., 2011).  

4.6 Hydroxyurea in the elasmobranch system 

 While previous research has shown that HU naturally occurs within animal 

tissues and is able to accumulates at higher levels in some tissues (Fraser et al., 2015), 
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it’s still unknown what the function of endogenous HU is. Elasmobranchs have been 

observed to have a lower prevalence of neoplastic diseases compared to other species 

(Criscitiello, 2014), and while it can be partially explained by a lack of systematic 

surveys into elasmobranch neoplasia (Ostrander et al., 2004), elasmobranch physiology 

may also form an environment that is not conducive for formation of neoplasias 

(Ballantyne, 1997). Concentrations of HU measured in my study (95 μm) would be high 

enough to inhibit viral and bacterial replication in in vitro systems (Fraser et al., 2015). 

HU may have effects on mediating intracellular bacteria growth. Long term 

administration of exogenous HU to patients generally show no hepatic or renal toxicity 

(Hankins et al., 2005; Voskaridou et al., 1995; Zimmerman et al., 2004), although there 

have been reported cases with side effects (Antonioli et al., 2012). Doses in long term 

studies ranged from 15-30 mg/kg daily (Zimmerman et al., 2004; Hankins et al., 2005), 

which according to a dose of 22.4 mg/kg used by Kettani et al. (2009) results in a final 

blood plasma HU of 394 M within an hour after administration and 92 μM after 4 hours. 

The concentrations of HU reported in the mitochondria are in the range where side 

effects could occur, especially if concentrations are maintained over time. There has 

been some evidence that prolonged HU exposure may result in more mutations in T-cell 

recombination events (Hanft et al., 2000). Furthermore, HU can alter enzymes with Fe-

S clusters, resulting in production of ROS and oxidative stress (Huang et al., 2016). 

Containing HU within the mitochondria may mitigate any long term negative side effects 

to the animal if any.  

HU is constitutively found in the mitochondria in the liver, and in the tissues of 

other animals (Fraser et al., 2015). It is possible that it is used in the IIS as a compound 

used to regulate commensal bacteria and excessive cellular growth through interactions 

with RR. NO is also produced in vivo in patients administered HU through several 

possible pathways, including formation from hydroxylamine, and horseradish 

peroxidase and catalase (Huang et al., 2002; Huang et al., 2004; King, 2004). Thus, HU 

may act as an alternate pool of nitrogen for NO production during bacterial infection.  
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4.7 Conclusions and Perspectives 

 This thesis builds upon the work done by Fraser et al. (2015) and his thesis work 

(Fraser, 2013), where endogenous HU was first explored in elasmobranchs. 

Specifically, the use of isolation of skate mitochondria made it possible to show higher 

levels of HU within the mitochondrial fraction than in the cytosolic fraction. I was unable 

to find evidence to support either the arginase-NOS pathway (Fraser et al. 2015) or the 

urea hydroxylation hypothesis (Natelson and Sherwin, 1979). Inhibition of arginase did 

not affect HU production, which was a prediction of both pathways. Inhibition of NOS 

also had no effect on HU production. HU also seemed to have a higher degree and 

variability in stable isotope fractionation than urea. However, omitting arginine from the 

experiment did seem to have an effect on the total concentration of HU. This suggests 

that there is likely another pathway involved in HU synthesis that may involve arginine 

but using stable isotope labelling may not be effective due to the variability and 

confounding effects of isotope fractionation of HU.   

The higher HU concentrations detected occurred in the mitochondria rather than 

the cytosolic fraction, although some HU was detected in the cytosol during the 

experiment. Thus, any pathway that synthesizes HU is likely going to be mitochondrial 

in nature or HU is actively transported against a concentration gradient to enter the 

mitochondria. Agmatine, a metabolite of arginine could be a possible precursor to HU as 

it contains the two amine groups required in HU and is metabolized by mitochondrial 

pathways (Li et al., 1995; Toninello et al., 2006). However, the research conducted on 

agmatine is mainly focused on bacteria and mammals, and little if no work has been 

completed on fish. In addition to its possible contribution to HU synthesis, agmatine is a 

neurotransmitter or a neuromodulator molecule (Toninello et al., 2006) so research 

would also contribute to understanding the evolution of agmatine and neuronal signaling 

in vertebrates. Agmatine is also a major precursor of polyamine synthesis pathways, 

and thus mediation of agmatine controls proliferative pathways (Satriano, 2004). As one 

of the three arginine metabolite pathways, any contribution to understanding agmatine 

signaling would provide more knowledge into the regulation of arginine pools (Fig. 4.1).  
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 There are many unanswered questions remaining. The function of HU is still 

unknown. However, Fraser et al. (2015) found significantly higher amounts of HU in the 

spiral valve compared to the rest of the elasmobranch tissues measured. It is still 

unknown whether HU concentrations are affected by innate immune stimulations, 

however, concentrations measured in this study and previously are in the range that 

would have had an effect on bacterial and viral replication. Stimulating the immune 

response of elasmobranchs either in vivo or in vitro and tracking HU production would 

could establish if this compound is involved in the immune system. In addition, since HU 

resistance can occur within bacteria (Rosenkranz et al., 1967), it would be interesting to 

determine the action of commensal bacteria against endogenous HU in vitro.  

This thesis has contributed to the understanding to NOS subcellular localization 

in elasmobranchs and helped to narrow down the possible pathways through which 

mitochondrially localized HU can be synthesized. These findings suggest an (1) earlier 

evolutionary timeline for the development of mtNOS and (2) a new role for the 

mitochondria for producing a component (HU) that may be effective against disease and 

proliferative growth.  
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Figure 4.1: Possible pathways of elasmobranch arginine metabolism and hydroxyurea synthesis. 

Possible pathways of elasmobranch arginine metabolism and hydroxyurea synthesis. An asterisk represents enzymes 

and compounds that have not been researched in elasmobranchs, but have been demonstrated to occur in mammals. 

Pathways are compiled from Anderson (1991), Horyn et al. (2005), Nissim et al. (2005) and this study.   
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APPENDIX A: Hydroxyurea and Urea Concentrations over Time 

 

Figure A1: Enriched hydroxyurea concentrations over time in isolated L. erinacea 
mitochondria exposed to inhibitors and incubated with arginine. 

Data is presented as mean ± one s. e. m. There were no significant differences between 
groups.  ARG: unlabeled arginine (N=7); NS: no arginine added (N=1-2); N15: labelled 
arginine (N=7); nor-NOHA: labelled arginine and nor-NOHA (N=7); NMMA : labelled 
arginine and NMMA (N=7); NMMA+nNOHA: labelled arginine and both inhibitors (N=7). 

0.2

0.4

0.6

0.8

0 25 50 75

Time (min)

E
n
ri

c
h

e
d

 H
y
d

ro
x
y
u

re
a

 C
o

n
c
e
n

tr
a

ti
o
n

 (
µ
M

)

Treatment

ARG

N15

NMMA

NMMA+nNOHA

nor−NOHA

NS



 

 

70 

 

 

Figure A2: Hydroxyurea tracer to tracee ratio over time in isolated L. erinacea 
mitochondria exposed to inhibitors and incubated with arginine. 

Data is presented as mean ± one s. e. m. There were no significant differences between 
groups.  ARG: unlabeled arginine (N=7); NS: no arginine added (N=1-2); N15: labelled 
arginine (N=7); nor-NOHA: labelled arginine and nor-NOHA (N=7); NMMA : labelled 
arginine and NMMA (N=7); NMMA+nNOHA: labelled arginine and both inhibitors (N=7). 
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Figure A3: Enriched urea concentrations over time in isolated L. erinacea 
mitochondria exposed to inhibitors and incubated with arginine. 

Data is presented as mean ± one s. e. m. Significant differences between treatment 
groups at each time point are indicated by asterisks. Concentrations of urea were 
significantly lower at the first two time points in the NS treatment compared to the other 
five groups. ARG: unlabeled arginine (N=7); NS: no arginine added (N=1-2); N15: 
labelled arginine (N=7); nor-NOHA: labelled arginine and nor-NOHA (N=7); NMMA : 
labelled arginine and NMMA (N=7); NMMA+nNOHA: labelled arginine and both 
inhibitors (N=7). 
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Figure A4: Total urea concentrations over time in isolated L. erinacea 
mitochondria exposed to inhibitors and incubated with arginine. 

Data is presented as mean ± one s. e. m. There were no significant differences between 
groups.  ARG: unlabeled arginine (N=7); NS: no arginine added (N=1-2); N15: labelled 
arginine (N=7); nor-NOHA: labelled arginine and nor-NOHA (N=7); NMMA : labelled 
arginine and NMMA (N=7); NMMA+nNOHA: labelled arginine and both inhibitors (N=7). 
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APPENDIX B: Raw Mass Spectrophotometry Data 

Table B1: Peak areas measured in GCMS for the mitochondrial portion of the 
incubation experiments in mitochondria with Leucoraja erinacea. ARG: unlabeled 
arginine; NS: no arginine added; N15: labelled arginine; nor-NOHA: labelled  arginine 
and nor-NOHA; NMMA : labelled arginine and NMMA; NMMA+nNOHA: labelled 
arginine and both inhibitors. 

Individual Treatment 
Time 
(min) 

Peak area 

Tropic 
Acid (TA) 
Ion 280 

Hydroxyurea (HU) Urea (U) Arginine 
(R) Ion 

142 

Ion 277 Ion 279 Ion 189 Ion 191 

SLE18 ARG 0 14260326 1243 910 722369154 60309197 6045 

SLE18 ARG 60 10485492 1286 822.94 480409835 39896973 2716 

SLE18 ARG 90 10218740 2400 902.32 2878786020 252281763 7666 

SLE18 N15 0 12347654 4133 683.94 238433705 21850314 1170 

SLE18 N15 60 9552438 1215 575.8 372041079 35218362 1103 

SLE18 N15 90 7196369 1273 413.53 1594051960 154564867 3179 

SLE18 NMMA 0 6294131 3755 1126 1354515450 129244501 2449 

SLE18 NMMA 60 8716959 1815 730.36 458137249 43327229 3535 

SLE18 NMMA 90 6240857 947.55 356.56 265226234 25306774 24707 

SLE18 NMMA+nor-

NOHA 
0 

11992356 1894 849.33 564044175 49714167 3894 

SLE18 NMMA+nor-
NOHA 

60 7830176 1209 444.75 493444568 45989092 1706 
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Individual Treatment Time 
(min) 

TA(280) HU(277) HU(279) U(189) U(191) R(142) 

SLE18 NMMA+nor-
NOHA 

90 6515587 1405 387.19 1053537582 101094216 940.97 

SLE18 nor-NOHA 0 10002848 2589 417.63 7.39E+08 66345683 1077 

SLE18 nor-NOHA 60 16101148 1201 490.3 7.18E+08 67849630 2352 

SLE18 nor-NOHA 90 7074396 1172 752.33 5.43E+08 47427058 31877 

SLE19 ARG 0 6756259 1390 566.47 789107679 66602089 7612 

SLE19 ARG 60 6756709 4350 2298 1419088240 123849200 6707 

SLE19 N15 0 7919907 1499 838.59 753735602 71808072 10577 

SLE19 N15 60 11559462 4350 2298 1632186717 169760552 4126 

SLE19 NMMA 0 7618697 812.11 489.73 736507613 70020006 4963 

SLE19 NMMA 60 8085800 1359 1144 472959598 44347349 6057 

SLE19 NMMA+nor-

NOHA 
0 7610294 1351 587.55 517167766 49316340 4164 

SLE19 NMMA+nor-
NOHA 

60 8703919 736.24 429.05 1289155743 132722462 7163 

SLE19 nor-NOHA 0 9937496 2376 878.6 1255155218 135032087 12681 

SLE19 nor-NOHA 60 6497678 1345 1144 558332087 52653475 3197 

SLE20 ARG 0 10164038 6862 1537 918320652 89655948 13242 
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Individual Treatment Time 
(min) 

TA(280) HU(277) HU(279) U(189) U(191) R(142) 

SLE20 ARG 60 8118405 1261 484.19 392714895 32643969 33660 

SLE20 N15 0 6507326 6587 1235 553240931 51956421 28133 

SLE20 N15 60 5974505 1202 493.6 642217285 60123122 27348 

SLE20 NMMA 0 9393960 1501 343.55 271553032 25565633 82436 

SLE20 NMMA 60 6450543 1149 435.96 332052656 31187175 24146 

SLE20 NMMA+nor-
NOHA 

0 10698101 1472 621.03 376405469 35726615 29391 

SLE20 NMMA+nor-
NOHA 

60 6450543 1750 698.25 375868254 34423954 24146 

SLE20 nor-NOHA 0 7745264 3433 125.93 424375348 40285891 42877 

SLE20 nor-NOHA 60 6549984 1019 166.26 297881602 26728493 33196 

SLE22 ARG 0 11270751 1020 477.22 380204867 31514992 35380 

SLE22 ARG 60 2140193 392.76 208.24 566394646 46824179 2919 

SLE22 ARG 90 12080 170.42 90.05 46198191 3816657 1064 

SLE22 N15 0 10675201 5151 734.39 309759726 28334595 25940 

SLE22 N15 60 7318268 950.74 282.16 836327758 80580770 3022 

SLE22 N15 90 14595 218.07 196.13 72445651 6617072 620.03 

SLE22 NMMA 0 13164912 624.92 336.09 360834581 33147371 2880 
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Individual Treatment Time 
(min) 

TA(280) HU(277) HU(279) U(189) U(191) R(142) 

SLE22 NMMA 60 3198582 408.38 218.24 385133465 35459486 2711 

SLE22 NMMA 90 48860 264.46 138.97 184488229 16988894 10321 

SLE22 NMMA+nor-
NOHA 

0 7057567 705.72 325.48 631202818 59474494 9077 

SLE22 NMMA+nor-

NOHA 
60 3357670 438.7 315.73 304875421 27998617 4909 

SLE22 NMMA+nor-

NOHA 
90 13367 201.44 161.94 52469474 4813892 438.6 

SLE22 nor-NOHA 0 13552148 859.41 242.95 951831988 89046518 12842 

SLE22 nor-NOHA 60 3357670 546.27 192.69 455411583 42013806 5328 

SLE22 nor-NOHA 90 14070 244.09 67.5 112180835 10059667 1432 

SLE22 NS 0 15941 339.28 122.81 152216654 12579091 847.4 

SLE22 NS 60 13770 333.99 75.25 116535578 9617156 512.86 

SLE22 NS 90 10337 174.86 106.54 60999174 5032899 264.66 

SLE23 ARG 0 12674274 743.63 358.63 679911007 56502913 4800 

SLE23 ARG 60 3284771 625.15 240.28 353282229 29389474 1542 

SLE23 N15 0 14072837 675.38 194.24 348207671 31949602 6047 

SLE23 N15 60 7318268 671.46 224.96 329166723 30472423 3283 
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Individual Treatment Time 
(min) 

TA(280) HU(277) HU(279) U(189) U(191) R(142) 

SLE23 NMMA 0 9042348 1018 481.16 684201530 62442259 11315 

SLE23 NMMA 60 3213801 895.67 359.49 408818684 37861297 5672 

SLE23 NMMA+nor-
NOHA 

0 10242086 483.67 288.33 433658059 39647036 14043 

SLE23 NMMA+nor-

NOHA 
60 2735218 849.04 658.11 333135966 30880861 2237 

SLE23 nor-NOHA 0 3182029 836.41 624.72 440028268 39605962 1618 

SLE23 nor-NOHA 60 4912415 777.74 366.76 316807203 29534332 1946 

SLE24 ARG 0 23121 986.24 497.48 132821475 10985987 25375 

SLE24 ARG 60 10725 1782 858.07 188777206 15583476 9218 

SLE24 N15 0 24781 944.73 547.41 126711845 11607647 16728 

SLE24 N15 60 16300 989.77 548.31 154849664 14267228 12810 

SLE24 NMMA 0 20772 437.46 256.87 175842453 16097604 16728 

SLE24 NMMA 60 11473 451.89 172.78 143886342 13236404 6266 

SLE24 NMMA+nor-

NOHA 
0 27228 480.78 155.52 278802652 25411804 29505 

SLE24 NMMA+nor-

NOHA 
60 23655 391.17 206.3 232729621 21326237 12275 

SLE24 nor-NOHA 0 42235 1246 541.49 285385863 25730790 17943 
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Individual Treatment Time 
(min) 

TA(280) HU(277) HU(279) U(189) U(191) R(142) 

SLE24 nor-NOHA 60 21542 1474 720.76 184319621 16712137 11038 

SLE24 NS 0 10723 175.83 133.13 64409498 5302743 79.43 

SLE24 NS 60 6087 249.65 174.94 62407157 5150060 85.06 

SLE25 ARG 0 15983 1016 436.02 182692524 15143666 4199 

SLE25 ARG 60 17213 619.39 499.87 182853673 15149479 5134 

SLE25 N15 0 17092 844.87 720.78 118115940 10799867 753.16 

SLE25 N15 60 38488 1946 979.61 226505676 20817176 695.06 

SLE25 NMMA 0 19666 1975 1378 148944738 13569326 631.49 

SLE25 NMMA 60 27867 603.46 498.8 175603291 15905320 4426 

SLE25 NMMA+nor-

NOHA 
0 16745 740.65 572.77 179589421 16257481 721.91 

SLE25 NMMA+nor-

NOHA 
60 24771 548.11 685.38 177811069 16063174 2429 

SLE25 nor-NOHA 0 29001 802.83 553.77 209471703 17923614 3374 

SLE25 nor-NOHA 60 22986 479.77 589.08 157013483 13484118 2190 
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Table B1: Peak areas measured in GCMS for the cytosolic (non-mitochondrial) 
portion of the incubation experiments with mitochondria of Leucoraja erinacea. 
ARG: unlabeled arginine; NS: no arginine added; N15: labelled arginine; nor-NOHA: 
labelled  arginine and nor-NOHA; NMMA : labelled arginine and NMMA; 
NMMA+nNOHA: labelled arginine and both inhibitors. NA: not available 

Individual Treatment 
Time 
(min) 

Peak area 

Tropic 

Acid 
(TA) Ion 

280 

Hydroxyurea (HU) Urea (U) Arginine 

(R) Ion 
142 

Ion 277 Ion 279 Ion 189 Ion 191 

SLE22 ARG 0 311880 5690 548.59 536302622 44957632 732.38 

SLE22 ARG 60 514664 323.65 136.5 118731928 9921425 523.24 

SLE22 N15 0 311205 2185 460.71 617113654 50129080 131.15 

SLE22 N15 60 649333 2534 229.67 654606014 58336949 1233 

SLE22 NMMA 0 506918 2424 417.68 435022658 36887972 1332 

SLE22 NMMA 60 453828 2561 326.83 600900121 53631494 909.59 

SLE22 nor-NOHA 0 557032 4178 455.67 656045937 58143843 1774 

SLE22 nor-NOHA 60 561613 4138 676.32 510679119 31698632 605.07 

SLE22 NMMA+nor-

NOHA 
0 338261 1651 307.47 616229447 51471860 479.04 

SLE22 NMMA+nor-

NOHA 
60 386312 1968 363.53 415380814 33094720 1003 

SLE23 ARG 0 2119 1475 731.72 193454407 16024334 266.58 
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Individual Treatment Time 
(min) 

TA(280) HU(277) HU(279) U(189) U(191) R(142) 

SLE23 ARG 60 1848 1673 817.77 190541989 15802488 111.25 

SLE23 N15 0 4515 2020 829.44 221819332 18906761 123.51 

SLE23 N15 60 4847 1673 832.47 195977980 17348513 104.45 

SLE23 NMMA 0 5450 1554 574.29 205947509 17507587 505.64 

SLE23 NMMA 60 4955 1606 912.36 212203557 18832790 199.26 

SLE23 nor-NOHA 0 4080 1642 765.37 197105435 16445658 158.38 

SLE23 nor-NOHA 60 4197 1525 772.57 202704128 17051679 225.24 

SLE23 NMMA+nor-
NOHA 

0 1947 1621 538.12 206306715 17120733 1947 

SLE23 NMMA+nor-

NOHA 
60 4922 1440 470.85 193923390 16265973 175.04 
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APPENDIX C: Arginase Substrate Data 

 

Figure C1:  Michaelis-Menten plot of mitochondrial arginase activity over 
substrate concentrations of arginine in the little skate (Leucoraja erinacea) (N=1). 
Data is presented as the mean of two technical replicates. Mitochondria were incubated 
15°C over a period of 15 minutes. The final calculated Km was 7.75 mM. v: initial 
enzyme activity; S: substrate (arginine concentration in mM) 
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Table C1: Activities of mitochondrial arginase at different concentrations of 
arginine in the little skate (Leucoraja erinacea). Mitochondria were incubated 15°C 
over a period of 15 minutes. Data is presented as the mean of two technical replicates. 

Arginine Concentration (mM) Arginase Activity (µmol/min/g) 

100 0.60821382 

50 0.28692742 

30 0.273794 

20 0.44042681 

10 0.1957135 

5 0.20057063 
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