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Physical, Kinetic, and Immunological Studies of Monomeric (Periplaneta americana) 

and Dimeric (Isostychopus badonotus) Arginine Kinases 

 

Brianne Wright-Weber 

 

ABSTRACT 

 

Arginine kinase catalyzes the reversible phosphorylation of arginine using ATP.  This 

phosphotransferase is found throughout invertebrate species; whereas a homologous 

enzyme, creatine kinase, is found in both vertebrate and invertebrate species.  Arginine 

kinases are found as monomers of 40 kDa or 80 kDa and dimers of 80 kDa while creatine 

kinases are found as dimers of 80 kDa, monomers of 150 kDa, or octamers of 320 kDa.  

The significance or advantage of the dimeric state or various quaternary structures is still 

not understood for this family of enzymes.  Here, arginine kinase from Isostychopus 

badonotus muscle was purified to homogeneity and analyzed for physical, kinetic, and 

immunological characteristics.  The results indicate that arginine kinase from the sea 

cucumber, I. badonotus, is a dimer with a molecular weight of 87 kDa that displays 

physical and kinetic characteristics similar to other arginine kinases regardless of their 

weight or subunit composition.  However, immunological cross-reactivity using I. 

badonotus polyclonal antibodies shows that dimeric arginine kinase from the sea 

cucumber can react with dimeric arginine and creatine kinases but not with monomeric 

arginine or creatine kinases.  Comparable results are seen with polyclonal antibodies 

raised against purified monomeric arginine kinase from the American cockroach, 



 xiv

Periplaneta americana.  Monomeric arginine kinase from the cockroach reacted with 

monomeric arginine kinases but not with dimeric arginine or creatine kinases or 

monomeric creatine kinases.  Arginine kinase from the sea cucumber and the cockroach 

is substantially inhibited by the anion nitrate which mimics the transferable phosphoryl 

group in the assumed rapid equilibrium, random addition reaction.  Here, nitrate has been 

shown to inhibit both the initial velocity and percent of product formed from arginine 

kinase in I. badonotus and P. americana.  Difference spectra for each enzyme in the 

presence of varying components of the transition state analog suggest that nitrate has an 

effect on the enzyme itself and inhibits through a mechanism beyond that of stabilization 

of the dead-end complex.  Further characterization of the dimeric state in these enzymes 

on a structural level included the elucidation of the protein sequence from the American 

cockroach and a comparison with dimeric arginine and creatine kinases. 
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Chapter 1. Introduction 
Literature Review 

 

Physiological Role, Distribution, and Quaternary Structure 

 Phosphagen kinases are a highly conserved family of enzymes that catalyze the 

reversible phosphorylation of guanidino compounds using ATP (Figure 1).  These 

phosphagens include: lombricine phosphate, glycocyamine phosphate, taurocyamine 

phosphate, hypotaurocyamine phosphate, creatine phosphate, and arginine phosphate, 

with each phosphagen having its own corresponding phosphagen kinase (Figure 2).  

Phosphagen kinases are most widely known as ATP buffering systems that maintain ATP 

homeostasis during high or fluctuating energy demands in cells that experience rapid, 

large bursts of energy like neurons and skeletal muscle (Kladis et al., 1997; Wyss & 

Kaddurah-Daouk, 2000).  This balance between the production and consumption of ATP 

is essential due to the fact that ATP is required for metabolic reactions and cellular 

functions in both single and multi-cellular organisms.   

 The most accepted role of the phosphagen kinases is as a “temporal energy 

buffer” which stabilizes the cellular ATP/ADP ratios (Meyer et al., 1984).  The buffering 

capacity of phosphagen kinases minimizes the changes in ∆GATP values when there is a 

shift in equilibrium between ATP hydrolysis and ATP synthesis.  Phosphagen kinases 

have the ability to synthesize large pools of high energy phosphates under standard 
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Phosphagen Kinase 

Quanidine Acceptor + MgATP   � Phosphagen + MgADP + H+ 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Reaction Catalyzed by Phosphagen Kinases: 
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Figure 2. Structure of Phosphagens: 

The structures of phosphoglycocyamine (GP), phosphocreatine (CP), phosphoarginine 

(AP), phospholombricine (LP), phosphohypotaurocyamine (HTP), and 

phosphotaurocyamine (TP) are shown.  Figure from Ellington, 2001. 
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conditions that can then be used to replenish ATP during high metabolic activity when 

ATP concentrations are low (Wallimann et al., 1992).  The net effect of buffering ATP 

and ADP levels by the phosphagen kinases can be seen in the following reactions: 

Phosphagen kinase: Phosphagen + MgADP + H+ �  guanidine acceptor + MgATP 

ATPase: MgATP �  MgADP + Pi + H+ 

Net: phosphagen � guanidine acceptor + Pi 

Phosphagen kinases are also said to have a “proton buffering” capacity by 

consuming protons when regenerating ATP.  They are able to trap inorganic phosphate 

(Pi) during the net phosphagen hydrolysis reaction (above) and use it to be an effective 

H+ buffer.  If protons released by cellular ATPases were not buffered by inorganic 

phosphate they would acidify the cytosol (Wallimann et al., 1992).  In 1981, Griffiths 

determined that inorganic phosphate concentrations in resting muscle were low and 

suggested that this might be a factor in suppressing glycogenolysis during resting 

conditions.  Since inorganic phosphate is released during net phosphagen hydrolysis it is 

also believed that kinases can support short bursts of cellular activity until pathways such 

as oxidative phosphorylation, glycolysis, and glycogenolysis are turned on (Pereira et al., 

2003). 

The most controversial function that has been reported for phosphagen kinases is 

that of a “spatial energy buffer” (Meyer et al., 1984).  The energy transport, or 

phosphocreatine shuttle theory, suggests that a large part of cellular high energy 

phosphate is transported as phosphocreatine rather than ATP (Bessman & Geiger, 1981; 

Bessman & Carpenter, 1985).  Due to CK being localized in mitochondria (Jacobs et al., 
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1964), at the ATP source, as well as in skeletal and cardiac muscle (cytosol), at the ATP 

sink, it is thought that phosphocreatine is used to transfer the high energy phosphate 

because of its larger diffusion coefficient compared to ATP and ADP (Hubley et al., 

1995).  This would allow ∆GATP values to remain high at sites of ATP turnover. 

Creatine and arginine kinases are the most extensively studied phosphagen kinase 

enzymes.  Creatine kinase is the only phosphagen kinase found in vertebrate species 

while arginine kinase is found as the most prevalent phosphagen in invertebrate species 

(Watts, 1973; Morrison, 1973).  However, creatine kinase, lombricine kinase, 

glycocyamine kinase, taurocyamine kinase, and hypotaurocyamine kinase are also found 

in invertebrate species (Watts, 1971).  Tissue specific expression of phosphagens can 

occur in certain organisms but interestingly, a large number of organisms contain creatine 

kinase in their spermatozoa regardless of which phosphagen system they possess in 

somatic tissue or eggs (Robin, 1964; Thoai & Robin, 1969; Robin 1974; Ellington & 

Kinsey, 1998). 

The significance of particular phosphagen kinases found in specific phylogenetic 

groups is currently unknown.  The advantages ascribed to organisms containing 

phosphocreatine are said to be: (a) a much higher apparent equilibrium constant (Lawson 

& Veech, 1979), that allows the CK system to maintain high ∆GATP values over a broader 

range of free energy change (Ellington, 2001); (b) the intrinsic diffusivity of 

phosphocreatine which is higher then other phosphagens; and (c) creatine is 

metabolically inert and cannot be used by other enzymatic reactions.  However, not all 

organisms that contain phosphocreatine are able to synthesize creatine and must rely on 
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acquiring it from their diet (Van-Pilsum et al., 1972).  The advantage for organisms that 

contain phosphoarginine, or one of the other phosphagens as their substrate, is said to be 

due to their physico-chemical properties (Ellington, 2001).  These phosphagens are more 

acid stable than phosphocreatine and might be beneficial to organisms with low 

intracellular pH (yeast) or those that thrive in more acidic environments (Sauer & 

Schlattner, 2004).  Organisms containing arginine might have a disadvantage in the fact 

that arginine is an essential amino acid in many metabolic pathways.  

The quaternary structure, like the distribution of the phosphagen kinases, can 

vary.  Arginine kinases are typically found as monomers consisting of a single 

polypeptide chain with a molecular weight of 40 kDa or dimers consisting of two similar 

(or identical) polypeptide chains with a molecular weight of 80 kDa.  In general, 

monomeric arginine kinases are found in arthropods such as the shrimp, honey bee, and 

cockroach (France et al., 1997; Kucharski & Maleszka, 1998; Brown et al., 2004) while 

dimeric arginine kinases are found in echinoderms such as the sea cucumber and sea 

urchin (Seals & Grossman, 1988; Wright-Weber et al., 2006). Exceptions to the general 

trend do occur with a tetrameric arginine kinase of 150 kDa existing in some marine 

worms (Robin et al., 1969) and more recently in bivalves which have been found to 

contain large two-domain monomers of 80 kDa (Suzuki et al., 1998; Suzuki & 

Yamamoto, 2000; Suzuki et al., 2002).   

The quaternary structure of creatine kinases is not as varied as that of arginine 

kinases.  Creatine kinases are typically classified as being dimers with very few 

exceptions existing.  However, a special feature of the creatine kinase system is the 
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occurrence of multiple isozymes localized in different compartments.  Vertebrate creatine 

kinases located in the cytoplasm, such as CK-MM (muscle), CK-BB (brain), and CK-MB 

(heart) exist as dimers of 80 kDa (Eppenberger et al., 1967) while CK localized in the 

mitochondria are large octamers of 320 kDa (Wyss et al., 1990).  On the other hand, 

invertebrate creatine kinases like that found in the sperm of the sea urchin, S. purpuratus, 

were determined to be large monomers with a molecular weight of 150 kDa (Tombes & 

Shapiro, 1985; Tombes et al., 1987).  

 

Physical Characterization 

 Both creatine kinase and arginine kinase were discovered in the late 1920’s in 

vertebrate and crayfish muscle, respectively.  One of the first successful creatine kinase 

purifications was performed by Kuby et al. (1954) by isolating CK from rabbit muscle 

with the use of ethanol fractionation.  The first arginine kinase to be purified in high yield 

was described by Ennor et al. (1956) from crayfish muscle.  The studies performed by 

Kuby et al. and Ennor et al. not only established purification protocols for arginine and 

creatine kinase but also outlined assay procedures which allowed for detailed 

examinations of other phosphagen kinases to be achieved.  

 Today, arginine kinase and creatine kinase have been purified from numerous 

species such as the lobster (Pradel et al., 1964), tarantula (Blethen & Kaplan, 1968), sea 

cucumber (Anosike et al., 1975), sea urchin (Ratto & Christen, 1988), shark (Gray et al., 

1986), and even a sponge (Ellington, 2000).  Typically purifications utilize basic 

purification techniques such as homogenization, ammonium sulfate fractionation, gel 
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chromatography, ion exchange chromatography, and ultrafiltration, in a multi-step 

protocol to isolate the enzyme of interest.  There are now several assays available to 

monitor AK and CK activity in both the forward and reverse directions of the reversible 

reaction.  The reverse reaction (synthesis of ATP) is routinely measured using an 

enzyme-coupled spectrophotometric assay described by Rosalki (1967) while the forward 

reaction (synthesis of ADP) is measured directly using a pH stat assay (Grossman, 1983) 

or an enzyme-coupled spectrophotometric assay (Fujimoto et al., 2005). 

 The ability to readily purify and monitor activity of an enzyme is essential for 

studying the physical characteristics needed to understand enzyme structure and function.  

As stated earlier, there are a variety of molecular weights associated with the phosphagen 

kinases although they are generally found as monomers of 40 kDa or dimers of 80 kDa.  

The first physical characterizations identified then are usually their native molecular 

weight, determined through gel chromatography, and their subunit molecular weight, 

determined through SDS-PAGE (Laemmli, 1970).   

Another physical characteristic examined for the phosphagen kinases is the 

thermal stability of the enzyme.  Arginine and creatine kinase thermal stabilities vary 

regardless of their prospective substrate, molecular weight, or quaternary structure (Table 

1).  This is determined by heating the enzyme at varying temperatures and recording the 

temperature at which 50% of the enzyme activity remains after 10 minutes.  Monkey CK-

MM has one of the highest thermal stabilities by retaining 50% of its activity after 

heating for 10 minutes at 61°C (Grossman & Mollo, 1979).  Monkey CK-BB, monomeric 

cockroach AK, and monomeric butterfly AK all have relatively high thermal stabilities 
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by retaining 50% activity at 50°C, 50°C, and 48°C respectively (Grossman & Mollo, 

1979; Brown et al., 2004; Wright-Weber et al., 2006).  Dimeric arginine kinase from the 

sea cucumber, C. arenicola, retains 50% activity at 38°C while dimeric arginine kinases 

from sea urchin eggs, S. purpuratus and P. lividus, retain 50% activity at only 26°C and 

20°C, respectively (Seals & Grossman, 1988; Wright-Weber et al., 2006; Ratto & 

Christen, 1988).  The difference in thermal stabilities between the last three dimeric 

enzymes, all of which are found in echinoderms, suggests that thermal stability might be 

affected by the environment in which the enzyme is found.  The sea cucumber C. 

arenicola resides in warm waters while the sea urchins S. purpuratus and P. lividus both 

reside in cooler waters. This could suggest that nature selects an enzyme structure or 

composition to advance that is suited to the environment in which it will be found. 

 A common characteristic examined for the phosphagen kinases is the isoelectric 

point (pI) of each native enzyme.  An isoelectric point is the pH at which a protein carries 

no net electric charge.  Factors that can affect the isoelectric point are amino acid 

composition of each enzyme as well as the charged amino acid side chains that are 

exposed to each other and the solvent in the tertiary structure.  The isoelectric point of an 

enzyme can be useful in distinguishing between different isozymes contained in a single 

organism, like the three isoforms of AK in the honey bee (Kucharski & Maleszka, 1998) 

or the three isoforms of CK in vertebrates (Eppenberger et al., 1967).  A general trend 

among the phosphagen kinases is that the isoelectric points of monomeric arginine 

kinases tend to be slightly more acidic than dimeric arginine or creatine kinases (Table 

2).  This is shown to hold true for monomeric AK for the cockroach, P. americana, 
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whose pI is 5.8 (Wright-Weber et al., 2006) and from the squid, S. oulaniensis, that has a 

pI of 5.3 (Storey, 1977).  However, exceptions due exist with CK-BB from the monkey, 

C. verus, displaying an isoelectric point of only 4.8 compared to a pI of 6.9 for CK-MM 

from the same species (Grossman & Mollo, 1979).  Although isozymes of CK are 80% 

homologous (Muhlebach et al., 1994), it is likely that the isoelectric points are different 

due to additional basic amino acids in the MM form or differences in conformations 

between the two isozymes. 

 pH optima of phosphagen kinases are often generated to determine the optimal pH 

at which to run kinetic measurements.  Enzymes are sensitive to pH changes and are 

typically active in the narrow range of pH 5 to 9.  The pH of a reaction is important in 

regulating enzymes which catalyze physiological reversible reactions because it can have 

an effect on the pKa’s of amino acids that make up the active site of the enzyme 

(Hochacka & Somero, 1973).  Arginine kinases display pH optima in the reverse 

direction (synthesis of ATP) from ~6.6 to 7.2 and in the forward direction (synthesis of 

ADP) from ~8.4 to 9.1 (Morrison, 1973).  Similarly, creatine kinases display pH optima 

in the reverse direction from ~6.5 to 7.0 while in the forward direction a broader range is 

seen from ~7.5 to 9.5 (Watts, 1973).   The comparable ranges in pH optima for both the 

forward and reverse directions of arginine and creatine kinases suggest the catalytic 

mechanism is conserved throughout the phosphagen kinases.  However, it should be 

noted that the optima for the creatine and arginine kinases reported here are just effects of 

pH on the initial rates of the reaction and not detailed pH profiles for the reaction. 
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Table 1. Thermal Stability of Creatine and Arginine Kinases: 

The temperature shown for each species is the approximate temperature at which 50% 

activity remains after heating for 10 minutes. 

 

 

Species 

 

Temperature 
°
C 

 

Reference 

 
Monkey CK-MM 

C. verus 

 
61 

 
Grossman & Mollo, 1979 

 
Monkey CK-BB 

C. verus 

 
50 

 
Grossman & Mollo, 1979 

 
Sea Cucumber AK 

C. arenicola 

 
38 

 
Seals & Grossman, 1988 

 
Sea Urchin Egg AK 

S. purpuratus 

 
26 

 
Wright-Weber et al., 2006 

 
Sea Urchin Egg AK 

P. lividus 

 
20 

 
Ratto & Christen, 1988 

 
Cockroach AK 
P. americana 

 
50 

 
Brown et al., 2004 

 
Butterfly AK 
V. cardui 

 
48 

 
Wright-Weber et al., 2006 

 
Shrimp AK 
P. aztecus 

 
37 

 
France et al., 1997 
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Table 2. Isoelectric Points (pI) of Creatine and Arginine Kinases: 

 

 

Species 

 

pI 

 

Reference 

 
Monkey CK-MM 

C. verus 

 
6.9 

 
Grossman & Mollo, 1979 

 
Monkey CK-BB 

C. verus 

 
4.8 

 
Grossman & Mollo, 1979 

 
Sea Cucumber AK 

C. arenicola 

 
7.8 

 
Seals & Grossman, 1988 

 
Sea Urchin Egg AK 

S. pupruratus 

 
6.7 

 
Wright-Weber et al., 2006 

 
Cockroach AK 
P. americana 

 
5.8 

 
Wright-Weber et al., 2006 

 
Squid AK 

S. oulaniensis 

 
5.3 

 
Storey, 1977 
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Although not as extensively studied as the previous characteristics discussed two 

techniques, circular dichroism (CD) and hybridization, which examine the structural 

features of proteins, are worth mentioning.  Circular dichroism is a technique which 

investigates the secondary structure of proteins through the unequal absorption of right 

and left circularly polarized light caused by the asymmetry of proteins during optical 

activity (Creighton, 1984).  The CD spectra of proteins can determine the percentage of 

both alpha helical and beta sheets contained in a protein and can be used to examine if 

these secondary structures are intact when proteins are exposed to heat or denaturants.  

Rabbit CK shows an alpha helical content of 17.8%, 21%, and 24% for MM, BB, and 

MB isozymes, respectively (Grossman & Sellers, 1998).  Dimeric arginine kinase from 

the sea cucumber, S. japonicus, has an alpha helical content of 31% (Guo et al., 2003) 

while monomeric arginine kinases from the cockroach, P. americana, and the shrimp, P. 

aztecus, show alpha helical contents of 12% and 16%, respectively (Wright-Weber et al., 

2006; France & Grossman, 1996).  These results indicate that monomeric arginine 

kinases may have a lower alpha helical content then either of the other dimeric 

phosphagen kinases.   

To compare the conserved structural features possessed by the phosphagen 

kinases required for subunit association, catalytic activity, and formation of quaternary 

structure a technique known as hybridization can be utilized.  It has been well established 

that CK isozymes from the same tissue in two different species (ie. chicken CK-MM and 

rabbit CK-MM) are more closely related than intraspecies isozymes and can form 

functionally efficient dimers (Eppenbeger et al., 1967; Grossman & Mollo, 1979).  The 
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ability of dimeric AK and CK to form functional heterodimers was also shown in 1988 

by Seals and Grossman from arginine kinase in sea cucumber muscle and creatine kinase 

from rabbit brain.  However, a hybrid containing monomeric arginine kinase and dimeric 

arginine kinase can not be found in the literature suggesting that monomers do not 

contain the conserved structural features required for subunit association.   

 

Immunological Properties 

 To date, the immunological properties of several phosphagen kinases from both 

vertebrate and invertebrate species have been examined.  Immunogenic reactivity 

between different enzymes contained in a protein family can be used to establish 

similarities in either their structure or their sequence.  Reactivity is tested by using 

polyclonal antibodies (heterologous antibodies made against several epitopes) or 

monoclonal antibodies (antibodies made against one specific epitope).  In 1970, Viala et 

al. determined that there was no cross-reactivity between antibodies made against 

creatine kinase and monomeric arginine kinase or between antibodies made against 

monomeric arginine kinase and creatine kinase.  The authors concluded that polyclonal 

antibodies used to test cross-reactivity were most likely made from surface epitopes, 

amino acids close to each other in the folded protein but separated in linear sequence, and 

not from sites in the active site of the protein.  They suggested that using denatured 

proteins to make antibodies might help establish cross-reaction of the phosphagens by 

exposing epitopes not available on the outside surface of the natured protein.  Robin et al. 

(1976) then supported the theory of Viala and coworkers by creating polyclonal 
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antibodies to denatured monomeric lobster muscle AK and rabbit muscle CK by 

oxidizing the proteins with performic acid.  Cross-reactivity was seen between denatured 

arginine kinase antibodies and CK as well as denatured creatine kinase antibodies and 

AK. 

An interesting study on the cross-reactivity between isozymes of CK was 

performed by Grossman and Mollo in 1979.  Polyclonal antibodies made from monkey 

CK-MM reacted with monkey CK-MM, human CK-MM, and monkey CK-MB but not 

with monkey CK-BB.   Although the creatine kinase isozymes contain high sequence 

homology with each other the authors speculated that CK-MM and CK-BB might have 

enough differences between their amino acid sequences to create conformational changes 

which make them antigenically distinct.  More recently the antigenicity of monomeric 

shrimp arginine kinase was tested with monomeric AK from arthropods and mollusks as 

well as vertebrate CK and dimeric AK from echinoderms (Brown et al., 2004).  All 

organisms in the classes known to contain monomeric AK reacted with shrimp antibodies 

while organisms that contained dimeric AK or CK did not cross-react.  Currently, there is 

no evidence for the generation of dimeric arginine kinase antibodies and their ability to 

react with monomeric arginine kinases or dimeric creatine kinases in the literature.  A 

study involving dimeric arginine kinase would be interesting because this enzyme 

contains the same substrate as AK monomers but shares a similar structure to dimers of 

creatine kinase. 
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Mechanism and Kinetic Analysis 

 Initial kinetic investigations of CK were performed in the 1950’s using rabbit 

muscle (Kuby et al., 1954).  These initial studies showed that the enzyme operated 

through a bisubstrate reaction and had a strong dependence on the Mg2+ concentration 

(which was interpreted as meaning that MgADP and MgATP were the active substrates).  

Further characterization showed that the over-all equation was reversible and that at pH 

8.0, or above, the enzyme followed a rapid equilibrium, random addition mechanism 

(Morrison & James, 1965; Morrison & Cleland, 1966; Morrison & White, 1967).  This 

mechanism (Figure 3) is classified by having no order to the binding of substrates and 

states that all steps are in rapid equilibrium except those involved with the conversion of 

the central ternary complex (Segal, 1975).  At pH 7.0 or below, Schimerlik and Cleland 

(1973) determined that the situation was more complex and in the forward direction 

obeyed an ordered equilibrium mechanism while in the reverse direction the reaction 

remained random.   

 Kinetic investigations of AK were first performed in the late 1950’s and 1960’s 

on extracts from the tail of the crayfish (Morrison et al., 1957; Griffiths et al., 1957; 

Smith & Morrison, 1969).  Initially it was suggested that the enzyme obeyed a ping-pong 

mechanism by proceeding through a phosphorylated enzyme intermediate (Uhr et al., 

1966).  However, this suggestion was re-evaluated and further studies proved that both 

monomeric and dimeric arginine kinases obeyed a rapid equilibrium, random addition 

mechanism like the homologous creatine kinase enzyme (Virden et al., 1965; O’Sullivan 

et al., 1969; Blethen, 1972; Anosike et al., 1972).  Also like CK, the presence of a 
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divalent metal ion was necessary for the arginine kinase reaction (Watts, 1973).  Through 

the use of the paramagnetic properties of the manganous ion and monomeric arginine 

kinase from two shrimp species, O’Sullivan et al. (1969) determined that the metal binds 

with the nucleotide before the complex binds to the active site.  The cation is needed in 

concentrations at least 1 mM excess over the concentration of the ATP and only 

manganese or calcium can be substituted for it in the reaction (Blethen, 1972).  Several 

cationic metals such as Cu2+, Zn2+, and Cd2+, were ruled out as replacements of Mg2+ 

because they reacted with a thiol group that was essential for activity (Morrison, 1973). 

 The dissociation (or binding) constants for numerous CK and AK species have 

been obtained for both the forward (synthesis of ADP) and the reverse (synthesis of ATP) 

directions (Tables 3A and B and 4A and B).  These binding constants are determined 

through initial velocity studies where one of the substrates in the bisubstrate reaction is 

held constant and the other is varied at several fixed concentrations.  This is done for both 

substrates so that the dissociation constants, Kbi, for the binary complex [ES] and Kter for 

the ternary complex [ES1S2] can be determined.   The dissociation constants, Kbi and Kter, 

refer to the intrinsic KM and the apparent KM, respectively where Kbi would be the effect 

one substrate had on the enzyme and Kter would be the effect that both substrates had on 

the enzyme.  The KM value determines how well a substrate binds the enzyme so a lower 

KM suggests that a substrate binds very tightly and can indicate greater substrate 

specificity or catalytic efficiency (Segal, 1975). 
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Figure 3. Rapid Equilibrium Random Addition Mechanism: 

Phosphagen kinases are said to obey a rapid equilibrium random, addition mechanism in 

which either the nucleotide or the guanidine substrate can bind first. 
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 For CK-MM and CK-BB isozymes in chicken, rabbit, and human the Kbi for ATP 

vary from 0.99 to 3.26 mM and the Kter vary from 0.33 to 0.89 mM in the forward 

direction (Table 3A) (Morrison & James, 1965; Hornemann et al., 2000; Chen et al., 

2000).  Dissociation constants for the substrate creatine vary from 6.0 to 45.6 mM for the 

binary complex and 4.63 to 9.5 mM for the ternary complex (Table 3A).  Table 4A shows 

the dissociation constants for human and rabbit CK-MM and CK-BB in the reverse 

direction.  The Kbi for ADP ranges from 0.02 to 0.17 mM while the Kter values are 

between 0.03 and 0.05 mM (Morrison & James, 1965; Wang et al., 2001; Wang et al., 

2006).  The binary complex dissociation constants for phosphocreatine range from 0.22 

to 8.6 mM and the ternary complex constants are in a narrower range of 0.51 to 2.9 mM.  

The wide variety in KM values here and for the other phosphagen kinases can usually be 

accounted for by the types of assays chosen to run the experiments (enzyme-coupled, 

direct pH stat, or inorganic phosphate determinations), the range of substrate 

concentrations used, or the use of recombinant enzyme samples verses native enzyme 

samples.     

 Tables 3B and 4B show the dissociation constants from representative monomeric 

and dimeric arginine kinases in both the forward and reverse directions.  A trend can be 

seen in the forward direction with most arginine kinases (except the American cockroach) 

exhibiting Kbi and Kter values right around 1.0 mM (Seals & Grossman, 1988; Uda & 

Suzuki, 2004; Brown & Grossman, 2004; Tanaka et al., 2007).  The American cockroach 

displays lower dissociation constants which could indicate that muscle contraction in the 

cockroach is faster, or at least greater than, the other organisms displayed and suggests 
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Figure 43. Western Blotting Results of Cockroach Arginine Kinase: 

A purified sample of cockroach arginine kinase (5 µL) was subjected to SDS-PAGE and 

transferred to a nylon derivatized membrane for immunoblotting.  The purified and 

concentrated polyclonal antibody raised against American cockroach AK was used to 

verify cross-reactivity on the Western blot.  The primary antibody dilution was 1:250 and 

the secondary antibody dilution was 1:5,000.  Detection of AK was determined by the 

method of Dunbar (1994).  Lane 1: Kalediscope molecular weight markers.  Lane 2: 

American cockroach AK. 
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Figure 44. Western Blotting Results of Phosphagen Kinases: 

Extracts were prepared by homogenizing 0.25 g of tissue in 1 mL of 0.05 M Tris/HCL, 

10 mM 2-mercaptoethanol, 1 mM EDTA, 50 µM NaN3, and 25 µM PMSF, pH 8.0.  

Extracts were centrifuged at 22,000 x g for 10 min and tested for phosphagen kinase 

activity using the enzyme-coupled spectrophotometric assay in the reverse direction.  

Prior to Western blot analysis, samples were diluted and catalytic rates matched to 0.50 

absorbance units per minute.  Samples (5 µL) were subjected to SDS-PAGE and 

transferred to a nylon derivatized membrane for immunoblotting.  The polyclonal 

antibody raised against the American cockroach was used to determine cross-reactivity 

on the Western blot (primary antibody dilution = 1:250 and secondary antibody dilution = 

1:5,000).  Detection of AK/CK was determined by the method of Dunbar (1994).   

Lane 1: Kalediscope molecular weight markers.  Lane 2: American cockroach AK.  Lane 

3: Shrimp AK.  Lane 4: Sea Cucumber AK.  Lane 5: Fish CK.  Lane 6: Clam AK.   

Lane 7: Sea Urchin Sperm CK. 
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Figure 45. Difference Spectra for Cockroach AK in the Presence of Nitrate: 

Purified cockroach arginine kinase (0.275 mg/mL) in 0.1 M Tris/acetate, 1 mM EDTA, 2 

mM DTT buffer, pH 8.0 along with transition state analog components were scanned 

from 200-600 nm in a 1 cm tandem cuvette.  The final assay mixture (0.9 mL) contained 

0.2 mM ADP, 1.2 mM magnesium acetate, 5 mM L-arginine, and 50 mM nitrate.  

Additional information in Materials and Methods.  Enzyme and L-arginine (____).  

Enzyme and nitrate (____).  Enzyme, L-arginine, and nitrate (____).  Enzyme, L-arginine, 

magnesium, and ADP (____).  Enzyme, nitrate, L-arginine, magnesium, and ADP (____). 
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Figure 46. Difference Spectra for Cockroach AK in the Presence of Borate: 

Purified cockroach arginine kinase (0.275 mg/mL) in 0.1 M Tris/acetate, 1 mM EDTA, 2 

mM DTT buffer, pH 8.0 along with transition state analog components were scanned 

from 200-600 nm in a 1 cm tandem cuvette.  The final assay mixture (0.9 mL) contained 

0.2 mM ADP, 1.2 mM magnesium acetate, 5 mM L-arginine, and 50 mM borate.  

Additional information in Materials and Methods.  Enzyme and L-arginine (____).  

Enzyme and borate (____).  Enzyme, L-arginine, and borate (____).  Enzyme, L-arginine, 

magnesium, and ADP (____).  Enzyme, borate, L-arginine, magnesium, and ADP (____). 
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Part V. Molecular Biology 

 

Roach Rearing and Maintenance  

 In order to obtain a group of American cockroaches with similar genetic make-up 

a colony was established and maintained.  Cockroaches were bred until a colony of 

approximately 100 roaches was established.  The entire colony was then frozen, with the 

use of liquid nitrogen, and stored at -80°C.  These cockroaches were then used in all 

molecular biology experiments performed using the cockroach, Periplaneta americana. 

 

Insert Sequence 

 The insert sequence of American cockroach arginine kinase was deduced using 

PCR amplification.  Degenerate primers (Block C forward primer and Block E reverse 

primer) were used at 55, 57, and 62°C in the protocol for touchdown PCR.  A PCR 

product of ~ 450 bp was identified by DNA gel electrophoresis, cloned and transformed 

using a TOPO TA Cloning kit, and the plasmid DNA was isolated using a Perfectprep 

Plasmid Mini kit.  After a restriction digest and analysis by DNA gel electrophoresis, the 

insert was sequenced (see below) by the Molecular Biology Core Facility at the Moffitt 

Cancer Research Center.  Sequence blast analysis using NCBI showed the insert 

sequence to be homologous with several species of arginine kinase. 
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5’ -

GCAGCTGATCGACGATCATTTCCTCTTCAAGGAGGGCGATCGCTTCTTGCAGG 

CTGCCAACGCATGCCGCTTCTGGCCCACTGGACGAGGCATCTACCACAACGA 

CGCCAAGACGTTCCTGGTCTGGTGCAATGAGGAGGATCACTTGCGAATCATC 

TCTATGCAGATGGGCGGCGACCTGGGACAGGTGTACCGCCGTCTGGTGACGG 

CTGTGAATGACATCGAGAAGCGCATCCCCTTCTCGCACGACGACCGTCTGGG 

CTTCCTCACCTTCTGTCCCTCCAACCGGGGACCACCATG                  

 - 3’ 

 

5’ and 3’ Primers 

 The insert sequence previously shown was used to create gene-specific primers to 

obtain the entire 5’ to 3’ sequence of the arginine kinase gene from the cockroach.  

Primers made from the insert sequence included: For 1, For 2, Rev 1, and Rev 2.  For 1 

and Rev 2 primers were made to amplify DNA towards the 3’ and 5’ ends, respectively, 

and For 2 and Rev 1 primers were made as nested primers to the first set. 

For 1: 5’- ACG TTC CTG GTC TGG TGC AAT G -3’ 

For 2: 5’- GCT GTG AAT GAC ATC GAG AAG C -3’ 

Rev 1: 5’- GCC TCT CGA TGT CAT TCA CAG C -3’ 

Rev 2: 5’- CAT TGC ACC AGA CCA GGA ACG T -3’ 

Due to the inability to obtain a full sequence from the primers listed above and the 

GeneRacer 5’ and 3’ primers, the design and synthesis of new gene-specific primers was 

necessary.  Small fragments of DNA starting from the gene-specific primers synthesized 
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from the insert sequence out toward both the 5’ and 3’ ends were amplified using Race 

Ready cDNA.  These short fragments were sequenced and used to create new gene-

specific primers (listed below) throughout the sequence in a “primer walking” style 

approach.  These additional primers were used to gain both the 5’ and 3’ ends and the 

entire sequence of arginine kinase from the American cockroach.   

F1: 5’- AAG GAG ATG GAG GAC AAG GTG -3’ 

F2: 5’- ACC GGC ATG ACC AAG GAG GTC -3’ 

R1: 5’- GAC CTC CTT GGT CAT GCC GGT -3’ 

R2: 5’- CAC CTT GTC CTC CAT CTC CTT -3’ 

DONE: 5’- GAC AAA CTG GAG GAG GTT GC -3’ 

EREV: 5’- GCC CCA CCA ACC TGG GCA CCA CCG TA -3’ 

PW1F: 5’- TCA CGG ATA CGA GAA TTC ATA ACC -3’ 

PW2F: 5’- GCC ACT ATT GAT TTC AAG AAC GGA -3’ 

PW1R: 5’- GGT TAT GAA TTC TCG TAT CCG TGA -3’ 

PW2R: 5’- AGA CTG GAT TAC TAC AAG AAG TG -3’ 

 

5’ and 3’ PCR and Sequencing  

 The sequence of arginine kinase from the American cockroach was deduced using 

PCR and sequenced by the Molecular Biology Core Facility at Moffitt Cancer Center.  

The entire sequence contains 1,071 base pairs which correlate to 357 amino acids.  Blast 

results using NCBI, confirmed that the sequence isolated was homologous to AK from a 
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variety of species.  The nucleotide sequence was translated using the ExPASy Translate 

Tool (http://us.expasy.org/tools/dna.html).   

 Nucleotide Sequence 

 5’- 

 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � �
 -3’ 

  



 137 

Protein Sequence 

 M V D A A V L E K L E A G F A K L A A S D S K S L L K K Y L T K E V F 

 D N L K T K K T P S F G S T L L D V I Q S G L E N H D S G V G I Y A P D A 

 E A Y A V F A D L F D P I I E D Y H G G F K K T D K H P P K D W G D V D 

 T L G N L D P A G E Y I I S T R V R C G R S M Q G Y P F N P C L T E A Q 

 Y K E M E D K V S S T L S G L E G E L K G Q F Y P L T G M T K E V Q 

 Q K L I D D H F L F K E G D R F L Q A A N A C R F W P T G R G I Y H N D 

 A K T F L V W C N E E D H L R I I S M Q M G G D L G Q V Y R R L V T 

 A V N D I E K R I P F S H D D R L G F L T F C P T H L G T T V R A S V H I 

 K V P K L A A D K A K L E E V A G K Y N L Q V R G T R G E H T E A E G 

 G V Y D I S N K R R M G L T E Y D A V K E M N D G I A E L I K L E S 

 S L Stop 

 

 

Sequence Alignment 

A neighbor joining tree based on sequence homologies was constructed by 

aligning several representative sequences of phosphagen kinases from vertebrate and 

invertebrate species, including the arginine kinase sequence deduced for P. americana 

(Figure 47).  The sequence from the American cockroach clusters with other arthropod 

arginine kinases in comparison to the dimeric arginine kinases which cluster with creatine 

kinases from both invertebrate and vertebrate species.  AK from the sponge, Porifera, 

clusters alone while CK from the sponge clusters with the other creatine kinases.   
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Cockroach Monomeirc AK 
 

Honey Bee Monomeric AK 
 

Protozoan Monomeric AK 
 

Nematode Monomeric AK 
 

Bivalve AK 
 

Gastropod AK 
 

Mollusca Two-Domain AK 
 

Cnidarian Two-Domain AK 
 

Sea Urchin Dimeric AK 
 

Sea Cucumber Dimeric AK 
 

Sea Urchin Sperm Monomeric CK (150 kD) 
 

Cnidarian Cytoplasmic CK 
 

Cnidariam Mitochondrial CK 
 

Porifera Flagellar Dimeric CK 
 

Danio Dimeric CK 
 

Porifera AK 

 

 
 

Figure 47. Phylogenetic Tree of a Variety of Arginine and Creatine Kinases from Both 

Vertebrates and Invertebrates: 

A neighbor joining tree displaying the sequence alignments of arginine and creatine 

kinases was created.  Sequences were obtained from NCBI.  Boot strap values were 

determined by collapsing the tree to 50% or greater.  Information regarding alignment 

programs utilized and accession numbers for species can be found in the Material and 

Methods section.  
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Chapter 4. Discussion 
Part I. Purification and Characterization 

 

 In order to understand the direct relationship between the structure and function of 

an enzyme, many physical characteristics must first be evaluated.  The individual 

properties of an enzyme can be determined by following a purification protocol designed 

to obtain both high yield and purity of the protein.  A purification protocol should be 

specific for a given enzyme and can be designed by adapting other purification 

procedures from enzymes in the same family as the one being studied.  Obtaining pure 

enzyme will enable the determination of characteristics unique to that protein and will 

allow a comparison between it and enzymes in the same family in regards to their 

molecular weights, quaternary structures, and structural evolution. 

 In the present study, arginine kinase has been purified to homogeneity from the 

sea cucumber, Isostychopus badonotus, to examine the physical characteristics of this 

enzyme.  The purification procedure involved ammonium sulfate fractionation, size 

exclusion chromatography, and adsorption chromatography to yield 8.8 mg of pure 

enzyme from 50 g of sea cucumber muscle.  The purity of the enzyme was tested using 

SDS-PAGE, which resulted in a single protein staining band at 43.7 kDa.  To determine 

the native molecular weight of the enzyme, and to evaluate the quaternary structure of 

arginine kinase from I. badonotus, calibrated gel chromatography was utilized.  The 
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native molecular weight of arginine kinase from the sea cucumber was shown to be 

approximately 80 kDa which shows, along with results from the calibrated SDS-PAGE, 

that AK from the sea cucumber is a dimer made up of two identical subunits. 

Table 10 compares sea cucumber arginine kinase to AK and CK from various 

species.  An examination of sea cucumber AK and arginine kinase from other 

echinoderms indicates that these enzymes are all dimers with a molecular weight around 

80 kDa (Seals & Grossman, 1988; Wright-Weber et al., 2006).  The quaternary structure 

of arginine kinase found in echinoderms is similar to the quaternary structure found in 

most creatine kinases from vertebrates, such as the monkey C. verus (Grossman & Mollo, 

1979).  However, the majority of other arginine kinases, like that of the roach P. 

americana, are found as monomers with a molecular weight of 40 kDa (Brown et al., 

2004).  The importance of determining the molecular weight and subunit compositions 

within an enzyme family, such as the phosphagen kinase family, is to note variations and 

observe trends between species.  Arginine kinases show a more variable range in subunit 

compositions with the occurrence of monomers, dimers, two-domain monomers, and 

tetramers (Suzuki et al., 2002; Robin et al., 1969).  Creatine kinases are less variable with 

exceptions being found only in sperm (large monomers) and mitochondria (octamers) 

(Tombes & Shapiro, 1985; Wyss et al., 1990).  A comparison of the distribution in 

molecular weight and subunit composition of the phosphagen kinases could suggest that 

although AK from I. badonotus utilizes a different substrate than vertebrate species, it 

might be evolutionarily closer to these species based on its molecular weight and 

quaternary structure. 
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Table 10. Comparison of the Molecular Weight and Subunit Composition of Known 
Phosphagen Kinases: 

 

Species 

 

Molecular 

Weight 

 

 

Subunit  

Composition 

 

Reference 

 
Cockroach AK 
P. americana 

 
 

43 kDa 

 
 
1 

 
 

Brown et al., 2004 
 

Shrimp AK 
P. aztecus 

 
 

40 kDa 

 
 
1 

 
 

France et al., 1997 
 

Hornworm AK 
M. sexta 

 
 

40 kDa 

 
 
1 

 
 

Rosenthal et al., 1977 
 

Sea Cucumber AK 
I. badonotus 

 
 

87 kDa 

 
 
2 

 
 

Wright-Weber et al., 2006 
 

Sea Urchin Egg AK 
S. purpuratus 

 
 

81 kDa 

 
 
2 

 
 

Wright-Weber et al., 2006 
 

Sea Cucumber AK 
C. arenicola 

 
 

80 kDa 

 
 
2 

 
 

Seals & Grossman, 1988 
 

Clam AK 
S. strictus 

 
 

80 kDa 

 
 
1 

 
 

Suzuki et al., 2002 
 

Sabellid AK 
S. pavonina 

 
 

150 kDa 

 
 
4 

 
 

Robin et al., 1969 
 

Monkey CK 
C. verus 

 
 

82 kDa 

 
 
2 

 
 

Grossman & Mollo, 1979 
 

Shark CK 
G. cirratum 

 
 

85 kDa 

 
 
2 

 
 

Gray et al., 1979 
 

Sea Urchin Sperm CK 
P. lividus 

 
 

150 kDa 

 
 
1 

 
 

Tombes & Shapiro, 1985 
 

Mitochondrial CK 
H. sapiens 

 
 

320 kDa 

 
 
8 

 
 

Wyss et al., 1990 
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Arginine kinase from the sea cucumber is fairly thermal stable when compared to 

other phosphagen kinases (Table 1).  Isostychopus badonotus displays 50% activity when 

heated for 10 minutes at 46°C followed by a sharp decline of activity near 50°C for any of 

the times examined.  This sharp decline of activity at 50°C is not seen in other thermal 

stable phosphagen kinases, like AK from the American cockroach, which still show 50% 

activity at this temperature (Brown et al., 2004).  A comparison of thermal stabilities 

from various phosphagen kinases (Table 1) suggests that this physical characteristic 

varies regardless of the substrate, molecular weight, or quaternary structure of this 

enzyme.  Sea cucumber AK does, however, have a higher thermal stability then some of 

the other echinoderms listed in the table.  This points to the conclusion that thermal 

stabilities might have more to do with the environment in which the enzyme is found.  

The thermal stability from I. badonotus is more suited for the environment (warmer 

waters) this species inhabits, while the lower thermal stabilities seen in AK from S. 

purpuratus and P. lividus are more suited for the environment (cooler waters) they 

inhabit (Wright-Weber et al., 2006; Ratto & Christen, 1988). 

 Phosphagen kinases show comparable ranges in pH optima for the forward 

(synthesis of ADP) and reverse (synthesis of ATP) directions of the reversible enzymatic 

reaction.  The forward pH optima are usually broader, from 7.5-9.5, while the reverse pH 

optima are typically more narrow, from 6.5-7.0 (Morrison, 1973; Watts, 1973).  The sea 

cucumber is no exception and displays a pH optimum in the forward direction at 8.0 and 

a pH optimum in the reverse direction at 6.0.  This suggests that the catalytic mechanism 

is conserved throughout the phosphagen kinase family since the active sites of these 
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enzymes have similar sensitivities to changes in pH.  There are numerous structural and 

catalytic properties of phosphagen kinases that can account for the difference in pH 

optima for the forward and reverse direction such as ionizable side chains of amino acids 

that make up the active site or the affect of pH on the various substrates involved (ie. 

ADP and ATP).  However, the pH optima ranges make sense when the other components 

of the reversible catalyzed reactions are examined.  The forward reaction would occur in 

a more basic environment because it is producing MgADP and H+ while the reverse 

reaction would need to occur in a more acidic environment because it utilizes MgADP 

and H+ to produce MgATP.  The differences in optimal pH are exploited by the muscle in 

a unique physiological adaptation that produces a sharp drop in pH upon muscle 

contraction (ATP utilization).  The drop in pH shifts the enzyme towards the optimum in 

the reverse direction thereby facilitating the production of more ATP from MgADP and 

H+ (Watts, 1973). 

 The isoelectric point (pI) of an enzyme is a physical characteristic that can help 

determine the overall amino acid composition of the enzyme, the types of charged amino 

acid side chains exposed to each other and a solvent, as well as distinguish between 

different isozymes contained in a single organism.  The isoelectric point for I. badonotus 

was found to be 6.0 which is comparable to other dimeric enzymes in the phosphagen 

kinase family (Table 2).  Monomeric arginine kinases tend to have more acidic isoelectric 

points than dimeric arginine kinases or creatine kinases (Storey, 1977; Grossman & 

Mollo, 1979; Wright-Weber et al., 2006).  However, looking at Table 2 it can be seen that 

the isozymes of CK have a range of isoelectric points from 6.9 in CK-MM to 4.8 in CK-
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BB (Grossman & Mollo, 1979).  Although both of these enzymes are dimeric the 

difference in isoelectric points is presumably due to the MM form containing additional 

basic amino acids which would account for the higher pI.   

 The differences in their isoelectric points, tertiary structures, and shapes are what 

allow the three isozymes of CK to be distinguished from each other under native gel 

electrophoresis conditions (omission of SDS).  This type of experiment can be used to 

compare the migration of phosphagen kinases and can highlight the differences between 

them for future techniques.  Arginine kinase from the sea cucumber was shown to 

migrate parallel to CK-MM (pI 7) under native conditions while dimeric arginine kinase 

from sea urchin eggs (pI 6.7) and monomeric arginine kinase from the cockroach (pI 5.8) 

were shown to migrate parallel to CK-BB (pI 4) (Wright-Weber et al., 2006).  Although 

the isoelectric points from the sea urchin, S. purpuratus, and the cockroach, P. 

americana, have a difference of almost one, and are much larger than the pI of CK-BB, 

there must be something in their structural conformations that allow them to migrate 

parallel to each other on a gel.  

 The differences between the isoelectric points and native gel migration between 

dimeric AK from the sea cucumber and dimeric AK from sea urchin eggs were exploited 

to allow for a comparison of conserved structural features required for subunit 

association, catalytic activity, and formation of quaternary structure possessed by the 

dimeric phosphagen kinases (Wright-Weber et al., 2006).  This was accomplished 

through a technique known as hybridization, where the enzymes were combined, 

denatured in the presence of guanidine hydrochloride, renatured, and subjected to native 
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gel electrophoresis (Figure 28).  The presence of a functional heterodimer was seen with 

a migration pattern in between that of sea cucumber (migrates as though more basic) and 

sea urchin egg (migrates as though more acidic) AK (Wright-Weber et al., 2006).  It 

should also be noted that neither of these two enzymes were able to form a functional 

hybrid with monomeric arginine kinase indicating that monomers do not contain the 

conserved structural features required for subunit association. 

 This result is consistent with other reports showing CK isozymes from two 

different species forming functional dimers (Eppenbeger et al., 1967; Grossman & Mollo, 

1979) as well as dimeric AK and CK forming functional heterodimers (Seals & 

Grossman, 1988).  More recently, two fused proteins consisting of dimeric AK from sea 

cucumber muscle and dimeric CK from rabbit muscle were made through the expression 

of fused AK and CK genes by Zhang et al. (2006).  The fused proteins (AK-CK and CK-

AK) both displayed approximately 50% AK and CK activity with 2-fold increases in Km 

values for their prospective guanidine substrates showing that both moieties are active in 

the two fused proteins.  The proteins (regardless of the gene expression order) had similar 

secondary, tertiary, and quaternary structure, molecular size, and thermodynamic 

stability.  The authors suggested that AK and CK might share the same protein folding 

mechanism and that the results provide further proof that dimeric AK and CK have a 

close evolutionary relationship. 

 Circular dichroism is used to investigate the secondary structure of proteins in the 

far UV region (below 250 nm).  Circular dichroic spectra measure the absorption of right 

and left circularly polarized light seen from the asymmetry of proteins during optical 
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activity (Creighton, 1984).  The extent of alpha helical, beta sheet, and random coil 

structures in a protein can be determined by looking at characteristic minima and maxima 

that each structure displays at various wavelengths.  The alpha helical content of arginine 

kinase from the sea cucumber was evaluated using circular dichroism and found to 

contain 9% alpha helices using calculations from the characteristic minima at 222 nm 

(Chen et al., 1972).  This percentage of alpha helices is low when compared to other 

dimeric proteins in the phosphagen kinase family (Grossman & Sellars, 1998; Guo et al., 

2003).  The 9% alpha helical content in the sea cucumber is more comparable to the 

monomeric arginine kinases that typically display percentages between 10-15% (Brown 

et al., 2004; France & Grossman, 1996).  It should be noted that although the 

characteristic minima at 222 nm and 208 nm were present in the CD spectrum of AK 

from I. badonotus, the spectrum is anomalous compared to others based on the fact that 

there is no leveling off of the absorption near zero towards the end of the spectrum.  

Although several attempts were made to account for this anomaly, it could explain why 

the alpha helical percentage is low in the sea cucumber and suggest that this number 

might not be indicative of other dimeric phosphagen kinases. 
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Part II. Immunological Analysis 

 

Immunological reactivity can be used to establish similarities in the structure and 

sequence of different enzymes.  A cross-reaction is seen when epitopes from the enzyme 

in question recognize antibodies made to a specific protein.  Antibodies from a native 

protein are typically made from epitopes on the surface of the folded protein.  A positive 

reaction with antibodies from a native protein would suggest that the enzyme in question 

has a similar surface structure to the protein in which the antibodies were made. 

Similarly, the amino acids contained in those surface epitopes are found close together in 

the folded protein but not necessarily in the linear sequence and are most likely not found 

in a central region, such as the active site, of the protein.  Although the immunological 

properties of several phosphagen kinases have already been examined, the literature is 

currently lacking a report of antibodies made against dimeric arginine kinases.  The 

substrate for monomeric AK and dimeric AK is the same while dimeric AK and CK 

share the same quaternary structure.  A study utilizing dimeric arginine kinase antibodies 

would be interesting as a comparison between the immunological reactions displayed by 

monomeric arginine kinases and dimeric creatine kinases with these antibodies. 

In the present study arginine kinase from the sea cucumber was used to create 

polyclonal antibodies and compared to 23 different types of phosphagen kinases of 

various molecular weights and quaternary structures (Table 6).  No positive cross-

reaction was seen with any of the proteins that are known to contain monomeric arginine 

kinase except for AK from the clam, C. cancellata, which is known to be a large two-
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domain monomer of 80 kDa (Suzuki et al., 2002).  This result could suggest that although 

the clam contains monomeric AK, its two-domain composition is arranged in a manner 

that might display similar epitopes to dimeric AK from the sea cucumber.  No reaction 

was detected for arginine kinase from S. melanostigma which is known to be a tetramer 

of 150 kDa (Robin et al, 1969).  Positive cross-reactions were seen with all species 

known to contain dimeric creatine kinase, two of which were purified forms of CK-MM 

and CK-BB isozymes.  However, no cross-reaction could be detected from large 

monomeric creatine kinases from the starfish, E. spinulosus, the brittle star, O. angulata, 

or sea urchin sperm, S. purpuratus (Ratto et al., 1989; Tombes & Shapiro, 1985).   

The most interesting result was seen with the positive cross-reaction from the 

sponge, T. aurantia, which is now known to contain dimeric creatine kinase.  It had 

previously been thought that sponges, which are among the oldest organisms available, 

contained arginine kinase.  It was assumed that AK from the sponge had a monomeric 

subunit composition because monomeric AK was believed to be the most primitive 

phosphagen kinase (Watts, 1971; Watts, 1975).  In 2000, Ellington reported purifying a 

phosphagen kinase from a sponge and found that it contained creatine kinase activity and 

had a dimeric subunit composition.  This finding revealed that the appearance of creatine 

kinase occurred earlier in evolution then was previously thought, as well as the 

occurrence of quaternary structure.  The results here support this finding and demonstrate 

that the more “modern” dimeric AK from the sea cucumber, I. badonotus, contains 

conserved features to one of the most basal organisms on the evolutionary tree (Figure 9), 

most likely associated with their shared quaternary structure. 
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The present results using antibodies made against dimeric arginine kinase from I. 

badonotus support the numerous immunological studies performed for the phosphagen 

kinases.  In 1970, Viala et al. determined that antibodies made from dimeric creatine 

kinase did not cross-react with monomeric arginine kinase enzymes and that antibodies 

made from monomeric arginine kinase did not cross-react with dimeric creatine kinase 

enzymes.  Although all of the phosphagen kinases share high sequence homologies to one 

another, there is enough difference in their amino acid sequences to create 

conformational changes that make them antigenically distinct.  A lack of conserved 

structural or surface regions caused by amino acid differences can even be seen in the 

isozymes of CK.  Antibodies from CK-MM can react with MM isozymes from other 

species but they can not cross-react with the BB isozyme from the same species in which 

the antibody was made (Grossman & Mollo, 1979).   

 To further compare the differences between the immunological cross-reactivity 

between phosphagen kinases the present study made polyclonal antibodies against 

purified monomeric arginine kinase from the cockroach, P. americana.  The cross-

reactivity for several representative types of phosphagen kinases with various molecular 

weights and quaternary structures can be seen in Table 11, along with a comparison of 

the results found with antibodies made against I. badonotus.  As previously demonstrated 

(Viala et al., 1970; Brown et al., 2004) antibodies made from monomeric AK from the 

cockroach reacted with monomeric AK but not dimeric AK or CK.  Data previously not 

reported shows that large two-domain monomeric AK and large monomeric CK also 

display no cross-reaction with antibodies made from monomeric AK from the cockroach.  
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The result with the large two-domain AK monomer is consistent with the previous 

statement that this enzyme has a composition or structural arrangement that is more 

similar to dimeric enzymes then it is to monomeric enzymes.   

 The comprehensive information regarding the immunological properties of the 

phosphagen kinases suggests that the dimeric enzymes are more antigenically similar to 

each other than they are toward monomeric enzymes.  The substrate specificity of the 

enzyme does not seem to play an important role in antigenicity and monomeric 

phosphagen kinases do not seem to contain similar conserved features necessary for 

cross-reactivity to occur with dimeric or large monomeric phosphagen kinases.  The 

explanation for this could be that the various phosphagen kinases have evolved through 

divergent evolution.  Although they have a common evolutionary origin they have 

evolved over time through gene duplication or fusion and some phosphagen kinase genes 

have diverged enough to create slight differences in their immunological properties. 

 

 

 

 

 

 

 

 

 



 151 

Table 11. Comparison of Immunological Cross-Reactivity of Phosphagen Kinases with 

Monomeric Arginine Kinase and Dimeric Arginine Kinase Polyclonal Antibodies: 

The antigenic cross-reactivity towards 5 representative types of phosphagen kinases with 

varying molecular weights and quaternary structures are compared using cockroach and 

sea cucumber polyclonal antibodies. 

 
 

Representative 

Phosphagen Kinase 

 

 

Cross-Reactivity 

with Roach Antibody 

 

Cross-Reactivity with 

 Sea Cucumber Antibody 

 
Monomeric AK 

 
Positive 

 
Negative 

 
Dimeric AK 

 
Negative 

 
Positive 

 
Dimeric CK 

 
Negative 

 
Positive 

 
Monomeric AK 

2 Domain 

 
 

Negative 

 
 

Positive 
 

Monomeric CK 
Multidomain 

 
 

Negative 

 
 

Negative 
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Part III. Kinetic Analysis 

 

 A kinetic analysis is performed to characterize the mechanism an enzyme follows, 

the enzymes maximal velocity and product formation, or to determine dissociation 

constants for the substrates involved in the reaction.  Phosphagen kinases catalyze a 

reversible bisubstrate reaction so dissociation constants can be determined for the binary 

complex [ES] (the effect one substrate has on the enzyme) and the ternary complex 

[ES1S2] (the effect both substrates have on the enzyme) (Kuby et al., 1954).  These 

constants are referred to as Kbi and Kter for the binary and ternary complexes respectively.  

In the reverse reaction, arginine kinase from the sea cucumber has a Kbi and Kter of 1.00 

mM for phosphoarginine and dissociation constants of 0.5 mM (Kbi) and 0.33 mM (Kter) 

for MgADP.  For the forward reaction, sea cucumber arginine kinase has a Kbi and Kter of 

approximately 0.36 mM for arginine and dissociation constants of 0.034 mM (Kbi) and 

0.07 mM (Kter) for MgATP (Held et al., 2007).   

 The analysis of initial velocity kinetics for sea cucumber arginine kinase is 

represented through Lineweaver-Burk plots.  The plots indicate that AK from I. 

badonotus follows a rapid equilibrium, random addition mechanism by displaying lines 

that intersect left of the ordinate and above the abscissa (Watts, 1973).  These results are 

consistent with reports found for almost all creatine and arginine kinases examined 

(Morrison & James, 1965; Morrison & Cleland, 1966; Virden et al., 1965; O’Sullivan et 

al., 1969).  This mechanism is characterized as having no order to the binding of 
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substrates and assumes all steps are in rapid equilibrium except for those involved in the 

conversion of the ternary complex (Arg-E-MgATP to PArg-E-MgADP) (Segal, 1975).   

 A comparison of the dissociation constants from AK in the sea cucumber, 

cockroach, and rabbit can be seen in Table 12.  These numbers are indicative of the 

general trend seen in dissociation constants for the phosphagen kinases.  Nucleotide 

values for both the forward and reverse reactions are typically comparable (0.034 – 1.2 

mM: ATP, 0.05 – 0.5 mM: ADP) for a majority of phosphagen kinases (Morrison & 

James, 1965; Brown & Grossman, 2004; Held et al., 2007).  However, dissociation 

constants for the guanidino substrates tend to vary.  Creatine kinases generally have 

higher values for the substrate creatine and lower values for the phosphocreatine 

(Morrison & James, 1965; Hornemann et al., 2000; Chen et al., 2000).  On the other 

hand, phosphoarginine for arginine kinases all have Kbi and Kter values around 1.00 mM 

while the dissociation constants for arginine are more variable (Seals & Grossman, 1988; 

Uda & Suzuki, 2004; Storey 1977).  An exception to this trend can be seen Table 12 with 

AK from the cockroach displaying much lower dissociation constants for 

phosphoarginine then AK from the sea cucumber (Brown & Grossman, 2004; Held et al., 

2007).  The lower dissociation constants for the cockroach indicate that the substrates 

bind more tightly to the roach enzyme then they do to the sea cucumber enzyme.  These 

numbers might suggest that AK from the cockroach has a catalytic efficiency that is 

greater than arginine kinase from the sea cucumber. 

 The ratio of dissociation constants Kbi/Kter for a given substrate is a characteristic 

known as substrate binding cooperativity or “synergism” (Segal, 1975).  This ratio 
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reflects how the binding of one substrate affects the binding of the second substrate and is 

seen when the ratio deviates from one.  Arginine kinase for the sea cucumber has a ratio 

of approximately 1.00 for both arginine and phosphoarginine but has ratios of 0.5 and 1.5 

for MgADP and MgATP respectively (Held et al., 2007).  Although the ratios for the 

nucleotides deviate slightly from one for the sea cucumber, it would still be concluded 

that no substrate cooperativity is displayed.  These numbers are within experimental error 

and are not as high as those typically displayed by the other phosphagen kinases.  As 

shown in Table 12 creatine kinases, to varying degrees, all display synergistic substrate 

binding while the results are more varied for the arginine kinases (Watts, 1973; 

Chegwidden & Watts, 1975; Morrison & James, 1973; Brown & Grossman, 2004, 

Tanaka et al., 2007).  It was once thought (Hornemann et al., 2000) that synergism was 

associated with subunit-subunit interactions and that it ascribed significance to the 

dimeric state.  However, results like those from I. badonotus show that not all dimeric 

phosphagen kinases exhibit synergism (Held et al., 2007).   
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Table 12. Comparison of Monomeric AK, Dimeric AK, and Dimeric CK Dissociation 
Constants [mM]: 
 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

Forward 

Reaction 

 

 

Kbi 

guanidine 

 

Kter 

guanidine 

 

Kbi 

MgATP 

 

Kter 

MgATP 

 

 

Reference 

 
Cockroach 

 
1.00 

 
0.94 

 
0.12 

 
0.09 

 
Brown & Grossman, 

2004 
 

Sea Cucumber 
 

0.36 
 

0.37 
 

0.034 
 

0.07 
 

Held et al., 2007 
 

Rabbit 
 

15.6 
 

6.1 
 

1.2 
 

0.48 
 

Morrison & James, 
1965 

 

 

Reverse 

Reaction 

 

 

Kbi 

guanidine  

phosphate 

 

 

Kter 

guanidine 

phosphate 

 

 

Kbi 

MgADP 

 

 

Kter 

MgADP 

 

 

 

Reference 

 
Cockroach  

 
0.45 

 
0.49 

 
0.17 

 
0.14 

 
Brown & Grossman, 

2004 
 

Sea Cucumber 
 

1.00 
 

1.00 
 

0.50 
 

0.33 
 

Held et al., 2007 
 

Rabbit 
 

8.6 
 

2.9 
 

0.17 
 

0.05 
 

Morrison & James, 
1965 
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 Several substrates were tested with arginine kinase from the sea cucumber to 

examine their affect on initial velocity and product formation.  The substrates D-arginine, 

L-histidine, L-canavanine, L-ornithine, creatine, glycocyamine, and aminoguanidine 

where chosen because they are natural substrates of the other phosphagen kinases or 

known substrate analogs of other arginine kinases (Figure 48).  Arginine kinase from I. 

badonotus only exhibited activity with its known substrate, L-arginine, and with the 

nonprotein amino acid L-canavanine (15% initial velocitiy) (Wright-Weber et al., 2006).  

This result is consistent with AK enzymes being classified as one of the phosphagen 

kinase enzymes with a narrow substrate specificity (Morrison, 1973).   

 Similarly, L-canavanine has been demonstrated as a substrate analog for arginine 

kinase from organisms such as the cockroach, sea urchin, and the tobacco hornworm 

(Brown & Grossman, 2004; Wright-Weber et al., 2006; Rosenthal et al, 1977).  This is 

not surprising given the structural similarities between L-canavanine and L-arginine 

compared to the other substrate analogs tested (Figure 48).  L-canavainine and D-arginine 

have been shown to act as competitive inhibitors of AK from several insects when in the 

presence of L-arginine (Alonso et al., 2001; Blethen, 1972; Morrison, 1973; Brown & 

Grossman, 2004).  The D-isomers of several amino acids are also known to be toxic to 

many insects due to their inability to be oxidized.  Although D-arginine was not able to 

be utilized as a substrate by the sea cucumber, the reports of nonprotein amino acids 

(which are non-toxic to humans) as inhibitors of AK is interesting considering their 

potential as effective tools in insect population control. 
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Figure 48. Comparison of the Substrates used in Substrate Specificity Determination: 
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 The rapid equilibrium, random addition mechanism said to be obeyed by the 

phosphagen kinases is capable of forming two dead-end complexes consisting of the 

enzyme, a substrate, and a product (Milner-White & Watts, 1971).  Anions have the 

potential to stabilize this dead-end complex and form a highly stable transition state 

analog consisting of the enzyme, a substrate, a product, and an anion (Buttlaire & Cohn, 

1974).  To examine the stabilization of the dead-end complex in dimeric AK from the sea 

cucumber (data currently absent in the literature) several monovalent anions were tested 

in the forward reaction (synthesis of ADP) through a series of progress curves (Figure 

39).  Initial velocity and product formation of an enzyme can both be measured in this 

manner.  The curvature in the time course signals formation of the dead-end complex and 

ADP production while a decrease in the curvature signifies inhibition through the 

transition state analog (Watts, 1973).   

 Of the monovalent anions investigated for sea cucumber AK, only the acetate ion 

showed an increase in initial velocity measurements of 5.5%.  The acetate anion did not 

affect the curvature of the time course or the amount of product formation suggesting that 

it does not stabilize the formation of the dead-end complex.  The rest of the anions caused 

a decrease in the initial velocity of sea cucumber AK with nitrite and nitrate having the 

greatest inhibition effects with a decrease in Vo of 76% and 88% respectively.  Nitrates 

potent inhibitory affect is seen for many phosphagen kinases although it shows the 

greatest impact for arginine kinases while nitrite affects creatine kinases the most 

(Milner-White & Watts, 1971, Morrison, 1973; Buttlaire & Cohn, 1974).  It is thought 



 159 

that these anions cause inhibition by mimicking the transferable phosphoryl group in the 

phosphagen kinase catalyzed reaction. 

 As can be seen from Figures 39, 40, and 41 nitrate affects the initial velocity, time 

course curvature, and product formation of arginine kinase from I. badonotus.  This 

inhibition was displayed with the cockroach, P. americana, and led the authors to suggest 

that nitrate inhibits AK by a more complex mechanism than just stabilization of the dead-

end complex (Brown & Grossman, 2004).  Brown and Grossman also found that borate, 

not tested for I. badonotus, was the best inhibitor of the dead-end complex by decreasing 

initial velocity by only 30% and product formation by 51%.  Further kinetic analysis to 

examine the mechanisms of inhibition by nitrate and borate on cockroach AK revealed 

that nitrate was a non-competitive inhibitor of L-arginine (Ki = 8.0 mM) and that borate 

was a competitive inhibitor of L-arginine (Ki = 5.5 mM).  The kinetic results confirm the 

distinct difference seen in the progress curves for nitrate and borate with cockroach and 

sea cucumber AK.  A non-competitive inhibitor binds to enzyme sites that participate in 

both substrate binding and catalysis where as a competitive inhibitor only binds to 

enzyme sites that participate in substrate binding (Segal, 1975).  Clearly the inhibition by 

nitrate is more complex than what was once proposed. 

 Due to the differing affects of nitrate and borate on arginine kinases the present 

study used difference spectroscopy to further characterize the inhibition by these 

monovalent anions on AK from both the sea cucumber, I badonotus, and the cockroach, 

P. americana.  Difference spectroscopy is a technique that looks at small conformational 

changes in the environment of a protein (from 200-600 nm).  Proteins and nucleic acids 
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absorb strongly below 300 nm and conformational changes can typically be seen between 

280-300 nm.  The amino acids tryptophan and tyrosine both have strong absorptions at 

~280 nm and phosphagen kinases are known for containing a tyrosine residue in their 

active sites (Anosike & Watts, 1975).  Examining arginine kinases in the presence of 

various components of the transition state analog allows changes in the active site of the 

enzyme upon binding of various substrates to be monitored. 

 Spectra recorded for the proteins before mixing with various components were 

subtracted from spectra recorded after mixing with various components to see the 

difference caused in each spectrum.  Difference spectra for cockroach AK and sea 

cucumber AK in the presence of nitrate are similar (Figures 42 and 45).  Addition of 

nitrate, to any of the spectra containing it, causes a slight broadening of the minimum 

from 270-300 nm.  The spectrum with the biggest impact for both sea cucumber and 

cockroach AK contains just nitrate and enzyme which suggests that the affect nitrate has 

on the system occurs whether other components of the transition state analog are present 

or not.  This is not consistent with results seen in CK from the rabbit (Grossman & 

Garcia-Rubio, 1987) or monomeric AK from the lobster (Anosike & Watts, 1975) 

however, it is consistent with reports that nitrate alters the structure of CK (Madelian & 

Warren, 1977) and that it binds to AK alone (Raimbualt et al., 1996). 

 Difference spectra for arginine kinase from the cockroach in the presence of 

borate are the first reported in the literature.  Addition of borate causes a slight decrease 

around 280-290 nm in all spectra that contain it (Figure 46).  The spectrum containing 

enzyme, arginine, and borate has a more pronounced minimum.  This might account for 
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the 30% decrease seen in the Vo of AK from the cockroach in the presence of borate 

(Brown & Grossman, 2004).  The spectrum containing the complete transition state 

analog (enzyme, arginine, borate, and MgADP) displays a strong, sharp minimum at 260 

nm and is a clear indication that borate interacts with other components of the TSA.  The 

transition state analog spectrum for borate is strikingly different than the transition state 

analog spectrum for nitrate.  These results support the theory by Brown and Grossman 

(2004) that nitrate inhibits arginine kinases through a mechanism beyond that of 

stabilizing the dead-end complex while borate inhibits arginine kinases through 

stabilization of the dead-end complex and formation of a transition state analog. 
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Part IV. Amino Acid Analysis and Evolutionary Relationships 

 

 The entire 5’ to 3’ nucleotide sequence for arginine kinase from the American 

cockroach, Periplaneta americana, was deduced.  The sequence was determined by 

utilizing several molecular biology techniques such as: isolation of total RNA from the 

cockroach, reverse transcription of single stranded RNA to obtain double stranded 

cDNA, generation of degenerate and gene-specific primers, touchdown PCR, and 

sequencing from the Molecular Biology Core Facility at the Moffitt Cancer Research 

Center.  The entire sequence from start codon to stop codon is 1,071 base pairs which 

correlates to a total of 357 amino acids.  Sequence blast analysis using NCBI shows that 

the sequence from the American cockroach is homologous to several other species which 

are known to contain monomeric arginine kinases. 

 The protein sequence for arginine kinase from the cockroach, P. americana, 

contains all of the amino acids which are thought to be conserved in arginine kinases for 

nucleotide and guanidine binding.   The first crystal structure of AK bound to its 

transition state analog was reported for the horseshoe crab Limulus in 1998 by Zhou et al.  

This structure indicated that the amino acids involved with arginine binding in AK were 

Ser 63, Gly 64, Val 65, Tyr 68, Glu 225, Cys 271, and Glu 314 which can all be found in 

the sequence for the American cockroach (Figure 49).  The Limulus structure also 

highlighted amino acids Arg 124, Arg 126, Arg 229, Arg 280, and Arg 309 as being 

important for nucleotide binding and again, these residues are found in the protein 

sequence of the American cockroach (Figure 49).  
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In 1997 Suzuki et al. compared sequence alignments of several phosphagen 

kinases and concluded that each kinase has a unique guanidino specificity (GS) region 

used for guanidine recognition.  This unique region is characterized by amino acid 

insertions or deletions that correspond to the size of the guanidine substrate used by the 

enzyme.  Arginine kinases are known to contain a 5 amino acid deletion due to the large 

size of their guanidine substrate.  Figure 49 shows that arginine kinase from P. americana 

contains a 5 amino acid deletion between amino acids 62 and 63, when compared to other 

phosphagen kinases (Uda & Suzuki, 2004).  This deletion corresponds to the fact that P. 

americana utilizes arginine as its natural substrate.  Figure 49 also highlights two other 

features common to all of the phosphagen kinases.  Arginine kinase from the cockroach 

contains the highly conserved negatively charged NEED-box that was first identified in 

creatine kinases and is thought to play a role in the catalytic mechanism (Eder et al., 

2000; Cantwell et al., 2001).   Similarly, the sequence contains amino acids (underlined 

in Figure 49) that make up the C terminal and N terminal flexible loops found in 

phosphagen kinases.  These loops are thought to rearrange critical elements of the active 

site as well as close off the active site to exterior solvent during catalysis (Zhou et al., 

2000; Azzi et al., 2004). 
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Figure 49. Nucleotide Sequence for Arginine Kinase from the American Cockroach and a 

Comparison of Several Conserved Amino Acids and Structures: 

The protein sequence of arginine kinase from the American cockroach was determined as 

described in the Materials and Methods section.  Green Highlights: Conserved amino 

acids involved in nucleotide binding.  Blue Highlights: Conserved amino acids involved 

in arginine binding.  Yellow Highlights: Indicate the 5 amino acid deletion for the 

Guanidine Specificity (GS) region.  Underlining: Amino acids that make up the N (N-A) 

and C (G-V) terminal flexible loops. 
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 A comparison of arginine and creatine kinase crystal structures (Figure 8) clearly 

demonstrates the similarity between these two enzymes by showing that their three 

dimensional structure is nearly identical.  Despite the similarities in their structures, 

monomeric arginine kinases share only a ~60% sequence homology to dimeric creatine 

and arginine kinases (Suzuki et al., 1999).  This difference in sequence identity must, in 

part, account for the differences in quaternary structure between the monomeric and 

dimeric phosphagen kinases.  In 2003, Cox et al. identified residues from the crystal 

structure of rabbit muscle CK (from both subunits) that might be involved in 

dimerization.  Residues Glu 18, Asp 53, Gln 57, Asp 61, Ser 146, Arg 147, Arg 150, Arg 

151, and Asp 209 are thought to form a bridge of polar interactions between the two 

subunits while Arg 147, Arg 151, and Asp 209 each make three salt bridges or hydrogen 

bonding interactions within the dimer interface (Cox et al., 2003).  Monomeric arginine 

kinase from the cockroach, P. americana, does not contain any of these conserved amino 

acids thought to be involved in dimerization.   

As stated previously, synergism or substrate binding cooperativity was thought to 

be associated with subunit-subunit interactions thereby giving significance to the dimeric 

state (Hornemann et al., 2000).  In 2005 Fujimoto et al. suggested that cooperativity in 

the phosphagen kinases might be linked to certain amino acids.  The amino acids Asp 62 

and Arg 193 (numbering from Limulus AK) are highly conserved throughout arginine 

kinases. Site-directed mutagenesis by Fujimoto et al. (2005) led them to implicate these 

two residues in playing key roles in mediating synergism in substrate binding.  Kinetic 

results from the cockroach, P. americana, show that no synergism in substrate binding 
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occurs for any substrate in the reversible reaction (Brown & Grossman, 2004).  Results 

shown here from the protein sequence of the American cockroach reveal that residues 

Asp 62 and Arg 193 are conserved in P. americana and suggest that synergistic substrate 

binding may not necessarily accompany the presence of these amino acids (Held et al., 

2007).  Similar results were seen recently from monomeric arginine kinase from the 

beetle, C. cephalotes, which was also found to contain residues Asp 62 and Arg 193 

while not exhibiting synergistic substrate binding (Tanaka et al., 2007). 

 The traditional view of phosphagen kinase evolution is currently being 

questioned.  It was previously thought that monomeric arginine kinase was the most 

primitive phosphagen kinase, which evolved into the more advanced dimeric arginine 

kinases and creatine kinases (Moreland & Watts, 1967; Watts, 1971; Anosike et al. 

1975).  By looking at the phylogenetic tree in Figure 9 the relationships between 

protozoans, invertebrates, and vertebrates along with the phosphagen kinases that appear 

in each class become clear (Held, 2007).  Monomeric arginine kinase from the cockroach 

would be placed on the insect branch of the tree which is most closely related to other 

monomeric arginine and phosphagen kinases.  Dimeric AK from the sea cucumber would 

be placed on the branch containing other echinoderms which display both dimeric AK 

and CK enzymes.  It is important to note that the phylogenetic tree places echinoderms as 

being more closely related to vertebrates than to any of the other invertebrates.  

Protozoan monomeric AK seems to be the most basal phosphagen kinase but it is thought 

that protozoans acquired AK from arthropod hosts through horizontal gene transfer 

(Pereira et al., 2000).  If this is so then sponges, which contain both AK and CK 
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activities, would be the most basal organism on the phylogenetic tree and would imply 

that a primitive organism prior to the sponges must have contained both AK and CK 

activities.  

 A phylogenetic tree like the one in Figure 47, which is based off of the sequence 

alignments of various phosphagen kinases, can be used to examine the homology 

between sequences.   The monomeric AK protein sequence determined for P. americana 

clusters with all of the other arthropod arginine kinases.  Dimeric arginine kinases for the 

echinoderms cluster with creatine kinases from the echinoderms, vertebrates, and 

invertebrates.  The tree confirms reports from Pereira et al. (2000) by showing that 

monomeric arginine kinase from the protozoan, T. cruzi, clusters with arthropod arginine 

kinases and suggests it did acquire the phosphagen through horizontal gene transfer.  

Interestingly, arginine kinase from the sponge, Porifera, clusters alone as the most basal 

organism on the phylogenetic tree while CK from the sponge clusters with the other 

dimeric creatine kinases.  
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Part V. Conclusion 

 

 Phosphagen kinases catalyze the reversible phosphorylation of guanidino 

compounds using ATP.  The enzymes that make up this family are key regulators of 

energy metabolism by acting as ATP buffering systems through maintaining ATP 

homeostasis during increased or fluctuating energy demands.  There are still many 

interesting questions regarding the structures, functions, and regulation of the phosphagen 

kinases to be answered.  Arginine kinase is a member of the phosphagen kinase family 

and can occur as a monomeric or dimeric protein.  This study takes a look at monomeric 

arginine kinase, Periplaneta americana, from the cockroach and dimeric arginine kinase, 

Isostychopus badonotus, from the sea cucumber to compare and contrast physical, 

kinetic, immunological, and molecular characteristics of these enzymes with each other 

and with other members of the phosphagen kinase family. 

 Arginine kinase from the sea cucumber I. badonotus was purified to homogeneity 

and found to be a dimer of ~80 kDa.  In contrast, arginine kinase from the cockroach P. 

americana was purified previously by Brown et al. (2004) and found to be a monomer of 

~40 kDa.  While the enzymes utilize the same substrate to catalyze the reversible 

reaction, they do not share the same quaternary structure.  Dimeric arginine kinases, like 

the vertebrate creatine kinases, are made up of two nearly identical polypeptide chains 

each containing one active site for enzyme catalysis.  An unanswered question of the 

phosphagen kinases is why some of these enzymes have quaternary structure and what is 

the functional significance, if any, to their dimeric state?   
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 Although the phosphagen kinases are highly similar in primary and tertiary 

structures, the distinct quaternary structures exhibited by some of the phosphagen kinases 

are unclear given that there is no evidence of active site communication between the 

subunits (Bickerstaff & Price, 1978; Morrison & James, 1965).  Many studies have 

attempted to answer the question regarding the significance of the dimeric state by 

looking at the enzymatic ability of individual subunits in a dimer.  Cox et al. (2003) 

mutated several amino acids at the dimer interface and concluded that dimerization was 

not a prerequisite for activity but loss of structure and stability upon formation of a 

monomer did occur.  More recently, Awama et al. (2007) opposed this view by stating 

that activity in CK was dependent on its dimeric state and that it was required for the 

proper stabilization of the monomers.  Clearly the debate regarding the significance of 

quaternary structure in the phosphagen kinases is still ongoing in the literature and worth 

examining further. 

 Many of the monomeric arginine kinases are contained in arthropods and several 

of these invertebrate proteins have proven to be significant allergens in humans (Crespo 

et al., 1995; Binder et al., 2001; Gore & Schal, 2007).  Arginine kinase from P. 

americana has been identified as one of these allergens and is known for eliciting an 

allergic response in humans, causing asthma especially to sensitized individuals living in 

urban settings (Bennet & Spink, 1968).  The antigenicity of AK from I. badonotus and P. 

americana was investigated by obtaining polyclonal antibodies made against each 

enzyme.  Dimeric arginine kinase from the sea cucumber reacted with other dimeric 

arginine kinases, dimeric creatine kinases, and one large two-domain monomer.  
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Monomeric arginine kinase from the cockroach only showed cross-reactivity with other 

monomeric arginine kinases.  Although the substrate specificity of the two enzymes is the 

same, their difference in quaternary structure seems to account for the variation in their 

antigenicity towards each other and other phosphagen kinases. 

 Kinetic comparisons of the two arginine kinases show that they both follow the 

same rapid equilibrium, random addition mechanism, have a narrow substrate specificity, 

and have low dissociation constants for the substrate arginine (Brown et al., 2004; Brown 

& Grossman, 2004).  These results are consistent with reports from other arginine kinases 

but differ when compared to creatine kinases (Morrison & James, 1965).  Creatine 

kinases tend to have a much higher dissociation constant for their guanidino substrate 

creatine.  This shows that although sea cucumber AK shares the same quaternary 

structure as CK, the specificity of its substrate has the greatest impact over its kinetic 

characteristics.  Arginine kinases from I. badonotus and P. americana are both absent of 

substrate binding cooperativity.  This result also contrasts the creatine kinases which all 

exhibit synergism to varying degrees.  The display of substrate cooperativity had been 

suggested to be associated with subunit-subunit interactions, which would ascribe 

significance to the dimeric state (Hornemann et al., 2000), however, results such as the 

data reported here do not support these conclusions. 

 The initial velocities of monomeric and dimeric arginine kinase from the 

cockroach and the sea cucumber are affected by monovalent anions in a similar manner.  

The acetate anion has an activation affect while nitrate displays a profound inhibitory 

affect on both enzymes.  Findings of inhibition by monovalent anions are seen across the 
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phosphagen kinase family but arginine kinases are more affected by nitrate while creatine 

kinases are more affected by nitrite (Milner-White & Watts, 1971, Morrison, 1973; 

Buttlaire & Cohn, 1974).  A kinetic analysis performed by Brown & Grossman (2004) 

determined that nitrate was a non-competitive inhibitor of cockroach AK while another 

monovalent anion, borate, was a competitive inhibitor of the enzyme.  These results along 

with progress curves of initial velocity and product formation in the presence of these 

anions led the authors to conclude that nitrate inhibited AK through a mechanism that 

was more complex than just stabilization of the dead-end complex while borate inhibited 

through dead-end complex stabilization and formation of a transition state analog. 

 Difference spectra of P. americana and I. badonotus in the presence of nitrate and 

borate were performed and compared.  Nitrate had an affect on each enzyme without the 

presence of other components of the transition state analog, while borate had the greatest 

impact in the presence of the transition state analog.  These results support the theory by 

Brown & Grossman (2004) which suggest borate is the best transition state analog 

inhibitor of AK.  Insects are considered to be pests to homes, as well as crops, and 

arginine kinase is ideal as a potential target for insect population control because it is 

essential for the organism’s motility.  Boric acid has been used as an inexpensive and low 

risk chemical to control insect infestations, particularly for the cockroach (Zurek et al., 

2003).  Additional results, reported in the present study, on the affects nitrate and borate 

have on arginine kinase suggest a mixture containing both of these anions might be an 

effective treatment for population control to be examined. 
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 Dimeric arginine kinases have been shown to be more homologous in sequence 

and structure to creatine kinases than to monomeric arginine kinases (Suzuki et al., 1999; 

Suzuki et al., 2000).  Determination of the amino acid sequence for arginine kinase from 

cockroach, P. americana, reveals that despite their differences in quaternary structure, 

dimeric and monomeric arginine kinases exhibit several of the same amino acids, 

presumably due to their substrate specificity.  Arginine kinase from the cockroach has 

amino acids conserved in a majority of known sequences for nucleotide and arginine 

binding as well as a 5 amino acid deletion region unique to all arginine kinases (Zhou et 

al., 2000; Uda & Suzuki, 2004).  On the other hand, the sequence from the cockroach 

contains amino acids conserved throughout all of the phosphagen kinases which are 

important to their catalytic mechanism, highlighting the close evolutionary relationship 

between this family of enzymes (Eder et al., 2000; Zhou et al., 2000; Cantwell et al., 

2001).   

 The purpose of the present study was to compare and contrast monomeric 

arginine kinases and dimeric creatine kinases with results found for dimeric arginine 

kinase from I. badonotus in order to investigate the significance of the dimeric state.  

While the advantage of quaternary structure seen in some arginine and creatine kinases 

remains unclear, several characterizations not previously seen in the literature for dimeric 

arginine kinases are reported herein.  Similarly, further characterization of arginine 

kinase from the American cockroach P. americana has been performed including the 

elucidation of the entire 5’ to 3’ amino acid sequence of the protein. 
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