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Summary 

An enzymic synthesis utilising arginine kinase for preparing arginine phos- 
phate in a high state of  purity is described. 

The dissociation constant of  magnesium arginine phosphate, determined by  
gel filtration, was 30.0 -+ 0.9 raM. That for potassium arginine phosphate was 
calculated to be 63.0 + 4.0 mM measured by  the effect  of  potassium on the 
apparent magnesium dissociation constant. 

The effect  of  KC1 on the reaction catalysed by the type-M pyruvate kinase 
from Carcinus maenas (the common shore crab) pincer and leg muscle was 
investigated. 

No effect was seen on the C. maenas pyruvate kinase activity, apart from 
that due to alteration of  t h e / C  concentration, on adding up to 70 mM potas- 
sium arginine phosphate to the reaction medium. 

The less pure form of arginine phosphate was found to give an apparent non- 
competitive inhibition of  the enzyme when phosphoeno lpyruva te  was the 
varied substrate. This apparent inhibition can be accounted for by the removal 
of  ADP from the assay medium in a side reaction involving arginine kinase and 
arginine phosphate.  

These results are discussed in terms of  the possible physiological control of 
the type-M pyruvate kinase from C. maenas. 

* To whom correpondence should be addressed. 
Abbreviation: EGTA, ethylene glycol bis(aminoethyl ether)-N,N'-tetraacetic acid. 
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Introduction 

Analysis of  the concentrat ion of  glycolytic intermediates in a number  of 
tissues has indicated that  the reaction catalysed by pyruvate kinase (ATP: 
pyruvate 2-O-phosphotransferase, EC 2.7.1.40) is greatly displaced from 
equilibrium and so may be a control site [ 1 ]. A further  observation is that  the 
maximal activity of  pyruvate kinase in an extract  is much higher than that  of  
phosphofructokinase, the key rate-limiting enzyme of glycolysis. This implies 
that  the enzyme must be severely inhibited in vivo. 

Investigations into the properties of  pyruvate kinase in vitro have shown that  
at least two types of  enzyme exist. These can be distinguished on chromato- 
graphic, electrophoretic,  immunological, kinetic and chemical properties. The 
type-L enzymes are found in gluconeogenic tissues and, characteristically, are 
activated by the glycolytic intermediate fructose 1,6-bisphosphate and the 
substrate phosphoenolpyruvate [2--5]. Furthermore,  ATP and alanine will 
inhibit the enzyme at physiological concentrations [6,7]. These observations 
and those of  Engstrom's laboratory (for recent review see [8]) that  a reversible 
phosphorylat ion/dephosphorylat ion reaction, mediated by a cyclic AMP- 
dependent  protein kinase, can modulate the activity of the type-L pyruvate 
kinase can be used to postulate a plausible model for the control of  this 
enzyme. 

The second distinct form of  pyruvate kinase, the type-M isoenzyme, is 
widely distributed and is present in very high amounts in skeletal muscle. The 
activity of  this isoenzyme is not  influenced by fructose 1,6-bisphosphate. The 
only physiologically significant modulator  of  its activity that  has been reported 
is the phosphagen creatine phosphate [9]. This may represent an important  in 
vivo control mechanism. 

In invertebrate species a variety of  phosphagens are found; in crustaceans 
and mollusca a common one is arginine phosphate. It has been reported that  
the partially purified enzyme from the tail muscle of Oplophorus gracilirostris 
is inhibited by arginine phosphate. The type of inhibition appeared to be 
similar to that  of  creatine phosphate on the mammalian enzyme [10]. In the 
snail, Helix pomatia, it was found that  inhibition by arginine phosphate of the 
enzyme in a crude extract  was not  competitive and it was suggested that  the 
inhibition is modulated by a protein in the extract  that  transfers either the 
phosphagen-or a phosphate group onto the enzyme [11]. Subsequent studies 
on crude preparations of  the enzyme from Mytilus edulis [12] lead to the sug- 
gestion that  the apparent effect  of  arginine phosphate on pyruvate kinase is 
possibly due to a side reaction involving arginine kinase present in the pyruvate 
kinase preparation. 

The common shore crab, C. maenas, possesses two distinct pyruvate kinases 
similar to mammalian species. The enzyme isolated from hepatopancreas has 
properties characteristic of  a type-L enzyme [13] and is subject to modulat ion 
by several metabolites, including fructose 1,6-bisphosphate and L-alanine. The 
enzyme purified from the leg muscle of this crustacean, however, is typical of  
the type-M isoenzymes. As the detailed kinetic properties of this extensively 
purified enzyme are known (Newton, C.J., Poat, P.C. and Giles, I.G., unpub- 
lished data) a study of  the effects of  arginine phosphate on the enzyme was 
conducted.  
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Experimental 

Materials 
The ion-exchange resins Dowex 1-X8, (200--400 mesh) and Dowex 50-X8 

(200--400 mesh), Trizma base, EGTA and the enzymes glucose-6-phosphate 
dehydrogenase (EC 1.1.1.49), glyceraldehyde-3-phosphate dehydrogenase (EC 
1.2.1.12), 3-phosphoglycerate kinase (EC 2.7.2.3), hexokinase (EC 2.7.1.1), 
adenylate kinase (EC 2.7.4.3) and aldolase (EC 4.1.2.13) were obtained from 
Sigma (London) Chemical Co. Ltd. (Poole, U.K.). 

ADP, ATP, NADH, phosphoenolpyruvate (tricyclohexylamine salt) and pig 
heart lactate dehydrogenase (EC 1.1.1.27) were supplied by Boehringer 
Corporation (London) (Lewes, U.K.) ATP (disodium salt) and phosphoenol- 
pyruvate (monocyclohexylamine salt), both for arginine phosphate synthesis, 
and all remaining chemicals were obtained from B.D.H. Chemicals (Poole, 
U.K.). 

Enzymes 
Arginine kinase (EC 2.7.3.3) was prepared from lobster tail muscle according 

to the method of Pradel and Kassab [14]. The enzyme had a final specific 
activity of 350 pmol ADP formed/min per mg protein at 25°C. Protein was 
estimated by the biuret method [15] using bovine serum albumin as the 
primary standard. 

Rabbit muscle pyruvate kinase was prepared according to the method of 
Tietz and Ochoa [16] and had a final specific activity in excess of 200 units/mg 
protein at 25°C. 

Pyruvate kinase from the leg muscle of C. maenas was prepared as previously 
described by Newton [17]. The enzyme used in the current study has a specific 
activity of 200 units/mg protein at 25°C. This preparation contained no detect- 
able arginine kinase activity. 

Standard kinetic assay o f  pyruvate kinase 
In order to compare the rate of reaction obtained in experiments on 

different days and/or different batches of enzyme the activity was normalised 
by measurement under a standard set of conditions. The reaction mixture 
contained 0.15 ~mol NADH, 0.50 pmol ADP, 0.5 t~mol phosphoenolpyruvate, 
8.0 pmol Mg 2÷ added as MgC12, 1.0 pmol EGTA, 200 #mol KC1, 25 pmol Tris- 
HC1 (pH 7.4) and 16 units lactate dehydrogenase in a final volume of 1 ml. The 
reaction was initiated by the addition of pyruvate kinase after the reaction 
mixture had been equilibrated to 25°C. Oxidation of NADH was followed at 
340 nm in a Pye-Unicam SP1800 spectrophotometer. 

Experimental assay o f  pyruvate kinase 
The initial rate of reaction of the enzyme at various ADP and phosphoenol- 

pyruvate concentrations, as specified in the text, in the presence and absence of 
arginine phosphate, were obtained as described above. The arginine phosphate 
stock solution was carefully adjusted to pH 7.4 using dilute HC1. The pH of this 
solution, and that of the final reaction medium, were regularly monitored to 
ensure that the enzyme was assayed at pH 7.4. Solutions of substrates and co- 
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factors were prepared daily and their concentrations estimated immediately 
before use. 

The amount of  MgC12 required to maintain the Mg 2÷ concentration constant 
was obtained by calculation, allowing for its chelation with ADP, phosphoenol- 
pyruvate and EGTA using the dissociation constants given by MacFarlane and 
Ainsworth [18] and Sillen and Martell [19]. In addition the magensium chela- 
tion by arginine phosphate was calculated using the dissociation constants 
determined in the present study. These calculations were accomplished with 
the aid of a Hewlett-Packard 9810 desk-top computer using a modified 
Fibonacci search procedure. 

No effect of arginine phosphate on lactate dehydrogenase could be demon- 
strated directly. Neither was any change in the initial rate of the reaction 
observed at any time on doubling the amount of lactate dehydrogenase added 
to the reaction cuvette. 

Determination of substrates 
Free L-arginine was estimated using the linked enzyme system arginine 

kinase/pyruvate kinase/lactate dehydrogenase. Arginine phosphate was deter- 
mined using the coupled reactions of arginine kinase, hexokinase and glucose- 
6-phosphate dehydrogenase. The total phosphate content was determined by a 
slight modification of the method of  Summer [20]. The free inorganic phos- 
phate in the arginine phosphate was determined using the coupled reactions of 
glyceraldehyde-3-phosphate dehydrogenase, 3-phosphoglycerate kinase and 
hexokinase as described by Scopes [21]. The glyceraldehyde 3-phosphate 
required in this assay was prepared in situ using fructose 1,6-bisphosphate (1.5 
mM) and aldolase (2 units/ml). Magnesium was determined by EDTA titration 
using Eriochrome Black-T as indicator [22]. Barium was determined either by 
the back titration of a standard EDTA solution with MgSO4 [22] or by using 
the indicator dye o-cresolphthalein complexone [23]. The remaining substrates 
were determined by standard enzymic techniques: AMP and ADP [24], ATP 
[ 25 ] ; phosphoenolpyruvate [ 26 ] and pyruvate [ 27 ]. Potassium was determined 
by flame photometry. 

Determination of the dissociation constant of magnesium arginine phosphate 
This was measured by the gel-filtration method first described by Hummel 

and Dreyer [28]. A sample of  arginine phosphate (approx. 20 tlmol in 1 ml of 
equilibrating buffer) was applied to a column of Sephadex G-10 (1.75 × 20 
cm) equilibrated with 25 mM Tris-HC1 (pH 7.4) and known concentrations of 
MgC12 and KC1. The column was then eluted with the equilibrating buffer and 
1.5 ml fractions collected. These were assayed for both arginine phosphate and 
magnesium. From the excess magnesium found in the arginine phosphate 
containing fractions the apparent dissociation constant of magnesium arginine 
phosphate can be calculated. 

Preparation of arginine phosphate 
Arginine phosphate was synthesised enzymatically using arginine kinase. 

Two alternative methods were used to drive the reaction. In one method, the 
ADP produced was recycled to ATP and AMP using adenylate kinase. In the 
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second method ATP was regenerated using pyruvate kinase and phosphoenol- 
pyruvate. The advantage of the former method is that of  cost, but  it does 
require a considerably longer incubation period. This could possibly lead to a 
less pure preparation; the result of  side reactions catalysed by  trace impurities 
in the preparative enzymes. The subsequent purification of  the arginine phos- 
phate formed was identical for the two methods and is a modification of  that  
proposed by  Marcus and Marrison [29]. 

Synthesis method 1 
A reaction mixture containing 67 mM Tris-HC1 (pH 8.0) buffer,  10 mM 

L-arginine (pH 8.0), 7.5 mM MgC12, 50 mM KC1, 6.8 mM ATP, 5 mM phospho- 
enolpyruvate (monocyclohexylamine salt), 5 mM ~-mercaptoethanol, 200 units 
o f  rabbit muscle pyruvate kinase and 200 units of arginine kinase in a total 
volume of 200 ml was incubated at 25~C for 45 min. The arginine phosphate 
formed was isolated as described below. 

Synthesis method 2 
The incubation medium used was as described in synthesis method 1 with 

the following amendments.  The pH of the final solution was adjusted to 9.0, 
the L-arginine concentration was increased to 50 mM, the phosphoenolpyruvate 
and pyruvate kinase were omitted and 200 units of  adenylate kinase were sub- 
stituted. The reaction mixture was incubated for 15 h at ambient temperature 
(20--22°C) after which the arginine phosphate was isolated. 

Isolation of arginine phosphate 
After the incubation period for the synthetic reaction the reaction mixture 

was rapidly heated to 80°C and maintained there for 3 min. The solution was 
then rapidly cooled to 2°C. All subsequent operations were performed at 2°C 
unless noted.  

The water-soluble, alcohol-insoluble barium salt of  arginine phosphate was 
prepared by adjusting the solution to pH 9.0, adding an excess of  BaBr2 and 
then adding 4 vols. of  95% ethanol to the clear supernatant at --10°C con- 
taining the water-soluble barium salts. The crude barium arginine phosphate 
recovered by  centrifugation was dissolved in 5 mM Tris-HC1 buffer,  pH 7.6, and 
applied to a column containing Dowex 1 (C1- form, 25 × 2 cm) equilibrated 
with 5 mM Tris-HC1, pH 7.6. The resin was washed with at least 2 column vols. 
of  the equilibrating buffer before the arginine phosphate was eluted by 
including 150 mM KC1 in the equilibrating buffer.  The peak fractions were 
pooled and the phosphagen recovered as its barium salt as described above. It 
was found that although the barium salt could be stored as a dry powder  in a 
vacuum desiccator at --10°C stability was improved by  storing it as its potas- 
sium salt in 25 mM Tris-HC1, pH 8.0, at 2°C. In these latter conditions less than 
2% decay occurred over 15 days. Both synthetic methods gave a yield of  500-- 
600 t~mol of  arginine phosphate of  comparable purity. 

Results 

Purity of arginine phosphate 
The arginine phosphate used in the current investigation was prepared 



T A B L E  I 

M A X I M U M  I M P U R I T Y  L E V E L S  IN  T H E  P U R I F I E D  P O T A S S I U M  A R G I N I N E  P H O S P H A T E  

E n z y m a t i c  ana lys i s  fo r  a rg in ine  phosphate  showed the overall purity of the m a t e r i a l  t o  be > 9 S . 5 % .  

4 1 5  

I m p u r i t y  C o n t e n t  (% tool i m p u r i t y / m o l  

arginine phosphate)  

L-Arg i n i n e  0 .04  

A T P  0 . 0 1 2  

A D P  0 .003  
A M P  0 .036  
P y r u v a t e  * 0 . 0 1 5  
P h o s p h o e n o l p y r u v a t e  * * 0.01 

Inorganic phosphate  0 .004  

Adenylate  kinase  * * ~ 2  • 10  --6 uni t s / /~mnl  arginine phosphate 
P y r u v a t e  k inase  * ~ 2  • 10 -6 unl ts / /~mol  a rg in ine  phosphate  
Arg in lne  k inase  ~ 2  - 10 -6  uni t s /b tmol  a rg in ine  phosphate  

* Only  a s say ed  f o r  i f  s y n t h e s i s  m e t h o d  1 is fo l l owed .  
* * O n l y  a s say ed  for  i f  synthesis  m e t h o d  2 is fo l l owed .  

enzymatically. This ensured that only the physiologically significant product  
was formed and it enables the preparation of  a highly purified product.  Table I 
shows the analysis of  the final isolated material for the potential  impurities that 
could have arisen from the defined reaction medium. The impurities are 
frequently undetectable using the methods described. For the purposes of  this 
paper, however, maximum possible levels are given. These are calculated 
assuming that an absorbance change of  0.001 is the minimum that can be 
detected.  In many cases this minimum figure could not  be observed experi- 
mentally even at concentrations in excess of  50 mM arginine phosphate present 
in the analytical solution. 

The final arginine phosphate prepared contained no detectable adenylate 
kinase, pyruvate kinase or arginine kinase activity. This result was only 
achieved after inclusion of  the heat-inactivation stage in the purification proce- 
dure. In the absence of  this step the final potassium arginine phosphate 
contained a significant amount  of  arginine kinase (of the order of  5 • 10 -4 
uni ts /pmol  arginine phosphate).  

Analysis o f  the barium arginine phosphate obtained after Dowex chromatog- 
raphy yielded a total Pi/Ba/arginine phosphate ratio of  0.97 : 1.04 : 1.0. The 
K/arginine phosphate ratio o f  the final potassium arginine phosphate was 
2.37 +- 0.07 (6): 1 (mean -+ S.E. (number of  observations)). No barium could be 
detected in this final solution. 

Metal dissociation constants o f  arginine phosphate 
These were determined by  gel-filtration as described in the experimental 

section. A typical elution profile is shown in Fig. 1. In the absence of  KC1 the 
dissociation constant of  magnesium arginine phosphate in the quoted condi- 
tions was 30.3-+ 0.9 mM (6). After the addition of  100 mM KC1 to the 
equilibrating buffer  the apparent magnesium dissociation constant increased to 
78.4 + 1.4 mM (18). Assuming that only one K ÷ is binding the apparent dissoci- 
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Fig. 1. M e a s u r e m e n t  of  the  dissociat ion cons t an t  of  m a g n e s i u m  arginine p h o sp h a t e  by  gel-fi l tration.  The  
dissocia t ion c o n s t a n t  was  measu red  at 20°C in a 25 m M  Tris-HC1 buf fe r ,  pH 7.4,  con ta in ing  8 .875  mM 
MgC12. F rac t ions  were  col lec ted  (1.5 ml)  and ana lysed  for  b o t h  to ta l  Mg 2+ (o) and  arginine p h o s p h a t e  (A). 
The  ho r i zon ta l  d o t t e d  line i n d i c a t e s  t h e  Mg 2+ c o n c e n t r a t i o n  in the  equi l ibra t ing  buf fe r .  ArgP,  arginine 

phospha te .  

ation constant of  potassium arginine phosphate can be calculated as being 
63.0 -+ 0.4 mM. 

Effect of  arginine phosphate on C. maenas muscle pyruvate kinase 
The analysis of  the effect  of  arginine phosphate on the enzyme is compli- 

cated by the counter-ion added with it. In the experiments reported here, this 
ion was potassium and the mean K/arginine phosphate ratio measured was 
2.3 : 1. This cation also has the distinction of being required for catalytic 
activity of  the enzyme [30].  Thus any change in catalytic activity that  may 
occur on adding potassium arginine phosphate must be compared to that  seen 
on adding potassium ions in the absence of  arginine phosphate.  

A double reciprocal plot of  reaction rate against phosphoenolpyruvate con- 
centrations at a constant ADP concentrat ion and with various concentrat ions 
of KC1 showed a constant apparent V for the reaction. At lower phosphoenol- 
pyruvate concentrat ions,  increasing the KC1 concentrat ion from 50 mM 
increased the reaction rate at first, but  further increases in the concentrat ion of  
K ÷ caused the reaction rate to fall. This fall in activity on increasing the KC1 
concentrat ion to high values is probably the result of  a redistribution of  the 
substrate species away from the true substrates of the reaction, rather than any 
direct action on the enzyme. The formation of  K • ADP and K • phosphoenol- 
pyruvate is well documented  [ 19]. 

On adding potassium arginine phosphate to the enzyme in the presence of  
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100 mM KC1, little variation in rate was seen, inspite of the variations in total 
potassium present: However, calculation indicates that  the free K ÷ concentra- 
t ion varied from 100 mM in the absence of  arginine phosphate to 180 mM at 
the higher arginine phosphate concentration used. Over this range, very little 
change in rate due to a potassium effect would be predicted. A similar result was 
observed when no additional K ÷ was added. The overall conclusion to be drawn 
from these results is that  at concentrations up to 70 mM arginine phosphate has 
no effect on the activity exhibited by C. maenas type-M pyruvate kinase. 

When the preceding experiments were repeated using arginine phosphate that  
had not been subjected to the heat inactivation step in the purification proce- 
dure, an apparent inhibition was seen. The result of one such experiment 
conducted using arginine phosphate that  contained 5 • 10 -4 units of  arginine 
kinase//~mol arginine phosphate gave apparently linear non-competitive inhibi- 
tion when phosphoenolpyruvate was the varied substrate. Qualitatively similar 
patterns were seen at other concentrations of  ADP. The apparent K i value for 
arginine phosphate calculated from the slope replot was 24.6 mM and from the 
intercept replot was 18.6 mM. 

Discussion 

The mass-action ratio of  the pyruvate kinase reaction in C. maenas indicates 
that this reaction is far from equilibrium. Furthermore, the amount  of pyruvate 
kinase present, 1.18 units/mg protein is high compared with phosphofructo- 
kinase which is present to the extent of  only 0.061 units/mg protein [31]. This 
means that,  as in the other species studied, the pyruvate kinase reaction must 
be severely inhibited in vivo. In common with these other' species, no satisfac- 
tory explanation has been proposed to account for the extensive inhibition of  
this enzyme apart from inhibition by the product ATP and the phosphagen. 

The results obtained in this s tudy show that  at concentrations of  up to 70 
mM, the phosphagen arginine phosphate has no direct actions on pyruvate kinase 
from C. maenas leg muscle. This is direct confirmation of the suggestion made 
by De Zwaan and Ebberink [12] that  the apparent inhibition of pyruvate 
kinase (in their case from the mussel Mytilis edulis) by arginine phosphate was 
probably due to a side reaction involving arginine kinase. This explanation was 
confirmed in the current work when the inclusion of  a trace amount  of  arginine 
kinase in the reaction medium led to an apparent inhibition of the enzyme. 

Several observations in the course of  this work would indicate that  this 
inhibition was not  of  a simple reversible nature. The progress curves for the 
reaction were markedly non-linear, more so than would be expected for the 
normal depletion of  substrate and accumulation of  product.  Secondly, the 
apparent initial rate depended critically on the length of pre-incubation given 
to achieve thermal equilibrium, before addition of  the pyruvate kinase. Finally, 
the progress curve approached a zero rate after a t ime that  depended on the 
substrate concentrations used. Addition of  ADP at this point resulted in the 
resumption of  the reaction whereas addition of  phosphoenolpyruvate had no 
effect. All these observations point to a non-reversible type of  inhibition 
occurring, now known to be due to substrate depletion (ADP) via a second 
reaction involving arginine phosphate and arginine kinase. 
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When the arginine phosphate used contained 5"  10-4 units of  arginine 
kinase/~mol arginine phosphate, 0.005 units of  arginine kinase would be 
present in the 1 ml reaction mixture at 10 mM arginine phosphate. Assuming 
the enzyme were to continue catalysis at its maximal rate for 6 min, 0.03 pmol  
ADP would be removed before the reaction was initiated by addition of  the 
pyruvate kinase. This corresponds to a removal of  43% of the ADP added (71.4 
nmol). In reality, slightly less than this would be removed as the arginine kinase 
will not  be frilly active at this ADP concentration [32]. After addition of  the 
pyruvate kinase the ADP depletion will continue, slowing the progress curve 
until the reaction ceases when all the ADP has been consumed. At this point  it 
is only the addition of  ADP that will allow the pyruvate kinase reaction to 
continue. 

Variations of  the concentration of  arginine phosphate added will cause a 
proportional change in the amount  of  arginine kinase present in the reaction, 
and hence to the amount  of  ADP removed per unit time. At relatively low con- 
centrations of  arginine phosphate this change in ADP will, to a first approxima- 
tion, be linear and hence one would expect  to find an apparent non-competi- 
tive inhibition pattern. This is precisely the effect noted.  

No direct inhibition of  C. m a e n a s  pyruvate kinase could be demonstrated 
using concentrations of  arginine phosphate up to 70 mM. Physiologically, 
arginine phosphate levels varying from 0.48 ~mol/g tissue (honey bee flight 
muscle) to 52.2 pmol/g tissue (scallop snap muscle) have been reported [33].  
C. m a e n a s  leg muscle has been found to contain 18.7 pmol/g tissue, which 
allowing for an intracellular water space of  0.5 ml/g, corresponds to an overall 
arginine phosphate concentration in the cell of  37 mM (Giles, I.G. and Poat, 
P.C., unpublished data). Thus it seems improbable that arginine phosphate has 
any physiological significance in the regulation of  C. m a e n a s  M-type pyruvate 
kinase 
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