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Introduction 

In general, the term glycolysis is conventionally used to describe the reaction 
sequence involved in the anaerobic degradation of carbohydrate in the cells. In 
animal tissues, one of the breakdown products that may be formed is lactic acid; in 
yeast, ethanol and carbon dioxide are the final products. The course of this 
carbohydrate breakdown in yeast during the ethanol production and in the 
muscle during contraction proceeds along an identical route, i.e. the Embden
Meyerhof-Parnas pathway, as far as the formation of pyruvate. The glycolytic 
system is ubiquitous in all forms of life, from the simple unicellular organisms to the 
complex tissue of the mammal. Indeed, it would be difficult to demonstrate its 
absence in cell tissues. 

Since 1897, when the Buechners developed cell-free techniques for the analysis 
of fermentation, the modern era of biochemistry began; and in the history of the 
development of glycolysis and fermentation, the names of the many pioneers of 
biochemistry are found, who are the principal architects of biochemical thought. 
No attempt will be made to outline in detail the historical aspects of glycolysis, 
since excellent reviews are available covering the subject.1- 4) 

Now, the sequence of reactions involved in the conversion of carbohydrate to 
a final product becomes clear and the enzymes catalyzing them are purified as 
crystalline forms.5- 9 ) Though this subject represents one of the best known 
fields of intermediate metabolism where our knowledge seems to be sufficiently well 
established, many investigations of glycolysis have been carried out. The reason 
are: (a) glycolysis has been treated as the fundamental metabolism yielding energy 
from sugars in all tissues; and (b) the investigation of glycolysis has now entered a 
new phase in which interest has turned toward the control mechanism. The 
discovery by Warburg et aI., that a malignant tumor cell is characterized by 
abnormally high glycolytic rates led to the necessity of establishing extensive 
knowledge regarding the rates and the regulations of its glycolytic enzymes. In a 
great variety of celles such as yeast and tumor cells, glycolysis is reduced in the 
presence of air. The mechanism first described by Pasteur has received a great 
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deal of attention. For a time, it was widely thought to be a simple competition for 
ADP and inorganic phosphate between glycolysis and oxidative phosphorlyation 
system of respiration. The inhibition of respiration by glycolysis has also been 
observed as Crabtree effect in the transient state of tumor cells. This control 
process has been studied more extensively and new contributions regarding it 
continue to appear. 

Krebs10,1l) marshalled the evidence against the concept that the carbohydrate 
synthesis proceeds by direct reversal of the pathway for lactic acid formation and 
pointed out that there are three steps in glyconeogenesis which are crucial for the 
reversal of glycolysis. The reversibility of glycolysis depends on the operation of 
specific gluconeogenic enzymes. Because of the exceptional advantages of the 
model system of glycolysis in the study of the role of enzymes in homeostasis, key 
differences between the enzymatic steps of glycolysis and those of gluconeogenesis 
have been delaed with by many investigators. The extensive investigations regard
ing this showed that dietary, hormonal and pathological regulation would be well 
demonstrated on the behavior of the key enzymes. The key enzymes which are 
affected directly by various factors, such as phosphofructokinase and pyruvate 
kinase, were found in the glycolytic system. 

Recent work makes it possible to suggest an oscillatory mechanism - the per
iodically fluctuations in intermediates - for the glycolytic system. Chance et aI. 
12,13) were first to report the possibility of this type of regulation in the control of 
glycolysis. A possible explanation for the phenomena was considered involving a 
feed back mechanism operating on the phosphofructokinase and glyceraldehyde, 
3-phosphate dehydrogenase.H ,15) Chance et a1.16) have suggested that the control 
mechanism for the glycolytic flux in the oscillatory reaction is similar to that which 
are operative in the Pasteur reactions. With the development of the methodology 
of enzyme chemistry, a model system in well-established glycolytic metabolism has 
a number of advantages for the study of the regulation mechanism. 

In food science, the history of glycolysis or fermentation is closely linked to 
the advances in the field of food chemistry and food technology. On account of 
the physiological importance of muscular activity, and because of the close relation
ship existing between the carbohydrate cleavage and the mechanism of muscular 
contraction, the study of glycolysis in muscle has progressed further than that of 
any other tissues. The biochemical changes in post mortem muscle can't be 
discussed without the consideration of glycolytic action which normally occurs in 
the aging of meat. The quality of meat depends on the rate of pH fall, that is, on 
the rate of glycolysis in post mortem muscle. The fall of pH in post mortem 
muscle is caused by the glycolytic formation of lactic acid. In fish muscle, some 
investigators17- 19) assayed the changes in glycolytic intermediates after death. 
In spite of many studies concerning glycolytic intermediates in muscle, any 
decisive factors which determine the rate of glycolysis in post mortem have not 
been detected. However, some research workers found that the lactate accumula
tion in struggled muscle was large. Since the rate of glycolysis is variable from 
preparation to preparation, ultimate pH values obtained could not reach constant 
levels. They could not interpret the reason why several glycolytic intermediates 
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accumulated. The rate of glycolysis in post mortem is subject to the influence of 
unknown factors, such as adenine nucleotides, coenzymes and physiological state 
in ante mortem. 

In order to understand completely the variation in the rate of glycolysis in post 
mortem, fundamental work must be directed to glycolytic regulators and an 
accumulation of intermediates in the intact muscle, and the condition that influenced 
on it must be compared with the controls from physiological and pathological view 
points. 

The problem of glycolytic enzyme regulation was interesting from the view 
points of comparative biochemistry and studies of the multienzyme system, although 
the discovery of the existence of a new important pathway is unpromising. 

In the former, we20) had found that the final product of glycolysis is different 
in fish and some marine molluscs. One could fully expect that there are different 
patterns of metabolism between fish and mollusc, for example, difference in levels 
of glycolytic activity, modification of glycolytic pathway and TeA cycle, and the 
existence of other by-paths. In the latter, even though in a successive reaction 
system, participating enzymes are isolated individually, the problem is how to 
combine these two or more enzymes together functionally. What relation is 
there between the amount of enzyme, the substrate concentration and other 
cofactors affecting its reaction? When the glycolysis is stimulated, how is the 
rate of the reaction regulated? The change in the transient state of cell meta
bolism which occurs in relation to a change in the environmental conditions, such 
as the addition of substrate, is approaching the new steady state under the control 
of a given metabolite. 

We were faced with the problem of enzyme regulation in glycolysis. The lactic 
acid formed during the contraction in an intact muscle corresponds closely to the 
loss of glycogen.21 ) However, it was observed22- 24 ) that the glycogen used up 
by glycolysis did not result in a corresponding stoichiometric increase in lactic acid, 
in post mortem fish muscle. At what step is glycolysis regulated? The rate of 
glycolysis in skeletal muscle can apparently be regulated at several discrete 
metabolic steps. It seemed likely that there is the rate-limiting step that prevents 
lactate production in post mortem. An attempt was made to see whether a rate
limiting step could be identified in the glycolytic pathway by adding appropriate 
intermediates. Such studies can give information on the potential rate of metabolic 
flow and the steps in a reaction sequence that are likely to be rate-limiting. 

In this paper, we have described the following points; the difference between 
glycolytic end product in fish and mollusc; the comparison of levels of glycolytic 
enzymes in several fish and molluscs; the effect of addition of intermediates on the 
glycolytic flux; the consideration of the kinetic properties of the glycolytic in
termediates and other regulatory factors which control the glycolytic metabolism, 
and we discussed the correlation between glycolytic rates and regulatory factors. 
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Materials and Methods 

1. Animals 

The following fish and mollusc were used in this study: kokanee salmon (On
corhynchus nerka J. Kenerlyi) , masu salmon (Oncorhynchus masou) , sockeye salmon 
(red salmon; Oncorhynchus nerka Walbaum), rainbow trout (salmo gairdneri f. 
irideus), carp (Cyprinus carpio), yellow tail (Senora quinqeradiate), common mackerel 
(Pneumatophorus japonicus), codfish (Gadus macrocephalus), lamprey (Entosphenus 
japonicus ammocoetes) , two species of squids (surumeika: Ommastrephes sloani paci
ficus and yari-ika: Doryteuthis bleekeri), hen clam (Spisula sachalinensis) and scallop 
(Patinopecten yessoensis Jay). The kokanee salmon were obtained from the branch
es of Hokkaido Salmon Hatchery at Chitose and Mori. 'l;'he masu salmon were 
obtained from the Nanae Hatchery, Hokkaido University. The other animals 
were obtained from commerical soruces: live or fresh samples were used. 

These fish were killed by a heavy blow on the head. The muscle was rapidly 
excised from the anterio-dorsal area close by the first dorsal fin. In molluscs, the 
striated part of adductor muscle from the shell-fish and the mantle muscle from 
squids were used. Care was taken to sample all animals in exactly the same posi
tion. 

2. Reagent 

The glycolytic substrates used for present studies were either obtained 
commercially or prepared in this laboratory. GIP* (potassium salt)25), GI,6P 
(barium salt)26), 2-PGA (barium salt)21) and PEP (tricyclohexylammonium salt)28) 
were prepared as described in the references. G6P (barium salt), F6P (sodium 
salt), FDP (sodium salt), 2,3-DiPGA (barium salt), G3P (diethyl acetal) and DHAP 
(dicyclohexylammonium salt) were products of the Sigma Chemical Corporation. 
The following chemicals were obtained from the Boehringer and Soehne Corpora
tion: ATP (sodium salt), ADP (sodium salt), AMP (sodium salt), NADH, NADP, 
pyruvic acid (sodium salt) and all auxiliary enzymes. 3-PGA (barium salt) and 

*) The abbreviations used are: 
(1) Substrates 

GIP, glucose I-phosphate; Gl,6P, glucose 1,6-diphosphate; G6P, glucose 6-phosphate; 
F6P, fructose 6-phosphate; FDP,fructose 1,6-diphosphate; G3P glyceraldehyde 3-phosphate; 
DHAP, dihydroxyacetone phosphate; a--GP, a-glycerophosphate; 1,3- or 2,3- -DiPGA, 1,3-
or 2,3-diphosphoglycerate; 3-PGA, 3-phosphoglycerate; 2-PGA, 2-phosphoglycerate; PEP, 
phosphoenol pyruvate; Pi, inorganic phosphate. 

(2) Enzymes 
GPM, glucosephosphate mutase (EO. 2.7.5.1.); PGI, glucosephosphate isomerase (EO. 5.3.1. 
9.); PFK, phosphofructokinase (EO. 2.7.1.11); ALD, aldolase (EO. 4.1.2.13); GPDH, 
glyceraldehyde 3-phosphate dehydrogenase (EO. 1.2.1.12); GDH, a-glycerophosphate 
dehydrogenase (EO. 1.1.1.8); TIM, triosephosphate isomerase (EO. 5.3.1.1); PGK, 
phosphoglycerate kinase (,EO. 2.7.2.3); PGM, phosphoglyceromutase (EO. 2.7.5.3); EN, 
enolase (EO. 4.2.1.11); PK, pyruvate kinase (EO. 2.7.1.40); LDH, lactate dehydrogenase 
(EO. 1.1.1.27). 
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other chemicals were supplied by Wako pure chemical industries (Tokoyo). The 
chemicals were used without any further purification. Freshly prepared solutions 
were used and the actual concentrations of these substrates were checked every 
time they were used. The ammonium sulfate suspensions of the auxiliary enzymes 
were used directly. Each enzyme activity was checked when it was purchased. 

3. Methods 

(1) The assay of glycolytic intermediates 

(a) Preparation of enzyme solution: All procedures were carried out at 4°0. 
Two grams of the isolated muscle were minced with sea sand in a mortar and then 
extracted in 9 vol (vJw) of cold 0.15 M ROI containing 1 mM EDTA (pH 7.2) for 
15 min. The insoluble matter was centrifuged off for 10 min at 4200 X g. A turbid 
supernatant was obtained. In some cases, this crude extract was recentrifuged at 
105000 xg for 30 min in a HITAOHI 55-P type Ultracentrifuge. 

(b) Incubation mixture: Early in the experiment, Lepage's glycolytic system 
29) was used. Later in the experiment, however, it was found that magnesium 
ion, NAD and substrate are required essentially whereas other components are 
unnecessary. Since then, a modified incubation mixture was used, unless speci
fically indicated otherwise. For details, see legend in Figures and Tables. All 
experiments were carried out under aerobic conditions. The incubation temper
ature was 30°0. 

(c) Determination of glycolytic intermediates: For a determination of 
glycolytic intermediates, aliquots of the reaction mixture were pipetted into an 
equal volume of cold 10% trichloroacetic acid at the times specified in the figure. 
After centrifugation, the intermediates in the supernatant were assayed colorimetri
cally. When the intermediates were assayed enzymatically, the trichloroacetic acid 
was displaced with 10 percent of perchloric acid. The determination of in
termediates was carried out in the supernatant neutralized carefully with 
potassium hydroxide or potassium carbonate. The colorimerical methods used 
were as follows: Pyruvate was determined by the method of Friedeman and 
Haugen30); lactate by that of Barker and Summerson31); 3-PGA by that of 
Bartlet32); total sugar phosphate by Anthrone reaction33); both F6P and FDP 
by the method of Roe.33) Glycogen was determined by the modified method 
of Pflaeger.34) The following substances were determined enzymatically as 
described in the reference: GIP35), G6P36), F6p36), FDP31), G3p31), DHAp31), 
3-PGA38), 2-PGA38), PEp38), pyruvate38), lactate39), ATP40), ADP(1) and AMP.(1) 
<x-GP was determined by the method of Bublitz and Rennedy.(2) Unless specifi
cally described in figures and tables, the enzymatic method was used. 

(2) Assay of glycolytic activity: For the preparation of the enzyme solution, 
a 0.3 M mannit solution containing 3 mM EDTA and 10 roM triethanolamine (pH 
7.2) was employed instead of 0.15 M ROI described previously, because of 
stability of the enzyme activity in the mannit solution. After ultracentrifugation 
at 105000 xg, the supernatant was used as enzyme solution. 
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All enzyme determinations were carried out in a 50 ruM triethanolamine buffer 
containing 5 ruM EDTA (pH 7.6). The final volume of the reaction mixture was 
3.0 mI. The reaction mixtures including substrate, coenzyme and auxiliary 
enzymes were preincubated at 25° and the reaction was started with the addition of 
the extract solution. The rate of the enzymatic reaction was recorded for 3 min, 
starting 30 sec after the initiation of the reaction. The enzymatic measurements 
were made by recording the rates of change in absorbance at 340 m{t on the ADS
Fuji 340-UV meter. The enzyme activity was expressed in the amounts of 
NADH transformed {tilloles/hr/g. of fresh weight. 

PGI, ALD, TIM, GDH and LDH were assayed by the method of Delbrueck et 
al.43 ) GPDH and PGK were assayed by the method of Adam. 44) PFK was 
assayed by that of Vogell et al. 4li) GPM, EN and PK were measured according to 
the instructions (Jan, 1961) of Boehringer & Soehne manufacturer. In GPM 
assay, 1 X lO-li M Gl,6P was added as cofactor according to the method of 
Sutherland et al.46) If not so, GPM would have had no activity in the extract. 
Phosphorylase activity was assayed by the method of Sumner and Somers. (1) 

Adenylate kinase was assayed by the method of Adam. (4) 

(3) Assay of respiratory activity 

Standard manometric methods were conducted by conventional Warburg 
techniques using single side-arm flasks (ca. 18 ml) with air as gas phase. A 
temperature of 30°0 and shaking rate of 100 oscillations/min were used in all 
experiments with an equilibration time for 10 min. The results were expressed as 
specific activity Qos (02 {tl/hr/mg. protein). 

(a) Standard medi~m: The reaction mixture for the squid muscle contained 
40 ,umoles of phosphate buffer (pH 7.2), 1 ,umole of ATP, 0.3 {tmole of NAD, 10 
,umoles of MgOI2, 20 {tilloles of substrate as indicated in the Tables and the 
enzyme solution in a final volume of 2.6 ml. The final molar concentration of 
sucrose was adjusted to 0.5 M. However, in the case of the squid hepatopancreas, 
the final concentration was adjusted to 0.3 M sucrose. 

In the case of the scallop muscle, the reaction mxiture contained 40 ,umoles of 
phosphate buffer (pH 7.6), 1.8 {tilloles of ATP, 0.3 {tmole of NAD, lO ,umoles of 
MgOI2' 10 ,umoles of substrate as indicated in the Table and the enzyme solution 
in a final volume of 2.8 ml. The final sucrose concentration was 0.26 M. For the 
scallop hepatopancreas, the reaction mixture was the same as for the squid, except 
that ATP was 5.7 ,umoles and NAD was omitted. The total volume was 2.2 mI. 
The final sucrose concentration was 0.32 M. 

(b) Preparation of the homogenates and subcellular particles: Since the pre
paration of subcellular particles from both the squid muscle and the hepatopancreas 
had not been successful, the homogenate preparation was used. 

(i) Muscle homogenate from squid (Surumeika): The mantle muscle of the 
squid was minced in an ice-cooled mortar homogenzied with 4 vol. of 0.75 M 
sucrose and followed by centrifugation for 5 min at 620 X g. The supernatant 
was used. 

(ii) Hepatopancreas homogenates from the squid (Surumeika): The tissue 
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was homogenized with the same volume of 0.25 M sucrose in an ice-cooled Potter 
Elvehjem's homogenzier for 2 min and filtered through two sheets of gauze cloth 
washing with sucrose. The filtrate was used. 

(iii) Subcellular particles from adductor muscle of the scallop: The tissue 
was softly ground in an ice-cooled mortar and homogenized with 3 volumes of 0.15 
M KOI including 1 mM EDTA (pH 7.2). After centrifugation at 9500 xg for 10 
min, the supernatant was discarded. The precipitate was washed 4 times with 
the same KCl solution. Finally, the pellet was suspended in 1.5 volume of 0.36 M 
sucrose. 

(iv) Subcellular particles from the hepatopancreas of the scallop: For the 
preparation of the respiratory particles, a white color hepatopancreas was used. 
It has been found that two groups of hepatopancreas were distinguishable, accord
ing to the color tone of the tissue, that is, white and pink; and the pink one had no 
respiratory activity. Ten grams of the tissue were homogenized with 4 ml of cold 
0.25 M sucrose in an ice-cooled homogenizer of the Potter-Elvehjem type. The 
homogenate was centrifuged at 16900 X g for 10 min and the supernatant was 
discarded together with the layer of fatty material on the surface of the tube. The 
remaining pellet was washed twice with 4 ml of 0.25 M sucrose by centrifugation at 
16900 xg for 10 min. The pellet was finally suspended in 4 ml of 0.25 M 
sucrose. 

(4) Octopine dehydrogenase from squid muscle (Surumeika) 

The octopine dehydrogenase activity was estimated spectrophotometrically by 
the modification of Thoai and Robin. (8

) The reaction mixture contained 100 ,umoles 
of phosphate buffer (pH 7.6), 10 ,umoles of MgCI2, 10 ,umoles of pyruvate, 10 ,umoles 
of l-arginine, 0.5 ,umole of NADH and the enzyme preparation in a final volume of 
3.0 mI. The reaction time was 5 min. The activity represented as the number of 
,umoles of NADH disappeared per min. The enzyme solution was prepared by 
extracting with 0.15 M KCI. 

(5) Purification of phosphofructokinase from mollusc muscle 

(a) The purification of phosphofructokinase from the squid (Surumeika): 
Twenty grames of muscle were minced in an ice-cooled mortar, extracted with 
4.5 volumes of 0.3 M mannit and centrifuged for 10 min at 4,200 X g. The preci
pitate was re-extracted with the same solution. The combined supernatant was 
recentrifuged for 60 min at 74000 X g. To 150 ml of the supernatant, 135 ml 
of saturated ammonium sulfate solution were added drop by drop under magnetic 
stirring and further agitated for 60 min to complete the precipitation. The 
precipitates were sedimented and centrifuged for 15 min at 4200 X g. The super
natant was discarded. The precipitate was washed once with 50% saturated 
ammonium sulfate including 0.3 M mannit. After centrifugation at 4200 X g 
for 10 min, the sediment was suspended in 3 ml of 50% saturated ammonium 
sulfate. The suspension was stored in a cold room. With this procedure 
PFK can be obtained with a specific activity of 9.36 international unit per mg 
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protein. Computed on the basis of the crude extract, the specific activity is 26 
times higher. 

(b) Purification of phosphofructokinase from the adductor muscle of the 
scallop: Ten grams of the muscle were minced in an ice-cooled mortar, extracted 
twice with 25 ml of 0.3 M mannit containing 3 mM EDTA and 10 mM triethanola
mine buft"er (pH 8.0) and then centrifuged at 47000 Xg for 30 min. To the 
supernatant, saturated solution of ammonium sulfate was slowly added to a final 
saturation of 50% under stirring. The sediment was collected by centrifugation 
(4200 xg for 15 min), suspended in 10 ml of 50% saturated ammonium sulfate 
containing 0.3 M mannit and allowed to stand in an ice-bath for 30 min. The 
sediment was centrifuged for 15 min at 4200 xg, dissolved in 10 ml of 15% 
saturated ammonium sulfate containing 0.3 M mannit, and allowed to stand in an 
ice-bath for 30 min. After centrifugation, the insoluble precipitate was washed 
with 5 ml of the same solution and centrifuged oft". To the combined supernatant, 
saturated solution of ammonium sulfate was added to a final concentration of 50%. 
The PFK activity was assayed by the method of Vogell et a1. 45 ). The reaction 
temperature was 25°C. The specific activity was 1.67 International unit/mg prote
in. The specific activity was 7 times higher than that of the crude extract. 

(6) Protein determination 

The protein content was determined by either the Biuret method 5) or the 
ultraviolet absorption method. After precipitating the protein, the reagent was 
added. "When the Biuret method was employed, the optical density was measured 
at 53 filter using a HITACHI EPO-3 colorimeter. Bovine serum albumin was 
used as standard. For the hepatopancreas protein, 10% TCA-precipitated 
product was washed twice with 2 ml of acetone to remove fatty materials. "When 
the ultraviolet method was employed, to the protein precipitate was added 2.0 
ml of water and 2.0 ml of 0.4 N NaOH. The optical density was determined at 
280 mp on the Shimazu (QV-50) spectrophotometer. The concentration of 
protein in the sample was obtained by multiplying a factor established with 
the same protein solution which had been assayed by the Kjeldahl method. One 
mg protein per ml determined by the Kjeldahl method corresponded to 0.295 of 
optical density at 280 mft for the squid and 0.232 for the rainbow trout. To 
remove the fatty material, an ethanol-ether mixture (2 :1) was used in the ultraviolet 
absorption method. 

Results 

1. Final product of glycolysis 

It has been well known that muscle glycogen is metabolized through glycolysis 
and ultimately converted to lactic acid. Many investigators have identified the 
majority of the intermediate compounds of this pathway and demonstrated the 
presence of enzyme responsible for their interconversions. Cori et al. 21) reported 
that the sum of the hexosemonophosphate (as hexose) and lactic acid formed during 

- 9 -



Mem. Fac. Fish. Hokkaido Univ. [XXIV, 1,2 

contraction corresponds closely to the loss of glycogen. The biochemical changes 
post mortem depend predominantly on autoglycolysis converting glycogen to 
lactic acid. The knowledge of the accumulation of glycolytic intermediates in 
muscles may be available to elucidate not only the regulatory mechanism, but also 
the factors affecting the accumulation of intermediates. As the breakdown of 
glycogen post mortem does not correlate with the amount of lactic acid formation, 
an attempt has been made to investigate the formation of the end product and 
intermediates in the muscle extracts, fortified by the addition of some sugar 
phosphate as substrates. This investigation could point out at what steps any 
glycolytic intermediate is accumulated. 

(1) The formation of the final product from fructosediphosphate 

When FDP was added to the extract of a fish muscle (carp), lactic acid 
accumulated as end product. The result is shown in Fig. 1. In the absence of 
added FDP, the lactic acid formation diminished and maintained a low level dur
ing incubation time. As can be seen from A curve in Fig. 1, the addition of 
pyruvate to the reaction mixture stimulated the formation of lactic acid. The 
stimulation may depend on the acceleration of the turnover rate of oxidized and 
reduced coenzyme due to shortening the "transit time" which has been described 
by Dixon. (9) It has been recognized that all fish muscles tested hitherto have the 
same patterns. In contrast with the fish muscle, the extract from the squid 
muscle caused the accumulation of pyruvate as a final product. This result is 
shown in Fig. 2. FDP utilization was observed in all the experiments tested, but 
the lactic acid formation was not. The formation of pyruvate OCCUl"red not in the 
control system which was Lepage's reaction mixture,29) but in the system omitting 
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Fig. 1. Lactic acid formation from fructosediphosphate by the crude extract of carp 
muscle. Reaction mxiture was the same as that described by Lepage'·), except that 
4 ,umoles of FDP and 0.6 mg of extract protein were used. Curve A, control 
system; Curve B, pyruvic acid and fluoride omitted; Curve C, FDP omitted. 
All intermediates were assayed colorimetrically. 
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Fig. 2. Pyruvic acid and lactic acid formation from frutosediphosphate by the crude 
extract of squid muscle. Experimental conditions were the same as in Fig. 1, 
except that 0.9 mg of extract protein was used. Curve A, control system; Curve B, 
pyruvic acid ommited; Curve C, pyruvic acid and fluoride omitted; open symbols, 
consumed FDP; fill symbols, formed pyruvic acid; broken line, formed lactic acid. 
All intermediates were assayed colorimetrically. 

100 10 

00 
100 

50 

50 

Carp Squid Scallop Hen clam 

Fig. 3. Proportion of the formations of glycolytic end products from fructosediphosphate 
by the extracts of several marine animal muscles. left ordinate, consumed substrate 
as per cent of added concentration; right ordinate, formed end products as per 
cent of consumed substrate. open column, FDP; hatched column, pyruvic acid; solid 
column, lactic acid. The dotted column gives the maximum values obtained. 

pyruvate and fluoride. The addition of increasing FDP resulted in a greater 
accumulation of pyruvate. The reaction product was identified by paper 
chromatography of hydrazone derivative; according to Kazuki and Kanayuki, liD) 

it was pyruvic acid. In the marine molluscs tested such as the squid, the 
octopus, the scallop and some shells, it has been found that pyruvic acid is a final 
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product of glycolysis. The pattern of formation of the final product in fish and 
molluscs was compared in Fig. 3. The amounts of formed pyruvate is different not 
only from species to species, but also according to the types of muscle. The 
pyruvate formation in the mantle muscle from the squid and the octopus was more 
active than the adductor muscle of the shell. The pyruvate formation in the 
adductor muscle of the shell as striated muscle was larger than that in the foot 
muscle as smooth muscle. In other words, its formation could correspond to the 
capacity of glycolysis due to the muscle function as in the case of lactic acid 
production. The pyruvate accumulation in molluscs must be due to a very low 
LDH activity as will be described in the following chapter. As mentioned above, 
hereafter we will deal with lactic acid in fish and pyruvic acid in molluscs as a final 
product. It has been assumed that FDP breaks down to a final product through 
the glycolytic pathway, but as shown in Fig. 3, there was no correlation between 
the loss of FDP and the amount of final product appearing. Lactic acid was formed 
by 20-30% of consumed FDP in the carp and pyruvate by 40-50% in the squid. 
Producing 2 moles of final product from 1 mole of FDP, at what step does the 
remaining part of consumed FDP stay? The reason prompted us to utilize 3-PGA 
as substrate in order to do a more complete study. 
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Fig. 4. Pyruvic acid formation from 3-phosphoglycerate by the crude extract of crucian 
ca~Tl muscle. Reaction mixture contained 18 .umoles of Tris buffer (pH 7.6), 6 
!fmoles of MgCl., 0.2 .umole of NAD, 0.23 .umole of ATP, 6.3 .umoles of 3-PGA and 
0.8 mg protein in a final volume of I m!. full line, consumed 3-PGA; broken line, 
formed lactic acid; dotted line, formed pyruvic acid; 1:0., lactic acid formed when 
3.5 .umoles of FDP was used instead of 3-PGA. Intermediates were assayed 
colorimetrically. 
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(2) The formation of the final product from 3-phosphoglycerate 

3-PGA is a substrate closer to the final product than FDP. 3-PGA was 
added to the muscle extract. The results are shown in Figs. 4 and 5. The couse 

. of this breakdown proeceeded along parallel routes in the fish and mollusc muscle 
as far as the formation of pyruvate. Since the reaction mixture contained no NAD 
and the turnover of NAD did not occur, 3-PGA was converted to pyruvate, but not 
to lactic acid in the fish muscle. The amount of pyruvate formed was identical 
with that of 3-PGA consumed within experimental errors in the both cases. The 
rate of formation of the final product from 3-PGA was greater than that for FDP 
in the mollusc muscle. One can assume that, in this stage, there were no limiting 
factors which restricted the flux of intermediary metabolism. In the mollusc 
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Fig. 5. Pyruvic acid formation from 3-phosphoglycerate by the crude extract of squid 
muscle. Reaction mxiture contained 18 /Lmoles of Tris buffer (pH 7.6), 6.6 /Lmoles 
of MgCl., 0.2 /Lmole of NAD, varying concentrations of 3-PGA and 0.8 mg protein 
in final volume of 1 ml. full line, consumption of 3-PGA; broken line, formation 
of pyruvic acid; • and ., 3.1 and 6.2 /Lmoles of 3-PGA respectively; 6, pyruvic 
acid formation when 4.6 /Lmoles of FDP was added. Intermediates was assayed 
colorimetrically. 

- 13 -



Mem. Fac. Fish. Hokkaido Univ. [XXIV, 1,2 

muscle, the reaction proceeded with endogenous cofators except NAD, but in the 
case of the fish, the rate was very low without addition of adenine nucleotide. 
The difference may depend on the content of endogenous adenine nucleotide in vivo. 

(3) The formation of the final product from glucose, glycogen, and hexose
phosphate 

Glucose was added in the Lepage's glycolytic system,29) but we have found 
that there was no change in the content of glucose during the reaction in both the 
fish and mollusc. Hexokinase or glucokinase in the muscle was very low and could 
not directly phosphorylate glucose. Maclead et a151) observed a low hexokinase 
activity in the salmon skeletal muscle and the formation of lactic acid in the 
muscle homogenate that yeast hexokinase was added. 

The existence of glycogen in the skeletal muscle is also important as a soruce 
of energy for the glycolytic system. However, no breakdown of glycogen was 
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Fig. 6. Formation of pyruvic acid from glucose-6-phosphate by the crude extract of squid 
muscle. Reaction mxiture contained 18 ,umoles of Tris buffer (pH 7.6), 6 ,umoles of 
MgClz' 0.2 "mole of NAD, 0.4 ,umole of ATP, varying concentrations of G6P and 
0.67 mg protein in a final volume of 1 ml. Pyruvic acid was assayed colorimetrically 
and G6P enzymatically. full line, consumed G6P; broken line, formed pyruvic 
acid; e, • and .... , 2.1, 4.2 and 6.2 ,umoles of G6P; 0, 3.98 ",moles of FDP. 
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observed in the muscle extract by these experiments in vitro, although the 
rapid breakdown of glycogen in the post mortem muscle had been observed by 
many investigators. The addition of AMP had no effect. Perhaps, phosphorylase 
catalyzing the breakdown of glycogen to hexosephosphate may have a limiting 
effect on glycolysis. As we found that the muscle extract had a high phosphorylase 
activity in the presence of AMP according to the method of Sumner and Somers41), 

the phosphorylase in the extract may lack the factors required for the utilization 
of glycogen. 

From suggestion by the Maclead experiment, With G6P as substrate, an at
tempt was made to determine whether the end product will be produced or not. 
Fig. 6 shows the G6P utilization and the pyruvate formation in the squid. The 
pyruvate formation was independent of the concentration of G6P and the same 
values were obtained at all concentrations tested. When FDP was employed as 
control test, the pyruvate formation was greater than that in all the G6P con
centrations tested. It is suggested that the conversion of G6P to FDP is restricted. 
However, the utilization of G6P increased with the raised concentrations of 
G6P. G6P will be converted to either F6P or GIP as well as FDP. Fig. 7 shows 
the results from the fish muscle of the rainbow trout. The lactic acid formation 
was less than in the case when the same concentration of FDP as G6P was used. 
Adding G IP or F6P to the muscle extract showed the same results as that of G6P 
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Fig. 7. Formation of lactic acid from 
glucose-6-phosphate by the crude 
extract of rainbow trout muscle. 
Experimental conditions were the 
same as in Fig. 6, except that 0.22 
flmole of ATP, varying concentra
tions of G6P and 1.04 mg protein 
were used. All intermediates were 
assayed enzymatically. full line, 
consumed G6P; broken line, formed 
lactic acid; /:;., X and D, 1.1, 2.2 
and 3.3 flmoles of G6P, respecti
vely; 0, 3.2 flmoles of FDP_ 

except that GIP was converted largely to G6P and F6P was converted partly to 
G6P. In the course of this investigation, it has been found that the existence of 
ATP stimulated the final product formation and sugarphosphate utilization, 
but that an excessive addition of ATP inhibited both end product formation and 
sugarphosphate utilization. The effect of ATP on G6P utilization is shown in 
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Fig. 8. Effect of ATP concentration on the formation of pyruvate and the consumption of 
glucose-6-phosphate by the crude extract of scallop muscle. Reaction mixture 
contained, in a final volime of 1 ml, 19 pmoles of Tris buffer (pH 7.6), 3.7 pmoles of 
MgCI2 ,0.2 pmoles of NAD, varying of ATP and G6P, and 2.3 mg protein. G6P was 
assayed enzymatically and others colorimetrically. full line, consumed G6P; broken 
line, formed pyruvate; dotted line, formed F6P; 0 and ., 2.30 and 1.15 pmoles of 
G6P; Reation time: 60 min. 

Fig. 8. The optimal concentration of ATP varied from preparation to preparation. 
One part of consumed G6P was converted to the end product and the other to the 
substance giving a positive reaction by Roe reagent, perhaps to F6P. In the 
optimal condition of ATP concentration, there was no appreciable accumulation 
of this substance, but the excess of ATP concentration caused the accumulation 
of the substance. Data on the effect of ATP on F6P utilization were the same as 
that in G6P addition, but the changes in sugarphosphate differ from that obtained 
for G6P addition. In the both conditions under which excess ATP was added and 
also ATP was absent, the G6P accumulation occurred and F6P was consumed more 
than in optimal concentration of ATP. It is suggested that when the flux of 
glycolytic pathway is restricted to the PFK step, G6P will be apt to accumulate. 

The effects of ATP are largely exerted on the PFK reaction. For the purposes 
of discussion, the reaction sequence of glycolysis can be divided into several steps 
according to the data obtained in this report. Those steps are determining factors 
in the flux of glycolysis. 

(1) Glycogen to GIP step, by the intervention of phosphorylase and glucose 
to G6P by hexokinase or glucokinase, is resticted to muscle glycolysis. 
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(2) In the 'G1P or G6P to FDP' step, by the intervention of three enzymes, 
GPM, PGI and PFK, PFK is a limiting factor effected by the ATP concentration. 
The interconversion of hexosephosphate is affected by the PFK action. 

(3) In the 'FDP to 3-PGA' steps by the intervention of five enzymes, it will 
be assumed that there are some limiting factors, because 3-PGA was converted to 
a final product without the restriction of flux. However, the conclusion concern
ing the site of reaction limiting glycolysis remains uncertain. 

(4) This problem is limited in the case of the fish muscle. In the process 
'pyruvate to lactate' by the intervention of LDH, the reaction catalyzes consistently 
the oxidation of reduced conenzyme. As the pyruvate accumulation increased with 
the concomitant of lactate accumulation in the fish muscle extract, it is assumed 
that the rate of formation of reduced coenzyme was greater than that of oxidized 
coenzyme. LDH regulated the net flux of glycolysis when the glycolytic reaction 
mixture containing pyruvate was used. The addition of pyruvate is necessary for 
maximum yields of lactate. 

Pyruvate accumulation as glycolytic end product was found in the insect 
muscle. 52) However, this phenomenon occurred in the flight muscle, but not in the 
jumping muscle. It is suggested that there is a specific action in the marine 
mollusc muscle, as we interpret the struggle action of the insect flight muscle. 
Recently, Agosin and Kepette53,M) reported that in Echinococcus, final product of 
glycolysis would be pyruvate. Some investigators55- 64) proposed the modified 
glycolytic scheme for parasitesli3- 62) and some invertebrates,63,64) because of less 
lactate formation from glucose. We assume that there is a modified glycolytic 
scheme in the muscle of a marine mollusc. 

2. The formation of CI.-glycerophosphate 

We have previously described that the final product of glycolysis is lactic 
acid in fish and pyruvic acid in some marine molluscs.20) The glycolytic cycle 
requires the reaction of coupled oxidation-reduction process of coenzyme for its 
maintenance. In the fish, one mole of coenzyme is reduced in the GPDH reaction 
and later reoxidized at the expense of pyruvate in the LDH reaction. As in 
molluscs, the addition of FDP led to the accumulation of pyruvate, the whole of 
the available coenzyme may remain reduced and the glycolysis would come to an 
end. In the case of molluscs, the amount of pyruvate formed was markedly 
larger than that of added NAD. Therefore, it was assumed that the oxidation and 
reduction of this carrier take place with great rapidity under these conditions and 
the reduced coenzyme must be reoxidized in any way. The alternative pathway 
capable of reoxidizing the reduced coenzyme is at the GDH reaction. The amount 
of CI.-glycerophosphate was determined in the fish and the molluscs. The results 
are shown in Figs. 9 and 10. In the carp muscle, the formation of CI.-GP appeared 
very low, suggesting that the pathway to CI.-GP plays no major role in the glycolysis 
of fish as it does in other vertebrates. In contrast, the formation of CI.-GP in 
molluscs increased fairly and the rate of formation of CI.-GP was parallel with that 
of the pyruvate formation. With varying FDP concentrations, the amount of 
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Fig. 9. Formation of a-glycerophosphate from fructosediphosphate by the crude extract of 
carp muscle. Reaction mixture contained, in a final volume of 1 ml, 18 pmoles of 
Tris buffer (pH 7.6), 6 pmoles of MgCI., 0.2 pmole of NAD, 5.9 pID.oles of FDP, 
and 1.4 mg protein. FDP was assayed colorimetrically and others enzymatically. 
Curve A, consumed FDP; Curve B, a-GP; Curve C, formed lactic acid . 
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Fig. 10. Formation of a-glycerophosphate from fructosediphosphate by the crude extract 
of squid muscle. Experimental conditions were the same as in Fig. 10, except that 
varying concentrations of FDP and 0.6 mg protein were used. full line, pyruvate 
formation; broken line, a-GP formation; 0, 4.5 pmoles of FDP; (), 2.2 pmoles of 
FDP; e, 3.1 pmoles of 3-PGA in the place of FDP. Pyruvate was assayed colori 
metrically and a-GP enzymatically. 

cx-GP was very nearly identical with that of pyruvate formed during the glycolysis. 
This suggests that the reoxidation of reduced coenzyme by GDH plays an important 
role in the glycolytic metabolism of the mollusc. In order to determine whether 
the accumulation of cx-GP in the mollusc is due to the specification of GDH, the 
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assay of the activity and the determination of Michaelis constant of the 
mollusc GDH was made. The level of the GDH activity in the mollusc was of the 
same order as that in the fish, but the LDH activity was much less than that of the 
fish enzyme and the lowest of all the glycolytic enzymes, as will be described below. 
Michaelis constant for NADH, 4.4 X 10-5 M was of the same order as that of other 
vertebrates enzyme. The direct cause of o:-GP accumulation in the mollusc 
could not be attributed to a specific action of GDH, but to a very low LDH activity. 
Chefurka6li) reported that insect muscles accumulate o:-GP in greater amounts than 
lactic acid. It may be supported that there is the existence of a different 
intermediary metabolism, as in the insect flight muscle, although the physio
logical role of o:-GP in the mollusc remains obscure. 

3. Significance of pyruvic acid formation in moUuscs 

By the observation that pyruvate and o:-GP are formed through the glycolytic 
pathway in the mollusc muscle, it was assumed that carbohydrate metabolism in 
the mollusc differs considerably from the commonly accepted pattern in other 
organisms. In general, pyruvate is aerobically oxidized to CO2 and H 20 through 
the TCA cycle and o:-GP is led to either fat metabolism or energy metabolism 
through the glycerol phosphate cycle. It was reported that the active glycerol 
phosphate cycle exists in the flight muscle of insects. 66-68) Moreover, It was 
reported that in many parasites, succinate and volatile fatty acid are the final 
products of carbohydrate metabolism. 69) Kubista52) reported the conversion 
of pyruvate into acetate in the cockroach. The accumulation of glycerol was 
observed in the pupae of the silkworm60) and the moth10) with concomitant of 
glycogen disappearance. These changes might be due to a modified glycolytic 
scheme in insects. We have observed that a fresh squid muscle contained 1.41 
mg% pyruvate and 11 mg% lactic acid and also that both pyruvate and lactate 
were not significantly accumulated in post mortem muscles. Perhaps the pyruvate 
formed must be utilized rapidly through another pathway. In order to demonstrate 
the pyruvate utilizing routes, an attempt was made to study the activities of 
aerobic respiration and octopine synthesis. 

(1) Respiratory activity 

The direct utilization of pyruvate is aerobic oxidation in mitochondrial 
particles. A number of research workers have proposed evidence for the presence 
of electron transfer components in marine invertebrates,11-15) especially crustaceans 
16-83) and mussels,84,85) and some cytochrome pigments86) were purified. However, 
little detailed is available about the preparation and nature of mitochondrial 
particles, containing cytochromes and respiratory enzymes, except Beechey's report 
80) on the hepatopancreas of the crab. Then, we have attempted to prepare the 
subcellular fraction from the muscles and the hepatopancreas of two species of 
molluscs and to study the oxidation of the pyruvate and other members of the 
TCA cycle. 

The oxidiative capacities of the TCA cycle intermediates in the squid muscle 
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are shown in Table l. In the case of the squid, since we have failed to prepare the 
active subcellular fraction from the muscle, the muscle homogenate was used as 
respiring material. Of the substrates tested, succinate was oxidized most rapidly, 
followed by ex-ketoglutarate, isocitrate and malate. ex-GP was oxidized slightly 
over endogenous respiration rate without added substrate. Unexpectedly, the 
addition of pyruvate inhibited the endogenous oxidation by 12%. Fumaric acid 
and NADH also showed inhibitory action. The oxidation of dicarboxylate was 
more active than those of monocarboxylate. Furthermore, the simultaneous 
addition of two substrates showed a larger oxygen-uptake than that of each 
substrate alone, but theBe two substrates did not show an additive effect. The 
addition of both pyruvate and ex-GP had no effect on the stimulation of its 
oxidation. 

TABLE 1. Oxidation of tricarboxylic acid cycle and related intermediates 
by squid muscle homogenate. 

Substrate 

Succinate 
a-ketoglutarate 
Iso-citrate 
Citrate 
Malate 
P-hydroxybutyrate 
a-glycerophosphate 
Acetate 
Fumarate 
Pyruvate 
NADH 
Arginine 
Succinate + Malate 
Succinate + Fumarate 
Succinate + Pyruvate 
Succinate + a-ketoglutarate 
Malate + Pyruvate 
Fumarate + Pyruvate 
Pyruvate + a-glycerophosphate 
Pyruvate + Arginine + Fumarate 
Endogenous 

Specific Activity 
(Qo.: pl/hr/mg. protein) 

6.22 
5.91 
5.81 
5.31 
5.27 
5.11 
5.11 
5.14 
4.75 
4.21 
4.25 
4.78 
6.73 
6. 69 
6.75 
6. 04 
5.68 
5.21 
4.43 
5.31 
4.83 

On the other hand, we could have obtained the subcellular respiring particles 
with no endogenous respiration from the striated part of the adductor muscle of the 
scallop, although the respiratory activity of the particles was not as great as that of 
other marine mollusc; the subcellular fraction was isolated by centrifugation at 
9500 X g. The size of the particle was larger than that of mammalians and 
seemed to be of the same size as the sarcosomes of the insect flight muscle.S'1) The 
respiratory activities are presented in Table 2. The respiratory activity waS more 
active than that of the squid muscle. Malate was oxidized most rapidly, followed 
by succinate, ex-ketoglutarate and fumarate. Pyruvate was not oxidized signifi-
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Table 2. Oxidation of tricarboxylic acid cycle and related intermediates by 
8'Ubcellular respiratory particle8 from adductor muscle of scallop. 

Substrate 

Malate 
Succinate 
a-ketoglutarate 
Fumarate 
a-glycerophosphate 
Citrate 
Pyruvate 

Specific Activity 
(Qo,: pl/hr/mg. protein) 

3.45 
3.00 
2.76 
2.00 
1.35 
0.16 
0.08 

Table 3. Oxidation of tricarboxylic acid cycle and related intermediates 
by homogenate of 8quid hepatopancreas. 

Substrate 

Succinate 
Pyruvate 
Malate 
Fumarate 
Oxaloacetate 
a-glycerophosphate 
NADH 
Pyruvate + Fumarate 
Malate + Oxaloacetate 
Malate + Succinate 
Succinate + Oxaloacetate 
Malate + Fumarate 
Endogenous 

Specific Activity 
(Qo.: plfhr/mg. protein) 

2.1 
2.9 
3.5 
2.9 
4.4 
3.3 
3.6 
2.8 
2.5 
2.3 
2.3 
1.8 
1.9 

cantly, but the oxidation of o:-GP occurred. The oxidase activity was equivalent 
to one-tenth· of that found in insects. 

Additional studies were carried out to determine whether such an effect occurs 
in the hepatopancreas of both molluscs. The results are in Tables 3 and 4. We 
did not succeed in obtaining any active respiratory particles from the heaptopancreas 
of the squid, as in the case of the muscle. Pyruvate and o:-GP were slightly 
oxidized by the homogenate of the hepatopancreas of the squid. On the contrary, 
from the hepatopancreas of the scallop, active particles could be separated by 
centrifugation at 8700 X g and they also had the ability of reducing triphenyltetra
zolium salt. As shown in Table. 4, the succinate oxidation was the largest of all 
tested and pyruvate also was considerably oxidized. In conclusion, although the 
complete utilization of the end products formed through glycolysis, pyruvate and 
o:-GP, was not observed in the muscle of molluscs, the operation of the tricarboxylic 
acid cycle in these organisms is suggested by their ability to oxidize the 
intermediates of the cycle. Burts and Stround88) described that they could not 
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Table 4. Oxidation of tricarboxylic acid cycle and related intermediates by 
subcellular respiratory particles from the scallop hepatopancreas. 

Substrate 

Succinate 
a-ketoglutarate 
Pyruvate 
Acetate 
Citrate 
Ascrobate 
Glutamate 
Fumarate 
Oxaloacetate 
Malate 
Lactate 
Endogenous 

Specific Activity 
(Qo.: J.lIJhrJmg. protein) 

19.4 
16.6 
16.2 
13.2 
13.0 
11.4 
11.2 
10.7 
9.7 
8.3 
3.3 
6.1 

detect mitochondrial particles in the white muscle of cod by electromicroscope. The 
lack of oxidizing pyruvate in mollusc seems to depend on the less amount of 
respiratory particles in the white muscle or the difference lying in the controlling 
process in the actual pathway of metabolism. For example, the cofators which 
require the entrance of pyruvate into the TeA cycle may be lacking and the 
relating enzymes may be unstable. Further study would be required to obtain the 
information available on the preparation of invertebrate mitochondrial particles 
having a high activity and also on the condition of the activity assay varying with 
the animals. 

(2) Octopine synthesis 

Octopine is formed in the muscle of the octopus89,90) and some cephalopod,91), 
and in some marine lamellibranchs, scallop.92) It has been presumed that octopine 
may be a by-product in the intermediate metabolism. This is a post mortem 
product and can be chemically synthesized from arginine and pyruvate by 
simultaneous condensation and catalytic reduction. However, Thoai and Robin48,93) 
were first to demonstrate the biosynthesis of octopine from arginine and pyruvic 
acid in the presence of various enzyme preparations from marine invertebrates, and 
they showed that this synthesis is limited to muscles of animals containing octopine. 
They investigated the properties of the enzyme, octopine dehydrogenase, a new 
NAD-dependent enzyme catalyzing the reaction and discussed the metabolic and 
biological role of octopine. They suggested the modification of classical glycolysis; 
that is, pyruvate from muscle glycolysis is condensed reductively with arginine to 
octopine; and because of the reversible reaction, they pointed to a regulatory func
tion of this compound in the mollusc muscle, namely the restitution of pyruvate and 
arginine necessary for the resynthesis of glycogen and phosphoarginine as energy 
soruces from momentairly stored octopine. But this was only a speculation; it 
was not proven. If the case is true, the alternate pathway of GDH and LDH in 

- 22-



1977] SHIBATA: Glycolytic system in muscle 

2.0 

,., 
01.5 

X 

~ 1.0 
(I) 

O.s 

" " " " 
5 0 5 10 15 

SxIO!i(M) 
20 25 

Fig. ll. Effect of nicotinamide adenine dinucleotide concentration on octopine dehydro
genase of squid muscle. Experimental conditions were as described for the standard 
assay, with the concentration of NADH varied as shown, except that triethanolamine 
buffer was used. Enzyme, lyophilized squid preparation. 
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Fig. 12. Effect of pyruvic acid concentration on the octopine dehydrogenase of squid 
muscle. Experimental condition was as described for the standard assay, except 
that KCl extract was used as enzyme source. 

glycolysis which generate NAD, may be the location of competitive inhibition with 
octopine dehydrogenase. It is interesting to determine whether octopine 
dehydrogenase will take over the role of GDH or LDH or not. The purification of 
octopine dehydrogenase was carried out from the mantle muscle of the squid as 
described in Thoai's report.93) We found not only that the activity of octopine 
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Fig. 13. Effect of arginine concentration on the octopine dehydrogenase of squid muscle. 
Experimental condition was the same as in Fig. 12. 

dehydrogenase was higher than that of LDH, but also that the properties of the 
enzyme were the same as those of the enzyme from the scallop muscle. The 
features of ammonium sulfate fractionation, the pH -activity curve and the 
stability of the enzyme were the same as the scallop enzyme of Thoai et a1.93 ) The 
specific activity of the squid enzyme was 134 pmoles/hr/mg protein, corresponding 
to 5235 pmoles/hr/g. tissue at 25°C and the activity is comparable with some 
glycolytic enzymes, and is greater than that of enzymes of other molluscs reported 
by Regnouf and Thoai.94) In order to determine the Michaelis constant of the 
enzyme for NADH, the Woolf plot was used. The results are shown in Fig. 11. 
Km which was determined by the least-squares method was 4.6 X 10-5 M. This 
value was the same as the Km of GDH for NADH (see chapter III. 2.), that is, the 
affinity of octopine dehydrogenase for NADH is the same as that of GDH. 
Similar studies with pyruvate and arginine were performed. The results are shown 
in Figs. 12 and 13. Straight lines were always obtained. The values of Km for 
pyruvate and arginine were 2.7x1O-3 M and 1.9x1O-3 M, respectively. The 
Michaelis constant of LDH in the squid, which has the lowest activity of all 
glycolytic enzymes, was of the order of 10-4 M. As the values of octopine 
dehydrogenase are ten times greater that those of LDH for pyruvate, the octopine 
accumulation may be very small with the concomitant of LDH. Next, with FDP 
as substrate, the pattern of pyruvate and ex-GP formation in the muscle extract 
was determined in the presence of arginine. The result is shown in Table 5. The 
addition of arginine diminished the formation of both pyruvate and ex-GP. At 
5 roM arginine, 40% of inhibition was apparent within a reaction period of 60 min. 
The inhibition of the pyruvate formation was slightly greater than that of the ex-GP 
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formation in the first period of reaction. The presence of arginine had no effect 
on the consumption of FDP and the formation of triosephosphate. Presumely, 
the decreased amount of pyruvate in the presence of arginine had been transformed 
into octopine. From these results, it is apparent that the glycolytic process 
competes with the octopine synthesis in the presence of arginine. 

Table 5. Effect of arginine on the formation of glycolytic end products 
in the crude exract frMn squid muscle. 

End Product 

I
Incubation time I Arginine (pmoles/ml) 

(min) -----O---.--------~-------.---------

LO &3 ~O 

I % % I % % 

Pyruvate 10 100 95 78 69 
20 100 92 75 70 
40 100 90 70 62 
60 100 86 70 62 

a-glycerophosphate 10 100 97 88 81 
20 100 94 85 77 
40 100 94 75 76 
60 100 85 71 65 

Reaction mixture contained 20 pmoles of Tris buffer (pH 7.6), 10 pmoles of MgSO" 0.3 
pmole of NAD, 1.5 pmoles of ATP, 1.73 pmoles of FDP, arginine indicated in the 
table and 0.34 mg protein of crude extract in a final volume of 1 ml. 
The results represent the ratio of the activity with arginine to that without arginine. 

On the basis of our data,95,96) the concentration of free arginine in vivo was 
calculated to about 50 mM and the pyruvate concentration was calculated to. 
0.25 mM according to the value of l.41 mg% as described previously. The in vivo 
concentration of arginine is 50 times greater than the Michaelis constant of 
octopine dehydrogenase for arginine, but that of pyruvate is 10 times less than the 
Michaelis constant of the enzyme for pyruvate. Therefore it can be expected 
that when the accumulation of pyruvate occurs, the reaction may be directed to 
octopine synthesis. Endo and Shimizu91) showed that octopine-N constituted 20% 
of the extractive nitrogen in the squid muscle. It has never been observed by 
them also that the octopine accumulation occurred in the mantle muscle of the 
squid (surumeika), during the post mortem storage, though Thoai and Robin 
showed its accumulation in the scallop muscle. 

From the above results it is suggested that the octopine synthesis is an 
alternate metabolic pathway utilizing pyruvate and plays a physiological role 
in the squid muscle, because of the high activity and utilization of NADH, which 
is valuable for oxidation-reduction reaction. However, the direct utilization of 
pyruvate as an end product of glycolysis remains obscure. If octopine dehydrogen
ase takes over the role of LDH in most vertebrate tissues, the octopine accumula
tion will be showed in the post mortem storage of the squid muscle. Oonsidering 
the Km of octopine dehydrogenase for pyruvate, it seems that the operation of this 
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enzyme would appeared under the condition of accumulating pyruvate. 

4. Glycolytic enzyme pattern 

The Embden-Meyerhof-Parnas glycolysis schemes believed so common to all 
living organisms that one puts in a claim for the normal operation of these 
metabolic schemes in any given organisms based on a few insufficient experiments. 
However, the levels of glycolytic enzymes differ from species to species and even 
from organ to organ within the same animal. Especially the metabolic differentia
tion in muscles is related to the elementary system of energy-supplying metabolism, 
and is reflected most strikingly at the level of the enzyme organization. Vogell et 
a145} observed that each of the different muscles of the locust such as the jumping 
and the flight muscle could be characterized by a specific arrangement of glycolytic 
enzymes on the scale of absolute activity. By comparison of such enzyme patterns 
from the insect muscle with a high degree of specialization for different functions, 
it is found that some glycolytic enzymes show a very different activity. For 
example, the flight muscle, which produces a rhythmically continuous type of 
work, is distinguished by an almost total lack of LDH and a high activity of the 
GDH. On the other hand, the quick-activity jumping muscle shows the inverse 
proportion of these two dehydrogenases. In contrast to both these enzymes, 
other enzymes of the same pathway show approximately identical proportions in 
different insect muscle. This is especially true of the five enzymes which form 
that segment metabolizing the triose-phosphates, i.e. TIM, GPDH, PGK, PGM and 
EN. The constancy of the ratio of the activities of these five enzymes has been 
demonstrated in many different types of tissue. Pette and Buecher98- 1OO) termed 
a group of enzymes "Constant-proportion group" and treated them as one 
functionally. They indicated that when the enzymatic patterns are so arranged 
that all activities are referred to the constant proportion group, in functionally and 
morphologically similar tissues there is a good correspondence in the ratios of 
many enzymes from main pathways. 

The fact that the end product of glycolysis in molluscs is pyruvate has 
already been described. Therefore, it may be expected that the metabolic 
difference of glycolysis between the fish and the molluscs is caused by the varying 
level of these glycolytic enzyme activities; moreover the glycolytic enzyme 
pattern found in molluscs is unusual. Recent reports by some investigators using 
invertebrates have suggested that this class of organisms may have a substantially 
modified glycolytic scheme. Therefore, the activities of the enzymes involved were 
assayed in order to confirm the presence of normal glycolysis. Such studies can't 
yield any information on the direction and rate of the metabolic processes as they 
occur in vivo, but can give some information on the potential rate of the metabolic 
flow, the steps in an enzymatic reaction chain that are likely to be rate-limiting and 
the potential for the alternate metabolic pathways in different tissues. 

(1) Difference in enzyme activity by extracting medium 

The techniques of tissue extraction, as well as the standardized and optimal 
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conditions are basic requirement in this comparative study. The extraction of 
enzyme proteins depends on their intracellular location and the stability of 
enzyme proteins must be maintained during a period of preparation and assay. All 
the glycolytic enzymes can be attributed to the myogen fraction, which can be 
solubilized by water or a salt solution with low ionic strength. Czok and Buecher6), 
who showed the comparative investigation on the extraction of glycolytic enzyme 
from a muscle of the rabbit, reported that the pattern in the phosphate extract 
differs from that in the sucrose extract and proposed that the sucrose medium is the 
referable medium, because of a depression factor of 2 to 8 in the phosphate extract. 
we have investigated the extraction of enzymes from fish and molluscs with some 
extraction medium. When compared with sucrose, sorbit and mannit, as the 
extraction medium, it was found that the mannit solution was the most preferable 
medium on account of its yielding a high level of enzyme activity. In contrast, 
there was a notable difference between the mannit and the potassium chloride solu
tion although they had the same tonicity. The results are presented in Fig. 14. 
The major difference appeared in the activity of GPDH and PFK. The GPDH 
activity in the KOl extract was remarkably higher than that in the mannit extract 
and reversely, the PFK activity was much lower. The PFK in the KCI extract 
occurred in a little or no activity in the yari-squid muscle. This phenomenon was 
also observed in fish such as the carp, the rainbow trout and the kokanee salmon. 
In general, other enzymes in the KOl extract were depressed more than those in 
the mannit extract. The activities of the enzymes in the mannit solution was 
stable under the conditions of chill and freezing storage during a long period,101) 
but the enzymes extracted with the KCI solution was denatured and precipitated up 
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Fig. 14. Influences of several extraction media on levels of glycolytic enzyme of Yari· 
squid muscle; expressed as percentage of the activities extracted with mannit 
solution; open column, 0.15 M KCl; shaded column, 0.3 M sucrose. 
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to the next day even under a chilling condition. From the above results, we used 
the mannit extract for the assay of the enzyme activity, unless otherwise 
specified. The behaviour of these enzymes for the mannit and the KCI have not 
yet been explained. Our experiments demonstrated that the KCI solution had no 
effect on the activities of these enzymes. Arnold and Petter102) reported that 
GPDH bound on the structure protein of a muscle is desorbed in dependence of the 
ionic strength of the extraction medium, and at 0.15 M KCI, a complete desorption 
occurs. It seems that it is the same with PFK. The discrepancy of the activity 
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Fig. 15-1. Comparison of the glycolytic enzyme patterns in muscles from various 
aquatic animals. 
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existing between both extraction mediums may be caused by the extraction of these 
enzymes. 

(2) Glycolytic enzyme pattern in various aquatic animals. 

It is difficult to compare the values of many of the enzyme activities because 
of their variability found in organisms. However, it is useful to give a crude guide 
for the metabolic differences and to represent the possible sites of metabolic 
control. The observed variabilities may reflect the physiological state of the 
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Fig. 15-2. Comparison of the glycolytic enzyme patterns in muscles from various aquatic 
animals. 

- 29-



Mem. Fac. Fish. Hokkaido Univ. [XXIV, 1,2 

• TI M 

., 
~ 

II) 

II) lOs 

- 'TlM 
• LDH • TIM 

til 

...... 
• PGK ... 

~ • PG M 
...... 
II) • EN • PK 

., • LDH 
_104 

0 • GPDH • LDH 
E 
:so 

,..; 

• PGI 
• PGK 
• GPDH · i DH • PGM 

• PGM • LD 

~ - • PGI 
• PGK 

• EN 
• EN • PK 

> • PGI 
• GPDH 

_lOS • PK 
u 8 
ct 

6 

4 

: G6~ • ALD 
• GDH 

• PFKxlO • GPMxlO 
::~BxIO 

• GPM 

• PFKxlO 

2 

LAMPREY REO SALMON COD 
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animals. 

animals. Different types of muscle could be characterized by the specific arrange
ment of their enzymes on the scale of absolute activity. The activity patterns for 
all the glycolytic enzymes from the muscles of various aquatic animals are 
presented in Fig. 15. The values are plotted on a logarithmic scale. The date 
proved the direct evidence for the operation of the straight glycolytic pathway in 
all the muscles tested, although we observed some variations in the activities. It 
is obvious that we must discard the assumption that the pathway of glycolysis in 
molluscs is unusual, and that the operation of glycolytic pathway occurs in the 
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Fig. 15-4. Comparison of the glycolytic enzyme patterns in muscles from various aquatic 
animals. 

molluscs tested. The major difference between fish and mollusc appeared in the 
activities of LDH and PFK. LDH in fish was one of the highest of glycolytic 
enzymes with TIM, while LDH in mollusc was the lowest. LDH in fish was present 
in activities at least two orders of magnitude higher than that in mollusc. It is 
confirmed that the pyruvate accumulation in the mollusc muscle is caused by the 
lowest activity of LDH. This enzyme pattern in fish and marine mollusc cor
responds to that in the jumping and flight muscle of the insect shown for reference 
in Fig. 15-6. PFK showed an inverse relationship. The PFK had a higher 
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Fig. 15-5. Comparison of the glycolytic enzyme patterns in muscles from various aquatic 
animals. 

activity in mollusc than in fish. The activity of PFK is the lowest among the 
activities of glycolytic enzymes. For that reason, it is demonstrated that PFK 
is a limiting factor in the glycolytic sequence. The low activity of PFK in fish 
may be partly attributed to the extraction of this enzyme as described above. 
From this fact, the difference in the location of PFK within the molluscan mucle 
and the fish muscle seems to us to be attractive. While there are notable differences 
between the activities of LDH and PFK found in fish and molluscs, there are also 
recognizable similarities. An attempt was made to confirm the constant-propor-
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Fig. 15--6. Comparison of the glycolytic enzyme partterns in muscle from various aquatic 
animals. 

tion group of the glycolytic system by extending the range of aquatic organisms 
beyond the realm of insects and mammals. The routes are shown in the left hand 
columns of Fig. 15. The existence of a constant-proportion group was found in 
the following: mouse, carp, kokanee salmon, lamprey, mackerel, hem clam and 
scallop. TIM is the most active enzyme, EN is the least and the other three 
enzymes lie between them. But, in other species such as masu salmon, red salmon, 
cod, yellow tail, surume and yari-squid, the constant-proportion group was not 
found. The main cause of this inconsistency was the variation in the GPDH 
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activity. In all cases, the GPDH activity decreased and was less than the other 
four enzymes. Although GPDH is one of the most active enzymes in the 
glycolytic sequence in mammals, GPDH in aquatic animals is not always so. 
However, the other four enzymes except GPDH appeared to correlate with each 
other. The other enzymes, except for these five, were arranged in the order of 
their magnitude in the right-hand columns of Fig. 15. The approximately 
identical pattern were shown in different animals. Exclusive of LDH and PFK, 
PK was the most active enzyme and GPM was the least. Other enzymes were 
inserted between them, although some fluctuations in the activity level were 
observed between ALD and GDH. This similarity will indicate that the organized 
system of enzymatic activities is a physiological structure corresponding to the 
function. 

Comparing the level of activity between animal species, it was found that 
migrating fish such as salmon and mackerel had a higher activity than settled fish 
such as cod. The squid had the highest activity of all marine mollusc tested. The 
GDH of the squid was the same level as that of the jumping muscle of the insect, 
but was ten times less than those of the flight muscle. It was also demonstrated 
that a fast acting skeletal muscle has a high capacity for glycolysis. 

(3) Activity level of the dark muscle 

The nature of the muscle pigmentation and its physiological significance have 
been studied since the late nineteenth century. More recently some aspects 
have been discussed by Pette99 ) and Perry.I03) To some extent, the degree of 
pigmentation correlates with the slowness of contraction, i.e. in proportion with 
the time spent in the contracted state. In fish, the physiological function of the 
dark muscle has been discussed by many investigators. It is well known that 
the function of the dark muscle corresponds to that of the liver. The dark 
muscle in fish is easily discernible morphologically from the white muscle. The 
glycolytic enzyme patterns of the dark muscle were compared with that of the 
white. The absolute level of the activities in the dark muscle is shown in Fig. 16. 
The enzyme patterns were identical with that of the white muscle and the 
constant proportion group also clearly appeared. The ratio of activity of the 
dark muscle compared to that of the white muscle is shown in Fig. 17. The 
absolute level of most enzymes in the dark muscle was lower by half or less than 
those in the white muscle, except ALD and PFK. The ALD activity in the 
dark muscle was extremely low and PFK was raised twice as much. It is also 
demonstrated that the enzyme pattern of the dark muscle has a good correspon
dence with that of the liver but its activity level is higher than that of the liver. 
From the view point of the level of glycolytic activity, the dark muscle has in
termediate properties between the white muscle and the liver. Fukudal04) has 
reported that the LDH activity was greater in the dark muscle than in the white 
muscle and emphasized the significance of LDH in the dark muscle. He assayed 
the rate of the backward reaction. Assaying the rate of the forward reaction, 
Kuroki,105) like ourselves, has observed that LDH in the dark muscle was less than 
in white muscle. If it was so, the faster rate of backward reaction would be benefit 
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Fig. 16. The pattern of glycolytic enzymes in red muscle and liver from several aquatic 
animals. 

to the reversed glycolysis in the dark muscle or the liver. Kalonstian and 
Kaplanl06) studied the purified lobster muscle LDH; they indicated that the 
reaction catalyzing the oxidation of lactate by NAD is modulated by the product 
NADH. The difference of the rate between the forward and the back reaction 
depends on the difference of assay methods. 
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Fig. 17. Comparison of the glycolytic enzyme activities of red muscle with that of white 
muscle; obliquely hatched column, sockeye salmon; open column, yellow tail; 
horizontally hatched column, common mackerel. 

It is said that the dark muscle operates aerobically. The relative proportion 
of LDH isozyme in the crude white and dark muscle of the yellow tail fish was 
investigated. The ratio of l\1-type isozyme to H-type isozyme was 2:1 in the 
white muscle and 1:1 in the dark muscle. Compared to mammalian LDH, the 
ratio of the dark muscle corresponded to that of the heart muscle. A substrate 
inhibition was given at 10 ruM concentration of pyruvate in the white muscle and 
4 ruM in the dark muscle. Km for pyruvate was 4.3 X 10-41\1 and 4.2 X 10-41\1 in 
the white and the dark muscles, respectively. The maximum activity was greater 
in the white muscle than in the dark. The difference of enzyme pattern of 
glycolysis in the smooth and the striated muscle from aquatic animals remains to be 
investigated. 

(4) The differences in enzyme activity in each part of the muscle 

It is likely that even in the same type of muscle, the enzyme activity varies 
according to the parts of the muscle chosen. It is well known that the anterior 
part of the lateral muscle of fish differs in various respects from the posterior, as 
for example, the content of glycogen23,101) and glycolytic intermediate,23) and cell 
structure etc. As can seen in Table 6, differences in enzyme activity according 
to the parts of the muscle were observed. The part of the muscle adjacent to the 
tail has a greater enzyme activity than the other part. The difference in PK 
activity was most marked; the other enzymes except for glycolytic enzymes also 
had the same trend. However, in the mantle muscle of the squid no difference was 
detected. The results is shown in Table 7. Care must be taken to avoid errors. 
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Table 6. Comparison of enzyme activities due to the differences in parts of dorsal 
muscle from rainbow tomt (71,=3*) 

Enzyme I Anterior part I Middle part I Posterior part 

Phosphofructokinase 
Aldolase 
Glyceraldehyde phosphate dehydrogenase 
Phosphoglycerate kinase 
Pyruvate kinase 
Lactate dehydrogenase 
Fructosediphosphatase 
Malate dehydrogenase 
Iso· citrate dehydrogenase 

(pmoles/hr/mg. protein) 
~~±~OO ~~±~~ ~~±~~ 
129±31 138±1 160±11 
U~~ ~~~ ~±M 
453±58 540±82 468±79 
109±~ 526±110 587±54 
920±145 995±144 1,175±150 

0.47±0.03 0.97±O.18 1. 14±0.01 
183±14 184±10 205±10 
14±&2 12±&3 U±&1 

The enzyme activities shown represent mean values and the standard errors 
of the mean. 
* The numbers in parentheses refer to the number of tissue sample. 

Table 7. Comparison of glycolytic enzyme activities due to the differences 
in parts of mantle muscle from squid. 

Enzyme 

Phosphoglucomutase 
Phosphoglucoisomerase 
Phosphofructokina.se 
Aldolase 
Glyceraldehyde phosphate dehydrogenase 
Phosphoglycerate kinase 
Enolase 
Pyruvate kinase 
Lactate dehydrogenase 

Anterior part Posterior part 

(pmoles/hr/mg. protein) 
30 36 

197 187 
MO 275 
390 375 

99 115 
573 547 
464 474 
460 479 
26 26 

(5) Comparison of activity levels of ATP-supplying and ATP-generating 
enzymes in the glycolytic system 

There are both ATP-supplying reactions and ATP-generating reactions in the 
glycolytic system. The former phosphorylates sugar to sugar~phosphate, using 
ATP, and the latter phosphorylates ADP to ATP using sugar-phosphate. The 
sugarphosphorylating enzyme, HK, GK and PFK have the lowest activity, while 
the activity of ADP-transphosphorylating enzyme, PGK and PK have a relatively 
high activity. The result is shown in Table 8. ATP-forming enzymes have a. 
high level. Though this fact fits the purposes of the biological function of glycolysis, 
the unbalance of the reaction rates of the ATP-supplying system and ATP
generating system will suggest the different couplings of the reactions to the other 
ATP-related systems or the difference in control mechanism between them. The 
enzymes involved in the energy-dependent system are regulated by the concentra
tion of adenine nucleotides. The difference in the reaction rates of the ATP-
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Table 8. Activity levels of ATP-supplying and ATP-generating enzyme, and 
phosphorylase in kokanee salmon and rainbow trout muscle. 

Enzyme 

Hexokinase 
Glucokinase 
Phosphofructokinase 
Phosphoglycerate kinase 
Phosphoenolpyruvate kinase 
Phosphorylase* 

Kokanee salmon 

Male 

24±1.3 (5) 
9. 2±0. 84 (5) 

35. 6±2. 3 (5) 
24, 351±1, 801 (5) 
17, 125±1, 148(5} 
7,085±552 (5) 

Female 

(p,moles/hr/g. tissue) 
31±6.8 (5) 

12. 2±0. 86 (5) 
35. 4±1. 7 (5) 

27, 286±2, 411(5} 
16, 583±1,408(5} 
7,824±675 (5) 

Rainbow trout 

14. 7±3. 1 (5) 
10. 7±1. 4 (5) 
15. 2±2. 9(13} 

11,941±646(13} 
9.903±645(13} 
4,402±556 (5) 

Results are expressed as the mean and the standard error of the mean. 
Numbers of obserbations in parentheses. 
*) The assay was carried out at 30°C. 

Table 9. Activity levels of adenylate kinase in muscles from several aquatic animals. 

Rainbow trout 
Masu salmon 
Carp 
Cod 
Lamprey 
Squid (Ommastrephes) 
Squid (Doryteuthis) 

The number of 
samples 

4 
1 
1 
3 
2 
8 
1 

Activity 
(p,moles/hr/g. tissue) 

16, 093±2, 216 
14,950 
19,325 
11,348 
9,089 
5,745±279 
5,629 

The results are given as mean values and the standard errors of the mean. 

supplying and ATP-generating systems may be regulated by the equilibrium state 
contained in each adenine nucleotide. This equilibrium is regulated by adenylate 
kinase (EO 2.7.4.3.). Therefore, an attempt was made to assay the adenylate 
kinase activity according to the method of Adam. (4) The result is shown in Table 
9. The enzyme in fish was ca. twice as high as mollusc, but the level of both species 
was comparable with the level of each glycolytic enzyme. Perhaps, adenylate 
kinase may be able to participate in the operation of glycolysis. 

The fact that phosphorylase is a limiting factor in the glycolysis has already 
been described in this paper. The phosphorylase activity is shown in Table 8. 
Glycogen phosphorylase is commonly held to be more active in the white muscle. 
From the values of its activity, we can't exphtin the reason why glycogen 
exogeneously added to the muscle extract was not broken down by this enzyme. 
Phosphorylase in mollusc remains to be investigated. 

(6) Seasonal variation in glycolytic enzyme patterns 

It was described already that the constant-proportion group was not 
demonstrated in several marine species. While studying the seasonal changes in 
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the enzyme pattern of the kokanee salmon muscle, we found that some glycolytic 
enzymes including GPDH, and other energy-producing enzyme activities showed a 
marked variation at spawning time.108,109) The activities of the glycolytic 
enzymes at different seasons were plotted on the scale of absolute activity as 
described above. The result is shown in Fig. 18. The constant-proportion 
group was held in June, prespawning time, but GPDH decreased gradually as the 
spawning time approached, and in October and November it was observed that it 
was impossible to establish a constant-proportion group. However, other 
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triosephosphate metabolizing enzymes varied little. The possibility exists that the 
observed variation in GPDH activity may be under different physiological 
conditions. Since GPDH displays a greater variability in activity than most of 
the other enzymes, the variability may reflect the physiological state of the 
animal and represent a possible site of metabolic control. It would assumed that 
GPDH in the muscle of an aquatic animal has characteristic properties which 
differ from other animal enzymes. The physiological meaning of decreased 
GPDH activity remains obscure, whether this phenomenon is caused by the 
decline of the enzyme protein or the change in catalytic properties. 

From the studies described in this chapter, although the activity levels of 
glycolysis varied with various species, organs, tissues and types of muscles in 
animals, it is confirmed that a certain congruence of the glycolytic pattern can 
be established, by arranging it in the order of its activities, in the muscle of all 
marine animals tested, and assuming that the sequence, constructed orderly, can 
also be treated functionally as one group. If it were possible to maintain the 
constancy under the various physiological conditions of animals, it would follow 
that the level of the enzyme proportion group can simply be recognized by the 
activity measurement of the key enzymes as a reference. The principle of propor
tionality seems to facilitate greatly the drawing of the enzyme maps for normal and 
abnormal states. Brosemer et al.no) reported that the constant-proportion group 
was supported during the development of differentiation of locust flight muscle. 
In our laboratory, it was found that the constant proportion group was demon
strated in the liver of the kokanee salmon during the spawning periodl11). Fitch 
and Chaihoffll2) showed that the alterations in the glycolytic enzyme activity 
might be extended as a result of the changes in carbohydrate intake. Weberll3) 
showed that the pattern of the key glycolytic enzymes in the liver followed a 
synchronous behavior under various nutritional and hormonal conditions. How
ever, as can be seen in Fig. 18, the constancy was not demonstrated in the 
muscle of the salmon at the periods of near spawning and spawning. Since the 
observed variabilities reflect the physiological state of the animal, a large variation 
of GPDH may represent that the GPDH activity or protein is regulated to adapt 
to the circumstances, in which fish lives. GPDH in marine animal muscle may 
be one of regulatory enzyme in the glycolytic process, although in mammal it is 
known as non-regulatory enzyme. And since the experiment which was carried 
out at the same time showed a constant proportion group in the kokanee salmon 
liver, it revealed the operation of a different regulation in the muscle of the 
fish and in the liver. The physiological and biochemical meaning of GPDH varia
tion in muscle is not clear, but GPDH in the muscles of marine animals are, in 
general, variable as can be seen in Fig. 15. 

The fact that LDH had the lower activity in the mollusc muscle is an unusual 
case; yet it represents a characteristic of the mollusc muscle. 

The difficulty of direct comparison of the activity levels exists in the 
extraction of the enzyme from the cell as well as a physiological state of the animal. 
The location of the enzyme in the cells influences its activity. Most of the 
glycolytic enzymes were completely extracted from the extramitochondrial 
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cytoplasm. However, the PFK and GPDH activities in the marine muscles 
depend on the extraction medium. The GPDH activity extracted with 0.15 M KOI 
differs from that extracted with 0.3 M mannit. In the mannit extraction also, 
yields of GPDH activity depend on the extraction volume. The smaller the 
extracting volume is, the higher the activity obtained will be. This fact can 
account for Arnold and Pette's theoryl02) that GPDH is bound to the structure 
protein of the muscle and is freed from the protein with high ionic strength of salt 
solution. They, and Starlinger114) reported that ALD had the same trend as GPDH 
and was also bound to the structure protein. He showed that ALD extracted 
from a contracting muscle was a half less than that from a resting muscle. 
However, we assumed that ALD in the muscle of a marine animal is not so much 
bound to structure protein, because ALD extraction showed no difference between 
mannit extraction and KCI extraction. The correlation between the enzyme 
extraction and the state of a muscle in motion has not been investigated yet. The 
extraction in fish was different from that in mollusc. Whereas mollusc PFK was 
extractable, it was difficult to extract PFK from fish muscle. In the case of carp, 
when the extraction medium contained substrate and magnesium ion was used, a 
higher activity of PFK was obtained. It is assumed that the properties of enzyme 
in the marine muscle may differ in the detail from that of mammal enzymes. 

A knowledge of the biochemical properties of each glycolytic enzyme in the 
marine muscle as well as a further improvement in the technique of tissue 
extraction are basic requirements in this comparative study. 

5. Changes in glycolytic intermediates and adenine nucleotiiles 

The determination of the concentration of metabolic intermediates in the 
cells are important for the studies on the direction and rate of over-all metabolic 
processes. The balance of cellular metabolism depends on the operation of 
intermediates. Since the addition of substrate results in the increased glycolytic 
rates, the coincident changes in substrate concentration show which steps are 
facilitated to make this increase in flux take place, and provide clues to the way in 
which enzymatic reactions become activated. A striking change in the concentra
tion of intermediates occurs on a transient state from a slowly metabolizing 
resting muscle to a violently active working muscle. Saktor and Wormser
Shavit115) observed that the transient alterations of the concentrations of several 
intermediates reveal a dramatic metabolic reaction in insect flight muscle during 
flight. Many investigators have recently shown the values of measuring as many 
metabolic intermediates as possible in order to describe all the control sites of the 
glycolytic enzyme sequence in various tissues. Especially, Chance's 'crossover 
theorems"116-118) and Hess's "mass action ratio"119,120) assumption can provide more 
useful knowledge of the control characteristics of the system. When the 
transition from one steady to another implies a positive or negative change of a 
glycolytic flux, the potential site of metabolic control is the enzymatic reaction, 
which in the case of the former, encounters with an opposing change in the difference 
of the reactants concentration and which, in the case of the latter, shows the 
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notable difference of mass action ratio of its reaction, calculated on the basis of 
the observed reactant level, from its apparent equilibrium constant. 

Post mortem changes in the concentrations of glycolytic metabolites in the fish 
muscle was reported by many investigators121-126). The accumulation of lactate 
correlates with the degree of muscular exercise in life and the conditions of treat
ment after death. These investigations on the phenomenon of rigor mortis were 
of special interest for the processing of food industry. It was shown that rigor 
mortis relates to ATP concentrations and to change in the ratios of three redox 
pairs in the glycolytic system.88) However, there appeared to be a number of 
discrepancies between the theoretical explanation for occurrence of rigor mortis 
and what had actually been observed in the fish muscle. 

For these reasons, an attempt was made to clarify in more detail the accumula
tion of intermediates in a muscle and the quantitative relationship between them, 
using the glycolytic system fortified with substrate and cofactor. 

(1) Breakdown of glycogen in a post mortem muscle 

It is well known that the degradation of glycogen occurs in a post mortem 
muscle rapidly. As it would be expected with the participation of the Embden
Meyerhof-Parnas pathway in glycogen degradation, the lactate formation can 
account for the disappearance of the glycogen content. In the rainbow trout, 
more detailed experiments were carrie out. The result is shown in Fig. 19. The 
glycogen breakdown was very fast and after 4 hr, arrived at the maximum. The 
lactate formation increased in contrast with glycogen. G6P increased up to 6 hr, 
but after arriving at the maximum, it decreased. F6P paralleled with G6P 
change. G1P and FDP always maintained low values during the experiment. 
If one neglect the amount of total sugar phosphate accumulated, the amount of 
lactate formation corresponded to about 50 per cent of that of the glycogen 
degradation. The result also shows that the breakdown of glycogen does not 
proceed only via the Embden-Meyerhof-Parnas pathway. Cori and his collabora
tors21) observed that in the rabbit muscle contraction, the amount of glycogen that 
disappears corresponds to that of the lactate formation. It may be a lack in the 
control mechanism of the glycogen degradation in vitro or in post mortem. 
Recently, Tarr121,128) has concluded that as a result of work involving the addition 
of HC-Iabelled fish muscle glycogen, the latter is degraded in post mortem via two 
pathways - namely glycolytic route and amylolytic route. Although there are a 
few reports demonstrating the evidence for the existence of amylase in the muscle, 
its activity is not important under vitro conditions. Some reports demonstrated 
the increase of free glucose or the existence of dextrin in post mortem muscle,129,130) 
but the variable amount is too small to account for the amount of glycogen 
degraded by the amylolytic route. Although it can be expected that the amylase 
action operates in post mortem muscle losing regulatory action, the physiological 
role of amylase in muscle remains obscure. 
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Fig. 19. Post mortem changes in the concentrations of glycogen, hexose phosphate and 
lactate in rainbow trout muscle. Minced muscle was stored for a time indicated in 
the figure at 37°C. The amount of glycogen was expressed as Ilmoles of glucose. 

(2) Intermediates pattern from 3-phosphoglycerate 

It was described previously that there is no rate-limiting factor in the 
conversion of 3-PGA to pyruvate. The appearance of an accumulation of inter
mediates in its process is shown in Fig. 20. The added substrate was quantita
tively converted to the final product by endogenous cofactors and enzymes. From 
the result, it was found that the addition of ADP stimulates the rate of pyruvate 
formation. Without added ADP, the accumulation of PEP was outstanding and 
with added ADP, its accumulation occurred only in the first period of the reaction. 
This effect is better marked in the lyophilized enzyme preparation from which the 
endogenous nucleotides were removed by dialysis. This fact suggests that PK is 
a control point and is affected by ADP. The level of 2-PGA is always low, 
independently of ADP. However, the rate of 3-PGA consumption depended on 
ADP and the presence of ADP stimulated the rate of the 3-PGA consumption. 
It is clear that the regulatory action of PK is influenced by ADP and has an effect 
on the consumption of 3-PGA. 
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Fig. 20. Changes in glycolytic intermediates from 3-phosphoglycerate by the crude extract 
of squid muscle. Reaction mixture contained, in a final volume of 1 ml, 30 pmoles 
of Tris buffer (pH 7.6), 10 pmoles of MgC12 , 7.8 pmoles of 3-PGA and 0.71 mg 
protein. Added ADP was 4.2 mM. 

(3) Intermediates pattern from fructosediphosphate 

The level of glycolytic intermediates in the process from FDP to pyruvate 
was assayed in muscle. The result is shown in Figs. 21 and 22. As can be seen 
in the figures, fish and mollusc had the same trend irrespective of the difference of 
the end product. FDP was very rapidly utilized, DHAP was rapidly accumulated 
and larger than other intermediates. The G3P formation was a quarter of that of 
DHAP. The accumulation of 3-PGA, 2-PGA and PEP scarcely appeared. As 
end product some pyruvate or lactate accumulated in squid or in fish. In fish, a 
slight accumulation of pyruvate occurred. If the concentration of FDP is doubled 
in this system, these patterns become clearer. The amounts of o:-GP and 1,3-
diphosphoglycerate were not assayed, because the accumulation of o:-GP was very 
low in fish and was the same as that of pyruvate in squid; moreover 1,3-DiPGA 
was very labile and was decomposed to 3-PGA. Since the reverse reaction of PFK 
and fructosediphosphatase activity did not occur, the conversion of FDP to F6P 
was neglected. The notable accumulation of DHAP is characteristic of this process. 

(4) Intermediates pattern from hexosephosphate 

It was described previously that the formation of the end product is limited 
when hexosephosphates were employed as substrates. In order to discuss with 
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Fig. 21. Glycolytic intermediates pattern during the conversion to final product from fructosediphosphate in squid muscle. Reaction mixture contained, in a final volume of 1 ml, 50 pmoles of Tris buffer (pH 7.6), 5 pmoles of MgSO" 0.15 pmoles of NAD, 1.8 pmoles of ADP, 5 pmoles of phosphate buffer and 0.22 mg protein. 4.2 pmoles of FDP was added. 

more detail the correlation between those sugar phosphates, these experiments again were repeated. As shown in Fig. 23, with F6P as substrate, F6P disappeared rapidly. But, at that time, the pyruvate formation was very low and instead, the striking accumulation of G6P occurred. FDP and triosephosphate increased slightly. Perhaps the formed G6P was again converted to F6P and was conducted to a final product. When the F6P concentration is doubled, the initial 
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Fig. 22. Glycolytic intermediates pattern during the conversion to final product from 
fructosediphosphate in rainbow trout. Reaction mixture contained in a final 
volume of 1 ml: Tris buffer (pH 7.6) 50 ,umoles, MgSO. 5, NAD 0.74, FDP 3.87, 
ADP 3.54, phosphate buffer 5 and enzyme protein 0.25 mg. 

rate of pyruvate formation was not stimulated. Adding FDP as control, the 
rate was higher than in the case of F6P. 

The result obtained with G6P as substrate, is shown in Fig. 24. The dis
appearance of G6P occurred, F6P increased in a first period of incubation and then 
decreased. The formation of G IP was maintained at a very low level. Even when 
the G6P concentration was doubled, no accumulation of GIP was observed. When 
GIP was used as substrate, the result is shown in Fig. 25. GIP decreased in a 
linear way, G6P and F6P increased reversely with the disappearance of GIP. 
Though the result is not shown in the figure, the production of pyruvate was not 
influenced by the concentration of G IP used and remained at a low level, but 
G6P and F6P accumulated in a parallel manner with the concentration of GIP. 
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Fig. 23. Glycolytic intermediates pattern when fructose-6-phosphate was added in 
squid muscle. Reaction mixture contained (in 1.0 mIl: Tris buffer (pH 7.6), 50 
flmoles; MgSO., 10 flmoles; NAD, 0.3 flmole; ATP, 0.6 flmole; F6P, 4.8 flmoles 
and crude extract, 0.4 mg protein. Double cycle represents pyruvate formation 
when 2.8 flmoles of FDP was added. 

Moreover, if the flux below PFK is restricted, the effect on the accumulation of 
G6P and F6P was remarkable, as can be seen in Fig. 25 (0). 

From the above results, we conclude that the PGI reaction step is reversible. 

(5) Changes in level of adenine nucleotides 

Glycolysis aims at the production of a high energy compound, ATP. This 
view lends itself to support a possible explanation for the adenine nucleotides 
exerting a regulatory effect on certain enzymes. Although it seemed that the 
concentration of adenine nucleotides for glycolysis was barely operating in the 
muscle extract, we observed that the addition of ADP or ATP stimulated the flux 
rate of glycolysis. As the formation of a final product is parallel with the production 
of ATP, studies on changes occurring when adenine nucleotides were added was 
carried out. 

When 3-PGA was used as substrate, the change in adenine nucleotides is 
shown in Fig. 26. Added ADP decreased, the formation of ATP increased in a 
parallel manner with the formation of pyruvate, but at the end of the incubation, 
the rate of ATP formation decreased. The formation of AMP occurred in the 
first period of the incubation and later decreased. In the glycolytic process below 
3-PGA, the amount offormed ATP must correspond to that of the formed pyruvate, 
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Fig. 24. Glycolytic intermediates pattern after glucose-6-phosphate addition in squid 
muscle. Experimental conditions were the same as in Fig. 23, except that G6P 
concentrations indicated in the figure and 0.44 mg protein of crude extract were 
added. A) G6P, 2.25 ,umoles; B) G6P, 4.50 ,umoles. 
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Fig. 25. Effect of ATP on glycolytic intermediates pattern after glucoe-l-phosphate 
addition in squid muscle. Reaction mixture contained in a final volume of 1 ml: 
Tris buffer (pH 7.6), 50 ,umoles; MgSO., 10; NAD, 0.3; GIP, 4.2; crude extract; 
0.4 mg protein and varying ATP concentration indicated in the figure. A) ATP, 0.6 
mM; B) ATP, 3.0 roM; C) Neither ATP nor NAD added. 
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Fig. 26. Changes in adenine nucleotides after ADP addition in squid muscle in the 
presence of 3-phosphoglycerate. Reaction mixture contained (in 1 ml): Tris buffer 
(pH 7.6), 20 ,amoles; MgCl., 10; 3-PGA, 7.26; ADP concentration as shown; and 
1.4 mg protein of the lyophilized preparation. A) ADP, 3.0 ,amoles; B) ADP, 6.0 
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Fig, 27, Changes in adenine nucleotide after ATP addition in squid muscle in the presence 
of glucose-I-phosphate. Experimental conditions were the same as in Fig. 25. 
A) 3.0 ,amoles of added ATP; B) 0.6 ,amole of added ATP. 
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but the amount of formed ATP was less than that of the formed pyruvate. Since 
added ADP was converted to both ATP and AMP, we conclude that other enzymes, 
except for glycolytic enzymes, such as adenylate kinase, participated in the 
interconversion of these three nucleotides. 

When hexose monophosphate was employed as substrate, the ATP addition 
stimulated the glycolytic flux. The result is shown in Fig. 27. Added ATP 
decreased, the formation of ADP occurred in the first period of the incubation and 
later decreased. AMP was also formed and increased. In spite of the occurring 
pyruvate formation, no formation of ATP was observed. 

From these data, we conclude that ATP produced by the glycolytic action is 
not equivalent to that of a final product in the muscle extract, and that there is an 
other enzyme system which controls the concentration of the three nucleotides, ATP, 
ADP and AMP. 

(6) Mass action ratios of glycolytic enzymes 

It has been proposed by Buecher and Klingenberg,131} and Hess1l9} that in 
order to evaluate the operation of each glycolytic step, it is useful to form the mass 
action ratio as the quotient of the steady state levels of the intermediates, and 
that the significance of the ratios can be read from the comparison of the mass 
action ratios with a known thermodynamic equilibrium constant (apparent 
equilibrium constant, Keq) for all individual glycolytic reactions. They observed 
that under the steady state conditions of fully activated glycolysis, many 
reactions run in a state of quasi-equilibrium, where the mass action ratio is nearly 
equal to the apparent equilibrium constant, and others do not. 

Since the levels of intermediates vary with any changes in external, internal or 
pathologic conditions, the transient state analysis seems to be even more useful 
than the steady state analysis. The glycolytic pathway is activated by the 
addition of a substrate and reaches to a new steady state through a transit-state. 
Table 10 shows the changes in the mass action ratios after G1P was added in the 
sequence from GPM to PFK. Soon after the addition of G1P as substrate, the 
mass action ratio of GPM was moved far from the apparent equilibrium constant 
(Keq=17); but the ratio approached to the Keq values as new steady state in the 
final period of incubation. At this point, no conversion of G 1P into an other 
compound occurred. When G6P was used as substrate, the mass action ratio was 
near to the Keq in the first period, but was moved from the Keq as the incubation 
time proceeded. It is assumed that there was a lack in supplement of G 1P as 
substrate. 

The mass action ratio of PGI trended towards establishing the state of quasi
equilibrium (Keq=0.45) and the variation of the ratio was small. If one varied 
the concentration of added G1P, the ratio was scarcely variable. Moreover, when 
G6P or F6P was added as substrates, the same results were obtained and the value 
of the ratio was always maintained at 0.3 for the period of incubation, which is 
approximately the Keq value for PGI. The PGI reaction is reversible. The 
interconversion of G6P and F6P is much more rapid than the net flux. The 
mass action ratio of PFK was very low and was displaced far from the Keq value 
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Table 10. Ohanges in the mass action ratios of reactants after glucose, 
I-phosphate addition in squid muscle. 

Phospho- I Ph.osphoglucose I Phospho-

I 
Pyruvate Forma-

Incubation glucomutase* lsomerase* fructokinase* tion (pmoles/ml) 
time 

Added ATP (mM) 
(min) 

0 1 0.6 1 3.01 0 1 0.61 3.01 0 1 0.61 3.01 0 1 0.61 3.0 

5 0.14 0.07 0.04 0.26 0.23 0.21 - 4.23 0.69 0.06 0.17 0.13 
10 0.32 0.19 0.04 0.31 0.59 0.15 - 0.17 1.04 0.09 0.34 0.37 
20 1.08 0.72 0.11 0.30 0.29 0.21 - 0.13 1.00 0.06 0.34 0.92 
40 11.3 8.73 7.92 0.27 0.14 0.26 - 0.10 1.20 0.09 0.37 2.19 
60 22 16.6 6.50 0.27 0.29 0.23 - 0.08 0.96 0.07 0.43 3.18 

The values were obtained from the data shown in Fig. 25. Addition of 4.2 pmoles of 
glucose, I-phosphate. 
*) The value of mass action ratio of each glycolytic reaction was as follows: 
(G6P)/(GlP) for phosphoglucomutase; (F6P)/(G6P) for phospoglucose isomerase; 
(FDP)(ADP)/(F6P)(ATP) for phosphofructokinase. 

Table ll. Ohanges in the mass action ratios of the reactants after 
fructosediphosphate addition in squid muscle. 

Aldolase* I 
Triose phosphate 

I 
Pyruvate Formation 

Reaction Time isomerase* pmoles/ml . 

(min) Added Fructosediphosphate (mM) 

4.32 1 8.64 1 4.32 1 8.64 1 4.32 1 8.64 

10 0.14 0.11 8.6 9.1 0.63 0.60 
20 0.19 0.15 7.5 7.5 1.05 1.08 
40 0.21 0.18 6.0 7.3 1.43 1.43 
60 0.12 0.26 14.5 7.1 1.62 1.59 

The values were obtained from the data shown in Fig, 21. 
*) Mass action ratio: (DHAP)(G3P)/(FDP) for aldolase; (DHAP)/(G3P) for triose 
phosphate isomerase. 

(Keq=1.2X 103). However, when the flux flowed toward the pyruvate formation, 
the ratio of ractants developed toward an equilibrium ten times larger than that 
under which condition the metabolic flow was slow. 

The large deviation from the equilibrium of the PFK system demonstrates 
that PFK is a limiting factor. Thermodynamically, the maintenance of a steady 
non-equilbirium is accompanied by a continuous transformation of free energy 
into heat. The results obtained with FDP and 3-PGA as substrates are shown in 
Tables 11 and 12. The mass action ratios of ALD and TIM remained approximately 
at constant values during the period of incubation, though the values of these 
ratios were different from each corresponding apparent equilibrium constant (Keq 
for ALD=6.8 X 10-5 and Keq for TIM=22). Also, the mass action ratios of 
PGM and EN were close to each corresponding apparent equilibrium constant (Keq 
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Table 12. Changes in the mass action ratios of the reactants after 
3-phosphoglycerate addition in squid muscle. 

Phosphoglycero-

I Enolase* I Pyruvate Formation** 
Reaction time mutase* 

(min) ADP (mM) 

0 I 4.2 I 0 I 4.2 I 0 I 4.2 

10 0.14 0.25 2.5 1.2 1.24 6.00 
20 0.11 0.27 3.3 1.0 2.10 7.05 
40 0.10 0.30 3.8 1.0 3.28 7.78 
60 0.18 0.16 1.9 0.5 5.19 7.85 

The values were obtained from the data shown in Fig. 20. 
*) Mass action ratio: (2-PGA)/(3-PGA) for phosphoglyceromutase; (PEP)/(2-PGA) 
for enolse. 
**) ",moles/ml of reaction mixture. 

for PGM=0.16 and Keq for EM=1.4) and the variation was small. The reactions 
of these four enzymes run in a state of quasi-equilibrium. The mass action ratio 
of PK moved from the apparent equilbirium constant (Keq=1.58X 1(4) and trended 
towards approaching the Keq value, when the metabolic flux of glycolysis was 
present. More detailed studies on the mass action ratio of PK will be described 
in the following chapter. 

In order to justify the fact that the balance sheet of three adenine nucleotides 
was regulated by adenylate kinase, the mass action ratio was calculated. It is 
reported that the apparent equilibrium constant for this enzyme is 0.4-0.8 and the 
reaction is that of a quasi-equilibrium132). The changes in steady state of the 
adenylate kinase after G IP was added is represented in Table 13. During the 
first 5 min of incubation, the ratio was close to the Keq, but the ratio increased 
gradually as time was spent and reached a value higher than the Keq. It has been 
demonstrated that the reaction was displaced from the reaction of equilibrium. 
The equilibrium of adenylate kinase is established in regions where limits to the 
glycolytic flow exist. The deviation from the Keq is caused by the raise in AMP 

Table 13. Changes in the steady state of the adenylate kinase reactants after 
glucose, I-phosphate addition in squid muscle. 

Reaction time 
(min) 

Mass action ratio of adenylate kinase* 

5 
10 
20 
40 
60 

ATP 0.6 mM 

0.45 
1.12 
1.97 
2.22 
1.11 

Experimental condition was the same as in Fig. 27. 
*) Mass a.ction ratio: (ATP) (AMP)/(ADP)' 
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concentration, if ATP is added, or in ATP concentration, if ADP is added. In 
the case of PFK, as the increase of AMP stimulates the PFK action, the opera
tion of adenylate kinase may be effective for the glycolytic process. On the basis 
of the results described above, the glycolytic process can be divided into three 
parts which are given by the points of intersection of the pathway, i.e. PFK, PGK 
and PK. It has already described in this paper that the glycolytic reaction 
sequence is divided into five parts. Except for the two parts which consist of a 
reaction catalyzed by only one enzyme, the other three parts are identical with the 
parts considered now. Several enzymatic reactions constructed in part can be 
lumped together into one group. The reactions of one group are reversible. An 
increase in concentration of one substrate would immediately be extended to all 
other substrates and regulate the concentrations of the substrates and products so 
as to obey their Keqs. The rate of turnover of these enzymes is enzyme-controlled. 
Such a group is comparable with a hydrodynamic reservoir in nature and exerts a 
buffering action against the quick functional requirements of the cell. PGI, 
TIM, PGM and EN serve the function of a dam. The limiting reactions between 
such groups are operating in the form of a water-fall. These related enzymes 
serve the function of "water-gate". The rate of the reaction is dependent on 
substrates or effective agents. 

The reactions displaced from the equilibrium are significant for thermo
dynamic reasons. From the mass action ratio, Mizukami and Yoshikawa,134) and 
Sakurai135) have calculated the free-energy using the Nernst equation and observed 
the thermodynamic barriers existing in the PFK and PK reaction, the reverse 
reactions of which are impossible. Because of a notable difference in free energy, 
Sakurai concluded that the glycolytic flux in the liver of an alloxane-diabetic rat 
was affected by the inhibiting phosphorylation of glucose, and the action of ALD 
and PK. 

The mass action ratios of most of glycolytic enzymes reported in this paper 
were approximately identical with that reported in the tumor cell by Hess.n9) 

However, the state of the ALD reaction is more displaced than that obtained by 
him, though the apparent equilibrium can vary widely under the influence of 
such factors as pH and metal ion. The mass action ratio of the dehydrogenase 
system in the glycolytic system was not calculated because of various difficulties. 

(7) Effect of adenine nucleotides 

(a) Effect of ADP 
It has already been described that the addition of ADP and ATP stimulates 

a flux of glycolysis. However, the addition of the excess of the nucleotides 
resulted in an inhibition of it. With 3-PGA as substrate, the effect of ADP on the 
pyruvate formation in the muscle extract was tested. The result is shown Fig. 28. 
The pyruvate formation raised with increasing ADP, but in this experiment, at 
7 mM, the ADP maximum value was obtained. When further ADP was added, it 
inhibited the formation of pyruvate at above 6.4 ruM 3-PGA. At low concentra
tion of 3-PGA, the ADP inhibition did not appear. Since the excess of 3-PGA did 
not inhibit the formation of pyruvate, the inhibitory effect is ascribed to the 
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Fig. 28. Effect of ADP on the formation of pyruvate at different concentrations of 3-
phosphoglycerate in squid muscle. Reaction mixture contained (in 1 ml): Tris 
buffer (pH 7.4) 20 Jlmoles; MgCI., 5; ADP and 3-PGA described in the figure; and 
the extract, 0.46 mg protein. Reaction time, 5 min. Pyruvate was assayed 
colorimetrically. A, 0.6; B, 1.8; C, 3.8; D, 6.4; E, 9.6; F, 12.8; G, 19.2 Jlmoles of 
3-PGA. 

excess of added ADP. 
In order to investigate the reaction site inhibited by ADP, we assayed the 

glycolytic intermediates below the 3-PGA sequence in the presence of added ADP. 
The result is shown in Fig. 29. In the presence of the appropriate ADP concentra
tion, other intermediates, except for pyruvate, did not accumulate, but at the 
excess of ADP concentration, the patterns of accumulation of PEP and 
consumption of 3-PGA were the same as when no ADP was added. No significant 
change in the 2-PGA concentration depending on the ADP concentrations occurred. 
Following the changes in the concentrations of adenine nucleotides, the ATP 
concentration reached their maximum values in the presence of the optimal ADP 
concentration and its maximum values remained constant in spite of increasing 
addition of ADP and decreasing formation of pyruvate. At that time, a raise in 
the concentration of AMP and the concentration of non-utilized ADP started to 
occur. Table 14 shows the effect of ADP on the mass action ratio of the reactants 
in the glycolytic sequence below 3-PGA. The effect of ADP was great on the mass 
action ratio of PK. At the optimal concentration of ADP, the values of the ratio 
were the greatest and nearest to the apparent equilibrium constant for PK. The 
mass action ratios of PGM and EN were not influenced by varying the ADP 
concentration and they remained constant. With PEP as substrate, the pattern 
of the effect of ADP was similar to that obtained with 3-PGA as substrate. The 
Michaelis constant for ADP was estimated at 3.2 X 10-4 M. This value fell within 
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Fig. 29. Effect of ADP on the changes in glycolytic intermediates below 3-phosphoglycerate 
in squid muscle. Reaction mxiture contained (in 1 ml): Tris buffer (pH 7.6), 
20 pmoles; MgC12' 10; 3-PGA, 3.59; ADP as indicated in the figure; and lyophilized 
preparation, 3.0 mg protein. 

the range reported by other sources for PK. We concluded that the PK step is 
affected by the concentration of ADP. 

In the glycolytic sequence below FDP, there are two converting reactions 
of ADP into ATP: one is the PK reaction and tJ:te other is the PGK reaction. 
When FDP was added as substrate, the ADP inhibition occurred at ca. 2 mM, but 
the ADP inhibition was not as great as when 3-PGA was added as substrate. 
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Table 14. Effect of ADP on the 'f/U1,88 action ratio8 of the reactant8 after 
a.phosphoglycerate addition in 8quid mU8cle. 

Phosphoglycero. 

I 
Enolase* 

I 
Pyruvate kinase* 

Added ADP mutase* 

(mM) 
Reaction Time (min) 

10 I 40 I 10 I 40 I 10 I 40 

0 0.10 0.03 3.0 9.0 0.22 0.29 
3.6 0.10 0.05 2.7 0.3 8.2 592 
7.3 0.12 0.09 1.8 0.3 18.6 680 

14.5 0.05 0.07 7.0 1.0 3.9 543 
29.1 0.10 0.08 4.1 1.5 0.9 14.8 

The values were obtained from the data shown in Fig. 29. 
*) Mass action ratio: (2.PGA)/{3·PGA) for phosphoglyceromutase; (PEP)/{2.PGA) 
for enolase; (pyruvate)(ATP)/{PEP) (ADP) for pyruvate kinase. 

Though the inhibition of the pyruvate formation and the accumulations of FDP 
and DHAP occurred, the accumulation of 3-PGA remained constant at low level, 
in spite of the wide variation in the added ADP concentration. As at the low 3-
PGA concentration, no ADP inhibition is exhibited (see Fig. 28), we concluded that 
the ADP inhibition operates preferentially on PGK, and that PGK is less sensitive 
to the ADP inhibition than PK. Moreover, we observed that Pi relieved the 
inhibitory effect of ADP on PGK. Studies on the properties of mollusc PGK are 
under way. 

(b) Effect of ATP 
The apparent function of glycolysis is the delivery of useful chemical energy to 

the organism in the form of energy-rich phosphate compound, ATP, at the expense 
of carbohydrates. The over-production of ATP must be avoided. It is suggested 
that the glycolytic flux may be controlled by the levels of ATP. The effect of ATP 
on the formation of a final product from 3-PGA was investigated. The result is 
shown in Fig. 30. Even when ATP alone was added, the pyruvate formation 
occurred, but was maintained at a constant level if the concentration of ATP was 
above 2 roM. The 3-PGA consumption showed the same trend as the pyruvate 
formation. The coincident addition of ADP showed the inhibition of the pyruvate 
formation depending on the concentration of added ATP. The result is shown in 
Fig. 31. In the range of a low concentration of ADP, ATP up to 3 mM played the 
role of stimulator, but higher ATP acted as inhibitor. At a high concentration of 
ADP, ATP acted always as inhibitor, independent of ATP concentration. Since 
the inhibition of ADP occurred at the PK step, as described above, with PEP as 
substrate, the inhibition by ATP was determined from Woolf plots. In the 
range of the concentration of ADP stimulating PK, the inhibition by ATP was 
noncompetitive. The inhibition constant Ki was estimated at 3.2 X 10-3 M. The 
majority of PKs, from different sources, showed a competitive inhibition by ATP, 
except that PK from the brain of a rat showed a non-competitive inhibition. The 
unusual ATP action of mollusc PK is considered. Further experiments 
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Fig. 30. Effect of ATP on the glycolytic intermediates after 3-phosphoglycerate addition 
in squid muscle. Reaction mixture contained (in 1 ml): Tris buffer (pH 7.6), 20 
,umoles; MgCI2, 10; 3-PGA, 7.76; ATP, as indicated in the figure; and lyophilized 
preparation, 2.8 mg protein. Reaction time, 10 min. full line, pyruvate formed; 
dotted line, 3-PGA remained; 0, no added ADP; e, 4.2 ,umoles of ADP added. 
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Fig. 31. Effect of ATP on pyruvate formation in squid muscle. Reaction mixture 
contained in a final volume of 1 ml: Tris buffer (pH 7.6), 20 ",moles; MgCl20 10; 
3-PGA, 7.5; ADP and ATP as indicated in the figure and crude extract, 0.3 mg 
protein. Reaction time, 5 min. A, 1.4,umoles of ADP added; B, 2.8; C, 7.0; 
D, 14. Pyruvate was assayed colorimetrically. 
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demonstrated that mollusc PK showed no activation by FDP unlike other PK. 
If the status of the energy level regulates the rate of the glycolytic flux and 

determines the direction in a reaction process, the rate of the reaction is likely to 
depend on the ATP/ADP ratio, rather than on either absolute concentration, be
cause this ratio represents the energy level in a system. With FDP as substrate, 
we examined how the ATPjADP ratio influences the formation of pyruvate and the 
mass action ratio. Changes in the pyruvate formation and the concentration of 
adenine nucleotides are represented in Fig. 32. As the ATPjADP ratio increased, 
the formation of pyruvate and the utilization of FDP were inhibited. Since the 
total amount of nucleotides was 2.7 ,umoles, it is clear that this inhibition depends 
on the ATP/ADP ratio. Although changes in other intermediates were only slightly 
variable, the mass action ratios of ALD, TIM, PGM and EN exhibited no variation 
independent of the ATP/ADP ratio. But, the mass action ratio of PK exhibited a 
notable variation, especially at the low ratio where ADP alone was added. As the 
ATP/ADP ratio was higher, the mass action ratio trended towards a gradual 
decrease. These changes had the same trend as in the presence of the excess 
nucleotides. There was a difference in the concentrations of nucleotides before 
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Fig. 32. Effect of ATP/ADP ratios on the changes in adenine nucleotides after fructosedi
phosphate addition in squid muscle. Reaction mxiture contained in a final volume 
of 1 ml: Tria buffer (pH 7.6), 50 ,umoles; MgSO., 5; NAD, 0.75; FDP, 4.1; 
phosphate buffer (pH 7.6), 5 and crude extract, 0.2 mg protein. The sum of added 
nucleotides were 2.7 ,umoles/ml of reaction mixture. 
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and after the reaction, as can be seen, in Fig. 32. The interconversion between 
adenylates occurred. At the first minute, the change was striking, albeit there was 
no formation of pyruvate. For all the ratios tested, except for the ATP/ADP 
ratio of 9, new ATP/ADP ratios were obtained and they almost had the value of 
8-9. The formation of ATP occurred. The mass action ratio of adenylate kinase 
also was variable and was affected by the ATP/ADP ratio. The result is shown 
in Table 15. The deviation was larger at the ATP/ADP ratio of 0.6 to 2.5. 
However, the "energy charge" 132) proposed by Atkinson was 0.86 after the 
equilibrium had been reached and the constant values maintained, regardless of the 
varying ATP/ADP ratio. We concluded that even though adenylate kinase plays 
a part in the regulation of nucleotides, it is not a decisive factor for the regulation of 
glycolysis. The activity of adenylate kinase in a mollusc may not be sufficient to 
re-establish the disturbed equilibrium instantaneously. From the above results, 
the ATP/ADP ratio is likely to control the glycolysis. However, since the excess 
of added ADP inhibited the pyruvate formation, the application of the ATP/ADP 
ratio for the interpretation of the glycolytic regulation must be restricted within 
the range of the ADP concentration, at which PK doesn't exhibit any inhibitory 
effect. 

Table 15. Clwnge in the steady state of the adenylate kinase reactants 
by the ratio of ATP to ADP in squid muscle. 

Mass action ratio* 
Ratio of ATP 

Incubation time (min) 
to ADP 

1 I 10 I 
no addition 3.47 1.21 

0.09 0.84 1.35 
0.6 1.21 1.22 
1.3 0.81 2.12 
2.5 1. 28 2.64 
9.0 1.99 2.32 

The values were obtained from the data shown in Fig. 32. 
*) Mass action ratio: (ATP)(AMP)/(ADP)a 

40 

2.50 
2.83 
7.08 

11.4 
10.7 
4.23 

6. Phosphofructokinase of a mollusc muscle as a regulatory enzyme 

PFK is known as a regulatory enzyme in the glycolytic metabolism. The 
rate of glycolysis depends in large part on the activity of PFK. The activity of 
this enzyme is stimulated by transition from a steady state to an active state,136-
1(1) or from aerobic to anarobic conditionI42-I4li) in the muscle and the brain, and 
inversely, is suppressed. The evidence obtained from 'in vivo' and 'in vitro' 
studies indicates that PFK is a key enzyme in regulating the balance between 
glycolysis and gluconeogenesis and is also responsible for the Pasteur effect.146-1liO) 
In general, PFK has allosteric properties, which are subjected to regulation by 
several metabolic compounds. PFK from the muscle of mammals particularly 
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shows a sigmoidal saturation curve for substrate and is sensitive to inhition by ATP. 
We have already established that, since the PFKs form the muscle of fish and 

mollusc have the least activity of all glycolytic enzymes and the formation of the 
end product from G6P is inhibited by ATP, the possibility exists that the enzyme is 
a limiting factor. Moreover, it has been established that the mollusc PFK is 
extractable and its activity is higher than that of the enzymes from other marine 
species. Using PFK from the mantle muscle of the surume-squid and the adductor 
muscle of scallop, an attempt was made to provide kinetic information concerning 
the regulatory properties of the enzyme. As no attention has been provided for 
the study of the kinetic properties of this enzyme from the mollusc, especially, the 
squid and the scallop, the present investigation was undertaken to find out whether 
these PFKs show a kinetic behavior similar to that of other sources. 

(1) Effect of substrate 

Most PFKs from other sources, except for slime mold,llil) show the sigmoid 
shape of the saturation curve for F6P. The results obtained for the PFKs of 
the molluscs are presented in Fig. 33. At optimal pH, the substrate saturation 
curves were hyperbolic for both molluscs. The Michaelis constant for F6P was 
0.08 mM and 0.11 mM respectively, in the squid and the scallop. The Michaelis 
constant for F6P varies from 0.028 mM in the heart of the guinea pig152) to 5 mM in 
the fluke of the liver153). The values for both mollusc muscle fell within this 
range. Trivedi and Danforth154) reported that the activity of PFK in the 
skeletal muscle of the frog and the mouse was extremely sensitive to any small 
change in pH (0.3-0.4 unit) in the physiological range, a low pH decreasing the 
affinity of the enzyme for F6P. Mansour and Ahlfors155) reported that at pH 6.9, 
the enzyme from the heart muscle of a sheep exhibited sigmoidal kinetics with 
respect to F6P in the presence of ATP. However, as we found that the PFKs of 
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Fig. 33. Plot of the effect of increasing concentrations of fructose-6-phosphate on the 
activities of purified phosphofructokinase from squid and scallop muscle. A) squid; 
B) scallop. 
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the mollusc showed a maximum activity at pH 8.0-8.2 and was completely 
inactive below 7.2, the investigation of the effect of pH on the substrate saturation 
curve was not attempted. In the case of the scallop, at pH 7.6, the enzyme did not 
exhibit a sigmoidal curve. 

(2) Effect of ATP 
The PFK of the mollusc was not allosterically activated by F6P, but was 

inhibited by a high concentration of ATP. The result is represented in Fig. 34. 
Both enzymes were activated by a low concentration of ATP and inhibited by a 
high concentration of ATP. The optimal concentration of ATP was below 1 mM 
and the requirement of ATP for the enzyme was severely restricted. The peak of 
ATP concnetration trended to migrate rightward as pH became an alkaline in both 
cases. 
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Fig. 34. Effect of ATP on the activities of purified phosphofructokinases from squid and 
scallop muscle. A) squid; B) scallop. 

The optimal concentration of ATP varied from 0.02 mM for the heart muscle 
of an ox and the adipose tissue of a rat to 1 mM for the fluke of the liver.Ili3) The 
correlation between ATP and F6P is represented in Fig. 35. An increase in the 
concentration of F6P relieved the enzyme from the inhibition by ATP, and the 
peak of the ATP concentration shifted to the right side as in pH. It is clear that 
the ATP inhibition confers the characteristic properties of a regulatory enzyme on 
the PFK of the mollusc. Pogson and RandleIliS) reported that the PFK from 
heart muscle of a rat exhibited sigmoidal kinetics with respect to F6P in the pre
sence of a high ATP concentration. As can be seen in Fig. 35, though there are 
changes in the shape of the saturation curve for F6P by varying the ATP 
concentration, the sigmoidal curve was not obtained. 

In the range of the ATP concentration at which PFK is stimulated, the 
Michaelis constant for ATP was calculated and the value was 4 X 10-li M at 0.8 
mM F6P and pH 8.0. This value also ranged from 3.2 X 10-5 Mlli9) to 15 X 10-5 
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Fig. 35. The effect of ATP and fructose-6-phosphate on the activities of purified phospho
fructokinases from squid and scallop muscle. A) squid; B) scallop. 

1\1160) as reported for other PFK from other sources. 

(3) Effect of AMP 

It was reported that AMP relieves the ATP inhibition of PFK from mammalian 
muscle and converts the sigmoidal saturation curve for substrate into a hyperbolic 
curve. The effect of AMP on the ATP inhibition is represented in Fig. 36. The 
result was identical with the case of the squid enzyme. The activation pattern by 
AMP of PFK in the mollusc differed from that of the mammalian enzyme. This 
result indicates that the effect of AMP depended on the concentration of ATP and 
counteracted the effect of ATP on the enzyme. When ATP stimulates the 
activity of PFK, AMP inhibits the activity and, reversely, when ATP inhibits the 
activity, AMP increases the activity. The phenomenon occurred independently 
of changes in pH. The different effect of AMP occurring in the mollusc muscle 
was also reported in the baker's yeastI61,162) and in the leaves of brussels sprout.163) 

Since the importance of AMP as an intracellular signal for glucose metabolism had 
been stressed by Krebs,1o,ll) many investigation were carried out.164,165) One limit
ing step for glycolysis is the activity of PFK and one limiting step for gluconeo
genesis is fructosediphosphatase (EO. 3.1.3.11.). These two enzymes therefore will 
control the rates of both pathways at the same point in metabolism. Fructosedi
phosphatase is inhibited by a low concentration of AMP. These properties have 
provided part of the basic theory of the control of gluconeogenesis. A change in 
the ATP concentration of the cell would produce, through the action of adenylate 
kinase, a larger but reciprocal change in AMP concentration. Thus the dual func
tion of AMP, as an inhibitor of fructosediphosphatase and an activator of PFK 
provides clue to solve the question of how the two opposing pathways of glucose 
degradation and glucose synthesis are controlled. Though fructosediphosphatase 
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Fig. 36. Effect of ATP on the fructose-6-phosphate saturation curve for purified phospho
fructokinase from scallop muscle. The activity was assayed at pH 7.6. 

from the mollusc muscle has not been investigated yet, it is supposed that the 
response of these two enzymes to changes in concentration of AMP may differ. 
Ramaiah et al.l6l} reported that the rate of the PFK reaction is seen to depend 
entirely on the AMP to ATP ratio, rather than on either absolute concentration. 
However, PFK in the mollusc showed no effect of AMP at the concentration of the 
above 0.8 mM, as can be seen in Fig. 36, B. 

(4) Effect of ADP 

ADP is the product of the PFK reaction. It is reported that the activity of 
PFK from the heart musclel52} and other sourcesI65,166) was stimulated by ADP, 
and that the ATP inhibition of the enzyme was relieved by it. 

PFK from the scallop muscle, in contrast, was inhibited by ADP. The 
result is represented in Fig. 37. However, the effect differed depending on pH. 
At pH 8.2, ADP was inhibitory and at pH 7.6, the low concentration of ADP 
stimulated the activity and the high concentration of ADP decreased it. Thus ADP 
acts as a stimulator as well as an inhibitor depending upon the concentration. 
Since its effect is complex like the effect of AMP, the nature of the inhibition could 
not be determined accurately. With respect to the ADP inhibitor, the properties 
of PFK from the mollusc were similar to those of plantI63 ) and slime mold.151) 

(5) Effect of other compounds 

One of the characteristic properties of PFK is the inhibitory effect of citrate. 
The inhibition by citrate was increased as the ATP concentration was raised. 
Williamsonl61) reported that in the perfused heart, the high level of citrate 
inhibited glycolysis and he discussed the correlation between the PFK inhibition 
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Fig. 37. Effect of AMP on the inhibition by ATP of purified phosphofructokinase from 
scallop muscle. 
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Fig. 38. Effect of magnesium ion on the activities of phosphofructokinases from squid and 
scallop muscle. A) squid; B) scallop. 

and acceleration of the TeA cycle. At 1.3 mM citrate, PFK from both mollusc 
muscles showed 50% of inhibition, but at a higher concentration, the degree of 
inhibition decreased gradually. The addition of 0.8 roM AMP relieved slightly 
the citrate inhibition. The degree of this inhibition was less than in other PFK. 
PFKs from various sources show varying effects with different ions. K+, NH4+, 

Pi and sulfate ion activate or stabilize the enzyme.11O,l11) In view of this, PFKs 
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from the mollusc muscle showed a marked contrast to the mammalian enzyme. 3 
mM Pi and 100 mM KCI inhibited the enzyme 15% and 35%, respectively. As 
PFK form the mammalian muscle shows an activation or a reversion of the ATP 
inhibition by Pi, there were notable differences between mammalian and mollusc 
muscles. The effect of Mg2+ on the activity of PFK showed a striking cooperativity. 
The result is represented in Fig. 38. PFK of the mollusc showed an absolute 
dependence on Mg2+ and a sigmoidal saturation curve for Mg2+. However, the 
PFK activity reached a maximum at 5.5 mM Mg2+ and was inhibited 25% and 
15% at 10 mM Mg2+, for the squid and the scallop, respectively. Moreover, the 
cyclic AMP had no effect on the squid enzyme up to 6 X 10-3 M. Reduced 
glutathione activated the enzyme 25%. 

So far, the kinetic properties of PFK from the squid and the scallop muscle 
were described. As the degree of complexity depends on the source of the 
enzyme, it is difficult to compare directly the kinetic properties of these enzymes. 
However, the ATP inhibition, the relief of the ATP inhibition by AMP and F6P, 
and the citrate inhibition of the mollusc PFK are similar to those of the enzyme in 
the mammalian muscle, but significant differences between the mollusc and the 
mammalian muscles are the effect of ADP, AMP and Pi, and the shape of the 
saturation curve with respect to F6P. The kinetic properties of mollusc PFKs 
are rather close to those of the plant, yeast and bacterial enzyme. We conclude 
that the mollusc PFKs exhibit complex allosteric properties, but exhibit a 
regulatory mechanism simpler than that of the mammalian muscle enzyme. 

In view of the considerable variations among PFKs and because of our current 
interest in the regulation of the PFK activity from the muscles of aquatic animals, 
it may appear desirable to solve the following problem. First, as described 
previously, there is a difference in the possibility of extraction between the muscle 
of the mollusc and that of the fish. PFK was extracted from a carp with tris 
buffer containing Mg2+, ATP and mercaptoethanol from residues which was washed 
twice by 0.3 M mannit. It was assumed that 46 to 48% of the total activity is 
linked to the structure protein or to any particles in the cell. However, the 
activity of this PFK fraction was very labile and was lost at a 4°C temperature 
during the night. It is not clear whether PFK from the mollusc enzyme is linked 
to the muscular protein or to any particles or not. Secondly, we observed that 
the ability of relieving the citrate inhibition by AMP in the squid PFK decreased 
during 2 months of storage. As desensitization by aging may be due to a change 
in the binding sites of a regulatory substance, it is necessary to investigate any 
changes in the structure of the enzyme protein. Thirdly, the enzyme exists in 
multiple forms. The dissociation or association depending on the interaction of 
several subunits is convenient for interpreting the mechanism regulated by sub
strates and metabolites. The difference in the possibility of extraction, soluble and 
insoluble form, and the difference in sensitivity to regulatory factors may be due to 
the difference in the degree of subunit-association. 
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Discussion 

The model sysyem fortified by adding glycolytic intermediates to the muscle 
extract can well account for the accumulation of glycolytic intermediates in the 
'in vivo' muscle and the interaction between the glycolytic enzymes. The final 
product and a few intermediates trend towards accumulating in the muscle. 
Except for the final product, G6P shows the largest accumulation. The conver
sion of GIP into G6P is intervened spontaneously by GPM and the conversion of 
F6P into G6P occurs when the rate of the glycolytic flux is restricted to the PFK 
steps. Apparently, the G6P accumulation appears to be due to the inhibition of 
PGI, but this accumulation is due to the intense activity and reversibility of PGI. 
The hypothesis that the enzyme, using an accumulated intermediate as substrate, 
is a limiting factor, is not always valid. Even if the degradation of glycogen by 
phosphorylase is stimulated, it results in the accumulation of G6P because the 
rate of the glycolytic flux is restricted to the PFK step. Although it has reported 
that FDP accumulates in the intact yeast cellI) and in the acetone-dried muscle of 
the dogl12), the accumulation of the glycolytic intermediates below FDP is very 
low in the muscle of fish and mollusc. The FDP accumulation may be occur 
according to the lack of NAD or ADP' if PFK normally functions. If FDP ac
cumulates, accumulation of DHAP occurs. 3-PGA accumulation is low and if 3-PGA 
accumulation occurs, it may be due to the inhibition of PK. ADP stimulates the 
rate of glycolysis, an excess of ADP inhibits it. Theoretically, the amount of 
final product corresponds stoichiometrically to the amount of formed ATP. In the 
model system, as adenylate kinase plays a role in the regulation of adenylate, ATP 
formed during the glycolytic process does not correspond to the amount of 
final product and is always less. The pattern of the accumulation of glycolytic 
intermediates 'in vitro' is identical with that of 'in vivo' or post mortem muscle 
reported by many investigators. 

On the other hand, the changes in adenylates show the difference between the 
'in vitro' observation and the 'in vivo' situation. The changes in adenylates 'in 
vivo' is influenced by muscular works, contraction-relaxation in the living muscle, 
and rigor and thaw-rigor in the post mortem muscle. There is a close relationship 
between muscular contraction and glycolysis. It is commonly believed that ATP 
formed from glycogen by glycolysis is utilized in muscular work. The stiffening 
effect accompanying rigor mortis is basically similar to a contraction of the 
skeletal muscles. However, the quantitative correlation between a raise and 
fall in ATP is not yet determined during muscular work. Although great changes 
in adenylates in the post mortem muscle were observed by many investigators, the 
changes was underwent a predominantly unidirectional degrading process. As 
long as a glycogen reserve exists, glycolysis continues forming ATP. The ATP 
could be split by myofibrillar adenosine triphosphatase and the breakdown of ATP 
is supressed by adenylate kinase. It is not clear in what way ATP formed by post 
mortem glycolysis participates in the degrading process of adenine nucleotides. The 
changes in adenylates in the model system including no myofibrillar adenosine 
triphosphatase do not faithfully reflect the actual phenomena in whole cells. 
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Furthermore, if the location of ATP in the different compartments of a cell can be 
adduced by considering the regulatory mechanism of ATP utilization, it can 
probably account for the notable differences in the variation of adenylates between 
in vivo and in vitro. The differences between the in vivo and the in vitro reaction 
are those in the state of equilibrium. The in vivo reaction exhibits the steady 
state of equilibrium, while the in vitro reaction exhibits the thermodynamic 
equilibrium. The fact that the glycolytic function in vivo was identical with that 
of in vitro suggests that the glycolytic reaction is a unidirectional degrading reac
tion and functions as a well integrated unit. 

The discrepancy between the glycolytic function in the ante and post mortem 
muscle is the breakdown of glycogen. Glycogenolysis in the post mortem muscle 
is accopanied by an amylolytic action. Glycogenolysis in the ante mortem muscle 
proceeds nearly through the glycolytic pathway. The phosphorylase intervenes 
in this process. This discrepancy may be due to the difference in the phospho
rylase action. There are two possible explanations for this assumption; that is: 
(1) inactivation of phosphorylase in the post mortem muscle and (2) the lack of 
regulatory function activating the enzyme. As described in chapter III, 4, we 
found that the potential activity of phosphorylase is as high as in other glycolytic 
enzymes, but there is no utilization of glycogen in the model system. In' fact, 
phosphorylase has been shown to occur in muscle in two such forms, referred to as 
phosphorylase a (active form) and phosphorylase b (inactive form), respectively. 
In the resting muscle, the b form is predominant and is changed into an active 
form during contraction. There are two regulatory enzyme systems present in 
muscle; one which converts the inactive form of phosphorylase to the active form 
and another which catalyzes the reverse reaction. The regulatory mechanism that 
activates the inactive form, is inactivated or lost by the changes in the post mortem 
muscle; for example, change in pH, Ca2+ effect or a cellular level of organization. 
It is assumed that because of the weakness in the muscular structure of fish, any 
damage to the tissue structure in post mortem causes the inactivation of phosphory
lase with a concomitant loss of regulatory mechanism. 

It has already been described in this report that mollusc PFK has no activity 
when pH is below 7.0. Therefore, it is interesting to investigate the changes in pH 
in the post mortem muscle of the squid, which exhibits no accumulation of lactate 
or pyruvate. That fish muscles show a higher ultimate pH value in post morten 
may be due to less pH-stability of the fish PFK activity. The cause of the cessa
tion of glycolysis is the lack of FDP in the post mortem muscle. The ultimate pH 
value does not determine the rate nor the extent of post mortem glycolysis. 

The rate of glycolysis in the post mortem muscle varies considerably with 
time and the temperature of storage, and the rate is frequently faster at a low 
temperature. Post mortem changes in fish muscle vary with the fish species, the 
method of killing, the amount of struggling and exercise prior to death as well 
as the storage temperature after death. The variation of the rate of turnover of 
glycolytic intermediates and associated compounds gives much scattered 
information. It is difficult to assess the practical implication of these findings. 
We investigated the stability of the glycolytic enzymes in muscle under some 
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conditions of storage after death, and found that other glycolytic enzymes, except 
for PFK, ALD, GPDH and LDH, are stable in both ice and frozen storage.IOI ) 

At the same time, we reported that the proportion of the decrease in activity of 
glycolytic enzymes in minced muscle is larger than that in unminced muscle and 
we assumed that this fact can be interpreted as the result of damage caused to the 
tissue. Therefore, it is presumed that the contact between substrate and enzyme is 
important for the post mortem muscle and that it influences the rate of glycolysis. 
As fish muscle has a higher water content and a weaker muscular structure than 
mammalian muscle, it is supposed that post mortem changes in fish muscle 
facilitate the diffusion of substrate or enzyme. In fact, rigor mortis in fish gener
ally has a shorter duration than in mammals. The difference in the rate of 
changes in glycolytic intermediates depends on the mobility of the substrate in the 
post mortem muscle, which is decisive in propagating the enzyme reaction. 

Furthermore, the probelm must be solved in order to clarify the changes in the 
post mortem muscle with regard to the interaction of one metabolic system with 
other metabolic systems and how the regulatory function intervenes between these 
systems; for example, glycolysis and respiration, and glycolysis and muscular 
contraction. After the tissues are no longer provided with oxygen, glycolysis then 
appears in the muscle tissue. Although the phenomenon of rigor mortis is not 
completely identical with that of the contraction of the living skeletal muscle, the 
determination of changes in ATP concentration and the activity of myofibrillar 
adenosine triphosphatase may provide a clue to resolve the problem concerning 
rigor mortis. When a muscle contracts, glycolysis is accelerated by the activation 
of phosphorylase and PFK. Both enzymes are stimulated by a common cofator 
cyclic AMP. Although no stimulation by cyclic AMP of mollusc PFK occurred, 
unlike the mammalian enzyme, the possibility exists that phosphorylase kinase, 
catalyzing the conversion of phosphorylase b into the a form, may be activated by 
cyclic AMP even in the mollusc muscle. 

On the other hand, phosphorylase kinase is activated by Ca2+ ion and the 
contraction is characterized by a release of Ca2+ ion in the sarcoplasm, utilizing 
ATP rapidly. One of essential features in the post mortem changes is the gradual 
release of Ca2+ ions. Calcium ion is a common stimulator for glycolysis and 
muscular contraction. Further research may involve studies of the interaction 
with respect to these substances. 

In molluscs such as the squid and scallop, there is the accumulation of pyruvate 
and (X-GP as end products of glycolysis. However, these end products did not 
accumulate 'in vivo' and in post mortem squid muscle. An attempt was made 
to determine the activities of metabolic systems utilizing these substances, but 
the results obtained are not sufficient to extrapolate the 'in vivo' situation. 
Recent reports suggest that glycolysis of mollusc muscle is unusual. Hochachka 
and Mustafal76 ) reported that the principal end products of glycolysis in mussel 
are succinate and alanine. In scallop species,177) glycolysis leads to the formation 
of octopine, the role of LDH in these species being supplanted by octopine dehydro
genase in the metabolism of pyruvate. As the normal Embden-Meyerhof pathway 
exists in these marine mollusc muscles, pyruvate perhaps becomes a starting 
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material. We also reported that the malic enzyme (EO. 1.1.1.40) in the squid 
muscle has the highest activity of all the marine invertebrate muscles tested.l18- 180) 

The malic enzyme function must also take into consideration the pathway of 
pyruvate utilization. 

We have already described that mollusc PFKs exhibit a regulatory mechanism 
which is simpler than in the mammalian muscle enzyme and we observed that PK 
from the rainbow trout and the mollusc muscle also exhibit a simpler regulatory 
mechanism. The reason may be attributed to the characteristic properties of the 
enzymes from poikilotherms. They change the regulatory mechanism depending 
on the temperature conditions under which they live. PK from the Alaskan 
king-crab181) and the rainbow troutI82) show the changes in the kinetic properties 
depending on the temperature. With regard to poikilotherms such as fish, since 
there is a close connection between their distribution and the temperature of the 
water, temperature adaptation involves changes in both the amount of intracellular 
enzymes and their catalytic properties. Therefore, it frequently happens that 
the apparent catalytic activity is higher ail a low temperature in the metabolism 
of pikilotherms. The enzymes from poikilotherms are susceptible of regulatory 
action depending on temperature. In this repect, it is assumed that a fish 
enzyme has specific properties differing from that of a mammalian enzyme. From 
the data obtained so far, a fish enzyme is in general less heat-stable than a 
mammalian enzyme. It was reported that the amino acid composition of salmon 
aldolase is different from that of of a mammalian enzyme.183) The amino acid 
composition may be attributed to the difference in the stability and regulatory 
properties of fish enzyme. As our knowledge of fish enzyme has lagged behind 
t,hat of its mammalian counterpart, the changes in catalytic and regulatory 
properties depending on temperature must be reinvestigated. To determine the 
activity carried out at different temperature, we must note that fish are adaptable 
to their environmental temperature. There are many questions about environ
mental adaptation which remain to be investigated with regard to studies on 
enzyme structure. For example, in some cases the aggregation of enzyme subunits 
is strongly temperature dependent. 

Little biochemical information exists on the enzymes from aquatic animal 
muscle. We are apt to extrapolate implicitly the observations found in mammals 
and apply them to the situation of fish. Further additional studies on glycolysis 
is required. We are intending to investigate the interesting changes in the 
glycolytic activity and the induction or repression of glycolytic enzymes during 
feeding, starvation, refeeding and administration of hormones. These results 
will provide clues for its practical application i.e. the method of rearing fish. 

Summary 

1. Finding out that the final product of glycolysis in fish differs from that 
in some marine molluscs, led us to expect different patterns of metabolism in fish 
and in mollusc, as for example, a different level of glycolytic enzyme activity, the 
modification of the glycolytic pathway, and the existence of other pathways to TOA 

- 69-



Mem. Fac. Fish. Hokkaido Univ. [XXIV, 1,2 

cycle. Moreover, because in post mortem fish muscle, the glycogen utilization by 
glycolysis did not result in a corresponding stoichiometric increase in lactic acid, 
it seemed likely that there are some rate limiting steps which prevent the lactate 
formation in post mortem. In order to clarify the definite correlation between 
the rate of glycolytic flux in ante mortem and post mortem muscle, an attempt was 
made to investigate the effect of adding intermediates on the glycolytic flux, the 
consideration of kinetic properties of the glycolytic intermediates and the properties 
of a regulatory enzyme. 

2. When sugar phosphate was added to the muscle extract, while the formation 
of lactate occurred in fish, the formation of pyruvate occurred as final product 
of glycolysis in mollusc. The reaction sequence of glycolysis can be divided into 
five parts according to the apparent utilization of three sugar phosphates. The 
points of intersection of the pathway correspond to the regulatory enzymes. 

3. In mollusc muscle, ex-glycerphosphate accumulated concomitantly with 
the raise in pyruvate concentration as final product of glycolysis. The physio
logical significance of the accumulation of pyruvate and ex-glycerophosphate in 
mollusc was studied with regard to the respiratory activity and octopine synthesis. 
The possibility that pyruvate and ex-glycerophosphate are aerobically oxidized in 
molluscs is demonstrated here although the utilization of pyruvate by respiration is 
very low in muscle. It is assumed that octopine synthesis occurs only when 
pyruvate is accumulated. 

4. The activity patterns of glycolytic enzymes in muscle of aquatic animals 
is presented. The notable difference between mollusc and fish arises from the 
activity of lactate dehydrogenase. Lactate dehydrogenase in mollusc has one of the 
lowest activities of glycolytic enzymes, while lactate dehydrogenase in fish has one 
of the highest. However, the activity patterns of other glycolytic enzymes, 
except for lactate dehydrogenase, show the same trend for both fish and mollusc, 
in spite of the difference in the absolute activities of those enzymes. And the 
"constant proportion group" of the glycolytic enzyme system described by 
Buecher and Pette was observed in some aquatic animals, but not in others. The 
cause of this flucutation is due to the fall in the activity of glyceraldehyde 3-
phosphate dehydrogenase. The failure to establish a constant proportion group 
also occurred in kokanee salmon muscle during spawning. The difference in the 
activities of glycolytic enzymes between white and dark muscle, and also between 
one part of a muscle and the other was observed. The comparison of the activity 
of the ATP-supplying system to that of the ATP-generating system, and the study 
of adenylate kinase in fish and mollusc were carried out. 

5. The use of the glycolytic system fortified with substrates and cofactors 
revealed the pattern of accumulation of intermediates in the muscle. The quanti
tative relationships between them has been definitely shown by stUdying the kinetic 
properties of the glycolytic intermediates. The amount of degraded glycogen by 
means of the glycolytic route in vitro was estimated at 50 per cent. Glucose-6-
phosphate and dihydroxyacetone phosphate have the tendency to accumulate in 
muscle, because phosphoglucose isomerase and triose phosphate isomerase reactions 
are reversible. ATP formed by the glycolytic action exhibited no stoichiometric 
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corresponding to pyruvate formed at the same time. It is suggested that adenylate 
kinase takes part in this reaction. From changes in the mass action ratio, it is 
also indicated that phosphofructokinase and pyruvate kinase are regulatory enzymes 
in glycolysis. 

6. The effect of adenine nucleotides, which regulate the rate of glycolysis was 
investigated. ADP plays a role as stimulator at a low concentration and as 
inhibtor when there is an excess of concentration. The mass action ratio of 
pyruvate kinase was markedly influenced by the ADP concentration. ATP also 
exhibited both stimulatory and inhibitory actions like ADP. It is assumed that 
the ATPjADP ratio regulates the rate of glycolysis within the range of physiological 
in vivo concentration of adenylates. Adenylate kinase played a part in the regula
tion of adenylates, but it is not a decisive factor for the operation of glycolysis. 

7. By using partially purified phosphofructokinase from the muscle of squid 
and scallop, an attempt was made to provide kinetic information concerning the 
regulatory properties of the enzyme. The enzymes exhibited the hyperbolic shape 
of a substrate saturation curve. The ATP inhibition, relief of ATP by AMP and 
fructose-6-phosphate, and the citrate inhibition of the mollusc enzyme were similar 
to those of mammalian enzymes, but the mollusc enzyme exhibited a regulatory 
mechanism simpler than that of the mammalian enzyme. 

8. The correlation between the glycolytic rates and the regulatory factors 
together with the real difficulties which have been encountered in extrapolating 
in vitro observations to the in vivo situation were discussed. 
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