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We find that red muscles of the rabbit contain up to 6 times as much extractable 

hexokinase activity as do white muscles. Hexokinase activity is inversely related to 

those of phosphohexoseisomerase, aldolase and total glycogen phosphorylase, which 

vary over a lo-15 fold range. The results are consistent with known physiological 

properties of the different muscle types. 

MATERIALS AND METHODS 

Male white rabbits were killed while anesthetized with pentobarbital. Muscles 

were excised, chilled, freed of extraneous tissue and blood and minced finely. Using 

a Servall Omnimixer at setting #7, they were homogenized for 30 sec. in 20 ~01s. of 

ice-cold phosphate-glucose buffer, pH 7.1 (Grossbard and Schimke, 1966). Except for 

hexokinase, all enzyme assays were performed on appropriate dilutions of whole 

homogenates. Between 40-60s of the hexokinase activity in homogenates, but not that 

of the other enzymes studied, sediments after centrifugation at 30,OOOg for 20 min. 

Bound activity was released by treating homogenates with 1% (v/v) Triton X-100 in ice 

for 60 min. After centrifugation at 40,OOOg for 20 min., total hexokinase activity was 

measured in the supernatants. In some experiments the detergent treatment was 

omitted and hexokinase was assayed in supernatants after centrifuging at 30,OOOg for 

20 min. This was a measure of soluble hexokinase. 

* 
Supported by USPHS research grant GM14931 from the Division of General Medical 
Sciences. 
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Hexokinase, myoglobin, aldolase and phosphohexoseisomerase were assayed 

respectively by the methods of Grossbard and Schimke (1966), Reynarfarje (1963), 

Rajkumar et al. (1966) and Slein (1955). Total phosphorylase was measured by adapt- -- 

ing the procedure of Bueding et al. (1962) to continuous recording of the glucose l- -- 

phosphate formed from glycogen. Reactions were conducted in 1 ml of medium con- 

taining potassium phosphate buffer (50 mM, pH 7.5), EDTA (1 mM), NaF (10 mM), 

bovine serum albumin (0.3%), AMP (1 mM), MgC12 (2.25 mM), NADP (0.4 mM), rabbit 

liver glycogen (0.5%) and fructose 1,6-diphosphate (0.2 mg/ml) as a source of glucose 

1,6-diphosphate. Phosphoglucomutase (1.0 I.U.) and glucose g-phosphate dehydrogenase 

(0.6 I.U.) were added to each cuvette. 

Maximal linear rates were always measured. All enzyme activities were stable 

over the 12 hr period required to complete the determinations and required the pres- 

ence of muscle extract, specific substrates and ancillary enzymes. Rates were pro- 

portional to added extract and were additive when extracts showing extremes of 

activity were mixed in equal amounts. Reactions were conducted at optimal concen- 

trations of the appropriate ancillary enzymes and substrates. 

RESULTS 

Table 1 presents estimates of total hexokinase, phosphorylase, aldolase and 

phosphohexoseisomerase activities in selected rabbit muscles. The corresponding 

myoglobin contents are also given. Semitendinosus, soleus and diaphragm can be 

classed visually as red muscles, while gastrocnemius, semimembranosus and adduc- 

tor magnus range from pink to white, in that order. HexoMnase activity varies 

markedly among extracts of the muscles studied and correlates well with myoglobin 

content. Semitendinosus (red) and adductor magnus (white) invariably display 

the extremes of hexokinase activity which on average differ by g-fold. Phosphorylase, 

aldolase and phosphohexoseisomerase activities show the reverse trend. Lowest 
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activities are found invariably in extracts of semitendinosus and are progressively 

greater in muscles arranged by decreasing myoglobin content. Maximum activities 

are observed in adductor magnus and are lo-15 times greater than in semitendinosus. 

The results show similar trends when calculated as activity/gm wet weight tissue or 

activity/mg extractable protein. 

In rabbit muscle, but not in rat, up to 60% of the hexokinase activity in homogenates 

of skeletal muscle sediments at 30,OOOg. Rat muscle contains only type II isoenzyme, 

whereas rabbit muscle contains types I and II (Grossbard g &, 1966). We find that 

red and white muscles of the rabbit do not differ systematically in their proportions of 

soluble and particulate hexokinase, or in the proportions of types I and II isoenzymes 

in the soluble fractions as indicated by starch gel electrophoresis. 

DISCUSSION 

Muscles differ markedly in enzyme composition in a manner which can be related 

to their function, as illustrated by the differences between so-called red and white 

forms of skeletal muscle. Thus, of the rabbit muscles we have studied, red forms 

such as semitendinosus contract in a relatively slow, sustained manner, whereas white 

muscles contract more rapidly, but intermittently (see Needham, 1926). Red muscles 

are rich in cytochromes, myoglobin and Kreb’s cycle enzymes (Lawrie, 1953), consis- 

tent with a more active aerobic metabolism. Compared with white muscles they also 

have a greater capacity to oxidize fatty acids and fat (George and Talesara, 1961; 

Dubowitz and Pearse, 1960). White muscles appear to maintain reserves of glycolytic 

and glycogenolytic activity against intermittent periods of rapid contraction. They 

contain more glycogen (see Domonkos, 1961; Ogata, 1960) and more extractable activity 

of enzymes in the pathway from hexose phosphate to lactate, as shown in the rabbit by 

Pette and B&her (1963) and in rat by Dawson and Romanul (1964). The latter workers 

also found that extracts of white muscle contain more phosphorylase activity, a finding 
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we have confirmed in rabbit, None of these workers studied hexokinase, however. 

Under the assay conditions we have used, hexokinase is invariably the least active en- 

zyme studied; its activity is greater in redder muscles while phosphorylase shows the 

opposite trend. Ratios of phosphorylase to hexokinase activity vary from 3 in semiten- 

dinosus (red) to 240 in adductor magnus (white). We have also found that activities of 

these enzymes show a similar inverse relationship where the proportion of morpho- 

logically distinguishable red and white fibers in a given muscle varies as a function of 

animal size and species. 

If  one assumes some direct relationship between enzyme activity in extracts and 

activity in vivo, then the rate of glucose uptake and phosphorylation should be greater -- 

in red muscles than in white, since the former contain more hexokinase. In support of 

this are the findings that blood flow is faster through red muscle in the resting cat 

(Reis ett, 1967), capillaries surrounding fibers of the red type in rat muscle are 

more abundant (Romanul, 1964) and up to 4 times more 3-0-methylglucose is taken up 

in vivo by predominantly red muscles of the rat than by white (Dr. A. Goldberg, per- -- 

sonal communication). Furthermore, since phosphorylase activity is low in extracts of 

red muscle, we suggest that whereas glycogen breakdown via glycolysis is the major 

energy pathway during contraction of white muscles, red muscles expend energy at a 

rate which is met significantly by metabolism of blood glucose via glycolysis and the 

Kreb’s cycle without prior conversion of glucose to glycogen. This hypothesis is not 

immediately reconcilable with findings that red muscle can incorporate more glucose 

into glycogen in vitro (Bar and Blanchaer, 1965; Bocek g &, 1966). -- 

Clearly there is need to relate differences in extractable enzyme activity to meta- 

bolic events in red and white forms of skeletal muscle in vivo, both at rest and in 

contraction. The. differences between red and white muscles would appear to be poten- 

tially useful for studying the interplay of total enzyme content and levels of metabolic 

intermediates in regulating energy metabolism. 
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