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The effect of fatigue on the binding of glycolytic enzymes
in the isolated gastrocnemius of Rana pipiens

Helga Guderley, Christine Jean and Mario Blouin

Département de biologie, Université Laval, Québec (Canada)

(Received 2 May 1989)

Key words: Enzyme binding; Muscle fatigue; Phosphofructokinase; Glycolysis; (Gastrocnemius muscle); (R. pipiens)

Fatigue of isolated gastrocnemius muscles from R. pipiens leads to a marked increase in the proportion of
phosphofructokinase bound to the particulate fraction and a decrease in the binding of lactate dehydrogenase, pyruvate
kinase, creatine phosphokinase and glyceraldehyde-3-phosphate dehydrogenase. Only the proportion of aldolase bound
to the particulate fraction was unaffected by fatigue. This pattern was unchanged when fatigued muscles were extracted
at pH 6.5 rather than 7.5. Thus, muscle fatigue leads to opposite changes in the binding of the glycolytic enzymes.

Introduction

Immunofluorescent techniques indicate that many of
the cytosolic forms of the enzymes of energy metabo-
lism are associated with the I band in relaxed striated
muscle [1]. Furthermore, in vitro studies demonstrate
that glycolytic enzymes can reversibly bind to structural
proteins from muscle, heart and other tissues [2-11]. In
vivo studies with trout muscle indicate that glycolytic
enzyme binding generally increases with duration of
exercise, although phosphofructokinase is the major en-
zyme which consistently changes its binding according
to the energy demands of muscle [12,13]. The correla-
tion of increased enzyme binding with increased glyco-
lytic activity has led to the suggestion that changes in
enzyme localization are important in the control of
glycolysis [7,8]. Glycolysis would be activated not only
through covalent modification of enzymes and changes
in the levels of regulatory metabolites [14,15], but also
by increased association of the enzymes with structural
proteins. Such increased binding could facilitate glyco-
lytic flux by channeling metabolites between consecu-
tive enzymes or by activating individual enzymes
through conformational changes during binding [10].

Mammalian skeletal muscles generally contain a mix-
ture of fast glycolytic, fast oxidative and glycolytic, fast
oxidative, and slow oxidative fibers which differ in their
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reliance on anaerobic glycolysis [16,17]. For the last
three fiber types, aerobic metabolism is considered to be
the major source of ATP for muscle contraction. While
in vitro stimulation of ischemic mammalian muscle
should lead to lactate accumulation in all fibers, only
fast glycolytic fibers are designed for reliance on
anaerobic glycolysis. Frog skeletal muscle contains large
fast glycolytic fibers, small oxidative fast fibers and a
low proportion of slow tonic fibers [18,19). Interspecific
differences in aerobic capacities of amphibian muscles
are not accompanied by shifts in fiber type proportions,
but seem due to changes in the metabolic properties of
the fibers themselves [19]. The inter-fiber differences in
the metabolic capacities of amphibian fibers differ from
those generally found for mammalian fibers [16,17];
small oxidative phasic fibers have the highest glycolytic
and oxidative capacities, large phasic fibers are inter-
mediate and tonic fibers have the lowest glycolytic and
aerobic capacities [20]. This suggests that frogs prefer to
use the same fibers whether performing aerobic or
anaerobic exercise and that these fibers are designed for
reliance on anaerobic glycolysis.

Forced exercise leads the leopard frog, Rana pipiens,
to fatigue rapidly and to accumulate high levels of
lactate in the muscles, blood and whole animal [21].
Most of the energy used to support contraction in the
isolated perfused gastrocnemius from Xenopus laevis
comes from anaerobic metabolism [22]. As the gastro-
cnemius of X. laevis shows less glycogen depletion with
fatigue than that from R. pipiens [21], the gastro-
cnemius of R. pipiens must rely even more upon
anaerobic glycolysis than that of X. laevis. Given this
marked dependence on glycolysis to sustain contractile
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activity and the low proportion of tonic fibers in this
muscle [18,19], the gastrocnemius of R. pipiens should
be an ideal tissue with which to attain reasonably
uniform metabolic responses during stimulation of the
isolated muscle. Numerous stimulation protocols can
activate glycolysis, in particular, fatiguing isolated
muscles will stimulate extensive use of anaerobic gly-
colysis throughout the muscle. While fish white muscle
shares many of the metabolic attributes of frog skeletal
muscle, isolated fish muscles are considerably more
refractory to experimental study. Thus, we examined
the effect of fatigue on the intracellular localization of
phosphofructokinase, aldolase, glyceraldehyde-3-phos-
phate dehydrogenase, pyruvate kinase, lactate dehydro-
genase and creatine phosphokinase in isolated gastro-
cnemius from R. pipiens.

Methods

In vitro fatigue of isolated gastrocnemius

Adult R. pipiens were pithed and weighed and their
gastrocnemius muscles were isolated. Each muscle was
suspended from a clamp and attached to a transducer
for isotonic contractions (Harvard Apparatus Model
357). One of the muscles was stimulated at 15 V at a
frequency of 15 Hz until no more contractions could be
recorded (Harvard Apparatus Stimulator Model 340;
Physiograph Model 600-850), while the other muscle
was left unstimulated. Both muscles were periodically
rinsed with Frog Ringer’s solution. The stimulation
times necessary for fatigue generally ranged from 7 min
to 9 min, with one extreme value of 13 min 12 s.

Separation of soluble and bound enzymes

After fatigue of the experimental muscle, the muscles
were weighed and the ‘soluble’ enzymes were separated
from those which are associated with the particulate
fraction by extracting with an approximately isosmotic,
low-ionic-strength buffer (0.25 M sucrose /1 mM dithio-
erythritol (pH 7.5)) and centrifuging at 23000 X g at
4°C for 4 min (following Clarke et al. [8]). Subse-
quently, the enzymes in these fractions were stabilized
in 0.1 M potassium phosphate/1.0 mM EDTA /2 mM
dithioerythritol /0.1 mM fructose 1,6-bisphosphate /0.1
mM ATP (pH 7.5). The pellet was extracted three times
with the stabilization buffer to ensure complete removal
of the enzymes. This method has the disadvantage of
markedly decreasing the protein concentration and the
ionic strength in the vicinity of the enzymes during the
initial extraction. Nonetheless, when this method for
separating bound and soluble enzymes is compared
with techniques which do not share these disadvantages,
similar tendencies are. obtained [11], but see Ref. 13.
Furthermore, recent studies using poly(ethylene glycol)
to increase the effective concentration of muscle en-
zymes indicate that the glycolytic enzymes show similar

trends in their tendency to pellet (equivalent to binding)
with F-actin in the presence and absence of poly(ethyl-
ene glycol) [23]. However, their study clearly indicates
that low ionic strength generally favors binding of en-
zymes to F-actin. Thus, the technique of Clarke et al. [8]
probably overestimates physiological binding.

Enzyme activity measurements

To determine enzyme localization and the recovery
of enzyme activity, enzyme activities were measured in
the particulate and unbound fractions as well as in the
initial homogenate. Activity measurements were made
in triplicate on a Varian Cary UV /Vis spectrophoto-
meter. For aldolase, lactate dehydrogenase, pyruvate
kinase, glyceraldehyde-3-phosphate dehydrogenase and
creatine phosphokinase, the recovery of enzyme activity
was 100 4 15%, but PFK consistently showed a lower
recovery for fatigued muscles. For control muscles, the
recovery of PFK activity in the particulate and soluble
fractions was 93 +11.3% (n = 6) while fatigue signifi-
cantly decreased this recovery to 73.6 £ 10.9% (n=17)
(Mann-Whitney U-test, P < 0.02). Given this decreased
recovery of PFK, we express the binding data as the
ratio of the activity in the supernatant to that in the
pellet.

Assay conditions

Optimal assay conditions were determined for the
enzymes from control muscles and are as follows:
Phosphofructokinase (PFK): 50 mM Tris-HCl, 100 mM
KCl, 10 mM MgCl,, 0.16 mM NADH, 2.5 mM ATP,
2.5 mM glutathione, 50 mM fructose-6-phosphate (pH
8.0) with excess levels of aldolase, triose-phosphate iso-
merase and 3-glycerolphosphate dehydrogenase.
Creatine phosphokinase: 80 mM glycine, 4.0 mM
MgCl,, 0.15 mM NADH, 5.0 mM ATP, 0.8 mM phos-
phoenolpyruvate, 40 mM creatine (pH 9.0) with excess
levels of pyruvate kinase and lactate dehydrogenase.
Pyruvate kinase: 50 mM Imidazole-HCl, 10 mM MgCl,,
100 mM KC], 0.16 mM NADH, 2.0 mM phosphoeno!-
pyruvate, 6.0 mM ADP (pH 7.0) with excess levels of
lactate dehydrogenase.
Aldolase: 50 mM triethanolamine-HCl, 0.15 mM
NADH, 20 mM fructose 1,6-bisphosphate (pH 7.6),
excess levels of triose phosphate isomerase and 3-
glycerolphosphate dehydrogenase.
Lactate dehydrogenase: 100 mM potassium phosphate,
0.2 mM NADH and 20 mM pyruvate (pH 7.0).
Glyceraldehyde-3-phosphate dehydrogenase: 100 mM
Tris-HCl, 3.3 mM cysteine, 20 mM NaF, 25 mM
Na,HAsO,, 0.7 mM NAD and 3.0 mM glyceraldehyde-
3-phosphate (pH 8.5).

Biochemicals and chemicals were from Sigma (St.
Louis, MO). Statistical comparisons were carried out
using the Mann-Whitney U-test.



Results and Discussion

In R. pipiens gastrocnemius, in vitro fatigue markedly
changes the localization of several glycolytic enzymes.
Fatigue leads to a 10-fold decrease in the proportion of
soluble phosphofructokinase, while for the other glyco-
lytic enzymes except aldolase, it increases the propor-
tion of soluble enzyme (Fig. 1). Time required to fatigue
did not affect the changes in enzyme localization. Since
fatigue in frog muscles is accompanied by a decrease in
intracellular pH [24], extraction at a relatively alkaline
pH could have altered the distribution of the enzymes
in the fatigued muscles. Thus, we compared the locali-
zation of enzymes in control muscles extracted at pH
7.5 and in fatigued muscles extracted at pH 6.5. Even
under these conditions, fatigue increases the binding of
PFK while tending to decrease that of the other glyco-
lytic enzymes except aldolase (Fig. 2).

These results can be interpreted in two ways, either
in terms of the activation of glycolysis which preceded
the fatigue, or in terms of events causing the fatigue. In
the first perspective, the increased binding of PFK
corresponds to the pattern observed in mammalian and
fish muscle during activation of muscle glycolysis
{10,12,13]). However, the decreased binding of the other
glycolytic enzymes does not correspond to this pattern.
Given that the technique we used generally overesti-
mates binding of the glycolytic enzymes [13], the de-
creases in binding which we observed are probably
significant. Thus, we conclude that fatigue leads to

p<0.05
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Fig. 1. Changes in enzyme localization with fatigue in isolated R.
pipiens gastrocnemius muscle. The muscles were stimulated and ex-
tracted as described in Methods. The ratio of the enzyme activity in
the supernatant and that in the pellet is plotted for each enzyme
under study. C denotes the control muscle, while F indicates the
fatigued muscle. Phosphofructokinase is PFK, creatine phosphokinase
is CPK, pyruvate kinase is PK, aldolase is ALD, lactate dehydro-
genase is LDH and glyceraldehyde-3-phosphate dehydrogenase is
GAPDH. The probability values indicate whether differences between
adjacent columns are significant according to the Mann-Whitney
U-test.
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Fig. 2. The effect of fatigue on the localization of glycolytic enzymes

in the isolated gastrocnemius muscle of R. pipiens. Muscles were

isolated and stimulated as in Fig. 1, but the extraction was carried out

at pH 6.5. Ratios of enzyme activity, enzyme names, muscle status

and the probability of a significant effect of fatigue are indicated as in
Fig. 1.

opposite changes in the localization of PFK and the
other glycolytic enzymes.

A likely cause of these shifts in enzyme localization is
declining pH. Effectively, PFK increases its binding to
actin as pH is decreased from 7.5 to 6.7 [25]. Exercise
increases the phosphorylation of PFK [26], thus increas-
ing its affinity for actin [27,28]). Maintenance of the
phosphorylation of PFK in fatigued frog muscle could
explain its high binding. However, as the decline in
tension development with fatigue is correlated with
several metabolic variables [24], changes in other
metabolites may also regulate these binding phenomena
[13] as well as directly regulating the activity of PFK
and other enzymes [15]. The intermediate changes in the
binding of aldolase may reflect its association both with
PFK [29], which remains bound in fatigued muscle, and
with glyceraldehyde-3-phosphate dehydrogenase [30],
which decreases its binding with fatigue.

As indicated in Methods, the recovery of PFK in the
supernatant and pellet from the fatigued muscle was
20% lower than in the control muscle. If this decreased
yield occurred in one fraction, expressing the locali-
zation data as a ratio could distort the changes. When
the data are expressed as the percent of the activity
recovered, fatigue increases the percent bound from
48.83+9.75% (n=7T) to 8844 +7.15% (n=7; P<
0.005; Mann-Whitney U-test). Expressing the data in
terms of the activity in the homogenate increases the
variability, but the increase in binding of PFK with
fatigue is still significant (from 46.12-+ 14.37% in the
control to 68.52 + 10.13% in the fatigued muscle) (P <
0.05; Mann-Whitney U test). Thus, the increased bind-
ing of PFK with fatigue remains significant with all
methods used for expressing the data.

The fatigued muscles from individual frogs had 76.7
+ 23.8% of the PFK activity of the corresponding con-
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trol muscles. Fatigue did not alter the specific activities
of any of the other enzymes we examined. Since the
levels of PFK in the gastrocnemius varied considerably
among individual frogs, this tendency is apparent only
when the PFK activity in the fatigued muscle is ex-
pressed as a percent of that in the corresponding control
muscle. We found no difference in the activity of PFK
in the two, non-exercised, gastrocnemius muscles of any
frog. A fatigue-induced decrease in pH [31] may have
led to dissociation and inactivation of PFK as occurs
during in vitro acidification of rabbit skeletal muscle
PFK [32] and of rat heart PFK [33]. In rat heart,
ischemia leads to a similar loss of PFK activity and
alkalinization of the extracts of ischemic rat heart re-
covers only 86% of the activity [34]. In our experiments,
the extracts were consistently placed in the alkaline
stabilization buffer before activity measurements. The
decrease in PFK activity in our extracts of fatigued frog
muscles may be due to such a partial recovery following
realkalinization. If inactive dimers of PFK were more
tightly bound to the particulate fraction than tetramers,
the decreased recovery of PFK from fatigued muscles
could also be explained.

In summary, our results clearly indicate that fatigue
increases the binding of PFK to the particulate fraction
while decreasing that of the other glycolytic enzymes. In
contrast, as metabolic conditions which activate muscle
glycolysis increase the binding of several glycolytic en-
zymes (PFK and aldolase) and do not change the bind-
ing of the others, activation of muscle glycolysis is
considered to increase the binding of the glycolytic
enzymes [7,8,10,12]. The metabolic depression occurring
with anoxia in the whelk, Busycon canaliculatum, is
accompanied by decreased binding of all the glycolytic
enzymes [11)]. These results are consistent with the con-
cept that control of glycolysis involves changes in en-
zyme localization. Our results indicate that during
muscle fatigue, the concerted binding of glycolytic en-
zymes to structural proteins is disrupted.
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