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Introduction

For decades, it has been known that the rate of postmor-
tem glycolysis is variable in pig muscle (Briskey, et al., 1966).
Elevated hydrogen ion concentrations (low pH) result from
anaerobic glycolysis. Low pH, combined with high muscle
temperature during the early postmortem period, causes de-
naturation and reduced solubility of sarcoplasmic proteins
(Sayre and Briskey, 1963; Scopes, 1964; Joo et al., 1999) and
myosin (Offer, 1991; Warner et al., 1997). Pale color and re-
duced water-holding capacity associated with pale, soft and
exudative (PSE) pork have been primarily attributed to dena-
turation of sarcoplasmic and myofibrillar proteins, respectively
(Joo et al., 1999). Despite an abundance of research describ-
ing PSE pork characteristics, little progress has been made in
improving pork quality (Cassens, 2000).

Regulation of Glycolysis

In living skeletal muscle, energy utilization and energy
production are highly coordinated events. In fact, Conley et
al. (1997) suggested that activation of human muscle con-
traction, glycogenolysis and glycolysis occur in parallel, since
glycolytic rate is dependent on muscle stimulation frequency
and independent of ADP, AMP and Pi concentrations. Control
over glycolytic flux, or the flow of intermediates through gly-
colysis, may also be controlled by covalent modification (en-
zyme phosphorylation and dephosphorylation), substrate con-
trol, and allosteric control mediated by changes in metabolite
and co-factor concentrations (Connett and Sahlin, 1996).
Additionally, coordinate expression of multiple enzymes in a
pathway has been shown to regulate flux of several metabolic

pathways, including glycolysis (reviewed by Thomas and Fell,
1998). Changes in the proportion of enzyme associated with
sub-cellular structures may also influence glycolytic flux
(Parkhouse, 1992). How (or if) these levels of regulation im-
pact glycolytic flux in postmortem porcine skeletal muscle is
unknown. It seems reasonable that reduced inhibition, en-
hanced activation or increased capacity of glycolytic enzymes
may accommodate rapid glycolysis that leads to inferior pork
color and water-holding capacity. Alternatively, low glyco-
lytic capacity, greater inhibition or reduced activation of gly-
colytic enzymes may restrict glycolytic flux.

Kastenschmidt et al. (1968) quantified levels of glycolytic
intermediates and co-factors in longissimus muscles that ex-
hibited fast and slow rates of postmortem glycolysis. Results
of this thorough investigation led the authors to conclude that
accelerated glycolytic rates appear to result from coordinated
stimulation of glycogen phosphorylase, 6-phosphofructo-1-
kinase (PFK) and pyruvate kinase (PK) enzymes. These en-
zymes have traditionally been considered to catalyze rate-
determining steps of glycogenolysis and glycolysis in skeletal
muscle, since the reactions are far from equilibrium and reac-
tions catalyzed by PFK and PK also proceed with a large de-
crease in free energy. Schwägele et al. (1996) demonstrated
that muscle from halothane-sensitive pigs had four times more
total PK activity than control pigs. Additionally, PK isolated
from muscle of halothane-sensitive pigs lost only 30% of its
activity when assayed at pH 5.5 rather than pH 7.0. In con-
trast, PK from control pig muscle lost >90% its activity when
assayed at pH 5.5. The higher activity and pH stability of PK
from muscle of halothane-sensitive pigs were attributed to the
presence of a more highly phosphorylated enzyme (Schwägele
et al., 1996). These enzyme properties may allow continued
rapid accumulation of lactate and hydrogen ions in PSE muscle
under conditions that would result in slow glycolysis in muscle
producing higher quality pork. We recently reported that dif-
ferences in PK capacity do not explain variation in color and
water-holding capacity of pork loin muscle from thirty-two
HAL-negative pigs (Allison et al., 2000). Additionally, when
we measured PK activity at pH 5.5, we observed a loss of
>88% activity in all loin muscle samples at this pH compared
to activity measured at pH 7.0. Thus, factors that contribute to
the PSE condition of pork from halothane-sensitive pigs may
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not be broadly applicable to pigs that do not possess the
ryanodine receptor mutation described by Fujii et al. (1991).

Phosphofructokinase is generally regarded as the primary
regulatory enzyme of glycolysis. It was on this premise that
Sayre et al. (1963) investigated PFK activity in porcine muscle
extracts. These authors determined that PFK and phosphory-
lase activities were not associated with the rate of pH decline
in longissimus muscle of Hampshire, Poland China and
Chester White pigs. Activity of PFK has since been shown to
be subject to numerous control mechanisms, including regu-
lation by potent allosteric effectors, reversible phosphoryla-
tion, subunit association or dissociation, binding to myofibrillar
proteins and alterations in enzyme quantity by changes in
gene expression and protein synthesis. Several of these fac-
tors, combined with the instability of PFK (Suarez et al., 1996),
complicate measurement of PFK activity in vitro. We have
examined several homogenization buffers and assay meth-
ods for quantification of porcine muscle PFK capacity (Scopes,
1977; Suarez et al., 1996; Krause and Wegener, 1996). Un-
der optimum conditions, PFK capacity measured on samples
frozen at 20 minutes postmortem appears to be modestly cor-
related with loin chop drip loss. It is important to consider
maximal in vitro enzyme activity solely as an index of en-
zyme capacity and not as an indicator of in vivo activity.

Flux capacity (Vmax) measured in vitro is a function of en-
zyme concentration [E] and catalytic efficiency, kcat (Vmax =
[E] x kcat). Because kcat values among animals with similar
physiological temperatures are highly conserved, differences
in Vmax values at the same enzyme-catalyzed step are gener-
ally considered to reflect differences in enzyme concentra-
tion (Suarez, 1996). The limitation of this statement must be
recognized in cases such as porcine muscle PK, where phos-
phorylation of this enzyme has been shown to increase spe-
cific activity by increasing kcat/Km for phosphoenolpyruvate
(Schwägele et al., 1996). Although enzyme Vmax values mea-
sured in vitro are expected to exceed in vivo flux rates, this
does not imply that Vmax values are not associated with intra-
cellular flux rates. Bittl et al. (1987) demonstrated that intrac-
ellular flux rates for the creatine phosphokinase reaction are
directly related to enzyme content, despite the fact that Vmax

values exceed in vivo flux rates by an order of magnitude.
The reversible binding of enzyme-enzyme and enzyme-

contractile protein interactions provide additional possibili-
ties for the regulation of glycolytic flux in skeletal muscle.
The formation of soluble enzyme complexes, or those bound
to contractile proteins, may provide a mechanism for enhanc-
ing metabolite transfer rates (Parkhouse, 1992). Lee et al. (1989)
summarized several studies demonstrating that PFK is phos-
phorylated in contracting muscle when the need for energy is
high. Modification of PFK by phosphorylation favors enzyme
binding to actin by increasing its apparent affinity for F-actin.
It is unclear if postmortem conditions induce enzyme modifi-
cations that are similar to those that occur under normal physi-
ological conditions. Phosphofructokinase binding to F-actin
is also affected by ionic strength, pH, calcium and metabo-
lites (Parkhouse, 1992). The potential effects of glycolytic en-
zyme binding on glycolytic flux rate and water-holding ca-
pacity of pork warrants further investigation.

 With current instrumentation, continuous pH measurement
in muscle is difficult to achieve. Nonetheless, pH decline data
are typically drawn as curvilinear. This data representation
may not accurately reflect the nature of postmortem glycoly-
sis. Oscillatory behavior of the glycolytic pathway has been
well documented (reviewed by Smolen, 1995; Tornheim,
1979). In cell-free extracts of skeletal muscle, glycolytic os-
cillations are generated by repeated bursts of phosphofruc-
tokinase activity involving AMP-dependent autocatalytic ac-
tivation of the enzyme by its product, fructose-1,6 diphosphate.
When the [ATP]/[ADP] ratio decreases to a trigger level, this
initiates a sudden increase, or burst, in glycolytic flux that
restores a high [ATP]/[ADP] ratio. Under conditions encoun-
tered in skeletal muscle, oscillatory behavior of glycolysis has
advantages over steady-state behavior for regulation of car-
bohydrate utilization and maintenance of a high [ATP]/[ADP]
ratio (Tornheim, 1979; Tornheim et al. 1991), and has greater
thermodynamic efficiency (Termonia and Ross, 1981). Gly-
colytic oscillations may be important determinants of pH de-
cline in postmortem skeletal muscle.

Conclusions

A detailed understanding of factors that regulate postmor-
tem glycolysis in porcine skeletal muscle will improve efforts
to control the rate of muscle pH decline. The regulation of
glycolytic flux is complex. Although glycolytic enzyme ca-
pacity does not appear to explain a large proportion of the
variation in pork color and water-holding capacity, other lev-
els of glycolytic regulation may contribute to the rapid pH
decline often associated with PSE pork.
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