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Where is the glycolytic complex?

A critical evaluation of present data from muscle tissue
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Assactations between glycolytic enzymes and subeellula structures have been interpreted as presenting u novel mechanmsin of glycolytic control
reversible enzymie binding to subceliular struvtural components s believed to regulate enzyme aetivity i vise through the formation of o mult
eneyme complex However, three hines of evidence suggest that enzyime binching to celluliur struetures is ot involved 1n the control of glycolysis
() Caleulations of the distitbution of gliycalyhie enzymes under the physiological cellular conditions of higher 1omic <trength and gher en2yme
concentrations imdicate that a large multi-enzyme complex would not exist (1) In many cases, binding to subcellular structures 1s aceompanied
by changes in enzyme kinetic parameters brought about by allesteric modilication, but these changes often inhibit eneyme avtivity (1) In the case
where formation of binary engyme enzyme complexes detivates enzymes the overill inerense in flux through the enzyn ¢ reaction s negligible

[neyme binding, Mathematical modeliing, Sheletal muscle, Glycolytic enzy nie complexces, CGlycolytic control

1 INTRODUCTION

The enistence of a functional glycolytic complex
muscle cytoplasm, capable of completely metabolizing
fructose 6-phosphate to pyruvic acid, is still an unsett!-
ed 1ssue [1-3]. To date, several different methodologies
have been employed to estimate the degree of enesyme
association 1n vivo The aim of these studies was to cor-
relate changes 1n enzyme binding with changes 1n flux
through specific enzyme loct. These studies included: (1)
centrifugation of tissue homogenates preparad 1n buf-
fers of low 1onic strength 1n an attempt to 1solate stable
cnzyme compleses (homogenization eaperiments)
[4-6]; (u) in vitro kinetic and binding studies with
purificd components to demonstrate the possible ex-
1stence  of specific complexes [7,8]; and (1)
mathemartical modelling of the proposed complex to ex-
trapolats 1n vitro results to 1n vivo conditions [9] Pro-
blems inherent in the first two types of studies have
rendered data nterpretation difficult as discussed
below In ihis case, then, mathematical modelling can
provide 1nsights mnto the 1 vivo bound and free
distribunion as well as the kinetic ramifications of en-
Zzyme binding.
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2. THE NON-SPECIFIC NATURLE OF ENZYME
BINDING

Imitial studies of enzyme bmding to subeellular struc-
tures involved homogenization of muscle tissue 1n
1sosmotic suctose of low 1onic strength tollowed by
separavon of bound and free fractions by centrifuga-
tion at 10000 x g. This procedute was hnown to sedi-
ment myofibnllar proteins such as F-actin, myosin,
troponin and tropomyosin as well as subcellular orga-
nelles [10] Because enzyme precipitation increased as a
result of excrcise 1n skeletal muscle [4,6] 1schaemia in
ventricle [5], or anoxia in whelk foot muscle [11],
this suggested that a glycelytic complex formed as a
response to increased metabolic demand for ATP. The
results from these experiments supplemented those
from 1n v.tro experiments that showed tha: glycolytic
enzymes bound to F-actin under conditions of low ionic
strength [8]. Studies such as these led researchers to
conclude that F-actin was the cellular site of glycolytic
enzyme binding in vivo,

It 1s not surprising, however, that glycolytic en.vmes
bind F-actin when tissues are homogenized at low ionic
strength. This binding results from increased eleciro-
static interactions between positively charged proteins
and neganvely charged actomyosin polymers (Table 1).
The highly 1onic nature of the enzyme/particulate
matter interaction, as well as the non-specific nature of
this interaction, 1s demonstrated by reduced enzyme
binding 1n the presence of: (1) increasing salt concentra-
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tons (to appronimately 100 mM) [2,10,12); (1) m-
creasing  mietabolite  concentiations (to 5-10 times
bound enzyme Ky values) {10,13], and (in) mereasing
pH (4,14], These conclusions are suppoited by expert-
ments designed (o more accurately measure enszyme
binding under the higher salt and protein ¢oncentra-
tons that existin vivo These latter studies showed that
only a small percentage of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), lactate dehydrogenase
(LDH) and pyruvate hinase (PK) were associated with
particulate matter when ineasured using o rapid-pres-
sure procedure (w huch did not dilute the cellular mulieu)
even though significant portions of these enzymes were
bound when measured by the homogemization method
[2)

Mathematical modelling of the F-actin/glycolytic en-
zyme interaction allowed an assessment of the relative
effects of high (physiological) ionic strength and pro-
tein concentrations Studies of this type generally sup-
port the conclusions of the homogenization studies, a
relatively small percentage of TPI, GAPDH, PGK, and
LDH would be associated with F-actin under cellular
conditions (see Table i1). On the other hand, the data of
Table 11 also show that a large proportion of PFK and
PK would be bound :0 F-actin. The h gh percentage of
total PFK bound to F-actin agrees with results from a
rapid-pressure procedure [2] which found that about
30% of the total PFK was associated with particulate
matier, lending further support to these calculations.

Despite the relatively large proportion of total PFK
and PK bound to F-actin, the data of Tzble 11 also sug-
gest that a complere glycolytic complex would not exist.
Fiistly, it 15 apparent that a glycolytic complex, com-
posed of equimolar amounts (or defined proportions
[15]) of each glycolytic enzyme does not exist on F-
actin. And secondly, both aldolase and PGK activities
would be effectively absent from any glycolytic com-
plex on F-acun. The absence of bound aidolase and
PGK shows that the glycolyiic complex would be in-
complete, lacking the ability to catalyse the conversion
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ot fructose 1,6-bisphosphate and 1,3-diphosphogly-
cerate to their respective products

3 ANOMALOUS KINETICS OF BOUND
ENZYMES

Kinetic studies of bound enzyme/F-actn complexes
have shown diverse results. For example, F-actin bound
PrK was activated when compared with the soluble en-
2yme [16-19] beeause of a relatively lower Ko, tor fruc-
tose 6-phosphate and a telatvely ligher Zso value tor
Mg's-ATP [18,19]. On the other hand, aldolase [20],
GAPDH ({12}, P [21], and LDH [13], were all inac-
tivated when bound to F-actin, In the case of aldolase,
F-actin competitively mhibited fructose 1,6-bisphos-
phate binding [22]. F-Actin associated LDH, PK, and
GAPDH also have lower substrate affinities (lugher K,
values) than their soluble counterparts

The activation of bound PFK, and the inhibition of
bound aldolase, GAPDH, PK, and LDH argues strong-
ly against the formation of a functional glycolytic com-
plex on F-actin polymers. If enzyme binding is a
mechamsm for increasing glycolytic flux (as suggestec
by the positive correlation between increased enzyme
binding and exercise [4-6)) all enzymes 1n the purported
complex should show a coordinated behaviour. In this
case, we prechct that all the enzymes should show in-
creased activity when associated with F-actin [4-6]. In
fact, aldolase is completely inactive when bound, and
must be solubilized so that substrate can bind to 1ts ac-
tive site [22]. This demonstrates that these enzymes can-
not be part of any functional glycolytic complex
associated with F-actin and suggests that a bound
glycolylic complex does not exist in muscle,

4. SOLUBLE COMPLEXES

A large amount of recent evidence suggests that some
proteins can reversibly associate to form stable, binary
complexes at relatively high ionic strengths 1n vitro. For
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example, the following compleses have been observed
i vitro. PIK-aldolase (23], PEK-fiuctose 1,6-biphos-
phatase (FBPase; [24], aldolasc-triose  phosphate
isomerase (TPI) [25], aldolase-GAPDH [26], aldolase-
a-glycerol-phosphate dehydrogenase («GPDH) [27],
and GAPDH-.a-GPDH [27] However, in the majority
of these inding experiments, the proteins were
derivatized using fluorescein 1sotliocyanate (FITC)
which has been shown to promote enzynic associations
The etfect of FITC was diamatically demonstrated by
Masters and Winzor [28] who observed no interaction
between aldolase and GAPDH when nauve (non-
derivatized) protemns were used. Derivatizing protemn
with large, hydrocarben ring structures may increasc
protein hydrophobicity and lead to increased interac-
tions between other enzyme parrs stuched n this man-
ner The stoichiometries of several of the complexes 1n-
dicate that these complexes are (at least) parually held
together by hydrophobic forces: PFK dimers nteract
with either aldolase or FBPase, and GAPDH dimers 1n-
teract with aldolase.

Analysis of enzyme activily 1n soluble complexes also
showed a varied response* enzymes either showed no
change, were activated, or were inhibited when bound
to other glycolytic enzymes. For example, no change n
activity was observed for either aldolase or GAPDH
when bound together in a complex [29,30]. A relative
mcrease in aGPDH acuvity was observed 1n
aldolase/aGPDH complexes (aldolase shifted the
aGPDH monomer/dimer equiibrium to the active
dimer form [31]). PFK activity was also increased when
bound to either aldolase [23] or FBPase [32]. A decreas-
ed overall rate of glyceraldehyde 3-phosphate forma-
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tan was abserved when TP was added to an aldolase-
GAPDEH complen {25), and a deciease s aldolase ae-
vvity was observed when bogynd 1w GAPDH (29)
Apatogous (o the arguments agamst the formation af o
complete plycolviie camplex on f-actn, the anomalous
kimetie vesponse of mdividual vompleses sugpests that o
latge mult-ensvme soluble ghveolvtic complex alsa
would not st in muscle ovtoplasm. IFa single vamples
existed and metabolized glucose ar a taster rate than
that ot the fice ensymes, one woaukl except that all en-
zymes m the comples would be at least as active as ther
tree countetparts

How unportant die individual enzvmesenzyme come-
plexes i regulatmyg overall glycolytic tlun? I is possible
to answer this gquestion by considenng overall PI'K ac-
uvity 1n free and complesed torms smee PLK 1s usually
constdered to be the tate controlhing step of glvealysn
The values of Table HT compare the total achivity of a
soluttion of PLK to that of PI'K m the presence ot
aldolase and FBPase, and to that of PI'K in the
presence of aldolase, | BPase and F-actin, Tetrameric
PIK (PI'Ky) <hissociates mto the catalytically mactive
dimene PFK (PFKy). But i the presence of either
aldoluse, FBPuase or F-actin, the overall PEK activity 1y
increased via (1) PFKa2 binding to aldolase to partially
activate the dima [33], and (n) PFK, binding to FBPase
[32] and F-actin [17-19] to allosterically artivate the en-
zyme by decreasing the K, for substrate and increasing
the Zso for inhibitor. Mathematical modelling of the en-
zyme/subeellular stiucture systems of Table 111 reveal-
ad that, even though aldolase activated nactive PFKa,
overall PFK activity was decieased in the presence of
aldolase. This occurred because the high physiological
concentration of aldolase drives the formation of the
less catalytically acuve PFK;-aldolase complex [9]; the
net effect of aldolase bincding would be to inhibit overall
PFK activity 1n vivo. These calculations show that,
although significant hinetic advantages may be
associated with enzyme binding, these do not always
translate into an increase in overall flux through
specific enzyme loci. This argues against any significant
conti'bution of complexes between PFK and glycolytic
enzymmes as a mmechanism of increasing metabolic flux,

5. WHAT IS THE FUNCTIONAL SIGNIFICANCE
OF ENZYME BINDING?

The combined weight of the 1n vitro and 1n vivo
studies of enzyme/enzyme and enzyme/F-actin interac-
tions at low 10n1c strength indicate that some glycolytic
enzymes are more ubiquitous than others. In fact, the
mathematical calculations of Tables II and 111 show
that a sigmficant proportion of some glycolytic en-
zymes may be associated in complexes in vivo [9].
However, the non-specific nature of enzyme/F-actin
binding, and the anomalous kinetic responses to en-
zyme binding suggest that a functional multi-enzyme
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gheohtic compley does nat exist e vive i muscle
tissue,

What 1s the physiological sigmiticance of mdindual
bBiary enszyme compleses, of chzymerE actin com-
plexes? A possible explunation for PI R comples tor-
mation contes trom mathematical madelling ot PIK ac-
TV ILY 10 gudterniuy protem system contamng PHK,
F-actin, aldolase, and F BPuse  In ths system, binding
of PER to -actin resulted moan overal! imncicase i tlus
through PEK Tlus net acuvation resulted pattly from a
shite in the concentratton of PR species mduced by
binding  to P-acun  (the concentration  of the
Pl Ka/aldolase comples decreised and the concentia-
non of the moie dactive PTRy species cieased) and
patly from an allostene activation of PIK, when
bound to F-actin [19]). These caleulutions, then, suggest
that 1eversible association ot individual enzyme com-
plexes may tnerease the overall actis ity of specitic en-
2ymes without the need to form larger, multi-enzyme
complexes, In this case, tormaton of a binaty enzyme
complen decreased the overall enzyme 1ate, wheteas
tormation of a single enzyme/structural protein coms-
plex increased activity. Simular reversible comples tor-
maton may also serve to activate ot inhtbit other
glycolytic enzymes and may serve as possible novel en-
zvme control mechanisms
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