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ABSTRACT

Many studies of the protein interactions that compose 
the microtrabecular lattice have been done in dilute 
solutions. However, solutions containing inert polymers 
such as polyethylene glycol (PEG) more effectively mimic 
the crowded interior of the cell. Therefore, the 
interactions of D-glyceraldehyde-3-phosphate ketol- 
isomerase (TPI, EC 5.3.1.1), D-phosphoglycerate 2,3- 
phosphomutase (PGM, EC 5.4.2.1), ATP:3-phospho-D-glycerate 
1-phosphotransferase (PGK, EC 2.7.2.3), 2-phospho-D- 
glycerate hydro-lyase (enolase, EC 4.2.1.11), D-fructose- 
1,6-bisphosphate D-glyceraldehyde-3-phosphate lyase 
(aldolase, 4.1.2.13), D-glyceraldehyde-3-phosphate:NAD+ 
oxidoreductase (GAPDH, EC 5.3.1.1), D-glucose-6-phosphate 
ketol-isomerase (GPI, EC 5.3.1.9), (S)-lactate:NAD+
oxidoreductase (LDH, EC 1.1.1.27), and ATP:Pyruvate 02- 
phosphotransferase (PK, EC 2.7.1.40) with each other, with 
ATP:D-fructose-6-phosphate 1-phosphotransferase (PFK, EC 
2.7.1.11) and with F-actin have been studied in the 
presence of PEG. Rabbit muscle glycolytic enzymes, either 
purified or as in myogen, were centrifuged in the presence 
or absence of F-actin and/or PEG and/or KC1 for 35 minutes 
at 145,000 x g. The supernate and pellet were then assayed.

In the absence of PEG and F-actin, the enzymes did not

x



pellet. PEG and/or F-actin increased and KC1 decreased the 
pelleting of all enzymes studied. A significant increase in 
pelleting with the addition of PEG and/or F-actin along 
with a decrease with the addition of KC1 indicates the 
presence of an ionic interaction which is enhanced by PEG. 
For all of the enzymes tested, an ionic interaction with F- 
actin that was enhanced by the presence of PEG was evident. 
GPI, aldolase, GAPDH, PK, and LDH also were tested for the 
specificity of this interaction by using TPI as a control. 
All five enzymes demonstrated a specific interaction with 
F-actin, which for GPI, GAPDH, and PK was enhanced by PEG. 
More myogen than purified enolase, GPI, aldolase, GAPDH,
PK, and LDH pelleted under several conditions. Greater 
pelleting in samples prepared with myogen than in those 
prepared with purified enzyme suggests an interaction of 
the enzyme with the proteins of myogen. Therefore, purified 
enolase, GAPDH, aldolase, GPI, and LDH were also tested for 
pelleting with other purified enzymes in the presence of 
PEG. Aldolase pelleted the most with PK and LDH; GPI, 
enolase, and GAPDH pelleted the most with PFK; and LDH 
showed no differences in pelleting with the various 
enzymes.

xi



INTRODUCTION

The interior of a cell is classically considered in 
textbooks as an unorganized solution of proteins with an 
array of vesicles and organelles. Recently, however, the 
interior of a cell has been described as a highly organized 
system with the intracellular organelles, plasma membrane, 
and cytoskeleton all connected via a network of cytoplasmic 
proteins termed the microtrabecular lattice. Such a struc
tured cytoplasm implies that proteins, such as the glycol
ytic enzymes, which are classically considered to be in 
solution, are actually components of a protein network. 
Evidence for the existence of the microtrabecular lattice, 
and, specifically, for glycolytic enzymes as components of 
the microtrabecular lattice will be presented. The effects 
that such a structure has on metabolism and on cellular 
water also will be presented.

Microtrabecular Lattice 
Existence of the Microtrabecular Lattice

What is now known as the microtrabecular lattice was 
first observed by differential interference and electron 
microscopy and was described as "a continuous, three-dimen

1
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sional network, composed of threadlike elements" in the 
axoplasm of the giant nerve fiber of the squid (1,2). 
Additionally, these threadlike structures were observed to 
be wound around microtubules (2), which are components of 
the cytoskeletal system. Another early report, in 1971, 
described the ultrastructure of growth cones and axons of 
cultured nerve cells. The ultrastructure in the periphery 
of growth cones was described as a filamentous network 
which extended to the axons where it interconnected 
neurofilaments, vesicles, microtubules, and the plasma 
membrane (3).

This filamentous structure was first called the micro- 
trabecular lattice by Wolosewick and Porter in 1976 (4). 
These researchers refined some high-voltage electron 
microscopy techniques for studying whole cultured cells 
derived from lung tissues and described microtubules, 
microfilaments, ribosomes and vesicles of the endoplasmic 
reticulum as being contained within the material of the 
microtrabecular lattice as depicted in Figure 1 (4). That 
the microtrabecular lattice was not merely an artifact was 
established by the work of Wolosewick and Porter who, by 
using various procedures for fixation, drying, and embed
ding, and by studying model systems, demonstrated that the 
microtrabecular lattice took on different forms when cells 
were exposed to different temperatures (5,6).

Further observations, supporting the existence of the
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microtrabecular lattice, were made by earlier investigators 
using procedures such as centrifugation, exposure to 
various temperatures, introduction and subsequent movement 
of particles, and microsurgery to study cell structure (7). 
The general conclusions drawn from these studies were that 
the cytoplasm could be a liquid or a gel depending on the 
treatment, that it was able to transform between the two 
states, and that it had elasticity (7).

Composition of the Microtrabecular Lattice
The composition and stability of the microtrabecular 

lattice to detergent extraction also was studied by 
Porter’s group. Treatment of cells with the detergent Brij 
58 removed the plasmalemma and membrane-bound organelles 
but did not remove other cytoplasmic proteins and left the 
microtrabecular lattice essentially intact (8). Treatment 
with the detergent Triton X-100, however, resulted in the 
release of cytoplasmic proteins and the loss of structural 
components as judged by electron microscopy (8). A third 
observation was that actin filaments, which are cyto- 
skeletal components and are not solubilized by Triton X- 
100, were only susceptible to decoration by meromyosin 
subfragment 1 after the cells were treated with Triton X- 
100, suggesting that Triton X-100 removed cytoplasmic 
proteins that were bound to actin filaments (8).

The existence of the microtrabecular lattice connotes
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that the cytoplasm is made up of two phases: 1. a poly
meric protein phase composing the microtrabecular lattice 
and cytoskeleton, and 2. a water phase in which small 
metabolites are dissolved (8). This structural format of 
the cytoplasm provokes questions about which proteins are 
involved, what their organization might be within the 
microtrabecular lattice, and what effects this structure 
and its organization have on cellular metabolism.

Protein Phase of the Cytoplasm 
Glycolytic Enzymes and the Microtrabecular Lattice

The microtrabecular lattice, as discussed above, seems 
to be composed of cytoplasmic proteins which, upon sub- 
cellular fractionation, are enriched in the cytosol. This 
suggests that the glycolytic enzymes, which fractionate 
with the cytosol, may be components of the microtrabecular 
lattice. Extractions similar to those performed by Porter's 
group (above) also have been performed on brain slices and 
cell cultures (9). The results from these experiments 
revealed that glycolytic enzymes were not extracted nearly 
as well with Brij 58 as they were when tissues were exposed 
to Triton X-100 (9), further substantiating the implication 
that glycolytic enzymes were indeed components of the 
microtrabecular lattice as observed by electron microscopy. 
Since the microtrabecular lattice is associated with the 
cytoskeleton and permeates throughout the cytoplasm, at
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least two types of interactions of glycolytic enzymes are 
implicated: 1. interactions with actin and other cyto-
skeletal proteins and 2. interactions with other 
cytoplasmic proteins including the glycolytic enzymes them
selves. Both types are depicted in Clegg’s schematic 
drawing of the microtrabecular lattice as shown in Figure 
2 .

Interactions of Glycolytic Enzymes with Actin
Early reports of the association of glycolytic enzymes 

with the cellular ultrastructure were based on comparisons 
of enzyme activities in tissue press juices. In these 
studies, higher LDH1 and aldolase activities in extracts of 
minced skeletal muscle as compared to whole skeletal 
muscle, and their full extraction in phosphate buffer, were 
interpreted as demonstrating an association of LDH and 
aldolase with the skeletal muscle ultrastructure (10). 
Follow-up studies utilizing histochemical and immuno- 
fluorescent techniques indicated colocalization of GAPDH, 
LDH, GPI, aldolase, and TPI with the isotropic bands of 
rabbit muscle (11-14).

Consequently, the associations of glycolytic enzymes 
with actin have been investigated by using a variety of 
methods including activation and inhibition of enzyme

*A key to the abbreviations used in the text is 
presented in Appendix A.
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activities by actin, coelectrophoresis in agarose gels, 
counter-current distribution, cosedimentation and partition 
equilibrium, ease of extraction from muscle tissue, 
affinity chromatography, and electron microscopy.

F-actin has been shown to stimulate the activities of 
aldolase and GAPDH, and to inhibit the activity of LDH 
(16). Agarose gel electrophoresis has shown that GAPDH and 
aldolase comigrate with F-actin (17). Both techniques 
indicate interactions between the enzymes studied and F- 
actin.

Although several changes were only slight, enolase, 
aldolase, TPI, GAPDH, PGK, PGM, PK, and LDH all changed 
their counter-current distribution patterns on the addition 
of actin filaments (18). The latter studies, although 
suggesting interactions between these glycolytic enzymes 
and F-actin, were not quantitative. The extent of change of 
distribution varied among the enzymes with the smallest 
amount of interaction shown by GAPDH, an enzyme that demon
strated relatively strong interactions in other studies. 
Furthermore, a different concentration of enzyme was used 
for each enzyme studied making the comparison of extents of 
altered distribution difficult.

Affinity chromatography was performed by application 
of muscle myogen, a high speed supernatant fraction 
containing the glycolytic enzymes, to an affinity column 
composed of F-actin-tropomyosin complexes cross-linked to
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Sepharose (19). In these experiments, GAPDH, LDH, and 
aldolase had the greatest affinities; intermediate affin
ities were shown for PK, PFK, PGK, and PGM; slight 
affinities of TPI and GPI were detected; and no enolase was 
retained by the column (19). Additionally, purified muscle 
aldolase, GAPDH, PGK, LDH, and PK all demonstrated affin
ities for the column while PGM only showed an affinity for 
the column after preloading with LDH. Additional exper
iments were carried out by this same group of researchers, 
with brain aldolase, GAPDH, and LDH showing an affinity for 
the F-actin-tropomyosin affinity column (20).

Arnold and Pette (21) studied the cosedimentation of 
aldolase with F-actin, myosin, actomyosin, and stroma 
protein from rabbit muscle. The greatest amount of aldolase 
cosedimenting with F-actin and reversal of binding was 
achieved with 150 mM KC1 (21). Similarly, GAPDH, PGK, PK, 
and LDH cosedimented with F-actin. In a quantitative com
parison of the binding of the glycolytic enzymes, these 
same researchers found that aldolase, PK, and TPI bound 
relatively strongly to F-actin; LDH and PGK had less 
affinity; and PGM and enolase did not bind to F-actin (22). 
Additionally, analysis of the associations of aldolase and 
PK revealed two binding sites on F-actin for each and also 
a complex formation between aldolase and G-actin (22).

Cosedimentation experiments also revealed that GAPDH 
cosedimented with the particulate fraction of chicken
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skeletal muscle (23). This cosedimentation was reversed 
with increasing ionic strength, increasing pH, or addition 
of either glyceraldehyde 3-phosphate or 2,3-bisphospho- 
glycerate (23).

The interactions of sheep muscle glycolytic enzymes, 
in a myogen preparation, with F-actin or F-actin-troponin- 
tropomyosin also have been studied by cosedimentation (24). 
Aldolase, LDH, PK, GAPDH, and GPI demonstrated greater 
pelleting than did TPI, PGK, PGM, or enolase (24). Higher 
concentrations of myogen resulted in greater pelleting of 
the enzymes (24). The greater pelleting could have been due 
to the crowding effect of a high protein concentration, 
interactions among the proteins in myogen, or both.

Cosedimentation was also used to determine the extent 
of glycolytic enzyme binding in brain tissue. The results 
demonstrate slight cosedimentation of aldolase, GAPDH, and 
PK with particulate matter at 0°C (25). Cosedimentation 
increased when the experiment was performed at 37°C (25). 
The increase in cosedimentation could have been due to the 
presence of tubulin, which polymerizes and, therefore, 
pellets more extensively at 37°C. However, act in-depleted 
samples were also prepared and these demonstrated less 
sedimentation of the enzymes, indicating that actin was at 
least in part responsible for the temperature-sensitive 
sedimentation of these enzymes (26).

Centrifugation also has been used to study the propor
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tions of soluble and bound GAPDH, LDH, and aldolase in 
skeletal muscle, brain, liver, and kidney at different 
developmental stages of mice (26-28). Amounts of soluble 
and bound enzyme varied with the enzyme, tissue, and 
developmental stage of the animal (26-28). Changes in the 
binding properties of enzymes during development may 
reflect an altered cellular ultrastructure due to changes 
in metabolic emphasis taking place during development (26- 
28 ) .

Of all the glycolytic enzymes, the association of 
aldolase with actin has been the most vigorously studied. 
As mentioned above, the interaction between aldolase and 
actin has been demonstrated by histochemical colocaliz
ation, cosedimentation, and affinity chromatography proce
dures. Additional histochemical studies have revealed that 
aldolase could be extracted from rabbit muscle myofibrils 
by phosphate, readsorbed to the myofibrils, and localized 
again in the I-bands (29). Other studies have been carried 
out on the relative ease of extraction of aldolase from 
muscle tissue. The extent of extraction of aldolase from 
muscle depends on the ionic strength of the solution being 
used (21). Extraction with low ionic strength solutions 
solubilized 60 to 70 percent of the total activity and 
complete extraction was obtained with solutions of ionic 
strength greater than 0.2 (21). These results indicate the 
association of aldolase with muscle proteins but not



14
specifically with actin.

In a cosedimentation study, the relative affinities of 
aldolase isozymes for brain particulate fractions was 
investigated. These experiments demonstrate that enzyme 
tetramers containing the A isozyme have a higher affinity 
for brain particulate fractions than tetramers containing 
the C isozyme with tetramers completely composed of A 
having the highest and tetramers completely composed of C 
having the lowest affinity (30).

The association of aldolase with F-actin has been 
studied further with the use of electron microscopy (31).
In these studies, aggregates formed in mixtures containing 
aldolase and either F-actin, F-actin-tropomyosin, F-actin- 
tropomyosin-troponin-I, F-actin-tropomyosin-troponin-T, or 
F-actin-tropomyosin-troponin-IC (31). Furthermore, a two 
dimensional lattice structure formed on mixing aldolase 
with F-actin-tropomyosin-troponin-IT (31).

Additionally, the interaction of aldolase with myo
fibrils (F-actin containing) has been studied with the use 
of partition equilibrium (32). These studies demonstrated 
three characteristics of the association between aldolase 
and myofibrils: 1. Both rabbit muscle and bovine muscle 
aldolase bound to myofibrils prepared from bovine cardiac 
muscle, indicating that there was no species specificity of 
the interaction; 2. Skeletal muscle myofibrils had a higher 
affinity for aldolase than did cardiac muscle myofibrils;
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3. Serum albumin used to exclude volume (a concept that 
will be discussed later) increased the apparent binding 
constant (32). Further studies by Kuter et al. (33) demon
strated that this association was competitively inhibited 
by phosphate, indicating that the active site of aldolase 
may be involved in this interaction.

Finally, attempts have been made to identify the 
specific site on aldolase that is involved in the associa
tion with actin. Kinetic studies suggest either that 
aldolase activity is competitively inhibited by adsorption 
onto myofibrils (a preparation containing actin) or that 
fructose 1,6-bisphosphate is a competitive inhibitor of 
enzyme binding (34). These kinetic effects could also be 
attributed to conformational changes occurring on binding 
and do not necessarily localize the site on aldolase 
responsible for binding to myofibrils at the same site 
responsible for enzyme activity. An attempt to identify the 
specific spacial location of the binding site has been 
made, by studying the effects of partial proteolysis of 
aldolase on its binding to actin and on the binding of 
substrates. The authors concluded that the substrate and 
actin binding sites were distinct (35).

Topographical localization of the site on GAPDH 
responsible for binding also has been performed. In these 
experiments, the effect of limited proteolysis on the 
association of GAPDH with actin and on enzyme activity was
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studied (36). The results indicate that the site respon
sible for association with actin is different from the 
parts of the protein responsible for kinetic activity (36).

The binding of PFK to actin also has been given par
ticular attention. Several approaches have been used to 
delineate the interaction between PFK and F-actin in 
addition to affinity chromatography which was mentioned 
earlier. The site responsible for binding to actin has been 
demonstrated, by the use of limited proteolysis, to be 
distinct from sites responsible for enzyme activity (36). 
The subcellular distribution of PFK in bovine cardiac 
muscle has been studied by extraction and by studying 
interactions with cardiac myofibrils (37). PFK bound to 
particulate fractions at low ionic strength and was solu
bilized with either the addition of salt or substrates 
(37). Comparison of cardiac muscle studies with cardiac 
myofibril studies led to the conclusion that myofibrils 
were responsible for the association of PFK with the 
particulate fractions of cardiac muscle (37). Furthermore, 
the binding of PFK to the myofibrils resulted in activation 
of the enzyme (37). This observation is consistent with the 
findings of other researchers of the activation of rabbit 
muscle PFK by actin (38,39). The phosphorylated form of 
rabbit muscle PFK is much more sensitive to actin activa
tion than is the dephosphorylated form (38,39). These two 
findings, along with the observation that stimulation of
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muscle contraction results in phosphorylation of the 
enzyme, indicate a possible physiologic sequence of events 
a) stimulation of contraction b) phosphorylation of the 
enzyme c) association with actin filaments and d) 
subsequent activation of PFK a time when the myofibrils 
would have a need for energy.

Interactions of Glycolytic Enzymes with Glycolytic Enzymes
Although the existence of interactions among glyco

lytic enzymes has been disputed by de Duve (40), several 
interactions have been demonstrated by other investigators 
Evidence in support of a glycolytic enzyme complex has 
accumulated, not only through demonstration of specific 
interactions such as PFK with several other enzymes; 
aldolase with GAPDH and with TPI; and GAPDH with PGK, but 
also through general enzyme aggregation. Many of these 
interactions have been summarized and ordered into a 
supramolecular complex by Kurganov, et al. (41).

PFK immobilized on agarose gel has been demonstrated 
to form complexes with several enzymes including GPI, 
aldolase, GAPDH, enolase, PK, and LDH (42). In this study, 
a rabbit muscle extract was applied to a column of PFK- 
agarose gel and bound enzymes were eluted with an 
increasing KC1 gradient (42). However, in other studies, 
GPI and aldolase had no effect on the kinetic behavior of 
PFK which was affected by fructose-1,6-bisphosphatase (43)
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These results, in contrast to the studies using the PFK- 
agarose gel, led to the conclusion that there was no inter
action between either GPI and PFK or aldolase and PFK (43).

An interaction between aldolase and GAPDH has been 
demonstrated by three different methods in four different 
investigations. The first method is the study of the kinet
ics of the enzymes. The stimulation of tuna muscle aldolase 
by tuna muscle GAPDH suggested that a complex was formed 
between the enzymes (44). The reduced Km value observed for 
glyceraldehyde-3-phosphate in a coupled aldolase-GAPDH 
system not only supported the formation of an enzyme com
plex but also suggested that the complex formation resulted 
in direct transfer of the metabolite from aldolase to GAPDH 
(45). The second method used to study the aldolase-GAPDH 
interaction was polarized fluorescence which indicated the 
formation of a complex containing two aldolase tetramers 
bound per tetramer of GAPDH with an apparent dissociation 
constant of 3x10" 7 M (46). A third method involved the 
production of an inactivating aldehyde intermediate by 
aldolase which lost reactivity on diffusion into solvent. 
However, the intermediate inactivated the aldolase molecule 
that produced it and also inactivated GAPDH when the reac
tion was carried out in the presence of both enzymes (47). 
This inactivation of GAPDH could only result from a direct 
transfer of the product from aldolase to GAPDH which sug
gests complex formation (47).
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Evidence for an interaction between aldolase and TPI 

has also been reported. Aldolase and TPI demonstrated 
mutual protection against denaturation by perchloric acid 
(48). Also, the fluorescence anisotropy of fluorescently- 
labeled TPI increased in the presence of aldolase with an 
apparent dissociation constant of 1.7 /iM, both indicating 
complex formation (48). The inhibition of aldolase activity 
by TPI also suggested complex formation (49).

The demonstration of aldolase complex formation with 
GAPDH and TPI prompted questions about the relative extents 
of formation of these complexes and their possible effects 
on glycolytic flux in vivo. One investigation used 
fluorescence anisotropy and kinetic studies to demonstrate 
that a TPI-GAPDH complex was not being formed, that the 
amount of aldolase-GAPDH complex was reduced in the pres
ence of TPI, and that TPI actually decreased the steady- 
state velocity of the coupled aldolase-GAPDH reaction (50). 
These results led to the conclusion that GAPDH and TPI may 
alternately bind to aldolase and that the conformation may 
affect the rate of glycolytic flux (50).

The possibility of an interaction between GAPDH and 
PGK has been investigated using several techniques and 
several different sources of enzyme. A possible interaction 
between pig muscle GAPDH and PGK has been investigated by 
kinetic analysis, fluorescence anisotropy, and gel 
chromatography, leading to the conclusion that there was no
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interaction (51). However, kinetic studies of halibut 
muscle GAPDH and PGK indicate that while a direct enzyme 
interaction may not occur, a complex may form via 1,3- 
bisphosphoglycerate, the common intermediate (52). Further
more, studies of yeast enzymes indicated: that an inter
action between GAPDH and PGK exists; that the substrate,
1,3-bisphosphoglycerate is necessary for this interaction 
but is also released into solution and so is not the link 
between the two enzymes; and that binding of PGK to GAPDH 
results in loss of cooperativity among the four GAPDH 
subunits (53,54) .

General enzyme aggregation has been suggested by an 
investigation of the effects of PEG on the rate of 
glycolysis. PEG, the effects of which will be discussed in 
detail in a separate section, increased the rate of lactate 
production from glucose in a rat liver extract (55). A 
general enzyme complex also was formed in samples prepared 
with myogen, a high speed supernatant fraction of muscle 
tissue (56). These studies demonstrated the formation of a 
complex which contained LDH, aldolase, PK, and PFK (56).
The complex formation was dependent on the absence of 
metabolites, appropriate pH, low ionic strength, and the 
presence of myosin, a protein component of the myogen
preparation (56).
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’Piggy-Backing’

'Piggy-backing' is the term used by Clarke et al. (57)
to describe the interaction of an enzyme with a second 
enzyme which is bound to F-actin. An example is the inter
action of PGM with an F-actin-tropomyosin affinity column 
only after it had been pre-loaded with LDH (19). 'Piggy 
backing' also has been demonstrated for the interaction of 
rabbit muscle TPI with either aldolase or GAPDH bound to 
muscle myofibrils (58). No interaction of TPI with muscle 
myofibrils took place unless either aldolase, GAPDH, or 
both were also present (58).

The Effects of Enzyme Complexes and Enzvme-F-actin Complexes on Metabolism
Several authors have reviewed the advantages that an 

organized multienzyme system, such as the organization of 
the glycolytic enzymes (glycolysis is shown in Figure 3) 
along an actin filament, would have on cellular metabolism 
(59-63). The following list by Srere (62) encompasses the 
discussions of the other reviewers as well.

1. If the substrates can be transferred directly from one active site to another (channeling) so that the 
substrate's concentration in the microenvironment of 
the second site is kept relatively high compared to 
the average bulk concentration of that substrate, then 
one spares the limited solvation capacity of cellular 
water. 2. In these situations one achieves high 
concentrations of substrates [in the vicinity of the 
appropriate enzymes] with fewer substrate molecules.
3. When the input into a sequence of metabolic 
reactions is changed [such as a change in the sub-



GLYCOGEN

FRUCTO SE-1,

COOHI
H - C - O H

P H O S P H O S L Y C E  RATE 
K I N A S E

' M q t fC - O H  )
CH£- O —®  i \

IIc-o~ © Pi

ATP

■*. H - C - O H  ^ r  

ADP

±

CHa- 0 - ( g )  _ . . a

H - C = 0  D IH Y D R O X Y -
* h - c - o h  a c e t o n e - P  

' o - ©  '

3 -P H O S P H O -  
GLYCERATE

I'

1, 3 -  D/PHOSPHO  -  

G LYCERATE A

7 ^ \  CH 
N A D H + H + N A D *

GLYCER-

P H 0 S P H 0 T R I 0 3 E  
I S O  AA E R A S E

A L D E H VD E-3 -P

PHOSPHOGLYCERATEMUTASE

COOH
H - C - O -  ©  

CH a OM 

HaO

2 -  PHOSPHO -  
GLYCERATE

I E N O L A 3 E

PHOSPHO ENOL -
COOH
C _  0  ~  <p) rH V Z H H U t:*
J  U  ^  PYRUVATE
CH O X I D A T I O N

a  in  c/Tfi/c
a c i d  cycLe

Mg* ADP

S -A T P
COOHI
C -O H
II
CHa

( E N O L) -  
P Y R U V A T E

P Y R U V A T E
K I N A S E V V

N A D H 4H + NAD*-

S P O N T A N E O U S
COOHI

—*■ C =  o  -*■ I
C H 3 

(H E  T O ) 
P Y R U V A T E

COOHI
H O - C - H

L A C T A T E
D E H Y D R O G E N A S E

L A C T A T E



24
strate level for the first enzyme of the sequence], then the transient time for the attainment of a new 
steady state is reached faster for a multienzyme complex than for comparable enzyme activities free in 
solution. 4. If substrates are unstable in aqueous 
environments or if they can be acted on by other 
enzymes, then direct transfer to a successive active 
site is a mechanism for their preservation. 5. Interactions between the sequential proteins have been 
shown to have allosteric (thus regulatory) effects on the activities involved. 6. Such complexes, if they 
are attached to or are part of cellular structural 
elements or macromolecules, would have the advantage 
that the diffusion of their enzymatic components could 
possibly take place in two dimensions or one dimension rather than three dimensions (62).

Water Phase of the Cytoplasm 
Cellular Water Content

By electron microscopic study of the microtrabecular 
lattice, Wolosewick and Porter (5) estimate that approx
imately 80 percent of the cytoplasmic volume is comprised 
of intratrabecular space which varies with the cell type 
and method of fixation. Since the cytoplasm is made of two 
phases, one proteinaceous and the other mostly water, these 
intratrabecular spaces would be filled with water in a 
living cell. The actual water content of cells is difficult 
to determine because there is variability between cell 
types and because viable cells are not necessarily fully 
hydrated.

In studies by Clegg (65) using Artemia cysts, metab
olism proceeded at a rate dependent on water content in 
cells containing between 0.65 and 0.8 g of water per g dry 
weight of cells and was independent of water content
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between 0.8 and 1.4 g water per g dry weight of cells (65). 
Other cells have also been shown to be viable after loss of 
50 to 80 percent of the total cell water (65). An 
interesting point made by Lechene (66) regarding cellular 
water and the cytoplasm is that a gel state is favorable 
because it allows the cell to avoid osmotic swelling and 
dehydration more effectively than a soluble state would. By 
using Gershon's (67) estimate that the surface area of the 
microtrabecular lattice and cytoskeleton is 50,000-100,000 
Aim2 , and the values of 3x10' 1 Atm for the thickness of one 
water molecule and 50 percent for the water content of the 
cell, Clegg (65) estimates that a monolayer of water 
covering only the microtrabecular lattice and cytoskeleton 
would require 2-4 percent of the total cellular water (65). 
Proteinaceous structures may influence the structure of 
water up to 17 layers away (65). This estimate implies that 
the microtrabecular lattice and cytoskeleton may impose 
structural restrictions on 34 to 68 percent of the total 
cellular water. This estimate does not include the surface 
areas of all of the other cytoplasmic structures such as 
membranes, granules, and ribosomes (65). The amount of 
cellular water that is free to diffuse throughout the cell 
without being affected by a structural component must be 
exceedingly small. This is in sharp contrast with the 
conditions of many in vitro studies which are done in
dilute solutions composed mainly of bulk water.
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Concomitantly, the amount of water present in the cell 

influences protein structures. As mentioned above, Artemia 
cysts begin metabolizing at 65 percent water (65) which is 
also the approximate water content of red blood cells (68). 
Protein crystals are approximately 40 percent water or 
solvent by weight (68). Therefore, the proteins in a cell 
more closely approximate crystalline structures than the 
structures formed in dilute solutions which are 99.9 
percent water (68). This lack of sufficient water to keep 
the cytoplasmic contents soluble also favors protein 
interactions. Interactions of proteins involve associations 
of protein surfaces which would increase entropy by release 
of water that formerly was involved in hydration of the 
surfaces now in contact (69).

Simulation of In Vivo Water by PEG
In light of the fact that cellular water does not 

behave the same as the bulk water composing most solutions, 
inert molecules, such as PEG, have been added to solutions 
to more accurately mimic the interior of the cell. The 
presence of an inert molecule in a protein solution will 
enhance protein associations due to "the exclusion of 
protein from that fraction of solution volume occupied by 
polymer" (70). This phenomenon is known as volume 
exclusion, volume occupancy, steric exclusion or crowding 
(70-72). Whether or not PEG is an inert molecule has not
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been established. By assuming that proteins and PEG are 
hard-spherical particles (which is very unlikely), Minton's 
calculations suggest that there is an attractive inter
action between PEG and some proteins, but not between 
molecules of PEG (70). However, Nichol et al. (72) prefer
to treat PEG as an inert polymer and conclude that, in 
vitro. PEG mimics the concentrated macromolecular condition 
found in vivo. Furthermore, Arakawa and Timasheff (73) also 
studied the interaction of PEG with B-lactoglobulin and 
concluded that the major effect of PEG was steric exclusion 
and that B-lactoglobulin was preferentially hydrated (PEG 
was preferentially excluded from the domain of the protein 
compared to water).

PEG has been used in several studies of interactions 
between the various enzymes of the Krebs tricarboxylic acid 
cycle and between these enzymes and the inner mitochondrial 
membrane. PEG at a concentration of 14 percent did not 
change the nature of the interaction between malate 
dehydrogenase and the inner mitochondrial membrane but did 
allow the interaction to be observed at higher ionic 
strength (74). The interaction between citrate synthase and 
mitochondrial malate dehydrogenase was also studied in the 
presence of 14 percent PEG which, when combined with 
centrifugation, resulted in sedimentation of the complex 
(75). Citrate synthase also coprecipitates with thiolase in 
the presence of 12 percent PEG (76) and with the pyruvate
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dehydrogenase complex in the presence of 5 percent PEG 
(77). Succinate thiokinase and the alpha-ketoglutarate 
dehydrogenase complex also form a precipitable complex in 
the presence of 5 percent PEG (78).

The effect of PEG on the enzyme activity of a few 
glycolytic enzymes has also been studied. Several kinetic 
parameters of pyruvate kinase from rat liver were affected 
by the presence of 10 percent PEG while neither pyruvate 
kinase from rabbit muscle nor fructose-1,6-bisphosphatase 
from rat liver were affected (79).

Statement of the Problem
As presented above, the cytoplasm is a structured and 

organized system containing the microtrabecular lattice as 
one of its components. The microtrabecular lattice is made 
up of proteins contained in the cytoplasm, but the elucida
tion of the multitude of specific interactions necessary to 
compose this structure has barely begun. After considering 
the concentration of water and protein in cells, it is 
evident that studies done in dilute solutions do not 
reflect the cellular ratios of protein to free water. 
Intracellular conditions can be more effectively mimicked 
by the addition of inert polymers, such as PEG, to the 
protein solutions under study. Therefore it was of interest 
to study the effects of PEG on the interactions of glycol
ytic enzymes with F-actin and with other glycolytic
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enzymes. This study may lead to a better understanding of 
the types of interactions that occur within the micro- 
trabecular lattice. The interactions were studied by 
testing purified glycolytic enzymes and a mixture of 
glycolytic enzymes, as found in myogen, for cosedimentation 
with F-actin in the presence and absence of PEG at various 
ionic strengths. Cosedimentation of combinations of 
purified glycolytic enzymes in the presence of PEG also was 
tested.



MATERIALS AND METHODS
Materials

Reagents
PEG with an approximate molecular weight of 8000, 

sodium phosphate, Hepes, DTT, BSA (fatty acid free), 
ethylenediaminetetraacetic acid (free acid), NADP, Tris 
base, Coomassie Brilliant Blue G, triethanolamine, nicotin 
amide adenine dinucleotide (both reduced and oxidized 
forms), fluorescein (sodium salt), pyruvate (sodium salt), 
L-lactate, phosphoenolpyruvate (trisodium salt), fructose 
6-phosphate (disodium salt), fructose 1,6-bisphosphate 
(trisodium salt), glyceraldehyde 3-phosphate (free acid), 
2-phosphoglyceric acid (sodium salt), 3-phosphoglyceric 
acid (disodium salt), 2,3-diphosphoglyceric acid 
(pentacyclohexylammonium salt), adenosine 5'-triphosphate 
(disodium salt), sodium carbonate, and all commercially 
purified glycolytic enzymes, including GPI, aldolase,
GAPDH, TPI, PGM, PGK, enolase, PK, LDH, PFK, glycero
phosphate dehydrogenase-TPI, and glycerophosphate dehydrog 
enase, were obtained from Sigma Chemical Company, St. 
Louis, Missouri, and were used without further purifica
tion. All glycolytic enzymes used as coupling enzymes in 
enzyme assays were isolated from rabbit muscle except LDH

30
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which was isolated from bovine heart and PGK which was 
isolated from yeast. All glycolytic enzymes used for 
studying interactions were isolated from rabbit muscle.

Sodium hydroxide and nitric acid were purchased from 
Fisher Scientific Co., Pittsburgh, Pennsylvania. Thymol was 
obtained from the J. T. Baker Company, Phi 11ipsburg, New 
Jersey. Ammonium sulfate was purchased from Bio-Rad 
Laboratories, Richmond, California. Hydrochloric acid was 
obtained from Harleco, Philadelphia, Pennsylvania.
Potassium chloride, potassium phosphate, phosphoric acid 
(85 percent), magnesium chloride, acetone, calcium 
chloride, and magnesium sulfate were purchased from 
Mallinckrodt Chemical Works, St. Louis, Missouri. Ethanol 
(95 percent) was purchased from USI Chemicals Co., Rolling 
Meadows, Illinois. All solutions were made to volume with Q 
water (distilled water which was further purified with a 
Milli-Q Water Purification System, Millipore Water Systems, 
Millipore Corporation, Bedford, Massachusetts).

Equipment
Solutions were adjusted to the desired pH as measured 

with a Selectromark Analyzer and combination pH/reference 
electrode from Markson Science Inc., Del Mar, California, 
with either hydrochloric acid or sodium hydroxide.

Enzyme assays were performed in 0.5 ml quartz cuvettes 
using a Beckman DU spectrophotometer, updated with a
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Gilford power supply, photometer, and automatic cuvette 
positioner, which was interfaced with a Beckman recorder 
and equipped with a Haake circulating water bath.

Ultracentrifugations were carried out in either a 
Beckman model L or L8-80 centrifuge using either a Type 70 
Ti, Type 50 Ti, or Type 80 Ti rotor with appropriate size 
polycarbonate centrifuge tubes all from Beckman. Slow speed 
centrifugations were accomplished with the use of either a 
Sorvall RC-5B centrifuge with Sorvall GSA and SS-34 rotors 
or a Beckman model J-6 centrifuge with a TY JS-5.2 rotor.

Hamilton syringes, polypropylene microcentrifuge 
tubes, and other miscellaneous supplies were purchased from 
American Scientific Products, McGaw Park, Illinois. Micro 
pipetters were obtained either from the Rainin Instrument 
Company, Woburn, Massachusetts, or from Denville Scientific 
Inc., Denville, New Jersey. Sartorius balances were used 
when solid samples were measured. Polyethylene supports for 
desalting columns were cut from polyethylene purchased from 
Bel-Art Products, Pequannock, New Jersey. The following 
equipment was purchased from the companies indicated: a 
meat grinder from Sears; a Tissumizer from the Tekmar 
Company, Cincinnati, Ohio; a Vortex-Genie from Scientific 
Industries, Inc. Bohemia, New York; and plastic disposable 
syringes from Becton, Dickinson and Company, Rutherford,
New Jersey.
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Methods

Protein Preparations
Acetone-dried muscle powder was prepared by the method 

of Katz (80) and stored frozen at -20°C. F-actin was 
purified from the acetone-dried muscle powder by the three 
polymerization-depolymerization cycle method of Katz (80). 
Purified F-actin was stored refrigerated in the presence of 
thymol and was used within three weeks. Rabbit muscle 
myogen was prepared as described by Bronstein and Knull 
(19) and was stored refrigerated as an ammonium sulfate 
suspension. Commercially purified enzyme preparations were 
used without further purification.

Protein Determinations
Protein concentrations were estimated using the dye

binding method of Bradford (81) with BSA as a standard. The 
concentration of the BSA was estimated by measuring 
absorbance at 280 nm and using an extinction coefficient of 
6.6 for a 1 percent solution (81).

Desalting of Enzymes and Myogen
Samples were desalted by a modification of the 

procedure of Neal and Florini (82). Sephadex G-25-300 
columns were prepared by filling either 5 or 10 ml plastic 
disposable syringes with preswollen Sephadex and 
preequilibrating with 10 volumes of desired buffer. The
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column was then placed in a centrifuge tube and centrifuged 
at 1500 RPM for 5 min. using a Beckman model J-6 
refrigerated centrifuge. The ammonium sulfate suspensions 
were diluted 1 to 10 in the desired buffer and placed on 
top of the prepared column which was again spun as 
described above. The desalted protein was collected in the 
centrifuge tube.

Soectrophotometric Enzyme Assays
Aldolase, GAPDH, LDH, GPI, PGK, PGM, TPI, and enolase 

were assayed according to the procedures described by 
Bergmeyer et al. (83), with the aldolase assay modified by
using Hepes rather than triethanolamine as the buffer. PK 
was assayed according to Tamir et al. (84). All assays were
conducted at 30°C and either the disappearance of NADH or 
the appearance of NADPH was followed by measuring the 
change in absorbance at 340 nm. One unit of enzyme activity 
is defined as that amount catalyzing the conversion of 1 
jumole of substrate to product per minute.

The Pelleting of Glycolytic Enzymes in the Presence or 
Absence of F-actin and/or PEG and/or KC1

The buffer used in the interaction experiments 
consisted of 45 mM Hepes and 5 mM sodium phosphate (pH 7.0) 
and, since it is the only buffer used, will be referred to 
simply as buffer. All enzyme, PEG, and DTT solutions were 
made with buffer. Samples and solutions were kept on ice at
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all times except 28 percent PEG which was not kept on ice 
due to its observed crystallization Enzyme preparations in 
ammonium sulfate suspensions, including myogen, GPI, GAPDH, 
enolase, and PGM were dissolved in buffer and desalted. 
Enzyme preparations purchased as lyophilized powders were 
dissolved in buffer. Samples contained either 130 fig of 
myogen or 7x10'11 moles of purified enzyme; with or without 
300 fig of F-actin; either 0, 0.15, or 0.30 M KCl; and/or 75 
A il  of 28 percent PEG for a final concentration of 14 
percent. Each sample was brought to a final volume of 150 
A il  with buffer in a 1.9 ml polycarbonate microcentrifuge 
tube. DTT was added to 0.5 mM in samples containing GAPDH. 
Pelleting of LDH and PK were also tested in the presence of 
11 percent PEG.

Samples were mixed by vortex action in 1.9 ml micro
centrifuge tubes which were then placed in 11 ml poly
carbonate centrifuge tubes and immediately centrifuged at 
140,000 x g for 35 min at 4°C. Supernates were decanted 
from pellets. To remove any supernate adhering to the 
centrifuge tube, pellets were washed with 150 /jlI of buffer 
which was discarded. The pellets were then resuspended in 7 
percent PEG, 0.2 M KCl, and buffer to a final volume of 150 
Ail. To avoid misleading results due to the alteration of 
enzyme activity by PEG, all supernates were diluted to 7 
percent PEG. Additionally, supernates from samples prepared 
with GAPDH were also adjusted to 0.2 M KCl. Supernatant and
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pellet fractions were then assayed for enzymatic activity.

Preparations containing purified aldolase, GPI, GAPDH, 
PK, and LDH were tested for specificity of pelleting by 
measuring their pelleting in samples prepared with TPI 
instead of F-actin. These samples contained 7x10'11 moles 
of purified enzyme, as in other preparations, and contained 
430 ng of TPI, an amount equivalent to the protein content 
of samples containing F-actin (300 tig) and myogen (130 /ig) .

The amount of enzyme randomly trapped in the pellet 
due to the pellet volume was estimated by preparing samples 
containing fluorescein and the various amounts of F-actin, 
PEG, and KC1.

The Pelleting of Purified Glycolytic Enzymes in the 
Presence of Other Purified Glycolytic Enzymes and PEG

Enzyme-enzyme interactions were investigated by the 
same general procedure described above for the interactions 
of glycolytic enzymes with F-actin. Samples were prepared 
with 7x10'11 moles of each of two purified glycolytic 
enzymes, a final concentration of 14 percent PEG, 0.5 mM 
DTT and were brought to a final volume of 150 jul with 
buffer. F-actin was omitted from all samples. All super
natant and pellet fractions were adjusted to a final 
concentration of 7 percent PEG and 0.2 H KC1 prior to 
enzyme assay. Purified phosphofructokinase, purchased and 
stored as a precipitate in 3.2 M ammonium sulfate, was 
dissolved in stabilization buffer (85) and desalted over 
columns preequilibrated with the same buffer.
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Statistical Comparisons

Pairwise multiple comparisons of the groups of data 
for a particular enzyme were performed using the MCPAIR 
program, which is part of the BIOM statistical programs 
(86), and the accompanying text, Biometry (87), and 
statistical tables (88). All samples sizes were > 3. For 
interactions among glycolytic enzymes, the Tukey-Kramer,
GT2, and T' statistics were all considered. However, due to 
limited tabulated values, only the Tukey-Kramer statistic 
was considered for evaluation of the interactions of 
glycolytic enzymes with F-actin. In the following sections, 
a difference, increase, or decrease refers to a difference 
that is statistically significant with p < 0.05 unless 
otherwise specified. In accordance with common statistical 
procedures, the values signified in the tables representing 
the results of statistical analyses are as follows: not 
significant is denoted by ns; significantly different is 
denoted by *; and highly significantly different is denoted
by **



RESULTS
The results will be reported in the following four 

sections. First, the results of the pelleting of fluor
escein as a measurement of pellet volume will be presented, 
and second will be the results of the pelleting of the 
glycolytic enzymes. In the first two sections, results will 
be presented under the following four conditions: condition 
1 representing the absence of both F-actin and PEG, 
condition 2 representing the absence of F-actin and 
presence of PEG, condition 3 representing the presence of 
F-actin and absence of PEG, and condition 4 representing 
the presence of both F-actin and PEG. The results of the 
pelleting of the glycolytic enzymes will be presented in 
the following groups: TPI and PGM which are represented in 
Figures 4 and 5; PGK and enolase which are represented in 
Figures 6 and 7; GPI which is represented in Figure 8, 
aldolase and GAPDH which are represented in Figures 9 and 
10; and PK and LDH which are represented in Figures 11 and 
12. Third, the results of glycolytic enzyme pelleting in 
combination with other specific glycolytic enzymes will be 
presented. Fourth, the units of enzyme activities in 
samples prepared with purified enzyme versus samples 
prepared with myogen will be presented.

38
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The Pelleting of Fluorescein, 
a Measure of Pellet Volume

Pellet volume, measured by the presence of fluorescein 
in the pellet fraction, ranged from 0 to 7 percent of the 
total sample volume (table 1). No fluorescein pelleted in 
the absence of both PEG and F-actin nor in the presence of 
PEG and absence of F-actin. Slight pelleting of fluorescein 
occurred in the presence of F-actin and absence of PEG. The 
most pelleting occurred in the presence of both F-actin and 
PEG. Pellet volume was considered to be negligible and, 
therefore, the results for the pelleting of the glycolytic 
enzymes were not adjusted for nonspecific activity in the 
pellet due to pellet volume.

Table 1: Percent of the total absorbance of fluorescein 
at 473 nm found in the pellet fraction. Samples were 
prepared as described in the Materials and Methods section. 
All values are means + S.E.

Cond. 1* iCond. 2b Cond. 3C Cond. 4'
M KC1
0 0±0 0+0 2+0.5 7 + 2
0.15 0+0 0+0 2+0.6 3+0.9
0.30 0±0 0+0 3+0.3 3+0.7

* Cond . 1 represents the absence of both PEG and F-actin
b Cond . 2 represents the presence of 14 percent PEG and

absence of F-actin.
c Cond . 3 represents the absence of PEG and presence of

F-actin.d Cond . 4 represents the presence of both PEG and F-
act in.
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The Pelleting of Glycolytic Enzymes in the Presence or

Generally, as is evident from Figures 4 to 12, the 
pelleting of the glycolytic enzymes was least in the 
absence of F-actin and PEG, increased in the presence of 
either F-actin or PEG, was greatest in the presence of both 
F-actin and PEG, and decreased with the addition of KC1.

TPI and PGM
The amounts of TPI and PGM found in the pellet 

fractions are shown in Figures 4 and 5. Pelleting increased 
with the addition of F-actin and/or PEG. However, the 
percent of activity found in the pellet fraction never 
exceeded 20 percent of the total enzyme activity. Results 
of the statistical analyses of the pelleting are shown in 
tables 2 and 3.

TPI demonstrates reduced pelleting with increasing 
ionic strength. Pelleting of TPI increased with F-actin in 
the presence of PEG and also increased with PEG in the 
presence of F-actin and absence of KC1. Virtually no 
differences between the pelleting of purified and myogen 
TPI were observed.

PGM demonstrates diminished pelleting with the 
addition of salt for the purified enzyme in the presence of 
both F-actin and PEG. Increased pelleting with F-actin, in 
the presence of PEG and absence of salt for both purified 
and myogen enzymes and for the purified enzyme in the



41
absence of PEG and presence of 0.30 M salt also is evident. 
Pelleting of PGM in samples prepared with myogen increased 
with PEG in the presence of F-actin and absence of salt. 
Purified PGM demonstrated slightly more pelleting than PGM 
in samples prepared with myogen in the absence of both F- 
actin and PEG, and in the presence of F-actin and absence 
of PEG, but these differences were not significant.
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Table 2. Results of the statistical analysis of the 
pelleting of TPI. The results of TPI pelleting as shown in 
Figure 4 were statistically analyzed as described in the 
Materials and Methods section.

Effect of KC1 (none vs indicated concentration)
Enzyme: 
Condition:
Salt

Dure mvoaen
1 2 3 4 1 2 3 4

0.15 M ns ns ns ** ns ns ns ns
0.30 M ns ns ns * ns ns ns * *

Effect of F-actin (presence vs absence)mvoqen
PEG: 0% 14% 0% 14%
Condition: l_t_3 (VJ L.3 2_<_4
Salt
0 M ns * * ns * *
0.15 M ns * ns * *
0.30 M ns ** ns **

Enzyme: pure mvoaen
Protein: F-actin none F-actin none
Condition: 3^4 1^2 3_£_4 2^4
Salt
0 M * * ns * * ns
0.15 M ns ns * * ns
0.30 M ns ns ns ns

Effect of Mvoaen (pure vs mvoaen)
Actin: none 300 UQPEG: 0 14% 0 14%
Condition: 1 2 3 4
Salt
0 M ns ns ns ns
0.15 M ns ns ns ns
0.30 M ns ns ns ns
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Table 3. Results of the statistical analysis of the 
pelleting of PGM. The results of PGM pelleting as shown in 
Figure 5 were statistically analyzed as described in the 
Materials and Methods section.

Effect of KC1 (none vs indicated concentration)
pure mvoaen

Condition: 1 2 3 4 1 2 3
Salt
0.15 M ns ns ns ns ns ns ns
0.30 M ns ns ns * ns ns ns

Effect of F-actin (presence vs absence
Enzyme: pure mvoaen
PEG: 0% 14% 0% 14%
Condition: !_i_3 iL_4 L.3 2.4
Salt
0 M ns * * ns * *
0.15 M ns ns ns ns
0.30 M * ns ns ns

Effect of PEG (0 vs 14%)
Enzyme: pure mvoaen
Protein: F-actin none F-actin none
Condition: 3_£_4 JLt_2 -2_i_4 1^2
Salt
0 M ns ns * ns
0.15 M ns ns ns ns
0.30 M ns ns ns ns

Effect of Myogen (pure vs mvoaen)
Actin: none 300 ua
PEG: 0 14% 0 14%
Condition: 1 2 3 4
Salt
0 M ns ns ns ns
0.15 M ns ns ns ns
0.30 M ns ns ns ns

ns
ns
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PGK and Enolase

The percentages of PGK and Enolase found in the pellet 
fraction are shown in Figures 6 and 7. The results of the 
statistical analysis of the pelleting of PGK is presented 
in table 4. The pelleting of PGK decreased with the 
addition of salt in the presence of both F-actin and PEG 
both for samples containing purified enzyme and samples 
containing myogen. The sedimentation of PGK with F-actin 
increased in the presence of PEG both for samples 
containing purified enzyme and samples prepared with 
myogen. The pelleting of PGK increased with PEG in the 
presence of F-actin. Although the pelleting of myogen PGK 
in the presence of both F-actin and PEG and absence of KC1 
was slightly higher than the pelleting of purified enzyme, 
no significant differences between samples prepared with 
myogen and those prepared with purified enzyme were 
evident.

The results of the statistical analysis of the 
pelleting of enolase is presented in table 5. Although the 
pelleting of enolase decreased with increasing KC1 
concentrations in all cases, significant decreases were 
only apparent for samples containing purified enzyme in the 
presence of F-actin and absence of PEG, and for samples 
prepared with myogen in the presence of PEG with or without 
F-actin. F-actin increased the pelleting of enolase in all 
cases, with significant increases observed for purified
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enzyme in the absence of salt, and for myogen preparations 
in the presence of PEG and absence of salt. PEG only 
increased the pelleting of enolase in the myogen prepara
tion in the absence of KC1, and has no effect on the 
pelleting in samples containing purified enolase. This 
effect of PEG is also reflected in the statistics comparing 
samples prepared with purified enzyme to those prepared 
with myogen which showed differences in the presence of 
PEG.
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Table 4. Results of the statistical analysis of the 
pelleting of PGK. The results of PGK pelleting as shown in 
Figure 6 were statistically analyzed as described in the 
Materials and Methods section.

Effect of KC1 (none vs indicated concentration)
Enzyme: pure mvoaen
Condition:
Salt

1 2 3 4 1 2 3 4
0.15 M ns ns ns ns ns ns ns * *
0.30 M ns ns ns * * ns ns ns * *

Effect of F-actin (presence vs absence)
Enzyme: pure mvoaen
PEG: 0% 14% 0% 14%
Condition:
Salt

1^3 2_i_4 !_£_3 1^4
0 M ns ** ns * *
0.15 M ns * * ns ns
0.30 M ns ns ns ns

Effect of PEG (0 vs 14%)
Enzvme: pure mvoaen
Protein: F-actin none F-actin none
Condition: 3,4 L I 3_4 1̂ 2.
Salt0 M ** ns ** ns
0.15 M * ns ns ns
0.30 M ns ns ns ns

Effect of Mvoaen (pure vs mvoaen)
Actin: none 300 UQPEG: 0 14% 0 14%
Condition: 1 2 3 4
Salt
0 M ns ns ns ns
0.15 M ns ns ns ns
0.30 M ns ns ns ns
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Table 5. Results of the statistical analysis of the 
pelleting of enolase. The results of enolase pelleting as 
shown in Figure 7 were statistically analyzed as described 
in the Materials and Methods section.

Effect of KC1 (none vs indicated concentration)
Enzyme: pure mvoaen
Condition: 1 2 3 4 1 2 3 4
Salt
0.15 M ns ns ** ns ns * * ns * *
0.30 M ns ns ** ns ns * * ns * *

Effect of F-actin (presence vs absence)
Enzyme: pure mvoaen
PEG: 0% 14% 0% 14%
Condition:
Salt 1_«_3 2^4 2_i_4.
0 M * * * ns *
0.15 M ns ns ns ns
0.30 M ns ns ns ns

Effect of PEG (0 vs 14%)
Enzvme: pure mvoaen
Protein: F-actin none F-actin none
Condition: 2,4 1_«_4 2.4 1^4
Salt
0 M ns ns * * * *
0.15 M ns ns ns ns
0.30 M ns ns ns ns

Effect of Mvoaen (pure vs mvoaen)
Actin none 300 UQPEG: 0 14% 0 14%
Condition: 1 2 3 4
Salt0 M ns * * ns * *
0.15 M ns ns ns ns
0.30 M ns ns ns ns
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GPI

The percentages of GPI found in the pellet fraction 
are plotted in Figure 8 and the results of the statistical 
analysis of that pelleting is shown in table 6. 
Sedimentation decreased with the addition of KC1 in the 
presence of both F-actin and PEG both for samples 
containing purified enzyme and for samples containing 
myogen. F-actin increased the pelleting in samples 
containing purified enzyme in the presence of PEG under all 
concentrations of KC1, and the pelleting of enzyme in 
samples prepared with myogen in the presence of PEG and 
absence of KC1. PEG increased the pelleting of GPI in 
samples containing purified enzyme in the presence of F- 
actin and for samples prepared with myogen in both the 
presence and absence of F-actin.

Since more than 50 percent of GPI activity was found 
in the pellet fraction in the presence of both F-actin and 
PEG and absence of salt, the protein specificity for 
cosedimentation was tested. TPI pelleted the least of all 
glycolytic enzymes, therefore, it was used as the control 
protein. More GPI pelleted in the presence of F-actin when 
compared to TPI for samples containing purified enzyme in 
the absence of PEG and salt, and in the presence of PEG at 
all salt concentrations. A higher percentage of activity 
pelleted in samples prepared with myogen than in those 
prepared with purified enzyme in the presence of PEG and
absence of KC1.
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Table 6. Results of the statistical analysis of the 
pelleting of GPI. The results of GPI pelleting as shown in Figure 8 were statistically analyzed as described in the 
Materials and Methods section.

Effect of KC1 (none vs indicated concentration)
Enzyme: pure mvoaen pure + TPI
Condition: 1 2 3 4 1 2 3 4 3 4
Salt
0.15 M ns ns ns * * ns ns ns * * ns ns
0.30 M ns ns ns * * ns ns ns * * ns ns

Effect of F-actin (presence vs absence) 
Enzyme: pure mvoaen
PEG: 0% 14% 0% 14%
Condition: 1,3 CV> 1^3 2_x_4
Salt
0 M ns * * ns * *
0.15 M ns * * ns ns
0.30 M ns * * ns ns

Effect of PEG (0 vs 14%)
Enzyme : pure mvoaen pure
Protein: F-actin none F-actin none TPI
Condition: 3,4 l_t_2 3^4
Salt
0 M ** ns * * * * ns
0.15 M ns ns * * ns ns
0.30 M ns ns ns ns ns

Protein Specificity (F-actin vs TPI)
Enzyme: pure
PEG: 0 14%
Condition: 3 4
Salt
0 M * * *
0.15 M ns *
0.30 M ns * *
Effect of Mvoaen (pure vs mvoaen)

Actin: none 300 ua
PEG: 0 14% 0 14%
Condition: 1. 2 3 4
Salt
0 M ns * * ns ns
0.15 M ns ns ns ns
0.30 M ns ns ns ns
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Aldolase and GAPDH
As shown in Figures 9 and 10, the pelleting of 

aldolase and GAPDH increased with the addition of F-actin 
and/or PEG and usually decreased with the addition of salt. 
Both enzymes pelleted greater than 50 percent in the 
presence of both F-actin and PEG and absence of salt and 
therefore, were tested for protein specificity of 
cosedimentation using TPI as a control protein. The results 
of the statistical analysis of the pelleting of aldolase is 
shown in table 7 and of the pelleting of GAPDH is shown in 
table 8.

Aldolase was partially solubilized with the addition 
of KC1 under all conditions except for samples containing 
purified enzyme in the presence of both F-actin and PEG. 
Slight increases in sedimentation which were insignificant 
were observed on the addition of KC1 in samples containing 
purified aldolase, F-actin, and PEG. The addition of KC1 
decreased the pelleting in samples containing purified 
aldolase in the presence of F-actin, and in samples 
containing myogen in the presence of PEG with or without F- 
actin. F-actin increased the amount of aldolase activity 
found in the pellet for samples prepared with purified 
enzyme and for samples prepared with myogen in the presence 
of PEG at all salt concentrations, and for samples 
containing purified enzyme in the absence of both PEG and 
KC1. The presence of PEG increased the pelleting of
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purified aldolase in the presence of F-actin and KC1, and 
in the presence of TPI and absence of KCL. PEG also 
increased the pelleting of aldolase in samples containing 
the myogen preparation in the presence of F-actin at all 
salt concentrations, and in the absence of F-actin and KC1. 
More aldolase in samples prepared with purified enzyme 
pelleted in the presence of F-actin than in the presence of 
TPI when in the presence of PEG, and in the absence of PEG 
and KC1. Comparison of samples containing myogen to those 
containing purified aldolase reveals variability in the 
extent of pelleting. In the presence of PEG, absence of F- 
actin, and absence of KC1, a higher percentage of enzyme 
activity pelleted in samples prepared with myogen than in 
samples prepared with purified enzyme. Less enzyme activity 
pelleted in samples containing myogen than in those 
containing purified enzyme in the presence of PEG, F-actin, 
and 0.30 M KC1, and in the presence of F-actin and absence 
of PEG and KC1.

The pelleting of GAPDH decreased with the addition of 
KC1 under all conditions except where the pelleting of 
GAPDH in the absence of KC1 was less than or equal to 12 
percent (samples containing purified enzyme in either the 
presence of PEG or TPI, and samples containing purified 
enzyme and samples containing myogen in the absence of both 
F-actin and PEG). Although the presence of F-actin 
generally increased the pelleting of GAPDH, differences
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were demonstrated only for purified enzyme in the presence 
of PEG or in the absence of KC1. The presence of PEG 
increased the percentage of GAPDH found in the pellet 
fraction in the presence of F-actin in samples containing 
either the purified enzyme or the myogen preparation. PEG 
also increased pelleting in the absence of F-actin for 
samples containing myogen with 0 and 0.15 M KC1, and for 
samples containing purified GAPDH with TPI but without 
salt. The greatest difference between samples containing 
myogen and purified GAPDH was demonstrated in the presence 
of PEG and absence of KC1. A higher percentage of GAPDH 
activity in samples prepared with myogen than in samples 
prepared with purified enzyme pelleted in the presence of 
PEG at 0 and 0.15 M KC1, while more pelleted in samples 
prepared with purified GAPDH than those prepared with 
myogen in the presence of F-actin and absence of KC1.



A
C

TI
V

IT
Y

 i
n

 p
e

l
l

e
t

a l d o l a s e

0.0

N/l KCL

CON DITIO N

GLYCERALDEHYDE-3
p h o s p h a t e  d e h y d r o g e n a s e

0.0

M KCL

CON DITIO N



61

Table 7. Results of the statistical analysis of the 
pelleting of aldolase. The results of aldolase pelleting as 
shown in Figure 9 were statistically analyzed as described 
in the Materials and Methods section.

Effect of KC1 (none vs indicated concentration) 
Enzyme: pure_____ mvoqen pure + TPI
Condition: 1 2 3 4 1 2 3 4 3 4
Salt
0.15 M ns ns * * ns ns * * ns * * ns *
0.30 M ns ns * * ns ns * * ns * * ns *

Effect of F-actin (presence vs absence)
Enzyme: pure
PEG: 0% 14%
Condition: A_£_3 2^4
Salt 
0 M * * * *
0.15 M ns * *
0.30 M ns * *

Enzyme: pure
Protein: F-actin none
Condition: 3_i_4 1^2salt

mvoqen
0% 14%
1_£_3 2^4
ns * *
ns **
ns * *

mvoqen____ pure
F-actin none TPI

0 M ns ns * * * * * *
0.15 M * * ns ** ns ns
0.30 M * * ns * * ns ns

Protein Specificitv (F-actin vs TPI)
Enzyme: pure
PEG: 0 14%
Condition: 3 4
salt
0 M * * **
0.15 M ns * *
0.30 M ns * *
Effect of Mvoqen (pure vs mvoqen)

Actin: none 300 UQPEG: 0 14% 0 14%
Condition: 1 2 3 4
salt0 M ns * * * * *
0.15 M ns ns ns ns
0.30 M ns ns ns * *
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Table 8. Results of the statistical analysis of the 
pelleting of GAPDH. The results of GAPDH pelleting as shown 
in Figure 10 were statistically analyzed as described in 
the Materials and Methods section.

Effect of KC1 (none vs indicated concentration)
Enzyme: 
Condition:

pure mvocren pure + TPI
1 2 3 4 1 2 3 4 3 4

Salt 
0.15 M ns ns ** ** ns * * * ** ns * *
0.30 M ns ns ** * * ns * * * * * ns * *

Effect of F-actin (presence vs absence) 
Enzyme: pure____ myoqen
PEG: 0% 14% 0% 14%
Condition: i_i_3 2_£_4 1^1 2_£_4
Salt
0 M * * * * ns ns
0.15 M ns * * ns ns
0.30 M ns * * ns ns

Effect of PEG (0 vs 14%)
Enzyme: pure mvoaen pure
Protein: F-actin none F-actin none TPI
Condition: 3_i_i 1^2 3_£_4 1^1salt
0 M * * ns ** * * * *
0.15 M * * ns * * * * ns
0.30 M * ns * ns ns

Protein Specificity (F-actin vs TPI )
Enzyme: pure
PEG: 0 14%
Condition: 3 4
salt
0 M * * ns
0.15 M ns * *
0.30 M ns * *
Effect of Myoqen (pure vs mvoqen)

Actin: none 300 UQ
PEG: 0 14% 0 14%
Condition: 1 2 3 4
salt
0 M ns * * * * ns
0.15 M ns * * ns ns
0.30 M ns ns ns ns
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PK and LDH
The pelleting of PK and LDH followed the normal 

pattern of increasing in the presence of F-actin and/or PEG 
and decreasing with the addition of KC1. However, a large 
percentage of activity found in the pellet fraction 
suggested that 14 percent PEG may have caused precipitation 
of these enzymes. Therefore, both purified and myogen PK 
and LDH were tested for pelleting under the usual 
conditions not only in the presence of 14 percent PEG but 
also in the presence of 11 percent PEG, as shown in Figures 
11 and 12 and tables 9 and 11. The results of the 
statistical analyses of the pelleting are shown in tables 
10, 12, 13, and 14.

The pelleting of PK decreased with the addition of KC1 
for samples containing purified enzyme under all conditions 
except either in the absence of both F-actin and PEG, in 
the presence of both F-actin and 14 percent PEG, or in the 
presence of TPI. The pelleting of PK in samples prepared 
with myogen decreased with increased KC1 in the presence of 
either 11 percent or 14 percent PEG with or without the 
addition of F-actin. F-actin increased the pelleting of PK 
both for samples containing purified enzyme and those 
containing myogen in the absence of PEG and KC1. Pelleting 
in samples containing purified enzyme increased with the 
addition of F-actin in the presence of 11 percent PEG at 0 
and 0.15 M KC1 and in the presence of 14 percent PEG at
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0.15 and 0.30 M KC1. F-actin also increased the pelleting 
in samples prepared with myogen in the presence of 14 
percent PEG at 0.15 and 0.30 M KC1.

PEG at 11 percent increased the percentage of PK found 
in the pellet fraction both for samples containing purified 
enzyme and for samples prepared with myogen under all 
conditions in the absence of added salt, in the presence of 
F-actin at 0.15 M KC1, and in the presence of TPI and 
absence of KC1. The pelleting in samples containing myogen 
increased with the addition of 11 percent PEG in the 
absence of F-actin and presence of 0.15 M KC1. The presence 
of 14 percent PEG increased the pelleting in samples 
prepared both with purified enzyme and with myogen in the 
presence and absence of F-actin at 0 and 0.15 M KC1. PEG at 
14 percent also increased the pelleting of PK in samples 
prepared with purified enzyme at 0.30 M KC1. The pelleting 
in samples containing purified PK was greater in the 
presence of F-actin than in the presence of TPI in either 
the presence or absence of 11 percent PEG and the absence 
of KC1. The pelleting of PK in samples prepared with 
purified enzyme and those prepared with myogen was very 
similar, with only one difference which occurred in the 
presence of 11 percent PEG and absence of both F-actin and 
KC1.

The addition of KC1 generally decreased the percentage 
of LDH found in the pellet fraction. Reduction in pelleting
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was achieved in samples containing purified enzyme in the 
presence of F-actin with or without either 11 or 14 percent 
PEG, in the absence of F-actin and presence of 14 percent 
PEG, and in the presence of both TPI and 11 percent PEG. 
Sedimentation was also reduced in samples containing the 
myogen preparation in the presence of either 11 or 14 
percent PEG with or without F-actin.

F-actin increased the percentage of LDH found in the 
pellet fraction for samples containing purified enzyme in 
either the absence of both PEG and KC1, in the presence of 
11 percent PEG at 0 and 0.15 M KC1, or in the presence of 
14 percent PEG at all salt concentrations. Samples prepared 
with myogen showed an increase in pelleting with the 
addition of F-actin in the presence of 14 percent PEG at 
0.15 and 0.30 M KC1.

PEG at 11 percent increased the percentage of LDH 
found in the pellet fraction for samples containing 
purified enzyme in the absence of salt and the presence of 
either F-actin or TPI. PEG at 11 percent also increased the 
pelleting of LDH in samples containing myogen in the 
presence or absence of F-actin and absence of KC1.
Pelleting increased with the addition of PEG at 14 percent 
both for samples prepared with purified enzyme and those 
prepared with myogen in the presence of F-actin at all salt 
concentrations and in the absence of both F-actin and KC1. 
An increase in pelleting with the addition of 14 percent
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PEG was also evident in samples prepared with myogen at 
0.15 M KC1. Greater pelleting of purified LDH was 
demonstrated in the presence of F-actin and absence of KC1 
than in the presence of TPI and absence of KC1. Samples 
prepared with myogen showed a greater percentage of LDH in 
the pellet fraction than samples containing purified enzyme 
in the presence of either 11 or 14 percent PEG and the 
absence of F-actin.

Table 9. Percentages of the total activities of PK 
found in the pellet fraction at 14 percent PEG. Samples 
were prepared as described in the Materials and Methods section. Values represent means + S.E.

Condition 2° Condition 4b
Purified Mvocren Purified Mvoaen

M KC1
0 90+ 6 9 5+ 3 8 6 + 6 100+0
0.15 46 + 14 56 + 10 98+0.3 9 3 + 3
0.30 17+ 5 26+ 6 91 + 3 71 + 6

“Condition 2 represents the presence of 14 percent PEG. 
bCondition 4 represents the presence of both F-actin and 

14 percent PEG.
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Table 10. Results of the statistical analysis of the 
pelleting of PK at 14 percent PEG. The results of the 
pelleting of PK as shown in Figure 11 (conditions 1 and 3) 
and in table 9 were statistically analyzed as described in 
the Materials and Methods section.

Effect of KC1 (none vs indicated concentration)
Enzyme: pure mvoaen
Condition: 1 2 3 4 1 2  3 4
Salt
0.15 M ns * * * * ns ns ** ns ns
0.30 M ns * * * * ns ns ** ns *

Effect of F-actin (presence vs absence
Enzyme: pure mvoaen
PEG: 0% 14% 0% 14%
Condition: l_i_3 1^4 1.3 2^4
Salt
0 M * * ns * ns
0.15 M ns * * ns * *
0.30 M ns * * ns * *

Effect of PEG (0 vs 14%»Enzyme: pure mvoaen
Protein: F-actin none F-actin none
Condition: l_i_2 3.4 1.2
Salt
0 M * * * * * * * *
0.15 M * * * * * * * *
0.30 M * * ns ** ns

Effect of Mvoaen (pure vs mvoaen1
Actin: none 300 UQPEG: 0 14% 0 14%
Condition: 1 2 3 4
Salt
0 M ns ns ns ns
0.15 M ns ns ns ns
0.30 M ns ns ns ns
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Table 11. Percentage of the total activities of LDH 
found in the pellet fraction at 14 percent PEG. Values 
represent means + S.E.

Condition 2“ Condition 4b
Purified Mvocren Purified Mvoaen

35 + 17 96 + 3 99 + 3 100±0.1
35+ 8 37 + 2 90 + 3 8 7+2
5+0.4 10±0.8 40 + 8 5 6 + 6

“Condition 2 represents the presence of 14 percent PEG. 
bCondition 4 represents the presence of both F-actin and 

14 percent PEG.
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Table 12. Results of the statistical analysis of the 
pelleting of LDH at 14 percent PEG. The results of the 
pelleting of LDH as shown in Figure 12 (conditions 1 and 3) and in table 11 were statistically analyzed as described in 
the Materials and Methods section.

Effect of KC1 (none vs indicated concentration) 
Enzyme: _____pure_____ ____mvoaen
Condition:
Salt

1 2 3 4 I 2 3 4
0.15 M ns ns * * ns ns * * ns ns
0.30 M ns * * * * * ns ** ns * *

Effect of F-actin (presence vs absence)
Enzyme: pure mvoaen
PEG: 0% 14% 0% 14%
Condition: 1*3 2*4 1*2 2*4
Salt
0 M * * * * ns ns
0.15 M ns * * ns * *
0.30 M ns * * ns * *

Effect of PEG 10 vs 14%)
Enzyme: pure mvoaen
Protein: F-actin none F-actin none
Condition: 2*4 1*2 2*4 1*2
Salt
0 M * * * * * * *
0.15 M * * ns * * * *
0.30 M ** ns ** ns

Effect of Mvoaen (pure vs mvoaen)
Actin: none 300 uaPEG: 0 14% 0 14%
Condition: 1 2 3 4
Salt
0 M ns * * ns ns
0.15 M ns ns ns ns
0.30 M ns ns ns ns
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Table 13. Results of the statistical analysis of the 
pelleting of PK at 11 percent PEG. The results of PK pelleting as shown in Figure 11 were statistically analyzed 
as described in the Materials and Methods section.

Effect of KC1 (none vs indicated concentration
Enzyme: pure
Condition: 1 2 3 4
Salt 
0.15 M ns * * * * **
0.30 M ns * * * * **

mvoaen pure + TPI
1 2 3 4 3 4
ns * * ns * * ns *
ns * * ns ** ns *

Effect of F-actin (presence vs absence)
Enzvme: pure mvoaen
PEG: 0% 11% 0% 11%
Condition: 1,3 2^4 1_£_3 1^4
Salt
0 M * * * * * ns
0.15 M ns * ns ns
0.30 M ns ns ns ns

Effect of PEG (0 vs 11%)
Enzyme: pure mvoaen
Protein : F-actin none F-actin none
Condition: 3.4 h-* CS) 2^2Salt
0 M * * * * * * * *
0.15 M * ns * *
0.30 M ns ns ns ns

Enzyme: pure
PEG: 0 11%
Condition: 3 4
Salt
0 M * * * *
0.15 M ns ns
0.30 M ns ns
Effect of Mvoaen (pure vs mvoaen)

Actin: none 300 ua
PEG: 0 11% 0 11%
Condition: 1 2 3 4
Salt
0 M ns ** ns ns
0.15 M ns ns ns ns
0.30 M ns ns ns ns

pure
TPI

* * 
ns 
ns
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Table 14. Results of the statistical analysis of the 
pelleting of LDH at 11 percent PEG. The results of LDH 
pelleting as shown in Figure 12 were statistically analyzed 
as described in the Materials and Methods section.

Effect of KC1 (none vs indicated concentration)
Enzyme: Condition:

pure mvoaen pure + TPI
1 2 3 4 1 2 3 4 3 4

Salt 
0.15 M ns ns ** * * ns * * ns * * ns * *
0.30 M ns ns ** * * ns * * ns * * ns * *

Effect of F-actin (presence vs absence) 
Enzyme: pure____ mvoaen
PEG: 0% 11% 0% 11%
Condition: l_l_3 1^4 l_f_3 2.4
Salt 
0 M ye * ye ye ns ns
0.15 M ns ye ye ns ns
0.30 M ns ns ns ns

Effect of PEG (0 vs 11% »
Enzyme: pure mvoaen pure
Protein: F-actin none F-actin none TPI
Condition: 3^4 ts) 3.4 1_£_2salt 
0 M * * ns ye ye ye ye * *
0.15 M ns ns ns ns ns
0.30 M ns ns ns ns ns

Protein Specificity (F-actin vs TPI)
Enzyme: pure
PEG: 0 1 1 %

Condition: 3 4
salt
0  M ye ye ns
0 . 1 5  M ns ns
0 . 3 0  M ns ns
Effect of Mvoaen (pure vs mvoaen)

Actin: none 3 0 0 ua
PEG: 0 1 1 % 0 1 1 %

Condition: 1 2 3 4
salt
0  M ns ye ye ns ns
0 . 1 5  M ns ns ns ns
0 . 3 0  M ns ns ns ns



74
The Pelleting of Purified Glycolytic Enzymes in the 

Presence of Other Purified Glycolytic Enzymes and PEG
In some cases, a larger percentage of enzyme activity 

pelleted in samples prepared with myogen than in samples 
prepared with purified enzymes in the presence of PEG and 
absence of F-actin. Such a result will be interpreted as 
indicating an interaction between the enzyme and some other 
protein in the myogen preparation. Since enolase, GPI, 
aldolase, GAPDH, and LDH pelleted 25 percent more in 
samples prepared with myogen than in samples prepared with 
purified enzyme, these enzymes were tested for pelleting 
with each other and with PK and PFK which also were present 
in myogen but not with themselves. As Figure 13, table 15, 
and the statistical analysis in table 16 show, the 
sedimentation of the glycolytic enzymes tested was affected 
to varying degrees by the presence of other glycolytic 
enzymes with the exception of LDH.

GAPDH, aldolase, GPI, and enolase pelleted more in the 
presence of PFK than in the presence of at least one other 
enzyme. For GAPDH, pelleting in the presence of PFK was 
greater than in the presence of either aldolase or LDH. 
Aldolase pelleted the most in the presence of either LDH or 
PK, an intermediate amount pelleted in the presence of 
either PFK or GAPDH, and the least amount pelleted in the 
presence of either GPI or enolase. Differences were noted 
between the pelleting of aldolase in the presence of GAPDH, 
LDH, PK, or PFK compared to the presence of enolase, and
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pelleting in the presence of LDH and PK compared to GPI.

GPI sedimented the most in the presence of PFK. 
Differences were demonstrated in the sedimentation of GPI 
when pelleting in the presence of PFK was compared to 
pelleting in the presence of each of the other glycolytic 
enzymes tested. Enolase demonstrated the most pelleting in 
the presence of PFK, an intermediate amount of pelleting in 
the presence of PK, and the least amount of pelleting in 
the presence of LDH, GAPDH, or aldolase. Differences in the 
pelleting of enolase were evident when pelleting in the 
presence of PFK was compared to pelleting in the presence 
of either aldolase, GAPDH, or LDH. LDH also demonstrated 
the greatest pelleting in the presence of PFK (table 15). 
However, no significant differences were evident on 
comparison of the amounts of LDH activity found in the 
pellet fraction in the presence of the various glycolytic 
enzymes tested.

Table 15. Percents of the total activities of purified LDH found in the pellet fraction when prepared in combina
tion with other purified glycolytic enzymes and 14 percent PEG. Samples were prepared as described in the Materials and Methods section. Values are means + S.E.

Combination Enzyme
Enol
GPIAid
GAPDH
PKPFK

Percent LDH in Pellet
78 + 9 
76+ 7 67+ 3 
64+ 8 
75 + 13 92+ 3
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Table 16. Results of the statistical analysis of the 
pelleting of purified glycolytic enzymes in the presence of 
other purified glycolytic enzymes and 14 percent PEG. The 
enzyme assayed is represented in the heading and the 
combination enzymes are represented horizontally (a) and 
vertically (b). The values represent differences in the 
amount of the enzyme assayed found in the pellet fraction 
when in combination with enzyme a compared to pelleting when in combination with enzyme b. The results were 
statistically analyzed as described in the Materials and 
Methods section.

b\a: Enol GPI
GAPDH
Aid LDH PK PFK

Enol - ns ns ns ns ns
GPI - - ns ns ns ns
Aid - - - ns ns *
LDH - - - - ns *
PK - - ns

b\a: Enol
Aldolase

GPI GAPDH LDH PK PFK
Enol - ns * * * •k k k
GPI - - ns k * ** ns

GAPDH - - - ns ns ns
LDH - - - - ns ns
PK - - - - ns

b\a : Aid
GPI

GAPDH LDH PK PFK
Aid - ns ns ns * k

GAPDH - - ns ns k k
LDH - - - ns k k
PK “ k

b\a : Aid
Enolase 

GAPDH LDH PK PFKAid - ns ns ns k
GAPDH - - ns ns k

LDH - - - ns k
PK “ - “ - ns

b\a: Enol GPI LDHAid GAPDH PK PFK
Enol - ns ns ns ns ns
GPI - - ns ns ns ns
Aid - - - ns ns ns

GAPDH - - - - ns ns
PK - - - - ns
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Units of Enzyme Activity Per Sample 

The units of enzyme activity both for samples 
containing myogen and for those containing purified enzyme 
are presented in table 17. The units of activity are quite 
variable between the purified enzyme and myogen prepara
tion. Samples containing more units of purified enzyme 
activity than samples prepared with myogen are those 
containing GAPDH, which has an 18-fold difference, GPI, 
which has a 14-fold difference, and TPI, which shows a 7- 
fold difference. Samples containing more units of activity 
in myogen than purified enzyme preparations are aldolase 
which has a 12-fold difference, LDH and PK with 2-fold 
differences, enolase which has a 3-fold difference, and PGM 
with an 8-fold difference. PGK demonstrated approximately 
equal units of activity in samples containing purified 
enzyme and the myogen preparation.
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Table 17. Units of enzyme activity per sample. Samples 
were prepared and units were calculated as described in the 
Materials and Methods section. Values represent means ±
S.E.

Preparation: 
Enzvme

pure mvoaen

GAPDH 0.29 + 0.009 0.016 + 0.001
Aid 0.068 + 0.005 0.80 + 0.03
LDH 1 . 9 + 0.1 3.7 + 0.2
PK 1 . 1 + 0.07 1 . 9 + 0.08
GPI 2 . 3 + 0.1 0.17 + 0.04
Enol 0.017 + 0.001 0.045 + 0.007
PGK 0.19 + 0.008 0.20 + 0.004
PGM 0.24 + 0.02 2.0 + 0.04
TPI 5.7 + 0.2 0.79 + 0.02



DISCUSSION

Textbooks classically consider the glycolytic enzymes 
as soluble components of the cytoplasm, and the cytoplasm 
has been depicted as a solution of intracellular components 
excluding intracellular vesicles and the cytoskeleton. With 
the increasing evidence for the existence of the micro- 
trabecular lattice, the view of the cytoplasm must change 
to that of an ordered array of proteins permeating through
out the cytoplasm and in contact with vesicular and 
cytoskeletal components and the plasma membrane. The 
glycolytic enzymes must be members of this ordered array. 
The present study investigated specific interactions, which 
may occur within the microtrabecular lattice, between the 
glycolytic enzymes and F-actin and between different 
glycolytic enzymes and the effects of PEG on these inter
actions .

The Pelleting of Glycolytic Enzymes in the Presence or

Interpretations of the results relative to the types 
of interactions indicated will be followed by application 
of the interpretation to the actual results obtained for 
each of the glycolytic enzymes studied. The effect of

81



82
increasing the concentration of KC1 will be presented 
first, followed by the effects of protein concentration, 
the effect of PEG, and the differences between myogen and 
purified enzymes.

Increasing the concentration of KC1 concomitantly 
increases the ionic strength of the solution and hinders 
ionic interactions. Reversal of protein associations with 
an increase in ionic strength has been interpreted as 
indicating that the interactions are electrostatic in 
nature (30). Therefore, an increase in the pelleting of a 
glycolytic enzyme with the addition of F-actin, which 
decreased with increased ionic strength under at least one 
set of conditions, is considered to indicate an electro
static interaction between the enzyme and F-actin.

The pelleting of the enzymes in the presence of TPI 
probably represents non-specific pelleting due to the 
'crowding' effect of increased protein concentration. 
Therefore, enzymes are considered to demonstrate a specific 
interaction with F-actin when the percent of enzyme 
activity pelleting in the presence of F-actin is greater 
than that pelleting in the presence of TPI.

Increased pelleting in the presence of PEG is probably 
due to its 'crowding' effect as described in the Intro
duction. That this effect was decreased with the addition 
of KC1 demonstrates that electrostatic interactions were 
taking place. If PEG were causing precipitation of the
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enzyme due to lack of enough water for solvation of the 
enzyme, the pelleting should be increased by the addition 
of salt. Therefore, an increase in the pelleting of enzyme 
activity in the presence of PEG, compared to its absence, 
along with a decrease in pelleting on the addition of KC1 
is interpreted as the promotion of an ionic interaction 
between proteins by PEG.

Differences in pelleting between samples prepared with 
myogen and those prepared with purified enzyme will be 
interpreted as follows: A smaller percent of enzyme 
activity in the pellet fraction of samples containing 
myogen than of samples containing purified enzyme suggests 
competition for a common binding site between the enzyme 
assayed and the components of myogen. A larger percent of 
enzyme activity found in the pellet fraction in samples 
containing myogen than of samples containing purified 
enzyme indicates interactions of the enzyme assayed with 
the proteins present in myogen. Such a change occurring 
only in the presence of F-actin would suggest that F-actin 
induced 'piggy-back' interactions. While interactions 
occurring among proteins in the myogen preparation in 
either the presence or absence of F-actin do not exclude 
the possibility of 'piggy-back' interactions, their 
occurrence is not specifically indicated. These interpret
ations will now be applied to the results obtained for each
enzyme studied.
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TPI and PGM

Although the overall percentages of TPI and PGM 
activities found in the pellet fraction are the smallest of 
all of the glycolytic enzymes studied, differences in 
pelleting under the various conditions were observed. With 
respect to the interpretation guidelines presented above, 
TPI and PGM both demonstrate an ionic interaction with F- 
actin that is found only in the presence of PEG. The TPI 
and PGM interactions with F-actin also have been observed 
with the use of counter-current distribution and affinity 
chromatography but not by cosedimentation (18,19,22). 
Virtually no differences are evident when the pelleting of 
TPI and PGM in samples containing myogen and in samples 
containing purified enzyme are compared, suggesting that 
neither enzyme interacts with the components of myogen. 
These results are surprising in light of the results of 
other studies. An interaction between TPI and aldolase has 
been reported by Salerno and Ovadi (48) and by Orosz et al. 
(49), suggesting that TPI should have pelleted more in the 
samples containing myogen than in samples containing 
purified enzyme. PGM also was expected to pellet more in 
samples prepared with myogen via 'piggy-backing' with LDH 
since such an interaction has been demonstrated by affinity
chromatography (19).
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PGK and Enolase

PGK, along with TPI and PGM, demonstrates an ionic 
interaction with F-actin in the presence of PEG. This is in 
agreement with the results obtained by other researchers 
using counter-current distribution, affinity chromatog
raphy, and cosedimentation (18,19,22). Evidently PGK did 
not participate in interactions with myogen proteins under 
the conditions tested in the present study. However, PGK 
may play a vital role in the microtrabecular lattice 
structure. The lack of an interaction is not altogether 
surprising, since substrates were not added. Addition of 
substrates was necessary for the detection of complex 
formation between halibut muscle and yeast forms of GAPDH 
and PGK (52,53).

The interactions of enolase are more difficult to 
interpret. Samples containing the purified enzyme demon
strated an ionic interaction with F-actin in the absence of 
PEG. These results are in agreement with counter-current 
distribution studies but not with affinity chromatographic 
or cosedimentation studies carried out by other researchers 
(18,19,22). The addition of PEG enhanced the pelleting, 
which was dependent on ionic strength, of enolase in 
samples prepared with myogen but not in samples containing 
purified enzyme. Additionally, the pelleting of enolase in 
samples containing myogen was significantly greater than in 
samples containing purified enzyme in the presence of PEG.
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These results suggest that PEG specifically enhanced an 
ionic interaction between enolase and one or more of the 
components of myogen and/or F-actin. Since pelleting in 
samples containing myogen was greater than pelleting in 
samples containing purified enzyme in the absence of F- 
actin, enolase may have participated in a 'piggy-back' type 
interaction.

GPI
GPI demonstrated a specific ionic interaction with F- 

actin that was enhanced by the presence of PEG which agrees 
with the results of the affinity chromatography studies of 
Bronstein and Knull (19) and with the cosedimentation 
studies of Clarke and Masters (24). PEG also enhanced an 
interaction between GPI and the components of myogen, which 
was especially evident in the absence of F-actin. There
fore, the pelleting of GPI in the presence of F-actin in 
samples containing myogen cannot solely be attributed to an 
interaction with F-actin, but probably reflects both 
interactions with F-actin and with the components of 
myogen. However, there was no difference in the pelleting 
of GPI when comparing samples containing purified enzyme 
and those prepared with myogen. This does not rule out 
'piggy-backing' interactions but does demonstrate that the 
presence of both F-actin and the components of myogen did 
not increase the total number of apparent interactions of
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GPI. The results suggest that while the components of 
myogen provide binding sites, they also may occupy binding 
sites that were available to GPI on F-actin in the absence 
of the myogen components.

Aldolase and GAPDH
The interaction of aldolase with F-actin has been 

extensively studied. As mentioned in the Introduction, 
interactions between aldolase and F-actin have been demon
strated by effects on enzyme activity, histochemical 
colocalization, counter-current distribution, 
cosedimentation, affinity chromatography, ease of extrac
tion, cosedimentation, and electron microscopy (13,16,18,1- 
9,22,24,25,27,29-35,62). Aldolase, in samples containing 
the purified enzyme, demonstrated a specific ionic inter
action with F-actin in the absence of PEG. In samples 
containing the myogen preparation, aldolase demonstrated an 
ionic interaction with F-actin in either the presence or 
absence of PEG. In the absence of F-actin, PEG apparently 
enhanced ionic interactions of aldolase with the components 
of myogen. These interactions are apparently responsible 
for the greater pelleting of aldolase in samples containing 
myogen, F-actin, and PEG in the absence of KC1 when 
compared to samples containing purified enzyme. However, in 
the presence of F-actin, PEG, and 0.30 M KC1, samples 
containing purified aldolase sedimented more than samples
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containing myogen. Since hydrophobic interactions would be 
enhanced with increasing ionic strength, the results 
suggest that some sort of hydrophobic interaction occurs 
between aldolase and F-actin at 0.30 M KC1 in the presence 
of PEG. The difference in the pelleting of aldolase in 
samples containing the purified and myogen enzymes in the 
presence of F-actin and absence of PEG and KC1 suggests 
that aldolase may compete with some components of myogen 
for sites of interaction with F-actin.

Various methods have demonstrated an interaction 
between GAPDH and F-actin including effects on enzyme 
activity, counter-current distribution, affinity chromatog
raphy, and cosedimentation (16,18,19,22-26). GAPDH, in 
samples containing purified enzyme, demonstrated an ionic 
interaction with F-actin that was enhanced by PEG. This 
interaction was specific for F-actin in the presence or 
absence of both KC1 and PEG. GAPDH also demonstrated an 
apparently ionic interaction with the components of myogen 
which was enhanced by PEG. The amount of pelleting of GAPDH 
in samples containing F-actin and myogen was not different 
from samples containing myogen in the absence of F-actin. 
Therefore, no interpretation can be made about the type of 
interactions taking place, such as 'piggy-backing'. The 
lower pelleting in samples containing myogen when compared 
to samples containing purified enzyme in the presence of F- 
actin and the absence of PEG and KC1 suggests that GAPDH is
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competing with one or more components of myogen for binding 
sites.

PK and LDH
PK demonstrated an ionic interaction with F-actin 

which was specific for F-actin in the absence of KC1 and 
was enhanced by 11 percent PEG. Interactions between PK and 
F-actin have also been demonstrated by counter-current 
distribution, affinity chromatography, and cosedimentation 
(18,19,22,24,25). An ionic interaction between PK and the 
components of myogen which was enhanced by 11 percent PEG 
also was evident. In the presence of 14 percent PEG, an 
ionic interaction between the PK present in myogen and F- 
actin is apparent. However, since there are no differences 
demonstrated between samples prepared with purified enzyme 
and samples prepared with myogen at 14 percent PEG, the 
type of interaction taking place, whether directly with F- 
actin, or 'piggy-backing' cannot be determined.

LDH demonstrated an ionic interaction with F-actin 
which was enhanced by the presence of 11 percent PEG and 
was specific for F-actin in the absence of PEG and KC1. An 
interaction between LDH and F-actin has been demonstrated 
by other researches using the effect of the interaction on 
enzyme activity, affinity chromatography, and 
cosedimentation (16,18,19,22,24,25). LDH demonstrated an 
ionic interaction with the components of myogen which was
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only evident in the presence of either 11 or 14 percent 
PEG. Although no difference between the pelleting of LDH 
present in samples containing myogen when comparing the 
presence of 11 percent PEG to the presence of F-actin and 
11 percent PEG, a difference of the presence of 14 percent 
PEG with the presence of F-actin and 14 percent PEG is 
evident at 0.15 and 0.30 M KC1. However, these differences 
do not correspond with the difference between samples 
prepared with purified enzyme and those prepared with 
myogen which is only evident at 0 M KC1. Once again, the 
type of interaction taking place whether directly with F- 
actin or 'piggy-backing' is obscured.

The Pelleting of Purified Glycolytic Enzymes in the Presence 
of Other Purified Glycolytic Enzymes and PEG

The pelleting of enzymes in myogen preparations in the 
absence of F-actin suggests that interactions may occur 
among the glycolytic enzymes. The results from pelleting of 
specific enzyme combinations suggest that PFK interacts 
with GAPDH, aldolase, GPI, and enolase. This is in 
agreement with the results of Gerlach and Hofer (42) who 
not only observed interactions of PFK with these enzymes 
but also with PK and LDH. However, no evidence of an 
interaction between PFK and either aldolase or GPI was 
found in kinetic studies by Ovadi et al. (43). Aldolase
apparently interacted with PK, LDH, and GAPDH. However, 
aldolase did not induce a greater amount of pelleting of
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GAPDH than did other enzymes. This latter observation could 
be due to the relatively large amount of GAPDH that 
pelleted regardless of the combination enzyme, thus 
preventing interpretation of the data. An interaction 
between aldolase and GAPDH has been observed by several 
other researchers (44-47).

Units of Enzyme Activity Per Sample 
The differences in the amount of enzyme present in the 

samples could be the cause of differences in results seen 
when comparing samples containing purified enzyme with 
those containing myogen due to saturation of binding sites 
in one preparation but not in the other. For the enzymes 
GAPDH, GPI, and TPI, more units of purified enzyme than 
myogen were present in each sample. Therefore, the greater 
percentage of myogen than purified enzyme found in the 
pellet fraction for GAPDH and GPI, in some instances, may 
be explained as saturation of the available binding sites 
and thus a lower percent of the total activity in the 
pellet fraction for samples prepared with purified enzyme 
compared to samples containing myogen. Samples with 
aldolase, LDH, PK, enolase, and PGM contained more units of 
enzyme activity per sample when prepared with myogen than 
those prepared with purified enzyme. Therefore, assuming an 
equal and finite number of binding sites per sample, the 
results for these enzymes should demonstrate a lower
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percentage of pelleting in samples prepared with myogen 
than in those prepared with purified enzyme. However, for 
LDH, PK, enolase, and PGM the amount of enzyme pelleting 
was either nearly equal for the two types of samples or was 
greater in the samples containing myogen, indicating 
interactions of these enzymes with myogen proteins and the 
possibility of 'piggy-back' interactions. The larger amount 
of pelleting in samples containing purified aldolase than 
aldolase in myogen preparation observed under certain 
conditions may be attributed to the saturation of binding 
sites in samples prepared with myogen.

Relationship of the Observed Interactions to the 
Microtrabecular Lattice

Interactions between glycolytic enzymes and F-actin, 
among glycolytic enzymes, and possibly between glycolytic 
enzymes and unidentified components of myogen may take 
place within the microtrabecular lattice. Associations with 
F-actin suggest that actin filaments may provide a 
structural base upon which the microtrabecular lattice is 
built and may contribute to the organization of the 
sections of the microtrabecular lattice located near the 
actin filaments. As depicted in Figure 14, the trabeculae, 
composed of glycolytic enzymes and other cytosolic but not 
cytoskeletal proteins, may radiate away from anchoring 
sites such as actin filaments, and permeate throughout the 
cytoplasm. This latter view differs from Clegg's model
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(shown in Figure 2) in which the trabeculae are composed of 
actin filaments with glycolytic enzymes bound along the 
filaments. Figure 14 does not take into consideration the 
relative concentrations of the enzymes or the percentages 
of the enzymes that would be soluble versus bound. Molar 
concentrations of the glycolytic enzymes present in 
skeletal muscle have been calculated by Clarke and Masters 
(89). From the molar concentrations, the molar ratiosare 
calculated to be: 0.4 GPI: 1 PGM or PK: 2 LDH or enolase: 3 
PGK, aldolase, or TPI: 6 GAPDH.

The sensitivity of the interactions demonstrated 
herein to the concentration of KC1 suggests that the 
protein interactions necessary for the existence of the 
microtrabecular lattice may be manipulated by changes in 
intracellular ionic strength. Changes in intracellular 
concentrations of specific ions, metabolites, or other 
effectors also are possible mediators of changes in the 
microtrabecular structure which may be necessary for 
cellular adaptation to changes in the extracellular 
environment. Such structural changes could be advantageous 
to the cell by allowing control of the overall rate of 
metabolism due to changes in efficiency of metabolic 
channeling via interactions between enzymes which catalyze 
sequential reactions.
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Summary of the Discussion and Future Areas of Research 

Interactions of glycolytic enzymes with F-actin and 
with other glycolytic enzymes were studied in the presence 
of PEG, which acted as a crowding agent to more effectively 
mimic intracellular conditions. Cosedimentation was used as 
an indication of the interactions studied, which must take 
place within the structure of the microtrabecular lattice 
and between the microtrabecular lattice and the cyto- 
skeleton. The results indicate that several interactions 
may take place and that any one protein may associate with 
any of several other proteins which are present in the 
cytoplasm. This extensive network of interacting proteins 
would allow for rapid control of a sequence of reactions 
such as glycolysis and would also allow for rapid commun
ication between all parts of the cell. This communication 
system may be involved in the overall control of metabolism 
which may change in response to an extracellular effector. 
This network also allows for compartmentalization of 
specific proteins responsible for a sequence of events and 
for local control over the activity of these compartment
alized proteins. Control over the cellular metabolism could 
easily be achieved by changing intracellular conditions 
such as availability of substrate or a change in the 
concentration of an ion. As demonstrated here, changes in 
ionic strength result in changes in protein interactions, 
and PEG allowed the detection of these interactions at high
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ionic strengths which may reflect the enhancement and 
stabilization of ionic protein interactions that normally 
occur in the crowded interior of the cell.

Future research aimed at further definition of the 
structure and function of the microtrabecular lattice would 
enhance our understanding of cellular structure and 
metabolism. Studies of the interactions of the glycolytic 
enzymes with other cytoskeletal elements, such as micro
tubules and intermediate filaments, or with proteins 
associated with membranes, such as receptors or ion 
channels or pumps, may reveal anchoring sites for the 
microtrabecular lattice. The effects of metabolites on 
specific interactions and the effects that binding may have 
on enzyme activity may give insights to intracellular 
metabolic controls.

The binding of a substrate by an enzyme may lead to an 
indirect interaction with another enzyme via a 'substrate 
bridge' (as presented in the Introduction for an inter
action between GAPDH and PGK) which not only has structural 
implications but also indicates that channeling could 
occur. 'Substrate bridges' could also be involved in other 
interactions, especially for enzymes that did not demon
strate much binding in the present study such as TPI, PGM, 
and enolase. The binding of a substrate by an enzyme may 
induce a conformational change which may result in the 
exposure or concealment of a domain responsible for the
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association with another protein. Similar effects may be 
produced by allosteric effectors or phosphorylation of the 
protein. Therefore, the effects that substrates, allosteric 
effectors, and phosphorylation have on specific interaction 
also should be studied.

These interactions and metabolic effects may vary with 
the type of cell being studied due to the expression of 
different genes and the resultant production of different 
isomers of the proteins under study. Therefore, studies 
comparing the interactions that occur between the proteins 
obtained from different tissues, along with analyses of the 
structural domains involved, would further our knowledge of 
what protein structures are involved in interactions, what 
determines the extent or strength of the interaction.

Comparisons of the domains involved in the binding of 
different proteins to a common protein, and whether or not 
they compete for a common binding domain on the common 
protein, as suggested by apparent competition of some 
enzymes in this study for a common binding site on F- 
actin, also may give insights as to what types of inter
actions occur and what protein structures are involved. The 
specific protein domains involved in a specific interaction 
also could be determined by studying the interaction 
following partial proteolysis (as done for aldolase and 
GAPDH (35,36)), application of monoclonal antibodies 
specific for certain protein domains, and chemical
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modification. Additionally, the type of interaction 
occurring may be characterized by studying the effects of 
PEG, salt, glycerol, or 2-methyl-2,4-pentanediol on the 
interaction. PEG should enhance the interaction, salt 
should reduce an ionic interaction, glycerol should promote 
hydrophobic interactions, and 2-methyl-2,4-pentanediol 
should promote ionic interactions (73).

Finally, the effects that extracellular effectors have 
on the microtrabecular lattice could be determined. 
Treatment of cells with various extracellular effectors 
followed by electron microscopy, by observing the movement 
of a labeled macromolecule, or by measuring the rate of 
release of specific proteins after treatment with Brij 58, 
as presented in the Introduction, may reveal differences in 
the structure. If the structure of the microtrabecular 
lattice is altered in response to extracellular effectors, 
there must be some point at which the microtrabecular 
lattice, or that part of it involved in the response, goes 
through a transition or reorganization period similar to 
'melting' and 'refreezing' or at least detachment and 
reattachment of some proteins. During such a reorganization 
period, the microtrabecular lattice may either disappear or 
appear distorted when viewed with electron microscopy. If 
the reorganization involves 'melting' of some areas, a 
labeled macromolecule should demonstrate more freedom of 
movement within the cell during this period. Furthermore,
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such solubilization of the component proteins could be 
followed in cells treated with Brij 58 which should show an 
increase in the release of the component proteins from the 
cells.
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APPENDIX A
KEY TO ABBREVIATIONS USED IN TEXT

Enzvmes
Aid or Aldolase D-fructose-1,6-bisphosphate D-glycer- 

aldehyde-3-phosphate lyase,
EC 4.1.2.13

Enol or Enolase 2-phospho-D-glycerate hydro-lyase, 
EC 4.2.1.11

Fructose-1,6- 
bisphosphatase

D-Fructose-1,6-bisphosphate 
1-phosphohydrolase, EC 3.1.3.11

GAPDH or Glycer- aldehyde-3-phosphate Dehydrogenase
D-glyceraldehyde-3-phosphate:NAD+ 
oxidoreductase (phosphorylating), 
EC 1.2.1.12

Glycero-phosphate 
Dehydrogenase

sn-Glycerol-3-phosphate:NAD+ 
2-oxidoreductase, EC 1.1.1.8

GPI or Glucose-e- 
phosphate Isomerase

D-glucose-6-phosphate ketol-isomerase, 
EC 5.3.1.9

LDH or Lactate Dehydrogenase
( S)-lactate:NAD+ oxidoreductase, 
EC 1.1.1.27

PFK or 6-phospho- 
fructokinase

ATP:D-fructose-6-phosphate 
1-phosphotransferase, EC 2.7.1.11

PGK or Phospho- 
glycerate Kinase

ATP:3-phospho-D-glycerate 
1-phosphotransferase, EC 2.7.2.3

PGM or Phospho- 
glycerate Mutase

D-phosphoglycerate 2,3-phosphomutase, 
EC 5.4.2 .1

PK or Pyruvate 
Kinase

ATP:Pyruvate 02-phosphotransferase, 
EC 2.7.1.40

TPI or Triose-phos- 
phate isomerase

Reagents

D-glyceraldehyde-3-phosphate 
ketol-isomerase, EC 5.3.1.1

BSA Bovine serum albumin
DTT Dithiothreitol
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Hepes 4-(2-hydroxyethyl)-1-piperazine- 

ethanesulfonic acid
KC1 Potassium chloride
NADH Nicotinamide adenine dinucleotide, 

reduced form
NADP Nicotinamide adenine dinucleotide phosphate
PEG Polyethylene glycol
Tris tris(hydroxymethyl)aminomethane

Units
g gram
g force of gravity
M molar
min minute
ml milliliter
mM millimolar
nm nanometer
RPM revolutions per minute
S . E. standard error
Mg microgram
Ml microliter
/mole micromole
0 C degrees Centigrade
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