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SUMMARY

The pH-activity profiles of pure glyceraldehyde-3-phosphate dehydrogenase
(EC 1 2 1 12) from rabbit muscle, liver and heart are compared with the profiles ob-
tained 1n crude extracts of these tissues No significant differences were found among
the pure enzymes and the crude extracts with the exception of unusual activity of the
crude heart extract at a low pH These findings suggest that there are no significant
dafferences 1n the properties of this enzyme 1n different rabbit tissues and that there
are no readily detectable alterations of the enzymatic activity in the physiological
pH range as the result of mnteraction with other mtracellular components These fin-
dings are discussed 1n relation to the behavior of other glycolytic enzymes

INTRODUCTION

This study was carried out to determune if there are functional differences mn
the activity of glyceraldehyde-3-phosphate dehydrogenases (EC 121 12) m the
complex environments of different mammalian tissues The approach used here was
to measure the activity of the enzyme 1n crude extracts of various rabbit tissues under
standard conditions and over a wide range of pH values and to compare this activity
with that of the purified enzymes The situations which we wanted to evaluate were
(1) whether the mtrinsic activity of glyceraldehyde-3-phosphate dehydrogenase from
various rabbit tissues was 1dentical with respect to the parameter chosen, and (2)
whether the activity of the enzyme 1 each crude tissue extract was modified by inter-
actions with other small molecules or protemns

METHODS

Frozen tissues of New Zealand white rabbits were obtamned from Pel-Freez
Biologicals Each tissue was thawed, minced and suspended 1n a volume of buffer
(0.0z M phosphate, 1 mM EDTA, 1 mM dithiothreitol, pH 7 5) equal to the weight of
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the tissue The suspension was homogenized for 2 min 1n a Sorvall Omni-Mixer at top
speed and was centrifuged at 27 000 X g for zomimn Then the supernatant solution was
filtered through glass wool to give the crude enzyme preparation

Spectrophotometric enzyme assays were carried out in solutions of 2 0 mM
NAD, 10 mM sodium arsenate, 2 0 mM DL-phosphoglyceraldehyde and o 066 M buffer
The buffers utilized were citrate, acetate, phosphate, pyrophosphate and glycine
covering the pH range 3 0-10 0

Purified rabbit muscle glyceraldehyde-3-phosphate dehydrogenase was pur-
chased from Sigma The purified enzyme from rabbit heart and liver were obtained by
chromatography of the crude tissue preparations on cellulose phosphate 1 a buffer
of 0 02 M phosphate, 1 mM EDTA and 1 mM dithiothreitol (pH 6 5) The enzyme was
eluted by KCl in the same buffer In typical experiments the enzyme was eluted
between 0 15 and 0 2 M KCl The enzyme 1s routinely eluted just before a peak con-
taining a red protein or proteins In liver preparations the glyceraldehyde-3-phosphate
dehydrogenase 1s often contamiated with a yellow protein A repeat of the chromato-
graphic procedure 1s usually suffictent to obtamn liver glyceraldehyde-3-phosphate
dehydrogenase which shows a single band on disc-gel electrophoresis This chromato-
graphic procedure can also be used to purify the enzyme from rabbit muscle
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Fig 1 pH-activity profiles of rabbit muscle glyceraldehyde-3-phosphate dehydrogenasc Pure
rabbit muscle glyceraldehyde-3-phosphate dehydrogenase (), crude homogenate of rabbit
muscle (@)

Fig 2z pH-activity profiles of glyceraldehyde-3-phosphate dehydrogenase from rabbit liver, brain
and kidney Crude homogenates of rabbit Iiver (O), bramn (@), kidney (X)), pure rabbit hiver
glyceraldehyde-3-phosphate dehydrogenase (4)

RESULTS AND DISCUSSION

In Fig 1 are shown the pH-activity profiles for pure rabbit muscle glyceralde-
hyde-3-phosphate dehydrogenase and the crude muscle extract The pH optimum of
8 7 for the pure enzyme was first reported by CorI ef all, and a sharp decrease 1n
enzymatic activity at higher and lower pH values 1s apparent both in the crude and
purified enzyme preparations The pH-activity curves obtamed with crude extracts
of liver, kidney and bram and pure hver glyceraldehyde-3-phosphate dehydrogenase
are shown in Fig 2 These curves are virtually identical and differ only shightly from
those of muscle
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Fig 3 pH-activity profiles of glyceraldehyde-3-phosphate dehydrogenase from rabbit heart.
Crude homogenate of frozen heart (Q), fresh rabbit heart (@), frozen rabbit heart before ( x) and
after (1) ultracentrifugation, pure rabbit heart glyceraldehyde-3-phosphate dehydrogenase (A)

The pH-activity profiles of three crude heart extracts and pure heart glyceralde-
hyde-3-phosphate dehydrogenase are shown in Fig 3 From pH 5 to 10, these curves
are virtually identical with those in Fig 2 However at lower pH values, there 1s an
increase 1 the apparent activity of the enzyme in crude heart extracts This effect has
been quite variable from preparation to preparation for as yet unexplained reasons
Controls for turbidity or endogenous interfering enzymatic activities, such as alcohol
dehydrogenase, have been tested and cannot account for the observed activity The
pure heart enzyme shows no corresponding enzymatic activity at a low pH The
activity at a low pH 1s retamed by the crude heart extract on storage over a period of
several days In one experiment a crude heart extract was centrifuged at 30 0oo rev /
mun for 30 min 1n a Spinco Model L ultracentrifuge Almost all activity at a low pH
was lost during the procedure which suggests that particulate fractions are mvolved
1n the unusual activity

The results of this work show that there 1s very little difference 1n the pH-activity
profiles of pure glyceraldehyde-3-phosphate dehydrogenase 1solated from rabbit
muscle, liver or heart In addition, there 1s no difference in the mobility on disc-gel
electrophoresis of the purified enzymes as they are obtained by the procedure described
above Although these observations mn themselves are insufficient to establish that
these enzymes are identical, they do indicate that 1if structural differences do exist,
they do not affect the gross structural and functional properties examined here,

Perhaps the more interesting question in a physiological context 1s whether these
enzymes in the more complex intracellular environment are altered 1n function either
by the familiar allosteric mechanisms or by other mechanisms perhaps mvolving
protem-protein or membrane—protein nteractions Although the crude homogenate
procedures used 1n this study may not reproduce the intracellular environment, they
do permit a rapid survey for such possible modifications of enzyme activity within the
cell The experiments reported here indicate that in muscle, liver, brain and kidney,
no such mteractions occur which affect the activity of the enzymes with respect to the
parameters imnvestigated The single exception noted 1s that of the crude heart extract
Although the activity detected at a low pH in these extracts 1s undoubtedly not
physiologically significant 1n 1tself, the observation shows that the glyceraldehyde-3-
phosphate dehydrogenase activity in the crude extract in this respect 1s not accounted
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for by the behavior of the pure enzyme The fact that part of the low pH activity 1s lost
following ultracentrifugation suggests the mvolvement of a particulate fraction n
this activity

Although there has been no previous report of dehydrogenase activity of
glyceraldehyde-3-phosphate dehydrogenase at a low pH, the phosphatase activity of
the enzyme from skeletal muscle occurs at pH values below 7 and S-acylation of the
enzyme with acetyl phosphate occurs at pH 4 6 (refs 2, 3)

There are now reports 1n the literature of the purification of rabbit glyceralde-
hyde-3-phosphate dehydrogenase from skeletal muscle,5, brain® and a preliminary
report on liver” From the mmformation available 1n these papers, there 1s no indication
of major structural differences among these purfied enzymes although there are
preliminary mndications of a difference 1n the kinetic properties of the liver and muscle
enzymes! While the punfication procedure used 1n this paper 1s technically simpler
than those published, the resulting enzyme does not appear to be significantly different
from those obtained 1n the multiple-step methods The additional information n this
paper leads to the conclusion that the pH dependence of the activity of the enzyme in
crude extracts of the tissues 1s indistinguishable from that of the purified enzymes
(with the exception of the heart enzyme at a low pH)

This conclusion leaves two anomalies unresolved At the physiological pH of
about 7 4, the activity of glyceraldehyde-3-phosphate dehydrogenase 1s well below
its maximal activity Obwiously the low catalytic efficiency of the enzyme can be
counterbalanced by increasing the intracellular concentration of the enzyme, but this
1s accomplished at the cost of some energy expenditure to the cell Unless there are
other unknown functions which this enzyme carries out 1n the cell, 1t appears either
that selective pressures have tolerated the inefficiency of this enzyme or that the local
conditions within the cellular environment which may permit a more efficient turnover
of the enzyme have not been reproduced experimentally

The second anomaly rests in the question of 1soenzymes For the purposes of
this discussion we shall limit the definition of 1soenzymes to those enzymes derived
from a common genetic pool which catalyse the same reaction but differ 1n primary
structure A number of the glycolytic enzymes have now been shown to occur as
1soenzymes In mammalian tissues there 1s now evidence for 1soenzymes of hexo-
kinase®.®, phosphoglucomutase!9, aldolase!!, phosphoglycerate mutase'?, enolase!34,
pyruvate kinase!3.*® and lactate dehydrogenasel?1® Most of the other enzymes have
not yet been investigated in this respect In most examples where 1soenzymes have been
shown to occur, the case has been made that the structural differences have been
maintained because there are functional differences among the 1soenzymes related to
the regulation of activity within the different cell types!® LEBHERZ AND RUTTERZ?
have now shown that electrophoretically distinct 1soenzymes of glyceraldehyde-3-
phosphate dehydrogenase occur 1n turtle, perch, trout, spinach and yeast but that no
such forms occur 1n rabbit, rat, chicken, honeybee, Euglena or Escherichna cols By
using the 1soelectric focusing technique, KocaMAN AND RUTTER® have been able to
demonstrate the existence of microheterogeneity in rabbit muscle and brain glyceralde-
hyde-3-phosphate dehydrogenase, but 1t 1s not yet clear whether these bands represent
true 1soenzymes Such microheterogeneity might be due instead to different states of
aggregation, conformational differences or varying numbers of bound hgands within
a population of identical protemns If, as 15 suggested by our studies, there are no func-
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tional differences among the glyceraldehyde-3-phosphate dehydrogenases within a
tissue or among different tissues, one must then ask why 1soenzymes occur in the other
species and have been lost at least in this mammal In a related question, 1f selective
piessures have served to eliminate multiple forms of this enzyme, why have numerous
other redundancies 1n glycolytic enzymes been retaimned Although the recent advances
1n biochemistry have focused on the important role of the regulation of enzyme activity
1n the adaptation of cells to changing environments, the now bewildering multiplicity
of the postulated control mechamsms within the glycolytic pathway alone? suggests
that there may be unifying mechamsms which perhaps can be deduced from a closer
examination of the enzymes of this pathway
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