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Abstract

1
The technique of H spin echo n.m.r. has been wused for the
[ 4 [ 1 2 [ A L4 "

non—~invas ive study of enzyme catalysed "H/"H equilibrium isotope
exchange at the C-2 position of lactate in suspensions of hunan
erythrocyvtes., The intracellular environment of the enzymes involved in
this exchange has been investigated by comparing the exchange properties
of the enzymes in the intact cell with the properties they display in
vitro.

o e

A study of the exchange of the lactate C-2 substituent with

1

solvent, which 1is catalysed by a coupled system of four glycoclytic
enzymes, nas been used to examine the kinetic properties of the

individual enzymes in vitro. Measurements of the exchange in the intact

cell have been used to investigate the in situ kinetic properties of one

of these enzymes, glyceraldehydephosphate dehydrogenase. Contrary to

the conclusions of previous studies with the isolated enzyme in vitro,

these measurements have shown that the enzyme is not rate determining
for glycolytic flux in the human erythrocyte and that it is wunlikely

that it is bound to the cell membrane in situ.

1,2
A study of "H/'H exchange between the C-2 positions of methy 1l
labelled lactate molecules, catalysed by lactate dehydrogenase, has been

used to investigate the in situ kinetic properties of this enzyme.

Comparison of these properties with those it displays in vitro indicate
that the free intracellular NAD(H) concentration in the erythrocyte is
only approximately 10%Z of the total extractable concentration. A
considerable fraction of the“éoénzyﬁe must be Bound, fherefore, in the
intact cell. This type of experiment should be widely applicable to a
variety of tissues and possibly to different dehydrogenases.

Theoretical aspects of bulk  isotopc exchange kinetics 1in

I1



multi-enzyme systems are examined and the effects of chemical flux, and
of 1isotope effects, on the measurement of isotopic flux are considered.
The advantages of the n.m.r. method over conventional radioactive tracer
techniques are described.

It 1is concluded that 1H n.m.r. studies of 1H/2H isotope exchange
may be used to obtain information about the kinetic properties of
enzymes in intact cellular systems. The technique should be a useful
complement, therefore, to the currently more widely used n.m.r. methods

31 13
P

employing the and C nuclei and to other methods used for the

S

non-invasive study of metabolism.
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Abbreviations
TIM ~ Triosephosphate isomerase.
GAPDH ~ Glyceraldehydephosphate dehydrogenase.

LDH ~ Lactate dehydrogenase.

ATPase ~ Adenosine triphosphatase

PFK - Phosphiofructokinase.

PGK — Phosphoglycerate kinase.

GAF - D-glyceraldehyde-3-phosphate.
DHAP — Dihydroxyacetone-phosphate,
FIp - D-fructose-1,6-diphosphate.

1,3—DPQ - 1,3-diphosphoglycerate.

¢ = 2,3-diphogphoglycerate.

V - isotop. cxchange equilibrium velocity for the exchange of isotope
betwzen:

Vr?v ~ the C-2 position of lactate and solvent.
LA

'VALD ~ the pro-S C-3 position of DHAP and solvent.

\% - - i i
JALD(RECON) the C-4 position of FDP and the aldehydic hydrogen

¢t GAP .

V,r,”I - the pro-S C-3 position of DHAP and the aldehydic hydrogen

Of GI‘\P .

VGAP“" — the aldehydic hydrogen of GAP and the 4B position of
SV Ry

tte nicotinamide ring of NADH.

V.., = the C-2 position of lactate and the 4A position of NADH

VR = the rec!procal of the sum of the reciprocals of the equilibrium
velocities of the non-varied enzymes in an equilibrium velocity
determination {sce page 54).

Coall time at which peak inversion occurs during observation of

il

C~2 exchanne.

~ gpeci - ophotometrica assa i
AX gpeciophotonetrically assayed activity of enzyme X.
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1 General introduction
=

The basic concepts of metabolic regulation have evolved from a
consideration of enéyme properties in vitro, in particular from studies
of allosteric interactions with the metabolites and coenzymes of a
metabolic pathway in which an enzyme is involved. The ultimate aim must

bé to relate the in vitro properties of the enzymes catalysing a

metabolic pathway to a model which will predict the levels of, and

changes in, the concentrations of metabolites observed in situ i.e. in

the intact animal, cell or cellular organelle.

The kinetic properties of an enzyme may be regarded as an
intrinsic function of its structure but their expressicn 1s determined
by the pH, ionic strength, substrate and other effector concentrations
in the énzyme’s environment. If the kinetic properties of an eénzyme
determined 1in vitro are to have any relevance to its properties in situ

then the conditions used in vitro should wmimic those found in situ.

This presupposes that the conditions in the latter case are known.

Two phenomena distinguish an enzyme’s environment in situ from

that in vitro: a) the living cell is in a metabolic steady state, an

enzyme may be catalysing a reaction in the presence of both the
reactants and products of the reaction. An enzyme is generally not
saturated with substrate and may often be present at the same
concentration as its substrates. In a conventional kinetic analysis in
vitro, wunidirectional flux across the enzyme is measured, usually at
saturating concentrations of most of the substrates, in the absence of
products (that is all the products together) and at enzyme
concentrations much smaller than those of the substrates; b) the enzyme

in situ is catalysing a reaction in a compartment. This compartment is




defined by a membrane and may be at the level of a cellular organelle,
which localises the enzyme to a specific region(s) of a cell, or at the
level of the cell itself which may localise an enzyme to a specific
region of an organ (Sols & Marco, 1970). The transport properties and
conteuts of the cell or organelle will dictate the in situ enviroument

of the enzyme.

Another kind of compartmentation, which is a consequence of the
high protein concentration found in situ, is that of 'compartmentation
by binding" (Sols & Marco, 1970). An enzyme or substrate may be
localised to a specific region of a cell by virtue of binding to fixed
structural proteins. 1In addition to possible localisation, binding may,
in the case of an enzyme alter its catalytic properties and in the case
of a substrate it will lowér the concentration of the kinetically
relevant free form (Masters, 1977). In skeletal muscle there is
considerable evidence from histochemical and fluorescent antibody
staining techniques that certain glycolytic enzymes are localised around
the I bands of the myofibril (Ottaway & Mowbray, 1977). Sedimentation
studies have shown that several of the glycolytic enzymes will bind to F
actin (Arnold & Pette, 1970) and that the binding is enhanced by the
presence of tropomyosin and troponin (Ciarke & Masters, 1975). The
enzymes show widely different affinities for the complex and modulation
of affinity in the presencé of different céllular metabolites

(Clarke & Masters, 1975; Arnold & Pette, 1970). Binding of

glyceraldéhydephosphate dehydrogenase to a particulate fraction from

Fh

~
T e

its kinetic properties

et

chicken skelétal muscle has been shewn tc af
(Dagher & Hultin, 1975). The binding of aldolase to F actin 1ncreases
Vmax and its Km for FD? (Arnold & Pette, 1970). The changed kinetic

properties of bound enzymes and modulation of binding by substrates have

2



led to suggestions that this may represent a new level of metabolic
control which cannot be inferred from the kinetic properties of isolated
enzymes in vitro (Masters, 1977). The human erthyrocyte, which 1s the
system studied here, is an attractive system to examine for this type of
compartmentation since 1t has a simple, predominantly glycolytic,
metabolism taking place in a single membrane bound compartment. "The
tight binding of the glycolytic enzymes; aldolase,
glyceraldehydephosphate dehydrogenase (GAPDH) and phosphofructokinasé,
(PFK) to the cytoplasmic pole of the band 3 protein of the human
erythrocyte membrane is well established (Kant & Steck, 1973;
Strapazon & Steck, 1976; Strapazon & Steck, 1977; Yu & Steck, 1975;
Higashi et al, 1979; Eby & Kirtley, 1979). Haemoglobin binding to this
anion transporter, which is an integral membrane protein, has also been
demonstrated (Salhany EE. al,. 1980). The effect of substrate
concentrations on binding, competition between the enzymes for binding
and the effect of binding on catalytic activity have all been reported.
Thefe have been a number of reports on the binding of other glycolytic
enzymes to the membrane of the human erythrocyte and to erythrocyte
membranes from other species (Green et al, 1965; Wins & Schoffeniels,
1969; Tillmann et al, 1975; Duchon & Collier, 1971). Observation and
degree of binding however appear to be dependent on the conditions of
membrane disolation, 1in particular isolation 1in low donic strength
buffer. Indeed the well characterised binding of aldolase, GAPDH and
PFK to band 3 proteln is not observed at physiological ionic strengths
(Strapazon & Steck, 1977; Yu & Steck, 1975; Higashi et al, 1979). This
is. also true of the binding of aldolase and other glycolytic enzymes to
the particulate fraction from muscle and suggests that binding may be
negligible 1in situ. However it has been shown that significant binding

still occurs 1in muscle extracts at isotonic ionic strength provided that



the protein concentration is high (Clarke & Masters, 1974). This and
the other muscle and erythrocyte studies mentioned above have examined
membrane binding by separating the particulate and soluble fractions by
centrifugation at £°c . A discrepancy in the degree of salt elution of
GAPDH from human erythrocyte membranes obtained by two different groups
was attributed to dif ferent incubation times of the membrane
preparations at AOC (McDaniel et al, 1974). Failure to separate
‘thermodynamic and kinetic effects and furthermore failure to truly
simulate the in situ conditions (for example 37°C) may render many
observed protein-protein interactions in vitro artefactual with regard
to the trué state in the intact cell. Using a much less drastic
technique than cell disruption and fractionation, Kliman and Steck
(Kliman & Steck, 1980) attempted to assess the extent of membrane
binding of GAPDH by studying the kinetics of enzyme release from
erythrocytes treated with the detergent saponin. Their results
suggested that as much as 60% of the enzyme may bé bound in the intact

cell.

Direct associations of glycolytic enzymes in vitro have been

reported although not always substantiated by subsequent
investigations. 1In a 31P n.m.r. study very smalil shifts in the 31?
resonances of 2,3-DPG were interpreted to indicate the existence of
complexes invélving the enzymes phosphoglycerate kinase, (PGK)
-glyceraldehydephosphate dehydrogenase and phosphoglycerate mutase.

Shifts observed in spectra of human erythrocytes were thought to

indicate enzyme complexation in situ {(Fossel & Solomon, 1977). Illowever

a subsequent study showed that these shifts were within the noise 1level
of the measurements and that the shifts observed in vitro are probably

the result of small pH variations and not complex formation (Moamsen et

4
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al, 19

9). Recently, however, Fosscl and Sclomon (1982) have replied to
thece criticisms by performing their experiments at higher magnetic

field. The direct association of GAPDH and aldolase ig_vitro has been

reported on the basis of physicochemical (Ovadi et al, 1978) and
kinetic data (Ovadi & Keleti, 1978). In the latter case the Km of
GAPDH for GAP was found to be significantly lower in the presence of
aldolase. A recent 1investigation however failed to detect any
interaction (Masters & Winzor, 1981). An interaction proposed on
theoretical grounds between PGK and GAPDH has not been observed

éxperimzntally (Vas & Batke, 1981).

The presence of enzyme concentrations similar to that of their

substrates in situ ensures a high concentration of binding sites for

intermediary metabolites (Sols & Marco, 1970; Ottaway & Mowbray, 1977;
Masters, 1977)). For example in perfused liver it has been éhown that
most of the NADH is protein bound (Blcher, 1969). In rabbit skeletal

muscle 1t has beén estimated that the GAPDH concentration is 0.4mM and
that there may be 0.5-1.0mM acylated active sites (Bloch et al, 1971).
The concentrations of the enzymes substrates, GAP and 1,3-DPG, have been
estimated at 80 and 50uM respectively. The acylated enzyme is thus a
signiiicaat metabolic intermediate. In the human erythrocyte the GAPDH
active site concentration is only about 12pM (Marshall & Omachi, 1974)
yet this may represent a significant binding site for free NAD(H) (see
chapter 6). A more subtlé form of compartmentation is shown by the Mg2+
ion which binds to organic phosphates e.g. ATP. This is likely to have
important consequances for metabolic control. For example ia
erythrocyte glycolysis; Mg2+AIP is the substrate for both the control

enzymes of this pathway i.e. hexokinase and PFK, while free ATP 1is an

allosteric inhibitor of PFK and pyruvate kinase (Rapoport, 1974).

5



2+
Consequently 1f free ATP were to increase at the expanse of Mg ATP,

there would be inhibition of glycolysis. It has been suggested that
inhibition of PFK at low pH may in part be due to a greater fraction of
ATP present in the free form (Sols & Marco, 1970). For many kinases the
Mg2+ bound form of the adenine nucleotide is an obligatory substrate and
conscquantly the position of many kinase equilibria are dependent on the

2+
Mg~ concentration (Veech et al, 1979).

The advantages of compartmentation of metabolites within enzyne
compléxes with regard to metsbolic control and increased catalytic
ef ficicncy have been discussed (Ottaway & Mowbray; 1977; Masters, 1977;
Rickey Welch, 1977). Despite demonstrations of enzyme binding to the
eryturccyvte membrane there is no firm evidence of a glycolyﬁic complex
although the following data has been used to suggest that enzyme
complazes may exist. The apparent 1inacessibilty -»f DHAP and }GAP to
glycerol-3-phocphate dehydrogenase added to a concentrated hemolysate
was- thought to indicate possible compartmentation of these intermediates
within a0 enzyme complex (Friedrich et al, 1977). It has been suggested
that the orderad release of enzymes from erythrocytes suspended in
hypotonic media reflects localisation of some enzymés near the membrane
(Cseke et al, 1978). Studies of 1AC labelling of erythrocyte
metabolites in the presence of (1—14C)glucose were interpreted as
indicatirg compartmentation of the pentose phosphate pathway enzymes
(Harvey & Rancko, 1976). The difficulties 1involved in deducing
compariwentation from tracer 1labelling studies have been discussed
(Oftaway & Mowbray, 1977).7 The phosphorylation of adenosine at low
adenosine concentrations and its deamination at high concentrations was

interpreted as indicating compartmentation of adenosine kinase and

adenosing deaminasc activities. however this was subsequently shown to

6



be due simply to the kinetic properties of the enzymes (Fazio et al,
1980) and demonstrates that caution should be applied in attributing

apparently anomalous kinetic ©behaviour of an enzyme in situ to

compartmentation., Perhaps the best evidence for a glycolytic enzyme
complex has come from studies of an enzyme complex isolated by
differential centrifugation from E. Coli spheroplasts. Failure of an
added intermediary glycolytic metabolite to dilute the flow of 14C label
through the glycolytic sequence catalysed by thié complex was taken to
indicate compartmentation of this particular intermediate within the
complex (Mowbray & Moses, 1976). However a control experiment with the
dissociated complex was not performed. To summarise, the high protein
concentrations obtained in situ may result in; a) a free metabolite
concentration much lower than the total concentration in the tissue and;
b) protein-protein interactions which may localise an enzyme to specfic
regions of a cell or cellular organelle and which may modify the kinetic
properties of the enzyme. In arder to extrapolate the kinetic'

properties of an enzyme observed in vitro to the properties it expresses

in situ, the free concentrations of its substrates and other effectors
should beée known as should the presence and effect of protein-protein

interactions.

Inadequate knowledge of the in situ environments of enzymes makes
it desirable to study the properties of the enzymes in the intact
system. The methods available for the non-invasive study of enzymes in

situ have recently been reviewed in an article by Sies (Sies, 1980).

Fluorimetric and spectrophotometric methods have been employed at the
level of the whole organ and the single cell to provide both spatial and
temporal resolution of metabolic events. In the latter case

electrophoretic microinjection into single cells has been used to induce

7



metabolic transients which have been followed by observing the
fluorescence of NAD(P)H. Metabolic rates were evaluated topographically
and heterogeneity was observeéd between nucleus and cytoplasm and within
the cytoplasm itself (Kohen et al, 1979). Surface fluoresence from
haemoglobin-free perfused livér has been used to study changes in NADH
levels following anoxia and ethanol infusion (Blicher, 1969). From a

correlation of these changes with the concentrations of lactate and
pyruvate 1in the perfusate, with which the free NAD(H) concentration in
the cytosol is in equilibrium, and with changes in the total extractable
levels of these nucleotides it was deduced that over %07%Z of the NADH in
the liver is bound. It was also concluded that the changes 1in NADH
concentration observed ocurréed mainly in the cytosol. Surface
fluorimetry has allowed observation of discrete ragions of the 1livers
surface which display different metabolic behaviour (Ji et al, 1980).

For a review of these optical techniques see Siés and Brauser (1980).

A comparison of an enzyme’s substrate concentrations in situ with
the equilibrium concentrations observed in vitro may be used to identify
disequilibrium in the in situ reaction. This may  Dbe a true
disequilibrium where the enzyme is rate limiting for flux or an appareunt
disequilibrium due to significant binding or compartmentation of the

énzyme’s substrates in situ. If an enzyme catalyses an equilibrium

reaction of the form A+ Be C+D (i.e. 1its activity significantly
excéeds the metabolic flux) then measurement of the concéntrations of
one reactant/product pair (e.g. A/C) may, if the equilibrium constant is
knowh, givé the ratio of the free concentrations of the other
reactant /product pair (B/D) in situ. This forms the basis of the redox
indicator metabolite method  (Blicher & Sies, 1976). Applied

non~-invasively, this method 1involves the measurement of membrane



permeable oxidised and reduced substrates of a dehydrogenase in cell
supernatants or organ perfusates. Knowledge of the dehydrogenase’s

equilibrium constant under the in situ conditions of pH and ionic

strength permits calculation of the ratio of the free concentrations of
NAﬁ+/NADH in the cellular compartment in which the dehydrogenase 1is
located. In the example given abovée of the perfused liver, the
concentrations of lactate and pyruvate, which freely and rapidly
pérmeate the cell membrane, were used to calculate the freé NAD+/NADH
ratio in the cytosol in which the énzyme lactate dehydrogenase 1is
specifically located. The ratio of‘ﬁ-hydroxybutyrate to acetoacetate
can bé wused to measure the intramitochondrial NAD+/NADH ratio. Redox

indicator metabolite couplés also exist for the NADP(H) system.

In the human erythrocyte a discrepancy between the NAD+/NADH ratio
calculated from the lactate/pyruvate ratio in the extracellular fluid
and the total extractable NAD' and NADH has been taken to indicate
significant binding of NADH in the cell (Marshall & Omachi, 1974). This
result is however contentious in view of the apparent difficulty of
assaying total 1levels of N’AD+ and NADH (Burch et al, 1967) and the
consequently wide range of values obtained for the 1levels of these
nucleotides in the erythrocyte ({Hasart et al, 1972). A fundamental
problem with the measurement of any meﬁabolite found only
intracellularly is that changes in its concentration may occur during
quenching of the tissue and extraction of the metabolite. A number of
methods have been developed with a variety of tissues to try to overcome
these problems (see for example Veech et al, 1979). The measurement of
free and total NAD(H) in the erythrocyte is further discussed in chapter

6. The principle of the redox indicator method can also be applied to

kinase equilibria although it now becomes a strictly invasive method

9



since kinase substrates are membrane impermeable and their assay
requires cell disruption and extraction. For example, the tissue
contents of the adenyiate kinase and combined GAPDH and PGK reactions
were measured in rapidly inactivated samples of blood, brain, muscle and
liver (Veech et al, 1979). Comparison of the mass action ratios with
the measured equilibrium constants of the enzymes in vitro indicated
significant disequilibrium of the kinase reactions in those tissues
containing mitochondria i.e. brain, muscle and liver. 1In muscle and
brain the creatine kinase reaction was also apparently not at
equilibrium. Since these kinases are located exclusively in the cytoscl
these results were taken to indicate significant compartmentation of ADP
within the mitochondria. These calculations are critically dependent on

accurate reproduction of the enzymes in situ environment in vitro when

calculating the equilibrium constants, the pH being particularly
important in the case of a dehydrogenase and the Mg2+ concentration in

the case of a kinase.

It should be mnoted that the extraction and assay of metabolic
intermediates in a cell may falsely identify an enzyme as being
non-equilibrium, and thus rate limiting for flux, 1f a significant

fraction of its substrate(s) are bound in situ. Apparent

non-equilibrium of the substrates for aldolase 1in guinea pig brain

slices may be due to binding of FDP (Rolleston & Newsholme, 1967).

Another approach to the study of enzymes and their environments in

situ has involved the use of permeabilised cells. This technique has

now been applied to a wide variety of cells including the erythrocyte
(Aragén et al, 1980). The method involves cross-linking membrane

proteins with bifunctional reagents 1in order to generate a protein

10



lattice. The membrane lipid 1{s then removed making the cells permeable
to intracellular metabolites. Convent ional spectrophotometric enzyme
kinetic studies caﬁ then be performed on these cell preparations. The
rationale for this approach is that any protein-protein 1interactions
which may exist in the cell are retained. Unfortunately the potential
for artefact is considerable since the cross-linking reagents have been

shown to modify the properties of some enzymes.

The application of n.m.r. to the non-invasive study of metabolism
has expanded rapidly in recent years (reviewed in the following; Burt et
al, 1979; Shulman et al, 1979; Gadian & Radda, 1981). The systems
studied have ranged from the level of the isolated cellular organelle,
the mitochondrion,to an intact animal.

In 1972 Eakin et al (1972) obtained 13C n.m.r. spectra from yeast
suspensions fed with glucose enrichted at the C~1 position with 13C. In
1973 Moon and Richards (1973) published 31P n.m.r, spectra of human
erythrocytes which showed resonances from 2,3—bPG, inorganic phosphate
and ATP. The shifts of the 2,3-DPG and inorganic phosphate resonances

were used to measure intracellular pH. Since then the majority of

n.m.r. studies of metabolism have concentrated on these two nuclei.

Studies with the 1007 abundant 31P nucleds have involved the
measurement of pH and the levels of phosphorylated metabolites 1in a
range of systems including erythrocytes, yeast, E. Coli, mitochondria,
hepatocytes, musclé, perfused organs such as rat héart and 1liver, rat
heart and liver in situ in the intact animal and human limbs. The list
is by no means exhaustive and the discussion of the results of relevance

to the central theme of this thesis, the nature of an enzymes

11



environment in situ, can only be very limited.

The sensitivit§ of the chemical shift of a phosphate resonance,
notably that of inorganic phosphate, to pH changes around neutrality,
make 31? n.m.r. a very powerful method for méasuring intracellular and
intraorganelle pH. In hepatocytes two inorganic phosphate resonances
have been observed and assigned to the cytosolic and mitochondrial
compartmentsi_(Cohen et al, 1978). The chemical shifts of these péaks
give the pH in the two compartments. In skeletal muscle the anomalously
large 1inorganic  phosphate 1linewidth has been attributed to the
distribution of phosphate betweén compartmeénts of different pH. It 1is
not certain, however, wether these phosphate pools reside within
different regions of the muscle or in different compartments within
individual muscle cells (Gadian.gg_gl, 1979). In human erythrocytes, as
ment ioned above, the 2,3-DPG phosphate resonances can be used to measure
intracellular pH. However this is complicated by the fact that binding
to haemoglobin also produces a shift in these resonances (Costello et al
1976). By comparing the chemical shifts of 2,3-DPG in model solutions
approximating the pH, ifonic strength and haemoglobin concentration found
in the intact cell, estimates were made of the pércentage of 2,3-DPG

< . _ 2+
bound in situ. Binding of Mg~ to ATP results in large downfield shifts

of the &, /g and & phosphate resonances. Comparison of the relative

shifts in these resonances obtained in model solutions in vitro with

those obtained in the erythrocyte allowed estimation of the fraction of
ATP bound to Mgz+ in the ihtact cell. From these data and from studies

of the interactions of various phosphorylated metabolites with

haemoglobin and Mg2+ under in situ conditions, simulated in vitro, the
intracellular concentration of free Mg2+ was determined (Gupta et al,

1978). In kinetic studies on muscle the problems presented by the 1low
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sensitivity of the n.m.r. technlque have been elegantly circumvented by
synchronising the electrical stimulation of contraction with collection
of the n.m.r. data. By repeating the cycle of muscle excitation and
data collection and by block averaging the signals obtained, the
signal-to-noise ratio on resonances observed at specific times following
muscle contraction is improved (Gadian et al, 1979). A similar method
has been employed in examining the consequences of ischaemia in perfused
kidney and heart (Burt et al, 1979). Using this method the fall in
phosphocreatine in muscle has been used to calculate the total AIPasg
activity. It was found that the activity was tenfold 1lower in the
intact muscle than in a myosin solution, indicating that the enzyme may
be inhibited in situ. The capability of ne.m.r. to continously and
non-invasively measure the levels of intracellular metabolites offers a
considerable advantage over conventional methods which involve discrete
sampling, tissue destruction and extraction of t“e compound. ILoss of a
metabolite during tissue quenching and extraction, as mentioned above,
may seriously compromise the latter technique. N.m.r. methods, however,
are confronted with the problem of calibration, the conversion of peak
intensity into concentration (see Burt et al , 1979 for a discussion of
this problem). Factors which affect peak intensity in the n.m.r.
spectrum are discussed 1in the following chapter. Measurements of
phosphocreatine/ATP ratios in skeletal muscle (Ackerman, et al, 1980)
and (particularly in) brain have revealed higher ratios than previously
observed using freeze extraction techniques. These results indicate
that ihe extraction technique inevitably results in some phosphocreatine

breakdown.
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Studies with the 130 nucleus, which has a low natural abundance,
have involved injection of 13C labelled metabolites into wvarious
cellular systems and monitoring the fate of the label 1in intermediary
metabolites. Systems studied include many of those mentioned above for

31P n.m.r. (reviewed in Shulman et al, 1979)

13C label between the C-1 and C-6 positions of

The "scrambling" of
FDP in yeast fed with (1-13C) or (6—130) glucose showed that the
aldolase and triosephosphate isomerase reactions are at equilibrium in
situ (den Hollander et al, 1979). In E. Coli the absence of scrambling
indicated that there is considerably more flux towards the trioses than
in the reverse direction (Shulman et al, 1979). The labelling pattern
observed in glucose in mouse liver perfused with 130 labelled alanine
indicated that the triosephosphate isomerase reaction is at equilibrium
in this tissue (Cohen et al, 1979). In hepatocytes incubated with
(3—13C) alanine comparison of the concentration of 13C at the alanine
C-2 position and the glucose C-5 position permitted assessment of the
flux through pyruvate kinase relative to the gluconeogenic flux (Cohen
et al, 1981). The labelling pattern in aspartate, it was thought, may

indicate dincomplete mixing of the mitochondrial oxaloacetate pool.

14
**C tracer studies of hepatic

12
Recently a comparison of "“C n.m.r. and
metabolism has been published (Cohen et al 198la). The relative merits
of radioactive tracer techniques and n.m.r. methods for studying

cellular metabolism are discussed in a later chapter.

The iIntrinsically poor sensitivity of n.m.r., compared with other
spectroscopic techniques, limits observation of cellular metabolites to

compounds present in relatively high concentration. Even for those

14



compounds which are observed spectral accumulation times often of the
order of minutes must be employed in order to obtain resonable
signal-to-noise ratios on the resonances of the compound in the n.m.r.
spectrum. This limits the rates of change which can be monitored using
n.n.r.. The technique of saturation transfer, however, which detects the
transfer of magnetisation between two rapidly exchanging nuclei, allows
measuremeénts of rates in the range 1-10 s_1 (Brown, 1980). The
unidirectional rate constant for ATPase catalysed synthesis of ATP from
ADP and P1 in E. Colil ﬁas been measured using this technique (Brown et
al, 1977). The technique has also been applied to a study of creatine
kinase in frog skeletal muscle where it was shown that the reaction
catalysed by the enzyme is at equilibrium (Gadian et al, 1981). A study
of adenylate kinase in human erythroéytes has also been reported (Gupta,
1979). The technique, which allows the direct measurement of an enzyme
activity in situ, 1s however limited to a relatively narrow range of
rates.

Compared to the 13C and 31P nuclei tﬁe 1H nucleus has been little
used in metabolic studies of whole cell systems. Although 1H n.m.r. 1is

more sensitive than either 31P or 13C n.m.r. it has the disadvantage

-1 e _1

tiicli makes

““““““ rang
resolution a severe problem. The application ot spin echo techniques,
however, allows selection of resonances from small molecules such as
cellular metabolites from a background envelope of protein resonances.
Spectra were obtained initially from rat adrenal glands (Daniels et al,
1976) and from human erythrocytes (Brown et al, 1977). In the
erythrocyte most of the resonances observed have been assigned (see

chapter 2) and subsequent work has been concentrated on this cell. This

has included measurement of lactate production and glutathione oxidation
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and rereduction (Brown et al, 1977), transport across the cell membrane
(Brindle et al, 1979) and isotope exchange in the metabolites lactate
and pyruvate (Brindle et al, 1980; Simpson et al, 198l; Simpson et al
1982a&b; Brindle et al, 1982). The incorporation of 2H labelled glycine
into erythrocyte glutathione was used to measure the rate of glutathione

synthesis (Isab & Rabenstein, 1979), however this has subsequently been

shown to be an exchange reaction (Griffith, 1981).

The work presented here is a study of 1H/2H isotope exchange at
the C-2 position of lactate in suspensions of human erythrocytes. The
human erythrocyte has been an ideal vehicle for the development of the
techniques presented here since it is an exceedingly well characterised
system which has been used in the study of human genetics (Surgenor,A
1975), in studies of membrane structure and transport (Marchesi et al,
1976; Ellory & Lew, 1977) and in studies of metatolism, in particular of
glycolysis (Rapoport, 1968; Jacobasch et al, 1974; Rapoport, 1974). It
is a readily available cell with no internal compartments and a
predominantly glycolytic metabolism. There 1is no glycogenolysis or
gluconeogenesis and, under normal conditions, flux o{ glucose through
the pentose phosphate pathway is 10% or less than that flowing through
glycolysis. The data available on the kinetic propetties of erythrocyte
enzymes and on the concentrations of metabolites are superior to those

of most other cells. This wealth of in vitro kinetic data has permitted

development of qualitative and semi-quantitative models (Rapoport, 1974)
for tﬁe control of erythrocyte glycolysis. The ability of these models
to predict changes in metabolite levels following specific metabolic
perturbations suggests that the kinetic data obtained in vitro, at least
for the non-equilibrium control enzymes of glycolysis, hexokinase and

PFK, are similar to the kinetic properties displayed by these enzymes in
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situ. It appears therefore that the intracellular environment in the
erythrocyte is reasonably well characterised and can be simulated in
vitro. Any discrepancies which may exist have not yet been detected in

this sort of analysis.

The 1isotope exchanges studied here have been used to examine the
properties of specific enzymes, catalysing reactions at equilibrium, in
the human erythrocyte. The strategy employed has been to measure the

equilibrium exchange properties of an enzyme in situ and to compare

these with the properties of the enzyme in vitro. Simulation of the in

situ environment in vitro has been used to investigate the free levels

of enzyme substrates in situ and to determine the likelihood of possible

enzyme-protein interactions in the cell.
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2 Exchange of the C-2 hydrogen of lactate with solvent

catalysed by glycolytic enzymes in the human erythrocyte

2.1 Introduction

The introductory chapter described the special features of an

enzyme’s in situ environment and examined the potential of the n.m.r.

technique for the non-invasive investigation of this eunvironment. The
1
use of H n.m.r. measurements of isotope exchange at the lactate (-2

position to investigate the in situ kinetic properties of human

erythrocyte enzymes was briefly discussed. 1In this chapter .the enzyme
catalysed pathway which exchanges the C-2 hydrogen of lactate with
solvent is described in detail. The n.m.r. method used to monitor the
exchange 1s described and theoretical aspects of isotope exchange 1n
multi-enzyme systems discussed. The measurement of exchange velocities

in vitro and in erythrocyte suspensions is demonstrated and a method for

measuring, in vitro, the specific equilibrium velocities of the enzymes
involved in the exchange is described. The basic characteristics of the
exchange in erythrocytes are demonstrated and the problems involved in
using this technique to compare the in situ and in vitro isotope
exchange properties of an individual enzyme discussed. The measurement
of in situ enzyme equilibrium velocities is demonstrated in chapters 5

and 6,
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2.2 Experimental

Most of the methods detailed in the following section have been
used throughout the work presented in the following chapters. 1In

subsequent experimental sections, therefore, only those methods peculiar

to the particular chapter in which the section is found are described.

Materials

Biochemicals were obtained from Sigma (London), Chemical Co.
(Poole, Dorset, U.K.) except for NAD+ which was obtained from Boehringer
(Lewes, East Sussex,U.K.). NADH was obtained in preweighed vials.
Other chemicals were analytical grade. Aldolase,
glyceraldehydephosphate  dehydrogenase, lactate dehydrogenase and
triosephosphate isomerase from rabbit muscle, lactate dehydrogenase from
human erythrocyte and lipoamide dehydrogenase from porcine heart were
obtained from Sigma. Ion exchange resins were obtained _from BDH
Chemicals Ltd. Activated, neutralised, charcoal was obtained from
Sigma. 99.8% 2H O was obtained from Fluorochem Ltd., Glossop,

2

2 *
Derbyshire, U.K.. In H20 solutions, pH ,the uncorrected pH meter

reading is quoted.

Preparation of L—(2—2H)1actate

L-(2—2H) lactate was prepared essentially as described by Alizade

et al (1975). Lithium lactate (250 mg) was dissolved in 25 mls of 0,.1M

%
sodium phosphate buffer, pH 6.0 in 99.8% 2H O, containing 50mg EDTA,

2
+
12mg dithiothreitol, 25mg NAD (lithium salt), 1.25mg rabbit muscle
lactate dehydrogenase and 2,500 units of porcine heart 1lipoamide

dehydrogenase. The lipoamide dehydrogenase, obtained as an ammonium

sulphate suspension, had been dialysed against 0,1%Z EDTA/lmM
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2-mercaptoethanol (pH 7.0) and then lyophilised. The resulting solution
was 1incubated at room temperature for approximately two weeks. A
comparison of the ratio of p.m.r. peak intensities given by the methyl
and C-2 protons in the resulting 1lactate with that given by
L—(U—lH)lactate showed that approximatgly 98%Z deuteration had been

achieved at the C-2 position.

The deuterated lactate was isolated by first placing the enzyme
solution on a boiling water bath for approximately 10 minutes. The
precipitated protein was then centifuged off and the supernatant loaded
onto a 2 X 14 cm Dowex 1-X8 columm in the chloride form (Bartlett,
1959). A linear gradient of 0-0.02M HC1l was then applied at a flow rate
of 1 ml/min and 5 ml fractions were collected. The total volume of the
gradient was 400 ml. The lactate was detected using the assay system
described Below. Peak fractions were pooled, boiled for approximately
10 minutes with activated charcoal (this removed a slight yellow colour
from the-lactate preparation) and then neutralised by the addition of
solid =zinc carbonate. The resulting zinc lactate solution was brought
back to the boil and then filtered on a Buchner funnel through hardened
Whatman 50 filter paper to remove charcoal and excess zinc carbonate.
The filtrate was lyopnilised. The solid zinc lactate obtained was then
dissolved to give approximately 10 mls of solution which was passed
through a 2 x 14 cm column of Dowex 50-X8 in the 1lithium form (Brin,
1953). The eluate, containing lithium lactate, was lyophilised and the
resulting solid stéred in a dessicator. Lactate with a purity exceeding

90%Z could be prepared by this method. The yield was usually about 50%.
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General Methods

Human erythrocytes were prepared from one day old blood (stored in
citrate/phosphate/glucose) or from freshly drawn venous blood by washing
once in 10 volumes of phosphate-buffered saline (5mM-sodium phosphate
(pH 7.4)/0.15M NaCl in 1H20) and removing the buffy coat by aspiration.
The cells were then washed five times in 1 volume of Krebs-Ringer buffer
(Krebs & Henseleit, 1932) made in either 2HZO or 1HZO as appropriate.
The buffers contained 10mM glucose (unless otherwise stated) and all
washes were performed at room temperature. Erythrocyte lysates were
prepared by freezing the cells twice iﬁ liquid nitrogen. Nicot inamide
(20mM) was added to the cells prior to lysis in order to inhibit the
NAD+ glycohydrolase present on the external surface of the erythrocyte

(Alivisatos & Denstedt, 1951). Cell densities were determined by the

microhaematocrit method ( Hawksley—microhaematocrit centrifuge).

The in vitro exchange system

Rabbit muscle aldolase, glyceraldehydephosphate dehydrogenase and
triosephosphate isomerase, obtained as ammonium sulphate suspensions,
were dialysed against 0.17 EDTA/1mM 2-mercaptoethanol before use. Human
erythrocyte lactate dehydrogenase was used as a suspension in ammonium
sulphate solution. In mixtures of the enzymes where the concentration of
lactate dehydrogenase was varied the concentration of ammonium sulphate
was also varied so that all the samples contained the same ammonium
sulphate concentration. (Experiments showed that ammonium sulphate, at
the concentrations used here, had no effect on the measured properties

of the lactate dehydrogenase).

29



Enzyme Assays

These were performed according to Beutler (1975). 1In all of the
assays described the assay system buffer contained 100mM Tris-HC1
pH 7.4, 0.5mM EDTA and 0.2mM NADH. The assays were performed at 37°C in
1 ml volume, 1 cm path length cuvettes. These were acid washed prior to
use., The enzyme catalysed reaction was observed by monitoring the
oxidation of NADH at 340nm. The rate of reaction was calculated
»assuming an extinction coefficient for NADH of 6.22 x 106 cm2 moln1

(Horecker & Kornberg, 1948). Enzyme activities are expressed in terms

of units (pmol of substrate consumed/min).

The enzyme solutions to be assayed were diluted in 0.17% EDTA/1lmM
2-mercaptoethanol so that the total activity added to the system
resulted in an absorbance change of approximately 0.2 0.D, units in 20
minutes. Rates of reaction were calculated from the 1linear change in
absorbance during this period. Cell preparatioﬁs were diluted in 0.17%
EDTA/1mM 2-mercaptoethanol as appropriate and freeze thawed twice 1in
liquid nitrogen before addition to the assay system. The assay system
was preincubated for 10 min before initiation of the reaction by
addition of the enzyme’s substrate. In all cases blank assays were
performed where the added enzyme solution was replaced with H,0. Only

2

in the triosephosphate isomerase assay was the blank rate significant.'

Absorbance measurements were made using a Hilger-Watts H700
Uvispek or Unicam SP800A UV spectrophotometer connected to a chart

recorder., The full scale deflection on the recorder was set to 0.5 0.D,

units.
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Aldolase assay

The  assay system contained approximately 0.2 unit/ml of
triosephosphate isomerase and 0.2 units/ml of glycerol-3-phosphate
dehydrogenase. The reaction was initiated by the addition of 1mM FDP.
The FDP stock solution was assayed immediately prior to wuse by adding
approximately 50pM FDP to the assay system and following the reaction to

completion.

Triosephosphate isomerase assay

The assay system contained approximatély 0.2 units/ml  of
glycerol-3-phosphate dehydrogenase. The reaction'was initiated by the
addition of 3mM DL-GAP. The GAP was prépared from the diethylacetal
monobarium salt as described by Sigma and was assayed immediately prior
to use by adding approximately 20pM to the assay system and then
following the reaction to completion. It was found that the GAP
solution could be stored frozen for a week without significant

decomposition,

Glyceraldehydephosphate dehydrogenase assay

The assay system contained approximately 5 units/ml
phosphoglycerate kinase, 10mM MgCl, and 8mM ATP {(meutralised). The
reaction was initiated by the addition of 10mM 3~-phosphoglycerate

(sodium salt).
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Metabolite assays

Triose phosphate and FDP assays in erythrocytes

The assays were performed according to Beutler (1975). The

principle of the assay is described in the legend to table 1.

Extraction

Perchloric acid extracts were prepared by adding 2 ml of the cell
suspension (or 1§sate) to 8 ml of i1ice cold 4% PCA. Following
centrifugation, 7 ml of the supernatant were neutralised with 1M KZOOB
and the volume adjusted to 10 ml. The resulting precipitate was
centrifuged off and the supernatant filtered through a 0.22pM pore size

Millipore filter in order to remove particulates., Throughout these

o
operations the extract was maintained at 4 C.

Assay system

The assay system contained 100mM Tris-HC1l pH 8.0, 0.5mM EDTA, 10mM
NAD+, 4uM sodium arsenate, lmM 2-mercaptoethanol and 2 ml of the extract
in a total wvolume of 3.8 ml. The assay system buffer was filtered
through a 0.22pM pore size Millipore filter prior to use. Fluorescence
g a rerxin-Elwmer WMPF-2A fluorescence
spectrophotometer thermostatted at 37°C. The fluorescence was excited

at 340nm and the emmission observed at 460nm.

GAP plus DHAP were assayed by the addition of approximately
2 units/ml  glyceraldehydephosphate dehydrogenase and 15 units/ml
triosephosphate isomerase to the assay system. FDP was assayed by the
addition of approximately 0.2 units/ml of aldolase, The fluorescence

response was then calibrated by the addition of 0.5pM FDP followed by
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1.0pM FDP., The total concentration of triose phosphates and FDP added
to the system in the extract was usually between 0.5 and ZpM. Blank
assays were also performed in which the extract was replaced with
water, The FDP  stock solution used to calibrate the fluorescence was

assayed spectrophotometrically as described under "Aldolase assay'.

Lactate assay

Protonated and deuterated lactate preparations were stored and
assayed at a number of 1intervals during their use. Assays of
concentration usually involved 5 determinations. The standard error on
the mean was never greater than fSZ and determinations at intervals

separated by 1-2 weeks gave values within this range.

The assay system contained a glycine buffer pH 9.2, containing
hydrazine, (obtained from Sigma as part of a lactate assay kit) 10mg/ml
NAD+ (lithium salt) and approximately 20 units/ml lactate
dehydrogenase. To this was added approximately 25pM lactate and the
resulting solution was incubated for 45-60 min in the dark at room
temperature., The absorbance of this solution was then read against a
blank at 340nm and the lactate concentration calculated assuming an

6 2 -1

extinction coefficient for NADH of 6.2Z x 10 com mol (Horecker &

Kornberg, 1948).

Proton Magnetic Resonance Methods

Spectra were obtained at 470 MHz using a spin echo sequence with
7=68ms ( Brown gglélé 1977, Brindle 35_5}3 1979). Samples in 1H20 were
run without a 2H20 loék since field drift during accumulation of a
spectrum was negligible. Spectra were stored on disc by a computer

controlled automatic data acquisition routine, which also provided
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accurate timing for determination of exchange rates. Samples were run
in Smm diameter tubes containing 0.5 ml of solution or cell suspension.
All samples were run at 37°¢ and preheated to this temperature before
mixing. The pH values quoted were recorded at this temperature. All
additions to the samples were of sufficiently small volume to have a
negligible dilution effect. Concentrations in cell suspensions were
calculated assuming that 727% of the cell volume is solvent water (Eilam

& Stein, 1974),
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Figure 1
C-2 exchange pathway

Pathway taken by the 1label exchanging between the C-2 position of
lactate and solvent. The exchanging isotope is ringed. Solvent isotope
is stereospecifically incorporated into DHAP by aldolase (Rose & Warms,
1969). The abbreviations for the enzymes are; LDH, lactate
dehydrogenace; GAPDH glyceraldehydephosphate dehydrogenase and TIM,
triosephosphate isomerase.



2.3 The C~2 exchange system

The pathway for the exchange of hydrogen between the C-2 position
of lactate and solvent in human erythrocytes, as proposed by Rose and
Warms (1969), is shown in figure 1. Four enzymes are involved;
aldolase, triosephosphate isomerase, glyceraldehydephosphate
dehydrogenase and lactate dehydrogenase, This pathway has also been
invoked to explain production of solvent labelled ethanol (labelled at
the C-2 position) from D glucose and D mannose fermented by the yeast
Saccharomyces cerevisiae (Saur et él) 1968) and as a contributor to
solvent labelling observed in liver infused with L-(2—3H)1actate
(Blcher, 1969). A possible.pathway for exchange not considered by Rose
and Warms in the erythrocyte is shown in figure 2. Solvent 1label 1is
introduced into the pentose phosphate pathway intermediates by the
enzyme ribﬁlosephosphate 3-epimerase (Maxwell, 1961) and can exchange
with the aldehydic hydrogen of GAP via the reactions catalysed by
transaldolase and transketolase (Hue & Hers, 1972). There is
considerable transaldolase activity in the human erythrocyte but
transketolase is present in only low activity (Freidemann & Rapoport,
1974), The epimerase has been shown to be present in horse erythrocytes
(Dickens & Wiiiiamson, 1956) and in human erythrocytes as well, although
again in low activity (see chapter 4). The quantitative significance of
this pathway to the solvent exchange of hydrogen at the C-2 position of
lactate 1is not known. It 1s felt, however, in view of the low
activities of the enzymes involved, that its contribution is unlikely to
be large (see chapter 4). A possible contribution of this pathway to
the exchange at the C-2 position of lactate will not affect any of the

conclusions reached in the work presented here,
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Figure 2

The ribulosephosphate 3-epimerase pathway for the solvent exchange of
the aldehydic hydrogen of GAP.

2A

The eplmerase introduces solvent 1label 1into the 3 position of the
pentose  phosphate pathway intermediates, ribulose-5-phosphate and
xylulose~-5-phosphate (reaction I). The solvent label can then exchange
with the aldehydic hydrogen of GAP in either of the two reactions
catalysed by transketolase (reactions II and III).

2B

The solvent label introduced by the epimerase can exchange with the 3
position of ribose-5-phosphate in the reaction catalysed by
phosphopentoseisomerase (reaction 1II). The 1label introduced into
ribose-5-phosphate can subsequently exchange with the hydrogen at the 5
position of sedoheptulose-7-phosphate in the reaction catalysed by
transketolase (reaction III). Reaction of this intermediate with GAP in
the reaction catalysed by transaldolase (reaction IV) results 1in
labelling of erythrose-4-phosphate at the 2 position. Label led
erythrose-4-phosphate can react with =xylulose-3~phosphate in the
reaction catal ysed by transketolase {reaction V) to label
fructose-6-phosphate at the 4 position. Fructose-b6-phosphate can also
be labelled in this position by reaction of labelled GAP with
sedoheptulose~7-phosphate in the reaction catalysed by transaldolase
(reaction 1V). '

The 1label at the 4 position of fructose~6-phosphate can
subsequently exchange with the aldehydic hydrogen of GAP via the
reaction catalysed by transaldolase (reaction 1IV) and the reactions
catalysed by phosphofructokinase and aldolase.
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2.4 Theoretical aspects of isotope exchange kinetics

in the multi-enzyme C-2 exchange system

Equilibrium velocity

The equilibrium velocity for the exchange of label between two

pools of concentration, A and B, may be calculated from the fractional
progress toward equilibrium, fe, using the following equation (Boyer,

1959).

v = "'2.3 (A)o(B) « 1 108( 1_fe )oooooooooooooooooooooooocooooo(l)
(A)+(B) time

For C-2 hydrogen éxchange where one of these pools is solvent and
is thus much larger than the lactate pool, the equilibrium
velocity v can be <calculated by multiplying the first order rate

constant for the exchange by the lactate concentration.

Relationship of the observed equilibrium velocity to the equilibrium

velocities of the individual enzyme catalysed steps in C-2 exchange

For trace 1sotope exchange, the exchange rate'of steps in series
add reciprocally (Yagil & Hoberman, 1969). Under certain conditions
this also applies to bulk isotope exchange. In the C-2 exchange system,
if the concentration of lactate is significantly greater than that of
the intermediate substrates 1nvolved in the exchange, the individual
isotope exchange equilibrium velocities of the enzymes can be related to
the overall equilibrium velocity by the following equation (see chapter

3 and Foxall, 1981).

36



1 = 1 + 1 + 2 + 2 000000000000000000(2)

C2X ALD TIM GAPDH LDH
Vsz is the measured overall equilibrium velocity for the system and
VALD’ VTIM’ VGAPDH and VLDH are the equilibrium velocities of aldolase,

triosephosphate isomerase, glyceraldehydephosphate dehydrogenase and
lactate dehydrogenase respectively. The factors of two arise for the
dehydrogenases because lactate dehydrogenase reacts stereospecifically
with the A face of the coenzyme NADH, whereaé glyceraldehydephosphate
dehydrogenase reacts stereospecifically with the B face. In order for
the solvent isotope introduced onto the B face of the coenzyme by
glyceraldehydephosphate dehydrogenase to get to the C-2 position of the
lactate molecule it must péss twice through the reactions catalysed by
glyceraldehydephosphate dehydrogenase and 1lactate dehydrogenase. ~ The
influence of steric specificity on the rates of hydrogen exchange
between substrates of NAD-coupled dehydrogenases has been discussed

(Hung & Hoberman, 1972).

The effect of enzyme activity and substrate concentration on the

exchange rate

The interactions between metabolic flux, substrate concentrations
and enzyme activities in multi-enzyme systems have been extensively
‘discussed. See for example, Kacser and Burns (1979). In the following
discussion Kacser and Burns’s definitions of sensitivity and elasticity
have been used in discussing the effect of enzyme and substrate
concentrations on the rate of C-2 exchange. The sensitivity coefficient

Z,1s defined as:
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where F is metabolic flux and E is the catalytic activity of any one
enzyme. Z describes the fractional change in flux due to a fractional
changé in enzyme activity. For a system in steady state the sum of the

sensitivity‘coefficients for all the enzymes in the pathway is umnity.

The sensitivity coefficient of an enzymé in the C-2 exchange
system is the partial derivative of the overall equilibrium velocity

(VCZX) with respect to that enzymes equilibrium velocity. For example,

for aldolase this is VCZX/VALD'

sum of the sensitivity coefficients for the enzymes involved in C-2

From équation 2 it can be séén that the

exchange is unity. The value of an individual sensitivity coef ficient
will depend on the equilibrium velocity of the enzyme in relation to
others in the pathway. The equilibrium velocity of an enzyme is
déependent on 1its concentration and turnover number and on the

concentrations of its substrates.

If a substrate concentration is changed in the C-2 exchange systém
then the equilibrium velocity of one or more of the enzymes will also
change. The fractional change in enzyme rate which occurs on a
fractional change 1in substrate concentration has been designated the

elaSticity coefficient (Kacser & Burns, 1979).
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where 2 is the enzyme rate for the enzyme Ei’ Si is substrate
concentration and EZ is the élasticity coefficient . For C~2 exchange
this coefficient describes the fractional change in an enzyme’s
equilibrium velocity due_to a fractional change in the concentration of
one of its substrates. The coefficient will be large if a large change
in an enzyme’s equilibrium velocity occurs following a small changé in
substrate concentration. This may be the case, for example, 1if the

concentration changes occur at or around the apparent Km of the enzyme

for this particular substrate.

Elasticity coefficients can also be applied to the effects of
inhibitors and other factors in an enzyme’s environment such as pH and

ionic strength which will also affect the equilibrium velocity of the

enzyme.,

For equilibrium isotope exchange, where an enzyme’s reactants are
at or near chemical equilibrium, flux of isotope in both directions
across the enzyme is measured. If a substrate concentration is varied
in order to determine an apparent isotope exchange Km, then there will
also be changes in the concentrations of the enzyme’s other substrates.
In conventional enzyme kinetic studies unidirectional rates are measured
with the reactants usually present in excess. Initlal rates are
measured before there is significant build up of product. An apparent
Km obtained from isotope exchange measurements cannot be equated,

therefore, with a Km obtained from conventional enzymé kinetic studies
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(Boyer, 1959).

In addition if a substrate concentration is changed in the C-2
exchange system then it will not just affect the equilibriuﬁ velocity of
a single enzyme but all those enzymes for which it is a common substrate
or have a substrate with which it is in chemical equilibrium. However
using the method shown in figure 14 the effect of  substrate

concentration on a single enzyme can be measured.

2.5 Isotope effects

Equation 2 assumes that there are no kinetic isotope effects, that
is that the equilibrium velocities of the enzymes are fixed for a given
set of substrate concentrations and environmental conditions and are
independent of the fractional labelling state of the substrates. If
there were significant kinetic isotope effects then the equilibrium
velocities would be time dependent functions which change as the

fractional labelling of the substrates change.

The C-2 exchange system is potentially sensitive to both primary

and secondary isotope effects since the transfer of hydrogen 1label

the lactate C-2 position and solvent requires the breakage and

<

etween
reformation of a number of C~H bonds and changes 1in hybridisation of
carbon atoms bonded to the hydrogen label. Deuterium isotope effects on
C-H bond breaking show a wide range of values with kH/kD ranging from
essentially wunity to values as high as 45 (Kresge, 1977). Most primary
kinetic isotbpe effects lie in the range, kH/kD=2—10. Secondary kinetic
isotope effects are much smaller and usually have limiting values of

1.02-1.40 (Kirsch, 1977).
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There are two types of isotope effect which must be considered 1in
the C-2 exchange system, these are; a) equllibrium isotope effects which
will cause displacement of equilibria and B) kinetic isotope effects.
Equilibrium 1isotope effects have been extensively studied (Cleland,
1980; Cook et al, 1980) and rules have been formulated for predicting
their magnitude. These eéffects are in general small. For example, for
lactate deuterated at the ¢C-2 position the lactate dehydrogenase
equilibrium is displaced by a factor of 1.19 towards lactate and NAD+.
This is the result of deuterium having a higher affinity for the carbon
atom at the (-2 position of lactate than at the 4 position of the
nicotinamide ring of NADH. Changes 1in equilibrium positions due to
changes in fractional 1labelling of the substrates involved in C-2
exchange are expected, therefore, to have’a negligible effect on the

equilibrium velocities of the enzymes.

A primary kinetic isotope effect, if fully expressed, would have a
marked effect on the observed equilibrium velocity of an enzyme. The
full expression of a primary or secondary kinetic isotope effect in an
énzyme catalysed reaction 1is, howeveér, rarely if ever observed
(Northrop, 1977). For example, an isotope effect on C-H bond cleavage
would only be fully observed in the velocity of an enzyme reaction 1if
this cleavage step were rate limiting for the overall enzymic reaction
and 1f all the other steps such as substrate binding and product release

were infinitely fast.

For the»enzymgsﬂinvolvgd in C-2 exchange significant expression of
a k;netic isotope effect is unlikely. The oxidation of C-2 deuterated
lactate catalysed by lactate dehydrogenase shows a kinetic isotope
effect with kH/kD=1.6 at lactate concentrations below approximately 5mM

but this effect disappears at higher concentrations with kH/kD
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Theoretical exchange time courses demonstrating an isotope effect on the
rate constant for the exchange.

The exchange has an amplitude of 2, the t /2 for an exchange time
course is given by the intersection of the cur&e with the abscissa.
Curve A shows an exchange time course where there are no isotope
effects, The exchange has a t of 10 minutes. Curve B shows an
exchan i h ﬁéz

ge time course where the“rate constant for the exchange shows an
isotope effect of 2. At the start of the exchange, where the fractional
labelling of the exchanging species is close to zero, the rate constant
for curve B has the same value as that for A. At t=00 however when the
exchanging species 1is completely 1labelled, the rate constant for
exchange has a value half that of the rate constant for curve A and half
that of 1its original value at t=0 (see appendix 3). Thus as the
fractional labelling of the exchanging compound increases so too does
the expression of the kinetic isotope effect.



approaching unity (Cantwell & Dennis, 1970). Studies of
glyceraldehydephosphate dehydrogenase (Trentham, 1971) have shown that
the rate determining step of oxidative phosphorylation is NADH release
at hiéh pH and phosphorylysis of the acyl enzyme at low pH. For the
reverse reaction the rate determining step at high pH is a process
associated with NADH binding, probably a conformational change and GAP
release at low pH. The steady state rate of NADH oxidation was shown to
be the same for NADH deuterated or protonatéd at the C-4 position. The
rate of éxchange of the pro-S hydrogen at the C-3 position of DHAP with
solvent, catalysed by aldolase, has been shown to be unaffected by
isotopic  substitution (Rose & Rieder, 1958). In the case of
triosephosphate isomérase there will be no primary kinetic isotope
effect since the solvent label stereospecifically incorporated into DHAP
by aldoiase is not subsequently exchanged during isomerisation
(Rieder & Rose, 1959). For any enzyme the effect of a kinetic isotope
effect on the oveérall eéxchange velocity of the C-2 exchange system will

be minimal if the sensitivity coefficient of the enzyme is small.

In the work presented here isotope effects on enzyme equilibrium
velocities have not been measured since the effects are 1likely to be
small and their effect on the overall exchange can be reduced by making
estimates of the rate constant for the exchange from the apparent half
time or from the exchange time course prior to this point. This is
demonstrated in figure 3. Isotope éffects on enzyme equilibrium
velocities could be measured using the techniques shown here if the
exéhénge were petfofﬁed in a 50:50 mixture of 1HZO and ZHZO and the

exchange of L—(Z—ZH) and L—(U—lH)lactate were compared. By using an

1

320/2320 mixture the effect of non-specific solvent effects on the

enzyme and thus on the rate of exchange are removed (Schowen, 1977).
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2.6 The spin echo method

The intention here is to briefly outline the principles of the
method. A basic understanding of n.m.r. is assumed and the reader is
referred to the following texts for further information (Wuthrich, 1976;

Campbell & Dobson, 1979).

A simple two pulse sequence 90°- 7 -180° produces an echo at time
27 after the 90° pulse (Carr & Purcell, 1954),(see figure 4). The
amplitude of the echo is given by;

5(24)=5(0)exp(-2 7 /T, = 2D {267 T3/3)F(Derrerurenrnererneasaen(3)

where Y is the magnetogyric ratio, G is the magnétic field gradient
éxperienced by a molecule diffusing with coefficient D and S(0) 1is the
echo amplitude after the 90° pulse. The F(J) term leads to modulation
of the signal if there is homonuclear spin-spin coupling in the system.
For a singlet F(J)=1 at all values of 7, but for a first order doublet,
F(J) 1is of the form cos(2M7J%) (see Campbell & Dobson, 1979 and
references cited therein, see also figure 5). S(2%) is‘thus a function
of three variables: a) the intrinsic T2 of the observed nuclear
resonance, a parameter that depends largely on the mobility of the
mo lecule observed; b) the spin-spin coupling patterns of the

resonances and c¢) a term arising if the molecule diffuses to a region

of different applied magnetic field during the refocussing period 27 .

The dependence of echo amplitude on T2 allows the selective

observation of resonances on the basis of their Tzs. At rélatively long

Y valués the resonances of those molecules with short T values are

2
eliminated from the spectrum. This is i1llustrated in figure 6 which
shows erythrocyte spectra collected at progressively longer Y values.

For the single pulse experiment and at short ? values the spectrum is
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Figure 5

Phase modulation of echoes.

Line A shows the phase modulation of a doublet, J=/ Hz, as a function of

Y in the spin echo experiment. The lige was plotted using equation 3
although the diffusion term containing DG ¥ was omnitted. S(0) was
arbitrarily given a value of 1 and T2 a value of 200 ms. It should be
noted that with diffusion the decay of“"the signal would be significantly
faster. Line B shows the echo amplitude of a singlet under the same
conditions. It can be seen that the doublet and singlet have an
opposite phase at around 70 ms.









dominated by haemogiobin resonances. At longer 7 values resonances
from the relatively immobile nuclei cf haemoglobin are lost due to their
short TZS' This leaves resonances from the more mobile nuclei which

have longer Tzs e.g. from the metabolites lactate and pyruvate and the
surface histidines of haemoglobin. Figure 7 shows an erythrocyte
spectrum obtained at 470 MHz (% =68ms) in which the resonance

assignments are shown.

At longer 7 values it may be observed fhat there is inversion of
some peaks. This is due to the F(J) term in equation 3, see also figure
S. Modulation in an observed resonance may be wused to detect the
properties of another resonance to which it is spin coupled. This is
employed here to measure isotope exchange at the lactate C-2 position by
monitoring peak 1nversion of the spin coupled C-3 protons. When a C-2
proton is exchanged for a deuteron the homonuclear coupling bsiween the
C-2 and C-3 proton resonances is removed and at 68ms F(J) changes from

-1 to +1 (see section on observation of the exchange).

The term involving G2D in equation 3 is important if the observed
moléculé diffuses to a region of different field during the period 27 .
Undeér these circumstances the magnetisation does not refocus at 27 and
significant damping of echo amplitude can result. 1In cell suspensidns
field gradients may exist due to differences in magnetic susceptibilty
between the intra and extracellular compartments. In human erythrocyte
suspensions the extracellular field inhomogeneity can be enhanced by the
addition of a complexed paramagnetic ion. The resulting difference in
echo intensity from wmolecules in the intra and extracellular
compartments has been used to measure transport of small molecules into

the cells (Brindle, et al 1979).
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In addition to 1its dependence on % , TZ’ J and magnetic
susceptibility, echo amplitude will also depend on the T1 of the
resonance., Apart from the dependence on % and J, T2 and Tl are factors
which will affect the peak intensity of a resonance in any ne.m.r.
erperiment and are not just peculiar to the spin echo experiment.
(although T2 is much more important in this case). The problens
involved in quantitating a peak intensity in an n.m.r. spectrum in terms
of concentration ware mentioned in the introduction. The problem is to
convert the peak intensity observed from an intracellular metabolite
into’ concentration, If rapid pulsing is employed in order to maximise
the signal-to~noise ratio then this inevitably results in saturation.
In such a slituation the peak intensity(ies) given by a standard solution

of the metabolite in vitro will only be comparable to that given by the

metabolite in situ if the Tls in the two cases are similar. Tls of

metabolites in situ and in vitro may differ because of differences in

ionic strength, pH and the occurrence of binding interactions. The
problem can be avoided by pulsing more slowly in order to prevent
saturation and a calibration protocol based on this approach has beeﬁ
described for 31? nem.r. studies (Dawson et al, 1977). The general

problem of quantitation has been discussed by Burt et al (1979).

Fast exchange, on an n.m.r. timescale, of molecules between free
and bound states will result in a spectrum showing contributions from
both the free and bound forms. The relative contribution will depend on
the lifetime of the molecule in each state. ‘The fast ékcbange of ATP
between a free solution form and haemoglobin bound form results in
broadening of the ATP phosphate resonances in the n.m.r. spectrum (Gupta

et al, 1978). In the limit of tight binding to a large protein (and

———
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consequently slow exchange) the resonances of a small molecule may
disappear completely from the n.m.r. spectrume For example ADP is not
observed in muscle where it is tightly bound to actin (Gadian & Radda,
1981). Poor resolution, often found in IH spectra, may result in
overlapping resonances, If peaks do overlap and this is not recognised
then measurement of concentration from peak intensity will clearly be in
error. Considerations such as these highlight the problems involved in
relating peak dintensity to the concentration, free or bound, of a

molecule in an intact cellular system.

In the isotope exchange experiments to be described these problems
are largely avoided since measurements of absolute concentration are not
required. Furthermore the molecule observed, lactate, is not bound to
any significant extent in the erythrocyte at the concentrations used
here. This is demonstrated in figure 8 which shows the dependence of
peak height on lactate concentration 1in an erythrocyte suspension.
Lactate production, observed to occur at a linear rate by conventional
assay procedufes is also observed to be linear in the n.m.r. experiment,
which again indicates that there can be no significant 1lactate binding
in the «cell., When measurements of absolute lactate concentration were
required the lactate peak intensity in the n.m.r. spectrum was
calibrated by adding a known amount of lactate to the cells. Lactate is
rapidly transported across the cell membrane (Deuticke et al, 1978;

Brindle et al, 1979).

In order to obtain estimates of 1sotope exchange rates at the
lactate C-2 position the only n.m.r. requirements are that the T1 and T2
of the lactate methyl resonance should be unaffected by isotopic

substitution at the C-2 position and thus that the relationship between
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peak height and concentration should remain constant. The invariance of
the lactate methyl resonance T1 and T2 is demonstrated in a later

section.

Changes 1in magnetic susceptibility in an erythrocyte suspension
could aléo éhange the proportionality between peak intensity and
concentration. Although changes in susceptibilty during measurement of
an exchange time course are not generally observed the absence of
fluctuations 1s not essential if estimates of the rate constant for the
exchange are made from a single point. This point is the apparent t1/2
for the exchange given by the point of peak inversion (see later).
Since lactate is rapidly transported across the cell membrane the
isotopic composition of the lactate in all regions of differing
susceptibility will be essentially the same. A variable contribution of

these regions to the peaks observed at the point of inversion, or null

point, is obviously of no consequence.

Fluctuations in machine stability, like changes in susceptibility,
are unimportant 1f the null point is used to estimate exchange rates.
Small fluctuations in probe sensitivity and magnet homogeneity, however,
can be corrected for by normalising peak intensities to an internal
standard. The intensity of which should, in the absence of machine
effects, remain constant, In erythrocytes the standard used has been
provided by the coincident resonances from the quarternary methyls of

intracellular ergothioneine and choline. In the in wvitro studies

lactate peak heights were usually normalised to a resonance from the

buffer,
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Spin echo spectra (7 =68 ms) of L—(U-lﬁ)lactate and L—(2-2H)1actate.

The spectra were obtained at 470 M4z with the exception of the expansion
of the peak labelled A which was obtained at 300 MHz. The negative
excursions in this spectrum are the result of the resolution enhancement
procegure applied to the free induction decav., The top spectrum is of
L-(2-"H)lactate and the bottom spectrum of L-(U-"H)lactate. he peaks
marked A and C are exmansinng of the methyl groups., . The peak marked B
1s an expansion of the C-2 proton quartet.

The protonated and deuterated lactages were dissolved in 10mM

phosphate buffer pH 7.2, 0.05 mM EDTA in “HZO.



2.7 Observation of the exchange

The spectrum obtained from L—(U—IH) lactaté using a 90°-4-180°-%
pulse sequence with 7 set at 68ms is shown in the lower half of figure
9. It consists of a single proton (the C-2 proton) quartet at 4 ppm
(labelled B 1in the figure) and a three proton (C-3 methyl) doublet at
1.3 ppm (labelled C). The coupling constant J between the C-2 proton .
and the protons of the methyl is approximately 7 Hz.’ Thus in a séin
echo spectrum F(J)=-1 when % =68 ms and the methyl resonance 1is
inverted, (see figure 5). If the C-2 proton is exchanged for a deuteron
the homonuclear coupling between the G—3,and C-2 proton resonances 1is
lost and at 7 =68 ms F(J) changes from -1 to +1. This illustrated by
the top spéctrum shown in figure 9. The methyl resonance (labelled A)
now has a positive phase. Heteronuclear coupling with the C-2 deuteron
leads to splitting of the methyl résonance. Since the deuteron has a
spin quantum numbeér of 1 this coupling results in a triplet which has
components of equal 1intensity. The coupling is very weak with a

coupling constant of 1 Hz.

The rate of isotope éxchange at the lactate C-2 position can thus
be monitored by observing inversion of the methyl resonance. This has
thfee major advantages over direct observation of the C-2 proton, these
are; a) by observing inversion of the signal from the three protons of
the methyl the effect of the exchange of the single proton or deuteron
at the C-2 position is amplified. Since the Tz of the C-2 proton
resonance 1is shorter than that of the methyl resonance this results in
an amplification factor in excess of 6 in the spin echo experiment;

b) direct observation of the C-2 proton is difficult due to its close

proximity to the water resonance and c¢) at the point of peak inversion
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Figure 10

Spin echo proton spectra demonstrating that deuterium substitution at
the C-2 position of lactate results in symmetrical inversion of the
methyl resonance about the baseline. Observation of a null point.

A The methyl region of a spin echo spectrum (=68 ms) of 10mM
L-(U-"H)lactate. B The methyl reg%on of the spectrum obtained
following the addition of 10mM L-(2-"H)lactate, C shows an expansion
of this region.

The lactates were diisolved in 100mM imidazole-glycylglycine buffer pH
7.4, O0.5mM EDTA in "H,0. The water resonance was supressed by applying
a saturating pulse at %he water resonance frequency between successive
repetitions of the 90°-7~-180°- 1 pulse sequence. The free induction
decays were multiplied by an exponential with a time constant which
resulted in a 30 Hz line broadening.



a "null point" is obtained (illustrated in figure 10) which represents
the point at which 50% of the lactate present is deuterated at the C-2
position. Such a point is obtained because wunlike with conventional
radioactive 1labelling techniques and the 13C n.m.r. labelling technique
described in the first chapter both the labelled and unlabelled forms of
the lactate are .observed. The "null point" or point of 507 labelling
has important implications for the measurement of exchange rates in

erythrocytes where there is endogenous lactate production (see later).

The equivalence of the positive and negative lactate methyl
resonances at T =68 ms is demonstrated by the spectrum, shown in figure
10, of an equimolar mixture of L-(Z—ZH) lactate and L-(U-lH) lactate,
The observed "null point" results from the summation of the positive
methyl peak of the C-2 deuterated lactate with the negative methyl peak
of equal intensity from the C-2 protonated lactate. Symmetry of
inversion and consequently a null point at 507 labelling would not be
observed if deuteration/protonation at the C-2 position affected the
relaxation properties of the methyl protons. For example partial
deutergtion of the lactate methyl group has been shown to affect the Tls
of the remaining protons (Simpson et al, 1982a). The incomplete
cancellation of the methyl peaks at the null point is due to a sméll
upfield shift of the methyl protons in the lactate deuterated at tﬁe Cc-2
position. This, however, has a negligible effect on the observed
inversion of the methyl peak and estimations of the rate constant for
the exchange from the time course of this inversion. Changes 1in the
multiplicity of the methyl resonance have a negligible effect on the
observed methyl peak height (and thus symmetry of inversion) due to the

large linewidths 1in the observed spectra. Intrinsic linewidths were

further increased by exponential multiplication of the free 1induction
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decays with time constants which resulted in a 16 or 30 Hz line
broadening (A 16 Hz line broadening was applied to cell spectra and
30 Hz to spectra obtained from in vitro preparations where the intrinsic
line widths were much smaller) . This is illustrated in the simulated
spectra shown in figure 11, When the 1linewidths are less than or
comparable to J there is aAsignificant difference in the peak height of
a doublet and triplet of equal intensity. However when the linewidths
are in excess of 4J (where J is the coupling constant of the doublef,
which for 1lactate 1is approximately 7 Hz)~then the peak heights of the
doublet and triplet become equal. (A similar result is obtained with a

doublet and singlet of equal intensity.)

Figures 12A and 12B show exchange time courses which demonstrate

lactate peak inversion in erythrocyte suspensions in buffer made with

2H20 and 1H20 and incubated with L-(U—lH)lactate and L-(2—2H)1actate

respectively.

2.8 Estimation of isotope exchange equilibrium velocities

Equilibrium velocities in vitro were calculated by multiplying the

lactate concentration by a first order rate constant obtained from a
least squares fit of the exchange timecourse. (The fitting procedure
used 1is a standard routine available in the Nicolet 1180 computer

software),

In cells, because of endogenous lactate production, the time at

which peak inversion occurs, referred to subséquently as t 1° is used

nul
to calculate VCZX’ the overall equilibrium velocity. Endogenous lactate
production during an exchange time course has a number of effects; a)

it dilutes the added lactate, b) it affects the peak heights observed
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during the exchange time course of the added lactate and c) it
represents a source of lactate labelled with solvent isotope in addition

to that produced by exchange.

At the point of peak inversion the positive and negative
components of the lactate methyl peak effectively cancel out and a mnull
point is obtained. This point (tnull) represents the point at which 50%
of all the lactate present is solvent labelled at the (-2 position.
VCZX can be calculated from tnull as follows.

If endogenous lactate production during an exchange time course is
negligible and if LO and Le are the concentrations of added and solvent

labelled lactate respectively at t=0, then:

VCZX = (LO+Le) 1 ZLO oococoooooo.oooocoooooo00(4)
tnull L0 + Le

Le is calculated by taking a spectrum prior to addition of the labelled
lactate and from knowledge of the percentage 1labelling at the C-2

position of the added lactate.

If there is endogenous lactate production and the rate of this is
small compared to VC?X’ then the following equation can be used to give

an approximate correction for this effect.,

In |2L

Veox = kg Lt a1l |

oo.ooo.oooocoococooooooooooo(S)

-
In Ltnull

L, + L
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This equation was derived from an integrated rate equation which allowed
for dilution of the lactate pool by endogenous lactate production and
which assumed that solvent label was introduced into this pool at a
constant rate, kL, independent of that introduced by exchange.

Calculation of V from the point of peak inversion, where the

Cc2X
fractional labelling state at the C-2 position 1s known, avolds the
necessity of fitting the exchange timeé course to the integrated rate
equation., This simplification would not be possible 1f the exchangé
were observed by monitoring the peak intensity of the C-2 proton
directly. Furthermore the tnull method does not require knowledge of
the endpoint for the exchange only the degree of labelling of the
lactate present at t=0 which is readily obtained. The derivation of

these équations is shown in appendix 4.

C-2 Exchange in vitro

An in vitro exchange system was produced by mixing aldolase,

glyceraldéhydephosphate dehydrogenase and triosephosphate isomerase from
rabbit muscle and human erythrocyte lactate dehydrogenase. NAD+, FDP
and lactate were the only substrates added. The other substrates
necessary for the exchange, GAP, DHAP, NADH and pyruvate are produced by
equilibration of FDP and lactate across the reactlons catalysed by
aldolase and lactate déhydrogenase respectively. Exchange time courses
were initiated by adding 12mM L—(U-lH)lactate to the enzyme mixture.
The mnixtures were preincubated with FDP for approximately five minutes
prior to lactate addition in order to ensure that the FDP had come to
chemical and isotopic equilibrium. Both of these processes are expected

to be rapid. Loss of protons from FDP to solvent 2H O, in the reaction

2
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catalysed by aldolase, 1s considerably faster than the exchange of
isotope at the lactate C-2 position. More important, however, 1is that
the concentration of DHAP and the othér intermediate substrateés involved
in the exchange are present at much lower concentrations than the
lactate., Relaxation of the FDP/DHAP/GAP system to chemical equilibrium
is rapid since only 200pM FDP was added to mixtures containing
approximately "0.3 units/ml of aldolase (which has a veéry low Km for FDP
(Mehler, 1963) and approximately 200 units/ml triosephosphate
‘isomeraseg Relaxation of the 1lactate/pyruvate system to chemical
equilibrium is also rapid, attainment of équilibrium requiring an
estimated convérsion of 17pM lactate and NAD+ to pyruvate and NADH
respectively., Although the in vitro experiments shown in this chapter

O they can also be performed in 1H 0 with L-(2—2H)

were performed in 2H 9

2
lactate (see chapters 3,5 and 6).

2.9 Determination of an individual enzymeé equilibrium velocity in vitro

Measurement of VCZX in énzyme mixtures, where the concentrations of
three of the four enzymes involved in the exchange aré_held constant and
the fourth varied, allows the equilibrium velocity of the varied enzyme
to be determined. The equilibrium veélocity of human erythrocyte lactate
dehydrogenase was determined by holding the concentrations of aldolase,
triosephosphate isomerase and glyceraldehydephosphate dehydrogenase

constant while the lactate dehydrogenase concentration was varied.

Fig.13 shows a plot of 1/V

cox Versus l/ALDH’ where ALDH is lactate

déhydrogenase activity measured spectrophotometrically. The 1linearity
of the plot demonstrates that the velocity of C-2 exchange can be

rélated to enzyme activity by the following equation,
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= 1 + 2 R P €D

Veox (V) | XA oy

The term (l/VR) is the sum of the reciprocals of the equilibrium

velocities for aldolase, triosephosphate isomerase and
glyceraldehydephosphate dehydrogenase. The term 2/ ALDH is equivalent

to 1/v the reciprocal of the lactate dehydrogenase equilibrium

LDH?
velocity. Thus the plot shown in Fig. 13 has a slope of 2/X and an
.intercept on‘ the ordinate of 1/VR. The term © 1is the specific
equilibrium velocity of the lactate dehydrogenase. The value obtained
for ©& , 0.064umols lactate.exchanged/min/unit of enzyme activity, can
be compared with a value of 0.057 calculated using an equation derived
by the methodlof Yagil and Hoberman (1969) for lactate dehydrogenase and
using the kinetic constants of the beef heart enzyme (Borgmann et al,
1974) (see.appendix 1 for equation). It should be pointed out, however,
that the level of égreement may be coincidental since the kinetic
constants, in addition to being for the beef heart enzyme, were obtained
in 1HZO rather than 2H20 and in phosphate buffer, in which lactate
dehydrogenase displays a higher affinity for NAD+ and NADH than in Tris

buffer (Winer & Schwert, 1958). Deuterium substitution also af fects the

binding of these coenzymes (Thomson et al, 1964).

2.9.1 Effect of substrate concentration

The effect of the concentration of a substrate on an individual
enzyme can be determined by measuring the specific equilibrium velocity
of the enzyme at a variety of concentrations of the particular
substrate. For example the dependence of the 1lactate dehydrogenase
equilibrium velocitj on NADT concentration 1is shown in Fig.l4. The

solid line is a theoretical curve derived from the equation shown 1in

appendix 1 and the kinetic constants of the beéf heart enzyme.

54






2.9.2 Effect of an inhibitor

Fig. 15 shows the effect of oxamate, an inhibitor of lactate

dehydrogenase (Novoa et al, 1959), on V X'in vitro. The 1line drawn

c2

through the éxperimental points is a theoretical curve constructed with

the assumption that oxamate is a simple competitive inhibitor of lactate
dehydrogenase (see appendix 2). The other curves plotted in Fig.l5 show
how the sensitivity of the exchange to inhibition of lactate
‘dehydrogenase 1is altered by changing the sensitivity coefficient of the
énzyme. If thé coefficient is decreased by increasing the 1lactate
dehydrogenasé concentration then the exchange becomes less sensitive to
inhibition of the enzyme. The figure démonstrates the relationship
between elasticity and sensitivity with regard to the overall rate of
gxchange._ A similar plot showing the effect of a  substrate
concentration on the éxchangé would be more complex since it will change

the equilibrium velocity of more than one enzyme.

The close fit of the éxperimental data to the theoretical curve
demonstrates the precision of the n.m.r. technique for measuring the
rate of isotope exchange. In this experiment the only variable was the

oxamate concentration.

This inhibition experiment can be carried out with erythrocytes
and used to estimate the sensitivity coefficient of the enzyme in situ.
A comparison of this coefficient, with that expected from the enzymes
activity in the cell and its known isotope exchange properties in vitro,
yields information regarding the free concentrations of its substrates

NAD+ and NADH in the intact cell (see chapter 6).
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2.10 C-2 exchange in situ

In erythrocytes the glycolytic system is not at equilibrium but in
a steady state. However the enzymes involved in C-2 exchange; aldolase,
triosephosphate isomerase, glyceraldehydephosphate dehydrogenase and
lactate dehydrogenase are all near equilibrium in the erythrocyte
(Minikami &.Yoshikawa, 1966). That is, the mass action ratios of their
substrates are similar to the equilibrium constants measured for these
enzymes in vitro. It is this near equilibrium condition which permits
exchange of isotope. A further consideration in the intact cell is that
of lactate transport across the cell membrane. This however is rapid at
37°C  (Deuticke et al, 1978; Brindle et al, 1979) and thus V . will be
relatively insensitive to the rate of transport. This demonstrates a
general point that in order to study the isotope exchange properties of

enzymes in intact cells a labelled molecule must be used which rapidly

penetrates the cell membrane.

If the effect of substrate concentrations on the exchange in situ
are to be examined then these must be changed without destroying
cellular integrity. In the case of substrates transported across the
cell membrane, for example lactate and pyruvate, this can be achieved by
simple addition of these substrates to the cell suspension. For
substrates to which the membrane is 1mpermeable then these must be
changed dindirectly, for example the triosephosphate concentrations can

be raised by incubation at 4o,

2.10.1 The effect of DHAP concentration on the exchange

The relatively rapid rate of exchange at the lactate C-2 position,
observed in intact cells, is dependent on the presence of high levels of

DHAP. For example, blood stored in citrate/phosphate/glucose shows no
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observable exchange and very low levels of the triose phosphates and FDP
(Bartlett & Barnet, 1960; Table 1). However, if erythrocytes are washed
in Krebs-Ringer buffer at pH 7.4 and stored subsequently at 4°C for 24 h
or more then the triose phosphates and FDP can rise to very high levels
(Eckel et al., 1966; Table 1). These cells catalyse rapid isotope
exchange at the C$-2 position of added 1lactate. Freshly drawn
erythrocytes have very low levels of the triosephosphates. If the cells
are cooled, however, the triosephosphate levels rapidly rise (Beutler,
1975) and lactate added to these cells again shows rapid isotope
exchange at the C-2 position. Fig.l6 shows exchange time courses for

1
L—(Z—ZH)lactate incubated with intact cells and a lysate in H,O. The

2
12mM lactate time course in the whole cells terminates before peak
inversion 1is complete. This effect is even more marked in the case of
the lysate. When 6mM lactate wasAadded to the same batch of cells
however there was complete exchange. DHAP assays showed that before the
addition of lactate to the intact cells there was 0.74pmols DHAP/ml cell
water, This had dropped to 0.04pmols DHAP/ml cell water af ter
incubation for 60 min at 37°C. The decrease in DHAP concentration 1in
the lysate is faster and a lysate incubated for 30 min at 37°C showed no
detectable DHAP. These results imply that the premature termination of
the exchange observed in Fig.l6 is due to a decrease in the level of
DHAP and the other metabolites involved in the exchange with which it is
in equilibrium e.g. GAP. The peak heights shown in Fig.16 are quoted as
ratios of the peak height at t=0 (obtained by extrapolation)., Values in
excess of =-1.00 obtained for 6mM lactate are due to endogenous lactate
production and incomplete deuteration at the C~2 position of the added
lactate. In the case of the lysate the exchange has terminated at the
null point where the positive and negative 1lactate methyl peaks are

observed simultaneously.
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Igble L

Comparison of triose phosphate and FDP concentrations in
erythrocytes stored in citrate/phosphate/glucose and in cells washed and

stored for 24 h at 4OC in Krebs-Ringer buffer, pH 7.4.

Concentrations were determined in neutralised perchloric acid
extracts. GAP was determined by measuring the increase in fluorescence
as NAD+ is reduced to NADH in the reaction catalysed by
glyceraldehydephosphate dehydrogenase. Arsenate was substituted for
phosphate to make the reaction irreversible. DHAP was determined by
adding triosephosphate isomerase which converts DHAP to GAP and leads to
a further production of NADH. FDP concentration was determined by the

addition of aldolase which cleaves FDP to GAP and DHAP (Beutler, 1975).

Conditions of storage Concentrations (pmols /ml cell water)

GAP DHAP FDP
citrate/phosphate/glucose

at 4°¢ 0 2 2

Krebs-Ringer buffer,

pH 7.4 at 4% 54 572 743



The effect of changes 1in the triosephosphate concentrations on

estimates of VCZX are discussed in the next sectione.

2,10.2 The effect of lactate concentration on the exchange

The effect of lactate concentration on V is shown in Table 2.

C2X

This shows VC2X corrected for the effect of solvent labelled lactate
present at t=0, (corrected using equation 4) and corrected for both
solvent labelled lactate present at t=0 and for lactate production
ocurring between lactate addition at t=0 and the observed tnull’
(corrected using equation 5). This latter correction is small since the

rate of lactate production is small compared to V In these cells a

c2x*
rate of lactate production of approximately 4mM/hr/ml cells was
observed. The correction for solvent labelled lactate present at t=0
(Le) can be minimised by thorough washing of the cells prior to lactate

addition and by using lactate which has a high degree of labelling at

the C-2 position,

These experiments were performed in 1H20. In 2H20 they are
complicated by deuteration of the lactate methyl which occurs because of
equilibration of the lactate and pyruvate methyls in the reaction
catalysed by lactate dehydrogenase. The pyruvate methyl wundergoes

hydrogen exchange with solvent in a reaction catalysed by the oL amino

groups of haemoglobin (see Simpson et al, 198l & 1982a & b).

The observed tnull C2X

is a function of the equilibrium velocities of all four enzymes involved

for the exchange and thus the calculated V

and their substrate concentrations. If there are changes 1in the

concentrations of these substrates during measurement of an equilibrium
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Table 2

Added lactate concentration Observed toull DHAP concentration at Vioox corrected for solvent Vox corrected for solvent
(min) observed t_ .. labelled lactate at t=0 labelled lactate at t=0 and
(pmw1ls/ml cell water) (pmw1ls/min/ml cells) and for lactate growth
(pols /min/ml cells)
A
4.6 5 0.22 0.448 0.401
6.9 10 0.16 0.398 0.355
9.2 10 0.16 0.507 0.463
11.5 12 0.14 0.545 0.502
13.8 17 0.11 0.484 . 0.443
16.1 18 0.10 0.529 0.487
18.4 23 0.07 0.486 0.445
23.0 31 0.03 0.457 0.417
B
4.5 7 1.08 0.357 0.288
4.5 6 1.09 0.375 0.304
9.0 12 1.04 0.469 0.406
9.0 12 1.04 0.455 0.389
13.6 18 0.98 0.495 0.434
13.6 17 0.99 p-505 0.442
18.1 23 0.94 0.520 0.459
18.1 22 0.94 0.522 0.4

22.6 27 0.90 0.551 0.491



Table 2
Effect of L—(Z—ZH)lactate concentration on the overall equilibrium

1
velocity in erythrocytes in Krebs-Ringer buffer made with HZO‘

Equilibrium velocities were measured in packed erythrocyte suspensions
(847 haematocrit for the erythrocytes used in part A of the table and
79% for part B). The quoted lactate concentrations were those added to.
the samples and were corrected for the excluded volume of the samples by
assuming that 727 of the intracellular volume is solvent water (Eilam &
Stein, 1974). The added lactate was 987 deuterated at the C-2 position
as judged by proton ne.m.r.. The cells were washed just prior to use in
order to lower the endogenous lactate concentration. This was
approximately the same in all samples at about 1mM. Equilibrium
velocities were calculated from the observed t o1l (see text). DHAP

assays ware performed on a parallel incubation according to the method

described in the legend to Table 1.



velocity and if these significantly affect the individual equilibrium
velocities of the enzymes, then the observed tnull and the calculated
overall equilibrium velocity will be affected. The magnitude of these

substrate  concentration effects will depend on the individual

sensitivity and elasticity coefficients of the enzymes.

We have already shown that the exchange depends on relatively high
concentrations of the triose phosphates and that these decline at 37°%c.
The results in Table 2 show, }however, that above a certain level,
changes in the concentrations of the triose phosphates, which are
represcnted here by the DHAP concentration, have a negligible effect on
the calrulated overall equilibrium velocity. In part A of the table the
DHAP concentration dgcreases by approximately 90%Z between the observed
tnull at low lactate concentration and that observed at high lactate
concentration and yet there 1s no significant difference in the
calculated _equilibrium velocity. In part B the DHAP concentration
decreases by only 207 between the tn

ull

concentrations respectively and again there 1is no decrease in the

observed at high and low lactate

calculated equilibrium velocity and in fact there is an increase. The
results Iin parts A and B also show that there is no significant
dependence of the overall equilibrium velocity on lactate concentration,
particularly at higher lactate concentrations, The lower values for
VCZX observed at lower added lactate concentrations in part B of the

table mzy be due to a lower equilibrium velocity of, for example,

lactate dehydrogenase,

Since there is no significant dependence of VC2X on lactate
concentvetion (at relatively high concentrations of lactate) and on the

concentrations of the triose phosphates (over the concentration ranges
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shown) then VC2X will remain effectively constant during an exchange

time course.

In order to compare, using this technique, the properties of

glyceraldehydéphosphate dehydrogenase in situ and in vitro (see chapter

5) it 1s essential that the substrate equilibrium which exists in wvitro

approximates the near equilibrium steady state that exists in situ. At
relatively high concentrations of lactate and the triose phosphates the
percentage changes in their concentrations ig_gizg_during measurement of
VC2X are small. Furthermore the elasticity coefficieqts of the enzymeé
for these substrates are small in this concentration range. The effects
of concentration changes occurring prior to observation of a null point
are further reduced if the time taken to obtain a null is reduced. For

example, in lH 0, the time taken to reach a null point can be reduced by

2

decreasing the percentage deuteration of the added lactate.

2.10.3 The effect of pyruvate concentration on the exchange

Figure 17 shows the effect of pyruvate addition on the exchange of
L—(Z-ZH)lactate added to an erythrocyte suspension in 1HZO, the rate of

exchange is decreased at higher pyruvate concentrations.

Addition of pyruvate to these cells will have a number effects,
that is; a) it will rapidly increase the NAD+/NADH ratio; b) it will
accelerate the long term depletion of the triose phosphates
(Rose & Warms, 1966) and c¢) it will lead to a transient increase in the
1,3-DPG concentration (Rose & Warms, 1970). Each of these events can be
expected to affect the equilibrium velocities of the enzymes involved in

C-2 exchange as outlined below.
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An increase 1in the NAD+/NADH ratio will affect the equilibrium
velocities of both lactate dehydrogenase and glyceraldehydephosphate
dehydrogenase. An increase 1in the 1,3-DPG concentration may inhibit
glyceraldehydephosphate dehydrogenase by formation of an enzyme-1,3~DPG
complex which 1s inactive in the exchange (the enzyme has a high
affinity for 1,3-DPG (Furfine & Velick, 1965)). It should be noted that
if the currently accepted mechanism for the enzyme is correct (Fersht,

1977) then both P_ and 1,3 DPG are not essential for the exchange of

i
isotope between GAP and NAD(H). This is supported by the results shown

here for an in vitro exchange system which contained no added phosphate

and thus very little (if any) 1,3-DPG. The observed inhibition of the
exchange at high concentrations of pyruvate is not simply due to a total
depletion of the triosephosphates. DHAP assays of the cells used in the
experiment of Fig.l7 showed that before incubation at 37°C there were
0.71pmols DHAP/ml cell water and that following incubation for 15 min at
37°C in the presence of 5mM added pyruvate there were still 0.16Pmols
DHAP/ml cell water present. At this added pyruvate concentration there
was no detectable exchange (Fig.l7). In this case the decrease in
intensity of the methyl peak of added lactate, which has a positive
phase since the lactate is deuterated at the C-2 position, is due to an
increase in endogenous lactate which 1s protonated at the C~2 position

and thus has an inverted methyl peak.

In addition to its indirect effects, pyruvate will also directly
inhibit exchange of isotope across lactate dehydrogenase. This has been
observed experimentally by Silverstein & Boyer (1964) and is predicted
by an equation (shown in appendix 1) which relates the kinetic
parameters of lactate dehydrogenase to its isotope exchange equilibrium

velocity. Pyruvate will also inhibit the exchange by the formation of
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abortive complexes with the enzyme, (see for example Simpson et al,

1982b).

N.m.r., analysis of pyruvate inhibition of the exchange can only
readily be demonstrated in 1H20' Deuteration of the pyruvate methyl,
which was mentioned previously, is accelerated in the presence of high
pyruvate concentrations and this leads to iﬁcreased lactate methyl

deuteration and loss of lactate methyl peak intensity (see Simpson et

al, 1982a&b)
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2.11 Conclusions

It has bheen shown that the technique is capable of precise
measurements of isotope exchange at the C~2 position of lactate and that
these measurements can be used to investigate the kinetic properties of
the enzymes 1involved in the exchange. 1In chapters 5 and 6 it will be
shown that measurements of lactate C-2 exchange can be used to compare

the in vitro and in situ properties of the erythrocyte enzymes

glyceraldehydephosphate dehydrogenase and lactate dehydrogenase

respectively.

Isotope exchange at the lactate C-2 position has been studied
previcusly wusing radiolabelled L-(2~3H)1actate in the erythrocyte
(Rose & Warms, 1969) and in the liver (Hoberman, 1965; Blcher, 1969).
The n.m.r. technique presented here has permitted a much more detailed
study of the exchange in the erythrocyte since it is both non-invasive
and provides rapid and continous assessment of the isotopic composition
of the exchanging species. The repeated sampling, extractions and
separations required by radioactive labelling techniques are eliminated

and the errors and labour involved are consequently reduced,

A disadvantage of the n.m.r. technique is its inherent lack of
sensitivity. With the 470 MHz 1instrument wused here a reasénable
threshold of detection in intact erythrocytes 1is approximately 0.5mM for
the methyl group eof lactate in a sample volume of approximately 0.5 mls
and a sampling time of 2 min. However it has been demonstrated that
isotcpe cexchange at the C-2 position of lactate can be employed to give,
in an indirect manner, some assessment of 1isotope exchange in

metaholites present in micromolar concentrations, (for example, NAD(H)

and GAP).
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The  measurement of equilibrium 1isotope exchange allows
investigation of the kinetic properties of an enzyme catalysing a
reaction at equilibrium at the physiological equilibrium concentrations
of the enzyme’s substrates both in vitro (as demonstrated above) and in

situ (as demonstrated in chapters 5 and 6). With conventional enzyme

kinetic investigations spectrophotometric and fluorimetric methods are
emploved to study the time course of a chemical reaction. Under these
circumstances 1t 1is not normally possible to use physiological
concentrations of an enzyme’s reactants and the reaction is usually far
displaced from equilibrium. At high enzyme concentration the initial
rate phase of most systems away from equilibrium is too short to be
examined except by stopped flow methods. With the exchanges studied
here, although chemical relaxétion is exceedingly rapid, the isotopic
relaxation is very much slower and its first order nature enhances the

accuracy of rate measurements.

Although enzymes catalysing reactions at equilibrium are, a
priori, uninteresting from the point of view of metabolic control, they
may be wused, as will be shown in subsequeht chapters, as probes of the
intracellular environment. This is achieved by measuring. the disotope
exchange properties of an enzyme in situ and comparing these properties
with those the enzyme displays in vitro under conditions simulating the
in situ conditions,

To swenarise much of what has been said in this chapter; the
following are a set of basic conditions which ideally should be
fulfilled if the n.m.r. technique described 1is to be successfully

applicd to th: study of equilibrium isotope exchange.
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1) The relationship between peak intensity and fractional
labelling must be known. This will usually require knowledge of the
sfart and endpoints for the exchange, in the case of C-2 exchange it
requires knowledge only of the start point for the exchange. A simple
linear relationship between peak intensity and frac;ional labelling will
not exist if a change in labelling affects the relaxation properties of
the observed protons.

2) The exchange should be described by a simple kinetic model
which relates observed changes in n.m.r. peak intensities to the
equilibrium velocity of a system or the equilibrium velocity of an
individual enzyme within that system. Under certain circumstances where
the aim is to compare the exchange properties of an enzyme in situ and

in wvitro it is not essential that this model be a complete description

of the exchange system and its manifestation in the n.m.r. experiment
(see chapter 6). This qualifier can also apply to condition 1.

3) The equilibrium velocity of an individual enzyme should be
directly proportional to its concentration. A non41inear relationship
will be realised if the enzyme and one or more of its substrates are of
comparable concentration and if there is significant binding of these
substrates to the enzyme. The effect of mutual depletion of free enzyme
and substrate concentrations is considered in chapters 5 and 6.

4) The reaction(s) must be at chemical equilibrium or in a near
equilibrium steady state. The steady state rate of chemical
transformation should be smaller than that of the 1isotope exchange
rate. There should be no time dependent changes in an enzyme’s
substrate | concentrations, during exchange  measurements, which
significantly affect the enzyme’s equilibrium velocity.

5) Isotope effects on the equilibrium velocity of the enzyme of

interest should be small. Where a comparison is being made, however,
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between the in vitro and in situ properties of an enzyme then this may
not be essential (see chapter 6).

| 6) A labelled probe molecule which rapidly penetrates the
compartment containing the enzyme under observation should be used.
Transport limitation of the rate of isotope exchange will produce double
(or even multi) exponential kinetics and the extraction of an isotope
exchange rate will require accurate knowledge of the rate of transport
of the exchanging species. If the rate of transport is much slower than

the exchange rate then the latter will obviously not be measurable. In

a multi-compartmented system interpretation of isotope exchange data

will be considerably more complex.
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2.13 Appendix 1

Lactate dehydrogenase equilibrium velocity

The reaction mechanism for lactate dehydrogenase can be represented

as follows, (Borgmann et al, 1974):

k,0 k,L ky k,
E+0 &= EO =——— FOL m=——> ER =——= E+R
k_, k_, k_3P k_,R

where 0 and L are NAD+ and lactate, or their concentrations, and R and P
are NADH and pyruvate or their concentrations. It is assumed that EOL

and ERP are rapidly interconverted and, for simplicity, EOL is written

for EOL-ERP.

The equilibrium velocity of an enzymatic reaction can be related
to the kinetic parameters of the reaction as shown by Yagil and Hoberman
(1969). These workers derived the following relationship for an

equilibrium velocity of a reaction proceeding by n consecutive steps:

n

1/Ve = Z 1/vi

1

Thus the equilibrium velocity of lactate dehydrogenase for the exchange
of isotope between the C-2 position of lactate and NADH can be related

to the kinetic parameters of the enzyme by the following equation:
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+
1 + k4 k3 k4

v, = 1/(E), [k ,(R)  k_ 5k, (R)(P) k_o k_q kK, (R)(P{

1+ k ,R) + kgk,k, RP) + k,k, R

k4 k3 k2 k4 (L) k3 k4 J

where (E)t is the total enzyme concentration. This was calculated by

dividing the measured activity for lactate dehydrogenase (assayed
spectrophotometrically) by k—l’ This and the other kinetic constants
used here were calculated for the beef heart enzyme at 37°C and are from

the data of Borgmann et al, (1974).

NAD dependence

The 1line shown in Fig. 14 was calculated using the equation shown
above. The lactate, pyruvate, NAD+ and NADH concentrations were

estimated wusing an equilibrium constant of 1.1l x 10-'1

1 (Williamson et
al, 1967). Fluorimetric and spectrophotometric measurements of
variation in the NADH concentration in the enzyme mixture with varying
lactate and pyruvate concentrations (see next chapter) confirmed that
the NAD+ and NADH concentrations were determined by the lactate

dehydrogenase equilibrium.
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Appendix 2

2.14 Oxamate inhibition

Kinetic and binding studies (Novoa et al, 1959b; Novoa & Schwert,

+
1961) have shown that oxamate binds to both the NAD and NADH bound
forms of lactate dehydrogenase, although it has a higher affinity for

the latter form.

The dissociation constant for NADH binding to bovine heart lactate
dehydrogenase has been estimated at 2.5 x 10-7M in Tris buffer, pH 7.08
at an ijonic strength of 0.2, (Novoa et al, 1959a). The dissociation
constant for NAD+ binding has been estimated at 3.9 x 10_3M in 0.1M
sodium phosphate buffer, pH 6.8, (Takenaka & Schwert, 1956). The NAD+
and NADH concentrations present in the experiment depicted in Fig. 15
were estimated to be 83 and 17pM respectively. Thus under the
conditions of this experiment and assuming human erythrocyte lactate
dehydrogenase has similar kinetic properties to the bovine heart enzyme
then the enzyme will be predominantly in the NADH bound form. Oxamate
inhibition of the exchange can thus be regarded as a case of simple
competitive inhibition where oxamate competes with pyruvate for binding
to the NADH bound form of the enzyme.

For competitive inhibition

\ = Vs
S + K(1 + I/Ki)

where v 1is the rate of the enzyme catalysed reaction, V is the rate of
the reaction at infinite concentration of substrate, S 1is substrate
concentration, I is inhibitor concentration, Ki is the dissociation

constant for the enzyme inhibitor complex and K is the dissociation

constant for the substrate, By equating v with the isotope exchange

equilibrium velocity this equation was used to calculate the percentage
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reduction in the lactate dehydrogenase equilibrium velocity at various
oxamate concentrations and using various values for Ki. A pyruvate
concentration of 17pM was wused in the calculations since this is the
concentration estimated to be present when 12mM lactate is added to an
enzyme mixture containing 100uM NAD+, which were the conditions of the
experiment shown in Fig.l15. A value of 71pM was chosen for the
dissociation constant of pyruvate by equating a reported Km value, for
human erythrocyte lactate dehydrogenase (Wang, 1977), with K. The
effect of a percentage decrease in the lactate dehydrogenase equilibrium
velocity on the overall exchange of isotope at the C-2 position of
lactate can be calculated using equation 2 (see text). If oxamate only
inhibits lactate dehydrogenase then the effect of a percentage decrease
in the lactate dehydrogenase equilibrium velocity can be expressed as a

percentage decrease in V The experimental data shown in Fig. 15

c2x*
were fitted using a Ki value of 60pM, which is similar to that obtained
for the bovine heart enzyme by steady state kinetic analysis and from
binding studies (Novoa et al, 1959b; Novoa & Schwert, 196l1).
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2.15 Appendix 3

The effect of an isotope effect on an exchange time course

If there is a kinetic isotope effect on the equilibrium velocity of

a reaction then its expression in the observed rate of exchange will
change as the fractional labelling of the reactants changes.
Let

dX/dt = -kX
where X is the fractional labelling of the reactant and k is the first
order rate constant for the exchange.
Let

% = (k; - k,)/k,

where k1 is the first order rate constant for the exchange observed at
t=0 and k2 is the rate constant at t=o0,

dk/dt:=k2 (1+ &X)
so when t=0 X=1 and k=k1 and when t= o0 X=0 and k=k2.
dX/dt=-k2 (1+XxX )X

daX
X(1 + XX )

—k2 dt

Integrating both sides of this equation and rearranging we obtain;

-kzt

-kzt
1+ X(1-e¢e )

when k1=k2 i.e. when there is no isotope effect and ©& =0 the above

equation reduces to
-kt

X=ce
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2.16 Appendix 4

Estimation of VFZX

Equations for calculating the overall equilibrium velocity,

in erythrocytes

Veax:

from the observed t1/2 for the exchange in erythrocytes.

“The equations allow corrections to be made for the effect of
solvent labelled lactate present at t=0 and for the effect of lactate
production occuring between t=0 and the observed point of  50%

labelling.

Solvent labelled lactate has two effects: a) The solvent labelled
lactate present at t=0, (endogenous or added) significantly reduces the
observed t1/2 1f it represents a significant fraction of the total

lactate and b) it dilutes the added labelled lactate.

Endogenous lactate production ocurring during an exchange time
course represents a source of solvent labelled lactate in addition to
that produced by exchange. This endogenous lactate will not be entirely
solvent labelled in the presence of added labelled lactate. Under these
circumstances its fractional 1labelling will be dictated by the
fractional labelling of the glycolytic intermediates involved in the
exchange through which it is produced. This is discussed more fully in
the next two chapters. However in the correction shown below endogenous
lactate production is regarded as a source of solvent labelled lactate,
produced at a constant rate, in addition to that formed by exchange,

which is produced at an exponentially declining rate. The correction is
therefore an over correction which becomes a better approximation as the

ratio of the exchange rate to the rate of lactate production decreases.
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Correction for solvent labelled lactate present at t=0

Let XL represent the fraction of labelled lactate
dXL/dt = =k XL
where k is the first order rate constant for the exchange.
dXL/dt = =~V XL/(LO+Le)
where t is .time
V is the overall equilibrium velocity, VC2X

LO is the labelled lactate concentration at t=0

Le is the solvent labelled lactate concentration at t=0

At t=0 , XL=1 and at t=e0, XL=0. On integration of the above we

obtain;

1 = -

n X Ve/(LytL ) + ¢
where ¢ is a constant of integration.

when t=0 XL = LO/(LO+Le)

and therefore ¢ = 1ln LO/(LO+Le)

-V t/(L0+Le)
XL = L0 e

(LO+Le)

At the point of 507 labelling XL=0.5 and therefore;

\' = -(L0+Le) In ((LO+Le)/2LO)
t

where t is the time at which peak inversion occurs.

79



Correction for solvent labelled lactate present at t=0 and lactate

production occurring during an exchange time course

From the above it can be seen that;

dXL/dt = =V XL/(LO+Le+kLt)

where‘kL is the rate of lactate production. On integration we obtain;

-V In( 1 + kLt/(LO+Le))/kL

XL = LO e

(L0+Le)

For C-2 exchange where there is inversion of the methyl resonance the

methyl peak height at time t (h(t)) in the spin echo spectrum can be

described by the following equation.

h(t) = f’(LO+Le) (1 + 2XL )

Where /9 is a conversion factor for converting lactate concentration
into peak height. It should be noted that a simple proportionality
between peak height and concentration is lost in 2HZO where there is
deuteration of the methyl group of endogenous lactate due to solvent
l1sotope exchanges occurring at the phosphoglucoisomerase and pyruvate
kinase steps of glycolysis (Rose & Rose, 1969). In addition both the
endogenous and ‘added lactates can undergo deuteration in the methyl

group by equilibration with deuterated pyruvate formed in an exchange

reaction catalysed by haemoglobin (Simpson et al,1982).

Adding a constant linear term for lactate production to the above
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equation and omitting /0 we obtain;

h(t) = (L0 + Le) (1- ZXL) + kLt

At the point of 50% labelling and peak inversion h(t)=0 and therefore;

\Y = —kL In|( L0 + Le + kLt)

2 L0

+
Inj( 1 kLt )

+
LO Le

where t is given by the point of peak inversion.

Observation of the exchange at the C-2 position

If the C-2 proton' is observed directly then the following
equations can be derived relating changes in C-2 proton peak intensity
to the overall equilibrium velocity. Estimation of an equilibrium
velocity from observation of the C~2 proton would require fitting of the
exchange time course to these equations.

1
The exchange in IH 0; L-(2—2H)1actate ~> L-(U- H)lactate

2

In this experiment there will be zero C-2 proton peak intensity at
t=0. As the exchange proceeds the C-2 proton peak intensity will
increase. Thus the time over which the peak intensity is changing most
rapldly and which 1is thus the most sensitive area for estimation of a
rate constant is the least well observed part of the time course. In
this experiment the only C-2 substituent 6bserved is the proton,

contrast this with observation of the methyl where the effects of both

proton and deuterium substitution at the C-2 position are observed.
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The equation describing the exchange has the following form
h(t) = A e—kt + Bt + ¢

where A 1is the amplitude of the exchange and B a constant linear term

representing lactate production. The exponential term will have the
same form as shown above. Thus we can write that

-V In( 1 + kLt/(LO + Le) )/kL
h(t) = A( 1 - e ) + kLt + ¢

The amplitude for the exchange of added labelled lactate is proportional
to LO’ the concentration of added C-2 deuterated lactate. The value for
L0 is only obtained following completion of the exchange when there is
complete protonation of the 1lactate. At t=0 the peak observed is
proportional to ;he concentration of solvent labelled (protonated)
lactate, Le' Thus we obtain that

-Viln ( 1+ kLt/(Lo + Le) )/kL

h(t) = ( L0 + Le + kLt ) - L0 e

The exchange in 2H 03 L—(U—IH)lactate -> L-(2-2H)1actate

2
Solvent labelled lactate (deuterated) present at t=0 is not

observed, its concentration can only be estimated from the methyl
resonance (even this is complicated by methyl deuteration). A value for
Le is thus not directly obtainable from observation of the C-2 proton
resonance., Since Le has no effect on the C-2 proton peak intensity the

following equation is obtained.

-V In( 1 + kLt/(LO + Le))/kL
h(t) = Ly e + c
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At t=0 the peak intensity observed is proportional to the concentration
of added protonated lactate L0 and therefore ¢c=0, In this exchange the
value . of L0 can only be obtained by extrapolation of the time course to

t=0.

In summary, by monitoring the exchange by observation of the
methyl resonance both the labelled and unlabelled lactate species are
observed. The corollary of this is that a unique point is observed in
an exchange time course, the null point or point of peak inversion,
which indicates the point at which 50% of the lactate is labelled. With
direct observation of the C-2 proton fractional labelling can only be
assessed retrospectively when the amplitude of the exchange has been
‘determined, this will normally entail following the exchange to
éompletion. Estimation of an exchange equilibrium velocity from the
exchange time course of the C-2 proton will require fitting of the time
course to the appropriate equation. The other advantages of observing

the methyl have been discussed in the text.
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3 The properties of the C-2 exchange system in vitro

3.1 Introduction

In the previous chapter the basic characteristics of the C-2
exchange system in the intact erythrocyte were described and a method
for obtaining, in vitro, the isotope exchange equilibrium velocities of

the individual enzymes involved in the exchange was demonstrated.

In this chapter the properties of the in vitro system and its use
in determining individual enzyme equilibrium velocities are examined.
The measured equilibrium velocities are used in the following chapter in

a model of the éxchange system in situ.
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3.2 Experimental

Materials

Sephadex was obtained from Pharmacia (Great Britain) Ltd.
Middlesex. Carboxymethycellulose (CM-22) was obtained from Whatman Ltd.
Kent. Ultrafiltration membranes were from Amicon Ltd., Surrey and

Millipore filters from Millipore (U.K.) Ltd. Middlesex.

Triose phosphate and FDP assays in the in vitro exchange system

Extracts of the in vitro system were prepared by withdrawing 0.5 ml
aliquots and adding these to 4.5 ml of ice cold 8% PCA. After standing
for 10-15 min the samples were placed on a boiling water bath for
approximately 5 min and then neutralised with 1M X,CO_, and made wup to

2 3

10 m1 with HZO.. Boiling following neutralisation resulted in a marked
loss of FDP. The resulting precipitates were centrifuged off and the

supernatants stored frozen overnight.

The ‘extracts were assayed for triose phosphates and FDP as
described in chapter 2. Despite the conditions used for extraction a
stable fluorescence reading following addition of
glyceraldehydéphosphate dehydrogenase to the assay system could not be
obtained. This indicated that either the added glyceraldehydephosphate
dehydrogenase was contaminated with triosephosphate isomerase, or that
some triosephosphate isomerase activity had survived the extraction

procedure.

Spectrophotometric assays of NADH in the in vitro exchange system

Aliquots of the exchange system were placed in 1 ml cuvettes (1l cm

path length) in a double beam Unicam SP800A UV spectrophotometer
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thermostatted at 37°C. NADH concentrations in the system were
calculated from the measured increase in absorbance at 340nm following

the addition of NAD+ to the system.

Fluorimetric assays of NADH in the in vitro exchange system
The fluorescence measurements were made using 3 ml aliquots of the

in wvitro system thermostatted at 37°C in a Perkin-Elmer MPF-2A

fluorescence spectrophotometer. The buffer used was filtered through a
0.22pm pore size Millipore filter before use in order to remove
particulates. The fluorescence was excited at 340nm and the emission

observed at 460nm.

Preparation of human erythrocyte enzymes

Aldolase

Aldolase was prepared according to Strapazon and Steck (1977).
Approximately 250 ml of day old cells (stored in
citrate/phosphate/glucose) were washed 4 times in 2 volumes of phosphate
buffered saline (0.15M NaCl, 5mM sodium phosphate pH 7.0) and the buffy
coat removed by aspiration. The cells were then lysed by diluting 50 ml
aliquots of packed cell s in 2 1 of 5mM sodium phosphate buffer, pH 7.0,
containing ImM EDTA and lmM dithiothreitol. The buffer was prewarmed to

37°C and the hypotonically lysed cells were incubated for 30 min at

37°%. The membranes, containing bound aldolase and GAPDH, were
collected by centrifuging the lysate at 13,000 r.p.m. for 20 min at 37°
in a Sorvall RC~5 centrifuge (GSA rotor). The supernatants and debris
buttons were aspirated off and the membrane fractions pooled and washed
3-5 times 1n the phosphate buffer. These membranes can be stored for

several days at 0-5°C with no loss of enzyme activity (Strapazon &
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Steck, 1977).

The membrane pellets from 250 ml of cells were resuspended in
500 ml of the sodium phosphate buffer and mixed with 500 ml of 2uM FDP,.
The resulting suspension was brought to pH 7.8 with 1M NaOH and stirred
in an ice water bath for lhr. The membranes were then centrifuged off
by spinning at 13,000 r.p.m. for 1lhr at 0°C. The supernatant was
collected and recentrifuged to rémove the last traces of membrane

material.

The supernatant, containing aldolase, was adjusted to pH 6.5 with
10% acetic acid and then passed through a 1.2 x 12 ecm column of
carboxymethylcellulose (CM-22 from Whatman) at a maximum flow rate of
5 ml/min. The column had been prewashed with 1.5M NaCl then 100mM
sodium phosphate, pH 6.5 and finally 5mM sodiuﬁ phoéphate, pH 6.5. This
column absorption step removed the remaining haemoglobin contaminant.
The effluent fom this éolumn was adjusted to pH 5.5 with 107 aceti¢ acid
and applied to a second CM-22 column prepared as " above, except at
pH 5.5. The loaded column was washed with 25 ml of 5mM sodium
phosphate, pH 5.5 and then developed with a 30 ml gradient of 0-300mM
NaCl in the same buffer. One ml fractions were collected and the
aldolase detected by its absorbance at 280nm and by its enzymic
activity. Peak fractions were pooled ana concentrated in an Amicon
ultrafiltration cell with a PM-30 membrane to give a solution containing
3-4 units/ml. The total activity recovered was approximately 10 units
representing a yield of approximately 5%. The concentrated enzyme

preparation was stored frozen at -70°C where it was stable for at least

2 weeks.,
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Glyceraldehydephosphate dehydrogenase

Glyceraldehydephosphate dehydrogenase was prepared according to Eby
and Kirtley (1979). The aldolase free membrane pellet was resuspended
in 500 ml of sodium phosphate buffer, pH 7.0 containing 1mM EDTA, 3mM
dithiothreitol and 0.5M NaCl. The resulting suspension was incubated
for 30 min at 4°C. The membranes were then centrifuged off by spinning
at 13,000 r.p.m. for 1 hr at 4°Cc. The supernatant containing the enzyme
was concentrated in an Amicon wultrafiltration cell using a PM-30
membrane to give 5-10 ml of enzyme solution. This was applied to a
Sephadex G-100 column (4 x 70 cm) previously equilibrated with 5mM
sodium phosphate buffer pH 7.0 containing ImM EDTA and ImM
dithiothreitol, Three ml fractions were collected and the
glyceraldehydephosphate dehydrogenase detected by its absorbance at
280nm and by its enzymic activity. Peak fractions were pooled and
concentrated in an Amicon ultrafiltration cell with a PM-30 membrane.
The enzyme was resuspended in 2.6M ammonium sulphate to give a solution
containing approximetely 200 units/ml. The total activity recovered was
approximately iOOO units. The enzyme was stable as an ammonium sulphate

suspension for at least 3 months.

Chromatography 1n both the aldolase and glyceraldehydephosphate

dehydrogenase preparations was performed at 4°c.
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3.3 The exchange system in vitro - a model for the system in situ ?

It has been shown that in the erythrocyte the metabolites involved
in C-2 exchange are present at near equilibrium concentrations (Minikami
& Yoshikawa, 1966). The in vitro system, which is at equilibrium as
opposed to a near equilibrium steady state, was expected therefore to be
a good model system. In this section the measured equilibrium
concentrations of metabolites found in the in vitro system are compared
with the values expected from published values for the equilibrium
constants | of the enzyme catalysed reactions. The aim of this

investigation was to show that the in vitro system is at chemical

equilibrium and that the final equilibrium concentrations of the
substrates can be predicted from the added substrate concentrations.
This avoids the requirement of having to assay for the varied substrate

each time its concentration is changed.

Table 1 shows the results of triose phosphate and FDP assays

performed on an 1in vitro exchange system. The table also shows the

expected equilibrium values based on the known equilibrium constants for
the reactions catalysed by aldolase and triosephosphate isomerase, (see
also table 4). The reaction catalysed by glyceraldehydephosphate
dehydrogenase, which has an equilibrium constant of 5 x 10-8 (Cori et
al, 1950), will not significantly perturb these equilibria at the NAD+,
Pi, GAP and hydrogen ion concentrations encountered in these studies.
The table shows good agreement between the expected and observed

values.

+
The equilibrium NAD and NADH concentrations in the in vitro

enzyme system were measured spectrophotometrically (table 2) and
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Table 1

Assays of FDP, DHAP and GAP in the in vitro C-2 exchange system.

A Time (min) following the Measured FDP Measured DHAP
addition of 150 pM FDP concentration plus GAP concentration
to the in vitro system (pM) (pM)

0 27 238
5 26 252
10 30 297
30 13 262
40 17 276

The expected equilibrium concentrations are 255uM DHAP + GAP and 23uM FDP

(see table 4).

B Time (min) following Measured FDP Measured DHAP
the addition of 700 pM concentration plus GAP concentration
FDP to the in vitro (pM) (pM)
systen
60 281 843

The expected equilibrium concentrations are 873pM DHAP + GAP and 264pM FDP
(see table 4).



Table 1

A - The in vitro system contained 12mM lactate, 100uM NAD+ and

approximately 40 units/ml  triosephosphate 1isomerase, 0.4 units/ml
aldolase, 1 unit/ml glyceraldehydephosphate dehydrogenase and

*
35 units/ml lactate déhydrogenase. The buffer was 100mM Tris-HC1l pH

7.4 in 2H20 containing 3mM dithiothreitol and 0.5mM EDTA.

B - Thé buffer was the sameé as in A except that the solvent was 1H20'
In addition it contained 80mM KCl1 which gives a total chloride
concentration of approximately 0.15M. Thé system contained 20uM NAD+,
12nM lactate, O.5mM Pi and 0.25mM MgCl . The concentration of Mg ' and

Pi are equivalent to the estimated free concentrations in the

erythrocyte (Veech et al, 1979; Marshall & Omachi, 1974; Gupta et al,

1978).

Details of the extraction procedure and assay for the triose

phosphates and FDP are givén in the Experimental section.



Table 2

Spectrophotometric assays of NADH in the in vitro C-2 exchange system.

Additions to the Absorbance change at
in vitro system 340 nm
A ImM FDP -
+ .
15pM NAD 0.009
12mM lactate 0.033
B lmM FDP -
15pM NAD' -
12mM lactate 0.030
C  15pM NAD' -
lmM FDP -
12mM lactate 0.035

NADH concentration

(M)

1.5

5.3

4.8

5.6



Table 2

The NADH concentrations were calculated using an extinction coefficient

6 1

of 6.22 x 10 cm2 mole

(Horecker & Kornberg, 1948). The expected
equilibrium concentration of NADH following the addition of ImM FDP to
the system containing 15pM NAD+ is 0.6pM, this assumes an equilibrium
constant for the reaction catalysed by glyceraldehydephosphate
.dehydrogenase of 5 x 10“8 (Cori et al, 1950). The expected equilibrium
concentration in the presence of 12mM lactate and ignoring the
glyceraldehydephosphate dehydrogenase equilibrium is 5.6pM, this assumes
-11

an equilibrium constant of 1.11 x 10 for the lactate dehydrogenase

reaction (Williamson et al, 1967).

A, B and C are three separate experiments, the specified additions
to the system were made sequentially. The system also contained O;SmM
Pi, 0.25mM M’gCl2 and approximately 100 units/ml lactate dehydrogenase,
100 units/ml  triosephosphate isomerase, 1 unit/ml aldolase and
10 units/ml glyceraldehydephosphate dehydrogenase. The buffer was 100mM

Tris-HCl pH 7.4 in 1H O containing 3mM dithiothreitol, 0.5mM EDTA and

2
80mM KCl1.

The concentration of the NAD+ stock solution, from which additions
to the in vitro system were made, was determined by measuring the
absorbance at 260nm and using an extinction coefficient of

1

17.6 x 106 cm2 mole - (Dalziel, 1963). The lactate and FDP stock

solutions were assayed as described in chapter 2.



Table 3

Fluorimetric assays of NADH in the in vitro C-2 exchange system.

Total added NAD

concentration

(p)

26
53
79
105
132
158
184

211

Total added
pyruvate

concentration

(M)

0.33

0.66

1.00

Observed NADH

concentration

(M)

14
19
25
27
32
34
36

38

Expected NADH

concentration

(pt)

13
16
19
22
24
26

28

2.6
1.3

0.9



Table 3

The expected NADH equilibrium concentration was calculated by assuming
that the reaction catalysed by glyceraldehydephosphate dehydrogenase
makes a negligible contribution to the production of NADH and that the
equilibrium constant for the lactate dehydrogenase reaction is

1.11x 101 (Williamson et al, 1967).

The fluorescence response was calibrated by adding aliquots of a
standard NADH solution to an in vitro system containing no enzymes. The
NADH solution used was assayed spectrophotometrically by measuring the

absorbance at 340nm.

The in vitro system contained 12mM lactate, 400uM FDP and

approximately 0.2 units/ml aldolase, 0.5 units/ml
glyceraldehydephosphate dehydrogenase, 40 units/ml lactate dehydrogenase
and 80 units/ml triosephosphate isomerase. The buffer was 100mM

Tris-HC1l, pH 7.4 in 1H O containing 3mM dithiothreitol and O.5mM EDTA.
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Table 4

The expected equilibrium concentrations of FDP, DHAP and GAP following

the addition of FDP to the in vitro C-2 exchange system.

Added FDP Equilibrium FDP Equilibrium DHAP Equilibrium GAP
concentration concentration concentration concentration
(pM) (pM) (pM) (M)
50 3.1 90 4.1
100 11 170 7.4
150 23 244 11
200 37 312 14
250 54 376 17
300 72 436 20
350 92 493 22
400 114 548 25
450 136 600 27
500 160 650 30
550 185 699 32
600 210 745 34

The expected equilibrium concentrations were calculated wusing an
equilibrium constant for the reaction catalysed by aldolase of

1.2 x 1074

(Herbert et al, 1940) and an equilibrium constant for the
reaction catalysed by triosephosphate isomerase of 22 (Veech et al,
1979). The reaction catalysed by glyceraldehydephosphate dehydrogenase

is not expected to significantly peturb these equilibria at the NAD+ and

Pi concentrations used here.



fluorimetrically (table 3).

The spectrophotometric measurements show levels of NADH which
compare favourably with those expected i1if the reaction catalysed by
lactate dehydrogenase and the added 1lactate and NAD+ concentrations
solely determine the final NAD+ and NADH concentrations. The levels of
NADH measured fluorimetrically (table 3) also show reasonable agreement
with the expected values. However the apparent NADH concentration is
slightly higher than expected. This may in part be due to fluorescence
enhancement of NADH bound to lactate dehydrogenase (Velick, 1958). The
concentration of lactate dehydrogenase in this system was approximately
2pM. The enzyme was absent from the NADH solutions wused to calibrate
the fluorescence. Addition of ©pyruvate to the system results in a
marked loss of NADH consistent with the lactate dehydrogenase

equilibrium determining the NAD(H) concentration.

3.4 Isotope exchange measurements in the in vitro exchange system

3.4.1 Data analysis

By measuring the dependence of the isotope exchange rate on the
concentration of a particular enzyme in the in vitro system the specific
equilibrium velocity of the eniyme can be measured. In chapter 2 the
specific equilibrium velocity of lactate dehydrogenase was determined at
different NAD+ concentrations using a double reciprocal plot analysis of
the exchange data. Double reciprocal plots are however unreliable for
extracting kinetic parameters from data which show a hyperbolic
relationship (see Dowd & Riggs, 1965). In this sort of analysis, using

figure 13 chapter 2 as an example, points at very low enzyme
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concentration make a disproportionate contribution to the determination
of the slope of the double reciprocal plot. These points are frequently
the least accurately measured points. Other types of linear plot are
available but most are statistically objectionable on the grounds that
errors in the measured parameters can seriously affectA estimates of
kinetic constants made from these plots. Non-linear least squares
regression analysis 1is a much sounder procedure (Eisenthal &
Cornish-Bowden, 1974b) although it assumes that the errors are normally
distributed, that the independent variable (enzyme concentration in the
case of the isotope exchange analysis) is known exactly and that the
correct weighting factors are known. It is usual to assume that the
weighting factor equals one for every observation, an assumption which
implies, in the case of isotope exchange, that the errors in all of the
measured equilibrium velocities are of equal variance. This may not be
justified. All of these methods rely heavily on assumptions about the
distribution of errors. The analysis which will be used here, the so
called "direct plot" (Eisenthal & Cornish-Bowden, 1974a), makes few
assumptions about error. The principal assumption that remains is that
the error in any observation is as likely to be positive as it is to be

negative (Eisenthal & Cornish-Bowden, 1974b).

For C-2 exchange the activity (A) of an enzyme (X) can be related
to the overall equilibrium velocity (VCZX) of the exchange system by the

following equation;

VC2X=AX oooooo.ooooooo.ooooo(l)

n/X + AX/VR

where VR is the reciprocal of the sum of the reciprocals of the
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equilibrium velocities of the other enzymes involved in the exchange,
is the specific equilibrium velocity of the enzyme X and n has a value
of 1 if X is aldolase or triosephosphate isomerase and 2 if X is one of

the dehydrogenases. This equation can be rearranged to give;

1=VR‘ hd an 0000000000000000(2)
Veox & Ay

which is of the general form;
x/a + y/b=1

the equation of a line in xy space with intercepts a on the x axis and b

on the y axis. Thus VR and nVRﬁu. are linearly related for given values

of V and AX’ even though VC and AX are not. Equation 2 defines a

Cc2X 2X

‘straight line plotted in v, nVR/o( space. In general any point in

R
VCZX’ AX space can be represented as a line in VR’ nVR/N. space. So for

each observation (AX’ V.,,) there exists a straight line in V ﬁVRﬁx

C2X R’

space with intercepts -AX on the nVR/a( axis and VCZX on the VR axis.

This line relates all the values of V_ and nVR/oL that satisfy equation

R
1 exactly for the particular values of VC2X and AX. It follows that the

coordinates of the point where the 1lines intersect provide the only

values of VR and nVR/oc that satisfy equation 1 for every observation.

Thus in a plot of V versus AX a series of lines are obtained, the

C2X
coordinates of intersection of these lines give VR on the y axis and

nVR/oL on the x axis from which o can be calculated. Because of error,

these 1lines do not intersect at a unique point, but the points of
intersection can be used to estimate VR and nVR/O(. This procedure 1is

described in appendix 1 together with a computer program which
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calculates the coordinates of the line intersections and from these &
and VR. The program also contains an error analysis which uses the
method of Cleland (1967). This is based on a least squares approach and
assumes that the error in measurements of enzyme concentration or
activity are much less than the error in determinations of VCZX' This
is probably untrue, so although equilibrium velocities are quoted with
standard errors, these are not true standard errors but are provided as
an index of the relative accuracy of the measurement. More general
statistical analyses are available which recognise that there may be
error in both of the eéxperimentally measured parameters (see Cleland,
1967). These methods were not used because; a) their wvalidity has
been questioned (Eisenthal & Cornish-Bowden, 1974b); b) in  any
equilibrium velocity determinétion there were usually only four
determinations of Vsz at different enzyme concentration and it was felt

that a better idea of the real error in a determination would be

obtained by repeating the experiment a number of times.

A prerequisite for the above analysis is that the equilibrium
velocity of an enzyme ghould be linearly dependent on 1its
concentration. ‘The dependence of equilibrium velocity on enzyme
concentration is discussed in chapter 5 and examined in some detail 1in
chapter 6 where the dependence of the lactate dehydrogenase equilibrium
velocity on enzyme concentration is measured and compared with

theoretical expectations.

Tables 5,6,7 and 8 show the results of equilibrium velocity
determinations performed on aldolase, triosephosphate isomerase,
glyceraldehydephosphate dehydrogenase and lactate dehydrogenase

respectively. In all equilibrium velocity determinations the overall
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exchange equilibrium velocity was measured at four or more enzyme
concentrations by following the exchange in 12mM lactate (unless
otherwise stated). The exchange was monitored until between 30-50% of
the lactate had exchanged. A first order rate constant was obtained
from a least squares fit of the exchange time course as described in the
legend to figure 1. The computed standard error on these rate constants
was never greater than tSZ. Subsequent analysis of exchange rate

versus enzyme concentration was as described above.

3.4. 2 ReSUlts

The results for 1lactate dehydrogenase are  those initially
presented 1in figure 14 in chapter 2. They show the dependence of the
enzyme’s equilibrium velocity on NAD+ concentration. Also shown 1is a
preliminary study of the dependence on lactate concentration. The
results agree well with the predictions of the model, described in
appendix 1 of chapter 2, which relates the known kinetic parameters of
lactate dehydrogenase to the equilibrium velocity for the gxchange of
isotope between the lactate C-2 position and the C~4 position of the
nicotinamide ring of NADH. This study was performed at an ionic
strength lower than that present 1in the cell. If the properties
diéplayed by the enzyme in vitro are to be compared with the properties
it displays. in situ then the effects of salt concentration should be
considered. The measured kinetic parameters of the enzyme have been
shown to be affected by salt concentration (Winer & Schwert, 1958;
Silverstein & Boyer, 1964; Anderson, 1981; Rivedal & Sanner, 1979). The
effect of buffer composition on the activity of the enzyme is considered

in chapter 6.
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Table 5

Aldolase equilibrium velocity determinations in the in wvitro C-2

exchange system.

Concentration of FDP added Aldolase equilibrium velocity
to the in vitro system (pmol/min/unit)
(pM)

A — Rabbit muscle enzyme

37 0.52 * 0.09
102 2.04 * 0.08
204 1.25 7 0.19
306 1.41 © 0.05
408 1.17 © 0.06
B - Human erythrocyte enzyme
60 1.27 7 0.13
73 1.54 © 0.24
200 1.30 ¥ 0.13
400 1.01 © 0.08



Table 5

A - The éxchangeé system contained 100mM Tris-HC1 pH* 7.4, 0.5mM EDTA,
3mM dithiothreitol, 80mM KC1, 100pM N’AD+ and 12mM lactate in 2H20.
Samples containing 0.5 ml of the exchangé system in a 5 mm diameter
n.m.r. tube were prewarmeéd for approximately 5 minutés before initiation
of an exchange time course by the addition of 12mM lactate to an
otherwise complete exchange system. Exchange at the lactate C-2
position was usually monitored for 45-90 min (see téxt) depending on the
velocity of the exchange. At the énd of the exchange measuremént the
samples were assayed for aldolase activity as described in chapter 2.
The aldolase activity was varied between 0.2 and 1.0 units/ml. There
were fixed ©but unknown concentrations of the other enzymes involved in

the exchange. The FDP stock solution from which additions to the

exchange system were made was assayed immeédiately prior to use.

B~ The conditions were the same as in A except that 6mM lactate was
used and the aldolase activity was varied betweén 0.02 and

0.1 units/ml.






Table 5 shows the dependence of the aldolase equilibrium velocity
on the added FDP concentration in the in vitro system. Both the human
erythrocyte and rabbit muscle enzymes were studied, preparation of the
erythrocyte enzyme 1is described in the Experimental section. Aldolase
catalyses the stereospecific exchange of the pro-S hydrogen at the C-3
position of DHAP with solvent (Rose, 1958). The concentration of the
enzyme bound DHAP intermediate, which is active 1in the exchange, is
influenced by a number of factors. For example increasing the ionic
strength has been shown to inhibit FDP cleavage (Mehler, 1963) and to
increase the dissociation constant of the enzyme~DHAP complex (Grazi &
Trombetta, 1974; Mehler & Bloom, 1963). For this reason the equilibrium
velocities were determined in the presence of physiological chloride
concentrations. A rate of DHAP detritiation of l.lpmol
exchanged/min/unit enzyme has been measured at pH 7.0 in the absence of
FDP and GAP by Rose and coworkers (Rose et al, 1965). The concentration
of DHAP was 96pM and the temperature was 35°C. The spectrophotometric
enzyme assay used in that study was virtually identical to that wused
here., Lowe and Pratt (1976) measured a deuteration rate of
1.5pmol/min/unit enzyme at pH 7.5 and 25°C, the DHAP concentration was
6.1mM. The spectrophotometric assay of enzyme activity was similar to
that used here although it was performed at 25°C. These results show
good agreement with the results presented in table 5 and figure 2. Rose
et al (1965) showed however that as the GAP concentration 1is increased
there is a marked decrease in the exchange rate. This was shown to be
due to an enhanced recondensation reaction at higher GAP
concentrations. As demonstrated in table 4 the equilibrium DHAP
concentration is far higher than the concentrations of GAP and FDP when

the added FDP concentration is low. This is due to the equilibria

catalysed by both aldolase and triosephosphate isomerase. It has been
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shown that wunder these conditions the aldolase—~DHAP complex is the
prevalent enzyme-substrate complex (Grazi & Trombetta, 1980; Ottaway,
1979). As the concentration of FDP added to the system is increased the
equilibrium FDP concentration forms an increasing proportion of the
total triosephosphate and FDP pool. The slight depression therefore in
the observed exchange velocity observed at  higher added  FDP
concentrations (see figure 2) may be the result of a decreased fraction
of the enzyme in a DHAP bound form due to increased competition with FDP

for binding to the enzyme.

Figure 3 shows the dependence of the triosephosphate isomerase

equilibrium velocity on the concentration of FDP added to the in vitro

exchange system (see also table 6). The solid line is a theoretical
curve constructed using the equation shown in appendix 2. This equation
relates the kinetic parameters of the enzyme to the expected equilibrium
velocity for the exchange of hydrogen between the pro-S C-3 position of
DHAP and the aldehydic hydrogen of GAP. The equation was derived using
the method of Yagil and Hoberman (1969) which was described in appendix
1l of chapter 2, The kinetic constants used in this model are those of
Albery and Knowles (1976). The absolute values for the equilibrium
velocity predicted by the model depeﬁd on the turnover number chosen for
the enzyme. In order to draw the theoretical curve shown in figure 3 an
arbitrary value was chosen for this number so that the predicted and
observed velocities had the same range of values (see appendix 2). This
is considered justified since it is the shape and not the amplitude of

this curve which is important.

The dependence of the equilibrium velocity of human erythrocyte

glyceraldehydephosphate dehydrogenase on the concentration of FDP added

96



Table 6

Triosephosphate isomerase equilibrium velocity determinations in the in

vitro C-2 exchange system.

Concentration of FDP added Triosephosphate isomerase
to the in vitro system equilibrium velocity

(pM) (pmol/min/unit)

50 0.010 © 0.004

200 0.017 © 0.003

200 + 0.25mM Mg 0.015 © 0.001

280 . 0.025 © 0.005

400 | | 0.030 © 0.008

560 0.036 © 0.002

Conditions in the in vitro system were similar to those described in the
legend to table 5 except that 6mM lactate was used. The triosephosphate
isomerase activity was varied between 2 and 20 units/ml. Details of the
enzyme assay are givén in chapter 2. The determinations were performed

as déscribed in the text and in the legend to table 5.



Table 7

Glyceraldehydephosphate dehydrogenase equilibrium velocity

determinations in the in vitro C-2 exchange system.

Concentration of FDP added Glyceraldehydephosphate dehydrogenase
to the in vitro system equilibrium velocity
(pM) (pm1/min/unit)
120 0.040 * 0.005
160 0.034 & 0.007
200 0.042 * 0.005
400 0.062 © 0.018
600 0.072 ¥ 0.012

The conditions in the in vitro system were similar to those described in
the legend to table 5 except that there was no KCl present. The
glycéraldehydephosphate dehydrogenase activity was varied between 1 and
6 units/ml. The determinations were performed as described in the text

and in the legend to table 5.



Table 8

Lactate dehydrogenase equilibrium velocity determinations in the in

vitro C-2 exchange system.

A Concentration of NAD+ added Lactate dehydrogenase
to the in vitro system equilibrium velocity
(M) (pol/min/unit)
9 0.017 © 0.003
9 0.009 © 0.002
11 0.024 © 0.004
18 0.027 T 0.010
18 0.031 © 0.004
22 0.030 © 0.011
27 0.031 © 0.003
28 0.042 T 0.015
36 0.043 ¥ 0.012
37 0.050 * 0.010
43 0.056 © 0.006
55 0.049 © 0.001
59 0.059 © 0.006
74 0.046 © 0.003
83 0.065 T 0,019
92 0.052 * 0,008



Table 8 (contd.)

B
Concentration of lactate added Lactate dehydrogenase
to the in vitro system equilibrium velocity
(pM) (pmol/min/unit)
12 0.056 © 0.006
8 0.042 © 0,004
4 0.024 © 0,004
A - Conditions 1in the in vitro system were similar to those described

in the legend to table 5. The FDP concentration however was fixed at
2 00pM. The lactate dehydrogenase activity was varied between 2 and

15 unit/ml, details of the assay are given in the Experimental section.

‘ +
B - Conditions were the same as iIn A except that the NAD

concentration was fixed at 40pM.

The NAD+ concentration in the stock solution, from which additions
to the in vitro system were made, was determined by measuring absorbance
at 260nm, Equilibrium velocity determinations were performed as

described in the text and in the legend to table 5.






to the in vitro system is shown in figure 4 and table 7. Preparation of
the enzyme 1is described in the Experimental section. The enzyme
catalyses the exchange of isotope between the B face C-4 position of the
nicotinamide ring of NADH and the aldehydic hydrogen of GAP. Further
equilibrium velocity determinations on this enzyme are presented in

chapter 5.

3.5 Summary and conclusions

The in wvitro exchange system has been shown to be at chemical

equilibriume. The concentrations of the exchanging intermediates in the
system can be calculated from the known equilibrium constants for'the
reactions involved. This avoids the necessity of having to assay for
the concentration of an intermediate each time the concentration of a
substrate added to the system is changed. A method for analysing' the
exchange rate versus enzyme concentration was presented and the
advantages of this direct plot analysis over the double reciprocal plot

were described.

In conclusion the 1in vitro system has been shown to be a well

defined reproducible system in which the expected in situ conditiomns can
be simulated and which can be used to measure the isotope exchange
equilibrium velocities of the individual enzymes involved in C-2

exchange.
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3.7 Appendix 1

A computer program for calculating the specific equilibrium

velocity of an enzyme.

The program estimaﬁes a specific equilibrium velocity for an
enzyme using a direct plot analysis (Eisenthal & Cornish-Bowden, 1974a)
which was described in the text. The program also estimates a "standard
error" for this value using the method of Cleland (1967). The program
is written in BASIC and was run on a CTL MOD1 computer. The following

is a description of the program.

Lines 30 to 130 constitute a command module. The user is invited
to enter a command which then transfers control to a specified part of
the program. The initial command will be, E, enter points. VThis
transfers control to line 140 and the user is shown the format in which
data should be input (line 160). The number of each input is  printed
(line 170) prior to entry. Input is terminated with the entry 0,0.
Control returns to the command module at 1line 80, On . entering C,
calculate, control 1is transferred to line 400. The coordinates of the
intersection points of lines drawn according to the direct plot analysis
are calculated and stored in the E matrix (lines 450 and 460) and

printed (line 470), These lines are drawn between V (plotted on the

Cc2X
y or VR axis) and --AX (plotted on the x or VR/o( axis), (see text).
There will be 1/2 n(n-1) intersections, where n is the number of data
points entered. Following printing of the coordinates of intersection
the user is invited to delete outliers. These are abberrant data

points, the lines drawn through them do not intersect the other lines in

the region in which most intersections are found. OQutliers are readily
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seen in the data display which prints the coordinates of intersection
between specified data points. If the user types, Y, to the question
"discard outliers Y/N", then control is transferred to line 280, The
number of the data point to be deleted is input and the point is
subsequently deleted. Control is then transferred to the command
module. - The command C will result in calculation of the coordinates for
intersection of those data points remaining. If no further outliers are
to be discarded then N is typed to the "discard outliers" question and
the wuser is then asked if the enzyme is a dehydrogenase. If the answer
to this question is yes then the y coordinates of the line intersections
are assigned values corresponding to ZVR/Cl 4instead of VR/OL (see
text). The median values of the coordinates of the 1line intersections
on the x and y axes are then estimated in the subroutine beginning at
line 800, It has been shown that these values represent the best
estimates of VR and VR/ci (Eisenthal & Cornish~Bowden, 1974b).\ The
subroutine initially sorts, in ascending order, the x or y coordinates
in the E matrix. The value of Z at the call of the subroutine specifies
wether the matrix values are sorted according to the values of the x ér
y coordinates). The program then searches for intersection points which
have negative x and y coordinates i.e. the points 1lie in the third
quadrant (lines 950 and 960). In a reappraisal of the direct plot
Eisenthal and Cornish-Bowden (1978) pointed out that these intersections
should be assigned large positive values., This is accomplished in lines
970 to 1160 in which these coordinates are given positive values and are
assigned large values in the analysis simply by shuffling them to the
other end of the E matrix i.e. above the largest positive values found
during the sorting process implemented at the start of the subroutine.

If there are an even number of points in the E matrix then the median

value is the average value of the two middle points. This is calculated
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at line 1180. If there are an odd number of points then the median
value 1is that of the middle point. This is calculated at line 1210.
The subroutine returné to the main program the median values for VR and
nVR/c‘ (where n=2 for a dehydrogenase). The value for o, the specific
equilibrium velocity for the enzyme, 1is then calculated and the
"standard error" estimated using the subroutine beginning at line 1250.
AtAlines 1300 and 1310 the squares of the deviations of the experimental
points from the values expected with the computed values for o4 and VR
are calculated. At completion of the loop at line 1380 the wvariable Q

has the value of the sum of the squares of the deviations. The elements

of the F matrix are assigned the following values;

Z dVeoxi ? 2 Weoxs Veaxt
1 d~ 1 d o dVR
d v av 2
Z veexi YVeoxi Z C2Xi
T 9% dn n dyr
! \ d

The derivatives dVCzX/deL and dV 2X/dVR are calculated at lines 1320 and

C
1330. Multiplication of the inverse of this matrix (H in the program)
by crg, which is equal to the sum of the squares of the deviations (Q)
mulfiplied by 1/(C-2) where C 1is the number of experimental points,
gives a matrix containing the following values.

-
, A
Variance (™) Covariance (o, VR)

Covariance(et, VR) Variance(VR)
" J

The square root of the variance gives the standard error, for o« this is

calculated at 1line 740. (It should be noted that the derivatives were
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obtained for an equation in which o was the reciprocal of the specific
equilibrium velocity). The specific equilibrium velocity, oL and its
"standard error'" are then printed as 1is VR and its standard error.

Control is then returned to the command module. The program run is

terminated by typing Z.

It will be noted that outliers are considered to be those points
that give 1line intersections outside the region of the majority of
intersections. These intersections lie in the first quadrant. It was
mentioned above, however, that intersections in the third quadrant are
coﬁéidered as having large positive values. These points are not
automatically considered as outliers (see Eisenthal & Cornish—-Bowden
1978). The reason for this becomes apparent if an isotope exchange
analysis 1is considered in which the equilibrium velocities of the
non~-varied enzymes vastly exceed that of the varied enzyme on which the
equilibrium velocity determinaton is bheing made. In this case the

approximately 1linear part of the hyperbola relating V to the

Cc2X
concentration of the varied enzyme is being observed. A direct plot of
the data obtained in this region tends to be a set of nearly parallel
lines. If there were no error the line intersections would occur at
large positive x and y coordinates. However very small errors in the
measured parameters can result in the lines intersecting in the third
quadrant. These points however are not outliers. Thus the user of the
analysis must exercise some discretion when using it. In the isotope
exchange analysié points which give 1line intersections in the third
quadrant are regarded as outliers unless the conditions described above
exist. Under these circumstances the sensitivity coefficient of the
varied enzyme approaches unity and the specific equilibrium velocity is

obtained simply by taking the ratio of VCZX to the activity of the
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enzyme. The value of the "standard error" tends to indicate wether the
correct decision has been made in regarding a  third quadrant
intersection as an outlier. If it 1s an outlier then its deletion

should result in a significant reduction in the apparent error on & .
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18 DIM OI(1@, 31, Et45, 31, FI2, 21, H[2, 21, LI45, 2)
20 MAT L = ZER(45, 2)

33 PRINT “EMTER COMMAND"

4 PRINT "E ENTER POINTS™

5@ PRINT "8 DELETE PQINT"

64 PRINT "“C CALCULATE"

78 PRINTY "Z END"

84 PRINT "ENTER COMMANDY

92 INPUT DS

1862 If D$ = “E" THEN 140
112 IfF D$ = "C" THEN 400
1290 IF DS = "B" THEN 280
132 IF DS = »Z" THEN 1420
1408 LET C =

150 PRINT "INPUT DATA®™

160 PRINT "vC2X,AX, RETURN"

170 PRINTY C

182 LET DOIC, 3) s C

199 INPUT DIC, 11, DEIC, 2]

200 IF DIC, 1] = @ THEN 250

21V LET Cc =¢Cc +

220 1F C = 1@ THEN 240

238 GOTO 70

240 PRINY “ONLY 10 DATA POINTS ALLOWED"
250 LEY C =¢C = 1

260 GOTO 8¢

270 REM POTINT DELETINN

289 PRINT "DATA POINT NUMBER"

290 INPUT J

300 FOR P =1 Y0 C

310 1F DIP, 3) = J THEN 338

320 NEXT P

330 LET.C =¢C = 1

340 FOR P1 = P TO C

352 LEYT DIP1, 1]
360 LET DIPL, 2]
370 LET DIPL, 3]
382 NEXT Pt

392 GOTO 8%
400 PRINT "DATA POINTS X INTERCEPY Y INTERCEPT®
418 MAT F = ZER(45, 3)

DIPL + 1, 1}
DIPLI + 1, 2)
DIPY1 ¢+ 1, 3)

420 LET- R =}

434 FOR A = 1 T0 (€C - 1)

449 FOR B = (A + 1) TOo C

A50 LET E(R, 2) = =1 « (DA, 1} - D[R, 1])/(DIA,!]/DlA,Zl-D(BolllD[B,Zl)
469 LET B[R, 3] = (DlAs 1} 7 DIA, 21) = EIR, 21 + DA, |}

470 ppTN‘ D[A' 31; "-"; Dlﬁl 31, E[R' 2)0 EIR' 3‘
480 LET R = R + |

499 MEXT B

538 NEX1 A

510 LET R = R = |

522 PRINT "DISCARD QUTLIERS Y/N"

832 INPUT DS

549 IF D§ = "Y" THEN 280

550 1F D3 = "N" THEN S60

564 PRINT "DEHYDROGENASE 7 Y/N"

872 LET T =
582 INPUT DS
592 IF DS = "N" THEN 620
6Ud IF D% = "Y" THEN 610

612 LET T = 2

624 REM FSTIMATE MFDIAN VALUES ,

633 PRINT "MFOIAN X VALUE"; " ("3 T; "VR/ALPHA)"
644 LET 2 = 2

650 GOSUB 81V

600 LET M = X

670 PRINT ®"MFDIAN Y VALUE (VR)™

o8 LET Z = 3

693 GOSUBR 3810

789 LFT N = X

710 LFET 0D = M/ N

720 LET 0t = T a N/ M

732 GosuB 1250

744 LFT Ry = (SAR(FI(y, 1)) /7 0) & 0t

75C PHINT "SPECIFIC gAUILTYRIUM VELNCTITY"

768 PRINT 01 "+/="3 R1} " U MOLES/MIN/ZUNTT ENZYME®
770 LET Rl = S3R(F 2, 2))

780 PRINT “"yK3"} Nj "e/e": Ry} "UMOLES/MIN®

790 GOTQO 8o



800
810
820
839
840
850
868
870
880
890
900
910
920
930
949
950
960
970
980
990
1000
1012
1020
1030
1040
1050
1060
1870
1680
1990
1100
1110
1120
1130
1140
1150
1160
1170
1180
1199
1220
1212
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1389
1392
1400
1418
1420
1430

axafF

REM SUBROUTINE YO FIND MEDIAN VALUE

LET K =
FOR P =

2
2

TO R

IF EIP, 2) >3 E(P = 1, 2] THEN
LET Q = 2

LET #
LET E
LET E
LET @
IF @ =
LET K =
NEXT P

P
P

’

3

12
q

'

te, 81

Q] = ElP - §, Q)
1' 0]3“

+ |

THEN 850

IF K > 9 THEN 819

LET A =

1

FORP =1t TOR

IF E P,
IF ELP,
LET LA
LET LIA
LET A =
NEXT P
FOR P =

14
’

2
2

A

i

! <« B8 AND E[P, 3) ¢ @
1 >08 0R EIP, 3] 207
11 -1 &« E[P, 2]
2] -{ % Elpo 3)

+

T0 R

1F B[P, 2) <« B AND EIP, 3] <« @

NEXT P

6010 1110
P TOR

FOR J =
LEY ELJ
LET E1J
NEXT J

’
’

2)

= EIJ + 1, 2]
3] = EtJ ¢+

GOT0 1010
PRINT E {1, 2), €12, 2), EI(3, 2]
1 THEN 1170

IF A =
LET A =
FOR W =

LET EL(R = W) ¢+ 1, 2]
LET EL(R = W) ¢+ 1, 3]

NEXT W

A
1

-1

T0 A

LiW, 1)
LIW, 2)

910

THEN 970
HEN 1000

THEN 108580

IF INT(R /7 2) <> R /7 2 THEN 1210

LET X = (E[R /7 2, Z2) + E[R 7 2
PRINT X

GOTO t24¢ . .

LET Rt = INT(R 7 2) + 1

LET X = EIRL, Z)

PRINT X

RETURN

REH SUBROUTINE TO ESTIMATE ERRO
MAT F = ZFR(2, 2)°

MAY H
LET
FOR
LETY
LET
LEed

LET
LET
LET
LET
LFY
NEXT
MAT

MAT
RETUR
SToP
END

oV Hu

-

TMTTTETTYT MOV EeO T
L “'-

ZMNIX Voomrmrmeom )
LS RV

« @« = s 5 u

0
|

A

ZER(2, 2)

70 C

3] = DtP, 21 /7 (O + DI
+ (D(P, 31 - DIP, 11)
((DLP, 21 * ((O 7/ OIP,
((Nt 2) * ((O 7 DIP,

1] Fl1, 1) + St ¢ 2

2) = F{1, 21 + S1 & 82
1) = Flt, 2}

2) = FI2, 2) # 82 ¢t 2
INV( F )

(/7 (C = 2)) * H

t 1, 21) /7 2

RS

P, 21 / N)

Tt 2

2} # 1 7 N) 1 2)) ¢ el) 2 »f
2] # 1 / N) 1 2)) * »}



3.8 Appendix 2

Triosephosphate isomerase equilibrium velocity

The kinetic mechanism of triosephosphate  isomerase can be

represented as;
E+S @ ES @& EZ @ EP @& P+ E

where S is DHAP and P is GAP (Albery & Knowles, 1976). The
equilibrium velocity of a reaction proceeding by n consecutive steps can
be described by the following equation, (Yagil & Hoberman, 1969).

n

1/v = 1/v
/ e / i

1 .
Thus the equilibrium velocity for the exchange of isotope between the

pro-S C-3 position of DHAP and the aldehydic hydrogen of GAP, can be

described by the following equation;

1/Ve = 1 r1 + 1 + 1 + 1
@) [ Rk gkl kkgkok
| ko kakg k-3k-2k-1J

14+ [k, + ok + kkk
k) koky kgk ok,

where S 1is the DHAP concentration and (E)t is the total enzyme
concentration. In calculating the specific equilibrium velocity of the
enzyme the concentration of enzyme equivalent to 1 unit of activity was
arbitrarily assigned a value of 2.3 x 10-9m. This resulted in the

experimentally observed and predicted equilibrium velocities having the

same range of values.
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The rate constants used to construct the theoretical curve shown
in figure 3 in the main text were those of Albery and Knowles (1976) who
estimated the rate constants from isotope exchange  measurements
performed at 30°¢C and pH 7.5. The rate constants used in the model were

as follows:

k, = 10° ! 57! k, =8x 10* §71
k2 =2 x 103 s-l k_z =6 x 103 s-1
k3 =7 x 104 s_1 k_3 =9 x 104 su.1
k, = 4 x 10° 71 k, =1x 0’ w7

The equilibrium concentrations of GAP and DHAP were calculated assuming
an equilibrium constant for triosephosphate isomerase of 22 (Veech et
al, 1969) and an equilibrium constant for aldolase of 1.2 x 10—4

(Herbert et al, 1940).
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4 Development of a kinetic model to describe the properties

of the C-2 exchange system in the erythrocyte

4,1 Introduction

In the previous chapter the properties of the in vitro exchange

system and its suitability as a model of the system in situ were

discussed. In this chapter models are developed which relate the
observed in vitro properties of the enzymes to the properties expressed

by the system of enzymes in situ.

4.2 Experimental

Materials

Transketolase, ribulosephosphate 3—-epimerase and ribosephosphate
isomerase from yeast were obtained from Sigma.

Ribulosephosphate 3-epimerase assay

The assay system is based on that described by Horecker et al

—

(1956). The reactions involved are:

Ribose 5-phosphate e Ribulose 5-phosphate
(ribosephosphate isomerase)

Ribulose 5-phosphate & Xylulose 5-phosphate

(ribulosephosphate 3-epimerase)

Ribose + Xylulose & Sedoheptulose +  GAP
5-phosphate 5-phosphate (transketolase) 7-phosphate
GAP < DHAP

(triosephosphate isomerase)

DHAP + NADH & glycerophosphate + wmpt
(glycerol-3-phosphate dehydrogenase)

The reaction was initiated by the addition of 0.4mM ribose 5-phosphate
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and monitored by observing the oxidation of NADH at 340nm. The assay
system contained 100mM Tris-HCl pH 7.4, 0.5mM EDTA, 0.2mM NADH, 0.2mM
thiamine  pyrophosphate (neutralised), 3mM dithiothreitol and
approximately 0.2 units of transketolase, 0.2 units of ribosephosphate
isomerase, 5 units of triosephosphate isomerase and 5 units of
glycerol-3-phosphate dehydrogenase. Assays were performed essentially
as described in chapter 2. It was noted that the yeast ribosephosphate
isomerase preparation showed some capacity to oxidise NADH. However at
the concentration present in the assay system this activity was small

and could be corrected for by using a blank.

4.3 Kinetic models to describe the effects of triose phosphate

and FDP depletion on C-2 exchange

It was shown in chapter 2 that observation of the exchange is
dependent on relatively high leyels of the triose phosphates and FDP and
that following depletion of these intermediates in the érythrocyte there
i1s termination of the exchange. Figure 1 shows the same effect in a
glucose depleted erythrocyte lysate to which various concentrations of
FDP had been added. As the concentration of FDP was increased so too
was the extent of the exchange. The correlation between loss of the
exchange and depletion of the triose phosphates indicated that the
exchanges catalysed by aldolase, triosephosphate isomerase and
glyceraldehydephosphate dehydrogenase had ceased. The behaviour of the
exchange prior to total depletion reflects changes in the individual
equilibrium velocities of these enzymes as their substrate
concentrations change. The predictions of a very simple model which

could qualitatively describe this system are shown in figure 2. This

model was derived on the assumption that aldolase is wholly rate

limiting for the C~2 exchange system (i.e. it has a sensitivity
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coefficlent of 1) and that its equilibrium isotope exchange velocity is
a Michaelis-Menten function of the DHAP concentration (see appendix 1
for the derivation). The exchange time courses, shown in figure 1, show
abrupt termination of the exchange at low triose phosphate and FDP
concentrations. This behaviour is reproduced in the model when a low
aldolase "Km" for DHAP is used. This is illustrated in figure 2, as the
"Km" 1s decreased the extent of the exchange is increased and the
exchange rate changes more rapidly near the point of total DHAP
depletion and termination of the exchange. This model is however very
limited, it cannot for example predict the faster rate of exchange
observed at lower added FDP concentrations (see figure 1). 1In the
following section a more sophisticated model is developed to describe
the effects of triose phosphate depletion. This model is based on the
observed in vitro exchange properties of the enzymes for which these

intermediates are substrates.

The dependencies of the aldolase, triosephosphate isomerase and
glyceraldehydephosphate dehydrogenase equilibrium yelocities on the
concentrations of DHAP and GAP can be calculated from the results shown
in chapter 3. Examination of these results show that the aldolase
equilibrium velocity 1s not a simple Michaelis-Menten function of the
DHAP concentration but is in fact a more complex function of the
enzyme’s substrate concentrations. Consider the effect of triose
phosphate depletion on the exchange time courses shown in figure 1. The
concentrations of the triose phosphates and FDP and their rate of break
down in these lysate preparations i1s known. At any instant during
depletion of these metabolites their observed concentrations are the

expected equilibrium concentrations (see table 4, chapter 3). From the

measured dependencies of the equilbrium velocities of these enzymes on
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Table 1

The theoretically predicted effect of triose phosphate and FDP depletion on <o X in a dilute glucose depleted lysate.

2

Time DHAP Specific aldolase Specific GAPDH Specific TIM Total aldolase Total GAPDH Total TIM <n~x
(min) concentration equil, vel. equil, vel. equil, vel, equil. vel. equil. vel, equil. vel. (mM/min)
(pM) AvaoH\awa\cbwnv (pmol/min/unit) (pmol/min/unit) (pol/min/unit) (pwl/min/wmit) (pool/min/wit)

0 600 1.0 0.07 0.034 0.30 1.2 5.8 0.100

5 550 1.0 0.06 0.032 0.30 1.0 5.4 0.096
10 500 1.0 0.06 0.030 0.30 1.0 5.1 0.096
15 450 1.2 0.06 0.028 0.36 1.0 4.8 0.101
20 400 1.4 0.05 0.026 0.42 0.9 4.4 0.103
25 350 1.4 0.05 0.022 0.42 0.9 3.7 G.103
30 300 1.4 0.04 0.018 0.42 0.7 3.1 0.096
35 250 1.5 0.04 0.016 0.45 0.7 2.7 0.097
40 200 1.8 0.04 0.014 0.54 0.7 2.4 0.100
45 150 2.0 0.03 0.012 0.60 0.5 2.0 0.091
50 100 1.4 0.02 0.010 0.42 0.3 1.7 0.069
55 50 0.5 0.01 0.005 0.15 0.2 0.9 0.044

60 0 0 0 0 0 0 0 0



Table 1

The added FDP concentration in the model was 500uM. This gives an
equilibrium DHAP concentration at t=0 of approximately 600uM. The rate
of DHAP breakdown in the lysate was measured at 10uM min (fig. 1).
The specific equilibrium velocities of the enzymes at different FDP,
DHAP and GAP concentrations (only the DHAP concentration is shown here)
were estimated from the results shown 1in chapter 3. The total
equilibrium velocities were calculated by multiplying the specific
equilibrium velocities by the expected enzyme activities in the lysate.
These were estimated from the measured a$tivities of these enzymes in
the erythrocyte 1i.e. aldolase, 1.56 _0.09 units/ml cell water (5
determinations); glyceraldehydephosphate dehydrogenase (GAPDH),
84 15 units/ml cell water (8 determinations); lactate dehydrogenase,
78 8 units/ml cell water (17 determinations). All  of these
determinations were performed on different samples of blood. Details of
the assays were given in chapter 2. The triosephosphate isomerase (TIM)
activity was estimated, from the data of Beutler (1975), to be
830 units/ml cell water. The activities of the enzymes in the diluted
lysate were estimated to be 0.3 units/ml aldolase, 17 units/ml
glyceraldehydephosphate dehydrogenase, 17 units/ml lactate dehydrogenase
and 170 units/ml triosephosphate isomerase. The initial rate of C-2
exchange in the presence of 490uM FDP was estimated to be O0.lmM/min
(fig. 1). This known rate of V 9% at t=0 was used to calculate the
lactate dehydrogenase equilibrium vefocity from the predicted values of
the equilibrium velocities of the other enzymes wusing the double
reciprocal relationship described in the text. The total lactate
dehydrogenase equilibrium velocity was estimated to be 0.4mM/min which
gives a specific equilibrium velocity of 0.024pmol/min/unit. The
lactate dehydrogenase equilibrium velocity was assumed to remain
constant during triose phosphate depletion and VC was calculated from
the expected equilibrium velocities of the other enzymes.






the concentrations of the triose phosphates and FDP (shown in chapter 3)
and from their known activities (measured spectrophotometrically) in the
lysate, the total equilibrium velocities of the individual enzymes at
any point in time in the lysate can be estimated. Using the double

reciprocal relationship between V and the equilibrium velocities of

C2X
the enzymes, these individual equilibrium velocities can then be used to

calculate a predicted value for V as a function of time. The results

C2X
of these calculations (shown in table 1) show that the assumption, used
in the model presented above, that the aldolase sensitivity coefficient
is close to wunity is invalid. It does héwever have the highest
sensitivity coefficient of the three enzymes over-the range of DHAP, GAP
and FDP concentrations shown. The predicted values for VCZX as a
function of time, following the addition of approximately 500pM FDP to a
lysate are presented graphically in figure 3. The points are the
calculéted values. The curve marked A is a polynomial fit to these data
points. Integration of the polynomial allows prediction of the exchange
time course which is shown in figure 4 (see appendix 2). - An alternative

way to describe the changes in V is to represent the changes in two

Cc2X
linear phases (lines marked B and C in figure 3). Integration of this
linear fit again allows prediction of the exchange time course (see
appendix 2). A combination of lineaf and polynomial fits should allow
description of any changes in VCZX which occur as a function of time,

Subsequent integration of this system of data fits allows prediction of

the resulting exchange time course.

The exchange time courses predicted by the aldolase "Km model" and
the "in vitro models" are compared in figure 4 with the time course
observed experimentally following the addition of 490pM FDP to a lysate

preparation. The time courses predicted by the aldolase and in vitro
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models are very similar showing that although the sensitivity

coefficient of aldolase is not equal to one it is nevertheless of prime

importance in determining V The extent of the exchange predicted by

c2x’
the aldolase model, as shown in figure 1, is dependent on the apparent
Km of aldolase for DHAP. The Km used in the model is similar to the
measured Xd for DHAP under.similar conditions of pH and ionic strength
(Grazi & Trombetta, 1974). The predictions of both models however
differ significantly from the experimentally observed time course since
they fail to predict an acceleration in the exchange velocity as the FDP
and triose phosphate concentrations decline. The aldolase model is

intrinsically incapable of predicting an increase in V as the DHAP

Cc2X

concentration falls. The in vitro model however would predict this

effect if the sensitivity coefficient of aldolase were higher and/or the
increase in its equilibrium velocity at lower triose phosphate and FDP

concentrations were greater. Further in wvitro data would obviously

clarify this point. The in vitro model also provides an explanation for

the observed insensitivity of the exchange in situ to the concentrations

of the triose phosphates and FDP which was demonstrated in chapter 2.

Modelling of this sort cannot of course be wused to obtain
quantitative information about the exchange properties of an individual

enzyme in situ. In order to do this a specific perturbation must be

applied to the enzyme (see chapters 5 and 6)‘or the exchange catalysed
by the individual enzyme must be studied directly (see chapter 6).
However the in vitro model can be used to make some semi-quantitative
predictions about the behaviour of the exchange system in situ. The

model in its current form, however, is incapéble of predicting the

effect of net chemical flux on isotopic flux. Furthermore it is based

on an equation which, although experimentally verified in vitro, was
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derived for trace isotope exchange (Yagil & Hoberman, 1969). In the
next section the validity of this double reciprocal relationship between
the enzyme equilibrium velocities and VC2X is established theoretically
using a comprehensive model which also permits simulation of the effect
of glycolytic or chemical flux on isotopic flux. This model is used in
the next chapter to investigate the effect of glycolytic flux on
estimates Of_VCZX in the erythrocyte.

4.4 A comprehensive model of the C-2 exchange system

Isotope Flux

Consider the following system;

where A,B and C are three different interconverting chemical species at

chemical equilibriume A can be converted to B and B to A at rate V1 and

B can be converted to C and C to B at rate V2' These rates of

interconversion can be measured by isotopically labelling the chemical
species. The Vs are then equilibrium velocities for the exchange of
1sotope. Flux of isotope within this system can be described by a set
of differential equations which describe changes in the fractional

labelling, X, of the different chemical species as a function of time

i.e.
(A)dXA/dt = v1 (XB - XA)
(B)dXp/dt = v, (X, = Xp) +V, (X, = X})
(C)dXC/dt =V, (XB - XC)
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Chemical Flux

If there is chemical flux (as opposed to equilibrium chemical
interconversion) then these equations describing isotopic flux must be
modified to include this flux. In the following example there 1s net
chemical flux from A to C. There is a loss of A to give B at rate g and
loss of B, also at rate g, to give C. The concentration of A decreases

and C increases, both at rate g, and B remains in a steady state.

\

N R
1 Yy

The equations describing fractional labelling of A,B and C now become

((Ay) - &t) dXA/dt =V, X -%) - gX,
v, (X, = X)) + Y, (X - Xp) + g(X, - X

Vy (X3 - Xp) + Xy

)

(B) dXB/dt B

((Cy) + gt) dX./dt
where (AO) is the concentration of A at t=0 and (CO) the concentration

of C at t=0,

Chemical Flux in the C-2 Exchange System

In an in vitro exchange system the exchanging intermediates are at

chemical equilbrium. In the intact cell, however, there 1is also
chemical flux in addition to isotope flux. It has been shown (see

chapter 5) that during measurement of the overall equilibrium velocity

of the system (VCZX) lactate accumulates and FDP declines at equivalent
rates. This equivalence indicates that there can be no accumulation of
the intermediates involved in the glycolytic pathway between fDP and
lactate and furthermore that there can be no net input of material into
this section of glycolysis from intermediates above FDP in the

glycolytic sequence (see chapter 5 for a discussion of this result).
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This section of glycolysis between FDP and lactate, which encompasses
the C-2 exchange system, can thus be considered analogous to the A,B,C
system described above. There is chemical flux from FDP to lactate with
the intermediates assuming a near equilibrium chemical steady state.
This system can be considered therefore to be chemically closed. It is
not necessarily, however, isotopically closed. Although
phosphofructokinase is an essentially irreversible enzyme, there is
present in the human erythrocyte, fructose bisphosphatase (Freidemann &
Rapoport, 1974), Isotope can escape, therefore, from FDP to glycolytic
intermediates higher up the glycolytic sequence toward glucose., It will
be shown however that this isotope "leak" from the C~2 exchange systen,
like that involving the pentose phosphate pathway described in chapter

2, does not affect any of the conclusions reached here.

Double Labelling

Consider the following system where A and B react to give C and Z.
. . ,
A+B & C+ 2Z
A and B are singly 1labelled, C is labelled at two positions in the
molecule and Z carries no label. Three labelled species of C exist i.e.
C(*,O)’ C(*’*) and C(O,*)' C(*’*) represents the doubly labelled
molecule, C(*,O) represents the species which derived its label from the
A molecule and C(O,*) the species which derived its label from the B
molecule. C(*,*) is produced by reaction of labelled A and labelled B.
This is a situation rarely observed in radioactive trace labelling

studies where the probability of two labelled species reacting 1is

neglighly small.

This exchange system can be described by the following set of
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equations:

(C(*,O))dXC(*’O)/dt =V (X, =-%) - xC(*,O))
(C(*’*))dxc(*,*)/dt =V (XXg = Kok xy)
(Crg,%))8Kg (0, +y/dt = V (X1 = X,) = Xe(0,+))

Double Labelling in the C-2 Exchange System

Double labelling occurs in the C-2 exchange system for NADH. This
molecule carries two hydrogens at the C-4 position of the nicotinamide
ring both of which can exchange during lactate C-2 hydrogen-solvent
exchange. Double labelling occurs because of the opposite
stereospecificities of the two dehydrogenases involved.. The 1label at
the C-2 position of lactate is exchanged with the A face hydrogen at the
C~4 position of the nicotinamide ring in the reaction catalysed by
lactate dehydrogenase. This singly labelled NADH species carrying label
on tﬁ; A face of the nicotinamide ring at the C-4 position is denoted as
.NADH(*’O) in the following equations. NADH labelled on the B face at
the C-4 position (NADH(O,*) in the following equations) is produced by
exchange of label between GAP and NADH in the reaction catalysed by
glyceraldehydephosphate dehydrogenase. Reaction of B face -labelled NADH
with pyruvate in the reaction catalysed by lactate dehydrogenase (A face
stereospecificity) results in a labelled NAD+'molecu1e. Labelled NAD+
is.also produced by the reaction of A face labelled NADH with 1,3-DPG in
the reaction catalysed by glyceraldehydephosphate dehydrogenase (B face
stereospecificity). ‘Labelled NADT would not be produced if the two

dehydrogenases had the same stereospecificity with regard to the

. +
coenzyme. Reaction of labelled NAD with 1labelled GAP or labelled
lactate results in double 1labelled NADH. These reactions are

illustrated below, the hydrogen label is ringed.
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4.4.1 Derivation of the rate equations

In the following equations g represents the rate of lactate
production or rate of chemical flux through the C-2 exchange system in 3
carbon equivalents. The V terms represent the isotope exchange
equilibrium velocities of the denoted enzymes and the X terms the
fractional labelling of denoted metabolites. The enzymes and
metabolites are represented vby subscripted abbreviations. The
abbreviations are as follows; LDH, lactate dehydrogenase; GAPDH,
glyceraldehydephosphate dehydrogenase; TIM, triosephosphate isomerase;
ALD, aldolase; ALD(RECON), the recondensation reaction between DHAP and
GAP catalysed by aldolase which results in labelling at the & position
of the FDP molecule (see below); SOL, solvent (IHZO or 2H20); FDP,
fructose-1,6-diphosphate; DHAP, dihydroxyacetone-phosphate; GAP,
glyceraldehyde-3-phosphate; 1,3-DPG, 1,3-diphosphoglyceric acid; NAD+
‘and NADH, nicotinamide adenine dinucleotide, oxidized and reduced forms

respectively; PYR, pyruvate and LAC, lactate,

The FDP-DHAP-GAP System

This part of the C-2 exchange system is shown schematically below:-

FDP
/2 J \ ¥z awo
v pV)
& GAP & DHAP & SOL
GAPDH TIM
g 1s the rate of lactate production, the rate of FDP breakdown has bheen

shown to be half this (see chapter 5, one molecule of FDP gives rise to

two molecules of lactate).

Aldolase catalyses the exchange of hydrogen between the pro-S ¢-3

position of DHAP and solvent (Rose, 1958). Triosephosphate isomerase
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catalyses the exchange of this label ©between DHAP and the aldehydic

hydrogen of GAP (Rieder & Rose, 1959).

ALD(RECON) represents the recondensation reaction, catalysed by
aldolase, between DHAP and GAP. This reaction results in exchange of

the aldehydic hydrogen of GAP with the hydrogen at the C-4 position of

FDP i.e.
CH 2090%‘ ® o
| 9 A4
=0 CH,,0PO C
| 12 I
HO-C-H 2 C=0 + HB-C-OH
| | | 2-
@ c-ou HO-C-H Gi,,0P0
l |
B-C-OH H
I
D
CH,0PO0;
FDP DHAP GAP

The hydrogen labels are ringed. The 1label on DHAP is 1lost to the
solvent. The following equations can be written, on the basis of this
scheme, to describe the changes in fractional labelling of FDP and DHAP:

((FDBG) = g€/2) dXppp/dt = Vg b xecony Koap = Frop) ~ 8X ppp/ 2

(DHAP) dX t =V

M Foar ~ Xpuar) t Varp Fsor ~ Xpmap)
+ 8Xgo1/2 = 8Xpuap/2

prap’ 4

The equations describing GAP labelling must also consider NAD(H)
labelling (see above section on double labelling).

(CAP) dXopp/dt = Vory Cpgap = Xear) * Voapom (XNADH(* xy | NADH o,y T Xeap)
b ’
+ v

ALD(RECON) Xppp ~ Xgap

+ gX /2 + gX_. /2 - gX

DHAP FDP GAP

The exchange in solvent can be described by the following equation:
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(SOL) dXSOL/dt = VALD ()%HAP - XSOL)

The NAD -NADH System

The basic scheme of this part of the C-2 exchange system was shown
in the section above on double labelling. However this scheme must be
extended to include the effects of glycolytic flux through the system.
This will 1lead to the loss of NAD+ and the production of NADH in the
reaction catalysed by GAPDH and the loss of NADH and the production of
NAD+ in the reaction catalysed by LDH. The concentrations of NAD+ and
NADH are assumed to remain constant. The equations describing NAD+ and

NADH labelling are as follows:

(NAD) dX._, . /dt

VLor (XNADH(O’*) * XNADH(*’*) " Xnap’

v ( + X - X )
GAPDH ‘*NADH
ADH oy~ TNADH(, 4y = “NAD

T (XNADH(* xy XNADH(O sy Xyap’

NAD

(NADH) dX /dt = V ( (1-X_,)-X )
NADH(*’O) LDH XLAC NAD NADH(*,O)

+ Vourpr Fuap !~ Xear) ~ b

+ g Xyp( -~ Xgpp) = Xy

)
Hx,0)
)

PHex 0)

(NADH) dXp\ iy fdt = Vipy (Xpae Xap ~ X

(*,%) DR, %)
+V

carpd Xnap Fear T X

+ 8 Gup Xoar ~ X

DH<*’*))

DH(*,*))

(NADH) dXp, /dt = Vion Kuap (1= Xpued) = X

(0,%*)
+ Voappr (Rgap (1 - X

+ g (X

)
PR 0, )

) - X )
NAD NADH, () 4y

(1 -X.,q4) - X )
GAP NAD NADH(O’*)
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Table 2

Model simulation of the effect of changing the glyceraldehydephosphate
dehydrogenase equilibrium veélocity on the overall equilibrium velocity
of the C-2 exchange system, VCZX' Verification of the double reciprocal

relationship between V and the equilibrium velocity of an individual

C2X
enzyme.
GAPDH Model predicted t1/2 predicted by
equilibrium t1/2 (min) equation relating VC2X
(mM/min) to the equilibrium velocities

of the enzymes

10 22 22

5 23 23

2 28 28

1 37 37

0.75 42 42

0.50 53 53

0.25 86 86

The model is described in the text and in appendix 4, The conditions

used in the model were as follows; 110M solvent, lmM DHAP, 45uM GAP,

10pM NAD+, 10pM NADH, 3mM FDP and 12mM lactate. The enzyme equilibrium

velocities were; V 1.0mM/min;

ALD? VaLD(RECON)®  O+0mM/min; Vo

15.0mM/min; l.5mM/min; lactate production, 0.0mM/min. The

VLDH’
glyceraldehydephosphate dehydrogenase equilibrium velocity was varied as

described in the table. These enzyme equilibriunm velocities and

substrate concentrations simulate the conditions found in the

erythrocyte, see chapter 5.



Solution of the non-linear simultaneous differential equations

The exchange system can be described, as shown above, by a set of
non-linear simultaneous differential equations. These can be solved,
that is the values of X can be calculated at time t, using computer
orientated numerical methods (see for example McCalla, 1967). The
principle of these methods is illustrated in appendix 3 by application
of the "Euler predictor-corrector method" to the solution of the
equations describing C-2 exchange. The limitations of this method when
applied to the C-2 exchange system are discussed and another method, a
variable step, variable order Gear method is introduced which is much
better_sﬁited to the particular problems presented by this system

(Curtis & Chance, 1972; Garfinkel et al, 1977).

4.5 Uses of the kinetic model

4.5.1 Validation of the double reciprocal relationship

The model can be used to show that a double reciprocal relationship
exists between VC2x and the individual enzyme equilibrium velocities at
the enzyme and substrate concentrations encountered in these studies.
This is demonstrated in table 2 which shows the predicted effects on
VCZX of changing the glyceraldehydephosphate dehydrogenase equilib;ium
velocity in the exchange system. The substrate concentrations uséd in
the model are those normally found in the erythrocyte (see chapters 5

and 6). The enzyme equilibrium velocities are those expected in situ on

the basis of the in vitro results shown in chapter 3 and the results of

equilibrium velocity determinations shown in chapter 5. The results 1in
table 2 show that the apparent t1/2 or point of 50% labelling (null
point in the exchange time course) predicted by the model is the same ag

that predicted by the double reciprocal relationship, This
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Table 3
Model simulations of aldolase equilibrium vélocity determinations.

A - V,ip. Was set equal to 1.0pmol/min/unit. The aldolase activity in
the mo&el was varied between 0.2 and 1.5 units/ml. The equilibrium
velocities of the other enzymes were given the following values; VGAPDH

2.5mM/min, Vorn 1.5mM/min, Voo 1.5mM/min.,

VALD - VALD(RECON) | VALD calculated from the
(nM/min) (mM/min) exchange time courses
predicted by the model
(pmo1/min/unit)
1.0 0.0 1.0
1.0 0.1 1.2
1.0 1.0 1.3

B - As in A except that thé equilibrium veélocities of the other énzymes

were given the following values; VGAPDH 5.0 mM/min, VTIM 3.0 mM/min,
\' 3.0 mM/min.
LDH
VALD VALD(RECON) VALD calculated from the
(mM/min) (mM/min) exchange time courses
- prédicted by the model
- (pol/min/unit)
100 Ool 1‘2
1.0 0.5 1.3

Thé other conditions used in the model were as follows: IIOM‘solv
These enzyme equilibrium velocities and substrate concentrations are
similar to the conditions often used in the in wvitro C-2 exchance
system. ng




correspondence breaks down however 1f the lactate concentration 1is

lowered to 1levels comparable with those of the other intermediates

involved in the exchange.

Table 3 shows the results of a simulated in vitro aldolase

equilibrium. velocity determination. It will be remembered from the
above that aldolase catalyses the exchange of isotope between the pro-S
C-3 position of DHAP and solvent and also between the aldehydic hydrogen
of GAP and the C-4 position of FDP, It was expected that the
equilibrium velocity measured would‘reflect primarily the exchange of
isotope between DHAP and solvent. The results shown in table 3 show
this to be the case. Even when the recondensation reaction is set equal
in rate to the solvent exchange reaction the equilibrium wvelocity
determined is only slightly gpeater than the velocity of the solvent
exchange reaction. It might be thought that the effect of the
recondensation reaction on GAP 1labelling, if it occurred to any
significant extent, could affect glyceraldehydephosphate dehydrogenase
equilibrium velocity determinations. However the results in table 4,
which are from a simulated glyceraldehydephosphate dehydrogenase
equilibrium velocity determination, show that in fact the recondensation
reaction has no effect. Of course this is only a simulation of bulk
isotope flux, it makes no predictions about mechanistic effects on rate
unless these are supplied with the equilibrium velocities input into the
program. For example it 1s unlikely, see above, that the recondensation
reaction would take place to any significant extent in the presence of
triosephosphate isomerase and at the substrate concentrations found

here.
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Table 4

Model simulation of the effect of the recondensation reaction catalysed

by aldolase on glyceraldehydephosphate dehydrogenase

(VALD( RECON) )
equilibrium velocity determinations.

VGAPDH was set equal to 0.10pmol/min/unit. The other conditions used in

the model were the same as those described in part B of table 3. The

glyceraldehydephosphate dehydrogenase activity was varied between 2 and

15 units/ml.

VALD VALD(RECON) VGAPDH (pmol/min/unit) calculated
(mM/min) (mM/min) from the exchange time courses
predicted by the model
1.0 0.0 0.10
1.0 0.1 0.10
1.0 0.5 ' 0.10
15.0 1.5 | 0.10

15.0 7.5 0.10



4.5.2 Simulation of the effects of chemical flux on isotopic flux

The model can be used to predict the effect of glycolytic or
chemical flux on isotopic flux through the C-2 exchange system in situ.
It was shown in chapter 2 that under normal circumstances, where the
isotope flux is approximately five times greater than the rate of
lactate production, that glycolytic flux has little effect on estimatés

of V In the next chapter the model 1is wused to examine the

c2x’

consequences of changing the ratio of these fluxes on measurements of

Veax®

4.5.3 Isotope leaks — the effect of side reactions on the exchange

The model shows that under the conditions encountered in these
studies changing the activity or concentration of a particular enzyme
produces a change in.VC2X consistent with that expected from the double
reciprocal relationship. Changes in the activities of the other enzymes
involved 1in the exchange will change the sensitivity coefficient of the

enzyme but its relationship with V will remain hyperbolic. This

Cc2X
holds for C-2 exchange because it is, in the form described, an
essentially linear system of exchange reactions. Additional pathways
for exchange however can change this situation. For example consider
the‘exchange pathway, mentioned in chapter 2, which involves the pentose
phosphate pathway enzymes | transaldolése, transketolase and
ribulosephosphate 3-epimerase. Since this pathway can exchange the
aldehydic hydrogen of GAP with solvent it can bypass the reactions
catalysed by aldolase and triosephosphate isomerase. The overall
equilibrium velocity for a set of parallel pathw;ys i1s simply the sum of

the equilibrium velocities for the individual pathways (Yagil &

Hoberman, 1969). Under these circumstances there would no longer be a

123



double reciprocal relationship between the aldolase and triosephosphate

isomerase equilibrium velocities and V 9 unless the exchange catalysed

c2X
by the pentose phosphate pathway enzymes were vanishingly small. The
pathway would not however affect the double reciprocal relationship

e These would

between the dehydrogenase equilibrium velocities and VC2X

however be affected by another pathway which could introduce solvent
label into NADH. The existence of such a pathway is ruled out by the

.data presented in the next chapter.

The existence of a pentose phosphate pathway, active in the

exchange, will clearly affect the predictions of the i1in vitro model.

However it 1is unlikely that this pathway makes a significant
contribution to C-2 exchange. Although there is a large amount of
transaldolase activity in the human erythrocyte, transketolase is
preéent in only low aétivity (Friedemann & Rapoport, 1974). In the
assay system used here (see Experimental section) the epimerase has also
been shown to be present, although again in low activity. Increasing
the epimerase activity in a concentrated lysate from 1.2 to 1.6 units/ml
by adding an enzyme preparation from yeast had no detectable effect on

\'f This does not prove that the epimerase pathway is unimportant,

c2x’
for example transketolase may be the rate limiting stép. Addition of
trénsketolase may clarify this point. Experiments in vitro with the
isolated enzymes would also provide additional information on the
relative importance of the pathway. The reaction catalyséd by fructose
bisphosphatase represents another possible isotope leak. Label
transferred from GAP to FDP would subsequently exchange with glycolytic
intermediates above FDP in the glycolytic sequence. However the

recondensation reaction catalysed by aldolase is unlikely to result in

significant FDP labelling and therefore this leak is not expected to be
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large. the capability of the in vitro model, shown above, to describe

the properties of the exchange system in situ suggest‘ that the
contribution of both these pathways is unlikely to be significant.
Furthermore they are of no consequence to the equilibrium velocity
determinations, shown in the next chapter, on glyceraldehydephosphate

dehydrogenase in the intact erythrocyte.

4.6 Summary and conclusions

Models which predict the exchange behaviour of the C-2 exchange
system from the individual isotope exchange properties of the enzymes
have been demonstrated. These models can be wused to provide
semi—quantitative explanatioﬁs of the behaviour of the exchange system

in situ. In this respect they are similar to computer models of

metabolism. Although of no direct use in determining the in situ

kinetic properties of an enzyme, the comprehensive model described can
be used to investigate the effect of chemical, in this case glycolytic
flux, on measurements of isotopic flux. In general the measurement of

the in situ kinetic properties of an enzyme, which are 'observed by

measuring the exchange properties of a system of enzymes, will require
modelling of the entire exchange system in vitro in order to determine
the possible effects of chemical flux. Such models will, because of
changes in the concentrations of the labelled ihtermediates; be
characterised by a set of non-linear differential equations. A method
sulited to the solution of such equations is described in appendix 3.

In the next chapter a direct method for obtaining the in situ

equilibrium velocity of glyceraldehydephosphate dehydrogenase 1is
described. The model is used to determine the effect of glycolytic flux
on these in situ equilibrium velocity determinations which involve

changing the ratio of the rates of chemical and isotopic flux.
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4.8 Appendix 1

A kinetic model to describe the effects of DHAP depletion on VCZX'

The model assumes that the overall equilibrium velocity for the

C-2 exchange system, is wholly determined by the equilibrium

Voax?
velocity of aldolase i.e. VCZX = VALD' It also assumes that the
equilibrium- velocity of this enzyme 1is a simple Michaelis-Menten

function of the DHAP concentration.

The first order rate constant for the exchange (k) can be

described by the following equation;

= - k_t
k VCZX (DO kD )
Km + - t
LO (Km i DO kD )
where D0 is  the DHAP concentration at t=0, Km is the apparent Km of
aldolase for DHAP, kD is the rate of DHAP breakdown and LO is the

non-exchanged lactate concentration present at t=0, The rate of change

of lactate labelling is described by the following equation;

dXL = —vC2X (D0 - th) dt
XL L0 (Km + D0 - th)

where XL is the fractional labelling of the lactate, Integrating both
sides of this equation we obtain;

chx/L . (-th + Km 1n(Km + DO/Km + D

XL = exp 0D

If the equation is wused to describe changes in lactate methyl peak

0 " kpt))

height in the n.m.r. experiment then it becomes;
L/L0 =1 - 2XL

where L is the peak height at time t and L, is the peak height at t=0,

0
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4.9 Appendix 2

Integration of polynomial and linear equations describing changes 1in

chx‘

It was shown in the text that changes in VC2X could be described
by linear or polynomial equations or by a combination of the two.

Integration of these equations permits calculation of the exchange time

course.

The effect of a linear change in Vnz on the exchange time course

X
The fractional labelling of the lactate, XL, can be described by

the following equation;

de = -(V - kt) XL
+.
dt L0 Le
where V is VCZX’ LO is the unlabelled lactate concentration at t=0, Le

is the concentration of solvent labelled lactate present at t=0 and k is
the rate of change in VCZX'

As shown in the text, the changes in VCZX may occur in one or more
linear phases. If Le 1s assigned the concentration of solvent labelled
lactate at the beginning of each new phase and L0 the concentration of
non-solvent labelled lactate. Then each phase, wether it is described

h

by a polynomial or linear equation, can be integrated separately.
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Rearranging the above equation;

de = =(V - kt) dt
_ii L0 + Le

and integrating both sides gives the following equation which describes
the fractional labelling of the lactate at time t during a linear phase
in which VC2X is changing at a constant rate k.
t(kt - 2v)/2(L, + L )
0 e
X = L. exp

L 0

L0 + Le

For C-2 exchange;

L/L0 =1 - 2XL

where L 1s the lactate peak height at time t and L,  is the peak height

0
at t=0.
The effect of a non linear change in YﬂZX on the exchange time course
Y
If VC2X changes in a non linear fashion as a function of time then

~ these changes may be described by a polynomiai function. In the example

given in the text the changes in Vogxy Were fitted to a polynomial

function of the form;

V=A+Tt+W2 4+ 0e3 + ve?

where t is time, V is VC2X and A,T,W,U and V are the coefficients of the
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function which were varied in order to obtain a fit to the changes in
V. The equation describing changes in the fractional labelling of the

lactate is thus;

A
-1 (A+ Tt + Wt2 + Ut3 + Vt ) dt

+
X LO Le

i

r-‘

XL’ L0 and Le have the same meaning as described above. Integrating
both sides of this equation we obtain:

-1 (At + Tt2/2 + Wt3/3 + Ut4/4 + Vt5/5)

(L0 + Le)

The equation describes the fractional labelling of the lactate at time t
where VC2X 1s changing as a function of time and its value at time t is

given by the polynomial function described above.

Thus changes 1in VCZX may be described by linear or polynomial

functions or by a combination of the two. The changes in V can be

C2X
divided into several phases, each described by a separate function.

These phases are integrated separately in order to calculate the

exchange time course.
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4,10 Appendix 3

Computer programs for numerical integration of the equations describing

C-2 exchange

Euler method

The Euler method is a simple iterative method based on the

following equations. Euler’s formula can be written as

yn+1=yn+hfn

where yP denotes a predicted value approximating y ’
n (xn-l'l)

computed by a linear Taylor algofithm. The term fn is the derivative of

+ 1

the integral curve y(x). If it is assumed that fn is constant over
small intervals (Xh’xn+1) then the value of y at xn+1 can be calculated
from its value at X from the above equation where h is the abscissa

increment; x =xn+h. This is called the step size of the numerical

n+1
method. The above equation 1is the Taylor-series expansion of first
degree for the solution function y(x). Truncation of this expansion, as

in the above equation, results in a truncation error which occurs in

each step of the solution and is propagated through successive steps. A

P

k1 is obtained if higher order terms of the

better approximation of y
Taylor series are used. This can be difficult however because of the
involved form of the derivatives. For this reason methods were
developed which indirectly wuse the Taylor series expansion ‘without
computing the higher order derivatives of f(x,y), (see McCalla, 1967).
In the predictor corrector method the predicted wvalue y§+1 is

substituted into the following equation which is derived from a second

order Runge-Kutta method which itself is equivalent to the second order

131



Taylor algorithm.

c

Yokl ))

P
RA + h/Z(fn + f(Xm+1’ Yn+l

where y;+1 denotes a corrected approximation of y(xn+1). If this

corrected value is now substituted into the right hand side of the

P

equation as Yot1?

then the calculation can be repeated to obtain the
corrected value. This iterative procedure can be repeated a number of

times wuntil convergence for a particular step is obtained. Convergence

P

can be tested by comparing y§+1 - yn+1

with some positive

c

convergence term, y .,

y§+1 was its value during the previous iteration. When the corrector

is the current value of the predicted solution,

formula converges the step index is incremented, X is increased to give
xd+h, and the entire procedure is repeated. The predictor formula is
used only once for each step, whereas the corrector is iterated until it
converges for each step. Under the conditions found in the erythrocyte
there will be very rapid changes, following a pulse of label, in the
fractional labelling of those intermediates which have relatively 1low
total concentrations and which are turned over by enzymes with high
equilibrium velocities. In order to calculate, using the Euler method,
the changes in labelling of these iﬁtermediates following a label pulse,
a step size (h) must be used which is‘comparable with the shortest time
constants for the transients observed in the fractional labelling of the
intermediates following the label pulse. Simulation of the behaviour of
the system over a much longer time interval (these initial transients
will decay very rapidly) 1is uneconomic if time steps comparable to the
shortest time constants are used since this day involve evaluation of
the equations describing fractional labelling as many as 106 or even 108

times (see Curtis & Chance, 1972). As well as being uneconémic in
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computer time the method also becomes inaccurate due to both roundoff
error which 1is propagated through successive calculations and the
intrinsic inaccuracy of the predictor-corrector approximation which
results from truncation of the Taylor series expansion on which the

formulae are based. The equations under these conditions are said to be

"stiff',

.Gear method

The property of stiffness can be characterised by the Jacobian
matrix of the system (for the C-2 exchange system this is given by the
subroutine PEDERV in the computer program shown below )e The set
of equations describing the C-2 exchange system have the general form;

(CONG), dX, /dt = vj(xl,x yesssessX,), 1=1 to 9 and J=1 to 6

2

where (CONC)i represents the céncentration of the intermediate 1, Vj
represeqts the isotope exchange equilibrium velocity or the chemical or
glycolytic flux rate (g in the model) for the reaction j and Xi
represents the fractional labelling of the intermediate 1{. This
equation can be rewritten in the form;

dci/dt=k (C C2’.......Ci) i= 1 to 9and j= 1 to 6........1

h S
where Ci represents the concentration of the labelled intermediate i and
kj the rate constant for the reaction j. The Jacobian matrix for this
system has the components ka/JCi. Since some of the equations are
non-linear this is a time dependent matrix. If the matrix were constant

then the equations would represent a set of 1linear differential

equations with constant coefficients. In this case the solutions are
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combinations of exponentials of the form exp(®&X t) where the numbers &

k k

are the eigenvalues of the matrix of coefficients. Under these
circumstances an iterative method for numerical integration is
unnecessary, The non-linearity arises because of double labelling (in
the case of NADH) and because of changes in the concentrations of the

labelled intermediates (in the case of FDP and lactate).

Consider equation 1 and suppose a slightly varied solution is
obtained representing a perturbation on the concentrations Ci(t)' The
concentration of the i th wvariable in the solution is denoted as
(Ci + ni), where n, is in general expected to be small. The

differential equations satisfied by the varied solution are therefore;

dCi/dt+dni/dt = kj (C1+n1,ooooooci+ni)
9% kj (Cl,czooooooci)
+ nidkj /JC:l + O(nz) j=1 to 6 and i=1 to 9

e
]
[-—

The right hand term has been expanded in a Taylor series as far as the
first derivative term. This gives the variational equation which

describes the behaviour of small fluctuations about the solution;
9 g 4 ,
dni/dt :;;1 n, j/ Ci’ j=1 to 6 and i=1 to 9

where ka/c( Ci is given by the Jacobian matrix. In the Euler method it
is assumed that these fluctations are negligbly small and thus that the
first derivative, y’, of the function y(x) is constant over the time

step h. For a very stiff system where the solutions are changing very

rapidly this may not be the case and y’’ may not equal 0. For a system
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of differential equations the second derivative, y’’, of the solutions
can be calculated using the following equation where the derivatives are

written in vector notation and J is the Jacobian matrix.

In the variable step, variable order Gear method this equation is wused
initially to estimate the truncation error obtained with a first order
algorithm. Both the order of the algorithm for integration and the time
step appropriate to the current stiffness of the system are then
selected. These are adjusted throughout the integration process.
During simulation of the isotope exchange'system the order will increase
rapldly during the initial transients obtained following the 1label
pulse. As these die away the order will decrease as a steady state is
obtained and the time step will increase. The time step can reach
values of the order of 106 times the shortest time constant in the
system (Curtis & Chance, 1972). The method is thus very economical in
terms of computation time, much of the work being dotre in the simulation
of the intial transients, and also more accurate since fewer iterations
are required. Under "non-stiff" conditions the Euler and Gear methods

gave similar results.

A computer program for numerical integration of the equations

describing C-2 exchange using the Euler method.
The program was written in Fortran IV and was run on the Oxford

University ICL 2980 computer. The following is a brief outline of the

program. A listing of the program is shown on a following page.

135



At lines 7 and 8 the elements of the A matrix are assigned values
representing the total micromolar concentrations of the labelled
intermediates involved in the exchange. The elements 1 to 8 contain the
concentrations of lactate, NAD+, GAP, DHAP, solvent and the three NADH
species respectively. At 1lines 9 and 10 the elements of the B matrix
are assigned values representing the micromolar concentrations of the
labelled intermediates. In this model the label is regarded as being
deuterium and at t=0 the lactate 1s totally deuterated at the C-2
position, the other substrates contain no deuterium. Although the
solvent concentration has been set at 1M, instead of 110 M, this has no
effect on the predictions of the model since it is still much greater
than the concentrations of the other intermediates involved in the
exchange. At lines 11 and 12 externally supplied values for the
equilibrium velocities (V matrix) and time step (H) are read 1nto the
program. The time step was typically 0.0l minutes. The elements of the
V matrix represent the equilibrium velocities (input with units of
mM/min) of the enzymes lactate dehydrogenase, glyceraldehydephosphate
dehydrogenase, triosephosphate isomerase and aldolase respectively. It
will be noted that this is a shortened version of the model described in
the text which contains terms describing the labelling of FDP and the
rate of lactate production. At lines 13,14 and 15 time values (in
minutes) at which solution values are to be output are assigned to

elements of the T matrix.

From linés 26 to 61 the concentrations of the intermediates used
in the‘program are output as are the values for their fractional
labelling at t=0. The equilibrium velocities and time step which were
read into the program are also output. At lines 58 to 61 the

concentration of deuterated lactate and its apparent concentration (in
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terms of peak height) in the C-2 exchange experiment are output.

Line 62 marks the start of the predictor section. The elements of
the P matrix are assigned the values of the Y matrix which were
assigned, at line 24, the values of the B matrix, the concentrations of
the deuterated intermediates. Ul 1s assigned the value of U (which

represents time) which was set to zero at line 22.

The subroutine called DERIV is then called. This subroutine is
listed at the end of the program. The elements of the R matrix are
assigned values representing the fractional' labelling of the
intermediates. The elements of the D matrix are assigned the calculated
values for the deuterium concentrations of the intermediates. The
derivation of these equations is shown in the text. On return to the
main program the E matrix is assigned the values of the D matrix. The X
matrix 1is then assigned the values of the D matrix plus the values of
the E matrix multiplied by the time step H, (line 72). This represents
the predictor equation shown above. A flag is set at line 75, which
marks the start of the corrector section, and the elements of the P
matrix are given the predicted values calculated at line 72. The time
value is incremented by the time step H at line 79 and the subroutine
DERIV is called again. This | calculates new values for the
concentrations of deuterated intermediates using the predicted values,
contained in the P matrix, as starting values. On return to the main
program these new values are assigned to elements of the F matrix. At
line 85 the -elements of the W matrix are assigned the values of the E
matrix (the solution values calculated in the predictor section) plus
the values of the F matrix., At line 89 the values of the W matrix are

reassigned with values of the Y matrix (the initial solution values used
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at the start of the predictor section) plus the values of the W matrix
multiplied by half the value for the time step. This 1line represents
the corrector equation. At lines 93 and 94 the computed solution values
are tested against a convergence term set at 0.1. If the current values
for the solutions differ by less than 0.1 from the initial values or the
values computed‘in the previous iteration then control is transferred to
line 102. If the solution values have satisfied the convergence test
then the flag (L) set at line 75 will equal zero and control is
transferred to line 103, If the value of U (the time value) is greater
than the Nth value of the time matrix T then control is transferred to
line 110 and the current solution values are oﬁtput. If the solution
values do sétisfy the convergence term but the value of U does not
exceed the current Nth value of the time matrix T then the value of the
Y matrix is set to the value of the W matrix at 1line 105 i.e. the
elements of the Y matrix aré assigned the current solution values. The
time (U) is incremented by the time step (H). Control is then
transferred to line 62 and a new predictor calculation is performed. If
the solution values do not satisfy the convergence test then control is
transferred to line 96, The values of the X matrix are assigned the
values of the W matrix, i.e. the o0ld corrector (W) becomes the new
predictor (X). The flag L 1is set to 1 which results in transfer of

control at line 102 to line 75 and the corrector section 1s reiterated.

Storage and output of solution values begins at line 110. The
values of the Z matrix are assigned the current time value (U) and the
concentrations of the deuterated intermediates (W). At line 115 the
current time value, the concentration of the deuterated lactate and the
value of the lactate peak height in the n.m.r. experiment are output.

The time is then incremented by the time step (H). N, which defines the
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current value of the time matrix (T) at which solution values are to be
output, is also incremented. The Y matrix 1s assigned the values of the
W matrix and control is transferred to the start of the predictor
section, If N is greater than 13, the total number of values 1in the
time matrix, then the stored solution values for the deuterated
concentrations of the other intermediates involved in the exchange are

output and the program run terminated.

A computer program for the numerical integration of the equations

describing C-2 exchange using the Gear method

The program was written in Fortran IV and calls the NAG 1library
routine DO2EBF (NAG library, Mk 7) which is a routine which integrates a
stiff system of differential equations using a variable order, variable
step Gear method. A brief description of the operation of this program
is given in the following, a full description of the NAG library routine
is available from NAG Ltd. 7 Banbury Rd. Oxford. The program was run on
an Oxford University VAX computer. A program 1listing is shown on a

following page.

Assignment of parameters; the elements of the CONC matrix are
assigned the initial millimolar concentrations of the intermediates.
The elements 1 to 8 represent solvent, DHAP, GAP, NAD+, NADH, FDP and
lactate respectively. The elements of the Y matrix are assigned the
initial millimolar concentrations of the deuterated intermediates. At
t=0 only the lactate is deuterated. The enzyme equilibrium velocities
are assigned to elements of the VEL matrix. The elements 1 to 5
represent the equilibrium velocities (mM/min) of aldolase, the

recondensation reaction catalysed by aldolase (see  text),
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triosephosphate isomerase, glyceraldehydephosphate dehydrogenase and
lactate dehydrogenase respéctively. VEL(6) represents the rate of
lactate production. The values NUM, XEND and J, also read in from the
external file, represent the number of points at which solution values
are to be output, the total time over which the integration is to be
performed 'and a convergence term which 1s described in the NAG
documentation. The program initially calls the DISPLAY subroutine which
outputs all of the above parameters thus enabliﬁg the user to check that
the correct values have been input. The NAG library routine is then
called which itself calls the following routines during program

operation.‘

Subroutine FCN; this 1is equivalent to the DERIV subroutine shown
in the Euler program. The derivation of the equations is described in
the text. The elements of the P matrix are assigned values representing
the fractional labelling of the intermediates. The calculated
concentrations of the deuterated intermediates are assigned to the
elements of the F matrix, the numbering scheme is the same as that

described for the CONC matrix.

Subroutine PERDERV; this calculates values for the Jacobian
matrix; PW. The matrix element PW(i,j) contains the value for the
derivative dFiﬁJYj. |

Subroutine'OUT; this stores the calculated solution values at a
time point (specified by X in the program) in the matrix RES. The time
at which output is hext required is then calculated and assigned to X.
When all the time points at which solution values are required are

passed the subroutine RESULTS is called. This outputs the stored
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solution values.
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Coroanx

1

1

1

AN TEXT

PROGRAM C2XMOD

DIMENSION A(8),B(8),T(12)

DIMENSION R(®), P(Z),D(8),E(8) ,F(8),W(8),X(8),Y(8)

DIMENSION 2(12,9),V(4) ,TT(8) ,STATE(8)

COMNMON D,V ,R,P,A

INPUT SUBROUTINE

DATA AC1) ,AC2) A(3),A(C4),A(S) ACE) ACT) ACB)/
6300.0,90.2,50.0,500.0,1000000.0,56.0,50.0,5G.0/

DATA E(1),E(2),B(3),8(4),E(S) , B(6) ,B(7) , B(8)/
600¢.0,0.0,2.0,0.0,0.0,0.0,0.0,0.0/

READ(1,#%#) V(1),V(2),V(3),V(4)

READ(1,#*) H

DATA T(1),T(2),T¢(3),TC4),T(5),T(6) ,TC7),T(8),T(9) ,TC10),
T€11),7¢12)/

2 2.pbep60,8.,10.,120,162,16.,18.,20.,22.,24. 1

400

DO 400 I=1,4
V(I1)=v(I)+100).
CONTINUE
LERO0=0 .0

Cra2xs INITIALIZE

1

1

1

25C
1

§CC

1300

1050

110C
111¢

Cawndx

112C

1300

10(

Crers

164G

1500

170C

180C

N=1

u=0.

b0 450 1=1,8

Y(1)=B(I1)

CONTINUE

DATA TTC1),TT(2),TT(3),TTC4) ,TT(5),TT(6)
/7HLACTATE,3HNAD,3HGAP,LHDHAP,7HSOLVENT,4HNADHI

WRITE(2,500)

FORMAT (1X, *SUBSTANCE TOTAL CONC./uM
' INITIAL DEUTERIUM CONC./uM®)

DO 600 1=1,6

WRITE(2,501) TT(I),AC1),B(I)

FORMAT C1X, A10,5X,F12.4,10X ,F12.4)

CONTINUE

WRITE(2,550)

FORMAT (//)

WRITE(2,650)

FORMAT(1X,"1SOTOPE STATE INITIAL DPEUTERIUM CONC./uM®)

DATA STATE(6) ,STATE(7) ,STATE(8)
/3H3 0,3H* G, 3HO »/

po 750 1=6,8

WRITEC(Z2,700) STATE(I) B(1)

FORMAT (11X, A4 ,10X,F12.4)

CONTINUE

WRITE(Z,550)

WRITE(2,800)

FORMAT(IX,"EQUILIBRIUM VELOCITIES®")

WwRITE(Z2,850) .

FORMAT (1X,* LDH GAPDH
’ ALDOLASE?®)

WFITE(2,9C00) V(1) ,v(2),V(3),v(4)

FORMAT C1X,5(F12 .4,5X))

WKITE(2,550)

WRITEC2,10C0) H

FORMAT(1X,*TIME STEP =°*,F12.4)

WRITE(2,550)
WRITE(2,1050)

FORMAT (1X,°* TIME LACTATE veax®)

XX==1_.0*CA(1)~2.%8(1))
WRITE (2,1100) ZERO,B(1),XX
FORMAT(1X,2(F12.4,5X))
DO 1120 I=1,8
*PREDICTOR SECTION
PCId=Y(I)
CONTINUE

ut=y

CALL DERIV

00 1300 1=1,8
EC1)=D(1)
CONTINUE

00 1400 1=1,8
XCI)=Y(I)+H*E(]I)
CONTINUE
*CORRECTOR SECTION
L=C

pOo 1500 1=1,8
P(1)=x(1)
CONTINUE

Ul=y+H

CALL DERI1YVY

pO0 1660 1=1,8
F(I)=0(1)
CONTINUE

p0 1700 1=1,8
W(I)=EC1)+F(])
CONTINUE

H1=H/2.

00 1200 1=1%,8
W)=Y (J)+HT12u (1)
CONTINUE

(SEQ.NO)

- ek ed wh P e =D D o b .
QWNQMbMN—.QOWNO\ﬂ‘\UN-‘



91
92
93
94
95

96

97

98

99
100
121
102
123
104
135
106
137
108
139
11¢C
1M1

112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
S 132
1332
134
135
136
137
138
139
140
141
162
163
144

145
146
147
168
149
150
151
152
153
15¢
155
156
157
158
159
160

Chrann

1850
1900
1910

1920
193C

1940

Canaw

2000

2100 CONTINUE
YY==1.0%(A(1)-2.*u (1))
WRITE (2,2200) u,w(1),YY

220C FORFAT (1X,3(F12.4,5X))
DO 2250 I=1,8
Y(I)=Ww(1)

2250 CONTINUE
UsU+H
N=N+1
IF(N.EQ.13.) GOTO 2300
6oT0 111D

Cxxa*x+QUTPUT OF SOLUTIONS

2300 WRITE(2,2310) '

2310 FORMAT(1X,"* TIME NAD NADH(#%2)*®
1° NADH(D %) NADH(%x0) ")

2350

2400

245¢C

2500

2600

1200

*+xTEST FOR CONVERGENCE

00 1910 1=1,6,2

1F(ABS (WCI)-X(I)).67.0.1) GOTO 1850
IFC(ABS (W{T+1)=X(I+1)) .LT.0.1) 60TO 1910
b0 1900 ¥=1,6

X€J)=WJ)

CONTINUE

GOTO 1920-

CONTINUE

6070 1930

L=1

IF(L.EQ.1.0) 60TO 1401
IF(U.GT.T(N)) GO TO 2000

DO 1940 1=1,8

Y(I)=W(D)

CONTINUE

U=U+H

6070 1110 .
*STORAGE AND OUTPUT OF SOLUTIONS
Z2(N,1)=U

b0 2100 1=1,8

Z(N,I+1)=¥(1)

WRITE (2,550) .

WRITE (2,2350) ZERO,B(2),B(6),B(7),B(8)

FORMAT (1X,5(F12.4,5X))

0o 2400 1=1,12

WRITE €2,2350) 2(I1,1),1(1,3),2¢1,7),2(1,8),2(1,9)
CONTINUE

WRITE (2,550)

WRITE (2,2450)

FORMAT (1X, " TINME GAP DHAP®
1° SOLVENT®)

WRITE (2,2500) ZERO, B(3),B(4),B(S)

FORMAT (1X,4(F12.4,5X))

Do 2600 I=1,12

WRITE (2,2500) 2(1,1),2¢1,4),2(1,5),2(1,6)
CONTINUE

STOP

END

SUEROUTINE DERIV

DIMENSICN B(8),R(8),V(4),P(8),A(8)
COMMON D,V,R,P,A

0 1200 1=1,8

RCI)=P(TI)/ACY)

CONTINUE

D(1)=V(1)2(R(8) +R(E)-R(1))

"D(2)=V(1)I (RO +R(7)) +V(2) *(R(O6)+R(BII=(V(1)+V(2))*R(2)

DE3)=V(2)2(R(E) +R(7)=R(3)) =V (3)*(R(3)~R(4))
DCL)=V(3)s(R(I) -R(4L))-V(L)*(R(4)I~R(5))
D(5)=V(4L)*(R(4L)-R(5))
DC6)=V(1)2CRCI1)*R(2I=R(6))=V(2) A (R(E)=R(2) *R(3))
DU7I=VIN2C(C1-R(1)I*R(2)=R(7))=V(2)*(R(7)=R(3)4(1-R(2)))

DUEI=V(I)2€CI1-R(2)I*R(1)-R(E))=V(2) *#(R(E)~R(2)*(1=R(3)))
RETURN ’

END

112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

139

140
161
142
143
144

145
146
147
1438
149
150
151
152
153
154
155
156
157
158
159
160












5 A comparison of the kinetic properties expressed

by glyceraldehydephosphate dehydrogenase in the

intact erythrocyte and in vitro

5.1 Introduction

In chapter 2 the properties of the C-2 exchange system in the
intact erythrocyte were demonstrated. A method for obtaining, in vitro,
the individual isotope exchange equilibrium velocities of the enzymes
involved 1in the exchange was described. In chapter 3 the properties of

this in vitro system and its suitability as a model for the in situ

system were examined. Kinetic models which relate the isotope exchange
properties of the individual enzymes to the overall exchange catalysed
by the system of enzymes were described in chapter 4. These models can
be used to provide semi-quantitative explanations of the behaviour of

the exchange system in situ based on the properties the enzymes display

in vitro. However they do not provide any direct information on the

properties displayed by an individual enzyme in situ. In this chapter a
meﬁhod is described for obtaining the isotope exchange equilibrium
velocity of glyceraldehydephosphate dehydrogenase (GAPDH) in the intact
erythrocyte. The kinetic properties displéyed by the enzyme are

compared with the properties it displays in the in vitro exchange

system.

Human erythrocyte GAPDH continues to attract considerable
interest, both as a possible regulatory enzyme in erythrocyte glycolysis
and perhaps more importantly as an enzyme which will, under certain
conditions, bind to the erythrocyte membrane: Binding of enzymes to

membranes and the possible significance of this binding to the control

of metabolism were discussed in chapter 1,
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Conventional steady state kinetie studies employing
spectrophotometric techniques have been wused to examine the kinetic
properties of human erythrocyte GAPDH in vitro (Mills & Hill, 1971;
Oguchi, 1970; Maretzki et al, 1973; Schrier et al, 1975a; Wrigglesworth
et al, 1976; Eby & Kirtley, 1979; Wang & Alaupovic,1980). The kinetic
constants derived from these studies show a wide range of wvalues
depending on the conditions under which they were obtained. For example
the observed kinetic parameters can be affected by various substrate
interactions. Assays employing arsenate as a substitute for phosphate
méy produce artefactual results (Duggleby & Dennis, 1974). The values
obtained for the Km for GAP at pHs between 7.2 and 7.4 range from SpM
(Maretzki et al, 1973) to 2lpM (Mills & Hill, 1971), 95pM (Wang .&
Alaupovic, 1980), 120pM (Wrigglesworth et al, 1976) and 230pM (Schrier
et al, 1975a). From the results of assays performed under conditions
thought to simulate the in situ environment, Maretzki et al (1973)
calculated that the '"velocity of the enzyme approaches within one order
of magnitude of the glycolytic flux". Mills and Hill (1971) and Wang
and Alaupovic (1980), on the basis of their results, suggested that
GAPDH may be rate limiting for glycolytic flux in the erythrocyte under
certain conditions; for example, when there are elevated concentrations

of the triose phosphates and FDP.

GAPDH binding to the erythrocyte membrane has been studied by
measuring the binding of the enzyme to isolated membranes and membrane
vesicles. The concentrations of free and bound enzyme were usually
measured 1in these studies by separating the two forms by
centrifugation. A single high affinity binding site has been identified

and shown to be located on the cytoplasmic pole of the band 3 protein
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(Yu & Steck, 1975). Aldolase  (Strapazon & Steck,  1977),
phosphofructokinase (Higashi et al, 1979) and haemoglobin (Salhany et
al, 1980) also bind to this site although they have a lower affinity.
Competition studies have revealed a complex set of interactions between
these proteins at the band 3 site. Binding of both CAPDH and aldolase
cause release of phosphofructokinase. Haemoglobin competes with GAPDH
for binding but not with aldolase or phosphofructokinase (Higashi et al,
1979 and references cited therein). The binding of aldolase and GAPDH
is mutually competitive but GAPDH is bound more tightly and will elute
aldolase from the membrane (Solti & Friedrich, 1976). There are more
than enough band 3 sites for all three enzymes to be bound, for example
it has been estimated that GAPDH, which is the most tightly bound, couid
maximally occupy only 7-247 of the available sites (Higashi et al,

1979).

The enzymes can be selectively eluted from the membrane by
incubation in the presence éf their substrates, for example millimolar
concentrations of FDP and NADH will selectively elute aldolase
(Strapazon & Steck, 1977) and GAPDH (Kant & Steck, 1973) respectively.
Binding of these enzymes results in inhibition of their activities
(Strapazon & Steck, 1977; Solti & Friedrich, 1976); 3inding of
phosphofructokinase on the other hand‘is enhanced in the presence of FDP
and this results 1In a change in its allostéric properties (Higashi et
al, 1979; Karadsheh & Uyeda, 1977). Inhibition of GAPDH following
binding is nof a universal finding, for example Eby and Kirtley (1979)
reported an increase in specific activity of the bound enzyme although
no experimental results were shown. Wrigglesworth et al (1976) reported
that binding resulted in an increase in the Km for GAP and an

"activation" of the enzyme. Schrier et al (1975b) however found no
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effect of membrane binding on the kinetic properties of the enzyme.
Observations such as these have lead to speculation that membrane
binding of these enzymes may be important to the control of erythrocyte
metabolism (Higashi et al, 1979). However a consistent observation with
the binding of all these proteins to the band 3 site is their almost
total elution at physiological ionic strengths. This has lead some
workers to suggest that membrane binding is simply an artefact of the
‘hypotonic conditions used to prepare the membranes (Maretzki et al,
1974). Recently catalase has also been shown to bind to the erythrocyte
membrane, This binding is inhibited by aldolase, GAPDH and
haemoglobin. The enzyme is eluted from the membrane at physiological
ionic strengths and is inhibited in the bound state (Aviram & Shaklai,
1681). In order to better assess the physiological relevance of
membrane binding a number of studies have been undertaken to tfy to
determine the amouﬁt of GAPDH which is bound to the membrane in the

intact erythrocyte.

Kliman and Steck (1980) 1lysed erythrocytes with the detergent
saponin and rapidly filtered the‘resulting lysate. The GAPDH activity
was then assayed 1in the filtrate and in the membrane fraction left on
the filter. In this way the concentration of free and boﬁnd forms of
the enzyme could be measured and the kinetics of enzyme release
studied. By extrapolation of the time course of enzyme release to t=0
they estimated the fractions of free and bound enzyme in the intact
cell., A value of 66t12% bound was calculated. This, it was argued,
was not inconsistent with the binding constant observed with the
isolated enzyme and membranes at physiological ionic strength if the
high concentration of binding sites in the cell is taken into account.

Changing the metabolite conditions in these «cells was found not to
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affect the estimated fraction of enzyme bound. Keokitichai and
Wrigglesworth (1980) attempted to measure the fraction of GAPDH bound to
the membrane. in the 1intact cell by treating the cells with very low
concentrations of glutaraldehyde. This, it was hoped, would result in

covalent cross—linking of the bound enzyme to the band 3 site in situ.

After washing and subsequent 1lysis approximately 507 of the GAPDH
activity was found associated with the membrane and this could not be
eluted by salt treatment. Under conditions designed to increase the
intracellular NADH concentration a smaller fraction of the enzyme was
found associated with the membrane. This experiment has been criticised
on the grounds that cross-linking of the enzyme to the membrane could
occur in the hypotonic hemolysate since coupling by glutaraldehyde may
take place in two discrete steps (Solti et al, 1981). Wrigglesworth et
al (1976) reported that staining for the enzyme in unfixed sections of
human erythrocytes resulted in heavy deposition of stain around the
perimeter of the cell. 1In a similar type of study Sélti et al (1981)
treated erythrocytes with tritiated iodoacetate under conditions in
which approximately 507%Z of the GAPDH became. labelled. After fixation,
the cells were subjected to electron microscopic autoradiography. The
results of this study, it was suggested, supported the view that GAPDH

is located near the membrane.

In the studies of the in situ activity of GAPDH described in this
chapter the role of the enzyme as a possible regulatory enzyme in

erythrocyte 6 glycolysis and the likelihood of a membrane bound location

in the cell are assessed.
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5.2 Experimental

Titration of GAPDH activity in the erythrocyte

Packed cells in Krebs-Ringer buffer containing 10mM glucose were
prepared as described in chapter 2. Titrations were performed by adding
iodoacetate (20-100uM) to three ml aliquots of these cells and
incubating them at 37°C for times ranging up to 15 min. Incubations
were terminated by diluting the cells to 10 ml with ice céld
Krebs-Ringer buffer containing ImM 2-mercaptoethanol. This washing
procedure was repeated 3-4 times. The cells were then stored in
Krebs-Ringer buffer (plus 10mM glucose) for 3 to 4 days at 4°c vefore
use in n.m.r. experiments. Assays of the cells for GAPDH activity at
the completion of each n.m.r. experiment showed that there had been no
further loss of activity during cold storage. The variable conditions
required to obtain the same 1level of inhibition ére probably due to
accumulation of triose phosphates in the cells - (which were stored on
icé) during the course of the titration experiments. An increase in the
concentrations of the triose phosphates will protect the enzyme from

iodoacetate inactivation by the formation of the acyl-enzyme.

Titration of GAPDH activity in vitro

Complete 1in wvitro exchange systems (complete except for lactate)

containing 15 units/ml of GAPDH were incubated for 1lhr at 37°c with
iodoacetate concentrations in the range 1-10pM. Control incubations
lasting 3hrs showed that there was no further 1loss of activity after
lhr. By this method in vitro systems were prepared containing GAPDH
activities 1n the range 2-15 units/ml. Equilibrium velocity

determinations with these systems were performed as described in

previous chapters.
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5.3'The Method

In an in vitro system the equilibrium velocity of an enzyme is
determined by changing its concentration and measuring the dependence of
VC2X on the concentration of the enzyme. A similar experiment can be
performed in the intact erythrocyte if the active concentration of the
enzyme is changed by specific irreversible inhibition. 1In the case of
GAPDH the concentration of the active enzyme in the human erythrocyte
can be varied by incubation of the cells for various periods of time
with low concentrations (20-100pM) of iodoacetate. Preparation of the
erythrocytes and titration of their GAPDH activity is described in the
Experimental section. Cell populations were prepared containing a range
of GAPDH activities and which had elevated 1levels of the triose
‘phosphates and FDP. Assays of the othér enzymes involved in the
exchange showed that iodoacetate treatment only inhibited GAPDH. This
is consistent with the results of previous studies of this metabolic

inhibitor (Webb, 1966). Lactate transport across the cell membrane has

been shown not to be inhibited by iodoacetate (Deuticke et al, 1978).

5.4 Determinations of the equilibrium velocity of

glyceraldehydephosphate dehydrogenase in situ

Tables 1 to 3 show the results of three separaté equilibrium
velocity determinations performed on different cell preparations.

The results din parts A of the tables show the results of triose
phosphate and FDP assays on cell populations possessing different levels
of GAPDH activity. They show that during incubation at 37°C over a
period similar to that required for isotope exchange measurements the
concentrations of DHAP, and therefore of GAP, remain relatively
constant, (triosephosphate isomerase is thought to catalyse a reaction

at equilibrium in the human erythrocyte (Veech et al, 1979)). Pyruvate
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Table 1

Part A

Triose phosphate and FDP concentrations in erythrocyte preparations possessing different levels of GAPDH activity.

GAPDH Activity
(units/ml solvent

water)

33

Total triose phosphate
concentrations at t=0

(pmols/ml cell water)

0.8
0.7
0.7
0.8

0.8

Total triose phosphate
concentrations following
incubation for 40 min at

37% (pwls/ml cell water)

1.1
0.9
0.8
0.9

0.9

FDP concentration at t=0

A_Eowm\su. cell water)

FDP concentration
following incubation
for 40 min at 37°C

(pw1s /ml cell water)
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Table w

Part A

GAPDH Activity
(units/ml solvent

water)

11
20

64

GAPDH Activity
(units/ml solvent

water)

11
20

64

0.93
0.82
0.90

0.77

Total triose phosphate
concentration at t=0

(pmols/ml cell water )

Total triose phosphate

concentration following

incubation for 40 min at

FDP concentration at t=0

(pmols/ml cell water)

37°C (pmwls/ml cell water)

1.03 (1.93)
0.82 (1.61)
0.90 (1.29)

0.52 (0.82)

Rate of lactate production

(pmols /min/ml solvent water)

0.066
0.063
0.058

0.058

3.76
3.29
2.70

1.93

Rate of FDP breakdown
(lactate equivalents)

Atsoww>s»=\a~ solvent water)

0.064
0.064
0.063

0.050

Triose phosphate and FDP concentrations in erythrocyte preparations possessing different levels of GAPDH activity.

FDP concentration
following incubation
for 40 min at 37°%

(pmw1s /ml cell water)

1.74 (1.29)
1.29 (0.90)
0.77 (0.58)
0.39 (0.23)
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Table 3

Part A

Triose phosphate and FDP concentrations in erythrocyte preparations possessing different levels of GAPDH activity.

GAPDH Activity
(units/ml solvent

water)

13
14

56

Total triose phosphate
concentration at t=0

(pmols/ml cell water)

0.42
0.73
0.68
0.63

0.42

FDP concentration at
at t=0

(pmols/ml cell water)

1.49
2.28
1.97
1.86

1.39

The effect of adding lmM pyruvate to these cell preparations.

13

14

56

0.68
0.63

0.42

1.97
1.86

1.39

Time of
incubation
at wqon

(min)

72
50
60
40
60

60
60
40

Total triose phosphate
concentration following
incubation for the

specified time at wuoo

(pmw1ls/ml cell water)

0.15
0.47
0.63
0.48
0.06

0.19
0.11

0.06

FDP concentration
following incubation
for the specified time
at 37°%¢

(pmw1s /ml cell water)

0.07
0.68
0.29
0.32
0.03

0.04
0.04

0.08
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addition to these cells results in acceleration of the breakdown of FDP
and the triose phosphates (table 3). This has been observed previously
and is thg result of an increased flﬁx into the'2,3—DPG pathway due to
an elevation of the level of 1,3-DPG (Rose & Warms, 1966 & 1970).

The results in parts B of tables 1 to 3 show the results of
equilibrium velocity determinations performed on cell populations
possessing the specified GAPDH activity and containing the
concentrations of DHAP and FDP shown in parts A. A notable feature of
these results is that despite a considerable decrease in the GAPDH
activity following iodoacetate titration there is no significant effect
on the glycolytic flux as determined by the rate of lactate production.
This indicates that under these conditions GAPDH cannot be catalysing a

rate limiting reaction for erythrocyte glycolysis.

5.4.1 Effect of lactate production on estimates of Y“ZX
- .

Parts B of tables 1 to 3 show; 1) the rate of lactate production;

2) the time, following lactate addition, at which peak inversion occured

and 3) the estimated DHAP concentration at this point‘(tn ). Also

ull
shown is the endogenous, solvent labelled lactate, present . at t=0 and
estimates of VC2x obtained using the corrections defined by equations 4
and 5 in chapter 2. Equation 4 corrects only for endogenous lactate
present at t=0. Equation 5 corrects both for endogenous lactate pfesent
at t=0 and for lactate production occurring between t=0 and tnull' This
latter equation over-corrects for the effect of lactate production since
it assumes that this will be totally solvent labelled. The state of
labelling will, in fact, depend on the fractional labelling of the other
glycolytic intermediates involved in the exchange.

In order to investigate the effect of 1lactate production on

estimates of the overall exchange velocity, equations 4 and 5 were used
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Table m.

Model simulations of the effect of lactate production on the observed nzzﬁ— in an exchange time coursee.

<o>mc= Observed nﬂ:ww Observed n::pu n::ww corrected for t ull corrected for
nM/min (min) without (min) with the effects of endogenous the ef fects of ro and
lactate production 1lactate production solvent labelled lactate and lactate production
present at t=0 Arov occuring at rate xﬁ
10 21 20 21 23
5 22 21 22 25
2 27 25 26 30
1 35 32 33 40
0.75 40 37 39 48
0.50 , 51 45 47 62
0.25 82 66 69 106

The corrections for rm and ro plus xr were described in chapter 2, (see text). The corrections

were applied to the observed t in the presence of lactate production.

‘nulls

The conditions used in the model were as follows: solvent, 110M; DHAP, lmM; GAP, 45pM;

z>u+. 10pM; NADH, 10pM; FDP, 3mM and lactate 13mM. The initial concentrations of the deuterated

intermediates were all zero apart from the lactate, of which 12mM was deuterated. The equilibrium
velocities were given the following values: V. ., 1.0mM/min; <>H.2wmnozv. 0.0mM/min; Vorm®

15.0mM/ming 175mM/min. The rate of lactate production was set at 0.06mM/min and <n>wu=

<Hbm.

was varied as shown in the tabl



to calculate VCZX from simulated exchanga time courses generated wusing
the computer program shown in the previous chapter. The results of
these simulations are shown in table 4. The conditions wused in the
model (shown in the legend to table 4) were designed to correspond as
closely as possible to the substrate conditions found in  these
erythrocytes. The concentrations assigned to NAD+ and NADH are
discussed in the next chapter. In fact the levels assigned to these
intermediates do not radically affect the predictions of the model. The

values for the equilibrium velocities were assigned on the basis of the

in vitro results shown in the previous chapter. The equilibrium

velocity for the recondensation reaction catalysed by aldolase

(v )) was varied between 0 and 1.0mM/min with no effect on the

ALD(RECON

predicted tn . The endogenous solvent labelled lactate was given a

ull
value of 1mM and the rate of lactate production a value of 0.06mM/min.
These are similar to the values found in the experiments shown in tables
1 to 3: The GAPDH equilibrium velocity in the model was varied between
0.25 and 10mM/min. The results in table 4 show the effect of changing
VGAPDH on the observed tnull with and without - endogenous lactate

production. Lactate production significantly decreases the observed

t 1° particularly at low GAPDH equilibrium velocities. Also shown are

nul
valueS‘for tnull corrected for the effect of endogenous solvent labelled
lactate present at t=0 (Le) and for-endogenous lactate present at t=0
and lactate production (Le and kL). Ideally é correction for lactate
production should transform the observed t ull to the value that would
be observed in ifs absence. In fact the correction for Le and kL
over-corrects for lactate production since it is an approximation which
becomes better when the rate of chemical flux far exceeds that of

isotopic flux. On the other hand the correction for Le alone, which

makes no assumptions about the mechanism of the exchange, gives a much
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begter estimate of the t ol

These results demonstrate that even when the ratio of isotopic flux
to chemical flux is lowered by lowering the GAPDH equilibrium velocity
the effects of chemical flux on isotope flux measurements are minimal.
It is only when the rate of isotope flﬁx becomes very low compared to
the rate of chemical flux, as demonstrated in the last line of table 4,
that this has a significant effect. The correction for Le was therefore

the correction which was applied in the analysis of the data shown in

tables 1 to 3.

5.4.2 Maintenance of a near equilibrium steady state

during isotope exchange measurements

The results in tables 1 to 3 show that in the absence of added
pyruvate the level of DHAP, and thus the level of GAP, is relatively

constant between t=0 and the observed tn Thus in this time interval

ull’
the equilibrium velocities of GAPDH and of aldolase and triose phosphate
isomerase are expected to remain constant. It has already been shown
that the exchanges catalysed by all three enzymes are relatively
insensitive to the concentrations of the triose phosphates and FDP in
this concentration range.

When performing these equilibrium velocity determinations 1t is
preferable to use a relatively high concentration of labelled lactate
S Too

null

large a concentration, however, results in significant DHAP breakdown

since this gives better time resolution in the observed t

before a null point is obtained. A balance must be struck, therefore,
in choosing the lactate concentration. In these experiments 12mM was
thought to represent the optimal lactate concentration and therefore the

results shown in table 1 are taken to represent the best estimate of the

in situ equilibrium velocity of GAPDH. This yields a value for the

151



UMOLS/MIN/ML

‘LO . -20 0 et . 10
GAPDH AcTIviTY UNITS/ML

Figure 1

Direct plot of VC versus GAPDH activity in the intact erythrocyte.

2X

The exchange data was takeén from table 1. The point obtained at the

lowest GAPDH activity is an outlier.



specific equilibrium velocity of 0.160t0.018 pmols/min/unit, where the
average measured DHAP plus GAP concentration in these «cells during
equilibrium velocity determinations was 0.9pmols/ml cell water. Figure
1 shows a direct plot of the exchange data. The point obtained at the
lowest GAPDH activity 1is clearly an outlier. This is to be expected
since the GAP concentration declined significantly in the time required
to obtain a null point. Furthermore the correction for Le is now a much

poorer correction since V and the rate of lactate production are of

c2X
comparable magnitude. The results shown in table 2 show a higher
specific equilibrium velocity for GAPDH but this is probably a less
reliable estimate in view of the lower labelled lactate concentration
employed. The results in table 3 show a lower equilibrium velocity
which may be the result of the lower steady state DHAP plus GAP
c;ncentrations observed in these cells i.e. O0.5pmols/ml cell water.,
Addition of pyruvate results in a marked decrease in the observed GAPDH
equilibrium velocity. However this result is complicated by the fact
that there 1is severe depletion of the triose phosphates during
measurements of 1isotope exchange. A decrease in the equilibrium
velocity of the enzyme is expected due to both a lowering of the
intracellular NADH concentration and the concentrations of the triose
phosphates (see below).

It has been stressed that the equilibrium velocities of the enzymes
should remain constant during an equilibrium velocity determination.
Changes in the concentrations of substrates involved in the exchange,
other than the trioséphosphates, should also be considered.

The lactate concentration shows a small increase during exchange
measurements. This however should not seriously affect the equilibrium

velocity of lactate dehydrogenase since it has a small elasticity

coefficient for concentrations of lactate in the range shown (chapters 2
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Table 5

Lactate and pyruvate assays on cells used for C-2 exchange experiments.

+
Time Lactate Pyruvate Lactate/pyruvate NAD /NADH
(min) concentration concentration ratio ratio
(pmol/ml (nmol /ml

solvent water) solvent water)

10 10.5 9 1170 3.1
20 11.1 12 930 3.9
30 10.9 12 910 3.9
40 13.6 14 970 3.7

Lactate (10mM) was added to packed cells (80% haematocrit) in
Krebs-Ringer guffer, pH 7.4 'at 37°. The cells had been previously
incubated at 4 C in order to raise the concentrations of the triose
phosphates. - At the specified times, following lactate addition, the
metabolites were assayed in cell free supernatants. These were prepared
by diluting a sample of the cells with Krebs~Ringer buffer at room
temperature and then centrifuging for 2min at 15,000g on an . Eppendorf
5412 centrifuge. The assays were performed as described in the
Experimental sections of chapters 2 and 6. The concentrations quoted
.are the average of two determinations and were corrected for the
excluded volume in the erythrocyte suspension by assuming that 72% of
the, erythrocyte volume is solvent water (Eilam & Stein, 1974). The
NAD /NADH ratio was calculated by assuming that lactate dehydrogenase
catalyses a reaction at equili?iium in the human erythrocyte with an
equilibrium constant of 1.11 x 10 " (Williamson et al, 1967).



and 3 and predictions of the kinetic model shown in appendix 1 of
chapter 2 for 1lactate dehydrogenase). An increase in the pyruvate
;oncentration in the.concentration range shown in table 5 could lead to
a small increase in the equilibrium velocity of this enzyme (predictions
of the kinetic model shown in appendiﬁ 1 of chapter 2; see also the next
chapter). Since the sensitivity coefficient of this enzyme is expected
to be relativelyAhigh in the cell it was important to establish that
fluctuationé. in its equilibrium velocity did not seriously affect GAPDH
equilibrium velocity determinations. This was achieved by varying VLDH
as a function of time in the computer model of the exchange system.

Increasing or decreasing its value at a rate of 0.0lmM/min/min (its value at
t=0 was 1.5mM/min) had no significant effect on GAPDH equilibrium

velocities calculated from the predicted exchange time courses (see

table 7). This rate of change in V was calculated from the changes

LDH
in pyruvate concentration observed in table 5 and the predicted
dependence of the enzyme’s equilibrium velocity on pyruvate
concentration.

Changes in the concentrations of NAﬁ+_and NADH could affect the
equilibrium velocities of both GAPDH and lactate dehydrogenase. The
results of lactate and pyruvate assays on cells with elevated levels of
the triose phosphates are shown in table 5. Also shown is the NAD+/NADH
ratio calculated by assuming that lactate dehydrogenase catalyses a
reaction at equilibrium 'in the human erythrocyte and which has an

1

equilibrium constant of 1.11 x 10 1 (Williamson et al, 1967). Since

the turnover of these coenzymes is slow in the erythroéyte (Tsubol et
al, 1966) their free concentrations in the cell can be calculated from
this ratio and from estimates of the total free concentrations of these

nucleotides (see below and next chapter). High lactate/pyruvate ratios

in cells with elevated levels of the triose phosphates have been
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Table 6

Net pyruvate reduction in a lysate,

Time (min) Pyruvate concentration (mM)
2 6.0
10 4.7
20 4.4
30 4.0

The lysate was prepared by freeze thawing packed cells twice
in liquid nitrogen. Nicotinamide, 20mM and NAD+, ImM were
then added and the lysate warmed to 37°C. At t=0 8mM pyruvate
and 5mM FDP were added. The pyruvate assays were performed

as described in the Experimental section of chapter 6.



observed previously (Minikami & Yoshikawa, 1966; Rose & Warms, 1970;
Eckel et al, 1966).' The increased lactate/pyruvate ratio parallels the
rise in the triose pﬁosphates as expected if these are in equilibrium.
Changes in this ratio will be suppressed therefore by the triose
phosphate pool. Since this remains relatively constant during isotope
exchange measurements the lactate/pyruvate ratio and consequently the
NAﬁ+/NADH ratio is not expected to fluctuate significantly. That this
is indeed the case is shown by the results in table 5. This "buffering"
effect of the triose phosphate pool on the lactate/pyruvate ratio 1is
demonstrated by the addition of pyruvate to cells with high triose
phosphate levels. This results in rapid loss of the triose phosphates
(as shown in table 3) anlincrease-in the 2,3-DPG concentration and net
'pyruvate feduction to lactate (Rose & Warms, 1966 & 1970; Eckel et al,
1966). Flux into the 2,3-DPG pool allows net pyruvate reduction to
occur. Net pyruvate reduction in a lysate, to which FDP has been added,
is demonstrated by the results of pyruvate assays shown in table 6.
This buffering of the NAD+/NADH ratio by the triose phosphate pool
explains ‘the effects on C-2 exchange of adding pyruvate to an
erythrocyte suspension (figure 17, chapter 2). The addition of pyruvate
concentrations which would severely inhibit the exchange in vitro, by
increasing tﬁe NAD+/NADH ratio (see below), produced no significant
decrease 1in the exchange velocity in situ. This is presumably because
the lactate/pyruvate ratio is restored by pyruvate reduction and triose
phosphate oxidation. At relatively low added pyruvate concentrations
the loss of the triose phosphates will be 1insufficient to affect the

equilibrium velocities of the enzymes for which they are substrates.
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5.4.3 Is the kinetic model an adequate description

of the exchange system in situ?

Endogenous lactate production was simulated in the computer model
of the exchange system by assuming that FDP declines and lactate
increases at equivalent rates. The solvent label introduced into the
C-2 exchange system by glycolytic or chemical flux is determined by the
fractional labelling of FDP at the 6—4 position and by the fractional
labelling of the solvent. The label at the C-4 position of FDP,
following FDP degradation, is found in GAP, The 1label found at the
pro-S C-3 position of DHAP following FDP degradation will be solely
determined by the fractional labelling of the solvent. In the absence
Af' the recondensation reaction the FDP will be totally solvent labelled
and breakdown of one FDP molecule will lead to the production of one
solvent labelled GAP molecule and one solvent labelled DHAP molecule.
In the presence of the recondensation reaction, where the FDP can become
labelled, FDP breakdown will not always result in solvent labelling of
GAP. However the effect of this is negligible (see table 7). Thus the
assumptions made 1In the model which were based on experimental
observation, i.e. an equivalence in the rate of breakdown of FDP and
lactate production (see below), are not critical in a simulation of the
effect of glycolytic flux.

In the previous chapter it was sﬁown that undefined isotope "leaks"
which affect the 1labelling of the trioée phosphates will have a
negligible effect on VGAPDH determinations. 1Isotope '"leaks" which
affect the 1abe111ng of NAD+ and NADH, however, could seriously affect
the calculated equilibrium velocity for the enzyme. The presence of
such leaks can be ruled out on the basis of the following; a) there is
no glycerol-3-phosphate dehydrogenase in the human erythrocyte (Rose &

Warms, 1970; Friedrich et al, 1977) which could catalyse the exchange of
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Table 7

Model simulations of the effect of the recondénsation reaction catal ysed
by aldolase and the éffect of time dependent changes in VLDH on VGAPDH

determinations ig_situ

Values calculated for V (um1ls/min/unit enzyme) from

GAPDH

simulated éxchange time courses under the specified conditions.

\' V = 1,0 mM/min V = 1.0 mM/min

ALD(RECON) ALD(RECON) VALD(RECON) ALD(RECON)

= 0,0 mM/min = 1.0 mM/min and VLDH decreases at a and VLDH increases at a

rate of 0.0l mM/min rate of 0.01 mM/min

0.233 0.234 0.223 0.230

The true valueé for V... . was set at 0.2pmwls/min/unit enzyme and the

GAPDH activity in the model was varied between 50 and 1.25 units/ml. The
conditions used in the model were similar to those described 1in the
legénd to table 4. The rate of lactate production was 0.06mM/min and

VLDH at t=0 was 1.5mM/min. The observed tnulls in the simulations ‘were

uséd to calculate V using a correction for Le only (seée téxt and

Cc2X
table 4). The spécific equilibrium velocity for GAPDH was estimated

using the direct plot analysis.



label between DHAP and lactate; b) a decline in the triose phosphate
and FDP concentrations results in loss of the exchange and c¢) complete
iodoacetate inactivation of GAPDH results in total inhibition of the
exchange. These observations support the conclusions of Rose and Warms
(1969) regarding the pathway for the exchange.

The wvalues for V calculated from the predicted exchange time

GAPDH

courses of the model wunder simulated in situ conditions, with and

without the recondensation reaction, and with VLDH increasing and

decreasing as a function of time, are shown in table 7. It was assumed

that V., oo has a value of 0.2 pmols/min/unit. Although the
recondensation reaction and changes in VLDH have a negligible effect on
the values for 'VGAPDH calculated from the model these values are

approximately 16% higher than the true value. This represents the
effect of lactate production. GAPDH equilibrium velocity determinations

in situ are expected, therefore, to be an overestimate of the true

value.

5.5 Apparent disequilibrium in the reaction catalysed by aldolase

The results shown 1in parts B of tables 1 to 3 show that the DHAP
concentration remains almost constant as a function of time while the
FDP  concentration declines.  Furthermore the ratio of the FDP
concentration to the concentrations of DHAP plus GAP is considérably
higher than that eﬁpected if aldolase and triose phosphate isomerase are
catalysing reactions at equilibrium at 37°C (Veech et al, 1969; Herbert
et al, 1940). There are two possible reasons for this apparent
disequilibrium; a) under these conditions, with high levels of the
triose phosphates and FDP, the aldolase reaction is rate limiting for

glycolytic flux and there is true disequilibrium in the reaction and

b) there is binding of FDP resulting in an apparent disequilibrium.
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The evidence for these two postulates is summarised below.

Saito and Minikami (1967) observed disequilibrium in the aldolase
reaction in human erythrocytes with elevated triose phosphate levels and
attributed this to rate limitation of glycolytic flux by this enzyme.
They showed that if GAPDH was completely inhibited by iodoacetate
(2.5mM) then there was a slow relaxation of the aldolase substrates
towards equilibrium concentrations over a period of 3-4 hrs. The
results shown here which show a correspondence between the rate of
lactate production and FDP degradation (table 2) support the conclusion
that the aldolase reaction 1s rate 1limiting for glycolytic flux.
Correspondence bhetween the rate of lactate production and total triose
phosphate degradation has been observed previously in the  human
erythrocyte by Eckel et al, (1966). However these observations were
made in the absence of added glucose. The results obtained here in the
presence of gluc&se suggest that either flux from glucose into the
triose phosphate pool 1is severely inhibited or that there is
considerable flux into the 2,3-DPG pool under these conditions.
Disequilibrium in the aldolase reaction has been observed in other
tissues. These include guinea pig cerebral cortex (Rolleston &
Newsholme, 1967), mouse brain (Lowry & Passoneau, 1964), rat liver and
rat muscle (Veech et al, 1969).

Flux 1limitation 1in the aldolase reaction in human erythrocytes is
unlikely in view of the results of Rose and Warms (1970) who measured an

a L4

isotope exchange velocity  for C label of approximately

0.46pmols/min/m1 cells between FDP and 2,3-DPG in cells with elevated
FDP levels. This is in considerable excess of the rate of glycolytic
flux. Binding of FDP would therefore seem to be a more Ilikely
explanation for the observed disequilibriume This would explain not
only the apparent disequilibrium but also the constancy of the DHAP
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concentrations observed in these studies, the triose phosphate pool
being effectively "buffered" by the bound FDP pool. That binding is
responsible for the apparent disequilibrium is suggested by triose
phosphate and FDP assays on a dilute 1lysate to which FDP had been
added. The results were shown in the previous chapter. In this case
the concentrations of the aldolase substrates were much closer to the
expected equilibrium values. In rabbit muscle and liver it has been
proposed (Veech et al, 1969) that the observed disequilibrium in the
aldolase reaction is the result of FDP binding to the enzyme. This is
only possible in these tissues because the aldolase concentration is
relatively high' and comparable to the observed substrate
concentrations. This "is not a feasible explanation in the erythrocyte
where the observed substrate concentrations are in the millimolar range
and the enzyme concentration in the micromolar range (Ottaway & Mowbray,
1977). Furthermore even in muscle and liver binding of FDP to aldolase
alone would be insufficient to explain the observed disequilibrium.

FDP can form a Schiff-base with the NHz—terminal valine of the B
chain of haemoglobin (Bunn et al, 1978). This will decompose following
acid treatment to give free FDP. If it is assumed that the bound FDP
concentration is approximately ImM (see table 2) and that the initial
rate of breakdown of this complex is approximately half of the rate of
lactate production then the first order rate constant for the
decomposition of this complex will be approximately 0.03 min-l. If the

on rate is diffusion controlled, i.e. approximately 108 M--1 s—1 then the

dissociation constant for FDP binding will be approximately 2::10-8.
Such tight binding could be the result of Schiff-base formation. In
addition to FDP however, DHAP and GAP can also bind at this site. If

FDP binding is to ekxplain the apparent disequilibrium then 1t must be

more tightly bound as a Schiff-base than either DHAP or GAP.
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Alternatively there may be a prebinding step prior to Schif f-base
formation in which FDP has a higher affinity than either DHAP or GAP.
Other sugars will also bind at this site, for example glucose, however
this reacts much more slowly. Glycosylation can also take place at a
number of other sites in haemoglobin and in other proteins (see Schapiro
et al, 1980 and references cited therein)., This type of binding seems
therefore to be a good candidate for the apparent disequilibrium
observed in the aldolase reaction in other tissues. It also underliﬁes

the difficulty of identifying possible rate limiting enzymes in a

metabolic sequence from mass action ratio data alone.

5.6 Conclusions

A  method has been demonstrated for obtaining the in situ

equilibrium velocity of GAPDH in the human erythrocyte. The
experimental results presented in tables 1-3 show that the GAPDH
activity can be selectively titrated with iodoacetate in the intact
erythrocyte and that this results in a decrease in the velocity of
isotope exchange. It does not, however, result 1in any inhibition of
lactate production over the range of GAPDH activities obtained. Thus
under these conditions GAPDH is not rate limiting for glycolytic flux.

This is in agreement with the conclusions of Rose and Warms (1970).

In the next half of this chapter the results of GAPDH equilibrium
velocity determinations in vitro are presented. The aim of this study
was to simulate the expected intracellular environment of the enzyme in

vitro and compare the equilibrium velocites obtained with those measured

in situ.
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5.7 Determinations of the equilibrium velocity of

glyceraldehydephosphate dehydrogenase in vitro

The method by which these equilibrium velocities were obtained was
described in the previous chapter. Table 8 shows the effect on the
GAPDH equilibrium velocity of a) . changing the added NAD+
concentration; b) changing the ionic strength; c) changing the
solvent from'2H20 to lH20; d) adding pyruvate to the exchange system;
e) adding NADH to the exchange system and f) prolonged incubation at
37°C before initiation of an exchange time course by the addition of
lactate., The results of these investigations can be summarised as
follows; a) changing the NAD+ concentration over a wide range has a
negligible effect on the observed equilibrium velocity in contrast to
the marked effect that the concentration of this coenzyme has on the
lactate dehydrogenase equilibrium velocity; b) increasing the ionic
strength by adding 80mM KCl resulted in a small decrease ih the
equilibrium velocity. This effect of ionic strength is also evident if
the results of tables 8 and 9 are compared; c) changing the solvent
has no effect. This indicates that there are no kinetic isotope effects
and also no non-specific solvent effects, although theré is. the
possibility that a fortuitous combination of the two could result in no
net observed effect; d) adding pyruvate results in a marked inhibition
of the exchange. The most likely explanation of this is a loés of

NADH. Adding NADH to the system (e) resulted in an equally marked

increase in the equilibrium velocity; f) preincubation at 379 (45 min)

caused no appreciable change in the observed equilibrium velocity
indicating that there had been no significant degradation of the
substrates. Such degradation is possible, it is known for example that
GAPDH catalyses the formation of NADH-X, a covalently modified coenzyme
(Oppenheimer & Kaplan, 1974) which is a potent inhibitor of the
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Table M

GAPDH equilibrium velocity determinations in

a) The effect of changlng the added NAD' concentration. Added pyruvate concentration <o>wcm
(pM) (pmols/min/unit enzyme)
+
Added NAD concentration <o APDH
(pM) Atncnm\aua\cb»n enzyue) 0 o.:mHo.oou
100 0.04270.001
16 0.056 0009
40 0.056_0.012 e) The effect of adding NADH to the éxchange system.
80 0.055.0.010
+
Added NAD Added NADH <n APDH
b) The effect of changing nrn,»oa.n strength. concentration concentration (pols/min/unit enzyme)
(p) (M)
Added KCl concentration <o APDH
(mM) (pmwls/min/unit enzyme) 20 - 0 Hoa+c 020
10 10 0.176'0.034
0 0.1040.020
+
80 0.079_0.012 f) The effect of préincubation of the éxchange system before the initiation of
an exchange time course by the addition of lactate,
2 1
¢) The effect of changing solvent from muo to mwo.
Time of preincubation v
v . GAPDH
o
Solvent GAPDH at 37°C (min) (pwls/min/unit enzyme)
A_.,Bnm\sub\cb: enzyme)
0 0.118%0.003
2 0.118%0.003
H,0 - 45 0.125"0.005
14,0 0.10870.026

mno

vitro.

0.111%0.021

d) The effect of adding pyruvate to the exchange system.



Table 8

*
The in vitro exchange system contained 100mM Tris-HC1l, pH 7.4, (pH 7.4

in ZHZO) 0.5mM EDTA, 3 mM dithiothreitol. The systems employed differed

with respect to the solvent, the 1ionic strength and the added
concentrations of lactate, NAD(H) and FDP. The differences are detailed

in the following: System a) 2H 0; no added KCl; 12mM L—(U—IH)lactate;

2

+
300uM FDP., System b) 1H O; 6mM L~(2-2H)1actate; ZOpM NAD ; 600pM FDP;

2
++ 1
O.5mM Pi and 0.25mM Mg ', System ¢c) no added KCl; 12mM L-(U-"H) or
+ _
L‘(Z—ZH)lactate; 20pM NAD ; GOOPM FDP; 0.5mM Pi and 0.25mM Mg++. System
O; no added KCl; 12mM L-(U-IH)laétate; 6OOPM FDP; 0.5mM Pi and

2
d) H2

4+~
0.25mM Mg . System e) 1HZO; no added KCl; 6mM L—(Z-ZH)lactate; 600pM
FDP; O.5mM Pi and 0.25mM Mg++. System f) the same conditions as in

system d).

Equilibrium velocity determinations were performed as described in
previous chapters. Where the ionic strength was changed (system b) the

pH was adjusted to 7.4 following KCl addition.



Table 9

GAPDH equilibrium velocity déterminations in vitro.

a) The effect of NAD(H) concentration.

+ |
Added NAD Added pyruvate VGAPDH '
concentration concentration (pmols/min/unit enzyme)
(pM) (pM)
10 o . 0.0670.014
+
10 15 0.03110.002

b) The éffect of changing the added FDP concentration and aldolase activity.

Added FDP Aldolase activity v

GAPDH
concentration (pnits/ml) (pmols/min/umit enzyme)
(mM)
. |
1 1.7 0.074" 0,008
2 1.7 0.074" 0.001
3 1.0 0.066. 0,002
+
1 1.7 0.074"0.008
1 4.9 0.084 " 0.003
3 1.0 0.066_ 0.002
3 3.4 0.05270.003



Table 9

The in vitro exchange system contained 100mM Tris-HCl1 pH 7.4, O0.5mM
EDTA, 3mM dithiothreitol, O0.5mM Pi and 0.25mM Mg++ in 1HZO. System a)
contained approximately 100 units/ml of triosephosphate 1isomerase,
30 units/m1 of lactate dehydrogenase and 1 unit/ml of aldolase. The
added FDP concentration was 700pM and the added lactate concentration
12nM. In system b) there wére approximately 100 units/ml of triose
phosphate isomerase and 100 units/ml lactate dehydrogenase. The added
N’AD+ concentration was 15pM and the added lactate concentration 12mM.
The system also contained 80 mM KCl.

The equilibrium velocity determinations and enzyme assays were performed

as described in previous chapters.



Table 10

Iodoacetate titration of GAPDH activity in vitro

The effect of pH on the GAPDH equilibrium velocity.

pH of the exchange system VGAPDH

(pmls/min/unit enzyme)

7.2 0.095 0.022

0.005

I+ 1 +

7.4 0.082

The exchange system contained 100mM Tris-HC1l, pH 7.4, O0.5mM EDTA, 3mM
dithiothreitol, approximately 100 units/ml of triosephosphate isomerase

and lactate dehydrogenase and 1 unit/ml of aldolase. The solvent was

1 +
H,0. The added FDP, NAD and lactate concentrations were IlmM, 15uM and

2
12mM respectively. Details of the iodoacetate titrations are given in
the Experimental section. In all other respects the equilibrium velocity

determinations were performed as described previously.

The system also contained 80 mM KC1,



dehydrogenases.

Table 9 shows the results of equilibrium velocity determinations

performed on an in vitro system which was designed to simulate the in

situ environment. All of these determinations were performed in 1H20-

Again it is shown that the equilibrium velocity of the enzyme is

insensitive to the concentration of »NAD+ plus NADH although it 1is
clearly dependent on the ratio of these two coenzymes. vLowering the
NADH concentration by adding pyruvate results in a marked decrease in
the equilibrium velocity. Changing the added FDP concentration between
1 and 3mM and changing the aldolase activity present has no significant
effect on the observed equilibrium velocity. This supports the
predictions of the model which suggested that the recondensation
reaction cataiysed by aldolase, if present, would have a negligible
ef fect on GAPDH equilibrium velocity determinations. The results also
show that the elasticity coefficient of the enzyme for GAP is small in

this concentration range.

In table 10 are shown the results of equilibrium velocity
determinations performed at pH 7.4 and pH 7.2, Unlike previous
determinations, where the enzyme concentration was varied by addition,
the active enzyme concentration was varied, in this case, by titrating
with iodoacetate in a manner analogous to that performed with the intact
cells. The results of these determinations show that In the pH range of
interest the equilibrium velocity is not particularly sensitive to pH
and that the results obtained are similar to those obtained by varying
the added enzyme concentration. This observation rules out the
possibilty that 1iodoacetate modification at one site in the tetrameric

CAPDH molecule affects the kinetic properties of the remaining
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non-modified sites. All of the enzyme’s active sites can be modified by
iodoacetate; there 1s no half of the sites reactivity (Eby & Kirtley,

1979).

5.7.1 The effect of membrane binding

Erythrocyte membranes containing bound GAPDH were prepared by
lysing the cells under hypotonic conditions as described in the
Experimental section in chapter 3. Aldolase was selectively eluted from
these membranes by treating them with FDP., Table 11 shows the results
of GAPDH equilibrium velocity determinations performed on this membrane

preparation in an in vitro exchange system which had a low ionic

strength. Binding of GAPDH to the membranes was assessed by separating
the free and bound forms by centrifugation. There was considerable
binding of GAPDH under these conditions but negligible binding of rabbit
muscle aldolase which was added to the system with lmM FDP. Part A of
the table shows that the overall exchange velocity observed in this
system was increased tenfold by the addition of 80mM KCl. Concomittant
with this increase was an Increase in the fraction of unbound GAPDH.
This suggested that the enzyme is inhibited in the bound state. This
was confirmed by the results shown in part B which show the effect of
varying the amount of membrane preparation in the exchange system. The
table shows the concentrations (in units) of free and bound enzyme
observed when the amount of added membrane preparation was changed. The
‘fraction bound remains constant. Also shown are the values for VC2X
measured in the presence of different concentrations of free and bound

enzyme. If it i1s assumed that the bound enzyme shows no activity and

the measured VC2X is plotted against the free enzyme concentration then
the direct plot analysis yields a value for the specific equilibrium

velocity of 0.057t0.009pmols/min/unit of free enzyme. The data conform
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Table 11
The effect of meémbrane binding on VGAPDH

Part A

The effect of increasing the ionic strength on membrane binding and VC2X

in an in vitro exchange system containing an erythrocyte membrane preparation.

Added KC1 GAPDH Activity (units/ml) \'

Cc2X
concentration Free Bound (puols/min/ml)
(mM)
b 103 608 00018
80 6.5 0.3 0.205
- 3.3 11.9 0.061
80 15.0 0.0 - 0.223
Part B
The effect on VC2X of changing the amount of an erythrocyte membrane

préparation added to the in vitro exchange system. The added NAD+

concentration was 15pM.

GAPDH Activity (units/ml) Fraction bound VCZX
Free Bound | (pmols /min/ml)
1.3 3.8 0.75 0.029

2.2 8.9 0.80 0.049

3.5 12.1 0.78 0.067

4.3 15.5 0.78 0.070



Part C

The effect on VC2x of changing the amount of an erythrocyte membrane
preparation added to an in vitro exchange system. 10pM NAD+ and NADH

were added to the exchange system.

GAPDH Activity (units/ml) Fraction bound v

C2X
Free Bound (pmo1ls/min/ml)
2.4 2.7 0.47 0.083
5.6 5.6 0.50 0.108 *
9.9 9.9 0.50 0.120

* The fractions of enzyme free and bound were in this case estimated from
the volume of membrane preparation added to the exchange system and the results
of the other two assays.

The membranes, depleted of aldolase activity, were prepared as described
in the Experimental section of chapter 3. The mémbranes were washed in
the exchange system buffer before use, This buffer had the following
fomposition; 30mM imidazole pH 7.2, 3mM dithiothreitol and 1l.5mM EDTA in
H.O0. The exchange system contained this buffer plus approximately 1
unzt/ml of aldolase, 100 units/ml triosephosphate isomerase, 100
units/ml lactate dehydrogenase, 20mM nicotinamide and ImM EDP. Exchange
time courses were initiated by the addition of 12mM L-(2-"H)lactate and
équilibrium velocity determinations were performed as  described
previously. The fractions of enzyme free and bound were assessed,
following an exchange measurement, by separating the free and bound
forms by centrifugation for 5 min at 37°C in an Eppendorf 5412
micro-centrifuge. The GAPDH activity measured in the supernatant was
taken to represent the concentration of free enzyme. The concentration
of bound enzyme was assessed by resuspending the membrane pellet,
assaying the total activity present and subtracting from this the
activity measured in the supernatant.



to a hyperbolic relationship and the calculated equilibrium velocity is
similar to that measured for the free enzyme under identical conditions
in the absence of membranes 1i.e. 0.065f0.021pmols/min/unit. This

suggests that the assumption made was correct, i.e. that the enzyme is
totally dinhibited when bound to the membrane. If NADH is added to the
system (part C of the table) the fraction of unbound enzyme is increased
and an equilibrium velocity determination under these conditions, which
again assumes that the bound enzyme is inactive, yields an equilibrium
velocity for the free enzyme of 0.170t0.001pmols/min/unit. Elution of

the enzyme by NADH suggests that inhibition on membrane binding is the

result of occlusion of the NADH binding site.

5.8 Conclusions

The equilibrium velocity of the enzyme is decreased very slightly
by raising the ionic strength but is largely independent of the GAP and
hydrogen ion concentrations expected in erythrocytes with elevated
triose phosphate levels. A dependence on the NAD+ and  NADH
éoncentrations has been demonstrated but in the absence of detailed
kinetic analyses, such as those available for lactate dehydrogenase and

triose phosphate isomerase, explanations for the observed dependence can

only be speculative.

+
The rabbit muscle enzyme binds NAD and NADH with similar affinity
and displays negative cooperativity in binding (Bell & Dalziel, 1975).

Since the NAD+ concentration in situ is normally greater than the NADH

concentration this suggests that the enzyme will exist in a
predominantly NAD+ bound form. In the presence of its other substrates,
however, the enzyme exists 1in a largely acylated form which has a

+
lowered affinity for NAD ; its affinity for NADH is unchanged (Bloch et
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al, 1971), Under these conditions NADH will compete more strongly for

binding to the enzyme.

The results presented here indicate that both the NAD+/NADH ratio
and the absolute concentrations of these coenzymes are important. It is
tentatively proposed that the limiting factor determining the observed
equilibrium velocity 1is the NADH concentration and that its effective
concentration is modified by competition with NAD+ for binding to the
enzyme. The equilibrium constant for the enzyme catalysed reaction
suggests that the reverse flux will be rate limiting. 1In this exchange
we are studying a partial reaction, the equilibrium constant for which

can be represented by the following;

Q +
K = (R-C-E) (NADH)(H )

(RCHO) (E) (NAD')

where (R-C-E) is the concentration of acyl-enzyme, (E) 1s the free

enzyme concentration and (RCHO) 1is the GAP concentration. The
equilibrium constant for this reaction has been estimated at 10--5
(Velick & Hayes, 1953). Under the conditions used here the acyl-enzyme
ﬁill be the predominant enzyme form. Changing the NAD+/NADH ratio over

the concentration ranges shown should have 1little effect on 1its

concentration,

+
Increasing the added NAD concentration in the in wvitro system

from 10 to 100pM results in the NADH concentration increasing from 4 to
17 pM. This increase however does not result in an 1increase 1in the
equilibrium velocity presumably because there is a much greater increase

in the NAD+ concentration. In contrast the addition of NADH results in
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an increase in the NADH concentration with no increase in the NAD+
concentration. Under these circumstances there is a marked increase in
fhe equilibrium veloéity. Addition of pyruvate on the other hand
results in loss of NADH, an increase in NAD+ concentration and a

decrease in the equilibrium velocity.

Rose and'Warms (1970) measured lactate/pyruvate ratios of 500-800
and Minikami and Yoshikawa (1966) show results indicating a
lactate/pyruvate ratio of approximately 1000 in erythrocytes with
elevated triose phosphate 1levels. These results correspond to an
NAD+/NADH ratio of between 3 and 7 (at pH 7.4) and are in good agreement
with the results shown in table 5. 1In the in vitro exchange system at
an NAﬁ+ plus NADH concentration comparable to the estimated free
concentratioﬁ in the erythrocyte (i.e. 10-20 pM; see next chapter) the
NAﬁ+/NADH ratio has been varied between 0.75 and 5.0. The GAPDH
equilibrium velocity measured in this system with an NAD+/NADH ratio of
5, which was obtained by adding pyruvate, is approximately 25%Z of that
observed in situ. In general the GAPDH equilibrium velocities observed
in vitro tend to be lower than those observed in situ.

There are a number of factors which could explain this discrepancy
i.e.
a) the reaction catalysed by 1lactate dehydrogenase is not at
equilibrium and thus the lactate/pyruvate ratio cannot be wused as a
measure of the free NAD+/NADH ratio. This is unlikely in view of the
results obtained in previous studies (Marshall & Omachi, 1974; Veech et
al, 1979) and also from the results shown in the next chapter which
demonstrate that flux across the reaction catalysed by the enzyme is in

considerable excess of the glycolytic flux;

b) the pyruvate assays are in error. The pyruvate was assayed in cell
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supernatants in order to determine the free cellular concentration.
Extraction with perchloric acid was avoided since this has been shown to
result in a loss of pyruvate (see next chapter) and would also give the
total concentration of the pyruvate present. At such low pyruvate
concentrations this may be greater than the free concentration. Error
in these assays, however, cannot be ruled out.

c) the in situ equilibrium velocity determinations are in error. It
has been shown that the concentrations of the intermediates involved in
the exchange are expected to reﬁain constant during exchange
measurements and that if they do change they will have only a very small
effect on the equilibrium velocities of the enzymes and, ultimately, on
VGAPDH determinations. Model simulations show the effect of glycolytic
‘flux to be small although it will lead to a slight overestimate of the
in situ equilibrium velocity. Systematic errors in this analysis,
however, cannot be rigourously excluded;

d) iodoacetate treatment results in alteration of the kinetic
properties of non-modified sites in the tetrameric GAPDH molecule. The
titration of enzyme activity with ilodoacetate, performed in vitro, shows
that in fact there is no such alteration in the enzyme’s properties.
Anéther possibility is that in the intact cell the iodoacetate modified
enzyme might show a different affinity for the membrane binding site and
fhat this could affect the observed equilibrium velocity. The
{odoacetate modified enzyme however has been shown to bind with the same
affiﬁity as the non-modified enzyme to the membrane (Kant & Steck, 1973;
Solti & Friedrich, 1976);

e) Although relatively homogeneous, erythrocyte suspensions are
composed of a population of cells which show a normal distribution with

respect to cell age (Piomelli et al, 1968). Cell aging has been shown

to result in the decrease of activity of certain enzymes; for example,
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pyruvate kinase and glucose-6-phosphate dehydrogenase (Piomelll et al,
1968; Galbraith & Watts, 1980) and in changes in membrane composition
(see for example Galbraith & Watts, 198l). Of the enzymes involved in
C-2 exchange, GAPPH and lactate dehydrogenase show no significant
changes in activity with increasing cell age (Chapman & Schaumburg,
1967; Lohr & Waller, 1962). This is not, however, a universal
conclusion, See for example Fornaini (1967). Aldolase activity
decreases by a factor of four between young and o0ld cells (Chapman &
Schaumburg, 1967). The ratio of aldolasé activity to that of the other
enzymes involved in C-2 exchange will vary therefore in different cells
according to their age. The effect of. this on the observed exchange
properties ofr a cell population will however be moderated by the fact
that the cells show a normal distribution with respect to cell age and
because the sensitivity coefficient of aldolase is less than 1. The
concentrations of adenine and pyridine nucleotides when calculated on a
cell water basis do mnot appear to vary significantly with cell age
(Hjelm, 1968).

f) potential "mutual depletion" conditions (Griffiths, 1979) exist for
the enzyme and NADH both in vitro and in situ. Such conditions arise
whén a substrate is tightly bound to an enzyme and both are present at
similar concentrations. Under these conditions the formation of the
enzyme-~substrate complex significantly depletes the concentrations of
both enzyme and substrate. For an enzyme catalysing a reaction at
equilibrium and which is present in relatively high concentration, the
total concentrations of its substrates will deviate significantly from
the expected equilibrium concentrations. This has been shown for 1liver
alchohol dehydrogenase (Theorell & Bonnichsen, 1951) where the apparent
equilibrium constant for the reaction catalysed by the enzyme was shown

to vary as the enzyme concentration was changed. This was shown to be
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due to a higher affinity of the enzyme for NADH than NAD+. Similar
observations have beeh made with lactate dehydrogenase (Neilands,
1952). The equilibrium constant for the reaction catalysed by GAPDH, on
the other hand, shows no significant dependence on enzyme concenfration
ét relatively high GAP concentrations and low NAD+ and NADH
concentrations (Velick & Hayes, 1953). This was interpreted as
indicating that the two coenzymes have similar affinities for the
enzyme., The effect of enzyme concentration on the concentrations of the
substrates for the lactate dehydrogenase reaction and the effect mutual
depletion has on the equilibrium velocity displayed by this enzyme are
considered in the following chapter. The effect of mutual depletion on

reaction velocity v can be described by the following equation;

2
v=k, (B + (5) + k) - [(B)) + (5 + kn)® = 4(E(S)

2

where (S,) and (EO) represent the total substrate and enzyme

0
concentrations respectively and Km is the Michaelis constant for the

substrate. This is for the reaction scheme;

where S and P represent substrate and product respectively. If it is
assumed that the GAPDH equilibrium velocity is rate 1limited by the
reverse reaction of NADH with the acyl-enzyme then E may be equated with
the acyl-enzyme and S with NADH. The above equation can then be used to

crudely assess the likelihood that mutual depletion affects the observed
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equilibrium velocity of GAPDH in situ or in vitro. From the data

provided by Marshall and Omachi (1974) the calculated change in enzyme
concentration on changing the enzyme activity between 1 and 10 units/ml

in the in vitro system 1is between 0.1 and 1 pM enzyme active sites.

Using a Km of 8.3pM for NADH (Maretzki et al, 1973) v/(EO) can be
calculated in the in vitro system in terms of k2. It can be shown that
v/(EO) does not change appreciably in this concentration range and thus
-that the equilibrium velocity of the enzyme is linearly related to the
enzyme concentration. This is consistent with the results of the
iodoacetate titration experiment performed in vitro. In the cell where
the enzyme active site concentration is approximately 12uM, then an
approximately 40% decrease in the specific equilibrium velocity is to be
‘expected on the basis of the above equation. This is only a rough
approximation; for example, the apparent isotope exchange Km may be
larger than estimated due to competition for binding between NAD+ and
NADH. The important point, however, is that the specific equilibrium‘
velocity of the enzyme might be expected to be lower in situ whereas in

fact it 1is consistently observed to be greater than the equilibrium

velocity measured in vitro.

If it is accepted that the free concentfations of NAD+ and NADH in
the erythrocyte can be predicted from the lactate/pyruvate ratio and
estimates of the total free concentration of these nucleotides (sée next
chapter) and, if it 1s accepted that the equilibrium velocity
determinations for GAPDH in situ are free from experimental error or
artefact, then the discrepancy observed between the equilibrium
velocities in situ and in vitro indicate that the .enzyme displays a
higher affinity for NADH in situ than in vitro. Further equilibrium

velocity determinations, however, both in vitro and in situ would be
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required to confirm this conclusion and to investigate the origin of
this effect. One explanation for this apparent higher affinity of the
enzyme for NADH in situ, which can be ruled out immediately, is the
effect of membrane binding. This appears to result in total 1inhibition
of enzyme exchange activity. In view of the conditions required to
obtgin membrane binding in vitro and the fact that the equilibrium
velocity of the enzyme is actually greater in situ than expected, little

if any of the enzyme can be bound to the membrane in the intact cell.

To summarise the conclusions of this chapter; a) GAPDH is not
rate limiting for glycolytic flux in the human erythrocyte; b) it is
unlikely that a significant fraction of the enzyme 1is bound to the
membrane in the human erythrocyte under the conditions found here, 1i.e.
elevated levels of the triose phosphates and a high lactate /pyruvate

ratio.
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6 A comparison of the kinetic properties expressed by

lactate dehydrogenase in the intact erythrocyte and in vitro

6.1 Introduction

In the previous chapter the equilibrium velocity displayed by
glyceraldehydephosphate dehydrogenase in the intact erythrocyte was
measured by specifically and irreversibly inhibiting the enzyme to
varying degrees with iodoacetate., The first part of this chapter
describes the measurement of the equilibrium velocity of lactéte

dehydrogenase in situ by specific and reversible inhibition of the

enzyme with oxamate (see chapter 2). The probiems involved in making
this measurement aré discussed and in the second part of the chapter a
much better method for measuring the equilibrium velocity of the enzyme
is introduced. This involves monitoring an exchange at the lactate c-2

position which is catalysed by lactate dehydrogenase (LDH) alone.

The equilibrium velocities displayed by the enzyme in vitro and in

-+
situ are compared and used to estimate the free NAD plus NADH

concentration in the intact cell.
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6.2 Experimental

Preparation of erythrocytes

Erythrocytes were prepared as described in chapter 2 except that
the buffers contained no glucose. The cells were depleted of glucose by
washing 4-5 times in 10 volumes of Krebs-Ringer buffer and then
incubating at 37°% for 1 hr followed by another 4-5 washes and storage
overnight at 4°C.  The cells were washed a further 4-5 times prior to

use in n.m.r. experiments.

Preparation of L—(3-2H) and L—(U—ZH)lactate

Deuteration of the lactate methyl group was obtained by adding
125mg of lactate (L—(2—2H) or L—(U-lH)) to 10 ml of a solution
containing 100mM Tris-ZHCl pH 8.0, Q.SmM EDTA and 3mM dithiothreitol in
99.8% 2H20° The solution also contgined 2.5g of myoglobin, 2mg ‘of
rabbit  muscle lactate  dehydrogenase, 40mM pyruvate and 10mg/ml
penicillin and 10mg/ml streptomycin. This solution was incubated for

approximately 1 month at room temperature. The lactate was isolated

using the method described for L-(2-2H)lactate in chapter 2.

Metabolite assays

Pzruvate

Pyruvate was assayed 1n cell free supernatants prepared by spinning
down 4 ml of a dilute cell suspension (10-15% haematocrit). To the 3 ml
of supernatant obtained was added 0.5 ml ice cold 8% perchloric acid.
The resulting protein precipitate was spun off by centrifuging the
extract on an Eppendorf 5412 centrifuge for 5 min. The extract (0.5 ml)

was then added to 0.4 ml of 0.5M imidazole buffer pH 7.0, Following
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thorough mixing 0.1 ml of ImM NADH was added and the absorbance recorded
at 340nm. Approximately 10 units of bovine heart lactate dehydrogenase
were then added and a second absorbance reading recorded after 5 min
incubation at 37°C. The pH of the final assay mixture was between pH 6
and 7. Blank assays were also performed and the assay values were

corrected for the loss of absorbance observed with the blank.

NAﬁ+ assays were performed using the enzyme cycling method of
Nisselbaum and Green (1969). This involves reduction of NAD+ in the
reaction catalysed by alcohol dehydrogenase. The NADH produced reduces
the dye thiazolyl blue, through the intermediation of phenazine
methosulphate. This results in a colour change from yellow to blue
which is observed at 556nm. The rate of reduction of thiazolyl blue 1is
proportional to the concentration of the coenzyme.

Preparation of extracts

Boiled extracts were prepared by placing approximately 0.5 ml of a
dilute cell suspension (10-15% haematocrit) on a boiling water bath for
10 min. The resulting protein precipitate was then centrifuged off on
an Eppendorf 5412 centrifuge and the supernatant assayed for NAD+.
Assay

A stock solution containing 65mM diglycine, ©pH 7.4, 6 5SmM
nicotinamide and 350mM ethanol was prepared. To 10 ml of this was added
0.1 ml of a solution containing 10mg/ml of thiazolyl blue and 30 pl of a
20mg/ml suspension of horse liver alcohol dehydrogenase (obtained from
Boehringer). This stock solution was maintained in the dark at 4°C. To
0.95 ml aliquots of this solution was added 30 pl of a 10mg/ml solution
of phenazine methosulphate. The solution was then allowed to warm to

room temperature and the absorbance at 556nm was recorded for 10 min in
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in order to obtain a blank rate. This procedure was followed with all
samples since this blank rate was found to vary during the day. After
10 min between 5 and 20 Pl of a standard NAD+ solution or extract was
added. The subsequent increase in absorbance was recorded on a chart
recorder with a full scale deflection of 0.5 0.D. units for 20-30 min.
A calibration curve of rate of increase in absorbance versus NAD

concentration was obtained by adding between 12.5 and 75nM NAD+ to the
assay system. The stock NAD+ solution was assayed
spectrophotometrically by measuring the absorbance at 260nm and assuming
an extinction coefficient of 17.6)(106 cm2 mol-1 (Dalziel, 1963). All
solutions were prepared fresh each day and stored in the dark at 4°c.

Absorbance measurenments were made - on a Unicam SP800OA UV

‘spectrophotometer.
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6.3 Measurement of the in situ equilibrium velocity of

lactate dehydrogenase using oxamate inhibition

As shown in chapter 2, the enzyme can be specifically and reversibly
inhibited with relatively low concentrations of oxamate. Oxamate 1is a
substrate analogue which competes with pyruvate for binding to the
enzyme (Novoa et al, 1959). The extent td which this inhibition is
expressed in the overall exchange velocity of the C-2 exchange system is
dependent on the sensitivity coefficient of the enzyme. This was
demonstrated in figure 15 chapter 2 which is, in part, reproduced here

as figure 1. The figure showed the effect of changing, in vitro, the

ratio of the lactate dehydrogenase equilibrium velocity (VLDH) to the
combined equilibrium velocities of the other enzymes expressed as VR,
the reciprocal of the reciprocal sum of the equilibrium velocities of

the other enzymes. As this ratio is increased the overall equilibrium

velocity, V becomes progressively less sensitive to inhibition of

c2x’
LDH. The inhibition or dissociation constant, Ki, for oxamate binding
to the enéyme was estimated to be 60pM. In figure 1 inhibition data
obtained in vitro at 10pM added NAD® is shown in addition to that
obtained at 100pM added NAD+. This shows that oxamate inhibition is the
same at 10 and 100pM NAD(H). The oxamate Ki appears therefore to be
independent of NAD(H) concentration. It should be noted that the ratio
VLDH/VR was approximately the same (0.5-0.6) in both of the exchange
systems containing 10 and 100pM added NAD+. Furthermore although the
pyruvate concentration was different in the two systems (4 and 17pM
respectively) this is not expected to significantly affect oxamate
inhibition and the theoretical inhibition curves obtained are very

similar, (only a single curve 1is shown in figure 1).
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This oxamate inhibition experiment can be performed in the intact

erythrocyte (figure 2) where it can be used to estimate VLDH/VR in

situ. From this ratio and wusing the measured VC2x and the double

reciprocal relationship between V and the equilibrium velocities of

C2X
the enzymes a value for VLDH’ the total equilibrium velocity for LDH,
can be calculated. Dividing this value by the activity of the enzyme
assayéd spectrophotometrically yields a value for the specific
equilibrium velocity of the enzyme in situ. It is crucial however that
in these calculations the cellular pyruvate concentration is known.
This 1is demonstrated in table 1 which shows an analysis of the data
presented in figure 2. Oxamate inhibition is coméetitive with pyruvate,
the extent of the inhibition is dependent therefore on the pyruvate
concentration. Using a Ki value of 60uM the in situ inhibition data
shown in figure 2 can be fitted with a variety of VLDH/VR ratios
depending on the pyruvate concentration. The value of this ratio
determines the calculated V as shown in table 1, This also shows the

LDH
theoretically expected values for VLDH at the different pyruvate
concentrations and at an NAD+ concentration of 10pM. RKRnowledge of the
pyruvate concentration is important therefore in two respects; a) the
pyruvate concentration will determine the extent of oxamate inhibition

and b) - its level will determine the uninhibited equilibrium velocity

of the enzyme. Simulation of the in situ environment in vitro will

require therefore accurate knowledge of the pyruvate concentration.
Although the pyruvate concentration must be known for in vitro studies
its effect on the inhibition in situ can be avoided by using oxalate, an
LDH inhibitor which 1in this case competes with lactate for binding to
the enzyme (Novoa et al, 1959). Since the lactate concentration is
relatively high and saturating its modulating effect on oxalate

inhibition is less radical and more easily allowed for than that of
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Table 1

Estimation of VLDH in situ from oxamate inhibition studies.

The effect of pyruvate.

The experimental data shown in figure 2 can be fitted with a variety of

values of VLDH/VR depending on the pyruvate concentration.

VLDH/VR ratio VLDH LD

concentration required to obtain calculated from the at 10 pM NAD+ and the

Pyruvate in situ Expected V in vitro

a fit to the VLDH/VR ratio specified pyruvate concentration
experimental data (pwols/min/unit) (pmols/min/unit)
4 8.0 0.068 0.015
40 4.0 0.041 0.027
100 2.0 0.014 0,019

The specific equilibrium velocity (VLDH) of the enzyme in situ can be calculated from the uninhibited

value of V,,, and the estimated VLDH/VR ratio. The VLDH/VR ratio was calculated by fitting

the experimental data shown in figure 2 using a Ki value for oxamate inhibition of 60}1M. The expected

VLDH in vitro was calculated using the kinetic model for lactate dehydrogenase described in chapter

2 for an NAD(H) concentration of 10uM, a lactate concentration of 12mM and the specified pyruvate concentration.






pyruvate on oxamate inhibition. Oxalate inhibition in an in vitro

system is demonstrated in figure 3., The theoretical curve was
calculated in the same way as the curves for oxamate inhibition. The
lactate Ks was assumed to be 4.lmM (Everse & Kaplan, 1973) and the
experimental data was fitted using a Ki wvalue of O.llmM. This
inhibition constant is similar to that obtained in conventional steady

state kinetig'studies of the enzyme (Ndvoa et al, 1959).

With accurate measurement of the cellular pyruvate concentration
and further studies of oxalate and oxamate inhibition of the enzyme in
vitro, under conditions more similar to those present in situ e.g. at
higher ionic strength, these experiments could be used to estimate the
‘in situ equilibrium velocity of LDH. However this line of investigation
was not pursued any further when it became apparent that the equilibrium
velocity of the enzyme could be measured by studying an exchange

catalysed by LDH alone.

6.4 Equilibration of isotope at the lactate C-2 position between

methyl labelled lactate molecules

-A direct method for obtaining the equilibrium velocity

of lactate dehydrogenase

Simpson (1981) showed that the LDH activity in intad¢t erythrocytes
could be measured by measuring the equilibrium velocity for the exchange
of 1H/ZH label between the methyl groups of lactate and pyruvate. By
comparing the equilibrium velocity displayed by the enzyme in vitro and

in situ it was concluded that the free NAD(H) concentration 1in the

erythrocyte is approximately 10% of the total extractable concentration
of approximately IOOPM. Measurement of this exchange, however, suffers

a number of drawbacks when used as a method for measuring VLDH and the
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effective NAD(H) concentration in the erythrocyte. The drawbacks are;

a) in vitro the exchange of totally deuterated pyruvate methyls with

totally protonated lactate methyls results in a linearly related
increase in the pyruvate peak intensity and decrease in the lactate peak

intensity in the spin echo spectrum, In situ however the pyruvate

methyl can exchange with solvent (Simpson et al, 1981)), this results in
the formation of partially deuterated methyl groups. This exchange must :
be allowed for when estimating the‘rate of equilibration catalysed.by
the enzyme. However a further complication is introduced by the fact
that partial deuteration of a methyl group affects the n.m.r. relaxation
properties of the remaining protons. Under these conditions linearity
between the proton composition of the lactate or pyruvate methyl and 1its
peak intensity in the n.m.r. spectrum is lost. These effects can
however be allowed for (Simpson, 1981); b) the method requires the use
of very high pyruvate concentrations, 10mM was the concentration usually
employed. At this pyruvate concentration the enzyme suffers
considerable pyruvate inhibition which distorts the expected depeundence
on NA]j+ concentration. The result of this is that the equilibrium
velocity of the enzyme increases very rapidly at low NAD+ concentrations
with 1little further increase above 20pM. This reduces the sensitivity
of the enzyme as a probe for the intracellular NAD(H) concentration in

the range expected in the erythrocyte i.e. up to 100pM.

A similar experiment to the lactate/pyruvate methyl isotope
equilibration experiment can be performed. with lactate alone. This
involves observing the equilibration of 1label at the lactate C-2
position between two different lactate species distinguished by their
methyl label. The principle of this method is described in figure 4.

If LDH plus NAD' is added to an equimolar mixture of L-(U-ZH)lactate and
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L‘(U"IH)lactate there 1is equilibration of 1H/ZH label at the C-2
position of the two lactate species. At equilibrium 4 equimolar species
are obtained, i.e. L—(U—ZH)lactate, L-(U—IH)lactate, L—(2—2H)1actate and
L-(3-2H)1actate. Only those species with protonated methyls are
observed in the p.m.r. experiment. Therefore before equilibration only
L-(U—IH)lactate is observed, this gives an inverted methyl in the spin
echo experiment at T =68ms. At isotopic equilibrium an equimolar
mixture of L-(U-lﬁ)lactate and L-(Z—ZH)lactate gives rise to ﬁbsitive
and negative methyl peaks of equal intensity which partially cancel to
give a null point. A similar experiment can be performed with
L-(3—2H)1actate and L—(2—2H)1actate as the sgarting lactate species

(figure 4). This experiment, like the methyl equilibration experiment,

can be performed both in situ and in vitro and used to estimate the free

intracellular NAD(H) concentration. It has, however, a number of
advantages 1i.e. a) because the pyruvate concentration is very low
(IO—SOPM) exchange of 1isotope with solvent in the pyruvate and
consequently lactate methyl groﬁps is minimal; b) with equimolar
concentrations of the two lactate species at t=0 the net result of the
exchange in the spin echo spectrum 1is the loss of the entire peak
intensity due to the C¥3 protonated methyl present. In the C-3
equilibration experiment with equimdlar lactate and pyruvate
concentrations the lactate and pyruvaté peaks change by only half of
their original intensity at t=0. Observation of C~2 equilibration is
enhancéd therefore in the spin echo experiment compared to Cc-3
equilibration; é) the equilibrium velocity for C-2 equilibration is
much more sensitive to the concentration of NAD+ in the range 0-100pM

(see figure 5) because there is no pyruvate inhibition.
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6.4.1 Measurement of C-2 equilibration in situ and in vitro

Equilibrium velocity measurements were performed in a manner

similar to that employed with C-2 exchange measurements. The in vitro

system in this case however contained only LDH and the specified NAD+,
lactate and pyruvate concentrations. Exchange time courses were
initiated by the addition of one of the lactate species to an otherwise
complete exchange system prewarmed to 37°C. The system usually
contained between 5 and 10 units/ml LDH and 20mM lactate. The exchange
was monitored by collecting 2 min spectra (80 scans) for betﬁeen 60 to
90 minutes wuntil more than 75% of the two lactate species had
exchanged. In many cases a spectrum was obtained at a much later time,
when isotopic equilibration was complete, in order to check that a true
null point was obtained (see figure 4). It is essential that the end
point be known with some precision since a discrepancy in this value can
radically affect tﬁe éalculated rate of equilibration. Exchange time
courses were fitted to an equation of the following form (using a least
squares fitting vroutine available in the Nicolet 1180  computer
software);-

y = Ae(—kt)

where y 1is peak height at time t, A is the amplitude of the change in
peak height and k is the first order rate constant for the exchange.
This 1is equal to the sum of the individual rate constants for the
exchange of isotope between lactate species A and B and between species
B and A respectively. Since these rate constants are equal the
equilibrium velocity for the exchange is obtained by multiplying k/2 by
the concentration of one of the lactate species (i.e. half the total

concentration of lactate). Dividing this value by the
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Spectrophotometrically assayed activity of the enzyme gives the specific
equilibrium velocity of the enzyme. The computed standard deviation in
k was never greater than tS%. Measuring the equilibrium velocity of

LDH by monitoring C-2 equilibration is considerably easier, less time
consuming and less error prone than measuring the equiiibrium velocity

by C-2 exchange since it requires only a single exchange measurement.

C-2 equilibration experiments with erythrocytes were performed .-
with dilute cell suspensions at haematocrits between 10 and 15%. At
these cell dilutions the LDH activity present (per ml of solvent water)
is comparable to that found in the in vitro system i.e. approximately
10 units/ml. Exchange. measurements on these cell preparations were

performed in exactly the same way as on the in vitro system. By

measuring the exchange over the same number of half times in situ and in
vitro any possible isotope effects on the rate and consequently on a
comparison of the results obtained In situ and in vitro can be ignored.
The erythrocytes used in these experiments had been stored in
citrate/phosphate/glucose for 3-4 weeks in order to deplete them of
2,3-DPG, The breakdown of this metabolite during exchange measurements
would lead to pyruvate production (Whittam, 1958). The cells were
depleted of other metabolites by washing and incubating them at 37°C in
the absence of glucose (see Experimental section). As a consequence of
this they showed no endogenous lactate production during exchange

measurements. Control incubations with L'(2‘2H)lactate and

L-(3-2H)lactate showed that the cells were unable to catalyse the

exchange of deuterons with solvent protons at either the C-3 or C-2
positions of the lactate molecule. Addition of 0.5mM iodoacetate to a
cell preparation did not affect the observed equilibration rate and

calculated equilibrium velocity for the enzyme. All of the C-2
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1
equilibration measurements were performed in H20°

| +
6.4.2 The concentrations of free NAD plus NADH in the erythrocyte

Figure 5 shows the dependence of the equilibrium velocity for C-2
equilibration on the added NAD+ concentration in an in vitro system.
The solid line is a theoretical curve derived using the kinetic model

described in the appendix. The equilibrium velocities obtained in situ

are shown on the ordinate. These results indicate a free intracellular
NAD+ plus - NADH concentration of between 10 and 15pM. However before

such a conclusion can be reached the proposed similarity between the in

vitro and in situ environments should be examined.

6.4.3 The effect of pyruvate

Table 2 shows the results of pyruvate assays on metabolically
depleted cells used for C-2 equilibration experiments. The pyruvate was
assayed in the supernatants of centrifuged cell preparations.
Extraction of pyruvate with perchloric acid was avoided since this has
been shown to result in an apparent loss of pyruvate (Gloster & Harris,
1962). It was suggested that LDH is not totally desfroyed during
perchloric acid treatment. As a result of this LDH is introduced with
pyruvate into an assay system in which pyruvate 1s assayed by
monitoring, spectrophotometrically, NADH oxidation following subséquent
addition of LDH. Introduction of the enzyme with pyruvate means that a
stable initial absorbance reading cannot be obtained and the pyruvate
concentration is consequently underestimated. Acidification of the
intracellular medium prior to inactivation of the enzyme or destruction
of NADH may also lead to a loss of pyruvate by forcing the equilibrium
towards NAD+ and lactate. Another point which should be noted about

these pyruvate assays (which are described in the Experimental section)
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Table 2

Pyruvate assays on glucose depleted cells wused for C-2 equilibration

experimeats.
Added lactate Added pyruvate Assayed pyruvate | Number of
concentration concentration concentration determinations
(mM) | (pM) (p)
- - 7 2
- - 6 3
- 100 94 2
- - 8 2
20 - i6 2
- 91 98 2
20 91 100 2

The pyruvate was assayed in cell free supernatants. The cells were
suspended in Krebs-Ringer buffer at haematocrits between 10 and 157 and
incubated for 20 min at 37°C before being assayed for pyruvate. The

assays were performed as described in the Experimental section.



is the pH of the assay system. This was usually between 6 and 7. At
higher pHs the equilibrium constant for the reaction makes it impossible

to assay all of the pyruvate in the presence of such high lactate

concentrations,

The assayed pyruvate concentration in these cells in the presence
of added lactate is 16pyM which 1is significantly higher than that

expected in vitro at IOPM added NAD+ i.e. SPM. The effect of this

‘higher pyruvate concentration will be to increase the equilibrium
velocity of the enzyme as demonstrated in figure 5. Addition of
pyruvate to both the in vitro and in situ systems results in an increase
in the obseryed equilibrium velocity of the enzyme. Since the pyruvate
concentration (SOpM) is very much less than the lactate concentration
(20mM) flux of label into the pyruvate will have a negligible effect on
the observed exchange of label in the lactate. Addition of pyruvate to
a cell preparation results in a smaller increase in the equilibrium
velocity than that observed in vitro. This is presumably because the
initial pyruvate concentration is higher 1in -the cell, These
observations suggest that in the in vitro system, which lacks additional‘
pyruvate, the equilibrium velocity displayed by the enzyme will be

slightly less than that observed in situ. The estimated free

intracellular NAD(H) concentration is therefore likely to be a slight
overestimate and it is probably closer to 10pM  than to ISPM. This
effect of pyruvate could be avoided by performing both the in vitro and

in situ experimeﬁts in the presence of 50-100pM pyruvate.

6.4.4 The effect of}pH

The results in table 3 show the effect of pH on the equilibrium

velocity of the enzyme. Also shown are the theoretically calculated
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Table 3

pH

7.0
7.2
7.4
7.6

7.8

The effect of pH on the equilibrium velocity for C-2 equilibration.

Experimentally observed

<ﬁbm

0.015
0.015
0.015
0.013

0.012

Ataowm>sw=\cmwnv

calculated from a
theoretical model which

assumes that only the substrate
concentrations change

(pmls/min/unit)

0.007
0.009
0.011
0.011

0.017

<ﬁb= calculated from a
theoretical model which

assumes that there are changes
in the substrate concentrations
and i{in the dissociation constant
for NADH binding to the enzyme

(pmols /min/unit)

0.008
0.010
0.011
0.013

0.015

The in vitro system contained glycylglycine-imidazole buffer at the specified pH, 0.15M KC1l and

0.5aM EDTA.

The lactate dehydrogenase was added as an ammonium sulphate suspension to give 5 units

enzyme/ml. All samples contained 15pM NAD' and 10mM ﬁlﬁclwmvumnnmnm and 10mM rlﬁalumvpmnnwnw.

The theoretical values were calculated as described in the text

using "model 1" which is described in the appendix.



values for VLDH assuming that there 1s only a change in the equilibrium
concentrations of the enzymes substrates but no change in its kinetic
parameters. There is considerable disparity between the calculated and
observed effects of cﬁanging the pH. However Schwert et al (1967) have
shown that in this pH range there is a significant change in the
dissociation constant for NADH. Winer and Schwert (1958) concluded that
k7 is not affected in the pH range 7 to 8 but that k8 decreases
significantly as the pH is raised.
ky
ENADH = E + NADH
kg

From the data of Schwert et al (1967) the effect of pH on the
‘dissociation constant can be calculated (figure 3 in their paper). The
change 1In the ratio k7/k8 is estimated to be +3 x 10-6 for an increase
of 1 pH unit between pH 7 and 8. By extrapolating to the data of
Borgﬁann et al (1974); the effect of pH on the kinetic parameters in the
fheoretical model can be calculated. Theoretical calculations for the
equilibrium velocity of the enzyme which .take into account this effect
of pH are shown in the third column of table 3. The result of this
change in the rate constants 1is a much reduced effect of pH on the

calculated equilibrium velocity in closer agreement with the

experimentally observed values.

Throughout these investigations the intracellular pH of the

erythrocyte has been assumed to be 7.4. However as shown for GAPDH 1in

the previous chapter and now for LDH this is not a critical assumption

when simulating the intracellular environment in vitro for these

enzymes .
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Table 4

The effect of buffer composition on the equilibrium velocity for C-2

equilibration,

Buffer

100mM glycylglycine-imidazole

pH 7.4, 0.5mM EDTA, 0.15M KCl1

Krebs-Ringer

Tris-HC1l pH 7.4, 0.5mM EDTA,

80mM KC1

All three determinations were performed

L*(U-IH)lactate and 10mM L-(U-zH)lactate.

VLDH

(pmols/min/unit)

0.015

0.016

0.013

with 15pM added NAD', 10mM



6.4.5 The effect of buffer composition

Equilibrium velocities measured at pH 7.4 in Tris-Hél,
imidazole~glycylglycine and Krebs-Ringer buffers show no significant

differences (table 4).

6.4.6 The effect of enzyme concentration

The effect of enzyme concentration on the specific equilibrium
velocity of the enzyme has been investigated both experimentally and
theoretically (table 5). Increasing the enzyme concentration in the in
vitro system 1in the presence of 2pM NAD+ had no significant effect on
the experimentally observed specific equilibrium velocity. The absence
of an effect was predicted by a kinetic model described in appendix 1.
This model also predicts the effect of enzyme concentration on the
apparent equilibrium constant of the reaction. These predictions are
compared in table 6 with the experimental observations of Neilands

(1952).

6.4.7 Isotope effects

Primary and secondary deuterium isotope effects on equilibrium
constants for enzyme catalysed reactions have been extensively studied
(see for example Cook et al, 1980) and rules have been formulated for
predicting their magnitude. The equilibrium constant for lectate

oxidation will be decreased by a factor of 0.83 if L-(3—2H)lactate is

used (Cook et al,1980). If L'(Z'ZH)lactate is used the equilibrium
constant will Be decreased by a factor of 1/1.19. The rules predicting
the effect are multiplicative and therefore the equilibrium constant
with L—(U—ZH)lactate is expected to be decreased by a factor of
0.83/1.19=0.69. This relatively large effect will be halved in the

equilibration experiment since an equimolar mixture of L—(U—ZH) and
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Table 5

The effect of enzyme concentration on the specific equilibrium velocity

of the enzyme

Experimental observations and theoretical

A-Experimental observations

calculations.

Lactate dehydrogenase VLDH
activity (units/ml) (pmols /min/unit)
50 0.0032
50 0.0032
17 0.0035
B-Theoretical calculations
Lactate dehydrogenase True equilibrium Apparent equilibrium
activity cons tant cons tant
(units/ml)
50 1.57 x 10 2,25 x 107*
20 " 1.83 x 107*
10 " 1.69 x 10~
1 " 1.58 x 107

vLDH

(pmolshnin/uni;)

0.00069
0.00064
0.00075

0.00077



Table 5

A~ The in vitro system contained 100mM glycylglycine-imidazole buffer,
PH 7.4, 0.5mM EDTA, 0.15M KRCl and 2pM NAD+. Exchange experiments were
performed with 10mM Lr(3~2H)1actate and 10mM Lr(Z-ZH)lactate. The
enzyme was dialysed twice against 1000 vol. of the buffer used in the in

) +
Xlsgg_system, No exchange was observed in the absence of added NAD .

B~ The theoretical calculations were performed using "model 2" which is
described in the appendix. The true equilibrium constant is calculated
from the concentrations of the free substrates. The apparent
equilibrium constant is that which would be measured if the system were
assayed for the substrates. It includes the concentrations of both the

free and enzyme bound forms of the substrates.



Table 6

The effect of enzyme concentration on the apparént equilibrium constant of the reaction,

A comparison of theoretical predictions and experimental observation.

Enzyme active site Apparent equilibrium constant Ratio of the apparent equilibrium
concentration constant to the true equilibrium constant
(M) Predicted Observed Predicted Observed
8.0 x 107/ 0.640 x 107 0.23 x 107 1 1
2.0 x 10°° 0.663 x 107 0.23 x 107 1 1
3.8 x 107 1.59 x 107 0.50 x 107 2.5 2.2
7.6 x 107 316 x 107 1.4 x 107 4.9 6.1
1.9 x 107% 4.9 x 107 4.5 x 107 23.2 19.6

The experimental observations are those of Neilands (1952). The added z>u+ and lactate concentrations used in these studies were estimated

4 M and 6.0 x ~01N M respectively., Neilands showed the dependence of the measured or apparent equilibrium constant of the

to be 3.0 x 10
reaction on the concentration of the bovine heart enzyme. The theoretical predictions were made using a model ("model 2"), which is described
in the appendix, under conditions similar to those described by Neilands. The enzyme concentration was multiplied by 4 to give the active site

concentration, lactate dehydrogenase 18 a tetrameric enzyme (Everse & Kaplan, 1973). The rate constants used in the model were calculated for

a temperature of 25°C from the data of Borgmann et al (1974).



Table 7

A comparison of the two C-2 equilibration experiments.

Labelléd lactate spécies Enzymé activity _ VLDH

added at t=0 (units/ml) (pnnls/min/unit)
L-(U—ZH) and L-(U—IH)lactate 10 0.007

11 " ” 1" 19 00 008
L—(Z—ZH) and L-(3—2H)1actate 10 0.010

11) 11) 1 1) "n 19 0.010

The determinations were performed in an in vitro system containing 100mM
glycylglycine-imidazole buffer pH 7.4, O0.5mM EDTA and 0.15M KCl. The
concentration of each lactate species was 10mM and the concentration of
added NAﬁ+ 10pM. The enzyme, which was obtained as an ammonium sulphate

suspension, was dialysed against the buffer wused in the in vitro

system.



L"(U-IH)lactate is employed. Under these circumstances the equilibrium
constant for lactate oxidation is expected to be decreased by a factor
of 0.85, With the mirror experiment, which employs an equimolar mixture
of L—(Z—ZH) and L-(3—2H)lactate, the calculated perturbation in the
equilibrium constant 1s a decrease by a factor of 0.83. These
calculations suggest that there will be no time dependent changes in the
equilibrium concentrations of the enzyme’s substrates during exchange
measurements., Such changes could distort the calculated equilibrium
velocity. They also indicate that the equilibrium velocities observed
in the two equilibration experiments should be approximately the same.
That.this 1s the case is shown by the results in table 7. However, as
pointed out above, the absence of a  time dependent change in the
equilibrium velocity due to isotope effects is not critical in an in

situ versus in vitro comparison of the properties of the enzyme.

6.5 The total extractable NAD(H) concentration in the erythrocyte

Previous estimations of the total extractable NAD+ plus NADH
concentration in the human erythrocyte show a range of values (see
Simpson (1981) and references cited therein). The estimated
concentrations in the cell water range from 57pM (Hasart et al, 1972) to
201uM (Schulman et al, 1974). These concentrations were calculated by
assuming that 0.72 of the erythrocyte volume is solvent water. Lo&er et
al (1967) and Simpson (1981) obtained values in the range 60-100pM.
Using the enzyme cycling method (see Experimental section) of Nisselbaum
and Green (1969), which was the method wused by Simpson (198l), a
concentration of 80pM (estimated from two determinations) was obtained.
The total extractable concentration was also estimated using the C-2
equilibration experiment by replacing the NAD+ normally added to the in

vitro system with a sample taken from a boiled extract. The specific
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equilibrium velocity of the enzyme was calculated and wused, with the
data shown in flgure 5, to estimate the NAD(H) concentration in the
extract. By accounting for the dilution that occured in the preparation
of the extract a total NAD(H) concentration in the cell water of 60pM
was calculated. These results show good agreement with those of Simpson
(1981) and Loder et al (1967) and are in considerable excess of the
estimated free'NAD(H) concentration. A large fraction of the coenzyme
appears, therefore, to be bound in the cell. The location of these
binding sites has been considered previously, for example by Marshall

and Omachi (1974) and by Simpson (1981).

6.6 Conclusions

The use of the observed in situ lactate dehydrogenase activity as a

probe of the free intracellular NAD(H) concentration has been examined
by Simpson (1981) and Simpson et al (1982). For example it has been
shown that by raising the dintracellular NAD(H) concentration the
equilibrium velocity for equilibration of isotope between the pyruvate
and lactate methyls can be increased. Swelling the cells in hypotonic
media resulted in a decrease of the observed equilibrium velocity.
These experiments do not rule out the possibilty that the enzyme 1is
inhibited by an as yet unknown inhibitor in situ and that infact the
free NAD+ concentration 1s much greater than 10pM. Cellular
heterogeneity could distort the calculated specific equilibrium velocity
although lactate dehydrogenase activity and the concentrations of the

pyridine nucleotides have been shown not to vary with cell age (Chapman

& Schaumburg, 1967; Hjelm, 1968).

The C-2 equilibration reaction has been shown to be a relatively

gsensitive probe of the free NAD(H) concentration in the human
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erythrocyte. This reaction could also be monitored in other tissues
where it could be used in a similar manner to estimate the kinetically

and metabolically relevant concentration of the free coenzyme.

Endogenous lactate production and exchanges with solvent isotope
at the C-3 and C-2 positions were avoided in the studies described
here. Thelr presence however need not be a serious barrier to
‘application of the technique in other tissues since they can be measured
independently of the equilibration reaction. If a model of the exchange
system 1s employed which 1incorporates these independently measurable
exchanges then the observed equilibration data can be fitted to the
model in order to obtain an equilibration rate. The computer programs
émploying the Gear method which are described in chapter 3 and appendix

1 of this chapter would be suitable for such data fitting.
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6.8 Appendix

Kinetic models for predicting the velocity of C-2 equilibration.

Model 1

An analytical expression for the velocity of C-2 equilibration can
be obtained using the method of Yagil and Hoberman (1969). This method
was described in appendix 1 of chapter 2 where it was used to derive an
expression relating the rate constants of the lactate dehydrogenase
mechanism to the velocity of C-2 exchange. In the case of C-2 exchange
there 1is exchange of label between the lactate C—é position and the C~4
position of the nicotinamide ring of free NADH. In the case of C-2
equilibration there 1is exchange of 1label between the two starting
ldactate species via the C-4 position of the nicotinamide ring of NADH.
The NADH need not dissociate from the enzyme for this exchange to take
place. The expression was derived therefore for the exchange of label
via the enzyme bound NADH, the concentration of this species will of
course be determined by the free NADH concentration. “Since free NADH is
not an obligatory intermediate in the exchange the term l/k_a(R) is lost
from the first bracket of the equatiqn shown in appendix 1 chapter 2.
The equation now describes the velocity for the exchange of label
between lactate and bound NADH. The velocity of exchange between the
two lactate species via the NADH will be half of this value and the
experimentally observed velocity will be halved again because the two
equimolar lactaﬁe species (at t=0) are competing for the same enzyme
site.

In the model described in chapter 2 an equilibrium constant of
2.79 x 10_4 (at pH 7.4) was used. This is a slightly arbitrary choice

since the value obtained from the rate constants used in the model is
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1.57 x 10‘4 (k+1 k+2 k+3 k+4/k_1 k_2 k_3 k_4). It was felt that such a
choice 1is justified in view of the range of values quoted in the
literature. However in the model wused in this chapter a value of
1.57 x 10"4 is used in order to make the predicted equilibrium
velocities consistent with those predicted by '"model 2" which 1is
described in the second part of this appendix. The values predicted by
this model are shown in figure 5 and table 3 in the main text. These
values were however multiplied by a factor of two in order to give a

better fit to the experimental data. The values for the rate constants

were obtained from the data of Borgmann et al (1974).

Model 2

The equation derived in "model 1" is an approximation which assumes
that the total enzyme concentration is much lower than that of the
substrates. This equation cannot be wused to predict the effect of
enzyme concentration on the specific equilibrium velocity. 1In orxrder to
do this an explicit description of the exchange system must be
formulated. The differential equations describing chemical and isotopic
flux are shown below.

The equations were derived for the following description of the lactate

dehydrogenase mechanism.

k, 0 ky L ke k,
E 2 EO & FOL(P) & ER a E
k, k, k¢ P kg R

where E represents the free enzyme concentration, 0 the NAD+
concentration, L the lactate concentration, P the pyruvate concentration

and R the NADH concentration.
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Differential equations describing chemical flux

- . - E . E E
dE/dt kl E.O k8 R + k2 0 + k7 R

dEo/dt = —k2 EO -k3 EO . L + kl E. O+ k4 EOL
= - E - E ° .
dEOL/dt k4 OL k5 OL + k3 EO L + k6 ER P
dER/dt = -k7 ER - k6 ER . P + k5 EOL + k8 E.R

do/dt = -k, E . 0 + k, EO

1 2
dL/dt = -k3 FO . L + k4 EOL
dP/dt = -k6 ER . P + k5 EOL
dR/dt = —k8 E.R+ k7 ER

These equations were solved for different initial values of E, O and L
using the Gear method described in chapter 3. A listing of the computer
program used, LDHMOD, is shown on a following page. The K matrix

contains the rate constants k, to k The Y matrix (Y(1l) to Y(8))

1 8°

contains the concentrations of the intermediates; E, EO, EOL, ER, O, L,
P and R respectively.

The program can be used to calculate the rate of relaxation of the

system to chemical equilibrium and the final equilibrium concentrations

of the substrates and intermediates. For 10 units of enzyme, 20mM

+
lactate and 10pM NAD the t for relaxation to chemical equilibrium is

1/2
19 s; ‘a rate which is orders of magnitude faster than the rate of
relaxation to isotopic  equilibrium. The final equilibrium
concentrations of the free substrates predicted by this model at low
enzyme concentration (i.e. 1 unit/ml of enzyme which 1is equivalént to
3.07 x 10_8M adtive sites) are exactly the same as those predicted by
model 1. The enzyme active site concentration/unit enzyme was
calculated by assuming that Vmax is equal to 1 pmol/min/ml (which is

-5, -1
equivalent to 1.667 x 10 "M s ") and dividing this by k At higher

2.

enzyme concentrations there 1is a discrepancy between the true and
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apparent equilibrium constants as shown in tables 5 and 6 in the main
text, The true equilibrium constant was calculated wusing the
equilibrium concentrations of the free substrates, at low enzyme
concentrations these are equivalent to their total concentrations. The
apparent equilibrium constant is that which would be measured if the
equilibrium mixture were assayed for each substrate. It includes both
the free and enzyme bound substrates.

The program outputs the equilibrium concentrations of all eight
species to a file which is then read by program LDHMOD2 which calculates

the equilibrium velocity for C-2 equilibration.

The differential equations describing isotopic flux

X 0,0)79t = ¥¥g0100,0) " ¥3¥rc0,0) ¢ FO
dXL(*’*)/dt =k, Xoor ey T Ka¥p(x ay ¢ EO

X 0,0/9t = K Xgor(x,0) = K3¥y(x,0) * EO

X 0,%)79t = KXgor00,%) T Ka¥L(o,x) * O

dXR/dt = kXep ~kgXp « E

dXER/dt = 8XR E - k X ER - kGXER « P

* kg (Ko cx, %) ¥ Xgor(x,0)?
dX,/dt = kg (Xgorcx,%) ¥ Xgon(o,*)? ~ Ke¥p * ER

dX (k + k )

£0(0,0)” 4t = ¥3%1c0,0) * ¥ ~ Xgor(o,0)
+ kg (ER = X )(P = X)

dXx /dt = k.X . BEO - X (k + k )

EOL(*,%*) 37L(*, %) EOL(*,*)
* keXer®p
dXEOL(*,O)/dt B k3XL(* 0) ° E0 - EOL(* 0)(k + k )
+ kX (P - X))

dXgor.c0, %748 = ¥3¥pc0,%) * B0 7 Xpo 0,4y (kg + kg
| + keXp(ER - XgR?

X represents in this case not fractional labelling of an intermediate
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but instead its concentration. The K and C matrices in LDHMOD2 have the
same numbering scheme as the K and Y matrices respectively in LDHMOD.
The Y matrix (Y(1) to Y(1ll)) contains the concentrations of the labelled
intermediates; L(0,0), L(*,*), L(*,0), L(0,*), R, ER, P, EOL(0,0),
EOL(*,*), EOL(*,0) and EOL(O,*) respectively. The symbol * represents
label, either 1H or 2H, the first argument in parentheses denotes the
labelling at the C-2 position of the lactate molecule (free or bound)
and the second argument the labelling at the C-3 position.

The program returns the time  dependent changes in the
concentrations of the labelled substrates plus the calculated specific

equilibrium velocity of the enzyme.
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7 Some general comments on the application of H n.m.r.

to the study of 1isotope exchange

and the kinetic properties expressed by enzymes in intact cells

Fractional labelling - the effect of chemical flux

During measurement of C-2 exchange a unique point is observed, the
null point, which represents the poinf at which 507 of the lactate
present is labelled at the C-2 position. At a single point in time the
fractional labelling is known. With C-2 equilibration, and with C-2
exchange at any other point during the exchange' time course, the
fractional 1labelling can only be calculated retrospectively when the
émplitude of the exchange is known. This can be complicated if there is
endogenous lactate production. In the éase of C-2 equilibration lactate
productibn will necessitate fitting of the equilibration data to a
kinetic model of the exchange system. With C-2 exchange, where there
are two points at which the fractional labelling is known i.e. at t=0

and this is unecessary in order to obtain an exchange velocity.

thul1’
The C-2 exchange experiment has therefore a‘Significant advantage over
the C-2 equilibration experiment when allowing for the effect of
chemical flux. However a problem with this experiment is that in order
to observe this point the exchange system may require prolonged
incubation. During this time changes in metabolite concentrations may
occur which affect the apparent equilibrium velocity. This problem
could be avoided if an exchange were monitored which gave continously

the fractional labelling of the observed metabolite. Such an exchange

is illustrated in figure 1.

1
The exchange shown in figure 1 is that of 3C between the methyl

groups of alanine and pyruvate catalysed by the enzyme alanine
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14
aminotransferase. This exchange has been studied previously using a C

label (Saier & Jenkins, 1967). The figure shows a stacked plot of
sucessive spin echo p.m.r. spectra of the alanine methyl resonance
obtained during an exchange time course. An equimolar mixture of
DL—(3-13C)a1an1ne and (B—IZC)Pyruvate was added to a solution containing
the’ isolated enzyme. The alanine methyl resonance (a homonuclear
coupled doublet) is initially split by the 13C label to give a doublet
(of doublets) with a coupling constant of 130Hz. Flux of 12C into, and
13C out of, the alanine methyl in the feaction catalysed by the enzyme
results in the growth of a central unsplit alanine methyl resonance.
The ratio of the central peak height to that of the two satellites gives
the fractional 1labelling of the alanine. It will be noted that at
equilibrium the peak heights of the centre peak and satellites are
equal., This was because DL-alanine was used and the enzyme is
stereospecific for the L form. If the L form were used then at
equilibrium the peak height of the centre peak would be double that of

the satellites. A reciprocal peak splitting is observed in the pyruvate

methyl peak.

An ekchange experiment therefore which employs a 13C label and
which is observed by its effect on the 1H ne.m.r. spectrum enables the
fractional labelling of the metabolite to be monitored continously.

This type of exchange experiment should be a valuable complement to

those already described.

To summarise the studies described here. Isotope exchange at the
C-2 position of lactate has been monitored using a -spin echo p.m.r.
technique that permits continous and non-invasive assessement of the

rate and extent of the exchange. The enzyme catalysed exchange has been
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used to compare the properties expressed by the enzymes lactate
dehydrogenase (LDH) and glyceraldehydephosphate dehydrogenase (GAPDH) in

vitro and in situ in the human erythrocyte. These studies showed that,

in the case of GAPDH, the enzyme 1is wunlikely to be bound to the

erythrocyte membrane in situ and that the reaction it catalyses is not

rate limiting for glycolytic flux. In the case of LDH it was shown that

the activity it expresses in situ is consistent with a free

intracellular NAD(H) concentration of about 10pM.

The technique offers significant advantages over conventional
radioactive 1labelling techniques since it avoids the requirement for
repeated sampling extraction and Separation of labelled compounds.
Although lacking the sensitivity of tracer methods it has been shown
that with a coupled exchange system isotope exchange can be measured in
metabolites present in micromolar amounts. In the case of GAPDH between
the metabolites NADH and GAP. To study the exchange catalysed by this
enzyme in the erythrocyte directly would be difficult if not impossible
to do. Direct assays of NADH in the erythrocyte yleld widely varying
values (see previous chapter). Furthermore some of these studies
suggest that a considerable fraction'of the NADH is bound. A tracer
labelling study would involve extraction, separation and determination
of the count; in both NADH and GAP. The lability of these compounds and
their low concentration will ensure considerable error in these
measuréments. The C-2 equilibration experiment would be impossible to
perform using éonventional radiolabel techniques although it could be
performed using mass spectroscopy. .Here again though the technique

requires discrete sampling and extraction of the labelled lactate.

In an investigation of the control of metabolism the aim must be
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to relate the observed in vitro properties of the enzymes involved in a
particular metabolic pathway to the fluxes and metabolite levels

observed within it. Simple extrapolation of the observed in vitro

steady state kinetic properties of an enzyme to the properties it

expresses 1In situ can be misleading, as was shown for  GAPDH.

Furthermore: such an extrapolation presupposes that the intracellular
environment is accurately defined. The occurrence of protein-protein
interactions and metabolite binding could modify this environment.
Metabolite binding in situ can result in a significant discrepancy
between the total extractable concentration of a metabolite and the
kinetically and metabolically relevant free form. The observation of
apparently non-equilibrium levels of FDP in the human erythrocyte was
taken tb indicate that the reaction catalysed by aldolase is not at
equilibrium in this tissue (Saito & Minikami, 1967). Isotope exchange
studies however, which give an indication of the actual in situ activity
of an enzyme, showed that this was not the case (Rose & Warms, 1970).
It has been shown that the n.m.r. technique can be used to obtain
precise measurements of isotope exchange. These allow the investigation
of the in situ kinetic properties of an enzyme and permit a comparison

of the of the properties displayed by the enzyme in situ and in vitro.

The human erythrocyte is an extensively studied and well
characterised system which has proved to be a convenient "test bed" for
the techniques described. It 1is hoped that in the future these

techniques can be applied to other tissues.
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