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Abstract

The technique of H spin echo n.nur. has been used for the

1 2 non-invasive study of enzyme catalysed H/ H equilibrium isotope

exchange at the C-2 position of lactate in suspensions of human 

erythroeytes. 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 

vit_rp_.

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

solvent, which is catalysed by a coupled system of four glycolytic 

enzymes, has teen used to examine the kinetic properties of the 

individual enzymes ±n_ 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 unlikely

that it is bound to the cell membrane in situ.

1 2 
A study of H/ H exchange between the C-2 positions of methyl

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% of the total extractable concentration. A 

considerable fraction of the coenzyme must be bound, therefore, 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 isotope exchange kinetics in

II



multi-enzyme systems are examined and the effects of chemical flux, and 

of isotope effects, on the measurement of isotopic flux are considered. 

The advantages of the n.m.r. method over conventional radioactive tracer

techniques are described.

1 12 It is concluded that R n.m.r. studies of H/ H 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 
employing the p and C nuclei and to other methods used for the

non-invasive study of metabolism.
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TIM - Triosephosphate isoraerase. 

GAPDH - Glyceraldehydephosphate dehydrogenase. 

LDH - Lactate dehydrogenase. 

ATPase - Adenosine triphosphatase 

PFK - Phosphofructokinase. 

PGK - Phosphoglycerate kinase. 

GAP - D-glyceraldehyde-3-phosphate. 

DIIA? - Dihydroxyacetone-phosphate. 

FDP - D-fructose-1,6-<IIphosphate. 

1,3-DPG - 1,3-diphosphoglycerate. 

2,3-DPG - 2,3-diphosphoglycerate.

V - isotopr.. exchange equilibrium velocity for the exchange of isotope 

between:

V _ - the C-2 position of lactate and solvent.
C^/v

V - the pro-S C-3 position of DHAP and solvent.
r\_\-tLJ

V,_ , v - the C-4 position of FDP and the aldehydic hydrogen

of GAP.

VTIM - the pro-S C-3 position of DHAP and the aldehydic hydrogen

of GAP.

V A 3rvr7 - the aldehydic hydrogen of GA? and the 4B position ofG A.1 LI el 

the nlcotina.f.aide ring of NADH.

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

V - the reciprocal of the sum of the reciprocals of the equilibrium 

luiis of the non-varied enzymes in an equilibrium velocity 

(soe page 54).

x , , - tir.e at which peak inversion occurs during observation of 
null

C-2 exchange. 

Arr - spc'v.i: ' -ophotoioetr Ically assayed activity of enzyme X.
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1 General introduction

The basic concepts of metabolic regulation have evolved from a 

consideration of enzyme 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 

be 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 expression is determined 

by the pK, ionic strength, substrate and other effector concentrations 

in the enzyme's environment. If the kinetic properties of an enzyme 

determined in vitro are to have any relevance to its properties in situ 

then the conditions used in vitro should mimic 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, unidirectional 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

1



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 

contents of the cell or organelle will dictate the in situ environment 

of the enzyme.

Another kind of compartmentation, which is a consequence of the 

high protein concentration found In. situ, is that of "com part mentation 

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. In 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 lower 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 presence of different cellular metabolites 

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

glyceraldehydephosphate dehydrogenase to a particulate fraction from 

chicken skeletal muscle has been shown to affect its kinetic properties 

(Dagger & Hultin, 1975). The binding of aldolase to F actin increases 

Vmax and its Km for FDP (Arnold & Pette, 1970). The changed kinetic 

properties of bound enzymes and modulation of binding by substrates have



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 is the 

system studied here, is an attractive system to examine for this type of 

compartmentation since it 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 phosphofructokinase, 

(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 et 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. 

There have been a number of reports on the binding of othar 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 isolation, in particular isolation in low ionic strength 

buffer. Indeed the well characterised binding of aldolase, GAPDH and 

PFK to band 3 protein 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 in situ. However it has been shown that significant binding 

still occurs in 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 4 C . A discrepancy in the degree of salt elution of 

GAPDH from human erythrocyte membranes obtained by two different groups 

was attributed to different incubation times of the membrane 

preparations at 4°C (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 true 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 be bound in the intact 

cell.

Direct associations of glycolytic enzymes in vitro have been

reported although not always substantiated by subsequent

31 31 
investigations, in a p n.m.r. study very small shifts in the p

resonances of 2,3-DPG were interpreted to indicate the existence of 

complexes involving 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 (Fossal & Solomon, 1977). However 

a subsequent study showed that these shifts were within the noise level 

of the measurements and that the shifts observed in vitro are probably 

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



al, 1979). Recently, however, Fossel and Solomon (1982) have replied to 

these criticisms by performing their experiments at higher magnetic 

field. The direct association of GAPDH and aldolase in 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 investigation however failed to detect any 

interaction (Masters & Winzor, 1981). An interaction proposed on 

theoretical grounds between PGK and GAPDH has not been observed 

experimentally (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 shown that 

most of the NADR is protein bound (Blicher, 1969). In rabbit skeletal 

muscle it has been estimated that the GAPDH concentration is O.AmM and 

that there may be 0.5-l.OmM 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 

significant metabolic intermediate. In the human erythrocyte the GAPDH 

active site concentration is only about 12uM (Marshall & Omachi, 1974)

yet this may represent a significant binding site for free NAD(H) (see
f\ i

chapter 6). A more subtle form of com part mentation is shown by the Mg

ion which binds to organic phosphates e.g. ATP. This is likely to have

important consequences for metabolic control. For example in

2+ 
erythrocyte glycolysis; Mg ATP is the substrate for both the control

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

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



2-1- 
Consequc'.ntly if free ATP were to increase at the expense 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

2+ 
Mg bound form of the adenine nucleotide is an obligatory substrate and

consequently the position of many kinase equilibria are dependent on the
9+

concentration (Veech et_ al_, 1979).

The advantages of compartmentation of metabolites within enzyme 

complexes with regard to metabolic control and increased catalytic 

efficiency have been discussed (Ottaway & Mowbray, 1977; Masters, 1977; 

Rickey Welch, 1977). Despite demonstrations of enzyme binding to the 

erytlirocyte membrane there is no firm evidence of a glycolytic complex 

although the following data has been used to suggest that enzyme 

complexes may exist. The apparent inacessibilty of DHAP and GAP to 

glycero1-3-phosphate dehydrogenase added to a concentrated heinolysate 

was thought to indicate possible compartmentation of these intermediates 

within an enzyme complex (Friedrich et_ al_, 1977). It has been suggested 

that the ordered release of enzymes from erythrocytes suspended in

hypotor.iic media reflects localisation of some enzymes near the membrane

14 (Csake et al, 1978). Studies of ' C labelling of erythrocyte

14 metabolites in the presence of (1- c)glucose were interpreted as

indicating compartmentation of the pentose phosphate pathway enzymes 

(Harvey & Kaneko, 1976). The difficulties involved in deducing 

com par tire at at ion from tracer labelling studies have been discussed 

(Ottaway & Mowbray, 1977). The phosphorylation of adenosine at low 

adenosine concentrations and its deainination at high concentrations was 

interpreted as indicating compartmentation of adenosine kinase and 

siac: deaminasc activities, however this was subsequently shown to



be due simply to the kinetic properties of the enzymes (Fazio et 

1980) and demonstrates that caution should be applied in attributing 

apparently anomalous kinetic behaviour of an enzyme ln_ situ to 

compart mentation. 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

14 
added intermediary glycolytic metabolite to dilute the flow of C label

through the glycolytic sequence catalysed by this 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 'order 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 be 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 raicroinjection into single cells has been used to induce



metabolic transients which have been followed by observing the 

fluorescence of NAD(P)H. Metabolic rates were evaluated topographically 

and heterogeneity was observed between nucleus and cytoplasm and within 

the cytoplasm itself (Kohen et al, 1979). Surface fluoresence from 

haemoglobin-free perfused liver has been used to study changes in NADH 

levels following anoxia and ethanol infusion (Bllcher, 1969). From a 

correlation of these changes with the concentrations of lactate and 

pyruvate in 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 90% of the NADH in 

the liver is bound. It was also concluded that the changes in NADH 

concentration observed ocurred mainly in the cytosol« Surface 

fluorimetry has allowed observation of discrete regions of the livers 

surface which display different metabolic behaviour (Ji et al, 1980). 

For a review of these optical techniques see Sies 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 be a true 

disequilibrium where the enzyme is rate limiting for flux or an apparent 

disequilibrium due to significant binding or compartmentation of the 

enzyme's substrates in situ. If an enzyme catalyses an equilibrium 

reaction of the form A 4- B£ C +D (i.e. its activity significantly 

exceeds the metabolic flux) then measurement of the concentrations of 

one reactant/product pair (e.g. A/C) may, if the equilibrium constant is 

known, give 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 (Bllcher & Sies, 1976). Applied 

non-invasively, this method involves the measurement of membrane

8



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 

NAD /NADH in the cellular compartment in which the dehydrogenase is 

located. In the example given above of the perfused liver, the 

concentrations of lactate and pyruvate, which freely and rapidly 

permeate the cell membrane, were used to calculate the free NAD /NADH 

ratio in the cytosol in which the enzyme lactate dehydrogenase is 

specifically located. The ratio of ^-hydroxybutyrate to acetoacetate 

can be used to measure the intramitochondrial NAD /NADH ratio. Redox 

indicator metabolite couples 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 levels of NAD and NADH (Burch et_ al^, 1967) and the 

consequently wide range of values obtained for the levels of these 

nucleotides in the erythrocyte (Hasart et_ al_, 1972). A fundamental 

problem with the measurement of any metabolite 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_ aj^, 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



since kinase substrates are membrane impermeable and their assay 

requires cell disruption and extraction. For example, the tissue 

contents of the adenylate 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. In muscle and 

brain the creatine kinase reaction was also apparently not at 

equilibrium. Since these kinases are located exclusively in the cytosol 

these results were taken to indicate significant com partmentation 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

2+ important in the case of a dehydrogenase and the Mg concentration in

the case of a kinase.

It should be noted 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, if a significant 

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

non-equilibrium of the substrates for aldolase in 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 

(Arago*n et al, 1980). The method involves cross-linking membrane 

proteins with bifunctional reagents in order to generate a protein

10



lattice. The membrane lipid is then removed making the cells permeable 

to intracellular metabolites. Conventional spectrophotometric enzyme 

kinetic studies can then be performed on these cell preparations. The 

rationale for this approach is that any protein-protein interactions 

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 nein. r. to the non-invasive study of metabolism 

has expanded rapidly in recent years (reviewed in the foliowingj Burt et 

al, 1979; Shulman et al, 1979; Gadian & Radda, 1981). The sj'stems 

studied have ranged from the level of the isolated cellular organelle, 

the mitochondrion, to an intact animal.

13 In 1972 Eakin _et_ al_ (1972) obtained C n.m.r. spectra from yeast

13 suspensions fed with glucose enricbed at the 0-1 position with C. In

31 1973 Moon and Richards (1973) published p n.m.r. spectra of human

erythrocytes which showed resonances from 2,3-DPG, 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.

31 Studies with the 100% abundant p nucleus have involved the

measurement of pH and the levels of phosphorylated metabolites in a 

range of systems including erythrocytes, yeast, E. Coli, mitochondria, 

hepatocytes, muscle, perfused organs such as rat heart and liver, 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 sensitivity of the chemical shift of a phosphate resonance,

notably that of inorganic phosphate, to pH changes around neutrality,
31 make P n.ra.r. a very powerful method for measuring intracellular and

intraorganelle pH. In hepatocytes two inorganic phosphate resonances 

have been observed and assigned to the cytosolic and mitochondrial 

compartments (Cohen et al, 1978). The chemical shifts of these peaks 

give the pH in the two compartments. In skeletal muscle the anomalously 

large inorganic phosphate linewidth has been attributed to the 

distribution of phosphate between compartments of different pH. It is 

not certain, however, wether these phosphate pools reside within 

different regions of the muscle or in different compartments within 

individual muscle cells (Gadian et_ al^, 1979). In human erythrocytes, as 

mentioned 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, ionic strength and haemoglobin concentration found

in the intact cell, estimates were made of the percentage of 2,3-DPG
2+ bound in situ. Binding ot Mg" to ATP results in large downfield shifts

of the <y. , j$ and jf 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
2+ ATP bound to Mg in the intact cell. From these data and from studies

of the interactions of various phosphorylated metabolites with
2-f 

haemoglobin and Mg under in situ conditions, simulated in vitro, the

2+ intracellular concentration of free Mg was determined (Gupta et al,

1978). In kinetic studies on muscle the problems presented by the low

12



sensitivity of the n.m.r. technique 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 ATPase 

activity. It was found that the activity was tenfold lower in the 

intact muscle than in a myosin solution, indicating that the enzyme may 

be inhibited in situ. The capability of n.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 se compound, loss 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 in 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 the extraction technique inevitably results in some phosphocreatine 

breakdown.
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13 Studies with the C nucleus, which has a low natural abundance,

13 have involved injection of C labelled metabolites into various

cellular systems and monitoring the fate of the label in intermediary

jaetabolites. Systems studied include many of those mentioned above for

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

10

The "scrambling" of C label between the C-l and C-6 positions of 

FDP in yeast fed with (1- 13 C) or (6- C) 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

13 observed in glucose in mouse liver perfused with C labelled alanine

indicated that the triosephosphate isomerase reaction is at equilibrium

in this tissue (Cohen et al, 1979). In hepatocytes incubated with

13 13 (3- C) alanine comparison of the concentration of C 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 

J^L £i» 1981). The labelling pattern in aspartate, it was thought, may

indicate incomplete mixing of the mitochondria! oxaioacetate pool.
T* 14 

Recently a comparison of C n.m.r. and C tracer studies of hepatic

metabolism has been published (Cohen et_al^ 1981a). The relative merits 

of radioactive tracer techniques and n.m.r. methods for studying 

cellular metabolism are discussed in a later chapter.

The intrinsically 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
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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.m.r.. The technique of saturation transfer, however, which detects the 

transfer of magnetisation between two rapidly exchanging nuclei, allows 

measurements of rates in the range 1-10 s (Brown, 1980). The 

unidirectional rate constant for ATPase catalysed synthesis of ATP from 

ADP and Pi in E. Coli has 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 erythrocytes has also been reported (Gupta, 

1979). The technique, which allows the direct measurement of an enzyme 

activity in situ, is however limited to a relatively narrow range of 

rates 

13 31 1 Compared to the C and p nuclei the H nucleus has been little

used in metabolic studies of whole cell systems. Although H n.m.r. is

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

that many resonances occur in a narrow frequency range which makes 

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_ a^, 1980; Simpson et_ al^ 1981; Simpson et al

2 
1982a&b; Brindle et_ al^, 1982). The incorporation of H 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).

1 2 
The work presented here is a study of H/ H 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, 

1975), in studies of membrane structure and transport (Marchesi et al, 

1976; Ellory & Lew, 1977) and in studies of metabolism, 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 is no glycogenolysis or 

gluconeogenesis and, under normal conditions, flux of glucose through
•

the pentose phosphate pathway is 10% or less than that flowing through 

glycolysis. The data available on the kinetic properties 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 serai-quantitative models (Rapoport, 1974) 

for the 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 intraceilular 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 isotope 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.ra.r. 

technique for the non-invasive investigation of this environment. The 

use of H n.m.r. measurements of isotope exchange at the lactate C-2 

position to investigate the in situ kinetic properties of human 

erythrocyte enzymes was briefly discussed. In 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 is described and theoretical aspects of isotope exchange in 

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 

°f *n 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 heen 

used throughout the work presented in the following chapters. In 

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

2 
Sigma. 99.8% E<0 was obtained from Fluorochem Ltd., Glossop,

2 *
Derbyshire, U.K.. In H«0 solutions, pH , the uncorrected pH meter

reading is quoted.

2 
Preparation of L-(2- H)lactate

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

et al (1975). Lithium lactate (250 mg) was dissolved in 25 mis of 0.1M
* 2 

sodium phosphate buffer, pH 6.0 in 99.8% H20, containing 50mg EDTA,

12mg dithiothreitol, 25mg NAD (lithium salt), 1.25mg rabbit muscle 

lactate dehydrogenase and 2,500 units of porcine heart lipoamide 

dehydrogenase. The lipoamide dehydrogenase, obtained as an ammonium 

sulphate suspension, had been dialysed against 0.1% EDTA/lmM
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2-mercaptoethanol (pH 7.0) and then lyophilised. The resulting solution 

was incubated 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 lactate with that given by 

L-(U- H)lactate showed that approximately 98% 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 column in the chloride form (Bartlett, 

1959). A linear gradient of 0-0.02M HC1 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 lyophilised. The solid zinc lactate obtained was then 

dissolved to give approximately 10 mis of solution which was passed 

through a 2 x 14 cm column of Dowex 50-X8 in the lithium form (Brin, 

1953). The eluate, containing lithium lactate, was lyophilised and the 

resulting solid stored in a dessicator. Lactate with a purity exceeding 

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

28



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 lUO) and removing the buffy coat by aspiration.

The cells were then washed five times in 1 volume of Krebs-Ringer buffer

2 1 (Krebs & Henseleit, 1932) made in either HO or H20 as appropriate.

The buffers contained lOmM glucose (unless otherwise stated) and all 

washes were performed at room temperature. Erythrocyte lysates were 

prepared by freezing the cells twice in liquid nitrogen. Nicotinamide 

(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 0.1% EDTA/lmM 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).
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Enzyme Assays

These were performed according to Beutler (1975). In all of the 

assays described the assay system buffer contained lOOmM Tris-HCl 

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

6 2  1 
assuming an extinction coefficient for NADH of 6.22 x 10 cm mol

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

of units (umol of substrate consumed/min).

The enzyme solutions to be assayed were diluted in 0.1% EDTA/lmM 

2-mercaptoethanol so that the total activity added to the system 

resulted in an absorbance change of approximately 0.2 O.D. units in 20 

minutes. Rates of reaction were calculated from the linear change in 

absorbance during this period. Cell preparations were diluted in 0.1% 

EDTA/lmM 2-mercaptoethanol as appropriate and freeze thawed twice in 

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 

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 O.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 ImM FDP. 

The FDP stock solution was assayed immediately prior to use by adding 

approximately 50uM FDP to the assay system and following the reaction to 

completion.

Triosephosphate isomerase assay

The assay system contained approximately 0.2 units/ml of 

glycerol-3-phosphate dehydrogenase. The reaction was initiated by the 

addition of 3mM DL-GAP. The GAP was prepared from the diethylacetal 

monobariura salt as described by Sigma and was assayed immediately prior 

to use by adding approximately 20uM 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, lOrnM MgCl and 8mM ATP (neutralised). The 

reaction was initiated by the addition of lOmM 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 ral of the cell 

suspension (or lysate) to 8 ml of ice cold 4% PCA. Following 

centrifugation, 7 ml of the supernatant were neutralised with 1M K_CO_ 

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 

operations the extract was maintained at 4 C.

Assay system

The assay system contained lOOmM Tris-HCl pH 8.0, 0.5mM EDTA, lOmM 

NAD , 4mM sodium arsenate, ImM 2-mercaptoethanol and 2 ml of the extract 

in a total volume of 3.8 ml. The assay system buffer was filtered 

through a 0.22uM pore size Millipore filter prior to use. Fluorescence 

measurements were made using a Ferkiu-ELuer MFF-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/ail 

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 0.5uM FDP followed by
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l.OuM FDP. The total concentration of triose phosphates and FDP added 

to the system in the extract was usually between 0.5 and 2uM. 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 intervals during their use. Assays of 

concentration usually involved 5 determinations. The standard error on 

the mean was never greater than _5% 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) lOmg/ml 

NAD (lithium salt) and approximately 20 units/ml lactate 

dehydrogenase. To this was added approximately 25uM 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
f 9 —1

extinction coefficient for NADH of 6.22 x 10 cm mol (Horecker & 

Kornberg, 1948).

Proton Magnetic Resonance Methods

Spectra were obtained at 470 MHz using a spin echo sequence with

T«68ms ( Brown et al, 1977, Brindle ct al, 1979). Samples in H 0 were
      2

2 run without a H«0 lock 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 5mm diameter tubes containing 0.5 ml of solution or cell suspension. 

All samples were run at 37 C 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 72% of the cell volume is solvent water (Eilam 

& Stein, 1974).



FDP
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H2°3PO H

GAPDH

1.3-DPG PYRUVATE

Figure 1
C-2 exchange pathway

Pathway taken by the label 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 
dehydrogenase; 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 (l969), 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 al, 1968) and as a contributor to

3 solvent labelling observed in liver infused with L-(2- H) lactate

(BUcher, 1969). A possible pathway for exchange not considered by Rose 

and Warms in the erythrocyte is shown in figure 2. Solvent label is 

introduced into the pentose phosphate pathway intermediates by the 

enzyme ribulosephosphate 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 is not known. It is 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.

35



2A I
CHjOH
{Jo

JHJ-C—OH 
H—C—OH

CH 2OPO,2~ 

Ribulose 5-phosphate

Phosphopentose 
epirnerase

CH 2 OH
c-o

HO—
H—C— OH

CH 2OP0 3 2 ~ 

Xylulose 5-phosphate

II

CH 2OH

HO—C-0 

H—C—OH

CH 2OPO 3 2-
Xylulose 

5-phosphate

YH—C-OH 

H—C—OH

CH 2OPO,
Erythrose 

4-phosphate

Transketolase

2 -

H

o. J0
?C—OH

CH 2OP0 3 2-

Glyceraldehyde 
3-phosphate

CH 2OH 
C—0

HO—C-H 

+ H—C—OH 
H—C—OH

CH 2 OP0 3 2 ~
Fructose 

6-phosphate

III

CH-OH 

C-0

HO—C-O
I H—C—OH
I
CH2OP0 32-

Xylulose 
5-phosphate

V
H-C—OH

H—C—OH
I H—C—OH

CH 2OP0 32-

Ribose 
5-phosphate

CH 2OH

Transketolase YH—C— OH

CHjOPOj2-

Glyceraldehyde 
3 phosphate

HO— C— H
1

+ H—C— OH
H—C— OH

1H-C— OH

CH 2 OP0 32
Sedoheptulose 

7 phosphate

Figure 2

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

2A
The eplmerase introduces solvent label Into the 3 position of the 
pentose phosphate pathway intermediates, ribulose-5-phosphate and 
xylulose-5-phosphate (reaction 1). 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 II). The label 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 in 
labelling of erythrose-4-phosphate at the 2 position. Labelled 
erythrose-4-phosphate can react with xylulose-5-phosphate in the 
reaction catalysed by transketolase (reaction V) to
fructose-6-phosohate at the 4 position. Fructose-6-phosphate 
be labelled in this position by reaction of labelled

can
GAP

sedoheptulose-7-phosphate in the 
(reaction IV).

label 
also 
with

reaction catalysed by transaldolase

The label at the 4 position of fructose-6-phosphate can 
subsequently exchange with the aldehydic hydrogen of GAP via the 
reaction catalysed by transaldolase (reaction IV) 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, f , using the following equation (Boyer,
e

1959).

v = -2.3 (A).(B) . 1 . log( 1-f )..............................(!)
_ __ e
(A)+(B) time

For C-2 hydrogen exchange 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 isotope 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 involved 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).
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V ? is the measured overall equilibrium velocity for the system and

VALD* VTIM' VGAPDH and VLDH are the e^"11115171*1111 velocities of aldolase, 

triosephosphate isomerase, glyceraldehyde phosphate 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, whereas 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 pass twice through the reactions catalysed by 

glyceraldehydephosphate dehydrogenase and lactate 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,is 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 

change in enzyme activity. For a system in steady state the sum of the 

sensitivity coefficients for all the enzymes in the pathway is unity.

The sensitivity coefficient of an enzyme in the C-2 exchange 

system is the partial derivative of the overall equilibrium velocity 

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

for aldolase this is V OV/V . From equation 2 it can be seen that the
ALD

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

exchange is unity. The value of an individual sensitivity coefficient 

will depend on the equilibrium velocity of the enzyme in relation to 

others in the pathway. The equilibrium velocity of an enzyme is 

dependent on its concentration and turnover number and on the 

concentrations of its substrates.

If a substrate concentration is changed in the C-2 exchange system 

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 in substrate concentration has been designated the 

elasticity coefficient (Kacser & Burns, 1979).
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/si si
where v is the enzyme rate for the enzyme E , S is substrate

«/.
£ vt, 

c . is the elasticity coefficient . For C-2 exchange  *4.

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 change in 

substrate concentration. This may be the case, for example, if 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. Initial 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 enzyme 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 equilibrium 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 label 

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

reformation of a number of C-H bonds and changes in hybridisation of 

carbon atoms bonded to the hydrogen label. Deuterium isotope effects on 

C-H bond breaking show a wide range of values with k_/k_ ranging from 

essentially unity to values as high as 45 (Kresge, 1977). Most primary 

kinetic isotope effects lie in the range, k /k =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 in 

the C-2 exchange system, these are; a) equilibrium isotope effects which 

will cause displacement of equilibria and b) kinetic isotope effects. 

Equilibrium isotope effects have been extensively studied (Cleland, 

1980; Cook et_ al_, 1980) and rules have been formulated for predicting 

their magnitude. These effects 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 C-2 position of lactate than at the 4 position of the 

nicotinamide ring of NADH. Changes in equilibrium positions due to 

changes in fractional labelling 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 

enzyme catalysed reaction is, however, 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 if 

this cleavage step were rate limiting for the overall enzymic reaction 

and if all the other steps such as substrate binding and product release 

were infinitely fast.

For the enzymes involved in C-2 exchange significant expression of 

a kinetic isotope effect is unlikely. The oxidation of C-2 deuterated 

lactate catalysed by lactate dehydrogenase shows a kinetic isotope 

effect with k /k =1.6 at lactate concentrations below approximately 5mM

but this effect disappears at higher concentrations with k /k
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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 . for an exchange time 
course is given by the intersection of the curve 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 
exchange 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= CO however when the 
exchanging species is completely labelled, the rate constant for 
exchange has a value half that of the rate constant for curve A and half 
that of its 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 high 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 conforelational change and GAP 

release at low pH. The steady state rate of NADH oxidation was shown to 

be the same for NADH deuterated or protonated at the C-4 position. The 

rate of exchange 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 isomerase there will be no primary kinetic isotope 

effect since the solvent label stereospecifically incorporated into DHAP 

by aldolase is not subsequently exchanged during isomerisation 

(Rieder & Rose, 1959). For any enzyme the effect of a kinetic isotope 

effect on the overall exchange 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 likely 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 effects on enzyme equilibrium

velocities could be measured using the techniques shown here if the

1 2 
exchange were performed in a 50:50 mixture of H^O and H.O and the

2 1 
exchange of L-(2- H) and L-(U- H)lactate were compared. By using an

1 2 H O/ H«0 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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Figure A

Spin echoes - refocussing of the magnetisation at time Z'K following a 
180° pulse at time f .

a) The signal detected in the x,y plane as the magnetisation vector 
rotates around the z axis*

Illustration of the effects in the x,y plane.

The 90° pulse introduces the magnetisation, which was previously 
along the z axis, into the y' direction at t=0. This magnetisation is 
then influenced by the field inhomogeneity, the coupling J, and T . For 
illustrative purposes these three effects have been separated, 5ut of 
course they happen simultaneously. b) The effects of field 
inhomogeneity: different parts of the sample resonate at slightly 
different frequencies, and fanning out of the inagnetisation is 
observed. A 180° pulse reverses this process and all the components are 
in phase again forming an echo at t=2T. c) The effect of a 180 pulse 
on a doublet in a first order spectrum where both A and X are equally 
affected by the 180° pulse. Field inhomogeneity and chemical shift 
effects are still refocussed at time 2T but the phase of each component 
in the doublet deviates from that of a singlet by an angle 0=_2lTJT. 
Thus for a first order spectrum refocussed when 2f =1/J, a doublet will 
be 180° out of phase with respect to the phase of a singlet, d) The T 
decay.



2.6 The spin echo method

The intention here is to briefly outline the principles of the 

method, A basic understanding of n.ra.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 - F-180 produces an echo at time 

21" after the 90° pulse (Carr & Purcell, 1954), (see figure 4). The 

amplitude of the echo is given by;

S(2T)=S(0)exp(-2r/T9 - 2D jfV T 3/3)F(J). .................... .(3)

where |f is the magnetogyric ratio, G is the magnetic field gradient

experienced by a molecule diffusing with coefficient D and S(0) is 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 Y , but for a first order doublet, 

F(J) is of the form cos(2JTJr') (see Campbell & Dobson, 1979 and 

references cited therein, see also figure 5). S(2f) is thus a function 

of three variables: a) the intrinsic T of the observed nuclear 

resonance, a parameter that depends largely on the mobility of the 

molecule 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 2f .

The dependence of echo amplitude on T allows the selective 

observation of resonances on the basis of their T s. At relatively long 

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

eliminated from the spectrum. This is illustrated in figure 6 which 

shows erythrocyte spectra collected at progressively longer Y values. 

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

Phase modulation of echoes.

Line A shows the phase modulation of a doublet, J=7 Hz, as a function of 
f in

S(0)
the spin echo experiment. The line was plotted using equation 3 

although the diffusion term containing DG f was omitted. was
arbitrarily given a value of 1 and T 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.



Figure 6

o

ppm

Proton spectra of human erythrocytefrat 270 MHz

270 MHz spectra of glucose depleted erythrocytes at 37 C. a) Normal 
Fourier transform spectrum. b) Spectrum obtained using a 
90 -f-180 - Y pulse sequence, with f =20 ms. c) Spin echo spectrum 
with 'y =60 ms.
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Figure 7

Spin echo proton spectrum of human erythrocytes at 470 MHz.

Spin,echo spectrum obtained at 470 MHz ( f"=68 ms) of packed erythrocytes 
in H«0i Krebs Ringer buffer (containing lOmM glucose). The water 
resonance was supressed by applying a saturating pulse at the water 
resonance frequency between successive repetitions of the 90 -^""-180 -? 
pulse sequence. 168 scans were accumulated in 3 minutes. Chemical 
shifts (ppm) are with respect to sodium 
(2,3- H2 )-3-trimethylsilylpropanoate. The resonance assignments are as
follows:

A1,A2;

A(3)

Ala; 
E1.E2

Glu; 
Gly; 
H;

H1,H2;

LI; 
L2;

from the purine ring of the
adenine nucleotides, predominantly
ATP (Al C(8) of purine, A2 C(2) of
purine).
from the ribose raoiety
of the nucleotides, predominantly
ATP (C(l') of ribose)
alanine methyl
ergothioneine
glutathione
glucose
glycine
methyl resonances from aliphatic amino acid residues
of haemoglobin (e.g. valine, leucine. isoleucine)
haen-oglobin surface histidines (Kl C(2) ring proton,
H2 C(4) ring proton).
lactate C-2 proton (coincident with an unassigned resonance).
lactate methyl
pyruvate aethyl



dominated by haemoglobin resonances. At longer f values resonances 

from the relatively immobile nuclei of haemoglobin are lost due to their 

short T s. This leaves resonances from the more mobile nuclei which 

have longer T s e.g. from the metabolites lactate and pyruvate and the 

surface histidines of haemoglobin. Figure 7 shows an erythrocyte 

spectrum obtained at 470 MHz (f=68ms) in which the resonance 

assignments are shown.

At longer Y values it may be observed that there is inversion of 

some peaks. This is due to the F(J) term in equation 3, see also figure 

5. Modulation in an observed resonance may be used 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 inversion of the spin coupled C-3 protons. When a C-2 

proton is exchanged for a deuteron the homonuclear coupling between 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).

2 The term involving G D in equation 3 is important if the observed

molecule diffuses to a region of different field during the period 

Under these circumstances the magnetisation does not refocus at 2 f and 

significant damping of echo amplitude can result. In cell suspensions 

field gradients may exist due to differences in magnetic susceptibilty 

between the intra and extracellular compartments. In human erythrocyte 

suspensions the extracellular field inhoniogeneity can be enhanced by the 

addition of a complexed paramagnetic ion. The resulting difference in 

echo intensity from molecules in the intra and extracellular 

compartments has been used to measure transport of small molecules into 

the cells (Brindle, et^ al_ 1979).

44



In addition to its dependence on ? , T , J and magnetic 

susceptibility, echo amplitude will also depend on l.he T- of the 

resonance. Apart from the dependence on f and J, T. and T are factors 

which will affect the peak intensity of a resonance lu any n.ra. r. 

experiment and are not just peculiar to the spin echo experiment, 

(although T» is much more important in this case). The problems 

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 situation 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 T 1 s in the two cases are similar. T.s of
" '—"——"~~° JL i

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 been

31 
described for P n.m. r. studies (Dawson et al, 1977). The general

problem of quantitation has been discussed by Burt et_ ajL^ (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 exchange of AT? 

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 a1, 1978). In the limit of tight binding to a large protein (and
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Figure 8

Dependence of methyl peak height on added lactate concentration in an 
erythrocyte suspension.

The cells were washed, in the absence of glucose, in Krebs-Ringer buffer 
made with H 2 0. They were then packed and treated with O.StnM 
iodoacetate to prevent endogenous lactate production. Aliquots of 
lactate were added to this cell suspension and spin echo spectra 
(f^Sms) were recorded at 270 MHz (112 scans in 2 minutes) following 
each addition. The figure shows the dependence of-the observed lactate 
methyl peak height on added lactate concentration.



consequently slow exchange) the resonances of a small molecule may 

disappear completely from the n.m. r. spectrum. For example ADP is not 

observed in muscle where it is tightly bound to actin (Gadian & Radda, 

1981). Poor resolution, often found in H 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 intensity 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 in an erythrocyte suspension. 

Lactate production, observed to occur at a linear rate by conventional 

assay procedures is also observed to be linear in the n.m. r. experiment, 

which again indicates that there can be no significant lactate 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 isotope exchange rates at the 

lactate C-2 position the only n.m. r. requirements are that the T and T. 

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 T and T is demonstrated in a later 

section.

Changes in magnetic susceptibility in an erythrocyte suspension 

could also change 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 is not essential if estimates of the rate constant for the 

exchange are made from a single point. This point is the apparent ti/o 

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 if 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 vitro studies 

lactate peak heights were usually normalised to a resonance from the 

buffer.
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Figure 9

1 2 Spin echo spectra (f =68 ms) of L-(U- H)lactate and L-(2- K)lactate.

The spectra were obtained at 470 MHz 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 procedure applied to the free induction decay. The top spectrum is of L-(2- H)lactate and the bottom spectrum of L-(U- H)lactate. The peaks marked A and C are exmnsions .of. the methyl groups* The peak marked 3 is an expansion of the C-2 proton quartet.

The protonated and deuterated lactajyes were dissolved in lOmM phosphate buffer pH 7.2, 0.05 inM EDTA in ^H 0.



2.7 Observation of the exchange

The spectrum obtained from L-(U- H) lactate using a 90°-f-180° - 

pulse sequence with f 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 in 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 spin 

echo spectrum F(J)=-1 when ¥ =68 ms and the methyl resonance is 

inverted, (see figure 5). If the C-2 proton is exchanged for a deuteron 

the homonuclear coupling between the C-3 and C-2 proton resonances is 

lost and at V =68 ms F(J) changes from -1 to +1. This illustrated by 

the top spectrum 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 resonance. Since the deuteron has a 

spin quantum number of 1 this coupling results in a triplet which has 

components of equal intensity. The coupling is very weak with a 

coupling constant of 1 Hz.

The rate of isotope exchange at the lactate C-2 position can thus 

be monitored by observing inversion of the methyl resonance. This has 

three 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 T of the C-2 proton 

resonance is 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 lOmM 
iT-(U-H) lactate. ]5 The methyl region of the spectrum obtained 
following the addition of lOmM L-(2- H)lactate, C. shows an expansion 
of this region.

The lactates were dissolved in lOOmM imidazole-glycylglycine buffer pH 
7.4, 0.5mM EDTA in H«0. The water resonance was supressed by applying 
a saturating pulse at the water resonance frequency between successive 
repetitions of the 90 -f-180 - T' 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 unlike with conventional

13 radioactive labelling techniques and the C 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 50% 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

2 110, of an equimolar mixture of L-(2- H) lactate and L-(U- H) 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 50% labelling would not be 

observed if deuteration/protonation at the C-2 position affected the 

relaxation properties of the methyl protons. For example partial 

deuteration of the lactate methyl group has been shown to affect the T. s 

of the remaining protons (Simpson et al, 1982a). The incomplete 

cancellation of the methyl peaks at the null point is due to a small 

upfield shift of the methyl protons in the lactate deuterated at the C-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 in 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 in the observed spectra. Intrinsic linewidths were 

further increased by exponential multiplication of the free induction
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Figure 11

Simulated spectra shov/ing the effect of linewidth on peak height.

A simulated spectrum (lower trace) showing a doublet and triplet of 
equal intensity. If the linewidths are assumed to be 1 Hz then the 
doublet has a coupling constant of 7 Hz. When the lines are broadened 
to give linewidths in excess of 4J the peak heights of the doublet and 
triplet become equal (upper trace). The spectra were generated using 
commands available in the Nicolet 1180 computer software.



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 linewidths are less than or 

comparable to J there is a significant 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 doublet, 

which for lactate is 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

21 12 H20 and H^O and incubated with L-(U- H)lactate and L-(2- H)lactate

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 tiraecourse. (The fitting procedure 

used is 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 subsequently as t ....,18 used 

to calculate V _ , 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

50



LACTATE C~2 EXCHANGE

C-H*C-D

II $M //|i

C-D -»C-H

Figure 12

Stacked plots of lactate,, C-2 isotope 
erythrocyte suspensions in H0 0 and H Q 0.

exchange time courses in

Inversion of the lactate methyl resonance following the addition of 12mM 
L-(2- H) lactate to erythrocytes in Krebs-Ringer buffer made with H9 0 
(75% haematocrit). Sequential 2 min (112 scan) spin echo (Y = 68ms) 
spectra were accumulated following the addition of the lactate.

Bi
Inversion of the lactate methyl resonance following the addition of 12mM 
L-(2- H) lactate to erythrocytes in Krebs-Ringer buffer made with H 0 
(757. haematocrit). Sequential 2 min (112 scan) spin echo ( ¥ - 68ms) 
spectra were accumulated following the addition of the lactate.



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 null

point is obtained. This point (t ,,) represents the point at which 50%null

of all the lactate present is solvent labelled at the C-2 position.

V 0 can be calculated from t n ., as follows. C2X null

If endogenous lactate production during an exchange time course is

negligible and if Ln and L are the concentrations of added and solventU e

labelled lactate respectively at t=0, then:

C2X a A. T N !„0 + V lr

tnull

• *

2Ln0
LL0 + Le

..(4)

L is calculated by taking a spectrum prior to addition of the labelled 

lactate and from knowledge of the percentage labelling at the C-2 

position of the added lactate.

If there is endogenous lactate production and the rate of this is 

small compared to V ov> then the following equation can be used to give 

an approximate correction for this effect.

V = k C2X L

In

In

2L
0

Lt

Lt

null

null

(5)
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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, k , independent of that introduced by exchange.LI

Calculation of V from the point of peak inversion, where the
\jZ.A.

fractional labelling state at the C-2 position is known, avoids the 

necessity of fitting the exchange time course to the integrated rate 

equation. This simplification would not be possible if the exchange 

were observed by monitoring the peak intensity of the C-2 proton 

directly. Furthermore the t . - method does not require knowledge of 

the end point for the exchange only the degree of labelling of the 

lactate present at t=0 which is readily obtained. The derivation of 

these equations is shown in appendix 4.

C-2 Exchange in vitro

^n ii v^ tro exchange system was produced by mixing aldolase, 

glyceraldehydephosphate 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 reactions catalysed by 

aldolase and lactate dehydrogenase respectively. Exchange time courses 

were initiated by adding 12mM L-(U- H)lactate to the enzyme mixture. 

The mixtures 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
2 to be rapid. Loss of protons from FDP to solvent H_0, in the reaction
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Figure 13

Plot of l/Vr9y versus I/A , obtained in an in vitro C2 exchange system.C2X

The mixture of enzymes contained_.._ _ approximately 3 units/ml 
glyceraldehydephosphate dehydrogenase, 200 units/ml triosephosphate 
isoraerase and 0.3 units/ml aldolase in lOOmM Tris - HC1 pH 7.4, 3mM 
dithioerythritol and 0.5mM EOT A. NAD , lOOpM and FDP, 200uM, were added 
approximately 5 min prior to the start of a time course which was 
initiated by the addition of 12mM L-(2- II) lactate. The exchange was 
monitored 1-y collecting spectra (112 scans each) every 2 min for 
40 rain. Rotate dihydrogenase assays were performed at 37 C in lOOmM 
Tris - HC1 p'il 7. A, 0.5raM EOTA. The oxidation of 0.2mM NADH was 
monitored at 340nn rcllo^/ri.ng the addition of ImM pyruvate.



catalysed by aldolase, is considerably faster than the exchange of 

isotope at the lactate C-2 position. More important, however, is that 

the concentration of DHAP and the other intermediate substrates 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 200uM FDP was added to mixtures containing 

approximately 0.3 units/ml of aldolase (which has a very low Km for FDP 

(Mehler, 1963) and approximately 200 units/ml triosephosphate 

isomerase. Relaxation of the lactate/pyruvate system to chemical 

equilibrium is also rapid, attainment of equilibrium requiring an 

estimated conversion of 17uM lactate and NAD to pyruvate and NADH

respectively. Although the in vitro experiments shown in this chapter
2 12were performed in H9 0 they can also be performed in HO with L-(2- H)

£.* £

lactate (see chapters 3,5 and 6).

2.9 Determination of an individual enzyme equilibrium velocity in vitro 

Measurement of V _ in enzyme mixtures, where the concentrations of
\j2.1\.

three of the four enzymes involved in the exchange are held constant and 

the fourth varied, allows the equilibrium velocity of the varied enzyme 

to be determined. The equilibrium velocity 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 l/vc2x versus 1 / Ajj3H > where ATDH is lactate 

dehydrogenase activity measured spectrophotometrically. The linearity 

of the plot demonstrates that the velocity of C-2 exchange can be 

related to enzyme activity by the following equation,
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Figure 14

Dependence of +the lactate dehydrogenase isotope exchange equilibrium 
velocity on NAD concentration in an in vitro C-2 exchange system.

the
NAD

The conditions of the experiment were similar to those described in 
legend to Fig.13. This experiment was repeated at various 
concentrations and +the lactate dehydrogenase equilibrium velocity 
obtained at each^NAD concentration. The NAD concentrations quoted are 
those of the NAD added to the enzyme mixture. The slopes of the double 
reciprocal plots, which were determined by logarithmic linear 
regression, were used to calculate lactate dehydrogenase equilibrium 
velocities. A better method for obtaining equilibrium velocities from 
the exchange data is discussed in the next chapter.



=1+ 2 ..............................(6)

<V ^DH

The terra (1/V ) is the sum of the reciprocals of the equilibrium R
velocities for aldolase, triosephosphate isoraerase and 

glyceraldehydephosphate dehydrogenase. The term 2/ oc A_™, is equivalent 

to 1/V _„, the reciprocal of the lactate dehydrogenase equilibrium 

velocity. Thus the plot shown in Fig. 13 has a slope of 2/OC and an 

intercept on the ordinate of 1/V . The term OC is the specific
K

equilibrium velocity of the lactate dehydrogenase. The value obtained 

for C>4 9 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 method of 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 agreement may be coincidental since the kinetic

constants, in addition to being for the beef heart enzyme, were obtained
1 2 in H^O rather than H^O 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 affects 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 lactate dehydrogenase 

equilibrium velocity on NAD+ concentration is shown in Fig.14. The 

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

appendix 1 and the kinetic constants of the beef heart enzyme.
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Figure 15

Effect of oxaraate on V observed in an in vitro C-2 exchange system.C2X —— ————

The conditions of the experiment were similar to those described in the 
legend to Fig.13. The solid line drawn through the experimental points 
is a theoretical curve constructed by assuming that there is simple 
competitive inhibition of lactate dehydrogenase by added sodium oxamate 
(see appendix 2). The other lines are theoretical curves which show the 
effect of changing the ratio of the lactate dehydrogenase equilibrium 
velocity to that of the other enzymes, (a) V /V = 20 (b) V /V 
2.0, <0 V/V - 0.2. T ™ ' T ™ 'R 'LDH' ¥ R



2.9.2 Effect of an inhibitor

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

dehydrogenase (Nbvoa et al, 1959), on V ' in vitro. The line drawn—~ —• c^x '—• •—•—~
through the experimental points is a theoretical curve constructed with 

the assumption that oxaraate is a simple competitive inhibitor of lactate 

dehydrogenase (see appendix 2). The other curves plotted in Fig.15 show 

how the sensitivity of the exchange to inhibition of lactate 

dehydrogenase is altered by changing the sensitivity coefficient of the 

enzyme. If the coefficient is decreased by increasing the lactate 

dehydrogenase concentration then the exchange becomes less sensitive to 

inhibition of the enzyme. The figure demonstrates the relationship 

between elasticity and sensitivity with regard to the overall rate of 

exchange* A similar plot showing the effect of a substrate 

concentration on the exchange would be more complex since it will change 

the equilibrium velocity of more than one enzyme.

The close fit of the experimental 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 VOOV 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 impermeable then these must be 

changed indirectly, for example the triosephosphate concentrations can

be raised by incubation at 4<>P J \j»

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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Figure 16

Effect of triosephospbate depletion on the exchange in erythrocytes.

Plot of the 2ratio of peak height at time t (L) to peak height at t=0 
(L ) for L-(2- H)lactate Incubate^ with intact erythrocytes and a lysate 
in Krebs-Ringer buffer made with wO.

a) Erythrocytes (76% haematocrit) with 12mM lactate; b) 
erythrocytes (68% hao.i..atocrit) with 6mM lactate; c) lysate prepared 
from erythrocytes with an haematocrit of 71%, with 12mM lactate.



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 lactate. 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.16 shows exchange time courses for
2 1 L-(2- H)lactate incubated with intact cells and a lysate in H_0. The

12mM lactate time course in the whole cells terminates before peak 

inversion is complete. This effect is even more marked in the case of 

the lysate. When 6raM lactate was added 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 0.74umols DHAP/ml cell 

water. This had dropped to 0.04pmols DHAP/ml cell water after 

incubation for 60 min at 37 C. The decrease in DHAP concentration in 

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.16 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 lactate methyl peaks are 

observed simultaneously.
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Table 1

Comparison of triose phosphate and FDP concentrations in 

erythrocytes stored in citrate/phosphate/glucose and in cells washed and 

stored for 24 h at 4 C 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 (umols/ml cell water)

GAP DHAP FDP

citrate/phosphate/glucose

at 4°C 0

Krebs-Ringer buffer,

PH 7.4 at 4°C 54 572 743



The effect of changes in the triosephosphate concentrations on 

estimates of V-,,., are discussed in the next section.

2.10.2 The effect of lactate concentration on the exchange

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

This shows V 2X 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 t .-,null

(corrected using equation 5). This latter correction is small since the 

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

rate of lactate production of approximately 4mM/hr/ml cells was 

observed. The correction for solvent labelled lactate present at t=0 

(L ) 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.

1 2These experiments were performed in H«0. In H«0 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 undergoes 

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

groups of haemoglobin (see Simpson et_ al_t 1981 & 1982a & b).

The observed t ... for the exchange and thus the calculated V_0 ._.null ^ C2X
is a function of the equilibrium velocities of all four enzymes involved 

and their substrate concentrations. If there are changes in the 

concentrations of these substrates during measurement of an equilibrium
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Table 2
2 Effect of L-(2- H)lactate concentration on the overall equilibrium

velocity in erythrocytes in Krebs-Ringer buffer made with lO .

Equilibrium velocities were measured in packed erythrocyte suspensions 

(84% 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 72% of the intracellular volume is solvent water (Eilam & 

Stein, 1974). The added lactate was 98% deuterated at the C-2 position 

as judged by proton n.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 ImM. Equilibrium

velocities were calculated from the observed t n - (see text). DHAPnull

assays were 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 t ._ 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 

represented here by the DHAP concentration, have a negligible effect on 

the calculated overall equilibrium velocity. In part A of the table the 

DHAP concentration decreases by approximately 90% between the observed 

t . - at low lactate concentration and that observed at high lactate 

concentration and yet there is no significant difference in the 

calculated equilibrium velocity. In part B the DHAP concentration

decreases by only 20% between the t -, observed at high and low lactatenull

concentrations respectively and again there is no decrease in the 

calculated equilibrium velocity and in fact there is an increase. The 

results in 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 

V _• observed at lower added lactate concentrations in part B of the 

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

lactate deliydrogenase.

Since there is no significant dependence of Vpov on lactate

concentration (at relatively high concentrations of lactate) and on the

concentrations of the triose phosphates (over the concentration ranges
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Figure 17

Inhibition by pyruvete of the exchange in erythrocytes.

Plot of lactate methyl peak height versus time following the 
simultaneous addition to erythrocytes (70% haematocrit) of 12mM lactate 
and a) 5mM pyruvate, b) ImM pyruvate, c) 0.5mM pyruvate, d) no 
pyruvate and e) no addition of lactate or pyruvate. .

The cells were suspended in Krebs-Ringer buffer made with H^O.



shov7n) then V ov will remain effectively constant during an exchangeczx.
time course.

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

glyceraldehydephosphate dehydrogenase in situ and in vitro (see chapter 

5) it is essential that the substrate equilibrium which exists in vitro 

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 in situ during measurement of 

V _ are small. Furthermore the elasticity coefficients of the enzymes 

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 H90, the time taken to reach a null point can be reduced by 

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

2 1 
L-(2- H)lactate added to an erythrocyte suspension in H«0, 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 terra 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 in the NAD /NADH ratio will affect the equilibrium 

velocities of both lactate dehydrogenase and glyceraldehydephosphate 

dehydrogenase. An increase in the 1,3-DPG concentration may inhibit 

glyceraldehydephosphate dchydrogenase by formation of an enzyme-1,3-DPG 

complex which is 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 

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.17 showed that before incubation at 37 C there were 

0.71umols DHAP/ml cell water and that following incubation for 15 min at 

37 C in the presence of 5mM added pyruvate there were still 0.16umols 

DHAP/ml cell water present. At this added pyruvate concentration there 

was no detectable exchange (Fig.17). 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 is 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 H90. Deuteration of the pyruvate methyl, 

which was mentioned previously, is accelerated in the presence of high 

pyruvate concentrations and this leads to increased 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 been 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 involved in the exchange. In 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 

glyceralclehydephosphate dehydrogenase and lactate dehydrogenase 

respectively.

Isotope exchange at the lactate C-2 position has been studied
3previously using radiolabelled L-(2- H)lactate in the erythrocyte

(Rose & Warms, 1969) and in the liver (Hoberman, 1965; BUcher, 1969). 

The n«ra«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 instrument used here a reasonable 

threshold of detection in intact erythrocytes is approximately 0.5mM for 

the methyl group of lactate in a sample volume of approximately 0.5 mis 

and a sampling time of 2 min. However it has been demonstrated that 

isotope exchange at the C-2 position of lactate can be employed to give, 

in an indirect manner, some assessment of isotope exchange in 

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

and GAP).
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The measurement of equilibrium isotope 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 

employed to study the time course of a chemical reaction. Under these 

circumstances it is not normally possible to use physiological 

concentrations of an enzyme's reactants and the reaction is usually far 

displaced frofn 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 relaxation 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 used, as will be shown in subsequent chapters, as probes of the 

intracellular environment. This is achieved by measuring the isotope 

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 summarise 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 is to be successfully 

.o.d to the 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 

start 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 fractional 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 vitro 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 non-linear 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 isotope 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 raulti-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 e_t_ al_, 1974):

kjO k2L k3 k^

E+0 ^-;;'.•> EO • • , * EOL ".... A ER -,:.,. ;•> E+R^ ^ ^_ v

k-l k_2 k-3P k-4R 

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 = V 1/Vi 

1

n

I
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/V = 1/(E) _2 _

k-4 (R > + -4

(L)

where total enzyme concentration. This was calculated by

dividing the measured activity for lactate dehydrogenase (assayed 

spectrophotometrically) by k , . This and the other kinetic constants

oused here were calculated for the beef heart enzyme at 37 c and are from 

the data of Borgmann et al, (1974).

NAD dependence

The line shown in Fig. 14 was calculated using the equation shown 

above. The lactate, pyruvate, NAD and NADH concentrations were 

estimated using an equilibrium constant of 1.11 x 10 (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 M in Tris buffer, pH 7.08

at an ionic strength of 0.2, (Novoa et^ al_, 1959a). The dissociation

+ -3 constant for NAD binding has been estimated at 3.9 x 10 M 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 17uM respectively. Thus under the 

conditions of this experiment and assuming human erythrocyte lactate 

dehydrogenase has similar kinetic properties to the bovijie 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

v = ______V S

S + K(l + I/K )

where v is the rate of the enzyme catalysed reaction, V is the rate of 

the reaction at infinite concentration of substrate, S is substrate 

concentration, I is inhibitor concentration, K. 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 K • A pyruvate 

concentration of 17uM was used in the calculations since this is the 

concentration estimated to be present when 12mM lactate is added to an 

enzyme mixture containing lOOuM NAD , which were the conditions of the 

experiment shown in Fig. 15. 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

were fitted using a K. value of 60uM, 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, 1961).
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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 l " V/k2 

where k- is the first order rate constant for the exchange observed at

t=0 and k« is the rate constant at t-oo.

dk/dt = k2 ( 1 + c*x ) 

so when t=0 X=l and k=k^ and when t= oo X=0 and k=k«.

dX/dt = -k ( 1 + OCX ) X

-k dt
X( 1 + OCX ) 

Integrating both sides of this equation and rearranging we obtain;

-k t 
1 + OC( 1 - e )

when kj 25^ i.e. when there is no isotope effect and OC =0 the above

equation reduces to
-kt

X - e
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2. 16 Appendix 4

Estimation of V^ny in erythrocytes

Equations for calculating the overall equilibrium velocity, ^ ovt 

from the observed t, / 2 f° r tne 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 t. /« if 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 labelling 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 X represent the fraction of labelled lactate 
Li

- -k 

where k is the first order rate constant for the exchange.

dxL/dt = -v XL/(LO+LG )

where t is.time

V is the overall equilibrium velocity, V^v

L_ is the labelled lactate concentration at t=0

L is the solvent labelled lactate concentration at t=0 e

At t=0 , X =1 and at t=«o, X^=0. On integration of the above we 

obtain;

In X= -V t/(L.+L ) + c 
b u e

where c is a constant of integration, 

when t=0 X, = L0 /(LQ+Le )

and therefore c = In L./CL.+L )
U U e

-V

<VV

At the point of 50% labelling X=0.5 and therefore;

V = " (L0+Le ) ln ((L0+Le )/2L0 )

where t is the time at which peak inversion occurs.
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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;

<Vdt " ~v V(VW>

where "k- is the rate of lactate production. On integration we obtain;

-V

Lo e

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) = />(L0+Le ) ( 1 +

Where P is a conversion factor for converting lactate concentration

into peak height. It should be noted that a simple proportionality

2 between peak height and concentration is lost in H?0 where there is

deuteration of the methyl group of endogenous lactate due to solvent 

isotope 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^!982).

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

h(t) = (LQ + L

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

V In Q

2 L0
In

L_+L 0 e

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.

12 1The exchange in H2P; L-(2- H)lactate -> L-(U- H)lactate

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 

rapidly and which is 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 observed 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
—let

h(t) = A e + Bt + c

where A is 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

h(t) = A( 1 - e ) + kLt + c

The amplitude for the exchange of added labelled lactate is proportional 

to LQ, the concentration of added C-2 deuterated lactate. The value for 

L^ is only obtained following completion of the exchange when there is 

complete protonation of the lactate. At t=0 the peak observed is 

proportional to the concentration of solvent labelled (protonated)

lactate, L . Thus we obtain that

-V In ( 1 + k_t/(L + L ) )/k L o e L
h(t) = ( LQ + Le + kLt ) - LQ e

212 The exchange in H^O; L-(U- H) lactate -> T>(2- H) lactate

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 

L is thus not directly obtainable from observation of the C-2 proton

resonance. Since L has no effect on the C-2 proton peak intensity thee
following equation is obtained.

-V

h(t) = LQ e H- c
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At t=0 the peak intensity observed is proportional to the concentration 

of added protonated lactate L^ and therefore c=0. In this exchange the 

value of Lft 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
«
completion. 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 exchange 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 K CO and made up to
£» O

10 ml with H90. 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 

glyceraldehydephosphate 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 (1 cm 

path length) in a double beam Unicam SP800A UV spectrophotoraeter
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thermos tatted 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 vitro system thermostatted at 37 C in a Perkin-Elmer MPF-2A 

fluorescence spectrophotometer. The buffer used was filtered through a 

0.22um 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 ImM dithiothreitol. The buffer was prewarmed to 

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

37°c. The membranes, containing bound aldolase and GAPDH, were 

collected by centrifuging the lysate at 13,000 r.p.m. for 20 min at 37 C 

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 in the phosphate buffer. These membranes can be stored for 

several days at 0-5 C with no loss of enzyme activity (Strapazon &

86



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 2mM FDP. 

The resulting suspension was brought to pH 7.8 with 1M NaOH and stirred 

in an ice water bath for Ihr. The membranes were then centrifuged off 

by spinning at 13,000 r.p.m. for Ihr at 0 C. The supernatant was 

collected and recentrifuged to remove 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 cm 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 lOOmM 

sodium phosphate, pH 6.5 and finally 5mM sodium phosphate, pH 6.5. This 

column absorption step removed the remaining haemoglobin contaminant. 

The effluent fom this column was adjusted to pH 5.5 with 10% acetic 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 and 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 ImM 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 C. The supernatant containing the enzyme 

was concentrated in an Amicon ultrafiltration 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 5raM 

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 approximately 200 units/ml. The total activity recovered was 

approximately 1000 units. The enzyme was stable as an ammonium sulphate 

suspension for at least 3 months.

Chromatography in 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 in 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
—8

dehydrogenase, which has an equilibrium constant of 5 x 10 (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 uM FDP concentration plus GAP concentration

to the in vitro system (uM)

0

5

10

30

40

27

26

30

13

17

238

252

297

262

276

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

(see table 4).

B Time (min) following Measured FDP

the addition of 700 pM 

FDP to the in vitro 

system

Measured DHAP

concentration plus GAP concentration

60 281 843

The expected equilibrium concentrations are 873pM DHAP + GAP and 264uM FDP 

(see table 4).



Table 1

A - The in vitro system contained 12mM lactate, lOOpM NAD and 

approximately 40 units/ml triosephosphate isomerase, 0.4 units/ml 

aldolase, 1 unit/ml glyceraldehydephosphate dehydrogenase and

35 units/ml lactate dehydrogenase. The buffer was lOOmM Tris-HCl pH
2 7.4 in H.O containing 3raM dithiothreitol and 0.5mM EDTA.

B - The buffer was the same as in A except that the solvent was H.,0. 

In addition it contained 80mM KC1 which gives a total chloride

concentration of approximately 0.15M. The system contained 20pM NAD ,
-i. t 

12mM lactate, 0.5mM 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 given in the Experimental section.



Table 2

Spectrophotometric assays of NADH in the in vitro O2 exchange system.

Additions to the Absorbance change at NADH concentration 

in vitro system 340 nm (pM)

A ImM FDP

15pM NAD+ 0.009 1.5 

12mM lactate 0.033 5.3

B ImM FDP

15jiM NAD+

12mM lactate 0.030 4.8

C 15jiM NAD+

ImM FDP

12mM lactate 0.035 5.6



Table 2

The NADH concentrations were calculated using an extinction coefficient
ft 7 —1 of 6.22 x 10 cm mole (Horecker & Kornberg, 1948). The expected

equilibrium concentration of NADH following the addition of ImM FDP to 

the system containing 15uM NAD is 0.6pM, this assumes an equilibrium 

constant for the reaction catalysed by glyceraldehydephosphate
_o

dehydrogenase of 5 x 10 (Cori et^ al_t 1950). The expected equilibrium 

concentration in the presence of L2mM lactate and ignoring the

glyceraldehydephosphate dehydrogenase equilibrium is 5.6uM, 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 0.5mM 

Pi, 0.25mM MgCl 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 lOOmM 

Tris-HCl pH 7.4 in HO containing 3mM dithiothreitol, 0.5mM EDTA and 

80mM KC1.

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
f\ 9 —1

17.6 x 10 cm 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

(pM)

Observed NADH

concentration

Expected NADH

concentration

(pM)

26

53

79

105

132

158

184

211

14

19

25

27

32

34

36

38

9

13

16

19

22

24

26

28

Total added

pyruvate

concentration

(pM)

0.33

0.66

1.00

5

2

2

2.6 

1.3 

0.9



Table 3

The expected NADH equilibrium concentration was calculated by assuming 

that the reaction catalysed by glyceraldehyde phosphate dehydrogenase 

makes a negligible contribution to the production of NADH and that the 

equilibrium constant for the lactate dehydrogenase reaction is 

l.llx Kf 11 (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, AOOuM 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 lOOmM 

Tris-HCl, pH 7.4 in H2 0 containing 3mM dithiothreitol and 0.5mM EDTA.



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

concentration

Equilibrium FDP 

concentration

Equilibrium DHAP

concentration

50

100

150

200

250

300

350

400

450

500

550

600

(jiM)

3.1

11

23

37

54

72

92

114

136

160

185

210

(jiM)

90

170

244

312

376

436

493

548

600

650

699

745

Equilibrium GAP 

concentration 

(pM)

4.1

7.4 

11 

14 

17 

20 

22 

25 

27 

30 

32 

34

The expected equilibrium concentrations were calculated using an

equilibrium constant for the reaction catalysed by aldolase of
-4 

1.2 x 10 (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 if the reaction catalysed by 

lactate dehydrogenase and the added lactate 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 

2jiM. The enzyme was absent from the NADH solutions used 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 enzyme 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 affect estimates of 

kinetic constants made from these plots. Non-linear least squares 

regression analysis is 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 (VAV^ °^ fc^e excnange system by the 

following equation;

(1)

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, feC 

is the specific equilibrium velocity of the enzyme X and n has a value 

of 1 if X is aldolase or triosephosphate isoraerase and 2 if X is one of 

the dehydrogenases. This equation can be rearranged to give;

1= ^- ^R_ ..........-.....(2)

VC2X °

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 V and nV A* are linearly related for given values
R R

of v an<* ^» even though V and A are not. Equation 2 defines a

straight line plotted in V , nV /eC space. In general any point inR R •* ————

sPace can b® represented as a line in V^, nV /cc space. So for

each observation (AX , V 2 ) there exists a straight line in V , nV 

space with intercepts -A^ on the nV /<* axis and V « °n the V axis. 

This line relates all the values of V and nV._/oC that satisfy equation
K R

1 exactly for the particular values of VC2\r an<* AV« It follows that the 

coordinates of the point where the lines intersect provide the only 

values of V and nVn /oC that satisfy equation 1 for every observation.
K R

Thus in a plot of V-^y versus A., a series of lines are obtained, the

coordinates of intersection of these lines give V on the y axis and
R

nVD /ot on the x axis from which oc can be calculated. Because of error,
R

these lines do not intersect at a unique point, but the points of

intersection can be used to estimate V and nV /& . This procedure is
R R

described in appendix 1 together with a computer program which
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calculates the coordinates of the line intersections and from these oc

and V • The program also contains an error analysis which uses the R
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 vc ox* Tnis 

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 experimentally measured parameters (see Cleland, 

1967). These methods were not used because; a) their validity has 

been questioned (Eisenthal & Cornish-Bowden, 1974b); b) in any 

equilibrium velocity determination there were usually only four 

determinations of Vp « x 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 should be linearly dependent on its 

concentration. The dependence of equilibrium velocity on enzyme 

concentration is discussed in chapter 5 and examined in some detail in 

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 isoraerase, 

glyceraldehydephosphate dehydrogenase and lactate dehydrogenase 

respectively. In all equilibrium velocity determinations the overall
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0 20 40 60

TIME min
Figure!

A typical in vitro exchange time course

The figure shows a plot of lactate peak height versus time during an 
exchange time course. The solid line is that obtained from a least 
squares fit of the data to the following equation;

4 h(t) = A(l - 2e Kt )
h(t) is peak height at time t, A is the amplitude of the exchange and k 
the first order rate constant for the exchange. The values-of A and k 
are calculated from the least squares fit. V is calculated by 
multiplying the added lactate concentration by k. The fitting procedure 
used is a routine available in the Nicolet 1180 computer software.

The figure shows an exchange time course ^obtained when 12mM 
L-(2-2H)lactate was added to an in vitro system in H2 0.



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 __5%. Subsequent analysis of exchange rate 

versus enzyme concentration was as described above.

3.4.2 Results

The results for lactate dehydrogenase are those initially 

presented in figure 14 in chapter 2. They show the dependence of the 

enzyme's equilibrium velocity on NAD concentration. Also shown is 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 exchange 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 in the cell. If the properties 

displayed 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 & Banner, 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 vitro C-2

exchange system.

Concentration of FDP added

to the in vitro system

(pM)

Aldolase equilibrium velocity 

(praol/min/unit)

A - Rabbit muscle enzyme

37 

102 

204 

306 

408

0.52 0.09

2.04 0.08

1.25 0.19

1.41 0.05

1.17 0.06

B - Human erythrocyte enzyme

60

73

200

400

1.27 _ 0.13 

1.54 * 0.24 

1.30 * 0.13 

1.01 + 0.08



Table 5

*
A - The exchange system contained lOOraM Tris-HCl pH 7.4, 0.5mM EDTA, 

3mM dithiothreitol, 80mM KC1, lOOuM NAD+ and 12mM lactate in 2H2 0. 

Samples containing 0.5 ml of the exchange system in a 5 ram diameter 

n.m.r. tube were prewarmed for approximately 5 minutes 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 text) depending on the 

velocity of the exchange. At the end of the exchange measurement 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 immediately prior to use.

B - The conditions were the same as in A except that 6mM lactate was 

used and the aldolase activity was varied between 0.02 and 

0.1 units/ml.
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Figure 2

The dependence of the aldolase equilibrium velocity on the added FDP 
concentration in the in vitro C-2 exchange system.

The points marked (•) were obtained with the human erythrocyte enzyme 

and those marked (A) with the rabbit muscle enzyme.



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 is 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 in 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.ljimol 

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 used 

here. Lowe and Pratt (1976) measured a deuteration rate of 

1•5umol/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 is 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 isoraerase. It has been
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Figure 3

The dependence of the triosephosphate isomerase equilibrium velocity on 
the added FDP concentration in the in vitro C-2 exchange system. The 
solid line drawn through the experimental points was calculated as 
described in appendix 2.



shown that under 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 

•1 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 depend 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
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Table 6

Triosephosphate isomerase equilibrium velocity determinations in the in

vitro C-2 exchange system.

Concentration of FDP added

to the in vitro system 

(uM)

Triosephosphate isoraerase 

equilibrium velocity 

(pmol/m in/unit)

50 

200

200 + 0.25mM Mg 

280 

400 

560

0.010 0.004

0.017 0.003

0.015 0.001

0.025 0.005

0.030 0.008

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 given in chapter 2. The determinations were performed 

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



Tahle 7

Glyceraldehydephosphate dehydrogenase equilibrium velo ci ty

determinations in the in vitro C-2 exchange system.

Concentration of FDP added

to the in vitro system 

(pM)

Glyceraldehydephosphate dehydrogenase 

equilibrium velocity 

(pmo 1/min/uni t )

120

160

200

400

600

0.040 0.005

0.034 0.007

0.042 0.005

0.062 0.018

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 KC1 present. The 

glyceraldehydephosphate 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.

Concentration of NAD added

to the in vitro sys tern 

(uM)

Lactate dehydrogenase 

equilibrium velocity 

(uraol/min/unit)

9

9

11

18

18

22

27

28

36

37

43

55

59

74

83

92

0.017 0.003

0.009 0.002

0.024 0.004

0.027 0.010

0.031 0.004

0.030 0.011

0.031 0.003

0.042 _ 0.015 

0.043 + 0.012

0.050 0.010

0.056 _ 0.006

0.049 * 0.001

0.059 * 0.006

0.046 * 0.003

0.065 * 0.019

0.052 + 0.008



Table 8 (contd.) 

B

Concentration of lactate added Lactate dehydrogenase 

to the in vitro system equilibrium velocity 

(jiM) (pmol/min/unit)

12 0.056 * 0.006

8 0.042 * 0.004

4 0.024 + 0.004

A - Conditions in the in vitro system were similar to those described 

in the legend to table 5. The FDP concentration however was fixed at 

200pM. 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 in A except that the NAD 

concentration was fixed at 40jiM.

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.
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Figure 4

The dependence of the glyceraldehydephosphate dehydrogenase equilibrium 
velocity on the added FDP concentration in the in vitro C-2 exchange 
system.



to the in vitro system is shown in figure 4 and table 7. Preparation of 

the enzyme is 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 vitro exchange system has been shown to be at chemical 

equilibrium. 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 in vitro system has been shown to be a well 

defined reproducible system in which the expected in situ conditions 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 estimates 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 MODI 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. This 

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 line 80. On . entering C, 

calculate, control is 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 

y or V axis) and -Av (plotted on the x or V /&<. axis), (see text).K A K

There will be 1/2 n(n-l) 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. Outliers 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 user 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 2V_/OC instead of V^/OC (seeR K

text). The median values of the coordinates of the line 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 V and Vw /<x. (Eisenthal & Cornish-Bowden, 1974b). TheK K

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 or 

y coordinates). The program then searches for intersection points which 

have negative x and y coordinates i.e. the points lie 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 is that of the middle point. This is calculated at line 1210.

The subroutine returns to the main program the median values for V and
R

nV /oC (where n=2 for a dehydrogenase). The value for oC , the specific R
equilibrium velocity for the enzyme, is then calculated and the 

"standard error" estimated using the subroutine beginning at line 1250. 

At lines 1300 and 1310 the squares of the deviations of the experimental

points from the values expected with the computed values for OC and VR

are calculated. At completion of the loop at line 1380 the variable Q 

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

of the F matrix are assigned the following values;

dVC2Xi

V" ~VC2Xi ~ Y C2Xidyaxi dv 

i d<x V

The derivatives

dVC2Xi dVC2Xi

doc VR

dVC2Xi

V

and dVc2X^dVR are calculated at lines 1320 and

1330. Multiplication of the inverse of this matrix (H in the program)
2by cr~ , which is equal to the sum of the squares of the deviations (Q)

multiplied by l/(C-2) where C is the number of experimental points, 

gives a matrix containing the following values.

Variance ( Covariance ( &c , V )
R

Covariance(oC, V_) Variance (V.,)
K K

The square root of the variance gives the standard error, for <x this is 

calculated at line 740. (It should be noted that the derivatives were
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obtained for an equation in which 0C was the reciprocal of the specific 

equilibrium velocity). The specific equilibrium velocity, c*. and its 

"standard error" are then printed as is V and its standard error.
K

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 line 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 

considered 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 is 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 being made. In this case the 

approximately linear part of the hyperbola relating V « to the 

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 analysis points which give line 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 Vc2x 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 is an outlier then its deletion 

should result in a significant reduction in the apparent error on &^ .
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3.8 Appendix 2

Triosephosphate isomerase equilibrium velocity

The kinetic mechanism of triosephosphate isoraerase can be

represented as;

E + S £ ES EZ

k k
3 4

«* EP £ P + E

_! _2 -3 -4 

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).

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
(E)t(S)

1 + 1 + 1 + 1

Ir tl^ lr t t l^T^lrl^
k l 21 321 4 k3k2 k l

if ff \f if tf if
-1 -2-1 -3-2-1

«

1 + (S) k +

k-l
b

k2k l H

if tf-2-1

u k k kk3 k2 k l

k k kK_3 K-2 -1

where S is 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
-9 

arbitrarily assigned a value of 2.3 x 10 M. 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 1 = 10 8 M" 1 s" 1 k_x - 8 x 104 s" 1

k2 = 2 x 10 3 s" 1 k_2 = 6 x 10 3 s"1

k3 = 7 x 10 4 s"1 k_3 = 9 x 10 4 s"1

3-1 . _7 ..-1 -1
4 ~ T A. J.W S K / 

-4
k, = 4 x 10 s k , = 1 x 10 M' s

The equilibrium concentrations of GAP and DHAP were calculated assuming

an equilibrium constant for triosephosphate isomerase of 22 (Veech et
-4 

al, 1969) and an equilibrium constant for aldolase of 1.2 x 10

(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 £ 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 S DHAP 
(triosephosphate isomerase)

DHAP + NADH <* glycerophosphate + NAD+ 
(glycerol-3-phosphate dehydrogenase)

The reaction was initiated by the addition of 0.4mM ribose 5-phosphate
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Figure 1

The effect of triosephosphate and FDP depletion on 
glucose depleted erythrocyte lysate.

the exchange in a

A The effect of added FDP concentration on the rate and extent of the 
exchange. The concentrations of FDP added to the lysate are shown. The 
figure shows plots of lactate methyl peak height expressed as the ratio 
L/L , where L is peak height at time t and L^ is peak height at t=0. 
Exchange time courses were initiated by adding 12mM lactate and the 
specified FDP concentration to a sample of the lysate containing lOO^M 
NAD and 20raM nicotinamide . The lysates were prepared by freeze thawing 
packed glucose depleted erythrocytes twice in liquid nitrogen. 
erythrocytes were suspended in Krebs-Ringer buffer pH 7.4 made with 
and the lysates were diluted by 1:2 in this buffer before 
exchange determinations.

The 
H 0 

use in

B The results of FDP assays on a lysate to which 580fiM FDP had been 
added. Details of the assay are given in the Experimental section in 
chapter 2.



and monitored by observing the oxidation of NADH at 340nm. The assay 

system contained lOOmM Tris-HCl pH 7.4, 0.5mM EDTA, 0.2mM NADH, 0.2mM 

thiaraine 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 levels of the triose phosphates and FDP and 

that following depletion of these intermediates in the erythrocyte there 

is 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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Theoretical time courses predicted by a model in which the exchange 
catalysed by aldolase is assumed to be rate limiting for C-2 exchange.

The figure shows a plot of peak height versus time where peak height is 
expressed as the ratio L/L , L is the peak height at time t and L is 
the peak height at t=0. The conditions used in the model we?e as 
follows, (see appendix 1). VC2 = O.lmM/min, D = 40uM, k = IpM/min. 
The value for Km was varied as £hown in the figure.



coefficient 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" is 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). In 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 velocities 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 is 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 is 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 added FDP concentration in the model was 500jiM. This gives an 
equilibrium DHAP concentration at t=0 of approximately 600uM. The rate 
of DHAP breakdown in the lysate was measured at lOuM rain (fig. !)• 
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 in 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 activities of these enzymes in 
the erythrocyte i.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 490pM FDP was estimated to be O.lmM/min 
(fig. 1). This known rate of V 9 at t=0 was used to calculate the 
lactate dehydrogenase equilibrium verocity from the predicted values of 
the equilibrium velocities of the other enzymes using 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 0.024umol/min/unit. The 
lactate dehydrogenase equilibrium velocity was assumed to remain 
constant during triose phosphate depletion and V _ was calculated from 
the expected equilibrium velocities of the other enzymes.
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The time dependent changes in 
(shown in table 1) in the dilute er 
figure 1).

predicted by the in vitro model 
ifocyte lysate system (shown in

The figure shows a plot of the predicted value for V 9 versus time. 
The curve marked A was drawn from a least squares polynomial fit of the 
data points. A routine available in the Nicolet 1180 computer software 
was used to fit the data to the polynomial function. The lines marked B 
and C are simple linear fits of the data points (see text).



the concentrations of the triose phosphates and FDP (shown in chapter 3) 

and from their known activities (measured spectrophotoraetrically) 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 Vc2x and the equilibrium velocities of 

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

calculate a predicted value for Vf2x as a function of time. The results 

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 unity is invalid. It does however have the highest 

sensitivity coefficient of the three enzymes over the range of DHAP, GAP 

and FDP concentrations shown. The predicted values for V . 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 

calculated 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 2 is to represent the changes in two 

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 linear and polynomial fits should allow 

description of any changes in V ox 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 490uM FDP to a lysate 

preparation. The time courses predicted by the aldolase and in vitro
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The exchange time courses predicted by the in vitro model of the lysate 
exchange system shown in figure 1.

The curves marked A and B are drawn from the polynomial and linear fits 
of the exchange data predicted by the model (see table 1) and shown in 
figure 3. The method by which these theoretical exchange time courses 
are obtained is described in appendix 2. The figure also shows the 
theoretical exchange time course predicted by the aldolase model (curve 
C). The curve marked D is the exchange time course observed 
experimentally following the addition of 490uM FDP and 12mM lactate to 
the lysate system shown in figure !•

The lactate peak height is expressed as the ratio 
peak height at time t and L is peak height at t=0.

. where L is



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

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 Kd 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

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 vitro 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 used 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 incapable 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 & Hoberraan, 1969). In the 

next section the validity of this double reciprocal relationship between 

the enzyme equilibrium velocities and V 2X 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 V_ 2 in the erythrocyte.

4.4 A comprehensive model of the C-2 exchange system

Isotope Flux

Consider the following system;

V V 1 2

A £ B 2 C

V V 
1 2

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

chemical equilibrium. A can be converted to B and B to A at rate V and 

B can be converted to C and C to B at rate V_. These rates of 

interconversion can be measured by isotopically labelling the chemical 

species. The Vs are then equilibrium velocities for the exchange of 

isotope. 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 = Vl (XB - XA)

(B)dXB/dt= Vl (XA -XB )

(c)dxc /dt = v2 (xfi - 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 is 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.

Vl V2 

£ B £

V VV I 2

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

((AQ ) - gt) dXA/dt = Vj

(B) dXB/dt - Vl (XA - Xfi ) + V2 (Xc - XB ) + g(XA -

«GO ) + gt) dxc/dt = v2 (XB - xc ) +

where (A ) is the concentration of A at t=0 and (C..) 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 is 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 (V^x) 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 system, 

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. 

V

A + B £ C + Z

A and B are singly labelled, C is labelled at two positions in the 

molecule and Z carries no label. Three labelled species of C exist i.e.

C (* 0)' C(* *) anc* C (0 *)* **(* *) represents the doubly labelled 

molecule, C (i( . represents the species which derived its label from the

A molecule and C,Q ^^ the species which derived its label from the B 

molecule. C,^ ^N 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 is 

negligbly small.

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

(C (*,0) )dXC(* ( 0) /dt = V (XA (1 - V - XC(*,0) )

(V,*) )dXC(*,*) /dt = V (XAXB - XC(*,*))

(C (0,*) )dXC(0,*) /dt * V (XB (1 - V - XC<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 

stereospecif icities of the two dehydrogenases involved. . The label at 

the C-2 position of lactate is exchanged with the A face hydrogen at the 

C-4 position of the nicotinaraide ring in the reaction catalysed by

lactate dehydrogenase. This singly labelled NADH species carrying label
f 

on the A face of the nicotinaraide ring at the C-4 position is denoted as

NADH.. n . in the following equations. NADH labelled on the B face at 
\ >

the C-4 position (NADH,Q ^^ 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 

stereospecif icity) results in a labelled NAD molecule. 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 

stereospecif icity). Labelled NAD would not be produced if the two 

dehydrogenases had the same stereospecif icity with regard to the 

coenzyrae. Reaction of labelled NAD with labelled GAP or labelled 

lactate results in double labelled 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 by 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 4 position

1 2 of the FDP molecule (see below); SOL, solvent ( H90 or H90); FDP,
£» £*

fructose-l,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

\ h ALD
£ GAP «* DHAP £ SOL 

GAPDH TIM

g is the rate of lactate production, the rate of FDP breakdown has been 

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 C-3 

position of DHAP and solvent (Rose, 1958). Triosephosphate isoraerase
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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.

c=o 
I

HO-C-H

2-/^jtj 0"PO
. 2 3
OO +

HO-C-H
1

H

\ "
C

1
H-C-OH

CH 7 0]
2-C-OH

IH-C-OH

FDP DHAP GAP

The hydrogen labels are ringed. The label on DHAP is lost 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:

((FDP 0 ) - gt/2) dXFDp/dt = V4LD(BJ!OOH) (XQAp - XFDp ) - gXF])p /2

(DHAP) dXD[Up/dt =

The equations describing GAP labelling must also consider NAD(H)

labelling (see above section on double labelling).

(GAP) dXGAp/dt = VnM (XDHAp - XQAp) + VGApDH (X^p -

+ VALD(RECON)

The exchange in solvent can be described by the following equation:
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(SOL) dXSQL /dt

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 lead 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) dXMA /dt = V_ nu (X.TAnu + X..,.™ - X. TA _) NAD LDH NADH. . wADHx. . NAD

VGAPDH ^ADH,. A , + XNADH,, .. (*,0; (*,*)
8 (XNADH,. ., + XNADH. . , " XNAD ) 

(*,*)

(NADH) dX /dt = V. nH (X. A _(1 - XX7 ._) - *.„NADH.. n « LDH LAC NAD NADH,. AX
V. »U) (*>0)

VGAPDH (XNAD (1 " XGAP) " XNADH

(XNAD (I - XGAP> -

(NADH)

VGAPDH (XNAD XGAP " ^SjADH^ ^(*,*)
g (XNAD X " XGAP NADH

(NADH) /dt - V (X (1 -

VGAPDH (XGAP (1 ~ XNAD } " XNADH (Q 

* (XGAP (1 " XNAD } " XNADH > '
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Table 2

Model simulation of the effect of changing the glyceraldehydephosphate 

dehydrogenase equilibrium velocity on the overall equilibrium velocity 

of the C-2 exchange system, V 0 • Verification of the double reciprocal
\s£.l\.

relationship between V and the equilibrium velocity of an individual
\jtL A.

enzyme.

GAPDH

equilibrium 

(mM/min)

Model predicted 

(min) equation relating V

to the equilibrium velocities 

of the enzymes

10

5

2

1

0.75

0.50

0.25

22

23

28

37

42

53

86

22

23

28

37

42

53

86

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

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

lOuM NAH^ 10llM NAm> 3mM FDp and 12mM lactate ^ The enzyme equilibrium

velocities were; v^. l.OmM/min; V^^^, O.OmM/min; y^. 

15.0mM/min; V^, 1.5mM/min; lactate production, O.OmM/min. The 

glyceraldehydephosphate dehydrogenase equilibrium velocity was varied as 

described in the table. These enzyme equilibrium 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 suited 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 V ^y 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 

V 2 of changing the glyceraldehydephosphate dehydrogenase equilibrium 

velocity in the exchange system. The substrate concentrations used 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 in 

table 2 show that the apparent t./ 2 or point of 50% labelling (null 

point in the exchange time course) predicted by the model is the same as 

that predicted by the double reciprocal relationship. This
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Table 3

Model simulations of aldolase equilibrium velocity determinations.

A - V was set equal to l.Oumol/min/unit. The aldolase activity in 
the mocfel 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, V 1.5mM/min, V 1.5mM/min.

VALD ' VAIXRECON) 
(mM/min) (mM/min) exchange time courses

predicted by the model 

( jimo 1 /m in /uni t )

1.0 0.0 1.0

1.0 0.1 1.2

1.0 1.0 1.3

B - As in A except that the equilibrium velocities of the other enzymes
were given the following values; V 5.0 mM/min, V 3.0 mM/min,

3.0 mM/min. GAPDH TIM

VALD VALD(RECON) VALD 
(mM/min) (mM/min) exchange time courses

predicted by the model

(pmol/min/unit)

1.0 0.1 1.2 

1-0 0.5 1.3

The other conditions used in the model were as follows; 110M solvent 
1.9mM DHAP, 2.0mM FDP, 90pM GAP, 10|iM NAD , 10uM NADH, 12mM lactate! 
These enzyme equilibrium velocities and substrate concentrations are similar to the conditions often used in the in vitro C-2 exchange system.



correspondence breaks down however if the lactate concentration is 

lowered to levels 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 velocity 

determined is only slightly greater than the velocity of the solvent 

exchange reaction. It might be thought that the effect of the 

recondensation reaction on GAP labelling, 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 is 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 glvceral<iehy dePkosphate dehydrogenase

equilibrium velocity determinations.

V was set equal to O.lOumol/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.

ALD 
(mM/min)

VALD(RECON) VGAPDH

(mM/min)

(umol/min/unit) calculated 

from the exchange time courses 

predicted by the model

1.0

1.0

1.0

15.0

15.0

0.0

0.1

0.5

1.5

7.5

0.10

0.10

0.10

0.10

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 estimates 

of vroY* In t^ie next chapter the model is used to examine the 

consequences of changing the ratio of these fluxes on measurements of

VC2X'

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 V_«x consistent with that expected from the double 

reciprocal relationship. Changes in the activities of the other enzymes 

involved in the exchange will change the sensitivity coefficient of the 

enzyme but its relationship with V 2X will remain hyperbolic. This 

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 transaldolase, 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 pathways is simply the sum of 

the equilibrium velocities for the individual pathways (Yagil & 

Hoberman, 1969). Under these circumstances there would no longer be a
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double reciprocal relationship between the aldolase and triosephosphate 

isomerase equilibrium velocities and V „ unless the exchange catalysed 

by the pentose phosphate pathway enzymes were vanishingly small. The 

pathway would not however affect the double reciprocal relationship 

between the dehydrogenase equilibrium velocities and V ox » These would 

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 in vitro model. 

However it is 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 

present in only low activity (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 

V _ . This does not prove that the epimerase pathway is unimportant, 

for example transketolase may be the rate limiting step. Addition of 

transketolase 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 catalysed 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 used to provide 

semi-quantitative explanations 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 intermediates, be 

characterised by a set of non-linear differential equations. A method 

suited 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 is 

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 V _ .

The model assumes that the overall equilibrium velocity for the 

C-2 exchange system, vr?x' is wholly determined by the equilibrium 

velocity of aldolase i.e. V 0 = V . It also assumes that the
ALiU

equilibrium velocity of this enzyme is 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 ' VC2X (D0 " V>

Lo (Em + Do ' V>
where D is the DHAP concentration at t=0, Km is the apparent Km of 

aldolase for DHAP, k is the rate of DHAP breakdown and L is the 

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

of lactate labelling is described by the following equation;

(D0 - V> dt

Lo (Kn + Do -
where X_ is the fractional labelling of the lactate. Integrating both 

sides of this equation we obtain;

VC2X /T v ( -V + *« ln(Km + D0 /Km + °0 " V» 
/L0 S

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

height in the n.m. r. experiment then it becomes;

L/LQ -1-2^ 

where L is the peak height at time t and L is the peak height at t^O.
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4.9 Appendix 2

Integration of polynomial and linear equations describing changes in 

VC2X'

It was shown in the text that changes in V . 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 V ^ on the exchange time course

The fractional labelling of the lactate, 3L , can be described by 

the following equation;

dt L0 + Le

where V is V_ov,, LA is the unlabelled lactate concentration at t=0, LL./A u e

is the concentration of solvent labelled lactate present at t=0 and k is 

the rate of change in V

As shown in the text, the changes in V «x may occur in one or more 

linear phases. If L is assigned the concentration of solvent labelled

lactate at the beginning of each new phase and L~ the concentration of
U. 

non-solvent labelled lactate. Then each phase, wether it is described
K

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

dXL~ dt

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 V 0 is changing at a constant rate k.

t(kt - 2V)/2(L. 4- L
U e

exp

n + L 0 e

For C-2 exchange;

L/LQ

where L is the lactate peak height at time t and Ln is the peak height 

at t=0.

The effect of a non linear change in V^y on the exchange time course

If V_2X changes In a non linear fashion as a function of time then 

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

given in the text the changes in V 2X were fitted to a polynomial 

function of the form;

V - A + Tt + Wt2 + ut 3 + Vt 4

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;

234-I (A + Tt + Wt + Ut + Vt ) dt
L + L L 0 e

X. , L. and L have the same meaning as described above. Integrating L u e

both sides of this equation we obtain:

_ (At + Tt2 /2 + Wt3 /3 + Ut4/4 + Vt 5/5)

(L0 + V

Lo exp
Ln + L 0 e

The equation describes the fractional labelling of the lactate at time t 

where V « is changing as a function of time and its value at time t is 

given by the polynomial function described above.

Thus changes in vC2y mav be described by linear or polynomial 

functions or by a combination of the two. The changes in V 0 can be
O^A

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 + I ' \ + hf„

where y . denotes a predicted value approximating y f N, n t- i txn + l )

computed by a linear Taylor algorithm. The terra f is the derivative of

the integral curve y(x). If it is assumed that f is constant overn
small intervals (x ,x .) then the value of y at x ,. can be calculated

from its value at x from the above equation where h is the abscissan
increment: x ..=x +h. This is called the step size of the numerical n+1 n
method. The above equation is 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 

better approximation of y**,, is obtained if higher order terms of the 

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 use the Taylor series expansion without 

computing the higher order derivatives of f(x,y), (see McCalla, 1967). 

In the predictor corrector method the predicted value y^i is 

substituted into the following equation which is derived from a second 

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

yn+l = yn + h/2 (fn + f(xn+l'

where y . denotes a corrected approximation of yCx-j.])* If this 

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

equation as y ,,, then the calculation can be repeated to obtain the 

corrected value. This iterative procedure can be repeated a number of 

times until convergence for a particular step is obtained. Convergence

ccan be tested by comparing jy . - y ,, with some positive
cconvergence term, y . is the current value of the predicted solution,n+l

y ,, was its value during the previous iteration. When the corrector
n~rJL

formula converges the step index is incremented, x is increased to given

x +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 low 

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 intermediates 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) is uneconomic if time steps comparable to the
*

shortest time constants are used since this may involve evaluation of 

the equations describing fractional labelling as many as 10 or even 10** 

times (see Curtis & Chance, 1972). As well as being uneconomic in
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computer time the method also becomes inaccurate due to both roundoff 

error which is 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 ). The set 

of equations describing the C-2 exchange system have the general form;

(CONC),. dXi /dt = V.(X1 ,X2 ,.......Xi ), i=l to 9 and j=l to 6

where (CONC). represents the concentration of the intermediate i, V
•J

represents the isotope exchange equilibrium velocity or the chemical or 

glycolytic'flux rate (g in the model) for the reaction j and X 

represents the fractional labelling of the intermediate i. This 

equation can be rewritten in the form;

dCj[ /dt » k.CCj, C 2> .......Ci ) i - 1 to 9 and j = 1 to 6,

where C represents the concentration of the labelled intermediate i and 

k the rate constant for the reaction j. The Jacobian matrix for this
J

system has the components ak./cfc . 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 linear differential 

equations with constant coefficients. In this case the solutions are
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combinations of exponentials of the form exp(t>C t) where the numbers <* 

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 C (t). The 

concentration of the i th variable in the solution is denoted as 

(C + n ), where n. is in general expected to be small. The 

differential equations satisfied by the varied solution are therefore;

dC±/dt + dni/dt = k ((^ + ^ ...... .C + n)

n <^k /(/C + 0(n2 ) j=l to 6 and i=l to 9

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
dn./dt • > n tfk./c/C., j=l to 6 and i=l to 9 

1 i^l i J 1

where Jk /cf C 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,

z." • J z'

In the variable step, variable order Gear method this equation is used 

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 

rapidly during the initial transients obtained following the label 

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 10 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 done 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.
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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 lines 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 is 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 into the 

program. The time step was typically 0.01 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 lines 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 is 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 is 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 line 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
S

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 output. If the solution 

values do satisfy 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 line 105 i.e. the 

elements of the Y matrix are 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 old corrector (W) becomes the new 

predictor (X). The flag L is set to 1 which results in transfer of 

control at line 102 to line 75 and the corrector section is 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 is 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 in 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 library 

routine D02EBF (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 listing is shown on a 

following page.

Assignment of parameters; the elements of the CONC matrix are 

assigned the initial railliraolar 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 raillimolar 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 (raM/min) of aldolase, the 

recondensation reaction catalysed by aldolase (see text),
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triosephosphate Isoraerase, glyceraldehydephosphate dehydrogenase and 

lactate dehydrogenase respectively. 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 terra which is described in the NAG 

documentation. The program initially calls the DISPLAY subroutine which 

outputs all of the above parameters thus enabling 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 is 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 ^/JY .

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 next 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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LIHE MU*BE« FORTRAN TEXT (SEQ.NO)

1 PROGRAM C2XMOO 1
2 DIMENSION A(8),B(8),T(12) 2
3 DIMENSION R(?>, P(t),D(8),E(8),F(8),W(8),X(8),Y(8> 3
* DIMENSION 7(12,9),V(4),TT(8),STATE(8) 4
5 COMMON D,V,R,P,A 5
6 C*****INPUT SUBROUTINE 6
7 DATA A(1),A(2),A(3),A(4),A(5),A(6),A(7),A(8)/ 7
8 1 6000.0,90.0,50.0,500.0,1000000.0,50.0,50.0,50.07 8
9 DATA 6(1), 6(2), B ( 3) ,B U) ,E < 5 ) ,b < 6) ,B ( 7) ,B ( 8) / 9

10 1 6000.0,0.0,3.0,0.0,0.0,0.0,0.0,0.07 10
11 READd,*) V(1),V(2),V(3),V(4) 11
12 READd,*) H 12
13 DATA T(1),T(2),T(3),T(4),T(5),T(6),T(7),T(8),T(9),T(10), 13
1* 1 T(11),T(12)/ 14
15 2 2.,4.,6.,£.,10.,1Z.,14.,16.,18.,20.,22.,24. / 15
16 DO 400 1=1,4 16
17 V(I)=V(I)*1003. 17
15 400 CONTINUE 18
19 ZERO=O.G 19
2- C*****INITIALIZE 20
21 N = 1 21
22 U=0. 22
<3 DO 450 1=1,8 23
2^ * Y(1)=B(I) 24
25 450 CONTINUE 25
2t DATA TT(1) ,TT(2),TT(3),TT(4),TT(5),TT(6) 26
i 7 1 /7HLACTATE,3HNAD,3HGAP,4HDHAP,7HSOLVENT,4HNADH/ 27
2? WRITE(2,500) 28
29 SCO FORMATdX,'SUBSTANCE TOTAL CONC./uH 29
!- 1 • INITIAL DEUTERIUM CONC./uM') 30
51 DO 600 1=1,6 31
32 WRITE(2,501) TT(I),A(1),B(I) 32
33 501 FORKAT(1X,A10,5X,F12.4,10X,F12.4) 33
5^ 600 CONTINUE 34
3 C WRITE(2,550) 35
3t 55C FORMAT(//) 36
?7 WRITE(2,650) 37
3 1 C50 FORKATdX,'ISOTOPE STATE INITIAL DEUTERIUM CONC./u«») 38
3= DATA STATE(6),STATE(7),STATE(8) 39
t: 1 /3HO 0,3H* C,3HO */ 40
t1 DO 750 1=6,8 41
i2 WRITE(2,700) STATE(I),B(I) 42
+1 7CO FORKAT(1X,A4,10X,F12.4) 43
tt 750 CONTINUE . 44
i: WRITE(2,550) 45
4t URITE(2,800) 46
v? g3C FOKKATdX, § EeUILIBRlUH VELOCITIES') 47
45 WRITE(2,850) 48
t c J5C FOkMATdX,' LDH GAPDH TIM' 49
3C 1 ' ALDOLASE') 50
5"? WPITE(2,90C) V( 1),V(2),V(3),V(4) 51
5? 9CC FORKAT(1X,5(F12.4,5X)) 52
53 WMTE(2,550) 53
5^ WRITE(2,10CO) H 54
55 1GOQ FORf ATdX,'TIME STEP =',F12.4) 55

56 WRITE(2,550) 56
;7 WRITE(2,1050) 57
c« 1050 FORMATdX,' TIME LACTATE VC2X") 58
5s^ XXi-1 .0*(A(1)-2.*BC1)> 59
iJ WRITE (2,1100) ZERO,8(1),XX 60
*1 110L FOPMAT(1X,3(F12.4,5X)) 61
i? 1110 DO 1120 1=1,8 62
}* C*****PREDICTOR SECTION 63
ti. P(I) = Y(I) 64
65 112C CONTINUE 65
16 U1=U 66
57 CALL DERIV 67
6? DO 1300 1=1,8 68
}0 E<I)=D(1) 69
73 1300 CONTINUE 70
71 DO 1400 1=1,8 71
7? X(I)=Y(I)+H*E(I> 72
73 UOC CONTINUE 73
74 C**»**COPRECTOR SECTION 74
75 14C1 L=C 75
76 DO 1500 1=1,8 76
77 P(I)=X(I) 77
7S 150C CONTINUE 78
7? U1=U*H 79
?: CALL DERIV 80
ai DO 16CO 1=1,8 81
?2 F(I)-Dd) 82
*3 1oOC CONTINUE 83
54 DO 1700 1=1,8 84
$5 w(l)=E(1)+F(I) 85
c(> 170C CONTINUE 86
?7 Hl=H/2. 87
53 C>0 1300 1 = 1,8 gg
*? W(I)=Y(I)*H1*H(I) ?9
90 I^OC CONTINUE 90



91
92
93
94
95
96
97
98
99

130
131
132
133

135
136
137
108
109
110
111

C******TEST FOR CONVERGENCE 
00 1910 1*1,6,2 
IF(ABS(WCI)-X(I» 
IF(ABS(W(I-H)-X(I

1850 DO 1900 J=1,6 
X(J)=U(J>

1900 CONTINUE
GOTO 1923-

1910 CONTINUE 
GOTO 1930

PT.0.1) GOTO 1850
1)) .LT.0.1) GOTO 1910

IF(L.EQ.I.O) GOTO 1401 
IF(U.GT.TCN)) GO TO 2000 
DO 1940 1=1,8

1920 
193C

1940 CONTINUE 
U=U+H 
GOTO 1110 

C****«STORAGE AND 
2000 Z(N,1)=U

DO 2100 1=1

OUTPUT OF SOLUTIONS

91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111

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
141 
H2
143
144

2100 CONTINUE
YY=-1.0*Ud)-2.*U(1)>
WRITE (2,2200) U,W(1),YY 

2200 FORMAT (1*,3<F12.4,5XJ)
DO 2250 1=1,8
Y(I)-WU) 

2250 CONTINUE
U*U+H

IF(N.EQ.13.) GOTO 2300
GOTO 111D

C*****OUTPUT OF SOLUTIONS 
2300 WRITE(2,2310)
2310 FORMATdX,' TIME NAD 

1 • NADH(0*) NADH(*0)')
WRITE (2,550)
WRITE (2,2350) ZERC,B(2),B(6),B(7),B(8) 

2350 FORMATdX,5(F12.4,5X))
DO 2400 1=1,12
WRITE (2,2350) Z(I,1),Z(I,3),Z(1,7),Z(I,8),Z(I, 

2400 CONTINUE
WRITE (2,550)
WRITE (2,2450)

245C FORMATdX,' TIME GAP 
1 • SOLVENT*)

WRITE (2,2500) ZERO, B(3),B(4),B(5) 
2500 FORMATdX,4(F12.4,5X>)

DO 2600 1=1,12
WRITE (2,2500) Z(I,1),Z(I,4),Z(1,5),Z(I,6) 

2600 CONTINUE
STOP
END

NADH(**)*

,9)

DHAP

112
113
114
115
116
117
118
119
120
121
122
123
124 
1Z5
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144

145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160

SUBROUTINE 0ERIV
DIMENSION D(8),R(8),V(4),P(8),A(8)
COMMON D,V,R,P,A
DO 1200 1=1,8

1200 CONTINUE
D(1)=V(1)*(R(8)+R(6)-R(D)
D<2)«V(1>ft(ft<6>+fi(7))+v(2)*(R(6)+Rm>-(VM> + V(2 
D(3)sv(2)*(R(6)+R(7)-R(3))-V(J)*(R(3)-R(4)) 
DU)=V(3)*(R(3)-R(O)-V(4)*(R(4)-R(5)) 
D(5) = VU)*(RU)-R(5))

= V(1)«<&(1)*R(2)-R(6))-V<?)*<R(6)-R(2)*R(3)) 
) = V(1)M(1-R(1))* R <2)- R (7))-v(2)*(R(7)-R(3)*(1-R(2)))

DC*>3Vd)MM-R(2))*RU)-R(S>)-V<2)*<R(8>-R(2>*d-R(3)»
RETUKN
END
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DCl£LE P^ICISION CCNC(C),V"L ( 
DOL'sLE ?BfC!?ICK «(S/3C)/Y(9>
INTEGEF I/I^IL/IR/IU/J/'-'s-D 

L FCN/CUT/FECERV 
X;N:/H/:/CCNC/VEL/NUM 

C. . . . .INITIALISATION CF FKCiRA^
DATA NCLT/6/
DATA NIN/5/
N = 9 
IW = 30

ASSIGNMENT C c
DATA CCr.CC1)/CCNC(Z)/CCNC(3)/ 1 1 COCC . O/ 1 . O/ C .0457
DATA CCNC(4),CCKC(5)/CCNC(5>/ C . 01 / C . C1 /C . C1 /
DATA CCKC(7)/CCNC(:)/CCNC(5>/ C . 01 / 3 . 0/1 3 .C/
DATA Y(1),Y(:),Y(3!/YCs'),Y(5>/ C . 0/C . U/ C . G/ C . C/C . 07
DATA Y(c)/Y(7)/Y(c)/ C.C/G.C/O.C/
DATA Y(7>/ i:.:/
ScADCMN/") VEL(1)/VrL(Z)/VEL(3)/V?L(4)/VEL(5)/VEL(i)/
MM/XEND/J 

TCL=1C.**(-g) 
»JF.ITE (NOUT/1CC) TCL 
X = C.C

IFAIL=1
CALL ::S 3 LAY(Y)
CALL ::2E3FCX,XE'.':/N/YrTCL/If/FCN/ w F:D/PEDERV/ 

•» CLT/ A/ I^/IFAIL) 
*RIT:CNCL! T/5CC> IFAIL

iTC?
1j: =Ci:y.AT(22HCJC«LCLLATICN HTH TOL = /=8.1) 
LCC FC'XATCEH : C AIL=/I1) 
30 i ?CRXAT(1X/E£.1)

INC

loERCJTir,; FCNCT/Y/
I N T E C- £ P I / J / f U M
:GLlL£ P'ECISICN ri/X=Kr / VEL(4)/P(9)
DCL^LE ?-£CI51CN F ( 5 ) / Y ( c ) , S'J3C CNC ( 2 ) / T /CONC (9 )
! C " v C N XEf.D/^/I/CCKC/VEL/NUV
SuiCCt.C(1)=CCKC( e )-CViL(6)/2.)*T
3w
:c
- (J)=Y (J)XCCNC(J)

i.-::: CONTINUE
:o 3::c j=£/°
"(J)=Y(J)7SL=CCNC(J-7)

.= C 1 ) = V £ L ( 1) * ( ^ ( 2 ) - P ( 1 ) ) 
= (2)= VEL(3)*(.:) C3)- :: (?))•> 
= (3)=vfiL(3)*(P(2)--C T )) + v:L(4)*(P(f)+P(7)-P(3)) 

- +VEL(:)*{5Cc)-P(3)>*(VEL(6)72.)*(S(?)4F(5))-V5L<6)*P(3)

= (£)=VEL (5) *(?( = )*= (O-=(d))*(VEL(4)-i-VEL(6))*(=1 (")*5(4)-P(6)) 
rl7) = .-£L(5)*(?(4)*(1-P(9»-P(7))
+(VEL(4)-V£LC-))*('(3)*C1-?(4»-P(7)) 

c (i )=VEL(£)* (P(3)-= (?) )-<-V EL ('«•)/ 2. )*?(£)

C-NC (2) 
: f. T = G E S I/J/N/NL^
; o M « : N xEN:/^/:,cor»c/vEL/MJM

SL=.CC:.C(Z) = CC f .'! <«)•»', =L(i 5 *T 
Dv< 3CC J = U7 
: (J)=t(j)/CCNC(J)

r ^ " n ^ * • I
u vj v,^nii^,'«U^

:c 40: j = s/<;
- CJ)=Y( J)/3LrCCNC(^-7) 

Cl' CCNTir.LE

C/:) = (-V£L(:)-VEL(1)-(V:L(fc)7?.))/CCNC(2)
c t / ; ) = v . L i 7 ) / c c N c ( - j

CNC (O

5 )=VcL



?h(5,5)=(-VEL(5;-VEL(;)-VEL(6))/CONC(5>

=>h(7x7) = (-VEL(f>-VELU>-V£LC6)>/CONC<7> 
'*(7,?) = (-VEL(3)*:>U))/SUiCCNC(2) 
B K(3/3)=VtL(Z)/CCMC (3) 
=^(:/3)=<-VELCZ)-CVEL(£)/2.))/Sl9CCNC(1>

p*(9/y)=-VEL(5)/Sl;ECCNC(2> 
- E7U7N 
ENC 

C......
SL3RCU7INE 'CU7(XxY) 
CCVVCN XEN.:x-'xIxCC».CxVEL

:Ct£LE P-ECISICN V:LCo)xY(9>/CCKC (?) 
DCt=LE PPECISICN XxfxXEKD

-A7A NC07/6/
:c 1:0: j=i/o
- E 5 ( NtJ v -1, J) = Y ( J )

V:CC CCN7IME
? = S(r-JO«-Ixi;)=CCNC(6)-(VEL(6)/2.)*X 
r ES('.U v -:/11)=CCNiC(9)*VEL(6)*X

Ir(I.=S.O) CALL R ES L LT S (Ml^x P E S ) 
.< = X = N2-FLCA7 C)*H
:*i-i
c E T U R N 
ENC

L.3RCUTINE CIS = LAY(Y)
NT;3E^ I/NCL'T/NUM
CUdLc PKECISICN Y ( 9 ) ,CCNC (9),V EL(6)
CLSLE --ECISICN XENC/K
CN'WCV XEND/H,:/CONCxVEL/NUW
ATA r,cui/6/
SITE (NOUT/555) 

. r T T : (N C U T /- 4 D 0) C C'- C < 1 ) / Y (1)

«rI7ECNCU7/4C3) CCNC(t)xY(4)
*F!7E(\CU7/4G4) CC^C(3)/Y(5)
/rI7E(NC'J7x4C5) CCNC(i)xY(8)
1<.R:7E(NCU7x4Ci) CCNC(v)/Y(9)
«r>I7E (NGJ7/553)
«RI7= (NCU7x552)
...- II EUCU7x551) VEL(1)xVEL(2)xVEL<3)

551) VEL(4)/VEL(5)/VEL(<f-)
~ t" 7 U R f.

-;^ v; Td x, ':•;-'/ 1 :

: r '•<. i T ( 1 X / ' L £ C T ^ I ' , "- X / F 1 ? . - , 1 C y / r 1 2 . A )
c?^:(l </'su=:Tar( c E TCT-L

35-, ^^;.^A7//x .'./x.
553 r cs--'i7(3nc =CU:L::-' ru*' VELCCITIFS MM/* IN )
oSi rCPMATCIX/' flLDCuioE UD(RECON) 7IM') 
5"1 =C« HAT (1 X/3 (^1 : . 4/FX) )
j> 5 j P 0 P: M A 7 ( ' 0 ' x ' 3AFTM LOH 

* LiC1iT[ GPCU7H') 
ENO



C......... ......
ScSROUTINE RESL'LTSCM'V/RES) 
INTEGE-, J/KCUT/M'*, 
REAL RESC5C/13) . 
DATA I.CLT/6/ 
WRITECNCUT/99999) 
3C 1CC J=1/NUX
WRITE(NCUT,9C99£) RES(J/12)/fES(J,11)/RES<J/9),RES(J/13) 

10C CCNT-INLE
wRITECNCUT/99997)

20C CCNTINLE
WRITEO; CUT/59995)
:C 330 J = 1/NU,V
u;iT£(KCUT/99934) FES(J/12)/c> ES(J/'5)/R£S(J/6)/RES(J/7)

3GC CONTINUE
«RITE(NCUT/9«993)

WRITECNCUT/99992) F£S(J/12)/P5S(J/10)/RES(J/8)
iCC CCNTINLE

RETURN 
99°9; FCRKiTCG'/ ' TTV= L5CT4TE COKC TEUTEPfiTF: LACTATE VC2X')

?99?7 FCR^ATCC'/' TI«E SOLVENT 2H*P. GAP
+ N*J')

999 9 £ ?CFM4T(1X/F7.2rEl2.4/3P12.?) 
r9995 FORMAT ( 'C'/ ' TIM= NADH(*0) KADHC**) NADH(O)')
99994 "C rs'£T(1X,r?.2,3 = 12.?)
99993 'FCP'^TC'O'/' TI^E FDP CCNC FCP') 
9/592 FCRMAT(1X,F7.Z/Z C 12 .4) 

=N:



5 A comparison of the kinetic properties expressed 

j>y_jglyceraldehydephosphate 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,
i

the individual isotope exchange equilibrium velocities of the enzymes 

involved in 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 

method is described for obtaining the isotope exchange equilibrium 

velocity of glyceraldehydephosphate dehydrogenase (GAPDH) in the intact 

erythrocyte. The kinetic properties displayed 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 kinetic studies employing 

spectrophotometric techniques have been used 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 *a, 1976; Eby & Kirtley, 1979; Wang & Alaupovic ,1980). The kinetic 

constants derived from these studies show a wide range of values 

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 

may produce artefactual results (Duggleby & Dennis, 1974). The values 

obtained for the Km for GAP at pHs between 7.2 and 7.4 range from 5uM 

(Maretzki e^ al^, 1973) to 21uM (Mills & Hill, 1971), 95pM (Wang & 

Alaupovic, 1980), 120pM (Wrigglesworth et_ aj^, 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 in 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 e^ aj^, 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 GAPDH 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, could 

maximally occupy only 7-24% of the available sites (Higashi et al, 

1979).

The enzymes can be selectively eluted from the membrane by 

incubation in the presence of 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). Binding of 

phosphofructokinase on the other hand is enhanced in the presence of FDP 

and this results in a change in its allosteric properties (Higashi et 

al, 1979; Karadsheh & Uyeda, 1977). Inhibition of GAPDH following 

binding is not 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, 

1981). In order to better assess the physiological relevance of 

membrane binding a number of studies have been undertaken to try to 

determine the amount of GAPDH which is bound to the membrane in the 

intact erythrocyte.

Kliman and Steck (1980) lysed erythrocytes with the detergent 

saponin and rapidly filtered the resulting lysate. The GAPDH activity 

was then assayed in the filtrate and in the membrane fraction left on 

the filter. In this way the concentration of free and bound forms of 

the enzyme could be measured and the kinetics of enzyme release 

studied. By extrapolation of the time course of enzyme release to

they estimated the fractions of free and bound enzyme in the intact 

cell. A value of 66__12% 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

145



affect the estimated fraction of enzyme bound. Keokitichai and 

Wrlgglesworth (1980) attempted to measure the fraction of GAPDH bound to 

the membrane in the intact 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 lysis approximately 50% 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_ aj^, 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. In a similar type of study Solti et al (1981) 

treated erythrocytes with tritiated iodoacetate under conditions in 

which approximately 50% 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 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 lOmM glucose were 

prepared as described in chapter 2. Titrations were performed by adding 

iodoacetate (20-100|jM) 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 cold 

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 lOmM glucose) for 3 to 4 days at 4 C before 

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 level of inhibition are probably due to 

accumulation of triose phosphates in the cells" (which were stored on 

ice) 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 in vitro exchange systems (complete except for lactate) 

containing 15 units/ml of GAPDH were incubated for Ihr at 37°c with 

iodoacetate concentrations in the range 1-lOjiM. Control incubations 

lasting 3hrs showed that there was no further loss of activity after 

Ihr. By this method in vitro systems were prepared containing GAPDH 

activities in 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 °n the concentration of tne enzyme. A similar experiment can be 

performed in the intact erythrocyte if the active concentration of the 

enzyme is changed by specific irreversible inhibition. In 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 (20-100uM) 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 levels of the triose 

phosphates and FDP . Assays of the other 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 separate equilibrium 

velocity determinations performed on different cell preparations.

The results in 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 isoraerase is thought to catalyse a reaction 

at equilibrium in the human erythrocyte (Veech et^ al_, 1979)). Pyruvate

148



T
able 

1

Part 
A

T
rlose phosphate and 

FDP concentrations 
in erythrocyte preparations 

possessing d
ifferen

t levels of 
GAPDH activ

ity
.

GAPDH A
ctivity 

T
otal trio

se phosphate

(units/m
l solvent 

concentrations at t-0

w
ater) 

(pools/m
l cell w

ater)

T
otal triose phosphate 

FDP concentration at t»0 
FDP concentration

concentrations 
follow

ing 
(pools/m

l cell w
ater) 

follow
ing incubation

.o.
incubation for 40 m

in at

37 C (pools/m
l cell w

ater)

for 40 m
in at 37 

C 

(pools/m
l cell w

ater)

1.4

45933

0.8 

0.7 

0.7 

0.8 

0.8

1.1 

0.9 

0.8 

0.9 

0.9

3.1 

3.1 

2.6 

2.9 

3.6

1.7 

1.2 

1.0 

1.7 

1.7



Pa
rt

 
B E

st
im

at
ed

 o
ve

ra
ll

 e
qu

il
ib

ri
um

 v
el

oc
it

y,
 

V 
_ 

, 
in

 t
he

 c
el

l 
pr

ep
ar

at
io

ns
 d

es
cr

ib
ed

 i
n 

pa
rt

 A
 o

f 
th

e 
ta

b
le

.
C

^ 
A

2 
w

as
 c

al
cu

la
te

d 
by

 m
ea

su
rin

g 
th

e 
ex

ch
an

ge
 i

n 
12

mM
 L

-(
2-

 H
)l

ac
ta

te
 a

dd
ed

 t
o 

th
e 

er
yt

hr
oc

yt
e 

pr
ep

ar
at

io
ns

.

GA
PD
H 

ac
ti
vi
ty
 

Ob
se

rv
ed

 
t 

...
 

Es
ti

ma
te

d 
to
ta
l 

tr
io

se
 

En
do
ge
no
us
 s

ol
ve
nt

(u
ni
ts
/m
l 

so
lv
en
t 

wa
te
r)

(m
in

)

nu
ll

 
(p
oo
ls
/m
l 

ce
ll

 w
at

er
)

(L
 )

 p
re

se
nt

 a
t 

t-
0

ph
os

ph
at

e 
co

nc
en

tr
at

io
n 

la
be

ll
ed

 l
ac

ta
te

at
 t

nu
xi

(u
m

ol
s/

m
l 

so
lv

en
t 

w
at

er
)

R
at

e 
of

 l
ac

ta
te

pr
od

uc
tio

n 
(k

 )
 

L
(p

nD
 Is

 /m
 in

/m
l 

so
lv

en
t 

w
at

er
)

E
st

im
at

ed
 

co
rr

ec
te

d 
fo

r 

th
e 

ef
fe

ct
 o

f 
L

E
st

im
at

ed
 V

 

co
rr

ec
te

d 
fo

r 
th

e

ef
fe

ct
 o

f 
L 

an
d

e
(u

m
o I

s 
/m

in
/m

l 
k 

(p
nr

> 
Is

 /r
ai

n/
m

l 

so
lv

en
t 

w
at

er
) 

so
lv

en
t 

w
at

er
)

1.
4

4 5 9 33

95 39 37 27 21

0.
9

0.
8

0.
8

0.
9

1.
3

1.
5

0.
8

0.
9

0.
8

0.
06

5

-

0.
06

3

0.
06

0

-

0.
08

3

0.
19

9

0.
21

8

0.
29

7

0.
38

3

0.
03

5

0.
15

3

0.
17

4

0.
25

5

0.
34

0

Th
e 

es
tim

at
ed

 e
qu

il
ib

ri
um

 v
el

oc
it

y 
fo

r 
GA

PD
H,

 u
si

ng
 t

he
 v

al
ue

s 
fo

r 
V 

_ 
co

rr
ec

te
d 

fo
r 

th
e 

ef
fe

ct
 o

f 
L 

(s
ee

 t
ex

t)
, 

is

0.
16

0*
0.

01
8 

pn
ol

s/
m

in
/u

ni
t

Ex
ch

an
ge

 t
im

e 
co

ur
se

s 
w

er
e 

in
it

ia
te

d
 b

y 
th

e 
ad

di
ti

on
 o

f 
12

mM
 L

-(
2-

 H
)l

ac
ta

te
 t

o 
an

 e
ry

th
ro

cy
te

 s
us

pe
ns

io
n 

pr
ew

ar
m

ed
 

to
 

37
°C

. 

Th
e 

co
nc

en
tr

at
io

n 
of

 e
nd

og
en

ou
s 

so
lv

en
t 

la
be

ll
ed

 l
ac

ta
te

 p
re

se
nt

 a
t 

t=
0 

wa
s 

es
tim

at
ed

 b
y 

ac
cu

m
ul

at
in

g 
a 

sp
ec

tr
um

 p
ri

or
 t

o 

ad
di

ti
on

 o
f 

th
e 

la
be

ll
ed

 l
ac

ta
te

. 
Th

e 
ex

ch
an

ge
 w

as
 m

on
ito

re
d 

fo
r 

60
 m

in
 b

y 
ac

cu
m

ul
at

in
g 

su
ce

ss
iv

e 
11

2 
sc

an
, 

2 
m

in
 s

pe
ct

ra
. 

Th
e 

ra
te

 o
f 

la
ct

at
e 

pr
od

uc
tio

n 
w

as
 m

ea
su

re
d 

by
 m

on
ito

ri
ng

 t
he

 g
ro

w
th

 i
n 

th
e 

la
ct

at
e 

pe
ak

 h
ei

gh
t 

in
 c

el
ls

 t
o 

w
hi

ch
 n

o 
la

be
ll

ed
 

la
ct

at
e 

ha
d 

be
en

 a
dd

ed
. 

Th
e 

pe
ak

 I
nt

en
si

ty
 w

as
 c

al
ib

ra
te

d 
in

 t
er

m
s 

of
 l

ac
ta

te
 c

on
ce

nt
ra

ti
on

 b
y 

ad
di

ng
 a

 k
no

w
n 

co
nc

en
tr

at
io

n 
of

 

L-
(U

- 
H

)l
ac

ta
te

. 
G

ro
w

th
 i

n 
th

e 
la

ct
at

e 
pe

ak
 h

ei
gh

t, 
w

hi
ch

 w
as

 o
bs

er
ve

d 
to

 b
e 

li
n
ea

r,
 w

as
 m

on
ito

re
d 

be
fo

re
 a

nd
 a

ft
er

 a
dd

it
io

n 

of
 t

he
 s

ta
nd

ar
d 

la
ct

at
e 

so
lu

ti
on

. 
T

ri
os

e 
ph

os
ph

at
e 

an
d 

FD
P 

as
sa

ys
 w

er
e 

pe
rf

or
m

ed
 o

n 
pa

ra
ll

el
 i

nc
ub

at
io

ns
 

as
 d

es
cr

ib
ed

 i
n
 

th
e 

E
xp

er
im

en
ta

l 
se

ct
io

n 
in

 c
ha

pt
er

 2
. 

A
pa

rt 
fr

om
 t

he
 t

ri
o

se
 p

ho
sp

ha
te

 a
nd

 F
DP

 c
on

ce
nt

ra
tio

ns
, 

th
e 

co
nc

en
tr

at
io

ns
 o

f 
la

ct
at

e 
an

d 

th
e 

ra
te

s 
an

d 
ac

ti
v
it

ie
s 

sh
ow

n 
ar

e 
qu

ot
ed

 p
er

 m
l 

of
 s

ol
ve

nt
 w

at
er

. 
T

hi
s 

w
as

 c
al

cu
la

te
d 

by
 a

ss
um

in
g 

th
at

 7
2Z

 o
f 

th
e 

er
yt

hr
oc

yt
e 

vo
lu

m
e 

is
 s

ol
ve

nt
 w

at
er

 (
E

ila
m

 &
 S

te
in

, 
19

74
). 

Th
e 

ha
em

at
oc

ri
t 

of
 t

he
se

 c
el

l 
pr

ep
ar

at
io

ns
'w

as
 7

0K
.



T
able 2

P
art 

A

T
riose phosphate and FDP concentrations in erythrocyte preparations possessing different levels of GAPDH activity.
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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 the result of an increased flux 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 V^ov__-_____. _______ •__.._ - - - \jZi)\.

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 (t ,,)• Alsonull

shown is the endogenous, solvent labelled lactate, present . at t=0 and 

estimates of V «„ 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 present 

at t=0 and for lactate production occurring between t=0 and t ,,• 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 lactate production on 

estimates of the overall exchange velocity, equations 4 and 5 were used
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to calculate V 0 from simulated exchange time courses generated using
c^x

the computer program shown in the previous chapter. The results of 

these simulations are shown in table 4. The conditions used 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

was vari e(* between 0 and l.OmM/min with no effect on the

predicted t ..,• The endogenous solvent labelled lactate was given a 

value of ImM 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
0

1 to 3. The GAPDH equilibrium velocity in the model was varied between 

0.25 and lOmM/min. The results in table 4 show the effect of changing

V_.__TT on the observed t ._ with and without endogenous lactate 
GAPDH null

production. Lactate production significantly decreases the observed 

t --, particularly at low GAPDH equilibrium velocities. Also shown are

values for t ,, corrected for the effect of endogenous solvent labelled null

lactate present at t=0 (L ) and for endogenous lactate present at t=0e
and lactate production (L and k_ ). Ideally a correction for lactatee L

production should transform the observed t . 1 to the value that would

be observed in its absence. In fact the correction for L and ke L
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 L alone, which

"

makes no assumptions about the mechanism of the exchange, gives a much
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better estimate of the t ..•null

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 flux 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 L was thereforee
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 t _-• Thus in this time intervalnull

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 it is 

preferable to use a relatively high concentration of labelled lactate

since this gives better time resolution in the observed t ni s. Toonull
large a concentration, however, results in significant DHAP breakdown 

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
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Figure 1

Direct plot of V « versus GAPDH activity in the intact erythrocyte,

The exchange data was taken from table 1. The point obtained at the

lowest GAPDH activity is an outlier,



specific equilibrium velocity of 0.160^0.018 umols/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 is 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 L is now a much
e

poorer correction since V „ and the rate of lactate production are of 

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 

concentrations observed in these cells i.e. 0.5umols/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 is severe depletion of the triose phosphates during 

measurements of isotope 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 triosephosphates, 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 (lOmM) was added to packed cells (80% haematocrit) in 
Krebs-Ringer buffer, pH 7.4 at 37 C. 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 equilibrium 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 lactate dehydrogenase). An increase in the pyruvate 

concentration 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 appendix 1 of chapter 2; see also the next 

chapter). Since the sensitivity coefficient of this enzyme is expected 

to be relatively high in the cell it was important to establish that 

fluctuations in its equilibrium velocity did not seriously affect GAPDH 

equilibrium velocity determinations. This was achieved by varying V
LiUrl

as a function of time in the computer model of the exchange system. 

Increasing or decreasing its value at a rate of O.OlmM/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
LDn

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 NAD 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 

equilibrium constant of 1.11 x 10 (Williamson et al, 1967). Since

the turnover of these coenzymes is slow in the erythrocyte (Tsuboi 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 , IraM 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 phosphates 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 

NAD /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 is 

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) an increase in the 2,3-DPG concentration and net 

pyruvate reduction 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 the NAD /NADH ratio (see below), produced no significant 

decrease in 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 insufficient 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 C-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 label 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 

of 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 in 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 shown that undefined isotope "leaks" 

which affect the labelling of the triose phosphates will have a 

negligible effect on v determinations. Isotope "leaks" which

affect the labelling 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_t 1977) which could catalyse the exchange of
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Table 7

Model simulations of the effect of the recondensation reaction catalysed 

by aldolase and the effect of time dependent changes in V „ on 

determinations in situ

Values calculated for V . (|jmols/m in/unit enzyme) from
\jf\j? DLL

simulated exchange time courses under the specified conditions

VALD(RECON) VALD(RECON) VALD(RECON) = 1 '° nM/niln VALD(RECON) = 1 '° nM/mln

= 0.0 mM/min = 1.0 mM/min and V TT..T decreases at a and V__-, increases at aLL)ri LJJrl

rate of 0.01 mM/min rate of 0.01 mM/min

0.233 0.234 0.223 0.230

The true value for V was set at 0.2umols/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 in the 

legend to table 4. The rate of lactate production was 0.06mM/min and

VTr.a at t=0 was 1.5mM/min. The observed t ni in the simulations were LJJH. nulls
used to calculate V - using a correction for L only (see text and 

table 4). The specific 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 values for vGApDH calculated from the predicted exchange time 

courses of the model under simulated in situ conditions, with and

without the recondensation reaction, and with V increasing and
LDn

decreasing as a function of time, are shown in table 7. It was assumed 

that VPApnTr has a value of 0.2 umols/min/unit. Although the
\jAJrUJti

recondensation reaction and changes in V have a negligible effect on
LDn.

the values for V . calculated from the model these values are
GAiDn.

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 in 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 considerably 

higher than that expected if aldolase and triose phosphate isoraerase 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 is rate limiting for glycolytic flux. 

Correspondence between 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 glucose suggest that either flux from glucose into the 

triose phosphate pool is 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 limitation in the aldolase reaction in human erythrocytes is 

unlikely in view of the results of Rose and Warms (1970) who measured an 

isotope exchange velocity for a 14C labei of approximately 

0.46umols/min/ml 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 likely 

explanation for the observed disequilibrium. 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 lysate 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 milliraolar 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 NH -terminal valine of the p 

chain of haemoglobin (Bunn et^ aj^, 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 . If the
8 —1 —1 on rate is diffusion controlled, i.e. approximately 10 M s then the

—8 
dissociation constant for FDP binding will be approximately 2x 10 .

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 explain the apparent disequilibrium then it 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 Schiff-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 underlines 

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 in 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

2 1 
solvent from H«0 to H-0; 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 KC1 resulted in a small decrease in 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 there 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 loss of 

NADH. Adding NADH to the system (e) resulted in an equally marked 

increase in the equilibrium velocity; f ) preincubation at 37°c (45 mj.n ) 

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 coenzyrae 

(Oppenheimer & Kaplan, 1974) which is a potent inhibitor of the
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T
able 8GAPDH equilibrium

 velocity determ
inations In v

itro
.

a) The effect of changing the added NAD 
concentration.

Added NAD 
concentration 

(uM
)

GAPDH 
(pools/m

in/unit enzym
e)

164080

0.056_0.009 

0.056*0.012

0.055 0.010

b) The effect of changing the ionic strength.

Added KC1 concentration 

(mM
)

GAPDH 
(pnols/m

in/unit enzym
e)

080

0.104_0.020 

0.079*0.012

2 
1 

c) The effect of changing solvent from
 

H
0 to

Solvent
GAPDH 

(pnols/m
ln/unit enzym

e)

0.118_0.003 

0.108*0.026

0.111 0.021

d) The effect of adding pyruvate to the exchange system
.

Added pyruvate concentration 

(pM
)

GAPDH 
(pm

ols/m
in/unit enzym

e)

0

100

0.118_0.003 

0.042*0.001

e) The effect of adding NADH 
to 

the exchange system.

Added 
NAD

concentration 

(pM)

Added NADH
GAPDH

concentration 
(pnols/min/unit enzyme) 

(pM)

2010
10

0.104_0.020 

0.176*0.034

f) The effect of prelncubation of the exchange system before the initiation of 

an exchange time course by the addition of lactate.

Time of preincubation 

at 37°c (min)
GAPDH 

(umols/min/unit enzyme)

045

0.118_0.003 

0.125*0.005



Table 8

* 
The in vitro exchange system contained lOOmM Tris-HCl, pH 7.4, (pH 7.4

2 in H-0) 0.5mM EDTA, 3 raM dithiothreitol. The systems employed differed

with respect to the solvent, the ionic strength and the added

concentrations of lactate, NAD(H) and FDP. The differences are detailed
2 1 in the following: System a) H20; no added KC1; 12mM L-(U- H)lactate;

12 + 300uM FDP. System b) HO; 6mM L-(2- H) lactate; 20pM NAD ; 600pM FDP;

0.5mM Pi and 0.25mM Mg**. System c) no added KC1; 12raM L-(U- H) or
2 j. 

L-(2- H) lactate; 20pM NAD ; 600pM FDP; 0.5mM Pi and 0.25mM Mg"^. System
2 1d) HO; no added KC1; 12mM L-(U- H)lactate; 600pM FDP; 0.5mM Pi and

0.25mM Mg**. System e) H^O; no added KC1; 6mM L-(2- H) lactate; 600pM

FDP; O.SmM 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 KC1 addition.



Table 9

GAPDH equilibrium velocity determinations in vitro.

a) The effect of NAD(H) concentration.

Added NAD

concentration

(pM)

Added pyruvate

concent rat io n

(uM)

GAPDH 
(pmols/min/unit enzyme)

10

20

10 15

0.067 0.014

0.070 0.008

0.031 0.002

b) The effect of changing the added FDP concentration and aldolase activity,

Added FDP

concentration

(mM)

Aldolase activity 

(jinits/ml)
GAPDH 

(|nnols/min/unit enzyme)

1

2

3

1.7 

1.7 

1.0

0.074 0.008

0.074 0.001

0.066 0.002

1

1

3

3

1.7 

4.9 

1.0 

3.4

0.074 0.008

0.084_0.003 

0.066*0.002

0.052 0.003



Table 9

The in vitro exchange system contained lOOmM Tris-HCl pH 7.4, 0.5mM
•H- 1 

EDTA, 3mM dithiothreitol, 0.5mM Pi and 0.25mM Mg in H9 0. System a)

contained approximately 100 units/ml of triosephosphate isomerase, 

30 units/ml of lactate dehydrogenase and 1 unit/ml of aldolase. The 

added FDP concentration was 700pM and the added lactate concentration 

12mM. In system b) there were approximately 100 units/ml of triose 

phosphate isomerase and 100 units/ml lactate dehydrogenase. The added

NAD concentration was 15uM and the added lactate concentration 12mM. 

The system also contained 80 mM KC1.

The equilibrium velocity determinations and enzyme assays were performed 

as described in previous chapters.



Table 10

lodoacetate titration of GAPDH activity in vitro 

The effect of pH on the GAPDH equilibrium velocity.

pH of the- exchange system

(pmols /rain/unit enzyme)

7.2 0.095*0.022 

7.4 0.082+0.005

The exchange system contained lOOmM Tris-HCl, pH 7.4, 0.5mM EDTA, 3mM 

dithiothreitol, approximately 100 units/ml of triosephosphate isomerase 

and lactate dehydrogenase and 1 unit/ml of aldolase. The solvent was 

H9 0. The added FDP, NAD and lactate concentrations were ImM, 15pM and 

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 H00. ——— 2

Again it is shown that the equilibrium velocity of the enzyme is 

insensitive to the concentration of NAD plus NADH although it is 

clearly dependent on the ratio of these two coenzymes. Lowering 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 catalysed by aldolase, if present, would have a negligible 

effect 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 iodoacetate modification at one site in the tetrameric 

GAPDH 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 is 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 ImM FDP. Part A of 

the table shows that the overall exchange velocity observed in this 

system was increased tenfold by the addition of 80mM KC1. 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 V _
CZX

measured in the presence of different concentrations of free and bound 

enzyme. If it is assumed that the bound enzyme shows no activity and 

the measured vC£x is pl°tted against the free enzyme concentration then 

the direct plot analysis yields a value for the specific equilibrium 

velocity of 0.057_0.009pmols/min/unit of free enzyme. The data conform
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Table 11

The effect of membrane binding on V 

Part A

The effect of increasing the ionic strength on membrane binding and V «

in an in vitro exchange system containing an erythrocyte membrane preparation,

Added KC1 GAPDH Activity (units/ml) V 2X 

concentration Free Bound (umols/min/ml) 

(mM)

80

80

1.3

6.5

3.3

15.0

6.8

0.3

11.9

0.0

0.018

0.205

0.061

0.223

Part B

The effect on V « of changing the amount of an erythrocyte membrane 

preparation added to the in vitro exchange system. The added NAD 

concentration was 15uM.

GAPDH Activity (units/ml) Fraction bound

Free Bound (umols/m in/ml)

1.3

2.2

3.5

4.3

3.8

8.9

12.1

15.5

0.75

0.80

0.78

0.78

0.029

0.049

0.067

0.070



Part C

The effect on V ov of changing the amount of an erythrocyte membrane
(_>Z A.

preparation added to an in vitro exchange system. lOuM NAD and NADH 

were added to the exchange system.

GAPDH Activity (units/ml) Fraction bound

Free Bound (pmols/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 membranes were washed in 
the exchange system buffer before use. This buffer had the following 
composition; 30mM imidazole pH 7.2, 3mM dithiothreitol and 1.5mM EDTA in 

H0 0. The exchange system contained this buffer plus approximately 1 
unit/ml of aldolase, 100 units/ml triosephosphate isomerase, 100 
units/ml lactate dehydrogenase, 20mM nicotinamide and IraM EDP. Exchange 
time courses were initiated by the addition of 12mM L-(2- H)lactate and 
equilibrium 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 i.e. 0.065_0.021pmols/rain/unit. This 

suggests that the assumption made was correct, i.e. that the enzyme is 

totally inhibited 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 0.170_0.001jimols/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 

concentrations 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 in 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 is 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. In this exchange 

we are studying a partial reaction, the equilibrium constant for which 

can be represented by the following;

8 +
K = (R-C-E) (NADH)(H ) 

(RCHO) (E) (NAD"*")

8 
where (R-C-E) is the concentration of acyl-enzyme, (E) is the free

enzyme concentration and (RCHO) is the GAP concentration. The 

equilibrium constant for this reaction has been estimated at 10 

(Velick & Hayes, 1953). Under the conditions used here the acyl-enzyme 

will be the predominant enzyme form. Changing the NAD /NADH ratio over 

the concentration ranges shown should have little effect on its 

concentration.

Increasing the added NAD concentration in the in vitro system 

from 10 to lOOuM results in the NADH concentration increasing from 4 to 

17 uM. This increase however does not result in an increase in the 

equilibrium velocity presumably because there is a much greater increase 

in the NAD concentration. In contrast the addition of NADH results in

164



an increase in the NADH concentration with no increase in the NAD 

concentration. Under these circumstances there is a marked increase in 

the equilibrium velocity. 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 erytlirocytes with 

elevated triose phosphate levels. 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. In the in vitro exchange system at 

an NAD plus NADH concentration comparable to the estimated free 

concentration in the erythrocyte (i.e. 10-20 pM; see next chapter) the 

NAD /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% 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 lactate dehydrogenase is not at 

equilibrium and thus the lactate/pyruvate ratio cannot be used 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 remain 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 

V determinations. Model simulations show the effect of glycolytic
GArl/H

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 iodoacetate, performed in vitro, shows 

that in fact there is no such alteration in the enzyme's properties. 

Another possibility is that in the intact cell the iodoacetate modified 

enzyme might show a different affinity for the membrane binding site and 

that this could affect the observed equilibrium velocity. The 

iodoacetate modified enzyme however has been shown to bind with the same 

affinity 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^ aj^, 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 (Pioraelli et al, 

1968; Galbraith & Watts, 1980) and in changes in membrane composition 

(see for example Galbraith & Watts, 1981). Of the enzymes involved in 

C-2 exchange, GAPDH 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 old cells (Chapman & 

Schaumburg, 1967). The ratio of aldolase 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 of 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 not 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 

when 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 liver 

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 been 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 concentration 

at 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;

V " k2 ((E0 ) + (V + Km) "\/ ((E 0 ) + (S 0 ) + Km) ~ 4(E 0 )(S 0 )

where (Sn ) and (En ) represent the total substrate and enzyme 

concentrations respectively and Km is the Michaelis constant for the 

substrate. This is for the reaction scheme;

E + S £ ES * E + P

where S and P represent substrate and product respectively. If it is 

assumed that the GAPDH equilibrium velocity is rate limited by the 

reverse reaction of NADH with the acyl-enzyme then E aay 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 is between 0.1 and 1 jiM enzyme active sites.

Using a Km of 8.3uM for NADH (Maretzki et al, 1973) v/(E rt ) can be— — 0

calculated in the in vitro system in terms of k • It can be shown that 

v/(E ) 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 is consistently observed to be greater than the equilibrium 

velocity measured in vitro.

If it is accepted that the free concentrations 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 (see next 

chapter) and, if it is 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

169



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 inhibition 

of enzyme exchange activity. In view of the conditions required to 

obtain 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 is bound to the 

membrane in the human erythrocyte under the conditions found here, i.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 

glyceraldeh-ydephosphate 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 lactate 

dehydrogenase in situ by specific and reversible inhibition of the 

enzyme with oxamate (see chapter 2). The problems involved in making 

this measurement are 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 NA.D plus NA.DH 

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 C 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- H) and L-(U-2R)lactate

Deuteration of the lactate methyl group was obtained by adding
2 1 125mg of lactate (L-(2- H) or L-(U- H)) to 10 ml of a solution

2 containing lOOmM Tris- HC1 pH 8.0, 0.5mM EDTA and 3mM dithiothreitol in
2 99.8% H90. The solution also contained 2.5g of myoglobin, 2mg of

rabbit muscle lactate dehydrogenase, 40mM pyruvate and lOmg/ml 

penicillin and lOmg/ml streptomycin. This solution was incubated for

approximately 1 month at room temperature. The lactate was isolated
2 using the method described for L-(2- H)lactate in chapter 2.

Metabolite assays

Pyruvate

Pyruvate was assayed in 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.

NAD*

NAD 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 is 

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, 65mM 

nicotinamide and 350mM ethanol was prepared. To 10 ml of this was added 

0.1 ml of a solution containing lOmg/ral of thiazolyl blue and 30 pi 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 pi of a lOrag/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 ul 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 O.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
f 7 — 1

an extinction coefficient of 17.6x10 cm mol (Dalziel, 1963). All 

solutions were prepared fresh each day and stored in the dark at 4 C. 

Absorbance measurements were made on a Unicam SP800A UV 

spectrophotometer.
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figure 1

Oxamate inhibition of lactate dehydrogenase in vitro 

The inhibition was measured at 10 (A) and lOOuM (O) added NAD .

The in vitro exchange system contained aldolase, triosephosphate 
isomerase, glyceraldehydephosphate dehydrogenase and lactate 
dehydrogenase in a buffer solution containing lOOmM Tris- HC1 pH 7.4, 
0.5mM EDTA and 3mM dithiothreitol in H^O^ The lactate dehydrogenase 
activity in the system containing 10pM MD_ was 15 units/ml and 6 
units/ml in the system containing lOOuM NAD . The lactate concentration 
was 12mM. The enzymes, obtained as ammonium sulphate suspensions, were 
dialysed against 0.1% EDTA/lmM 2-mercaptoethanol.

curve was calculated as described in appendix 2 
DH /V for the uninhibited system was calculated 

reciprocal relationship described in previous
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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 is a 

substrate analogue which competes with pyruvate for binding to the 

enzyme (Novoa et_ al^ 1959). The extent to 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 (V__.-,) to theLlJn

combined equilibrium velocities of the other enzymes expressed as V ,
R

the reciprocal of the reciprocal sum of the equilibrium velocities of 

the other enzymes. As this ratio is increased the overall equilibrium

velocity, V ov , becomes progressively less sensitive to inhibition of CZ.A.
LDH. The inhibition or dissociation constant, Ki, for oxamate binding 

to the enzyme was estimated to be 60uM. In figure 1 inhibition data 

obtained in vitro at lOjiM added NAD is shown in addition to that 

obtained at lOOuM added NAD . This shows that oxamate inhibition is the 

same at 10 and lOOuM NAD(H). The oxamate K appears therefore to be 

independent of NAD(H) concentration. It should be noted that the ratio

V /V was approximately the same (0.5-0.6) in both of the exchange LDH R
systems containing 10 and lOOuM added NAD . Furthermore although the 

pyruvate concentration was different in the two systems (A and 17uM 

respectively) this is not expected to significantly affect oxamate 

inhibition and the theoretical inhibition curves obtained are very 

similar, (only a single curve is shown in figure 1).
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Figure 2

Oxamate inhibition of lactate dehydrogenase in situ

The figure shows results obtained from two different cell preparations, 
in both the cells were suspended in H? 0 Krebs-Ringer buffer, pH 7.4. In 
one cell preparation (•) the haematocrit was 78% and the lactate 
dehydrogenase activity 71 units/ml solvent water. In the other 
preparation (H) it was 77% and the lactate dehydrogenase activity was 
60 units/ml solvent water. The added lactate concentration was 12mM.

The theoretical curve was calculated as described in the text and 
in the legend to table 1.



This oxaraate inhibition experiment can be performed in the intact

erythrocyte (figure 2) where it can be used to estimate VT _ TT /Vr, in J LDH R ——
situ. From this ratio and using the measured V 0 and the doubleC/X

reciprocal relationship between V _ and the equilibrium velocities of 

the enzymes a value for V , the total equilibrium velocity for LDH, 

can be calculated. Dividing this value by the activity of the enzyme 

assayed 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 is demonstrated in table 1 which shows an analysis of the data 

presented in figure 2. Oxamate inhibition is competitive 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 V /V ratiosLDrl R

depending on the pyruvate concentration. The value of this ratio 

determines the calculated V as shown in table 1. This also shows the

theoretically expected values for V_ at the different pyruvateLDH.

concentrations and at an NAD concentration of lOuM. Knowledge 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 in 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 V T _.n in situ from oxamate inhibition studies. LUri ~~~ ———

The effect of pyruvate.

The experimental data shown in figure 2 can be fitted with a variety of

values of V _.U /V depending on the pyruvate concentration. LDH. R

Pyruvate VOT /V R 

concentration required to obtain

a fit to the 

experimental data

iS. situ Expected V in_ vitro 

calculated from the at 10 pM NAD and the

V -a,/V_ ratio specified pyruvate concentration LDH R
(pmols/min/unit) (pnols/min/unit)

4

40

100

8.0

4.0

2.0

0.068

0.041

0.014

0.015

0.027

0.019

The specific equilibrium velocity (V T _0 ) of the enzyme in situ can be calculated from the uninhibitedLUn —~ —•—•

value of V _ and the estimated V /V ratio. The V /V ratio was calculated by fittingLtUtl R LjUxl K.

the experimental data shown in figure 2 using a Ki value for oxamate inhibition of 60pM. The expected

V in^ vitro was calculated using the kinetic model for lactate dehydrogenase described in chapter

2 for an NAD(H) concentration of lOuM, a lactate concentration of 12mM and the specified pyruvate concentration.



rate)

o 12345
OXALATE CONCENTRATION MM

Figure 3

Oxalate inhibition in vitro

The in vitro system had a similar composition to that described in the 
legend to figure 1. The added lactate and NAD concentrations were 12mM 
and lOOpM respectively. The system contained 9.5 units/ml of lactate 
dehydrogenase. The theoretical curve was drawn for a V /V ratio of 
2.4 and for Ks = 4.1mM and Ki = 0.1ImM (see text and appenaix 2 chapter 
2). The point marked (A) was obtained at 18mM added lactate.



pyruvate on oxaraate 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 4.1mM (Everse & Kaplan, 1973) and the 

experimental data was fitted using a Ki value of O.llraM. This 

inhibition constant is similar to that obtained in conventional steady 

state kinetic studies of the enzyme (Novoa et_ al_y 1959).

With accurate measurement of the cellular pyruvate concentration 

and further studies of oxalate and oxaraate 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 intadt erythrocytes

could be measured by measuring the equilibrium velocity for the exchange

1 2 of H/ H 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 in the 

erythrocyte is approximately 10% of the total extrac.table concentration 

of approximately lOOpM. Measurement of this exchange, however, suffers 

a number of drawbacks when used as a method for measuring V nn 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 its, 

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, lOmM was the concentration usually 

employed. At this pyruvate concentration the enzyme suffers 

considerable pyruvate inhibition which distorts the expected dependence 

on NAD concentration. The result of this is that the equilibrium 

velocity of the enzyme increases very rapidly at low NAD concentrations 

with little further increase above 20uM. 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 lOOuM.

A similar experiment to the lactate/pyruvate methyl isotope 

equilibration experiment can be performed with lactate alone. This 

involves observing the equilibration of label 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.
+ 2 If LDH plus NAD is added to an equimolar mixture of L-(U- H) lactate and
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Figure 4

The C-2 equilibration experiment

The figure shows stacked plots of the lactate methyl resonance in X H 
spin echo spectra (2 min accumulation time; 80 scans; /K=68ms) for the 
two different equilibration experiments. The water resonance was 
suppressed by applying a saturating pulse at the water resonance 
frequency during the delay between successive acquisitions. A line 
broadening of 30 Hz was applied.



1 12 
L-(U- H)lactate there is equilibration of H/ H label at the C-2

position of the two lactate species. At equilibrium 4 equimolar species
219 

are obtained, i.e. L-(U- H)lactate, L-(U- H)lactate, L-(2- H)lactate and

2 
L-(3- H)lactate. Only those species with protonated methyls are

observed in the p.m.r. experiment. Therefore before equilibration only 

L-(U- H)lactate is observed, this gives an inverted methyl in the spin

echo experiment at T =68ms. At isotopic equilibrium an equimolar
1 2 

mixture of L-(U- H)lactate and L-(2- H)lactate gives rise to positive

and negative methyl peaks of equal intensity which partially cancel to

give a null point. A similar experiment can be performed with

2 2 
L-(3- H)lactate and L-(2- H)lactate as the starting 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 

ihtracellular NAD(H) concentration. It has, however, a number of 

advantages i.e. a) because the pyruvate concentration is very low 

(10-50uM) exchange of isotope with solvent in the pyruvate and 

consequently lactate methyl groups 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 is the loss of the entire peak 

intensity due to the C-3 protonated methyl present. In the C-3 

equilibration experiment with equimolar lactate and pyruvate 

concentrations the lactate and pyruvate peaks change by only half of 

their original intensity at t=0. Observation of C-2 equilibration is 

enhanced therefore in the spin echo experiment compared to C-3 

equilibration; c) the equilibrium velocity for C-2 equilibration is 

much more sensitive to the concentration of NAD in the range 0-100uM 

(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 prewarraed to 37°C. The system usually 

contained between 5 and 10 units/ml LDH and 20mM lactate. The exchange
m

was monitored by collecting 2 min spectra (80 scans) for between 60 to 

90 minutes until 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 the calculated rate of equilibration. Exchange time 

courses were fitted to an equation of the following form (using a least 

squares fitting routine available in the Nicolet 1180 computer 

software);

A Ae

where y is 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 is 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 _5%. Measuring the equilibrium velocity of 

LDH by monitoring C-2 equilibration is considerably easier, less time 

consuming and less error prone than measuring the equilibrium 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-^H)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 0.5raM iodoacetate to a 

cell preparation did not affect the observed equilibration rate and 

calculated equilibrium velocity for the enzyme. All of the C-2

186



\/LDH ([JMOLS/MIN/UNIT)

0-03

0-02

20 40 60
ADDED NAD CONCENTRATION pM

80 100

Figure 5

The dependence of the equilibrium velocity for C-2 equilibration on the 
added NAD concentration in an in vitro system.

Comparison with the observed equilibrium velocity in situ.

Equilibrium velocity mesurements were made as described in the text. 
The in vitro system contained lOOmM Tris-HCl pH 7.4, O.SmM EDTA and 80mM 
KC1 in H«0. The enzyme activity was between ^ and 10 units/ml and the 
concentration of the two lactate species (L-(U- H) and L-(U- H)lactate) 
was lOmM. The lactate dehydrogenase was usually added to the system as 
an ammonium sulphate suspension. In some cases however the enzyme was 
dialysed against the in vitro system buffer before use. Both 
preparations showed the same exchange activity indicating that the 
ammonium sulphate, at the concentrations present, had no effect on the 
observed equilibrium velocity. The cell preparations were glucose 
depleted and suspended in Krebs-Ringer buffer, pH 7.4 at haematocrits 
between 10 and 15%.

The points marked (•) were obtained in the in vitro system at the 
specified added NAD concentration. The solid line drawn through these 
points was calculated using the model ("model 1") described in the 
appendix. The points marked (D) were obtained in the in vitro system 
with 50uM added pyruvate. The points marked (0) on the ordinate were 
obtained from cell preparations. The point marked (O) was obtained from 
a cell preparation in the presence of 50uM added pyruvate and that 
marked (A) was obtained in the presence of 0.5mM iodoacetate.



equilibration measurements were performed in H002"*

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 15uM. 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 destroyed during 

perchloric acid treatment. As a result of this LDH is introduced with 

pyruvate into an assay system in which pyruvate is assayed by 

monitoring, spectrophotometrically, NADH oxidation following subsequent 

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 used for C-2 equilibration 

experiments.

Added lactate Added pyruvate Assayed pyruvate Nunfoer of

concentration concentration concentration determinations

(mM) (pM) (jaM)

20

20

—

-

100

-

-

91

91

7

6

94

8

16

98

100

2

3

2

2

2

2

2

The pyruvate was assayed in cell free supernatants. The cells were 

suspended in Krebs-Ringer buffer at haematocrits between 10 and 15% 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 16uM which is significantly higher than that 

expected in_ vitro at lOuM added NAD"1" i.e. 5pM. 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 observed equilibrium velocity of the enzyme. Since the pyruvate 

concentration (50pM) 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 in 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 lOpM than to 15pM. This 

effect of pyruvate could be avoided by performing both the in vitro and 

in situ experiments in the presence of 50-100uM 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

The 
effect 

of 
pH on the 

equilibrium velocity 
for C-2 

equilibration.
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7.0 

7.2 

7.4 

7.6 

7.8

0.015

0.015

0.015

0.013

0.012

0.007

0.009

0.011

0.011

0.017

0.008

0.010

0.011

0.013

0.015
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The lactate dehydrogenase w

as 
added as an am

m
onium

 sulphate suspension to 
give 5 u

n
its

+ 
2 

1 
enzym

e/m
l. 

A
ll 

sam
ples 

contained 
15pM

 NAD 
and 

lOmM
 L

-(U
- H

)lactate and 
lOmM

 L
-(U

- H
)lactate.

The theoretical values w
ere calculated as described 

in 
the 

text 

using "m
odel 

1" w
hich is described in the appendix.



values for V assuming that there is only a change in the equilibrium 
LDH

concentrations of the enzymes substrates but no change in its kinetic 

parameters. There is considerable disparity between the calculated and 

observed effects of changing 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

k? is not affected in the pH range 7 to 8 but that k0 decreases / o

significantly as the pH is raised.

k7

ENADH = E + NADH

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 in the ratio k7 /k 0 is estimated to be +3 x 10 for an increase/ o 
of 1 pH unit between pH 7 and 8. By extrapolating to the data of

Borgmann et_ al^ (1974); the effect of pH on the kinetic parameters in the 

theoretical 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 is 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 in 

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 VLDH

(jimols/min/uni t)

lOOmM glycylglycine-imidazole 0.015 

pH 7.4, 0.5mM EDTA, 0.15M KC1

Krebs-Ringer 0.016

Tris-HCl pH 7.4, 0.5mM EDTA, 0.013 

80mM KC1

All three determinations were performed with 15pM added NAD+ , lOmM
1 2 L-(U- H)lactate and lOmM L-(U- H)lactate.



6.4.5 The effect of buffer composition
0

Equilibrium velocities measured at pH 7.4 in Tris-HCl, 

iraidazole-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 in 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 lactate

2 oxidation will be decreased by a factor of 0.83 if L-(3- H)lactate is

used (Cook et_ al^,1980). If L~(2-2H)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
o 

with L-(U- H)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

2equilibration experiment since an equimolar mixture of L-(U- H) and
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Table 5

The effect of enzyme concentration on the specific equilibrium velocity 

of the enzyme

Experimental observations and theoretical calculations. 

A-Experimental observations

Lactate dehydrogenase 

activity (units/ml)
LDH 

(umols/min/unit)

50

50

17

0.0032

0.0032

0.0035

B-Theoretical calculations

Lactate dehydrogenase 

activity 

(units /ml)

True equilibrium 

cons tant

Apparent equilibrium 

cons tant

LDH 
(umols /min/unit)

50

20

10

1

1.57 x 10 2.25 x 10

1.83 x 10

1.69 x 10

1.58 x 10

-4
0.00069

0.00064

0.00075

0.00077



Table 5

A- The in vitro system contained lOOmM glycylglycine-imidazole buffer,

pH 7.4, O.SmM EDTA, 0.15M KC1 and 2uM NAD . Exchange experiments were
2 2 performed with 10mM L-(3- H)lactate and lOmM L-(2- H)lactate. The

enzyme was dialysed twice against 1000 vol. of the buffer used in the in 

vitro 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.



T
able 

6

The effect of enzym
e concentration on the apparent equilibrium

 constant of the reaction*

A com
parison of theoretical predictions and experim

ental observation.

Enzym
e active site 

concentration 

(M
)

A
pparent 

equilibrium
 constant

P
redicted

O
bserved

R
atio of 

the apparent equilibrium

constant to the true equilibrium
 constant

P
redicted 

O
bserved

8.0 x 10 -7

2.0 x 10 -6

3.8 x 
10 -5

7.6 x 
10 -5

1.9 x 10 -4

0.640 x 10"

0.663 x 10"

1.59 
x 10"

3.14 
x 10"

14.9 
x 10"

0.23 x 10

0.23 x 10

0.50 x 10

1.4 
x 10

4.5 
x 10

112.5

4.9

23.2

112.2

6.1

19.6

The 
experim

ental 
observations 

are 
those of N

eilands 
(1952). 

The added NAD 
and lactate concentrations used in these studies w

ere estim
ated

-4 
-2 

to be 
3.0 x 10 

M and 6.0 x 10 
M respectively. 

N
eilands show

ed the dependence of the m
easured or apparent equilibrium

 constant of 
the

reaction on the concentration of the bovine heart 
enzym

e. 
The theoretical predictions w

ere m
ade using a m

odel 
("m

odel 
2"), w

hich is described 

in the appendix, 
under conditions 

sim
ilar to those described by N

eilands. 
The enzym

e concentration w
as m

ultiplied by 4 to give the active site
 

concentration, 
lactate dehydrogenase 

is a tetram
eric enzym

e 
(E

verse & K
aplan, 

1973). 
The rate constants used in

 the m
odel w

ere calculated 
for 

a tem
perature of 25 C from

 the data of Borgm
ann et_ al_ (1974).



Table 7

A comparison of the two C-2 equilibration experiments,

Labelled lactate species

added at t=0

Enzyme activity 

(units/ml)
LDH 

(unols/min/unit)

L-(U-H) and L-CU-) lactate

ii

2 2 L-(2- H) and L-(3- H)lactate

10

19

10

19

0.007

0.008

0.010

0.010

The determinations were performed in an in vitro system containing lOOmM 

glycylglycine-imidazole buffer pH 7.4, 0.5mM EDTA and 0.15M KC1. The 

concentration of each lactate species was lOmM and the concentration of 

added NAD lOuM. The enzyme, which was obtained as an ammonium sulphate 

suspension, was dialysed against the buffer used in the in vitro

system.



L-(U- H)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
2 2 of L-(2- H) and L-(3- H)lactate, the calculated perturbation in the

equilibrium constant is 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 is 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 57uM (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. Loder 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 used by Simpson (1981), 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

191



equilibrium velocity of the enzyme was calculated and used, with the 

data shown in figure 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 60uM 

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 coenzyrae 

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 intracellular 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 is 

inhibited by an as yet unknown inhibitor in situ and that infact the 

free NAD concentration is much greater than lOuM. 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 

sensitive probe of the free NAD(H) concentration in the human

192



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 0-3 and C-2 positions were avoided in the studies described 

here. Their 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 is employed which incorporates 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 

employing 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 is exchange of label between the lactate C-2 position and the C-4 

position of the nicotinamide ring of free NADH. In the case of C-2 

equilibration there is exchange of label between the two starting 

lactate 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 1/k .(R) is lost 

from the first bracket of the equation 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 lactate 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~ (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^). It was felt that such a 

choice is justified in view of the range of values quoted in the

literature. However in the model used in this chapter a value of
-4 

1.57 x 10 is used in order to make the predicted equilibrium

velocities consistent with those predicted by "model 2" which is 

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 used to predict the effect of 

enzyme concentration on the specific equilibrium velocity. In order 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 k« L k» k— 

E * EO «* EOL(P) «* ER £ E

k lf K <r 1^ *D
_ Iv * »^ *• IV A. I\
*j /• r\ D
£• * v O

where E represents the free enzyme concentration, 0 the WU)+ 

concentration, L the lactate concentration, P the pyruvate concentration 

and R the NADH concentration.
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Differential equations describing chemical flux

dE/dt = -k. E . 0 - k_ E . R + k EO + k ER
1 o LI

dEO/dt - -k2 EO -k EO . L + k E . 0 + k EOL

dEOL/dt = -k, EOL - k_ EOL + k_ EO . L + k. ER . P
A j 3 o

dER/dt = -k_ ER - k, ER . P + k c EOL + k0 E . R
/ o _> o

dO/dt = -k E . 0 + k EO

dL/dt = -k0 EO . L + k. EOL 3 4
dP/dt = -k, ER . P + k c EOL o 5

dR/dt = -k0 E . R + k, ER o 7
These equations were solved for different initial values of E, 0 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 k0 . The Y matrix (Y(l) to Y(8))1 o 
contains the concentrations of the intermediates; E, EO, EOL, ER, 0, 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 lOuM NAD the t. .„ for relaxation to chemical equilibrium is 

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 is equivalent to
_o

3.07 x 10 M active 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 umol/min/ml (which is
—5 —1 equivalent to 1.667 x 10 Ms ) and dividing this by k . At higher

enzyme concentrations there is 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 using 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

dXL(0,0) /dt ' VW(0,0) - k3XL(0,0) ' E° 

dXL(*,*) /dt = VW.*> ' ViX*,*) ' E°

dXL(0,0) /dt = VW.O) - k3\(*,0) ' E°

dXL(o,*) /dt = VHDL<O,*> " k3XL(o,*) ' E0
«R/dt

- k6XER ' P 

+ k5 (XKOL(*,*) "*" XEOL(*,0) )

dXp/dt - k5 (XEOL(*,*) + ^OUO,*)' - k6XP ' 

dXEOL(0,0) /dt = k3*L(0.0> ' m - XHOL(0.0) (k4 + V

+ k6 (ER - V(P - XP ) 

d!W,*) /dt = k3XL(*,*) ' E° - XEOL(*,*) (k4 + k5>

/dt = k0 X ,. nN . EO - X ,. n ,(k.dXEOL(*,0) dt = "SC.O) ' - EOL(*,0)4

+ k

dXEOL(0,*)

6XER(P - 

/dt = * ' E° -

k6Xp (ER -

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(l) to Y(ll)) 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(0,*) respectively. The symbol * represents
1 2 label, either H or H, 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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DAT;. NPART/4/
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1::: CONTINUE
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IrC.EC.C) K?IT;(NCAR7/2CCC) (£ES(M",J)/ J=1/8) 
X=XE\D-FLCA7(I)*H 
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R E T f = N
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OCLiL: P-ECISICK X E K C/ I- / K< ? } , Y (S >

wRI7E(NCUT/1CC) 
-PI*:(NCU7/20C) 
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" Z i lv " .1
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^0= -'^TCC'/' ENZYME CONCENTRATION')

EN:

• = A L -• r 5 ( c C / 9 )
:;T^ f,:uT/£/
-<?ITE(NCU7/-10CC) 
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,.?ITE(KCU7/iCC°)
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CONTINUE
.>;i'E(NCU7,7CCC) (-E£(NL <'r7)*^S 
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DCLBL: ^ECIilCN Y ( 1 1 ) , K ( ' ) , X, X £M9, ri , TC L , C (£ ) , W ( 1 1 , 3C>
I N T £ o E P I/IrAIL/IR/IW/J/yPEC/N/

INITIALISATION CF 
DATA NCLT/67 
DATA NIN/5/

C. . ...ASSIGNMENT CF => ARA^ E T E F S
DATA <,/1.;£E6,5.4352/H.71E5,2.9lE3,c.5cE2,4.34E£/1.33E2,5.41E77
SCAJ<N:N/*) C/MM/XEN:/J
X E N : = X E N 3 * 6 C
DATA Y(3)/YU)/Y(5),Y(6)/Y(7),Y(?),Y(9),Y(1C)/Y(11>7

+ c.:/c.c/:-.c/c.c/c.c/:.c/o.c/c.c/c.c7
YCi;=C(o)72.C 
Y(I')=Y(1)
TCL=1C.**<-J)
WSIT: (NCUT/1CC) TOL
X = C . 0

IFAIL=1
CALL jISPLAY(Y)
CALL :C2E5 c (X / rEN:,N,Y/TCLrI'/ e CN/'VFEC/P:3ERV/
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RETURN 
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(!)*CC2)

P,,C11,-)=<(e)*CU)-lC(6)*Y(«>

RETURN 
END 

C. .........
SbrF.CJTIUE C'JTCX/Y)
QCUiLE F5ECISICN X E N :/t-/ X/<(?)/Y (1 1 >/C ( S )
INTEGER I/J/MJM
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RETURN 
END 

C. .........
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ICC FCPy.iTdX/' SUESTM T E C^NC ENTP AT ICNS ' )
ZC: "C^viTC'C'/' LfCTfTc ?YfUVfiTE KAC NflCH')
jCC FCR---iT<1X/4:1c.;)
O: FCf .-••iTCO'/' CONCENTRiTICNS C^ EMYNE S 5 ECIES') '
2C>. FCSMSTC'C'/' E EO ECL

SosrCuTINE r = SULTS<M'M,RES/C)
:NTE:«EF J/NCUT/NUM
DGL5LE FrECISICN C(£)

:F(M'M.GT.?C> GCTC 35C
-JRITECNCUT/ICCC)
-nITE (NCUT/2CCC)

w^ITECNC'JT/ZCCC) P = S(J/12)/P:ES(J/1)/PES(J/13) 
1C-; CCr.TIMc

l-,n!TE(NCUT/4CCC)
j G t C C- J = 1 / MJ V
WC. ITE CN CUT/5CCC) R:S(J/12)/'ES(J/1)/ c E!(J/2)/RE!(J/3),';ES(J/4)

ICC CONTINUE
wKlTE(NC
: c 3CC j = 1 / r; t v
«nITi(NCUT/7CCC) R£S(J/12)/5rS(J/5)/RES(J/7) 

3C'L CCNTINUE 
^5L DC 4 C C J=1/Mj"

ir(rE3(J/13) .L T .^LC:(C(c)/4.O) GOTO 5CC

M f, I T E ( N C U T / ? ? T c J
ni^ii: (NcuT/;r:°) VLCH
uF-'iTCC'/' CCrC : NTR0TIONS CF Lt = ELLrO 
j r- E C I ! S ' )
CPM:TCO'/' T i y ^ LACTMEC/Q) LOG x LACTSTE (C/0
-;.:?w:T(1X,F?.;;/:12.<./;x,M:.O

fl v'l L4C(3/:) L*C(*/») LAC(*/0) 
L i C C C / * ) ' >

53j" r O- '-T ( 1 v/F7.:/4 = 1« .4)
oC.-C FC- /AT ( 'C'/ ' T1VE KiDH PYRLVITE') 
7CCC FG?M£T(1X/F7.2/I:K.4)
iOCC -Of ^fiT( 'C •'/ ' SPECIFIC ECUILT3HUM VELOCITY') 
r C C C r C - •' i T ( ' * ' / f 1 2 . C, ) 
J > y ? r CF )<£T('C'/' fCLS/TN/LNIT')

•r.c



7 Some general comments on the application of H n.m.r.

to the study of isotope 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 point at which 50% 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 labelling can only be calculated retrospectively when the 

amplitude of the exchange is known. This can be complicated if there is 

endogenous lactate production. In the case of C-2 equilibration lactate 

production 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 t --, this is unecessary in order to obtain an exchange velocity, null

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.

13 The exchange shown in figure 1 is that of C between the methyl

groups of alanine and pyruvate catalysed by the enzyme alanine
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Figure 1

13Equilibration of a C label between the methyl groups of 
pyruvate catalysed by the enzyme alanine aminotransferase.

alanine and

The figure shows a stacked plot of the alanine methyl resonance in 
successive spin echo p.m.r. spectra (f=68ms). Spectra were accumulated 
at 2 rain intervals. The water resonance was suppressed by applying a 
saturating pulse at the water resonance frequency between successive 
repetitions of the 90 -'K-ISO -*f pulse sequence. ,-

The in vitro system initially contained lOmM DL-(3- C)alanine and 
lOmM pyruvate in a buffer solution composed of lOOmM Tris-HCl, pH 7.4 
(in H20) 0.5mM EDTA and 3mM dithiothreitol. There were approximately 
0.2 units of enzyme present.

fflpf
nW1
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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
13 12 DL-(3- C)alanine and (3- C)pyruvate was added to a solution containing

the isolated enzyme. The alanine methyl resonance (a homonuclear
13 coupled doublet) is initially split by the C label to give a doublet

12 (of doublets) with a coupling constant of 130Hz. Flux of C into, and
13C out of, the alanine methyl in the reaction 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 labelling 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.

13 An exchange experiment therefore which employs a C label and

which is observed by its effect on the H n.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 is unlikely 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 lOuM.

The technique offers significant advantages over conventional 

radioactive labelling 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 yield 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 counts in both NADH and GAP. The lability of these compounds and 

their low concentration will ensure considerable error in these 

measurements. The C-2 equilibration experiment would be impossible to 

perform using conventional 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 in 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 raetabolically relevant free form. The observation of 

apparently non-equilibrium levels of FDP in the human erythrocyte was 

taken to 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 is hoped that in the future these 

techniques can be applied to other tissues.
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