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A 1H n.m.r. study of isotope exchange catalysed by glycolytic enzymes in
the human erythrocyte

Kevin M. BRINDLE, Francis F. BROWN, lain D. CAMPBELL, David L. FOXALL and
Robert J. SIMPSON

Department ofBiochemistry, University ofOxford, South Parks Road, Oxford OXJ 3QU, U.K.

(Received 3 July 1981/Accepted 18 November 1981)

The exchange of hydrogen and deuterium atoms between the C-2 position of lactate and
solvent was monitored in suspensions of human erythrocytes by using a non-invasive
spin-echo p.m.r. method that permits continuous assessment of the rate and the extent of
exchange. Exchange rates were measured in cells suspended in buffers made in 2H20
and 'H20 after the addition of L-[2-1H]lactate-and L-[2-2Hllactate respectively. The rate
of exchange is dependent on the activities of four glycolytic enzymes (fructose
bisphosphate aldolase, triose phosphate isomerase, glyceraldehyde phosphate de-
hydrogenase and lactate dehydrogenase) and on the concentrations of their substrates.
The dependence of the exchange on the following substrates was studied: (1) lactate, (2)
the triose phosphates and fructose 1,6-bisphosphate and (3) pyruvate. Observation of
the exchange in vitro, in a system produced by mixing the isolated enzymes, permits
determination of the individual isotope-exchange equilibrium velocities of the enzymes.
The dependence of the equilibrium velocity of human erythrocyte lactate dehydro-
genase on NAD+ +NADH concentration was measured. Possible applications of these
methods are discussed.

The non-invasive study of the properties of
enzymes and the concentrations of metabolites in
intact cells and tissues should lead to a better
understanding of the control of metabolism and the
relevance of enzyme properties observed in vitro to
their properties in situ. We have shown (Simpson
et al., 1982a) that the properties of lactate de-
hydrogenase (EC 1.1.1.27) in human erythrocytes
can be studied by monitoring the isotopic labelling of
the lactate methyl group by p.m.r. As shown in the
present paper, the p.m.r. method can also be used to
study the exchange of the C-2 hydrogen atom of
lactate with solvent. This exchange allows informa-
tion about the kinetic properties of other glycolytic
enzymes in the intact erythrocyte to be obtained.

The pathway for the exchange of hydrogen atoms
between the C-2 position of lactate and solvent, as
proposed by Rose & Warms (1969), is shown in Fig.
1. Four enzymes are involved: fructose bisphos-
phate aldolase (EC 4.1.2.13), triose phosphate
isomerase (EC 5.3.1.1), glyceraldehyde phosphate
dehydrogenase (EC 1.2.1.12) and lactate dehydro-
genase. In the present paper we show how the
overall isotope-exchange equilibrium velocities of
these four enzymes can be measured in the intact
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erythrocyte and present a method for measuring the
equilibrium velocities of the individual enzymes in
vitro. Problems arising from possible kinetic isotope
effects and the effect of endogenous lactate pro-
duction on the measurement of the exchange in the
intact cell are considered. The dependence of the
overall equilibrium velocity in the cell on the lactate,
pyruvate and triose phosphate concentrations is
studied and discussed with respect to the individual
isotope-exchange equilibrium velocities of the en-
zymes involved. A method is proposed for obtaining
the glyceraldehyde phosphate dehydrogenase equili-
brium velocity in the intact cell. With measurements
of its equilibrium velocity in vitro this would allow a
comparison of the properties of this enzyme in situ
and in vitro. This is of interest, since the enzyme has
been shown, under conditions of low ionic strength,
to bind to the erythrocyte membrane with a
consequent effect upon its activity (Eby & Kirtley,
1979). A recent study has suggested that two-thirds
of the cellular glyceraldehyde phosphate dehydro-
genase is membrane-bound in the intact cell (Kliman
& Steck, 1980). The possible physiological sig-
nificance, however, of this membrane association
has yet to be determined.
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Fig. 1. C-2 hydrogen-exchange pathway
The pathway taken by the label exchanging between the C-2 position of lactate and solvent is shown. The exchanging
isotope is ringed. Solvent isotope is stereospecifically incorporated into dihydroxyacetone phosphate by fructose
bisphosphate aldolase (Rose & Warms, 1969). Abbreviations for the enzymes: LDH, lactate dehydrogenase;
GAPDH, glyceraldehyde phosphate dehydrogenase; TIM, triose phosphate isomerase; ALD, fructose bisphosphate
aldolase.

Experimental

Materials
Biochemicals were obtained from Sigma Chemical

Co. (Poole, Dorset, U.K.), except for NAD+, which
was obtained from Boehringer Corp. (Lewes, East
Sussex, U.K.). NADH was obtained in pre-weighed
vials. Other chemicals were analytical grade. Fruc-
tose bisphosphate aldolase, glyceraldehyde phos-
phate dehydrogenase and triose phosphate iso-
merase, all from rabbit muscle, lactate dehydro-
genase from human erythrocytes and lipoamide
dehydrogenase from pig heart were obtained from
Sigma. In 2H20 solutions, pH*, the uncorrected
pH-meter reading, is quoted.

Preparation ofL-(2-2Hllactate
L-[2-2HlLactate was prepared by incubating

lactate with lactate dehydrogenase, lipoamide de-

hydrogenase (EC 1.6.4.3) and NAD+ as described
by Alizade et al. (1975). The deuterated lactate was
isolated by chromatography on an ion-exchange
resin (Bartlett, 1959).

General methods
Human erythrocytes were prepared from 1-day-

old blood (stored in citrate/phosphate/glucose) or
from freshly drawn venous blood as described by
Simpson et al. (1981). Erythrocyte lysates were
prepared by freezing the cells in liquid N2. Nicotin-
amide (10mM) was added to the cells before lysis in
order to inhibit the NAD+ nucleosidase (EC 3.2.2.5)
present on the external surface of the erythrocyte
(Alivisatos & Denstedt, 1951).

Determinations of enzyme activities and the
concentrations of erythrocyte metabolites were
made as described by Beutler (1975), except that all
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'H n.m.r. study of isotope exchange in human erythrocytes

enzyme assays were performed at pH 7.4. Enzyme
activities are expressed in terms of units (umol of
substrate consumed or product produced/min). All
assays were performed at 370 C. Cell densities were
determined by the micro haematocrit method
(Hawksley micro haematocrit centrifuge).
Rabbit muscle fructose bisphosphate aldolase,

glyceraldehyde phosphate dehydrogenase and triose
phosphate isomerase, obtained as suspensions in
(NH4)2SO4 solution, were dialysed against 0.1%
EDTA/1 mM-2-mercaptoethanol before use. Human
erythrocyte lactate dehydrogenase was used as a
suspension in (NH4)2SO4 solution. In mixtures of the
enzymes where the concentration of lactate de-
hydrogenase was varied, the concentration of
(NH4)2SO4 was also varied so that all the samples
contained the same (NH4)2SO4 concentration.
[Experiments showed that (NH4)2SO4, at the con-
centrations used, had no effect on the measured
properties of the lactate dehydrogenasel.

P.m.r. methods
Spectra were obtained at 470MHz by using a

spin-echo sequence with r =68 ms (Brown et al.,
1977; Brindle et al., 1979). Samples in 'H20 were
run without a 2H20 lock, since field drift during
accumulation of a spectrum was negligible. Spectra
(112 scans each, collected in 2 min) were stored on
disc by a computer-controlled automatic data-
acquisition routine, which also provided accurate
timing for determination of exchange rates. Samples
were run in 5 mm-diameter tubes containing 0.5 ml
of solution or cell suspension. All samples were run
at 370C 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).

Theory

Equilibrium velocity
The equilibrium velocity for the exchange of label

between two pools, of concentrations A and B, may
be calculated from the fractional progress towards
equilibrium, fe, by using the following equation
(Boyer, 1959):

A.B 1
v =A-2.3 * og(e -) (1)

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 con-
stant for the exchange by the lactate concentration.
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Relationship of the observed equilibrium velocity to
the equilibrium velocities of the individual enzyme-
catalysed steps in C-2 hydrogen exchange

For trace isotope exchange, the exchange rates of
steps in series add reciprocally (Yagil & Hoberman,
1969). We have shown that under certain con-
ditions 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 equili-
brium velocity by the following equation (Foxall,
1981):

1 1 1 2 2
=_ + + +

VC2 VALD VTIM VGAPDH VLDH
(2)

where Vc2x is the measured overall equilibrium
velocity for the system and VALD, VTIM, VGAPDH and
VLDH are the equilibrium velocities of fructose
bisphosphate aldolase, triose phosphate isomerase,
glyceraldehyde phosphate dehydrogenase and lac-
tate dehydrogenase respectively. The factors of 2
arise for the dehydrogenases because lactate de-
hydrogenase reacts stereospecifically with the A face
of the coenzyme NADH, whereas glyceraldehyde
phosphate dehydrogenase reacts stereospecifically
with the B face. In order for the solvent isotope
introduced on to the B face of the coenzyme by
glyceraldehyde phosphate dehydrogenase to get to
the C-2 position of the lactate molecule, it must pass
twice through the reactions catalysed by glycer-
aldehyde phosphate dehydrogenase and lactate
dehydrogenase.

Effects of enzyme activity and substrate concen-
tration on the exchange rate
The interactions between metabolic flux, sub-

strate concentrations and enzyme activities in
multienzyme systems have been extensively dis-
cussed (see, e.g., Kacser & Burns, 1979). In the
present paper we have used the Kacser & Burns
(1979) definitions of Sensitivity and Elasticity in
discussing the effect of enzyme and substrate
concentrations on the rate of C-2 exchange. The
Sensitivity coefficient, Z, is defined as:

3F/F

bEI/E,
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 the C-2 exchange system 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
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velocity of an enzyme is dependent on its con-
centration and turnover number and on the con-
centrations 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 that occurs on a
fractional change in substrate concentration has
been designated the Elasticity coefficient (Kacser &
Burns, 1979):

Vi/v1 V

bSi/S1 ;

where vi is the enzyme rate for the enzyme E,, Si is
substrate concentration and ESl is the Elasticity
coefficient. For C-2 exchange this coefficient de-
scribes the fractional change in an enzyme's equi-
librium velocity due to a fractional change in the
concentration of one of its substrates.

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, that will
also affect the equilibrium velocity of the enzyme.

If a substrate concentration is varied in the
multienzyme C-2 exchange system, then it will affect
not just the equilibrium velocity of a single enzyme,
but those of all those enzymes for which it is a
common substrate or have a substrate with which it
is in chemical equilibrium. However, by using the
method shown in Fig. 4, the effect of substrate
concentration on a single enzyme can be measured.

Isotope effects
Eqn. (2) was derived on the assumption that there

are no kinetic isotope effects, i.e. that the equilib-
rium 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 (Foxall, 1981). If
there were significant kinetic isotope effects, then the
equilibrium velocities would be time-dependent
functions that change as the fractional labelling of
the substrates change. Since the exchange is ob-
served (in vitro) to follow simple first-order kinetics,
this suggests that the kinetic isotope effects cannot
be significant. The effects of a kinetic isotope effect
can be minimized by making estimates of the rate
constant from the half-time for the exchange or from
the time course before this point.

Results and discussion
Observation ofthe exchange
When L-[U-1Hllactate is added to erythrocytes in

buffer made with 2H20, the methyl-group resonance
is initially inverted in the spin-echo spectrum (Fig.
2a) at this r value (68ms) because of spin-coupling

with the C-2 proton (Brown et al., 1977; Campbell
& Dobson, 1979). Deuterium substitution at the C-2
position results in heteronuclear coupling that
produces a positive phase for the methyl-group
resonance. Thus, as exchange at the C-2 position
proceeds, the lactate methyl-group resonance
changes from a negative to a positive peak, as shown
in Fig. 2(a). When a C-2 deuteron is exchanged for a
proton in buffer made with 1H20 (Fig. 2b), the sign
of the phase change is reversed. The rate at which
methyl-group peak inversion occurs gives the rate of
exchange at the C-2 position. By observing in-
version of the signal from the three protons of the
methyl group, the effect of the exchange of the single
proton or deuteron at the C-2 position is amplified.
The C-2 proton can be observed directly, but this is
difficult owing to its close proximity to the water
resonance.

The exchanges shown in Figs. 2(a) and 2(b) in
vitro display simple first-order kinetics with sym-
metrical peak inversion. Changes in the multiplicity
of the methyl-group resonance (the inverted peak is
a homonuclear coupled doublet and the upright peak
a heteronuclear coupled triplet) have a negligible
effect on the observed methyl-group peak height
owing to the large linewidths in the observed spectra.
Linewidths were further increased by an applied
16 Hz line broadening. Equilibrium velocities in vitro
were calculated by multiplying the lactate con-
centration by a first-order rate constant obtained
from a least-squares fit of the exchange time course.

In cells, because of endogenous lactate pro-
duction, the time at which peak inversion occurs,
referred to below as tn,11, is used to calculate Vc2x,
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 during the
exchange time course of the added lactate; (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-group
peak effectively cancel out and a null point is
obtained. This point (tnull) represents the point at
which 50% of all the lactate present is solvent
labelled at the C-2 position. Vc2x can be calculated
from tnull as follows.

If endogenous lactate production during an
exchange time course is negligible and if Lo and Le
are the concentrations of added and solvent-labelled
lactate respectively at t = 0, then:

V~ (Lo+L ln (2Lab) (3)

Le is calculated by taking a spectrum before addition
of the labelled lactate and from knowledge of the
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(a) C 'H -- C-2H (b)C 2H1 PC 'H

:1

Fig. 2. Stackedplots oflactate C-2 isotope-exchange time courses in erythrocyte suspensions in 2H20 and 'H20
(a) Inversion of the lactate methyl-group resonance after the addition of 12mM-L-[2-1Hllactate to erythrocytes in
Krebs-Ringer buffer made with 2H20 (75% haematocrit). Sequential 2 min (112-scan) spin-echo (T = 68ms) spectra
were accumulated after the addition of the lactate. (b) Inversion of the lactate methyl-group resonance after the
addition of 12mM-L-[2-2Hllactate to erythrocytes in Krebs-Ringer buffer made with 'H20 (75% haematocrit).
Sequential 2min (112-scan) spin-echo (r = 68ms) spectra were accumulated after the addition of the lactate.

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 with Vc2x, then the
following equation can be used to give an
approximate correction for this effect:

In(°)
\Ltnull /(4)

In / null
k Lo+Le )

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

Calculation of Vc2x from the point of peak
inversion, where the 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
tnull method requires knowledge, not of the end point
for the exchange, but only the degree of labelling of
the lactate present at t = O, which is readily
obtained.
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C-2 exchange in vitro
An exchange system in vitro was produced by

mixing fructose bisphosphate aldolase, glyceralde-
hyde phosphate dehydrogenase and triose phos-
phate isomerase from rabbit muscle and human
erythrocyte lactate dehydrogenase. NAD+, fructose
1,6-bisphosphate and lactate were the only sub-
strates added. The other substrates necessary for the
exchange, glyceraldehyde 3-phosphate, dihydroxy-
acetone phosphate, NADH and pyruvate, are
produced by equilibration of fructose 1,6-bisphos-
phate and lactate across the reactions catalysed by
fructose bisphosphate aldolase and lactate dehydro-
genase respectively. Exchange time courses were
initiated by adding 12mM-L-[U-'Hllactate to the
enzyme mixture. The mixtures were preincubated
with fructose 1 ,6-bisphosphate for approx. 5 min
before lactate addition in order to ensure that the
fructose 1,6-bisphosphate had come to chemical and
isotopic equilibrium. Both of these processes are
expected to be rapid. Loss of protons from fructose
1,6-bisphosphate to solvent 2H2O' in the reaction
catalysed by fructose bisphosphate aldolase, is
considerably faster than the exchange of isotope at
the lactate C-2 position. More important, however, is
that the dihydroxyacetone phosphate and the other
intermediate substrates involved in the exchange are
present at much lower concentrations than is lactate.
Relaxation of the fructose 1,6-bisphosphate-di-
hydroxyacetone phosphate-glyceraldehyde 3-phos-
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Fig. 3. Plot of 1/VC2X versus 1/AlDH obtained in a C-2
exchange system in vitro

The mixture of enzymes contained approx. 3 units of
glyceraldehyde phosphate dehydrogenase/ml, 200
units of triose phosphate isomerase/ml and 0.3 unit
of fructose bisphosphate aldolase/ml in 100mM-

Tris/HC1 buffer, pH* 7.4, 3 mM-dithioerythritol and
0.5 mM-EDTA. NAD+ (100pM) and fructose 1,6-
bisphosphate (200pM) were added approx. 5min
before the start of a time course initiated by the
addition of 12mM-L-[2-'H]lactate. The exchange
was monitored by collecting spectra (112 scans

each) every 2min for 40min. Lactate dehydro-
genase assays were performed at 370C in 100mM-

Tris/HC1 buffer, pH 7.4, containing 0.5 mM-EDTA.
The oxidation of 0.2mM-NADH was monitored at
340nm after the addition of 1 mM-pyruvate.

phate system to chemical equilibrium is rapid, since
only 200#M-fructose 1,6-bisphosphate was added to
mixtures containing approx. 0.3 unit of fructose
bisphosphate aldolase (which has a very low Km for
fructose 1,6-bisphosphate; Mehler, 1963)/ml and
approx. 200 units of triose phosphate isomerase/ml.
Relaxation of the lactate-pyruvate system to
chemical equilibrium is also rapid, attainment of
equilibrium requiring an estimated conversion of

17OpM-lactate and NAD+ into pyruvate and NADH
respectively. Although these experiments in vitro
were performed in 2H20, they can equally well be
performed in 'H20 with L-[2-2Hllactate.

Determination ofan equilibrium velocity
Measurement of the exchange rate in enzyme

mixtures, where the concentrations of three of the
four enzymes involved in the exchange are held
constant and that of the fourth is 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 fructose bisphos-
phate aldolase, triose phosphate isomerase and
glyceraldehyde phosphate dehydrogenase constant
while the lactate dehydrogenase concentration was
varied. Fig. 3 shows a plot of I/Vc2x versus 1/ALDH,
where ALDH is lactate dehydrogenase activity
measured spectrophotometrically. The linearity of
the plot demonstrates that the C-2 exchange rate can
be related to enzyme activity by the following
equation:

1 1 2
=_ +.

VC2X (VATG) aALDH

where the term 1/(VATG) is the sum of the
reciprocals of the equilibrium velocities for fructose
bisphosphate aldolase, triose phosphate isomerase
and glyceraldehyde phosphate dehydrogenase. The
term 2/aALDH is equivalent to 1/VLDH, the re-
ciprocal of the lactate dehydrogenase equilibrium
velocity. Thus the plot shown in Fig. 3 has a slope of
2/a and an intercept on the ordinate of 1/VATG. The
term a is the specific equilibrium velocity of the
lactate dehydrogenase. The value obtained for a,
0.064,umol of lactate exchanged/min per unit of
enzyme activity, can be compared with a value of
0.057 calculated by using an equation derived by the
method of Yagil & Hoberman (1969) for lactate
dehydrogenase and using the kinetic constants of the
bovine heart enzyme (Borgmann et al., 1974) (see
the Appendix for the 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 bovine heart enzyme, were obtained
in 'H20 rather than 2H20 and in phosphate buffer,
in which lactate dehydrogenase displays a higher
affinity for NAD+ and NADH than in Tris buffer
(Winer & Schwert, 1958). Deuterium substitution
also affects the binding of these coenzymes (Thom-
son et al., 1964).

Effect ofsubstrate concentration
The effect of the concentration of a substrate on

an individual enzyme can be determined by measur-
ing the specific equilibrium velocity of the enzyme at
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Fig. 4. Dependence of the lactate dehydrogenase iso-
tope-exchange equilibrium velocity on NAD+ concen-

tration in a C-2 exchange system in vitro
The conditions of the experiment were similar to
those described in the legend to Fig. 3. This
experiment was repeated at various NAD+ con-
centrations, and the lactate dehydrogenase equili-
brium velocity was obtained at each NAD+ con-
centration. 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 equili-
brium velocities.

a variety of concentrations of the particular sub-
strate. For example, the dependence of the lactate
dehydrogenase equilibrium velocity on NAD+ con-
centration -is shown in Fig. 4. The continuous line is
a theoretical curve derived from the equation shown
in the Appendix and the kinetic constants of the
bovine heart enzyme.

Effect ofan inhibitor
Fig. 5 shows the effect of oxamate, an inhibitor of

lactate dehydrogenase (Novoa et al., 1959), on
VC2X in vitro. The line drawn through the
experimental points is a theoretical curve con-
structed with the assumption that oxamate is a
simple competitive inhibitor of lactate dehydro-
genase (see the Appendix). The other curves plotted
in Fig. 5 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.
Fig. 5 demonstrates the relationship between Elasti-
city and Sensitivity with regard to the overall rate of
exchange. A similar plot showing the effect of
substrate concentration on the exchange is more
complex, since it will change the equilibrium velo-
city of more than one enzyme.

The close fit of the experimental points to the
theoretical curve demonstrates the precision of the
n.m.r. technique for measuring the rate of isotope
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Fig. 5. Effect of oxamate on the exchange rate observed
in a C-2 exchange system in vitro

The conditions of the experiment were similar to
those described in the legend to Fig. 3. The line
drawn through the experimental points is a theor-
etical curve constructed by assuming that there is
simple competitive inhibition of lactate dehydro-
genase by added sodium oxamate (see the Appen-
dix). The other lines are theoretical curves showing
the effect of changing the ratio of the lactate
dehydrogenase equilibrium velocity to that of the
other enzymes: curve A, VLDH/V TG = 10; curve B,
VLDH/VATG = 1.0; curve C, VLDHTVAG = O.I.

exchange. In this experiment the only variable was
the oxamate concentration.

This inhibition experiment can be performed with
erythrocytes and used to estimate the Sensitivity
coefficient of the enzyme in situ. A comparison of
this coefficient, with that expected from the enzyme's
activity in the cell and its known isotope-exchange
properties in vitro, should yield information on the
free concentrations of its substrates NAD+ and
NADH in the intact cell.

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, fructose bis-
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phosphate aldolase, triose phosphate isomerase,
glyceraldehyde phosphate dehydrogenase and lac-
tate dehydrogenase, are all near equilibrium in the
erythrocyte (Minikami & Yoshikawa, 1966), i.e. the
Mass-Action ratios of their substrates are similar to
the equilibrium constants measured for these en-
zymes in vitro. It is this near-equilibrium condition
that permits exchange of isotope. A further con-
sideration in the intact cell is that of lactate transport
across the cell membrane. This, however, is rapid at
370C (Halestrap, 1976; Deuticke et al., 1978;
Brindle et al., 1979), and thus Vc2x will be relatively
insensitive to the rate of transport. This demon-
strates a general point that in order to study the
isotope-exchange properties of enzymes in intact
cells a labelled molecule must be used that 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. For
substrates transported across the cell membrane, e.g.
lactate and pyruvate, this can be achieved by simple
addition of these substrates to the cell suspension.
For substrates to which the membrane is imper-
meable, then these must be changed indirectly, e.g.
the triose phosphate concentrations can be raised by
incubation at 40C.

Effect of dihydroxyacetone phosphate 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 concentrations of di-
hydroxyacetone phosphate. For example, blood
stored in citrate/phosphate/glucose shows no ob-
servable exchange and very low concentrations of
the triose phosphates and fructose 1,6-bisphosphate
(Bartlett & Barnet, 1960; Table 1). However, if
erythrocytes are washed in Krebs-Ringer buffer at

pH 7.4 and stored subsequently at 40C for 24h or
more, then the concentrations of the triose phos-
phates and fructose 1,6-bisphosphate can rise to
very high values (Eckel et al., 1966; Table 1). These
cells catalyse rapid isotope exchange at the C-2
position of added lactate. Freshly drawn erythro-
cytes have very low concentrations of the triose
phosphates. If the cells are cooled, however, the
triose phosphate concentrations rapidly rise (Beutler,
1975), and lactate added to these cells again shows
rapid isotope exchange at the C-2 position. Fig. 6
shows exchange time courses for L-[2-2H]lactate
incubated with intact cells and a lysate in 'H20. The
12mM-lactate time course in the whole cells termin-
ates before peak inversion is complete. This effect is
even more marked in the case of the lysate. When
6mM-lactate was added to the same batch of cells,
however, there was complete exchange. Dihydroxy-
acetone phosphate assays, details of which are given
in the legend to Table 1, showed that before the
addition of lactate to the intact cells there was
0.74,umol of dihydroxyacetone phosphate/ml of cell
water. This had fallen to 0.04,mol/ml of cell water
after incubation for 60min at 370C. The decrease in
dihydroxyacetone phosphate concentration in the
lysate is faster, and a lysate incubated for 30min at
370C showed no detectable dihydroxyacetone phos-
phate. These results imply that the premature
termination of the exchange observed in Fig. 6 is due
to a decrease in the concentrations of dihydroxy-
acetone phosphate and the other metabolites in-
volved in the exchange with which it is in equili-
brium, e.g. glyceraldehyde 3-phosphate. The peak
heights shown in Fig. 6 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. The simultaneous observation of

Table 1. Comparison of triose phosphate andfructose 1,6-bisphosphate concentrations in erythrocytes stored in citratel
phosphate!glucose and in cells washed and storedfor 24 h at 40C in Krebs-Ringer buffer, pH 7.4

Concentrations were determined in neutralized perchloric acid extracts. Glyceraldehyde 3-phosphate was determined
by measuring the increase in fluorescence as NAD+ is reduced to NADH in the reaction catalysed by glyceraldehyde
phosphate dehydrogenase. Arsenate was substituted for phosphate to make the reaction irreversible. Dihydroxy-
acetone phosphate was determined by adding triose phosphate isomerase, which converts dihydroxyacetone phos-
phate into glyceraldehyde 3-phosphate and leads to a further production of NADH. Fructose 1,6-bisphosphate con-
centration was determined by the addition of fructose bisphosphate aldolase, which cleaves fructose 1,6-bisphosphate
to glyceraldehyde 3-phosphate and dihydroxyacetone phosphate (Beutler, 1975).

Concentrations (,umol/ml of cell water)

Conditions of storage
Citrate/phosphate/glucose at 40C
Krebs-Ringer buffer, pH7.4, at 40C

Glyceraldehyde
3-phosphate

0
54

Dihydroxyacetone
phosphate

2
572

Fructose
1,6-bisphosphate

2
743

1982
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Fig. 6. Effect of triose phosphate depletion on the
exchange in erythrocytes

Plots are shown of the ratio of peak height at time t
(L) to peak height at t = 0 (L, for L-[2-2H]lactate
incubated with intact erythrocytes and a lysate in
Krebs-Ringer buffer made in 'H20. Curve A,
erythrocytes (76% haematocrit) with 12mM-lac-
tate; curve B, erythrocytes (68% haematocrit) with
6mM-lactate; curve C, lysate prepared from erythro-
cytes with an haematocrit of 71%, with 12mM-
lactate.

positive and negative methyl-group peaks at the
point of peak inversion observed in the lysate case is
due to the fact that deuterium substitution at the C-2
position results in a small upfield shift of the methyl
protons.

The effect of changes in the triose phosphate
concentrations on estimates of VC2x are discussed
in the next section.

Vol. 202

Effect oflactate concentration on the exchange
The effect of lactate concentration on Vc2x is

shown in Table 2. This shows Vc2x corrected for the
effect of solvent-labelled lactate present at t = 0
[corrected by using eqn. (3)] and corrected for both
solvent-labelled lactate present at t= 0 and for
lactate production occurring between lactate addi-
tion at t = 0 and the observed tnull [corrected by
using eqn. (4)]. This latter correction is small, since
the lactate pr-oduction rate is small compared with
Vc2x; in these cells a lactate production rate of
approx. 4mM/h per ml of cells was observed. The
correction for solvent-labelled lactate present at
t= 0 (Li) can be minimized by thorough washing of
the cells before lactate addition and by using lactate
with a high degree of labelling at the C-2 position.

These experiments were performed in 'H20. In
2H20 they are complicated by deuteration of the
lactate methyl group (see, e.g., Simpson et al.,
1982a,b).
The observed tnull for the exchange, and thus the

calculated Vc2x, are 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 measure-
ment of an equilibrium velocity, and, if these
significantly affect the individual equilibrium veloci-
ties of the enzymes, then the observed tnu,l and the
calculated overall equilibrium velocity will be affec-
ted. 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 370C. The
results in Table 2 show, however, that, above a
certain value, changes in the concentrations of the
triose phosphates, which are represented here by the
dihydroxyacetone phosphate concentration, have a
negligible effect on the calculated overall equili-
brium velocity. In part A of Table 2 the di-
hydroxyacetone phosphate concentration decreases
by approx. 90% between the observed t,u11 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 dihydroxyacetone phosphate concen-
tration decreases by only 20% between the tnull
observed at high and low lactate 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, par-
ticularly at higher lactate concentrations. The lower
values for VC2X observed at lower added lactate
concentrations in part B of Table 2 may be due to a
lower equilibrium velocity of, for example, lactate
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Table 2. Effect of L-[2-2H]lactate concentration on the overall equilibrium velocity in erythrocytes in Krebs-Ringer buffer
made with 2H20

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 before use in order to lower the endogenous lactate concentration. This was
approximately the same in all samples, at about 1 mm. Equilibrium velocities were calculated from the observed
tnu,l (see the text). Dihydroxyacetone phosphate assays were performed on a parallel incubation by the method
described in the legend to Table 1.

Concn. of
dihydroxyacetone phosphate

at observed tnull
(,mol/ml of cell water)

0.22
0.16
0.16
0.14
0.11
0.10
0.07
0.03
1.08
1.09
1.04
1.04
0.98
0.99
0.94
0.94
0.90

Vc2x corrected for solvent-
labelled lactate at t = 0

(umol/min per ml of cells)
OA48
0.398
0.507
0.545
0.484
0.529
OA86
OA57
0.357
0.375
0.469
OA55
0.495
0.505
0.520
0.522
0.551

Vc2x corrected for solvent-
labelled lactate at t =0

and for lactate production
(,mol/min per ml of cells)

0.401
0.355
0.463
0.502
0.443
0.487
0.445
0.417
0.288
0.304
0.406
0.389
0.434
0.442
0.459
0.439
0.491

dehydrogenase. They may also be due to the fact
that the lactate concentration is no longer sig-
nificantly greater than the concentrations of the
intermediates involved in the exchange, in particular
the triose phosphate and fructose 1,6-bisphosphate
concentrations.

Since there is no significant dependence of Vc2x
on lactate concentration (at relatively high con-
centrations of lactate) and on the concentrations of
the triose phosphates (over the concentration ranges

shown), then VC will remain effectively constant
during an exchange time course. The effect of lactate
production may be regarded therefore as simply one

of dilution of the added lactate, and this can be
corrected for by using eqn. (4). The results in Table
2 show that this is a small correction. Insensitivity of
Vc2x to the concentrations of lactate and the triose
phosphates indicate that the Elasticity coefficients of
the enzymes for these substrates are small over the
concentration ranges shown.

In order to compare, 'by using this technique, the
properties of glyceraldehyde phosphate dehydro-
genase in situ and in vitro (see below), it is essential
that the substrate equilibrium that 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 Vc2x are small. Furthermore the
Elasticity coefficients of the enzymes for these
substrates are small in this concentration range. The
effects of concentration changes occurring before
observation of a null point are further decreased if
the time taken to obtain a null is shortened. For
example, in 'H20, the time taken to reach a null
point can be diminished by decreasing the percentage
deuteration of the added lactate.

Effect ofpyruvate concentration on the exchange
Fig. 7 shows the effect of pyruvate addition on the

exchange of L-[2-2H]lactate added to an erythrocyte
suspension in 'H20: the rate of exchange is
decreased at higher pyruvate concentrations.

Addition of pyruvate to these cells will have a

number of effects, i.e.: (a) it will rapidly increase the
[NAD+]/[NADHI ratio; (b) it will accelerate the
long-term depletion of the triose phosphates (Rose &
Warms, 1966); (c) it will lead to a transient increase
in the 1,3-bisphosphoglycerate concentration (Rose
& Warms, 1970). Each of these events can be

1982

Concn. of
added lactate

(mM)
A 4.6

6.9
9.2

11.5
13.8
16.1
18.4
23.0

B 4.5
4.5
9.0
9.0

13.6
13.6
18.1
18.1
22.6

Observed
tnuNl
(min)

10
10
12
17
18
23
31
7
6
12
12
18
17
23
22
27
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Fig. 7. Inhibition by pyruvate of the exchange in
erythrocytes

Plots are shown of lactate methyl-group peak height
versus time after the simultaneous addition to
erythrocytes (70% haematocrit) of 12 mM-lactate
and (curve A) 5 mM-pyruvate, (curve B) 1 mM-pyru-
vate, (curve C) 0.5 mM-pyruvate, (curve D) no

pyruvate and (curve E) no addition of lactate or
pyruvate.

expected to affect the equilibrium velocities of the
enzymes involved in C-2 exchange, as outlined
below.
An increase in the [NAD+]/[NADHI ratio will

affect the equilibrium velocities of both lactate
dehydrogenase and glyceraldehyde phosphate de-
hydrogenase. An increase in the 1,3-bisphospho-
glycerate concentration may inhibit glyceraldehyde
phosphate dehydrogenase by formation of an

enzyme-1,3-bisphosphoglycerate complex that is
inactive in the exchange (the enzyme has a high
affinity for 1,3-bisphosphoglycerate; Furfine &
Velick, 1965). It should be noted that, if the
currently accepted mechanism for the enzyme is
correct (Fersht, 1977), then both Pi and 1,3-
bisphosphoglycerate are not essential for the ex-
change of isotope between glyceraldehyde 3-phos-
phate and NAD+ + NADH. This is supported by the
results shown in the present paper for an exchange
system in vitro that contained no added P, and thus
very little (if any) 1,3-bisphosphoglycerate. The
observed inhibition of the exchange at high con-
centrations of pyruvate is not simply due to a total
depletion of the triose phosphates. Dihydroxy-
acetone phosphate assays of the cells used in the
experiment of Fig. 7 showed that before incubation

Vol. 202

at 370C there was 0.71,umol of dihydroxyacetone
phosphate/ml of cell water and that after incubation
for 15min at 370C in the presence of 5mM added
pyruvate there was still 0.16,umol/ml of cell water
present. At this added pyruvate concentration there
was no detectable exchange (Fig. 7). In this case the
decrease in intensity of the methyl-group 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-group 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 the Appendix)
that relates the kinetics of the lactate dehydrogenase
mechanism to its isotope-exchange equilibrium
velocity. Pyruvate will also inhibit the exchange by
the formation of abortive complexes with the
enzyme (see, e.g., Simpson et al., 1982b).

N.m.r. analysis of pyruvate inhibition of the
exchange can only readily be demonstrated in 'H20.
In 2H20 deuteration of the pyruvate methyl group
(Simpson et al., 1981) leads to loss of lactate
methyl-group peak intensity.

Conclusions
Isotope exchange at the lactate C-2 position has

been studied previously by using radiolabelled
L-[2-3Hllactate in the erythrocyte (Rose & Warms,
1969) and in the liver (Hoberman, 1965; Biicher,
1969). The n.m.r. technique described in the present
paper has permitted a much more detailed study of
the exchange in the erythrocyte, since it is both
non-invasive and provides rapid and continuous
assessment of the isotopic composition of the
exchanging species. The repeated sampling, ex-
tractions and separations required by radioactive-
labelling techniques are thus eliminated, and the
errors and labour involved are consequently
diminished.
A disadvantage of the n.m.r. technique is its

inherent lack of sensitivity. With the instruments
used in the present work a reasonable threshold of
detection in intact erythrocytes is approx. 0.5 mm for
the methyl group of lactate in a sample volume of
approx. 0.5 ml 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 (e.g. NAD+ +
NADH and glyceraldehyde 3-phosphate).

It has been shown that in a mixture of the
enzymes in vitro it is possible to determine the
equilibrium velocity of a single enzyme by measur-
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ing VC2x at different concentrations of that enzyme.
By using a similar approach we have made esti-
mates of the glyceraldehyde phosphate dehydro-
genase equilibrium velocity in the intact cell. If an
enzyme can be specifically and irreversibly inhibited
by a membrane-penetrating reagent, then its active
concentration in the cell can be varied. By measur-
ing VC2x at different activities of the enzyme, the
specific equilibrium velocity of the enzyme is
obtained. Glyceraldehyde phosphate dehydrogen-
ase can be irreversibly inhibited to various degrees in
the intact erythrocyte by limited incubation with
different concentrations of iodoacetate.
We consider that this technique could be used to

study the properties of glyceraldehyde phosphate
dehydrogenase, lactate dehydrogenase and possibly
fructose bisphosphate aldolase and triose phosphate
isomerase in situ and that comparisons could be
made between their properties in situ and in vitro.
Differences might be expected, e.g. if a significant
amount of substrate is bound in the cell and not
accessible to the enzyme. Recent work has indi-
cated that the apparent lactate dehydrogenase
activity observed in intact cells may be used to
determine the cellular concentration of free NAD+ +
NADH (Simpson et al., 1982b).
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APPENDIX

Lactate dehydrogenase equilibrium velocity

The reaction mechanism for lactate dehydro-
genase can be represented as follows (Borgmann
etal., 1974):

Oxamate inhibition (fit to Fig. S ofmain paper)
Kinetic and binding studies (Novoa et al., 1959a;

Novoa & Schwert, 1961) have shown that oxamate

k+,[01 k+2[L] k+3 k+4
E+O EO EOL ERP ER I E+R

k-2 k,31P] k_4[R]

where 0 and L represent NAD+ and lactate, and R
and P represent NADH and pyruvate. It is assumed
that EOL and ERP are rapidly interconverted.

The equilibrium velocity of an enzymic reaction
can be related to the kinetic parameters of the
reaction, as shown by Yagil & Hoberman (1969).
These workers derived the following relationship for
an equilibrium velocity of a reaction proceeding by n
consecutive steps:

n

IVe = 1/V

Thus the equilibrium velocity of lactate dehydro-
genase 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:

1/Ve= 1/[EI( [ + + +3 +4
k-Ik-3k-4[RI [PI k-2k-3k4[R][PI

where [Elt is the total enzyme concentration. This
was calculated by dividing the measured activity for
lactate dehydrogenase (assayed spectrophotometric-
ally) by k-1. This and the other kinetic constants
used here were calculated for the bovine heart
enzyme at 370C and are from the data of Borg-
mann et al. (1974).

NAD-dependence
The line shown in Fig. 4 of the main paper was

calculated by using the equation shown above. The
lactate, pyruvate, NAD+ and NADH concentra-
tions were estimated by using an equilibrium
constant of 1.11 x 10-"1 (Williamson et al., 1967).
Fluorimetric measurements of variation in the
NADH concentration in the enzyme mixture with
various lactate and pyruvate concentrations (results
not shown) confirmed that the NAD+ and NADH
concentrations were determined by the lactate
dehydrogenase equilibrium.
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binds to both the NAD+-bound and NADH-bound
forms of lactate dehydrogenase, although it has a
higher affinity for the latter form.

The dissociation constant for NADH on bovine
heart lactate dehydrogenase has been estimated to
be 2.5 x 10-7M in Tris buffer, pH 7.08 and I 0.2
(Novoa et al., 1959b). The dissociation constant for
NAD+ binding has been estimated to be 3.9 x 10-3 M
in 0.1 M-sodium phosphate buffer, pH 6.8 (Take-
naka & Schwert, 1956). The NAD+ and NADH
concentrations present in the experiment depicted in
Fig. 5 of the main paper were estimated to be 83 and
1 7pM respectively. Thus, under the conditions of this
experiment and assuming that human erythrocyte lac-
tate dehydrogenase has similar kinetic properties to
the bovine heart enzyme, then the enzyme will be
predominantly in the NADH-bound form. Oxamate
inhibition of the exchange can thus be regarded as a

k-4[R] k-3k-2k_4[R][P] k-3k-4[R][P1 \
k+4 k+3k+2k+4[L] k+3k+4

case of simple competitive inhibition, where ox-
amate competes with pyruvate for binding to the
NADH-bound form of the enzyme.

For competitive inhibition

Vs
v =

S + K(1 + 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 inhibi-
tor concentration, K, is the dissociation constant for
the enzyme-inhibitor complex and K is the dissocia-
tion constant for the substrate. By equating v with
the isotope-exchange equilibrium velocity this equa-
tion was used to calculate the percentage decrease in
the lactate dehydrogenase equilibrium velocity at
various oxamate concentrations and with various
values for K,. A pyruvate concentration of 17 UM
was used in the calculations, since this is the
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concentration estimated to be present when 12mm-
lactate is added to an enzyme mixture containing
100pM-NAD+, which were the conditions of the
experiment shown in Fig. 5 of the main paper. A
value of 71 ,M 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 by using
eqn. (2) (see the main paper). If oxamate inhibits
only lactate dehydrogenase, then the effect of a
percentage decrease in the lactate dehydrogenase
equilibrium velocity can be expressed as a per-
centage decrease in Vc2x. The experimental points
shown in Fig. 5 of the main paper were fitted by
using a K, value of 60M, 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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