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1. Introduction

The glvcolytic enzymes of the erythrocyte seem
to be supramolecularly organized. Several enzymes,
above all glyceraldehyde 3-phosphate dehydrogenase
[1—4]. aldolase [4.5] and phosphoglycerate kinase
[6,7], bind fairly strongly to the inner side of the
membrane under hypotonic conditions. The kinetics
of incorporation of extracellular inorganic phosphate
into ATP also suggest that certain enzymes are located
close to each other at the erythrocyte membrane
[8—10] . Indeed, elaborate schemes for the putative
enzyme--enzyme interactions in the red cell have
been presented [7,11].

One of the possible consequences, and at the same
time physiological significance, of multienzyme organi-
zation is the direct transfer of metabolite(s) from one
enzyme to the other, i.e., the so-called channelling
effect observed with rigid enzyme aggregates [12].1It
has been proposed that such phenomena might also
occur in a system of enzymes that are usually isolated
as separate entities [13]. Recent kinetic data obtained
with crystalline muscle enzymes suggest that GAP is
directly transferred from aldolase to GAPD [14].

In the present work an approach has been devised
to tackle the question of metabolite compartmentation
(channelling) in human erythrocyte glycolysis at the
GAPD reaction. To this end a-glycerophosphate
dehydrogenase, an enzyme absent from mature
human erythrocytes, was added to red cell sonicates

Abbrevigtions: GAPD, glyceraidehyde 3-phosphate dehydro-
genase; GDH, a-glycerophosphate dehydrogenase; LDH,
lactate dehydrogenase; GAP, glyceraldehyde 3-phosphate;
DHAP, dihydroxyacetone phosphate;«-GP, a-glycerophosphate
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and its interference with the production of lactate
from glucose was measured.

2. Materials and methods

Freshly drawn human blood was obtained from
the National Institute of Haematology and Blood
Transfusion, Budapest. Red cells were washed three
times in 0.9% NaCl—1 mM sodium phosphate, pH 7.4,
and once in Krebs-Ringer solution (121 mM Na(Cl,

4.8 mM KCl, 1.21 mM KH,PO,, 16.5 mM Na,HPO,,
1.21 mM MgSQ,, pH 7.0) at 4°C.

GDH (EC 1.1.1.8) was prepared from rabbit muscle
and recrystallized four times [15] . The enzyme
crystals were dissolved and dialyzed apainst Krebs.-
Ringer to remove ammonium sulfate. LDH-M,

(EC 1.1.1.27) for the lactate assay was prepared from
pig muscle and recrystallized four times [16] . Enzyme
concentrations were determined spectrophotometri-
cally by using the coefficients, E;;‘,}g/ml, 1.0 and 1.29
for GDH and LDH, respectively. The molar activity
of GDH was 310 kat/mol enzyme in 0.1 M glycine—
NaOH—1.3 mM EDTA buffer, pH 10, and 80 kat/mol
enzyme in 5 mM sodium phosphate buffer, pH 7.5,
containing 110 mM KCl, 10 mM NaCl and 2.5 mM
MgCl,, at 37°C with 47 mM &-GP and 2.5 mM NAD
as substrates.

Packed red cells were sonicated in an MSE 150 W
ultrasonic disintegrator at high power for 30 s at 0°C.
Haemolysis was >98%. Lactate production from 5 mM
glucose was measured in sonicates of 90% and 30%
nominal haematocrit values at 37°C. All additions to
the packed red cell sonicate were introduced with
vigorous mixing on a Vortex-Genie. It did not affect
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the results if GDH was mixed in by sonication. The
pH of sonicates was 7.3 to 7.5 and did not change
detectably during the incubation. Lactate was deter-
mined enzymatically from the trichloroacetic acid-
supernatant of aliquots, essentially as described [17].

3. Results

The time courses of lactate production in erythro-
cyte sonicates in the presence and absence of GDH are
shown in fig.1. The progress curves were linear within
the period examined. It is seen that in the concen-
trated sonicate (90% haematocrit) GDH did not
influence lactate formation, whereas it reduced the
rate to about one-half after three-fold dilution of the
system. It should be noted that lactate production in
sonicates varied from 2.9—4.2 umol lactate/ml red
cell X h with different blood specimens, hut the
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Fig.1. Time course of lactate production in erythrocyte
sonicates in the presence and absence of GDH. (A) To 2.7 ml
packed red cell sonicate glucose and NAD were added in

0.3 ml Krebs-Ringer to give final concentrations 5 mM and
(.5 mM, respectively (90% haematacrit). An 0.7 m! aliquot
of this mixture was then diluted with 1.4 ml Krebs-Ringer
(30% haematocrit). Both 90% (2) and 30% (<) haematocrit
samples were incubated at 37°C and at the times indicated
0.2 ml aliquots were taken for lactate determination. (B) The
same as A, except that the 0.3 ml addition also contained
rabbit muscle GDH to give a final concentration of 0.5 mg/ml.
90% (w} and 30% () haematocrit, respectively. {The data of
two parallel runs made from the same blood specimen are
shown.)
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relative differences with and without GDH were
similar to those in fig.1 in all experiments (altogether
3). Furthermore, the same result was obtained if,
instead of Krebs-Ringer, the three-fold dilution was
made with 1 mM or 5 mM sodium phosphate buffer,
pH 7.5, containing 110 mM KCI, 10 mM NaCl and
2.5 mM MgCl, (4 experiments).

A possible reason of the ineffectiveness of GDH
at 90% haematocrit might be that the enzyme is
inhibited by the concentrated sonicate. However, this
seems not to be the case, as indicated by the following
comparison (fig.2): the amount of lactate formed
from o-GP in the presence of GDH in the sonicate
fairly agreed with the amount of a-Gp oxidized by
GDH under comparable conditions in 4 buffer medium,
up to the point (about 1 pg/ml GDH) where the
glycolysing ability of the sonicate became rateimiting
(fig.2, inset).
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Fig.2. Comparison of GDH activity and lactate production
from a-GP in sonicate. Lactate (®) was produced in concen-
trated sonicate ($0% haematocrit} with 47 mM «-GP, 0.5 mM
NAD and GDH as indicated, at 37°C. The progress curves of
lactate production were lincar up to at least 40 min. From the
actually mcasurcd rates the ‘blank’ rate, i.e., lactate formed
without any GDII added (0.6 mM/h), was subtracted. GDH
activity (o} was determined in inltial velocity measurements
in 5 mM sodium phosphzte buffer, pH 7.5, containing

110 mM KCL, 10 mM NaCl and 2.5 mM MgCl,, with 47 mM
0GP and 0.5 mM NAD as substrates at 37°C.

Inset: Total lactate production in the scnicate as a function of
GDH concentration. Conditions: cf. above. Coordinates are
the same as the corresponding ones in the main figure,
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4. Discussion
GDH catalyzes the following reaction:
DHAP + NADH + H" = a-GP + NAD*

The other triose phosphate, GAP, may also serve as
substrate instead of DHAP [18] . Near neutral pH the
equilibrium is far to the right. Accordingly, this
enzyme can divert the metabolite flow in glycolysis
by converting triose phosphates and NADH to o-GP
and NAD. Rabbit muscle GDH when added to human
erythrocyte sonicate acts as an ‘enzyme-probe’,
testing whether the relevant metabolites are available
in the bulk medium: if they are, lactate production
will be diminished; if they are not, lactate production
will remain unaffected. A crucial point in assessing the
response of such an ‘enzyme-probe’ is the effect of
diluting the system. Conceivably, any kind of meta-
bolite compartmentation (channelling) created by
weakly interacting enzymes is bound to be concentra-
tion-dependent, inasmuch as it should disappear on
dilution,

In the 90% haematocrit sonicate, in which concen-
trations are close to those in the intact cell, GDH had
no effect on the rate of factate formation, whereas in
the 30% haematocrit sonicate it markedly reduced
lactate production. This experimental {inding is
consistent with expectations if triose phosphates and/
or NADH are compartmented within erythrocyte
glycolysis as a result of loose macromolecular associa-
tions.

Specific differences between the substrate satura-
tion curves of the enzymes involved would also explain
the above phenomenon by simple enzyme competi-
tion, without any resort to compartmentation. Namely,
if the K, of GAP were lower for GDH than for GAPD,
and/or the K, of NADH were lower for GDH than for
LDH, then the dilution of metabolites would promote
the formation of ¢-GP. The same effect would ensue,
it the K, of GAP and DHAP for GDH were lower than
the K, of pyruvate for LDH. However, these relations
apparently do not hold. In the physiological pH-range
KSAY is 0.16 mM for GDH [19] and 0.13 mM for
human erythrocyte GAPD [20],i.e., they are practi-
cally identical; KNAPH is 30 uM for GDH (with GAP
substrate) {19] and about 3 pM for LDH-H,; [21],i.e.,
dilution should favour lactate production; KII;YI is
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0.04 mM for LDH-H, [21], whereas KGAT is 0.16 mM
[19] and KDHAP j5 0.35 mM for GDH [22,23], which
again would rather promote lactate production on
dilution. All substrate saturation curves are hyperbolic,
which is a prerequisite of comparison.

Figure 2 demonstrates that the GDH ‘enzyme-probe’
is not inhibited in the concentrated sonicate. In addi-
tion, the independence of lactate preduction from
GDI1 concentration above 1 pg/ml, and the fact that
this rate is close to the glycolytic rate of intact cells
(about 2 umol lactate/ml red cells X h [24]) point to
the importance of the lower part of glycolysis in flux
control, in contrast with current views [25].

Work is in progress to describe the response of the
‘enzyme-probe’ mare rigorously and to extend this
approach to the study of muscle glycolysis. At present
we suggest that there is metabolite compartmentation
at the GAPD reaction in the glycolytic pathway of
the human erythrocyte.
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