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ABSTRACT 

Interaction of D-glyceraldehyde-3-phosphate dehydrogenase 
(GPDH) and lactate dehydrogenase with human erythrocyte mem- 
branes was studied. Under the conditions of low ionic strength, both 
enzymes bound to the membranes with similar affinities (Kd ~ 1 ideal). 
The binding was accompanied by complete inhibition of GPDH and 
by a 65-75% inhibition of lactate dehydrogenase (LDH). Increasing 
the ionic strength to physiologically meaningful values (0.15M) com- 
pletely abolished the inactivation of both dehydrogenases in the pres- 
ence of erythrocyte membranes, but did not preclude their binding. 
These results suggest that different modes of enzyme-membrane 
interaction can be realized under the conditions of low and high ionic 
strength. They also indicate that GPDH and LDH are capable of func- 
tioning in a membrane-bound state. 

Index Entries: D-glyceraldehyde-3-phosphate dehydrogenase; 
lactate dehydrogenase; erythrocyte membrane; band 3 protein. 
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INTRODUCTION 

The binding of glycolytic enzymes, and in particular, D-glyceralde- 
hyde-3-phosphate dehydrogenase (GPDH) and lactate dehydrogenase 
(LDH), with cell structural components has been observed in a number of 
studies (1-3). However, the relevance of these findings to a situation that 
may take place in vivo remains as yet unclear, and hypotheses on the 
physiological significance of the binding provoked serious criticism (4, 5). 
The most detailed investigation has been carried out on the interaction 
between GPDH and the integral component of the erythrocyte mem- 
brane, the band 3 protein (1,6,7). The results of numerous studies per- 
formed by Steck and his group clearly demonstrated the inhibitory effect 
of this protein on GPDH activity (6,7). This led to the apoearance of 
hypotheses concerning the role of GPDH adsorption on erythrocyte 
membranes in the regulation of glycolysis (8, 9). 

In the work performed by one of us in collaboration with Srivastava 
and Knull, the GPDH interaction with another structural protein, tubu- 
line, was investigated (10). A very strong binding of the enzyme with 
tubuline was observed under the conditions close to the conditions used 
by Yu and Steck (6) to demonstrate the strong binding of GPDH to the 
band 3 protein. A similar effect on the activity of bound GPDH (inhibi- 
tion) was also observed. At the same time, a moderate increase of the 
ionic strength or even an addition of the substrates at concentrations 
normally used to measure the GPDH activity eliminated the inhibitory 
effect. It is noteworthy that the enzyme was not released from tubuline 
under these conditions, although the binding was markedly weakened. 

The above observations stimulated our efforts to test experimentally 
the suggestion that an analogous situation might have a place in the case 
of GPDH interaction with other structural components of the cell. The 
present study was aimed at investigating the interaction of GPDH as well 
as of a closely related enzyme, LDH, with erythrocyte membranes under 
different conditions. 

MATERIALS AND METHODS 

NAD, NADH, D-fructose-6-phosphate, and pig muscle LDH were 
purchased from Reanal. Dithiothreitol (DTT), EDTA, and HEPES were 
the products of Serva. Pyruvate was obtained from Boehringer, and 
potassium phosphate and sodium chloride from Sigma. Sephadexes G-50 
and G-100 were purchased from Pharmacia. GPDH was prepared accord- 
ing to the procedure of Szewczuk et al. (11). GPDH was purified from 
rabbit muscle by the method of Hill et al. (12). Human erythrocytes were 
obtained from a blood transfusion station. 
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Erythrocyte membranes were prepared according to Dodge et al. 
(13). Following washing of the erythrocytes by an isotonic buffer contain- 
ing 5 mM potassium phosphate, 0.15 M sodium chloride (pH 7.5), they 
were subjected to lysis in 40 vol of the buffer containing 5 mM potassium 
phosphate, 2 mM EDTA, and I mM DTT (pH 7.5) under constant stirring 
for 15 min. To prepare erythrocyte ghosts, centrifugation of the hemo- 
lysate was performed (29,000g for 20 min), followed by several washings 
by the above buffer. The ghosts were then suspended in the desired buf- 
fer and used within 24 h. All procedures were carried out at 4~ 

The binding of the enzymes with erythrocyte membranes was invest- 
igated following the procedure described by McDaniel et al. (15). Solu- 
tions of GPDH or LDH were desalted on a Sephadex G-50 column (1 x 7 
cm) equilibrated with 25 mM HEPES, 0.1 mM sodium arsenate, and 0.5 
mM EDTA (pH 7.0) in the case of GPDH, and 10 mM HEPES, 0.5 mM 
DTT (pH 6.9) in the case of LDH. Washed erythrocyte membranes sus- 
pended in a buffer were used in the experiments with GPDH or LDH. A 
series of samples were prepared containing equal amounts of membrane 
suspension in each sample, as well as 0.1 mM NAD (in experiments with 
GPDH) or 0.075 mM NADH (in experiments with LDH). The titrations 
with increasing amounts of the corresponding enzymes were then per- 
formed. The procedure was as follows. Following addition of an aliquot 
of the enzyme solution, a sample was incubated for 20 min at 25~ on 
periodic stirring, with subsequent centrifugation (10,000g for 10 min at 
room temperature). The protein concentration in the supernatant was 
then measured to determine the amount of unbound enzyme. Analogous 
experiments were carried out under the conditions where incubation of 
the enzyme with erythrocyte membranes was performed in buffers sup- 
plemented with 0.15M NaC1. 

The amounts of the membrane-bound GPDH and LDH were calcu- 
lated from the data obtained. The results presented in Figs. 2 and 4 were 
fitted to the Eq. (1). 

A = (Amax [E]) / (K~ + [El) (1) 

Where A is the membrane-bound enzyme concentration, Ama~ is the absor- 
bance capacity of the membrane protein, [E], the concentration of the free 
enzyme in solution, and Ke, the apparent dissociation constant of the 
enzyme-membrane protein complex. 

Concentrations of GPDH, LDH, and erythrocyte membrane protein 
were measured according to Bradford (14) using the corresponding pro- 
teins as standards. The Mr values of 144,000 and 140,000 were used for 
GPDH and LDH, respectively. 

GPDH activity was measured in 50 mM glycine, 50 mM potassium 
phosphate, 5 mM EDTA, 0.5 mM NAD, 0.5 mM GPDH (pH 8.9), 25~ or 
in 25 mM HEPES, 0.1 mM sodium arsenate, 0.5 mM EDTA, 0.1 mM 
NAD, and 0.1 mM GPDH (pH 7.0) at 25~ LDH activity was assayed in 
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Fig. 1. Inhibition of GPDH activity by erythrocyte membranes. The activ- 
ity of GPDH was measured in the presence of different concentrations of erythro- 
cyte membranes in 25 mM HEPES, 0.083 ~ enzyme, 0.1 mM glyceraldehyde- 
3-phosphate, 0.1 mM NAD, 0.1 mM sodium arsenate, and 0.5 mM EDTA (pH 
7.0) at 25~ Curve 1, no other additives; curve 2, 0.15M NaC1 was added. 

0.1M potassium phosphate, 1 mM EDTA, 0.4 mM NADH, and 0.4 mM 
pyruvate (pH 7.4) at 25~ or in 10 mM HEPES, 0.5 mM EDTA, 1 mM 
DTT, 0.025 mM NADH, and 0.2 mM pyruvate (pH 6.9) at 25~ 

RESULTS AND DISCUSSION 

As shown in Fig. 1 (curve 1), incubation of GPDH with erythrocyte 
membranes results in the inhibition of the enzyme activity, which is nearly 
complete under appropriate experimental conditions. These results are 
consistent with the data on the inhibitory effect of the band 3 protein on 
GPDH (1, 6, 7), and can be explained by the interaction of this component 
of the membrane with the enzyme. Figure 2 illustrates the binding of 
GPDH with eyrthrocyte membranes measured under the experimental 
conditions employed to detect the inhibition of the enzyme (Fig. 1). As 
follows from the results obtained, GPDH was capable of binding to the 
membranes with a Kd of 1.1 + 0.18 ~dVl. 

Next, we examined the effect of erythrocyte membranes on the activ- 
ity of LDH. The results obtained (Fig. 3) indicate that this enzyme is also 
susceptible to the inhibition, but, in contrast to the situation observed with 
GPDH, no complete inactivation could be obtained even in the presence 
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Fig. 2. The binding of GPDH with erythrocyte membranes at low ionic 
strength (curve 1) and in the presence of 0.15M NaC1 (curve 2). The Ka values 
determined from these experiments were 1.1 + 0.18 and 11.6 + 3.36 ~ in the 
absence and in the presence of 0.15M NaCI, respectively. The number of the en- 
zyme binding sites/100 #g membrane protein was 1.27 + 0.08 (without NaC1) 
and 4.38 :t: 0.99 (in the presence of 0.15M NaC1). 
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Fig. 3. Inhibition of LDH activity by erythrocyte membranes. The activity 
of LDH was measured in the presence of different concentrations of erythrocyte 
membranes in 10 mM HEPES, 0.00086 Adk,I enzyme, 0.025 mM NAD, 0.2 mM 
pyruvate, 0.5 mM EDTA, and 1 mM DTT (pH 6.9) at 25~ Curve 1, no addi- 
tives: curve 2, 0.15M NaC1 was added. 
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Fig. 4. The binding of LDH with erythrocyte membranes at low ionic 
strength (curve 1) and in the presence of 0.15M NaC1 (curve 2). The K~ values 
determined from these experiments were 2.9 + 0.77 and 1.2 + 0.22 ~ in the 
absence and in presence of 0.15 NaC1, respectively. The number of the enzyme 
binding sites/100 #g membrane protein was 2.81 + 0.31 (without NaC1) and 
0.52 + 0.04 (in the presence of 0.15M NaC1). 

of a considerable excess of the erythrocyte membranes. Figure 3 shows that 
the inhibitory effect could already be detected in the presence of rather low 
concentrations of membranes, but the maximal loss of activity did not ex- 
ceed 70%. Figure 4, curve 1 illustrates the binding of LDH to erythrocyte 
membranes at low ionic strength. The/~ value obtained is close to that for 
GPDH. Taken together, the results obtained with GPDH and LDH demon- 
strated that both dehydrogenases are capable of forming complexes with 
some component(s) of the erythrocyte membranes (most likely, the band 3 
protein). 

A question then arose regarding whether the two enzymes are able to 
bind with membranes at physiological ionic strength and how this affects 
their functional properties. The experiments carried out with GPDH 
showed that the inhibitory effect of membranes disappeared in the pres- 
ence of 0.15M NaC1. (Fig. 1, curve 2). However, the enzyme remained 
capable of binding to erythrocyte membranes under these conditions, 
although with less affinity than at lower ionic strength (Fig. 2, curve 2). 
These results suggest the existence of at least two types of the GPDH- 
binding sites on the membranes and are in accordance with proposed 
existence of the low- and high-affinity GPDH-binding sites on the erythro- 
cyte membranes (15). Our present results point to different modes of 
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interaction between GPDH and the erythrocyte membrane at the high- and 
low-affinity binding sites, since only the interaction of the first type leads 
to enzyme inhibition. 

Figure 3, curve 2, shows that the inhibitory effect of erythrocyte 
membranes on the activity of LDH disappears in the presence of 0.15M 
NaC1. The effect was similar to that observed with GPDH (Fig. 1, curve 
2). At the same time, LDH displayed some peculiarities. Thus, despite 
the presence of 0.15M NaC1, the binding of LDH to erythrocyte mem- 
branes remained rather strong (Fig. 4, Ka 1.2 + 0.22/dVI). Taking into 
account the diminished number of the LDH-binding sites determined in 
the experiments with 0.15M NaC1, we suggest that there are probably 
two types of the LDH-binding sites on the membranes that differ in affi- 
nity. Only the binding sites with higher affinity exist at high ionic strength, 
and according to our data (Fig. 3), the LDH-membrane interaction in these 
sites does not affect the enzyme activity. It seems likely that incomplete 
inhibition of LDH by erythrocyte membranes observed in our study is 
owing to the presence of the high-affinity "noninhibitory" sites, since 
even in the presence of excess membranes, a portion of LDH bound at 
these sites remains active. 

CONCLUSION 

We have demonstrated that two NAD-dependent dehydrogenases 
operating in glycolysis are effectively inhibited by erythrocyte membranes 
at low ionic strenght (i.e., in the presence of low concentrations of sub- 
strates and NAD). It seems likely that the inhibition may result from an 
electrostatic interaction of the "acidic tail" of the band 3 protein with the 
positively charged regions of the NAD-binding site in the enzyme mole- 
cule. Similar interaction possibly occurs in the case of binding of these 
dehydrogenases to tubuline, which also contains an "acidic tail" (16,17). 

A principally different interaction probably takes place between the 
enzymes and erythrocyte membranes under physiological conditions. 
Such a situation was simulated in our studies by addition of 0.15M NaC1. 
In this case, the enzyme-membrane interaction persists (although is weak- 
ened for GPDH), but the inhibitory effect disappears completely. Inter- 
estingly, analogous results have previously been obtained in the case of 
the GPDH-tubuline system. Taken together, these results support the 
idea about two types of enzyme-structural protein interactions differing 
in their functional tasks. Only the interaction occurring at a low ionic 
strength is accompanied by the enzyme inhibition. This indicates that 
enzymes bound to erythrocyte membranes under the conditions close to 
the physiological ones remain catalytically active. In the light of new 
information obtained in this study, the functional significance of the bind- 
ing of GPDH to erythrocyte membranes should be reconsidered. Our 
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data support the idea that the inhibition of the enzyme on its binding to 
erythrocyte membranes at very low ionic strength cannot play any role in 
metabolic regulation. The mechanism of this phenomenon and its rele- 
vance to the enzyme functioning require further investigation. 
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