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Glyceraldehyde-3-phosphate dehydrogenase is a gly-
colytic enzyme that catalyses conversion of glyceralde-
hyde-3-phosphate to 1,3-diphosphoglycerate. ATP has
been found to have an inhibitory effect on this enzyme.
To establish the interaction between the enzyme and
ATP, a fluorescence technique was used. Fluorescence
quenching in the presence of ATP suggests cooperative
binding of ATP to the enzyme (the Hill obtained coeffi-
cient equals 2.78). The interaction between glyceralde-
hyde-3-phosphate dehydrogenase and ATP may control
not only glycolysis but other activities of this enzyme,
such as binding to the cytoskeleton.

Introduction

Glyceraldehyde-3-phosphate dehydrogenase (EC
1.2.2.12; GAPDH) is a glycolytic enzyme that
catalyses the NAD-dependent oxidative phos-
phorylation of glyceraldehyde-3-phosphate to 1,3-
diphosphoglycerate (Skarzynski and Wonacott,
1988). It is a tetramer composed of identical sub-
units with a molecular mass of 37 kDa.

GAPDH has several different cellular activities
unrelated to the glycolytic pathway. These include
binding to single-stranded nucleic acids (Singh and
Green, 1993; Schlifer et al., 1994), interaction with
actic cytoskeleton (Wu et al., 1997; Rogalski-Wilk
and Cohen, 1997) and calcium binding proteins
(Caswell and Corbett, 1985; Filipek et al., 1991).
GAPDH is susceptible to autophosphorylation
(Wu et al., 1997) as well as to auto ADP ribosyla-
tion that is stimulated by nitric oxide (Zhang and
Snyder, 1992).

Several glycolvtic metabolites and other small
molecules inhibit GAPDH competitively or non-

competitively. Besides the well-known inhibitors
of GAPDH such as AMP, ADP. ATP and heavy
metal ions, other factors have been shown to inac-
tivate the enzyme. These are H,O, (Janero et al.,
1994) and NO (Yasuda er al., 1998) that causes S-
nitrosylation (Okuma et al., 1998) and increases
NAD binding to GAPDH (Wu et al.. 1997).

Materials and Methods

Glyceraldehyde-3-phosphate dehydrogenase
from bovine heart muscle was isolated according
to Kochman er al. (1975). The enzyme was purified
by CM-cellulose chromatography (Siemieniewski
et al., 1984). The enzyme activity was measured in
50 mm triethanolamine/HCI buffer pH 7.6; 0.9 mm
EDTA: 1.1mm ATP; 02mM NADH: 2mmMm
MgSO,; 6.1 mm glycerate-3-phosphate  and
1.3 units/ml 3-phosphoglycerate kinase (one unit
will convert 1 umol of 3-phosphoglycerate to 1,3-
diphosphoglycerate per min at pH 7.5, 37 °C). The
reaction was started by the addition of an appro-
priate amount of GAPDH solution reaching the
final volume of 3.0 ml. The absorbance change at
340 nm was determined at 37 °C. Prior to the as-
say, the enzyme was diluted in 5 mm Tris (trishy-
droxymethylaminomethane/HCl) buffer, pH 7.6,
so that the total change of absorbance during
1 min would not be greater than 0.2. The protein
concentration was estimated spectrophotometri-
cally, assuming EJ1% =1 at 280 nm.

To investigate the effect of ATP on GAPDH ac-
tivity a different test was used. The assay mixture
contained the following in a final volume of 1 ml:
1.0 ng of the enzyme, 50 mm triethanolamine hydro-
chloride pH 8.6, 10 mm sodium arsenate, 5mm
EDTA, 0.3 mm glyceraldehyde-3-phosphate, 0.3 mm
NAD. The reaction was initiated by the addition of
an appropriate amount of GAPDH solution.

The absorbance change at 340 nm was measured
at 37 °C. One unit of the enzyme activity is defined
as the amount of the enzyme required to catalyse
the reduction of 1 umol of NAD per min at 37 °C.

Fluorescence measurements were made with a
Perkin Elmer MPF 3L spectrofluorometer equipped
with a constant temperature bath. 1-cm path length
cuvette was used with the excitation set at 290 nm
(slit 5 nm).
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Notes

Results and Discussion

During incubation of GAPDH with 2 mm ATP
in 37 °C, changes in enzymatic activity were ob-
served. After 3 min enzymatic activity decreased
by around 70%.

Fluorescence intensity of the samples containing
GAPDH (of a fixed volume 2.0 ml) with increas-
ing amounts of ATP was recorded. In each subse-
quent sample the concentration of ATP increased
by 100 um. Addition of ATP to GAPDH solutions
caused quenching of tryptophan fluorescence of
the enzyme at A, = 290 nm and A, = 340 nm
(Fig. 1).

Data analysis by Stern-Volmer plot showed
strong positive deviation from linearity, according
to Fig. 2. The above figure shows a good accord-
ance with Hill’s equation (Wolosiuk and Bu-
chanan, 1976) for the cooperative ligand binding,
Hill's equation:

__ AFmax
(1+K/L]n

where L is the ligand, K the apparent overall en-
zyme-ligand association constant and n — the ap-
parent Hill coefficient. Constants for the most fit-
ted curve were obtained as follows: K = 0.8 +
0.03mm (err. 4.7%), n = 2.78 £ 0.25 (err. 9.0%),
A fluorescencep,,, = 109.5 + 5.2 (err. 4.8%).
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Fig. 1. The quenching of the fluorescence of the glycer-
aldehyde-3-phosphate dehydrogenase in ATP presence.
Experimental conditions were at 37 °C in 50 mm Tris
buffer (pH 7.6) containing 1 mm EDTA. Concentration
of GAPDH was 50 pg/ml.
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Fig. 2. Stern-Volmer plot for the quenching of the fluo-
rescence of glyceraldehyde-3-phosphate dehydrogenase

ATP complex. F, — fluorescence of the native enzyme,
F — fluorescence of the enzyme in the presence of ATP.

For most glycolytic enzymes the change of pH
from basic into acidic during intensive work of
muscles does not cause a noticeable alteration of
their activity. Glycolysis continues until ATP con-
centration reaches the level at which phosphofruc-
tokinase and pyruvate kinase activities are inhib-
ited. High quantities of ATP and pH decrease
result in strong and immediate GAPDH activity
inhibition, which prevents acidification of the cell.
Therefore the way of interaction between ATP
and GAPDH is an interesting issue. To elucidate
this problem fluorescence measurements of the
enzyme in the presence of increasing ATP concen-
tration were performed. The observed quenching
of tryptophan fluorescence of the enzyme results
from interaction between the nucleotide and the
protein. It could not be an artifact because the ab-
sorption of ATP at A= 290 nm and hep= 340 nm
was insignificant, lower than 0.1.

Strong positive deviation from linearity in a
Stern-Volmer plot (Fig. 2) suggests the combina-
tion of two mechanisms of fluorescence quenching
by ATP: a static and a dynamic one (Lahowicz,
1988). It could be caused by collisions of ATP
molecules with the enzyme or by formation of
nonfluorescent complexes of ATP with the fluoro-
phore tryptophan. The Hill coefficient estimated
as 2.78 = 0.25 and the strong positive deviation
from linearity (Fig. 2) suggest cooperative binding
of ATP to glyceraldehyde-3-phosphate dehydro-
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genase. However, this interaction seems to be
weak since fluorescence quenching by ATP was
reversed after dialysis. Similar results were ob-
tained by Krusteva er al. (1984), who demon-
strated cooperative interaction between ATP and
GAPDH from Chlorella (with a Hill coefficient
of 2.2).

Except for ATP influence on GAPDH activity,
the nucleotide affects also other properties of the
enzyme (Zhang and Wang, 1999; Tatton et al.,
2000). Heard et al. (1998) found that ATP caused
the release of GAPDH from erythrocyte mem-
branes by interaction with cooperative sites of the
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