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BIRKETT, DONALD J. : ?tIechathsm of inactivation of rabbit muscle glyceraldehyde 3-

phosphate dehydrogenase by ethacrynic acid. Mol. Pharniacol. 9, 209-218 (1973).
The reaction of 5 , 5’-dithiobis(2-nitrobenzoic acid) (DTNB) with rabbit muscle glyceralde-

hyde 3-phosphate dehydrogenase [D-glyceraldehyde 3-phosphate : NAD� oxidoreductase
( phosj)horylating), EC 1 . 2 . 1 . 12] consists of an initial burst of reaction over several minutes,
(.�trr(�sj)�tllclillg to 2 thiols,/subunit, followed by a further slo�v reaction of the 2 remailung
groups. The initial fast release of 2 thionitrobenzoate anions l�’r subunit is sho�vti to be due
t(L) reactioll of tWo sulphvdrvl groups with DTNB. One of these reacts very fast, with (0D5(’-

(itlent inactivation of the enzyme, and is therefore assumed to be the active site thiol, Cys-
149. A mechanism involving reaction of DTXB with Cys-149, followed by formation of an
intramolecular disuiphide bridge between Cys-149 and a second thiol, is shown to be Un-

likely. Incubation of the enzyme with ethacrynic acid abolishes the initial fast reaction
with DTNB of 2 groups/subunit, and 2 ethacrynic acid residues/subunit remain attached

to the enzyme after thorough dialysis. Ethacrynic acid treatment results in inactivation of
the enzyme, which is not reversed by dilution or by addition of 2-mercaptoethanol. Fur-
thermore, the reactivity of the 2 sulphydryl groups blocked by ethacrynic acid is not re-

stored by denaturation or by exhaustive dialysis. One thiol per subunit reacts rapidly with

ethacrynic acid, and one more slowly. The rate of inactivation of the enzyme correlates
with the rate of reaction of the fast group, which is assumed to be the active site thiol.
Increasing the extent of saturation of the enzyme with XAD+ results in protection against
inactivation by ethacrynic acid. The data suggest that ethacrynic acid reacts with 2 thiols/

enzyme subunit and that inactivatioii of the enzyme by the drug results from modification

of the active site thiol.

INTROI)UCTION of the effects, however have been directly

Ethacrvnic acid acts at several sites correlated with the diuretic � action of the
within the cell. Inhibitory effects have been drug. In addition to its diuretic action,

demonstrated on mitochondrial oxidative ethacrynic acid has been shown to cause

phosphorvlation (1-3), on membrane Xa+� vasodilation (S), and Ogilvie has sug-
and K�-activated ATPase (4, 5), and on gested (9) that this is due to interference

the glvcolvtic pathway (1, 6, 7). None by the drug with the ablhty of vascular
smooth muscle to recover from anoxic work.

1 Senior liesearch Fellow. Ethacrynic acid was shown by Jones
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2 The abbreviation used is: DTNB, 5,5’-

dithiobis (2-nitrobenzoic acid).

and Landon (10) to inhibit glycolysis in

rabbit kidney slices. Gordon and de Hartog
(6) extended this observation to Ehrlich

ascites tumour cells and were able to place
the site of inhibition between the fructose
1 , 6-diphosphate and 3-phosphoglycerate

levels. In a later study (7) they demon-
strated that incubation of glyceraldehyde 3-
phosphate dehydrogenase [D-glyceraldehyde

3-phosphate : NAD� oxidoreductase (phos-
phorylating), EC 1 .2. 1 . 12] with ethacrynic
acid resulted in complete inactivation of this
enzyme. Because of the known reactivity of

ethacrynic acid with sulphydryl compounds,
Gordon and de Hartog (7) suggested that the
inactivation of glyceraldehyde 3-phosphate

dehydrogenase was due to reaction of the
drug with the active site thiol of this enzyme.

Rabbit muscle glyceraldehyde 3-phos-
phate dehydrogenase is a tetramer com-

posed of 4 identical subunits, each con-
taming 4 cysteine residues (11). The active
site thiol (Cys-149) reacts rapidly with a
number of sulphydryl reagents (12, 13).
The other 3 sulphydryls are relatively non-
reactive, although Cys-153 has been re-

ported to participate in formation of a
disulphide bridge with Cys-149 (14).

The present work indicates that ethacrynic

acid inactivates glyceraldehyde 3-phosphate

dehydrogenase by reacting with 2 thiols, 1

of which is probably Cys-149. The dis-
appearance of DTNB2-reactive sulphydryls
was used to follow modification of the en-
zyme by ethacrynic acid. As a prerequisite
to this method, the reaction of DTNB

with the rabbit muscle enzyme has been
studied in some detail.

MATERIALS AND METHODS

Triethanolamine HC1 and iodoacetic acid
were obtained from Sigma Chemical Com-
pany. NAD� (free acid), NADH (disodium
salt), ATP (disoclium salt), glycerate 3-phos-
phate (tricyclohexylammonium salt), and
phosphoglycerate kinase were obtained from
C. F. Boehringer and Sons. Sephadex G-25

(coarse grade) was a Pharmacia product.
L-Cysteine, 2-mercaptoethanol, DTNB,

ethylenediaminetetraacetic acid, and sodium

dodecyl sulphate were supplied by British

Drug Houses, Ltd. Ethacrynic acid was a

gift of Merck Sharp & Dohme.
Glyceraldehyde 3-phosphate dehydrogen-

ase was prepared from rabbit skeletal
muscle by the procedure of Amelunxen and

Carr (15), except that KCN was not used.
The enzyme was recrystallized six times.
Before use the crystals were centrifuged and
dissolved in 0.1 M triethanolamine buffer
(pH 7.6) containing 1 miu EDTA, and
ammonium sulphate was removed by gel

filtration on a column of Sephadex G-25
(coarse grade). The A�0:A260 ratio of this

enzyme (holoenzyme) was 1.09. Removal
of NAD� was accomplished by mixing the
holoenzyme with a 10-fold excess (by

weight) of acid-washed activated charcoal.
After stirring for 1 hr at 0#{176},the charcoal
was removed by filtration with gentle sue-
tion. The A280:A260 ratio of this enzyme
(apoenzyme was in the range 1.75-1.95,
which represents 0.3 mole or less of NAD±
bound per mole of enzyme (16)). The en-
zyme concentration was measured using
the published extinction coefficients of
E�O� - 1 .002 for the holoenzyme and
E�O� = 0.89 for the apoenzyme (17).

The NAD+ content of the holoenzyme
was determined enzymatically after dialysis
of 2 ml of enzyme (22.5 mg/ml) against

two changes of 2 litres of 0.05 i�i triethanol-

amine buffer, pH 7.6, containing 1 m�i
EDTA. The enzyme was then incubated
with 2 mg of pepsin at pH 2 and 25#{176}for 2
hr. After centrifugation NAD� was de-

termined by conversion to NADH in a
solution containing 2 ml of 0.5 u glycine

buffer, pH 9.0, with 0.4 �‘ hydrazine and
10 m�i lactate, 0.02 ml of lactate dehy-

drogenase (2 mg/ml), and 0.4 ml of di-
gested glyceraldehyde 3-phosphate dehy-

drogenase. The accuracy of the method was
checked by the use of NAD� standards

and by addition of NAD� to the enzyme

preparation prior to assay.

Glyceraldehyde 3-phosphate dehydro-

genase activity was measured at 25#{176}in

a solution containing 0.1 u triethanolamine

buffer (pH 7.6), 0.5 mi�i EDTA, 6 mi�i MgSO4,

1 m�i ATP, 0.25 mi�i NADH, 3 m� glyc-

crate 3-phosphate, and phosphoglycerate
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kinase (3 ,�g/m1). After the phosphoglyc-
crate kinase reaction had reached equi-
librium, glyceraldehyde 3-phosphate dehy-

drogenase was added to a final concentration

of about 0.5 hg/ml and the decrease in
A340 was followed. The specific activity
of the holoenzyme was 80 zmoles/min/mg.

The following procedure was used to

study the reaction of enzyme with DTNB.
DTNB (0.1 ml, usually 5 mi�i in triethanol-

amine buffer) was added to 2 ml of a solu-

tion containing 1-2 �z�i glyceraldehyde
3-phosphate dehydrogenase. The reaction

was followed by the change in absorbance

at 412 nm, and the reaction course was
analysed by the procedure of Freedman and

Radda (18). Under pseudo-first-order con-
ditions the end point of the reaction can
be derived using the expression

-

= _______________
2 � - (�E0 + �E�)

where SEa, �Eb, and � are the changes in

absorption after time intervals a, b, and

C such that b - a = c - b. These time
intervals should be of the same order as the

half-time of the reaction. The stoichiometry
of the reaction can then be calculated using
an extinction coefficient of 13,600 r�r’ cm’
for the thionitrobenzoate anion (19). For a
single reaction under pseudo-first-order
conditions a plot of log6 � -

against time results in a straight line whose
slope gives the pseudo-first-order rate

constant. If the reaction consists of more
than one exponential, a curved plot will
result. The pseudo-first-order rate constant

for the most slowly reacting set is given by
the slope of the linear segment, and extrap-
olation of this linear region to the ordi-
nate allows calculation of the �.Em value of
the fast reacting set. The contribution of the
slow set to the change in absorption at each
time t is then given by

slow = L�E5, slow(l - e” slow)

The contribution of the fast set to the
change in absorption at each time t is then

calculated by subtraction of the slow set
contribution from the observed change in

absorption. The pseudo-first-order rate
constant for the fast set can then be de-

rived from a plot of

I 1&EaOf�5t \ .
log, � � Ti I against time.

\LLC�sofast 1.1i!i If anti

Enzyme activity measurements, time
courses of reactions with DTNB, and other

optical density measurements were per-
formed on a Tjnicam SP 1800 ultraviolet

spectrophotometer fitted with a Unicam

SP 1805 programme controller.

RESULTS

Reaction of DTNB wit/i glyceraldehyde
3-phosphate dehydrogenase. Figure 1 shows

the time course of reaction of DTNB with
the holoenzyme in the presence and ab-
sence of 1 m� NAD+. The complete reac-

tion corresponds to modification of 4 thiols/
enzyme subunit (16/tetramer). In the ab-

sence of added NAD� there is an initial

burst of reaction, which corresponds to 2
sulphydryl groups/subunit, and this is
followed by the slow reaction of the 2
remaining thiols.

Analysis of the reaction with DTNB

shows that it can be described in terms of 2
slowly reacting thiols, 1 reacting at an
intermediate rate and 1 reacting very fast.

Analyses of reactions of DTNB with holo-

FIG. 1. Reaction of DTNB with glyeeraldehyde
3-phosphate dehydrogenase

The reactions were carried out at 25#{176}and pH

7.6 in 0.1 M triethanolamine buffer containing 1
m� EDTA. The DTNB concentration was 0.24

mM. O-O, holoenzyme (1.4 JAM); S-I,

holoenzyme (1.39 pM) + 1 m� NAD�.
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TABLE 1

Reaction of DTNB with glyceraldehyde 3-phosphate dehydrogenase

The ctttiditiotis were as described in Fig. 1, and the reactions were analysed as described under MATE-

RiALS ANt) METHODS. K�10� and K10t5�,�5d�5th are pseudo-first-order rate constants (DTNB concentra-

tiOll was 0.24 mM).

Conditions Total
groups!

subunit

Slow
groups!
subunit

K510� Intermediate
groups/

subunit

Kjn�rme�ja� Fast
groupsj’

subunit

min’ rnin’

Iloloetizvme 3.93 2.06 0.127 0.74 5.0 1.08

Apoenzyme 3.84 2.05 0.141 0.67 6.0 1.12

Holoetozvme + 1 mM

NAlY� 3.74 1.8 0.06 0.78 0.54 1.16

enzyme, apoenzyme, and holoenzyme in
the presence of 1 m�i NAD+ are given in
Table 1 . There is no si�ificant difference

between apo- and holoenzymes, but in the
presence of saturating NAD� (1 m�i) the

rate of the slow set is reduced by 50 %
and the rate of the intermediate group is

reduced by a factor of 10. The reaction of

the fast group is too rapid to be followed by
these techniques. The enzyme is totally
inactivated within 10 sec of adding DTNB.

Effect of varying DTNB concentration.
Wassarman and Major (20), working with
lobster muscle glyceraldehyde 3-phosphate

dehydrogenase, found that at low concen-
trations of DTNB the number of sulphydryl
grou�)s reacting, as indicated by the number
of thionitrobenzoate anions released , was
greater than could be explained by the
amount of DTNB added. They suggested
that reaction of DTNB with the active
site thiol (Cys-14S in the case of the lobster

muscle enzyme) was followed by formation
of a disulphide bridge between Cys-148

and Cys-152, with the consequent release
of a second thionitrobenzoate anion. For-
mation of the disulphide bridge was con-
sidered to cause a conformational change
in the enzyme with exposure of the pre-

viously buried and nonreactive thiols.
A similar lack of stoichiometry at low

DTNB concentrations has been observed
with the rabbit muscle enzyme. At molar
ratios of DTNB to glyceraldehyde 3-phos-
phate dehydrogenase of less than 1 : 1,

all the added DTNB reacts within 10 sec.
At molar ratios above 1 : 1 , 1 thiol/subunit

reacts within 10 see, and reaction of this
thiol results in complete loss of enzyme
activity. At molar ratios of up to 2:1,
essentially all the reacted thionitroben-
zoate anion is slowly released over a period
of 30 min. The release of the thionitro-

benzoate anion is not accompanied by re-

appearance of free suiphydryls, as is shown
by the following experiment. Glyceralde-
hyde 3-phosphate dehydrogenase and DTNB

were mixed at a molar ratio of 2 DTNB/
enzyme subunit and allowed to react until
3.4 thionitrobenzoate anions/subunit had
been released. The enzyme was then de-
natured by addition of 1 % sodium dodecyl
sulphate and a large excess of DTNB was
added. Reaction of only 0.4 additional
group/subunit was observed; i.e., 3.4 groups/
subunit remained nonreactive.

The release of 1 thionitrobenzoate anion!
subunit, which occurs at an intermediate
rate at high DTNB concentrations (Table

1), could be due to the formation of a

disulphide bridge with consequent release
of 1 thionitrobenzoate anion/subunit from
the fast reacting thiol, or to the reaction of
DTNB with 1 of the 3 remaining sulphy-
dryls. The former case represents an intra-
molecular first-order process, the rate of
which should be independent of DTNB

concentration. The rate of release of the
second thionitrobenzoate anion is increased
with increasing concentrations of DTNB,

and therefore probably represents reaction
of DTNB with a second thiol.

The slow reaction of 2 groups/subunit

(Table 1) is first-order even at a low DTNB
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concentration, and the rate is independent

of the DTNB concentration.

Effect of prior treatment with iodoacelic

acid. Holoenzyme was incubated at 0#{176}for 1
hr with a 10-fold molar excess of iodoace-

tate, and the unreacted iodoacetate was
removed by gel filtration on a column of
Sephadex G-25. Under these conditions

the active site thiol (Cys-149) is specifically
carboxymethylated (21). DTNB reacts

very slowly with the carboxymethylated

enzyme, one group being modified over a
period of 2 hr. Addition of 1 m�i NAD�
further reduces the rate of reaction of this
group to a negligible level.

Reaction of ethacrynic Acid with glyceralde-

hyde 3-phosphate dehydrogenase. Figure 2
shows the reaction of DTNB with the en-

zyme before and after a 30-mm incubation
with ethacrynic acid. Preliminary incuba-
tion with ethacrynic acid completely abol.
ishes reaction of the two fast groups, so that

only 2 of the 4 thiols/subunit react with
DTNB. These 2 thiols react as a single

set, with a rate constant similar to that
observed for the slow set in the absence of

ethacrynic acid.

FiG. 2. Reaction of DTNB with glyceraldehyde

3-phosphate dehydrogenase after incubation with
ethacrynic acid

Enzyme (1.4 pM) was incubated for 60 mm at

25#{176}and pH 7.6 with 325 pM ethacrynic acid. DTNB
was then added to a concentration of 0.24 msi,

and the reaction course was followed. No reaction
of DTNB with ethacrynic acid was observed.

O-O, before incubation with ethacrynic acid;

S-I, after incubation with ethacrynic acid.

TABLE 2

Reaction of DTNB with glyceraldehyde 3-phosphate

dehydrogenase after incubation with ethacryn ic

acid

Enzyme (2 pM) was incubated with 0.325 mM

ethacrynic acid for 60 miIi at 25#{176}and pH 7.6.
DTNB (240 pM) was then added, and the increase

in A412 was observed. The reactions were analysed

as described under MATERIALS AND METHODS.

No change in A412 was ()bserved when 1)TNB was

added to ethacrynic acid in the absence of enzyme.

Conditions Total
groups!
subunit

Slow
groups!
subunit

K�10� Fast
groups/
subunit

Holoenzyme

Apoenzyme

Holoenzyme + 1

mMNADF

1.83

2.07

3.05

1.83

2.07

1.81

min’

0.078 0

0.075 0

�

0.1 1.24

Analyses of the reaction of glyceralde-
hyde 3-phosphate dehydrogenase with

DTNB after incubation for 1 hr with
ethacrynic acid are presented in Table 2.
In the case of both the bob- and the apo-
enzyme, there is a slow reaction of 2 groups/

subunit and the initial burst of reaction is
no longer present.

The number of thiols that have reacted

with ethacrynic acid can be determined by
extrapolation to zero time of the linear

segment between 1 and 2 mm of the reac-
tion of the enzyme with DTNB. There is
an initial rapid reaction of the enzyme
with ethacrynic acid, followed by a slow
increase in the number of groups modified,
to a maximum of 1.9/subunit. The semi-
logarithmic plot (Fig. 3) shows that this
reaction is biphasic, with 0.8 group/subunit
reacting rapidly and 1 . 1 groups reacting
more slowly. The pseudo-first-order rate

constant for the slow phase is 0.075 min’
(ethacrynic acid concentration, 0.325 m�r).
Removal of NAD+ from the holoenzvme
results in an increase in the number of fast

reacting groups to 1 . 1 /subunit, whereas
the rate of the slow phase is not greatly
changed (0.05 min’).

The rate of reaction of glyceraldehyde
3-phosphate dehydrogenase with ethacrynic

acid is decreased by addition of 1 mti
NAD+ (saturating under these condi-
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Fin. 3. Semilogarithmic plot of reaction of glycer-

al(lehy(le 3-phosphate dehydrogenase with ethacrynic

acid

_v represents the total number of suiphydryl

groups which react with ethacrynic acid, and V

is the number of thiols reacted at various times.

Holoenzyme (5.5 pM subunits) was incubated

with 0.325 mM ethacrynic acid at 25#{176}and pH 7.6

in 0.1 M triethattolamine buffer containing 1 m�

E1)TA. The extent of reaction with ethacryttic

acid was determined as described in the text.

tions) . Incubation with ethacrynic acid
for 20 mm in the presence of 1 mr�i NAD�
results in modification of 0.2 group/sub-

unit, whereas the comparable figure in the

absence of NAD� is 1.6 groups/subunit.
The irreversible nature of the modifica-

tion of glyceraldehyde 3-phosphate de-
hydrogenase by ethacrynic acid has been

shown in several ways.
1 . The enzyme was incubated with

ethacrynic acid for 1 hr and then denatured

by addition of 1 % sodium dodecyl sulphate.
The sulphydryl content was then deter-
mined by immediate addition of DTNB.
Even after denaturation 2 of the 4 thiols
remained blocked by ethacrynic acid.

2. Glyceraldehyde 3-phosphate dehydro-

genase was incubated with ethacrynic acid
for 1 hr and then dialysed for 24 hr at

4#{176}against two changes of triethanolamine-
EDTA buffer, representing a 1: 10,000
dilution of the drug. The enzyme was then

denatured by addition of 1 % sodium
dodecyl sulphate and the sulphydryl con-
tent was determined using DTNB. Two
groups per subunit remained nonreactive.

3. Glyceraldehyde 3-phosphate dehydro-

genase (0.8 mg/mi) was incubated for 45
mm at 25#{176}with ethacrynic acid (325 ,�r).
Ethacrynic acid-treated enzyme (2 ml) and

2 ml of untreated enzyme were then di-

alysed overnight against the same 2 litres
of triethanolamine-EDTA buffer at 4#{176}.
The absorbance of the treated enzyme at
280 nm was greater than that of the un-
treated preparation by an amount cor-
responding to the presence of 2 ethacrynic

acid residues/subunit.

Reaction of glyceraldehyde 3-phosphate
dehydrogenase with ethacrynic acid results
in inactivation of the enzyme (Fig. 4). The
time course of inactivation is biphasic to an
extent which depends on the percentage of
saturation with NAD�. Inactivation of the

apoenzyme proceeds at a single fast rate
for nearly 90 % of the total reaction (Fig.

4). Addition of NAD� to 50 % saturation
causes the inactivation to become markedly

biphasic, with the slow phase constituting
about 50 % of the total reaction, and the
presence of saturating NAD+ affords es-

sentially complete protection against in-
activation. The correlation between per-
centage of saturation with NAD� and the
proportion of slow phase inactivation is
shown in Table 3. The correlation is cx-

cellent except in the case of the holoen-
zyme. This anomaly is considered further
below. The inactivation of glyceraldehyde
3-phosphate dehydrogenase by ethacrynic
acid is not reversed by addition of 1 m�
2-mercaptoethanol, 1 mu NAD+, or 10

m�i P1.

DISCUSSION

The reaction of DTNB with lobster
muscle glyceraldehyde 3-phosphate de-
hydrogenase has been studied by Wassar-

man and Major (20), who concluded that

reaction of DTNB with the active site
cysteine (Cys-148) was followed by forma-
tion of an intramolecular disuiphide bond

between Cys-148 and Cys-152. The reaction
of DTNB with thiols is followed by the
yellow colour of the thionitrobenzoate
anion released into solution (19). The
spectrophotometric assay therefore does

not distinguish between reaction of 2 mole-
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FIG. 4. Inactivation of glyceraldehyde 3-phosphate dehydrogena8e by ethacrynic acid

Enzyme (0.5 pM) was incubated with 0.1 m�s ethacrynic acid at 25#{176}and pH 7.6. Aliquots were removed
at the times shown and assayed as described in the text. A-A, apoenzyme; i�-�A, holoenzyme;

U U, apoenzyme + 2.8 pM NAD�; 5-I, apoenzyme + 5.8 pM NAD�; O-O, apoenzyme + 1
mM NAD�.
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cules of DTNB with 2 sulphydryl groups

and reaction of 1 molecule of DTNB with
1 sulphydryl group followed by release of
the reacted thionitrobenzoate anion. It was

important to distinguish between these two
possibilities, as it was proposed in the
present study to use DTNB to follow the

reaction of ethacrynic acid with the en-

zyme.

Rabbit muscle glyceraldehyde 3-phos-
phate dehydrogenase has 4 cysteine resi-
dues/polypeptide chain, all of which ap-

parently react with DTNB ; i.e. , 4 thionitro-
benzoate anions are released per enzyme
subunit. The reaction course consists of an
initial burst of reaction over 1-2 mm, cor-

responding to 2 groups/subunit, followed

by a further slow reaction of the remaining
2 groups/subunit.

Slow reaction of 2 groups/subunit. This is
first-order even at low DTNB concentra-
tions, and the rate is independent of DTNB
concentration. This reaction may represent
a rate-limiting unfolding of the protein
with exposure of previously buried thiols to
reaction with DTNB. The data do not,

however, allow differentiation between this
and other possible schemes.

Fast reaction of 2 groups/subunit. DTNB

reacts rapidly (within 10 sec) with 1 thiol/
subunit even when added at a concentration

corresponding to 1 mole of DTNB per

TABLE 3

Correlation between NAD+ saturation and
proportion of total ethacrynic acid

inactivation constituted by slow phase

Enzyme NAD�
bound

Satur- Slow
ation phase

.
� #{176}

activation

moles!
mole

enzyme

Apoenzyme 0.3 7.5� 15
Holoenzyme 3,5o 80 34
Apoenzyrne + 2.8 pM

NAD� 2.lb 53 48
Apoenzyme + 5.6 pM

NAD� 2.2b 55 56
Apoenzyme + 1 mM

NAD� 4 100 100

a Determined enzymatically

under MATERIALS AND METHODS.

b The amount of NAD� bound was calculated

as described by Price and Radda (22), using
values of K, = 20.5 pM and K4 = 318 JAM, where

K3 and K4 are the dissociation constants for

binding of the third and fourth NAD� molecules

to the enzyme.

mole of glyceraldehyde 3-phosphate dehy-

drogenase subunit. Reaction of this thiol
results in complete inactivation of the en-

zyme. The rapid reaction of 1 thiol/subunit
with DTNB is abolished by carboxymeth-
ylation of Cys-149. It is therefore likely that

the immediate reaction with DTNB repre-

as described
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1). J. Birkett, unpublished observations.

seiits modification of the active site thiol,
Cys- 149.

The slower release of a second thionitro-

benzoate anion per subunit could be due to
reaction of a second thiol with DTNB.

An alternative possibility is that it represents
formation of a disulphide bond between

Cys-149 and another thiol, with release of
the thionitrobenzoate anion from Cys-
149. In this case there would be an apparent
stoichiometry of 2 groups/subunit although

only 1 group had reacted with DTNB.

If the release of the second thionitro-

benzoate anion is due to disulphide forma-

tion between Cys-149 and another thiol,
it should occur at the same rate whether or
not there is an excess of DTNB present.
At a 1 1 ratio of DTNB to enzyme sub-

unit , there is an immediate reaction of 1
group �subunit followed by a slow release

(over 30 mm) of the reacted anion. At
higher DTNB to enzyme ratios the second

anion is released increasingly rapidly, so

that at a 20 : 1 ratio 2 anions/subunit are

released within 1 mm. It is therefore likely

that release of the second thionitrobenzoate

anion represents reaction of DTNB with a

second thiol.

The stoichiometry observed with excess

glyceraldehyde 3-phosphate dehydrogenase

is likely to be due to formation of intra-

or intermolecular disulphide bridges. DTNB

was added at a 2:1 ratio with enzyme sub-

units (i.e., 1 DTNB/2 enzyme thiols).

and the reaction was allowed to proceed

until 3.4 thionitrobenzoate anions had been

released per enzyme subunit. The enzyme

was denatured and allowed to react with

an excess of DTNB; 3.4 groups/subunit

remained nonreactive. This means that

reaction with DTNB and subsequent re-

lease of the thionitrobenzoate anion results

in blockage of 2 thiols. A model which could

explain these results is as follows:

S

/
-#{247}E +2HS-NB

where E represents glyceraldehyde 3-phos-

phate dehydrogenase and -S-NB repre-

sents thionitrobenzoate.
When DTNB is allowed to react with an

excess of cysteine or glutathione, 2 thio-
nitrobenzoate anions are released per mole-
cule of DTNB added. When DTNB is in

excess, however, only 1 anion is released.3
It is therefore likely that the model pro-

posed above represents the sequence of
events only when the enzyme is present in
excess. These considerations suggest that
when DTNB is present in excess, the rapid

release of 2 thionitrobenzoate anions repre-
sents reaction of 2 molecules of DTNB

with 2 thiols. One of these is probably the
active site thiol, Cys-149.

Ethacrynic acid was developed in the

course of a search for non-organomercurial
inhibitors of sulphydryl-dependent systems.
The molecule contains an a , �3-unsaturated
ketone structure that reacts readily with
sulphydryl groups (23).

Incubation of glyceraldehyde 3-phosphate
dehydrogenase with ethacrynic acid abol-
ishes the fast reaction with DTNB of 2
thiols/subunit, and 2 ethacrynic acid resi-
dues remain attached to the enzyme after
thorough dialysis. The reactivity with

DTNB of the 2 thiols blocked by ethacrynic

acid is not restored by denaturation of the
enzyme with sodium dodecyl sulphate or
by exhaustive dialysis. Incubation with

ethacrynic acid results in inactivation of
the enzyme, which is not reversed by dilu-
tion into the assay solution or by addition
of 2-mercaptoethanol. It is concluded that
ethacrynic acid reacts irreversibly with 2
thiols/enzyme subunit, 1 of which is prob-

ably Cys-149. It is assumed that the second

ethacrynic acid-reactive thiol is that which

reacts at an intermediate rate with DTNB.
The time course of reaction of ethacrynic

acid with glyceraldehyde 3-phosphate de-

hydrogenase has been followed by the rate

of disappearance of sulphydryl groups re-
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acting with DTNB. The time course is
shown to be biphasic, with, in the case of

the apoenzyme, approximately 1 group!

subunit reacting rapidly and 1 group re-
acting at a slower rate. The rate of reaction
of the slower group is much less than the
rate of inactivation of the apoenzyme by
ethacrynic acid (0.05 min’ compared to
2.86 min’ at 0.325 mrsl drug). This sup-
ports the conclusion that the thiol which
reacts rapidly with ethacrynic acid is the

active site thiol, Cys-149.
When NAD� is added to the apoenzyme,

the inactivation by ethacrynic acid be-
comes markedly biphasic. The extent of
the slow phase inactivation correlates well
with the percentage of saturation with

NAD� (Fig. 4 and Table 3). In the presence
of saturating NAD� both inactivation and

modification of sulphydryls (Tables 2 and
3) proceed at a very slow rate. These data

indicate that binding of NAD� protects
the active site thiol against modification by
ethacrynic acid.

The effect of ethacrynic acid on the holo-

enzyme is anomalous (Table 3). The AMO:

A260 ratio of 1.09 suggests that 3-4 moles
of NAD+ are bound per enzyme subunit,
i.e., that the enzyme is essentially satu-

rated with NAD�. Yet several aspects of
the behaviour of the enzyme suggest that
the NAD� saturation is about 30 % . (a)
Ethacrynic acid reacts rapidly with the
holoenzyme, about 0.7 group/subunit being
modified at a fast rate and 1 .2 reacting
more slowly. Addition of 1 m�i NAD�

causes a decrease in the rate of reaction to a

very low level. (b) Ethacrynic acid macti-
vation of the holoenzyme is rapid and
biphasic, the slow phase constituting about
30 % of the total reaction. Addition of 1
mu NAD+ affords essentially complete
protection.

Neither of these results would be expected
if the holoenzyme was 90% saturated with
NAD�. Block et al. (24) have shown that

crystalline preparations of glyceraldehyde
3-phosphate dehydrogenase may contain

bound adenosine diphosphate ribose, a

degradation product of NAD�, and it

seemed that this might be the explanation

for the anomalous behaviour of the holo-

enzyme. However, enzymatic analysis for

the NAD+ content of the holoenzyme after
exhaustive dialysis at PH 7.6 (representing a
1 : 10� dilution) showed that 3.5 moles of

NAD+ were bound per mole of enzyme. This
figure was surprising in view of the pub-

lished values for K3 and K4, the dissociation
constants for the third and fourth molecules

of NAD� to bind. Price and Radda (22),
working under the same conditions of pH

and temperature as in this work, found
values for K3 and K4 of 20.5 and 31S pM,

respectively. It would be expected, there-

fore, that dialysis would remove the third
and fourth NAD+ molecules, resulting in an
NAD+ content of 2 moles/mole of enzyme.
These considerations suggest that removal
of NAD� by charcoal treatment, followed
by addition of 4 moles of NAD� per mole

of enzyme, does not reconstitute the bob-

enzyme in the initial form. This problem
has not been further investigated in the

present work.
The results presented in this paper pro-

vide a mechanism at the molecular level

for the inhibition of glycolysis by the drug.

Ethacrynic acid reacts rapidly with the

active site suiphydryl of glyceraldehyde

3-phosphate dehydrogenase , causing in -

activation of the enzyme.

Extrapolation of effects in vitro to the

mode of action of the drug in vivo is diffi-

cult, as relatively high concentrations are

needed to observe inhibition of these sys-

tems in vitro. However, Daniel et a!. (1)

have shown that ethacrynic acid is concen-

trated 3-10-fold in rat uterine tissue and,

furthermore, the effective concentration of

the drug in the various intracellular corn-

partments is not known. The inactivation

of glyceraldehyde 3-phosphate dehydro-

genase by ethacrynic acid is irreversible,

so that in this case equilibrium conditions

do not apply and relatively low extracellular

concentrations of ethacrynic acid may be

effective. The view that the drug reacts

with thiols in vivo is supported by studies

showing a decrease in the content of protein-
bound sulphydryls in renal cortex (25, 26),

and studies are currently being undertaken

in this laboratory to determine whether
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ethacrynic acid inactivates glyceraldehyde

3-phosphate dehydrogenase in vivo.
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