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SUMMARY 

I. Inactivation of glutamate dehydrogenase (L-glutamate:NAD(P)+ oxido- 
reductase (deaminating), EC 1.4.1.3) in IO mM Tris-HC1 o.I mM EDTA (pH 8.0) at 
25 ° was stimulated by the reduced diphosphopyridine nucleotides at concentrations 
as low as 5 and io /,M, but counteracted at coenzyme concentrations above ioo-  
200 #M. The inactivation promoting effect of IO #M NADPH and of 0. 5 M urea was 
fully counteracted by ADP and partially prevented by 2-oxoglutarate. 

2. Addition of ADP to a partially inactivated enzyme IO rain after dilution in 
io mM Tris buffer (pH 8.0) at 25 ° resulted in restoration of the original activity. Ad- 
dition of ADP at later stages led to partial reactivation. 

3. Arrhenius plots constructed by means of the rate constants of inactivation 
calculated for various temperatures at an enzyme concentration of o. I mg/ml yielded 
energies of activation of about 20 kcal/mole. NADPH at a concentration of io/~M 
causes an increase in AS* of 1.4 e.u. at the same EA. 

4- A linear relationship exists between the rate constants of inactivation at 
various concenh ations of enzyme and the relative amounts of monomer present. The 
limiting step in the process of inactivation appears to be formation of a catalytically 
inactive monomer, probably followed by its dissociation into smaller inactive subunits. 

INTRODUCTION 

It has been pointed out earlierl-4, 21 that apart from their effect on reaction rates, 
substrates and other ligands affect the stability of glutamate dehydrogenase (L-gluta- 
mate:NAD(P) + oxidoreductase (deaminating), EC 1.4.I.3). I t  has also been claimed 
that the conformational changes which result from this type of interaction play a role 
in the general regulation of enzyme activityS,% 

TANFORD 7 defines "protein denaturation" as a major change from the original 
native structure without alteration of the amino acid sequence. We have made use of 
the pl operty of enzyme instability in dilute Tris-HC1 buffer (pH 8.0) and have tried to 
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influence the behavior of the enzyme by adding various compounds to the incubation 
system. 

In a previous article s we pointed out that the protection offered by compounds 
such as ADP and 2-oxoglutarate against inactivation in IO mM Tris-HC1 buffer 
(pH 8.o) at 25 ° cannot be attributed to ionic effects. The findings presented ill this 
paper corroborate and extend our previous observations. Investigation of inactivation, 
a process following pseudo first-order kinetics, at various enzyme concentrations has 
led to the finding of a straight line relationship between the rate constants of inacti- 
vation and the relative amounts of monomer of about 3 IO ooo molecular weight at the 
corresponding enzyme concentrations. The limiting step in the process of inactivation 
appears to be the formation of a catalytically inactive monomer, which is followed by 
fragmentation into smaller units. 

MATERIALS AND METHODS 

Crystalline beef liver glutamate dehy&ogenase in 5o°,; glycerol was purchased 
from Boehringer (Mannheim). NAD + and NADP + were obtained from Sigma Chemical 
Co. and were kept frozen at pH 7. NADH (Sigma) and NADPH (Boehringer) were 
prepared fresh daily in dilute Tris HC1 buffer (pH 8.o). ATP was obtained from Sigma, 
while ADP, GDP and GTP were from Boehringer, as were most other compounds. 

Incubation of the enzyme for the purpose of studying inactivation was performed 
in IO mM of Tris-HC1 buffer (pH 8.o) with o.I mM EDTA at 25 °, except when the 
effect of temperature was studied. In a few cases, as mentioned under the individual 
experiments, IO mM of phosphate buffer with o.I mM of EDTA (pH 8.o) was used. 
The dilute Tris-HC1 buffer was prepared fresh daily from a i M stock solution which 
was made once a week or once in 2 weeks and was kept in the refrigerator. The pH of the 
IO mM solution was adjusted with an accuracy of =~ o.oi pH units by means of a 
Radiometer Titrator i i  (Copenhagen) at the incubation temperature. Whenever 
incubation was performed in the presence of some compound, the enzyme was diluted 
in buffer solution which contained that compound. 

Equal aliquots were removed at given times and were added to 3-ml assay 
mixtures at 25 °, containing o.I mM NAD+ and 5 mM sodium glutamate in IO mM 
Tris HC1 (pH 8.0). In working with various dilutions of enzyme, care was taken to add 
a constant amount of protein to the assay mixtures. In order to eliminate possible 
effects due to the presence of various amounts of glycerol, we tested inactivation of a 
constant (low) concentration of enzyme at various glycerol concentrations and found 
no significant difference in the inactivation rate over the glycerol concentration range 
of 0.25-2.0%. 

Absorbance changes at 340 nm were recorded in I-cm light path cuvettes with 
the aid of a Photovolt Corp. recorder Model 43 attached to a Zeiss spectrophotometer 
PMQ II. The protein concentration of enzyme solutions was estimated spectrophoto- 
metrically at 280 nm using an absorption coefficient of 0.97 for a I mg/ml glutamate 
dehydrogenase solutioI¢. 

RESULTS AND DISCUSSION 

In the following experiments, catalytic activity was the main criterion for 
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characterizing the state of stability of the enzyme incubated in dilute Tris-HCl buffer 
(pH 8.o). The secondal y effects which the compounds added to the incubation mixture 
and which the enzyme dilution factor might have in the assay were eliminated by 
performing suitable control experiments. In such a manner, whatever conclusions are 
being drawn about the state of stability of the enzyme, these refer to the conditions of 
incubation prior to the catalytic assay. A large number of the experiments described 
below ~ere performed at an enzyme concentration of I mg/ml. This gave at 25 ° a 
convenient decline in activity within 3o min for a reliable study of both protective and 
inactivation promoting agents in IO mM Tris-HC1 buffer (pH 8.o). 

The effects of NADH and NADPH upon glutamate dehydrogenase stability 
are greatly dependent upon their respective concentrations. This is illustrated for 
NADH in Fig. I. I t  is remarkable that concentrations as low as 5 and IO/,M are most 
effective in enhancing the inactivation of 2o #M enzyme (based on a chain molecular 
weight of about 50 ooo). The smallest binding unit is taken into consideration, as it is 
assumed that there are 4-6 binding sites for the reduced coenzymes per catalytic unit 
of 3oo ooo mol. wt. (refs. IO, n ) .  Practically no inactivation occurred in the presence 
of ioo/~M NADH. NADPH at the same concentration had no significant effect on 
the rate of inactivation of the enzyme. 

We reported earlier s that  ADP can protect the enzyme (2o #M) against inacti- 
vation under our conditions, at a concentration of IO #M. When the enzyme was 
incubated with IOO #M ADP or with a mixture of ADP and one of the inactivation 
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Fig. i. Effect of N A D H  upon  enzyme stability. The enzyme (i mg/ml) was incubated in io mM 
Tris-HC1 buffer, o.i  mM E D T A  (pH 8.o) at  25 ° wi th  N A D H  at  the concentrat ions given in the 
figure (in/~M). Aliquots of  0.04 ml were added at  the indicated t imes to the assay mixture  which 
contained 5 mM sodium glu tamate  and o.i mM NAD + in IO mM Tris-HC1 buffer, o.I mM EDTA 
(pH 8.o), in a final volume of 3 ml. Init ial  rates  were measured at  25 °. 

Fig. 2. Effect of various ligands and of combinat ions of ligands upon enzyme stability. Curve I, 
control exper iment ;  Curve 2, enzyme incubated wi th  0. 5 M urea;  Curve 3, enzyme incubated 
with io/zM N A D P H ;  Curve 4, enzyme plus ioo #M 2-oxoglutarate;  Curve 5, enzyme plus 0. 5 M 
urea and ioo/~M 2-oxoglutarate;  Curve 6, enzyme plus io/zM N A D P H  and ioo/~M 2-oxoglu- 
tara te ;  Curve 7, enzyme plus io~N[ N A D P H  and ioo/~M ADP;  Curve 8, enzyme plus o .5M 
urea and ioo/~M ADP. The protein concentrat ion was i mg/ml.  Assay conditions as in legend to 
Fig. I. 
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promoting compounds (IO #M NADPH or 0. 5 M urea), very little decrease in catalytic 
activity was found, in contrast to enzymes incubated in the presence of urea or NADPH 
alone (Fig. 2). 

The substrate 2-oxoglutarate protects against inactivation although less effi- 
ciently than ADP. In previous experiments 2-oxoglutarate proved to be a better  
protective agent than glutamate, as it maintained the enzyme at a higher level of 
activity at concentrations of 2-oxoglutarate several orders of magnitude below those 
usually used in the catalytic assay. As a mat ter  of fact, full stabilization by o.i mM 
2-oxoglutarate was reported s. We have not been able to reproduce this effect, and a 
possible reason for this is that  the rate of inactivation is dependent among other factors 
on the age of the enzyme batch, as noted earlier by  FRIEDEN 2. In the experiment 
illustrated in Fig. 2, 2-oxoglutarate counteracts, at least in part,  the enhanced inacti- 
vation induced by urea and NADPH. Quantitatively, the reproducibility of the results 
in experiments with 2-oxoglutarate was not very satisfactory. The recurring scatter 
of the experimental points suggests that  several intermediates with various catalytic 
activities are in equilibrium. I t  is noteworthy that  2-oxoglutarate exerts its protective 
effect also, and even better, at concentrations at which it causes inhibition in the assay. 
Obviously, its effect on stability is not simply related to its role as substrate in the 
catalytic reaction. 

The problem of the reversibility of inactivation could not be readily investigated 
by methods such as dialysis or gel filtration due to instability of the enzyme in dilute 
Tris-HC1 buffer. We made use of a partially inactivated enzyme obtained after brief 
incubation and tried to reactivate it by  means of stabilizing agents. Usually about 
20-25 °/o of the initial act ivi ty was lost by the io th  rain in the case of I mg/ml enzyme. 
Under these conditions, addition of IOO/~M ADP led to almost full recovery of the 
initial activity at the end of about 60 rain (Fig. 3)- When the enzyme was inactivated 
in the presence of IO #M NADPH, addition of ADP after IO rain induced only partial 
regain of activity. At first we attr ibuted this result to the greater extent of inactivation 
of the enzyme after a Io-min incubation with NADPH. In another experiment ADP 
was added after 5 rain, corresponding to the level of activity reached by the control 
after io rain. The results showed that  ADP was probably less efficient in reactivating the 
NADPH inactivated enzyme, suggesting that  different forms of the enzyme appear 
according to whether inactivation takes place in the presence of NADPH or of urea. 

Some reactivation did take place when ADP was added to the enzyme at a more 
advanced stage of inactivation (about 35-40 %). 

In an a t tempt  to calculate activation energies characteristic of the inactivation 
process, we plotted the rate constants calculated at various temperatules against the 
reciprocal of the absolute temperature. The plots were linear in the 8-25 ° range. Below 
8 ° large inaccuracy was introduced by the low inactivation rates. Energies of acti- 
vation calculated from the slopes of the lines in several experiments were in the range 
of 2o kcal/mole for o. I mg/ml enzyme. A similar value was obtained in experiments in 
which IO/~M NADPH were added to the enzyme undergoing inactivation (Fig. 4, 
line 2). However, inactivation proceeded at a higher rate in the latter case, resulting in 
an increase of 1.4 e.u. in AS* in the presence of NADPH. The A H of chymotrypsinogen 
inactivation (pH 2.0-3.0) varies between 99.6 and 143 kcal/mole (ref. 12). Obviously, 
the changes occurring in glutamate dehydrogenase under the above conditions of 
inactivation are of a different nature. 
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Fig. 3. Addit ion of ADP to a partially inactivated enzyme. Curve i, control experiment;  Curve 2, 
enzyme incubated wi th  o. 5 M urea; Curve 3, enzyme incubated with io/~M N A D P H ;  Curve 4, 
ioo/~M A D P  added to the control;  Curve 5, i o o # M  ADP added to enzyme inactivated in the 
presence of o.5 M urea;  Curve 6, ioo/2M ADP added to enzyme inactivated in the presence of 
i o/~M N A D P H .  The arrow represents  the moment  of ADP addition. Protein concentration, o.8 mg/ 
ml. Assay conditions as in legend to Fig. I. 

Fig. 4. Arrhenius  plots of enzyme inactivation. Line i, control enzyme; Line 2, enzynle incubated 
with IO #M N A D P H .  The points  represent  averages from three independent  experiments.  Protein 
concentrat ion,  o. I mg/ml.  Assay conditions as in legend to Fig. i. The activation energy calculated 
f rom the slopes of the lines is about  2o kcal/mole. Pseudo first-order rate cons tants  of inactivation 
were obtained as described in legend to Fig. 5, except t ha t  the values of k refer to periods of 
2o min. 

In  view of the  concen t ra t ion -dependen t  dissociat ion of g l u t a m a t e  dehydrogenase ,  
we were in te res ted  in the  re la t ionsh ip  be tween the  ra te  of inac t iva t ion  and enzyme 
concent ra t ion .  As inac t iva t ion  followed pseudo f i rs t -order  kinetics,  ra te  cons tan ts  
could be ca lcu la ted  from the  lines in Fig.  5- As seen in the  insert ,  the  inac t iva t ion  ra te  
reaches a l imi t ing va lue  a t  high di lut ions.  At  enzyme concent ra t ions  of  o.o25-o.o5 
mg/ml ,  the  molecular  weight  of the  enzyme approaches  the  molecular  weight  of the  
monomer ,  which is the  smal les t  ca t a ly t i c  subunit13,14. This sugges ted  t ha t  there  m a y  
be a re la t ionsh ip  be tween the ra te  of inac t iva t ion  and the fract ion of  monomer  present  
a t  a given enzyme concentra t ion .  In  order  to tes t  this  idea, we made  use of the  me thod  
of  STEINER 15 which makes  i t  possible to ca lcula te  the  consecutive associa t ion cons tan t s  
and  the  types  of  po lymer  species present  in a sys t em from the  concent ra t ion  de- 
pendence of  molecular  weight .  The resul ts  of  recent  l ight  sca t te r ing  and sed imen ta t ion  
exper iments la ,  14 suggest  a s tepwise assoc ia t ion-d issoc ia t ion  equi l ibr ium for g l u t a m a t e  
dehydrogenase .  In  the  l imi t  c = o, the  molecular  weight  of the  enzymica l ly  act ive 
ol igomer  is abou t  31o ooo. The  average va lue  of the  molecular  weight  appears  to 
increase  wi thou t  l imi t  to ove~ 2 ooo ooo at  8 mg/ml  (ref. 13). 

W h e n  a monomer  A 1 associa tes  to  form a series of polymers ,  A 2 (dimer), A~ 
(trimer),  etc., and i f  we assume t h a t  the  sys tem a t t a ins  chemical  equi l ibr ium ve ry  
rap id ly ,  the  concent ra t ions  in mg/ml  o f A  1 and  A2, deno ted  b y  q and  c2, are re la ted  b y  
the  equa t ion  c 2 = K2q 2, where K 2 is the  equi l ibr ium cons tan t  for the  fo rmat ion  of A2 
from A 1 (ref. 16). Similar ly ,  c a - -  K2K 3 q3, where c 3 is the  concent ra t ion  of  the  t d m e r ,  
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and K a is the  equi l ibr ium cons tan t  for the  reac t ion  A 1 + A s ,~ A a. The to ta l  concen- 
t r a t i on  c q + cs + • • + ct can be expressed as a funct ion of q only. 

The weight -average  molecular  weight Mw of A1, A2, . . A i  is given bv  

i i 

d ~ w  : 2]ciMi/-.,~ci ( I )  

where ci and  Mi  are the  concent ra t ion  and molecular  weight,  respect ively ,  of species i. 
Subs t i tu t ing  in Eqn. I the  above rela t ions for c.,, ca, etc., one obta ins  

MwC/MlC 1 - -  I + 2/£2c 1 + 3KzKact  ~ + 4K~K,aK~ct 3, etc. (2) 

In  this  way,  the  problem of calcula t ing the  equi l ibr ium cons tan t s  K s and  K a is reduced  
to  measur ing Mw(c). The weight  f ract ion of the  monomer  (Cl/C) can be eva lua ted  using 
the formula  der ived b y  STEINER15: 

In  cl/c = of (3/I1/Mw _ I)/C dc (3) 
o 

Graphica l  in tegra t ion  of (M~/Mw-- I ) /C  makes  i t  possible to ob ta in  Cl/C, and thus  % 
the  concentra t ion  of the  monomer  at  a given to t a l  concent ra t ion  c. In  our calculat ions  
we used the  Mw(c) d a t a  ob ta ined  b y  EISENBERG AND TOMKINS 13 from light sca t te r ing  
exper iments  a t  25 ° which y ie lded  an average molecular  weight  of 31o ooo for the  
monomer  (see also ref. 14).  These d a t a  enabled us to calculate  the  molecular  species 
composi t ion  at  var ious  enzyme concentra t ions  up to the  t r imer  (Table I) b y  means  of 

T A B L E  I 

C H A N G E  IN M O L E C U L A R  S P E C I E S  C O M P O S I T I O N  W I T H  E N Z Y M E  C O N C E N T R A T I O N  

C a l c u l a t i o n s  b a s e d  o n  d a t a  f r o m  refs .  ~3 a n d  15. 

Total Monomer Dimer Trimer 
concT~. 
(mg/ml)  mg/ml  % mg/ml % mg/ml % 

I.O 0 .25  25 o.31 31 o . 1 2 7  12. 7 

0 .4  o . I 7  42 o .14  35 0 -038  9.5 
0.2 o, 11 55 0 . 0 6 6  33 o . o i  3 6.5 
o . I  0 .07  7 ° 0 . 0 2 6  26 - -  - -  
0 . 05  0 .04  80 0 , 0 0 9  17 - -  - -  
0 .025  0 .02  88 0 . 0 0 3  I I  - -  - -  

equi l ibr ium cons tants  ob ta ined  at  lira c -> o from the slopes of the  plots  of Mw C/MlC 1 
vs. % and M w C / M l q  --  2 K 2 q  vs. Cl 2, as shown b y  Eqn.  2. Both  K 2 and K z can also be 
ob ta ined  from the in tercept  (at c I - -  o) and the slope of a plot  for [ ( M w c / M l q  ) - I ~ / c  1 
vs. q if  t hey  are independent  of c (ref. 16). The values  of the  associat ion cons tants  ob- 
t a ined  b y  bo th  methods  amoun t  to  7.8" IO ~ 1 .mole -1 for K ( ,  and 3.5" lOg 1 .nmle -1 
for K3' , where K s' - -  KsM1/2,  and K z' --  2K3M1/3.  

In  principle i t  is possible to de te rmine  all equi l ibr ium cons tants  up  to Ki ,  bu t  in 
pract ice  i t  is difficult to de te rmine  cons tants  higher  than  K a because of the  l imi ted  
accuracy  ob ta ined  in the  measurement  of Mw(c), and  because the  error in t roduced  in 
the  de t e rmina t ion  of cl is accumula ted  in the  subsequent  calculat ion steps. Due to this  
difficulty, we regard  the  value  of  K a and the  t r imer  concentra t ions  presented  in Table  I 
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as approximate. We are aware of the existence of polymers higher than the trimer above 
o.I mg/ml enzyme because of the upward curvature found in the plot of [ ( M w c / M l q  ) 
- - I ] / q  vs. c 1, as would be expected in such a case (cf. ref. 16) according to Eqn. 2. 

When the rate constants of inactivation obtained from the lines in Fig. 5 are 
plotted against the relative amounts of mono-, di- and trimer at the corresponding 
total concentrations, a straight line relationship is obtained for the monomer variation, 
thus confirming our original assumption that the monomer is the active species in the 
inactivation process (see Fig. 6). One may argue whether it is correct to use molecular 
weight determinations la made in o.2 M phosphate buffer (pH 7) in calculations referring 
to enzyme diluted in IO mM Tris-HC1 buffer (pH 8.o). As a matter of fact, such de- 
terminations cannot be made on an instable enzyme. In taking the molecular weight 
distribution determined in phosphate buffer as a basis for our calculations, we have 
assumed that it holds at least for the state of the enzyme at time zero (i.e., just prior 
to inactivation) under our conditions. In this respect, we should like to quote the data 
of FRIEDEN 17 who found no significant differences in the sedimentation pattern of the 
enzyme between phosphate and Tris-acetate buffers, as well as an essentially constant 
sedimentation coefficient from pH 6-IO in the latter buffer. 

The linear pattern of monomer variation was reproducible despite variations in 
the absolute value of the inactivation constants. In this respect, it should be noted 
that our values are of the same order of magnitude as those reported earlier ~ for 
NADPH inactivation of the enzyme. As seen in Fig. 6, the monomer line extrapolates 
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Fig. 5. Dependence of enzyme inact ivat ion upon protein concentration. Init ial  rates at  various 
t ime intervals  after inact ivat ion s tar ted were recalculated as percent  of the extrapolated catalytic 
ac t iv i ty  at  zero time, and the logari thms of these values were plot ted against  time. Assay con- 
dit ions were as described in legend to Fig. i. The rate  cons tants  of inact ivat ion are given in the 
figure. Protein concentrat ions  (mg/ml) were in descending order of the lines: I ,o.4, o.2, o.I,  
o.o5 and o.o2 5. The insert  is a plot  of the reciprocals of inact ivat ion rate cons tants  vs. enzyme 
concentrat ion.  

Fig. 6. Relation between rate  cons tants  of inact ivat ion and the molecular species composit ion 
of  enzyme at  various concentrat ions.  Rate  cons tan ts  of inact ivat ion calculated from the lines in 
Fig. 5 have been plot ted against  the relative am oun t s  of monomer  (Q), dimer (c2) and t r imer  (c3), 
calculated by  the method of STEINER 15 (see Table I and text). 
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to the  origin of the  coordinates  suggest ing t ha t  there  is no inac t iva t ion  when the 
monomer  concent ra t ion  is vanish ingly  small ,  i.e. at  ve ry  high enzyme concentra t ions .  
As seen in Fig. 5, the  highest  ra tes  of inac t iva t ion  are recorded in d i lu te  enzyme 
solutions where the  monomer  fract ions are the  largest ,  while the  di- and  t r imer  concen- 
t ra t ions  are re la t ive ly  low. 

The results  of the  analysis  presented  above  suggest  t ha t  dissociat ion of higher  
molecular  species to the  monomer  precedes inac t iva t ion  of  the  la t ter .  In  o ther  words,  
we assume tha t  in the  lower range of enzyme concentra t ions ,  a r ap id  equi l ibr ium is 
es tabl i shed  between dimer  and monomer  and t ha t  inac t iva t ion  of the  monomer  is the  
l imi t ing  step. In  order  to tes t  this  assumpt ion,  we had  to show tha t  the  ra te  cons tant  
of  the  dissociat ion of d imer  into monomer  is larger  than  t ha t  of monomer  inac t iva t ion .  
This p roved  indeed to be the  case. The specific ac t iv i ty  of g lu t ama te  dehydrogenase  
was shown to remain  fair ly  cons tan t  over a wide range of enzyme concentrations18,1~, 
suggest ing t ha t  mono-,  di- and  t r imer  have  s imilar  ca ta ly t i c  act ivi t ies .  We  m a y  s ta te  
therefore  t ha t  the  decline in ac t iv i ty  af ter  a given t ime is p ropor t iona l  to the  decline 
in the  concent ra t ion  of to ta l  ac t ive  enzyme.  We ca lcula ted  the  mono- and d imer  
d is t r ibu t ions  at  the  "new" concent ra t ions  b y  the  me thod  descr ibed above.  Semi- 
logar i thmic  plots  of d imer  and monomer  concentra t ions  were cons t ruc ted  agains t  
t ime,  and  f irst-order cons tants  were ca lcula ted  (Fig. 7). Fo r  this  calculat ion we had  to 
assume tha t  the  molecular  weight d i s t r ibu t ion  de te rmined  in phospha te  buffer 17 holds 
not  only  at  zero t ime under  our condit ions bu t  also up to o.5-h periods during which 
inac t iva t ion  was followed. Note  t ha t  the  decline in concent ra t ion  of bo th  monomer  
and dimer  follows l inear  (semilogarithmic) progress curves (Fig. 7). A ra te  cons tan t  
of  o.138 min 1 was ca lcula ted  for the  d imer  to monomer  s tep and 0.069 min -1 for 
inac t iva t ion  of  the  monomer ,  in the  case of a o. I mg/ml  enzyme solution. A much lower 
value of o .o i  min -1 was found for the  cons tant  ca lcula ted  in a similar  way  for the  
monomer  inac t iva t ion  in a I mg/ml  enzyme solution. This is not  surpr is ing i f  one 
conceives t ha t  at  this  concentra t ion,  higher polymers  are present  aside from the  dimer ,  
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Fig .  7- S e m i l o g a r i t h m i c  p l o t s  of  m o n o m e r  (cl) a n d  d i m e r  (c~) c o n c e n t r a t i o n s  c a l c u l a t e d  a t  v a r i o u s  
t i m e  i n t e r v a l s  a f t e r  t h e  s t a r t  of  i n a c t i v a t i o n .  U p p e r  cu rve ,  m o n o m e r  c o n c e n t r a t i o n  p r o g r e s s  
c u r v e ;  L o w e r  cu rve ,  d i m e r  c o n c e n t r a t i o n  p r o g r e s s  cu rve .  
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and that the continuous removal of active monomer in the course of inactivation is 
accompanied by dissociation of higher molecular weight species. 

The above light scattering experiments 13 provide information about the mole- 
cular weight-concentration dependence for enzyme in the presence of a mixture of 
I mM GTP and I mM NADH. Under these conditions, the enzyme is shown to be 
almost completely in the monomer form. In our experiments, full stabilization was 
observed at concentrations of NADH above I00/~M with or without GDP, which like 
GTP is a dissociation promoting agent is. I f  we assume that the enzyme is dissociated, 
this implies that catalytically active and stable monomers (of 310 000 molecular 
weight) are formed in the presence of saturating amounts of NADH, which do not 
dissociate further. Substoiehiometric amounts of reduced eoenzyme, which promote 
inactivation, may induce a labile form of the monomer in which not all of the available 
sites are occupied. For this to be true, one has to assume that negative cooperative 
interactions exist between subunits which contain bound NADH and nonbonded 
subunits. The occurrence of negative homotropic interactions in NAD+ binding to 
glutamate dehydrogenase has been recently reported ~1. In our experiments, addition 
of excess NADH to an enzyme which had been partially inactivated in the presence of 
low concentrations of reduced coenzyme prevents further loss of catalytic activity. In 
this case one may envisage the conversion of an unstable monomer with only a few 
sites bonded by NADH into a fully saturated and stable monomer. 

ADP efficiently counteracts the inactivation promoting effect of various com- 
pounds. Incubation of a partially inactivated enzyme with ADP leads eventually to 
restoration of the original activity. The results obtained with addition of ADP at an 
advanced stage of inactivation suggest that irreversible denaturation of an inactive 
intermediate takes place. 

In the light of our findings, 2-oxoglutarate prevents or at least slows down 
monomer inactivation. This is in contradiction with the previously reported lack of 
binding of 2-oxoglutarate in the absence of cofactor 2°. We do not know as yet in what 
way 2-oxoglutarate influences the state of association of the enzyme. Molecular weight 
determinations at various enzyme concentrations in the presence of 2-oxoglutarate 
should answer this problem. 
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