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SUMMARY 

The mechanism by which CO s is formed from glutamate in extracto of Dictyostelium 
discoideum does not involve a direct non-oxidative decarboxylation, since the reaction 
is inhibited anaerobically both in vivo and in vitro. ~-Ketoglutarate is implicated as an 
intermediate in the reaction, since (a) it is decarboxylated at the same rate as gluta- 
mate, (b) it competitively dilutes out uCOz from [I-14C]glutamate. All the data are 
compatible with the conclusion that the rate of glutamate oxidation in vivo ~s sub- 
strate-controUed throughout differentiation. 

INTRODUCTION 

The companion paper demonstrates that the rate of 14COs evolution from [I-14C] - 
glutamate in vivo increases as differentiation proceeds. It has been postulated that the 
enhanced activity of this reaction is caused by progressive increases in the intra- 
cellular glutamate concentration. This conclusion is based upon a comparison of the 
molar concentration of glutamate in the cells to the Km of partially purified glutamic 
acid dehydrogenase, as assayed by DPNH formation. The primary purpose of the 
present study is, therefore, to determine whether the 14COz assay also involves glutamic 
acid dehydrogenase in the conversion in vivo of glutamate to COz. Furthermore, in 
vitro evidence is presented relative to the role of glutamate as the rate-limiting sub- 
strate in its conversion to COs via ~-ketoglutarate. 

MATERIALS AND METHODS 

DL-[I-x4CjGlut"~JC acid was purchased from Volk Radiochemical Company with the 
specific radioae~, city of 3.0 mC/mmole. The ~-[I,2-t4Cs]ketoglutaric acid was obtained 
from Nichem Inc. and had a specific radioactivity of 0.98 mC/mmole equally labeled 
in both C atoms. Enz}ane extracts from D. discoideum were prepared as follows: the 
amoebae were grown with Escherichia coli as the bacterial associate on complex media 
and starved on 9. % agar platesL The cells were harvested at the desired stage of dif- 
ferentiation in o.ox M Tris (pH 7.0). Cell extracts were obtained by using an Aminco- 
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French pressure cell. ~n order to get maximum protein Fields at the fruit stage, the 
spore suspension was put  through twice. 

After centrifugation for io  min at 3o0o >( g, protein was est imated by the micro- 
method of SAKAGUCHI modified by ZAMENHOF AND CHARGAFF 2. Bovine albumin was 
used a ~ ~+~n(tard protein solution for the calibration curve, and the nleasurements 
were carried out in a Ze,ss Spectrophotometer,  Model PMQ II .  

'4C0 2 Determination 

To est imate the 14CO2 liberated from the labeled glutamate  or ~-kctogtutarate,  
incubations were carried out in .~toppered Warburg  vessels of 7 ml capacity at room 
temperature.  An average incubation mixture of I.O ml to ta l  volume was composed as 
follows: the main vessel contained 5 °/~moles potassium phosphate buffer (pH 6.5); 
o.5/~mole DPN;  o.ItLmole Dt.-[i-'~tC2glutamate or o.25 k~mole ~-~I,2-1~C~keto - 
g lu tara te ;  the sidearm was supplied with o.2 ml 5 N H2S() ~ which was t ipped into 
the incubation mixture to terminate  the reaction. The simultaneously released '~CO~, 
was absorbed by  o.I m114°o NaOH in the center weU. 5 minutes after t ipping the acid 
in each vessel, 0.05 ml of the NaOH was transferred into the scintillation vial con- 
taining o.15 ml H20 and IO m! scintillation geP,* and assayed for "tC in the Packard 
Tri-Carb Liquid Scintil lation Spectrometer  model 314-DC. Each vial was counted 
3 t imes and an average value was taken. Unless specified otherwise in a table, the 
lowest counts used in the da ta  to be presented were at  least 5 times above background. 

RESULTS 

To establish the l ineari tv of t4CO evolution from [I-14C]glutamate and x-[I,2-~C.,i- 
ketoglutara te  in vitro, four identical  incubations were s topped by  acid addit ion at  
intervals  of 15 min and a linear dependence of 14CO2 formation with time resulted. 
Thus, the da ta  on rate of 14CO2 evolution from [14Cjglutamate/h were obtained from 
four such individual  values at  three stages of development (Fig. I). Similar results were 
obtained for a-[I,2-i4C2]ketoglutarate. 

Prel iminary experiments  using the Thunberg technique with methylene blue 
showed that  g lu tamate  as well as a-ketoglutarate  were oxidized in the presence of 
crude extracts .  In  order to pursue this observation quant i ta t ively ,  the dependence of 
14CO2 evolution from [IJ4C]glutamate on aerobiosis was determined at 3 different 
stages of development  with intact  cells and with extracts.  Table I indicates tha t  the 
14CO, formation from [I-14C~glutamate is completely dependent  on an oxidative 
reaction at  all three stages in vivo and in vitro. In  order to  insure complete anaero- 
biosis, incubat ions were carried out after t r ea tment  with NaaS20 4 in the presence 
of safranin. After  adding a few crystals  of NazS20 , to two vessels, one flask was gassed 
with  pure Na for 3 ° min, whereas the control flask was left open and shaken gently 
unt i l  complete aerobiosis was again indicated b y  the dye. 

The results presented in Table I exclude a direct non-oxidative decarboxylat ion of 
g lu tamate  and, al ternat ively,  indirect ly imp' icate  glutamic acid dehydrogenase and 
hence a-ketoglutara te  as an intermediate  in CO 2 formation from glutamate.  In  
Table I I  is seen the DPN dependence of CO z formation from glutamate  as well as from 
, , -ketoglutarate in an aged and dialyzed cell ext rac t  a t  preculmination. For  aging 
the  intact  pseudoplasmodia were incubated on plain agar a t  5 ° for about three days, 
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a n d  t h e  ex t r ac t ,  p r e p a r e d  in t h e  usua l  way,  was  d ia lyzed  a g a i n s t  o .oI  M "Iris (pH 7.0) 
ove rn igh t .  T h e  lack of a g rea t e r  d e p e n d e n c e  on  D P N  is p r o b a b l y  due  to  t h e  fact  t h a t  

it is v e r y  difficult  t o  resolve for c a t a ly t i c  a m o u n t s .  Charcoa l  t r e a t m e n t  of e x t r a c t s  a n d  
(NH4) .SO 4 f r a c t i o n a t i o n  d id  n o t  give a g r e a t e r  dependence .  
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Fig. I. The rate of CO 2 evolution in vitro as a function of time at three developmental stages. 
See ~IF.THODS for experimental details. 

To p rov ide  more  d i rec t  ev idence  for  t h e  p a r t i c i p a t i o n  of ~ - k e t o g l u t a r a t e  as  a n  
i n t e r m e d i a t e  in  t h e  conve r s ion  of g l u t a m a t e  to  CO 2, e x p e r i m e n t s  were  ca r r i ed  o u t  to  
d e t e r m i n e  t h e  d i l u t i on  in r a d i o a c t i v i t y  of 14C0~ f rom [ i J 4 C ] g l u t a m a t e  b y  a d d i n g  

u n l a b e l e d  ~ - k e t o g l u t a r a t e  to  t h e  i n c u b a t i o n  m i x t u r e  (Table  I I I ) .  T h e  e x p e r i m e n t  

TABLE I 

DEPENDENC~ O1" ;*-COl EVOLUTION FROM [I-14C]GLUTAMATE ON AEROBIOSIS 
in  vivo AND in  vitro 

The concentration of ri-i*C]giutamate present was 2-1o -4 M. Comparable cell aliquots in  vivo 
were used at each developmental stage. The reaction was started by tipping the substrate into the 

incv" ~tion mixture after closing the vessel (see text). 

In vivo In vitro 

Itmoles 
Stage Atmospk~re C~unts/min] Depe~zder~e COz/hlmg D,~,pnutn~ 

cdt aliquot (%) proteot (%) 
(× ~ro a) 

Amoeba Air t62z 9.2 
N z I4O 91 0.3 97 

Preculm. Air 5046 4- ! 4 
N~ 96 98 0.2 95 

Sorocarp Air 7oz .~. 84 
Nz 36 95 0-3 90 
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w a s  p e r f o r m e d  u s i n g  a g l u t a m a t e  c o n c e n t r a t i o n  o f  x . l o  -4  M, s i m i l a r  t o  t h a t  f o u n d  

i n  v i v o ,  a n d  a n  i n c u b a t i o n  t i m e  of  15 m i n  in  t h e  p r e s e n c e  o f  a c r u d e  p s e u d o p l a s m o d i u m  

e x t r a c t .  T h e  c o n c e n t r a t i o n  of  u n l a b e l e d  ~ - k e t o g l u t a r a t e  u s e d  w a s  t h a t  a t  w h i c h  t h r e e  

o t h e r  K r e b s - c y c l e  d i c a r b o x y l i c  a c i d s  s h o w e d  n o  e f fec t  in  i n h i b i t i o n  o r  d i l u t i o n  o f  

14COz l i b e r a t i o n  f r o m  [ I - 1 4 C ! g l u t a m a t e  ( 6 . I o  - s  M). T h e  d a t a  o b t a i n e d  s t r o n g l y  

s u g g e s t  t h a t  e - k e t o g l u t a r a t e  is t h e  o n l y  i n t e r m e d i a t e  in  t h e  p a t h w a y  of  CO~ f o r m a t i o n  

f r o m  g l u t a m a t e  

"FABLE II 

D PN  DEPENDENCE OF 14C() 2 EVOLUTION FROM [I-I~CIGLUTAMATE 
AND ~- ~ I, 2-1~C2 KETOGLUTARATE 

Ari aged, dialyzed extract  of preculminat ing  cells was used (see text  for detailsl. 

Molar i~moles COz/h ( t~. ~) DPN 
Sub~trate concentration Withovt With d~pe,,m'ncc 

(;< ton) DPN DPN (%) 

[I-laC]Glutan ::to o.3~ I9.o 37.0 48 

~- [L 2-X*Cz~ Ketoglu tara te  x.6 t6. 7 zz.o z4 

T A B L E  III  

DILUTION OF 14CO2 FROM (I-14CiGLUTAMATE BY VARIOUS KREBS-CYCLE INTERMEDIATES 

All non-radioact ive compounds  were present  at  a concentrat ion of 6 .1o -a M. 

Unlabeledcompound Counlsiminlh Dilution (%)  

None I 152 O 
~-Ketoglu tara te  56 95 
Fu mara t e  I4o2 o 
Malate I226 o 
Oxalacetate  I 275 o 

T A B L E  IV 

STIMULATION OF 14CO 2 FVOLUrION FROM rI-14CSGLUTAMATE BY 
DPN AND PYRUVATE 

5 /*moles D P N  were added where indicated. A dialyzed ext rac t  of pseudoplasmodia  was used in 
this  exper iment  (see text).  

Itmoles COtlh ( × I o s) D PN 
Concentration dependence 

Substrate ( × *o* 3I) Wittm, a With 
D P N  DPN (%) 

[a4C]Glutamate z 0.34 0.70 5x 

[l~C~Glutamate + i 1.3o 1.63 20 
Pyruva te  I 

[t4C]Glutamate + i 
Py ruva te  io 1.46 1.90 23 

Biock i ra .  B i o p h y s .  A c t a ,  71 Qr963) 5 ° -57 



54 M. BROHMULLER, B. E. WRIGHT 

Evidence for the possible par t ic ipat ion of a t ransaminase (as well as the de- 
hydrogenase) in ~-ketoglutarate formation from glutamate  is shown in Table IV. 
14CO2 evolution from labeled glutamate  is s t imulated by  pyruva te  and DPN in the 
presence of a dialyzed extract  of pseudoplasmodia which had been kept  as intact  
cells at 5 ° for a few days for a bet ter  depletion of endogenous substances. The str iking 
effect on the s t imulat ion of CO 2 evolution even at  very low pyruva te  levels suggests 
that  this t ransaminase reaction may  p lay  a role in CO 2 formation from glutamate  in 
the intact  cell. However, in the absence of knowledge concerning the presence of 
various keto-acids i n  vivo,  we cannot yet  assess the significance of this pathway.  
I t  is of incidental  interest to note the lesser DPN dependence in the presence of 
p3a-uvate. These results are compat ible  with the da ta  of Table II ,  in which CO2 
evolution s tar t ing  from ~-ketoglutarate was less dependent  on DPN than  CO 2 evo- 
lution from glutamate.  

Previous da ta  i n  vi tro have indicated a decrease in glutamic acid dehydrogenase 
ac t iv i ty  assayed by  D P N H  formation and no change in g l u t a m a t e - p y r u v a t e  t rans-  
aminase during development  5. In  order to confirm these da ta  on glutamic acid 
dehydrogenase b y  an independent  assay and also to compare the ac t iv i ty  of this 
enzyme with a-ketoglutarate  dehydrogenase as a function of developmental  stage, 
COo evolution from glu tamate  as well as from ~-ketoglutarate  was determined.  
Table V demonstrates  tha t  at  the low concentration, comparable  to the endogenous 
g lu tamate  le~;el, the rates of COo l iberat ion from glu tamate  and ~-ketoglutarate are 
very similar, being greatest  at  the  amoebae stage and about  equal in the  two later  
stages. These da ta  provide support ing evidence for the in te rmediary  role of ~,-keto- 
glutarate ,  which would require tha t  the ra te  of CO z l iberation from ~-ketoglutarate  
should be at  least as high as from glutamate.  

The low concentrat ion of g lu tamate  used in the experiment  described in Table V 
was expected to be rate-limiting. In  fact, b y  increasing the g lu tamate  concentrat ion b y  
a factor of ioo, and hence approaching substra te  saturat ion,  i t  was possible to raise the  
rate  of CO 2 formation Io-fold. These results are compatible  with previous da ta  i n  v i tro  

on the Km of glutamic acid dehydrogenase and with the conclusion tha t  the amount  of 
g lu tamate  inside the cell is below substra te  sa tura t ion and rate-l imiting.  In order to 
determine whether the endogenous level of g lu tamate  is also rate- l imit ing if the t rans-  
aminase is active (i.e., if pyruva te  is present), incubations were carried out in the  

TABLE V 
llCO~ EVOLUTION FROM ~I-14C~GLUTAMATE AND ~I,2-14C2~ETOGLUTARATE AT 

DIFFERENT STAGES OF DEVELOPMENT ~n U~J'O 

A, amoeba: P, precul_mination; S, sorocarp. The corrected values for the sorocarp stage starting 
with glutamate as substrate take into account the lower specific activity of glutamic acid dehydro- 

genase at this stage ~. 

Substrate 
specific #moles ttCOs/hlmg protein(X to') Molarity activity 

(x to') (coumslmin I 
#mole) A P S S(corr.) 

Ketoglutarate 2.5 5" Io= 4.5 ~.2 i.o 
[x-14C]Glutamate x.o x.5" 1o 6 6.5 z.6 Lo .t.6 
[r-X4C]Glutamate x xo.o x. 5.1o 4 85.0 2z.o x5.o ~o.o 
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presence of o.oo2 M pyruvate with increasing amounts of glutamate. As can be seen in 
Table VI, an increase in glutamate concentration causes an increased rate of CO., 
formation also under conditions where a transaminase reaction could occur. 

TABLE VI 

CO 2 EVOLUTION As A FUNCTION OF GLUTAMATE CONCENTRATION IN THE PRESENCE OF PYRUVATE 
Pyruvate was present at a concentration of o.oo- M. 

G:uiamatc t~molesCO2/h/mg 
molarily ( .. to*) protein (/. to 3) 

t . o  5.4 
6.0 I0.2 

i2.o i2. 7 
52.0 28.0 

To establish the degree to which ~e-ketoglutarate participates in the reaction, 
dilution experiments were carried out at three different stages of development. A'.; 
can be seen in Table VII,  the p~'rcentage dilution at the two later stages is about 9 ° % ,  

whereas it is somewhat lower at the earlier stage of development. The amount of 
non-radioactive a-ketoglutarate added (4/~moles) and the amount of labeled e-keto- 
glutarate present, assuming it is the only precursor of 14COe (o.oo6/~moles at pre- 
culmination), could result in a dilution of about Iooo : I .  Thus, if ce-ketoglutarate were 

TABLE VII 

DILUTION OF 14CO2 EVOLUTION FROM ~I-14C~GLUTAMATE BY UNLABELED ~-KETOGLUTARATF. 
AT THREE STAGES OF DEVELOPMENT 

Radioactive glutamate was present at a concentration of I- IO -~ M and non-radioactive ~-keto- 
glutarate at 4" Io-z M. Incubations were carried out for 15 rain in the presence of an extract of 

pscudoplasmodia {see text). 

#moles CO../ 
Stage ~-Keto- t 5 minlmg Dilution 

glutarate protein (%) 
(X ~o*) 

Amoebae - -  I4. 5 
Amoebae + 4.4 7 ° 
Preculm. - - 6.0 
Preculm. + o.54 90 
Sorocarp - - 3.4 z 
Sorocarp + 0.26 9z 

the only intermediate, vir tually all of the radioactive a-ketoglutarate should be 
diluted out, instead of 9 ° %. A possible explanation for these results is to invoke the 
existence of a partially enzyme-bound a-ketoglutarate, not in complete equilibrium 
with added, non-radioactive a-ketoglutarate. If  this situation existed, it might be 
predicted that  (a) at higher glutamate concentrations, relatively more enzyme-bound 
~-ketoglutarate would exist, hence g i v i n g  less dilution by non-radioactive ~-keto- 
glutarate,  (b) the percent dilution by a-ketoglutarate as a ffmction of time should be 
constant. Table V I I I  shows that  the degree of dilution by ~,-ketoglutarate is constant 
wi th  t ime and is in fact lessened at higher concentrations. 

However, these results might also be obtained if, at  higher glutamate concen- 

Bioch im.  Biophys .  Acta,  71 (I963) 50-57 



56 M. BRI)HM/0LLER, B. E. WRIGIIT 

trat ions,  a significant amoun t  of g lu t ama te  is deca rboxy la t ed  dirocfly.  ~ re-  
vo lv ing  ~-ke toglu ta ra te  as an in te rmedia te .  Therefore ,  a s t udy  was  xmrrk~ ~ on 
the  effect of a high g l u t a m a t e  concent ra t ion  on the  degree of inhibi t ion  b.~- ~ s i s  
of CO 2 format ion  f rom g lu tamate .  An expe r imen t  s imilar  to  t h a t  ~ r ~ , d  in 
Table  I demons t r a t ed  tha t  even at  a g l u t a m a t e  concent ra t ion  of I0"-0 M. CO.., e~'o,~tio,n 
is comple te ly  inhib i ted  under  anaerobic  condit ions.  Thus,  t he  mos t  rea~aon,~bk~ ex- 
p lanat ion  for the  observed results is the  exis tence of a pa r t i a l ly  e nz3mae-b~md :t-keto- 
g lu ta ra te  as an in te lznedia te  in the  convers ion of g l u t a m a t e  to  CO~ 

TABLE VIII  
PERCENT DILUTION OF 14CO2 FROM ~I-14C]GLUTAMATE BY 0~-KETOGLUTARAT~ ~ -~ ~tc~¢0,.'~ O~- 

GLUTAMATE CONCENTRATION AND AS A FUNCTION OF TIMH 

The concentration of unlabeled ~-ketoglutarate present was 4 ° a,o -z M. 

#moles COt/minlmglproteln 
Molarity Incubation (× t°4) Dt2t~iea 

[ z-t*C J glutanmte tinw (%) 
( × zo 4) (mi~;) Without With 

*t-keloglutamte at-ketoglutavate 

Io I.O 0.228 78 
20 3.6 0.43 88 
30 6.2 o.6 90 
4 ° 7-5 o.9 88 

1o 11. 5 4.25 63 
20 20.0 8.x 5 59 
30 25.0 1o.7 57 
40 43.0 x6.7 6I 

Al though  no such react ion has  been  repor ted  to  our  knowledge,  g ~ m ~ # e  mig! l t  
be oxidized by  a DPN- l inked  dehydrogenase  no t  i nvo lv ing  ~t-kettoglultarate. Th i s  

possibi l i ty  was excluded by  demons t r a t i ng  t h a t  , , -ketoglutara te  eompef i f i~e ly  mira'bits 
14C00. evolu t ion  f rom g lu tamate .  The  d a t a  p resen ted  in Fig.  2 . ¢ ~ m ~ y  ~ l # i c a t e  
~-ke toglu tara te  as the  only  in t e rmed ia t e  in t he  convers ion of g l u t a m a t e  t o  CO2- 

4 

5 I/~) 1o 

Fig. 2. A plot of I / V  against 1/(S) according to L1NEWEAVER AND B U R ~ t . T ~ ~  ~ O ~  
evolution from [i-14Cqglutamate. and the inhibitor is unlabeled ~-ketogluttm~tl~. IL pmoles 

COJmg protein/h ( x Io a) and (S), / , m o l e s  glutamate/ml, 

Bioch im .  B i o p h y s .  A ~ ,  71 ((x~3~l 5~-57  
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DISCUSSION 

Glutamate oxidation is undoubtedly one of the main pathways responsible for the 
conversion of amino acids into citric acid cycle intermediates during the course of 
slime mold differentiation. I t  has been shown that  the activity of this reaction (but not 
the concentration of the enzymes involved) increases during development, in response 
to intracellular glutamate accumulation. The actual source of this glutamate is un- 
known ; it could arise through the degradation of glutamate-rich proteins, or through 
conversion from other amino acids. These studies emphasize the dangers of equating 
enzymic concentration in vitro with enzymic acitvity in vivo and point out the im- 
portance of possible alterations during differentiation in the physico-chemical en- 
vironment of an enzyme. There are a number of other differentiating systems in which 
an enzymic potential has been shown to be in great excess of the avai!ability of 
endogenous substratesL 
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