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E N Z Y M E  SYSTEMS IN T H E  MYCOBACTERIA 

V. T H E  PYRUVIC DEHYDROGENASE SYSTEM 

D E X T E R  S. G O L D M A N *  

Tuberculosis Research Laboratory, Veterans Administration Hospital and the 
Institute/or Enzyme Research, University o[ Wisconsin, Madison, Wis. (U.S.A.) 

In the preceding communication 1 the purification and some of the properties of a 
soluble pyruvic oxidase isolated from cell-free extracts of the H37Ra strain of Myco- 
bacterium tuberculosis were described. This enzyme, like its counterpart in animal 
tissues and microorganisms *-5 reacts with ferricyanide, PIP**, oxygen and DPN. This 
report deals with the stoichiometry of the oxidative reaction and with some of the 
coenzyme requirements of the H37Ra pyruvic oxidase***. 

MATERIALS AND METHODS 

Unless  o therwise  specified all e n z y m e s  a n d  coenzymes  used  in th i s  inves t iga t ion  were of t he  h ighes t  
p u r i t y  ava i lab le  f r om commerc ia l  sources.  

The  py ruv i c  dehyd rogenase  of H 3 7 R a  was  p repared  as descr ibed in t h e  preceding  pape r  1. 
P h o s p h o t r a n s a c e t y l a s e  was  p repa red  f rom dried cells of  Clostridium kluyveri b y  t h e  procedure  of 
STADTMAN, NOVELLI AND LIPMANN 8. Lipoic acid (oxidized and  reduced) was  generous ly  p rov ided  
by  Dr. DAVID GIBSON. Ace ty l  CoA and  acety l  p h o s p h a t e  were ana lyzed  color imetr ical ly  a f t e r  con- 
vers ion  to  a c e t h y d r o x a m i c  acid 9. T h e  p repa ra t i on  of t he  mal ic  dehydrogenase  and  t he  condens ing  
e n z y m e  of H 3 7 R a  ha s  been  describedl° ,  11. 

The  D P N  a s s a y  s y s t e m  for t h e  py ruv i c  dehydrogenase  conta ins ,  in /zmoles ,  Tris  or  p h o s p h a t e  
buffer  of p H  7.0 (4o), cys te ine  (3), CoA (o.i5), D P T  (o.o25), Mg CI~ (5), L i - p y r u v a t e  (IO), D P N  (i.o) 
a n d  e n z y m e  (o.i to  i .o  mg).  T he  final v o l u m e  is I.O ml.  T he  reac t ion  is s t a r t ed  b y  t h e  add i t ion  of 
DPN.  The  change  in opt ical  d e n s i t y  a t  34 ° m/z is m e a s u r e d  a t  m in  in te rva l s  for 5 min .  Opt ical  
dens i t ies  are  m e a s u r e d  wi th  a B e c k m a n  D U  spec t ropho tomete r .  The  ex t inc t ion  coefficient of 
D P N H  TM is t a k e n  as 6.22. io  8 cm  × mole -1. Specific a c t i v i t y  is defined in t e r m s  of P I P  reduc t ion  1. 

RESULTS 

Characteristics o/the assay system 

The optimum pH for the pyruvic dehydrogenase assay system is 7.0. Under the assay 
conditions described above the reduction of DPN proceeds linearly with time for about 
5 minutes, providing the overall reduction of DPN in this period of time is less than 

* W i t h  t he  technica l  a s s i s t ance  of Mrs. PATRICIA ANN KOCH. 
** The  following abb rev i a t i ons  will be used :  P IP ,  2 ,6-d ich lorophenol indophenol ,  H 3 7 R a  , t h e  

H 3 7 R a  s t r a in  of M. tuberculosis var.  hominis; D P N  a n d  D P N H ,  oxidized a n d  reduced  d iphos-  
p h o p y r i d i n e  nuc leo t ide ;  D P T ,  t h i a m i n e  p y r o p h o s p h a t e ;  tris,  t r i s h y d r o x y m e t h y l - a m i n o m e t h a n e  
buffer ;  CoA, ace ty l a t i on  coenzyme.  

* * * The  ox ida t ive  reac t ion  ca ta lyzed  by  th i s  enzyme ,  in i ts  purif ied s ta te ,  appea r s  to be a s t a n d a r d  
D P N - r e q u i r i n g  react ion.  T he  ab i l i ty  of t h e  e n z y m e  to uti l ize o x y g e n  m a y  be  due  to an  assoc ia ted  
e n z y m i c  ac t iv i ty  qu i t e  s epa ra t e  f rom t he  oxidiz ing e n z y m e  e. The  t e r m  " p y r u v i c  d e h y d r o g e n a s e "  
r a the r  t h a n  " p y r u v i c  ox idase"  will, accordingly,  be used.  

A p re l imina ry  accoun t  of th i s  work  h a s  appearedL 

References p. 518. 



5z4 D.s. GOLDMAN voL 27 (z958) 

0.03 #moles/ml. Under these conditions the rate of DPN reduction is proportional to 
enzyme concentration. At higher enzyme levels, the rate of DPN reduction falls off 
with time; this is probably due to the reoxidation of DPNH by the lactic dehydrogenase 
which is present in the enzyme preparation. In the above assay system, the pyruvic 
dehydrogenase shows an absolute requirement for CoA and DPT. The dependence of 
the assay system on several of the components is shown in Fig. I. An occasional 
preparation of pyruvic dehydrogenase will show only a partial requirement for DPT. 
Magnesium ions often stimulate the rate of DPN reduction. In some preparations little 
or no stimulation is noted, in others the rate may be doubled. Accordingly, magnesium 
ions are always included in the assay mixture. Addition of manganese, lipoic acid, hog 
liver extract or yeast extract to the assay system had no effect on the rate of oxidation. 
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Fig. I. Dependence  of py ruv i c  dehyd rogenase  
a s s a y  s y s t e m  on va r ious  componen t s .  See t h e  
t e x t  for a s s a y  condi t ions .  I n  each  in s t ance  all 
c o m p o n e n t s  of t he  a s s a y  sy s t em,  excep t  t h e  
c o m p o n e n t  indicated,  were mixed .  F ive  m i n u t e s  

la ter  t he  r e m a i n i n g  c o m p o n e n t  was  added.  
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Fig. 2. Cata ly t ic  ac t iv i ty  of CoA in t he  py ruv i c  
d e h y d r o g e n a s e  ac t iv i ty  sy s t em.  The  s t a n d a r d  
a s s a y  s y s t e m  us ing  p h o s p h a t e  buffer  was  set  up .  
CoA was  used  as follows : Curve  i,  o.oo 5 / ,moles ;  
Curve  2, o .oo25/ ,moles ;  Curve  3, no CoA. E a c h  
c u v e t t e  con ta ined  o.35 m g  of py ruv i c  dehydro -  

genase  of specific ac t iv i ty  597- 

Formation o/ acetyl phosphate and acetyl CoA ]rom pyruvate 

The oxidation of pyruvate by pyruvic dehydrogenase, in the presence of stoichiometric 
amounts of DPN and CoA, should yield acetyl CoA, CO 2 and DPNH. Experiments 
designed to show acetyl CoA formation were negative (Fig. 2). CoA acted catalytically, 
not as a substrate. The presence of an acetyl CoA deacylasO 3 was a possible explana- 
tion for this lack of formation of acetyl CoA. To overcome this difficulty of deacylation 
it was planned to trap acetyl CoA as acetyl phosphate by adding phosphotransacetylase 
to the reaction mixturO 4. DPN can be used in catalytic amounts by adding lactic 
dehydrogenase to the reaction mixture; the DPNH formed on the oxidation of pyruvate  
is oxidized by the excess pyruvate in the system. As shown in Table II, acetyl 
phosphate accumulates in such a system. The data of Table I demonstrate that  a 
majority of the activity of the whole system is retained despite removal of any one 
of several of the reactants. In the system described in Table II, it is impossible to  
stop acetyl phosphate formation unless either pyruvate or DPT is omitted. 

Since phosphotransacetylase cannot operate in the absence of phosphate, a simple 
method was at hand to demonstrate acetyl CoA accumulation. Fig. 3 shows the 
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TABLE I 

B A L A N C E  F O R  P Y R U V A T E - A C E T Y L  P H O S P H A T E  D I S M U T A T I O N  R E A C T I O N  

Each tube contained, in / ,moles ,  phosphate  buffer of pH 7.o (7o), Li-pyruvate (ii .2),  MgC12 (5), 
DPT (o.4o), CoA (o.4o), cysteine (8), DPN (o.io), crystalline lactic dehydrogenase (20 /,gm), 
phosphotransacetylase (5 ° /,gm) and pyruvic dehydrogenase (specific act ivi ty of 380) as shown. 
The final volume was i.o ml. The reaction mixtures were incubated for 2.o hours at  380 and then 

analyzed for acetyl phosphate  and residual pyruvate.  

Enzyme Final .4 pyruvate 
Expt. no. concentration Final pyruvate A Pyruvate 

(mglml) acetyl phosphate A acayl P 

I O 1 1 . 2  O O 

2 1.19 5.54 5.7 2.06 2.8 
3 2.38 4 .68 6.5 2.32 2.8 

TABLE II  

F O R M A T I O N  OF A C E T Y L  P H O S P H A T E  F R O M  P Y R U V A T E  

The complete system contained, in /,moles: phosphate  buffer of pH 7.o (ioo), Li-pyruvate (IOO), 
MgClz (io), DPT (o.5o), CoA (o.5o), cysteine (IO), DPN (o.2o), crystalline lactic dehydrogenase 
(2o/,g), phosphotransacetylase (5 ° / ,g)  and pyruvic dehydrogenase (o.864 mg of specific act ivi ty 
715). The final volume was 2.o ml. The reaction mixtures were incubated at  38 ° for 2o mill and 

then analyzed for acetyl phosphate.  

Mixture l, Moles acethydroxamic 
lormed in zo rain* 

Complete system 0.65 
no lactic dehydrogenase 0.38 
no phosphotransacetylase o.56 
no CoA 0.34 
no DPN o.49 

* Corrected for the blank in the control without  pyruvic dehydrogenase. 

Fig. 3. CoA dependence of pyruvic  dehydrogenase. 
Each micro-cuvette contained, in/*moles:  tris buffer 
of pH 7.0 (4o), L-cysteine (8), DPT (o.o2o), Li-pyruvate 
(IO), DPN (I.O), CoA (Curve I ,  0.05; Curve 2, o.o25) 
and pyruvic  dehydrogenase (o.94 rag; specific act ivi ty 
of 38o). The final volume was I.O ml. The reaction 
proceeded for 35 min and additional CoA, equal to 
the amount  present at  the  s tar t  of the reaction was 
added. Values have  been corrected for a no-CoA blank. 
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results of an experiment in which acetyl CoA was formed from pyruvate and stoichio- 
metric quantities of CoA in a phosphate-free system. The reduction of D P N  proceeds 
until the added CoA is exhausted; additional CoA allows the formation of more DPNH.  
Relerences p. 5x8. 
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Identity o/pyruvate-oxidation product 

Two methods were used to prove that acetyl CoA is formed from pyruvate: 
I. Chromatography. The products of the reaction described as the "complete 

system" in Table II, as well as those of a control system without pyruvate were reacted 
with hydroxylamine and the resulting mixtures were isolated and chromatographed on 
paper. Ascending chromatography was carried out for 20 hours in n-butanol/3N 
NH4OH15; the papers were dried and then sprayed to develop the iron-hydroxamate 
color TM. An hydroxamic acid having an RF (o. 17) identical with that of known acethy- 
droxamic acid was isolated from the "complete system" tube; the control tube con- 
tents showed no hydroxamate spot. 

2, Coupling o/ the pyruvic dehydrogenase and condensing enzyme systems. Addi- 
tional proof for the formation of acetyl CoA by the pyruvic dehydrogenase was ob- 
tained by linking reactions catalyzed by the pyruvic and malic dehydrogenases with 
that of the condensing enzyme reactions. Oxalacetate was generated by the oxidation 
of L-malate by the DPN-specific malic dehydrogenase. Fig. 4 shows the successful 
coupling of these reactions. In the absence of any one component of the condensing 
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Fig. 4. Coupling of the pyruvic dehydrogenase, malic 
dehydrogenase and condensing enzyme. Each micro- 
cuvette contained, in micromoles : tris buffer of pH 7.0 
(5o), MgCla (5), L-cysteine (8), DPT (o.o25), L-malate 
(5), Li-pyruvate (IO), DPN (i.o), CoA (o.o5), pyruvic 
dehydrogenase (o.118 rag; specific activity of 38o), 
malic dehydrogenase (0.026 mg; specific activity of 16) 
and condensing enzyme (O.Ol 3 mg; specific activity of 
3-5)- Total volume was I.O ml. Omissions from reaction 
mixtures were as follows: Curve i, none; Curve 2, con- 
densing enzyme; Curve 3, L-malate; Curve 4, CoA. The 
reactions were started by the addition of DPN; 3 

minutes later CoA, as indicated, was added. 

enzyme system, the rate of DPN reduction is governed by the pyruvic dehydrogenase. 
In the absence of any component of the pyruvic dehydrogenase system, there is no 
DPN reduction after the malic dehydrogenase reaction reaches equilibrium. When the 
two systems are coupled, a rapid and continuing reduction of DPN results. 

Action o/inhibitors 

Versene is a powerful inhibitor of the pyruvic dehydrogenase of H37Ra. This is a 
general inhibition and is not dependent on the electron acceptor used 1. In the absence 
of magnesium ions, the pyruvic dehydrogenase is inhibited 84% by 2. Io-4M and 
14% by 5" Io-SM versene. This inhibition can, in part, be reversed by magnesium 
ions. Fluoride, arsenate and arsenite do not affect the rate of oxidation of pyruvate by 
this enzyme. 

Ks values/or CoA and DPN 
Michealis constants for DPN and CoA in the pyruvic dehydrogenase assay system are 
1.3" lO -5 and 5.5" Io-SM" 1-1, respectively. 
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U ltr acentr i /ug at ion 

The pyruvic dehydrogenase (specific activity of 47 o) is not sedimented by centrifu- 
gation at lO5,OOO × g for 2 hours. 

Enzymes associated with the pyruvic dehydrogenase 

Preparations of the purified H37Ra pyruvic dehydrogenase consistently show the 
presence of a phosphotransacetylase, lactic dehydrogenase and lipoic dehydrogenase. 
The presence of the first two enzymes was discussed above. Lipoic dehydrogenase was 
demonstrated by direct assay 17. This combination of associated activities is either 
fortuitous or is possibly due to the presence of a pyruvic dehydrogenase complex 
which contains all these activities. 

DISCUSSION 

Pyruvic dehydrogenases have been purified from several animal tissues and micro- 
organisms. JAGANNATHAN AND SCHW'EET 18 purified a pyruvic oxidase from pigeon 
breast muscle. The highly purified enzyme is a large molecule and no resolution of 
activities associated with the several reactions involved in pyruvate oxidation has 
been reported. LITTLEFIELD AND SANAD119 were able to show that, under the proper 
conditions, both DPN and CoA are required by this enzyme. A pyruvic dehydrogenase 
was isolated from pig heart muscle by KORKES et al. 3. This enzyme was partially 
separated into two fractions whose combined activity for the oxidation of pyruvate 
was greater than the sum of the activities of the two fractions acting separately. A 
completely resolved and highly purified pyruvic dehydrogenase was isolated from 
Escherichia coli and Streptococcus [aecalis by KORKES et al. 4 and by GUNSALUS 20. One 
of the two fractions (Fraction A) oxidizes pyruvate in the presence of DPT and an 
electron acceptor (dye). Fraction B contains the enzymic complement necessary to 
form acetyl CoA and DPNH 17, 2o. Lipoic acid is a necessary coenzyme for this reaction s°. 

The pyruvic dehydrogenase of H37Ra is a soluble enzyme of low molecular weight. 
DPN, DPT, CoA and Mg++ are required for the oxidation of pyruvate; acetyl CoA is 
the product of the reaction. The enzyme has not yet been resolved into two or more 
fractions as have the dehydrogenases of E. coli and S./aecalis. 

The pyruvic dehydrogenase of H37Ra is associated with several other enzymes 
related to pyruvate metabolism. These include a phosphotransacetylase, a lactic and a 
lipoic dehydrogenase. The fact that these four activities remain associated with each 
other through several purification steps for the pyruvic dehydrogenase suggests that 
we are dealing here not exclusively with a pyruvic dehydrogenase but with a pyruvic 
dehydrogenase complex. This infers that these enzymes are in some manner associated 
with each other in the intact cell, are solubilized together during the sonic disruption 
of the cells, and are purified together. The ratio of enzymic activities at each stage 
in the pyruvic dehydrogenase purification procedure cannot be used as proof of the 
existence of a complex and, consequently, the lack of correspondence of purification 
factors for the several enzymes cannot be used as proof for the non-existence of a 
complex. That  this is true may be inferred from the theory of protein purification. In 
the purification of an enzyme, conditions are selected to give minimum removal and/or 
destruction of contaminating proteins. Both the phosphotransacetylase and the lactic 
dehydrogenase associated with the pyruvic dehydrogenase of H37Ra are inactivated 
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d u r i n g  d ia lys i s  of p y r u v i c  d e h y d r o g e n a s e  f r ac t ions .  T h u s ,  wh i l e  t h e  p y r u v i c  d e h y d r o -  

g e n a s e  h a s  b e e n  pu r i f i ed  80- to  Ioo - fo ld  o v e r  t h e  i n i t i a l  c r u d e  e x t r a c t ,  t h e  p h o s p h o -  

t r a n s a c e t y l a s e  a n d  l a c t i c  d e h y d r o g e n a s e  h a v e  b e e n  p u r i f i e d  o n l y  s l i gh t ly .  I t  is  of 

i m p o r t a n c e  t o  n o t e ,  h o w e v e r ,  t h a t  in  e v e r y  case  w h e r e  al l  a c t i v i t i e s  h a v e  b e e n  fo l lowed  

t h r o u g h  v a r i o u s  p u r i f i c a t i o n  s t e p s  t h e  a c t i v i t i e s  r e m a i n  a s soc i a t ed ,  one  w i t h  t h e  

o t h e r s ;  n o  f r a c t i o n  o t h e r  t h a n  t h a t  c o n t a i n i n g  t h e  p y r u v i c  d e h y d r o g e n a s e  c o n t a i n s  

s i g n i f i c a n t  p h o s p h o t r a n s a c e t y l a s e ,  l a c t i c  d e h y d r o g e n a s e  or  l ipo ic  d e h y d r o g e n a s e  

a c t i v i t y .  T h i s  c o n c e p t  of e n z y m i c  c o m p l e x e s  is c u r r e n t l y  u n d e r  i n v e s t i g a t i o n  in  t h i s  

l a b o r a t o r y .  

I t  m u s t  b e  b o r n e  in  m i n d ,  h o w e v e r ,  t h a t  t h i s  a p p a r e n t  a s s o c i a t i o n  of a c t i v i t i e s  

m a y ,  in  f ac t ,  b e  a n  a r t i f a c t .  A c r u d e  cel l - f ree  e x t r a c t  u n d o u b t e d l y  c o n t a i n s  m a n y  

e n z y m e s  t h a t  t e n d  t o  f r a c t i o n a t e  t o g e t h e r .  B y  c h a n c e  t h i s  g r o u p  of e n z y m e s  c o u l d  

i n c l u d e  t h e  s e v e r a l  e n z y m e s  d e s c r i b e d  a b o v e  w h i c h  a c t  o n  p y r u v a t e  or  a c e t y l  CoA, 

SUMMARY 

A soluble pyruvic dehydrogenase has been isolated from cell-free extracts of the H37Ra strain of 
Mycobacterium tuberculosis var. hominis. Pyruvate  is oxidatively decarboxylated to acetyl CoA and 
CO v Magnesium, DPN, CoA and DPT are required for this oxidation. The pyruvic  dehydrogenase 
is inhibi ted by  versene; magnesium can, in part ,  reverse this inhibition. K,  values for DPN and 
CoA are 1.3. lO-5 and 5.5" lO-5 moles/liter, respectively. The pyruvic dehydrogenase appears to 
be par t  of an  enzyme complex. Associated with the  pyruvic dehydrogenase are a phosphotrans-  
acetylase, a lactic dehydrogenase and a lipoic dehydrogenase. 
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