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SUMMARY 

I. The pyruvic dehydrogenase complex of the H37Ra strain of Mycobacterium 
tuberculosis var. hominis has been resolved into two fractions. 

2. The first fraction, precipitating at high ammonium sulfate concentrations, 
contains a lipoic dehydrogenase. This enzyme catalyzes the oxidation of lip(SH)2 by 
DPN ; the reverse reaction has not been demonstrated. The lipoic dehydrogenase has 
been purified at least twenty-fold over the crude cell-free extract. DL-a-lipoamide is 
reduced by DPNH and the lipoic dehydrogenase. E o" for the lip(SH), ~ lipS 2 couple 
at 22 ° and pH 6.0 was shown to be --0.23 V. 

3. The second fraction, precipitating at low ammonium sulfate cortcentrations, 
contains, in addition to the pyruvic dehydrogenase, a lipoic transacetylase. Tbis 
enzyme catalyzes the reversible transfer of an acetyl group from acetyl CoA to 
lip(SH)2. The enzyme has been purified at least fifteen-fold over the crude cell-free 
extract.  

4- Associated with the pyruvic dehydrogenase-lipoic transacetylase complex is a 
lipoic deacylase which hydrolytically cleaves S-acetyl-lip(SH) to acetate and lip(SH)v 

5. The possible existence of a soluble pyruvic dehydrogenase complex of enzymes 
in cell-free extracts of H37Ra and the presence of another form of lipoic acid are 
discussed. 

INTRODUCTION 

The oxidative decarboxylation of pyruvate by cell-free extracts of the H37Ra strain of 
Mycobacterium tuberculosis var. hominis was described in previous publications from 
this laboratory1, 2. With either oxygen or dyes (ferricyanide or 2,6-dichlorophenol- 
indophenol) as electron acceptors the pyruvic dehydrogenase system of H37Ra 
catalyzes the formation of acetate from pyruvate. When CoA and DPN are present 
the pyruvic dehydrogenase system catalyzes the formation of acetyl CoA from 
pyruvate. 

The following abbreviat ions will be used: CoA (acetylation coenzyme), DPN and DPNH 
(oxidized and reduced forms of diphosphopyridine nucleotide), TPN and TPNH (oxidized and 
reduced forms of tr iphosphopyridine nucleotide), lipS~ and lip(SH)2 (oxidized and reduced forms 
of a-lipoic acid), DPT (thiamine pyrophosphate),  tris ( t r is(hydroxymethyl)aminomethane buffer). 
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Pyruvic dehydrogenase systems have been isolated in several laboratories from 
several strains of bacteria and from animal tissues. The histories and characteristics 
of these enzyme systems have been recently reviewedS,4,L The pyruvic dehydro- 
genase systems of Eschet ichia  coli z," and Streptococcus/aecalis z were each resolved into 
two fractions, neither of which alone can carry out the formation of acetyl CoA from 
pyruvate. One fraction apparently contains the enzymes necessary for the oxidative 
decarboxylation of pyruvate to acetyl CoA, a reaction in which lipoic acid is required 
as indicated in reaction (I). 

py r uva t e  + CoA + lipS 2 Dlrr' ig++ > acetyl  CoA + lip(SH)~ + CO 2 (I) 

The second fraction contains a lipoic dehydrogenase 7 which catalyzes the oxidation 
of lip(SH)~ according to reaction (2). 

l ip(SH)s + D P N  + ~ - l i p S  s + D P N H  + H + {2) 

The overall reaction obtained when the system is reconstituted is the sum of reactions 
(I) and (2). 

py r uva t e  + CoA + D P N  + ---> acetyl  CoA + D P N H  + H + + CO s (3) 

Although reaction (I) has been recognized for some time to represent the sum 
of several intermediate steps, the nature of these intermediate reactions has remained 
obscure. The evidence that lipoic acid plays a key role in the oxidative decarboxylation 
of a-keto acids led REED s and GUNSALUS a to propose, independently, the following 
mechanism for this decarboxylation. The decarboxylation of pyruvate (reaction (4)) 
is catalyzed by the pyruvic dehydrogenase in the form of a DPT-Enzyme complex. 

p y r u v a t e  + (DPT-Enz)  Mg++__> ("acetaldehyde"-DPT-Enz) + CO s (4) 

The hypothetical "acetaldehyde" intermediate is oxidized to "acetyl", lipS 2 being 
the oxidizing agent in this step (reaction (5)). 

( " ace t a ldehyde" -DPT-Enz )  + lipS s ~ S-acetyl-l ip(SH) + (DPT-Enz)  (5) 

The acetyl group is then transferred to CoA. This transfer is catalyzed by a lipoic 
transacetylase 9 according to reaction (6). 

S-acetyl-l ip(SH) + CoA ~ ace ty l  CoA + lip(SH)s (6) 

The sum of these reactions is reaction (I). 
The present report describes the resolution of the pyruvic dehydrogenase system 

of H37Ra into two fractions and the reconstitution of dehydrogenase activity by 
recombination of the two fractions. One fraction is shown to contain, in addition to 
the pyruvic dehydrogenase, a lipoic transacetylase. The second fraction contains a 
lipoic dehydrogenase. The latter two enzymes have been purified and their charac- 
teristics studied. 

METHODS AND MATERIALS 

The preparation and assay of the soluble pyruvic dehydrogenase system of H37Ra, 
the anNytical methods used and the sources of reagents have been previously 
described 1, ~. In the early stages of this work Dr. LESTER REED furnished generous 
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amounts of I~I.-a-lipoic acid. DL-lip(SH)a was prepared by borohydride reduction of 
lipS~ 9. Free sulfhydryl groups were determined by ferricvanide reduction ~°. 

RESULTS 

A. Resolution and reconstitution o~ the pyruvic dehydrogenase system 

The results of a typical fractionation of the pyruvic dehydrogenase system of H37Ra 
are shown in Table I. The activity of the system at each of the three stages of the 
fractionation is given in terms of both the indophenol and the DPN assay. Based on 
the former assay the enzyme has been purified approximately 60 times; in terms of 
the latter assay there has been essentially no purification. It  is apparent that the 
additional enzymic components required for the reaction in which DPN is the electron 
acceptor either have been removed from the pyruvic dehydrogenase or have been 
inactivated. 

T A B L E  I 

RESOLUTION OF THE PYRUVIC DEHYDROGENASE SYSTEM 

Purilication step 

Pyru~,ie dehydrogenase activity 

lndophenoI assay DPN assay 

Specific activity* Total units Specific activity** Total units 

Crude e x t r a c t  ca. 5 
i s t  (NH4)2SO 4 19 52,300 26.4 72 
2nd (NH4) ~SO 4 5 ° 47,600 18. 4 18 
Gel e lua te  274 19,7oo 33-o 2.4 

* dD6oo/mg p r o t e i n / i o  m i n  × iooo. 
** A m # m o l e s  D P N H / m g  pro te in /5  min.  

T A B L E  I I  

RECONSTITUTION OF THE PYRUVIC DEHYDROGENASE SYSTEM 

d m~moles 
Enzyme ]raction added DPNH/5  rain 

1. P y r u v i c  dehydrogenase*  
(o.228 mg;  specific a c t i v i t y  ~ 274) 8.69 

2. P r o t e i n  f rac t ion  A** (o.298 mg) 6.43 
3- P r o t e i n  f rac t ion  B (o.226 mg) o.o 
4. P r o t e i n  f rac t ion  C (o.21o mg) o.o 

I + 2 16, 4 
i + 3 24,o 
I q- 4 29 ,6 

* Gel e luate ,  as descr ibed  in  Tab le  I. 
** A crude  cell-free e x t r a c t  of H 3 7 R a  was  f r a c t i ona t ed  w i t h  a m m o n i u m  sul fa te  in to  3 f rac t ions  

whose  sa l t  s a t u r a t i o n  l im i t s  are as fol lows:  A (o.25-o.4o), B (o.4o-o.6o) and  C (0.6o-o.85). 

The data of Table II demonstrate that resolution of activities has actually been 
accomplished. Reconstitution of the system is achieved by the combination of the 
fraction containing the pyruvic dehydrogenase with the fraction of the cell-free extract 
which precipitates between the ammonium sulfate saturation limits of o.6o-o.85. 
One of the components of this latter fraction is a lipoic dehydrogenase [reaction (2)1, 
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the properties of which enzyme are described below. The distribution of lipoic dehydro- 
genase activity among the several fractions of the cell-free extract is shown in Table I II. 
Fig. I shows how the rate of DPN reduction is affected by the amount of lipoic 
dehydrogenase added to the resolved pyruvic dehydrogenase. 

The fraction in which the pyruvic dehydrogenase is localized also contains a 
lipoic transacetylase Ireaction (6)]. The component study which establishes the lipoic 
transacetylase reaction is summarized in Table IV. Acetyl CoA is generated from 
acetyl-P and CoA in the presence of phosphotransacetylase. The crude lipoic trans- 
acetylase system is completely dependent on the presence of acetyl-P and lip(SH)2 
and partially dependent on the presence of CoA. More purified preparations of the 
lipoic transacetylase show a complete requirement for CoA. The purification and 
description of the lipoic transacetylase are presented below. 

T A B L E  I I I  

LIPOIC DEHYDROGENASI~ ACTIVITY IN FRACTIONS OBTAINED BY AMMONIUM SULFATE FRACTIONATION 
OF A CELL-FREE EXTRACT OF H37Ra  

Specific activity o/ 
A mraonium sullate/faction the lipoic dehydrogenase* 

Pyruvic  dehydrogenase* * 
(specific act ivi ty ~ 274) o.I 19 

Protein  fraction A*** 0.075 
Protein  fraction B o. 13 ° 
Protein  fraction C 0.305 

* / ,moles  of lip(SH) ~ oxidized/mg prote in /h  at 22 o. See below for the lipoic dehydrogenase assay 
sys tem.  

** Gel eluate, as described in Table I. 
*** A m m o n i u m  sulfate fractions as described in Table I I .  
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Fig. i. Recons t ruc t ion  of the DPN-pyruv ic  dehydrogenase system. Each  cuvet te  contained, in 
/ ,moles : tris buffer of p H  7.0 (4o), L-cysteine (i o), Mg C12 (5), CoA (o. 15), DPT (o.o25), Li -pyruvate  
(lO), D P N  (I), pyruvic  dehydrogenase  (o.o8 rag) and lipoic dehydrogenase as indicated. The final 

volume was i .o  ml; incubat ion  was carried out  for 4 min at  22 °. 

Effect o[ inhibitors on the reconstituted pyruvic dehydrogenase system 

The reconstituted pyruvic dehydrogenase system [reaction (3)] is not inhibited 
by arsenate, versene or p-chloromercuribenzoate at concentrations of I.O, I.O and 
0.03 tzmoles/ml, respectively. Reaction (3) is inhibited by arsenite. The inhibition is 
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comple te  at  I . i O  -~ M arsenite  and  about  3 ° percent  at  I . I O  7 M arsenite.  These 
observat ions  are s imilar  to those of PETERS 12 and GUNS.XI~US ~3 who demons t ra t ed  
the sens i t iv i ty  of pyruv ic  oxida t ion  to t r iva len t  arsenicals.  This observat ion lead 
PETERS et al. to suggest  t ha t  a di thiol  was involved as a coenzyme in the oxida t ion  
of pyruva te .  

T A B L E  I V  

DEMONSTRATION OF LIPOIC TRANSACETVLASE ACTIVITY IN H 3 7 R a  EXTRACT 

l*moles heat-stable 
Description hydroxamate formed 

Complete system o,62 
less phosphotransacetylase o.65 
less acetyl-P o 
less CoA o. t 5 
less lip(SH) ~ o 

The complete system contained, in/,moles: Tris buffer of pH 7.5 (80), DL-lip(SH)2 (3), CoA (0.3), 
acetyl-P (8), phosphotransacetylase (0.92 units), and crude cell-free extract of 1-I37Ra (I.14 mg). 
The final volume was 0.9 ml. The reaction mixtures were incubated for lo min at 38°. The reaction 
was stopped and acetyl-P destroyed by the addition of o.i ml of i .o N HC1 followed by boiling the 
acidified mixtures for 3 rain. Heat-stable acetyl-groups were measured by the hydroxamic acid 
method 11. 

B. Purification and properties o/the lipoic dehydrogenase 

Lipoic dehydrogenase assay 

The assay  sys tem for the  lipoic dehydrogenase  contains,  in ~moles:  phospha te  
buffer of p H  6.o (6o), DL-lip(SH)~ (5), D P N  (I.O) and lipoic dehydrogenase  (o.oi to 
I.O rag). The final volume is I.O ml and the react ion is carr ied out  a t  22 °. The reduct ion 
of D P N  is followed for 5 minu tes :  the  ra te  of D P N H  format ion  is l inear  over  this  
per iod prov ided  t ha t  no more than  0.o2 /~moles of D P N H  are produced.  A uni t  of 
lipoic dehydrogenase  ac t iv i ty  is defined as t ha t  amount  of enzyme which catalyzes ,  
under  the  above  condit ions,  the  reduct ion of I.O/~moles of D P N  per  minute .  Specific 
ac t iv i ty  is defined as uni ts  of enzymic  ac t iv i ty  per  mg of protein.  

Purification of lipoic dehydrogenase 

All s teps are carr ied out  a t  o to 2 °. The crude cell-free ex t rac t  of H37Ra  14 is 
f r ac t iona ted  at  p H  7.5 wi th  s a tu r a t ed  a m m o n i u m  sulfate.  The fract ion prec ip i ta t ing  
below 0.60 sa tu ra t ion  is removed  b y  cent r i fugat ion  and is d iscarded.  The concen- 
t r a t ion  of a m m o n i u m  sulfate  in the supe rna t an t  solut ion is ra ised to 0.85 sa tu ra t ion  
b y  add i t ion  of the  solid salt .  The prec ip i ta te  (AS-I) is removed  b y  centr i fugat ion at  
5,00o × g for 1. 5 h and is dissolved in and  d ia lyzed  agains t  0.02 M tr is  buffer of 

p H  7.5. 
Sufficient I.O M acetic acid is added  to the  d ia lyzed  solution of AS-I  to ad jus t  

the  p H  to 5.3. The clear solut ion is f rac t iona ted  at  this  p H  wi th  s a t u r a t e d  a m m o n i u m  
sulfate.  The fract ion prec ip i ta t ing  between the sa tura t ion  l imits  of 0.53 and 0.59 
(AS-2) is removed  b y  centr i fugat ion and is d issolved in and d ia lyzed  agains t  0.02 M 
tr is  buffer of p H  7.5. 

The d ia lyzed  solut ion of AS-2 is nex t  t r ea t ed  wi th  calcium phospha te  gel. F o r  
each mg of pro te in  in the  d ia lyzed  AS-2 solution, 2 mg of gel are added.  The  gel is 
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recovered b y  cent r i fugat ion;  the  supe rna t an t  solut ion is d iscarded.  The gel is washed 
three  t imes  with  one-half  i ts  original  volume of a 1.5 % solution of a m m o n i u m  sulfate 
of p H  5.4. These washes are discarded.  The  lipoic dehydrogenase  is e luted b y  washing 
the gel 4 t imes  with  one-half  i ts  original  volume of a 5 % solution of ammonium 
sulfate  of p H  5.4- These washes are pooled. The lipoic dehydrogenase  is p rec ip i t a t ed  
b y  adding  solid a m m o n i u m  sulfate to the  gel e lua ted  to about  o. 9 sa tura t ion .  The 
mix ture  is s t i r red  for three hours and then centr i fuged at  2o,ooo x g for 3o rain. The 
residue (AS-3) is dissolved in o.o5 M tr is  buffer of p H  7.o. 

Resul t s  of a typ ica l  purif icat ion of the l ipoic dehydrogenase  b y  this procedure  
are shown in Table  V. 

TABLE V 

P U R I F I C A T I O N  OF THE LIPOIC D E H Y D R O G E N A S E  OF H37Ra 

Fraction Volume 
ml 

Protein A ct ivity 

mg per Total Percent Specific Total Percent 
ml mg recovered activity units recovered 

Crude extract 2,72o 16.3 45,33o IOO 
AS-I 24o 2o.1 4,8oo lO.6 o.oo66 31 IOO 
AS-2 16.5 26. 4 462 i.o 0.033 15 5 ° 
AS-3 6.1 12.o 73 o.16 o.13 9.5 31 

Characteristics o i the assay system 

Fig.  2 and 3 show lipoic dehydrogenase  ac t i v i t y  as a function of p H  and of the  
concent ra t ions  of lip(SH)~, D P N  and  enzyme, respect ively.  
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Fig. 2. Lipoic dehydrogenase activity as a function of pH and lip(SH)2 concentration. Assay 
conditions as described in the text; o.o7o mg of lipoic dehydrogenase of specific activity of o.o93. 
The reaction was allowed to proceed for 5 rain at 22 °. O - - O ,  citrate phosphate buffer, 50 ffmoles 

per ml; • - - O ,  phosphate buffer, 60 ffmoles per ml; × - - X ,  tris buffer 60/*moles per ml. 

Equilibrium o/ the li~oic dehydrogenase reaction 

GONSALUS 3,7 or ig inal ly  repor ted  the  appa ren t  i r revers ib i l i ty  of react ion (2). This 
observa t ion  was not  confirmed b y  SANADI AND SEARLS 15 in the i r  inves t iga t ion  of the  
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Fig. 3. Lipoic dehydrogenase activity as a function of DPN and enzyme concentrations. Assay 
conditions as described in the text, Lipoic dehydrogenase of specific activity o.o93 was used. The 
reaction was allowed to proceed for 5 min. Protein concentrations, in #g/ml : eurve i (1i 7), curve 

(58.5), curve 3 (29.3) and curve 4 (11.7). 

D P N - l i n k e d  l ipoic  d e h y d r o g e n a s e  of t he  p ig  h e a r t  a -ke tog lu t a r i c  ox idase  sys t em.  T h e  

resu l t s  of t h e  p r e sen t  s t u d y  are  in a g r e e m e n t  w i t h  those  of GU~SALUS and  in dis-  

a g r e e m e n t  w i t h  those  of S.aNAI~I A~D SEARLS, T h e  l ipoic  d e h y d r o g e n a s e  of H 3 7 R a  

ca t a lyzes  t h e  r e d u c t i o n  of D P N  b y  l ip(SH)~ b u t  no t  the  reverse  r eac t ion  u n d e r  t h e  

c o n d i t i o n s  of  t he  l ipoic  d e h y d r o g e n a s e  assay.  

The  a b o v e  o b s e r v a t i o n s  are  of pa r t i cu l a r  i n t e r e s t  s ince r eac t ion  (2) reaches  a 

def in i te  e q u i l i b r i u m  (Fig.  4, Curve  I).  T h a t  t h e  change  in op t ica l  dens i t y  fo l lowed is 

a c t u a l l y  due  to  D P N H  f o r m a t i o n  is shown in Fig .  4 (Curve 2). In  th is  e x p e r i m e n t  t he  

D P N H  f o r m e d  f r o m  r eac t i on  (2) is ox id i zed  b y  the  a d d i t i o n  of o x a l a c e t a t e :  

oxalacetate + DPNH + H + \ ~ L - m a l a t e  + DPN + (7) 
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Fig. 4. Equilibrium studies of the lipoic dehydrogenase reaction. Curve I : The cuvette contained, 
in /~moles: phosphate buffer of pH 6,0 (6o), DL-lip(SH)z (2,7o), DPN (o.2o) and lipoic dehydro- 
genase of specific activity o.o93 (o.117 mg). The final volume was i .o ml. Curves 2 and 3 : Conditions 
the same as Curve I except that  DPN was increased to I .o/*mole. After 45 minutes 2.o #moles of 

oxalacetate were added to cuvette 2. 
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Prepara t ions  of the  l ipoic dehydrogenase  of H 3 7 R a  conta in  sufficient malic  dehydro-  
genase to ca r ry  out  this  react ion in the  absence of added  ma]ic dehydrogenase.  

The equi l ib r ium value  for react ion (2) was de te rmined ;  the me thod  and results  
are shown in Table  VI. The u n c e r t a i n t y  of the  equi l ibr ium value resul ts  from the slow 
ox ida t ion  of bo th  - S H  and  D P N H  dur ing  the incubat ion  period.  We have  shown tha t  
about  8 °/~o of the  avai lab le  - S H  groups d i sappear  dur ing  the 90 min incubat ion.  
Tak ing  the E o' for the  D P N H  ~- D P N  couple as - - 0 . 3 2 o  V at  p H  7.0 a6 o r - - o . 2 9 2  V at  
p H  6.o and 22 °, then E o' for the  lip(SH)~ ~ lipS~ couple at  22 ° and  p H  6.0, based on 
the equi l ib r ium cons tant ,  is - - o . 2 3  V. This  value is cons iderably  more posi t ive  than  
t ha t  repor ted  b y  REED ~v for the  l ipo th iamide  couple ( - -0 .41  V )and b y  GUNSALUS a for 
the  l ipoic couple.  S~tNADI .~NI~ SEARLS 14 ca lcula ted  the E o' for the l ipoamidered 
l ipoamideox couple as - - o . 3 o V  at  p H  7.1 and 23 °. Polarographic  de te rmina t ions  of the 
lip(SH)~ ,~- lipS~ couple b y  KE 18 gave a value  of - - o . 3 o  V at  p H  7.0 and 3o °. 

TABLE VI 

D E T E R M I N A T I O N  OF THE APPARENT EQUILIBRIUM CONSTANT 
FOR THE LIPOIC DEHYDROGE N A SE  REACTION 

Each cuvette contained 6o /*moles of phosphate buffer of pH 6.o and o.o23 units of lipoic dehy- 
drogenase. Lip(SH) 2 and DPN were added as indicated. The final volume was I .o ml ; the reaction 
was carried out at 22 ° until no further change in optical density at 34 ° m/~ was noted (5 ° to 9 ° min). 

(lipS2) (DPNH) (H +) 
Keq = (lip(SH~) (DPN +) 

Expt. Final concentrations (moles l) 
K eq 

No. Lip(SH) ~ D P N  LipS2 DPNH H+ 

i 1.68. lO,5 6.o8. lO---5 2.12 • I O  - 5  2 . I 2 "  I O  ~ 5  I . O "  I O  M 4 . 2 "  IO - °  

2 o.99' to,5 1.34" IO-4 2.99"1o-5 2.99"1o -5 1.o"1o 4 6.7"IO -9 
3 o.638.1o,5 2.86.1o-4 4.I6. IO-5 4.16.1o ,5 1.O.lO -8 9.4.1o-9 
4 2.67'1o,5 1.31"Io -4 3.33"1o -5 3.33"1o-5 I.O'IO "4 3.1"1o -9 
5 2.64. lO,5 3.48. lO-4 6.21 • lO-5 6.21 • 10-5 I.O" IO -e 4.2" 10 -9 

Average 5.5" i o ~9 

The value  at  22 ° and  p H  6.0 for the  l ip(SH)a ~ l i p s  2 couple is uncer ta in  to the  
ex ten t  t ha t  the  assumpt ions  of the  values AEo'/ApH and AEo'/AT for D P N  are un- 
certain.  These l a t t e r  values are not  avai lable  and  have been e s t ima ted  assuming tha t  
bo th  these curves can be ex t r apo la t ed  to p H  6.0 and 22 °, respect ively.  We m a y  
conclude,  however,  t ha t  a t  p H  6.0 and 22 ° the  l ip(SH)2 ~ l ipSz couple is about  
60 mV more posi t ive  than  the D P N H  ~- D P N  couple. The appa ren t  i r revers ib i l i ty  
of react ion (2) m a y  be referable to a n y  of several  observat ions .  F i rs t ,  as is discussed 
below, l i p s  2 inh ib i t s  the  l ipoic t ransace ty lase .  I t  is possible  tha t  lipS~ also inhibi ts  the  
dehydrogenase ,  perhaps  b y  remain ing  bound  to the enzyme. Second, the  ra te  of the 
reverse react ion m a y  be m a n y  t imes  slower than  the ra te  of the forward reaction.  The 
present  s t a t e  of p u r i t y  of the dehydrogenase  is not  sufficiently high to allow a d i iec t  
tes t  of this  poss ib i l i ty  since ve ry  large amount s  of prote in  would have to be added  
to the  reac t ion  mix ture .  
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Reduction o/ lipoamide by lipoic dehydrogenase 

Oxidized l ipoamide* is reduced b y  D P N H  in the  presence of the l ipoic dehydro-  
genase of H37Ra.  These resul ts  are in marked  cont ras t  to the  inac t iv i ty  of l ipS 2 in 
an ident ical  system.  The s to ich iomet ry  of this  reduct ion is shown in Table VII .  The 
K8 for the reduct ion of l ipoamide  b y  D P N H  has not  ye t  been accura te ly  de te rmined .  
A p re l iminary  calculat ion shows the value to be on the order  of I .  IO '~ M/L. SANaDI 
AND SEARLS l'~ recen t ly  repor ted  tha t  the lipoic dehydrogenase  associated wi th  the 
a-ketoglutar ic  oxidase complex of pig hear t  muscle ca ta lyzes  the  reduct ion of l ipo- 
amide by  D P N H .  The d a t a  presented  here confirm thei r  results .  

TABLE VII 

R E D U C T I O N  OF D L - ( 1 - L I P O A M I D E  B Y  DPNH C A T A L Y Z E D  B Y  T H E  L I P O I C  D E H Y D R O G E N A S E  OF H37Ra 

Each cuvette contained, in #moles : phosphate buffer of pH 6.0 (4o), DPNH (o.io), DL-a-lipoamide 
(No i, o.1,5 ; No 2, o.3o ) and lipoic dehydrogenase (o.o16 unit). The final volume was i.o ml; the 
reaction was carried out at 22 °, for 85 rain. DPNH disappearance was calculated from the change in 
optical density at 34o m#; free -SH groups by the ferri-ferrocyanide method corrected for the 
DPNH present in the sample removed for analysis. The values shown are corrected for a blank 

reaction containing no lipoamide. 

Experiment zl #moles D P N H  t~moles - S H  produced 
,~*o. 

i o.o219 o.o316 

2 o.o718 0.0889 

Ks values/or the lipoic dehydrogenase system 

Ks values for D P N  and lip(SH)2 were de te rmined  from the d a t a  shown in 
Figs.  i b  and  2a. F o r  D P N  this  value  is 2 . 5 . i o  -4 M and  for l ip (SH) ,  i t  is 5.3.IO -a M,  
This l a t t e r  value  is somewhat  lower than  t ha t  r epo r t ed  b y  SANADI AND SEARLS 15. 

Coenzyme specificity o~ the lipoic dehydrogenase 

In  all reac t ions  ca ta lyzed  b y  the l ipoic dehydrogenase  of H37Ra  D P N  or D P N H  
cannot  be replaced b y  T P N  or T P N H .  

Presence o~ alcohol dehydrogenase in lipoic dehydrogenase preparations 

CUTULO 19 repor ted  recent ly  the isolat ion of a DPN- l inked  lipoic dehydrogenase  
from yeast .  This  enzyme was act ive as a general  thiol  dehydrogenase .  A re -eva lua t ion  
of this  enzyme b y  MACLEOD et alfl ° showed tha t  t i le  enzyme isola ted  was ac tua l ly  
alcohol dehydrogenase.  The subs t ra te  was a diffusible compound  present  in the  
und ia lyzed  yeas t  enzyme p repa ra t ions ;  the  thiols changed the equi l ib r ium cons tan t  
of the  alcohol dehydrogenase  and were not  subs t ra tes  for the  dehydrogenase .  We 
have accordingly  inves t iga ted  the  lipoic dehydrogenase  of H 3 7 R a  for alcohol dehydro -  
genase ac t iv i ty .  Under  the  condit ions of the  l ipoic dehydrogenase  assay,  there  was 
no evidence of alcohol dehydrogenase  ac t iv i ty  in our l ipoic dehydrogenase  p repa ra t ion .  

* The generous gift of Dr. ARTHUR WAGNER Oi the Research Laboratories, Merck Sharp and 
Dohme, Rahway, N. J. 
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C. Purification and properties o! the lipoic transaaylase 

Lipoie transacetylase assay 

The lipoic transacetylase assay system is composed of two linked reactions 
catalyzed, respectively, by phosphotransacetylase (reaction 8) and lipoie trans- 
acetylase (reaction 9)- 

ace t y l -P  + CoA ~ -  ace ty l  CoA + P~ (8) 

ace ty l  CoA + lip(SH)~ ~ S-acetyl- l ip(SH) + CoA (9) 

ace ty l  P + l ip(SH)z ,~- S-acetyl- l ip(SH) + Pi (IO) 

The assay system contains, in tzmoles: tris buffer of pH 7.5 (8o), acetyl-P (6.o), 
CoA (o.3), DL-lip(SH), (5.o)*, phosphotransacetylase of E. coil 21 (0.06 unit) and lipoic 
transacetylase {o.5 to 2.o rag). The final volume is 0.90 ml. Incubation is carried out 
at 3 °0 for IO min at which time the reaction is stopped by the addition of o.Io ml 
i.o N HC1. Residual acetyl-P is destroyed by boiling the acidified mixture for 4 min. 
S-acetyl-lip(SH), which is stable under these conditions 1°, is determined by the 
hydroxamic acid method of LIPMANN ,AND TUTTLE 11. One unit of lipoic transacetylase 
is defined as that amount of enzyme which catalyzes the formation of I.O t,moles of 
S-acetyl-lip(SH) under the above conditions. Specific activity is defined as units of 
enzymic activity per mg of protein. 

Purification o/ the lipoic transacetylase 

Lipoic transacetylase activity is always concentrated in those fractions enriched 
in pyruvic dehydrogenase activity. Accordingly, the purification procedure is essen- 
tially identical to that already described for the pyruvic dehydrogenase 1. The only 
changes in the procedure are in the dialysis steps. The lipoic transacetylase is rapidly 
and irreversibly inactivated by dialysis; this inactivation is markedly reduced if 
dialysis is carried out in a medium containing 0.05 M tris buffer of pH 7.5, o.ooi M 
MgC12 and 0.o02 M cysteine. Results of a typical fractionation for the lipoic trans- 
acetylase are given in Table VIII. The anomolous increase in total units recovered 
will be discussed below. 

T A B L E  V I I I  

PURIFICATION OF THE LIPOIC TRANSACETYLASE OF H 3 7 R a  

Fraction Volume 
No. ml 

Protein A ctivity 

mg per Total Percent Specific Total Percent 
ml mg recovered activity unffs recovered 

Crude  e x t r a c t  915 17.o 15,55 ° ioo  
AS-I  76 46.0 3,496 22 0.042 lO 3 ioo 
AS-2 27 59.1 1,596 io  0.093 148 144 
0.05 M Gel E1 3 ° 14.8 437 0.28 0.69 437 426 
o . Io  M Gel E1 5 ° 5.16 258 o.17 0.60 154 15o 
Combined  gel e lua tes  695 0.45 591 576 

Solu t ions  of DL-lip(SH)2 are  p repa red  by  s u s p e n d i n g  a weighed  a m o u n t  of DL-lip(SH)2 in 
o.oi  M e t h y l e n e d i a m i n e t e t r a a c e t a t e ;  sufficient  K O H  is added  to neut ra l ize  t he  free acid and  t h e  
so lu t ion  is d i lu ted  to  final v o l u m e  wi th  water .  Solu t ions  of DIMip(SH)2 were p repa red  f resh daily.  

R e / e r e n c e s  p .  95 .  
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Characteristics o~ the assay system 

The assay system is quite insensitive to changes in pH. Essentially identical rates 
of formation ot S-acetyl-lip(SH) are obtained over the pH range of 7.o to 8.2 in the 
standard assay system. The effect of variations in the concentrations of lip(SH) ~ and 
CoA, time and lipoic transacetylase are shown in Figs. 5 and 6. Phosphotransacetylase, 
which is always associated with the lipoic transacetylase-pyruvic dehydrogenase 
complex of H37Ra 2, is always in excess. Elimination of the E. coli phosphotrans- 
acetylase has little effect on the assay system. The purified lipoic transacetylase has 
an absolute requirement for lip(SH)2, acetyl-P and CoA. 

Exfent o/formalion o/S-acetyl-Ep(SH) 

Fig. 7 shows the results of an experiment in which the formation of S-acetyl- 
lip(SH) was followed for 40 minutes. The lipoic transacetylase fraction (2 mg) had a 
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Fig. 5. Lipoic t r a n s a c e t y l a s e  ac t iv i ty  as  a f unc t i on  of t he  concen t r a t i ons  of CoA and  lip(SH)~ 
Lipoic t r a n s a c e t y l a s e  ( i .59 rag) of specific ac t iv i ty  o.63 was  used.  A s s a y  condi t ions  as descr ibed 
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Fig. 6. Lipoic t r a n s a c e t y l a s e  ac t iv i ty  as  a Fig. 7. F o r m a t i o n  of S-acetyl- l ip(SH) as a 
f unc t i on  of t ime  a n d  e n z y m e  concen t ra t ion ,  f u n c t i o n  of t ime .  E a c h  c u v e t t e  con ta ined ,  in 
Lipoic t r a n s a c e t y l a s e  (3.96 mg) of specific /*moles:  t r i s b u f f e r o f p H  7.5 (8o), DL-lip(SH)2 

ac t iv i ty  o.63 was  used  in t he  first  series.  (5), CoA (o.5), a ce ty l -P  (6), p h o s p h o t r a n s a c e t y -  
lase  of specific ac t iv i ty  25 (2.2 #gm)  and  lipoic 

t r ansace ty l a se .  The  final v o l u m e  was  o.9o ml ;  i ncuba t i on  t e m p e r a t u r e  was  3 o°. Ace ty l  P was  
des t royed  and  a c e t h y d r o x a m i c  acid d e t e r m i n e d  as descr ibed in  t h e  t ex t .  Va lues  s h o w n  for fo rma-  

t ion  of h y d r o x a m i c  acid h a v e  been  correc ted  for n o - e n z y m e  b lanks .  

Re#re~2ces #. 95. 



voL. 32 (1959) ENZYME SYSTEMS IN THE MYCOBACTERIA. VI 91 

specific activity of 0.64. After 40 minutes one-half of the added DL-lip(SH)2 had been 
acetylated. This is in agreement with the work of GUNSALUS et al. 9 who showed that 
only L-lip(SH)2 is acetylated. 

Lipoic transacetylase has been used to prepare substantial amounts of S-acetyl- 
lip(SH). In a typical experiment the reaction mixture contained, in /,moles, tris 
buffer of pH 7.5 (15o), DL-lip(SH) 2 (40), CoA (o.75), acetyl-P (3o), phosphotrans- 
acetylase (o.18 unit) and lipoic transacetylase (4.8 units). The final volume was 
2.4o ml. The reaction mixture was incubated under nitrogen for 75 minutes at 38°; 
o.25 ml of I.O N HC1 was added and the acidified mixture was boiled for 3 minutes. 
A sample was removed and assayed for acid-stable hydroxamic acid; 21.6 t~moles 
were found. S-acetyl-lip(SH) and unreacted lip(SH)z were removed from the acidified 
mixture by repeated extractions at o ° with benzene. The benzene extracts were 
combined and evaporated to dryness. A yellow solid was recovered which was 
brought into solution in 15 % ethanol with sufficient KOH to bring the pH to about 
6. 5. Assay of this solution for hydroxamic acid showed 17/,moles S-acetyl-lip(SH) to 
be present. 

Chromatography o[ acethydroxamic acid 
The conversion of the acid-labile acetyl- of acetyl-phosphate to the acid-stable 

acetyl- of acety!-lip(SH) was shown by chromatography of the hydroxamic acid. 
A lipoic transacetylase assay system was prepared as described above. Control tubes 
were prepared containing a) no lipoic transacetylase and b) no acetylphosphate. 
Incubation was carried out for 60 min at 30 °. Sufficient HC1 was added to bring the 
pH to I and the reaction mixtures were boiled. After neutralization, the mixtures 
were reacted with NH~OH. The hydroxamic acids were extracted and chromato- 
graphed on paper 22 in two different solvent systems. A spot corresponding to 
acethydroxamic acid was obtained only from the chromatographed complete reaction 
system. 

Absorption spectrum o~ S-acetyl-lip(SH) 
The heat-stable acetylated lipoic acid formed in the above experiments shows a 

strong absorption in the ultra-violet region (Fig. 8). Absorption at about 235 m~ is 
characteristic of acetylated thiols 2a. 
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Fig. 8. Absorption spectrum of S-acetyl-lip(SH). O - - O ,  S-acetyl-lip(SH) formed enzymatically, 
• - - • ,  8-S-acetyMip(SH) formed by the reaction of acetic anhydride with DL-lip(SH)v X - - X .  

DL-lipS~. 
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S-acetyl-lip(SH) deacylase 

It  is apparent from the data of Table VIII that more units of lipoic transacetylase 
activity are recovered than were present in the crude cell-free extract. This apparent 
increase in total transacetylase activity is actually caused by the partial removal, 
during the purification of the transacetylase, of an enzyme which deacylates S-acetyl- 
lip(SH). 

S-acetyt-lip(SH) + H~O ~ lip(SH)2 + acetate (i 1) 

The action of this enzyme was shown by the following experiment. A reaction mixture 
containing four times the quantities normally present in the standard assay system 
was prepared. This mixture was incubated for 2o rain at 3 o°, acidified with HC1 and 
boiled for 3 rain. The boiled mixture was chilled in ice, neutralized with KOH and 
centrifuged. Analysis of the neutralized mixture showed that  it contained 1.76/~moles 
of S-acetyMip(SH) per ml. Samples containing 1.41/~moles of S-acetyl-lip(SH), were 
incubated for IO rain at 3o ° with o, 1.38 and 2.3o mg, respectively, of a crude acetyl- 
lipoic deacylase preparation (corresponding to the AS-I fraction of the transacetylase) 
and o, 0.056 and 0.086 ~moles of S-acetyl-lip(SH), respectively, disappeared from 
the incubation mixtures. The deacylase does not hydrolyze acetyl CoA or S-acetyl- 
glutathione. 

General thioltransacetylase activity 

BRADY AND STAI~T~tAN ~ isolated from pigeon liver a series of thioltransacetylases 
which catalyze the general reaction: 

S-acetyl-CoA + R-SH ,~-S-acetyl-R + CoA-SH (12) 

A series of sulfhydryl compounds were reported to be active as acetyl acceptors. 
If reduced glutathione is used as acetyl acceptor in place of lip(SH)2 in the 

H37Ra lipoic transacetylase assay system a small but measurable amount of S-acetyl- 
glutathione is formed. The rate of formation of S-acetyl-glutathione is about IO o//o of 
the rate of formation of S-acetyl-lip(SH) under equivalent conditions. This is in 
agreement with tile data of BRADY AND STADTMAN. The relationships between the 
several lipoic transacetylases and the thioltransacetylases is not yet clear. The thiol- 
transacetylase of BRADY AND STADTIvIAN, after considerable purification, reacts with 
several thiols as acceptors. Neither the lipoic transacetylase of E. coli nor that of 
H37Ra has been sufficiently purified to permit a critical study of thiol acceptors. 

Inhibition o/the lipoic transacetylase reaction by lips 2 

In experiments designed to show a possible stinmlatory effect of lips 2 on the 
DPN-pyruvie dehydrogenase system (reaction 3), DPNH formation was consistently 
inhibited when lipS~ was added to the system. These anomolous results were clarified 
by a study of the effect of lipSz on the lipoic transacetylase system. The inhibition of 
lipoic transacetylase by lips 2 is shown in Table IX. These results explain our inability 
I) to demonstrate the utilization of S-acetyl-lip(SH) as an acetyl donor for the 
enzymic formation of acetyl CoA (reaction 6), and 2) to show the reversal of the 
lipoic dehydrogenase reaction by coupling the dehydrogenase to lipoic- and phospho- 
transacetylases. In both these systems the concentration of lipS2 added either as such 
or as a contaminant of S-acetyMip(SH) preparations is sufficient to completely inhibit 
the lipoic transacetylase. 
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TABLE I X  

I N H I B I T I O N  B Y  lipS 2 O F  T H E  L I P O I C  T R A N S A C E T Y L A S E  R E A C T I O N  

Conditions were those of the s tandard  lipoic t ransacetylase  assay 

Experiment l,moles r)L-lipS 2 /*moles 
No. added S-acetyl-lip(SH) /orme:i 

I 0 O . 5 I  

2 1 . 0  O . 3 I  

3 2.5 o.16 

DISCUSSION 

DPN-linked lipoic dehydrogenases have been isolated from extracts of E.  coli 3, ~ and 
other microorganisms 24. Previous work by DOLIN AND GUNSALUS 25 and by KORKES 
et al. ~ showed that the pyruvic dehydrogenase systems of both E. coli and Streptococcus 
[aecalis can be resolved into two enzymic components, A and B. HA~ER AND GUNSALUS 7 
subsequently demonstrated that the effectiveness of fraction 13 in reactivating the 
resolved pyruvic dehydrogenase system is proportional to the content of lipoic 
dehydrogenase in this fraction. Of particular interest is that all investigators who have 
studied the lipoic dehydrogenase reaction have noted that the enzyme requires 
extremely high concentrations of lip(SH)~ for maximal activity. A possible explana- 
tion for these observations is that in the isolated dehydrogenase reaction the coenzyme 
form of a-lipoic acid is tightly bound to the dehydrogenase. The free acid may be 
visualized as either exchanging with or being reduced by the tightly bound form; 
thus a high concentration of the free coenzyme might be required for maximum rates 
of hydrogen transfer. 

The possibility must also be considered that neither free lipoic acid itself nor a 
firmly bound form of lipoic acid is the actual coenzyme of the pyruvic dehydrogenase. 
This possibility is supported by the activity of lipoamide in the lipoic dehydrogenase 
system. This activity, originally reported by SANADI AND SEARLS 15 has been confirmed 
by GUNSALUS 2~, by REED =6 and in the present report. Lipoamide may be structurally 
closer to the true coenzyme form than lipoic acid itself. 

REED 26 has recently presented evidence for lipoic acid activation by adenosine- 
triphosphate. Lipoyl-adenylate is more active than either lipS2 or lipoamide in a 
pyruvate dismutation system. Lipoyl-adenylate would presumably be bound into the 
complex of enzymes which comprises the pyruvic dehydrogenase system and the 
lipoate moiety would undergo reductive acetylation, deacetylation and oxidation. 
If this hypothesis is correct then free lipoic acid may be considered as either binding 
very poorly to the resolved lipoic dehydrogenase or exchanging very slowly with the 
bound lipoyl-adenylate. 

In relating the activities of the isolated lipoic dehydrogenase and lipoic trans- 
acetylase to the metabolic activities of the intact cell certain factors must constantly 
be borne in mind. The experimental conditions necessary for the demonstration of 
these enzymic activities have no relation to physiological reality; the in vivo concen- 
tration of lipoic acid is vanishingly small. I t  must be remembered that the conditions 
for the isolation of lipoic acid from cells are quite harsh~L The instability of lipoic 
acid and its derivatives is well known 2s. The possibility exists that the isolated 
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coenzyme, a-lipoic acid, is a relatively stable fragment or transformation product of 
the true coenzyme of a-keto-acid oxidation. 

A consideration of these vely low concentrations of lipoic acid in ceils leads to 
the conclusion that, in vivo, this coenzyme probably does not exist in a free form but 
is bound firstly to its apo-enzymes 26. It therefore becomes necessary to study the 
pyruvic dehydrogenase and the acetyl transfer reactions as part of a complex of 
enzymic activities and not as isolated reactions. 

The pyruvic dehydrogenase system of H37Ra appears to be part of an enzyme 
complex which catalyzes several reactions involving pyruvate. Our evidence for the 
presence of such a complex is that  a group of related activities fractionates together 
through a series of purification steps 1. We have not yet succeeded in separating the 
several enzymes one from another although three activities (lipoic transacetylase, 
phosphotransacetylase and alanine dehydrogenase 29) may be eliminated by differential 
inactivation. Once the cell-free extract has been fractionated with ammonium sulfate 
into three major fractions 1 no significant dissociation of enzymic activities from the 
proposed complex can be detected during the purification sequence. The following 
enzymes have been shown to be present in this complex: pyruvic dehydrogenase, 
lipoic transacetylase, phosphotransacetylase, acetyl-lipoic deacylase, lipoic dehydro- 
genase and alanine dehydrogenase. The lipoic and alanine dehydrogenases exist in 
both a bound and a free form. The free form of each has been extensively purified. 
SCItWEEX et al. 3° purified the pyruvic dehydrogenase of pigeon breast muscle. The 
purified enzyme has a molecular weight of about four million, considerably higher 
than the molecular weight of other pyridinoproteins. As the pyruvic dehydrogenase is 
purified it becomes enriched in bound lipoic acid a.  Isolation of a high molecular 
weight enzyme complex containing a small amount of tightly bound a-keto-acid 
oxidation coenzyme lends support for the hypothesis that the pyruvic dehydrogenase 
is part of an enzyme complex and would also account for the low in vivo concentration 
of a-lipoic acid. 

While the presence of a soluble pyruvic dehydrogenase complex in extracts of 
H37Ra is an attractive hypothesis the evidence in support of such an hypothesis is 
insufficient to warrant drawing definite conclusions. 

ADDENDUM IN PROOF 

Further evidence in support of the hypothesis that a-hpoic acid may not be the 
physiologically active form of this coenzyme has been recently presented by MASSEY ~2. 
In his study of the lipoic dehydrogenase activity of pig heart diaphorase, MASSEY 
showed that  DL-a-lipoamide is approximately 35 ° times more active than DL-~-lipoic 
acid as substrate for this coupled reaction system. 

(Received November 28th, 1958) 
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SUMMARY 

The common occurence of a ferrous iron-dependent alkaline phosphatase in crystalline 
preparations of yeast alcohol dehydrogenase is reported. Some of the properties of the 
enzyme together with a method for separating it from ethanol dehydrogenase are 
described. 

INTRODUCTION 

Brewer's yeast contains a specialized phosphatase that cleaves p-nitrophenyl phosphate 
to equimolar amounts of orthophosphate and p-nitrophenol. This activity on 
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