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SUMMARY 

I. Extracts of Moraxella lwoffi and Escherwhza colt were found to contain high 
levels of dlaphorase activity with NADH or NADPH as electron donor and DCIP or 
ferrlcyanlde as electron aceeptor_ 

2 With M lwoffi extracts hpoamlde could replace the artificial acceptors with 
NADH but not NADPH as electron donor No such activity was found with E colt 
extracts_ 

3 The reversibility of the reaction catalysed by hpoamide dehydrogenase 
(NADH_ hpoamlde oxldoreductase, EC I 6 4 3) was studied in extracts of 12 different 
species of bacteria 

4 The results suggested that there may be a correlation between the fermen- 
tative capacity of tlle organism and the sensitivity of its hpoamlde dehydrogenase 
to lnhibJtlon by NADH 

5- NAD-linked lactate dehydrogenase (L-lactate: NAD oxidoreductase,ECI.I 2.3) 
was present in high levels m extracts of fermentmg organisms but weakly active in 
or entirely absent from those of non-fermenting organisms. 

6_ It  ,s suggested that both enzymes may be revolved in the metabohc control 
processes which govern the capacity of an organism to adapt to changes in the oxygen 
tensJon of its environment_ 

INTRODUCTION 

The discovery by MASSEY 1 that the classic flavoproteln known as "STRAUB'S 2 
dlaphorase" behaves as a powerful lipoamide dehydrogenase has led to the demon- 
stration that the hpoamide dehydrogenase component of the pig heart a-ketoglutarate 
dehydrogenase complex and STRAUB'S diaphorase are one and the same enzyme a,4 
(NADH hpoamlde oxidorednctase, EC I 6 4 3) 

" Present  address Depa r tmen t  of In terna l  Medlcme, Umvers l ty  of Texas Sou thwes te rn  
Medical School, Da]las. Texas, U S A 
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In  a compara t ive  s tudy  of bacter ia l  d iaphorase  enzymes ext rac ts  of Moraxella 
lwo~fi and Escher, chm coh were f rac t iona ted  on Sephadex  columns and the fract ions 
tes ted  for theiI abIh ty  to oxidlse N A D H  and N A D P H  using ei ther  po tass ium felrm- 
cyanide  or 2 ,6-dlchlorophenohndophenol  (DCIP) as electron acceptor  (J D McGARRY, 
unpubl i shed  results) I t  was felt desirable,  therefore,  to examine these ex t rac t s  for 
their  ab i l i ty  to ox~dlse N A D ( P ) H  when hpoamlde  ac ted  as electron acceptor  

The results  of these exper iments  p r o m p t e d  a more deta i led  inves t igat ion of the 
hpoamlde  dehydrogenase  in ext rac ts  of 12 different species of bacter ia .  This repor t  
describes some of the  findings of this work 

MATERIALS AND METHODS 

Orgamsms--ma,ntenance and growth 
The following organisms were used.  Moraxella lwojfi (NCIB 825o), Pseudomonas 

ovahs Chester (strain used b y  KORNBERG, GOTIO AND LUND 5) Pseudomonas ]rag, 
(NRRI , .  B-25), Pseudomonasfluorescens, PC 4 (Achromobacter  species used by  DAGLEY, 
CHAPMAN AND GIBSON6), Escher~ch~a coh s t ra in  W (NCIB 8666), Escherlchm coh 
s t ra in  lO6, Escher,chm aurescens (NCIB 8714), Escherzehm freund~ (NCIB 3735), 
Klebs~ella aerogenes (NCTC 418), Proteus vulgar2s s t ra in  L Io ,  Proteus m~rab, hs (NCIB 
5887) and Proteus morgam~ (NCIB 232) Ps fluorescens, E coh lO6 and P vulgarzs L I o  
were s tock l abo ra to ry  s trains  All organisms were ma in ta ined  on nu t r ien t  agar  ~lopes 
at  4 ° and  grown aerobical ly  at  3 °0 in 5oo-ml batches  of Oxold Nut r ien t  Broth  No_ 2 
(2 5 %)- Cells were harves ted  in the  late  logar i thmic phase ot growth and washed with  
ice-cold 0.05 M potass ium phospha te  buffer (neutrahsed to p H  7.0 with NaOH) 

Preparation of cell-free extracts 
Washed  cells were suspended m buffer to a dens i ty  of approx.  25 mg d ry  weight  

per  ml. The suspension was passed twice th rough  a pre-cooled Anunco pressure cell 
which produced a pressure of 20 ooo lb /mch 2 The resul t ing ex t rac t  was centri-  
fuged at  IO ooo × g and 2 ° for 20 mln to remove unbroken  cells and large par t i cu la te  
debris  The supe rna t an t  fract ion ($1) was centr i fuged at  12o ooo × g for I 5 h y ie ld ing 
a clear yellow supe rna tan t  f ract ion ($2). 

Al though prac t ica l ly  free from par t icu la te  N A D H  oxldase (N A D H :O  2 ox~do- 
reductase)  $2 from most  organisms conta ined subs tan t ia l  levels of a soluble N A D H  
oxidase Prote in  concentra t ion  of S~ and S 2 was de te rmined  using the b lure t  me thod  7 
and was usual ly  in the  region of 20 mg/ml_ 

Enzyme assays 
Pyruvateoxzdase (pyruvate_ 02 oxtdoreductase) was measured  at  37 ° wJth the YSI  

Biological Oxygen Momtor  (Yellow Springs, Ohio). The react ion volume was 3 ml and 
conta ined:  o 05 M potass ium phospha te  buffer (pH 7 o), o 5 rnM NAD +, o I mM 
coenzyme A, o oI  M sodium py ruva t e  and 0.2 o 5 nil of S 1 The mix ture  was al lowed 
to sti l  for 4 m m  before the  probe was in t roduced and a t race taken.  The results  have  
been corrected for oxygen up take  in the  absence of p y r u v a t e  

The following enzymes were assayed at  34 ° m #  in the  Unlcam SP 800 recording 
spectrophotonle ter .  

N A D H  omdase. The tes t  cell conta ined m a to ta l  volume of 3 ml- 0_05 M po- 
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tassmm phosphate buffer (pH 7 o), o 2 mM NADH and a suitable volume of $1 The 
decrease in absorbance was measured against a reference cell containmg all components 
except NADH 

Lactate dehydrogenase (L-lactate_ N A D  omdoreductase, EC z I .x 27) In order to 
eliminate the effect of NADH oxmdase the assay was carried out anaerobically This 
was achieved by gassing the 2 8 Inl of reaction fluid for 2 rain with 02-free nitrogen 
gas before adding o 2 ml of suitably diluted extract The cuvette cap was immediately 
placed in position and the reaction followed by recording the decrease m absorbance. 
The test cell contained in 3 nil: o 05 M potassium phosphate buffer (pH 7_o), o 2 mM 
NADH, 6 6 mM sodium pyruvate and extract The reference cell lacked NADH. 
Under these conditions no oxidation of NADH took place in the absence of an added 
electron acceptor 

Lzpoarmde dehydrogenase In the text the term "llpoammde dehydrogenase" has 
been used to describe the enzyme which catalyses the followmg reactions 

R e a c t i o n  i 
N A D +  + r e d u c e d  1 , p o a m l d e  ~ ~ N A D H  + H~ + h p o a m l d e  

R e a c t m n  2 

R e a c t m n  3 
N A D  + + r e d u c e d  h p o l c  a c i d  ~ N A D H  + H + -~ h p o l c  ac ld  

R e a c t i o n  4 

Experimental conditions are given in legends to figures 

M A T E R I A L S  

NAD +, NADP*, NADPH and coenzyme A were purchased from the Boehrlnger 
Corporation (London) Ltd NADH, DL-6,8-thloctm acid, DL-6,8-thloctic acid almde 
and sodium pyruvate were from SJgma London Chemical Co Thloctm acid and thloctic 
acid amide were converted to their reduced forms by the methods of G U N S A L U S ,  

BARTOn AND GRUBER s and REED et al2, respectively Both the oxldised and reduced 
forms were used as o o 4 M solutions in methanol All other reagents were of the highest 
purity commercially available 

R E S U L T S  

Extracts of M lwo~ and E_ coh lO6 exhibited high dlaphorase activity with 
all 4 combinations of electron donors (NADH and NADPH) and electron acceptors 
(ferncyanide and DCIP) When llpoamlde replaced these artificial acceptors it was 
found that M lwo~ S 1 and S 2 catalysed equally rapidly the oxidation of NADH, 
NADPH was oxldlsed very slowly by comparison No such activity was observed with 
E coh S 1 or S2 When M lwoffi S~ was sublected to column chromatography on Sepha- 
dex G-i5o the lipoamlde dehydrogenase was totally recovered in the "void volume" 
and clearly separated from the bulk of the NADH DCIP oxldoreductase activity 
winch was eluted later as 4 peaks The enzyme was not however entirely separated 
from the NADH :ferrlcyanlde oxldoreductase, which was eluted as 2 peaks of activity 

As a result of intensive studies over the past IO years, notably by L_ J REED'S 
group In Austin, Texas and V. MASSEY in Sheffield, England and Michigan, it has 
become clear that the oxidation of the a-keto acids, pyruvate and a-ketoglutarate, in 
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bo th  animal  t issues and microorganisms is accomplished b y  mul t i enzyme complexes,  
a common component  of which IS the enzyme hpoamlde  dehydrogenase  I t  seemed 
odd therefore t ha t  React ion  2 should be act ive in ex t rac t s  of M. lwoffi and a ppa re n t l y  
absent  from those of E cob, especial ly when S 1 from both  organisms could be shown 
to ca ta lyse  the  rap id  oxida t ion  of py ruva t e  and so p resumably  conta ined  the p y r u v a t e  
dehydrogenase  complex 

M lwoffi is known to be s t r ic t ly  aerobic in i ts me tabohsm and is unable  to ferment  
ca rbohydra te s  1° On the other  hand,  E col~ is f acu l ta t lve ly  anaerobic  and its fermen- 
t a t ion  capac i ty  has been well documented  Other  work in this  l abo ra to ry  has revealed 
several  Impor t an t  me tabohc  differences be tween these 2 classes of bac te r ia  (unpu- 
bhshed data)  and so a number  of representa t ives  from each class was chosen at  r andom 
from l abo ra to ry  stocks and their  ex t rac t s  ($1) tes ted  for ac t iv i ty  in Reac t ion  2 At  
the  same t ime such ex t rac t s  were tes ted  for thei r  a b i h t y  to oxldlse p y r u v a t e  and  
N A D H  and for thei r  content  of NAD-hnked  lac ta te  dehydrogenase  because of the  close 
associat ion of these act ivi t ies  wi th  py ruva t e  metabol i sm In Table  I the  organisms 

T A B L E  I 

COMPARISON OF SOME ENZYME ACTIVITIES IN BACTERIAL EXTRACTS 

Specific a c t i v i t y  IS e x p r e s s e d  as F m o l e s  of  02 c o n s u m e d  p e r  h p e r  m g  of  p r o t e i n  a t  37 ° for  p y r u v a t e  
ox lda se  a n d  as F m o l e s  of  N A D H  oxld l sed  pe r  h pe r  m g  of  p r o t e i n  a t  2o ° for  o t h e r s  

Orgamsm Specific act~vzty 

Pyruvate Lactate NA DH L~poam~cle 
omdase dehydro- o x z d a s e  dehydrogenase 

genase ( Reactzon 2) 

G r o u p  i Moraxella lwoffi* 42 o 25 IO 
( n o n - f e r m e n t e r s )  Pseudomonasfluorescens 24 o 6 7 7 5 2 

Pseudomonas ovahs C h e s t e r  5 ° o 4 7 5 7 7 
PC 4 13 o 7 I i o  

G r o u p  2 Eschemchza colt lO6 i o t  36 17 o 
( f e r m e n t e r s )  Klebszella aerogenes 95 38 12 o 

Proteus vulgams lO2 41 20 o 4 

s tudied  have  been d iv ided  into 2 groups, I and 2, on the  basis of their  f e rmen ta t ive  
capaci ty .  Ps ovahs Chester and Ps fluorescens have been classified as non-fermenters  
by  STANIER 11 and Dr P W_ TRUDGILL of this  depa r tmen t ,  respect ively.  PC 4 has also 
been placed in this  class as a resul t  of exhaus t ive  fe rmenta t ion  tests  b y  Dr. MURIEL 
RHODES of the B o t a n y  D e p t ,  Univers i ty  College of Wales,  Abe rys twy th  In  con t ras t  
to the  members  of Group I those of Group 2 are well-known fermentnlg  organisms and 
belong to the class of facu l ta t lve  anaerobes  

The results  show tha t  S 1 of all organisms oxldised p y r u v a t e ;  surpr lsmgly  the 
fermenters  were more act ive in this respect  All oxldlsed N A D H  and again, wi th  the  
except ion of M lwofl~, the  fermenters  were more act ive A s t r ik ing difference be tween 
the 2 groups was revealed b y  the  d is t r ibu t ion  of l ac ta te  dehydrogenase  which was  
present  in high levels in the  fermenters  bu t  weak ly  act ive in or ent i re ly  absent  from the 
non-fermenters  Equa l ly  s t r ik ing was the  finding t ha t  ex t rac t s  of the  non-fermenters  
r ap id ly  ca ta lysed  Reac t ion  2 whereas those of the  ferment ing organlslns appeared  to 
be Inact ive  in this  respect  I t  mus t  be emphasised  t ha t  the  values quoted  for N A D H  
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oxidase,  l ac ta te  dehydrogenase  and hpoamide  dehydrogenase  are only es t imates  calcu- 
l a ted  from lmt l a l  reac t ion  rates ,  as i t  is unhke ly  t ha t  the  enzymes were s a tu r a t ed  wi th  
respect  to N A D H  at  the  concent ra t ion  used (o.2 raM) Thus,  t hey  m a y  be t aken  to 
represent  lower l imits  of ac t i v i t y  

Reverszbzhty of hpoarnzde dehydrogenase reaction 
At  this s tage of the  inves t iga t ion  a survey  of the  l i t e ra ture  revealed t ha t  several  

workers  using purified hpoamlde  dehydrogenase  from var ious  sources have encountered  
diff iculty in demons t r a t i ng  Reac t ion  2, though in all cases Reac t ion  i was easi ly 
demons t rab le  (see DISCUSSION). Therefore,  the  results  shown in Table  I suggested t ha t  
in ex t rac t s  of fe rment ing  organisms the  react ion ca ta lysed  b y  hpoamlde  dehydrogenase  
can proceed only in the  direct ion of N A D H  format ion  (as IS considered to be the  case 
~n wvo) whereas  in ex t rac t s  of the  non-fermenters  i t  is freely reversible Accordingly ,  
a second survey  was under taken ,  this  t ime wi th  a larger  number  of organisms,  in which 
the  S 2 f ract ion of each ex t rac t  was tes ted  for i ts ab i l i ty  to ca ta lyse  React ions  I, 2, 3 
and  4 The organisms s tud ied  were those l is ted in Table  I toge ther  wi th  Ps. fragz 
(shown to be a non-fermenter  bv  Dr P. W TRUDGILL) and a number  of add i t iona l  
facu l ta t lve  anaerobes,  

As will be seen, ex t rac t s  of the  ferment ing  species d i sp layed  abnormal  react ion 
kinetics,  a f inding which made  i t  impossible  to express the  results  in a meaningful ,  
quan t i t a t i ve  manner  However ,  i t  became appa ren t  t ha t  cer ta in  species y ie lded  
ex t rac t s  wi th  r emarkab le  s imilari t ies  in their  react ion kinet ics  Fo r  these reasons the  
organisms have  been grouped  as shown below and, because there  was l i t t le  va r ia t ion  
in the  r eac t iv i ty  be tween members  of the  same group, only the  results  ob ta ined  with  
one member  from each group have  been quoted  The representa t ives  chosen were 
M_ lwoffi (Group I ) ,  P. vulgar~s (Group 2a) and  E. coh lO6 (Group 2b)_ 

Group i 
(non-fermen&ng speczes) 

Group 2 (fermentzng species) 

a b 

Moraxella lwoffi 
Pseudornonas ovahs Ches te r  
Pseudomonas fluorescens 
Pseudomonas fragz 
PC 4 

Proteus vulgarzs 
Proteus mzrab~hs 
Proteus morgan~ 

Escherzch~ct coh lO6 
Escherzchza colt W 
Eseher~chza aurescens 
Esckerzchm freundzz 
Ix'lebszella aerogenes 

Reaction I 
Fig  I shows t ha t  a t  p H  7 o Group  I ex t rac t s  ca ta lysed  Reac t ion  I a t  an Ini t ia l ly  

r ap id  ra te  which levelled off at  a s tage represent ing  approx.  45 ~o reduct ion of the  
N A D  + Tha t  a t rue  equ ihbr lum had  been a t t a ined  was ind ica ted  by  the  fact  t ha t  
add i t ion  of more  NAD+ or reduced  l ipoamlde  at  thin poin t  resul ted  in a fur ther  increase 
in absorbance_ W i t h  Groups  2a and 2b the  ini t ia l  react ion ra te  was s imilar  to  t h a t  given 
b y  Group I bu t  then,  in con t ras t  to Group I,  t hey  bo th  adop ted  a ve ry  much  slower 
and pro longed rate_ Over  the  t ime  per iod used in these assays the  ra te  of N A D  + 
reduc t ion  m the absence of added  reduced  hpoamlde  was neghglble 

At  p H  7 8 reac t ion  rates  were fas ter  and  the  final concent ra t ion  of N A D H  
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produced was higher than  at pH 7 o. This was not  surprising since inspection of the 
equat ion for Reaction I shows that  one of the products is a proton and thereb)re as 
the pH of the reaction fluid is increased the equil ibrium position will lie further m the 
direction of NADH formation The observations with Group 2 extracts outl ined above 
agree, in general, with those made by  H A T E R  12, GUNSALUS la and KOIKE, SHAH AND 
REED 14 using the purified enzyme from E coli_ 

R e a c h o n  2 

Fig 2 shows that  Group I extracts catalysed Reaction 2 at a rapid rate to a 
position representing approx 90% oxidation of NADH In  sharp contrast  to these, 
Group 2b extracts showed no reaction The behavlour  of Group 2a extracts appeared 
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Fig_ I R e a c t i o n  i R e a c t i o n s  c a r r i e d  o u t  a n a e r o b i c a l l y  The  t e s t  cel l  c o n t a i n e d  in  a t o t a l  vo l  
of  3 m l  o 05 M p o t a s s m m  p h o s p h a t e  buffer ,  o 26 m M  N A D  +, I 33 m M  r e d u c e d  DL-hpoam~de 
a n d  o 2 ml  of  e x t r a c t  (So f r a c t i o n ,  a p p r o x  4 m g  p r o t e i n )  The  re fe rence  cel l  l a c k e d  N A D +  p H  
of  r e a c t i o n  f luid w a s  7 o ( - - )  a n d  7 8 ( . . . . . .  ) (i) ,  (2a) a n d  (2b) refer  to  g r o u p m g  of  e,~- 
t r a c t s  (see t e x t )  

F i g  2 R e a c t i o n  2 R e a c t i o n s  c a r r i e d  o u t  a n a e r o b i c a l l y  The  t e s t  cel l  c o n t a i n e d  m a t o t a l  v o l  
of  3 m l  o o 5 M p o t a s s i u m  p h o s p h a t e  buf fer  (pH 7 o), o 2 m M  N A D H ,  i 33 m M  DL-1ipoamlde 
a n d  o 2 m l  of  e x t r a c t  (S; f r a c t i o n ,  &pprox  4 m g  p r o t e i n )  The  r e f e r ence  cel l  l a c k e d  N A D H  
(I), (2a) a n d  (2b) re fe r  to  g r o u p i n g  of  e x t r a c t s  (see t e x t )  

to fall in between tha t  of the other 2 groups, in tha t  the rate of the reaction increased 
with time, as shown by  the slgmold na ture  of the recording trace By using different 
Initial concentrat ions of NADH It could be shown that  this lag in the reaction was not  
a function of t ime bu t  a result of the Inhibi tory action of NADH These results are 
shown in Fig_ 3 which also illustrates the effect of mcreaslng the pH of the reaction 
mixture  to 7 8 When the init ial  concentrat ion of NADH was raised from 2-1o 4 M 
(as in Fig 2) to 2 6. IO a M the init ial  rate of reaction at pH 7 o was slower and the t ime 
taken to reach max imum velocity was longer. On the other hand,  when the ini t lal  
concentrat ion of NADH was decreased to 7 2- Io 5 M the reaction proceeded without  
lag at an extremely rapid rate This inhibi t ion of the enzyme by  higher concentrat ions 
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of N A D H  could be largely relieved by increasing the pH of the reaction fluid to 7 8. 
KOIKE, SHAH AND REED 14 found a similar effect of pH when studying React ion 2 with  

the  purified E col~ e n z y m e  
The inhibitory effect of N A D H  was most  pronounced m Group 2b extracts,  

there being lOO% inhibition at a concentration of 2 IO 4 M In fact, It was necessary 
to lower the N A D H  concentration to the region of 3'  IO-'~ M before a reaction could 
be observed B y  carrying out the reaction aerobically using a concentration of N A D H  
which was  lmtla l ly  inhibitory it was possible to demonstrate  the onset and gradual 
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Fig  3- Ef fec t  o f  N A D H  c o n c e n t r a t i o n  and  p H  on  R e a c t i o n  2 o f  G r o u p  2a e x t r a c t s  R e a c t i o n s  
carr ied  o u t  a n a e r o b i c a l l y  2 6. IO -~ M N A D H  a n d  pH 7 o (curve A), 2 6 IO -4 M N A D H  and  p H  7 8 
( c u r v e B ) ,  7 2 - I °  ~ M N A D H  a n d p H 7 o  (curveC)  Other  c o n d i t i o n s  as in Fig 2 

Fig  4 Ef fect  o f  N A D H  c o n c e n t r a h o n  a n d  p H  o n  R e a c t i o n  2 o f  G r o u p  2b e x t r a c t s  R e a c h o n s  
carr ied  o u t  a e r o b i c a l l y  I n m a l  c o n c e n t r a t i o n  of  N A D H  w a s  7 2- IO -s M_ p H  of  r e a c t i o n  fired 
w a s  7 o (curve C) and  7 8 (curve D) Other  c o n d l h o n s  as m F ig  2 Curves  A and  B s h o w  r e m o v a l  
o f  N A D H  at  p H  7 8 ~nd 7 o, r e s p e c t i v e l y ,  in  the  absence  o f  h p o a m a d e  

acceleration of React ion 2 as the N A D H  was continuously removed  through the action 
of N A D H  oxldase (Fag. 4) Here again the reachon was favoured by a higher pH. 

Reactzons 3 and 4 
When oxldxsed or reduced ]ipoic acid replaced oxldlsed or reduced hpoamlde,  

respect ively ,  in the assay mixtures  It was found that all ex t lac t s  catalysed React ion 3 
at a slower rate than React ion I, though Group 2 extracts  were invariably more active 
in this respect As expected,  the effects of changmg the pH of the reaction mixtures  
from 7 o to 7 8 mirrored those found with  React ion I React ion 4 was catalysed very 
s lowly by Group I and not at all by  Group 2 extracts  even at N A D H  concentrations in 
the region of IO n M 

Effect of N A D  + and E D T A  on Reaction 2 
It has been shown by MASSEY and coworkers (see ref. 15) that  the pig heart 

e n z y m e  has a requirement for N A D  + in React ion 2. MISAKA, KAWAHARA AND NAKA- 
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NISI-I116 suggested tha t  upon pre incubat lon  with N A D H  the yeas t  enzyme is reduced 
and subsequent ly  inac t iva ted  b y  t race  meta ls  co n t a mlna tmg  the buffer solut ion This 
Inac t iva t ion  could be p reven ted  b y  chelat ing agents  such as E D T A  

Therefore,  using ext rac ts  of E colz and E.  freund~z, React ion  2 was carried out  
in the  presence of o.13 mM NAD+ and 2 mM E D T A  Under  normal  assay cond1tions 
no relief of the  N A D H  inhibi t ion could be observed.  Unfor tuna te ly ,  higher  concen- 
t ra t ions  of NAD+ were not  tes ted ,  had  this been done it is possible tha t  the  N A D H  
inhibi t ion  would have been relieved (see ref 17) 

DISCUSSION 

As ment ioned  earlier, inves t igat ions  have been in progress ui thls  l a bo ra to ry  
into cer tain metabol ic  differences between the s t r ic t ly  aerobic and facu l ta t lve ly  
anaerobic  bac te r ia  or, more accurately,  between the ferment ing and non-ferment ing 
species of bac ter ia  An indica t ion  tha t  one such difference might  be In thei r  re la t ive  
content  of NAD-hnked  lac ta te  dehydrogenase  comes from the results shown in Table  I 
Al though there m a y  be numerous  reasons why  one organism can effect the fe rmenta t ion  
of a sugar  such as glucose and another  not,  a ma jo r  difference between the two types  is 
t ha t  the  former is equipped to use p y r u v a t e  (or a p roduc t  of the anaerobic  me tabohsm 
of pyruvate)  as electron acceptor  for the  regenerat ion of NAD+ from N A D H  produced  
in the  Embden-Meyerhof f  glycolyt ic  sequence,  the  l a t t e r  t ype  of organism is unable  
to do this A common end produc t  of microbial  fernlenta t lon is lact ic  acid whlch arises 
from the react ion between N A D H  and pyruvlc  acid ca ta lysed  b y  lac ta te  dehydrogenase  
I t  might  be expected then t ha t  the ferment ing organism would be more heavi ly  
endowed with thls  enzyme than  the non- te rmenter  Al though only a small  number  of 
representa t ives  from each class was tes ted  the  results  ob t a me d  would lend suppor t  
to this  view 

The reverse re la t ionship held with regard  to the  ab i l i ty  of ex t rac ts  to oxldlse 
N A D H  using hpoalnide as electron acceptor  (React ion 2) Since Jt is general ly  accepted  
t ha t  zn wvo this react ion proceeds in the  direct ion of N A D H  format ion  (z e Reac t ion  i)  
these findings suggested tha t  another  difference between the two types  of bac te r ia  
m a y  lie in thei r  ab i l i ty  to cata lyse  this react ion in the  opposi te  direct ion Several  repor ts  
have appeared  in recent  years  describing the inh ib i to ry  effect of N A D H  on hpoamlde  
dehydrogenase  The ve ry  elegant  and  intensive studies by  MASSEY and coworkers 
(for review see ref. 15) revealed tha t  the presence of NAD + in the  react ion mix tu re  is 
a prerequis i te  for the  pig hear t  enzyme to show ac t iv i ty  in Reac t ion  2 I t  appears  t ha t  
the  function of NAD + is to prevent  the  N A D H  from conver t ing  the enzyme into i ts 
ful ly  reduced form in which s ta te  i t  is ca ta ly t i ca l ly  inact ive  Similar  observat ions  were 
made  b y  MISAKA, KAWAHARA AND NAKANISHI ls and by  WREN AND MASSEY is usmg 
the purified enzyme from baker ' s  yeas t  KOIKE, SHAH AND REED 14 produced evidence 
for the  inhibi t ion of the  E.  colz enzyme by  N A D H  and a l though under  cer tain circum- 
s tances t hey  succeeded in demons t ra t ing  React ion  2 they  failed to show React ion  4- 
NOTANI AND GUNSALUS 1~ had  previous ly  shown tha t  the  E.  colt enzyme would not  
ca ta lyse  Reac t ion  4 if the  N A D H  concentra t ion  exceeded 6- lO -8 M 

A more deta i led s t u d y  of React ions  I - 4  with a larger  number  of organisms y ie lded  
results  s imilar  In several  aspects  to those of o ther  workers  referred to above For  
example ,  ex t rac t s  of the ferment ing  organisms ca ta lysed  React ion  I at  an in i t ia l ly  
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r ap id  ra te  which shif ted to a much  slower and prolonged rate.  Moreover,  lncreasmg 
the  amoun t  of ex t rac t  b y  4-fold caused l i t t le  difference m the  shape of the reac t ion  
trace.  These f indmgs suggested t h a t  when N A D H  reached a cr i t ical  concentra t ion,  
mhlb l t ion  of the  enzyme took place This concent ra t ion  was found to be higher  for 
the  Pro teus  species than  for the  others  and in all cases was higher  at  p H  7_8 than  at  
p H  7 o (Fig I) In  con t ras t  to these, ex t rac t s  of non- fe rmentmg orgamsms ca ta lysed  
the  reac t ion  r ap id ly  to a poin t  of t rue  equi l ibr ium which, as expected,  al lowed a higher  
concent ra t ion  of N A D H  to be formed at  p H  7 8 than  at  p H  7 o The differential  m- 
hib~tory effect of N A D H  on the  bac te r ia l  enzyme was demons t r a t ed  more c lear ly  in 
s tudies  of Reac t ion  2 (Fig 2). In  this case N A D H  at  a concentra t ion  of 2 '  lO -4 M had  
no effect on the  enzyme from Group I organisms,  pa r t i a l l y  inhib i ted  t ha t  from Group 2a 
and comple te ly  mhib l t ed  tha t  from Group 2b Higher  concentra t ions  of N A D H  were 
t e s ted  only wi th  Group 2a ex t rac t s  in which case the  inhibi t ion was even more severe. 
W h e n  the concent ra t ion  of N A D H  was decreased ei ther  b y  pu t t i ng  less m the cuve t te  
(Fig 3) or th rough  the act ion of N A D H  oxidase (Fig. 4) the  inhibi t ion was relieved. 
As might  have  been pred ic ted  from the kinet ics  of Reac t ion  I ,  the  inh ib i to ry  concen- 
t r a t ion  of N A D H  was found to be much lower wi th  Group  2b than  with  Group 2a 
ex t rac t s  The effect on Reac t ion  2 of increasing the p H  from 7 o to 7_8 was tes ted  on 
only  one member  of Group I, wz. M lwo~,  very  l i t t le  difference in react ion ra te  was 
observed  F r o m  the rmodynamic  considerat ions  this  react ion would be favoured  b y  
a lower p H  and ye t  the  opposi te  effect was found wi th  Group 2 ex t rac t s  (cf KOIKE, 

SHAH AND REED 14) This s t range effect remains  unexpla ined  
Oxldmsed and reduced lipoic acid proved  to be poor  rep lacements  for thei r  amlde  

der iva t ives  when used wi th  Group  I extracts ,  bu t  here again there was no evidence 
for an inh ib i to ry  effect of N A D H  On the other  hand,  Group 2 ext rac ts ,  though  t hey  
were less act ive in Reac tmn  3 than  In Reac t ion  I, showed no ac t iv i ty  in Reac t ion  4 
even at  N A D H  concentra t ions  in the  region of IO -G M However ,  such low concen- 
t ra t ions  represented  an absorbance  in the  region of o 006 at  340 m #  and wi thout  more 
careful  work  using scale expans ion  equ ipment  i t  cannot  be said wi th  ce r t a in ty  whe ther  
a s low r e a c t i o n  w a s  o c c u r r m g .  

In  his review of the  proper t ies  of hpoyl  dehydrogenase  enzymes MASSEY is 
suggested tha t  the  enzyme from all sources is p robab ly  inhibi ted  b y  excess N A D H ,  
the  enzymes differing in the  degree of inhibi t ion  ob t a me d  The findings presented  here 
would s t rongly  suppor t  this  view. Re la t ive ly  l i t t le  work  has been done on the na tu re  
of the  mhlb i t ion  of the  bac te r ia l  enzyme,  nor has i t  been the  au thor ' s  in ten t ion  to 
a t t e m p t  an exp lana t ion  of this  curious phenomenon Rather ,  i t  is considered tha t ,  
unless a most  e x t r a o r d m a r y  comcidence has occurred with  regard  to the  bac te r i a l  
species chosen for s tudy  and the  observed pa t t e rn  of enzyme ac t iv i ty ,  the  results  of 
the  present  lnves t lga t ion  would signify a correla t ion between the fe rmenta t ive  capac i ty  
of an organism and the sens i t iv i ty  of Its hpoamlde  dehydrogenase  to high concen- 
t ra t ions  of N A D H  Indeed,  the  not ion of such a re la t ionship  might  be s t reng thened  
when considered in the  l ight  of the  repor t  b y  HANSEN AND HENNING 2° on the  regula t ion  
of p y r u v a t e  dehydrogenase  ac t i v i t y  in E coh b y  N A D H  These workers  ca lcu la ted  
the  N A D H  concen t ra tmn in aerobica l ly  and anaerobica l ly-grown E coh to be o 06 
and o.13 #mole  per  g wet cell paste ,  respec t ive ly  I t  is no t ewor thy  t ha t  in the  present  
inves t iga t ion  the concent ra t ion  of N A D H  found to inhibi t  the  l ipoamlde  dehydrogenase  
from E. coli was of the  same order  of magn i tude  
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0 b v l o u s l y  t h e r e  m u s t  ex is t  in t h e  m i c r o b e  wor ld  some  m e t a b o l i c  con t ro l s  o t h e r  

t h a n  t h o s e  g o v e r n i n g  t h e  f o r m a t i o n  of c y t o c h r o m e s  a n d  r e s p i r a t o r y  e n z y m e s  w h l c h  

d e t e r m i n e  w h e t h e r  an o r g a n i s m  will be  able  to  a d a p t  to  ch an g es  in t h e  o x y g e n  t e n s i o n  

of i ts  env i ronmen t_  As i n d i c a t e d  ea rher ,  one  such  con t ro l l ing  f ac t o r  m a y  be  t h e  o rgan-  

l s m ' s  c o n t e n t  of l a c t a t e  d e h y d r o g e n a s e  A l t h o u g h  i t  can  be  d a n g e r o u s  to  e x t r a p o l a t e  

f rom cond i t i ons  p reva i l i ng  in e x p e r i m e n t s  w i t h  cell-free e x t r a c t s  to  t h o s e  in t h e  i n t a c t  

cell, i t  is t e m p t i n g  to s p e c u l a t e  t h a t  t h e  r e ac t i on  c a t a l y s e d  b y  l i p o a m l d e  d e h y d r o g e n a s e  

c o n s t i t u t e s  a n o t h e r  locus of con t ro l  
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