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THE ENZYME-COENZYME-SUBSTRATE COMPLEXES OF PYRIDINE 

NUCLEOTIDE DEPENDENT DEHYDROGENASES* 

JAN VAN EYS**, FRANCIS E. STOLZENBACH***, 
LOUIS SHERWOOD ANn NATHAN O. KAPLAN*** 

McCollum-Pratt Institute, Johns Hopkins University, Baltimore, Md. (U.S.A .) 

A number of reports have indicated that the combination of a dehydrogenase, DPN § 
or an analogue of DPN, and a nucleophilic compound results in an addition complex, 
which exhibits a spectrum, similar to the spectrum exhibited by the enzyme-reduced 
coenzyme complex 1-e. These nucleophilic substances, in all instances will give addition 
reactions with the nucleotides, in the absence of enzyme, resulting in complexes with 
spectra similar to reduced DPN. The enzymic addition complexes, however, invariably 
show a shift in the maximal absorption towards shorter wavelengths, when compared 
to the non-enzymic addition spectra. The previous reported examples of ternary com- 
plexes are those formed between horse liver alcohol dehydrogenase, hydroxylamine 
and DPN1; yeast alcohol dehydrogenase, hydroxylamine and pyridinealdehyde-DPN*; 
horse liver alcohol dehydrogenase, DPN and cyanide 1, 8; rat liver lactic dehydrogenase, 
sulfide and DPN4; and beef heart lactic dehydrogenase, bisulfite and DPN 5. 

We have reported recently s that the mercaptan addition reactions forming ter- 
nary complexes appear to be general for all dehydrogenases of the group, which 
oxidizes primary and secondary alcohols to aldehydes and ketones, primary amines 
to imines, and hemiacetals to lactones. 

The present paper will describe in detail a variety of ternary complexes, with 
special reference to the enzyme-coenzyme-mercaptan complexes 8. The interest in the 
mercaptan group stems from the fact that their behavior seems to be different from 
most nucleophilic compounds, in that .they show a discrepancy in stoichiometry with 
the number of DPN molecules bound per molecule of enzyme. A similar behavior 
was previously noted for the hydroxylamine complex of yeast alcohol dehydro- 
genase 2. 

* Contribution No. 197 of the McCollum-Pratt Institute. Supported in part by grants from 
the American Cancer Society, the National Cancer Institute of the National Institutes of Health 
(Grant No. 2347-C ), and the American Heart Association. 

** Present address: Department of Biochemistry, Vanderbilt University School of Medicine, 
Nashville, Tennessee. 

*** Present address: Graduate Department of Biochemistry, Brandeis University, Waltham, 
Massachusetts. 

§ Abbreviations used in this paper are: DPN and DPNH: oxidized and reduced diphospho- 
pyridine dinucleotide resp.; acetylpyridine-DPN and pyridinealdehyde-DPN: the analogues of 
DPN, containing 3-acetyl-pyridine and pyridine-3-aldehyde in place of nicotinamide resp.; 
acetylpyridine-DPNH and pyridinealdehyde-DPNH : reduced acetyl pyridine-DPN and pyridine- 
aldehyde-DPN resp. ; and tris: trihydroxymethylaminomethane. 
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MATERIALS AND METHODS 
F, nzymes 

Pig hear t  malic dehydrogenase and crystalline yeast  alcohol dehydrogenase were purchased from 
the Wor th ing ton  Biochemicals Corporation. Crystalline lactic dehydrogenases from beef hear t  
and rabbi t  skeletal muscle were either purchased from the same source or prepared by the methods  
of STRAUB 7 and BEISENHERZ et al. 8 respectively. Crystalline horse liver alcohol dehydrogenase 
was prepared by  the method of BONNICHSEN 9. Crystalline beef liver glutamic dehydrogenase was 
isolated by  the method of STRECKER 10. Crystalline rabbi t  skeletal muscle a-glycerol-phosphate 
dehydrogenase was prepared by the method of BEISENHERZ et al. 8. Great care was taken to insure 
absence of cross contaminat ion  between this enzyme and the lactic dehydrogenase from the same 
source. In  certain instances the latter enzyme required fractional recrystallization to insure 
complete absence of the glycerol phospha te  dehydrogenase. The crystalline lactic dehydrogenases 
from beef muscle, pig muscle, and pig hear t  were obtained by procedures to be published elsewhere. 
Crystalline rat  liver lactic dehydrogenase was prepared by the method of GIBSON et al. 11. Glycerol 
dehydrogenase from ,4 erobacter aerogenes was obtained by the method of BURTON AND KAPLAN 12. 
Propylene glycol dehydrogenase from the same organism was prepared by  an unpublished method 
of LAMBORG AND I~APLAN *. A fraction precipitat ing between 50 and 75 % sa tura t ion  of ammonium 
sulfate from a sonicate of Leuconostoc mesenteroides contained a D-lactic acid specific dehydro- 
genase. The D- and L- specific lactic acid dehydrogenases from Lactobacillus arabinosus were 
prepared by  an unpublished procedure of DENNIS AND KAPLAN**. Pig hear t  isocitric dehydro- 
genase was purified by the method of OCHOA 13, Glucose-6-phosphate dehydrogenase was purchased 
from the Sigma Chemical Company.  

Pig brain DPN-ase  was prepared by the method of ZATMAN et al. 14. This prepara t ion  was 
used to prepare analogues of DPN and TPN. For  other  exper iments  the solubilized preparat ion 
of DICKERMAN A N D  STOLZENBACH 15 was used. Neurospora DPN-ase was prepared from zinc- 
deficient mats  as described previouslylL Snake venom pyrophosphatase  was used in a partially 
purified form iT, is. 

Coenzymes and related compounds 

DPN and TPN were obtained from the Pabs t  laboratories. The analogues of DPN and TPN 
were obtained by the action of pig brain DPN-ase  in the presence of the appropr ia te  pyridine 
base as described for the isonicotinic acid hydrazide 14, is and acetylpyridine Is, is analogues of DPN.  
The a-isomer of DPN was isolated from commercial  DPN as described previouslylS, 2°. The de- 
aminated analogues were prepared from the appropr ia te  coenzymes or coenzyme analogues as 
described for deamino-DPN Is,21. The reduced forms of DPN,  acetylpyridine-DPN and pyridine 
a ldehyde-DPN were prepared enzymically, as described for D P N H  ~1. The mono-nucleotides were 
obtained from the appropria te  analogues by  the action of snake venom pyrophosphatase  is. 

Reagents 

Most reagents used were commercial preparat ions.  The mercaptans  were purchased, with the 
exceptions noted, from the E a s t m a n  Kodak Company.  Cysteine and glutathione were purchased 
f rom the Schwartz  Laboratories,  and 2,3-dithiopropanol was obtained from the Mann Research 
Laboratories.  All reagents  used in this s tudy  for enzyme catalyzed addition reactions have 
been shown to react with pyridine nucleotides non-enzymically.  These include: cyanidee2, 2a, bi- 
sulfite22, 2a, sulfide 24, mereap tans  24, and hydroxylamine  ~5. I t  has  been reported previously, tha t  
the analogues of D P N  show the cyanide 19 and mercap tan  24 addition complexes. This is a general 
phenomenon;  all addition reactions shown by DPN are shared by all analogues of DPN employed 
in this study.  The reactions with analogues actually are more favorablel~, 24,26. 

The subs t ra tes  for the different dehydrogenases were also commercial  preparat ions.  Glucose- 
6-phosphate  was purchased from the Sigma Chemical Company. Calcium D- and calcium L-lactate 
were obtained from the California Foundat ion  for Biochemical Research. DE-lactic acid was 
prepared by boiling commercial lactic acid in the presence of an equivalent  a moun t  of NaOH.  
This  prepara t ion of sodium lactate compared favorably wi th  crystalline l i thium lactate, as 
determined by enzymic assay. 

When necessary, all reagents were adjusted to the p H  required for the part icular  experiment.  

-Physical constants 

The molecular weights for the dehydrogenases were obtained from the literature. The following 
were employed:  for horse liver alcohol dehydrogenase, 73,00o27; for yeast  alcohol dehydrogenase, 
i5o,ooo28; beef hear t  lactic dehydrogenase, I35,ooo~; and rat  liver lactic dehydrogenase, 
i z6,oooll, 3°. The following extinction coefficients were employed: for horse liver alcohol dehydro- 
genase, 3.3 2. Io4/moles/1 (calculated from the data  of BONNICHSENg); for yeast  alcohol dehydro-  

* VV'e are grateful to Mr. MARVIN LAMBORG for supplying these two enzymes. 
* We are grateful to Mr. DON DENNIS for supplying these three enzymes. 
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genase, 1.98-IoS/moles/l*S; for beef hear t  lactic dehydrogenase, 2.1, ioS/moles/1 (calculated from 
the data  of NEILANDS 29) ; and for rat  liver lactic dehydrogenase,  1.59' IoS/moles/1 (calculated from 
the data  of GIBSON et al.n). 

For  both  glutamic dehydrogenase 31 and malic dehydrogenase 32 the molecular weight  and 
ext inct ion coeffÉcients have been reported. Our prepara t ions  were, however, not  pure enough to 
apply  these criteria. 

Molar ext inct ion coefficients of the reduced coenzymes were employed for D P N H :  6.2 4. lO 3 
at  34 ° m#33; for ace ty lpyr id ine-DPNH:  7.8. lO 8 at 365 mttl*; and for pyr id inealdehyde-DPNH: 
7.0" lO 3 at 355 m #  19'2e. The addition complexes of the coenzymes and coenzyme analogues have 
approximate ly  the same extinction coefficients as do the reduced coenzymes (c[. 23,24). When  the 
complexes are bound to the dehydrogenase the ext inct ion appears  in general to  be about  5 % less. 
The deaminated nucleotides have, in the reduced form, the same extinction coefficient and 
absorpt ion  m a x i m u m  as do the paren t  adenine nucleotides. 

Spectra 
For  spectral determinat ions  either a Beckman Spect rophotometer  model DU or model DK-2 
was used. 

Rate determinations 
The rate  of enzymic reactions were always measured by  the change in concentrat ion of the reduced 
coenzyme at  the appropr ia te  absorpt ion  max imum.  Specific reaction mix tures  will be reported 
for the par t icular  exper iments  cited. 

RESULTS 

The description o/the ternary addition complexes 
Criteria/or complex/o~mation 
Usually conditions for complex formation were chosen under which the coenzyme 
and nucleophilic complexing agent did not show a significant extent of non-enzymic 
addition. In those instances the presence of the dehydrogenase induces the formation 
of the complex. These conditions could not always be achieved, however, since the 
bisulfite addition reactions in particular are very readily observed non-enzymically 
with DPN or DPN-analogues. In those cases the criterion for the complex formation 
on the enzyme is the presence of a shift in the position of maximal absorption of the 
bound complex when compared to the non-enzymic complex. This is similar to the 
shift observed when reduced coenzymes are bound to dehydrogenases 2L 34. The absence 
of a complex therefore does not indicate that such a complex does not exist, it rather 
means that the formation of the complex is so unfavorable that the non-enzymic 
complex obscures the enzymically formed one. This case has already been illustrated 
for the spectral shift observed when DPNH is bound to beef heart lactic dehydro- 
genase ~. This shift is only apparent under special low temperature conditions. Yet, 
this spectral shift can be observed readily with acetylpyridine-DPNH 3. This empha- 
sizes, therefore, that the absence of a spectral shift is not to be construed as a quali- 
tative difference with another enzyme, catalyzing the same reaction, but showing the 
addition complexes. The difference may only be a quantitative one. 

Ternary complex/ormation 
Figs. 1-3 illustrate the type of spectral shifts observed in this study for the three 
coenzymes mainly employed : Fig. I shows the mercapto-succinic acid-DPN-rat  liver 
lactic dehydrogenase complex; Fig. 2, the ethanethiol-acetylpyridine-DPN-yeast  
alcohol dehydrogenase complex, and Fig. 3, the bisulfite-pyridinealdehyde-DPN- 
rabbit muscle lactic dehydrogenase complex. A summary of the observed spectral 
changes due to ternary complex formation is given in Table I. A short discussion of 
the individual enzymes is given below. 
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Fig. I. E x a m p l e  of a t e r n a r y  complex ,  employ ing  DP N.  The  depic ted s p e c t r u m  is fo rmed  on 
ra t  l iver lactic dehydrogenase ,  w i th  mer-  

~- 0.'/'5 
z 

. j  0,50 
<t 
o 

o 0.25 

1.60~- 

AC] 

.05 

20 

15 

290 320 330 350 370 290 520 330 350 370 
WAVELENGTH (M p) 

captosucc in ic  acid. Concen t ra t ion  of e n z y m e :  
1. 5. Io SM, DL-mercaptosuccinic  acid 3" 1°-2 
M, D P N  3 . 3 . I o - 4 M ,  in o . I M  p h o s p h a t e  
buffer, p H  7.5. Final  vo lume  I.O ml. O - - O  : 
s p e c t r u m  of e n z y m e  and  mercap tosucc in ic  
acid versus mercap tosucc in ic  acid. O - - - O :  
s p e c t r u m  af te r  add i t ion  of D P N  to  bo th  
b l ank  and  expe r imen ta l  cuve t te .  A ....... ~ :  
difference spec t rum.  The  curves  in the  r ight  
g r aph  compare  th is  difference s p e c t r u m  wi th  
the  non -enzymica l ly  fo rmed  complex  in the  
absence  of enzyme.  This  l a t t e r  spec t rum 
was  ob ta ined  a t  p H l  I.O, in o. 5 M mercap to -  

succinic  acid. 

Fig. 2. E x a m p l e  of a t e r n a r y  complex ,  employ ing  a c e t y l p y r i d i n e - D P N .  The  e n z y m e  is yeas t  
alcohol dehyd rogenase  (1. 5. Io -SM) ,  and  t he  
complex ing  agen t  e thy l  m e r c a p t a n  (o.oi 3 M).  
The  buffer  employed  is p h o s p h a t e  buffer,  
o.i .~r,  p H  7.5. O - - O :  s p e c t r u m  of t he  
dehydrogenase  and  m e r c a p t a n  versus mer-  
c a p t a n  alone;  0 - - 0 :  s p e c t r u m  af te r  addi-  
t ion  of a c e t y l p y r i d i n e - D P N  (final concen t ra -  
t ion  1. 4. Io -3M)  to  bo th  b l ank  and  exper i -  
m e n t a l  cuve t te .  A k - - A  : difference spec t rum.  
The  curves  on t he  r igh t  compare  t he  differ- 
ence s p e c t r u m  wi th  the  equ iva l en t  non-  
enzymic  spec t rum,  observed  in p h o s p h a t e  
buffer,  p H  io.o,  o . i M ,  wi th  an  e thy l  mer -  

c a p t a n  concen t r a t i on  of o.oi  3 M. 
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Fig. 3. E x a m p l e  of a t e r n a r y  complex ,  
employ ing  p y r i d i n e a l d e h y d e - D P N .  The  
e n z y m e  is r abb i t  skeletal  musc le  lactic 
dehydrogenase  (concent ra t ion  2.5 mg/ml) ,  
a n d  t he  complex ing  agen t  bisulfi te ions 
(final concen t r a t ion  I . I o - S M ) ,  in t r i s  
buffer,  0.05 M, p H  7.5. P y r i d i n e a l d e h y d e -  
D P N  1.35. I o - 3 M .  0 - - 0  : e n z y m e  in the  
presence  of bisulfi te versus bisulfi te;  
O - - O :  s p e c t r u m  af te r  the  add i t ion  of 
ana logue  to  bo th  b l ank  and  expe r imen t a l  
cuve t te .  ~ - - ~ :  difference spec t rum.  
The  curves  on t he  r ight  compare  t he  dif- 
ference s p e c t r u m  wi th  t he  s p e c t r u m  ob- 
t a ined  non-enzymica l ly  (in p h o s p h a t e  
buffer,  p H  7.5, i mola r  bisulfi te ions). 

Horse  l iver alcohol dehydrogenase 
Since the  ini t ial  obse rva t ion  by  THEORELL A N D  B O N N I C H S E N  27 t h a t  b o u n d  D P N H  shows  a sh i f t  
in m a x i m a l  abso rp t ion  f rom 34 ° m #  to 325 m/~, th i s  e n z y m e  has  p roven  to be ve ry  f rui t fu l  in 
t he  s t u d y  of complex  format ion .  Previous ly ,  s imilar  abso rp t ion  shi f t s  have  been  repor ted  for 
t he  D P N - h y d r o x y l a m i n e  complex  and  t he  cyan ide  complex,  w h e n  b o u n d  to t he  e n z y m e  1,s. To 
these  complexes  one m u s t  add  now t he  complexes  fo rmed  be tween  enzyme,  D P N  and  e i ther  
sulfide, bisulf i te  or  m e r c a p t a n  der iva t ives* .  In  all cases  t he  m a x i m u m  of t he  b o u n d  complex  is 
shif ted 15 m #  towards  t he  u l t raviole t .  The  a lkyl  m e r c a p t a n  complex  is no t  l imi ted  to t he  e thyl  

* The  horse  liver alcohol dehydrogenase  also appear s  to  show a h y d r a z i n e - D P N - e n z y m e  
complex .  The  non -enzym i c  add i t ion  of hyd raz ine  to D P N  shows,  however ,  peculiari t ies,  no t  
ge rmane  to o the r  add i t ion  react ions .  For  th i s  reason,  the  da t a  on th is  complex  are no t  included 
in th i s  commun ica t i on .  
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m e r c a p t a n  b u t  r a t he r  all n o r m a l  a lkyl  m e r c a p t a n s  t h r o u g h  C s will give t he  react ion.  The  reac t ion  
is no t  general ,  however ,  for all m e r c a p t a n  der ivat ives .  G lu ta th ione  and  cys te ine  do no t  form 
e n z y m i c  complexes ,  even  t h o u g h  t he  non -enzymi c  add i t ion  complexes  are  fo rmed  as readi ly  as 
is t he  e thy l  m e r c a p t a n  add i t ion  p roduc t  z4. T h u s  the re  is shown  specificity for t he  enzymic  com- 
plexes,  wh ich  is no t  show n  by  t he  non -enzymi c  coun te rpa r t s .  All complexes ,  shown  b y  DPN,  
are  ev iden t  w h e n  D P N  is replaced by  ace ty l  p y r i d i n e - D P N  and  py r id inea ldehyde -DPN.  

Yeast alcohol dehydrogenase 
The  add i t ion  reac t ion  be tween  py r id inea ldehyde -DPN,  h y d r o x y l a m i n e  and  the  yeas t  alcohol 
dehydrogenase  ha s  been descr ibed 2. In  con t r a s t  to t he  l iver enzyme,  th i s  reac t ion  is no t  shown  
by  D P N  or ace ty lpyr id ine-DPl~ .  Mercap tans  also form complexes  wi th  the  y e a s t  enzyme.  For  
these  react ions,  even  t h o u g h  D P N  will still no t  serve  as coenzyme,  a c e t y l p y r i d i n e - D P N  is effective. 
Again  the  m a x i m u m  is shi f ted  15 m/~ towards  shor te r  wave l eng th s  when  compared  to the  non-  
enzymic  spect ra .  Subs t r a t e  specif ici ty is aga in  a p p a r e n t  for the  m e r c a p t a n  add i t ion  react ions ,  
in t h a t  g lu ta th ione ,  cys te ine  or 2 - th ioe thanol  are ineffective. However ,  all n -a lky l  m e r c a p t a n s  
t h r o u g h  C 7 are capable  of p r o m o t i n g  t he  fo rma t ion  of complex .  

Bee[ hearl lactic dehydrogenase 
The  spect ra l  sh i f t  in m a x i m a l  ab so rp t i on  of b o u n d  D P N H  has  been repor ted  ~.  I t  h a s  been po in ted  
out ,  t h a t  th i s  sh i f t  is easier to  observe  wi th  the  ace ty lpyr id ine-  or py r id inea ldehyde  ana logues  
of D P N H  a. The  DPN-b isu l f i t e  complex  ha s  been repor ted  to t ake  place wi th  th i s  enzyme  5. This  
complex  occurs  more  f avorab ly  wi th  the  ace ty lpyr id ine-  or pyr id inea ldehyde  ana logues  of D P N  
t h a n  wi th  t he  n a t u r a l  coenzyme.  The  beef  h e a r t  e n z y m e  also shows  complexes  wi th  me rcap t ans .  
Subs t r a t e  specif ici ty is aga in  s ignif icant  in t h a t  mercap toace t i c  acid and  mercap to-succ in ie  acid 
give r ea sonab ly  favorable  complexes ,  whe reas  e thy l  m e r c a p t a n ,  th ioe thanol ,  g lu t a th ione  or 
cys te ine  do not .  I t  is n o t e w o r t h y  t h a t  t he re  is aga in  a sh i f t  in m a x i m a l  abso rp t ion  of t he  enzymi-  
cal ly b o u n d  m e r c a p t a n  complex  t oward  t h e  u l t raviole t .  However ,  t he  m a g n i t u d e  of t he  shi f t  is 
no t  as clearly defined as is t he  case for horse  l iver alcohol dehydrogenase .  T h u s  the  bisulfi te 
s p e c t r u m  is sh i f ted  s l ight ly  less t h a n  15 m/~, while t he  mercap tosucc in ic  acid s p e c t r u m  is shif ted 
s l ight ly  more.  

Rabbit shelelal muscle lactic dehydrogenase 
To da te  no  spect ra l  evidence for complex  fo rma t i on  ha s  been repor ted  for th is  enzyme .  Mercap tans ,  
however ,  do form complexes  wi th  t he  enzyme.  T he  s ame  specifici ty prevai ls  as found  wi th  t he  beef 
hea r t  enzyme.  A bisulf i te  add i t ion  complex  also can be observed.  I t  is obvious,  however ,  t h a t  
t he  b ind ing  of the  reduced  coenzyme  is m u c h  less t i gh t  by  th i s  dehydrogenase  t h a n  by  t he  
cor respond ing  beef hea r t  enzyme.  T h u s  no spect ra l  shi f t  is seen in t he  presence  of t he  enzyme  
for D P N H ,  while t he  bisulf i te  complex  is def ini te ly less favorable  t h a n  t he  cor responding  complex  
on t he  beef  h e a r t  enzyme.  

Rat liver lactic dehydrogenase 
TEREYAMA AND VESTLING repor ted  on t he  sulfide-DPiXl-enzyme complex  4. This  complex  is also 
fo rmed  in t he  presence  of t he  ace ty lpyr id ine-  and  py r id inea ldehyde  ana logues  of D P N .  Mercapto-  
succinic  acid, D P N  and  t he  ra t  l iver e n z y m e  will also form a complex .  The  q u a n t i t y  of enzyme  
was,  un fo r tuna t e ly ,  no t  sufficient  to pe r fo rm a s u r v e y  of t he  specifici ty of t he  m e r c a p t a n  add i t ion  
reac t ion .  

I n  add i t ion  to t he  above  m e n t i o n e d  complexes ,  t he  m a x i m a l  abso rp t ion  of the  reduced  
coenzymes ,  w h e n  b o u n d  to  t he  e n z y m e  is sh i f ted  towards  shor te r  wave leng ths .  The  liver enzyme  
resembles  t he  beef h e a r t  enzyme ,  in t h a t  t he  b ind ing  of D P N H  is no t  s t rong  enough  to  get  an  
u n a m b i g u o u s  shi f t  of t he  34 ° absorp t ion ,  s ince a t  all t i mes  a s ignif icant  a m o u n t  of free D P N H  
is present .  A c e t y l p y r i d i n e - D P N H  and  p y r i d i n e a l d e h y d e - D P N H ,  however ,  show the  shif t  clearly. 

Pig heart malic dehydrogenase 
Mercaptosuccin ic  acid will fo rm a complex  wi th  th is  enzyme,  when  pyr id inea ldehyde- -DPN is 
used  as coenzyme.  D P N  will n o t  p r o m o t e  fo rma t i on  of such  a complex .  Specificity towards  
s u b s t r a t e  is aga in  appa ren t ,  in t h a t  mercap tosucc in ic  acid is t he  only  m e r c a p t a n  showing  an  
add i t ion  reac t ion  a m o n g  all m e r c a p t a n s  tes ted .  Bisulfi te will also give a complex  wi th  pyr id ine-  
a l d e h y d e - D P N  and  enzyme .  I n  th i s  case a c e t y l p y r i d i n e - D P N  is also effective, b u t  D P N  fails 
to give a complex .  Bo th  t he  bisulf i te  and  t h e  mercap tosucc in ic  acid complexes  show a sh i f t  
in m a x i m a l  ab so rp t i on  w h e n  b o u n d  to  the  pig  h e a r t  ca ta lys t .  The  mercap tosucc in ic  acid sh i f t  
is ve ry  great ,  and  even  t h o u g h  t he  enzymica l ly  fo rmed  complex  ha s  a flat abso rp t ion  m a x i m u m ,  
t he  pos i t ion  of m a x i m a l  abso rp t ion  is sh i f ted  a t  least  25 m/z and  p robab ly  3 ° m/~ t owards  the  
sho r t e r  wave leng ths .  The  bisulfi te spec t rum,  however ,  shows  a shi f t  of no t  more  t h a n  15 m/~. 

Re/erences p. 82/83. 
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T A B L E  

S U M M A R Y  OF T H E  T E R N A R Y  C O M P L E X E S  

The complexes  were ascer ta ined  in the  m a n n e r  as descr ibed in the  legends of Figs. 1- 3. W h e n  i t  is i nd ica t ed  
the  pa r t i cu l a r  combina t ion  was not  tes ted .  The m a x i m a  repor t ed  are, in  general ,  sub iec t  to  an  error  ~f 

p l ex ing  agen t s  refer to  a p rac t i ca l  concen t r a t ion  

Complexing a g e n t  Concentration Ema x non- (M) Coenzyme enzymic liver alcohol yeast alcohol 
complex  dehydrogenase  dehydrogenase 

(into (m~) (m~) 

Cyanide  i . i o  -~ 

Sulfide 1.5. i o-3 

Bisulfi te  I . O .  l O  . 3  

n-Alky l  m e r c a p t a n s  4,5" IO-2 

H y d r o x y l a m i n e  2.o. 10 .3 

Mercaptosuccin ic  acid 2.O. lO -2 

Mercap toace t ic  acid 2,o. IO -3 

2 ,3-Di th iopropanol  i .  I o -3 

2 -Mercap toe thanol  i .  io  -1 

D P N H  34 ° 325 no shi f t  

A P D P N H  365 35 ° no shi f t  

Py-3A1DPNH 355 34 ° no shif t  

D P N  325 3 IO no complex  

A P D P N  34 ° 33 ° no complex  

Py-3A1DPN 33 ° 32o no complex  

D P N  335 32o no complex  

A P D P N  34 ° 325 no complex  

Py-3A1DPN 335 325 no complex  

D P N  33 ° 32o no complex  

A P D P N  345 33 ° no compl ex  

PY-3 AIDPN 345 33 ° no complex  b 

D P N  33 ° 315 no complex  

A P D P N  355 34 ° 34 ° 

Py-3 A1DPN 35 ° 335 335 

D P N  315 300 no complex  

A P D P N  34 ° 325 no complex  

PY-3 A1DPN 33 ° 3 I5 315 

D P N  330 no complex  no complex  

A P D P N  35 ° no complex  no compl ex  

Py-3A1DPN 35 ° no complex  no complex  

D P N  33 ° no complex  no complex  

A P D P N  350 no complex  no complex  

Py-3  A1DPN 350 no complex  no complex  

D P N  330 no complex  no complex  

A P D P N  355 no complex  no complex  

PY-3 A1DPN 355 no complex  no complex  

D P N  330 no complex  no complex  

A P D P N  34 ° no complex  no complex  

Py-3A1DPN 335 no complex  no complex  

a The complex  shows a finite d issoc ia t ion  cons tan t ,  so t h a t  only  ind ica t ions  of a spec t ra l  shif t  
are observed.  This  is especia l ly  t rue  for the  beef h e a r t  lac t ic  d e h y d r o g e n a s e - D P N H  c o m p l e x ;  
the  ra t  l iver  enzyme  b inds  D P N H  s o m e w h a t  s t ronger .  

b There  are ind ica t ions  t h a t  a complex  exists ,  bu t  the  spec t ra  are ambiguous .  
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O B S E R V E D  ON D I F F E R E N T  D E H Y D R O G E N A S E S  

t h a t  no  c o m p l e x  w a s  a p p a r e n t ,  t h e  c o m p l e x  w a s  l ooked  for,  b u t  cou ld  n o t  be  seen.  A d a s h  i n d i c a t e s  t h a t  
a b o u t  =k 3 m/~, s ince  m o s t  s p e c t r a  a r e  r e l a t i v e l y  b r o a d  in t h e i r  m a x i m u m .  T h e  c o n c e n t r a t i o n  of t h e  c o m -  
for  t h e  a s c e r t a i n m e n t  of t h e  t e r n a r y  c o m p l e x e s .  

Ema x of complex bound to the dehydrogenase 

bee] heart lactic rabbit muscle lactic rat liver lactic pig heart malic rabbit muscle bee/liver 
dehydrogenase dehydrogenase  dehydrogenasc  dehydrogenase  glycerophosphate glumatic acid 

dehydrogenase dekydrogenase 
(m~) (m~) (m~) (rap) (into (mu) 

325 a no  sh i f t  325 a no  sh i f t  no  sh i f t  no  sh i f t  

35 ° no  sh i f t  35 ° no  sh i f t  no  sh i f t  no  sh i f t  

34 ° no  sh i f t  34 ° no  sh i f t  no  sh i f t  no  sh i f t  

no  c o m p l e x  no  c o m p l e x  320 - -  no  c o m p l e x  __d 

no c o m p l e x  no  c o m p l e x  345 - -  no  c o m p l e x  - -  

no  c o m p l e x  no  c o m p l e x  335 - -  no  c o m p l e x  - -  

320 320 n o  c o m p l e x  no  c o m p ] e x b  no  c o m p l e x  - -  

34 ° 34 ° no  c o m p l e x  33 o no  c o m p l e x  - -  

33 ° 33 ° no  c o m p l e x  33 ° no  c o m p l e x  - -  

no  c o m p l e x  no  c o m p l e x  . . . .  

no  c o m p l e x  no  c o m p l e x  . . . .  

no  c o m p l e x  no c o m p l e x  . . . . .  

315 315 320 no  c o m p l e x  no  c o m p l e x  no  c o m p l e x  

335 335 34 ° 32o no c o m p l e x  no  c o m p l e x  

325 325 335 32o no  c o m p l e x  no  c o m p l e x  

31o 31o - -  _ _  _ _  315 

335 335 - -  - -  - -  335 
__c _ _ c  . . . .  c 

. . . .  no  c o m p l e x  

. . . .  no  c o m p l e x  

. . . .  345 e 

no c o m p l e x  no  c o m p l e x  - -  no  c o m p l e x  no  c o m p l e x  

no  c o m p l e x  no  c o m p l e x  - -  no  c o m p l e x  no  c o m p l e x  

no  c o m p l e x  no c o m p l e x  - -  no  c o m p l e x  no  c o m p l e x  

c T h e  m e r c a p t o a c e t i c  a c i d  h a s  a s t r o n g  a b s o r p t i o n  in  t h e  r e g i o n  a r o u n d  3oo m # .  F o r  t h i s  
r e a s o n  t h e  c o m b i n e d  n o n - e n z y m i c  a d d i t i o n  a n d  t h e  a b s o r p t i o n  of t h e  m e r c a p t a n  i t se l f  r e s u l t e d  
in ze ro  t r a n s m i s s i o n  in  t h e  b l a n k  c u v e t t e .  

d T h e  e n z y m e  is s t r o n g l y  i n h i b i t e d  b y  sulf ide.  
e Th i s  c o m p l e x  f o r m s  w i t h  a m e a s u r a b l e  r a t e ,  r a t h e r  t h a n  i n s t a n t a n e o u s l y .  



70 J. VAN EYS et al. voz. 27 (1958) 

Rabbit skeletal muscle a-glycerophosphate dehydrogenase 
The only complex observed to date on this enzyme is the pyridinealdehyde-DPN 2,3-dithio- 
propanol-dehydrogenase complex. DI~N and acetylpyridine-DPN are ineffective in replacing the 
pyridinealdehyde-DPN. In contrast to all other complexes reported in this paper, the complex 
formation is not instantaneous, but follows a definite time course. That the observed spectrum 
is indeed a complex, and not reduced pyridinealdehyde-DPN is indicated by the fact that the 
maximum of the complex is at 345 m/~, while pyridinealdehyde-DPNH absorbs maximally at 
355 m~tt. The maximum of the pyridinealdehyde DPNH is not shifted in the presence of this 
dehydrogenase. Unfortunately, no mercaptans closer in structure to the substrate are available. 
It is of interest to note that the propylene glycol and glycerol dehydrogenases from A. aerogenes 
are very strongly inhibited by 2,3-dithiopropanol. 

Bee[ liver glutamic dehydrogenase 
The only mercaptan to date, which will show a ternary complex with this enzyme under the 
conditions examined, is mercaptoacetic acid. It is of special interest that mercaptosuccinic acid 
is ineffective in forming the complex. This shows a high degree of specificity of the glutamic 
dehydrogenase, and is in accord with the known fact that aspartic acid will not serve as a substrate 
for the enzyme 3~. 

The requirement/or coenzyme and dehydrogenase in the addition reaction 

The requirement/or protein 

The enzyme component  for the format ion of the t e rnary  complex must  be in the 
nat ive  state, since boiled enzyme fails to subs t i tu te  for nat ive enzyme in the reaction. 
Other methods of dena tura t ion  are equal ly deleterious to complex formation. This 
can best be i l lustrated by  the effect of urea. Yeast alcohol dehydrogenase is com- 
pletely inact iva ted  in 5 M urea, and similarly, no e thy lmercap tan-ace ty lpyr id ine -  
DPN complex is formed in 5 M urea in the presence of the enzyme. On the other 
hand,  horse liver alcohol dehydrogenase retains up to 20 % of its ac t iv i ty  in  5 M urea. 
This is reflected in the retained abi l i ty  to b ind  the DPN-e thane th io l  complex. 

The requirement/or coenzyme 

The addi t ion of enzymes inac t iva t ing  DPN to a reaction mixture  containing the 
t e rna ry  complex completely abolishes the spectrum of the complex. This destruct ion 
can be carried out with either the Neurospora DPN-ase or snake venom pyrophos- 
phatase.  In  the case of acetylpyr idine-DPN,  it  is essential  to use the pig brain  DPN-ase 
since the Neurospora enzyme does not  a t tack  the analogues TM. The fact tha t  the com- 
plex once formed is destroyed by  the hydrolyt ic  enzymes, is s trong evidence that  the 
coenzymes are not  acting catalyt ical ly in establishing the complex. Fur thermore,  
the in tac t  coenzyme is required for the formation of complex, since the various coen- 
zyme degradat ion products are without  activity.  

A comparison between the action of DPN-ase and  pyrophosphatase on the horse 
liver alcohol dehydrogenase -DPN-hydroxy lamine  complex has been published in 

detaiP.  

The coenzyme specificity o[ the complex/ormation 

Only those coenzymes, which will subs t i tu te  for DPN in the catalyt ic  act ivi ty  of the 
enzyme,  will promote complex formation on this enzyme. Thus, the acetylpyridine- 
and  pyridinealdehyde analogues of DPN and  their  deamina ted  derivatives will pro- 
mote complex formation as well as promote catalysis 21,~. Analogues, which will fail 
to replace DPN in the enzymic reaction, also fail to form complexes (e.g. a isomer 

of DPN). 

Re[erences p. 82/83. 
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The relative effectiveness, however, of a given analogue to replace DPN in catal- 
ysis and complex formation are not identical. For example, pyridinealdehyde-DPN 
is usually a relatively poor hydrogen acceptor ~. On the other hand, this coenzyme 
analogue invariably forms the more favorable complexes. The ability of coenzymes 
to form ternary complexes appears to be related to their ability to form non-enzymic 
addition complexes 19,24 and to their oxidation-reduction potentials 19,2n. 

The effect o~ agents, promoting ternary complex/ormation, on reaction rates 

Criteria [or inhibition 

Two points are of importance in establishing the inhibitory action of complexing 
agents. In the first place, on occasions the dehydrogenase might require sulfhydryl 
groups for maximal activity. In those instances mercaptans might exert a dual role, 
both as inhibitors, and as activators. In those instances only the extrapolated initial 
rate will show the actual inhibition. These rates can be experimentally diffficult to 
ascertain if the lability of the enzyme is very great in the absence of mercaptans. 
This type of phenomenon has been observed with the D-lactic dehydrogenase from 
L. mesenteroides. 

Another difficulty arises from the non-specific complexing ability of all sub- 
stances tested in this study. At very high pH values enough DPN may be complexed 
non-enzymically to shift the equilibrium significantly. This does not represent an 
inhibition, even though it might appear as such when the approaching of equilibrium 
affects the rates. Fig. 4A illustrates this phenomenon with pig heart lactic dehy- 
drogenase in the presence of glutathione. The initial rates are not affected by  the 
presence of the mercaptan, but at the high pH value a significant shift in equilibrium 
becomes apparent. Lowering the pH by one pH unit completely abolishes the effect 
(Fig. 4B). 

1.0 

Fig. 4. The effect of glutathione on the equi- 
librium of pig heart lactic dehydrogenase. DPN : 
6.5. Io-4M, DL-lactate: 1. 7" io-~M, in tris buffer, 
o.o5M, of the pH indicated. The reaction was 

started with enzyme. Final volume: 3.o ml. 

e~ 
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General inhibition o~ dehydrogenases by complexing agents 

Those agents which will promote ternary complex formation will act as inhibitors for 
the reduction of DPN by the dehydrogenases. This inhibition is competitive with the 
substrate. Examples of this inhibition are given in Table II. I t  is of interest to note 
in instances where there is little inhibition with DPN or TPN, inhibition can be 
observed with the corresponding acetylpyridine analogues. The inhibition can be 
shown clearly by a classical Lineweaver-Burk plot. This latter method, however, for 
establishing competitive inhibition at times is difficult since the dehydrogenases in 
general show abnormal substrate saturation curves. 
Re/erences p, 82/83. 
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T A B L E  I1 

T H E  E F F E C T  O F  I N C R E A S I N G  S U B S T R A T E  C O N C E N T R A T I O N S  ON T H E  

I N H I B I T O R Y  ACTION" O F  M E R C A P T A N S  

The  a s say  s y s t e m s  were as follows: For  rabb i t  skeletal  musc le  lactic dehydrogenase :  Tris  buffer, 
o,I M,  p H  8.o, and  coenzyme,  1. 5 • IO-43I;  For  isocitric dehydrogenase  : Tris buffer, o.I 31, pH  8.o, 
T P N  or a c e t y l p y r i d i n e - T P N :  1. 4. IO aM,  and  MgCl2, 5" IO-SM; For  g lucose -6-phospha te  de- 
h y d r o g e n a s e  : Tr is  buffer, o. 1 31, p H  8.0, T P N  or a c e t y l p y r i d i n e - T P N  : 1.5" io * 3I  ; and  for D-lactic 
dehyd rogenase  f rom L. arabinosus: P h o s p h a t e  buffer, p H  8. 5, o. i M, and  D P N  or a c e t y l p y r i d i n e -  
D P N :  3.0. IO-4M. In  all cases  t he  final vo lume  was 3.0 ml. The  concen t r a t i ons  of the  subs t r a t e ,  
w h e n  a racemic  m i x t u r e  was  used,  is expressed  as the  concen t r a t ion  of the  act ive  isomer.  The  

reac t ion  was a lways  s t a r t ed  wi th  the  enzyme.  

Per cent inhibition 
Inhibitor Substrate 

Enzyme Inhibitor concentration Substrate concentration Niootin- Acetyl 
(M) (M) amide pyridine 

coenzymes coenzymes 

R a b b i t  skele ta l  Mercapto-  1.7" lO-2 Sod ium i .7' 1°-3 29.8 28.8 
musc le  lact ic acid succinic  acid DL-lactate i .7' 1°-2 o I 5.o 
d e h y d r o g e n a s e  1. 7. lo 1 o 3.2 

3,3 '  lO-2 1.7" 1°-3 33.6 63..5 
1. 7 • Io -2 o 33.6 
1 . 7 .  IO 1 o I I. 7 

D-lactic acid Mercapto-  1. 7 • io -2 Sod ium 7 .0. lO-4 73.5 7 °.8 
d e h y d r o g e n a s e  succinic  acid B- lac ta te  3.5" IO-3 o 22.0 

1.7.1o-2 o 2.0 
3-3" IO-2 7.0' io 4 79.4 ioo  

3-5" IO-3 25.0 7 8,o 
1. 7 • lO -2 o 12.2 

Isoci tr ic  acid Mercapto-  3.3" Io-2 d/-iso- t .7" lO-3 4 .0 33 .0 
dehyd rogenase  succinic  acid citr ic acid 7. t.5. i o 3 2.5 o 

i .o .  io-1 1.7. io-3  32.4 41.7 
7.2. io -3 18. 7 18.2 

Glucose -6 -phospha te  2,3-di thio-  4.5 '  IO 2 p o t a s s i u m  3.3 '  io 4 21. 4 lOO 
dehyd rogenase  p ropano l  glucose- 3.3'  I ° - a  2.6 87. 5 

6 -phospha t e  3.3 '  10 -2 o 53.° 

G lu t amic  Mercapto-  1.67. lO -2 L-glu tamic  acid 4.4" 1°-5 20.0 - -  
dehyd rogenase  acet ic  acid 2 .2 .10  -4 - 71.4 

4-4" io 4 o 40.7 
4.4" l ° -3  o 34.3 

I t  i s  o f  p a r t i c u l a r  i n t e r e s t  t h a t  t h e  i n h i b i t i o n  is  n o t  l i m i t e d  t o  e n z y m e s  w h i c h  h a v e :  

b e e n  o b t a i n e d  i n  p u r e  e n o u g h  s t a t e  t o  a s c e r t a i n  t h e  f o r m a t i o n  o f  t e r n a r y  c o m p l e x e s .  

T h e  T P N - g l u c o s e - 6 - p h o s p h a t e  d e h y d r o g e n a s e  i s  i n h i b i t e d  b y  2 , 3 - d i t h i o p r o p a n o l .  T h i s  

i n h i b i t i o n  is  a l s o  s h o w n  b y  t h e  g l y c e r o l  a n d  p r o p y l e n e  g l y c o l  d e h y d r o g e n a s e s  f r o m  

A.  aerogenes. T h e  e f f e c t  o f  m e r c a p t o s u c c i n i c  a c i d  is  n o t  l i m i t e d  t o  L - s p e c i f i c  l a c t i c  

d e h y d r o g e n a s e s :  t h e  D - s p e c i f i c  l a c t i c  d e h y d r o g e n a s e  f r o m  L. arabinosus i s  e q u a l l y  

i n h i b i t e d .  T h e  s p e c i f i c i t y  o f  t h e  m e r c a p t a n  i n h i b i t i o n s  a l s o  e x t e n d s  t o  t h o s e  e n z y m e s  

w h i c h  h a v e  n o t  b e e n  e x t e n s i v e l y  p u r i f i e d ;  g t u c o s e - 6 - p h o s p h a t e  d e h y d r o g e n a s e  is  n o t  

i n h i b i t e d  b y  t h i o e t h a n o l ,  w h e r e a s  2 , 3 - d i t h i o p r o p a n o l  i s  a n  a c t i v e  i n h i b i t o r .  T h e  

s u m m a r y  i n  T a b l e  I I I  s h o w s  t h e  s p e c i f i c  a c t i o n  o f  t h e  i n h i b i t o r s  o n  d i f f e r e n t  d e -  

h y d r o g e n a s e s .  

Re/erences p. 82/83. 
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TABLE I i i  

S U M M A R Y  OF T E R N A R Y  C O M P L E X  F O R M A T I O N  ON D E H Y D R O G E N A S E S  

73 

Compounds complexing with all D PN 
molecules on the dehydrogenase 

Compounds complexing with a limited number 
o/ DPN molecules on the dehydrogenase 

Compound Inhibitor/or Compound Inhibitor ]or 

Bisulfite 

Sulfide 

most substrates Hydroxylamine ethanol 

t ightly 
bound substrates 

Cyanide very tightly 
bound substrates 

n-Alkyl mercaptans ethanol 

Mercapto- lactic acid, 
acetic acid glutamic acid 

Mercapto- lactic acid, 
succinic acid malic acid, 

isocitric acid 

2,3-Dithiopropanol glucose-6-phosphate, 
glycerol- I -phosphate, 
glycerol, 
propylene glycol. 

In certain instances a given agent would not give a complex with DPN, yet it 
did inhibit the reaction with DPN as hydrogen acceptor. This has been previously 
shown for the action of hydroxylamine on yeast alcohol dehydrogenasO ~. This is 
again true for ethylmercaptan. In contrast to the action of hydroxylamine on liver 
alcohol dehydrogenase3L m no lag in the inhibitory action of ethanethiol on the yeast 
or liver enzyme is apparent. 

The correlation between inhibitory activity and complex/ormation 

Even though a given complexing agent might inhibit the reaction with DPN in the 
absence of a corresponding complex formation, the inhibition is generally greater 
with acetylpyridine-DPN or with pyridinealdehyde-DPN. The magnitude of inhibi- 
tion appears to be related to the extent of complex formation (Table IV). This is true 
also for those dehydrogenases in which ternary complexes with DPN as well as with 
the analogues are observable (e.g., rat liver lactic dehydrogenase). 

The e~ect o/complexing agents on the oxidation o /DPNH 

The complexing agents do not react with the reduced form of the coenzyme. However, 
as the reaction proceeds from DPNH to DPN, the accumulated oxidized coenzyme 
shows a tendency to form complexes, thus inhibiting further reaction by competition 
with DPNH. This is especially marked, when the complex is very favorable, as is the 
case for the bisulfite-DPN-beef heart lactic dehydrogenase complex. In this reaction 
as little as 3 ~' of bisulfite/3 ml will inhibit the reaction 50% 5. To some degree this 
inhibition holds true for the mercaptans. But since the complex is far more favorable 
with acetylpyridine-DPN, the oxidation of acetylpyridine~DPNH is far more strongly 
inhibited than the oxidation of DPNH. For example, with beef heart lactic dehydro- 
genase 3.3" Io-2M mercaptosuccinic acid does not inhibit DPNH oxidation at all, 
whereas acetylpyridine-DPNH oxidation is inhibited 50 %*. 

* The experiment was performed in phosphate buffer, pH 8. 5, o.I M, pyruvate i .  io-~M, and 
a coenzyme concentration of i • I o - 4 M .  

Relerences  p. 82/83.  
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TABLE IV 

T H E  E F F E C T I V E N E S S  O F  T H E  C O M P L E X I N G  A G E N T S  AS  I N H I B I T O R S  OF  

D E H Y D R O G E N A S E S  U S I N G  D I F F E R E N T  C O E N Z Y M E S  

The following reaction mixtures were used, all with a final volume of 3.0 ml: Glvcerolphosphate 
dehydrogenase : Tris buffer, pH 9.3, o. i M, D PN, 3.°" 10 -4 M, and a-glycerolphosphate : i. 7' 10 -2 M ; 
Malic dehydrogenase: with mercaptosuccinic acid as inhibitor: DPN: 1.5. Io-4M, L-maiate: 
i.o. io -3 M, in tris buffer, pH 9.3, o.I M, and with bisulfite as inhibitor: pyrophosphate buffer, 
pH 9.3, o.I M, with identical concentrations of substrate and coenzvme; for rat liver lactic de- 
hydrogenase: Tris buffer, o.i M, pH 9-3, DPN: 1.5. I o-4M, and sodium DL-lactate 2. 7- lo-2M. 
In all cases the reaction was initiated with the enzyme. Preincubation of enzyme, coenzyme 
and substrate did not alter the results obtained. Rates are expressed as change in optical density 

per minute. 

Rate o/coenzyme reduction 

A cetyl- Pyridine 
Enzyme Inhibitor Concentration D PN pyridine, aldehyde- 

(M) DPN DPN 

Ea4o % In- % In- % In- 
hibition E~.~ Eas~ hibitio~ hibitio~ 

Rabbit  skeletal 2,3-ditnio- - -  
muscle glycerol propanol 4.0. io -2 
phosphate 
dehydrogenase 

Pig heart malic mercapto- - -  
dehydrogenase succinic acid i .o. l O  _ 3  

bisulfite I 

0. 9 • io-a 

Rat  liver lactic mercapto- - -  
dehydrogenase succinic acid 1. 7 • lO -2 

5.0" Io -2 
9.9' lO-2 

o.o87 - -  - -  - -  o.o12 - 
o.o81 6.9 - -  - -  o.oo 5 58.3 

0.084 - -  - -  - -  o.oi8 - -  

0.075 lO. 7 - -  __ 0.003 83. 3 

o.198 - -  0.297* - -  0.036 - -  
o.o78 60.6 o.047 84.2 0.o04 88.9 

o.154 - 0.030 - -  O.Oli --. 
o.162 o 0.022 26. 7 o.ooo ioo 
°.147 4.5 o.o13 56.7 o.ooo 1oo 
o. II9 22. 7 o.ooo ioo o.ooo ioo 

* The activity of acetylpyridine-DPN compared to DPN is far greater in pyrophosphate than 
in tris or phosphate buffer. 

The  correlat ion between substrate a n d  m e r c a p t a n  speci f ic i ty  

S t ruc tura l  speci f ic i ty  

As m e n t i o n e d  before ,  one  of t h e  s t r i k i n g  f e a t u r e s  of t h e  m e r c a p t a n  a d d i t i o n  r eac t i o n  

is t h e  spec i f i c i ty  of t h e  e n z y m e  for  t h e  m e r c a p t a n  s t r u c t u r e ,  b o t h  for  t h e  a d d i t i o n  

r e a c t i o n  a n d  t h e  i n h i b i t i o n .  Ye t ,  b o t h  y e a s t  a n d  l ive r  a lcohol  d e h y d r o g e n a s e  will  

f o r m  c o m p l e x e s  w i t h  all n - a l k y l  m e r c a p t a n s .  T h i s  is in l ine w i t h  t h e  s u b s t r a t e  spec i -  

f ic i ty  of t h e s e  e n z y m e s ;  y e a s t  a lcohol  d e h y d r o g e n a s e  in  p a r t i c u l a r  will  a t t a c k  a 

v a r i e t y  of p r i m a r y  a n d  s e c o n d a r y  alcoholsSL T h e  e f fec t iveness  of t h e  m e r c a p t a n  

a d d i t i o n  a n d  t h e  e f fec t iveness  of t h e  c o r r e s p o n d i n g  a l coho l  to  se rve  as a s u b s t r a t e  

c o m p a r e s  r e a s o n a b l y  wel l  on  t h e  t w o  d e h y d r o g e n a s e s  (Table  V). W h i l e  b u t a n o P  

r eac t s  o n l y  a b o u t  6 0 %  of t h e  r a t e  of e t h a n o l  on  t h e  y e a s t  e n z y m e ,  t h e  l iver  e n z y m e  

ox id izes  b u t a n o l  50% [aster t h a n  e thano l .  This  is c o r r e l a t e d  w i t h  t h e  d i s soc ia t ion  

c o n s t a n t s  of t h e  c o r r e s p o n d i n g  m e r c a p t a n  c o m p l e x e s .  The  b u t y l  m e r c a p t a n  c o m p l e x  

has ,  on  t h e  y e a s t  e n z y m e ,  n e a r l y  twice  the  d i s soc ia t ion  c o n s t a n t  of t he  e t h y l  m e r -  

c a p t a n .  On t h e  l iver  e n z y m e ,  h o w e v e r ,  t h e  d i s soc ia t ion  c o n s t a n t s  are  n e a r l y  iden t ica l .  

The  d a t a  in Tab le  V for  t i le y e a s t  e n z y m e  are for a c e t y l p y r i d i n e - D P N  w h e r e a s  

t he  d i s soc ia t ion  c o n s t a n t s  for t h e  l iver  e n z y m e  are  w i t h  D P N .  Since the  d i s soc ia t ion  

Re[erences p. 82/83. 
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T A B L E  V 

THE ACTIVITY OF MERCAPTANS OF VARYING CHAINLENGTHS IN COMPLEX FORMATION 
ON ALCOHOL DEHYDROGENASES 

The ra tes  were  d e t e r m i n e d  a t  a lcohol  concen t ra t ions  of 2. 5. I o -3M,  w i t h  a D P N  concen t r a t i on  
of 1. 5. I o - 4 M .  For  y e a s t  a lcohol  dehydrogenase  t he  buffer e m p l o y e d  was  Tris, p H  9.3, o .o5M.  
For  t he  horse l iver  enzyme  the  buffer employed  was  phospha te ,  p H  7.5, o . i  M. The  d issoc ia t ion  
cons t an t s  for the  m e r c a p t a n  a d d i t i o n  complexes  were ca lcu la ted  from the  fo rmula :  

(Cb)/(Et) = - K a p p .  [(Cb)/(E~)]/(Cf) + m 

where  Kap#.  is defined by  the  equa t i on :  

Kapp. = ( H + ) / ( R S H ) "  Kdiss. 

(RSH) represen t s  the  concen t r a t i on  of the  mercap t an .  The complexes  were de t e rmined  in phos-  
p h a t e  buffer, o. i  M, p H  7.5- For  y e a s t  a lcohol  dehydrogenase  a c e t y l p y r i d i n e - D P N  was  used, 
for the  l iver  enzyme  D P N .  The non-enzymic  d issoc ia t ion  c o n s t a n t  represen ts  the  va lue  ob ta ined  

w i t h  p y r i d i n e a l d e h y d e - D P N ,  and  is ca lcu la ted  from prev ious ly  pub l i shed  d a t a  24. 

n-alkyl mercaptan K diss non- 
or n-alkyl enzymic 

carbinol used complex 

Yeast alcohol Liver alcohol 
dehydrogenasc dekydrogenase 

K diss Relative K diss Relative 
complex rate a complex rate a 

C i i . o .  l O  9 4 . 4 "  1°-3 IOO 3.7" lO-4 IOO 
Cz ___b ~ b  66 __b 15 ° 
C4 1.4" lO9 7.4" I ° -3  61 3.7' lO-4 162 
C5 1. 7 . lO 9 13.o. lO-3 __c 4. 0 . lO-4 __c 
C a 3.o" lO 9 46.o • lO-3 41 4.8" lO -4 156 

a The  r e l a t i ve  r a t e  of e thano l  is t a k e n  a r b i t r a r i l y  as ioo.  
b The p u r i t y  of our  p ropa ne th io l  p r e p a r a t i o n  was  in quest ion.  Since no faci l i t ies  were ava i l ab l e  

for d i s t i l l a t i on  of m e r c a p t a n s ,  the  va lue  has  been deleted.  
c n - A m y l  alcohol  con ta ins  an  inh ib i tor ,  which  can  be pa r t i a l ly ,  b u t  never  comple t e ly  r emoved  

b y  f rac t iona l  red i s t i l l a t ion .  The i nh ib i t o r  appea r s  to  ac t  s t ronger  on the  y e a s t  enzyme  t h a n  on 
t he  l ive r  enzyme.  

constants are usually about ten times higher for DPN as compared to acetylpyridine- 
DPN, the liver enzyme appears to bind the mercaptans (and by analogy the substrate) 
about ioo times stronger than the yeast enzyme. 

Stoichiometry o/the addition reaction 

Types o/stoichiometry observed 

When the stoichiometry of the complex reaction was determined for those dehydro- 
genases for which the molecular weight was known, it became apparent that  the 
complexing agents fell into two groups. One group gave the number of complexing 
agents bound per mole of enzyme identical with the number of DPN or DPNH 
molecules bound. The second group, however, showed a discrepancy between these 
two entities. To the first group belong ions, like sulfide, cyanide and bisulfite. The 
second group consists of substances closely related in structure to the substrate 
(e.g., hydroxylamine and mercaptans). We have considered binding of D P N H  as a 
member of the first class, since it represents a complex between enzyme, DPN and 
a hydride ion. 

The stoichiometry of complex formation is summarized in Table VI ; the individual 
enzymes are discussed below. 

H o r s e  l iver  alcohol dehydrogenase  

Since the  classical  work  b y  THEORELL AND BONNICHSEN 27, i t  has  been k n o w n  t h a t  the  enzyme  
b inds  two  moles of D P N H  per  mole of enzyme.  Similar ly ,  two  moles  of the  D P N - c y a n i d e  complex  

References  t9. 8 2 / 8  3 . 
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are  bound .  However ,  the  D P N - h y d r o x y l a m i n e  complex  shows  a s to i ch iomet rv  of o n l y  o n e  mole 
pe r  mole of enzyme .  This  held t rue ,  w h e t h e r  DP N,  ace ty lpy r id ine -DPN or pyr i ( t inea ldehvde-DPN 
was  used as a coenzyme.  Th i s  s t o i ch iome t ry  is in con t r a s t  wi th  t h a t  p rev ious ly  repor ted of two 
moles  per  mole of e n z y m e  1. This  conclus ion was  d r awn  unde r  the  a s s u m p t i o n  t h a t  the  equi l ibr ium 
c o n s t a n t  of  the  complex  fo rma t ion  was  ve ry  m u c h  in favor  of the  binding.  Fig. 5 shows  the  da t a  
repor ted  b y  KAPLAN AND CIOTTI 1, by  ca lcula t ing  the  ac tua l  a m o u n t  of complex  formed in the  
reac t ion  mix tu r e .  The  s ame  s to i ch iome t rv  of one mole per  mole of enzyme  is shown  by all 
m e r c a p t a n s  t h r o u g h  C s. 

Yeast alcohol dehydrogenase 

I t  h a s  been s h o w n  prev ious ly  t h a t  th is  e n z y m e  b inds  four  moles  of DPN,  D P N H  2s or pyr id ine-  
a l d e h y d e - D P N H  2.. On  the  o ther  hand ,  as repor ted  prev ious ly  2, only  I mole of the  pyr id ine-  
a l d e h y d e - D P N - h y d r o x y l a m i n e  complex  is b o u n d  per  mole of enzyme.  This  also holds t rue  for 
the  n - a l k y l m e r c a p t a n  complexes ,  w h e t h e r  a c e t y l p y r i d i n e - D P N  or p y r i d i n e a l d e h y d e - D P N  is used 
as a coenzyme.  A s a tu r a t i on  curve  (as used  for horse  l iver alcohol dehydrogenase  in Fig. 5) could 
conce ivably  indicate  t h a t  one D P N  complex  is b o u n d  rapidly,  while t he  o ther  complex  is b o u n d  
ve ry  unfavorab ly .  Tiais objec t ion  would  be even  more  pe r t i nen t  wi th  t he  yeas t  enzyme,  where  
t he  d i sc repancy  be tween  t he  n u m b e r  of complexes  formed and  the  n u m b e r  of molecules  of D P N  
b o u n d  is ve ry  large. For  th i s  reason  the  s to i ch iome t ry  ha s  been ca lcula ted  by  ex t r apo la t ion  to 
infinite coenzyme concen t ra t ion  ill the  presence of a very  large excess  of complex ing  agent .  Th i s  

can be done by  e i the r 'o f  the  following two  equa t ions** :  

.- (Cb)/(E~) = - - ~  [(cb)/(Et)]/(Q) + . ,  (,t  
N 1.0 
tLI 

O 

0.5 

g 

o 

8 
1,10 ~' I0 I I I ,5.0 4,0 3.0 

TOTAL DPN CONCENTRATION (x I0 5) 

where  (Cb), (Cf), and  (El) s t and  for the  concen t ra t ion  of 
b o u n d  complex,  free coenzyme,  and  to ta l  enzyme,  respect ive ly  ; 
m equa ls  t he  n u m b e r  of complexes  m a x i m a l l y  bound  to t he  
enzyme.  

Fig. 5. The  s a t u r a t i o n  curve  for the  h y d r o x y l a m i n e - D P N - l i v e r  
alcohol  dehydrogenase  complex ,  o .ooi  M neut ra l ized  hyd roxy l -  
ami ne  (pH 7.5) u s ing  o.I M p h o s p h a t e  buffer.  E n z y m e  concen-  
t r a t i on  3.°9" i o-SM. The  mola r i t y  of t he  complex  was  e s t i m a t e d  

f rom t he  increase in abso rp t ion  a t  300 m/~. 

* I t  h a s  r ecen t ly  been repor ted  t h a t  y e a s t  alcohol dehydrogenase  b inds  5 moles  of D P N / m o l e  
of e n z y m e  aga r a the r  t h a n  four;  5 moles  of zinc r a t he r  t h a n  four  were also found  b o u n d  to t he  
e n z y m e  agb. U n d e r  special  condi t ions ,  by  b ind ing  large a m o u n t s  of zinc to the  enzyme,  as h igh  
as 28 moles  of D P N  can  be b o u n d  agb. The  in t e rp re t a t i on  of these  obse rva t ions  is no t  clear. Our  
d a t a  ind ica te  t h a t  t he  b ind ing  of t he  reduced  coenzyme  shows  a b inding  of only  4 moles  D P N H /  
mole  of enzyme .  

* *  The  equa t i ons  can  be der ived as follows: be tween  the  coenzyme  (C), t he  nucleophil ic  com-  
p o u n d  (SH), and  t h a t  f rac t ion  of e n z y m e  which  b inds  one mole of nucleophil ic  c o m p o u n d / m o l e  
(E), we h a v e  t he  free and  i n d e p e n d e n t  series of equi l ibr ia:  

K '  
C + S H x  K--°~C'S + H + t h r o u g h E - C n  + S H ~  ~E-C(~,_I)-C'S + H  + 

K" • 14" 
E - C . S  + C # ~  E - C - C . S  through E-C(n_2)-C.S + C <- ~ E-C(n_I)-C'S 

"K'[~ K '  " 
E + C ' S  E - C . S  t h r o u g h  E-C(n-1) + C ' S  4== ~ E C(~_I)-C'S 

K"  K M 
E + C ~ - - ~  E-C t h r o u g h  E-C(n-1) + C ~=7 \ E-Cn 

We define Cb (i.a. t o t a l  a m o u n t  of enzymica l ly  b o u n d  complex)  by :  

(Cb) = (E-C.S) + (E-C-C.S)  + . . . . . . . . . .  + (E-C(n_I)-C'S) 

F r o m  the  equilibria,  defined above,  we can  calculate  (Cb) by  express ing  all t e r m s  in (E-Co~ 1)-C'S) ,  
&S : 

(n--l) 

(Cb) = (E-Co,-1)-C'S)  ~ { ( K "  (C)) ~ (3) 
(n= o) 

Since K "  {C) ~ 1, and  hence  1/K'" (C) >~ 1, we can  solve (3) to give:  

( E  C(,~_I)-(..~.S ) = (Cb) ( K / `  (C))  ( " -1 )  (4) 

Re/erences p. 82/83. (Continued on p. 79) 
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Alternately one may use equation (2) : 

I](Cb) = K ' ]m(Et )  × I/(C]) + i /m(Et )  (2) 

Calculation of the stoichiometry by the use of these equations is illustrated in Fig. 6 for the ease 
of pentanethiol, acetylpyridine-DPN and yeast alcohol dehydrogenase. All data in Table VI are 
calculated by extrapolation to infinite coenzyme concentration. 

Fig. 6. Calculation of the stoichiometry, employing extrapolation to infinite coenzyme concen- 
trations. The enzyme used was yeast alcohol de- 
hydrogenase. Enzyme concentration 2,42" Io-SM, t.5 1.5 
in phosphate buffer, pH 7.5, o . IM.  Mercaptan 

/ 

concentration o.o83M. The curve on the left is 
a plot of: 

(Cb)[(Et) = -K[(Cb)I(E,)]](Cf) -~- m LO ~ Lo I.C 

The average number o fcomplexesbound/moleof  I~- ~ ~ 
enzyme (Cb)/(Et) is expressed on the graph as ~. 
The intercept, m, represents the number of corn- 45 ~ o..* -~ MOLE B00ND 
plexes at infinite coenzyme concentration. The * 
graph on the right is a plot of: _2 .MOtEs BOUND 

- 3  MOLES BOUND 
I / (Cb)  = K / m .  (Et)  x i / ( c / )  + i / r e .  (Et) , i I I i 

I.O 2.0 2.5 5.0 7.5 
On the figure are indicated the position of inter- F/Cf x I0 -4 I /Cf  x I0 -4 
cept (i.e. the reciprocal of enzyme concentration 

times the number of complexes bound) if i, 2 or 3 complexes were bound]mole of enzyme. 

Beef heart lactic dehydrogenase 

TAKENAKA AI~D SCnWERT 40 have shown by ultracentrifugational studies, that  4 moles of DPN 
or DPNH are bound/mole of enzyme. This is in agreement with the report of P~LEIDERER et al. 5 
that  four bisulfite complexes are bound/mole of enzyme. This figure can be verified by employing 
the shift in maximal absorption when acetylpyridine-DPNH is bound to the enzyme. However, 
when the mercaptosuccinic acid complex was measured, only 2 moles of complex were formed 
maximally/mole of enzyme. 

Defining Ef = E - -  C b we can derive for Ef  from the equilibria along the same lines equation (5) : 

(E -C , )  = (EI) ( K "  (C))n (5) 

Expressing now (E-C(n_I)-C" S) in (E-Cn) from the independent equilibria, introducing the solution 
in equation (4) and then equating (4) and (5). we get, remembering that  (El) = (E) - -  (CO) : 

(co) = (E)  
(H+) (6) 

i +  
K ' K "  (C) (SH) 

If Et represents the total amount of enzyme, and m the moles of complexes bound]mole of enzyme, 
we can rewrite equation (6) as: 

(cb) = ~ (Et) 
(H+) (7) I+ 

I ~ ' K "  (C) (SH) 
A simple arrangement yields equation (i) and (2), described in the text. I t  is clear that  the 
equilibrium constant in these equations has the value: 

K = (H+)/(SH).K'K'" (8) 

In this development the approximation is introduced that  the free coenzyme (C) equals total 
coenzyme minus complex concentration. If the number of complexes coincides with the number 
of DPN maximally bound (in the derivation m. n = m), this is true. If the binding of the complex 
is weak, so tha t  the free coenzyme exceeds greatly the concentration of complex, the approxi- 
mation is valid. If, however, the concentration of free coenzyme is small compared to the complex 
bound, and if m.  n ~ m, the approximation is invalid, and a correction is required. This is ap- 
parently necessary for horse liver alcohol dehydrogenase. In this case, the binding of uncomplexed 
coenzyme can be approximated by the equation: 

(C) = (Ct) - n  (Cb) (9) 
For the horse liver enzyme n (the ratio of total DPN bound to complex bound) equals 2. 

Re]erences p. 82]83. 
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Rat liver lactic dehydrogenase 

TEREYAMA AND VESTLING h a v e  repor ted  t h a t  2 moles  of DPN-su l f ide  complex  are bound /mole  
of e n z y m O .  The  b ind ing  of 2 moles  of coenzyme/mole  of e n z y m e  could aga in  be verified l)y the  
b ind ing  of a c e t y l p y r i d i n e - D P N H .  The  mercap tosucc in ic  acid complex,  however ,  showed (ullv close 
to I mole of complex /mole  of enzyme.  

Other dehydrogenases 

W h e n  the  molecular  weight  of t he  dehydrogenases  was  no t  known,  t he  n u m b e r  of complexes  
b o u n d  per  un i t  e n z y m e  could still  be ascer ta ined ,  and  t he  two  g roups  of complexes  could be 
compared .  Table  VI shows  t h a t  for bo t h  rabb i t  musc le  lactic dehydrogenase  and  pig h e a r t  mal ic  
dehydrogenase ,  an  a p p r o x i m a t e  ra t io  of 2 is ob ta ined  for t he  s to i ch iome t ry  as de t e rmined  by  
the  complexes  fo rmed  wi th  ions, and  those  w i t h  mercap tosucc in ic  acid. 

In  fact ,  t h e  s to i ch iome t ry  of t he  s u b s t r a t e  b ind ing  can  be employed  to e s t i m a t e  a min ima l  
molecular  we igh t  f rom the  specific ex t inc t ion  of t he  enzyme .  The  specific ex t inc t ion  of rabbi t  
musc le  lactic dehydrogenase  was  found  to  be i .19" IOS/IOO,OOO g protein.  Therefore,  f rom the  d a t a  
in Table  V it  is clear t h a t  the  m i n i m a l  molecular  weight  of t he  e n z y m e  is in t he  order  of 85,000. 

The effect o / p H  on the reaction and reaction stoichiometry 

THEORELL AND BONNICHSEN reported that  the binding of liver alcohol dehydrogenase 
for D P N H  shows a decline from 2 moles/mole to I mole/mole if the pH was increased 
to lO.O 27 . Unfortunately, the non-enzymic complexes must be taken into consideration 
in the ternary complex formation when the pH is increased, since all complexes are 
favored by a low hydrogen ion concentration. For the addition reaction of hydroxyl- 
amine, however, the stoichiometry remained the same over the pH range of 6 to 8. 
The reaction often does not proceed at all at low pH values: for example, beef heart 
lactic dehydrogenase does not show a mercaptosuccinic acid complex below pH 7.0. 

DISCUSSION 

The theory of action of the dehydrogenases employed in this s tudy has been proposed 
in previous reports41, 42. This proposal, mainly based on the ternary complexes as 
intermediates in the reaction of alcohol dehydrogenases25, 4~, suggested that each 
dehydrogenase employed 2 molecules of DPN for oxidation of i molecule of substrate. 
The first DPN acts as the aceeptor of the substrate by binding through the para- 
position. The second DPN acts as hydrogen acceptor of the bound substrate. The 
evidence, reported in this paper, which supports the two DPN-one  substrate theory 
can be summarized as follows: 

i. Compounds, which are related in structure to the substrate and which form 
non-enzymic complexes with DPN, will have the complex made more favorable in 
the presence of the dehydrogenase. 

2. The stoichiometry of this class of complexes appears to be maximally one 
complex per two DPN molecules. This has been found to be the case with all de- 
hydrogenases studied with the exception of yeast alcohol dehydrogenase, for which 
an experimental ratio of one complex per four DPN molecules was obtained. 

3. All DPN molecules are equivalent in binding small nucleophilic compounds 
to the dehydrogenase. 

4. The ability of the dehydrogenase to form ternary complexes with mercaptans 
appears to correspond to the relative effectiveness of the equivalent alcohol in serving 
as a substrate for the dehydrogenase. The kinetic evidence for the above theory wilt 
be given in a subsequent publication. 

A few points merit special discussion. Even though the position of maximal 
absorption is invariably shifted when the complex is bound to the dehydrogenase, the 

Re[erences p. 82/83. 
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magnitude of the shift varies from as little as I0 mtz to as much as 30 m~. I t  is clear 
that the magnitude of the shift is dependent on the given ternary complex, and not 
on the specific dehydrogenase. In fact, some dehydrogenases show a large variation 
in shift depending on the complex studied (e.g., malic dehydrogenase). Also, the shift 
may differ, using acetylpyridine-DPN instead of DPN, with the same dehydrogenase 
and the same nucleophilic agent (e.g., beef heart lactic dehydrogenase). It  is clear 
therefore, that no theory of the mechanism of induction of decreased resonance energy 
can be deduced from the magnitude of the shift. 

It  is interesting that the reaction from hemi-acetals to lactones fall in the group 
of "alcohol" dehydrogenases. This is in agreement with the finding that the oxidation 
of glucose-6-phosphate or glucose results in a lactonO4,45, ~6. 

The dehydrogenases, discussed in this paper, are in general quite unspecific 
enzymes, both with respect to coenzyme21, e6 and with respect to substrate. For in- 
stance, beef heart lactic dehydrogenase will attack a variety of a-hydroxy acids 47. 
Even though the mercaptan addition reaction is structurally specific, a great amount 
of overlap occurs between the compounds, which can act as structural analogues of 
the substrate. However, if one compares the structures of the substrates of the en- 
zymes, sensitive to mercaptosuccinic acid, a strong similarity is observable: 

CO~H CO2H CO2H CO2 H 
J I I I 

HCOH HCOH HCOH HCSH 

I I L I 
CH 3 CH 2 CH--CH2--CO~H CH 2 

CO~H CO2H CO2H 

lactic acid malic acid isocitric acid mercapto- 
succinic acid 

Similarly, 2,3-dithiopropanol is restricted in action to enzymes, which utilize polyhy- 
droxy compounds as substrates. 

I t  is probable that the enzymic addition reactions occur at the same position of 
the DPN molecule as do the non-enzymic addition reactions. For at least two known 
addition reactions, i.e. the cyanide ~ and hydrosulfitO" complexes, it has been shown 
that the position of reaction is the para-posi t ion of the nicotinamide ring of the DPN 
molecule. This is the same position where the oxidation-reduction transformation is 
localized n°. 

The report by BOYER AND THEORELL 51 that not only the position of maximal 
absorption shifts when DPNH is bound to horse liver alcohol dehydrogenase, but 
also the maximum of the emitted fluorescent spectrum, is of special interest, since 
it supplies a method of greatly enhanced sensitivity in the detection of complex for- 
mation. The present investigation did not pursue this aspect of the problem, but it 
might prove fruitful in the future, since complexes, formed non-enzymically have 
fluorescent spectra, very similar to the one exhibited by DPNH. 

SUMMARY 

i. The reaction between a number of dehydrogenases, DPN or DPN analogues, and nucleo- 
philic substances, known to form addition complexes with DPN has been described. The de- 
hydrogenases include lactic acid-, malic acid-, propylene glycol-, glycerol-, glycerol phosphate-, 
glucose-6-phosphate-, isocitrie acid-, glutamic acid-, and alcohol dehydrogenases. 

2. The nucleophilic substances in many instances have their reaction wi th  the coenzyme 
Re/erences p. 82/33. 
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favored by  the presence of the dehydrogenases.  The compounds  fall into two classes : those, which 
are bound to the D P N  on the dehydrogenase in equal molar  amoun t  to the moles of D P N  bound ; 
and those which show a discrepancy in this correlation, in tha t  maximal ly  1 mole of complexing 
agent  is bound for each 2 moles of D P N  bound. This has been found t rue  for all dehydrogenases 
studied except yeast  alcohol dehydrogenase,  for which a ratio of 4 was obtained. 

3. The nucleophilic substances,  which show the above discrepancy, are all compounds  
s t ruc tura l ly  related to the substrate .  Mercaptans and hydroxylamine  fall into this class. The 
dehydrogenases show specificity towards  the s t ruc ture  of these compounds;  a close resemblance 
between the s t ruc ture  of the agent  and the subs t ra te  mus t  exist before the reaction is apparent .  

4. The complexing agents  are, in general, competi t ive inhibitors for the dehydrogenases.  
5- The affinity of the alcohol dehydrogenases in forming complexes with mercaptans  corre- 

sponds to the effectiveness of the analogous alcohol to serve as subs t ra te  in the enzymic reaction. 
6. The data  are discussed wi th  respect to the postulat ion tha t  one subs t ra te  is acted upon 

by the in tervent ion of 2 enzyme bound DPN molecules. This mechanism appears  to hold for the 
group of dehydrogenases which oxidize alcohols to aldehydes and ketones p r imary  amines to 
ketones plus ammonia ,  and hemiacetals  to lactones. 
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STUDIES ON THE MECHANISM OF OXIDATIVE PHOSPHORYLATION 

III. PHOSPHORYLATING PARTICLE TYPES FROM BEEF HEART 

Y. H A T E F I *  AND R. L. L E S T E R *  

with  the technical assistance of ELIZABETH WELCH 

Institute /or Enzyme Research, University o/ Wisconsin, Madison, Wise. (U.S.A.) 

Previous reports from this laboratory have indicated the presence of several particle 
types in crude mitochondrial suspensions, prepared from beef heart, which are capable 
of catalysing oxidative phosphorylation ~. These crude suspensions of mitochondria, 
readily prepared in large amounts from slaughterhouse material S , can be further 
fractionated to yield preparations which are very active both with respect to oxidation 
and to phosphorylation. The early results along these lines have been briefly mentioned 1. 

It is the purpose of this communication to describe the method of isolation and 
the enzymic properties of these particles. A preliminary report on this work has 
been presented earlier 8. 

METHODS 
A ssay 

The assay employed for measur ing oxidative phosphoryla t ion  has been part ial ly modified f rom tha t  
previously repor ted 1. Oxygen uptake  was  measured by  the s tandard  W a r bu r g  technique at  3o°C 
with  an equil ibrat ion period of six minutes,  during which t ime the oxygen uptake  was  assumed to 
be linear and equivalent  to t h a t  in the subsequent  six minute  period. In  a final volume of 3 ml the 
following components  were added : three to eight mg particle protein,  2o to 8o/~moles phospha te  

* Postdoctoral  Trainee of the Univers i ty  of Wisconsin, Ins t i tu te  for Enzyme Research. 
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