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INTRODUCTION 

Enzymes are catalytically active proteins; they exert forces on substrates with 
which they are in contact to facilitate the reaction between them. For an understanding 
of the catalytieal activity, it is therefore necessary to distinguish between two aspects 
- - t h e  binding of the substrates and their activation once they are attached to the 
enzyme. In the following chapters the kinetics of alcohol dehydrogenase (ADH) from 
yeast is studied from this point of view. 

The rate of a reaction often follows a law of the Michaelis-Menten type: 
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where c is the concentration of the substrate, and K the Michaelis constant. If the reac- 
tion of the substrates at the enzyme surface is rate limiting, and not for instance the 
dissociation of the products, Vo is this limiting rate for the enzyme saturated with sub- 
strate. In many instances this is not the case (ADH from animal tissues 1, succinic acid 
dehydrogenase2). However, in ADH from yeast the dissociation constants between 
enzyme and the substrates were measured directly by HAYES AND VELICK a with the 
ultracentrifugal method, and were found to agree fairly well with the Michaelis constants 
from the reaction kinetics; thus we may consider both identical and take vo for the 
turnover number. Studies on competitive inhibition and competitive reaction with two 
kinds of alcohol have been made and were found to support this assumption. The 
kinetics of ADH from yeast give K and v o values which describe the attachment between 
enzyme and substrate, and the activation of the substrate once it is attached. 

These quantities are in themselves of little theoretical significance unless reduced 
to physical terms, the energy and entropy of activation and association. In these terms 
one obtains : 
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h 
(k -- B o l t z m a n n ' s  cons tan t ,  T -- abso lu te  t e m pe r a tu r e ,  h = P l a n c k  cons tan t ,  and  s and  S ent ropies ,  
q and  Q energies of a c t i v a t i o n  and  associat ion) ,  v o is the  n u m b e r  of s u b s t r a t e  molecules  ca t a lyzed  
per enzyme  molecule  and  second for the  enzyme  s a t u r a t e d  wi th  subs t ra tes ,  n is the  n u m b e r  of ac t ive  
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sites per enzyme molecule which is 4 for ADH a. /~7"/h is the frequency factor according to the theory 
of I~;VRINC. ~ and is <~f the order of molecular vibrations (o.6. Io ~:~ sec 1). The activation entropy thus 
refers to the activation of a single substrate  molecule and accounts for the change in randoinness 
of molecular s tructure and positions in course of the activation. For 1\'~, w e  choose the concentratioP 
of the substrate  in the pure condensed state. Standard entropies may be obtained by adding /f In A',, 
to this association entropy (Table i). The sign of .%" and (,2 is defined to make (2 positive: (2 is thus 
the energy liberated on association. 

To ge t  t h e  ene rg i e s  a n d  e n t r o p i e s  s e p a r a t e l y ,  one  ha s  to  use  t h e  t e m p e r a t u r e  

d e p e n d e n c e  of t h e  v o a n d  K.  T h e i r  l o g a r i t h m s ,  p l o t t e d  a g a i n s t  t h e  r e c i p r o c a l  of a b s o l u t e  

t e m p e r a t u r e ,  s h o u l d  g ive  s t r a i g h t  l ines  w i t h  t he  s lope  q / k  or ( ) /k  a n d  t h e  c o r r e s p o n d i n g  

e n t r o p i e s  c an  t h e n  b e  c a l c u l a t e d  w i t h  t h e  h e l p  of eq. (2). T h e  r e a c t i o n  c a t a l y z e d  b v  A D H  

is g iven ,  w i t t l i n  t h e  p H  r a n g e  of t h e s e  e x p e r i m e n t s ,  b y  t h e  e q u a t i o n "  

CH,~CIT2OH I- I ) l ' N  ~- CHaCHO ~- D I}NH l- t l  ~ (3) 

In  t h e  fo l l owing  e x p e r i m e n t s ,  t h e  a c t i v a t i o n  a n d  a s s o c i a t i o n  ene rg i e s  for  t h e  r e a c t i o n  

in  b o t h  d i r e c t i o n s  a n d  w i t h  all s u b s t r a t e s  a re  m e a s u r e d .  T h e  v a l u e s  for  K are  o b t a i n e d  

b y  p l o t t i n g  t h e  r e c i p r o c a l  of t he  r a t e  I,,"v a g a i n s t  I/C of t h e  p a r t i c u l a r  s u b s t r a t e  w i t h  

c o n s t a n t  c o n c e n t r a t i o n  of t h e  o t h e r  su l ) s t r a t e "  

l 1 ( /\'1/ ( ]'k" ,22 ) . . . . . .  J ~ I : ( 4 )  

z',, is o b t a i n e d  b y  t h e  e x t r a p o l a t i o n  to  h i g h  s u b s t r a t e  c o n c e n t r a t i o n s .  T h e  r a t e s  v a re  

i n i t i a l  r a t e s ,  o b t a i n e d  b y  e x t r a p o l a t i n g  to  t h e  b e g i n n i n g  of t h e  r e a c t i o n  w h e r e  n o  i n h i b i t i n g  

e f fec ts  b y  t h e  p r o d u c t s  a n d  i n a c t i v a t i n g  ef fec ts  occur .  T h e  c o m p l i c a t i n g  ef fec ts  of t h e  H ~ 

ion in cq. (3) will  be  c o n s i d e r e d  be low.  

EXPIr, RI MI'JNT.\L PROCEDURE 

The rate of the reaction is followed with a Beckman spectrophotometer.  This is easily done 
since DPNH has an absorption band at 34 ° m/~ where DPN has none. 

The temperature  is regulated by circulating water from a water bath through coils on both 
sides of the cell compar tment  in the Beckman and through a mixing apparatus  s with two syringes, 
one of which contains the enzyme and the other the substrates. At the moment  of mixing, the 
temperature  is therefore already adjusted so tha t  the extrapolation to initial rate is easily possible. 
The enzyme is used in its pure form (Worthington products), i t  is diluted to get a stock solution 
from which further dilutions are made immediately before each series of measurements. There is 
a decrease in activity during each series of measurements, which is checked by measuring a test 
solution of substrates with the same enzyme solution before and after the series: corrections are 
applied to take this decrease into account, These corrected rates, extrapolated to initial velocity, 
are used to determine tile turnover  numbers and Michaelis constants. 

The experiments were carried (rot in o.o 5 3l phosphate buffer. 1% glycine was added to the 
enzyme solutions to prevent  denaturat ion by heavy metal ions. The water used was douMe distilled. 

The dehydrogenation of the alcohol is strong~ly inhibited by the aldehyde tha t  is produced in 
the reaction. To prevent  this inhibition, o.02 .~1 semicarbazide is added to the reaction mixture of 
this reaction so tha t  the aldehyde is removed. 

EXPERII~fENT.\L RESULTS 

To  m e a s u r e  t h e  t e m p e r a t u r e  d e p e n d e n c e  of t h e  t u r n o v e r  n u m b e r s  a n d  Michae l i s  

c o n s t a n t s ,  for  e a c h  s u b s t r a t e  t h r e e  or four  s o l u t i o n s  w i t h  d i f f e r e n t  c o n c e n t r a t i o n s  of t h e s e  

s u b s t r a t e s  were  m e a s u r e d .  Fig.  I shows  as a n  e x a m p l e  t h e  r e s u l t s  for  D P N  +. T h e  

r e c i p r o c a l  of t h e  r a t e  is p l o t t e d  a g a i n s t  t h e  r e c i p r o c a l  of t h e  c o n c e n t r a t i o n ;  t h e  r a t e  is 

g i v e n  in  r e l a t i v e  v a l u e s  so t h a t  i t  is I for  r / c  - -  o .  A c c o r d i n g  to  eq. (4), t h e  slope of t h e  

c u r v e  is t h e  M i c h a e l i s  c o n s t a n t .  I t  is seen  to i n c r e a s e  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  I n  

Fig.  2 t h i s  c o n s t a n t  is p l o t t e d  ] o g a r i t h m i c a l l y  a g a i n s t  t h e  r e c i p r o c a l  of t e m p e r a t u r e .  T h e  

s lope  is p r o p o r t i o n a l  to  t h e  e n e r g y  of a s s o c i a t i o n  a c c o r d i n g  to eq. (2b). Fig.  3 r e p r e s e n t s  a 

/~>/t,~'e.ces p. r 2 1 .  
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measu remen t  for alcohol. W i t h  the  
he lp  of these  Michaelis  constants ,  the  
tu rnove r  numbers  Vo are e x t r a p o l a t e d  
(eq. 4). Fig.  4 shows the i r  logar i thm,  
p lo t t ed  agains t  the  reciprocal  of t em-  
pera ture .  The slope is p ropor t iona l  to 
the  energy of ac t iva t ion .  Fig.  5 gives 
the  t e m p e r a t u r e  dependence  of the  
Michaelis cons tant  for b u t y l  alcohol. 
The ent ropies  of associa t ion and  act i -  
va t ion  are then  ca lcu la ted  wi th  eq. (2) 
on the  basis of a molecular  weight  of 
15o,ooo and four act ive si tes for each 
enzyme molecule.  

The resul ts  thus  ob ta ined  are col- 
lected in Table  I. In  the  first column is 
ind ica ted  the  subs t ra te ,  the  concentra-  
t ion of which is var ied.  The da t a  of 
associat ion refer to this pa r t i cu la r  sub- 
s t ra te .  Most of the  measurements  have  
been carr ied  out  a t  p H  7.8. To check 
for poss ible  va r i a t ions  wi th  pH,  d a t a  are  
given for p H  a round  6.3, mos t ly  based  
on measurement s  at  two t empe ra tu r e s  
(3 and  20 ° C). At  t empera tu re s  above  
3 o ° C  the  ins tab i l i ty  of the  enzyme 
made  measurement s  r a the r  uncer ta in .  

The exper imen ta l  errors wi th  regard  
to the  energies of associat ion and  act iv-  
a t ion  are es t imated ,  in view of the  sev- 
eral  ex t rapo la t ions  t ha t  are necessary  
for each value,  to be abou t  I kcal /mol ,  
the  errors in t i le  en t ropies  4 cal /mol  
degree.  Fu r the r ,  the  i n t e rp re t a t i on  of K 
and  Vo as the  t rue  dissociat ion cons tan ts  
and  tu rnove r  numbers  m a y  be sub jec ted  
to some corrections.  Thus,  the  energies 
themse lves  m a y  be dependen t  on the  
t em pe ra tu r e ,  the  enzyme m a y  show 
some degree of self-associat ion at  low 
t empera tu res ,  the  p H  influence m a y  
con t r ibu te  to the  t e m p e r a t u r e  depen-  
dence,  the  correspondence be tween 
dissociat ion and  Michaelis cons tants  
m a y  not  be quan t i t a t i ve  so t ha t  o ther  
s teps  in the  reac t ion  con t r ibu te  to a 
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Fig. i. Dependence of the Michaelis constant of 
DPN+ on temperature, l/v is plotted in relative 
values (i/v = i for I/c = o) against I/c. The slope 

is the Michaelis constant. 
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Fig. 2. Michaelis constants of DPN + and DPNH 
plotted logarithmically against I/T. The slope is 
proportional to the association energy (eq. 2). As- 
sociation energies; DPN+: 5 kcal/mol; DPNH: 

7 kcal/mol. 
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Fig. 3- Michaelis constant for alcohol at two different 
concentrations, plotted logarithmically against I/Z. 
The slope is proportional to the association energy. 

Association energy; 3.8 kcal/mol. 
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smal ler  degree to %, and the buffer solut ion m a y  affect the  react ion.  
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Kig. 4- Turnover number vo, per second and 
enzyme site. of the dehydrogenation of alcohol 
and the hydrogenation of aldehyde, plotted 
logarithmically against i/'1". The slopes are pro- 
portional to the energies of activation..\ctivation 
energies; Ethylalcohol: 14 kcal/mol: Acet- 

aldehyde : i e.5 kcal/mol. 
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Fig. 5. Michaelis constant [or butyl alcohol at 
two temt)eratures (see Fig. I). 

Tile pH influence on tile energies and 
entropies is not found to be large. -\ theory 
for this influence (see the discussion) indi- 
cates that  tile t rue tu rnover  numbers  and 
association energies are obtained at high 
pH for the alcohol, at low pH for the 
aldehyde reaction. The other corrections 
may somewhat effect the quant i t ies  in 
the table, bu t  will probably  not be large 
cnongh to affect the general results. 

To check the resnlts for ADH, the 
tempera ture  dependence of the equi l ibr ium 
constant  was measured. It  corresponds to 
an energy of reaction of 6 kcal/mol. The 
equi l ibr ium constant  is given by 

(TCH.3CH? CI)PNH = 
(TCHa('II2I)H ('I)PN + 

~'o" /£CIIaCtlO " ]£I)PNI/ 
(5) 

l:o'' /X'CHaCH20H. /(I)PN + 

Therefore the energy of reaction should bc 

- Q = q '  q } (QCHaCH.~Otl QCllaCll()) 
(qlwx~ qj~exII) (") 

Wi th  the values from Table I, one ob- 
ta ined 4 E- 3 kcal/mol. The correspondence 
is satisfactory in view of the seven in- 
dependent ly  measured quant i t ies  involved, 
but  indicates ag~tin that  all values are un-  
certain within about  a kcal. These generaI 
results from Table I may be summarized 
as fo l lows 

I. The energies of act ivat ion are 
around 14 kcal/'mol. 

~,. The entropies of act ivat ion are 
very small, their contr i tmtion to the frec 

energy of act ivat ion,  7'-s, is smaller than  I kcal/mol. 
3. The energies of association are between 3 and 8 kcal/mol;  tha t  is, within the 

range of in termolecular  forces. 
4. The entropies of association are small  in most cases (T .s  < I cal/mol) if they 

are related to tile concentra t ion of the subst ra te  in tile pure condensed state as s tandard  
concent ra t ion  (eq. 2b). 

For comparison, some results for lactic acid dehydrogenase are included in the 
table. For LDH, no measurements  of the dissociation constants  are availatfle unt i l  now, 
so that  their  correspondence with the Michaelis constants  is not established. 13oth the 
variat ion of the rates with different substrates  6 and the pH dependence 6 resembles, 
however, the action of ADH from yeast ra ther  than  that  from animal  tissues, and it 

lee/ere~zces p. Z 2 L  
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"I 'ABI~E I * 

Michae[is Assoc .  As soc .  T u r n o v e r  A c t i v a t i o n  A c t i v a t i o n  
lCeadion p H  E n z y m e  constant energy entropy number energy entropy 

.,o C kcal  tool cal mol  ° 2o ~ (~," ~ec 1 kcal  tool eal tool ~ 

DPN~- (-} E t h a n o l )  7.8 A D H  o . 8 . 1 o  -a  5 - -  2.3 4 "1o2 I4 ; 
Ethanol ( +  D P N + )  7.8 A D H  o.o16 4 - -  0-4 
D P N H  (4- Acetaldehyde) 7.8 A D H  3 . 1 o  5 7 ~ 2.3 8 - 1 o  2 12.5 - o 
Acetaldehyde ( ]- D P N H )  7.8 A D H  3" lO-4 5 5 .o 
l ) P N t  ( ~ E t h a n o l )  6.3 A D H  1 o-4 5 - 1.8 1. 5 • IO 2 14. 5 -- " 
t - t h a n o l  ( ~  D P N  +) 6. 3 A D H  0.038 4 ~ 3.4 
D P N H  ( ~  A c e t a l d e h y d e )  6.3 A D H  3 . 1 o  5 7 + 2.3 9 " 1 o  2 13. 5 -- 2 
.\cetaldehyde ( +  D I ) N H )  6.3 A D H  lO 4 5 7.5 
B u t a n o l ( +  D P N + )  7.7 A D H  o . o i 8  5 ~ 4 .o 4 ° 14.5 - 5  
Amylalcohol (4- D I ' N - )  7.7 A D H  0.04 6 & 9.o 15 13. 5 - (I 
l'yruvate ( +  D P N H )  7.7 L D H  5 . 1 o  4 I O  ~ I 4 . O  5 " 1 0  2 14 ~ 2 
l'yruvate ( }- D P N H )  6.3 L D H  i ' 10 -4 7 - -  1.O 5" IO2 1 4 q 2 

];or definition of energies and entropies see eq.  (2). 

is probable therefore that also in LDH Vo is the true turnover number. Indeed, the 
results of the measurements on the temperature dependence show the same pattern as 
for ADH, particularly the low entropies of activation, and it is not unlikely that also 
their interpretation should be similar as in the case of ADH (see discussion). 

In Table II, the variation of turnover numbers and Michaelis constants for the 
reaction of ADH with pH are collected. It is seen that vo and KCH3CHO increases, while 
KCHaCH2OH decreases with increasing pH. The variation of KDpN+ and t(DPNH seems 
not to be great. It is significant that the turnover number of the reverse reaction G' 
varies only slightly in this pH range. 

T A B L E  I1 

t b H - D E P E N I ) E N C E  O F  A L C O H O L  D E H Y D R O G E N A S E  AT 2 o ° C  

Reaction with alcohol: 

p H  = 7.65 Vo = (1) ](CHaCH2OH ~ 1 .5 '  IO 2 mol 
6.9 o.56 3-3 '  lO-2 mo l  
6.0 0.33 4.0" lO 2 11101 

Reaction with aldehyde 

p H  = 5-9 v j '  - -  (1) /~CH3CHO = I " 10 -4 tool  
6.9 o.9 2 '  IO -4 rno] 
7.9 o.9 3" I o  4 mo l  
8.4 o.9 

In Table III, the rate for different substrates of ADH is listed. All values are for 
high substrate concentrations, so that they may be considered as turnover numbers. 
There is a strong decrease of the rate with increasing chain length of higher homologs of 
alcohols, which has been observed beforeL Very low rates are found tor diols. Studies of 
competitive reaction between a substrate of low rate and ethyl alcohol have been carried 
out. If a substrate with low rate is added to a solution of ethyl alcohol, one would 
expect a decrease of the rate when compared with the rate ot the pure alcohol solution. 
The effect has been found to exist in the expected order of magnitude for the higher 

Ne/erences p. 12r. 
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homologs  of alcohol. (Very high concent ra t ions  inhibi t  even stronger,  as one would 
expect  from thei r  Michaelis cons tan ts ;  the na ture  of this  effect is not clear.) Diols are, 
however,  found to be weak inhibi tors .  The act ive  si tes of the enzymes  are therefore  even 
a t  high diol concent ra t ions  only incomple te ly  covered by  the subs t ra tes .  Whe the r  this  
ind ica tes  tha t  the  four ac t ive  si tes of A D H  are different  is not  clear. 

T A B L E  I[1 

R E A C T I O N S ;  W I T H  H O M O L O G U E S  

h l i t i a l  ra tes  a t  2 o  ° C ,  pH 7-7 

.d lcohol Mola rily Relat ire r(~tc 

1,4-Butanediol  o.8 S 

,3 -Butanedio l  o.7 9o 
1,3-Propanediol  0.06 8 
l, 2 -Propyleneglyco l l  o. 7 ° 6 
1 ,4-Butanediol  0.047 6 
1 ,3-Butanedi° l  0.047 45 
tert.- A mylalcoho[  o. 20 o 
i s o B u t y l a l c o h o l  o. 28 8 
i s o P r o p y l a l c o h o l  o.55 13o 
Hep ty la l coho l  o .o i2  IOO 
Amyla lcohol  o.oS t 2o 
n -Bu ty l a l coho l  o.32 260 

One m a y  conclude from the measurement s  of the  va r i a t ion  with  the  subs t ra tes  tha t  
homologs of alcohol have s imilar  Michaelis cons tan ts  as e thy l  alcohol, bu t  the  t u rnove r  
n u m b e r  decreases s t rongly  with  increasing length  of the  a l iphat ic  chain.  The measure-  
men t s  wi th  diols ind ica te  tha t  a second h y d r o x y l  group in this  chain lowers e i ther  the  
associat ion or the  ac t iva t ion  of the  subs t ra te .  

DISCUSSION 

E n z y m e  ca ta lys is  is most  p r o b a b l y  brought  about  b y  a combina t ion  of two effects : 
(a) Binding  of the  subs t r a t e s  to the  enzyme in re la t ive  posi t ions t ha t  are favorable  

for the  reac t ion  and  
(b) Ac t iva t i on  of the  shift  of a toms  t ha t  cons t i tu tes  the  react ion.  The b inding  effect 

(a) cannot  be the  only effect of the  enzyme.  At  concent ra t ions  of alcohol and D P N  + 
which are high enough so t ha t  about  Io  .8 mol mus t  a lways  be in a p roper  s ta te  of 
a t t a c h m e n t  by  reason of s ta t i s t ica l  collisions, no measurab le  reac t ion  occurs wi th in  days ,  
while lO .8 mol of enzyme ca ta lyze  a r ap id  react ion.  The enzyme mus t  therefore  exer t ,  
aside from the  b inding  effect (a) an ac t iva t ing  effect (b). The mos t ly  in te rmoleeula r  forces 
t ha t  b ind  the subs t r a t e  to the  pro te in  can e i ther  cause a s t ra in ing of bonds  wi thin  the  
subs t r a t e  t ha t  fac i l i ta tes  the  react ion 8, or lower the  energy bar r i e r  by  electr ic forces. 

A. Activation and association o~ ll~e substrates 

The resul ts  of the  t e m p e r a t u r e  s tudies  have  shown tha t  the  ent ropies  of ac t iva t ion  
and  associat ion for bo th  di rect ions  of the A D H  reac t ion  are ve ry  low. To draw the 
conclusions wi th  regard  to  enzyme mechanism,  i t  is useful to separa te  mechanisms  into  
two groups.  In  one of them the enzyme molecule is assumed to undergo majo r  s t ruc tura l  

Re/erences  p.  1 2 i .  
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changes in the course of the reaction, whereas in the other the enzyme remains rather 
rigid. The first assumption has recently been made by  EYRING AND LUMRY 9 on the basis 
of an analogy between enzyme action and reversible denaturation of proteins caused 
by small organic molecules. Such "conformation changes" are accompanied by large 
entropy changes; in many  enzyme reactions, however, the entropies are much smaller. 
In the particular case of ADH the very small entropy of activation is not compatible with 
major structural changes of the enzyme molecule. Since the entropies of activation are 
small in both directions of the reaction and for the association of both the substrates and 
the products, there is no possibility in any step of the process for a major entropy term 
to occur. I t  seems very unlikely that  within one step (association or activation) large 
entropy changes cancel each other. The low entropy changes therefore indicate strongly 
that  the enzyme remains rather rigid in course of the reaction. Eventually some side 
chains of the protein to which the substrates are attached change their configuration, but 
the protein as a whole will not change its structure. 

The next question arises with regard to the nature of the activating step. Probably 
the shift of atoms from a substrate molecule is influenced by  groups of the enzymic 
protein with which the substrates are in direct contact. For such an activation the 
substrate must be attached with several of its groups to the protein in position~ deter- 
mined within fractions of an A. In this way, one arrives at the hypothesis that  the main 
reaction is preceded by a rigid, crystal-like a t tachment  of the substrates to the enzyme 
surface and consists only of a simple shift of the transferred atoms (for instance hydrogen) 
without major rearrangements of the positions of the rest of the molecul.e. Thus, not 
only the structure of the protein, but also the mode of a t tachment  of the substrates 
should not undergo major structural changes. If  the activation follows such a simple 
pat tern without intermediate steps, the entropies of activation should be very small 
and this has been found to be the case for ADH. 

With regard to the association, the problem is more difficult. The association of a 
substrate is a complicated replacement reaction of water molecules from the surfaces 
of both the enzyme and the substrates, and a crystal-like a t tachment  does not necessarily 
imply that  the entropies of association are low, particularly if ionized groups are in- 
volved. The low entropies of association are thus to be regarded as a rule rather than a 
general law. There is, however, a semi-empirical approach to the problem on the basis 
of the analogy to crystallization which is applied here to alcohol and may prove useful 
for other enzymic substrates. An alcohol crystal binds an alcohol molecule rather 
rigidly and specifically, and will have a similar surface structure of the binding site as 
that  of the enzyme. In aqueous solution the terms for the replaced water molecules 
should therefore be approximately the same, and one would expect a similar entropy of 
association to the enzyme and entropy of crystallization out of an aqueous solution of 
alcohol to a (hypothetical) alcohol crystal. The latter term can be calculated on the 
basis of thermodynamic data available in the literature and is found to be fairly small 
( - -3  cal/degree) and in agreement with the low entropy of association to the enzyme. 
This supports the hypothesis of crystal-like a t tachment  of the substrates to the enzyme. 

B. The nature o~ the activating step 

The last section provided evidence that  the activation of the dehydrogenation occurs 
in an enzyme substrate complex that  undergoes no major structural changes. I t  is 
therefore presumably due to the effect of forces between the enzyme and the substrates 
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in ti le r a the r  small  contac t ing  area. To inves t iga te  the na tu re  of these effects the wtria- 
t ion of quant i t i es  o ther  than  tile t empe ra tu r e  must  be s tudied,  such as the p H  valuc and 
ti le subs t ra te .  

(a) Variatiolz o/ pH. Much progress with regard  to the mechanism of hydrogen 
t ransfe r  has  recen t ly  been made  by  the inves t iga t ions  of WI~STHEI~ER el al. ~" with the 
use of deuter ium.  In the  react ion 

CHaCH2OH 4- 1)I 'N -~ CII:3('II() 4- 1)I'NII }- 1I (3) 

the hydrogen  from the a carbon a tom of the  alcohol was shown to be t ransfer red  d i rec t ly  
to the  D P N  +. I t  is in teres t ing  to follow the pa th  of the  other  hydrogen form of the 
hydroxy l  group, which finally ends up  in the solut ion as H + ion. I t  cannot  be followed 
by  the isotopic  me thod  since i t  exchanges r ap id ly  with the solution. Tile kinet ics  with 
regard  to the  H4 ion concent ra t ion  should give informat ion  on its pa th .  The problem is 
compl ica ted  by  the fact that  tile H + ion is not  only a produc t  of the react ion (and a 
subs t ra te  in the  reverse reaction),  but  m a y  also influence o ther  groups of the enzyme 
tha t  affect i ts ac t iv i ty .  I t  is assumed tha t  such effects do not change tile general  pa t t e rn  
of the  theo ry  based  on the t r ea tmen t  of the H ~ ion as a product  of the  reaction,  but  may  
well affect somewhat  the quan t i t ive  aspects  of sttch a theory.  

If the pro ton  should go from the OH group of the  alcohol into the solut ion direct ly ,  
i t  would come d i rec t ly  out  of the solution in the  reverse reaction.  The tu rnove r  number  
of t i le reverse react ion v~ should therefore  be propor t iona l  to the  H ~- ion concent ra t ion ,  
while all Michaelis cons tants  and  % should be independen t  of pH. As shown in Tal)le I I, 
in the p H  range 6-8 exac t ly  the opposi te  is the  case: while v' varies very  l i t t le  in this  
range,  the Michaelis cons tants  of alcohol and a ldehyde  and % are s t rongly  affected. 
(Li t t le  var ia t ion  is observed for I )PN and DPNH.)  Thus, tile p ro ton  does not go into th(~ 
solut ion direct ly ,  but  is accepted,  and, in the reverse react ion,  dona ted  b y  the enzyme-  
subs t ra tes  complex.  

Since the Michaelis cons tan ts  of D P N  and D P N H  are not s t rongly  dependen t  on 
pH,  the  H ion mus t  be accepted  b y  a site of the  enzyme ra the r  than the coenzymes.  
Ev iden t Iy  the  associat ion of alcohol or a ldehyde  to this site of the enzyme will b,e s t rongly  
dependen t  on whether  the  H ~ ion is d issocia ted  from it or not. This accounts  for the 
p H  dependence  of the  respect ive  Michaelis constants .  Therefore,  the H ~ ion cannot  be 
dea l t  with I)y in t roducing  for it  a Michaelis cons tant  ms at p roduc t  of the reverse reaction.  
The t r e a t m e n t  is more involved and will be presented  elsewhere H. We obta in  from the 
slopes of the v and K tile dissociat ion cons tant  of the enzyme and this H- ion ; it  is about  
ro 7 moh At this  concent ra t ion  the  H~ ion is ava i lab le  at  half of the enzyme molecules, 
whereas b3" mere s ta t i s t ica l  collisions der ived from the solution it would be avai lable  at 
this  site only in about  the Io  -s pa r t  of all enzyme molecules. This site thus donates  the  
pro ton  to increase the ra te  b y  a factor  up to zo 8. ; accordingly ,  in the dehydrogena t ion  
the  p ro ton  is ex t r ac t ed  by  this  site of t i le enzyme to increase the  ra te  by  this factor  
compared  wi th  wate r  molecules as acceptors .  Thus the  enzyme provides  in a proper  
posi t ion for the  reac t ion  a po la r  group tha t  acts in a way  analogous to general  acid base 
ca ta lys is  12. I t  cons t i tu tes  p r o b a b l y  tile s t rongest  accelera t ing  effect of tile enzyme and 
makes  it qttite obvious why  the react ion cannot  go wi thout  tile enzyme even at  very  high 
subs t r a t e  concentra t ions ,  

- * The factor is somewhat reduced by indirect influences of the polar group on the v,, and K. 
The experience from acid base catalysis would be in favour of a factor between to 4 and to s H 
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(b) Variation o/the substrates. The specificity of the reaction shows that the catalytic 
effect depends not only on the H - O - C - H  group. In particular, there is a strong decrease 
in the rate for the higher homologs oI ethyl alcohol ; in addition methyl alcohol shows a 
rather lout rate. Other catalysts such as the sulphate ~a ion and heterogcnmts metal oxide 
catalysis 14 do not show this strong effect, which is therefore to be attributed to a special 
effect on the aliphatic chain of the enzymic protein. It has been suggested that this 
aliphatic chain, by covering active sites of the protein exerts a sort of self inhibition. 
Also, it replaces water molecules from the protein surface and thus gives rise to forces 
that influence the reaction. 

Whether or not these influences are strong, there is an additional effect that will 
contribute to the specific activation. It may have a more general significance since it is an 
example of activation by the straining of chemical bonds that has been suggested many 
times for enzvme mechanisms s. 

In the course of the dehydrogenation of ethyl alcohol the carbon atom that is dehy- 
drogenated changes the bond configuration from the tetrahedral to the planar one ~. The 
relative positions of the O, C, and CH~ groups are thus changed. WESTHVZlMER ~° has 
shown that the hydrogen atom that is transferred to DPN + is transferred in a stereo- 
specific way. It follows that the alcohol is bound with at least three points to the enzyme, 
presumably the groups with O, C, and CHa. These groups, and in particular the weakly 
bound CH a group, therefore have to change their position relative to the enzyme surface. 
The change depends on the direction of hydrogen transfer, that is, on the site of the 
DPN +, and will be a fraction of an A. The activation will, of course, be dependent on the 
potential energy of this CH a group during the shift according to the interacLion with 
the enzyme surface, and the latter should be so adapted to facilitate the shift by 
"proper straining" of the CH a group with a minimum of potential energy in some con- 
figuration between the tetrahedal and the planar one. The low rate of methyl alcohol 
would be the rate without this effect, which may thus be estimated to accelerate by a 
factor up to In 2. Higher chain length in homologs would have a hindrance effect since 
the strained -CH~-group is fixed by the rest of the chain. The complicated effects of 
a second hydroxyl group in diols on the association and activation requires further 
studies and will be discussed elsewhere. 

('. (7onclusions on the mechanism o~ A D H  action 

The previous analysis of tile activation and association of tile substrates of ADH 
together with the studies of WESTHEIMER on hydrogen transfer and of VEL1CK oi3 associa- 
tion, make the following description of the enzyme mechanism the most probable: 

The enzyme undergoes no major structural changes in its catalytical action. To its 
surface, the substrates (e.g. ethylalcohol and DPN +) are attached in a rather rigid, 
crystal-like manner, probably by intermolecular forces. The enzyme then activates the 
shift of the two hydrogen atoms. The polar hydrogen atom of the alcohol is shifted in the 
form of a hydrogen ion over a hydrogen bridge to a basic group of the enzyme. The 
provision of this basic group accelerates the rate by a factor of the order of Ioa-IO s when 
compared with water molecules as acceptors. The other hydrogen goes over directly to 
the DPN+ while it is attached to the enzyme. In course of this shift, the carbon atom 
changes its bond configuration, which causes a shift of the position of the methyl group 
in the alcohol with respect to the enzyme surface. It  is probable that this shift is sup- 
ported by forces from the enzyme that strain the C-CH a bond. 
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I t  s e e m s  l i k e l y  t h a t  p r o p e r  h i n d i n g ,  b o n d  s t r a i n i n g  a n d  p r o t o n  e x t r a c t i o n  (or  

d o n a t i o n )  c o n s t i t u t e  t h e  m a i n  c a t a l y t i c  e f f e c t  o f  t h e  e n z y m e .  I t s  s u r f a c e  p r o v i d e s  a 

s p e c i f i c  c o m h i n a t i o n  o f  r e l a t i v e l y  s i m p l e  e f f e c t s  t h a t  h a v e  o f t e n  b e e n  p r o p o s e d  fo r  t h e  

e x p l a n a t i o n  o f  c a t a l y t i c  a c t i v i t y .  T h u s ,  A D H  p r o v i d e s  p r o b a b l y  a m o r e  s i m p l e  e x a m p l e  

o f  e n z y m e  m e c h a n i s m s  t h a n  t h o s e  e n z y m e s  t h a t  c h a n g e  t h e i r  s t r u c t u r e  d u r i n g  t h e  

r e a c t i o n .  

S[TMMARY 

The  t e m p e r a t u r e  dependence  of reac t ions  ca ta lyzed  by alcohol dehydrogenase  is measured .  
The  ac t iva t ion  energies  are abou t  ~4 kcal/mol.  The  en t ropies  of ac t iva t ion  and  associa t ion of both  
the  s u b s t r a t e s  and  the  p roduc t s  are small .  I t  is concluded  t h a t  the  e n z y m e  does no t  undergo  major  
s t r uc tu r a l  changes  in the  course of the  reaction,  and  t h a t  the  subs t r a t e s  are a t t a c h e d  in a r a the r  
rigid, crysta l - l ike  m a n n e r  to the  e n z y m e  surface  t h a t  ac t iva tes  the  hydrogen  t ransfer .  

The  dependence  of the  kineticaI  d a t a  on p H  sugges t s  t h a t  th is  ac t iva t ion  is par t ia l ly  b r o u g h t  
abou t  by h y d r o g e n  t r ans fe r  over  a h y d r o g e n  bridge be tween  t he  alcohol and  a basic g roup  of the  
enzyme.  This  shi f t  accelera tes  the  reac t ion  in ana logy  to general  acid base  ca ta lys is  by a factor  I O 4 xo ~. 
The  dependence  of the  ra te  on the  s t r u c t u r e  of the  s u b s t r a t e  indicates  t h a t  the  enzyme  affects the  
me thy l  g roup  of the  alcohol. I t  is sugges ted  t h a t  the  enzyme  ac t iva tes ,  by a s t r a in ing  of the  C-CH:~ 
bond,  the  sh i f t  of the  posi t ion of the  m e t h y l  group t h a t  accompan ies  tt{e change  in the  bond  con- 
f igura t ion in the  alcohol molecule  du r ing  the  react ion.  

I t  seems t h a t  the  inf luences of binding,  bond  s t r a in ing  and  pro ton  sh i f t ing  by  groups  of the  
e n z y m e  sur face  cons t i t u t e  the  ma in  ca ta ly t ic  effects of the  enzyme.  

Rl~;S UMI~ 

L ' inf luence  de la t e m p d r a t u r e  sur  les rdact ions  ca ta lysdes  par  la ddhydrogenase  alcoolique a 6td 
mesur6e.  Les 6nergies d ' ac t iva t ion  son t  "~ peu pr6s 14 kcal /mole.  Les ent ropies  d ' a c t i va t i on  et  Was- 
socia t ion  des s u b s t r a t a  et des p rodu i t s  de llt r6act ion son t  pet i tes .  On en conclu que  l ' enzyme  ne 
sub i t  t)as de large c h a n g e m e n t s  s t r u c t u r a u x ,  et  que  les s u b s t r a t a  son t  a t t achds  ~i la surface  de l ' enzyme,  
qui  act ive  le t r a n s p o r t  de l 'hydrog6ne ,  d ' u n e  tagou p lu t6 t  rigide, £t la manie re  d ' u n  cristal. 

I.a manibre  don t  la c ind t ique  de la rdact ion ddpend du pH,  suggbre que  cet te  ac t iva t ion  est  en 
pa t t i e  due 5 un  t r a n s p o r t  d 'hydrog6ne ,  par  un pon t  d ' hyd rog6ne  en t re  l 'alcool et  un groupe bas ique  
de l ' enzyme ,  l .e t ransDor t  accdlbre la rdaction 1)at un  fac teur  de lo 4 [o~ d ' u n e  manibre  anah)gue  
/t la ca ta lyse  ac ido-bas ique  en gdndral. La  vi tesse  de la rdact ion depend  de la s t r u c t u r e  du s u b s t r a t u m ,  
i n d i q u a n t  que  l ' enzyme  a uue  actium sur  les groupes  m6 thy l iques  de l'aIcool. On suggbre que, par  
nne  tens ion  de llt l iaison C- CH a, l ' enzvme  cause  un c h a n g e m e n t  de posi t ion des groupes  mdthyl iques ,  
qui  a c c o m p a g n e  le c h a n g e m e n t  de conf igura t ion  (te la mol6cule d 'alcool p e n d a n t  la rdaction. 

11 semble  que  l ' a t t a c h e m e n t  du s u b s t r a t u m ,  la tens ion  ou la ddformat ion  de la liaison chimique,  
et Ie t r a n s p o r t  d ' u n  t)roton par  des groupes  de la surface  enzyma t ique ,  cons t i t uen t  les eflets esscntiels  
de Fact ion ca t a ly t i que  de l ' enzvme.  

Z I 7 S A M M E N F : \ S S  UNt;  

Die "femperaturabh/ingiglCeit  der e n z y m a t i s c h e n  D e h y d r o g e n i e r u n g  xon Alkohol m i t  A D H  wird 
u n t e r s u c h t .  Die Akt iv ie rungsenerg ien  s ind  e twa  r 4 kcal/mol,  w~ihrend die Akt iv ie rungs  und  As- 
soc ia t ionsen t rop ien  der Subs t r a t e  und  l~rodukte der Reak t ion  sehr  klein sind. Da raus  ist  zu folgern, 
dass  das  E n z y m  seine S t r u k t u r  im Verlaufe der R eak t i on  n ich t  s t a r k / i n d e r t ,  und  dass  die Subs t ra te ,  
t ihnlich wie bei der Kris ta l l i sa t ion,  ziemIich fest an  das  E n z y m  gebunden  sind, wenn dieses die 
Wasse r s to f f i i be r t r agung  akt iv ier t .  

Die Abh~ingigkeit  der k ine t i schen  Gr6ssen yore pH  W e r t  weist  da r au f  hiu, dass  die Ak t iv i e rung  
teilweise auf  der  U b e r t r a g u n g  eines \Vasserstoff ions iiber eine "~.Vasserstoffbrticke zwischen dem 
Alkohol  und  Enzymmolek i i l  be ruh t .  Dies besch leun ig t  die Reak t ion  nach der Ar t  der a l lgemeinen 
Sf iure-I3ase-Kata lvse  u m  eineu t :aktor  you e twa lo 4 l o ~. Die Subs t r a t abh th lg igke i t  der  Reakt ions  
geschwindigke i t  zeigt eine Bee inf lussung  der Me thy lg ruppe  des Alkohols  durch  das  E n z y m .  Ver- 
nmt l i eh  biegt  das  E n z y m  die C CH:~ Gruppe,  sodass  die [~nderung der Konf i~ura t ion  des AIkohols 
im Ver lauf  der Reak t ion  ak t iv ie r t  wird. 

Es scheint ,  dass  die B i n d u n g  der Sul)strate,  das  Biegen oder  Streeken vnn I3indungen und  die 
{~rbertragung vonl~rofconen den l [aup t te i l  der  ka t a l y t i s chen  \Virkung des V.nzyms ausm~lchen. 
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