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Summary 

Activation energies were determined for the f low kinetics of  yeast  alcohol 
dehydrogenase (alcohol:NAD ÷ oxidoreductase,  EC 1.1.1.1) a t tached to nylon 
tubing, over a range of  concentrat ions of  the two substrates (NAD and ethanol) 
and at various flow rates. With NAD at saturating concentrations the activation 
energies showed little dependence on ethanol concentrat ion and flow rate. 
Under these condit ions the reaction shows hardly any diffusion control,  and 
the activation energy for the chemical interaction at the surface is concluded to 
be about  9 kcal .  mo1-1. At saturating ethanol concentrat ions the activation 
energies increased significantly with increasing NAD concentrat ion and flow 
rate. The limiting value at high NAD concentrat ion and f low rate is consistent 
with the 9 kcal • mo1-1 deduced for complete  chemical control.  Extrapolation 
to zero NAD concentrat ions and f low rates suggested a value of  4.2 kcal • mo1-1 
for the reaction under condit ions of  full diffusion control. 

Introduction 

In the previous paper [1] the kinetics of  the yeast  alcohol dehydrogenase 
(alcohol:NAD ÷ oxidoreductase,  EC 1.1.1.1) were studied at a single tempera- 
ture, 25.5°C. In the present work kinetic results were obtained and analyzed at 
temperatures ranging from 5 to 45°C. Similar studies have previously been 
made with immobilized electric eel acetylcholinesterase (acetylcholine acetyl- 
hydrolase, EC 3.1.1.7) [2] and with immobilized lactate dehydrogenase 
(IAactate:NAD ÷ oxidoreductase,  EC 1.1.1.27) [3]. 

Temperature studies on immobilized enzymes are useful in a number  of 
ways. Activation energies for diffusion in water fall within a certain range of 
values, and may  differ from the values for the chemical interaction; an analysis 
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of  the temperature dependence under different conditions of concentration 
and flow rate can therefore provide mechanistic information. The studies also 
have a practical application in the design of  enzyme-reactors for various 
purposes. 

Materials and Methods 

The procedures used were as described in the previous paper [1]. Tempera- 
ture-controlled substrate solution was pumped through the tube, which was in 
a thermostatically-controlled waterbath having the same temperature as the 
substrate solution. 

Rates were measured at five temperatures ranging from 5°C to 45°C, and at a 
variety of  flow rates and substrate concentrations as specified in Tables I and 
II. 

Theoretical 

The main theoretical aspects that  relate to temperature effects have been 
summarized by Daka and Laidler [3], and here we emphasize only the main 
points. Under the conditions of high substrate concentrations and flow rates 
the theory [4,5] leads to the result that  the rate is given by 

I 
v = 27r rLk¢[E]s  (1) 

where r is the tube radius, L its length, and [E]~ the enzyme concentration at 
the surface. The rate constant k'c is the inherent rate constant at the surface. 
The temperature dependence of  the rate therefore reflects only that  of  this 
chemical rate constant. 

At low substrate concentrations and low flow rates the rate is given by 

v = 8.06 (vfD2r2L2)ll3[S] (2) 

where vf is the rate of  flow and D the diffusion coefficient. Under these condi- 
tions the temperature dependence is controlled entirely by that  of the diffusion 
coefficient, and the observed activation energy will be two-thirds that  for the 
diffusion process. 

Results and Discussion 

Fig. 1 shows typical Arrhenius plots for NAD in excess and at various 
ethanol concentrations. Fig. 2 is for ethanol in excess and with variable NAD 
concentration. In all of  our experiments the Arrhenius law was obeyed within 
the experimental error; there were no changes in slope such as were found with 
acetylcholinesterase [2] and which are attributed to changes in mechanism. 

Tables I and II show the observed activation energies. These values were 
calculated using the method of  least-squares [6,7], the errors being estimated at 
the 90% confidence level. The activation energies listed are the apparent values, 
obtained directly from the Arrhenius plots, wi thout  multiplication by the 3/2 
factor. 

The results in Table I, for NAD at saturating concentrations and [ethanol] 
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F i g .  1.  Arrhen ius  p l o t s  for  th e  rate o f  p r o d u c t  f o r m a t i o n  w i t h  [ N A D ]  at 5 .0  m M  and at the  e t h a n o l  con-  
c en tra t i ons  (raM) ind ica ted .  F l o w  rate ,  0 . 5 0  c m  • s -1 . 

F ig .  2.  Arrhenius  p l o t s  for  th e  rate o f  p r o d u c t  f o r m a t i o n  w i t h  [ e t h a n o l ]  at 5 0 0  m M  and at the  N A D  

c o n c e n t r a t i o n s  (raM) ind ica ted .  F l o w  rate ,  0 . 5 0  c m  • s -1 . 

varied, show very little dependence of  the activation energy on the ethanol con- 
centration or on the f low rate. This result is consistent with the conclusion of  
the preceding paper [ 1 ] that the kinetics under these conditions are essentially 
diffusion free. The activation energies, particularly at the higher ethanol con- 
centrations, therefore correspond to the chemical process occurring at the 
surface. Included in the table are values extrapolated to 1/[S] = 0 and therefore 
corresponding to very high concentrations of  ethanol. It appears that the 
activation energy for the chemical processes when there is saturation by both 
substrates is about 9 kcal • mo1-1. 

In contrast, the results with saturating concentrations of  ethanol, listed in 

T A B L E  I 

A C T I V A T I O N  E N E R G I E S  ( k c a l  • mo1-1  ) W I T H  E X C E S S  N A D  A T  5 .0  m M  

E t O H  is  used  for  c o n c e n t r a t i o n  o f  e thano l .  

C o n c e n t r a t i o n  F l o w  rates  ( c m  • s - I  ) 

o f  E t O H  

( m M )  0 . I  0 0 . 5 0  1 . 0 0  2 . 0 0  3 . 3 0  

3 .0  8 . 5 ± 1 . 1  9 . 0 ± 1 . 6  1 0 . 2 ± 0 . 6  1 0 . 3 ± 1 . 0  1 0 . 3 ± 0 . 8  

5 .0  8 . 6 ± 0 . 9  8 . 9 ± 0 . 8  1 0 . 1 ± 0 . 5  1 0 . 1 ± 1 . 4  1 0 . 1 ± 1 . 0  

1 0 . 0  8 . 5 ± 0 . 4  8 . 7 ± 0 . 4  9 . 8 ± 0 . 5  9 . 6 ± 0 . 5  9 . 2 ± 0 . 7  

2 0 . 0  8 . 6 ± 0 . 8  9 . 1 ± 0 . 2  9 . 3 ± 0 . 2  9 . 4 ± 0 . 5  9 . 3 ± 0 . 1  

5 0 . 0  8 . 7 ± 1 . 7  9 . 4 ± 0 . 3  9 . 1 ± 0 . 2  9 . 4 ± 0 . 7  9 . 2 ± 0 . 4  

( e x t r a p o h t e d )  8 .7  9 .1  9 . 2  9 .3  9 .1  
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T A B L E  II  

A C T I V A T I O N  E N E R G I E S  (kcal  • tool -1 ) W I T H  EXCESS E T H A N O L  A T  500 .0  m M  

Concentrat ion  F l o w  ra tes  ( c m  • s -1 ) 
o f  N A D  
(mM)  0 .10  0 .30  0 .50  1 .00  2 .00  3 .30  

0 
( e x t r a p o l a t e d )  2.8 4.0 5.0 5.1 5.9 6.5 
0 .10  3 . 8 ± 0 . 5  5 . 4 ± 0 . 4  6 . 0 ± 1 . 1  5 . 9 ± 0 . 9  6 . 6 ± 1 . 0  6 . 9 ± 1 . 4  
0 .12  4 . 3 ± 0 . 3  6 . 1 ± 0 . 3  6 . 4 ± 0 . 5  6 . 0 ± 0 . 5  7 . 0 ± 0 . 6  7 . 0 ± 0 . 7  
0 .15  4 . 8 ± 0 . 3  6 . 5 ± 0 . 2  7 . 2 ± 0 . 5  6 . 2 ± 0 . 5  7 . 2 ± 0 . 4  6 . 9 ± 1 . 0  
0 .20  5 . 0 ± 0 . 3  7 . 1 ± 0 . 3  7 . 2 ± 0 . 5  6 . 7 ± 0 . 5  7 . 5 ± 0 . 6  7 . 3 ± 0 . 5  
0 .30  5 . 4 ± 0 . 4  7 . 5 ± 0 . 3  7 . 6 ± 0 . 9  7 . 3 ± 0 . 6  8 . 2 ± 0 . 6  7 . 5 ± 0 . 5  
0 . 5 0  6 . 0 ± 0 . 4  8 . 1 ± 0 . 3  8 . 0 ± 0 . 6  8 . 3 ± 0 . 6  8 . 6 ± 0 . 4  7 . 9 ± 0 . 5  
1 .00  6 . 7 ± 0 . 9  9 . 0 ± 1 . 4  8 . 9 ± 0 . 7  8 . 9 ± 1 . 1  9 . 0 ± 0 . 9  8 . 5 ± 0 . 5  

( e x t r a p o l a t e d )  7.0 9.2 9.1 9.4 9.4 8.6 

Table II, show a significant variation of  activation energy with flow rate and 
with concentration of  NAD. Increasing the flow rate and increasing [NAD] 
both produce an increase in activation energy. This result is also consistent with 
the conclusions of  the previous paper, which showed that  there is substantial 
diffusion control under these conditions, the extent  of diffusion control being 
reduced as the flow rate and the substrate concentration are increased. The 
activation energies extrapolated to infinite concentrations and flow rates 
should therefore correspond to the diffusion-free value. Table II shows the 
values extrapolated to 1/[S] = 0. These extrapolated values increase with 
increasing flow rate, and at the higher flow rates are consistent with the 9 kcal • 
mo1-1 obtained from the values in Table I. Both sets of  results therefore suggest 
that  the activation energy for the chemical interaction at the surface is about 
9 kcal • mo1-1. 

Extrapolation of  the values in Table II to low [NAD] and flow rate leads~to 
a value for the fully diffusion-controlled process. The values extrapolated to 
[NAD] = 0 are shown at the top of  the columns in Table II. In accordance with 
expectations these values fall as the flow rate is reduced and suggest a value of 
about  2.8 kcal .  mo1-1 for the apparent activation energy for full diffusion 
control. In the light of  Eqn. 2 this value must be multiplied by 3/2 to give the 
activation energy corresponding to the diffusion coefficient. The result is 4.2 
kcal • mo1-1, which is very reasonable for diffusion in water. 

The results obtained in this work are somewhat similar to those obtained by 
Buchholz and Riith [8] for immobilized trypsin. They also found a significant 
drop in activation energy with decreasing substrate concentration and 
concluded that  the decrease was due to an increase in the extent  of  diffusion 
control. For alcohol dehydrogenase in free solution Gierer [10] found an 
activation energy of  about 14 kcal • mo1-1 for V; this is somewhat higher than 
our value of about 9 k c a l - m o l  -~ for the immobilized enzyme. Gierer also 
found values of  3--8 kcal-mo1-1 from the temperature coefficient of the 
Michaelis constant, these values being for association processes. Our results gave 
no values to compare with these, because of the changes of  mechanism with 
change o[  substrate concentration. 
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In our present results and those of  Buchholz and Riith [8] the activation 
energy for the chemical process is substantially greater than that  for the diffu- 
sion process. In these systems it is therefore easy to find conditions in which 
the processes are essentially diffusion-free. These results show an interesting 
contrast  to those of  Daka and Laidler [ 3] for lactate dehydrogenase at tached 
to nylon tubing. There the activation energy for the chemical process, approx. 
1 kcal • mo1-1, is very much less than that  for diffusion, approx. 5 kcal • mo1-1. 
In that  system it was therefore much easier to find condit ions favoring diffu- 
sion control  and diffusion-free behavior was only found under extreme condi- 
tions of  substrate concentrat ion and f low rate. 

One consequence of  the situation existing in our present work with alcohol 
dehydrogenase is that, because of  the high activation energy for the chemical 
process, the reactions are very much slower than found in the system studied 
by Daka and Laidler [3,9].  
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