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Summary 

NAD recycling in the collagen membrane was investigated as follows: 
(1) Alcohol dehydrogenase and lactate dehydrogenase were co-immobilized 

in the collagen membrane and the rate of lactate production by immobilized 
enzymes was compared with that  of  free enzymes by using free NAD. An 
increased rate was observed in the case of immobilized enzyme. 

(2) The soluble high molecular weight derivatives of NAD (dextran-NAD) 
were immobilized in the collagen membrane with the two dehydrogenases and 
recycling of dextran-NAD in the membrane was examined. Lactate was pro- 
duced by the membrane without  adding free NAD. 

The interaction between the high molecular weight NAD derivatives and 
enzymes are also discussed. 

Introduct ion 

Considerable world-wide interest has arisen in the preparation and properties 
of immobilized enzymes and these have been applied to industrial production 
and clinical analysis [ 1,2]. Immobilization of coenzymes and recycling of coen- 
zymes are desirable for the practical use of immobilized enzymes and recycling 
of  coenzyme is a good model for studies on metabolic processes [3]. The reac- 
tion of  two immobilized dehydrogenases with a soluble high molecular weight 
derivative of NAD was reported previously [4]. However, no report on immo- 
bilization of a coenzyme and enzymes within the same carrier has been pub- 
lished. A kinetic advantage (a microenvironmental effect) can be expected by 
use of immobilized coenzyme and enzymes [5]. 

In present study, the two enzymes, alcohol dehydrogenase and lactate dehy- 
drogenase and the soluble high molecular weight NAD derivatives, are immobi- 
lized together in a collagen membrane and the recycling of coenzyme are 
examined. 
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Materials and Methods 

Materials. Alcohol dehydrogenase (from yeast 420 units/rag protein) and 
lactate dehydrogenase (from pig heart 484 units/mg protein) were purchased 
from Oriental Yeast Co. Ltd., and NAD was obtained from Kyowa Hakko 
Kogyo Co. Ltd. Dextran T-70 (mol. wt. = 70 000) was purchased from Pharma- 
cia Fine Chemicals. Analytical reagents or laboratory grade materials and deion- 
ized water were used through this work. 

Preparation of dextran-NAD. Dextran-NAD was prepared by coupling NAD- 
N6-[N-(6-aminohexyl)acetamide] through its terminal amino group to a CNBr- 
activated soluble dextran (T-70) according to the methods described by Mos- 
bach et al. [6,7] 13 t~mol of nucleotide per g dextran-NAD (about one cofac- 
tor per dextran molecule) was used. The amount  of enzymatically-available 
nucleotide was approximately 79%. 

Preparation of enzyme-collagen membrane. The solution containing various 
amount  of alcohol dehydrogenase, lactate dehydrogenase and dextran-NAD 
was added to 30 g of 0.85% collagen fibril suspension (pH 5.0). The collagen 
membrane containing enzymes and dextran-NAD was prepared by casting the 
suspension on a Teflon plate and drying at room temperature [8]. The dried 
membranes were cut into 1 cm squares and these were tanned by dipping in 1% 
(w/v) glutaraldehyde solution (pH 7.0) for 1 min. The squares were then 
washed thoroughly with 0.1 M phosphate buffer (pH 7.0) for 1 h and dried at 
room temperature. The collagen membrane containing alcohol dehydrogenase 
and lactate dehydrogenase was also prepared by a similar method (these mem- 
branes were 50 pm thick). 

Assay of dehydrogenase. The Michaelis constant (Kin) and the maximum 
velocity (V) were determined spectrophotometrically at 30°C with a assay 
medium of 3 ml of 0.1 M phosphate buffer (pH 7.0) containing 1 mM glutathi- 
one, 0.5 M ethanol and various amounts of oxidized cofactor or 50 mM pyru- 
vate and various amounts of reduced cofactor. Immobilized dehydrogenases 
(the dextran-NAD • alcohol dehydrogenase • lactate dehydrogenase-collagen 
membrane or the alcohol dehydrogenase • lactate dehydrogenase-collagen mem- 
brane) were assayed under the same conditions as for free dehydrogenases. 

A unit  of the enzymes was defined as the increasing or decreasing amount  of 
pmol of NADH/min under the conditions described above. 

Recycling experiments. Lactate produced was measured as follows: the stan- 
dard assay mixture contained 20 ml 0.1 M phosphate buffer (pH 7.0)/1 mM 
glutathione/0.5 M ethanol/0.05 M pyruvate and NAD. The concentrations of 
cofactor and amounts of free and immobilized enzymes are indicated in the 
Results section. For the assay, 0.2 ml reaction mixture was withdrawn at inter- 
vals. 0.2 ml 0.3% H202 was added to stop the reaction and the mixture was 
heated at 100°C for 10 min. The lactate concentration was determined with 3.0 
ml standard reaction mixture containing 1.5 ml 0.4 M hydrazine (in 0.5 M gly- 
cine/NaOH buffer, pH 9.5)/0.2 ml 0.1 M NAD/0.4 ml reaction mixture and 50 
gg lactate dehydrogenase. After incubation for 30 min at 30°C, a change in 
absorbance at 340 nm was measured and the lactate concentration was calcu- 
lated from a standard curve. NADH concentration was determined spectropho- 
tometrically (A340 nm). 
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Resul ts  

The activity yields of the alcohol dehydrogenase" lactate dehydrogenase- 
collagen membrane was 7% for alcohol dehydrogenase and 40% for lactate 
dehydrogenase respectively. No leakage of  the enzymes from the membrane 
was observed during experiments. 

Apparent K m values of  immobilized dehydrogenase (alcohol dehydrogenase 
for NAD and lactate dehydrogenase for NADH) were much higher than that of 
free enzymes (Table I). 

The recycling of  free NAD in the alcohol dehydrogenase • lactate dehydro- 
genase-collagen membrane is shown in Fig. 1. The recycling activity of the 
membrane was determined by measuring lactate produced in the presence of  
excess amounts of  ethanol and pyruvate. Fig. 2 represents the time-course of  
the lactate product ion by the immobilized enzymes and also by free enzymes. 
The activities of  the free dehydrogenases and the alcohol dehydrogenase • lac- 
tate dehydrogenase-collagen membrane was adjusted on the basis of  V respec- 
tively. The rate of  lactate product ion by the immobilized enzyme system was 
higher than that by the free enzyme system. In particularly, the initial rate of 
lactate product ion by the immobilized enzyme system was about  4 times 
higher than that of the free system at a high alcohol dehydrogenase to lactate 
dehydrogenase ratio (Fig. 2a). At a low alcohol dehydrogenase to lactate dehy- 
drogenase ratio, a slight lag of  lactate production was observed in the case of 
the free enzyme system {Fig. 2b). 

T A B L E  I 

K m V A L U E S  F O R  F R E E  A N D  I M M O B I L I Z E D  E N Z Y M E S  

A p p a r e n t  K ~  values  w e r e  o b t a i n e d  f r o m  L ineweave roBurk  p lo ts .  C o f a c t o r  c o n c e n t r a t i o n s  w e r e :  (a) 
0 .1 - -0 .2  " 1 0 - 3  M N A D  fo r  f ree  a lcoho l  d e h y d r o g e n a s e  and  0 .5 - -5  • 10 -3 M N A D  fo r  i m m o b i l i z e d  a lcohol  
d e h y d r o g e n a s e ,  (b)  0 .2 - -2  " 10 -4 M N A D H  fo r  f ree  l ac ta te  d e h y d r o g e n a s e  and  0 .6 - -3  • 10 -4 M N A D H  fo r  

i m m o b i l i z e d  l ac t a t e  d e h y d r o g e n a s e .  

K~n o f  N A D  fo r  K m o f  N A D H  for  
a l coho l  d e h y d r o -  lac ta te  d e h y d r o -  

genase  ( t iM) genase  (ttM) 

Free  0.29  29 
M e m b r a n e  2.2 4 2 0  

T A B L E  I I  

L A C T A T E  P R O D U C E D  BY V A R I O U S  R E C Y C L I N G  S Y S T E M S  

L a c t a t e  p r o d u c t i o n  by  us ing  va r i ous  N A D - r e c y c l i n g  s y s t e m s  were  car r ied  ou t  in  t he  s t a n d a r d  assay m i x -  
tu re  c o n t a i n i n g  64  n m o l  N A D  or  d e x t r a n - N A D ,  4 .2  U o f  a lcoho l  d e h y d r o g e n a s e  and  0 .51 U o f  l ac t a t e  

d e h y d r o g e n a s e  fo r  60  mill .  

S y s t e m  

Alcoho l  d e h y d r o g e n a s e ,  
l ac ta te  d e h y d r o g e n a s e  

D e x t r a n - N A D  N A D  

L a c t a t e  p r o d u c e d  N A D  
reused  

~ m o l  % (cyc l e s /h )  

M e m b r a n e  m e m b r a n e  - -  1 .84 194  29 
M e m b r a n e  - -  f ree  2 .32  224  36 
F ree  - -  f ree  0 . 9 5  100  15 
F ree  f ree  - -  0 .44  46 6.9 
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Fig.  1. S c h e m a t i c  d iagram o f  the  r e c y c l i n g  o f  c o e n z y m e s  in the  a l c o h o l  d e h y d r o g e n a s e  • l ac ta te  d e h y d r o -  
genase -co l l agen  m e m b r a n e .  A D H :  a l c o h o l  d e h y d r o g e n a s e .  L D H :  lac ta te  d e h y d r o g e n a s e .  

Fig.  2. T i m e  courses  o f  lac ta te  p r o d u c e d  b y  free  and i m m o b i l i z e d  a lcohol  d e h y d r o g e n a s e  • l ac ta te  d e h y -  
drogenase .  T h e  c o n c e n t r a t i o n s  o f  N A D  and  a m o u n t s  o f  free  and i m m o b i l i z e d  e n z y m e s  (12 cm 2) u s e d  
w e r e  (a) 100  #M,  1 .25  U of  a lcohol  d e h y d r o g e n a s e  and  0.29  U of  l ac ta te  d e h y d r o g e n a s e ,  and  (b) 200  #M,  
0 . 3 5  U of  a lcohol  d e h y d r o g e n a s e  and  0 .85  U of  lac ta te  d e h y d r o g e n a s e ,  re spec t ive ly .  T h e  o t h e r  exper i -  
m e n t a l  deta i l s  w e r e  g iven in the  t e x t .  • -', free  e n z y m e  s y s t e m ,  o 0, i xamobi l i zed  e n z y m e  
s y s t e m .  

The amount of  NADH produced by both systems was determined spectro- 
photometrically and the amount of  NADH produced by the membrane system 
was much lower than that produced by the free enzyme system (Fig. 3). Fur- 
thermore, the amount of  NADH produced by the system at a high alcohol 
dehydrogenase to lactate dehydrogenase ratio was higher than that at a low 
alcohol dehydrogenase to lactate dehydrogenase ratio. 

Dextran-NAD, alcohol dehydrogenase and lactate dehydrogenase were co- 
immobilized in the collagen membrane and dextran-NAD recycling was 
attempted. The quantity of  the dextran-NAD entrapped was 5.3 nmol /cm 2 
membrane. Therefore, the concentration of  the entrapped dextran-NAD in 
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Fig.  3. T i m e  course  o f  N A D H  p r o d u c e d  free  and i m m o b i l i z e d  a lcoho l  dehyd~ogenase  • l ac ta te  d e h y d r o -  
genase .  E x p e r i m e n t a l  c o n d i t i o n s  w e r e  the  s a m e  as d e s c r i b e d  in Fig .  2 .  • • ,  free  e n z y m e s  s y s t e m .  
o o, i m m o b i l i z e d  e n z y m e s  s y s t e m .  

Fig.  4.  T h e  reusabi l i ty  o f  the  a l c o h o l  d e h y d r o g e n a s e  • lac ta te  d e h y d r o g e n a s e - c o l l a g e n  m e m b r a n e  c o n t a i n -  
ing d e x t r a n - N A D .  L a c t a t e  p r o d u c e d  b y  t h e  d e x t r a n - N A D ,  a l c o h o l  d e h y d r o g e n a s e ,  l ac ta te  d e h y d r o -  
genase - co l l agen  m e m b r a n e  in the  s tandard  assay m i x t u r e  w i t h o u t  c o n t a i n i n g  free  N A D  w a s  m e a s u r e d .  £he  
m e m b r a n e  w a s h e d  w i t h  0 .1  M p h o s p h a t e  b u f f e r  (pH 7 . 0 )  and  the  s a m e  p r o c e d u r e  w a s  r e p e a t e d .  O t h e r  
c o n d i t i o n s  w e r e  the  s a m e  as d e s c r i b e d  in Table  II. 
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reaction mixture corresponded to 3.2 pM. The dextran-NAD, alcohol dehy- 
drogenase • lactate dehydrogenase-collagen membrane produced lactate without  
adding free NAD to the reaction mixture (Table II). The activity of this mem- 
brane was about 4 times higher than that  of the free enzyme system (soluble 
alcohol dehydrogenase, lactate dehydrogenase and dextran-NAD). However, 
the activity of this system was lower than that  of the system described above 
(free NAD and the alcohol dehydrogenase,  lactate dehydrogenase-collagen 
membrane). The rate of dextran-NAD recycling in the collagen membrane was 
29 cycles/h (calculated from the produced lactate and the dextran-NAD con- 
tent). 

The reusability of the dextran-NAD • alcohol dehydrogenase • lactate dehy- 
drogenase-collagen membrane is shown in Fig. 4. 

Discussion 

The immobilization of enzymes in a collagen membrane was suggested as a 
useful technique [1,2] and alcohol dehydrogenase and lactate dehydrogenase 
were co-immobilized in the collagen membrane and recycling of free NAD in 
the alcohol dehydrogenase,  lactate dehydrogenase-collagen membrane was 
examined in this study. The rate of  lactate produced by immobilized enzymes 
was higher than that  produced by free enzymes. The same phenomenon has 
also been observed in the system of DEAE-cellulose-lactate dehydrogenase-alco- 
hol dehydrogenase [4] and three immobilized enzymes [5]. The increasing 
NADH concentration around immobilized enzymes was said to explain this 
phenomenon,  NADH was used as cofactor of lactate dehydrogenase. Therefore, 
the enhancement  of  the rate of  lactate production in the immobilized enzyme 
system is due to effective recycling of the cofactor as compared to free enzyme 
system. 

When free NAD was added to the reaction mixture, the amount  of NAD per- 
meating into the membrane was small and it was assumed that  NAD recycling 
was ineffective in this situation. Effective NAD recycling is observed when 
matrix-bound NAD is employed for the experiments, yielding on rate of  recy- 
cling 4 times that  of  a free enzyme system, presumably due to the local 
increase of  dextran-NAD concentration in the membrane. On the other hand, 
the activity of this system was lower than that  of free NAD and the alcohol 
dehydrogenase,  lactate dehydrogenase-collagen membrane system, and the 
recycling rate of the dextran-NAD was lower than that  of free NAD. This result 
may be caused from steric hindrance of  dextran-NAD in the collagen mem- 
brane. 
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