
179 

Biochimica et Biophysica Acta, 570 (1979)  179--186 
© Elsevier /Nor th-Hol land  Biomedical  Press 

BBA 68819 

IMMOBILIZATION OF ESCHERICHIA COLI CELLS CONTAINING 
ASPARTASE ACTIVITY WITH K-CARRAGEENAN 

ENZYMIC PROPERTIES AND APPLICATION FOR L-ASPARTIC ACID 
PRODUCTION 

TADASHI  SATO,  Y U T A K A  NISHIDA, T E T S U Y A  TOSA and ICHIRO CHIBATA 

Department o f  Biochemistry, Research Laboratory o f  Applied Biochemistry, 
Tanabe Seiyaku Co. Ltd., 16-89, Kashima-3-chome, Yodogawa-ku, 
Osaka (Japan) 

(Received February  5th,  1979) 

Key words: K-Carrageenan, Immobilized aspartase, L-Aspartic acid production; (E. coli) 

Summary 

Whole cells of Escherichia coli having high aspartase (L-asparate ammonia- 
lyase, EC 4.3.1.1) activity were immobilized by entrapping into a K-carrageenan 
gel. The obtained immobilized cells were treated with glutaraldehyde or with 
glutaraldehyde and hexamethylenediamine. 

The enzymic properties of three immobilized cell preparations were investi- 
gated, and compared with those of the soluble aspartate. The optimum pH of 
the aspartase reaction was 9.0 for the three immobilized cell preparations and 
9.5 for the soluble enzyme. The optimum temperature for three immobilized 
cell preparations was 5--10°C higher than that for the soluble "enzyme. The 
apparent Km values of immobilized cell preparations were about five times 
higher than that of the soluble enzyme. The heat stability of intact cells was 
increased by immobilization. 

The operational stability of the immobilized cell columns was higher at pH 
8.5 than at optimum pH of the aspartase reaction. From the column effluents, 
L-aspartic acid was obtained in a good yield. 

Abbreviations: cell type 1, E. coli cells immobilized with K-carrageenan; cell type 2, E. coli cells immo- 
bilized with ~-carrageenan and t h e n  treated  with glutaxaldehyde; cell type 3, E. coli cells immobilized 
w i t h  K-carrageenan and t h e n  treated  with glutaraldehyde and h e x a m e t h y l e n e d i a m i n e .  
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Introduction 

In previous papers [1--3], we reported that Escherichia coli cells immo- 
bilized with polyacrylamide can be advantagiously used for continuous produc- 
tion of L-aspartic acid from ammonium fumarate by the action of aspartase 
(L-aspartate ammonia-lyase, EC 4.3.1.1). In 1973, we succeeded in converting 
this to an industrial scale. 

For further improvement of this system, we extensively investigated 
immobilization of E. coli cells by a new technique using n-carrageenan (a poly- 
saccharide prepared from seaweed) [4]. 

In order to clarify the conditions for continuous production of L-aspartic 
acid, the basic enzymic properties of the immobilized E. coli cells with 
n-carrageenan, and the continuous method for the production of L-aspartic acid 
from ammonium fumarate were investigated by using columns packed with the 
immobilized cell preparations. 

Materials and Methods 

Materials 
~-Carrageenan was obtained from Sansyo Co., Ltd. (Osaka, Japan). Meast, 

autolyzate of brewer's yeast, was obtained from Ebios Yakuhin Kogyo, Co., 
Ltd. (Osaka, Japan). Glutaraldehyde was purchased from Katayama Chemical 
Industries Co., Ltd. (Osaka, Japan). Hexamethylenediamine was purchased 
from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan). Other reagents were 
obtained from Katayama Chemical Industries Co., Ltd. (Osaka, Japan). Soluble 
aspartase was prepared by the method previously reported [5], and 36.6 mg 
partially purified preparation was obtained from 1 g (wet weight) E. coli cells. 
The activity of this preparation was 1670 unit/mg protein under standard assay 
conditions. 

Preparations of  Immobilized E. coli cells 
E. coli ATCC 11303 was aerobically grown in a medium (pH 7.0) containing 

0.5% ammonium fumarate, 1.14% fumaric acid, 2% corn steep liquor, 2% 
Meast, 0.2% KH2PO4 and 0.05% MgSO4 • 7H20 at 37°C for 20 h with shaking. 
The cells were collected by centrifugation, and 8 g (wet weight) of the cells 
were suspended in 8 ml 0.9% NaC1 at 40 ° C. 2.07 g ~-carrageenan were dissolved 
in 45 ml 0.9% NaC1 at 80°C, and then the temperature of the solution was 
brought to 45°C. Both solutions were mixed, and mixture cooled at around 
10°C for 30 min. In order to increase the gel strength, the gel was soaked in 
cold 0.3 M KC1. After this treatment, the resultant stiff gel was made to cubic 
gel of 3 × 3 × 3 mm. From 1 g (wet weight) of intact cells, 12 ml immobilized 
cells (cell type 1) were obtained and aspartase activity was 56 340 units/g cells 
{4700 units/ml gel) under standard assay conditions after activation by 
incubating with 1 M ammonium fumarate (pH 8.5) containing 1 mM Mg 2÷ at 
37°C for 72 h. 

Treatment o f  immobilized E. coli cells with bifunctional reagents 
Treatment of the immobilized cells with glutaraldehyde (cell type 2) or with 



1 8 1  

glutaraldehyde and hexamethylenediamine (cell type  3) was carried out  
according to the procedure previously described [4]. The aspartase activity 
after activation was 37 460 units/g cells (3120 units/ml gel) for the former 
preparation and 49 400 units/g cells (4120 units/ml gel) for the latter. 

Standard assay o f  aspartase activity 
Unless otherwise noted,  standard assay of aspartase activity was carried out  

as follows. 
Native aspartase. 0.1 ml soluble aspartase (4.8 mg/ml) and 9.9 ml 1.5 M 

ammonium fumarate (pH 9.0), 1 mM Mg 2+ were incubated at 37°C for 10 min. 
After the reaction was s topped by immersion in a boiling waterbath for 15 min, 
the precipitates were removed by  centrifugation, and the L-aspartic acid formed 
in the supernatant was measured. 

Intact cells. The assay of  intact cells was carried out  by the method previ- 
ously described [4].  

Immobilized cell preparations. A solution of  1.5 M ammonium fumarate (pH 
9.0), 1 mM Mg 2+ was applied to column packed with 6 ml (corresponding to 
0.5 g wet  intact cells) of  the immobilized cell preparations at 37°C at f low rate 
of  space velocity (=14--15 h -1) *. The L-aspartic acid in the effluent was mea- 
sured. 

Estimation o f  L-aspartic acid. L-Aspartic acid was measured by bioassay 
using Leuconostoc messenteroides P - 6  0 [ 6 ] .  

Enzyme activity. One unit of  enzyme activity was defined as the amount  of  
enzyme giving 1 pmol  L-aspartic acid/h. 

Estimation o f  half-life o f  column packed with immobilized cell preparations 
The half-life of  immobilized cell preparations was estimated by the method  

previously described [ 7]. 

Results 

Enzymic properties o f  various immobilized E. coli cell preparations 
In order to clarify the suitable conditions for continuous enzyme reaction, 

some basic enzymic properties of  cells of type  1, 2, and 3 were investigated in 
comparison with those of  soluble aspartase or intact cells. 

Effect  o f  pH on reaction rate. The effect  on pH of  the initial rate of  forma- 
tion of  L-aspartic acid from ammonium fumarate by the three immobilized cell 
preparations was compared with that  by the soluble aspartase. As shown in 
Fig. 1, the pH-activity curves on the aspartase reaction are approximately the 
same for the three immobilized cell preparations, but  their curves shift about  
0.5 pH unit  toward acidic pH values in comparison with that  of  the soluble 
enzyme. The optimal pH was 9.0 for the three immobilized cell preparations 
and 9.5 for the soluble enzyme. 

Effect  o f  temperature on reaction rate. The effect  of  temperature on the 
aspartase reaction by  the three immobilized cell preparations and the soluble 

* Space ve loc i ty  is the v o l u m e  of  l i qu id  pass ing t h r o u g h  a given v o l u m e  of  i m m o b i l i z e d  cell  preparat ions  
in 1 h d iv ided  by  the  la t ter  vo lume .  
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Fig.  1. E f f e c t  o f  pH o n  th e  rate o f  f o r m a t i o n  o f  L-aspaxtic acid.  The  pH o f  the  substrate  was  varied.  An 
1 M a m m o n i u m  f u m a r a t e / 1  M NH4C1 so lu t ion  (adjusted t o  ind icated  pH w i t h  5 N N a O H ) ,  1 m M  Mg 2+ 
was  used  as substrate .  Th e  e n z y m e  act iv i t ies  are expres sed  as percentage  o f  the  m a x i m u m  act iv i ty  a t ta ined  
at the  appropriate  o p t i m u m  pH o f  e n z y m e  preparat ions .  • • ,  so luble  aspartase; o o, cel l  
t y p e  1 ; ~- A cel l  t y p e  2, 0 O, cell  t y p e  3. 

Fig. 2. E f f e c t  o f  t e m p e r a t u r e  on  the  rate o f  f o r m a t i o n  o f  L-aspartic acid. The  t e m p e r a t u r e  o f  the  incuba-  
t i on  was  varied and the  e n z y m e  act ivi t ies  are expres sed  as percentage  o f  the  m a x i m u m  act iv i ty  at ta ined at 
the  appropriate  o p t i m u m  t e m p e r a t u r e  o f  e n z y m e  preparat ions .  • • ,  Soluble aspartase; o -o,  

cell  t y p e  1; n A cel l  t y p e  2; 0 O, cel l  t y p e  3. 

aspartase was investigated, and the results are shown in Fig. 2. The figure 
indicates that the optimum temperatures for the three immobilized cell 
preparations are 5--10°C higher than that for the soluble enzyme. For the 
estimation of the apparent activation energy of these preparations, the results 
shown in Fig. 2 were plotted by the method of  Arrhenius. The apparent activa- 
tion energy was calculated to be 5480 cal/mol for cell type 1, 5220 cal/mol for 
cell type 2, 5330 cal/mol for cell type 3 and 8290 cal/mol for the soluble 
enzyme, respectively. 

Michaelis constants. The effect of  substrate concentration on the aspartase 
reaction by the three immobilized cell preparations and the soluble aspartase 
was investigated, and the results obtained were plotted by the method of  
Lineweaver and Burk [8] for the estimation of the apparent Michaelis constant 
(Kin). From the results, the apparent Km was calculated to be 0.85 M for cell 
type 1, 0.72 M for cell type 2, 0.71 M for cell type 3 and 0.15 M for the 
soluble enzyme, respectively. 

Heat stability. The heat stability of cell type 1, cell type 2 and cell type 3 
was compared with that of  the soluble aspartase and of  the intact cells at 
elevated temperature for 30 min. The results are shown in Fig. 3. After treat- 
ment at 60 ° C for 30 min, the aspartase activities of the soluble enzyme and the 
intact cells were decreased to below 10% of the respective initial activity, but 
the three immobilized cell preparations retained about 40% of their initial 
activities. 
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Fig. 3. Hea t  s tabi l i ty .  In the  case of  the soluble aspar tase  0.1 ml  e n z y m e  so lu t ion  (4.8 m g / m l )  and 0.1 ml  
of  0.1 M po ta s s ium p h o s p h a t e  b u f f e r  (pH 7.0) was  t r e a t ed  a t  the  ind ica ted  t e m p e r a t u r e  for  30  rain,  
rap id ly  coo led ,  and  9.8 ml  1.5 M a m m o n i u m  f u m a r a t e  (pH 9.0) ,  1 m M  Mg 2+ was added .  In the  case of  the  
in tac t  cells, 2 ml  in tac t  cell suspens ion  (0 .25  m g  cel ls /ml  of  the  s ame  b u f f e r )  was  t r e a t e d  at  the  ind ica ted  
t e m p e r a t u r e  for  30  rain,  rap id ly  cooled ,  and 30 ml  1.5 M a m m o n i u m  f u m a r a t e  (pH 9.0) ,  1 m M  Mg 2+ was 
added .  This m i x t u r e  was i n c u b a t e d  u n d e r  s t anda rd  assay condi t ions ,  an d  the  L-aspar t ic  acid f o r m e d  was  
m e a s u r e d .  In  the  case of  the  i m m o b i l i z e d  cell p repa ra t ions ,  6 m l  ( co r r e spond ing  to  0.5 g w e t  i n t ac t  cells) 
of  the  i m m o b i l i z e d  cell p r e p a r a t i o n s  and 10 ml  s ame  b u f f e r  was  t r e a t ed  a t  the  i nd i ca t ed  t e m p e r a t u r e  for  
30 rain and rapid ly  cooled .  The  t r e a t e d  i m m o b i l i z e d  cells p r epa ra t i ons  were  sepa ra te ly  p a c k e d  in to  
co lumns ,  and  the e n z y m e  activi t ies were  m e a s u r e d .  • • ,  soluble aspar tase ;  X ×, i n t ac t  cells; 
o o, cell t y p e  1; ~ ~, cell t y p e  2; 0 (~, cell t y p e  3. 

Fig. 4. Rela t ionship  of  f low ra te  of  subs t ra t e  and  f o r m a t i o n  of  L-aspar t ic  acid f r o m  a m m o n i u m  fu mara t e .  
A so lu t ion  of  1 M a m m o n i u m  f u m a r a t e  (pH 8.5) ,  1 m M  Mg 2+ was appl ied  to  the  c o l u m n  p a c k e d  wi th  12 
ml  ( co r r e spond ing  to  1 g we t  i n t ac t  cells) i m m o b i l i z e d  cell p r e p a r a t i o n  as 37aC at  the  ind ica ted  f low rates .  
The  L-aspart ic  acid f o r m e d  in the  e f f luen t s  was  me a s u re d ,  o o, cell t y p e  1; ~- ~, cell t y p e  2; 

O, cell t y p e  3. 

Continuous production o f  L-aspartic acid 
The conditions for cont inuous product ion of  L-aspartic acid were investi- 

gated by  using columns packed with the immobilized cell preparations. 
Effect  o f  pH o f  substrate solution on operational stability. A substrate solu- 

tion of  varous pH was passed through the columns packed with the immo- 
bilized cell preparations at 37°C for long period, and the half-lives of  these 
preparations were estimated as shown in Table I. These three immobilized 
preparations were very stable at  below pH 8.5, and their stabilities were 
markedly reduced with increase of  pH of  the substrate solution. 

Effect  o f  flow rate o f  substrate solution on formation o f  L-aspartic acid. The 
typical data on the relation be tween the flow rate of  the solution of  1 M 
ammonium fumarate (pH 8.5), 1 mM Mg 2+ and the extents  of  the reaction are 
shown in Fig. 4. The figure shows that  the f low rates of  space velocity (SV) = 
2.04 h -1 for cell type  1, S V  = 1.20 h -1 for cell type  2 and S V  = 1.75 h- '  for cell 
type  3 are the maximal for the complete  conversion of  1 M ammonium 
fumarate to L-aspartic acid. If  a solution of  1.5 M ammonium fumarate (pH 
8.5), 1 mM Mg 2+ was used as a substrate solution, the maximal f low rate enable 
the complete  conversion was S V  = 1.2 h- '  for cell type  1, S V  = 0.8 h - '  for cell 
type  2 and S V  = 1.1 h -1 for cell type  3, respectively. 
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T A B L E  I 

E F F E C T  OF p H  OF S U B S T R A T E  ON O P E R A T I O N A L  S T A B I L I T Y  

1.5 M a m m o n i u m  f u m a r a t e  ( ind ica ted  pH,  1 m M  Mg 2+) was passed t h r o u g h  c o l u m n s  p a c k e d  wi th  12 ml  
i m m o b i l i z e d  cell p r epa ra t i ons  a t  f low ra te  of  S V  = 0.8 h - I  a t  370C. 

p H  of  subs t ra te  Stabi l i ty  at  37°C (half-life, days)  

cell t ype  1 cell t ype  2 cell t ype  3 

7.0 95  238 693 
8.0 93 240  675  
8.5 92 237 682  
9.0 54 132 391 
9.5 27 71 136 

10.0 11 21 48 

Production o f  L-aspartic acid. A solution of  1.5 M ammonium fumarate (pH 
8.5), 1 mM Mg 2÷ was passed through a column (2.5 × 30 cm) packed with the 
immobilized cell preparation (cell type  3) at a flow rate of  90 ml/h at 37°C. 1 1 
of  the effluent was adjusted to pH 2.8 with 60% H2SO4 at 90°C and then 
cooled at 15°C. The L-aspartic acid crystallized out  was collected by  filtration 
and washed with water. The yield was 179.6 g (90% of theoretical), [a]~  ° = 
+25.5 (c = 8 in 6 N HC1). 

Discussion 

In previous papers [9,10],  we found that  ~-carrageenan is a suitable polymer  
for immobilization of  many kinds of  enzymes and microbial cells. Further,  for 
continuous product ion of  L-aspartic acid from ammonium fumarate, we investi- 
gated immobilization of  E. coli containing high aspartase activity by using 
~-carrageenan and revealed the suitable conditions [ 4]. 

In addition, in order to clarify the most  suitable conditions for continuous 
product ion of  L-aspartic acid, the basic enzymic properties of  the immobilized 
cell preparations with ~-carrageenan were investigated in comparison with 
those of  the soluble enzyme or the intact cells. The results are presented in this 
paper. 

The apparent Km values of  the three immobilized cell preparations were 
about  five times higher than that of  the soluble enzyme. This increase of  Km 
value may be due to the change of  permeation rate of  substrate or product  
through the carrageenan gel matrix. This is supported from the results shown in 
Fig. 5. 

Other enzymic properties were also changes by immobilization. The 
opt imum pH of the three immobilized cell preparations on enzyme reaction 
was slightly shifted (about  0.5 pH unit) toward the acidic pH value in com- 
parison with that  of  the soluble enzyme (Fig. 1). The precise reason for this 
apparent pH shift toward the acidic side is not  known. 

Heat stability of  immobilized cell preparations was markedly increased in 
comparison with that  of  the soluble enzyme or intact cells (Fig. 3). The reason 
of  higher stability of  the immobilized preparation with ~-carrageenan is not  
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In tac t  cells 

101 710 unit* 
(1(~0%) 

Cell t ype  ~ 

56 340 unit** 
(55.4%) 

Cell t ype  2 Cell t ype  3 

Homogen ized  cells, type  1 

89 580 unit** 62 550 unit** 82 490 unit** 
(88.1%) (61.5%) (81.1%) 

37 460 unit** 49 400 unit** 
(36.8%) (48.6%) 

Homogen ized  cells, type  2 Homogen ized  cells, t ype  3 

Fig. 5. Schematic comparison of aspartase activity of various enzyme preparations/unit weight of intact 
cells. Homogenization of immobilized cell preparations was carried out by using a mortar and pestle. 
Aspartase activities are values obtained from 1 g (wet weight) of intact cells. *, activity in the presence of 
Triton X-100; * *, activity after activation. 

clear, but  by several experiments we found that  '~-carrageenan in liquid state' 
does not  show any stabilizing effect  and '~-carrageenan in gel state' shows 
apparent stabilization of  enzyme activity. This result suggests that  gel matrix of  
~-carrageenan may play an important  role for this stabilization. These experi- 
ments will be presented elswhere. 

Conditions for continuous production of L-aspartic acid using the column 
packed with the immobilized cell preparations were investigated, and the acid 
could be produced in a high yield. As shown in Table I, the immobilized cell 
column was more stable at pH 8.5 than at pH 9.0 (opt imum for aspartase reac- 
tion), and their half-lives were calculated to be 92 days for cell type 1, 237 
days for cell type 2 and 682 days for cell type 3 at 37°C, respectively. These 
results suggest that  the operation at pH 8.5 is more advantageous for continu- 
ous production of  L-aspartic acid than that  at pH 9.0. 

In previous paper [4], we compared the efficiency of E. coli cells immo- 
bilized with polyacrylamide and ~-carrageenan in producing of L-aspartic acid, 
and found that  E. coli cells immobilized with ~-carrageenan and then treated 
with glutaraldehyde and hexamethylenediamine show the highest productivity. 
Therefore, we considered that  this preparation is most  advantageous for con- 
tinuous of  L-aspartic acid, and we changed conventional polyacrylamide 
method to this new carrageenan method for industrial production of  L-aspartic 
acid from ammonium fumarate.  
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