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SUMMARY 

Z. a -Amylase  (a- i ,4-glucan 4-glucanohydrolase ,  EC 3.2.z.I) has been immobi l -  
ised by  a t t a c h m e n t  to soluble amino-s- t r iaz inyl  der iva t ives  of dex t ran  2o0o D E A E -  
dex t ran  2000 and to CM-cellulose (Edifas Bzo). 

2. These amylase  der iva t ives  show up to ()7c)',~ of the  specific ac t iv i ty  of the free 
enzyme.  

3. The p H  op t imum shows 0.5 unit  shifts depending  on the charge of the  
suppor t .  

4. A t t a c h m e n t  of amy]ase to CM-eellulose and D E A E - d e x t r a n  increases the 
s tab i l i ty  of the  enzyme at  neu t ra l  pH. A t t a c h m e n t  to CM-cellulose increases the  heat  
s t ab i l i ty  of the enzyme.  

5- The increased s t ab i l i ty  of the CM-cel lu lose-amylase  compared  with  free 
amylase  was demons t r a t ed  in the cont inuous  hydrolys is  of s tarch in an ul t raf i l ter  
reactor .  

1 NTRODUCTION 

Recent  work on immobi l i sed  enzymes has concen t ra ted  on a t t a c h m e n t  of 
enzymes to water- insoluble  suppor ts  such as cellulose I and  dex t r an  der iva t ives  2, poly-  
ac ry lamide  a, and porous glass a. Using such immobi l i sed  enzymes in a reactor  it is 
appa ren t  t ha t  t i le ra te  of diffusion of subs t ra te  to ti le enzyme act ive sites and  steric 
factors  m a y  l imit  the conversion of subs t ra te  to products  '~,6. Such effects are l ikely 
to be more pronounced  with subs t ra tes  of high molecular  weight.  To re ta in  some of 
the  advan tages  of immobi l isa t ion,  but  at  the  same t ime,  re ta in  good accessibi l i ty  
with high molecular  weight  substra tes ,  the a t t a c h m e n t  of enzymes to soluble suppor t s  
has been inves t igated.  Recent ly  we repor ted  on the proper t ies  of solut)le immobi l ised 
chymot ryps in  for casein hydrolys is  in an ul t raf i l ter  reactor  7. As a second representa-  
t ive enzyme act ing on high molecular  weight subs t ra tes  a -amylase  (a-z,4-glucan 4- 
g lucanohydrolase ,  EC 3.2.z.z) was chosen because of its economic use in s tarch 
l iquification and as studies have been made  on its a t t a c hme n t  to insoluble suppor ts  a u. 

The effects on the ac t iv i ty ,  op t imum p H  for ac t iv i ty  and s tab i l i ty  at  var ious  
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pH values and temperatures of attachment of a-amylase to dextran, DEAE-dextran 
and CM-cellulose have been investigated. 

MATERIALS 

A purified a-amylase (Maxamylase) was a gift from Royal Netherlands Fermen- 
tation Industries, Delft, Holland. Edifas, grade BIo (soluble CM-cellulose), was a gift 
from ICI Ltd., Stevenson, Ayrshire, Scotland. Dextran-2000 and DEAE-dextran 
(both mean mol. wt. 2 . I0  G) were obtained from Pharmacia Ltd. Soluble starch from 
maize was obtained from BDH, Poole, Dorset. Membranes used for ultrafiltration 
were obtained from Amicon Corporation, Lexington, Massachusetts, U.S.A. 

M E T H O D S  

s-Triazine derivatives of dextran, DEAE-dextran and CM-cellulose were ob- 
tained by reaction with 2-amino-4,6-dichloro-s-triazine prepared from cyanuric 
chloride as described previously 12. IO g of soluble polymer were dissolved in IOO ml 
of water (2oo ml in the case of CM-cellulose) and adjusted to pH xI.o.o.5 g s-triazine 
in 2o ml of 5o% acetone :water (v/v) were also adjusted to pH II.O and the two solu- 
tions mixed and stirred vigorously. The pH was maintained at IX.O by addition of 
alkali in a pH-stat until o.2 mequiv of alkali per g dry weight of polymer had been 
added. The reaction was stopped by reducing the pH to between 3 and 4 with HC1. 
Unreacted s-triazine was removed by precipitation of the polymer with 2 vol. of 
acetone. The precipitate was collected by centrifugation, redissolved in IOO ml of 
water and the washing process repeated twice. The s-triazine activated polymer was 
finally dried in a vacuum desiccator and stored at IO °. 

Immobilised a-amylase preparations were made by reacting a-amylase with 
s-triazinyl derivatives (o.5 g) of dextran, DEAE-dextran and CM-cellulose in borate 
buffer, pH 8.8, for 16 h at room temperature. The reaction volumes, weights of a- 
amylase added and borate concentrations for each experiment are given in Table I. 
The s-triazinyl derivatives contained o.2 mequiv of s-triazine per g dry weight of 
polymer, except for the preparation of CM-cellulose-amylase (3) where the derivative 
contained I.O mequiv per g dry weight of polymer. 

The attachment reaction was stopped by adjusting the pH to 6.o and the un- 
bound enzyme was removed by ultrafiltration using an Amicon XMIoo membrane. 

TABLE I 

R E A C T I O N  C O N D I T I O N S  FOR I M M O B I L I S A T I O N  OF ( Z - A M Y L A S E  

a-A mylase Reaction Buffer 
derivative vol. (ml) concn. (M)  

Dextran (I) 2o o.125 
I)extran (2) 2o o.2o 
DEAE-dextran 5 ° o.o2 
CM-cellulose (i) 20 o.125 
CM-cellulose (2) 17. 5 o.2o 
CM-cellulose (3) 2o o.125 

Amylase 
added (rag) 

5 ° 
60 
5 ° 
5 ° 
75 
75 
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The buffer used for washing conta ined  o.o5 M glycerophosphate ,  o.I  M NaC1, o .ooi  M 
CaCI2, p H  6.0. 

Bound protein  was e s t ima ted  using the method  of LOWRY ~'t al. 1~. In the  case 
of D E A E - d e x t r a n - a m y l a s e  no result  could be ob ta ined  as a prec ip i ta te  formed even 
though none formed with s- t r iazinyl  D E A E - d e x t r a n  alone. Bound prote in  ira this  
case was therefore  ca lcula ted  from the A,,s0 nm of the  added  a -amylase  and the 
A')80 nm ot the  u l t ra f i l t ra te  which conta ined  unbound  a-amylase .  

Stock solutions of a -amylase  (5.0 mg/ml) were p repared  in o.o5 M glycero- 
phospha te  (pH 6.o) conta in ing o.I  M NaC1 and o .ooi  M CaC12. 

a -Amylase  was assayed using soluble s tarch as subs t ra te  in buffers t ha t  did  
not  prec ip i ta te  Ca 2 ~ The s t a n d a r d  react ion mix ture  was made  up of I.O ml of 2 °: " 0 

s tarch solution in 0.20 M NaCI + 0.002 M CaCl,,, 0.90 ml of o . Io  3'i g lycerophospha te  
buffer (pH 6.o) and  o.Io ml of enzyme solut ion conta ining 5 3 ° #g  protein.  The 
reducing groups formed were es t ima ted  using 2,5-dinitrosalicylic acid ~3 a l te r  incuba-  
tion at  5 o°, usual ly  for 3 min. Since mal tose  was used as a s t a n d a r d  in the  assay, 
results  are expressed in terms of #moles  of mal tose  formed. 

Where  the  pH op t imum of a -amylase  der iva t ives  was inves t iga ted  the  ini t ia l  
ra te  of the hydrolys is  was ob ta ined  using react ion mixtures  conta in ing I ml of 2°(, 
s tarch solution in o.o2 M NaC1 + o.oo2 M CaC12, o.9o ml of a mixed  buffer o.o2 M in 
aceta te ,  g tycerophosphate  and Tris of appropr i a t e  pH, o . Io  ml of enzyme solution 
conta in ing 5-3o /xg protein  d i lu ted  in the  same buffer immedia t e ly  prior  to use. In 
exper iments  to measure  the  s t ab i l i ty  of the  a -amylase  p repara t ion  at  different p H  
values  and tempera tures ,  the  enzyme was di luted in the appropr i a t e  o . Io  M buffer 
ei ther  with or wi thout  ( 'a  2+ and o.I ml was assayed in a s t a n d a r d  react ion mix ture  at  
p i t  6.0. In cases where the  enzyme p repara t ion  was incuba ted  in the  absence of Ca 2 
and the di lut ion of the enzyme solut ion was less than  5o t imes,  the  p repara t ion  first 
was d ia lysed  agains t  a Ca 2+ free buffer overnight  a t  5 "~'. 

The hydrolys is  of s tarch at  7 °o by  amylase  or CM-cel lu lose-amylase  in a con- 
t inuous-flow ul t ra f i l t ra t ion  reactor  was examined.  The reactor  was f i t ted with an 
Amicon PM IO membrane  to re ta in  the enzyme or immobi l i sed  enzyme,  and  conta ined  
5o ml of subs t ra te  to which 5 ° #g  of a -amylase  or 5o #g  of CM-cel lulose-amylase 
(Prepara t ion  3) was added,  o.4~"o s tarch solution in o.I  M NaC1, o .ooi  5I CaC1, z and  o.o2 
M Tris .  HC1 buffer (pH 6.5) was fed in under  a pressure of 18 lb/inch 2 gauge. The f i l t rate 
volume collected per hour was measured  and I-  or 2-ml samples  were used for tim 
es t imat ion  of reducing groups. The ou tpu t  was ca lcula ted  as #moles  of mal tose  per  h. 

R E S U L T S  

a-Amylase  has been a t t ached  to uncharged  dext ran ,  D E A E - d e x t r a n  and soluble 
CM-cellulose. a -Amylase  has an isoelectric poin t  pH 6.o (ref. I5) approx imate ly .  Since 
a t t a c h m e n t  to suppor ts  was done at  p H  8.8 the  prote in  was nega t ive ly  charged at  this  
p H  and a t t a c h m e n t  to pos i t ive ly  charged suppor ts  was favoured.  Conversely a t t ach-  
ment  to nega t ive ly  charged suppor ts  m a y  be expected  to be low. In the la t te r  case 
m u t u a l  repulsion of tile enzyme and suppor t  can be pa r t i a l l y  overcome by raising the 
ionic s t rength  of the react ion mix ture  used for a t t achment .  

Table  I I  compares  the  specific ac t iv i ty  of var ious  dex t r an -amyla se  and CM 
cellulose amylase  prepara t ions .  The dex t rans  showed good up take  of prote in  with 

Biochinz. Biophys. Acla, 25 ° (I971) .522 529 



IMMOBILIZED C~-AMYLASE 525 

T A B L E  I I  

A C T I V I T Y  O F  A M Y L A S E  P R E P A R A T I O N S  

Preparation Protein added Uptake (%) 
(rag) 

a - A m y l a s e  - -  - -  
I ) e x t r a n - a m y l a s e  (1) 5 ° 61 
D e x t r a n  a m y l a s e  (2) 60 65. 5 
D E A E - d e x t r a n  a m y l a s e  5o 9 ° 
C M - c e l l u l o s e - a m y l a s c  ( i )  5 ° 6. 4 
CM-ce l lu lose  a m y l a s e  (2) 75 17.1 
C M - c e l l u l o s e - a m y l a s e  (3) 75 19.2 

* f fn lo les ,  m in  -~. n lg  ~protein. 

Support (mglg) Specific activity" 

- -  420 
61 250 
80 283 
9 ° 14o 

6.2 250 
25. 5 lO6 
28.8 44 

25-67% of the specific activity of the free amylase. With CM-cellulose uptake of 
protein was very much reduced but the specific activity remained high. Increasing 
the ionic strength increased the protein attached to CM-eellulose but the specific 
activity was adversely affected. There was no advantage in using a CM-cellulose more 
highly substituted with s-triazinyl residues as again the specific activity was reduced 
possibly due to multiple attachment of each enzyme molecule to the support. 

The pH optimum of each a-amylase preparation was determined in a mixed 
buffer system of low ionic strength (Figs. I and 2). Attachment to CM-cellulose 
shifted the optimum from pH 6.0 to 6.5 and reduced the activity on the acid side of 
the optimum. However, little increase in activity occurred on the alkaline side com- 
pared with the free enzyme (Fig. I). Attachment to DEAE-dextran gave a derivative 
with maximum activity at about pH 5.5 and the whole profile was shifted 0.5 pH 
units to the acid side compared with the free enzyme (Fig. I). The dextran-amylase 
had a broad optimum activity between pH 5.5 and 6. 5 compared with the sharper 
optimum for the free enzyme at pH 6.0 but without a significant shift in profile 
( F i g .  2) .  
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Fig.  i .  T h e  effect  o f  a t t a c h m e n t  o f  a - a m y l a s e  to  so luble  D E A E - d e x t r a n  a n d  CM-ce l lu lose  on  t h e  
p H  profi le  o f  s tarch  h y d r o l y s i s .  E n z y m e  ac t iv i t i e s  were  a s s a y e d  at  5 °o w i t h  1.o% s tarch  so lut ion .  
T h e  p H  w a s  contro l l ed  us ing  a m i x e d  buffer  s y s t e m  o . o i  M in ace ta te ,  g l y c e r o p h o s p h a t e  and  Tris .  
O - - O ,  a m y l a s e ;  A - - A ,  D E A E - d e x t r a n - a m y l a s e ;  O O,  C M - c e l l u l o s e - a m y l a s e .  

F ig .  2. T h e  effect  o f  a t t a c h m e n t  o f  a m y l a s e  to  d e x t r a n  on  the  p H  profi le  o f  s tarch  h y d r o l y s i s .  
T h e  reac t ion  c o n d i t i o n s  were  the  s a m e  as  descr ibed  in Fig.  i .  O - - O ,  a m y l a s e ;  [ ~ - - [ Z ,  d e x t r a n -  
a m y l a s e .  
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Fig. 3- Decay of a-amylase in the presence of Ca 2+ incubated at 5 o~ in buffers of different t)H. 
a-Amylase was diluted in the buffers indicated, incubated at 5 °0 and o. I ml assayed in the s tandard  
reaction mixture  at p H  6.0 after  various t ime intervals. O - - O ,  o . io  M glycerophosphate buffer 
p H  5.o; + + ,  o . io  M glycerophosphate buffer (pH 7.o) ; • - - • ,  o . io  M Tris. HCI buffer (pH 9.o). 
All buffers contained o.ooi M CaCI 2. 

Fig. 4. Decay of a-amylase incubated at 5 °0 in buffers of different pH in the absence of Ca 2+. 
a-Amylase was diluted in the buffers indicated, incubated at 5 °° and o.I ml assayed in the stan- 
dard reaction mixture  at p H  6.o after various t ime intervals. Q - - Q ,  o. io M glycerophosphate  
buffer (pH5.o) ;  + ~, o . i o M  glycerophosphate buffer (pH7.o) ;  • - - • ,  o . l o M  Tris-HC1 
(pH 9.0). 

The effect of immobilisation on the stability of a-amylase was investigated. 
a-Amylase is stabilised by starch and Ca 2+ (refs. I6,I7). Fig. 3 shows that the stability 
of a-amylase in the presence of Ca 2+ decreased below pH 7. There was no loss of activ- 
ity over the period of the assay, In the absence of Ca 2+ (Fig. 4) stability at the com- 
parable pH was decreased and maximum stability occurred at pH 9.o. Since a-amylase 
was less stable in the absence of Ca 2+, effects of attachment to soluble supports were 
more likely to be apparent by incubating the enzyme preparation in the absence of 
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Fig. 5. Decay of soluble immobilised derivatives of amylase at p H  7.0 and 5 o '  in the absence of 
Ca 2+. After dialysis, overnight  at 5" the soluble immobilised derivatives of amylase were diluted 
in o. lO M glycerophosphate buffer (pH 7.o) and incubated at 5 o°. The stock solution of a-amylase 
was diluted 5 ° × in the same buffer, o . i -ml  samples were assayed in the s tandard reaction mixture  
at  pH 6.0 after various time intervals. O - - O ,  amylase;  []--[El, dextran  amylase (Preparat ion 2) ; 
• - • ,  DEAE-dex t r an -amylase ;  C) O, CM-cellulose-amylase (Preparat ion e). 

Fig. 6. Decay of soluble immobilised derivatives of amylase at pH 9.o and 5o'  in the absence of 
Ca z+. The same procedure as given in Fig. 5 was followed except t ha t  o.i M Tris.  HCl buffer p l l  
9.o was used. O - - Q ,  amylase; [Z--E],  dex t r an -amylase  (Preparat ion i) ;  • - - • ,  I ) E A E - d e x t r a n -  
amylase;  O - - O ,  CM-cellulose-amylase (Preparat ion 2). 
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Ca 2+. The stability of each a-amylase derivative was investigated at pHs 5.o, 7.o and 
9.0. There was no increase in stability at pH 5.o, but at pH 7.o both DEAE-dext ran-  
amylase and CM-cellulose-amylase were more stable than the free enzyme (Fig. 5). 
These differences were not so marked at pH 9.o, only CM-cellulose-amylase having 
marginally increased stability compared to the free enzyme (Fig. 6). 

In view of the increased stability obtained on at tachment  to DEAE-dextran 
and CM-eellulose apparent at pH 7.o it was of interest to see if such derivatives could 
be used for the hydrolysis of starch on a continuous basis. This can be done in a 
stirred reactor from which the products are removed by ultrafiltration through a 
suitable membrane and simultaneously replaced by feeding in fresh starch solution ~s. 
Since both free and immobilised amylase were relatively stable in the presence of 
Ca 2+, these experiments were done at 7 °0 to increase the rate of denaturation and 
to take advantage of the maximum rates of hydrolysis of starch. 

An initial experiment was done to examine the stability of a-amylase, DEAE- 
dextran-amylase  and CM-cellulose-amylase (Preparation 3 was used) at 7 °o in the 
presence of o.ooi M Ca 2+ at pH 7.0. Under these conditions there is a marked stabilisa- 
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Fig. 7. Decay  of  soIuble immobi l i sed  der iva t ives  of  amy la se  a t  p H  7.o and  7 °° in t he  presence of  
Ca 2+. The  s ame  procedure  as g iven in Fig. 6 was followed except  t h a t  t he  buffer  con ta ined  o.ooi  M 
CaC12 and  the  incuba t ion  was a t  7 o°. ~k---Q, amylase ;  A - - A ,  D E A E - d e x t r a n - a m y l a s e ;  O - - O ,  
CM-ce l lu lose -amylase  (Prepara t ion  3). 

Fig. 8. The  con t i nuous  hydro lys i s  of  s t a r ch  in a reac tor  u s ing  amy la se  (Q) and  CM-cel lulose-  
amy la se  (O) as ca ta lys t s .  

tion of the amylase on at tachment  to CM-cellulose compared with a t tachment  to 
DEAE dextran and free a-amylase (Fig. 7). CM-cellulose was therefore chosen for use 
in a reactor experiment for comparison with free a-amylase, Equal amounts of protein 
were introduced into the reactor in each case. The specific activity of the CM-cellulose- 
amylase (Preparation 3) was lO% of that  of the free enzyme. On reaching a steady 
state the CM-cellulose-amylase was producing half the amount of hydrolysed starch 
compared with the maximum amount produced by the free enzyme. The free enzyme 
lost 82% of its activity after 7 ° h compared with the CM-cellulose-amylase which 
lost 32% of its activity in the same time (Fig. 8). 

DISCUSSION 

There have been few reports of enzymes attached to soluble supports. Chymo- 
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trypsin has been attached to soluble CM-cellulose using an acid azide methodl:L 
Chwnotrvpsin has also been attached to polycarboxylic acid polymers using N-ethyl- 
5_phenylisoxazolium 3-sulphonate as coupling agent 2°. In general these soluble enzymic 
derivatives show good uptake of added protein and good retention of activity. No 
further information is available on their properties. Attachment of chymotrypsin to 
dextran compared with at tachment  to insoluble DEAE-cellulose showed the adwm- 
tages of using a soluble support for an enzyme attacking a high molecular weight 
substrate and the use of such a derivative in an ultrafilter reactorL 

a-Amylase has been chemically attached to several insoluble supports. 
MANF, CKE s ilas employed nitrated copolymers of methylacrylic acid, methylacrylic 
acid m-fluoroanilide crosslinked with divinylbenzene and nitrated copolymers of 
methvlacrvlic acid, 4- or 3-fluorostyrene and divinylbenzene. Enzyme activities did 
not exceed o. of those of the flee enzyme and enzyme stability was not enhanced. 
BARKER 6t al. '~ have attached a-amylase to micro-crystalline cellulose via diazotised 
3_(p_aminophenoxy)_2_hydroxypropyl ethers and 2-hydroxy-3-(pisothiocyanat°-  
phenoxy) propyl ethers of cellulose. Derivatives exhibited up to 6~o of the free enzwne 
activity and enhanced stability, 2o(~.~) remaining after 7 davs at 45 ~=, I:LM~KFA~ Cl al. TM 

have also attached a-amylase via diazo and isothiocyanato coupling to cross-linked 
copolymers of acrylamide incorporating arylamino and acid hvdrazide groups. 
Derivatives exhibited up to I6~}i~ of the free enzyme activity and enhanced stabili ty '  
up to 25°:o remaining after 4 days at 45 "~. LEDINGHAM AND HORNBV n attached a- 
amvlase to CM-cellulose, p-aminobenzyl-cellulose and polystyrene via azide and diazo 

) ' , 0  coupling techniques. Specific activities were respectively 4.3, 4.9 and < 2 °. of the free 
enzyme. The specific activities of the soluble immobilised a-amylase described here 
which are as high as 67(~/o of the free enzyme compare very favourably with insoluble 

derivatives. 
Attachment to the charged supports, DF~AF~-dextran and soluble CM-cellulose, 

causes shifts in the pH opt imum compared with the free amylase. Surrounding an 
enzyme with negatively charged carboxyl groups might be expected to cause a 
localised lowering of pH with respect to the buffer. Hence there will be an apparent 
alkaline shift in the pH optimum. This appears to be true for the acid side of the pH 
activity curve of soluble CM-cellulose-amylase but the alkaline side is only slightly 
affected. DF.AE-dextran would be expected to have the opposite effect and this was 
shown bv a shift to a lower pH on the alkaline side of the optimum (Fig. 3)- However 
the effec~t on the pH opt imum is evidently distorted as a t tachment  to dextran causes 
a broadening of the pH activity profile. Shifts in pH optimum have been observed for 
various enzymes attached to charged insoluble supports 21'22 but the effect has not 
previously been reported for soluble immobilised enzymes. 

I t  is known that  a-amvlase is stabilised in the presence of starcld '5 a polymer of 
glucose a-I. 4 linked. Attact~ment to dextran had little effect on the stability of a- 
amvlase incubated at 50 ° in the absence of Ca "+. This may be because dextran is a 
a-I~6 linked polymer of glucose and is not of the correct stereochemical configuration 
to induce stabilisation. Attachment to DEAE-dextran does however stabilise the 
a-amvlase. This may be because positively charged DEAE groups can partially 
substitute for Ca 2~. "Stabilisation is however most marked on at tachment  to CM- 
cellulose. Even though negatively charged groups are present the cellulose (fi-I.4 
linked glucose) may be sufficiently similar to starch to induce stabilisation. 

l]iochim. Biophys. dcta, 25 ° (I97~) 522-529 
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The stability of the soluble CM-cellulose-amylase was also demonstrated under 
operational conditions. BUTTERWORTH et al. TM have demonstrated the use of free a- 
amylase in an ultrafilter reactor for the continuous hydrolysis of starch at 4 o°. Under 
their conditions o/ 34/o of the enzyme was apparently lost through the membrane in 
4 days. We have repeated this experiment at 7 °0 and shown an advantage using an 
immobilised enzyme. Enhanced stability is observed for the soluble derivative: 68°'o 
of the activity is retained at 7 °° over a period of 7 ° h whereas the free amylase retains 
18% of its activity over the same period. 
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