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Summary 

The activities of glucose oxidase (~-D-glucose:oxygen 1-oxidoreductase, EC 
1.1.3.4) and catalase (hydrogen-peroxide:hydrogen-peroxide oxidoreductase, 
EC 1.11.1.6) from commercial preparations do not give typical adsorption 
curves upon immobilization on non-porous polyethylenimine-coated glass 
microbeads. The cause of this effect with glucose oxidase was investigated. Pro- 
tein binding exhibited a rectangular hyperbolic adsorption isotherm, approach- 
ing saturation at high concentrations, however, enzyme activities did not. The 
isotherm for activities exhibited a maxima which corresponded to less than 
50% saturation with regard to total protein adsorption. The enzyme prepara- 
tion was found to contain small quantities of several low molecular weight 
impurities as judged by sodium dodecyl sulfate (SDS)-polyacrylamide gel elec- 
trophoresis. These impurities apparently compete with glucose oxidase for 
binding. When large excesses of protein are added to beads, the binding of 
impurities becomes significant and the amount of enzyme activity per unit of 
bead is reduced. 

Introduction 

A number of methods have been developed for the immobilization of 
enzymes on inorganic carriers such as glass beads [1]. However, until recently 
little data has been reported citing yields, either with respect to the expression 
of total original soluble activity or the percent protein immobilized. We have 
recently developed a procedure for immobilizing enzymes on non-porous glass 
microbeads coated with polyethylenimine, which is rapid and combines the 
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characteristics of high activities and yields [2]. 
One of the parameters shown to be important in achieving maximal enzyme 

activities per unit wt. of bead, was the protein concentration of the immobiliz- 
ing solution. Immobilized Aspergillus niger glucose oxidase and catalase, pre- 
pared from solutions containing high concentrations of protein, exhibited 
enzyme activities several times lower than samples prepared with more dilute 
solutions. Both total and specific activity significantly declined as a function of 
protein loading. Herein we present evidence that the decline is due to the 
differential binding of enzyme and minor contaminants in the enzyme prepara- 
tion. 

Methods 

Glucose oxidase from A. niger was purchased from Worthington Biochemical 
Corp., Freehold, NJ. Rough polyethylenimine-coated glass microbeads (13-- 
44 ~m) were prepared as reported previously [2]. Immobilizations were per- 
formed at 25°C in 50 mM citrate-phosphate buffer, pH 7.5. The enzyme and 
beads were mixed and after 15--20 rain, excess protein was removed by 
repeated washing. Activities of soluble and immobilized glucose oxidase and 
catalase were assayed using an oxygen polarograph [2]. Soluble protein was 
assayed by the method of Lowry et al. [3], using glucose oxidase as the stan- 
dard. Protein adsorbed on beads was determined by a modification of the 
Lowry procedure after extraction in SDS [4]. The ability of SDS to quantita- 
tively extract adsorbed bovine serum albumin from polyethylenimine-coated 
glass beads, was confirmed by comparing the results obtained by the above 
method with results obtained by the direct counting of adsorbed 14C-labeled 
bovine serum albumin. A series of beads was prepared with increasing concen- 
trations (0--10 mg/ml) of either 14C-labeled bovine serum albumin {prepared by 
reductive formylation) or non-labeled BSA. The binding isotherm of the 
labeled bovine serum albumin was obtained by direct counting. Unmodified 
bovine serum albumin was measured by SDS extraction. Values for adsorbed 
protein by the two methods were in general agreement. Saturation binding was 
observed. The binding capacity of the beads for bovine serum albumin was 200 
pg/g bead. SDS-polyacrylamide gel electrophoresis was carried out using the 
buffer systems of Laemmli [5]. 

Results 

With glucose oxidase and catalase, simple adsorption kinetics were not ob- 
served when bound activity was compared with protein concentrations initially 
present. In the presence of glutaraldehyde, glucose oxidase activities expressed 
per unit wt. of bead were 8-times higher when the initial enzyme concentration 
was 0.67 mg/ml compared to 10 mg/ml (data not shown). When glutaraldehyde 
was omitted from the immobilizing solution, as in the experiments reported 
here, a 4-fold difference in activity between samples prepared at the low and 
high protein concentrations was observed. To further investigate the cause of 
this effect, resolubilization of bound protein was necessary. Since glucose 
oxidase immobilized by adsorption exhibits a similar activity binding pattern to 
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Fig .  1.  C o r r e l a t i o n  o f  i m m o b i l i z e d  a c t i v i t y  (o o) ( p m o l  O 2 ] m g  b e a d  p e r  s) w i t h  prote in  b inding  
(~ o)  (mg  p r o t e i n / g  b e a d ) .  T h e  spec i f i c  act iv i t ies  (/~mol 0 2 / m g  prote in  per  r a in )  o f  t h e  s a m p l e s  p re -  
p a r e d  a t  0 . 6 7  a n d  1 0  m g / m l  w e r e  c a l c u l a t e d  t o  b e  39 .5  a n d  4 . 5 ,  r e spec t i ve ly .  I m m o b i l i z i n g  s o l u t i o n s  con -  
t a i n e d  4 0 0  m g  o f  b e a d s  a n d  6 0 0  ~1 e n z y m e  s o l u t i o n .  A f t e r  15  t o  2 0  m i n ,  b e a d s  w e r e  w a s h e d  t o  r e m o v e  
unadsorbed  e n z y m e  and a s s a y e d  f o r  act iv i ty .  Bou n d  prote in  wa s  e x t r a c t e d  t w i c e  w i t h  4 0 0  #1 o f  3% SDS 
a t  6 5 ° C  f o r  5 m i n  and assayed b y  a m o d i f i e d  p r o c e d u r e  o f  L o w r y  e t  al .  [ 4 ] .  A s a m p l e  c o n t a i n i n g  b e a d s  
w i t h o u t  prote in  se rved  as c o n t r o l .  

samples prepared in the presence of glutaraldehyde and in addition can be 
desorbed by extraction in either SDS at 60°C or acidic buffer [2] all experi- 
ments were performed on samples prepared by adsorption. 

Following adsorption and the removal of  excess protein, a series of  beads 
prepared by incubation with glucose oxidase solutions, ranging in concentra- 
tion between 0.067 and 10 mg/ml were analyzed for activity and bound pro- 
tein (Fig. 1). Activity binding was non-hyperbolic. However, protein exhibited 
saturation binding. The maximal expression of  enzyme activity did not corre- 
late with the protein binding capacity of the beads (628 /~g/g bead), but 
occurred when the beads were only one-third saturated with respect to protein. 
The sharp decline in activity began to occur when the quantity of  bound pro- 
tein exceeded approx, one-third saturation. To rule out the possibility that the 
high activities obtained in samples prepared using immobilizing solutions, con- 
taining protein concentration of less than 10.0 mg/ml, were due to activation 
of the bound enzyme, the specific activity of  the bound enzyme was compared 

T A B L E  I 

S P E C I F I C  A C T I V I T Y  O F  D E S O R B E D  G L U C O S E  O X I D A S E  

T h e  spec i f i c  ac t iv i ty  o f  na t i ve  g lucose  o x i d a s e  w a s  53 .6  ~ m o l  O 2 / m g  prote in  per rain. Prote in  was  
ex tra c ted  t w i c e  f r o m  4 0 0  m g  o f  b e a d s  in  0 .5  m l  5 0  m M  ci trate  pho spha te  b u f f e r ,  p H  5 .5 .  The  s u p e r n a -  
t a n t s  w e r e  c o m b i n e d  and a d j u s t e d  t o  1 .0  ml .  A 10-p l  a l i q u o t  w a s  a s s a y e d  f o r  e n z y m e  act iv i ty  and the  
remainder  for  prote in  [ 4 ] .  D a t a  a re  r e p r e s e n t e d  as  t h e  average  va lues  f o r  3 d e t e r m i n a t i o n s  -+ o n e  S .D.  

C o n c e n t r a t i o n  o f  g lucose  I m m o b i l i z e d  e n z y m e  act iv i ty  Spec i f i c  ac t iv i ty  o f  
ox ida se  in  i m m o b i l i z i n g  b e f o r e  e x t r a c t i o n  ( p m o l  r e so lub i l i zed  e n z y m e  
s o l u t i o n  ( m g / m l )  0 2 / r a g  b e a d  p e r  s) ( ~ m o l  0 2 / r a g  prote in  per mil l )  

0 . 6 7  4 2 3 . 3  + 9 . 2  6 5 . 2  -+ 1 .3  
1 0 . 0  2 7 0 . 8  -+ 17 .1  2 4 . 6  + 2 .0  
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with the specific activity of soluble glucose oxidase. The specific activity of 
soluble glucose oxidase was greater than any of the values calculated for the 
immobilized samples, thus indicating that activation was not occurring. 

To determine whether diffusional or steric effects were responsible for the 
diminished enzyme activities observed concomitant with the saturation binding 
of protein, the enzyme was desorbed from bead samples prepared at high and 
low protein concentrations and assayed for specific activity. Results from this 
experiment are shown in Table I. The specific activity of the extracted enzyme 
immobilized at 0.67 mg/ml was close to the value obtained for native enzyme, 
whereas the specific activity of extracted glucose oxidase immobilized at 10.0 
mg/ml was 3-times lower. If diffusional or steric effects alone were responsible 
for the lowered activity, the specific activity of the desorbed enzyme from the 
sample prepared at the high concentration should have equaled the specific 
activity of the enzyme prepared at 0.67 mg/ml. It is highly unlikely that 
diffusion effects exert a significant effect on this system. This is because the 
beads are non-porous and relatively small (13--44 pm). 

The Km values of soluble glucose oxidase and samples prepared by immo- 
bilization at protein concentrations of 10.0 and 0.67 mg/ml were identical, 
29.4 mM. However, V decreased from 1667 to 285.9 pmol O2/mg bead per s. 
Since at high protein concentrations, the Km of glucose oxidase does not 
change, but V is reduced, these results are consistent with either inactivation or 
the presence of impurities. To discern between the two possibilities, the homo- 
geneity of the enzyme preparation before and after binding to the beads was 
investigated. 

10.0 mg/ml 

J 

_J L____ 

3.33 mg/ml 

1.67 mg/ml 

0,67 mg/ml 

BEAD CONTROL 

NATIVE: 

Fig. 2. D e n s i t o m e t e r  t rac ings  of  SDS-po lyac ry l amide  gels of  na t ive  (30 #g)  an d  glucose oxidase  e x t r a c t e d  
f r o m  beads .  I m m o b i l i z a t i o n s  were  p e r f o r m e d  as in Fig. 1 using the prote in  concentrat ions  indicated to  the 
r ight  of  each  scan.  A n  SDS-po lyac ry l amide  g rad ien t  slab gel s y s t e m  (8 - -18% a c r y l a m i d e )  wi th  a 4.6% acryl-  
amide  stacking gel was used .  P ro te in  was  e x t r a c t e d  f r o m  beads  as desc r ibed  [ 4 ] .  Scann ing  an d  c o m p u t a -  
t ion  o f  the  re la t ive  a~eas u n d e r  each  p e a k  were  p e r f o r m e d  wi th  an  ACD-18  a u t o m a t i c  c o m p u t i n g  densi-  
t o m e t e r  ( G e l m a n  I n s t r u m e n t  Co.) .  
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The native enzyme preparation was analyzed for purity by  SDS-polyacryl- 
amide gel electrophoresis. Native glucose oxidase (30 ~g) was essentially homo- 
geneous except  for a relatively faint band co-migrating with the dye front. On 
overloading with 50 pg or more of  protein, three bands could be detected in 
this region. The possibility, that  these low molecular weight trace impurities 
competed with glucose oxidase for binding at high protein concentrations was 
investigated. A series of  beads was prepared with solutions of  protein concen- 
tration ranging between 0.67 and 10.0 mg/ml. The protein adsorbed to the 
beads was electrophoresed. Results in the form of  densitometer tracings are 
shown in Fig. 2. This experiment shows that a progressively larger proport ion 
of  the trace impurities become bound compared with enzyme at the  high pro- 
tein concentrations. At 0.67 mg/ml the trace impurities accounted for only 
about  6% of the resolubilized protein, whereas at 10 mg/ml over 50% of the 
desorbed material were low molecular weight proteins. 

Since the product ion of  low molecular weight peptides during the extraction 
procedure was shown not  to be time dependent ,  the possibility of  their forma- 
tion by  proteolysis during extraction seems unlikely. A small amount  of  
material migrating in the 60 000--70 000 molecular weight range was extracted 
from both  the control beads and beads containing glucose oxidase. The molec- 
ular weight of  this material corresponded closely to the molecular weight of  the 
polyethylenimine used to derivatize the beads. 

The data suggest that  the protein impurities bind preferentially to polyethyl-  
enimine-coated glass beads. These impurities had a low molecular weight on 
protein denaturing gels. With the amount  of  enzyme solution employed,  at the 
low protein concentration, these impurities are not  present in sufficient 
amounts to compete  with the enzyme for bead binding sites. However at higher 
concentrations, the quanti ty  of  impurities relative to the number  of  enzyme 
binding sites becomes quite substantial, and bound protein becomes enriched 
with the lower molecular weight polypeptides.  The identity of  these polypep- 
tides is unknown.  

Discussion 

Many immobilization procedures are designed to favor the saturation of  sur- 
faces with protein. With heterogeneous enzyme preparations such as the one 
used in this study, by simply varying the protein concentration of  the immo- 
bilizing solution it is possible to select for conditions which favor the binding 
of one group of  proteins over another. These results demonstrate  that  maximal 
ratios of  enzyme to impurity binding can be achieved by  utilizing low protein 
concentrations or by  avoiding the addition of  excess quantities of  protein to 
the immobilizing medium. 

In studies directed at obtaining maximal reaction rates, two different meth- 
ods of  describing immobilized enzyme activity have been used. One common 
method of  quantitation is to report  reaction rates in terms of  immobilized 
specific activity which is the ratio between bound enzyme activity and the 
activity of  an identical amount  of  soluble enzyme. The other  form of express- 
ing immobilized activities has been termed total  activity and is the reaction 
velocity per unit wt.  of  support  material. In several systems [6,7] declines in 
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immobilized specific activity have been observed as a function of increasing 
enzyme loading. Although changes in total activities were not explicitly stated, 
one may calculate that total activities did not significantly decrease as a func- 
tion of enzyme loading. These systems exhibited significant diffusional effects. 

Maximal enzyme activities per unit wt. of support are not necessarily 
achieved by optimizing conditions for protein binding. It cannot be predicted 
whether major or even trace impurities present in an enzyme preparation will 
compete with an enzyme for binding. If the goal is to immobilize most, if not 
all, of the total enzyme in the immobilization mixture, a comparison of protein 
and activity binding curves will give the necessary information for determining 
the optimum concentration of protein to be used. 
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