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Summary 

1. Albumin activates human liver acid ~-glucosidase (~-D-glucoside hydro- 
lase, EC 3.2.1.20). From the Arrhenius plot, pH-dependence and Lineweaver- 
Burk plots it can be concluded that  this activation is not  only due to stabilisa- 
tion of the enzyme, but  also influences the enzymatic activity. It is proposed 
that for optimal functioning human liver acid ~-glucosidase needs a protein 
environment.  

2. Glycogen has a competitive inhibitory effect  on the hydrolysis of 4- 
methylumbelliferyl-~-D-glucopyranoside, in contrast  to maltose which exhibits 
a non-competit ive type of inhibition. It is concluded that  two catalytic sites 
exist, one for glycogen and one for maltose, while both  sites influence each 
other. With glycogen as substrate a break in the Arrhenius plot is found.  This 
is not  the case when maltose is used as substrate. 

3. The effect  of  ant ibody raised against human liver acid ~-glucosidase on the 
activity of human liver acid ~-glucosidase is studied. No cross-reacting material 
could be demonstrated in the liver of a patient with glycogen storage disease 
Type II (M. Pompe, acid ~-glucosidase deficiency). 

Introduct ion 

Acid a-glucosidase (a-D-glucoside hydrolase, EC 3.2.1.20) has been isolated 
from various sources [1--6]. This enzyme degrades glycogen intralysosomally 
into glucose. Lack of this enzyme results in what is known as glycogen storage 
disease Type II (GSD Type II, M. Pompe) [7]. This deficiency of acid ~-gluco- 
sidase leads to death in the first year of life, however, reports [8--12] have 
been made in which milder cases are presented. In these cases the muscular 
weakness is the most  predominant  clinical feature. Based on physicochemical 
and immunological properties of acid ~-glucosidase from various human tissues 
no evidence is obtained for the existence of  tissue-specific isoenzymes [6]. 
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In the literature [4,13,14] at tent ion has been paid to the kinetics of acid 
a-glucosidase. It is proposed [13,14] that  the enzyme possesses at least two 
catalytically active substrate-binding sites. One site is specific for maltose and 
perhaps other oligosaccharides, and the other site is specific for polysaccharides 
like glycogen. These sites are in close proximity and interact with each other. 

In the course of our study on the molecular basis of M. Pompe to find an 
explanation of the differences in the clinical manifestation of this disease, we 
isolated acid a-glucosidase from human liver. As far as we know only Belensky 
and Rosenfeld [15] reported some physicochemical properties of human liver 
acid a-glucosidase but no kinetics were presented. The purpose of this paper is 
to present some kinetic and immunological data of this enzyme. 

Materials and Methods 

Acid ~-glucosidase was isolated according to Auricchio et al. [1] with the 
modifications described earlier [6]. With this preparation antibodies were 
raised according to the method in ref. 6. Coupling of the ant ibody with CNBr- 
activated Sepharose 4B were performed according to the instructions of the 
manufacturer  (Pharmacia, Uppsala, Sweden). 

The enzymatic activities with the substrates 4-methylumbelliferyl-~-D- 
glucopyranoside (MUGlc), maltose and glycogen were performed according 
to the method in ref. 16. 

Maltose was obtained from B.D.H., London, rabbit liver glycogen (AMP- 
free) from Boehringer (Mannheim) and human albumin from The Netherlands 
Red Cross Blood Transfusion Service. 

Results 

Figs. 1A ana 18 show the effect of the addition of albumin to the reaction 
medium, with glycogen and maltose as substrate. The addition of albumin 
results with both substrate (and also with MUGlc, not shown) in an increase of 
activity. This effect can be due to a protection of the enzyme for denaturation. 
However, if this is the case one should expect that  as well with maltose as 
with glycogen as substrate equal increase of activity by albumin has to be 
found. With maltose as substrate an expected non-competitive activation by 
albumin is obtained, while with glycogen as substrate this non-competitive 
activation is not  seen. The activation with maltose as substrate is about 40-- 
50% of the activities wi thout  albumin of the various substrate concentrations. 
With glycogen this activation depends strongly on the substrate concentration 
used. At the lowest concentration (5 mg/ml) the activation is about  27% while 
at the highest substrate concentration (50 mg/ml) the value is about  330% 
of the activity wi thout  albumin. These data show that  besides a stabilization of 
the enzyme by albumin, albumin has also another effect on the enzymatic 
activity, the expression of which seems to be dependent  on the substrate used. 
It is even more remarkable that  the activation by albumin is the largest at the 
highest glycogen concentration used, since we expected that  glycogen might 
mask this phenomenon by stabilization of  the enzyme by excess of substrate. 

Further evidence for a more complicated effect of albumin is obtained 
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Fig. 1. (A) The 1Iv vs. 1/[maltose] plot  of acid e-~lueosidase in the absence (¢ e) and presence 
(o o) of a lbumin .  Final  c o n c e n t r a t i o n  o f  a lbumin  is 250  gg /ml .  (B) The 11 v vs. l / [ g l y c o g e n ]  p lo t  
of  acid a-glueosidase in the  absence (e e) and  presence (o o) of  a lbumin .  Final  c o n c e n t r a t i o n  
of a lbumin  is 250/~g/ml.  

from the Arrhenius plot  (Fig. 2). With maltose (not  shown) as substrate a 
straight line is obtained with an activation energy of  15 kcal/mol. With 
glycogen, however, a break point  is seen at 21°C either in the presence or 
absence of albumin. The two slopes obtained allow the calculation of two 
energies of  activation being 8.2 kcal/mol above 21°C and 12.7 kcal/mol below 
21 ° C. The higher activation energy might reflect the higher viscosity of the sub- 
strate at the lower temperatures. This figure shows also that  the line obtained 
with albumin present parallels the line obtained in its absence. If the activation 
by albumin were simply due to protect ion of  the enzyme against denaturation,  
no parallel lines should be expected.  

Fig. 3 shows the effect  of  pH on the activities of  acid a-glucosidase with the 
substrates maltose and glycogen, respectively. With maltose as substrate the 
enzyme exhibits a much broader pH opt imum than with glycogen. The pH 
opt imum with glycogen depends on the presence of  albumin. With the addi- 
t ion of  albumin the pH opt imum shifts from pH 5.0 to pH 4.5. Unexpectedly,  
the activation by  albumin is much less in the alkaline region and the largest 
activation is seen in the acid region. This phenomenon pleads against a simple 
protect ion of  the enzyme from denaturat ion by  albumin. It is well known 
[5,6] for acid a-glucosidase that  the enzyme is rapidly inactivated at higher 
pH values, but  stable at acid pH values. 

In Fig. 4 is shown that  1/v vs. 1/[MUGIc] plot  in the presence of  various 
amounts  of  maltose. In contrast  to the literature [ 5] a non-competit ive type  of 
inhibition is found (Fig. 4A). For reasons that  the intercepts on the abscissa 
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Fig. 2. In f luence  of  a l b u m i n  (830  # g / m l )  on  the  log v vs. 1/T of acid ~-glucosidase.  ~- ~, in the 
absence ;  A A in t h e  p r e s e n c e  of a lbumin .  The  r eac t i on  is m e a s u r e d  wi th  g lycogen  as subs t ra te  
(f inal  c o n c e n t r a t i o n  20  m g / m l ) .  

Fig. 3. The  v vs. p H  p lo t  of  acid ~-glucosidase wi th  ma l to s e  and  g lycogen  as subs t ra te .  ~- ~, ma l t o se  
as subs t ra t e  w i t h o u t  a l b u m i n ;  o o, g lycogen  as subs t ra te  w i t h o u t  a l b u m i n  and  e - - e ,  g lycogen  as 
subs t ra t e  wi th  a l b u m i n  (830  p g / m l  final c o n c e n t r a t i o n ) .  Final  c o n c e n t r a t i o n  of  ma l tose  is 14 m M  and for  
g lycogen  20 m g / m l .  

7.0 

and ordinate are rather small, a Dixon plot was constructed (Fig. 4B), This 
plot  shows clearly that  maltose inhibits the hydrolysis of MUglucoside in a non- 
competitive way (Ki = 25 mM). Fig. 5 shows the Dixon plot in which glycogen 
is the inhibitory agent in the reaction with MUglucoside. By extrapolation 
these lines do not  intersect on the ordinate but  in the second quadrant (Ki = 45 
mg/ml). This indicates that  glycogen inhibits the hydrolysis of MUglucoside in 
a competitive way. It should be mentioned that  the Km for glycogen (50 mg/ 
mt) fits very well with the Ki value (45 mg/ml). In contrast, this is not  the case 
for maltose. The Km for maltose is 10 mM while the Ki value is 25 mM. 

Fig. 6 shows the activity vs. the enzyme concentration at various amounts 
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rlg. 4. (A) The I/v vs. I/[MU-a-glucomae] plot of acid ~-glucosidase in the presence of various amounts 
of  ma l tose :  o o, con t ro l ;  • b 10  m M  ma l to se ;  ~ ~, 20  m M  ma l to se  an d  ~ A, 40  m M  
mal tose .  (B) The  1Iv vs. [ m a l t o s e ]  p lo t  of  acid oeglucosidase a t  va r ious  c o n c e n t r a t i o n s  of  the  subs t ra t e  
MU-~-glucoside. o o, 1.0 mM MU-~-glucoside; a ~, 0.5 mM MU-~-glucoside; • •, 0.25 
mM MU-~-glucoside and D- ~, 0.1 mM MU-a-glucoside. 

of antibody raised against human liver acid ~-glucosidase. The reaction has 
been measured with glycogen as substrate. This substrate is chosen because the 
antibody-antigen complex is inactive with glycogen in contrast to maltose 
as substrate. Up to the addition of 50 #1 antibody the lines parallel the line in 
the absence of antibody. At higher concentrations of antibody the line 
deviates, which is also apparent by plotting the intercepts on the abscissa 
against the antibody concentration (see insert Fig. 6). Instead of a linear 
relationship the line curves downwards. 

Neuwelt et al. [17] have developed an elegant method to detect whether 
cross-reacting material, partial or total identity of protein exists. This method 
implies the following procedure: antibody bound to Sepharose 4B is incubated 
with various amounts of material containing cross-reacting protein (blocking 
protein). The Sepharose 4B is settled down and the supernatant is sucked off 
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Fig. 5. The  1Iv vs.  [g lycogen]  at various  concentra t ions  o f  the substxate MU-~-glucoside.  ~ - -A,  1.0 
mM MU-c~-glucoside; n o, 0 .5  mM MU-a-glucoside;  • ~, 0 . 2 5  m M  MU-a-glucoside; o o,  

0 . 1 5  m M  MU-a-glucoside and • • ,  0 . I  mM MU-~-glucoside.  
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Fig. 6. The  inf luence  o f  ant ibody  raise,~ agamst  acid ~-glucosidase o n  the act ivi ty  o f  acid ~-g]ucosidase.  
A lbumin  is added (250  ~glml) .  Substrate  g lycogen  (20  mg/ml) .  • e ,  cont~ol;  o -..o, I 0  ~ l l m l  
ant ibody;  ~---------~, 25  p l l m l  ant ibody;  u .... u ,  50  ~I /ml  an t ibody ,  m - - m ,  7 5  / 1 1 l m l  ant ibody  and 
• ~-Jt  100/~I/ml ant ibody  added .  
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Fig. 7. The use of blocking primary enzyme immunoassay on acid ~-glueosidase-deficient liver. The 
blocking protein is derived from patient with Type II glycogenosis. ~--------~, normal serum coupled to 
Sepharose 4B plus normal enzyme; o o, antibody coupled to Sepharose 4B plus normal enzyme; 
D ~, a n t i b o d y  coup led  to  Sepharose  4B plus var ious  a m o u n t s  of  b locking  p ro te in .  A m o u n t  o f  

n o r m a l  enzyme  (liver homogena te ) ,  610  /~g p ro te in ;  i n cuba t i on  t empera tu re ,  37°C;  i ncuba t i on  t ime,  
respect ively ,  60 and  30 rain;  p H  7.4.  

carefully. Then a fixed amount  of enzymatic activity is added and incubated 
again. After incubation and sedimentation of the Sepharose 4B, the activity in 
the supernatant is measured. If increasing activity in the supernatant is found 
with increasing amount  of blocking protein then cross-reacting material is 
present. If no activity can be detected in the supernatant then no cros~reacting 
material is present (the added amount  of activity is bound to the Sepharose 
4B). This method  was applied to investigate if a liver, which possesses no acid 
~-glucosidase activity (from a patient suffering of GSD Type II), possesses 
cross-reacting material. For this reason the antibody is coupled to Sepharose 
4B and the mutan t  liver was added at increasing amount  with the addition of a 
fixed amount  of acid a-glucosidase activity. The result is shown in Fig. 7. From 
this plot it can be concluded that  the mutan t  liver does not  contain cross- 
reacting material against the ant ibody raised to human liver acid a-glucosidase. 

Discussion 

The enhancement  of the activity by the addition of albumin cannot  simply 
be explained by a stabilization of the enzyme. Besides stabilization, the 
presence of albumin has to influence the active center. If only stabilization of 
the enzyme occurred with the addition of albumin, one should expect  at higher 
temperatures a larger activation than at low temperature.  However, the Arrhe- 



96 

nius plot  shows parallel lines in the presence and absence of albumin. Further 
evidence for a direct influence of  albumin on the enzymatic activity is given in 
the pH vs. activity plot. The increase of  the enzymatic activity by albumin can 
be due to a conformational  change of the enzyme molecule. 

From other experiments it is known that acid ~-glucosidase is most  stable 
at acid pH and inactivates at higher pH values. The addition of albumin, how- 
ever, gives the largest activation at acid pH and much less at higher pH values. 
These data indicate that  for an optimal functioning of  acid ~-glucosidase, 
especially with the natural substrate glycogen, a protein surrounding is 
necessary. An explanation on molecular basis for the break in the Arrhenius 
plot  can be a change in the conformat ion of  the enzyme, but  it is also possible 
that  the conformat ion of  the polymer  changes with the temperature.  Such a 
break is not  found with maltose as substrate (unpublished results), which 
might indicate a change of  the substrate glycogen by changing the temperature.  

The kinetic data presented give further support  to the existence of  two 
different catalytic sites. The inhibitory effects of  maltose and glycogen on the 
hydrolysis of  MUglucoside differ in that  maltose exerts a non-competit ive 
and glycogen a competit ive nature of  inhibition. This implicates that  MU- 
glucoside combines at the same active site as glycogen. From the effect  of  mal- 
tose one can conclude that  this disaccharide is bound on another active site and 
that both  sites can influence each other. This is strengthened by  the fact that 
Km value for maltose differs from Ki value found. These conclusions are in 
agreement with those made for the active sites of  rat liver [13] and rabbit  liver 
[14] acid a-glucosidase. 

The results presented in Fig. 6 are difficult to explain. A parallel set of  lines 
has to be expected but  a clear deviation is seen. This deviation is reflected in 
the non-linear relationship between the added amount  of  ant ibody and the 
amount  of  enzyme inactivated. In agreement with De Barsy et al. [5] and 
Brown et al. [18] bu t  with a total  different method no cross-reacting material 
was found in a liver of  a child, who is deficient in acid a-glucosidase activity. 
De Barsy et al. [5] ment ioned that the enzyme inactivated with alkaline pH 
(pH 10) has also lost its activity to combine with the ant ibody.  From pre- 
liminary experiments we know that at this pH the enzyme is converted in 
different aggregational states. It is quite possible that  the ability to combine 
with the ant ibody is lost due to this process. 
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