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SUMMA RY  

I. The kinetic and structural properties of the lysosomal a-D-glucoside gluco- 
hydrolase (EC 3.2.1.2o) from cattle liver have been further investigated. The purified 
enzyme is able to incorporate tracer quantities of glucose into glycogen starting 
either from glucose or maltose. The enzyme hydrolyzing a synthetic substrate is 
inhibited by glucose. 

2. Ultracentrifugal analysis of the sedimentation of the enzyme in guanidine- 
HC1 solutions shows that  the protein is composed of subunits of similar molecular 
weight (25 ooo) held together by noncovalent bonds. 

I N T R O D U C T I O N  

I t  is now possible to obtain the acid a-D-glucoside glucohydrolase (EC 3.2.1.2o) 
in a pure state and in large amounts 1. Since the physiological significance of this 
enzyme--which is believed to play an important role in glycogen metabolismS--is 
still rather obscure, it seemed worth while to investigate further the kinetic and struc- 
tural features of this protein. While the role of the acid a-glucosidase in glycogen 
degradation seems now well established, the possibility that  it is also involved in 
glycogen synthesis needs investigation. The results here reported show that the 
purified enzyme is in fact able to incorporate tracer amounts of glucose into glycogen. 

An ultracentrifugal analysis on the protein, which has a molecular weight of 
lO 7 ooo (ref. I), has also been carried out. The protein molecule is composed of sub- 
units of similar molecular weight. 

M A T E R I A L S  A N D  M E T H O D S  

Enzyme  
The enzyme used throughout this stud}, was prepared from cattle liver as 

previously described 1. 

Chemicals 
Maltose was obtained from Merck" shellfish glycogen from Sigma Chemical Co .  
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uniformly 14C-labeled-D-glucose (5 mC/mmole) from New England Nuclear Corp. ; and 
uniformly 14C-labeled maltose (5.7 mC/mmole) from the Radiochemical Centre, 
Amersham. Radioactive glucose was pure according to paper chromatography. 
6-Bromo-2-naphthyl-a-D-glucopyranoside was obtained from Pierce Chemical Co., 
and Guanidine-HC1 Ultrapure (M.A.) from Mann Research. All other reagents were 
of analytical grade. 

Enzyme assays 
The hydrolytic activity of a-glucosidase on either maltose or 6-bromo-2-naph- 

thyl-a-n-glucopyranoside was measured as previously described x. In order to measure 
the incorporation of glucose into glycogen, starting either from radioactive glucose 
or maltose, a modification of the method of HERS 3 was used. In the standard assay 
i ml of the incubation mixture contained 116 mg of glycogen, 20/zmoles of acetate 
buffer (pH 5.o), 4 #g of enzyme and either 3/,C of radioactive maltose or 30/,C of 
radioactive glucose. The reaction was allowed to proceed at 37 ° for various times. 
Aliquots of 0.35 ml were added to I ml of I M trichloroacetic acid, and 2 ml of water 
were then added. The glycogen was precipitated with 4 ml of 95 ° ethanol and cen- 
trifuged at 2000 rev./min for 15 min. The pellet was resuspended in 2 ml of water and 
precipitated with ethanol once more. The sediment was resuspended in 2 ml of 20% 
KOH and heated at ioo ° for 30 min. The glycogen was precipitated twice more and 
finally redissolved in 0.3 ml of water. Aliquots of o.I ml were added to scintillation 
flasks containing 12 ml of Liquifluor (New England Nuclear Corp.) diluted 1:25 (v/v) 
with toluene, 2 ml of absolute ethanol and 0.3 ml of NCS solubilizer (Amersham- 
Searle), and counted for IO min in a liquid scintillation spectrometer. Specific acti- 
vi ty is expressed as nmoles of radioactive glucose incorporated per min per mg of 
protein. Protein concentration was measured by the microbiuret method of ZAMEN- 
HOFF 4. 

Disk gel electrophoresis 
Polyacrylamide gel electrophoresis at low pH was performed according to 

REISFELD et al. 5. The acrylamide concentration was 7% in 0.04 M acetate buffer 
(pH 3.5). Electrophoresis was performed at 4 ° for 9 ° min with 7 mA per tube, in 
0.04 M acetate buffer (pH 3.5). The gels were stained for proteins with 0.2% naphtha- 
lene black I2B in 7% acetic acid and destained with 7% acetic acid. 

The enzyme activity on the gels was detected by  a modification of the method of 
RUTENBURG et al. s for the histochemical demonstration of a-glucosidases. After the 
runs the gels were incubated for 30 min at 37 ° in 0.06 M acetate buffer (pH 4-5) con- 
taining o.I mg/ml of 6-bromo-2-naphthyl-a-D-glucopyranoside. At the end of the 
incubation the gels were briefly rinsed in cold water and stained with a solution of 
tetrazotized o-dianisidine (Fast Blue B) (2 mg/ml) in 24 mM NaHCO 3 (pH 8.1). The 
staining solution was replaced at IO min intervals. The color developed in about I h. 

Analytical ultracentrifugation 
Ultracentrifuge studies were done in a Spinco Model E analytical ultracentri- 

fuge at 20 °. Sedimentation velocity experiments were performed at 56 IOO rev./min. 
The S2o in 5 M guanidine- HC1 were determined at different protein concentrations 
(4-1o mg/ml) and the s020 obtained by  extrapolation of a plot of sedimentation co- 
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efficients to infinite di lut ion.  The s observed were corrected to  the s t anda rd  condi t ions 
of  wate r  at  2o ° on the basis of (a) a dens i ty  of I . I26  g per  ml at  2o ° for the guanidine  
HC1 solution,  (b) a viscosi ty  for the guanidine-HC1 solut ion of 1.169 cP (ref. 7) and 
(c) the  assumpt ion  t ha t  the  par t ia l  specific volume of the enzyme is o.73o ml/g in the 
guanidine-HC1 solution.  

Fo r  de te rmina t ion  of molecular  weight ,  the  enzyme (¢).4 I .o mg/ml) in 5 .M 
guanidine-HC1 was subjec ted  to  equi l ibr ium centr i fugat ion  by  the meniscus deplet ion 
method  of YPHAXTIS s, with the use of Rayle igh interference optics and a double  
sector  cell. The runs were per formed ei ther  at  33 45 °, at  37 o2o or at  42 o4 o rev. /min.  
Fr inge d isp lacement  on pho tograph ic  plates  was measured  with a Nikon two-di-  
mensional  mic rocompara to r .  

Acvlation of the protein 
Enzyme  was acy la t ed  with succinic anhydr ide  as described by  KLO'rz 'J. A 20- 

fold excess of reagent ,  wi th  respect  to tile mo la r i t y  of  the amino groups in the protein,  
was used. The p H  was kep t  cons tan t  at  8.5 with 2 M K O H  using an Agla  Syringe and 
min ia tu re  e lect rodes  (Leeds and Nor thrup)  connected  to a Rad iomete r  pH meter ,  
Model PHM-26.  Tile reagent  was sl(~wly added  during 3 ° rain ; af ter  60 rain s tanding  
the acy la ted  prote in  was d ia lyzed  overnight  agains t  o.I  M phospha te  buffer (pH 6.7) 
conta in ing 25 mM Na( ' l  and  I mM E D T A  and then subjec ted  to analy t ica l  ul t ra-  
centr i fugat ion.  

Exposure to alkaline pH 
A I ° ' i )  solut ion of the enzyme in 2 5 mM NaC1 and I nlM E D T A  was brought  to 

p H  lO. 5 wi th  I M K O H  and al lowed to s t and  at  room t empera tu r e  for 6o min. After  
this  t r e a t m e n t  the enzyme was subjec ted  to ana ly t ica l  u l t racent r i fugat ion .  

Treatment with anionic detergent 
A I %  solut ion of the  enzyme was dia lyzed at  4 ~ against  2°/. sodium dodecyl  

sulfa te  in o.I  M phospha te  buffer (pH 6.7). 

Guanidine-HCl treatment 
The enzyme at  var ious  concs, was dissolved in and d ia lyzed  against  5 ° wH. of 

o.I  M phospha te  buffer plus 25 mM NaC1 and I mM E D T A  containing 5 M guanidine-  
HC1. The solution was ad jus ted  to  p H  6. 7 with 2 M KOH.  The dialysis  t ime was at  
least  72 tl. The prote in  was then subjec ted  ei ther  to sed imenta t ion  veloci ty  or to 
equi l ibr ium centr i fugat ion  or to dex t r an  gel f i l t rat ion.  The gel f i l t rat ion exper iments  
were carr ied out  using a Sephadex  G-Ioo column (I cm d iamete r  >, 50 cm; to ta l  
w)lume 4 ° m l )  equ i l ib ra ted  and developed wi th  the  same guanidine-HC1 solution. 
Frac t ions  of I ml were collected. The absorbance  at  28o nm was followed. 

R E S U I . T S  

The enzyme used in all the  exper iments  descr ibed below had a specific ac t iv i ty  
of 34 #moles  of mal tose  hydro lyzed  per  min per  mg of prote in  and was !~omogeneous 
according to disk gel e lectrophoresis  and  ana ly t i ca l  u l t racent r i fugat ion .  Moreover, 
since the enzyme is able to  hydro lyze  the  syn the t i c  glucoside 6 -b romo-z -naph thy l -  
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Fig. I. Electrophoresis in polyacrylamide gel of acid a-glucosidase; 25 fig of enzyme in IOO ffl of 
0.o 4 M acetate buffer (PH 3.5), 7 mA per tube, 90 rain at 4 °. A. Gel stained for proteins. B. Gel 
stained for acid a-gluco~idase activity. For further experimental details see MATERIALS AND 
M E T H O D S .  

Fig. 2. pH dependence of transglucosidase activity by purified a-glucosidase. [14C] Maltose was 
used as glucosyl donor. The following buffers were used: 0.02 M acetate (pH 3.5-5.5) and o.o2 M 
phosphate (pH 6-7). 

a -D-g lucopyranos ide  1, we de tec ted  the  e n z y m e  a c t i v i t y  on  disk gel e lectrophoresis  b y  
the  use of  th is  subs t r a t e .  Fig. I shows t h a t  the  purif ied e n z y m e  m i g r a t e d  as a single 
b a n d  of  p ro te in ,  co inc iden t  wi th  a b a n d  of ac t iv i ty .  

W h e n  the  t r ansg lucos idase  a c t i v i t y  was measu red  the  i nco rpo ra t i on  of radio-  
a c t i v i t y  in to  g lycogen was l inear  up  to  30 m i n  a n d  4 fig of  pro te in .  Fig.  2 shows the  
p H  dependence  of  e n z y m e  a c t i v i t y :  the  p H  o p t i m u m  was 5.0. Severa l  d e t e r m i n a t i o n s  
of e n z y m e  ve loc i ty  aga ins t  s u b s t r a t e  c o n c e n t r a t i o n  were carr ied  ou t ;  Fig.  3 depic ts  
one  of  these  exper imen t s .  The  Km va lues  o b t a i n e d  fell b e t w e e n  2 and  5 mM and  
a v e r a g e d  3.4 raM. 

The  e n z y m e  was also able  to i nco rpora t e  [14C]glucose in to  glycogen,  even  though  
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Fig. 3. Double reciprocal plot of transglucosidase activity of purified a-glucosidase, using maltose 
as glucosyl donor. Velocities (v) are expressed as nmoles of [14C] glucose incorporated into glycogen 
per min per mg of protein. 

Fig. 4- Double reciprocal plot of glucose into glycogen incorporation by purified a-glucosidase. 
Technical details as in Fig. 3. 
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l:ig. 5. Time dependence  of i nac t i va t i on  of ma l t a se  a c t i v i t y  of purif ied (~-glucosidase by (, M 
guanidine-HC1.  The enzyme  samples  were incuba ted  a t  both  o ° ((5) and  25 ° (,~,,~) in 6 M guan id ine  - 
HC1 in o. I M p h o s p h a t e  buffer (pH 6.7). At var ious  in te rva l s  of t ime  a l iquo t s  were w i thd rawn  and 
the  ma l t a s e  a c t i v i t y  measured  af ter  a pp r op r i a t e  di lut ion.  

Fig. 6. Dependence  of enzyme  a c t i v i t y  on guan id ine  HC1 concent ra t ion .  The enzyme  samples  
(prote in  concen t r a t ion  i mg per  ml) were i ncuba t ed  a t  25 ° in o. i  M p h o s p h a t e  buffer (pH 6.7). 
con ta in ing  increas ing  a m o u n t s  of guanidine-HC1.  After  3 ° min  of incuba t ion ,  a l iquots  were 
w i t h d r a w n  and ma l t a s e  a c t i v i t y  measured  a f te r  a pp rop r i a t e  di lu t ion.  

to a much lower extent  than maltose. The reaction was linear at least up to (~o min 
and I 6 # g  of enzyme. The pH opt imum was also 5.o, and the K~,~ in mM 4 ° mM 

(Fig. 4). 
In  previous experiments,  inhibition of enzyme activi ty was observed at high 

substrate (maltose) concentrations. The double reciprocal plot of enzyme velocity 
versus substrate concentrat ion suggested a product  inhibition 1. We used the synthetic 
substrate  6-bromo-2-naphthyl<~-D-glucopyranoside to investigate the effect of glu- 
cose on the enzyme activity. Inhibit ions of 5o and Ioo°/~, were observed with io  and 
IOO mM gluct)se, respectively. 

Several a t t empts  were made to test whether the enzyme molecule is composed 
of  subunits. When the protein was exposed to alkaline pH, the enzyme activi ty was 
total ly lost and the ultracentrifugal analysis showed tha t  a heavy aggregation had 
occurred. Furthermore,  after acylation of the enzyme with succinic anhydride the 
sedimentation coefficient remained unchanged with respect to tha t  of the native 
protein. A massive precipitation occurred when the enzyme was dialyzed against 2¢~'h 
sodiuin dodeeyl sulfate. 

We also studied the effect of guanidine-HC1 on both act ivi ty and structure of 
the ~t-glucosidase. Fig. 5 shows the effect of 6 M guanidine-HC1 at two different 
temperatures  as a function of time. Almost Ioo~i, inactivation was reached after 
15 rain both at o and 25 °. We then tested whether lower concentrations of guanidine-- 
HC1 were also effective in inactivating the enzyme. Fig. 6 shows the behavior of 
enzyme act ivi ty with respect to guanidine-HC1 concn. Up to 3 M the enzyme was 
stable: then it critically lost activity,  which was reduced to about  Io()"o at 5 M con- 
centration.  

In order to clarify whether the loss of enzyme act ivi ty at the highest concen- 
t ra t i (ns  of the unfolding agent was or was not associated with structural changes, 
ul tracentrifugal  analyses of the protein in 5 M guanidine-HC1 were carried out. I:ig. 
7 shows the sedimentation pat tern  of the enzyme in 5 M guanidine-HCl.  Besides 
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Fig. 7. Sed imen ta t i on  veloci ty  p a t t e r n  of  purified a-g lucos idase  in 5 M guanidine-HC1.  Pro te in  
concen t r a t ion  IO m g  per  ml  in 5 M guanid ine-HC1 in o.I M p h o s p h a t e  buffer  con ta in ing  25 m M  
NaCI and  i m M  E D T A  (pH 6.7). The  p ic ture  was t aken  a t  a ba r  angle  of  60 °, 6 h af ter  r each ing  
m a x i m a l  speed (56 ioo  rev. /min) .  

some light material, a major component with a sedimentation coefficient of 1. 5 S was 
present. In order to study the nature of the light material a Sephadex gel filtration 
in guanidine-HC1 was performed. Besides a broad peak composed of dialyzable 
material, which appeared with the total volume of the column, a major peak which 
exhibited a molecular weight of 26 ooo--as determined by calibration of the column 
with trypsin and bovine serum albuminl°--was detectable. It  seems likely that the 
dialyzable material recovered by gel filtration corresponded to the light substance 
observed in the sedimentation velocity pattern. 
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Fig. 8. Dependence  of s ed i men t a t i on  coefficient on pro te in  concen t ra t ion  for a-glucosidase  in 5 M 
guan id ine  HCI. The  s20,w va lue  ex t r apo la t ed  to zero p ro te in  concen t ra t ion  is 1.8. Technica l  
detai ls  are as descr ibed in MATERIALS AND METHODS. 

Fig. 9. Sed imen ta t i on  equi l ibr ium of  purified a-glucosidase  in 5 M guanidine-HC1.  Double  sector  
cell, ro tor  speed 37 020 rev . /min .  Equ i l ib r ium t ime  72 h;  t e m p e r a t u r e  20 °. P ro te in  0. 5 m g  per  ml 
in 5 M guan id ine -HC1 in o . i  M p h o s p h a t e  buffer  (pH 6.7), con ta in ing  25 m M  NaC1 and  i m M  
E D T A .  Abscissa,  squa re  o f  d i s tance  f rom t he  cen te r  of  ro ta t ion  (X); ordinate ,  l oga r i thm of  
pro te in  concen t ra t ion  (c). 
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Vig. 8 shows the dependence of sedimentation coefficient of the enzyme in 5 M 
guanidine-HC1 on protein concentration. The sedimentation constant (s°20,,~,) was 
1.8 S. The enzylne, exhaustively dialyzed against 5 M guanidine HC1, was sub- 
jected to equilibrium centrifugation by the meniscus depletion method of YPHANTIS 8. 
The molecular weight from several experiments averaged 25 ooo :k 3.ooo. Fig. (~ 
depicts one of these experiments. A small amount of a heavier component (tool. wt. 
5o ooo ~- 5ooo) was sometimes detectable at the bottom of the cell. When the peak 
that exhibited a molecular weight of 26 ooo on Sephadex was subjected to equilibrium 
centrifugation, a picture superimposable on that reported in Fig. 9 was obtained. 

The effect of/~-mercaptoethanol (o.14 M) on both the kinetic and structural 
properties of the enzyme in guanidine-HC1 was also investigated. No differences 
either in the rate of inactivation with respect to time and to the guanidine-HC1 
concns., or to the sedimentation coefficient and the molecular weight, were observed. 

D I S C U S S I O N  

A simultaneous absence of both acid maltase and acid transglucosidase activi- 
ties has been reported to occur in tissues of patients with Type I I  glycogenosis 3. On 
the basis of this observation it has been postulated that both activities are related to 
the same enzyme 2. Tile possibility, however, that Type II  glycogenosis could be (Ira' 
to a nmlti-enzyme defect, could not be ruled out". 

The results now obtained show that pure g-glucosidase actually possesses not 
only hydrolytic but also transglucosidase activity; in fact the enzyme is able to in 
corporate glucose into glycogen. Lack of this enzyme in Type II glycogen()sis can 
well account for loss of both activities. The Km for maltose in the transf('r reacti(m 
(3.4 mM) is similar to the Km for maltose in the hydrolytic reaction (IO raM). Vurther- 
more, the enzyme is also able to incorporate I14C~glucose into glycogen with a K~ 
and a 7;max that are about one tenth of the values obtained using maltose as glucosyl 
donor. This difference can be due to the fact that the enzyme has more affinity I'(~r 
maltose than for glucose. The physiological significance of this transgluc().~idase 
activity, i.e. the maltose reaction, requires further investigation. However, sinc~ ' 
large amounts of glycogen are needed to start the reaction, it is very unlikely that 
such a transferase activity is significant in vivo. 

Some authors suggest that different acid a-glucosidases could be present in 
different tissues 2,~. The method reported here to reveal glueosidase activity on disk 
gels should enable a search to be made for electrophoretic differences between acid 
(~-glucosidases from various tissues. 

Mild experimental conditions such as alkaline pH and acylation failed to dis- 
sociate the ~z-glucosidase. However, treatment with guanidine-HCl was able to dis- 
sociate the protein. The sedimentation constant of the enzyme in guanidine H('I wa., 
very low- (I.8 S) as compared with that of the native enzyme (5.7 S) and cannot readily 
be accounted for on the assumption that the enzyme is unfolded but not dissociated 
into subunits in the guanidine-HC1 solution. Moreover, the sedimentation equilibrium 
experiments of the protein (mol. wt IO 7 ooo) in 5 M guanidine-HC1 showed the pre- 
sence of a single component with a molecular weight of 25 ooo. The heavier compo- 
nent (mol. wt. 5o ooo) occasionally found could represent either a different subunit 
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or the product of an incomplete dissociation. The more likely model, however, for the 
structure of the acid a-glucosidase is that of  a molecule composed of subunits of 
similar molecular weight held together by non-covalent interaction, 

After we had sent this paper to Biochim. Biophys. Acta, a report on kinetic 
characterization of a lysosomal a-glucosidase purified from rat liver appeared in 
Biochemistry (refs. 12, 13). The rat liver enzyme can also act as a transglucosidase 
at acid pH and, like the cattle enzyme 1, has isomaltase activity. 
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