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The o v e r a l l  o b j e c t i v e s  o f  t h e s e  s t u d i e s  were  t o  c h a r a c t e r i z e  t h e  

normal  and mut an t  a c i d  a - g l u c o s i d a s e  (GAA) e n z y m e s  u s i n g  b i o c h e m i c a l ,  

k i n e t i c  and i m m u n o l o g i c  p r o c e d u r e s ,  and t o  c h a r a c t e r i z e  t h e  n a t u r e  o f  

t h e  e nz yma t i c  d e f e c t ( s )  i n  t h e  s u b t y p e s  and v a r i a n t s  o f  GAA d e f i c i e n c y .

To a c c o m p l i s h  t h e s e  g o a l s ,  m e t h o d o l o g i e s  f o r  t h e  a c c u r a t e  i d e n t i ­

f i c a t i o n  ( i s o e l e c t r i c  f o c u s i n g ) ,  p u r i f i c a t i o n  ( c h r o m a t o f o c u s i n g , 

e l e c t r o e l u t i o n ,  r e v e r s e d  p h a s e  HPLC) and c h a r a c t e r i z a t i o n  ( r o c k e t  im- 

m u n o e l e c t r o p h o r e s i s ,  i mm u n o b l o t t i n g ,  p r o t e i n  d i g e s t i o n ,  p e p t i d e  mapping)  

o f  t h e  normal  and r e s i d u a l  mutan t  enzyme forms  were  d e v e l o p e d .  F u r t h e r  

a c c o m p l i s h m e n t s  i n c l u d e  t h e  d e v e l o p m e n t  o f  a p a n e l  o f  m o n o c l o n a l  

a n t i b o d i e s  (Me Abs)  t o  p l a c e n t a l  GAA and t h e  i d e n t i f i c a t i o n  o f  a 

c o v a l e n t ,  a c t i v e  s i t e - d i r e c t e d  i n h i b i t o r  (CBE) o f  t h e  human enzyme.

R o c k e t  i m m u n o e l e c t r o p h o r e s i s  w i t h  p o l y c l o n a l  (PC) a n t i - p l a c e n t a l  

GAA Abs d e m o n s t r a t e d  e x t e n s i v e  h e t e r o g e n e i t y  among and w i t h i n  t h e  

s u b t y p e s  o f  g l y c o g e n o s i s  I I .  The r e s i d u a l ,  c a t a l y t i c a l l y  i n a c t i v e  

enzyme in t h e  CRM- pos i t i ve  i n f a n t i l e  s u b t y p e  was un i que  in t h a t  i t  had a 

r e d u c e d  i m m u n o r e a c t i v i t y  and an a b n o r m a l  p i .  F u r t h e r  i m m u n o l o g i c  

s t u d i e s  u s i n g  MC Abs showed t h a t  MC Ab S p 2 / 5 3  r e c o g n i z e d  t h r e e  enzyme 

f o r m s  i n  s e v e r a l  i n f a n t i l e  and a d u l t  s u b t y p e s  p r e v i o u s l y  c l a s s i f i e d  as



i v

C R M - n e g a t i v e  u s i n g  PC A b s .  GAA i s o z y m e s  1 and 2 ,  p u r i f i e d  by c o n v e n ­

t i o n a l  c h r o m a t o g r a p h i c  p r o c e d u r e s ,  w e r e  r e s o l v e d  i n t o  f o u r  d i s t i n c t ,  

c a t a l y t i c a l l y  a c t i v e  e l e c t r o p h o r e t i c  forms  by  i s o e l e c t r i c  f o c u s i n g .  The 

i s o l a t e d  enzyme forms  had t h e  same p h y s i c a l  and  k i n e t i c  p r o p e r t i e s  as  

t h e  c o n v e n t i o n a l l y  p u r i f i e d  i sozymes .  The s u b u n i t  c o m p o s i t i o n  changed 

f r o m  p r e d o m i n a n t l y  73 kDa t o  p r e d o m i n a n t l y  67 kDa w i t h  i n c r e a s i n g  

e l e c t r o n e g a t i v i t y . I so z y m e  4 ,  t h e  m o s t  e l e c t r o p o s i t i v e  o f  t h e  GAA 

i s o z y m e s ,  was immunologica l  l y ,  p h y s i c a l l y  and k i n e t i c a l l y  i d e n t i c a l  t o  

GAA i s o z y m e  1 .  T h e s e  enzyme f orms  c o n t a i n e d  no s i a l i c  a c i d  r e s i d u e s ,  

and l i t t l e  o r  no p h o s p h a t e ,  i n d i c a t i n g  t h a t  t h e  o b s e r v e d  c h a r g e  h e t e r o ­

g e n e i t y  was m o s t  l i k e l y  due  t o  d i f f e r e n c e s  in t h e  p r o t e i n  backbone  o f  

t h e  enzyme.

T r y p t i c  p e p t i d e  maps  o f  t h e  m a j o r  p r o t e i n  s p e c i e s  i d e n t i f i e d  i n  

p u r i f i e d  GAA p r e p a r a t i o n s  h a v e  b e e n  g e n e r a t e d .  C o m p a r a t i v e  s t u d i e s  

c l e a r l y  showed  t h e  r e l a t e d n e s s  o f  t h e  e l e c t r o e l u t e d  96 ( p r e c u r s o r ) ,  73 

and 67 kDa ( m a t u r e )  d e n a t u r e d  enzyme  f o r m s .  A 20 kDa f o r m ,  a g l y c o ­

p r o t e i n  w h i c h  c o n s i s t e n t l y  c o - p u r i f i e d  w i t h  GAA, was shown t o  be  

u n r e l a t e d .  F i n a l l y ,  t h e  amino a c i d  c o m p o s i t i o n  and N - t e r m i n a l  ami no  

a c i d  s e q u e n c e  o f  t h e  67 and 73 kDa s u b u n i t s  o f  GAA isozyme 1 have  been 

o b t a i n e d .  The c o m p o s i t i o n  o f  t h e  s u b u n i t s  was v i r t u a l l y  i d e n t i c a l .  The 

u n b l o c k e d ,  m a t u r e  73 kDa enzyme p r o v i d e d  an a mi n o - t e r m i n a l  s e q u e n c e  o f  

16 r e s i d u e s ,  50% o f  which were coded f o r  by low r edunda nc y  c o d o n s .  The 

a m i n o - t e r m i n a l  ami no  a c i d  s e q u e n c e  o f  t h e  67 kDa s u b u n i t  was d i s t i n c t  

f rom t h a t  o f  t h e  73 kDa form.
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I .  OBJECTIVES

GAA d e f i c i e n c y  (Pompe d i s e a s e ;  g l y c o g e n o s i s  I I )  i s  an a u t o s o ma l ,  

r e c e s s i v e  d i s e a s e  c h a r a c t e r i z e d  by t h e  p a t h o l o g i c  i n t r a l y s o s o m a l  

a c c u m u l a t i o n  o f  g l y c o g e n ,  p r i m a r i l y  i n  m u s c l e .  T h r e e  s u b t y p e s  o f  

g l y c o g e n o s i s  I I  have been i d e n t i f i e d ,  t h e  i n f a n t i l e ,  j u v e n i l e  and a d u l t  

s u b t y p e s .  Al though t h e  p r i ma r y  m e t a b o l i c  d e f e c t  in each o f  t h e s e  i s  t h e  

d e f i c i e n t  a c t i v i t y  o f  GAA, t h e r e  i s  r e m a r k a b l e  h e t e r o g e n e i t y  i n  t h e  

c l i n i c a l  m a n i f e s t a t i o n s  o f  t h e s e  d i s o r d e r s .  Four  i sozymes o f  GAA, each 

encoded by a d i f f e r e n t  a l l e l e  a t  t h e  same l o c u s ,  h a v e  be e n  r e c o g n i z e d .  

Ho w e v e r ,  t h e  i n t e r r e l a t i o n s h i p  o f  t h e  a l l e l i c  i sozymes a t  t h e  GAA l oc us  

and t h e i r  r e l a t i v e  c o n t r i b u t i o n s  t o  t h e  c l i n i c a l  m a n i f e s t a t i o n s  i n  t h e  

v a r i o u s  s ub t y p e s  o f  g l y c o g e n o s i s  I I  have no t  been examined.

The o v e r a l l  o b j e c t i v e  o f  t h i s  r e s e a r c h  was t o  i n v e s t i g a t e  t h e  n a t u r e  

o f  t h e  o b s e r v e d  c l i n i c a l  and b i oc h e mi c a l  h e t e r o g e n e i t y .  The s p e c i f i c  

aims of  t h i s  r e s e a r c h  i n c l u d e d :

1.  Sc r ee n i ng  o f  p l a c e n t a e  and c u l t u r e d  s k i n  f i b r o b l a s t s  f rom normal  

i n d i v i d u a l s  and p a t i e n t s  wi t h  g l y c o g e n o s i s  I I  t o  d e t e r m i n e  t h e  p a t t e r n  

and f r e q u e n c y  o f  t h e  f o u r  i sozymes ( t y p e s  I ,  2 ,  3 and 4) o f  GAA.

2 .  P u r i f i c a t i o n  o f  t h e  GAA i s o z y m e s ,  and o f  t h e  e l e c t r o p h o r e t i c  

forms un i que  t o  each o f  t h r e e  common i s o z y m e s  ( t y p e s  1 ,  2 a nd  4) f o r  

c o mp a r a t i v e  p h y s i c a l ,  k i n e t i c  and immunologic s t u d i e s .

3 .  P r o d u c t i o n  o f  a p a n e l  o f  a n t i - GAA MC Abs t o  i n v e s t i g a t e  t h e  

s t r u c t u r e  and f u n c t i o n  o f  t h e  e l e c t r o p h o r e t i c  forms o f  t h e  enzyme.

4 .  I n v e s t i g a t i o n  o f  t h e  mechanism o f  a c t i o n  o f  t h e  v a r i o u s  forms o f  

GAA us i ng  a v a r i e t y  o f  s u b s t r a t e  a n a l o g u e s ,  b o t h  a c t i v e  s i t e - d i r e c t e d
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i n h i b i t o r s  and o t h e r s ,  i n  t h e  p r e s e n c e  o f  n a t u r a l  and a r t i f i c i a l  

s u b s t r a t e s .

5 .  D e t e r m i n a t i o n  o f  t h e  e p i t o p e  c o m p o s i t i o n  o f  n a t i v e ,  d e n a t u r e d  

enzyme forms and e n z y m a t i c a l l y  g e n e r a t e d  p e p t i d e s  o f  no r ma l  and m u t a n t  

GAA us i ng  PC and MC Abs.

6 . D e t e r m i n a t i o n  o f  t h e  N - t e r m i n a l  ( a n d  i n t e r n a l  p e p t i d e )  amino 

a c i d  s e q u e n c e  o f  t h e  p r e c u r s o r  and m a t u r e  f o r m s  o f  GAA i n  o r d e r  t o  

s y n t h e s i z e  o l i g o n u c l e o t i d e  probes  and d e m o n s t r a t e  c o l i n e a r i t y  wi t h  cDNAs 

encod i ng  GAA.
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I I .  BACKGROUND AND RATIONALE

A. C l i n i c a l  H e t e r o g e n e i t y  in GAA D e f i c i e n c y :

G l y c o g e n o s i s  t y p e  I I  i s  an a u t o s o m a l  r e c e s s i v e  d i s e a s e  r e s u l t i n g  

f rom t h e  d e f i c i e n t  a c t i v i t y  o f  l ysosomal  GAA (EC. 3 . 2 . 1 . 2 0 ) .  The enzyme 

d e f e c t  l e a d s  t o  t h e  p a t h o l o g i c  a c c u m u l a t i o n  o f  g l y c o g e n ,  p r i m a r i l y  in 

musc l e  ( 1 ) .  The enzyme has  a - 1 , 4  and a - 1 , 6  g l u c o s i d a s e  a c t i v i t y  u s i n g  

m a l t o s e  and i s o m a l t o s e  as  s u b s t r a t e s ,  and c a t a l y z e s  t h e  t o t a l  c o n v e r s i o n  

o f  g l ycoge n  t o  g l u c o s e  ( 2 ) .  The enzyme a l s o  h y d r o l y z e s  t h e  s y n t h e t i c  

s u b s t r a t e s ,  4 -methyl  umbel!  i f  e r y l - a t - D - g l u c o s i d e  (4MU a - G l c ) ,  3 - n a p t h y l - a -  

D - g l u c o s i d e ,  and 6 - b r o m o n a p t h y l - a - D - g l u c o s i d e .  The b i n d i n g  o f  GAA t o  

S e p h a d e x ,  a s u b s t r a t e  a na l ogue  g l u c o s e  polymer  c o n t a i n i n g  p r e d o m i n a n t l y  

a - 1 , 6  l i n k a g e s ,  has  been documented ( 3 ) .

Most  n o t a b l y ,  GAA d e f i c i e n c y  i s  c l i n i c a l l y  h e t e r o g e n e o u s ;  t h e  

i n f a n t i l e ,  j u v e n i l e  and a d u l t  s ub t y p e s  a r e  d i s t i n c t  c l i n i c a l  e n t i t i e s  

( 4 , 5 ) .  In t h e  i n f a n t i l e  o r  g e n e r a l i z e d  t y p e  (Pompe d i s e a s e ) ,  e nz yma t i c  

a c t i v i t y  i s  a b s e n t  i n  a l l  t i s s u e s .  Onset  o f  symptoms o c c u r s  w i t h i n  t h e  

f i r s t  weeks o f  l i f e ,  and g l ycogen  a c c u m u l a t i o n  i s  m a s s i v e ,  e s p e c i a l l y  in 

m u s c l e ,  h e a r t ,  and t h e  c e n t r a l  ne rvous  s y s t e m.  P a t i e n t s  w i t h  t h i s  s u b -  

t y p e  d i e  f r om c a r d i o r e s p i r a t o r y  f a i l u r e  w i t h i n  t h e  f i r s t  two y e a r s  o f  

l i f e  ( 5 , 6 ) .  Onset  o f  symptoms i n  t h e  j u v e n i l e  t y p e  o c c u r s  d u r i n g  t h e  

f i r s t  o r  second y e a r  o f  l i f e .  P r o g r e s s i v e  m u s c u l a r  weakness  i s  t h e  maj or  

s ymp t om,  c a r d i a c  o r  v i s c e r a l  i n v o l v e m e n t  i s  r a r e l y  e v i d e n c e d ,  and 

p a t i e n t s  d i e  d u r i n g  t h e  f i r s t  o r  s e c o n d  d e c ade  ( 7 , 8 ) .  In t h e  a d u l t -  

o n s e t ,  o r  musc u l a r  t y p e ,  t h e  o n s e t  o f  sympt oms  o c c u r s  i n  t h e  t h i r d  o r  

f o u r t h  d e c a d e s .  The mai n  c l i n i c a l  m a n i f e s t a t i o n  i s  s l o w l y  p r o g r e s s i v e  

p r o x i m a l  l i m b  w e a k n e s s  ( 9 , 1 0 ) .  G l y c o g e n  c o n t e n t  i n  m u s c l e  i s  o n l y



4

s l i g h t l y  i n c r e a s e d  o r  n o r m a l .  Ca r d i ome ga l y  i s  a b s e n t ,  and d e a t h  from 

r e s p i r a t o r y  f a i l u r e  o c c u r s  many y e a r s  a f t e r  t h e  o n s e t  o f  symptoms.  Both 

t h e  j u v e n i l e  and t h e  a d u l t  s u b t y p e s  have r e s i d u a l  enzyme a c t i v i t y  (5-30% 

of  n o r m a l )  ( 9 - 1 1 ) .  F u r t h e r m o r e ,  t h e  a ge  a t  o n s e t ,  t h e  s p e c t r u m  o f  

c l i n i c a l  m a n i f e s t a t i o n s  and d i s e a s e  s e v e r i t y  i n  t h e  j u v e n i l e  and 

a d u l t - o n s e t  s u b t y p e s  a r e  h i g h l y  v a r i a b l e  among f a m i l i e s ,  p r o v i d i n g  

e v i d e n c e  f o r  t h e  o c c u r r e n c e  o f  g e n e t i c  h e t e r o g e n e i t y  w i t h i n  t h e s e  

s u b t y p e s  ( 1 2 ) .  For  e xa mp l e ,  two p a t i e n t s  wi t h  t h e  j u v e n i l e  s u b t y p e  had 

l i v e r  g l y c o g e n  l e v e l s  which were n e a r l y  normal  bu t  had no GAA a c t i v i t y  

i n  e i t h e r  m u s c l e  o r  l i v e r .  A t h i r d  p a t i e n t  l a c k e d  GAA a c t i v i t y  i n  

m u s c l e ,  b u t  had n o r m a l  l e v e l s  o f  a c t i v i t y  i n  t h e  l i v e r  ( 7 ) .  Hl i nak  e t  

a l . (13)  r e p o r t e d  a v a r i a n t  wi t h  g l y c o g e n  s t o r a g e  i n  s k e l e t a l  m u s c l e ,  

d e c r e a s e d  GAA a c t i v i t y  i n  m u s c l e  and l i v e r ,  and n o r ma l  a c t i v i t y  in 

l e u k o c y t e s .  Another  j u v e n i l e  p a t i e n t  had marked g l ycogen  a c c u m u l a t i o n  in  

m u s c l e ,  s l i g h t l y  d e c r e a s e d  e n z y m a t i c  a c t i v i t y  in l e u k o c y t e s ,  and com­

p l e t e  absence  o f  GAA a c t i v i t y  i n  f i b r o b l a s t s  ( 1 3 ) .  Most  p a t i e n t s  w i t h  

t h e  a d u l t  sub t ype  d e m o n s t r a t e  a r e s i d u a l  GAA a c t i v i t y  o f  5-20% o f  normal  

( 1 4 - 1 6 ) .  However,  p a t i e n t s  d e m o n s t r a t i n g  musc l e  g l ycoge n  a c c u m u l a t i o n  in  

t h e  p r e s e n c e  o f  nor mal  o r  e l e v a t e d  l e v e l s  o f  GAA a c t i v i t y  in u r i n e  and 

musc l e  a l s o  h a v e  b e e n  d e s c r i b e d  ( 1 7 ) .  The c l i n i c a l  c o u r s e  o f  t h e s e  

v a r i a n t s  wi t h  no d e m o n s t r a b l e  enzyme d e f e c t  r ema i ns  unknown.

B. GAA I s oz yme s :

GAA h a s  be e n  shown t o  be  p o l y m o r p h i c  ( 1 8 ) .  The po l ymor ph i sm i s  

d e t e c t a b l e  u s i n g  s t a r c h  g e l  a f f i n i t y  e l e c t r o p h o r e s i s ,  b u t  n o t  w i t h  

a g a r o s e  o r  c e l l o g e l  e l e c t r o p h o r e s i s .  The common i sozyme,  d e s i g n a t e d  t y p e
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1 , b i n d s  t i g h t l y  t o  t h e  s t a r c h  s u p p o r t  and m i g r a t e s  s l o w l y  t oward  t h e  

anode .  About  1 i n  16 Europeans  i s  h e t e r o z y g o u s  and h a s  a p a t t e r n  w i t h  

two i s o z y m e s ,  t h e  s l o w  ba nd  p l u s  an a d d i t i o n a l  component ,  d e s i g n a t e d  

t y p e  2 , which m i g r a t e s  f a s t e r  t o w a r d  t h e  a n o d e ,  i n d i c a t i n g  a r e d u c e d  

a f f i n i t y  f o r  t h e  s t a r c h  medium.  Isozymes 1 and 2 a r e  d e t e r m i n e d  by two 

a l l e l e s  a t  t h e  GAA l o c u s  on chromosome 17 wi t h  f r e q u e n c i e s  o f  0 . 9 7  and

0 . 0 3 ,  r e s p e c t i v e l y  ( 1 8 ) .  A t h i r d  a l l e l e  ( t y p e  3 ) ,  which i s  a p p a r e n t l y  

r a r e ,  o c c u r s  i n  Ma l a ys i a ns  o f  I n d i a n  a n c e s t r y  ( 1 9 )  and i s  d e t e c t a b l e  

u s i n g  s t a r c h  a f f i n i t y  e l e c t r o p h o r e s i s .  More r e c e n t l y ,  N i c k e l  and 

McAlpine (20)  i d e n t i f i e d  a f o u r t h  a l l e l e  a t  t h e  GAA l o c u s ,  d e s i g n a t e d  

t y p e  4 ,  wh i c h  i s  d e t e c t a b l e  o n l y  by  i s o e l e c t r i c  f o c u s i n g  ( I E F ) .  Th i s  

a l l e l e  a ppe a r s  t o  be more common t h a n  t h e  t y p e  2  a l l e l e ,  o c c u r r i n g  a t  a 

g e n e  f r e q u e n c y  o f  0 . 0 6 .  No b i oche mi c a l  o r  immunologic s t u d i e s  have been 

per f o r med  t o  c h a r a c t e r i z e  t h e  p r o p e r t i e s  o f  i sozyme 4.

C. B i o s y n t h e s i s  and M a t u r a t i o n  o f  GAA:

Lys os oma l  e nz yme s  a r e  i n i t i a l l y  s y n t h e s i z e d  as p r e c u r s o r s  ha v i ng  

h i g h e r  m o l e c u l a r  we i g h t s  t h a n  t h e  mat u r e  forms found in  l y s os ome s .  Both 

p r o t e o l y t i c  and g l y c o l y t i c  p r o c e s s i n g  o f  t h e  p r e c u r s o r s  h a v e  b e e n  

r e p o r t e d  ( 2 1 ) .  Mu t a t i o n s  i n  genes  c o d i n g  f o r  lysosomal  p r o t e i n s  o r  f o r  

t h e i r  p r o c e s s i n g  enzymes may a f f e c t  l ysosomal  enzyme a c t i v i t i e s  by:  1 ) a 

d e c r e a s e d  r a t e  o f  s y n t h e s i s ;  2 ) s y n t h e s i s  o f  c a t a l y t i c a l l y  i n a c t i v e  

m u t a n t  enzyme ( i n c l u d i n g  a b n o r m a l i t i e s  i n  t r a n s p o r t  and s t a b i l i t y ) ;  

3) f a i l u r e  t o  t r a n s p o r t  enzymes i n t o  l y sos omes ;  4) an i n c r e a s e d  r a t e  o f  

d e g r a d a t i o n ,  and 5) a d e c r e a s e d  c o n c e n t r a t i o n  o f  an a c t i v a t i n g  o r  

s t a b i l i z i n g  f a c t o r  in l ysosomes .
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GAA a c t i v i t y  i s  r educ e d  by a p p r o x i m a t e l y  80-90% in f i b r o b l a s t s  f rom 

p a t i e n t s  wi t h  t h e  a d u l t  s u b t y p e  ( 1 6 ) .  S i n c e  no k i n e t i c ,  p h y s i c a l  o r  

i mm u n o l o g i c a l  p a r a m e t e r  o f  t h e  a d u l t  mu t an t  GAA was found t o  be abnorm­

a l ,  i t  was h y p o t h e s i z e d  t h a t  t h e  enzyme was e i t h e r  s y n t h e s i z e d  a t  a 

r e d u c e d  r a t e  o r  d e g r a d e d  a t  an i n c r e a s e d  r a t e  ( 1 6 ) .  Reuser  and Kroos 

(15)  s t u d i e d  t h e  s e c r e t i o n ,  up t a ke  and s t a b i l i t y  o f  t h e  n o r ma l  f i b r o ­

b l a s t  enzyme and t h e  m u t a n t  r e s i d u a l  enzyme i n  f i b r o b l a s t s  f rom t h e  

a d u l t  s u b t y p e .  R e s u l t s  o f  t h e i r  s t u d i e s  showed t h a t  b o t h  t h e  p r e c u r s o r  

and t h e  m a t u r e  f o r m s  o f  GAA f rom a d u l t  s u b t y p e  f i b r o b l a s t s  had normal  

s t a b i l i t i e s  and normal  s p e c i f i c  a c t i v i t i e s .  A d d i t i o n a l l y ,  t h e  a p p a r e n t  

h a l f - l i v e s  o f  t h e  m u t a n t  and normal  enzymes were compa r ab l e .  However,  

NH4 C I - s t i m u l a t e d  s e c r e t i o n  o f  t h e  p r e c u r s o r  form i n t o  t h e  c u l t u r e  media  

was mar ke d l y  r educed  i n  t h e  a d u l t  s u b t y p e  c e l l s .  T h e s e  r e s u l t s  s u g ­

g e s t e d  a d e f e c t  i n  enzyme s y n t h e s i s  which l ed  t o  a q u a n t i t a t i v e  d e f i c ­

i e n c y  o f  q u a l i t a t i v e l y  normal  enzyme.

S i m i l a r  r e s u l t s  were o b t a i n e d  by S t e c k e l  e t  a l . ( 2 2 ) ,  u s i ng  immuno- 

p r e c i p i t a t i o n  o f  r a d i o l a b e l e d  enzyme,  g e l  e l e c t r o p h o r e s i s  and f l u o r o -  

g r a p h y .  They  f o u n d  t h a t  t h e  r a t e  o f  NH4 CI - i n d u c e d  s e c r e t i o n  o f  r a d i o -  

l a b e l e d  p r e c u r s o r  was l e s s  t h a n  15% o f  t h a t  i n  c o n t r o l  f i b r o b l a s t s .  

F u r t h e r mo r e ,  t h e  amount  o f  r a d i o a c t i v i t y  r e c o v e r e d  in mat ure  ( p r o c e s s e d )  

GAA a f t e r  long i n c u b a t i o n s  a l s o  was l e s s  t h a n  15% o f  t h e  c o n t r o l s .  No 

i n c o r p o r a t i o n  o f  r a d i o a c t i v i t y  i n t o  GAA ( p r e c u r s o r  o r  ma t u r e  form)  was 

d e t e c t e d  in f i b r o b l a s t s  f rom p a t i e n t s  wi th  t h e  i n f a n t i l e  s u b t y p e .  T h e s e  

a u t h o r s  a l s o  u s e d  s h o r t  p u l s e - l a b e l i n g  t o  d e mo n s t r a t e  t h a t  t h e  lower  

l e v e l  o f  t h e  s t e a d y  s t a t e  a c t i v i t y  o f  t h e  enzyme i n  a d u l t  s u b t y p e  

f i b r o b l a s t s  f rom one p a t i e n t  r e s u l t e d  f rom an enhanced r a t e  o f  d e g r a d a ­
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t i o n  wh i c h  o c c u r r e d  p r i o r  t o  t r a n s f e r  i n t o  t h e  l ysosomes .  Al though t h e  

p r e c u r s o r  form o f  GAA was s y n t h e s i z e d  a t  6  056 o f  t h e  normal  r a t e  in a d u l t  

s u b t y p e  f i b r o b l a s t s ,  i t  was deg raded  a lmos t  i mmedi a t e l y .

The deve lopment  o f  MC Abs t o  GAA (23)  has  p r ov i de d  a f u r t h e r  t o o l  t o  

s t u d y  t h e  s y n t h e s i s  and p r o c e s s i n g  o f  t h i s  lysosomal  enzyme.  Using a MC 

Ab t h a t  d i s t i n g u i s h e s  between t h e  p r e c u r s o r  o f  GAA, and t h e  i n t e r m e d i a t e  

and m a t u r e  forms o f  t h e  enzyme ( 2 4 ) ,  Tager  and h i s  c o - wo r k e r s  (25)  were 

a b l e  t o  d e f i n e  s e v e r a l  o f  t h e  s t e p s  i n v o l v e d  i n  t h e  s y n t h e s i s  and 

p r o c e s s i n g  o f  GAA. The f i r s t  i d e n t i f i a b l e  p r e c u r s o r  o f  GAA had a Mr  o f  

a b o u t  1 1 0 , 0 0 0  and was p h o s p h o r y l a t e d . A p r o t e i n a s e  c o n v e r t e d  t h e  

p r e c u r s o r  t o  an i n t e r m e d i a t e  form o f  Mr  9 5 , 00 0 .  The i n t e r m e d i a t e  form 

was  s u b s e q u e n t l y  c o n v e r t e d  t o  a m a t u r e  form o f  Mr  76 , 000  and 70 , 000 .  

T h e i r  r e s u l t s  f u r t h e r  s u g g e s t e d  t h a t  a d i s u l f i d e  b r i d g e  was f o r m e d  

d u r i n g  p r o c e s s i n g  o f  t h e  n o r ma l  enzyme ( 2 5 ) .  However,  v e r y  l i t t l e  i s  

known about  t h e  p r o t e o l y t i c  m a t u r a t i o n  o f  l y s o s o m a l  e n z y m e s ,  and more  

s t u d i e s  on a wi de  r a n g e  o f  m u t a t i o n a l  t y p e s  a r e  n e c e s s a r y  t o  d e t e r mi n e  

t h e  u n d e r l y i n g  c a us e  o f  t h e  enzymat i c  d e f i c i e n c y  in t h e  v a r i o u s  s ub t y p e s  

o f  g l y c o g e n o s i s  I I .  T h e s e  p r o p o s e d  s t u d i e s  w i l l  i d e n t i f y  m u t a t i o n s  

r e s u l t i n g  in abnormal  enzyme p r o t e i n  s t r u c t u r e  and f u n c t i o n .  T h e s e  

m u t a t i o n s  w i l l  t he n  be examined a t  t h e  m o l e c u l a r  l e v e l  u s i n g  c l o n e d  GAA 

cDNA t o  d e t e r m i n e  t h e  p r e c i s e  n a t u r e  and h e t e r o g e n e i t y  o f  t h e i r  m o l e c ­

u l a r  l e s i o n s .
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D. K i n e t i c  C h a r a c t e r i z a t i o n  o f  GAA:

S t u d i e s  by a number o f  i n v e s t i g a t o r s ,  u s i n g  a v a r i e t y  o f  s p e c i e s  and 

t i s s u e  s o u r c e s ,  have d e mo n s t r a t ed  t h a t  l y s o s o m a l  GAA h a s  v e r y  c o m p l e x  

k i n e t i c  b e h a v i o r .

J e f f r e y  e t  al  . ( 2 6 ) ,  i n  a s t u d y  on p u r i f i e d  GAA f r om r a t  l i v e r  

l ysosomes  u s i ng  o l i g o s a c c h a r i d e  and p o l y s a c c h a r i d e  s u b s t r a t e s ,  o b t a i n e d  

d a t a  c o n s i s t e n t  w i t h  t h e  h y p o t h e s i s  t h a t  t h e  enzyme had  m u l t i p l e  

c a t a l y t i c a l l y  a c t i v e  b i n d i n g  s i t e s  i n  c l o s e  p r o x i m i t y  t o  each o t h e r ,  and 

wh i c h ,  t h e r e f o r e ,  i n t e r a c t  wi t h  each  o t h e r .  One c a t a l y t i c  s i t e  bound t h e  

d i s a c c h a r i d e ,  m a l t o s e ,  as wel l  as o t h e r  low m o l e c u l a r  we ight  m a l t o s i d i -  

c a l l y  l i n k e d  o l i g o s a c c h a r i d e s .  Thi s  same s i t e  a l s o  had an a f f i n i t y  f o r  

i s o m a l t o s e ,  an a - 1 , 6 - g l u c o s i d i c a l  l y  l i n k e d  d i s a c c h a r i d e .  A s e c o n d  

c a t a l y t i c a l l y  a c t i v e  s i t e ( s )  bound p o l y s a c c h a r i d e  s u b s t r a t e s  such as 

g l y c o g e n .  In a d d i t i o n  t o  t h e s e  two s u b s t r a t e  b i n d i n g  s i t e ( s ) ,  t h e  

a u t h o r s  a l s o  p r e s e n t e d  e v i d e n c e  f o r  t h e  e x i s t e n c e  o f  an i n h i b i t o r y  s i t e  

on t h e  enzyme a t  which m a l t o s e  and o t h e r  low m o l e c u l a r  w e i g h t  o l i g o ­

s a c c h a r i d e s  o f  g l u c o s e  wi t h  a - 1 , 4 - g l y c o s i d i c  bonds can be bound.  N e i t h e r  

p o l y s a c c h a r i d e s ,  such as  g l y c o g e n ,  no r  i s o m a l t o s e  had  an a f f i n i t y  f o r  

t h i s  s i t e .

Very s i m i l a r  c o n c l u s i o n s  were drawn by Pa lmer  ( 2 7 , 28 )  u s i n g  GAA from 

r a b b i t  musc l e .  His d a t a  s up p o r t e d  t h e  e x i s t e n c e  o f  a t  l e a s t  two s p e c i f i c  

s u b s t r a t e  b i n d i n g  s i t e s  o r  s u b s i t e s ,  one  f o r  t h e  b i n d i n g  o f  m a l t o s e  and 

o t h e r  o l i g o s a c c h a r i d e s ,  a n o t h e r  f o r  b i n d i n g  p o l y s a c c h a r i d e s  s u c h  a s  

g l y c o g e n .  The s i t e  a p p e a r e d  t o  be  i n  c l o s e  p r o x i m i t y  and i n t e r a c t e d  

d i r e c t l y  i n  t r a n s g l u c o s y l a t i o n  r e a c t i o n s .  F u r t h e r  s u p p o r t  f o r  m u l t i p l e  

c a t a l y t i c a l l y  a c t i v e  b i n d i n g  s i t e s  can be found in  t h e  work o f  Ros e n f e l d
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and Belenki  [{29)  r a b b i t  l i v e r  GAA], Fu j i m o r i  e t  a l . [ ( 3 0 )  b o v i ne  s p l e e n  

GAA], and Ko s t e r  and S l e e  [ ( 3 1 )  human l i v e r  GAA].

A l t h o u g h  a l l  o f  t h e s e  a u t h o r s  c o n c u r  on t h e  e x i s t e n c e  o f  m u l t i p l e  

a c t i v e  s i t e s ,  t h e i r  s t u d i e s  a l s o  d e m o n s t r a t e  a g r e a t  many i n c o n s i s t e n ­

c i e s  i n  pH o p t i m a ,  c a t i o n  r e q u i r e m e n t s ,  t h e  t y p e  and e x t e n t  o f  i n h i b ­

i t i o n  by v a r i o u s  i n h i b i t o r s  and s u b s t r a t e  a n a l o g u e s ,  s u b s t r a t e  s p e c i f ­

i c i t i e s ,  m o l e c u l a r  we i g h t  and s u b u n i t  c o m p o s i t i o n  ( 26-31)  Some o f  t h e s e  

i n c o n s i s t e n c i e s  may have  been due t o  t h e  d i f f e r e n t  enzyme s o u r c e s  u s e d ,  

t h e  d e g r e e  o f  p u r i t y  o f  t h e  p r e p a r a t i o n s ,  as  w e l l  a s  e x p e r i m e n t a l  

d e s i g n .

In an e f f o r t  t o  e x p l o r e  bot h  t h e  a c t i v e  s i t e  t o p o l o g y  and mechanism 

o f  a c t i o n  o f  t h e  enzyme,  i n v e s t i g a t o r s  have  us e d  a v a r i e t y  o f  r e v e r s i b l e  

and a c t i v e  s i t e - d i r e c t e d  i n h i b i t o r s .  Al t hough  most  o f  t h e  i n h i b i t o r s ,  

which i n c l u d e d  s i mp l e  s u g a r s  and s u g a r  d e r i v a t i v e s ,  amines and p h e n o l s ,  

were  e x t e n s i v e l y  a p p l i e d  t o  s t u d i e s  o f  t h e  3 - g l u c o s i d a s e s  ( 3 2 ) ,  a number 

a l s o  have been found t o  be  p o t e n t  i n h i b i t o r s  o f  GAAs. Two such compounds 

a r e  n o j i r i m y c i n ,  an a n t i b i o t i c  produced by s e v e r a l  s t r a i n s  o f  S t r e p t o -  

m y c e s , w h i c h  d i f f e r s  f r o m  D - g l u c o s e  o n l y  by  t h e  s u b s t i t u t i o n  o f  an 

N - g r o u p  f o r  o x y g e n  i n  t h e  p y r a n o s e  r i n g  ( 3 3 ) ,  and t h e  a c t i v e  s i t e -  

d i r e c t e d  i n h i b i t o r ,  c o n d u r i t o l  B e p o x i d e  (CBE;  3 , 5 / 4 , 6 - t e t r a h y d r o x y -  

c y c l o h e x - l - e n e ) , f i r s t  i n t r o d u c e d  by L e g l e r  ( 3 4 , 3 5 ) .  N o j i r i m y c i n  was 

f o u n d  t o  be  t h r e e  o r d e r s  o f  m a g n i t u d e  mo r e  p o t e n t  an i n h i b i t o r  o f  

p u r i f i e d  human l i v e r  l y s o s o m a l  GAA t h a n  t h e  c l a s s i c a l  d i s a c c h a r i d e  

i n h i b i t o r ,  t u r a n o s e .  Un l i ke  t u r a n o s e ,  which i s  a c o m p e t i t i v e  i n h i b i t o r ,  

t h e  h y d r o l y s i s  o f  m a l t o s e ,  g l y c o g e n  and 4MU a - G l c  was i n h i b i t e d  by 

n o j i r i m y c i n  in a n o n c o m p e t i t i v e  and an u n c o m p e t i t i v e  f a s h i o n ,  r e s p e c t ­

i v e l y .  F u r t h e r m o r e ,  n o j i r i m y c i n  had l i t t l e  o r  no e f f e c t  on t h e  h yd r o ­
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l y s i s  o f  s u b s t r a t e s  o t h e r  t h a n  a - D - g l u c o s e  d e r i v a t i v e s .  Thus ,  a l t hough  

n o j i r i m y c i n  i s  a r e l a t i v e l y  s p e c i f i c  i n h i b i t o r  o f  GAA a c t i v i t y ,  t h e  

compound e x e r t s  i t s  i n f l u e n c e  no t  a t  t h e  a c t i v e  s i t e ,  bu t  on r e s i d u e s  

s u r r o u n d i n g  t h e  s i t e ,  which a r e  e s s e n t i a l  f o r  o p t i m a l  a c t i v i t y  o f  t h e  

enzyme.

D i r e c t  a n a l y s i s  o f  a c t i v e  s i t e  c e n t e r s  i s  p o s s i b l e  u s i n g  a c t i v e  

s i t e - d i r e c t e d  i n h i b i t o r s  such as CBE ( 3 4 ) .  T h i s  compound was f o u n d  t o  

c o v a l e n t l y  i n h i b i t  t h e  s u c r a s e - i s o m a l t a s e  c o mp l e x  from r a b b i t  smal l  

i n t e s t i n e  ( 3 6 ) ,  y e a s t  3 - f r u c t o s i d a s e  (37)  and GAA from Monascus r u b e r  

( 3 4 ) .  Us i ng  a number  o f  p r o t e i n  s i d e  c h a i n  m o d i f i c a t i o n  r e a g e n t s ,  t h e  

l a t t e r  s t u d y  s u g g e s t e d  t h a t  a c a r b o x y l a t e ( s )  o f  a s p a r t a t e  o r  g l u t a m a t e  

was t h e  r e a c t i v e  n u c l e o p h i l e ( s )  w i t h  CBE, and t h a t  t h i s  g r o u p  i s  

e s s e n t i a l  f o r  GAA a c t i v i t y .  No s t u d i e s  u s i n g  t h i s  s u i c i d e  i n h i b i t o r  

wi t h  a human enzyme s o u r c e  have  been r e p o r t e d  t o  d a t e .

E. B i o c h e m i c a l  and Immunologic S t u d i e s  o f  t h e  Ge ne t i c  H e t e r o g e n e i t y  in 

GAA D e f i c i e n c y :

1 .  P u r i f i c a t i o n  and C h a r a c t e r i z a t i o n  o f  Human GAA: S t u d i e s  c o n ­

d u c t e d  i n  t h e  l a b o r a t o r y  o f  D r s .  K. H i r s c h h o r n  and N.G. B e r a t i s ,  on 

which t h e  c u r r e n t  t h e s i s  work i s  b a s e d ,  w e r e  a imed a t  c o r r e l a t i n g  t h e  

o b s e r v e d  c l i n i c a l  h e t e r o g e n e i t y  in GAA d e f i c i e n c y  wi t h  s p e c i f i c  d e f e c t s  

( s t r u c t u r a l  a n d / o r  f u n c t i o n a l )  i n  t h e  r e s i d u a l  enzyme p r o t e i n s .  Fo r  

t h i s  p u r p o s e  GAA was p u r i f i e d  t o  homogene i ty  from human p l a c e n t a e ,  n o r ­

mal c u l t u r e d  s k i n  f i b r o b l a s t s  and c u l t u r e d  f i b r o b l a s t s  f r o m  p a t i e n t s  

w i t h  t h e  a d u l t  and j u v e n i l e  s u b t y p e s .  The c a t a l y t i c  p r o p e r t i e s  o f  t h e s e  

enzymes w e r e  d e t e r m i n e d ,  and t h e  p l a c e n t a l  enzyme was u s e d  f o r  t h e
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p r o d u c t i o n  o f  PC Abs (38)  and MC Abs.  The p h y s i c o k i n e t i c  p r o p e r t i e s  o f  

t h e  p u r i f i e d  normal and r e s i d u a l  enzymes i n c l u d i n g  Km, t h e r m o s t a b i l i t y ,  

pH op t i ma  and p i ,  were i d e n t i c a l .  A d d i t i o n a l l y ,  t h e  p u r i f i e d  e nz yme s  

w e r e  i m m u n o l o g i c a l l y  i d e n t i c a l  when t e s t e d  a g a i n s t  r a b b i t  a n t i - p l a ­

c e n t a l  GAA Abs by aga r  do u b l e  i m m u n o d i f f u s i o n  and i m m u n o p r e c i p i t a t i o n  

( 3 8 ) .  The p o l y c l o n a l  m o n o s p e c i f i c  r a b b i t  Abs were s u b s e q u e n t l y  used t o  

de ve l op  a s e n s i t i v e ,  q u a n t i t a t i v e  r o c k e t  i m m u n o e l e c t r o p h o r e t i c  s y s t e m  

wh i c h  d e m o n s t r a t e d  s t r u c t u r a l  and q u a n t i t a t i v e  d i f f e r e n c e s  be tween t h e  

normal  and t h e  mut an t  enzyme p r o t e i n s  ( 3 8 - 4 1 ) .

A d d i t i o n a l l y ,  i sozyme 2 ,  which was shown t o  have a r educed  a f f i n i t y  

f o r  t h e  s t a r c h  m a t r i x  i n  an a f f i n i t y  e l e c t r o p h o r e t i c  s y s t e m  ( 1 8 ) ,  was 

p u r i f i e d  t o  n e a r  homogene i t y  f rom a h e t e r o z y g o u s  ( i sozymes  1 - 2 ) p l a c e n t a  

u s i ng  c o n v e n t i o n a l  s e p a r a t i o n  t e c h n i q u e s  ( 4 2 ) .  I sozyme 2 e l u t e d  f r o m  a 

D E A E - c e l l u l o s e  c o l umn a t  a l o w e r  s a l t  c o n c e n t r a t i o n  t han  i sozyme 1,  

i n d i c a t i n g  t h a t  i t  h a d  a g r e a t e r  p o s i t i v e  c h a r g e .  The pH o p t i m u m ,  

t h e r m a l  s t a b i l i t y ,  Km and Vm a x , u s i n g  m a l t o s e  as  s u b s t r a t e ,  wer e  

i d e n t i c a l  f o r  t h e  t wo  i s o z y m e s .  Ho we v e r ,  i s o z y m e  2 d e m o n s t r a t e d  

a t y p i c a l  k i n e t i c s  and a g r e a t l y  r e d u c e d  c a t a l y t i c  a c t i v i t y  t o w a r d  

g lycogen  ( 8  t o  2 0 % o f  t h e  a c t i v i t y  o f  i s o z y m e  1  a t  n o n - s a t u r a t i n g  and 

s a t u r a t i n g  s u b s t r a t e  c o n c e n t r a t i o n s ,  r e s p e c t i v e l y ) .  That  t h i s  r educ e d  

a c t i v i t y  was no t  due t o  t h e  i n a b i l i t y  o f  i sozyme 2  t o  c l e a v e  t h e  a - 1 , 6  

l i n k a g e s  i n  g l y c o g e n  was d e mo n s t r a t ed  u s i n g  i s o m a l t o s e  ( 6 - 0 - a - D - g l u c o -  

p y r a n o s y l - D - g l u c o s e )  as  s u b s t r a t e  ( 4 2 ) .  The r e d u c e d  c a t a l y t i c  a c t i v i t y  

t o w a r d  g l y c o g e n  a l s o  was d o c u m e n t e d  i n  c r u d e  p r e p a r a t i o n s  o f  h e t e r -  

zygous  [ 1 - 2 ]  p l a c e n t a e  and f i b r o b l a s t s  ( 4 3 , 4 4 ) .  No i mm u n o l o g i c  d i f f e r ­

e n c e s  w e r e  d e t e c t e d  b e t w e e n  i sozymes  1 and 2 u s i ng  PC Abs ( 4 2 ) .  These 

s t u d i e s  i n d i c a t e d  t h a t  i sozyme 2  may be o f  c l i n i c a l  s i g n i f i c a n c e  and i t
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was h y p o t h e s i z e d  t h a t  i n d i v i d u a l s  homozygous  f o r  t h i s  i s o z y m e  may 

d e v e l o p  m u s c u l a r  d y s t r o p h y - l i k e  sympt oms  l a t e  i n  l i f e ,  s i m i l a r  t o  

p a t i e n t s  wi t h  t h e  a d u l t  s u b t y p e  o f  g l y c o g e n o s i s  I I .

2 .  C h a r a c t e r i z a t i o n  o f  t h e  B i o c h e m i c a l  H e t e r o g e n e i t y  in t h e  GAA 

D e f i c i e n t  S u b t y p e s : Using a v a r i e t y  o f  b i o c h e m i c a l ,  e l e c t r o p h o r e t i c  and

i m m u n o l o g i c  t e c h n i q u e s ,  t h e  p r e s e n c e  o f  e x t e n s i v e  b i o c h e mi c a l  h e t e r o ­

g e n e i t y  was d e m o n s t r a t e d  among and w i t h i n  t h e  t h r e e  m a j o r  s u b t y p e s  o f  

g l y c o g e n o s i s  I I .  F u r t h e r m o r e ,  t h e s e  s t u d i e s  i n d i c a t e d  t h a t  t h e  v a r i o u s  

s u b t y p e s  o f  g l y c o g e n o s i s  I I  r e s u l t e d  f rom a f a m i l y  o f  m u t a t i o n s  wh i c h  

a l t e r  GAA. The m u t a t i o n s  i d e n t i f i e d  by ou r  l a b o r a t o r y  which r e s u l t  in 

GAA d e f i c i e n c y  a r e  l i s t e d  below.

a) A b s e n c e  o f  t h e  enzyme p r o t e i n ,  o r  t h e  p r e s e n c e  o f  an enzyme 

p r o t e i n  which i s  so a l t e r e d  t h a t  i t  has  l o s t  bo t h  c a t a l y t i c  and immuno­

l o g i c  p r o p e r t i e s  ( C R M - n e g a t i v e  i n f a n t i l e  and a d u l t  s u b t y p e s )  ( 3 8 - 4 1 ) .  

Ten o f  11 p a t i e n t s  examined wi t h  t h e  i n f a n t i l e  sub t ype  (GM-248;  GM-244;  

GM-4912;  GM-3329;  WG-285;  WG-482;  WG-173;  B-4;  M-2478; C-482)  demon­

s t r a t e d  compl e t e  a bs enc e  o f  GAA p r o t e i n .  One of  t h r e e  p a t i e n t s  w i t h  t h e  

a d u l t  s u b t y p e  s t u d i e d  was found t o  be CRM-negat ive (GM-1935);  c omp l e t e  

a bs enc e  o f  enzyme a c t i v i t y  was a l s o  d e mo n s t r a t e d  i n  t h e  m u s c l e  o f  t h i s  

p a t i e n t .  I t  i s  s t i l l  n o t  c l e a r  why t h i s  p a t i e n t  d e v e l o p e d  t h e  a d u l t  

s u b t y p e ,  r a t h e r  t ha n  t h e  i n f a n t i l e  s u b t y p e  o f  t h e  d i s e a s e .

b)  P r e s e n c e  o f  an enzyme  p r o t e i n  w i t h  s e v e r e l y  r educ e d  c a t a l y t i c  

a c t i v i t y  (CRM-pos i t ive  i n f a n t i l e  s u b t y p e )  ( 3 9 - 4 1 ) .  Only one (M-4581) o f  

11 p a t i e n t s  w i t h  i n f a n t i l e  GAA d e f i c i e n c y  had a CRM-pos i t i ve  m u t a t i o n .  

The c a t a l y t i c a l l y  i n a c t i v e  p r o t e i n  i n  f i b r o b l a s t s  was q u a n t i t a t e d  u s i n g
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r o c k e t  i m m u n o e l e c t r o p h o r e s i s  and was shown t o  be r educed  by 50-70% of  

normal  l e v e l s  ( 3 9 ) .

c)  R e d u c t i o n  i n  t h e  amount  o f  enzyme p r o t e i n  wi th  a p r o p o r t i o n a l  

r e d u c t i o n  in enzyme a c t i v i t y  ( a d u l t  s u b t y p e )  ( 3 8 - 4 1 ) .  Two o f  t h e  t h r e e  

p a t i e n t s  w i t h  t h e  a d u l t  sub t ype  (M-3773;  GM-443) had a r e s i d u a l  enzyme 

a c t i v i t y  o f  9-22% o f  no r ma l ;  a s i m i l a r  amount  o f  r e s i d u a l  enzyme p r o t e i n  

was d e t e c t e d  by  q u a n t i t a t i v e  i m m u n o e l e c t r o p h o r e s i s . The r e s i d u a l  

f i b r o b l a s t  enzyme p r o t e i n  f rom one  o f  t h e s e  p a t i e n t s  ( M- 3773)  was 

p u r i f i e d  t o  homogene i ty  and was shown t o  have normal  phys i c oc he mi c a l  and 

k i n e t i c  p r o p e r t i e s  ( 3 8 ) .

d)  S e v e r e  enzyme  d e f i c i e n c y  i n  m u s c l e  wi t h  moder a t e  r e d u c t i o n  o f  

t h e  a c t i v i t y  in f i b r o b l a s t s  ( j u v e n i l e  s u b t y p e )  ( 3 9 , 4 0 , 4 5 ) .  F i b r o b l a s t s  

f r o m  t h i s  p a t i e n t  ( J . N . )  had an enzyme a c t i v i t y  o f  16-28% of  nor ma l ,  

v a l u e s  c o n s i s t e n t l y  h i g h e r  t h a n  t h o s e  o b s e r v e d  i n  f i b r o b l a s t s  f r o m  

p a t i e n t s  w i t h  t h e  a d u l t  s u b t y p e .  Thi s  r e d u c t i o n  in enzyme a c t i v i t y  was 

d i r e c t l y  p r o p o r t i o n a l  t o  t h e  amount  o f  enzyme p r o t e i n  d e t e c t e d  by  

q u a n t i t a t i v e  r o c k e t  i m m u n o e l e c t r o p h o r e s i s  ( 3 9 , 4 0 ) .  I m p o r t a n t l y ,  no 

enzyme a c t i v i t y  o r  p r o t e i n  was d e t e c t e d  i n  a m u s c l e  b i o p s y  o f  t h i s  

p a t i e n t ,  which a l s o  showed i n c r e a s e d  g lycogen  a c cumul a t i on  ( 4 5 ) .

e )  P r e s e n c e  o f  an isozyme wi th bot h  r educ e d  c a t a l y t i c  a c t i v i t y  f o r  

g l ycogen  and a r e d u c t i o n  in t h e  number  o f  enzyme m o l e c u l e s  i n  f i b r o ­

b l a s t s  ( c u l t u r e d  f i b r o b l a s t s  w i t h  t h e  g e n o t y p e  2 - 2  o f  GAA) ( 4 0 - 4 2 ) .  

Whether  o r  not  s u b j e c t s  homozygous  f o r  i s o z y m e  2 o f  GAA w i l l  d e v e l o p  

m u s c u l a r  w e a k n e s s  l a t e r  in l i f e ,  s i m i l a r  t o  t h a t  obs e r ve d  in t h e  a d u l t  

s u b t y p e  o f  t h e  d i s e a s e ,  r ema i ns  unknown a t  t h e  p r e s e n t  t i me  and i s  under  

i n v e s t i g a t i o n .
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f )  M a s s i v e  i n t r a l y s o s o m a l  g l y c o g e n  a c c umul a t i on  in  musc l e  in t h e  

p r e s e n c e  o f  normal  t o  e l e v a t e d  l e v e l s  o f  GAA a c t i v i t y  and p r o t e i n  ( 1 7 ) .  

The  enzyme p r o t e i n  i n  c r u d e  f i b r o b l a s t  l y s a t e s  had normal  p h y s i c a l ,  

k i n e t i c  and immunologic p r o p e r t i e s .  The d e f e c t  i n  t h i s  p a t i e n t  ( A . E . )  

may ,  t h e r e f o r e ,  r e p r e s e n t  a m u t a t i o n  in  t h e  p r o c e s s i n g  o r  compar t ment -  

a l i z a t i o n  o f  t h e  enzyme.
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I I I .  MATERIALS

The f o l l o w i n g  w e r e  f rom commercial  s o u r c e s :  M a l t o s e ,  i s o m a l t o s e ,

t r e h a l o s e ,  t u r a n o s e ,  a - m e t h y l g l u c o s i d e ,  l - t h i o - 3 - D - g l u c o s e ,  5 - t h i o - D -  

g l u c o s e ,  a -  and 3 - g l u c o s e - l - p h o s p h a t e ,  L - g l u c o s e ,  D - g l u c o s e - L - c y s t e i n e ,  

N- a c e t y l g l u c o s a mi  ne ,  g 1ucosami  n e - l - p h o s p h a t e , 4-met hyl  umbel 1i f  e r y  1 - a - D -  

g l u c o s i d e  (4MU a - G l c ) ,  a c i d  and a l k a l i n e  p h o s p h a t a s e ,  Noni de t  P-40 and 

T r i t o n  X-100 ( S i g ma  C h e m i c a l  C o . ,  S t .  L o u i s ,  MO); c a s t a n o s p e r m i n e  

( 1 , 6 , 7 , 8 - t e t r a h y d r o x y o c t a h y d r o i n d o l i z i n e ) , mouse i mmunoglobul in  s u b t y p e  

i d e n t i f i c a t i o n  k i t  and g l y c o g e n  ( B o e h r i n g e r  Mannhe i m,  I n d i a n n a p o l i s ,  

I N ) ;  D- g l uc os a mi ne  h y d r o c h l o r i d e  ( A l d r i c h  Chemical  Co . ,  Mi lwaukee,  WI);  

sodium dodecyl  s u l f a t e  (SDS; B r i t i s h  Drug House ,  P oo l e ,  UK); h y d r o l y z e d  

s t a r c h  ( C o n n a u g h t  L a b o r a t o r i e s  L i m i t e d ,  W i l l o w d a l e ,  O n t a r i o ,  Canada) ;  

a g a r o s e  t y p e  LSL,  _S. a u r e u s  V8  p r o t e a s e  and b o v i ne  serum albumin (BSA) 

( M i l e s  S c i e n t i f i c ,  N a p e r v i l l e ,  I L) ;  f l u o r e s c e i n - l a b e l e d  C o n c a n a v a l i n  A 

( Ca l b i oc hem- Be hr i ng  C o r p . ,  L a J o l l a ,  CA); m a t e r i a l s  f o r  p o l y a c r y l a m i d e  

g e l  e l e c t r o p h o r e s i s  (PAGE) and Western b l o t t i n g  (Bio-Rad L a b o r a t o r i e s ,  

Richmond,  CA); i s o e l e c t r i c  f o c u s i n g  ( I E F )  s u p p l i e s  (LKB I n s t r u m e n t s ,  

I n c . ,  G a i t h e r s b u r g ,  MO); c o n v e n t i o n a l  c h r oma t og r a phy  and c h r o m a t o f o c u s -  

i ng  s u p p l i e s  ( Pha rmac i a  F i ne  Che mi c a l s ,  P i s c a t a w a y ,  N J ) ;  f l u o r e s c a m i n e  

( P i e r c e  Ch e mi c a l  C o . ,  R o c k f o r d ,  I L) ;  TPCK- t ryps in  (Cooper  B i o m e d i c a l ,  

M a l v e r n ,  PA) ;  N - g l y c a n a s e ™  (Genzyme C o r p o r a t i o n ,  Bos t on ,  MA); v e c t a -  

s t a i n  ABC Ki t  ( Ve c t o r  L a b o r a t o r i e s ,  I n c . ,  B i r l i n g a m e ,  CA); n i t r o c e l l u o s e  

f i l t e r s  (BA85, 0 . 4 6  pm; S c h l e i c h e r  and S c h u e l l ,  Keene,  NH); a c e t o n i t r i l e  

( Bur d i ck  and Jackson L a b o r a t o r i e s ,  Meskegon,  MI) ;  Vydac 5 p C4 r e v e r s e d  

p h a s e  c o l umn ( 4 . 6  mm x 25 cm;  The S e p a r a t i o n  G r o u p s ,  H e s p e r i a ,  CA); 

n o j i r i m y c i n  (NM), d e o x y n o j i r i m y c i n  (dNM), N-dodecyl-dNM ( N-Ci 2 -dNM) and
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c o n d u r i t o l  B e p o x i d e  (CBE;  1 , 2 - e p o x y - 3 , 5 / 4 , 6 t e t r a h y d r o x y c y c l o h e x a n e )  

( g e n e r o u s l y  p r o v i d e d  by Dr.  Gregory  A. Gr abows ki ) .

Al l  o t h e r  r e a g e n t s  were o f  t h e  h i g h e s t  q u a l i t y  a v a i l a b l e .

C u l t u r e d  s k i n  f i b r o b l a s t s  used f o r  t h e s e  s t u d i e s  were o b t a i n e d  f r om 

t h e  Human G e n e t i c  Mutant  Ce l l  R e p o s i t o r y ,  Camden, NJ and t h e  R e p o s i t o r y  

f o r  Mutant  Ce l l  S t r a i n s ,  Mo n t r e a l ,  Canada .  A d d i t i o n a l l y ,  f i b r o b l a s t s  

d e r i v e d  f rom p a t i e n t s  d i ag n o s e d  i n  t h e  l a b o r a t o r y  o f  Dr.  Kur t  Hi r sc hhor n  

were u s e d .  The f i b r o b l a s t  s t r a i n  homoz ygous  f o r  GAA i s o z y m e  2 was 

o b t a i n e d  f r o m  Dr .  D.A.  S w a l l o w  o f  t h e  G a l t o n  L a b o r a t o r y ,  U n i v e r s i t y  

C o l l e g e ,  London .  Normal  f i b r o b l a s t  s t r a i n s  u s e d  as  c o n t r o l s  were  

o b t a i n e d  f r om s u b j e c t s  t e s t e d  f o r  h e t e r o z y g o s i t y  o f  v a r i o u s  m e t a b o l i c  

d i s o r d e r s  and found t o  be nor ma l .

P l a c e n t a e ,  f r e s h  o r  f r o z e n ,  were o b t a i n e d  f rom t h e  d e l i v e r y  room a t  

t h e  Mount S i n a i  H o s p i t a l .
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IV . METHODS

A. T i s s u e  C u l t u r e :

S k i n  f i b r o b l a s t s  w e r e  c u l t i v a t e d  in RPMI-1640 medium s upp l emen t ed  

w i t h  12% FCS, 2 mM L - g l u t a m i n e ,  p e n i c i l l i n  (100 U/ml)  and s t r e p t o m y c i n  

( 1 0 0  p g / m l )  ( G i b c o ,  Gr and  I s l a n d ,  NY). F i b r o b l a s t s  were  h a r v e s t e d  a t  

e a r l y  o r  l a t e  ( two we e ks  a f t e r  p a s s a g e )  c o n f l u e n c y  by  u s i n g  a s h o r t  

t r y p s i n  t r e a t m e n t  ( 4 6 ) .  H a r v e s t e d  c e l l s  were washed t h r e e  t i m e s  wi t h

0.9% s a l i n e  and s t o r e d  a t  -80°C u n t i l  u sed .

8 . P u r i f i c a t i o n  o f  GAA;

I s o z y m e s  1 ,  2 and 4 w e r e  p a r t i a l l y  p u r i f i e d  f rom f r e s h  o r  f r o z e n  

p l a c e n t a e  u s i ng  e s t a b l i s h e d  p r o c e d u r e s  ( 4 2 ) .  B r i e f l y ,  t h e  p l a c e n t a l  

t i s s u e  was h o m o g e n i z e d  in w a t e r  and c e n t r i f u g e d .  The s u p e r n a t a n t  was 

b a t c h - e l u t e d  w i t h  CM- Sephadex  C50 t o  r e mo v e  h e m o g l o b i n  and o t h e r  

p r o t e i n s .  The f l o w - t h r o u g h  c o n t a i n i n g  t h e  GAA was p r e c i p i t a t e d  wi t h  

ammonium s u l f a t e ,  t h e  p r e c i p i t a t e  c o l l e c t e d  by c e n t r i f u g a t i o n ,  r e d i s ­

s o l v e d  and d i a l y z e d  e x t e n s i v e l y .  The d i a l y s a t e  was c o n c e n t r a t e d  u s i ng  

an Amicon PM-10 membrane and t h e  c o n c e n t r a t e  was a p p l i e d  t o  a S e p h a -  

dex  G- 100  c o l u m n .  A f t e r  t ho r ough  wa s h i n g ,  t h e  GAA bound t o  t h e  column 

was e l u t e d  w i t h  m a l t o s e .  I s o l a t i o n  o f  i s o z y m e  4 ,  a s  w e l l  a s  t h e

m u l t i p l e  e l e c t r o p h o r e t i c  f o r m s  o f  i s o z y m e s  1  and 2  was a c compl i s he d

u s i n g  c h r o m a t o f o c u s i n g .  P a r t i a l l y  p u r i f i e d  i s o z y m e  p r e p a r a t i o n s  wer e  

a p p l i e d  t o  a 1 . 6  x 70 cm c o l u mn  p a c k e d  w i t h  p o l y b u f f e r  e x c h a n g e r  

PBE™ g4  ( P h a r m a c i a )  and e q u i l i b r a t e d  w i t h  0 . 0 2 5  M p i p e r a z i n e - H C l , 

pH 5 . 5 ,  a t  4*C. The column was de ve l ope d  o v e r  a pH g r a d i e n t  o f  5 t o  4 

by  e l u t i n g  w i t h  1 0  c o l u m n  vo l u mn s  ( £  1 , 2 0 0  ml )  o f  1 0 % ( w / v )  p o l y -  

b u f f e r T M  74 - HC1 , pH 4 . 0 ,  a t  a r a t e  o f  20 m l / h .  F r a c t i o n s  (2 ml)  were
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mo n i t o r e d  f o r  a c t i v i t y  w i t h  4MU a - G l c .  Peak f r a c t i o n s  were i n d i v i d u a l l y  

p o o l e d .  The p u r i f i e d  enzymes were removed f rom t h e  p o l y b u f f e r ™  e i t h e r  

by ammonium s u l f a t e  p r e c i p i t a t i o n  o r  by e x t e n s i v e  d i a l y s i s  a g a i n s t  

s a l i n e .

C. Enzyme A s s a y s :

D e t e r m i n a t i o n  o f  GAA a c t i v i t y  u s i ng  m a l t o s e ,  g lycogen  and 4MU a - G l c  

have be e n  d e s c r i b e d  i n  d e t a i l  ( 4 1 , 4 2 ) .  Fo r  h i g h l y  p u r i f i e d  enzyme 

p r e p a r a t i o n s ,  0.856 BSA was i n c l u d e d  i n  t h e  i n c u b a t i o n  m i x t u r e  t o  

m a i n t a i n  enzyme s t a b i l i t y .  Under t h e  e x p e r i m e n t a l  c o n d i t i o n s  u s e d ,  t h e  

a l b u m i n  had no e f f e c t  on t h e  k i n e t i c  p a r a m e t e r s  s t u d i e d .  Fo r  t h e  

i n h i b i t o r  s t u d i e s ,  t h e  r e a c t i o n  mix (40 p i )  c o n t a i n e d  b u f f e r e d  s u b s t r a t e  

and i n h i b i t o r  and t h e  r e a c t i o n  was i n i t i a t e d  by t h e  a d d i t i o n  o f  enzyme.  

Not abl e  e x c e p t i o n s  were s t u d i e s  wi t h  CBE. The enzyme was p r e c i n c u b a t e d  

w i t h  CBE f o r  v a r y i n g  p e r i o d s  o f  t ime  and t h e  r e a c t i o n  was i n i t i a t e d  by 

adding  b u f f e r e d  s u b s t r a t e .  In most  o f  t h e  e x p e r i m e n t s ,  t h e  amount  o f  

enzyme was a d j u s t e d  t o  i n s u r e  t h a t  l e s s  t ha n  556 o f  t h e  s u b s t r a t e  was 

h y d r o l y z e d .

P r o t e i n  was measured by t h e  f l u o r e s c a m i n e  (47) o r  Lowry (48)  method.

D. P r e p a r a t i o n  o f  A n t i s e r a :

PC Abs t o  p l a c e n t a l  GAA were p r e p a r e d  as  d e s c r i b e d  p r e v i o u s l y  ( 3 8 ) .  

MC Abs t o  t h e  enzyme were deve l oped  u s i n g  t h e  hype r i mmun i z a t i on  p r o c e d ­

u r e  d e s c r i b e d  by  S t a h l i  e t  a l . ( 4 9 ) .  B r i e f l y ,  a t o t a l  o f  2 . 2  mg o f  

p u r i f i e d  p l a c e n t a l  enzyme,  e m u l s i f i e d  in c o mp l e t e  Freunds  a d j u v a n t  ( o n e  

i n j e c t i o n ) ,  i n c o m p l e t e  F r e u n d s  a d j u v a n t  ( 4  i n j e c t i o n s )  o r  i n  PBS (2 

i n j e c t i o n s ) ,  was i n j e c t e d  i n t r a p e r i t o n e a l l y  i n t o  a B a l b / c  mouse  o v e r  a 

p e r i o d  o f  two months .  One day a f t e r  t h e  l a s t  i n j e c t i o n ,  i s o l a t e d  mouse
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s p l e e n  c e l l s  w e r e  f u s e d  w i t h  c e l l  l i n e  S p 2 / 0 - A g l 4 ,  a n o n - p r o d u c i n g  

p l asmacytoma l i n e ,  as d e s c r i b e d  ( 5 0 , 5 1 ) .  H y b r i d o m a s  w e r e  s e l e c t e d  by 

g r o w t h  i n  HAT m e d i a .  C u l t u r e s  were s c r e e n e d  f o r  ant i -GAA a n t i b o d i e s  by 

ELISA ( s e e  below)  and t h e  p o s i t i v e  c u l t u r e s  were  c l o n e d  i n t o  m i c r o t i t e r  

p l a t e s  by l i m i t i n g  d i l u t i o n  in f l u i d  p h a s e .

1 .  S c r e e n i n g  a s s a y s  f o r  GAA h y b r i d o m a s : The r e s u l t i n g  hybr idomas

w e r e  m o n i t o r e d  f o r  Ab p r o d u c t i o n  u s i n g  two d i f f e r e n t  met hods :  a p e r o x i ­

d a s e  ELISA, which d e t e c t s  b o t h  n e u t r a l i z i n g  and  n o n - n e u t r a l i z i n g  Abs ,  

and a GAA ELISA, u s i n g  t h e  s y n t h e t i c  s u b s t r a t e ,  4MU a - G l c ,  which d e t e c t s  

o n l y  t h e  n o n - n e u t r a l i z i n g  Abs.

The p e r o x i d a s e  ELISA s c r e e n i n g  t e s t  was p e r f o r m e d  as  f o l l o w s .  

M i c r o t i t e r  w e l l s  were c o a t e d  wi t h  r a b b i t  a n t i - h u ma n  p l a c e n t a l  GAA Abs .  

U n r e a c t e d  s i t e s  w e r e  c o a t e d  w i t h  BSA and p u r i f i e d  enzyme was added.  

A f t e r  t ho r ough  wa s h i ng ,  hybr idoma s u p e r n a t a n t  was a d d e d  t o  t h e  w e l l s ,  

f o l l o we d  by t h e  a d d i t i o n  o f  p e r o x i d a s e - c o n j u g a t e d  r a b b i t  a n t i - m o u s e  IgG. 

Al l  w e l l s  were washed e x t e n s i v e l y  b e t w e e n  e a c h  o p e r a t i o n .  The w e l l s  

were s u b s e q u e n t l y  a s sa ye d  f o r  p e r o x i d a s e .

For t h e  4MU a - G l c  ELISA,  r a b b i t  a n t i - m o u s e  IgG was bound  t o  t h e  

m i c r o t i t e r  w e l l s .  U n r e a c t e d  s i t e s  w e r e  b l o c k e d  w i t h  BSA, and t h e  

hybr idoma s u p e r n a t a n t  was added.  P l a c e n t a l  GAA was p l ac e d  in t h e  w e l l s  

and  a l l o w e d  t o  r e a c t .  A f t e r  t h o r o u g h  w a s h i n g ,  t h e  w e l l s  we r e  t hen  

a s sa ye d  f o r  GAA a c t i v i t y  u s i n g  4MU a - G l c .  NaOH was u s e d  t o  s t o p  t h e  

r e a c t i o n  and t h e  c l o n e s  were de t e r mi ne d  t o  be p o s i t i v e  by d e t e c t i n g  t h e  

l i b e r a t e d  methyl  umbel 1 i f e r o n e  unde r  UV l i g h t .



2 0

2.  A s c i t e s  P r o d u c t i o n  o f  Me A b s : P o s i t i v e  c l o n e s  were i n j e c t e d  

i n t r a p e r i t o n e a l  l y  i n t o  f ema l e  Ba l b / c  mice  ( 10-12  weeks)  which had been 

p r i m e d  w i t h  0 . 5  ml p r i s t a n e  one  week p r i o r  t o  and t h e  d a y  b e f o r e  

i n j e c t i o n  o f  h y b r i d o m a  c e l l s  ( 5 2 ) .  The a s c i t i c  f l u i d  was c o l l e c t e d  by 

p a r a c e n t e s i s .

3.  C h a r a c t e r i z a t i o n  o f  t h e  Me Abs t o  GAA: Immunoglobul in s u b t y p e s  

w e r e  d e t e r m i n e d  by t h e  ELISA method u s i n g  a commercial  k i t  ( B o e h r i n g e r -  

Mannheim, I n d i a n n a p o l i s , IN) .

The i s o z y m e - ,  s u b u n i t -  and m u t a t i o n - s p e c i f i c i t y  o f  t h e  Me Abs were 

d e t e r mi n e d  as f o l l o w s .  Normal  and m u t a n t  e n z y me s  wer e  s u b j e c t e d  t o  

e l e c t r o p h o r e s i s  by  IEF o r  SDS-PAGE. The p r o t e i n s  were t he n  e l e c t r o -  

p h o r e t i c a l l y  t r a n s f e r r e d  t o  n i t r o c e l l u l o s e  s h e e t s  and s t a i n e d  w i t h  t h e  

s p e c i f i c  Me Abs .  The i m m u n o s t a i n e d  p r o t e i n s  w e r e  l o c a t e d  u s i n g  an 

i n d i r e c t  b i o t i n - a v i d i n  p e r o x i d a s e - c o u p l e d  s t a i n i n g  p r o c e d u r e .

Fo r  e p i t o p e  m a p p i n g ,  t h e  enzyme p r o t e i n s  we r e  d i g e s t e d  w i t h  j>. 

a u r e u s  V8  p r o t e a s e  or  TPCK- t ryps in  ( s e e  be l ow) .  The p e p t i d e s  g e n e r a t e d  

were s u b j e c t e d  t o  SDS-PAGE and p r o c e s s e d  as  d e s c r i b e d  above.

To d e t e r mi n e  t h e  s p a c i a l  r e l a t i o n s h i p  o f  t h e  e p i t o p e s  r e c o g n i z e d  by 

t h e  Me A b s ,  c o m p e t i t i o n  ELISAs were pe r f o r med  as f o l l o w s :  M i c r o t i t e r

p l a t e s  were c oa t e d  wi t h  p u r i f i e d  GAA. The f i r s t  Me Ab was a p p l i e d  t o  

t h e  w e l l s  and a l l o w e d  t o  r e a c t  f o r  1 h ;  t h e  s e c o n d  Me Ab was t h e n  

a p p l i e d  and r e a c t e d  f o r  an a d d i t i o n a l  1 h .  In s e p a r a t e  e x p e r i m e n t s ,  

c o m p e t i t i o n  f o r  b i n d i n g  s i t e s  on t h e  enzyme mo l e c u l e  a l s o  was t e s t e d  by 

s i m u l t a n e o u s l y  a d d i n g  b o t h  Me Abs t o  t h e  c o a t e d  w e l l s .  F i n a l l y ,  

p e r o x i d a s e - c o n j u g a t e d  r a b b i t  a n t i - mo u s e  IgG was added and t h e  p e r o x i d a s e  

a c t i v i t y  measur ed .  The p l a t e s  were washed e x t e n s i v e l y  between each  s t e p
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o f  t h e  p r o c e d u r e .  Under t h e  e x p e r i me n t a l  c o n d i t i o n s  used ,  a l l  a v a i l a b l e  

Ab-b i nd i ng  s i t e s  r e a c t e d  wi t h  each o f  t h e  r e s p e c t i v e  Me Abs d u r i n g  t h e  

f i r s t  hour  o f  i n c u b a t i o n .

E. E l e c t r o p h o r e t i c  P r o c e d u r e s :

1.  SDS-PAGE and e l e c t r o e l u t i o n  o f  s t a i n e d  p r o t e i n s : Samples  were 

e l e c t r o p h o r e s e d  by  t h e  m e t h o d  of  Laemmli e t  a l . ( 5 3 ) .  For  a n a l y t i c a l  

g e l s ,  a m i n i - g e l  a p p a r a t u s  ( H o e f f e r ,  San F r a n c i s c o ,  CA) was u s e d  a t  

c o n s t a n t  v o l t a g e  ( 1 2 0  V) f o r  60 min.  E l e c t r o e l u t i o n  f rom p r e p a r a t i v e  

g e l s  was e s s e n t i a l l y  as d e s c r i b e d  by H u n k a p i l l a r  e t  a l . ( 5 4 ) .  A S t u d i e r  

t yp e  gel  a p p a r a t u s  (55)  was used wi t h  a 10% g e l .  P r o t e i n  was a p p l i e d  t o  

3 cm wide gel  w e l l s  and e l e c t r o p h o r e s e d  a t  50 V f o r  15 h.  A f t e r  l i g h t l y  

s t a i n i n g  t h e  g e l  w i t h  C o o m a s s i e  B l ue  R250 ( a p p r o x i m a t e l y  10 min) and 

d e s t a i n i n g  wi th  m e t h a n o l / a c e t i c  a c i d / w a t e r  ( 1 0 : 3 3 : 1 5 7 ;  v / v / v )  f o r  30 min 

t o  1  h ,  t h e  p r o t e i n  b a n d s  w e r e  e x c i s e d  w i t h  a s c a l p e l ,  s o a k e d  i n  

d i s t i l l e d  wa t e r  f o r  60  m i n ,  and t h e n  i n  e l u t i o n  b u f f e r  ( 0 . 1% SDS i n

0 . 0 5  M ammonium b i c a r b o n a t e )  f o r  10 min.  The gel  s t r i p s  were p l a c e d  in 

d i a l y s i s  t u b i n g  f i l l e d  wi t h  e l u t i o n  b u f f e r  and t h e n  wer e  e l e c t r o e l u t e d  

a t  10 V f o r  12 t o  16 h i n  a T r a n s - B l o t  a p p a r a t u s  ( Bi o-Rad ,  Richmond,  CA) 

c o n t a i n i n g  50 ml o f  e l u t i o n  b u f f e r .  T h i s  b u f f e r  was r e p l a c e d  w i t h

5 - f o l d  d i l u t e d  e l u t i o n  b u f f e r  and e l u t i o n / d i a l y s i s  was c o n t i n u e d  a t  20 V 

f o r  24 t o  48 h.  The e l u t e d  p r o t e i n s  wer e  c o n c e n t r a t e d  on a C e n t r i -  

c o n ™ i o  M i c r o c o n c e n t r a t o r  (Amicon C o r p . ,  Da nve r s ,  MA).

2 .  I s o e l e c t r i c  f o c u s i n g : Thin l a y e r ,  f l a t - b e d  i s o e l e c t r i c  f o c u s i n g  

i n  t h e  pH r a n g e  o f  4 - 6  was p e r f o r m e d  e s s e n t i a l l y  as d e s c r i b e d .  Thin 

l a y e r  IEF a c r y l a mi d e  g e l s  c o n t a i n i n g  10 ml o f  29.1% ( w / v )  a c r y l a m i d e ,  

10 ml 0 .9% ( w/ v )  N , N ' - m e t h y l e n e b i s a c r y l a m i d e ,  3 6 . 6 m l  doub l e  d i s t i l l e d



22

d e i o n i z e d  w a t e r  w i t h  7 . 5  g s u c r o s e  d i s s o l v e d  i n  i t ,  2 . 5  ml pH 4 - 6  

ampho l y t e ,  0 . 5  ml pH 3 . 5 - 1 0  a m p h o l y t e ,  and 0 . 5  ml 0 .004% ( w / v )  r i b o ­

f l a v i n  we r e  poured be tween two g l a s s  p l a t e s  s e p a r a t e d  by a t h i n  g a s k e t .  

A f t e r  p o l y m e r i z a t i o n  unde r  f l u o r e s c e n t  l i g h t ,  t h e  g e l s  were "aged"  f o r  a 

minimum o f  24 h as  4 ’ C. The ge l  was p r e f o c u s e d  f o r  45 min by i n c r e a s i n g  

t h e  v o l t a g e  in a s t e p - w i s e  f a s h i o n  u n t i l  a v o l t a g e  o f  850 V was r e a c h e d .  

S a m p l e s  ( u p  t o  80 X) w e r e  s u b s e q u e n t l y  a p p l i e d  5 cm f rom t h e  c a t h o d e  

u s i ng  5 x 10 mm s t r i p s  o f  Whatman 3 MM c h r o m a t o g r a p h y  p a p e r .  IEF was 

p e r f o r m e d  o v e r n i g h t  a t  a c o n s t a n t  v o l t a g e  o f  850 V a c r o s s  t h e  l e n g t h  o f  

t h e  ge l  a t  12°C.  Cathodal  and anodal  e l e c t r o d e  s o l u t i o n s  w e r e  1 M NaOH 

and 1 M H3 PO4 , r e s p e c t i v e l y .  An LKB Mu l t i p h o r  a p p a r a t u s  was used f o r  a l l  

IEF e x p e r i m e n t s .  I s o z y me  p a t t e r n s  1 - 2  and 2 - 2  we r e  c o n f i r m e d  u s i n g  

a f f i n i t y  s t a r c h  g e l  e l e c t r o p h o r e s i s ,  as d e s c r i b e d  ( 18 ) .  The i sozymes 

were v i s u a l i z e d  u s i ng  a 4MU a - G l c  f i l t e r  p a p e r  o v e r l a y  in t h e  n a t i v e  

e l e c t r o p h o r e t i c  s ys t e ms  d e s c r i b e d .

3 .  W e s t e r n  b l o t t i n g : Wes te rn  b l o t t i n g  f o l l o w i n g  SDS-PAGE and IEF

was p e r f o r m e d  as s u g g e s t e d  by t h e  m a n u f a c t u r e r  (Bio-Rad La bs ,  Richmond,  

CA).  T r a n s f e r  b u f f e r s  w e r e  25 mM T r i s ,  192 mM g l y c i n e ,  10% ( v / v )  

m e t h a n o l ,  pH 8 . 3 ,  and 0 .7% a c e t i c  a c i d  f o r  SOS and IEF g e l s ,  r e s p e c t ­

i v e l y .  Al l  t r a n s f e r s  were pe r formed a t  4°C.  The t r a n s f e r r e d  p r o t e i n s  

w e r e  i m m u n o s t a i n e d  w i t h  r a b b i t  PC Abs o r  MC Abs t o  p l a c e n t a l  GAA, 

f o l l o we d  by b i o t i n y l a t e d  a n t i - r a b b i t  IgG and a v i d i n  DH and h o r s e r a d i s h  

p e r o x i d a s e  H ( V e c t o r  L a b o r a t o r i e s ,  I n c . ,  B i r l i n g a m e ,  CA). The t r a n s ­

f e r r e d  coup l ed  p r o t e i n s  were v i s u a l i z e d  by s t a i n i n g  f o r  p e r o x i d a s e  u s i n g  

HRP Color  Development  Reagent  (Bio-Rad L a b o r a t o r i e s ,  Richmond,  CA).
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4. Rocket Immunoelectrophoresis: Rocket antigen-antibody e le c tro ­

p h o r e s i s  was p e r f o r m e d  e s s e n t i a l l y  as  d e s c r i b e d  ( 4 1 ) .  F i b r o b l a s t s ,  

r e s u s p e n d e d  in wa t e r  o r  i n  0 . 0 5  M c i t r a t e / p h o s p h a t e  b u f f e r s  o f  v a r y i n g  

pH, were l ysed  by s o n i c a t i o n  (5 c y c l e s  o f  10 s d u r a t i o n )  u s i ng  a Branson 

s o n i f i e r ,  model 200,  wi t h  a cup horn a t t a c h m e n t  ( B r a n s o n  S o n i c  P o w e r ,  

D a n b u r y ,  CT).  The l y s a t e s  were c e n t r i f u g e d  a t  12 ,000 g f o r  20 min and 

t h e  s u p e r n a t a n t s  c o l l e c t e d  and a s sayed  f o r  enzyme a c t i v i t y  and p r o t e i n .  

R o c k e t  i m m u n o e l e c t r o p h o r e s i s  was p e r f o r m e d  on 6 . 5  x 8 . 0  cm p l a s t i c  

p l a t e s .  A 1% a g a r o s e  (Seakem,  Marine C o l l o i d s  D i v . ,  FMC C o r p . ,  Roc k­

l a n d ,  ME) s o l u t i o n  was p r ep a r e d  in  0 . 06  M T r i s - s o d i u m  b a r b i t a l  b u f f e r ,  

pH 8 . 8  (Gelman h i gh  r e s o l u t i o n  b u f f e r ,  Gelman I n s t r u m e n t s ,  Ann A r b o r ,  

M I ) ;  8  x 2 cm " b r i d g e s " ,  e a c h  c o n t a i n i n g  4 . 0  ml o f  t h e  a g a r o s e ,  were 

p l ac e d  a t  t h e  anode and c a t h o d e  ends  o f  t h e  p l a t e .  The c e n t e r  o f  t h e  

p l a t e s  ( 2 . 5  x 8  cm) was f i l l e d  w i t h  4 . 2  ml a g a r o s e  c o n t a i n i n g  8  pi  

( a p p r o x i m a t e l y  80 pg p r o t e i n )  o f  p a r t i a l l y  p u r i f i e d  r a b b i t  ant i -GAA Abs.  

W e l l s  wer e  c u t  a t  t h e  c a t h o d e  end o f  t h e  A b - c o n t a i n i n g  ge l  and were 

f i l l e d  wi t h  10-25 pi  o f  s ampl e .  E l e c t r o p h o r e s i s  ( b r i d g e  b u f f e r  same as  

t h e  g e l  b u f f e r )  was c a r r i e d  o u t  a t  25 mAmp f o r  4 h a t  room t e m p e r a t u r e  

in a h o r i z o n t a l  e l e c t r o p h o r e s i s  c e l l  (mode l  1 4 1 5 ,  B i o - R a d ,  Ri c h mo n d ,  

CA).  The g e l  was s u b s e q u e n t l y  wa s h e d  i n  s a l i n e  f o r  8 - 1 2  h .  The 

A b - c o n t a i n i n g  p o r t i o n  was o v e r l a i d  w i t h  0 . 3  ml o f  a 1 : 3  d i l u t i o n  o f  

s h e e p  a n t i - r a b b i t  p e r o x i d a s e  c o n j u g a t ed  IgG ( Ca p p e l ,  C o c h r a n v i 1 l e ,  PA), 

The p l a t e  was i n c u b a t e d  a t  room t e m p e r a t u r e  f o r  8 - 1 2  h i n  a h u m i d i f i e d  

chamber .  A f t e r  a n o t h e r  8 - 1 2  h wash,  t h e  ge l  was s t a i n e d  wi t h  a s o l u t i o n  

c o n t a i n i n g  25 mg d i a m i n o b e n z i d i n e  t e t r a h y d r o c h l o r i d e  ( S i g m a  Che mi c a l  

C o . ,  S t .  L o u i s ,  M0) and 0 . 1 5  ml 3% H2 O2  in  0 . 1  M T r i s  b u f f e r ,  pH 7 . 6
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( 5 6 ) .  A f t e r  30 min o f  s t a i n i n g ,  t h e  r o c k e t s  we r e  e a s i l y  v i s u a l i z e d  

u s i ng  an i n d i r e c t  l i g h t  s o u r c e .  The p l a t e s  were magn i f i e d  on a v i e wb o x  

and t h e  h e i g h t  o f  t h e  r o c k e t ,  from t h e  t o p  r im o f  t h e  wel l  t o  t h e  t h e  

t o p  o f  t h e  p r e c i p i t i n  a r c ,  was r e c o r d e d .

F. Enzyme D i g e s t i o n :

1.  T r y p s i n  d i g e s t i o n : T r y p s i n  d i g e s t i o n  o f  homogeneous GAA was

pe r f o r med  as f o l l o w s .  One - n i n t h  volume of  i c e  c o l d  t r i c h l o r o a c e t i c  a c i d  

was added t o  1 . 5  ml m i c r o f u g e  t u b e s  c o n t a i n i n g  4 - 1 0  nmol o f  e l e c t r o ­

e l u t e d  e nz yme .  A f t e r  30 min a t  4°C,  t h e  samples  were c e n t r i f u g e d  f o r  

1 0  min a t  1 0 , 0 0 0  x g ,  and t h e  p r e c i p i t a t e  washed  t w i c e  w i t h  c o l d  

a c e t o n e .  A f t e r  d r y i n g  ( e i t h e r  a t  room t e m p e r a t u r e  or  unde r  a g e n t l e  

s t r e a m  o f  n i t r o g e n ) ,  t h e  p r o t e i n  was d i s s o l v e d  i n  50 p i  o f  f r e s h  8  M 

u r e a  and a d j u s t e d  t o  pH 8 . 0  by  t h e  a d d i t i o n  o f  NH4 HCO3 . TPCK-Trypsin 

(1 mg/ml in 1 . 0  mM HC1) was mixed wi th  t h e  GAA (1 pg t r y p s i n / 2 5  pg GAA), 

t h e  r e a c t i o n  m i x t u r e  was i n c u b a t ed  a t  37°C f o r  24 h and t hen  t e r m i n a t e d  

by i m m e r s i n g  t h e  t u b e  i n  an a c e t o n e / d r y  i c e  b a t h .  The r e s u l t a n t  

p e p t i d e s  were p u r i f i e d  by r e v e r s e d  phase  HPLC as d e s c r i b e d  be low.

2.  V8 - d i g e s t i o n : I s o z y m e s  1 ,  2 and 4 o f  GAA, p u r i f i e d  by chrom- 

a t o f o c u s i n g ,  were d i g e s t e d  wi t h  S.  au reus  V8  p r o t e a s e  ( Mi l e s  S c i e n t i f i c ,  

N a p e r v i l l e ,  I L) .  Thi s  p r o t e a s e  c l e a v e s  p r o t e i n s  on t h e  c a r boxy l  s i d e  o f  

Asp and Glu.  B r i e f l y ,  1 pg o f  p u r i f i e d  enzyme  p r o t e i n  was b o i l e d  f o r  

2 min i n  T r i s / H C l ,  pH 6 . 8 , c o n t a i n i n g  SOS,  g l y c e r o l  and Bromophenol  

Bl ue .  The mi x t u r e  was c o o l e d  t o  room t e m p e r a t u r e ,  V8  p r o t e a s e  was added 

and t h e  p r o t e i n  d i g e s t e d  f o r  2 . 5  h a t  37°C.  Fol lowing  t h i s  i n c u b a t i o n ,  

SDS in  0-ME ( f i n a l  c o n c e n t r a t i o n  1.6% SOS i n  10% 8 -ME) was a d d e d ,  t h e  

m i x t u r e  was b o i l e d  f o r  an a d d i t i o n a l  2  m i n ,  a f t e r  wh i c h  t i m e  t h e
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r e a c t i o n  mix was f r o z e n  a t  - 7 0 ' C  u n t i l  a n a l y z e d .  F i na l  c o n c e n t r a t i o n  o f  

b u f f e r  was 0 . 125  M T r i s / H C l ,  0.5% SDS, 10% g l y c e r o l  and 0 . 001% Bromo-  

phenol  Blue .  Under t h e s e  e x p e r i me n t a l  c o n d i t i o n s ,  c o n s i s t e n t  p a r t i a l  o r  

c o mp l e t e  d i g e s t s  were o b t a i n e d  a t  r a t i o s  1 : 1  and 15:1 (V8 :GAA), r e s p e c t ­

i v e l y .  The d i g e s t s  we r e  e l e c t r o p h o r e s e d  on 12.5% SDS p o l y a c r y l a m i d e  

g e l s  ( 5 3 ) ,  Western b l o t t e d  and i mmunos ta ined wi t h  t h e  MC Abs and PC Abs.  

The  p e p t i d e s  r e a c t i n g  w i t h  t h e  PC and MC Abs w e r e  l o c a t e d  u s i n g  an 

i n d i r e c t  a v i d i n - b i o t i n  i mmunoperoxidase  s t a i n i n g  p r o c e d u r e .

3.  N - G l y c a n a s e ™  d i g e s t i o n : N- Gl yc a na s e ™ ( p e p t i d e : N - g l y c a n a s e - F )

d i g e s t i o n  o f  GAA was pe r f o r me d  as s u g g e s t e d  by t h e  m a n u f a c t u r e r  (Genzyme 

C o r p . ,  Bos t on ,  MA). The enzyme  p r o t e i n  ( 0 . 5 - 1 . 0  pg )  was b o i l e d  f o r  

3 min i n  t h e  p r e s e n c e  o f  0 .5% SDS and 0 . 1  M 8 - m e r c a p t o e t h a n o l . The 

sample  was t hen  d i l u t e d  w i t h  sodium p h o s p h a t e  b u f f e r ,  pH 8 . 6 , EOTA and 

NP-40 ( f i n a l  c o n c e n t r a t i o n s :  0 . 2  M sodium p h o s p h a t e ,  5 mM EDTA, 1.25% 

N P - 4 0 ) .  N - g l y c a n a s e TM  ( 0 . 5  t o  1 . 0  u n i t s )  was t hen  added ( f i n a l  c onc e n ­

t r a t i o n :  1 0 - 2 0  u n i t s / m l )  and t h e  r e a c t i o n  m i x t u r e  was i n c u b a t e d  f o r  

2 4 - 4 8  h a t  30’ C. The r e a c t i o n  was s t o p p e d  by r a p i d  f r e e z i n g .  Di ge s t e d

samples  were s t o r e d  a t  -80*C u n t i l  a n a l y z e d .

4 .  N e u r a m i n i d a s e  t r e a t m e n t : C r u d e  p l a c e n t a l  o r  p u r i f i e d  enzyme

( 2 0 - 1 0 0  p i ;  1 0 - 2 0 0  pg)  w e r e  mi xed  w i t h  2 5 - 1 0 0  p i  n e u r a m i n i d a s e  from 

V i b r i o  c h o l e r a e  ( C a l b i o c h e m - Be h r i n g , L a J o l l a ,  CA); 1 u n i t / m l )  i n  0 . 7  mM 

c i t r a t e / p h o s p h a t e  b u f f e r ,  pH 4 . 8 .  The r e a c t i o n  mix was i n c u b a t e d  f o r  

17-19 h a t  room t e m p e r a t u r e .  The r e a c t i o n  was t e r m i n a t e d  by  r a p i d  

f r e e z i n g  and s t o r e d  a t  -80*C u n t i l  a n a l y z e d .
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5.  P h o s p h a t a s e  t r e a t m e n t : A l i q u o t s  o f  a c i d  and a l k a l i n e  phos pha ­

t a s e  I Sigma Che mi c a l  Co . ,  S t .  Lo u i s ,  MO), s u p p l i e d  as ammonium s u l f a t e  

s u s p e n s i o n s ,  were c e n t r i f u g e d  f o r  15 min a t  1 0 , 0 0 0  x g .  The p e l l e t e d  

p r e c i p i t a t e  was r e s u s p e n d e d  in  0 . 1  M T r i s / H C l ,  pH 7 . 4  ( a l k a l i n e  phos ­

p h a t a s e )  o r  in 0 . 05  M a c e t a t e  b u f f e r ,  pH 5 . 0  ( a c i d  p h o s p h a t a s e ) .  GAA 

p r o t e i n  was added and t h e  r e a c t i o n  was i n c u b a t e d  a t  37°C f o r  2 h.  The 

r e a c t i o n  was s t o p p e d  by  r a p i d  f r e e z i n g .  The d i g e s t e d  s a m p l e s  we r e  

s u b s e q u e n t l y  ana l yzed  by IEF.

G. Amino Acid Compos i t i on  and M i c r o s e q u e n c i n g :

Amino a c i d  s e q u e n c e  and c o m p o s i t i o n  a n a l y s e s  o f  t h e  e l e c t r o e l u t e d  

GAA s a m p l e s  we r e  p e r f o r m e d  by Dr .  K e n n e t h  W i l l i a m s  o f  t h e  P r o t e i n  

C h e m i s t r y  F a c i l i t y  i n  t h e  Depar tment  o f  B i o p h y s i c s  and B i o c h e m i s t r y  a t  

Yale  U n i v e r s i t y

H. HPLC o f  T r y p t i c  P e p t i d e s ;

GAA t r y p t i c  p e p t i d e s  were r e s o l v e d  by chr oma t ogr a phy  on a 5 p Vydac 

C4  r e v e r s e d  p h a s e  co l umn  ( 4 . 6  mm i . d .  x 25 cm) which had been e q u i l i ­

b r a t e d  wi t h  100% wa t e r  wi t h  0 .05% t r i f l u o r o a c e t i c  a c i d  ( s o l u t i o n  A) .  

S e q u e n t i a l  l i n e a r  g r a d i e n t s  o f  0-60% a c e t o n i t r i l e  ( s o l u t i o n  B; 80% 

a c e t o n i t r i l e ,  20% wa t e r  w i t h  0.05% t r i f l u o r o a c e t i c  a c i d )  f rom 0 - 1 8 0  min 

and 60- 80% a c e t o n i t r i l e  f r om 1 8 0 - 2 4 0  min w e r e  u s e d  t o  s e p a r a t e  t h e  

p e p t i d e s .  The column was deve loped  a t  a f l ow r a t e  o f  0 . 7  m l / m i n .  The 

e l u a t e  was m o n i t o r e d  by a b s o r b a n c e  a t  214  and 280 nm. For  each HPLC 

a n a l y s i s ,  1 2 - 2 2  pg d i g e s t e d  enzyme was i n j e c t e d .
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V. RESULTS AND DISCUSSION

A. R o c k e t  I m m u n o e l e c t r o p h o r e s i s  o f  t h e  Re s i dua l  Enzyme P r o t e i n s  and

Isozyme 2 i n  C u l t u r e d  Skin F i b r o b l a s t s .

S t r u c t u r a l  d i f f e r e n c e s  b e t w e e n  t h e  n o r ma l  and m u t a n t  enzyme 

p r o t e i n s  i n  c r u d e  f i b r o b l a s t  l y s a t e s  w e r e  d e m o n s t r a t e d  i n  a r o c k e t  

i m m u n o e l e c t r o p h o r e t i c  s y s t e m ,  u s i n g  m o n o s p e c i f i c  r a b b i t  Abs r a i s e d  

a g a i n s t  p u r i f i e d  p l a c e n t a l  GAA. F i b r o b l a s t  l y s a t e s  w e r e  p r e p a r e d  by 

s o n i c a t i o n  in w a t e r ,  o r  in ph o s p h a t e  b u f f e r s ,  pH 4 t h r o u g h  8 . The t o t a l  

amount  o f  enzyme a c t i v i t y  r e c o v e r ed  under  t h e s e  v a r y i n g  c o n d i t i o n s  was 

v i r t u a l l y  i d e n t i c a l ,  a l t h o u g h  c o n s i s t e n t l y  h i g h e r  s p e c i f i c  a c t i v i t i e s  

were o b t a i n e d  in l y s a t e s  p r e p a r e d  a t  pH 4 and 5 ,  i . e . ,  more  s p e c i f i c  

enzyme  p r o t e i n  was r e c o v e r e d  per  mg p r o t e i n  in l y s a t e s  p r e p a r e d  in ac id  

b u f f e r .  Thi s  i n c r e a s e  i n  s p e c i f i c  enzyme p r o t e i n  i n  l y s a t e s  p r e p a r e d  in 

a c i d  b u f f e r  was c l e a r l y  d e m o n s t r a t e d  by r o c k e t  i m m u n o e l e c t r o p h o r e s i s . 

When a c o n s t a n t  a mount  o f  l y s a t e  p r o t e i n  was a p p l i e d  t o  t h e  g e l ,  

c o n s i s t e n t l y  h i g h e r  r o c k e t s  were  f o r m e d  wi t h  l y s a t e  p r e p a r e d  in a c i d  

b u f f e r  t han  wi t h  l y s a t e s  p r ep a r e d  in w a t e r  ( s e e  F i g .  2 ) .  When enzyme 

p r e p a r a t i o n s  f r om n o r ma l  f i b r o b l a s t s  were s u b j e c t e d  t o  r o c k e t  immuno- 

e l e c t r o p h o r e s i s ,  i mmu n o p r e c i p i t i n  a r c s  formed r e g a r d l e s s  o f  t h e  p r e p a r a ­

t i v e  c o n d i t i o n s .  In  c o n t r a s t ,  t h e  enzyme i n  p r e p a r a t i o n s  f rom CRM- 

p o s i t i v e  i n f a n t i l e  (M-4581) ,  j u v e n i l e  ( J . N . )  and a d u l t  (M-3773;  GM-443) 

s u b t y p e  f i b r o b l a s t s  f a i l e d  t o  form a r o c k e t  when p r ep a r e d  in w a t e r ,  or  

i n  b u f f e r s  a t  pH 6  t h r o u g h  8  ( F i g .  1 ) .  When p r e p a r e d  a t  pH 4 and  5 ,  

r o c k e t s  formed whose h e i g h t s  were d i r e c t l y  p r o p o r t i o n a l  t o  t h e  amount  o f  

enzyme a c t i v i t y  a p p l i e d .  Of i n t e r e s t  was t h e  f i n d i n g  t h a t  t h e  enzyme 

p r o t e i n  i n  t h e  C R M - p o s i t i v e  i n f a n t i l e  s u b t y p e  (M-4581)  f i b r o b l a s t s ,
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F i g u r e  1 :  R o c k e t  I m m u n o e l e c t r o p h o r e s i s  o f  a d u l t  s u b t y p e  f i b r o b l a s t

l y s a t e s  p r e p a r e d  i n  p h o s p h a t e  b u f f e r  and i n  w a t e r .  Well  1 ,  c o n ­

t r o l  l y s a t e  p r e pa r e d  i n  w a t e r  ( 1 0  p g ) ;  w e l l s  2  t o  6 , a d u l t  s u b t y p e  

(M-3773) l y s a t e s  p r e p a r e d  i n  phos pha t e  b u f f e r ,  pH 4 ,  5 ,  6 , 7 and 

8 , r e s p e c t i v e l y  (25 p g ) ;  we l l  7,  a d u l t  s u b t y p e  l y s a t e  p r e p a r e d  in 

w a t e r .  Rocket s  were o b t a i n e d  wi t h  l y s a t e s  p r e p a r e d  a t  pH 4 and 5,  

bu t  no t  wi t h  l y s a t e s  p r e p a r e d  a t  pH 6  t h r o u g h  8 , o r  in w a t e r .  The 

normal  l y s a t e  p r ep a r e d  in  wa t e r  showed no l o s s  i n  i m m u n o r e a c t i v ­

i t y .
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F i g u r e  2 :  R o c k e t  immunoel  e c t r o p h o r e s i  s o f  l y s a t e s  from normal  and

mutant  f i b r o b l a s t s  p r e p a r e d  i n  w a t e r  and i n  p h o s p h a t e  b u f f e r ,  

pH 5.  W e l l s  1 - 6 ,  l y s a t e s  p r e p a r e d  in w a t e r ;  w e l l s  7 - 1 2 ,  l y s a t e s  

p r ep a r e d  in b u f f e r ;  w e l l s  1 and 7 ,  CRM-negat ive i n f a n t i l e  s u b t y p e  

(GM-244;  25 p g ) ;  w e l l s  2 and 8 , C R M - p o s i t i v e  i n f a n t i l e  s ub t ype  

(M-4581;  25 p g ) ;  w e l l s  3 and 9 ,  a d u l t  s u b t y p e  ( M- 3 7 7 3 ;  25 p g ) ;  

w e l l s  4 and 10,  j u v e n i l e  s u b t y p e  ( J . N . ;  25 p g ) ;  w e l l s  5 and 11,  a 

c e l l  l i n e  homozygous f o r  i sozyme 2  ( 2 0  p g ) ;  and w e l l s  6  and 1 2 , 

c o n t r o l  ( 1 0  p g ) .
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l y s e d  a t  pH 4 o r  5 ,  c o n s i s t e n t l y  formed an a t y p i c a l ,  l e s s  d e n s e  r o c k e t  

t h a n  t h e  c o n t r o l  o r  t h e  o t h e r  mutan t  enzymes ( F i g .  2 ) .

F u r t h e r  e x p e r i m e n t s  i n d i c a t e d  t h a t  t h e  mut an t  enzymes d i f f e r e d ,  no t  

o n l y  compared t o  t h e  normal  e n z y m e ,  b u t  a l s o  c o m p a r e d  t o  e a c h  o t h e r .  

When t h e  s u b s t r a t e  m a l t o s e  was a d d e d  t o  t h e  A b - c o n t a i n i n g  g e l ,  t h e  

anodal  m i g r a t i o n  o f  a l l  o f  t h e  enzyme f o r m s  was i n c r e a s e d  t o  t h e  same 

e x t e n t .  The r o c k e t s  t h a t  formed were l i f t e d  away from t h e  a p p l i c a t i o n  

w e l l s .  The q u a l i t y  o f  t h e  i m m u n o p r e c i p i t i n  a r c  f o r m e d  by t h e  n o r ma l  

enzyme was n o t  a l t e r e d .  In c o n t r a s t ,  t h e  d e n s i t y  o f  t h e  i mmunoprec ip­

i t i n  a r c  formed by t h e  CRM-pos i t i ve  i n f a n t i l e  ( M- 4581)  as  w e l l  as t h e

j u v e n i l e  ( J . N . )  f o r m  enzyme  was r e d u c e d ,  r e s u l t i n g  i n  a v e r y  weak

r o c k e t .  The enzyme f rom t h e  a d u l t  s ub t ype  (M-3773) l o s t  t h e  a b i l i t y  t o  

form a r o c k e t  a l mos t  e n t i r e l y .

The  i m m u n o l o g i c  p r o p e r t i e s  o f  i s o z y m e  2 p a r a l l e l e d  t h o s e  o f  t h e  

normal  GAA i sozyme 1.  The m u t a n t  enzyme p r o t e i n  was i m m u n o r e a c t i v e

w h e t h e r  p r e p a r e d  i n  w a t e r  o r  i n  p h o s p h a t e  b u f f e r s ,  pH 4 t h r o u g h  8

( F i g .  2 ) .  I t s  anodal  m i g r a t i o n  in t h e  p r e s e n c e  o f  m a l t o s e  i n c r e a s e d  t o  

t h e  same e x t e n t  as  t h a t  o f  t h e  n o r m a l ,  j u v e n i l e  and C R M - p o s i t i v e  

i n f a n t i l e  form enzyme.  However,  t h e  q u a l i t y  o f  t h e  i mmu n o p r e c i p i t i n  a r c  

was not  a f f e c t e d .  The r educ e d  a f f i n i t y  o f  t h e  Type 2 i sozyme f o r  s t a r c h  

was a l s o  de mo n s t r a t ed  in t h e  r o c k e t  i mm u n o e l e c t r o p h o r e t i c  s y s t e m .  When 

t h e  i s o z y m e  was e l e c t r o p h o r e s e d  t h r o u g h  a s t r i p  o f  s t a r c h - c o n t a i n i n g  

a g a r o s e ,  i t  was o n l y  s l i g h t l y  r e t a r d e d  and f o r me d  r o c k e t s  o f  no r ma l  

h e i g h t  and s h a p e  as  i t  m i g r a t e d  i n t o  t h e  A b - c o n t a i n i n g  p o r t i o n  o f  t h e  

g e l .  In c o n t r a s t ,  t h e  normal  enzyme was s e v e r e l y  r e t a r d e d  i n  t h e  s t a r c h  

s t r i p  and e i t h e r  f o r m e d  p a r t i a l ,  u n c l o s e d  r o c k e t s  o r  no r o c k e t s  under
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t h e  e x p e r i m e n t a l  c o n d i t i o n s  u s e d .  The immunologic  p r o p e r t i e s  o f  t h e  

d i f f e r e n t  s u b t y p e s  and i sozymes a r e  summarized i n  Tabl e  1.

T h e s e  s t u d i e s  d e m o n s t r a t e d  t h a t  e a c h  o f  t h e  r e s i d u a l  enzyme 

p r o t e i n s ,  whe t her  c a t a l y t i c a l l y  a c t i v e  o r  i n a c t i v e ,  c r o s s - r e a c t e d  w i t h  

PC,  m o n o s p e c i f i c  a n t i - GAA Abs a g a i n s t  t h e  p u r i f i e d  p l a c e n t a l  enzyme.  

F u r t h e r m o r e ,  r e s u l t s  i n d i c a t e d  t h a t  GAA i sozymes  1 and 2 s h a r e d  immuno­

l o g i c  i d e n t i t y .  Ho w e v e r ,  s t r u c t u r a l  d i f f e r e n c e s  a f f e c t i n g  immunore-  

a c t i v i t y  were d e mo n s t r a t e d  among t h e  r e s i d u a l  enzyme p r o t e i n s  f r o m  t h e  

s u b t y p e s  and v a r i a n t s  o f  g l y c o g e n o s i s  I I .

The r educed  i mm u n o r e a c t i v i t y  of  t h e  c a t a l y t i c a l l y  i n a c t i v e  enzyme 

p r o t e i n  i n  t h e  C R M - p o s i t i v e  i n f a n t i l e  s u b t y p e  ( M- 4581)  f i b r o b l a s t s  

i n d i c a t e d  t h a t  t h e  number a n d / o r  n a t u r e  o f  t h e  a n t i g e n i c  d e t e r m i n a n t s  

d i f f e r e d  f r om t h a t  o f  t h e  normal enzyme.  The l o s s  o f  i mm u n o r e a c t i v i t y  

o f  t h i s  v a r i a n t  enzyme,  as  wel l  as t h e  r e s i d u a l  enzyme p r o t e i n s  i n  t h e  

a d u l t  (M-3773) and j u v e n i l e  ( J . N . )  s ub t ype  f i b r o b l a s t s ,  when p r e p a r e d  in 

w a t e r  o r  i n  b u f f e r s  o f  pH 6  t h r o u g h  8 , s u g g e s t e d  an i n c r e a s e d  pH 

l a b i l i t y  o f  t h e s e  enzyme forms .  I n d e e d ,  s t u d i e s  have shown t h a t  GAAs, 

p u r i f i e d  f rom normal  and a d u l t  s ub t ype  f i b r o b l a s t s ,  we r e  h e a t - i n a c t i ­

v a t e d  more  r a p i d l y  a t  pH 7 . 0  t ha n  a t  pH 4 . 0  ( 3 8 ) .  No d i f f e r e n c e  in t h e  

r a t e  o f  i n a c t i v a t i o n  was obs e r ve d  between t h e  normal and mut an t  enzymes.  

Ho w e v e r ,  t h e  p u r i f i e d  enz yme s  were s t a b i l i z e d  by t h e  a d d i t i o n  o f  h igh 

c o n c e n t r a t i o n s  ( 0 . 8  mg/ml)  o f  BSA. I t  i s  l i k e l y  t h a t  t h e  c ombi na t i on  o f  

an u n f a v o r a b l e  pH d u r i n g  t h e  p r e p a r a t i o n  o f  t h e  l y s a t e s  f o l l o we d  by 

p r o l onge d  e l e c t r o p h o r e s i s  ( 4 - 5  h) a t  pH 8 . 8 , d e s t r o y s  t h e  i mm u n o l o g i c  

i n t e g r i t y  o f  t h e  mut an t  r e s i d u a l  enzymes.  Al though a pH o f  8 . 8  d e s t r o y s  

t h e  enz yma t i c  a c t i v i t y  o f  t h e  normal  enzyme,  i t  may no t  be s u f f i c i e n t l y  

h i g h  t o  d e n a t u r e  t h e  enzyme t o  a p o i n t  w h e r e  i t  i s  i m m u n o l o g i c a l l y
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u n r e a c t i v e .  A l t e r n a t i v e l y ,  t h e  pH-dependent  l o s s  o f  i mm u n o r e a c t i v i t y  

may be  a f u n c t i o n  o f  t h e  l o w e r  enzyme c o n c e n t r a t i o n  i n  f i b r o b l a s t  

l y s a t e s  f r om t h e  C R M - p o s i t i v e  m u t a t i o n s .  Ho we v e r ,  when normal  c e l l  

l y s a t e s  were d i l u t e d ,  e i t h e r  wi th  b u f f e r  o r  wi t h  a CRM-negat ive l y s a t e ,  

r o c k e t  f o r m a t i o n  s t i l l  t ook  p l a c e .  T h e r e f o r e ,  r e s u l t s  o f  t h e s e  s t u d i e s  

i n d i c a t e d  t h a t  t h e  a l t e r e d  i m m u n o r e a c t i v i t y  o f  t h e  r e s i d u a l  enzyme 

p r o t e i n  i n  t h e  CRM-pos i t i ve  i n f a n t i l e  (M-4581) ,  t h e  j u v e n i l e  ( J . N . )  and 

t h e  a d u l t  s ub t ype  (M-3773;  GM-443) f i b r o b l a s t s  wer e  due  t o  s t r u c t u r a l  

d i f f e r e n c e s .

The s t u d i e s  a l s o  showed  t h a t  t h e  i m m u n o l o g i c  p r o p e r t i e s  o f  t h e  

r e s i d u a l  enzyme p r o t e i n s  were a l t e r e d  when i mmunoe l e c t r opho r e s e d  in  t h e  

p r e s e n c e  o f  t h e  s u b s t r a t e ,  m a l t o s e .  T h e s e  f i n d i n g s  s u g g e s t e d  t h a t  

b i n d i n g  o f  s u b s t r a t e  m o l e c u l e s  i n d u c e d  c o n f o r m a t i o n a l  c h a n g e s  wh i c h  

r e s u l t e d  i n  d e c r e a s e d  i m m u n o r e a c t i v i t y  o f  t h e  mutan t  enzyme p r o t e i n s .  

The d a t a  f u r t h e r  s u g g e s t e d  t h a t  t h e  C R M - p o s i t i v e  i n f a n t i l e  s u b t y p e  

(M- 4581)  enzyme had  t h e  same b i n d i n g  p r o p e r t i e s  f o r  m a l t o s e  as t h e  

normal  enzyme,  s i n c e  t h e  change in anoda l  m i g r a t i o n  o f  t h e  two enzyme 

forms was t h e  same in t h e  p r e s e n c e  o f  t h i s  s u b s t r a t e .

B. S t u d i e s  o f  t h e  Metabol i sm o f  GAA in  F i b r o b l a s t s .

The r e d u c e d  l e v e l s  o f  enzyme a c t i v i t y  and p r o t e i n  i n  t h e  v a r i o u s  

s u b t y p e s  o f  g l y c o g e n o s i s  c o u l d  r e s u l t  f rom d i f f e r e n c e s  in t h e  me t a bo l i s m 

o f  GAA. T h e r e f o r e ,  e x p e r i m e n t s  were d e s i g n e d  t o  a s s e s s  t h e  t u r n o v e r  o f  

t h e  mutan t  enzymes.

1.  Enzyme A c t i v i t y  and P r o t e i n  in R e l a t i o n  t o  t h e  S t age  o f  Cel l  

G r o w t h : D e t e r m i n a t i o n  o f  enzyme a c t i v i t y  and q u a n t i t a t i o n  o f  t h e  amount
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o f  enzyme p r o t e i n  by r o c k e t  i m m u n o e l e c t r o p h o r e s i s  in normal  f i b r o b l a s t s  

a t  d i f f e r e n t  s t a g e s  o f  c e l l  g r o w t h  s howed  t h a t  t h e  enzyme l e v e l  i n ­

c r e a s e d  1 . 5 -  t o  2 - f o l d  by l a t e  c o n f l u e n c y  o v e r  e a r l y  c o n f l u e n c y  v a l u e s .  

A s i m i l a r  i n c r e a s e  i n  a c t i v i t y  and enzyme p r o t e i n  was o b s e r v e d  i n  a d u l t  

( M- 3773)  and j u v e n i l e  ( J . N . )  s u b t y p e  f i b r o b l a s t s .  No i n c r e a s e  in t h e  

a p p a r e n t  r e s i d u a l  GAA a c t i v i t y  was d e t e c t e d  i n  t h e  C R M - p o s i t i v e  i n ­

f a n t i l e  s u b t y p e  ( M- 4581)  f i b r o b l a s t s  ( F i g .  3 ) .  The amount  o f  enzyme 

p r o t e i n ,  however ,  d i d  i n c r e a s e  wi t h  t i m e  in  c u l t u r e ,  s h o wi ng  t h e  same

1 . 5 -  t o  2 - f o l d  e l e v a t i o n  o v e r  e a r l y  c o n f l u e n c y  v a l u e s  as wi t h  c o n t r o l  

and w i t h  t h e  o t h e r  C R M - p o s i t i v e  m u t a n t  f i b r o b l a s t s  ( F i g .  4 ) .  T h i s  

f i n d i n g  s u g g e s t e d  t h a t  t h e  smal l  amount o f  enzyme a c t i v i t y  measured  in 

t h e  i n f a n t i l e  s ub t ype  f i b r o b l a s t s  was no t  a c t u a l l y  GAA a c t i v i t y ,  bu t  was 

p r o b a b l y  t h e  r e s u l t  o f  n o n - s p e c i f i c  h y d r o l y s i s  o f  t h e  s u b s t r a t e .  At no 

t i me  was enzyme p r o t e i n  d e t e c t e d  in t h e  CRM-negat ive a d u l t  ( GM-1935)  o r  

t h e  C R M - n e g a t i v e  i n f a n t i l e  s u b t y p e  f i b r o b l a s t s  u n d e r  t h e  c u l t u r e  

c o n d i t i o n s  used ( s e e  Ta b l e  1 ) .

S t u d i e s  c o n c e r n i n g  t h e  amount  o f  GAA a t  d i f f e r e n t  s t a g e s  o f  c e l l  

growth s ug g e s t e d  t h a t  t h e  enzyme s y n t h e s i s  i n  c e l l s  homozygous  f o r  t h e  

i s o z y m e  2  ( p h e n o t y p e  2  c e l l s )  d i f f e r e d  f r o m  t h a t  i n  n o r m a l ,  a d u l t ,  

j u v e n i l e  and CRM-pos i t i ve  i n f a n t i l e  s ub t ype  f i b r o b l a s t s .  In t h e  p h e n o ­

t y p e  2  f i b r o b l a s t s ,  enzyme a c t i v i t y  and p r o t e i n  i n c r e a s e d  r a p i d l y ,  and 

a f t e r  t h e  c e l l s  r e a c he d  l a t e  c o n f l u e n c y ,  o b t a i n e d  l e v e l s  t h a t  were  4-  t o

6 - f o l d  g r e a t e r  t han  a t  e a r l y  c o n f l u e n c y  ( T a b l e  2 ) .  The GAA a c t i v i t y  in 

pheno t ype  2 f i b r o b l a s t s  a t  e a r l y  c o n f l u e n c y  was r e d u c e d  t o  24% o f  t h a t  

i n  no r ma l  t y p e  1  f i b r o b l a s t s  when m a l t o s e  was t h e  s u b s t r a t e ,  and t o  5 % 

o f  normal  when g l y c o g e n  was t h e  s u b s t r a t e .  In two f i b r o b l a s t  l i n e s  

d e r i v e d  from u n r e l a t e d  p a t i e n t s  wi t h  t h e  a d u l t  s u b t y p e  o f  GAA d e f i c i e n c y
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F i gu r e  3:  GAA a c t i v i t y  in normal  and mutan t  c u l t u r e d  s k i n  f i b r o b l a s t s

f rom e a r l y  t o  l a t e  c o n f l u e n c y .  A d u l t  s u b t y p e :  M- 3733;  j u v e n i l e  

s u b t y p e :  J . N . ;  CRM-pos i t ive  i n f a n t i l e  s u b t y p e :  M-4581.
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TABLE 1

Immunologic P r o p e r t i e s  o f  GAA Isozymes 1 and 2 and t h e  
R es idua l  Enzyme P r o t e i n s  i n  G lyc oge nos i s  I I  F i b r o b l a s t s

F i b r o b l a s t
Source

Enzyme
A c t i v i t y

Enzyme
P r o t e i n

Ab Bind ing 
pH 5 pH 7

S u b s t r a t e  
S p e c i f i c i t y

(% o f  C o n t r o l )

Isoyzme l a 
Isozyme 2b

100%
20 -  60%c

100%
20 -  60%c

+ + 
+ +

M+d ; G+e 
M+ ; G-

I n f a n t i l e  Subtype 
CRM-neg.

GM-244
GM-248
GM-4912
GM-3329
WG-482
WG-173
WG-285
M-2478
B-4
C-482

1 -  3%

CRM-pos. 
M-4581

1 -  3% 30 -  50% weak M+ ; G+

J u v e n i l e  Subtype 
J .N .

16 -  28% 12 -  28% + M+ ; G+

Adul t  Sub type 
CRM-neg. 

GM-1935
1 -  3% - - -

CRM-pos.
GM-443
M-3773

9 -  22% 16 -  22% + M+ ; G+

a Normal  f i b r o b l a s t s  were from 16 u n r e l a t e d  s u b j e c t s  t e s t e d  f o r  h e t e r o ­
z y g o s i t y  o f  v a r i o u s  m e t a b o l i c  d i s o r d e r s  and found t o  be normal .

bA f i b r o b l a s t  s t r a i n  homozygous f o r  GAA isozyme 2.

c R e s i d u a l  enzyme a c t i v i t y  and p r o t e i n  o b s e r v e d  a t  e a r l y  and l a t e  
c o n f l u e n c y ,  r e s p e c t i v e l y .

dM = m a l t o s e ;  eG = g lycogen
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F ig u re  4 :  GAA p r o t e i n  in  c u l t u r e d  s k in  f i b r o b l a s t s  h a r v e s t e d  a t  e a r l y

and l a t e  c o n f l u e n c y .  Well s  1 and 2 ,  CR M-negat ive  i n f a n t i l e  s u b -  

t y p e  (GM-244) h a r v e s t e d  a t  e a r l y  and l a t e  c o n f l u e n c y ,  r e s p e c t i v e ­

l y ;  w e l l s  3 and 4 ,  C R M - p o s i t i v e  i n f a n t i l e  s u b t y p e  (M -4581)  

h a r v e s t e d  a t  e a r l y  and l a t e  c o n f l u e n c y ,  r e s p e c t i v e l y ;  w e l l s  5  and 

6 , normal c o n t r o l  h a r v e s t e d  a t  e a r l y  and l a t e  c o n f l u e n c y ,  r e s p e c t ­

i v e l y .  W e l l s  1 - 4  c o n t a i n  25 pg p r o t e i n ;  w e l l s  5 and 6  c o n t a i n  

1 0  pg p r o t e i n .
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J 'J

1 2 3 4  5 6



TABLE 2

GAA A c t i v i t y  in  C u l tu re d  F i b r o b l a s t s  Harves ted  a t  E a r ly  and La te  Conf luency

Acid a - G l u c o s i d a s e  A c t i v i t y 3

F i b r o b l a s t E a r ly  Conf luency L a te  Confluency R a t i o :  L a t e / E a r l y
S t r a i n Maltose Glycogen Maltose Glycogen M altose  Glycogen

Type 1 2 47 .5 ±107 .7 b 12 9 .2 ± 5 6 .2 b 518 .3± 172 .5b 2 53 .0 ± 7 2 .5 b 2 .09 1.96

Type 2 5 8 . 2C 6 . 4 C 3 1 0 .8C 3 9 . 0C 5 .3  6 .09

Adult  Subtype 
M-3773

19.0 9 .6 39 .3 19 .4 2.05  2 .02

Type 1-2 
M-3405

85 .6 30.1 187.0 64.7 2 .18  2 .14

apg g lucose /mg p r o t e i n / h  

bmean±SD; n=7

cmean o f  t h r e e  d i f f e r e n t  p r e p a r a t i o n s
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(M -3 7 7 3 ;  GM-443), t h e  a c t i v i t y  was a p p r o x i m a t e l y  8 % o f  normal  w i th  bo th  

s u b s t r a t e s .  At l a t e  c o n f l u e n c y ,  t h e  enzyme a c t i v i t y  i n c r e a s e d  i n  a l l  

c a s e s  s t u d i e d .  However , t y p e  2 f i b r o b l a s t s  showed t h e  g r e a t e s t  r e l a t i v e  

i n c r e a s e  i n  GAA a c t i v i t y ,  i n c r e a s i n g  t o  60% o f  normal  when m a l t o s e  was 

t h e  s u b s t r a t e  and t o  15% of  normal when g lycoge n  was t h e  s u b s t r a t e .  In 

t h e  two a d u l t  GAA d e f i c i e n t  f i b r o b l a s t  l i n e s ,  t h e  enzyme a c t i v i t y  

i n c r e a s e d  in  p a r a l l e l  w i t h  t h a t  in normal f i b r o b l a s t s  a nd ,  t h e r e f o r e ,  

r e m a i n e d  a t  8 % o f  n o r m a l  a c t i v i t y .  The a c t i v i t i e s  o f  t h r e e  o t h e r  

l y s o s o m a l  enzymes  in  p h e n o t y p e  2 f i b r o b l a s t s ,  a - L - f u c o s i d a s e ,  G-D- 

g l u c u r o n i d a s e  and G - D - g a l a c t o s i d a s e ,  were w i t h i n  t h e  normal r a n g e .

2.  T u r n o v e r  o f  GAA: To d e t e r m i n e  t h e  t u r n o v e r  r a t e s  o f  t h e

normal and mutant  enzyme p r o t e i n s ,  f i b r o b l a s t  c u l t u r e s  were t r e a t e d  w i th  

30 pg/ml c y c lo h e x im i d e ,  and enzyme a c t i v i t y  and  p r o t e i n  w e re  f o l l o w e d  

f o r  up t o  5 d a y s .  Th i s  c o n c e n t r a t i o n  o f  c y c lo h e x im i d e  i n h i b i t e d  p r o t e i n  

s y n t h e s i s  by more t h a n  95%. No d e c r e a s e  in  enzyme a c t i v i t y  was o b s e r v e d  

in  any  o f  t h e  c a s e s  s t u d i e d .  On t h e  c o n t r a r y ,  t h e  s p e c i f i c  a c t i v i t y  

i n c r e a s e d  s l i g h t l y  o v e r  t h e  5 d a y s  f o l l o w i n g  c y c l o h e x i m i d e  t r e a t m e n t  

( F i g .  5 ) .  Th is  i n c r e a s e  i s  most  p r o b a b l y  due t o  a g e n e r a l  r e d u c t i o n  in  

c e l l u l a r  p r o t e i n  r e l a t i v e  t o  GAA. These f i n d i n g s  i n d i c a t e  t h a t  GAA i s  

v e r y  s t a b l e  i n  t h e  i n t r a c e l l u l a r  e nv i ronm en t  in  bo th  normal and m utan t  

f i b r o b l a s t  s t r a i n s .  When t h e  enzyme p r o t e i n  from c y c l o h e x i m i d e - t r e a t e d  

normal and mutan t  c e l l s  was examined by r o c k e t  i m m u n o e l e c t r o p h o r e s i s , no 

change in  t h e  q u a l i t y  o f  t h e  r o c k e t s  was o b s e r v e d  ( F i g .  6  A - D ) . The 

p r o p o r t i o n a l i t y  between enzyme a c t i v i t y  and t h e  amount o f  enzyme p r o t e i n  

d e t e c t e d  was r e t a i n e d  o v e r  t h e  e n t i r e  5 d a y  p e r i o d ,  d e s p i t e  t h e  r a p i d  

d e t e r i o r a t i o n  o f  t h e  t r e a t e d  c e l l s .  The c a t a l y t i c a l l y  i n a c t i v e  enzyme
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F i g u r e  5: GAA a c t i v i t y  in normal and mutan t  c u l t u r e d  s k i n  f i b r o b l a s t s

a f t e r  c y c l o h e x i m i d e  t r e a t m e n t .  A s l i g h t  i n c r e a s e  i n  s p e c i f i c  

a c t i v i t y  was obse rved  in  a l l  f i b r o b l a s t s  examined .  Adul t  s u b t y p e :  

M-3773; j u v e n i l e  s u b t y p e :  J . N . ;  C R M - p o s i t i v e  i n f a n t i l e  s u b t y p e :  

M-4581.
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F i g u r e  6 : GAA p r o t e i n  in  normal and mutant  c u l t u r e d  s k i n  f i b r o b l a s t s

a f t e r  c y c lohe x im ide  t r e a t m e n t .  A, c o n t r o l  l y s a t e s  {10 p g ) ;  B, 

a d u l t  s u b t y p e  (M-3773; 25 p g ) ;  C, j u v e n i l e  s u b ty p e  ( J . N . ;  25 p g ) ;  

and D, CRM-posi t ive  i n f a n t i l e  sub ty p e  (M-4581;  25 p g ) .  W e l l s  1 - 5  

c o r r e s p o n d  t o  l y s a t e s  p r e p a r e d  from c e l l s  t r e a t e d  wi th  c y c l o h e x i ­

mide f o r  1 ,  2 ,  3 ,  4 and 5 days .  No d e t e r i o r a t i o n  in  t h e  q u a l i t y  

o f  t h e  r o c k e t s  was o b s e r v e d .
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p r o t e i n  i n  t h e  C R M -p o s i t i v e  i n f a n t i l e  s u b ty p e  (M-4581) f i b r o b l a s t s  was 

as s t a b l e  as t h e  enzyme p r o t e i n  in  t h e  n o r m a l ,  j u v e n i l e  ( J . N . )  and a d u l t  

s u b ty p e  (M-3773) f i b r o b l a s t s  ( F i g .  6 D).

These f i n d i n g s  s u g g e s t e d  t h a t  t h e  r e d u c t i o n  in  t h e  amount o f  enzyme 

p r o t e i n  i n  t h e  C R M - p o s i t i v e  i n f a n t i l e ,  j u v e n i l e  and t h e  a d u l t  s u b ty p e  

f i b r o b l a s t s  d i d  n o t  r e s u l t  f ro m  an i n c r e a s e d  r a t e  o f  d e g r a d a t i o n .  

H o w e v e r ,  t h e s e  d a t a  do no t  r u l e  ou t  t h e  p o s s i b i l i t y  o f  a d e f e c t  in  t h e  

s y n t h e s i s  o r  p r o c e s s i n g  o f  t h e  GAA p r o t e i n  in t h e  v a r i o u s  f o r m s  o f  t h e  

enzyme d e f i c i e n c y .  In  a d d i t i o n ,  s i n c e  c y c lo h e x im i d e  may a l s o  a f f e c t  

enzymes which n o r m a l l y  would  be i n v o l v e d  in  t h e  d e g r a d a t i o n  o f  GAA, 

e x p e r i m e n t s  u s i n g  r a d i o l a b e l e d  t r a c e r s  t o  s t u d y  t h e  t u r n o v e r  o f  t h e  

enzyme p r o t e i n s  a r e  i n d i c a t e d .

C. MC Abs t o  GAA;

1.  P r o d u c t i o n  o f  MC Abs t o  GAA: The a n t i g e n i c  p r o p e r t i e s  o f  t h e  

v a r i o u s  m u t a n t  enzyme f o r m s  d e s c r i b e d  a b o v e  h a v e  been c h a r a c t e r i z e d  

u s in g  h e te r o g e n e o u s  r a b b i t  a n t i - p l a c e n t a l  GAA Abs .  T h i s  a p p r o a c h  h a s  

p e r m i t t e d  t h e  i d e n t i f i c a t i o n  and d i s c r i m i n a t i o n  o f  t h e  above m utan t  

fo rms  on t h e  b a s i s  o f  t h e i r  i m m u n o r e a c t i v i t y  ( 3 9 , 4 0 ) .  H o w e v e r ,  i n ­

c r e a s e d  d i s c r i m i n a t i o n  and c h a r a c t e r i z a t i o n  can be ac h ie v e d  by t h e  use 

o f  MC Abs each o f  which r e c o g n i z e s  o n l y  a s i n g l e  a n t i g e n i c  d e t e r m i n a n t  

( e p i t o p e ) .  T h e r e f o r e ,  a major  e f f o r t  was d i r e c t e d  t o  produce  MC Abs t o  

GAA f o r  t h e  i n v e s t i g a t i o n  o f  t h e  b io ch e m ic a l  and m o le c u la r  g e n e t i c  b a s i s  

o f  t h e  h e t e r o g e n e i t y  i n  g l y c o g e n o s i s  I I .
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MC Abs t o  GAA w e r e  produced  u s ing  t h e  h ype r im m un iza t ion  p r o c e d u r e  

d e s c r i b e d  by Stah l  i e t  a l . ( 4 9 ) .  P r o d u c t i o n  o f  t h e  h y b r i d o m a s  and  t h e  

s u b s e q u e n t  s c r e e n i n g  f o r  a n t i - p l a c e n t a l  GAA Abs was c a r r i e d  o u t  as 

d e s c r i b e d  ( 5 0 , 5 1 ' .  To d a t e ,  19 Abs t o  GAA have been i d e n t i f i e d ;  t w e l v e  

o f  t h e s e  h a v e  b e e n  s u b c lo n e d  and a r e  s t a b l e  and have been s u c c e s s f u l l y  

p r o p a g a t e d  in  t h e  a s c i t i c  f l u i d  o f  m ice .

T h e s e  h yb r idom a s  were t e s t e d  f o r  t h e  p r e s e n c e  o f  GAA Abs u s i n g  two 

d i f f e r e n t  methods :  a p e r o x i d a s e  ELISA w h ic h  d e t e c t s  b o t h  n e u t r a l i z i n g  

and n o n - n e u t r a l i z i n g  Abs,  and a GAA ELISA, u s in g  t h e  s y n t h e t i c  s u b s t r a t e  

4MU a - G l c ,  which d e t e c t s  o n l y  t h e  n o n - r i e u t r a l i z i n g  Abs.

A l l  t w e l v e  hybr idomas  were p o s i t i v e  f o r  t h e  p r o d u c t i o n  o f  anti-GAA 

Abs u s in g  t h e  p e r o x i d a s e  ELISA. Only t e n  o f  t h e  c l o n e s  w e r e  p o s i t i v e  

u s i n g  t h e  4MU a - G l c  ELISA. The two c l o n e s  t h a t  were p e r o x i d a s e - p o s i t i v e  

bu t  4MU a - G l c - n e g a t i v e  a r e  of  p a r t i c u l a r  i n t e r e s t .  P re sum ab ly  t h e s e  MC 

Abs a r e  d i r e c t e d  a g a i n s t  d e t e r m i n a n t s  a t  o r  n e a r  t h e  s u b s t r a t e  b i n d i n g  

o r  c a t a l y t i c  s i t e  o f  t h e  e n z y m e .  T h e s e  MC Abs s h o u l d  be  e x t r e m e l y  

v a l u a b l e  f o r  t h e  e x a m i n a t i o n  o f  t h e  r e s i d u a l  enzyme p r o t e i n  in t h e  

CRM-posi t ive i n f a n t i l e  f i b r o b l a s t s  and in t h e  d i f f e r e n t  isozyme t y p e s .

2.  C h a r a c t e r i z a t i o n  o f  MC Abs t o  GAA: To d a t e ,  t w e lv e  MC Abs t o

GAA h a v e  been c h a r a c t e r i z e d .  All  were o f  c l a s s  IgG and r e p r e s e n t e d  t h e  

s u b c l a s s e s  y i / \ ,  v l / k ,  Y2 a / k »  and -r2 b/k* All  t w e lv e  MC Abs r e c o g n i z e d  

t h e  n a t i v e  and t h e  d e n a t u r e d  forms o f  i sozymes  1,  2 and 4.  Two o f  t h e  MC 

Abs,  Sp2/52 and S p 2 /5 3 ,  were h i g h l y  s p e c i f i c  f o r  GAA. F u r t h e r m o r e ,  t h e s e  

two MC Abs were shown t o  be d i r e c t e d  a g a i n s t  t h e  a c t i v e  c e n t e r  ( c a t a ­

l y t i c  a n d / o r  b i n d i n g  s i t e )  o f  t h e  human GAA m ole c u le  ( s e e  b e l o w ) .  The 

p r o p e r t i e s  o f  t h e  MC Abs a r e  summarized i n  T a b l e  3 .  B e c a u s e  o f  t h e i r  

e x q u i s i t e  s p e c i f i c i t y ,  MC Abs S p 2 / 5 2  and  S p 2 / 5 3  w e r e  u s e d  t o  c h a r -
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TABLE 3

P r o p e r t i e s  o f  MC Abs t o  P l a c e n t a l  GAA

MC Ab I s o t y p e
Infimuno-

r e a c t i v i t y a
C ross -

R e a c t i v i t y b
N e u t r a l i z a t i o n  

Tube Pp tn  ELISA

Sp2/51 n * + + + -

Sp2/52 viK + - ndc +

Sp2/53 Tf2aK + - + +

Sp2/54 n * + + nd -

Sp2/55 n * + + nd -

Sp2/56 n K + + + -

Sp2/57 T2bK + + + -

Sp2/58 TlK + nd -

Sp2/59 UK + + nd -

Sp2/60 TlK + + nd -

Sp2/61 uk + + nd -

Sp2/62 nK + + nd -

aA l l  MC Abs r e a c t e d  w i t h  t h e  n a t i v e  and d e n a t u r e d  enzyme f o r m s  o f  
isozymes 1 ,  2 and 4.

bMV Abs i n d i c a t e d  " + " r e a c t e d  w i t h  c e l l u l a r  p r o t e i n s  o t h e r  t h a n  GAA. 
C r o s s - r e a c t i v i t y  was more pronounced w i t h  d e n a t u r e d  t h a n  w i t h  n a t i v e  
p r o t e i n s .

c Not d e te r m in e d
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a c t e r i z e  t h e  i s o z y m e  f o r m s  in  c ru d e  p l a c e n t a l  homogena tes ,  and normal 

and d e f i c i e n t  f i b r o b l a s t  l y s a t e s  ( s e e  S e c t i o n  V .D .) .

a .  E p i t o p e  S p e c i f i c i t y  o f  MC Abs toward  P r o t e o l y t i c  D i g e s t s  

o f  GAA I s o z y m e s : Isozymes 1,  2 and 4 o f  GAA, p u r i f i e d  by c h r o m a to f o c u s -  

ing ( s e e  S e c t i o n  V . E . 2 ) ,  were d i g e s t e d  w i th  _S. au reus  V8  p r o t e a s e  (Mi les  

S c i e n t i f i c ,  N a p e r v i l l e ,  I L ) .  T h i s  p r o t e a s e  c l e a v e s  p r o t e i n s  on t h e  

c a rb o x y l  s i d e  o f  Asp and Glu.  The d i g e s t s  were e l e c t r o p h o r e s e d  on 12.5% 

SDS p o l y a c r y l a m id e  g e l s  ( 5 3 ) ,  Western b l o t t e d  and immunostained w i th  t h e  

MC Abs and PC Abs. The p e p t i d e s  r e a c t i n g  w i t h  t h e  PC and  MC Abs w e re  

l o c a t e d  u s i n g  an i n d i r e c t  a v i d i n - b i o t i n  i m m u n o p e r o x i d a s e  s t a i n i n g  

p r o c e d u r e .

F i g .  7 shows t h a t  MC Abs S p 2 / 5 2  and S p 2 / 5 3  h a v e  u n i q u e  e p i t o p e  

s p e c i f i c i t i e s .  In t h e  c o m p l e t e l y  d i g e s t e d  p r e p a r a t i o n s  ( l a n e s  1 ,  

F i g .  7 A and B ) , Sp2 /52  r e c o g n i z e d  a p e p t i d e  w i th  a Mr  ^  16 kDa, whereas  

Sp2 /53  r e a c t e d  w i th  a p e p t i d e  o f  Mr  -v 1 1 .5  kDa; t h e  PC Ab r e a c t e d  w i th  a 

num ber  o f  p e p t i d e s  w i th  Mr s r a n g i n g  from 1 1 .5 - 1 6  kDa ( F i g .  7 C) ,  F i g .  7 

a l s o  shows a d i f f e r e n c e  in  r e a c t i v i t y  wi th  a number o f  p e p t i d e s  i n  t h e  

p a r t i a l l y  d i g e s t e d  p r e p a r a t i o n s  ( l a n e s  2 ) .  Al though t h e  i n t e n s i t y  r a t i o s  

o f  imm unoreac t ive  p e p t i d e s  v a r i e d  b e t w e e n  t h e  two i s o z y m e s ,  no p e p -  

t i d e ( s )  u n i q u e  t o  i s o z y m e  1 ( F i g .  7)  o r  2 ( F i g .  8 ) was d e t e c t e d .  The 

p a t t e r n  o f  i m m u n o r e a c t i v i t y  wi th  isozyme 4 p e p t i d e s  was i n d i s t i n g u i s h ­

a b l e  f rom t h a t  o f  isozyme 1  ( d a t a  no t  shown).

b.  E p i t o p e  S p e c i f i c i t y  o f  MC Abs as  Determined by Competi­

t i o n  ELISA: To d e t e r m i n e  t h e  s p a t i a l  r e l a t i o n s h i p  o f  t h e  e p i t o p e s  

r e c o g n i z e d  by  MC Abs S p 2 / 5 2  and  S p 2 / 5 3 ,  c o m p e t i t i o n  ELISAs were p e r ­

fo rm ed .  R e s u l t s  o f  t h e s e  s t u d i e s  showed t h a t  t h e  e p i t o p e s  r e c o g n i z e d  by
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F i g u re  7:  Immunoblot o f  S_. au reus  V8  p r o t e a s e - d i g e s t e d  GAA isozyme 1.

P r o t e a s e - t r e a t e d  and  u n t r e a t e d  p r o t e i n s  were e l e c t r o p h o r e s e d  in 

12.5% SDS-polyacry l  amide g e l s ,  immunoblot ted and s t a i n e d  u s i n g  an 

i n d i r e c t  b i o t i n - a v i d i n  p r o c e d u r e .  P a n e l  A, s t a i n e d  wi th  MC Ab 

Sp2/52 ;  Panel  B, s t a i n e d  w i th  MC Ab Sp2/53 ;  Pane l  C, s t a i n e d  w i t h  

PC Ab. Lane  1:  t o t a l  d i g e s t s ;  l a n e  2:  p a r t i a l  d i g e s t s ;  l a n e  3: 

u n d i g e s t e d  enzyme. Each l a n e  c o n t a i n s  1 pg GAA p r o t e i n .



1 2  3 1 2 1 2  3
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F i g u r e  8 : Immunoblot o f  S. a u re u s  V8  p r o t e a s e - d i g e s t e d  GAA isozyme 2.

For  d e t a i l s ,  s ee  F i g .  7.



1 6 K _  

11 K -

1 2 3 1
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S p 2 / 5 2  and S p 2 / 5 3  w e r e  i n  c l o s e  p r o x i m i t y  t o  each o t h e r .  The Sp2/52 

e p i t o p e  appeared  t o  have  c r i t i c a l  r e s i d u e s  f o r  b i n d i n g  n e a r  o r  o v e r ­

l a p p i n g  t h a t  o f  t h e  S p 2 / 5 3  e p i t o p e .  The Sp2 /53  e p i t o p e ,  on t h e  o t h e r  

ha nd ,  a p p e a r e d  t o  h a v e  l i t t l e  o r  no o v e r l a p  i n t o  t h e  r e g i o n  o f  t h e  

Sp2/52 e p i t o p e .  T h i s  i n t e r p r e t a t i o n  was based  on t h e  f i n d i n g  t h a t  MC Ab 

S p 2 / 5 2  e x c l u d e d  S p 2 / 5 3  a l m o s t  e n t i r e l y ,  w h e r e a s  MC Ab S p 2 / 5 3  was 

r e l a t i v e l y  i n e f f i c i e n t  in  b lo c k i n g  f u r t h e r  b i n d in g  o f  Sp2 /52 .  When bo th  

MC Abs were added s i m u l t a n e o u s l y  t o  GAA c o a t e d  w e l l s ,  t h e  amount  o f  Ab 

bound was much l e s s  t h a n  t h a t  obse rved  by t h e  s e q u e n t i a l  a d d i t i o n  o f  t h e  

Abs. These d a t a  a r e  summarized i n  T a b l e  4 .  C o l l e c t i v e l y ,  t h e  f i n d i n g s  

i n d i c a t e d  t h a t  t h e  Abs were competing  f o r  t h e  same s i t e ( s )  o r  s i t e s  in

c l o s e  p r o x i m i t y  on t h e  enzyme m o le c u le .

Thus ,  t h e s e  MC Abs a r e  e x t r e m e l y  v a l u a b l e  r e a g e n t s  in t h a t  t h e y  a r e  

d i r e c t e d  toward  t h e  a c t i v e  s i t e  o f  t h e  enzyme and in t h a t  t h e y  r e c o g n i z e  

d i s t i n c t ,  bu t  n e ig h b o r i n g  e p i t o p e s .  F u r t h e r  s t u d i e s  w i th  d e g l y c o s y l a t e d  

forms ( s e e  S e c t i o n  V.E .4)  o f  t h e  GAA isozymes d e m o n s t r a t e d  t h a t  t h e  MC 

Abs w e r e  s p e c i f i c  f o r  t h e  p r o t e i n  m o i e t y  o f  t h e  enzyme and t h a t  t h e  

e p i t o p e s  r e c o g n i z e d  d i d  n o t  i n c l u d e  c a r b o h y d r a t e  m o i e t i e s .

c .  E l e c t r o p h o r e s i s  o f  Enzyme-MC Ab Complexes; The e l e c t r o ­

p h o r e t i c  m o b i l i t i e s  o f  t h r e e  GAA-MC Ab complexes  were e v a l u a t e d  in  a 

n a t i v e  a c ry l a m id e  gel s y s te m .  The t h r e e  MC Abs used  were Sp2 /56 ,  Sp2/57 

and  S p 2 / 5 3 .  The two fo rm er  hybridomas  were p o s i t i v e  f o r  t h e  p r o d u c t i o n  

o f  Abs u s in g  t h e  p e r o x i d a s e  and t h e  4MU a - G l c  ELISA; t h e  l a t t e r  was 

p e r o x i d a s e - p o s i t i v e  b u t  4MU a - G l c - n e g a t i v e .

All t h r e e  MC Abs c o m p l e t e l y  i n a c t i v a t e d  GAA a t  d i l u t i o n s  o f  0 and

1 : 2 ;  S p 2 / 5 3  a l s o  i n a c t i v a t e d  t h e  enzyme a t  a d i l u t i o n  o f  1 : 4 .  At a l l
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TABLE 4

C o m p e t i t i o n  ELISA Between A c t iv e  S i t e - D i r e c t e d  MC Abs

MC Ab O.D. 420 nm P e r c e n t  I n c r e a s e

Sp2/52 0 . 8 8 6 -

Sp2/53 0 .7 2 9 -

Sp2 /53 ,  t h e n  
Sp2/52 0 .9 5 0 3 0 . 3a

Sp2 /5 2 ,  t h e n  
Sp2/53 0 .9 2 8 4 . 7 b

Sp2/52  + Sp2/53 0 . 8 3 3 c -

a I n c r e a s e  r e l a t i v e  t o  Sp2/53 b i n d i n g .

^ I n c r e a s e  r e l a t i v e  t o  Sp2/52 b i n d i n g .

c B ind ing  o bse rve d  was 51.4% o f  e x p e c t e d  v a l u e s  (O.D. 1 . 6 2 ) ,  
assuming no c o m p e t i t i o n .
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F i g u r e  9 :  IEF im m u n o b lo t  o f  c r u d e  p l a c e n t a l  and f i b r o b l a s t  l y s a t e s

immunostained w i th  MC Ab Sp2/53 .  Note t h e  t h r e e  a n o d a l  p r o t e i n s  

s t a i n e d  i n  t h e  C R M - n e g a t i v e  a d u l t  (GM-1935) and a CRM-negative 

i n f a n t i l e  s u b t y p e  ( G M -2 4 8 ) .  A .E .  i s  a p a t i e n t  w i t h  l y s o s o m a l  

s t o r a g e  o f  glycogen in  t h e  p r e s e n c e  o f  normal GAA a c t i v i t y .  Each 

l a n e  c o n t a i n s  80 pg p r o t e i n .



Placenta

Normal

CRM- Adult

Normal

A . E .

Normal

CRM - I n f a n t il e  

Normal

Placenta
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F i g u r e  1 0 :  IEF im m unob lo t  o f  c ru d e  p l a c e n t a l  and f i b r o b l a s t  l y s a t e s

immunos tained  w i th  PC Abs. Note t h e  c o m p le te  ab senc e  o f  s t a i n i n g  

i n  t h e  CRM-negat ive i n f a n t i l e  (GM-248) and t h e  CRM-negative a d u l t  

s u b ty p e  (GM-1935). A.E.  i s  a p a t i e n t  wi th  lysosomal  g lycogen  s t o r ­

age in  t h e  p r e s e n c e  o f  normal GAA a c t i v i t y .  J . E .  i s  t h e  f a t h e r  o f  

A.E. Each l a n e  c o n t a i n s  80 pg p r o t e i n .
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NORMAL
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F i g u r e  11 :  IEF im m unob lo t  o f  c r u d e  p l a c e n t a l  and f i b r o b l a s t  l y s a t e s

from CRM-posi t ive m u t a t i o n s  s t a i n e d  w i th  MC Ab S p 2 / 5 3 .  N o te  CRM 

in t h e  j u v e n i l e  ( J . N . )  and a d u l t  ( M-3773) s u b t y p e s ,  and t h e  unique  

c a t h o d a l  p r o t e i n  in  t h e  CRM-posi t ive i n f a n t i l e  s u b t y p e  ( M - 4 5 8 1 ) .  

Each l a n e  c o n t a i n s  80 pg p r o t e i n .
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o t h e r  d i l u t i o n s  o f  a n t i b o d y  t e s t e d ,  o n l y  a c t i v e ,  uncomplexed enzyme was 

o b s e r v e d  on t h e  g e l s .  Because o f  t h e  l a r g e  amounts  o f  enzyme n e c e s s a r y  

t o  p e r f o r m  t h e s e  s t u d i e s ,  t h e  r e m a i n i n g  n i n e  MC Abs were n o t  t e s t e d .  

These r e s u l t s  i n d i c a t e d  t h a t  t h e s e  t h r e e  MC Abs r e c o g n i z e d  t h e  n a t i v e  

enzyme forms o f  i sozyme 1  and r e s u l t e d  i n  t h e  f o r m a t i o n  o f  c a t a l y t i c a l l y  

i n a c t i v e  enzyme-Ab complexes  i n  s o l u t i o n .

D. GAA in Normal and D e f i c i e n t  F i b r o b l a s t s .

A l t h o u g h  t h e  MC Abs t e s t e d  d i d  n o t  d i s c r i m i n a t e  b e t w e e n  t h e  

i sozymes  o f  GAA, t h e y  a r e ,  n e v e r t h e l e s s ,  v a l u a b l e  r e a g e n t s  f o r  e l u c i d a t ­

i n g  t h e  e p i t o p e  c o m p o s i t i o n  o f  t h e  n o r ma l  and r e s i d u a l  enzyme forms .  

T h e r e f o r e ,  t h e  MC Abs were used t o  examine t h e  e l e c t r o p h o r e t i c  f o r m s  o f  

GAA i n  f i b r o b l a s t s  f rom p a t i e n t s  and v a r i a n t s  wi t h  Pompe d i s e a s e  which 

p r e v i o u s l y  were c l a s s i f i e d  as  C R M - p o s i t i v e  and C R M - n e g a t i v e  u s i n g  PC 

Abs ( 3 8 ) .  F o l l o w i n g  IEF and W e s t e r n  b l o t t i n g  ( 5 7 , 5 8 ) ,  a p p r o x i m a t e l y  

e i g h t  e l e c t r o p h o r e t i c  forms o f  GAA were o b s e r v e d  i n  n o r ma l  f i b r o b l a s t s  

wi t h  bot h  PC Abs and MC Abs Sp2/52 and Sp2/ 53 .  The enzyme forms  f oc us e d  

between pH 4 . 39  and 4 . 7 0  and had e n z y m a t i c  a c t i v i t y  when s t a i n e d  w i t h  

4MU a - G l c .  The MC Abs a l s o  r ec o g n i z e d  m u l t i p l e  enzyme forms  in p l a c e n t a l  

h o m o g e n a t e s ,  w h i c h ,  i n  p a r t ,  d i f f e r e d  i n  e l e c t r o p h o r e t i c  m o b i l i t y  

r e l a t i v e  t o  t h e  f i b r o b l a s t  forms .

MC Ab Sp2/53 was un i que .  I t  r e a c t e d  wi t h  t h r e e  anodal  forms  o f  GAA 

in l y s a t e s  f r o m  t h e  u n i q u e  C R M - n e g a t i v e  a d u l t  (GM-1935)  a s  w e l l  as  

i n f a n t i l e  sub t ype  p a t i e n t  (GM-248) p r e v i o u s l y  c l a s s i f i e d  as CRM-negat ive 

u s i n g  PC Abs ( s e e  F i g .  9 ) .  These p r o t e i n s  appe a r e d  t o  be a u t h e n t i c  GAA 

due  t o  t h e i r  i d e n t i c a l  m o b i l i t y  w i t h  n o r ma l  enzyme f o r ms .  However,
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c o n s i s t e n t  wi t h  t h e i r  p r e v i o u s  c l a s s i f i c a t i o n  as  CRM-negat ive m u t a t i o n s ,  

t h e s e  enzyme forms were no t  d e t e c t e d  u s i n g  PC Abs ( F i g .  1 0 ) .  The same 

t h r e e  a n o d a l  forms a l s o  were i d e n t i f i e d  by Sp2/53 in  j u v e n i l e  and a d u l t  

s u b t y p e  f i b r o b l a s t s  ( s e e  F i g .  1 1 ) .  N o t a b l y ,  t h e  b a n d s  i n  t h e  CRM- 

p o s i t i v e  j u v e n i l e  and a d u l t  p a t i e n t s  had GAA a c t i v i t y .  The t o t a l  amount 

o f  GAA d e t e c t e d  was g r e a t l y  r e d u c e d  r e l a t i v e  t o  c o n t r o l  f i b r o b l a s t s ,  

c o n s i s t e n t  wi th  our  p r e v i o u s  f i n d i n g s  o f  1 0 - 2 2 % r e s i d u a l  enzyme a c t i v i t y  

and p r o t e i n  i n  j u v e n i l e  and a d u l t  s u b t y p e  f i b r o b l a s t s ,  u s i n g  PC Abs 

( 3 8 - 4 1 ) .

MC Ab S p 2 / 5 2 ,  w h i c h  r e c o g n i z e d  GAA in  n o r ma l ,  a d u l t  and j u v e n i l e  

s u b t y p e  f i b r o b l a s t s ,  d i d  n o t  r e a c t  w i t h  t h e  a n o d a l  p r o t e i n s  i n  t h e  

CRM-negat ive a d u l t  (GM-1935) and CRM-negat ive i n f a n t i l e  s ub t y p e  (GM-248) 

f i b r o b l a s t s .

The i s o z y me  p a t t e r n  i n  l y s a t e s  f r o m  t h e  C R M - p o s i t i v e  i n f a n t i l e  

s u b t y p e  (M-4581) was d i s t i n c t  f rom a l l  o t h e r  c a s e s  s t u d i e d .  The t h r e e  

a n o d a l  f orms  obs e r ve d  in  t h e  a d u l t ,  j u v e n i l e  and CRM-negat ive i n f a n t i l e  

s u b t y p e s  were g r e a t l y  r e d u c e d .  In a d d i t i o n ,  a c a t h o d a l  band ,  wh i c h  was 

b a r e l y  d e t e c t e d  i n  n o r ma l  and t h e  o t h e r  d e f i c i e n t  l y s a t e s ,  s t r o n g l y  

r e a c t e d  wi t h  MC Ab S p 2 / 5 3  ( F i g .  1 1 ) ;  none  o f  t h e s e  enzyme f o r m s  had 

a c t i v i t y .  Thi s  un ique  c a t h o d a l  p r o t e i n  was a l s o  d e t e c t e d  by MC Ab Sp2/52 

and PC Abs.

The  e l e c t r o p h o r e t i c  p a t t e r n  o f  GAA i n  f i b r o b l a s t s  f rom an unusual  

p a t i e n t  ( A. E . )  wi t h  ma s s i v e  g l y c o g e n  a c c u m u l a t i o n  in  t h e  p r e s e n c e  o f  

e l e v a t e d  enzyme a c t i v i t y  was v i r t u a l l y  i n d i s t i n g u i s h a b l e  f rom t h a t  in 

c o n t r o l s  ( s e e  F i g .  9 ) .  Thus ,  d e s p i t e  e x t e n s i v e  b i o c h e m i c a l  and immuno­

l o g i c  s t u d i e s ,  i t  i s  s t i l l  n o t  known why t h i s  p a t i e n t  i s  a f f e c t e d  so
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s e v e r e l y .  The d e f e c t  may r e p r e s e n t  a m u t a t i o n  in t h e  t r a f f i c k i n g  a nd / o r  

c o m p a r t m e n t a l i z a t i o n  o f  GAA.

To d e t e r m i n e  w h e t h e r  MC Ab S p E / 5 3 ,  i n  a d d i t i o n  t o  r e c o g n i z i n g  

n a t i v e  enzyme forms in t h e  CRM-negat ive m u t a t i o n s ,  a l s o  r e c o g n i z e d  t h e  

d e n a t u r e d  enzyme p r o t e i n ,  l y s a t e s  w e r e  a n a l y z e d  u n d e r  d e n a t u r i n g  

c o n d i t i o n s .  Crude f i b r o b l a s t  l y s a t e s  (30 pg)  were d e n a t u r ed  by h e a t i n g  

f o r  5 min a t  95°C i n  b u f f e r  c o n t a i n i n g  SDS and 0 - m e r c a p t o e t h a n o l . The 

d e n a t u r e d  l y s a t e s  were s u b j e c t e d  t o  SDS-PAGE u s i ng  a m i n i - g e l  a p p a r a t u s .  

The p r o t e i n s  we r e  e l e c t r o p h o r e t i c a l l y  t r a n s f e r r e d  t o  n i t r o c e l l u l o s e  

membranes and i mmunos ta ined wi t h  MC Abs.  MC Ab S p 2 / 5 3 ,  i n d e e d ,  r e c o g ­

n i z e d  t h e  d e n a t u r e d  67 kDa s u b u n i t  o f  GAA in t h e  CRM-negat ive m u t a t i o n s .  

The MC Ab a l s o  r e c o g n i z e d  a nunber  o f  l o w e r  m o l e c u l a r  w e i g h t  f o r m s  i n  

a l l  o f  t h e  l y s a t e s  exa mi ned .  In c o n t r a s t ,  MC Ab Sp2/52 d i d  n o t  r e c o g ­

n i z e  e i t h e r  t h e  73 o r  t h e  67 kDa s u b u n i t  o f  GAA i n  t h e  C R M - n e g a t i v e  

m u t a t i o n s ,  b u t  d i d  r e a c t  w i t h  t h e  c o r r e s p o n d i n g  enzyme f o r m s  in a 

p a r t i a l l y  p u r i f i e d  p r e p a r a t i o n  o f  n o r m a l  GAA, n o r ma l  l y s a t e s  and 

f i b r o b l a s t  l y s a t e s  f rom t h e  CRM-pos i t i ve  m u t a t i o n s .  F u r t h e r mo r e ,  MC Ab 

Sp2/52 r e c o g n i ze d  more l ower  m o l e c u l a r  we i ght  forms t han  Sp2/53.

T h e s e  e x p e r i m e n t s  w e r e  a l s o  p e r f o r me d  w i t h o u t  3 - m e r c a p t o e t h a n o l , 

s i n c e  t h e r e  i s  e v i d e n c e  t o  s u g g e s t  t h a t  d i s u l f i d e  b r i d g e s  may p l a y  a 

r o l e  in a n t i g e n i c  d e t e r m i n a n t  s t r u c t u r e  on t h e  GAA m o l e c u l e  ( 2 5 ) .  No 

change  was d e t e c t e d  in t h e  r e a c t i v i t y  o f  t h e  MC Abs t o  t h e  h i g h  m o l e c ­

u l a r  w e i g h t  f o r m s  o f  t h e  enzyme in any o f  t h e  c a s e s  t e s t e d .  N o t a b l y ,  

f ewer  l ower  m o l e c u l a r  we i g h t  forms were o b s e r v e d  i n  t h e  a b s e n c e  o f  t h e  

r e d u c i n g  a g e n t .
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T h u s ,  t h e  u s e  o f  MC Abs has  d e m o n s t r a t e d ,  f o r  t h e  f i r s t  t i m e ,  t h e  

p r e s e n c e  o f  CRM t o  GAA in p a t i e n t s  p r e v i o u s l y  d e f i n e d  a s  C R M - n e g a t i v e  

u s i n g  PC Abs.

E. I d e n t i f i c a t i o n ,  P u r i f i c a t i o n  and C h a r a c t e r i z a t i o n  o f  t h e  E l e c t r o ­

p h o r e t i c  Forms o f  GAA Isozymes 1 ,  2 and 4 :

To d a t e ,  f o u r  i s o z y m e s ,  each encoded by a d i f f e r e n t  a l l e l e  a t  t h e  

GAA l o c u s ,  have been i d e n t i f i e d .  F u r t h e r m o r e ,  t h e  e x i s t e n c e  o f  m u l t i p l e  

e l e c t r o p h o r e t i c  f o r m s  o f  t h e  enzyme,  even in  h i g h l y  p u r i f i e d  p r e p a r a ­

t i o n s ,  has  been documented ( 5 9 ) .  Our p r i o r  d e m o n s t r a t i o n  t h a t  i sozyme 2 

d i d  no t  h y d r o l y z e  s t a r c h  as d i d  t h e  common i sozyme 1 , s u g g e s t e d  t h a t  t h e  

o t h e r  i s o z y m e s  ( i . e . ,  3 and 4)  o f  GAA may h a v e  a l t e r e d  p h y s i c a l  o r  

k i n e t i c  p r o p e r t i e s  which cou l d  be a s s o c i a t e d  wi t h  d i s e a s e .  T h e r e f o r e ,  

d e t a i l e d  s t u d i e s  f o r  t h e  i d e n t i f i c a t i o n ,  p u r i f i c a t i o n  and c h a r a c t e r i z a ­

t i o n  o f  t h e  m u l t i p l e  e l e c t r o p h o r e t i c  f o r m s  o f  GAA isozymes  were  p e r ­

f o r m e d  t o  d e t e r m i n e  t h e i r  r e l a t e d n e s s ,  t h e  b a s i s  o f  t h e i r  c h a r g e  

h e t e r o g e n e i t y  and t h e i r  i nvolvement  in t h e  d i s e a s e  p r o c e s s .  Toward t h a t  

g o a l ,  an IEF sys tem which r e s u l t e d  i n  t h e  une qu i voc a l  i d e n t i f i c a t i o n  o f  

p h e n o t y p e s  1 - 1 ,  1 - 2  and 1 - 4  i n  h e t e r o z y g o u s  p l a c e n t a e  was d e v e l o p e d .  

Th i s  sys t em c onf i r med  t h e  o c c u r r e n c e  o f  GAA e l e c t r o p h o r e t i c  f o r m s  wh i c h  

had  p i  v a l u e s  o f  4 . 3 9  t o  4 . 7 0  ( i s o z y m e  4 ,  p i  = 4 . 7 0 ;  i sozyme 2 ,  pi  = 

4 . 6 1 ;  i sozyme 1,  p i  = 4 . 5 4 - 4 . 3 9 )  ( F i g .  12 ) .

1.  Sc r ee n i ng  o f  P l a c e n t a e  f o r  I d e n t i f i c a t i o n  o f  t h e  GAA I s o z y m e s : 

F r e s h  p l a c e n t a e ,  o b t a i n e d  f rom t h e  d e l i v e r y  room,  and f r o z e n  p l a c e n t a e  

were used f o r  t h e s e  s t u d i e s .  The p l a c e n t a l  e x t r a c t s  we r e  p r e p a r e d  and 

s u b j e c t e d  t o  h o r i z o n t a l  s t a r c h  gel  e l e c t r o p h o r e s i s  as d e s c r i b e d  ( 2 6 ) .  Of
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F i g u r e  1 2 :  IEF o f  c r u d e  human p l a c e n t a l  homogena t e s .  Lanes 1 and 4 ,

pheno type  1 -4 ;  l a ne  2 ,  pheno type  1 - 2 ;  l a n e  3 ,  pheno type  1 - 1 .  The 

g e l  was s t a i n e d  f o r  enzyme a c t i v i t y  w i t h  4MU a - G l c .  Each l ane  

c o n t a i n s  a p p r o x i ma t e l y  50 pg p r o t e i n .
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214 p l a c e n t a e  s c r e e n e d  t o  d a t e ,  7 w e r e  f o u n d  t o  h a v e  t h e  i s o z y m e  

p a t t e r n  1 - 2 .  No p l a c e n t a  wi t h  i sozyme 3 was i d e n t i f i e d  ( 1 9 ) .

The same 214  p l a c e n t a e  were r e s c r e e n e d  by IEF.  Seven t een  had t h e  

i sozyme p a t t e r n  1 - 4 .  Based on t h i s  s amp l i n g ,  t h e  gene f r e q u e n c i e s  were  

c a l c u l a t e d  t o  be  0 . 9 4 2 ,  0 . 0 1 7  and 0 . 0 4 1  f o r  a l l e l e s  1 ,  2 and 4 ,  r e ­

s p e c t i v e l y .  Pheno t ypes  2 - 2 ,  1 - 3 ,  3-3  and 4 - 4  were n o t  o b s e r v e d .  Gene 

f r e q u e n c i e s  c a l c u l a t e d  i n  a s i m i l a r  Ca n a d i an  s u r ve y  o f  201 p l a c e n t a l  

s ampl es  were 0 . 9 1 ,  0 . 0 3  and 0 . 0 6  f o r  i sozymes  1 ,  2 and 4 ,  r e s p e c t i v e l y  

( 2 0 ) .  I t  a p p e a r s  t h a t  a l l e l e s  2 and 4 a r e  r a r e r  i n  t h e  New York 

s a m p l i n g  and may r e f l e c t  d i f f e r e n c e s  i n  t h e  e t h n i c  makeup o f  t h e  

p o p u l a t i o n  examined.

2 .  P u r i f i c a t i o n  o f  I so z y m e s  1 and 4 f rom a He t e rozygous  [ 1 - 4 ]  

P I a c e n t a : Isozyme 4 o f  GAA was p a r t i a l l y  p u r i f i e d  from t h e  h e t e r o z y g o u s

p l a c e n t a  u s i n g  p r o c e d u r e s  deve loped  in  t h i s  l a b o r a t o r y  ( 2 6 ) .  S i nc e  i t  

was n o t  known whe t he r  i sozyme 4 would c o - p u r i f y  wi t h  GAA i soz yme  1 ,  a l l  

s t e p s  i n  t h e  p u r i f i c a t i o n  we r e  m o n i t o r e d  by IEF.  The f a c t  t h a t  i s o ­

zyme 4 c o - p u r i f i e d  w i t h  i s o z y m e  1 ,  s u g g e s t e d  t h a t  t h e y  h a v e  s i m i l a r  

phys i cochemi ca l  p r o p e r t i e s .

S e p a r a t i o n  o f  i s o z y m e s  1 and 4 was a c c o m p l i s h e d  u s i n g  c h r oma t o -  

f o c u s i n g  ( 6 0 , 6 1 ) .  Enzyme e l u t e d  f r o m  t h e  S e p h a d e x  G-100 c o l umn was 

a p p l i e d  t o  a column packed wi t h  p o l y b u f f e r  exc hange r  PBE 94.  The column 

was deve loped  u s i ng  a pH g r a d i e n t  o f  5 t o  4 as  d e s c r i b e d .  Al l  f r a c t i o n s  

w e r e  m o n i t o r e d  f o r  enzyme a c t i v i t y  wi t h  4MU a - G l c .  A t y p i c a l  e l u t i o n  

p r o f i l e  i s  shown i n  F i g .  13.  The peak f r a c t i o n s  f rom each i s o z y m e  were  

i n d i v i d u a l l y  pooled a s  i n d i c a t e d ,  p r e c i p i t a t e d  wi t h  ammonium s u l f a t e  t o  

remove t h e  p o l y b u f f e r ,  r e s u s pe nde d  in s a l i n e ,  d i a l y z e d  e x t e n s i v e l y  and
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F i g u r e  1 3 :  E l u t i o n  p r o f i l e  o f  GAA i s o z y m e s  1 and 4 on a ch r oma t o -

f o c u s i n g  column.  The column was deve loped  o v e r  a pH r an g e  o f  5 t o  

4 .  F r a c t i o n s  I t h r o u g h  VI were i n d i v i d u a l l y  p o o l e d ,  as i n d i c a t e d .  

F r a c t i o n s  I and I I ,  GAA i sozyme 4 ;  f r a c t i o n s  I I I - V I , e l e c t r o p h o ­

r e t i c  forms  o f  GAA i sozyme 1.
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F i g u r e  1 4 :  E l e c t r o p h o r e t i c  f o r m s  o f  i s o z y m e s  1 and 4 i s o l a t e d  by

c h r o m a t o f o c u s i n g .  Lanes  1 t h r o u g h  6  c o r r e s p o n d  t o  f r a c t i o n s  I 

t h r o u g h  VI i n  F i g .  1 3 .  A, t h e  g e l  s t a i n e d  w i t h  4MU a - G l c ;  B, 

immunoblot  s t a i n e d  wi t h  MC Ab Sp2/53.  .
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s t o r e d  a t  - 8 0 ° C  f o r  f u r t h e r  u s e .  A n a l y s i s  o f  t h e  p u r i f i e d  enzymes by 

IEF ( F i g .  14A) showed c ompl e t e  s e p a r a t i o n  o f  i sozymes  1 and 4.  F r a c t i o n  

I and I I  c o r r e s p o n d e d  t o  GAA isozyme 4 ,  whereas  f r a c t i o n s  I I I  t h r o u g h  VI 

r e p r e s e n t  t h e  e l e c t r o p h o r e t i c  forms o f  GAA i s o z y m e  1.  I n t e r e s t i n g l y ,  

t h e  enzyme i n  f r a c t i o n  IV c o n t a i n e d  two e l e c t r o p h o r e t i c  f o r ms ,  one o f  

which was more b a s i c  t h a n  t h e  p r o t e i n  i n  t h e  p r e c e e d i n g  f r a c t i o n  ( s e e  

F i g .  1 4 ) .  T h i s  was a c o n s i s t e n t  f i n d i n g  in t h r e e  s e p a r a t e  p u r i f i c a ­

t i o n s  o f  t h e  i sozyme 1  complex.

3.  P u r i f i c a t i o n  o f  t h e  E l e c t r o p h o r e t i c  Forms o f  GAA Isozyme 2 

f r o m  a H e t e r o z y g o u s  [ 1 - 2 ]  P l a c e n t a e : On t h e  b a s i s  o f  t h e  r e s u l t s

o b t a i n e d  w i t h  i s o z y m e s  1 and 4 ,  p h e n o t y p e  1-2 in p l a c e n t a e  was r e e x ­

amined.  Upon IEF,  m u l t i p l e  e n z y m a t i c a l l y  a c t i v e  forms were o b s e r v e d  i n  

c r u d e  p l a c e n t a l  homogenates  ove r  a pH r an g e  o f  4 . 6 1 - 4 . 3 9 .  A c h a r a c t e r ­

i s t i c  band  a t  pH 4 . 6 1  d i s t i n g u i s h e d  t h e  1 - 2  f ro m  t h e  1 - 1  and 1 - 4  

p h e n o t y p e  ( s e e  F i g .  1 2 ) .  Isozyme 2 has  been p u r i f i e d  t o  n e a r  homogen­

e i t y  ( 4 2 ) .  The p u r i f i e d  enzyme m i g r a t e s  as a s i n g l e  band  on s t a r c h  g e l  

e l e c t r o p h o r e s i s  and d e m o n s t r a t e s  t h e  t y p i c a l  67 and 73 kDa s u b u n i t s  on 

SDS-PAGE. On IEF,  t h e  DEAE-pur i f i ed i s o z y m e  2 was r e s o l v e d  i n t o  f o u r  

e l e c t r o p h o r e t i c  f o r m s ,  which o v e r l a p p e d ,  bu t  were d i s t i n c t  f rom t h o s e  o f  

i sozyme 1 ( s e e  F i g .  1 5 ) .  S u b s e q u e n t  t o  t h i s  f i n d i n g ,  t h e  p a r t i a l l y  

p u r i f i e d  enzyme was s u b j e c t e d  t o  c h r o m a t o f o c u s i n g  as  d e s c r i b e d  f o r  

i sozymes  1 and 4 ,  and r e s u l t e d  in t h e  c ompl e t e  s e p a r a t i o n  and i s o l a t i o n  

o f  t h e  f o u r  e l e c t r o p h o r e t i c  forms o f  i sozyme 2 ( s e e  F i g .  16 ) .

4 .  C o m p a r a t i v e  S t u d i e s  o f  t h e  P h y s i c a l ,  K i n e t i c  and Immunologic 

P r o p e r t i e s  o f  t h e  E l e c t r o p h o r e t i c  Forms  o f  Isozymes 1,  2 and 4 : The

p u r i f i e d  p r e p a r a t i o n s  o f  t h e  e l e c t r o p h o r e t i c  forms o f  i sozymes 1 , 2  and
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F i g u r e  1 5 :  IEF i mmunob l o t  o f  GAA i sozymes 1 ,  2 and 4 .  Lane 1 ,  i s o ­

zyme 4 p u r i f i e d  by c h r o m a t o f o c u s i n g ;  l an e s  2 and 3,  D E A E - p u r i f i e d  

i s o z y m e  2 ;  l a n e  4 ,  Sephadex G-100 p u r i f i e d  i sozyme 1.  Each l a ne  

c o n t a i n s  0 . 8 - 1 . 0  pg p r o t e i n .  The b l o t  was i m m u n o s t a i n e d  w i t h  MC 

Ab Sp2/ 53 .
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F i g u r e  1 6 :  IEF i mm u n o b l o t  o f  t h e  e l e c t r o p h o r e t i c  forms o f  GAA i s o ­

zyme 2 p u r i f i e d  by c h r o m a t o f o c u s i n g .  Lane 1 ,  p a r t i a l l y  p u r i f i e d  

GAA i s o z y m e  4 ;  l a n e  2 ,  D E A E - p u r i f i e d  i sozyme  2;  l a n e s  3 - 6 ,  t h e  

maj or  e l e c t r o p h o r e t i c  forms o f  i sozyme 2  e l u t e d  f ro m  a c h r o m a t o ­

f o c u s i n g  column.  Each l a n e  c o n t a i n s  0 . 5 - 0 . 8  pg p r o t e i n .  The b l o t  

was i mmunos ta ined wi th MC Ab Sp2/53.
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4 o b t a i n e d  f rom h e t e r o z y g o u s  ( 1 - 2  and 1 - 4 )  p l a c e n t a e  were a na l yz e d  f o r  

t h e i r  p h y s i c a l ,  k i n e t i c  and immunologic p r o p e r t i e s .  The p r e p a r a t i o n s  

we r e  e x a mi n e d  f o r  t h e i r  s u b u n i t  c o m p o s i t i o n ,  pH op t i m a ,  t he r ma l  s t a b i l ­

i t y ,  Km and Vmax ( u s i n g  m a l t o s e  and g l ycoge n  as s u b s t r a t e )  and f o r  t h e i r  

i m m u n o r e a c t i v i t y  wi t h  PC and MC Abs.

a) P h y s i c a l  and k i n e t i c  p r o p e r t i e s : C o m p a r a t i v e  s t u d i e s  

showed  t h a t  t h e  e l e c t r o p h o r e t i c  forms o f  i soyzmes 1 and 4 had t h e  same 

pH o p t i m u m ,  t h e r m o s t a b i l i t y ,  a p p a r e n t  Km and Vmax v a l u e s  toward  m a l t o s e  

and g l y c o g e n ,  and s i m i l a r  KjS wi t h  t h e  i n h i b i t o r s ,  t u r a n o s e ,  t r e h a l o s e ,  

o t -me t hy l g l uc os i de  and 1 - d e o x y n o j i r i m y c i n .  In c o n t r a s t ,  t h e  e l e c t r o ­

p h o r e t i c  forms  o f  i sozyme 2  a l l  e x h i b i t e d  a r educ e d  a b i l i t y  t o  c a t a l y z e  

g l ycoge n  and t h e  a t y p i c a l  Mi c h a e l i s - Me n t e n  k i n e t i c s  c h a r a c t e r i s t i c  o f  

t h i s  i s o z y m e ,  b u t  o t h e r w i s e  s h a r e d  t h e  p h y s i c o k i n e t i c  p r o p e r t i e s  o f  

i sozymes  1 and 4 ( s e e  Ta b l e  5 ) .

b) Subun i t  c o m p o s i t i o n : The s i x  enzyme f r a c t i o n s  f rom a 1-4

p l a c e n t a l  p r e p a r a t i o n  e l u t e d  f r om t h e  c h r o m a t o f o c u s i n g  c o l umn were 

a n a l y z e d  by SDS-PAGE t o  d e t e r m i n e  t h e i r  s u b u n i t  c o m p o s i t i o n .  As shown 

in  F i g .  17,  t h e  enzyme forms in a l l  s i x  f r a c t i o n s  c o n t a i n  a 67 kDa and a 

73 kDa p r o t e i n ,  a l t h o u g h  i n  v a r y i n g  p r o p o r t i o n s .  The enz yme s  i n  

f r a c t i o n s  I and I I  (GAA isozyme 4) were composed o f  a lmost  e n t i r e l y  t h e  

73 kDa s u b u n i t .  F r a c t i o n s  I I I  t h r o u g h  VI ( t h e  m a j o r  e l e c t r o p h o r e t i c  

forms  o f  GAA isozyme 1) had p r o g r e s s i v e l y  l e s s  o f  t h e  73 kDa s u b u n i t  and 

a s i m u l t a n e o u s  i n c r e a s e  i n  t h e  67 kDa s u b u n i t .  Al l  s i x  f r a c t i o n s  

c o n t a i n e d  a l ow MW ( ^  20 kDa)  f o r m  w h i c h  c o p u r i f i e d  wi t h  i sozymes 1 

and 4 .  That  a l l  o f  t h e s e  d e n a t u r e d  f o r m s ,  i n c l u d i n g  t h e  20 kDa f o r m
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TABLE 5

P h y s i ca l  and K i n e t i c  P r o p e r t i e s  o f  GAA Isozymes 1 ,  2 and 4

P r o p e r t y Isozyme l a Isozyme 2b Isozyme 4C

pH Optimum 4. 2 4 . 0  -  4 . 4 4 . 4

Thermal S t a b i l i t y same

Apparent  Km:

Mal t ose  (mM) 16 -  2 0 13 -  22 17
Glycogen (mg/ml) 41 _d 46

Apparent  Vmax:

(pg Glu x 10~6 / h /mg)

Mal t ose 11 . 9  -  12 .4 1.5  -  2 . 7 6 . 6

Glycogen 7 . 4  -  7 . 8 “ 1

00oo

aChromat ofocus i ng  f r a c t i o n s  I I I - V I ;  F i g .  14,  l a n e s  3-6 

^Chr omat ofocus i ng  f r a c t i o n s  I - 1V; F i g .  16,  l a n e s  3-6

c Chr omat ofocus i ng  f r a c t i o n s  I and I I ;  F i g .  14,  l a n e s  1 and 2

^Al l  f o u r  e l e c t r o p h o r e t i c  forms d e mons t r a t e d  a t y p i c a l  Mi chae l i s -Men t en  
k i n e t i c s  and a r educed  a b i l i t y  t o  c a t a l y z e  g l y c o g e n .  Ma l t o s e r g l y c o g e n  
r a t i o  were 1 1 . 2 - 1 2 . 1  compared t o  r a t i o s  o f  1 . 0 - 1 . 9  wi t h  i sozyme 1 .
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F i g u r e  1 7 :  S u b u n i t  c o m p o s i t i o n  o f  t h e  e l e c t r o p h o r e t i c  forms  o f  GAA

isozymes  1 and 4.  S,  s t a n d a r d s ;  l a n e s  1 - 6  c o r r e s p o n d  t o  f r a c ­

t i o n s  I t h r o u g h  VI i n  F i g .  13.  Each l a n e  c o n t a i n s  1 pg p r o t e i n .  

The 10/6 a c r y l a mi de  gel  was s t a i n e d  wi t h  Coomassie Bl ue .  No t e  t h e  

20 kDa p r o t e i n  which c o - p u r i f i e d  wi t h  each e l e c t r o p h o r e t i c  form o f  

i sozymes  1 and 4.
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F i g u r e  1 8 :  SDS-PAGE o f  t h e  e l e c t r o p h o r e t i c  forms  o f  GAA isozymes 1

and 4 s t a i n e d  w i t h  f 1u o r e s c e i n a t e d  C o n c a n a v a l i n  A. L a n e s  1 - 6

c o r r e s p o n d  t o  f r a c t i o n s  VI - I  o f  F i g .  13.  Note t h e  low MW g l y c o ­

p r o t e i n  20 kDa) which c o - e l u t e d  wi t h  each  GAA enzyme form.  Each

l a n e  c o n t a i n s  1  pg p r o t e i n .
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w e r e  g l y c o p r o t e i n s  was d e m o n s t r a t e d  by s t a i n i n g  t h e  ge l  wi t h  f l u o r e s ­

c e i n - c o n j u g a t e d  Concanava l i n  A ( s e e  F i g .  18) .

E a r l i e r  s t u d i e s  showed t h a t  b o v i n e  and human l i v e r  GAA (110 kDa) 

were d i s s o c i a t e d  i n t o  25-27 kDa forms in t h e  p r e s e n c e  o f  g u a n i d i n e - H C l  

( 6 2 , 6 3 ) .  Howe ver ,  r e c e n t  s t u d i e s  by  M a r t i n i u k ,  Honig and Hi r s c hho r n  

(64)  d e mo n s t r a t e d  t h a t  t h e  low m o l e c u l a r  we i gh t  (% 20 kDa) p r o t e i n  bands 

i n  S D S - g e l s  do n o t  c o r r e s p o n d  t o  t h e  g u a n i d i n e - H C l  g e n e r a t e d  low 

m o l e c u l a r  w e i g h t  s p e c i e s  p r e v i o u s l y  r e p o r t e d  ( 6 2 , 6 3 ) .  When t h e  l l 25_  

l a b e l e d ,  g u a n i d i n e - d i s s o c i a t e d  20 kDa f o r m  was a n a l y z e d  on S D S - g e l s ,  

o n l y  a 64 kDa p r o t e i n  was i d e n t i f i e d .  These  f i n d i n g s  s u g g e s t e d  t h a t  

ma t u r e  GAA p r o t e i n  i s  made up o f  p o l y p e p t i d e s  wh i c h  a r e  bo n d e d  i n  t h e  

n a t i v e  s t a t e  by a t  l e a s t  two d i f f e r e n t  t y p e s  o f  i n t e r a c t i o n s ,  one  

s e n s i t i v e  t o  S DS - d e n a t u r a t i o n  and one  s e n s i t i v e  t o  g u a n i d i  n e - H C l , b u t  

no t  SDS.

The f i n d i n g  t h a t  t h e  20 kDa g l y c o p r o t e i n  c o - p u r i f i e d  wi t h  i s o ­

zymes 1 and 4 t h r o u g h o u t  t h e  p u r i f i c a t i o n  p r o c e d u r e  i n d i c a t e s  t h a t  t h e  

p r o t e i n  i s  t i g h t l y  a s s o c i a t e d  wi t h  t h e  enzyme.  I n d e e d ,  one can s p e c u ­

l a t e  t h a t  t h i s  p r o t e i n  m u s t  be " b u r i e d "  w i t h i n  t h e  n a t i v e  enzyme 

s t r u c t u r e .  F u r t h e r m o r e ,  t h i s  t i g h t  a s s o c i a t i o n  wi t h  GAA s u g g e s t s  t h a t  

t h e  20 kDa p r o t e i n  may h a v e  p h y s i o l o g i c  s i g n i f i c a n c e ,  p e r h a p s  as  an 

a c t i v a t o r  o r  s t a b i l i z i n g  f a c t o r .

A n a l y s i s  o f  t h e  i s o z y m e  2 c h r o m a t o f o c u s i n g  f r a c t i o n s  by SDS-PAGE 

showed a s i m i l a r  t r e n d  f rom p r e d o m i n a n t l y  a 73 kDa t o  a 67 kDa s u b u n i t  

c o m p o s i t i o n .  The more  b a s i c  enzyme p r o t e i n  c o r r e s p o n d s  t o  t h e  73 kDa 

s u b u n i t ,  w h e r e a s  t h e  more  a c i d i c  enzyme f o r m s  were  compos e d  a l m o s t  

e n t i r e l y  o f  a 67 kDa s u b u n i t .
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c)  I mm u n o l o g i c  p r o p e r t i e s : Compara t i ve  s t u d i e s  showed t h a t  

t h e  e l e c t r o p h o r e t i c  f o r m s  o f  i s o z y m e s  1 ,  2 and  4 were  a n t i g e n i c a l l y  

i n d i s t i n g u i s h a b l e  on t h e  b a s i s  of  t h e i r  r e a c t i v i t y  wi t h  PC and t h e  12 MC 

Abs u n d e r  d e n a t u r i n g  and n o n - d e n a t u r i n g  c o n d i t i o n s  ( s e e  F i g .  14B) . 

F u r t h e r  s t u d i e s  wi t h  SL a u r e us  V8  p r o t e a s e  d i g e s t s  showed t h a t  a l t hough  

t h e  i n t e n s i t y  r a t i o s  o f  t h e  immunoreac t i ve  p e p t i d e s  v a r i e d  between t h e  

i soz yme s ,  no p e p t i d e ( s )  un i que  t o  i sozyme  1 ( F i g .  7 ) ,  2 ( F i g .  8 ) o r  4 

was d e t e c t e d .

d) D e t e r m i n a t i o n  o f  t h e  b a s i s  o f  t h e  c ha r ge  h e t e r o g e n e i t y : 

The  c h a r g e  d i f f e r e n c e s  o b s e r v e d  i n  GAA may be  due  t o  d i f f e r e n c e s  in 

amino a c i d  c o m p o s i t i o n  o r  m o d i f i c a t i o n  o f  t h e  o l i g o s a c c h a r i d e  s i d e  

c h a i n s .  To d i s t i n g u i s h  between t h e s e  two p o s s i b i l i t i e s ,  t h e  c h r oma t o -  

f o c u s i n g - p u r i f i e d  e l e c t r o p h o r e t i c  forms  o f  GAA i sozymes  1,  2 and 4 we r e  

t r e a t e d  w i t h  V_. c h o l e r a e  n e u r a m i n i d a s e ,  a c i d  and a l k a l i n e  p h o s p h a t a s e  

and  N - g l y c a n a s e .  The l a t t e r  enzyme h y d r o l y z e s  N - a s p a r a g i n e - 1 i n k e d  

o l i g o s a c c h a r i d e s  f rom g l y c o p r o t e i n s  and g l y c o p e p t i d e s .  None o f  t h e  GAA 

i s o z y m e s  c o n t a i n e d  s i a l i c  a c i d  r e s i d u e s ,  s i n c e  n e u r a m i n i d a s e  t r e a t m e n t  

had no e f f e c t  on t h e i r  r e s p e c t i v e  p i s .  Removal o f  t h e  o l i g o s a c c h a r i d e  

s i d e  c ha i n  by N- g l yca na s e  d e mo n s t r a t e d  t h a t  bo t h  s u b u n i t s  o f  i sozymes 1,  

2 and 4 were r educed  in s i z e .  As shown in  F i g .  19 ,  N - g l y c a n a s e  t r e a t ­

ment  o f  t h e  i sozymes r e s u l t e d  i n  an ^  3 kDa d e c r e a s e  i n  m o l e c u l a r  we i ght  

i n  each o f  t h e  i sozyme s u b u n i t s .  Se ve r a l  new low m o l e c u l a r  w e i g h t  b a n d s  

w e r e  o c c a s s i o n a l l y  d e t e c t e d  f o l l o w i n g  N- g l y c a n a s e  t r e a t m e n t ,  p r esumably  

due t o  p a r t i a l  c l e a v a g e .  That  t h e  p r o t e i n s  were t o t a l l y  d e g l y c o s y l a t e d  

was  shown by t h e  f a i l u r e  o f  t h e  t r e a t e d  enzymes t o  b i nd  f l u o r e s c e i n a t e d  

Conc a na va l i n  A. At t empt s  t o  l o c a t e  t h e  d e g l y c o s y l a t e d  p r o t e i n  i n  an IEF
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F i g u r e  19 :  N - G l y c a n a s e  d i g e s t i o n  o f  GAA isozymes 1 ,  2 and 4.  P r o ­

t e i n s  were e l e c t r o p h o r e s e d  in  a 10% S D S - p o l y a c r y l  ami de  g e l ,  im-  

m u n o b l o t t e d  and s t a i n e d  w i t h  MC Ab S p 2 / 5 3 .  L a n e s  1 ,  3 and 5 ,  

u n d i g e s t e d  i sozymes 4 ,  2 and 1,  r e s p e c t i v e l y ;  l a n e s  2 ,  4 and  6 , 

N - g l y c a n a s e - d i g e s t e d  i sozymes  4 ,  2 and 1,  r e s p e c t i v e l y .  Each l an e  

c o n t a i n s  0 . 2 5  pg enzyme p r o t e i n .
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s y s t e m  h a v e  be e n  u n s u c c e s s f u l . However,  t h e  t r e a t e d  p r o t e i n  may f o c u s  

o u t s i d e  t h e  pH r a n g e  o f  3 . 5  t o  10 .  F u r t h e r  s t u d i e s  t o  d e t e r m i n e  t h e  

c h a r g e  o f  t h e  d e g l y c o s y l a t e d  p r o t e i n s  a r e  i n d i c a t e d .

Subsequent  s t u d i e s  were per formed t o  d e t e r m i n e  w h e t h e r  o r  n o t  t h e  

e l e c t r o p h o r e t i c  f o r m s  o f  GAA a r e  due  t o  p h o s p h o r y l a t i o n  o f  t h e  o l i g o -  

s a s c h a r i d e  s i d e  c h a i n s .  The i s o z y m e s  we r e  t r e a t e d  w i t h  a c i d  and 

a l k a l i n e  p h o s p h a t a s e  and e l e c t r o p h o r e s e d  on IEF g e l s .  No change  in t h e  

number o f  e l e c t r o p h o r e t i c  forms o r  i n  t h e i r  r e s p e c t i v e  p i s  was d e t e c t e d ,  

i n d i c a t i n g  t h a t  t h e  ma t u r e  enzyme forms c o n t a i n  l i t t l e  or  no p h o s p h a t e  

g r o u p s .

F.  Compara t ive  P e p t i d e  Mapping o f  GAA S u b u n i t s :

I f ,  i n d e e d ,  t h e  c h a r g e  h e t e r o g e n e i t y  o f  t h e  GAA enzyme forms i s  due 

t o  d i f f e r e n c e s  in t h e  p r o t e i n  backbone o f  t h e  m o l e c u l e s ,  t h e s e  d i f f e r ­

e n c e s  c o u l d  r e s u l t  i n  t h e  g e n e r a t i o n  o f  un i que  p e p t i d e s  upon p r o t e a s e  

d i g e s t i o n .  F u r t h e r m o r e ,  i s o z y m e  2 ,  w h i c h  h a s  a c h a r a c t e r i s t i c a l l y  

r educed  c a t a l y t i c  a c t i v i t y  toward g l y c o g e n ,  must  have a maj or  s t r u c t u r a l  

a l t e r a t i o n  a t  o r  n e a r  t h e  a c t i v e  c e n t e r  f o r  g l y c o g e n ,  p r e s u m a b l y  due  t o  

an amino a c i d  s u b s t i t u t i o n .  C l e a v a g e  o f  t h e s e  enzyme f o r m s  w i t h  

p r o t e a s e s  s hou l d  y i e l d  u n i q u e  p e p t i d e ( s )  wh i c h  may be  i d e n t i f i e d  by 

r e s e r v e d  p h a s e  HPLC. I s o l a t i o n  and s e q u e n c i n g  o f  such a p e p t i d e ( s )  

would a l l ow t h e  d e f i n i t i o n ,  a t  t h e  p r o t e i n  l e v e l ,  o f  t h e  amino a c i d  

s u b s t i t u t i o n  r e s p o n s i b l e  f o r  t h e  abnormal  k i n e t i c  and c a t a l y t i c  b e h a v i o r  

o f  t h i s  i sozyme.  A d d i t i o n a l l y ,  most  p u r i f i e d  GAA p r e p a r a t i o n s ,  whi ch  on 

SOS-PAGE show two ma j o r  s u b u n i t s  (67 and 73 kDa) ,  show s e v e r a l  "contam­

i n a t i n g "  bands .  Of t h e s e ,  t h e  most  common a r e  a h i g h  m o l e c u l a r  w e i g h t  

p r o t e i n  w i t h  a Mr  ■v 96 kDa and a l ow m o l e c u l a r  w e i g h t  f o r m  w i t h  a
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Mr  20 kDa.  AIT f o r m s  a r e  g l y c o p r o t e i n s ,  as  d e m o n s t r a t e d  by  t h e i r  

a b i l i t y  t o  b i nd  f l u o r e s c e i n a t e d  c o n c o n a v a l i n  A. P e p t i d e  p r o f i l e s  f rom 

t h e s e  p r o t e i n  forms s hou l d  de t e r mi ne  t h e i r  r e l a t e d n e s s  t o  t h e  two major  

s u b u n i t s  o f  GAA.

S t u d i e s  were  t h e r e f o r e  conduc ted  t o  a) i s o l a t e  t o  homogene i t y ,  t h e  

" p r e c u r s o r "  (96 kDa) ,  t h e  two major  s u b u n i t s  ( 67  and 73 k D a ) ,  and t h e  

20 kDa p r o t e i n ;  b)  e s t a b l i s h  c o n d i t i o n s  f o r  o b t a i n i n g  p r o t e o l y t i c  

d i g e s t s  o f  c o n s i s t e n t  q u a l i t y ,  and c )  d e v e l o p  HPLC m e t h o d o l o g i e s  t o  

o b t a i n  opt imal  s e p a r a t i o n  o f  t h e  p e p t i d e s  g e n e r a t e d .

E l e c t r o e l u t i o n  f r o m  p r e p a r a t i v e  S D S - g e l s  was e s s e n t i a l l y  as  

d e s c r i b e d  by H u n k a p i l l a r  e t  a l . ( 5 4 ) .  The e l u t e d  p r o t e i n s  were conc en ­

t r a t e d  on a C e n t r i c o n  10 m i c r o c o n c e n t r a t o r  (Amicon C o r p . ,  D a n v e r s ,  MA). 

T r y p s i n  d i g e s t i o n  o f  homoge ne ous  e l e c t r o e l u t e d  GAA was pe r formed as 

d e s c r i b e d .  The r e s u l t a n t  p e p t i d e s  were t he n  r e s o l v e d  by c h r o m a t o g r a p h y  

on a 5 p Vydac C4  r e v e r s e d  phas e  column ( 4 . 6  mm i . d .  x 25 cm) ,  which had 

been e q u i l i b r a t e d  w i t h  100% wa t e r  c o n t a i n i n g  0.05% t r i f l u o r o a c e t i c  a c i d .  

S e q u e n t i a l  l i n e a r  g r a d i e n t s  o f  0-60% a c e t o n i t r i l e  (80% a c e t o n i t r i t e ,  20% 

w a t e r  w i t h  0 .05% t r i f l u o r o a c e t i c  a c i d )  f r om 0 - 1 8 0  min and 60-80% 

a c e t o n i t r i l e  f rom 180-240 min were a p p l i e d  and t h e  column was deve l oped  

a t  a f l o w - r a t e  o f  0 . 7  ml / mi n .  The e l u a t e  was mon i t o r e d  by a d s o r b a n c e  a t  

214 and 280 nm.

The p e p t i d e  p r o f i l e s  o b t a i n e d  wi t h  t h e  t r y p s i n - d i g e s t e d  e l e c t r o ­

e l u t e d  p r o t e i n s  f rom a t y p i c a l  GAA i soz yme  1 p r e p a r a t i o n  a r e  shown i n  

F i g .  2 0 .  The p a t t e r n  o b t a i n e d  wi t h  t h e  73 kDa s u b u n i t  (Pane l  B) and t h e  

67 kDa s u b u n i t  ( P a n e l  C) a r e  v i r t u a l l y  i d e n t i c a l .  Howe ver ,  s e v e r a l  

p e p t i d e s  u n i q u e  t o  e a c h  s u b u n i t  ( a r r o w s )  were c o n s i s t e n t l y  o b s e r v e d .  

Panel  A shows t h e  p e p t i d e  p r o f i l e  o f  t h e  96 kDa p r o t e i n ,  wh i c h  c l e a r l y
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F i g u r e  20 :  T r y p t i c  p e p t i d e  maps o f  human p l a c e n t a l  GAA. The enzyme

forms were p u r i f i e d  by e l e c t r o e l u t i o n  and d i g e s t e d  w i t h  TPCK- 

t r y p s i n .  P e p t i d e s  were r e s o l v e d  by r e v e r s e d  pha s e  HPLC. Pane l  A, 

96 kDa p r e c u r s o r ;  Panel  B,  73 kDa s u b u n i t ;  P a n e l  C,  67 kDa s u b ­

u n i t ;  and Panel  D, 20 kDa g l y c o p r o t e i n  c o - p u r i f i e d  wi t h  GAA.
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d e m o n s t r a t e s  t h e  r e l a t e d n e s s  o f  t h i s  p r o t e i n  t o  t h e  67 and 73 kDa 

s p e c i e s .  Major d i f f e r e n c e s  in t h e  p a t t e r n s  o c c u r  between e l u t i o n  t i m e  75 

t o  93 min and 121 t o  128 min .  I t  i s  u n c l e a r  a t  t h i s  t i m e ,  whe t he r  t h e s e  

d i f f e r e n c e s  i n  t h e  p e p t i d e  p r o f i l e s  a r e  due t o  i n c o m p l e t e  p r o t e o l y s i s ,  

o r  w h e t h e r  t h e y  t r u l y  r e f l e c t  d i f f e r e n c e s  i n  t h e  p r o t e i n  b a c k b o n e .  

N e v e r t h e l e s s ,  t h e  r e l a t e d n e s s  o f  t h i s  l a r g e  MW p r o t e i n  t o  t h e  m a t u r e  

p r o c e s s e d  forms o f  Mr  67 and 73 kDa have been e s t a b l i s h e d .

Panel  D shows t h e  p e p t i d e  p r o f i l e  o b t a i n e d  wi t h  t r y p t i c  d i g e s t s  o f  

t h e  20 kDa p r o t e i n  wh i c h  c o n s i s t e n t l y  c o - p u r i f i e d  wi t h  GAA. C l e a r l y ,  

t h i s  p r o t e i n  shows l i t t l e ,  i f  any r e l a t i o n s h i p  t o  any o f  t h e  GAA enzyme 

f o r ms ,  and t h e r e f o r e  most  l i k e l y  i s  a c o - p u r i f i e d  c o n t a m i n a n t .

The p e p t i d e  p r o f i l e  of  i sozyme 4 was compared t o  t h a t  o f  s e v e r a l  o f  

t h e  e l e c t r o p h o r e t i c  forms o f  isozyme 1.  The p r e p a r a t i o n s  used f o r  t h e s e  

s t u d i e s  were p u r i f i e d  by c h r o m a t o f o c u s i n g , b u t  wer e  n o t  e l e c t r o e l u t e d  

f r o m  S D S - g e l s .  T h u s ,  t h e  p r e p a r a t i o n s  c o n t a i n e d  v a r y i n g  p r o p o r t i o n s  o f  

bo t h  t h e  67 and t h e  73 kDa s u b u n i t s  { i s o z y m e  4 :  p r e d o m i n a n t l y  73 kDa 

f o r m ;  i s o z y m e  1 :  p r e d o m i n a n t l y  67 kDa f o r m ) .  The p r o t e o l y t i c  p e p t i d e  

p a t t e r n s  were i n d i s t i n g u i s h a b l e .  The t r y p t i c  d i g e s t s  o f  i sozyme 1 and 4 

w e r e  a l s o  s u b j e c t e d  t o  a n a l y t i c a l  SDS-PAGE, W e s t e r n  b l o t t e d  and im- 

m u n o s t a i n e d  w i t h  PC Abs and MC Ab S p 2 / 5 3 .  No p e p t i d e s  u n i q u e  t o  a 

p a r t i c u l a r  i s o z y m e  we r e  o b s e r v e d .  T h e r e f o r e ,  wi t h  t h e  e x c e p t i o n  o f  a 

d i f f e r e n t  p i ,  i sozymes 1 and 4 appear  t o  be b i o c h e m i c a l l y ,  p h y s i c a l l y  

and i mmuno l og i c a l l y  i d e n t i c a l .
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G. D e t e r m i n a t i o n  o f  t h e  Amino Ac i d  C o m p o s i t i o n  and N- Termi na l  Se­

quences  o f  GAA Isozyme 1 :

The e l e c t r o e l u t e d  s u b u n i t s  o f  GAA d e s c r i b e d  above were a n a l y z e d  f o r  

t h e i r  amino a c i d  c o m p o s i t i o n  and N - t e r m i n a l  s e q u e n c e .  The amino a c i d  

c o m p o s i t i o n s  o f  t h e  67 and 73 kDa s u b u n i t s  w e r e  v e r y  s i m i l a r  ( S e e  

Ta b l e  6 ) .  Both s u b u n i t s  had a v e r y  high l e u c i n e  c o n t e n t .  T h r e e  ami no  

a c i d  r e s i d u e s  ( T h r ,  Gln / Gl u  and Pro)  were n o t i c a b l y  h i g h e r  i n  t h e  73 kDa 

s u b u n i t .  A d d i t i o n a l l y ,  a p p r o x i m a t e l y  3 356 o f  t h e  amino a c i d  r e s i d u e s  i n  

e a c h  s u b u n i t  we r e  h y d r o p h o b i c .  T a b l e  6  a l s o  shows  t h e  ami no  a c i d  

c o m p o s i t i o n  o f  t h e  bo v i n e  l i v e r  GAA p r e v i o u s l y  r e p o r t e d  by Bruni  e t  a l . 

( 6 5 ) .  With t h e  e x c e p t i o n  o f  a h i g h e r  p r o l i n e  and l e u c i n e  c o n t e n t  in t h e  

human enzyme,  t h e  c o m p o s i t i o n  o f  t h e  bov i ne  enzyme i s  v i r t u a l l y  i d e n t i ­

ca l  .

The u n b l o c k e d ,  m a t u r e  73 kDa s u b u n i t  p r o v i d e d  an amino t e r m i n a l  

s eque nc e  o f  16 r e s i d u e s  ( s e e  F i g .  2 1 ) .  Of t h e  r e s i d u e s  i d e n t i f i e d ,  50% 

w e r e  e n c o d e d  by one  o r  two c o d o n s .  Such a h i g h  p e r c e n t a g e  o f  low 

r e dunde nc y  codons  w i l l  g r e a t l y  r e duc e  t h e  c o m p l e x i t y  o f  t h e  o l i g o n u c l e o ­

t i d e  m i x t u r e s  t h a t  m u s t  be  c o n s t r u c t e d  t o  i n c l u d e  a l l  p o s s i b l e  codon 

c o m b i n a t i o n s  p r e d i c t e d  f r o m  t h e  a m i n o - t e r m i n a l  ami no  a c i d  s e q u e n c e .  

T h e s e  o l i g o n u c l e o t i d e  p r o b e s ,  as  wel l  as a d d i t i o n a l  p r o t e i n  s e q u e n c e s ,  

w i l l  be i n v a l u a b l e  i n  e x p e r i m e n t s  d e s i g n e d  t o  o b t a i n  a d d i t i o n a l  cDNA 

c l o n e s  t h a t  i n c l u d e  t h e  e n t i r e  p r e p r o p e p t i d e  c od i ng  r e g i o n  as we l l  as a 

p o s s i b l e  5'  u n t r a n s l a t e d  r e g i o n .  These c l o n e s  s h o u l d  a l l ow t h e  c h a r a c t e r i -  

a t i o n  o f  t h e  genomic s t r u c t u r e  and o r g a n i z a t i o n  as  wel l  as t h e  e l u c i d a ­

t i o n  o f  t h e  m o l e c u l a r  d e f e c t ( s )  i n  u n r e l a t e d  p a t i e n t s  w i t h  g l y c o g e n ­

o s i s  I I .  The 15 amino a c i d  sequence  o b t a i n e d  f rom t h e  ami n o - t e r m i n u s  o f
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TABLE 6

Amino Acid Compos i t i on  o f  Human GAA

Amino Acid 
Res idue

Number o f  R e s i d u e s ,  I n t e g r a l  No.
Human P l a c e n t a l  GAA Bovine L i v e r  GAAd

67 kDac 73 kDac 107 kDa

Asxa 52 55 54
Thr 38 45 49
Ser 43 45 43
Glxb 58 64 63
Pro 57 65 49
Gly 52 52 47
Ala 45 45 41

Val 42 43 45
Met 13 16 14
H e 18 19 2 1

Leu 72 76 65
Tyr 26 28 24
Phe 37 40 33
His 2 0 2 2 1 2

Lys 8 1 1 9
Arg 32 37 28
Trp - - 2 2

Hal f -Cys - - 8

aAsx = Asn o r  Asp

bGlx = Gin o r  Glu 

c Subun i t  m o l e c u l a r  we i ght  

dRef .  65
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F i g u r e  2 1 :  N - T e r m i n u s  amino a c i d  sequence  o f  t h e  67 and 73 kDa sub­

u n i t s  of  human p l a c e n t a l  GAA. A, 73 kDa s u b u n i t ;  B,  67  kDa s u b ­

u n i t .  Not e  t h e  o v e r l a p p i n g  s equence  o f  P r o - S e r - T y r - S e r - V a l - S e r -  

Phe in B. T e n t a t i v e  a s s i gnmen t s  a r e  shown i n  p a r e n t h e s e s  and X 

de n o t e s  an u n i d e n t i f i a b l e  amino a c i d  r e s i d u e .



97

A
1 5 tO

Mot Gin Pro Trp (Thr) Pho Phe Pro Pro Ser Tyr X Pro

0
1 5 10

Ala Pro Ser (Pro) Leu (Tyr) (Glu) Val X Phe (Pro) Leu
(Leu) (Tyr) (Ser) (Val) (Ser) (Phe) (Ala) (Ser) Pro
(Val) (Thr) (Thr)

15
X LyB Lys

15
Phe Gly (Val) 

Pro
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t h e  67 kDa fo rm was n o t  a s  i n f o r m a t i v e ,  s i n c e  t h e  i d e n t i f i c a t i o n  o f  

e i g h t  o f  t h e  ami no  a c i d s  c o u l d  n o t  be  d e f i n i t i v e l y  i d e n t i f i e d  ( s e e  

F i g .  21 ) .

N e v e r t h e l e s s ,  t h e s e  d a t a  d e m o n s t r a t e d  t h a t  t h e  a m i n o - t e r m i n a l  

s equenc e s  o f  t h e  two s u b u n i t s  were d i s t i n c t .  F u r t h e r m o r e ,  t h e  r e s u l t s  

s u p p o r t e d  t h e  c o n c e p t  t h a t  t h e  67 kDa s u b u n i t  was  d e r i v e d  f rom t h e  

76 kDa form by t h e  removal  o f  an N- t e r mi na l  p e p t i d e ( s ) .  A l t e r n a t i v e l y ,  

t h e  two s u b u n i t s  c o u l d  r e s u l t  f rom d i f f e r e n t i a l  p r o t e o l y t i c  c l e a v a g e  o f  

t h e  96 kDa p r e c u r s o r  m o l e c u l e ,  r e s u l t i n g  i n  two enzyme f o r m s ,  e a c h  w i t h  

un i que  N- t e r mi na l  s e q u e n c e s .

B e l e n k y  and Ro s e n f e l d  (62)  o b t a i n e d  d a t a  wi t h  GAA from human l i v e r  

t h a t  s ug g e s t e d  t h a t  t h e  enzyme c o n s i s t e d  o f  a t  l e a s t  t h r e e  s t r u c t u r a l l y  

d i f f e r e n t  s u b u n i t s .  A p p a r e n t l y  h o m o g e n e o u s  enzyme was s u b j e c t e d  t o  

d a n s y l a t i o n  and f u r t h e r  a c i d  h y d r o l y s i s  t o  d e t e r m i n e  t h e  N - t e r m i n a l  

ami no  a c i d  c o m p o s i t i o n .  T h i n - l a y e r  c h r oma t og r a phy  o f  t h e  a c i d  h yd r o ­

l y s a t e  of  t h e  DNS enzyme showed DNS d e r i v a t i v e s  o f  a l a n i n e ,  g l y c i n e  and 

g l u t a m i c  a c i d .  The p r e s e n t  s t u d y  c l e a r l y  d e m o n s t r a t e d  t h a t  human 

p l a c e n t a l  GAA c o n t a i n e d  o n l y  two s u b u n i t s .  In agreement  wi t h  t h e  r e s u l t  

o b t a i n e d  by  Bel enky and Ros e n f e l d  ( 6 2 ) ,  t h e  67 kDa s u b u n i t  was shown t o  

have a l a n i n e  as t h e  N- t e r mi nus  amino a c i d .  The as s i gnmen t  o f  m e t h i o n i n e  

a s  t h e  N - t e r m i n u s  ami no  a c i d  i n  t h e  73 kDa s u b u n i t ,  however ,  c l e a r l y  

d i f f e r s  f rom t h e  r e s u l t s  o b t a i n e d  in ( 6 2 ) .  Th i s  d i s c r e p a n c y  i n  r e s u l t s  

i s  m o s t  l i k e l y  due  t o  d i f f e r e n c e s  in t h e  p u r i t y  o f  t h e  enzyme p r e p a r a ­

t i o n s .  I n d e e d ,  when t h e  " h o m o g e n e o u s "  GAA i n  ( 62 )  was a n a l y z e d  by  

SDS-PAGE, t h e  enzyme was r e s o l v e d  i n t o  t h r e e  components  wi t h  d i f f e r e n t  

m o l e c u l a r  w e i g h t s .  Our own e x p e r i e n c e  h a s  shown t h a t  s e v e r a l  l o w e r  

m o l e c u l a r  w e i g h t  p r o t e i n s  do c o - e l u t e  wi t h  GAA us i ng  s t a n d a r d  p u r i f i ­
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c a t i o n  p r o c e d u r e s .  I t  i s  h i g h l y  p r o b a b l e  t h a t  t h e  p r e s e n c e  o f  one or  

more o f  t h e s e  c o n t a m i n a n t s  r e s u l t e d  in d a t a  t h a t  s u g g e s t e d  t h e  p r e s e n c e  

o f  t h r e e  s t r u c t u r a l l y  d i f f e r e n t  GAA s u b u n i t s  w i t h  t h e  N - t e r m i n a l  

a l a n i n e ,  g l y c i n e  and g l u t a m i c  a c i d ,  r e s p e c t i v e l y .

H. K i n e t i c  C h a r a c t e r i z a t i o n  o f  GAA I s o z y me s :

1 .  Use o f  I n h i b i t o r s  t o  C h a r a c t e r i z e  t h e  Normal and Mutant  Sub­

s t r a t e  B i n d i n g  and C a t a l y t i c  S i t e ( s ) : I n i t i a l  s t u d i e s  were aimed a t  

i d e n t i f y i n g  r e a g e n t s  w h i c h  m i g h t  p r o v i d e  i n f o r m a t i o n  on t h e  n a t u r e  of  

t h e  a c t i v e  c e n t e r  i n  t h e  n o r ma l  enzyme f o r m s  and wh i c h  woul d  p r o v e  

i n f o r m a t i v e  in e l u c i d a t i n g  t h e  a l t e r a t i o n  in  i sozyme 2  which r e s u l t s  in 

t h e  g r e a t l y  r educ e d  c a t a l y s i s  o f  g l y c o g e n .  P o t e n t i a l  i n h i b i t o r s  ( i n ­

c l u d i n g  t h o s e  wi th s u b s t i t u e n t s  i n  t h e  py r a n o s e  r i n g  and a t  s e l e c t e d  0H- 

g r oups )  were t e s t e d  wi t h  t h e  n o r ma l  i s o z y m e  1 , u s i n g  m a l t o s e  as  s u b ­

s t r a t e ,  t o  d e t e r m i n e  t h e i r  e f f e c t i v e n e s s  and t o  o b t a i n  an a ppr ox i ma t e  

15 Q v a l u e .  S u b s e q u e n t l y ,  t h e  i n h i b i t o r s  were  t e s t e d  wi t h  i sozymes  1 and 

2 , u s i ng  bot h  m a l t o s e  and g l ycogen  as  s u b s t r a t e s ,  t o  d e f i n e  t h e  t y p e  and 

p o t e n c y  o f  i n h i b i t i o n .

As can  be s e e n  i n  T a b l e  7 ,  a l l  o f  t h e  OH-group s u b s t i t u t e d  com­

pounds were poor  i n h i b i t o r s  o f  GAA. In c o m p a r i s o n ,  compounds w i t h  S o r ,  

p a r t i c u l a r l y ,  N s u b s t i t u e n t s  in t h e  0 p o s i t i o n  o f  t h e  g l u c o p y r a n o s e  were 

more p o t e n t  i n h i b i t o r s  o f  GAA a c t i v i t y .  Some o f  t h e  more  i n t e r e s t i n g  

i n h i b i t o r s  o f  GAA a r e  shown in F i g .  22.  None o f  t h e  i n h i b i t o r s  t e s t e d  

showed a d i f f e r e n c e  in t h e  p o t en c y  o f  i n h i b i t i o n  w i t h  i s o z y m e s  1  and  2  

when m a l t o s e  was t h e  s u b s t r a t e .  However ,  f o u r  o f  t h e  i n h i b i t o r s  ( s e e  

T a b l e  8 ) showed a r e p r o d u c i b l e  d i f f e r e n c e  (>_ 15%) in t h e  p o t e n c y  o f



1 0 0

F i gu r e  22:  Pyr anose  r i n g - s u b s t i t u t e d  i n h i b i t o r s  o f  human GAA.
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TABLE 7 

I n h i b i t i o n  o f  GAA

I n h i b i t o r l 5 0 a I n h i b i t i o n

OH-Group S u b s t i t u t e d  Compounds
L- g l u c o s e 18 mM n o n - c o m p e t i t i v e
a - me t h  y l g 1 ucos i de 50 mM c o m p e t i t i v e

a - g l u c o s e - l - P 0 4 50 mM n o n - c o m p e t i t i v e
8 - g l u c o s e - l - P 0 4 16 mM n o n - c o m p e t i t i v e
D - g l u c o s e - L - c y s t e i  ne 31 mM u n c o m p e t i t i v e

D - g l u c o s a m i n e - l - P 0 4 250 mM ndb

D- g l ucos a mi ne - 6 - P 0 4 400 mM nd
D-gl ucosamine  HC1 420 mM Compe t i t i ve
N- a c e t y l g l uc os a mi  ne 800 mM nd
l - t h i o - 0 - D - g l u c o s e 750 pM c o m p e t i t i v e / m i x e d

R i n g - S u b s t i t u t e d  Compounds

N o j i r i my c i n 1 . 4  pM c o mp e t i t i v e / m i x e d
1 - deoxyno j  i r imyci  n 1.1  pM c o m p e t i t i v e / m i x e d

N-dodecyldeoxynoj  i r imyc i n 1 . 0  pM c o m p e t i t i v e / m i x e d

Cas t anos pe r mi ne 8 . 0  pM c o mp e t i t i v e / m i x e d
5 - d e o x y - 5 - t h i o - D - g l u c o s e 125.0  mM nd
C o n d u r i t o l  B-epoxide 1 . 0  mM c o v a l e n t

a l 5 0  was de t e r mi ne d  wi t h  i sozyme 1 o f  GAA, u s i n g  m a l t o s e  as s u b s t r a t e ,  

^nd = no t  de t e r mi ne d .
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I n h i b i t i o n

TABLE 8  

o f  GAA Isozymes 1 and 2

I n h i b i t o r
%

Isozyme 1
I n h i b i t i o n 3

Isozyme 2

L-Glucose 71 30b

a - g l u c o s e - l - P 0 4 51 31b

B- g l uc os e  I -PO4 72 55b

D - g l u c o s e - L - c y s t e i n e 78 I 0 0 b

D-glucos  ami n e - l - P 0 4 31 34

D- g l ucos a mi ne - 6 - P 0 4 6 6 72

D-gl ucosamine  HC1 69 54

N- a c e t y l g l uc o s a m i ne 59 65

No j i r i my c i n 80 81

Deoxynoj  i r  imyc i n 6 6 77

N-dodecyldeoxynoj  i r  imyci n 2 0 25

5 - t h i o - D - g l u c o s e 98 90

Cas t anos pe r mi ne 6 6 63

C o n d u r i t o l - B - e p o x i d e 49 6 8 c

a% I n h i b i t i o n  was d e t e r mi n e d  u s i ng  g lycogen  as s u b s t r a t e  

i n h i b i t i o n  v a r i e d  > 15% between i sozymes

c At h i g h e r  c o n c e n t r a t i o n s  o f  CBE, t h e  d i f f e r e n c e  i n  i n h i b i t i o n  was 
no t  o b s e r v e d .
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i n h i b i t i o n  b e t w e e n  t h e  two i s o z y m e s  when g l yc oge n  was t h e  s u b s t r a t e .  

S i nce  t h e s e  compounds e x e r t e d  non-  o r  u n c o m p e t i t i v e  i n h i b i t i o n  p a t t e r n s  

( s e e  T a b l e  7)  n o n e  o f  t h e s e  i n h i b i t o r s  e x e r t e d  t h e i r  i n f l u e n c e  a t  t h e  

a c t i v e  c e n t e r  o f  t h e  enzymes.  N e v e r t h e l e s s ,  a d d i t i o n a l  s t u d i e s  u s i n g  

t h e s e  compounds  may p r o v i d e  i n s i g h t  i n t o  t h e  r e s i d u e s  n e a r  t h e  a c t i v e  

c e n t e r  which a r e  c r i t i c a l  f o r  t h e  o p t i ma l  e f f i c i e n c y  o f  t h e  enzyme forms 

in c a t a l y z i n g  g l y c o g e n .

2 .  CBE: A C o v a l e n t  A c t i v e  S i t e - D i r e c t e d  I n h i b i t o r  o f  GAA:

CBE h a s  b e e n  shown t o  be a c o v a l e n t  a c t i v e  s i t e  i n h i b i t o r  o f  many 

3 - g l u c o s i d a s e s  ( 3 5 ) .  S t u d i e s  we r e  t h e r e f o r e  p e r f o r m e d  t o  d e t e r m i n e  

w h e t h e r  CBE i n h i b i t e d  human GAA, and w h e t h e r  t h i s  i n h i b i t i o n  was 

i r r e v e r s i b l e  ( i . e .  c o v a l e n t  b i n d i n g  t o  t h e  a c t i v e  c e n t e r ) .

P r e l i m i n a r y  e x p e r i m e n t s  i n d i c a t e d  t h a t  CBE was no t  a h i g h l y  p o t e n t  

i n h i b i t o r  o f  human GAA. When t h e  i n h i b i t o r  was t e s t e d  i n  t h e  p r e s e n c e  

o f  s u b s t r a t e  ( m a l t o s e  o r  g l y c o g e n ) ,  v e r y  low l e v e l s  o f  i n h i b i t i o n  were 

o b t a i n e d  even a t  r e l a t i v e l y  h i gh  c o n c e n t r a t i o n  (> 3 mM). However ,  when 

t h e  enzyme was p r e i n c u b a t e d  w i t h  CBE and t h e n  a n a l y z e d ,  t h e  l e v e l s  o f  

i n h i b i t i o n  a p p r o a c h e d  100% a t  c o n c e n t r a t i o n s  o f  > 5 mM. T h u s ,  t h e  

s u b s t r a t e s  m a l t o s e  and g l ycogen  p r o t e c t e d  t h e  enzyme f rom i n a c t i v a t i o n  

by CBE, an i n d i c a t i o n  t h a t  t h i s  i n h i b i t o r  competes  f o r  t h e  same b i n d i n g  

s i t e  as t h e  s u b s t r a t e s .

S t u d i e s  on t h e  t i m e  c o u r s e  o f  i n a c t i v a t i o n  f u r t h e r  d e m o n s t r a t ed  

t h a t  i sozymes  1 and 2 were i n h i b i t e d  a t  t h e  same r a t e  by  CBE, r e g a r d ­

l e s s  o f  w h e t h e r  a s s a y e d  a g a i n s t  m a l t o s e  o r  g l y c o g e n .  To d e m o n s t r a t e  

t h a t  t h e  CBE b i n d i n g  t o  GAA was i n d e e d  i r r e v e r s i b l e  ( i . e . ,  c o v a l e n t  

b i n d i n g ) ,  t h e  enzyme was p r e i n c u b a t e d  wi t h  CBE under  c o n d i t i o n s  which
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r e s u l t e d  i n  a t  l e a s t  50% i n a c t i v a t i o n  o f  t h e  e nzyme .  The CBE-enzyme

m i x t u r e  was d i a l y z e d  f o r  24 h a g a i n s t  4 , 0 0 0  v o l ume s  o f  b u f f e r  and

a s s a y e d  w i t h  m a l t o s e  s u b s t r a t e .  The p e r c e n t a g e  o f  i n h i b i t i o n  p r i o r  t o

and p o s t - d i a l y s i s  were i d e n t i c a l .

To d e t e r m i n e  w h e t h e r  each s u b u n i t  o f  t h e  GAA mo l e c u l e  was c a p a b l e  

o f  b i n d i n g  CBE, t h e  enzyme was p r e i n c u b a t e d  w i t h  3 h-CBE ( s p e c i f i c  

a c t i v i t y :  1 . 5  x 10^ cpm/ pmole)  a t  a mo l a r  r a t i o  o f  2 5 , 0 0 0 : 1  (CBE:GAA). 

Thi s  r a t i o  r e s u l t e d  in a > 90% i n a c t i v a t i o n  o f  t h e  enzyme f o l l o w i n g  a 

f i v e  day  i n c u b a t i o n  a t  2 5 ° C .  The CBE- l abe l ed  enzyme was s u b j e c t e d  t o  

SDS-PAGE, Western b l o t t e d  and i rmiunostained wi t h  MCAb Sp2/53 in o r d e r  t o  

l o c a t e  t h e  67 and 73 kDa GAA s u b u n i t s .  The n i t r o c e l l u l o s e  was c u t  i n t o  

s t r i p s ,  t r e a t e d  o v e r n i g h t  wi t h  P r o t o s o l ,  s c i n t i l l a t i o n  f l u i d  was a d d e d ,  

and t h e  v i a l s  were c oun t e d  24 h l a t e r  in a l i q u i d  s c i n t i l l a t i o n  c o u n t e r .  

Counts  were d e t e c t e d  o n l y  in s t r i p s  c o n t a i n i n g  t h e  GAA s u b u n i t s  and were 

d i s t r i b u t e d  n e a r l y  e q u a l l y  between t h e  67 and t h e  73 kDa s u b u n i t s .

These r e s u l t s  i n d i c a t e  t h a t  t h e  c o v a l e n t ,  a c t i v e  s i t e - d i r e c t e d  

i n h i b i t o r  CBE may be o f  g r e a t  v a l u e  in e x p e r i m e n t s  d e s i gne d  t o  i d e n t i f y  

and i s o l a t e  p r o t e o l y t i c  p e p t i d e s  c o n t a i n i n g  t h e  a c t i v e  c e n t e r .  S i n c e  

s e v e r a l  o f  t h e  m u t a n t  enzymes  s t u d i e d  ( c a t a l y t i c a l l y  a c t i v e  and i n ­

a c t i v e )  have r e t a i n e d  t h e  a b i l i t y  t o  b i n d  s u b s t r a t e s ,  and t h e r e f o r e ,  

s h o u l d  b i n d  CBE, t h i s  r e a g e n t  may be o f  g r e a t  use  in i s o l a t i n g  normal  

and mutant  a c t i v e  s i t e  c o n t a i n i n g  p e p t i d e s  f o r  s e q u e n c i n g  and immuno­

chemica l  s t u d i e s .
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VI.  CONCLUSIONS

The o v e r a l l  o b j e c t i v e  of  t h i s  p r opos a l  was t o  i n v e s t i g a t e  t h e  n a t u r e  

o f  t h e  obs e r ve d  c l i n i c a l  and b i o c h e m i c a l  h e t e r o g e n e i t y  i n  g l y c o g e n ­

o s i s  I I .  A c c o m p l i s h m e n t  o f  t h i s  goal  was de pe nden t  on t h e  deve lopment  

o f  p r o c e d u r e s  and r e a g e n t s  wh i c h  would a l l o w  n o t  o n l y  t h e  a c c u r a t e  

i d e n t i f i c a t i o n  o f  t h e  GAA i sozymes and t h e i r  e l e c t r o p h o r e t i c  f o r m s ,  b u t  

a l s o  t h e  d e t a i l e d  a n a l y s i s  o f  t h e  s t r u c t u r e  and f u n c t i o n  o f  enzyme  

f o r m s .

An IEF s y s t e m  was d e v e l o p e d  wh i c h  r e s u l t e d  i n  t h e  u n e q u i v o c a l  

i d e n t i f i c a t i o n  o f  t h e  t h r e e  major  GAA i s o z y m e s  ( t y p e s  1 ,  2 and 4 ) ,  as  

w e l l  a s  t h e  r e s o l u t i o n  o f  t h e i r  m u l t i p l e  e l e c t r o p h o r e t i c  f o r ms .  Thi s  

sys t em was u s e d  t o  s c r e e n  214 p l a c e n t a e  t o  d e t e r m i n e  t h e i r  i s o z y m e  

p a t t e r n  and c a l c u l a t e  a l l e l i c  f r e q u e n c i e s .  Based on t h e  s ampl i ng  o f  t h e  

New York p o p u l a t i o n ,  t h e  gene f r e q u e n c i e s  were c a l c u l a t e d  t o  be  0 . 9 4 2 ,

0 . 0 1 7  and 0 . 041  f o r  a l l e l e s  1,  2 and 4 ,  r e s p e c t i v e l y .  These  v a l u e s  a r e  

somewhat  d i f f e r e n t  f rom t h o s e  o b t a i n e d  in a Canadian s u r v e y  (20)  and may 

be due t o  e t h n i c  d i f f e r e n c e s  in t h e  p o p u l a t i o n  sampl ed .

All  o f  t h e  i s o z y m e s  and t h e i r  e l e c t r o p h o r e t i c  f o r m s  w e r e  s u b s e ­

q u e n t l y  p u r i f i e d  u s i n g  c o n ve n t i o n a l  c h r o m a t o g r a p h i c  and c h r o m a t o f o c u s i n g  

p r o c e d u r e s .  I sozymes  1 and 2 we r e  e a c h  r e s o l v e d  i n t o  f o u r  e l e c t r o ­

p h o r e t i c  s p e c i e s .  Each o f  t h e  c h r o m a t o f o c u s i n g - i s o l a t e d  forms  had t h e  

r e s p e c t i v e  i mmunologic ,  p h y s i c a l  and k i n e t i c  p r o p e r t i e s  o f  t h e  c o n v e n ­

t i o n a l l y  p u r i f i e d  i sozymes .  Of f u r t h e r  i n t e r e s t  was t h e  f i n d i n g  t h a t  as 

t h e  e l e c t r o n e g a t i v i t y  o f  t h e  p r o t e i n s  i n c r e a s e d ,  t h e  s u b u n i t  c o mp o s i t i o n  

c h a n g e d  f r om p r e d o m i n a n t l y  73 kDa t o  p r e d o m i n a n t l y  67 kDa s u b u n i t s .  

Thus ,  i sozyme 4 ,  w h i c h  i s  t h e  m o s t  e l e c t r o p o s i t i v e  o f  t h e  i s o z y m e s ,  

c o n s i s t s  a l mos t  e n t i r e l y  o f  a 73 kDa s u b u n i t ,  whereas  t h e  most  e l e c t r o ­
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n e g a t i v e  fo rm ( i s o z y m e  1)  d e m o n s t r a t e s  o n l y  a 67 kDa s u b u n i t .  Th i s  

s h i f t  i n  m o l e c u l a r  we i gh t  i s  most  l i k e l y  due t o  p r o t e o l y t i c  c l e a v a g e  o f  

t h e  e n z y me .  I n d e e d ,  e v i d e n c e  has been p r e s e n t e d  which i n d i c a t e s  t h a t  

t h e  f i n a l  s t a g e s  o f  m a t u r a t i o n  o f  t h e  GAA p r o t e i n  oc c u r  in t h e  l y s o s o m e  

and a r e  p r o t e o l y t i c  in n a t u r e  ( 2 5 ) .

T r y p t i c  p e p t i d e  p r o f i l e s  o f  t h e  67 and 73 kDa s u b u n i t s  r e s o l v e d  by 

r e v e r s e d  phas e  HPLC showed t h a t  t h e  s u b u n i t s  a r e  v i r t u a l l y  i d e n t i c a l  i n  

c o m p o s i t i o n .  Se ve r a l  p e p t i d e s  uni que  t o  each s u b u n i t  were c o n s i s t e n t l y  

o b s e r v e d ,  bu t  whe t he r  t h e s e  d i f f e r e n c e s  a r e  s u f f i c i e n t  t o  a c c o u n t  f o r  

t h e  change in s i z e  and c h a r g e  r ema i ns  t o  be d e t e r m i n e d .  Tha t  t h e  c h a r g e  

h e t e r o g e n e i t y  i s  due t o  changes  in t h e  p r o t e i n  backbone o f  t h e  m o l e c u l e  

and  n o t  d u e  t o  m o d i f i c a t i o n s  on t h e  o l i g o s a c c h a r i d e  s i d e  c h a i n ( s )  i s  

s u g g e s t e d  by t h e  f i n d i n g  t h a t  t h e  ma t u r e  GAA c o n t a i n s  no s i a l i c  a c i d  and 

l i t t l e  o r  no p h o s p h a t e .

T r y p t i c  p e p t i d e  p r o f i l e s  o f  t h e  96 kDa p r e c u r s o r  o f  GAA a l s o  were 

o b t a i n e d .  Comparison o f  t h e s e  p r o f i l e s  wi t h  t h o s e  o f  t h e  67 and 73 kDa 

m a t u r e  enzyme f o r m s  c l e a r l y  d e m o n s t r a t e  t h e  r e l a t e d n e s s  o f  t h e s e  

p r o t e i n s .  The a m i n o - t e r m i n a l  s e q u e n c e s  o f  t h e  two s u b u n i t s  were  

d i s t i n c t ,  s u g g e s t i n g  t h a t  t h e  67 kDa s u b u n i t  was d e r i v e d  f rom t h e  73 kDa 

form by t h e  removal  o f  an N- t e r mi na l  p e p t i d e ( s ) .  A l t e r n a t i v e l y ,  t h e  two 

s u b u n i t s  c ou l d  r e s u l t  f rom t h e  d i f f e r e n t i a l  p r o t e o l y t i c  c l e a v a g e  o f  t h e  

96 kDa p r e c u r s o r  m o l e c u l e ,  r e s u l t i n g  in  two enzyme  f o r m s ,  e a c h  w i t h  a 

u n i q u e  N - t e r m i n u s .  W h e t h e r  t h e  p r o t e o l y t i c  p r o c e s s i n g  o f  GAA t a k e s  

p l a c e  i n  a s e q u e n t i a l  f a s h i o n  o r  f rom s i m u l t a n e o u s  d i f f e r e n t i a l  c l e a v a g e  

o f  t h e  p r e c u r s o r  r e m a i n s  t o  be  d e t e r m i n e d .  However,  t h e  f i n d i n g  o f  a 

number of  i n t e r m e d i a t e s  b e t w e e n  96 kDa and  67  kDa i s  s u g g e s t i v e  o f  a 

s e q u e n t i a l  mechanism.
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I m m u n o l o g i c  s t u d i e s ,  u s i n g  PC and newly deve loped  MC Abs ,  r e s u l t e d  

i n  t h e  d i s c r i m i n a t i o n  among and be tween t h e  s u b t y p e s  o f  g l y c o g e n o s i s  I I  

and t h e i r  v a r i a n t s .  Of p a r t i c u l a r  i n t e r e s t  was t h e  i d e n t i f i c a t i o n  o f  a 

mutan t  p r o t e i n  i n  t h e  u n i q u e  C R M - p o s i t i v e  i n f a n t i l e  s u b t y p e .  T h i s  

p r o t e i n  was c a t a l y t i c a l l y  i n a c t i v e ,  had r educ e d  i m m u n o r e a c t i v i t y  wi t h  PC 

Abs,  was p H - l a b i l e ,  and had an abnormal  p i .  F u r t h e r mo r e ,  MC Ab S p 2 / 5 3 ,  

wh i c h  r e c o g n i z e s  an e p i t o p e  a t  o r  n e a r  t h e  c a t a l y t i c  c e n t e r  o f  t h e  

normal  enzyme,  c r o s s - r e a c t e d  wi th t h r e e  p r o t e i n s  i n  s u b t ype s  p r e v i o u s l y  

d e f i n e d  as C R M - n e g a t i v e  u s i n g  PC Abs .  The a v a i l a b i l i t y  o f  a c t i v e  

s i t e - d i r e c t e d  MC Ab s ,  and t h e  i d e n t i f i c a t i o n  o f  a c o v a l e n t  a c t i v e  

s i t e - d i r e c t e d  i n h i b i t o r  o f  GAA (CBE) s h o u l d  a l l o w  t h e  i s o l a t i o n  o f  

p e p t i d e s  c o n t a i n i n g  t h e  s u b s t r a t e  b i n d i n g  a n d / o r  t h e  c a t a l y t i c  s i t e  f rom 

n o r ma l  and mutant  enzyme f o rms .  Immunologic ,  b i ochemi ca l  and m o l e c u l a r  

s t u d i e s  o f  t h e s e  i s o l a t e d  enzymes  and p e p t i d e s  s h o u l d  r e s u l t  i n  t h e  

c o r r e l a t i o n  o f  s p e c i f i c  m o l e c u l a r  l e s i o n s  wi t h  abnormal  p h y s i c a l  and 

k i n e t i c  p r o p e r t i e s  o f  t h e  enzymes and w i l l  u l t i m a t e l y  i d e n t i f y  s t r u c -  

t u r e - f u n c t i o n  r e l a t i o n s h i p s  c r i t i c a l  t o  normal  GAA f u n c t i o n s .

F u r t h e r mo r e ,  amino a c i d  s e q u e n c i n g  a n a l y s i s  wi l l  i d e n t i f y  t h e  e x a c t  

r e s i d u e s  n e c e s s a r y  f o r  o p t i m a l  enzyme a c t i v i t y  as  w e l l  as  d e f i n e  

m u t a t i o n s  wh i ch  r e s u l t  i n  r e d u c e d ,  a l t e r e d ,  o r  c o m p l e t e  a b s e n c e  o f  

enzyme a c t i v i t y .  The i d e n t i f i c a t i o n  o f  t h e  s p e c i f i c  ba s e  s u b s t i t u t i o n s  

i n  GAA f rom s e l e c t e d  s u b t y p e s  a n d / o r  v a r i a n t  p a t i e n t s  w i l l  a l l o w  t h e  

s y n t h e s i s  o f  m u t a t i o n - s p e c i f i c  o l i g o n u c l e o t i d e  p r obes  which can be used 

f o r  a c c u r a t e  d i a g n o s i s  of  c a r r i e r s  and a f f e c t e d  i n d i v i d u a l s ,  a s  w e l l  as  

f o r  p r e n a t a l  d e t e c t i o n  o f  t h e  s p e c i f i c  d i s e a s e  s u b t y p e s  a n d / o r  v a r i a n t s .
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