
INFORMATION TO USERS

This reproduction was made from a copy o f a document sent to us for microfilming. 
While the most advanced technology has been used to  photograph and reproduce 
this document, the quality of the reproduction is heavily dependent upon the 
quality of the material submitted.

The following explanation of techniques is provided to help clarify markings or 
notations which may appear on this reproduction.

1.The sign or “target” for pages apparently lacking from the document 
photographed is “Missing Page(s)” . If it was possible to  obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. This 
may have necessitated cutting through an image and duplicating adjacent pages 
to assure complete continuity.

2. When an image on the film is obliterated with a round black mark, it is an 
indication o f either blurred copy because of movement during exposure, 
duplicate copy, or copyrighted materials that should not have been filmed. For 
blurred pages, a good image of the page can be found in the adjacent frame. If 
copyrighted materials were deleted, a target note will appear listing the pages in 
the adjacent frame.

3. When a map, drawing or chart, etc., is part of the material being photographed, 
a definite method o f “sectioning” the material has been followed. It is 
customary to begin filming at the upper left hand comer o f a large sheet and to 
continue from left to right in equal sections with small overlaps. If necessary, 
sectioning is continued again—beginning below the first row and continuing on 
until complete.

4. For illustrations that cannot be satisfactorily reproduced by xerographic 
means, photographic prints can be purchased at additional cost and inserted 
into your xerographic copy. These prints are available upon request from the 
Dissertations Customer Services Department.

5. Some pages in any document may have indistinct print. In all cases the best 
available copy has been filmed.

University'
Micix5rilms

International
300 N. Zeeb Road 
Ann Arbor, Mt 48106



8312372

Schuchman, Edward Howard

BIOCHEMICAL AND SOMATIC CELL GENETIC STUDIES OF HUMAN 
AND FELINE MUCOPOLYSACCHARIDOSES I

City University o f New York PH.D. 1983

University
Microfilms

International 300 N. Zeeb Road, Ann Arbor, MI 48106

Copyright 1983

by

Schuchman, Edward Howard 

All Rights Reserved



PLEASE NOTE:

In all cases this material has been filmed in the best possible way from the available copy. 
Problems encountered with this document have been identified here with a check mark V .

1. Glossy photographs or pages______

2. Colored illustrations, paper or print_____

3. Photographs with dark background

4. Illustrations are poor copy______

5. Pages with black marks, not original copy______

6. Print shows through as there is text on both sides of page______

7. Indistinct, broken or small print on several pages ^
8. Print exceeds margin requirements_____

9. Tightly bound copy with print lost in spine______

10. Computer printout pages with indistinct print______

11. Page(s)____________lacking when material received, and not available from school or
author.

12. Page(s)____________seem to be missing in numbering only as text follows.

13. Two pages numbered___________ . Text follows.

14. Curling and wrinkled pages ^

15. Other______________________________________________  _ _ _ _ _

University
Microfilms

International



BIOCHEMICAL AND SOMATIC CELL GENETIC STUD IES OF

HUMAN AND FELINE MUCOPOLYSACCHARIDOSES I

by

EDWARD HOWARD SCHUCHMAN

A d i s s e r t a t i o n  subm itted  to  the G raduate F acu l ty  in  Biomedical Sciences

in p a r t i a l  f u l f i l l m e n t  o f  the  re q u ire m en ts  fo r  the  degree o f  Doctor of 

P h ilosophy , The C ity  U n iv e r s i ty  o f  New York.

1983



^  Copyright by 

EDWARD HOWARD SCHUCHMAN 

1983



This m a n u sc r ip t  has been read and accep ted  f o r  the  Graduate F acu l ty  1n 
Biomedical Sciences in  s a t i s f a c t i o n  o f  the  d i s s e r t a t i o n  requ irem en t fo r  
the  degree of Doctor o f  P h ilosophy .

Chairman o f  Examining Committee

Executive //Officer

David F. Bishop 

Gregory A. Grabowski 

Mark E. Haskins

Kurt H irschhorn 

Superv isory  Committee

The C ity  U n iv e r s i ty  o f  New York



BIOCHEMICAL AND SOMATIC CELL GENETIC ST UD IE S OF

HUMAN AND FELINE MUCOPOLYSACCHARIDOSES I

by: Edward Howard Schuchman

A dvisor: P ro fe s so r  R.O. Desnick

ABSTRACT

Biochemical and som atic  c e l l  g e n e t ic  s tu d ie s  have been undertaken  

to  i n i t i a t e  i n v e s t ig a t io n s  in to  the  m olecu la r  pathology of human and 

f e l i n e  m ucopolysaccharidoses  I ( a -L - id u ro n id a se  d e f ic ie n c y  d i s e a s e s ) .  

Towards t h i s  end a new, c o n t in u o u s ,  monodimensional c e l l u lo s e  a c e ta t e  

e l e c t r o p h o r e t i c  system was developed f o r  th e  r e s o lu t io n  of s ix  major 

mammalian g lycosam inog lycans .  Using t h i s  m icro-m ethod, an e x te n s iv e  

survey o f  the  s to r e d  g lycosam inoglycans in  the  t i s s u e s  o f  homozygotes 

w ith  human or f e l i n e  m ucopolysaccharidoses  I was undertaken  c h a r a c t e r ­

i z i n g ,  f o r  the  f i r s t  t im e ,  th e  d i s t r i b u t i o n  o f  th e  s to re d  glycosamino­

g lycans  in  th e se  d i s o r d e r s .

In a d d i t i o n ,  two major f r a c t i o n s  c o n ta in in g  a -L - id u ro n 1 d ase  a c t i v ­

i t y  have been i d e n t i f i e d  in normal human t i s s u e s  and p u r i f i e d  over 

150,000-f o ld  to  homogeneity. The more e l e c t r o n e g a t iv e  form o f  th e  enzyme 

i s  m em brane-associa ted  and taken  up r a p id ly  by c u l tu r e d  a -L - id u ro n id a se  

d e f i c i e n t  f i b r o b l a s t s  {"high u p ta k e " ) ,  w hile  the  more s o lu b le  form i s  

"low up tak e"  enzyme. I s o e l e c t r i c  focus ing  s tu d ie s  of c rude t i s s u e  homo- 

g en a te s  re v e a le d  t h a t  a broad reg io n  (p i  5 .8 5 -7 .3 5 )  s ta in e d  fo r  a -L - 

id u ro n id ase  a c t i v i t y .  Two d i s t i n c t ,  major bands (p i v a lu e s  o f  6.00 and 

6 .85 )  were ob se rv ed .
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SDS po lyacry lam ide  gel e l e c t r o p h o r e s i s  under d e n a tu r in g  c o n d i t io n s  

re v e a le d  t h a t  the  low uptake f r a c t i o n  was composed o f  a  72,000 dal ton  

d o u b le t  and a d i f f u s e  43 ,000 component, w hile  the  h igh uptake f r a c t i o n  

had a c o n s i s t e n t  90 ,000 band in  a d d i t io n  to  th e  72,000 and 43,000 molec­

u la r  w eigh t s p e c i e s .  F u r th e r  p u r i f i c a t i o n  using  high performance l i q u id  

chrom atography, combined w ith  th e s e  d a t a ,  in d ic a te d  t h a t  the  homogeneous 

enzyme f r a c t i o n s  co n ta in ed  a number of d i s c r e t e  polym eric and p ro te o ­

l y t i c  i n t e r m e d ia te s ,  each o f  which r e ta in e d  c a t a l y t i c  a c t i v i t y .

K in e t ic  s tu d ie s  using  a r t i f i c i a l  and n a tu ra l  s u b s t r a t e s  rev ea led  

t h a t  th e  and a p p a re n t  Vmax v a lu es  fo r  both enzyme forms were n e a r ly

i d e n t i c a l .  The therm al s t a b i l i t i e s  o f  the  two enzyme forms a t  45°C, 

52°C and 60°C and the  pH optima us ing  th re e  d i f f e r e n t  s u b s t r a t e s  were 

a l s o  n e a r ly  i d e n t i c a l .  Heparin was a p o te n t  n on -com pe tit ive  i n h i b i t o r  

of th e  4-methylumbe11i f e r y l  a -L -idu ron1de  a c t i v i t y  fo r  both the  high and 

low uptake enzymes (K^ v a lu es  o f  0 .13  mg/ml and 0.09 mg/ml, r e s p e c t iv e ­

l y ) .  I n t e r e s t i n g l y ,  the  i n h i b i t o r y  e f f e c t  o f  each glycosam lnoglycan was 

s i g n i f i c a n t l y  l e s s  fo r  the  high uptake than  th e  low uptake form d e s p i t e  

t h e i r  s im i la r  c a t a l y t i c  p r o p e r t i e s .  Antibody r a i s e d  1n New Zealand 

w hite  r a b b i t s  a g a i n s t  the  p u r i f i e d  low uptake enzyme f r a c t i o n  recogn ized  

the  high uptake form in  both im m unoprec ip ita tion  r e a c t io n s  and O chter-  

lony im munodiffusion g e l s .  Amino a c id  com position  a n a ly se s  o f  the  homo­

geneous enzyme f r a c t i o n s  re v e a le d  s i g n i f i c a n t  d i f f e r e n c e s .

The chromosomal lo c a t io n s  o f  the  s t r u c t u r a l  genes fo r  human and 

f e l i n e  a -L - id u ro n id a s e  were a l s o  de term ined . In a l l  som atic  c e l l  hy­

b r id s  examined the p resence  o f  human chromosome 22 was 100% concordan t 

w ith  the e x p re s s io n  o f  human a -L -1du ron idase  a c t i v i t y .  S tu d ie s  o f  c e l l  

l i n e s  c o n ta in in g  s t r u c t u r a l  rea rrangem en ts  o f  chromosome 22 f u r t h e r
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lo c a l i z e d  the  human gene to  the re g io n  2 2 p te r  -* 2 2 q l l .  F in a l ly ,  a 

c e l l u lo s e  a c e t a t e  e l e c t r o p h o r e t i c  system  was developed to  d i s c r im in a te  

the  human and f e l i n e  enzymes from t h e i r  Chinese ham ster c o u n te r p a r t  1n 

hamster-human o r  h a m s te r - f e l in e  som atic  c e l l  h y b r id s ;  t h i s  method was 

used to  confirm  the  ass ignm en t o f  the  human s t r u c t u r a l  gene to  chromo­

some 22 and to  map th e  f e l i n e  s t r u c t u r a l  gene to  f e l i n e  chromosome D4.
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BACKGROUND AND RATIONALE

A. B r ie f  H is to r ic a l  P e rsp ec t iv e  of the Human Type I Mucopolysaccharide

Storage D is e a s e s :

H urler  d ise a se  (MPS I-H) was f i r s t  d e l in e a te d  by Dr. John Thompson 

a t  the  Royal In f irm a ry ,  Edinburgh, in  1900 (1 ) .  However, i t  was not 

u n t i l  1919 when Gerrod H u r le r ,  an a s s i s t a n t  to  P ro fe sso r  Melhhard von 

Ffaundler o f  Munich, d esc r ibed  two u n re la te d  boys w ith co rnea l c loud ing , 

g ibbus deform ity  and severe  mental r e t a r d a t i o n  t h a t  the syndrome aroused 

s e r io u s  medical i n t e r e s t  (1 ) .  The major c l i n i c a l  f e a tu r e s  o f  Hurler 

in d iv id u a l s  inc lude severe  growth r e t a r d a t i o n ,  a c h a r a c t e r i s t i c  f a c i a l  

appearance , hepatosplenom egaly , d y s o s to s is  m u l t ip le x  and severe mental 

r e t a r d a t i o n  (2 ) .  The c o n d i t io n  now known as Scheie d ise a se  was f i r s t  

d e sc r ib e d  in  1962 by Scheie and h is  c o l leag u e s  as a v a r ia n t  o f  the  

H urler syndrome (3 ) .  MPS I-S i s  c h a ra c te r i z e d  by cornea l c lou d in g ,  

m ild e r  d y s o s to s i s  m u l t ip le x  and mild a o r t i c  valve involvem ent; few o th e r  

phys ica l  e f f e c t s  a re  e v id e n t  and i n t e l l i g e n c e  i s  u s u a l ly  normal ( 2 ) .  On 

the b a s is  o f  e l e c t r o n  m icroscop ic  s t u d i e s ,  i t  had been assumed by Brante 

in  1952 t h a t  the  s to ra g e  m a te r ia l s  in  these  d is e a s e s  were glycosamino­

g lycans (GAGs) (4 ) .  Indeed, f iv e  y e a rs  l a t e r  Dorfman and LorInez con­

firm ed t h i s  o b se rv a t io n  b iochem ica lly  ( 5 ) .  In the  e a r l y  1960 's  Hers and 

de Duve developed the  concep t o f  lysosomal d is e a s e s  and in  the next few 

y e a r s  Hers dem onstrated  t h a t  H urler syndrome was a lysosomal s to rag e  

d is e a s e  (6 ) .

In 1968 F r a ta n t o n i ,  Hall and Neufeld provided d e f i n i t i v e  proof o f  a 

GAG d eg rad a tiv e  d e fe c t  in  MPS I-H; c u l tu re d  f i b r o b l a s t s  accumulated
oc or

e x c e ss iv e  amounts o f  S04- la b e le d  GAGs when S04 was incubated  in the

1



media and, fu r th e rm o re ,  c le a ra n c e  o f  the r a d io la b e le d  GAGs was abnormal­

ly  slow when the  f i b r o b l a s t s  were subsequen tly  chased w ith  "co ld"  medium 

(7 ) .  F r a t a n t o n i , Hall and Neufeld a l s o  I n i t i a t e d  experim ents  mixing 

f i b r o b l a s t s  from p a t i e n t s  with d i f f e r e n t  c l i n i c a l  types  o f  GAG s to rag e  

d is e a s e s  and dem onstrated c r o s s - c o r r e c t i o n  o f  the m e tabo lic  d e f e c t s .  

S u r p r i s in g ly ,  c e l l s  from H urler and Scheie p a t i e n t s ,  a lthough  pheno- 

t y p i c a l l y  d i s t i n c t ,  f a i l e d  to  c r o s s - c o r r e c t  one a n o th e r ;  i . e ,  they  had a 

d e f ic ie n c y  o f  the same c o r r e c t iv e  f a c t o r  (7 ) .  One e a r l y  e x p la n a t io n  for 

t h i s  o b se rv a t io n  which was subsequen tly  confirmed by both biochemical 

and g e n e t ic  an a ly se s  was al l e i  ism; the same gene i s  a l t e r e d  but the 

m uta tions  occurred  e i t h e r  a t  d i f f e r e n t  s i t e s  1n the  coding reg ion  o r ,

a l t e r n a t i v e l y ,  a d i f f e r e n t  base change occurred  a t  the  same s i t e  (8 ) .  

Consequently , the  same enzyme molecule may be a l t e r e d  in  two d i f f e r e n t  

ways and the  fu n c t io n a l  p ro p e r t i e s  o f  the  two m utant enzymes presumably 

may d i f f e r ;  hence the c l i n i c a l  m a n ife s ta t io n s  a l s o  might d i f f e r .  

McKusick et^ al_. have r e c e n t ly  i d e n t i f i e d  seven in d iv id u a ls  who p re s e n t  

w ith  an autosomal r e c e s s iv e ly  in h e r i t e d  phenotype in te rm e d ia te  between 

those of H urler and Scheie (9 ) ;  they have termed t h i s  d ise a se  the 

H u rle r /S ch e ie  compound (MPS I -H /S ) .  These i n v e s t i g a t o r s  have suggested 

t h a t  these  p a t i e n t s  had the  a l l e l i c  compound o f  one H urler gene and one 

Scheie gene, however, i t  1s a l s o  p o s s ib le  t h a t  t h i s  in te rm e d ia te  d isease  

r e s u l t s  from a t h i r d  a l l e l e  a t  the s t r u c t u r a l  gene. In 1972 Bach e t  a l . 

d e f i n i t i v e l y  i d e n t i f i e d  the  H urle r -S ch e ie  c o r r e c t iv e  f a c t o r  as  the ly so ­

somal enzyme, a -L - id u ro n id a se  (10) s t im u la t in g  biochemical and g en e t ic  

in v e s t ig a t io n s  o f  these  p h e n o ty p ic a l ly  d iv e rs e  syndromes (F igure  1).

2



Figure I : The M etabolic  D efec t in Human and F e lin e  M ucopolysacchari­

doses I .

Schematic i l l u s t r a t i o n  o f  the enzymatic block which occurs in the  au to ­

somal r e c e s s iv e ly  in h e r i t e d  human and f e l i n e  m ucopolysaccharidosis  I 

d is e a s e s  (a -L - id u ro n id a se  d e f ic ie n c y  d i s e a s e s ) .
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B. A n a ly t ica l  S tu d ie s  o f  Glycosaminoqlycans in Normal and Mucopolysac­

c h a r id o s i s  I Homozygotes:

GAGs a re  u b iq u i to u s ,  complex p o ly sacc h a r id es  t h a t  a r e  found 1n bac­

t e r i a l ,  p la n t  and animal t i s s u e s ,  u s u a l ly  in c o v a le n t  a s s o c ia t io n  with 

p ro te in  (1 1 ) .  Seven types  a r e  commonly recogn ized ;  s ix  o f  th e se  a re  

s t r u c t u r a l l y  r e l a t e d  with a ca rbohydra te  backbone c o n s i s t in g  o f  a l t e r ­

n a t in g  u ron ic  ac id  (L-1duronic ac id  a n d /o r  D -glucuronic a c id )  and hexo- 

samine (D-glucosamine o r  D-galactosamine) r e s id u e s .  All excep t one, 

h y a lu ro n a te ,  a r e  s u l f a t e d .  Although th e  GAGs a re  w idely  d i s t r i b u t e d  

w ith in  the  animal kingdom (1 2 ) ,  t h e i r  p re c ise  p h y s io lo g ic  fu n c t io n s  

remain unknown. They appear to  be e s s e n t i a l  f o r  m a in ta in ing  the  s t r u c ­

tu r a l  i n t e g r i t y  o f  many co n n ec tiv e  t i s s u e s  and have, in a d d i t io n ,  been 

ass igned  a number o f  fu n c t io n s  r e l a t e d  to  t h e i r  c h a r a c t e r i s t i c  physico­

chemical p r o p e r t i e s .  Table 1 (11) o u t l in e s  th e  t i s s u e  d i s t r i b u t i o n  and 

p r o p e r t i e s  o f  th e  major mammalian GAGs.

There 1s l i t t l e  in fo rm ation  c u r r e n t ly  a v a i la b l e  on the  le v e ls  o f  

GAGs in p a t i e n t s  w ith  v a r io u s  m ucopolysaccharidoses (1 3 ) .  Kobayashi was 

th e  f i r s t  to  dem onstra te  t h a t  g ranu les  o f  "acid m ucopolysaccharides" 

(GAGs) were v i s i b l e  1n th e  c e l l s  o f  th r e e  p a t i e n t s  w ith  H urler  d is e a s e  

(14).  The g ran u le s  had metachrom atic p ro p e r t i e s  and s ta in e d  p o s i t i v e ly  

f o r  m ucopolysaccharides . Excessive u r in a ry  e x c re t io n  o f  dermatan s u l ­

f a t e  and heparan s u l f a t e  in  p a t i e n t s  w ith MPS I-H was f i r s t  desc r ibed  by 

Dorfman and Matalon in  1957 (5 ) .  S ince th e n ,  numerous r e p o r t s  have

appeared on th e  biochemical n a tu re  of th e  s to ra g e  m a te r ia l s  ex c re ted  in 

th e  u r in e  o f  MPS I-H, MPS I-S and MPS I-H/S in d iv id u a l s  (1 5 ,1 6 ) .  How­

e v e r ,  e f f o r t s  to  s e p a ra te  and q u a n t i t a t e  th e  In d iv id u a l  GAGs in t i s s u e ,  

c e l l u l a r  o r  s u b c e l l u l a r  p re p a ra t io n s  have been hampered by the  lack  of
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TABLE 1

CHEMICAL PROPERTIES AND TISSUE DISTRIBUTION OF THE SIX MAJOR MAMMALIAN GLYCOSAMINOGLYCANS

Polysaccharide
Mol. Wt. 
(X 10"3)

Repeating
Monosaccharides

Other Sugar 
Components

Examples o f  Occurrence 
in  Mammalian T issues

Hyaluronate 4-8000 D -glucuronic ac id  
D-glucosamine

*b Various connec tive  t i s s u e s ,  s k in ,  
v i t r e o u s  humor, synovial f l u i d ,  
um bilica l c o rd ,  c a r t i l a g e

C hondro itin  4- 
and 6 - s u l f a te s

5-50 D -glucuronic  ac id  
D -galactosamine

D -galac tose  
D-xylose

C a r t i l a g e ,  co rn ea ,  bone, s k in ,  
a r t e r i a l  wall

Dermatan s u l f a t e 15-40 D -glucuronic  ac id  
L -idu ron ic  ac id  
D -galactosamine

D -galac tose  
D-xylose

Skin , h e a r t  v a lv e ,  tendon, 
a r t e r i a l  wall

Heparan s u l f a t e * D -glucuronic  ac id  
L -iduron ic  ac id  
D-glucosamine

D -galac tose  
D-xylose

Lung, a r t e r i a l  w a l l ,  u b iq u i to u s  on 
c e l l  su r faces

Heparin 6-25 D -glucuronic  ac id  
L -idu ron ic  ac id  
D-glucosamine

D -galac tose  
D-xylose

Lung, l i v e r ,  s k in ,  i n t e s t i n a l  mucosa 
(mast c e l l s )

Keratan s u l f a t e 4-19 D -galac tose
D-glucosamine

D -galactosamine 
D-mannose 
L-fucose 
s i a l i c  ac id

C a r t i l a g e ,  c o rn ea ,  i n t e r v e r t e b r a l  
d is c

a Includ ing  the sugar components o f  the p o ly s a c c h a r id e -p ro te in  l inkage  re g io n .

b The occurrence in  hya lu rona te  o f  a rab in o se  has been suggested bu t no t c o n c lu s iv e ly  v e r i f i e d .



rep ro d u c ib le  and s e n s i t i v e  techn iques  fo r  the r e s o lu t io n  of these  

d iv e rse  m olecu les.  To d a te ,  e l e c t r o p h o r e t i c  systems using c e l lu lo s e  

a c e ta t e  (17) or agarose (18) have proven u s e f u l ,  but have been l im i te d  

by t h e i r  i n a b i l i t y  to  s e p a ra te  a l l  th e  major mammalian GAGs 1n a s im ple ,  

con tinuous monodimensional system. C urrent e l e c t r o p h o r e t i c  methods 

re q u ire  a com bination o f  d isco n t in u o u s  ( d i f f e r e n t  b u f fe r  systems or s e ­

q u e n t ia l  e thano l p r e c i p i t a t i o n s )  an d /o r  two dim ensional e l e c t r o p h o r e t i c  

tech n iq u es  (1 9 ,2 0 ) .

The binding o f  GAGs to  amino groups was i n i t i a l l y  observed by Nader 

e £ a K  (21) ,  who used an ampholine g r a d ie n t  and e l e c t ro fo c u s in g  to  sepa­

r a t e  m ixtures of these  m olecu les .  The assumption t h a t  the GAGs were 

sep a ra ted  on the  b as is  o f  s p e c i f i c  complex form ation with amino groups 

of the ampholine m ix tures  was supported  by the  dem onstra tion  t h a t  v a r ­

ious d iam in eace ta te  b u f f e r s ,  co n ta in in g  simple am ines, a l s o  p a r t i a l l y  

se p a ra te d  GAGs in an agarose e l e c t r o p h o r e t i c  system (2 2 ) .  These f i n d ­

ings suggested  t h a t  amino groups o f  compounds such as EDTA s a l t s ,  in 

combination with metal ions such as barium and l i th iu m ,  might provide 

enhanced e l e c t r o p h o r e t i c  r e s o lu t io n  o f  in d iv id u a l  GAGs.

T h e re fo re ,  1n o rder  to  b e t t e r  e v a lu a te  the  abnormal GAG p a t t e r n s  in 

in d iv id u a ls  w ith  the  MPS I d i s e a s e s ,  an i n v e s t ig a t io n  was undertaken to  

e v a lu a te  the a b i l i t y  o f  var io u s  EDTA s a l t s  and d i f f e r e n t  metal io n s ,  

both s in g ly  and in  com bination , to  s e p a ra te  in d iv id u a l  GAGS in  a c e l l u ­

lose  a c e ta t e  e l e c t r o p h o r e t i c  system . I t  was reasoned t h a t  the develop­

ment of t h i s  new a n a ly t i c a l  too l  would f a c i l i t a t e  the comprehensive 

c h a r a c t e r i z a t i o n  o f  the s to re d  GAGs in  the  human and f e l i n e  MPS I d i s ­

o rd e rs  and, fu therm ore , help  unders tand  the  s u b s t r a te  s p e c i f i c i t i e s  o f  

both normal and mutant a -L - id u ro n id a s e .
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C. S tu d ie s  o f  Lysosomal Enzyme Processing  and T ra n s p o r t :

During the  p a s t  decade, a -L - id u ro n id ase  has served  as a p ro to ty p ic  

model fo r  s tu d ie s  of lysosomal enzyme p ro cess in g  and t r a n s p o r t .  Early  

s tu d ie s  by sev e ra l  l a b o r a to r i e s  provided evidence fo r  a re c e p to r  

m ed ia ted , a c t iv e  t r a n s p o r t  p rocess  which was necessary  fo r  the i n t e r ­

n a l i z a t i o n  o f  ac id  h y d ro lases  by c u l tu r e d  f i b r o b l a s t s  (23 ,24 ) .  I n t r l g -  

u in g ly ,  only  c e r t a i n  f r a c t i o n s  o f  these  a c id  h y d ro la s e s ,  termed “high 

up take"  forms, were taken up a t  r a t e s  exceeding  t h a t  expec ted  from non­

s p e c i f i c  e n d o cy to s is  (2 5 ) .  S tud ies  by Kaplan e t  al_. (26) w ith  human 

p l a t e l e t  (^-glucuronidase provided the  f i r s t  ev idence t h a t  high uptake 

ac id  h yd ro lases  were phosp h o p ro te in s .  A lk a l in e  phosphatase t r e a tm e n t  of 

high uptake p -g lu cu ro n id ase  des troyed  i t s  uptake a c t i v i t y  and converted  

the  enzyme to  l e s s  a c i d i c ,  bu t c a t a l y t i c a l l y  a c t iv e  form s. S im ila r  

f in d in g s  w ith  a -L - id u ro n id a se  from human u r in e  (27) and |3 -galactos1dase 

and |3-hexosam1nidase from human p l a t e l e t s  (28 ,29) in d ic a te d  t h a t  t h i s  

type o f  phosphohexosyl re c o g n i t io n  system was a g e n e ra l iz e d  mechanism 

fo r  the rece p to r-m ed ia ted  en d o cy to s is  o f  ac id  hyd ro lases  by c u l tu re d  

sk in  f i b r o b l a s t s .  Soon a f t e r ,  in  1979, von F igura and Klein (30) demon­

s t r a t e d  a r e le a s e  of a lk a l in e  phosphatase s e n s i t i v e  o l ig o sa c c h a r id e s

fo llow ing  endog lycos idase  (Endo) H t re a tm e n t  o f  high uptake a -N -a c e ty l-  

g lu c o sa m in id a se . Other d i r e c t  ev idence fo r  the  involvement o f  mannose 

6-phosphate r e s id u e s  1n t h i s  re ce p to r -m ed ia ted  p rocess  inc luded  work by 

Natowicz e t  al_. (3 1 ) ,  who showed t h a t  a c id  h y d ro ly s is  of high uptake 

human s p leen  |3-glucuronidase r e le a s e d  mannose 6-phosphate and t h a t  the 

mannose 6-phosphate c o n ten t  of t h i s  enzyme v a r ie d  d i r e c t l y  w ith  i t s  

a b i l i t y  to  be p inocy tosed  by f i b r o b l a s t s .  Furtherm ore , s tu d ie s  by 

Kaplan e j t a l .  (32) dem onstrated  com pe ti t ive  i n h i b i t i o n  o f  ac id  hydrolase
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p ln o c y to s is  by c e r t a in  phosphomannans from Saccharomyces c e r e v i s i a e .

F u rther  I n s ig h t  in to  the mechanism of  ac id  hydro lase  p ln o c y to s is  

has come from work w ith  lysosom otropic  amines (3 4 ) .  Several l a b o ra to r ­

ie s  have found t h a t  ch loroqulne In h ib i te d  p ln o c y to s is  o f  exogenous 

enzymes and, fu r th e rm o re ,  caused normal f i b r o b l a s t s  to  s e c r e te  la rg e  

amounts of ac id  h y d ro la se s  (35 ,36 ) .  Although amine t re a tm e n t  o f  normal 

c e l l s  mimicked the phenotype observed in I - c e l l  d i s e a s e ,  an autosomal 

r e c e s s iv e ly  in h e r i t e d  d e f ic ie n c y  o f  U D P-N -acety lg lucosam ine:g lycoprote in  

N -acety lg lucosam ine t r a n s f e r a s e  a c t i v i t y  (3 7 ) ,  the  enzymes s e c re te d  by 

these  c e l l s  were no t  re c o g n i t io n  d e f e c t i v e ;  in f a c t ,  they  were g r e a t ly  

en r ich ed  fo r  the  high uptake enzyme forms (3 8 ) .  These obse rv a tio n s  

suggested t h a t  amines block the  normal s e g re g a t io n  o f  newly sy n th es iz ed  

lysosomal enzymes and d i s r u p t  t h e i r  I n t r a c e l l u l a r  t r a f f i c  pathway. 

Gonzalez-Norlega e t  al_. (39) have suggested  t h a t  the  d e l iv e ry  system fo r  

lysosomal enzymes may r e ly  on the  pH dependent re le a s e  o f  enzyme from 

re c e p to r s  in  lysosomes to  perm it f ree  r e c e p to r s  to  be r e u t i l i z e d .  An 

a l t e r n a t i v e  p o s s i b i l i t y  fo r  the  observed a c t io n  of these  amines was 

suggested  by Helenius e t .  a K  (40) ,  who showed t h a t  c e r t a in  enveloped 

v i r u s - v e s i c l e  fu s io n  p rocesses  which normally take  p lace  in the  ly so ­

somes were pH dependent and blocked by amines. These r e s u l t s  in f e r r e d  

t h a t  amines might d i s r u p t  the t r a f f i c k i n g  o f  lysosomal enzymes by I n t e r ­

f e r in g  with some pH dependent v e s i c l e - v e s l c l e  fu s io n  process  on which 

enzyme d e l iv e r y  and re c e p to r  r e u t i l i z a t i o n  were dependent. The I n t r i g u ­

ing f in d in g  t h a t  ^ 80% of  phosphomannosyl enzyme re c e p to r s  in f i b r o ­

b l a s t s  were p re s e n t  on i n t r a c e l l u l a r  membranes (41) was c o n s i s t e n t  with 

the hypo thesis  t h a t  these  re c e p to r s  p lay  a ro le  in  r e g u la t in g  the  i n t r a ­

c e l l u l a r  t r a n s p o r t  of newly sy n th es ized  ac id  t y d r o l a s e s ,  seg reg a t in g
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these  enzymes from o th e r  p roducts  o f  the endoplasm ic re t icu lum  and 

d i r e c t in g  them to  lysosomes. Although 1 t  i s  now w e l l - e s t a b l i s h e d  t h a t  

mannose 6-phosphate re s id u e s  p re se n t  on ac id  hydro lases  a re  im portan t 

re c o g n i t io n  markers fo r  t h e i r  rece p to r-m ed ia ted  e n d o c y to s i s ,  i t  1s not 

c l e a r  what o th e r  common s t r u c t u r a l  f e a tu r e s  a re  p re s e n t  on these en­

zymes. In o th e r  words, what physica l p ro p e r t i e s  c l a s s i f y  acid  hydro­

la s e s  as  high uptake? E arly  k in e t i c  s tu d ie s  by Kaplan e t  al_. (32) w ith 

(3-glucuron1dase and Sando and Neufeld {33) working w ith  a -L - id u ro n id ase  

provided i n i t i a l  in d ic a t io n s  t h a t  th e re  were indeed im portan t s t r u c t u r a l  

f e a tu r e s  recognized  by the  f i b r o b l a s t  en d o cy to s is  r e c e p to r  in a d d i t io n  

to  phosphomannose r e s id u e s .  Recent work has shown t h a t  lysosomal en­

zymes a re  sy n th es ized  as l a rg e r  p recu rso rs  and a re  subsequently  trimmed 

to  mature forms. The enzymes now known to  undergo such p rocess ing  

inc lude  (3 -ga lac tos ldase  (42) ,  c a th ep s in  D {43), p-hexosam inidase (44), 

a -g lu c o s id a se  (45) and a -L - id u ro n id ase  (4 6 ) .  The p re c ise  na tu re  of 

th e se  m u l t ip le  p rocess ing  even ts  i s  u n c le a r ,  however, i t  has been 

g e n e ra l ly  assumed t h a t  the mechanism must inc lude  a complex sequence of 

p r o te o l y t i c  and carbohydra te  m o d if ic a t io n  e v e n ts .  Erickson e t  al_. (43) 

have dem onstrated  the e x is te n c e  of a lysosomal enzyme s ig n a l  sequence 

p re se n t  on c a th e p s in  D t h a t  i s  in d i s t in g u is h a b le  from those  o f  s e c r e to ry  

p ro te in s  (47) and r a is e d  the p o s s i b i l i t y  o f  a common lysosomal " so r t in g  

sequence" t h a t  m ediates  s o r t in g  o f  lysosomal p ro te in s  from s e c re to ry  

p ro te in s  in the endoplasmic re t icu lu m  by a rece p to r -m ed ia ted  p ro cess ,  

liyerowitz and Neufeld (46) have immunopreci p i t a  ted  four sp e c ie s  o f  a-L- 

idu ron idase  from c u l tu re d  f i b r o b l a s t s ;  these  sp e c ie s  were a b sen t  in the 

f i b r o b l a s t s  ob ta ined  from in d iv id u a ls  w ith  H urler d i s e a s e .  The 66,000 

m olecular w eight sp e c ie s  appeared to  be o f  the  low uptake form; in  con­
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t r a s t ,  the 76,000 s e c re te d  form was r e a d i ly  taken  up by the re c e p to r -  

m ediated e n d o cy to s is  pathway. I n t e r e s t i n g l y ,  a l l  sp e c ie s  o f  a -L - id u ro n -  

1dase were phosp h o ry la ted ,  as  shown by 33P in c o rp o ra t io n  s tu d i e s ;  1n 

a d d i t io n ,  the  phosphate la b e l  could  be removed by t re a tm e n t  w ith  Endo-H.

To d a t e ,  the  primary l i m i t a t i o n  to  performing comprehensive p ro te in  

and carbohydra te  s t r u c t u r a l  s tu d ie s  on the var io u s  lysosomal enzyme

b io s y n th e t ic  in te rm e d ia te s  ( i . e . ,  high and low uptake f r a c t i o n s )  has 

been the i n a b i l i t y  to  i s o l a t e  la rg e  q u a n t i t i e s  of each p u r i f i e d  form. 

a -L - Id u ro n id a se ,  because of i t s  e x c e p t io n a l ly  long h a l f - l i f e  as compared 

to  o th e r  lysosomal enzymes [4 to  5 days (46) versus  5 to  20 h fo r  

(3-hexosaminidase (4 4 ) ,  a -g lu c o s id a se  (45) and c a th ep s in  D (4 3 ) ] ,  p ro­

v ides  a unique o p p o r tu n i ty  to  ex tend  these  s t im u la t in g  f in d in g s  f u r t h e r .  

A summary o f  the  c u r r e n t  concep t of lysosomal enzyme p rocess ing  and 

t r a n s p o r t  appears  in  Figure 2.

D. S tud ies  of Human a -L -Id u ro n id ase  P u r i f i c a t i o n  and C h a r a c te r i z a t i o n :

As mentioned e a r l i e r ,  a -L - id u ro n id ase  i s  one o f  the  enzymes needed 

f o r  the d e g rad a t io n  of dermatan s u l f a t e  and heparan s u l f a t e ,  the two 

predominant GAGs e x c re te d  in the  u r in e  o f  human and f e l i n e  in d iv id u a ls  

w ith  the MPS I d i s e a s e s  (7 ) .  Shapiro  e t  al_. (48) f i r s t  d esc r ib ed  the 

e x i s te n c e  of two a c t iv e  forms o f  the  enzyme in human u r in e ,  termed high 

uptake and low uptake accord ing  to  the c r i t e r i a  of B rot e t .  al_. (49 ) .  

These two forms d i f f e r e d  in  the  r a t e  a t  which they were endocytosed by 

c u l tu r e d  f i b r o b l a s t s .  Sando and Neufeld (33) subsequen tly  showed t h a t  

en d o cy to s is  of the high uptake form o f the  enzyme was co m p e ti t iv e ly  

in h ib i t e d  by mannose 6 -phospha te ,  p rov id ing  p re l im in a ry  ev idence fo r  the 

ro le  o f  phosphory la ted  carbohydra te  re s id u e s  in  the rece p to r -m ed ia ted
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F i g u r e  2 : C u r r e n t  C o n c e p t  o f  L y s o s o m a l  E n zym e P r o c e s s i n g  a n d  T r a n s p o r t .

Schematic summary o f  our c u r r e n t  concept o f  lysosomal enzyme p rocess ing  

and t r a n s p o r t  adapted w ith  perm iss ion  from the t h e s i s  o f  Dr. A lessandra 

d 'A zzo , U n iv e rs i ty  o f  Rotterdam.
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en d o cy to s is  o f  lysosomal enzymes; t h i s  o b se rv a t io n  has been s t ro n g ly  

supported  by c u r r e n t  work e s t a b l i s h in g  the ro le  of ca rbohydra te  m o ie tie s  

in  both i n t r a -  and i n t e r c e l l u l a r  lysosomal enzyme t r a f f i c k i n g  (5 0 ) .  As 

mentioned in  the p rev ious  s e c t i o n ,  Myerowitz and Neufeld have r e c e n t ly  

im m unoprecipita ted  and f u n c t io n a l ly  c h a ra c te r iz e d  two d i s t i n c t  c a t a l y t i -  

c a l ly  a c t iv e  a -L -iduron1dase  p o ly p e p tid e s  (76,000 and 66,000 d a l to n s )  

from human f i b r o b l a s t s  which corresponded to  the high and low uptake

forms of the enzyme, r e s p e c t iv e l y  (46). This hydro lase  con tinues  to  

serve  as  a p ro to type  fo r  s tu d ie s  of lysosomal enzyme p ro cess in g  and 

t r a n s p o r t .

Chemical s y n th e s is  o f  a r t i f i c i a l  (51) and n a tu ra l  (52) s u b s t r a t e s  

s p e c i f i c  fo r  a-L-iduron1dase  has helped s t im u la te  s t r u c t u r a l  in v e s t ig a ­

t io n s  o f  the  p a r t i a l l y  p u r i f i e d  normal human enzyme from u r in e  (53) and 

kidney (54 ) ;  however, low s t a r t i n g  a c t i v i t i e s ,  poor re c o v e r ie s  and 

i n s u f f i c i e n t  p u r i ty  have p ro h ib i te d  complete biochemical c h a r a c te r i z a ­

t i o n .  Rome e t .  al_. p u r i f i e d  a -L - id u ro n id ase  from human kidney to  a

s p e c i f i c  a c t i v i t y  o f  250 U/mg p ro te in  (1 u n i t  i s  de f ined  as the amount 

of enzyme which c a ta ly z e s  the h y d ro ly s is  o f  1 pmole o f  phenyl a - I d /h  a t  

37°C) (5 4 ) .  This p r e p a ra t io n  was e s t im a te d  to  be 50-70% pure on the 

b a s is  of SDS polyacry lam ide gel e l e c t r o p h o r e s i s .  The n a t iv e  m olecular 

w eight o f  the enzyme was 65,000 ± 7 ,000  and i t  c o n s is te d  o f  two su b u n its  

w ith m olecular weights of 31,500 ± 4 ,500. R ecen tly ,  the same group has 

re p o r te d  t h a t  human f i b r o b l a s t  a -L - id u ro n id ase  was a monomer (4 6 ) .  This 

unusual o b s e rv a t io n ,  t h a t  the  same enzyme from two d i f f e r e n t  human 

sources  had such d i f f e r e n t  s t r u c t u r a l  f e a t u r e s ,  r a i s e s  q u e s t io n s  as to  

the  c o r r e c t  sub u n it  s t r u c t u r e  o f  t h i s  enzyme.
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Rome e t  al_. found t h a t  the enzyme was u n s ta b le  a t  n eu tra l  or a lk a ­

l in e  pH and a t  low io n ic  s t r e n g th  (54). I t  a l so  became ex trem ely  s e n s i ­

t iv e  to  f reeze - th aw in g  and, t h e r e f o r e ,  was s to red  a t  4°C. In s p i t e  of 

these  p re c a u t io n s ,  the  p a r t i a l l y  p u r i f i e d  enzyme was not s t a b l e  and 

la rg e  lo s s e s  occurred 1n the f i n a l  p u r i f i c a t i o n  s t e p s .  In a d d i t i o n ,  50% 

of  the  i n i t i a l  enzyme a c t i v i t y  in the kidney crude homogenate was not 

recovered  from the membranes; the f i n a l  p u r i f i e d  enzyme was shown to  be 

o f  only  one ty p e ,  th e  low uptake form. One o f  the p o ss ib le  reasons fo r  

t h i s  i n i t i a l  poor recovery  was the la ck  o f  d e te rg e n ts  in  the homogeniza­

t io n  b u f f e r .

Biochemical a n a ly s i s  o f  the H urler  and Scheie mutant enzymes has 

been l im i te d  to  s tu d ie s  1n crude leu k o cy tes  or c u l tu re d  f i b r o b l a s t s  

ob ta ined  from p a t i e n t s  w ith  these  d i s e a s e s ;  v a r ia b le  accounts  o f  the 

r e s id u a l  a c t i v i t i e s  a re  a v a i l a b l e .  E stim ates  range from 0-12% for 

H urler (5 5 ) ,  Scheie (55) and H u rle r /S ch e ie  p a t i e n t s  (5 7 ) .  Most o f  these  

s tu d ie s  have been conducted using d i f f e r e n t  p re p a ra t io n s  o f  a co lo rim e­

t r i c  phenyl a - I d  s u b s t r a t e ;  r e c e n t ly ,  a much more s e n s i t i v e  f lu o ro m e tr ic  

s u b s t r a t e ,  4MU a - I d ,  has been sy n th es iz ed  (51) .  However, i t  i s  no t com­

m e rc ia l ly  a v a i l a b l e .  Hopwood e t  al_. have proposed t h a t  the H urler 

d e f e c t  was a ^  m utation  based on k in e t i c  da ta  they  ob ta ined  in  c u l tu re d  

f i b r o b l a s t s  using  a f lu o r e s c e n t  s u b s t r a te  which was sy n th es iz ed  in t h e i r  

la b o ra to ry  (5 8 ) ;  no o th e r  s tu d ie s  o f  the  Hurler o r  Scheie m uta tions  have 

been r e p o r te d .  U n fo r tu n a te ly ,  the  in c o n s i s t e n c ie s  o f  s u b s t r a t e  and 

assay  p ro ced u re s ,  as well as the  lack  o f  adequate biochemical c h a r a c te r ­

i z a t io n  in fo rm a tion  on the  normal human enzyme, makes com parative e v a l ­

u a t io n  o f  d i f f e r e n t  g ro u p s ' da ta  v i r t u a l l y  im p o ss ib le .
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E, Comparative Sene Mapping and S tu d ie s  o f  Lysosomal Enzyme Gene Regu­

l a t i o n :

Since the work o f  Thomas Hunt Morgan and h is  s tu d en ts  near the tu rn  

of the cen tu ry  i t  has been known t h a t  genes a re  arranged  l i n e a r l y  along

chromosomes (5 9 ) ;  the experim ental p roof o f  re s id e n c e  o f  genes on chro­

mosomes was provided Independently  by B r id g es ,  u s ing  D rosophila melano­

gas t e r  (60) and by Creighton and McCllntock s tudy ing  maize (6 1 ) .  In the 

l a s t  10 y e a r s ,  remarkable advances in chromosomal s ta in in g  methods have 

rev ea led  d i s t i n c t  landmarks p e rm it t in g  the  unique i d e n t i f i c a t i o n  o f  each 

chromosome and, fu r th e rm o re ,  making the  assignm ent o f  s p e c i f i c  genes to  

unique chromosomes a f e a s ib l e  ta sk  (6 2 ) .  More r e c e n t ly ,  som atic  c e l l  

h y b r id iz a t io n  tech n iq u es  have provided a h igh ly  p roductive  approach to  

chromosome mapping (6 2 ) .  The f i r s t  s te p  in  t h i s  method 1s fu s io n  of 

human som atic c e l l s  with those  from ano ther  s p e c ie s ,  a p rocess  f a c i l i ­

t a t e d  by e i t h e r  in a c t iv a te d  v iru s e s  such as Sendai (63) o r  by c e r t a in  

chemical agen ts  ( i . e . ,  e th y len e  g ly c o l)  (6 4 ) .  The nucle i o f  hybrid  c e l l s  

con ta in  chromosomes o f  both p a ren t  c e l l s .  In subsequent c e l l  d iv i s io n s  

th e re  i s  a p ro g re s s iv e  and p r e f e r e n t i a l  lo s s  of human chromosomes from 

these  i n t e r - s p e c i e s  h y b r id s .  In the synteny  t e s t , the  l o c a l i z a t i o n  of 

gene lo c i  on the same chromosome 1n man i s  dem onstrated  by the c o n s is ­

t e n t  concordant presence or absence of human phenotypes w ith  s p e c i f i c

chromosomes in a clone panel derived  from i n t e r - s p e d e s  h y b r id iz a t io n .

A l t e r n a t iv e ly ,  in  the assignm ent t e s t , th e  lo c a t io n  of a s p e c i f i c  gene

locus to  a chromosome i s  dem onstrated by concordance between the p re s ­

ence and absence of the chromosome with the  s p e c i f i c  phenotype in the 

hybrid c lo n e s .  To d a t e ,  more than  250 human genes have been ass igned  to  

s p e c i f i c  chromosomes and /o r  chromosomal reg io n s  by these  methods (65) .
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The lysosomal gene fam ily  ( i . e . ,  s t r u c t u r a l  and r e g u la to ry  genes 

necessa ry  fo r  the  proper e x p re s s io n  o f  the lysosomal enzyme p ro te in s )  

p rov ides  a unique o p p o r tu n i ty  to  s tudy  the  genomic d i s t r i b u t i o n  o f  a 

complex fam ily o f  b iochem ically  r e l a t e d  p r o te in s .  Our c u r re n t  under­

s tan d in g  of the  g e n e t ic  r e g u la t io n  o f  lysosomal enzymes comes p r im a r i ly  

from s tu d ie s  conducted in  the  mouse, Mus. m u s c a l is , by P a lg en 's  group 

c u r r e n t ly  a t  Berkley (6 6 ) .  A g e n e t i c a l ly  determ ined developmental pro­

gram e x i s t s  fo r  each enzyme, sp e c ify in g  the  changes in  enzyme co n ce n tra ­

t i o n  t h a t  accompany d i f f e r e n t i a t i o n  in each t i s s u e  (6 7 ) .  As f i r s t  

dem onstrated  fo r  [3-glucuronidase (6 8 ) ,  g e n e t ic  c o n t ro l s  o f  developmental 

programming a re  seen fo r  lysosomal enzymes. Several d i f f e r e n t  types  of 

c l a s s i c a l  g e n e t ic  breeding  approaches have c h a ra c te r iz e d  m utants o f  a 

s in g le  lo c u s ,  G u s - t , which i s  c lo s e ly  l in k ed  to  the enzyme s t r u c t u r a l  

gene and c o n t ro l s  the p o s tn a ta l  e x p re s s io n  o f  t h i s  enzyme. Genetic d i f ­

f e re n c e s  in developmental programming have been found fo r  o th e r  ly soso ­

mal enzymes, in c lu d in g  a - g a la c to s id a s e  (69) ,  [3 -ga lac tos ldase  (7 0 ) ,  and 

a r y l s u l f a t a s e  (7 1 ,7 2 ) .  Work w ith  (3-glucuronidase su g g es ts  t h a t  c o r r e c t  

developmental e x p re s s io n  o f  t h i s  enzyme r e l i e d  on an I n te r a c t i o n  between 

"temporal genes" a d ja c e n t  to  each s t r u c t u r a l  gene, such as the  Gus-t 

lo c u s ,  and one or more d i s t a n t  genes t h a t  code fo r  s p e c i f i c  develop­

mental s ig n a l s  (7 3 ) .  Furtherm ore , a number o f  these  d i s t a n t  r e g u la to ry  

genes may c o n tro l  the  e x p re s s io n  o f  d i f f e r e n t  un linked  lysosomal s t r u c ­

tu r a l  genes (6 7 ) .  The na tu re  o f  these  m uta tions  1s u n c le a r .  I t  1s 

p o ss ib le  t h a t  the  r e g u la to ry  mutants proximal to  the  s t r u c t u r a l  genes 

r e p r e s e n t  a l t e r a t i o n s  in  the  a d ja c e n t  promotor sequences necessa ry  fo r  

f a i t h f u l  t r a n s c r i p t i o n  of e u k a ry o t ic  genes. The e x i s t e n c e  o f  d i s t a l ,  

t r a n s - a c t i v e  r e g u la to r y  sequences which may a c t  on a number o f  d i f f e r e n t
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unlinked s t r u c t u r a l  genes im plies  t h a t  the products  of these  lo c i  recog ­

nize common e n t i t i e s ,  e i t h e r  a t  the  DNA, RNA or p ro te in  leve l  among the

lysosomal fam ily .  S t ru c tu ra l  s i m i l a r i t i e s  among lysosomal enzymes 

( i . e . ,  g ly c o s y la t io n ,  s ig n a l  p e p t id e s )  have been e x te n s iv e ly  c h a r a c te r ­

ized  (7 4 ,7 5 ) ,  however, no da ta  is  c u r r e n t ly  a v a i la b le  on the  in d iv id u a l

gene s t r u c t u r e  or genomic o rg a n iz a t io n  of t h i s  i n t r ig u in g  enzyme fam ily ;

undoubted ly , f u r t h e r  s tu d ie s  must aw ait  the  employment o f  r e c e n t ly  de­

veloped recom binant DNA te c h n o lo g ie s .

To d a t e ,  fo u r te e n  s t r u c t u r a l  genes encoding human lysosomal enzymes 

have been lo c a l iz e d  to  s p e c i f i c  chromosomes and/or chromosomal reg ions  

(Table 2 ) ;  they  are  d is p e rs e d  among e i g h t  d i f f e r e n t  autosomes and the 

X chromosome. No obvious c lu s t e r in g  of th e se  lo c i  may be observed , 

however, i t  i s  i n t e r e s t i n g  to  note t h a t  th re e  have been mapped to  chro­

mosome 22, the  s m a l le s t  human autosome.

Because o f  the  unique s t r u c t u r a l  s i m i l a r i t i e s  o f  the lysosomal 

enzyme p r o t e i n s ,  i t  i s  in t r ig u in g  to  sp e c u la te  on the  e v o lu t io n a ry  

r e l a t i o n s h i p  o f  t h e i r  r e s p e c t iv e  genes. Did these  lo c i  a l l  a r i s e  from a 

common p ro g e n ito r  sequence? Do the genes c o n ta in  common DNA sequences 

which encode common fu n c t io n a l  domains? Do they  undergo f l u i d i t y  

th roughou t th e  mammalian genome? One approach to  answering th e se  specu­

l a t i v e  q u e s t io n s  i s  v ia  com parative gene mapping. The growth o f  linkage  

maps in many p ro k a ry o tic  and e u k a ry o t ic  sp ec ie s  over the p a s t  f i f t y

y e a r s  has provided in s i g h t  in to  com parative gene mapping (76).  During 

th e  e v o lu t io n a ry  divergence of the mammalian o rder  c o n s id e ra b le  numbers 

and types  o f  chromosome d u p l i c a t io n s ,  t r a n s l o c a t i o n s ,  in v e rs io n s  and

o th e r  rearrangem ents  have become f ix e d  1n the  genomes o f  d i f f e r e n t  

s p e c ie s  ( 7 7 ,7 8 ) .  The occurrence o f  homologous gene-enzyme systems in
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TABLE 2

CHROMOSOME ASSIGNMENTS OF THE STRUCTURAL GENES 

FOR HUMAN LYSOSOMAL ENZYMES

Enzyme Regional Assignment Chromosome

|i-Glucos1dase l p l l - l q t e r 1

oc-L-Fucosidase Ip32-lp34 1

[3-Gal a c to s i  da se 3q21-3qter 3

[3-Hexosaminidase, [3-subunit 5cen-5ql3 5

A ry ls u l f a ta s e  B 5 q l5 -5 q te r 5

|3-Glucuronidase 7p ter-7q22 7

Acid Phosphatase-2 1I p 12-1Icen 11

[3-Hexosaminidase, a - s u b u n i t 15q l2 -15q te r 15

a-D-Mannosidase I9 p te r -1 9 q l3 19

[3-Gal a c to s i  dase 2 2 q l3 -2 2 q te r 22

A ry ls u l f a ta s e  A 22ql2 22

a-N -A cety l-G alac tosam in idase - 22

a -G a la c to s id a se  A Xq22-Xq24 X

S u lfo - Id u ro n id a se  S u l fa ta s e - X
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mammals and s im i la r  chromosome banding p a t te rn s  in prim ates has per­

m it te d  the  stucty o f  both conserved and non-conserved linkage groups 

between man and o th e r  p r im a te s ,  man and mouse and, to  a l im i te d  e x t e n t ,  

between o th e r  mammalian s p e c ie s  (79).  The domestic c a t ,  F e l i s  c a tu s ,  

has served as an im portan t animal model in  s tu d ie s  o f  physio logy , onco l­

ogy, neu rochem is try ,  and g e n e t ic s  (8 0 ,8 1 ) ,  and, as d e t a i le d  1n the  next 

s e c t i o n ,  a f e l i n e  model o f  the  human m ucopolysaccharidosis  I-H d iso rd e r  

has been r e c e n t ly  d esc r ib e d  (82). O 'B rien  and coworkers (76) have

derived  a g e n e t ic  map of 17 f e l i n e  l in k ag e  groups which inc lude  33 

independent l o c i ;  t h i r ty - o n e  of th e se  lo c i  a re  homologous to  genes p re ­

v io u s ly  mapped in man, p rim ates  and the mouse. I n t r i g u in g ly ,  th e re  i s  

e x te n s iv e  co n se rv a t io n  o f  human and f e l i n e  l inkage  a s s o c ia t io n s  (76 ) ,  in 

c o n t r a s t  to  those of human v s .  ro d e n t  (78 ,79 ) and f e l i n e  v s .  mouse (76) 

com parative l inkage  maps. C u r re n t ly ,  the  only human autosomes fo r  which 

no com parative f e l i n e  mapping d a ta  i s  a v a i la b le  a re  chromosomes 5 

and 22. Comparative an a ly se s  o f  the chromosome banding homologies and

gene ass ignm ents  have a l re a d y ,  and w il l  c o n t in u e ,  to  provide in s ig h t  

in to  the  d i s t a n t  r e l a t i o n s h ip s  o f  mammalian chromosomes and f u r th e r  the 

unders tand ing  o f  t h e i r  con t in u in g  e v o lu t io n .

F. Animal Models o f  Human Lysosomal S torage D ise a se s :

To d a t e ,  over 30 human inborn  e r r o r s  o f  the lysosomal appara tu s

have been i d e n t i f i e d  (83). Each i s  in h e r i t e d  as an autosomal or X- 

1 Inked re c e s s iv e  t r a i t  and has been shown to  r e s u l t  from the d e f i c i e n t  

a c t i v i t y  of a s p e c i f i c  enzyme. At the m e tabo lic  l e v e l ,  the  enzym atic 

d e f ic ie n c y  causes a block r e s u l t i n g  in  e i t h e r  the  accum ulation o f  the 

s u b s t r a t e ( s )  [and p r e c u r s o r ( s ) ]  and /o r  th e  absence o f  a c r i t i c a l  meta­
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b o l i c  p ro d u c t .  The m e tabo lic  a b n o rm a l i t ie s  lead  to  the phy s io lo g ic  and 

phenotypic  m a n ife s ta t io n s  c h a r a c t e r i s t i c  of the  s p e c i f i c  enzym atic 

d e f e c t .

Table 3 l i s t s  the  animal models of human lysosomal s to rag e  d i s ­

e a s e s ;  the d is o rd e r s  are  c l a s s i f i e d  as g lycogenoses ,  g ly c o p ro te in o se s ,  

g ly c o sp h in g o lip id o se s  or m ucopolysaccharidoses on the b a s is  of the p r i ­

mary accumulated s u b s t r a t e .  Although o th e r  models o f  human lysosomal 

s to ra g e  d is e a s e s  have been d esc r ib e d  (8 4 ,8 5 ) ,  the  c r i t e r i a  fo r  in c lu s io n  

in  Table 3 was the ac tu a l  dem onstra tion  of the same enzyme d e f ic ie n c y  as

1n the analogous human d i s o r d e r .  Each of these  models 1s in h e r i t e d  as

an autosomal r e c e ss iv e  t r a i t .

Recognition  o f  the a f f e c te d  proband a n d /o r  i d e n t i f i c a t i o n  o f  the

proband 's  p a re n ts  or heterozygous r e l a t i v e s  has perm itted  the e s t a b l i s h ­

ment of a c t iv e  breeding co lo n ie s  fo r  cows w ith  Pompe d isea se  (86) and 

a-m annosidosis  (8 7 ) ;  goats  w ith  |3-mannos1dosis (88 );  c a t s  w ith G ^ -g a n g -  

l i o s i d o s i s  type 2 (89) G ^ - g a n g l io s id o s i s  type 2 (9 0 ,9 1 ) ,  mucopolysac­

c h a r id o s i s  Type I-H (82) and m ucopolysaccharidosis  Type VI (92, 9 3 ) ;  

dogs w ith Niemann-P1ck d ise a se  (9 4 ) ;  as  well as dogs (95) and mice (96) 

w ith  Krabbe d i s e a s e .  These models a re  the  b e s t  c h a r a c te r iz e d  with 

r e s p e c t  to  the c l i n i c a l  m a n i f e s ta t io n s ,  n a tu ra l  h i s to r y  o f  the d i s e a s e ,  

morphologic pa tho logy ,  and the na tu re  o f  the  m etabo lic  d e f e c t  [ i . e . ,  

accumulated s u b s t r a t e ( s )  and d e f i c i e n t  enzyme].

Two new g ly c o p ro te in /o l ig o s a c c h a r id e  s to ra g e  d is e a se s  have been 

d esc r ib e d  in an im als .  Nubian goats  w ith a severe  n eu ro v isce ra l  o l ig o ­

sacch a rid e  s to ra g e  d is e a se  have been r e c e n t ly  shown to have d e f i c i e n t  

P-mannosidase a c t i v i t y  (88) and the subsequent lysosomal accum ulation o f  

a p-m annosyl-conta1ning t r i s a c c h a r id e  (9 7 ) .  This animal model i s  o f
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TABLE 3

ANIMAL MODELS OF HUMAN LYSOSOMAL STORAGE DISEASES8

Disease Enzymatic D efect Species

G lycogenosis:

Glycogenosis Acid a-G lucosidase Shorthorn Cow

Type I I  (Pompe) 

G lycop ro te inoses :

a-M annosidosis Acid a-Mannosidase Angus Cow 
Domestic Cat

P-Mannosidosis Acid P-Mannosidase Nubian Goat

G ly co sp h in g o lip id o ses :

GM1-G a n g l io s id o s is
Type 2 Acid P -G a lac to s idase Siamese Cat 

F r ie s ia n  C a lf  
Mixed Breed Dog

GM2-G a n g l io s id o s is

Type 2 p-Hexosaminidase A & B Domestic Cat

Type 3 P-Hexosaminidase A, 
P a r t i a l  A c t iv i ty

Yorkshire Swine

Gaucher Type 2 Acid p-G lucosidase SilKy Hair 
T e r r i e r  Dog

Krabbe G alac tosy l ceram ide: West H ighland/
|3-Gal a c to s i  dase Cairn T e r r i e r s  

Twitcher Mouse

Niemann-Pick Sphingomyelinase Poodles

Type A Siamese Cat

M ucopolysaccharidoses:

MPS I-H (H u rle r ) a -L -Id u ro n id ase Domestic Cat

MPS VI (Maroteaux-Lamy) A ry ls u l f a ta s e  B Siamese Cat

8 Includes only  e n zy m a tica lly  confirm ed models.
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p a r t i c u l a r  i n t e r e s t  s in ce  the analogous human d is o rd e r  has not been 

i d e n t i f i e d  to  d a te .  In a d d i t io n  to  the well c h a r a c te r i z e d  bovine model 

o f  a -m annosidosis  (8 7 ,9 8 ) ,  a second model has been i d e n t i f i e d  1n a 

domestic k i t t e n  which p resen ted  with neu ro lo g ic  m a n i f e s t a t io n s ,  dysmor­

phic f e a tu r e s  and growth r e t a r d a t i o n  (9 9 ) .  C h a ra c te r iz a t io n  o f  the 

re s id u a l  a c id  a-mannos1dase a c t i v i t y  and u r in a ry  m annose-rich o l ig o sa c ­

c h a r id e s  suggested  t h a t  the  f e l i n e  d is e a se  was s im i la r  to  the  severe 

form o f  human m annosidosis (100), whereas the  bovine model was more 

analogous to  the  m ilder  human v a r i a n t  (101).  H opefu lly , a breeding 

c o lo rs  fo r  the  f e l i n e  d is e a s e  can be e s t a b l i s h e d  s ince  t h i s  model would 

be more conven ien t f o r  th e ra p e u t i c  and o th e r  s tu d ie s  than the bovine 

ana logue .

Three new models of human g ly c o sp h in g o lip id o se s  have been id e n t i ­

f i e d .  Canine Gaucher type 2 d is e a s e  has been desc r ibed  in seve ra l  

a f f e c t e d  dogs in A u s t r a l i a .  The d e f ic ie n c y  o f  ac id  [J-g lucosidase and 

the accum ulation  o f  g lucosyl ceramide and g lucosy l psychosine have been

dem onstrated  (102 ,103) .  A second model o f  human Krabbe d ise a se  (g a la c ­

tosy l ceramide: p -g a la c to s id a se  d e f ic ie n c y )  has been i d e n t i f i e d  in  mice 

w ith  the " tw i tc h e r"  m uta tion  (9 6 ) .  The a v a i l a b i l i t y  o f  t h i s  model 

should perm it in te n s iv e  s tudy  o f  the g loboid  c e l l  r e a c t io n  which i s  the 

c h a r a c t e r i s t i c  neu ropa tho log ic  f in d in g  in  the  human d i s e a s e .  Analogues 

o f  the  human neurodegenera tive  d i s o r d e r ,  Niemann-P1ck Type A d is e a s e ,  

have been rep o r te d  in  Siamese c a t s  (104) and poodles (9 4 ) .  These 

animals should  provide i n s ig h t  in to  the  I n t e r r e l a t i o n s h i p s  among the 

sphingomyelinase isozymes.

F in a l ly ,  as  mentioned e a r l i e r ,  a f e l i n e  model o f  human mucopolysac­

c h a r id o s i s  I-H (H urler d is e a s e )  due to  d e f i c i e n t  a -L - id u ro n id ase  a c t i v ­
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i t y  has been i d e n t i f i e d  and a breeding colony has been e s ta b l i s h e d  (8 2 ) .  

This 1s the  second recogn ized  analogue o f  a human m ucopolysaccharidoses, 

the  o th e r  being Type VI (Maroteaux-Lamy d i s e a s e ) .  The a v a i l a b i l i t y  of 

these  two models, one c h a ra c te r i z e d  by neu ro lo g ic  involvement (MPS I-H) 

and the o th e r  only by v i s c e r a l  m a n ife s ta t io n s  (MPS VI), should perm it 

assessm ent o f  mucopolysaccharide metabolism in  v is c e ra l  and neural 

t i s s u e s  as well as provide systems fo r  the e v a lu a t io n  o f  var ious  th e r a ­

p e u t ic  endeavors .

R eq u is i te  to  the use o f  animal models fo r  the study o f  human d i s ­

ease  i s  the n e c e s s i ty  to  e s t a b l i s h  the  degree of homology between the 

human and animal c o u n te r p a r t s .  Obviously, an animal d isease  which has 

an id e n t ic a l  m olecular e t io lo g y  to  th a t  of the  corresponding  human 

d is o rd e r  w il l  provide the  id e a l  model fo r  In v e s t ig a t io n  o f  d ise a se  

pa thogenesis  and t r e a tm e n t .  For inborn e r r o r s  o f  m etabolism , an animal 

homologue would be one w ith  the  id e n t i c a l  m olecular d e fe c t  a t  the genic 

le v e l  ( i . e . ,  the same or e q u iv a le n t  base s u b s t i t u t i o n  in the  mutant 

g en e ) .  However, i t  i s  u n l ik e ly  t h a t  any g iven animal model w il l  share

the  p rec ise  gene m utation  which occurs in  the human d is e a s e .  In f a c t ,  

i t  i s  known t h a t  m u l t ip le  m uta tions  in  the s t r u c t u r a l  gene fo r  any given 

p ro te in  can cause d e f e c t iv e  c a t a l y s i s  or f u n c t io n ,  as has been so w e ll -  

dem onstrated  fo r  the  over 140 and 250 d i f f e r e n t  m uta tions  in the human 

m o lecu le s ,  g lucose  6-phosphate dehydrogenase (105-107) and hemoglobin 

(108 ) ,  r e s p e c t iv e l y .

F in a l ly ,  i t  must be emphasized t h a t  p r io r  to  c h a ra c te r iz in g  the 

m olecular pathology o f  a s p e c i f i c  human d ise a se  or i t s  r e s p e c t iv e  animal 

model, such as the  human and f e l i n e  MPS I d i s e a s e s ,  a f irm  unders tand ing  

o f  the  bas ic  b iochem is try  o f  the  normal c o n d i t io n ( s )  must be a v a i l a b l e .
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I t  i s  the purpose o f  the  experim ents  o u t l in e d  1n t h i s  t h e s i s  to  f a c i l i ­

t a t e  fu tu re  in v e s t ig a t io n s  in to  the biochemical a b n o rm a li t ie s  which 

r e s u l t  in both the human and f e l i n e  MPS I d i s e a s e s .
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OBJECTIVES

Biochemical and som atic c e l l  g e n e t ic  s tu d ie s  have been undertaken 

to  1) q u a n t i t a t i v e l y  analyze the  t i s s u e  d i s t r i b u t i o n  o f  the  s to re d  g ly -  

cosamlnoglycans in I n d iv id u a ls  w ith  the autosomal r e c e s s iv e ly  in h e r i t e d  

human and f e l i n e  m ucopolysaccharidosis  I d is e a s e s  (a-L-iduron1dase  d e f i ­

c iency  d i s e a s e s ) ,  2) p u r i fy  m ill ig ram  q u a n t i t i e s  of homogeneous normal 

human a -L - id u ro n id ase  in o rd e r  to  c h a r a c te r i z e  the physicochemical prop­

e r t i e s  and complex p ro cess in g  pathways of t h i s  p ro to ty p ic  lysosomal en­

zyme, and 3) lo c a l i z e  the s t r u c t u r a l  genes fo r  human and f e l i n e  a-L- 

idu ron idase  and study t h e i r  r e g u la te d  e x p re s s io n  in  mammalian-rodent 

som atic c e l l  h y b r id s .  The s p e c i f i c  o b je c t iv e s  o f  t h i s  re se a rc h  were:

a .  To develop new a n a l y t i c a l  to o l s  f o r  the  i d e n t i f i c a t i o n  and 

q u a n t i t a t io n  o f  g lycosam inoglycans.

b. To use these  new a n a l y t i c a l  to o l s  f o r  the  i d e n t i f i c a t i o n  and 

q u a n t i t a t io n  o f  glycosam inoglycans in  t i s s u e s  o f  in d iv id u a ls  

w ith  human and f e l i n e  m ucopolysaccharidoses I .

c .  To develop novel p u r i f i c a t i o n  methods fo r  the r a p id ,  h ig h -y ie ld  

i s o l a t i o n  o f  homogeneous low and high uptake forms of a -L - 

idu ron idase  from human so u rc e s .

d .  To c h a r a c te r i z e  the  physicochemical and immunologic p ro p e r t i e s  

o f  the homogeneous human enzyme forms.

e .  To r e g io n a l ly  lo c a l i z e  the  human a - id u ro n id a s e  s t r u c t u r a l  gene 

to  a narrow chromosomal reg ion  using human-rodent som atic c e l l  

h y b r id s ,  immunologic and e l e c t r o p h o r e t i c  methods.

f .  To com para tive ly  map the  f e l i n e  a -L - id u ro n id ase  s t r u c t u r a l  gene 

using f e l i n e - r o d e n t  somatic c e l l  hy b r id s  and e l e c t r o p h o r e t i c  

methods.
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MATERIALS

A. Gl.ycosaminoglycan A nalyses :

Keratan s u l f a t e  (KS), dermatan s u l f a t e  (DS), heparan s u l f a t e  (HS), 

heparin  (HP), c h o n d ro i t in  4 - s u l f a t e  (C4S), c h o n d ro i t in  6 - s u l f a t e  (C6S) 

and hya lu ro n ic  ac id  (HA) were supp lied  by D rs. M.B. Mathews and J .A .

C ifo n e l l i  who prepared  these  s tan d a rd s  under a c o n t r a c t  (#N01-AM-5-2Z05) 

from the National I n s t i t u t e s  of H ea lth .  In a d d i t io n ,  p u r i f i e d  dermatan 

s u l f a t e  was generously  provided by Dr. R. Matalon. For comparison, 

c h o n d ro i t in  s u l f a t e  and heparin  were purchased from Sigma Chemical

Company, S t .  Louis, MO. Lithium ch lo r id e  was ob ta ined  from M all inckrod t 

I n c . ,  P a r i s ,  KT. A lcian Blue 8GN was purchased from MCB Manufacturing 

Chemists I n c . ,  C in n c in a t t i ,  OH. Pronase (from Streptomyces g r i s e u s )  was 

su p p lied  by Boehringer Mannheim, In d ia n a p o l is ,  IN. C ety lpyrid in lum  

ch lo r id e  was purchased from A ldrich  Chemical Company I n c . ,  Milwaukee, 

WI. All o th e r  re a g e n ts  and so lv e n ts  were the  h ig h e s t  grade a v a i la b le  

from the  F ishe r  S c i e n t i f i c  Company, Fa ir law n, NJ. The microzone e l e c ­

t r o p h o r e t i c  c e l l  (Model R-101) and D uosta t power supply were ob ta ined  

from Beckman Ins trum en ts  I n c . ,  Anaheim, CA. C e l lu lo se  a c e ta t e  e l e c t r o ­

p h o re t ic  s t r i p s  (14 .5  x 5 .5  cm and 17 x 17 cm, 250 pm th ic k n e s s )  and a 

Chemitron e l e c t r o p h o r e s i s  ta n k  (model 3000) were purchased from Kalex 

I n c . ,  Manhasset, NY.

B. P u r i f i c a t io n  and C h a ra c te r iz a t io n  o f  Low and High Uptake Forms o f

Human a -L - Id u ro n id a se :

Con A-Sepharose and SDS m olecu la r  w eight s tan d a rd s  were ob ta ined

from Pharmacia Fine Chemicals, P iscataway, NJ. DEAE-cellulose was pur­
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chased from Whatman Laboratory  P roduc ts ,  C l i f t o n ,  NJ. H ydroxyapatite  

was from the  Sigma Chemical Co., S t .  Louis, MO. Biogel P -100 was from 

Bio-Rad L a b o ra to r ie s ,  Richmond, CA. 4MU a - Id  was k ind ly  supp lied  by Dr. 

Bernard Welssman, U n iv e rs i ty  o f  I l l i n o i s ,  Chicago, I l l i n o i s .  Anhydro 

[ H ]m ann ito l- idu ron ide  was a g i f t  from Dr. Irwin Leder, National I n s t i ­

tu t e s  o f  H ea lth ,  Bethesda, MD. Phenyl a - Id  was purchased from Calb io- 

chem-Behring C o ., San Diego, CA. Ampholytes and the m ultlphor iso ­

e l e c t r i c  focusing  ap p ara tu s  (Model 2117) were from LKB P roduc ts ,  Stock­

holm, Sweden. Bovine serum albumin was ob ta ined  from Schwartz-Mann 

Research L a b o ra to r ie s ,  Orangeburg, NY. High p u r i ty  a c e t o n i t r i l e  was 

purchased from Burdick and Jackson L a b o ra to r ie s ,  Muskegon, MI. F luores-  

camine was ob ta ined  from P ierce  Chemical Co., Rockford, IL. Amicon 

u l t r a f i l t e r s  and c o n c e n tra t io n  chambers were purchased from Amlcon 

Corp.,  Lexington , MA. High performace l i q u id  chromatography (HPLC) u n i t  

and p ro te in  columns were purchased from Waters A ss o c ia te s ,  M ilfo rd ,  MA.

C. Comparative Gene Mapping o f  Human and F e line  a -L - Id u ro n id a se :

Human and mouse p a re n ta l  l i n e s  were r o u t in e ly  m ain ta ined  using RPMI 

1640 medium c o n ta in in g  10% f e t a l  c a l f  serum. Three human f i b r o b l a s t  

l i n e s  ( f e t a l  lung , f e t a l  l i v e r ,  and f e t a l  kidney) were ob ta ined  from 

d i f f e r e n t  in d iv id u a ls  and subsequen tly  hybrid ized  to  the  HPRT" mouse RAG 

c e l l  l i n e .  F e lin e  p a ren ta l  c e l l s ,  as  well as  f e l in e -h a m s te r  somatic 

c e l l  h y b r id s ,  were ob ta ined  from Dr. Stephen O 'Brien of the  National 

Cancer I n s t i t u t e ,  R o c k v i l le ,  MD. Three f e l i n e  p a re n ta l  l i n e s  were used:

FGF, a f e l i n e  lym phoblasto id  c e l l  l i n e  in f e c te d  with f e l i n e  leukemia 

v i r u s ;  FL-74, ob ta ined  from the Crandel f e l i n e  kidney c e l l  and CRFK, a 

f e l i n e  lym phoblasto id  l i n e  a l s o  i s o l a t e d  from the kidney. Chinese
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ham ster p a re n ta l  c e l l  l i n e  E36, used f o r  th e  p r e p a ra t io n  o f  the  f e l i n e -  

hamster som atic c e l l  h y b r id s ,  was i s o la te d  from e a r l y  embryo f i b r o ­

b l a s t s .  Hamster c e l l  l i n e  YH21, used f o r  th e  p re p a ra t io n  o f  th e  ‘ -

hamster som atic  c e l l  h y b r id s ,  was k indly  su p p lie d  by Dr. M arcello  S1n1- 

sca lc o  o f  th e  Memorial Sloan K ette r ing  Cancer I n s t i t u t e ,  New York, NY.
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METHODS

A* Glycosaminoglycan A nalyses :

1. Glycosami noglycan E lec tro p h o re s i  s :

a .  Gel P re p a ra t io n  and Sample A p p l ic a t io n . C e l lu lo se  a c e ta t e

microzone e l e c t r o p h o r e t i c  s t r i p s  were s to r e d  a t  4°C in a 30% methanol 

s o lu t i o n .  For the  s tandard  procedure s t r i p s  were removed, thorough ly  

b lo t te d  on Whatman #1 f i l t e r  paper and immersed 1n 10 mM EDTA ( t e t r a -  

sodlum s a l t ) / S 0  mM L1C1, pH 8 .4 ,  up to  6 .0  cm from the  top  o f  the gel 

fo r  10-15 m1n. S t r ip s  were ra p id ly  b lo t te d  aga in  and mounted on the  

Beckman microzone a p p a ra tu s .  Samples (1 pi c o n ta in in g  about 1-5 pg GAG)

were app l ied  1n a 0.75 cm band a t  3 .0  cm from the cathodal p o r t io n  of 

the  gel which was no t  p re v io u s ly  e q u i l i b r a t e d  in  the e le c t r o p h o r e s i s  

s o lu t io n .  For the  17 cm x 17 cm c e l lu lo s e  a c e ta te  s h e e t s ,  the  Chemltron 

e l e c t r o p h o r e t i c  tank  was used . The gel p r e p a ra t io n  was performed e s s e n ­

t i a l l y  as d e sc r ib e d  above, but the l a rg e r  sh e e ts  were submerged to  

4 .0  cm from the ca thodal end and the samples a p p l ied  as 1 .25 cm bands.

b. E le c tro p h o re s is  and S ta in in g . E le c tro p h o re s is  was c a r r i e d  

ou t fo r  45 m1n a t  4°C w ith  a c o n s ta n t  c u r r e n t  ( 2 .5  mA/cm gel w id th ; 

15 v o lts /cm  gel le n g th )  u n le ss  o therw ise  no ted . Samples were a p p l ied  

fo r  m ig ra t io n  from cathode to  anode. A f te r  e l e c t r o p h o r e s i s ,  th e  g e ls  

were s ta in e d  fo r  1 .0  min in  0.1% A ld a n  Blue 8GN a t  25°C. Gels were 

d e s ta in e d  by two s e r i a l  submersions 1n 100 ml of 2% g la c i a l  a c e t i c  ac id  

fo r  f iv e  min eac h .

c .  Q u a n t i t a t i o n . Ind iv idua l  GAGs were q u a n t i t a t e d  by a mod­

i f i c a t i o n  of the procedure d esc r ib ed  by Kimura e t  al_. (109). A fte r  

e l e c t r o p h o r e s i s ,  each band was cu t  ou t  and immersed in 2 .0  ml o f  c h lo ro ­
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form/methanol 9 : l ( v / v )  which d is so lv e d  the  c e l lu lo s e  a c e t a t e .  The 

absorbance of the d is so lv e d  s t a i n  was s p e c tro p h o to m e tr lc a l ly  determ ined 

a t  625 nm. For b la n k s ,  gel s l i c e s  o f  e x a c t ly  the  same s ize  were d i s ­

solved and t h e i r  absorbance de term ined . Blanks c o n s i s t e n t ly  had l e s s  

than 0 .5*  o f  the values  ob ta ined  fo r  the  corresponding  GAG sample. 

S tandard cu rves  fo r  each GAG were p repared  with A ld a n  Blue and found 

l i n e a r  over the amounts employed ( 1 .0 - 5 .0  pg).

d . Recovery o f  GAGs. For recovery  d e te rm in a t io n s ,  e l e c t r o ­

p h o res is  was performed w ith  and w ithou t e thanol p r e c i p i t a t i o n  (1 9 ) .  In 

the former e x p e r im en ts ,  samples (5 pg) were e lec tro p h o re se d  fo r  15 m1n 

(2.5mA/cm gel w id th ) ,  removed and then  immersed fo r  2 min in the 

s tan d a rd  s o lu t io n  (10 mM EDTA te tra so d lu m  s a l t / 5 0  mM LiCL, pH 8 .4 )  con­

ta in in g  15% e th a n o l .  These same c e l lu lo s e  a c e ta t e  sh e e ts  were then  

su b jec ted  to  e l e c t r o p h o r e s i s  fo r  an a d d i t io n a l  15 m1n (2 .5  mA/cm gel 

w idth) and again  immersed fo r  2 min 1n the s tan d a rd  s o lu t io n ,  t h i s  time 

c o n ta in in g  50% e th a n o l .  A f te r  a f i n a l  15 m1n o f  e l e c t r o p h o r e s i s  

(2 .5  mA/cm gel w id th) samples were s ta in e d  and q u a n t i t a t e d  as d esc r ib ed  

above.

2. E va lua tion  o f  Optimal Glycosaminoglycan S e p a ra t io n :

Optimal s e p a ra t io n  o f  GAGs was determ ined in two s e t s  o f  ex­

p e r im en ts .  F i r s t ,  the  e f f e c t s  of varying the  1) EDTA s a l t  (d isod ium , 

t r i so d iu m ,  te tra s o d lu m ,  te tra so d lu m  d ih y d ra te  and f e r r lc - s o d lu m ) ,  

2) EDTA s a l t  c o n c e n tra t io n  (25m M -1 .0M ), 3) pH (3 .5 -1 1 .5 )  and 4) c u r ­

r e n t  ( 0 .5 - 5 .0  mA/cm gel w idth) on the  e l e c t r o p h o r e t i c  m ig ra tio n  o f  the  

in d iv id u a l  GAGs were de term ined . Each c o n d i t io n  was s y s te m a t ic a l ly  

v a r ie d  while the o th e rs  were m ain ta ined  c o n s ta n t .  In the second s e t  o f
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ex p er im en ts ,  the  e l e c t r o p h o r e t i c  m ig ra tio n  o f  each GAG was determined 1n 

so lv e n t  systems c o n ta in in g  d i f f e r e n t  c a t io n s  (L1C1, Ba(Ac)2 . W (A c)2» 

ZnSO^ and ZnCl2 ) 1n com bination with the EDTA te tra so d lu m  s a l t .  The 

c o n c e n tra t io n  o f  the c a t io n  (10-50 mM), EDTA te tra so d lu m  s a l t  c o n ce n tra ­

t i o n  (10-50 mM) and pH ( 3 .5 -1 1 .5 )  were v a r ie d  s y s te m a t ic a l ly .  For both 

s e t s  o f  experim ents  the mean R^ (mid-band d is ta n c e  from p o in t  o f  a p p l i ­

c a t i o n / t o t a l  gel le n g th )  o f  each GAG was determ ined a f t e r  th re e  Indepen­

den t ru n s .  M igration  d is ta n c e  was measured w ith in  ± 1 .0  mm; th e r e f o r e ,  

the e r r o r  in  each Rf  value  was l e s s  than  0.002 u n i t s .

3. T issue I s o l a t i o n  o f  G lycosam inoglycans:

T issues  from human and f e l i n e  in d iv id u a l s  w ith  mucopolysac­

ch a r id o se s  I and age-matched normal c o n t ro l s  were ob ta ined  a t  autopsy 

w ith in  2 h o f  death  and Immediately f ro zen  a t  -70°C. The f rozen  t i s s u e  

samples (1 .0 -5 .0  g) were thawed, tho rough ly  minced and e x t r a c te d  th re e  

tim es 1n 50 ml o f  chloroform /m ethanol 2 :1  ( v /v ) .  This d e f a t te d  m a te r ia l  

was then  ly o p h i l iz e d  and d is s o lv e d  in  5 volumes o f  0 .5  M a c e ta t e  b u f f e r ,  

pH 7 .5 ,  and pronase t r e a t e d  ( f in a l  c o n c e n t r a t io n ,  50 mM) f o r  24 h a t  

60°C. The p r o t e o l y t i c  d ig e s t s  were c e n t r i f u g e d  (12,000 x g ;  20 m1n) and 

the GAGs i s o la t e d  from the s u p e rn a ta n t  by a d d i t io n  o f  ce ty lp y r id in iu m  

c h lo r id e  to  a f in a l  c o n c e n t ra t io n  o f  1056. S a l t  complexes were subse­

q u en t ly  c o l le c te d  by c e n t r i f u g a t io n  (25 ,000 x g ;  30 m1n), r e d is s o lv e d  In 

5 volumes o f  98% e th an o l and s t i r r e d  o v e rn ig h t  a t  4°C. P r e c ip i t a t e s  

were c o l le c te d  by f i l t r a t i o n  and resuspended in  200 pi o f  d i s t i l l e d  

w a te r ;  2 .0  pi a l iq u o ts  were ap p l ied  fo r  the  e l e c t r o p h o r e t i c  a n a ly se s .
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B. P u r i f i c a t i o n  and C h a ra c te r iz a t io n  o f  Low and High Uptake Forms of

Human a -L - Id u ro n id a s e :

1. S tandard Enzyme and P ro te in  A ssays;

While m onito ring  the  p u r i f i c a t i o n ,  enzyme a c t i v i t y  was rou­

t i n e l y  measured using 4MU a - Id  (110 ) .  For the s tan d a rd  assay p rocedu re ,  

a s to ck  s o lu t io n  o f  25 pM 4MU a - Id  In 0 .4  M sodium formate b u f fe r  con­

ta in in g  0 .2*  T r i to n  X-100, pH 3 .5 ,  was p rep a red .  The assay  m ix tu re ,  

c o n ta in in g  25 pi each o f  s u b s t r a t e  s o lu t io n  and enzyme so u rce ,  was Incu­

bated fo r  1 h a t  37°C; the  r e a c t io n  was te rm in a ted  w ith  2 .3  ml o f  0 .1  M 

e th y le n e  diamine and f lu o re sc e n c e  was read  on a Turner Model 111 f lu o -  

ro m e te r .  One u n i t  of a c t i v i t y  r e p re s e n ts  the amount of enzyme which 

hydrolyzes 1 nanomole o f  s u b s t r a t e / h  un less  o therw ise  n o te d .

C o lo r im e tr ic  assays  using  phenyl a - I d  were performed accord ing  to  

the procedure o f  Hall e t  a l .  (111). For th e se  a s s a y s ,  a u n i t  o f  c a t a ­

l y t i c  a c t i v i t y  1s def ined  as the  amount o f  enzyme c a ta ly z in g  the

h y d ro ly s is  o f  1 micromole o f  s u b s t r a t e / h .

P ro te in  was r o u t in e ly  measured by a m odified f luorescam ine assay  

(112). Lowry p ro te in  d e te rm in a t io n s  were performed as p rev io u s ly  de­

sc r ib e d  (113) wherever no ted .

2. Apparent M olecular Weight D e te rm in a t io n s :

The ap p a re n t  m olecular w eight o f  n a t iv e  a-L-1duron1dase was 

determined by gel f i l t r a t i o n  on Sephadex G-200. The r e s in  was swollen 

1n 10 mM c i t r a t e  phosphate b u f f e r ,  pH 4 .0 ,  c o n ta in in g  0 .5  M NaCl and

0.02* sodium az id e  and packed 1n a 5.0 X 100 cm Pharmacia column. The

flow  r a t e  was 5 m l/h .  The column was c a l ib r a t e d  using  250 pg o f  bovine 

serum albumin (Mf  6 4 ,0 0 0 ) ,  ch ick  ovalbumin (Mr  44 ,0 0 0 ),  chymotrypsin
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(Mf  25,700) and r ib o n u c lea se  (Mr 13,700) as m olecular w eight s ta n d a rd s .  

Enzyme samples co n ta in ed  5,000 u n i t s  o f  pos t-B ioge l P-100 p u r i f i e d  

a-L-iduron1dase  (SA ^  105,000 U/mg Lowry). F ra c t io n s  of 3 ml were 

c o l le c t e d  and assayed fo r  a -L - id u ro n id ase  a c t i v i t y  (4MU) and p ro te in  

( f luo rescam ine)  c o n te n t .  M olecular weights were e s t im a ted  from the 

e l u t io n  volume.

3. F la t-B ed I s o e l e c t r i c  Focusing:

F la t -b e d  i s o e l e c t r i c  focusing  was performed on an LKB m u l t i -  

phor appara tu s  using  a pH 3 .5 -9 .5  g r a d ie n t  which was e s t a b l i s h e d  in 

polyacrylam ide g e ls  accord ing  to  the m a n u fa c tu re r 's  i n s t r u c t i o n s .  The 

g e ls  were p refocused  fo r  1 h u n t i l  a f i n a l  vo ltag e  o f  800 V was

o b ta in e d .  Samples (100 pi co n ta in in g  1,000 flIU u n i t s )  were a p p l ied

us ing  0 .7  x 1 .5  cm Whatman No. 17 f i l t e r  paper s t r i p s .  Focusing was

c a r r i e d  ou t  fo r  3 h a t  800 V (c o n s ta n t  v o l ta g e )  a t  4°C; a f t e r  2 h the

a p p l ic a t io n  s t r i p s  were removed. Following e l e c t r o p h o r e s i s ,  1 cm p ieces  

were removed from the gel and soaked a t  4°C in  g la s s  d i s t i l l e d  H20

o v ern ig h t  and the  pH o f the leached ampholines was de term ined .

For a c t i v i t y  s t a i n i n g ,  the lanes  c o n ta in in g  enzyme sample were 

o v e r la id  with Whatman No. 3 f i l t e r  paper s a tu r a t e d  with 0.2 ml o f  50 pM

4MU a - Id  1n 0 .4  M sodium formate b u f f e r ,  pH 3 .5 ,  p laced  1n a covered

m oist chamber and incubated  a t  37°C fo r  2 h. The over lay  was then 

removed, the gel p laced in a s a tu r a te d  ammonia tank  fo r  60 sec and

subsequen tly  v i s u a l iz e d  under a UV l i g h t .

4. Native Polyacrylamide Gel E le c t r o p h o r e s i s :

Disc gel e l e c t r o p h o r e s i s  was used to  r o u t in e ly  monitor the
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p ro g re ss  of the enzyme p u r i f i c a t i o n .  Samples c o n ta in in g  50 pg of 

p ro te in  ( f lou rescam ine)  were e le c t ro p h o re s e d  a t  4°C in  7% polyacry lam ide 

g e ls  using  a c o n s ta n t  c u r re n t  o f  4 mA/gel in a pH 4 .3  b u f f e r  system 

designed fo r  the  e le c t r o p h o r e s i s  o f  b a s ic  p ro te in s  (114). Three so lu ­

t i o n s ,  A) c o n ta in in g  48 ml o f  1 N KQH, 17.2 ml o f  g la c ia l  a c e t i c  a c id  

and 40 ml o f  TEMED made up to  100 ml with g la s s  d i s t i l l e d  H20 , B) con­

ta in in g  48 ml o f  1 N KOH, 2 .87  ml of g la c ia l  a c e t i c  a d d  and 0 .4 6  ml 

TEMED made up to  100 ml, and C) c o n ta in in g  28 g of acrylam lde and 

0.735 g of BIS made up to  100 ml were mixed in a r a t i o  o f  1 p a r t  

A:2 p a r t s  C:1  p a r t  H20 and combined 1:1 w ith  0.15% ammonium p e r s u l f a t e  

c a t a l y s t  to  form the  s e p a ra t in g  g e l ;  s o lu t io n  B was subsequen tly  mixed 

with ac ry lam id e ,  r i b o f l a v in  and H20 ( 1 :1 :1 :5 )  to  form the  s ta c k in g  g e l .  

The f in a l  gel s iz e  was 6 mm X 6 cm. P ro te in  was s ta in e d  in  a s o lu t io n  

c o n ta in in g  0.25% Coomassie B r i l l i a n t  Blue R in  20% t r i c h l o r o a c e t i c  ac id  

and the  g e l s  were d es ta in ed  o v e rn ig h t  in a s o lu t io n  co n ta in in g  7.5% 

a c e t i c  ac id  and 15% m ethanol. A l t e r n a t iv e ly ,  p ro te in  was s ta in e d  w ith  

Coomassie B r i l l i a n t  Blue G-250 in  10% methanol using  the method of 

B lakesley  and Boezi (115) which did no t r e q u i re  d e s ta in in g .

5. SDS Polyacrylamide S lab  Gel E le c t r o p h o r e s i s :

Samples c o n ta in in g  100-150 pg o f  p ro te in  ( f lu o re scam in e )  were 

ly o p h i ly z e d ,  taken  up in sample b u f fe r  c o n ta in in g  0.125 M T ris /H C l,  

pH 6 .8 ,  2% SDS, 10% g ly c e ro l  and 0.001% bromphenol blue and bo iled  fo r  

5 m1n. Slab gel e l e c t r o p h o r e s i s  was performed a t  23°C accord ing  to  the 

method o f  King and Laemmli (116) as m odified  by Guzman ejt al_. (117). 

The running b u f fe r  c o n s is te d  of 0.05 M T r i s ,  0.384 M g ly c in e  and 0,1% 

SDS ( f in a l  pH 8 .8 ) .  The s la b  g e ls  (1 .55  mm t h i c k ,  13 cm wide and 17 cm
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long) con ta ined  10% po lyacrylam ide and were run a t  70 mA u n t i l  the brom- 

phenol blue dye f r o n t  moved approxim ate ly  15 cm. The g e ls  were s ta in e d  

w ith  Coomassie B r i l l i a n t  Blue R as d e sc r ib e d  above.

6. Enzyme Uptake S tu d ie s :

Skin f i b r o b l a s t s  ob ta ined  from a homozygote with  MPS I-H were
2

grown to l a t e  confluency  in  75 mm Falcon f la s k s  with RPMI 1640 medium 

c o n ta in in g  10% f e t a l  c a l f  serum; t h i s  serum -con ta in ing  medium was subse­

quen tly  rep laced  with serum -free  medium 24 h before uptake experim ents  

were performed. Samples co n ta in in g  p o s t  Con A-Sepharose p u r i f i e d  enzyme 

were prepared in  10 mM sodium phosphate b u f f e r ,  pH 6 .0  c o n ta in in g  0 .1  M 

NaCl and 1 mg/ml BSA, 1 ml o f  enzyme s o lu t i o n  was mixed with 9 ml of 

serum -free  media ( f in a l  enzyme c o n c e n tra t io n  of approxim ate ly  20 U/ml 

media) and added to  the c u l tu re d  c e l l s .  A f te r  gass ing  w ith  CO2 , the 

c e l l s  were incubated  fo r  var ious  times a t  37°C. C e lls  were ha rves ted  by 

t r y p s i n i z a t i o n ;  p e l l e t s  and media were assayed  fo r  a -L - id u ro n id ase  

a c t i v i t y  as p rev io u s ly  d e sc r ib e d  (110).

7. Antibody P roduction  and C h a r a c te r i z a t i o n :

Antibody was produced a g a in s t  h igh ly  p u r i f i e d  low uptake a-L- 

idu ron idase  (105,000 U/mg Lowry) in  New Zealand w hite r a b b i t s .  I n i t i a l  

in j e c t i o n s  c o n ta in in g  150 pg p ro te in  (suspended in  a 1:1 emulsion with 

Freunds complete a d ju v an t)  were both in t ra m u s c u la r ly  and subcu taneously  

a d m in is te re d .  A f te r  3 weeks, the r a b b i t s  were boosted with 50-75 pg 

p ro te in  and bled from the e a r  1 week l a t e r .  T i t r a t i o n  curves were 

e i t h e r  prepared  on the  s e ra  d i r e c t l y  o r ,  a l t e r n a t i v e l y ,  on IgG f r a c t io n s  

which had been i s o la te d  by DEAE-cellulose chromatography. The immunoti-
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t r a t l o n  m ix tures  con ta ined  approxim ate ly  20 U o f  a-L -1duron idase  and 

50-50,000 pg o f  r a b b i t  anti-human a-L-1duron1dase in  10 mM sodium phos­

phate  b u f f e r ,  pH 6 .0 ,  w ith 1 mg/ml o f  human serum albumin (HSA); the 

f i n a l  volume was a d ju s te d  to  90 pi in  1 .0  ml con ica l c e n t r i fu g e  tu b e s .  

For t i t r a t i o n  curves using  DEAE-cellulose p u r i f i e d  IgG, 160 pg whole 

r a b b i t  serum was added to  the  Incuba tion  m ix tu re .  A f te r  30 min a t  37°C,

250 pg of g o a t  a n t i - r a b b i t  IgG {10 p i )  was added, Incubated  fo r  an ad d i­

t i o n a l  30 m1n a t  37°C and then  s to r e d  o v e rn ig h t  a t  4°C. The tubes were

c e n t r i fu g e d  fo r  20 min a t  25,000 X g and a l iq u o t s  (25 p i )  o f  the super­

n a ta n t  and /o r  resuspended im m unoprecip ita tes  were assayed fo r  4MU a - Id  

a c t i v i t y  as p re v io u s ly  d esc r ib e d  (82) .

8. Amino Acid Composition A nalyses :

Amino a c id  ana ly ses  were performed on p o s t  HPLC samples of 

both forms o f  a -L - id u ro n id a se  by Dr. A1 Smith (U n iv e rs i ty  o f  C a l i f o r n ia ,  

D avis ,  CA). Acid hydro lyses  (50 pg Lowry p ro te in /h y d r o ly s i s )  were p e r ­

formed fo r  24, 48 and 72 h a t  110°C in  6N HC1. Amino ac id  c o n ce n tra ­

t io n s  were then  determined in a Durram B-500 amino ac id  a n a ly z e r .  Tryp­

tophan le v e ls  were determined s p e c t ro s c o p ic a l ly  by the method o f  

Edelhoch (118).

9 . P u r i f i c a t i o n  P rocedure :

All p u r i f i c a t i o n  s te p s  were c a r r i e d  ou t a t  4°C u n le s s  o th e r ­

wise noted and a l l  b u f fe r s  used th roughou t the  p u r i f i c a t i o n  con ta ined

0.022 NaN3 and 0 .01 mM PMSF. Frozen human lungs (8 ,000 -10 ,000  g) which 

had been s to re d  a t  -20°C w ith in  4 h a f t e r  death  were thawed, trimmed o f  

connec tive  t i s s u e  and f i n e l y  minced. This t i s s u e  was then  t r a n s f e r r e d
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1n 10 mM Tris/HCl b u f f e r ,  pH 7 .3 ,  c o n ta in in g  Q .lM N aC l ( 1 :1 .5  t i s -  

s u e rb u f f e r )  to  a Waring b lender  model CB-6 and homogenized fo r  60 sec a t  

low speed and then fo r  30 sec a t  high speed. This m a te r ia l  was subse­

quen t ly  c e n t r i fu g e d  a t  20,000 X g fo r  1 h and the  s u p e rn a ta n ts  (crude 

homogenate) removed fo r  f u r th e r  p u r i f i c a t i o n .  In order  to  a c c u ra te ly  

compare p ro te in  and enzyme assays  th roughou t the  p u r i f i c a t i o n ,  1 ml 

a l iq u o t s  were removed a t  each s te p  and d ia ly zed  a g a in s t  4 changes (16 L 

t o t a l  volume) o f  10 mM sodium c i t r a t e  b u f f e r ,  pH 4 .0 ,  c o n ta in in g  0 .1 M 

D(+) mannose and 0 .5  M NaCl.

a .  DEAE-Cellulose Chromatography. A column (5 X 40 cm) con­

ta in in g  DEAE-cellulose was thoroughly  e q u i l i b r a t e d  with the homogeniza­

t i o n  b u f fe r  by washing with 5-10 bed volumes. The crude homogenate was 

pumped onto the column a t  a c o n s ta n t  flow r a t e  of 10 ml/min and washed 

w ith  5 bed volumes o f  the homogenization b u f f e r .  The column flow 

through and wash f r a c t io n s  were pooled and prepared  fo r  Con A-Sepharose 

chromatography. A fte r  washing the  column e x te n s iv e ly  u n t i l  the ab so r­

bance 00 280 was le s s  than  0 .100, the remaining "bound" enzyme was 

e lu te d  w ith 10 mM Tris/HCl b u f f e r ,  pH 7.3 c o n ta in in g  0 .6  M NaCl. The 

peak f r a c t io n s  from t h i s  e lu a n t  were a l s o  pooled and prepared  fo r  Con A- 

Sepharose chromatography.

b. Concanavalin A-Sepharose Chromatography. Magnesium ch lo ­

r id e  (10 mM f in a l  c o n c e n t r a t i o n ) ,  manganese c h lo r id e  (1 mM f in a l  concen­

t r a t i o n )  and sodium c h lo r id e  (0 .5  M f in a l  c o n c e n t ra t io n )  were added 

d i r e c t l y  to  the pooled f r a c t io n s  ob ta ined  a f t e r  DEAE-cellulose chroma­

tog raphy . Con A-Sepharose (a minimum of  50 ml, s e t t l e d  bed volume) was 

added to  each s o lu t io n  and g e n t ly  mixed by an overhead s t i r r e r  fo r  18 h 

a t  4°C. The s lu r r y  was f i l t e r e d  on a 60 ml Buchner s in te r e d  g la ss
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(co a rse )  funnel and washed w ith  8-10 bed volumes o f  Con A binding  b u ffe r  

(see above). The Con A-Sepharose was then  packed in  a column (3 x 20 cm) 

and e lu te d  a t  23°C w ith  b u f fe r  co n ta in in g  1 M a-methy1mannoside a t  a 

c o n s ta n t  flow r a te  o f  1 .0  ml/min. 5 ml f r a c t io n s  were c o l le c te d  and 

assayed fo r  enzym atic a c t i v i t y  and p r o te in .  F ra c t io n s  with n ea r ly  con­

s t a n t  s p e c i f i c  a c t i v i t i e s  were pooled , c o n ce n tra te d  by Amicon u l t r a f i l ­

t r a t i o n  in  a Model 3 s t i r r e d  c e l l  using a YM-10 membrane and d ia lyzed  

o v e rn ig h t (16 L to t a l  volume) a g a in s t  10 mM sodium phosphate b u f f e r ,  

pH 6 .0 ,  co n ta in in g  0 .1  M NaCl,

c .  H ydroxyapatite  Chromatography. H ydroxyapatite  chromatog­

raphy was performed e s s e n t i a l l y  as d esc r ib ed  by Rome e t  al_. (54).  A 

column (2 .5  X 40 cm) was packed w ith  h y d ro x y ap a t i te  and washed with 5-10 

bed volumes o f  the  above b u f f e r .  The c o n ce n tra te d  sample was pumped 

onto the r e s in  a t  a c o n s ta n t  r a t e  o f  10 m l/h .  A f te r  sample a p p l i c a t io n ,  

the  column was washed w ith  a minimum of  3 bed volumes o f  b u f fe r  and the 

bound p ro te in  was subsequen tly  e lu te d  w ith  a 500 ml l i n e a r  g ra d ie n t  from 

10 mM sodium phosphate ,  pH 6 .0 ,  c o n ta in in g  0 .1  M NaCl to  100 mM sodium 

phospha te ,  pH 6 .0 ,  c o n ta in in g  0 .5  M NaCl. The main a c t i v i t y  peak was 

pooled, c o n ce n tra te d  to  l e s s  than  50 ml by Amicon u l t r a f i l t r a t i o n  using 

a YM-10 membrane, d ia ly z e d  e x te n s iv e ly  a g a in s t  10 mM c i t r a t e  phosphate

b u f f e r ,  pH 4 .0 ,  c o n ta in in g  0 .5  M NaCl and 0 .1  M D(+)mannose, and s to re d  

a t  4°C.

d .  Gel F i l t r a t i o n . The co n ce n tra te d  p o s t-h y d ro x y ap a t i te  

enzyme was a p p l ied  to  a column (2 .5  X 80 cm) o f  Biogel P-100 which had 

been p re v io u s ly  e q u i l i b r a t e d  and washed w ith  sample b u f f e r .  The prepa­

r a t i o n  was e lu te d  a t  a c o n s ta n t  flow r a t e  of 5 m l/h .  F ra c t io n s  (4 ml) 

were c o l l e c t e d  and assayed fo r  enzymatic a c t i v i t y  and p ro te in  and those
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co n ta in in g  a n e a r ly  c o n s ta n t  s p e c i f i c  a c t i v i t y  were pooled and concen­

t r a t e d  1n o rd e r  to  m a in ta in  a p ro te in  c o n te n t  g r e a te r  than  0 .1  mg/ml 

( f lu o re s c a m in e ) .

10. High Performance Liquid Chromatography:

Chromatography was performed with modular components from

Waters A ss o c ia te s .  So lven t d e l iv e ry  was c o n t ro l le d  by a Model 600A pump 

in t e r f a c e d  with a Model U6K sample i n j e c t o r ,  dual 1-250 p ro te in  s ep a ra ­

t i o n  columns and a Model 440 absorbance d e te c to r  equipped w ith  a 214 nm

f i l t e r .  Graphic d is p la y  of the d e te c to r  s ig n a l  was achieved with an

Omniscribe s e rv o - re c o rd e r  and e l u t io n  times were measured w ith  an e l e c ­

t r o n ic  memory d i g i t a l  t im e r .

The dual 1-250 p ro te in  columns ( 7 .8  mm X 30 cm, each)  were packed 

with 10 pm s i l i c a  based media to  which a hydrophobic moiety was bound.

R o u tin e ly ,  a guard precolumn dry packed w ith  1-250 gel permeation media 

(60 pm) was employed during  chromatographic p rocedures .  Aqueous phases 

were f i l t e r e d  (0 .4 5  pm, M il l ip o re  Corp.) and degassed before  u se .  The 

mobile phase used was 10 mM Tris/HCl c o n ta in in g  0 .2  M NaCl, pH 7 .3 .

Chromatography was normally run a t  a flow r a t e  of 1 .0  ml/min w ith  a

c h a r t  speed o f  0 .5  cm/min and absorbance measured a t  214 nm.

Samples in j e c te d  were u su a l ly  between 50 and 150 pi fo r  f i l t e r e d  

enzyme p re p a ra t io n s  or p u r i f i e d  p ro te in  s tan d a rd s  used fo r  m olecular 

weight c a l i b r a t i o n  o f  the  column. E lu t io n  volumes (Ve) f o r  the reso lved  

peaks were c a lc u la te d  by m u l t ip ly in g  peak tim es (min) by the  flow r a te  

(m l/m in). The void volume (Vo) o f  the column was taken as the  e l u t io n

volume of th y ro g lo b u l in .  The mobile phase was pumped through the

columns a t  an o p e ra t in g  p re s su re  o f  1,200 p s i .  The HPLC system had a VQ 

and a t o t a l  inc luded  volume o f  11.4 and 28.7 ml, r e s p e c t iv e ly .
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C. Comparative Gene Happing of Human and F e line  a -L - Id u ro n id a se :

1. P re p a ra t io n  o f  Somatic Cell H ybrids:

Human-hamster somatic c e l l  hybrids  were prepared  and supp lied  

by Dr. M arcello  S in esca lco  o f  the Memorial Sloan f e t t e r i n g  Cancer I n s t i ­

t u t e  and the f e l in e -h a m s te r  c e l l  hybrids  were from Dr. Stephen O 'Brien 

o f  the  National Cancer I n s t i t u t e .  Human-mouse somatic c e l l  hybrids  were 

p repared  by Dr. Moyra Smith. P aren ta l c e l l s  were fused by c e n t r i f u g a ­

t i o n  through a 7-50% polye thy lene  g lycol g r a d ie n t  (119) and h e te ro -  

karyons were c u l tu re d  in  hypoxan th ine /am inop te r in / thym id ine  s e l e c t i v e  

medium (120). Hybrid clones were then ob ta ined  by the  techn ique  o f  Ham 

and Puck (121) and , a f t e r  10-20 p a s sa g e s ,  s e le c te d  primary hybrid  c lones  

were re c lo n e d ,  g iv ing  r i s e  to  secondary c lo n e s ,  and fo r  some h y b r id s ,  

t e r t i a r y  c lo n e s .

2. D eterm ination  o f  the  Human and F e line  Chromosome C o n s t i tu t io n  

in  Somatic Cell H ybrids:

Marker enzymes fo r  s p e c i f i c  human chromosomes were determined 

by Dr. Kenneth A s t r in  using  e s ta b l i s h e d  e l e c t r o p h o r e t i c  methods (122). 

Metaphase spreads  were prepared  (123) and the  chromosomes were banded to

d i s t i n g u i s h  mouse from human chromosomes with the  Giemsa 11 techn ique  

(124) and subsequen tly  d e s ta in e d  and banded w ith  q u in a c r in e  h y d roch lo r­

ide f lu o re sce n ce  (125). The human chromosomal c o n s t i t u t i o n  o f  in d i ­

v idua l  hybrid c lones  was based on enzyme marker d a ta  and /o r  c y to g e n e t ic  

a n a ly s e s ;  c e l l  l i n e s  in  which a t  l e a s t  30* o f  the  metaphase spreads  con­

ta in e d  a s p e c i f i c  chromosome were cons idered  p o s i t iv e  fo r  t h a t  chromo­

some. Enzyme marker and c y to g e n e t ic  ana ly ses  of the f e l in e -h a m s te r  

som atic  c e l l  hybrids  were performed in the la b o ra to ry  o f  Dr. Stephen
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O 'B rien as p re v io u s ly  d e sc r ib e d  (7 6 ) .  Human or f e l i n e  a -L - id u ro n id ase  

a s s a y s ,  marker enzyme e le c t ro p h o re s e s  and c y to g e n e t ic  an a ly se s  were p e r ­

formed on in d iv id u a l  c e l l  hybrids  h a rves ted  from the same passage .

3. Immunodiscrimination o f  Human and Murine a -L - Id u ro n id a s e :

Cell p e l l e t s  from p a ren ta l  or hybrid  l i n e s  were prepared from 

c o n f lu e n t  c e l l  c u l tu r e s  grown in  T-75 mm̂  f la s k s  by h a rv e s t in g  the c e l l s  

w ith  a rubber policeman in to  t h e i r  m edia, c e n t r i f u g in g  a t  5,000 x g fo r  

10 min and washing twice with a t o t a l  o f  10 ml o f  PBS. Cell e x t r a c t s  

were prepared by resuspending  these  p e l l e t s  in 100 pi of 0 .4  M sodium 

formate b u f f e r ,  pH 3 .5 ,  c o n ta in in g  0.2% T r i to n  X-100 and so n ic a t in g  for 

a t o t a l  o f  90s {3 b u r s t s ;  30 s each) a t  4°C. The s o n ic a te s  were then

c e n t r i fu g e d  a t  20,000 x g fo r  30 min and the  s u p e rn a ta n ts  removed and

assayed fo r  a -L - id u ro n id a se  a c t i v i t y  using  4MU a - Id  as p re v io u s ly  de­

sc r ib e d  (110). 75 U o f  a c t i v i t y  (1 U i s  the  amount of enzyme which

c leav es  1 picomole of s u b s t r a t e / h )  i s  removed and incubated  fo r  30 min 

a t  37°C with r a b b i t  anti-hum an a -L - id u ro n id ase  a n t ib o d ie s  (10 p i)  in a 

t o t a l  volume of 70 pi ( a d ju s te d  with PBS). Goat a n t i - r a b b i t  immuno­

g lo b u l in  was then  added (10 p i ) ,  incubated  fo r  an a d d i t io n a l  30 min a t  

37°C and s to re d  o v e rn ig h t  a t  4°C. Blanks co n ta in in g  normal r a b b i t  

a n t i s e r a  in s te a d  o f  anti-hum an a -L - id u ro n id ase  were a l s o  p repared .  

Samples were then  c e n t r i fu g e d  in  1 .0  ml con ica l po lypropylene tubes a t  

20,000 x g fo r  30 min in  a S o rva ll  RC-2B c e n t r i f u g e ,  the  s u p e rn a ta n ts  

were removed and the im m unoprecip ita tes  resuspended by g e n t le  s o n ic a t io n  

and washed twice with PBS. The su p e rn a ta n ts  and p e l l e t s  were subse­

q u en t ly  assayed fo r  a -L - id u ro n id a se  a c t i v i t y  using  a f i n a l  s u b s t r a te  

c o n c e n tra t io n  o f  100 pM 4MU a - I d  as  d e sc r ib e d  (82) .  The ammonium
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s u l f a t e  co n ce n tra te d  r a b b i t  anti-human a -L - id u ro n id ase  a n t ib o d ie s  used 

fo r  th e se  s tu d ie s  were prepared as d e sc r ib e d  e a r l i e r .

4. E le c t ro p h o re t ic  S ep a ra t io n  o f  a -L -Id u ro n id ase  from D if f e r e n t

Sou rces :

Cell e x t r a c t s  were prepared  from c o n f lu e n t  c e l l  c u l tu r e s  as 

d e sc r ib e d  in the  p rev ious  s e c t i o n ;  a minimum of 1000 picom oles/h/m l of 

a -L - id u ro n id a se  was used per c e l l  l i n e  fo r  each exp erim en t .  E lec tropho­

r e s i s  was performed on 350 micron c e l lu lo s e  a c e ta te  s t r i p s  (17 cm x 

17 cm) in  10 mM T ris /H C l,  pH 7.1 (250 c o n s ta n t  V) fo r  2 h a t  4°C. A fte r  

e l e c t r o p h o r e s i s ,  the  gel was s l i c e d  in to  1 .8  an s t r i p s ,  homogenized in 

300 pi o f  0 .4  M sodium formate b u f f e r ,  pH 3 .5 ,  c o n ta in in g  0.2% T r i to n  

X-100 and incubated  with 100 pi o f  100 pM 4MU a - Id  fo r  18 h a t  37°C. 

A c t iv i ty  was determ ined as d e sc r ib e d  above.

5. Regional Gene Mapping o f  Human a -L - Id u ro n id a se :

Human c e l l  l i n e s  co n ta in in g  known s t r u c t u r a l  rearrangem ents  o f  

p o r t io n s  o f  chromosome 22 were ob ta ined  from the  Mutant Cell R epos ito ry ,  

Camden, NJ. These p a r t i a l  monosomic and t r i so m ic  l i n e s ,  as well as 

normal d ip lo id  f i b r o b l a s t  l i n e s ,  were grown in  RPMI 1640 c e l l  media con­

ta in in g  10% f e t a l  c a l f  serum. Normal c o n tro l  and rea rran g ed  c e l l  l in e s  

were h a rv es ted  a t  s im i la r  c e l l  d e n s i t i e s  and assayed f o r  a -L - id u ro n id ase  

a c t i v i t y  using  4MU a - I d .
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RESULTS

A. Gl.ycosaminoq1.ycan A nalyses :

1. Development o f  a Novel E le c t ro p h o re t ic  System fo r  the  A nalys is

o f  G lycosam inoglycans:

a .  R eso lu tion  o f  GAGs in  EDTA System s. Table 4 shows the 

e f f e c t  o f  vary ing  the  EDTA te tra so d lu m  s a l t  c o n c e n t ra t io n ,  c u r r e n t  and 

pH on the  r e l a t i v e  Rf  va lues  fo r  the s ix  major GAGs. As shown in  Fig. 3 

on the l e f t ,  four d i s t i n c t  bands composed o f  KS and HA, HS, C4S and DS, 

and HP were observed w ith  the optimal e l e c t r o p h o r e t i c  c o n d i t io n s  (50 mM 

EDTA te tra so d lu m  s a l t ,  pH 9 .0 ,  and a c o n s ta n t  c u r r e n t  o f  2 ,5  mA/cm gel 

w id th ) .  The m ig ra tio n  o f  the fou r  bands was dependent on the EDTA t e t r a -  

sodium s a l t  c o n c e n t ra t io n ;  the  most ra p id  m ig ra tio n  was ach ieved  a t  

25 mM whereas the GAGs remained near the o r ig in  when e le c t ro p h o re s e d  1n 

the presence of 1 .0  M s a l t .  Varying pH from 3 .5  to  11.5 had l i t t l e  e f ­

f e c t  on the  m ig ra tion  o f  the GAGs w ith  the ex ce p t io n  o f  HA as p rev io u s ly  

re p o r te d  (11).  E le c tro p h o re s is  a t  h igher amperages { > 3 .0  mA/cm gel 

w idth) caused d i f f u s io n  o f  the  bands, while m ig ra tio n  was markedly de­

c reased  a t  lower amperages ( < 0 .5  mA/cm gel w id th ) .

Table 5 shows the e f f e c t  o f  using d i f f e r e n t  EDTA s a l t s  on th e  e l e c ­

t r o p h o r e t i c  m ig ra tio n  of the s ix  GAGs. Compared with the  GAG m ig ra tio n  

p a t t e r n  observed with the te tra so d iu m  s a l t  under optimal co n d i t io n s  

(F ig .  3 on the  l e f t ) ,  the o th e r  EDTA s a l t s  gave d i f f e r e n t  r e s u l t s  when 

the same co n d i t io n s  were used . The tr iso d iu m  s a l t  re so lv ed  the GAGs In to  

four bands, but the r e l a t i v e  m ig ra tio n  o f  HS was f a s t e r  while t h a t  o f  

co -m ig ra ting  DS and C4S was s lo w er .  Use o f  the disodium s a l t  r e s u l t e d  in 

only  th re e  bands with KS and HA, DS and HP, and HS and C4S co -m ig ra t in g .
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TABLE 4

EFFECT OF EDTA TETRASODIUM SALT CONCENTRATION, CURRENT AND pH ON THE RELATIVE MIGRATION OF INDIVIDUAL GAGSa

GAG
Optimal . 

C onditions

EDTA Tetrasodium S a l t  
C oncen tra tions  (M) C urrent (mA/cm gel w idth) pH

0.025 0.10 1.0 0.50 1.0 5.0 3 .5 7 .0 11.5

KS 0.248 0.524 0.202 0.025 0.100 0.125 0.624 0.235 0.250 0.231

DS 0.261 *c 0.225 0.025 0.100 0.210 * 0.261 0.250 0.243

HS 0.255 * 0.220 0.025 0.108 0.205 0.660 0.260 0.253 0.245

HP 0.266 * 0.227 0.025 0.110 0.205 * 0.262 0.260 0.274

C4S 0.260 * 0.225 0.025 0.110 0.205 * 0.260 0.255 0.246

HA 0.247 0.520 0.200 0.025 0.110 0.185 0.620 0.222 0.250 0.350

a As in d iv id u a l  co n d i t io n s  were v a r i e d ,  the o th e rs  were m ain ta ined  a t  t h e i r  optim a; va lues  r e p r e s e n t  the

average value ob ta ined  from four independent e l e c t r o p h o r e t i c  exp er im en ts ,  

k Optimal c o n d i t io n s  fo r  GAG s e p a ra t io n  were 50 mM EDTA, pH 9 .0 ,  us ing  2 .5  mA/cm gel w id th . 

c In d ic a te s  co n d i t io n s  where GAG m igrated  o f f  the  end o f  the  g e l .



Figure 3 . E le c t ro p h o re s is  o f  Standard Glycosaminoglycans in EDTA 

Tetrasodium S a l t  and Li Cl Systems.

E le c t ro p h o re s is  o f  s tandard  GAGs 1n EDTA te tra so d iu m  s a l t  ( l e f t  p a n e l ) .  

(1) s tandard  m ix tu re ;  (2) HA; (3) C4S; (4) HP; (5) HS; (6) DS; (7) KS. 

One pi o f  the s tan d a rd  mixture (0 .5  pg o f  each GAG/pl; lane 1) and each 

p u r i f i e d  GAG (2 .0  p g /p l ;  lanes  2 -7 )  was a p p l ie d .  E le c tro p h o re s is  was 

c a r r i e d  ou t  in 50 mM EDTA te tra so d iu m  s a l t ,  pH 9 .0 ,  fo r  45 min a t  4°C 

with a c o n s ta n t  c u r r e n t  o f  2 .5  mA/cm gel w id th . The gel was s ta in e d  

w ith  A lcian Blue as desc r ibed  in the  Methods s e c t io n .

E le c tro p h o re s is  o f  s ta n d a rd  GAGs in  Li Cl ( r i g h t  p a n e l ) .  GAG s ta n d a rd s ,  

c o n c e n tra t io n s  and o rder  o f  a p p l i c a t io n  a re  the  same as above. E le c t ro ­

p h o re s is  was c a r r i e d  ou t in  50 mM Li Cl, pH 3 .0 ,  fo r  1 h a t  4°C with a 

c o n s ta n t  c u r r e n t  o f  2 .5  mA/cm gel w id th .
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TABLE 5

EFFECT OF DIFFERENT EDTA SALTS ON THE RELATIVE MIGRATION 
OF INDIVIDUAL GLYC0SAMIN0GLYCANS3

GAG Disodium Trisodium Tetrasodium
Tetrasodium 

Di hydrate
F e r r i c -
Sodium

KS 0.222 0.250 0.248 0.255 0.200

DS 0.245 0.255 0.261 0.260 0.213

HS 0.240 0.260 0.255 0.262 0.200

HP 0.245 0.264 0.266 0.260 0.215

C4S 0.240 0.254 0.260 0.259 0.200

HA 0.222 0.250 0.247 0.255 0.200

a All samples were e le c t ro p h o re s e d  in  50 mM of  each EDTA s a l t ,  pH 9 .0 ,  

using  a c o n s ta n t  c u r r e n t  o f  2 .5  mA/cm gel w id th ; va lues  r e p re s e n t  the 

average R^ ob ta ined  from four  independent e l e c t r o p h o r e t i c  ex p e r im en ts .
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With EDTA fe r r ic -s o d iu m  s a l t  KS, HP, C4S and HA a l l  m igrated to  an 

o f  0.200 while DS and HP com igrated to  a s l i g h t l y  more anodal p o s i t i o n .  

Use o f  EDTA te tra so d iu m  d ih y d ra te  was not s a t i s f a c t o r y  s in ce  th e re  was 

poor r e s o lu t io n  due to  s t r e a k i n g .

b. R eso lu t ion  o f  GAGs in EDTA/Cationic System s. A f te r  e l e c ­

t ro p h o re s is  in  EDTA te tra so d lu m  s a l t  (50 mM, pH 9 . 0 ) ,  the  s ix  GAGs were 

re so lv ed  in to  fo u r  com igrating  bands (F ig .  3; l e f t ) ,  whereas a f t e r  e l e c ­

t ro p h o re s is  in  Li Cl (50 mM, pH 3 .0) th ree  com igrating  bands were ob­

served (F ig . 3 ; r i g h t ) .  Since the  m ig ra t io n  p a t te r n s  o f  GAGs in  these 

two systems appeared complementary, i t  was reasoned t h a t  EDTA/cationic 

m ix tu res  might re so lv e  a l l  s ix  GAGs. T h e re fo re ,  the  use o f  d i f f e r e n t  

EDTA/cationic com binations was in v e s t ig a te d  (Table 6 ) .  The combination 

o f  Li Cl and EDTA te tra so d iu m  s a l t  provided the  b e s t  so lv e n t  system fo r  

the s e p a ra t io n  o f  the s ix  GAGs. The a d d i t io n  o f  barium a c e ta t e

(10-50 mM) to  t h i s  m ixture  d id  no t improve the  s e p a r a t io n .  Furtherm ore , 

the  com bination o f  EDTA and var io u s  c o n c e n t ra t io n s  (10-50 mM) o f  barium 

a c e ta t e  alone gave poor GAG r e s o lu t i o n .  Table 7 shows the  e f f e c t  o f  EDTA 

c o n c e n t r a t io n ,  Li Cl c o n c e n t ra t io n  and pH on the  r e l a t i v e  m ig ra tio n  o f  

the  in d iv id u a l  GAGs in the  combined system. Optimal r e s o lu t io n  was 

achieved with 10 mM EDTA/50 mM Li C l, pH 8 .4  a t  2 .5  mA/cm gel width 

(F ig .  4 ) .  As e x p e c te d ,  pH v a r i a t i o n s  had l i t t l e  e f f e c t  in these 

sy s tem s .

c .  Q u a n t i ta t io n  of In d iv id u a l  GAGs. When p u r i f i e d  in d iv id u ­

al GAGs were e l e c t ro p h o re s e d ,  as l i t t l e  as 1 to  5 ng were e a s i l y  v i s u a l ­

iz e d .  However, a t  l e a s t  500 ng of each GAG were re q u ire d  fo r  rep roduc­

ib le  sp ec tro p h o to m e tr ic  q u a n t i t a t io n  by the  m odified  method o f  Kimura et^ 

a l . (109).  Following v i s u a l i z a t i o n  with A lcian B lue, the  in d iv id u a l  GAGs
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TABLE 6

RESOLUTION OF GLYCOSAMINOGLYCANS IN EDTA/CATIONIC SYSTEMS3

GAG
Barium
Acetate

Cadmium
Acetate

Lithium
Chloride

Zinc 
Sul fa te

Zinc
Chloride

KS 0.345 0.332 0.297 0.300 0.300

DS 0.360 0.355 0.379 0.320 0.320

HS 0.345 0.330 0.345 0.300 0.300

HP 0.345 0.351 0.428 0.300 0.300

C4S 0.360 0.350 0.358 0.300 0.300

HA 0.340 0.332 0.275 0.292 0.292

3 Gels were run a t  10 mM EDTA/50 mM c a t i o n ,  pH 8 .4 ,  using  2 .5  mA/cm gel

w idth ; va lues  r e p re s e n t  the average Rf ob ta ined  from four independent 

e l e c t r o p h o r e t i c  expe rim en ts .
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TABLE 7

EFFECT OF EDTA CONCENTRATION, Li Cl CONCENTRATION AND pH ON THE RELATIVE MIGRATION 

OF INDIVIDUAL GLYCOSAMINOGLYCANS IN EDTA/LiCl SYSTEMS

GAG
Optimal

C ond it ions3

EDTA Tetrasodium 
S a l t  C oncen tra tion  (M) Li Cl C oncen tra tion  (M) pH

0.025 0.050 0.100 0.010 0.025 0.100 3 .5 7 .0 11.5

KS 0.297 0.270 0.224 0.185 0.640 0.345 0.260 0.260 0.298 0.280

DS 0.379 0.290 0.235 0.185 *c 0.380 0.275 0.261 0.375 0.362

HS 0.345 0.282 0.235 0.185 * 0.370 0.275 0.260 0.375 0.360

HP 0.425 0.290 0.240 0.185 * 0.385 0.282 0.273 0.432 0.445

C4S 0.358 0.282 0.235 0.185 * 0.372 0.275 0.260 0.380 0.360

HA 0.276 0.272 0.224 0.185 0.635 0.343 0.260 0.264 0.275 0.302

a Optimal c o n d it io n s fo r  GAG s e p a ra t io n were 10 mM EDTA/50 mM Li C l, pH 8 .4 , using 2 .5  mA/cm gel wi d t h ;

va lues  r e p r e s e n t  the average R^ ob ta ined  from four independent e l e c t r o p h o r e t i c  expe rim en ts ,  

k While EDTA c o n c e n tra t io n  was v a r ie d ,  the  Li Cl c o n c e n tra t io n  was m aintained a t  i t s  optimum, 50 mM.

S im i la r ly ,  while Li Cl c o n c e n tra t io n  was v a r ie d ,  EDTA was m ain tained  a t  10 mM. 

0 In d ic a te s  co n d i t io n s  where GAG m igrated  o f f  the  end o f  the g e l .



Figure 4 . E le c t ro p h o re s is  o f  S tandard Glycosamlnoglycans in EDTA 

Tetrasodium S a lt /L iC l  Combined System.

E le c t ro p h o re s i s  of s tan d a rd  GAGs in  EDTA te tra so d iu m  s a l t / L i  Cl. GAG 

s ta n d a rd s ,  c o n c e n tra t io n s  and o rd e r  o f  a p p l ic a t io n  a re  the same as those 

in  F ig . 3. E le c t ro p h o re s i s  was c a r r i e d  ou t in 10 mM EDTA te tra so d iu m  

s a l t / 5 0  mM LiCl, pH 8 .4 ,  fo r  45 min a t  4°C with a c o n s ta n t  c u r r e n t  o f  

2 .5  mA/cm gel w id th .
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were q u a n t i t a t e d  w ith  and w ithou t the  e thano l p r e c i p i t a t i o n  procedure 

d esc r ib ed  by C a p p e l le t t i  e t  al_. {19). Table 8 compares the recovery  of

each GAG; the da ta  p resen ted  r e p r e s e n t  the average o f  four s e p a ra te  

ex p e r im en ts .  When 5 pg o f  each  p u r i f i e d  GAG was e l e c t ro p h o re s e d ,  only 

16 to  79% o f  t h a t  a p p l ied  was recovered  when the  d ls c o n t in o u s ,  e thano l 

p r e c i p i t a t i o n  method was employed. In c o n t r a s t ,  the r e c o v e r ie s  of in d i ­

v idual GAGs sep a ra ted  by t h i s  con tinuous e l e c t r o p h o r e t i c  system ranged 

from 77 to  96% of  the a p p l ie d  amounts.

2. A nalys is  o f  S tored  Glycosaminoglycans in  Homozyqotes w ith 

Human and F e line  M ucopolysaccharidoses I :

Table 9 summarizes the q u a n t i t a t i v e  d a ta  t h a t  was ob ta ined  

a f t e r  surveying  a v a r i e ty  o f  t i s s u e s  from a human Hurler d is e a se  homo­

zyg o te ;  the d a ta  fo r  each t i s s u e  r e p re s e n ts  the mean values  ob ta ined  

from four  independent e l e c t r o p h o r e t i c  an a ly se s  of the same in d iv id u a l  

and age-matched c o n t r o l s .  Note t h a t  in  each t i s s u e  examined, o th e r  than 

kidney , th e re  was a s i g n i f i c a n t  in c re a se  in the amount o f  glycosamino­

glycan p re s e n t  in a f f e c t e d  in d iv id u a l s  ( > 2 - f o l d ) ,  as  compared to  con­

t r o l s .  I n t e r e s t i n g l y ,  t h i s  p re l im in a ry  da ta  su g g es ts  t h a t  the l i v e r  

from one H urler homozygote s to re d  dermatan s u l f a t e  in s u b s t a n t i a l  

amounts, bu t no t heparan s u l f a t e  (F ig .  5 ) .  For a l l  an a ly se s  r e p o r te d ,  

the  s p e c i f i c  i d e n t i f i c a t i o n  o f  a p a r t i c u l a r  GAG was based on co-migra­

t io n  o f  t h i s  m a te r ia l  with known s tan d a rd s  in the new e l e c t r o p h o r e t i c  

system d esc r ib ed  in the p rev ious  s e c t io n .  Furtherm ore , t h i s  i d e n t i f i ­

c a t io n  was confirmed by e l e c t r o p h o r e t i c  co -m ig ra tio n  with known s ta n ­

dards using  o th e r  c e l lu lo s e  a c e ta t e  b u f fe r  c o n d i t io n s  (2 1 ) .  Table 10 

summarizes the  p re l im in a ry  da ta  ob ta ined  when a s im i la r  a n a ly s i s  was
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TABLE 8

EFFECT OF ETHANOL PRECIPITATION ON THE PERCENT 
RECOVERY OF INDIVIDUAL GLYCOSAMINOGLYCANS3

GAG
W ithout Ethanol 

P r e c ip i t a t i o n - With Ethanol 
P r e c ip i t a t i o n

KS 89.8  ± 4 .25 65.5 ± 4 .35

DS 82.0  ± 3.50 61.4  ± 3.50

HS 96 .4  ± 2 .15 63.1 ± 2 ,21

HP 77.2 ± 5.10 55 .8  ± 5.15

C4S 94 .5  ± 3 .25 79.2 ± 3 .25

HA 78.6 ± 12.4 16.4 ± 12.4

a E le c t ro p h o re s i s  was performed as d e sc r ib e d  in  the 

Methods s e c t io n .  Values r e p re s e n t  the p e rce n t  

reco v e ry  o f  the a p p l ie d  amount (5  pg) o f  the in d i ­

v idua l GAGs.
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TABLE 9

ANALYSIS OF STORED GLYCOSAMINOGLYCANS IN THE HUMAN 
MUCOPOLYSACCHARIDOSIS I-H DISORDER*

T is s u e /F lu id
Dermatan Sul f a te Heparan S u lfa te

MPS I-H Control MPS I-H Control

B ile 4 .38 1.00 5.00 1.75

Brain 9.31 1.35 ndb nd

Heart 47.30 nd 22.10 nd

Kidney nd nd 0.27c nd

Liver 2 .14 2.67 14.80 5.85

Lung 0.65 nd 0.14 nd

Urine 1.65 nd 3.97 nd

a Data expressed  as the mean pg GAG/rng s t a r t i n g  w eight fo r  a l l  t i s s u e

samples and mean pg GAG/pl fo r  f l u i d  samples. 

b N o n -d e te c ta b le ; < 0.05 pg GAG p re s e n t  on g e l .  

c S torage m a te r ia l  he te rogeneous ; runs as a d i f fu s e  band on g e l .
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Figure 5 . E le c t ro p h o re s is  of Glycosaminoglycans from Normal and 

MPS 1-H Human Livers in the EDTA Tetrasodium s a l t /L IC l  

Combined System.

E le c tro p h o re s is  of GAGs from normal and H urler  l i v e r s  in EDTA t e t r a ­

sodium s a l t / L i C l .  (1) HA; (2) HS; (3) DS; (4) l i v e r  e x t r a c t  from a 

p a t i e n t  w ith  H urler d i s e a s e ;  (5) l i v e r  e x t r a c t  from a normal c o n t r o l .  

Methods o f  t i s s u e  GAG i s o l a t i o n  and e l e c t r o p h o r e t i c  c o n d i t io n s  are  de­

sc r ib e d  in the Methods s e c t i o n ,  e x c e p t  g e ls  were run fo r  60 min. Two pi 

o f  normal and H urler l i v e r  e x t r a c t s  were a p p l ie d .
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TABLE 1 0

ANALYSIS OF STORED GLYCOSAMINOGLYCANS IN THE FELINE 
MUCOPOLYSACCHARIDOSIS I DISEASE3

T is su e /F lu id
Dermatan Sul f a te Heparan S u lfa te

fMPS I Control fMPS I Control

Liver 12.75 3.71 4.85 4.57

Lung 4.85 ndb nd nd

Mixed Leukocytes 6.62 nd nd nd

Urine 2.05 nd 2.65 nd

3 Data expressed  as the mean pg GAG/mg s t a r t i n g  weight fo r  a l l  t i s s u e

samples and mean pg GAG/pl f l u i d  for u r in e  samples. 

b N o n -d e tec tab le ;  < 0 .05  pg GAG p r e s e n t  on g e l .
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conducted on l i v e r ,  lu n g ,  mixed leukocy tes  and u r in e  samples from one 

a f f e c te d  homozygote with f e l i n e  MPS I and two f e l i n e  normal c o n t r o l s .  

Note the d i f f e r e n t i a l  accum ulation o f  dermatan s u l f a t e  and heparan 

s u l f a t e  in  the  d i f f e r e n t  t i s s u e s  and /o r  f l u i d s ,

B. P u r i f i c a t i o n  and C h a ra c te r iz a t io n  o f  Low and High Uptake Forms o f

Human a -L - Id u ro n id a se :

1. O p tim ization  of Human Enzyme Source:

Table 11 shows d a ta  o b ta in ed  in p re l im in a ry  experim en ts  which 

were designed to  e s t a b l i s h  the  optimum human source fo r  the p u r i f i c a t i o n  

o f  a -L - id u ro n id a s e .  Although c u l tu re d  sk in  f i b r o b l a s t s  had the h ig h e s t  

s p e c i f i c  a c t i v i t y  fo r  t h i s  enzyme, lung was chosen on the b a s is  o f  i t s  

t o t a l  a c t i v i t y ,  which was a t  l e a s t  4 times g r e a te r  than  t h a t  in o th e r  

t i s s u e s  t e s t e d ,  and i t s  a v a i l a b i l i t y .  Table 12 summarizes experim ents  

which were performed to  optim ize the  homogenization p rocedure . A ddition 

o f  e i t h e r  T r i to n  X-100 or Nonidet P-40 d e te rg e n ts  to  the homogenization 

b u f fe r  in c re a sed  the  t o t a l  amount o f  enzyme recovered  by a t  l e a s t

2 - f o ld ,  a l though  the  s p e c i f i c  a c t i v i t y  o f  a -L - id u ro n id a se  was not 

s i g n i f i c a n t l y  changed. The use o f  a b a s ic ,  pH 7 .3 ,  b u f fe r  d id  no t 

reduce the t o t a l  enzyme recovery  a t  t h i s  s tage  o f  the p rocedure . 

Further  homogenization of the p e l l e t s  w ith  1% sodium ta u ro c h o la te  

r e s u l t e d  in the recovery o f  < 10$ a d d i t io n a l  a -L - id u ro n id a se  a c t i v i t y  

(d a ta  no t shown).

2. Ion Exchange Chromatography:

P re lim in a ry  experim ents  were a lso  performed to  t e s t  the be­

havior o f  a -L - id u ro n id ase  on the anion exchange r e s i n ,  DEAE-cellulose.
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TABLE 11

ot-L-IDURONIDASE ACTIVITY IN A VARIETY 

OF DIFFERENT HUMAN TISSUES3

Source U/ml U/mgb

F ib ro b la s t s 122.0 28.00

P lacen ta 45.0 0.18

Lung 178.0 0.15

Kidney 37.2 0.10

Spleen 55 .0 0 .08

Liver 44 .5 0 .05

3 Five g (wet w eigh t)  o f  each t i s s u e  were hand 

homogenized in 2 volumes o f  10 mM sodium phosphate 

b u f f e r ,  pH 6 .0 ,  c o n ta in in g  0.3% Nonidet P-40. For 

f i b r o b l a s t s ,  da ta  r e p re s e n ts  e x t r a c t s  o f  1 con­

f l u e n t  75 mm2 Falcon f l a s k  in  10 mM sodium phos­

phate b u f f e r ,  pH 6 .0 ,  c o n ta in in g  0.3% Nonidet 

P-40. C e l ls  were ly sed  by s o n ic a t io n  (3 b u r s t s ;  

30 s each) in  a Branson, model 200 cup s o n ic a to r .

b P ro te in  was measured by the  f luo rescam ine  a s say .
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TABLE 12

OPTIMIZATION OF ot-L-IDURONIDASE EXTRACTION FROM HUMAN LUNG

Buffer* U/ml U/mgb

10 mM T r is /H C l, pH 7 .3 , + 0 .1  M NaCl 39.5 0.12

+ 0 .1%  T ri ton  X-100 127.0 0 .18

+ 0.5% T r i to n  X-100 132.0 0.09

+ 0.5% Nonidet P-40 130.0 0.16

10 mM Sodium phospha te ,  pH 6 .0 , + 0 .1  M NaCl 52.4 0.10

+ 0.1% T ri to n  X-100 143.0 0.17

+ 0 .5%  T r i to n  X-100 140.0 0 .14

+ 0.5% Nonidet P-40 145.0 0.15

10 mM Sodium c i t r a t e ,  pH 4 .0 , + 0 .1  M NaCl 45.7 0.19

+ 0.1% T riton  X-100 138.0 0.20

+ 0.5% T r i to n  X-100 135.0 0.15

+ 0.5% Nonidet P-40 145.0 0.15

a Five g (wet w eight)  of human lung was hand homogenized 1n 2 volumes of 

the  a p p ro p r ia te  b u f f e r .  Homogenates were c e n tr i fu g e d  a t  20,000 x g 

and the s u p e rn a ta n ts  were assayed fo r  a -L - id u ro n id ase  a c t i v i t y .

P ro te in  was measured by the  f luo rescam ine  a ssay .
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Figure 6 i l l u s t r a t e s  t h a t  the t o t a l  enzyme a c t i v i t y  bound to  the column 

a t  pH 7 .3  could be e lu te d  in two broad , d i s t i n c t  peaks when a l i n e a r  

s a l t  g r a d ie n t  was a p p l ie d .  S im ila r  experim en ts  from a v a r i e ty  o f  o th e r  

t i s s u e  homogenates a lso  revea led  the  e x i s t e n c e  o f  two major peaks o f  en­

zym atic a c t i v i t y  which were sep a rab le  by DEAE-cellulose chromatography

(d a ta  no t  shown). F igure 7A i l l u s t r a t e s  t h a t  i f  lung homogenates were 

made w ithou t d e te rg e n t  p re s e n t  in the b u f f e r ,  the l e s s  e l e c t r o n e g a t iv e  

f r a c t io n  of the enzyme was predom inate ly  recovered  (so lu b le  form). I f  

the  p e l l e t s  from t h i s  p re p a ra t io n  were then  re-homogenized in the  p re s ­

ence of 0.3% Nonidet P-40, th e  m a jo r i ty  of the  a d d i t io n a l  enzyme a c t i v ­

i t y  e lu te d  with the more e l e c t r o n e g a t iv e  f r a c t i o n  (mem brane-associated 

form ), as shown in  Figure 7B.

3. I s o e l e c t r i c  Focusing :

Figure 8 re v e a ls  t h a t  when crude lung homogenates were i s o ­

e le c t ro fo c u s e d  in a pH g ra d ie n t  o f  4 .0  to  9 .0  e s t a b l i s h e d  with LKB 

ampholines and v i s u a l iz e d  using the f lu r o g e n i c ,  4MU a - Id  s u b s t r a t e ,  a 

broad s t a in in g  reg ion  was seen with a p i range o f  5 .8 5 -7 .3 5 ;  two m ajor, 

d i s t i n c t  bands o f  a c t i v i t y  were i d e n t i f i e d .  A f te r  c u t t in g  the  gel in to  

1 cm s l i c e s  and e l u t in g  the enzyme by o v e rn ig h t  d i f f u s io n ,  the two major 

peaks o f  a c t i v i t y  were observed a t  pH 6 .00  and 6 .85 .

4. Enzyme Uptake S tu d ie s :

Figure 9 i l l u s t r a t e s  t h a t  the two f r a c t i o n s  o f  human a-L- 

idu ron idase  which were sep a ra ted  by anion exchange chromatography 

d i f f e r e d  in t h e i r  degree o f  in c o rp o ra t io n  in to  c u l tu re d  H urler  f i b r o ­

b l a s t s .  The more e l e c t r o n e g a t iv e ,  m em brane-associa ted  enzyme possessed

6 3



F i g u r e  6 .  D E A E - C e l l u l o s e  C h r o m a t o g r a p h i c  P r o f i l e  o f  Human a - L - I d u r o n i -

d a s e .

Tissue homogenization and DEAE-cellulose chromatography were performed 

as d esc r ib ed  in the  Methods s e c t io n .  100 g of frozen  human lung was 

used as the  s t a r t i n g  m a te r i a l .

6 4
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F i g u r e  7 . D E A E - C e l l u l o s e  C h r o m a t o g r a p h i c  P r o f i l e s  o f  S e p a r a t e d  S o l u b l e

a n d  M e m b r a n e - A s s o c i a t e d  F orm s  o f  Human a - L - I d u r o n i d a s e .

DEAE-cellulose chromatography was performed as d e sc r ib e d  in  the Methods 

s e c t io n .  The procedures used fo r  the i s o l a t i o n  o f  the  so lu b le  (Panel A) 

and m em brane-associated (Panel B) forms o f  human a -L - id u ro n id a se  a re  

a lso  d esc r ib ed  in  the  t e x t .

6 6
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Figure 8 . I s o e l e c t r i c  Focusing P r o f i l e  of Human a -L - Id u ro n id a s e .

I s o e l e c t r i c  fo c u s in g ,  d e te rm in a t io n  o f  enzym atic a c t i v i t y ,  and f l u o r e s ­

cen t  s ta in in g  with 4MU a - Id  were performed as d e sc r ib e d  in  the Methods 

s e c t io n .  1000 to t a l  U (250 p i )  o f  a -L - id u ro n id ase  from crude human lung 

homogenates were a p p l ie d  to  the  g e l .

6 8
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F i g u r e  9 . E nzym e U p t a k e  P r o f i l e s  o f  S o l u b l e  a n d  M e m b r a n e - A s s o c i a t e d

F o rm s  o f  Human a - L - I d u r o n i d a s e .

Uptake c h a r a c t e r i s t i c s  o f  the p a r t i a l l y  p u r i f i e d  (SA ^  20,000 U/mg 

Lowry) so lub le  and m em brane-associated forms of human a-L -1duron idase  

were determ ined as d esc r ib ed  in the Methods s e c t i o n .

7 0
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high uptake p r o p e r t i e s  while the so lu b le  form was taken up s i g n i f i c a n t l y  

l e s s  (low u p ta k e ) .  Upon s to ra g e  o f  the p a r t i a l l y  p u r i f i e d  high uptake

enzyme (SA ^ 20,000 U/mg Lowry) f o r  one week a t  4°C, a l l  of the high

uptake p ro p e r t i e s  were l o s t .

5. P u r i f i c a t i o n  P rocedu re :

Table 13 summarizes a ty p ic a l  p u r i f i c a t i o n  o f  a -L - id u ro n id ase  

from 4,044 g o f  human lung . The 0 .1  M NaCl enzyme f r a c t i o n  (low up take)  

which appeared in the  void and wash f r a c t i o n s  o f  the  DEAE-cellulose 

column was p u r i f i e d  approx im ate ly  218 ,000 -fo ld  over the a c t i v i t y  in the 

crude homogenate, w hile  the 0 .6  M NaCl e lu a n t  enzyme f r a c t i o n  (high 

u p ta k e ) ,  which rep re se n te d  approx im ate ly  15-20% of the t o t a l  enzym atic 

a c t i v i t y ,  was p u r i f i e d  175 ,000-fo ld  over the c ru d e .  The m a jo r i ty  o f  the 

hemoglobin p re se n t  in  the crude homogenate c o -e lu te d  with the low uptake 

enzyme f r a c t i o n  a f t e r  DEAE-cellulose chromatography and th e re f o r e  i t s  

s p e c i f i c  a c t i v i t y  a t  t h i s  s te p  was s i g n i f i c a n t l y  lower than the high 

uptake f r a c t i o n .  I t  should be noted t h a t  the  y i e l d  a f t e r  t h i s  f i r s t  

column s te p  was g r e a t e r  than  100%; t h i s  o b se rv a t io n  was not due to

quenching o f  the 4MU f lo u re se n c e  by pigments in the crude homogenate

s in ce  assays  t h a t  were stopped with t r i c h l o r a c e t i c  ac id  in  o rd e r  to  

p r e c i p i t a t e  the p ro te in s  p r io r  to  f lu o ro m e tr ic  measurement gave s im i la r  

r e s u l t s  (d a ta  not shown). A fte r  the nex t s te p  in the p u r i f i c a t i o n ,  

Con A-Sepharose chromatography, the  s p e c i f i c  a c t i v i t i e s  of the two en­

zyme forms were very s im i l a r  (approx im ate ly  4 ,0 0 0 -fo ld  p u r i f i e d  over the 

t o t a l  crude homogenate a c t i v i t y ) ;  the t o t a l  enzyme y i e l d  a t  t h i s  s te p  

was between 98-100%. The nex t s te p  in  the p u r i f i c a t i o n  was hydroxyapa- 

t i t e  chromatography. Figure 10 i l l u s t r a t e s  the e l u t i o n  p r o f i l e  ob ta ined
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TABLE 1 3

PURIFICATION OF LOW AND HIGH UPTAKE FORMS OF 
a-L-IDURONIDASE FROM HUMAN LUNG*

Step Vol ume
Total

A c t iv i ty
S p e c i f ic
A c t iv i ty P u r i f i c a t i o n

Combined
Yield

(ml) ( u n i t s ) (U/mg) ( fo ld ) (X)

Crude e x t r a c t 2,333 380,083 0.5 1 100

DEAE-Cellulose

Low 2,000 365,000 3.65 7.3

High 725 97,050 42.50 85
100

Con A-Sepharose

Low 44 305,200 1,975 3,950

High 37 72,500 2,200 4,400
99

Hydroxy a p a t i t e

Low 52 137,500 22,400 44,800

High 64 37,250 19,075 38,150
45.9

Biogel P-100

Low 44 82,500 109,000 218,000

High 51 56,325 87,500 175,000
36.6

* Enzyme assays  were performed using 100 pM 4MU a - Id  as  d esc r ib ed  in the

Methods s e c t io n  and p ro te in  was measured by the  Lowry a s s a y .

7 3



F i g u r e  1 0 . H y d r o ^ y a p a t i t e  C h r o m a t o g r a p h i c  P r o f i l e s  o f  Low a n d  H i g h  Up­

t a k e  F orm s  o f  Human a - L - I d u r o n i d a s e .

H ydro^yapatite  chromatography o f  the  s ep a ra ted  low uptake (Panel A) and 

high uptake (Panel B) forms o f  human a -L - id u ro n id ase  was performed as 

d e sc r ib e d  in the  Methods s e c t i o n .
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fo r  the two enzyme f r a c t io n s  when they were chromatographed indepen­

d e n t ly  on t h i s  r e s i n ;  note t h a t  the high uptake enzyme (F ig . 10B) e lu te s  

l a t e r  In the g r a d ie n t .  For both enzymes th e re  was t r a i l i n g  o f  the 

a c t i v i t y  du ring  the e l u t i o n ,  and the  f in a l  fo ld  p u r i f i c a t i o n  and % y i e ld  

was dependent on where the c o l l e c t i o n  c u ts  were ta k e n ;  t h e r e f o r e ,  the 

r e s u l t s  o f  t h i s  s tep  were the most v a r ia b le  between d i f f e r e n t  p rep a ra ­

t i o n s .  The f in a l  procedure in t h i s  s tage  of the p u r i f i c a t i o n  was gel 

f i l t r a t i o n  on a Biogel P-100 column (F ig .  11); again  the r e s u l t s  were 

dependent on where the enzyme cu ts  were ta k en .  Note t h a t  the i n i t i a l  

peak of high uptake enzyme a c t i v i t y  (F ig . 11B) e lu te d  e a r l i e r  than  th a t  

o f  the  low uptake enzyme (F ig .  11A), p rov id ing  p re lim in a ry  ev idence fo r  

a m olecular w eight d i f f e re n c e  between the two f r a c t i o n s .  The f in a l  

y i e l d s  a t  t h i s  s tage  o f  the  p u r i f i c a t i o n  were from 35-45SL Six g ly c o s i -  

dases o th e r  than  a -L - id u ro n id ase  were assayed fo r  a c t i v i t y  1n each of 

the p o s t  Biogel P-100 enzyme p re p a ra t io n s ;  t h e i r  t o t a l  a c t i v i t y  was le s s  

than  0.556 o f  a -L - id u ro n id ase  (Table 14).

6. High Performance Liquid Chromatography:

In o rder  to  a s su re  the  use o f  homogeneous enzyme fo r  compara­

t i v e  physiochemical s t u d i e s ,  the  p ro te in s  were f u r th e r  p u r i f i e d  by high 

performance l iq u id  chromatography. Figure 12 i l l u s t r a t e s  the p r o f i l e s  

ob ta ined  fo r  each enzyme a f t e r  HPLC. When each p ro te in  peak was c o l ­

l e c te d  s e p a r a t e ly ,  co n c e n tra te d  and assayed fo r  a-L-1duron1dase a c t i v ­

i t y ,  a l l  were found to  have s i g n i f i c a n t  amounts o f  c a t a l y t i c  a c t i v i t y .  

In a d d i t io n ,  the s p e c i f i c  a c t i v i t y  in each p ro te in  peak was r e l a t i v e l y  

c o n s ta n t .

7 6



F i g u r e  1 1 . B i o g e l  P - 1 0 0  C h r o m a t o g r a p h i c  P r o f i l e s  o f  Low a n d  H i g h  U p t a k e

F orm s o f  Human a - L - I d u r o n i d a s e .

Biogel P-100 chromatography o f  the sep a ra ted  low uptake (Panel A) and 

high uptake (Panel B) forms of human cx-L-iduronidase was performed as 

d esc r ib ed  in the  Methods s e c t i o n .
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TABLE 1 4

CONTAMINATING GLYCOSIDASES IN THE PURIFIED LOW AND HIGH UPTAKE FORMS 

OF (X-L-IDURONIDASE PRIOR TO HPLCa

Enzyme
S u b s tra te

C oncen tra tion
(mM)

B uffer pH
% Low Uptake 

a -L -Iduron idase
% High Uptake 

a -L -Idu ron idase

p-D-Hexosaminidase A 4.00 0.04  M C-P 4.40 0.23 0.37

P-D-Glucosidase 5.00 0.05  M C-P 5.00 0.00 0.00

a-D -G alac tosidase  A 4.30 0.15 M C-P 4.60 0.00 0.00

a-D-Mannosidase 10.00 0.10 M C-P 4.20 0.05 0.18

ot-L-Fucosidase 1.00 0.10 M C-P 5.80 0.18 0.00

p-D-Glucuronidase 10.00 0.10 M AC 4.85 0.00 0.00

a-L -Iduron idase 0 .05 0.40 M NaF 3.50 100.00 100.00

a P u r i f ie d  low uptake (SA 109,000 U/mg Lowry) o r  high uptake (87,500 U/mg Lowry) were incubated  

fo r  1 h a t  37°C under the  c o n d i t io n s  s p e c i f i e d  fo r  each h y d ro lase .  The r e s u l t i n g  a c t i v i t i e s  in

nanomoles o f  p roduct formed/h a re  expressed  as the  percen tage  o f  the  4 -m ethy lum bell i fe ry l  a -L -

iduron ide a c t i v i t y ;  c i t r a t e  phosphate (C-P), a c e ta t e  (AC) and sodium formate (NaF).



F i g u r e  1 2 . HPLC P r o f i l e s  o f  Low a n d  H i g h  U p t a k e  F o r m s  o f  Human a - L -

I d u r o n l d a s e .

HPLC of  the low uptake (Panel A) and high uptake (Panel B) forms of 

human a -L - id u ro n id ase  was performed as d e sc r ib e d  in the Methods s e c t io n .
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7. S t a b i l i t y  o f  Human a -L - Id u ro n id a se :

Both f r a c t i o n s  o f  the enzyme became In c re a s in g ly  un s tab le  with 

each p u r i f i c a t i o n  s t e p .  A fte r  Con A-Sepharose chromatography, 3 cyc les  

o f  f re e z in g  and thawing des troyed  a l l  of the enzym atic a c t i v i t y ,  a l ­

though a t  t h i s  s tag e  the  enzyme was s t a b l e  fo r  up to  1 month a t  4°C w ith­

ou t  s i g n i f i c a n t  lo s s  o f  a c t i v i t y .  Table 15 I l l u s t r a t e s  the I n s t a b i l i t y  

o f  a -L - id u ro n id a se  a t  4°C during  the two f in a l  s tag es  o f  the p u r i f i c a ­

t io n  p r io r  t o  HPLC. A ddition  of e i t h e r  g ly c e ro l  o r  D(+)-mannose to  the 

p o s t -h y d ro x y a p a t i te  enzyme inc reased  i t s  T ^ 2 a t  4°C; a t  t h i s  s tage  the 

choice o f  b u f fe r s  was not c r i t i c a l .  However, a f t e r  the  f i n a l  gel f i l ­

t r a t i o n  chromatography the  use of an a c i d i c ,  pH 4 .0  b u f f e r  inc reased  the 

s t a b i l i t y  of the  enzym atic a c t i v i t y  although  even with the  a d d i t io n  o f  

D(+)-mannose, the  o f  the low uptake form a t  4°C was only 72 h . On

the b as is  o f  these  r e s u l t s ,  the enzymes were s to re d  a t  4°C in  10 mM 

c i t r a t e  phosphate b u f f e r ,  pH 4 .0 ,  c o n ta in in g  0 .5  M NaCl and 0 .1  M 

D(+)-mannose as s t a b i l i z e r s .  In a d d i t io n ,  the f i n a l  Biogel P-100 column 

was r o u t in e ly  run in  the  presence o f  t h i s  b u f f e r .

8. Native Polyacrylamide Gel E l e c t r o p h o r e s i s :

Figure 13 i l l u s t r a t e s  t h a t  the  post-B iogel P-100 p u r i f i e d  low 

and high uptake forms o f  human a -L - id u ro n id ase  m igrated  as s in g le  

Coomassie Blue s t a in in g  bands on 7% po lyacrylam ide d isc  g e ls  when 150 pg 

p ro te in  (Lowry) was a p p l ied  o f  each .  No s i g n i f i c a n t  d i f f e r e n c e s  in  

m ig ra t io n  were no ted .

9 . SDS Polyacrylamide Gel E le c t r o p h o r e s i s :

Figure 14 shows the p a t te rn s  ob ta ined  on 10% SDS p o ly a c ry l-
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TABLE 1 5

STABILITY OF THE LOW AND HIGH UPTAKE FORMS OF HUMAN a-L-IDURONIDASE 
DURING THE PURIFICATION PROCEDURE*

S ta b i l i z in g  Conditions
Tl / 2  4 °C; days

Post-Hydroxyapati te  

Low High

Tl / 2  4 °C 
Post-B iogel

Low

; h 
P-100

High

10 mM Sodium Phosphate , pH 6 .0 ,  + 0 .5  M NaCl 10.0 14.0 0 .0 12.0

+ 10% G lycerol 14.0 20.0 4 .0 48.0

+ 40% G lycerol 14.5 20.0 4 .0 48.0

+ 0 .1  M D(+) Mannose 21.5 22.0 48.0 120.0
+ 0 .5  M D(+) Mannose 20.0 22.0 48 .0 120.0

10 mM Sodium C i t r a t e ,  pH 4 .0 ,  + 0 .5  M NaCl 10.0 12.5 6.0 24 .0
+ 10% G lycerol 12.5 22 .0 24 .0 24.0

+ 40% Glycerol 12.0 21.5 24.0 24 .0

+ 0 .1  M D(+) Mannose 18.5 24.0 72.0 120.0
+ 0 .5  M D(+) Mannose 18.5 24.0 72.0 120.0

a 500 U o f  each enzyme were removed a t  the in d ic a te d  s tag e  o f  the p u r i f i c a t i o n  procedure and 

s to re d  a t  4°C under each o f  the  var io u s  c o n d i t io n s .



F i g u r e  1 3 . N a t i v e  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  o f  t h e  P u r i f i e d

Low a n d  H ig h  U p t a k e  F orm s  o f  Human a - L - I d u r o n i d a s e .

7% n a t iv e  polyacrylam ide gel e l e c t r o p h o r e s i s  o f  the p u r i f i e d  (p o s t -  

Biogel P-100; SA 105,000 U/mg Lowry) low uptake (150 pg Lowry; Lane A) 

and high uptake (150 pg Lowry; Lane B) forms o f  human a -L - id u ro n id ase  

was performed as d esc r ibed  in  the  Methods s e c t io n .  The arrow in d ic a te s  

the  beginning of the s e p a ra t in g  g e l ;  samples m igrated  from the anode 

towards the ca thode .
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FIGURE 1 3
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F i g u r e  1 4 . SDS 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  o f  t h e  P u r i f i e d  Low

a n d  H i g h  U p t a k e  F orm s  o f  Human a - L - I d u r o n i d a s e .

10% SDS po lyacry lam ide  gel e l e c t r o p h o r e s i s  of the p u r i f i e d  (pos t-B ioge l 

P-100; 105,000 U/mg Lowry) low uptake (150 pg Lowry; Lane B) and high 

uptake (150 pg Lowry; Lane D) forms o f  human a -L - id u ro n id a se  was p e r ­

formed as  d e sc r ib e d  in the  Methods s e c t io n .  M olecular w eight s tan d a rd s  

a re  shown in Lanes A and D.

86



FIGURE 1 4
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amide s la b  g e ls  under reducing (1056 (3-mercaptoethanol; b o i l in g  fo r  

10 min) c o n d i t io n s .  Each sample con ta in ed  150 pg o f  pos t-B ioge l P-100 

p ro te in  (Lowry) which had been p re v io u s ly  lyopholyzed and taken  up in 

sample a p p l ic a t io n  b u f f e r .  Each form o f  the enzyme showed the same 

p a t t e r n  under non-reducing c o n d i t io n s  (d a ta  not shown). The low uptake 

enzyme f r a c t io n  had two major d i f fu s e  Coomassie Blue s ta in in g  bands 

which accounted fo r  g r e a t e r  than 9056 o f  the t o t a l  p r o te in ;  one m igrated 

with a m olecular weight o f  72,000 and the o th e r  42,000; the  72,000 band 

o c c a s s io n a l ly  m ig ra ted  as a t i g h t  d o u b le t .  Although in t h i s  gel the two 

bands appeared to  be p re s e n t  in  approxim ate ly  equal amounts, the  r e s u l t s  

o f  o th e r  gel experim ents  in d ic a te d  t h a t  t h e i r  r a t i o  may v a ry ;  in  some 

in s ta n c e s  one or the o th e r  was e n t i r e l y  a b se n t .  The high uptake enzyme 

f r a c t i o n  r o u t in e ly  con ta ined  these  two sp e c ie s  and a d d i t io n a l  h igher 

m olecular weight components (90 ,000 and h igher a g g re g a te s ) .  Both enzyme 

samples t h a t  had been s to red  a t  4°C fo r  vary ing  le n g th s  o f  time a t  d i f ­

f e r e n t  s ta g e s  o f  the  p u r i f i c a t i o n  o f te n  showed a d d i t io n a l  c h a r a c t e r i s t i c

bands (55 ,000  and 28 ,000 ; photograph no t shown).

10. Apparent M olecular Weight D e te rm in a t io n s ;

Figure 15 dem onstra tes  the  ap p a re n t  n a t iv e  m olecular w eight of 

p u r i f i e d  low uptake (SA 106,000 U/mg Lowry) and high uptake (SA 

'v 94 ,600 U/mg Lowry) a -L - id u ro n id ase  when determined by gel f i l t r a t i o n  

on Sephadex 6-200. The low uptake enzyme had an apparen t m olecular

w eight o f  68,000, while the  high uptake enzyme's apparen t m olecular

weight was 85,000, based on the  e l u t i o n  volume of the  I n i t i a l  a c t i v i t y

peaks.  Note t h a t  1n both in s ta n c e s  the enzyme e lu te d  from the column in

broad peaks w ith  s im i la r  s p e c i f i c  a c t i v i t i e s  ( f ig u re  n o t  shown).
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Figure 15. Apparent M olecular Weight D eterm ination  of Low and High 

Uptake Forms o f  Human a -L -Id u ro n id ase  by Gel F i l t r a t i o n .

Apparent m olecular w eight d e te rm in a t io n s  o f  the low and high uptake 

forms of human a -L - id u ro n id ase  were made by the  procedure d esc r ib ed  in 

the  Methods s e c t io n  using Sephedex G-200 chromatography. Apparent 

m olecu lar  weight e s t im a te s  were based on the  e l u t i o n  volumes.
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11. K inetic  P r o p e r t i e s :

F igure  16 i l l u s t r a t e s  the Lineweaver-Burk p lo t s  ob ta ined  fo r  

both forms o f  the p u r i f i e d  (po s t-B io g e l  P-100) enzyme using two a r t i f i ­

c i a l  s u b s t r a t e s ,  4MU a - Id  and phenyl a - I d ,  and one n a tu ra l  s u b s t r a t e ,  

anhydro[3H]man; Table 16 summarizes the r e s u l t s .  Note t h a t  the and 

ap p a re n t  Vmax ob ta ined  fo r  the  low and high uptake forms o f  the enzyme 

were very s im i la r  using  each o f  the th re e  s u b s t r a t e s .  With each sub­

s t r a t e ,  both enzymes e x h ib i te d  normal M ichaelis-M enten k in e t i c s .

12. E f f e c t  o f  G lycosam inoglycans:

The e f f e c t  o f  a number o f  p u r i f i e d  GAGs on the 4MU a - Id  a c t i v ­

i t y  was e v a lu a te d ;  Table 17 summarizes the  r e s u l t s  ob ta ined  a t  one con­

c e n t r a t i o n  o f  GAG. Each of the GAGs e x h ib i te d  an in h i b i to r y  e f f e c t  on 

the enzym atic a c t i v i t y  o f  the  low and high uptake forms. Dixon p lo t s  

(1/V vs .  [ I ] ) ,  l i n e a r  fo r  each of the GAGs t e s t e d ,  In d ic a te d  t h a t  the 

I n h ib i t io n  was n o n -co m p e ti t iv e ;  's  were determined from these  p lo t s .  

Heparin was the most p o te n t  i n h i b i t o r  o f  both enzymes (K^'s of 

0.09 mg/ml and 0 .13 mg/ml, r e s p e c t iv e l y ) .  Dermatan s u l f a t e  and Heparan 

s u l f a t e ,  the  presumed p h y s io lo g ic  s u b s t r a t e s ,  had 's  o f  0.19 mg/ml and 

0.75 mg/ml fo r  the  low uptake enzyme f r a c t io n  and 4 .50  rng/ml and 

3 .30  mg/ml fo r  the  h igh uptake enzyme f r a c t i o n .  The in h i b i to r y  e f f e c t  

of each GAG was s i g n i f i c a n t l y  l e s s  fo r  the  high uptake enzyme than  the 

low u p tak e .  In f a c t ,  Hyaluronic a c i d ,  a r e l a t i v e l y  p o te n t  I n h ib i to r  o f

the  low uptake enzyme (K̂  0.13 mg/ml), had a very l im i te d  e f f e c t  on the 

high uptake enzyme (Kj > 5 .00  mg/ml). The Dixon p lo t s  ob ta ined  fo r  DS

and HS using  a s in g le  s u b s t r a te  c o n c e n tra t io n  (100 pM) a re  I l l u s t r a t e d  

in  F igure 17.
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F i g u r e  1 6 . L i n e w e a v e r - B u r k  p l o t s  o f  Low a n d  H i g h  U p t a k e  F o r m s  o f  Human

a - L - I d u r o n i d a s e  U s i n g  T h r e e  D i f f e r e n t  S u b s t r a t e s .

and ap p aren t  Vmax d e te rm in a t io n s  were made from the Lineweaver-Burke 

p lo t s  o f  the low uptake (SA 95,000 U/mg Lowry;a ■ )  and high uptake

(SA 76,000 U/mg Lowry; •— I  ) forms o f  human a -L - id u ro n id a se  using the 

th re e  in d ic a te d  s u b s t r a t e s :  a l ]  enzyme assays  were performed as de­

s c r ib e d  in the Methods s e c t i o n .  25 pi o f  each enzyme p re p a ra t io n  was 

added to  25 pi o f  each s u b s t r a t e  p re p a ra t io n  in  0 .4  M sodium formate 

b u f f e r ,  pH 3 .5 ,  and incubated  fo r  1 h a t  37°C. The s u b s t r a t e  con cen tra ­

t io n s  r e p r e s e n t  the  f i n a l  c o n c e n t ra t io n s  in  the assay  m ix tu re .
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FIGURE 1 6
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TABLE 1 6

AND Vm ax VALUES OBTAINED FOR PURIFIED LOW AND HIGH UPTAKE FORMS
OF HUMAN a -L -ID U R O N ID A S E  USING THREE DIFFERENT SUBSTRATES9

Enzyme S u b s tra te Nil vmax

nw pmoles/mg/min

4MU a - Id 0.07 1615

Low Uptake Phenyl a - Id 1.42 83

anhydro [3H]man 0.86 250

4MU a - Id 0.06 1485

High Uptake Phenyl a - Id 1.66 105

anhydro [3H]man 1.04 279

3 Experiments were performed on post-B ioge l P-lOO samples o f  each

enzyme form.
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TABLE 17

IN H IB IT IO N  OF LOW AND HIGH UPTAKE FORMS OF
HUMAN a -L -ID U R O N ID A S E  BY GLYCOSAMINOGLYCANS*

GAG Low Uptake High Uptake

C4S 0.51 2.89

C6S 0.55 3.15

DS 0.19 4.50

HA 0.13 5.00

HP 0.09 0.13

HS 0.75 3.30

KS 0.45 2.25

a K.j v a lu es  a re  ex p ressed  in mg/ml and determined 

from Dixon p lo t s  as d e sc r ib e d  in  the  t e x t .  All 

enzyme assays  were performed using  4MU a - Id  as 

d e s c r ib e d .
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F i g u r e  1 7 . I n h i b i t i o n  o f  Low a n d  H i g h  U p t a k e  F o r m s  o f  Human a - L - I d u r o n -

i d a s e  b y  D e r m a t a n  S u l f a t e  a n d  H e p a r a n  S u l f a t e .

d e te rm in a tio n s  fo r  dermatan s u l f a t e  (Panel A) and heparan s u l f a t e  

(Panel B) were made from the l/V vs [ I ]  p lo t s  (Dixon p l o t s )  of the low 

uptake (SA 105,000 U/mg Lowry) and high uptake (SA 91 ,000 U/mg Lowry) 

forms of human a -L - id u ro n id ase  assuming non-com petit ive  in h i b i t i o n .  

4MU a - Id  assays  were performed as  d esc r ibed  in  th e  Methods s e c t io n  using 

100 pM s u b s t r a te  c o n c e n t r a t io n s .
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FIGURE 1 7
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13. pH Optima and Thermal S t a b i l i t y :

pH o p t im iz a t io n  s tu d ie s  were performed fo r  both enzymes using 

the  th re e  s u b s t r a te s  d isc u sse d  above {F1g. 18). In a d d i t i o n ,  the  e f ­

f e c t s  o f  two d i f f e r e n t  b u f f e r s ,  sodium formate and c i t r a t e  phospha te ,  on

the  pH optima were e v a lu a te d .  Using sodium formate b u f f e r ,  the pH

optima fo r  the  low uptake enzyme were 3 .55 ,  3 ,50 and 4 .50  when using the 

4MU a - I d ,  phenyl a - I d  and anhydro[^H]man s u b s t r a t e s ,  r e s p e c t iv e l y ,  and 

3 .50 , 3 .50 and 4 .25 fo r  the  high uptake enzyme. For both enzyme forms, 

th e  use o f  c i t r a t e  phosphate b u f fe r s  s h i f t e d  the optima approxim ately  

0 .50  pH u n i t s  h ighe r  {data no t  shown).

Table 18 summarizes the  thermal s t a b i l i t i e s  o f  the two enzyme forms 

a t  45°C, 52°C and 60°C; the  p a t te rn s  ob ta ined  fo r  each form were 

s i m i l a r .

14. E f fe c t  o f  P r o t e i n :

Table 19 dem onstra tes  t h a t  the post-B1ogel P-100 p u r i f i e d  low 

and high uptake forms o f  a -L - id u ro n id a se  (SA ^  90,000 U/mg Lowry) were 

no t s ta b le  a t  37°C fo r  1 h u n le ss  a d d i t io n a l  p r o t e i n ,  in  t h i s  case BSA, 

was added to  the enzyme sam ples. These d a ta  a lso  dem onstrate  t h a t  f in a l  

p ro te in  c o n c e n tra t io n s  o f  0.1 mg/ml (Lowry) in  the  a ssay  were s u i t a b le  

fo r  s t a b i l i z i n g  the  4MU a - I d  a c t i v i t y ;  h igher  amounts o f  p ro te in  d id  not 

s u b s t a n t i a l l y  in c re a se  the  enzyme s t a b i l i t y .

15. Amino Acid Composition A nalyses :

Table 20 summarizes the  amino ac id  com position  da ta  ob ta ined

fo r  the post-HPLC forms o f  th e  enzyme. P ro te in  peaks ob ta ined  a f t e r  

HPLC which had s im i la r  s p e c i f i c  a c t i v i t i e s  were poo led , and the amino

9 8



F i g u r e  1 8 . pH P r o f i l e s  o f  Low a n d  H i g h  U p t a k e  F o rm s  o f  Human <x-L-

I d u r o n i d a s e  U s i n g  T h r e e  D i f f e r e n t  S u b s t r a t e s .

Enzymatic a c t i v i t y  of the  low uptake (SA 105,000 U/mg Lowry;*——*  } and 

high uptake (SA 91,000 U/mg Lowry; t “- #  ) forms of human a -L - id u ro n id ase  

was performed as d esc r ibed  in  the Methods s e c t io n  fo r  each o f  the th re e  

in d ic a te d  s u b s t r a t e s .  pH ad ju stm en ts  were made in  0 .4  M sodium formate 

b u f f e r s .
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TABLE 18

THERMAL S T A B IL IT IE S  OF LOW AND HIGH UPTAKE FORMS
OF HUMAN ot-L-IDURONIDASEa

Temperature Low Uptake High Uptake

°C T1/2 (min) T1/2 (min)

45 34.5 42.5

52 23.0 25.0

60 11.0 12.5

a P ro te in  c o n c e n tra t io n s  were kept c o n s ta n t  a t

1 mg/ml in  a l l  a ssays  by the  a d d i t io n  of BSA.
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TABLE 19

EFFECT OF PROTEIN ON LOW AND HIGH UPTAKE FORMS
OF HUMAN a-L-IDURONIDASE

P ro te in  C on cen tra t io n a

Enzyme Activity**

High Uptake Low Uptake

mg/ml U/ml U/ml

0.010 510 440

0.025 650 560

0.050 710 675

0.100 985 995

0.250 992 1010

0.500 1000 1008

a F inal p ro te in  c o n c e n tra t io n s  in the  assay  m ix tures  were 

a d ju s te d  with BSA and checked using the  fluorescam ine a ssay .

** Enzyme assayed with 50 pM 4MU a - Id  fo r  1 h a t  37°C as de­

sc r ib e d  in  the Methods s e c t io n .
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TABLE 2 0

AMINO ACID COMPOSITION OF LOW AND HIGH UPTAKE FORMS
OF HUMAN a-L-ID URO N ID ASE

Amino Acid
R esidues/M olecule3 

Low Uptake

Res1dues/M oleculeb 

High Uptake

ASX 56 55

GLX 54 66

Leucine 45 54

Serine 42 44

Glycine 35 50

Threonine 33 35

Alanine 36 47

Valine 35 32

Tyrosine 19 18

Pro line 36 45

P henyla lan ine 27 24

Iso leu c in e 19 21

A rgin ine 20 42

Lysine 22 25

H is t id in e 13 20

Methionine 7 9

1/2 C ystine 11 13

Tryptophan 15 17

* Based on a m olecular weight of 72,000. 

b Based on a m olecular weight o f  90,000.
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a d d  com position  was subsequen tly  determ ined . The high uptake enzyme 

had s i g n i f i c a n t l y  more g ly c in e  and a rg in in e  and, to  a l e s s e r  e x t e n t ,  

g lu ta m a te /g lu ta m in e ,  l e u c in e ,  p r o l i n e ,  a la n in e  and h i s t i d i n e  were a lso  

e le v a te d .  The da ta  r e p re s e n ts  the  average r e s u l t s  ob ta ined  from the 

a n a ly s i s  of two independent p re p a ra t io n s  o f  each enzyme f r a c t i o n .

16. Immunologic F in d in g s :

A ntibod ies  were r a i s e d  in New Zealand white r a b b i t s  a g a in s t  

the post-B1ogel P-100 p u r i f i e d  low uptake enzyme (SA *»• 105,000 U/mg 

Lowry). Although e f f o r t s  were made to  perform a l l  immunizations with 

a c t iv e  enzyme, due to  the In h e re n t  I n s t a b i l i t y  of the  p u r i f i e d  p ro te in  a 

small p e rcen tage  of the a n t ig e n  was i n a c t iv e .  F igure 19 I l l u s t r a t e s  the 

im m uno ti tra t ion  p r o f i l e s  fo r  the low and high uptake post-Con A enzymes 

using  ammonium s u l f a t e  co n ce n tra te d  a n t i s e r a ;  note t h a t  the  t i t e r  ( f in a l  

d i l u t i o n  o f  a n t i s e r a  which p r e c i p i t a t e d  5055 of the i n i t i a l  a c t i v i t y )  of 

t h i s  a n t i s e r a  w ith the  high uptake enzyme was s l i g h t l y  lower than with 

the low uptake form. The Ochterlony immunodiffusion gel which i s  in ­

s e r te d  in  t h i s  f ig u r e  dem onstra tes  t h a t  the  p o s t -h y d ro x y a p a t i te  p repara ­

t io n s  of the  low and high uptake enzyme (SA *  18,000 U/mg Lowry) re a c te d  

e q u a l ly  well w ith  the r a b b i t  a n t i s e r a  under these  c o n d i t io n s  and each 

shows a s i n g l e ,  v i s i b l e  p r e c ip i t a n  bands. A fte r  O chterlony immunodif­

fu s io n  a n a ly s i s  o f  crude lung homogenates, the  v i s ib l e  p r e c ip i ta n  band 

a lso  r e a c te d  when s ta in e d  with the  a -L - id u ro n id ase  s p e c i f i c  s u b s t r a t e ,  

4MU a - I d ,  f u r t h e r  in d ic a t in g  t h a t  the  a n t ib o d ie s  were recogn iz ing  t h i s  

enzyme (photograph no t shown).
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F i g u r e  1 9 . I m m u n o p r e c i p i t a t i o n  o f  Low a n d  H i g h  U p t a k e  F o r m s  o f  Human

a - L - I d u r o n i d a s e  b y  R a b b i t  A n t i - H u m a n  A n t i b o d i e s .

Enzymatic a c t i v i t y  d e te rm in a t io n s  and the  procedures used fo r  the prepa­

r a t i o n  o f  the r a b b i t  a n t i - lo w  uptake a -L - id u ro n id ase  human a n t ib o d ie s  

a re  desc r ibed  in the Methods s e c t i o n .  For the  im m unoprecip ita tion  

ex p er im en ts ,  the  i n i t i a l  amount of enzyme a c t i v i t y  was 1000 U fo r  both 

the  low and high uptake form s. For the in s e r t e d  O chterlony immunodif­

fu s io n  g e l ,  1500 U each o f  low uptake ( I j )  and high uptake ( I 2 ) enzyme 

were used ; (S) r e p re s e n t s  s a l i n e  con tro l  w e l l s .
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C. C o m p a r a t i v e  G e n e  M a p p in g  o f  Human a n d  F e l i n e  a - L - I d u r o n i d a s e :

1. Immunodiscrimination o f  Human and Murine a -L - Id u ro n id a s e : 

F igure 20 shows an O chterlony double immunodiffusion gel which

dem onstrated  t h a t  the r a b b i t  anti-human a n t ib o d y ,  r a is e d  a g a in s t  p u r i ­

f ie d  low uptake human a -L - id u ro n id a s e ,  was not sp ec ie s  s p e c i f i c ,  but

c ro s s - r e a c te d  with the enzyme from v a r io u s  sou rces .  The p re c ip l ta n  

bands shown in t h i s  O chterloney gel a l so  s ta in e d  fo r  a -L - id u ro n id ase  

a c t i v i t y  (photograph not shown). T h ere fo re ,  im m unoprecip ita tion  and 

e l e c t r o p h o r e t i c  c o n d i t io n s  t h a t  would d is c r im in a te  the human and f e l i n e  

enzymes from t h e i r  ro d en t c o u n te rp a r ts  were In v e s t ig a te d .  Figure 21 

i l l u s t r a t e s  t h a t  when 75 u n i t s  (picomoles 4MU/h/ml) o f  a-L-1duron1dase 

a c t i v i t y  was incubated  w ith 2 pi of the  ammonium s u l f a t e  co n ce n tra te d  

a n t i s e r a ,  l e s s  than 2% o f  the mouse enzyme was recovered  in the immuno- 

p r e c i p i t a t e .  In c o n t r a s t ,  over 6035 o f  the  human enzym atic a c t i v i t y  was 

d e te c te d .  I n t e r e s t i n g l y ,  both the mouse and human enzymes were dep le ted  

from the su p e rn a ta n t  to  an equal e x t e n t  (da ta  not shown). Mixing 

experim en ts  were conducted to  determ ine the r e l i a b i l i t y  o f  the  immuno­

lo g ic  d is c r im in a t io n  a s say .  F igure 22 i l l u s t r a t e s  t h a t  when the t o t a l  

a c t i v i t y  in the  assay  was kept c o n s ta n t  a t  75 II and the  amount o f  human 

enzyme v a r ie d  from zero to  100 p e rc e n t ,  the a c t i v i t y  d e te c te d  1n the 

im m unoprecip ita te  was d i r e c t l y  p ro p o r t io n a l  to  the amount o f  human 

enzyme p re s e n t  in the  m ix tu re .

2. Chromosomal Assignment o f  the  S t ru c tu r a l  Gene f o r  Human a-L- 

Id u ro n id a se :

The im m unoprec ip ita tion  assay  d e t a i l e d  above was used to  d i s ­

c r im in a te  mouse and human a -L - id u ro n id ase  a c t i v i t i e s  in  14 mouse(RAG)-

1 0 7



Figure 2 0 . Immunologic C r o s s - r e a c t i v i t y  o f  Rabbit Anti-Human A ntibodies  

w ith  a -L -Id u ro n id ase  from D if f e r e n t  Sources,

The procedures used fo r  the p re p a ra t io n  of the r a b b i t  a n t i - lo w  uptake 

human a -L - id u ro n id ase  a n t ib o d ie s  a re  d esc r ibed  in the Methods s e c t io n ;  

1500 U (picomoles 4MU/h/ml) of each enzyme source was used . Human 

f i b r o b l a s t s  (H), Chinese hamster f i b r o b l a s t s  (CH), mouse RAG c e l l s  (M) 

and f e l i n e  lym phoblasts ( F ) ; (S) r e p re s e n ts  s a l i n e  c o n t ro l s .
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F i g u r e  2 1 . I m m u n o d i s c r i m i n a t i o n  A s s a y  o f  Human a n d  M ou se  a - L - I d u r o n i -

d a s e  A c t i v i t i e s .

The procedure used fo r  the  im m unodiscrimination assay  o f  a -L - id u ro n id ase  

e x t r a c te d  from human f ib r o b l a s t s  and mouse RAG c e l l s  i s  d esc r ibed  in the

Methods s e c t i o n .  ------  r e p re s e n ts  75 picomole 4MU/h/assay, the  p o in t  of

optimal d i s c r im in a t io n .
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Figure 2 2 . A r t i f i c i a l  Mixing and Im m unoprecip ita tion  o f  Human and Mouse 

a -L -Id u ro n id ase  A c t i v i t i e s .

A r t i f i c i a l  m ix tu res  o f  a -L - id u ro n id a se  a c t i v i t y  were made using enzyme 

e x t r a c te d  from human f i b r o b l a s t s  and mouse RAG c e l l s ;  the  t o t a l  amount 

o f  enzyme p re s e n t  in each m ixture was kept c o n s ta n t  a t  75 picomoles 

4MU/h/ml. Im m unoprecip ita tion  using r a b b i t  anti-hum an a n t ib o d ie s  and

subsequent d e te rm in a t io n s  o f  enzym atic a c t i v i t y  were performed as 

d e sc r ib e d  in  the  Methods s e c t io n .

112



FIGURE 2 2

80
TJ«
o 60
Q.
U0>k .d. 40 
*

20

20 40 60 80 1000

% Human Activity in Assay

1 1 3



human f i b r o b l a s t  som atic c e l l  hybrids (Table 21 ) .  Based on the  p ercen t 

d isco rd an cy ,  these  da ta  in d ic a te d  t h a t  the  s t r u c t u r a l  gene fo r  human 

a -L - id u ro n id ase  was on e i t h e r  chromosome 21, o r  more l i k e l y ,  chromo­

some 22.

Since hybrid  clone R-G-21 con ta ined  both chromosomes 21 and 22 and 

only th re e  o th e r  human autosomes, 1 t  was s e le c te d  fo r  f u r th e r  sub­

c lo n in g .  Of the secondary R-G-21 h y b r id s ,  subclones K and J were po s i­

t i v e  fo r  human a -L - id u ro n id ase  but did  not have chromosome 21, the reby  

lo c a l i z in g  the s t r u c t u r a l  gene to  human chromosome 22 (Table 22).

F u rther  support fo r  these  da ta  was o b ta in ed  when hybrid  R-G-21J, which 

con ta ined  four human chromosomes, was subcloned f u r th e r  and nine t e r t i a ­

ry  hybrids  were examined. Of th e s e ,  two, J-40  and J -4 6 ,  had only  human 

chromosome 22 and were p o s i t iv e  fo r  human a -L - id u ro n id a se  a c t i v i t y .

Figure 23 shows a metaphase chromosome spread o f  t e r t i a r y  hybrid 

J -1 5 ,  which was banded with Trypsin-Giemsa s t a i n ;  note the  presence of

only the  two in d ic a te d  human chromosome 2 2 's .  The absence o f  o ther  

human chromosomes or human-mouse rearrangem ents  was confirmed by subse­

quent G - l l  s t a in in g  (d a ta  no t  shown).

Figure 24 I l l u s t r a t e s  t h a t  the  leve l o f  human a -L - id u ro n id ase  

a c t i v i t y  was c o r r e l a t e d  with the  average number o f  human chromosome 2 2 's  

per c e l l  in the t e r t i a r y  subclones  der ived  from R-G-21. Note t h a t  R-G- 

21J-15 , which con ta ined  an average o f  1.7 chromosome 2 2 's  per c e l l  and 

only  one o th e r  human chromosome, Y, ex p ressed  human a -L - id u ro n id a se  a t  a 

leve l  approxim ate ly  30£ o f  t h a t  in normal d ip lo id  f i b r o b l a s t s .  From 

th ese  d a ta  i t  was determ ined t h a t ,  on the av e ra g e ,  a t  l e a s t  one chromo­

some 22 must be p re se n t  per c e l l  for the im m unoprec ip ita tion  assay  to  

s i g n i f i c a n t l y  d e t e c t  the presence of human a -L - id u ro n id a s e .

1 1 4



TABLE 21

SEGREGATION ANALYSIS OF HUMAN ot-L-IDURONIDASE 

AND HUMAN CHROMOSOMES IN 14 MOUSE-HUMAN SOMATIC CELL HYBRIDS

Human
Chromosome

Concordant D iscordan t
Percen t 

Di sco rd an t+/+ - / - + / - - /+

1 9 1 2 2 28 .6
2 1 2 1 10 78.6

3 9 1 2 2 28.6
4 6 1 2 5 50.0
5 7 0 3 4 50.0

6 6 0 3 5 57.2
7 7 1 2 4 42.8
8 7 1 2 4 42.8

9 1 3 0 10 71.4
10 3 1 2 1 21.4
11 3 1 2 8 71.4
12 5 2 1 6 50.0
13 4 2 1 7 57.1

14 7 1 2 4 42.8

15 8 0 3 3 42 .8

16 3 0 3 8 78.6

17 4 3 0 7 50.0

18 6 2 1 5 42.8

19 4 3 0 7 50.0

20 2 2 1 9 71.4

21 11 1 2 0 14.2
22 11 3 0 0 0.0
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TABLE 22

SEGREGATION ANALYSIS OF HUMAN a-L-IDURONIDASE AND HUMAN CHROMOSOMES 
IN SUBCLONES OF MOUSE-HUMAN SOMATIC CELL HYBRIDS

Hybrid
Clone

Human Chromosomes
Human

a-L -Id u ro n id ase1 3 9 21 22 X Y

Primary:

R-G21 + + + + + + + +

Secondary:

R-G21-A + + + + + + + +

-H + + - + + + + +

-K + - + + - + +

- J - + - + + + +

T e r t i a r y :

R-G21-J-29 - - - - + - -

-36 - - - - - - -

-13 - - - + - + +

oLni - + - + - - +

-14 - + - + - + +

-27 - - - + - + +

-15 - - - + - + +

-40 - - - + - - +

-46 - - - + - - +

11 6



Figure 23. Metaphase Chromosome Spread o f  Mouse-Human Hybrid R-G-21-J15 

S ta ined  with Trypsin-Giemsa.

Procedures used fo r  the  p re p a ra t io n  and s t a in in g  of chromosomes in  t h i s  

metaphase are  d esc r ib ed  in  the Methods s e c t io n .  Arrows in d ic a te  human 

chromosome 22s.
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Figure 24. Human a -L -Id u ro n id ase  A c t i v i t i e s  in  Mouse-Human Somatic Cell 

Hybrids with Varying Chromosome 22 C ontent.

Procedures used fo r  the immunologic d e te rm in a t io n  o f  human a -L - id u ro n i ­

dase a c t i v i t y  and the c y to lo g ic  i d e n t i f i c a t i o n  of human chromosome 22 

a re  d esc r ibed  in the Methods s e c t i o n .  For d e te rm in a t io n  o f  the  chro­

mosome c o n s t i t u t i o n  of each t e r t i a r y  hybrid c e l l  l in e  a t  l e a s t  75 meta­

phase spreads  were examined.
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Figure 25 ( r i g h t )  i l l u s t r a t e s  the e x p re s s io n  of the t o t a l  a-L- 

idu ron idase  s p e c i f i c  a c t i v i t y  1n human f i b r o b l a s t s ,  mouse RAG c e l l s ,  and 

human-mouse somatic c e l l  hybrid  R-G-21J-15 as a fu n c t io n  o f  days in 

c u l t u r e .  For t h i s  experim en t c e l l s  were i n i t i a l l y  p la te d  to  the same
o

c e l l  d en s i ty  1n 75 mm f l a s k s  and allowed to  grow under normal condi­

t i o n s  ( d e ta i l e d  in  the Methods s e c t i o n ) ;  F igure 25 ( l e f t )  shows the  

growth curves ob ta ined  fo r  each l i n e .  Note t h a t  the v a r i a t i o n  o f  the 

enzyme l e v e l s  in  the  hybrid  c e l l  resembled t h a t  observed in the  mouse 

p a re n ta l  l i n e  th roughou t the  experim en t.

3. Regional Gene Assignment fo r  Human a -L - Id u ro n id a se -

In an a t tem p t to  r e g io n a l ly  a s s ig n  the  human a -L - id u ro n id ase  

s t r u c t u r a l  gene, c e l l  l i n e s ,  some tr i s o m ic  and o th e rs  monosomic fo r  

reg io n s  o f  chromosome 22, were ob ta ined  from the Human Genetic Mutant 

Cell R eposito ry . Although the s p e c i f i c  a c t i v i t y  o f  the  co n tro l  enzyme, 

(3-hexosaminidase, was s im i la r  in  these  and the  co n tro l  f i b r o b l a s t  l i n e s ,  

th e  a -L - id u ro n id a se  l e v e l s  were c o n s i s t e n t  with t h a t  expec ted  from a 

gene dosage e f f e c t  (Table 23 ) .  Note t h a t  the  average r a t i o  o f  a -L - 

id u ro n id a se ,  IDA, in the  t r i s o m ic  l i n e s  to  those o f  the  c o n t ro l s  was 

1 .63 , w hile in the monosomic l i n e s  t h i s  r a t i o  was 0 .60 . Comparative 

enzyme assays  fo r  each c e l l  l i n e  were performed on c u l tu r e s  which were 

ha rv es ted  a t  or near the  same c e l l  d e n s i ty .  Based on these  d a ta  the 

s t r u c t u r a l  gene fo r  human a -L - id u ro n id a se  was p r e l im in a r i ly  lo c a l iz e d  to  

the  reg io n  2 2 p te r  -» 22q 11 (F igure  26).
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Figure 2 5 . cx-L-Iduronidase Enzyme Levels  As A Function o f  Cell Growth 

in  Human F ib r o b la s t s ,  Mouse RAG C e l ls  and A Mouse-Human 

Somatic Cell Hybrid.

C e l ls  were i n i t i a l l y  p la te d  to  a d e n s i ty  o f  0 .2 -0 .5  x 105 c e l l s / 7 5  mm2

f l a s k  ( l e f t  pane l)  and allowed to  grow under s tan d a rd  c o n d i t io n s  de­

s c r ib ed  in the Methods s e c t i o n .  At the  in d ic a te d  t im e s ,  the  c e l l s  were 

ha rves ted  by t r y p s i n i z a t i o n ,  washed twice with PBS and a l iq u o ts  were 

removed fo r  c e l l  counting  ( l e f t  pane l)  and enzyme d e te rm in a t io n s  ( r i g h t  

p a n e l ).
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TABLE 2 3

a-L-IDURONIDASE ACTIVITIES IN HUMAN CELL LINES 

CONTAINING STRUCUTRAL REARRANGEMENTS OF CHROMOSOME 22

Cell Line
a -L -Id -

uronidase
j3-Hexos­

aminidase
IDAa

Mean D ip lo id  IDA

{rmol/h/mg) (pmol/h/mg)

P a r t i a l  Trisomy 22 92 .8 23.6 1.63

(22p ter  -* 22q 11)

P a r t i a l  Monosomy 22 34.3 19.9 0 .60

(22p ter  -  22q11)

Normal D iplo id

F ib ro b la s t s

Mean (n=4) 56.8 21.5 1.00

a IDA; a -L -Id u ro n id a se .  The da ta  r e p re s e n ts  the average r e s u l t s  ob­

ta in e d  from s ix  t r i s o m ic  and two monosomic c e l l  l i n e s  which have been 

su b jec ted  to  the an a ly se s  d e t a i l e d  1n the Methods s e c t io n .

12 4



Figure 26. Regional Assignment o f  the Human a -L -Id u ro n id ase  Gene on 

Chromosome 22.

Schematic i l l u s t r a t i o n  o f  the reg iona l chromosomal assignm ent o f  the 

s t r u c t u r a l  gene fo r  human a -L - id u ro n id a s e .  This assignm ent was based on 

experim ents  d e t a i l e d  in the t e x t .  a -L - Id u ro n id a se ; IDA.
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4 .  E l e c t r o p h o r e t i c  S e p a r a t i o n  o f  a - L - I d u r o n i d a s e  I s o z y m e s  an d

Chromosomal Assignment o f  the  Fe line  S t ru c tu ra l  Gene: 

A dd itional c o n f irm a tio n  fo r  the assignm ent o f  the human gene 

fo r  a -L - id u ro n id ase  to  chromosome 22 was ob ta ined  by e l e c t r o p h o r e t i c  

s e p a ra t io n  o f  the human and roden t enzymes. Figure 27 i l l u s t r a t e s  th a t  

when a -L - id u ro n id ase  from human, mouse and Chinese hamster p a ren ta l  

l i n e s  was e le c t ro p h o re s e d  on c e l lu lo s e  a c e ta t e  g e ls  using 10 mM Tris/HCl 

b u f fe r  a t  pH 7 .1 ,  the gel s l i c e d  in to  1 .8  cm s t r i p s  and the enzymatic 

a c t i v i t y  e lu te d  and assay ed ,  the  human and mouse enzymes co-m igrated  

whereas th e  Chinese hamster a c t i v i t y  was more e l e c t r o p o s i t i v e .  F u r th e r ­

more, no te  t h a t  the  f e l i n e  enzyme was a lso  e l e c t r o p h o r e t i c a l l y  sepa ra ted  

from the  Chinese hamster a c t i v i t y .  Human-Chinese hamster hybrids  p o s i ­

t iv e  and negative  fo r  human chromosome 22 were ana lysed  fo r  the presence 

o f  human a -L - id u ro n id ase  using t h i s  e l e c t r o p h o r e t i c  te ch n iq u e ;  the 

r e s u l t s  o f  these  s tu d ie s  f u r t h e r  confirmed t h i s  gene assignm ent to  human 

chromosome 22 (d a ta  no t  shown).

Using the  e l e c t r o p h o r e t i c  method, the f e l i n e  a -L - id u ro n id ase  

s t r u c t u r a l  gene has a l s o  been mapped. T h ir teen  fe l in e -C h in e se  hamster

somatic c e l l  hybrids  were analyzed fo r  the  presence of the  f e l i n e  

enzyme. The s e g re g a t io n  o f  f e l i n e  a -L - id u ro n id ase  and each f e l i n e  chro­

mosome i s  shown in  Table 24. Based on the p e rc e n t  d isco rdancy ,  these  

da ta  in d ic a te d  t h a t  the s t r u c t u r a l  gene fo r  f e l i n e  a -L - id u ro n id ase  was 

lo c a l iz e d  to  f e l i n e  chromosome D4 (F igure 28) .
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Figure 27 . E le c t ro p h o re t ic  S e p a ra t io n  o f  Human, F e line  and Rodent a-L - 

Iduron idase  on C e l lu lo se  A ce ta te .

The procedure used fo r  the e l e c t r o p h o r e s i s  o f  a -L - id u ro n id ase  on c e l l u ­

lo se  a c e ta te  ge ls  and the  d e te rm in a t io n  of enzym atic a c t i v i t y  a re  

desc r ib e d  in  the Methods s e c t i o n .  The c e l lu lo s e  a c e ta t e  gel on the 

r i g h t  has been s ta in e d  w ith  100 pM 4MU a - Id  as d e sc r ib e d  fo r  the i s o -  

e l e c t r o f o c u s in g  s t u d i e s .  The enzyme sources  were: f e l i n e  lym phoblasts  

(Lane A), Chinese hamster f i b r o b l a s t s  (Lane B) and Chinese hamster 

lym phoblasts (Lane C).
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TABLE 2 4

SEGREGATION ANALYSIS OF FELINE a-L-IDURONIDASE AND 

FELINE CHROMOSOMES IN 13 HAMSTER-FELINE SOMATIC CELL HYBRIDS

Fel ine
Chromosome

Concordant Di sco rdan t
Percent  

Di scordan t+/+ - / - + / - - /+

A1 1 4 7 X 6X.5

A2 6 4 2 X 23.0
A3 4 2 4 3 53.8

B1 3 3 5 X 50.0
B2 3 4 5 0 4X.8

B3 8 2 0 3 23.0
B4 4 2 4 3 53.8

Cl 2 5 6 0 46.2

C2 5 2 3 3 46.2

D1 4 5 4 0 30.8
D2 1 5 7 0 53.8

03 3 5 5 0 38.5

EX 0 5 8 0 6X.5

E2 0 5 8 0 61.5

E3 X 3 7 X 66.8

FI 0 5 8 0 6X.5

F2 3 4 5 X 46.2

X 8 2 0 3 23.0

D4 7 5 X 0 7.7

1 3 0



F i g u r e  2 8 . C o m p a r a t i v e  G e n e  A s s i g n m e n t s  f o r  t h e  Human a n d  F e l i n e  a - L -

I d u r o n l d a s e  S t r u c t u r a l  G e n e s .

Schematic summary of  the comparat ive chromosomal ass ignments  of  the 

s t r u c t u r a l  genes for  human and f e l i n e  a -L - i d u ro n id a s e .  a -L - Idu ron idase  

(IDA); ino rgan ic  pyrophosphatase (PP);  hexokinase (HK).
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DISCUSSION

A. Glycosaminoglycan A nalyses :

The a n a l y s i s  of  GAGs in b io lo g ic  m a t e r i a l s  has been markedly f a c i l ­

i t a t e d  by the a p p l i c a t i o n  of  e l e c t r o p h o r e t i c  te ch n iq u es .  Since most of  

th e se  methods do not  complete ly  r e s o lv e  a l l  o f  the major GAGs, e l e c t r o ­

pho re s i s  in severa l  d i f f e r e n t  systems has been requ i red  to  confirm the 

i d e n t i f i c a t i o n  of  the in d iv id u a l  components of  complex m ix tu re s .  

Recent ly ,  a d iscon t inuous  e l e c t r o p h o r e t i c  method has been developed 

which permi ts  the s e p a r a t i o n  of  a l l  the mammalian GAGs in a monodimen- 

s iona l  run (19).  However, the two e thano l  p r e c i p i t a t i o n  s teps  r eq u i re d  

to  achieve  complete s e p a r a t i o n  of  the GAGs 1n t h i s  system caused de­

c reased  and v a r i a b le  r e c o v e r i e s  of  ind iv idua l  GAGs when app l ied  to  the 

e l e c t r o p h o r e t i c  system descr ibed  w i th in  t h i s  t h e s i s  (Table 8 ) .  In ad d i ­

t i o n ,  t h i s  d i scon t inuous  method r eq u i re d  a s p e c i a l l y  designed e l e c t r o ­

p h o r e t i c  a p p a ra tu s .  Thus,  the major advantages of  the newly developed 

system were 1) the s e p a ra t i o n  of  s i x  major GAGs in a s i n g l e ,  con t inuous ,  

monodimensional r u n ,  2) the improved recovery  a l lowing fo r  more r e l i a b l e  

q u a n t i t a t i o n  o f  the Ind iv idua l  GAGs, and 3) the use o f  commercial ly 

a v a i l a b l e  equipment.  In a d d i t i o n ,  the p a t t e r n  of  GAG s e p a r a t i o n  was 

d i f f e r e n t  in t h i s  system than  those of  p r ev ious ly  repo r te d  e l e c t r o p h o ­

r e t i c  methods,  the reby  providing a usefu l  a d ju n c t  fo r  the i d e n t i f i c a t i o n  

o f  GAGs in b io lo g ic a l  samples.

Sample a p p l i c a t i o n  was ex t remely  im por tan t  fo r  achiev ing optimal 

GAG r e s o l u t i o n  in the e l e c t r o p h o r e t i c  ru n s .  Use of  the Beckman micro­

zone ce l lo g e l  appara tus  pe rm i t ted  sample a p p l i c a t i o n  in narrow, 0 .75 cm 

bands. Even so s l i g h t  d i f f u s i o n ,  presumably due to  the h e t e ro g en e i ty
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of  the a v a i l a b l e  s t a n d a r d s ,  was observed a f t e r  e l e c t r o p h o r e s i s .  The s ix  

GAGs may a l so  be sepa ra ted  using the  l a r g e r  Chemltron e l e c t r o p h o r e t i c  

t ank  and a p p l i c a t o r .  However, use of  t h i s  equipment reduced the r e s o l u ­

t i o n .  Recently ,  C a p p e l l e t t i  and co-workers  achieved sharp  bands by pre ­

e q u i l i b r a t i n g  p a r t  o f  the gel in d i s t i l l e d  water  (19 ) .  Attempts to  

apply t h i s  technique  in the system re p o r te d  here r e s u l t e d  in reduced GAG 

s e p a r a t i o n .

I t  was noted t h a t  d i f f e r e n t  p r e p a r a t i o n s  of  c h o n d ro i t in  s u l f a t e  

migrated  to  d i f f e r e n t  l o c a t i o n s ;  an o b s e rv a t io n  which i s  p o s s i b ly  due to  

the  var ious  amounts of  heterogeneous  components p r e s e n t  in the samples 

(11) which may e f f e c t  the m ig ra t io n  p a t t e r n .  Most GAG p r e p a r a t i o n s ,  

e s p e c i a l l y  C6S, CAS, HS and HP, a re  heterogeneous  with  r e s p e c t  to  the 

p ropo r t ion  of  s u l f a t e d  u ron ic  a d d  m o i e t i e s .  This v a r i a t i o n  1s depen­

den t  on both the s p ec ie s  and t i s s u e  from which the  in d iv id u a l  GAGs are 

i s o l a t e d .  T h ere fo re ,  s ince  the  degree of  s u l f a t i o n  may a l t e r  the  l i n e a r  

charge d e n s i ty  and subsequent  io n i c  b in d in g ,  the same GAG ob ta ined  from 

var ious  sources  may have s l i g h t l y  d i f f e r e n t  e l e c t r o p h o r e t i c  m o b i l i t e s .  

For example,  a C6S sample (75% pure from r i v e r  s tu rgeon  c r a n i a l  c a r t ­

i l a g e )  migra ted  near HS but  could not  be c o n s i s t e n t l y  re so lved  from C4S. 

However, a d i f f e r e n t  C6S p r e p a r a t i o n  (from shark  c a r t i l a g e )  co-migra ted 

with HS and was r e a d i l y  d i s t i n g u i s h e d  from C4S (da ta  not  shown). The 

C4S s t a n d a rd s  used in these  exper iments  included a 90% pure sample i s o ­

l a t e d  from r i v e r  s tu rgeon  notochord and a commercial p r e p a ra t io n  from 

whale c a r t i l a g e ;  both  s tanda rds  co-migra ted  in t h i s  system. I t  should 

a l s o  be noted t h a t  only  h igh ly  p u r i f i e d  GAG p r e p a r a t i o n s  should be used 

as s tandards  to  in su re  band sharpness  and inc re ased  r e s o l u t i o n ,  the reby  

enhancing the r e l i a b i l i t y  o f  GAG i d e n t i f i c a t i o n  in b io l o g ic  samples.
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F i n a l l y ,  i t  i s  impor tan t  to  r e a l i z e  t h a t  due t o  t h e i r  complex s t r u c t u r e  

the complete a n a l y s i s  o f  GAGs in b io lo g ic  t i s s u e s  r e q u i r e s  a v a r i e t y  of  

e l e c t r o p h o r e t i c ,  enzymatic and chemical t e c h n iq u e s .  Since the I d e n t i f i ­

c a t io n  o f  ind iv idua l  GAGs by co -m ig ra t ion  with re fe renc e  s tandards  in a 

s i n g l e  e l e c t r o p h o r e t i c  system has been cons idered  Inadequate  (17 ) ,  i t  i s  

im pera t ive  t h a t  a v a r i e t y  of  d i f f e r e n t  s e p a r a t i o n  procedures  be cooper­

a t i v e l y  employed.

The p re l im in a ry  da ta  ob ta ined  upon exam inat ion of the s to red  GAGs 

in a v a r i e t y  o f  t i s s u e s  and f l u i d s  of  human and f e l i n e  MPS I in d i v id u a l s  

emphasizes the value of  t h i s  new a n a l y t i c a l  method. As expec ted ,  most of  

the samples examined from the  human MPS I-H in d i v id u a l s  showed subs tan ­

t i a l  accumula t ion of  both dermatan s u l f a t e  and heparan s u l f a t e ,  the  two 

predominant GAGs which are p h y s io log ic  s u b s t r a t e s  f o r  a -L - idu ron idase  

(13 ) .  S u r p r i s i n g l y ,  the kidney specimen from one MPS I-H in d iv id u a l  

d id  no t  show s u b s t a n t i a l  accumulat ion of  e i t h e r  s u b s t r a t e ,  al though  

exce ss ive  GAGs were e x c re te d  in the  u r ine  of  t h i s  same p a t i e n t  (Table 

9) .  I n t e r e s t i n g l y ,  the l i v e r  from a d i f f e r e n t  MPS I-H homozygote s to r e d  

only  dermatan s u l f a t e  (F ig .  5 ) ;  a number o f  s p e c u la t iv e  i n t e r p r e t a t i o n s  

may be o f f e r e d  to  account  fo r  th e se  f i n d i n g s .  Both dermatan s u l f a t e  and 

heparan s u l f a t e  co n ta in  u ron ic  ac id  m o ie t i e s  and are p o t e n t  i n h i b i t o r s  

o f  human a -L - id u ro n id as e  a c t i v i t y  (F ig .  17),  however, i t  i s  po s s ib le  

t h a t  the mutant  a - L - i d u r o n id a s e ( s )  p r e s e n t  in these  ( and /o r  o th e r )  MPS I 

i n d i v i d u a l ( s )  r e t a i n s  d i f f e r e n t i a l  r e s id u a l  c a t a l y t i c  a c t i v i t y  towards 

one GAG, bu t  not  a n o t h e r .  Furthermore ,  i t  i s  a l s o  p o s s ib le  t h a t  d i f f e r ­

e n t i a t e d  c e l l s  ( I . e . ,  h epa tocy te s )  possess  a l t e r n a t i v e  GAG-specific 

c a t a b o l i c  pathways which may bypass the n e c e s s i t y  fo r  normal a-L-1duron-  

idase a c t i v i t y .  Fur ther  suppor t  for  th e se  hypotheses r e q u i r e s  a d d i t i o n ­
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al  ana ly se s  of  specimens from a number of  d i f f e r e n t  MPS I-H in d i v i d u a l s  

and a comprehensive survey of  the s to r e d  GAGs in o the r  t i s s u e s  of  these  

same p a t i e n t s .

The p re l im in a ry  da ta  ob ta ined  with the f e l i n e  MPS I homozygote 

f u r t h e r  emphasizes the  need to  i n v e s t i g a t e  the s u b s t r a t e  s p e c i f i c i t y  of  

the f e l i n e ,  as  well as  human, a-L- iduron1dase enzymes. In each of  the 

t i s s u e s  examined dermatan s u l f a t e ,  but not  heparan s u l f a t e ,  could be 

shown to  accumula te ;  however, a n a l y s i s  of  the u r ine  sample revea led  t h a t  

small amounts of  heparan s u l f a t e  may be e x c r e t e d .  I t  i s  a l s o  i n t r i g u i n g  

to  note t h a t  h e p a r i n ,  an Idu ron ic  ac id  con ta in ing  GAG which i s  the most 

po ten t  i n h i b i t o r  of  human a -L - idu ron idase  a c t i v i t y  (Table 17),  d id  not  

accumulate in any of  the t i s s u e s  or  f l u i d s  of  human or f e l i n e  MPS I

homozygotes; perhaps a d d i t i o n a l  deg rada t ive  pathways e x i s t  fo r  t h i s  

e s s e n t i a l  m e t a b o l i t e .  F i n a l l y ,  t h i s  new a n a l y t i c a l  tool  may now be 

employed to  p r e c i s e l y  c h a r a c t e r i z e ,  for  the f i r s t  t ime,  the s to r e d  GAGs 

in v i s c e r a l  and neuronal  t i s s u e s  from MPS I-S (Scheie)  and MPS I-H/S 

(H u r le r /S ch e ie )  in d i v id u a l s  in an a t tem p t  to b iochemically  dec ipher  the 

dramatic  phenotypic v a r i a t i o n s  observed w i th in  the a -L - idu ron idase  

d e f i c i e n c y  d i s e a s e s .

B. 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  of  Low and High Uptake Forms of

Human a - L - I d u r o n i d a s e :

a -L - idu ron idase  has served as a p ro to ty p ic  model fo r  s t u d i e s  of  

lysosomal enzyme process ing  and t r a n s p o r t .  In 1971, Barton and Neufeld 

re p o r te d  the f i r s t  p u r i f i c a t i o n  o f  the  "Hurler  c o r r e c t i v e  f a c t o r "  from 

normal human u r in e  (53) .  This p u r i f i c a t i o n  was monitored by measuring 

the a b i l i t y  of  the " f a c t o r "  t o  degrade accumulated [SO^] glycosamino-
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glycans  in c u l tu r e d  Hur ler  f i b r o b l a s t s ;  on the b a s i s  of  t h i s  assay the 

" f a c t o r "  (high uptake form) was en r i c h e d  100- fold  (approximate ly  10% 

pure)  in  the  f i n a l  p r e p a r a t i o n .  Some i n t r i g u i n g  o bse rva t ions  were 

genera ted  by t h i s  e a r l y  work. At high s a l t  c o n c e n t r a t i o n s  (0 .5  M NaCl) 

the  enzymes apparen t  molecula r  weight  as determined by gel f i l t r a t i o n  

was e s t im a ted  a t  87,000;  however, a t  low s a l t  c o n c e n t r a t i o n s  ( 0 . 1M 

NaCl) i t  tended to  aggrega te  and become i n a c t i v e .  In a d d i t i o n ,  the 

c o r r e c t i v e  a c t i v i t y  could be re so lved  in to  two peaks by hydroxyapa t i te  

chromatography.  On the b a s i s  of  binding to  the c a t i o n  exchange r e s i n ,  

ca rbox y m e th y lce l lu lo se ,  and polyacrylamide gel e l e c t r o p h o r e s i s  the i s o ­

e l e c t r i c  p o in t  was e s t im a te d  to  l i e  between pH 4 .5  and 6 .3 .

L a te r ,  in  1976, with the  a v a i l a b i l i t y  of  the phenyl-a -L- iduron1de 

s u b s t r a t e  Rome e t  al_. (54) under took the p u r i f i c a t i o n  of  human kidney 

a -L - id u ro n id a s e .  Their  f i n a l  p r e p a ra t io n s  were judged to be *  70% pure 

on the b a s i s  of  polyacrylamide gel e l e c t r o p h o r e t i c  s t u d i e s .  F i f t y  

percen t  of  the i n i t i a l  enzyme a c t i v i t y  was never s o l u b i l i z e d  from the 

membranes in these  p r e p a r a t io n s  and th e r e f o r e  very l im i t e d  y i e l d s  { *\» 150 

to  200 pg p u r i f i e d  p r o t e i n )  were ob ta ined .  The p a r t i a l l y  p u r i f i e d  

enzyme was p o s tu la te d  to  be a dimer with a na t ive  molecular  weight  of

60,000 ± 6,500 and a s u b u n i t  molecula r  weight  o f  31,000 ± 6,500.  All o f  

the p u r i f i e d  enzyme was of  the low up ta ke ,  n o n -c o r r e c t iv e  form.

In t h i s  t h e s i s ,  a novel p u r i f i c a t i o n  procedure for  the  i s o l a t i o n  of  

a -L - idu ron idase  from a human t i s s u e  i s  d e s c r ib e d .  Lung was chosen as

the  enzyme source because i t  had more than  four  t imes the  s t a r t i n g  

a c t i v i t y  o f  o th e r  t i s s u e s  t e s t e d  (o th e r  than  c u l tu r e d  skin f i b r o b l a s t s ) ,  

was a v a i l a b l e  in  l a rg e  q u a n t i t i e s  and a m a jo r i t y  of  the contaminating  

p r o t e i n  was hemoglobin,  which could be e a s i l y  sepa ra ted  from the enzyme
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by Con A-Sepharose chromatography.  The i n i t i a l  c o n d i t io n s  t h a t  were 

e s t a b l i s h e d  fo r  the t i s s u e  homogenizat ion were op timized fo r  the c o i s o ­

l a t i o n  of  ano the r  connec tive  t i s s u e  enzyme, p ro l i n e  hydroxylase (126).  

However, the use of  an a l k a l i n e  homogenizat ion b u f f e r ,  pH 7 .3 ,  did not  

d e s t a b i l i z e  the a-L-1duron1dase a c t i v i t y  1n the e a r l y  s tag es  of  the pur­

i f i c a t i o n .  In a d d i t i o n ,  the use of  the non-ion1c d e t e r g e n t ,  non ide t  

P-40, a f fo rd ed  g r e a t e r  than 90* recovery  o f  the  t o t a l  a -L - idu ron idase  

a c t i v i t y  from the  membranes.

I n i t i a l  exper imen ts  were des igned to  t e s t  the behavior  of  the s o l ­

u b i l i z e d  enzyme on the anion exchange r e s i n ,  DEAE-cellulose.  I t  was ob­

served  t h a t  the t o t a l  a c t i v i t y  which bound to  the column a t  pH 7.3 could 

be re so lved  in t o  two major peaks,  one which e l u t e d  a t  ^  0.075 M NaCl 

and ano the r  t h a t  e l u t e d  a t  ^  0.32 M NaCl when l i n e a r  s a l t  g r a d i e n t s  were 

e s t a b l i s h e d .  I t  must be noted t h a t ,  a f t e r  homogenizat ion,  the pH of the 

su p e rn a ta n t  was reduced to  *  6 .50 ,  presumably due to  the r e l e a s e  of  

endogenous a c i d s ;  i f  the pH was r e a d j u s t e d  to  7 .3  p r io r  to  applying the 

samples to  the DEAE-cellulose,  the r e s p e c t iv e  f r a c t i o n s  e l u t e d  a t  

^  0 .18  M and ^  0 .45 M NaCl. P re l iminary  s t u d i e s  in d i c a te d  t h a t  the en­

zyme from both f r a c t i o n s  q u a n t i t a t i v e l y  bound Con A-Sepharose and had 

molecu la r  weights  below 100,000.  I s o e l e c t r i c  focus ing s t u d i e s  using 

crude homogenates and the f l u o r l m e t r i c  4MU a - I d  s u b s t r a t e  to  v i s u a l i z e  

the enzyme revea led  t h a t  the  t o t a l  a c t i v i t y  ran as a broad band with a 

pi  range of  5 .8 5 -7 .3 5 ;  two major peaks of  a c t i v i t y  were d e tec te d  and 

o th e r  minor bands could be v i s u a l i z e d .  This was the f i r s t  i n d i c a t i o n  

t h a t ,  using the p r e s e n t l y  de sc r ib e d  homogenizat ion p rocedure ,  m u l t ip l e  

forms o f  a -L - id u ro n id ase  a c t i v i t y  might be p r e s e n t  in human lung.

For the  purpose of  the la rge  s c a le  p u r i f i c a t i o n  ( t y p i c a l l y  with
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8-10 kg wet weight  of  t i s s u e )  a g r a d ie n t  e l u t i o n  from the DEAE-cellulose 

could not  be p r a c t i c a l l y  employed; t h e r e f o r e ,  the  homogenizat ions were 

done in the presence  of  0 .1  M NaCl. The low up take ,  l e s s  e l e c t r o n e g a ­

t i v e  a -L - id u ro n id ase  f r a c t i o n  ( ^  80% of  the t o t a l  i n i t i a l  a c t i v i t y )  was 

recovered in the column flow-through and wash while the high uptake 

enzyme f r a c t i o n  20% of the t o t a l  i n i t i a l  a c t i v i t y )  was batch e l u t e d  

us ing b u f f e r  con ta in in g  0 . 6  M NaCl.

The a -L - id u ro n id a s e  a c t i v i t y  which was p r e s e n t  in the 0.1 M NaCl 

e l u a n t  c o - e l u t e d  with  hemoglobin from the  DEAE-cellulose column. In 

a d d i t i o n ,  a small amount of  hemoglobin was a l s o  found in the high s a l t  

e l u a n t  and th e r e f o r e  the next  s t e p  in the p u r i f i c a t i o n  was Con A-Seph­

a r o s e ,  which r e a d i l y  s epa ra ted  t h i s  ub iqu i tous  p r o t e i n  from a -L - id u ro n ­

i d a s e .  This s tep  r e s u l t e d  in a l a rg e  p u r i f i c a t i o n  of  the low uptake 

enzyme ( ^  350-fo ld )  and a s m a l l e r ,  y e t  s i g n i f i c a n t ,  p u r i f i c a t i o n  of  the 

high uptake enzyme ( 'b 2 5 - f o l d ) ,  The s p e c i f i c  a c t i v i t i e s  of  the  two 

f r a c t i o n s  a t  t h i s  s tage  in the enzyme p u r i f i c a t i o n  were s i m i l a r .  

Hydroxyapati te  chromatography was performed e s s e n t i a l l y  as desc r ibed  by 

Rome e t  al_. (54 ) .  A s l i g h t  amount of  enzyme t r a i l i n g  was observed with 

t h i s  column and maximal p u r i t y  was achieved by c o l l e c t i n g  only the peak 

f r a c t i o n s .  Both forms o f  the enzyme became in c r e a s i n g l y  u n s tab le  a f t e r  

t h i s  s t e p  and a v a r i e t y  of  te chn iques  were eva lu a te d  fo r  op timiz ing  the 

s t a b i l i t y .  Addit ion  of  0.1 M D(+)mannose to  the p r e p a r a t i o n s ,  t o g e th e r  

with the high s a l t  envi ronment (100 mM NaPi, 0 .5  M NaCl) s u b s t a n t i a l l y  

inc reased  the  s t a b i l i t y .  In a d d i t i o n ,  a t  t h i s  s tage  1 t  was advantageous 

to  change the b u f f e r  to  c i t r a t e  phosphate ,  pH 4 . 0 ;  the se  co n d i t io n s  were 

main ta ined  th roughout the remainder of  the p u r i f i c a t i o n .

The molecular  weight  f in d in g s  repo r te d  here are c o n s i s t e n t  with
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what has been repo r ted  p rev io u s ly  (5 3 ,5 4 ) ,  The high uptake enzyme's 

molecular  weight  e s t im a te  of  85,000 by gel f i l t r a t i o n  (90,000  fo r  the  

h i g h e s t ,  c o n s i s t e n t l y  p r e s e n t  molecula r  weight  component when determined 

by SDS polyacry lamide  gel e l e c t r o p h o r e s i s )  was s i m i l a r  to  what Barton 

and Neufeld determined fo r  the u r in a r y  “H ur le r  C o r rec t ive  F a c to r " .  Al­

though i t  was no t  found t h a t  the  high  uptake enzyme could be f r a c t i o n ­

a ted  in t o  two peaks by hyd ro^ya pa t i t e  chromatography (5 3 ) ,  a s i g n i f i c a n t  

amount of  t r a i l i n g  was observed us ing  t h i s  column. The molecula r  weight  

e s t i m a t e  fo r  the low uptake enzyme of  68,000 ( 72 , 000 by SDS gel e l e c ­

t r o p h o r e s i s )  was c o n s i s t e n t  with the  value re p o r te d  fo r  the  p a r t i a l l y  

p u r i f i e d  human kidney enzyme, 60,000 ± 6,500.  R ecen t ly ,  F|yerowitz and 

Neufeld (46) re p o r te d  t h a t  the molecula r  weights  determined a f t e r  1m- 

m u n o p rec ip i t a t io n  and SDS polyacry lamide  gel e l e c t r o p h o r e s i s  of  the high 

and low uptake enzymes from human f i b r o b l a s t s  were 76,000 and 66,000,  

r e s p e c t i v e l y .

The prev ious  e s t im a te  of  the  I s o e l e c t r i c  p o in t  of  a -L- iduron1dase  

(53) using ion exchange column ch ro m a to g ra p h  and polyacrylamide gel 

e l e c t r o p h o r e s i s  was a l s o  c o n s i s t e n t  with the f i n d i n g s  p resen ted  here .  

The e x i s t e n c e  o f  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  forms o f  a-L-1duron1dase 

in the  human lung crude homogenates may be due p o s t - t r a n s l a t i o n a l  modif­

i c a t i o n s  ( i . e . ,  g ly c o s l y a t l o n  and /o r  p r o t e o l y s i s )  e v e n t s .  This observa­

t i o n  has been p r e v io u s ly  made with a number of  o t h e r  lysosomal enzymes 

(42-46) a l though  none of  the In te rm ed ia te  enzyme forms have been i s o ­

l a t e d ,  p u r i f i e d  or  c h a r a c t e r i z e d  p r e v io u s l y .  The two major bands ( p i ' s  

o f  6.00 and 6.85) m^y correspond to  the high and low uptake enzymes,  

r e s p e c t i v e l y ;  f u r t h e r  s t u d i e s  a re  underway to  conf irm these  f i n d i n g s .

The gel e l e c t r o p h o r e s i s  and HPLC da ta  ms*y be summarized as fo l lo w s .
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Both the  low and high uptake forms of  the pre-HPLC p u r i f i e d  enzymes (SA 

o f  105,000 U/mg Lowry p r o t e i n )  ran  as s i n g l e  bands on na t ive  7% poly­

acry lamide d i s c  g e l s  when 150 pg of  each p ro t e i n  was a p p l i e d .  However, 

when th e se  same samples were run under dena tu r ing  c o n d i t io n s  on 10% SDS 

polyacrylamide g e l s ,  a number of d i s c r e t e  bands were v i s u a l i z e d  with 

Coomassie Blue s t a i n .  S u r p r i s i n g l y ,  for  the same enzyme p re p a ra t io n  a l l  

or  some combination o f  these  bands were i d e n t i f i e d  in each d i f f e r e n t  

e l e c t r o p h o r e t i c  exper iment and,  in a d d i t i o n ,  t h e i r  r a t i o  v a r i e d .  Fur­

th e rm ore ,  a number o f  the se  bands (72 ,000  and 43,000)  were c o n s i s t e n t l y  

p r e s e n t  in both forms of  the enzyme while o th e r s  (88,000 and higher ag­

g re g a t e s )  were p r e s e n t  only  in  the high uptake enzyme. O ccass iona l ly ,  

o th e r  bands (55,000 and 28,000) were i d e n t i f i e d  1n both enzyme p repara­

t i o n s  (d a ta  not  shown). When these  samples were run on the HPLC a 

number of  p r o t e i n  peaks were r ecove red ;  when assayed  with the 4MU a - I d  

s u b s t r a t e  each p r o t e i n  peak had c a t a l y t i c  a c t i v i t y .  Fur thermore ,  the 

s p e c i f i c  a c t i v i t y  1n each peak was f a i r l y  c o n s t a n t .  When the enzymes 

were s to r e d  fo r  v a r io u s  l e n g th s  of  time a t  4°C dur ing  e a r l y  s tag es  in 

the  p r e p a r a t io n  a d d i t i o n a l ,  i n t e rm ed ia te  MW SDS bands appeared in the 

f i n a l  p r e p a r a t i o n s .  This  may be due to  endogeneous p r o t e o l y s i s  s ince  

the  low l e v e l s  o f  PMSF (0.01 mM) employed mcy no t  be s u i t a b l e  to  com­

p l e t e l y  i n h i b i t  the p r o t e o l y t i c  enzymes p r e s e n t  in t h i s  r i c h  source ,  

human lung (28) .

A model may be advanced t o  e x p la in  these  d a t a .  I t  1s proposed t h a t  

the  I n i t i a l  a-L-1duron1dase gene product  i s  an 85-90,000 pep t ide which 

posse sses  4MII a - Id  c a t a l y t i c  a c t i v i t y ;  t h i s  i n i t i a l  p roduc t  con ta in s  the 

lysosomal "signal  p e p t id e "  and 1s subsequen tly  g ly c o s y l a t e d .  I t  1s t h i s  

form of  the  enzyme which i s  high uptake and i s  s lowly p o s t - t r a n s l a t i o n -
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a l l y  processed  in to  low uptake forms;  p r o t e o l y t i c  and carbohydrate 

p rocess ing  of  lysosomal enzymes has been observed p re v io u s ly  (42 ,45) .  

Myerowitz and Neufeld (4 6 ) ,  a f t e r  p u l s e -c h a s in g  normal f i b r o b l a s t s ,  

immunoprecip i ta t ing  with anti-human a -L - id u ro n id a s e  a n t ib o d ie s  and 

V8 p ro tea se  d ig e s t i n g  the p r e c i p i t a t e d  p r o t e i n s  have observed a prom­

in e n t  46,000 band de r ived  from the  66 ,000 ,  low uptake enzyme which r e ­

p laces  a band of  56,000 de r ived  from the l a r g e r  high uptake forms.  I t  

i s  p o s s ib le  t h a t  the prominent 43,000 band t h a t  was observed in the pur­

i f i e d  lung p r e p a r a t i o n s  was the r e s u l t  o f  a s i m i l a r ,  endogenous type of  

p r o t e o l y s i s .  Furtherm ore ,  using a modi fied a f f i n i t y  p u r i f i c a t i o n  method 

a prominant  55,000 s p e c i e s  in the high uptake enzyme p r e p a r a t i o n s  has 

been observed (da ta  not  shown). The p r e s e n t  da ta  i n d i c a t e  t h a t  upon 

s to rag e  of  the p a r t i a l l y  p u r i f i e d  high uptake enzyme f r a c t i o n  a t  4°C f o r  

1 week i t  was conver ted  In to  the  low uptake forms.  In t h i s  model i t  i s  

proposed t h a t  any o f  the  In te r m e d ia t e ,  p r o t e o l y t i c a l l y  modified forms 

which r e t a i n  a c a t a l y t i c  s i t e  w i l l  possess  4MU a - I d  a c t i v i t y .  To d a t e ,  

the s m a l l e s t  MW s p e c ie s  i s o l a t e d  by HPLC which r e t a i n e d  c a t a l y t i c  

a c t i v i t y  i s  ^  28,000 (da ta  not  shown). The occas iona l  appearance of  

c o i n c id e n t  SDS bands in each enzyme p r e p a r a t i o n  i n d i c a t e s  e i t h e r  incom­

p le t e  s e p a r a t i o n  of  the high and low uptake forms by DEAE-cellulose 

chromatography* co n v e r s io n  of  high uptake i n t o  low uptake enzyme dur ing 

the p u r i f i c a t i o n ,  or a l t e r n a t i v e l y ,  the  e x i s t e n c e  o f  a common pept ide  

backbone in  both enzyme forms.  F i n a l l y ,  i t  should be noted t h a t  the 

high uptake enzyme c o n s i s t e n t l y  had molecula r  weight  sp e c ie s  which were 

g r e a t e r  than  those found in the low uptake enzyme. One which was p re ­

dominant in each  o f  the high uptake p r e p a r a t io n s  has a MW ^  90,000;  

o th e r  h ighe r  agg rega te s  were o c c a s i o n a l l y  observed .
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The k i n e t i c ,  pH and thermal s t a b i l i t y  p r o p e r t i e s  of  the low uptake 

lung enzyme f r a c t i o n  using the  a r t i f i c i a l  s u b s t r a t e ,  phenyl a - I d  and the 

n a tu ra l  s u b s t r a t e  anhydro[ H]man were s i m i l a r  to  those p rev io u s ly  r e ­

por ted  by Rome ert al_. (54) fo r  the p a r t i a l l y  p u r i f i e d  low uptake kidney 

enzyme. In a d d i t i o n ,  t h i s  i s  the f i r s t  r e p o r t  of  the physicochemical 

c h a r a c t e r i z a t i o n  of  any a-L-1duron1dase s p ec ie s  us ing  the r e c e n t l y  syn­

th e s i z e d  4MU a - I d  s u b s t r a t e .  The pH optimum of  3.50 f o r  the low uptake 

lung enzyme us ing phenyl a - I d  was s l i g h t l y  lower than t h a t  p rev ious ly  

re p o r te d  ( 4 .0 0 ) .  However, t h i s  i s  w i th in  the v a r i a b i l i t y  expec ted  

between d i f f e r e n t  l a b o r a t o r i e s .  While the de te rm in a t io n s  us ing  t h i s  

s u b s t r a t e  were v i r t u a l l y  i d e n t i c a l  to  those ob ta ined  in the kidney 

p r e p a r a t io n s  (54) ,  the apparen t  Vmax was c o n s id e ra b ly  h igher  for  the 

lung p r e p a r a t i o n  (83 vs .  6 .00 pmoles/mg/min).  I n t e r e s t i n g l y ,  the

de te rm in a t io n  for  the lung p r e p a ra t io n  us ing the  n a tu ra l  s u b s t r a t e  was 

s u b s t a n t i a l l y  lower than  t h a t  r ep o r te d  f o r  the kidney enzyme (0 .8 6  v s .

9 .0  mM) while the apparen t  Vmax va lues  were nea r ly  i d e n t i c a l .  A number 

o f  p o s s i b i l i t i e s  may be proposed fo r  the se  d i s c r e p a n c i e s  inc lud ing  

d i f f e r e n c e s  in s u b s t r a t e  p r e p a ra t io n s  and assay  b u f f e r s ,  t i s s u e  s p e c i f ­

i c i t y  and degree o f  enzyme p u r i t y .

The k i n e t i c  and thermal s t a b i l i t y  da ta  ob ta ined  fo r  the lung high 

uptake enzyme f r a c t i o n  were remarkably s i m i l a r  to  those fo r  the low up­

take  enzyme. In a d d i t i o n ,  a l though  the pH optima were s l i g h t l y  h igher  

for  the  high uptake enzyme, they  were w i th in  0 .5  pH u n i t s  of  those ob­

t a in e d  fo r  the low uptake enzyme. C a t a l y t i c  s i m i l a r i t i e s  between high 

and low uptake enzyme forms have been p rev ious ly  r e p o r te d  (48) .

Despi te  the se  s i m i l a r i t i e s  the two p u r i f i e d  enzyme f r a c t i o n s  i n t e r ­

ac ted  q u i t e  d i f f e r e n t l y  with var ious  g lycosaminoglycans .  Although most
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GAGs in h i b i t e d  both enzymatic a c t i v i t i e s ,  the  e f f e c t  was much l e s s  ex­

treme on the high uptake enzyme f r a c t i o n ;  Heparin was the most po ten t  

i n h i b i t o r  o f  both enzymes. Chondroit in  s u l f a t e s ,  which do not  con ta in  

u ron ic  ac id  m o i t i e s ,  i n h i b i t e d  both enzymatic a c t i v i t i e s  and hya lu ro n ic  

a c i d ,  which con ta in s  a high percentage  of  u rona te s  but  i s  no t  s u l f a t e d ,  

p a r t i a l l y  i n h i b i t e d  the low uptake enzyme but  did  not  e f f e c t  the high 

uptake form. Dermatan s u l f a t e  and heparan s u l f a t e ,  the two predominant 

GAGs e x c re te d  in MPS I-H u r i n e ,  were not  very po ten t  i n h i b i t o r s  of  the 

high uptake enzyme. Toge ther ,  the se  r e s u l t s  i n d i c a t e  t h a t  the c a t a l y t i c  

s i t e s  of  the two enzyme forms p r e s e n t  in the se  two f r a c t i o n s  may be 

recogn iz ing  a complex conformational  p roper ty  of  the polymerized GAG, 

r a t h e r  than  the id u ro n ic  ac id  re s idue  a lone .  In a d d i t i o n ,  the 4MU a - Id  

a c t i v e  s i t e  of  the two p u r i f i e d  enzyme forms seem to  be d i s p la y in g  d i f ­

f e r e n t i a l  s p e c i f i c i t i e s .  F i n a l l y ,  s ince  the  low and high uptake enzymes 

behave s i m i l a r l y  towards the a r t i f i c i a l  s u b s t r a t e s  (and one "na tura l  

s u b s t r a t e " )  but  q u i t e  d i f f e r e n t l y  with the GAGs, t h e i r  phys io log ic  sub­

s t r a t e s ,  two d i s t i n c t  r e c o g n i t i o n  s i t e s  may be invo lved ;  t h i s  concept  i s  

supported  by the o b se rv a t io n  t h a t  the i n h i b i t i o n  of  a -L - idu ron idase  by 

GAGs was non-competi t ive  when t e s t e d  with  the 4MU a - Id  s u b s t r a t e .

The amino ac id  composit ions  argue t h a t  the se  two forms o f  a-L- 

iduron idase  have d i s t i n c t ,  s t r u c t u r a l  d i f f e r e n c e s .  By a n a l y s i s  of  these 

da ta  i t  i s  not  c l e a r  why the  high uptake enzyme was more t i g h t l y  mem­

brane bound (1 1 ) ,  s in ce  th e re  1s no obvious predominance o f  hydrophobic 

amino ac id s  in t h i s  form; in f a c t ,  the two major amino ac ids  which were 

e l e v a t e d  in the high uptake enzyme, g ly c in e  and a r g i n i n e ,  are neu t ra l  

and h y d r o p h i l i c ,  r e s p e c t i v e l y .  Presumably,  the hydrophobic na ture  o f  

the high uptake enzyme i s  an i n t r i n s i c  p roper ty  of  the molecules con­
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fo rm a t ion .  S im i l a r l y ,  the  meaning of  the o th e r  minor amino ac id  d i f f e r ­

ences between the two enzymatic forms 1s not  c l e a r .  I n t e r e s t i n g l y ,  

l e u c i n e ,  a predominant amino ac id  in most hormonal s ignal  pep t ides  which 

have been analyzed to  da te  (127),  was s l i g h t l y  e l e v a t e d  in the high 

uptake enzyme (n ine r e s idue  d i f f e r e n c e ) .  There were a l so  a number of  

d i f f e r e n c e s  between the amino ac id  composit ion  p resen ted  for  the low 

uptake form of  the human lung enzyme and t h a t  which has been p rev io u s ly  

repor ted  for  the low uptake human kidney enzyme (54).  I n t r i g u i n g l y ,  

f i v e  of  the seven amino ac id s  which are s i g n i f i c a n t l y  d i f f e r e n t ,  l e u ­

c i n e ,  g l y c i n e ,  a l a n i n e ,  p ro l in e  and a r g i n i n e ,  a re  a l s o  d i f f e r e n t  between 

the  high and low uptake forms which have been p u r i f i e d  from human lung.  

In each case th e re  a re  more of  the se  r e s id u e s  r e p o r te d  in the low uptake 

kidney enzyme than in the lung and,  s i m i l a r l y ,  we have found t h a t  they 

a re  a l so  e l e v a te d  in the high uptake form o f  the lung enzyme. Perhaps 

the kidney p r e p a r a t i o n  conta ined  a small amount o f  the high uptake form.

C. Comparative Gene Mapping of  Human and F e l ine  tx -L-Iduronidase:

As d e t a i l e d  in the R esu l t s  s e c t i o n  of  t h i s  t h e s i s ,  the s t r u c t u r a l  

genes fo r  human and f e l i n e  a -L - id u ro n id as e  have been a s s igned  to  chromo­

somes 22 and D4, r e s p e c t i v e l y .  Fur thermore ,  the human gene has been 

lo c a l i z e d  to the small r eg ion  22p te r  -» 2 2 q l l .  Although a -L - idu ron idase  

i s  the t h i r d  lysosomal enzyme which has been mapped to  t h i s  small chrom­

osome, i t  i s  impor tan t  to  remember t h a t  the fou r tee n  o t h e r  human ly so so ­

mal hydro lases  which have been p r e v io u s ly  mapped are d i s p e r s ed  th rough­

ou t  the  genome (Table 2 ) ;  t h e r e f o r e ,  i t  i s  s p e c u la t i v e  to  comment on the 

s i g n i f i c a n c e  of  t h i s  c o r r e l a t i o n .  However, i t  i s  i n t e r e s t i n g  to  note 

t h a t  both the high and low uptake forms of  human a -L - id u ro n id ase  mey be
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mapped to  chromosome 22, s ince  the a n t ib o d ie s  used in the immunoprecipi- 

t a t i o n  d i s c r i m i n a t i o n  assay  c r o s s - r e a c t e d  with both enzyme forms (F ig .  

19). There fore  these  da ta  suppor t  the hypo thes i s  t h a t  high and low 

uptake forms o f  lysosomal hydro lases  a re  coded by the same s t r u c t u r a l  

gene ,  and the d i f f e r e n c e s  in r e c o g n i t i o n  and uptake p r o p e r t i e s  a re  a 

r e s u l t  o f  p o s t - t r a n s l a t i o n a l  m o d i f i c a t io n  e v e n t s  ( i . e . ,  p r o t e o l y s i s ,  

g l y c o s y l a t i o n ) . However, these  r e s u l t s  do not  r u le  out  the p o s s i b i l i t y  

t h a t  th e re  a re  m u l t i p l e ,  t r a n s c r i p t i o n a l l y  fu n c t io n a l  a -L - idu ron idase  

s t r u c t u r a l  genes in the chromosomal reg io n  2 2p te r  -» 2 2 q l l .  Undoubtedly,  

the a v a i l a b i l i t y  of  an a - L - i d u r o n i d a s e - s p e c i f i c  n u c l e ic  ac id  probe w i l l  

he lp  to  c l a r i f y  t h i s  i s s u e ,  as  well as i d e n t i f y  non- func t iona l  coding 

sequences ( I . e . ,  pseudogenes)  and o th e r  temporal  genes which may not  be 

a c t i v e  in  the c e l l  hybrids  used f o r  these  s t u d i e s .

As d i s cu s s ed  e a r l i e r  in  the  Background and Rat ionale  s e c t i o n ,  i t  

would be i n t e r e s t i n g  to  know whether each lysosomal hydrolase  s t r u c t u r a l  

gene c o n ta in s  sequences coding fo r  i t s  own lysosmal "signal  p ep t id e"  o r ,  

a l t e r n a t i v e l y ,  i f  t h i s  pep t ide  i s  encoded by a s e p a r a t e ,  un linked  gene 

and i s  added onto the in d iv id u a l  hyd ro lases  p o s t - t r a n s l a t i o n a l l y .  Since 

the po lyc lona l  a n t ib o d ie s  used fo r  these  s t u d i e s  recognize common com­

ponents of  the high and low uptake a -L - id u ro n id ase  forms, i t  would not  

be usefu l  in t h i s  p u r s u i t .  However, the  a v a i l a b i l i t y  o f  a monoclonal 

antibocly s p e c i f i c  fo r  the  a -L-1duronidase  s igna l  pept ide would f a c i l ­

i t a t e  the se  i n v e s t i g a t i o n s .  The a b i l i t y  to  i s o l a t e  and homogeneously 

p u r i fy  m i l l ig ram  q u a n t i t i e s  of  high uptake a-L-1duron1dase by the  meth­

ods d esc r ibe d  in t h i s  t h e s i s  enhances the f e a s i b i l i t y  o f  these  exper ­

iments.

Throughout the gene mapping s t u d i e s ,  i t  was observed t h a t  the
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l e v e l s  of  human enzyme e x p re s s io n  in the human-rodent hybrid  c e l l  l i n e s  

were s i g n i f i c a n t l y  lower than  t h a t  expec ted  i f  the human s t r u c t u r a l  gene 

was being f a i t h f u l l y  t r a n s c r i b e d  and the r e s u l t a n t  mRNA p rope r ly  pro­

cessed  and t r a n s l a t e d .  In f a c t ,  Figure 24 demonstrates  t h a t  even in  

t e r t i a r y  h yb r id ,  R-G-21-015, which con ta ined  an average of  1 .7  human 

chromosomes 2 2 / c e l l ,  the human a -L - id u ro n id as e  a c t i v i t y  was only  ^  30% 

of  t h a t  observed in normal d ip l o i d  human f i b r o b l a s t s  (n = 2 . 0 ) .  Fur­

the rmore ,  t h i s  graph i l l u s t r a t e s  t h a t  fo r  the immunodiscrimination assay 

to  s i g n i f i c a n t l y  d e t e c t  human a-L-1duron idase  a c t i v i t y ,  a minimum of  one 

human chromosome 22 must be p r e s e n t  on the average per c e l l .  Figure 25 

demonst ra tes  t h a t  in the t e r t i a r y  mouse-human somatic c e l l  hybr id ,  

R-G-21-J15,  which con ta ined  only human chromosomes 22 and Y, the e x p re s ­

s io n  of  the t o t a l  a -L - id u ro n id a s e  a c t i v i t y  as a f u n c t i o n  of  c e l l  dens i ty  

seemed to  mimic the p a t t e r n  observed in the mouse RAG paren ta l  c e l l  

l i n e ,  as  opposed to  t h a t  observed in a normal human f i b r o b l a s t  l i n e .  

Although the  growth p a t t e r n s  of  the th ree  l i n e s  used in t h i s  exper imen t 

were s i m i l a r  (F ig .  25,  l e f t ) ,  the  l eve l  o f  enzyme a c t i v i t y  in the human 

f i b r o b l a s t  l i n e  inc re ased  l i n e a r l y  as a fu n c t io n  o f  d e n s i t y ,  whereas the 

a c t i v i t y  in the mouse RAG c e l l s  and hybr id R-G-21-J15 remained a t  or  

near  the i n i t i a l  basal  l eve l  (F ig .  25, r i g h t ) .

A number of  p o s s i b i l i t i e s  may account f o r  these  o b s e rv a t io n s .  

F i r s t ,  i t  may be argued t h a t  to  ach ieve  normal e x p re s s io n  of  the human 

enzyme a c t i v i t y ,  r e g u l a t o r y  sequences p r e s e n t  on human chromosomes o the r  

than  22 must be p r e s e n t  In the  c e l l  nuc leus .  Secondly,  i t  i s  poss ib le  

t h a t  the low l e v e l s  of  human enzyme e x p re s s io n  observed in the somatic 

c e l l  hybr ids  th roughout  these  s t u d i e s  were an a r t i f a c t  of  the immuno­

chemical d e t e c t i o n  t e ch n iq u e .  Figure 21 demonst ra tes  t h a t  when seven ty-
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f i v e  u n i t s  or  l e s s  of  human or mouse enzyme a c t i v i t y  were independently  

Immunoprecipi tated and the p r e c i p i t a t e s  subsequently  son ica ted  and 

assayed f o r  a-L- iduron1dase  a c t i v i t y ,  s i g n i f i c a n t  amounts of  human en­

zyme (60-100%. of  i n i t i a l )  could be d e t e c t e d ,  however, no mouse a c t i v i t y  

was measured.  S u r p r i s i n g l y ,  a n a l y s i s  of  the s u p e rn a ta n t s  of  these  r e ­

ac t i o n s  rev ea led  t h a t  both the human and mouse enzyme a c t i v i t i e s  were 

dep le ted  to  the same e x t e n t  (d a ta  not  shown). Support fo r  the observa­

t i o n  t h a t  the  anti-human a n t ib o d ie s  used in t h i s  s tudy c r o s s - r e a c t e d  

with  the mouse isozyme may be seen in the Ochter loney immunodiffusion 

gel shown in  Figure 20. Apparen tly ,  e i t h e r  the Immunoprecipi tated mouse 

enzyme a c t i v i t y  was i n h i b i t e d  during the format ion  of  the a n t ig e n -  

a n t i  body complex to  a g r e a t e r  e x t e n t  than  the  human o r ,  a l t e r n a t i v e l y ,  

i t  was l e s s  s t a b l e  than the  human enzyme under these  c o n d i t i o n s .  In the 

hybrid c e l l  l i n e s  the p o s s i b i l i t y  e x i s t s  t h a t  a hybrid  enzyme molecule 

i s  produced which behaves s i m i l a r  to  the n a t iv e  mouse isozyme. There­

fo r e ,  a l though normal amounts o f  human enzyme p r o t e i n  i s  produced,  the 

human-mouse hybrid  product  would not  be recognized e f f i c i e n t l y  by the 

anti-human a n t i b o d i e s .  Although to da te  i t  i s  no t  c l e a r  t h a t  a-L- 

iduron idase  i s  Indeed a polymeric enzyme, t h i s  e x p l a n a t i o n  cannot  be 

ru le d  o u t .  L a s t ly ,  i t  i s  a l s o  p o ss ib le  t h a t  mouse r e g u la to r y  elements  

p r e s e n t  in the nucleus of  the hybrid  c e l l  may be s u rp re s s in g  the human 

enzyme a c t i v i t y .

Support  f o r  the f i r s t  hypo thes i s  comes from the o b s e rv a t io n  t h a t  in 

primary h y b r id s ,  most o f  which con ta ined  mar\y human chromosomes, the 

l e v e l s  of  human enzyme e x p re s s io n  were s i g n i f i c a n t l y  h ighe r  than  those 

observed in secondary and t e r t i a r y  hybr ids  which con ta ined  s i n g l e  or few 

human chromosomes (da ta  no t  shown). Fur thermore ,  the mouse g ene t ic
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background in a l l  o f  the t y b r i d  c e l l s  examined th roughout  these  s t u d i e s  

was c o n s t a n t ,  minimizing i t s  r o le  in the d i f f e r e n t i a l  e x p re s s io n  of  the 

human enzyme a c t i v i t y .  F i n a l l y ,  s ince  the  immunodetection technique 

d i scussed  above was employed th roughout  the e n t i r e  s tudy  ( i . e . ,  primary,  

secondary and t e r t i a r y  hybrid a n a l y s e s ) ,  i t  i s  u n l i k e ly  t h a t  the ob­

served  low l e v e l s  of  human enzyme e x p re s s io n  1n hybr id  R-G-21J-15 were a 

r e s u l t  of  a methodology a r t i f a c t .

As mentioned p r e v io u s l y ,  the f e l i n e  s t r u c t u r a l  gene fo r  a -L - id u ro n ­

idase  has been as s igned  to  f e l i n e  chromosome D4 using a novel e l e c t r o ­

p h o r e t i c  s e p a r a t i o n  t e ch n iq u e .  This  i s  the f i r s t  human gene on chromo­

some 22 to be com para t ive ly  mapped in ano ther  mammalian s p e c ie s  (F ig.  

28 ) .  Although no obvious banding s i m i l a r i t i e s  may be observed between 

chromosomes 22 and D4, i t  i s  i n t e r e s t i n g  t h a t  the f e l i n e  gene fo r  in ­

o rgan ic  pyrophosphatase a l so  r e s i d e s  on chromosome D4, whereas,  the 

human c o u n t e r p a r t  i s  on chromosome 10; s u r p r i s i n g l y ,  ano the r  human gene 

on chromosome 10, hexokinase ,  has been compara t ive ly  mapped to  f e l i n e  

chromosome 02 (76).  Toge ther ,  th e se  da ta  in d i c a t e  t h a t  the re  may be a 

d i s t a n t  e v o l u t io n a r y  r e l a t i o n s h i p  between the se  four  mammalian chromo­

somes ( Homo s ap iens  and F e l i s  c a tu s  d ive rged  * 60 m i l l i o n  yea r s  ago ) ,  

however, a complete unders tand ing  of  the se  f in d in g s  must await  a d d i t i o n ­

al c y t o lo g ic a l  and molecula r  s t u d i e s .
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CONCLUDING REMARKS

A s e r i e s  of  i n v e s t i g a t i o n s  were undertaken to  examine some of  the 

biochemical  and g e n e t i c  c h a r a c t e r i s t i c s  of  human and f e l i n e  mucopolysac­

c h a r id o se s  I (a-L-1duronidase  d e f i c i e n c y  d i s e a s e s ) ;  th ree  o b j e c t i v e s  

were o u t l i n e d .  F i r s t ,  I in tended to  develop new biochemical t o o l s  which 

would be used for  the q u a n t i t a t i v e  a n a l y s i s  of  the glycosamlnoglycan 

t i s s u e  d i s t r i b u t i o n  in normal,  as well a s ,  human and f e l i n e  mucopoly­

s a c c h a r i d o s i s  I i n d i v i d u a l s .  Secondly,  I wished to  p u r i fy  to  homogenity 

and comprehensively c h a r a c t e r i z e  the biochemical  p r o p e r t i e s  of  the 

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  forms of  normal human a - L - i d u r o n id a s e ,  a 

p r o to t y p i c  lysosomal enzyme which i s  d e f e c t iv e  in th e se  i n d i v i d u a l s .  

L a s t l y ,  I d e s i r e d  to  com para t ive ly  map the human and f e l i n e  a -L - id u ro n -  

idase s t r u c t u r a l  genes and i n v e s t i g a t e  the r e g u l a t i o n  of  the human 

enzyme in human-rodent somatic c e l l  h y b r id s .  Each of  these  th ree  ob­

j e c t i v e s  have been met.

A new a n a l y t i c a l  e l e c t r o p h o r e t i c  system was developed which a l low­

ed ,  fo r  the f i r s t  t im e ,  complete r e s o l u t i o n  of  the s i x  major mammalian 

glycosaminoglycans in a s i n g l e ,  c o n t in u o u s ,  monodimensional run .  This 

new too l  was employed t o  q u a n t i t a t i v e l y  i n v e s t i g a t e  the t i s s u e  d i s t r i b u ­

t i o n  o f  the s to r e d  glycosaminoglycans in both human and f e l i n e  mucopoly­

s ac c h a r id o s e s  I .  In the  f u tu r e  t h i s  novel a n a l y t i c a l  method may be used 

to  study a v a r i e t y  of  i n t r i g u i n g  avenues inc lud ing  1) the a b i l i t y  to 

perform p rena ta l  d ia g n o s i s  by r a p id  GAG a n a l y s i s  In amniotlc  c e l l s  and 

f l u i d ,  2)  the development of  new screen ing  techniques  fo r  the f i f t e e n  

d e l i n e a t e d  human mucopolysaccharidoses and t h e i r  r e s p e c t iv e  animal mod­

e l s ,  and 3) the a b i l i t y  to  study  the b as ic  metabolism of GAGs in  normal

1 5 0



and pa tho log ic  mammalian t i s s u e s .

Both the low and high uptake forms of human a -L - id u ro n id as e  have 

been p u r i f i e d  to  homogenity by a combination of  convent ional  and high 

performance l i q u id  chromatographic te ch n iq u es .  These approaches  have 

al lowed the comprehensive biochemical  c h a r a c t e r i z a t i o n  of  each c a t a -  

l y t i c a l l y  a c t i v e  spec ie s  of  a -L - i d u r o n id a s e ,  h ig h l ig h t i n g  s i g n i f i c a n t  

d i f f e r e n c e s  which were s p e c i f i c  to  each type .  Fur thermore ,  t h i s  t h e s i s  

r e p o r t s  the f i r s t  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  of the "high uptake"  

form of a lysosomal hydro lase .  I t  i s  my hope t h a t  t h i s  work has l a i d  

the foundations  f o r  many f r u i t f u l  i n v e s t i g a t i o n s  i n t o  1) the na tu re  of  

the enzyme d e f e c t ( s )  in both human and f e l i n e  mucopolysacchar idoses I ,  

and 2) the complex p rocess ing  and t r a n s p o r t  e ven t s  which a re  unique to  

lysosomal enzymes.

F i n a l l y ,  the s t r u c t u r a l  genes fo r  human and f e l i n e  a -L - id u ro n id as e  

have been mapped us ing mammalian-rodent somatic c e l l  h y b r id s ;  in a d d i ­

t i o n ,  the human gene has been lo c a l i z e d  to  the small chromosomal reg ion  

22p te r  -* 2 2 q l l .  A number of s i g n i f i c a n t  ob s e rv a t io n s  have a l s o  been 

made regard ing  the e x p re s s io n  of  the human enzyme in  the somatic c e l l  

hybr ids  which were used fo r  the se  s t u d i e s .  These f i n d i n g s  should en­

hance the ro le  of  a -L - idu ron idase  as a model fo r  f u tu r e  I n v e s t i g a t i o n s  

i n t o  the o rg a n iz a t i o n  and ev o lu t io n  of  the  lysosomal gene fam i ly .  Most 

i m p o r ta n t ly ,  i t  i s  a n t i c i p a t e d  t h a t  the r e s u l t s  w i l l  provide a too l  f o r  

many ad d i t io n a l  s t u d ie s  of  t h i s  enzyme's  gene s t r u c t u r e  and r e g u l a t i o n .
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