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BIOCHEMICAL GENETIC STUDIES OF THE FELINE 

MODEL OF HUMAN MUCOPOLYSACCHARIDOSIS VI, 

MAROTEAUX-LAMY DISEASE

by: Margaret  Mary McGovern

Advisor:  Robert  J .  Desnick

ABSTRACT

The enzymatic d e f e c t  in f e l i n e  mucopo lysacchar idos i s  VI (MPS VI)

was c h a r a c t e r i z e d  and t h e r a p e u t i c  s t r a t e g i e s  e v a lu a te d .  A method was 

developed f o r  the  d e t e c t i o n  of  he te ro zy g o te s  f o r  f e l i n e  and human MPS

VI. A r y l s u l f a t a s e  A (ASA) and B (aSB) a c t i v i t i e s  were assayed  in leuko­

cy te  e x t r a c t s  fo l lowing  s e p a r a t i o n  of the enzymes by batch  chromato­

graphy. ASB s p e c i f i c  a c t i v i t i e s  d id  not  permit  h e te rozygo te  i d e n t i f i c a ­

t i o n ,  whereas the  ASB to  ASA a c t i v i t y  r a t i o  d i s c r i m in a t e d  a l l  16 ob­

l i g a t e  h e t e ro z y g o te s  f o r  the  f e l i n e  and human d i s o r d e r s .

Normal f e l i n e  and human h e p a t i c  ASB isozymes were p u r i f i e d  to  

homogeneity with  f i n a l  s p e c i f i c  a c t i v i t i e s  of  1,100 and 800 umoles/h/mg 

p r o t e i n ,  r e s p e c t i v e l y .  Both enzymes had the  same pH optimum, however, 

th e  f e l i n e  ASB was more e l e c t r o n e g a t i v e ,  had a lower and p i  and was 

more th e rm o s ta b le .  The m o lecu la r  weight  of the  f e l i n e  enzyme was twice 

t h a t  of  human ASB by gel f i l t r a t i o n ,  a n a l y t i c a l  po lyacry lamide  gel 

e l e c t r o p h o r e s i s ,  and sucrose  d e n s i t y - g r a d i e n t  c e n t r i f u g a t i o n .  SUS gel 

e l e c t r o p h o r e s i s  r e v e a le d  a s i n g l e  p r o t e i n  band f o r  each enzyme, and 

a l k y l a t i o n  and c r o s s  l i n k in g  s t u d i e s  were c o n s i s t e n t  with  the f e l i n e



enzyme being a homodimer and the  human isozyme a monomer.

Hepatic  ASB from normal ana MPS VI c a t s  was p u r i f i e d  over  2,800- 

ana 1 ,8 0 0 - f o l d ,  r e s p e c t i v e l y .  The MPS VI r e s id u a l  a c t i v i t y  had a h igher  

K^, an a l t e r e d  e l e c t r o p h o r e t i c  m o b i l i t y ,  h a l f  the  n a t i v e  m olecu la r  

w e ig h t ,  decreased  s t a b i l i t y ,  and was a monomer. When incuba ted  with 

su l fhyd ry l  r e a g e n t s ,  the  r e s id u a l  a c t i v i t y  was enhanced,  whereas the  

normal enzyme was u n a f f e c t e d .  In the  presence  of  d i t h i o t h r e i t o l  (DTT) 

o r  cystearnine ,  the  r e s id u a l  a c t i v i t y  had a molecula r  weight  s i m i l a r  to  

t h a t  of the  normal enzyme, sugges t ing  t h a t  the  monomeric r e s id u a l  enzyme 

was dimer ized in the  presence  of  t h i o l - r e d u c i n g  ag en t s .  When 2 mM DTT 

or  cystearnine was incuba ted  with  whole blood from an MPS VI c a t ,  the 

leukocy te  r e s id u a l  ASB a c t i v i t y  was in c re a s ed  11- and 2 0 - f o l d ,  r e s p e c t ­

i v e l y ,  and the accumulated dermatan s u l f a t e  degraded.  Int ravenous  

a d m i n i s t r a t i o n  o f  UTT e f f e c t e d  t r a n s i e n t  in c re a s e  in leukocy te  a c t i v i t y ,  

but  no decrease  in s u b s t r a t e  l e v e l s .  In c o n t r a s t ,  a d m i n i s t r a t i o n  of 

cystearnine inc re a sed  leukocy te  r e s id u a l  a c t i v i t y  more than  6 - fo ld  30 min 

p o s t - i n f u s i o n ,  and decreased  s u b s t r a t e  to  35 p e rc e n t  of the  i n i t i a l  

l eve l  and remained a t  about  45% of  p r e - i n f u s i o n  va lues  dur ing  the  12u 

min per iod  s tu d ie d .
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I .  BACKGROUND AND RATIONALE

A. The M ucopolysacchar idoses .

The mucopolysacchar idoses  a r e  a group of  y e n e t i c  d i s o r d e r s  c h a r ­

a c t e r i z e d  by the  accumula t ion o f  glycosaminoglycans  (GAGs) in t i s s u e s  

and u r i n e ,  p a r t i c u l a r l y  dermatan s u l f a t e  and heparan s u l f a t e .  These 

high m olecu la r  weiyh t  polymers,  which a r e  normal components of connec­

t i v e  t i s s u e ,  a r e  made up of  a l t e r n a t i n g  r e s id u e s  of  u ron ic  ac id  (g lucu ­

r o n ic  or  idu ron ic  a c i d )  and s u l f a t e d  hexosamine (glucosamine or  g a l a c t o -  

samine) (F igure  I)  (1 ) .

Using c u l t u r e d  skin f i b r o b l a s t s  from p a t i e n t s  with  severa l  pheno- 

t y p i c a l l y  def ined  m ucopolysacchar idoses ,  Neufeld and her  coworkers have

demons trated  t h a t  the se  syndromes r e s u l t  from d e f e c t i v e  GAG d eg rad a t io n

35(2 ) .  These s t u d i e s  were performed by the  in c lu s io n  o f  S - lab e led  

s u l f a t e  in the media of  the  f i b r o b l a s t  c u l t u r e s ,  a l low ing  in c o rp o ra t io n
'jC

of l a b e led  s u l f a t e  i n t o  newly sy n th e s iz e d  GAG. In normal c e l l s ,  S 

i n c o rp o r a t i o n  reached a p la teau  by 2 days ,  whereas the  r a d io l a b e l  con­

t in u ed  to  be accumulated in c e l l s  from p a t i e n t s  with  the va r ious  muco­

p o ly s a c c h a r id o s e s .  When the  c u l t u r e s  were t r a n s f e r r e d  in t o  f r e s h  meuia,  

35w i th o u t  S s u l f a t e ,  the  c l e a r a n c e  r a t e  of r a d i o a c t i v i t y  was s i g n i f ­

i c a n t l y  reduced in c e l l s  from p a t i e n t s  as  compared to  normal c o n t r o l s .  

This i n d i c a t e d  t h a t  the  l a b e led  GAGs in c e l l s  from mucopolysacchar idos is  

p a t i e n t s  were not  being p rope r ly  degraded ,  whereas those  in normal c e l l s  

were.

F ur thermore ,  i t  was noted t h a t  c u l t u r e  medium from the  ce. l ls  of  one 

type of  m ucopolysacchar idos is  could c o r r e c t  the  d e f e c t i v e  GAG degrada­

t i o n  in the  c e l l s  o f  a n o th e r .  These f i n d i n g s  sugges ted t h a t  s p e c i f i c  

" c o r r e c t i v e  f a c t o r s "  were p r e s e n t .  C r o s s - c o r r e c t i o n  experiments  have
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F igure  1. S t r u c t u r e  of the  g lycosaminoglycans  which accumulate in 

the  mucopolysacchar idoses  (from "Enzyme Therapy in  Lysosomal Sto rage 

D is e a s e s , "  1974, p.  17) (1 ) .
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shown t h a t  most of  the c l i n i c a l l y  de f ined  d i s o r d e r s  had d i s t i n c t  co r ­

r e c t i v e  f a c t o r s  (3 ) .  In some c a s e s ,  c r o s s - c o r r e c t i o n  occurred  among th e

c e l l s  of  c l i n i c a l l y  i n d i s t i n g u i s h a b l e  p a t i e n t s ,  i n d i c a t i n g  t h a t  the se  

d i s o r d e r s  were due to  muta t ions  a t  d i f f e r e n t  lo c i  ( i . e . ,  S a n f i l i p p o  

syndromes A and B). In c o n t r a s t ,  o t h e r  c l i n i c a l l y  d i s t i n c t  syndromes 

shared  the  same c o r r e c t i v e  f a c t o r ,  sugges t ing  t h a t  th e s e  were due to  

d i f f e r e n t  mutant  a l l e l e s  a t  the  same locus ( i . e . ,  Hur le r  and Scheie 

d i s e a s e s )  ( 4 , b ) .

The c o r r e c t i v e  f a c t o r s  have subsequen t ly  been i s o l a t e d  and i d e n t i -  

f i e d i  they  a r e  s p e c i f i c  lysosomal enzymes ( 6 - 8 ) .  Thus, each mucopoly­

s a c c h a r i d o s i s  i s  now diagnosed by a combination of  c l i n i c a l  f e a t u r e s  and 

u r i n a r y  GAB e x c r e t i o n  p a t t e r n s  (Table 1) as  well as  a p a r t i c u l a r  enzyme 

d e f i c i e n c y  (F igu re  2) ( 9 ,1 0 ) .  The i d e n t i f i c a t i o n  of  the  s p e c i f i c  enzyme 

d e f e c t  in each o f  th e  mucopolysacchar idoses  1) a l lows  the  development of  

h e te ro zy g o te  d e t e c t i o n  assays  and p ren a ta l  d i a g n o s i s ,  2) permi ts  the 

s tudy  of  the  m olecu la r  pathology of d i s o r d e r s  with r e s id u a l  a c t i v i t y ,  

and 3) p rov ides  the r a t i o n a l e  t o  develop t h e r a p e u t i c  s t r a t e g i e s  f o r  

t h e s e  d i s e a s e s .  In some of the  m ucopolysacchar idoses ,  advances have 

a l r e a d y  been made in the se  a r e a s  (1 1 ) .

M ucopolysacchar idos is  VI (MPS VI),  o r  Maroteaux-Lamy d i s e a s e ,  was 

f i r s t  de s c r ib e d  by Maroteaux e t  al_. in 1963 (12) .  This d i s o r d e r  r e s u l t s  

from the  d e f i c i e n t  a c t i v i t y  of  a r y l s u l f a t a s e  B (ASB) (EC 3 . 1 . 6 . 1 )  (13) 

and th e  lysosomal accumula t ion  of  dermatan s u l f a t e .  ASB has been shown 

to  be an N - a c e t y l - g a l a c t o s a m i n y l - 4 - s u l f a t a s e  which c leaves  4 - s u l f a t e  

groups from th e  N -a c e ty l -g a la c to s am in y l  m o ie t i e s  of  dermatan s u l f a t e  

(14-16) .

The c l i n i c a l  f e a t u r e s  of  the  d i s e a s e  in c lu d e  severe  d y s o s t o s i s
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TABLE 1

C l a s s i f i c a t i o n  of  th e  Mucopolysaccharidoses

Designation D e f ic i e n t  Enzyme Urinary GAG C lin ica l  Fea tures

MPS I H Hurle r

MPS I S Scheie

u-L- iduron idase

u -L- iduron idase

MPS I H/S Hur le r -Sche ie  u -L- idu ron idase

Dermatan s u l f a t e  
Heparan s u l f a t e

Early corneal  c lo u d in g ,  grave 
m a n i f e s t a t i o n s ,  dea th  by age 10

S t i f f  j o i n t s ,  cloudy cornea ,  
a o r t i c  valve d i s e a s e ,  normal 
i n t e l l i g e n c e

Phenotype in t e rm ed ia te  between 
H urle r  and Scheie

MPS I I  A Hunter ,
severe

MPS I I  B Hunter,
mi 1 d

Idurona te  
s u l f a t a s e  

Iduronate 
s u l f a t a s e

Dermatan s u l f a t e  
Heparan s u l f a t e

No corneal  c loud ing ,  death 
before  age 15 
Survival  to  JO's  to  5 0 1s , 
f a i r  i n t e l l i g e n c e

MPS I I I  A S a n f i l ip p o  A

MPS I I I  B S a n f i l ip p o  B

MPS I I I  C S an f i l ip p o  C

Heparan s u l f a t e -  
s u l f a t a s e

Heparan s u l f a t e

N-ace ty l-a-D-
glucosaminidase

AcetylCoA:u-gluco- 
saminide 

N-acetyl  t r a n s f e r a s e

Id en t i ca l  phenotypes,  mild 
somatic and severe c e n t r a l  
nervous system e f f e c t s



Table 1. 

MPS I I I

MPS IV

MPS IV 

MPS V 

MPS VI 

MPS VI

MPS VII

-  Continued 

1) Sanfi 1 i ppo D

A Morquio

B Morquio 

Vacant

Haroteaux-Lamy, 
severe

Maroteaux-Lamy,
mild

p-Glucuronidase
d e f i c i e n c y

N-acety1glucosami ne- 
6 - s u l f a t e  s u l f a t a s e

Galactosamine-6- Keratan s u l f a t e  
s u l f a t e  sul f a t a s e

p -G a lac to s idase  "

Severe d i s t i n c t i v e  bone changes 
cloudy cornea ,  a o r t i c  regury -  
i t a t i o n

Mild bone changes,  cloudy cornea

A ry l s u l f a t a s e  B 

A r y l s u l f a t a s e  B

Dermatan s u l f a t e Severe osseous and cornea l  change,  
normal i n t e l l e c t

Mild osseous and corneal  change,  
normal i n t e l l e c t

p-Glucuronidase  Dermatan s u l f a t e ,  Hepatosplenomegaly,  d y s o s t o s i s
Heparan s u l f a t e  m u l t ip l e x ,  white c e l l  i n c lu s io n s ,

mental r e t a r d a t i o n



Figure 2. Degradat ion  of  dermatan s u l f a t e  and heparan s u l f a t e  by l y s o ­

somal enzymes which a r e  d e f i c i e n t  in the mucopolysacchar idoses .  IdUA = 

id u ro n ic  a c i d ;  GalNAc = N -a c e ty l -g a la c to s a m in e ;  GluUA = g lucu ron ic  

a c i d ;  GluN = ylucosainine;  GluNAc = N -ace ty l -g lucosam ine ;  SO^ = s u l f a t e .
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Figure 2
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Number Disease Enzyme

1 MPS I a -L - i d u ro n id a s e

2 MPS II a - L - i d u r o n ic  ac id  s u l f a -  
t a s e

3 MPS IIIA heparan s u l f a t e  s u l f a t a s e

4 MPS I I IB N -acety l-a-D-g lucosami n- 
id a se

5 MPS VI a r y l s u l f a t a s e  B

6 MPS VII B-g lucuron idase
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m u l t i p l e x ,  " H u r l e r - l i k e "  f a c i a l  dysmorphia ,  s h o r t  s t a t u r e ,  cornea l  

o p a c i t i e s ,  vacuo la ted  lymphocytes and n e u t r o p h i l s ,  normal neu ro log ic  

fu n c t i o n  and autosomal r e c e s s i v e  i n h e r i t a n c e  ( 1 0 ,1 7 ,1 8 ) .  In a d d i t i o n ,  

6-10% of normal A5B a c t i v i t y  i s  p r e s e n t  in c u l t u r e d  f i b r o b l a s t s  and 

l e u k o cy te s  (13 ,19-21)  o f  i n d i v i d u a l s  a f f e c t e d  with  t h i s  d i s e a s e .

The r e s id u a l  AS8 a c t i v i t y  from f i b r o b l a s t s  of  MPS VI p a t i e n t s  has 

been c h a r a c t e r i z e d  by severa l  i n v e s t i y a t o r s  (13 ,1 9 ,2 0 )  and found to  be 

s i m i l a r  to  the  normal enzyme in i t s  pH optimum, ap p a re n t  Km, thermal 

s t a b i l i t y  a t  60°C ( 1 9 ) ,  and e l e c t r o p h o r e t i c  m o b i l i t y  (20 ) .  Immunologic 

s t u d i e s ,  us ing a n t i  serum prepared  a g a i n s t  homogeneous normal ASB, have 

r evea led  i d e n t i c a l  p r e c i p i t i n  l i n e s  f o r  the  normal and r e s id u a l  ASB. 

Q u a n t i t a t i v e  immunoassay showed t h a t  the  enzymatic a c t i v i t y  of  the  

c r o s s - r e a c t i n g  immunologic m a te r i a l  (CRM) in  human MPS VI was only 15% 

of  normal (20) .

B. The F e l in e  Analogue of  Human UPS VI .

MPS VI has a l s o  been r ep o r te d  in t h r e e  f a m i l i e s  of  Siamese c a t s  

(22 -24 ) .  A ffec ted  an imals  can be i d e n t i f i e d  w i th in  a week a f t e r  b i r t h  

by the  presence  of  e x c e ss iv e  u r i n a r y  dermatan s u l f a t e  which can be 

demonst ra ted  by c e l l u l o s e  a c e t a t e  e l e c t r o p h o r e s i s  ( 2 3 ) .  As shown in 

F igure 3, a f f e c t e d  c a t s  have a c h a r a c t e r i s t i c  appearance  inc lud ing  a 

b road ,  f l a t t e n e d  f a c e ,  small e a r s  and d i f f u s e  cornea l  c loud ing .  In 

a d d i t i o n ,  a f f e c t e d  an imals  a r e  s m a l l e r  than  normal sex-matched r e l a t i v e s  

of  the  same aye.  Polymorphonuclear  le ukocy te s  in p e r ip h e r a l  blood 

smears c o n t a in  co a r se  g r a n u le s  which s t a i n  m e tach ro m a t ic a l l y  with  t o l -  

u i d i n e  b lu e .  Radiographic f e a t u r e s  of the  d i s e a s e  inc lude  p ro g re s s iv e  

ep iphysea l  d y s p l a s i a  and b i l a t e r a l  hip  su b lu x a t io n  with  even tua l  degen-

9



Figure 3. The f a c i e s  of  a 6 month o ld  Siamese c a t  with  MPS VI. Note 

th e  f l a t t e n e d  face  and small e a r s .
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Figure 3
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e r a t i o n  of  j o i n t s  and fu s io n  of  c e r v i c a l  v e r t e b r a e .  A few animals have 

had hind-1imb p a r e s i s  with depressed  pain pe rcep t ion  and inc re a sed  

e x t e n s o r  t o n e ,  presumably due to  sp ina l  cord compression secondary to  

p ro g re s s iv e  boney involvement.  Animals with h ind- l imb p a r e s i s  r e t a i n e d

some v o lu n ta ry  co n t ro l  of  h ind- l imb movement and were not  i n c o n t i n e n t .  

Although m enta t ion  i s  d i f f i c u l t  to a s s e s s  in an im a ls ,  t h e r e  have been no 

i n d i c a t i o n s  of  d e f i c i t s  comparable to  those  d e f in in g  mental r e t a r d a t i o n  

in  man.

S i g n i f i c a n t  p a th o lo g ic  changes a r e  p r e s e n t  in many systems.  The 

l i v e r  and sp leen  a r e  not  g r o s s l y  e n l a rg e d ;  however,  membrane bound c y to ­

plasmic vacuoles  a r e  p r e s e n t  h i s t o l o g i c a l l y  and u l t r a s t r u c t u r a l l y  in 

h e p a to c y te s ,  Kupffer c e l l s  and s p l e n i c  smooth muscle c e l l s .  S im i la r  

vacuoles  a r e  p r e s e n t  in o c u l a r  f i o r o b l a s t s  and c i l i a r y  e p i th e l i u m ,  

c a r t i l a g e ,  dermal a t r i o v e n t r i c u l a r  h e a r t  valve f i b r o b l a s t s ,  polymorpho­

n u c l e a r  l e u k o c y te s ,  and a o r t i c  smooth muscle c e l l s .  Bone l e s i o n s  con­

s i s t  o f  ep iphysea l  d y s p l a s i a  with s c l e r o s i s  and abnormal i s l a n d s  of  

c a r t i l a g e ,  as  well  as  f u s io n s  of c e r v i c a l  and lumbar v e r t e b r a e .  Ev­

idence  of  lysosomal s to r a g e  w i th in  the  c e n t r a l  nervous s y s t 0n i s  l i m i t e d  

to  the p e r i v a s c u l a r  c e l l s  of  b ra in  and cord and connec t ive  t i s s u e  c e l l s  

of  the  meninges and choro id  p l e x i .  Spinal  cord  compression a t

was p r e s e n t  in those  animals with  p o s t e r i o r  p a r e s i s .

3bThe abnormal accumula t ion o f  SO^ by c u l t u r e a  f i b r o b l a s t s  was 

c o n s i s t e n t  w ith  the  d e f e c t i v e  deg rad a t io n  of  GAG (23 ) ,  and a n a l y s i s  of 

u r i n a r y  mucopolysacchar ides  re v e a le d  markedly in c re as ed  l e v e l s  of  derm- 

a tan  s u l f a t e .  Analogous to  the  human d i s e a s e ,  ASB a c t i v i t y  in  p e r ip h ­

e r a l  blood l e u k o c y te s ,  c u l t u r e d  f i b r o b l a s t s  and l i v e r  from homozygous 

a f f e c t e d  c a t s  was about  6% of  t h a t  in normal c a t s .  U b l iga te  he te rozy -
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y o te s  ( p a r e n t s  of  a f f e c t e d  c a t s )  have ASB a c t i v i t i e s  i n t e rm e d ia te  be­

tween those  of  normal and a f f e c t e d  c a t s  (23 ,2 4 ) .  Pedigree in form at ion  

from independen t ly  a s c e r t a i n e d  f a m i l i e s  was c o n s i s t e n t  with  autosomal 

r e c e s s i v e  i n h e r i t a n c e  and a f f e c t e d  c a t s  of  both sexes have been bred 

s u c c e s s f u l l y  (F igu re  4 ) .

C. The Use of  Animal Models f o r  Molecular  Pathology and Thera­

p e u t i c  S t u d i e s .

Duriny the  p a s t  decade ,  e f f o r t s  have focused on the  d i scove ry  and 

c h a r a c t e r i z a t i o n  of  n a t u r a l l y  o c c u r r in g  animal models of human d i s e a s e  

(25 -27 ) .  Animal analogues  of a v a r i e t y  of human " inborn  e r r o r s  of

metabolism" have been i d e n t i f i e d  (28) .  These models p rovide  the  unique 

o p p o r tu n i ty  to  i n v e s t i g a t e  the  m olecu la r  pa thology of t h e i r  human count­

e r p a r t s .  S p e c i f i c a l l y ,  c h a r a c t e r i z a t i o n  of  the  under ly ing  g e n e t i c  

d e f e c t  and i t s  r e s u l t a n t  pa thophys io log ic  consequences permi ts  the 

r a t i o n a l  des ign  ana e v a l u a t i o n  of  var ious  t h e r a p e u t i c  s t r a t e g i e s  which 

could not  be a s s e s se d  a d eq u a te ly  in c l i n i c a l  t r i a l s  due to  the l i m i t a ­

t i o n s  of human e x p e r im e n ta t io n .  T he re fo re ,  i t  i s  th e  purpose of  t h i s  

s e c t i o n  to  d i s c u s s  s e l e c t e d  animal models of human lysosomal s to r a g e  

d i s e a s e s ,  emphasizing the  s tudy  of  t h e i r  molecu la r  pathology and t h e i r  

u s e f u ln e s s  as p ro to type  systems f o r  the  e v a l u a t i o n  o f  novel t h e r a p e u t i c  

s t r a t e g i e s .

Table 2 l i s t s  the  animal models of  human lysosomal s to r a g e  d i s ­

e a s e s ;  th e  d i s o r d e r s  a r e  c l a s s i f i e d  as  g lyc ogenose s ,  g l y c o p ro t e i n o s e s ,  

g ly c o s p h i n g o l ip i d o s e s  or  mucopolysacchar idoses  on the b a s i s  of  the 

primary accumulated s u b s t r a t e .  Although o t h e r  models of  human lysosomal 

s to r a g e  d i s e a s e s  have been d esc r ibe d  (2 5 ,2 6 ) ,  the  c r i t e r i a  f o r  i n c l u s i o n
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Figure 4.  Pedig ree  of s ev e ra l  f a m i l i e s  of  Siamese c a t s  a f f e c t e d  with  

MPS VI.
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TABLE 2. Animal Models of Human Lysosomal S to rage  Diseases*

Disease Enzymatic Defect Species  kefe rence

Glycogenosis :

Glycogenosis  
Type I I  (PompeJ

Acid a -G lucos idase Shor thorn  Cow 29

G lycopro te inoses :

a-Mannos idos is Acid m-Mannosidase Angus Cow 
Domestic Cat

30
39

j3-Mannosidosis Acid p-Mannosidase Nubian Goat 31

G lycosph ingo l ip idoses :

G ^ - G a n y l i o s i d o s i s

Type 2 Acid p -G a la c to -  
s id a s e

Siamese Cat 
F r i e s i a n  Calf  
Mixed Breed Dog

32
40
41

G ^ - U a n y l i o s i d o s i s

Type 2 p-Hexosaminidase A&B Domestic Cat 33

Type 3 |3-Hexosaminidase A, 
P a r t i a l  A c t i v i t y

Yorkshi re Swine 42

Gaucher Type 2 Acid p -G lucos idase S i lky  Hair 
T e r r i e r  Dog

43

Krabbe G alac tosyl  ceramide:  
p - G a la c to s id a s e

West Highland/  
Cairn T e r r i e r s  
Twitcher  Mouse

37

38

Niemann-Pick 
Type A

Sphingomyelinase Poodles 
Siamese Cat

36
44

Mucopolysacchar idoses :

MPS I-H 
(H ur le r )

a -L - Id u ro n id ase Domestic Cat 35

MPS VI
(Maroteaux-Lamy)

A r y l s u l f a t a s e  B Siamese Cat 23

♦Inc ludes  only  en z y m a t i c a l l y  confirmed models.

16



in Table 2 was the ac tua l  dem ons t ra t ion  of  the same enzyme d e f i c i e n c y  as 

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

an autosomal r e c e s s i v e  t r a i t .

Recogni t ion  o f  the  a f f e c t e d  proband a n d / o r  i d e n t i f i c a t i o n  of  the  

p roband 's  p a ren t s  or  he terozygous r e l a t i v e s  has perm i t ted  th e  e s t a b l i s h ­

ment of  a c t i v e  breeding  c o lo n ie s  f o r  cows w i th  Pompe d i s e a s e  (29) and 

a-mannosidos is  (30 ) ;  goats  with  j3-mannosidosis  ^31);  c a t s  w ith  GM1-gang- 

l i o s i d o s i s  type 2 (32 ) ,  G ^ - g a n g l i o s i d o s i s  type 2 (3 3 ,3 4 ) ,  mucopoly­

s a c c h a r i d o s i s  Type I-H (35) and m ucopolysacchar idos i s  Type VI (2 3 ,2 4 ) ;  

dogs with  Niemann-Pick d i s e a s e  (3 8 ) ,  as  well as  dogs (37) and mice (38) 

w i th  Krabbe d i s e a s e .  These models a r e  the  b e s t  c h a r a c t e r i z 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 t a t i o n s ,  n a t u r a l  h i s t o r y  of  the  d i s e a s e ,  

morphologic pa tho logy ,  and the  n a tu re  of the  m e tabo l ic  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).

1. Molecula r  pa tho logy . R eq u i s i t e  to  th e  use of  animal models 

f o r  the  s tudy  of  human d i s e a s e  i s  the  n e c e s s i t y  to  e s t a b l i s h  the deyree  

of  homology between the  human and animal c o u n t e r p a r t s .  Obvious ly ,  an 

animal d i s e a s e  which has an i d e n t i c a l  m o lecu la r  e t i o l o g y  to  t h a t  o f  the  

cor responding  human d i s o r d e r  w i l l  p rovide  the  idea l  model f o r  i n v e s t i g a ­

t i o n  of d i s e a s e  pa thogenes i s  and t r e a tm e n t .  For inborn  e r r o r s  o f  metab­

o l i sm ,  an animal homologue would be one with  the  i d e n t i c a l  m o lecu la r  

d e f e c t  a t  the  yen ic  le ve l  ( e . g . ,  the  same or e q u i v a l e n t  base s u b s t i t u ­

t i o n  in th e  mutant  gene) .  However, i t  i s  u n l i k e l y  t h a t  any given animal 

model w i l l  sh a re  the  p r e c i s e  gene muta t ion  which occurs  in  t h e  human 

d i s e a s e .  In f a c t ,  i t  i s  known t h a t  m u l t i p l e  m u ta t ions  in th e  s t r u c t u r a l  

gene f o r  any g iven  p r o t e i n  can cause d e f e c t i v e  c a t a l y s i s  o r  f u n c t i o n ,  as
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has been so w e l l -dem ons t ra ted  f o r  the  over 140 and 250 d i f f e r e n t  muta­

t i o n s  in the  human m o lecu le s ,  g lucose  6-phosphate dehydrogenase (45-47) 

and hemoglobin ( 4 8 ) ,  r e s p e c t i v e l y .

To d a t e ,  s t u d i e s  of  the  m olecu la r  pa thology in animal models of 

human lysosomal s to r a g e  d i s e a s e s  have focused a t  the  leve l  of  the  met­

a b o l i c  d e f e c t .  In each animal model d i s e a s e  l i s t e d  in Table 2,  the 

homology of  the  metabo l ic  d e f e c t  has been documented by the  demonstra­

t i o n  of  the  same enzymatic d e f i c i e n c y  as in the corresponding  human d i s ­

o rd e r .  Several  of  th e s e  animal models have enzymatic d e f e c t s  with  

r e s id u a l  a c t i v i t i e s  which permi t  f u r t h e r  comparison of  t h e i r  muta t ions  

with  th ose  in th e  human d i s e a s e s .  I n t e r e s t i n g l y ,  r e s id u a l  a c t i v i t i e s  

occu r  in both the  human and animal c o u n t e r p a r t s  of  mannosidos is  and 

G ^ - g a n g l i o s i d o s i s .  Comparison of  th e  k i n e t i c ,  phys ica l  and immunoloyic 

p r o p e r t i e s  of th e se  d e f e c t i v e  enzymes revea led  t h a t  n e i t h e r  of  the se

animal models were homologues, but  r a t h e r ,  were analogues  of  t h e i r  human 

d i s e a s e  c o u n t e r p a r t s .  These s t u d i e s  a re  summarized in Table 3 and a r e  

d i s c u s s e d  below.

a )  u -M annos idos is . The r e s id u a l  a-niannosidase a c t i v i t i e s  in

both the  bovine and human d i s o r d e r s  had in c re as ed  1^ v a l u e s ,  decreased 

t h e r m o s t a b i l i t i e s  and c r o s s - r e a c t e d  w i th  a n t i b o d i e s  to  the r e s p e c t i v e  

normal enzymes, c o n s i s t e n t  with  a s t r u c t u r a l  gene muta t ion  (49) .  The 

on ly  d i f f e r e n c e  between the  human and bovine r e s id u a l  enzymes was the 

amount of a c t i v i t y  d e t e c te d  {^2-8%  vs. ^ 15% of normal,  r e s p e c t i v e l y ) .  

In c o n t r a s t ,  t h e  r e s i d u a l  a c t i v i t y  in  f e l i n e  mannosidos is  was only  2% of 

normal l e v e l s  and had s i m i l a r  phys ica l  and k i n e t i c  p r o p e r t i e s  to  the

normal f e l i n e  enzyme (39) .  Although th e  immunologic p r o p e r t i e s  of  the
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TABLE 3. Comparison of  the  P r o p e r t i e s  of  Residual A c t i v i t i e s  in 
Human and Animal Models of  Lysosomal Sto rage Diseases

the  Liver from

Disease
Residual
A c t i v i t y pH Kinet ic s

Thermo­
s t a b i l i t y

Mol.
Wt.

Cat ions ,
Cofac tors
E f fec to r s

IEF*/ 
E lec t rophor­
e t i c  Migrat ion

Cross
Reacting
Mater ial

Refer­
ences**

Mannosidosis:

Human 2-8% N* Km NS N N N + 52

bovine 15% N Km NS N N N + 4y

Fel ine 2% N N N NS N NS NS 3y

G ^j -G ang l io s idos i s  Type2:

Human 2-18% N Km NS N NS El e c t r o -  
p o s i t i v e

+ 53

Fel ine 10% N Km NS NS NS E l e c t r o ­
p o s i t i v e

- 50

Canine 1% N N N N NS N NS 51

* N = normal; I tF  = i s o e l e c t r i c  focus ing ;  NS = no t  s t u d ie d .



r e s i d u a l  f e l i n e  enzyme were not  i n v e s t i g a t e d ,  i t  was sugges ted  t h a t  the

r e s i d u a l  a c t i v i t y  was the  r e s u l t  o f  a s t r u c t u r a l  gene mutat ion  t h a t  led

to  enhanced s u s c e p t i b i l i t y  of  the  enzyme to  p r o t e o l y s i s  or  an a l t e r a t i o n  

in  some p roper ty  which decreased  c a t a l y t i c  a c t i v i t y ;  a r e y u l a t o r y  gene 

m u ta t i o n ,  a l though  l e s s  l i k e l y ,  was a l s o  cons ide red  (39) .  F u r th e r  p u r i ­

f i c a t i o n  ana c h a r a c t e r i z a t i o n ,  in c lu d in g  CRM s t u d i e s ,  a r e  r e q u i r e d  to  

d i s c r i m i n a t e  among the se  p o s s i b i l i t i e s .

b) - G a n g l i o s i d o s i s . The f e l i n e  model of G ^ - g a n g l i o -

s i d o s i s  has 10% re s id u a l  h e p a t i c  a c t i v i t y  which has an a l t e r e d  toward 

both the n a tu ra l  and a r t i f i c i a l  s u b s t r a t e s ,  i s  t h e r m o la b i l e ,  m ig ra te s  

l e s s  an o d a l ly  and i s  no t  r ecognized  (CRM-negative) by th e  an t ibody  

r a i s e d  a g a i n s t  normal f e l i n e  p - g a l a c t o s i d a s e  (50) .  In c o n t r a s t ,  the 

can ine  enzyme has 1% of  normal h e p a t i c  a c t i v i t y ,  normal k i n e t i c  and 

phys ica l  p r o p e r t i e s  and an amount of  CRM d i r e c t l y  co rresponding  to  the  

amount of  a c t i v i t y  (51) .  Thus, th e  f e l i n e  muta t ion  i s  c o n s i s t e n t  with  a 

s t r u c t u r a l  gene m u t a t i o n ,  but  the  n a t u re  of  the  can ine  muta t ion  i s  

u n c l e a r ;  p o s s i b l e  muta t ions  inc lude  mRNA p r o c e s s in g ,  r e g u l a t o r y  gene as 

well  as  s t r u c t u r a l  gene d e f e c t s .  D i s c r im in a t io n  of  the  d i f f e r e n t  pos­

s i b i l i t i e s  may r e q u i r e  i s o l a t i o n  o f  t h e  gene and c h a r a c t e r i z a t i o n  of  i t s  

t r a n s c r i p t i o n a l  and t r a n s l a t i o n a l  i n t e g r i t y .

2 . -  T h erapeu t i c  T r i a l s  in  Animal Models. Cons iderab le  a t t e n t i o n  

has oeen focused on the  development of  s t r a t e g i e s  to  t r e a t  p a t i e n t s  w ith  

i n h e r i t e d  m e tab o l i c  d i s e a s e s .  T h e o r e t i c a l l y ,  the  idea l  cu re  f o r  th e s e  

d i s e a s e s  would be th e  i n s e r t i o n  o f  the  segment o f  DNA coding f o r  the

normal gene p roduc t .  Therapeu t ic  i n t e r v e n t i o n  a t  the  le ve l  of  th e
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primary g e n e t i c  d e f e c t ,  o r  gene th e ra p y ,  i s  p r e s e n t l y  prec luded by our 

i n a b i l i t y  to  i n s e r t  a gene and e f f e c t  i t s  normal ex p re s s io n .  However, 

r e c e n t  developments in recombinant  DNA methodology and t h e i r  rap id  

a p p l i c a t i o n  to  _in. v i t r o  gene product  p roduc t ion  have s ig n a l e d  t h a t  we 

a r e  on the  t h re s h h o ld  o f  f u t u r e  t e c h n ic a l  accomplishments which may lead  

t o  "gene t r a n s f e r "  as  a means to  r e p l a c e  d e f e c t i v e  human genes.

To d a t e ,  t h e r a p e u t i c  endeavors to  a m e l io r a t e  the  m olecu la r  patho­

logy of  s e l e c t e d  i n h e r i t e d  m e tabo l ic  d i s e a s e s  have p r im a r i ly  involved 

gene product  the rapy  and m an ipu la t ions  a t  the le ve l  of the  metabo lic  or  

c e l l u l a r  d e f e c t .  These e f f o r t s  have inc luded  c o f a c t o r  supp lem en ta t ion ,  

a l l o t r a n s p l a n t a t i o n ,  enzyme rep lacem en t ,  p la sm apheres is  and s u rg ic a l  

bypass p rocedures .  Several  of  th e s e  s t r a t e g i e s  have been eva lua ted  in 

the  animal models of  the  lysosomal s to r a g e  d i s e a s e s .  These s t u d i e s  

i l l u s t r a t e  the  value  of  animal model systems to  o b ta in  c r i t i c a l  informa­

t i o n  regard ing  the a b i l i t y  of  s e l e c t e d  t h e r a p e u t i c  s t r a t e g i e s  to a l t e r  

the  biochemical a b n o r m a l i t i e s  and c l i n i c a l  course  of  th e s e  d i s e a s e s .

a )  Enzyme Replacement Therapy . During the  p a s t  decade,  

i n v e s t i y a t o r s  have been i n t r i g u e d  by the  p o s s i b i l i t y  of  enzyme the ra py  

f o r  va r ious  inborn  e r r o r s  of  metaboli sm,  p a r t i c u l a r l y  the  lysosomal 

s to r a g e  d i s e a s e s .  The r a t i o n a l e  f o r  enzyme th e ra p y  in th e s e  d i s e a s e s  

evolved from two fundamental  o b s e r v a t i o n s :  a)  the  i d e n t i f i c a t i o n  of

lysosomes as  the  s u b c e l l u l a r  s i t e  of  pa tho logy ,  and b) the  e l u c i d a t i o n  

of  t h e  ba s ic  r o l e  of  the  lysosome in  c e l l u l a r  ca t a b o l i sm .  Thus, i t  was 

reasoned t h a t ,  a f t e r  e n d o c y t o s i s ,  exogenously s u pp l ie d  enzyme would be 

brought i n t o  c o n t a c t  w i th  accumulated s u b s t r a t e  by fu s io n  of  the  var ious  

components of  th e  lysosomal a p p a r a tu s .
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Human t r i a l s  of  enzyme rep lacement the rapy  have met w ith  seve ra l  

d i f f i c u l t i e s ,  i nc lud iny  the  i n a b i l i t y  to  s e r i a l l y  e v a lu a te  the  phys io ­

l o g i c ,  immunologic and biochemical f a c t o r s  a f f e c t i n g  the f a t e  of  the 

ad m in is te re d  enzyme. S u i t a b l e  animal models ,  such as  | i -g lu c u ro n id a s e  

d e f i c i e n t  mice and G ^ - Q a n g l i o s i d o s i s  c a t s ,  have provided the  means to  

e v a l u a t e  and m an ipu la te  th e  f a c t o r s  t h a t  maximize enzyme s t a b i l i t y  and 

t i s s u e  d i s t r i b u t i o n  p r i o r  to  human t r i a l s .  These s t u d i e s  a l s o  provided  

da ta  r ega rd ing  p o t e n t i a l  to x i c  and immunologic c o m p l ic a t io n s .

For example,  the  t i s s u e  and s u b c e l l u l a r  f a t e  as  well as  immunologic 

s a f e t y  of  in t r a v e n o u s ly  adm in is te red  bovine p -g lu c u ro n id a s e  have been 

s tu d ie d  e x t e n s i v e l y  in C3H/HeJ Gush ( i -g lucuron idase  d e f i c i e n t  mice 

(54 -56) .  A s e l e c t i v e  i n a c t i v a t i o n  as say  provided the  means to  conven­

i e n t l y  d i f f e r e n t i a t e  the  bovine enzyme from r e s id u a l  murine a c t i v i t y  

(54) .  Following in t ravenous  i n j e c t i o n ,  bovine p -g lu c u ro n id a s e  was 

r a p i d l y  c l e a r e d  from the  murine c i r c u l a t i o n  min) w i th  almost

e x c l u s i v e  enzyme uptake  by the  h e p a t i c  lysosomes.  These o b s e r v a t i o n s ,  

and s i m i l a r  f i n d i n g s  in e a r l y  human t r i a l s ,  i d e n t i f i e d  the need to 

develop en t rapment s t r a t e g i e s  to  d e l i v e r  th e  enzyme to  no n -h e p a t i c  s i t e s  

of  pa thology .

In t ravenous  a d m i n i s t r a t i o n s  of  bovine (5-giucuronidase en t rapped  in 

p o s i t i v e l y -  and n e g a t iv e l y -c h a ry e d  l iposomes and in  au to logous  murine 

e r y t h r o c y t e s  were e v a lu a te d  to  de te rmine  the  a b i l i t y  of  the se  c a r r i e r  

v e h i c l e s  to t a r g e t - d e l i v e r  and p r o t e c t  the  en t rapped  enzyme (5 5 ,5 6 ) .  

These s t u d i e s  have shown t h a t  enzyme en t rapped  in  n eg a t iv e ly -c h a rg e d  

l iposomes prolonged the  h e p a t i c  r e t e n t i o n  o f  enzymatic a c t i v i t y  compared 

to t h a t  o f  unent rapped enzyme (8  days vs .  1 day) and al lowed d e l i v e r y  of 

enzyme t o  th e  kidney.  Although p o s i t i v e l y - c h a r g e d  l iposomes were cap­
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ab le  of  d e l i v e r i n g  enzyme to  l i v e r  with  a longe r  r e t e n t i o n  t ime ( ^ 11 

d a y s ) ,  they  were noted to  cause  temporary  l a b i l i z a t i o n  of  the lysosomal 

membrane r e s u l t i n g  in  the  i n t r a c e l l u l a r  r e l e a s e  of endogenous lysosomal 

hydro lases  (57 ) .  Fur thermore ,  immunologic s t u d i e s  demonstrated t h a t  

a d m i n i s t r a t i o n  of  the  enzyme-loaded l iposomes e l i c i t e d  an immune r e ­

sponse to  both the  liposome c a r r i e r  and the  en t rapped  enzyme (58) .  

Although l iposomes have been purpor ted  to  be idea l  v e h i c l e s  f o r  the 

a e l i v e r y  of  enzyme to  s p e c i f i c  t i s s u e s  (5 9 ) ,  th e s e  animal model s t u d i e s  

i l l u s t r a t e d  the  p o t e n t i a l  p h y s io lo g ic  com pl ica t ions  of  tne se  enzyme 

c a r r i e r s  p r i o r  to  c l i n i c a l  use.

Compared t o  unen trapped  enzyme, i n t r a v e n o u s ly  adm in is te re d  e r y t h ­

r o c y te - e n t r a p p e d  p - g lu c u ro n id a s e  was r e t a i n e d  in th e  murine c i r c u l a t i o n  

fou r  t imes lo nge r  w ith  more e f f i c i e n t  d e l i v e r y  of  enzyme to  renal  and 

s p l e n i c  t i s s u e s .  U l t r a s t r u c t u r a l  examinat ion r evea led  t h a t  the  major 

s i t e  of e r y th r o c y te - e n t r a p p e d  enzyme uptake was in  Kupfter  c e l l s ,  no t  

h e p a to c y te s ,  i n d i c a t i n g  t h a t  t h i s  method of  en t rapment may be usefu l  fo r  

d i s e a s e s  with  s u b s t r a t e  accumula t ion  in the  r e t i c u l o e n d o t h e l i a l  system 

( e . g . ,  Type 1 Gaucher d i s e a s e ) .  In marked c o n t r a s t  to  enzyme admin­

i s t e r e d  unen trapped  o r  in l iposomes ,  e r y t h r o c y t e s  loaded with  the  h e t ­

e ro logous  bovine p -y lu c u ro n id a s e  d id  no t  e l i c i t  an immune response 

fo l low ing  r epea ted  in t ravenous  a d m i n i s t r a t i o n s  (50 ) .

These s t u d i e s  a l s o  demonstrated t h a t  i n t r a v e n o u s ly  adm in is te red  

enzyme, whether en t rapped  in l iposomes o r  e r y t h r o c y t e s , o r  unen t rapped ,  

was unab le  to  c r o s s  t h e  b lo o d -b ra in  b a r r i e r  and gain access  to  the  

c e n t r a l  nervous system.  Thus, i t  was recoynized  t h a t  e f f o r t s  to  t r e a t  

d i s e a s e s  with  neu ro lo g ic  involvement r e q u i r e d  th e  development o f  s t r a ­

t e g i e s  to  r e v e r s i b l y  open the  b lo o d -b ra in  b a r r i e r  f o r  neuronal  enzyme
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uptake .  Using the  f e l i n e  model of  G ^ - g a n g l i o s i d o s i s ,  k a t t a z z i  e t  a l . 

(34 ,61)  eva lua ted  the  e f f e c t i v e n e s s  of  hyperba r i c  oxygen and i n t r a c a r o ­

t i d  a i r  micro-embolism as methods to r e v e r s i b l y  open the  b lood -b ra in  

b a r r i e r .  Following exposure to  hyperba r i c  oxygen,  p-hexosaminidase  A 

was i n j e c t e d  i n t o  the  femoral  o r  c a r o t i d  vein and neura l  up take  was 

de tenn ined .  In o rde r  to  prolong th e  h a l f - l i f e  o f  exogenous enzyme in 

the  c i r c u l a t i o n  and maximize i t s  c e n t r a l  nervous system exposure ,  hep­

a t i c  c l e a r a n c e  of  the  enzyme was p a r t i a l l y  i n h i b i t e d  by the  in fu s io n  of  

r e c e p to r - b lo c k i n g  mannosaccharides  ( i . e . ,  mannans).  This i n h i b i t i o n  

r e s u l t e d  in a 3 t o  5 - f o ld  i n c r e a s e  in  neural  enzyme up take  over  t h a t  

observed w i thou t  blockage o f  the  h ep a t ic  uptake r e c e p t o r s .  However, 

hyperba r ic  t r e a tm e n t  fo l lowed by the i n t r a c a r o t i d  a d m i n i s t r a t i o n  o f  

l a rg e  doses of  enzyme r e s u l t e d  in  the  neura l  uptake of  only  about  1% of  

i n j e c t e d  enzyme.

More encouraging  r e s u l t s  were ob ta ined  in p r e l i m i n a ry  experiments  

of  i n t r a c a r o t i d  a i r  m ic ro -e m b o l iz a t io n .  Following th e  i n j e c t i o n  of  

small volumes of  a i r ,  mannans and p-hexosaminidase  A were adm in is te re d  

in t r a v e n o u s ly  i n t o  normal o r  ^M2“ 9an9 l i o s i d o s i s  c a t s  (3 4 ,6 1 ) .  One hour 

a f t e r  enzyme i n j e c t i o n ,  t h e  exogenous p -hexosaminidase  A a c t i v i t y  

reached 20-30X of th e  endogenous l e v e l  in  normal f e l i n e  b r a i n ,  s u g g e s t ­

ing t h a t  a i r  m i c ro -em b o l iza t io n  o r  s i m i l a r  mechanical  methods to  open 

the  b lo o d -b ra in  b a r r i e r  w i l l  permi t  a cc es s  to  neuronal  s i t e s  of  sub­

s t r a t e  d e p o s i t i o n  by n o n s e l e c t i v e  e x t r a v a s a t i o n  of  plasma co n ta in in g  the  

adm in is te re d  enzyme. More r e c e n t l y ,  t h e s e  i n v e s t i g a t o r s  have improved 

t h e i r  t e c h n iq u e s ,  p e rm i t t i n g  i n c re a s e d  amounts of  i n j e c t e d  enzyme t o  

reach  the  c e n t r a l  nervous system 162,63).  C l e a r l y ,  animal models a r e  

e s s e n t i a l  f o r  the  development and e v a l u a t i o n  of  novel t h e r a p e u t i c  s t r a t -
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egies fo r  human neuro logic d iso rde rs .

b) A 1 l o t r a n s p l a n t a t i o n . An i n t r i g u i n g  means f o r  t r a n s ­

f e r r i n g  normal g e n e t i c  in fo rm a t io n  in t o  i n d i v i d u a l s  with  c e r t a i n  s t r u c ­

t u r a l  and m e tabo l ic  gene d e f e c t s  i s  a l l o t r a n s p l a n t a t i o n  (64 -b7) .  This 

approach e x p l o i t s  the  g r a f t i n g  of  c e l l s ,  t i s s u e s  or  organs co n ta in in g  

the  normal UNA f o r  the  p roduc t ion  of  f u n c t i o n a l  gene p roduc ts  in the 

r e c i p i e n t .

Experimental  t r a n s p l a n t a t i o n  des igned  to  c o r r e c t  inborn  e r r o r s  of  

metabolism has been under taken  in only  a few animal d i s o r d e r s .  Mukher- 

j e e  e t  al_. (68) r e p o r t e d  t h a t  o r t h o t o p i c  l i v e r  g r a f t s  r e s u l t e d  in i n ­

c rea sed  UUP-glucuronyl t r a n s f e r a s e  a c t i v i t y  and markedly decreased  the  

h y p e rb i l i r u b in e m ia  in Gunn r a t s .  S ubsequen t ly ,  S u the r land  and co-work­

e r s  (69) ad m in is te re d  i s o l a t e d  l i v e r  c e l l s  i n t o  th e  p o r t a l  vein of  Gunn 

r a t s  and demonstrated  d ec reased  l e v e l s  of  plasma b i l i r u b i n .

Animal model s t u d i e s  have prov ided  the  r a t i o n a l e  fo r  a l l o g e n i c  bone 

marrow t r a n s p l a n t a t i o n  f o r  d i s o r d e r s  in  which the primary  d i s e a s e  pa tho­

logy r e s u l t s  from d e f e c t s  in lymphocytes,  phagocy tes ,  e r y t h r o c y t e s  or  

p l a t e l e t s .  For example,  c y c l i c  n e u t ro p e n i a ,  which occurs in both man 

and dogs ,  i s  th ough t  to  be due t o  a r e y u l a t o r y  d e f e c t  which a f f e c t s  th e  

p l u r i p o t e n t i a l  s tem c e l l s .  Marrow t r a n s p l a n t a t i o n  in dogs w i th  t h i s  

d i s e a s e  r e s u l t e d  in  normal y r a n u l o c y t o p o i e s i s  and c o r r e c t e d  the  n e u t ro ­

p h i l  d e f e c t  ( 7 0 ) .  I t  shou ld  a l s o  be noted t h a t  bone marrow stem c e l l s  

a r e  t h e  p r o g e n i t o r s  o f  o t h e r  mesodermal c e l l  t y p e s ,  in c lu d in g  Kupffer  

c e l l s  and o s t e o c l a s t s .  Thus,  s u c c e s s fu l  t r a n s p l a n t a t i o n  of  normal stem 

c e l l s  w i l l  p rov ide  a con t inuous  source o f  d i f f e r e n t i a t e d  c e l l s  f o r  the  

c o r r e c t i o n  o f  d i s o r d e r s  in which th e  d i f f e r e n t i a t e d  c e l l  i s  the  t a r g e t
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s i t e  of  d i s e a s e  pa tho logy .  For example,  c o n g e n i t a l  s eve re  o s t e o p e t r o s i s  

i s  a r e c e s s i v e l y  i n h e r i t e d  d i s o r d e r  of  humans c h a r a c t e r i z e d  by the  

p r o g r e s s iv e  d e p o s i t i o n  of  bone m a t r ix  lead ing  t o  b l i n d n e s s ,  d e a f n e s s ,  

anemia,  f r e q u e n t  f r a c t u r e s ,  in c re a s ed  s u s c e p t i b i l i t y  to  i n f e c t i o n  and 

p r o g r e s s iv e  hepatosplenomegaly .  S tud ie s  of  the  m olecu la r  pa thology of  

t h e  murine analogue  f o r  t h i s  d i s e a s e  r evea led  t h a t  th e  abnormal r e ­

s o r p t i o n  was the  r e s u l t  o f  an i n t r i n s i c  o s t e o c l a s t  d e f e c t  (71 ) .  More­

over ,  a l l o g e n i c  bone marrow t r a n s p l a n t a t i o n  in a f f e c t e d  mice lead  to  th e  

a m e l io r a t i o n  of  the  d i s e a s e  (7 1 ,7 2 ) .  Based on the  murine model s t u d i e s ,  

bone marrow t r a n s p l a n t a t i o n  was under taken  in s eve ra l  p a t i e n t s  w ith  the  

human d i s e a s e  with  t h e r a p e u t i c  b e n e f i t  ( 7 3 ,7 4 ) .

Successful  bone marrow t r a n s p l a n t a t i o n  and c o r r e c t i o n  o f  the  en­

zymatic d e f e c t  have been accomplished in murine a c a ta l a s e m ia  and murine 

p -g lu c u ro n id a s e  d e f i c i e n c y .  In a c a t a l a s e m ia ,  c a t a l a s e  d e f i c i e n c y  in 

p e r ip h e r a l  le ukocy te s  l e a d s  to  an i n a b i l i t y  to  k i l l  c e r t a i n  types  of 

b a c t e r i a  r e s u l t i n g  in  r e c u r r e n t  i n f e c t i o n s .  Acata lasemic  mice,  which 

a r e  abnormally  s e n s i t i v e  to  i n j e c t i o n s  of exogenous hydrogen p e ro x id e ,  

were marrow t r a n s p l a n t e d  and the  d e f e c t  c o r r e c t e d  as demonst rated  by 

in c re a s e d  blood c a t a l a s e  l e v e l s  and in c re a s e d  su rv iv a l  a f t e r  hydrogen

perox ide  c h a l l e n g e s  (75 ) .  Marrow t r a n s p l a n t a t i o n  in murine p -g lu c u ro n -  

id a se  d e f i c i e n t  mice,  us ing  t o t a l  body i r r a d i a t i o n  to  make space f o r  the 

g r a f t ,  r e s u l t e d  in  s u cces s fu l  g r a f t i n g  and in c re a s e d  l e v e l s  o f  p -g lu c u ­

ro n id ase  a c t i v i t y  in l i v e r  and plasma (76) .

More r e c e n t l y ,  bone marrow t r a n s p l a n t a t i o n  has been proposed as a 

t h e r a p e u t i c  s t r a t e g y  f o r  the  t r e a tm e n t  of a v a r i e t y  of  human i n h e r i t e d  

enzymatic d e f i c i e n c y  d i s e a s e s  (77 ) .  The proponents  of  t h i s  s t r a t e g y  

have t r a n s p l a n t e d  p a t i e n t s  w ith  s eve ra l  lysosomal s t o r a g e  d i s e a s e s ;  th e
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e a r l y  r e s u l t s  in one r e c i p i e n t  with  MPS I-H (H ur le r  d i s e a s e )  have been 

r e p o r t e d  (77 ) .  The r a t i o n a l e  f o r  bone marrow t r a n s p l a n t a t i o n  in t h i s  

and o t h e r  lysosomal d i s o r d e r s  i s  based on the  concept  t h a t  a cont inuous  

supply of normal c i r c u l a t i n y  phagocytes  w i l l  be capab le  of  c o r r e c t i n g  

the  d e f e c t i v e  lysosomal c a tab o l i sm  in th e se  s to r a g e  d i s e a s e s .  I t  i s  

presumed t h a t  monocytes w i l l  p e n e t r a t e  a v a r i e t y  of  t i s s u e s  and s h o r t ­

l i v e d  n e u t r o p h i l s  w i l l  exocytose  t h e i r  lysosomal h y d ro la s e s ,  thus  pro­

v id ing  a con t inuous  supply of  normal enzyme. Fur thermore ,  in d i s o r d e r s  

w ith  primary l i v e r  invo lvement ,  tne  d i s e a s e  course  may be a l t e r e d  by the 

rep lacement of  Kupffer c e l l s  c o n ta in in g  the  a c t i v e  enzyme. This hypo­

t h e s i s  seems rea so n ab le  f o r  d i s o r d e r s  in which r e t i c u l o e n d o t h e l i a l  c e l l s  

and o t h e r  bone marrow c e l l s  a r e  th e  primary s i t e s  of  pa tho logy ,  such as  

Type 1 Gaucher d i s e a s e  and MPS Types IV and VI. However, i t  i s  doubtful  

t h a t  inborn e r r o r s  w ith  primary neuronal  s u b s t r a t e  accumula t ion ( e . g . ,  

Tay-Sachs d i s e a s e ,  metachromatic  leukodyst rophy o r  MPS Types I-H, I I ,  

I I1A, I I IB ,  I I IC ,  I I ID  o r  VII) would b e n e f i t  from marrow t r a n s p l a n t a ­

t i o n ,  s i n c e  i t  i s  u n l i k e l y  t h a t  adequa te  numbers of  marrow-derived c e l l s  

can gain acces s  to  t h e  neural  c e l l u l a r  s i t e s  of  pa thology.  T he re fo re ,  

s t u d i e s  in a p p r o p r i a t e  animal models shou ld  be conducted to  e v a l u a t e  the  

c a p a b i l i t y  of  marrow eny ra f tm en t  to  a l t e r  th e  course  of  lysosomal s t o r ­

age d i s e a s e s  w i th  primary  neu ro log ic  involvement.  In t h i s  r e g a r d ,  one 

im por tan t  animal model e x p e r i en ce  should be n o te a .

J o l l y  e t  al_. (78) have d esc r ibe d  the  biochemical  and c l i n i c a l  

f i n d i n g s  in  a f r e e m a r t in  with  mannos idos i s .  In t h i s  "experiment  o f  

na tu re "  a c a l f  w i th  mannosidos is  r ece ived  an in  u t e r o  marrow g r a f t  from 

a normal l i t t e r m a t e .  The le ve l  of  a-mannosidase a c t i v i t y  in le ukocy tes  

o f  the  ch imer ic  c a l f  was in the  h e t e ro z y g o te  range .  In a d d i t i o n ,  the

27



c a l f  had a marked d e c re a se  in the  number o f  vacuola ted  lymphocytes,  and 

a reduced leve l  of  accumulated mannose-r ich  o l i g o s a c c h a r i d e s  in v i s c e r a l  

t i s s u e s .  However, the  l eve l  o f  s u b s t r a t e  accumula t ion  was n o t  s i g n i ­

f i c a n t l y  reduced in the  b ra in  and the  c a l f  e x h i b i t e d  the  t y p i c a l  neuro-  

lo y i c  m a n i f e s t a t i o n s  and course of  th e  d i s e a s e .  These r e s u l t s  a r e  

i n s t r u c t i v e  s in c e  they  i n d i c a t e  t h a t  the  marrow chimera did  no t  a l t e r  

the  neuro log ic  course o f  t h i s  lysosomal s to r a g e  d i s e a s e .  C le a r ly ,  

animal models provide the  o p p o r tu n i ty  to  f u l l y  a s s e s s  the  e f f e c t i v e n e s s  

and l i m i t a t i o n s  of  marrow t r a n s p l a n t a t i o n .  Such s t u d i e s  should provide 

e s s e n t i a l  da ta  f o r  subsequen t  human t r i a l s .

c)  Enzyme M a n ip u la t i o n . As noted above,  s eve ra l  of  the 

human and animal lysosomal s to r a g e  d i s e a s e s  have d e f e c t i v e  enzymes with  

r e s id u a l  a c t i v i t y .  Thus,  e f f o r t s  to  p u r i f y  and c h a r a c t e r i z e  the  r e s i ­

dual a c t i v i t i e s  in  th e s e  d i s e a s e s  may lead  to  the  development of  novel 

t h e r a p e u t i c  s t r a t e g i e s  des igned  to  m an ipu la te  and enhance th e  fu n c t io n  

a n d /o r  s t a b i l i t y  of  the  d e f e c t i v e  enzyme. For example,  c h a r a c t e r i z a t i o n  

of the r e s id u a l  enzymatic a c t i v i t y  in  bovine mannosidosi s  has led  to  

c l i n i c a l  t r i a l s  of  enzyme m a n ipu la t ion  th e rapy  as d i s c u s s e d  below.

The f in d in g  t h a t  z inc  c a t i o n s  s t im u la t e d  normal p l a n t ,  mammalian 

and human a c i d  u-mannosidase a c t i v i t y  (7 9 ,8 0 ) ,  as  well as  r e s id u a l  

a-mannosidase in t i s s u e s  and f l u i d s  from bovine and human mannosidosis  

( 5 2 , b l ) ,  s t im u la t e d  th e  t r i a l  of  c o f a c t o r  supplementaton in  bovine 

mannos idos i s .  Followiny o ra l  z in c  su p p le m e n ta t io n ,  a modest i n c re a s e  in 

th e  a c t i v i t y  o f  th e  r e s i d u a l  ac id  a-mannos idase was observed in bovine 

l i v e r ,  kidney and pancreas  (organs  in which z in c  acc u m u la te s ) .  A con­

c om i tan t  d ec re ase  in the  l e v e l s  of  m a n n o sy l -o l ig o s acc h a r id es  a l s o  was
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observed in th e s e  t i s s u e s .  However* in the  b ra in  of  the  t r e a t e d  c a l f ,  

the r e s id u a l  enzymatic a c t i v i t y  and o l i g o s a c c h a r i d e  c o n te n t  were not  

changed.  These f i n d i n y s  i n d i c a t e d  t h a t  the e f f e c t  of  z inc  supplementa­

t i o n  may be conf ined  to  t i s s u e s  t h a t  accumulate z inc  and t h a t  inadequa te  

z inc  uptake by t i s s u e s  of  the  nervous system may have prec luded a t h e r a ­

peu t ic  e f f e c t .

I t  i s  a n t i c i p a t e d  t h a t  the  s tudy  o f  animal models of  inborn e r r o r s  

of  metaoolism w i l l  have a d ramatic  impact on the f u t u r e  development and 

e v a l u a t i o n  of  e f f e c t i v e  t h e r a p i e s  f o r  a v a r i e t y  of human enzyme de­

f i c i e n c y  d i s e a s e s .  Thus,  th e  f e l i n e  analogue of  human MPS VI r e p r e s e n t s  

a v a lu a b le  too l  in unders tand ing  the m olecu la r  pa thology of  t h i s  d i s e a s e  

and f o r  the  development of  t h e r a p e u t i c  s t r a t e g i e s .

D. The Nature of  I n h e r i t e d  Enzymatic D e f e c t s .

Recent advances in m olecu la r  b io logy have r e v o l u t i o n i z e d  our con­

c e p t  of  e u k a ry o t i c  gene s t r u c t u r e .  P re v io u s ly ,  i t  was thought t h a t  a 

s t r u c t u r a l  gene c o n s i s t e d  of  only  th e  deoxynuc leo t ide  sequence which was 

t r a n s c r i b e d  in t o  mRNA and then  d i r e c t l y  t r a n s l a t e d  i n t o  the  amino ac id  

sequence of  the  gene p roduc t .  This concept  has been r ev is ed  by th e  

f in d in g  of  deoxynuc leo t ide  sequences w i th in  and f lan k in g  the  s t r u c t u r a l  

yene which do n o t  encode f o r  the  amino a c i d  sequence of  th e  p o ly p e p t id e  

p ro d u c t .  As shown in F igure b,  the  in t e rv e n in g  sequences ( i n t r o n s )  

s e p a r a t e  the  n u c l e o t i d e  sequences (exons) which a r e  u l t i m a t e l y  t r a n s ­

l a t e d  i n t o  the  gene p roduc t .  The f la n k in g  r eg ions  a t  the  5 '  and 3 ‘ ends 

presumably c o n t a in  th e  s i g n a l s  f o r  the  i n i t i a t i o n  o f  t r a n s c r i p t i o n  and 

f o r  RNA p r o c e s s in g .  The e n t i r e  gene (bo th  in t r o n s  and exons) i s  t r a n s ­

c r ib e d  i n t o  a p r e c u r s o r  RNA or  hnRNA (hete rogeneous  n u c l e a r  RNA) which
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Figure 5. Curren t  concep t  of  e u k a ry o t i c  gene s t r u c t u r e ,  t r a n s c r i p t i o n  

and t r a n s l a t i o n .
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then undergoes a s e r i e s  of  p roces s ing  e v e n t s  to  produce the  mature mRNA, 

which c o n t a in s  only  the  exon sequences.  These p rocess ing  events  inc lude  

capping and p o ly a d en y la t io n  a t  the  5 ’ and 3 '  ends ,  r e s p e c t i v e l y ,  and ex­

c i s i o n  ( s p l i c i n g )  of  th e  i n t r o n  sequences.

Various types  of h e r i t a b l e  muta t ions  could r e s u l t  in a d e f e c t i v e  

enzymatic a c t i v i t y .  These inc lude  muta t ions  in  1) e i t h e r  the  exon,  

i n t r o n  or  f l a n k in g  reg ions  of  the  s t r u c t u r a l  gene,  2) o t n e r  genes con­

t r o l l i n g  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 i o n s  of  th e  gene p roduc t ,  and 3) 

r e g u l a t o r y  genes c o n t r o l l i n g  the  s y n t h e s i s  of  the  a c t i v e  enzyme.

1. S t r u c t u r a l  Gene D e fe c t s . H is sense  (base s u b s t i t u t i o n s ) ,  

nonsense (chain  te rm in a t in g  base s u b s t i t u t i o n s )  and f r a m e s h i f t  ( i n s e r ­

t i o n s  o r  d e l e t i o n s )  muta t ions  can occur  in  any i n t r o n ,  exon or  f l a n k in g  

reg ion  of  the  s t r u c t u r a l  gene.  A p a r t i c u l a r  muta t ion  can a l t e r  the 

f i d e l i t y  of t r a n s c r i p t i o n ,  RNA process ing  o r  t r a n s l a t i o n ,  depending on 

the  s p e c i f i c  s i t e  and type of  m u ta t ion .  C er ta in  muta t ions  ( e . g . ,  in  the 

i n t r o n ,  in t e rv e n in g  sequence ju n c t i o n  o r  f l a n k in g  r eg ion)  may r e s u l t  in 

the  q u a n t i t a t i v e  d e f i c i e n c y ,  or  absence ,  of  normal gene product .

Q u a l i t a t i v e  m uta t ions  t h a t  a l t e r  th e  s t r u c t u r e  and f u n c t io n  of  th e  

normal gene p roduct  r e s u l t  from s i n g l e  base s u b s t i t u t i o n s  in th e  exon 

p o r t io n  of  the  gene.  From th e  g e n e t i c  code ,  i t  can be c a l c u l a t e d  t h a t  

approx im ate ly  70% o f  s i n g l e  base s u b s t i t u t i o n s  in a DNA t r i p l e t  lo c a ted  

in an exon w i l l  change t h a t  codon to  i n c o r p o r a t e  a d i f f e r e n t  amino ac id  

(missense m u t a t i o n s ) ,  about  Z5% o f  the  s u b s t i t u t i o n s  w i l l  i n s e r t  the  

same amino ac id  (d e g e n e ra te  m u t a t i o n s ) ,  and abou t  5% o f  s u b s t i t u t i o n s  

w i l l  code f o r  cha in  t e rm in a t io n  of  the  n as cen t  po lypep t ide  sequence 

(nonsense m u t a t i o n s ) .  Although the  r a t e  of  gene p roduct  s y n t h e s i s
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remains r e l a t i v e l y  normal,  missense and nonsense muta t ions  in an exon 

can a l t e r  the k i n e t i c ,  s t a b i l i t y ,  o r  o t h e r  p r o p e r t i e s  of the enzyme, 

r ender ing  i t  c a t a l y t i c a l l y  i n a c t i v e  o r  p a r t i a l l y  a c t i v e .  In the  l a t t e r  

c a s e ,  a mutat ion  which r e s u l t s  in a p a r t i a l l y  a c t i v e  enzyme permi ts  

p u r i f i c a t i o n  o f  the r e s id u a l  a c t i v i t y  and comparison of  i t s  p r o p e r t i e s  

with  the  normal enzyme, In t h i s  way, i n s i g h t  i n t o  th e  n a tu re  of the  

enzymatic d e f e c t  can be o b ta in ed .

As i l l u s t r a t e d  in Figure 6,  a normal s t r u c t u r a l  yene w i l l  be t r a n s ­

c r ib e d  and t r a n s l a t e d  i n t o  a normal gene product  with  a s p e c i f i c  s e ­

quence of  amino a c id s  t h a t  s p e c i f i e s  a unique th ree -d im e ns iona l  c o n f ig ­

u r a t i o n .  This c o n f i g u r a t i o n  e s t a b l i s h e s  a t  l e a s t  t h r e e  fu n c t io n a l  s i t e s  

on the  a c t i v e  enzyme molecu le :  the  s u b s t r a t e  binding s i t e ,  the  c a t ­

a l y t i c  or  a c t i v e  s i t e ,  and a t  l e a s t  one major a n t i g e n i c  s i t e .  There may 

a l s o  be s i t e s  f o r  a l l o s t e r i c ,  coenzyme, and s u b u n i t  i n t e r a c t i o n s ,  e t c .  

A s i n g l e  base s u b s t i t u t i o n  in an exon p o r t i o n  of  th e  gene may a l t e r  an 

enzyme's  s t r u c t u r e  in such a manner as to  d e l e t e r i o u s l y  a f f e c t  one or  

more of  th e s e  fu n c t io n a l  p r o p e r t i e s .

Nonsense or  c h a in - t e r m in a t i n y  muta t ions  in an exon r e s u l t  in an 

incom ple te ly  s y n th es iz ed  enzyme. I f  the nonsense muta t ion  occurs  e a r l y  

in th e  enzyme's  amino ac id  sequence ,  the  r e s u l t a n t  p o ly p e p t id e  w i l l  no t  

have s u f f i c i e n t  s t r u c t u r e  fo r  c a t a l y t i c  a c t i v i t y  o r  immunologic r ecog ­

n i t i o n  of  i t s  a n t i g e n i c  s i t e ( s )  U - e . ,  c r o s s - r e a c t i n g  m a te r i a l  (CRM)- 

n e g a t iv e ,  F iyure 6 ] .  Missense muta t ions  can modify th e  c a t a l y t i c ,  

s u b s t r a t e  b in d in g ,  c o f a c t o r  binding o r  a l l o s t e r i c  s i t e s ,  r e s u l t i n g  in 

k i n e t i c  muta t ions  which may p a r t i a l l y  or  t o t a l l y  impai r  c a t a l y t i c  fun­

c t i o n .  These muta t ions  can be CRM-positive o r  n e g a t iv e  depending on 

whether they  a l t e r  the  a n t i g e n i c  s i t e s .  Missense muta t ions  a l s o  can
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Figure 6. E f f e c t  o f  v a r io u s  s i n g l e  base s u b s t i t u t i o n s  on the  s t r u c t u r e ,  

f u n c t io n  and s t a b i l i t y  of  an enzyme p r o t e i n .
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a f f e c t  the  phys ica l  s t a b i l i t y  o f  the  enzyme by a l t e r i n g  i t s  conformation 

o r  s u b u n i t  i n t e r a c t i o n s .  Unstable p r o t e i n s  may be r a p i d l y  degraded by 

c e l l u l a r  p r o t e a s e s  r e s u l t i n y  in n o n - c a t a l y t i c ,  CRM-negative m u ta t ions .

In t h e  f u t u r e ,  i t  i s  l i k e l y  t h a t  th e se  muta t ions  w i l l  be c h a r a c t e r ­

ized  a t  the  gen ic  le ve l  us ing s o p h i s t i c a t e d  n u c l e ic  ac id  and recombinant  

UNA t e c h n iq u e s .  The p r e c i s e  m olecu la r  d e f e c t s  ( e . g . ,  s p e c i f i c  base 

s u b s t i t u t i o n s ,  d e l e t i o n s ,  e t c . )  in  each of  the  lysosomal s to r a g e  d i s ­

ea s e s  (and t h e i r  subtypes  and v a r i a n t s )  w i l l  be i d e n t i f i e d ,  analogous to 

the  r e c e n t  accomplishments in the  d i s s e c t i o n  of  tne  m olecu la r  pathology 

of  th e  human hemoglob inopa thies  and t h a l a s s e m ia s  (82-85) .  At p r e s e n t ,  

such s t u d i e s  a r e  not  p o s s i b l e  f o r  the  lysosomal s to r a g e  d i s e a s e s  s ince

none of  the  genes have been i s o l a t e d  and c loned .

R ece n t ly ,  a v a r i e t y  of  s t r a t e g i e s  have evolved f o r  the  i s o l a t i o n  of  

eu k a ry o t i c  genes which a r e  expressed  a t  ex t remely  low l e v e l s .  One

approach invo lves  the  use of  s y n t h e t i c  o l i g o n u c l e o t i o e s  f o r  priming the

s y n th e s i s  of  a cDNA s p e c i f i c  f o r  the  gene in q u es t io n  o r ,  a l t e r n a t i v e l y ,  

to  d i r e c t l y  sc reen  cloned cDNA l i b r a r i e s  f o r  a segment corresponding  to  

the  g e n e ' s  mRNA (86) .  The f i r s t  s t e p  toward t h i s  goal i s  the  d e t e r ­

m ina t ion  of the  amino ac id  sequence of  each enzyme and the  c o n s t r u c t io n  

of  a UNA o l i g o n u c l e o t i d e  probe.  The a v a i l a b i l i t y  of  an o l i g o n u c le o t id e  

probe a l s o  would permi t  the  a n a l y s i s  of  CRM-negative muta t ions  by e s t a b ­

l i s h i n g  th e  absence ,  p resence  or  q u a n t i t y  of  mRNA and UNA p re s e n t  in 

c e l l s  of  the  mutant  genotype (8 7 ) .  Such s t u d i e s  would i d e n t i f y  gene 

d e l e t i o n s  or  mRNA p ro cess in g  d e f e c t s .

S ince  th e  ex a c t  m o lecu la r  d e f e c t s  in the  human lysososmal s to r a g e  

d i s e a s e s  cannot  be de te rmined a t  the gen ic l eve l  as  y e t ,  e f f o r t s  have 

focused  on the  c h a r a c t e r i z a t i o n  of  the enzymatic d e f e c t s ,  p a r t i c u l a r l y
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in  those  d i s o r d e r s  with  d e t e c t a b l e  r e s id u a l  a c t i v i t y .  Info rmat ion  

concern ing  the n a tu re  of  a muta t ion  which r e s u l t s  in a p a r t i a l l y  a c t i v e  

enzyme can be ob ta ined  by comparison of  the  k i n e t i c  and phys ica l  p roper ­

t i e s  of the  normal and r e s id u a l  a c t i v i t i e s .  An in c re a s e d  (decreased  

s u b s t r a t e  b inding)  o r  a decreased  V (reduced produc t  fo rmat ion  due to
iiicx a

d e f e c t i v e  p roduc t  r e l e a s e  or  enzyme i n s t a b i l i t y )  would lead  to  abnormal 

s u b s t r a t e  accumula t ion .  In a d d i t i o n ,  the  i n c o rp o r a t i o n  of  an in app ro ­

p r i a t e  amino a c i d ,  p a r t i c u l a r l y  i f  charged d i f f e r e n t l y ,  may s i g n i f ­

i c a n t l y  a l t e r  the  enzyme's c o n f i g u r a t i o n  and render  i t  u n s t a b l e  and 

s u s c e p t i b l e  to  d eg rad a t io n  by endogenous p r o t e a s e s ;  i t  i s  a n t i c i p a t e d  

t h a t  most s t a b i l i t y  m uta t ions  would be c a t a l y t i c a l l y  i n a c t i v e  and CkM- 

ne g a t iv e .  Of th e  enzymatic d e f e c t s  c h a r a c t e r i z e d  to d a t e ,  most r e s i d u a l  

a c t i v i t i e s  have had markedly inc re ased  va lues  o r  both inc re a sed  

and decreased  VmaY v a lu es .  The l a t t e r  presumably r e f l e c t s  muta t ions
nidi a

which a l t e r  s u b s t r a t e  binding  as well as  r ender  the  enzyme l e s s  s t a b l e .

toissense o r  nonsense muta t ions  in the  s t r u c t u r a l  gene exons may 

a l s o  a l t e r  the  enzyme's  a b i l i t y  to  i n t e r a c t  normal ly  w ith  c r i t i c a l  small 

m o lecu le s ,  such as a l l o s t e r i c  e f f e c t o r s  and c o f a c t o r s .  A number of

human inborn e r r o r s  have been i d e n t i f i e d  t h a t  invo lve  enzymes r e q u i r i n g

th e  binding o f  a s p e c i f i c  v i t amin  c o f a c t o r  f o r  the  normal ex p re s s io n  of  

enzymatic a c t i v i t y  (6 8 ) .  These muta t ions  o f t e n  f a l l  i n t o  two groups -  

those  t h a t  respond to  c o f a c t o r  supp lem enta t ion  the rapy  and th ose  t h a t  do 

n o t .  Presumably,  the  former  muta t ions  r e p r e s e n t  d e f e c t s  in the  coenzyme 

b inding  s i t e  of  th e  enzyme t h a t  i n c r e a s e  th e  Kfl fo r  the  coenzyme, where­

as  the  l a t t e r  group r e p r e s e n t s  d e f e c t s  t h a t  s e v e r e l y  deform the  coenzyme 

b inding  o r  o t h e r  c r u c i a l  s i t e s .  S i m i l a r l y ,  m ul t im er ic  enzyme p r o t e i n s  

may be i n a c t i v e  i f  s u b u n i t  assembly canno t  occur  due to  a muta t ion  in

37



the  s t r u c t u r a l  gene coding f o r  one p o lype p t ide  of  a he te ro inu lt im er ic  

enzyme o r  f o r  the  common su b u n i t s  of  a hornomultimer.

2. P o s t t r a n s l a t i o n a l  D e f e c t s . Missense o r  nonsense muta t ions  in 

genes c o n t r o l l i n g  the  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 i o n s  of  the enzyme 

p r o t e i n  a l s o  may cause  c a t a l y t i c  d e f i c i e n c i e s .  For example,  one type of 

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 i o n  invo lves  processes  which c o n t ro l  the  

s u b c e l l u l a r  c o m p a r tm e n ta l i za t io n  of  an enzyme, in c lu d in g  the  c leavage  of 

a pep t ide  l e a d e r  sequence (8 9 ,9 0 ) ,  th e  s y n th e s i s  of  a s p e c i f i c  membrane 

binding o r  t r a n s p o r t  p r o t e i n ,  o r  the  a d d i t i o n  of  s p e c i f i c  o l i g o n u c le o ­

t i d e  m o i e t i e s .  Such a b n o r m a l i t i e s  have been e l e g a n t l y  demonstrated fo r  

the  [3 -g lucuronidase isozymes in mice ( 9 1 ) ,  and more r e c e n t l y ,  f o r  the  

d e f e c t i v e  lysosomal l o c a l i z a t i o n  of  many hyd ro la se s  in  Mucolipidoses  II  

and I I I  ( 9 2 ,9 3 ) .  In the  fo rm er ,  a d e f e c t  in  the  p r o t e i n  r e s p o n s ib l e  f o r

th e  microsomal l o c a l i z a t i o n  o f  [3-g lucuronidase  has been d e s c r ib e d  (94) .  

In Mucolipidoses  I I  and I I I ,  t h e  d e f i c i e n t  a c t i v i t y  of  an enzyme, UDP- 

N -a c e ty l -g lu c o s a in in y lp h o s p h o t ra n s fe ra se  (9 2 ,9 3 ) ,  r e s u l t s  in  the  f a i l u r e  

to  form the  mannose-6-phosphate r e s id u e s  on the  o l i g o s a c c h a r i d e  m o ie t i e s  

o f  most lysosomal h y d r o la s e s ;  t h e  mannose-6-phosphate r e c o g n i t i o n  s igna l  

appears  to  media te  th e  i n t r a c e l l u l a r  t r a f f i c k i n g  of  lysosomal enzymes to  

th e  lysosomal a p p a ra tu s  (95-101).  The absence of  t h i s  s igna l  r e s u l t s  in 

t h e  m u l t i p l e  d e f i c i e n c y  of  lysosomal hydro lases  i n t r a c e l l u l a r l y  and the  

e x t r a c e l l u l a r  accumula t ion  o f  th e s e  enzymes.

3. Regula to ry  Gene D e f e c t s . F i n a l l y ,  mu ta t ions  in r e g u l a t o r y  

genes c o n t r o l l i n g  i n i t i a t i o n ,  temporal  m odula t ion ,  o r  r a t e s  of  enzyme 

s y n t h e s i s  could  occur .  These m uta t ions  may be in  genes d i s t a n t  from the
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s t r u c t u r a l  gene loc us .  A l t e r n a t i v e l y ,  such muta t ions  could be in the  5' 

f l a n k in g  reg ion  of  the  s t r u c t u r a l  gene which presumably c o n t a in s  "p ro ­

moter  sequences" r eq u i re d  f o r  i n i t i a t i o n  of  t r a n s c r i p t i o n  (RNA polymer­

ase  r e c o g n i t i o n  a n a / o r  b in d in y ) .  Although t h e r e  a r e  no wel1-documented 

examples of  human enzymatic d e f e c t s  r e s u l t i n g  from r e g u la to r y  gene 

m u ta t i o n s ,  i t  i s  l i k e l y  t h a t  th e se  occur  in n a t u r e ,  but  presumably 

r e p r e s e n t  l e t h a l  m u ta t io n s .  However, a p a r t i a l  d e f e c t  of  a r e g u l a t o r y  

yene miyht be v i a b l e  and r e s u l t  in an enzymatic d e f i c i e n c y .

E. 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 Mammalian ASB.

ASb has been c h a r a c t e r i z e d  from severa l  mammalian sources  inc lud ing  

human p la cen ta  (102 ) ,  l i v e r  (103-106) ,  b ra in  (107) ,  and lung (108) ,  

bovine b ra in  (109) and l i v e r  (110-112) ,  ch icken l i v e r  (113) ,  ovine b ra in  

(114) ,  r a b b i t  kidney (115) and murine l i v e r  and kidney (116).  The 

phys ica l  and k i n e t i c  p r o p e r t i e s  of  the  r ep o r te d  homogeneous enzyme 

p r e p a r a t io n s  a r e  summarized in Table 4.

I t  i s  n o ta b le  t h a t  the  pH optimum, p i ' s ,  va lues  and molecula r  

weights  of  the se  p r e p a r a t io n s  a r e  s i m i l a r ,  whereas the  s p e c i f i c  a c t i v ­

i t i e s  vary  g r e a t l y  (7 ,200 to  7 ,800 ,000  nmoles/h/mg p r o t e i n ) .  Despite  

the  l a rg e  number of s t u d i e s  on mammalian ASB, t h e r e  a r e  l a r g e  d i s c r e p ­

a n c i e s  concern ing  the  homoyeneity of  the  desc r ib e d  p r e p a r a t i o n s .  Thus,  

c a r e fu l  p u r i f i c a t i o n  and q u a n t i t a t i o n  of  ASB a c t i v i t y  i s  n ece ss a ry  in 

o rd e r  to  r e l i a b l y  and reproduciDly  p u r i f y  the  enzyme to  homogeneity.  

This  would a l low  f u r t h e r ,  c a r e fu l  c h a r a c t e r i z a t i o n  of  the  enzyme, i n ­

c lud ing  amino ac id  compos i t ion  a n a l y s i s ,  s u b u n i t  s t r u c t u r e  de te rm ina ­

t i o n s  and immunologic s t u d i e s .
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Table 4. P u r if ic a tio n  and C haracterization  o f ASB from Mammalian Tissues

S pe c i f i c Fold Yield pH Km h o ie c u la r
Source A c t i v i t y P u r i f i c a t i o n (*) Optimum pi (mM) Weight* Forms** Reference

Human:

Placen ta 220,000 610 7 5.8 7.6
7.9
8 .1

1.04
1.96
0.65

71,500
60,000
48,000

3 102

Liver 245,000 107 29 5.6 _ 2.9 51,000 2 105
5,600,000 970 36 6.1 - 0 .8 47,000-54,000 1 103

7,200 290 4.3 6 .0 -6 .6 8.5 0.67 40,500 2 104

bovine:

Brain 5,820,000 _ _ _ 8.3 _ 60,000 4 109
Liver 7,800,000 10,000 10 5.7 8.3 - 47,000 2 110

Rabbi t :

Kidney 2,520,000 620 3.7 6.0 - 2.0 - 1 115

♦Determined by yel f i l t r a t i o n .
**Number of  isozymes d i s t i n g u i s h a b l e  by ion exchange chromatography.



F. R a t i o n a l e .

The f e l i n e  ana loyue  of  human MPS VI p rov ides  the unique o p p or tun i ty  

to  c h a r a c t e r i z e  th e  m olecu la r  patho loyy in t h i s  d i s e a s e  and to  develop 

v a r io u s  t h e r a p e u t i c  s t r a t e g i e s .  Phys ica l  and k i n e t i c  s tu d i e s  of  the 

normal human, normal f e l i n e ,  and f e l i n e  MPS VI ASB may provide i n s i g h t  

i n t o  the  d e f e c t  in t h i s  d i s e a s e ,  and provide  a b a s i s  f o r  the  development 

of  t h e r a p e u t i c  s t r a t e g i e s  to  be t e s t e d  in vivo  us ing  th e  animal model.
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I I .  OBJECTIVES

I t  was the  purpose of  the se  s t u d i e s  to  i n v e s t i g a t e  the  m olecu la r  

patho logy of  the f e l i n e  analogue  of  human MPS VI, and based on th e s e

s t u d i e s ,  to  develop t h e r a p e u t i c  s t r a t e g i e s  which can be ev a lu a te d  in the

animal model. This r e s e a rc h  inc luded ;

1) Development of  a rap id  and r e l i a b l e  method to  i d e n t i f y  h e t e r o ­

zygotes  w i th in  the  f e l i n e  MPS VI colony fo r  breeding purposes .

2) 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  normal human and f e l i n e  

h e p a t i c  ASB.

3 J 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  r e s id u a l  ASB a c t i v i t y

in f e l i n e  MPS VI.

4) P roduction  of  a n t i b o d i e s  to  p u r i f i e d  human and f e l i n e  h e p a t i c

ASB and d e t e rm in a t io n  of  CRM in f e l i n e  MPS VI.

6) Attempts to  c o r r e c t  the  enzymatic d e f e c t  by m a n ipu la t ion  of  

t h e  r e s id u a l  a c t i v i t y  in  v i t r o .

6) Attempts to  c o r r e c t  the  enzymatic d e f e c t  in f e l i n e  MPS VI in

vivo .
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I I I .  MATERIALS

Normal human, normal f e l i n e ,  and f e l i n e  MPS VI l i v e r s  were ob ta ined  

w i th in  3U min of  dea th and s to r e d  a t  -55°C u n t i l  used.

Sephadex G-200 and G-25, concanava l in  A-Sepharose ,  Blue Sepharose ,  

and m olecu la r  weight  s t a n d a rd s  ( a l d o l a s e ,  bovine serum a lbumin,  o v a l ­

bumin, chymotrypsinogen and cytochrome C) were ob ta ined  from Pharmacia 

Fine Chemicals ,  P isca taway,  NJ. DEAE-cellulose and CM-cellulose were 

purchased from Whatman, I n c . ,  C l i f t o n ,  NJ. Coommassie b r i l l i a n t  blue 

G-250, p - n i t r o c a t e c h o l  s u l f a t e ,  1 -0 -m ethy l -u -D -g lucopy ranos ide ,  diamino- 

benz id ine  t e t r a h y d r o c h l o r i d e ,  dimethyl  s u b e r im id a t e ,  c y s tea m ine ,  c y s t a -  

mine,  i o d o a c e t a t e ,  iodoace tam ide ,  and p -ch lo rom ercu r ibe nzoa te  were from 

Sigma Chemical Co. ,  S t .  Louis,  MO. Ovine a n t i - r a b b i t  p e rox ida se  con ju ­

ga ted  IgG was from Cappel L a b o r a t o r i e s ,  C o c h ra n v i l l e ,  PA. Mercaptoe th -  

anol was from Eastman Kodak Co. ,  Roches te r ,  NY. The Bio-Rad p ro t e i n  

a ssay  and m a t e r i a l s  f o r  po lyacry lamide  gel e l e c t r o p h o r e s i s  were from 

Bio-Rad L a b o r a t o r i e s ,  Richmond, CA. Pronase from Streptomyces q r i s e u s  

was purchased from Boehr inger  Mannheim, I n d i a n a p o l i s ,  IN. Fluorescamine 

was ob ta ined  from Hoffman-LaRoche, I n c . ,  Nutley ,  NJ. EDTA te t r a s o d iu m  

s a l t  was from F i s h e r  S c i e n t i f i c  Co. ,  Fa i r law n ,  NJ, and Li Cl was from 

M a l l i n c k r o d t ,  I n c . ,  P a r i s ,  KT. Alcian Blue 8GN was ob ta ined  from MCB 

Manufacturing Chemists ,  I n c . ,  C i n n c i n a t t i ,  OH. C e l lu lo s e  a c e t a t e  g e l s  

(14 .5  X 5 .5  cm; 250 p th i c k )  were from Kalex, I n c . ,  Manhasset ,  NY. 

Acroa isc f i l t e r s  were purchased from Gelman S c i e n t i f i c ,  Ann Arbor,  MI, 

and Amicon u l t r a f i l t r a t i o n  ap p a ra tu s  and membranes were from Amicon 

C orp . ,  Lexington,  MA. 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 Duosta t  power supply  f o r  c e l l u l o s e  a c e t a t e  e l e c t r o p h o r e s i s  were 

ob ta ined  from Beckman In s t ru m en ts ,  I n c . ,  Anaheim, CA. Ampholytes were
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purchased from LKd In s t ru m en ts ,  H i c k s v i l l e ,  NY. 4-Methyl u m b e l l i f e ry l  

s u l f a t e  was purchased from Research Products  I n t e r n a t i o n a l ,  I n c . ,  Elk 

Grove V i l l a g e ,  IL. Agarose f o r  im munoelec trophores is  was from Seakem 

Marine Co l lo id s  Div. FMC Corp . ,  Rockland,  ME. All o th e r  r eag e n ts  were 

of  the h ig h e s t  grade  a v a i l a b l e .
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IV. METHODS

A. Enzyme Assays .

ASA and ASB a c t i v i t i e s  were assayed  e s s e n t i a l l y  by the  method of  

Roy (117) with  the fo l lowing m o d i f i c a t i o n s .  Assays were performed by 

in c u b a t io n  of 0.2 ml of  enzyme source with  0 .2  ml of  10 mM p - n i t r o -  

ca techo l  s u l f a t e  (40 mM fo r  MPS VI ASB) in  0 ,5  M sodium a c e t a t e  b u f f e r ,  

pH 5 . 6 ,  f o r  1 h a t  37°C. The r e a c t i o n  was stopped by the  a d d i t i o n  of 

0.1  ml of  2 N NaOH and the  samples were read  a t  515 nm in a G i l fo rd  2400 

spec t ropho tom ete r .  All assays  were performed in  d u p l i c a t e .

Natural s u b s t r a t e  as says  were performed by Dr. Reuben Matalon (Uni­

v e r s i t y  of  I l l i n o i s )  (118) and Dr. Hayato Kihara ( P a c i f i c  S t a t e  Hosp­

i t a l ,  CA) ( i l 9 ) .

B. P ro te in  A ssays .

P ro te in  c o n c e n t r a t i o n s  were determined by the  Bio-Rad assay  acco rd ­

ing to  the  m a n u fa c tu r e r ' s  i n s t r u c t i o n s  (120) with  t h e  exce p t ion  of  sam­

p le s  used f o r  dermatan s u l f a t e  q u a n t i t a t i o n  which were assayed  by the 

f luo rescam ine  method (121) .

C. Specimen P re p a ra t i o n  f o r  Heterozygote  D e t e c t i o n .

Hepar in ized  blood (10-20 ml) was ob ta ined  from f i v e  homozygous 

a f f e c t e d ,  f o u r t e e n  o b l i g a t e  h e t e ro z y g o te s ,  s even ty -one  r e l a t e d  c a t s  from 

the  MPS VI breeding co lony ,  and t h i r t e e n  u n r e l a t e d  normal c a t s .  In 

a d d i t i o n ,  h e p a r in ized  blood was ob ta ined  from an a f f e c t e d  in d iv id u a l  

w ith  human MPS VI, her  two s i b l i n g s ,  p a r e n t s ,  maternal  a u n t ,  pa te rna l  

grandmother ,  and t h i r t y  u n r e l a t e d  normal i n d i v i d u a l s .

Leukocytes were i s o l a t e d  as p r e v io u s ly  d e s c r ib e d  (122) .  The leuko-
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cy te  p e l l e t  was washed 3 t imes with  i s o t o n i c  s a l i n e  and frozen  a t  -20°C

u n t i l  used.  Cell p e l l e t s  were suspended in  1.0  ml of d i s t i l l e d  water

and then  s u b jec ted  to  3 c y c le s  of  f r e e z in g  and thawing.  The suspension  

was c e n t r i f u g e d  a t  1U,000 X g fo r  10 min and the  s u p e rn a ta n t  used fo r  

a n a l y s i s .

D. S ep a ra t io n  of  ASA and ASB from P e r ip h e ra l  Leukocytes .

DEAE-cellulose was suspended in d i s t i l l e d  wate r  and the  f i n e s  r e ­

moved; e q u i l i b r a t i o n  was performed in an equal volume of 0 .1  M T r i s /  HC1 

b u f f e r ,  pH 7 .5 .  An a l i q u o t  (1 .0  ml) of  t h i s  suspenson was mixed with

0 .5  ml of  the  leukocy te  s u p e r n a t a n t  f o r  1 h a t  25°C, then  c e n t r i f u g e d  a t

2,000 X y f o r  10 min. The s u p e rn a t a n t  c o n t a in in g  th e  ASB a c t i v i t y  was 

removed and assayed f o r  a r y l s u l f a t a s e  a c t i v i t y  and p r o t e i n .  To e l u t e

th e  ASA a c t i v i t y  bound to  t h e  DEAE-cellulose,  the  r e s i n  was washed twice

w i th  3 .0  ml of  b u f f e r  and then  mixed w i th  0 .5  ml of 0 .3  M NaCl in T r i s  

b u f f e r ,  pH 7 .5 ,  f o r  30 min. The suspens ion  was c e n t r i f u g e d  a t  2,000 X g 

f o r  10 min and the  s u p e r n a t a n t  was assayed  f o r  a r y l s u l f a t a s e  a c t i v i t y  

and p r o t e i n .

E. P u r i f i c a t i o n  of  Human and F e l in e  ASB.

All p u r i f i c a t i o n  procedures  were c a r r i e d  ou t  a t  4°C. Human and 

f e l i n e  l i v e r  were homogenized in 3 volumes of  10 mM Tris/HCl b u f f e r ,  pH

7 .5 ,  c o n t a in in g  0.05% T r i to n  X-100 in  a Waring b le n d e r  (30 sec X 3 ) ,  

fol lowed by f u r t h e r  homogenizat ion with  a Brinkman P o ly t ron  f o r  30 sec .  

Each homogenate was c e n t r i f u g e d  a t  27,000 X y f o r  1 h and the  r e s id u e  

was d i s c a rd e d .
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1. P r e p a r a t i v e  DEAE-Cellulose Chromatography. The ASB and ASA in 

the  s u p e rn a ta n t s  were comple te ly  s ep a ra ted  by batch  DEAE-cellulose 

chromatography.  Each s u p e r n a t a n t  was mixed o v e rn ig h t  with  2 volumes of  

0 .1  M Tris/HCl b u f f e r ,  pH 7 .5 ,  c o n t a in in g  DEAE-cellulose (6 ml DEAE- 

c e l lu lo s e /m g  p r o t e i n )  which had been p re v io u s ly  e q u i l i b r a t e d  with  the  

same b u f f e r .  Under th e s e  c o n d i t i o n s ,  the ASA bound to  the  r e s i n ,  where­

as  the  ASB d id  n o t .  The DEAE-cellulose suspensions  were s u c t i o n - f i l t e r ­

ed over  a Buchner f u n n e l ,  and th e  f i l t r a t e  c o n ta in in g  th e  ASB a c t i v i t y  

was used f o r  f u r t h e r  p u r i f i c a t i o n .

2. Concanavalin A-Sepharose (Con A) Chromatography. The f i l ­

t r a t e s  ob ta ined  above were d i l u t e d  3 - fo ld  w ith  25 mM Tris/HCl b u f f e r ,  pH

7 .5 ,  c o n ta in in g  0 .5  M NaCl, 1 mM CaClg, and 1 mM MnClg. The d i l u t e d  

f i l t r a t e s  were mixed f o r  3 h with  Con A (1 ml Con A/mg p r o t e i n j .  The 

Con A was removed by s u c t i o n  f i l t r a t i o n  over  a c o a r s e - p o r o s i t y  f r i t t e d  

y l a s s  funnel  and washed e x t e n s i v e l y  with the  above b u f f e r  u n t i l  t h e  

absorbance  (0U2SU) of  the  e l u a t e  was l e s s  than 0 .03 .  The bound g lyco­

p r o t e i n  was e l u t e d  by mixing the  washed Con A with  t h r e e  50 ml a l i q u o t s  

o f  the  above b u f f e r  co n ta in in g  1 M 1 -0 -m ethy l -u -D -g lucopyranos ide .  The 

a l i q u o t s  were combined,  c o n c e n t r a t e d  to  10 ini by u l t r a f i l t r a t i o n  using a 

PM-10 membrane, and d ia ly z e d  a g a i n s t  4 l i t e r s  of  25 mM Tris/HCl b u f f e r ,  

pH 7 .5 ,  with  t h r e e  changes of  b u f f e r  over 12 h.

3. b lue  Sepharose Chromatography. The d ia ly z e d  c o n c e n t r a t e s  were 

a d j u s t e d  t o  pH 6 .0  with  1 M a c e t i c  ac id  and a p p l i e d  to  columns (1 X 16 

cm f o r  the  f e l i n e ;  0 .3  X 7 cm f o r  the  human) c o n ta in in g  Blue Sepharose 

e q u i l i b r a t e d  with  10 mM T r i s / a c e t a t e  b u f f e r ,  pH 6 .0 .  The columns were
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washed w i th  5 bed volumes of the  above b u f f e r  befo re  e l u t i o n  of  the 

enzyme with  a l i n e a r  NaCl g r a d i e n t  (0 t o  0 .3  K) in 10 nul-l Tris/HCl buf ­

f e r ,  pH 7 .4 .  F r a c t io n s  c o n ta in in g  AStJ a c t i v i t y  were pooled ,  concen­

t r a t e d  t o  5 ml and d ia ly z e d  a g a i n s t  25 mM Tris/HCl b u f f e r ,  pH 7.4

4. CM-Cellulose Chromatography. The c o n ce n t ra te d  f e l i n e  and

human enzyme p r e p a r a t i o n s  were a d j u s t e d  to  pH 5 .0  with  1 M a c e t i c  ac id  

and chromatographed over  CM-cellulose  columns 12 X 8 cm f o r  the f e l i n e ;  

0.5 X 8 cm f o r  the  human) which p r e v io u s ly  were e q u i l i b r a t e d  in  25 mM 

sodium a c e t a t e / a c e t i c  ac id  b u f f e r ,  pH 5 .0 .  The columns were washed with  

5 bed volumes of  b u f f e r  and e l u t e d  with  a l i n e a r  NaCl g r a d i e n t  (0 to  0.5 

M). F r a c t io n s  c o n ta in in g  ASb a c t i v i t y  were pooled and co n c e n t ra te d  as 

desc r ib e d  above to  3 m l .

5. Sephadex G-200. The co n c e n t ra te d  enzymes were a pp l ied  sep­

a r a t e l y  to  a Sephadex G-200 column (1 .5  X 100 cm) which p rev ious ly  had 

been e q u i l i b r a t e d  with  10 mM Tris/HCl b u f f e r ,  pH 7 . 5 ,  c o n ta in in g  0 .5  M 

NaCl. Slow flow r a t e s  ( 0 .4  ml/min) were used to  a l low optimal s ep a ra ­

t i o n  of  the  enzyme from o t h e r  p r o t e i n s .  F r a c t io n s  w i th  enzymatic a c t i v ­

i t y  were pooled and c o n c e n t r a t e d  as de sc r ib e d  above.  The human ASB was 

homogeneous and used f o r  c h a r a c t e r i z a t i o n  s t u d i e s .  The f e l i n e  ASb 

sample was f u r t h e r  p u r i f i e d  a s  d e s c r ib e d  below.

5. DEAE-Cellulose Chromatography. The f e l i n e  ASB sample was

d ia ly z e d  a g a i n s t  10 mM Tris/HCl b u f f e r ,  pH 7 .5 ,  and th e  d i a l y s a t e  ap­

p l i e d  to  a column ( 0 .5  X 8 cm) c o n ta in in g  DEAE-cellulose which p rev io u s ­

ly  was e q u i l i b r a t e d  with  10 mM Tris/HCl b u f f e r ,  pH 7 .4 .  The enzyme was
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bound to  the an ion  exchange r e s i n  under th e s e  c o n d i t i o n s ,  ana was e lu ted  

with  a l i n e a r  NaCl g r a d i e n t  (0 to  0 .3  M). F ra c t io n s  c o n ta in in g  ASB 

a c t i v i t y  were poo led ,  con ce n t ra te d  and rechromatographed on Sephadex 

6-200 as d esc r ibe d  above.

F. P u r i f i c a t i o n  o f  Normal and MPS VI Residual ASB A c t i v i t y .

Hepatic  t i s s u e  from a MPS VI (30 g) and a normal Siamese c a t  (80 g) 

was homogenized in 3 vol of  0.01 M Tris/HCl b u f f e r ,  pH 7 .5 ,  in a V i r t i s

homogenizer . Following t h r e e  c y c le s  of  f r e e z e - th a w ,  each suspension was 

f u r t h e r  homogenized w i th  a Brinkman Po ly t ron  f o r  20 sec and then c e n t r i ­

fuged a t  27,000 X g f o r  45 min. The ASB and ASA in th e  s u p e rn a ta n t s  

were sepa ra ted  by ba tch  an ion  exchange chromatography. The s u p e rn a ta n t s  

were added to  2 volumes of  0.1 M Tris/HCl b u f f e r ,  pH 7 .5 ,  co n ta in in g  

DtA E-ce l lu lose  {6 ml DEAE/mg p r o t e i n ;  DE 52 ) ,  which was p rev io u s ly  

e q u i l i b r a t e d  with  t h e  same b u f f e r .  The suspension  was s t i r r e d  ove rn igh t  

a t  4°C. Under th e se  c o n d i t i o n s ,  the  ASA was bound t o  the  r e s i n ,  but  the  

ASB was no t .  The UEAE-cellulose suspension  was s u c t i o n - f i l t e r e d  over a 

Buchner funnel  and the  f i l t r a t e  co n ta in in g  the  ASB a c t i v i t y  was d i l u t e d  

6 - fo ld  with  25 mM Tris/HCl b u f f e r ,  pH 7 .5 ,  c o n t a in in g  0 .5  M NaCl, 1 mM 

CaClg, and 1 inM MnCl^. The d i l u t e d  f i l t r a t e  was mixed with  Con A (3 ml 

Con A/mg p r o t e i n ) ,  and s t i r r e d  f o r  3 h a t  room te m pera tu re .  The Con A 

was removed by s u c t i o n - f i l t r a t i o n  over  a c o a r s e - p o r o s i t y  f r i t t e d  g la s s  

funnel  and then was poured in t o  a 10 ml d i s p o s a b le  s y r in g e  f i t t e d  with  a 

y l a s s  wool plug.  The column was washed e x t e n s i v e l y  with  the  above 

b u f f e r  u n t i l  t h e  absorbance  (0D2S(J) of  the  e l u t e d  f r a c t i o n s  was l e s s  

than 0 .03  00. Then, the  bound g ly c o p ro t e in  was e l u t e d  with  1 M 1-0- 

m e th y l -a -u -y lu c o p y ra n o s id e  a t  a f low r a t e  of  60 ml /h .  The f r a c t i o n s
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c o n ta in in g  the ASB a c t i v i t y  were poo led ,  c o n c e n t r a te d  to  14 ml by u l t r a ­

f i l t r a t i o n  usiny a PM-10 membrane and d ia ly z e d  a g a i n s t  4 l i t e r s  of  25 mM 

Tris/HCl b u f f e r ,  pH 7 .5 ,  w ith  t h r e e  changes o f  b u f f e r  over  12 h. The 

d ia ly z e d  c o n c e n t r a t e  was chromatographed over  DEAE-cellulose (,6 X 1.5 cm 

and 16 X 1.5 cm columns f o r  the  MPS VI and normal p r e p a r a t i o n s ,  r e ­

s p e c t i v e l y ) ,  which had been e q u i l i b r a t e d  p r e v io u s ly  with  25 mM Tris/HCl 

b u f f e r ,  pH 7 .5 .  The column was e l u t e d  with  60 ml o f  the same b u f f e r ,  

befo re  a l i n e a r  NaCl g r a d i e n t  (u to  U.3 M) was a p p l i e d .  F r a c t i o n s  (2 .5  

ml) were c o l l e c t e d  a t  a flow r a t e  of 0 .3  ml/min.  F ra c t io n s  c o n ta in in g  

t h e  ASB a c t i v i t y  were pooled,  c o n c e n t r a te d  to  about  3 ml by u l t r a f i l t r a ­

t i o n  and then  chromatographed over Sephadex G-100 (0 .5  X 100 cm column).  

The column was e l u t e d  with  0 .05 M Tris/HCl b u f f e r ,  pH 7 .5 ,  c o n ta in in g

0.15 M NaCl, a t  a flow r a t e  of  5 m l /h .  The f r a c t i o n s  (2 .5  ml each) con­

t a i n i n g  the  ASB a c t i v i t y  were pooled and c o n c e n t r a te d  as above.  These 

p a r t i a l l y  p u r i f i e d  p r e p a r a t i o n s  were used to  c h a r a c t e r i z e  t h e i r  phys ica l  

and k i n e t i c  p r o p e r t i e s  as  de sc r ib e d  below.

G. A n a ly t ica l  Po lyac rylamide Gel E l e c t r o p h o r e s i s .

A na ly t ica l  po lyacry lamide  gel e l e c t r o p h o r e s i s  us ing  7 pe rc e n t  d i s c  

g e l s  ( 0 .5  X 7 cm) was performed in [ i - a l a n i n e / a c e t a t e  b u f f e r ,  pH 4 . 0 ,  as  

d esc r ibed  by A e is fe ld  e t  a K  (123) .  A c o n s t a n t  c u r r e n t  o f  4 mA/gel was 

a p p l ied  f o r  3 h o r  u n t i l  the  t r a c k in g  dye reached the bottom of  the  

tube .  Detec t ion  of  ASB a c t i v i t y  was accomplished by in c u b a t in g  the  g e l s  

w i th  20 mM pNCS f o r  1 h a t  37°C. For v i s u a l i z a t i o n  of  enzyme a c t i v i t y ,  

the  g e l s  were t r a n s f e r r e d  i n t o  2 N NaOH f o r  2-3  min. The g e l s  were a l s o  

s t a i n e d  f o r  p r o t e i n  with  Uoomassie b r i l l i a n t  blue G-250 as  p r e v io u s ly  

d e s c r ib e d  (124) .
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H. C e l lu lo s e  A ce ta te  Gel E l e c t r o p h o r e s i s .

C e l lu lo s e  a c e t a t e  gel ( c e l l o g e l )  e l e c t r o p h o r e s i s  was performed by a

m o d i f i c a t i o n  of  the method o f  R a t tazz i  e t  al_. (125) .  Celloge l  s h e e t s

(17 cm X 17 cm X 0 .35 mm) were r in s e d  in d i s t i l l e d  w ate r  fol lowed by

e q u i l i b r a t i o n  f o r  1 h in 0.03G M sodium b a r b i t o l ,  0.037 M sodium ace­

t a t e /  a c e t i c  ac id  b u f f e r ,  pH 6 . 5 ,  c o n t a in in g  1 mM p-mercaptoe thanol  and

0.01% sodium a z i d e .  The g e l s  were b l o t t e d  and placed i n t o  an e l e c ­

t r o p h o r e s i s  chamber co n ta in in g  the  same b u f f e r  used f o r  e q u i l i b r a t i o n .  

Samples (7b to  100 p i )  were a p p l i e d  t o  the  c e n t e r  of  the  gel and e l e c t r o -  

phoresed a t  room te m pera tu re  f o r  3 h a t  a c o n s t a n t  c u r r e n t  of  15 mAmp. 

The ASA and ASB a c t i v i t i e s  were v i s u a l i z e d  by in c u b a t io n  of  the  gel f o r

1 h a t  37°C with  a f i l t e r  paper over lay  s a t u r a t e d  in a s o l u t i o n  of

4 -m e thy lum be l l i f e ry l  s u l f a t e  (4-MUS) (10 my/ml) in  0 .5  M sodium a c e t a t e /  

a c e t i c  ac id  b u f f e r ,  pH 6.U. For v i s u a l i z a t i o n  o f  bands,  th e  gel was ex­

posed to  ammonium hydroxide f o r  2-3 min in a c losed  chromatography tank .

I.  I s o e l e c t r i c  Focus ing .

F l a t  bed i s o e l e c t r i c  focus ing  was performed on an LKB Mult iphor

a p p a ra tu s  using a pH 6 to  8 .5  g r a d i e n t  and po lyacry lam ide  g e l s  prepared

accord ing  to  the  m a n u fa c tu r e r ' s  i n s t r u c t i o n s  (126 ) .  The gel was main­

t a in e d  a t  4°C and a c o n s t a n t  v o l t a g e  (800 V) was a p p l i e d  f o r  3 h. The 

pH was determined  with  a s u r f a c e  e l e c t r o d e  and the  a c t i v i t y  bands were 

v i s u a l i z e d  by in c u b a t in g  the  gel f o r  1 h a t  37°C with  a f i l t e r  paper 

o v e r l a y  s a t u r a t e d  with  4-MUS a s  d e s c r ib e d  above.

J .  Molecu lar  Weight D e te rm in a t io n s .

The ap p a re n t  m o lecu la r  weights  of  the  p u r i f i e d  human and f e l i n e  ASB
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a c t i v i t i e s  were determined by yel f i l t r a t i o n  on Sephadex 6-200.  The 

fo l lowing  p r o t e i n s  were used as s t a n d a rd s :  a l d o l a s e  (M^ = 158,000),

bovine serum albumin (Mr  = 6 8 ,0 0 0 ) ,  ovalbumin (Mr  = 45,000) and chymo- 

t ryps inoge n  = 24 ,000).  Molecular  weiyhts  were a l s o  determined  us ing 

the  method of  Hendrick and Smith (127) by e l e c t r o p h o r e s i s  in y e l s  of 

d i f f e r e n t  po lyacry lamide  c o n c e n t r a t i o n s .  The p r o t e i n  s tan d a rd s  used 

were: a l d o l a s e  (Mp = 158,000) ,  bovine serum albumin (Mp = 6 8 ,000 ) ,

chymotrypsinogen (M = 24,000)  and cytochrome C (Mr  = 12 ,400).  Deter ­

mination  of  the m olecu la r  weight  of  denatured  aSB was performed on SDS 

g e l s  accord ing  to  th e  method of  Weber and Osborn (128).

Sucrose d e n s i t y - g r a d i e n t  c e n t r i f u g a t i o n  was performed by the method 

of  Mart in  and Ames (129).  L inea r  suc rose  g r a d i e n t s  o f  5 to  20ife sucrose  

in 0 .1  M Tris/HCl b u f f e r ,  pH 7 . 5 ,  were p repared .  Samples (50 p i )  con­

t a i n i n g  p u r i f i e d  human o r  f e l i n e  enzyme and marker p r o t e i n s  were laye red  

onto the top of  the  y r a d i e n t .  Marker p r o t e i n s  inc luded  l a c t i c  dehydro­

genase (Mr  = 135 ,000),  hexokinase  (Mr  = 98 ,0 0 0 ) ,  and ovalbumin (Mr  = 

47 ,000) .  C e n t r i f u g a t i o n  was a t  40,000 rpm f o r  18 h a t  4°C in  a Beckman 

L5-75 U l t r a c e n t r i f u g e  with a. SW57 r o t o r .  A f te r  c e n t r i f u y a t i o n ,  0.25 ml 

f r a c t i o n s  were c o l l e c t e d  and assayed  f o r  p r o t e i n  and ASB a c t i v i t y .

K. Subunit  S t r u c t u r e  D e te n n i n a t i o n s .

The s u b u n i t  s t r u c t u r e  of the  normal f e l i n e  enzyme was determined by 

t r e a tm e n t  with  t h i o l  r e a g e n t s ,  as  de sc r ib e d  by F i s h e r  e t  a K  (130).  Two 

e l e c t r o p h o r e t i c a l l y  d i f f e r e n t  forms of ASB were prepared  by t r e a t i n g

3.000 U of  p u r i f i e d  normal f e l i n e  enzyme with  14 mM i o d o a c e t a t e  and

3.000 U w i th  14 mM iodoacetamide ,  Tne a l k y l a t e d  enzymes were d i s s o c ­

i a t e d  in t o  su b u n i t s  by d i a l y s i s  a y a i n s t  0 .1  M Tris/HCl b u f f e r ,  pH 7 .0 ,



c o n ta in in g  0 .4  M s u c ro s e ,  1 M NaCl, and 2 M u r e a .  An equal amount of 

the  i o d o a c e t a t e - t r e a t e d  enzyme was mixed with  the  io d o a c e ta m id e - t r e a te d  

ASB and the  mix tu res  were f rozen  a t  -55°C f o r  2 h,  thawed,  and then 

d ia ly z e d  a g a i n s t  10 mM Tris/HCl b u f f e r ,  pH 7 .4 ,  to  recombine the  sub­

u n i t s .  In a d d i t i o n ,  a co n t ro l  m ix tu re  was made which conta ined  equal 

amounts of  the  iodoacetamide-  and i o d o a c e t a t e - t r e a t e d  enzymes, a f t e r  

each was d i s s o c i a t e d  and r e a s s o c i a t e d .  Each p r e p a r a t i o n  was s u b jec ted  

t o  a n a l y t i c a l  po lyacry lamide  gel e l e c t r o p h o r e s i s  as  de s c r ib e d  above.  As 

a f u r t h e r  c o n t r o l ,  a l i q u o t s  of  normal f e l i n e  ASB were a l s o  t r e a t e d  with

vary ing c o n c e n t r a t i o n s  of  i o d o a c e t a t e  (0 .14 -14  mM), d ia ly z e d  a g a i n s t  10 

mM Tris/HCl b u f f e r ,  pH 7 .4 ,  and analyzed  on polyacry lamide  gel e l e c t r o ­

ph o re s i s  w i thou t  s u b j e c t i n g  th e  p r e p a r a t i o n s  to  the  d i s s o c i a t i o n - r e a s -  

s o c i a t i o n  procedure .

The s u b u n i t  s t r u c t u r e  of  the  human and f e l i n e  isozymes was f u r t h e r  

i n v e s t i g a t e d  by t r e a tm e n t  with  the  c r o s s l i n k i n g  r e a g e n t ,  dimethyl  sub- 

e r i m i d a t e ,  as  d e s c r ib e d  by Davies and S ta rk  (131) .  A l iquo ts  ( 3 ,000  U) 

of th e  homogeneous human and f e l i n e  enzymes were t r e a t e d  with  a f i n a l  

c o n c e n t r a t i o n  of 2 mg/ml of  dimethyl s u b e r im id a te  in 0 .2  M t r i e t h a n -  

olamine h y d ro c h lo r id e ,  pH 8 . 5 ,  and th e  r e a c t i o n  m ix tu re  l e f t  a t  room 

tem pera tu re  f o r  3 h. The enzymes were dena tured  f o r  2 h a t  37°C in  Vi 

SDS and Vi p - m e r c a p to e t h a n o l ; each p r e p a r a t i o n  was then  su b je c t e d  t o  SDS 

gel e l e c t r o p h o r e s i s  accord ing  t o  the  method of  Weber and Osborn (128) 

us ing  5% g e l s .

L. P h y s io k in e t i c  S t u d i e s .

Enzymatic a c t i v i t y  v e r s u s  pH curves  were determined over  a pH range 

o f  4 .0  t o  b . 0. Sodium a c e t a t e / a c e t i c  ac id  b u f f e r  was used from pH 4.0
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to  5 . 6 ,  ammonium acetate/ammonium hydroxide  b u f f e r  f o r  pH 5 .8  to  6 .5  and 

Tris/HCl b u f f e r  fo r  pH 7.0 t o  8 .0 .  The t h e r m o s t a b i l i t y  of  each p u r i f i e d  

enzyrne was determined  a t  60°C in  the pre sence  of 1 mg/ml of  bovine serum 

albumin.  C r y o s t a b i l i t y  s t u d i e s  were performed by f r e e z in g  a l i q u o t s  o f  

the  p u r i f i e d  enzymes a t  -5°C f o r  72 h.  The e f f e c t  o f  s u b s t r a t e  concen­

t r a t i o n  on the  a c t i v i t y  of  t h e  p u r i f i e d  human and f e l i n e  ASB isozymes 

was measured over  a range of 0.625 to  20.0  mM pNCS a t  pH 5 .7  w i th  0.5 M

sodium a c e t a t e / a c e t i c  ac id  b u f f e r .  The e f f e c t  o f  pH on the  s t a b i l i t y  of

the normal ana MPS VI r e s i d u a l  a c t i v i t y  was compared by s t o r i n g  each

enzyme a t  4°C f o r  72 h over a pH range o f  3 .5  to  8 .5  in 0 .14  M sodium 

a c e t a t e / 0 . 14 M sodium b a r b i t a l  b u f f e r ,  a d j u s t e d  with  0.1 M HC1.

M. Amino Acid A n a ly s i s .

Amino ac id  a n a ly se s  were performed on p u r i f i e d  human and f e l i n e  ASB 

by Dr. A1 Smith (U n iv e r s i ty  of  C a l i f o r n i a ) .  The ly o p h i l i z e d  samples 

were d i s s o lv e d  in  50% formic ac id  and ac id  hydro lyses  were performed f o r  

24,  48 and 72 h a t  110°C in  b N HC1. Amino ac id  c o n c e n t r a t i o n s  were 

then  determined in a Durrum B-5Q0 amino ac id  a n a l y z e r .

N. Cation Exchange Chromatography o f  MPS VI Residual  ASB.

A l iquo t s  of  t h e  normal and MPS VI enzyme were d ia ly z e d  o v e rn iy h t  

a g a i n s t  25 mM sodium a c e t a t e / a c e t i c  a c i d  b u f f e r ,  pH 5 .0 ,  and i n d i v i d ­

u a l l y  chromatographed over  CM -ce llu lose (10 X 0 .8  cm column) which was 

p r e v io u s ly  e q u i l i b r a t e d  in th e  same b u f f e r .  The column was e l u t e d  with  

30 ml of  b u f f e r  and then  a l i n e a r  NaCl g r a d i e n t  ( 0 - 0 . b M) was a p p l i e d .  

F r a c t i o n s  (1 .5  ml) were c o l l e c t e d  a t  a flow r a t e  o f  0 .3  ml/min ,  and

assayed  f o r  ASB.
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U. Production and P a rtia l P u r if ic a t io n  o f Rabbit Anti-Human and Fe­

l i n e  ASB A n t ib o d ie s .

New Zealand r a b b i t s  were i n j e c t e d  i n t r a d e r m a l l y  with  50 pg of  nomo- 

geneous human o r  f e l i n e  ASB in a 1:1 suspension  of  Freund 's  complete 

a d j u v a n t ,  b o o s te r  i n j e c t i o n s  (50 py) were given a t  two week i n t e r v a l s .

IgG from r a b b i t  a n t i  se ra  was p a r t i a l l y  p u r i f i e d  as  p rev io u s ly  de­

sc r ib e d  (132) .  The an t ibody  was p r e c i p i t a t e d  by adding n e u t r a l i z e d  s a t ­

u ra te d  ammonium s u l f a t e  and s t i r r i n g  f o r  2 h a t  4°C. The s o l u t i o n  was 

c e n t r i f u g e d  a t  2,500  X g f o r  20 min and the  p e l l e t  was washed twice with 

1.5  M ammonium s u l f a t e .  The p e l l e t  was resuspended in d i s t i l l e d  wate r  

and d ia ly z e d  e x t e n s i v e l y  a g a i n s t  s a l i n e .  The an t ibody  was a l i q u o te d  and 

s to r e d  a t  -20°C.

P. Carbamylat ion of  Antibody.

The p a r t i a l l y  p u r i f i e d  an t ibody  was carbamylated by the  method of 

bjerrum e t  a]_. (133) .  Antibody (7 .0  mg) in 1 ml of  0 .1  M NaCl, 7 ml of  

b o r a t e - b u f f e r ,  pH 8 . 0 ,  and 2 ml of  1.0 M KOCN were incubated  f o r  2 h a t  

45°C. The carbamyla t ion  r e a c t i o n  was stopped by d e s a l t i n g  on a Sephadex 

G-25 column ( 0 .5  X 25 cm). Antibody in  the  f i r s t  p r o t e i n  peak was con- 

c e t r a t e d  t o  i t s  o r i g i n a l  volume and s u b jec ted  to  agarose  gel  e l e c t r o ­

p h o r e s i s  (133) to  de te rmine  i t s  i s o e l e c t r i c  p o i n t .

y. Rocket  Im m unoe lec t rophores is .

Agarose s o l u t i o n s  (1%) were prepared  in TMED/acetate b u f f e r  (O.Oi M 

N ,N ,N ' ,N ' - t e t r a m e t h y l - l , 2 - d i a m i n o e t h a n e  and 0.029 M a c e t i c  a c i d ) ,  pH 

5 . 0 ,  and b r idges  ( 8 . 0  X 2 .0  cm) co n ta in in g  4 .0  ml of  agarose  s o l u t i o n  

were poured i n t o  u .5  X 8 .0  cm p l a s t i c  p l a t e s  a t  th e  anode and ca thode
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(134) .  The c e n t e r  of  the  p l a t e  (2 .5  X 8 cm) was f i l l e d  with  agarose 

c o n t a in in g  100 pi (approx im ate ly  0 .25 mg p r o t e i n )  of  p a r t i a l l y  p u r i f i e d  

and carbamylated r a b b i t  anti-ASB a n t ibody .  Wells (3 mm) were cu t  a t  the 

ca thoda l  end of  th e  an t ibody  c o n t a in in g  gel and samples (10 to  2b p i )  

were a p p l i e d .  E l e c t r o p h o r e s i s  was performed in  a ta nk  con ta in ing  the  

TMEU/ a c e t a t e  b u f f e r ,  pH 5 .0 ,  a t  25 mAmps f o r  5 h a t  room te m pera tu re .

Following e l e c t r o p h o r e s i s ,  the  gel was washed f o r  12-15 h in sa­

l i n e .  The a n t ibody  c o n t a in in g  p o r t i o n  was o v e r l a i d  with  0 .3  ml of  sheep 

a n t i - r a b b i t  p e rox idase  con juga ted  IgG, which had been d i l u t e d  1 :3 ,  and 

incubated  a t  room te m pera tu re  f o r  8-12 h in  a mois t  chamber. Following 

a n o th e r  12-15 h wash with  s a l i n e ,  the  gel was s t a i n e d  with  50 ml of  0.1 

M Tris/HCl b u f f e r ,  pH 7 .6 ,  c o n t a in in g  25 my diaminobenz id ine  t e t r a -  

hydroch lo r ide  and 0 .15 ml of  3% H^O^. A f te r  20 min,  r o c k e t s  were v i s ­

u a l i z e d  us ing  an i n d i r e c t  l i y h t  sou rce .

K. Dermatan S u l f a t e  Q u a n t i t a t i o n .

Dermatan s u l f a t e  l e v e l s  were determined by c e l l u l o s e  a c e t a t e  gel 

e l e c t r o p h o r e s i s  accord ing  to  t h e  procedure of Schuchman and Desnick

(135) .  B r i e f l y ,  th e  le ukocy te  p e l l e t s  were s u b jec ted  to  pronase d i g e s t ­

ion ( f i n a l  c o n c e n t r a t i o n  0 ,5  mg/ml) a t  60°C f o r  2 h. P ro te in  was sub­

s e q u e n t ly  assayed  by the  f luo re sca m ine  method (121).  A l iquo ts  of  each 

sample c o n t a in in g  200 pg of  p r o t e i n  were a p p l ied  to  c e l l u l o s e  a c e t a t e  

g e l s  and e l e c t r o p h o r e s i s  was performed f o r  50 min a t  4°C ( 2 .5  mA/cm gel 

w id th ;  15 v o l t s / cm  yel  l e n g th )  using an e l e c t r o l y t e  s o l u t i o n  co n ta in in g  

10 mM EDTA t e t r a s o d iu m  s a l t  and 50 mM Li Cl a t  pH 8 . 4 .  A f te r  e l e c t r o ­

p h o r e s i s ,  t h e  g e l s  were s t a i n e d  f o r  1 min in  O.ljfc Alcian Blue 8UN a t  

23°C. Des ta in ing  was accomplished by two s e r i a l  submersions in 100 ml
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of 2% g l a c i a l  a c e t i c  ac id  f o r  5 min each.  The d e m a ta n  s u l f a t e  bands 

were q u a n t i t a t e d  by a m o d i f i c a t io n  of  the  procedure desc r ib e d  by Kimura 

e t  al_. (136) .  Each band was c u t  ou t  and immersed in  2 .0  ml of  c h lo ro ­

form/methanol 9:1  ( v o l / v o l )  which d i s s o lv e d  th e  c e l l u l o s e  a c e t a t e .  The 

absorbance  of  the  s o l u t i o n  was determined s p e c t r o p h o t o m e t r i c a l l y  a t  626 

nm. For c o n t r o l ,  blank gel s l i c e s  of  t h e  same s i z e  were d i s s o lv e d  and 

t h e i r  absorbance  determined .  The s tandard  curve  f o r  dermatan s u l f a t e  

was l i n e a r  over a range of  1 to  5 pg.

S. E f f e c t  of  Suifh.ydryl Reagents  on the P h y s io k in e t i c  P r o p e r t i e s  of

P u r i f i e d  ASB.

Highly p u r i f i e d  normal f e l i n e  and f e l i n e  MPS VI ASB a c t i v i t i e s  were 

determined in the  presence  and absence of  v a r io u s  c o n c e n t r a t i o n s  o f  

s u l f h y d r y l - r e a c t i v e  ag en t s  in 25 mM Tris/HCl b u f f e r ,  pH 7 .5 .  K inet ic  

s t u d i e s  were performed a t  pH 5 .7 ,  the  pH optimum fo r  both enzymes, in 

the  p resence  and absence  of  0 .25 mM DTT. T h e r m o s t a b i l i t y  ( a t  60°C) and 

c r y o s t a b i l i t y  ( a f t e r  72 H a t  -50°C) of  the  normal and r e s i d u a l  enzymes 

were determined with  and w i thou t  0.25 mM DTT. The e f f e c t  of  pH (3 .5  to  

8 .5 )  on the  s t a b i l i t y  of  the  normal and MPS VI r e s i d u a l  a c t i v i t i e s  was 

compared by in c u b a t in g  the  p u r i f i e d  enzymes f o r  1 h a t  37°C in  the 

presence  and absence of  0 .25 mM DTT in  0 .14 M sodium a c e t a t e / 0 . 1 4  H 

sodium b a r b i t a l  b u f f e r ,  a d j u s t e d  to  the  d e s i r e d  pH w i th  HC1.

A na ly t ica l  po lyacry lamide  gel e l e c t r o p h o r e s i s  was performed in  7% 

d i s c  g e l s  ( 0 .5  X 7 .0  cm) in  100 mM p - a l a n i n e / a c e t a t e  b u f f e r  a t  pH 4 .0  as 

de s c r ib e d  by R e i s f e ld  e t  al_. (123) .  P a r t i a l l y  p u r i f i e d  normal f e l i n e  

and f e l i n e  MPS VI ASB were e l e c t ro p h o re s e d  in  the  p resence  and absence 

o f  i .O mM DTT a t  a c o n s t a n t  c u r r e n t  o f  4 mA/gel f o r  3 h o r  u n t i l  the
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t r a c k in g  dye reached the  bottom of the  tu b e .  The g e l s  were s t a i n e d  fo r  

ASB a c t i v i t y  using pNCS as  de s c r ib e d  above.  Apparent m olecu la r  weight  

va lues  f o r  each enzyme were de te rmined in the  presence  and absence of

1.0 mM DTT on 5 ,6 ,7  and 8!£ n a t i v e  po lyacry lamide  g e l s  accord ing  to  the  

method of Hendrick and Smith (127) .  Apparent  molecu la r  weights  were 

a l s o  e s t im a ted  by gel f i l t r a t i o n  on Sephadex G-2U0 us ing a 1.5 X 100 cm 

column in the  presence  and absence  of  1.0 mM DTT in  the  enzyme sample 

and e l u t i o n  b u f f e r .

T. In V i t ro  S t u d i e s .

The e f f e c t  of  DTT, cys teamine  and cys tamine on ASB a c t i v i t y  and 

dermatan s u l f a t e  l e v e l s  was de termined in le ukocy tes  i s o l a t e d  from 30 ini 

of  h e p a r in ized  whole blood ob ta ined  from normal and MPS VI c a t s .  Vary­

ing c o n c e n t r a t i o n s  of  each s u l fhyd ry l  r e a g e n t ,  f r e s h l y  p repared  in  25 mil 

Tris/HCl b u f f e r ,  pH 7 .4 ,  were added to  5 ml a l i q u o t s  of  whole blood in 

13 X 100 mm screw cap tube s .  The tubes  were sea le d  a f t e r  gas s ing  with  

2̂ and the  suspensions  were g e n t l y  mixed on a rocking p la t fo rm  f o r  1 h 

a t  37°C. Then the  le ukocy te s  were i s o l a t e d  by dex t ra n  s e d im e n ta t io n ,  

washed twice with  0 .15  M NaCl, suspended in 0 .5  ml o f  d i s t i l l e d  water  

and lysed  by 3 c y c l e s  of  f r e e z e / th a w  (-7Q°C/37°C). A l iquo t s  (50 pi)  

were removed from each leukocy te  homogenate f o r  d e t e rm in a t io n  o f  tne 

dermatan s u l f a t e  c o n c e n t r a t i o n s  and th e  remainder of  the  homogenate was 

c e n t r i f u g e d  a t  10.00U X g f o r  10 min. The s u p e r n a t a n t  was removed, ASA 

and ASB were se p a ra t e d  by batch  DEAE-cellulose chromatography as de­

sc r ib e d  above and the  ASB a c t i v i t i e s  and p r o t e i n  c o n c e n t r a t i o n s  were 

de termined .
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U. In Vivo S t u d i e s .

DTT (50 mg/kg) o r  cys teamine (15 mg/kg) was d i s s o lv e d  in 10 ml ot 

s t e r i l e  0 .15 M NaCl and passed through an Acrodisc f i l t e r  (0 .2  micron 

pore s i z e )  im media te ly  p r i o r  to  u se .  DTT o r  cys teamine was i n t r a v e n ­

ous ly  adm in is te re d  over 10 inin i n t o  an 18 month old  MPS VI female (2.27  

kg) c a t  and her  normal female s i b l i n g  (3 .27  kg) .  Heparin ized blood 

samples (5 ml) were ob ta ined  immediately befo re  and a f t e r  and a t  0, 30, 

60,  and 120 min i n t e r v a l s  a f t e r  i n f u s i o n .  ASB a c t i v i t y  and dermatan 

s u l f a t e  l e v e l s  were de te rmined in i s o l a t e d  leukocy tes  as desc r ibed  

above.  The volume of blood drawn f o r  the se  s t u d i e s  prec luded  the 

assessm ent  of  m u l t i p l e  experimenta l  i n f u s i o n s .



V. RESULTS

A. H ete rozygote  D e te c t io n .

I n i t i a l  s t u d i e s  were under taken  to  develop a r e l i a b l e  assay  fo r  

h e te ro zy g o te  i d e n t i f i c a t i o n .  ASA and ASB froin leukocy te  l y s a t e s  were 

t o t a l l y  s ep a ra ted  by batch  DEAE-cellulose chromatography.  The ASB a c ­

t i v i t y  did  n o t  bind to  the  r e s i n  and was recovered  in th e  b u f f e r  wash, 

whereas the  ASA a c t i v i t y  was e l u t e d  with  0.3 M NaCl.

F igure  7 compares the  s p e c i f i c  a c t i v i t y  of  ASB and the a c t i v i t y  

r a t i o s  of  ASB to  ASA in le ukocy tes  from homozygotes,  o b l i g a t e  h e t e ro -  

z y g o t e s ,  r e l a t i v e s  of the  f e l i n e  MPS VI f a m i l i e s  and u n r e l a t e d  normal 

c a t s .  Note t h a t  the va lues  f o r  o b l i g a t e  he te rozygo te s  over lap  with 

those  ob ta ined  f o r  normal and a f f e c t e d  c a t s  when only the  ASb a c t i v i t y  

i s  determined (F igu re  7A). In c o n t r a s t ,  when th e se  ASB a c t i v i t i e s  were 

expressed  as the  r a t i o  of  ASB to  ASA, t h e  o b l i g a t e  he te rozygo te s  were 

c l e a r l y  d i s c r i m in a t e d  from the normal c a t s .  Although t h e r e  was no 

ov e r la p  between o b l i g a t e  he te ro zy g o te s  and a f f e c t e d  c a t s ,  the  low h e t ­

e rozygo te  r a t i o s  were c l o s e  to  the  high homozygote v a lu e s .  Several  of 

th e  r e l a t e d  c a t s  were i d e n t i f i e d  as heterozyyous  f o r  the  MPS VI gene.

Analogous ly ,  the  ASB to  ASA r a t i o s  provided a c c u r a t e  d e t e c t i o n  of 

two o b l i g a t e  he te ro zy g o te s  f o r  human MPS VI, whereas t h e i r  va lues  were 

in  the  normal range when expressed  as ASB s p e c i f i c  a c t i v i t y  (F igu re  8A 

and B).

B. P u r i f i c a t i o n  of  Human and F e l in e  Hepatic  ASB.

Table 5 summarizes th e  r e s u l t s  of  a t y p i c a l  p u r i f i c a t i o n  procedure .  

The enzyme was p u r i f i e d  approx im ate ly  9100- fo ld  with  a 13% y i e l d  f o r  the  

f e l i n e  isozyme and 8400-fo ld  with  a 17% y i e l d  f o r  the  human enzyme. The

GO



Figure  7. Heterozygote d e t e c t i o n  f o r  f e l i n e  MPS VI. ASB a c t i v i t i e s  in 

p e r ip h e ra l  le ukocy tes  from f e l i n e  homozygotes,  o b l i g a t e  h e t e ro z y g o te s ,  

r e l a t i v e s  of  the  f e l i n e  MPS VI f a m i l i e s  and u n r e l a t e d  normal c a t s .  A, 

ASB s p e c i f i c  a c t i v i t i e s ;  b,  r a t i o  o f  ASB to  ASA a c t i v i t i e s .
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Figure  8. Heterozygote  d e t e c t i o n  f o r  human MPS VI. ASB a c t i v i t i e s  in 

human p e r ip h e ra l  leukocy tes  from a homozygote, her  p a r e n t s  I o b l i g a t e  

h e t e r o z y g o te s ) and r e l a t i v e s  of  the MPS VI homozygote, as  well as  

u n r e l a t e d  normal i n d i v i d u a l s .  A, ASB s p e c i f i c  a c t i v i t y ;  b, r a t i o  of  

ASB to  ASA a c t i v i t i e s .
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TABLE 5

P u r if ic a t io n  o f ASB from Normal Feline and Human L ive r

■ F el ine Human

Step
S p e c i f i c
A c t i v i t y

Fold Yield
(*)

S p e c i f i c
A c t i v i ty

Fold Yield
(*)

Crude
Homoyenate

120 - 100 95 - 100

P re p a r a t i v e  DEAE- 
C e l lu lo s e

200 1.7 93 130 1.4 97

Concanavalin A 
Sepharose

95,000 790 71 35,000 368 68

Blue Sepharose 150,000 1250 5U 394,000 4150 60

Cto-Cellulose 300,000 2500 30 710,000 7475 31

Sephadex G-200 420,000 3500 25 * *

LiEAE-Cel l u l o s e 850,000 7080 19 * * *

Sephadex 1 
G-200

,100,000 9100 13 8C0,000 8400 17

♦Steps n o t  performed
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i n i t i a l  p r e p a r a t i v e  DEAE-cellulose chromatographic  s tep  r e s u l t e d  in com­

p l e t e  s e p a r a t i o n  of ASA from ASb from both sources .  Both human and 

f e l i n e  a c t i v i t i e s  bound to  Con A-Sepnarose ( -\-80% f o r  the  human and 85* 

f o r  the  f e l i n e )  and were e l u t e d  with  1 M 1-0 -methy l -u -D -g lucopyranos ide .  

Although both f e l i n e  and human ASB bound to  Blue Sepharose (F igu re  5 ) ,  

t h e  f e l i n e  enzyme was e l u t e d  a t  60 mM NaCl (F igure  9A), whereas human 

ASB a c t i v i t y  was e l u t e d  a t  155 mM NaCl (F igu re  9B). Both enzymes a l s o  

bound to  CM-cel lu lose and were e l u t e d  with  a s a l t  g r a d i e n t ,  25 mM NaCl 

f o r  the  f e l i n e  and 32 mM NaCl f o r  the  human enzyme.

C. C h a r a c t e r i z a t i o n  of  Human and F e l in e  ASB.

1. E l e c t r o p h o r e t i c  S t u d i e s . The p u r i f i e d  ASB a c t i v i t i e s  from the 

human and f e l i n e  h ep a t ic  t i s s u e s  each appeared  homogeneous by n a t iv e  

polyacrylamide gel e l e c t r o p h o r e s i s  a t  pH 4 .0 .  The f e l i n e  a c t i v i t y  

migrated  l e s s  c a th o d a l l y  than th e  human enzyme (F igure  10),  however, 

both migra ted  as  a s i n g l e  band which s t a i n e d  f o r  p ro t e i n  and a c t i v i t y .  

Under dena tu r ing  c o n d i t i o n s  in  SDS polyacry lamide  g e l s ,  each p r e p a r a t io n  

migrated  as a s i n g l e  p r o t e i n  band. C o n s i s t e n t  w i th  the  polyacrylamide 

y e l s ,  the  human ASB migra ted  more c a t h o d a l l y  than the  f e l i n e  a c t i v i t y  on 

c e l l u l o s e  a c e t a t e  gel e l e c t r o p h o r e s i s  (F ig u re  I I ) .

2. I s o e l e c t r i c  P o i n t . F l a t  bed i s o e l e c t r i c  focus ing  showed a 

s l i g h t  d i f f e r e n c e  in  pi  v a lues  f o r  the  p u r i f i e d  ASB a c t i v i t i e s  from 

human and f e l i n e  l i v e r .  Human ASB had a p i  of  8 . 0 ,  whereas th e  p i  o f  

the  f e l i n e  enzyme was 7 .8 .

3. Molecu la r  Weight and Subunit  Composit ion D e te rm in a t io n s . The
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Figure 9. b lue  Sepharose chromatographic p r o f i l e s  of  f e l i n e  (A)

( ■ — ■ )  and human (B) ( +  • )  ASB isozymes.  The columns were

washed with  25 mM sodium a c e t a t e / a c e t i c  ac id  b u f f e r ,  pH 6 . 0 ,  and the 

a c t i v i t i e s  were e lu te d  with  a NaCl g r a d i e n t .
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Figure 10. A na ly t ica l  po lyacry lamide  d i s c  gel e l e c t r o p h o r e s i s  of  p u r i ­

f i e d  f e l i n e  and human h e p a t i c  ASB isozymes.  Gel 1, f e l i n e  ASB; Gel 2, 

human ASB. The p r o t e i n  band shown ( s t a i n e d  with  Coomassie B r i l l i a n t  

Blue) co inc ided  with  the  enzymatic a c t i v i t y  band. Arrow, p o in t  of  

a p p l i c a t i o n .
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Figure  11. C e l lu lo s e  a c e t a t e  gel e l e c t r o p h o r e s i s  of  normal f e l i n e  and 

human leukocy te  ASA and ASB a c t i v i t i e s .  ASA and ASB were se p a ra t e d  by 

ba tch  DEAE-cellulose chromatography.  Lanes 1-3 ,  f e l i n e  leukocy te  

l y s a t e s ;  l anes  4-6 ,  human leukocy te  l y s a t e s ;  l a n e s  1 and 4, t o t a l  

leukocy te  l y s a t e ;  l anes  2 and 5, unbound a c t i v i t y ,  lanes  3 and 6, bound 

a c t i v i t y  e lu te d  from DEAE-cellulose. Note the  d i f f e r e n c e  in e l e c t r o ­

p h o r e t i c  m o b i l i t y  f o r  the human and f e l i n e  ASB isozymes.  Arrow, p o in t  

o f  a p p l i c a t i o n ;  A, ASA; B, ASB.
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ap p a re n t  molecu la r  weights  of  the  f e l i n e  and human ASB a c t i v i t i e s ,  de­

te rmined  by gel f i l t r a t i o n  on Sephadex G-200, were 100,000 and 48,000,  

r e s p e c t i v e l y  (F igu re  12).  The n a t iv e  molecu la r  weigh ts  of the  two en­

zymes were a l s o  determined by the  a n a l y t i c a l  polyacry lamide  gel e l e c t r o ­

p h o re s i s  method of  Hendrick and Smith (127) us ing 5,  6,  7 and 8 pe rce n t  

g e l s  (F igure  13). The p l o t s  of  yel c o n c e n t r a t i o n  versus  log Rm f o r  each 

enzyme p r e p a r a t i o n  a r e  shown in F igure  13A. The m olecu la r  weights  e s ­

t imated  from the  s lopes  of  th e se  p lo t s  were 166,U00 f o r  the  f e l i n e  en­

zyme and 80,000 f o r  the  human isozyme (F igu re  13B). Molecular  weight 

va lues  de termined by s u c r o s e - d e n s i ty  y r a d i e n t  c e n t r i f u y a t i o n  were

105,000 and 55,000 f o r  the  f e l i n e  and human enzymes, r e s p e c t i v e l y  (F ig ­

ure  14). When each enzyme was e l e c t ro p h o re s e d  under dena tur ing  cond i ­

t i o n s  in SDS polyacry lamide  g e l s ,  the  human isozyme had a s i n g l e  band 

with a m olecu la r  weight  o f  38,000,  whereas the  f e l i n e  isozyme had a

s i n g l e  band with  a m olecu la r  weigh t  of  41,000 (F igure  15).

Figure 16 shows the  polyacry lamide  e l e c t r o p h o r e t i c  ge l s  of  the  r e ­

a s s o c i a t e d  t h i o l - t r e a t e d  su b u n i t s  of  f e l i n e  ASB. The i o d o a c e t a t e - t r e a t ­

ed enzyme (gel  1) migra ted  l e s s  c a t h o d a l l y ,  as  expec ted ,  than the  iodo-  

a c e t a m id e - t r e a t e d  enzyme (gel  2) whose m o b i l i t y  was u n a l t e r e d .  E l e c t r o ­

p h o re s i s  of  the  r e a s s o c i a t e d  mix tu re  of  the  two a l k y l a t e d  p r e p a r a t i o n s  

( e . g . ,  d i s s o c i a t e d ,  t h i o l - t r e a t e d ,  mixed,  and then  r e a s s o c i a t e d )  r e ­

vea led  a t h i r d  a c t i v i t y  band which migra ted  to  a p o s i t i o n  in t e rm e d ia te  

t o  those  of  each a l k y l a t e d  enzyme p r e p a r a t i o n  (gel  3 ) .  This  in termed­

i a t e  band r e p r e s e n t s  a hybrid molecule c o n ta in in g  one ioaoaG e ta te -  and 

one io d o a c e ta m id e - t r e a te d  s u b u n i t .  Also ,  a c o n t ro l  mix tu re  of the 

r e a s s o c i a t e d  i o d o a c e t a t e -  and io d o a c e t a m id e - t r e a t e d  enzymes (mixed a f t e r  

r e a s s o c i a t i o n )  had only  the  r e s p e c t i v e  bands (n o t  shown) seen  in g e l s  1
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Figure 12. D ete rm inat ion  of  the  m o lecu la r  weights  of  the  f e l i n e  and 

human ASB isozymes by gel f i l t r a t i o n .  Each isozyme was chromatographed 

s e p a r a t e l y .  Enzyme (500 U) and 5 mg of each p r o t e i n  s tanda rd  were 

a p p l i e d  to  a column of Sephadex G-200. The e l u t i o n  p o in t s  of  th e  

f e l i n e  and human ASB a r e  i n d i c a t e d  (X).
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Figure 13. Native m o lecu la r  weigh ts  of  p u r i f i e d  f e l i n e  and human hep­

a t i c  ASb isozymes de termined by polyacry lamide  gel e l e c t r o p h o r e s i s  

accord ing  to the  method of  Hendrick and Smith (127).  A) Gel concen­

t r a t i o n  versus  log R((1 f o r  f e l i n e  ( ■ — ■ )  and human ( •  - • )  ASb. B) 

Es t imation,  of the  m olecu la r  weights  from the  s lopes  of  the f e l i n e  and 

human ASB a c t v i t i e s  a r e  i n d i c a t e d  (X).
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Figure  14. S u e ro s e -d e n s i ty  g r a d i e n t  c e n t r i f u g a t i o n  o f  human and f e l i n e  

h e p a t i c  ASB. Each enzyrne (50 pg) and marker p r o t e i n s  were la ye red  onto 

the  top of  the g r a d i e n t  and c e n t r i f u g e d  as desc r ib e d  in Methods.
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Figure 15. SOS polyacry lamide  gel e l e c t r o p h o r e s i s  of f e l i n e  and human 

he p a t i c  ASB. tach  s tandard  (40 pg) and 40 pg of  homoyeneous human and 

f e l i n e  ASB were t r e a t e d  and e l e c t ro p h o re s e d  as d esc r ibe d  in Methods.
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Figure  16. A na ly t ica l  polyacry lamide  gel e l e c t r o p h o r e s i s  of p u r i f i e d  

f e l i n e  h e p a t i c  ASB t r e a t e d  with  i o d o a c e t a t e  (gel  1) and iodoace tamide 

(gel  2) to  ye n e ra te  two e l e c t r o p h o r e t i c a l l y  d i f f e r e n t  forms of  the 

enzyme. The hybrid sample i s  a 50:50 mixtu re  of  the  two p r e p a r a t i o n s  

(gel 3 ) .  The arrow i n d i c a t e s  the  p o in t  of  a p p l i c a t i o n .  The minor band 

in gel 1 r e p r e s e n t s  p a r t i a l l y  a l k y l a t e d  enzyme.
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and 2. When the  human enzyme was t r e a t e d  w i th  the se  a l k y l a t i n g  a g e n t s ,  

the  expected change in i t s  charge with io d o a c e t a t e  was not  observed ,

Figure 17 shows the  SDS e l e c t r o p h o r e t i c  g e l s  of  the  dimethyl suber -  

i m i d a t e - t r e a t e d  (gel  2) and u n t r e a t e d  (gel  1) f e l i n e  ASB. The u n t r e a t e d  

f e l i n e  enzyme migra ted  as  a s i n g l e  band to  the  expec ted  p o s i t i o n  c o r r e s ­

ponding t o  a molecu la r  weigh t  of  approx im ate ly  41,000.  The t r e a t e d  en­

zyme d isp layed  two major bands co rresponding  to  molecu la r  weights  of

41,000 and 80 ,000,  r e s p e c t i v e l y .  The presence  of two bands in the  

t r e a t e d  sample i n d i c a t e d  t h a t  the  f e l i n e  enzyme was a dimer.  I d e n t i c a l  

s t u d i e s  on the  human enzyrne re v e a le d  a s i n g l e  band in both th e  t r e a t e d  

and u n t r e a t e d  samples,  i n d i c a t i n g  t h a t  the  human enzyme was a monomer.

4. K ine t ic  and S t a b i l i t y  S t u d i e s . F igure 18 shows th e  e f f e c t  of

pH on the  p u r i f i e d  ASB enzymes. Both human and f e l i n e  enzymes had pH

optima of 5 .7 .  K ine t ic  s t u d i e s  performed a t  th e  optimal pH demons trated

t h a t  the  f e l i n e  a c t i v i t y  was maximal a t  5 mM pNCS and the  human a c t i v i t y

a t  10 mM pNCS (F igu re  19).  Approximate Km v a l u e s ,  c a l c u l a t e d  from Line-

weaver-Burk p l o t s ,  were 1.2 mM f o r  the f e l i n e  a c t i v i t y ,  and 3 .6  mM f o r

the  human enzyme. V v a lues  f o r  the  f e l i n e  and human isozymes were
max

4,00U and 5,100 U/mg, r e s p e c t i v e l y .  Figure 20 shows the  e f f e c t  of 

thermal i n a c t i v a t i o n  a t  60°C on th e  p u r i f i e d  f e l i n e  and human enzymes. 

The f e l i n e  enzyme had a h a l f - l i f e  of 6b min,  whereas the  human enzyme 

had a h a l f - l i f e  o f  30 min. Following 72 h a t  -55°C, 90% o f  the  i n i t i a l  

a c t i v i t y  was recovered f o r  the  f e l i n e  and 84% f o r  the human enzyme. 

Table  6 shows th e  e f f e c t  of  v a r io u s  compounds on th e  a c t i v i t i e s  of  the  

f e l i n e  and human isozymes.  Hone o f  the  d i v a l e n t  c a t i o n s  t e s t e d  had a 

l a r g e  i n h i b i t o r y  e f f e c t  on e i t h e r  the  human o r  f e l i n e  ASB. However, 50
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Figure 17. SDS gel e l e c t r o p h o r e s i s  of  dimethyl  s u b e r i m i d a t e - t r e a t e d

f e l i n e  ASB. Gel 1, u n t r e a t e d  enzyme; Gel 2, t r e a t e d  enzyme. Arrow

i n d i c a t e s  p o i n t  of  a p p l i c a t i o n .
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Figure  18. E f f e c t  of  pH on f e l i n e  {■— ■ )  and human ( • ------• )  ASB

a c t i v i t y .
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Fiyure 19. A) E f f e c t  of  s u b s t r a t e  c o n c e n t r a t i o n  on p u r i f i e d  human and 

f e l i n e  h e p a t i c  ASB a c t i v i t i e s .  ( ■ — • ) ,  f e l i n e  ASB; ( • — —• ) ,  human 

ASB, B and C) Lineweaver-Burk p l o t s  f o r  normal f e l i n e  and human h e p a t i c  

ASB isozymes.
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Figure  20. Thermal i n a c t i v a t i o n  of  f e l i n e  (I 

ASB a t  60°C.

I) and human (<
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TABLE 6

E f f e c t  o f  B iv a le n t  Cat ions  and Other  Compounds on 
the  A c t i v i t y  of  F e l in e  and Human ASB

Compound Final  Concen t ra t ion F e l in e  A c t i v i t y Human A c t i v i ty

mM % o f  I n i t i a l  A c t i v i t y

BaClj, 25 95 90

CaCl g 10 88 90

WgClg 10 97 130

MnClg 10 112 200

Na2S04 10 78 95

EUTA 10 90 170

50 80 145

k2ho4 5 12 12
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ml'! EDTA had a s t i m u l a t o r y  e f f e c t  on the  human a c t i v i t y ,  whereas the

f e l i n e  enzyme was i n h i b i t e d .  In a a d i t i o n ,  both the  f e l i n e  and human 

a c t i v i t i e s  were markedly i n h i b i t e d  by phospha te  ions .

5, Amino Acid Composit ion o f  Human and F e l in e  ASB. Table 7 sum­

mari zes  the  r e s u l t s  o f  the  amino ac id  ana ly se s  of  homogeneous human and 

f e l i n e  ASB. The enzymes had l i t t l e  meth ionine and s i m i l a r  amounts of 

c y s t e i n e .

6. Natural  S u b s t r a t e  Assay. Both the human and f e l i n e  p u r i f i e d  

ASb p r e p a r a t i o n s  d i s p la y ed  a c t i v i t y  toward the  n a tu ra l  s u b s t r a t e .  Equal 

amounts of  each enzyme a c t i v i t y ,  determined by the  a r t i f i c i a l  s u b s t r a t e ,  

pNCS, hydrolyzed s i m i l a r  q u a n t i t i e s  of  dermatan s u l f a t e .

D. P u r i f i c a t i o n  of  Residual  hPS VI ASB A c t i v i t y .

Table 8 summarizes the  t y p i c a l  r e s u l t s  ob ta ined  f o r  the  p u r i f i c a ­

t i o n  of  ASB a c t i v i t y  from normal and MPS VI l i v e r s .  As noted above,

ba tch  DEAE-cellulose chromatography with  0 .1  M Tris/HCl b u f f e r ,  pH 7.5,  

r e a d i l y  s ep a ra ted  the ASB and ASA a c t i v i t y .  Both th e  normal and r e s i d ­

ual  MPS VI ASB a c t i v i t i e s  were bound t o  Con A-Sepharose (^8 0 %  of  ap­

p l i e d  a c t i v i t y )  and e l u t i o n  r e s u l t e d  in 50% recove ry  w i th  140- and 

6 0 - fo ld  p u r i f i c a t i o n ,  r e s p e c t i v e l y .  Subsequent  column chromatography on 

DEAE-cellulose e q u i l i b r a t e d  with  2b mM T r i s /H C l ,  pH 7 . 5 ,  r e s u l t e d  in 

e l u t i o n  of  the  normal f e l i n e  enzyme a t  50 mM NaCl, whereas t h e  MPS VI 

r e s i d u a l  ASB a c t i v i t y  d id  not  bind to  the  r e s i n  and was recovered in the 

b u f f e r  wash. Following the  yel f i l t r a t i o n  s t e p ,  the  f i n a l  s p e c i f i c  ac­

t i v i t i e s  were 106,000 U/mg p ro te in  f o r  the normal f e l i n e  ASB and 2,750
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TAbLE 7. Amino Acid Composition o f Feline and Human ASB

F e l in e  ASB Human ASB

Amino Acid Residues per  Subunit  Molecule

A spa r t ic  Acid /Asparag ine 31.5 33.9

Glutamic Acid/Glutamine 34.9 47.3

Threonine 21.8 21.0
S er ine 32.5 46.1

P r o l in e 19.3 15.5

Glycine 3U.6 45.7

Alanine 20.5 33.3

Valine 21.7 20.9
Methionine 3.9 3.5

I so le u c in e 12.8 12.8

Leucine 2b. 9 25 .3

Tyrosine 15.7 13.6
Pheny la lan ine 13.3 12.5

Hi s t i d i n e 13.9 22.3

Lysine 19.0 16.0

Arginine 13.2 12.9

Cys te ine 4.8 6.0

Tryptophan 34.8 15.1
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TABLE 8

P u r if ic a tio n  o f ASB from Normal and MPS VI Feline L ivers

Normal Feline* Feline  MPS VI*

Step

S p e c i f i c
A c t i v i t y
**U/mg

P u r i f i c a t i o n

fo ld

Yield

%

S pec i f i c
A c t i v i t y

U/mg

P u r i f i c a t i o n

fo ld

Yield

%

Crude
Homogena t e

39.2 1 100 1.5 1 100

P re p a ra t iv e
DEAE-Cellulose

46.0 1.2 97 3.1 2 97

Con A-Sepharose 6,380 172 46 185 123 52

LiEAE-Cellulose 21,800 589 35 820 5n7 31

Sephadex
G-100

106,000 2,840 20 2,750 1,880 16

*Based on 80 and 30 g of  normal and MPS VI l i v e r ,  r e s p e c t i v e l y .
**U = nmoles/h.



U/mg p r o t e i n  f o r  the  f e l i n e  MPS VI enzyme, which r ep re s en ted  p u r i f i c a ­

t i o n s  of  2,840-  and 1 ,8 0 0 - f o l d ,  r e s p e c t i v e l y .  The f i n a l  y i e l d s  were 20% 

and 16% f o r  the normal and MPS VI h e p a t i c  enzymes. On n a t iv e  p o ly a c r y l ­

amide gel e l e c t r o p h o r e s i s ,  t h e s e  p r e p a r a t i o n s  each con ta ined  two major 

p r o t e i n  bands,  on ly  one of  which s t a i n e d  f o r  ASB. These p a r t i a l l y  pur ­

i f i e d  p r e p a r a t i o n s  were used f o r  c h a r a c t e r i z a t i o n  of  the  k i n e t i c  and 

phys ica l  p r o p e r t i e s  as  de s c r ib e d  below.

E. C h a r a c t e r i z a t i o n  of  the  Res idual  MPS VI ASB.

I .  E l e c t r o p h o r e t i c  S t u d i e s . Charge d i f f e r e n c e s  between the 

normal and MPS VI ASB enzymes were rev ea led  by both c a t i o n  exchange 

chromatography and po lyacry lamide  gel e l e c t r o p h o r e s i s .  On CM-cellulose 

chromatoyraphy,  both the  p a r t i a l l y  p u r i f i e d  normal and MPS VI ASB a c t i v ­

i t i e s  bound to  the r e s i n ;  however, the  normal f e l i n e  a c t i v i t y  e l u t e d  a t

25 mM NaCl, whereas the  MPS VI r e s id u a l  a c t i v i t y  e l u t e d  a t  an NaCl

c o n c e n t r a t i o n  of  14 mM (F igure  21).  The normal enzyme bound to  DEAE- 

c e l l u l o s e ,  bu t  the r e s id u a l  enzyme did  not  b ind ,  c o n t r a r y  t o  e x p e c ta ­

t i o n .  The anomalous behav ior  of  MPS VI ASB a c t i v i t y  on an ion exchange 

chromatography may be due to  the f a c t  t h a t  t h e  r e s id u a l  enzyme's  charge 

a n d / o r  binding p r o p e r t i e s  may have been a l t e r e d  a t  pH 7 .5 .  On poly­

acry lam ide  gel e l e c t r o p h o r e s i s ,  t h e  normal f e l i n e  a c t i v i t y  migra ted  more 

c a t h o u a l l y  than the  f e l i n e  MPS VI enzyme (F igu re  22 ) ,  c o n s i s t e n t  with 

th e  more n e g a t iv e  charge of  t h e  MPS VI a c t i v i t y  on c a t i o n  exchanye

chromatography.  In a d d i t i o n ,  t h e  normal and r e s id u a l  enzymes were shown 

t o  be charge isomers by t h e  method o f  Hendrick and Smith (127;  as  de­

sc r ib ed  below.
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Figure 21. CM-cellulose  chromatography of  normal f e l i n e  (■ — ■ )  and 

f e l i n e  MPS VI f  ■ -%} h e p a t i c  ASB. The column was washed with  25 mM 

sodium a c e t a t e / a c e t i c  ac id  b u f f e r ,  pH 5 .0 ,  and the a c t i v i t i e s  were 

e l u t e d  with  a NaCl g r a d i e n t .
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Figure 22. A na ly t ica l  po lyacry lamide  gel e l e c t r o p h o r e s i s  of  p a r t i a l l y  

p u r i f i e a  (pos t  Con A-Sepharose) normal f e l i n e  and f e l i n e  MPS VI h e p a t i c  

ASB. Gel 1, normal f e l i n e  ASB; gel 2, MPS VI ASB. The arrow i n d i c a t e s  

p o in t  of  a p p l i c a t i o n .
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Figure 22
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2. K ine t ic  and S t a b i l i t y  S t u d i e s . pH a c t i v i t y  p r o f i l e s  were de­

termined us ing pNCS as s u b s t r a t e .  The pH optimum of both the  f r e s h l y  

p u r i f i e d  normal and MPS VI ASB a c t i v i t i e s  was 5 .7 .  However, when tne 

p r o f i l e s  were r e p ea ted  fo l lowing  severa l  days of  s to r a g e  a t  4°C, th e  MPS 

VI a c t i v i t y  had a t r i p h a s i c  curve with  optima a t  pH 5 .2 ,  5 .7  and 6 . 2 ;  

a f t e r  f u r t h e r  s to r a g e  a t  4°C, the  pH p r o f i l e  was b ip h a s i c ,  with optima 

a t  pH 5.2 and 6 .2 .  In c o n t r a s t ,  the  pH optimum of the normal h e p a t ic

enzyme was not  a f f e c t e d  by s to r a g e  a t  4°C.

K ine t ic  s t u d i e s  a t  pH 5.7  demonst rated  t h a t  the  p u r i f i e d  MPS VI 

a c t i v i t y  could n o t  be s a t u r a t e d  a t  f i n a l  s u b s t r a t e  c o n c e n t r a t i o n s  up to  

20 mM ( th e  maximum s o l u b i l i t y  o f  the  s u b s t r a t e ) ,  while  the  normal f e l i n e  

a c t i v i t y  was maximal a t  2.5 t o  5 .0  mM pNCS and was i n h i b i t e d  a t  h ighe r  

s u b s t r a t e  c o n c e n t r a t i o n s  (F igu re  23).  Km v a lues  c a l c u l a t e d  f o r  pNCS 

from Lineweaver-Burk p l o t s  were 0 .5  mM fo r  the  normal f e l i n e  enzyme 

(F igu re  23B) and 50 mM f o r  the mutant  enzyme (F igure  23C). Based on 

th e s e  s t u d i e s ,  the  f i n a l  s u b s t r a t e  c o n c e n t r a t i o n s  used in the  r o u t i n e  

assay  f o r  the  normal and MPS VI a c t i v i t i e s  were 5 and 20 mM pNCS, r e ­

s p e c t i v e l y .  F igure  24 shows the  e f f e c t  o f  thermal i n a c t i v a t i o n  a t  60°C 

on the  p a r t i a l l y  p u r i f i e d  normal and MPS VI ASB a c t i v i t i e s .  The normal

enzyme had a h a l f - l i f e  of  about  50 min,  whi le  th e  mutant  enzyme was

markedly more c r y o l a b i l e  than the  normal f e l i n e  enzyme. Following 72 h 

of  f r e e z i n g ,  85% of the  i n i t i a l  normal a c t i v i t y  was r e t a i n e d ,  while only 

42% o f  the  MPS VI a c t i v i t y  was recovered .  The normal a c t i v i t y  was 

s t a b l e  when s t o r e d  a t  pH values  ranging  from 3 .5  t o  8 ,5 .  In c o n t r a s t ,  

the  mutant  a c t i v i t y  was r a p i d l y  l o s t  when s to r e d  below pH 4 .5  o r  above

7.5 (F igure  25) .  T h e re fo re ,  th e  p a r t i a l l y  p u r i f i e d  p r e p a r a t i o n s  were 

r o u t i n e l y  s to r e d  a t  pH 6.5 a t  4°C.
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Figure 23. A) E f f e c t  of  s u b s t r a t e  c o n c e n t r a t i o n  on p a r t i a l l y  p u r i f i e d  

(p o s t  Sephadex 6-200) normal and MPS VI f e l i n e  h e p a t i c  ASB a c t i v i t i e s ;  

( ■ — ■ )  normal ,  ( ♦ —  • )  MPS VI. B and C) Lineweaver-Burk p l o t s  f o r  

h e p a t i c  ASB from normal f e l i n e  (Km -  0 .5  into) and f e l i n e  MPS VI (Km = 50 

mM), r e s p e c t i v e l y .
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Figure 24. Thermal i n a c t i v a t i o n  of  p a r t i a l l y  p u r i f i e d  (p o s t  Sephadex 

0-200) normal f e l i n e  ( ■ — ■ )  and f e l i n e  MPS VI ( • — • )  h e p a t i c  ASB a t  

60°C, pH 7 .5 .
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Figure 25. t f f e c t  o f  pH on s t a b i l i t y  of  nonnal f e l i n e  ( ■ ——■ )  and 

f e l i n e  MPS VI C  ■#) h e p a t i c  ASb a c t i v i t i e s .
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3. Molecu lar  Weight D e te rm in a t io n s . The appa re n t  molecula r  

weights  of  the  normal and mutant  ASB a c t i v i t i e s  determined by gel f i l ­

t r a t i o n  on Sephadex G-2UO were 110,000 and 53,000 ,  r e s p e c t i v e l y  (F igure  

26).  The n a t i v e  molecu la r  weights  of  the  two enzymes a l s o  were d e t e r ­

mined by the a n a l y t i c  po lyacry lamide  gel e l e c t r o p h o r e t i c  method of  

Hendrick and Smith (127) us ing 5,  6 ,  7 and 8% g e l s  (F igure  27).  The 

p l o t s  of yel c o n c e n t r a t i o n  ve rsus  log Rm f o r  the two enzyme p re p a ra t io n s  

were not  p a r a l l e l  and d id  not  i n t e r s e c t  a t  the  o r d i n a t e ,  i n d i c a t i n g  t h a t  

the  normal and r e s i d u a l  a c t i v i t i e s  d i f f e r e d  in m olecu la r  weight  as  well 

as  charge (F igu re  27A). Molecular  weights  e s t im a ted  from the  s lopes  of  

th e s e  p l o t s  were 80,000 f o r  the  r e s id u a l  ASB a c t i v i t y  and 166,000 fo r  

the  normal f e l i n e  enzyme (F igure  27B).

F. Rocket Im m unoe lec t rophores is . A r o c k e t  im inunoelec trophore t ic  

system was used t o  q u a n t i t a t e  immunoreactive ASB p r o t e i n .  As shown in 

Figure 28,  v a r io u s  d i l u t i o n s  of  leukocy te  c e l l  l y s a t e  gave p r o p o r t i o n a t e  

d ec rease s  in  r o c k e t  peak h e i g h t .  S i m i l a r l y ,  dec re as in g  a c t i v i t y  in c e l l  

l y s a t e s  r e s u l t e d  in  p r o p o r t i o n a t e l y  dec re a s ing  r o c k e t  h e i g h t s .  Pre­

l im in a ry  r e s u l t s  demonst ra ted  th e  presence  o f  n o n - c a t a l y t i c  immunologic­

al  ly  c r o s s - r e a c t i n g  m a te r i a l  (CRM-positive) in  both human and f e l i n e  MPS 

VI. The amount of  immunoreactive p r o t e i n  in f e l i n e  MPS VI was 11 .1 - fo ld  

t h a t  of  normal f e l i n e  l y s a t e s ,  assuming i d e n t i c a l  an t ibody  a c t i v i t i e s .

G. E f f e c t  o f  Su l fhvdrv l  Reagents on Highly P u r i f i e d  Normal and MPS VI

ASB.

Table 9 summarizes the  e f f e c t  o f  vary ing c o n c e n t r a t i o n s  of  s e l e c t e d  

s u l f h y d r y l - r e a c t i v e  compounds on th e  h igh ly  p u r i f i e d  normal f e l i n e  and

lug



Figure 26. Determinat ion of  the  molecu la r  weight  of  normal f e l i n e  and 

f e l i n e  MPS VI h e p a t i c  ASB by gel f i l t r a t i o n .  The normal and MPS VI 

enzymes (p o s t  Sephadex G-200) were analyzed  in s e p a r a t e  chromatographic 

runs .  Enzyme (2,000 U) and 2 mg of each p r o t e i n  s t a n d a rd  were a p p l i e d  

to  a column of Sephadex G-200. The p r o t e i n  s t a n d a rd s  used were a ld o ­

l a s e  (Mr = 158,000J,  bovine serum albumun (68 ,000 ) ,  ovalbumin (45,000) 

and chymotrypsinogen (24 ,000 ) .  The e l u t i o n  p o in t s  of  the normal f e l i n e  

and f e l i n e  MPS VI ASB a re  i n d i c a t e d  (X).
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Figure  27. Native molecu la r  weights  of  p a r t i a l l y  p u r i f i e d  ( p o s t  Seph­

adex G-200) normal f e l i n e  and f e l i n e  MPS VI h ep a t ic  ASB determined by 

po lyacry lamide  gel e l e c t r o p h o r e s i s  accord ing  to  the  method of  Hendrick 

and Smith (127).  A) Gel c o n c e n t r a t i o n s  versus  log Rm f o r  normal f e l i n e  

( ■ — ■ )  and f e l i n e  MPS VI ( # — # )  ASB. Note t h a t  the l i n e s  do not  

i n t e r s e c t  a t  the o r d i n a t e ,  i n d i c a t i n g  t h a t  the  enzymes a r e  charge 

isomers.  B) Es t im a t ion  of  the  molecu la r  w eights  from the s lopes  of  the 

normal f e l i n e  ( s lo p e  = 6) and f e l i n e  MPS VI ( s lo p e  = 11.5)  ASB. The 

p r o t e i n  s t a n d a rd s  used were a l d o l a s e  (M = 15b,0 00) ,  bovine serum 

albumin (6 8 ,0 0 0 ) ,  chymotrypsinogen (24 ,000) and cytochrome C (12 ,400) .  

Normal f e l i n e  and f e l i n e  MPS VI ASB a r e  i n d i c a t e d  (X).
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Figure 28. Rocket Immunoelec trophores is  of  f e l i n e  ASB from le ukocy te  

l y s a t e s .  A p p l i c a t io n  of 20 pi of  c e l l  l y s a t e  in d i l u t i o n s  o f  1 :1 ,  1 :2 ,  

1 :4 ,  1 :8 ,  1:16 and 1:32 (600 to  18.7 ng p r o t e i n )  r e s u l t e d  in p ro g re s ­

s ive  d ec rease s  in r o c k e t  h e ig h t .
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f e l i n e  MPS VI r e s i d u a l  ASB a c t i v i t i e s .  The t h i o l - r e d u c i n g  compounds, 

DTT and cys team ine ,  had a marked s t im u la t o r y  e f f e c t  on the  r e s id u a l  ac ­

t i v i t y .  For example,  DTT, a t  c o n c e n t r a t i o n s  ranging from 0.025 to  0.25 

mM, inc reased  the MPS VI r e s id u a l  h e p a t i c  a c t i v i t y  about  4 - f o l d ;  a t  

h ighe r  DTT c o n c e n t r a t i o n s ,  l e s s  s t i m u l a t i o n  was o b ta in ed .  In marked 

c o n t r a s t ,  DTT had no e f f e c t  or  s l i g h t l y  i n h i b i t e d  the  p u r i f i e d  normal 

enzyme. In a d d i t i o n ,  s i m i l a r  c o n c e n t r a t i o n s  of a l k y l a t i n g  or  o th e r  

reducing agen ts  c o n s i s t e n t l y  r e s u l t e d  in s t i m u l a t i o n  of the  r e s id u a l  

a c t i v i t y ,  whereas the  normal enzyme was no t  a f f e c t e d  or  was s l i g h t l y  

i n h i b i t e d .  The g r e a t e s t  enhancement was ob ta ined  with  0.25 mM DTT and

0.25 mM cysteamine (4-  and 1 2 - f o ld ,  r e s p e c t i v e l y ) .  The i n h i b i t o r y  

e f f e c t  of  EDTA on the  r e s i d u a l  a c t i v i t y  (Table 9) i n d i c a t e d  t h a t  th e  

d e p l e t i o n  of d i v a l e n t  c a t i o n s  was no t  the  mechanism r e s p o n s ib le  f o r  

r e s id u a l  enzyme s t i m u l a t i o n .

The e f f e c t  of  DTT on the  phys ica l  and k i n e t i c  p r o p e r t i e s  of  the

h ig h ly  p u r i f i e d  normal f e l i n e  and f e l i n e  MPS VI h e p a t i c  ASB enzymes i s  

summarized in Table 10. DTT had e s s e n t i a l l y  no e f f e c t  on a l l  the prop­

e r t i e s  of the  normal f e l i n e  enzyme s t u d i e d .  However, DTT a l t e r e d  the 

e l e c t r o p h o r e t i c  m o b i l i t y ,  a p p a re n t  Vmax and ap p a re n t  n a t i v e  molecula r  

weight  va lues  of  t h e  h igh ly  p u r i f i e d  MPS VI r e s id u a l  a c t i v i t y .  Although 

the  appa re n t  va lue  of  the  r e s id u a l  a c t i v i t y  was unchanged in the 

presence  o f  DTT, t h i s  t h i o l - r e d u c i n g  agen t  in c re as ed  th e  ap p a re n t  Vmax 

about  3 - f o l d  (F igure  29) .  A n a ly t ica l  po lyacry lamide  gel e l e c t r o p h o r e s i s  

of  the  r e s id u a l  f e l i n e  a c t i v i t y  in  th e  p resence  o f  1.0  mM DTT (F igure  

30) o r  1.0  mM cysteamine  (d a ta  not  shown) r e s u l t e d  in the m ig ra t i o n  of 

the  r e s id u a l  ASB to  a p o s i t i o n  s i m i l a r  to  t h a t  of  the  normal enzyrne, 

which was not  changed by the p resence  of  DTT. DTT had no e f f e c t  on the
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TABLE 9

E f f e c t  o f  Various Thiol Reagents and EDTA on the  

Highly P u r i f i e d  Normal F e l i n e  and F e l in e  MPS VI ASB A c t i v i t i e s

Thiol
Reagent

% I n i t i a l A c t i v i t y *

C oncen t ra t ion Normal F e l ine F e l in e  MPS VI

None

(mM)

100 100

DTT 0.025 102 411
0 .25 90 420
2.5 77 154

Cysteamine 0.025 96 270
0.25 95 1200
2.5 81 800

Mercaptoethanol 0.25 86 197

p-Chlo romercur i- 0 .25 92 152
benzoate

Io d o ace ta te 0 .25 78 152

Iodoace tamide 0.25 82 147

EOTA 5 92 74
250 87 62
500 88 57

♦ I n i t i a l  a c t i v i t i e s  of the  normal f e l i n e  and f e l i n e  MPS VI r e s id u a l  en­
zymes were 313.1 and 20.3  nmol/h /ml,  r e s p e c t i v e l y .
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TABLE 10

E f f e c t  o f  DTT on the  P r o p e r t i e s  of th e  Highly P u r i f i e d  Normal and 

MPS VI Residual  ASB A c t i v i t i e s

F e l ine  MPS VI
Proper ty

Fe l ine  MPS VI 
+DTT*

Normal Fe l ine  
±DTT*

E l e c t r o p h o r e t i c  M ob i l i ty :
(Rm on PAGE) 0.32 0.65 0.74

C r y o s t a b i l i t y :
{% I n i t i a l  A c t i v i t y  42 
a f t e r  72 h,  -50°C)

43 85

T h e rm o s ta b i l i ty :
( t a t  hO°C, min) 5 5 50

pH S t a b i l i t y  Ranqe: 4 . 5 -7 . 5 4 .5 -7 . 5 3 .5 -8 .  5

K :-m
(mM f o r  pNCS) 50 50 0.5

■̂ max*
(nmol /h/ml)  6b7 
(nmol/h/mgj 1962

2000
5880

715
3967

Molecular  Weight:

Sephadex G-2000 53,000 
Native PAGE 80,000

100,000
166,000

110,000
166,000

*The phys ica l  and k i n e t i c  p r o p e r t i e s  were determined in the  absence and 
p resence  of 0.25 mM DTT with  the  excep t ion  of  the  m olecu la r  weight  
s t u d i e s  which were performed with  and w i thou t  1.0 mM DTT.

l l t i



Figure 29. E f f e c t  o f  s u b s t r a t e  c o n c e n t r a t i o n  on normal and f e l i n e  MPS

VI h e p a t i c  ASB a c t i v i t i e s  ± DTT. (A) V eloc i ty  vs pNCS c o n c e n t r a t i o n .

(B) Lineweaver-burk p l o t s .  V va lues  expressed  as nmol/h/ml.max
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Figure 30. A n a ly t ica l  po lyacry lamide  gel e l e c t r o p h o r e s i s  of  p u r i f i e d  

normal and f e l i n e  MPS VI h e p a t i c  ASB ± DTT. Gels 1 and 2,  normal f e ­

l i n e  ASB in  the  absence  and p resence  of  1.0 mM DTT, r e s p e c t i v e l y .  Gels 

3 and 4, f e l i n e  MPS VI ASB in th e  absence and presence  of  DTT, r e s p e c t ­

iv e ly .  Samples were a p p l ied  a t  the  anode.
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a l t e r e d  thermo- ,  c ryo-  or  p H - s t a b i l i t i e s  of the  r e s id u a l  MPS VI enzyme.

Most i n t r i g u i n g l y ,  t h e  appa re n t  n a t i v e  molecula r  weight values  of 

the  r e s id u a l  enzyme were e s s e n t i a l l y  the  same as those  of  the  nonnal en­

zyme when e s t im a ted  in the  presence  of  1.0 mM DTT by gel f i l t r a t i o n  or  

by a n a l y t i c a l  po lyacry lamide  gel e l e c t r o p h o r e s i s  using in c re a s in g  a c r y l -  

amide c o n c e n t r a t i o n s  accord ing  to  the  procedure of  Hendrick and Smith 

(127) .  Analys is  of the l a t t e r  s t u d i e s  i n d i c a te d  t h a t  the two n a t iv e  

enzymes had th e  same ap p a re n t  molecula r  weight  va lues  (F igure 31B) and 

s i m i l a r ,  but no t  i d e n t i c a l ,  charges  in the  presence  of  DTT (Figure  31A). 

In t h e  absence o f  DTT, the  molecu la r  weight  da ta  were c o n s i s t e n t  with  

the  r e s id u a l  MPS VI enzyme having approxim ate ly  h a l f  the  apparen t  molec­

u l a r  weight of the normal enzyme; a d d i t i o n a l l y ,  in the  absence of the  

t h i o l - r e d u c i n g  a y e n t ,  the u n t r e a te d  enzymes were charge isomers.  The 

molecula r  weight  of  the  normal enzyme was e s t im a ted  a t  110,000 by Seph­

adex G-200 chromatography in the absence of  DTT, whi le  t h a t  of  the  

mutant was 53,000.  Uhen 1.0 mM DTT was added to  the  h igh ly  p u r i f i e d  en­

zyme sample and to  the  e l u t i o n  b u f f e r ,  the  m olecu la r  weight  of the  r e ­

s id u a l  ASB was in c re as ed  to  100,000,  whereas t h a t  of  the normal f e l i n e  

enzyme remained unchanged (F igure  32).  In the  presence  of  1.0 mM cys ­

teamine ,  the  r e s id u a l  enzyme a l s o  had an e s t im a ted  molecula r  weight of

100,000 by gel f i l t r a t i o n  (da ta  not  shown).

H. In V i t ro  E f f e c t  o f  Thiol -Reduc ing Agents on MPS VI Residual ASB.

Tables 11 and 12 summarize the  changes in leukocy te  ASB a c t i v i t y  

and dermatan s u l f a t e  c o n c e n t r a t i o n  fo l lowing  in c uba t ion  of  whole blood 

samples from an 18 month old a f f e c t e d  female c a t  and her  normal female 

s i b l i n g  with  v a r io u s  c o n c e n t r a t i o n s  of  DTT and cys teamine (0 .1  mM to  5
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Figure 31. Es t imat ion  of  the n a t i v e  molecu la r  weights  of  normal and 

f e l i n e  MPS VI h e p a t i c  ASB ± DTT by polyacry lamide  gel e l e c t r o p h o r e s i s  

(127).  (A] The e f f e c t  of d i f f e r e n t  gel c o n c e n t r a t i o n s  on the  m o b i l i t y  

of normal f e l i n e  and f e l i n e  MPS VI ASB ± DTT. Note t h a t  the  s lopes  of  

the  normal enzyme ± DTT and the MPS VI enzyme + DTT a r e  p a r a l l e l  i n d i ­

c a t in g  t h a t  they  have the  same molecula r  w e igh t s ,  but  a re  charge i s o ­

mers.  The s lope  and m o b i l i t y  of  the MPS VI enzyme -  DTT i s  c o n s i s t e n t  

with  a d i f f e r e n t  m olecu la r  weigh t  and cha rge .  (B) The in d i c a t e d  molec­

u l a r  weigh t  e s t i m a t e s  were determined from the  s lo p e -m o le c u la r  weight  

r e l a t i o n s h i p  fo r  the  f e l i n e  enzymes ± DTT compared to  p r o t e i n  s t a n d a rd s  

(127) .  The f e l i n e  enzymes ± DTT a r e  i n d i c a t e d  (X).
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Figure 32. Es t imat ion  of  the  n a t iv e  m olecu la r  weiyh ts  of  normal and 

MPS VI f e l i n e  h ep a t ic  ASB ± DTT by gel f i l t r a t i o n .  Each enzyme 1500 U) 

and p ro t e i n  s tanda rds  (5 my each) were a p p l ied  to  a Sephadex G-200 

column ana chromatographed in the  presence  and absence of  1.0 mM DTT. 

The e l u t i o n  p o in t s  of  the  normal and MPS VI ASB a r e  i n d i c a t e d  (X).
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niM) f o r  1 h a t  37°C. The MPS VI leukocy te  r e s id u a l  a c t i v i t y  was i n ­

c reased  up to  11- and 2 0 - fo ld  with  DTT and cys teamine ,  r e s p e c t i v e l y .  

Maximal s t i m u l a t i o n  of  leukocy te  r e s id u a l  a c t i v i t y  occurred  when e i t h e r  

t h i o l  r e a y e n t  c o n c e n t r a t i o n  in  blood was 2 mM. The dermatan s u l f a t e  

c o n c e n t r a t i o n  in MPS VI le ukocy tes  was markedly decreased  (^5% of 

i n i t i a l )  or  n o n - d e t e c t a b l e  a t  a l l  c o n c e n t r a t i o n s  of  both s u l f h y d r y l -  

reducing a g e n t s .  A comparable i n c r e a s e  in r e s id u a l  leukocy te  a c t i v i t y  

and decrease  in dermatan s u l f a t e  c o n c e n t r a t i o n  was observed when whole 

blood was incubated  with  5 .0  mM cys tamine .  In c o n t r a s t ,  none of the se  

r eag e n ts  had a s i g n i f i c a n t  e f f e c t  on the  ASB a c t i v i t y  in normal leuko­

cy tes  .

I .  In Vivo E f f e c t  of Thiol-Reducing Agents on MPS VI Residual ASB.

In travenous  i n f u s io n s  o f  DTT (50 my/ky) or  cys teamine  (15 rng/ky) 

were well t o l e r a t e d  by the  an im a ls .  Heart  and r e s p i r a t o r y  r a t e s ,  as 

well as g lucose  and hemoylobin l e v e l s ,  remained s t a b l e  th roughout the  

i n f u s i o n s .  No vomiting or  s e i z u r e  a c t i v i t y  was observed .

Table 13 compares the  ASB a c t i v i t i e s  and dermatan s u l f a t e  concen­

t r a t i o n s  in le ukocy te s  from the  normal and MPS VI c a t s  b e fo re  and a f t e r  

in t ravenous  a d m i n i s t r a t i o n  o f  DTT. Immediately fo l lowing  in fu s io n  of  

DTT, the  MPS VI r e s id u a l  ASB a c t i v i t y  in le ukocy te s  was inc reased  almost  

5 - f o l d .  A t r a n s i e n t  decrease  occur red  in the  dermatan s u l f a t e  l eve l  a t  

z e ro  t im e ,  r e t u r n i n g  to  p r e - i n f u s i o n  va lues  a t  30 min.

When cys teamine  was in t r a v e n o u s ly  in fused  (Table 14),  the r e s id u a l  

a c t i v i t y  was in c re a s e d  more than  4 - f o ld  immedia tely  a f t e r  i n f u s i o n ,  i n ­

c r e a s in g  to  a lm os t  7 - fo ld  a t  30 min,  and then r e t u r n i n g  to  p r e - i n f u s i o n  

l e v e l s  by 60 min.  Dermatan s u l f a t e  c o n c e n t r a t i o n s  in p e r ip h e ra l  leuko-
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TABLE 11

E ffe c t o f DTT on Normal and MPS VI Feline Leukocyte ASB A c t iv it ie s

and Dermatan S u lfa te  Concentrations In V itro

C oncen t ra t ion
% I n i t i a l  

ASB A c t i v i ty *
%

Dermatan
I n i t i a l
S u l f a t e Level+

mM Normal MPS VI Normal MPS VI

0 100 100 ND 100

0.1 100 170 ND ND

1.0 110 510 ND ND

2.0 110 1120 ND ND

5.0 110 810 ND ND

♦ I n i t i a l  ASB s p e c i f i c  a c t i v i t y  were 341.9 and 49.2  nmol/h/my p ro t e i n  
in  th e  normal and MPS VI l e u k o c y te s ,  r e s p e c t i v e l y .

I n i t i a l  dermatan s u l f a t e  c o n c e n t r a t i o n  was 14.5 pg/my p r o t e i n  in MPS 
VI le ukocy te s .  No dermatan s u l f a t e  was d e t e c t e d  (ND) in normal f e l i n e  
leukocy tes  w i th in  the  s e n s i t i v i t y  o f  the  as say  ( 0.01 pg/mg p r o t e i n ) .
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TABLE 12

E ffe c t o f Cysteamine and Cystamine on Normal and MPS VI

Feline Leukocyte ASB A c t iv i t ie s  and Dermatan S u lfa te
Concentrations In V itro

Thiol
Reagent

C oncen t ra t ion
mM

%
ASB

I n i t i a l
A c t i v i t y *

% I n i t i a l  
Dermatan S u l f a t e  Level

Normal MPS VI Normal MPS VI

None - 100 100 ND 100

Cysteamine 0.1 100 600 ND ND
1.0 130 1580 ND ND
2.0 120 2070 ND 5
5.0 110 1680 ND 5

Cystamine 5.0 n o 1820 ND ND

^ I n i t i a l  ASB s p e c i f i c  a c t i v i t i e s  were 268 and 16 nmol/h/mg p r o t e i n  in 
the normal and MPS VI l e u k o c y te s ,  r e s p e c t i v e l y .

+I n i t i a l  dermatan s u l f a t e  c o n c e n t r a t i o n  was 105 pg/my p r o t . e i n  in MPS VI 
le u k o cy te s .  No dermatan s u l f a t e  was d e t e c ta D le  (Nuj in normal f e l i n e  
le u k o cy te s .
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TABLE 13

E ffe c t o f Intravenous In fus ion  o f DTT on Normal and
MPS VI Feline Leukocyte ASB A c t iv i t ie s  and

Dermatan S u lfa te  Concentrations

Time
% P re in fu s io n  
ASB A c t i v i ty *

% P re in fu s io n  
Dermatan S u l f a t e  Level

(min) Normal MPS VI Normal MPS VI

pre 100 100 ND 100

0 96 490 ND 73

30 94 14u ND 92

6U 102 93 ND 100

120 98 140 ND 100

* P re in fu s io n  ASB s p e c i f i c  a c t i v i t i e s  were 7SB and 14 nmol/h/mg p ro t e i n  
in the  normal and MPS VI l e u k o c y te s ,  r e s p e c t i v e l y .

+P r e in f u s io n  dermatan s u l f a t e  c o n c e n t r a t i o n  was 64.0  pg/mg p r o t e i n  in 
MPS VI le u k o cy te s .  No dermatan s u l f a t e  was d e t e c t e d  (ND) in  the  normal 
f e l i n e  l e u k o c y te s .



TABLE 14

E ffe c t o f Intravenous In fus ion  o f Cysteamine on Normal and MPS VI

Fe line Leukocyte ASB A c t iv it ie s  and Dermatan S u lfa te  Concentrations

% P r e in fu s io n % P r e in fu s io n
Time ASB A c t iv i ty * Dermatan S u l f a t e  Level

(min) Normal MPS VI Normal MPS VI

Pre 100 100 ND 100

0 111 430 ND 34

30 98 680 ND 39

60 8b 60 ND 46

120 70 80 ND 46

* P re in fu s io n  ASB s p e c i f i c  a c t i v i t i e s  were 705 and 12 nmol/h/mg p ro ­
t e i n  in the normal ana MPS VI l e u k o c y te s ,  r e s p e c t i v e l y .

+P re in fu s io n  dermatan s u l f a t e  c o n c e n t r a t i o n  was 147 pg/mg p r o t e i n  in 
the  MPS VI l e u k o c y te s .  No dermatan s u l f a t e  was d e t e c t e d  (ND) in  normal 
f e l i n e  le u k o cy te s .
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c y te s  were decreased  to  about  35% of  p r e - i n f u s i o n  l e v e l s  a f t e r  in fu s io n  

and remained a t  about  45% of  i n i t i a l  l e v e l s  f o r  a t  l e a s t  120 min. In 

c o n t r a s t ,  cys teamine had an i n h i b i t o r y ,  i f  any,  e f f e c t  on normal ASB 

a c t i v i t y ;  dermatan s u l f a t e  in normal f e l i n e  leukocy tes  remained unde­

t e c t a b l e .
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VI. DISCUSSION

I t  i s  l i k e l y  t h a t  the  development of  e f f e c t i v e  th e rapy  to  am e l io r ­

a t e  the m e tabo l ic  pathology in inborn e r r o r s  of metabolism w i l l  be 

f a c i l i t a t e d  by animal model systems.  In a d d i t i o n  to  removing the r e ­

s t r a i n t s  which e x i s t  in human exp e r im e n ta t io n ,  animal models of  d i s e a s e s  

which have r e s id u a l  enzyme a c t i v i t y ,  l i k e  MPS VI, a l low the p u r i f i c a t i o n  

of  the  r e s id u a l  a c t i v i t y  and comparison of  i t s  p r o p e r t i e s  with those  of  

the normal enzyme. Such s t u d i e s  may provide  i n s i g h t  i n t o  the molecula r  

n a tu re  of the  enzymatic d e f e c t  and,  based on th e se  r e s u l t s ,  va r ious  

t h e r a p e u t i c  s t r a t e g i e s  can be developed f o r  e v a l u a t i o n  in the  animal 

model system.

In o rd e r  to  conduct  the se  s t u d i e s  us ing the f e l i n e  analogue of  MPS 

VI, i t  was nece ssa ry  to  develop a r e l i a b l e  method of  h e te rozygo te  de­

t e c t i o n .  The a b i l i t y  to a c c u r a t e l y  i d e n t i f y  c a r r i e r s  would al low appro­

p r i a t e  s e l e c t i o n  of  animal mates f o r  the  e f f i c i e n t  e s t a b l i s h m e n t  of  a

breeding  colony .  In a d d i t i o n ,  the  r e l i a b l e  d e t e c t i o n  of  c a r r i e r s  f o r  

human MPS VI would permi t  improved r i s k  assessm en t  f o r  the  g en e t ic  

counse l ing  of  u n a f fec t ed  members of  MPS VI f a m i l i e s .

The dem ons t ra t ion  of  d e f i c i e n t  ASB a c t i v i t y  in i s o l a t e d  leukocy tes  

( 2 1 ,2 4 ,1 3 7 ,1 3 8 ) ,  plasma (1 3 9 ) ,  c u l t u r e d  sk in  f i b r o b l a s t s  (21 ,138 ,140)  or  

c u l t u r e d  lymphoblas ts  (21) has proven d i a g n o s t i c  fo r  homozygotes a f f e c t ­

ed with  human o r  f e l i n e  MPS VI. However, the d e t e c t i o n  of  o b l i g a t e  

h e te ro zy g o te s  f o r  human MPS VI has been d i f f i c u l t  (2 1 ,2 4 ,1 3 8 ,1 3 9 ) .  De­

t e rm in a t io n  of  ASB in  the  presence  of ASA a c t i v i t y  us ing the  d i f f e r e n ­

t i a l  i n h i b i t o r  assay  of  Baum (141) has l i m i t e d  s p e c i f i c i t y  due to  the  

i n t e r a c t i o n  o f  both a r y l s u l f a t a s e s  with  the a r t i f i c i a l  s u b s t r a t e s  (138,  

142). T he re fo re ,  s evera l  i n v e s t i g a t o r s  have used ion exchange chromato­
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graphy to  s e p a r a t e  ASA and ASB a c t i v i t i e s  p r i o r  t o  assay  (137 ,138) .  

Even th e n ,  the  vary ing  amounts of  ASB a c t i v i t y  in the  c e l l  l y s a t e s  have 

a p p a r e n t l y  complica ted  a c c u r a t e  i d e n t i f i c a t i o n  of  o b l i g a t e  he te rozygo tes  

(138 and F igures  7A and 8A).

Recognizing th e se  d i f f i c u l t i e s ,  s t u d i e s  were under taken to  develop 

a r a p id  and r e l i a b l e  method f o r  h e te rozygo te  d e t e c t i o n  by f i r s t  s e p a r a t ­

ing the  ASB and ASA a c t i v i t i e s  from p e r ip h e r a l  leukocy tes  and then ex­

p re s s in g  the  ASB and ASA a c t i v i t i e s  as  a r a t i o .  This  method has proven 

r e l i a b l e  f o r  the  d i s c r i m i n a t i o n  of  a l l  o b l i g a t e  h e t e ro zy g o te s  s tu d ie d  

f o r  f e l i n e  MPS VI us ing i s o l a t e d  p e r ip h e ra l  le ukocy te s  (F iyure  7B). In 

a d d i t i o n ,  o b l i g a t e  h e te ro z y g o te s  f o r  the  human d i s e a s e  were r e a d i l y  

d e t e c t e d .  This r e p re s e n t e d  th e  l a r y e s t  s e r i e s  of  o b l i g a t e  he te rozygo te s

s tu d ie d  to  d a t e  f o r  e i t h e r  the  human or  f e l i n e  d i s o r d e r .  Although the

range of  ASB/ASA r a t i o s  in o b l i g a t e  h e te ro z y g o te s  and homozyyotes were 

c l o s e ,  homozygote d i a g n o s i s  can be s u b s t a n t i a t e d  by c l i n i c a l  examinat ion 

( e . g . ,  co rnea l  o p a c i t i e s ,  d y s o s t o s i s  m u l t i p l e x )  in both the  human and 

f e l i n e  d i s e a s e .  Thus,  e f f i c i e n t  breeding  of  c a t s  in the  MPS VI colony 

was p o s s i b l e  and provided  a co n t in u a l  source  of  exper imenta l  an im als .

S ince  one o b j e c t i v e  of  the se  s t u d i e s  was t o  compare the  r e s id u a l  

ASB a c t i v i t i e s  in human and f e l i n e  MPS VI, i t  was n ece ss a ry  to  cha ra c ­

t e r i z e  the  p r o p e r t i e s  of  the  r e s p e c t i v e  normal enzymes. T h e re fo re ,  f e ­

l i n e  and human h e p a t i c  ASB were p u r i f i e d  to  ap p a re n t  homogeneity with  

f i n a l  s p e c i f i c  a c t i v i t i e s  of  1 ,100,000 and 800,000 nmoles/h/mg p r o t e i n ,  

r e s p e c t i v e l y .  P r e v io u s ly ,  s ev e ra l  i n v e s t i g a t o r s ,  us ing  conven t iona l  

chromatographic t e c h n iq u e s ,  have p u r i f i e d  human h e p a t i c  ASB (103-106).  

However, th e  s p e c i f i c  a c t i v i t i e s  of  th e s e  p r e p a r a t i o n s  have v a r i e d  

g r e a t l y  (7 ,200  to  b , 600,000 nmoles/h/my p r o t e i n ) .  Thus,  when p u r i fy in g
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human and f e l i n e  ASB by the  procedure d esc r ibed  h e re ,  p a r t i c u l a r  a t t e n ­

t i o n  has been taken with  reyard  to  the  r e l i a b i l i t y  and r e p r o d u c i b i l i t y  

of  each s t e p .  Several  subsequent  p u r i f i c a t i o n s  of  e i t h e r  human or  

f e l i n e  ASB have c o n s i s t e n t l y  r e s u l t e d  in  s i m i l a r  s p e c i f i c  a c t i v i t y  and 

fo ld  p u r i f i c a t i o n  va lues  (Table 15).  T h e re fo re ,  c h a r a c t e r i z a t i o n  s tud ­

i e s  us iny th e s e  homogeneous enzymes were performed.  Although both 

isozymes had the same pH optimum ( 5 . 7 ) ,  the  p u r i f i e d  f e l i n e  enzyme had a 

lower toward pNCS (1 .2  versus  3 .6  mM), a s l i g h t l y  lower i s o e l e c t r i c  

p o in t  (p i  7 .8  versus  8 .0 )  and was more the rm os tab le  a t  60°C ( T ^  68 min 

versus  30 min) than  the  human enzyme. In a d d i t i o n ,  e l e c t r o p h o r e t i c  

s t u d i e s  in c e l l u l o s e  a c e t a t e  and polyacry lamide  g e l s  demonstrated t h a t  

the  f e l i n e  enzyme was l e s s  e l e c t r o p o s i t i v e  than  the  human enzyme. Amino 

ac id  compos i t ion a n a ly se s  revea led  few s i g n i f i c a n t  d i f f e r e n c e s  between 

the  two enzymes.

Several  exper imen tal  f i n d i n y s  sugyes ted t h a t  the f e l i n e  enzyme was 

a homodimer, whereas the  human enzyme was a monomer. These inc luded :  1) 

the  m olecu la r  weigh t  of  the  p u r i f i e d  f e l i n e  enzyme was about  tw ice  t h a t  

determined f o r  the  human enzyme by gel f i l t r a t i o n  (100,000 versus

4 8 .000 ) ,  a n a l y t i c a l  po lyacry lamide  gel e l e c t r o p h o r e s i s  (166 ,000  versus

80 .000 ) ,  and s u c r o s e - d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  (105,000 versus

55 .000).  The d i f f e r e n c e s  in the  a p p a re n t  m olecu la r  weights  ob ta ined  fo r  

each enzyme may have been due to  the  known anomalous behavior  o f  y lyco-  

p r o t e i n s  in  m olecu la r  weight  s t u d i e s  (143 ) ;  2) both isozymes were found 

to  have s i m i l a r  s u bun i t  m olecu la r  w eights  on SDS polyacry lamide  gel 

e l e c t r o p h o r e s i s ;  3)  a l k y l a t i o n  exper iments  with  the  f e l i n e  enzyme r e ­

s u l t e d  in a s i n g l e  hybrid  form c o n s i s t e n t  with  a homodimeric s t r u c t u r e ;  

and 4) c ro s s  l i n k in g  s t u d i e s  us ing the  f e l i n e  enzyme r e s u l t e d  in two
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table; 15

S p e c i f i c  A c t i v i t y  and Fold P u r i f i c a t i o n  Values f o r  Several 

P r e p a r a t i o n s  of  F e l in e  and Human Hepatic ASb

F e l ine Human

S p e c i f i c  
Activi  ty

Fold P u r i f i c a t i o n S p e c i f i c
A c t i v i t y

Fold P u r i f i c a t i o n

(nmoles/h/my p r o t . ) (nmoles/h/mg p r o t . )

800,000 9100 1,100,000 84 UU

710,000 8900 900,000 7600

740,000 9060 960,000* 7800*

840,000 8100

*From human lung.
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bands on polyacry lamide g e l s  r e p r e s e n t i n g  the  c ro s s  l inked  dimer and the 

unlinked monomer. The subun i t  s t r u c t u r e  of  ASB had not  been p rev ious ly  

repo r te d  in any o t h e r  s p e c i e s .  Thus,  t h i s  f ind ing  may r e p r e s e n t  the  

f i r s t  evidence sugges t ing  t h a t  t h i s  enzyme evolved by reducing i t s  

m olecu la r  weight  while  r e t a i n i n g  i t s  c a t a l y t i c  fu n c t i o n .

Most a t t em p ts  to  study  th e  m olecu la r  pathology of  inborn e r r o r s  of  

metabolism have focused on the  c h a r a c t e r i z a t i o n  of  the pr imary enzymatic 

d e f e c t .  The presence  of  r e s i d u a l  enzymatic a c t i v i t y  permi ts  the  p u r i f ­

i c a t i o n  of  the  d e f e c t i v e  enzyme and comparison of  i t s  phys ica l  and k in ­

e t i c  p r o p e r t i e s  to  those  o f  the  normal enzyme. Among the  human l y s o ­

somal s to r a g e  d i s e a s e s ,  s eve ra l  have d e f e c t i v e  enzymes with  r e s id u a l  

a c t i v i t y  inc lud ing  Gaucher Type 1 d i s e a s e  (144 ) ,  mannos idos is  ( 5 2 ) ,  and 

hPS VI (1 3 ,1 9 -2 1 ) .  However, 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 

r e s id u a l  a c t i v i t y  u s u a l l y  has been precluded by the  u n a v a i l a b i l i t y  of  

adequa te  f r e s h ,  human m a t e r i a l .  Thus, animal analogues  of  human enzyme 

d e f i c i e n c y  d i s o r d e r s  provide the  o p p o r tu n i ty  to c h a r a c t e r i z e  the  d e f e c t ­

ive enzyme and gain i n s i g h t  i n t o  th e  m o lecu la r  pa thology  of  the  enzymat­

ic  l e s i o n .

T h e re fo re ,  th e  r e s id u a l  ASB a c t i v i t y  in  f e l i n e  MPS VI was p u r i f i e d ,  

and comparison of  i t s  p r o p e r t i e s  was made to  those  of  the  normal f e l i n e  

enzyme. The MPS VI enzyme d i f f e r e d  from i t s  normal c o u n t e r p a r t  in 

e l e c t r o p h o r e t i c  m o b i l i t y ,  k i n e t i c  p r o p e r t i e s ,  s t a b i l i t y  and molecula r  

w e igh t .  Compared to  the  p a r t i a l l y  p u r i f i e d  normal h epa t ic  enzyme, the 

MPS VI ASB a c t i v i t y  had a t  l e a s t  a 100-fo ld  g r e a t e r  Kffl va lue  and was 

markedly more the rm o- ,  c r y o - ,  and p H - la b i l e .  In a d d i t i o n ,  the  molecula r  

weight  of the n a t i v e  MPS VI r e s i d u a l  a c t i v i t y  was approx im ate ly  h a l f  

t n a t  of the n a t iv e  normal f e l i n e  enzyme as determined by both gel f i  1 -

13d



t r a t i o n  and polyacrylamide gel e l e c t r o p h o r e s i s .  These r e s u l t s  and the 

demonst ra t ion  t h a t  the  normal f e l i n e  enzyrne was a homodimer sugges t  t h a t  

the  mutat ion  in the  s t r u c t u r a l  gene f o r  f e l i n e  ASB a l t e r e d  the  gene pro­

duc t  such t h a t  i t  was unable to  m a in ta in  i t s  normal d im er ic  subun i t  

conformation .  Althouyh the  d e f e c t i v e  enzyme r e t a i n e d  p a r t i a l  a c t i v i t y ,  

the  i n a b i l i t y  f o r  subun i t  a s s o c i a t i o n  ( e . g . ,  d im e r i z a t i o n )  presumably 

rendered the  MPS VI p r o t e i n  more d e f e c t i v e  c a t a l y t i c a l l y  and markedly 

u n s t a b l e .

I t  i s  no ta b le  t h a t  human MPS VI a l s o  has been shown to  have about  

4-15% of  normal ASB a c t i v i t y  in l i v e r  ( 1 3 ) ,  c u l tu r e d  f i b r o b l a s t s  (19,  

2U), and le ukocy tes  (21 ) .  In c o n t r a s t  to  the d e f e c t i v e  ASB a c t i v i t y  in 

the  f e l i n e  d i s e a s e ,  the  human h ep a t ic  r e s id u a l  a c t i v i t y  was s i m i l a r  to  

the  normal human enzyme in pH optimum, a p p a re n t  Km, e l e c t r o p h o r e t i c  

m o b i l i t y ,  and t h e r m o s t a b i l i t y  a t  60°C (19 ,20 ) .  Immunologic s t u d i e s  of 

the  human MPS VI enzyme demonstrated t h a t  the  r a t i o  of immunoreactive 

p ro t e i n  t o  r e s id u a l  a c t i v i t y  was 6.7 (20) .  Thus, i t  can be concluded 

t h a t  the s t r u c t u r a l  gene muta t ions  which cause the  d e f e c t i v e  ASB a c t i v ­

i t i e s  in human and f e l i n e  MPS VI d i f f e r  in t h e i r  m olecu la r  n a tu re .

S ince  the  r e s id u a l  enzyme was more the rm o- ,  c ryo-  and p H - l a b i l e ,  

p a r t i c u l a r l y  when h igh ly  p u r i f i e d ,  e f f o r t s  were made to  s t a b i l i z e  the 

enzyme. When the  t h i o l - r e d u c i n g  r e a g e n t ,  DTT, was added to  the  h igh ly  

p u r i f i e d  r e s i d u a l  enzyme, i t s  a c t i v i t y  was inc reased  sev e ra l  fo ld  (Table 

9 ) .  This  o b s e rv a t io n  s t im u la t e d  the  e v a l u a t i o n  of  o t h e r  s u l f h y d r y l -  

r e a c t i v e  a g e n t s .  Cysteamine,  a s t ro n g  reduc ing  agen t  which a l s o  i s  

lysosomotropic (145 ) ,  markedly in c re as ed  the  r e s id u a l  a c t i v i t y ,  whereas 

the  a l k y l a t i n g  and mercur ia l  r e a g e n t s  were s t i m u l a t o r y ,  but to  a l e s s e r  

degree .  Since the se  r eag e n ts  had no e f f e c t  or  s l i g h t l y  i n h i b i t e d
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the normal ASB a c t i v i t y ,  an i n v e s t i g a t i o n  was under taken  to  determine 

the  e f f e c t  o f  DTT, the  pro to type  reduciny  a g e n t ,  on the physical  and 

k i n e t i c  p r o p e r t i e s  of  the p u r i f i e d  normal f e l i n e  and f e l i n e  MPS VI 

r e s id u a l  a c t i v i t i e s .

I n t r i g u i n g l y ,  in  the  p resence  of  DTT, th e  r e s id u a l  a c t i v i t y  had an 

in c re a s e d  Vmax value  and an e l e c t r o p h o r e t i c  m o b i l i t y  and n a t iv e  molec­

u l a r  weight  s i m i l a r  to  th ose  of  the  normal enzyme {Figures  29 and 30).  

In the  presence  of cys teamine ,  th e  n a t i v e  m olecu la r  weight  of  the r e ­

s idua l  a c t i v i t y  a l s o  was s i m i l a r  to  t h a t  of  the  normal enzyme. Previous 

s t u d i e s  of the  p u r i f i e d  n a t i v e  and dena tured  enzymes i n d i c a t e d  t h a t  the  

MPS VI r e s id u a l  a c t i v i t y  was a monomer, whereas the  normal f e l i n e  enzyme 

was a homodimer. Thus,  t h e s e  f i n d i n g s  sugges ted  t h a t  DTT and cys teamine 

f a c i l i t a t e d  the  d im e r i z a t i o n  of the r e s id u a l  enzyme. However, DTT did  

not  a l t e r  the  ap p a re n t  Km o r  s t a b i l i t y  of  the  d im er izea  r e s id u a l  a c t i v ­

i t y .

The fo l lowing  model i s  proposed to  e x p la in  the  e f f e c t  of  the  t h i o l -  

reducing  agen ts  on the  MPS VI r e s id u a l  enzyme (F igure  33).  In the 

normal f e l i n e  enzyme, spontaneous d im e r i z a t i o n  of  the  i so loyous  su b u n i t s  

occurs  to  form th e  a c t i v e  homodimer. In f e l i n e  MPS VI, a po in t  muta­

t i o n  in the  s t r u c t u r e  gene may r e s u l t  in  th e  s u b s t i t u t i o n  of  a c y s te in y l  

r e s id u e  a t  or  nea r  the  s u b s t r a t e  binding s i t e  -  o r  a conformationa l  

change in  the  p r o t e i n  occurs  due to  a d i f f e r e n t  amino a c i d  s u b s t i t u t i o n  

which a l t e r s  s u b s t r a t e  binding and,  in  a d d i t i o n ,  exposes a normally 

u n a v a i l a b l e  c y s t e i n e .  This  s u b s t i t u t e d  o r  exposed c y s t e i n e  forms an 

i n t r a m o l e c u la r  d i s u l f i d e  b r idge  with  a n o th e r  c y s t e i n y l  r e s i d u e .  The 

format ion  of  t h i s  d i s u l f i d e  b r id g e  causes  a f u r t h e r  conformational  

change which p reven t s  s ubun i t  d im e r i z a t i o n .  In the  presence  of the
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Figure 33. Model of  the  m olecu la r  d e f e c t  in f e l i n e  MPS VI. Upper 

pane l ,  the  normal i so logous  su b u n i t s  spon taneous ly  d im er ize  to  form the  

a c t i v e  homodimer; c e n t e r  p an e l ,  due to  a s t r u c t u r a l  gene m u ta t i o n ,  a 

s u b s t i t u t e d  c y s t e i n e  o r  p r e v io u s ly  u n a v a i l a b l e  c y s t e i n y l  r e s id u e  a t  or  

nea r  the s u b s t r a t e  binding s i t e  forms a d i s u l f i d e  b r idge  with  ano the r  

c y s t e i n e  caus ing a confo rmationa l  change which p reven ts  s u b u n i t  dimer-  

i z a t i o n ;  lower p an e l ,  in the  presence  of  UTT or  cys team ine ,  the  d i ­

s u l f i d e  bond i s  reduced a l lowing subun i t  a s s o c i a t i o n  to  occu r ,  with  a 

concomitant  enhancement of  r e s id u a l  ASB a c t i v i t y .
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Figure 33

r w  ^
Normal s

Spontaneous
Feline c p ------------ > D 0 ' "  ~
ASB C  (SH Q h

K ^  V J I  J

ACTIVE
SITE

Feline 
MPS m 
ASB

HS
DTT HS

SH
SH

14*



t h i o l - r e d u c i n y  r e a g e n t s ,  DTT and cys teamine ,  the  d i s u l f i d e  bond i s  r e ­

duced,  p e rm i t t in g  s u b u n i t  a s s o c i a t i o n  as well as  normal iz ing  seve ra l  

o t h e r  p r o p e r t i e s  o f  the  MPS VI enzyme (Table 10).

S ince  DTT and cys teamine  have been s a f e l y  adm in is te re d  as exper ­

imental  t h e r a p e u t i c  a g e n t s  in p a t i e n t s  with  c y s t i n o s i s  (145-151) ,  the  

t h e r a p e u t i c  use of th e se  compounds was ev a lu a te d  in the  f e l i n e  model. 

I n i t i a l l y ,  jn_ v i t r o  s t u d i e s  were under taken  to  de term ine  i f  t h i o l - i n ­

duced d i m e r i z a t i o n  could enhance the  MPS VI r e s id u a l  ASB a c t i v i t y  in 

le ukocy tes  and c a t a b o l i z e  the  accumulated s u b s t r a t e .  Following incuba­

t i o n  of  f r e s h  h e p a r in iz e d  whole blood with  DTT or  cys team ine ,  t h e  leuko­

cy t e  r e s id u a l  ASB a c t i v i t y  was in c re as ed  up to  11- and 2 0 - f o l d ,  r e s p e c t -  

iv e y ,  and most  im p o r t a n t l y ,  the  accumulated dermatan s u l f a t e  was de­

graded (Tables  11 and 12).  Based on th e se  encouraging in v i t r o  r e s u l t s ,  

in  vivo  t r i a l s  were conducted .  I n t r a v e n o u s ly  ad m in is te re d  DTT r e s u l t e d  

in an immediate,  bu t  t r a n s i e n t ,  i n c r e a s e  in leukocy te  r e s id u a l  ASb 

a c t i v i t y  and had l i t t l e ,  i f  any,  e f f e c t  on th e  leukocy te  dermatan s u l ­

f a t e  l e v e l s  (Table 13).  In c o n t r a s t ,  cys teamine i n f u s io n  no t  only 

enhanced th e  r e s i d u a l  leukocy te  a c t i v i t y  f o r  a t  l e a s t  1 h, but  a l s o  

r e s u l t e d  in th e  c l e a r a n c e  of  leukocy te  dermatan s u l f a t e ;  th e  accumulated 

s u b s t r a t e  was reduced t o  35% o f  t h e  p r e - i n f u s i o n  leve l  immediately a f t e r  

a d m i n i s t r a t i o n  and remained a t  about  45% o f  the  p r e - i n f u s i o n  leve l  f o r  

t h e  12U min pe r iod  s t u d i e d .  The d i f f e r e n t i a l  e f f e c t i v e n e s s  of  th e s e  

t h i o l - r e d u c i n g  r e a g e n t s  may have been due to  the r a p id  i n a c t i v a t i o n  

( i . e . ,  o x i d a t i o n ,  plasma c l e a r a n c e ,  e t c . )  of  DTT, whereas cys team ine ,  an 

a m in o th i o l ,  may have been p r o t e c t e d  by i t s  p r e f e r e n t i a l  uptake  by ly s o -  

somes (145) .  The e f f e c t i v e n e s s  o f  cys teamine and the  f a c t  t h a t  c y s t a -  

mine ( th e  d i s u l f i d e  of  cys teamine)  enhanced the  r e s i d u a l  leukocy te
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a c t i v i t y  in_ v i t r o  ^Table 12) sugges t s  t h a t  th e  d i s u l f i d e  m y  be of 

t h e r a p e u t i c  value s in c e  i t  i s  reduced to  cys teamine presumably by y l u t -  

a t h io n e  or  o t h e r  reducing a gen t s  (145) .

In summary, th e se  s t u d i e s  prov ide th e  p ro to type  f o r  th e  t r e a tm e n t  

o f  inborn e r r o r s  by enhancement of  the  r e s id u a l  a c t i v i t y  via s u b u n i t  

r e a s s o c i a t i o n .  This approach may be usefu l  in  th e  des ign  of  t h e r a p e u t i c  

endeavors in human d i s e a s e s  in which the  enzymatic d e f e c t  r e s u l t s  from 

muta t ions  which a l t e r  s u bun i t  a s s o c i a t i o n  and enzyme f u n c t i o n .  F u r th e r ­

more,  th e se  f i n d i n g s  emphasize the  value  of  c h a r a c t e r i z i n g  the  n a tu re  of 

the  enzymatic d e f e c t ,  p a r t i c u l a r l y  in d i s o r d e r s  with  r e s id u a l  enzymatic 

a c t i v i t y ,  f o r  the des iyn  of  novel s t r a t e g i e s  to  manipula te  and t h e r a ­

p e u t i c a l l y  enhance the  fu n c t io n  a n d /o r  s t a b i l i t y  of  the  d e f e c t i v e  en­

zyme.
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V II .  CONCLUDING KtMAkKS

1. Accomplishments;

The development of  a r e l i a b l e  as say  f o r  he te rozygo te  d e t e c t i o n  fo r  

WPS VI has p e rm i t t e d :  1) the  e f f i c i e n t  e s t a b l i s n m e n t  of  a breediny

colony fo r  f e l i n e  MPS VI which provided  a con t inua l  source  of a f f e c t e d  

an imals  f o r  t h e s e  s t u d i e s ;  2} t h e  a c c u r a t e  measurement of  ASB in c e l l

l y s a t e s  during _̂ n v i t r o  and in  v ivo  exper imen ts  designed t o  e v a lu a te

t h e r a p e u t i c  s t r a t e g i e s ,  and 3) r i s k  assessm ent  f o r  f a m i l i e s  of  human MPS 

VI p a t i e n t s .  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  normal human, normal 

f e l i n e  and f e l i n e  MPS VI ASB has provided an unders tand ing  o f  the  molec­

u l a r  d e f e c t  in f e l i n e  MPS VI. These s t u d i e s  sugges ted  t h a t  the  muta t ion 

in the  s t r u c t u r a l  gene f o r  f e l i n e  ASB a l t e r e d  th e  gene p roduct  such t h a t  

i t  was unab le  to  m a in ta in  i t s  normal d im er ic  confo rmation .  Subsequent  

s t u d i e s  i n d i c a t e d  t h a t  t h i o l - r e d u c i n g  a g e n t s ,  p a r t i c u l a r l y  DTT and

cys team ine ,  were capab le  of r e s t o r i n g  the  enzyme's dimer ic  conformation 

and enhancing i t s  a c t i v i t y .  More i m p o r t a n t ly ,  jin_ v i t r o  and in_ vivo

exper iments  have shown t h a t  th e s e  compounds enhance the  re s id u a l  ASB 

a c t i v i t y  up to  2 0 - f o l d ,  r e s u l t i n g  in  a dec rease  in the  l e v e l s  of  

dermatan s u l f a t e ,  presumably due to  inc re ased  ca t a b o l i sm .  F i n a l l y ,  a 

r o c k e t  im munoelec t rophore t ic  system was developed which r e a d i l y  d e t e c te d  

CRM in  both human and f e l i n e  MPS VI.

2. Futu re  S t u d i e s :

The h e t e ro z y g o te  d e t e c t i o n  a s say  has proven usefu l  in the moni to r­

ing of  ASB l e v e l s  in  c e l l  l y s a t e s  dur ing  t h e r a p e u t i c  t r i a l s .  Thus, t h i s  

as say  may provide  a means to  e v a l u a t e  the  ASB l e v e l s  in human p a t i e n t s  

as  the rapy  becomes a v a i l a b l e .  The encouraging in  v ivo  r e s u l t s  d e t a i l e d
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here  prov ide the  r a t i o n a l e  f o r  long- term t r e a tm e n t  o f  an a f f e c t e d  c a t  

with  cys teamine ,  o r  i t s  d i s u l f i d e ,  cys tamine.  I t  i s  a n t i c i p a t e d  t h a t  

t h i s  t r e a tm e n t  would r e s u l t  in the  a m e l io r a t io n  of  the  c l i n i c a l  course 

of  the d i s e a s e .  Fur thermore ,  th e s e  s t u d i e s  demonst ra te  the  need to  

c a r e f u l l y  c h a r a c t e r i z e  the  m olecu la r  d e f e c t  in those  enzyme d e f i c i e n c y  

d i s e a s e s  with  r e s id u a l  a c t i v i t y  in o rd e r  to  develop novel t h e r a p e u t i c  

s t r a t e g i e s .  L a s t l y ,  th e  ro c k e t  immunoelec trophore t ic  system prov ides  a 

method to  s tudy  mutants  from v a r io u s  f e l i n e  and human f a m i l i e s  in o rde r  

to  a s s e s s  y e n e t i c  h e t e ro g e n e i ty  in t h i s  d i s e a s e .
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