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INTRODUCTION

A. Human Heme B i o s y n t h e s i s  and t h e  P or ph y r i a s

The heme b i o s y n t h e t i c  p a t hwa y  and t h e  a s s o c i a t e d  "exper i men t s  of  

n a t u r e " ,  t h e  p o r p h y r i a s ,  p r ov i d e  a un i que  s y s t e m  t o  i n v e s t i g a t e  l ) t h e  

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

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

The human p o r p h y r i a s  a r e  a he t e rogeneous  group of  d i s e a s e s  c h a r a c t e r ­

i zed by e x c e s s i v e  p r o du c t i on  o f  p o r p h y r i n s  o r  t h e i r  p r e c u r s o r s .  The 

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

c h e m i c a l  c o n s e q u e n c e s  o f  s p e c i f i c  enzyme d e f i c i e n c i e s  in  t h e  heme 

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

f a c t o r s .

1. Heme B i o s y n t h e t i c  Pathway

The b i o s y n t h e s i s  o f  heme was not  under s tood  u n t i l  t h e  l a t e  1940*s 

when t h e  a p p l i c a t i o n  o f  r a d i o t r a c e r  t e ch n o l o g y  and t h e  p i o n e e r i n g  work 

o f  Shemin and o t h e r s  l ed  t o  t h e  e l u c i d a t i o n  of  t h e  heme b i o s y n t h e t i c  

pathway ( 1 ) .  Al though t h e  p o r p h y r i a s  were r ecogn i zed  e a r l y  in  t h e  2 0 t h  

c e n t u r y  as  d i s e a s e s  o f  abnorma l  heme m e t a b o l i s m  c h a r a c t e r i z e d  Dy 

s p e c i f i c  p a t t e r n s  o f  p o r phy r i n  e x c r e t i o n ,  t h e  enzymat ic  d e f i c i e n c i e s  i n  

t h e s e  d i s o r d e r s  were not  i d e n t i f i e d  u n t i l  t h e  1 9 7 0 ' s .  F i gure  1 shows t h e  

c u r r e n t  c o n c e p t  o f  mammal ian heme b i o s y n t h e s i s .  E i g h t  enzymes  a r e  

r e q u i r e d  f o r  t h e  s y n t h e s i s  o f  heme. I n t e r e s t i n g l y ,  fou r  a r e  l o c a l i z e d  

in t h e  mi to c h o n d r i a  wh i l e  t h e  o t h e r  f o u r  a r e  c y t o c y l i c .  In mammals ,  

6 - a m i n o l e v u l i n i c  a c i d  (ALA) i s  s y n t h e s i z e d  i n  t h e  m i t o c h o n d r i a  by 

c o n d e n s a t i o n  o f  s u c c i n y l  CoA and g l y c i n e .  T h i s  m o l e c u l e  i s  t h e n  

t r a n s p o r t e d  i n t o  t h e  c y t o s o l ,  where t h e  s e q u e n t i a l  and conc e r t e d  a c t i o n



Fi gu r e  1. Cur rent  c o n c e p t s  o f  heme b i o s y n t h e t i c  pathway.
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o f  6 - a m i n o l e v u l  i n i c  d e h y d r a t a s e  (ALA-D) a c i d ,  h y d r o x y m e t h y l b i 1ane 

s y n t h a s e  (HMB-S),  u r o p o r p h y r i n o g e n  I I I  s y n t h a s e  (URO-S) ,  and u r o ­

p o r p h y r i n o g e n  d e c a r bo x y l a s e  (URO-D) c o n v e r t s  ALA i n t o  a t e t r a c a r b o x y l i c  

p o r ph y r i n ,  coproporphyr inogen I I I  (COPRO'gen I I I ) .  Subsequent  o x i d a t i v e  

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

(COPRO-oxidase) and p ro t oporphyr i nogen  ox i d a se  (PROTO-oxidase) r e s u l t  in 

t h e  fo rmat ion  o f  p r o t o p o r p h y r i n ,  which i s  c h e l a t e d  wi th i r o n  t o  complete  

t h e  b i o s y n t h e s i s  of  heme.

2 .  B i o l o g y  of  Por phyr i ns  and Role o f  Uroporphyr inogen I I I  and Uro­

porphyr inogen I I I  Synthase  in Heme B i o s yn t h e s i s

Me t a l l opo r phy r i n s  a r e  t e t r a p y r r o l e  compounds t h a t  a r e  t h e  e s s e n t i a l  

p r o s t h e t i c  groups o f  hemoglobin,  c h l o r o p h y l l s ,  cytochromes and c o b a l a -

mins.  Porphyr ins  c o n s i s t  o f  a c y c l i c  t e t r a p y r r o l e  r i n g  wi th a metal  atom

in i t s  c e n t e r .  D i f f e r e n t  m e t a l  a toms a r e  p r e s e n t  i n  h e m o g l o b i n  and 

c y t o c h r o m e s  ( F e ) ,  c h l o r o p h y l l  (Mg) ,  c o b a l a m i n  ( Co ) .  Under d i f f e r e n t  

o x i d a t i o n - r e d u c t i o n  s t a t e s ,  t h e s e  metal  i ons  change t h e i r  v a l e n c y ,  and 

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

r e a c t i o n s .  Because of  t h e i r  f u n c t i o n a l  impor tance and u n i v e r s a l  e x i s t ­

e n c e ,  t h e s e  m e t a l l o p o r p h y r i n s  have been c o l l e c t i v e l y  r e f e r r e d  t o  as t h e  

pigments  o f  l i f e  ( 2 ) .

I t  i s  n o t a b l e  t h a t  t h e  b i o s y n t h e s i s  of  t h e  m e t a l l o p o r p h y r i n s  occur s  

t h r o u g h  a common t e t r a p y r r o l e  i n t e r m e d i a t e ,  u r o p o r p h y r i n o g e n  I I I  

(URO'gen I I I ) .  E a r l y  work by v a r i o u s  i n v e s t i g a t o r s  ( e . g . ,  Bogorad,  

Grani ck ,  Neuberger ,  Remington and Shemin) have shown t h a t  URO'gen I I I  i s  

a s s e m b l e d  from four  mol ecu l es  of  po r phob i l i nogen  (PBG) ( f o r  r ev i e w,  see 

r e f .  3 ) .  The p i o n e e r in g  work o f  Bogorad in  1953 ( 4 , 5 )  c l e a r l y  demon­

s t r a t e d  t h a t  two enzymes were involved in t h e  s y n t h e s i s  o f  URO'gen I I I
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Figure  2.  React ion scheme f o r  t h e  c o n v e r s i o n  o f  PBG t o  URO'gen I and

I I I .
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f rom p o r p h o b i l i n o g e n  (PBG),  n a m e l y ,  h y d r o x y m e t h y l b i  1 ane syn t hase  

(HMB-S; E. C. 4 . 3 . 1 . 8 )  and u r o p o r p h y r i n o g e n  I I I  s y n t h a s e  (URO-S) 

(E.C.  4 . 2 . 1 . 7 5 ) .

Since  t h e s e  seminal  s t u d i e s ,  t h e  p h ys i c a l  and k i n e t i c  p r o p e r t i e s  of  

HMB-S and URO-S, t h e i r  f u n c t i o n a l  r e l a t i o n s h i p s  ( e . g . ,  enzyme c o m p l e x ;  

c o - f a c t o r ,  e t c )  and t h e  chemical  n a t u r e  o f  t h e i r  me t abo l i c  i n t e r m e d i a t e s  

have  been  t h e  s u b j e c t  o f  i n t e n s e  i n t e r e s t .  More t h a n  40 d i f f e r e n t  

hypotheses  have been proposed f o r  t h e  r e a c t i o n  mechanism f o r  URO'gen I I I  

f o r ma t io n  ( 6 ) .  In 1 9 7 9 ,  e v i d e n c e  was r e p o r t e d  i n d i c a t i n g  t h a t  HMB-S 

c a t a l y z e d  t h e  f o r m a t i o n  o f  an u n s t a b l e  l i n e a r  t e t r a p y r r o l e  from four  

mol ecu l e s  o f  PBG ( 7 ) .  Two groups  r e p o r t e d  d i f f e r e n t  s t r u c t u r e s  f o r  t h e  

l i n e a r  t e t r a p y r r o l e  i n t e r m e d i a t e  which  p r e s u m a b l y  was c o n v e r t e d  to  

URO'gen I I I  by URO-S. S c o t t  and h i s  c o l l e a g u e s  r e f e r r e d  t o  t h i s  

i n t e r m e d i a t e  as p r e ' u r o g e n  ( 8 ) .  I t  was B a t t e r s b y  e t  a l . ,  a l s o  us ing  NMR 

s p e c t r o s c o p y  and s y n t h e s i s  t e c h n i q u e s ,  who s u g g e s t e d  t h a t  t h e  i n t e r ­

m e d i a t e  was h y d r o x y m e t h y l b i l a n e  (HMB) ( 9 ) .  The f a c t  t h a t  HMB i s  a 

s u b s t r a t e  f o r  URO-S was s u b s e q u e n t l y  d e m o n s t r a t e d  when t h e  k i n e t i c  

p r o p e r t i e s  o f  s y n t h e t i c  HMB were  shown t o  be i d e n t i c a l  t o  t h a t  o f  t he  

s u b s t r a t e  p r epa red  by enzymat i c  c o n v e r s i o n  o f  PBG t o  t h e  t e t r a p y r r o l e  

i n t e r m e d i a t e  ( 9 ) .  The c u r r e n t  concept  o f  URO'gen I I I  f o r ma t io n  i s  shown 

i n  F i g .  2.  HMB-S c o n v e r t s  f o u r  m o l e c u l e s  o f  PBG i n t o  t h e  l i n e a r  

t e t r a p y r r o l e ,  HMB. In t h e  p r esence  o f  URO-S, t h e  l i n e a r  t e t r a p y r r o l e  i s  

c y c l i z e d  and t h e  D - r i n g  i s  r e a r r a n g e d  t o  f o rm URO'gen I I I .  In t h e  

a b s e n c e  o f  URO-S, HMB i s  n o n - e n z y m a t i c a l l y  c y c l i z e d  t o  f o rm t h e  

URO'gen I i somer .
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3.  The Human I n h e r i t e d  Porphyr i a s

Of t h e  e i g h t  enzymes  o f  t h e  heme b i o s y n t h e t i c  pathway,  i n h e r i t e d  

enzyme d e f i c i e n c y  d i s o r d e r s  have  been  r e p o r t e d  f o r  e a c h  w i t h  t h e  

e x c e p t i o n  o f  t h e  f i r s t  and r a t e - l i m i t i n g  enzyme,  6 - a m i n o l e v u l i n i c  acid 

s yn t h a s e  (ALA-S). C o l l e c t i v e l y ,  t h e s e  i n h e r i t e d  d i s o r d e r s  a r e  r e f e r r e d  

t o  as  t h e  p o r p h y r i a s .  Table  I l i s t s  t h e  d i f f e r e n t  t y p e s  o f  p o r ph y r i a s  

and t h e i r  a s s o c i a t e d  enzyme d e f e c t s .  These  d i s e a s e s  a r e  c l a s s i f i e d  as  

e i t h e r  h e p a t i c  o r  e r y t h r o i d  depending on t h e i r  t i s s u e  o r i g i n  o r  major  

s i t e  of  a b e r r a n t  gene e x p r e s s i o n . .  With t h e  e x c e p t i o n  o f  t h e  two a u t o ­

somal r e c e s s i v e  d i s o r d e r s ,  c o n ge n i t a l  e r y t h r o p o i e t i c  p o r p h y r i a  (CEP) and 

and 6 - a mi no l e v u l i n i c  ac i d  d eh y d r a t a s e  (ALA-D) d e f i c i e n c y ,  t h e  p o r p h y r i a s  

a r e  t r a n s m i t t e d  as autosomal  dominant  t r a i t s .

a.  Hepa t i c  Po r phy r i a s :

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

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

symptoms e x c e p t  when e x p o s e d  t o  v a r i o u s  envi ronmenta l  f a c t o r s  ( e . g . ,  

s u n l i g h t ,  c e r t a i n  d r u g s ,  d i e t ,  h o r m o n e s ,  e t c ) .  Such i n d i v i d u a l s  may 

e x p e r i e n c e  a c u t e  a t t a c k s  o f  abdominal  p a i n ,  n e u r o l o g i c a l  d y s f u n c t i o n ,  

n e u r o p s y c h i a t r i c  symptoms and p a r e s i s  when e x p o s e d  t o  t h e s e  e n v i r o n ­

m e n t a l  f a c t o r s .  E x c e s s i v e  u r i n a r y  e x c r e t i o n  o f  6 - a m i n o l e v u l i n i c  acid 

(ALA) o r  PBG du r in g  a c u t e  a t t a c k s  i s  a c a r d i n a l  b i o c h e m i c a l  f i n d i n g  i n  

t h e  h e p a t i c  p o r ph y r i a s  (wi th  t h e  exce p t i on  o f  po r ph y r i a  c u t a n e a  t a r d a ) .  

Drugs such as a l c o h o l ,  c e r t a i n  a n t i b i o t i c s  and p h e n o b a r b i t o l , as wel l  as 

p h y s i o l o g i c a l  c h a n g e s  (hormones,  s t a r v a t i o n )  have been shown t o  induce 

t h e  a c t i v i t y  o f  h e p a t i c  ALA-S,  and t h e r e f o r e  t o  p r e c i p i t a t e  a c u t e  

a t t a c k s  o f  t h e  h e p a t i c  p o r p h y r i a s .  In e a c h  o f  t h e s e  d i s o r d e r s ,  t he  

d e f i c i e n c y  of  a s p e c i f i c  heme b i o s y n t h e t i c  enzyme r e n d e r s  t h e  p a t hwa y



Table I

THE INHERITED HUMAN PORPHYRIAS

Enzymatic Mode of
Porphyr i a  Defect  I nh e r i t a n ce *

E r y t h r o p o i e t i c  P o rp hy r i a s :

Congeni t a l  E r y t h r o p o i e t i c
Porphyr i a URO I I I  Synthase AR

Pr o t o p o r p h y r i a F e r r o c h e l a t a s e AD

Hepat i c  Po r ph y r i a s :

ALA-Dehydratase Def i c i en c y ALA-Dehydratase AR
Acute I n t e r m i t t e n t  Porphyr i a HMB-Synthase AD
Porphyr i a  Cutanea Tarda URO-Decarboxylase AD
Coproporphyr ia COPRO-Oxidase AD
Var i ega t e  Porphyr i a PROTO-Oxidase AD

*AR = Autosomal R e c e s s i v e ;  AD = Autosomal Dominant
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i n e f f e c t i v e ,  s i n c e  t h e  p o r p h y r i n  p r e c u r s o r s ,  ALA and PBG c a n n o t  be 

me t abo l i zed  e f f i c i e n t l y ,  and t h e r e f o r e  t h e y  accumula te .  These compounds  

a r e  b e l i e v e d  t o  me d i a t e  t h e  c l i n i c a l  m a n i f e s t a t i o n s  of  an a c u t e  a t t a c k .  

Concommitent wi th  t h e  accumula t ion o f  t h e s e  p o r p h y r i n  p r e c u r s o r s ,  t h e  

amount  o f  heme produced by t h e  pathway i s  markedly  de c r e a s e d .  The lack 

o f  a s u f f i c i e n t  f r e e  heme pool t o  feedback o r  r e p r e s s  t h e  s y n t h e s i s  o f  

ALA-S r e s u l t s  in t h e  f u r t h e r  i n d u c t i o n  o f  h e p a t i c  ALA-S and t h e  p ro ­

d u c t i on  o f  a d d i t i o n a l  ALA and PBG. T h i s  c y c l e  o f  e v e n t s  can  o n l y  be 

r ev e r s e d  by t h e  r e p r e s s i o n  o f  ALA-S s y n t h e s i s .  Thus,  i n v e s t i g a t o r s  have 

i n t r a v e n o u s l y  a d m i n i s t e r e d  h e m a t i n  o r  h e m e - c o n j u g a t e s  w i t h  d r a m a t i c  

b iochemica l  and c l i n i c a l  improvement ( 10 ) .

I t  i s  n o t e w o r t h y  t h a t  ALA-S isozymes occur  in t h e  l i v e r  and 

bone  marrow ( 1 1 ) .  However ,  o n l y  h e p a t i c  ALA-S i s  s u b j e c t  t o  t h e  

f e e d b a c k  r e g u l a t i o n  o f  heme ( 1 2 ) .  Yamamoto e t  a l . have r e p o r t e d  t h a t  

d i f f e r e n t  mRNA fo r ms  may e x i s t  i n  c h i c k  l i v e r  and bone  marrow ( 1 3 ) .  

M a g u i r e  and c o l l e a g u e s  r e p o r t e d  t h a t  o n l y  one  gene  i s  p r e s e n t  in 

ch i cken  (14) .  These s t u d i e s  sugges t  t h a t  d i f f e r e n t i a l  mechanism,  e i t h e r  

due  t o  s p e c i f i c  t i s s u e  f a c t o r s ,  s e l e c t i v e  u s e a g e  o f  p r o m o t e r s  or  

a l t e r n a t e  s p l i c i n g  o f  t h e  i n t r o n s  from a s i n g l e  gene may be r e s p o n s i b l e  

f o r  t h e  t i s s u e  s p e c i f i c  e x p r e s s i o n  o f  t h e  ALA-S isozymes.  Thus i t  i s  

l i k e l y  t h a t  t h e  t i s s u e  s p e c i f i c  e x p r e s s i o n  o f  ALA-S p r o v i d e s  t h e  

mo l ec u l a r  b a s i s  f o r  t h e  observed d i f f e r e n c e s  in t h e  d i f f e r e n t i a l  k i n e t i c  

p r o p e r t i e s  o f  t h e  h e p a t i c  and e r y t h r o i d  f o r m s .  T h i s  s u b j e c t  i s  an 

a c t i v e  a r ea  of  c u r r e n t  r e s e a r c h .
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b.  E r y t h r o p o i e t i c  Po r ph y r i a s  :

E r y t h r o p o i e t i c  p r o t o p o r p h y r i a  (EPP) and CEP a r e  t h e  two 

e r y t h r o p o i e t i c  p o r p h y r i a s .  They a r e  c h a r a c t e r i z e d  by t h e  o v e r ­

p r o d u c t i o n  o f  p o r p h y r i n s  in  e r y t h r o n s .  The d e f i c i e n t  a c t i v i t y  o f  

f e r r o c h e l  a t a s e  (heme s y n t h a s e )  in EPP r e s u l t s  in a c c u m u l a t i o n  o f  t h e  

f r e e  p r o t o p o r p h y r i n  and subsequent  d i f f u s i o n  of  t h e  porphyr in  i n t o  t h e  

plasma and then  i n t o  t h e  s k i n  and o t h e r  t i s s u e s .  In t h e  p r e s e n c e  o f  

s u n l i g h t ,  p h o t o - o x i d a t i v e  c e l l  damage o c c u r s ,  l e ad i ng  t o  sk in  b l i s t e r ­

i n g ,  i n f e c t i o n , and s c a r r i n g  in t h e  a f f e c t e d  i n d i v i d u a l s .  Animal  m o d e l s  

have been d es c r ib e d  in c a t t l e  ( 15 ) .

Among t h e  human p o r p h y r i a s ,  CEP has  p robab ly  been s t u d i e d  

t h e  l e a s t .  The enzymat i c  d e f e c t  in t h i s  e r y t h r o p o i e t i c  p r o p h y r i a  was 

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

URO'gen I I I  f o r ma t io n .  CEP a p p e a r s  t o  be t h e  mos t  i n f r e q u e n t  o f  t h e  

p o r p h y r i a s .  By 1 9 7 2 ,  o n l y  60 c a s e s  we re  r e p o r t e d  in t h e  l i t e r a t u r e  

( 16 ) .  The c l i n i c a l  m a n i f e s t a t i o n s  o f  CEP i n c l u d e  p h o t o s e n s i t i v i t y ,  

h e m o l y t i c  a n em i a ,  e r y t h r o d o n t i a ,  and p o r p h y r i n u r i a .  T h e s e  symptoms 

r e s u l t  from t h e  d e f i c i e n t  a c t i v i t y  o f  URO-S and t h e  r e s u l t a n t  o v e r ­

p r o d u c t i o n  i n  t h e  bone  marrow o f  URO'gen I and i t s  d e c a r b o x y l a t e d  

d e r i v a t i v e ,  coproporphyr inogen  I (COPRO I ) .  A c c u mu l a t e d  URO'gen I i s  

o x i d i z e d  t o  u ropo r phy r i n  I (URO I) in  e r y t h r o c y t e s  and t h i s  compound i s  

t o x i c  t o  t h e s e  c e l l s  r e s u l t i n g  in t h e i r  l y s i s .  The e r y t h r o c y t e  URO I i s  

t h e n  r e l e a s e d  i n t o  t h e  p l a s m a  and i s  t a k e n  up by t h e  t i s s u e s  and 

e x c r e t e d .  P o r p h y r i c  a n i m a l s  w i t h  s i m i l a r  b i o c h e m i c a l  and c l i n i c a l  

f e a t u r e s  have been r e p o r t e d  in c a t t l e  (17) and t h e  red  s q u i r r e l  ( 18 ) .
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Bogorad  f i r s t  s u g g e s t e d  t h a t  d e f i c i e n t  URO-S a c t i v i t y ,  o r  

i n c r e a s e d  HMB-S a c t i v i t y ,  o r  a c o m b i n a t i o n  o f  b o t h ,  m i g h t  be t h e  

b i o c h e m i c a l  d e f e c t  in  CEP ( 5 ) .  S u b s e q u e n t l y ,  Romeo and Levin demon­

s t r a t e d  low l e v e l s  o f  e r y t h r o c y t e  URO-S a c t i v i t y  in  f i v e  p a t i e n t s  w i t h  

CEP ( 19 ) .  Watson and h i s  coworker s ,  on t h e  o t h e r  hand,  p o s t u l a t e d  t h a t  a 

p r imary  i n c r e a s e  o f  ALA-S o r  HMB-S a c t i v i t y ,  e i t h e r  due t o  a h y p e r ­

a c t i v e  v a r i a n t  a l l e l e  o r  s e c o n d a r y  t o  a mi. oat  ion i nvo l v i ng  a n e g a t i ve  

r e g u l a t o r  me c h a n i s m,  was r e s p o n s i b l e  f o r  t h e  o b s e r v a t i o n  t h a t  CEP 

p a t i e n t s  e x c r e t e d  b o t h  URO I and I I I  in e x c e s s i v e  amounts ( 20 ) .  Watson 

e t  a l . observed i n c r e a s e d  HMB-S a c t i v i t y  in CEP e r y t h r o c y t e s  ( 2 1 ) ,  b u t  

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

hemolys i s  in t h e s e  p a t i e n t s .  Mo r eo v e r ,  t h e  HMB-S a c t i v i t y  was normal  

whereas  reduced URO-S a c t i v i t y  was observed in c u l t u r e d  f i b r o b l a s t s  from 

CEP homozygotes ( 2 2 ) .  F i n a l l y ,  e v i d e n c e  f o r  d e f i c i e n t  URO-S as  t h e  

p r i m a r y  enzymat i c  d e f e c t  in CEP was t h e  f a c t  t h a t  o b l i g a t e  h e t e r o z y g o t e  

f o r  CEP had ha l f - no r ma l  l e v e l s  o f  URO-S i n  c u l t u r e d  f i b r o b l a s t s  ( 2 3 ) .  

T h u s ,  i t  i s  c u r r e n t l y  a c c e p t e d  t h a t  d e f i c i e n t  URO-S a c t i v i t y  i s  t h e  

enzymat ic  d e f e c t  r e s p o n s i b l e  f o r  t h i s  i nborn  e r r o r  o f  heme b i o s y n t h e s i s .

B. Molecular  S t u d i e s  of  Human Heme B i o s yn t h e s i s

In o r d e r  t o  c h a r a c t e r i z e  t h e  s t r u c t u r e ,  genomic o r g a n i z a t i o n ,  and t h e  

t i s s u e  s p e c i f i c  e x p r e s s i o n  o f  t h e  heme b i o s y n t h e t i c  genes ,  as well  as t o  

i n v e s t i g a t e  t h e  n a t u r e  o f  t h e  m o l e c u l a r  l e s i o n s  whi ch  c a u s e  t h e  

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

human heme b i o s y n t h e s i s  a t  t h e  mol ecu l a r  l e v e l .
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To d a t e ,  5 genes  (cDNAs) have been c l oned  (Tabl e  I I ) .  The f i r s t  gene 

i s o l a t e d  was ALA-S f rom c h i c k  embryo l i v e r  ( Borthwick e t  al_ ( 24 ) .  The 

c l o n i n g  o f  t h i s  g e n e  was f a c i l i t a t e d  by t h e  f a c t  t h a t  ALA-S a c t i v i t y  

could  be markedly induced by t h e  a d m i n i s t r a t i o n  o f  e i t h e r  AIA o r  DDC. 

T h u s ,  t h e  e n r i c h m e n t  o f  ALA-S mRNA in t h e  ch i ck  embryo l i v e r  pe r mi t t ed  

t h e  i s o l a t i o n  o f  t h e  message by hybr id  s e l e c t e d  t r a n s l a t i o n  and immuno 

p r e c i p i t a t i o n .  A l s o  in 1984,  HMB-S and URO-D cDNAs were i s o l a t e d  from 

r a t  s p l e n i c  t i s s u e ;  t h e s e  c l o n e s  were  c o n f i r m e d  by h y b r i d  s e l e c t e d  

t r a n s l a t i o n  wi th t h e  r e s p e c t i v e  monos pec i f i c  a n t i b o d i e s  (25,  26 ) .  These 

were t h e  f i r s t  mammalian cDNAs f o r  heme b i o s y n t h e t i c  enzyme i s o l a t i o n .  

Subsequen t l y ,  cDNAs were a l so  i s o l a t e d  from o t h e r  s p e c i e s  (Tab l e  I I I ) .

I n v e s t i g a t o r s  we re  i n t r i g u e d  by t h e  p o s s i b i l i t y  t h a t  t h e  g e n e s  

encoding t h e  heme b i o s y n t h e t i c  enzymes were l i nked  i n  a gene  f a m i l y  so 

t h a t  t h e y  c o u l d  be e f f i c i e n t l y  r e g u l a t e d .  In s ev e r a l  b a c t e r i a  and in 

y e a s t ,  t h e s e  genes  a r e  n e x t  t o  each o t h e r  or  c l o s e l y  l i n k e d  ( 2 7 ) .  The 

f i r s t  human heme b i o s y n t h e t i c  gene as s i gned  t o  a chromosome was HMB-S 

(chromosome 11) (28 ) .  The subsequent  r e p o r t s  t h a t  ALA-D was on c h r o m o ­

some 9 (29) and t h a t  t h e  gene f o r  URO-D was on chromosome 1 (30) l a i d  t o  

r e s t  t h e  concept  t h a t  t h e  human genes  were l i n k e d  and i n d i c a t e d  t h a t  t h e  

c o o r d i n a t e  r e g u l a t i o n  of  t h e  pathway presumably  involved  t r a n s - a c t i v a t -  

ing f a c t o r s .  Table  I I I  summarizes t h e  c u r r e n t  s t a t u s  of  t h e  chromosomal 

a s s i g n m e n t s  o f  t h e  human hemeb i o s y n t h e t i c  genes .  Note t h a t  f i v e  o f  t h e  

e i g h t  gene loc i  have been as s i gned  and t h a t  t h e s e  genes  a r e  d i s p e r s e d  on 

chromosomes 1 , 3 , 9  and 11.
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Table I I

MOLECULAR CLONING OF cDNAs ENCODING THE HEME BIOSYNTHETIC ENZYMES
(STATUS 5 / 1 / 87 )

cDNA Source Reference

ALA-Synthase Chick Embryo Liver  
Chicken E r y t h r o c y t e s  
Yeast
Murine L i ve r / Sp l e e n  
Human Liver

Borthwick e t  a l .  1984 
Yamamoto e t  a l . 1985 
Urban-Grimal  e t  a l . 1986 
Schoenhaut  e t  a l .  1986 
Bishop e t  a l . Unpubl ished

ALA-Dehydratase Human Liver  
Rat  Li ver

Wetmur e t  a l . 1986 
Bishop e t  a l . 1986

HMB-Synthase Rat Spleen 
Human Spleen 
Human Liver

Grandchamp e t  a l . 1984 
Raich e t  a l . 1986 
Wetmur e t  a l . Unpubl ished

URO I I I  Synthase Human Li ver Tsai  e t  a l . Unpubl ished

URO-Decarboxylase Rat Spleen 
Human Spleen 
Human Liver

Romeo e t  a l . 1984 
Romeo e t  a l . 1986 
Tsai  e t  a l . Unpubl ished
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Table I I I

CHROMOSOMAL LOCALIZATION OF THE HEME BIOSYNTHETIC GENES

S t r u c t u r a l
Gene

Chromosomal
Assignment Method Reference

ALA-Synthase 3 Hybrid
Panel*

Bishop e t  a l .  unpubl i shed

ALA-Dehydratase 9q34 In S i t u** P o t l u r i  e t  a l .  1986

HMB-Synthase l l q 2 3 - t e r Hybrid
Panel

Wang e t  a l . 1981

URO-Decarboxylase lp34 In S i t u Romeo e t  a l . 1986

COPRO-Oxidase 9 Hybrid
Panel

Grandchamp e t  a l . 1983

*Hybrid Panel = Ana lys i s  o f  Somat ic Cel l  Hybrid Cel l  Panel 
**In S i t u  = Hy b r i d i z a t i o n  wi th cDNA Probe.
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S p e c i f i c  Aims o f  t h i s  Research

In o r d e r  t o  c h a r a c t e r i z e  t h e  p r o p e r t y  o f  URO-S, and s tudy  t h e  g e n e t i c  

b a s i s  o f  CEP, t h e  f o l l o w i n g  o b j e c t i v e s  were d e f i n e d :

1) Development of  a s s ay  methods f o r  URO-S.

The assay methods pu b l i sh e d  p r e v i o u s l y  r e q u i r e  s u b s t a n t i a l  e f f o r t s  

t o  s e p a r a t e  and q u a n t i t a t e  t h e  URO I and I I I  i somers .  (For  r e v i e w ,  s e e  

r e f .  3 1 ) .  T h e r e f o r e ,  a s imple  and r e l i a b l e  as say  method was needed t o  

a c c u r a t e l y  measure URO-S a c t i v i t y .  T h i s  me t hod  would be r e q u i r e d  f o r  

b i o c h e m i c a l  c o n f i r m a t i o n  o f  CEP h o moz ygo t e s  and f o r  t h e  d e t e c t i o n  of  

c a r r i e r s  of  t h e  CEP g e n e .  In a d d i t i o n ,  t h i s  a s s a y  s h o u l d  p r o v i d e  an 

e f f i c i e n t  method f o r  mon i to r i ng  enzyme a c t i v i t y  du r i ng  p r o t e i n  p u r i f i ­

c a t i o n ,  p a r t i c u l a r l y  s i n c e  URO-S i s  u n s t a b l e .

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  URO-S.

Because of  t h e  d i f f i c u l t y  a s s o c i a t e d  wi th  t h e  a s say  methods and t h e  

e x q u i s i t e  i n s t a b i l i t y  o f  URO-S, t h e  enzyme from animal s ou r c e s  has never  

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

k i n e t i c  p r o p e r t i e s .  In f a c t ,  l i m i t e d  p h y s i c o k i n e t i c  d a t a  a r e  a v a i l a b l e  

f o r  t h i s  enzyme.  For  e x a m p l e ,  t h e  m o l e c u l a r  w e i g h t  d e t e r m i n a t i o n s  

r e p o r t e d  in l i t e r a t u r e  r ange  from 10 , 000  t o  2 1 0 , 0 0 0  ( 3 2 ) .  In o r d e r  t o  

a c c u r a t e l y  c h a r a c t e r i z e  t h e  enzyme ' s  p h ys i c a l  and k i n e t i c  p r o p e r t i e s ,  

t h e  enzyme must be p u r i f i e d  t o  near  homogenei ty.  However,  t h e  l ack  of  an 

r e l i a b l e  a s s a y  and t h e  f a c t  t h a t  t h e  enzyme i s  so u n s t a b l e  has  s tymied 

p r e v i o u s  p u r i f i c a t i o n  e f f o r t s .  To d a t e  t h e  URO-S has  not  been p u r i f i e d  

from a mammalian s ource  more t han  s e v e r a l  hundred f o l d .
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3) I s o l a t i o n  and sequencing o f  a f u l l - l e n g t h  cDNA f o r  human URO-S.

In o r d e r  t o  s tudy  t h e  mol ecu l a r  g e n e t i c  b a s i s  o f  CEP, cDNA c l o n es  

encoding human URO-S must  be i s o l a t e d  and c h a r a c t e r i z e d . One a p p r o a c h  

f o r  i s o l a t i n g  s p e c i f i c  cDNAs i n v o l v e s  t h e  use of  e x p r es s i o n  l i b r a r i e s  

which have been c o n s t r u c t e d  t o  produce f u s i o n  p r o t e i n s  c o n t a i n i n g  t h e  

amino ac id  sequences  in t h e  cDNA i n s e r t s  ( 33 ) .  Express ion  o f  t h e  cDNA of  

i n t e r e s t  i s  d e t e c t e d  us ing  t h e  s p e c i f i c  a n t i b o d y  (34) .  Another  approach 

f o r  i s o l a t i n g  a s p e c i f i c  cDNA employs t h e  p r i n c i p l e  of  h y b r i d i z a t i o n  t o  

s y n t h e t i c  o l i g o n u c l e o t i d e  mi x t u r e s  ( 35 ) .  > When t h e  amino a c i d  s e q u e n c e  

o f  t h e  e x p r e s s e d  p r o t e i n  i s  known, s y n t h e t i c  o l i g o n u c l e o t i d e  mi x t u r e s

can be c o n s t r u c t e d  t o  co r r e s pond  t o  a p o r t i o n  o f  t h e  amino ac id  sequence

w i t h  mi n i ma l  codon r e d u n d a n c y .  A p p r o p r i a t e  h y b r i d i z a t i o n  and washing 

c o n d i t i o n s  can then  be chosen so t h a t  h y b r i d i z a t i o n  w i l l  o c c u r  when a 

s e q u e n c e  i n  t h e  o l i g o n u c l e o t i d e  probe mi x t u r e  i s  c o r r e c t l y  matched by a 

complementary sequence in  a cDNA i n s e r t .  The l a t t e r  t e c h n i q u e  h a s  been 

employed f o r  c l on i ng  t h e  cDNA f o r  human URO-S.

The i s o l a t e d  cDNA c l on e  can be used t o  s t u d y  t h e  m o l e c u l a r  n a t u r e

o f  CEP m u t a t i o n s  in  u n r e l a t e d  f a m i l i e s ,  t o  s tudy  t h e  o r g a n i z a t i o n  and

chromosomal l o c a l i z a t i o n  o f  URO-S, and t o  i n v e s t i g a t e  t h e  m o l e c u l a r  

b a s i s  o f  m e t a b o l i c  r e g u l a t i o n  of  t h e  URO-S gene.  As noted above,  t h i s  

i s  p a r t i c u l a r l y  impor t an t  s i n c e  t h e  heme b i o s y n t h e t i c  enzyme g e n e s  a r e  

d i s t r i b u t e d  a t  d i f f e r e n t  chromosomes (Table  I I I ) ,  y e t ,  t h e  r e g u l a t i o n  of  

t h e s e  genes  seem t o  be c o n c e r t e d  wi th a s p e c i f i c  t emporal  scheme d u r i n g  

i n d u c t i o n  o r  d i f f e r e n t i a t i o n  ( 3 6 ) .  M o r e o v e r ,  cDNA c l o n es  have been 

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

s p e c i e s  ( Ta b l e  I I I ) .  To d a t e ,  human cDNA c l o n e s  have been i s o l a t e d  f o r
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t h e  f o u r  c y t o s o l i c  enzymes,  t h a t  i s ,  ALA-D ( 3 7 ) ,  HMB-S ( 38 ) ,  URO-S ( see  

Chapter  t h r e e ) ,  and URO-D (39) .  To f a c i l i t a t e  t h e  c l o n i n g  o f  e a c h  o f  

t h e s e  g e n e s ,  t h e  r e s p e c t i v e  enzymes were p u r i f i e d  from human e r y t h r o ­

c y t e s  and t h e i r  p r o p e r t i e s  were  compared  ( 4 0 ) .  In a l l  c a s e s ,  p e p t i d e  

s e q u e n c e s  d e r i v e d  f rom t h e  p u r i f i e d  e r y t h r o c y t e  enzyme were used to  

conf i rm t h e  a u t h e n t i c i t y  o f  t h e  p u t a t i v e  c l o n e s .  Human cDNAs f o r  ALA-D 

and URO-S were  i s o l a t e d  from an ad u l t  l i v e r  l i b r a r y  ( 41 ) ,  whi l e  c l ones  

f o r  HMB-S and URO-D were i n i t i a l l y  i s o l a t e d  from a l i b r a r y  c o n s t r u c t e d  

f rom s p l e n i c  t i s s u e  o f  an anemic r a t  ( 25 - 26 ) .  The murine c l on e s  were 

t hen  used t o  s c r een  a human l i b r a r y  o f  e r y t h r o i d  (HMB-S and URO-D) o r  

h e p a t i c  o r i g i n  (HMB-S).  I t  i s  no t ewor thy  t h a t  cDNAs encoding h e p a t i c  

and e r y t h r o i d  HMB-S d i f f e r  on ly  in t h e i r  5'  sequences  ( 42 ) .  Moreover ,  i t  

was p r o p o s e d  t h a t  two d i f f e r e n t  p romot er s  e x i s t  i n  a s i n g l e  gene ,  and 

p r e f e r e n t i a l  u t i l i z a t i o n  o f  promoters  may e x p l a i n  t h e  t i s s u e - s p e c i f i c  

e x p r e s s i o n  of  HMB-S.

I n t e r e s t i n g  i n s i g h t s  i n t o  t h e  e v o l u t i o n  o f  t h e  hemeb i osyn t he t i c  

genes  have come from mo l ec u l a r  s t u d i e s  of  ALAS. cDNA c l o n e s  f o r  ALA-S 

h av e  been  i s o l a t e d  f rom y e a s t  ( 4 3 ) ,  c h i c k  embryo l i v e r  ( 2 5 ) ,  mouse 

l i v e r  and e r y t h r o i d  s ou r ces  ( 4 4 ) ,  and mos t  r e c e n t l y  f rom human l i v e r  

( Dr .  David F.  Bishop,  unpubl i shed  d a t a ) .  These cDNAs r e p r e s e n t  t h e  on ly  

sequences  a v a i l a b l e  f o r  a m i t o c h o n d r i a l l y  c o m p a r t m e n t a l i z e d  enzyme o f  

t h e  heme b i o s y n t h e t i c  pathway.  A g r a d i e n t  o f  p r o t e i n  sequence homology 

was found in t h e  d ed u c e d  amino a c i d  s e q u e n c e  f rom d i f f e r e n t  s p e c i e s  

( 44 ) .  P o r t i o n s  o f  t h e  amino acid sequence which appear  t o  be u n e s s e n t i a l  

f o r  c a t a l y t i c  f u n c t i o n  have been shown t o  d i v e r g e ,  whi l e  o t h e r  p a r t s  o f
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t he  . sequence were h i g h l y  conse rved  (90% amino a c i d  homology) ,  s ug g e s t i n g  

t h a t  a common s t r u c t u r a l  c o n f o r m a t i o n  has  been  p r e s e r v e d  t h r o u g h  

e v o l u t i o n .
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ABSTRACT

Rapid and r e p r o d u c i b l e  a s s a y s  f o r  uroporphyr inogen  I I I  s y n t h a s e  (URO-S; 

EC 4 . 2 . 1 . 7 5 )  have  been  d e v e l o p e d  and used  to  de t e rmi ne  t he  enzymat ic  

a c t i v i t y  in human e r y t h r o c y t e s  and c u l t u r e d  lympho i d  c e l l s .  In t h e  

c o u p l e d - e n z y m e  a s s a y ,  p o r p h o b i l i n o g e n  was f i r s t  c onve r t ed  to hydroxy-  

m e t h y l b i l a n e , t he  n a t u r a l  s u b s t r a t e  f o r  URO-S, by  h y d r o x y m e t h y l b i  1 ane 

s y n t h a s e  (HMB-S) which  was c o n v e n i e n t l y  o b t a i n e d  f rom h e a t - t r e a t e d  

e r y t h r o c y t e  l y s a t e s .  In t h e  d i r e c t  a s s a y ,  s y n t h e t i c  hydroxymet hylb i l ane  

was used  as  s u b s t r a t e .  In b o t h  a s s a y s ,  t he  u roporphyr inogen  r e a c t i o n  

p roduc t s  were o x id i z e d  to t h e i r  r e s p e c t i v e  u r o p o r p h y r i n  i s o m e r s ,  which  

were  t h e n  r e s o l v e d  and q u a n t i t a t e d  by r e v e r s e d - p h a s e  h i g h  p r e s s u r e  

l i q u i d  c h r o m a t o g r a p h y . Both a s s a y s  were  o p t i m i z e d  f o r  pH, s u b s t r a t e  

c o n c e n t r a t i o n  and l i n e a r i t y  w i t h  t ime and p r o t e i n  c o n c e n t r a t i o n .  The 

mean URO-S a c t i v i t i e s  in normal human e r y t h r o c y t e  l y s a t e s  d e t e r m i n e d  by 

t h e  c o u p l e d - e n z y m e  and d i r e c t  a s s a y s  were  7 . 4 1  ± 1 . 3 5  and 7 . 6 4  + 

1.73 un i t s / mg  p r o t e i n ,  r e s p e c t i v e l y .  In normal human c u l t u r e d  l ymphoid  

c e l l s ,  t h e  mean a c t i v i t i e s  were  1 3 . 7  + 1 . 39  and 17.6 ± 1 .15  un i t s / mg  

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

f a m i l i e s  wi th  c o n ge n i t a l  e r y t h r o p o i e t i c  p o r p h y r i a ,  both a s says  r e l i a b l y  

i d e n t i f i e d  t he  markedly  de c r e a s e d  URO-S a c t i v i t i e s  in e r y t h r o c y t e s  and 

c u l t u r e d  lympho i d  c e l l s  f r om a f f e c t e d  homozygotes and the  ha l f -normal  

a c t i v i t i e s  in t h e s e  s ou r ce s  from o b l i g a t e  h e t e r o z y g o t e s .  The c o u p l e d -  

enzyme a s s a y  was e a s i e r  t o  per form and was s u i t e d  f o r  c l i n i c a l  d i a g n o s ­

t i c  a s s ays  and f o r  mo n i to r in g  o f  enzyme p u r i f i c a t i o n  p r o c e d u r e s ,  w h i l e  

t h e  d i r e c t  a s s a y ,  which  r e q u i r e d  s u b s t r a t e  p r e p a r a t i o n  and t e c h n i c a l  

d e x t e r i t y ,  was b e s t  f o r  k i n e t i c  s t u d i e s  o f  URO-S.
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INTRODUCTION

The c o n v e r s i o n  o f  t h e  m o n o p y r r o l e ,  p o r p h o b i l i n o g e n  (PBG), t o  u r o p o r ­

phyr inogen I I I  (URO'gen I I I ) ,  t he  t e t r a p y r r o l e  t h a t  i s  the  p h y s i o l o g i c a l  

p r e c u r s o r  o f  p r o t o po r p hy r i n  IX and heme, r e q u i r e s  t h e  s e q u e n t i a l  a c t i o n  

o f  two e n z y m e s :  h y d r o x y m e t h y l b i 1ane s y n t h a s e  (HMB-S; EC 4 . 3 . 1 . 8 ;  

p r e v i o u s l y  known as po rpho b i l i n o g e n  deaminase)  and uroporphyr inogen  I I I  

s y n t h as e  (URO-S; EC 4 . 2 . 1 . 7 5 ;  f o r m e r l y  d e s i g n a t e d  u r o p o r p h y r i n o g e n  I I I  

c o s y n t h a s e )  ( 1 - 4 ) .  As shown in F igure  1, HMB-S c a t a l y z e s  t he  head to 

t a i l  c o n d e n s a t i o n  o f  f o u r  m o l e c u l e s  o f  PBG t o  f o rm t h e  l i n e a r  t e t r a ­

p y r r o l e ,  hydroxymet hy l b i ! ane  (HMB) ( 5 - 9 ) .  In t h e  p r es e n c e  o f  URO-S, HMB 

i s  r a p i d l y  c o n v e r t e d  t o  URO'gen I I I  by a r e a c t i o n  me chani sm which 

invo l ves  t he  i n t r a m o l e c u l a r  r e a r r ag e me n t  o f  t he  D p y r r o l e  group and r i n g  

c l o s u r e  ( 10 - 12) .  In t h e  a b s e n c e  o f  URO-S, HMB i s  n o n - e n z y m a t i c a l  l y  

c y c l i z e d  t o  form u roporphyr inogen  I (URO'gen I ) ,  an i somer  which has no 

known p h y s i o l o g i c  f u n c t i o n .  In f a c t ,  t he  d e f i c i e n t  a c t i v i t y  o f  URO-S in 

h o mo z y g o t e s  w i t h  c o n g e n i t a l  e r y t h r o p o i e t i c  p o r p h y r i a  (CEP) (13-15)  

r e s u l t s  in  t h e  a c c u m u l a t i o n  o f  URO'gen I ,  t h e  p r i m a r y  p a t h o l o g i c  

compound in t h i s  i n h e r i t e d  human d i s o r d e r .

The c h a r a c t e r i z a t i o n  o f  URO-S has been l i m i t e d  p r i m a r i l y  by the  l ack 

o f  a r a p i d ,  a c c u r a t e  and r e p r o d u c i b l e  a s s a y .  Ea r l y  a s says  were based on 

t h e  r a t e  o f  PBG c o n s u m p t i o n  ( e . g . ,  3 , 1 6 , 1 7 )  a n d / o r  t h e  r a t i o  o f  

URO'gen I I I  and I f o r m a t i o n  as  e s t i m a t e d  f o l l owi ng  t h e i r  c o nve r s i on  to 

and s e p a r a t i o n  as p o r ph y r in s  ( e . g . ,  3 , 1 3 - 2 1 ) .  These a s s ays  were e x t r e me­

l y  l a b o r i o u s  and a t  b e s t  s e m i - q u a n t i t a t i v e  due t o  t he  d i f f i c u l t y  in 

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

r e v i e w ,  s e e  22) .  In 1980,  Jordan e t  a l . i n t r o d u c e d  an a s s a y  (23) based
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Figure  1: Reac t ion scheme f o r  t he  c o n v e r s i o n  o f  PBG t o  URO'gen I and

I I I .
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on t h e  f a c t  t h a t  HMB (which t h e y  d es i g n a t e d  "p r eu r opor phyr i nogen" )  was 

r a p i d l y  c y c l i z e d  t o  URO'gen I I I  by URO-S w h e r e a s  i t  was n o n - e n z y m a t i - 

c a l l y  c o n v e r t e d  t o  URO'gen I a t  a markedly  s lower  r a t e .  Al though t h i s  

a s s a y  d i d  no t  r e q u i r e  URO isomer  s e p a r a t i o n ,  i t  was l i m i t e d  by  t h e  need  

f o r  l a r g e  amounts o f  p u r i f i e d  HMB-S ( to  g e n e r a t e  HMB) as wel l  as by t he  

manual d e x t e r i t y  r e q u i r e d  to  r e p r o d u c i b l y  i n i t i a t e ,  mix and t e r m i n a t e  

t h e  r e a c t i o n s  in  e x a c t l y  1 min in o r d e r  to minimize t he  f o rmat ion  o f  

URO'gen I .

The r e c e n t  a v a i l a b i l i t y  o f  HPLC methods to  s e p a r a t e  and q u a n t i t a t e  

u roporphyr i n  i somers  w i t h o u t  d e r i v a t i z a t i o n  has f a c i l i t a t e d  t he  de v e l op ­

ment  o f  more r e l i a b l e  URO-S as says  ( e . g . ,  24-26) .  Wright  and Lim (27) 

r e c e n t l y  r e p o r t e d  a novel  method f o r  t he  s i m u l t a n e o u s  d e t e r m i n a t i o n  o f  

HMB-S and URO-S a c t i v i t i e s  in human e r y t h r o c y t e s . In t h e i r  p r o c e d u r e ,  

HMB was g e n e r a t e d  by HMB-S which  was c o n v e n i e n t l y  o b t a i n e d  a f t e r  d e -  

n a t u r a t i o n  o f  t h e  r e m a r k a b l y  t h e r m o l a b i l e  URO-S a c t i v i t y  in t he  hemo- 

l y s a t e .  F o l l o w i n g  a d d i t i o n  and i n c u b a t i o n  w i t h  t h e  enzyme s o u r c e  

( u n t r e a t e d  h e m o l y s a t e ) ,  t he  r e a c t i o n  p roduc t s  were o x i d i z e d  t o  u r op o r ­

phyr in  (URO) I and I I I  and t h e n  s e p a r a t e d  and q u a n t i t a t e d  d i r e c t l y  

( w i t h o u t  e s t e r i f i c a t i o n  o f  t h e  URO i s o m e r s )  by h i g h  p r e s s u r e  l i q u i d  

chromatography (HPLC) us i ng  a r ev e r s e d - p h a s e  HPLC column.  The HMB-S 

a c t v i t i t y  was de t e rmined  f rom the  t o t a l  URO ( I  p l u s  I I I )  f o r m e d ,  w h i l e  

t h e  URO-S a c t i v i t y  was c a l c u l a t e d  from t he  amount o f  URO I I I  produced.  

This  method used an a l i q u o t  o f  t he  hemolysa te  t o  g e n e r a t e  HMB; h o w e v e r ,  

no p r o v i s i o n s  were  made t o  d e t e r m i n e  t h e  URO-S a c t i v i t y  i n  enzyme 

sour ces  which d id  no t  c o n t a i n  HMB-S. Thus,  t h i s  a s s a y  could n o t  be us ed  

f o r  m o n i t o r i n g  t h e  p u r i f i c a t i o n  o f  URO-S. In a d d i t i o n ,  s i n c e  t he  HMB-S 

a c t i v i t y  in t h e  r e a c t i o n  mi x t u r e  was n o t  s t a n d a r d i z e d ,  t h e  amount s  o f
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HMB, URO I and I I I  p r o d u c e d  would  v a r y  w i t h  e a c h  s a m p l e ,  t h e r e b y  

l i m i t i n g  t he  u s e f u l n e s s  o f  t h i s  method f o r  t h e  e n z y m a t i c  d i a g n o s i s  o f  

i n d i v i d u a l s  wi th CEP. In f a c t ,  when e r y t h r o c y t e s  from a homozygote wi th 

CEP were a s s a y e d ,  t he  URO-S a c t i v i t y  was about  50% o f  t he  mean l e v e l  in 

normal  h e m o l y s a t e s  ( 2 7 ) ,  a va l ue  expec t ed  f o r  he t e rozygous  c a r r i e r s  o f  

t he  CEP gene.

More r e c e n t l y ,  B a t t e r s b y  and coworkers  r e p o r t e d  the  development  o f  a 

d i r e c t  a s s a y  f o r  URO-S based on t h e i r  p r e v i o u s  f i n d i n g  t h a t  HMB was a 

s u b s t r a t e  f o r  t h i s  enzyme ( 11 ) .  Employing s y n t h e t i c  HMB, t h i s  a s s a y  has 

been used t o  de t e rmi ne  t h e  k i n e t i c  p r o p e r t i e s  o f  p u r i f i e d  URO-S f rom 

Eu g l e n a  (12)  and f r om human e r y t h r o c y t e s  ( 28 ) .  These s t u d i e s  d e f i n i ­

t i v e l y  de mo n s t r a t e d  t h a t  URO'gen I I I  was r a p i d l y  f o r med  f rom HMB by 

URO-S in t h e  absence  o f  HMB-S. However,  t he  d i r e c t  a s s ay  has never  been 

used f o r  t he  d e t e r m i n a t i o n  o f  URO-S a c t i v i t y  i n  human e r y t h r o c y t e s  o r  

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

f o r  r e s e a r c h  purposes .

In t h i s  c o m m u n i c a t i o n ,  we d e s c r i b e  m o d i f i e d  c o u p l e d - e n z y m e  and 

d i r e c t  a s s ays  f o r  t he  d e t e r m i n a t i o n  o f  URO-S a c t i v i t y  in human e r y t h r o ­

c y t e s  and c u l t u r e d  l ymp h o i d  c e l l s .  Under t h e s e  op t i mi zed  c o n d i t i o n s ,  

a c c u r a t e  d e t e c t i o n  o f  a f f e c t e d  homozygotes and o b l i g a t e  h e t e r o z y g o t e s  in 

f a m i l i e s  wi th CEP was a c h i ev e d .  In a d d i t i o n ,  t he  Km va l ues  f o r  URO-S in 

human e r y t h r o c y t e s  were de t e rmined  us ing  both a s s ay  sys t ems .
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METHODS AND MATERIALS

M a t e r i a l s :

Ammonium a c e t a t e  (HPLC g r a d e )  was ob t a i n e d  from F i s h e r  S c i e n t i f i c  

Company ( S p r i n g f i e l d ,  N J ) . A c e t o n i t r i l e  ( B u r d i c k  and J a c k s o n  L a b o r a ­

t o r i e s ,  I n c . )  was purchased  from American S c i e n t i f i c  P r od u c t s ,  (Edi son ,  

NJ).  HMB octamethyl  e s t e r  and URO I and I I I  were  p u r c h a s e d  f rom P o r ­

p h y r i n  P r o d u c t s  ( L o g an ,  UT).  HMB octamethyl  e s t e r  a l so  was gen e r o u s l y  

prov ided  by Dr. A.R. B a t t e r s b y ,  C a m b r i d ge ,  E n g l a n d .  PBG h y d r a t e  was 

s y n t h e s i z e d  as d e s c r i b e d  (29) .

Specimen C o l l e c t i o n  and P r e p a r a t i o n :

Blood (10  ml )  f rom normal  i n d i v i d u a l s  and from h e t e r oz y go t e s  and 

homozygotes wi th  CEP was c o l l e c t e d  in h e p a r i n i z e d  t u b e s  ( V a c u t a i n e r s , 

Bec t on  and D i c k i n s o n ,  R u t h e r f o r d ,  NJ ) .  F o l l o w i n g  c e n t r i f u g a t i o n  a t  

800 x g ,  t he  plasma and b u f f y  c o a t  were r e mo v e d .  The p ac k e d  e r y t h r o ­

c y t e s  were r esuspended  and washed twice  in 0 . 15  M NaCl and e i t h e r  f r ozen  

a t  -70°C o r  used immedia t e ly  f o r  a s s a y .  For p r e p a r a t i o n  o f  h e m o l y s a t e s  

( 1 : 1 9  d i l u t i o n )  in t h e  c o u p l e d - e n z y m e  a s s a y ,  50 pi o f  packed,  washed 

e r y t h r o c y t e s  and 950 pi o f  l y s i s  b u f f e r  ( 0 . 1  M HEPES b u f f e r ,  pH 8 . 2 ,  

c o n t a i n i n g  0.1% T r i t o n  X-100 and 0.02% sodium a z i d e )  were p i p e t t e d  i n t o

1.5 ml Eppendorf  t u b e s ,  v o r t e x e d ,  c e n t r i f u g e d  in a mi crofuge  f o r  15 min 

and t h e n  t h e  s u p e r n a t a n t s  were  removed f o r  a s s a y .  For p r e p a r a t i o n  o f  

hemolysa t es  ( 1 : 3  d i l u t e d )  in t he  d i r e c t  a s s a y ,  250 pi o f  pa c ke d ,  washed 

e r y t h r o c y t e s  were  l y s e d  in  750 pi o f  b u f f e r  and the  s u p e r n a t a n t s  were 

removed f o r  a s s a y  as above.
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A n o t h e r  10 ml o f  h e p a r i n i z e d  b l o o d  f rom each p a t i e n t  was used to 

e s t a b l i s h  c u l t u r e d  lymphoid l i n e s  as p r e v i o u s l y  d e s c r i b e d  ( 3 0 , 3 1 ) .  The 

c u l t u r e d  c e l l s  were  grown in RPMI 1640 medium c o n t a i n i n g  10% h e a t -  

i n a c t i v a t e d  f e t a l  c a l f  s e rum (GIBCO, Grand I s l a n d ,  NY). When t h e  

c u l t u r e  r e a c h e d  a d e n s i t y  o f  10^ c e l l s / m l ,  50 ml o f  t he  suspens i on  was 

c e n t r i f u g e d  a t  800 x g f o r  10 min.  The c e l l s  were r esuspended and washed 

t w i c e  w i t h  c o l d  0 . 1 5  M Na C l . The c e l l  p e l l e t  was t h e n  s u s p e n d ed  in 

100 pi o f  l y s i s  b u f f e r ,  s u b j e c t e d  t o  one c y c l e  o f  f r e e z e - t h a w ,  m i c r o -  

fuged a t  4°C f o r  15 min and then the  s u p e r n a t a n t  was removed f o r  a s s a y .

Uroporphyrin Se pa r a t i on  and Q u a n t i t a t i o n :

URO i somers  were s e p a r a t e d  and q u a n t i t a t e d  by HPLC as p r e v i o u s l y  de ­

s c r i b e d  ( 2 6 , 2 7 ) ,  excep t  t h a t  t h e  column was p l a c e d  in a w a t e r - j a c k e t  

which  was m a i n t a i n e d  a t  20°C us i n g  a c o n s t a n t  t e mp e r a t u r e  c i r c u l a t i n g  

ba t h  (Haake Model FE2).  The HPLC sys tem c o n s i s t e d  o f  a Wat e r s  A s s o c i ­

a t e s  720 c o n t r o l l e r ,  dual  model 6000A pumps,  a model 730 d a t a  i n t e g r a t o r  

and a WISP a u t o m a t i c  s am p l e  p r o c e s s o r .  A Shandon 0 . 4 6  x 25 cm 

ODS-Hyper s i l  column was u s e d .  Porphyr ins  were r e s o l v e d  us ing  a 15 min 

13-30% concave ( W a t e r ' s  c u r v e  No. 8) a c e t o n i t r i l e  g r a d i e n t  in 1 . 0  M 

ammonium a c e t a t e  ( 1 . 0  M as  ammonium i o n ) ,  pH 5 . 16 ,  a t  a f low r a t e  o f  

1 m l / m i n .  R e - e q u i l i b r a t i o n  was a c c o m p l i s h e d  w i t h  a 5 min r e v e r s e  

g r a d i e n t  and a 15 min i s o c r a t i c  s t e p  a t  13% a c e t o n i t r i l e .  De tec t ion  wi th 

a minimum o f  1 . 0  pmol was accompl i shed wi th a Kratos  model FS 950 f i l t e r  

f l u o r i m e t e r  e q u i p p e d  w i t h  a 28 pi  f l o w c e l l ,  a r e d - s e n s i t i v e  p ho t o ­

m u l t i p l i e r  t u b e  and a Wa t e r s  A s s o c i a t e s  UV lamp (No.  7 8 245) .  The 

e x c i t a t i o n  w a v e l e n g t h  was 395 nm u s i n g  an i n t e r f e r e n c e  f i l t e r  

(LAG 11 - 10 ) ;  t he  emiss ion wavelength  was s e l e c t e d  w i t h  a 530 nm c u t o f f
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f i l t e r  ( S e r i e s  D, S - 3 - 1 3 3 - 8 ) .  U r o p o r p h y r i n  s t a n d a r d  c u r v e s  were  

e s t a b l i s h e d  u s i n g  URO I and I I I  d i s s o l v e d  in  1 N HC1. I n j e c t i o n  o f  

s o l u t i o n s  c o n t a i n i n g  10 t o  400 pmol URO I o r  I I I  e s t a b l i s h e d  a l i n e a r  

range f o r  10 t o  150 pmol o f  e i t h e r  URO isomer  (F ig .  2 ) .

Assays f o r  HMB-S A c t i v i t y  and P r o t e i n  C o n c e n t r a t i o n :

HMB-S a c t i v i t i e s  were  de t e rmined  as p r e v i o u s l y  d e s c r i b e d  (29) .  One 

u n i t  (U) o f  HMB-S a c t i v i t y  e q ua l s  t h a t  amount o f  enzyme r e q u i r e d  to  form 

one nanomole  o f  HMB ( d e t e r m i n e d  as URO I) per  hour .  P r o t e i n  concen­

t r a t i o n s  were measured by t h e  f l u o r e s ca mi n e  method (32) .

URO-S Coupled-Enzyme Ass ay :

P r e p a r a t i o n  o f  HMB-Generating Hemolysa t e . Outdated packed e r y t h r o ­

c y t e s  ( o b t a i n e d  f rom t h e  G r e a t e r  New York Blood C e n t e r )  were washed 

twi ce  wi th  co l d  0 . 15  M NaCl.  For hemol ys i s ,  100 ml o f  p a c k e d  e r y t h r o ­

c y t e s  were  mixed a t  4°C f o r  1 h wi th 3 volumes o f  l y s i s  b u f f e r .  URO-S 

a c t i v i t y  was c om p l e t e l y  i n a c t i v a t e d  by h e a t i n g  t h e  h e m o l y s a t e  a t  60°C 

in  a w a t e r b a t h  f o r  2 h.  The hemolysa te  was c e n t r i f u g e d  a t  10,000 x g 

f o r  15 min,  and then the  s u p e r n a t a n t  was removed and d i l u t e d  w i t h  l y s i s  

b u f f e r  t o  5 U o f  URO-S a c t i v i t y  per  ml ( d e s i g na t e d  the  HMB-generat ing 

he mol ys a t e ) .  The HMB-S a c t i v i t y  in t he  hemolysa te  remained a c t i v e  when 

s t o r e d  in 20 ml a l i q u o t s  a t  -70°C f o r  s ev e r a l  months .  Hemolysate from 

100 ml o f  washed p a c k e d  e r y t h r o c y t e s  was p r e p a r e d  in  one d a y  and 

p r o v i d e d  H MB - ge ne r a t i ng  h e m o l y s a t e  f o r  more than  800 a s s a y s .  In each 

p r e p a r a t i o n  o f  t h e  H MB - ge ne r a t i ng  h e m o l y s a t e ,  t h e  a b s e n c e  o f  URO-S 

a c t i v i t y  and e n d o g en ou s  URO I a n d / o r  I I I  was r o u t i n e l y  demons t r a t ed  

p r i o r  t o  use .
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Figure  2: R e s o l u t i o n  and q u a n t i t a t i o n  o f  URO I and I I I  by r e v e r s e d

p h a s e  HPLC. A l t h o u g h  t h e  i n t e g r a t e d  a r e a  was l i n e a r  f o r  

e i t h e r  i somer up t o  a t  l e a s t  150 pmol,  o n l y  t he  range o f  0 to  

100 pmol was used f o r  d e t e r m i n a t i o n  o f  c onve r s i on  f a c t o r s  f o r  

URO I and I I I  q u a n t i t a t i o n .  The HPLC r e s o l u t i o n  o f  t he  URO I 

and I I I  i somers  i s  shown in t he  i n s e t .
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As s ay . A l i quo t s  (500 p i )  o f  t h e  HMB-generat ing hemolysa te  and 10 pi 

o f  1 : 1 9  d i l u t e d  h e m o l y s a t e  o r  l ymp h o i d  c e l l  l y s a t e  were prewarmed a t  

37°C f o r  5 min in 13 x 100 mm d i s p o s a b l e  c u l t u r e  t u b e s .  The r e a c t i o n  

was i n i t i a t e d  by t h e  a d d i t i o n  o f  50 pi  o f  3 . 4  mM PBG hydr a t e  and the  

mi x t u r e  was i nc uba t ed  f o r  15 min a t  37°C. The r e a c t i o n  was t e r m i n a t e d  

by a d d i n g  440 pi o f  10% t r i c h l o r o a c e t i c  ac i d  (TCA; w/v) c o n t a i n i n g  0.5% 

(w/v) i o d i n e .  Fol lowing c e n t r i f u g a t i o n  a t  4000 x g f o r  20 mi n ,  250 pi  

o f  t he  s u p e r n a t a n t  was t r a n s f e r r e d  t o  an HPLC au t osampl e r  v i a l  which was 

wrapped wi th  aluminum f o i l  t o  p r ev en t  p h o t o - o x i d a t i o n .  D u p l i c a t e  100 pi  

a l i q u o t s  were ana l yzed  by HPLC t o  de t e r mi ne  the  amounts o f  URO I and I I I  

formed.  One u n i t  (U) o f  URO-S a c t i v i t y  i s  d e f i n e d  as  t h a t  amount  o f  

enzyme r e q u i r e d  t o  form one nmol o f  URO'gen I I I  per  hour .  For example,  

t he  URO-S a c t i v i t y / m l  f o r  10 pi o f  enzyme s ource  = nmol URO I I I  formed x 

1000/  100 x 1000/10 x 60/15.

Km D e t e r m i n a t i o n . The coupled-enzyme a s s a y  was modi f i ed  to d e t e r ­

mine t h e  a p p a r e n t  Km f o r  URO-S f r o m normal  human e r y t h r o c y t e s . The 

HMB-generat ing hemolysate  was d i l u t e d  wi th t he  l y s i s  b u f f e r  t o  o b t a i n  a 

s e r i e s  o f  c o n c e n t r a t i o n s  r a n g i n g  f r om 0 . 5  t o  5 . 0  U/ml HMB-S. An 

a l i q u o t  (500 p i )  o f  each d i l u t i o n  was prewarmed a t  37°C f o r  5 mi n ,  and 

t h e n  50 pi o f  3 . 4  mM PBG h y d r a t e  was added a t  zero  t i me .  The mi x t u r e  

was p r e i n c u b a t e d  f o r  13 min to  o b t a i n  s t e a d y - s t a t e  HMB l e v e l s ,  a t  which 

t i m e ,  10 pi  o f  p u r i f i e d  URO-S (40  U/ml)  were  a d d e d .  The r e a c t i o n  

mi x t u r e  was i nc uba t ed  f o r  an a d d i t i o n a l  15 min and t e r m i n a t e d  by t h e  

a d d i t i o n  o f  440 pi  o f  10% TCA (w/v) c o n t a i n i n g  0.5% (w/v) i o d i n e .  The 

v e l o c i t y  was e x p r es s e d  as nmol /min.
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D i r ec t  URO-S As s ay :

Hydrolys i s  o f  HMB Octamethyl  E s t e r . Due to  i t s  i n s t a b i l i t y ,  HMB was 

p r e p a r e d  and s t o r e d  as  an o c t a m e t h y l  e s t e r  and h y d r o l y z e d  t o  HMB 

immedia t e ly  p r i o r  t o  use ( 1 1 , 1 2 ) .  To ma i n t a i n  a n e r ob i c  c o n d i t i o n s ,  10 pi 

o f  2 . 0  N KOH ( s a t u r a t e d  wi th  N2 ) was added wi th a Hamil ton s y r i n g e  to  a 

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

34 nmol o f  HMB o c t a m e t h y l  e s t e r .  The r e a c t i o n  m i x t u r e  was vor t exed  

v i g o r o u s l y  f o r  2 min.  The HMB octamethyl  e s t e r  was hydro lyzed  f o r  16 h 

by i n c u b a t i o n  in a 16°C o r  23°C w a t e r b a t h ,  o r  by i n c u b a t i o n  f o r  15 min 

in a 70°C w a t e r b a t h .  F r e s h l y  p r epa r ed  HMB was then  d i l u t e d  w i t h  690 pi  

o f  c o l d ,  d e i o n i z e d  w a t e r  f o r  a f i n a l  HMB c o n c e n t r a t i o n  o f  48 pM, 

a s s u m i n g  100% y i e l d  f rom t h e  h y d r o l y s i s .  For  t h e  s t a n d a r d  a s s a y ,  

h y d r o l y s i s  was p e r fo r me d  a t  70°C f o r  15 min,  which r e s u l t e d  in about  a 

60% conve r s i on  o f  HMB oct amethyl  e s t e r  t o  HMB ( see  Table 1 ) .  T h u s ,  t h e  

s t a n d a r d  h y d r o l y s a t e  c o n t a i n e d  about  30 pM HMB.

A s s a y . The a s s a y  was p e r f o r m e d  a t  room t e mp e r a t u r e  (23°C) .  To a

1 . 5  ml m i c r o c e n t r i f u g e  t u b e ,  430 pi o f  50 mM Tris-HCl b u f f e r ,  pH 7 . 5 ,  

c o n t a i n i n g  0 . 1 5  M KC1 and 50 pi  o f  t h e  h e m o l y s a t e  ( 1 : 3  d i l u t e d )  o r  

l ympho i d  c e l l  l y s a t e  were  a dd e d .  For r o u t i n e  c l i n i c a l  d i a g n o s i s ,  t he  

r e a c t i o n  was i n i t i a t e d  by t h e  a d d i t i o n  o f  20 pi  o f  30 pM HMB w i t h  

immediate v o r t e x i n g .  The r e a c t i o n  was t e r m i n a t e d  p r e c i s e l y  30 sec  l a t e r  

by t he  a d d i t i o n  o f  500 pi o f  10% TCA (w/v) c o n t a i n i n g  0.5% i od i ne  (w/v) .  

The r e a c t i o n  m i x t u r e  was c e n t r i f u g e d  a t  1 0 , 0 0 0  x g f o r  5 m i n ,  t h e  

s u p e r n a t a n t  removed and a 250 pi a l i q u o t  was t r a n s f e r r e d  i n t o  an HPLC 

a u t o s a m p l e r  v i a l  as above and then up t o  200 pi were i n j e c t e d  on to  t he  

HPLC column t o  de t e rmi ne  t h e  URO I and I I I  c o n t e n t .
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Km D e t e r m i n a t i o n : The Km was de t e rmined  a t  pH 8 . 2  and 37°C in o r de r

to  compare t he  r e s u l t  wi th  t h a t  o b t a i n e d  us ing  the  coupled  a s s ay .  Af t e r  

h y d r o l y s i s  o f  t he  HMB oc t amet hyl  e s t e r ,  t he  f o l l o w i n g  i n c u b a t i o n s  were 

p e r f o r m e d  f o r  e a c h  HMB c o n c e n t r a t i o n :  1) A s s a y :  enzyme (11 U) was 

i nc uba t ed  f o r  20 sec in 0 . 5  M Tr i s-HCl  b u f f e r ,  pH 8 . 2 ,  c o n t a i n i n g  150 mM 

KC1 . 2) Enzyme b l a n k :  t o  c o r r e c t  f o r  spontaneous  c onve r s i on  o f  HMB to  

URO I ,  l y s i s  b u f f e r  was added  in p l a c e  o f  enzyme.  3) Zero  t i m e :  t o  

c o r r e c t  f o r  t h e  amount  o f  URO I and I I I  in t h e  s u b s t r a t e  s o l u t i o n ,  t he  

r e a c t i o n  was t e r m i n a t e d  a t  Tq . 4) To de t e rmi ne  the  HMB c o n c e n t r a t i o n  in 

t he  r e a c t i o n  m i x t u r e ,  a n o t h e r  zero  t ime sample was t e r m i n a t e d  w i t h  TCA 

( t o  c o n v e r t  a l l  t h e  HMB t o  URO'gen) fo l l owed  by o x i d a t i o n  wi th I?  ( t o  

form URO from URO'gen).  From t h i s  v a l u e ,  t he  amount o f  URO in t h e  z e r o  

t i m e  b l a n k  was s u b t r a c t e d ,  g i v i n g  t he  HMB c o n c e n t r a t i o n .  The v e l o c i t y  

was ex p r e s s e d  as  pmol /h r .  At an HMB c o n c e n t r a t i o n  e q u i v a l e n t  to t h a t  in 

t h e  s t a n d a r d  a s s a y ,  t he  URO I I I  c o n c e n t r a t i o n  in the  enzyme blank was 0 

t o  0.2% o f  t h e  t o t a l  URO d e t e c t e d .  At 4 - f o l d  g r e a t e r  HMB c o n c e n ­

t r a t i o n s ,  t h e  URO I I I  c o n t e n t  in t he  enzyme blank was 2% o f  t he  t o t a l  

URO d e t e c t e d .  Thus,  enzyme b l a n k s  s h o u l d  be p e r f o r m e d ,  p a r t i c u l a r l y  

when us ing h i g h e r  HMB c o n c e n t r a t i o n s  f o r  a s s ay .

RESULTS

Sepa r a t i on  and Q u a n t i t a t i o n  o f  t he  URO I somer s :

S i n c e  t h e  a c c u r a c y  o f  b o t h  t h e  c o u p l e d - e n z y m e  and d i r e c t  a s says  

depend on t he  a b i l i t y  t o  r e p r o d u c i b l y  s e p a r a t e  t he  URO I and I I I  i somers 

f o r  q u a n t i t a t i o n ,  i n i t i a l  e f f o r t s  were  d i r e c t e d  t o  op t i mi z e  the  HPLC 

method o f  Rideout  e t  a l . (26) f o r  t he  r e s o l u t i o n  o f  t h e  URO i s o m e r s  as  

t h e i r  f r e e  a c i d s .  The l i f e  o f  t he  column was pro longed (^ 3000 c y c l e s )
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by e l u t i n g  t h e  o t h e r  p o r p h y r i n  f r e e  a c i d s  ( w i t h o u t  impa i r i ng  isomer 

r e s o l u t i o n )  wi th  a c o n c a v e  g r a d i e n t  o f  13-30% a c e t o n i t r i l e  in 1 . 0  M 

ammonium a c e t a t e  in p l a c e  o f  t he  13% i s o c r a t i c  e l u t i o n  used by Rideout  

e t  a l  . ( 2 6 ) .  Use o f  t h e  a c e t o n i t r i l e  g r a d i e n t  a l s o  p e r m i t t e d  t h e  

e l u t i o n  and q u a n t i t a t i o n  o f  t h e  URO'gen d ec a r b o x y l a t i o n  i n t e r m e d i a t e s  

( h e p t a - ,  hexa - ,  and p e n t a - c a r b o x y l i c  a c i d  p o r p h y r i n s )  and c o p r o p o r ­

p h y r i n  w i t h o u t  a d d i t i o n a l  e l u t i o n  t i me .  In a d d i t i o n ,  both URO isomer  

s e p a r a t i o n  and run t o  run r e p r od uc i b i  1 i t y  were i mproved by m a i n t a i n i n g  

t h e  column a t  a l ow e r  c o n s t a n t  t e mp e r a t u r e  us ing  a 20°C w a t e r - j a c k e t .  

F i n a l l y ,  e v a l u a t i o n  of  s ev e r a l  commerc i a l l y  a v a i l a b l e  Cig columns found 

t h e  Shandon Ci g  r e v e r s e d - p h a s e  column gave  t h e  b e s t  URO i s o m e r  

r e s o l u t i o n .  Using t h e s e  c o n d i t i o n s ,  e x c e l l e n t  s e p a r a t i o n  o f  t h e  URO I 

and I I I  i s o m e r s  was o b t a i n e d  wi th b a s e l i n e  r e s o l u t i o n  ( F i g .  2,  i n s e t ) ,  

f a c i l i t a t i n g  a c c u r a t e  q u a n t i t a t i o n .  As shown in  F i g .  2,  i n c r e a s i n g  

a mount s  o f  URO I and I I I  s t a n d a r d s  gave s l i g h t l y  d i f f e r e n t ,  bu t  l i n e a r  

r e s p o n s e s  p e r m i t t i n g  t he  c a l c u l a t i o n  o f  conver s ion  c o n s t a n t s  f o r  URO I 

and I I I  q u a n t i t a t i o n ,  r e s p e c t i v e l y .

Opt imiza t ion  o f  t h e  Coupled-Enzyme Assay :

The c o u p l e d - e n z y m e  a s s a y  was o p t i m i z e d  f o r  1) p r e p a r a t i o n  and 

s t a n d a r d i z a t i o n  o f  t he  HMB-generat ing hemolysa t e ,  2) pH and b u f f e r ,  and

3) l i n e a r i t y  wi th  t ime and enzyme c o n c e n t r a t i o n .

P r e p a r a t i o n  and S t a n d a r d i z a t i o n  o f  t he  HMB-Generating Hemolysa t e . 

S i n c e  t h e  HMB-S g e n e r a t i n g  hemolysate  must  be devoid  o f  URO-S a c t i v i t y ,  

i n i t i a l  s t u d i e s  were conducted  t o  de t e rmi ne  t he  o p t i m a l  c o n d i t i o n s  f o r  

h e a t - i n a c t i v a t i n g  URO-S in  normal  e r y t h r o c y t e s . A l i q u o t s  o f  a hemo­

l y s a t e  c o n t a i n i n g  7 . 0  U/ml o f  HMB-S a c t i v i t y  were h ea t ed  a t  56°C or  60°C
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f o r  up t o  5 h ,  incuba ted  wi th  PBG a t  37°C f o r  20 min ( 29 ) ,  and then the  

r e a c t i o n  p roduc t s  were o x i d i z e d  and the  URO i s o m e r  c o n t e n t  was d e t e r ­

mined by HPLC. Thermal  i n a c t i v a t i o n  o f  URO-S a t  56°C f o r  1 h as  

p r e v i o u s l y  d e s c r i b e d  (27) d i d  n o t  r e p r o d u c i b l y  i n a c t i v a t e  a l l  o f  t h e  

e n d og en o us  URO-S a c t i v i t y ;  up t o  5% o f  t h e  t o t a l  URO formed was URO I I I  

under  t h e s e  c o n d i t i o n s .  At 60°C,  URO-S was t o t a l l y  i n a c t i v a t e d  by 

15 min,  whi le  HMB-S was s t a b l e  f o r  a t  l e a s t  4 h ( d a t a  no t  shown).

The p r e p a r a t i o n  and a c t i v i t y  o f  t he  HMB-generat ing h e m o l y s a t e  were 

s t a n d a r d i z e d  in o r d e r  t o  maximize  a s s a y  r e p r o d u c i b i l i t y  and to  extend 

t he  use o f  t he  coupled-enzyme a s s a y  to  enzyme s our ces  wi th  l i t t l e  o r  no 

e nd o g e n o u s  HMB-S a c t i v i t y .  R o u t i n e l y , '  100 ml o f  packed ,  normal human 

e r y t h r o c y t e s  were l y s e d ,  t he  endogenous URO-S was h e a t - i n a c t i v a t e d  a t  

60°C f o r  2 h and t h e  h e m o l y s a t e  was d i l u t e d  t o  g i v e  a f i n a l  HMB-S 

a c t i v i t y  o f  5 U/ml .

pH and B u f f e r . F igure  3 shows t he  pH ve r s us  a c t i v i t y  p r o f i l e  which 

was det ermined us ing  s ev e r a l  d i f f e r e n t  b u f f e r s .  The a c t i v i t y  o f  URO-S in 

t h e  coupled-enzyme a s s ay  was maximal a t  pH 8 . 2  wi t h  e i t h e r  T r i s - H C l  o r  

HEPES b u f f e r ;  HEPES b u f f e r  was chosen f o r  t he  s t a n da r d  a s s a y  s i n c e  the 

p r o t e i n  c o n c e n t r a t i o n  was de t e rmined  by t he  f l u o r e s c a m i n e  me thod ( 3 2 ) .  

Mg Cl 2 was e l i m i n a t e d  from t he  b u f f e r  s i n c e  i t  i n h i b i t e d  HMB-S a c t i v i t y  

30% and 55% a t  14 mM and 50 mM c o n c e n t r a t i o n s ,  r e s p e c t i v e l y  ( 2 8 ) .  In 

a d d i t i o n ,  s od i um a z i d e  was a dded  t o  t h e  b u f f e r  t o  p r ev e n t  mi c r ob i a l  

growth.

L i n e a r i t y  wi th Time and Enzyme C o n c e n t r a t i o n . Under t he  c o n d i t i o n s  

d e f i n e d  above ,  t o t a l  URO ( I + I I I )  p r oduc t i on  was l i n e a r  wi th t ime f o r  a t  

l e a s t  1 h,  whi l e  URO I I I  p r o d u c t i on  was l i n e a r  f o r  o n l y  15 min (Fig .  4) .  

T h e r e f o r e ,  a l l  s ubse quen t  a s s ays  were 15 min i n c u b a t i o n s .  The coup l ed -
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Fi gure  3: E f f e c t  o f  pH on URO-S a c t i v i t y  in t he  c o u p l e d  enzyme a s s a y .

HEPES, T r i s ,  and b o r a t e  b u f f e r s  were used t o  a d j u s t  t he  pH o f  

each i n c u ba t i o n  m i x t u r e  (0.1M b u f f e r  s a l t  and 0.1% T r i t o n  

X-100,  f i n a l  c o n c e n t r a t i o n s ) .  A f t e r  i n c u b a t i o n  f o r  15 min,  

an a l i q u o t  was ' removed from each r e a c t i o n  m i x t u r e  t o  d e t e r ­

mine t h e  a c t u a l  pH v a l u e .  The URO-S a c t i v i t y  was expres s ed  

as  t he  p e r ce n t a g e  o f  maximal  a c t i v i t y  in HEPES b u f f e r ,  pH 

8 . 2 .
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F i g u re  4:  L i n e a r i t y  wi th  t i me  in t h e  coupled-enzyme a s s ay .  Each p o i n t  

r e p r e s e n t s  t h e  pmole  URO d e t e c t e d  f o l l owi ng  i n j e c t i o n  o f  100 

pi  o f  r e a c t i o n  mi x t u r e .  URO-S was added e i t h e r  a t  z e r o  t i m e  

(URO I + URO I I I ,  •  ; URO I I I ,  •  ) or  a t  13 min a f t e r  t h e  

37°C i n c u b a t i o n  had been i n i t i a t e d  (URO I + URO I I I ,  O ; URO 

I I I ,  o ) •  Note t h a t  a d d i t i o n  o f  URO-S a f t e r  13 min d id  not  

a l t e r  t h e  l i n e a r i t y  o f  URO I + I I I  f o r ma t io n  wi th t i me .
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enzyme a s s a y  was l i n e a r  w i t h  enzyme c o n c e n t r a t i o n s  from 0 . 1  ( l i m i t  o f  

s e n s i t i v i t y )  t o  1 U per  a s s a y  ( F i g .  5) .  A 1 5 - f o l d  i n c r e a s e  in  enzyme 

c o n c e n t r a t i o n  cou l d  be ach i eved  by u s i ng  an emp i r i c a l  index based on the  

r a t i o  o f  URO I I I  t o  URO I p roduced ;  no t e  t h a t  t he  r a t i o  o f  URO III/URO I 

f o r med  ( F i g .  5) was l i n e a r  from 0 t o  15 U o f  URO-S a c t i v i t y  per  a s s ay .  

This  r a t i o  p r ov ided  an e s t i m a t e  o f  t h e  URO-S a c t i v i t y  a s  we l l  as  t h e  

d i l u t i o n  f a c t o r  r e q u i r e d  t o  a d j u s t  t he  a c t i v i t y  i n t o  the  l i n e a r  range  

f o r  p r e c i s e  q u a n t i t a t i o n  o f  e n z y m a t i c  a c t i v i t y .  In p r a c t i c e ,  URO-S 

a c t i v i t y  c o u l d  be e s t i m a t e d  w i t h i n  20% us i ng  URO III/URO I r a t i o s  as 

h igh as 30. For example,  t h e  r a t i o  p r o v e d  e x t r e m e l y  u s e f u l  in URO-S 

p u r i f i c a t i o n  f o r  mon i t o r i ng  column f r a c t i o n s  f o r  enzyme a c t i v i t y  ( 28 ) .

Opt i mi za t i on  o f  t he  D i r e c t  Assay :

To o p t i m i z e  t h e  d i r e c t  a s s a y ,  t he  c o n d i t i o n s  f o r  the  h y d r o l y s i s  o f  

HMB oc t amet hyl  e s t e r  were e v a l u a t e d .  As shown in Table 1, h y d r o l y s i s  a t  

e i t h e r  70°C f o r  15 min o r  16°C f o r  16 h produced more HMB than o v e r n i g h t  

h y d r o l y s i s  a t  23°C.  The amount  o f  URO'gen I c o n t a m i n a t i o n  in t h e  

h y d r o l y s a t e s  v a r i e d  from 1 . 0  t o  5 . 5  nmoles .  E s s e n t i a l l y  no URO'gen I I I  

was d e t e c t e d  in any h y d r o l y s a t e  a f t e r  o x i d a t i v e  d e s t r u c t i o n  o f  HMB w i t h  

i o d i n e  (23 )  ( da t a  no t  shown).  When the  h yd r o l y s a t e s  were a c i d i f i e d  wi th 

TCA (which i s  used to  t e r m i n a t e  t he  s t a n d a r d  r e a c t i o n  by c o n ve r t i n g  f r e e  

HMB t o  URO'gen I and by p r e c i p i t a t i n g  p r o t e i n )  and then o x i d i ze d  wi th 

i o d i ne  to  c o n v e r t  URO'gen to  URO, t h e  amount  o f  HMB f o rmed  ( d e t e c t e d  

a f t e r  o x i d a t i o n  as URO) ranged from 15.1 t o  20 . 5  nmol.  Since h y d r o l y s i s  

a t  70°C f o r  15 min p r o d u c e d  e s s e n t i a l l y  t h e  same amount  o f  HMB as  

h y d r o l y s i s  o v e r n i g h t  a t  16°C, t h e  former  and more c o n ven i en t  c o n d i t i o n s  

were used r o u t i n e l y  f o r  HMB h y d r o l y s i s  in t he  d i r e c t  a s s ay .
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Fi gure  5: L i n e a r i t y  wi t h  enzyme c o n c e n t r a t i o n  i n  t h e  c o u p l e d - e n z y m e

a s s a y .  URO-S was a s s a y e d  f o r  enzyme a c t i v i t i e s  r an g i n g  from 

0 . 4  t o  36 U under  s t a n d a r d  r e a c t i o n  c o n d i t i o n s .  For  t h e  100 

pi  o f  r e a c t i o n  m i x t u r e  ana l yzed  by HPLC, URO-S a c t i v i t y  was 

e x p r e s s e d  as  1) pmol es  URO I I I  ( ■  ) ;  2) URO I I I  as a 

p e r c e n t a g e  o f  t h e  t o t a l  URO I and URO I I I  ( A  );  and 3) t h e  

r a t i o  o f  URO III/URO I ( •  ) .  For  e x a m p l e ,  a URO I I I /URO I 

r a t i o  o f  a b o u t  5 c o r r e s p o n d e d  t o  a URO-S a c t i v i t y  o f  9 U of  

enzyme in  t h e  a s s a y .  Note t h a t  U/ml could be approximated by 

doubl ing t h e  URO III/URO I r a t i o .
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Table 1. HMB and URO'gen I Formed Fol lowing Hydro lys i s  o f

HMB Octamethyl  E s t e r  Under D i f f e r e n t  Condi t i ons*

Hydro lys i s  Reac t ion Product s

Condi t i ons URO'gen I** HMB***

( n m o l )

16°C; 16h 1.0 20.5

23°C; 16h 2.1 15.1

70°C; 15 min 5.5 20.4

* HMB o c t a m e t h y l  e s t e r  (34  nmol )  was h y d r o l y z e d  u n d e r  t h e  

i n d i c a t e d  c o n d i t i o n s .  The v a l ues  r e p r e s e n t  t he  means of  

two independen t  e x p e r i me n t s ,  each o f  which was p e r f o r m e d  

in d u p l i c a t e ,  and t h e  URO i s o m e r  c o n c e n t r a t i o n  in each 

d u p l i c a t e  was de t e rmined  by HPLC in t r i p l i c a t e .

** The amount  o f  URO'gen I was d e t e r m i n e d  by o x i d i z i n g  an 

a l i q u o t  o f  t h e  h y d r o l y s a t e  and a n a l y z i n g  t h e  URO I 

c o n t e n t  by HPLC as d e s c r i b e d  in t he  t e x t .  E s s e n t i a l l y  no 

URO'gen I I I  was d e t e c t e d .

*** An a l i q u o t  o f  t h e  h y d r o l y s a t e  was a c i d i f i e d  w i t h  10% TCA 

(which c y c l i z e d  t h e  f r e e  HMB to  URO'gen I ) ,  ox i d i ze d  wi th 

i o d i n e ,  and t h e n  t h e  URO I and URO I I I  c o n t e n t  was 

de t e rmined  by HPLC. The HMB c o n c e n t r a t i o n  was d e t e r ­

mined by s u b t r a c t i n g  t h e  URO I p r e s e n t  b e f o r e  a c i d i f i ­

c a t i o n  from the  t o t a l  URO I and I I I  ( t h e  URO I I I  i s om e r  

was a b o u t  10% o f  t he  t o t a l  URO) in t he  h y d r o l y s a t e  a f t e r



a c i d i f i c a t i o n .  For  example ,  i n . t h e  h y d r o l y s a t e  prepa red  

a t  70°C f o r  15 m i n ,  t h e r e  was 2 4 . 2  nmol o f  URO I and 

1 . 7  nmol o f  URO I I I ,  t h e  t o t a l  amount  o f  URO b e i n g

25.9  nmol.  T h e r e f o r e ,  t he  a v a i l a b l e  HMB f o r  r e a c t i o n  was

2 5 . 9  nmol minus  t h e  5 . 5  nmol o f  URO I formed du r i ng  the  

h y d r o l y s i s  o f  HMB octamethyl  e s t e r ,  o r  20 . 4  nmol.
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In a d d i t i o n ,  t h e  a s s a y  was per formed a t  pH 7 . 5 ,  t h e  optimum o f  the  

p u r i f i e d  e r y t h r o c y t e  enzyme ( 2 8 ) ,  and 0 . 15  M KC1 was added to  t he  b u f f e r  

s i n c e  K+ i o n s  s t i m u l a t e d  t h e  p u r i f i e d  enzyme a b o u t  2 - f o l d  ( 2 8 , 3 3 ) .  

Under t h e s e  c o n d i t i o n s ,  t h e  d i r e c t  a s s a y  was l i n e a r  wi th  t ime f o r  a b o u t  

1 min w i t h  a h e m o l y s a t e  o r  w i t h  pure enzyme p r o t e i n .  When i n c uba t i on  

was r o u t i n e l y  per formed f o r  e x a c t l y  30 s e c ,  t h e  a s s a y  was l i n e a r  w i t h  

enzyme c o n c e n t r a t i o n  up t o  15 U/as say  o f  hemolysa te  o r  p u r i f i e d  enzyme 

p r o t e i n  ( d a t a  no t  shown).

Dete rmina t ion  o f  t h e  Km Values f o r  URO-S:

Coupled-Enzyme Assay . The Km f o r  URO-S toward HMB was de t e rmined  by 

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

amount o f  HMB-S p r e s e n t  in t he  HMB-generat ing hemolysa te  i s  v a r i e d ,  t h e  

s t e a d y - s t a t e  HMB c o n c e n t r a t i o n  (34)  can be e s t i m a t e d  and t he  Km o f  URO-S 

can be c a l c u l a t e d  (35) .  In t h e  c o n v e r s i o n  o f  PBG t o  URO I and I I I  as 

shown in  F i g u r e  1,  t h e  f i r s t  s t e p  o f  t h e  r e a c t i o n  (Ki)  i s  zero  o r de r  

s i n c e  PBG i s  s a t u r a t i n g .  For  K2 , t h e  r e a c t i o n  i s  f i r s t  o r d e r ,  as i t  

i nvo l ve s  a non-enzymat i c ,  i n t r a m o l e c u l a r  c y c l i z a t i o n  ( 4 ) .  S i n c e  t h e  

h a l f - l i f e  o f  HMB a t  pH 8 . 3  and 37°C has been e s t i m a t e d  e x p e r i m e n t a l l y  to  

be 4 . 0  min ( 23 ) ,  K2 can be c a l c u l a t e d  as f o l l ow i ng  d e r i v a t i v e s :

o r :

o r :

i n t e g r a t i n g :  

in one h a l f - l i f e :

- d [ S ] / d t  = K2[S]  

- d [ S ] / S  = K2d t  

l n ( [ S ] 0 / [ S ] )  = K2t  

l n ( l / 0 . 5) = K2t i / 2  

l<2 = 0 . 173  min- l
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The i n t e g r a t e d  r a t e  e q u a t i o n  (35)  f o r  t he  coupled-enzyme a s s a y  i s :

l n ( l - K 2[ S ] / K i )  = -K2t  

a t  s t e a d y  s t a t e :  Ki = l<2 [ S ] ss

The r e f o r e :  l n ( l - [ S ] / [ S ] s s ) = -l<2t

i f  [S I  = 90% o f  [ S ] s s : t  = - i n ( 1 - 0 . 9 ) / 0 . 173 min"1 

o r :  t  = 13 min

Thus,  f o r  Km d e t e r m i n a t i o n s ,  t he  a s s a y  was p r e i n c ub a t e d  f o r  13 min p r i o r  

t o  URO-S a d d i t i o n  in o r d e r  to  ach i eve  t he  assumed s t e a d y - s t a t e  c o n c e n ­

t r a t i o n  o f  HMB. The a d d i t i o n  o f  URO-S t o  t he  r e a c t i o n  mi x t u r e  did  not  

a l t e r  t he  r a t e  o f  HMB p r o d u c t i on  by HMB-S s i n c e  t h e  t o t a l  URO I + I I I  

p r o d u c t i o n  was l i n e a r  w i t h  t i m e  ( see  Fig .  4 ) .  T h e r e f o r e ,  t he  concen­

t r a t i o n  o f  HMB in t he  Km expe r i men t  was e s t a b l i s h e d  by va ry i ng  the  HMB-S 

a c t i v i t y  in t he  a s s ay  t o  produce v a r i o u s  s t e a d y - s t a t e  c o n c e n t r a t i o n s  o f  

HMB. S i n c e  [HMB]SS = K]7«2 and s i n c e  Ki e q u a l s  t h e  v e l o c i t y  

(nmol /mi n /ml ) f o r  a zero  o r d e r  r e a c t i o n :

nmol URO I + 11 I/min
[HMB]SS = ----------------------- ------------ /  ml

0.173 min-1

Figure  6A shows t he  Lineweaver-Burk double  r e c i p r o c a l  p l o t  b a s ed  on t h e  

a bove  d e r i v a t i o n ,  f rom which the  appa r e n t  Km o f  URO-S f o r  t he  coup l ed -  

enzyme a s s a y  was e s t i m a t e d  t o  be 0 . 13  pM.

Di r e c t  Assay . The Km o f  URO-S f o r  HMB a l s o  was de t e rmined us ing the  

d i r e c t  a s s a y .  Us ing  t h e  s t a n d a r d  a s s a y  c o n d i t i o n s  (pH 7 . 5 ;  23°C),  t he  

a p p a r e n t  Km d e t e r m i n e d  f o r  t h e  p u r i f i e d  enzyme was 7-20 pM ( 28) .  For
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c o m p a r i s o n  w i t h  t h e  c o u p l e d - e n z y m e  a s s a y ,  t he  Km d e t e r m i n a t i o n s  were 

p e r f o r m e d  a t  pH 8 . 2  and 37°C;  t h e  a p p a r e n t  Km d e r i v e d  f rom a Line-  

weaver-Burke p l o t  was 1 .9  pM (Fig .  6B).

URO-S A c t i v i t i e s  in Normal I n d i v i d u a l s  and in Homozygotes and Obl i ga t e

Hete rozygotes  f o r  CEP:

F i g u r e  7 compares t h e  URO-S a c t i v i t i e s  in e r y t h r o c y t e s  and c u l t u r e d  

lymphoid c e l l s  from homozygotes  and o b l i g a t e  h e t e r o z y g o t e s  f rom f o u r  

u n r e l a t e d  CEP f a m i l i e s  as de t e rmined  by the  op t i mi zed  coupled-enzyme and 

d i r e c t  a s s a y s .  Due to  t he  ± 10% v a r i a b i l i t y  observed  f o r  t he  a c t i v i t y  in 

r e p ea t e d  samples from a normal i n d i v i d u a l ,  t h e  a c t i v i t i e s  were expr es sed  

as p e r c e n t  o f  no rmal  mean v a l u e s  f o r  e a c h  enzyme s o u r c e .  Th i s  was 

p a r t i c u l a r l y  t h e  c a s e  f o r  t h e  d i r e c t  a s s a y  in  which  t h e  t o t a l  HMB 

produced depended on the  p e r c e n t  HMB octamethyl  e s t e r  hydrolyzed  and the  

v a r i a b i l i t y  i n h e r e n t  in a 30 s e c  a s s a y .  The mean a c t i v i t i e s  (± 1 

s t a n d a r d  d e v i a t i o n )  f o r  normal e r y t h r o c y t e s  were  7 . 41  ± 1 . 16  (n = 28)  

f o r  t h e  c o u p l e d - e n z y m e  a s s a y  and 7 . 6 4  ± 1.73 (n = 20) f o r  t he  d i r e c t  

a s s a y .  The mean normal l ymphoblas t  a c t i v i t i e s  (+ 1 s t a n d a r d  d e v i a t i o n )  

were  1 3 . 7  ± 1 .39  (n = 6) and 17.6  ± 1 .15  (n = 6) f o r  t he  coupled-enzyme 

and d i r e c t  a s s a y s ,  r e s p e c t i v e l y .  In e i t h e r  a s s a y  s y s t e m ,  e r y t h r o c y t e s  

f rom h omoz ygo t e s  and o b l i g a t e  h e t e r o z y g o t e s  f o r  CEP had a c t i v i t i e s  

r ang i ng  from 8 t o  36% and 33 t o  107% o f  t he  normal mean v a l u e s ,  r e s p e c t ­

i v e l y .  In c u l t u r e d  l y m p h o c y t e s ,  t h e  CEP h omo z yg o t e s  and o b l i g a t e

h e t e r oz y g o t e s  had a c t i v i t i e s  in both  a s s a y  sys t ems  t h a t  were a b o u t  0 t o  

16% and a bou t  18 t o  76% o f  normal mean a c t i v i t y ,  r e s p e c t i v e l y .  One CEP 

homozygote who was be ing t r e a t e d  w i t h  p e r i o d i c  e x c h a n g e  t r a n s f u s i o n s
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Fi g u r e  6:  Lineweaver -Burke  p l o t  f o r  URO-S from human e r y t h r o c y t e s  (A) 

u s i n g  t h e  coupled-enzyme as s ay  and (B) t h e  d i r e c t  a s s ay .  See 

t e x t  f o r  d e t a i l s .
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Fi gu r e  7: Comparison of  t h e  a c t i v i t i e s  o f  URO-S in e r y t h r o c y t e s  and 

c u l t u r e d  lymphob l as t s  from normal i n d i v i d u a l s  ( •  ) and from 

o b l i g a t e  h e t e r o z y g o t e s  ( ■  ) and homozygotes wi th  CEP ( ♦  ) .  

The v a l u e s  a r e  e x p r e s s e d  as  p e r c e n t  o f  t h e  mean normal  

a c t i v i t y  which was de t e rmined  in  t h e  same s e t  o f  a s s a y s  f o r  

t h e  r e s p e c t i v e  enzyme s ou r ce .  See t e x t  f o r  d e t a i l s .
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(36 )  had 36% o f  normal mean e r y t h r o c y t e  a c t i v i t y  (coupled-enzyme assay)  

bu t  o n l y  5.6 and 13.1% o f  normal mean a c t i v i t y  in h i s  c u l t u r e d  lympho­

c y t e s  in t he  coupled-enzyme and d i r e c t  a s s a y s ,  r e s p e c t i v e l y .

S e n s i t i v i t y  o f  t h e  URO-S A ss ay s :

Linder t h e  op t i mi z ed  c o n d i t i o n s ,  us i ng  e i t h e r  c rude  enzyme o r  h i g h l y  

p u r i f i e d  URO-S (28)  as  enzyme s o u r c e  ( ^  3 0 0 , 0 0 0  U/mg) ,  t h e  c o u p l e d -  

enzyme and d i r e c t  a s s a y s  c ou l d  d e t e c t  0 .1  and 2 U o f  enzyme per  a s s a y ,  

r e s p e c t i v e l y  ( d a t a  no t  shown).
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DISCUSSION

Coupled-enzyme and d i r e c t  a s s ays  f o r  URO-S have been  o p t i m i z e d  and 

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

h e t e r o z y g o t e s  f o r  CEP, as  w e l l  a s  f o r  u s e  in  t h 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  o f  t h i s  heme b i o s y n t h e t i c  enzyme.'  The coupled-enzyme 

a s s a y  o f  Wright  and Lim (27) was modi f i ed  by t he  u s e  o f  a s t a n d a r d i z e d  

HMB-generating hemol ysa t e ,  and by o p t i mi z i n g  the  r e a c t i o n  f o r  pH, b u f f e r  

and l i n e a r i t y  wi th  t ime and enzyme c o n c e n t r a t i o n .  By s t a n d a r d i z i n g  t h e  

amount  o f  HMB-S in  t h e  H MB - ge n e r a t i n g  hemo l y s a t e ,  t he  a s s a y  coul d  be 

ex t ended  t o  URO-S sources  which c o n t a i n e d  l i t t l e ,  or  no,  HMB-S a c t i v i t y .  

For  e x a m p l e ,  t h e  c o u p l e d - e n z y m e  a s s a y  p e r m i t t e d  t h e  c o n v e n i e n t  and 

r e l a t i v e l y  s imple  mon i to r i ng  o f  column f r a c t i o n s  du r i ng  t he  p u r i f i c a t i o n  

o f  URO-S f r om human e r y t h r o c y t e s  ( 28 ) .  In a d d i t i o n ,  t he  s t a n d a r d i z e d  

HMB-generat ing hemolysate  al lowed t he  more r e l i a b l e  compar i son o f  URO-S 

a c t i v i t i e s  in a s s a y s  p e r f o r m e d  a t  d i f f e r e n t  t imes  and wi th  d i f f e r e n t  

enzyme s o u r c e s .  The d i r e c t  URO-S a s s a y  o f  B a t t e r s b y  and c o l l e a g u e s  

( 1 1 , 1 2 )  was m o d i f i e d  by d e t e r m i n i n g  t h e  c o n d i t i o n s  f o r  maximal  HMB 

octamethyl  e s t e r  h y d r o l y s i s  and f o r  opt imal  pH, s a l t  c o n c e n t r a t i o n  and 

l i n e a r i t y  w i t h  t i m e  and enzyme c o n c e n t r a t i o n .  The f i n d i n g  t h a t  HMB 

octamethyl  e s t e r  hydro lyzed  a t  70°C f o r  15 min c o n t a i n e d  t he  same amount 

o f  HMB as  when hydro lyzed  a t  16° o r  23°C o v e r n i g h t  f a c i l i t a t e d  same day 

s u b s t r a t e  p r e p a r a t i o n  and enzyme a s s a y .  The f a c t  t h a t  g r e a t e r  amounts of  

URO I were p r e s e n t  in t he  h y d r o l y s a t e  p r epa red  a t  70°C d i d  no t  a l t e r  the  

s e n s i t i v i t y  or  a c c u r a c y  o f  t he  a s s a y  s i n c e  t h e  e n z y m a t i c  a c t i v i t y  was 

b a s e d  s o l e l y  on t h e  URO I I I  d e t e c t e d .  M o r e o v e r ,  t h e  r e l i a b l e  quan­

t i t a t i o n  o f  t he  URO i somers  produced in both a s s ays  was op t i mized  by the
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improved  and r e p r o d u c i b l e  s e p a r a t i o n  o b t a i n e d  by modi fy ing  the  HPLC 

g r a d i e n t  f o r  r emova l  o f  o t h e r  p o r p h y r i n s  and by m a i n t a i n i n g  t he  Cjg 

r e v e r s e d - p h a s e  column a t  a l ower ,  c o n s t a n t  t e mp e r a t u r e .

V a r i o u s  p r o p e r t i e s  o f  thje two URO-S as says  a r e  compared in Table 2. 

Note t h a t  t h e  coupled-enzyme a s s a y  was performed a t  pH 8 . 2 ,  w h e r ea s  t h e  

d i r e c t  a s s a y  was c a r r i e d  o u t  a t  pH-7 .5 ,  t he  pH optimum of  URO-S ( 28) .  

The h i ghe r  pH in t he  coup l ed - en z y me  a s s a y  a p p a r e n t l y  was r e q u i r e d  by 

HMB-S f o r  t he  e f f i c i e n t  p r oduc t i on  o f  HMB. However,  i t  should  be noted 

t h a t  t he  pH optimum f o r  p u r i f i e d  URO-S from human e r y t h r o c y t e s  was broad 

(28) ;  a t  pH 8 . 2  in t he  d i r e c t  a s s a y ,  t he  human enzyme had 90% of  maximal 

a c t i v i t y  a t  pH 7. 5 .  Compared to  t h e  d i r e c t  a s s a y ,  t h e  c o u p l e d - e n z y m e  

a s s a y  was l i n e a r  o v e r  a g r e a t e r  t ime pe r i od  (1 vs .  15 min) and over  a 

g r e a t e r  r ange  o f  URO-S c o n c e n t r a t i o n  (15 v s .  30 U / a s s a y ) .  Both a s s a y s  

were  a b l e  t o  r e l i a b l y  d e t e c t  low l e v e l s  o f  URO-S a c t i v i t y ;  however ,  t he  

coupled-enzyme a s s a y  was 20 t i mes  more s e n s i t i v e .

The a p p a r e n t  Km v a l u e s  f o r  URO-S a l s o  were  d e t e r m i n e d .  For the  

c o u p l ed - en z y me  a s s a y ,  i t  was p r e s ume d  n e c e s s a r y  t o  p r e i n c u b a t e  t h e  

HMB- ge ne r a t i ng  h e m o l y s a t e  wi th 3 . 4  mM PBG f o r  13 min t o  s a t u r a t e  HMB-S 

in o r de r  t o  ma i n t a i n  a s t e a d y - s t a t e  HMB c o n c e n t r a t i o n .  However ,  t h e  

o b s e r v e d  f i n d i n g s  s u g g e s t e d  t h a t  t h e  p r e i n c u b a t i o n  was n o t  r e q u i r e d  

s i n ce  t he  r a t e s  o f  URO'gen I I I  p r o d u c t i o n  were  e s s e n t i a l l y  t h e  same 

w h e t h e r  t h e  coupled-enzyme r e a c t i o n  was c a r r i e d  ou t  wi th o r  wi thou t  the 

p r e i n c u b a t i o n  ( F i g .  4 ) .  The a pp a r e n t  Km v a l ues  f o r  URO-S from a normal 

human hemolysa te  were  0 . 1 3  pM and 1 . 9  pM f o r  t h e  c o u p l e d - e n z y m e  and 

d i r e c t  a s s a y s ,  r e s p e c t i v e l y . The l o w e r  Km observed f o r  t he  coup l ed -  

enzyme a s s a y  may r e f l e c t  t he  f a c t  t h a t  HMB-S g e n e r a t e s  HMB (or  a form of  

HMB) which  i s  r a p i d l y  c o n v e r t e d  by URO-S t o  URO'gen I I I  w i t hou t  r e l e a s e



Table 2.  Comparison o f  t h e  Assays f o r  URO-S A c t i v i t y

P r o p e r t y / F e a t u r e s

Coupled-Enzyme 

Assay

Di r ec t

Assay

S u b s t r a t e PBG HMB

pH Optimum 8 . 2 7.5

L i n e a r i t y ,  Time (min) 15 1

L i n e a r i t y ,  Enzyme (U/as say) 30* 15

S e n s i t i v i t y  (U/Assay) 0 . 1 2

* When us ing  t he  URO III/URO I r a t i o  t o  e s t i m a t e  
a c t i v i t y  ( s ee  t e x t ) .
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o f  t h e  HMB i n t e r m e d i a t e  i n t o  t he  s o l u t i o n .  In a d d i t i o n ,  t he  HMB-S and 

URO-S may be in  a compl ex  ( a s  p r e v i o u s l y  p r o p o s e d ,  e . g .  28)  which 

f a c i l i t a t e s  URO'gen I I I  f o r m a t i o n .  Thus,  t he  lower Km o f  t he  coup l ed -  

enzyme a s s a y  may r e f l e c t  more  c l o s e l y  t h e  in v ivo k i n e t i c s  o f  URO'gen 

I I I  f o rm a t i on .

Using  t h e  op t i mi z ed  c o n d i t i o n s  f o r  each a s s a y ,  t he  URO-S a c t i v i t i e s  

were  d e t e r m i n e d  in e r y t h r o c y t e s  and c u l t u r e d  l ympho i d  c e l l s  f rom 

a f f e c t e d  homozygotes and o b l i g a t e  h e t e r o z y go t e s  from CEP f a m i l i e s .  The 

f i n d i n g  o f  m a r k e d l y  d e f i c i e n t  a c t i v i t i e s  in a f f e c t e d  homozygo tes  

c o n f i r m e d  t h e  f a c t  t h a t  URO-S i s  t he  p r imary  enzymat i c  d e f e c t  in t h i s  

p o r p h y r i a  as  p r e v i o u s l y  d e m o n s t r a t e d  in e r y t h r o c y t e s  ( 1 3 , 1 5 )  and 

c u l t u r e d  f i b r o b l a s t s  ( 14 ) .

The p r e s e n c e  o f  r e s i d u a l  a c t i v i t y  in CEP homozygotes was c o n s i s t e n t  

w i t h  t h e  f a c t  t h a t  t h e y  mus t  have  s u f f i c i e n t  enzyme t o  p r o d u c e  

URO'gen I I I  o r  t l i e  p a t i e n t s  c o u l d  no t  s u r v i v e .  That  o b l i g a t e  h e t e r o ­

zygot es  had l e v e l s  o f  enzymat i c  a c t i v i t y  i n t e r m e d i a t e  b e t wee n  t h o s e  o f  

a f f e c t e d  h o mo z y g o t e s  and normal  i n d i v i d u a l s  was c o n s i s t e n t  wi th the  

autosomal  r e c e s s i v e  t r a n s m i s s i o n  o f  t he  enzymat i c  d e f e c t  ( 1 5 , 3 7 ) .  Note 

t h a t  one homozygote had an e r y t h r o c y t e  l eve l  in t he  h e t e r o z y g o t e  r ange .  

This  i n d i v i d u a l  was r e c e i v i n g  c h r on i c  exchange t r a n s f u s i o n s  as  t h e r a p y  

f o r  t h i s  d i s e a s e  ( 3 6 ) .  For  s u c h  t r a n s f u s i o n - d e p e n d e n t  p a t i e n t s ,  t he  

d i a g n o s i s  o f  CEP can  be made e n z y m a t i c a l l y  by t h e  use  o f  c u l t u r e d  

lymphoid c e l l s ,  as  demons t r a t ed  in t h e se  s t u d i e s .  In a d d i t i o n ,  c u l t u r e d  

lymphoid c e l l s  shou ld  p r o v i d e  an e x c e l l e n t  s ource  f o r  f u t u r e  s t u d i e s  o f  

t h e  p h y s i c a l  and k i n e t i c  p r o p e r t i e s  o f  t h e  r e s i d u a l  enzyme from CEP 

homozygotes .
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In r o u t i n e  u s e ,  t he  coupled-enzyme a s s a y  was e a s i e r  t o  per form than 

t he  d i r e c t  a s s a y .  This was p a r t i c u l a r l y  t r u e  when a l a r g e  q u a n t i t y  o f  

t h e  H MB- ge n e r a t i ng  hemolysa te  had been p r e p a r ed ,  a l i q u o t e d  and s t o r e d .  

In c o n t r a s t ,  t he  d i r e c t  a s s a y  r e q u i r e d  h y d r o l y s i s  o f  t he  HMB o c t a m e t h y l  

e s t e r  immedia te ly  p r i o r  t o  a s s a y .  Based on e x p e r i e n c e  wi th both a s s a y s ,  

i t  i s  recommended t h a t  t h e  coupled-enzyme a s s a y  be empl oyed  f o r  d e t e r ­

m i n i n g  t h e  URO-S a c t i v i t y  in  d i a g n o s t i c  samples  as wel l  as f o r  enzyme 

p u r i f i c a t i o n .  A l t h o u g h  t h e  d i r e c t  a s s a y  may be u s ed  r e l i a b l y  f o r  

d i a g n o s t i c  p u r pos e s ,  i t  i s  v a l u a b l e  f o r  s t u d i e s  o f  t h e  enzyme' s  k i n e t i c  

p r o p e r t i e s  ( i n c l u d i n g  the  e f f e c t s  o f  i n h i b i t o r s  and a c t i v a t o r s ) ,  s i n c e  

t h e  URO-S a c t i v i t y  can be d e t e r m i n e d  in t he  absence o f  HMB-S. None­

t h e l e s s ,  t h e  d i r e c t  a s s a y  r e q u i r e s  e x t r e m e  c a r e  due t o  i t s  s h o r t  

i nc u b a t i o n  t i me .  Fur t he rmore ,  a high degree  o f  a c c u r a c y  i s  n e c e s s a r y  in 

p i p e t t i n g  t he  s u b s t r a t e  s i n c e  i t  i s  p r e s e n t  a t  l e v e l s  a p p r o x i m a t i n g  i t s  

Km. The a v a i l a b i l i t y  o f  t h e s e  two as s ays  should  f a c i l i t a t e  t he  p u r i ­

f i c a t i o n  and c h a r a c t e r i z a t i o n  o f  URO-S from a v a r i e t y  o f  enzyme s o u r c e s  

and s h o u l d  p r o v i d e  f o r  t h e  r e l i a b l e  d i a g n o s i s  o f  homoz ygo t e s  and 

h e t e r o z y g o t e s  f o r  CEP as wel l  as pe rmi t  s t u d i e s  o f  t h e  r e s i d u a l  m u t a n t  

enzyme in a f f e c t e d  i n d i v i d u a l s .
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SUMMARY

Uroporphyr inogen I I I  s yn t h a s e  (hydroxyme t hy l b i l ane  h y d r o - l a s e ,  c y c l i z -  

i n g ;  EC 4 . 2 . 1 . 7 5 ) ,  t h e  f o u r t h  enzyme in t he  heme b i o s y n t h e t i c  pathway,  

was p u r i f i e d  t o  homogenei ty from human e r y t h r o c y t e s .  For enzyme 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 ,  a s e n s i t i v e  coupled-enzyme a s s a y  was used 

which g en e r a t ed  the  s u b s t r a t e ,  hy d r ox y me t hy l b i  1 a n e ; t h e  o x i d i z e d  p r o ­

d u c t ,  u ro p o r p h y r i n  I I I ,  was q u a n t i t a t e d  by high p r e s s u r e  l i q u i d  chroma­

t ogr aphy .  Uroporphyr inogen I I I  s y n t h a s e  was i n i t i a l l y  s e p a r a t e d  f rom 

6 - a m i n o l e v u l i n a t e  d e h y d r a t a s e  and h y d r o x y m e t h y l b i 1ane syn t has e  by a 

p r e p a r a t i v e  anion exchange chroma tograph i c  s t e p .  S u b s e q u e n t  c h r o m a t o g ­

r a p h y  on h y d r o x y a p a t i t e , p h e n y l - S e p h a r o s e  and Sephadex G-100 p u r i f i e d  

t he  enzyme about  70 , 0 0 0 - f o l d  wi th  an 8% y i e l d .  Homogeneous enzyme was 

ob t a i ne d  f o l l owi ng  a f i n a l  C4 - r e v e r s e d  phase high p r e s s u r e  l i q u i d  chrom­

a t o g r a p h i c  s t e p  which removed a s i n g l e  major  and s e v e r a l  mi no r  p r o t e i n  

c o n t a m n a n t s  f rom t h e  enzyme. The p u r i f i e d  enzyme had a s p e c i f i c  a c t i v ­

i t y  o f  over  300,000 U/mg, an i s o e l e c t r i c  p o i n t  o f  5 . 5  and was t h e r m o -  

l a b i l e  ( t x / 2  a t  60°C ^ 1 mi n) .  Molecula r  weight  s t u d i e s  by gel  f i l t r a ­

t i o n  (Mr  k  3 0 , 0 0 0 )  and a n a l y t i c a l  SDS p o l y a c r y l ami de  gel  e l e c t r o p h o ­

r e s i s  (Mr  k  2 9 , 5 0 0 )  were  c o n s i s t e n t  w i t h  t h e  enzyme be ing  a monomer. 

Using hydroxymet hy lb i l ane  as s u b s t r a t e ,  t he  p u r i f i e d  enzyme fo rmed  u r o ­

p o r p h y r i n o g e n  I I I  i n  t h e  a b s e n c e  o f  h y d r o x y m e t h y l b i l a n e  s yn t ha s e  or  

o t h e r  c o f a c t o r s .  The pH opt imum was 7 . 4  and t he  Km f o r  hydroxymethyl - 

b i l a n e  was 5 t o  20 pM. The enzyme was a c t i v a t e d  by Na+ , K+, Mg+ , and 

Ca++, and was i n h i b i t e d  by Cd++, Cu++, Hg++ and Zn++. Amino ac id  com­

p o s i t i o n  a n a l y s i s  was per formed and the  N - t e r m i n a l  s e q u e n c e ,  M e t - L y s -  

V a l - L e u - L e u - L e u ,  was de t e rmined  by microsequencng.  The a v a i l a b i l i t y  o f  

t he  p u r i f i e d  enzyme should  pe rmi t  i n v e s t i g a t i o n  o f  i t s  r e a c t i o n  mechan-
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i sm as  w e l l  as f a c i l i t a t e  b iochemica l  and mo l ecu l a r  s t u d i e s  o f  t he  gen­

e t i c  d e f e c t  in c o ng en i t a l  e r y t h r o p o i e t i c  p o r p h y r i a .
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In t h e  heme b i o s y n t h e t i c  p a t h w a y ,  u r o p o r p h y r i n o g e n  I I I  i s  t he  f i r s t  

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

t a i n i n g  macromolecules  i n c l u d i n g  hemoglobins ,  cy t ochromes ,  c h l o r o p h y l l s ,  

and cobalamins  ( 1 ) .  Bogorad f i r s t  r ec ogn i zed  t h a t  u r o p o r p h y r i n o g e n  I I I  

was s y n t h e s i z e d  f r om f o u r  m o l e c u l e s  o f  p o r phob i l i nogen  (PBG^) by two 

enzymes,  hyd r oxyme t hy l b i l ane  s y n t h a s e  (EC 4 . 3 . 1 . 8 ,  HMB-S, p r e v i o u s l y  

d e s i g n a t e d  PBG-deami nase  o r  u r o p o r p h y r i n o g e n  I s y n t h as e )  and u r o p o r ­

phyr inogen I I I  s yn t h a s e  (EC 4 . 2 . 1 . 7 5 ;  URO-S) ( 2 - 5 ) .  This f i n d i n g  s t i m u ­

l a t e d  s t u d i e s  o f  t h e  m o l e c u l a r  me chan i s m and r e a c t i o n  i n t e r m e d i a t e s  

i nvol ved  in u r o p o r p h y r i n o g e n  I I I  b i o s y n t h e s i s  a s  w e l l  as  e f f o r t s  t o  

c h a r a c t e r i z e  t he  two enzymes and de t e rmi ne  i f  t h e y  were a s s o c i a t e d  in a 

complex or  f un c t i o n e d  i n de p e n d e n t l y .  Al though t he  me chani sm o f  u r o p o r ­

p h y r i n o g e n  I I I  f o r m a t i o n  was t h e  s u b j e c t  o f  i n t e n s e  i n v e s t i g a t i o n  and 

c o n t r o v e r s y  ( f o r  r e v i e w,  1 , 6 , 7 ) ,  i t  i s  now r e c o g n i z e d  t h a t  HMB-S c a t a ­

l y z e s  t h e  head  t o  t a i l  c o n d e n s a t i o n  o f  f ou r  molecules  o f  PBG t o  form 

t he  l i n e a r  t e t r a p y r r o l e ,  hydr oxymet hy l b i l ane  (HMB) (8 - 13 ) .  In t h e  p r e s ­

e n c e  o f  URO-S, HMB i s  r a p i d l y  c o nv e r t ed  to  u roporphyr inogen I I I  by r i n g  

c l o s u r e  and i n t r a m o l e c u l a r  r e a r r a n g e m e n t  o f  r i n g  D, w h e r ea s  in t h e  

a b s e n c e  o f  URO-S, HMB n o n - e n z y m a t i c a l l y  c y c l i z e s  t o  uroporphyr inogen I 

(8-13)  (F ig .  1) .  In s u p p o r t  o f  t h i s  mechanism,  B a t t e r s b y  and c o w o r k e r s  

have  shown t h a t  p a r t i a l l y  p u r i f i e d  URO-S from Euglena g r a c i l i s  forms 

uroporphyr inogen  I I I  f rom HMB in t he  absence  o f  HMB-S (14) .

Al though mammalian URO-S was f i r s t  s e p a r a t e d  from HMB-S in 1968 ( 1 5 ) ,  

t h e  enzyme has  n o t  been  p u r i f i e d  more t h a n  2 0 0 - f o l d  from any animal 

source  (15 - 24 ) .  Moreover ,  o n l y  l i m i t e d  s t u d i e s  o f  t he  phys i ca l  and k i n e ­

t i c  p r o p e r t i e s  have been d e s c r i b e d  us ing  t h e s e  c rude  o r  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 .  The mammalian enzyme has been r e p o r t e d  t o  have  a pH



70

Fi gu r e  1 : R e a c t i o n  scheme f o r  t h e  c o n v e r s i o n  o f  PBG t o  u r o p o r ph y r in o ­

gen i somers  I and I I I .
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Reaction Schem e for the Conversion 

of PBG to Uroporphyrins

k2 URO'gen I — » UROI

PBG — HMB
PBG-D \

URO-C

k3 URO'gen E l— » URO El
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opt imum o f  7 . 4  ( 1 8 ) ,  7 . 7  t o  7 . 9  (19 )  and 7 . 8  ( 2 2 ) ,  and a p p a r e n t  Km 

v a l ue s  o f  5 pM (22) and a bou t  26 pM ( 2 4 ) .  E s t i m a t e s  o f  t h e  e n z y m e ' s  

m o l e c u l a r  w e i g h t  have  r a n g e d  f rom 1 0 , 0 0 0  t o  2 1 0 , 0 0 0  ( 7 , 2 3 , 2 4 ) .  The 

enzyme has been shown t o  be e x t r e me l y  hea t  l a b i l e ,  s t a b i l i z e d  by t h i o l  

r e a g e n t s  and i n h i b i t e d  by hydroxyl  amine and v a r io u s  heavy m e t a l s ,  i n ­

c l ud i n g  z i n c ,  copper  and cadmium ( 1 5 , 1 8 , 2 1 - 2 4 ) .  In a d d i t i o n ,  a d i a l y z a -  

b l e  p r o t e i n  f a c t o r  ( 18 )  and a f o l a t e  d e r i v a t i v e  (23) have been i m p l i ­

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

r a t  l i v e r ,  r e s p e c t i v e l y .  However,  r e c e n t  s t u d i e s  have c l e a r l y  shown t h a t  

a f o l a t e  d e r i v a t i v e  i s  n o t  a c o f a c t o r  f o r  URO-S f r om E u g l e n a  (14) .  

F i n a l l y ,  s e v e r a l  i n v e s t i g a t o r s ,  us ing  c rude  o r  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 ,  have s ugges t ed  t h a t  URO-S and HMB-S i n t e r a c t  d i r e c t l y ,  p o s ­

s i b l y  be ing a s s o c i a t e d  in a complex in the  c y t oso l  ( 4 , 7 , 1 4 , 1 8 , 2 0 , 2 1 , 2 5 ) .  

However,  f u r t h e r  s t u d i e s  o f  p o s s i b l e  c o f a c t o r  r e q u i r e m e n t s ,  c h a r a c t e r ­

i z a t i o n  o f  t h e  r e a c t i o n  mechani sm and i n t e r a c t i o n ( s )  wi th  o t h e r  c y t o ­

s o l i c  heme b i o s y n t h e t i c  enzymes  w i l l  r e q u i r e  f u t u r e  e v a l u a t i o n  w i t h  

p u r i f i e d  enzymes.

S i n c e  6 - a m i n o l e v u l  i n a t e  de h y d r a t a s e  (EC 4 . 2 . 1 . 2 4 ;  ALA-D; a l s o  c a l l e d  

po r phob i l i nogen  s y n t h a s e )  and HMB-S from human e r y t h r o c y t e s  were p r e ­

v i o u s l y  p u r i f i e d  t o  homogenei ty  in t h i s  l a b o r a t o r y  ( 1 0 , 2 6 ) ,  e f f o r t s  have 

been d i r e c t e d  t o  p u r i f y  URO-S from human e r y t h r o c y t e s  in o r de r  to  d e t e r ­

mine  t h e  e n z y m e ' s  p h y s i c o k i n e t i c  p r o p e r t i e s ,  i t s  p o s s i b l e  i n t e r a c t i o n  

wi th HMB-S and f o r  m o l e c u l a r  g e n e t i c  s t u d i e s  o f  t h e  d e f e c t i v e  URO-S 

a c t i v i t y  in c o n g e n i t a l  e r y t h r o p o i e t i c  po r p h y r i a  ( 2 , 2 7 ) .  In t h i s  communi­

c a t i o n ,  a r e p r o d u c i b l e  method f o r  t he  p u r i f i c a t i o n  o f  URO-S to homogene­

i t y  i s  d e s c r i b e d  and t h e  major  p h y s i c o k i n e t i c  p r o p e r t i e s  o f  t he  enzyme 

from human e r y t h r o c y t e s  a r e  r e p o r t e d .
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EXPERIMENTAL PROCEDURES

M a t e r i a l s

O u t d a t e d  human e r y t h r o c y t e s  were o b ta i n ed  from t he  G r ea t e r  New York 

Blood Cen t e r .  P h e n y l - S e p h a r o s e  CL.-4B, S ephadex  G-100 s u p e r f i n e ,  low 

m o l e c u l a r  w e i g h t  g e l  f i l t r a t i o n  s t a n d a r d s ,  and Pharmaly tes  were p u r ­

chased  from Pharmacia Fine Chemical s ,  P i s ca t away ,  NJ.  Ammonium s u l f a t e  

u l t r a p u r e ,  s p e c i a l  enzyme grade  was from Schwarz/Mann Research Labora­

t o r i e s ,  Cambridge,  MA. Hydroxyapa t i t e  and m a t e r i a l s  f o r  p o l y a c r y l a m i d e  

g e l  e l e c t r o p h o r e s i s  were o b t a in e d  from Bio-Rad L a b o r a t o r i e s ,  Richmond, 

CA. Sodium d o d e c y l s u l f a t e  ( s p e c i a l l y  pure )  was purchased  from BDH Chem­

i c a l s  L t d . ,  P o o l e ,  E n g l a n d .  P o r p h y r i n  s t a n d a r d s  were from Porphyr in  

P r od uc t s ,  Logan,  UT. A c e t o n i t r i l e  was o b ta i n e d  from American Burdick and 

J a c k s o n ,  Muskegon,  MI. Fluorescamine  and DEAE-cel lulose (Whatman DE-52) 

were purchased  from P i e r ce  Chemical Co. ,  Rockford,  IL. TPCK-Trypsin was 

from Cooper Biomed ica l ,  Malvern,  PA. The V e c t a s t a i n  ABC k i t  was o b t a i n e d  

from Vector  L a b o r a t o r i e s ,  I n c . ,  Bur l ingame,  CA. C e n t r i c o n  10 m i c r o c o n ­

c e n t r a t o r s ,  and Amicon u l t r a f i l t r a t i o n  membranes and c o n c e n t r a t i o n  cham­

be r s  were purchased  from Amicon C o r p . ,  L e x i n g t o n ,  MA. N i t r o c e l l u l o s e  

f i l t e r s  (BA85 0 . 4 5  pm) were  f rom S c h l e i c h e r  and S c h u e l l ,  Keene,  NH. 

Shandon 5 p ODS-Hypersi l  columns  ( 4 . 6  mm x 25 cm) were  o b t a i n e d  f rom 

R a i n i n  I n s t r u m e n t  Co. I n c . ,  Woburn,  MA. Vydac 5 p C4 r e v e r s e d  phase 

columns ( 4 . 6  mm x 25 cm) were  p u r c h a s e d  f r o m The S e p a r a t i o n s  Group,  

Hes pe r i a ,  CA.
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Methods

As s ay s  o f  heme b i o s y n t h e t i c  enzymes.  ALA-D and HMB-S a c t i v i t i e s  were 

de t e rmined  as p r e v i o u s l y  d e s c r i b e d  ( 2 6 , 2 8 ) .  One u n i t  (U) o f  ALA-D o r  

HMB-S a c t i v i t y  equa l ed  t h a t  amount o f  enzyme r e q u i r e d  to  form one m i c r o ­

mole o f  PBG o r  one nanomole o f  u ropor phyr i nogen ,  r e s p e c t i v e l y , p e r  hou r  

a t  37°C.  URO-S a c t i v i t y  was d e t e r m i n e d  e s s e n t i a l l y  by t he  cou p l ed -  

enzyme a s s a y  o f  Wright  and Lim (29) wi t h  t h e  f o l l o w i n g  m o d i f i c a t i o n s .  

B r i e f l y ,  a human e r y t h r o c y t e  l y s a t e  was hea t ed  a t  60°C f o r  120 min ( t o  

i n a c t i v a t e  URO-S) and u s e d  as  a s o u r c e  o f  HMB-S t o  g e n e r a t e  HMB. An 

a l i q u o t  o f  enzyme s o u r c e  was t h e n  i n c u b a t e d  wi th 0 . 5  ml o f  t he  h e a t -  

t r e a t e d  l y s a t e  ( c o n t a i n i n g  2 . 5  U o f  HMB-S) and 183 nmol o f  PBG f o r  

15 min a t  37°C in a r e a c t i o n  volume o f  560 p i .  The r e a c t i o n  was t e r m i n ­

a t ed  by t he  a d d i t i o n  o f  440 pi  o f  10% t r i c h l o r o a c e t i c  a c i d  s a t u r a t e d  

w i t h  i o d i n e .  The o x i d i z e d  u r o p o r p h y r i n  i somers  f o r f o r  i n c u ba t i o n  t ime 

and enzyme c o n c e n t r a t i o n .  One U o f  URO-S a c t i v i t y  equa l ed  t h a t  amount o f  

enzyme which  f o r med  one  nanomol e  o f  u r op o r phy r i noge n  I I I  per  hour  a t  

37°C. The r a t i o  o f  u ropo r phy r i n  I l l / u r o p o r p h y r i n  I was used  t o  m o n i t o r  

enzymat ic  a c t i v i t y  du r i ng  URO-S p u r i f i c a t i o n ;  t h e  a s s a y  was l i n e a r  up t o  

15 U o f  URO-S a c t i v i t y .  A u r oporphyr i n  I l l / u r o p o r p h y r i n  I r a t i o  o f  1 . 0  

was e q u i v a l e n t  t o  1 . 3  U o f  URO-S a c t i v i t y .

For s t u d i e s  o f  enzyme k i n e t i c s  and e f f e c t s  o f  v a r i o u s  a c t i v a t o r s  and 

i n h i b i t o r s ,  t h e  p u r i f i e d  enzyme was assayed wi th  t he  s y n t h e t i c  s u b s t r a t e  

HMB. Hydroxymethylbi l ane  oc t amethyl  e s t e r  was h y d r o l y z e d  a t  15°C o v e r ­

n i g h t  in 2N K0H u n d e r  n i t r o g e n  a t  c o n c e n t r a t i o n s  o f  1-4 mg/ml . URO-S 

(20 p i )  was added t o  460 pi o f  0 . 05  M Tri s-HCl  b u f f e r ,  pH 7 . 2 ,  c o n t a i n ­

i n g  0 . 1 5  M KC1 a t  25°C.  The r e a c t i o n  was i n i t i a t e d  whi l e  mixing by t he  

a d d i t i o n  o f  20 pi o f  50 pM HMB. The pH o f  t h e  T r i s  b u f f e r  was c h o s e n
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s u c h  t h a t  t h e  f i n a l  a s s a y  pH was 7 . 4 .  The r e a c t i o n  was t e r m i n a t ed  20 s 

l a t e r  w i t h  400 pi  o f  0.5% I 2 i n  1.0% KI t o  d e s t r o y  any r emain ing  HMB. 

A f t e r  3 min,  100 pi o f  1% Na2S205 and 250 pi o f  50% t r i c h l o r o a c e t i c  ac id  

were added.  Cont ro l s  i nc l ude d  0 and 20 s a s says  minus enzyme as  we l l  as 

HMB c o n t r o l s  where the  t r i c h l o r o a c e t i c  ac id  was added b e f o r e  t he  i od i ne  

t o  c o n v e r t  a l l  o f  t he  HMB t o  u r oporphyr i n  I .  U r o p o r ph y r i n  i s o m e r s  were 

s ep a r a t e d  and q u a n t i t a t e d  by r e v e r s e d  phase HPLC as d e s c r i b e d  above.

P r o t e i n  a s s a y .  P r o t e i n  c o n c e n t r a t i o n  was de t e rmined  by the  f l u o r e s -  

camine method d e s c r i b e d  p r e v i o u s l y  (26) .

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

horesed  by t he  method o f  Laemmli and Favre (31) .  For a n a l y t i c a l  g e l s ,  a 

m i n i g e l  a p p a r a t u s  ( Ho e f e r ,  San F r a n c i s c o ,  CA) was run a t  c o n s t a n t  v o l ­

t a g e  (150  V) f o r  60 mi n .  E l e c t r o e l u t i o n  f rom p r e p a r a t i v e  g e l s  was 

e s s e n t i a l l y  as d e s c r ib e d  by Hunkap i l l e r  e t  a l . (32)  us i ng  a S t u d i e r  type 

gel  a p p a r a t u s  (33) and 12.5% g e l s .  P r o t e i n  (25 pg) was a p p l i e d  t o  each  

1 . 5  mm x 3 cm sample wel l  and e l e c t r o p h o r e s e d  a t  120 V f o r  6 h (or  50 V 

f o r  15 h ) .  A f t e r  l i g h t l y  s t a i n i n g  t he  gel  wi th Coomass ie  Blue R250 f o r  

a b o u t  15 min and d e s t a i n i n g  wi th m e t h a n o l / a c e t i c  a c i d / w a t e r  ( 10 :33 : 157 ;  

v / v / v )  f o r  1 h ,  t he  p r o t e i n  bands were e x c i s e d  wi th  a s c a l p e l ,  soaked in 

d i s t i l l e d  w a t e r  f o r  60 m i n ,  and t h e n  in e l u t i o n  b u f f e r  (0.1% SDS in 

0 . 05  M ammonium b i c a r b o n a t e )  f o r  10 min.  The gel  s t r i p s  were  p l a c e d  in 

d i a l y s i s  t u b i n g  f i l l e d  wi th e l u t i o n  b u f f e r  and then were e l e c t r o e l u t e d  

a t  10 V f o r  12 t o  16 h in a T r an s - B l o t  a p pa r a t u s  (Bio-Rad,  Richmond, CA) 

c o n t a i n i n g  500 ml o f  t h e  e l u t i o n  b u f f e r .  This b u f f e r  was r ep l a c e d  wi th 

5 - f o l d  d i l u t e d  e l u t i o n  b u f f e r  and e l u t i o n / d i a l y s i s  was con t inued  a t  20 V
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f o r  24 h.  The p r o t e i n  s o l u t i o n  in t he  d i a l y s i s  t ub i ng  was l y o p h i l i z e d  in 

RBS 35-washed ( P i e r c e  Ch e mi c a l s ,  R o c k f o r d ,  IL) and s i l i c o n i z e d  g l a s s  

t u b e s  f o l l o w e d  by r e c o n s t i t u t i o n  wi th  d i s t i l l e d  water  t o  app r ox i ma t e l y  

1 mg/ml .

HPLC o f  t r y p t i c  p e p t i d e s .  Tryps in  d i g e s t i o n  o f  homogeneous URO-S was 

per formed as f o l l o w s .  One-nin th  volume o f  i ce  co ld  100% t r i c h l o r o a c e t i c  

a c i d  was added t o  1 . 5  ml mi c rofuge  t ubes  c o n t a i n i n g  5-10 nmol o f  e l e c ­

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

10 min a t  10 ,0 0 0  x g,  and t he  p r e c i p i t a t e s  washed t wice  wi th  200  pi co l d  

a c e t o n e .  A f t e r  d r y i n g  under  a g e n t l e  s t r eam o f  n i t r o g e n ,  t he  p r o t e i n  was 

d i s s o l v e d  in 50 pi  o f  f r e s h  8 M u r e a  and a d j u s t e d  t o  pH 8 by t h e  

a d d i t i o n  o f  ap p r ox i ma t e l y  150 pi o f  0 . 2  M NH4HCO3 . TPCK-Trypsin (1 mg/ml 

in 1.0 mM HC1) was mi xed  w i t h  URO-S (1 pg t r y p s i n / 2 5  pg URO-S),  t h e  

r e a c t i o n  m i x t u r e  was i nc uba t e d  a t  37°C f o r  24 h and then t e r m i n a t e d  by 

f r e e z i n g  a t  -20°C.  The r e s u l t a n t  p e p t i d e s  were s e p a r a t e d  by r e v e r s e d  

phase HPLC as d e s c r i b e d  in t he  l egend f o r  Fig.  6 .

I s o e l e c t r i c  f o c u s i n g .  F l a t be d  i s o e l e c t r i c  f ocus i ng  was performed on an 

LKB Mul t i phor  a p p a r a t u s  u s i n g  Pharmal y t e ,  wi th a pH r ange  o f  4 t o  6 . 5  in 

a g a r o s e  g e l s  a s  p r e v i o u s l y  d e s c r i b e d  ( 3 4 ) .  About 50 pg of  p o s t  G-100 

sample was a p p l i ed  t o  t he  gel  s u r f a c e  on a 7 x 7 mm Whatman No. 17 paper  

s q u a r e .  The enzyme was i n i t i a l l y  e l e c t r o f o c u s e d  a t  10 w c o n s t a n t  power 

f o r  1 h,  then t he  paper  squa r e  was removed and t h e  power  was a d j u s t e d  

p e r i o d i c a l l y  t o  m a i n t a i n  t h e  v o l t a g e  a t  1000 V f o r  an a d d i t i o n a l  

150 min.  URO-S a c t i v i t y  was measured a f t e r  homogenizing 0 . 5  x 0 . 7  cm gel 

s t r i p s  in  500 pi o f  t he  h e a t - t r e a t e d  e r y t h r o c y t e  l y s a t e  o f  t he  coup l ed -
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enzyme a s s a y  as d e s c r i b e d  above.  To de t e rmi ne  t he  pH g r a d i e n t ,  a d j a c e n t  

aga rose  s t r i p s  were soaked in  5 ml o f  w a t e r  o v e r n i g h t ,  and t h e  pH o f  

each s o l u t i o n  was measured.

M o l e c u l a r  weight  d e t e r m i n a t i o n s .  The n a t i v e  mo l ec u l a r  weight  o f  URO-S 

was de t e rmined  by gel  f i l t r a t i o n .  The p o s t - p he n y l - S ep h a r os e  f r a c t i o n  o f  

URO-S was a p p l i e d  t o  a 2 . 5  x 80 cm column o f  Sephadex G-100. Molecular  

weight  s t a n d a r d s  (2  mg each)  were  a p p l i e d  in  two c o n s e c u t i v e  r u n s  t o  

c a l i b r a t e  t he  column: bovine  serum albumin (Mr  = 67,000)  and chymotryp-  

s inogen A (Mr  = 25,000)  were chromatographed f i r s t  f o l l owed  by ovalbumin 

(Mr  = 43,000)  and r i b o n u c l e a s e  A (Mr  = 13 , 700) .  The mo l ecu l a r  weight  was 

o b t a in e d  from a p l o t  o f  t h e  p a r t i t i o n  c o e f f i c i e n t  Kav ve r s us  log molecu­

l a r  w e i g h t .  Kav was c a l c u l a t e d  as (V[r-V0 ) /  Vj-V0 ) ,  where V[r r e p r e s e n t e d  

t h e  e l u t i o n  volume o f  t h e  s o l u t e ,  Vf and V0 were t he  t o t a l  volume and 

t he  void  volume o f  t he  column,  r e s p e c t i v e l y .  The m o l e c u l a r  w e i g h t  o f  

t h e  d e n a t u r e d  URO-S was de t e rmined  by a n a l y t i c a l  SDS-PAGE a c c o r d i ng  to  

t h e  method o f  Weber and Osborn ( 35 ) .

Amino a c i d  c o m p o s i t i o n  and m i c r o s e q u e n c i n g .  A l i q u o t s  o f  URO-S 

( 0 . 14  nmol) were hydro lyzed  f o r  24,  48 and 72 h in 6 M HC1 a t  110°C. The 

amino a c i d  c o n c e n t r a t i o n s  were then  de t e rmined  wi th  a modi f i ed  Beckman 

model 121 amino ac i d  a n a l y z e r .  The v a l ue s  r e p r e s e n t  a v e r a g e s  o f  t h e  48 

and 72 h h y d ro l y s e s  ex c e p t  as f o l l o w s :  Per formic  ac i d  o x i d a t i o n  ( in  the  

24 h h y d r o l y s a t e )  was used f o r  a n a l y s i s  o f  c y s t e i n e  as  c y s t e i c  a c i d .  

T h r e o n i n e  and s e r i n e  v a l u e s  were  o b t a i n e d  from e x t r a p o l a t i o n  to  zero 

t i me .  Va l i ne ,  i s o l e u c i n e  and l e u c i n e  va l ues  were f rom t h e  72 h h y d r o l y ­

s i s .  The t r y p t o p h a n  c o n c e n t r a t i o n  was o b t a i n e d  from the  r a t i o  o f  i t s
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absorbance  to  t h a t  o f  t y r o s i n e  in homogeneous URO-'S as de t e rmined  by t he  

s p e c t r o p h o t o m e t r i c  method o f  Edelhoch (36) .  The N - t e r m i n a l  amino a c i d  

s e q u e n c e  was d e t e r m i n e d  by g a s - p h a s e  mi c r os e que nc i ng  o f  t he  p u r i f i e d  

enzyme and HPLC i d e n t i f i c a t i o n  o f  t he  p h e n y l t h i o h y d a n t o i n  amino a c i d s  

(37) .

Immunologic s t u d i e s .

Mouse a n t i - h u m a n  a n t i b o d i e s  were produced a g a i n s t  homogeneous URO-S 

o b t a in e d  from gel  s l i c e s  f o l l o w i n g  SDS-PAGE o f  t he  p o s t - S e p h a d e x  G-100 

enzyme p r e p a r a t i o n .  The gel  s l i c e s  were p u l v e r i z e d  and suspended in an 

emuls ion wi th  F r eu n d ' s  comple te  a d j u v an t .  Four i n j e c t i o n s ,  each c o n t a i n ­

i n g  a b o u t  2 pg o f  enzyme p r o t e i n ,  were a d m i n i s t e r e d  s u b c u ta n e o u s l y  a t  

two week i n t e r v a l s  and then t h e  mice were b l ed  t he  f o l l o w i n g  week.  For  

immunoblot  s t u d i e s ,  a l i q u o t s  o f  t he  pos t -Sephadex  G-100 p r e p a r a t i o n  were 

s u b j e c t e d  t o  SDS-PAGE in 1.5  mm s l a b  g e l s  ( 31 ) .  A f t e r  e l e c t r o p h o r e s i s ,  

t h e  p r o t e i n s  were  e l e c t r o b l o t t e d  (70 v o l t s ,  90 min) onto a n i t r o c e l l u ­

los e  membrane in t r a n s f e r  b u f f e r ,  0 . 025  M T r i s - 0 . 1 9  M g l y c i n e ,  pH 8 . 3 ,  

c o n t a i n i n g  20% m e t h a n o l  ( 3 8 ) .  The n i t r o c e l l u l o s e  membrane was blocked 

wi th PBS-BLOTTO (39) and inc uba t ed  f o r  16 h a t  4°C wi th  t he  mouse a n t i -  

human URO-S a n t i  s e r um (2 pi in 1 ml o f  PBS-BLOTTO). The bound an t i body  

was d e t e c t e d  wi th V e c t a s t a i n  ABC.

P u r i f i c a t i o n  o f  URO-S.

Al l  p u r i f i c a t i o n  p r o c e d u r e s  were c a r r i e d  ou t  a t  4°C. Potass ium phos­

pha t e  b u f f e r s  ( m o l a r i t i e s  s p e c i f i e d  in t he  t e x t )  o f  pH 7 . 0  (A b u f f e r s )  

o r  pH 8 . 0  (B b u f f e r s )  a l l  c o n t a i n e d  1 mM d i t h i o t h r e i t o l  (DTT), 0 . 1  pM 

p h e n y l m e t h y l s u l f o n y l f l u o r i d e  (PMSF), and 0.02% sod i um a z i d e .  O u t d a t e d
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human red blood c e l l s  were p r epa red  and hemolyzed as d e s c r i b e d  p r e v i o u s ­

l y  (26) .  The r e s u l t a n t  s u p e r n a t a n t  f rom 5 l i t e r s  o f  p a c k e d  c e l l s  was 

d i a l y z e d  a g a i n s t  25 l i t e r s  o f  w a t e r  f o l l o w e d  by 25 l i t e r s  o f  5 mM 

b u f f e r  A ( i . e . ,  po t a ss ium phosphate  b u f f e r ,  pH 7 . 0 ,  c o n t a i n i n g  1 mM DTT, 

0 . 1  pM PMSF, 0.02% sodium a z i d e ) .

D E A E - c e l l u l o s e  chromatography.  A 10 x 25 cm column o f  DEAE-cel lulose 

was used f o r  t he  ba t ch  s e p a r a t i o n  o f  t h r e e  c y t o s o l i c  enzymes in the  heme 

b i o s y n t h e t i c  pathway.  The column c o n t a i n i n g  ap p r ox i ma t e l y  two l i t e r s  o f  

DEAE-cel lulose was t h o ro ug h l y  e q u i l i b r a t e d  wi th 5 mM b u f f e r  A and t h e n  

t h e  d i a l y z e d  e r y t h r o c y t e  h e m o l y s a t e  was pumped on to  t he  s u p po r t  a t  a 

f low r a t e  o f  10 m l / m i n .  The column was washed u n t i l  t h e  e l u a t e  was 

c l e a r  ( two bed volumes o f  5 mM b u f f e r  A).  HMB-S, URO-S, and ALA-D were 

e l u t e d  ba t chwi se  by 2 . 5 ,  6 , and 2 bed volumes o f  5 mM b u f f e r  A c o n t a i n ­

ing 0 . 08  M, 0 . 12  M and 0 . 24  M NaCl, r e s p e c t i v e l y .

H y d r o x y a p a t i t e  c h r o m a t o g r a p h y .  The f r a c t i o n s  c o n t a i n i n g  URO-S 

a c t i v i t y  were pooled and pumped a t  2 ml /min onto  a h y d r o x y a p a t i t e  column 

(5 x 40 cm) e q u i l i b r a t e d  w i t h  5 mM b u f f e r  A c o n t a i n i n g  0 . 12  M NaCl. 

A f t e r  washing wi th  two bed vo l umes  o f  5 mM b u f f e r  A, t h e  enzyme was 

e l u t e d  w i t h  a 4 l i t e r ,  5 t o  100 mM b u f f e r  A g r a d i e n t .  Those f r a c t i o n s  

t h a t  had URO-S a c t i v i t y  were pooled and c o n c e n t r a t e d  to  about  100 ml by 

u l t r a f i l t r a t i o n  us ing  an Amicon YM-10 membrane.

P h e n y l - S e p h a r o s e  c h r oma t ogr aphy .  The above c o n c e n t r a t e d  s o l u t i o n  was 

a d j u s t e d  wi th an a p p r o p r i a t e  volume o f  s a t u r a t e d  ammonium s u l f a t e  (SAS) 

s o l u t i o n  so t h a t  t h e  f i n a l  s o l u t i o n  c o n t a i n e d  ammonium s u l f a t e  a t  45%
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( v / v )  o f  s a t u r a t i o n .  The r e s u l t a n t  p r o t e i n  p r e c i p i t a t e  was removed by 

c e n t r i f u g a t i o n  a t  12,000 x g f o r  30 min,  and t he  s u p e r n a t a n t  was pumped 

( 1 . 0  m l / m i n )  o n t o  a pheny l -Sepha rose  column ( 1 . 5  x 40 cm) e q u i l i b r a t e d  

wi th 45% SAS/20 mM b u f f e r  B ( i . e . ,  20 mM p o t a s s i u m  p h o s p h a t e  b u f f e r ,  

pH 8 . 0 ,  c o n t a i n i n g  1 mM DTT, 0 . 1  pM PMSF, and 0.02% sodium a z i de )  ( v / v ) .  

The enzyme was e l u t e d  wi th  a 1,400 ml g r a d i e n t  o f  45% t o  0% SAS/20 mM 

b u f f e r  B. F r a c t i o n s  c o n t a i n i n g  URO-S a c t i v i t y  (about  5% of  s a t u r a t i o n )  

were pooled and c o n c e n t r a t e d  t o  2 ml as d e s c r ib e d  above.

Gel f i l t r a t i o n  c h r oma t o g r ap h y .  The c o n c e n t r a t e d  enzyme s o l u t i o n  was 

a pp l i e d  to  a Sephadex G-100 s u p e r f i n e  column ( 2 . 5  x 80 cm) which had 

been e q u i l i b r a t e d  wi th 20 mM b u f f e r  B c o n t a i n i n g  0 . 1  M KC1. A s low f low 

r a t e  ( 0 .1  ml /min)  was c o n t r o l l e d  by a p e r i s t a l i c  pump,  and f r a c t i o n s  

c o n t a i n i n g  t h e  e n z y m a t i c  a c t i v i t y  were pooled and c o n c e n t r a t e d  immedi­

a t e l y .

R e v e r s e d  phase  high per formance l i q u i d  chromatography.  A Vydac C4 r e ­

ver sed  phase column was used to  s e p a r a t e  t r y p t i c  p e p t i d e s  on a Wat er s  

A s s o c i a t e s  840 HPLC system which inc luded  a D i g i t a l  PRO 350 system con­

t r o l l e r ,  WISP sample p r o c e s s o r ,  model 5000A HPLC pumps and a model  441 

UV s p e c t r o p h o t o m e t e r . P r o t e i n s  were  s e p a r a t e d  by a H20 / a c e t o n i t r i l e  

g r a d i e n t  as  d e s c r i b e d  in t he  l egend f o r  Fig 5. A l i q u o t s  o f  t h e  c o n c e n ­

t r a t e d  p o s t - S e p h a d e x  G-100 enzyme (50 to  1000 pg) were i n j e c t e d  and UV 

absorbance  was m o n i t o r e d  a t  214 and 280 nm. The peak  f r a c t i o n s  were 

c o n c e n t r a t e d  by e v a p o r a t i o n  o f  t he  a c e t o n i t r i l e  under  a s t r eam of  d ry  

n i t r o g e n  and c e n t r i f u g a l  u l t r a f i l t r a t i o n  u s i n g  a C e n t r i c o n  10 m i c r o ­

c o n c e n t r a t o r .
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RESULTS

P u r i f i c a t i o n  o f  Uroporphyr inogen I I I  Synthase

T a b l e  I s u mm a r i ze s  t h e  r e s u l t s  o f  a r e p r e s e n t a t i v e  p u r i f i c a t i o n  of  

URO-S from 5 l i t e r s  o f  o u t d a t e d  human e r y t h r o c y t e s .  The enzyme was p u r i ­

f i e d  a b o u t  7 0 , 0 0 0 - f o l d  w i t h  a y i e l d  o f  8 % a f t e r  g e l  f i l t r a t i o n .  The 

i n i t i a l  p r e p a r a t i v e  DEAE-ce l 1u l o s e  c h r o m a t o g r a p h i c  s t e p  e f f i c i e n t l y  

removed t h e  h e m o g l o b i n  and s e p a r a t e d  the  t h r e e  c y t o s o l i c  heme b i o s y n ­

t h e t i c  enzymes,  ALA-D, HMB-S and URO-S ( F i g .  2 ) .  By a mi no r  m o d i f i ­

c a t i o n  o f  t h i s  s t e p ,  u roporphyr inogen  de c a r boxy l a s e  (URO-D) a l s o  can be 

i s o l a t e d  from t h e  e r y t h r o c y t e  l y s a t e  ( 4 0 ) ,  t h e r e b y  p r o v i d i n g  a common 

source  o f  a l l  f ou r  human c y t o s o l i c  heme b i o s y n t h e t i c  enzymes.  URO-S was 

p u r i f i e d  ap p r o x i ma t e l y  75 - f o l d  wi th a r e c o ve r y  o f  about  40%. A b s o r p t i o n  

c h r o m a t o g r a p h y  on h y d r o x y a p a t i t e  p e r mi t t ed  d i r e c t  a p p l i c a t i o n ,  w i t hou t  

p r i o r  c o n c e n t r a t i o n ,  o f  t he  10 l i t e r  DEAE-cel 1 u l o s e  e l u a t e  c o n t a i n i n g  

URO-S a c t i v i t y .  S a t u r a t e d  ammonium s u l f a t e  was added  t o  t h e  p o s t -  

h y d ro x y a p a t i t e  f r a c t i o n  t o  45% o f  s a t u r a t i o n  ( v / v )  t o  remove l o w e r  m o l ­

e c u l a r  weight  p r o t e i n s  and to promote b i nd i ng  t o  t he  hydrophobic  p h e n y l - 

Sepharose s u p p o r t .  The s u p e r n a t a n t  was then c h r o m a t o g r a p h e d  on p h e n y l - 

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

(peak e l u t e d  a t  about  5% o f  s a t u r a t i o n ) ,  r e s u l t i n g  in a 6 - f o l d  p u r i f i c a ­

t i o n  o f  URO-S wi th  ove r  80% r e c o v e r y .  The gel  f i l t r a t i o n  s t e p ,  shown in 

F i g .  3,  r emoved a m a j o r  p r o t e i n  con t aminan t  o f  Mr  -v, 67 ,000,  r e s u l t i n g  

in a 4 0 - f o l d  p u r i f i c a t i o n  o f  URO-S w i t h  a s p e c i f i c  a c t i v i t y  o f  

338,000 U/mg, as de t e rmined  by t h e  coupled-enzyme a s s a y .

For t h e  l a s t  s i x  enzyme p u r i f i c a t i o n s ,  t he  s p e c i f i c  a c t i v i t i e s  o f  t h e  

p o s t - S e p h a d e x  G-100 p r e p a r a t i o n s  r a n g e d  from 145,000 t o  350,000 U/mg 

wi th y i e l d s  o f  a p p r o x i m a t e l y  8 t o  40%. In e a c h  o f  t h e  f i n a l  p r epa r a -



82

TABLE I

P u r i f i c a t i o n  o f  URO-S from human e r y t h r o c y t e s

The r e s u l t s  r e p r e s e n t  t y p i c a l  v a l u e s  f o r  p u r i f i c a t i o n  o f  t h e  enzyme 
from 5 l i t e r s  of  packed e r y t h r o c y t e s .  See t e x t  f o r  d e t a i l s .

Step Volume
Total

A c t i v i t y
S p e c i f i c
A c t i v i t y P u r i f i c a t i o n Yield

ml U U/mg f o l d %

Ery t h ro c y t e  
Hemolysate

19,500 4 , 310 , 000 4 . 9 1 100

DEAE-Cellulose 10 ,000 1 , 710,000 363 74 40

Hydroxyapa t i t e 565 603,000 1,420 290 14

(NH4 ) 2 S04/
Phenyl -Sepharose

166 497,000 8,810 1,800 12

Sephadex G-100 26 352,000 338,000 69,000 8
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Fi gure  2 : R e s o l u t i o n  o f  ALA-D, HMB-S and URO-S from human e r y t h r o c y t e s

by DEAE-cel lulose chromatography.  F r a c t i o n s  (400 ml) were c o l l e c t e d  

and assayed f o r  p r o t e i n  c o n c e n t r a t i o n  ( ■ — ■ )  and each e n z y m a t i c  

a c t i v i t y :  ALA-D (▲----- A) ,  HMB-S ( ■ ------ ■ ) ,  and URO-S (0----- 0).
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Fi gure  3 ; E l u t i o n  p r o f i l e  of  URO-S from human e r y t h r o c y t e s  on Sephadex 

G-100 .  Note  t h a t  a m a j o r  p r o t e i n  c o n t a m i n a n t  (Mr  -v, 67,000)  was 

s e p a r a t e d  from URO-S. P r o t e i n  c o n c e n t r a t i o n  ( ■ — 0 ) ;  URO-S a c t i v -



UROPORPHYRINOGEN I I  COSYNTHASE ACTIVITY (2H/I) 

O -P oo w o>

PROTEIN' (mg/ml) ■------ <
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t i o n s ,  two p r o t e i n  bands  (Mr  ^  32 ,000 and 29,500)  wi th  s i m i l a r  i n t e n s -  

t i e s  were c o n s i s t e n t l y  obse rved  by a n a l y t i c a l  SDS-PAGE (Fig .  4,  l ane  2) .  

When t h e s e  two p r o t e i n s  were  r e s o l v e d  by C4 - r e v e r s e d  p h a s e  HPLC 

( Fig .  5 ) ,  one (peak 2) r e t a i n e d  about  20% o f  t he  a p p l i e d  URO-S a c t i v i t y  

and m i g r a t e d  as  a s i n g l e  s p e c i e s  on a n a l y t i c a l  SDS-PAGE wi th  a Mr  ^ 

29,500 (F i g .  4,  l ane  4 ) .  These two p r o t e i n s  a l s o  were  c a r e f u l l y  e l e c ­

t r o e l u t e d  a f t e r  SDS-PAGE, d i g e s t e d  wi th TPCK- t ryps in , and t he  r e s u l t a n t  

p e p t i d e s  s e p a r a t e d  by C4 - r e v e r s e d  phase HPLC. As shown in F ig .  6 , t he  

p e p t i d e  p r o f i l e s  o f  t he  two p r o t e i n s  were d i s t i n c t l y  d i f f e r e n t .  Immuno- 

b l o t s  o f  t h e  pos t -Sephadex  G-100 p r e p a r a t i o n  inc uba t ed  wi th  mouse a n t i ­

human URO-S a n t i b o d i e s  r a i s e d  a g a i n s t  t h e  e l e c t r o e l u t e d  2 9 . 5K p r o t e i n  

d i d  n o t  show c r o s s - r e a c t i v i t y  wi th t he  32K p r o t e i n  ( F i g .  7 ) .  F u r t h e r ­

more,  t he  same 2 9 . 5K p r o t e i n  was r ecogn i zed  by an t i - URO- S  in c r u d e  e x ­

t r a c t s ,  d e m o n s t r a t i n g  t h e  l ack  o f  p r o t e o l y t i c  p r o ce s s i n g  o f  t h i s  enzyme 

( d a t a  no t  shown).

P u r i t y .

The pos t  Sephadex G-100 p r e p a r a t i o n  was c o m p l e t e l y  f r e e  o f  HMB-S a c t i v -  

t y .  The s p e c i f i c  a c t i v i t y  o f  t h i s  m a t e r i a l  was 3 3 8 , 0 0 0  U/mg ( c o u p l e d -  

enzyme a s s a y )  when t h e  c o n t ami n a t i n g  32K band was p r e s e n t  in a s i m i l a r  

c o n c e n t r a t i o n .  Thus,  t he  e s t i m a t e d  s p e c i f i c  a c t i v i t y  o f  URO-S in t h e  

p o s t - S e p h a d e x  G-100 p r e p a r a t i o n  was a b o u t  6 7 5 , 0 0 0  U/mg.  A n a l y t i c a l  

SDS-PAGE o f  t he  post-HPLC peak 2 (F i g .  5) r e v e a l e d  o n l y  one band ( 2 9 . 5K) 

when s t a i n e d  wi th  Coomassie Blue R250 (F i g .  4,  l ane  4 ) .
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F i g u r e  4 : SDS-PAGE o f  p e a k s  r e s o l v e d  by r e v e r s e d  phase HPLC. Lane 1,

m o l e c u l a r  w e i g h t  s t a n d a r d s :  p hos pho r y l a s e  b (Mr  = 9 4 , 0 00 ) ,  bovine 

serum a l bumi n  (Mr  = 6 7 , 0 0 0 ) ,  o v a l b u m i n  (Mr  = 4 3 , 0 0 0 ) ,  c a r bon i c  

a n h y d r a s e  (Mr  = 3 0 , 0 0 0 ) ,  soybean t r y p s i n  i n h i b i t o r  (Mr  = 2 0 , 1 0 0 ) ,  

and a - l a c t a l b u m i n  (Mr  = 14 , 400) .  Lane 2 ,  pos t -Sephadex  G-100 p r e ­

p a r a t i o n  o f  URO-S (4 pg;  9 7 , 0 0 0 - f o l d  p u r i f i e d ) ;  Lanes 3 t o  6 , HPLC 

p e a k s  1 ,  2 ,  3 ,  and 4 ,  r e s p e c t i v e l y  (2 pg e a c h ) .  See t e x t  f o r  

d e t a i  I s .
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Fi gu r e  5 : Re s o l u t i o n  o f  URO-S by r e v e r s e d  phase  HPLC. URO-S (400 pg of

t h e  pos t -Sephadex  G-100 p r e p a r a t i o n )  was chromatographed on a Vydac 

C4 r e v e r s e d  phase  column which had been e q u i l i b r a t e d  wi th  a mobi le  

phase  o f  70% s o l u t i o n  A (100% w a t e r  w i t h  0.05% t r i f l u o r o a c e t i c  

a c i d )  and 30% s o l u t i o n  B (80% a c e t o n i t r i l e ,  20% water  wi th 0.05% 

t r i f l u o r o a c e t i c  a c i d ) .  Se q u e n t i a l  g r a d i e n t s  were app l i ed  a t  a f l o w  

r a t e  o f  0 . 7  m l / m i n :  30 t o  45% s o l u t i o n  B over  20 min,  45 t o  55% 

s o l u t i o n  B o v e r  60 m i n ,  and 55% t o  60% s o l u t i o n  B o v e r  15 mi n .  

P r o t e i n  c o n c e n t r a t i o n  was moni to red  by t h e  absorbance  a t  214 nm and 

peak f r a c t i o n s  were  a s s a y e d  f o r  URO-S a c t i v i t y .  Note  t h a t  o n l y  

peak 2 had URO-S a c t i v i t y .
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Fi gu r e  6 ; P r o f i l e s  o f  t r y p t i c  p e p t i d e s  r e s o l v e d  by r e v e r s e d  phase  HPLC. 

The 2 9 . 5K and 32K p r o t e i n s  in t h e  pos t -Sephadex G-100 f r a c t i o n  were 

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

w i t h  t r y p s i n  and c h r o m a t o g r a p h e d  on a Vydac C4 r e v e r s e d  p h a s e  

column which had been e q u i l i b r a t e d  wi th  s o l u t i o n  A (100% wa t e r  wi th 

0.05% t r i f  1 u o r o a c e t i c  a c i d ) .  A 2 h l i n e a r  g r a d i e n t  f rom 0 t o  50% 

s o l u t i o n  8 (80% a c e t o n i t r i l e ,  20% wate r  wi th  0.05% t r i f l u o r o a c e t i c  

a c i d )  a t  a f l o w  r a t e  o f  0 . 7  ml /min was used t o  s e p a r a t e  t h e  pep­

t i d e s .  The e l u a t e  was moni tored by absorbance  a t  214 nm. (A) 32K 

p r o t e i n ,  0 .55  mg/ml,  200 pi a p p l i e d ;  (B) 2 9 . 5K p r o t e i n ,  0 . 30  mg/ml,  

200 pi  a p p l i e d ;  and (C) c o n t r o l  t r y p t i c  d i g e s t i o n  w i t h o u t  added 

p r o t e i n ,  200 pi a p p l i e d .
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Fi gu r e  7 : Immunoblot  o f  p u r i f i e d  URO-S. (A) SDS-PAGE o f  p u r i f i e d

URO-S. Lanes  1 and 3 ,  mo l ecu l a r  weight  s t a n d a r ds  (Mr  v a l ue s  i n d i ­

c a t e d ) ;  l anes  2 and 4 con t a i ned  2 . 5  and 5 pg of  pos t -Sephadex  G-100 

URO-S, r e s p e c t i v e l y .  (B) F o l l o w i n g  e l e c t r o p h o r e s i s ,  t h e  p r o t e i n s  

were t r a n s f e r r e d  t o  n i t r o c e l l u l o s e ,  t r e a t e d  w i t h  mouse a n t i - h u m a n  

URO-S a n t i s e r u m ,  and t h e n  v i s u a l i z e d  w i t h  a b i o t i n y l a t e d  second 

a n t i b o d y - a v i d i n  p e r o x i d a s e  complex.  Note t h a t  o n l y  t h e  2 9 . 5K p r o ­

t e i n  was v i s u a l i z e d .  N o n - s p e c i f i c  b a n d s  55 t o  60K) were  

observed in a l l  f o u r  l a n e s .
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Molecular  Weight D e t e r m i n a t i o n s .

The a p p a r e n t  m o l e c u l a r  weight  o f  t he  n a t i v e  enzyme was 30K as d e t e r ­

mined by gel  f i l t r a t i o n  on Sephadex G-100 (F ig .  8A).  When s u b j e c t e d  t o  

SDS-PAGE, t h e  d e n a t u r e d  enzyme had a m o l e c u l a r  w e i g h t  o f  2 9 . 5K 

(F i g .  8B). These r e s u l t s  a r e  c o n s i s t e n t  wi th URO-S be i ng  a monomer.

Amino Acid Composi t ion and N-Terminal  Amino Acid Sequence .

Table I I  summarizes t he  r e s u l t s  o f  t he  amino ac i d  compos i t i on  a n a l y s i s  

o f  t he  homogeneous enzyme.  Hydrophobic r e s i d u e s  ( a r o m a t i c ,  l i e ,  Leu, Met 

and Val )  c o n s t i t u t e d  about  30% o f  t he  amino a c i d  compos i t i on .  When the  

enzyme was s u b j e c t e d  t o  ga s - p h a s e  m i c r o s e q u e n c i n g ,  t h e  N - t e r m i n u s  was 

no t  blocked and t he  f i r s t  s i x  c y c l e s  r ev e a l e d  the  sequence ,  Met -Lys-Val -  

Leu-Leu-Leu.

I s o e l e c t r i c  F oc u s in g .

A s i n g l e  i s o e l e c t r i c  p o i n t  o f  5 . 5  was o b t a i n e d  when the  enzyme was 

s u b j e c t e d  t o  f l a t b e d  i s o e l e c t r i c  f o cu s in g  us ing  pH 4 . 0  t o  6 . 5  Pharmalyte 

( d a t a  n o t  shown).  This r e s u l t  was c o n s i s t e n t  wi th  t he  enzyme' s  behav i o r

on DEAE-cel lu lose ,  e l u t i n g  between HMB-S and ALA-D which  have  i s o e l e c ­

t r i c  p o i n t s  o f  6 . 2  t o  6 . 8  and 4 . 9 ,  r e s p e c t i v e l y  ( 1 0 , 2 6 ) .

T h e r m o s t a b i l i t y  o f  URO-S.

I n a c t i v a t i o n  o f  URO-S was c a r r i e d  out  in 1 mg/ml bovine  serum albumin 

to  avoid URO-S d e n a t u r a t i o n  due t o  low p r o t e i n  c o n c e n t r a t i o n .  The h a l f -  

l i v e s  o f  i n a c t i v a t i o n  a t  3 7 ° ,  45°  and 60°C were  30 ,  4 and 1 mi n ,  

r e s p e c t i v e l y  (F i g .  9 ) .
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Fi gu r e  8 ; D e t e r mi n a t i o n  of  t h e  n a t i v e  and s ub u n i t  mol ecu l a r  we i gh t s  of  

URO-S f rom human e r y t h r o c y t e s  by (A) gel  f i l t r a t i o n  chromatography 

and (B) SDS-PAGE. Note t h a t  URO-S had e s s e n t i a l l y  t h e  same n a t i v e  

and subun i t  mo l ec u l a r  we i gh t s .  See t e x t  f o r  d e t a i l s .
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TABLE I I

Amino a c i d  compos i t i on  o f  URO-S from human e r y t h r o c y t e s

Amino Acid
m o l / 2 9 , 500 g 

o f  p r o t e i n 3
Neares t  i n t e r g e r /  

29,500 g o f  p r o t e i n

Asx 20.4 20

Thr 1 5 . 3b 15
Ser 2 6 . 5b 27
Glx 35.0 35
Pro 17.8 18

Gly 2 1 .6 22

Ala 26.1 26
Val 13. 5C 14
Met 1.7 2

H e 1 5 . 0C 15

Leu 34. l c 34

Tyr 9.2 9

Trp 4 . 6 5

Phe 8 . 3 8

His 4 . 3 4
Lys 16.7 17

Arg 7.1 7

Cys 7 . 3d 7

aAverage o f  48 and 72 h h y d r o l y s e s .

b E x t r a p o l a t ed  to  t 0 from 24,  48 and 72 h h y d r o l y s e s .

c 72 h h y d r o l y s i s  va l ue  o n l y .  

d24 h pe r fo rmi c  ac i d  o x i d a t i o n .
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Fi gu r e  9 : T h e r m o s t a b i l i t y  o f  p u r i f i e d  URO-S from human e r y t h r o c y t e s .

The r e m a i n i n g  a c t i v i t i e s  we re  e x p r e s s e d  as  p e r c e n t  o f  i n i t i a l  

a c t i v i t y .  A l i q u o t s  o f  pos t -Sephadex  G-100 p u r i f i e d  URO-S (180 U) 

we r e  i n c u b a t e d  i n  t h e  p r es ence  o f  1 mg/ml o f  bovine  serum albumin 

a t  v a r i o u s  t e m p e r a t u r e s .  A l i q u o t s  were removed a t  t i m e d  i n t e r v a l s  

f o r  as say .
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E f f e c t  o f  pH on Enzyme A c t i v i t y .

The pH c u r v e s  in 0 . 0 5  M T r i s - m a l a t e  c o n t a i n i n g  0 . 1  M NaCl, 0 . 05  M 

Tris-HCl c o n t a i n i n g  0 . 15  M KC1 and 0 .05  M B i s - T r i s - p r o p a n e  c o n t a i n i n g  

0 . 1 5  M KC1 were  b r o a d ,  w i t h  an optimum a t  about  pH 7.4  (F i g .  10) .  The 

absence o f  0 .15  M KC1 o r  0 . 1  M NaCl d id  not  a l t e r  t he  pH curve ( da t a  not  

shown) .

Monovalent  and Di va l en t  Cat ion A c t i v a t i o n  o f  URO-S.

The monovalent  c a t i o n s ,  Na+ and K+, a c t i v a t e d  URO-S a c t i v i t y  more than 

2 - f o l d  (Table I I I ) .  Both ions  e x h i b i t e d  s i m i l a r  h y p e r b o l i c  s a t u r a t i o n  

c u r v e s  w i t h  maximal  a c t i v a t i o n  a t  a b o u t  150 mM, t h e  c o n c e n t r a t i o n  o f  

p o t a s s i u m  in e r y t h r o c y t e s . Mg++ and Ca++ a l s o  s i g n i f i c a n t l y  a c t i v a t e d  

URO-S; however ,  a d d i t i o n a l  a c t i v a t i o n  did  no t  occur  in  t h e  p r e s e n c e  o f  

150 mM K+ ( T a b l e  I I I ) .  Pb++, Sn++, and Co++ had l i t t l e  e f f e c t  on e n z y ­

mat i c  a c t i v i t y  a t  t he  c o n c e n t r a t i o n s  t e s t e d .  Notably ,  Pb++ had no e f f e c t  

on URO-S a c t i v i t y  a t  a c o n c e n t r a t i o n  which markedly  i n a c t i v a t e d  p u r i f i e d  

HMB-S from human e r y t h r o c y t e s  (10) .

I n h i b i t i o n  o f  URO-S by M e t a l s .

URO-S a c t i v i t y  was markedly  i n h i b i t e d  by 1 pM HgCl2 - At 10 pM concen­

t r a t i o n s ,  Cd C12 » CuCl2 , and ZnCl 2 a l s o  were  s t r o n g  i n h i b i t o r s  

( T a b l e  I I I ) .  F e C l 2 , FeCl3 arid MnCl2 appeared to  be i n h i b i t o r y ,  however 

a n a l y s i s  o f  t he  HPLC a s s ay  p r o f i l e s  r ev e a l e d  dec r e ase d  or  abs en t  u ro p o r ­

p h y r i n  I and u r o p o r p h y r i n  I I I ,  s u g g e s t i n g  t h a t  t h e s e  m e t a l s  e i t h e r  

d i r e c t l y  a l t e r e d  HMB o r  t he  u r o p o r p h y r i n ( o g e n )  i s o m e r s .  EDTA (1 mM) 

s l i g h t l y  a c t i v a t e d  URO-S a c t i v i t y .



104

Fi gu r e  1 0 : E f f e c t  o f  pH. URO-S a c t i v i t y  was de t e rmined as d e s c r i b e d

u n d e r  " E x p e r i m e n t a l  Procedures"  over  t h e  pH r ange  from 5 . 8  t o  9 . 5  

us ing  0 .05 M T r i s - m a l a t e  c o n t a i n i n g  0 . 1  M NaCl ( V  ) ,  0 . 0 5  M T r i s  

c o n t a i n i n g  0.15 M KC1 ( A  ) and 0 . 05  M B i s - T r i s - p r o p a n e  c o n t a i n i n g

0 .15 M KC1 ( • ) .  The pH was m e a s u r e d  a t  25°C i n  t h e  f i n a l  a s s a y  

m i x t u r e .  The a c t i v i t i e s  a r e  e x p r e s s e d  as p e r ce n t  o f  t h e  maximal 

va l ue  f o r  each b u f f e r .
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TABLE I I I

E f f e c t s  o f  v a r i o u s  compounds on URO-S a c t i v i t y

106

Compound Conc e n t r a t i on Percen t  o f  I n i t i a l  
A c t i v i t y 9

(mM) ( X)

KC1 25 137
50 167

100 210
150 216
200 216

NaCl 25 129
100 209
200 221

MgCl 2 10 172
40 ' 162

KCl/MgCl2 150/5 194
150/20 170

CaCl 2 1 116
10 141
40 92

PbCl 2 0.005 101

Sn Cl 2 0 .01 102

CoCl2 0 .01 101
0 .1 0 112

EDTA 1 .0 113

HgCl 2 0.001 30

CdCl 2 0.005 87
0 .0 1 49

CuCl 2 0 .01 72

ZnCl 2 0 .01 74

FeCl2 1 .0 0
0 .1 98

FeCl 3 1 .0 19
0 . 5 72

MnCl 2 10 .0 6

Ni Cl 2 0 .1 0 91

a Each a s s a y  c o n t a i n e d  50 mM Tr i s -HCl ,  pH 7 . 4 ,  2 pM HMB, and 
100 U o f  p u r i f i e d  URO-S.
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E f f e c t  o f  Thiol  Reagents  and Hydroxylamine.

p - C h l o r o m e r c u r i b e n z o a t e  (20 pM; pCMB) i n h i b i t e d  enzymat i c  a c t i v i t y  by 

about  80% w h i l e  t h e  p r e s e n c e  o f  1 mM DTT p r e v e n t e d  pCMB i n h i b i t i o n  

( T a b l e  IV) .  DTT a l o n e  a c t i v a t e d  t h e  enzyme about  15%. However,  in t he  

p r e s e n c e  o f  0 . 1 5  M KC1, DTT d i d  n o t  i n c r e a s e  t h e  . a c t i v i t y  f u r t h e r .  

Hydroxyl  amine s l i g h t l y  i n c r e a s e d  URO-S a c t i v i t y  a t  high c o n c e n t r a t i o n s  

(20 mM).

Km f o r  HMB.

URO-S a c t i v i t y  was de t e rmined  by the  d i r e c t  HMB a s s a y  in t he  p r esence  

o f  0 . 15  M KC1, 0 . 5  M T r i s - H C l  and v a r y i n g  c o n c e n t r a t i o n s  o f  f r e s h l y  

p r e p a r e d  s y n t h e t i c  HMB. The a p p a r e n t  Km was 5 t o  20 pM. The t u r no v e r  

number e s t i m a t e d  from t he  p u r i f i e d  p r e p a r a t i o n  wi th  t he  h i g h e s t  s p e c i f i c  

a c t i v i t y  was 350 mi n" l .
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TABLE IV

E f f e c t  o f  hydroxylamine and t h i o l  r e a g e n t s  on URO-S a c t i v i t y

E f f e c t o r Concen t r a t i on
Pe r cen t  o f  I n i t i a l  

A c t i v i t y 3

(mM) (%)

Hydroxyl amine 2 0 .0 110

DTT 1.0 117

DTT/KC1 1 . 0 / 150 216b

8 -Mercaptoe thanol 1 .0 107

N-Ethylmaleimide 5.0 63

N-Ethylmaleimide/DTT 5 . 0 / 2 . 5 136

pCMB 0.02 19

pCMB/DTT 0 . 0 2 / 1 . 0 110

a Each a s say  c o n t a i n e d  50 mM Tr i s - HCl ,  pH 7 . 4 ,  2 pM HMB, and 
100 U o f  p u r i f i e d  URO-S.

t*l50 mM KC1 a l one  r e s u l t e d  in 216% o f  i n i t i a l  a c t i v i t y .
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DISCUSSION

The i s o l a t i o n  o f  URO-S from human e r y t h r o c y t e s  r e p r e s e n t s  t h e  f i r s t  

p u r i f i c a t i o n  o f  t h i s  heme b i o s y n t h e t i c  enzyme t o  homogenei ty from any 

s o u r c e .  To f a c i l i t a t e  enzyme 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 ,  i t  was 

n e c e s s a r y  t o  op t i mi z e  a s says  f o r  URO-S. The r e c e n t l y  d e s c r ib e d  coup l ed -  

enzyme a s s a y  o f  Wright  and Lim (29) was modi f i ed  by i n c r e a s i n g  t he  HMB-S 

c o n c e n t r a t i o n  and s h o r t e n i n g  t he  i nc u b a t i o n  p e r io d  in o r d e r  t o  ach i eve  

l i n e a r i t y  wi th  t i me  and p r o t e i n  c o n c e n t r a t i o n .  T h i s  a s s a y  p r o v i d e d  

r e l i a b l e  m o n i t o r i n g  o f  URO-S a c t i v i t y  du r i ng  enzyme p u r i f i c a t i o n .  For 

enzyme c h a r a c t e r i z a t i o n , t h e  d i r e c t  HMB a s s a y  (12) was opt imzed f o r  pH, 

b u f f e r ,  i o n i c  s t r e n g t h ,  and t h e  HPLC s e p a r a t i o n  and q u a n t i t a t i o n  o f  

u roporphyr i n  I I I .  This  a s s a y  p e r m i t t e d  t h e  a c c u r a t e  d e t e r m i n a t i o n  o f  

t he  k i n e t i c  p r o p e r t i e s  o f  human URO-S in t he  absence o f  HMB-S.

In a l l  p u r i f i c a t i o n  p rocedu r e s  per formed to  d a t e ,  a n a l y t i c a l  SDS-PAGE 

r e v e a l e d  the  p r e s ence  o f  two major  p r o t e i n s  o f  29 . 5  and 32K in t he  p o s t -  

Sephadex G-100 URO-S peak.  In o r d e r  t o  de t e rmine  which had URO-S a c t i v ­

i t y  as  w e l l  as  t h e  p o s s i b l e  r e l a t e d n e s s  ( e . g . ,  p r e c u r s o r  or  modi f i ed  

enzyme) o f  t h e s e  c o - p u r i f i e d  p r o t e i n s ,  t he y  were s e p a r a t e d  and c h a r a c ­

t e r i z e d .  Reversed phase HPLC c l e a r l y  r e s o l v e d  t he  two p r o t e i n s ;  o n l y  t he  

2 9 . 5K p r o t e i n  had URO-S a c t i v i t y  ( F i g s .  4 and 5 ) .  When t h e s e  p r o t e i n s  

were s e p a r a t e d  by SDS-PAGE, i n d i v i d u a l l y  e l e c t r o e l u t e d  and then d i g e s t e d  

wi th  t r y p s i n ,  d i s t i n c t  p e p t i d e  p r o f i l e s  were  o b s e r v e d  ( F i g .  6 ) ,  and 

i mmunob l o t s  u s i n g  mouse ant i -human a n t i b o d i e s  r a i s e d  a g a i n s t  t h e  e l e c ­

t r o e l u t e d  2 9 . 5K enzyme p r o t e i n  d id  no t  c r o s s - r e a c t  wi th t he  32K p r o t e i n  

( F i g .  7 ) .  Thus,  t he  p e p t i d e  mapping and immunologic s t u d i e s  demons t r a t ed  

t h a t  t he  c o - p u r i f i e d  p r o t e i n s  d i d  not  c o n t a i n  common p r o t e i n  s e q u e n c e s  

or  a n t i g e n i c  d e t e r m i n a n t s .
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The p u r i f i c a t i o n  o f  URO-S p r o v i d e d  t h e  o p p o r t u n i t y  to compare i t s  

p h y s i c o k i n e t i c  p r o p e r t i e s  t o  t hos e  o f  t he  o t h e r  c y t o s o l i c  heme b i o s y n ­

t h e t i c  e n z y m e s ,  s i n c e  a l l  f o u r  now have  been p u r i f i e d  t o  homogenei ty 

f rom human e r y t h r o c y t e s  (Table V). Molecular  weigh t  e s t i m a t e s  o f  URO-S 

were  ^ 30 and 2 9 . 5K by gel  f i l t r a t i o n  and a n a l y t i c a l  SDS-PAGE, r e s p e c t ­

i v e l y ,  i n d i c a t i n g  t h a t  URO-S was a monomeric enzyme l i k e  HMB-S and UR0-

D. The exc e p t i on  was ALA-D, which i s  a homooctamer,  one o f  t he  few known 

in humans (41 ) .  URO-S has been shown t o  be r e m a r k a b l y  t h e r m o l a b i l e , a 

p r o p e r t y  r e c o g n i z e d  f i r s t  by Bogorad and Granick (2)  and s u b s e q u e n t l y  

u sed  as  t h e  b a s i s  t o  d i s t i n g u i s h  and a s s a y  b o t h  HMB-S and URO-S 

( 9 , 1 2 , 2 9 , 4 2 ) .  I t  i s  n o t a b l e  t h a t  among t h e  f ou r  human c y t o s o l i c  heme 

b i o s y n t h e t i c  enzymes,  o n l y  URO-S i s  e x t r e me l y  t h e r m o l a b i l e ,  w h e r ea s  t h e  

o t h e r  t h r e e ,  p a r t i c u l a r l y  HMB-S, a r e  r e l a t i v e l y  t h e r m o s t a b l e  even a t  

60°C. The p i  o f  URO-S was s i m i l a r  t o  t hos e  o f  ALA-D and URO-D, but  HMB-S 

had a va lue  about  1 t o  1 . 5  pH u n i t s  h i g h e r .

I n v e s t i g a t o r s  have r ec ogn i zed  t h e  r a p i d i t y  by which URO-S conve r t s  HMB 

t o  u r o p o r p h y r i n o g e n  I I I  ( 1 , 8 , 9 , 4 2 ) .  However ,  k i n e t i c  s t u d i e s  o f  t he  

enzyme were l i m i t e d  by  t h e  l a c k  o f  homogeneous  enzyme and s u b s t r a t e  

(HMB) f o r  a s s a y s  in  t h e  a b s e n c e  o f  HMB-S. These  o b s t a c l e s  have been 

overcome,  p e r m i t t i n g  compar ison o f  t he  k i n e t i c  p r o p e r t i e s  o f  URO-S w i t h  

t h o s e  o f  t h e  o t h e r  enzymes,  ALA-D, HMB-S and URO-D. The pH vs a c t i v i t y  

curve  f o r  URO-S was b r o a d ,  w i t h  o p t i m a l  a c t i v i t y  o b s e r v e d  a t  a b o u t  

pH 7 . 4 .  The o p t i m a  f o r  ALA-D and URO-D were about  6 . 3  t o  6 . 7  and 6 . 8 ,  

r e s p e c t i v e l y ,  whereas t h a t  f o r  HMB-S was 8 . 2 .  At t h e i r  r e s p e c t i v e  pH 

o p t i m a ,  t h e  Km v a l u e s  f o r  URO-S and HMB-S were s i m i l a r ;  in c o n t r a s t ,  

ALA-D and URO-D had Km v a l u e s  which were an o r d e r  o f  magni tude h i ghe r  

and lower ,  r e s p e c t i v e l y .  However ,  t h e  t u r n o v e r  number  f o r  URO-S was
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TABLE V

Comparison o f  t he  p h y s i c o k i n e t i c  p r o p e r t i e s  o f  t he  human 
c y t o s o l i c  heme b i o s y n t h e t i c  enzymes

P r o p e r ty
ALA-D
(26)

HMB-S
(10)

URO-S URO-D
(40)

Subuni t  Homooctamer 
S t r u c t u r e

Monomer Monomer Monomer

Subuni t  Molec 
u l a r  Weight 35,000 37,000 29,500 46,000

Km (PM) 270 6 5-20 0.35

Turnover  Number 
(mol/mol monomer/min)

11 1.4 350 7.6

pH Optimum 6 . 3 - 6 . 7 8 .2 7 . 4 6 .8

T h e r m o s t a b i l i t y  
(t 1/2 a t  60° ;  min)

30 > 120 1 22 (52°C)

Pi 4 . 9 6 . 2 - 6 . 8 5 . 5 4.6

Hydrophobic 
Residues  % 32 27 30 33

I n h i b i t o r s Fe , Hg, Pb Ca,Cu,Fe Cu,Cd
Hg,Pb

Cu, Hg, Pt 
Hg,Zn

A c t i v a t o r s Zn — Na,K —

Thiol  A c t i va t i o n + + + +
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about  30 t o  250 t i mes  g r e a t e r  than t hos e  f o r  ALA-D, HMB-S and URO-D. The 

a c t i v i t i e s  o f  a l l  t he  human c y t o s o l i c  heme b i o s y n t h e t i c  enzymes  were 

s t r o n g l y  i n h i b i t e d  by pCMB and e n h a n c e d  by t h e  p r e s e n c e  o f  t h i o l  

r ed u c i ng  agen t s  such as DTT, i m p l i c a t i n g  the  impor t ance  o f  r e d u c e d  c y s ­

t e i n e  r e s i d u e ( s )  in t he  a c t i v e  s i t e s .  Al though ALA-D i s  a z i nc  m e t a l l o -  

enzyme. whose a c t i v i t y  i s  enhanced by t h i s  d i v a l e n t  m e t a l  c a t i o n ,  z i n c  

d i d  n o t  i n c r e a s e  t h e  a c t i v i t y  o f  URO-S, HMB-S o r  URO-D. However,  URO-S 

a c t i v i t y  was marked  e n h a n c e d  by  t h e  m o n o v a l e n t  c a t i o n s ,  s od ium and 

p o t a s s i u m ,  c o n s i s t e n t  wi th  t he  p r e v i o u s l y  r e p o r t e d  e f f e c t  o f  sodium on 

t he  p a r t i a l l y  p u r i f i e d  enzyme from human e r y t h r o c y t e s  (16) and r a t  l i v e r  

( 2 3 ) .  Al l  f o u r  enzymes  were  i n h i b i t e d  by Hg. That  hydroxyl  amine and 

l ead  d id  no t  i n h i b i t  URO-S a c t i v i t y  as p r e v i o u s l y  r e p o r t e d  ( e . g . ,  16,22)  

e m p h a s i z e s  t h e  f a c t  t h a t  p r ev i ous  s t u d i e s  o f  URO-S may be e r roneous  i f  

a s s ays  were employed which used HMB-S t o  g e n e r a t e  HMB as s u b s t r a t e  f o r  

URO-S. Th i s  p r o b l e m  has  been  o b v i a t e d  by the  use o f  HMB in t he  d i r e c t  

a s s a y .

The o n l y  o t h e r  s o u r c e  f rom which  URO-S has been p u r i f i e d  i s  Euglena 

g r a c i l i s  ( 14 ) .  I n t e r e s t i n g l y ,  t h i s  enzyme a l s o  was a monomeric p r o t e i n  

w i t h  a s i m i l a r  m o l e c u l a r  weight  (31K by SDS-PAGE and 3 8 . 5K by gel  f i l ­

t r a t i o n ) ,  a s i m i l a r  Km v a l u e  (12  t o  40 pM HMB) and a s l i g h t l y  lower 

i s o e l e c t r i c  p o i n t  ( 4 . 8  t o  5 . 1 ) .

The f a c t  t h a t  t h e  HMB, g e n e r a t e d  by HMB-S, i s  r a p i d l y  me t abo l i zed  to  

u roporphyr inogen  I I I  s u g g e s t s  t h a t  HMB-S and URO-S may be p h y s i c a l l y  

a d j a c e n t .  In f a c t ,  s e v e r a l  i n v e s t i g a t o r s  have s ugges t ed  t h a t  t he  two 

enzymes e x i s t  in a complex ( 4 , 7 , 1 4 , 1 8 , 2 0 , 2 1 , 2 5 ) .  M u t a t i o n s  which  a l t e r  

t h e  i n t e r a c t i o n  o f  HMB-S and URO-S may r e s u l t  in c o n g e n i t a l  e r y t h r o ­

p o i e t i c  p o r p h y r i a .  The a v a i l a b i l i t y  o f  p u r i f i e d  URO-S and HMB-S s h o u l d
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p e r mi t  d e f i n i t i v e  i n v e s t i g a t i o n  o f  t h i s  p o s s i b i l i t y  as wel l  as t he  c h a r ­

a c t e r i z a t i o n  o f  t he  p r e c i s e  mechanism by which PBG i s  c o nv e r t e d  t o  u r o -  

p o r p h y r  i n og e n  I I I  in  humans .  M o r e o v e r ,  i t  i s  i n t r i g u i n g  t o  s p e c u l a t e  

t h a t  a l l  f o u r  c y t o s o l i c  enzymes may f u n c t i o n  in a complex,  t h e r e b y  p e r ­

m i t t i n g  t h e  r a p i d  and e f f i c i e n t  c o n v e r s i o n  o f  6 - a m i n o l e v u l i n i c  a c i d ,  

s y n t h e s i z e d  in t he  mi toc hondr i a  and t r a n s p o r t e d  to  t h e  c y t o s o l ,  t o  c o -  

p r o p o r p h y r  inogen , which then r e t u r n s  to  the  mi t ochondr i a  f o r  conver s ion  

to  heme. Such a c y t o s o l i c  complex would f a c i l i t a t e  the  e f f i c i e n c y  o f  the  

s e q u e n t i a l  r e a c t i o n s  and p r o t e c t  t he  porphyr inogen  i n t e r m e d i a t e s  from 

be ing  o x i d i z e d  to  n o n -m e t ab o l i z a b l e  p o r p h y r i n s .

The a v a i l a b i l i t y  o f  p u r i f i e d  URO-S and t h e  f a c t  t h a t  monospec i f i c  

a n t i b o d i e s  have been produced should  f a c i l i t a t e  e f f o r t s  t o  o b t a i n  cDNA 

c l o n e s  e n c o d i n g  URO-S f o r  c h a r a c t e r i z a t i o n  o f  t h e  s t r u c t u r e ,  o r g a n i z a ­

t i o n ,  chromosomal l o c a l i z a t i o n ,  and e x p r e s s i o n  o f  t h i s  gene ,  as we l l  as  

i n v e s t i g a t i o n  o f  t h e  mo l ecu l a r  d e f e c t s  in u n r e l a t e d  f a m i l i e s  wi th con­

g e n i t a l  e r y t h r o p o i e t i c  p o r p h y r i a .
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Chapter Three

MOLECULAR CLONING AND SEQUENCING OF A FULL-LENGTH 

cDNA ENCODING HUMAN UROPORPHYRINOGEN I I I  SYNTHASE
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ABSTRACT

Uroporphyr inogen I I I  s y n t h a s e  (URO-S) c a t a l y z e s  t h e  f o rmat ion  o f  t he  

c y c l i c  t e t r a p y r r o l e ,  u r o p o r p h y r i n o g e n  (URO'gen)  I I I ,  f rom t h e  l i n e a r  

t e t r a p y r r o l e ,  hydroxymet hy l o i l ane  (HMB). The d e f i c i e n c y  of  URO-S i s  t he  

b iochemica l  d e f e c t  in c o n g e n i t a l  e r y t h r o p o i e t i c  po r ph y r i a  (CEP) .  URO-S 

f rom human e r y t h r o c y t e s  has  been p u r i f i e d  t o  homogenei ty (Tsai  e t  a l . 

J .  Bio l .  Chem. 262:1268-1273,  1987) and,  amino a c i d  s e q u e n c e s  f o r  t h e  

N - t e r m i n a l  and t r y p t i c  p e p t i d e s  were  d e t e r m i n e d .  S y n t h e t i c  o l i g o ­

n u c l e o t i d e  mi x t u r e s  were c o n s t r u c t e d  t o  r e g i o n s  of  amino a c i d  s e q u e n c e  

w i t h  mi n i ma l  codon r e d u n d a n c y  and were  us ed  t o  s c r e e n  a human a d u l t  

l i v e r  cDNA l i b r a r y .  Eight  p o s i t i v e  c l ones  were i s o l a t e d  from a t o t a l  o f

1 . 2  x 1 0 ^ r e c o m b i n a n t s  s c r e e n e d .  Of t h e s e ,  one  c l o n e ,  d e s i g n a t e d  

pURO-S 2 ,  had an i n s e r t  of  ^  1 .3  kb which c o n t a i n e d  5'  and 3'  u n t r a n s ­

l a t e d  sequences  o f  196 and 284 bp,  r e s p e c t i v e l y .  An open r e a d i n g  f r a m e  

o f  798 op was i d e n t i f i e d ,  which encoded a p r o t e i n  of  265 amino a c i d s ,  

wi th  a mol ecu l a r  weight  o f  28 , 607.  The f a c t  t h a t  t h e s e  c l ones  c o n t a i n e d  

t h e  comple te  message encoding URO-S was s uppor t ed  by c o l i n e a r i t y  o f  t he  

p r e d i c t e d  amino a c i d  s e q u e n c e  w i t h  86  r e s i d u e s  d e t e r m i n e d  by m i c r o ­

s e q u e n c i n g  t h e  p u r i f i e d  enzyme,  i n c l u d i n g  41 N- terminal  amino a c i d s .  

N o r t h e r n  h y b r i d i z a t i o n  o f  poly(A+ ) RNA r e v e a l e d  a 1 . 3  kb t r a n s c r i p t  in 

normal human c u l t u r e d  lymphob l as t s .  The mo l ec u l a r  c l on i ng  and s e q u e n c ­

ing o f  a f u l l - l e n g t h  cDNA f o r  URO-S should f a c i l i t a t e  t h e  s t u d i e s  of  t h e  

s t r u c t u r e ,  o r g a n i z a t i o n  and e x p r e s s i o n  of  t h i s  human heme b i o s y n t h e t i c  

g e n e .  In a d d i t i o n ,  t h e  a v a i l a b i l i t y  o f  t h e  URO-S cDNA w i l l  p e r m i t  

l o c a l i z a t i o n  of  t h e  s t r u c t u r a l  gene f o r  URO-S as  w e l l  as  t h e  i n v e s t i ­

g a t i on  of  t h e  mol ecu l a r  n a t u r e  of  t h e  g e n e t i c  l e s i o n s  in CEP.
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INTRODUCTION

Heme i s  an e s s e n t i a l  pigment  o f  l i f e  and forms t h e  p r o s t h e t i c  group 

of  t h e  hemoglobin and cytochromes .  An i mpor t an t  s t e p  in t h e  f o r m a t i o n  

o f  heme i s  t h e  s y n t h e s i s  o f  URO'gen I I I ,  which i s  c a t a l y z e d  by URO-S, 

t h e  f o u r t h  enzyme in t h e  heme b i o s y n t h e t i c  p a t h wa y .  T h i s  enzyme i s  

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

b i l a n e  (HMB) and t h e  r ea r r angement  of  t h e  D - r i n g  in t h e  c y c l i c  t e t r a ­

p y r r o l e  ( 1 ) .  I t  h a s  been  shown t h a t  HMB i s  a s u b s t r a t e  f o r  URO-S 

p u r i f i e d  from Euglena g r a c i l i s  (2) and from human e r y t h r o c y t e s  ( 3 , 4 ) .

The d e f i c i e n t  a c t i v i t y  o f  URO-S i s  t h e  pr imary  enzymat i c  d e f e c t  in 

CEP,an e r y t h r o p o i e t i c  p o r p h y r i a  which  i s  t r a n s m i t t e d  as  an a u t o s o m a l  

r e c e s s i v e  t r a i t .  The d e f i c i e n c y  o f  URO-S a c t i v i t y  in CEP homozygotes 

can be d e t e c t e d  in e r y t h r o c y t e s  ( 4 , 5 ) ,  f i b r o b l a s t s  ( 6 ) ,  and c u l t u r e d  

l ympho i d  c e l l s  ( 4 ) .  S ince  HMB can not  be conver t ed  t o  URO'gen I I I ,  t h e  

m e t a b o l i c  d e f e c t  l e a ds  t o  t h e  non-enzymat i c  f o r ma t i o n  and a c c u m u l a t i o n  

o f  URO'gen I ,  which i s  s u b s e q u e n t l y  o x id i z e d  t o  URO I .  T i s s ue  depos ­

i t i o n  o f  URO I l e ads  t o  t h e  d i s e a s e  m a n i f e s t a t i o n s  i n c l u d i n g  p o r p h y r i n ­

u r i a ,  e r y t h r o d o n t i a ,  p h o t o s e n s i t i v i t y  and hemolyt i c  anemia.  Seve r e l y  

a f f e c t e d  p a t i e n t s  a r e  t r a n s f u s i o n  depende n t ,  o f t e n  become d i s f i g u r e d  due 

t o  t h e  c h r o n i c  b l i s t e r i n g  and s c a r i n g  o f  s k i n  e x po s e d  t o  s u n l i g h t .  

Rece n t l y  p a t i e n t s  have been t r e a t e d  by c h r o n i c  t r a n s f u s i o n s  (7)  w i t h  

c l i n i c a l  b e n e f i t .  M i l d e r  c a s e s  have  b e e n  d e s c r i b e d  which  a r e  n o t  

t r a n s f u s i o n  dependent ,  have a t t e n u a t e d  m a n i f e s t a t i o n s  and e x p e r i e n c e  a 

n e a r  normal  l i f e s p a n .  The marked c l i n i c a l  v a r i a t i o n  in t h e  d i s e a s e  

phenotype emphasi zes  t h e  g e n e t i c  h e t e r o g e n e i t y  in t h i s  d i s o r d e r .
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To d a t e ,  s t u d i e s  o f  CEP have  been l i m i t e d  t o  t h e  demons t r a t i on  of  

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

t h e r a p e u t i c  s t r a t e g i e s .  No s t u d i e s  have been performed t o  i n v e s t i g a t e  

t h e  n a t u r e  o f  t h e  enzymat i c  d e f e c t  in a f f e c t e d  h o mo z y g o t e s .  The l e v e l s  

o f  r e s i d u a l  URO-S a c t i v i t y  have  o n l y  r e c e n t l y  been  d e t e r m i n e d  by 

r e l i a b l e  a s s a y s  ( 4 ) ,  however  t h e  p h y s i c o k i n e t i c  p r o p e r t i e s  o f  t h e  

r e s i d u a l  a c t i v i t y  i n  u n r e l a t e d  p a t i e n t s  wi th CEP have not  been c h a r a c ­

t e r i z e d .  In p a r t ,  t h e s e  s t u d i e s  were n o t  p e r f o r m e d  in t h e  p a s t  s i n c e  

s e n s i t i v e  enzyme as says  were not  a v a i l a b l e  u n t i l  r e c e n t l y  (4) and s i n c e  

t h e  s t u d y  o f  t h e  enzyme has  been d i f f i c u l t  due t o  i t s  ext reme l a b i l i t y .  

However ,  the- r e c e n t  s u c c e s s f u l  p u r i f i c a t i o n  o f  t h e  human e r y t h r o c y t e  

enzyme should f a c i l i t a t e  f u r t h e r  b iochemica l  and g e n e t i c  s t u d i e s  o f  t h i s  

heme b i o s y n t h e t i c  enzyme and t h e  p o r p h y r i a  t h a t  r e s u l t s  f rom i t s  

d e f i c i e n c y .

S i n c e  t h e  a v a i l a b i l i t y  o f  t h e  cDNA e n c o d i n g  URO-S would p e r m i t  

s t u d i e s  o f  t h e  s t r u c t u r e ,  chromosomal  l o c a l i z a t i o n ,  genomic  o r g a n i ­

z a t i o n ,  and e x p r es s i o n  of  t h i s  enzyme, e f f o r t s  were under taken t o  c l one  

t h e  cDNA f o r  t h i s  heme b i o s y n t h e t i c  enzyme.  A cDNA c o u l d  be e x p r e s s e d  

and l a r g e  amounts  o f  t h e  p u r i f i e d  r e c o m b i n a n t  p r o t e i n  would  permi t  

s t u d i e s  o f  t h e  k i n e t i c  p r o p e r t i e s  o f  t h e  enzyme and t h e  p o s s i b l e  

i n t e r a c t i o n  of  URO-S wi th o t h e r  heme b i o s y n t h e t i c  enzymes.  Moreover ,  t he  

cDNA could  be used t o  i n v e s t i g a t e  t h e  m o l e c u l a r  d e f e c t s  i n  u n r e l a t e d  

f a m i l i e s  w i t h  CEP. In t h i s  communica t ion,  t h e  i s o l a t i o n  and complete  

DNA s e q u e n c e  o f  a f u l l - l e n g t h  cDNA c l o n e  e n c o d i n g  human URO-S i s  

d e s c r i b e d .
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MATERIALS AND METHODS 

M a t e r i a l s

The column f o r  s o l i d  phase suppor t  and a l l  t h e  r e a g e n t s  f o r  o l i g o ­

n u c l e o t i d e  s y n t h e s i s  were p u r c h a s e d  f rom Amer i can  B i o n u c l e a r .  N i t r o ­

c e l l u l o s e  f i l t e r s  were o b t a in e d  from e i t h e r  M i l l i p o r e  o r  S c h l e i s c h e r  and 

S c h u e l l .  R e s t r i c t i o n  e n d o n u c l e a s e s  were  f rom B o e h r i n g e r  Mannheim 

Biochemica l s .  M a t e r i a l s  f o r  DNA sequencing were from New England Biol abs  

( y -32  p - d e o x y a d e n o s i n e ,  a - 3 2  P - d e o x y a d e n o s i n e ,  a - 3 2 p - d e o x y c y t i d i n e  

t r i p h o s p h a t e ,  a - 35s - deoxyadenos i ne  and a - 3 5 s - d e o x y c y t i d i n e  t r i p h o s p h a t e )  

were purchased from Amersham.

Amino Acid S e q u e n c i n g  o f  N - t e r m i n a l  and T r y p t i c  P e p t i d e s . URO-S 

f rom human e r y t h r o c y t e s  was p u r i f i e d  through t h e  gel  f i l t r a t i o n  s t e p  as 

p r e v i o u s l y  d e s c r i b e d  ( 3 ) .  The n e a r l y  homogeneous  enzyme was t h e n  

s u b j e c t e d  t o  p r e p a r a t i v e  SDS-PAGE and t h e  enzyme p r o t e i n  was e l e c t r o ­

e l u t e d ,  d i g e s t e d  wi th t r y p s i n ,  and t h e  r e s u l t i n g  p e p t i d e s  were r e s o l v e d  

by C4 r e v e r s e d  p h a s e  HPLC as  shown i n  F i g  1 ( 3 ) .  The N- terminal  and 

t r y p t i c  pep t i d e  sequences  were de t e rmined by g a s - p h a s e  m i c r o s e q u e n c i n g  

and HPLC i d e n t i f i c a t i o n  o f  t h e  p h e n y l t h i o h y d a n t o i n  amino ac i ds  ( 8 ) .

Sy n t h e s i s  of  O l i g o n u c l e o t i d e s . A Sam One o l i g o n u c l e o t i d e  s y n t h e s i z e r  

( B i o s e a r c h )  was u s ed  t o  c o n s t r u c t  s y n t h e t i c  o l i gomers  and o l i g o n u c l e o ­

t i d e  m i x t u r e s  u s i n g  ( 3 - c y a n o e t h y l p h o s p h o r a m i d i t e  c h e m i s t r y .  Mixed 

o l i g o n u c l e o t i d e  p r o b e s  (17 bases  long)  were s y n t h e s i z e d  t o  cor respond  

t o  amino acid sequences  wi th minimal codon r e d u n d a n c y  ( F i g  2 ) .  O l i g o ­

n u c l e o t i d e s  a l s o  were  c o n s t r u c t e d  as p r i mer s  f o r  DNA sequenc i ng .  Each 

o f  t h e  o l i g o n u c l e o t i d e s  was p u r i f i e d  by e l e c t r o p h o r e s i s  on a 2 0 % 

po l ya c r y l ami de / 8  M u r ea  g e l .
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Fi gu r e  1: (A) SDS-PAGE o f  e l e c t r o e l u t e d  URO-S. Lane 1,  mo l ec u l a r  weight  

s t a n d a r d s :  p h o s p h o r y l a s e  b (Mr = 9 4 , 0 0 0 ) ,  b o v i n e  se rum 

a l bumi n  (Mr = 6 7 , 0 0 0 ) ,  o v a l b u m i n  (Mr = 4 3 , 0 0 0 ) ,  c a r b o n i c  

a n h y d r a s e  (Mr = 3 0 , 0 0 0 )  s o yb e a n  t r y p s i n  i n h i b i t o r  (Mr = 

2 0 , 0 0 0 > ,  and a - 1 a c t a l b u m i n  (Mr = 1 4 , 4 0 0 ) .  Lane 2 ,  p o s t -  

Sephadex  G-100 p r e p a r a t i o n  o f  URO-S (4 p g ,  9 7 , 0 0 0  f o l d  

p u r i f i e d ) ;  Lane 3 ,  e l e c t r o e l u t e d  p r o t e i n  (2 p g ) .  (B) P r o f i l e  

o f  t r y p t i c  p e p t i d e s  r e s o l v e d  by r e v e r s e d  p h a s e  HPLC. The 

e l e c t r o e l u t e d  URO-S p r o t e i n  was d i g e s t e d  w i t h  t r y p s i n  and 

c h r o m a t o g r a p h e d  on a Vydax C4 r e v e r s e d  phase  column e q u i l i ­

b r a t e d  wi th  s o l u t i o n  A (100% wa t e r  wi th 0.05% t r i f  1 u o r o a c e t i c  

a c i d ) .  A 3h g r a d i e n t  f rom 0 t o  60% s o l u t i o n  B (80% a c e t o n i -  

t r i l e  wi th 0.05% t r i f 1u o r o a c e t i c  a c i d )  was used  t o  s e p a r a t e  

t h e  p e p t i d e s .  The e l u a t e  was m o n i t o r e d  by absorbance  at  214 

nm.
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Figure  2:  Amino a c i d  s e q u e n c e  o f  N - t e r m i n a l  and t r y p t i c  p e p t i d e s  o f  

u r o p o r p h y r i n o g e n  I I I  s y n t h a s e .  Homogeneous URO-S was i s o l a t e d  

from pos t -Sepadex  G-100 p r e p a r a t i o n  by  r e v e r s e d  p h a s e  HPLC 

as  p r e v i o u s l y  d e s c r i b e d  ( 3 )  S e l e c t e d  t r y p t i c  p e p t i d e s  were 

i s o l a t e d  as  i n  F i g .  1.  Amino a c i d  m i c r o s e q e u c i n g  was 

per formed as d e s c r i b e d  in t he  t e x t .
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Nat ive  Enzyme:

1 5 10 15 20
NH2-M-K-V-L-L-L-K-D-A-K-E-D-D-(C)-G-Q-D-P-Y-I-

25 30 35 40
-R-E-L-G-L-Y-G-L-E-A-T-(L)- I -P-V-L-S-F-A-T-L-

Tr y p t i c  P e p t i d e s :

25 30
T-20 -E-L-G-L-Y-G-L-E-A-(S)-X-I

T-5 -F-A-A-I-G-P-T-T-A-R-  (10)

T-9 -L-S-H-P-E-D-Y-G-G-L-I - (F) -X-T-S-P-  (16)

T-15 -G-I -A-M-(E)-S-I -T-V-Y-(Q)-T-V-A-X-P-G-I -X-G-  (20)

*Microsequencing performed by Dr. K. Wi l l i ams ,  Yale U n i v e r s i t y .

Sequence d a t a  spann ing  86 amino a c i d s  ( o r  32%) o f  265 t o t a l  r e s i d u e s  e s t i ma t ed  
from t he  amino ac i d  compos i t i on .
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I s o l a t i o n  and C h a r a c e r i z a t i o n  o f  cDNA Cl one s . A human a d u l t  l i v e r  

cDNA l i b r a r y  ( 9 )  k i n d l y  provided by Dr. S t u a r t  Orkin was s c r eened  wi th 

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

e s s e n t i a l l y  as d e s c r i b e d  by Hanahan and Meselson ( 10 ) .  O l i g o n u c l e o t i d e  

p r o b e s  were  l a b e l l e d  w i t h  [ 6 - 3 2  p] /\jp (5000  Ci/mmol; Amersham) by T4 

p o l y n u c l e o t i d e  k i na se  (Be t hesda  Research Labo r a t o r y )  ( 1 1 ) .  A t o t a l  o f

1 . 2  x 106  r e c o m b i n a n t s  were  s c r eened  a t  a d e n s i t y  of  about  50,000 per  

p l a t e  (150 mm). The f i l t e r s  we re  h y b r i d i z e d  a t  50° C w i t h  6X SSC, 5X 

D e n h a r d t ' s ,  100 ug /ml  d e n a t u r e d  s a lmon  sperm DNA (IX SCC = 0 . 1 5  M 

NaCl /0.015 M sodium c i t r a t e ,  pH 7 . 0 ;  IX D e n h a r d t ' s  = 0.02% F i c o l  1 / 0 . 02% 

p o l y v i n y l  p y r r o l i d o n e / 0 . 02% bovine serum a l bumin) .  S t r i n g e n t  washing was 

done a t  t h e  same t e m p e r a t u r e  w i t h  6X SSC/0.1% SDS f o r  3 h .  P o s i t i v e  

c o l o n i e s  were i d e n t i f i e d  by a u t o r a d i og r a phy  a f t e r  exposing f i l m  (Kodak, 

XAR-2) wi th two i n t e n s i f y i n g  s c r eens  (Cronex,  L i gh t n i n g - P l u s )  f o r  16 h .  

P l a s m i d  DNAs f rom p o s i t i v e  c l o n e s  were p r epa red  by t h e  a l k a l i n e  l y s i s  

me t hod  o f  Br i nbo i m and Doly ( 1 2 ) .  A f t e r  d i g e s t i n g  wi th P s t  I ,  i n s e r t  

f r a g m e n t s  were  a n a l y z e d  by a 1% agarose  gel  and DNA was t r a n s f e r r e d  to  

n i t r o c e l l u l o s e  f i l t e r s  as d e s c r i b e d  ( 1 3 ) .  H y b r i d i z a t i o n  and was h i ng  

c o n d i t i o n s  were  i d e n t i c a l  t o  t h e  methods used f o r  s c r e e n i n g .  P o s i t i v e  

c l o n e s  were i n i t i a l l y  grouped accord ing  t o  t h e i r  i n s e r t  f r a g m e n t  s i z e .  

R e p r e s e n t a t i v e  c l o n e s  were  s e l e c t e d  f rom each group and plasmid DNAs 

were n i c k - t r a n s l a t e d  (14) f o r  c r os s  h y b r i d i z a t i o n  expe r i men t s .

DNA S e q u e n c i n g . The dideoxy chain t e r m i n a t i o n  method o f  Sanger  (15) 

was used  f o r  DNA s equenc i ng .  The Ps t  I i n s e r t  from pURO-S 2 was e i t h e r  

s u b c l o n e d  d i r e c t l y  i n t o  M13 mpl8,  o r  subcloned i n t o  mpl8 and mpl9 a f t e r  

d i g e s t i n g  t h e  i n s e r t  wi th  Sau3A I o r  Hind I I I .  7-deaza-dGTP was used t o
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r e s o l v e  a m b i g u i t i e s  in G-C r i c h  r e g i o n s  ( 1 6 ) .  A s y n t h e t i c  o l i g o n u c l e o ­

t i d e  [CTGCAG-(G)q] was used as t h e  pr imer  t o  de t e rmine  sequence a d j ac e n t  

t o  t h e  Ps t  I c l on i ng  s i t e  gene r a t ed  by t h e  G-C t a i l i n g  t e c h n i q u e  (17) .

RNA H y b r i d i z a t i o n  An a l y s i s .  Transformed lymphoid c e l l s  were grown in
1 « —^̂ 1 I I ■ Ml ■■•ill j

RPMI 1640 medium u n t i l  t h e  c e l l s  r e a c h e d  a d e n s i t y  o f  10& c e l l s / m l .  

About 1000 ml was c e n t r i f u g e d  a t  4000 g f o r  10 min and then washed w i t h  

normal  s a l i n e .  RNA was i s o l a t e d  by t h e  g u an i d i ne  i s o t h i o c y a n a t e  method 

( 1 8 ) .  P o l y  (A+ ) RNA was s e l e c t e d  Dy passage  through o l i go (dT)  c e l l u l o s e  

c o l umns  ( 1 9 ) .  Aoout  3 pg o f  poly(A+) RNA was e l e c t r o p h o r e s e d  on a 1% 

aga rose  gel  c o n t a i n i n g  2 .2  M formaldehyde and t he  RNA was t r a n s f e r r e d  t o  

n i t r o c e l l u l o s e  f i l t e r s  as d e s c r ib e d  ( 20 ) .  The f i l t e r s  were t hen  h y b r i d ­

i zed  wi th a 968 bp Ava I I  i n s e r t  from pURO-S 2,  which was r a d i o l a b e l l e d  

by t h e  random p r i m e r  me thod  (21)  t o  10 9 cpm/ pg .  S t r i n g e n t  washing 

c o n d i t i o n s  were employed (2X SSC/0.1% SDS a t  55° C f o r  30 min,  f o l l o w e d  

by 0 . 1  X SSC/0.1* SDS a t  55° C f o r  60 mi n) .

RESULTS

Amino Acid S e q u e n c i n g  and O l i g o n u c l e o t i d e  S y n t h e s i s . Amino acid 

s e q u e n c e  was ob t a i ne d  f o r  both N- terminal  and s e l e c t e d  t r y p t i c  p e p t i d e s  

(Fig  2 ) .  One o f  t h e  t r y p t i c  p e p t i d e s  (T27) i s  l o c a t e d  a t  t h e  N- te rmina l  

end o f  t h e  p r o t e i n  and o v e r l a p p e d  w i t h  t h e  N - t e r m i n a l  amino a c i d  

sequence .  Thi s  f i n d i n g  c o n f i r m e d  t h a t  t h e  e l e c t r o e l u t e d  p r o t e i n  was 

i d e n t i c a l  t o  t h a t  p u r i f i e d  by HPLC. A l t o g e t h e r ,  a t o t a l  o f  86 nonover ­

l a pp i ng  amino ac id  r e s i d u e s ,  or  about  one  t h i r d  o f  t h e  t o t a l  p r o t e i n ,  

was d e t e r m i n e d .  O l i g o n u c l e o t i d e  m i x t u r es  (F i g .  3) were c o n s t r u c t e d  t o  

i n c l u d e  a l l  p o s s i b l e  codon combinat ions  co r r e spond i ng  t o  t h e  N - t e r m i n a l  

amino a c i d  and an i n t e r n a l  t r y p t i c  p e p t i d e  sequence (T9) .  Both o l i g o
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Fi gu r e  3: URO-S o l i g o n u c l e o t i d e  s e q u e n c e s .  Two r e g i o n s  o f  t h e  URO-S 

p r o t e i n  t h t  c o n t a i n  minimal codon r e d u n d a n c y  were  c h o s e n  f o r  

t h e  s y n t h e s i s  o f  o l i g o n u c l e o t i d e s .  P r o be  1 c o n s i s t s  o f  64 

d i f f e r e n t  17 mer s p e c i e s  c o r r e s p o n d i n g  t o  amino a c i d s  8 - 1 3 .  

P r ob e  2 i s  a l s o  a poo l  o f  64 d i f f e r e n t  17 mers whose sequene 

were from t r y p t i c  p e p t i d e  (T-9)  and c o r r e s p o n d  t o  amino a c i d s  

52-57 o f  t h e  p r e d i c t e d  sequence



N-Terminal  Amino Acid Sequence :

1 5 10 15 20 25
NH?-M-K-V-L-L-L-K-D-A-K-E-D-D-(C)-G-Q-D-P-Y-I-P-E-L-G-L-

Probe 1

7___ 8___ 9 10 _ U _ 1 2  Probe 1

T  a a t  ^  mer^ 64 mix5' GA^ GCN AAg GA£ GA* GA 3'

I n t e r n a l  P e p t i d e  (T-9) Amino Acid Sequence :

1 5 10 15
- L - S - H-P-E-D-Y-G-G-L- I - (F) -X-T-S-P

Probe 2

3 4 5 6 7 8 Probe 2
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n u c l e o t i d e  p r o b e s  (1 and 2) a r e  17 me r s  and each  i s  a mi x t u r e  o f  64 

o l i g o n u c l e o t i d e  s p e c i e s .  The lowes t  d i s s o c i a t i o n  t e mp e r a t u r e s  (T^) f o r  

probes  1 and 2 a r e  46 and 48 d e g r e e s ,  r e s p e c t i v e l y ,  and t h e s e  two 

probes  were combined in t h e  h y b r i d i z a t i o n  s o l u t i o n  f o r  s c r ee n i n g .

I s o l a t i o n  and C h a r a c t e r i z a t i o n  o f  P o s i t i v e  cDNA Cl ones . From t h e  1.2 

x 1C)6 r e c o m b i n a n t s  s c r e e n e d ,  28 p u t a t i v e  c a n d i d a t e s  we re  s e l e c t e d  

i n i t i a l l y .  Upon p u r i f i c a t i o n ,  e i g h t  c l on e s  remained p o s i t i v e  and were  

i s o l a t e d .  P l a s mi d  DNA was prepared and d i g e s t e d  wi th  Ps t  I t o  i d e n t i f y  

t h e i r  i n s e r t s .  Three c l o n e s  had t h r e e  i n s e r t  f r agment s  o f  840,  395,  and 

99 bp.  Another  two c l o n e s  had two f r a g m e n t s  o f  750 and 500 bp ,  and 

t h r e e  c l o n e s  had a s i n g l e  i n s e r t  f r agment  o f  800 bp.  In a l l  c a s e s ,  both 

p r o b e s  1 and 2 h y b r i d i z e d  t o  t h e  l a r g e s t  Ps t  I f r agment  of  each c l one  

( d a t a  n o t  shown).  One c l o n e  was s e l e c t e d  from each group and t h e  i n s e r t  

was r a d i o l a b e l l e d  by n i c k  t r a n s l a t i o n .  Cr os s  h y b r i d i z a t i o n  s t u d i e s  

r ev e a l e d  t h a t  t h e s e  t h r e e  c l on e s  were r e l a t e d  ( d a t a  not  shown).

N u c l e o t i d e  S eq ue n c e  A n a l y s i s . One c l o n e  wi th  t h e  l a r g e s t  i n s e r t

(pURO-S 2) was c ompl e t e l y  sequenced on both s t r a n d s  as shown in Fig 4.  

The comple te  n u c l e o t i d e  sequence o f  1296 bp o f  pURO-S i s  shown in Fig 5.  

An open  r e a d i n g  f r a m e  o f  795 bp was i d e n t i f i e d  between n u c l e o t i d e  1 

co r r e s p o n d i n g  t o  t h e  f i r s t  amino a c i d ,  me t h i o n i ne ,  and t h e  t e r m i n a t i o n  

codon a t  n u c l e o t i d e  796.  I t  encodes a p r o t e i n  of  265 amino acid r e s i d u e s  

wi th a p r e d i c t e d  mo l ec u l a r  weight  o f  28 , 607 ,  which i s  in good a g r e e m e n t  

w i t h  t h e  m o l e c u l a r  w e i g h t  o f  29,500 p r e v i o u s l y  e s t i ma t ed  by SDS-PAGE 

( 3 ) .  The amino ac id  sequences  o f  a l l  f ou r  t r y p t i c  p e p t i d e s  was c o l  i n e a r  

w i t h  t h e  deduced amino ac id  sequence .  In a d d i t i o n ,  two p o t e n t i a l  s i t e s  

f o r  N- l i nked  g l yc o sy l a t i on ( As n - X- Th r )  (22) were i d e n t i f i e d .  Of t h e  195 

bp 5 1 u n t r a n s l a t e d  s e q u e n c e ,  t h e r e  i s  no o t h e r  in phase ATG. Of t he
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Figure  4: R e s t r i c t i o n  e n d o n u c l e a s e  map and s e q u e n c i n g  s t r a t e g y  f o r

t h e  human uroporphyr inogen  I I I  s y n th as e  cDNA c l one  pURO-S 2. 

The p o s i t i o n  o f  t h r e e  r e s t r i c t i o n  endouncul ease  (Ps t  I ,  Hind 

I I I ,  and Sau 3A I)  in t he  i n s e r t  a r e  i n d i c a t e d .  The open box 

r e p r e s e n t s  t h e  amino a c i d  c o d i n g  r e g i o n .  Exce p t  f o r  two 

f r a g m e n t s  ( s o l i d  s q u a r e )  which  were g e n e r a t e d  by d e l e t i o n  

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

r e s t r i c t i o n  map a b o v e .  DNA s e q u e n c e  was d e t e r m i n e d  by 

d ideoxy  cha i n  t e r m i n a t i o n  me thod  (15 )  u s i n g  M13 u n i v e r s a l  

p r i m e r  ( v e r t i a l  b a r )  o r  URO-S s e q u e n c e  s p e c i f i c  p r i m e r  

( s o l i d  c i r c l e )



S eq u en c in g  Strategy for U roporphyrinogen ill S y n th a se
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F i g u r e  5 :  N u c l e o t i d e  and p r e d i c t e d  amino ac id  sequences  of  t h e  pURO-S 2 

i n s e r t .  Amino ac id  1 i s  t h e  N - t e r m i n a l  r e s i d u e .  Bold u n d e r ­

l i n e s  i n d i c a t e  c o n f i r m e d  amino a c i d  s e q u e n c e  o b t a i n e d  by 

m i c r o s e q u e n c i n g  o f  n a t i v e  p r o t e i n  ( N - Te r )  and t r y p t i c  

p e p t i d e s  ( T ) .  D i f f e r e n c e  between microsequenced and p r e d i c t e d  

amino a c i d s  a r e  shown;  X d e n o t e s  u n a s s i g n e d  amino a c i d s .  

P o t e n t i a l  N - g l y c o s y l a t i o n  s i t e s  a r e  i n d i c a t e d  by CHO. 

O v e r l i n e s  i n d i c a t e  p o l y a d e n y l a t i o n  s i g n a l  AATAAA and t h e  

CACTG s i t e  r ecogn i zed  by U4 snRNP.



- 1 9 6 TCCTGG GGCCCAGCGC GGGTGGCTGC CGCGGCCCCT CGGGCTGCGT GGGGAGGGGG CTTCCGCCCC TGTTGTCATT GCTCCTGCAG C - 1 1 0

-109 CTTTTCGCT GGGACTGCGC GACACCGCCC CCCGACCGGG TGCCCGCTGT GTCCCAGGCC GGGTGCTGGG CACGGTCCCG CGAGTGCCCT ATAAGGACTG CCAGGCAATA -1

1 ATG AAG GTT CTT TTA CTG AAG GAT GCG AAG GAA GAT GAC TGT GGC CAG GAT CCG TAT ATC AGG GAA TTA GGA TTA TAT GGA CTT GAA GCC 90
1 Met Lya Val Leu Leu Leu Lya Aep Ala Lya Glu Asp Asp Cya Gly Gin Aap Pro Tyr lie Arg Glu Leu Gly Leu Tyr Gly Leu Glu Ala 30

H-Ter  --- —  —  ■    -■ - . x______________________________________________________________
T-20

91 ACT TTG ATC CCT GTT TTA TCG TTT GAG TTT TTG TCT CTT CCC AGT TTC TCT GAG AAG CTT TCT CAT CCT GAA GAT TAC GGG GGA CTC ATT 180
31 Thr Leu H e  Pro Val Leu Ser Phe Glu Phe Leu Ser Leu Pro Ser Phe Ser Glu Lya Leu Ser Hia Pro Glu Aap Tyr Gly Gly Leu lie 60

1 11 - ■ 1 Ala Thr —  T-9 — ■

181 TTT ACC AGC CCC AGA CCA GTG GAA GCA GCA CAG TTA TGT TTG CAG CAA AAC AAT AAA ACT GAA GTC TGG GAA AGG TCT CTG AAA GAA AAA 270
61 Phe Thr Ser Pro Arg Ala Val Glu Ala Ala Glu Leu Cya Leu Glu Gin Aan Aan Lya Thr Glu Val Trp Glu Arg Ser Leu Lya Glu Lya 90

----------------------------  C B O -------------- -

271 TGG AAT GCC AAG TCA GTG TAT GTG GTT GGA AAT GCT ACT GCT TCT CTA GTG AGT AAA ATT GGC CTG GAT ACA GAA GGA GAA ACC TCT GGA 360
91 Trp Aan Ala Lya Ser Val Tyr Val Val Gly Aan Ala Thr Ala Ser Leu Val Ser Lya lie Cly Leu Aap Thr Glu Gly Glu Thr Cya Gly 120

C H O ------

361 AAT GCA GAA AAG CTT GCA GAA TAT ATT TGT TCC AGG GAG TCC TCA GCA CTG CCT CTT CTA TTT CCC TGT GGA AAC CTC AAA AGA GAA ATC 950
121 Aan Ala Glu Lya Leu Ala Glu Tyr lie Cya Ser Arg Glu Ser Ser Ala Leu Pro Leu Leu Phe Pro Cya Gly Aan Leu Lya Arg Glu lie 150

451 CTG CCA AAA GCG CTC AAG GAC AAA GGG ATT GCC ATG GAA AGC ATA ACT GTG TAT CAG ACA GTT GCA CAC CCA GGA ATC CAA GGG AAC CTG 540
151 Leu Pro Lya Ala Leu Lya Aap Lya Gly lie Ala Met Glu Ser lie Thr Val Tyr Gin Thr Val Ala Hla Pro Gly lie Gin Gly Aan Leu 180

T-15 -----------------------------------------------------  X — — —  X ----

541 AAC AGC TAC TAT TCC CAG CAG GGG GTT CCA GCC AGC ATC ACA TTT TTT AGT CCC TCT GGC CTC ACA TAC AGT CTC AAG CAC ATT CAG GAG 630
181 Aan Ser Tyr Tyr Ser Gin Gin Gly Val Pro Ala Ser lie Thr Phe Phe Ser Pro Ser Gly Leu Thr Tyr Ser Leu Lya Hla H e  Gin Glu 210

631 TTA TCT GGT GAC AAT ATC GAT CAA ATT AAG TTT GCA GCC ATC GGC CCC ACT ACG GCT CGC GCG CTG GCC GCC CAG GGC CTT CCT GTA AGC 720
211 Leu Ser Gly Aap Aan lie Aap Gin lie Lya Phe Ala Ala lie Gly Pro Thr Thr Ala Arg Ala Leu Ala Ala Gin Gly Leu Pro Val Ser 240

T-5    '  —

721 TGC ACT GCA GAG AGC CCC ACG CCA CAA GCC CTG GCC ACT GGC ATC AGG AAG GCT CTC CAG CCC CAT GGC TGC TGC TGA GTCAGCCACC TAGC 812
241 Cya Thr Ala Glu Ser Pro Thr Pro Gin Ala Leu Ala Thr Gly lie Arg Lya Ala Leu Gin Pro Hla Gly Cya Cya Ter 265

813 GCTGGCCCCA TGCAGCCTCC CTGGGCTGGG CTGGCICTGG ATGGAGCCAG GCATCGGCAA GGGCTCTCGG GAGCTGCTGC CGTCAGACTC CTGCCTCAAG CCTGAGTCG 921

922 A AGCACCTGAG GACCGGGGAT CGGGACCTGA CCTGGGGCTG GCCTCAGGCC CACGTGCACG TGACTGCCCT CTGTGGAAGC CAGCTTAAAC CCTAGCCCTG TGAGAGC 1029

1030 TTC CTGTGCCCAG CAGGAAGGAA GTCAAATAAA CCACACTGAC TACCTGTGCT TAAAAAAAAA AAAAAAAA 1100
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305 bp 3 '  u n t r a n s l a t e d  s e q u e n c e ,  a c o n s e r v e d  p o l y a d e n y l a t i o n  s i gna l  

AATAAA ( 23 ) ,  was p r e s e n t  27 n u c l e o t i d e s  p r i o r  t o  t h e  po ly  (A) t r a c t .  The 

c o n s e r v e d  r e c o g n i t i o n  s e q u e n c e  (CACTG) f o r  t h e  b i n d i n g  o f  t h e  smal l  

n u c l e a r  r i b o n u c l e o p r o t e i n  (SnRnp) U4 (24)  was l o c a t e d  b e t we e n  t h e  

p o l y a d e n y l a t i on  s i g n a l  and t h e  poly  (A) t r a c t .

DISCUSSION

Human cDNA c l o n e s  e n c o d i n g  URO-S, t h e  f o u r t h  enzyme in t h e  heme 

b i o s y n t h e t i c  pathway,  have been i s o l a t e d  and c h a r a c t e r i z e d . The f a c t  

t h a t  pURO-S 2 i s  f u l l - l e n g t h  i s  s uppor t ed  by t h e  f o l l o wi ng :  F i r s t ,  t he

p r e d i c t e d  amino a c i d  s e q u e n c e  f rom pURO-S 2 i s  co.l i n e a r  w i t h  t h e  

N - t e r m i n a l  and t r y p t i c  p e p t i d e  sequence o b t a i n e d  from p u r i f i e d  p r o t e i n .  

Second,  t h e  p r e d i c t e d  amino a c i d  c o m p o s i t i o n  i s  c o n s i s t e n t  w i t h  t h e  

c o m p o s i t i o n  d a t a  d e r i v e d  f rom t h e  amino ac id  a n a l y s i s  o f  t h e  p u r i f i e d  

p r o t e i n .  Table  I compares t h e  deduced amino ac id  c o m p o s i t i o n  w i t h  t h a t  

o b t a i n e d  from t h e  p u r i f i e d  p r o t e i n  ( 3 ) .  Except  f o r  two amino a c i d s  (Trp 

and S e r ) ,  t h e r e  i s  e x c e l l e n t  co r r es pondence  between t h e  p r e d i c t e d  and 

de t e rmined amounts of  each amino a c i d .  Al though t h e  e x ac t  l eng t h  o f  t h e  

5'  u n t r a n s l a t e d  r e g i o n  has  not  been d e t e r m i n e d  y e t ,  i t  i s  l i k e l y  t h a t  

pURO-S 2 i s  n e a r l y  f u l l - l e n g t h  s i n c e  v e r y  few e u k a r y o t i c  mRNAs have 

5 ' u n t r a n s l a t e d  sequences  o f  more t ha n  100 bp ( 2 5 ) .  M o r eo v e r ,  N o r t h e r n  

b l o t  a n a l y s i s  ( F i g .  6) r ev e a l e d  a message s i z e  o f  about  1300 n t .

The s u c c e s s f u l  i d e n t i f i c a t i o n  o f  cDNA c l o n e s  f o r  URO-S r e p r e s e n t s  

t h e  f o u r t h  human cDNA i s o l a t e d  f o r  a heme b i o s y n t h e t i c  enzyme ( 2 7 ,  2 9 ,  

3 0 ,  31 ,  36)  (Table  I I I ) .  cDNA c l on e s  f o r  ALA-D have been i s o l a t e d  from 

mouse (26)  and human o r i g i n  ( 2 7 ) .  cDNA c l o n e s  f o r  HMB-S have  been  

i s o l a t e d  f rom r a t  (28)  and two human t i s s u e  sou r ces  ( l i v e r  and sp l een )



AMINO ACID COMPOSITION OF UROPORPHYRINOGEN I I I  SYNTHASE

Amino Deduced from P u r i f i e d
Acid URO-S cDNA URO-S*

Ala 25 26
Val 12 14
Leu 32 34
l i e 15 15
Pro 16 18
Met 2 2
Phe 8 8
Trp 2 5
Gly 20 22
Ser 23 27
Thr 15 15
Cys 8 7
Tyr 9 9
Asx 18 20
Glx 32 35
Lys 17 17
Arg 7 7
His 4 4

*Res i due s / 29 , 500  g P r o t e i n
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F i g u r e  6 :  B l o t  a n a l y s i s  o f  human u r o p o r p h y r i n o g e n  I I I  s y n t h as e  mRNA.

P o l y  ( A+ ) RNA i s o l a t e d  f rom two human lympholbas t  l i n e s  were 

e l e c t r o p h o r e s e d  on a 1% formaldehyde  a g a r os e  g e l ;  t h e  RNA was 

t r a n s f e r r e d ,  h y b r i d i z e d ,  and washed as d e s c r ib e d  in t h e  t e x t .  

The r e l a t i v e  m o b i l i t y  o f  18 S and 28 S RNAs a r e  i n d i c a t e d .
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28 S

18 S -
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( 2 9 , 3 0 ) .  cDNA c l o n e s  f o r  URO-D a l s o  were i s o l a t e d  from both human and 

mur ine l i b r a r i e s  ( 31 , 32)  Compared t o  t h e s e  c y t o s o l i c  heme b i o s y n t h e t i c  

e n z y m e s ,  l e s s  h a s  been  a c h i e v e d  in t h e  mo l ec u l a r  c l on i ng  f o r  t h e  fou r  

m i t oc h o n d r i a l  enzymes o f  heme b i o s y n t h e s i s .  To d a t e ,  o n l y  ALA-S cDNAs 

h a v e  been i s o l a t e d  f rom y e a s t  ( 3 3 ) ,  c h i c k e n  embryo l i v e r  ( 3 4 ) ,  mouse 

l i v e r  and e r y t h r o i d  c e l l s  and,  mos t  r e c e n t l y ,  f rom human l i v e r  ( 3 6 ) .  

T h i s  may be due  t o  t h e  d i f f i c u l t y  a s s o c i a t e d  w i t h  t h e  i s o l a t i o n  of  

homogeneous enzymes from t h e  m i t o c h o n d r i o n .  A l t h o u g h  t h e  amino a c i d  

s e q u e n c e  t h a t  was used t o  c o n s t r u c t  o l i g o n u c l e o t i d e  probes  1 and 2 was 

d e r i v e d  from p r o t e i n  p u r i f i e d  f rom e r y t h r o c y t e s ,  t h e y  p e r m i t t e d  t h e  

s u c c e s s f u l  i s o l a t i o n  o f  cDNA c l o n e s  from a human a d u l t  l i v e r  l i b r a r y ,  

s u g g es t i n g  t h a t  bo th  t h e  e r y t h r o i d  and h e p a t i c  enzymes a r e  encode d  by a 

s i n g l e  g e n e .  Thi s  f i n d i n g  does not  exc l ude  t h e  p o s s i b i l i t y  t h a t  t i s s u e  

s p e c i f i c  r e g u l a t i o n  may e x i s t  f o r  URO-S. In f a c t ,  d i f f e r e n t  r e g u l a t o r y  

me c ha n i s ms  f o r  heme b i o s y n t h e s i s  may e x i s t  f o r  h e p a t i c  and e r y t h r o i d  

t i s s u e s .  For  e x a m p l e ,  ALA-S,  t h e  f i r s t  enzyme in t h e  p a t h w a y ,  i s  

f e e d - b a c k  r e g u l a t e d  by heme on ly  in l i v e r ,  and d i f f e r e n t  messages  have 

been i d e n t i f i e d  f o r  ch i cken  l i v e r  and bone marrow ( 3 7 ) .  F e r r o c h e l  a t a s e  

and i r o n ,  on t h e  o t h e r  hand,  may p l ay  a key r o l e  o f  me t abo l i c  r e g u l a t i o n  

o f  heme b i o s y n t h e s i s  in e r y t h r o i d  t i s s u e  ( 38 ) .  R e c e n t l y ,  Grandchamp e t  

a l . r e p o r t e d  t h a t  a s i n g l e  HMB-S gene i s  t r a n s c r i b e d  from two d i f f e r e n t  

p romot er s  ( 39 ) ,  g i v i n g  r i s e  t o  two mRNAs. F u r t h e r m o r e ,  t h e  a p p a r e n t  

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

i soenzymes could  be accounted f o r  by t h e  d i f f e r e n c e  in  mRNA s e q u e n c e s .  

The a v a i l a b i l i t y  o f  p r e d i c t e d  amino acid  sequence from pURO-S 2 p rov i des  

an o p p o r t u n i t y  to  s t udy  t h e  s t r u c t u r a l  b a s i s  o f  i t s  phys i ca l  p r o p e r t i e s .  

One of  t h e  h a l l mar ks  of  URO-S i s  i t s  i n s t a b i l i t y .  Res ea r c he r s  noted t h a t
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t h e  c a t a l y t i c  f u n c t i o n  o f  HMB-S and URO-S could  be d i f f e r e n t i a t e d  s imply 

by thermal  i n a c t i v a t i o n  o f  URO-S ( 40 ) .  In c o n t r a s t ,  HMB-S i s  r e s i s t a n t  

t o  h e a t  d e n a t u r a t i o n  a t  60° C; HMB-S a c t i v i t y  can be r e t a i n e d  up t o  4 h 

a t  t h i s  t e mp e r a t u r e  ( 4 ) .  URO-S, on t h e  o t h e r  h a n d ,  l o s e s  i t s  a c t i v i t y  

a p p r e c i a b l y  at  room t e m p e r a t u r e .  The T 1 /2  o f  URO-S a t  60° C i s  about  1 

min ( 3 ) .  Two d i f f e r e n t  a s p e c t s  o f  URO-S i n s t a b i l i t y  have  t o  be c o n ­

s i d e r e d .  F i r s t ,  t h e  s t r u c t u r a l  i n t e g r i t y  of  URO-S has t o  be ma i n t a i ned  

t o  p r e s e r v e  i t s  c a t a l y t i c  f u n c t i o n .  The t e r t i a r y  and q u a t e r n a r y  s t r u c ­

t u r e  o f  URO-S i s  c r i t i c a l  f o r  i t s  enzymat ic  a c t i v i t y  and s e n s i t i v i t y  t o  

he a t  d e n a t u r a t i o n .  F i gu r e  7 shows t h e  hydropa thy  p l o t  o f  URO-S. N o t i c e  

t h a t  hydrophobic peaks a l t e r n a t e  wi th h y d r o p h i l i c  v a l l e y s  t h r oughou t  t h e  

e n t i r e  p o l y p e p t i d e  sequence .  This  i s  t y p i c a l  o f  a g l o b u l a r  p r o t e i n ,  wi th 

i t s  h y d r o p h o b i c  s i d e  c h a i n s  bu r i ed  in t h e  i n t e r i o r  of  t h e  p r o t e i n .  One 

may assume t h a t  t h e  f o l d i n g  o f  URO-S, a l t h o u g h  e s s e n t i a l  f o r  i t s  

f u n c t i o n ,  i s  n o t  a c c o m p a n i e d  by a f a v o r a b l e  f r e e  energy g a i n ,  and any 

thermal  i n s u l t  would t h e r e f o r e  r e s u l t  in an i r r e v e r s i b l e  d e n a t u r a t i o n  o f  

t h e  URO-S p r o t e i n .  A d i f f e r e n t  c o n d i t i o n  p r e s u m a b l y  e x i s t s  f o r  t h e  

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

p l a u s i b l e  t h a t  p r o t e o l y t i c  d i g e s t i o n  of  a s p e c i f i c  amino acid  sequence 

may be t h e  mechanism u nd e r l y i ng  i t s  r a p i d  d e g r a d a t i o n .  Two h y p o t h e s e s  

r e c e n t l y  have  been  p u t  f o r w a r d  t o  e x p l a i n  t h e  r a p i d  d e g r a d a t i o n  of  

p r o t e i n  in e u k a r y o t i c  c e l l s .  Varshavsky and h i s  c o l l e a g u e s  have advanced 

t h e  N-end r u l e  f rom t h e i r  s t u d i e s  o f  u b i q u i t i n  (41) .  In a t e s t  system 

wi th | 3 - ga l a c t o s i d a se  e x p r es s e d  in y e a s t ,  t h e y  found t h a t  t h e  N - t e r m i n a l  

amino a c i d  a p p a r e n t l y  d e t e r m i n e d  t h e  i n t r a c e l l u l a r  h a l f - l i f e  o f  t h e  

p r o t e i n .  For example,  m e t h i o n i ne ,  s e r i n e ,  a l a n i n e ,  t h r e o n i n e ,  v a l i n e ,  

and g l y c i n e  a t  t h e  N- t e rmi nus  r e s u l t e d  in h a l f - l i v e s  o f  more t han  20 h



1 4 3

F i g u r e  7:  H y d r o p a t h y  p l o t  o f  human URO-S amino acid sequence p r ed i c t e d  

f rom cDNA c l o n e  pURO-S 2 .  The h y d r o p h o c i t y  v a l u e s  (+ f o r  

h y d r o p h o b i c ,  -  f o r  h y d r o p h i l i c )  were  d e t e r m i n e d  by t h e  

a l go r i t h m o f  Kyte and D o o l i t t l e  ( 47 ) .
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f o r  t h e  p r o t e i n ,  w h e r e a s  a r g i n i n e  a t  t h e  t e r m i n u s  had t h e  s h o r t e s t  

h a l f - l i f e  o f  2 min.  To ex t end  t h i s  o b s e r v a t i o n ,  d a t a  were analyzed f o r  a 

t o t a l  o f  208 p r o t e i n s  whose N - t e r m i n a l  amino a c i d  and i n t r a c e l l u l a r  

h a l f - l i v e s  were known. No excep t ion  f o r  t h e  N-end r u l e  was found f o r  a l l  

t h e s e  r e l a t i v e l y  l o n g - l i v e d  p r o t e i n s .  Only  one  p r o t e i n  w i t h  s h o r t  

h a l f - l i f e  was i nc l uded  in t h i s  s tudy  because  t h e  N - t e r m i n a l  amino a c i d  

s e q u e n c e  o f  an u n s t a b l e  p r o t e i n  i s  i n h e r e n t l y  d i f f i c u l t  t o  de t e r mi ne .  

Another  h y p o t h e s i s ,  wi th  a acronym o f  PEST, was p r o p o s e d  by Roge r s  e t  

a l . t o  a c c o u n t  f o r  t h e  s h o r t  h a l f - l i f e  o f  r a p i d l y  degraded p r o t e i n s  

( 4 2 ) .  PEST r e g i o n s  can be r ecogn i zed  by e x a m i n i n g  amino a c i d  r e s i d u e s  

ad j a c e n t  t o  p r o l i n e  (P) f o r  enr i chment  of  g l u t ami c  acid  ( E) ,  s e r i n e  (S) ,  

and t h r e o n i n e  (T) .  L o c a l i z a t i o n  o f  PEST r e g i o n s  can be  a s s i s t e d  by t h e  

hydropathy p l o t .  T y p i c a l l y ,  t h e y  appear  i n  a h y d r o p h i l i c  v a l l e y  fo l lowed 

o r  preceded by a hydrophobic  peak.  PEST r e g i o n s  a r e  u s u a l l y  f l a n k e d  by 

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

h i s t i d i n e  r e s i d u e s  never  occur  i n s i d e  t h e  sequence .  Of t h e  t e n  p r o t e i n s  

s t u d i e d  t h a t  have i n t r a c e l l u l a r  h a l f - l i v e s  o f  l e s s  than 2 h ou r s ,  a l l  of  

them have a t  l e a s t  one PEST r e g i o n ,  whe r eas  o n l y  3 o u t  o f  35 p r o t e i n s  

t h a t  have  l o n g e r  i n t r a c e l l u l a r  h a l f - l i v e s  (20  t o  220  hours )  c o n t a i n  a 

PEST r e g i o n .  The mechanism by which PEST c o n t a i n i n g  p r o t e i n  i s  d e g r a d e d  

i s  n o t  known.  However ,  t h i s  mechanism i s  c l e a r l y  mediated by s p e c i f i c  

p r o t e o l y s i s  o n l y  in e u k a r y o t i c  c e l l s .  S i n c e  some PEST c o n t a i n i n g  

p r o t e i n s  (E1A,  and Myc p r o t e i n )  can be s t a b l y  ove r expr es sed  in _E. c o l i  

( 4 3 ,  4 4 ) ,  i n  c o n t r a s t  t o  i t s  r a p i d  d e g r a d a t i o n  in c u l t u r e d  e u k a r y o t i c  

c e l l s .  Fu r thermore ,  p r o k a r y o t i c  p r o t e i n s  wi th  s h o r t  h a l f - l i v e s ,  ( e . g . ,  

lambda p r o t e i n  N and C I I )  do not  c o n t a i n  any PEST r eg i on  ( 45 ) .  Although 

t h e  p r e c i s e  i n t r a c e l l u l a r  h a l f - l i f e  o f  URO-S ha s  n o t  been  d e t e r m i n e d .
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M e t h i o n i n e  i s  t h e  f i r s t  amino acid r e s i d u e  o b t a i n e d  f o r  t h e  N- terminus  

o f  URO-S. I f  t h e  N-end r u l e  i s  o p e r a t i o n a l ,  m e t h i o n i n e  s h o u l d  have  

c o n f e r r e d  i n t r a c e l l u l a r  s t a b i l i t y  t o  URO-S. A "PEST-l ike" r eg i on  can be 

i d e n t i f i e d  from t h e  p r e d i c t e d  amino acid sequence ( 2 3 8 - 2 4 8 )  and h y d r o ­

p a t h y  p l o t .  A s t r e t c h  o f  s e q u e n c e ,  P-V-S-C-T-A-E-S-P-T-P occu r s  in a 

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

amino a c i d .  Whether t h i s  r e a l l y  r e p r e s e n t s  a t r u e  PEST sequence and i t s  

s i g n i f i c a n c e  in t e rms  o f  p r o t e o l y t i c  d e g r a d a t i o n  w i l l  r e q u i r e  f u r t h e r  

s t u d i e s  u s i ng  expres sed  p r o t e i n  wi th s i t e - s p e c i f i c  m o d i f i c a t i o n  of  t h i s  

r e g i o n .  A u s e f u l  t a r g e t  f o r  s i t e - s p e c i f i c  m u t a g e n e s i s  may be t h e  

p r o l i n e  r e s i d u e ,  which may be c r i t i c a l  t o  t h e  sequence r ecogn i zed  by a 

s p e c i f i c  p r o l i n e  endo p e p t i d a s e  (46) .

In summary,  t h e  mo l ec u l a r  c l on ing  o f  a f u l l - l e n g t h  human URO-S cDNA 

should  f a c i l i t a t e  t h e  c h a r a c t e r i z a t i o n  o f  t h e  genomic  o r g a n i z a t i o n  o f  

t h i s  heme b i o s y n t h e t i c  enzyme and should pe rmi t  t h e  e l u c i d a t i o n  of  t he  

mo l ec u l a r  d e f e c t ( s )  in u n r e l a t e d  f a m i l i e s  w i t h  CEP. In a d d i t i o n ,  t h e  

i s o l a t i o n  of  t h i s  f u l l - l e n g t h  c l one  should be useful  f o r  t h e  i n v e s t i g a ­

t i o n  o f  t h e  s t r u c t u r a l  b a s i s  o f  t h e  enzyme' s  unique p h ys i ca l  and k i n e t i c  

p r o p e r t i e s .
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SUMMARY

1. R e l i a b l e  a s s ays  were developed to  q u a n t i t a t e  URO-S a c t i v i t y .  C^g 

r e v e r s e d  phase HPLC was used t o  r e s o l v e  and q u a n t i t a t e  t he  URO I and I I I  

i s o m e r s  w i t h o u t  p r i o r  d e r i v a t i z a t i o n . Using e i t h e r  PBG (coupled-enzyme 

as s ay )  o r  HMB ( d i r e c t  a s s ay )  as s u b s t r a t e ,  URO-S a c t i v i t y  was m e a s u r ed  

by t he  amount o f  URO I I I  formed,  as ana lyzed  by HPLC.

2. The e n z y m a t i c  d i a g n o s i s  o f  homozygotes wi th  CEP can be achieved 

r e l i a b l y  by t he  d i r e c t  o r  t h e  coupled-enzyme a s s a y .  In most  c a s e s ,  t h e  

URO-S a s says  d i s t i n g u i s h e d  between normal i n d i v i d u a l s ,  o b l i g a t e  h e t e r o z y -  

o t e s  and homozygous p a t i e n t s  wi th  CEP us i ng  e r y t h r o c y t e s  o r ,  p r e f e r a b l y  

c u l t u r e d  l y m p h o b l a s t s  as  enzyme s o u r c e .  C u l t u r e d  lymphoblas t s  were 

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

blood t r a n s f u s i o n s  f o r  t h e i r  hemolyt i c  anemia.

3. The c o u p l e d - e n z y m e  a s s a y  i s  e a s i e r  t o  pe r fo rm than t he  d i r e c t  

a s s a y  because  t h e r e  i s  no need f o r  s u b s t r a t e  p r e p a r a t i o n  b e f o r e  i n c u ­

b a t i o n .  T h i s  a s s a y  a l s o  i s  u s e f u l  f o r  m o n i t o r in g  enzymat i c  a c t i v i t y  

du r i ng  p u r i f i c a t i o n  o f  URO-S. However ,  t h e  d i r e c t  HMB a s s a y  i s  mos t  

r e l i a b l e  f o r  k i n e t i c  s t u d i e s  o f  URO-S.

4. A p u r i f i c a t i o n  scheme has  been  d e v i s e d  f o r  URO-S which y i e l d s  

s e v e r a l  mi l l i g r am s  o f  h i g h l y  p u r i f i e d  URO-S f rom f i v e  l i t e r s  o f  human 

e r y t h r o c y t e s . Subsequent  p u r i f i c a t i o n  by e i t h e r  r ev e r s e d  phase HPLC or  

e l e c t r o e l u t i o n  p e r mi t s  t he  i s o l a t i o n  o f  homogeneous URO-S p r o t e i n .
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5. URO-S f rom human e r y t h r o c y t e s  i s  a monomer w i t h  a m o l e c u l a r  

weight  o f  29,500.  The p u r i f i e d  p r o t e i n  has a p i  o f  5 . 5 ,  a pH opt imum o f  

7 . 4  and a Km f o r  HMB o f  5-20 uM. Na+ , K+, Mg+2,  and Ca+2 a r e  a c t i v a t o r s  

o f  URO-S, whi l e  t he  enzymat i c  a c t i v i t y  i s  i n h i b i t e d  by Cd+2,  Cu+2,  Hg+^ 

and Zn+2.

6 . The amino a c i d  s e q u e n c e  f o r  N- t e rmi na l  and t r y p t i c  p ep t i d e s  o f  

URO-S was de t e rmi ne d .  S y n t h e t i c  o l i g o n u c l e o t i d e  m i x t u r e s  were s y n t h e ­

s i z e d  c o r r e s p o n d i n g  t o  amino a c i d  sequences  wi th minimal codon r edun­

dancy.  Rad i o l abe l ed  o l i g o n u c l e o t i d e  p r o b e s  were  u s ed  f o r  s c r e e n i n g  a 

human a d u l t  l i v e r  cDNA l i b r a r y .

7. Of t he  e i g h t  p o s i t i v e  c l o n es  which had URO-S s equence s ,  one c l one  

(pURO-S-2) was f u l l - l e n g t h  having an i n s e r t  o f  1296 bp,  which inc luded  a 

196 bp 5 '  u n t r a n s l a t e d  r e g i o n ,  an 85 bp 3'  u n t r a n s l a t e d  sequence and a 

798 bp coding  sequence (265 amino a c i d  r e s i d u e s  and t he  s t o p  codon) .  The 

n u c l e o t i d e  s e q u e n c e  was de t e rmined  f o r  t he  e n t i r e  i n s e r t .  The a u t h e n ­

t i c i t y  o f  t h e  URO-S cDNAs were  e s t a b l i s h e d  by  t h e  d e m o n s t r a t i o n  o f  

c o l i n e a r i t y  o f  t h e  d e d uc e d  s e q u e n c e  w i t h  amino a c i d s  d e t e r m i n e d  by 

m i c r o s e q u e n c i n g  t h e  homogeneous  p r o t e i n .  N o r t h e r n  b l o t  a n a l y s i s  

r e v e a l e d  a s i n g l e  m e ss ag e  o f  1 . 3  kb,  f u r t h e r  i n d i c a t i n g  t h a t  pURO-S-2 

c o n t a i n s  t he  complete  p r oces s ed  t r a n s c r i p t .

8 . The a v a i l a b i l i t y  o f  t h e  f u l l - l e n g t h  cDNA encoding human URO-S 

w i l l  be u s e f u l  f o r  t he  i n v e s t i g a t i o n  o f  t he  m o l e c u l a r  d e f e c t ( s )  in CEP 

f rom u n r e l a t e d  f a m i l i e s ,  and w i l l  f a c i l i t a t e  s t u d i e s  o f  t he  s t r u c t u r e ,  

genomic o r g a n i z a t i o n ,  chromosomal l o c a l i z a t i o n  and e x p r e s s i o n  o f  human 

URO-S. Such s t u d i e s  a l s o  should  p r ov i de  i n s i g h t  i n t o  t he  r e g u l a t i o n  o f  

t he  human heme b i o s y n t h e t i c  pathway.  In a d d i t i o n ,  t h e  a v a i l a b i l i t y  o f
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t h i s  cDNA w i l l  pe rmi t  t he  development  and e v a l u a t i o n  of  f u t u r e  t r i a l s  o f  

gene  t r a n s f e r  i n t o  h e m a t o p o i e t i c  s t e m  c e l l s  f o r  t h e  t r e a t m e n t  o f  

s e v e r e l y  a f f e c t e d  hemozygotes wi th  CEP.


