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ABSTRACT

Nonuniform  B i o s y n t h e s i s  o f  M u l t i p l e  
H em oglobins  i n  t h e  A d u l t  G u in e a  F i g

by 

Win L in

A d v i s e r :  P r o f e s s o r  Abraham Mazur

Two h e m o g lo b in  components  were fo u n d  i n  r e d  c e l l s  o f  
g u i n e a  p i g  by t h e  m ethods  o f  d i s c  g e l  and i s o e l e c t r i c  f o c u ­
s i n g  g e l  e l e c t r o p h o r e s i s .  The same two h e m o g lo b in  com ponen ts  
were a l s o  r e v e a l e d  i n  marrow c e l l s  on t h e  i s o e l e c t r i c  f o c u ­
s i n g  g e l .  The m a jo r  h e m o g lo b in  component  i n  r e d  c e l l s  was 
t h e  m in o r  one i n  marrow c e l l s .  By i n  v i v o  l a b e l i n g  s t u ­
d i e s ,  i t  was p r o v e n  t h a t  h em o g lo b in  2 i s  a s s o c i a t e d  w i t h  t h e  
y o u n g e s t  c e l l s  and  h e m o g lo b in  1 a s s o c i a t e s  w i t h  t h e  o l d e r  
c e l l s .  The two h e m o g lo b in s  a r e  n o n u n i f o r m l y  s y n t h e s i z e d  i n  
t h e  a d u l t  g u i n e a  p i g  d u r i n g  t h e i r  d e v e lo p m e n t .  T h i s  c o n c l u ­
s i o n  was f u r t h e r  c o n f i r m e d  by t h e  method o f  c e n t r i f u g a t i o n  
i n  a  d e x t r a n  d e n s i t y  g r a d i e n t ,  i n  w h ich  t h e  m u l t i p l e  hem oglo­
b i n s  i n  marrow c e l l s  c a n  be s e p a r a t e d  a c c o r d i n g  t o  t h e i r  r e ­
l a t i v e  s t a g e s  o f  m a t u r a t i o n .  The r e s u l t s  o f  s t u d i e s  o f  two 
g u i n e a  p i g  h e m o g lo b in s  s u g g e s t  t h a t  t h e  phenomenon f i r s t  ob ­
s e r v e d  i n  t h e  r a t  may be a  g e n e r a l  one among mammalian mul­
t i p l e  h e m o g l o b i n s .  The f i n d i n g  o f  n o n u n i f o r m  b i o s y n t h e s i s  
o f  two m u l t i p l e  h e m o g lo b in s  i n  t h e  g u i n e a  p i g  p o s e s  t h e  q u e s ­
t i o n  o f  a s s e m b ly  o f  t h e  c o r r e c t  oC and c h a i n s  f o r  e a c h  o f  
t h e s e  h e m o g lo b in s  a t  t h e  p r o p e r  s t a g e  o f  e r y t h r o i d  c e l l  ma­
t u r a t i o n .  I f  a l l  o r  some o f  th e  oC o r  '•£> c h a i n s  were i d e n t i c a l ,  
t h e  c o m p l e x i t y  o f  r e g u l a t i n g  t h e  t r a n s c r i p t i o n  o f  t h e s e  c h a i n s  
would be l e s s e n e d .  A l s o ,  i t  i s  p o s s i b l e  t h a t  e a r l y  c h a i n s  
m ig h t  s e r v e  a s  p r e c u r s o r s  f o r  l a t e r  c h a i n s .  To r e s o l v e  t h i s  
q u e s t i o n ,  a n a l y s e s  o f  h e m o g lo b in s  1 and  2 have  b e e n  p e r f o r m e d  
a f t e r  t h e i r  s e p a r a t i o n  and p u r i f i c a t i o n .  By t h e  c r i t e r i a  o f  
amino a c i d  a n a l y s i s ,  p e p t i d e  mapping and amino a c i d  s e q u e n c i n g  
by homology t h e  two oC c h a i n s  a s  w e l l  a s  t h e  two ^  c h a i n s  a r e  
c o n s i d e r e d  d i f f e r e n t .  T h e r e f o r e  i t  i s  s u g g e s t e d  t h a t  f o u r  
d i f f e r e n t  s t r u c t u r a l  g e n e s  code f o r  t h e  f o u r  d i f f e r e n t  p o l y ­
p e p t i d e  c h a i n s .  T h i s  r u l e s  o u t  t h e  p o s s i b i l i t y  t h a t  e a r l y  
c h a i n s  m ig h t  s e r v e  a s  p r e c u r s o r s  f o r  l a t e r  c h a i n s  and makes 
t h e  r e g u l a t o r y  mechanism o f  gene t r a n s c r i p t i o n  more c o m p l i ­
c a t e d .
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INTRODUCTION

M u l t i p l e  h e m o g lo b in s  have b e en  r e p o r t e d  i n  a d u l t  mam­

m a l i a n  r e d  c e l l s ,  e .  g . , human (S chneck  e t  a l . ,  1 9 6 1 ) ,  r a t  

( S t e i n  e t  a l . ,  1971) and  mouse (Popp,  1 9 6 5 ) .  I n  t h e  r a t ,  i t  

h a s  b een  d e m o n s t r a t e d  t h a t  s i x  h e m o g lo b in s  o f  t h e  a d u l t  r e d  

c e l l  a r e  p r e s e n t  i n  marrow e r y t h r o i d  c e l l s  and  t h e s e  s i x  h e ­

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

d u r i n g  c e l l  m a t u r a t i o n .  R a t  h e m o g lo b in  5 i s  s y n t h e s i z e d  most  

a c t i v e l y  i n  t h e  e a r l i e s t  e r y t h r o i d  c e l l s  w h e rea s  h e m o g lob in  4 

( t h e  m a jo r  h em o g lo b in  o f  t h e  r e d  c e l l )  i s  s y n t h e s i z e d  m ost  a c ­

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

(W e is e r  e t  a l . , 1976) h a s  c o n f i r m e d  t h e  r e a l i t y  o f  n o n u n i fo rm  

b i o s y n t h e s i s  o f  r a t  h e m o g lo b in s  i n  marrow e r y t h r o i d  c e l l s  by 

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

h e m o g lo b in s  i n  e r y t h r o i d  marrow c e l l s  s e p a r a t e d  a c c o r d i n g  t o  

t h e i r  r e l a t i v e  s t a g e s  o f  m a t u r a t i o n .

The c o n t r o l  mechanisms i n v o l v e d  i n  n o n u n i fo rm  hemoglo­

b i n  s y n t h e s i s  i n  many s p e c i e s  h a s  become a  s u b j e c t  o f  g r e a t  

i n t e r e s t  i n  r e c e n t  y e a r s .  Most o f  t h e  work was done by a n a l y ­

s i s  o f  h em o g lo b in  p o l y p e p t i d e  c h a i n s  o f  v a r i o u s  mammalian s p e ­

c i e s  t o  s u g g e s t  g e n e t i c  mechanisms t h a t  c a u s e  c h e m ic a l  h e t e r o ­

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

o f  mammalian h e m o g lo b in s  h a s  b e en  s t u d i e d  p r i m a r i l y  i n  humans 

(Huisman e t  a l . , 1 97 1 ) i n  which  t h e  o c c u r r e n c e  o f  h em og lo b in  

h e t e r o g e n e i t y  was fou nd  t o  be. due t o  s t r u c t u r a l  d i f f e r e n c e s  

i n  Np* and ^  c h a i n s ,  a c c o u n t i n g  f o r  h e m o g lo b in  A and Ag when



t h e y  a r e  combined w i t h  a  s t r u c t u r a l l y  i d e n t i c a l  oC c h a i n .  I n  

t h e  h o r s e ,  two d i s t i n c t  h e m o g lo b in  components  were r e p o r t e d  

and e v id e n c e  h a s  b e en  fo u n d  t h a t  t h e  s t r u c t u r a l  d i f f e r e n c e s

s i x  p u r i f i e d  r a t  h e m o g l o b i n s ,  p e r f o r m e d  by  S t e i n  ( S t e i n  e t  a l . , 

1 97 1 ) d e m o n s t r a t e d  t h a t  t h e  h e t e r o g e n e i t y  was due t o  d i f f e r e n ­

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

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

d i f f e r e n c e s  i n  a g g r e g a t i o n .  S e v e r a l  mechanisms were s u g g e s t e d  

f o r  c o n t r o l l i n g  t h e  v a r i a t i o n s  i n  amino a c i d  s e q u e n c e s  o f  some

2 ) a  nonhom ologous  c r o s s i n g - o v e r  b e tw ee n  c o r r e s p o n d ­

in g  p o i n t s  o f  t h e  g e n e s  f o r  d i f f e r e n t  c h a i n s ;

3 ) d e l e t i o n  m u t a t i o n s  r e s u l t i n g  i n  t h e  l o s s  o f  one 

o r  more amino a c i d s  i n  a  g i v e n  p o l y p e p t i d e  c h a i n ;

4) t h e  e x i s t e n c e  o f  d i f f e r e n t  m u l t i p l e  t e m p l a t e s  f o r  

t h e  s p e c i f i c  c h a i n ;

5 ) t h e  v a r i a b l e  t r a n s l a t i o n  o f  a  u n iq u e  t e m p l a t e  c o r ­

r e l a t e d  w i t h  d e g e n e r a c y  o f  t h e  g e n e t i c  c o d e .

I n  o r d e r  t o  d e t e r m i n e  w h e t h e r  t h e  n o n - u n i f o r m  b i o ­

s y n t h e s i s  o f  m u l t i p l e  h e m o g lo b in s  i n  t h e  r a t  i s  a  g e n e r a l  

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

p i g  and mouse were s t u d i e d .  My a p p ro a c h  d e a l i n g  w i t h  t h i s  

p ro b lem  was f i r s t  t o  use  t h e  t e c h n i q u e  o f  i s o e l e c t r i c  f o c u s i n g  

e l e c t r o p h o r e s i s  t o  r e s o l v e  b o t h  r e d  b l o o d  c e l l  and bone marrow

was i n  t h e  o i  c h a i n s  ( C le g g ,  1 9 7 4 ) .  C hem ica l  s t u d i e s  o f  t h e

> c h a i n s  o f  mammalian h e m o g lo b in s  a s  f o l l o w i n g t

1 ) t h e  r e p l a c e m e n t  o f  one amino a c i d  by a n o t h e r ;
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c e l l  h e m o g lo b in s  on p o l y a c r y l a m i d e  g e l s .  Bone marrow c e l l s  

c o n t a i n  m o s t l y  immature  e r y t h r o i d  c e l l s  and r e d  b lo o d  c e l l s  

c o n t a i n  t h e  f u l l y  m a tu r e d  e r y t h r o i d  c e l l .  One i n d i c a t i o n  o f  

n o n - u n i f o r m  h e m o g lo b in  s y n t h e s i s  i n  e r y t h r o i d  c e l l s  i s  t h e  

f i n d i n g  t h a t  t h e  p e r c e n t a g e  d i s t r i b u t i o n  i n  h e m o g lo b in  c o n ­

t e n t  o f  b o th  k i n d s  o f  c e l l s  i s  d i s t i n c t i v e l y  d i f f e r e n t ,  i . e . ,  

two h e m o g lo b in  p a t t e r n s  on t h e  g e l  a r e  d i f f e r e n t .  The c o n ­

c l u s i v e  e v i d e n c e s f o r  t h i s  c o n c e p t  w i l l  t h e n  be p r o v i d e d  by i n  

v i v o  ^ ^ i^ ' e - l a b e l in g  s t u d i e s  and by i d e n t i f i c a t i o n  o f  d i f f e r e n t  

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

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

m en t .

To a p p ro a c h  an  u n d e r s t a n d i n g  o f  t h e  c o n t r o l  mechanisms 

i n v o l v e d  i n  h e m o g lo b in  s y n t h e s i s  was a n o t h e r  g o a l  o f  t h i s  d i s ­

s e r t a t i o n .  I n  an  a t t e m p t  t o  a c h i e v e  t h i s ,  t h e  f o l l o w i n g  a p ­

p r o a c h e s  were a p p l i e d :

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

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

e a c h  of t h e  m u l t i p l e  h e m o g lo b in s  i n  a  p u r e  s t a t e ?

b) s e p a r a t i o n  o f  h e m o g lo b in s  i n t o  t h e i r  p o l y p e p t i d e

c h a i n s ?

c) c o m p a r i s o n  o f  t h e  t o t a l  amino a c i d  c o m p o s i t i o n s

o f  e a c h  oCand  ^  c h a in ?

d) c o m p a r i s o n  o f  t h e  t w o - d i m e n s i o n a l  p e p t i d e  maps

o f  t h e  t r y p t i c  d i g e s t s  o f  e a c h  and ^  c h a i n ;

e)  c o m p a r i s o n  o f  t h e  amino a c i d  c o n t e n t
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t r y p t i c  p e p t i d e s  and t h e i r  seq uence  a s s i g n e d  by homology w i t h  

o t h e r  mammalian h e m o g lo b in s .  Depending upon t h e  n a t u r e  o f  

t h e  amino a c i d  seq u ence  d i f f e r e n c e s  i n  t h e  OL a n d c h a i n s ,  

one would be a b l e  t o  s p e c u l a t e  a b o u t  g e n e t i c  mechanisms t h a t  

ca u se  c h e m ic a l  h e t e r o g e n e i t y  among t h e  h e m o g lo b in s .
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EXPERIMENTAL

M a t e r i a l s

Female  A l b i n o  g u i n e a  p i g s  (New Z e a l a n d  W hite )  were  p u r ­

c h a s e d  f rom  M a r lan d  B reed  Farm, New J e r s e y .  A l l  t h e  c h e m i c a l s  

u se d  i n  t h i s  t h e s i s  were F i s h e r  S c i e n t i f i c  r e a g e n t  g r a d e  u n l e s s  

s t a t e d  o t h e r w i s e .  D e x t r a n  ( C l i n i c a l  g r a d e ,  a v e r a g e  Mw 8 3 . 3 0 0 ) 

and  2 - M e r c a p t o e t h a n o l  were p r o d u c e d  by Sigma C h e m ica l  Company. 

Bovine  serum a lb u m in  was f rom Armour L a b o r a t o r y ,  K ankakee ,  111. 

A m phol ines  (pH 6- 8 ) were  f rom  LKB I n s t r u m e n t  Company. N, N, N' ,

N' - t e t r a m e t h y l e t h y l e n e d i a m i n e  (TEMED), a c r y l a m i d e  and N, N' -  

m e th y le n e  b i s - a c r y l a m i d e  f o r  t h e  i s o e l e c t r i c  f o c u s i n g  e x p e r i ­

m en ts  were p u r c h a s e d  f rom  E as tm an .  D E A E - c e l lu lo s e  and AG 501-  

X8 (D) were s u p p l i e d  by  B io -R ad .  Sephadex  G-25 was f rom  P h a r ­

m a c ia  F i n e  C h e m i c a l s .  CM-52 c e l l u l o s e  was o b t a i n e d  f rom  What­

man Company. T r y p s i n  t r e a t e d  w i t h  TPCK was p u r c h a s e d  f rom 

W o r t h i n g to n  B i o c h e m i c a l s .  N i n h y d r i n  was f rom  P i e r c e  C h e m ic a l s  

a s  was t h e  4N Methane s u l f o n i c  a c i d  c o n t a i n i n g  0 . 2% 3 - ( 2 - a m i n o -  

e t h y l ) I n d o l e . A l l  t h e  b u f f e r s  u s e d  f o r  amino a c i d  a n a l y s i s  

were b o u g h t  f rom  Beckman.

Methods

P r e p a r a t i o n  o f  H em oglobin  f rom  Red Blood c e l l s  o r  Bone Marrow 

C e l l s

Blood  was c o l l e c t e d  f rom  t h e  h e a r t  o r  c e n t r a l  a r t e r y  

o f  a n a e s t h e t i z e d  g u i n e a  p i g s  i n  h e p a r i n - i s o t o n i c  0.9% NaCl 

s o l u t i o n  and  t h e  r e d  b lo o d  c e l l s  were washed t h r e e  t i m e s  w i t h  

i s o t o n i c  0.9% NaCl s o l u t i o n  by c e n t r i f u g a t i o n .  The p a ck e d
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c e l l s  were t h e n  l y s e d  a t  room t e m p e r a t u r e  by  a d d i t i o n  o f  f o u r  

vo lum es  o f  a  s o l u t i o n  o f  1 0 ~ \ l  EDTA (pH 7 .4 )  and t h e  s o l u t i o n  

was s a t u r a t e d  w i t h  c a r b o n  m onoxide .  O n e - t e n t h  o f  i t s  volume 

o f  9% NaCl s o l u t i o n  was added  and t h e  c e l l  s t r o m a  was removed 

by c e n t r i f u g a t i o n  a t  20 ,00 0  X g f o r  20 min.  The h e m o g lob in  

s o l u t i o n  was d i a l y z e d  o v e r n i g h t  i n  t h e  c o l d ,  w i t h  s t i r r i n g ,  

a g a i n s t  a  l a r g e  volume o f  0.005M T r i s - H C l ,  pH 8 . 6 .  A f t e r  d i a ­

l y s i s ,  t h e  h e m o g lo b in  s o l u t i o n  was t h e n  p l a c e d  o n to  a  DEAE- 

c e l l u l o s e  column e q u i l i b r a t e d  w i t h  0.005M T r i s - H C l ,  pH 8 . 6 .

The column was washed w i t h  50 nil o f  t h e  same b u f f e r  t o  remove 

any  i m p u r i t i e s .  The p u r i f i e d  h e m o g lo b in  was c o l l e c t e d  by  e l u ­

t i n g  w i t h  0.1M KPO^-O.IM NaCl (pH 7 . 0 ) .  The s o l u t i o n  was t h e n  

d i a l y z e d  i n  t h e  c o l d  a g a i n s t  0.005M T r i s - H C l  (pH 8 .6 )  i n  t h e  

p r e s e n c e  o f  c a r b o n  m onoxide .  The p r e p a r a t i o n  o f  h em o g lo b in  

f rom  bone marrow c e l l s  was t h e  sa m e .

P r e p a r a t i o n  o f  Bone Marrow C e l l s

Normal g u i n e a  p i g s  w e i g h in g  i n  t h e  r a n g e  o f  200-250  gms 

were  a n a e s t h e t i z e d  by i n t r a m u s c u l a r  i n j e c t i o n  o f  Nembuta l  So­

dium (5 mg/100 gm body w e i g h t )  and  were a l s o  i n j e c t e d  i n t r a v e ­

n o u s l y  w i t h  0 . 1  ml h e p a r i n  (1000 U / m l ) . A f t e r  a  few m i n u t e s ,  

t h e  f o u r  l o n g  b o n e s  f rom  t h e  h i n d  l e g s  were q u i c k l y  rem oved.  

B oth  e n d s  o f  e a c h  bone were c u t  w i t h  s c i s s o r s  and p u n c t u r e d  

w i t h  a  NO. 20 h y p o de rm ic  n e e d l e .  The marrow c e l l s  were f o r c e d  

o u t  i n  a  s i n g l e  p l u g  w i t h  a  2 ml s y r i n g e ,  c o n t a i n i n g  s a l i n e

s o l u t i o n .  The marrow c e l l s  were washed  s e v e r a l  t i m e s  w i t h  

s a l i n e  s o l u t i o n ,  f o r  p r e p a r a t i o n  o f  h e m o g lo b in ,  o r  w i t h  th e
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s t a n d a r d  medium, f o r  s e p a r a t i n g  c e l l s  o f  d i f f e r e n t  a g e s .  The 

c e l l s  were  d i s p e r s e d  d u r i n g  w a sh in g  by r e p e a t e d  p i p e t t i n g ,  

and  t h e n  p a s s e d  t h r o u g h  g r a d e d  w i r e  s i e v e s .  A f t e r  e a c h  wash­

i n g ,  t h e  c e l l s  were c e n t r i f u g e d  a t  5 ° c f o r  20 min a t  1 ,0 0 0  x g .  

At t h i s  p o i n t  t h e  bone marrow c e l l s  were  r e a d y  f o r  p r e p a r a t i o n  

o f  t o t a l  h e m o g lo b in  o r  f o r  s e p a r a t i o n  o f  t h s  c e l l s  by d e n s i t y  

g r a d i e n t  c e n t r i f u g a t i o n .

P r a p a r a t i o n  o f  D e x t r a n  G r a d i e n t s

A s t o c k  s o l u t i o n  o f  30% (w/v)  d e x t r a n  was p r e p a r e d  by 

d i s s o l v i n g  t h e  d e x t r a n  i n  a  s t a n d a r d  medium [ 1 3 6 .9  mto NaCl;

5 . 3 6  mM KC1; 1 . 0 8  mlW NagHP0^;  1 .1 0  mM KHgPO^j O.63  mlvi fcigSO^*

7 HgO; 6 .1 1  mM g l u c o s e  and 0.5% b o v in e  serum a lb u m in  ( w / v ) ]  

and t h e n  c e n t r i f u g i n g  t h e  s o l u t i o n  a t  low sp e ed  t o  remove 

t h e  b u b b l e s .  Twenty p e r c e n t  (w/v)  d e x t r a n  s o l u t i o n  was p r e ­

p a r e d  f rom  t h e  30% s t o c k  s o l u t i o n  by d i l u t i n g  w i t h  s t a n d a r d  

medium. These  c o n c e n t r a t i o n s  were t h e n  u se d  a s  t h e  l i m i t s  

o f  t h e  d e n s i t y  g r a d i e n t .  L i n e a r  g r a d i e n t s  were fo rm ed  a t  low 

d r i v e  sp e e d  by  u se  o f  a  Beckman D e n s i t y  G r a d i e n t  Form er  s u p ­

p l i e d  w i t h  a  T r i p l e  M ixing  Chamber. The g r a d i e n t  was p r e ­

p a r e d  by  t h e  a c t i o n  o f  two c a m - o p e r a t e d  p u s h e r s  a g a i n s t  a  p a i r  

o f  50 ml l u b r i c a t e d  g l a s s  s y r i n g e s ,  one c o n t a i n i n g  30% d e x t r a n  

s o l u t i o n ,  t h e  o t h e r  c o n t a i n i n g  20% d e x t r a n  s o l u t i o n .  G r a d i e n t s  

were f i l l e d  t o  w i t h i n  1 cm from t h e  t o p  o f  1 x 3 i n c h  c e n t r i f u g e  

t u b e s .  (Schu lm an ,  1 9 6 7 )

The F r a c t i o n a t i o n  o f  Bone Marrow C e l l s  i n  D e x t r a n  D e n s i t y  

G r a d i e n t s

P ack ed  bone marrow c e l l s  s u s p e n d e d  i n  20% d e x t r a n  s o l u -
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t i o n  were  c a r e f u l l y  l a y e r e d  on t o p  o f  t h e  g r a d i e n t  and c e n ­

t r i f u g e d  a t  13*200 x g f o r  35 min i n  t h e  S w in g in g -B u c k e t  

SW 2 5 . I  r o t o r  o f  a  Beckman Model L U l t r a c e n t r i f u g e .  F iv e  d i f ­

f e r e n t  hone marrow c e l l  f r a c t i o n s  were c o l l e c t e d  m a n u a l l y  f rom 

t h e  t o p  by  use  o f  a  p i p e t t e .  These  f r a c t i o n s  were  t h e n  washed 

f o u r  t i m e s  w i t h  0.9% NaCl s o l u t i o n ,  f r o z e n  and t h e n  l y z e d  by 

a d d in g  1 0 “ \ l  EDTA (pH 7 . 0 )  s o l u t i o n .  The h e m o g lo b in  c o n c e n t r a ­

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

r e s i s  r e q u i r e d  f u r t h e r  c o n c e n t r a t i o n  i n  t h e  c o l d  i n  n a r r o w  d i a ­

l y s i s  b a g s  w rapped  i n  Sephadex  G-200 powder f o r  s e r v a l  h o u r s .  

A n a l y t i c a l  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

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

g l a s s  t u b e s  ( 0 . 7  x  10 cm) w i t h  0 . 0 5  M T r i s - g l y c i n e , pH 8 . 6 ,  a s  

t h e  b u f f e r  and  a  c u r r e n t  o f  b  ma p e r  t u b e  f o r  1 h o u r .  Brom- 

p h e n o l  b l u e  was u s e d  a s  a  t r a c k i n g  dye .  ( D a v i s ,  196^)

A n a l y t i c a l  i s o e l e c t r i c  f o c u s i n g  e l e c t r o p h o r e s i s  was p e r ­

fo rm ed  i n  p o l y a c r y l a m i d e  g e l s  c o n t a i n i n g  a m ix t u r e  o f  ampholy­

t e s  w h ich  e s t a b l i s h e d  a  pH g r a d i e n t  f rom 6 .0  t o  8 . 0 .  Each  g e l  

t u b e ,  0 . 7  x 10 cm, c o n t a i n e d  0 . 5  mg o f  c a rb o x y h e m o g lo b in  p r e ­

v i o u s l y  d i a l y z e d  a g a i n s t  0 .0 0 5  m T r i s - H C l  b u f f e r ,  pH 8 . 6 .  

E l e c t r o p h o r e s i s  was p e r f o r m e d  a t  50 v o l t s  f o r  3 - b  days  i n  t h e  

c o l d  room (Dale  e t  a l . ,  1 9 6 8 ; W r i g l e y ,  1 9 6 8 ) .  U n s t a i n e d  g e l s  

were s u b j e c t e d  t o  d e n s i t o m e t r i c  a n a l y s i s .

P r e p a r a t i v e  I s o e l e c t r i c  F o c u s i n g  S e p a r a t i o n  o f  G u in e a  P i g  

Hem oglob ins

G u in e a  p i g  h e m o g lo b in s  on a p r e p a r a t i v e  s c a l e  (40 mg) 

were  s e p a r a t e d  i n t o  i t s  2 com ponen ts  a s  p r e v i o u s l y  d e s c r i b e d
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e x c e p t  t h a t  e l e c t r o p h o r e s i s  was p e r f o r m e d  a t  75 v o l t s  f o r  72 

h o u r s  u s i n g  g l a s s  t u b e s  1 x  13 cm i n  s i z e .  A f t e r  c o m p l e t i o n  

o f  e l e c t r o p h o r e s i s ,  t h e  g e l s  were removed f rom  t h e  t u b e s ,  s l i ­

ced  a s  c l o s e  t o  t h e  ban d s  a s  p o s s i b l e  and s t o r e d  a t  -20°C .

I n  Vivo S tu d y  w i t h  ^ F e

Normal g u i n e a  p i g s  were a n a e s t h e t i z e d  by  i n t r a m u s c u ­

l a r  i n j e c t i o n  w i t h  sodium p e n t o b a r b i t a l  ( 0 . 1  ml) and  a l s o  i n ­

t r a v e n o u s l y  w i t h  0 . 7 5  ml r a d i o a c t i v e  f e r r i c  c i t r a t e  (8 x 10^ 

c p m /m l ) . S m a l l  q u a n t i t i e s  o f  b lo o d  ( 0 . 3 - 0 . ^  ml) were  removed 

by c a r d i a c  p u n c t u r e  a t  v a r i o u s  t im e  i n t e r v a l s  f o l l o w i n g  i n j e c ­

t i o n .  The h e m o g lo b in s  f rom  t h e  washed r e d  c e l l s  were s e p a r a t e d  

on p r e p a r a t i v e  i s o e l e c t r i c  f o c u s i n g  g e l s  and  e x t r a c t e d .  T h e i r  

s p e c i f i c  a c t i v i t i e s  (cpm/mg Hb) were d e t e r m i n e d  i n  a  w e l l - t y p e  

c r y s t a l  s c i n t i l l a t i o n  c o u n t e r  ( N u c l e a r  C h ica g o  Company). 

E x t r a c t i o n  o f  Hemoglobin  F r a c t i o n s  f rom  IEF Gel  S l i c e s

Gel  s l i c e s  were hom ogenized  i n  a V i r t i s  Hom ogenizer  w i t h  

0 .0 5  M P o t a s s i u m  p h o s p h a t e - 0 . 1  M NaCl, pH 8 . 6  e x t r a c t i o n  b u f f e r .  

A f t e r  c e n t r i f u g a t i o n  a t  3>000 rpm, p r e c i p i t a t e d  a c r y l a m i d e  g e l  

was d i s c a r d e d .  The s u p e r n a t a n t  h e m o g lo b in  s o l u t i o n  was u se d  

f o r  r a d i o a c t i v i t y  e s t i m a t i o n .

For preparation of globin, the hemoglobin solution was 
further purified by exhaustive dialysis against large volumes 
of 0.005 M Tris-HCl, pH 8 . 6  buffer and adsorbed onto a DEAE- 

cellulose column as previously described. The eluted hemoglo­
bin solution was then desalted by passing through a Sephadex 
G-25 column, 2.5 x 30 cm, equilibrated with 0.01 M KPO^, pH 8.0
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b u f f e r  and  f i n a l l y  d i a l y z e d  a g a i n s t  l a r g e  vo lum es  o f  0 . 0 0 5  M 

T r i s - H C l ,  pH 8 . 6  b u f f e r  i n  t h e  c o l d .

P r e p a r a t i o n  o f  G lo b in

Hemoglobin  was c o n v e r t e d  t o  g l o b i n  by t r e a t m e n t  w i t h  

an  e x c e s s  o f  2% H C l - a c e to n e  c o n t a i n i n g  0 . 0 5  M 2 - m e r c a p t o e t h a -  

n o l  a t  -2 0 °C .  Care  was t a k e n  t o  remove a l l  a c i d  by  w a sh in g  

t h e  p r e c i p i t a t e  4 t i m e s  w i t h  c o l d  ( -2 0 °C )  a c e t o n e  and  once w i t h

e t h e r .  F i n a l l y ,  t h e  e t h e r - w a s h e d  p r e c i p i t a t e  was d r i e d  i n  t h e

d e s s i c a t o r  u n d e r  vacuum. 2- m e r c a p t o e t h a n o l  was u s e d  t h r o u g h o u t  

t h e  e n t i r e  p r e p a r a t i o n  t o  p r e v e n t  o x i d a t i o n .

S e p a r a t i o n  o f  G l o b i n  i n t o  oL  and  f t  C h a in s

The two g u i n e a  p i g  g l o b i n s  were  s e p a r a t e d  i n t o  t h e i r  

and  f t  c h a i n s  by use  o f  a  u r e a - p h o s p h a t e  g r a d i e n t  (C le g g  e t  a l . , 

1 9 6 6 ) .  The d r y  g l o b i n  (40 mg) was d i s s o l v e d  i n  c h ro m a to g r a p h y  

s t a r t i n g  b u f f e r  (8  M u r e a  made 0 . 0 5  M w i t h  2 - m e r c a p t o e t h a n o l ,  

0 .0 0 5  M i n  NagHPO^, and a d j u s t e d  t o  pH 6 . 7  w i t h  H^PO^) t o  a  

c o n c e n t r a t i o n  o f  4 -1 0  mg/ml.  The g l o b i n  s o l u t i o n  was d i a l y z e d  

a g a i n s t  3 c h a n g e s  o f  50- f o l d  e x c e s s  o f  s t a r t i n g  b u f f e r  f o r  3 

h o u r s  a t  room t e m p e r a t u r e  b e f o r e  i t  was a p p l i e d  t o  a  1 x  40 cm 

C M - c e l l u l o s e  column. A f t e r  unbound m a t e r i a l  was rem oved ,  t h e  

g l o b i n  c h a i n s  were e l u t e d  a t  a  f l o w - r a t e  o f  1 m l / l i  min by 

means o f  a  l i n e a r  Na+ i o n  g r a d i e n t  fo rm ed  by m ix in g  150 ml o f  

s t a r t i n g  b u f f e r  w i t h  150 ml o f  8 M u r e a  made 0 .0 5  M i n  2 -m e r -  

c a p t o e t h a n o l ,  0 . 0 3  M i n  NagHPO^ and a d j u s t e d  t o  pH 6 .7  w i t h  

H^PO^. T h ree  ml f r a c t i o n s  were c o l l e c t e d  a t  room t e m p e r a t u r e .

8 M u r e a  u s e d  f o r  t h e s e  s o l u t i o n s  was f i l t e r e d  t h r o u g h  f i l t e r

16



p a p e r ,  and  t h e n  d e i o n i z e d  t h r o u g h  a  2 x 30 cm columm o f  AG 501-  

X8(D) mixed r e s i n  "bed (2 0 -5 0  mesh) a t  a  r a p i d  r a t e  b e f o r e  u s e .  

C o n d u c t i v i t y  o f  t h e  u r e a  s o l u t i o n  s h o u l d  be l e s s  t h e n  10U mho- 1 .

The fractions containing polypeptide chains were pooled 
and desalted by passing through a 3 x 120 cm Sephadex G-25 co­
lumn equilibrated with 0.5 > formic acid, before lyophylizing. 
Formic acid was then removed from the protein by redissolving 
the protein in water and lyophilizing once again.
Amino A c id  A n a l y s i s  o f  I n d i v i d u a l  C h a in s

A sam ple  o f  e a c h  i n d i v i d u a l  c h a i n  was h y d r o l y z e d  w i t h  

6N HC1 a t  110°C f o r  2 4 ,  4 8 ,  72 h o u r s  i n  e v a c u a t e d ,  s e a l e d  am­

p o u l e s .  Each  h y d r o l y s a t e  was t h e n  f r e e d  o f  HC1 and a n a l y z e d  

f o r  amino a c i d  on a  Beckman Model 118 A n a l y z e r .

The c y s t e i n e  r e s i d u e s  were d e t e r m i n e d  a s  c y s t e i c  a c i d  

a f t e r  p e r f o r m i c  a c i d  o x i d a t i o n  ( H i r s ,  1967)

Tryptophan was determined by hydrolyzing with 4N methane 
sulfonic acid containing 0.2fo 3-(2-aminoethyl) Indole (Liu,
1971)•

Labile amino acids, serine and threonine, were deter­
mined by extrapolating values obtained from 24, 48 and 7 2-hour 
hydrolyzates to zero time.
T r y p t i c  D i g e s t i o n  o f  G lo b in

The g l o b i n  was d i s s o l v e d  i n  w a t e r  (10 mg o f  p r o t e i n /

1 ml o f  HgO) and made 1% w i t h  r e s p e c t  t o  NH^HCO^. The s o l u ­

t i o n  was b r o u g h t  t o  pH 9 . 0  w i t h  NH^OH. T r y p s i n  (1% s o l u t i o n  

i n  0 .001N HC1) was ad d ed  t o  g i v e  e n z y m e / s u b s t r a t e  r a t i o  o f
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l / l O O . D i g e s t i o n  was c a r r i e d  o u t  o v e r n i g h t  a t  room t e m p e r a ­

t u r e  and  t e r m i n a t e d  by a d j u s t i n g  t h e  pH t o ' 4 . 5  w i t h  a c e t i c  a c i d .  

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

t r y p t i c  p e p t i d e s ,  was l y o p h i l i z e d  t w i c e  f rom  w a t e r .

S e p a r a t i o n  o f  t h e  T r y p t i c  P e n t i d e s

A sample of soluble tryptic peptides (equivalent to 1 -2  

mg of digested globin) was applied to a sheet of Whatman 3 MM 
paper (18’ x 23'). Descending chromatography was carried out 
at room temperature for 16 hours. The buffer system employed 
was n-butanol-acetic acid-water (4»1«5 by volume) (Katz et al., 
1959) .

A f t e r  d r y i n g  i n  a i r ,  t h e  p a p e r  was s u s p e n d e d  i n  a  "Var-  

s o l " - c o o l e d  t a n k  ( S a v a n t  I n s t r u m e n t s ,  N. Y. )  w i t h  t h e  l i n e  o f  

sample  n e a r e s t  t h e  a n o d e .  High v o l t a g e  e l e c t r o p h o r e s i s  was 

t h e n  p e r f o r m e d  i n  a  p y r i d i n e - a c e t i c  a c i d - w a t e r  b u f f e r  ( 1 0 : 0 . 4 :

90 by  volume)  (pH 6 .4 )  a t  2000- v o l t s  f o r  2 \  h o u r s  ( In g ram ,  1 9 5 8 ) .  

S t a i n s  f o r  P e p t i d e  Maps

P e p t i d e s  were l o c a t e d  by s t a i n i n g  l i g h t l y  w i t h  n i n h y d r i n  • 

o r  w i t h  r e a g e n t s  f o r  s p e c i f i c  amino a c i d s .

The p e p t i d e  maps were d e v e l o p e d  by  s p r a y i n g  t h e  d r i e d  

ch ro m a tog ram s  w i t h  0 . 05% n i n h y d r i n  i n  95% a l c o h o l  and  h e a t i n g  

a t  60°C f o r  20 min.

P a u l y  r e a g e n t  s t a i n i n g  f o r  h i s t i d i n e  and t y r o s i n e  was 

done w i t h  0.1% d ia z o n iu m  s a l t  o f  s u l f a n i l i c  a c i d  i n  10% NagCO^. 

The s t a i n  was d e v e l o p e d  a t  room t e m p e r a t u r e  ( D h o u n l t ,  1 9 7 4 ) .

E h r l i c h  r e a g e n t  s t a i n i n g  f o r  t r y p t o p h a n  was done w i t h
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Ifo p - d i m e t h y l a m i n o b e n z a ld e h y d e  i n  a c e to n e - H C l  ( 9 0 :1 0 )  and 

was d e v e l o p e d  a t  room t e m p e r a t u r e  ( E h r l i c h ,  196 7 ) .

E l u t i o n  o f  P e p t i d e s  f rom  P e p t i d e  Mans

F o u r  p e p t i d e  maps were p r e p a r e d  and s p r a y e d  l i g h t l y  

w i t h  n i n h y d r i n .  S p o t s  were d e v e lo p e d  by h e a t i n g  a t  60°C b e ­

f o r e  b e i n g  c i r c l e d  and c u t  o u t  f rom  t h e  c h ro m a to g r a p h y  p a p e r .  

P e p t i d e s  were s t o r e d  i n  g l a s s  v i a l s  a t  -20°C u n t i l  t h e y  were  

e l u t e d .  The p e p t i d e s  were t h e n  e l u t e d  w i t h  d i s t i l l e d  w a t e r ,  

l y o p h i l i z e d ,  r e d i s s o l v e d  i n  6N HC1, and h y d r o l y z e d  i n  vacuum 

a t  110°C f o r  2k  h o u r s .  The h y d r o l y s a t e s  f rom  e a c h  p e p t i d e  

were a n a l y z e d  u s i n g  a  Beckmen Model 118 amino a c i d  a n a l y z e r .
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RESULTS

M u l t i p l e  Hem oglobins  i n  G u in ea  F i g  Red B lood  C e l l s  and Bone 

Marrow C e l l s

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

pH 8 . 6 ,  a s  w e l l  a s  a n a l y t i c a l  i s o e l e c t r i c  f o c u s i n g  i n  p o l y ­

a c r y l a m i d e  g e l s  a l o n g  a  pH g r a d i e n t  f rom  6 .0  t o  8 . 0 ,  y i e l d e d  

two h e m o g lob in  band s  f rom h e m o g lo b in  s o l u t i o n s  o f  g u i n e a  p i g  

r e d  b lo o d  c e l l s  ( F i g u r e  1 ) .  The method o f  i s o e l e c t r i c  f o c u ­

s i n g  p r o d u c e d  s h a r p e r  s e p a r a t i o n  o f  t h e  two bands  t h a n  d i d  

d i s c  g e l  e l e c t r o p h o r e s i s .  The band n e a r e s t  t h e  c a t h o d e  was 

t h e  m a jo r  band and was named hem og lo b in  1 i n  t h i s  t h e s i s ,  and 

t h e  m in o r  band was named hem o g lo b in  2. The r e l a t i v e  d i s t r i ­

b u t i o n  o f  t h e s e  two b a n d s  a s  w e l l  a s  t h e i r  p i  v a l u e  a r e  shown 

i n  T a b le  I .

A n a l y t i c a l  i s o e l e c t r i c  f o c u s i n g  s e p a r a t i o n  of- hemo­

g l o b i n s  p r e p a r e d  f rom  p o o le d  g u i n e a  p i g  bone marrow a l s o  r e ­

v e a l e d  t h e  same two h e m o g lo b in s  w i t h  r e s p e c t  t o  t h e i r  i s o e l e c ­

t r i c  p o i n t s .  T h e i r  r e l a t i v e  d i s t r i b u t i o n  was r e v e r s e d  ( F i g u r e

2 ) ;  t h e  m a jo r  h e m o g lo b in  o f  t h e  r e d  c e l l ,  h e m o g lo b in  1 ( p i  7*1) 

was p r e s e n t  t o  t h e  e x t e n t  o f  72. 8% o f  t h e  t o t a l  w h e re a s  i n  t o ­

t a l  bone marrow, h em o g lo b in  2 ( p i  6 .8 )  c o n s t i t u t e d  85.5% o f  t h e  

t o t a l .

M u l t ip l e .  .Hemoglobin D i s t r i b u t i o n  i n  Red C e l l s  and Marrow o f  

t h e  Mouse

P o o le d  r e d  c e l l s  and  p o o l e d  t o t a l  marrow c e l l s  o f  s e ­

v e r a l  mice  were washed w i t h  s a l i n e  and  t h e i r  r e s p e c t i v e  t o t a l  

h e m o g lo b in s  e x t r a c t e d  f o r  a n a l y s i s  by a n a l y t i c a l  i s o e l e c t r i c
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FIGURE 1
A n a l y t i c a l  p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  o f  g u i n e a  
p i g  r e d  c e l l  h e m o g lo b in s  (pH 8 . 6 ) .
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FIGURE 2
A n a l y t i c a l  i s o e l e c t r i c  f o c u s i n g  s e p a r a t i o n  o f  g u i n e a  p i g  
h e m o g lo b in s  p r e p a r e d  f rom  r e d  c e l l s  ( l e f t )  and bone marrow 
( r i g h t ) .

22



FIGURE 3
A n a l y t i c a l  i s o e l e c t r i c  f o c u s i n g  s e p a r a t i o n  o f  mouse hemoglo­
b i n s  p r e p a r e d  from r e d  c e l l s  ( l e f t )  and bone marrow ( r i g h t ) .
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TABLE I
DISTRIBUTION OE TWO HEMOGLOBINS IN GUINEA PIG MARROW 

AND RED CELLS

Hemoglobins  were s e p a r a t e d  by i s o e l e c t r i c  f o c u s i n g  e l e c t r o ­
p h o r e s i s  on p o l y a c r y l a m i d e  g e l s  and t h e i r  d i s t r i b u t i o n  d e ­
t e r m i n e d  f rom s c a n n i n g  o p t i c a l  d e n s i t y  r e a d i n g s .  I s o e l e c ­
t r i c  p o i n t s  were d e te r m in e d  by pH m easu rem en ts  o f  g e l  e l u a t e s .

Hemoglobin I s o e l e c t r i c  Red c e l l s  Marrow 
p o i n t  d i s t r i b u t i o n )

1 7 .1  7 2 .8  I k . 5

2 6 .8  2 7 .2  8 5 .5

TABLE I I

DISTRIBUTION OF HEMOGLOBINS IN MOUSE MARROW AND RED CELLS

Hemoglobin  E x p t .  1 E x p t .  2 E x p t .  3
f r a c t i o n  RBC Marrow RBC Marrow RBC Marrow

1 1 2 .7 8 .5 5 -k IE .  5 3 .7 k .3

2 5 9 .6 3 5 .3 7 0 .3 2 5 .7 7 8 .1 5 . 8

3+k 2 7 .7 5 6 .2 2 k . 3 59-8 1 8 .2 8 9 .9
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f o c u s i n g  e l e c t r o p h o r e s i s  and o p t i c a l  d e n s i t y  s c a n n i n g  o f  t h e  

g e l s .  The r e s u l t s  a r e  shown i n  F i g u r e  3 and T a b le  I I .  A l ­

th o u g h  h e m o g lo b in s  3 and  4- a r e  n o t  w e l l  r e s o l v e d ,  i t  i s  ob­

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

r e d  c e l l s  and marrow c e l l s  a r e  c o m p l e t e l y  d i f f e r e n t ,  r e s e m b l ­

i n g  t h e  s i t u a t i o n  i n  t h e  g u i n e a  p i g .

I n  Vivo S tu d y  w i t h  -^%'e i n  G u inea  P i g

The marked d i f f e r e n c e  i n  d i s t r i b u t i o n  o f  t h e  two hemo­

g l o b i n s  i n  t o t a l  bone marrow c e l l s  a s  compared w i t h  t h e  r e d  

b lo o d  c e l l  s u g g e s t e d  t h a t  t h e s e  two h e m o g lo b in s  a r e  n o t  made 

t o  t h e  same e x t e n t  a t  e a c h  s t a g e  o f  m a t u r a t i o n  o f  t h e  e r y t h r o i d  

c e l l .  The i n c o r p o r a t i o n  o f  i s o t o p i c  p r e c u r s o r  i n t o  t h e  two 

h e m o g lo b in s  was s t u d i e d .  I f  a l l  e r y t h r o i d  c e l l s  were t o  sy n ­

t h e s i z e  e a c h  o f  t h e  two h e m o b lo g in s  one would e x p e c t  t o  s e e  i n  

t h e  c i r c u l a t i n g  r e d  c e l l s  a t  a l l  t i m e s  two h e m o b lo b in s  o f  e q u a l  

s p e c i f i c  a c t i v i t i e s .  The r e s u l t  o f  t h i s  e x p e r i m e n t  i s  shown 

i n  T a b le  I I I  wh ich  i l l u s t r a t e s  t h e  s p e c i f i c  r a d i o a c t i v i t y  r a ­

t i o s  o f  h e m o g lo b in  2 t o  h e m og lo b in  1 i n  c i r c u l a t i n g  r e d  c e l l s
59f o l l o w i n g  i n  v i v o  l a b e l i n g  o f  marrow e r y t h r o i d  c e l l s  w i t h  ^ 7F e .

59I t  can  be s e e n  t h a t  a t  s h o r t  t im e  i n t e r v a l s  a f t e r  y7 Fe i n j e c ­

t i o n  h e m o g lo b in  2 h a s  a  low s p e c i f i c  r a d i o a c t i v i t y .  With t i m e ,  

t h e  s p e c i f i c  r a d i o a c t i v i t y  o f  h e m o g lo b in  2 i n c r e a s e d  and r e a c h e d  

a  v a l u e  e q u a l  t o  t h a t  o f  h e m o g lo b in  1 by 14 d a y s .  From t h i s  

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

o f  t h e i r  d i f f e r e n t i a t i o n ,  s y n t h e s i z e  d i f f e r e n t  h e m o g lo b in s ,  and  

a t  d i f f e r e n t  r a t e s .  I n  t h i s  c a s e  h e m o g lo b in  1 i s  m o s t l y  s y n ­

t h e s i z e d  i n  t h e  o l d e r  e r y t h r o i d  c e l l s  o f  t h e  marrow w h e rea s  h e ­

m o g lo b in  2 i s  s y n t h e s i z e d  m o s t l y  i n  t h e  young e r y t h r o i d  c e l l s .
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TABLE III
RELATIVE SPECIFIC RADIOACTIVITIES OF GUINEA PIG HEMOGLOBIN 

IN CIRCULATING RED CELLS FOLLOWING IN VIVO LABELING OF MAR­

ROW ERYTHROID CELLS WITH 59Fe

Days a f t e r  ^ 7Ee
R a t i o  o f  s p e c i f i c r a d i o a c t i v i t i e s Hb 2 «Hb 1

E x p e r im e n t  1 E x p e r im e n t  2 . Average

0 .3 0 . 4 4 0 .5 0 0 . 4  7

1 0 .6 5 0 .5 7 0 .6 1

4 0 .7 3 0 .6 0 0 .6 7

8 0 .8 2 0 . 6 5 0 . 7 4

14 0 .9 1 1 . 1 2 1 . 0 1
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The f r a c t i o n a t i o n  o f  G u in ea  P i g  Bone Marrow C e l l s  i n  D e x t r a n

D e n s i t y  G r a d i e n t s .

"Young" and " o ld "  e r y t h r o i d  c e l l s  c a n  be s e p a r a t e d  

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

e n c e s  i n  d e n s i t y .  A f t e r  c e n t r i f u g a t i o n ,  t h e  most  den se  c e l l s  

( t h e  o l d  c e l l s )  would  s e t t l e  t o  t h e  b o t to m  o f  t h e  g r a d i e n t  

w h i l e  t h e  l e s s  dense  c e l l s ( t h e  young c e l l s )  would r e m a in  a t  

t h e  t o p .

F iv e  f r a c t i o n s  were c o l l e c t e d  f o r  a n a l y s e s ,  nam ely  

( s t a r t i n g  a t  t h e  t o p ) ,  I ,  I I ,  I I I ,  IV and V , and  t h e i r  h e m o g lo b in  

com ponen ts  were exam ined  by i s o e l e c t r i c  f o c u s i n g  g e l  e l e c t r o ­

p h o r e s i s .  The r e s u l t  i s  shown i n  F i g u r e  4 .  F r a c t i o n  I  which  

c o n t a i n s  t h e  y o u n g e s t  e r y t h r o i d  c e l l s  c o n t a i n s  m ost ly ,  hemoglo­

b i n  2.  With c e l l  m a t u r a t i o n ,  h e m o g lo b in  1 i n c r e a s e s  i n  r e l a ­

t i v e  a m ou n ts .

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

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

bone marrow c e l l s  were p o o l e d  a f t e r  two h o u r s  -^Fe  i n j e c t i o n  

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

e a c h  f r a c t i o n  c o l l e c t e d  f rom  t h e  d e x t r a n  d e n s i t y  g r a d i e n t  was 

d e t e r m i n e d .  The r e s u l t s  a r e  shown i n  T ab le  IV which  i l l u s t r a t e s  

t h e  s p e c i f i c  r a d i o a c t i v i t i e s  o f  t h e  t o t a l  h e m o g lo b in  e x t r a c t e d  

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

b a s e d  on d e n s i t y ;  t h e  l e a s t  dense  c e l l s  c o n t a i n e d  t h e  h i g h e s t  

s p e c i f i c  r a d i o a c t i v i t y  and  a r e  assum ed t o  be t h e  " y o u n g e s t "  

e r y t h r o i d  c e l l s .  S e p a r a t i o n  o f  t h e  h e m o g lo b in s  i n  e a c h  f r a c ­

t i o n  by  i s o e l e c t r i c  f o c u s i n g  e l e c t r o p h o r e s i s  l e d  t o  t h e  f i n d i n g
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FIGURE If-
A n a l y t i c a l  i s o e l e c t r i c  f o c u s i n g  s e p a r a t i o n  o f  g u i n e a  p i g  
h e m o g lo b in s  f rom marrow c e l l s .  From l e f t  t o  r i g h t ,  F r a c t i o n  
I  ( t o p  f r a c t i o n  c o l l e c t e d  f rom  d e x t r a n  d e n s i t y  g r a d i e n t ) ,
I I ,  I I I ,  IV and V (b o t to m  f r a c t i o n  c o l l e c t e d  f rom  d e x t r a n  
d e n s i t y  g r a d i e n t ) , t o t a l  marrow, and t o t a l  r e d  b lo o d  c e l l s .
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TABLE IV

DISTRIBUTION OF MULTIPLE HEMOGLOBINS IN GUINEA PIG BONE MARROW CELLS SEPARATED 

BY CENTRIFUGATION IN A DEXTRAN DENSITY GRADIENT
Cg

Animals were i n j e c t e d  w ith  ^7Fe 2 hours p r io r  t o  rem oval o f  marrow in  order t o  
i d e n t i f y  c e l l s  a t  d i f f e r e n t  s t a g e s  o f  m a tu ra t io n .

-----------------------------------------------(5

C e l l s
D i s t r i b u t i o n  % R atio Hb s p e c i f i c

Hemoglobin 1 Hemoglobin 2 Hb liH b  21' r a d i o a c t i v i t y

T o ta l  red  b lood  c e l l s 7 1 .3 2 8 .7 2 .4 8
cpm/mg Hb

T o ta l  marrow 2 5 .1 7 4 .9 0 .3 4
F r a c t io n s*  

( I )  Top 7 .5 9 2 .5 0 .0 8 1435
( I I ) 2 8 .2 7 1 .8 0 .3 9 1072
( I I I ) 3 2 .9 6 7 .1 0 .4 9 852
(IV) 4 4 .1 5 5 .9 0 .7 9 561
(V) Bottom 5 8 .3 4 1 .7 1 .4 0 438



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

2, was a s s o c i a t e d  m o s t l y  w i t h  t h e  y o u n g e s t  e r y t h r o i d  c e l l s  w he re ­

a s  t h e  m a jo r  h e m o g lo b in  o f  r e d  c e l l s ,  h e m o g lo b in  1 ,  i s  p r e s e n t  

t o  t h e  g r e a t e s t  e x t e n t  i n  t h e  m ost  d e n s e ,  and  t h e r e f o r e  t h e  

" o l d e s t "  e r y t h r o i d  c e l l s .

Amino A c id  C o m p o s i t io n  o f  G u inea  P i g  Red C e l l  H em oglob ins

f ro m  t h e  p r e v i o u s  r e s u l t s ,  i f  was p r o v e d  t h a t  h e m o g lo b in  

1 and  h e m o g lo b in  2 were s y n t h e s i z e d  a t  d i f f e r e n t  s t a g e s  o f  

t h e i r  d i f f e r e n t i a t i o n .  Amino A c id  a n a l y s e s  were t h e n  p e r f o r m e d  

on e ac h  o f  t h e  two h e m o g lo b in  f r a c t i o n s  i n  o r d e r  t o  e x p l o r e  

d i f f e r e n c e s  i n  c h e m ic a l  p r o p e r t i e s .  The v a l u e s  i n  T a b le  V f o r  

a l l  amino a c i d s  i n  e a c h  o f  t h e  two h e m o g lo b in s  r e p r e s e n t  v a ­

l u e s  o b t a i n e d  f rom  24 ,  48 and 72 h o u r s  h y d r o l y s a t e .  The number 

o f  r e s i d u e s  f o r  e a c h  h e m o g lo b in  t e t r a m e r  was t a k e n  a s  574. 

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

l e a s e d  more s l o w l y  t h a n  th e  o t h e r  amino a c i d s  and  t h e i r  v a l u e s  

r e p r e s e n t  an  a v e r a g e  o f  t h e  "72 h o u r"  d e t e r m i n a t i o n s .  The v a l u e s  

f o r  t h r e o n i n e ,  s e r i n e  and t y r o s i n e  a r e  d e t e r m i n e d  by e x t r a p o ­

l a t i o n  b ack  t o  z e r o  t im e  i n  o r d e r  t o  c o r r e c t  f o r  t h e i r  p a r t i a l  

d e s t r u c t i o n  d u r i n g  a c i d  h y d r o l y s i s .  T r y p to p h a n  and c y s t e i n e  

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

t e r m i n e d  by t h e  m ethods  o f  L u i  ( L u i ,  1971) and  H i r s  ( H i r s ,  1 9 6 7 ) 

r e s p e c t i v e l y .  C y s t i n e  y i e l d s  c y s t e i c  a c i d  a f t e r  p e r f o r m i c  a c i d  

o x i d a t i o n  and h y d r o l y s i s .  O th e r  amino a c i d s ,  n o t  d e t e c t e d  by 

a c i d  h y d r o l y s i s ,  a r e  a s p a r a g i n e  and  g l u t a m i n e .  These  two amino 

a c i d s  a r e  d e a m id a te d  and  r e c o v e r e d  a s  a s p a r t i c  and g l u t a m i c  

a c i d s ,  r e s p e c t i v e l y .  M e th io n in e  i s  a l s o  d i f f i c u l t  t o  r e c o v e r
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TABLE V
a

AMINO ACID COMPOSITION OF GUINEA PIG RED CELL HEMOGLOBINS

Amino A cid Hemoglobin
I I I

Tryptophan 3 » 9 D 4 . 0 b
L ysin e 4-7.3 ( 0 .7 ) 4 5 .2  ( 0 . 1 )
H is t id i n e 4 1 .5  ( 1 .0 ) 4 2 .5  ( 0 .8 )
A rg in in e 1 1 .3  ( 0 .4 ) 1 2 .0  ( 0 .1 )
A s p a r t ic 4 9 .8  ( 0 .5 ) 5 2 .3  ( 0 .8 )
Threonine 4 0 . 3 ° 4 2 ,8 °
S e r in e 4 0 . 7 C 4 0 . 2 C
G lutam ic 3 1 .1  ( 0 .4 ) 3 0 .8  ( 0 . 1 )
P r o l in e 1 5 . 6  ( 1 .1 ) 1 8 .7  ( 0 .5 )
G ly c in e 3 7 .5  ( 0 .8 ) 3 9 .0  ( 0 .4 )
A la n in e 7 4 .9  ( 0 .8 ) 7 3 .6  ( 0 .7 )
C y s te in e 2 . 9 d 3 - 9 d
V alin e 45-3® 4 7 . 4e
M eth ion ine 7 # 7 d 5 . 3 d
I s o le u c i n e 1 7 . 4e e

1 7 .3
L eucine 7 0 .5  ( 0 .5 ) 6 8 .6  ( 0 .7 )
T yrosin e 9 . 3 C 8 . 5 C
P h e n y la la n in e 3 1 .8  ( 1 .3 ) 3 2 . 6  ( 0 .2 )

a Amino a c id s  are  e x p r e s s e d  a s  th e  number o f  r e s i d u e s  per  
hem oglob in  te tr a m e r  o b ta in e d  a s  average  o f  p r o t e i n  hydro­
l y s i s  w ith  6N HC1 a t  110°C f o r  2 4 ,  48 and 72 h o u rs .
Numbers i n  p a r e n th e s e s  are  th e  average  d e v i a t i o n s .

V

Value from h y d r o l y s i s  w ith  4N methane s u l f o n i c  a c id  con­
t a i n i n g  0 .2 #  3 - ( 2 - a m in o e th y l )  in d o le  a t  115°C f o r  24 h o u rs .

c The 2 4 - ,  4 8 - ,  and 72 -h ou r  v a lu e s  f o r  t h r e o n in e ,  s e r in e  and 
t y r o s i n e  are  e x t r a p o la t e d  t o  z e r o  t im e .

d Value from 24 hour 6N HC1 h y d r o l y s i s  a f t e r  p e r fo r m ic  a c id  
o x i d a t i o n .  C y s te in e  determ ined  a s  c y s t e i c  a c id .  M ethio­
n in e  determ ined  a s  m eth io n in e  su lp h o n e .

e The 72 hour v a lu e s  are ta k e n  f o r  v a l in e  and i s o l e u c i n e .
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a f t e r  a c i d  h y d r o l y s i s  b u t  can  be q u a n t i t a t i v e l y  r e c o v e r e d  a s  

m e t h i o n in e  s u lp h o n e  a f t e r  p e r f o r m i c  a c i d  o x i d a t i o n  ( H i r s ,  I 967 ) . 

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

m igh t  a c c o u n t  f o r  t h e  more b a s i c  i s o e l e c t r i c  p o i n t  o f  hemoglo­

b i n  1 .  Due t o  t h e  p r e s e n c e  o f  non-haem p r o t e i n ,  t h e  v a l u e s  

f o r  e ac h  amino a c i d  o f  t h e  two h e m o g lo b in s  may n o t  n e c e s s a r i l y  

be c o n s i d e r e d  a s  t h e  sum o f  e a c h  r e s i d u e s  f rom  i n d i v i d u a l  c h a i n s .  

S e p a r a t i o n  o f  G u inea  F i g  H em oglobins  i n t o  oL and 4̂  C h a in s

F i g u r e  5 shows t h e  r e s u l t  o f  c h r o m a to g r a p h y ,  a t  pH 6 .7  

on C M - c e l l u l o s e , o f  g l o b i n  p r e p a r e d  f rom  t o t a l  g u i n e a  p i g  hemo- 

g l o b i n .  By use  o f  a  l i n e a r  Na - i o n  g r a d i e n t  f rom  0 . 0 0 5 ^  t o  

0.03M i n  8M u r e a ,  t o t a l  g l o b i n  was s e p a r a t e d  i n t o  a t  l e a s t  

t h r e e  d i f f e r e n t  c h a i n s .  T h i s  p r e l i m i n a r y  s e p a r a t i o n  gave  o n l y  

a  ro u g h  i n d i c a t i o n  o f  t h e  number o f  d i f f e r e n t  pCandv|> c h a i n s  

t h a t  c a n  be e x p e c t e d .  A more s a t i s f a c t o r y  s e p a r a t i o n  was 

a c h i e v e d  by u s i n g  l o n g e r  C h - c e l l u l o s e  c o lu m n s .  A f t e r  t h i s  

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

h em o g lo b in  1 and h e m o g lo b in  2 was t h e n  s e p a r a t e d  on 1 x ^0 cm 

CIv i-ce l lu lose  column u n d e r  t h e  same c o n d i t i o n s .  The r e s u l t s  

a r e  shown i n  f i g u r e  6 and F i g u r e  7 i n  which  \J3 c h a i n s  were e l u ­

t e d  i n  f r o n t  o f  o C c h a i n s .  S in c e  t h e  two c h a i n s  r e v e a l e d  good 

s e p a r a t i o n  i t  was n o t  n e c e s s a r y  t o  r e - c h r o m a t o g r a p h  e ac h  c h a i n  

a g a i n .  The p o o l e d  oi and $  c h a i n s  were t h e n  f r e e d  f rom  u r e a  by 

p a s s i n g  t h r o u g h  a  Sephadex  G-25 column and f r e e d  from f o r m ic  

a c i d  by s e v e r a l  l y o p h i l i z a t i o n s  b e f o r e  s t o r a g e  a t  -2 0 °C .  The 

p e a k  a f t e r  t h e  oL c h a i n  was p r o b a b l y  non-haem p r o t e i n  ( G a r r i c k  

e t  a l . ,  1975;  Chua e t  a l .  , 197*0..
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FIGURE 5

SEPARATION OF TOTAL GUINEA PIG GLOBIN INTO DC AND 

CRAINS

20 mg o f  t o t a l  g lo b in  was lo a d ed  on to  a  1 x 10 cm 
column and 50 ml o f  s t a r t i n g  b u f f e r  was p a ssed  
through i t  b e fo r e  a Na2HP04 b u f f e r  g r a d ie n t  was 
u se d .  100 ml o f  0 .0 0 5  M and 100 ml o f  0 . 0 3  M in  8 
M urea  w ith  0 .0 5  M $  -m e r c a p to e th a n o l  (pH 6 .7 )*
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FIGURE 6

SEPARATION OFfll-AND#-CHAIN OF GUINEA FIG HEMOGLOBIN #1

40 mg o f  g lo b in  was lo a d ed  o n to  a  1 x 40 cm column and 
50 ml o f  s t a r t i n g  b u f f e r  was p a sse d  through i t  b e fo r e  a 
NapHFO/f b u f f e r  g r a d ie n t  was u sed . 150 ml o f  0 .0 0 5  M and 
150 ml' o f  O.03  M in  8 M u rea  w ith  0 . 0 5  M «/3 -m er ca p to e th a ­
n o l  (pH 6 . 7 ) •
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FIGURE ?

SEPARATION OF gC-AND^CHAIN OF GUINEA PIG HEMOGLOBIN #2

U-0 mg o f  g lo b in  was lo a d ed  on to  a 1 x 40 cm column and 
50 ml o f  s t a r t i n g  b u f f e r  was p a sse d  through  i t  b e fo r e  a 
Na2HP0zj. b u f f e r  g r a d ie n t  was u se d .  150 ml o f  0 .0 0 5  M and 
150 ml o f  0 . 0 3  Ni in  8 M urea  w ith  0 . 0 5  K &  -m er ca p to e th a -  
n o l  (pH 6 .7 )
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Amino A c id  C o m p o s i t io n  o f  t h e  C h a in s

The t o t a l  number o f  amino a c i d s  f o r  e a c h  o f  t h e  two O^  . 

c h a i n s  was fo u n d  t o  be 14-1 and  t h e  t o t a l  f o r  two c h a i n s  was 

14-6. These  r e s u l t s  a r e  shown i n  T ab le  VI and T a b le  V I I .  From 

t h e  p r o t e i n  h y d r o l y s a t e  d a t a ,  d i f f e r e n c e s  b e tw e e n  C>C and  c h a i n s

c a n  be i d e n t i f i e d .

Amino a c i d  a n a l y s e s  o f  t h e  two oL and two c h a i n s  r e v e a l e d  

d i f f e r e n c e s .  F o r  th eC > C ch a in s  t h e r e  were one amino a c i d  r e s i d u e  

d i f f e r e n c e s  i n  t h e  r e s i d u e s  o f  l y s i n e ,  h i s t i d i n e ,  t h r e o n i n e ,  

g l y c i n e  and t y r o s i n e .  The m ost  s i g n i f i c a n t  d i f f e r e n c e s  o c c u -  

r i n g  b e tw e e n  t h e  (X,c h a i n s  i n v o l v e d  t h e  r e s i d u e s  a s p a r t i c  a c i d  

( a s p  and  a sn )  and g l u t a m i c  a c i d  ( g l u  and g i n ) .  l i X c o n t a i n s  

two l e s s  t o t a l  a s p a r t i c  a c i d s  and t h r e e  more t o t a l  g l u t a m i c  

a c i d s  t h a n  2C</chain (T a b le  Via)  . Comparing  t h e  d i f f e r e n c e s  

i n  t h e  c o n t e n t  o f  b a s i c ,  n e u t r a l  and  a c i d i c  amino a c i d s  i n  t h e  

yfi c h a i n s ,  t h e  d i f f e r e n c e s  be tw ee n  two *jb c h a i n s  can  be s e e n  

o n l y  i n  t h e  n e u t r a l  and a c i d i c  amino a c i d s .  T here  were s i x  

i n s t a n c e s  o f  d i f f e r e n c e s  i n  one amino a c i d  r e s i d u e ,  n am ely ,  

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

(T a b le  VIIA)

I n  summary, t h e r e  a r e  s i g n i f i c a n t  d i f f e r e n c e s  i n  o v e r ­

a l l  amino a c i d  c o m p o s i t i o n  b e tw ee n  t h e  oC c h a i n s  and  be tw een  

t h e  c h a i n s  t o  s u g g e s t  t h a t  two £>Cchains d i f f e r  f rom  e a c h  

o t h e r  a s  do t h e  two ^ c h a i n s .  I n  o r d e r  t o  c o n f i r m  t h i s ,  t r y p ­

t i c  p e p t i d e  map c o m p a r i s o n s  o f  e a c h  o f  t h e  oL and  c h a i n s  were 

made and  amino a c i d  a n a l y s i s  o f  t r y p t i c  p e p t i d e s  were p e r f o r m e d .
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TABLE VI
AMINO ACID COMPOSITION OF THE OL CHAINS

Amino Acid 1 OC 2 OC
Average a Average a

Tryptophan 0 . 8 b 1 .1 .0  D 1
L y sin e 1 1 .9  ( 1 . 1 ) 12 1 1 .0  ( 0 .2 ) 11
H is t id i n e 1 0 .7  ( 0 .6 ) 10 1 0 .6  ( 0 .2 ) 11
A rg in in e 2 .8  ( 0 .2 ) 3 2 .9  ( 0 .1 ) 3
A s p a r t ic 1 1 .1  ( 0 .2 ) 11 1 3 . 3  ( 0 .1 ) 13
Threonine 8 . 8 C 9 1 0 . 4 C 10
S e r in e 1 0 . 4 C 10 9 . 8 ° 10
G lutam ic 1 0 .4  ( 0 .5 ) 10 7 .2  ( 0 .0 ) 7
P r o l in e 3 . 6  ( 1 .1 ) 4 3 . 7  ( 0 . 3 ) 4
G ly c in e 9 .7  ( 0 .4 ) 10 9 . 1  ( 0 .0 ) 9
A lan in e 1 8 .4  ( 0 .5 ) 18 1 7 .6  ( 0 .3 ) 18
C y s te in e l . l d 1 1 . 3 d 1
V alin e 1 1 . 3 e 11 1 1 . 4 e 11
M eth ion ine 1 . 2 d 1 0 . 9 d 1
I s o le u c i n e 4 . 1 e 4 4 . 2 e 4
L eucine 1 7 .0  ( 0 .7 ) 17 1 7 .3  ( 0 .2 ) 17
T yrosin e 2 . 3 ° 2 2 . 6 C 3
P h e n y la la n in e 7 .3  ( 0 .3 ) 7 7 .1  ( 0 .2 ) 7

T o ta l 141 141

a  The v a lu e s  shown were o b ta in e d  a s  average  o f  p r o t e i n  hy .̂ 
d r o l y s i s  w ith  6N HC1 a t  110 C f o r  2 4 , 48 and 72 h o u rs .  
Numbers i n  p a r e n th e s e s  are  th e  average  d e v i a t i o n s .

^ Value from h y d r o l y s i s  w ith  4N methane s u l f o n i c  a c id  con­
t a i n i n g  0.2% 3 - ( 2 - a m in o e t h y l )  in d o le  a t  115 C f o r  24 h o u rs .

c The 2 4 - ,  4 8 - ,  and 72 -h ou r  v a lu e s  f o r  t h r e o n in e ,  s e r in e  and 
t y r o s i n e  are  e x tr a p o la t e d  t o  z er o  t im e .

d Value from 24 hour 6N HC1 h y d r o l y s i s  a f t e r  p e r fo r m ic  a c id  
o x i d a t i o n .  C y s te in e  determ ined  a s  c y s t e i c  a c id .  M ethio­
n in e  determ ined  a s  m eth io n in e  su lp h o n e .

e The 72 hour v a lu e s  are ta k e n  f o r  v a l i n e  and i s o l e u c i n e .
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TABLE VII
AMINO ACID COMPOSITION OF THE v|3 CHAINS

AH------------------------ :----------
Amino A cid 2

Average a Average a

Tryptophan 1 .4 * 1 1 . 2b 1
L ysin e 1 1 .1  ( 0 .3 ) 11 1 0 . 7  ( 0 . 2 ) 11
H is t id i n e 1 0 . 2  ( 0 . 3 ) 10 9 .9  ( 0 . 2 ) 10
A rg in in e 3 . 2  ( 0 . 1 ) 3 3 . 0  ( 0 . 1 ) 3
A s p a r t ic 1 2 .0  ( 0 . 9 ) 12 1 1 . 3  ( 0 . 1 ) 11
Threonine 7 .2 ° 7 7 .4 ° 7
S e r in e 1 0 .3 ° 10 1 0 . 2 ° 10
Glutam ic 1 2 .0  ( 0 . 3 ) 12 1 2 . 1  ( 0 . 3 ) 12
P r o l in e 3 .7  ( 0 .7 ) 4 4 . 1  ( 0 . 1 ) 4
G lyc in e 1 0 .3  ( 0 .5 ) 10 1 0 . 5  ( 0 . 1 ) 11
A lan in e 1 9 . 1  ( 0 .4 ) 19 1 9 .9  ( 0 .3 ) 20
C y s te in e 0 . 8d 1 1 . 4 d 1
V alin e 1 1 . l e 11 1 0 . 4 e 10
M ethion ine 1 . 7 d 2

.J«t pul iO 2
I s o le u c i n e 4.9® 5 4 . 8e 5
Leucine 1 7 .9  ( 0 .4 ) 18 1 8 .9  ( 0 . 2 ) 19
T yrosin e 1 . 9 C 2 1 . 4 C 1
P h e n y la la n in e 7 .9  ( 0 .5 ) 8 7 . 7  ( 0 .2 ) 8

T o ta l 146 146
_

The v a lu e s  shown were o b ta in e d  a s  average  o f  p r o t e i n  hy­
d r o l y s i s  w ith  6N HC1 a t  110 C f o r  2 4 ,  48 and 72 h o u rs .  
Numbers i n  p a r e n th e s e s  are th e  average  d e v i a t i o n s .

b Value from h y d r o l y s i s  w ith  4N methane s u l f o n i c  a c id  con­
t a i n i n g  0 . 2 #  3 - (2 - a m in o e t h y l )  in d o le  a t  115 C f o r  24 h o u rs .

c The 2 k - ,  4 8 - ,  and 72-hour v a lu e s  f o r  t h r e o n in e ,  s e r in e  and 
t y r o s i n e  are  e x t r a p o la t e d  t o  z er o  t im e .

d Value from 24 hour 6N HC1 h y d r o l y s i s  a f t e r  p er fo rm ic  a c id  
o x i d a t i o n .  C y s te in e  determ ined  a s  c y s t e i c  a c id .  M ethio­
n in e  determ ined  a s  m eth ion in e  su lp h o n e .

e The 72 hour v a lu e s  are  ta k en  f o r  v a l i n e  and i s o l e u c i n e .
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TABLE VIA
DIFFERENCES IN THE AMINO ACID COMPOSITIONS OF THE oC CHAINS 
(from  Table Vi)

Amino Acid IOC 2 OC D if f e r e n c e

L ysin e 12 11 1£>C has one more l y s i n e  
th a n  20C.

H is t id in e 10 11 IOC has one l e s s  h i s t i ­
d in e  than  2 0C.

A s p a r t ic 11 13 1 OC has two l e s s  t o t a l  
a s p a r t i c  th an  20C.

Threonine 9 10 IOC has one l e s s  t h r e o ­
n in e  th a n  2 £>C.

Glutamic 10 7 lOL has t h r e e  more t o t a l  
g lu ta m ic  than  20C.

G lyc in e 10 9 1PC has one more g l y c i n e  ' 
th e n  2PC.

T yrosin e 2 3

TABLE VI.IA

1*X, has one l e s s  t y r o s in e  
th an  2 fX .

DIFFERENCES IN THE AMINO ACID COMPOSITIONS OF THE -P CHAINS
(from Table VII.)

Amino Acid 2 # D i f f e r e n c e

A s p a r t ic 12 11 has one more t o t a l  
a s p a r t i c  than 2 .p  .

G ly c in e 10 11 i f i  h a c  one l e s s  g l y c i n e  
th a n  2«p .

A la n in e 19 20 I p  has one l e s s  a la n in e  
th a n  2*p .

V a lin e 11 10 i f i  has one more v a l i n e  
th a n  2»p .

L eu c in e 18 19 l P  has one l e s s  l e u c i n e  
th a n  2 p  ,

T y rosin e 2 1 1 $  has one more t y r o s i n e  
th a n  2 « p .

39



T w o-D im ens iona l  S e p a r a t i o n  o f  T r y p t i c  P e p t i d e s

The p a t t e r n s  o f  p e p t i d e s  o b t a i n e d  by t w o - d i m e n s i o n a l  

p a p e r  e l e c t r o p h o r e s i s  and c h ro m a to g r a p h y  a r e  shown i n  F i g u r e  

8 and F i g u r e  9 where t h e  p e p t i d e s  a r e  numbered a r b i t r a r i l y .

I t  was fou n d  t h a t  d e s c e n d i n g  c h ro m a to g r a p h y  f o l l o w e d  by h i g h  

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

p e p t i d e s  i n  e ac h  " f i n g e r p r i n t "  map. The number o f  p e p t i d e s  

e x p e c t e d  a f t e r  t r y p s i n  d i g e s t i o n  i s  one more t h a n  t h e  t o t a l  

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

O ^ c h a i n s ,  l i k e  o t h e r  mammalian oi, c h a i n s , c o n t a i n  a r g i n i n e  

a s  a  C - t e r m i n a l  r e s i d u e  and t h u s  a c c o u n t  f o r  one l e s s  p e p t i d e  

t h a n  e x p e c t e d .  T h e r e f o r e ,  15 p e p t i d e s  was p r e d i c t e d  i n  t h e  

ip C  c h a i n  and 14- p e p t i d e s  was p r e d i c t e d  i n  t h e  2 oL c h a i n .  F o r  

t h e  t w o ^  c h a i n s  t h e  15 p e p t i d e  s p o t s  o b t a i n e d  were p r e d i c t e d .  

Com par ison  o f  t h e  p a t t e r n  o f  1 £<* and 2 pC. p e p t i d e s  and 1"̂ > and 

2<̂ > p e p t i d e s  shows t h a t  t h e r e  i s  g r e a t  s i m i l a r i t y  i n  b o th  e l e c ­

t r o p h o r e t i c  m o b i l i t y  and v a l u e s  o f  many o f  t h e  p e p t i d e s .

T h i s  s u g g e s t e d  t h a t  t h e r e  must  be a  s i m i l a r i t y  i n  amino a c i d  

se q u e n c e  i n  t h e s e  p e p t i d e s .

The p e p t i d e  s p o t s  were f i r s t  l o c a t e d  by s p r a y i n g  a map 

w i t h  0.5% n i n h y d r i n  i n  95% a l c o h o l .  The same maps were t h e n  

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

r e a g e n t .  A deep  c h e r r y  r e d  c o l o r  r e v e a l e d  s p o t s  c o n t a i n i n g  

h i s t i d i n e  o r  t y r o s i n e .  I n  t h e  r e s p e c t i v e  CL p e p t i d e  maps t r y p t i c  

p e p t i d e s  which  gave  a  p o s i t i v e  P a u l y  r e a c t i o n  were 102,  10̂ 4-,

1 0 6 , 108 ,  1O10, 1 0 1 3 , l O l 4 ;  and 202,  2oik, 206,  20.9, 20-10, 20-12, 

20613. I n  e a c h  f t  c h a i n  map, s i x  t r y p t i c  p e p t i d e s  gave a  p o s i t i v e
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FIGURE 8

TRYPTIC PEPTIDE MAPS OF THE (X/CHAINS

D escen d in g  chrom atography was c a r r ie d  ou t  in  n - b u ta n o l-  
a c e t i c  a c i d - w a t e r ( 4 i l « 5  by volume) fo l lo w e d  by e l e c t r o ­
p h o r e s i s  i n  th e  secon d  d im ension  i n  p y r i d i n e - a c e t i c  a c id -  
w a te r  (1 0 « 0 ,4 » 9 0  by volum ej pH 6 , k ) . 0  = P o s i t i v e  P au ly  
r e a c t i o n  f o r  h i s t i d i n e  a n d /o r  t y r o s i n e .  Numbers i n  ( )  i n ­
d i c a t e  t h a t  p o r t i o n  o f  th e  00  c h a in  sequ en ce  th e  p e p t id e  
r e p r e s e n t s .
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FIGURE 9
TRYPTIC PEPTIDE MAPS OF THE ft  CHAINS

D escen d in g  chromatography was c a r r ie d  out i n  n -b u t a n o l -  
a c e t i c  a c id - w a t e r  (4-* 1 15 by volume) f o l lo w e d  by e l e c t r o ­
p h o r e s i s  i n  th e  second  d im en sio n  in  p y r i d i n e - a c e t i c  a c id -  
w a te r  ( 1 0 i 0 . 4 i 90 by volum ej pH 6 . 4 ) .  ( g =  P o s i t i v e  P au ly  
r e a c t i o n  f o r  h i s t i d i n e  a n d /o r  t y r o s i n e .  (flj)= P o s i t i v e  Ehr-  
l i c h  r e a c t i o n  f o r  tr y p to p h a n . Numbers i n  ( )  i n d i c a t e  t h a t  
p o r t i o n  o f  th e  f i  c h a in  sequ en ce  th e  p e p t id e  r e p r e s e n t s .
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P a u l y  r e a c t i o n .  They were 1 ^ 2 ,  l f t 6 ,  1 f t s ,  i f t l O ,  l v j ^ l l ,  

1 ^ 1 4 »  2 ^ 2 ,  2>f>8, 2 ^ 9 .  2 l i t  2 p l 2 ,  2 $ l 4 .  The c o n t r a d i c ­

t i o n  o f  t h e  number o f  s p o t s  which  gave  p o s i t i v e  P a u l y  r e a c t i o n  

and t h e  t o t a l  number o f  h i s t i d i n e  and  t y r o s i n e  i n  e a c h  c h a i n  

may be e x p l a i n e d  a s  f o l l o w s j

1) Some o f  t h e s e  p e p t i d e s  c o n t a i n e d  more t h a n  one

h i s t i d i n e ,  t y r o s i n e  o r  h i s t i d i n e  and t y r o s i n e .

2) P e p t i d e s  which  d i d  n o t  g i v e  a  p o s i t i v e  P a u l y  r e a c ­

t i o n  n e v e r t h e l e s s  c o n t a i n e d  h i s t i d i n e  o r  t y r o s i n e .

A se co n d  p e p t i d e  map was u s e d  t o  d e t e c t  t r y p t o p h a n  

c o n t a i n i n g  s p o t s  by use  o f  t h e  E h r l i c h  r e a g e n t .  A p o s i t i v e  

E h r l i c h  r e a c t i o n  gave  a  p u r p l e  c o l o r .  I n  F i g u r e  9 i t  can  be 

s e e n  t h a t  one p e p t i d e  i n  e a c h  o f  vj3 maps gave a  p o s i t i v e  E h r ­

l i c h  r e a c t i o n .  They a r e  1 ^ 1 5  and 2 ^ 1 0 .  No p o s i t i v e  E h r l i c h  

s p o t  was shown i n  any  o f  t h e  pC maps th o u g h  T ab le  VI i n d i c a t e s

t h e r e  i s  one t r y p t o p h a n  p e r  c h a i n .  T h i s  m ig h t  be due t o  i n ­

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

o f  t r y p t o p h a n  i n  t h e  p e p t i d e  s p o t .

A p r e l i m i n a r y  c o m p a r i s o n  o f  t h e  t r y p t i c  d i g e s t  maps 

shows t h a t  many o f  t h e  p e p t i d e  s p o t s  a r e  common i n  t h e i r  l o c a ­

t i o n  i n  e a c h  s e t  o f  c h a i n s .  T h ere  a r e  n i n e  p e p t i d e  s p o t s  

common t o  a l l  (X. c h a i n s , t e n  p e p t i d e  s p o t s  common t o  a l l  f t  

c h a i n s .  E l e v e n  p e p t i d e s -  s i x  f ro m  1C*» and f i v e  f rom  2 o^~ 

which  do n o t  have  m a t c h i n g  c o u n t e r p a r t s  i n  t h e  o t h e r  map and  

a r e  t h e r e f o r e  u n iq u e  t o  t h a t  p a r t i c u l a r  C& c h a i n .  I n  t h e  same 

way t e n  p e p t i d e s - f i v e  f ro m  1 ^  and f i v e  f rom  2 f t - a r e  u n iq u e  t o
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^  c h a i n s .  A summary o f  t h e s e  a r e  shown i n  T a b le  V i l l a  and 

T a b le  V U I b .  Based  on c o m p a r i s o n  o f  i n d i v i d u a l  p e p t i d e  maps 

t h e  c o n c l u s i o n  c an  be drawn t h a t  t h e r e  a r e  two d i f f e r e n t  cL  

c h a i n s  and  two d i f f e r e n t  c h a i n s  i n  t h e  g u i n e a  p i g  hemoglo­

b i n s .  S u p p o r t i n g  e v i d e n c e  f rom  amino a c i d  c o m p o s i t i o n  s t u d i e s  

o f  p e p t i d e s  w i l l  be u se d  t o  c o n f i r m  t h i s  c o n c l u s i o n .

Amino A c id  C o m p o s i t io n  o f  Each cL and ^  C h a in  P e p t i d e

T r y p s i n  s p l i t s  p e p t i d e  bonds a t  t h e  c a r b o x y l  s i d e  o f  

a r g i n i n e  and l y s i n e .  F o r  t h i s  r e a s o n ,  when d e t e r m i n i n g  t h e  

amino a c i d  c o m p o s i t i o n  o f  t h e  t r y p t i c  p e p t i d e s ,  t h e  m o la r  p r o ­

p o r t i o n  r a t i o  were a lw a y s  b a s e d  on t h e  a s s u m p t io n  t h a t  t h e  

l y s i n e  ( o r  a r g i n i n e )  p r e s e n t  r e p r e s e n t e d  one l y s i n e  ( o r  a r g i ­

n i n e )  r e s i d u e  p e r  m o le .  These r e s u l t s  a r e  shown i n  T a b l e s  IX,

X, XI and X I I .  An amino a c i d  was ju d g ed  t o  be a  p a r t  o f  a 

p e p t i d e  i f  i t  had  a  m o la r  r a t i o  v a l u e  o f  0 . ^ 5  o r  h i g h e r .  V a lu e s  

o f  0 .4 0  were a l l o w e d  f o r  t h e  amino a c i d s  v a l i n e ,  i s o l e u c i n e  

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

Sequence  Homology

S p o t s  e l u t e d  f rom t h e  p e p t i d e  maps were h y d r o l y z e d  f o r  

t h e  d e t e r m i n a t i o n  o f  t h e i r  amino a c i d  c o m p o s i t i o n s .  The res i^ -  

d u e s  were t h e n  f i t t e d  i n t o  a  seq u en c e  by  homology w i t h  human, 

dog,  mouse and r a b b i t  g l o b i n s  (D a y h o f f ,  1 9 7 2 ) .  I f  t h e  amino 

a c i d  c o m p o s i t i o n  o f  t h e  p e p t i d e  was s i m i l a r l y  m a tch e d  t o  t h o s e  

mammalian g l o b i n  by homology i t  was a s s i g n e d  a  number by a n a l o g y .  

Many o f  t h e  p e p t i d e s  c o u l d  be e a s i l y  s e q u e n c e d  by  homology.  

However,  a  few p e p t i d e s  c o n t a i n e d  amino a c i d s  q u i t e  u n l i k e  t h e



TABLE V i l l a

TRYPTIC PEPTIDE COMPARISON OF flOcHAINS BY MAP POSITIONING
(from  F ig u re  8 )

T r y p t ic  P e p t id e s  Common t o  106a

106l 2 061

1002 2 002

IO63 2 0 O3

1064 2 004

1006 2 006

I 0O9 2 0 C7

10614 20Cl3

10015 2 0 6 l4
I 0O13 2 <*12

T r y p t ic  P e p t id e s  Unique t o  106 and 2 OC
1005 , 1 0 0 7 , 1008 , 1 0 ( 1 0 , l o d l l .  10C12

2 d 5 f  2008 , 2 # 9 . 2 0 (1 0 , 20 (11  

TABLE VII l b

TRYPTIC PEPTIDE COMPARISON OF f t  CHAINS BY MAP POSITIONING
(from  F ig u re  9 )

T r y p t ic  P e p t id e s  Common t o  1 0  and
1 0 1 2 0 1
1 0 2 2 0 2
1 0 3 2 0 3
1 0 4 2 0 5
1 0 5 2 0 6
1 0 7 2 0 7
1 0 8 2 0 8
1 0 1 3 2 015
1 0 1 4 2 014
1 0 1 5 2010

T r y p t ic  P e p t id e s  Unique t o  1 $  and 2 $
1 ^ 6 , 1 ^ 9 , 1 ^ 1 0 , 1 0 1 1 ,  l f l 2 |  2 0 4 ,  2 0 9 .  2 0  1 1 , 2 0 1 2 ,  
2 0 1 3
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TABLE JX
AMINO ACID COMPOSITION OF THE lpC CHAIN TRYPTIC PEPTIDESa
Amino Acid 106l  10C2 1063 1064 l o L t  1066 10C7 1 068 10G9 lrtio 10611 • lo612 lo613 10CL4 10615
L ysin e 1 .0 0  1 .0 0 1 .0 0  1 .0 0  1 .0 0 1 .0 0  1 .0 0 1 .0 0 1 .0 0 1 .0 0  1 .0 0 1 .0 0
H is t id in e 1 .1 5 0 .7 5 2 .1 5 0..61 0 .7 0 ++++

A rg in in e 0 .1 0 1 .0 0 1 .0 0 1 .0 0
A s p a r t ic 0 .1 8  0 . 0 3  0 .1 7 1 .1 5 1 .2 1 0 .5 2 2 .2 9
Threonine 0 .1 2 1 .0 0 0 .9 0 0 .9 5  1 .3 7 1 .4 7
S e r in e 0 .2 0  0 .8 5 0 .6 6 1 .2 8  0 .4 7 0 .7 0 0 .8 0
G lutamic 0 . 1 6  1 .2 5 0 .2 1 0 .0 ? 0 .9 0 0 .7 0 1 .0 3  0 . 1 7 0 .6 5 1 . 0 6
P r o l in e 0 .2 0 0 .3 0 0 .9 1
G lyc in e 0 .0 2  0 .9 1 0 .8 5  1 .1 7  0 .2 8 0 .0 7 0 .9 1 0 .2 5 0 .4 5 0 .6 9  0 .3 1 0 .7 4 1 .7 2
A lan ine 0 .0 2  0 .8 0 1 .5 6  1 .0 9 0 .0 9 1 .2 0  1 .1 2 1 .9 5 0 .5 7 0 .8 4  0 . 3 6 0 .6 6 2 .7 5
C y s te in e
V a lin e O.76 0 .4 0 1 .3 5  0 .4 7 0 .4 7 O.9 6
M ethionine 0 .7 5
I s o le u c in e 0 .1 5 0 .4 3
L eucine 0 .7 8 0 .2 6 0 .8 8 0 .9 0 0 .8 9  O.5 6 O.56 0 .2 0  0 .9 3
T yrosin e 0 .7 2 0 .1 4
P h e n y la la n in e 0 .0 1 0 .9 1 0 .1 2 0 .2 5 0 .8 9

aH y d r o ly s is  w ith  6N HCL a t  110°C f o r  24 h o u rs .
The v a lu e s  are mole r a t i o s  determ ined  by amino a c id  a n a l y s i s .

+-H-+ i n d i c a t e s  amino a c i d  i s  p o s i t i v e l y  s t a i n e d  by P a u ly  r e a g e n t  b u t  i s  u n r e s o l v e d .



TABLE .X
•AMINO ACID COMPOSITION OF THE 2 CX, CHAIN TRYPTIC PEPTIDES
Amino Acid ZOLl 20C2 ZOL'b 2 Oik 2oC$ 20L6 ZOi7 20L8 2 C&9 1 0 am 2*12 2*13 2*14
L ysin e 1 .0 0  1 .0 0 1 .0 0 1 .0 0 1 .0 0  1 .0 0  1 .0 0 1 .0 0 1 .0 0 1 .0 0 1 .0 0  0 .2 5
H is t id in e 0 .9 8 0 .4 5 ++++ 1 .8 7 1 .2 1 1 .2 1
A rg in in e 1 .0 0  0 .1 3 1 .0 0 1 .0 0
A s p a r t ic 0 .9 2 1 .7 9 1 .8 3 1 .1 8 2 .3 3  0 .1 9
Threonine 0 .2 5 1 .5 9  0 .8 8  2.0b 0 .1 8 0 .6 0 0 .20 1 .1 0 1 .5 7  0 .2 0
S e r in e 0 .7 8 0 .4 5 2 .2 6 0 .8 0 0 .5 0
G lutam ic 0 .0 8 0 .5 2 0 .3 8 0 .2 6 1 .3 7 0 . 5 6  0 . 1 1
P r o l in e 0 .5 0 1 .1 9 0 .4 6 0 .3 7 0.9 7
G lyc in e 0 . 0 8  1 . 0 ? 0 . 9 2  0 .4 7  O.9 6 0 .9 6 2 .3 1 2 .4 5 1 . 0 0  0 . 2 6
A lanine 0.8b 1 . 7 8  0 . 8 3  1 . 5 8  1 .9 4 0 .4 3 3 .6 1 3 .3 9  0 .3 2
C y s te in e
V a lin e 0 . 1 1  0 . 6 7 0 .1 9 1 .2 8 0 .7 0 1 .3 9
M ethion ine 0 .5 5
I s o le u c in e 0 .1 0 1 .2 9 0 .2 1 0 .8 4 0 .1 8
Leucine 0 .8 2 0 .3 7 0 .9 1 0 .5 9 0 .9 2 1 .7 2 1 .4 3  0 .9 0
T yrosine 0 . 5 b 1 .0 3 0 .1 2 0 .6 1 0..47
P h e n y la la n in e 0.76 o.bj 2 .0 5 1 .1 3 O.5 I+ 0 .$ 6 0 .3 5

aH y d r o ly s is  w ith  6N HCL a t  110°C f o r  24 h ou rs .
++++ i n d i c a t e s  amino a c id  i s  p o s i t i v e l y  s t a in e d  by P au ly  rea g e n t  but i s  u n r e so lv e d .  
The v a lu e s  are mole r a t i o s  determ ined by amino a c id  a n a l y s i s .



TABLE XI n
AMINO ACID COMPOSITION OF THE 1V  CHAIN TRYPTIC PEPTIDES
Amino Acid 1 0 1  1 0 2 1 0  3 1 0 4 1 0 5 1 0 6 1 0 7  1 0  8 1 0 9 i h o 1011 1012 1J 1 ? 1014 1015
L ysine 1 .0 0  1 .0 0 1 .0 0  1 .0 0 1 .0 0  1 .0 0 1 .0 0 1 .0 0 1 .0 0  1 .0 0
H is t id in e 0 .8 9 0 .8 0 1 .0 3 0 .7 3 0 .6 6 0 .8 1  0 .2 9
A rg in in e 1 .0 0 1 .0 0 1 .0 0
A s p a r t ic 0 .2 3  0 .1 3 1 .0 0 0 .2 0 1 .1 2 I .30 2 .6 7 0 .0 7 1 .3 0  0 .1 0
Threonine 0 .0 7 0 .7 9 0 .6 8 0 .4 3  1 .0 6 0 .2 1 0 .4 6 0 .9 2 0 .2 5  0 .9 7
S er in e 0 .2 1 0 .1 3 0 .8 5 0 . 9 6 1 .2 6 0 .3 9 0 .3 9
Glutam ic 0 .0 3 1 .0 3 1 .0 3 0 .2 1  1 .1 2 0 .9 9 1 .0 6 1 .5 5 1 .0 1 1 .3 4  1 .1 1
P r o l in e 0 .5 6 0 .1 9
G lyc in e 1 .1 7 0 .7 2 0 .1 0 0 .6 0 0 .2 3 0 .5 0 1 .5 6 0 .2 6 0 .3 9
A lan ine 1 .1 6 1 .8 9 0 .9 3 1 .2 0  2 .1 2 0 .3 6 0 .8 0 2 .4 8 0 .2 6 3 ,0 5
C y s te in e
V a lin e 1 .2 4 0 .2 4 0 .2 1 0 .4 6 2 .1 9 0 .2 5 0 .3 9
M ethion ine 0 .0 8
I s o le u c in e 0 .0 9 0 .2 4 0 .3 3 0 .0 4 0 .2 4
L eucine 0 .7 7 0 .7 7 0 .1 8  1 .0 6 1 .2 5 0 .9 7 1 .2 2 0 .4 6 2 .2 7  1 .1 1
T yrosine 0 .4 9  0 .5 9
P h e n y la la n in e 0 .5 4 0 .2 0 0 .9 3 1 .7 7 0 .2 8

aHydrolysis with 6N HCL at 110°C for 24 hours.
The values are mole ratios determined by amino acid analysis.



TABLE XII „
AMINO ACID COMPOSITION OF THE 2 V  CHAIN TRYPTIC PEPTIDES8-
Amino Acid  2 $  1 2 $  2 2 $  3 2 -0 4  2^*5 2 $  6 2 f>7 2 ^ 8 2 0 9 2010 2011 2012 2019 2014 201*5
L ysin e  1 .0 0 1 .0 0 1 .0 0 1 .0 0  1 .0 0 1 .0 0 1 .0 0 1 .0 0 1 .0 0 1 .0 0 1 .0 0 1 .0 0  1 .0 0
H is t id i n e 1 .0 1 0 .1 0 1 .2 2 0.9*0 0 .2 2 0 .7 2 1 .0 0 0 .6 2
A rg in in e 1 .0 0 0 .1 0 1 .1 0
A s p a r t ic 0 .  2k 0 .6 9 0 .1 5 3 .1 2 2 .2 7 3 . 1*0 0 .8 6
Threonine 0 .6 3 0 .4 5 0 .9 5 0 .0 3 1 . 3 6 1 .0 8 0 .2 5 0 .9 3 1 . 3*0
S e r in e 0 . 2k 0 .0 8 1 .9 2 l . k 8 1 .7 0 0 .7 6
Glutam ic 0 .9 2 0 .3 3 0 .0 3 1 .2 0 2 .8 2 1 .2 8 1 .4 6 0 .7 7  1 . 5 6
P r o l in e 0 .1 4 0 .9 1
G ly c in e 0 .7 6  1 .0 2 0 .9 5 0 . 0 5 1.2-6 0 .2 5 0 .8 6 O.83 1 .8 3 0 .1 2  0 .2 1
A lan in e O.89 2 .1 2 0 .9 1 1 .2 9 0 .0 5 k .  28 2 . 0 6 0 .5 8 2 .1 5 3 . 7*0 0 .1 7  2 .5 1
C y ste in e
V a lin e 0 .9 2 2 .7 5 2 .6 9 0 . 1 5
M ethion ine
I s o le u c i n e 1 .0 2 0 .1 0 0 .6 1 0 .7 1
L eucine 0 .6 2 0 .2 9 1 .3 9 1 .2 3 3 .8 7 2 .3 6 2 . 7*0 1 .5 0
T yrosin e 1 .0 0
P h e n y la la n in e 0 .9 0 1 .3 6

aHydrolysis with 6N HCL at 110°C for 24 hours.
The values are mole ratios determined by amino acid analysis.



known se q u e n c e  o f  t h o s e  s p e c i e s ,  and t h e r e f o r e  c a n n o t  be 

s e q u e n c e d .  Some p e p t i d e s  which  were i n  t h e  i n s o l u b l e  " c o r e "  

c o u l d  n o t  be s e p a r a t e d  by p e p t i d e  "mapping" and t h i s  would  

a c c o u n t  f o r  one o f  t h e  r e a s o n s  f o r  m i s s i n g  f r a g m e n t s  f rom 

t h e  c h a i n s  d u r i n g  s e q u e n c i n g .

Amino a c i d  s u b s t i t u t i o n s  i n  g l o b i n  c h a i n s  have b een  

r e p o r t e d  q u i t e  o f t e n  i n  t h e  d i f f e r e n t  s t r a i n  o f  a n im a l s  o r  i n  

t h e  d i f f e r e n t  i n d i v i d u a l  o f  t h e  same s t r a i n  e . g . ,  Glu —>Val 

( I n g r a m ,  1 9 5 8 ) ,  Val  —t L e u ,  Leu —?>Phe, S e r  —̂ T h r ,  Val —* T h r ,  

L e u - ^ V a l ,  S e r —? Leu ( E h r e n s t e i n ,  1 9 6 6 ) and A la  —* Asp (Romain 

e t  a l . , 1 97 5 )•  I n  a d d i t i o n  some p o s i t i o n s  i n  t h e  g l o b i n  c h a i n s  

have a l s o  b een  fo u n d  t o  c o n t a i n  a d d i t i o n a l  amino a c i d s  (E h re n ­

s t e i n ,  1 96 6 ) ,  These  phenomena were u s e f u l  f o r  s e q u e n c i n g .  

G lu tam in e  and a s p a r a g i n e  r e s i d u e s  a r e  w r i t t e n  a s  "Glx" and 

"Asx" r e s p e c t i v e l y .

Sequence  Homology o f  t h e  o L C h a in s  - R e s i d u e  61

T r y p t i c  p e p t i d e s  were assumed t o  be common and t o  have 

t h e  same amino a c i d  c o m p o s i t i o n  i f  t h e y  m atched  e a c h . o t h e r  by 

p o s i t i o n  i n  t h e  p e p t i d e  maps.  " P e p t i d e s "  1 oL 1 and 2 o L \  

a p p e a r e d  i n  t h e  same p o s i t i o n s  on t h e i r  r e s p e c t i v e  maps ( F i g u r e  

8 , T a b le  V i l l a ) .  They a l s o  c o n t a i n e d  t h e  same and  o n l y  one 

amino a c i d  l y s i n e .  By se q u e n c e  homology t h e s e  p e p t i d e s  r e p r e ­

s e n t  r e s i d u e  61 i n  OC c h a i n .



S p e c i e s 61

Human cL> Lys
Dog oC Lys
Mouse oA- Lys
R a b b i t  o C Lys
l  o C i Lys
2 o C l Lys

Sequence  Homology o f  t h e  oC C h a in s  -  R e s i d u e s  57-60

Common p e p t i d e s  l o C 2  and 2 oLZ  ( F i g u r e  8 , T ab le  V i l l a )

a l l  c o n t a i n  t h e  amino a c i d s  l y s i n e ,  h i s t i d i n e ,  g l y c i n e  and

a l a n i n e .  By homology t h e  b e s t  f i t t e d  p o s i t i o n s  a r e  5 7 -6 0 .

S p e c i e s  57 5.8 59 60

Human c>C G l y - H i s - G ly - L y s
Dog O -. A l a - H i s - G l y - L y s
Mouse G l y - H i s - G ly - L y s
R a b b i t  c<~> A l a - H i s - G l y - L y s
1 C>L 2 A la  H is  Gly Lys
2 0 ^ 2  A la  H is  Gly  Lys

Sequence  Homology o f  t h e  oL C h a in s  -  R e s i d u e s  1 2 -1 6

I n  T a b le  V i l l a ,  common p e p t i d e s  1 <2^3 and 2 were

fo u n d  t o  c o n t a i n  t h e  same f i v e  amino a c i d s  -  l y s i n e ,  g l y c i n e ,

two a l a n i n e s  and l e u c i n e .

S p e c i e s  12 13 14 15 16
Human o C  A l a - A la - T r p - G ly - L y s
Dog oA S e r - T h r - T r p - A s p - L y s
Mouse A l a - A l a - T r p - G l y - L y s
R a b b i t  oAj T h r - A la - T r p - G ly - L y s
1 PA>3 A la  A la  Leu Gly  Lys
2 0 ^ 3  A la  A la  Leu Gly Lys

From homology s t u d y ,  t h e s e  p e p t i d e s  a p p e a r  t o  m atch

p o s i t i o n s  12-16 i n ^ c h a i n  e x c e p t  p o s i t i o n  14.  P o s i t i o n  14
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i n  t h e  seq uen ce  i s  i n d i c a t e d  t o  be t r y p t o p h a n  b u t  t h e s e  two 

p e p t i d e  s p o t s  d i d  n o t  show p o s i t i v e  E h r l i c h  r e a c t i o n  n o r  c o u ld  

t r y p t o p h a n  be d e t e c t e d  due t o  a c i d  h y d r o l y s i s .  I n  a d d i t i o n ,  

I 0 L3 and 2 dJ} c o n t a i n  l e u c i n e .  I f  t h i s  l e u c i n e  was n o t  from 

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

e x ch a n g ed  i n  t h i s  c a s e .

■ Sequence  Homology o f  t h e  o L C h a in s  -  R e s i d u e s  1-7

P e p t i d e s  ICX.9 and 2 0 L7 were l o c a t e d  i n  t h e  same p o s i ­

t i o n  on t h e i r  r e s p e c t i v e  maps. Both  amino a c i d  c o m p o s i t i o n  

and se q u e n c e  homology s t u d i e s  p u t  t h e s e  two p e p t i d e s  i n t o  t h e  

f i r s t  segm ent  o f  t h e  oL c h a i n  -  r e s i d u e s  1 - 7 •

S p e c i e s  1 2 3 ^ 5 6 7
Human oC V a l - L e u - S e r - P r o - A l a - A s p - L y s
Dog V a l - L e u - S e r - P r o - A l a - A s p - L y s
Mouse OC V a l - L e u - S e r - G ly - G lu - A s p - L y s
R a b b i t  oC V a l - L e u - S e r - P r o - A l a - A s p - L y s
1 0 C 9 Val Leu T hr  A la  A la  Glx Lys
2 oC>7 Val Leu T hr  A la  A la  Glx Lys

S eq uence  Homology o f  t h e  o C C h a in s  -  R e s i d u e s  140-1*1-1

P e p t i d e s  I&c6 and 2 o i6  were  l i s t e d  a s  common p e p t i d e s

by map l o c a t i o n  ( P i f u r e  8 , T ab le  V i l l a ) .  A f t e r  amino a c i d  

a n a l y s i s  t h e s e  two p e p t i d e s  a p p e a r e d  t o  c o n t a i n  two amino 

a c i d s  -  t y r o s i n e  and a r g i n i n e .  I n  a d d i t i o n s ,  b o t h  p e p t i d e s  

were  shown t o  g i v e  a  p o s i t i v e  P a u l y  r e a c t i o n .  By homology 

1 <X,6 and 2 £^6  r e p r e s e n t  r e s i d u e s  l ^ O - l ^ l ,  t h e  l a s t  two amino 

a c i d s  o f  t h e  c h a i n s .



S p e c i e s  
Human o L  
Dog cX  
Mouse (X  
R a b b i t  c X
1 oC 6
2 0 0 6

140 141 
T y r -A rg  
T y r -A rg  
T y r -A rg  
T y r -A rg  
T yr  Arg 
Tyr  Arg

Sequence  Homology o f  t h e  X C h a i n s  -  R e s i d u e s  91 -92

P e p t i d e s  1 <Xl5 and 2 X i 4  were a n o t h e r  s e t  o f  common 

p e p t i d e  s p o t s  by map p o s i t i o n i n g  ( F i g u r e  8 , T a b le  V i l l a ) .  

R e s i d u e s  91-92  on t h e  c h a i n  se q u e n c e  were fo u n d  t o  be l o ­

c a t e d  i n  t h e s e  two p e p t i d e s  s i n c e  two amino a c i d s  -  l e u c i n e  

and a r g i n i n e  were  shown a f t e r  a n a l y s i s .

Sequence  Homology o f  t h e  X - C h a in s  -  R e s i d u e s  17 -3 1

T r y p t i c  p e p t i d e s  1 o 4 13 and 2 e>4l2 have t h e  same map 

p o s i t i o n  and p o s i t i v e  P a u l y  r e a c t i o n  ( F i g u r e  8 ) ,  y e t  t h e i r  

t o t a l  amino a c i d  c o m p o s i t i o n s  a p p e a r  t o  be s l i g h t l y  d i f f e r ­

e n t  s i n c e  1 o L l J  was s h o r t  by  one t y r o s i n e ,  two a l a n i n e s  and 

two g l y c i n e s .  2 <2412 i s  w e l l  m a tch ed  i n  r e s i d u e s  1 7 -3 1  on 

t h e  o C c h a in  e x c e p t  f o r  l e a v i n g  a  Glu  r e s i d u e  b l a n k .  T h i s  Glu 

r e s i d u e  m ig h t  n o t  have enough t im e  t o  r e l e a s e  due t o  t h e  

i n f l u e n c e  o f  t h e  b u l k y  l e u c i n e  r e s i d u e  n e x t  t o  i t .  The

S p e c i e s  
Human CX 
Dog cX 
Mouse cX 
R a b b i t  X

91 92
Leu-Arg  
Leu-Arg  
Leu-Arg  
Leu-Arg  
Leu Arg 
Leu Arg

1 o U 5
2 o 4 l 4
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s h o r t a g e  o f  amino a c i d s  i n  1 ^ 1 3  d o e s  n o t  n e c e s s a r i l y  mean

t h e y  a r e  n o t  p r e s e n t  i n  t h e  p e p t i d e .  I t  c o u l d  be t h a t  1 oG 13

d i d  n o t  r e l e a s e  i t s  amino a c i d s  a s  w e l l  a s  2 o C l 2 .

S p e c i e s  17 18 19 20 21 22 23 24 25 26 2 7 28
Human oL  V a l - G l y - A l a - H i s - A l a - G l y - G l u - T y r - G l y - A l a - G l u - A l a -  
Dog oG, I l e - G l y - G l y - H i s - A l a - G l y - A s p - T y r - G l y - C - l y - G l u - A l a -
Mouse OL I l e - G l y - G l y - K i s - G l y - A l a - G l u - T y r - G l y - A l a - G l u - A l a -  
R a b b i t  oG. I l e - G l y - S e r - H i s - G l y - G l y - G l u - T y r - G l y - A l a - G l u - A l a -  
l c / - 1 3  Val Gly  S e r  H i s  Asx Glx A la
2 cX~12 l i e  Gly  S e r  H i s  A la  Gly  Asx T yr  Gly A la  Glx A la

S p e c i e s  29 30 31
Human oC  L e u -G lu -A rg  
Do g<?C L e u -G lu -A rg
Mouse C>C L e u -G lu -A rg  
R a b b i t s  V a l -G lu - A r g
1 oC 13 Leu Arg
2 0 ^ 1 2  Leu Arg

Sequence  Homology o f  t h e  <X,Chains -  R e s i d u e s  100-127

P e p t i d e s  1 pCi 4 and  2oCl3 l o c a t e d  a t  t h e  same p o s i t i o n

on t h e i r  map ( F i g u r e  8 ) .  The amino a c i d  c o m p o s i t i o n  o f  t h e s e

p e p t i d e s  i n d i c a t e s  t h a t  t h e y  c o n t a i n  a l m o s t  t h e  same amino

a c i d s  (T a b le  IX, and T a b le  IX) and t h a t  t h e y  r e p r e s e n t  t h e  same

se q u e n c e  segm ent  i n  c h a i n  -  r e s i d u e s  100 - 1 2 7 *

S p e c i e s  100 101 102 103 104 105 106 107 108 109 110
Human oL  L e u - L e u - S e r - H i s - C y s - L e u - L e u - V a l - T h r - L e u - A l a -
Dog c*v, L e u - L e u - S e r - H i s - C y s - L e u - L e u - V a l - T h r - L e u - A l a -
Mouse L e u - L e u - S e r - H i s - C y s - L e u - L e u - V a l - T h r - L e u - A l a -
R a b b i t  ^  L e u - L e u - S e r - H i s - C y s - L e u - L e u - V a l - T h r - L e u - A l a -
1 0 G 14 Val  Thr  A la
2 0 C 13 Val  Thr  A la
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S p e c i e s 111  112  113 115 116 117 118 119 120 121
Human A l a - H i s - L e u - P r o - A l a - G l u - - F h e - T h r - P r o - A l a - V a l -
D ogoC C y s - H i s - H i s - P r o - T h r - G l y - P h e - T h r - P r o - A l a - V a l -
Mouse ot~ S e r - H i s - H i s - P r o - A l a - A s p - • P h e - T h r - P r o - A l a - V a l -
R a b b i t A s n - H i s - V a l - P r o - S e r - G l u - • P h e - T h r - P r o - A l a - V a l -
1 <*~l4 Asx Gly Glx Phe Thr P ro  A la  Met
2 oC13 Asx Gly Glx Thr Pro  A la  Val

S p e c i e s 122  123 124 125 126  127
Human oC H is - A la - S e r - L e u - A s p - L y s
Dog cL> H i s - A la - S e r - L e u - A s p - L y s
Mouse H i s - A la - S e r - L e u - A s p - L y s
R a b b i t  C>*~ H is - A la - S e r - L e u - A s p - L y s
1 <X-i4 H is  A la  S e r  Leu Asx Lys
2 0^13 H is  A la  S e r  Leu Asx Lys

These two p e p t i d e s  r e p r e s e n t  one o f  t h e  l o n g e s t  s e g ­

m ents  fou nd  i n  t h e  oC c h a i n  -  28 amino a c i d s .  Because  t h e s e  

p e p t i d e s  were so l o n g ,  n o t  a l l  o f  t h e  amino a c i d s  i n  t h e s e  

p e p t i d e s  were r e c o v e r e d ,  e s p e c i a l l y  t h o s e  r e s i d u e s  which 

c o n t a i n  Bulky s i d e  c h a i n s  v i c i n i t y .  I n  p e p t i d e  1 0<*l4, po­

s i t i o n  121  was m e t h i o n in e  and t h i s  s i t u a t i o n  h a s  been  r e p o r t e d  

i n  r a t  d>Cchains (Ranney e t  a l ,  1975; Chua e t  a l .  , 1975)* Those 

f r a g m e n t s  which  d i d  n o t  show up i n  amino a c i d  a n a l y s i s  m ig h t  

have r e m a in e d  i n  t h e  i n s o l u b l e  " c o r e " .

Amino A c id  C o m p o s i t io n  Com par ison  -  P e p t i d e s  l c * ~ 4  and 2 c»C4 

The l a s t  s e t  o f  oL t r y p t i c  p e p t i d e s  t o  be d i s c u s s e d  a r e  

t h e  1<X,4 and 2 o<,4 p e p t i d e s .  They have t h e  same map l o c a ­

t i o n s  ( F i g u r e  8 ) and  c o n t a i n  t h e  same amino a c i d s  -  l y s i n e ,  

h i s t i d i n e ,  s e r i n e ,  g l y c i n e  and a l a n i n e .  Two p o s s i b i l i t i e s  can  

be drawn f o r  t h e s e  two p e p t i d e s »
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1) They s t a n d  f o r  r e s i d u e s  5 7 - 6 0 ,  t h e  same a s  p e p t i d e s  

1 oC 2 and  2 o L 2 w i t h  s e r i n e  a s  a n  e x t r a  amino a c i d .

2) These  two p e p t i d e s  c o u l d  n o t  he p l a c e d  by homology 

i n t o  t h e  oL c h a i n  s e q u en c e  and m ig h t  come f rom  some 

f r a g m e n t  o f  a  l a r g e r  p e p t i d e .

Sequence  Homology o f  t h e  <X,Chain -  f o r  Some Unique P e p t i d e s

Some u n iq u e  p e p t i d e s  e . g . ,  1 0 ^ 1 1 ,  1& Q .2, 2 ^ 8 , 2oCL0 

and 2 <X/11 which  d i d  n o t  have  c o u n t e r p a r t s  i n  t h e  o t h e r  map c a n  

be s e q u e n c e d  f o r  t h e  oC c h a i n  by homology.  They a r e  d i s c u s s e d  

i n  t h e  f o l l o w i n g  s e c t i o n s .

Sequence  Homology o f  t h e  IOC C h a in  -  P e p t i d e s  1 £>Cll and  1 0^-12

R e s i d u e s  6 2 -68  on t h e  t>Cchain se q u e n c e  were l o c a t e d  i n

p e p t i d e  1 £>Cll.  The amino a c i d  c o m p o s i t i o n  o f  1 <?Cll i n d i c a t e s

t h a t  i t  c o n t a i n s  s e v e n  amino a c i d s  -  l y s i n e ,  t h r e o n i n e ,  s e r i n e ,

g l u t a m i c ,  a l a n i n e ,  v a l i n e  and l e u c i n e .  I t  a p p e a r s  t o  match

p o s i t i o n s  62-68  on t h e  oC c h a i n  by homology w i t h  o t h e r  known £>C

c h a i n  s e q u e n c e s .  P e p t i d e  1 o C l l  i s  a  u n iq u e  segm ent  i n  t h e

1 cL  c h a i n ,  n o t  o n l y  b e c a u s e  t h e  same se q u e n c e  c a n n o t  be fo u n d

i n  any  2 p e p t i d e  b u t  t h e  l y s i n e  r e s i d u e  i s  a t  p o s i t i o n  6 8 ,

t h e  same a s  i n  t h e  r a b b i t  oL  c h a i n .  O t h e r  s p e c i e s  c i t e d  h e r e

have t h e i r  l y s i n e  r e s i d u e  o f  t h i s  segm ent  a t  p o s i t i o n  9 0 *

S p e c i e s  62 63 64 65 66 67 68
Human C>C V a l - A la - A s p - A la - L e u - T h r - A s n
Dog oC  V a l - A la - A s p - A l a - L e u - T h r - T h r
Mouse cXy V a l - A la - A s p - A la - L e u - A la - A s n
R a b b i t  ^  V a l - S e r - G l n - A l a - L e u - T h r - L y s  
1 c>Cll Val S e r  Glx A la  Leu Thr  Lys
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A n o th e r  u n iq u e  p e p t i d e  s p o t  i n  t h e  I P ’s, map i s  lC>Cl2 .

I t  c o n t a i n s  s i x  amino a c i d s  and seems t o  f i t  r e s i d u e s  8 -11  

i n  t h e  c h a i n  h u t  w i t h  two e x t r a  amino a c i d s - s e r i n e  and l e u ­

c i n e .  S in c e  s e r i n e  i s  o f t e n  exchanged  w i t h  t h r e o n i n e ,  t h e  

same a s  f o r  l e u c i n e  w i t h  v a l i n e ,  s e r i n e  and l e u c i n e  m ig h t  he 

c o u n te d  a s  one o f  t h e  d o u b le  amino a c i d s  i n  p o s i t i o n  8 and 10

on t h e  c h a i n  r e s p e c t i v e l y ,  i . e . ,  a  m ix t u r e  o f  two u n s e p a r a t e d

p e p t i d e s .

S p e c i e s  8 9 10 11
Human T h r -A sn -V a l -L y s
Dog T h r - A s n - I l e - L y s
Mouse c?C S e r - A s n - I l e - L y s
R a b b i t  T h r - A s n - I l e - L y s
1 PC12  Thr Asx Val Lys

S e r  Leu

Sequence  Homology o f  t h e  2 OL C h a in  -  P e p t i d e s  2 2

and 2 G*Cll

T r y p t i c  p e p t i d e s  2 oL q , 2 <?GlO and 2 oL  11 a r e  p e p t i d e s

which  c a n  be se q u e n c e d  on t h e  c?Cchain  by homology among t h e

u n iq u e  2 0 ^ / p e p t i d e  s p o t s  (T a b le  V i l l a ) .  By homology,  2 o C 8

r e p r e s e n t s  r e s i d u e s  3 2 - 4 0 ,  2 c>4l0 r e p r e s e n t s  r e s i d u e s  41 -5 6

and 2 £>Cll r e p r e s e n t s  r e s i d u e s  93 - 9 9 *

S p e c i e s  32 33 34 35 36 37 38 39 40
Human o C  M e t - F h e - L e u - S e r - P h e - F r o - T h r - T h r - L y s
Dog T h r - P h e - G l n - S e r - P h e - P r o - T h r - T h r - L y s
Mouse M e t - P h e - A l a - S e r - P h e - F r o - T h r - T h r - L y s
R a b b i t  G’C  M e t - P h e - L e u - G ly - P h e - P r o - T h r - T h r - L y s
2 oC8 Met Phe S e r  Phe P ro  T hr  Thr  Lys
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S p e c i e s  41 42 43 44 45 46 47 48 49 50 51
Human oC T h r - T y r - P h e - P r o - H i s - P h e - A s p - L e u - S e r - H i s - G l y -  
Dog oL, T h r - T y r - P h e - P r o - H i s - P h e - A s p - L e u - S e r - P r o - G l y -
Mouse OC T h r - T y r - P h e - P r o - H i s - P h e - A s p - V a l - S e r ( H i s  Gly
R a b b i t  o C  T h r - T y r - P h e - P r o - H i s - P h e - A s p - P h e - T h r - H i s - G l y -  
2 £>410 T hr  T yr  Phe Pro  H is  Phe Asx Val S e r  His_Gly_

S p e c i e s  52 53 54 55 56
Human oL  S e r - A l a - G l n - V a l - L y s  
Dog o^> S e r - A l a - G l n - V a l - L y s  
Mouse S e r  A la  Gin V a l)L ys
R a b b i t  c>C S e r - C - l y - G l n - I l e - L y s  
2 C?L 10 S e r  G ly  Asx l i e  Lys

S p e c i e s  93 9^ 95 96 97 98 99
Human C*b V a l -A s p - P ro - V a l - A s n -P h e - L y s  
Dog oC V a l - A s p - P r o - V a l - A s n - P h e - L y s
Mouse V a l - A s p - P r o - V a l - A s n -P h e - L y s
R a b b i t  oC V a l - A s p - P r o - V a l - A s n - P h e - L y s  
2 o C l l  Val  Asx Fro  Leu Asx Phe Lys

C h a in  Summary

A l l  t h e  r e s u l t s  which a r i s e  f rom se q u e n c e  homology o f  

c h a i n s  c a n  be summarized  i n  F i g u r e  10 which  i l l u s t r a t e s  

t h e  p a r t i a l  s e q u e n c e s  o f  t h e  oC c h a i n s  o f  g u i n e a  p i g  hemoglo­

b i n s  1 and 2. The p o s i t i o n s  i n  t h e  s e q u e n c e  o c c u p i e d  by t h e  

t r y p t i c  p e p t i d e s  were a s s i g n e d  by  homology w i t h  h e m o g lo b in s  

f rom  o t h e r  mammalian s p e c i e s .  The d i f f e r e n c e s  i n  t h e  ^ c h a i n s  

were  a s  f o l l o w s i

l )  P e p t i d e s  1 0^,12 and  1 c < - l l f r e p r e s e n t i n g  r e s i d u e s  

8 -1 1  and 62-68  r e s p e c t i v e l y  on t h e  1 oL c h a i n ,  have  

no p e p t i d e  c o u n t e r p a r t s  l o c a t e d  on t h e  2 C*G map.

Amino A c id  a n a l y s i s  o f  u n iq u e  p e p t i d e s  on t h e  2 oC
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map a l s o  f a i l e d  t o  show s i m i l i a r  amino a c i d  compo­

s i t i o n s .

2) P e p t i d e s  2 0 ^ 8 ,  2 oC 10 and 2 ^ - 1 1  c an  he i d e n t i f i e d  

a s  r e s i d u e s  3 2 - 4 0 ,  4 1 -5 6  and 93 -9 9  r e s p e c t i v e l y  on 

t h e  2 oC c h a i n .  No p e p t i d e  c o u n t e r p a r t  c an  he l o ­

c a t e d  on t h e  l£>C map n o r  can  t h e  same amino a c i d  

s e q u e n c e  he fou nd  i n  t h e  u n iq u e  p e p t i d e s  o f  t h e  

1<?4, map.

3) The lhC  c h a i n  c o n t a i n s  v a l i n e  a t  p o s i t i o n  17» w h e re ­

a s  t h e  c o r r e s p o n d i n g  p e p t i d e  f rom t h e  2 oC c h a i n  h a s  

i s o l e u c i n e  a t  t h e  same p o s i t i o n .

4) A m e t h i o n i n e  r e s i d u e  i s  p r e s e n t  a t  p o s i t i o n  121

i n  t h e  l c X  c h a i n ,  b u t  v a l i n e  i s  p r e s e n t  i n  t h e  2<>C 

c h a i n .

Prom t h i s  d a t a  t h e  c o n c l u s i o n  c a n  be drawn t h a t  i n  t h e  

g u i n e a  p i g  t h e  l o 6  and 2 06 g l o b i n  c h a i n s  d i f f e r  f rom  e ac h  

o t h e r  i n  t h e i r  amino a c i d  c o m p o s i t i o n s  and i n  t h e i r  amino a c i d  

s e q u e n c e s  t o  a  s i g n i f i c a n t  e x t e n t .

Sequence  Homology o f  t h e  ^  C h a in s  -  R e s id u e  66

An i n v e s t i g a t i o n  o f  common " p e p t i d e s "  1 v/2> 1 and 2>~p 1 

( F i g u r e  9 ,  T a b le  V U I b )  r e v e a l e d  t h a t  t h e y  c o n t a i n e d  o n l y  one 

amino a c i d  -  l y s i n e .  By homology t h e s e  two p e p t i d e s  r e p r e s e n t  

r e s i d u e  66 on t h e  c h a i n  s e q u e n c e .



S p e c i e s  66

Human ^  Lys
Dog Lys
Mouse '(i Lys
R a b b i t  ^  Lys
1 £  1 Lys
2 ^ 1  Lys

Sequence  Homology o f  t h e  C h a in s  -  R e s i d u e s  62-65

P e p t i d e s  1 2 and  2 2 a p p e a r  t o  be common p e p t i d e s

by map p o s i t i o n i n g  and p o s i t i v e  P a u l y  r e a c t i o n .  A f t e r  amino

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

l y s i n e ,  h i s t i d i n e ,  g l y c i n e  and a l a n i n e .  T h i s  c o r r e s p o n d s  t o

p o s i t i o n s  62-65  on t h e  ^  c h a i n  sequ en ce  by homology.

S p e c i e s  62 63 '64 65
Human ^  A l a - H is - G ly - L y s
Dog 7̂ A l a - H is - G ly - L y s
Mouse ^  A l a - H is - G l y - L y s
R a b b i t  ^  A l a - H is - G l y - L y s
1 ^ 2  A la  H is  Gly Lys
2 ^ 2  A la  H is  Gly Lys

Sequence Homology o f  t h e  4̂  C h a in s  -  R e s i d u e s  60-61

T r y p t i c  p e p t i d e s  1 -̂ 3 4  and 2 ^ 5  were t h o u g h t  t o  be 

t h e  same p e p t i d e s  by map l o c a t i o n  ( F i g u r e  9 ) •  A f t e r  amino 

a c i d  a n a l y s i s  1 $  4 c o n t a i n e d  g l u t a m i c  a c i d  and l y s i n e  w h e re ­

a s  2 ^  5 c o n t a i n e d  v a l i n e  and l y s i n e .  They r e p r e s e n t  p o s i t i o n s

60-61  i n  t h e  c h a i n  sequence  by homology. S in c e  t h e s e  two 

p e p t i d e  s p o t s  have t h e  same m o b i l i t y  on t h e  map and p o s i t i o n

60 i s  a lm o s t  a lw a y s  o c c u p ie d  by a  v a l i n e  which  i s  a  n o n p o l a r  

amino a c i d  1 ^  4 i s  i m p o s s i b l e  t o  c o n t a i n  a  n e g a t i v e l y  c h a r g e d
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g l u t a m i c  a c i d  b u t  an  u n c h a r g e d  g lu t a m in e  t h a t  w a s • c o n v e r t e d  t o  

g l u t a m i c  a c i d  by a c i d  h y d r o l y s i s .

S p e c i e s 60 61
Human ^ V a l -L ys
Dog V a l -L y s
Mouse f t

A
V a l-L ys

R a b b i t  y V al-L ys
1 ^  ^ Gin Lys
2 ^ 5 Val Lys

Sequence  Homology o f  t h e  $  C h a in s  -  R e s i d u e s  31-^-Q

A n o th e r  s e t  o f  common p e p t i d e s  i s  1 ^  5 and 2 ^ 6  

( F i g u r e  9 , T ab le  V U I b )  . T h e i r  amino a c i d  c o m p o s i t i o n  w e re :  

t h r e o n i n e ,  g l u t a m i c  and  a r g i n i n e .  S in c e  t h e r e  a r e  o n l y  t h r e e  

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

t h e s e  t h r e e  amino a c i d s  i n t o  p o s i t i o n s  3 8 - ^ 0 .  I t  s h o u l d  be 

n o t e d  t h a t  p o s i t i o n s  31-37  a r e  n o t  r e c o v e r e d  a f t e r  a c i d  h y d r o ­

l y s i s .  Two p o s s i b l e  e x p l a n a t i o n s  c a n  be drawn. (a )  P o s i t i o n  

37 i s  o c c u p i e d  by t r y p t o p h a n  l i k e  o t h e r  s p e c i e s  c i t e d  h e r e .  

F r a g m e n t a t i o n  m ig h t  have o c c u re d  due t o  a c i d i c  d i s t r u c t i o n  

o f  t r y p t o p h a n .  But  1 ^ > 5  and 2 ^ 6  d i d  n o t  show p o s i t i v e  Eh- 

l i c h  r e a c t i o n s  on t h e  map and t h i s  e x i s t e n c e  o f  t r y p t o p h a n  

n e e d s  t o  be p r o v e n .  (b) Two l e u c i n e  and two v a l i n e  r e s i d u e s  

which  have b u l k y  s i d e  c h a i n  g ro u p  m igh t  c a u se  the. u n p r o p e r  

r e s o l u t i o n  o f  t h i s  s e q u en c e  segm en t .
S p e c i e s  31 32 33 3^ 35 36 37 38 39 ^0
Human 3  L e u - L e u - V a l - V a l - T y r - P r o - T r p - T h r - G l n - A r g
Dog L e u - L e u - I l e - V a l - T y r - P r o - T r p - T h r - G l n - A r g
Mouse ft L e u - L e u - V a l - V a l - T y r - P r o - T r p - T h r - G l n - A r g
R a b b i t  $  L e u - L e u - V a l - V a l - T y r - P r o - T r p - T h r - G l n - A r g
1 - ^ 5  Thr  Glx Arg
2 f t  6 Thr  Glx Arg
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Sequence  Homology o f  t h e  4^ C h a in s  -  R e s i d u e s  83-87

Sequence  p o s i t i o n s  83-87  a r e  r e p r e s e n t e d  by p e p t i d e s

1 ^ 7  and 2 f t  7 . These two p e p t i d e s  have t h e  same map l o c a -

t i o n  and amino a c i d  c o m p o s i t i o n  ( F i g u r e  9» T ab le  V l l l h ) .

S u e d e s 83 84 85 86 87
Human G l y - T h r - P h e - A l a - T h r
Dog G ly - T h r - P h e - A la - L y s
M o u s e d G l y - T h r - P h e - A l a - S e r
R a b b i t  ^ G ly - T h r - P h e - A la - L y s

i f ? Gly  Thr  Phe A la  Lys
2 ^ 7 Gly Thr  Phe A la  Lys

S eauence  Homology o f  t h e f t  C h a in s  -  R e s i d u e s  145-146

S p e c i e s 145 146
Human ^ T y r - H i s
Dog 'fi T y r - H i s
Mouse ^ T y r - H i s
R a b b i t  ^ T y r - H i s
1 ^ 8 T yr  H is
2 ^ 8 T yr  H is

An e x a m i n a t i o n  o f common p e p t i d e s  I  8 and 2 ^  8

( F i g u r e  9 ) r e v e a l e d  t h a t b o t h  p e p t i d e s  c o n t a i n e d  t y r o s i n e

and h i s t i d i n e  o n l y .  By homology t h e  b e s t  p l a c e s  t o  f i t

them a r e  p o s i t i o n s  1 45-146  a t  t h e  end o f  t h e  ^  c h a i n  s e q u en c e

Sequence  Homology o f  t h e 'P C h a in s  -  R e s i d u e s  88-95

Common p e p t i d e s  1 14 and 2 ^  14 ( F i g u r e  9) c o n t a i n ­

i n g  e i g h t  amino a c i d s  a p p e a r  t o  m atch  se q u e n c e  p o s i t i o n s  88-  

95 by  homology and c o n t a i n  a l a n i n e  a s  an  e x t r a  amino acid:.



S p e c i e s 88 89 90 91 92 93 94 95
Human ^ L e u - S e r - G ly - L e u - H i s - C y s - A s p - L y s
Dog $ L e u - S e r - G l u - L e u - H i s - C y s - A s p - L y s
Mouse $ L e u - S e r - G lu - L e u - H i s - C y s - A s p - L y s
R a b b i t  ^ L e u - S e r - G l u - L e u - H i s - C y s - A s p - L y s
l £  14 Leu S e r  Glx Leu H is  Asx Lys
2 £ l 4 Leu S e r  Glx Leu H is  Asx Lys

S eauence  Homoloev o f  t h e  4  ̂ C h a in s  -  R e s i d u e s  9 -17

S p e c i e s 9 10 11 12 13 14 15 16 17
Human S e r - A l a - V a l - T h r - A la - L e u - T r p - C - l y - L y s
Dog ^ S e r - L e u - V a l - S e r - G l y - L e u - T r p - G l y - L y s
Mouse vp A l a - A l a - V a l - S e r - G l y - L e u - T r p - G l y - L y s
R a b b i t  'P3 S e r - A l a - V a l - T h r - A l a - L e u - T r p - G l y - L y s

1 £  15 A la  A la  Glx Thr  A la  Leu Trp  Lys
2 ^  10 A la  Glx Thr  A la  Leu Trp  Lys

R e s i d u e s  9 -17  on t h e  c h a i n  s e q u en c e  were l o c a t e d  

i n  p e p t i d e s  1 15 and 2 > ^ 1 0 .  Homology s t u d i e s  i n d i c a t e

t h a t  one amino a c i d  -  g l y c i n e  f rom 1 f t  15 and two amino a c i d s -  

a l a n i n e  and g l y c i n e  f rom  2 $  10 were m i s s i n g .  These  m i s s i n g  

amino a c i d s  m ig h t  be d e s t r o y e d  o r  n o t  c o m p l e t e l y  r e l e a s e d  

d u r i n g  a c i d  h y d r o l y s i s .  P o s i t i o n  15. i n  1 ^  15 and 2 'ji 10 i s  

a s s i g n e d  t r y p t o p h a n  by homology and by t h e  f a c t  t h a t  t h e s e  

two p e p t i d e s  g i v e  p o s i t i v e  E h r l i c h  r e a c t i o n s  ( F i g u r e  9 ) .  

Sequence  Homology o f  t h e  1$> C h a in  -  P e p t i d e s  1 ^ 6  and l ' - f t l l  

I n  T a b le  X I ,  t h e  amino a c i d  c o m p o s i t i o n  o f  t h e  1 ^ 6  

p e p t i d e  r e p r e s e n t  p o s i t i o n s  9 6 -104  on t h e  ^  c h a i n  s e q u e n c e .

I t s  p e p t i d e  c o u n t e r p a r t  on t h e  map c o u ld  n o t  be l o c a t e d  

i n  t h e  same p o s i t i o n  n o r  d i d  i t  hap pen  t o  be one o f  t h o s e  

p e p t i d e s  f rom t h e  2^> map a n a l y z e d  f o r  amino a c i d s .  T h e r e ­

f o r e ,  i t  c an  be assumed t h a t  t h e  s e q u en c e  o f  amino a c i d
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residues 96-104 on the 1 ^  chain is different from that 2 f t

c h a i n .

S p e c i e s  96 97 98 99 100 101 102 103 104
Human f t  L e u - H i s - V a l - A s p - P r o - G l u - A s n - P h e - A r g
Dog f t  L e u - H i s - V a l - A s p - P r o - G l u - A s n - P h e - L y s
Mouse ^  L e u - H i s - V a l - A s p - P r o - G l u - A s n - P h e - A r g
R a h b i t  ^  L e u - H i s - V a l - A s p - P r o - G l u - A s n - P h e - A r g
1 ^ 6  Le u H i s  Val Asx P ro  A la  A rg

A n o th e r  i n d i c a t i o n  t h a t  t h e  1 f t  c h a i n  i s  d i f f e r e n t  

f rom  2 ^  c h a i n  c an  be s e e n  i n  p e p t i d e  1 f t  11  which  r e p r e s e n t s  

r e s i d u e s  1 -8  on t h e  ^  c h a i n  s e q u e n c e .  There  i s  a l s o  no p e p ­

t i d e  i n  t h i s  p o s i t i o n  i n  t h e  2 ^  map.

S p e c i e s  1 2 . 3  4 5 6 7 8
Human V a l - H i s - L e u - T h r - P r o - G l u - G l y - L y s
Dog f t  V a l - H i s - L e u - T h r - A l a - G l u - G l u - L y s
Mouse f t  V a l - H i s - L e u - T h r - A s p - A l a - G lu - L y s
R a b b i t  -ji V a l - H i s - L e u - S e r - S e r - G l u - G l u - L y s
1 ^  11 Val H is  Leu T hr  S e r  A la  Glx Lys

Sequence  Homology o f  t h e  2 -ft C h a in  -  P e p t i d e s  2 f t  9 and  2 ^ 1 1  

P e p t i d e s  2 f t  9 and 2 f t  1 1 . a r e  among t h o s e  u n iq u e  p e p ­

t i d e s  which  c an  be se q u e n c e d  on t h e  ^  c h a i n  by homology. I t  

a p p e a r s  t h a t  p e p t i d e  2 f t  9 m a tc h e s  p o s i t i o n s  133 - 1^  on t h e  f t

c h a i n .

S p e c i e s  133 134  135 136 137 138 139 140 141 142 143 1^4
Human f t  V a l - V a l - A l a - G l y - V a l - A l a - A s n - A l a - L e u - A l a - H i s - L y s
Dog f t  V a l - V a l - A l a - G l y - V a l - A l a - A s n - A l a - L e u - A l a - H i s - L y s
Mouse •£> V a l - V a l - A l a - G l y - V a l - A l a - A l a - A l a - L e u - A l a - H i s - L y s
R a b b i t  -(i V a l - V a l - A l a - G l y - V a l - A l a - A s n - A l a - L e u - A l a - H i s - L y s
2 ^ 9  Val Val A la  Gly Val  A la  Asx A la  Leu A la  H i s  Lys
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P e p t i d e  2 ^  11 r e p r e s e n t s  r e s i d u e s  67-82  on t h e ^  c h a i n  

s e q u e n c e .  P o s i t i o n  71 was a s s i g n e d  t o  g l u t a m i c  a c i d  b e c a u s e  

p h e n y l a l a n i n e  was m i s s i n g  f ro m  t h e  amino a c i d  com ponents  o f  

2 1 1 .  I n s t e a d ,  an  e x t r a  g l u t a m i c  a c i d  r e s i d u e  was p r e s e n t .

I f  t h i s  g l u t a m i c  was n o t  due t o  c o n t a m i n a t i o n  i t  i s  r e a s o n a b l e  

t o  p u t  g l u t a m i c  i n t o  t h i s  p o s i t i o n .

S p e c i e s  67 68 69 70 71 72 73 7^ 75 76 77 7 8
Human -§> V a l - L e u - G l y - A l a - P h e - S e r - A s p - G l y - L e u - A l a - H i s - L e u -
Dog V a l -L e u - A s n - S e r - P h e - S e r - A s p - G ly - L e u - L y s - A s n - L e u -
Mouse ^  V a l - I l e - T h r - r A l a - P h e - S e r - A s p - G l y - L e u - A s n - H i s - L e u -
R a b b i t  -(-* V a l - L e u - A l a - A l a - P h e - S e r - G l u - G l y - L e u - S e r - H i s - L e u -
2 ^ 11 Glx Leu Glx A la  Glx S e r  Asx G ly  Leu S e r  H i s  Leu

S p e c i e s  79 80 81 82
Human A sp-A sn-L eu-L ys
Dog p  A sp -A sn-L eu-L ys
Mouse'P A sp-A sn-L eu-L ys
R a b b i t ^  A sp-A sn-L eu-L ys
2 ^ 1 1  Asx Asx Leu Lys

&  C h a in  Summary

The $  c h a i n s  r e v e a l e d  t h e  f o l l o w i n g  d i f f e r e n c e s :

1) Whereas t h e  1 ft c h a i n  c o n t a i n s  g l u t a m i c  a t  p o s i ­

t i o n  6 0 , t h e  2 Q c h a i n  c o n t a i n s  a  v a l i n e  r e s i d u e .

2) P o s i t i o n s . ! - 8 and p o s i t i o n s  96-10*1- l o c a t e d  i n  l | i  

c h a i n  a r e  d i f f e r e n t  f ro m  t h e  same seg m en ts  i n  t h e  

2 ^  c h a i n .  T h i s  c an  be s e e n  b o t h  by  map p o s i t i o n  

and  amino a c i d  a n a l y s i s  o f  u n i q u e  p e p t i d e s  on t h e  

2 vj3 map.

3) Unique p e p t i d e s  2 9 and  2 f t  11 c a n  be l o c a t e d  on

r e s i d u e s  67-82  and 1 3 3 - 1 ^  i n  t h e  2 ^  c h a i n  r e s p e c -
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t i v e l y ,  b u t  t h e  same amino a c i d  seq u en c e  c a n n o t  be 

fo u n d  i n  u n iq u e  p e p t i d e s  on t h e  l ' p  map.

F i g u r e  11 sum m ar izes  t h e  above and  a l s o  i l l u s t r a t e s  

t h e  p a r t i a l  s e q u e n c e  o f  c h a i n s  o f  g u i n e a  p i g  h e m o g lo b in s  

1 and 2. From t h e s e  d a t a  i t  i s  p r o b a b l e  t h a t  two ^3 c h a i n s  

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



IOC

200

i p C

ZCXj

IOC

2 0 0

1 (X. 

200

10C

ZOC

loC

200

100

200

9 10 11 12 13 14

Val Leu Thr Ala Ala Glx Lys'Thr Asx Val Lys1 Ala Ala Leu

Val leu  Thr Ala Ala Glx Lys 
1-----------1009, 2 oC7--------------- 1 l o 0 l2 :

A la  A la  Leu 
KLDC3, 2003

15 16 17 18 19 20 21 22 23 24 25 26 27 28 

Val1 Gly Ser His Asx Glx AlaGly Lys 

Gly Lys H e
J L

Gly Ser His Ala Gly Asx Tyr Gly Ala Glx Ala 
  1 0 0 1 3 , 2 0012 --------------------------

29 ; 30 31 32 33 34  35 36 37 38 39 40 41 42 

Leu Arg j 1 { ]

Leu Arg( IMejb Phe Ser Phe Pro Thr Thr Lys: |Thr Tvr 
  2008 ' ‘ .....

43 44  45 46  47 48 49 50 51 52 53 54 55 56

Phe Pro H is Asx Val Ser His  Gly Ser Gly Asx l i e  Lys

57 58 59 60 61 62 63 64 65 66 67 68 ( 69- 9 0 )

A la  H is G ly Lys Lys |Val S er  Glx A la  Leu Thr Lys

l o d l l -
Ala His Gly Lys Lys,
1---- 1002, ZOLZ—' loti I

L206I-I
91 92 93 94 95 96  97 98 99 (100- 1 0 6 ) 

Leu Arg
Val Asx Pro Leu Asx Phe Lys

20611

107 108 

V al Thr 

V al ThrLeu Arg 
>- 10C15- 1 

2*14
109 110 111 112 113 114 115 116 117 118 119 120 121 122

Gly Glx Phe Thr Pro AlaAla Asx 

Ala Asx Gly Glx 
10014, 20613

Thr Pro A la

Met

Val

H is

H is
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123 124 125 126 127 (1 2 8 -1 3 9 ) 140 141

106 Ala Ser Leu Asx Lys Tyr Arg

2 00 Ala Ser Leu Asx Lys Tyr Arg
  1 >-100 6

2066

FIGURE 10

SEQUENCE BY HOMOLOGY OF THE GUINEA PIG 1 PCAND 2 06 CHAINS

( j Boxed areas indicate residue d ifferences between the 
two 0 6 chains.

I |P artitioned  areas indicate the corresponding tryp tic  
L -* peptide.
(  "^Bracketed numbers indicate regions on the chains not 
(. J  sequenced by homology.
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2 ^

2 f>

l £

2 p

l £

2f»

l £

2 P

2 $

Ip
2 $

j V al H is lieu Thr S er  A la  Glx Lys

8 9 10 11 12 13 

A la  A la  G lx Thr A la

1^ 11- J u
A la  G lx Thr A la

-  l>p» 15* 2 £ l 0  ~

14 15 16 17 (18—30) 31 32 33 3  ̂ 35 36  33

Leu Lys

Leu LysI i

38 39 b o  (41—59) 60 61 62 63 64 65 66 6?

Thr G lx Arg

Thr G lx Arg 
l £ 5 ,  2 ^ 6 - J

GlxJ

Val

Lys A la  H is G ly Lys Lys

GlxLys A la  H is G ly Lys Lys 
1 ^ 4  -i «—  1 ^ 2 ,  2 & 2— ’|1 # 1  ’------
2 ^ 5  1. 2*1

68 69 70 71 72 73 74 75 76 77 78 79 80

Leu G lx A la  G lx Ser  Asx G ly Leu Ser H is Leu Asx Asx
•---------- ................. •1 " 2 $  11 ~ " ............■

81 82 83 84 85 86 87 88 89 90 91 92 93

G ly Thr Phe A la  Lys Leu Ser G lx Leu H is

Leu Lys, G ly Thr Phe A la  Lys Leu Ser G lx Leu H is
-----------"------1 * 7 .  2 p 7 -----J  -------  1 * 1 4 , 2 * 1 4 -----

94 95 96 97 98 99 100 101 102 103 1 0 4 (1 0 5 -1 3 2 )

Asx Lys

Asx Lys

Leu H is V al Asx Pro A la Arg

J L_ 1 P  6

133 134 135 136  137 138 139 140 141 142 143 1^4

Val V al A la  G ly Val A la  Asx A la  Leu A la  H is Lys 
~ —  2  $  9  --------------------------

69



145 146
l P  Tyr His
2 &  Tyr His

KL P  8—• 
2 -P 8

FIGURE 11

SEQUENCE BY HOMOLOGY OF THE GUINEA PIG 1 ftAND z P CHAINS

□  Boxed areas indicate redisue differences between the 
two -p chains.

j iPartitioned areas indicate the corresponding tryptic 
L Jpeptide.
/ \Bracketed numbers indicate regions on the Jp chains not 
L J sequenced by homology.
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DISCUSSION

S e p a r a t i o n  o f  h e m o g lo b in s  f rom r e d  c e l l  and marrow 

by t h e  method o f  i s o e l e c t r i c  f o c u s i n g  e l e c t r o p h o r e s i s  i n  

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

two h e m o g lo b in s  i n s o f a r  a s  t h e i r  i s o e l e c t r i c  p o i n t s  a r e  

i d e n t i c a l .  The d i s t r i b u t i o n  o f  t h e  two h e m o g lo b in s  i n  mar­

row was fo u n d  t o  d i f f e r  s i g n i f i c a n t l y  from t h a t  s e e n  i n  r e d  

c e l l s ,  d e s p i t e  t h e  f a c t  t h a t  a l l  h em o g lo b in s  were  p r e p a r e d  

and s e p a r a t e d  by  t h e  same p r o c e d u r e .  Compared w i t h  o t h e r  

a n i m a l s ,  t h e  a d u l t  g u i n e a  p i g  i s  an e x c e l l e n t  s u b j e c t  f o r  

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

r e l a t i v e l y  s im p le  p a t t e r n  o f  two h e m o g lo b in s .  The r e s u l t s  

o f  t h e  i n  v i v o  - ^ f e - l a b e l i n g  e x p e r i m e n t s  (T a b le  I I I )  can  be 

i n t e r p r e t e d  t o  mean t h a t  h em o g lo b in  2 i s  s y n t h e s i z e d  most  

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

t h e  l o n g e s t  p e r i o d  o f  t im e  p r i o r  t o  t h e i r  e n t r a n c e  i n t o  t h e  

c i r c u l a t i o n ,  w h e re a s  h e m o g lo b in  1 i s  most  a c t i v e l y  s y n t h e ­

s i z e d  i n  o l d e r  e r y t h r o i d  c e l l s ,  which e n t e r  t h e  c i r c u l a t i o n  a f t e r  

o n l y  a  s h o r t  p e r i o d  o f  t i m e .  The t im e  r e q u i r e d  f o r  t h e  s p e ­

c i f i c  a c t i v i t y  o f  h e m o g lo b in  2 t o  e q u a l  t h a t  o f  hem o g lo b in  

1 i s  p r o b a b l y  t h e  m a t u r a t i o n  t im e  o f  marrow e r y t h r o i d  c e l l s  

i n  t h e  g u i n e a  p i g .  Use o f  t h e  method o f  d e x t r a n  d e n s i t y  

g r a d i e n t  c e n t r i f u g a t i o n  which  s e p a r a t e s  marrow e r y t h r o i d  

c e l l s  a c c o r d i n g  t o  t h e i r  r e l a t i v e  s t a g e  6 f  d e v e lo p m e n t  c o n ­

f i r m s  t h e  a s s o c i a t i o n  o f  h em o g lo b in  2 w i t h  t h e  y o u n g e s t
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e r y t h r o i d  c e l l s  and  h e m o g lo b in  1 w i t h  t h e  o l d e s t  c e l l s  and 

y i e l d s  d i r e c t  e v id e n c e  f o r  t h e  n o n u n i fo rm  d i s t r i b u t i o n  o f  

h em o g lo b in  i n  e r y t h r o i d  c e l l .  The d i f f e r e n t  r e l a t i v e  d i s t r i ­

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

and  marrow c e l l s  o f  t h e  mouse.  A l th o u g h  t h e  mouse marrow 

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

i s  l i k e l y  t h a t ,  a s  i n  t h e  r a t  and g u i n e a  p i g ,  m u l t i p l e  hemo­

g l o b i n s  o f  t h e  mouse a r e  n o t  s y n t h e s i z e d  u n i f o r m l y  i n  marrow 

e r y t h r o i d  c e l l s  d u r i n g  t h e i r  m a t u r a t i o n  ( F i g u r e  3;  T a b le  I I ) .

Two p o l y p e p t i d e  c h a i n s  a r e  c o n s i d e r e d  d i f f e r e n t  by 

u s i n g  t h e  c r i t e r i a  o f  amino a c i d  s e q u e n c e ,  p e p t i d e  mapping 

and t o t a l  amino a c i d  a n a l y s i s .  From t h e  c h a i n  c o m p o s i t i o n s  

o f  t h e  v a r i o u s  h e m o g lo b in s  i n v o l v e d ,  one may p r e d i c t  t h e  num­

b e r  o f  s t r u c t u r a l  g e n e s .  I n  t h i s  i n v e s t i g a t i o n ,  two d i f f e r ­

e n t  o C c h a i n s  and two d i f f e r e n t  c h a i n s  were f o u n d .  Com­

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

IOC and 2 /X  a s  w e l l  a s  1 ^  and r e v e a l e d  s i g n i f i c a n t  d i ­

f f e r e n c e s  b e tw ee n  t h e  two (&, c h a i n s  and be tw ee n  t h e  two 

c h a i n s  ( T a b le  VIA and T a b le  VIIA) . P e p t i d e  mapping o f  1g>C. 

and 2 o C a n d  1 3̂ and 2 ^  have shown t h e  d i f f e r e n c e s  b e tw ee n  

them ( F i g u r e  8 and  T ab le  V i l l a ;  F i g u r e  9 and T a b le  V U I b ) . 

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

e n c e s  b e tw e e n  two c h a i n s  and  t w o ^  c h a i n s  ( F i g u r e  10 and 

F i g u r e  1 1 ) ,  Thus two d i f f e r e n t  s t r u c t r u a l  g e n e s  f o r  oL c h a i n s  

and two f o r  ^  c h a i n s  can  be p o s t u l a t e d  from t h e s e  s t u d i e s .

Among t h e  d i f f e r e n c e s  i n  t h e  c h a i n s ,  p o s i t i o n  17

72



( V a l j l l e )  and p o s i t i o n  121 (Met?Val)  a r e  o c c u p ie d  by d i f f e r ­

e n t  amino a c i d s  ( F i g u r e  10) and  a r e  t h e r e f o r e  a r e a s  o f  po­

t e n t i a l  d i f f e r e n c e s .  Such amino a c i d  r e p l a c e m e n t s  may be

t h e  r e s u l t s  o f  s i n g l e  p o i n t  m u t a t i o n  i . e . ,  G(J  ̂ (V a l)   ----->

AU^ ( H e )  and AUG (Met) —>GUG ( V a l ) .  But  b e c a u se  o f  incom­

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

t i d e s ,  no r e l i a b l e  c o m p a r is o n  b e tw een  them can  be made a t  

t h i s  t i m e .  The r e m a in i n g  d i f f e r e n c e s  a r e  fou n d  on some o f  

t h e  u n iq u e  p e p t i d e s .  Among t h e s e ,  l o L l 2  ( r e s i d u e s  8 -1 1 ) 

and 1 oL  11 ( r e s i d u e s  62-68)  c o u ld  be se q u en c ed  f o r  t h e  £>C 

c h a i n  b u t  no c o u n t e r p a r t  sequ en ce  can  be l o c a t e d  on t h e  2cC 

c h a i n .  The same s i t u a t i o n  a p p l i e s  t o  p e p t i d e s  2 oL  10 ( r e s i ­

dues  ^ 1 -5 6 )  and 2 oL 11 ( r e s i d u e s  9 3 - 9 9 ) •  These u n iq u e  p e p ­

t i d e s  which  c a n n o t  be s e q u e n c e d  on t h e  <X. c h a i n  may n o t  be 

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

" c o r e " .  The c o r r e s p o n d i n g  s p o t s  shown on th e  map m ig h t  be 

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

o r d e r  f o r  e q u i v a l e n t  p e p t i d e s  i n  t h e  1 oL o r  2 c h a i n  t o  be 

r e c o v e r e d ,  t h e  " t r y p t i c  c o r e "  would need  t o  be d i g e s t e d  w i t h  

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

m en ts  and amino a c i d  seq u en ce  o f  t h e s e  p e p t i d e s  d e t e r m i n e d .

The m a jo r  d i f f e r e n c e s  o f  t h e  two c h a i n s  a r e  found 

i n  t h o s e  u n iq u e  p e p t i d e s  shown i n  F i g u r e  11 ,  e x c e p t  f o r  p o ­

s i t i o n  60 i n  which  amino a c i d  i n t e r c h a n g e  h as  o c c u r e d  b e tw een  

two ^  c h a i n s  i . e . ,  CAq (Gin) —>GU^ ( V a l ) .  T h i s  s e t  o f  a s s i g n ­

m en t ,  however  would r e q u i r e  two b a se  c h a n g e s  a l t h o u g h  mogt
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amino a c i d  i n t e r c h a n g e s  i n v o l v e  a  s i n g l e  b a se  r e p l a c e m e n t .

The p r e s e n t  s t u d i e s  d e m o n s t r a t e  t h a t  t h e  two hemoglo­

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

m ig h t  be due t o  d i f f e r e n c e s  i n  p r i m a r y  s t r u c t u r e .  T h i s  was 

a c c o m p l i s h e d  by c o m p ar in g  s e q u e n c e s ,  p e p t i d e  maps and amino 

a c i d  c o m p o s i t i o n  o f  t h e  two (?C and tw o  f t  c h a i n s .  The p o s s i ­

b i l i t y  o f  p o s t - s y n t h e s i s  m o d i f i c a t i o n  i s  h i g h l y  u n l i k e l y .  

S in c e  t h e  h e m o g lo b in s  were t r e a t e d  w i th  c a r b o n  monoxide b e ­

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

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

I n  a n i m a l s ,  m u l t i p l e  h e m o g lo b in s  may be due t o  t h e  

p r e s e n c e  o f  m u l t i p l e  a l l e l e s  o f  a  s i n g l e  s t r u c t u r a l  gene o r  

t o  t h e  e x i s t e n c e  o f  more t h a n  one s t r u c t u r a l  gene f o r  a  p o -  

l y p e p t i d e  c h a i n .  I n  e i t h e r  c a s e ,  gene  d u p l i c a t i o n  h a s  

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

by  more t h a n  a  s i n g l e  gene l o c u s .  T h i s  e v o l u t i o n a r y  e v e n t  

i s  f o l l o w e d  by s e q u e n t i a l  m u t a t i o n ,  a c c o u n t i n g  f o r  two o r  

more l o c i  t h a t  p r o d u c e  p o l y p e p t i d e  c h a i n s  d i f f e r i n g  by one 

o r  more amino a c i d s ,  w h i l e  m a i n t a i n i n g  s u f f i c i e n t  i d e n t i t y  

f o r  t h e  p o l y p e p t i d e s  t o  be a s s i g n e d  a s  o L o r  f t  . I n  t h e  

human, two v a r i a n t s  o f  a d u l t  h e m o g lo b in  a r e  known; t h e  d i ­

f f e r e n c e  b e tw ee n  them i s  due t o  d i f f e r e n c e s  a t  t h e  t ^ - c h a i n  

l o c u s .  The g e n e s  c o n t r o l l i n g  t h e  s t r u c t u r e s  o f  t h e  two f t  

c h a i n s  a r e  r e p o r t e d  t o  be c l o s e l y  l i n k e d  (Gilman e t  a l . ,  

1968 ;  Winslow e t  a l . , 19 66 ) .  I n  g u i n e a  p i g i  d e s p i t e  t h e
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d i f f e r e n c e s ,  t w o o l  a s  w e l l  a s  two p o l y p e p t i d e  c h a i n s  show 

a g r e a t  d e a l  o f  homology w i t h  e ac h  o t h e r .  I t  i s  p o s t u l a t e d  

t h a t  t h e  g e n e s  c o n t r o l l i n g  t h e  s t r u c t u r e  o f  t h e  two a s  w e l l  

a s  two>^ c h a i n s  a r e  a l s o  s i m i l a r l y  r e l a t e d  t o  e a c h  o t h e r  by  

d u p l i c a t i o n  and  may be c l o s e l y  l i n k e d .

By u s i n g  d e x t r a n  d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  

t e c h n i q u e ,  marrow c e l l s  c an  be s e p a r a t e d  a c c o r d i n g  t o  t h e i r  

r e l a t i v e  s t a g e s  o f  m a t u r a t i o n .  T a b le  IV shows t h a t  t h e  more 

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

h e m o g lo b in  1 t o  h em o g lo b in  2.  A s i m i l a r  c o n c l u s i o n  h a s  b e en  

s u g g e s t e d  f o r  t h e  human (Winslow e t  a l . , 1 9 6 6 ) i n  which  ^  

c h a i n s  a r e  s y n t h e s i z e d  a t  a  s l o w e r  r a t e  t h a n  e i t h e r  oC o r ^  

c h a i n s  o f  h e m o g lo b in  A o r  |  c h a i n s  o f  h e m o g lo b in  Ag. T h i s  

can  a c c o u n t  f o r  t h e  s m a l l  q u a n t i t y  o f  h e m o g lo b in  Ag w i t h  

r e s p e c t  t o  h e m o g lo b in  A fo u n d  i n  n o rm a l  p e r i p h e r a l  b l o o d .  

A l s o ,  a s  e r y t h r o i d  c e l l s  m a t u r e ,  t h e i r  c a p a c i t y  t o  p r o d u c e  

hem o g lo b in  Ag i s  l o s t  a t  a  g r e a t e r  r a t e  t h a n  t h e i r  c a p a c i t y  

t o  p ro d u c e  h e m o g lo b in  A. I n  g u i n e a  p i g ,  h e m o g lo b in  1 s y n t h e ­

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

m a tu re  h e m o g lo b in  1 becomes t h e  p r i n c i p l e  c i r c u l a t i n g  hemo­

g l o b i n  component  o f  t h e  r e d  c e l l .  The mechanism f o r  t h e  

s w i t c h  f rom  h e m o g lo b in  2 t o  h e m o g lo b in  1 p r o d u c t i o n  would 

be due t o  r e g u l a t o r y  c o n t r o l  a t  one o f  t h e s e  l e v e l s :

1) c e l l u l a r  c o n t r o l :  p r o l i f e r a t i o n  o f  a  s p e c i f i c  c lo n e  o f  

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

b i n ;
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2 ) t r a n s c r i p t i o n a l  c o n t r o l  (gene  e x p r e s s i o n ) i  s e l e c t i v e  t r a n s ­

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

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

t h e  c y to p la s m ;

3) t r a n s l a t i o n a l  c o n t r o l s  p r o d u c t i o n  o r  a c t i v a t i o n  o f  f a c t o r  

a l l o w i n g  s e l e c t i v e  t r a n s l a t i o n  o f  one o r  more p a r t i c u l a r  

g l o b i n  mRNAs.

S in c e  f o u r  d i f f e r e n t  s t r u c t u r a l  g e n e s  a r e  i n v o l v e d  i n  t h e  two 

g u i n e a  p i g  h e m o g lo b in s ,  t h i s  p r o b a b l y  makes t h e  r e g u l a t o r y  

mechanism more c o m p l i c a t e d  t h a n  two human hem og lo b in s  which  

have o n l y  t h r e e  s t r u c t u r a l  g e n e s .  I n  o r d e r  t o  d e te r m in e  t h e  

mechanism o f  r e g u l a t i o n  o f  hem og lo b in  s w i t c h i n g ,  f u r t h e r  e x ­

p e r i m e n t a l  s t u d i e s  a r e  n e e d e d .  A n o th e r  p o s s i b i l i t y  i s  t h a t  

oC and $  c h a i n s  o f  a  p a r t i c u l a r  h em oglob in  m ig h t  be c o o r d i -  

n a t e l y  s y n t h e s i z e d  and coded by  a d j a c e n t  g e n e s ,  t h e r e b y  a l l o w ­

i n g  t h e  c o n t r o l  mechanism t o  be s i m p l e r .

T h is  t h e s i s  h a s  p r o v i d e d  e v id e n c e  f o r  t h e  p r e s e n c e  

o f  m u l t i p l e  h e m o g lo b in s  i n  g u i n e a  p i g  and t h a t  t h i s  h e t e r o ­

g e n e i t y  i s  p r o b a b l y  due t o  d i f f e r e n t  s t r u c t u r a l  g e n e s .  As 

h a s  b e en  d e m o n s t ra ted ' . fo r  t h e  r a t ,  g u i n e a  p i g  and mouse mul­

t i p l e  he m o g lo b in s  a r e  s y n t h e s i z e d  i n  a  n o n - u n i f o rm  f a s h i o n  

i n  t h e  d e v e l o p i n g  marrow e r y t h r o i d  c e l l .

A f u t u r e  e x p e r i m e n t  i s  s u g g e s t e d  f o r  an  u n d e r s t a n d i n g  

o f  t h e  p o s s i b l e  r e g u l a t o r y  mechanisms i n  n o n - u n i f o r m l y  hemo­

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

g u i n e a  p i g  c o n t a i n  m o s t l y  g l o b i n  mRNAs f o r  hem oglob in  2 and
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o l d e r  e r y t h r o i d  c e l l s  c o n t a i n  m o s t l y  g l o b i n  mRNAs f o r  hemo­

g l o b i n  1 ,  t h i s  would s u g g e s t  t h a t  g l o b i n  mRNA f o r  t h e  two 

h e m o g lo b in s  a r e  n o t  p r o d u c e d  s i m u l t a n e o u s l y .  R e g u l a t o r y  

c o n t r o l  a t  t h e  t r a n s l a t i o n a l  l e v e l  which  r e q u i r e s  t h a t  

a l l  mRNAs a r e  p ro d u c e d  a t  t h e  same t im e  w i l l  t h e n  be con­

s i d e r e d  u n l i k e l y .  T h i s  p o i n t  c o u l d  be c l a r i f i e d  by  i s o ­

l a t i n g  g l o b i n  mRNA from  v a r i o u s  bone marrow c e l l  f r a c t i o n s  

( c o l l e c t e d  a f t e r  d e x t r a n  d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n )  

and a s s a y i n g  t h e s e  mRNAs i n  a  mRNA-dependent c e l l - f r e e  

p r o t e i n  s y n t h e s i z i n g ;  s y s t e m .  A f t e r  a n a l y z i n g  t h e  g l o b i n  

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

c a u s e s  h e m o g lo b in  s w i t c h i n g  d u r i n g  e r y t h r o i d  c e l l  m a t u r a t i o n  

would be c l e a r  and  a l s o  w h e t h e r  t h i s  c o n t r o l  i s  on t h e  oL 

c h a i n s , v D  c h a i n s  o r  b o t h .
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