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A b s tra c t

(A) The P re p a ra t io n , P ro p e r t ie s  and B io sy n th e s is  o f  Rat T ra n s fe r r in  
A d v ise r : Dr. Abraham Mazur By W innie Mok

The e x is te n c e  o f  two forms o f  t r a n s f e r r i n  in  r a t  serum has been dem onstrated  

u s in g  th e  methods o f  i s o e l e c t r i c  fo cu s in g  on a n a ly t i c a l  g e ls  and on su c ro se  

g ra d ie n t  column. The l a t t e r  method allow ed th e  p re p a ra t io n  o f each form o f r a t  

t r a n s f e r r i n  in  la rg e  q u a n t i t i e s  fo r  f u r th e r  s tu d ie s .

The two forms o f  r a t  t r a n s f e r r i n  have th e  same m o lecu la r w eig h t, amino a c id  

com po sitio n  (w ith in  l im it s  o f  the  accu racy  o f th e  method) and im m unological p ro ­

p e r t i e s .  The m ajor ("slo w ") t r a n s f e r r i n  i s  90% s a tu ra te d  w ith  i ro n ,  w h ile  th e  

m inor ( " f a s t " )  t r a n s f e r r i n  i s  95% s a tu r a te d .  The i s o e l e c t r i c  p o in ts  o f  th e  m ajor 

and minor forms o f  t r a n s f e r r i n  a re  5 .75 and 5 .5 0 , r e s p e c t iv e ly .  SDS po lyacry lam ide 

g e l  e le c tro p h o re s is  in d ic a te d  th a t  n e i th e r  have a su b u n it s t r u c tu r e .

Maximum accum ula tion  o f  newly formed t r a n s f e r r i n  in  th e  r a t  occurs a t  about 

30 m in. in  th e  rough microsomes and a t  abou t 40 m in. in  th e  smooth microsom es.

Newly sy n th es iz ed  t r a n s f e r r i n  i s  ex p o rted  from l i v e r  c e l l s  in to  th e  in c u b a tio n  

medium a f t e r  a minimum p e r io d  o f 30 min. The newly sy n th es iz ed  t r a n s f e r r i n  does 

n o t p ic k  up any i r o n  d e s p i te  the  f a c t  th a t  th e re  i s  iro n  w ith in  th e  l i v e r  c e l l  in  

s e v e ra l  form s.



( v i i i )

A b s tra c t

(B) The P re p a ra tio n  and P ro p e r t ie s  o f  M odified  Hemoglobins 
A d v ise r: D r. Abraham Mazur By: W innie Mok

D iethy lm alon im idate  d ih y d ro c h lo r id e  has been used to  c r o s s - l in k

th e  ly s y l  €-amino groups o f  hem oglobin to  produce h igh  m o lecu la r w eig h t

hem oglobin polym ers (P o lyhem oglob in). About o n e -h a lf  to  tw o - th ird s  o f

th e se  ly s y l  r e s id u e s  are  c r o s s - l in k e d .  These polym ers are  h ig h ly  v is c o u s ,

he terogeneous in  s iz e s  and they  do no t d is s o c ia te  in to  dim ers and monomers

in  the p resence  o f  sodium dedocy l s u l f a t e .

The polyhem oglobins, when in je c te d  in to  r a b b i t s ,  have a h a l f - l i f e  o f

4 -5  tim es ( a t  0 .14  g/Kg) to  10-15 tim es ( a t  0 .5  g/Kg) longer than  an e q u a l

q u a n ti ty  o f  u n reac ted  hem oglobin.

Polyhem oglobin ap pears  to  have a d e la y in g  a c t io n  on c o a g u la tio n . I t

does n o t b ind  as w e ll  o r a t  a l l  to  h ap to g lo b in  as does u n reac ted  hem oglobin.

Most o f th e  polyhem oglobins have m o lecu la r w eig h ts  over 300,000. Some 15%

have m o lecu la r w eig h ts  between 400,000 to  800 ,000 . The h igh m o lecu la r w eigh t

o f  polyhem oglobins to g e th e r  w ith  t h e i r  i n a b i l i t y  to  complex w ith  h ap to g lo b in

may o f f e r  a p robab le  e x p la n a tio n  f o r  th e i r  longer s ta y  in  the c i r c u l a t i o n .
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INTRODUCTION

T ra n s fe r r in  i s  a serum p ro te in  which has th e  unique p ro p e r ty  o f 

b in d in g  I ro n . I t  fu n c tio n s  as a means o f  t r a n s p o r t  o f I ro n , a t  n e u t ra l  

pH, p ick in g  up Iro n  absorbed  through th e  sm all I n te s t in e  o r re le a s e d  

from r e t ic u lo e n d o th e l ia l  c e l l s  which c o n ta in  degraded o ld  red  c e l l s  and 

t r a n s p o r t in g  th e  Iro n  fo r  r e le a s e  to  c e l l s  which re q u ire  the e lem en t, 

e . g . ,  th e  e ry th ro ld  c e l l s  o f  the  bone marrow, and to  a l e s s e r  e x te n t  

th e  h e p a tic  c e l l s  where Iro n  Is  s to re d  In  the form o f an o th e r p ro te in ,  

f e r r i t i n .

The e x is te n c e  o f  such an iro n -b in d in g  p r o te in  in  the  plasm a was 

f i r s t  no ted by Holmberg and L a u re ll (1) who named I t  t r a n s f e r r i n  (2 ) .

Schade and C aro lin e  (3) dem onstra ted  th a t  the b a c t e r io s t a t i c  a c t i v i t y  

o f  serum was In  p a r t  due to  an iro n -b in d in g  p r o te in  which th ey  named 

s id e r o p h i l in  (4 ) .  This name has been su p p lan ted  by t r a n s f e r r i n .

T ra n s fe r r in  e x i s t s  in  the  plasma in  a p a r t i a l l y  u n s a tu ra te d  s ta t e  

w ith  re s p e c t  to  i t s  p o te n t i a l  iro n -b in d in g  c a p a c ity ;  some tw o - th ird s  i s  

u n s a tu ra te d .  A ll  th e  plasm a iro n  (ca lOOjig /100 ml) i s  bound to  t r a n s ­

f e r r i n .  T ra n s fe r r in  (o r serum) b inds added in o rg a n ic  fe r ro u s  o r  f e r r i c  

i r o n  a t  n e u t ra l  pH in  th e  p resence  o f b ic a rb o n a te ,  form ing a f e r r i c  

i r o n - t r a n s f e r r i n  complex w ith  an ex trem ely  low d is s o c ia t io n  c o n s ta n t .

The complex has a salm on-pink  c o lo r ,  ab so rb ing  in  th e  re g io n  o f  460-470 mu.

When s a tu r a te d ,  t r a n s f e r r i n  b inds two atoms o f  iro n  per gm -m olecular w eigh t

and one mole o f  b ic a rb o n a te  per atom o f i ro n .

H en 's egg t r a n s f e r r i n  has been re p o r te d  to  have a m o lecu la r w eigh t

o f  80,000 (5 ) ,  human t r a n s f e r r i n  o f  68 ,000-78 ,000  (6 ,7 ,8 )  and r a t  t r a n s ­

f e r r i n  o f  68,000 (6 ) .  Because t r a n s f e r r i n  has two e q u iv a le n t i ro n  b ind ing



3

s i t e s  (9) and two s im i la r  ca rb o h y d ra te  ch a in s  (1 0 ) , th e  m olecule m ight 

c o n s is t  o f  two s u b u n its .  Jeppson (11) su b je c te d  red u ced , a lk y la te d  human 

t r a n s f e r r i n  to  "approach  to  e q u ilib r iu m "  c e n t r i f u g a t io n  tech n iq u e  and 

re p o rte d  d i s s o c ia t io n  in to  two s im i la r  su b u n its  o f  m o lecu la r w eight 39,000 

to  42 ,000 . However, s tu d ie s  in  o th e r  la b o ra to r ie s  (8 , 12, 13) o f the  

same m a te r ia l  r e s u l te d  in  th e  f in d in g  o f a s in g le  p o ly p e p tid e  ch a in .

S im ila r ly ,  Mann (14) rep o rte d  a s in g le  p o ly p e p tid e  c h a in  fo r  human t r a n s ­

f e r r i n  examined in  6 M guan id ine  h y d ro c h lo rid e  by g e l f i l t r a t i o n ,  s e d i ­

m en ta tio n  e q u ilib r iu m  and i n t r i n s i c  v i s c o s i ty  m easurem ents.

M u ltip le  forms o f t r a n s f e r r i n  have been r e p o r te d . Two forms have 

been found fo r  h e n 's  egg t r a n s f e r r i n  (15, 16, 17) and r a t  t r a n s f e r r i n  

(1 8 ) , a lth o u g h  s e p a ra t io n  fo r  p re p a ra t iv e  pu rposes was n o t ach ieved  in  

th e se  s tu d ie s .  Gordon and Louis (19) re p o r te d  th e  s e p a ra t io n  o f r a t  t r a n s ­

f e r r i n  in to  two components by e le c t ro p h o re s is  in  Pevikon c870 follow ed by 

DEAE Sephadex chrom atography. Wenn and W illiam s (5) used th e  tech n iq u e  of 

i s o e l e c t r i c  fo cu s in g  to  dem onstra te  a m ajor ("slow ") and a m inor ( " f a s t " )  

component from h e n 's  egg. Two sp e c ie s  o f t r a n s f e r r i n  have a ls o  been re p o rte d  

fo r  r a b b i t s  (20) and fro g s  (2 1 ) . S ev era l v a r ia n ts  fo r  human (21) t u r t l e  

and h a g f ish  (8) t r a n s f e r r in s  have a ls o  been r e p o r te d .

The p re se n t s tu d ie s  were undertaken  w ith  two o b je c tiv e s  in  mind:

(a) To ex p lo re  a r e l a t i v e l y  ra p id  and r e l i a b l e  method o f s e p a ra t io n  and 

p re p a ra t io n  o f r a t  t r a n s f e r r in s  in  a pure s t a t e  fo r  a s tu d y  o f  i t s  chem ical 

and p h y s ic a l p r o p e r t i e s ,  and fo r  purposes o f p re p a r in g  s p e c i f ic  r a b b i t  a n t i ­

bod ies  to  each o f th e  two t r a n s f e r r i n  components to  compare t h e i r  im m unological 

p r o p e r t i e s ,  and,

(b) To study  ( i )  th e  i n t r a c e l l u l a r  s i t e  o f s e c r e t io n  o f  r a t  t r a n s f e r r i n  in  

the  h e p a tic  c e l l ,  ( i i )  w hether iro n  is  added to  th e  t r a n s f e r r i n  a t  an 

i n t r a c e l l u l a r  lo c a t io n  o r a f t e r  i t  le av es  th e  h e p a tic  c e l l .
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EXPERIMENTAL

M a te r i a l s ; Pooled r a t  s e ra  were o b ta in e d  from P e l-F reez e  B io lo g ic a ls ,  In c . 

^®Fe (as  FeCl^) was o b ta in ed  from A bbott L a b o ra to r ie s .  Sephadex was p u r­

chased from Pharm acia F ine C hem icals. Ammonium s u l f a te  and su cro se  w ere 

su p p lie d  by Mann R esearch L a b o ra to r ie s  and was o f  u l t r a p u re  q u a l i ty .  

Ampholines and equipm ent fo r  su c ro se  g ra d ie n t  I s o e l e c t r i c  fo cu sin g  were 

purchased  from IXB P ro d u c ts . A n a ly t ic a l  d is c  g e l  and I s o e l e c t r i c  focusing  

were perform ed In  a Savant ta n k . W ls ta r  r a t s  (CFN s t r a i n )  were purchased 

from Carworth Farms. A ll o th e r  re a g e n ts  were o f  h ig h e s t a v a i la b le  p u r i ty .  

F ra c t io n a t io n  o f r a t  s e ra ;  R ad io ac tiv e  f e r r i c  c h lo r id e  was added to  r a t  

s e ra  to  s a tu ra te  t r a n s f e r r i n  com p le te ly  (I ro n -b in d in g  c a p a c ity  o f serum 

i s  3 jig /m l) 50 ml o f  r a t  se ra  were p u t on a Sephadex G-100 column and 

e lu te d  w ith  sodium phosphate (0 .0 5  M)-NaCl (0 .1  M) b u f f e r ,  pH 7 .4 ,  F ra c tio n s  

were c o l le c te d  v ia  a f r a c t io n  c o l l e c t o r  (LKB P ro d u c te r)  and counted In  a 

w e ll- ty p e  r a d ia t io n  co u n te r (N uclear Chicago Company). The f r a c t io n s  w ith  

h igh  coun ts  were pooled  and made 50% s a tu ra te d  w ith  ammonium s u l f a t e .  A f te r  

c e n t r i f u g a t io n ,  th e  p e l l e t  was d is s o lv e d  in  and d ia ly s e d  e x te n s iv e ly  a g a in s t  

5x10"^ M t r i s - g ly c in e  b u f f e r ,  pH 8 .6 .

I s o e l e c t r i c  f r a c t io n a t io n  in  a su c ro se  d e n s ity  g r a d ie n t : The d ia ly se d

p ro te in s  were su b je c te d  to  i s o e l e c t r i c  fo cu sin g  (IE F ), u s in g  a 110 ml- 

co n tinuous sucrose g ra d ie n t  column. A sample o f  40 mg was a p p lie d  and a 

pH g ra d ie n t  o f  5 to  7 was chosen . A c o n s ta n t v o lta g e  o f  600 v o l t s  was 

passed  through the  column fo r  abou t 72-84 hours o f  4°C.

P re p a ra t iv e  i s o e l e c t r i c  fo cu s in g  in  po lyacry lam ide  g e l s ; A n a ly t ic a l g e ls  

were sc a le d  up 100 -fo ld  by u s in g  g la s s  tu b es  2x50 cm c o n ta in in g  a r e s e rv o ir  

a t  the top  to  serve  as a b u f fe r  com partm ent. The g e l tu b es  w ere suspended 

in  a wooden rack  and dipped in to  a low er b u f fe r  com partm ent. Rubber s to p p e rs
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were in s e r te d  a t  the bottom  o f each tube p r io r  to  pouring  the g e l s o lu t io n  

and were removed a f t e r  p o ly m e riz a tio n . 20% su c ro se  s o lu t io n  was la y e red  

a t  th e  bottom  and 5% su c ro se  s o lu tio n  on top  to  o b ta in  le v e l  g e l s u r f a c e s .

Up to  40 mg p ro te in  were in c o rp o ra te d  in to  each g e l and e l e c t r o ­

p h o re s is  was conducted a t  500 to  600 v o l t s  fo r  72-96 hours a t  4° C. The

g e ls  were s l i c e d  as c lo se  to  the  p ink bands as p o s s ib le  and ground in  a
_2

m o rta r w ith  sand as an a b ra s iv e  fo r  e x t r a c t io n  w ith  5x10 M t r l s - g l y c in e  

b u f f e r ,  pH 8 .6 .

A n a ly t ic a l  i s o e l e c t r i c  fo c u s in g : I s o e l e c t r i c  fo c u s in g  was perform ed in

po lyacry lam ide g e ls  acco rd in g  to  Dale and L a tn er (22) as m odified  by

W rig ley  (2 3 ) . The sample which had been d ia ly se d  e x te n s iv e ly  a g a in s t  
-3

5x10 M t r i s - g ly c in e  b u f f e r ,  pH 8 .6 ,  was mixed w ith  the  g e l s o lu tio n  

p r io r  to  p o ly m e riz a tio n . Samples from 0 .1  to  0 .4  mg were in c o rp o ra te d  

in to  g e ls  w hich were 8 cm in  h e ig h t and 0 .7  cm in  d ia m e te r . A pH g ra d ie n t  

from 5-7 was chosen and e le c tro p h o re s is  was c a r r ie d  ou t a t  50 v o l t s  fo r  

84-96 hours a t  4° C. G els were f ix e d  and washed many tim es w ith  12.5% 

t r i c h lo r o a c e t i c  ac id  to  remove the  am pholines b e fo re  s ta in in g  w ith  Coomassie 

B r i l l i a n t  Blue accord ing  to  the  method o f Chambrach, e t  a l .  (24 ).

Scanning o f  a n a ly t ic a l  s iz e  g e l s :  A Joyce-L oeb l re c o rd in g  d en s ito m ete r

was used fo r  scanning g e l s .  The r e l a t i v e  p ro p o r tio n s  o f  each t r a n s f e r r i n  

was e s tim a te d  by m easuring the  a re a  under each p eak .

D isc g e l e l e c t r o p h o r e s i s : D isc g e l e le c t ro p h o re s is  was perform ed acco rd in g

to  the  p rocedure  o f D avis (2 5 ) . The s e p a ra t in g  and s ta c k in g  g e ls  were 6 cm
_ o

and 0 .1  cm, r e s p e c t iv e ly .  The sample was d ia ly s e d  a g a in s t 5x10 M t r l s -  

g ly c in e  b u f f e r ,  pH 8 .6  p r i o r  to  e l e c t r o p h o r e s is .  A sample o f 0 .01  to  0 .1  mg 

was mixed w ith  some su c ro se  and la y e red  over th e  s ta c k in g  g e l .  E le c tro p h o re s is  

was conducted fo r  50 m inu tes a t  4 mamp/gel a t  4°C. The g e ls  were s ta in e d



w ith  Amido-Schwartz (N aphthol B lue-B lack) and d e s ta in e d  w ith  7% a c e t ic  

a c id  e l e c t r o p h o r e t ic a l ly .

M olecu lar w eigh t d e te rm in a tio n : M olecular w e ig h t o f th e  t r a n s f e r r in s

was m easured by th e  method o f se d im en ta tio n  e q u i l ib r iu m . Each t r a n s f e r r i n

was ru n  a t  a c o n c e n tra tio n  o f 0 .15  mg/mly u sin g  th e  Beckman Model E

U ltr a c e n tr i fu g e  a t  12,000 rpm a t  20° C o v e rn ig h t .  A s o lv e n t d e n s ity  o f

1.005 was used and a p a r t i a l  s p e c i f ic  volume o f  0 .7 4  was assumed (2 6 ).

P re p a ra tio n  o f  T ra n s fe r r in s  fo r  amino a c id  a n a ly s i s :  Each t r a n s f e r r i n

- 2was p la ced  on a Sephadex G-75 column and e lu te d  w ith  5x10 M t r i s - g ly c in e  

buffer^pH  8 .6 ,  to  remove the  am pholines. I t  was then  d ia ly se d  e x te n s iv e ly  

a g a in s t  d i s t i l l e d  w a te r .

Amino a c id  a n a ly s i s : A sample o f  1 mg/ml was hyd ro ly sed  in  6N h y d ro c h lo r ic  

ac id  a t  110° fo r  20-22 h o u rs . The h y d ro ly s is  tu b e s  were fro zen  in  acetone 

and d ry  ic e  and evacuated  under n itro g e n  w ith  a w a te r  a s p i r a to r  p r io r  to  

s e a l in g .  A nalyses were perform ed using  a Beckman Model 116 Amino Acid 

A nalyzer acco rd ing  to  Moore and S te in  (2 7 ) .  T ryptophan was determ ined  by 

th e  method o f  U denfrlend  and P e te rso n  (28) and checked by the  method o f 

M atsubara and S asak i (2 9 ) .  A ll  b u f f e r s ,  re a g e n ts  and r e s in s  used in  th e se  

a n a ly se s  were purchased  from Beckman In s tru m en t Company.

Subun it m o lecu la r w e ig h t; S ubun it m o lecu la r w e ig h ts  were determ ined  by 

e le c t ro p h o re s is  on dodecyl s u lfa te -p o ly a c ry la m id e  g e l acco rd ing  to  th e  

method o f  Weber and Osborn (3 0 ) . The acry lam ide s to ck  s o lu t io n  co n ta in ed  

22 .2  gm o f  acry lam ide and 0 .9  gm o f  b ls a c ry la m id e . S tandard  p ro te in s  o f 

known m o lecu la r w eigh ts  were ru n  s im u lta n e o u sly . The m o b i l i t ie s  o f  the  

s ta n d a rd  p ro te in s  were p lo t te d  a g a in s t  th e  known m o lecu la r w eigh ts  expressed  

on a sem i-16garithm lc  s c a le .

P ro te in  d e te rm in a tio n : P ro te in  was m easured by th e  method o f Lowry, e t  a l .

(31) u s in g  c r y s t a l l i n e  bovine serum album in as a  s ta n d a rd .
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I r o n  d e te rm in a tio n : The iro n  c o n te n t o f  each t r a n s f e r r i n  was measured

by th e  method o f  Schade, (3 2 ) . The sam ples were d ia ly s e d  a g a in s t iro n -  

f r e e  w a te r  e x h a u s tiv e ly  b efo re  a s s a y .

Im m unoelec tro p h o resis ; Im m unoelec trophoresis was conducted on c e l lu lo s e  

a c e ta te  membranes in  0.0375 M b a r b i t a l  b u f f e r ,  pH 8 .6  a t  150 v o l t s  fo r  

50 m in u te s , u s in g  a Beckman M icrozone E le c tro p h o re s is  C e l l .  

Im n u n o e lec tro p h o re sls  by Osserman m o d if ic a t io n :  The id e n t i t y  o f the  two

r a t  t r a n s f e r r in s  was s tu d ie d  by th e  Osserman R eac tio n  (3 3 ) . E le c tro p h o re s is  

was conducted a t  6 v o lts /c m  fo r  1-1% h o u rs .

P re p a ra tio n  o f  a n t i s e r a  to  r a t  t r a n s f e r r i n s ; Each p u r i f i e d  r a t  t r a n s f e r r in  

was in je c te d  in to  a r a b b i t :  F i r s t  w eek: 0 .3  mg/ml o f  t r a n s f e r r i n  was mixed

w ith  1 ml o f  F reu n d 's  com plete a d ju v a n t and in je c te d  subcu taneously  in  the 

back and foo tpads o f  r a b b i t s ;
Second w eek: 0 .5  mg/ml mixed w ith  1 ml o f

F re u n d 's  incom plete a d ju v an t;
T h ird  w eek: R est

F ourth  w eek: 1 .0  mg/ml mixed w ith  1 ml o f  

F re u n d 's  incom plete ad ju v a n t; F i f th  w eek: T es t b le e d .
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B io sy n th e s is  o f  r a t  t r a n s f e r r i n :  In  th e  In  v i t r o  ex p erim en ts , £emale

r a t s  w eighing 100-200 gm were u sed . The l i v e r s  were removed, washed in  

co ld  s a l in e  and s l ic e d  u s in g  a S ta d ie  s l i c e r .  The s l i c e s  were

b lo t te d  and 1 -1 .5  gm q u a n t i t i e s  were weighed and p laced  in  50 ml E r le n -  

meyer f la s k s  to  which 20 ml o f  K rebs-R inger b ic a rb o n a te  b u f fe r  (0 .154  M 

NaCl, 0.154 M KC1, 0 .11  M CaCl^, 0.154 M KH^PO^ 0.154 M MgS04 , 0 .154  M 

NaHCOg, 207. g lu c o se , 1 0 0 :4 :3 :1 :1 :2 1 :2 .5 )  which had been gassed  w ith  95%

0^- 5% CO2 fo r  a t  l e a s t  h a l f  an hour, and to  which H - le u c in e  (Amersam- 

S e a r le )  and a m ix tu re  o f  amino ac id s  (excep t le u c in e )  had been added. The 

f la s k s  were gassed  fo r  one m inute w ith  95% 02~5% CO^, s to p p ered  and 

in cu b a ted  fo r  f iv e  m inu tes a t  37° w ith  sh ak in g . At th e  end o f f iv e  m in u tes , 

the  l i v e r  s l i c e s  from each  f la s k s  were q u ic k ly  f i l t e r e d  by s u c tio n  and 

washed e x te n s iv e ly  w ith  co ld  s a l i n e ,  then  t r a n s f e r r e d  to  ano ther f la s k  

c o n ta in in g  K rebs-R inger b u f f e r  to g e th e r  w ith  a t o t a l  amino ac id  m ix tu re , 

and re - in c u b a te d  (" c h a s e " ) .  L iv e r  s l i c e s  from one f la s k  were n o t "ch ased " , 

bu t w ere f i l t e r e d ,  washed w ith  co ld  s a l in e  and homogenized in  10 volumes 

0 .25 M su c ro se . The l i v e r  s l i c e s  from the  o th e r  f la s k s  were "chased" fo r  

10, 20 , 30, 40 , 50 and 60 m ln s . ,  r e s p e c t iv e ly .  The s l i c e s  were f i l t e r e d ,  

washed w ith  co ld  s a l in e  and homogenized in  10 volumes o f  0.25 M s u c ro s e . 

A liq u o ts  were taken  fo r  t o t a l  c o u n ts , p ro te in  and RNA d e te rm in a tio n s .  The 

rem ain ing  l i v e r  homogenates w ere c e n tr ifu g e d  a t  12,500 rpm fo r  te n  m in u tes , 

u s in g  a #40 r o to r  in  th e  Model L U ltr a c e n tr i fu g e .  The p e l l e t  o b ta in e d  

co n ta in ed  n u c le i  and m ito c h o n d r ia . The su p e rn a ta n t was used to  p rep a re  

rough and smooth endoplasm ic re tic u lu m .
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P re p a ra t io n  o f  Rough and Smooth M icrosom es: The rough and smooth microsomes 

w ere p rep ared  accord ing  to  th e  method o f  D a lln e r  (3 5 ) .  The su p e rn a ta n t 

a f t e r  rem oval o f  th e  m ito ch o n d ria , was added to  0 .075  ml o f  1 M CsCl and 

la y e red  c a r e fu l ly  over 1 .5  ml o f su c ro se  -CsCl s o lu t io n  (9 .8 5  ml 1.32M 

su c ro se  to  0 .15  ml 1 M CsCl) and c e n tr ifu g e d  a t  50,000 rpm fo r  3 h o u rs , 

u s in g  the  SW 50L r o to r .  The p e l l e t  co n ta in ed  the  rough microsomes and 

were resuspended  In  10 ml o f  0.25 M su c ro se . The smooth microsomes formed 

a r in g  a t  th e  c e n te r  o f th e  tube and they  w ere p ip e t te d  o u t c a r e fu l ly  and 

suspended to  11 ml w ith  0 .2 5  M su cro se  and c e n tr ifu g e d  a t  40 ,000 rpm fo r  

1 h o u r, u s in g  the #40 r o to r  to  remove th e  co n tam in a tin g  s u p e rn a ta n t .  The 

r e s u l t in g  p e l l e t  c o n ta in in g  th e  smooth microsomes was resuspended  in  10 ml 

o f  0 .25  M su c ro se . The procedure  i s  summarized in  Table I I .

P r e c ip i ta t io n  o f r a t  t r a n s f e r r i n  w ith  s p e c i f i c  a n t i s e r a ; The rough and smooth 

microsomes were d iv id ed  in to  2 tubes and 0 .5  ml o f  10% d eoxycho la te  was 

added to  each tu b e . Chicken serum and a n tic h ic k e n  serum (K a lle s ta d )  were 

added to  each  tube to  remove some n o n -s p e c if ic  r a d io a c t iv i ty  which would 

adso rb  to  s p e c i f ic  p r e c i p i t a t e s .  Each tube was in cu b a ted  fo r  60 m inutes 

a t  37° and l e f t  o v e rn ig h t a t  0 ° . The tu b es  were c e n tr ifu g e d  a t  2000 rpm fo r  

10 m in u te s . The p e l l e t s  w ere washed 3 tim es w ith  co ld  s a l i n e ,  d is so lv e d  in  

0 .5  ml form ic a c id  (97%) and counted in  v i a l s  w ith  10 ml Bray phosphate 

s o lu t io n ,  u s in g  a Packard L iqu id  S c i n t i l l a t i o n  C oun te r. The su p e rn a ta n t 

from each tube was removed and a n t i s e r a  to  r a t  t r a n s f e r r i n  and c a r r i e r  r a t  

t r a n s f e r r i n  were added to  some tu b e s . As a c o n t ro l ,  th e  co rresp o n d in g  tu b es  

w ere t r e a te d  a second time w ith  ch icken  serum and an tise ru m  to  ch icken  serum . 

The tu b es  w ere c e n tr ifu g e d  a t  2,000 rpm fo r  te n  m in u te s , p e l l e t s  washed 3 

tim es w ith  co ld  s a l i n e ,  d is so lv e d  in  0 .5  ml form ic a c id  (97%) and counted 

in  v i a l s  c o n ta in in g  10 ml o f  Bray phosphate s o lu t io n .
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In c o rp o ra tio n  o f I ro n  In to  r a t  t r a n s f e r r i n :  These experim en ts  were

perform ed e x a c tly  as  d e sc rib e d  fo r  th e  b io s y n th e s is  o f  r a t  t r a n s f e r r i n

ex cep t th e  r a t  l i v e r s  were p erfu sed  w ith  co ld  s a l in e  ( to  wash out th e

blood which c o n ta in s  t r a n s f e r r in )  b e fo re  s l i c e s  were made. The s l i c e s

59were incubated  w ith  serum -found Fe and t o t a l  amino a c id  m ix tu re  fo r  5 ' 

and "chased" fo r  1 0 ',  2 0 ',  3 0 ',  40 , 50 ' and 60 m in u te s . The microsomes 

were n o t c le a re d  w ith  ch ick en  and a n tic h ic k e n  serum as was done in  those  

experim en ts  perform ed w ith  % - le u c in e . The f r a c t io n s  were counted in  a 

w e ll- ty p e  r a d ia t io n  co u n te r  (N uclear Chicago Company).
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Table I

P re p a ra tio n  o f rough and smooth microsomes

L iver S lic e s

10 volumes 0 .25 M sucrose

L iv er Homogenate

f
12,500 rpm x 1 0 ' (#40 r o to r )

N ucle i and M itochondria
1

M ito ch o n d ria l S u p ernatan t padded to  
0.075 ml 1 M CsCl and layered  over
1 .5  ml sucrose-C sC l s o lu tio n  (9 .85  
ml 1.32 M su cro se  and 0.15 ml 1 M 
CsCl)J

50,000 rpm x 3 h rs  (SW 50L r o to r )

Rough Microsomes Smooth Microsomes

40 ,000  rpm x 6 0 '(# 4 0  ro to r]

I----------------
Smooth microsomes

I
S u p ern a tan t
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RESULTS

(A) R e so lu tio n  o f  r a t  t r a n s f e r r in g *When e q u ilib r iu m  was reached  u s in g  I s o e le c t r o -  

fo c u s in g  in  a su c ro se  g ra d ie n t colum n, two salm on-pink bands were v i s ib l e  

(F ig . 1 ) . Each band was syphoned w ith  a pump (B uch ler) from the  column 

th rough  T eflon  tu b in g  in s e r te d  from the  top  o f  the  column. Sm all f r a c t io n s  

w ere c o l le c te d  v ia  a UCB f r a c t io n  c o l l e c t o r .  Recovery o f  each component 

was alm ost 100%. The i s o e l e c t r i c  p o in t  o f  each component was determ ined  

by m easuring th e  pH o f th e  s o lu t io n  as soon as i t  was syphoned from th e  

colum n.

I s o e l e c t r i c  P o in t 
"slow " 5 .75
" f a s t "  5 .50

A n a ly t ic a l is o e le c tro fo c u s in g  a lso  re so lv e d  r a t  t r a n s f e r r i n  in to  two 

com ponents. The r e l a t i v e  amounts o f  the components were determ ined  from 

d e n s ito m e te r  t r a c in g  o f g e l s .  The "slow " component i s  about tw ice  th a t  

o f  th e  " fa s t"  component (F ig . 2 ) .

P re p a ra tiv e  i s o e l e c t r i c  fo cu s in g  a lso  re v e a le d  th e  p resence  o f  two 

com ponents. Due to  the work inv o lv ed  in  e x t r a c t in g  th e  components from 

th e  g e ls  and th a t  th e  reco v e ry  was u s u a lly  n o t h ig h e r th an  70%, i s o e l e c t r i c  

fo c u s in g  in  a su c ro se  g ra d ie n t column was th e  method o f  cho ice  to  p rep a re  

la rg e  q u a n t i t i e s  o f  r a t  t r a n s f e r r i n s  fo r  f u r th e r  s tu d ie s .

The p u r i ty  o f  each component was te s te d  by d is c  g e l  e le c tro p h o re s is  

and a n a ly t ic a l  i s o e l e c t r i c  fo c u s in g . In  each in s ta n c e ,  only  one band was 

observed  (F ig s . 3 & 4 ) .
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F ig u re  1. I s o e l e c t r i c  fo cu sin g  o f r a t  t r a n s f e r r i n  on

a su c ro se  g r a d ie n t ,  pH 5-7 (ca thode  a t  to p ) .
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F ig u re  3 F ig u re  2

F igu re  2 . D ensitom eter t r a c in g  o f a n a ly t i c a l  i s o e l e c t r i c  fo cu sin g  

g e l (c e n tre  g e l ,  F ig u re  3 ) .

F igu re  3 . A n a ly tic a l i s o e l e c t r i c  fo cu sin g  g e l o f r a t  t r a n s f e r r i n ,

pH 5 -7 (ca th o d ea t to p ) :  " F a s t" ,  "F a s t"  and "Slow", "Slow" 

l e f t  to  r i g h t .
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F ig .  4 . D isc g e l e le c tro p h o re s is  o f  r a t  t r a n s f e r r i n ,  pH 8 .6 .  

(Cathode a t  Top) "Slow ", "Slow" and " F a s t" ;

"F a s t"  com ponents. (L e ft to  R igh t)
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M olecular w eig h t d e te rm in a tio n : The m o lecu la r w eigh t o f  each component 

was m easured by se d im e n ta tio n  e q u ilib r iu m  to  determ ine w hether the observed  

h e te ro g e n e ity  o f r a t  t r a n s f e r r i n  m ight be due to  a g g re g a tio n . I t  has been 

shown th a t  fro g  and t u r t l e  hem oglobins produced m u ltip le  bands on e l e c t r o ­

p h o re s is  a s  a r e s u l t  o f  a g g re g a tio n  ( 4 ) .  Both r a t  t r a n s f e r r i n  components 

were homogeneous d u rin g  u l t r a c e n t r i f u g a t io n  and each has an ap p aren t mole­

c u la r  w eigh t o f  72 ,000 d a l to n s .

Since r a t  t r a n s f e r r i n  has a h igh  m o lecu la r w eigh t and s in ce  I t  has 

two e q u iv a le n t I ro n -b in d in g  s i t e s  and a ls o  two I d e n t i c a l  carbohydra te  

c h a in s , I t  m ight be exp ec ted  to  have su b u n it s t r u c tu r e .  The e x is te n c e  o f 

su b u n it s t r u c tu r e  was ex p lo red  by e le c tro p h o re s is  In  po lyacry lam ide c o n ta in in g  

sodium dodecy l s u l f a t e ,  w hich Is  known to  d is s o c ia te  polym eric p ro te in s  In to  

th e i r  monomers. Each r a t  t r a n s f e r r i n  component showed a s in g le  band by t h i s  

procedure w ith  an Rf va lu e  co rresp o n d in g  to  76,000 d a lto n s  (F ig . 5 ) .

Amino ac id  a n a ly s e s : The p o s s i b i l i t y  th a t  the observed  h e te ro g e n e ity  may be 

due to  d if f e re n c e s  in  the  amino a c id  com positions o f  the  two t r a n s f e r r in s  was 

co n s id e re d . The amino a c id  com position  o f  each component was de term ined .

The d a ta  re p o r te d  In  Table I I  are  th e  averages o f  th re e  d e te rm in a tio n s . I t  j 

i s  obvious th a t  th e  amino a c id  com positions o f th e  two t r a n s f e r r i n s  a re  alm ost 

id e n t i c a l ,  w ith in  l im i t s  o f  the  accuracy  o f  the  m ethod.

S p e c i f ic i ty  o f r a b b i t  a n t i s e r a  a g a in s t  r a t  t r a n s f e r r i n ; th e  s p e c i f i c i t y  o f 

r a b b i t  a n t i s e r a  a g a in s t r a t  t r a n s f e r r i n  was te s t e d  by Im m unoelectrophoresis on 

c e l lu lo s e  a c e ta t e  membrane. R e su lts  in d ic a te d  th a t  th e  a n t i s e r a  were 

s p e c i f ic  f o r  r a t  t r a n s f e r r i n  (F ig . 6 ) .  Only one p r e c i p i t i n  band was observed 

when r a b b it  a n t i s e r a  a g a in s t  r a t  t r a n s f e r r i n  were re a c te d  w ith  whole r a t  

serum ( a ) ,  o r  w ith  p u r i f i e d  (e) o r crude (d) t r a n s f e r r i n  p r e p a ra t io n s .  More 

than  one p r e c i p i t i n  band was observed  when r a b b i t  a n t i s e r a  a g a in s t whole 

r a t  serum w ere re a c te d  w ith  whole r a t  serum (b) o r  w ith  crude p re p a ra t io n  

o f r a t  t r a n s f e r r i n  ( c ) .
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F ig . 5 SDS po ly acry lam id e  g e l e le c tro p h o re s is  of " F a s t" ,  

"Slow" r a t  t r a n s f e r r i n  com ponents, bovine serum 

album in (M.W.*68,000) ovalbumin (M.W.«43,000) and 

a ld o la s e  (M.W.*40,000) l e f t  to  r i g h t ,  cathode 

a t  top .
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Table I I

Amino Acid C om position o f  th e  Rat T ra n s fe r r in s  

" F a s t"  "Slow"

Lysine 5 5 .4 (0 .4 ) 55 .6 (0 .1 )

H is t id in e 17 .4 (0 .3 ) 17.2 (0 .3 )

A rg in ine 25 .7 (0 .5 ) 25.8 (0 .5 )

A sp a r tic  Acid 69 .6 (0 .2 ) 70 .6 (0 .3 )

Threonine 36.7 (0 .9 ) 36.3 (0 .9 )

S erine 41 .9 (0 .5 ) 42 .9 (0 .3 )

G lutam ic Acid 60.5 (0 .9 ) 60.7 (0 .8 )

P ro lin e 35 .3 (0 .1 ) 35.8 (0 .4 )

G lycine 58 .4 (0 .5 ) 58 .4 (0 .4 )

A lanine 53 .4 (0 .8 ) 55.5 (1 .2 )

C yste ine 16.5 (0 .4 ) 17.1 (0 .7 )

V aline 38.7 (0 .3 ) 39.7 (0 .3 )

M ethionine 4 .5 (0 .1 ) 4 .7 (0 .1 )

Is o le u c in e 2 0 .6 (1 .0 ) 21 .0 (0 .3 )

Leucine 60 .5 (0 .2 ) 61.4 (0 .7 )

T yrosine 2 0 .4 (0 .8 ) 21 .0 (0 .8 )

P h eny la lan ine 34 .5 (1 .0 ) 34.7 (1 .3 )

Tryptophan 8 .8 (0 .1 ) 8 .9 (0 .0 )

Values a re  ex p ressed  as r e s id u e s  p e r m o lecu la r w eigh t o f  72,000 d a l to n s .  

Average d e v ia tio n s  from 4 d e te rm in a tio n s  a re  g iven  in  p a re n th e s is .
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F ig . 6 Im m unoelectrophoresis on c e l lu lo s e  a c e ta te  membrane.

(a) r a b b i t  a n t i s e r a  to  r a t  t r a n s f e r r i n  a g a in s t  whole 

r a t  serum; (b) r a b b i t  a n t i s e r a  to  whole r a t  serum 

a g a in s t  whole r a t  serum; (c) r a b b i t  a n t i s e r a  to  whole 

r a t  serum a g a in s t  crude p re p a ra t io n  o f r a t  t r a n s ­

f e r r i n ;  (d) r a b b i t  a n t is e r a  to  r a t  t r a n s f e r r i n  a g a in s t 

crude r a t  t r a n s f e r r i n ;  (e) r a b b i t  a n t i s e r a  to  r a t  

t r a n s f e r r i n  a g a in s t  p u r if ie d  r a t  t r a n s f e r r i n .
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Immunochemical p ro p e r t ie s  o f  r a t  t r a n s f e r r i n :  Immunoc|iemlcal p ro p e r t ie s

o f th e  r a t  t r a n s f e r r in  components were compared by Im m unoelectrophoresis 

on c e l lu lo s e  a c e ta te  membrane. R e su lts  In d ic a te  t h a t  the  two r a t  t r a n s ­

f e r r in s  have I d e n t i c a l  o r  v ery  s im i la r  a n tig e n ic  d e te rm in a n ts  (F ig u re  6 ) . 

The experim en t was s e t  up as fo llo w s : (R esu lts  a re  tra c e d  in  red )

a n t i  " F a s t '

/ A  o"F ast"

'Slow'

a n t i  "Slow"_______________

______  y  0"Slow"

"F a s t"

a n t i  "F a s t" _______________

  p"F a s t"

"F a s t"

1 a n t i  "Slow" I

o"Slow“

1 "Slow" ~1

In  a l l  cases  th e re  was id e n t i ty  shown between th e  two r a t  

t r a n s f e r r i n  components s in c e  the l in e s  fu se d .
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F ig u re  6. Im m unoelec trophoresis o f r a t  t r a n s f e r r i n s  by th e  Osserman

m o d if ic a tio n . Only ex p erim en ta l r e s u l t s  o f  _a and b a re  shown.
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RESULTS

(B) B io sy n th e s is  o f  r a t  t r a n s f e r r i n : The s i t e  o f  b io s y n th e s is  o f 

r a t  t r a n s f e r r i n  has been s tu d ie d  and th e  r e s u l t s  a re  re p o r te d  in  F ig . 7 .

The r e s u l t s  In d ic a te  th a t  the maximum r a d io a c t iv i ty  (b io s y n th e s is  o f 

t r a n s f e r r i n )  occu rred  a t  about 30 m ins. in  th e  rough microsomes and a t  

abou t 40 m ins. in  th e  smooth m icrosom es. T h e re fo re , t r a n s f e r r i n  moves 

from the rough to  the  smooth microsomes d u rin g  the cou rse  o f  i t s  s y n th e s is .
3

Very l i t t l e  H - t r a n s f e r r i n  was found in  th e  n u c le a r  and m ito c h o n d ria l 

f r a c t io n ,  and a lso  the  su p e rn a ta n t f r a c t io n .  This may be due to  some con­

ta m in a tio n  o f  th e se  f r a c t io n s  w ith  m icrosom es.

The tim e i t  tak es  fo r  the t r a n s f e r r i n  to  be s e c re te d  in to  the  medium 

was s tu d ie d  by f i l t e r i n g  the  in cu b a ted  l i v e r  s l i c e s  and c o l le c t in g  the  

f i l t r a t e  and adding s p e c i f ic  a n t i s e r a .  The r e s u l t s  a re  shown in  F ig . 8 . 

T ra n s fe r r in  was found to  be re le a s e d  in to  th e  in c u b a tin g  medium a f t e r  a 

minimum p e rio d  o f  30 m in. The amount o f  t r a n s f e r r i n  r e le a s e d  in c re a se d  

l in e a r ly  w ith  tim e up to  60 min.

The in c o rp o ra tio n  o f  iro n  in to  t r a n s f e r r i n : The in c o rp o ra tio n  o f  iro n

59in to  t r a n s f e r r i n  was s tu d ie d  by in c u b a tin g  l i v e r  s l i c e s  w ith  Fe fo r  5 

m ins. and "chased" in 't o ld " i r o n  fo r  d i f f e r e n t  time p e r io d s .  Each f r a c t io n  

was p r e c ip i ta te d  w ith  s p e c i f ic  a n t i s e r a .  The r e s u l t s  in  Table I I I  showed 

th a t  th e re  was no d if f e re n c e  between th e  c o n t ro l ,  which c o n s is te d  o f  ch icken  

serum p r e c ip i ta te d  w ith  a n tic h ic k e n  s e r a ,  ahd the  sam ple, which was p r e c ip i ta te d  

w ith  s p e c i f ic  s e ra  to  r a t  t r a n s f e r r i n ,  a t  any time p o in t  d u rin g  the  ex p erim en ts .
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Table I I I

59In c o rp o ra t io n  o f  Fe Cl^ in to  m icrosom al T ra n s fe r r in

Time C o n tro l Sample
(M ins.) (cpm/mg) (cpm/mg)

P ro te in  P ro te in

10 90 94

20 101 98

30 88 95

40 112 120

50 140 152

60 104 111
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DISCUSSION

(A) P re p a ra tio n  and P ro p e r t ie s  o f Rat T ra n s fe r r in s

The method o f i s o e l e c t r i c  fo cu s in g  employed in  th i s  s tu d y  y ie ld s

two forms o f t r a n s f e r r i n  from r a t  serum in  good y ie ld  and w ith  a minimum o f  e f f o r t .

59Two methods have been em ployed. At f i r s t ,  r a t  serum, s a tu ra te d  w ith  Fe, was 

su b je c te d  to  a p re lim in a ry  s e p a ra t io n  by means o f a very  la rg e  column o f Sephadex 

G-100 e q u i l ib r a te d  w ith  5x10 sodium p hosphate , 1x10 NaCl, pH 7 .4 . F ra c tio n s  

c o n ta in in g  th e  r a d io a c t iv e  iro n  were poo led , made 50% s a tu ra te d  w ith  ammonium
_ O

s u l f a te  and c e n tr ifu g e d .  The p e l l e t  was d is so lv e d  and d ia ly z e d  a g a in s t  5x10 M 

t r i s - g l y c in e  b u f f e r ,  pH 8 .6 .  The sample was then  su b je c te d  to  i s o e l e c t r i c  

focu sin g  a long a su c ro se  g ra d ie n t  and a pH g ra d ie n t from 5 .0  to  7 .0 . Each o f 

th e  salm on-pink t r a n s f e r r i n  components could  e a s i l y  be removed in  a pure s t a t e .

In  l a t e r  s tu d ie s ,  in s te a d  o f  s u b je c tin g  th e  sample to  column chrom atography, 

i t  was p r e - f r a c t io n a te d  on th e  i s o e l e c t r i c  fo cu s in g  column, each  t r a n s f e r r i n  

s e p a ra te d  and each f r a c t io n  su b je c te d  ag a in  to  th e  same p ro ced u re . In  b o th  

in s ta n c e s ,  th e  two p ro te in s  were found to  be p u re .

The m ajor ("slow ") t r a n s f e r r i n  has an i s o e l e c t r i c  p o in t o f 5 .75 w hereas 

the  m inor ( " f a s t" )  t r a n s f e r r i n ,  which re p re se n te d  o n e - th ird  o f  th e  t o t a l ,  had 

an i s o e l e c t r i c  p o in t o f  5 .5 0 , i l l u s t r a t i n g  th e  rem arkable s e n s i t i v i t y  o f  t h i s  

method. As has been found in  o th e r  in s ta n c e s  o f m u ltip le  forms o f  p ro te in s  

(36, 3 7 ), th e  amino a c id  a n a ly se s  o f  the  two forms o f t r a n s f e r r i n  re v e a le d  no 

ap p aren t d if f e re n c e s  in  amino ac id  c o n te n t .  This f in d in g  was f u r th e r  em phasized 

by th e  f a c t  th a t  b o th  t r a n s f e r r i n s  r e a c t  to  a r a b b i t  an tib o d y  p rep ared  a g a in s t  

one o f them in  an id e n t ic a l  f a s h io n , su g g es tin g  s im i la r  o r id e n t ic a l  a n t ig e n ic  

d e te rm in a n ts . S im ila r  r e s u l t s  were re p o r te d  fo r  h e n 's  egg o v o tra n s fe r r in s  by 

Wenn and W illiam s. (5 ) .



25

D ete rm in a tio n  o f  th e  iro n  c o n te n t o f  th e  two forms o f  r a t  t r a n s f e r r i n  

rev ea led  th a t  th e  m ajor component co n ta in ed  1 .3 9 -1 .4 1  jug Fe/mg, e q u iv a le n t to

1 .8  atoms Fe p e r  72 ,000 gm o f p ro te in  (90% s a tu r a t io n ) .  The m inor component 

co n ta in ed  1 .4 7 -1 .5 0  /ig Fe/mg p r o te in ,  e q u iv a le n t to  1.90 atoms o f  Fe p e r  mole 

o f p ro te in  (95% s a t u r a t i o n ) . D ire c t  d e te rm in a tio n  o f  th e  e x te n t  o f iro n -b in d in g  

o f th e  t r a n s f e r r i n s  re v e a le d  5% u n s a tu ra t io n  fo r  b o th . Gordon and L ouis (19) 

re p o rte d  th a t  th e  "slow " r a t  component o f  r a t  t r a n s f e r r i n  co n ta in ed  1 .4  ixg Fe/mg 

p r o te in ,  which re p re s e n ts  83% s a tu r a t io n  o f  iro n  p e r 68,000 gm o f p r o te in .  Wenn 

and W illiam s (5) re p o r te d  1 .80  atom F e /80 ,000  gm o f th e  m ajor o v o tr a n s f e r r in ,  

which could  be r a is e d  to  1 .96  a f t e r  f u l l y  s a tu r a t in g  the p ro te in  w ith  iro n .

None o f th e se  w orkers determ ined  th e  iro n  c o n te n t o f  th e  m inor (" F a s t" )  component

A f te r  s u b je c t in g  th e  r a t  t r a n s f e r r i n  components to  p o ly acry lam ide  gel 

e le c tro p h o re s is  in  th e  p resen ce  o f  sodium dodecyl s u l f a t e ,  each  t r a n s f e r r i n  

m ig ra ted  as a s in g le  component w ith  a Rf v a lu e  co rresp o n d in g  to  76,000 d a l to n s .  

Thus i t  can  be concluded th a t  r a t  t r a n s f e r r i n s  have no su b u n it s t r u c t u r e .  D e te r ­

m in a tio n  o f  th e  m o lecu la r w eigh ts o f  each o f th e  r a t  t r a n s f e r r i n  components 

y ie ld e d  a v a lu e  o f 76,000 compared w ith  68,000 fo r  r a t  t r a n s f e r r i n  (6) and 68,000

78.000 fo r  human t r a n s f e r r i n  p repared  by o th e r  w orkers ( 6 ,7 ,8 ) .

R ecent s tu d ie s  by Palmour and S u tto n  (8) re p o rte d  a m o lecu la r w eight o f

44 .000 fo r  h a g f is h  t r a n s f e r r i n  and a b in d in g  c a p a c ity  o f one atom o f iro n  per 

m ole. These w orkers re p o r te d  a m o lecu la r w eight o f  76,000 and a b in d in g  c a p a c ity  

o f two iro n  atoms p e r  mole fo r  t r a n s f e r r i n s  from human, r a b b i t  and f ro g . T u r t le  

t r a n s f e r r i n  was found to  have a m o lecu la r w eight o f  92,000 and a b in d in g  c a p a c ity  

o f two atoms o f  iro n  p e r  m ole. S ed im en ta tio n  o f  reduced and carboxym ethylated  

t r a n s f e r r i n  in  8 M u re a  in d ic a te d  a p o s s ib le  su b u n it s t r u c tu r e  fo r  t u r t l e  t r a n s ­

f e r r i n .  No su b u n its  were d e te c te d  in  any o f th e  o th e r  t r a n s f e r r i n s  s tu d ie d .

These d a ta  have led  to  th e  su g g e s tio n  th a t  a p a r t i a l  gene d u p l ic a t io n  w ith  su b se ­

quen t fu s io n  has o ccu red , r e s u l t in g  in  an e lo n g a ted  p ro te in  w ith  some re p e a tin g  

sequences. Ohno (38) re p o r te d  th a t  lamprey e ry th ro c y te s  c o n ta in  tw ice  a s  many
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chromosomes as  h a g f is h  e ry th ro c y te s ,  su g g e s tin g  th a t  th e  whole genome may have 

d u p lic a te d  e a r ly  in  v e r te b r a te  e v o lu tio n .

A nother p o s s ib le  e x p la n a tio n  fo r  two forms o f t r a n s f e r r i n  in v o lv es  th e  

co n v ers io n  o f  one form to  a n o th e r  w ith in  the  c e l l  by th e  a c t io n  6 f  some enzyme, 

a phenotyp ic  ex p re ss io n  o f  the  c e l l .  One amino a c id  s id e  c h a in  m ight be a l t e r e d ,  

e .g .  co n v e rs io n  o f - Co NH2 to  - COOH by a deam idase, o r th e  a d d i t io n  o r s u b tr a c t io n  

o f a su g a r re s id u e  c a r ry in g  a charged group, e . g .  s i a l i c  a c id .

A d e ta i le d  s tu d y  o f th e  amino a c id  sequences o f  m u l t ip le  t r a n s f e r t i n s  

w i l l  be re q u ire d  in  o rd e r to  de term ine  m inor d i f f e r e n c e s  between th e  two t r a n s ­

f e r r i n  com ponents.
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(B) B io sy n th e s is  o f  T ra n s fe r r in

Many o f th e  serum p ro te in s  a re  sy n th e s iz e d  in  th e  l i v e r  c e l l .  U sing 

serum album in as an example o f a p ro te in  sy n th e s iz e d  fo r  e x p o rt from th e  

c e l l ,  and f e r r i t i n  as  an  example o f a p r o te in  sy n th e s iz e d  fo r  use w ith in  th e  

c e l l ,  Redman (39) a r r iv e d  a t  th e  g e n e r a l iz a t io n  th a t  p ro te in s  sy n th e s iz e d  fo r  

e x p o rt a re  pu t to g e th e r  on ribosom es a t ta c h e d  to  th e  endoplasm ic re tic u lu m  

(bound polysom es), whereas p ro te in s  made fo r  u se  w ith in  th e  c e l l  a re  sy n th es iz ed  

on " f r e e "  ribosom es (unbound polysom es). A f te r  s y n th e s is  o f th e  p ro te in  on 

th e  membrane-bound ribosom es, th e  p ro te in  moves in s id e  th e  endoplasm ic r e t i ­

culum (40 , 41 , 42 , 43 , 44 , 45 , 4 6 ) . The s e c re to ry  pathway fo r  a p a r t i c u l a r

serum p r o te in  t r a n s f e r r i n ,  has been s tu d ie d  in  th e  p re s e n t  s tu d ie s .  The

r e s u l t s  in d ic a te d  th a t  th e  maximum r a d io a c t i v i ty  o f  t r a n s f e r r i n  o ccu rred  a t  

abou t 30 min. in  th e  rough microsomes and a t  abou t 40 m in. in  th e  smooth 

m icrosom es. T ra n s f e r r in  was f i r s t  found in  th e  medium a f t e r  a minimum p erio d  

o f  30 m in.

Morgan and P e te rs  (47) re p o rte d  t h a t  th e  s e c r e t io n  o f newly sy n th e s iz e d

r a t  t r a n s f e r r i n  r e q u ir e s  a minimum tim e o f abou t 30 m in. and an average o f

about 80 min. They compared th e  r a t e  o f  b io s y n th e s is  o f r a t  album in and r a t

t r a n s f e r r i n ,  b o th  o f which a re  serum p r o te in s .  They found th a t  th e  tim e o f

th e  maximum r a te  o f appearance o f  in  p r o te in  la g s  behind th e  peak in  C ^ -

le u c in e  by 1 m in. fo r  album in and 2 m in. fo r  t r a n s f e r r i n .  Thus they  suggested

th a t  i t  tak es  abou t 2 m in. to  form a m olecu le o f  t r a n s f e r r i n  in  c o n t r a s t  to

141 min. f o r  a m olecule o f  album in. They a ls o  found th a t  th e  maximum C a c t i v i t i e s  

were reached  a t  about 30 m in. f o r  m icrosom al t r a n s f e r r i n  and 16 min. fo r  m icro ­

somal album in . T h e ir  r e s u l t s  a re  summarized in  th e  fo llo w in g  diagram :
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HEPATIC CELL
Blood ^ ....................................................................................................................  Blood

Rough, Smooth 
E.R.
15’

-— Albumi n_____

G olgl
V e s ic le sf r e e  amino 

ac id s
10 'Alb

f r e e

30 'amino

a c id s

50 '

A lb

T ra n s fe r r in
T ran sf

T ran sf

These w orkers d id  n o t f r a c t io n a te  microsomes in to  rough and smooth as 

was done in  th e  p re s e n t  s tu d ie s .

T ra n s f e r r in  i s  a g ly c o p ro te in  w hereas album in i s  n o t .  V arious w orkers 

have re p o r te d  th a t  th e  f i r s t  su g a r, N -a c e ty lg lu c o sa m in e ,is  in c o rp o ra te d  w h ile  

th e  n a sc e n t p ro te in  i s  s t i l l  a t ta c h e d  to  th e  polysom es. The second and th e  

th i r d  su g a rs , mannose and g a la c to s e ,  a re  in c o rp o ra te d  a f t e r  the  newly formed 

p ro te in  has l e f t  the  polysomes and i s  on th e  i n t r a c e l l u l a r  pathway which lead s  

to  s e c r e t io n  (48 , 49, 50, 51, 52, 53, 5 4 ) . R e c e n tly , Redman and C herian  (55) 

re p o r te d  th a t  N -acety lg lucosam ine and mannose a re  in c o rp o ra te d  in  th e  rough 

endoplasm ic re tic u lu m , and th a t  mannose i s  in c o rp o ra te d  im m ediately  a f t e r  the 

n a sc e n t p ro te in  i s  re le a s e d  from the polysomes b u t w h ile  th e  g ly c o p ro te in  

rem ains a t ta c h e d  to  th e  membrane o f  th e  endoplasm ic re tic u lu m . They a lso  found 

th a t  album in p asse s  d i r e c t ly  from the a t ta c h e d  polysom es to  th e  c i s te r n a e  o f 

th e  rough endoplasm ic re tic u lu m  w ith o u t rem ain ing  a tta c h e d  to  the membrane o f  th e  

RER as  in  th e  cape o f serum p r o te in s .  These f in d in g s  may e x p la in  why Morgan

and P e te r s ,  (47) found th a t  i t  tak es  lo n g e r fo r  t r a n s f e r r i n  to  appear in  th e  

blood  th a n  album in, y e t  both  serum p ro te in s  fo llo w  th e  same pathway fo r  s e c r e t io n .
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S ince th e  fu n c tio n  o f  t r a n s f e r r i n  i s  to  a c t  as a t r a n s p o r t  agen t fo r  

plasm a i r o n ,  i t  seemed l i k e ly  th a t  th e  newly formed i n t r a c e l l u l a r  t r a n s f e r r i n  

in  th e  l i v e r  c e l l  would n o t p ic k  up any i ro n  from th e  c e l l .  T his Indeed was 

found to  be t r u e  in  the  p re s e n t s tu d ie s  d e s p ite  the  f a c t  th a t  th e re  i s  iro n  

w ith in  th e  l i v e r  c e l l  in  s e v e ra l  form s, e . g . ,  hem e-iron bound to  heme p r o te in s ,  

f e r r i t i n  and an u n id e n t if ie d  low m o lecu la r w eigh t iro n  complex which may be 

Fe-ATP(Mazur, u n p u b lish e d ). These r e s u l t s  can be e x p la in e d  in  two ways.

F i r s t ,  th e  newly sy n th e s iz e d  t r a n s f e r r i n  i s  always bound w ith in  v e s ic le s  

d u rin g  i t s  s e c re to ry  pathway and the  ty ro s y l  r e s id u e s  which are  b e lie v e d  to  

b ind  th e  iro n  a re  b locked . Second, th e  com pleted g ly c o p ro te in  ( t r a n s f e r r in )  

may be th e  on ly  form which can b ind  iro n  and th i s  com pleted p ro te in  o ccu rs  

on ly  in s id e  th e  g o lg i membranes and i s  th e re fo re  u n a v a ila b le  fo r  i ro n  b in d in g  

u n t i l  i t  moves in to  the  p lasm a.
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INTRODUCTION

Much e f f o r t  has been employed and many s y n th e t ic  compounds have been 

te s te d  in  an a ttem p t to  f in d  an adequa te  s u b s t i tu te  f o r  whole- blood in " th e  

tre a tm e n t o f  acu te  c l i n i c a l  c o n d itio n s  r e s u l t in g  from m assive lo s s  o f  b lood , 

e . g . ,  tra u m a tic  in ju ry  and hem orrhagic shock, bu rns, and fo r  an e x te rn a l  

c i r c u i t  as i s  re q u ire d  in  o p en -h ea rt su rg e ry . The d e s ig n  o f  th e se  sub­

s t i t u t e s  i s  aimed a t  m a in ta in in g  osm otic  a c t i v i t y  fo r  p roper w a te r  and 

e l e c t r o l y te  b a la n c e , and to  m a in ta in  adequate kidney fu n c tio n .  These 

"plasm a expanders"  have proven to  be o f  very  lim ite d  u s e fu ln e s s .  In s te a d , 

plasma o r the  album in f r a c t io n  p rep ared  from pooled plasm a has proven to  be 

much more u s e f u l .  Such m a te r ia ls  a re  a v a i la b le  from donor blood which has 

" o u tliv e d "  i t s  s h e l f - l i f e  o f  21 days because o f .a  d e t e r io r a t io n  o f the red  

c e l l s .  Because plasma o b ta in e d  from o u t-d a te d  blood can  be u t i l i z e d  e f f i ­

c i e n t ly ,  t h i s  le av es  th e  re d  c e l l s  as  the on ly  f r a c t io n  which needs* to  be 

d isc a rd e d  in  a w e ll- ru n  b lood  bank, a lth o u g h  r a re  type  red  c e l l s  can be p re ­

se rv ed  fo r  fu tu re  u se .

The use o f hem oglobin, p repared  from re d  c e l l s ,  as a plasm a expander has 

been in v e s t ig a te d  in  a number o f la b o ra to r ie s  ( 1 ,2 ,3 ,4 ) .  D esp ite  poor p re ­

p a ra t io n s  which re v e a le d  co ag u la tio n -p ro m o tin g  p ro p e r t ie s  due to  the p resence  

o f  re d  c e l l  strom a ( 5 ,6 ,7 ,8 ,9 ) ,  R ab iner (10 ,11) has succeeded in  p rep a rin g  

hem oglobin s o lu tio n s  which a re  n o n - to x ic , and which c a r ry  oxygen r e v e r s ib ly .  

However, i t  has one p ro p e r ty  which reduces i t s  p o te n t ia l  u s e fu ln e s s ;  i t  has a 

h a l f - l i f e  ( in  the  dog) o f  o n ly  4-5 hou rs in  th e  blood s tream . The hemoglobin b in d s 

to  th e  serum p ro te in  h ap to g lo b in  and t h i s  complex i s  removed by th e  r e t ic u lo -e n d o ­

t h e l i a l  c e l l s  o f  th e  l i v e r  and sp leen  and th e  rem ain d er, a f t e r  b ind ing  to  a l l  o f  

th e  serum h a p to g lo b in , i s  e x c re te d  v ia  the  k id n e y s . The rem oval o f  hemoglobin
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by the  k idneys i s  p robab ly  due to  th e  f a c t  t h a t  the te tr a m e r ic  m olecule 

d is s o c ia te s  in to  d im ers (M .W .-34,000) and monomers (M.W.-1 7 ,0 0 0 ) , and 

th e se  can be removed by the  k id n ey s.

The o b je c t o f  th i s  s tu d y  was to  sy n th e s iz e  a po lym eric  form o f hemo­

g lo b in  by use o f  a b i fu n c t io n a l  coup ling  ag en t form ing m olecu les o f  high 

m o lecu la r w eight w hich are in cap ab le  o f  d is s o c ia t io n  and e x c re t io n  by the 

kidney  a t  a ra p id  r a t e .
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EXPERIMENTAL

M a te r ia ls : M a lo n o n ltr lle  was purchased  from Eastman Kodak company. 

Sephadex was purchased  from Pharm acia Fine C hem icals. A ll  o th e r  

re a g e n ts  were purchased  from F ish e r  S c ie n t i f i c  Company. M U H pore 

f i l t e r s  and ap p a ra tu s  fo r  s t e r i l e  f i l t r a t i o n  were o b ta in e d  from M il l l -  

pore Company.

P re p a ra tio n  o f  d le th y lm alo n lm ld a te  d lh y d ro c h lo rld e  (DEM): _ +
NH2 C1JH2 C1~

D lethy lm alon lm ldate  d lh y d ro c h lo rld e  (DEM) C,H I f jf _
^  3 l ) - C - C H 2 - C - 9 " C 2 t l 5

was p rep ared  acco rd in g  to  McElvain and Schroeder (1 2 ) . 1 3 .2g o f  malono­

n l t r l l e  and 9 .2  g o f d ry  e th a n o l w ere d is so lv e d  In  240 ml o f  d ry  d lo x an e .

The s o lu t io n  was coo led  In  Ice  and then  t r e a te d  w ith  d ry  hydrogen c h lo r id e

gas which was g en e ra ted  by adding c o n c e n tra te d  H.SO, to  s o l id  NaCl, and
2 4

p ass in g  th rough  co n c e n tra te d  H-SO,. Extreme care  was tak en  to  p r o te c t  the
L 4

e n t i r e  system  a t  a l l  s ta g e s  from m o istu re  to  avoid h y d ro ly s is  o f  the 1ml- 

d o e s te r .  The r e s u l t in g  DEM was allow ed to  p r e c ip i t a t e  o v e rn ig h t a t  0°C s in ce  

im id o e s te rs  decompose a t  h ig h e r te m p e ra tu re s . DEM was f i l te re d ^ w a sh e d  w ith  

dry  e th e r  and th e n  d r ie d  In  a  de8s ic a t o r  over NaOH. The d e s s ic a to r  was 

s to re d  a t  -20°C .

P re p a ra tio n  o f  hem oglobin s o lu t io n :  Hemoglobin was p rep a red  acco rd in g  to  

R ab in er, e t  a l . (10 ,11 ) , F resh  o r o u t-d a te d  human o r r a b b i t  blood Was c e n t r i ­

fuged a t  2 ,000 rpm fo r  10 m in. to  o b ta in  red  blood c e l l s  (RBC). These were 

washed th re e  tim es w ith  1.6% NaCl. The washed c e l l s  were ly sed  w ith  4 volumes 

o f 5 id e a l  m illlo sm o la r  phosphate b u f f e r ,  pH 7 .4 ,  fo r  each volume o f  packed 

RBC. The m ix tu re  was mixed g e n tly  and thorough ly  by In v e r t in g  th e  f la s k  

r e p e a te d ly . A f te r  s ta n d in g  fo r  3-60 min. a t  0°C, th e  m ix tu re  was c e n tr ifu g e d  

a t  16,000 g f o r  90 m in. a t  5°C. S u p ern a tan t was removed and r e c e n tr i fu g e d  a t

35,000 g fo r  90 m in. in  a S o rv a ll  c e n t r i f u g e .  The hem oglobin s o lu t io n  was
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c o n c e n tra te d  in  d i a l y s i s  tu b in g , by packing  w ith  Sephadex G-100, to  produce a 

s o lu t io n  c o n ta in in g  10-12% hem oglobin. A p o r t io n  o f  th e  hem oglobin s o lu t io n  

was a d ju s te d  to  pH 7 .4  and d ia ly se d  w ith  many changes a g a in s t  310 mOsm sodium 

phosphate b u f f e r ,  pH 7 .4 ,  fo r  use as a c o n tro l  in  in  v ivo  e x p e rim en ts . The 

rem ainder o f  the  hem oglobin was used to  p rep a re  c ro s s - l in k e d  hem oglobin. 

P re p a ra tio n  o f c ro s s - l in k e d  hem oglobin: 2 .4  g o f  DEM (d ie th y lm alo n lm id a te  

d ih y d ro c h lo r id e )  w ere added to  5 ml o f  0 .05  M sodium phosphate b u f f e r ,  pH 

8 .5  in  a beaker a t  5°C c o n ta in in g  a m agnetic s t i r r e r .  5N NaOH was added 

dropw ise u n t i l  th e  s o lu t io n  became m ilk y . 50 ml o f hem oglobin s o lu tio n  

(10-12%) were added and th e  pH was a d ju s te d  to  8 .5  w ith  5N NaOH. When th e  

pH was v e ry  d lo se  to  8 .5 ,  IN NaOH was used in s te a d .  The r e a c t io n  was allow ed 

to  proceed fo r  1-1% h rs .a n d  the pH m ain ta ined  a t  8 .5  w ith  IN NaOH. A f te r  

th e  r e a c t io n  was o v e r , th e  volume o f th e  s o lu t io n  was measured and an e q u a l 

volume o f  s a tu r a te d  anmonium s u l f a te  was added to  give a s o lu t io n  50% 

s a tu ra te d  w ith  anmonium s u l f a t e .  The m ix tu re  was c e n tr ifu g e d  and th e  p e l l e t  

d is so lv e d  in  d i s t i l l e d  H^O. An eq u a l volume o f  s a tu ra te d  ammonium s u l f a t e  was 

aga in  added . The p e l l e t  o b ta in ed  was d is s o lv e d  in  310 mOsm sodium phosp h a te , 

pH 7 .4 , and d ia ly s e d  w ith  many changes a g a in s t  th e  same b u f f e r .  Any in s o lu b le  

m a te r ia l  p re s e n t was removed by c e n t r i f u g a t io n  a t  35,000 g .

In fu s io n  o f  hemoglobin s o lu t io n s ; U n trea ted  hem oglobin s o lu t io n s  as w e ll  as 

th e  c ro s s - l in k e d  hem oglobin s o lu tio n s  were f i l t e r e d  through a 0 .2ji m i l l ip o re  

f i l t e r  under s t e r i l e  c o n d itio n s  to  remove any stro m a . 10 ml o f  blood w ere 

removed from the r e c i p ie n t  r a b b i t  e a r  v e in .  Hemoglobin s o lu t io n  was in fu se d  

v ia  an in fu s io n  pump (H arvard A pparatus Company) a t  a r a te  o f  about 0 .8  m l/m in . 

Blood sam ples were c o l le c te d  in  1 ml o f  h e p a rin  — s a lin e  5 m in. a f t e r  In fu s io n  

was com pleted . Blood sam ples w ere c d l le c te d  in  th e  same manner t h e r e a f t e r  

a t  one hour I n te r v a l s .



39

D ete rm in a tio n  o f  th e  h a l f - l i f e  o f  hem oglobin In  th e  p lasm a: Blood samples

were c e n tr ifu g e d ,  plasm a removed, t r e a te d  w ith  CO, and read  a t  418 mp in  th e  

sp ec tro p h o to m e te r . Hemoglobin v a lu e s  were ex p ressed  as p e rcen tag e  o f  th e  

5 m in. sample a f t e r  a b so rp tio n  o f  the  c o n t ro l  sample (o b ta in ed  b e fo re  in ­

fu s io n )  was s u b tra c te d .

V is c o s ity  m easurem ents: The v i s c o s i ty  o f  th e  norm al and th e  c ro s s - l in k e d

hem oglobin s o lu t io n s  was determ ined  w ith  a v isco m ete r suspended v e r t i c a l l y  

in  a c o n s ta n t tem p era tu re  w a te r  b a th  (Lapine S c ie n t i f i c  Company) m ain ta in ed  

a t  i  0 .05°C . An a c c u ra te  volume (10 m l) o f  th e  hemoglobin s o lu t io n  was 

in tro d u ced  w ith  a p ip e t .  A f te r  tem p era tu re  e q u ilib r iu m  was reac h ed , the  

s o lu t io n  was sucked up to  a p o in t above th e  upper mark and th en  allow ed to  

flow . The tim e e la p se d  between th e  passage o f  the  m eniscus from th e  upper 

to  th e  lower mark o f  the  v isco m eter was m easured w ith  a s topw atch . At l e a s t  

fo u r d e te rm in a tio n s  were made which agreed  w ith in  0 .4  second.

Measurement o f  th e  b in d in g  o f  hem oglobin to  h a p to g lo b in ; The b ind ing  o f  

norm al and c ro s s - l in k e d  hem oglobins to  h ap to g lo b in  was compared by th e  method 

o f Grunbaum, (13) and V a le r i ,  (14) u s in g  a M icrozone C e ll (Beckman In s tru m en t 

Company). Known amounts o f  r a b b i t  hem oglobin were added to  a f ix e d  amount o f  

r a b b i t  serum and in c u b a ted  a t  37°C fo r  30 m in. E le c tro p h o re s is  was conducted 

a t  a c o n s ta n t v o lta g e  o f  150 v o l t s  fo r  40 m in. on c e l lu lo s e  a c e ta te  membranes, 

u s in g  0.05 M sodium phosphate b u f f e r ,  pH 7 .0 .  Each membrane was then  s ta in e d  

fo r  5 m in. in  f re s h  s t a in  r e a c t io n  m ix tu re  c o n ta in in g  20 mg o -d la n is id in e  

(Eastman Kodak Company) d is so lv e d  in  50 ml e th a n o l.  30 ml o f  pH 4 .7  a c e ta te  b u f­

f e r  and 0 .2  ml o f  30% hydrogen p ero x id e  were added and the  s o lu t io n  was allow ed 

to  e q u i l ib r a t e  fo r  5 m in. The membrane was washed in  runn ing  ta p  w a te r  fo r  

5 m in. and th e n  in  5% a c e t ic  ac id  fo r  20 min.
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D ensitom eter t r a c in g  o f g a ls  and c e l lu lo s e  a c e ta te  membrane: A Jo y ce-

Loebl re c o rd in g  d e n s ito m e te r  was used fo r  scann ing  g e ls  as  w e ll a s  fo r  

c e l lu lo s e  a c e ta te  membrane used fo r  e l e c t r o p h o r e s is .

Amino a c id  a n a ly s is  o f hem oglob ins; Hemoglobin sam ples o f 1 mg/ml were 

hyd ro lysed  in  6N HC1 a t  110° fo r  20-24 h r s .  The h y d ro ly s is  tu b e s  were 

fro z e n  in  ace to n e  and d ry  i c e ,  and ev acu ated  under n it ro g e n  w ith  a  w ater 

a s p i r a to r  p r io r  to  s e a l in g .  A nalyses were perform ed u s in g  a Beckman 

Model 116 Amino Acid A nalyzer acco rd in g  to  Moore and S te in  (1 5 ). A ll 

b u f f e r s ,  re a g e n ts  and r e s in s  used in  th e se  a n a ly se s  were pu rchased  from 

Beckman In s tru m en t Company.

M olecu lar w eigh t d e te rm in a tio n : A specim en o f c ro s s - l in k e d  hem oglobin

was su b je c te d  to  c e n t r i f u g a t io n  in  th e  Model E A n a ly t ic a l  U l t r a c e n t r i ­

fuge by th e  method o f se d im en ta tio n  e q u ilib r iu m . The sample was run  a t  

a  c o n c e n tra tio n  o f 0 .15 mg/ml a t  8 ,000  rpm a t  20° o v e rn ig h t. A s o lv e n t 

d e n s ity  o f 1 .000 was used  and a p a r t i a l  s p e c i f i c  volume o f 0 .75 was 

assumed (1 6 ).

A ttem pts to  form an ti-h em o g lo b in  a n t ib o d ie s : Two k in d s  o f im m unization

p ro ced u res  were t r i e d  u s in g  norm al r a b b i t  hem oglobin o r m od ified  r a b b i t  

hem oglobin (po lyhem oglob in ). In  th e  f i r s t  method th e  hem oglobin was mixed 

w ith  F re u n d 's  com plete ad ju v an t and th e  m ix tu re  in je c te d  in to  th e  back 

and fo o tp ad s  d u rin g  th e  f i r s t  week a t  a  le v e l  o f 0 .3  mg/ml of p ro te in  

and mixed w ith  F re u n d 's  incom plete  ad ju v an t and in je c te d  a t  l e v e ls  o f 0 .5  

mg/ml and 1 .0  mg/ml d u rin g  th e  second and fo u r th  week. Blood specim ens 

were tak en  on th e  f i f t h  week fo r  an tib o d y  t e s t i n g .

The second method inv o lv ed  th e  in tra v e n o u s  i n j e c t i o n  o f 40 mg 

hem oglobin p e r  kg o f body w eight on a l t e r n a t e  days fo r  one week and 

b lood removed fo r  t e s t in g  on th e  n in th  day.
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D ete rm in a tio n  o f S ed im en ta tion  C onstan t ( S ) : U nreacted r a b b i t  hemo­

g lo b in  and c ro s s - l in k e d  r a b b i t  hem oglobin were su b je c te d  to  c e n t r i f u ­

g a t io n  in  th e  Model E A n a ly t ic a l  U ltr a c e n tr i fu g e  by th e  method o f 

s e d im en ta tio n  v e lo c i ty  to  determ ine th e  S ed im en ta tion  C onstan t ( S ) . 

The sam ples were run  a t  a c o n c e n tra tio n  o f  0 .5  mg/ml a t  32,000 rpm 

a t  20° fo r  4 h o u rs . A so lv e n t d e n s ity  o f 1.000 was used and a 

p a r t i a l  s p e c i f ic  volume o f  0 .75 was assumed (1 6 ).

C o ag u la tio n  S tu d ie s : To study  th e  e f f e c t  o f  hem oglobin s o lu tio n s  on

th e  c l o t t i n g  o f i n t a c t  p lasm a, e i th e r  0 .1  ml o f  hem oglobin s o lu t io n  

o r s a l in e  (c o n tro l)  was added to  0 .1  ml o f normal i n t a c t  plasm a in  

p l a s t i c  tu b e s . The t e s t  tube was g e n tly  m ixed, p laced  in  a 36° C 

w ate r b a th  and 0 .1  ml o f 0.1M CaCl^ was added. At 1-m in. in te r v a ls  

th e  t e s t  tube was p ickad  up and t i l t e d  v ery  g e n tly  to  no te  c lo t  

fo rm a tio n . R e su lts  g ive th e  r e c a l c i f i c a t i o n  tim e.

Experim ents on th e  throm bin tim e were perform ed s im i la r ly  to  

th a t  d e sc rib e d  fo r  r e c a l c i f i c a t i o n  tim e, ex cep t th a t  0 .1  ml o f 

2*x/ml throm bin in s te a d  o f CaCl^ was added to  0 .1  ml o f  hem oglobin 

s o lu t io n  o r  s a l in e  ( c o n t r o l ) .

S p e c tlte l .S tu d ie s : The s p e c tra  o f normal hem oglobin and phoyhemoglobin 

were tak en  u s in g  a Cary 15 S pectropho tom eter.



RESULTS

P re p a ra t io n  o f  c ro s s - l in k e d  hem oglobin; S ince hem oglobin s o lu tio n s  

have been found by R abiner (10 11), to  be an id e a l  plasm a expander, 

a tte m p ts  were made in  the  p re s e n t s tu d y  to  p ro long  th e  h a l f - l i f e  o f 

hem oglobin in  th e  c i r c u la t io n  to  augment i t s  v a lu e  as a plasma expander. 

A b ifu n c t io n a l  r e a g e n t ,  d le th y lm a lo n lm ld a te  d ih y d ro c h lo r id e  (DEM) was 

used in  th i s  study  to  produce c r o s s - l in k s  between d i f f e r e n t  te tra m e r lc  

hem oglobin m olecu les so as  to  y ie ld  a h ig h -m o lecu la r w eig h t polym er.

The s y n th e s is  o f  DEM and i t s  r e a c t io n  w ith  th e  p ro te in  a re  summarized 

in  F ig . 1:

ON
2 C2H50H + 2 HC1

(m a lo n o n itr i le )
a t  0° C, anhydrous dioxane

+ Cl

CH,2
+ Cl

+ (DEM)
PROTEIN

2 I



43

D isc g e l e le c t r o p h o r e s i s : D isc g e l  e le c t ro p h o re s is  was perform ed to  study  

th e  n a tu re  o f  the r e a c t io n  p ro d u c ts  r e s u l t in g  when a 10-12% hemoglobin 

s o lu t io n  was re a c te d  w ith  DEM. F ig . 2 In d ic a te s  th a t  the p ro d u c ts  were 

v ery  h e te ro g en eo u s . The c ro s s - l in k e d  hem oglobin showed up as bands n ear 

th e  to p  o f th e  g e l and moved v ery  slow ly  in  com parison to  th e  normal hemo­

g lo b in . There was some u n reac ted  hem oglobin which moved as d id  the  c o n tro l  

norm al hem oglbbin.

Amino ac id  a n a ly s is  o f  hem oglobins:DEM i s  a b ifu n c t io n a l  re a g e n t th a t  i s  

known to  r e a c t  s p e c i f i c a l ly  w ith  th e  ly s y l  re s id u e s  o f the  p r o te in .  Amino 

a c id  an a ly se s  o f  the  norm al as w e ll  as th e  c ro s s - l in k e d  hem oglobins were 

perform ed. The e x te n t  o f  the r e a c t io n  o f  hem oglobin w ith  DEM was determ ined  

by m easuring the  number o f  f re e  ly s y l  re s id u e s  p re s e n t  in  com parison to  th a t  

found in  th e  u n reac ted  hem oglobin. D ata re p o r te d  in  Table I  in d ic a te s  th a t  

about h a l f  o f  the  ly s y l  re s id u e s  were f r e e ,  the  o th e r  h a l f  o f  th e  ly s y l  

re s id u e s  appeared as a d e r iv a t iv e  in  a new peak n e a r the n e u t r a l  amino a c id s  

(F ig . 3 ) .  There were no s ig n i f i c a n t  d if f e re n c e s  fo r  the  o th e r  amino ac id s  

between the  norm al and th e  c ro s s - l in k e d  hem oglobins (Table I ) .

SD S-polvacrvlam ide g e l e le c t r o p h o r e s is ;  Free hem oglobin has a h a l f - l i f e  o f  

4-5  h r s .  s in c e  i t  i s  perm eable to  th e  g lom erulus and i s  e x c re te d  in  th e  u r in e .

I t  i s  no t known why album in, which has th e  same m o lecu la r w eigh t as f re e  

hem oglobin, i s  n o t perm eable to  th e  g lo m eru lu s . H em oglobin-haptoglobin  complexes 

w hich have a m o lecu la r w eigh t o f 300 ,000, a re  n o t perm eable to  the  g lom erulus 

and appear to  be se q u e s te re d  by r e t ic u lo e n d o th e l i a l  c e l l s  o f  th e  l i v e r  and sp le e n . 

The o b je c tiv e  o f the  p re s e n t s tu d y , th e re fo re ,w a s  to  p rep are  a hemoglobin 

d e r iv a t iv e  th a t  had a h igh  m o lecu la r w eigh t and was r e l a t i v e ly  impermeable to  

th e  g lom eru lu s . I t  has been suggested  th a t  f re e  hemoglobin i s  perm eable to  

th e  g lom erulus only  a f t e r  i t  i s  d is s o c ia te d  in to  su b u n its  (Lathem, 1959).
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SDS po lyacry lam ide g e l  e le c tro p h o re s is  was perform ed to  study  w hether 

hemoglobin c ro s s - l in k e d  w ith  DEM cou ld  be d is s o c ia te d  In to  su b u n its  w ith  

SDS. R e su lts  shown In  F ig s . 4 & 5 In d ic a te  th a t  the  c r o s s - l in k e d  hemo­

g lo b in s  moved as bands n ear th e  top  o f  th e  g e l  and th e y  were n o t d is s o c ia te d  

In  the  p resence  o f SDS. The bands co rresp o n d in g  to  d im ers and monomers were 

due to  th e  d is s o c ia t io n  o f  some sm all amount o f  u n reac ted  hem oglobin in  the  

p resence o f SDS, s im i la r  to  th e  c o n tro l  u s in g  norm al hem oglobin. F ig s . 6 & 7 

a re  the  d en s ito m e te r  t r a c in g s  o f  norm al and c r o s s - l in k e d  human hem oglobin, 

r e s p e c t iv e ly .

D eterm ination  o f  the  h a l f - l i f e  o f  th e  hem oglob ins: S in ce  SD S-polyacrylam ide 

g e l e le c tro p h o re s is  in d ic a te d  th a t  c ro s s - l in k e d  hem oglobin was n o t d is s o c ia te d  

in to  su b u n its  w h ile  normal hemoglobin w as, i t  was o f  i n t e r e s t  to  determ ine 

th e  h a l f - l i f e  o f  th e  h igh  m o lecu la r w eigh t hem oglobin in  com parison to  th e  

norm al hem oglobin. Both th e  normal and c ro s s - l in k e d  hem oglobins were in fu se d  

in to  d i f f e r e n t  norm al r a b b i t s  and th e  h a l f - l i f e  was d e te rm in ed . Table I I  

shows th a t  th e  h a l f - l i f e  o f  th e  c ro s s - l in k e d  hem oglobin was lo n g e r than  th a t  

o f  the  normal hem oglobin in  a l l  the  ex p erim en ts  perform ed . Depending on th e  

dosage o f  the hem oglobin a d m in is te re d , the  h a l f - l i f e  o f  th e  c ro s s - l in k e d  

hem oglobin was 4 -5  tim es o r  10-15 tim es lo n g e r than  th e  normal hem oglobin.
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F ig u re  2a D isc g e l e le c tro p h o re s is  o f c ro s s - l in k e d  and norm al 

r a b b i t  hem oglobins ( l e f t  to  r i g h t ,  cathode a t  to p ) .



45b

F igu re  2b D isc g e l e le c t r o p h o r e s is  o f  norm al and c ro s s - l in k e d  

human hem oglobins ( l e f t  to  r i g h t ,  cathode a t  to p ) .
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CROSS-LINKED HEMOGLOBIN

NEW
PEAK

NORMAL HEMOGLOBIN

TYROSINELEUCINE
PHENYLALANINE

F ig u re  3. Ion-exchange chrom atography o f  norm al and c ro s s - l in k e d  

human hem oglobins on th e  Beckman Amino Acid A nalyzer 

long column. (Not drawn e x a c t ly  to  s c a le )
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Table 1 Amino Acid Com position
o f  Normal and C ross-L inked Human Hemoglobins

Normal C ross-L inked

Lys ine 4 6 .4 (0 .1 ) 19.1 (0 .8 )
H is t id in e 39 .8 (0 .6 ) 37.2 (0 .5 )
A rg in ine 13.6 (0 .6 ) 12 .9 (0 .3 )
A sp a r tic  Acid 33.8 (0 .8 ) 38 .0 (1 .8 )
Threonine 33.2 (0 .2 ) 33 .3 (0 .7 )
S erin e 34.0 (0 .5 ) 31.2 (0 .5 )
G lutam ic Acid 29 .0 (0 .4 ) 26 .6 (2 .1 )
P ro lin e 30 .4 (0 .3 ) 31 .9 (0 .1 )
G lycine 43 .7 (0 .6 ) 4 4 .3 (0 .4 )
A lan ine 79.3 (0 .6 ) 78 .5 (0 .7 )
C yste ine 6 .6 (0 .3 ) 6 .7 (0 .1 )
V aline 59.0 (0 .9 ) 59 .5 (0 .7 )
M ethionine 6 .6 (0 .3 ) 6 .7 (0 .1 )
Iso le u c in e 0 .3 (0 .3 ) 0 .0 (0 .0 )
Leucine 78.9 (0 .3 ) 80 .7 (1 .5 )
Tyros in e 11.8 (0 .4 ) 12.1 (0 .1 )
P h en y la lan in e 32.8 (0 .2 ) 32.7 (0 .1 )
New Peak 0 .0 ( .0 ) 2 4 .9 (0 .1 )

Number o f  ly s in e  l o s t  in  c ro s s - l in k e d  hem oglobin i s  app ro x im ate ly  
equal to  number o f  new d e r iv a t iv e s  in  th e  new peak .

V alues a re  ex p ressed  as number o f r e s id u e s  p e r t o t a l  o f  576 
amino a c id  re s id u e s

Average d e v ia tio n s  a re  g iv e n  in  p a re n th e s is
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F ig u re  4 .  SDS po lyacry lam ide g e l  e le c tro p h o re s is  o f  norm al and

c ro s s - l in k e d  human hem oglobins ( l e f t  to  r i g h t ,  cathode 

a t  to p ) .
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F ig u re  5 SDS p o ly acry lam ide  g e l e le c t ro p h o re s is  o f  norm al and 

c ro s s - l in k e d  r a b b i t  hem oglobins ( l e f t  to  r i g h t ,  cathode 

a t  t o p ) .



F ig u re  6 . D e n s ito a e te r  t r a c in g  o f  hcaraal huaan heao g lo b in . (See F ig . 4)



F ig u re  7 , D ensitom eter t r a c in g  o f  c ro s s - l in k e d  human hemoglobin ^gee p ig . 4 )



52

V

j* 1 f r e e  hem oglobin

hap tog lob ln -hem og lob in  complex

F ig u re  8 . C e llu lo se  a c e ta te  e le c tro p h o re s is  o f  plasm a and hem oglobin: 
Samples 1 and 5 are  norm al r a b b i t  norm al and c ro s s - l in k e d  
hem oglobins r e s p e c t iv e ly .  Samples 2 , 3 & 4 are  norm al hem oglobin 
In  d i f f e r e n t  c o n c e n tra tio n s  w ith  a f ix e d  amount o f  p lasm a.
Samples 6 ,7  & 8 a re  c ro s s - l in k e d  hemoglobin In  co rresp o n d in g  
c o n c e n tra tio n s  to  sam ples 2 y3 & 4 w ith  th e  same f ix e d  amount 
o f  plasm a
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Table I I  H a lf -L ife  o f  norm al and c ro s s - l in k e d  hem oglobins

g/Kg T%(min.) g/Kg T%(min.) g/Kg T%(min,

RABBIT HEMOGLOBIN INTO RABBITS

NORMAL 0.137 80 0 .134 55 0 .5  85

C ro ss- lin k e d  0.137 300 0 .134 245 0 .5  900

HUMAN HEMOGLOBIN INTO RABBITS

NORMAL 0.27  80 0 .42  110

C ro ss- lin k e d  0 .27  900 0 .42  1605
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Measurement o f  th e  b in d in g  o f  hem oglobin to  h a p to g lo b in : Hemoglobin I s  

no rm ally  bound In  the  plasm a by h a p to g lo b in , which I s  a g ly c o p ro te in .

The b in d in g  c a p a c ity  o f  h ap to g lo b in  I s  on th e  average some 128 mg p e r  c e n t .  

When th i s  c a p a c ity  I s  exceeded , f r e e ,  unbound hem oglobin appears In ! th e  

plasm a and I s  e x c re te d  In  th e  u r in e .  The hap tog lob ln -hem oglob in  complex 

w hich has a M.W. g r e a te r  th an  300 ,000 , I s  n o t e x c re te d  (1 7 ) . E le c tro p h o re s is  

on c e l lu lo s e  a c e ta te  membrane was perform ed to  determ ine w hether c ro s s -  

lin k e d  hemoglobin has th e  a b i l i t y  to  b ind  to  h a p to g lo b in . F ig . 8 In d ic a te s  

th a t  th e  c ro s s - l in k e d  hem oglobin b inds h ap to g lo b in  to  a much sm a lle r  e x te n t  

th a n  norm al hem oglobin. When eq u a l q u a n t i t i e s  o f  norm al and c ro s s - l in k e d  

hem oglobin were added to  a f ix e d  amount o f  p lasm a, more f re e  hem oglobin 

and le s s  hem oglob ln -hap tog lob ln  complex was observed  In  the case  o f  the  

c ro s s - l in k e d  hem oglobin, w h ile  the  c o n tra ry  was observed  fo r  th e  norm al 

hem oglobin.

V isco s ity :m easu rem en t; DEM c r o s s - l in k s  d i f f e r e n t  te tra m e r lc  hem oglobin 

m olecu les to  produce a h igh  m o lecu la r w eigh t polym er. I t  I s  obvious th a t  

th e  p h y s ic a l p ro p e r t ie s  o f  such a polym er a re  q u ite  d i f f e r e n t  from th o se  o f  

th e  norm al hemoglobin m o lecu le . The v i s c o s i ty  o f  th e  norm al and th e  c ro s s -  

lin k e d  hem oglobins was s tu d ie d  u s in g  a v isco m e te r suspended In  a c o n s ta n t 

tem p era tu re  w a te r b a th . The d e n s i t i e s  o f  th e  hem oglobins and th e  so lv e n t 

were m easured by w eighing  th e se  s o lu t io n s  In  a 10 ml pycnom eter. The 

v i s c o s i t i e s  were c a lc u la te d  u s in g  the  fo llo w in g  e q u a tio n :

as t  dnr e l a t i v e = s o lu t io n  ^  s o lv e n t 

* s o lv e n t  ** s o lu tio n
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- r e l a t i v e  v is c o s i ty
r e l a t i v e

t -  tim e e la p se d  between passage o f  th e  m eniscus from th e  upper to  th e

lower mark o f  th e  v iscom eter

d= d e n s ity

- s p e c i f i c  v i s c o s i ty  -  n _ j
n s p e c i f i c  r e l a t i v e

I t  i s  c l e a r  from  th e  r e s u l t s  re p o r te d  in  Table I I I  th a t  th e  c ro s s -  

lin k e d  hem oglobin has a h ig h e r v i s c o s i ty  than  the  norm al hem oglobin. 

C o ag u la tio n  p r o p e r t i e s  o f hem oglobin s o lu t io n s :  The c o a g u la tio n  a c t i v i t i e s

o f  th e  norm al and c ro s s - l in k e d  hem oglobin s o lu tio n s  w ere com pared. The 

r e s u l t s  a re  re p o r te d  in  T ab les IV and V. I t  i s  c le a r  from th e  r e s u l t s  th a t  

th e  c ro s s - l in k e d  hem oglobin s o lu t io n  gave a  much longer r e c a l c i f i c a t i o n  

tim e than  th e  norm al hemoglobin s o lu t io n .  The throm bin time fo r  th e  c ro s s -  

lin k e d  hem oglobin s o lu t io n  was a ls o  s ig n i f i c a n t l y  h ig h e r than  th e  norm al. 

M olecu lar w eigh t d e te rm in a tio n ; Most o f  th e  polyhem oglobin had a m o lecu la r 

w eig h t above 300,000 w ith  a v a r ia t io n  between 350,000 to  400 ,000 . Some 15% 

o f  th e  m a te r ia l  had m o lecu la r w e ig h ts  between 400,000 and 800 ,000 .

Absence o f an tib o d y  p ro d u c tio n  by polyhem oglobin ; By u se  o f e i t h e r  two 

m ethods, n e i th e r  norm al hem oglobin n o r DEM-reacted polyhem oglobin of 

r a b b i t s  produced c i r c u la t in g  a n t ib o d ie s  in  th e  r a b b i t .

D e te rm in a tio n  o f S ed im en ta tion  C onstan t ( S ) : The sed im en ta tio n  c o n s ta n t (S)

of u n reac ted  r a b b i t  hem oglobin was 4 .31  s w h ile  th a t  o f th e  c ro s s - l in k e d  

r a b b i t  hem oglobin was 3 4 .6 s .

S p e c tra l  S tu d ie s ; The s p e c tra  o f norm al hem oglobin and polyhem oglobin 

a re  shown in  F ig . 9 . Both hem oglobins showed id e n t i c a l  peaks a t  412, 540 

and 576
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NORMAL

CROSS-LINKED

TABLE I I I

VISCOSITY OF NORMAL AND CROSS-LINKED 

RABBIT HEMOGLOBINS

SPECIFIC VISCOSITY ( " s p e c i f ic )

65 mg/ml 32.5  mg/ml 16.25 mg/ml 8.125 mg/ml 0 .216  mg/ml

0.262 0 .131 0.071 0.051 0.005

0 .8 9 4  0 .330 0.161 0.095 0.029
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TABLE IV R e c a lc i f ic a t io n  Time

Time

CONTROL 0 .1  ml C o n tro l human norm al c i t r a t e d  plasm a 3 ' 17"
0 .1  ml s a l in e
0 .1  ml CaCl2 (0 .1  M)

NORMAL RABBIT 0 .1  ml C o n tro l human norm al c i t r a t e d  plasm a 4 '6 "
Hemoglogin 0 .1  ml norm al r a b b i t  hemoglobin

0 .1  ml CaCl2 (0 .1  M)

CROSS-LINKED 0 .1  ml C o n tro l human norm al c i t r a t e d  plasm a 30 min.
R abbit 0 .1  ml c ro s s - l in k e d  r a b b i t  hemoglobin
Hemoglobin 0 .1  ml CaCl2 (0 .1  M)

TABLE V Thrombin Time

CONTROL 0 .1  ml C o n tro l human c i t r a t e d  plasma 33"
0 .1  ml s a l in e
0 .1  ml throm bin (2/i/m l)

NORMAL 0 .1  ml C o n tro l human c i t r a t e d  plasma 31"
Hemoglobin 0 .1  ml normal r a b b i t  hemoglobin

0 .1  ml throm bin (2/i/m l)

CROSS-LINKED 0 .1  ml C o n tro l human c i t r a t e d  plasma 44"
R abbit 0 .1  ml c ro s s - l in k e d  r a b b i t  hemoglobin
Hemoglobin 0 .1  ml throm bin (2/t/m l)



Wavelength nju
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DISCUSSION

S e v e ra l w orkers (18 , 19) w ere ab le  to  dem onstra te  th a t  d ie th y lm a lo n im ld a te  

could  couple w ith  th e  (-am ino groups o f  exposed ly s y l  re s id u e s  to  form p ro te in -  

p ro te ln  com plexes. T his re a g e n t was used In  th e  p re s e n t s tu d y  to  produce a 

fam ily  o f  polyhem oglobins o f  h igh  m o lecu la r w e ig h t.

T h is  s tu d y  has dem onstra ted  th a t  the  re a g e n t b in d s ly s y l  (-am ino groups 

to  th e  e x te n t  o f  abou t o n e -h a lf  to  tw o - th ird s  o f  th e  t o t a l  p re s e n t  In  hemo­

g lo b in . Follow ing h y d ro ly s is  a new amino ac id  "peak" I s  o b ta in e d , which I s  

b e lie v e d  to  be th e  d i - l y s y l  d e r iv a t iv e  o f  th e  re a g e n t,  a lthough  i t  has n o t 

been s e p a ra te d  in  pure form nor in  th e  q u a n ti ty  re q u ire d  fo r  a p ro o f o f  i t s  

s t r u c tu r e .

The polyhem oglobin , in je c te d  in to  r a b b i t s ,  has a h a l f - l i f e  many tim es 

lo n g e r th a n  th a t  o f  an e q u a l q u a n ti ty  o f  u n reac ted  hem oglobin. At a con­

c e n t r a t io n  o f 0 .5  g/Kg o f  body w eigh t o f  r a b b i t ,  polyhem oglobin had a T% more 

than  10 tim es th a t  o f  u n reac ted  hem oglobin when in je c te d  in to  a norm al r a b b i t .  

S in ce , a t  a dose le v e l  o f  0 .1 4  gm/Kg, th e  in c re a s e  in  T% was on ly  4-5  tim e s , 

i t  i s  l i k e ly  th a t  h ig h e r  dose le v e ls  w i l l  r e s u l t  in  a much g r e a te r  h a l f  l i f e  

fo r  th e  polyhem oglobin .

The polyhem oglobin does n o t b ind as w e ll o r  a t  a l l  to  h ap to g lo b in  as 

does u n re a c te d  hem oglobin. T his r e s u l t  su p p o rts  th e  f in d in g  o f  N agel and 

Gibson (20) who re p o r te d  th a t  b in d in g  to  h ap to g lo b in  by hem oglobin re q u ire d  

th a t  th e  hem oglobin d is s o c ia te  in to  d im ers .

The m o lecu la r w eigh t d i s t r i b u t i o n  o f  th e  polyhem oglobin, as measured 

by th e  a n a ly t i c a l  u l t r a c e n t r i f u g e ,  to g e th e r  w ith  th e  i n a b i l i t y  o f  h a p to g lo b in  

to  complex w ith  i t  o f f e r  a p ro b ab le  e x p la n a tio n  fo r  th e  lo n g e r s ta y  o f t h i s  

compound in  th e  c i r c u la t in g  p lasm a.
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A lthough th e  polyhem oglobln does n o t promote c o a g u la tio n , i t  does 

have a d e la y in g  a c t io n  on c o a g u la tio n , and th u s  may be e i t h e r  a good o r 

bad f e a tu re  o f  th e  m a te r ia l ,  depending on th e  c l i n i c a l  c irc u m sta n c e s .

F u r th e r  s tu d ie s  in  anim als w i l l  be n e c e ssa ry  b e fo re  th e  m a te r ia l  can 

be g iv en  a c l i n i c a l  t r i a l  fo r  absence o f  to x i c i t y  a t  h ig h e r dose le v e ls  

and fo r  i t s  a b i l i t y  to  r e le a s e  oxygen to  th e  t i s s u e s .
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