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ABSTRACT 

The molecular d issocia t ion of the  der ivat ives ,  carbonmonoxy-, 

oxy-, ferro-, and f e r r i - ,  o f  normal adu l t  hemoglobin has been s tudied 

at a pH of f ive ,  Of these  der ivat ives ,  ferrohemoglobin is l e a s t  d i s -  

socia ted while ferrihemoglobin is most extensively dissocia ted at  a 

given concentration. The apparent d issocia t ion constants  have been 

calcula ted and r e l a t ed  t o  the  ac id  dissocia t ion of the  ffHeme-linkedtt 

a c id  groups of these  der ivat ives ,  

Hemoglobins l abe l l ed  with carbon-14 have been prepared. Using 

C' l a b e l s  on one hemoglobin, t he  exchange of molecular subunits  has  

been studied a f t e r  d issocia t ion of mixtures of normal adu l t  and s i ck l e  

c e l l  hemoglobins at  ac id  and a lka l i ne  pH. Hemoglobin '$hybridsw, i n  

which one type of subunit is radioact ive  and the  o ther  no t ,  have been 

formed and isola ted.  These hybrids have been used i n  the  i den t i f i c a -  

t i o n  of the  polypeptide chain i n  which the  anomaly occurs i n  s i c k l e  

c e l l  hemoglobin. This anomaly was found t o  occur i n  the  f3 chains. 

The k ine t i c s  of  the  a chain exchange between the  two hemoglobins has 

been s tudied at  a lka l ine  pH. Presumptive evidence of the  mode of d is-  

soc ia t ion  at  t h i s  pH has been obtained. Preliminary inves t iga t ions  

a r e  reported on the i so l a t i on  o f  hemoglobin hybrids i n  which only the  

chains a r e  radioactive.  

Spec t ra l  data  f o r  severa l  der ivat ives  of  hemoglobin have been 

r e l a t ed  t o  a recent ly  adopted standard, The use of t he  ferroversenate 

ion i n  forming ferrohemoglobin from oxyhemoglobin is reported. 
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PART I 

DIFFERENCES I N  THE ACID INDUCED MOLEUZAR 

DISSOCIATION BEHAVIOR O F  SEVERAL 

DERIVATIVES O F  NORMAL 

ADULT HENOGLOBIN 



Introduction 

I n  1955 Fie ld  and OtBrien reported a decrease i n  t he  sedi- 

mentation coef f ic ien t  of  hunnan carbonmonoxyhemoglobin i n  solut ions  of 

pH below f i v e  (1). This decrease i n  sedimentation coef f ic ien t  w a s  

accompanied by an increase i n  the  d i f fus ion  coef f ic ien t ,  which sug- 

gested a dissocia t ion of t he  hemoglobin molecule i n to  a new species 

having half  the  molecular weight of the  o r ig ina l  hemoglobin molecule, 

Fie ld  and Ogston (2) concluded from considerations of t h e  r a t e  of 

boundary spread i n  the  ul t racentr i fuge t ha t  the  react ion w a s  revers- 

i b l e  and t ha t  the  dissocia t ion equilibrium w a s  established i n  l e s s  

than 200 seconds, It was l a t e r  demonstrated ( 3 )  t ha t  t h e  mass act ion 

expression obeyed by the  react ion w a s  given by: 

H I I H I I + H + - - - + H M ~ + H ~  (1) 

where Hh is a hemoglobin half  molecule. From s tud ies  of t h e  dependence 

o f  the  reac t ion  on protein concentration and hydrogen ion  concentration, 

apparent equilibrium constants were calculated. The constants were 

found t o  have a s c a t t e r  which could not be a t t r i bu t ed  t o  e r ro r s  in-  

herent i n  the  method of t h e i r  evaluation, Since ferrihemoglobin is 

rapidly  formed i n  carbonmonoxyhemoglobin solut ions  at ac id  pH (4) i t  

appeared possible t ha t  t he  s c a t t e r  i n  the  values found fo r  the  equi- 

librium constants w a s  due t o  contamination of  the  carbonmonoxyhemo- 

globin with ferrihemoglobin, Preliminary work indeed showed tha t  a t  

equal concentrations carbonmonoxyhemoglobin and ferrihemoglobin did  

d i ssoc ia te  t o  d i f fe ren t  extents  a t  pH 5.0. 
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It has been demonstrated (5) t h a t  c e r t a i n  a c id  groups i n  var i -  

ous hemoglobin der ivat ives  have ac id  dissocia t ion constants  which de- 

pend upon the  nature o f  the  bonding s t a t e  of  the  i r o n  i n  t he  heme, o r  

the  nature  of the  ligand bonded t o  the  heme group. The di f ference ob- . 

served i n  the  extents  of d issocia t ion of carbonmonoxyhemoglobin and 

ferrihemoglobin suggested t h a t  t h e  molecular d issocia t ion react ion of 

hemoglobin might a l s o  be wheme-Linkedll, A study of the  cor re la t ions  

between the  react ions  o f  a molecule with a s t r uc tu r e  as complex as 

t h a t  of hemoglobin can be i n s t ruc t i ve  i n  e lucidat ing r e l a t i v e  posi t ions  

of  reac t ive  groups i n  the  molecule, It is with this view i n  mind t h a t  

a study of  the  dissocia t ion proper t ies  of  severa l  de r iva t ives  of normal 

adu l t  hemoglobin was undertaken. 

Proe edure 

The method of study has been the  determination o f  the  sedi-  

mentation coe f f i c i en t s  of various der ivat ives  of  normal adu l t  hemoglo- 

b in  a s  a function of the  t o t a l  prote in  concentration at  a pH of 5.0. 

The der iva t ives  which have been s tudied a r e  carbonmonoxy-, oxy-, 

ferro-,  and ferrihemoglobin. These s tud ies  were ca r r i ed  out  at a pH 

of f i v e  because the  concentration range i n  which d i s soc ia t ion  occurs 

coincides with the  optimum range of prote in  concentration f o r  use o f  

the  sohl ieren o p t i c a l  of the  ul t racentr i fuge.  

It has been shown t h a t  the  measured sedimentation coe f f i c i en t ,  

S,  i n  a system i n  dissocia t ion equilibrium is given by (3):  

where S and S. a r e  the sedimentation coef f i c ien t s  of the  o r i g i n a l  
0 1 

species  and t he  products of  its d i ssoc ia t ion  respectively and a is the  



degree of dissociat ion.  The quanti ty f is the  r a t i o  o f  t he  molecular 

weight of  the  ith species produced i n  the  dissocia t ion t o  the  molecular 

weight of  the  o r i g ina l  materials.  For t he  case of d i s soc ia t ion  i n to  

subunits  having hal f  the  molecular weight of  t he  o r i g i n a l  mater ia l  t he  

expression f o r  the  sedimentation coef f i c ien t  becomes: 

where S is the  sedimentation coef f i c ien t  of the  ha l f  molecule. H 

Preparation of Materials  

Hemoglobin stock solut ions  were prepared from f resh ly  drawn 

red blood c e l l s  from normal adu l t  donor@. These c e l l s  were washed 

fourtgi-aes with isotonic  s a l i ne  solut ion;  and the  supernatant from each 

washing was removed using a suct ion pipet te .  The packed red blood 

c e l l s  from the  last wash were mixed with an equal volume of  d i s t i l l e d  

water and 0.4 volume of toluene. This mixture, red blood c e l l s ,  water, 

and toluene was shaken vigorously t o  rupture c e l l  w a l l s  and t o  e f f e c t  

complete l y s i s ,  The l y sa t e  was centrifuged fo r  15-20 minutes at 1800 

RPM i n  a c l i n i c a l  centr i fuge s f t e r  which the toluene and stroma were 

removed. The remaining hemoglobin solut ion was then centrifuged f o r  

1-2 hours a t  30,000 BPI4 i n  t he  Spinco Model L Ultracentrifuge t o  remove 

the  last t r a ce s  of stroma, 

To avoid any di f ferences  i n  the  behavior of  the  de r iva t ives  of  

hemoglobin due t o  the  e f f e c t s  of the technique used t o  prepare fer ro-  

hemoglobin, a l l  of  the  prote in  was i n i t i a l l y  reduced, then t rea ted  as 

necessary t o  prepare the o ther  derivatives.  The method of  Adams ( 6 )  

w a s  f i r s t  used t o  prepare ferrohemoglobin; t h i s  method was, however, 

abandoned because of the de le te r ious  e f f ec t s  of the  reducing agent 



sodium d i t h ion i t e  a f t e r  p a r t i a l  oxidation (7). 

It w a s  found t ha t  hemoglobin could be quan t i t a t ive ly  reduced 

by evacuation, The evacuation technique used was as follows: 

A stock solut ion of the  non-crystallized oxyhemoglobin was 
placed i n  a stoppered serum bot t l e ,  After placing t h i s  
serum b o t t l e  i n  a water bath held at  37*C,, a hypodermic 
needle connected t o  a water a sp i r a to r  was introduced i n t o  
the  b o t t l e  through its stopper, The evacuation of oxygen 
from the  b o t t l e  was car r ied  out  while swir l ing the  con- 
t e n t s  around to  avoid bubbling of the  solution,  After 15 
minutes the  evacuation was complete, a s  indicated by the  
change i n  color of the  so lu t ion  from a b r i l l i a n t  red to  a 
deep blue red, Before removal of the  a sp i r a to r  needle, 
ni trogen was introduced i n to  the  b o t t l e  t o  bring the  pres- 
sure  above the  solut ion t o  a point above atmospheric pres- 
sure. The concentration of t he  ferrohemoglobin so lu t ion  
w a s  determined using the  Brice-Pheonix Di f fe ren t ia l  Re- 
fractometer, The value of the  spec i f ic  r e f r ac t i ve  index 
increment w a s  taken as 0,00181, 

An a l iquo t  of the  above ferrohemoglobin solut ion w a s  dissolved 

i n  a deoxygenated Acetate-NaC1 buffer  (0.1 M NaOAc , 0,042 M HOAc , 
0.15 M NaC1) of pH 5,0, u = 0.25; this solut ion was of a concentration 

appropriate f o r  use i n  the  ul t racentr i fuge,  For sedimentation s tud ies  

on ferrohemoglobin, a port ion of t h i s  so lu t ion  was t ransferred,  using 

a hypodermic syringe, t o  an ul t racentr i fuge c e l l  which had been flushed 

out with nitrogen, Other port ions of t h i s  solut ion wese used to pre- 

pare the  oxy-, carb~nmonoxy-, and ferrihemoglobin solut ions  run i n  

the ul t racentr i fuge,  Oxyhemoglobin and carbonmonoxyhemoglobin solut ions  

wese prepared by blowing oxygen and carbon monoxide, respectively,,over 

portions, Ferrihemoglobin solut ions  were prepared by allowing a por- 

t i o n  of the  ferrohemoglobin solut ion of pH 5.0 to  stand f o r  24 hours 

under oxygen a t  room temperature. After 24 hours under these  condi- 

t ions  the  conversion to  ferrihemoglobin is 95% complete. 



Experimental Method 

A l l  sedimentation coef f i c ien t  determinations were made using 

the  Spinco Model E Ultracentrifuge,  operating at  speeds of 52,640 o r  

56,100 RPM. A t  these speeds of r o t a t i on  the  prote in  i n  a l l  cases  

moved through at  l e a s t  ha l f  the  length of t h e  c e l l  i n  th ree  hours run- 

ning time. In a l l  experiments two c e l l s  were used, one of which was 

f i t t e d  with a lo pos i t ive  wedge shaped window. The sch l ie ren  diagram 

corresponding t o  the  so lu t ion  i n  t h i s  c e l l  was displaced upward on the 

viewing screen of the  u l t racen t r i fuge ,  thus f a c i l i t a t i n g  simultaneous 

sedimentation experiments on i d e n t i c a l  o r  non-identical solut ions .  It 

was possible i n  t h i s  way t o  make a v i sua l  comparison o f  the  sedimenta- 

t i o n  behavior of  any two d i f f e r en t  hemoglobin der ivat ives .  

The sedimentation coe f f i c i en t ,  S, is defined as the  r a t e  of  

movement of  a dissolved molecule i n  un i t  cen t r i fuga l  f i e l d  (8): 

where x is the  posi t ion of the  molecule a t  time t and is the  angular 

veloci ty  of  the  u l t racen t r i fuge  rotor .  The r a t e  of movement of  a sedi-  

menting molecule i n  t he  bulk of a solut ion is taken t o  be the  r a t e  of  

movement of  the  boundary between so lu t ion  and solvent. Using the second 

form of the  equation fo r  S the  logarithm of the boundary posi t ion w a s  

p lo t t ed  as a function of the  time. The slope of t h i s  l i n e  divided by 

the  square of the  angular veloci ty  gives the sedimentation coef f i c ien t  

uncorrected f o r  t he  v i scos i ty  and bouyancy of the  solvent ,  It is con- 

venient t o  r e f e r  the  values of  t he  sedimentation coef f i c ien t  t o  a 

standard solvent ,  water a t  20°C, The sedimentation coe f f i c i en t s  were 

reduced t o  t h i s  standard by t he  use of the  equation: 



where : 

T = the  temperature at  which the  sedimentation experiment is 

ca r r i ed  out. 

T 
./Q = the  r e l a t i v e  v i scos i ty  of  the  solvent  a t  temperature T. 

w 

72 7 20 = the  v iscosi ty  of water a t  temperature T r e l a t i v e  t o  its 
w 

value at  20°C. 
- 
V = the  p a r t i a l  spec i f i c  volume of  the  sedimenting molecule. 

P = the  density of  the  solvent a t  temperature T. 
s 

p 20 = the  density of water at 20°C. 
W 

A l l  sedimentation experiments were ca r r i ed  out  a t  20°C, The 

r e s u l t s  of the sedimentation coef f i c ien t  determinations correspond 

therefore  t o  the  dissocia t ion equ i l i b r i a  a t  t h i s  temperature, 

The schl ieren o p t i c a l  system of the  u l t racen t r i fuge  was f i t t e d  

with a #29 Wratten f i l t e r ,  and the  schl ieren pa t t e rns  were recorded on 

Eastman 103-F Spectroscopic p la tes .  The boundary posi t ions  were taken 

as t he  posi t ion of the  perpendicular b i sec to r  of the  schl ieren peaks; 

i t  was not  found necessary t o  apply the  method of Goldberg ( 9 )  t o  the  

determination of the  boundary posit ion.  The boundary pos i t ions  were 

measured on enlargements of  the  photographic p l a t e s  such t h a t  a meas- 

ured 1 cm, corresponded t o  a d is tance  of 0.05 cm, i n  the  u l t racen t r i fuge  

c e l l .  
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Results 

It is seen i n  equation j t h a t  the  quan t i t i e s  required fo r  t he  

evaluation of the  degree of d issocia t ion a from the  measured sedimenta- 

t i o n  coef f ic ien t  S a r e  the  values of the  sedimentation coe f f i c i en t s  of  

undissociated hemoglobin and of the  hemoglobin half  molecules. To 

determine the  value of the  sedimentation coef f ic ien t  of undissociated 

hemoglobin, sedimentation measurements of carbonmonoxyhemoglobin were 

performed at  several  concentrations i n  a buffer of  pH 7 . 0 , ~  = 0.1 

(0,0286 M K ,HPO ,, 0.0143 M KH *PO ,). A t  the  concentrations chosen fo r  

these measurements the  hemoglobin is not appreciably dissocia ted;  

these measurements do show the  e f f ec t  of  the  t o t a l  prote in  concentra- 

t i on  on t he  sedimentation coeff ic ient .  I n  f igure  1 is seen a p lo t  of 

the  sedimentation coef f ic ien t  of carbonmonoxyhemoglobin against  con- 

centra t ion at  neu t ra l  pH, A t  zero concentration the  value of  the  sedi- 

mentation coef f ic ien t  of hemoglobin approaches t he  value 4.50 Svedbergs; 

this value is taken t o  be t he  sedimentation coef f ic ien t  of  undissociated 

hemoglobin. The concentration dependence of the  ac id  dissocia t ion of  

carbonmonoxyhemoglobin has been studied at  pH 5.0. I n  f igure  2 the  

sedimentation coef f ic ien t  o f  carbonmonoxyhemoglobin as a function of 

t o t a l  concentration is given at  pH 5.0. The value approached by the  

sedimentation coef f ic ien t  at zero concentration a t  t h i s  pH is 2.70 

Svedbergs. This value is taken t o  be the  sedimentation coef f ic ien t  of 

the  hemoglobin half  molecule. 

Since t he  values of t he  sedimentation coef f ic ien t s  of hemoglo- 

bin and the  hemoglobin half  molecule have been obtained from data 

extrapolated to  zero concentrationi i t  is necessary t o  cor rec t  t he  

measured sedimentation coef f ic ien t s  to  the  values which would obta in  



Fig u r e  1 
0 
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at i n f i n i t e  d i lu t ion.  It is seen i n  f igure  1 tha t  the  sedimentation 

coef f i c ien t  of  undissociated hemoglobin is 4.25 Svedbergs a t  a t o t a l  

concentration of 1%; i t  is assumed t h a t  the  contr ibut ion t o  the  t o t a l  

correct ion o f  the  measured sedimentation coef f i c ien t s  due t o  the  whole 

molecule w i l l  amount t o  0.25 ~vedbergs/% t o t a l  protein.  The lac to-  

globulin molecule has a f r i c t i o n a l  coef f i c ien t  and a molecular weight 

c lose  t o  t h a t  of t he  hemoglobin hal f  molecule. The e f f e c t  o f  the  t o t a l  

prote in  concentration on the  sedimentation coef f i c ien t  of  t h i s  mater ia l  

amounts t o  0,125 Svedbergsh t o t a l  prote in  (10). This same value has 

been assumed t o  hold f o r  the  hemoglobin hal f  molecule. 

I n  order t o  apply these  correct ions  t o  the  measured sedimenta- 

t i o n  coe f f i c i en t s ,  an approximate value of the  degree o f  d i s soc ia t ion  

w a s  ca lcula ted using the  experimentally determined sedimentation coef- 

f i c i e n t  i n  equation 3, Subs t i tu t ing  the  values of  t he  sedimentation 

coe f f i c i en t s  of  hemoglobin and the  hemoglobin hal f  molecule i n t o  t h i s  

equation and rearranging, t h i s  equation becomes: 

The values of  q obtained from t h i s  equation were used i n  an expression 

for SY, 2O 
the  correct ion to  be applied Co the  measured sedimentation 

coefficient*: 

The value o f  the sedimentation coef f i c ien t  obtained by adding t h i s  

increment t o  the  experimentally determined value i s  t he  sedimentation 

coef f i c ien t  corrected f o r  f r i c t i o n a l  e f fec t s .  I n  t ab l e  I a r e  given the  

r e s u l t s  o f  the  sedimentation coef f i c ien t  determinations f o r  hemoglobin 

der iva t ives  and the  values of  these quan t i t i e s  a f t e r  applying the  above 



Table I 

Measured Sedimentation Coefficients (S ) and Their 
w* 2 0  

Corrected Values (S:, 20) of Derivatives of  

Normal Human Hemoglobin at pH 5.0 

Ekpt. No. Derivative Concentration S S 
% w* 20 W, 20 

Carbonmonoxy 

Fer r i  

Carbonmonoxy 

Fe r r i  

Carbonmonoxy 

Fe r r i  

Ferro 

ow 
Ferro 

OXY 

Ferro 

0 XY 

Ferro 

Carbonmonoxy 

OXY 

F e r r i  

~ X Y  

FerWro 

OXY 

Ferro 

oxy 

Carbonmonoxy 



correction.  These corrected sedimentation coe f f i c i en t s  a r e  p lo t t ed  i n  

f igures  3 - 6 fo r  these  der ivat ives  a t  severa l  concentrations. 

I n  f igure  3 a r e  shown the  corrected sedimentation coe f f i c i en t s  

f o r  oxyhemoglobin at d i f f e r en t  concentration a t  pH 5.0, The g r ea t  

s c a t t e r  of  these  points  is probably due t o  the  extreme l a b i l i t y  of  

oxyhemoglobin t o  oxidation t o  ferrihemoglobin i n  ac id  solution.  I n  

f igures  4, 5, and 6 ,  a r e  shown the  corrected sedimentation coef f i c ien t s  

of  ferrihemoglobin, ferrohemoglobin, and carbonmonoxyhemoglobin, re- 

spect ively ,  a t  d i f f e r en t  concentrations, 

Of the  hemoglobin der iva t ives  shudied, it appears t h a t  at a 

given concentration a t  pH 5.0 the  sedimentation coe f f i c i en t  o f  fer ro-  

hemoglobin is grea te r  than t ha t  o f  the  other  materials ,  For example, 

i n  experiment 261 which was a simultaneous sedimentation experiment on 

the  der iva t ives  carbonmonoxy- and ferrohemoglobin at  0,7876 each, the  

corrected sedimentation coef f i c ien t  of carbonmonoxyhemoglobin i s  3.78 

Svedbergs while t h a t  of ferrohemoglobin i s  4.25 S, A di f ference i n  t he  

values o f  the  sedimentation coe f f i c i en t s  of  the  de r iva t ives  may a r i s e  

from dif ferences  i n  the  values of  the  f r i c t i o n a l  coe f f i c i en t s  of  t he  

mater ia ls ,  I n  t a b l e  11 a r e  shown the  r e s u l t s  of sedimentation coef- 

f i c i e n t  determinations on the  der iva t ives  ferro-, oxy-, and ferrihemo- 

globin a t  a pH of 7.0, It is seen t ha t  the  corrected sedimentation 

coe f f i c i en t s  of  these  der iva t ives  agree well with t he  value of the  

sedimentation coef f i c ien t  of  carbonmonoxy hemoglobin at  t h i s  pH, 

Shape fac to rs ,  therefore ,  do not  account f o r  the di f ferences  observed 

at  pH 5.0, I n  t a b l e I I S a r e  presented the  r e s u l t s  of  molecular weight 

determinations by the  method of Archibald (11) on ferrohemoglobin and 

oxyhemoglobin a t  pH 5.0, These molecular weights, though not  i n  
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Figure 5 
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Figure 6 



agreement with the  sedimentation coef f ic ien t  data  f o r  these  materials  

a t  pH 5.0 and at  the  concentration 0.5&, do show the  molecular weight 

of oxyhemoglobin to  be s ign i f ican t ly  l e s s  than t ha t  of ferrohemoglobin, 

Table I1 

Measured Sedimentation Coefficients (Sw,20) and Their 

Corrected Values (S;, 20 ) of Derivatives of 

Normal Human ~ e m o ~ l o b i n  a t  pH 7.0 

Derivative Concentration % 

266 Ferro O,86 4.24 4.46 

266 OXY 0.86 4,23 4.45 

267 Ferro 0.43 4.37 4.48 

267 OXY 0.43 4.34 4.45 

282 Fe r r i  0.27 4.40 4*47 

282 F e r r i  0.54 4.26 4,40 

Table I11 

Molecular Weights of Oxyhemoglobin and Ferrohernoglobin 
a t  Equal Concentration i n  Solutions of pH 5.0 

Expt, No. Derivative Concentration % Molecular Weight 

269 Ferro 0.56 64,600 

A su i t ab l e  parameter f o r  the  demonstration of any i n t r i n s i c  

di f ference i n  the  molecular d issocia t ion behavior of these  der ivat ives  

is the  apparent d issocia t ion constant K 
~ P P  ' 

For t he  purposes of these 

calcula t ions ,  i t  has been assumed tha t  the  dissocia t ion of hemoglobin 

der ivat ives  i n  acid  solut ion produces non-identical hal f  molecular spe- 

e i e s ' m ,  The apparent d issocia t ion constant K is, i n  t h i s  case: 
aPP 



I n  t h i s  expression MW 
undissoc . is the  gram molecular weight of  human 

hemoglobin, 66,800. The quanti ty a is  the  second approximation of 
2 

the  degree of d issocia t ion calcula ted using the  corrected values of  

the  measured sedimentation coef f i c ien t s  tabulated ( t ab l e  I )  i n  equa- 

t i o n  6. I n  t ab l e  I V  a r e  the  values of the  apparent d i s soc ia t ion  con- 

s t a n t s  fo r  t he  d i f f e r en t  der ivat ives  using the  data  of  t ab l e  H, 

It appears from the  apparent d issocia t ion constants  i n  t ab l e  I V  

t ha t  the re  is an e f f ec t  of the  nature o f  a hemoglobin der iva t ive  on 

the  extent  of d issocia t ion i n  acid,  From the  values o f  these  constants  

i t  may be seen t ha t  ferrihemoglobin d i s soc ia tes  t o  the  g rea tes t  extent  

while a t  the  same concentration ferrohemoglobin is l e a s t  dissociated,  

The s c a t t e r  of t he  sedimentation coef f i c ien t s  of  oxyhemoglobin seen i n  

f igure  3 is again manifested i n  the  dissocia t ion constants  ca lcula ted 

f o r  t h i s  material ,  Since the  values f o r  oxyhemoglobin f a l l  between 

those o f  carbonmonoxyhemoglobin and ferrihemoglobin, i t  appears t h a t  

the  l a t t e r  i s  the  contaminant i n  the  oxyhemoglobin experiments, 

Discussion of Results  

The "hemelinked" ac id  groups of hemoglobin der iva t ives  have 

been extensively invest igated (51, The ac id  dissocia t ion constants  

f o r  these  groups have been determined and found t o  vary from one de- 

r i v a t i v e  t o  another, Tabulated i n  t ab l e  V a r e  the  pK values of  these  
a 

groups i n  the  d i f f e r en t  der ivat ives .  Of i n t e r e s t  a r e  t he  pKa values 

o f  the f i r s t  hemelinked ac id  group,  fa^ t h i s  group would be most a f -  

fec ted at  pH 5,0 where the  molecular d issocia t ion react ion has been 
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Table I V  

Apparent Dissociation Constants of Derivatives of Normal 
Adult Hemoglobin i n  Ac-NaC1 Buffer pH 5,0, u = 0.25 

Ekpt. No. Derivative Concentration % K X 105 
aPP 

Ferro 

Ferro 

Ferro 

Ferro 

Ferro 

Ferro 

Fe r r i  

Fe r r i  

Fe r r i  

Fe r r i  

Carbonmonoxy 

Carbonmonoxy 

Carbonmonoxy 

Carbonmonoxy 

Carbonmonoxy 
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shown t o  be affected by the  nature of t he  hemoglobin derivative.  It 

has been shown tha t  the  molecular d issocia t ion react ion involves t he  

uptake of  a t  l e a s t  one proton fo r  each hemoglobin molecule dissociated 

(3). I f  the  f i r s t  hemelinked acid  group were the  group receiving this 

proton i n  the  dissocia t ion react ion,  i t  would be expected t ha t  the  

hemoglobin der ivat ives  would dissocia te  to  d i f f e r en t  extents  a t  pH 

5.0. Further, the  ferrohemoglobin would be l e a s t  d issocia ted s ince  the  

f i r s t  hemelinked acid  group i n  t h i s  material  is, at pH 5.0 only 64% 

protonated a s  opposed to  85% protonation of t h i s  group i n  the  o ther  

derivatives.  

Table V 

Hemelinked Acid Groups 

Hemoglobin Group One Group Two Group Three 
Derivative 

PKa PKa PKa 

Fe r r i  5075 6.68 8.01 

Carbonmonoxy (5.75)* (6.68)* 

Ferro 3-25 7.93 

*No values were found fo r  the  pKa values of car- 
bonmonoxyhemoglobin. Since the  i r on  is bonded covalently 
through d2s p3  bonds i n  both oxy and carbonmonoxyhemoglo- 
bin  i t  has been assumed tha t  t h e i r  pKa values a r e  equal. 

I n  order t o  reasonably compare the  change of the  pKa of t h i s  

f i r s t  hemelinked acid  group with the  change of the  apparent dissocia-  

t i on  constants of the  der ivat ives ,  the  negative logarithms of these 

quantitieshavebeencalculated. ThesepK v a l u e s a r e  shownin 
aPP 

t ab l e  V I .  It i s  seen t ha t  the  value of the  pK of ferrohemoglobin, 
aPP 

5.35 0.15, d i f f e r s  most from the  corresponding values f o r  the  other  
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der ivat ives ;  and a l so  the  pK values f o r  f e r r i - ,  oxy-, and carbon- 
aPP 

monoxyhemoglobin a r e  equal within the  l i m i t s  of  e r ro r ,  

Table V I  

Values of the  Negative Logarithms of  
Apparent Dissociat ion Constants of  

Hemoglobin Derivatives 

Hemoglobin Average K 
Derivative (x 1 0 ~ ) ~ ~ ~  PKaPP 

F e r r i  5.2 2 1.2 4.3 L 0-2 

OXY 3.1 2 0.9 4 - s ~  0 - 1 5  

Carbonmonoxy 2.4 2 0-8 4 - 6 = ~  0.1' 

Ferro 0-5  + 0.2 5 . 3 5 ~  0.15 

The ac id  constants of  the  hemelinked ac id  groups of hemoglo- 

b in  were determined by t i t r a t i o n s  of the  de r iva t ives  (5). There w a s  

no considerat ion made of the  molecular d issocia t ion of these  der ivat ives  

i n  ac id  so lu t ion  a t  the  time these  constants were evaluated. It is  

poss ible  t h a t  the  t i t r a t i o n s  r e f l e c t  not  only the  protonation of t he  

hemelinked ac id  groups but a l so  the  protonation of a c id  groups ex- 

posed t o  react ion by t he  dissocia t ion.  The di f ference between the  

pK values of ferrohemoglobin and the  other  der ivat ives  is there fore  a 

not d i r e c t l y  comparable t o  the  di f ferences  between the  pK value o f  
aPP 

ferrohemoglobin and the  o ther  materials ,  

It is s ign i f i c an t  t h a t ,  i n  the  t e r t i a r y  s t r uc tu r e  published 

f o r  horse hemoglobin (121, the  hemelinked h i s t i d ine  is seen t o  form 

the  bond between the  non-identical chains of t h i s  mater ia l ,  Human 

hemoglobin is known t o  d i s soc ia te  i n t o  non-identical subunits  i n  ac id  

so lu t ion  ( l g ) ,  and may be expected t o  have a s t r uc tu r e  similar t o  t h a t  

of horse hemoglobin. 



PART I1 

CARBON-14 LABELLED H B R I D S  OF NORMAL ADULT 

AND S I C K L E  CELL EEMOGLOBINS 



A. PREPARATION AND ISOLATION OF CARBON-14 

LABELLED HYBRIDS OF NOFZMAL ADULT AND 

SICKLE CELL HEMOGXQBIN 

Introduction 

The disease s i ck l e  c e l l  anemia has received much study s ince  

i t  was f i r s t  reported i n  the  medical l i t e r a t u r e  by Herrick (14) i n  

1910, Herrick described the  c l i n i c a l  manifestations of an individual  

a f f l i c t e d  with the  disease, Other workers have described t he  peculiar  

change i n  shape of the  red blood c e l l s  of such individuals  under con- 

d i t i ons  of decreased oxygen pressure and have noted the  r e v e r s i b i l i t y  

of  t h i s  change on returning the  pressure t o  normal. The r o l e  of 

oxygen and other  l igands on the  heme i n  a f fec t ing  t h i s  shape change 

has been studied qua l i t a t ive ly  and quant i ta t ively  f o r  many years. 

It was not u n t i l 1 9 4 9 ,  however, t ha t  the  peculiar  proper t ies  of these  

red blood c e l l s  were recognized a s  being due t o  an abnormality of the  

oxygen carrying pigment, hemoglobin (15 ) . 
I n  t h i s  work electrophoretic s tud ies  were done on the  hemoglo- 

bin from normal individuals and on t he  hemoglobin from persons who had 

the  disease  s i c k l e  c e l l  anemia (15). It w a s  found t h a t  there  exis ted 

mobility di f ferences  between the  two hemoglobins i n  the  region of t h e i r  

i s o e l e c t r i c  points. This mobility difference corresponded t o  a d i f -  

ference i n  net  charge of the hemoglobins. Since t h i s  discovery there  

have been i den t i f i ed  more than IjS di f fe ren t  human hemoglobins using 

the  electrophoretic technique and o thers  (16). 
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%he main emphasis i n  the study of these rqabnomalw'hemoglobins 

has been i n  the elucidation of chemical dis t inct ions between the s ick le  

c e l l  type and normal adult  hemoglobin. With the electrophoretic d i f -  

ference to  account for ,  the f i r s t  s tep  taken was a study of the heme 

groups of the two proteins (15). These s tudies  indicated no differences 

i n  the c rys t a l  structures of the prosthetic groups of the proteins, 

Further electrophoretic s tudies  of the globin ao ie t ies  from these hemo- 

globins showed tha t  i t  was i n  the polypeptide chains that  the anomalies 

were t o  be found, Tj t rat ion s tudies  were undertaken i n  an attempt to  

ident i fy the mino acid residues reajponsible for  the  difference i n  

charge of the proteins. Lack of sui table  sens i t iv i ty  of the t i t r a t i o n s  

obviated the success of t h i s  method, Total amino acid analyses (17) 

fa i led  also to  account for  the differences, These amino acid analyses 

did, however, point out the close s imilar i ty  of amino acid composition 

of the two heaoglobins, Ehd group analyses using the method of Sanger 

demonstrated that  the two hemoglobins were each composed of two d i f -  

ferent polypeptide chains, occurring i n  pa i rs  and having the same N- 

terminal sequences (17,18), Using combined paper chromatography and 

paper electrophoresis on hydrolysates of normal adult  and s ickle  c e l l  

hemoglobins Ingram (19) was able to  obtain charac t e r i s t i e  "fingerprints" 

of the two hemoglobins. Elution of the differ ing polypeptide spots  on 

the "Iingerprintsr8" and analysis of these peptides showed the dif-  

ference between the hemoglobins to  be due to  the subst i tut ion i n  

s ick le  c e l l  hemoglobin of a valine residue for  the glutamic acid resi-  

due found i n  normal adult  hemoglobin. This finding accounted quanti- 

ta t ive ly  for  the observed difference i n  electrophoretic mobility be- 

tween the two hemoglobins. 
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I n  h i s  work, Ingram found only 26 peptide fragments fo r  both 

normal adu l t  and s ick le  c e l l  hemoglobin apar t  from a t r yp t i c  hydrolysis 

r e s i s t a n t  "core". This number of peptides was s ign i f ican t  i n  the  sense 

t ha t  i t  demonstrated again the  ove ra l l  s im i l a r i t y  of  t he  two hemoglo- 

bins. With such outstanding s i m i l a r i t i e s  of the  two hemoglobins, t he  

pos s ib i l i t y  exis ted t ha t  the  anomaly w a s  confined t o  only a small 

region of  the s i c k l e  c e l l  molecule. It was known t ha t  the  two poly- 

peptide chains, designated as the  a and the  p chains,  of the  two hemo- 

globins had the  same N-terminal sequences, The work of Ingram, however, 

l e f t  unanswered the  question of the  chemical i den t i t y  of the  polypeptide 

chains having the  same composition i n  the  two hemoglobins, 

I n  Par t  I of t h i s  Thesis, mention has been made of t he  acid  

induced dissocia t ion of  human hemoglobin. After passing through a 

minimum i n  dissocia t ion i n  the  region of neu t r a l i t y ,  hemoglobin under- 

goes another d issocia t ion i n  a lka l ine  solut ion;  t h i s  molecular dissoci-  

a t i on  is more strongly dependent on the  hydrogen ion concentration (20). 

Knowing of the  acid  dissocia t ion of normal adu l t  and s i c k l e  

c e l l  hemoglobins, Singer and Itano (21) attempted t o  form lthybridstl of  

the  two hemoglobins by dissocia t ion of mixtures of t he  prote ins  fol -  

lowed by d i a ly s i s  t o  neu t ra l i ty ,  Free boundary electrophoresis  w a s  

done on these recombined mixtures. I n  explaining t h e i r  lack of  suc- 

cess  i n  forming new electrophoretic species,  these workers suggested 

t ha t  the  hemoglobins recombined asymmetrically such t h a t ,  even i n  the  

event of  chain exchange, no new electrophoretic species would be 

formed. It w a s  a t  t h i s  point t ha t  the  experiments reported i n  t h i s  

Thesis were begun. The f i r s t  attempts made i n  t h i s  invest igat ion at  

forming lfhybridsfv consisted i n  l abe l l i ng  one of the  hemoglobins with 



iodoacetic ac id ,  iodoacetamide, para-chloromercuribenzoic ac id ,  o r  

dimethylnaphthalene sulfonylchloride. Due e i t h e r  t o  l ack  of s u f f i c i e n t  

time f o r  chain exchange t o  occur o r  t o  unfavorable s t e r i c  e f f ec t s  o f  

these  l abe l s ,  none of these  ear ly  experiments c l e a r l y  demonstrated 

t h a t  chain exchange had taken place. It w a s  then decided t o  attempt 

hybridization experiments with radioact ively  l abe l l ed  hemoglobins. 

Indeed, t he  f i r s t  evidence of chain exchange between the  two hemoglo- 

b ins  i n  t h i s  work was obtained using C" l abe l l ed  normal hemoglobin 

and unlabelled s i c k l e  c e l l  hemoglobin. Because of the  po t en t i a l  uses 

of  su i t ab ly  ac t i ve  hybrid hemoglobins, a method w a s  developed f o r  pro- 

ducing and i s o l a t i n g  highly radioact ive  hemoglobin hybrids, i n  which 

only one type of subunit is radioact ive  and the  o ther  is subs tan t ia l ly  

inactive.  I n  the  course of  t h i s  work chain exchange has been observed 

a f t e r  d i s soc ia t ion  of hemoglobin mixtures i n  both ac id  and a lka l i ne  

solution.  

Procedure 

Since hemoglobin d i s soc ia tes  revers ib ly  i n  both ac id  and alka- 

l i n e  so lu t ion ,  hybrid hemoglobins have been formed a f t e r  d i s soc ia t ion  

under both conditions. Equimolar mixtures of carbonmonoxy s i c k l e  c e l l  

hemoglobin Hbs(CO), and carbonmonoxy adu l t  hemoglobin HbA(C0) were 

dialysed f o r  24 hours agains t  e i t h e r  an ac id  o r  a l ka l i ne  buffer  a t  

3@C. The ac id  buffer  was an ace t i c  acid-sodium ace t a t e  buffer  of  pH 

5.0 having the  composition: 0.042 N HAc, 0.10 M NaAc, 0.15 M NaC1.  

m e  a lka l i ne  buffer  was the  buffer  of  Hasserodt and Vinograd (20) 

having a pH of 11.0, and u  = 0.35 with the  composition: 0.033 M N a 2 H P O L ,  

0,0167 M Ha,POL, 0.15 M NaC1. After d issocia t ion of a mixture of  the  
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hemoglobins, the  materials  were dialyaed t o  a pH of 7.22, agains t  the  

buffer  specif ied as developer no, 1 by Allen, Schroeder, and Balog 

(22 ) .  This developer has the  composition: 0,024 M NaEL, PO, , 0.050 

M N a 2 H P 0 , ,  0.01 M KCH. The hemoglobin mixtures were separated chro- 

matographically on IRC-50 columns i n  equilibrium with t h i s  developer, 

I n  these experiments one of  the  hemoglobins i n  the  mixtures was 

uniformly label led with carbon-14 containing amino acids ,  Upon forma- 

t i on  of hybrids radioact iv i ty  was t ransferred to  t he  o ther  i n i t i a l l y  

non-radioactive hemoglobin, I n  experiments using radioact ive  s i c k l e  

c e l l  hemoglobin i t  was necessary to  remove the  f a s t  minor components 

from the  HbS before hybridization s ince  these minor components have 

the  same chromatographic proper t ies  a s  FhA (23). This was accomplished 

by chromatography of from 50 to  100 mg, of the  radioactive s i c k l e  c e l l  

hemoglobin on columns i n  equilibrium with developer no, 2, Only the  

major s i ck l e  c e l l  hemoglobin component recovered from these  columns 

w a s  Used i n  the  subsequent hybridizaL~on experiments. 

Preparation of Materials 

Unlabelled Normal Adult and Sickle  Ce l l  Hemoalobins 

The unlabelled hemoglobins were prepared from freshly  drawn 

red blood c e l l s  from e i t he r  normal o r  s i ck l e  c e l l  anemic donors, This 

procedure has been described i n  Par t  I of t h i s  Thesis. 

Uniformly Labelled Adult and Sickle  Cel l  Hemoalobins 

It was necessary t h a t  the  radioactive hemoglobins used i n  pre- 

paring hemoglobin hybrids be uniformly label led i n  the  a and the  p 

chains. It was a l so  desi rable  t ha t  the  amino acid  chosen f o r  the  

l a b e l  occur with high frequency i n  the  hemoglobin molecule t o  assure  
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t he  highest possible incorporation of rad ioac t iv i ty  i n to  the  hemoglobino 

A t  the  ou tse t  of t h i s  work nothing w a s  known of the  r e l a t i v e  composi- 

t i ons  of the  a and the  $ chains; i t  w a s  f e l t ,  however, t h a t  leucine 

would f u l f i l l  these two requirements. This w a s  a for tunate  choice fo r  

i t  has been shown by H i l l  and Craig (24) t ha t  there  is an equal number 

of leucine residues i n  the  two chains, The incorporation of C' -1- 

leucine thus assures  equal spec i f i c  a c t i v i t i e s  i n  both chains, 

Blood samples containing from 15% t o  66% re t icu locy tes  were 

obtained from donors having acquired hemolytic o r  s i c k l e  c e l l  anemias, 

After four washings of the  ret iculocyte-rich red blood c e l l s  with cold 

i so ton ic  s a l i ne  solut ion the  incorporation of the db-1-leucine w a s  

begun using a modification of the  procedure of  Borsook, e t  a1 (25) fo r  

the  incorporation of radioact ive  amino acids  i n to  rabb i t  hemoglobin, 

This procedure w a s  begun within two hours a f t e r  t he  red blood c e l l s  

were drawn, The complete incubation medium was prepared using the  

stock solut ions  described i n  Table V I I ,  The following amounts of these  

stock solut ions  were added t o  each 10 m l ,  of packed red blood c e l l s  

from the  last wash: 5.85 m l .  of amino acid  mixture without leucine,  

0.60 m l ,  of glucose solut ion,  1,2 m l o  glutarnine solut ion,  1.8 m l ,  o f  

NaHCOJ solut ion,  and l l ,7  m l .  of ferrous ammonium s u l f a t e  solution.  

To t h i s  mixture w a s  added 7 micromoles, 50 uc, of Nuclear-Chicago uni- 

formly labe l led  d -1-leucine dissolved i n  0.5 m l ,  NKM s a l i n e  solution.  

The complete incubation mixture was separated i n t o  2 m l ,  por- 

t i ons  i n  20 m l ,  beakers which were then placed i n  a Dubnoff Shaking 

Incubator under an atmosphere of 95% C0, -SOB2 . After incubation f o r  

four hours, t he  red blood c e l l s  were washed four times i n  cold isotonic  

s a l i ne  solution,  The supernatant solut ions  resu l t ing  from the  



Table V I I  

Solutions Required f o r  Incubations 

NKM Saline,  0.13 M N a C 1 ,  0,005 M KC1,  0,0075 M MgC1,. 
This solut ion was prepared using r e d i s t i l l e d  water, 

Glucose i n  NKM, 0.22 M Glucose i n  NKM sa l ine ,  This 
solut ion was prepared f reshly  fo r  each incubation. 

Ferrous Ammonium Sulfate.  0.01 M Fe(NH4 ) k  (SO,, I3 i n  NKM 
sa l ine ,  T h i s  so lu t ion  w a s  prepared f reshly  fo r  each in- 
cubation. 

Glutamine i n  NKM. 0.01 M glutamine i n  NKM sal ine .  This 
so lu t ion  may be prepared i n  quanti ty,  s tored frozen and 
thawed out as needed f o r  use, 

Sodium Bicarbonate, 0.27 M NaHC05 i n  r e d i s t i l l e d  water, 
This solution was prepared f resh  fo r  each incubation. 

Total  Amino Acid Solution. This solut ion contained the  
following amounts of amino ac ids  expressed as mg, per 
1000 m l ,  of NKM s a l i ne  solution:  1-alanine 180, l-argi-  
nine 100, 1-aspartic acid  380, 1-cysteine 50, glycine 
400, I -his t id ine  HC1.40 500, 1-hydroxyproline 150, l- 
isoleucine 52, (1-leucine 5Z), 1-lysine H C 1  330, 1- 
methionine 50, 1-phenylalanine 260, 1-proline 160, 1- 
ser ine  175, 1-threonine 200, 1-tryptophan 60, 1-tyrosine 
150, and 1-valine 370. This solut ion was heated to  a 
b o i l  t o  dissolve a l l  amino ac ids  a f t e r  which t he  pH w a s  
adjusted t o  7.0 with 5 M NaOH. This stock so lu t ion  w a s  
s to red  frozen i n  small l o t s  which were thawed out as 
needed f o r  incubations, For the  incubations i n  which 
d4-1- leucine  was incorporated i n t o  hemoglobin t h i s  stock 
solut ion was made up omitting 1-leucine, 

centr i fugat ion of each of these  washings was consolidated and disposedof 

with radioact ive  waste, The fur ther  preparation of the  radioact ive  

hemoglobins w a s  the  same as previously described i n  t h i s  Thesis. The 

resu l t ing  hemoglobin solut ions  were dialyzed against  four 2 l i t e r  

changes of d i s t i l l e d  water t o  remove the  last t races  of unincorporated 

d4-1-leucine.  Depending roughly on the  percentage of re t i cu locy tes  

i n  the  red blood c e l l s  incubated, the  spec i f ic  a c t i v i t i e s  obtained i n  

the  leucine l abe l led  hemoglobins ranged from l 9 O O  t o  10,000 cpm/mg, 



-29- 

The spec i f ic  a c t i v i t i e s  of hemoglobin samples from several  of these  

preparations a r e  given i n  t ab l e  V I I I ,  

Table V I I I  

Specific Act iv i t i es  of Hemoglobins 
i n  Several Preparations 

Material  9fo Reticulocytes Label Specif ic  Activity 
c pm/mg 

~b s 18.9 leucine 1660 

Hb A 40.0 leucine 7000 

Hb S 34,O leucine 2700 

Hb A 24,4 leucine 2800 

Hb A 66.0 Leucine 11000 

Hb S 18.9 Alga1,Hyd. 5 100 

Hb S 18.9 Methionine 112 

Hb S 18 , 9 Tryptophan 135 

Hb S 18.9 Fe 5 9 2660 

Hemoglobin was prepared using amino ac ids  other  than d -1- 

leucine. Also one preparation was made using an a l g a l  hydrolysate and 

one using pe5' as t he  label .  The spec i f ic  a c t i v i t i e s  obtained i n  these 

preparations a r e  a l s o  given i n  t ab le  V I I I ,  The de ta i l ed  method of 

preparation of  these label led hemoglobins is given i n  Appendix 111. 

The hemoglobins label led respectively with methionine and 

tryptophan were t o  be used i n  forming hybrids; t r yp t i c  d igest ion of 

these hybrids and f ingerpr int ing by the  method of Ingram (19) were 

planned, Radioautograms of the f ingerpr in t s  would show the  d i s t r ibu-  

t i on  of t h e  r e l a t i ve ly  r a r e  amino ac ids ,  methionine and tryptophan, 
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between the  a and the  $ chains. During the  course of t h i s  work, a re-  

por t  of the  successful  separation of the  a and t he  f3 chains and the  

amino ac id  analyses of the  individual  chains w a s  published (24), The 

program fo r  solut ion of the  problem using t he  methionine and tryptophan 

labe l led  hybrids w a s  therefore  abandoned. 

Chroma t o  graphy 

Preparation of  Resin fo r  Chromatoaraphy 

Two pounds of  IRC-50 Amberlite r e s i n  were t ransferred i n  a hood 

t o  a j a r  containing -16 l i t e r s  of d i s t i l l e d  water. The suspension of 

r e s i n  i n  water w a s  s t i r r e d  vigorously fo r  f ive  minutes using an e l e c t r i c  

s t i r r e r  a f t e r  which the  r e s i n  w a s  allowed t o  s e t t l e  and t he  supernatant 

decanted of f ,  This process was repeated a t o t a l  of four times. The 

p r ec ip i t a t e  from the  last wash with d i s t i l l e d  water was placed on a 

l a rge r  Buchner funnel and washed with 6 l i t e r s  of 4 N HC1. With the  

r e s i n  now i n  its acid  form i t  w a s  again washed with d i s t i l l e d  water t o  

remove excess HCl.  

The r e s i n  of the  correct  s i z e  f o r  use i n  the  chromatographic 

columns was separated and i so la ted  by the  hydraulic method of Hamilton 

(26), a s  described by Moore and S te in  (27). This method consisted i n  

the  d i f f e r e n t i a l  f l o t a t i on  of the  r e s i n  pa r t i c l e s  i n  a Corning 6400 

conical  separatory funnel. Pa r t i c l e s  of a s i z e  smaller than 250 mesh 

were removed by f l o t a t i on  a t  a flow r a t e  of 315 ml./min.; those of  a 

s i z e  from 250 t o  200 mesh were removed by f l o t a t i on  at  a r a t e  of 525 

ml,/min, The apparatus used i n  these separations w a s  previously c a l i -  

brated using r e s i n  pa r t i c l e s  of 200-250 mesh which had been separated 

by screening, 
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The r e s i n  pa r t i c l e s  of the  correct  s i z e  were changed i n to  the  

sodium form by suspension i n  2 M NaOH, Excess base was removed by 

suspending the  r e s i n  again i n  4 x 10 l i t e r s  of d i s t i l l e d  water. After 

the  last of these four suspensions, the  supernatant gave only a s l i g h t l y  

a lka l ine  react ion with universal  litmus paper. The r e s i n  w a s  then sus- 

pen(ied5nth.e chromatographic developer with which i t  w a s  to  be used, - 

Preparation of Columns fo r  Chromatoaraphy 

The chromatographic columns were prepared by t h e  method of 

Allen, Schroeder, and Balog (221, and were the  same dimensions as those 

of  these authors, The columns were equi l ibra ted at 6OC, by allowing 

approximately one l i t e r  of developer no, 1 t o  flow through the  r e s i n  

bed, 

Separation of Mixtures of Normal Adult and Sickle  Ce l l  Hemo~lobins 

Mixtures of the  two hemoglobins containing from 20 t o  50 mg, 

t o t a l  prote in  i n  2 to  3 m l ,  of developer no, 1 were layered on top of 

the  r e s in  beds of the  equi l ibra ted columns. The normal adu l t  hemoglo- 

bin  w a s  e lu ted at 6OC, reaching a maximum of concentration a t  22 m l ,  

e lua te ,  and t a i l i n g  of f  t o  inappreciable concentrat ions at  40 through 

50 m l ,  The flow of developer w a s  then stopped, a f t e r  which t he  tempera- 

t u r e  of  t he  jacketed columns w a s  ra ised t o  2 8 0 ~ .  Allowing from 15 t o  

20 minutes fo r  the  r e s in  t o  reach t h i s  temperature, the  flow of de- 

veloper w a s  again s tar ted.  The s i ck l e  c e l l  hemoglobin w a s  desorbed 

a t  t h i s  temperature, reaching a maximum of concentration a t  about 52  m l ,  

e luate ,  

The concentrations of the  chromatographic f rac t ions  were meas- 

ured spectrometrically with a Beckman Model DU spectrophotometer, The 

o p t i c a l  dens i t i e s  of t he  so lu t ions  were measured a t  the  wavelengths of 
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415 mu o r  539 mu, corresponding t o  absorption maxima of carbonmonoxy- 

hemoglobin; o r ,  i n  cases where i t  w a s  believed t h a t  t he  hemoglobin 

f r ac t i ons  were contaminated with ferrihemoglobin cyanide, the  measure- 

ments were made a t  the  carbonmonoxy-ferrihemoglobin cyanide i sobes t i c  

point ,  522 mu, 

Measurement of Radioactivity i n  Hemoglobin Samples 

The spec i f i c  a c t i v i t i e s  of hemoglobin samples and chromatographic 

f r a c t i ons  were measured using a Nuclear-Chicago gas flow Geiger counter ,  

Model D-47, equipped with a ffmicromilfl window. For counting, the  hemo- 

globin samples were placed on planchettes i n  volumes of 0.5 o r  1 , O  m l ,  

of  developer. The so lu t ions  were evaporated t o  dryness with a heat  

lamp before counting. Generally, no more than 0.5 mg, of  prote in  w a s  

placed on these  planchettes. A s  may be seen from f igure  7, no correc- 

t i ons  were required fo r  s e l f  absorption by the  hemoglobin. No correc- 

t i ons  were made f o r  absorption by the  buffer  salts s ince  these  were 

always present i n  constant amounts. 

Results  o f  Hybridization Experiments 

Early experiments indicated t h a t  hybrids were formed only a f t e r  

d i s soc ia t ion  at  ac id  pH, These experiments consisted i n  allowing mix- 

t u r e s  o f  C' -1-leucine l abe l l ed  normal adu l t  hemoglobin and i nac t i ve  

s i c k l e  c e l l  hemoglobin t o  stand at  pH 4,5 o r  1 1 , O  f o r  a time of one 

hour. After  d issocia t ion of the  mater ia ls  a t  the  respect ive  pH values, 

the  so lu t ions  were dialyzed agains t  a b a r b i t a l  buffer  of  pH 8.6, 

u = .01, The hemoglobins were separated by f r e e  boundary electropho- 

r e s i s  i n  the  Spinco Model H, current  8 m a  f o r  5 hours. Good resolu- 

t i o n  of the  hemoglobins was obtained i n  both the  ascending and descend- 

i ng  limbs, The hemoglobin samples were removed from the  regions 
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corresponding t o  the f a s t  and slow components using the  sampling mecha- 

nism of the  Spinco instrument. Due to  t he  small amount of pure normal 

adu l t  o r  s i c k l e  c e l l  helnoglobin which could be recovered by t h i s  method, 

i t  w a s  not possible t o  determine accurately the  amounts of hemoglobins 

ult imately counted. Attempts were made t o  count comparable amounts of 

the  two hemoglobins however. The r e s u l t s  of experiments of t h i s  type 

a r e  seen i n  t ab l e  IX. It may be seen t ha t  there  is an appreciable 

t rans fe r  of a c t i v i t y  t o  the  i n i t i a l l y  unlabelled s i ck l e  c e l l  hemoglo- 

b in  only a f t e r  d issocia t ion at  pH 4.5. 

Separations of the  hybridized mixtures of the  hemoglobins by 

f r ee  boundary electrophoresis  did not allow the  i so l a t i on  of useful  

amounts of hybrids and were abandoned i n  favor of chromatographic 

separations. I n  the  course of t h i s  work i t  was found t h a t  by allowing 

hemoglobin mixtures to  remain at pH 11.0 fo r  24 hours a t  3 O C .  a s ign i -  

f i c an t  t r ans f e r  of a c t i v i t y  to  the  previously unlabelled hemoglobin 

would occur. I n  these experiments the  hemoglobins were l abe l led  as 

described i n  t h i s  Thesis and were separated chromatographically as 

described. The r e s u l t s  of a typ ica l  hybridization experiment a f t e r  

d issocia t ion a t  pH 11.0 and the  chromatographic separation of the  hemo- 

globins i n  the mixture i s  seen i n  f igure  8. Also seen i n  t h i s  f igure  

a r e  the  r e s u l t s  of a chromatographic separation of an undissociated 

mixture of the same materials. The s i ck l e  c e l l  hemoglobin, uniformly 

labe l led  with @ 4 - ~ - ~ e u c i n e ,  and t he  unlabelled normal adu l t  hemoglo- 

bin used i n  these experimentswere subs tan t ia l ly  freed chromatographically 

of minor components p r io r  t o  these hybridization experiments. I n  

f igure  9 a r e  shown the  r e s u l t s  of chromatographic separations of d4-1- 

leucine l abe l led  normal adu l t  hemoglobin and unlabelled s i c k l e  c e l l  
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Table I X  

Hybridization of C' Labelled Normal Adult Hemoglobin 
with Unlabelled Sickle  Ce l l  Hemoglobin 

Net Activi ty Net Activi ty Tota l  Act iv i ty  
a p t o  No, Normal Adult Sickle  Ce l l  Expected 

(CPN (CPM) (CPM) 

hemoglobin i n  the  absence of hybridization and a f t e r  d i s soc ia t ion  at 

pH 5,0, I n  experiments using l abe l l ed  normal hemoglobin i t  w a s  not 

necessary t o  remove minor components p r i o r  t o  hybridization s ince  these  

minors do not  contaminate the  chromatograph of the  s i c k l e  c e l l  hemo- 

globin f rac t ion ,  Inspection of the  chromatograms of t he  hybridized 

mixtures and comparison with the  chromatograms of t he  unhybridized 

mixtures show tha t  the re  a r e  no new chromatographic species  formed as 

the  r e s u l t  of  chain exchange,* Observed, however, is a t r an s f e r  of  

rad ioac t iv i ty  i n t o  the  i n i t i a l l y  unlabelled hemoglobins as a r e s u l t  of  

the  dissocia t ions ,  

I n  t ab l e  X a r e  summarized t he  r e s u l t s  of  severa l  hybridization 

experiments, Experiments 1 - 7 show the  r e s u l t s  of chain exchange 

a f t e r  a l ka l i ne  dissocia t ion,  while experiments 10 - 13 show the  re- 

s u l t s  of  subunit exchange a f t e r  ac id  dissociat ion.  Experiments 8, 9, 

*The chromatography protocol shee t s  from which t he  data  of  
these  f igures  were taken a r e  presented i n  Appendix IV. 







Table X 

Results of  Hybridizakion Experiments 

Expt . Specif ic  Activi ty Specif ic  Activi ty Percent 
pH No . of Reactants of Products Hybridization 

HbA HbS Hb A HbS 

*Only samples of the  most concentrated chromatographic frac-  
t i ons  of  the  products were counted. 

**Only the  resu l t ing  HbS hybrid was assayed f o r  rad ioac t iv i ty ,  

***This hemoglobin mixture was allowed t o  remain at  pH = 5.0 
f o r  5 days. 

and 1 4  demonstrate the  r e s u l t s  of chromatographicseparations of undis- 

socia ted hemoglobin mixtures, The spec i f i c  a c t i v i t i e s  given i n  t h i s  

t a b l e  a r e  the  averages of  spec i f i c  a c t i v i t i e s  of hemoglobin samples 

from chromatographic f rac t ions  containing more than 0,2 mg. ~b/ml ,  

Singer and I tano (13) have pointed out  t ha t  t r an s f e r  of one 

quar te r  of the  t o t a l  a c t i v i t y  i n t o  the  i n i t i a l l y  i nac t i ve  hemoglobin 

is presumptive evidence of the i den t i t y  of one ha l f  of  the  adu l t  and 
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s i ck l e  c e l l  hemoglobins, The t rans fe r  of t h i s  amount of a c t i v i t y  t o  

the  i n i t i a l l y  unlabelled hemoglobin a f t e r  d issocia t ion of equimolar 

mixtures of the two hemoglobins represents complete hybridization. The 

percentage hybridizations tabulated i n  t ab le  X have been calcula ted 

assuming a r a t i o  of spec i f i c  a c t i v i t i e s  i n  the  products of three  t o  

one (211, 

Significance of Hybridization of Radioactive Hemoglobins 

Hybridization of hemoglobins using C' label led hemoglobins 

is an important t o o l  fo r  the  i den t i f i c a t i on  of i den t i ca l  o r  compatible 

subunits  i n  the  d i f fe ren t  hemoglobins. It has been used i n  t he  e luci -  

dation of the  gross s t ruc tures  of f e t a l  hemoglobin (28) and hemoglobin 

"Hu (29). The hemoglobin hybrids themselves a r e  of s ign i f ican t  use i n  

many types of experiments. These materials  contain one type of sub- 

un i t  which is radioact ive  while the  other  is not, I n  the  next sect ion 

of t h i s  Thesis w i l l  be described the  manner i n  which use has been made 

of C1 4-l-leucine label led hybrids i n  the  i den t i f i c a t i on  of the  chain 

containing the  anomaly i n  s i c k l e  c e l l  hemoglobin. It i s  possible,  

using a hybrid, to  follow the  exchange of a spec i f ic  subunit between 

other  major hemoglobins o r  minor hemoglobin components. Radioauto- 

graphy of "fingerprints" of an a l g a l  hydrolysate label led hybrid would 

afford the  i den t i f i c a t i on  of  a l l  peptides emanating from a spec i f ic  

chain. Sequence s tud ies  could be done on the  individual  chains,  using 

t h i s  mater ia l ,  without t he  necessi ty of separating them. 



B, THE 1DE;NTIFICATION OF THE ABERRANT CEIAIN 

I N  SICKLE CELL HEXOG~BIN 

Introduc t i on  

The formation of hybrids, o r  the  exchange of subunits ,  i n  the  

normal adul t -s ickle  c e l l  hemoglobin system is  presumptive evidence of 

t he  i den t i t y  o r ,  at l e a s t ,  the  compatibility of subunits  i n  the  two 

hemoglobins. The apportionment of radioact iv i ty  between t he  hemoglo- 

bins  i n  a hybridized mixture suggested t h a t t h e  un i t  t r ans fe r r ing  had 

a molecular weight one-half t ha t  of t he  hemoglobin molecule, Hybrid 

formation alone, though, affords  no knowledge of t he  nature  of the  

subunit t ransferred,  A t  the  time these hybridization experiments were 

done, the  N-terminal sequences of  the  a and t he  f3 chains of both hemo- 

globins were known (17). The a chains were known to  terminate i n  the  

sequence val-leu, and the  p chains i n  t he  sequence val-his-leu. 

Proc edure 

Since the  hemoglobins were label led with leucine,  assessment 

of rad ioac t iv i ty  i n  the  terminal peptides of a hybrid hemoglobin, i n  

which only one type of subunit w a s  radioactive,  allowed iden t i f i c a t i on  

of the  t rans fe r r ing  subunit,  The nsn-transferring subunit therefore  

contained the  anomaly found by Ingram (19). 

Preparation of Materials 

For t he  i den t i f i c a t i on  of t he  aberrant subunit i n  s i c k l e  c e l l  

hemoglobin two hemoglobin hybrids were prepared. I n  one case C1 -1- 
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leucine  l abe l l ed  normal adu l t  hemoglobin (7000 cpm/mg, ) w a s  hybridized 

with i nac t i ve  s i ck l e  c e l l  hemoglobin a f t e r  d issocia t ion at  a pH of  5.0, 

thus forming a s i c k l e  c e l l  hemoglobin hybrid. The second hybrid w a s  

formed a f t e r  d issocia t ion of minor f r e e  d4-1- leucine  l abe l l ed  s i c k l e  

c e l l  hemoglobin with inac t ive  normal adu l t  hemoglobin a t  pH l l o O ;  t h i s  

hybrid w a s  a normal hemoglobin hybrid, I n  both cases  only t he  chromato- 

graphic f r a c t i ons  of highest concentration i n  the  respect ive  hemoglo- 

b ins  were consolidated f o r  the  end group i so la t ions .  The hybrids were 

concentrated by centr i fugat ion of t h e i r  so lu t ions  f o r  24 hours i n  t he  

No. 30 r o t o r  of the  Spinco Model L Ultracentrifuge at  27000 E M .  Ap- 

proximately 100 mg, of the  appropriate inac t ive  c a r r i e r  hemoglobins 

were added t o  the  resu l t ing  concentrated solut ions;  t h i s  w a s  done t o  

f a c i l i t a t e  the  N-terminal peptide isola t ions ,*  The N-terminal peptides 

were prepared and i so l a t ed  by t he  method of Rhinesmith, Schroeder, and 

Martin (18). 

The dinitrophenylated peptides were estimated spectrophoto- 

metr ica l ly  i n  an acetone solvent ,  Aliquots of these  so lu t ions  were 

layered i n t o  planchettes and evaporated t o  dryness, I n  the  assessment 

o f  the  a c t i v i t y  50,000 counts were taken on each sample, 

Results  

Activi ty measurements were done on the dinitrophenylated termi- 

n a l  peptides from both chains. These mater ia ls  were DNP-val-leu from 

the  a chains, and DNP-val-his-leu from the  $ chains, I n  order  t o  e s t i -  

mate t he  amount o f  a c t i v i t y  i n  these peptides which could be a t t r i b u t e d  

*I wish t o  thank D r ,  W, A, Schroeder and M i s s  Joan Balog f o r  
carrying out  these  N-terminal peptide i so la t ions .  



t o  contamination of the  peptides,  measurements of the  rad ioac t iv i ty  i n  

two o the r  components, di-DNP-val-his and d in i t r oan i l i ne ,  i so l a t ed  from 

the  DNP-globin hydrolysates were made. These components, which con- 

ta ined no leucine,  give an idea  of the  pur i ty  of the  leucine  containing 

terminal  peptides. In t ab l e  X I  a r e  shown the  r e s u l t s  of  t h i s  inves t i -  

gation. It is seen t h a t  the  dinitrophenylated peptide from the  a chains,  

DNP-val-leu, is s ign i f i can t ly  radioact ive  i n  both hybrids, while t h a t  

from the  a chains,  di-DNP-val-his-leu, is subs tan t ia l ly  inact ive .  

Table X I  

Act iv i ty  of  Components I so la ted  from Dinitrophenylated 
Hemoglobin Hybrid Hydrolysates 

Material  Hybrid HbS* from Hybrid HbA* from 
HbS and WbA* HbS* and HbA 

cpm/u mole u moles cpm/u mole u moles 

d in i t r oan i l i ne  0.6 2-79 0.2 5-56 

It therefore  appears t h a t  exchange of the  a chains alone occurs 

a f t e r  hybridization a t  e i t he r  a c id  o r  a lka l ine  pH. The non-transfer- 

r i n g  6 chains must contain the  amino ac id  subs t i tu t ion  which confers 

upon s i c k l e  c e l l  hemoglobin its pecul iar  propert ies.  

Discussion 

The i den t i f i c a t i on  o f  the aberrant  chain i n  s i c k l e  c e l l  anemia 

hemoglobin suggests a more desc r ip t ive  system of nomenclature f o r  the  

abnormal hemoglobins. We may ass ign the  designation a&, t o  normal 
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adu l t  hemoglobin. From the  preceding, i t  has been shown t h a t  the  anomaly 

i n  s i ck l e  c e l l  hemoglobin occurs i n  the  P chains. We may therefore  as- 

s ign the  designation of a p ~ :  to  t h i s  material ,  the  lack of superscr ipts  

indicat ing t ha t  a subunit i s  common to  normal adu l t  hemoglobin. This 

system has been extended t o  f e t a l  hemoglobin which has a chains which 

a r e  common t o  normal adu l t  hemoglobin, and chains (30) which have 

N-terminal peptides d i f fe ren t  from those of the  a and @ chains. Fetal 

hemoglobin is therefore designated as aZYZ (28). Hemoglobin "Hi! has 

been shown t o  be a tetramer of @ chains which a r e  i d e n t i c a l  t o  those 

of  normal adu l t  hemoglobin; its designation is therefore  P I  (29). A s  

more subunits  of abnormal hemoglobins a r e  i den t i f i ed  t h i s  system may 

be extended. 



C, THE KINETICS OF SUBUNIT EXCHANGE I N  THE ADULT-SICKLE 

CELL HEMOGWBIN SYSTEM AND THE MODE OF DISSOCIATION 

OF HEMOGl3BIN AT pH 1 1 , O  

Introduction 

Hybrid formation using radioact ive  l abe l s  gives no evidence of 

the  mode of d issocia t ion of the  hemoglobins, These experiments show 

only t he  mode of recombination of whatever subunits  a r e  formed i n  t he  

d i s soc ia t ion  reaction,  I n  the  preceding sect ion of t h i s  Thesis i t  has 

been shown t h a t  only the  a chains a r e  exchanged a f t e r  d i s soc ia t ion  o f  

hemoglobin mixtures a t  e i t he r  ac id  o r  a l ka l i ne  pH, This exchange of a 

chains may occur by e i t h e r  of two mechanisms: 

Using radioact ive  l abe l s  i n  one of the  reac tan t s  would lead i n  both 

cases t o  Che same apportionment of a c t i v i t y  i n  the  products, 

The exchange of or chains i n  the  adul t -s ickle  c e l l  hemoglobin 

system is analogous t o  the  isotopic  exchange reaction:  
i 

AX + BX* - AX* + BX (8) 

where X* is a radioact ive  isotope l a b e l  which can exchange with the  

noraal  i sotope X, The r a t e  l a w  f o r  such an exchange is well known (31) 

and is given by: 

2.303 log xoo/(xoo - x)  = (R/ab)(a + b ) t  



where 

a = (AX) + (AX*) 

b = (BX) + (BX*) 

x = (AX*) at time t ,  and 

x = (AX* at  time t = oo 
00 

The q u m t i t y  R is the  gross r a t e  o f  exchange of X,  whether of  l i k e  o r  

of  d i f f e r en t  isotopes,  A more convenient form of equation 9 f o r  the  

a chain exchange i n  the normal adul t -s ickle  c e l l  hemoglobin system is: 

-log ( 1  - Percent Hybridization/100) = (R/ab) (a  + b ) t  

The der ivat ion of t he  r a t e  law f o r  i sotope exchange requ i res  

no assumptions of the  de ta i l ed  mechanism by which the  exchange occurs, 

It is possible,  however, t o  use o ther  information with k ine t i c  s tud ies  

t o  ob ta in  presumptive evidence of the  mode of subunit exchange i n  the  

normal adul t -s ickle  c e l l  hemoglobin system. 

Experimental Procedure 

Normal adu l t  hemoglobin w a s  l abe l l ed  with 1-leucine as described 
i 

before i n  t h i s  Thesis, The spec i f i c  a c t i v i t y  found i n  t h i s  hemoglobin 
5 

preparation was 2800 cpm/mg, Sickle  c e l l  hemoglobin w a s  a l s o  prepared 

as described previously, Since l abe l l ed  normal hemoglobin was used it 

w a s  not necessary t o  remove the  minor components from e i t h e r  hemoglo- 

bin. 

Normal adu l t  hemoglobin l abe l l ed  uniformly with d4-1- leucine  

and unlabelled s i ck l e  c e l l  hemoglobin i n  separate d i a l y s i s  tubes were 

dialyaed agains t  two changes of t he  phosphate buffer  previously described 

of pH 11,O. The d ia lysa te  w a s  changed twice over a twenty-four hour 

period, After  t h i s  d i a ly s i s ,  1.5 mg. each of the  respective hemoglobins 
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were mixed and allowed to  stand a t  5OC, f o r  varying lengths  of time, 

A t  t he  end of the  a l l o t t e d  react ion time t he  mixtures were brought t o  

neu t r a l i t y  by quenching with a 2,8 molar phosphate buffer  of pH 6.8, 

t h i s  being the  buffer  of Drabkin ( 3 2 ) .  These so lu t ions  were then 

dialyoed fo r  twenty-four hours against  two changes of the  chromato- 

graphic developer no, 1. The hemoglobins were separated as before by 

chromatography. The chromatographic f rac t ions  were assayed as before 

f o r  t r ans f e r  of radioact iv i ty ,  

Results  

I n  order t o  determine the  amount of a c t i v i t y  ac tua l ly  trans- 

ferred to  t h e  s i ck l e  c e l l  hemoglobin i n  these experiments i t  was neces- 

sary  t o  determine the  res idual  a c t i v i t y  from the  normal hemoglobin 

e luted with t he  s i c k l e  c e l l  hemoglobin, For t h i s  purpose three  types 

of chromatographic runs were performed, the f i r s t  on a sample of a 

radioact ive  normal adul t  hemoglobin alone, The second of these ex- 

periments was with a mixture of the  two hemoglobins which had been 

car r ied  separately t o  pH 11.0, mixed and held at t h i s  pH f o r  s i x  

seconds, neutra l ized and then dialyzed against  developer no, 1, The 

t h i r d  of these blank experiments w a s  done on a mixture of t he  two 

hemoglobins made a f t e r  both hemoglobins had been separately at  pH 

11,0, neutra l ized,  and dialyaed separately against  the  chromatographic 

developer, I n  these three experiments, and the  ones done a f t e r  t h i s  

i n  the  ac tua l  k ine t ic  study, the  columns were warmed t o  2 8 0 ~ .  a f t e r  

exactly 50 m l ,  of developer had flowed through the  colwnns at  6OC. 

The per t inent  data  from these experimentsarsplotted i n  f igure  10, 

The spec i f ic  a c t i v i t i e s  of the  s i ck l e  c e l l  f rac t ions  were calcula ted 



Figure 10 



a f t e r  correct ion of the  gross a c t i v i t i e s  f o r  backgromd ~ c t i v i t y  and 

the  contamination due t o  adu l t  hemoglobin a s  deduced from t h i s  f igure.  

I n  the  k ine t i c  experiments spec i f i c  a c t i v i t i e s  were calcula ted 

f o r  each individual  s i c k l e  c e l l  hemoglobin chromatographic f rac t ion  by 

dividing the  ne t  a c t i v i t y  by the  weight of  hemoglobin counted. I n  each 

of these  experiments, a  weight average spec i f i c  a c t i v i t y  of  the  s i c k l e  

c e l l  hemoglobin f rac t ions  , 
ssc " was calcula ted using t he  equation: 

where w. is the  weight of the  ith frac t ion  of n f rac t ions  and Si is the  
1 

measured spec i f i c  of the  hemoglobin i n  the  ith fract ion.  Weight aver- 

age probable e r ro r s  of the  weight average spec i f i c  a c t i v i t i e s  were ca l -  

cula ted using the  equation: 

where A.  is the  di f ference between the  weight average spec i f i c  ac t iv -  
1 

i t y  and t h a t  of  the  ith fract ion.  The percentage hybridization was 

calcula ted by dividing the  weight average spec i f i c  a c t i v i t y  o f  the  

s i c k l e  c e l l  hemoglobin by the  weight average spec i f i c  a c t i v i t y  of  the  

non hybridized normal adu l t  hemoglobin (2820 100 cpm/mg.) and multi- 

plying by 400. The probable e r r o r  i n  the  percentage hybridization was 

calcula ted using the  equation: 

These values were used i n  the  ea l@ula t ion  of the  function 

log(1-percent hybridization/100) as a function of time allowed fo r  
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hybridization,  The r e s u l t s  of these calcula t ions  a r e  presented i n  

t ab le  X I I ,  I n  f igure  11 the function log(1-percent hybridization/lOO) 

resu l t ing  from these data is plot ted as a function of the  time. The 

v e r t i c a l  bars  represent the  probable e r rors  of t h i s  quant i ty  and the  

so l i d  l i n e  is  the  l e a s t  squares l i n e  through the  points ;  the  s lope of 

t h i s  l i n e  is 0.032/hour and its in te rcep t  a t  time zero is 0-0365. DUB 

t o  t he  nature of the  function plot ted,  t h e  logarithm of  di f ferences  of 

small numbers, considerable e r ro r  i s  encountered i n  the  regions of 

near complete hybridization; t h i s  is manifested i n  the  l a rge  e r ro r  

bars  a t  long times on the  plot .  

Discussion of Results 

By moving boundary electrophoresis  of mixtures of adu l t  car-  

bonmonoxy hemoglobin and s i ck l e  c e l l  ferrihemoglobin dissocia ted at  

pH 4.7 and recombined at  pH 6.8, Singer and Itano (13) have shown tha t  

the  ac id  dissocia t ion proceeds by mechanism (a). The products formed 

on recombination of t h e i r  mixtures indicated t ha t  the  bond between 

i den t i ca l  chains remained i n t a c t  during the  dissociation-recombination 

proe edure . 
Adult hemoglobin is completely dissociated i n to  half  molecules 

a t  a pH of 11.0 a s  shown by Hasserodt and Vinograd (20). Sedimentation 

coef f ic ien t  determinations on s i ck l e  c e l l  hemoglobin ind ica te  t h a t  it  

too i s  completely i n  the form of hal f  molecules at t h i s  pH. I n  t ab le  

X I 1 1  a r e  seen the r e s u l t s  of these measurements, I f  d issocia t ion at  

pH 11.0 proceeded by mechanism (a) i t  would be expected t h a t  complete 

hybridization would occur i n  shor t  time i f  a  mixture o f  t he  hemoglobins 

was dissocia ted at pH 11 and rapidly neutral ized.  The k ine t ic  r e s u l t s  



Table XI1 

Evaluation of the Function 
log(1 - Percent Hybridization/lOO) = log(1 - x) 

Time S 
SC 

Percent x 1 - x log(1 - x) Mean 
Hybridization 

0929 .071 -1.148 
24 hrs. 619 11 97.6 5 5.3 .876 ,124 -0.907 -0.950 

0823 -177 -0.752 

.622 .478 -0.321 

12 hrs. 339 + 7 48.7 + 3.5 .487 5 -0.289 -0.291 
.452 .548 -0.262 

.313 ,687 
3 hrs. 202 2 5 29.0 + 2.3 .290 .710 

.267 .733 



Figure 11 

Kinefics of oc Chain Exchange between Adult  and 
Sickle Cell Hemoglobins a t  pH = 11.0 

Half T ime=-10 Hou rs  

Time, Hours 



Table X I 1 1  

Sedimentation Coeff ic ients  o f  Adult and 
Sickle  Ce l l  Hemoglobins at pH 11.0 

Experiment No. C-568 

Rotor Speed-56,000 RPM, Solvent-Phosphate Buffer 
pH l l , O ,  u  0035, temperature 20aC. 

Material Conc en t ra t ion  

Sickle  c e l l  0.55% 2.58 2.65 

~ d u l t  0.55% 2.58 2,65 

of t he  chain exchange react ion at t h i s  pH obviate t h i s  mechanism. I n  

t ab l e  X I V  a r e  shown the  r e s u l t s  of attempted hybridizations a f t e r  mixing 

of the  two hemoglobins a t  ac id  pH f o r  shor t  times, followed by neutra l -  

i za t ion .  I n  these  experiments subs t an t i a l  hybridization takes  place. 

The ease with which hybrids a r e  formed i n  ac id  solut ion tends t o  r u l e  

out  the  pos s ib i l i t y  of  changes being required i n  the  t e r t i a r y  s t r uc tu r e  

of the  chains before exchange at  e i t h e r  pH, It thus appears t h a t  the  

d i s soc ia t ion  of hemoglobins i n  a l ka l i ne  so lu t ions  f i r s t  involves t he  

formation of i d e n t i c a l  subunits ,  followed by a  slow d i ssoc ia t ion  i n t o  

the  individual  chains,  i.e., mechanism(b). The slow s t e p  may be the  

S 
dissoc ia t ion  of ap, aB , o r  both. By mechaniam(b) the  pos s ib i l i t y  o f  

forming the  hybrid a2ppS ex i s t s .  However, i n  the  preceding sec t ion  of 

this Thesis i t  has been shown tha t  crchain exchange alone occurs. It 

S 
must be concluded t ha t  the  hybrid an@@ is not possible because of 

st e r i c  requirements. 

Several  types of experiments were attempted t o  confirm the  

mechanism implied by the  k ine t i c  r e su l t s .  

S tudies  on the  Carbonmonoxy-Ferrihemoalobin System 

An adapatat ion of  the  method of Singer and I tano i n  e luci -  

da t ing  the  mechanism of d i s soc i a t i on  of hemoglobin a t  a c i d  pH was 
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Table X I V  

Rapid Nix Experiments a t  Acid pH 

Expt. No, Materials 

RM 1 HbA and HbS* held 
together 20 min., 
pH 4.7 

RM 2 HbA* and HbS held 
together 20 min., 
pH 4.7 

RM 3 HbA and HbS* held 
together 10 sec., 
pH 4.7 

RM 4 HbA* and HbS held 
together 10 sec., 
pH 4.7 

RM5 HbA* and HbS held 
separately at  pH 
4.7 fo r  20 min., 
neutral ized 

RM 6 HbA and HbS* held 
together 1 hour at  
pH 4.7 

Specific Act iv i t i es  Percent 
of Products Hybridization 

HbA HbS 

attempted at  pH 11. This method predic ts  the  formation of two new 

electrophoretic species i n  t he  normal adul t  carbonmonoxy-sickle c e l l  

ferrihemoglobin system i f  the  react ion of chain exchange proceeds by 

mechanism ( a ) ;  and i f  i t  proceeds by mechanism (b), four new elect ro-  

phoretic species. For the  purpose of demonstrating t he  mechanism of 

the  a lka l ine  dissocia t ion react ion,  a normal adu l t  carbonmonoxy- 

ferrihemoglobin system w a s  used. This combination predic ts  the  forma- 

t i on  of one new electrophoretic species (actual ly  two new molecular 

species having equal charges) i f  the  react ion proceeds by mechanism 

( a ) ;  and i f  the  a chain exchange proceeds by mechanism (b) ,  three  new 
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electrophoretic species (four new molecular species,  two of which have 

equal charges ) . 
Normal adu l t  ferrihemoglobin w a s  prepared as described by 

Singer and Itano (13). Equimolar mixtures of normal adu l t  carbonmonoxy- 

and ferrihemoglobins were dialyzed fo r  24 hours against  the  phosphate 

buffer  of pH 11.0 to  allow the  chain exchange t o  occur, These mix- 

tu res  were then dialyzed for  24 hours against  the  potassium phosphate 

buffer  of I tano and Robinson (33) of  pH 6.8, u = 0.01 required f o r  the  

electrophoretic separation of the  materials  formed upon chain exchange. 

I n  a l l  cases the  ferrihernoglobin was se lec t ive ly  precipi ta ted from the  

solut ions ,  Determinations of the spectrum of the  supernatant solut ions  

revealed a 6% l o s s  of the  ferrihemoglobin from the  solutions.  

It was found t ha t  normal adu l t  carbonmonoxyhemoglobin and 

normal adul t  ferrihemoglobin cyanide could be dialyzed a t  pH 11.0 f o r  

24 hours, then dialyzed t o  pH 6.8 against  the  electrophoresis  buffer  

with no l o s s  of protein, Reaction of ferrihemoglobin with the  cyanide 

ion  r e s u l t s  i n  the  l o s s  of the  charge l a b e l  required fo r  t h e  e lect ro-  

phoretic separationso It w a s  not feas ib le  to  remove the  cyanide from 

the  hemoglobin; t h i s  procedure was therefore  abandoned. 

It i s  in t e r e s t i ng  to  consider the  s t a b i l i t y  conferred upon 

hemoglobin by compound formation of the  i ron  i n  the  heme. Sedimenta- 

t i on  coef f ic ien t  determinations were made on carbonmonoxyhemoglobin, 

ferrihemoglobin, and ferrihemoglobin cyanide at  equal concentration i n  

solut ions  of pH 10,4; these r e s u l t s  a r e  presented i n  t ab l e  X V .  Of the  

hemoglobin der ivat ives  studied i t  appears t ha t  ferrihemoglobin dis-  

soc ia tes  t o  the  g rea tes t  extent. It may be possible t ha t  the  dissocia- 

t i on  of the  ferrihemoglobin plays a r o l e  i n  the  denaturation of t h i s  



material  i n  the  a lka l ine  region, 

Table XV 

Sedimentation Coefficients of  Hemoglobin 
Derivatives i n  Alkaline Solution 

Buffer: Carbonate 
pH 10.4, A = 0.24 

Material Concentration 

298 Carbonmonoxy 0.50 3.96 4.06 

301 Ferricyanide 0.50 3.59 30 69 

Studies on Guanidinated Hemoglobin 

It was decided to  attempt t o  produce an e f f ec t i ve  charge l a b e l  

on the  hemoglobin by formation of guanidinium groups from the  lys ine  

residues i n  the  hemoglobin molecule. This l abe l  becomes e f fec t ive  i n  

the  region of pH 11.0. Guanidinated hemoglobin w a s  prepared i n  the  

following way (34) : 

A solut ion containing 1 gm. of 0-methyl isoruronium sul-  
f a t e  i n  15 m l .  t o t a l  voLume was t i t r a t e d  t o  appH of 11.0 
with NaOH, To t h i s  so lu t ion  w a s  added 1500 mg. of Normal 
adu l t  carbonmonoxyhemoglobin i n  a t o t a l  volume of 11.4 
m l ,  Before mixing, both solut ions  were cooled to  O°C. 
The mixture was allowed t o  stand f o r  three  days at O°C. 
After  t h i s  time the  solut ion w a s  dialyzed against  severa l  
changes of d i s t i l l e d  water to  remove excess 0-methyl 
isoruronium su l fa te .  

The resu l t ing  carbonmonoxy guanidinated hemoglobin w a s  c rys ta l -  

l i z a b l e  i n  the  2.8 molar phosphate buffer  bf pH 6.8 of  Drabkin, The 

spectrum of guanidinated carbonmonoxyhemoglobin was found t o  be iden t i -  

c a l  to  t h a t  of carbonmonoxyhemoglobin. It was found by t i t r a t i o n  t ha t  

25 of the  42 lys ines  of  the hemoglobin were guanidinated; the  guanidinated 
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hemoglobin binding 40 moles of base per molecule and carbonmonoxy 

hemoglobin binding 65 moles per molecule a t  pH 11,0, The r e s u l t s  of the  

t i t r a t i o n s  agree well with the r a t i o s  of electrophoretic mobi l i t ies  of 

the  guanidinated and non-guanidinated hemoglobins i n  a lka l i ne  solut ion 

( t ab l e  X V I ) .  Both hemoglobins give r i s e  t o  s ing le  boundaries i n  the  

electrophoretic c e l l  i n  t h i s  region, 

Two types of experiments were done with the  guanidinated hemo- 

globin. I n  one case guanidinated and non-guanidinated carbonmonoxy 

hemogXobins were dialyzed separately t o  pH 10.9 i n  the  electrophoresis  

buffer ,  mixed and immediately subjected t o  electrophoresis .  I n  t he  

second type of experiment, the  hemoglobins were dialyzed together i n  

t h i s  buffer  f o r  24 hours, then subjected t o  electrophoresis .  The re-  

s u l t s  of experiments of t h i s  type a r e  presented i n  t ab l e  X V I  and f igure  

12. I n  the  f igure  i t  is seen t ha t  a new component is formed i n  the  

mixtures of the hemoglobins dialyzed together, I n  t a b l e  XVI i t  is 

seea t ha t  the  mobility of the new component i s  intermediate between the  

mobi l i t ies  of the  guanidinated and non-guanidinated hemoglobins. Fur- 

t he r ,  i t  is seen i n  the  footnote t o  f igure  12 t ha t  the  a r ea  of the  

middle peak corresponding t o  the  new component is approximately equal 

t o  the  sum of the  decreases of a reas  of the  guanidinated and non- 

guanidinated hemoglobins. It therefore appears t ha t  the  new species 

has been formed from other  mater ia ls  i n i t i a l l y  mixed, 

These experiments were predicated upon the  premise t h a t  i n  the  

electrophoretic buffer  a l l  components were t o  be i n  the  form of half  

molecules. The electrophoretic components sought were the  half  mole- 

cu l a r  species  produced by hybridization: 
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Table XVI 

Expt . 
No. 

Electrophoretic Mobil i t ies of Guanidinated(HbGN1 and 
Non-Guanidinated(HbA) Carbonrnonoxyhemoglobins i n  

Carbonate Buffer, pH 1 0 . 9 , ~  = 0.20 

Materials 
Run 

Electrophoretic Mobil i t ies 
cm 2/sec. -volt x loS 

Left  (desc ending ) Limb Right (ascending) Limb 

1 H ~ A  alone 6,2 6.3 

2 H ~ G N  alone 303 3.6 

3 HbA and HbGN 6.1 
dialyzed together 5 e l  

3.9 

4 HbA and HbGN mixed 6.8 
immediately p r io r  4.4 
t o  electrophoresis  

5 HbA and HbGN 6.1 
dialyzed together 4.9 

3.6 

The discovery of an electrophoretic species having a mobility 

intermediate between the  guanidinated and non-guanidinated hemoglobins, 

however, does not resolve the  mechanism of chain exchange between the  

hemoglobins i n  favor of mechanism(b). Unlike non-guanidinated hemo- 

globin at pH 10.9 which i s  completely dissocia ted,  guanidinated hemo- 

globin is only p a r t i a l l y  dissociated i n to  half  molecules. This may be 

seen from the  r e s u l t s  of sedimentation s tud ies  made on the  two hemo- 

globins i n  the  electrophoretic buffer  of pH 10.9 ( t ab l e  XVII), These 

experiments were ca r r ied  out a t  low temperature t o  approximate t h e  

temperature conditions of the  electrophoresis  experiments. The mix- 

t u r e  of hal f  and whole molecules i n  the  electrophoretic separation 

confounds a c l ea r  in te rpre ta t ion  of the  resu l t s .  I f  the  new species  

formed is whole molecular, i t  is the  same new electrophoretic component 



Z G E N D  FOR FIGURE 12 

CARBONMONOXY HEBI0GIX)BIMS I N  ALKALINE SOLUTIONS 

Buffer: 0.10 N NaHCO,, 0.096 M NaOH 
pH 10.9, u = 0.20 

Current: 20 m a  
Voltage: 111 v o l t s  
Time: 288.9 min, 

Experiment Material 
Number 

Treatment 

1 HbA Dialyzed only against  buffer  

2 RbGN Dialyzed alone against  buffer  

3 HbA and HbGN Dialyzed together against  
buffer  

4 HbA and HbGN Dialyzed separately aga ins t  
buffer  and mixed immediately 
p r io r  to  elee t rophores is  

Rote: The r e l a t i v e  a reas  of the  schl ieren peaks of experiments 1, 
2, and 3 were calcula ted fo r  the  r i g h t  limbs. These r e s u l t s  were: 

HbA Hybrid HbGN 

Expt. 1 161 

Expt. 2 211 

Expt. 3 77 154 



Figure 12 

Electrophoresis of Guanidinated (HbGN) and Non- 
Guanidinated (H bA) Garbonmonoxyhemoglo bins at  

LEFT LIMB RIGHT LIMB 

I B 



which would r e s u l t  from chain exchange by mechanism (a):  

Hybrid - 
G G G G G G  2a,P2 + 2a 2P 2-M~~HAN~~M(a)+ 243 + aZP + a 2P + a 2P 

Table XVII 

Corrected Sedimentation Coefficients of Guanidinated 
and Non-Guanidinated Carbonmonoxyhemoglobins i n  

Carbonate Buffer, pH 10.9, u = 0,20 
Hb Conc, = 003gDh 

Expt, No. Material Temperature O C .  S 
W12 0 

so 
w,  2 0  

(3-557 HbGN 9.0 4eo3 4.13 

C-561 HbGN 3.5 4,12 4.22 

Conclusion 

Evidence has been presented which suggests t ha t  hemoglobin 

d i ssoc ia tes  i n  a lka l ine  solut ions  to  produce i den t i ca l  subunits, i.e,, 

a 2 P 2  - 2aB 

Singer and Itano have shown tha t  the  products formed on acid  dissocia-  

t i on  a r e  non-identical,  i , e , ,  

a2P2- a2  + 8 2  

The recently published t e r t i a r y  s t ruc ture  of horse hemoglobin (12) 

shows t ha t  t h i s  hemoglobin cons i s t s  of four polypeptide chains s i t ua t ed  

a t  the  corners of an i r r egu l a r  tetrahedron roughly. That human hemo- 

globin undergoes two types of d issocia t ion is  consis tent  with t h i s  

model. 



D, PREZIMINARY INVESTIGATION O F  THE ISOLATION OF 

HEMOGLQBIN HYBRIDS WELLED I N  THE $ CKAIEdS 

Introduction 

The hemoglobin hybrids formed on dissocia t ion of mixtures of  

normal adu l t  and s i ck l e  c e l l  hemoglobins a r e  l abe l l ed  only i n  t he  a 

chains, It would be des i rab le  t o  have hemoglobin hybrids i n  which the  

@ chains only a r e  radioactive,  Hybrids of t h i s  type would be very 

use fu l  i n  the  i den t i f i c a t i on  of abnormal hemoglobins having defects  i n  

the  cx chains. These l abe l l ed  hybrids could be hybridized with these  

hemoglobins and the  t r an s f e r  of $ chains could be ea s i l y  determined. 

For t h i s  reason these s tud ies  were begun, 

Proc edur e 

Acid hybridization of mixtures of normal adu l t  carbomonoxyhemo- 

globin and s i ck l e  c e l l  ferrihemoglobin produces the  species  a2P2, 

m s m  m s* 
a 2  P 2 ,  a 2$ , and a2P2 having the  r e l a t i v e  charges 0, 2 ,  4, and 6, 

respect ively ,  I f  uniformly l abe l l ed  normal adu l t  hemoglobin, prepared 

as described i n  t h i s  Thesis, were used i n  such hybridization experi- 

ments the  species  a:$2 would be radioact ive  only i n  the  $ chains. I f  

t h i s  mater ia l  were reacted with cyanide ion a f t e r  separation from the  

above mixture, it  could be used a s  a t r a c e r  i n  normal adu l t  hemoglo- 

b in  s ince  ferrihemoglobin cyanide has the  same charge a s  carbonmonoxy- 

hemoglobin, 
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Experimental Procedure 

Attempts were made a t  separating chromatographically the  mix- 

t u r e  resu l t ing  from the  hybridization of normal adu l t  carbonmonoxyhemo- 

globin and s i c k l e  c e l l  ferrihemoglobin. For these separations i t  w a s  

necessary t o  maintain the i n t eg r i t y  of the  charge di f ferences  between 

the  components of the  mixture, A new chromatographic developer, con- 

ta ining no cyanide w a s  used. This developer no, 1 OH had t he  composi- 

t ion:  0.024 M N a H 2 P 0 4 ,  0.050 M Na,KPO 4, 0.01 M KOH. 

Jacketed chromatographic columns were designed having r e s i n  

beds 70 cm. long. For these separations,  I R C  50,200-250 mesh, w a s  

again used. The columns were equi l ibra ted a t  ~ O C ,  by flowing 2 l i t e r s  

of developer no, 1 OH through them over a period of 2 days. The hemo- 

globin mixtures were layered on the  top of the  columns i n  a volume of 

three  m l ,  of the developer a f t e r  d i a l y s i s  against  t he  developer, The 

normal adu l t  carbonmonosyhemoglobin w a s  e lu ted i n  t he  f i r s t  95 m l ,  of 

e luate ,  A t  95 m l ,  the flow of developer through the  columns was 

stopped and the  temperature of the  jacketed columns ra ised t o  1 7 O C ,  

After  allowing 15-20 minutes f o r  the  columns to  reach t h i s  temperature 

m 
flow of the  developer was again begun. The component a2P2 w a s  e lu ted 

a t  17OC, within the  next 35 m l .  e luate ,  The flow through the  columns 

was again in terrupted and the temperature of the  columns ra i sed  t o  

28 oc , After allowing su f f i c i en t  time f o r  the  columns t o  reach t h i s  

temperature, t he  remaining protein w a s  eluted. 

Preparation of Materials 

Normal adu l t  hemoglobin and s i ck l e  c e l l  hemoglobin were prepared 

as described Before from the  red blood c e l l s  of normal and s i ck l e  c e l l  
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anemic donors, respectively. Sickle  c e l l  ferrihemoglobin w a s  prepared 

by react ion of 100 mg. of s i ck l e  c e l l  hemoglobin with a four fo ld  ex- 

cess  of potassium ferricyanide. This react ion was ca r r ied  out by mix- 

ing a 7 t o  100b solut ion of HbS with a K 3Fe(CN) 6 solut ion (4  mg. 

K3Fe(CN)6/ml. of 0.01 u K, Phosphate buffer  of  pH 6.8) at  0%. 

Equimolar mixtures of normal adu l t  carbonmonoxy and s i ck l e  c e l l  

ferrihemoglobins were dissociated by t he  methods of Singer and Itano 

(13). F i f t y  mg. of t o t a l  protein i n  3.0 m l ,  of H20 were mixed with 

3.0 m l .  of ace ta te  buffer  of pH 4.7, u = 0.2. These solut ions  were 

allowed to  stand at  pH 4.7 fo r  20 minutes a t  room temperature a f t e r  

which they were dialyzed against  cold chromatographic developer no, 1 

OH, 

Results 

Shown i n  f igure  13 a r e  the  r e s u l t s  of an electrophoretic sepa- 

r a t i on  of the recombination products of the  normal adu l t  carbonmonoxy- 

s i ck l e  c e l l  ferrihemoglobin dissociat ions.  It is seen t ha t  two new 

electrophoretic species appear as a r e s u l t  of or chain exchange. A 

charge di f ference of two between each component of the  mixture causes 

the  di f ference i n  electrophoretic mobility, 

I n  f igures  1 4  and 15 a r e  shown the  r e s u l t s  of  chromatographic 

separations of the  components i n  non-dissochated and dissocia ted mix- 

t u r e s  respectively,  From the  qual i ty  of these separations i t  appears 

t ha t  i t  is  feas ib le  to  separate chromatographically these components. 

Refinement of the  chromatographic procedure would perhaps afford a 

cleaner separation of the  components, I n  these experiments ne i ther  

of the  hemoglobins w a s  radioactive;  the  use of uniformly labe l led  normal 
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adul t  carbonmonoxy hemoglobin i n  the  dissocia t ion mixture would r e s u l t  

i n  formation of the  $ chain label led hybrid, 
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S P E C I F I C  EXTINCTION COEFFICIENTS (EE~ ) 

OF HFNOGLiOBIN DERIVATIVES 



SPECIFIC EXTINCTION COEFFICIENTS (J3?fm ) 

OF HEMOGLQBIN DERIVATIVES 

Introduction 

There has always exis ted much confusion i n  the  l i t e r a t u r e  re-  

garding the  speetrophotometric determination of hemoglobin concentra- 

t ions ,  Recently, however, the  National Academy of  Sciences-National 

Research Council has adopted the  value 11,5 fo r  the  ext inct ion coeff i -  

c i en t  a t  540 mu fo r  a solut ion of ferrihemoglobin cyanide containing 

1 milligram atom of i r on  per l i t e r , *  Calculation of the  spec i f i c  

ext inct ion coef f ic ien t  of ferrihemoglobin cyanide from t h i s  standard 

gives a value fo r  t h i s  quanti ty of 6,96. Spectrophotometric measure- 

ments have been done on several  der ivat ives  of  hemoglobin t o  r e l a t e  

t h e i r  ext inct ion coef f ic ien t s  to  the  adopted standard, 

Preparation of Solutions 

A stock solut ion of oxyhemoglobin containing approximately 2 

mg. hemoglobin/ml. was prepared, Exactly 20 m1 .  of t h i s  so lu t ion  was 

placed i n to  each of f i ve  25 m l ,  volumetric f l a sks  which had been 

f i t t e d  with serum b o t t l e  caps, 

Ferrohemoglobin was prepared from the  solut ion i n  one of these 

f l asks ,  which had been flushed of oxygen with nitrogen gas, To the  

contents of t h i s  f l a sk  were added 5.0 m l ,  0.01 M. sodium d i t h ion i t e  

i n  Na-Phos, buffer ,  pH 8.6. 



Ferrihemoglobin w a s  prepared by adding t o  the  so lu t ion  i n  

another f l a s k  1 m l *  K ~ F ~ ( C N )  6 solut ion (3 mg, K,F~(cN) ,j per ml, of 

0.2 M phosphate buffer  of pH 6,8). To t h i s  f l a sk  was added, fu r ther ,  

4 m l ,  of t h i s  same buffer. 

Ferrihemoglobin cyanide was prepared by adding t o  the  t h i rd  

f l a sk  1 m l .  of the  previously described K,Fe(CNI6 solut ion and 4 m l ,  

of developer no, 1, 

Oxyhemoglobin was prepared by blowing i n to  a f lask ,  to  which 

had been added 5.0 m l .  of pH 6.8 phosphate buf fe r ,  enough oxygen t o  

produce a posi t ive  pressure of oxygen. 

Carbonmonoxyhemoglobin was prepared i n  the  same way as oxy- 

hemoglobin except f o r  the  subs t i tu t ion  of carbon monoxide f o r  oxygen. 

Portions of the  above solut ions  were t ransferred,  using hypo- 

dermic syringes,  t o  stoppered Cary spectrophotometric c e l l s .  

The r e s u l t s  of these measurements a r e  seen i n  f igure  16, The 

ordinate  is given a s  the  spec i f ic  extinction coef f ic ien t  (E" ), the  lcm. 

op t i ca l  density given by a 1 cm. path through a 1% solution,  
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REDUCTION OF OXYHEMOGLOBIN USING THE FIGREOVERSENATE I O N  

The well known methods of formation of ferrohemoglobin from 

oxyhemoglobin, evacuation of oxygen, equ i l ib ra t ion  with i n e r t  gases, o r  

addi t ion of a chemical reducing agent, may cause a l o s s  of  prote in  from 

so lu t ion  because of denaturat ion o r  o ther  a l t e r a t i o n s  of the  hemoglobin 

molecule, The f i r s t  two methods, evacuation and equ i l ib ra t ion  with 

i n e r t  gases a r e  generally accompanied by extensive denaturat ion due t o  

the  formation of foams, With the  chemical reducing agent usual ly  used, 

sodium d i t h ion i t e ,  i n  forming ferrohemoglobin from oxyhemoglobin, the  

products of  decomposition have de le te r ious  e f f e c t s  on the  protein,* 

A complex salt such as sodium ferroversenate** would be ex- 

pected t o  be f r e e  from the  harmful e f f e c t s  accompanying sodium d i th io -  

n i t e  because of the  s t r uc tu r e  of  t h i s  mater ia l  and t h a t  of its oxida- 

t i o n  product. The pH range, 7-9, f o r  use o f  t h i s  reagent would not  

be harmful t o  t he  protein,  

Preparation of Ferrohemoalobin Solutions 

The reducing agent w a s  prepared i n  the  form of two so lu t ions  

which were mixed at  the  time of use. 

1, I n  one l i t e r  of  deoxygenated phosphate buffer  of  pH 7-0,  
u 0,10, w a s  dissolved 0-20 moles of the  tetrasodium salt 
of ethylenediamine-tetraacetic acid, The pH of the  
s o l ~ t i o n  was brought back t o  7.0 by t i t r a t i o n  with 6 N 
HC1, 

*DalzieX, K, , and 0 'Brien, J, R, P, , Biochem. J, , 49, XLVII- 
XLVIII (19.51). 

**I am g ra t e fu l  t o  Professor Normal Davidson f o r  suggesting the  
use of t h i s  mater ia l  as a reducing agent f o r  oxyhemoglobin, 



2,  I n  another l i t e r  of the  same deoxygenated phosphate buffer  
0.001 moles of FeC1, was dissolved. A prec ip i ta te  was 
observed to form. 

Equal volumes of solut ions  1 and 2 were mixed a t  room tempera- 

ture.  The prec ip i ta te  from solut ion 2 dissolved. Oxyhemoglobin was 

added t o  t h i s  solut ion to  form a one percent hemoglobin solution.  The 

react ion of the  ferroversenate ion with the oxyhemoglobin t o  form 

ferrohemoglobin required about f i ve  minutes fox completion, 

Results 

The spectrum of the  hemoglobin solut ions  r e su l t i ng  from the  

treatment o f  oxyhemoglobin with this reagent was iden t i ca l  t o  t ha t  of 

f er ro  hemo globin. 

Measurement o f  the  sedimentation coef f ic ien t  of ferrohemoglo- 

bin produced by t h i s  method indicated t ha t  no a l t e r a t i ons  had occurred 

i n  the  shape of the  molecule, 
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PREPARATION OF VARIOUSLY LABELLED BADLOACTIVE 

SICKU CELL HE1MOG.KlBINS 

A stock amino acid  solut ion w a s  prepared according to  the  data 

of t ab l e  V I I  of t h i s  Thesis excluding the  amino ac ids  tryptophan and 

methionine but including leucine. This stock solut ion w a s  broken up 

i n to  four 250 m l ,  portions which were used, respectively,  i n  the  pre- 

59 paration of hemoglobins label led with tryptophan, methionine, Fe , 
and, using an a l g a l  hydrolysate, with a l l  amino acids. 

Total  Amino Acid Solution fo r  Preparation of 1-Tryptophan Labelled 

Hemoglobin 

To a 250 m l .  portion of the  above tryptophan-methionine f r e e  

amino ac id  so lu t ion  w a s  added 12.5 mg, of 1-methionine. Radioactive 

d,l-tryptophan (50 uc, 2,2 mg. from Nuclear-Chicago) w a s  dissolved i n  

1 m l .  o f  NKM sa l i ne  solution.  To 1.29 m l .  of the  amino ac id  mixture 

without tryptophan was added 0.50 m l ,  of t h i s  solution.  

Total  Amino Acid Solution f o r  Preparation of 1-Methionine Labelled 

Hemoglobin 

To another 250 m l ,  portion of the  1-tryptophan-1-methionine 

f r ee  amino acid  stock solut ion w a s  added 1 5 , O  mg. of 1-tryptophan. To 

1029 m l .  of t h i s  solut ion w a s  added 0.50 m l .  of 17.05 uc/ml. (4.52 

uc/m mole) C ' '-methionine, 

Total  Amino Acid Mixture for  Preparation of ~e~~ Labelled Hemoglobin 

To 250 m l ,  of the  tryptophan-methionine f r ee  amino acid  mix- 

t u r e  w a s  added 15.0 mg. 1-tryptophan and 12.5 mg. of 1-methionine. To 



1.29 m l ,  of t h i s  t o t a l  amino acid  mixture w a s  added O,5O m l ,  of a 

59 Fe C 1  solution.  3 
Total  Amino Acid Mixture fo r  Preparation of Algal Hydrolysate Labelled 

Hemoglobin 

To the  l a s t  of the  250 m l ,  port ions of t he  tryptophan-methio- 

nine f r ee  amino acid  stock solut ion w a s  added 15.0 mg, tryptophan and 

12.5 mg. methionine. The contents of two tubes of Nuclear-Chicago 

c I 4  a l g a l  hydrolysate (2 x  0.51 mg.) were dissolved i n  1029 m l .  of the  

t o t a l  amino acid  mixture, To the  resu l t ing  solut ion were added 0.2 m l .  

of a C 41-leucine (50 uc , 0.75 mg. i n  1 m l .  NKM s a l i ne  solut ion)  solu- 

t ion ,  0.2 m l .  of a C &l-valine solut ion (0.10 uc Nuclear-Chicago 

~ ~ ~ 1 - v a l i n e ) ,  and O , 3  mg. of 1-phenylalanine. 

Preparation of Complete Incubation Media 

With one exception, t o  each of the  above complete amino acid  

mixtures were added the  following amounts of the  solut ions  l i s t e d  

below and described i n  t ab l e  V I I  of t h i s  Thesis. I n  the  solut ion 

prepared f o r  the  incorporation of ~e~~ the  addit ion of  the  ferrous  

ammonium s u l f a t e  was omitted. 

Glucose solut ion 

Glutamine so lu t ion  

NaHCO ;, solut ion 

0.13 m l .  

0,26 m l .  

0.39 m l ,  

FeAmSul solut ion O,63 m l ,  

Packed Sickle  Ce l l  Red Blood 
c e l l s  ( 1 8 , s  re t iculocytes)  2,00 m l ,  

The resu l t ing  four solutions were incubated as previously 

described. The variously label led s i ck l e  c e l l  hemoglobins were pse- 

pared from these  c e l l s  a l so  as previously described. 
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CHROMATOGRAPHY PRO'TOCOL SHEETS 

Tube 
No 

Mater ia l  Chromatographed: 25 mg, Normal Adult,  25 mg, S ick le  c e l l - c ' ~  

To ta l  Di lu t ion  Mg/ml Mg/ml Net CrJM 

O f  Volume Factor  
mu 0. D. Diluted Or ig ina l  Mg* f o r  a m t .  

Frac t ion  Fract ion  Fract ion  Counted Counted 

Speci f ic  
Ac tivi-ky 



Tube 
NO e 

Volume 
of  

Total 

Fraction 
Volume 

Dilution mu 0. D. D i lu t ed  Original  ~g 0 Net CPM spec i f i c  
Factor Fraction Fraction Counted for amto Activity 

Counted 



Material  Chromatographed: 

Tube 
Volume Total  Di lut ion 

Volume Factor 
Moo Fraction 

HbA-HbS*, Hybridization pH 1100 

25 mg. Normal Adult, 25 mg. Sickle  Cell-C1 4: Developer Noo 1 

Mg/ml Mg/ml 
lna 0 ,  D. Diluted Original  his Net CPM Specif ic  

Fract ion Fract ion 
amto Activi ty 

Counted Counted 



Tube 
Volume Total  Dilution 

Volume Factor 
No* Fraction 

Mg/m1 Mg/ml 
Diluted Original  Mg 

Net CPM Specific 
Counted 

Fraction Fraction 
for Activity 
Counted 



CI 

cll 

9 L 
r y n W c n " j w M V > o O u \ M  
~ 8 3 ~ 3 3 2 2 3 F : R  
o d d o d d d d d d d  



Tube 
No. 

Tota l  Di lut ion 
Volume Factor 

Frao t i o n  

Mg/ml Mg/ml 
Diluted Original  Mg 

Net CPM Specif ic  

Fraction Fraction 
for amto Activi ty 

Ounted Counted 



Tube 
No . 
11 ' 
12 ' 
13 ' 
14' 

15 ' 
16 

17' 
18 

19 ' 
20 ' 
30 ' 

Volume 
of 

Fraction 

0.43 m l ,  

0.43 m l .  

0.43 m l .  

0.43 m l o  

0.43 m l o  

0,43 m l .  

0043 m l ,  

0.43 m l .  

43,69 
44.02 

Total Dilution 
Volume Factor 

%/ml  
Diluted 
Fraction 

0.233 

0.232 

0 . 233 

0.227 
0.210 

0.192 

0 173 
0.150 

Mg/ml 
Original MgO foramt ,  Net CPM Specific Counted Counted Activity 
Fraction 



HbA-HbS , Hybridization pH 5 ,O 

Material  Chromatographed: 

Tube Total  Di lut ion 
Of  Volume Factor Fraction 

25 mg, Normal ~du l t -C1  4, 25 mg, Sickle  Ce l l ,  Developer No, 1 

Mg/ml Mg/ml 
mu 0. D, Diluted Original  Mg* Net CPM Specific 

Fraction Fraction Activity Counted Counted 



Volume Tube of 

No* Fraction 

Total 
Volume 

20.56 

20.90 
21.42 

21.85 
22.28 

22.71 
23.14 

23.57 
24.00 

24.43 
24.86 

25.29 
25.72 

26 .l5 

Dilution 
Factor 

1: 10 

1 : l O  

1 : l O  

1 : l O  

1 : 10 

1 : l O  

1 : l O  

1 : l O  

1 : l O  

1: 10 

1 : 10 

1 : l O  

1 : l O  

Mg/ml 
Diluted 
Frac t ion 

0,287 

0.315 
0.301 

0.253 
0.238 
0.210 

0.186 

0.152 
0.136 

0 123 

Mg/ml Net CPM 
'go for  amto Original Counted 

Fraction Counted 

2.87 .287 136,O 

3-15 315 151.7 
3-01 301 131 -7 
2.43 

2.381 
2.10 

1.86 .186 9903 

1.52 
1.36 

1.23 123 61.9 

Specific 
Activity 

457 
482 

437 



Volume 
Tube of 

No* Fraction 

Total Dilution 
Volume Factor 

W / m l  
Diluted 
Fraction 

0.086 

0.172 

0.209 

0 197 

0 e 175 

0.156 

0. 135 
0.121 

0.116 

0 095 

0.065 

Mg/ml 
Original  Mg 0 Counted 
Fraction 

Net CPM Specif ic  
for amto Activity 
Counted 
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1 , Human hemoglobin "B" has been shown t o  be a t e t r a a e r  of f3 

chains (1). Ro natural ly  occurring hemoglobin consis t ing of four a 

chains has been iden t i f i ed .  A method is  proposed f o r  productng a 

nat ive  hemoglobin which is composed en t i r e ly  of  a chains, 

A s  Singer and Itano (2) have shown, normal a4u l t  carbonmonoxy 

hemoglobin may be hybridized with s i c k l e  c e l l  ferrihemoglobin by dis-  

socia t ion of equimolar mixtures of t he  hemoglobins at  pH 4,7 followed 

by reassocia t ion a t  neu t r a l  pHe The hemoglobin species r e su l t i ng  from 

m m s m  
t h i s  treatment a r e  % B2 , % g2 , Q @fm, and ct, 6, having the  r e l a t i v e  

charges 0,  2 ,  4, and 6 respectively,  A s  shown i n  t h i s  Thesis t he  

species may be separated chromatographically. 

I so l a t i on  of the  species %3fm would provide a hemoglobin which 

is ha l f  carbonmonoxyhemoglobin a ~ d  half  ferrihernoglobin. The r a t e s  of 

denaturation of carbonmonoxy- and ferrihemoglobins a r e  d i f f e r en t  i n  

both ac id  and a lka l ine  solut ions ,  A su i t ab l e  choice of condit ions may 

be made such t h a t  t he  ferrihemoglobin moieties of the  hybrid a r e  pre- 

f e r en t i a l l y  denatured leaving i n  solut ion only t he  a hemoglobin chains 

origina.l;ing from the  normal adu l t  carbonmono~yhemoglobin~ This d i f -  

f e r e n t i a l  denaturation may possibly be ca r r ied  out by allowing t h e  

hybrid t o  stand f o r  20 minutes at OQCe i n  a formate buffer  of  pH 3 ,6 ,  

u = 0*02 ( 3 ) .  

Physical chemical s tud ies  could be ca r r ied  out  on t h e  mater ia l  

r esu l t ing  from t h i s  treatment, It could thus be determined i f  an  ab- 

normal hemoglobin, o r  a minor hemoglobin component is to  be expected 
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c o n t a i d n g  only cx chains, 

2 .  From k ine t ic  s tud ies ,  presumptive evidence has been presented 

i n  t h i s  Thesis of the  mode of d issocia t ion o f  human hemoglobin i n  

a lka l ine  solution.  Attempts t o  confirm the  mechanism implied by t h e  

k ine t ics  using t he  "heme-labelling" method of  Singer and f tan0 (2) 

were unsuccessful due to  t he  s e l ec t i ve  denaturation of ferrihemoglobin 

a f t e r  d issocia t ion a t  pH 11 ,O.  A modification of  t he  'fherne-labellinglt 

technique which avoids this d i f f i c u l t y  is proposed, 

Carbomonoxyhemoglobin and ferrihemoglobin cyanide may be suc- 

cess fu l ly  ca r r ied  t o  pH 11.0 without ser ious  l o s s  of prote in  from the  

solut ions ,  Sickle  c e l l  carbonmonoxyhemoglobin and normal adu l t  f e r r i -  

hemoglobin cyanide may be hybridized as described i n  t h i s  Thesis. 

Treatment of t he  resu l t ing  mixture, a f t e r  removal of  a l l  excess cyanide 

ion,  would r e s u l t  i n  the  oxidation of  only those hemoglobin subunits  

which were i n  the  ferroheme-carbonmonoxide complex. Different  e lect ro-  

phoretic species  would be found i n  the  hybridized mixture depending on 

t he  mode of  subunit recombination. 

mCN I f  the  designation a o r  pmCN is assigned t o  t he  a and @ 

ferrihemoglobin cyanide chains and the  designation am and fism t o  t h e  

ferrihemoglobin chains from t h e  s i ck l e  c e l l  hemoglobin, t he  e lect ro-  

phoretic species expected would be: 

Asymmetric dissociation-mechanism (a). 

mGN mCM m mCN m s m  
€$ p2 , q, /3, , <c*$m, and a, having the  r e l a t i v e  charges 

0, 2, 4, and 6 respectively,  

Symmetric dissociation-mechanism (b) ,  
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having the  r e l a t i v e  charges 0 ,  1, 2, 4, 5, and 6 resnectively. Electro- 

phoretic ana lys i s  of the  hybridized mixture would therefore  al low a 

d i s t i nc t i on  t o  be made between the  two schemes of a chain exchange, 

30 The anidmalarial drug Bimaquine has been shown t o  produce a 

hemolytic anemia of varying sever i ty  i n  approximately 1 0 j  of  Negro sub- 

j e c t s  on which i t  has been eested (4). After  administrat ion of t h e  

drug, s i ck l i ng  t e s t s  were performed on the  red blood c e l l s  of  those 

individuals  who developed t he  anemia; no evidence of  s ick l ing  w a s  found. 

The carbonic anhydrase i n i b i t o r  Diamox has been shown t o  in-  

h i b i t  s i ck l i ag  of red blood c e l l s  from sicklemic individuals  (5) i f  

t he  c e l l s  a r e  drawn a f t e r  administrat ion of the  drug. The pos s ib i l i t y  

e x i s t s  t ha t  t h e  s i ck l e  c e l l  trait  was not evident i n  t he  individuals  

subjected t o  Frimaquine t e s t s  f o r  similar reasons. It is therefore  

proposed t ha t  these t e s t s  be repeated using t he  more r e l i a b l e  electro- 

phoretic t e s t s  f o r  abnormal hemoglobins. 

I f  the  e f f ec t  of t h i s  an t imala r ia l  drug can be r e l a t ed  t o  t he  

presence of  the  s i c k l e  c e l l  t r a i t  i n  the  a f fec ted  individuals ,  fu r ther  

s tud ies  might lead t o  an understanding of t he  mechanism of  t he  res is tance 

t o  malaria of s i c k l e  c e l l  t rai t  ca r r i e r s .  

4. After blocking of from 2 t o  3 sulfhydryl  groups i n  human hemo- 

globin with mercurials Riggs (6) hns observed an increase  i n  t he  oxygen 

a f f i n i t y  of hemoglobin. He has in terpreted t h i s  increase  i n  oxygen a f -  

f i n i t y  and an accompanying l o s s  of  heme-heme in te rac t ions  i n  terms of 

the  implication o f  the  sulfhydryl  i n  t he  oxygenation process. It has 

been found i n  preliminary sedimentation s tud ies  t h a t  the  molecular 

weight of  hemoglobin, i n  which the  -SH groups a r e  bound to  KPB, is 
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decreased from its normal value (7). I f  t h i s  is a l so  t h e  case  with the  

mercurial compounds studied by Riggs, his data  may be subject  t o  another 

in te rpre ta t ion .  

I f  blocking of  the  SH groups with mercurial compounds increases  

the  molecular d issocia t ion of  hemoglobin, the  hemoglobin ha l f  molecules 

may present l e s s  hindrance t o  the  entry of oxygen molecules upon dis-  

soc ia t ion  r e su l t i ng  i n  an increase  i n  oxygen a f f i n i t y  and a l o s s  of  heme- 

heme interact ions .  I n  t h i s  case  i t  is not necessary t o  invoke a direc-k 

involvement of the  sulfhydryl  groups i n  the  oxygenation process. 

It is therefore proposed t h a t  molecular weight determinations 

be made on t he  hemoglobin-mercurial compounds of Riggs. 

5. Steinhardt  and Beychok (8) have reported an increase  i n  ac id  

binding capacity of horse ferrihenoglobin which is  brought about by 

denaturation. They have in te rpre ted  t h i s  e f fec t  i n  terms of  an @un- 

maskingfT of  groups which a r e  not  l a b i l e  i n  the  nat ive  protein.  Tanford 

( 9 )  has found it possible t o  account fo r  t h i s  increase i n  ac id  binding 

capacity on the  ba s i s  so le ly  of inferred changes i n  t he  e l e c t r o s t a t i c  

in te rac t ion  fac tor  w. An experimental procedure i s  proposed which 

would allow a d i s t i nc t i on  to  be made between these  two in t e rp re t a t i ons  

of t he  resu l t s .  

I f  the re  is an unfolding of  the  ferrihemoglobin molecule upon 

denaturation such t ha t  there  a r e  more groups exposed f o r  react ion,  i t  

should be possible t o  use a spec i f ic  chemical agent t o  reac t  with t he  

groups newly exposed. One agent which is  spec i f ic  f o r  the  €-amino 

groups of  lys ine  is 0-methyl isouronium su l fa te .  I n  t h e  unmasking of  

groups i n  the  molecule upon denaturation it may be expected t h a t  some 

new lys ine  residues would become ava i lab le  f o r  react ion i n  the  denatured 
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protein, Using C q 4  labelled 0-methyl isouroniurn su l fa te  i n  the guani- 

dination of native and denatured hemoglobin and measurement of uptake 

of t h i s  material i n  the two forms of the protein would allow an e s t i -  

mate to  be made of the group '"askedw upon denaturation, 

6 ,  The photochemistry of 5-hexene-2-one has been studied i n  the 

gas phase by Srinivasan (LO) using l i g h t  of a wavelength of 3130 1 over 

the temperature range from 27 t o  13g9 C. The most important product of 

the photochemical reaction, an isomer of the or ig ina l  material, has 

been assigned the structure: 

Studies with molecular models indicate tha t  another isomer of 

5-hexene-2-one may be formed a f t e r  excitation of the casbonyl group:, 

The s t ructure assignment of the isomer a s  compound I was made on 

the basis of infrared aad NMB data. These two methods, i n  themselves, 

would not allow a c lear  dis t inct ion to  be made between s tructures  I and 

11, Both s t ructures  would hare, possibly, similar M4B spectra (11). A 

dist inct ion may be made between the isomers on a chemioal basis, Opening , 

of the propylene ~ x i d e  rings i n  the two comp9unds would lead to known 

Considerations of s t r a i n  in the two  s t ructures  would favor 
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structure I1 over I, The non-planar cyclopentance r ing i n  s t ructure I1 

is bridged across the 1 and 4 positions by an ether oxygen allowing the 

propylene oxide r ing to  assume a dihedral configuration, I n  s t ructure I 

both the prspylene oxide r ing and the cyclobutane r ing a r e  planaro 

7 o The stoichiometric equation for  the hydrolysis of thioacetmide 

is : 

S 6 
I I 

CH3-C-NH2 + 2 H@ 
II 

C:Hj--CIOH + RfH3 I- H 2 S  

In s tudies  of the acid catalyzed hydrolysis of thioacetaminde Swift and 

Entler (12) observed a decrease i n  the hydrogen ion concentration a s  the 

reaction proceeded, To account fo r  t h i s  change i n  hydrogen ion concen- 

t r a t ion  it was postulated tha t  acetarni.de was formed as an intermediate 

i n  the reaction and the protonation of t h i s  material caused the increase 

in pH. I n  other s tudies  of the acid cata1y;eed hydrolysis of thioaceta- 

mide, Bosenthal and Taylor (13) assumed that acetarni.de w a s  an inter-  

mediate i n  the reaction though they were able  to  i so la t e  thioacetic acid 

from the reaction mixture, 

It is possible to  account for both the deorease i n  hydrogen ion 

concentration observed by Swift arid Butler and the presence of  thio- 

ace t ie  acid i n  the reaction mixture without assuming; acetami.de to  be 

an intermediate: 



I n  acid solution, the NH3 formed i n  the reaction would take a proton 

from the f ree  acid i n  solution to  form the ammonium ion rather  than 

from the ace t ic  acid to  form the acetate  ion and ammonium ion, The net 

r e su l t  would be a decrease i n  the hydrogen ion concentration as the re- 

action proceeds, 

Rosenthal and Taylor assumed the involvement of two monopro- 

tonated tautomera of thioaeetamide i n  the reaction sequence: 

S 
II 

(a)  CH,--C--NH: and (b) C H 3 - C 4 H  

By the i r  mechanim, the tautomer (a) leads to  the formation of thioacetic 

acid and (b) leads t o  thioacetamide, It is interest ing tha t  neither (a )  

nor (b) is the dulfur analogue of the most abundant aonoprotonated amide 

a s  determined by MMR (14,l5) : 

Extension of these f3lulR s tudies  t o  thiamides would afford knowledge of 

the r e l a t ive  bas ic i t ies  of nitrogen and su l fur  i n  these compounds, 

8. Harris (14) has found that  when stroma f ree  solutions (15-25 

mg/ml) of whole s ickle  c e l l  anemia hemoglobin a r e  deoxygenated bire- 

fringent spindle shaped bodies varying i n  length from 1 t o  15 u a r e  
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formed. These bodies a re  l iquid c rys ta l s  of the nematic type, The 

ro le  of the minor components of s ickle  c e l l  anemia hemoglobin i n  the 

forntation of these tplctoids has never been demonstrated, With chro- 

matographic methods now available for  the removal of these minor com- 

ponents froa whole? s ickle  cellhemoglobia preparations, it is now 

possible to  deternine what role,  i f  any, the minor components have 

i n  the siekling process. It is therefore proposed tha t  the s tudies  of 

Harris be repeated on minor f ree  s ick le  c e l l  hemoglobin preparations, 
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