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A B N O R M A L  H U M A N  H A E M O G L O B I N S  

I. THE COMPARISON OF NORMAL HUMAN AND SICKLE-CELL 

HAEMOGLOBINS BY " F I N G E R P R I N T I N G "  

v. M. INGRAM 
Medical Research Council Unit ]or Molecular Biology, Cavendish Laboratory, 

University o/Cambridge (Great Britain) 

NEEL 1 demonstrated in 1949 that sickle-cell anaemia is a disease inherited in a strictly 
Mendelian manner, and PAULING et al. ~, showed in the same year that the blood of 
sickle-cell patients contains a haemoglobin which differs electrophoretically from 
normal haemoglobin. Since then, several other abnormal haemoglobins have been 
discovered. They have been studied intensively by many workers for the sake of both 
their medical and their genetic interest, because they provide one of the clearest 
cases where mutations in a Mendelian gene are reflected in changes in the chemical 
structure of a protein. The medical aspect is important, because several of the ab- 
normal haemoglobins give rise to severe haemolytic anaemias, which thus provide 
one of the rare instances when a disease is directly attributable to an inherited change 
in a protein molecule. However, in this series of papers it will be the genetic and bio- 
chemical aspect with which we shall be primarily concerned. Like other proteins, 
haemoglobin is thought to be the first protein product of the gene. The sequence and 
spacing of the mutations on the gene responsible for its synthesis should therefore be 
reflected in the sequence and spacing of the changes in amino-acid composition which 
these mutations produce in the haemoglobin. 

The first three papers of this series will contain a comparative study of the amino- 
acid composition of sickle-cell and normal haemoglobin. The results have already been 
described in two preliminary notes 5,s. In this fuller account the experimental work 
will be described in detail. 

Chemical studies on haemoglobins A (normal) and S (sickle-cell) by previous 
authors 5 may be summarised by saying, first, that whatever difference exists between 
them must be small, and secondly, that the known charge difference of two to three 
units per molecule S is probably due to haemoglobin S having fewer carboxyl groups 6. 
When it is remembered that human haemoglobin is made up of two identical halves v, 
this difference is probably one of a single carboxyl group in the half molecule. It was 
not known whether the two haemoglobins differed in amino acid sequence or on the 
other hand, in the folding of the polypeptide chains leading to masking of some 
groups. As a result of the present work we can now say for certain that there is a 
difference in amino acid composition and that this does involve a carboxyl group, 
and explain the known electrophoretic behaviour. In fact, the polypeptide chains 
of the two haemoglobins differ in only one amino acid residue; one of the glutamic 
acid residues of haemoglobin A had changed to valine in haemoglobin S~, s. No other 
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c h a n g e s  c o u l d  b e  d e t e c t e d .  T h e  d e t a i l e d  e v i d e n c e  w h i c h  l e d  t o  t h e s e  c o n c l u s i o n s  wi l l  

n o w  b e  d e s c r i b e d .  

P a r t  I wi l l  d e a l  w i t h  t h e  c o m p a r i s o n  o f  t r y p t i c  d i g e s t s  o f  t h e  t w o  h a e m o g l o b i n s  

a n d  P a r t  I I ,  t h e  p a p e r  p u b l i s h e d  s i m u l t a n e o u s l y  13, w i t h  t h e  e x a m i n a t i o n  o f  t h e  

t r y p s i n - r e s i s t a n t  " c o r e s " .  P a r t  I I I  wi l l  d e s c r i b e  t h e  c h e m i c a l  s t u d i e s  o n  t h e  d i f f e r i n g  

p e p t i d e s  d e r i v e d  f r o m  t h e  t w o  p r o t e i n s .  

MATERIALS AND METHODS 

The  blood s amp l e s  wh i ch  reached  us  h a d  u sua l l y  been collected in c i t r a t e - d e x t r o s e  solut ion.  The  
red  cells h a d  been  s e d i m e n t e d  by  cen t r i fug ing  a t  low speed a n d  washed  4 - 6  t imes ,  s ed imen t ing  
each  t ime  f rom a b o u t  4 v o l u m e s  of o . 9% NaC1. The  samples  of n o r m a l  E u r o p e a n  blood were 
worked  up  in t he  s a m e  m a n n e r  in our  l abora tory .  Sickle-cell red cells f rom p a t i e n t s  h o m o z y g o u s  
for t he  sickle-ceU gene, w h i c h . h a d  a l ready  been washed  before t h e y  arr ived,  were g iven  a few more  
washes .  The  cells were lysed  by  freezing and  t hawing ;  the  cell ghos t s  were r e m o v e d  by  cent r i fuga-  
t ion  a t  2o,ooo × g for 20 re_in. The  clear so lu t ion  of h a e m o g l o b i n - - u s u a l l y  IO m l - - w a s  dia iysed 
for 3 days  aga ins t  3 × i I of cold dist i l led wa t e r  con ta in ing  i ml  of i # I  PO  4 of p H  7.2 per  1. Th i s  
dialysis  was  followed by  a n o t h e r  h igh-speed  cen t r i fuga t ion ;  the  s amples  were s to red  frozen. The  
ear ly  e x p e r i m e n t s  were  p e r f o r m e d  on  a s amp l e  of sickle-cell haemog lob in  k ind ly  suppl ied  in pure  
so lu t ion  by  Dr.  A. C. ALLISON of Oxford.  

The  p u r i t y  of t hese  h a e m o g l o b i n  so lu t ions  was  checked  b y  pape r  e lec t rophores is  a t  p H  7.2 
in o . i  M PO 4 buffer  a n d  a t  p H  8.6 in 0.o6 M Veronal  buffer.  W h a t m a n  3MM was  u sed  as  a free 
h a n g i n g  s t r ip  a n d  1-2 m g  of haemog l ob i n  were  appl ied a long a i"  line on  t h e  paper .  All s amp le s  
gave  clear s ingle bands ,  t h o u g h  a smal l  a m o u n t  of s l ight ly  fas te r  ma t e r i a l  was  visible in h a e m o -  
globin  S. Th i s  was  p r o b a b l y  foetal  haemoglob in ,  b u t  t he  quan t i t i e s  p r e sen t  were no t  l ikely to be 
large e n o u g h  to  in ter fere  w i t h  t h e  e x a m i n a t i o n  of t he  t r y p s i n  d iges ts  of t hese  pro te ins .  Exper i ence  
h a s  borne  t h i s  out .  P ape r  e lec t rophores is  of haemog lob in  samples  a t  p H  6. 4 in t he  p y r i d i n e -  
acet ic  a c i d - w a t e r  buffer  of MICHL ~ showed  only  t races  of 3 -4  n inhyd r in -pos i t i ve  s u b s t a n c e s  which  
were t h e  s ame  in bo t h  h a e m o g l o b i n  A a n d  S. 

I n  order  to  r ende r  haemog l ob i n  suscep t ib le  to t r y p s i n  a t t ack ,  i t  f i rst  h a d  to be dena tu red .  
A z % h a e m o g l o b i n  so lu t ion  was  b r o u g h t  to p H  8.o wi th  di lu te  N a O H  a n d  hea t ed  in a n a r r o w t e s t  
t u b e  in a wa t e r  b a t h  a t  9 °0 for 4 mill. The  sample  was  t h e n  i m m e d i a t e l y  cooled. A fine f ight  b rown  
suspens ion  was  ob t a ined ;  t h i s  showed  li t t le t e n d e n c y  to se t t le  and  t r y p s i n  a t t a c k e d  i t  readily.  

T h e  t r y p s i n  used  for t he se  d iges t ions  was  t he  2 × crystal l ised,  sal t - f ree  p ro te in  ob ta ined  
f rom W o r t h i n g t o n  Biochemicals ,  Freehold,  New Jersey,  U.S.A. I t  was  used  w i t h o u t  fu r the r  purifi-  
cat ion.  The  first  t r yps i n  d iges t ions  were carr ied ou t  in di lu te  p h o s p h a t e  buffer  unde r  t h e  following 
condi t ions :  H a e m o g l o b i n  concen t r a t i on  2 % or 4 %  in 4.0 ml ;  t r yps in  to haemog lob in  rat io,  by  
weight ,  I :50; 0.05 iV /Na2HPO4-HCI  buffer  p H  8.1 ; 38°. Two drops  of to luene  were added  to pre-  
v e n t  con t amina t i on .  The  i ncuba t i on  of t he  suspens ion  las ted  for 43-48 h, w i th  occasional  mixing .  
As  t h e  h a e m o g l o b i n  h a d  been  d e n a t u r e d  in t h e  presence  of t he  buffer,  t he  p rec ip i t a te  was  m u c h  
coarser  and  se t t led  easi ly,  unl ike  t h e  p r epa ra t i on  descr ibed in t h e  p rev ious  p a r a g r a p h .  As t he  
d iges t ion  proceeded,  a lot of t h e  prec ip i ta te  d i sappeared ,  b u t  a da rk  b rown  res idue  r e m a i n e d  un-  
dissolved,  p r e s u m a b l y  con t a i n i ng  all t h e  h a e m e  groups .  The  s u p e r n a t a n t  h a d  litt le colour. Sur-  
pr i s ingly  th i s  m e t h o d  of d iges t ion  gave  reproducible  pep t ide  mix tu re s .  I t  was  used  for t he  ear ly  
" f ingerpr in ts"5:  

Since t h e n  i m p r o v e d  m e t h o d s  of t r y p s i n  d iges t ion  h a v e  been developed  a n d  all l a te r  d iges ts  
were carr ied ou t  in a t y p e  of " p H - s t a t " .  4-ml s amples  of  a 2.2 % haemog lob in  solut ion,  d e n a t u r e d  
by  hea t i ng  in sa l t - f ree  so lu t ion  a t  p H  8, were s t i r red  c o n t i n u o u s l y  a t  38o in a n  a t m o s p h e r e  of 
n i t rogen ;  t r y p s i n  o . io  ml  of a 0.5 % so lu t ion  in o.ooi  M HC1 was  a d d e d  a t  zero t ime .  The  vessel  
con ta ined  a glass  e lectrode a n d  an  agar -KC1 bridge to a ca lomel  electrode. The  sp l i t t i ng  of pep t ide  
bonds  l ibera ted  h y d r o g e n  ions;  o.5 N N a O H  was  added  m a n u a l l y  by  m e a n s  of an  Agla mic rome te r  
b u r e t t e  to  keep t he  p H  be t ween  7.95 and  8.00 us ing  an  E I L  direct  read ing  p H  mete r .  I t  is well 
k n o w n  t h a t  w h e n  alkali  c o n s u m e d  is p lo t t ed  aga ins t  t ime  t he  slope of th i s  cu rve  neve r  f l a t t ens  
comple te ly .  I n  p re l imina ry  expe r i men t s ,  t he  end  po in t  was  d e t e r m i n e d  by  add ing  fu r t he r  af iquots  
of t ryps i~  so lu t ion  a n d  obse rv ing  t h a t  a f t e r  a cer ta in  t i m e - - a b o u t  90 r a i n - - t h e r e  was  no add i t iona l  
alkali  u p t a k e  (Fig. i) ,  Af te r  t h e  digest ion,  t he  p H  was  a d j u s t e d  to 6. 5 wi th  i N HC1 and  t he  pre-  
c ip i ta te  r e m o v e d  by  cen t r i fuga t ion .  T he  s u p e r n a t a n t  was  s to red  f rozen;  i t  was  used for finger- 
p r in t ing  a n d  for t he  p r e p a r a t i o n  of va r ious  pept ides .  T h u s  t he  i m p r o v e d  p rocedure  reduced  di- 
ges t ion  t ime  f rom a b o u t  4 ° h to  less t h a n  2. T he  pur i f icat ion and  c h y m o t r y p t i c  d iges t ion  of t he  
t r yps in - r e s i s t an t  "core"  is descr ibed in p a r t  II  of th i s  series. 
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Fig. I. Course  o f  t l ie t r y p s i n  d iges t ion  of haemog lob in  A and  S. q ) - - q )  H a e m o g l o b i n  A; Q - - O  
H a e m o g l o b i n  S. 

"Fingerprinting" 
T h e  s epa ra t i on  of t he  pep t ides  ob ta ined  b y  t ryp t i c  d iges t ion  was  ach ieved  by  a two-  

d imens iona l  c o m b i n a t i o n  of pape r  e lec t rophores is  and  c h r o m a t o g r a p h y .  Pape r  e lec t rophores is  was  
carr ied  ou t  on  W h a t m a n  No. 3MM paper  wh ich  h a d  been  d ipped into MTCHL'S volat i le  bufferg: 
py r id ine -g l ac i a l  acetic ac id -wa te r ,  p H  6.4, in t h e  p ropor t ions  i o : o .4 :90  b y  vo lume .  A n a l a R  grade  
chemica l s  were used  w i t h o u t  f u r t he r  purif icat ion.  Excess  l iquid was  r e m o v e d  careful ly  by  b lo t t ing  
f i rmly  b e t w e e n  two  shee t s  of f resh  b lo t t ing  paper .  The  moi s t  No. 3M~M pape r  was  i m m e d i a t e l y  
p laced on to  a hor izon ta l  piece of 1/4" pol ished pla te  glass  wh ich  res ted  on t he  two  buffer  vessels ,  
each  3" high.  The  s amp l e  of p e p t i d e s - - o ,  io  ml  of t he  original  so lu t ion  which  h a d  been e v a p o r a t e d  
a n d  d isso lved  in o.020 ml  of w a t e r - -  was  appl ied wi th  a cons t ruc t ion  p ipe t t e  a t  t he  po in t  ind ica ted  
in Fig. 2. Similarly,  a second  pep t ide  m i x t u r e  could be appl ied  to  t he  o the r  paper .  At  once, a 
second  shee t  of p la te  glass  was  placed on top  of the  first one, t h u s  enclos ing  t he  mo i s t  filter pape r  
as a sandwich .  Fig. 2 shows  a p lan  of t h e  a r r a n g e m e n t  and  in pa r t i cu la r  t h e  w a y  t h e  pape r  is cut .  
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Fig. 2. D i m e n s i o n s  of filter pape r  used  for f ingerpr in t ing.  
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The  t ags  dip into buffer  vessels  (not  shown).  This  a r r a n g e m e n t  allows two sepa ra t ions  to be carr ied 
ou t  unde r  ident ical  condi t ions  ; it is now genera l ly  used  to compare  pep t ide  m i x t u r e s  f rom no rma l  
haemog lob ins  wi th  those  f rom the  a b n o r m a l  prote ins .  Grea t  care is t a k e n  to hand le  pairs  of papers  
in the  s a m e  way.  Pre fe rab ly  t h e y  are cu t  f rom a single shee t  of paper ,  24" × 24" , with  t he  mach ine  
d i rec t ion  of the  pape r  a lways  po in t ing  in the  s ame  direct ion.  

Af ter  the  s ample  h a d  been applied,  15 min  were al lowed to elapse to give t he  buffer  t ime  to 
diffuse into t he  sample ,  even  t h o u g h  the  la t te r  was a l r eady  a t  p H  6. 5. A poten t ia l  of I9 V /cm was 
applied,  and  as t he  cu r r en t  rose, th i s  fell to abou t  14 V / c m  af te r  15o rain. The  glass s andwich  got  
comfo r t ab ly  w a r m  dur ing  the  electrophoresis .  The  tags  were t r i m m e d  off the  papers  and  t he  buffer  
was  r emoved  by  dry ing  a t  r o o m  t e m p e r a t u r e  in a cu r r en t  of air for not  less t h a n  two  hour s  and  
p re fe rab ly  longer.  The  d ry  papers ,  now 12" x ~ 2", were h u n g  for two  hour s  in t he  air space  above  
t he  b u t a n o l - a c e t i c  acid c h r o m a t o g r a p h i c  solvent .  This  was  m a d e  up  f rom A n a l a R  grade  chemicals  
in t he  p ropor t ions  n -bu t ano l -g l ac i a l  acetic ac id -wa te r ,  3: i : i by  vo lume ;  it was f reshly  prepared  
each  S a t u r d a y  for use in the  nex t  week beg inn ing  on Monday .  

Ascend ing  c h r o m a t o g r a p h y  was carried ou t  overn igh t ,  u sua l ly  for 15 h. The  papers  were 
aga in  dr ied in a cu r r en t  of air a t  r o o m  t e m p e r a t u r e .  The  pep t ide  spo t s  were revealed by  d ipping  
t he  papers  into o.2 % n i n h y d r i n  in ace tone  and  al lowing d e v e l o p m e n t  to t ake  place a t  room 
t e m p e r a t u r e  or in a w a r m  place. This  usua l ly  took  24 h to reach  m a x i m u m  in tens i ty .  Since it  was  
difficult to preserve  these  "f inger  p r i n t s "  even  wi th  the  copper  s p r a y  1°, reflex pr in t s  were t aken  
on d o c u m e n t  paper  or colour t r anspa renc i e s  were made .  

One-d imens iona l  paper  e lec t rophores is  on 3MM paper  in t he  above  volat i le  p H  6. 4 buffer  
was f r equen t ly  used  for e x a m i n i n g  pept ide  or a m i n o  acid m i x t u r e s  a n d  for i sola t ing pept ides .  The  
a r r a n g e m e n t  was  a glass s andwi ch  s imilar  to t he  f ingerpr in t ing  a p p a r a t u s  b u t  m e a s u r i n g  on ly  
12" × 6". A n o t h e r  volat i le  buffer  9 a t  p H  3.6: pyr id ine -g lae ia l  acetic ac id -wa te r ,  i :IO:9O by  
volume,  was  useful  for one -d imens iona l  separa t ions .  For  these,  t he  b o t t o m  m e m b e r  of t he  glass 
s andwich  was  replaced by  a copper  p la te  1/4" th ick,  cooled by  copper  coils ca r ry ing  t a p  water .  A 
t h in  layer  of silicone greases  and  a n o t h e r  of th ick  po ly thene  film sepa ra t ed  the  copper  plate  f rom 
the  paper .  Up  to 35 V / cm could be used w i t h o u t  not iceable  rise in t he  t e m p e r a t u r e  of t he  uppe r  
glass  plate .  W h e n  t he  isolat ion of a pept ide  was required,  the  papers  were usua l ly  first washed  by  
descend ing  i r r iga t ion  with t he  p H  6. 4 buffer,  foIlowed by  soak ing  in wa t e r  and  drying.  Such 
pape r s  were developed  by  sp r ay i ng  wi th  o .o25% n i n h y d r i n  in b u t a n o l  and  gent le  hea t ing .  
A l t e rna t ive ly  guide  s t r ips  were used.  The  pept ides  were e lu ted  wi th  wate r  or 2o % aqueous  acetic 
acid. Descend ing  c h r o m a t o g r a p h y  on No. I paper  n -bu t ano l -g l ac i a l  acetic ac id -wa te r ,  4 :1 :5 ,  
was  used  for s e p a r a t i n g  pep t ide  mi x t u r e s ,  especial ly those  which  are u n c h a r g e d  a t  p H  6. 4. Amino  
acids  were identif ied by t he  two-d imens iona l  sys ten l  of  REDFIELD 11 us ing  W h a t m a n  No. i paper ,  
2o × 2o cm.  A m u l t i f r a m e  ho ld ing  12 papers  could be processed  in a b o u t  7 h. Af te r  s t e a m i n g  for 
IO min  a n d  d ipp ing  into o.2 % n i n h y d r i n  in acetone,  t he  pape r s  were developed a t  r oom t e m p e r a -  
ture .  Good sepa ra t i ons  were ob ta ined  when  the  so lven t s  were m a d e  up each day  and  were kep t  
a t  t he  fair ly c o n s t a n t  t e m p e r a t u r e  of a b a s e m e n t  room.  Occas ional ly  amino  acids were separa ted  
by  a scend ing  c h r o m a t o g r a p h y  on No. 1 paper  b u t a n o l - a c e t i c  a c i d - w a t e r  solvent ,  3 : 1 : I, overn igh t .  

RESULTS AND DISCUSSIONS 

Comparison o~ haemoglobin A and S tryptic digests 

T h e  m o s t  s t r i k i n g  f e a t u r e  o f  t h e  f i n g e r p r i n t s  o f  h a e m o g l o b i n  A a n d  S (F ig .  3) is  

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

s p o t s  in  b o t h  p r o t e i n s .  Al l  e x c e p t  o n e  ; t h i s  is t h e  N o .  4 p e p t i d e  w h i c h  a p p e a r s  a m o n g s t  

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

h a e m o g l o b i n  S a n d  a p p e a r s  in  a n e w  p o s i t i o n  n e a r e r  t o  t h e  c a t h o d e .  F o u r  q u e s t i o n s  

a r o s e  : is s u c h  a f i n g e r p r i n t  c h a r a c t e r i s t i c  o f  all  i n d i v i d u a l s  o f  a c e r t a i n  g e n o t y p e  ; is  i t  

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

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

b e t w e e n  t i l e  h a e m o g l o b i n  A a n d  S No .  4 p e p t i d e s ?  

T h e  h a e m o g l o b i n s  o f  f ive  d i f f e r e n t  n o r m a l  w h i t e  p e r s o n s  a n d  o f  f ive  d i f f e r e n t  

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

f o l l o w e d  b y  s e p a r a t i o n  o f  t h e  p e p t i d e s  b y  t h e  " f i n g e r p r i n t i n g "  t e c h n i q u e .  N o  d i f f e r -  

e n c e s  in  b e h a v i o u r  w e r e  f o u n d  w i t h i n  e i t h e r  g r o u p .  T h e  c o m p a r i s o n  w i t h  n o r m a l  n e g r o  

h a e m o g l o b i n  h a s  y e t  t o  b e  d o n e ,  b u t  it  is k n o w n  t h a t  e l e c t r o p h o r e t i c a l l y  i t  is l ike  

tee/erences p. 545. 
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Fig. 3. Fingerprints  of t rypsin  digests of haemoglobin A and S. a, Haemoglobin A; b, Haemo- 
globin S; c, Tracings, showing the system for number ing peptide pairs. Dotted lines indicate 

peptides which only became visible after heat ing the chromatogram. 
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normal European haemoglobin A. The fingerprint contains altogether some 26 pep- 
tides, though, as the numbering in the figure shows, not all of them are separated. 
Their further separation which will be discussed below, hasprovided good evidence 
that the tracing in Fig. 3 shows all the peptides present in the tryptic digest with the 
exception of the trypsin-resistant core which is discussed in Part  II. As judged 
by the intensity of their ninhydrin colours and those of their constituent amino acids, 
the majority of peptides are present in good yield. Earlier "fingerprints ''5 had been 
prepared from 43-h trypsin digests in buffered solutions, as compared with the 9o-min 
incubation periods now used and the reduction in the proportion of trypsin to a 
quarter of the old value. The earlier fingerprints showed thir ty peptide spots which 
may have corresponded to some thirty-two or -three peptides. The extra peptides had 
probably arisen through traces of chymotrypsin which were present in the trypsin 
and which got a chance to act because the period of digestion was too long and the 
enzyme concentration too high. The present fingerprints show 18-19 lysine-containing 
and 6 arginine-contalning-peptides. The trypsin-resistant core probably contains 
another 3 lysine peptides, but no arginine. These figures compare very well with the 
latest data given by STEIN et al. 12 for normal haemoglobins, namely about 21 lysines 
and 6 arginines per half molecule of haemoglobin. 

It  was particularly necessary to examine the poorly resolved "backbone" of 
neutral peptides. They were prepared by elution of the neutral band after one- 
dimensional paper electrophoresis at pH 6.4; this fraction was then examined by 
descending paper chromatography in butanol-acetic acid-water, 4:1:5,  and revealed 
a number of peptides which were identical in both proteins except for peptide No. 45. 
A better way of examining peptides I~4 was by paper electrophoresis at pH 3.6 where 
they separated well. One can therefore be reasonably certain now that the fingerprint 
shows all the trypsin peptides. 

Duplicate fingerprints of haemoglobin A and S when carefully prepared, are 
sometimes so good that individual peptide spots are superimposable. This is an 
indication, but no more, that any peptide from haemoglobin A will have the same 
structure as the corresponding S peptide. Individual peptides from the two haemo- 
globins have been compared on the same paper, by extended paper chromatography 
with butanol-acetic acid or by paper electrophoresis at pH 3.6. In all cases they have 
formed identical patterns and their ninhydrin colours relative to other peptides have 
been closely similar. In addition, analogous peptides have been eluted, purified further 
if necessary, hydrolysed completely and examined qualitatively for their amino acid 
contents. This procedure does not detect tryptophan or cysteine; neither does it 
distinguish between, say, 3 or 4 amino acids of the same kind in one peptide, though 
it would detect a difference between one and two. Careful comparison'of pairs of 
these amino acid chromatograms has failed to show any difference between analogous 
peptides, except for the two No. 4 peptides. Here the loss of one of two glutamic 
acids was obvious, as was the gain of the extra valine in the haemoglobin S pep.tide. 
With the above reservations in mind, it is possible to say that probably all trypsin 
peptides, except No. 4, have similar chemical structures. Similar arguments hold for 
all peptides obtained by the chymotryptic digestion of the "core". 

The determination of the detailed chemical structure of the No. 4 peptides from 
haemoglobins A and S will be described in Part  III. The results described here and by 
HUNT AND INGRAM 13, lead one to conclude with reasonable confidence that most of 

Re/erences p. 545. 
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the amino acid sequences of the two haemoglobins are very similar and perhaps 
identical, and that the only difference lies in the No. 4 peptide. It does not follow that 
there are not additional differences in the folding of the polypeptide chains, but they 
must be small, since they are not detectable in the X-ray diffraction patterns from 
single crystals of these proteins 7. The genetic implications of these findings have 
already been discussedS, s. 
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S U M M A R Y  

Samples  of  h u m a n  haemog l ob i n  f rom n o r m a l  adu l t s  a n d  f rom sickle-cell a n a e m i c  p a t i e n t s  h a v e  
been  h e a t  d e n a t u r e d  and  t h e n  d iges ted  wi th  t ryps in .  The  r e s u l t a n t  pep t ide  m i x t u r e s  were s epa ra t ed  
in two  d imens ions  by  pape r  e lec t rophores is  and  pape r  c h r o m a t o g r a p h y .  Such " f inge rp r in t s "  show 
t h a t  t he  two  p ro t e ins  differ in on ly  one pept ide .  
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