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S U M M A R Y  

Tryptic digests of normal human haemoglobin and of haemoglobin C contain a peptide 
fragment (peptide 4) which apparently alone of all the peptides has a different 
chemical structure in the two haemoglobins. These peptides have been degraded 
and their amino acid sequences have been determined in the two cases. The sole 
alteration is the replacement of a glutamic acid residue of normal haemoglobin by 
lysine in haemoglobin C. 

I NTROD UCTION 

Human haemoglobin has been shown to consist of two identical halves 1. The globin 
of the human haemoglobin molecule comprises two pairs of identical polypeptide 
chains 2-3. The abnormal human haemoglobin, sickle cell haemoglobin (S), was found 
by INGRAM 4-~ to differ from normal human haemoglobin (A) by  one amino acid in 
each of one pair of identical polypeptide chains, that  is, by  one amino acid in the 
half molecule. We have investigated the abnormal human haemoglobin C in a similar 
manner, and find that  it also differs from haemoglobin A by one amino acid in the 
half molecule. The same glutamic acid residue of haemoglobin A which is replaced by 
valine in haemoglobin S, has been replaced by  lysine 7 in haemoglobin C. The genetic 
implications of this change have been dealt with previously 7. 

Haemoglobin C was discovered by ITANO AND NEEL s together with haemoglobin S 
in an individual suffering from a mild form of sickle cell anaemia. The techniques 
employed included electrophoresis on paper and in solution where haemoglobins S 
and C are easily distinguishable from each other and from haemoglobin A. 

Individuals have been found who are homozygous for the haemoglobin C gene and 
who have virtually only haemoglobin C in their erythrocytes. Family studies on 
other patients have indicated that  they are heterozygous for the haemoglobin C 

Abbrev ia t ions :  DNP,  d in i t ropheny l ;  PTC, p h e n y l t h i o c a r b a m y l ;  P T H ,  p h e n y l t h i o h y d a n t o i n .  
* P re sen t  address :  Chemica l  D e p a r t m e n t ,  Carlsberg Labora to ry ,  Copenhagen ,  (Denmark) .  

** P re sen t  address :  Divis ion of Biochemis t ry ,  D e p a r t m e n t  of Biology, M a s s a c h u s e t t s  I n s t i t u t e  
of Technology,  Cambr idge ,  Mass. ,  (U.S.A.). 
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gene and the genes for either haemoglobins A, S or the thalassaemia syndrome 9. The 
haemoglobin C gene is found mostly among people of negroid descent '~, but one case 
of the homozygous haemoglobin C disease has been reported in a Sicilian 1°. As in 
the case of haemoglobin S, the mutation producing haemoglobin C is inherited as a 
single gene 9. From the examination of families having the genes for both haemo- 
globin S and haemoglobin C, RANNEY ~1 has concluded that the genes for haemo- 
globins S and C are allelic or closely linked; that is to say they occupy the same or 
closely linked loci in the chromosome (see also refs. I2, I3). 

Haemoglobin C has fewer net negative charges 1~ than 1)oth haemoglobins A 
and S. This can be demonstrated both by moving boundary and paper clectro- 
phoresis under acid (pH 6.5) and alkaline (pH 8.6) conditions. ITANO 14 calculated 
that at pH 8.6 the haemoglobin C molecule (mol. wt.:06,7oo) has about two net 
negative charges fewer than haemoglobin S, and that the haemoglobin S molecule 
has about two net negative charges fewer than haenmglobin A. On the other hand, 
SCHEINBERG 1~ examined the relative mobilities of haemoglobins A, S and C by 
paper electrophoresis over a wide pH range. He concluded that hacmoglol)in C has 
between five and eight carboxyl groups fewer per molecule than haemoglobin A. 
We have found v that there is a charge difference between haemoglobins A and C 
caused by the substitution of two amino groups for two carboxyl groups in the 
molecule. These are the only charge differences in the molecules so far detected. 

ITANO 16 reported that reduced haemoglobin C has a higher solubility than reduced 
haemoglobin A in 2-4 M phosphate solutions, but HUISMAN et al. ~7 find that carbon- 
monoxy-haemoglobin C is less soluble than carbonmonoxy-haemoglobin A and that 
the reduced haemoglobins A and C have about the same solubility in salt solutions. 
These findings might suggest that there is more than one type of haemoglobin C 
(just as there is more than one type 1~ of haemoglobin D); however, we have examined 
three samples of haemoglobin C from unrelated negro patients and all have the same 
structure as far as can be determined by our methods. 

Amino acid analyses of haemoglobins A and C have shown only small and 
statistically insignificant differences in their compositions ~, except that HUISMAN 
reported an increase in the lysine content of haemoglobin C, as would be expected 
from our findings. On the other hand, he did not observe a corresponding fall in the 
number of glutamic acid residues. Other differences between the two haemoglobins, 
reported by HUISMAN in the same paper, have not so far been substantiated by us. 

The present paper deals with the comparison of the tryptic digests of haemo- 
globins A and C, the chymotryptic digests of their trypsin resistant "cores", and 
the structural analyses of the peptides in the haemoglobin A and C trypsin digests 
which were found to differ. 

M A T E R I A L S  AND METHODS 

Haemoglobin 

The method of preparation of the haemoglobin solutions was the same as pre- 
viously described by INGRAM 5, except that the haemolysates were centrifuged after 
dialysis. Three different samples of haemoglobin C, from persons known to be homo- 
zygous for the haemoglobin C gene, and two samples of haemoglobin A we, re used. 
One of the samples of haemoglobin C was a solution of the pure haemoglobin in 

Biochi~n. l~i,phys. Hera, 42 (,90o) 4o9 -4~ 



NORMAL HUMAN HAEMOGLOBIN AND IIAEMO(;LOBIN C 4 I I  

aqueous glycerine and was dialysed and centrifuged as usual. Paper electrophoresis 
in 0.o6 M veronal buffer at pH 8.6 showed haemoglobin C migrating as a single band 
with a lower mobility than both haemoglobins A and S. No other components were 
visible in this test. 

Digestion 
Tryptic digestion of the heat denatured haemoglobin and chymotryptic  digestion 

of the trypsin resistant core were performed in a "pH s ta t"  as previously described~, 6. 

Electrophoresis 

Pyridine acetate buffers at pH 6. 4 and 3.6, using AnalaR grade pyridine-glacial 
acetic acid-water (25 : I : 225) and (I : IO : 9o), respectively, were used for one dimen- 
sional paper electrophoretic separation of the peptides as described by INGRAM ~. 
"Fingerprints" of the resulting peptide mixtures of haemoglobins A and C were 
performed "in parallel" as previously described 5. 

For better  resolution of peptide mixtures, the tryptic and chymotrypt ic  digests 
were subjected to electrophoresis on Whatman  No. 3MM paper at pH 6.4 at 20 V/cm 
for 1.5 h. The peptide bands were located by a 0.025 % ninhydrin in water-saturated 
n-butanol spray followed by heating at IOO ° for about 5 rain; they were then cut out 
and eluted with 20 % acetic acid. The bands from haemoglobin A and C digests so 
obtained were next run in parallel by descending chromatography 19 with n-butanol-  
acetic acid-water (4:1:5) on Whatman No. I paper or by  paper electrophoresis at 
pH 3.6. 

End group analysis of peptides 

I-fluoro-2,4-dinitrobenzene as 5 % solution in alcohol was added to the peptide 
dissolved in 1% aqueous trimethylamine, as described by SANGER AND THOMPSON 2° 
for the dinitrophenylation of peptides. The DNP amino acids were determined by a 
modification of LEVY's two dimensional paper chromatographic system 21. The first 
solvent was replaced by  the tert.-amyl alcohol solvent saturated with the pH 6 
phthalate buffer of BLACKBURN AND LOWTHER 22. 

EDMAN stepwise degradation was performed by coupling the peptide with 
phenylisothiocyanate in the triethylamine buffer described by SJ6QUIST 2a. The phenyl- 
isothiocyanate was a commercial grade, redistilled in vaeuo; the triethylamine was 
redistilled from a commercial grade, but the acetone used was of AnalaR grade and 
was not further purified. The PTC peptide was cyclised to the PTH of the N-terminal 
amino acid either in acetic acid saturated with HC1, as described SJ6QUIST 23 or  in 
3 N HC1 (ref. 24). The P T H  amino acid was extracted with ethyl acetate from acid 
or neutralized solutions, as indicated (Table lib). When acetic acid had been used for 
cyclisation, the reaction mixture was first diluted with water before extraction. In 
order to identify the P T H  amino acid, the amino acid was regenerated by  heating 25, 26 
the P T H  amino acid in concentrated H I  (M.A.R.) for 4 h at 14 o°. The amino acid 
was then identified by  using the two dimensional chromatographic system 27 of 
REDFIELI). The first (methanolic) solvent had been replaced by n-butanol-acetic 
acid-water  (3:1:1). This system will be referred to as the "butanol-acet ic  acid: 
REDFIELD 2" s y s t e m .  

Qualitative amino acid analyses of peptides eluted from paper chromatograms 
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were performed by hydrolysis of the peptides in hard glass capillary tubes for 14 h 
at 12o ° in constant boiling HC1 which had been twice glass distilled from stannous 
chloride. This was followed by two dimensional chromatography in the I~,EDEIELD 
system2E 

Quantitative amino acid analyses were performed in the following way. The 
peptides were hydrolysed as described above, and the hydrolysates chromatographed 
on a multisheet frame on 2o :,< 2o cm squares of Whatman No. I paper using the 
"butanol-acet ic  acid: REDFIELD 2" system. The papers were allowed to dry overnight 
in a fume cupboard. After development in the second dimension, the papers were 
dried in a Kodak film drying cabinet for 3o-6o min and then steamed for IO min to 
remove the excess diethylamine. The ninhydrin colour of the amino acids was devel- 
oped by dipping the papers in a 5 To solution of ninhydrin in acetone which contained 
5 % by  volume of a o.o5 M phosphate solution (pH 7.2) (ref. 28) and by  heating the 
papers at 65 ° for 22 min 29. The spots were cut out with a razor blade and the nin- 
hydrin colour eluted in 4-ml aliquots of 71% ethanol. The O.D. of each spot so eluted 
was found by  using a I-cm cuvette in a Unicam SP 5oo spectrophotometer at 575 m/x 
against a blank cut from one of the papers 29. io-~1 aliquots of standard mixtures of 
amino acids of 2, 5, 8 and IO m M  strength were run with each determination. They 
contained lysine, histidine, glutamic acid, threonine, proline, valine and leucine. The 
amount of each amino acid in a peptide was found from the standard curves. 

Partial acid hydrolysis was performed by incubation of the peptide in con- 
centrated HC1 (M.A.R.) at 37 °. 

Peptides T-4a and T-4b were purified by paper electrophoresis of the haemo- 
globin C tryptic digest at pH 6.4; peptide T-4a by electrophoresis of band 2 at pH 3.6, 
and peptide T-4 b by  paper electrophoresis of band 4 at pH 3.6 (see Fig. 4). 

Tests for t ryptophan and cysteine were performed by using the EHRLICH 3° and 
the platinic iodide 3t reagents respectively. 

RESULTS AND DISCUSSION 

Comparison of the haemoglobin A and C tryptic digests 

The fingerprints of haemoglobin A and C digests (Fig. I) show that  in the neutral 
band of peptides the peptide T-4 of haemoglobin A, has been replaced in haemo- 
globin C by the neutral peptide T-4a. The more rigorous method of paper electro- 
phoresis at pH 6. 4 followed by chromatography (Fig. 2a and 2b) showed indeed that  
this was the only change in the neutral band (band 2), but in addition a new peptide 
(T-4 b) was found in the positively charged band 4. Elution of this peptide from the 
chromatogram showed that  it was mixed with other peptides and it was finally 
purified as described above. 

The remaining peptides of the tryptic digests of haemoglobins A and C have 
been examined in the following ways: (a) By fingerprinting the digests in parallel 
locating the peptide spots by the 0.025 % ninhydrin spray, eluting each spot from 
each of two fingerprints and analysing qualitatively the amino acid composition of 
each and every peptide. (b) By parallel electrophoresis at pH 6. 4 of the digests and 
parallel descending chromatography of the peptide bands (Fig. 2a and 2b). The 
peptides were located and qualitative amino acid analyses made as before. 
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Fig. J. Fingerprints of the trypsin digests of haemoglobins A and C. (a), Haemoglobin A; (b), 
Haemoglobin C; (e), Tracings showing the location of the changed peptides. The dotted lines 

indicate ninhydrin positive peptides which only become visible after heating. 

No differences in amino acid composition, apart  from the ones described in this 
paper, could be detected between the peptides in the tryptic digests of haemoglobins A 
and C. 

Comparison of the chymotryptic digests of the trypsin resistant "cores" of haemoglobins A 
and C 

Examination G of the "core" digests of haemoglobins A and C by fingerprinting 
revealed no differences in the patterns of the peptides. 

Examination of the amino acid compositions of each peptide obtained by method 
2 again revealed no differences between tile two "cores" (Fig. 3). 
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Fig. 2. (a) Trac ing  of the  ionogram at  p H  6.4 of tile t ryps in  digest  of haemoglob in  A showing  how 
the  pept ide  bands  were cu t  out  for elut ion and  s u b s e q u e n t  f rac t ionat ion .  ( Ident ical  p a t t e r n s  
were ob ta ined  from the  t ryps in  digests  of haemoglob in  C). (b) Trac ings  of the  pept ide  bands  
shown in Fig. 2 (a) a f te r  separa t ion  by c h r o m a t o g r a p h y  in the  n -bu tano l  acetic acid water  

(4 : i : 5) sy s t em.  

The amino acid sequence of kaemoglobi12 A peptide T-4 

The original sequence found by INGRAM "l,v was shown to be incorrect by HUNT 
AND INGRAM 32, and HILL AND ~CHWARTZ 33 a n d  the corrected sequence is now: 

val .  h i s '  leu.  t h r .  pro.  glu.  glu.  lys 

Val, valine; his, histidine; leu, leucine; thr, threonine; pro, proline; glu, glutamic 
acid; lys, lysine. The ?-carboxyl groups of both glutamic acid residues are free and 
carry negative charges at neutral pH. 

The amino acid sequence of haemoglobin C peptide T-4a (Fig. z) 

Equal amounts of glutamic acid and lysine were found by qualitative amino 
acid analysis of the peptide in the REDVlELt> system as judged by eye. Tryptophan 
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lqg.  3. (a) Trac ing  of the  i onogram at  p H  6. 4 of the  c h y m o t r y p s i n  digest  of the  t ryps in - r e s i s t an t  
"core"  of haemog lob in  (see Fig. 2(a)). (b) Trac ings  of the  pept ide  b a n d s  shown  in Fig. 3{a) 

- -  s epa ra t ed  by  c h r o m a t o g r a p h y  in the  n- 
6and 4 bu t ano l - ace t i c  a c i d - w a t e r  (4 : 1 : 5) sys t em.  @ l 

20 *s _ _  , 0 ~  ~ cm ~l-bA 
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Fig. 4- (a) Trac ing  of the  ionogram a t  
p H  3.6 of t he  pep t ide  b a n d  2 f rom Fig. 2 (a) 
of haemoglob ins  A and  C run  side by  side 
to show the  absence  of t he  pept ide  A T- 4 
and  the  presence  of the  pept ide  C T-4a in 
haemoglob in  C. (b} Trac ing  of the  iono- 
g r a m a t  p H  3.6 of the  pep t ide  band  4 f rom 
figure 2(z) of haemoglob ins  A and  C run  
side by  side to show the  presence  of the  

pept ide  C T-4b in haemoglob in  C. 
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and  cyste ine  could not  be de tec ted  by  the specific s ta in ing react ions for these two 
amino acids. No other  amino acids were present .  

E n d  group analysis  by  the  I - f luoro-2,4-dini t robenzene me thod  y ie lded  D N P -  
g lu tamic  acid, ident if ied b y  c h r o m a t o g r a p h y  in the tert.-anlyl a l coho l -pH 6 ph tha l a t e  
system.  I t  was the only e ther  soluble p roduc t  af ter  hydro lys i s  of the  D N P - p e p t i d e  
T-4 a. The acid  soluble por t ion  of the  D N P - p e p t i d e  conta ined  only e-DNP-lys ine  as 
de t e rmined  b y  c h r o m a t o g r a p h y  in the  REDFIELD sys tem ',7. Using the El)MAN step-  
wise degrada t ion  me thod  2a, g lu tamic  acid was again found to be N- te rmina l  b y  
hydro lys i s  of the  P T H - a m i n o  acid in concen t ra t ed  HI .  The residue of the pept ide  
af ter  hydro lys i s  conta ined  only lysine. 

Thus  the  amino acid sequence of pep t ide  T-4a mus t  be g lu tamyl- lys ine .  This is 
in agreement  wi th  the  known specif ici ty of t rypsin .  

The amino acid sequence of haemoglobi~z. C peptide T-4b 

Qual i t a t ive  amino acid  analysis  of pep t ide  T-4b showed tha t  the  pep t ide  con- 
t a ined  hist idine,  leucine, lysine, proline,  threonine and  valine,  while the  specific 
s ta in ing  react ions  for t r y p t o p h a n  and cyste ine  were negat ive.  Quan t i t a t i ve  amino 
ac id  analysis  using the " b u t a n o l - a c e t i c  acid, REDFIELD 2" sys tem showed tha t  the  
amino acids were present  in equimolar  quant i t i es  (Table I). 

T,\ BLE I 

AMINO ACID ANALYSIS OF HAEMOGLOBIN () PJEPTII)E "1"-4[) 

Time of hydrclysls 

18 h 14 h 

Ionolcs i~moles/l~moh,s umoles ,mnoles[l~mole~ 
/ound Peptidc* [ound P@tide* 

Lvs o.(324 i .o 0 . 0 5 7  l .o 
H-is o.o_'o 0.9 o.o01 I .I 
Thr 0.o27 1.2 o.045 o,8 
Pro * * (o.o2) (1) Io.o 5 (t) 
Val o.o2o 0.9 0.054 1.0 
Leu 0.023 i. ~ 0.065 i .2 

M e a n  0 . 0 2 3  (3 .050 

* Based o11 the mean value of tmloles of amino acid obtained in each experiment (on~itting 
proline). 

** Since the O.I). of proline is not great enough under these conditions to give accurate values 
the amount of proline in each hydrolysate was estimated by eye in comparison with the known 
standards. 

E n d  group analys is  b y  the I - f luoro-2,4-dini t robenzene me thod  failed to give 
any  e ther  soluble D N P - a m i n o  ac id  af ter  hydro lys i s  of the  D N P - p e p t i d e  while the  
residue of the pcpt ide  con ta ined  no hist idine,  e i ther  as the  free amino acid or as the  
imidazo le -DNP der iva t ive ,  and  val ine was reduced in amoun t  (Table I Ia ) .  Because 
of the  absence of his t id ine  in the hydro lysa te ,  his t idine was or iginal ly  suspected  7 as 
the  N- t e rmina l  amino acid  in the  pept ides  T- 4 and T-4b. However ,  b y  ED~tAN stepwise 
degrada t ion  of the  pep t ide  i t  was found t ha t  valine, and  not  hist idine,  was N- te rmina l .  
No amino acid could be ident if ied af ter  a second s tep of degrada t ion ,  which should 
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T A B L E  I I  

E N D  G R O U P  A N A L Y S I S  O F  P E P T I D E  T-4b  
B y  d in i t ropheny la t i on  

417 

Lys His Thr Pro Val Leu 

+ +  + +  + + +  + + + +  
+ + +  + +  + +  + + + +  

Befo re  d i n i t r o p h e n y l a t i o n  + + + + + 
A f t e r  d i n i t r o p h e n y l a t i o n *  + + --- 

d e r i v a t i v e  L y s i n e  w a s  d e t e r m i n e d  as  i t s  s - D N P  " " * 

b B y  EDMAN stepwise degradat ion 

x-amino 
L ys His Thr Pro Val Lcu butyric acid 

Before  d e g r a d a t i o n  + + + + + + ± - -  

i s t  s t e p  
e x t r a c t  f r o m  a n  a c i d  s o l u t i o n  ± - -  - -  - -  + + - -  --- 

2nd s t e p  
e x t r a c t  f r o m  a n  a c i d  s o l u t i o n  . . . .  ~ - -  --- 
e x t r a c t  f rom n e u t r a l  s o l u t i o n * *  . . . . . . . .  

3 rd  s t e p  
e x t r a c t  f rom a c i d  s o l u t i o n  := . . . . . .  + + !: 

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

* a - A m i n o  b u t y r i c  a c i d  is  p r o b a b l y  f o r m e d  b y  t h e  r e d u c t i o n  of P T H - t h r e o n i n e  d u r i n g  h y d r o l y s i s  
w i t h  h y d r i o d i c  ac id .  

*" A t t e m p t  to  f ind P T H - h i s t i d i n e  (see t e x t ) .  

,.-. 

: . - .  
%. ,  

© 

(A) C To4b - . +  

(B) C T-4b pH 6.4 ~-hmldine posi~ve / 
-- ; + 

9 8 7 b 5 4 3 2 I 

(C) C T-4b band I pH 3.6 

Fig .  5. (a) T r a c i n g  of t h e  f i n g e r p r i n t  of t h e  p a r t i a l  a c i d  h y d r o l y s a t e  of t h e  h a e m o g l o b i n  C T - 4 b  
p e p t i d e .  (b) T r a c i n g  of t h e  i o n o g r a m  a t  p H  6.4 of t h e  p a r t i a l  a c i d  h y d r o l y s a t e  of t h e  h a e m o g l o b i n  C 

T-4b  p e p t i d e .  (c) T r a c i n g  of t h e  i o n o g r a m  a t  p H  3.6 of b a n d  I f r o m  Fig .  5(b).  
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T A B L E  l I I  

P A R T I A l .  A C I D  H Y D R O L Y S I S  O F  P E P T I D E  T - e b  

a 4 ° h par t ia l  ac id  hydrolysate  separated by F i n g e r p r i n t i n g  (Fig. 5a) 

Pept ide L ys His T hr Pro I " al Leu 

A-1 ? -- - -  
A-2 + + +  ~ + + +  + + +  - -  - -  

A- 3 ..... + +  - _ _ + q -  + + +  

b 90 h par t ia l  acid hydrolysate  separated by paper  electrophoresis at  p H  6. 4 (Fig. 5b) 

Peplidc Lys 1 "al tlis Thr Pro Leu 

B-3 + + +  + + +  + + + +  
B - 4  • + F • " + +  - 

B 5  + + +  - -  - 

B-S + + - -  -- 

B-9  + + . . . .  

B a n d  B - z  separated by paper  electrophoresis at p H  2].6 (Fig..5~) 

Pcptide Lys His Thr Pro Val Leu Remarks 

C-I - -  + + ~ + + + + + P r o b a b l y  f r ee  
a m i n o  a c i d s  

C-- '  - - -  + + + + . . . .  

T A B L E  1 V 

E N D  G R O U P  A N A L Y S I S  O F  T H E  F R A G M E N T S  F R O M  P E P T I D E  " l ' - 4 b  

a B y  d in i t ropheny la t iou  

l'eptide B-~, His l'al Leu DPN amino acid 

R e s i d u e  a f t e r  d i n i t r o p h e n y l a t i o n  - -  + + + N o n e  

Peplidc B- 5 Lys Thr Pro D P N  amino acid 

R e s i d u e  a f t e r  d i n i t r o p h e n y l a t i o n  + + ± + "- T h r e o n i n e  
L y s i n e  w a s  d e t e r m i n e d  a s  t h e  e - D N P  d e r i v a t i v e  

b B y  EDMAN stepwise degradat ion 

Peptide B- ~ His Val Lcu 

B e f o r e  d e g r a d a t i o n  + + + + + + + 

s t  s t e p  
e x t r a c t  f r o m  a c i d  s o l u t i o n  :2 + + :L 
e x t r a c t  f r o m  n e u t r a l  s o l u t i o n  - -  - -  - 

2nd  s t e p  
e x t r a c t  f r o m  a c i d  s o l u t i o n  - -  ; :_~ 
e x t r a c t  f r o m  n e u t r a l  s o l u t i o n  

3 rd  s t e p  
e x t r a c t  f r o m  a c i d  s o l u t i o n  - -  + 

U n h y d r o l y s e d  r e s i d u e  
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have given histidine, but leucine was found on the third step, as shown in Table I Ib .  
The reason for this behaviour is not yet clear. 

Partial  acid hydrolysis of the peptide T-4b, derived from about 4 ° mg of haemo- 
globin, in concentrated HC1 at 37 ° for 4o h, followed by separation of the peptide 
fragments obtained by  fingerprinting, gave two main peptides, A-2 and A-3 (Fig. 5a). 
The qualitative amino acid analyses of these fragments are shown in Table I I Ia .  
Hydrolysis of the peptide under the same conditions but for 9 ° h gave more fragments 
which were readily separated by paper electrophoresis at pH 6. 4 and 3.6 (Fig. 5b 
and 5c). The qualitative amino acid analyses of some of these peptide fragments is 
shown in Table I I Ib .  Both peptides B-3 and B-5 were dinitrophenylated; B-3 gave 
no DNP amino acid and the residue contained no histidine and less valine than 
leucine as is shown in Table IVa. B-5 gave DNP-threonine in the ethereal extract 
and the residue of the hydrolysed DNP-peptide contained proline and lysine as shown 
in Table IVa. Three steps of the EDMAN degradation were performed on the peptide 
B-3 yielding valine for the first step, nothing for the second step and leucine for the 
third step, while the unhydrolysed residue contained no amino acids (Table IVb). 

From these results the sequence of peptide T-4b can be constructed in the 
following way" 

Composi t ion 

EDMAN degrada t ion  

Par t ia l  acid hydrolysis  
A-2 
A- 3 
B- 3 
B- 4 
B- 5 
B-8 
C-2 

Sequence 

val 1 his 1 leu 1 thr  1 pro l lys  t 

va l -  ? - leu-(thr ,  pro, lys) 

(thr, pro, lys) 
(val, his, leu) 
va l -h is - leu .  

(val, his) 
th r - (pro ,  lys) 

(pro, lys) 
(thr, pro) 

val .  his.  leu. th r .  pro- lys 

Assuming that  the T-4a peptide is joined to the C-terminal end of peptide T-4b then 
the sequence of the peptide in haemoglobin C equivalent to T-4 is: 

val- his.  leu. th r .  pro .  lys. glu. lys, 

compared with peptide T- 4 in haemoglobin A: 

val .  his.  leu.  t h r .  pro" glu- glu. lys 

and peptide T- 4 in haemoglobin S: 

vaI. his.  leu. thr .  pro .  val .  glu. lys 

I t  can be seen that  there is a single amino acid change in haemoglobin C of a 
glutamic acid to a lysine in exactly the same place as the glutamic acid to valine 
change in haemoglobin S. These are the only differences so far detected by  us in the 
haemoglobin half-molecule, and so are likely to represent the whole of the charge 
difference between the haemoglobins. Thus haemoglobin C has two less carboxyl 
groups and two additional amino groups per molecule, a total of four less negative 
charges per molecule of mol. wt. 66,7oo than in haemoglobin A. SCHEINBERG 15 had 
estimated that  the charge difference was due to five or six fewer carboxyl groups. 
He came to this conclusion because he was unable to detect a difference in electro- 
phoretic mobility at low pH between molecules of haemoglobin A and C with positive 
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charges of abou t  i i o  and I I2 .  I t  is unl ike ly  t ha t  his me thod  would be sensi t ive enough. 
One of the  most  s t r ik ing differences in the  proper t ies  of haemoglobins  A, S and C 

are thei r  solubil i t ies in the  deoxygena t ed  form. Since the only de tec tab le  differences 
in the  molecules so far found are the  amino acid subs t i tu t ions ,  it  is qui te  l ike ly  t ha t  
these cause the  difference in the solubili t ies.  Conceivably  the  charge differences affect 
the  p a t t e r n  of charges on the surface of the molecules, so as to a l ter  the  aggregat ion 
of the  molecules under  condi t ions  of high salt  concentra t ions ,  e i ther  faci l i ta t ing or 
h inder ing prec ip i ta t ion .  This suggested mechanism will have to serve unt i l  the de ta i led  
three  d imensional  s t ruc ture  of haemoglobin  is known and  unders tood.  The fact 
t ha t  haemoglobin  C is able to replace haemoglobin  S up to 5o ?.~ wi thout  inhibi t ing  
the  gelling of the  reduced  haemoglobin  S solution, while haemoglobin  A will only 
replace 34 up to 25 ~f, of haemoglobin  S, is still  to be explained.  

Both  haemoglobins  S and C are found close toge ther  in Africa,  and  it has been 
suggested by  MOURANT aa t h a t  the  haemoglobin  C m u t a t i o n  has arisen from the 
haemoglobin  S muta t ion ,  a l though there  is no evidence to suppor t  this  theory.  
Genet ica l ly  haemoglobins  A, S and C are of grea t  in teres t  because they  i l lus t ra te  
b iochemica l ly  the  effects of allelism. These results  should also be viewed in conjunct ion  
with  haemoglobin  G (Neel). This haemoglobin  has been found by  HILL ANt) SCHWAR'I'Z 3a 
to change in the  same pep t ide  T-4, bu t  in this  case it is the  second g lu tamic  acid 
residue which changes to a glycine. 

The present  exper imen t s  show not  only tha t  a gene mu ta t i on  can affect jus t  a 
single amino acid residue, bu t  t ha t  ind iv idua l  mu ta t ions  can a l ter  the same amino 
acid in po lypep t ide  chain in different  ways.  

A C K N O W L E D G E M E N T S  

We are grateful  to Dr. H. LEHMANN, London,  Dr. H. A. ITANO, Bethesda ,  Maryland ,  
and  Dr. I. H. SCHEINBERG, New York,  for generously  supply ing  the samples  of 
haemoglobin  C used in this  inves t iga t ion  and for m a n y  s t imula t ing  discussions. We 
would also like to acknowledge the in teres t  shown b y  Drs. M. F. PERUTZ, F.R.S. ,  and 
F. H. C. CRICK, F .R.S . ,  Cambridge.  

One of us (J .A.H.)  is gra teful  to the  Medical  Research Council for a scholarship.  

REI:ERI~;NCES 

1 h i .  [~'. }'EI~UTZ, :\ .  ~i.  LIQUORI AND 1~. F, IRICtf, Nature,  ~07 (1951) 929.  
2 ]-I. S. I~HINESMITH, W. A. %CHROE1)ER AND L. PAULING, J .  , 4 ~ .  Chem. 3"oc., 79 /1957) 46~-'. 
3 H .  S. RHINESMITH, \ \ .  : \ .  SCHROEI)ER AND N.  MARTIN, . ] . .4m.  Chem. Soc., 8o (1958) 335 S. 
4 V. M.  INGRAM, Nature, I8O (1957) 326. 
5 V. M. INGRAM, Biochim. Biophys.  :tcta, 28 (1958) 539 ;  36 (1959) 4 o2.  
6 j .  A. HUNT AND V. M.  INGRAM, Biochim. Bioph),s..4eta, 28 (i058) 540. 
7 j .  A. ttUNT AI<D V. M. INGRAM, Na/urc,  182 (195S) 1o62. 
s H. A. ITANO AND J. V. NEEL, l~roc. Natl .  ~lcctd. Sci. U.N., 36 (195o) 613. 
9 \V. \V. ZUELZ~'R, J. V. NEEL AX'I~ \ .  R. ROmNSON, Progr. Haematol. ,  i (1950) 91. 

10 L. DIGGS, A. P. I(RAUS, l). B. 3IORtZlSON AND L. I'. RUDNICKI, Blood, 9 (L954) i 172. 
11 H. M. I~ANNEY, J.  Clim I.~zvest., 33 (1954) 1364. 
12 j .  v. NEEL, New E~7~l. J .  Med.,  256 (1957) I0~. 
is H. LEHMANY, .4eta Geezer., 6 0956/7) 413. 
14 H. A. ITANO, Adva~ces in Protebz Chem., t2 (I957) 215. 
aa j .  H. SCHEINBI~ZRG, Hemoglobi¢z, Natl. Acad. Sci., \Vashington, 105 s. 

Biochim. Biophys.  ,4ct~, 42 (196o) 4/)9-421 



NORMAL HUMAN HAEMOGLOBIN AND HAEMOGLOBIN C 421 

16 H.  A. ITANO, Arch. Biochem. Biophys., 47 (1953) t48.  
17 T. H.  J.  HUISMAN, P. C. VAN DER SCHAAF AND A. VAN DER SAAR, Blood, IO (I955) 1o79. 
18 S. BENZER, V. M. INGRAM AND H.  LEHMANN, Nature, 182 (1958) 852. 
19 S. M. PARTRIDGE, Biochem. J., 42 (1948) 238. 
20 F. SANGER AND E .  O. t °. THOMPSON, Biocheln. J., 53 (19531 353. 
21 A. L. LEVY, Nature, 174 (1954) 126. 
22 S. BLACKBURN AND a .  G. I.OWTHER, Biochcm. J., 48 (1951) I26.  
23 j .  Sj6QUIST, Arkiv Kemi, 11 (I957) 129. 
24 H.  FRAENKEL-CONRAT AND J.  1. tC~,RRIS, J. Am. Chem. Sot:., 76 (19541 6058. 
25 G. SCHRAMM, G. ]~RAUNITZER AND J.  \V. SCHNEIDER, NaturG 76 (I955) 456. 
28 D. E. ELLIOT AND \V. S. PEART, Biocheuz. J., 65 (I0.571 246. 
'.,7 R. R.  REDVlELD, Biochim. Biophys. Acta, lO (19.53) 344. 
2s V. M. INGRAM ANt) M. J.  R.  SALTON, Biochim. Biophys. Acta, 24 (1956) 9. 
'2,0 R. E .  I{AY, l) .  C. HARRIS AND C. ENTENMAN, Arch. Biochen~. Biophks., 63 (19561 14. 
a0 I. S~IITH, Nature, 171 (19.5I) 43. 
al G. TOENNIES AND J. J. I(OLIL Anal. Chem., 23 (19.51) 823. 
12 j .  A. HUNT AND V. M. INGRAM, Nature, 184 (19591 640. 
aa R. J.  HILL AND H.  C. SCHWARTZ, Nature, 184 (19591 64 t .  
a~ A. C. ALLISON, Biochem. 1., 65 (19.571 212. 
15 A. E .  MOURANT, The Dislribution ot Human Blood Groups, t31ackwel l  Oxfo rd ,  1954, p. 184. 

Biochim. Biophys. At/a, 42 (196o) 4 0 9 - 4 2 I  

D E O X Y P E N T O S E  N U C L E I C  ACIDS 

XI. THE DENATURATION OF D E O X Y R I B O N U C L E I C  ACID IN AQUEOUS 

SOLUTION: CONDUCTIVITY AND MOBILITY MEASUREMENTS 

R. B. 1 N M A N *  a.xn D. (). J O R D A N  

Department o/ Physical and I~or~,,qnie Chemistry, The ,Johnson Laboratories, 
Unii'ersity o/ Adelaide, South A uslralia (Australia) 

(Received Janu,~-ry 1 i t h ,  1960) 

S U M M A R Y  

Various electrical properties have been derived from conductivity and electrical 
transport experiments for aqueous solutions of DNA. The specific conductivity 
shows a discontinuity when plotted against DNA concentration. Below this critical 
concentration the material transport number falls rapidly with decreasing con- 
centration. The critical concentration corresponds to a similar discontinuity observed 
in the variation of O.D. with DNA concentration, measured at 259 ° A. A possible 
explanation of this phenomenon involves the denaturation of DNA at concentrations 
below the critical concentration. Above. this concentration zone native DNA pre- 
dominates with a charge fraction of o.4 while below this concentration denatured 
DNA exists with a very high charge, but lowered mobility. 

Abbreviat ion:  D N A ,  deoxyr ibonuc le ic  acid. 
* Present  address:  D e p a r t m e n t  of Biochemistry ,  Stanford Univers i ty ,  Calif . ,  (U.S.A.) .  
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