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SUMMARY 

A new chromatographic procedure for the separation and quantitation of 
human hemoglobin components is described. The method utilizes columns of carboxy- 
methyl-Sephadex G-5 o and o.o5 M Tris-maleic acid buffers as developers; applica- 
t ion of a simple pH gradient is preferred over stepwise elution. The procedure allows 
the separation of Hb-A 2 from the hemoglobins S and C, and of Hb~D 2 from the slow 
moving hybrid component SDe. Fetal hemoglobin is eluted in front of the normal 
Hb-A. The minor hemoglobins of normal red cell hemolysates were fractionated into 
at least four components, well separated from the major hemoglobin component. 
Tile procedure has the disadvantage of requiring several days to complete the chro- 
matographic separations. 

INTRODUCTION 

The procedures most commonly used for the chromatographic separation of 
normal human hemoglobin types and of their variants make use of the anion ex- 
changers DEAE-cellnlose 1, ~ and DEAE-Sephadex 2,3, and of the cation exchangers 
Amberlite IRC-5o ~-7 and CM-eellulose s 10. Each of these techniques has their advan- 
tages and disadvantages. Chromatography on Amberlite IRC-5o, for instance, is 
particularly useful for the isolation of the various minor hemoglobin components 
from normal adult and cord blood red cell hemolysates, while DEAE-Sephadex 
chromatography offers a rapid and reliable technique for tile isolation and quantita- 
tion of hemoglobin variants from blood samples of patients with different hemoglobino- 
pathies. In this paper we introduce a CM-Sephadex chromatographic procedure, 
which is of value for tile isolation and quantitation of certain major and minor 
hemoglobin components with closely identical electrophoretic mobilities. The method 
does not lend itself easily to routine application because of the time required to com- 
plete a chromatogram. This disadvantage makes a careful selection of the material 
to be analyzed a necessity. 
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MATERIALS AND METHODS 

Hemoglobin samples 
Blood samples were obtained from the following sources: 
(I) Normal adults and cord blood samples from Negro babies. 
(2) One cord blood sample from a Negro baby with a heterozygosity for the 

fl chain variants S and C (patient N.C.). 
(3) One homozygous sickle cell anemia patient (J.G.) and one patient with SC 

disease (patient S.C.). 
(4) One heterozygous fl-thalassemia carrier with elevated levels of Hb-A 2 and 

Hb-F (patient W.O.). 
(5) One hemoglobin C-fl-thalassemic individual (patient G.S.) ; starch gel electro- 

phoretic examination showed the presence of small amounts of Hb-A and Hb-F in 
addition to Hb-C. 

(6) One adult patient with a heterozygosity for an a chain variant (Hb-Da) 
and for the fi chain variant Hb-C (patient L.R.). Four major hemoglobin fractions 
were demonstrated by starch gel electrophoresis, namely Hb-A or a2fi2, Hb-Da or 
a2D/~2, Hb-C or a2fl2C, and Hb-CDc~ or a2Dfi2C. Two additional minor fractions, Hb-A 2 
or a2~2 and Hb-D~ or c~2D~2, were not observed with this technique because of the 
identical electrophoretic mobilities of Hb-C and Hb-A~, and of Hb-CDa and Hb-D 2. 
The father of this individual (patient R.R.) exhibited a homozygosity for Hb-C and a 
heterozygosity for Hb-Da; only two components were observed by  starch gel electro- 
phoresis. Blood samples from both patients were kindly supplied by  Dr. R. t3. SQUIRES, 

Baptist Hospital, Pensacola, Fla. 
(7) One individual with a heterozygosity for Hb-C-Harlem (patient G.S.). This 

/5 chain variant has been identified as an abnormality with two amino acid res- 
idue substitutions, namely a Glu to Val substitution in position 6 and an Asp to 
Asn substitution in position 73 (ref. II).  A blood sample from an individual with an 
apparently similar Hb-C-Harlem heterozygosity, but in combination with a Hb-C 
(a2f126Ly s) heterozygosity, was also studied. Starch gel electrophoresis of the hemo- 
globin of this last patient (patient P) showed only one component in the position of 
Hb-C. The blood samples of patients S and P were made available to us by Dr. W. A. 
SCHROEDER, California Inst i tute of Technology, Pasadena, Calif. 

(8) The hemoglobins F0, A0, A2, S o and Co, isolated by  DEAE-Sephadex 
chromatography2, 3. The minor hemoglobins Aia~b and Ale, isolated by Amberlite 
IRC-5o chromatography 7, were kindly supplied by Dr. B. F. HORTON, University of 
Tennessee~ Knoxville, Tenn. 

C M-Sephadex chromatography 
CM-Sephadex (C-5Q capacity: 4.5 + o.5 mequiv/g, Pharmacia Fine Chemicals, 

lot No. 9494) was used. The cation exchanger was equilibrated with the first developer 
and stored at room temperature. The buffer was changed once weekly. The developers 
were 0.05 M Tris-(hydroxymethyl)aminomethane-maleic acid buffers of pH varying 
between 6.5 and 8.0. These developers were prepared from I M stock solutions of both 
chemicals, by ti trating the 0.05 M Tris solution with the concentrated maleic acid 
solution to the desired pH value. Each developer also contained IOO mg KCN/Iooo ml. 
A column of 60 × 0. 9 cm was used in most experiments; the resin column was usually 
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equilibrated with a pH 6.5 developer, and in certain instances with a pH 6. 7 developer. 
Seventy to 15 ° mg of hemoglobin (in 2 to 3 ml), dialyzed overnight at 4 ° against the 
first developer, was chromatographed. A pH gradient was applied by supplying a 
buffer of higher pH value (usually 7.o) from a separatory funnel to a 25o ml mixer 
which contained the first developer. The selection of additional developers and the 
t ime of introduction depended on the elution pat tern observed. The flow rate was 
maintained at approx. 2o ml/h; an increase was not possible due to an undesirable 
packing of the column under increased pressure. The t ime required to complete the 
chromatogram (5 to 7 days l) made it necessary to run the analyses at 4 °. The effluent 
was collected in 8 ml fractions and analyzed as described beforO -a,s-l°. Measurements 
of the pH of the effluent were made at room temperature  with a Radiometer  PH-  4 
pH meter  within 24 h after collection. 

Additional techniques 
Several isolated hemoglobin components were further characterized by  starch 

gel electrophoresis and by  analyses of their total  amino acid composition. The com- 
ponents were concentrated by  ultrafiltration under reduced pressure at 4 °, dialyzed 
overnight against distilled water, whereafter the appropriate amounts were hydro- 
lyzed for 24 h with 6 N HC1 at I iO ° under reduced pressure. Amino acid analyses 
were made with a Spinco model I2oB automatic  amino acid analyzer. Procedures for 
the  preparation of hemolysates, starch gel electrophoresis, analytical and preparative 
.chromatography using DEAE-Sephadex have been described before ~, 8, r~. 

! 

IRESULTS AND DISCUSSION 

Separation of an artifical mixture of the hemoglobins A, F, S, C and A 
The chromatogram was initially developed with a 6. 7 to 7.0 pH gradient; the 

pH 7.0 developer was replaced in the separatory funnel by similar buffer solutions but 
with pH values of 7.3, 7.5, 7.7 and 8.4 after approximately 350, ILOO, 145o and 16oo 
ml  of developer passed through the column, respectively. Fig. i illustrates the chro- 
matogram; the five major  hemoglobin fractions were eluted at pH values as indicated. 
The identi ty of each component was determined by  starch gel electrophoresis; tile 
relative electrophoretie mobilities, presented in Fig. 2, indicated a sequence of F, A, 
A 2, S and C in the elution of these components. The identities of components I I I  (or 
Hb-A2) and V (or Hb-C) were confirmed by  amino acid analyses of their 24 h acid 
ihydrolysates. Tile electrophoretic pat tern also indicated that  each component was 
pure, except the Hb-A 2 and Hb-S fractions, which were contaminated to a minor 
.extent with each other. The elution pat tern is rather  different from that  observed in 
CM-cellulose chromatography,  namely A, F, S, C + A s (ref. 9). Application of CM- 
Sephadex chromatography, therefore, offers an unique opportunity to separate the 
hemoglobins A s and C from red cell hemolysates. The separation of Hb-F  and Hb-A is 
.comparable to tha t  observed in Amberlite IRC-5o chromatography. 

Separation of minor hemoglobin components frorn normal red cell hernolysates 
Approximately 13o to 15o rng of hemoglobin was chromatographed. The 

majori ty  of the hemolysates were freshly prepared, while others were either aged for 
4 o days at 4 ° or t reated with oxidized glutathione, as described in previous papers of 
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Fig. I. Chromatography  of an artificial mixture  of the hemoglobins ~', A, A2, S and C on a column 
of CM-Sephadex at  4 °. An initial p H  gradient  wi th  0.o 5 M Tris-maleic  acid developers of p H  6. 7 
to 7.0 was applied; the  second buffer of this gradient  system was replaced by  additional developers 
with increasing p H  values (7-3, 7.5, 7-7, 8.4) as indicated. The values between parentheses  represent  
the p H  elution values of the individual  zones. The broken line represents the  p H  of the effluent. 
The flow rate  was 20 ml/h. 
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Fig. 2. Schematic presenta t ion  of the mobilities of isolated hemoglobin components  in s tarch gel 
electrophoresis. 

this series 13,14; such treatment will result in the formation of a mixed disulfide, which 
has been identified as c~2(SH)2~2 (SH)2(SSG)2 (ref. 13). The chromatograms were 
developed with a 6.5 to 7.0 pH gradient, while a pH 7.4 buffer was introduced after 
approximately 15oo ml of developer passed through the columns. Four, and probably 
five, minor components were observed in a normal freshly prepared hemolysate; 
these fractions were eluted at pH values of 6.80, 6.85, 6.92 and 7.Ol, respectiwly 
(Fig. 3). The figure also lists the ranges of the relative amounts for each component, 
calculated from IO chromatograms. Aging of the hemolysate and incubation with 
oxidized glutathione resulted in a marked increase in component IV (chromatograms 2 
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and 3 of Fig. 3), which identified this fraction as the A-GSSG complex. Chromato- 
graphy of the Hb-AIa+b and of the Hb-Aie components, isolated by Amberlite 
IRC-5o chromatography, identified the components II and III (chromatograms 4 and 
4a of Fig. 3)- The nature of the minute component I and of component IIIa is not 
known; amino acid analyses of 2 4 h hydrolysates of component IIIa indicated the 
probable presence of a fetal hemoglobin component. A comparison of these data with 
those observed in other types of cation exchange chromatography indicates a notable 
improvement of the resolution of the minor hemoglobin fractions over that seen in 
CM-eellulose chromatography 9,10. Tile elution pattern is more or less comparable to 
that observed in Amberlite-IRC-5o chromatography. 
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Fig. 3. C h r o m a t o g r a p h y  of t h e  minor  hemoglob in  c o m p o n e n t s  on co lumns  of CM-Sephadex.  (i) 
F re sh ly  p repa red  hemolysa t e .  (2) Same  h e m o l y s a t e  af ter  s to rage  a t  4 ° for 4 ° days .  (3) Same  
h e m o l y s a t e  a f te r  t r e a t m e n t  wi th  oxidized g lu ta th ion .  (4) Hb-Aia+b and  (4 a) Hb-Aie,  isolated by  
Amber l i t e  IRC-5 o c h r o m a t o g r a p h y .  The  va lues  be tween  pa r en the se s  r ep resen t  t he  re la t ive  a m o u n t s  
of t h e  ind iv idua l  zones ; t h e  e lu t ion  p H  va lue  of each  i nd iv idua l  zone is g iven  a t  t he  top  of t he  first 
c h r o m a t o g r a m .  For  f u r t he r  deta i ls  see tex t .  

The separation of fetal hemoglobin components from cord blood hemolysates, and from red 
cell hemolysates of patients with SS anemia, B-thalassemia trait, and fl-thalassemia-Hb-C 
disease 

These chromatograms were initially developed with a pH 6.5 to 7.0 gradient, 
while the pH 7.° buffer was replaced by similar buffer solutions but with pH values of 
7.3, 7.5 and 8.0 after approximately I5OO, 2300 and 2600 ml passed through the 
column, respectively. Each sample was simultaneously analyzed by DEAE-Sephadex 
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chromatography 3. The chromatograms obtained with these two techniques are 
compared in Fig. 4; case N.C. represents a newborn baby with a heterozygosity for 
both Hb-S and Hb-C, case J.G. a patient with sickle cell anemia, case W.O. a patient 
with/3-thalassemia trait, and case G.S. a patient with Hb-Cff3-thalassetnia disease. 
Careful examination of these chromatograms allows the following conclusions: (a) 
Fetal hemoglobin was observed as two, incompletely separated, components, which 
are eluted at pH values of 6.91 and 6.94 respectively. The total  amounts of fetal 
hemoglobin calculated from the CM-Sephadex chromatograms, corresponded rather 
well with those calculated from tile DEAE-Sephadex chromatograms. (b) The separa- 
tion of the Hb-A 2 from Hb-S and Hb-C was (almost) complete, thus allowing its 
quantitation in patients with a Hb-C heterozygosity or homozygosity. (c) The resolu- 
tion observed by CM-Sephadex chromatography was in most instances greater than 
that seen in the DEAE-Sephadex chromatograms. This is particularly apparent in the 
chromatograms of the ]3-thalassemic individual (case W.O.) and of the Hb-C-/~- 
thalassemic patient (case G.S.). The electrophoretic mobilities of the components I 
through V of the chromatogram from case G.S. are presented in Fig. 2; the observa- 
tions made are in agreement with those described for the isolated fractions of the 

pH 

7.8 

7.2 

6,6 
£ -  4 1 5  

4.0 

2.0 
1,0 

0,5 

E - 4 1 5  
4.0 

2.0 
1.0 

0.5 

E - 4 1 5  

4,0 

2.0 
1.0 

0,5 

E - 4 t 5  
4.0 

2.0 
1.0 

0.5 

" C M - S E P H A D E X  

-- 6.91 

~ . 1 8  

, , ~ l ,  ~ , 1  
CASE . c  , 

15.9 
F I 

8i 

i i i 

CASE d.G. 

0.8 F o 

C A S I E  W. 0 .  7 0 . 6  

70 , o  '~ 
~ 4.7 

i i i 
CASTE G.S.' 

9 . 0  
F o 5.6 7.3 

F2..2 A A o A~ 
I÷ ~ T r r  

i i i i 

IO00 2 0 0 0  

f 
70 i ;83 

7.6 7.4 
So  Co 

.6  

tl 4.2 87.0 
A a  $ 

i 

i I 

62.7 
Co-~ 

L 
i i 

3000  

pH 

~ 1  
8'4 

7.8 
." 8.10 7.95 7.73 7.64 

¢ 1, , ~ , t ,  z.2 
I 

6 9 . 0  
F o - -  • 

9.0 9 I ~ i 
C+A2 8" 

12.9 

! 1 85.5 
--8 o 

- 3 . 6  i 

AZ 
5.3 5.6 

L L i 

82.2 > 
A ° - -  1[.6 

- A I * F  
6.2 

Co+A 2 
15.7 

i [ i i 

200 600 I000 

MI Eff luent MI Eff luent 

Fig. 4- Chromatography of red cell hemolysates containing fetal hemoglobin on columns of CM- 
Sephadex and of DEAE-Sephadex. Case N.C. : cord blood from a Negro baby with an heterozy- 
gosity for the hemoglobins S and C. Case J.G. : sickle cell anemia. Case X/V.O. :/%thalassemia trait. 
Case G.S. : Hb-C-/?-thalassemia trait. For further details see legend to Fig. 3 and text. 
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chromatogram given in Fig. I. (d) The correlat ion between the  re la t ive  amounts  of t he  

various hemoglobin  components ,  calculated from the  CM-Sephadex and the D E A E -  

Sephadex chromatograms  was ra ther  good, except  for t h a t  of H b - A  0 in case G.S., 

which remains unexplained.  

Chromatographic separation of some rare hemoglobin components 
The cases, of which chromatograms  are presented  in Fig. 5, concerned case L .R .  

wi th  a he te rozygos i ty  for the  fi chain var ian t  Hb-C and for the  c~ chain var ian t  Hb-D;  

case R.R.  wi th  a homozygos i ty  for Hb-C and a he te rozygos i ty  for H b - D a ;  case G.S. 

wi th  a he te rozygos i ty  for Hb-C-Har lem;  case P wi th  a he te rozygos i ty  for Hb-C-  
Har l em and for Hb-C, and case S.C. wi th  Hb-S-Hb-C disease. The  chromatograms  

were developed in a s imilar  way  as descr ibed for those  presented  in Fig. 4. The follow- 

ing remarks  seem appropr ia te :  
Case L.R. The separat ion of the hemoglobins  A,Da,  C o and the  hybr id  compo-  
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Fig. 5. Chromatography of red cell hemolysates containing some rare hemoglobin types on columns 
of CM-Sephadex and of DEAE-Sephadex. Case L.R.: heterozygosity for the a chain variant Da 
and the/~ variant Hb-C. Case R.R. : heterozygosity for the c~ chain variant Da and homozygosity 
for the/~ chain variant Hb-C. Case G.S.: heterozygous C-Harlem carrier. Case P.: Hb-C-Hb-C- 
Harlem l}eterozygosity. Case S.C.: Hb-S-Hb-C disease. For further, i~details see legendj to~LFig. 3 
and text. 
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nent CDc~ was complete in both types of chromatography. CM-Sephadex chromato- 
graphy allowed also the isolation of Hb-D~ (or a~D~2) but not of Hb-A2, which had a 
mobility similar to that  of Hb-Da  (or a2Dfl2). The identi ty of several of these isolated 
fractions is based on the differences in their eleetrophoretic mobilities (Fig. 2); the 
presence of Hb-A~ in the isolated component I I  is clearly demonstrated by this 
procedure. 

Case R.R. The absence of normal Hb-A and of Hb-Da was confirmed in both 
chromatograms. CM-Sephadex chromatography allowed the complete separation of 
the minor components Hb-A 2 and Hb-D~; the relative amounts of these hemoglobins 
were 2.0 and 1. 7 % respectively. Hb-D 2 was eluted at approximately the same pH 
value as observed for Hb-S (Fig. I). 

Case G.S. The elution pH value for Hb-C-Harlem was found to be approximately 
7.33, thus allowing a complete separation of this variant  and of the minor Hb-A 2 
component. 

Case P. A rather incomplete separation of Hb-C-Harlem and Hb-C was observed 
by DEAE-Sephadex chromatography; the separation of these two components and of 
Hb-A 2 was complete in the CM-Sephadex chromatogram. The level of Hb-A 2 in this 
blood sample was 2.9 % ; no trace of I-Ib-F was observed. The electrophoretic mobilities 
of the isolated components I, I I  and I I I  are shown in Fig. 2. 

Case S.C. This chromatogram closely resembled that  of patient P; it may be 
that Hb-S was eluted slightly faster than Hb-C-Harlem. The separation of Hb-A 2 
and the minor Hb-S component was incomplete, preventing an acceptable calculation 
of the relative amount of Hb-A 2. The relative mobilities of the fractions I, I I  and I I I  
in starch gel electrophoresis are also presented in Fig. 2. I t  is noteworthy that  a small 
amount of I-tb-F (1.6 %) was present in this blood sample. 
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Fig. 6. The relationship between the relative mobilities of various hemoglobin variants and their 
elution pH values in CM-Sephadex and in DEAE-Sephadex chromatography. 
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In reviewing the several chromatograms it becomes evident that CM-Sephadex 
chromatography shows a selectivity, which is considerably greater than that observed 
by the DEAE-Sephadex chromatographic procedure. This is even more apparent 
when the relative mobilities of the various components in starch gel electrophoresis 
are plotted against their respective elution pH values in both types of chromatography 
(Fig. 6). The separation of the hemoglobin components (with the exception of Hb-F) 
by DEAE-Sephadex chromatography seems primarily to be based on charge dif- 
ferences between the molecules; additional properties of the structurally different 
hemoglobin components apparently influence the adsorption of the proteins to the 
CM-Sephadex cation exchanger to a much greater extent than is the case for the 
DEAE-Sephadex anion exchanger. This phenomenon can successfully be used for a 
complete separation of components showing (almost) identical mobilities in starch gel 
electrophoretic separations, such as Hb-CDa and Hb-D~, Hb-C and Hb-C-Harlem 
and Hb-Ao, and perhaps Hb-S and Hb-D. 

ACKNOWLEDGEMENT 

These investigations were supported by research grant HE-o5168 from the Na- 
tional Institute of Health. 

R E F E R E N C E S  

I T. H. J. HUISMAN AND A. !VI. DOZY, J. Chromatog., 7 (1962) 18o. 
2 T. H. J. HUISMAN AND A. M. DOZY, J .  Chromatog., 19 (1965) 16o. 
3 A. M. DozY, E. F. I~LEIHAUER AND T. H. ] .  I-IUISMAN, d r. Chromatog., 32 (1968) 723. 
4 M. D. CLEGG AND W. A. SCHROEDER, J. Am.  Chem. Soe., 81 (1959) 6065, 
5 A. G. SC}INEK AND W. A. SCHROEDER, dr. Am. Chem. Soe., 83 (1961) 1472. 
6 R. T. JONES AND W. A. SCHROE1)ER, dr. Chromatog., io  (1963) 421. 
7 T. H. J. HUISMAN AND t3. F. HORTON, dr. Chromatog., 18 (1965) 116. 
8 T. H. J. HUISMAN, E. A. MARTIS AND A. M. DOZY, J. Lab. Clin. Med., 52 (1958) 312. 
9 T. H. J. HUISMAN AND C. A. MEYERING, Clin. Chim. Aeta, 5 (196o) lO3. 

IO C. A. MEYERING, A. L. M. ISRAELS, T. SEBENS AND T. I7I. J. HUISMAN, Clin. Chim. ,4eta, 5 (196o) 
208. 

I I  R. M. BOOKCHIN, R. L. NAGEL AND H. M. RANNEY, dr. Biol. Chem., 242 (1967) 248. 
12 T. H. J. HOISMAN, Adv. Clin. Chem., 6 (1963) 231. 
13 T. H. J. HUISMAN AND A. M. DOZY, J. Lab. Clin. Med., 60 (1962) 302. 
14 T. H. J. HUISMAN, A. M. DozY, ]3. F. HORTON AND C. M. NECHTMAN, J. Lab. Clin. Med., 67 

(1966) 355- 

d r. Chromatog., 4 ° (1969) 62-70 


