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1. Introduction 

In hemoglobin E (a~fl~ 26 (B8) Glu + Lys), the 
structural abnormality is located in the contact area 
between unlike subunits of one @I dimer. According 
to the structure-function relationship of the mole- 
cule of hemoglobin described by Perutz and Lehmamr 
[ 11, a disturbance of its function could be expected. 

The first oxygen equilibrium studies performed on 
blood or on intact cells, suggested an abnormally low 
oxygen affinity [ 21 and a tentative explanation was 
proposed at the molecular level [3]. In 1972, the 
oxygen equilibrium of hemoglobin E was more the- 
roughly studied by Bunn et al. [4] : they found an 
identical oxygen equilibrium in phosphate-free 
hemolysates of blood from E and A homozygotes and 
in purified components from heterozygotes. The 
former studies had been performed before the regula- 
tory function of 2,3 diphosphoglycerate (2,3 DPG) was 
well understood [5, 61. It was suggested that the ob 
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served discrepancy could be explained by a variable 
increase of the intra-erythrocytic 2,3 DPG. 

In this work, a more complete study of hemoglobin 
E was performed in individuals carrying various genetic 
associations. From the data obtained on whole blood, 
intact cells, phosphate-free lysates and purified compo- 
nents, evidence is brought for a normal oxygen equili- 
brium and a normal regulatory effect of the 2,3 DPG 
in physiological salt conditions but for an increased 
oxygen affinity at low salt concentration. 

2. Materials and methods 

Two siblings heterozygous for hemoglobin E and 
A as well as their father, double heterozygous for hemo- 
globin E and PO thalassemia (in which only hemoglobin 
E and F are present), were found in a French family. 
Blood was also obtained from an Indonesian female 
homozygous for hemoglobin E. The main hematologi- 
cal data concerning these cases are summarized in 
table 1, a more detailed clinical study will be published 
elsewhere. 

The hemolysates were prepared by routine proce- 
dure. The hemoglobins were isolated by DEAE-Sepha- 
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Table 1 
Main hematological data concerning the studied patients 

Samples RBC Hb PCV MCV MCHC Hb 
106/mm3 g/100 ml % /J fi3 % 

Fam. F. 
Case II- 1 3.4 8.2 28 82.5 29 E+F 

(father) (F = 40%) 
Case III- 1 5.9 14.1 43.5 73 32 E/A 

* s (F = 0%) 
Case III-2 5.6 12.4 40 71 36 E/A 

(F = 1%) 

MIS P. 6.5 12.5 38 58.5 33 E/E 

dex chromatography [ 71 and hemoglobin E was iden- 
tified in each case by the amino acid analysis of the 
abnormal peptides, and sequence determination. 

All the hemoglobin solutions were studied 
phosphate-free and prepared as described by May and 
Huehns [ 81 slightly modified. 

The oxygen equilibrium was studied by the 
spectrophotometric technique of Benesch et al. [9] 
as modified by Bellingham and Huehns [2] on whole 
cells, phosphate-free hemolysates and pure compo- 
nents. On lysates and pure hemoglobins, the measure 
ments were done in bis-Tris 0.05 M, pH 7.10 buffer. 
On whole blood the oxygen affinity was studied by 
Duvelleroy on his own setting [lo] . 

Th regulation by 2,3 DPG was studied by com- 
paring the successive oxygen equilibrium curves after 
adding in the tonometer, prior to deoxygenation, 
known quantities of 2,3 DPG to the sample in the same 
bis-Tris buffer. 

Concentration of 2,3 DPC was estimated according 
to Beutler’s modification of Krimsky’s method [ 1 l] . 

3. Results and discussion 

(1) The oxygen equilibrium was studied on intact 
red blood cells suspended in isotonic phosphate 
buffer pH 7.13 (table 2). Only the results of the homo- 
zygous E/E patient were apparently abnormal, the 
P 50 and the 2,3 DPC being both increased. Never- 
theless the correlated values remained in the normal 
curvilinear statistical range [ 121. The ‘shift to the 
right’ is in agreement with the previously described re- 
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Table 2 
2,3 DPG contents and oxygen equilibria of intact red blood cells 

suspended in isotonic phosphate buffer pH 7.13 at 37°C 

Sample 
2,3 DPG Oxygen equilibria 

wmoles/g Hb P50 Hill’s coefficient 

Controls (A/A) 14.7 k 1.0 29.5 k 0.5 2.7-3.0 
Fam. F. 

Case II-1 17.0 31.5 2.9 
(father: E+F) 

? 31 3.0 
15.0 29.5 3.0 

Case III- 1 
(E/A) 15.5 29.5 2.8 

Case III-2 
@/A) 14.8 30 2.8 

Mrs P. 
(E/E) 22.1 36 2.8 

sults [2] and can be easily explained by a compensa- 
tory mechanism, the starting point of which is not yet 
well known. 

In the case of the patient with hemoglobin E/ 
thalassemiaO disease, disorders due to the severe 
anemia were expected, but the results were repeatedly 
found in the normal range. They were confirmed by 
measurements made on whole blood, corrected to 
pH 7.40. The found values of the P 50 were normal 
for the heteroxygous subjects: 26.1 and 26.7 mm Hg 
(normal 26.6 Hg) and not significantly different from 
the normal in the case of the patient carrying hemo- 
globin E and hemoglobin F: 25.9 and 25.3 mm Hg. A 
more complex regulatory mechanism is likely to be in- 
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Table 3 
Oxygen equilibria of phosphate-free lysates 
in bis-Tris 0.05 M pH 7.10 Buffer at 37°C 

Sample P50 Hill% coefficient 

A/A 7.1 2.8 
E/E 6.6 2.7 
E/A 7.1 2.3 
E+F 7.4 2.3 

volved in order to explain the almost normal final ad- 
justement. 

(2) The phosphate-free lysates were studied in 
0.05 M bis-Tris buffer pH 7.10 at 37°C (table 3). The 
slight differences of the P 50 in the different mixtures 
were apparently clear but had to be confirmed by a 
more accurate study of the pure components. The 
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Fig. 1. Hill’s plot of the oxygen affmity of phosphate-free 
lysates. The measurements were done at 37°C in bis-Tris 
0.05 M pH 7.10 buffer on lysates ‘stripped’ by gel filtration 
on Sephadex G 25. The differences in the P 50 and in the 
value of the interaction coefficient appear on these curves. 
Similar results were obtained when comparing E/E, A/E and 
A/A lysates. 

l HbE+HbF 

0 HbA 

l Hb E 

o Hb A/E 

2.3 DPG 1O-4 M 

0.5 1 

Fig. 2. Action of 2,3 DPG on ‘stripped’ lysates. The lysates 
were prepared in the way already described. The regulatory 
action of added 2,3 DPG is the same in the case of A/A, 
A/E and E/E lysates It is decreased in the presence of a 
lysate containing 40% hemoglobin F. 

Hill’s coefficient was normal in lysates containing only 
one major component (A/A or E/E) and slightly de- 
creased in mixtures of two different hemoglobins 
(A/E or E + F) (fig. 1). It is tempting to explain the 
intermediary curve as being the summation of two 
independent curves having the same interaction 
coefficient and a P 50 slightly different. 

Known amounts of 2,3 DPC were added to the 
different lysates and its regulatory effect studied at 
concentrations ranging from 0 to 1 X 10m4 M (fig. 2). 

The action of 2,3 DPC was found identical for all the 
studied lysates with the exception of the one con- 
taining 40% hemoglobin F, where it was, as expected, 
decreased. 

(3) The pure components were studied after DEAE 
Sephadex chromatography and further Sephadex fi- 
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Table 4 
Oxygen equilibria of pure components 

isolated by DEAE-Sephadex chromatography 

Sample 

P 50 
mm Hg 

25°C 37°C 

Hill’s coefficient 

25°C 37°C 

HbA 2.9 7.2 2.6 2.8 
HbE 2.5 5.2 2.6 2.8 
Hb F 3.6 8.3 3.0 2.7 

tration in the same 0.05 M bis-Tris buffer. The oxygen 
equilibrium curves were determined at 37°C and at 
25”C, and the oxidation checked not to exceed 5% at 
the end of the measurement (table 4). At both tempera- 
tures, a decrease of hemoglobin F and an increase of 
hemoglobin E oxygen affinity, as compared to hemo- 
globin A, were found approximately at the same 
ratio. 

There is an apparent discrepancy between these re- 
sults and the results published by Bunn working at a 
more physiological ionic strength [4]. The role of the 
saline environment is also confirmed by our normal 
results when working on intact cells or in the presence 
of 2,3 DPG. Nevertheless, when summarizing all our 
personal data, we can conclude for a slight increase of 
the oxygen affinity of hemoglobin E at low salt con- 
centration. This small difference could be over- 
looked or disappear in the presence of added NaCl and 
be more evident in a low ionic strength buffer where 
the overall free energy of interaction among oxygen 
combining sites is lowered [ 131. The newly intro- 
duced positive charge in the contact area may 
slightly destabilize the normal contact and decrease 
the free energy of interaction, therefore explaining the 
higher oxygen affinity. 

Acknowledgements 

We are thankful to Dr Duvelleroy for his help in 
kindly performing the measurements in physiological 
conditions. 

This work was supported by grants of the Institut 
National de la Sante et de la Recherche Medicale, the 
Centre National de la Recherche Scientifique, the 
Delegation Generale a la Recherche Scientifique et 
Technique and the Assistance Publique. 

References 

[l] Perutz, M. F. and Lehmann, H. (1968) Nature 219, 
902-909. 

[2] Bellingham, A. J. and Huehns, E. R. (1968) Nature 218, 
924-926. 

[3] Morimoto, H., Lehmann, H. and Peru@ M. F. (1971) 
Nature 232,408-413. 

[4] Bunn, H. F., Meriwether, W. D., Balcenak, S. P. and 
Rucknagel, D. L. (1972) J. Clin. Invest. 51,2984-2987. 

15) Benesch, R., and Benesch, R. E. (1967) Biochem. 
Biophys. Res Commun. 26, 162-167. 

[6] Chanutin, A. and Curnish, R. R. (1967) Arch. Biochem. 

[71 

[81 

191 

[lOI 

[Ill 

1121 

[I31 

Biophys. 121, 96-102. 
Dozy, A. M., Kleihauer, E. F. and Huisman, T. H. J. 
(1968) J. Chromatogr. 32, 723-727. 
May, A. and Huehns, E. R. (1972) Brit. J. Haematol. 
22,599-607. 
Benesch, R., MacDuff, G. and Benesch, R. E. (1965) 
Anal. Biochem. 11, 81-87. 
Duvelleroy, M. A., Buckles, R. G., Rosenkaimer, S., 
Tung, C. and Laver, B. (1970) J. Appl. Phys. 28, 
227-233. 
Beutler, E., Meul, A. and Wood, L. A. (1969) Trans 
fusion 9, 109- 114. 
Labie, D., Bernadou, A., Wajcman, H. and BiIski- 
Pasquier, G. (1972) Nouv. Rev. fr. Hematol. 12, 
502-506 
Tyuma, I., Imai, K. and Shimizu, K. (1973) Bio 
chemistry 12, 1491-1498. 

1.50 


