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It has been known for a long time that the characteristic 

sigmoid oxygen dissociation curve of hemoglobin is obtained 

only in the presence of certain salts (Barcroft & Camis, 1909; 

BarCrOft & Roberts, 1909). This influence of electrolytes on 

ligand binding has recently been reinvestigated by Rossi- 

Fanelli et al. (1961) and Enoki 61 Tyuma (1964) with results 

which confirm the effect of many of these ions both on the 

position and the shape of the oxygenation curve. 

We have now investigated the effect of some of the 

organic phosphate esters which form the normal environment 

of hemoglobin in the red blood cell and have found that some 

of these compounds have a profound influence on the oxygena- 

tion of hemoglobin at the concentrations in which they occur 

in the erythrocyte. 

Human hemoglobin was prepared as described previously 

(Benesch & Benesch, 1961) and the oxygen dissociation 

curves were determined by the method of Benesch et al. 
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(1965) on 0.3% solutions of hemoglobin. 

As can be seen from Fig. 1, the oxygenation curve of 

dialysed hemoglobin in the absence of added electrolytes 

shows no significant heme-heme interaction (n* = 1.1) and 

the oxygen affinity is very high (log ~5~ ** = 0.16). This 

is in agreement with previous work (Rossi-Fanelli et al. 

1961, Enoki & Tyuma 1964). Neither NaCl nor NazISO had a 

measurable influence on these parameters at an ionic 

strength of 0.01. Phosphate, on the other hand, shows a 

distinct effect at this ionic strength (n = 1.9, log 

pso = 0.40). A dramatic effect, however, is shown by 

2,3-DPG*** which increases heme-heme interaction to the 

IOO- 
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Fig. 1: The effect of salts on the oxygenation 
of hemoglobin 

0-e 0.3% hemoglobin in water 

- " " w  O.OlM NaCl;p - 0.01 

x- " ,I )* 0.0033 M Na2S04; p = 0.01 

h4 w m *' 0.0045 M potassium phosphate: 
p = 0.01 

o------51 " ,t 11 0.0014 M 2,3-DPG; JI = 0.01 

Temperature = lO"C, pH = 7.0 

* n is the exponent in the Hill equation: (HbG2)/(Hb) = K(pG2)n 
** pso is'the oxygen pressure at 50% oxygenation 
*** 2,3-diphosphoglyceric acid 
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maximum observed under physiological conditions (n = 2.7) 

and decreases the oxygen affinity to normal values 

(log pgo = 0.72). Since this comparison was made at constant 

ionic strength, the molar concentration of 2,3-DFG was only 

l/7 that of the NaCl or about l/3 that of the inorganic 

phosphate. 

The oxygen affinity (log ~50) and the degree of heme- 

heme interaction of hemoglobin is shown as a function of 

the molar concentration of 2,3-D&G in Fig. 2. It is clear 

that both these properties have reached their maximum value 

at the concentrations of this compound reported in the 

n 

[2,3-DPG] x IO’ 

Fig. 2: Dependence of 
of 2,3-DPG 

O-------o = log P50 
- =n 

log p50 and n on the concentration 

= range of concentration of 2,3-DPG in 
normal human erythrocytes 

erythrocyte (Bishop, 1964). Similar results to those 

shown in Figs. 1 and 2 were also obtained at 30%. A 

comparison of the oxygenation curves 'of hemoglobin in 

2 x 10'3 M 2,3-DFG at this temperature with those obtain- 

ed by Astrup et al (1965) on whole human blood shows an 

extremely close agreement between the two curves (Table 1). 
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TABLE I 

OXMen Affinity, Heme-Heme Interaction 
and Bohr Effect at 300~ 

Log p50 pH 6.94 

L0C.J P50 pH 7.69 
n 

A log P50/0 PH 

Whole Blood Hb in 2 x 10e3M 
(Astrup et al 1965) 2,3-DPG 

1.45* 1.46 
1.07* 1.04 
2.7 2.7 
0.50 0.56 

* Calculated from the values at pH 7.40 and L! log p50/A pH 

The effects of other organic phosphates on the oxygena- 

tion behavior of hemoglobin together with their concentra- 

tion in human erythrocytes are shown in Table II. It is 

clear that they fall into the three categories shown, 

inorganic phosphate being the least effective, followed 

by the monophosphates, while the di and triphosphates are 

by far the most potent. Among these only 2,3-DPG and ATP 

are present in substantial concentrations in the red cell. 

The mechanism of the interaction of organic phosphates 

with hemoglobin is now under investigation, but more specific 

effects than charge alone are clearly involved. This is 

illustrated by the complete ineffectiveness of sulfate or 

the limited effectiveness of inorganic phosphate, as com- 

pared with DPG. Even ferrocyanide, which has a higher 

negative charge than 2,3-DPG at neutral pH, has only about 

as much influence as inorganic phosphate on cooperative 

ligand binding by hemoglobin. 

Although it has been known since 1925 (Greenwald, 1925) 

that the red cell contains large quantities of 2,3-DPG, the 

physiological role of this compound has not been clarified. 
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The results reported here strongly suggest that 2,3-DPG can 

act as a powerful regulator of the allosteric properties of 

hemoglobin in the human red cell, thus enabling it to act 

as an oxygen donor under physiological conditions. 
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