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1. Introduction 

It has recently been shown that oxyhemoglobin 
extensively binds 2,3_diphosphoglycerate (DPG) and 

that a portion of this cannot be removed by Sephadex 
filtration [l] and remains bound to tryptic peptides 
after digestion of hemoglobin with trypsin [2]. This 
firmly bound DPG will be referred to as residual DPG 
(R-DPG) . 

This paper illustrates that the R-DPG, present in 
different proportions in normal and abnormal hemo- 

globins, can be removed by DEAE Sephadex chroma- 
tography. However, on adding DPG to DPG free 
hemoglobin, a similar amount of DPG again becomes 
firmly bound, i.e., it cannot be separated by Sephadex 
filtration. In addition this paper illustrates differences 
in DPG binding by a number of hemoglobins which 
have marked differences in affinity for oxygen. While 
in all cases there is binding of DPG to oxyhemoglobin, 
the binding is not directly related to the oxygen bind- 
ing capacity of the hemoglobins. 

2. Materials and methods 

The hemoglobins were purified essentially as des- 
cribed by Huisman and Dozy [3] . Hemolysates, con- 
taining 1 OO- 150 mg of Hb, were chromatographed 
on 1 X 2.5 cm columns of DEAE Sephadex ASO. 
Elution was carried out with a linear pH gradient (500 
ml of 0.05 M tris-Cl, pH 8.2 in mixing vessel and 500 
ml of 0.05 M trisC1, pH 7.2 in the reservoir vessel) at 
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a flow rate of 200 ml/hr. In some cases after the com- 
pletion of the pH gradient, the DPG was eluted with 
0.5 M NaCl-0.5 N HCl. The tubes containing hemo- 
globin were pooled and concentrated by ultrafiltra- 
tion (Diaflo; under oxygen) to about l-2 mM Hb. 

To remove the tris buffer, samples containing lOO- 
150 mg of Hb were passed through 1.2 X 95 cm 
Sephadex G-25 columns equilibrated with 0.1 M 
NaCl. The tubes containing the bulk of the Hb were 
pooled and concentrated to 0.8- 1 .O mM by ultra- 
filtration. DPG binding by hemoglobin was studied 
as previously described [2] . 

All column experiments were conducted at 24” 

using oxyhemoglobin. However, the tubes collected 
during equilibration experiments were kept at 4” 
until analyzed; hemoglobin specimens used in these 
studies were stored at -20’. The cyclohexylammo- 
nium salt of DPG (Boehringer) was converted to the 
potassium salt by percolation through a column of 
Dowex 50 resin, and then adjusted to pH 7.0 with 
KOH. DPG was assayed by an automated technique 
[4] ;32P was measured as previously described [2] _ 

3. Results and discussion 

Experiments were carried out to check complete- 
ness of DPG removal from hemoglobin by DEAE 
Sephadex chromatography. One ml samples of 1.5 
mM hemoglobin solutions which had been freed of 
DPG by DEAE Sephadex chromatography were 
mixed with 50 ~1 of 30 mM DPG (% 1.5 mM final 
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Fig. 1A. See methods for details. Arrow denotes start of 0.5 M NaCl-0.5 N HCI elution of column; three ml aliquots collected. 

B. 1 ml samples of 1.5 mM Hb, freed of DPG on DEAE Sephadex column, were made 1.5 mM in DPG at pH 7.0 and then passed 

through standard Sephadex G-25 column. Two ml aliquots were collected. 

DPG) at pH 7.0 and then passed through the standard 
Sephadex G-25 fine columns and analyzed for hemo- 
globin and DPG content. In addition, 1.5 ml samples 
of hemolysates containing 1.5 mM hemoglobin were 

passed through the Sephadex G-25 columns and shown 
to contain R-DPG [l] The hemoglobin pool from 
this column was chromatographed on a DEAE column 
as outlined earlier in an attempt to remove the re- 

maining R-DPG. 
Fig. 1A illustrates complete removal of DPG from 

hemoglobin and the subsequent elution of a portion 
of the adsorbed DPG from a column of Sephadex 
DEAE 50. This behavior has been observed with all 
(normal and abnormal) hemoglobins tested. In all cases 
no, or negligible, DPG remains bound to hemoglobin. 
Fig. 1B illustrates the incompleteness of DPG removal 
by gel filtration when DPG was added to hemoglobin 
initially freed of DPG by DEAE Sephadex chromato- 
graphy. In other words, the “hemoglobins” behave 
insofar as “residual DPG ” on filtration through Sepha- 
dex as it did before treatment with DEAE Sephadex. 
This point is further illustrated below with several 
types of hemoglobin. 

Binding of DPG to hemoglobin varies with some 
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types of hemoglobin [S] . Fig. 2 typifies binding of 
DPG by several hemoglobins as tested by equilibrium 
filtration on Sephadex columns. It is of much interest 
to find out if there is any correlation between binding, 
residual binding and oxygen affinity of several hemo- 
globins. A summary of binding for several hemoglobins 
is shown in table 1. While in all cases there is binding 
of DPG to oxyhemoglobin, it does not appear to be 
directly related to the reported whole blood oxygen 
binding capacities of the abnormal hemoglobins. On 
the other hand, R-DPG may be so related. A discre- 
pancy in oxygen affinity for whole blood and that of 
hemolysates or purified hemoglobins has been noted 
for several (abnormal) hemoglobins. Cord blood 
displays increased oxygen affinity in comparison to 
normal adult blood. However, solutions of hemo- 
globin A and hemoglobin F, dialyzed against buffered 
solutions at pH 7.4, have the same oxygen affinity 
[6] . Blood of patients with sickle cell anemia exhibits 
decreased affinity for oxygen while the oxygen affinity 
of hemoglobin S, as well as hemolysates of hemoglobin 
SS red cells, is the same as that of hemoglobin A [7] . 
Previous studies have shown that DPG binding by 
hemoglobin depends exceedingly on the ionic strength 
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Fig. 2. Matched 0.5 X 120 cm columns of Sephadex G-25 Superfine were equilibrated simultaneously, using a multichannel pump, 
with 0.06 mM DPG containing D32PG (1 X lo4 CPM/ml) in 0.02 M NaCl, pH 7.O.One-halfml aliquots of 0.4 mM Hb solutions 
containing 0.06 mM DPG and 0.02 M NaCl, pH 7.0, were passed through each column at a flow rate of 7 ml/hr. One-half ml ali- 
quot were collected and analyzed for Hb, DPG and radioactivity. Profile A represents data for Hb F, B for Hb Zurich and C for Hb 

Chesapeake. 

Table 1 
Summary of DPG binding by several hemoglobinsa. 

Type Hb Residual DPG DPG bindingb 

AA 0.060 (0.028)c 1.03 

AA 0.059 (0.03 1)c 1.43 

AA 0.056 (0.028)c 

Zurichd - 1.02 

Chesapeaked - 1.14 

J.Baltimored - 1.09 

Fetal 0.097 0.10 

Kansas 0.106 1.21 

ss 0.018 0.41 

a All data represent moles of DPG/mole of hemoglobin. 
b Conditions were as outlined previously [ 21. 
e The fires in parentheses represent values obtained by re- 

storing equimolar concentration of DPG to hemoglobin 
specimens (freed of DPG by DEAE Sephadex chromato- 
graphy) and then passing the specimens through Sephadex 
G-25 columns (conditions detailed in legend to fig. 1B). 

d These hemoglobins were chromatographically purified on 
DEAE Sephadex column; R-DPG is removed by column step. 

of media as well as pH [5] . Therefore, the data in 
table 1 represents comparative rather than absolute 

data. Nevertheless, in many experiments the decreased 
DPG binding of hemoglobins F and SS have been 
repeatedly observed. As noted above, fetal blood ex- 
hibits increased while sickle cell blood exhibits de- 
creased oxygen affinity. Moreover, hemoglobins Zurich 
and Chesapeake demonstrated DPG binding equal to 
or, in some experiments, greater than Hb A [5], and 
yet both have an increased affinity for oxygen. These 
findings, together with lack of agreement between the 
concentration of DPG in red cells and oxygen affinity 
[7] , necessitate further clarification of the binding of 
DPG to hemoglobin before direct physiological and 
pathological relationships between DPG and hemo- 
globin can be understood. It will be important to deter- 
mine relative binding of these hemoglobins in the re- 
duced form. It seems likely that extension of the 
present studies, particularly of R-DPG, may shed some 
light on the physiological and pathological roles of 
DPG in relation to hemoglobin structure and function. 
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