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The interactions between haemoglobin and polyanionic compounds have been 
extensively investigated and several methods have been proposed for determining the 
stoichiometry of the complexes and their binding constants. However, these methods 
are generally suitable only for low-molecular-weight ligands, since they are often 
based on a good separation between macromolecules and small compoundslJ. 

It is now known that some polyanionic polymers, by interaction with hae- 
moglobin, cause a decrease in its affinity for oxygen3-5 and that the extent of this 
effect depends on various parameters such as the nature of the ionic groups, their 
concentration on the polymers, etc. These charged polymers can then be regarded as 
macromolecular allosteric effecters, whose association with haemoglobin, by giving 
rise to high-molecular-weight complexes with low affinity for oxygen, could be uti- 
lized in the field of blood substitute@. 

Such complexes between haemoglobin and macromolecular polyanions have 
already been studied by methods such as sedimentation3*4 and X-ray scattering3, but 
this type of investigation is rather complicated as it requires special equipment. On 
the other hand, the information obtained from oxygen-binding determinations4 is 
not easy to interpret as, during the oxygen equilibrium experiments, the conformation 
of haemoglobin changes from the deoxy to the oxy form. 

In this paper, we report the results of an high-performance liquid chromato- 
graphic (HPLC) study of the complexation of polyanionic polysaccharides with oxy- 
haemoglobin, by the Hummel and Dreyer method 7. This report essentially deals 
with polysaccharide sulphates such as dextran sulphate, whose interactions with hae- 
moglobin were recently studied by a potentiometric technique5, and ,4 carrageenan, 
but the same method could be applied to any other charged polymer. 

EXPERIMENTAI 

Materials 

Human haemoglobin was prepared from outdated blood, according to the 
usual methoda. It was deionized and freed from organic phosphates by passage 
through a column of Ultrogel AcA-202 (IBF, France; linear fractionation range 
1000-15000; exclusion limit 22000) at pH 8.9, 0.1 M sodium chloride. 
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Dextran sulphate was synthesized from dextran T40 (Pharmacia, Sweden; 
li?, Z 40000, lQn x 26000) as described by Rickettsg. It contained 17% sulphur 
which corresponds to about 1.9 sulphate groups per glucose unit; it was in the sodium 
salt form and its n, was evaluated as 54500. 

1” carrageenan was obtained from Sigma (St. Louis, MO, U.S.A.). It was es- 
sentially in the calcium salt form and contained 10.6% sulphur, which corresponds 
to 0.88 sulphate groups per glucoside unit. Its molecular weight was not known. 

All products were dissolved in 0.05 M Tris buffer. 

Equipment 

A Waters Assoc. Model ALC 200 liquid chromatograph equipped with a M 
600 A pump, a M 440 UV detector and an U6K injector was used. The size-exclusion 
column (60 cm x 0.75 cm I.D.), Ultropac TSK G3000 SW, (linear fractionation 
range: 1000-300000) was obtained from LKB (Sweden). 

Conditions 

For the determination of the stoichiometries of polymer-haemoglobin com- 
plexes, we used the Hummel and Dreyer method, as already described for the study 
of drug-protein interactions . lo. thus, we equilibrated the size-exclusion column with 
a solution of haemoglobin considered as the ligand and injected small amounts of 
polymer solutions. 

The concentration of haemoglobin in the eluent (0.05 M Tris buffer) being 
fixed at a defined value, mixtures in the same eluent of polysaccharide sulphate at a 
constant concentration and of haemoglobin at increasing concentrations were in- 
jected (100 ~1). The chromatograms thus obtained showed the presence of protein- 
polymer complex in the void volume, followed by a negative or positive peak at the 
retention volume of haemoglobin, which represents the amount of protein bound to 
the polymer. By plotting the area of this peak versus the excess (relative to the eluent 
concentration) of haemoglobin, and by interpolating to zero, the excess of haemo- 
globin corresponding to the exact amount of protein bound to the polymer could be 
determined (internal calibration6). By increasing the haemoglobin concentration in 
the eluent and keeping constant that of the polymer in the injection, the average 
stoichiometry of the haemoglobin-polymer complex at saturation was determined. 
The concentration of dextran sulphate in the injections was 0.27 g/l which corre- 
sponds to 5 . lop6 A4 (with iii, = 54 500), and that of 1 carrageenan was 0.56 g/l. The 
concentration of haemoglobin in the eluent, determined by the Drabkin method”, 
was between 0.5 and 15 PM, i.e., between 0.32 and 0.97 g/l. Detection was made at 
254 nm, and the flow-rate was 1 ml/min. The experiments were carried out at room 
temperature. 

RESULTS AND DISCUSSION 

Fig. 1 shows the internal calibration curve obtained for the interaction of hae- 
moglobin with dextran sulphate, for an haemoglobin concentration in the eluent of 
1.8 PM at pH 7. The interpolation at 0 gives the amount of haemoglobin, nub, bound 
to the amount of dextran sulphate injected, nns = 5 . lo-lo mol, and leads to the 
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Fig. 1. Internal calibration for binding of oxyhaemoglobin to dextran sulphate. Eluent: 1.8 PM of hae- 
moglobin in 0.05 M Tris buffer pH 7. Injection: 100 ~1 of mixtures of dextran sulphate (0.27 g/l) and 

haemoglobin at increasing concentrations in 0.05 M Tris buffer pH 7, 25°C. 

mean molar ratio: 

nHb 6.4 . 1O-9 f=_=___ 
nns 5. 10-10 = ‘2.8 

Y corresponds to the average number of haemoglobin molecules bound to one mol- 
ecule of dextran sulphate under the concentration conditions used. The same internal 
calibration was performed for various haemoglobin concentrations in the eluent, and 
by plotting the different values calculated for r as a function of the haemoglobin 
concentration in the eluent a curve (Fig. 2) was obtained from which the average 
molar stoichiometry, %, of the saturated haemoglobin-dextran sulphate complex was 
calculated, i.e., S = 14 (haemoglobin tetramer per dextran sulphate). 

To appreciate the effect of pH on the ability of dextran sulphate and haemo- 
globin to form a complex, the same experiments were performed at various pH val- 

0.1 a5 
haemoqlobr comiratim in the 

&lent (lW5t.4) 
Fig. 2. Binding of oxyhaemoglobin to dextrdn sulphate as a function of the haemoglobin concentration 

in the eluent (0.05 M Tris buffer pH 7). Conditions as in Fig. 1. 
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ues. The average molar stoichiometries of the saturated complexes are 14, 13.4 and 
8.75 at pH 7, 7.2 and 7.5, respectively. The results show that, as expected, when the 
pH increases, the average amount of haemoglobin molecules complexed with one 
molecule of dcxtran sulphate decreases, which corresponds to the deprotonation of 
some of the haemoglobin amino groups involved in the ionic interactions. 

In order to compare the relative capacity of different polyanionic polysac- 
charides to form a complex with haemoglobin, a new parameter, s’, was calculated, 
defined as the average amount of haemoglobin molecules bound to one molecule of 
sulphated glucoside monomer in the saturated complex. Thus, for dextran sulphate 
(17% sulphur) at pH 7, F’ is equal to 9 e 10P2, which means that, at saturation, the 
complex is formed on average by the association of 9 molecules of haemoglobin with 
100 sulphated glucoside units. In the case of /, carrageenan (10.6% sulphur), at pH 
7, s’ = 6 ’ 10-2, which shows that when the concentration of sulphate ions linked to 
the polymer decreases its capacity to form a complex with haemoglobin is reduced. 

Other similar quantifications are now being carried out with dextran carbox- 
ylates and phosphates. The results of these studies should lead us to define the best 
polyanionic polysaccharide to be used in association with haemoglobin in the field 
of blood substitutes6, the aim being to find a polymer with as low a charge as possible, 
but able to lead to a complex with haemoglobin as stable as possible under the 
conditions (pH and ionic strength) of the physiological media, 
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