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Interactions of dextran sulfate with amino groups of oxy- and deoxyhemoglobin were followed by both 
potentiometric measurements between pH 6 and 7.3 and oxygen-binding studies. The uptake of protons 
observed upon addition of dextran sulfate to hemoglobin shows that the interaction with the deoxy form 
is strong and that the main site is probably located in the phosphate-binding B-cavity, whereas the interac- 
tion with the oxy form is more diffuse, probably with a great number of relatively weak binding sites. The 
influence of dextran sulfate on the oxygen dissociation curve of hemoglobin con&ms these findings, as the 
effect of the poiymer is to lower hemoglobin affinity for oxygen to a great extent, which proves that it stabi- 

lizes the deoxy form more strongly than the oxy one. 

Dextran sulfate Oxyhemoglobin Deoxyhemoglobin Potentiometry Oxygen binding 

1. INTRODUCTION 

It is known that organic and inorganic anions 
such as phosphate [l-4], carboxylate [5,6] and 
sulfate [7] bind both oxy- and deoxyhemoglobin 
more or less strongly: these interactions result in a 
reduced oxygen affinity of the protein and at the 
same time in a more pronounced Bohr effect [S]. 
Using the X-ray diffraction technique, Arnone [8] 
and Arnone and Perutz [9] have shown that the 
binding site of DPG and IHP to deoxyhemoglobin 
is located in the central cavity between the two ,& 
chains of the tetramer. Bucci et al. [lo-121 have 
demonstrated that the interaction of carboxylic ef- 
fectors with hemoglobin in solution can be studied 
by measuring the amount of protons absorbed 
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A~brev~~fjons: DPG, 2,3~iphosphoglycerate; IHP, 
myo-inositol hexaphosphate; BHC, benzene hexa- 
carboxylate 

upon the complexation. Using a similar method, 
Kilmartin [13,14] and De Bruin et al. [15-171 have 
studied the interaction of DPG and IHP with 
deoxy- and oxyhemoglobin and their influence on 
the Bohr effect. 

The interactions of low-M polyanions with 
hemoglobin are now relatively well characterized. 
Little is known, however, about the effect of 
organic macromolecular anions. It has been shown 
by Ruckpaul et al. [18] that heparin, a natural 
sulfated polysaccharide, interacts with hemo- 
globin, lowering its oxygen affinity. The 
stoichiometry of the heparin-oxyhemoglobin com- 
plex under defined conditions was determined by 
oxygen-binding experiments, small-angle X-ray 
scattering and s~imentation analysis. Similar 
studies have been reported by Antonini et al. [I91 
on both heparin and dextran sulfate (average M 
8000, 2.3 mmol sulfate per g). These authors 
observed that both macromolecular polyanions 
had an identical effect on the oxygen affinity of 
hemoglobin, and found the same molar 
stoichiometry for their complexes with ox- 
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yhemoglobin. However, no information was given 
on the possible sites of interaction on hemoglobin. 

This paper describes the study, by a poten- 
tiometric technique, of the complexes resulting 
from the interaction between dextran sulfate and 
deoxy- and oxyhemoglobin. An average 
stoichiometry is proposed for the corresponding 
complexes and the Iocalisation of the possible in- 
teraction sites is discussed. 

2. MATERIALS AND METHODS 

Human hemoglobin ,was prepared from out- 
dated blood by lysing ‘the washed red ei;?lls ac- 
cording to 1203. It was deionized and ,free$ from 
organic phosphates by passage through a column 
of AcA 202 Ultrogel (IBF-France; linear fractiona- 
tion range 1000-I 5 000; exclusion limit 22000) at 
pH 8.9, 0.1 M NaCl. 

Dextran sulfate was synthesized from T40 dex- 
tran (Pharmacia; NW = 40000, J’&, = 26000) as 
described by Ricketts [21]. It contained 17% S, 
which corresponds to about 1.9 OSO: groups per 
glucose unit. It was in the Na salt form and its Mn 
was evaluated at 54500. 

All pH measurements and acid-base titrations 
were carried out according to Bucci [lo] with a 
Metrohm 632 pH meter, 614 Impulsomat and 
E 655 microburet equipped with a Metrohm 
EA 147 microglass electrode. 

All experiments were performed in 0.05 N NaCl 
at 25°C. Deoxygenation of hemoglobin and of all 
titration reagents was carried out by first applying 
a vacuum to remove oxygen, then flushing 
nitrogen through the solutions. Spectrophoto- 
metric analysis was used to ‘confirm the state of 
ligation of the solutions before and after titrations. 
pH measurements were carried out in a dry box 
under a nitrogen stream for anaerobic titrations of 
deoxyhemoglobin. 

The concentration of hemoglobin was deter- 
mined as methemoglobin cyanide according to 
Kaplan [22]. 

The pH of hemoglobin solutions was adjusted to 
the required value by adding 0.01 N HCl or NaOH 
solutions. The oxygen-binding experiments and the 
determination of PSO were performed spec- 
trophotometrically with a tonometer, as described 
[201. 

3. RESULTS AND DISCUSSION 

Fig.1 shows proton uptake on addition of dex- 
tran sulfate to oxyhemoglobin at different pH 
values. Above pH 7.3 proton uptake was no longer 
observed. At the other pH values, the amount of 
absorbed protons was significant, indicating that 
the two products interact with each other. Fig.2 
shows the pH dependence of the proton uptake per 
mol hemoglobin (ANf) for various molar ratios n 
of dextran sulfate to oxyhemoglobin. All the 
curves exhibit the same profile, showing a decrease 
in proton uptake when the pH increases from 6 to 
7.3. Contrary to the findings obtained with low-M, 
effecters [12,14,15,17], no maximum was observed 
in the pH range 6.5-7, and moreover the amount 
of absorbed protons was much higher. This means 
that dextran sulfate binds to more oxyhemoglobin 
amino groups with plu, below 7.3 than the small ef- 
fectors, and that other binding sites are involved. 

It is also clear that, since there is no well-defined 
equivalence point in the binding isotherms (fig.l), 
the interaction of dextran sulfate with ox- 
yhemoglobin is weak, and consequently no precise 
binding stoichiometry can be determined. Below 
pH 7, it appears that in addition to a relatively 

Fig.1: Proton uptake per tetramer upon binding of 
dextran sulfate to oxyhemoglobin at various pH values. 
(0) pH 6, (0) pH 6.6, (+) pH 6.95, (x) pH 7.3; 
hemoglobin concentration 1.4 x IO-" M on tetramer 
basis; n, molar ratio of dextran sulfate (&, = 54500) to 

oxyhemoglobin; 0.05 N NaCI; temperature 25°C. 
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Fig.2. Dependence on pH of AH+ for various values of 
the molar ratio of dextran sulfate to oxyhemoglobin (n); 
(x) n = 0.025, (0) n = 0.060, (0) n = 0.125. All 

conditions as in fig.1. 

strong binding site, other weaker binding sites are 
present. 

All these results globally concord with those ob- 
tained with small polyanionic effecters. They 
show, however, that the macromolecular nature of 
dextran sulfate, the length and flexibility of its 
chain, and the regular distribution of the negative 
charges along it offer other binding possibilities 
with oxyhemoglobin, possibly induced by 
cooperative effects. 

3.2. Interaction with deoxyhemoglobin 
The proton uptake on addition of dextran 

sulfate to deoxyhemoglobin at various pH values is 
shown in fig.3. Except at pH 6, where the 
measurements were disturbed by precipitation 
phenomena provoked by increasing concentrations 
of dextran sulfate, all the curves exhibit a sharp 
break point after which no more protons were 
bound by deoxyhemoglobin. If one assumes that 
this reflects the existence of a single strong binding 
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Fig.3. Proton uptake per tetramer upon binding of 
dextran sulfate to deoxyhemoglobin at various pH 
values. (a) pH 6, (0) pH 6.60, (+) pH 6.95, (X) pH 

7.30. All conditions as in fig-l. 
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Fig.4. Dependence on pH of AH+ for various values of 
the molar ratio of dextran sulfate to deoxyhemoglobin 
(n); (x) n = 0.025, (0) n = 0.050, (0) n = 0.125. All 

conditions as in fig.1. 

site on deoxyhemoglobin, then the average molar 
stoichiometry of the complex can be calculated at 
the sharp break of the titration curve. With i@, = 
54500 for dextran sulfate, this was estimated at 18 
(hemoglobin tetramer per dextran sulfate), and it 
can be seen that it is not pH dependent in the range 
pH 6.6-7.3. On the other hand, the number of 
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protons taken up by the protein depends slightly 
on the pH and its variation is shown in fig.4 for 
various molar ratios n of dextran sulfate to deox- 
yhemo~obin. The maximum average number of 
bound protons was found to be 5.3: this cor- 
responds to the formation of the saturated com- 
plex (n > 0.055) at pH 6.6. As dextran sulfate has 
a pK, smaller than 2, the proton uptake observed 
is only due to the protein, and thus it appears that 
the number of deoxyhemoglobin amino groups in- 
teracting with dextran sulfate is higher than in the 
case of DPG [14,16], IHP [17] and BHC [12] 
where AH&,x was always found to be close to 2. 
Moreover, in our experiments the pH dependence 
of AH& is weaker. 

For small anionic effecters it has been 
postulated [lo] that proton uptake by deox- 
yhemoglobin was due to pK shifts of only 3 pairs 
of amino groups located in the phosphate-binding 
P-cleft [8,9], i.e. the,& valine, the@2 histidine and 
the fl143 histidine residues. ply, values were as- 
signed to these groups in the presence of Cl- ([12] 
and references therein) as follows: a p& of about 
5.6 was assigned to the fl143 histidines, 6.8 to the 
81 valines and 7.6 to the ,&2 histidines. As in our 
experiments, the maximum number of protons ab- 
sorbed by the interaction at a pH near 7 is 5.3, and 
since the binding appears to be strong, it is 
reasonable to assume, firstly, that all the &cavity 
amino groups are involved in the observed proton 
uptake and give rise to a very strong interaction 
and, secondly, that other amino groups located 
outside the cavity can also participate in the 
binding in a cooperative manner because of the 
proximity of the anions present on the polymeric 
chain Thus, one cannot dismiss the possibility of 
the involvement of other histidine residues [23] 
whose pK would be shifted upon interaction with 
the charged dextran, but we have no evidence for 
this. 

In order to interact in the cavity, the polymer 
must be able to penetrate into it, permitting several 
successive sulfate groups to form salt bridges with 
the amino groups. As our dextran sulfate is slightly 
branched (5% of ~-4 linkages), it possesses a cer- 
tain number of sulfated extremities (about 10) 
which can interact in the P-cavity sufficiently free- 
ly. On the other hand, it can be seen on Dreiding 
models that a loop formed with several successive 
sulfated glucose units (-1.9 sulfate groups per 

unit) is able to penetrate into the P-cavity. These 
two possibilities can thus explain on the one hand 
the observed value of AH,&,, and on the other, the 
calculated average stoichiometry of the complex, 

The oxygen-binding properties of hemoglobin in 
the presence of dextran sulfate saturating concen- 
trations were also studied at various pH and the 
results are shown in fig.5 (Bohr effect). It appears 
that in the presence of the polymeric effector, the 
steepness of the Bohr effect curve is greater than 
that of stripped hemoglobin. This means that the 
effector binds preferentially to deoxyhemoglobin 
and that the resulting complex is more stable than 
that formed with oxyhemoglobin. This confirms 
the data of the potentiometric studies, which 
demonstrated a stronger interaction between deox- 
yhemoglobin and dextran sulfate, despite the fact 
that with oxyhemoglobin the number of binding 
sites is higher. 

On the other hand, at pH 6.95 the maximum ef- 
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Fig.% Effect of pH on the oxygen affinity of 
hemoglobin in the presence of saturating concentrations 
of dextran sulfate (I%&, = 54X10), i.e. 0.13 mol per mol 
hemoglobin; hemoglobin concentration 1.4 x 10e5 M on 
tetramer basis; 0.05 N NaCI; pH 6.95, 25°C. (x) 

Stripped hemoglobin; PSO in Torr. 
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feet on PSO is higher with dextran sulfate than with 
DPG (PSO (max) = 13 Torr), which means that the 
polymer binds to deoxyhemoglobin more strongly 
than the small effector does. As it is known that 
the higher the density of effector negative charges, 
the stronger the interaction, this finding can con- 
firm that dextran sulfate indeed interacts inside the 
P-cavity, by means of several sulfated glucose 
units. 

In conclusion, dextran sulfate is capable of 
binding hemoglobin and the interaction with deox- 
yhemoglobin is very strong, which results in a 
lowering of the oxygen affinity of the protein. On 
the basis of the similarities between our results and 
those reported for DPG, IHP or BHC, it is likely 
that the main site of interaction with deox- 
yhemoglobin is located in the &cavity whilst other 
weaker interactions are formed due to the presence 
on the polymeric chain of numerous anions which 
are thus close to the amino groups of the protein. 

ACKNOWLEDGEMENTS 

The authors are indebted to Professor C. 
Vigneron and Dr P. Labrude for gifts of human 
hemoglobin, and to Mrs T. Geoffroy for helpful 
technical assistance. 

REFERENCES 

111 

I21 

131 

[41 

Benesch, R., Benesch, R.E. and Enoki, Y. (1968) 
Proc. Nat;. Acad. Sci. USA 61, 1102-1106. 
Chanutin, A. and Hermann, E. (1969) Arch. Bio- 
them. Biophys. 131, 180-184. 
Gerber, L.G. and De Verdier, C.-H. (1969) Eur. J. 
Biochem. 10, 110-115. 
Jlnig, G.-R., Ruckpaul, K. and Jung, F. (1971) 
FEBS Lett. 17, 173-175. 

151 

161 

[71 

VI 
[91 

1101 
1111 

WI 

1131 
1141 
WI 

WI 

1171 

WI 

1191 

WI 

WI 
ml 

1231 

Shimizu, K. and Bucci, E. (1974) Biochemistry 13, 
809-814. 
Desbois, A. and Banerjee, R. (1975) J. Mol. Biol. 
92, 479-493. 
Antonini, E. and Brunori, M. (1971) Hemoglobin 
and Myoglobin in their Reactions with Ligands, 
Frontiers of Biology, ~01.21, pp.235-260, North- 
Holland, Amsterdam. 
Arnone, A. (1972) Nature 237, 146-149. 
Arnone, A. and Perutz, M.F. (1974) Nature 249, 
34-36. 
Bucci, E. (1974) Biochemistry 13, 814-820. 
Salahuddin, A. and Bucci, E. (1976) Biochemistry 
15, 3399-3405. 
Bucci, E., Salahuddin, A., Bonaventura, J. and 
Bonaventura, C. (1978) J. Biol. Chem. 253, 
821-827. 
Kilmartin, J.V. (1973) Biochem. J. 133, 725-729. 
Kilmartin, J.V. (1974) FEBS Lett. 38, 147-148. 
De Bruin, S.H., Janssen, L.H.M. and Van OS, 
G.A.J. (1973) Biochem. Biophys. Res. Commun. 
55, 193-199. 
De Bruin, S.H., Rollema, H.S., Janssen, L.H.M. 
and Van OS, G.A.J. (1974) Biochem. Biophys. Res. 
Commun. 58, 204-209. 
Brygier, J., De Bruin, S.H., Van Hoof, P.M.K.B. 
and Rollema, H.S. (1975) Eur. J. Biochem. 60, 
379-383. 
Ruckpaul, K., Rein, H., J&trig, G.-R., Pfeil, W., 
Ristau, O., Damaschun, G., Damaschun, H., 
Mtiller, J.J., Ptirschel, H.-V., Behlke, J. and 
Scheler, W. (1972) Stud. Biophys. 34, 81-96. 
Amiconi, G., Zolla, L., Vecchini, P., Brunori, M. 
and Antonini, E. (1977) Eur. J. Biochem. 76, 
336-343. 
Dellacherie, E., Bonneaux, F., Labrude, P. and 
Vigneron, C. (1983) Biochim. Biophys. Acta 749, 
106-l 14. 
Ricketts, C.R. (1952) Biochem. J. 51, 129-133. 
Kaplan, J.C. (1965) Rev. Fr. Etud. Clin. Biol. 10, 
856-859. 
Wootton, R. (1984) FEBS Lett. 171, 187-191. 

258 


