HYDRATION AND ALLOSTERIC EFFECT IN REGULATES OXYGEN BINDING IN CATFISH (Hoplosternum littorale) HEMOGLOBINS
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Summary

Catfishes are considered to present accessorial air oxygenation and isoforms that exhibit a greater variety of functional behavior compared with mammalian hemoglobins (Hb), in terms of cooperative ligand binding and allosteric control exerted by a variety of chemical factors, such as H+, Cl-, CO2 and organic phosphates. In order to determine the existence of different conformational states in H. littorale hemoglobins, we used the osmotic stress proposed by Colombo et al., (1992) to the purified isoforms. We demonstrate that water potential does affect oxygen affinity of H. littorale hemoglobins in the presence of an inert solute (sucrose). Oxygen affinity increases when water activity increases, indicating that water molecules stabilize the high-affinity state of the hemoglobin. This effect is the same observed in tetrameric vertebrate (human, bovine, snake) hemoglobins. We show that eletrophoretically-anodic and cathodic hemoglobins show an oxygenation pathway similar to human hemoglobin. Addition of anionic effectors strongly increases the number of water molecules bound, and accordingly we propose, for both Hbs, that the deoxy-conformations coexists in two anion dependent allosteric states, as occurs for human hemoglobin. We did not found evidences to confirme the proposal of an additional phosphate binding site to the cathodic hemoglobin.

Introduction

Water plays a unique and ubiquitous role in biology. Folding, stability, and function of protein molecules are all strongly influenced by their interactions with water molecules (Royer Jr. et al., 1996). A central role for water in determining structure and regulating function of proteins is becoming increasingly evident, since water molecules act as allosteric effectors, by preferentially binding to a specific protein conformation (Colombo et al., 1992). Significant changes in protein hydration are conveniently studied by the osmotic stress method (Colombo and Seixas, 1999), where water activity of the solution is altered by changing the concentrations of solutes (polyols, sugars and amino acids). 

Fish Hbs, that show a wide range of oxygen binding properties and allosteric effects and are characterized extensively structurally and functionally, are excellent candidates for such an analysis. Besides, fish have several iso-Hbs with marked functional differentiation.

The present study analyses the water effect in the cathodic and anodic Hbs from catfish H. littorale, which present different oxygen affinities and sensitivities to allosteric effectors (Weber et al., 2000). 

Generally, only a molecule of organic phosphate is linked to the desoxi-Hb molecule, although additional binding sites for ATP have been proposed (Amiconi et al., 1985; Weber et al., 2000; Tamburrini et al., 2000; Riccio et al., 2001). For the cathodic Hbct of the fish H. littorale, Weber et al. (2000) suggested the possible existence of one adittional phosphate binding site.  

Materials and Methods

Hemolysate preparation 

Blood was collected by caudal vein puncture from adult specimens at the Central Animal Facility of the State University of São Paulo (IBILCE-UNESP) at São José do Rio Preto SP (Brazil). The animals were anaesthetized using benzocaine (1g per 15 L of water). Subsequent purification procedures were carried out at low temperature (around 4°C). Red blood cells were washed by centrifugation four times with saline buffer (50 mM Tris-HCl pH 8.0 containing 0.2% D-glucose, 0.9% NaCl and 1mM EDTA). Hemolysis was accomplished with buffer (30 mM Tris-HCl pH 9.0), followed by clarification  by centrifugation (1000xg for 1 h). Using the previous buffer, purification was performed by gel filtration on Sephacryl S-100 (Sigma) on a 2.6 X 30 cm column equilibrated with the same buffer, and subsequently on Q-Sepharose using a linear saline gradient between 0-100 mM of NaCl. The isolated components were concentrated by centrifugation on Amicon microconcentrators. Analytical isoelectric focusing was performed in agarose gel. The Hb solutions were stored at –80°C in aliquots that were thawed immediately before oxygen binding studies.

Osmotic stress experiments

Water activity was varied by addition of inert solutes (sucrose). In the osmotic stress method changes in the Hb-oxygen affinity are related to changes in water activity that can be converted to changes in protein hydration by use of linkage equations (Colombo et al., 1992; Feuerlein et al., 1996). Oxygen binding experiments  were performed with 60 M (heme) hemoglobin solutions in 30 mM Hepes buffer, pH 7.5 in the presence and absence of ATP and NaCl, as described by Colombo and Bonilla-Rodriguez (1996). All equilibrium measurements were carried out at 20°C by tonometric method (Giardina and Amiconi, 1981). The functional parameters P50 (O2 partial pressure at half saturation) and cooperativity (n50) were calculated from the Hill plots by linear regression around half saturation. Hemoglobin and methemoglobin concentrations were estimated using the extinction coefficients of Benesch et al., 1965. At the end of the experiments, methemoglobin concentration was below 5%. 

The solution osmolalities (Osm) of Hb samples were determined after binding experiments drom freezing point depression measurements using a Osmette A model 5002 osmometer (Precision Systems Inc.). The Osm was converted to the natural logarithm of water activity through the following relationship (Colombo and Bonilla-Rodriguez, 1996):
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where  is the freezing point depression, Kf = 1.86 K Kg mol-1 is the cryoscopic constant, Mw is the molarity of pure water (55.56 mol.L-1) and Osm is the solution osmolality.

The effect of water as a single heterotropic ligand on oxygenation is typically analyzed with the linkage equation (Wyman, 1964; Wyman and Gill, 1990),
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where aw is the water activity. The slope of the linkage plot ln (P50) vs. Ln (aw) gives the apparent difference in number of water molecules bound to the oxy and deoxy structures of Hbs, nw. 

Calculation of the Association Constants of ATP to the Forms Oxygenated and Deoxygenated of the  Hbct  

The 'x' number of molecules of ATP differentially bound per heme between the deoxy and oxy-Hb was calculated using the linkage equation of Wyman (Amiconi et al., 1985):

-x = logP50/log [ATP] 


           (3)



The association constants with ATP were calculated using a nonlinear regression fitting using the program SigmaPlot (Jandel Scientific, USA), according to the equation below (Szabo and Karplus, 1976):
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where log(P50)p is the logarithm of P50 measured in the presence of ATP, log(P50)a is measured in the absence of ATP, KD and KO they are the association constants to the deoxygenated and oxygenated forms respectively, and X is the free molar  concentration of ATP.

Results

O2 equilibria of hemoglobin at various osmolalities

Cathodic Hb

We tested the oxygen affinity of the cathodic Hb as a function of water activity, in different experimental conditions: for the stripped Hb (in a ATP/Cl--free buffer solution), in the presence of 0.1 mM and 1 mM of ATP, in a buffer containing 100 mM NaCl, and a last set containing 100 mM NaCl + 1mM ATP. The plots in Figure 1, show that ln (P50) varies linearly with changes in the water activity (aw), in agreement with Colombo et al., (1992) and Hundahl et al., (2003). According to the Wyman linkage equation (equation 2), the rate of change of ln (P50) on ln (aw) gives the apparent number of water molecules (nw) involved with the allosteric transition from the fully deoxygenated to fully oxygenated state of Hb. 

The analysis of the data according to the Wyman equation shows that Hbct in the stripped form, binds 41  9 extra water molecules in the T-R transition. In the presence of 0,1 mM and 1mM of ATP these numbers increase to 73  8 and 65.6  12,  and in the presence of chloride increase to 85 12 water molecules. In the presence of 100 NaCl mM and 1mM of ATP nw corresponds to 4 ± 16 water molecules. Increasing water activity also increases O2 affinity of the cathodic Hbs, similarly to trout HbI and eel HbC (Hundall et al., 2003).
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Figure 1. Relative shift in P50 as a dependent on solution water activity at different conditions to Hbct. Experimental conditions: 30 mM Hepes pH 7.5 buffer, room temperature.

Anodic Hb

The other fraction here studied, Hban , has a similar behavior when compared to the Hbct and other fish Hbs (Hundahl et al., 2003), indicating preferential binding of water molecules to the R state.  The oxygen-affinity modulators pronoucedly affect water and O2 binding (figure 2). Curve fitting of the data showed a nw of 58  8 water molecules of the stripped form, increasing to 68  12, in the presence of 0.1 mM and 1mM of ATP. In the presence of NaCl, nw raised to 116  16 water molecules, close to that found for the anodic eel Hb in the presence of KCl and GTP (~118) (Hundall et al., 2003). In the presence of 1 mM of ATP and 100 mM of NaCl nw decreased to 28  8.
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Figure 2. Relative shift in P50 as a dependent on solution water activity at different conditions to Hban. Experimental conditions: 30 mM Hepes pH 7.5 buffer, room temperature.

Calculation of the Association Constants of ATP to the Oxygenated and Deoxygenated forms of the  Hbct  

Using the equation 3 (figure 3), we calculated the value of x as 0.23  8.10-5 ATP molecules/heme to Hbct, confirming the binding of only one molecule of ATP per Hb tetramer.

It was possible to calculate the ATP association constants to the oxygenated and deoxygenated Hb according to the equation 4. The value of the binding constant in the deoxygenated form (KD) for Hbct was 2.2 x 105  1.3 x 104 M-1, and for the oxygenated form (KO) was 2.6 x 102   3.3 x 101 M-1.
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Figure 3. The shift in P50, related to ATP concentration. The symbol ( show the value of  logP50 in absence of ATP.

Discussion

Hemoglobin O2 equilibria as a function of water activity

The Hbs here studied respond to an increase in water activity with an increase on oxygen affinity, indicating preferential binding of water molecules to the R state, also observed in other vertebrate Hbs (Colombo et al., 1992; Hundahl et al., 2003). 

Concerning the values found for nw  during oxygenation, for both Hbs, in the stripped condition the value is smaller than in the presence of saturating levels of Cl- or ATP, suggesting that in absence of anions, the Hbs assume a new conformational state, different from the classical T state (Tx), adopting the intermediary state, denominated T0, more hydrated than the Tx. This fact is in agreement with the findings reported by Colombo and Seixas (1999) for human and bovine Hbs.

In the presence of ATP, the variation of the number of water molecules with the oxygenation is smaller (~65.6), suggesting that at high phosphate concentrations, occurs a stabilization of the Hb structure in a conformational state similar to the deoxygenated state.

The fact of the O2-affinity of Hban increased in the presence of effectors was first reported by Weber et al. (2000), when  in the presence of low concentrations of NaCl and 2,3-BPG at pH 7.5. The unexpected increase in the O2 affinity could be interpreted as a result of binding to the R state, but could also suggest an excess of negative charges in the Hb central cavity (alpha1beta2 interface).

Taken together, human Hb, Hbct and Hban show similar overall sensitivities to changes in water activity, despite the diversity in their allosteric responses, and seem to exist some basic structural differences in anion-induced conformational changes. 

In conclusion, we showed that both Hbs here investigated respond to an increase in water activity by stabilizing the R state conformation, and that the presence of an intermediate conformational state in the oxygenation process is similar amongst Hbs (Hundall et al., 2003).

Calculation of the ATP Association Constants to the Oxygenated and Deoxygenated Forms of Hbct  and Hban

The value obtained for the association constant of ATP to the deoxygenated form (KD) of Hbct is about ten larger times regarding 2,3-BPG binding to human hemoglobin (KD = 3,6 x 104 M-1) (De Rosa et al., 1998) showing that ATP binds to Hbct more strongly than 2,3-BPG to human hemoglobin. The value for Hbct is similar to found for Hb-II of the fish Piaractus mesopotamicus (3,05 x 105 M-1) (Poy, 2001).

The value obtained for the ATP association constant to the oxygenated form (KO) is according to the related for the of oxygenated Hb human (Ko = 3.5 x 102 M-1), and greater than for P. mesopotamicus Hb (2.7 x 101 M-1).

We did not observed the presence of adittional phosphate binding sites to Hbct, as suggested by Weber et al. (2000).
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