THE COMBINED EFFECT OF PHOSPHATE BINDING TO TWO SITES AND PROTONS CAN LOCK THE MAJOR HEMOGLOBIN FROM BRYCON CEPHALUS (MATRINXÃ) IN A T-STATE
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Abstract 

The major hemoglobin from B. cephalus presents a fast partial deoxygenation even in the presence of oxygen, that is induced by phosphate binding at pH below 7.0. Accordingly, saturation decreases  around 50% at pH 6.5, having an estimated P50 around 200mmHg. The variation of logP50 with increasing ATP concentration displayed a bell shaped curve, reaching a maximum at a phosphate concentration around 5mM. The T-R transition was evaluated at the UV range using IHP, and phosphate binding to the oxygenated form was also demonstrated by gel filtration experiments. 

Introduction

Vertebrate hemoglobins (Hb) evolved optimizing its main function: oxygen transport, thanks to their ability to respond to environmental changes by a chemical fine tuning, mainly performed by binding of chloride, organic phosphates and protons (Riggs, 1972), although also water molecules should be considered (Colombo et al., 1992). Following the canonical MWC model (Monod et al., 1965), preferential binding to the low-affinity T or the high affinity R states displace oxygen affinity according to the stabilized conformation. For fish hemoglobins, external and internal oxygen availability  is a constant challenge (Val, 1995), and frequently display an heterogeneous hemoglobin system, a supposed advantage if the several isoforms have different functional properties (Fonseca et al., 2003). 

Proton binding can produce a substantial decrease of the O2-affinity, a phenomenon known as the Bohr effect, but the largest decrease is produced by a mechanism that occurs at low pH values, named the Root effect, and decreases blood capacity to transport oxygen. The first mechanism has a presumable purpose of ensuring oxygen unloading for hypoxic tissues, whereas the second would allow O2 pumping to the choroid rete mirabile of the eyes, and probably also to the fish swimbladder (Pelster and Decker, 2004; Val and Almeida-Val, 1995). Concerning the Root effect, a mechanism proposed by Mylvaganam et al. (1996) has been criticized by Mazzarella et al. (1999), suggesting that several combinations of structural characteristics could lead to explain the drastic decrease of O2-affinity (Pelster and Decker, 2004).  

The fish known as matrinxã, a teleost from the Amazon basin, presents aquatic surface respiration, where lips' swelling helps to trim the upper layers, that have more dissolved O2 (Almeida-Val and Farias, 1996). For the specimens, identified as Brycon cephalus, we found two hemoglobins: a minor cathodic component (Hb-I) without proton binding and weak phosphate effect (Honda, 2001, Honda et al., 2000), and a major fraction (Hb-II) that will be functionally described below. 

Materials and Methods

Adult specimens of Brycon cephalus (Matrinxã) were obtained from a 'fish-and-pay' at São José do Rio Preto, SP, Brazil, and identified by Dr. Francisco Langeani Neto, from the Dept. of Zoology and Botany. Fishes were anesthetized by immersion in a benzocain solution (1 gr. for 15L of water). Blood was obtained from the caudal vein using a disposable syringe containing 0.2mL of buffered saline (0.9% NaCl in 50mM Tris-HCl pH 8.0, containing 0.2% D-glucose and 1mM EDTA, and all subsequent purification procedures were performed at 4oC. Erythrocytes were washed three times by centrifugation in a similar buffered saline without glucose, and hemolysis was achieved by the addition of 50mM Tris-HCl pH 9.0 buffer to the pellet. Hemoglobin purfication was performed using Sephacryl S-100 HR and anion-exchange chromatography in DEAE-Sepharose, using a salt gradient. The pure Hb was concentrated using Amicon Centriprep-50 and kept in liquid nitrogen until use. 

Purity of the isolated  hemoglobins was checked by isoelectric focusing in agarose (Naoum, 1997) using samples stabilized  by carbon monoxide. The present work was performed using the major hemoglobin component, named Hb-II.

Functional studies of 60mM (heme) Hb-II were performed using tonometers as described (Colombo and Bonilla-Rodriguez, 1996, Bonilla et al., 1994a), using ultra-pure water (ELGA Sci.) and suitable buffers (TAPS, HEPES and ADA purchased from Sigma) to cover the tested pH range. The parameters P50 and n50 were obtained from Hill Plots from samples containing up to 5% methemoglobin at the end of the experiments.

ATP binding constants were determined using a nonlinear regression program using the model proposed by Szabo and Karplus (1976) for two binding sites, with more phosphate molecules binding to the liganded form: 
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where logP50 and logP50o are the values in the presence and the absence of phosphate, N is the number of binding sites, Kd superscripts 1 and 2 are the binding constants for both sites in the deoxygenated form, Ko superscripts 1 and 2 refer to the binding constants to the oxygenated form, r and s are the number of phosphates bound. It is worthy to note that Szabo and Karplus suppose that s>r. Since at this time we don't know the value for s, we used 2 for both of them.

We evaluated the effect of IHP on the T to R transition using 60mM heme at pH 6.5, 7.0 and 8.5, performing spectral scanning in the UV range (Enoki and Tyuma, 1964) using a Varian Spectrophotometer Scan 100. We carried out three spectral readings: a first one for the oxygenated form without any phosphate, a second with IHP addes to the oxygenated Hb, and a third for the deoxygenated Hb with IHP. The first spectrum was subtracted from the later two.

ATP binding to the R state was also analyzed by gel filtration in Sephadex G-50 pH 6.5 and 8.0 as proposed by Giardina and Amiconi (1981) in a Varian Scan 100 Spectrophotometer, recording absorbance readings at 280nm. To determine ATP concentration we used an extinction coefficient of 2580 M-1.

Results and Discussion

Isoelectric focusing of CO bound Hb-II showed a single band (not shown) as previously described by Honda (2001). Figure 1 shows that in the presence of 1mM ATP, Hb-II has a very high alkaline Bohr effect in the pH range between 7.0 and 8.0 (DH+/heme = -1,19 ± 0,07), decreasing in the the stripped form or in the presence of 0.1M chloride (-0.62 ± 0,21). A sharp change occurs above pH 7.5, showing no proton binding (DH+/heme = -0,18 ± 0,11).  At pH 6.5 O2-affinity is low, with a P50 around 14mmHg, but at pH 7.5 affinity increases 10 fold, as P50 falls to 1.4mmHg.

Below pH 7.0 the ATP effect is remarkable, decreasing oxygen affinity (P50) to around 200mmHg at pH 6.5, a pressure higher than partial O2 pressure at 1 atm. Increasing pH to 7.0 decreases P50 to around 15mmHg, a drastic proton driven change. 

Oxygen binding is cooperative (n50>1), except for the data gathered in the presence of ATP below pH 7.0, where coperativity (n50) falls below 1.0. 

These results for Hb-II differ from the characterization of the cathodic Hb performed by Honda (2001), that showed a virtual absence of proton effect and a small change of O2-affinity induced by phosphates.

A previous work performed presumably with this species (Val and Almeida-Val, 1988) pointed out similar results for Brycon cf. cephalus in the range above pH 7.0, but below that pH, we found higher P50 values due to the induced Root effect.

At pH below 7.0 Hb-II undergoes a fast deoxygenation in the presence of ATP, decreasing its saturation to about 45% (Fig. 2). That effect operates up to pH 7.2, and apparently reaches a limit of deoxygenation around pH 6.5. 

Such an effect would represent a variation of the well described alkaline Bohr and Root effects, being regulated by RBC organic phosphates (NTP).
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Figure 1. Oxygen affinity (expressed as P50) and cooperativity (n50) of Hb-II at 20oC.
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Figure 2. Hb-II saturation (Y%) as a function of pH of Hb-II in the presence of 1mM ATP or IHP at 20oC.
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Figure 3. Oxygen affinity and cooperativity of Hb-II as a function of ATP concentration, at pH 7.0 and 20oC.

A similar effect induced by phosphates was described for the anodic hemoglobin of the brown moray (G. unicolor) by Tamburrini et al. (2001), and other hemoglobins (Val and Almeida-Val, 1995; Pelster and Weber, 1990). 

The O2-affinity characteristics would allow to classify it as an NTP-induced Root effect, being completely reverted by an increase of the pH (data not shown). 

NTP binding to the oxygenated form, that occurs significantly below pH 7.0, would take Hb to a T sub-state, locking the protein into this conformation, following the proposal made by Colombo and Seixas (1999).

For further evidences concerning phosphate binding, we carried out an analysis of increasing ATP concentrations on oxygen affinity (Fig. 3) at pH 7.0. 

The slope DlogP50/Dlog[ATP] in the raising portion of the curve, that indicates the number of ATP molecules differentially bound between the deoxy and oxy conformations (Wyman, 1964) per heme is 0.5, twice the expected number for a 1:1 relationship, since indicates 2 ATP molecules bound per tetramer. The bell shaped curve shows that 5mM ATP produces the largest decrease of O2-affinity (P50 ~ 4mmHg), but for higher concentrations there is a clear decrease of P50 reaching 1mmHg, as expected for strong phosphate binding to two sites (Amiconi et al., 1985) with a higher affinity for the oxygenated form (Szabo and Karplus, 1976). Cooperativity follows a similar behavior, reaching a maximum value of about 2, decreasing progressively to 1.3 when ATP increases.

A preliminary estimation of the binding constants as described, showed that the best fitting corresponds to stronger binding to the oxygenated protein, although the data were obtained at pH 7.0, where the effect of phosphate is relatively small. This estimation results are very different from those obtained for dromedary Hb by Amiconi et al. (1985), since they found higher values for Kd1 than for Kd2. The binding constant to the first site in the deoxygenated form (Kd1) has been estimated (Rsqr=0,885) as 8.1.103 + 1.9.103 M-1), whereas the corresponding constant for the 2nd site in the oxygenated form (Ko2)was 1.6.105 + 5.1.104 M-1. The other two constants, Ko1 and Kd2 tend to zero. 

Other evidences of  phosphate binding to the R state included analysis by gel filtration, performed using oxygenated and CO-bound samples  (Figure 4). The valley observed after Hb elution corresponds to the bound ATP. Clearly ATP binds to the R state, both to the oxygenated and CO-bound Hbs, although  binding is higher for the first condition, a relationship around 3:1. More experiments will be performed to quantify properly this binding and its dependence on pH and temperature. 

Since phosphate binding would take the structure to a locked T-like state, we searched for evidences in the UV range of an R to T transition induced by ATP binding to oxygenated Hb. 

We had to use 1mM IHP to avoid interference with absorbance readings, and the profile obtained at pH 6.5 (Figure 5) agrees with such a phenomenon, showing an absorbance increase around 293 nm that is larger and sharper than the spectral change obtained at pH 8.0. 

This method is based on the absorbance change of the aromatic residues from the a1b2 interface (Enoki and Tyuma, 1964) during the transition T->R, and the increased absorbance at 290nm reflects a displacement towards the T state. Seixas (2002) found similar evidences of locking of the oxy-Hb in a T-like state induced by phosphate binding to human Hb. The author applied osmotic stress determinations and found that after reaching a maximum value of the differential number of water molecules bound to the oxy state, higher phosphate concentrations decreased that number. The explanation found was a significant binding to the oxy Hb.

Figure 4. Example of a profile obtained for ATP binding analysis by gel filtration in Sephadex G-50 at 25oC, pH 6.5.
An analysis including the induced deoxygenation, the high estimated binding of phosphates to the oxygenated Hb-II at pH below 7, the spectral data and the effect of ATP both on the O2-affinity and cooperativity show that there is a locking mechanism that takes the protein to a T state and prevents Hb to reach the R state.

Figure 5. R to T transition of Hb-II analyzed in the UV range, induced by IHP binding to the oxy form (continuous line) and deoxy form (dashed line) at pH 6.5 (left) and 8.0 (right) at 20oC. The vertical line shows the region that reflects the conformational change.

This hemoglobin has been crystallized (Fonseca et al., 2003), and the next step will include obtaining its primary sequence and perform osmotic stress analysis, for a full analysis of the structural-functional relationships, since the Root effect deserves further research, as proposed by Mazzarella et al. (1999). This induced Root effect, under control exerted by protons and NTP would not help oxygenation under hypoxia. According to Pelster and Decker (2004), under stress conditions, such as hypoxia, RBC pH increases due to b-adrenergic stimulation of the Na+/H+ exchanger.  For B. cephalus, ATP was identified as the organic phosphate present in the RBC, being its concentration related to oxygen availability (Val and Almeida-Val, 1995, 1988), and the interplay of proton and ATP binding could ensure oxygenation for the retina and swimbladder. 
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