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Abstract

Lucina pectinata live in high concentrations of hydrogen sulfide (H2S) and contains one 

hemoglobin, Hemoglobin I (HbI), transporting H2S and two hemoglobins, Hemoglobin II (HbII) 

and Hemoglobin (HbIII), transferring dioxygen to symbionts. HbII and HbIII contain B10 tyrosine 

(Tyr) and E7 glutamine (Gln) in the heme pocket generating an efficient hydrogen bonding 

network with the (HbII-HbIII)-O2 species, leading to very low ligand dissociation rates. The 

results indicate that the oxy-hemeprotein is susceptible to pH from 4 to 9, at acidic conditions, and 

as a function of the potassium ferricyanide concentration, 100% of the met-aquo derivative is 

produced. Without a strong oxidant, pH 5 generates a small concentration of the met-aquo 

complex. The process is accelerated by the presence of salts, as indicated by the crystallization 

structures and UV-Vis spectra. The results suggest that acidic pH generates conformational 

changes associated with B10 and E7 heme pocket amino acids, weakening the (HbII-HbIII)-O2 

hydrogen bond network. The observation is supported by X-ray crystallography, since at pH 4 and 

5, the heme-Fe tends to oxidize, while at pH 7, the oxy-heterodimer is present. Conformational 

changes also are observed at higher pH by the presence of a 605 nm transition associated with the 

iron heme-Tyr interaction. Therefore, pH is one crucial factor regulating the (HbII-HbIII)-O2 

complex hydrogen-bonding network. Thus, it can be proposed that the hydrogen bonding 

adjustments between the heme bound O2 and the Tyr and Gln amino acids contribute to oxygen 

dissociation from the (HbII-HbIII)-O2 system.
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Two factors control the full oxidation of the hemoglobin (Hb) heterodimer (HbII-HbIII)-O2 to the 

metaquo (HbII-HbIII): an oxidizing agent and a low pH in the 4 to 5 range.
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1. Introduction

Hemeproteins comprise a wide variety of proteins specialized in small molecule reactivity, 

including O2, NO, CO2, and H2S [1–10]. Functionalization is principally governed by the 

presence of specific amino acid residues in the active site of the protein, which are a result of 

the organisms’ adaptations to the environment. Hemeproteins with tyrosine (Tyr) and 

glutamine (Gln) in their heme active site pocket are found in both eukaryotes and bacteria. 

These hemeproteins are characterized by a high oxygen affinity due to a very low 

dissociation constant (Table 1) [11,12,13]. In these hemoglobins and analogous systems, a 

strong hydrogen bond between the ligated O2 molecule and the tyrosine side chain anchors 

the oxygen in the active center, aided by a weaker hydrogen bond to the distal glutamine 

[14–18]. The hydrogen bond network accounts for the proteins’ low dissociation constant. 

Examples include Hemoglobin II (HbII) and Hemoglobin III (HbIII) from the bivalve 

Lucina pectinata [11,14,19], and several truncated hemoglobins (TrHb) found in all 

kingdoms of life [20,21], like Mycobacterium tuberculosis TrHb N [13], and Ascaris 
hemoglobin (AscHb) of the parasitic nematode Ascaris suum [12,17,22]. The high oxygen 

affinity also depends on other characteristics in these globin families [15,17,21,23], which 

may reflect the different adaptation of the hemeproteins to the organism’s function.

The clam L. pectinata is an organism, located in the mangroves coastal zone of Puerto Rico, 

living in high hydrogen sulfide (H2S) concentration medium with a chemo-symbiotic 

relationship with bacteria[19]. The symbiosis requires a supply of sulfide and oxygen to 

support the clam’s nutritional needs. As a function of the mangrove age, sediments, and 

environment, the pH can be in the range from 2.87 to 6.40, with average bulk soil densities 

of 1.4 g/cm3 and an estimated H2S concentration ranging from 27 μg to 258 μg per gram of 

soil. Thus, it can be expected that L. pectinata’s habitat can oscillate from 0.79 mM to 7.4 

mM in H2S concentrations [11,24,25]. The H2S concentration in the mangrove habitat of the 

bivalve is about 1mM [26], equivalent to a pH of 5. Considering the diprotic nature of 
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hydrogen sulfide with a pKa of 7.02 [27], this bivalve lives in predominantly acidic 

conditions where the H2S dominates.

L. pectinata has three hemeproteins: Hemoglobin I (HbI), HbII, and HbIII [19,28]. Read in 

1962, classified HbII, HbIII, and HbII-HbIII as oxygen reactive proteins. Later, Kraus and 

Wittenberg in 1990 described their O2 function due to the high kon and low koff compared to 

HbI. Hemoglobin I binds H2S with high affinity and transport it to the bacteria for 

nutritional sustainability [11,29]. The high H2S affinity is due to fast association and very 

slow dissociation rate constants controlled by glutamine and one of the phenylalanine 

residues (Phe) of the “phenylalanine cage” in its active site which provides access and 

stability to H2S [30]. Two key processes govern the transport of H2S in the clam: (i) the slow 

dissociation of H2S from the ferric adduct, and (ii) the heme iron reduction followed by H2S 

liberation [31]. These processes are dependent on H2S concentration and pH. Furthermore, 

mRNA expression for the three Hb species is also modulated by the amount of H2S to which 

the clam is exposed [32].

HbII and HbIII differ from HbI in that they associate, and one of the phenylalanine residues 

in the “phenylalanine cage” in HbI is substituted by tyrosine in HbII and HbIII [11]. It is 

well established that during the first purification step (Size Exclusion Chromatography), 

HbII and HbIII elute together [11,30]. The eluate molecular weight and electrophoresis 

techniques support that a significant component is the (HbII-HbIII)-O2 derivative. The HbII 

and HbIII protein interactions are so strong that Ion Exchange Chromatography is required 

to separate oxyHbII from oxyHbIII. This process requires a slow linear salt gradient to 

separate the associated subunits. Moreover, the (HbII-HbIII)-O2 species can be regenerated 

by merely mixing equimolar amounts of the isolated subunits. HbII has been extensively 

described in the homodimer form [14,33,34] and partially as a heterodimer with HbIII [35]. 

The HbIII homodimer has thus far proven recalcitrant to crystallographic analysis. Under 

these conditions, the results suggest that the HbII-HbIII heterodimer is an excellent 

candidate to be a functional oxygen reactive protein present in the gills, which can deliver 

dioxygen to the L. pectinata symbiont. The presence of tyrosine and glutamine in the heme 

moiety has been confirmed by X-ray crystallography [14] and absorption spectroscopy 

studies [33] for HbII. Both residues have a role in the stabilization of the bound O2. These 

proteins have smaller heme pockets compared to myoglobin, which also contributes to the 

high O2 affinity [14]. The rate of O2 dissociation for an equimolar mix of HbII and HbIII 

(the heterodimer) is an average of the oxyHbII and oxyHbIII values [11]. Since 

chemoautotrophy is very demanding of the oxygen process [36], higher oxygen dissociation 

rates are needed for the organism’s survival. Therefore, it is crucial to define important 

factors, like pH, which may help to unravel (HbII-HbIII)-O2 susceptibility, contributing to 

heme oxygen dissociation.

The (HbII-HbIII)-O2 complex is exposed to environmental conditions that require it to keep 

the O2 bound until it is necessary to aid the clam’s nutritional needs and survival. A change 

in pH directly affects the ionization state of amino acids, such as the tyrosine found in 

hemoglobin’s active site, which is typically protonated at pH < 10.8 [37]. Depending on the 

local surroundings in the active protein sites, the pKa of amino acids can shift and become 

functionally important [38–42]. An example of this is the pH-sensitive switch of the 
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histidine residue in human hemoglobin [37,43], where lowering the pH aids in the release of 

the oxygen. Previous pH-dependent titration experiments on the oxy HbII homodimer 

showed that a decrease in pH from 7.5 to 5.5 is required to completely change the O2 species 

Soret band from 414 nm to the met-aquo HbII characteristic wavelength at 403 nm [14,33]. 

Kraus and Wittenberg determined the experimental values for the reduction potential (Em) of 

the HbIII homodimer as 165 mV, 117 mV, and 55mV at pH 5.6, 6.6 and 7.8, respectively 

[11]. For the HbII homodimer, measured values are 149 mV, 118 mV, and 85mV at pH 5.7, 

6.7, and 7.4, respectively. The data indicates that increasing the pH leads to a reduced 

reduction potential. As mentioned before, the physical properties for an equimolar mixture 

of HbII and HbIII (the heterodimer) are likely to be an average of both homodimers. 

Consequently, it is suggested that the reduction potential for HbII-HbIII as a function of the 

pH can be near the average of each reporting point leading to 157 mV, 117.5 mV, and 70 mV 

at pH’s of 5.65, 6.65, and 7.60, respectively. These values indicate an inverse relationship 

between the pH and the reduction potential. From the extrapolation of the fitted curve, the 

Em value at pH 7 corresponds to 95 mV and 105 mV for HbIII and HbII, respectively. Under 

this scenario, the heterodimer would have a reduction potential of approximately 100 mV.

The results presented here indicate that the iron in (HbII-HbIII)-O2 complex partially 

oxidizes at the acidic condition and requires the presence of a potent oxidizing agent, like 

potassium ferricyanide (K3Fe(CN)6), to obtain 100% of met aquo (HbII-HbIII) derivative. 

This hemeprotein oxidation procedure is not associated with the factors that induce oxygen 

dissociation for the oxy (HbII-HbIII) species. Moreover, lowering only the pH prompt 

oxy(HbII-HbIII) conformational changes producing a small concentration of met-aquo 

(HbII-HbIII) complex. The process is accelerated by the presence of salts, as indicated by 

crystallization structures and UV-Vis data. The results suggest that acid pH generates 

conformational changes in the Tyr B10 and Gln E7 heme pocket, which would imply that 

pH is an essential factor regulating the (HbII-HbIII)-O2 active site hydrogen bonding 

network. Thus, it can be suggested that the hydrogen bonding alteration between the heme 

bound O2 and the Tyr and Gln groups can contribute to oxygen dissociation in the (HbII-

HbIII)-O2 heterodimer of L. pectinata.

2. Materials and Methods

2.2. Protein purification and sample preparation

The L. pectinata was collected in the mangrove swamps of Cabo Rojo, Puerto Rico. The 

HbII–HbIII complex was isolated from the ctenidia tissue as described previously by Kraus 

& Wittenberg [11] with the incorporation of an FPLC system [30]. After isolation and 

purification, the HbII-HbIII species was determined to be (HbII-HbIII)-O2 as verified by 

UV-Vis spectroscopy, and the characteristic Soret (414 nm) and Q bands (540 nm/576 nm). 

The concentration of the complex was determined using mean extinction coefficients 

reported in the literature for HbII (ɛmM = 129) and HbIII (ɛmM = 144) [11] using a 

SHIMADZU UV- 2600 spectrophotometer.
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2.3. Potassium ferricyanide Titrations and Optical absorption spectroscopy

The (HbII-HbIII)-O2 titrations with K3Fe(CN)6 were recorded using a SHIMADZU 

UV-2600 spectrophotometer with pH and spectral ranges from 4 to 9, and from 350 to 750 

nm, respectively. The (HbII-HbIII)-O2 protein sample (20μM) was prepared in PBS (50mM 

K2HPO4/50mM KH2PO4) with a pH range of 4 to 9. Each sample was then titrated with a 

40mM K3Fe(CN)6 solution by adding aliquots of 0.2μL to the samples until no notable 

change was observed. To study the effect of the crystallization conditions on (HbII-HbIII)-

O2 in solution (5.0 M Sodium formate buffered to pH with sodium acetate for pH 4–7 and 

Tris-HCl for pH 8–9), an aliquot of (HbII-HbIII)-O2 was transferred to a 2.0 M solution of 

sodium formate at pH 4.6 and monitored through time with a SHIMADZU UV-2600 

spectrophotometer. This solution is 60% less concentrated than the crystallization condition 

to avoid sample precipitation.

2.4. Crystallization Conditions

The (HbII-HbIII)-O2 hemeproteins were crystallized, as reported [35]. In brief, the protein 

samples were concentrated in distilled water to a final concentration of 30 mg/mL. The 

crystals were grown employing a two-step capillary counter-diffusion technique [44] at 

various pH values. A sodium formate pH screen (Triana®) was then used to produce crystals 

at pH 7, 5, and 4. Crystals showed rounded rather than faceted morphologies, as previously 

observed [35]. Crystals were kept in the capillary and cryoprotected by equilibrating the 

capillary with a cryosolution containing 15% glycerol, followed by flash-cooling in liquid 

N2.

2.5. Crystal structures and refinement

X-ray diffraction data were acquired at the Stanford Synchrotron Radiation Light source 

(SSRL) beamlines BL12–2 and BL9–2 from crystals grown at pH 4, 5, and 7. The images 

were processed and scaled using the HKL2000 suite [45]. All crystals belonged to the space 

group P42212 with unit cell dimensions similar to those reported for HbII and the HbII–

HbIII complex (a = b = 74.21 Å and c = 151.32 Å) [14,35,46]. The structures of the (HbII-

HbIII)-O2 crystals were solved by molecular replacement methods using the (HbII-HbIII)-

O2 model (PDB id: 37PT) [35] with slight modifications. Missing amino acids in the 

structure were built back into the model based on the HbIII amino acid sequence [47,48]. 

Refinement of all structures was carried out with REFMAC5 and PHENIX and further 

improved by incorporation of TLS parameters [49,50]. The models were manually built with 

COOT [51].

3. Results and Discussion

3.1. Titrations and Optical absorption spectroscopy

The (HbII-HbIII)-O2 complex has a very low koff attributed to the hydrogen bonding 

network between the nearby tyrosine, glutamine, and the molecular O2 bound to the heme 

group. However, the factor that contributes to cleave this hydrogen bond network, allowing 

the heme (FeII) to release the O2 towards the clam’s gill bacteria symbiont, remains 

unknown. Figure 1 shows the changes in the absorption spectra of (HbII-HbIII)-O2 as a 
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function of pH, without the presence of any oxidant agent (i.e., K3Fe(CN)6). Figure 1a and 

Figure 1b inserts show an expansion of the Soret (400–430 nm) and Q (580 – 600 nm) 

regions, respectively. Absorption bands at 412 nm, 540 nm, and 576 nm represent the oxy 

complex, while the 403 nm, 503 nm, and 633 nm transitions are associated with the met-

aquo heme derivative [11,29]. At pH 4, there are transitions at 409 nm, 503 nm, and 633 nm, 

but the oxy-hemoglobin heterodimer dominates the spectrum as indicated by the 540 nm and 

576 nm intensities. Increasing pH to 6 leads to the (HbII-HbIII)-O2 complex with electronic 

bands at 412 nm, 540 nm, and 576 nm. Upon further increase to pH 7, there is a redshift in 

the Soret towards 414 nm, a small decrease in the intensity of the characteristic (HbII-

HbIII)-O2 Q bands, and a low-intensity transition appears at 605 nm. This new transition in 

the Q region is maintained up to pH 9. The presence of the 605 nm band was previously 

attributed to the tyrosine (B10) residue coordinated to the heme (FeIII) moiety [33]. Overall, 

the data indicate that lowering the pH produces a decrease in the absorption intensity of the 

oxyheme derivatives suggesting a small population of the met-aquo HbII-HbIII species. 

However, the Q (540 nm and 576 nm) transitions indicate that the (HbII-HbIII)-O2 derivative 

dominates.

The data presented in Figure 2a demonstrates changes in the absorption spectra of (HbII-

HbIII)-O2 as a function of pH in the presence of 120% K3Fe(CN)6 excess. Once ferrous 

(HbII-HbIII)-O2 at acidic pH is titrated with the oxidizing agent (K3Fe(CN)6), the ferric 

aquo (HbII-HbIII) dominates the spectra. At pH 4, the classical absorption spectrum of the 

met-aquo species (403, 503, and 633 nm) is present, and the Q bands corresponding to 

(HbII-HbIII)-O2 are absent. Therefore, acidic pH, the presence of a potent oxidizing agent, 

facilitates the complete oxidation of (HbII-HbIII)-O2. However, from pH 6 to 9, the Q bands 

associated with the oxy derivative are present along with the 605 nm electronic transition, as 

previously mentioned, attributed to the interaction between the heme(FeIII) and TyrB10. 

Nevertheless, at an alkaline limit of pH 7.5, the transitions at 541 and 576 nm are attributed 

to the hydroxide derivate [29, 33]. These results agree with the observed behavior for the 

oxyHbII homodimer, where adding an excess of potassium ferricyanide at a pH 5.5 

promotes the iron oxidation to the ferric species [14]. Moreover, Figure 2b summarizes the 

behavior of the 633 nm transition as a function of the pH and the K3Fe(CN)6 concentration. 

The results show that the band intensity is a minimum in the absence of K3Fe(CN)6, and it 

increases as the concentration of the oxidizing agent increases, reaching a maximum at pH 

4. Clearly, the behavior of the met-aquo-heme 633 nm transition shows a direct relationship 

to the percentage of K3Fe(CN)6 in solution and an inverse relationship with pH. This 

hemeprotein oxidation procedure is not associated with oxygen dissociation from the oxy 

(HbII-HbIII) species.

3.2. X-ray Structural Analysis of (HbII-HbIII)-O2 species

(HbII-HbIII)-O2 systems were crystallized using the Triana® sodium formate pH variant 

counter-diffusion kit. Crystals grew to final size in 1–3 days in a spectrum of red shades 

ranging from brownish (pH 4) to dark red (pH 7). Crystal structures for crystals grown in pH 

4, 5, and 7 were solved and deposited in the PDB with PDB IDs 6OTY, 6OTW, and 6OTX, 

respectively. The experimental set up was done to minimize the radiation damage during 

data collection. The working resolution during refinement was 2.48 Å, 2.45 Å, and 2.54 Å 
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for the structures at pH 4, 5, and 7, respectively. Table 2 presents the summarized 

crystallographic parameters and analyses. All data were integrated into the space group 

P42212, as previously determined for the HbII-HbIII heterodimer [35]. Hemoglobin 

components in the structure consist of HbII in chain A and HbIII in chain B.

Figure 3 shows the superposition of the HbII-HbIII tertiary structure heterodimer at pH 4 

(blue), pH 5 (green), and pH 7 (pink). The visual data shows that there is no significant 

displacement in the overall position of the main chain of the helices for chain A (HbII, left) 

and chain B (HbIII, right). Nevertheless, there are some small geometrical changes in the 

connecting loops. These relatively small changes are minimal overall as a function of pH; 

however, under these perturbation environments, the heme moiety responds unequally in the 

two monomers. Figure 4 shows the electron density map for the heme pocket at pH 4, pH 5, 

and pH 7, respectively. In the pH 7 structure, continuous electron density is observed for the 

Fe-ligand-tyrosine-glutamine hydrogen bond network, as suggested in the literature [14]. 

The electron density around the Tyr and Gln oxygen heme system is slightly missing at the 

HbII subunit relative to the HbIII analog. In the HbIII monomer, O2 is anchored to the heme 

by the network of the tyrosine and glutamine residues, as was previously reported for the 

oxy HbII homodimer [46]. In general, the HbII-HbIII species remains oxygenated as 

expected from the solution experiment described above, and as previously reported [11,19]. 

The partial density loss at pH 7 can be correlated with the experimental set up accounting for 

radiation damage, because there is a displacement of the hydrogen bonding network between 

the heme pocket amino acid, Gln and Tyr, and the oxygen ligand.

The hydrogen bonding networking in the crystal structures obtained at pH 4 and pH 5 is the 

most susceptible to conformational changes. They were refined in tandem with O2 and H2O 

near the porphyrin iron. The electron density for the heme ligand could be refined either as 

H2O (full occupancy of 1.00) or as O2 (partial occupancy of 0.58). However, as shown in 

Table 2, the overall statistics for refinement for HbII-HbIII at pH 4 with H2O as the ligand 

are slightly better than for O2, while for the structure at pH 5, statistics are almost the same. 

For both structures, the electron density in the Gln and Tyr hydrogen bond network with the 

heme group is not continuous, suggesting a broken hydrogen network between the heme and 

its ligand. Therefore, the structure in Figure 4 correlates with the solution experiments and 

allows the visualization of the (HbII-HbIII)-O2 structures as a function of pH, the heme 

moiety, and the hydrogen bond networking. It is important to note that there is a known 

structure of the (HbII-HbIII)-O2 heterodimer determined at pH 5 (PDB id 3PT7) [35] which 

is very similar to our pH 5 structure, with the exception that based on our solution 

experiments, we fit our X-ray data with H2O as the ligand. Nevertheless, the previously 

known structure can be directly compared with O2 as ligand, as presented in Figure 5, and 

the structure reported here with H2O as the ligand.

Figure 5 is the superposition of 3PT7 onto the pH 5 heterodimer structure reported here. 

This superposition gives a rmsd of 0.24 Å for all 303 matching Cα atoms in both chains. 

When the monomers are superimposed individually, the rmsd values are similar (0.25 Å for 

HbII and 0.22 Å for HbIII), which indicates that there has been no relative movement of the 

HbII and HbIII chains in the current structure compared to the published structure. 

Moreover, an inspection of the superimposed structures shows that they are virtually 
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indistinguishable. The Fe-heme moieties in the two structures overlay almost precisely, with 

only minor structural deviations in the propionyl side chains. In the HbIII molecule (chain 

B) modeled with O2, the oxygen species has rotated approximately 180° from the orientation 

observed in 3PT7. In the current pH 5 structure, the O2 points towards the side chain of 

Gln66, and one of the oxygen atoms is within hydrogen-bonding distance of the Nε2 atom. 

In this orientation, there is a close contact (2.0 Å) to the Oη atom of Tyr31. In the HbII 

molecule (chain A), the O2 species is in almost the same orientation as in 3PT7, pointing 

away from the Gln66 side chain and interacting with the Oη atom of Tyr31. These results do 

not contradict the reported structure nor invalidate the structure presented here with H2O as 

a ligand.

Nieves et al. [46] reported the crystal structures for the HbII-O2 homodimer as a function of 

pH (PDB IDs 3PI1, 3PI2, 3PI3, and 3PI4 for pH 9, 8, 5 and 4, respectively). They proposed 

that only HbII-O2 at pH 4 undergoes oxidation, refining the structure with water as the 

ligand suggesting the metaquo complex formation. Nevertheless, the structures at pH 4 and 

pH 5 can both be refined with water as the ligand. The observed partial oxidation in the 

solution experiments without an oxidizing agent suggests that the crystals either underwent 

autoxidation, or that the crystallization condition accelerates the process. The crystallization 

condition used to grow the crystals contains sodium formate as the primary component, with 

sodium acetate for pH 4 and 5, and Tris-HCl for pH 6, 7, 8, and 9. The pKa for each is 3.74, 

4.74, and 8.1, respectively. At low pH, this means that sodium formate tends to predominate 

in the protonated state as formic acid and has an oxidizing capability. Figure 6 shows the 

oxidation of the (HbII-HbIII)-O2 dimer when an aliquot was transferred to a 2.0 M solution 

of sodium formate at pH 4.6. The metaquo transitions for HbII-HbIII at 405 nm, 503 nm, 

and 633 nm are evident after 10 minutes. This demonstrates that the precipitant agent in the 

crystallization conditions speeds up autoxidation of the (HbII-HbIII)-O2 complex. To avoid 

the precipitation of the sample, a 60% less concentrated solution of the crystallization 

conditions was used. Under these conditions, the sample transformation at a particular pH 

explains the observed behavior where the percentage of the oxy and met-aquo heme 

complex in the solution experiments tend to be higher than the analogous derivatives of the 

crystallographic structure.

3.3. What does this translate to L. pectinata?

The solution experiment results show two scenarios that are relevant to (HbII-HbIII)-O2. 

Scenario 1 presents that pH, in combination with ferricyanide, is necessary to obtain 100% 

of the met-aquo (HbII-HbIII) derivative from (HbII-HbIII)-O2 state (Figure 2). Similar to 

myoglobin [52–55], the process only is an experimental procedure to obtain the met-aquo 

(HbII-HbIII) derivative. The conditions have not been reported previously for (HbII-HbIII)-

O2 or analogous systems. Therefore, this hemeprotein oxidation process is not associated 

with the factors that induce oxygen dissociation for the (HbII-HbIII)-O2 species. It is 

important to note that for further studies of the met-aquo species, the excess of K3Fe(CN)6 

must be removed to avoid secondary heme protein reactions.

Scenario 2 presents (Figure 1) that pH changes prompt (HbII-HbIII)-O2 conformational 

changes, which lead to the presence of a small concentration of the met-aquo (HbII-HbIII) 
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complex. In agreement with the autoxidation process of sperm whale oxy-myoglobin [52–

55], the induced oxidation of the oxy (HbII-HbIII) complex is extremely slow at neutral pH 

values at room temperature. The data show that the process is accelerated by lowering pH 

(Figure 1) as well as by the presence of the ions as indicated by the crystallization structures 

and the UV-Vis data (Figures 5 and 6). The results indicate that acid pH generates 

conformational changes in the heme pocket amino acids (Gln E7 and Tyr B10) that affects 

the hydrogen bond network of the (HbII-HbIII)-O2 complex. The observation is supported 

by the appearance of the 605 nm transition associated with the Tyr interaction with the iron 

in the heme (Figure 1) and associated with charge transfer transition [33]. The reported 

presence of two bands at 1,924 cm−1 and 1,964 cm−1 in the (HbII-HbII)-CO confirms the 

existence of conformational changes due to the orientation of the TyrB10 concerning the 

active heme center.[33,56,57]. Consequently, the (HbII-HbIII)-O2 species hydrogen bond 

network created by Gln and Tyr amino acids stabilizes the heme oxygen complex, and it 

minimizes dissociation of the bound O2 as well as the heme complex auto-oxidation. 

Although heme autooxidation and oxygen dissociation are not the same phenomena but have 

the same early hydrogen bond network structures, it can be suggested that the weakening of 

the hydrogen bonding network in the distal pocket is common in both processes. Therefore, 

analogous to oxy-myoglobin [52–55], it can be suggested that the opening of the (HbII-

HbIII)-O2 hydrogen bonding network by a pH decrease may play a role in regulating the 

heme pocket conformations changes as well as oxygen dissociation.

A pH 7 solution contains a hydrogen sulfide equilibrium of 18–28% as H2S, and 72–85% in 

the deprotonated form [27,58]. The balance moves toward the H2S by lowering the pH at pH 

6.5 or lower. Hence, having an acidic physiological microenvironment promotes a higher 

H2S concentration available for the clam symbiosis. Literature reports establish that for 

other invertebrates living in H2S environments can lower internal pH under particular 

conditions [6,59,60], as well as other cells such as lysosomes [61], that could have lower 

intracellular pH [62]. In the natural habitat of L. pectinata, a pH decrease could be attributed 

to the H2S metabolism in the ctenidia tissue, specifically in the bacteriocytes [63], which 

tends to increase its H+ concentration. The bacteriocytes harbor the HbI, HbII, and HbIII 

proteins in addition to the symbionts that use the H2S and O2 for CO2 fixation to generate 

sugars. It is still not clear how these proteins engage in the bacteria since the specific 

symbiont has not been isolated from the clam [64]. The oxyheme proteins from Lucina 
pectinata are known to withstand low pH without denaturing [11] as also shown in the work 

presented here. The behavior is supported by the information indicating that increasing the 

pH leads to a reduced reduction potential [11]. Besides, Figure S1 (Supplemental data) 

shows that the dioxygen release from the (HbII-HbIII)-O2 species increases by 1.6-fold from 

pH 7 to pH 5. Therefore, it is suggested that under these environments, the oxygen 

dissociation constant from the (HbII-HbIII)-O2 derivative can be influenced by the pH as 

well as by the hydrogen sulfide concentration. Future work is going in this direction.

4. Conclusion

The solution experiment results show that pH, in combination with ferricyanide, is necessary 

to obtain 100% of the met-aquo (HbII-HbIII) derivative form (HbII-HbIII)-O2 state, but the 

process is not associated with the factors that induce oxygen dissociation for the (HbII-

Marchany-Rivera et al. Page 9

J Inorg Biochem. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HbIII)-O2 species. Titration and X-ray structural data for (HbII-HbIII)-O2 species as a 

function of the pH demonstrates its susceptibility to conformational changes influencing 

hydrogen bonding networking between the heme oxygen complex and the pocket Tyr and 

Gln amino acids. The (HbII-HbIII)-O2 derivative dominates at pH 6 to 7 but forms small 

amounts of the oxidized met-aquo derivative at lower pH. The presence of glutamine and 

tyrosine in these hemoglobins is crucial for their functionality, and the structures presented 

show that their hydrogen-bonding interactions with the ligand are debilitated by lowering the 

pH. Thus, it can be suggested that H2S, in the natural environment of L. pectinata, could 

provide acidic conditions that contribute weakening the oxy (HbII-HbIII)-O2 hydrogen 

bonding network that could contribute to dioxygen deliver to the clam symbiont.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviation

Hb Hemoglobin

HbI Hemoglobin I

HbII Hemoglobin II

HbIII Hemoglobin III

H2S Hydrogen sulfide

Tyr Tyrosine

Gln Glutamine

Phe phenylalanine

AscHb Ascaris hemoglobin

TrHb truncated hemoglobins

koff Dissociation Constant

(K3Fe(CN)6) Potassium ferricyanide
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Highlights:

• Lucina pectinata possess an oxygen reactive hemoglobin (Hb) heterodimer, 

HbII-HbIII.

• In vitro, the hydrogen bond network in (HbII-HbIII)-O2 is susceptible to 

changes in pH.

• The crystal structures at pH 4, 5, and 7 behave the same as the complex in 

solution.

• Acidic pH and an oxidizing agent control the oxidation process of (HbII-

HbIII)-O2.

• In vivo, pH could be the driving force for the cleavage of the heme Fe-O2 

bond.
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Figure 1: 
Visible region spectra of the (HbI-HbIII)-O2 complex when transferred to acid and alkaline 

PBS. Inserts a and b are present to facilitate the changes visualization. Arrows show band 

shifts going from acid to alkaline environment. The oxy Q bands shift, from pH 4 to around 

pH 5, forming two new bands at 503 and 633 nm, while the Soret band shifts to 409 nm, 

towards the 403 nm met-aquo band. At near neutral pH, the oxy complex bands at 540 and 

576 nm dominate the Q region and the Soret band at 412 nm. At alkaline pH, the 

characteristic band of Fe-Tyr appears at ~605 nm.
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Figure 2: 
Visible region spectra of the (HbII-HbIII)-O2 complex when transferred to acid/alkaline PBS 

and titrated with an oxidant agent. (a) Visible region spectrum: At near pH 5, the oxy 

complex bands shift to the 503 and 633 nm band, and the Soret band shifts to 403 nm, and 

(b) Ferric characteristic Q band at 633 nm behavior as a function of [K3Fe(CN)6].
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Figure 3: 
Global tertiary structure of L. pectinata (HbII-HbIII)-O2 at pH 4 (blue), PDB: 6OTY, pH 5 

(green), PDB: 6OTW, and pH 7 (pink), PDB: 6OTX.
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Figure 4: 
Electron density map of the heme pocket of L. pectinata (HbII-HbIII)-O2 at pH 4(blue), pH 

5 (green), and pH 7(pink), chain A (top) and chain B(bottom). The 2Fo-Fc contours for the 

images presented here are 1σ within 2 Å of the selected atoms.
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Figure 5: 
Superposition of 3PT7(cyan) onto the pH 5 heterodimer structure(green) reported here. 

There has been no relative movement of the HbII and HbIII chains in the current structure 

compared to the published structure.

Marchany-Rivera et al. Page 19

J Inorg Biochem. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6: 
UV-vis spectra of an aliquot of (HbII-HbIII)-O2 transferred into a 2.0 M solution of sodium 

formate at pH 4.6. Spectra were normalized. This solution is 60% less concentrated than the 

crystallization condition to avoid precipitation of the sample and observe the effect of the 

crystallization solution on the oxidation state of L. pectinata (HbII-HbIII)-O2 at acidic pH.
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Table 1:

Rate constants for hemeproteins containing tyrosine (Tyr) at the active site.

Hemeprotein kon (M−1s−1) koff (s−1)

L. pectinata Hemoglobin II (HbII)
1 0.4 × 106 0.11

L. pectinata Hemoglobin III (HbIII)
1 0.3 × 106 0.08

Ascaris Hemoglobin (AscHb)
2 1.52 × 106 0.0041

Mycobacterium tuberculosis TrHb N
3 25 × 106 0.199

1
Kraus et al 1990,

2
Das et al 2000,

3
Couture et al 1999.
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Table 2:

Data Collection and Refinement Statistics

Collection pH 4 pH 5 pH 7

 Space group P42212 P42212 P42212

 Unit cell dimensions (Å) a = b = 74.43 c= 152.10 a = b = 74.30 c= 152.30 a = b = 74.74 c= 152.57

 Resolution range (Å) 50.00 – 2.60 (2.64 – 2.60)
a

50.00 – 2.45 (2.49 – 2.45)
a

50.00 – 2.54 (2.58 – 2.54)
a

 Total reflections (observed / unique) 784334 / 13907 262087 / 16508 592952 / 15012

 Rmeas
b
 (%) 8.6 (90.1) 9.2 (141.2) 6.4 (72.9)

 Rpim
c
 (%) 3.0 (39.4) 3.5 (54.1) 1.9 (22.3)

 I/σI 22.8 (1.4) 26.7 (1.2) 36.6 (2.0)

 Completeness (%) 99.5 (95.1) 97.5 (96.6) 99.6 (95.8)

 CC½
d 96.2 (79.5) 93.2 (69.1) 98.4 (93.9)

 Multiplicity 7.7 (4.4) 6.9 (6.6) 10.0 (8.7)

 Wilson B (Å2) 58.0 58.6 58.7

Refinement

 R-factor / Rfree (%)
e 18.07/23.49(H2O) 18.99/24.81(H2O) 19.22/24.88

20.49/27.08(O2) 18.88/24.04(O2)

 Total atoms - protein / solvent 2520 2537 2548

 Atomic displacement parameters (Å2)

  - protein 78.0 76.8 83.1

  - solvent 75.0 67.7 79.6

  - heme
f 76.1 / 69.3 66.8 / 67.6 71.2 / 73.5

  - ligand
f 75.2 / 46.5 52.5 / 64.4 106.3 / 81.6

 rms deviation from ideality

  - bond distances (Å) 0.008(H2O) 0.009(H2O) 0.008

0.009(O2) 0.008(O2)

  - bond angles (°) 0.995(H2O) 1.080(H2O) 0.971

1.012(O2) 0.919(O2)

 Ramachandran plot
g

  - residues in favored regions (%) 95.6(H2O) 95.0(H2O) 96.0

94.3(O2) 94.6(O2)

  - outliers 0.0(H2O) 0.67(H2O) 1.00

0.34(O2) 1.34(O2)

 Molprobity score 1.92(H2O) 1.93(H2O) 2.03

1.96(O2) 1.90(O2)

 Fe-O distance 2.85/2.59(H2O) 2.34/2.49(H2O) 1.86/1.79(O2)

1.84/1.78(O2) 1.89/1.82(O2)
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a
Numbers in parentheses relate to the highest resolution shell.

b
Rmeas is the redundancy-independent merging R factor [61].

c
Rpim is the precision-indicating merging R factor [62].

d
Percentage of correlation between intensities from random half-sets of data [63].

e
Rfree was calculated with 5% of the reflections, chosen randomly.

f
Atomic displacement parameters for Chain A/Chain B for HbII-HbIII with H2O as a ligand in the protein at pH 4 and pH 5.

g
Calculated with the program MOLPROBITY [64].
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