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Electrochemical and structural characterization of recombinant respiratory proteins of the acidophilic iron oxidizer Ferrovum sp. PN-J47-F6 suggests adaptations to the acidic pH at protein level
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The tendency of the periplasmic redox proteins in acidophiles to have more positive redox potentials (Em) than their homologous counterparts in neutrophiles suggests an adaptation to acidic pH at protein level, since thermodynamics of electron transfer processes are also affected by acidic pH. Since this conclusion is mainly based on the electrochemical characterization of redox proteins from extreme acidophiles of the genus Acidithiobacillus, we aimed to characterize three recombinant redox proteins of the more moderate acidophile Ferrovum sp. PN-J47-F6. We applied protein film voltammetry and linear sweep voltammetry coupled to UV/Vis spectroscopy to characterize the redox behavior of HiPIP-41, CytC-18, and CytC-78, respectively. The Em-values of HiPIP-41 (571 ± 16 mV), CytC-18 (276 ± 8 mV, 416 ± 2 mV), and CytC-78 (308 ± 7 mV, 399 ± 7 mV) were indeed more positive than those of homologous redox proteins in neutrophiles. Moreover, our findings suggest that the adaptation of redox proteins with respect to their Em occurs more gradually in response to the pH, since there are also differences between moderate and more extreme acidophiles. In order to address structure function correlations in these redox proteins with respect to structural features affecting the Em, we conducted a comparative structural analysis of the Ferrovum-derived redox proteins and homologs of Acidithiobacillus spp. and neutrophilic proteobacteria. Hydrophobic contacts in the redox cofactor binding pockets resulting in a low solvent accessibility appear to be the major factor contributing to the more positive Em-values in acidophile-derived redox proteins. While additional cysteines in HiPIPs of acidophiles might increase the effective shielding of the [4Fe-4S]-cofactor, the tight shielding of the heme centers in acidophile-derived cytochromes is achieved by a drastic increase in hydrophobic contacts (A.f. Cyc41), and by a larger fraction of aromatic residues in the binding pockets (CytC-18, CytC-78).
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1 Introduction

Acid tolerance mechanisms in acidophilic microorganisms have been investigated to some extent with respect to the whole cell (Baker-Austin and Dopson, 2007; Slonczewski et al., 2009). However, less is known about the adaptational mechanisms at the protein level with respect to stability or function (Schäfer et al., 2004; Chi et al., 2007; Duarte et al., 2009; Cárdenas et al., 2010). Redox proteins of respiratory electron transfer chains present interesting candidates to study such adaptational mechanisms for two reasons. Firstly, they are exposed to external acidic pH and thus they likely need structural adaptations to maintain their native conformation (Baker-Austin and Dopson, 2007; Duarte et al., 2009). Secondly, Em-values of electron donor and acceptor couples are affected by pH. Consequently, the tuning of the redox proteins’ Em-values was postulated to present a necessary adaptation in order for them to effectively transfer electrons between these donor and acceptor couples (Bird et al., 2011).

In acidithiobacilli representatives, the Em-values of redox proteins of the electron transfer chain from ferrous iron to oxygen are found to be more positive than those of homologous proteins derived from neutrophiles (Giudici-Orticoni et al., 1999; Bird et al., 2011). For example, the Em of the HiPIPs Hip of Acidithiobacillus ferridurans (Bruscella et al., 2005) and Iro of Acidithiobacillus ferrooxidans (Yamanaka and Fukumori, 1995) are at least 100 mV more positive than those of HiPIPs in neutrophilic phototrophs. Similar observations have been reported for the blue copper protein rusticyanin (Ingledew and Cobley, 1980), the periplasmic c4 cytochromes Cyc1/Cyc41 (Cavazza et al., 1996) and CycA1 (Giudici-Orticoni et al., 2000), and the outer membrane cytochrome Cyc2 (Castelle et al., 2008). Their more positive Em-values appear to be attributed to (i) the more positive Em-values of the oxygen/water electron acceptor couple at acidic pH (1.12 Vat pH 2 vs. 0.82 V at pH 7) and (ii) to the dependency of Em-value the on solubility and chelators of the ferrous/ferric iron couple at a certain pH (Ingledew and Cobley, 1980; Bird et al., 2011; Ilbert and Bonnefoy, 2013).

Electrochemical studies on several redox proteins have revealed that their Em also depends on the pH during the measurement due to charge variations of specific surface exposed residues (Bian et al., 1996; Stephens et al., 1996; Capozzi et al., 1998). However, although this pH dependency has also been described for acidophile-derived redox proteins, their Em-values are generally more positive. For example, at pH 7 the Em of Hip (A. ferridurans) is 510 mV (Bruscella et al., 2005) while the Em of HiPIPs derived from the neutrophiles Rhodoferrax fermentans and Rhodocyclus tenuis are 351 mV (Hochkoeppler et al., 1995) and 330 mV (Meyer et al., 1983) respectively. Thus, it seems tempting to expect that specific structural features might have evolved in redox proteins in acidophiles which modulate their Em toward more positive values. Among the most prominent structural properties affecting the Em is the binding mode of the redox center within the binding pocket. This concerns both hydrophobic contacts (Carter et al., 1972; Dey et al., 2007), because they influence the solvent accessibility of the redox center (Parisini et al., 1999; de March et al., 2015), and electrostatic contacts such as hydrogen bonds between protein and redox center which affect the nucleophilic or electrophilic character of the redox center (Backes et al., 1991; Heering et al., 1995; Mao et al., 2003; Hosseinzadeh et al., 2016).

Being a more moderate acidophile, Ferrovum sp. PN-J47-F6 presents an interesting model to study acid adaptational mechanisms due to its exceptional position between neutrophiles and more extreme acidophiles (Ullrich et al., 2016a,b; Grettenberger et al., 2020). Our recent study on the recombinant redox protein candidates of Ferrovum sp. PN-J47-F6 suggested the high-potential iron–sulfur protein HiPIP-41 and the two c4 cytochromes CytC-18 and CytC-78 to be likely candidates of the electron transfer chain from ferrous iron to oxygen (Ullrich et al., 2023). Building on this earlier study, our present study focused, firstly, on collecting evidence on whether the redox properties of HiPIP-41, CytC-18 and CytC-78 might reflect the unique position of their host Ferrovum sp. PN-J47-F6 between neutrophiles and acidophiles. Secondly, we were interested in whether their redox properties are attributed to certain structural features. The prerequisite of studying such correlations between structure and function is the parallel availability of electrochemical data and structural information. Therefore, we combined an experimental and a computational approach. We determined the Em-values of HiPIP-41, CytC-18 and CytC-78 of Ferrovum sp. PN-J47-F6 using potentiometric approaches and compared them to Em-values of homologous proteins derived from neutrophiles and acidophiles with the aim to evaluate the trend of more positive Em-values in acidophile-derived redox proteins. Our secondary aim was to identify structural features with respect to the redox cofactor binding pocket and solvent accessibility that might contribute to the more positive Em-values. Therefore, we analyzed and compared experimentally solved structures of homologous redox proteins and structural models of the Ferrovum-derived recombinant redox proteins predicted by the D-i-Tasser suite.



2 Materials and methods


2.1 Heterologous production and purification of recombinant redox proteins

Recombinant His-tagged HiPIP-41, CytC-18, and CytC-78 derived from Ferrovum sp. PN-J47-F6 were produced, purified and concentrated as described previously (Ullrich et al., 2023).



2.2 Determination of the redox potential

If not stated otherwise all experiments were conducted at 25°C in sodium citrate phosphate buffer (41.4 mM Na2HPO4, 79.3 mM citric acid, pH 3.1). The experimental set-up is shown in Supplementary Figure 1.


2.2.1 Protein film voltammetry

The redox potential of HiPIP-41 was determined directly via classic cyclic voltammetry (CV). Control potential scans of the buffer without HiPIP-41 showed redox peaks. HiPIP-41 (600 μM) was applied directly as thin protein film on the freshly polished surface (0.07 cm2) of a glassy carbon working electrode. The working electrode was inserted into a Slide-A-Lyzer Mini Dialysis Unit (MWCO 3.5 kDa; Pierce) in order to prevent protein dilution during CV measurements. The dialysis unit was inserted into a buffer filled glass vessel together with the platinum counter electrode and the Ag/AgCl (in 3 M NaCl) reference electrode. CV experiments were conducted using a Gamry Interface1000 potentiostat and the Gamry Framework software. Data was collected between potential limits of 200 and 900 mV vs. SHE with potential scan rates of 10, 50 and 100 mV/s which were applied in direct succession to the assay. The Em of HiPIP-41 was determined based on the potentials of its oxidative and reductive peaks. A correction factor of 197 mV was used to convert redox potentials from vs. Ag/AgCl (3 M NaCl) to vs. standard hydrogen electrode (SHE).



2.2.2 Linear sweep voltammetry coupled to UV/Vis spectroscopy

Concentrates of recombinant cytochromes CytC-18 and CytC-78, respectively, were diluted in buffer solution within a spectroelectrochemical quartz glass cuvette (PINE Research). In order to facilitate electron transfer between the cytochrome and the working electrode surface the redox mediators potassium ferricyanide and phenanzine methosulfate (PMS) were added in 2-fold excess. Our choice of redox mediators was based on fact that their absorption spectra did not overlap with the α-, β- and γ-peaks of the cytochromes and because their Em-values are well within the indented potential limits. Moreover, PMS has already been demonstrated as suitable redox mediator in redox titrations of c-type cytochromes (Carpenter et al., 2020), while ferricyanide has been shown to oxidize CytC-18 and CytC-78 in a biochemical redox assay (Ullrich et al., 2023). Stocks of buffer and redox mediators were treated with N2 to reduce remaining O2 content prior use. The final electrochemical assay of 450 μL contained 20 μM of CytC-78 and approx. Forty micrometer of each redox mediator or 36 μM CytC-18 and 72 μM of each redox mediator, respectively. A platinum honeycomb working electrode (PINE Research) and an Ag/AgCl reference electrode (in 3 M KCl) were inserted into the cuvette and connected to a Gamry Interface1000 potentiostat. The cuvette was placed in a Jasco V-670 UV/Vis spectrometer. The open circuit potential of the reaction mix was determined to set the initial potential for the reductive sweep. Before each potential sweep the initial potential was held for 120 s. Bernhardt, 2023 demonstrated the suitability of potential sweep rates between 0.1 and 0.6 mV/s for horse heart cytochrome c. Based on results on horse heart cytochrome c (Bernhardt, 2023) using a similar experimental set-up, we ran reductive and oxidative potential sweeps in sequence between 450 mV and − 50 mV vs. Ag/AgCl at 0.1, 0.15, and 0.2 mV/s with a step size of 0.5 mV for each assay. UV/Vis spectra between 390 and 590 nm were recorded every 10 mV during the potential sweeps. Potential absorption curves were determined for the α-, β-, and γ-peaks of the respective cytochrome within Prism Graph Pad 6. Boltzmann sigmoidal fit was applied to determine the infliction points. Em-values were calculated as the average of the infliction points of corresponding oxidative and reductive potential sweeps. The redox potential vs. standard hydrogen electrode (SHE) was calculated by adding 200 mV to the potential against the Ag/AgCl (3 M KCl) reference electrode.




2.3 Prediction and analysis of structural models

Structural models of the mature wildtype protein sequences of HiPIP-41 (WP_067495359), CytC-18 (WP_067493319), and CytC-78 (WP_229347545) were predicted using the D-i-Tasser suite (Deep-learning based Iterative Threading ASSEmbly Refinement; Yang and Zhang, 2015; Zheng et al., 2022, 2023). N-terminal signal peptides were predicted using SignalP5.0 (Almagro Armenteros et al., 2019) and omitted from the protein sequence. Structural models of the HiPIP of Rhodocyclus tenuis (1Isu), Cyc41 of Acidithiobacillus ferrooxidans (1h1o) and c4 of Pseudomonas strutzeri (1 m70) were retrieved from the Protein Database (PDB). The structural model of Hip of Acidithiobacillus ferridurans (UniProt ID: Q93MF8) was retrieved from the AlphaFold protein Structure Database (Jumper et al., 2021). Structural models were visualized using Chimera 1.15 (Pettersen et al., 2004). Superimposition of the HiPIP structural models was achieved using MatchMaker implemented in Chimera 1.15 (Meng et al., 2006). Hydrophobic contacts and hydrogen bonds at the domain:domain interfaces of c4 cytochromes and within the cofactor binding pockets were predicted by LigPlot+ (Wallace et al., 1995; Laskowski and Swindells, 2011) and amended by manual inspection of the structural models.




3 Results


3.1 Electrochemical characterization of the Ferrovum-derived recombinant redox proteins

The electrochemical characterization of the recombinant Ferrovum-derived redox proteins HiPIP-41, CytC-18 and CytC-78 aimed to determine the Em-values of their cofactors. The different size of the native redox proteins and the different nature of their cofactors required different approaches for their electrochemical characterization.


3.1.1 Determination of the redox potential of HiPIP-41 using protein film voltammetry

Cyclic voltammetry of a concentrated HIPIP-41 film applied directly onto the working electrode surface proved suitable to determine the Em of HiPIP-41. The cyclic voltammograms of HiPIP-41 taken at three different scan rates (10, 50 and 100 mV/s) show the fully reversible character of the electrochemical reduction and oxidation of HiPIP-41 (Figure 1). The averaged Em was calculated to be 571 mV ± 16 mV vs. SHE based on the curves of all three potential scan rates. This is in accord with the very positive Em-values of HiPIPs found in acidophilic chemolithoautotrophs (Table 1). Hip of A. ferridurans is involved in periplasmic electron transfer during oxidation of reduced sulfur compounds (Bruscella et al., 2005; Quatrini et al., 2006) and has an Em of 550 mV (Bruscella et al., 2005). The HiPIP Iro of A. ferrooxidans has an Em of 633 mV (Yamanaka and Fukumori, 1995) and has been suggested to be involved in ferrous iron oxidation (Fukumori et al., 1988). Electrochemically characterized HiPIPs of neutrophilic bacteria are restricted to the phototrophic bacteria Rhodoferrax fermentans, Rhodocyclus tenuis 2,761, Rhodopseudomonas palustris TIE-1 and Halorhodospira halophila. Their Em-values lie in a range of 50 mV (Iso-HiPIP II, H. halophila) and 450 mV (PioC, R. palustris) but are generally more negative than those of the acidophiles (Table 1). Among the phototrophs, PioC of R. palustris has the most positive Em (450 mV). PioC serves as periplasmic electron shuttle between an iron oxidizing outer membrane protein complex PioAB and the reaction center of the photosystem II (Bird et al., 2014). The HiPIPs of the other neutrophilic representatives mediate the periplasmic electron transfer between an inner membrane protein complex and the reaction center of photosystem II (Hochkoeppler et al., 1995). Apparently, the Em of HiPIPs is attributed to both, the nature of the electron transfer process and consequently its interaction partners as well as the prevailing pH of the periplasm.
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FIGURE 1
 Cyclic voltammogram of HiPIP-41 in sodium phosphate citrate buffer (pH 3.1). Cyclic voltammograms of HiPIP-41 in sodium citrate phosphate buffer, pH 3.1 are shown for scan rates of 100 mV/s (black curve), 50 mV/s (red curve) and 10 mV/s (blue curve), respectively, and between potential limits of 200 and 900 mV vs. SHE. The voltammogram of the buffer control without HiPIP-41 is shown in gray. HiPIP-41 was applied as a thin protein film directly onto the surface of the glassy carbon working electrode at a final concentration of 600 μM. The redox assay was carried out in sodium citrate phosphate buffer using an Ag/AgCl as reference electrode and a platinum counter electrode.




TABLE 1 Overview of redox potentials of HiPIP-41 and homologous proteins in other bacteria.
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3.1.2 Determination of the redox behavior of CytC-18 and CytC-78 using a spectroelectrochemical approach

Our previous biochemical redox assays demonstrated the reversibility of oxidation and reduction of CytC-18 and CytC-78 (Ullrich et al., 2023). However, cyclic voltammetry of a cytochrome protein film was not feasible for CytC-18 and CytC-78, because of the irreversibility of the electrochemical oxidation or reduction, respectively (data not shown). With respect to observations reported for the green copper protein AcoP of A. ferrooxidans, it is possible that CytC-18 and Cytc-78 also underwent irreversible conformational changes during contact with the electrode surface which impaired their redox activity (Wang et al., 2018). Therefore, we chose a mediated spectroelectrochemical approach to further characterize the redox behavior of the two cytochromes. This approach combined linear sweep voltammetry and the simultaneous recording of UV/VIS spectra. Thereby, the applied potential was changed at very slow rates in presence of redox mediators facilitating the electron transfer between the cytochromes and the working electrode while the cytochrome’s redox state was assessed by determination of the absorption intensity of the α-, β-, γ-peaks.

Figure 2 shows the complete oxidation of CytC-18 (A, B) and CytC-78 (C, D) during a potential sweep from 170 mV to 550 mV vs. SHE at 0.1 mV/s. During this oxidative potential sweep the intensity of the α- and β-peaks decrease while the γ-peaks shift to shorter wavelengths and decreases in intensity. The stacking of the absorption spectra creates a unique pattern for each of the two cytochromes, because the rate of absorbance intensity change per 20 mV varied over the potential sweep. There are potential windows when the absorbance intensity is only slightly changing between sequential spectra as well as potential windows where the intensity is changing to a larger extent. For CytC-18 (Figures 2A,B) the potential windows with faster and slower absorbance changes are clearly alternating which is likely to be attributed to the two heme centers that are oxidized sequentially rather than simultaneously. This behavior was also observed for CytC-78 (Figures 2C,D), but it appears to occur less uniformly between the potential limits. Instead, there is a potential window between 390 and 470 mV vs. SHE in which CytC-78 oxidizes to a larger extent indicated by the higher absorption changes between subsequent 20 mV potential steps.

[image: Figure 2]

FIGURE 2
 Potential-dependent absorption spectra of CytC-18 (A,B) and CytC-78 (C,D). Absorption spectra between 390 and 590 nm were recorded during the oxidative potential sweep from 170 to 550 mV vs. SHE at 0.1 mV/s. For each cytochrome, a total of 20 spectra was stacked to visualize the redox transition between fully reduced state at 170 mV (red curve) and fully oxidized state at 550 mV (blue curve). The typical cytochrome c absorption maxima at 552 nm (α-peak), 525 nm (β-peak), and at ~420 nm (γ-peak) are indicated. The inlet enlarges the α- and β-peaks (B,D). The redox assay was carried out in a specialized quartz glass cuvette using a platinum working electrode in honeycomb design, an Ag/AgCl (3 M KCl) reference electrode and a platinum counter electrode. The assay contained 36 μM CytC-18 or 20 μM CytC-78, respectively, in the presence of two-fold excess of sodium ferricyanide and phenazine methosulfate serving as redox mediators in N2-treated sodium citrate phosphate buffer (pH 3.1).


These observations are even more clearly reflected when plotting the absorption intensities of the respective α-, β-, and γ-peaks against the applied potential (Supplementary Figure 2) suggesting that CytC-18 and CytC-78 are characterized by a unique redox behavior. Representatively, Figure 3 depicts the individual redox behavior of CytC-18 (A) and CytC-78 (B) as functions of the absorption intensities of their respective α-peaks in dependence of the applied potential at a sweep rate of 0.15 mV/s. The resulting curves for the two cytochromes are characterized by a double sigmoidal shape reflecting two apparent redox transitions for the two hemes in each of the cytochromes. The lower plateau of absorption intensity corresponds with higher potentials and the fully oxidized state of the cytochromes, while the upper absorption intensity plateau corresponds with lower potentials and the fully reduced state of the cytochromes. An intermediary plateau is only slightly indicated by the slower absorption intensity changes. This intermediate plateau is more clearly visible for CytC-18 independent from the direction of the potential sweep (Figure 3A). In the case of CytC-78 this intermediary plateau is more clearly shaped in the curves of the oxidative potentials sweeps (Figure 3B). For both cytochromes the lower potential transition corresponds to only 25% of the total intensity difference between the fully reduced and fully oxidized state while the higher potential transition corresponds to 75%. This leads to the different steepness of the two sigmoidal curve areas in the lower or higher potential window, respectively.

[image: Figure 3]

FIGURE 3
 Potential-absorption plots of CytC-18 (A) and CytC-78 (B). The intensity of the respective α-peak is plotted against the applied potential vs. SHE. The cytochromes were electrochemically oxidized (closed circles) or reduced (open circles) at a platinum honeycomb working electrode in the presence of two-fold excess of the redox mediators phenanzine methosulfate and ferricyanide. The concentration of the cytochromes was 36 μM of CytC-18 (A) or 20 μM of CytC-78 (B), respectively. The potential sweep rate was 0.15 mV/s for each scan. Absorption was measured every 10 mV (A) or 12 mV (B), respectively.


Apart from the overall similar shape of the curves for both cytochromes, there are two features that again suggest an individual redox behavior of two Ferrovum-derived cytochromes: (i) the different extents of hysteresis between the curves of the oxidative and reductive sweeps and (ii) the size of the potential window required for the full redox transition. With respect to hysteresis, the curves of oxidative and reductive potential sweeps are very similar in shape and course for CytC-18 (Figure 3A). In the case of CytC-78 hysteresis increases with the potential sweep rate from 0.1 to 0.2 mV/s (Supplementary Figure 2B). Furthermore, the potential window for full redox transition is generally smaller for CytC-78 than for CytC-18 with approx. 280 mV vs. approx. 330 mV, respectively, (Supplementary Table 1A). This observation might be attributed to the smaller size of the potential window corresponding with the higher potential transition in CytC-78 compared to CytC-18 which also results in even steeper sigmoidal curves for the higher potential transition in CytC-78.

We calculated the Em-values for the two heme centers of CytC-18 and CytC-78 based on the inflection points of the lower potential transition (lower potential heme) and the higher potential transition (higher potential heme) for the different potential sweep rates and for the curves of α-, β- and γ-peaks (Supplementary Table 1B). Since the deviation of the calculated Em-values was low for the different sweep rates and absorption peaks, we calculated the mean values for the lower and higher potential hemes of CytC-18 and CytC-78 to compare them to the available Em-values of homologous c4 cytochromes of neutrophiles and acidophiles (Table 2). For CytC-18 we determined Em-values of 276 mV (± 8 mV) for the lower potential heme and 416 mV (± 2 mV) for the higher potential heme and 308 mV (± 7 mV) and 399 mV (± 7 mV) for CytC-78, respectively. The ΔEm of the two heme centers is smaller in CytC-78 than in CytC-18 (91 vs. 140 mV), which is in accordance with the smaller potential window to achieve the full redox transition in CytC-78. In comparison to c4 cytochromes derived from neutrophiles (Pseudomonas spp., Pseudoalteromonas haloplanktis, Azotobacter vinelandii, Vibrio cholerae) the Em-values of both Ferrovum-derived cytochromes are at least 50 mV more positive (Table 2). On the other hand, they are approx. 70 mV more negative than the Em-values of c4 cytochromes derived from the more extreme acidophiles Acidithiobacillus spp. The ΔEm of the lower and higher potential heme ranges from 54 to 110 mV, highlighting the unexpectedly large ΔEm of the CytC-18 heme centers.



TABLE 2 Summary of determined redox potentials of the c4 cytochromes CytC-18, CytC-78, and homologous proteins.
[image: Table2]

Since the Em-values of two different classes of redox proteins showed similar tendencies when compared to homologous proteins of acidophiles and neutrophiles, we aimed at identifying potential structural features that might contribute to this adaptation at protein level. Therefore, we analyzed the cofactor binding pockets in predicted structural models and compared them to available experimentally solved structures or structural models of homologous proteins with available Em data.




3.2 Analysis of redox center environments of HiPIP-41 and comparison to homologous HiPIPs

The [4Fe-4S]-cofactor in HiPIPs is covalently bound by four highly conserved cysteine residues and is stabilized in a hydrophobic binding pocket with aromatic residues playing a fundamental role in electron transfer and Em modulation (Agarwal et al., 1995; Iwagami et al., 1995; Bian et al., 1996; Parisini et al., 1999; Liu et al., 2014). Our previous analysis of the homology-based structure of HiPIP-41 has already suggested that the [4Fe-4S]-cofactor is surrounded by a high number of hydrophobic and aromatic residues (Ullrich et al., 2023). Thus, the new structural model of HiPIP-41 based on a combined approach of homology modeling and a deep learning algorithm was compared to the AlphaFold-predicted structure of Hip of the acidophile A. ferrooxidans and the experimentally solved structure of the HiPIP of R. tenuis (PDB: 1Isu). Hip and HiPIP 1Isu were chosen for this comparative approach because they have already been electrochemically characterized (Table 1). Our analysis focused on conserved and unique structural features with special regard to residue candidates involved in tuning the Em-values.

Hydrophobic contacts between the protein and the cofactor in the three HiPIPs were predicted using LigPlot+ with subsequent evaluation by manual inspection of their structural models. The [4Fe-4S]-cofactor in HiPIP-41 is surrounded by 10 hydrophobic residues of which five are aromatic (Figures 4A,B). The high number of hydrophobic contacts completely shields the cofactor from the surrounding solvent (Figures 4C,D). However, some of these residues not only contribute to the hydrophobic character of the binding pocket but also to the surface properties of HiPIP-41. The hydroxyl group of Tyr-54, for example, is oriented toward the surface while the aromatic ring shields the cofactor (Figure 4C). The polar sidechain of the Asn-27 is similarly oriented toward the surface while the CH2-group is positioned toward the protein core (Figure 4D). In the case of Tyr-43 and Phe-58 the oxygen moieties of their peptide bonds are pointing toward the surface (Figure 4C).
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FIGURE 4
 Hydrophobic contacts to the [4Fe-4S]-cofactor in HiPIP-41. (A) The hydrophobic contacts of the cofactor-binding pocket are visualized as ligplot predicted by LigPlot+ and amended after manual inspection of the structure model. Hydrophobic contacts are depicted by red eyelashes while other bonds are shown as blue solid lines between atoms. (B) Residues corresponding with the ligplot are shown in the structural model by three-letter code and position number. Residues are colored by element (carbon – gray, oxygen – red, nitrogen – blue, sulfur – yellow) (C) The [4Fe-4S]-cofactor is buried deep within the protein and shielded from the outside. The surface of HiPIP-41 is colored by secondary structural element (helix – green, coil – tan). The residues depicted in (B) have influence on the surface as is indicated by colored patches on the surface. The colors refer to the element coloring of side chains or peptide bonds of the respective residues. (D) The structure is shown from a different view as indicated by the screw axis.


The cofactor in HiPIP 1Isu is surrounded by a similar number of hydrophobic (10) and aromatic residues (5) (Supplementary Figures 3A,B) while the ten hydrophobic contacts to the Hip cofactor include only four aromatic residues (Supplementary Figures 3C,D). Similarly to HiPIP-41, the cofactors of Hip and HiPIP 1Isu are completely buried within the protein cores and are not accessible for the surrounding solvent (Supplementary Figures 3E,F). The superimposition of all three structural models shows the high structural similarity of all HiPIPs where HiPIP-41 and HiPIP 1Isu even share the short N-terminal α-helix (Supplementary Figure 4). The high proline content of Hip was reported to interfere with secondary structural elements (Nouailler et al., 2006), which might explain the slightly lower structural similarity to the other two HiPIPs. Despite the generally low sequence similarities of less than 40% between the three HiPIPs, many of the residues with hydrophobic contacts to the cofactor were identified at identical positions (Supplementary Figures 4A–C). A remarkable exception presents position 53 (1Isu numbering), where HiPIP-41 harbors an additional cysteine residue while HiPIP 1Isu and Hip have glycine residues. Two other positions are also noteworthy, because only one of the three HiPIPs possesses an aromatic residue while the other two harbor aliphatic residues at the same position: the first is Phe-10 in HiPIP 1Isu and the second is Tyr-43 in HiPIP-41. Otherwise four of five aromatic residues with hydrophobic contacts to the cofactor are highly conserved between all three structures (Supplementary Figure 4C).

However, the only clearly distinguishing feature of the two acidophile-derived HiPIPs Hip and HiPIP-41 present the two additional cysteine residues not involved in cofactor coordination (Supplementary Figure 4D). While Cys-52 and Cys-84 of Hip were found to form a structure stabilizing disulfide bond (Nouailler et al., 2006), the role of Cys-50 and Cys-53 of HiPIP-41 has not yet been elucidated (Ullrich et al., 2023). The orientation of Cys-53 toward the cofactor in HiPIP-41 together with its restricted presence in Ferrovum spp. HiPIPs (Ullrich et al., 2023) seems to be a rather striking. Still, it remains so far unclear whether these additional cysteines might contribute to the at least 240 mV more positive Em in the HiPIPs of the acidophiles.



3.3 Analysis of redox center environments of CytC-18 and CytC-78 and comparison to homologous c4 cytochromes

The electrochemical characterization of CytC-18 and CytC-78 showed (i) that the potential window for the full redox transition is smaller for CytC-78 which corresponds with the smaller ΔEm of its two heme centers and (ii) that the hysteresis between the oxidative and reductive potential sweeps is smaller in CytC-18. Hence, although the Em-values of the two Ferrovum-derived cytochromes are quite similar, both are characterized by an individual redox behavior. Earlier studies suggested that both, the heme-to-heme positioning and the heme:protein contacts affect the intramolecular electron transfer (Kadziola and Larsen, 1997; Abergel et al., 2003; de March et al., 2015). Aiming to collect evidence for correlations between structure and properties of CytC-18 and CytC-78, we focused our analyses on their hydrogen bond networks at the domain:domain interface, hydrophobic contacts in the heme-binding pockets and the solvent accessibility of their heme centers. Moreover, these analyses provided the basis for the subsequent comparison to available structures of the homologous c4 cytochromes of the neutrophile P. strutzeri (PDB: 1 m70; P.s. c4) and of Cyc41 of the acidophile A. ferrooxidans (PDB: 1h1o; A.f. Cyc41) which have also been electrochemically characterized.


3.3.1 Contacts at the domain:domain interface and in the heme-binding pockets of CytC-18 and CytC-78

A typical feature of CytC-18, CytC-78, and other c4 cytochromes is the two-domain structure with heme-1 being bound within the N-terminal domain and heme-2 being bound in the C-terminal domain (Andersen et al., 2011; Ullrich et al., 2023). The heme-heme geometry in CytC-18 and CytC-78 is very similar to that of P.s. c4 and A.f. Cyc41 with the two heme centers being arranged in the same plane in a slightly tilted angle to each other (Ullrich et al., 2023). This geometry results in long Fe-Fe distances between the heme centers of 18.2 Å (CytC-18) and 19.1 Å (CytC-78) which is comparable to the distances in A.f. Cyc41 (18.7 Å) and P.s. c4 (19.2 Å), respectively, Table 3. We employed LigPlot+ to predict interdomain contacts using the dimplot feature (Figure 5) and protein:heme contacts in CytC-18 and CytC-78 (Figure 6). The dimplots in Figure 5 suggest that the interfaces of both cytochromes are stabilized by hydrophobic contacts and hydrogen bonds, whereas there are more hydrogen bonding residues in CytC-18 (11 vs. 8) and more hydrophobic contacts at the interface of CytC-78 (18 vs. 14). In both cytochromes these residues likely contribute to the arrangement of the proprionates of the pyrrole rings A within hydrogen bonding distance (Figure 7). The O-O distances between the O1A atoms of the contacting proprionate groups are 2 Å (CytC-18) and 2.4 Å (CytC-78), respectively, which is comparable to the O-O distances in A.f. Cyc41 (2.5 Å) and P.s. c4 (2.5 Å) (Table 3). Moreover, the analysis of the Ligplots (Figure 6) and the structural models (Figure 7) underline how the proprionate groups are involved in the hydrogen bond network in CytC-18 and CytC-78.



TABLE 3 Summary of structural properties of the domain:domain interfaces and the heme-binding pockets of A. f. Cyc41, CytC-18, CytC-78, and P. s. c4 based on LigPlot+ predictions and manual inspection of the structural models.
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FIGURE 5
 Hydrophobic contacts and hydrogen bonds at the domain:domain interface in CytC-18 (A) and CytC-78 (B). The dimplots were calculated using LigPlot+. The horizontal line indicates the domain:domain interface between the N- and C-terminal domains. Hydrogen bonds are shown in green broken lines with distances between the bonding atoms in Å. Hydrophobic contacts are represented as red (N-terminal domains) or pink (C-terminal domains) eyelashes.
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FIGURE 6
 Ligplots visualizing hydrophobic contacts and hydrogen bonds between the heme ligands and the protein chains of CytC-18 (A,B) and CytC-78 (C,D). Hydrogen bonds and hydrophobic contacts between the two heme c ligands and the protein chains of CytC-18 and CytC-78 were predicted using LigPlot+. The heme c ligands of the N-terminal domains are termed hemes-1 (A,C), while those of the C-terminal domains are termed hemes-2 (B,D). Hydrophobic contacts are depicted by red eyelashes while hydrogen bonds are shown as green broken lines with the distances between the bonding atoms given in Å. Other bonds are shown as blue solid lines between atoms. The ligplots were amended by missing hydrogen bonds (gray broken lines) and hydrophobic contacts (red eyelashes) after manual inspection of the structural models of CytC-18 and CytC-78.
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FIGURE 7
 Hydrogen bond network at the domain:domain interface of CytC-18 (A,B) and CytC-78 (C,D). The residues involved in hydrogen bonds at the domain:domain interface are indicated by three letter code and position number for CytC-18 (A) and CytC-78 (C) without the surrounding protein structure. The surrounding structure is shown for the same view at the interface colored by secondary structure. While coils are shown in gray, helices in are shown in green in CytC-18 (B) or in orange in CytC-78 (D). Hydrogen bonds between residues and proprionate groups of the heme centers are indicated as red broken lines. The pyrrole ring numbering from (A–D) is indicated in gray letters for each heme center in (A,C).


In CytC-18, Arg-71 of the N-terminal domain forms hydrogen bonds to either Tyr-159 and Gln-163 of the C-terminal domain (Figure 5A). At the same time all three residues are in hydrogen bonding distance to the D-ring proprionate group of heme-1 (Figures 6A, 7A). Tyr-159 is also in hydrogen bonding distance to the proprionate group the A-ring of heme-2 (Figure 6B). Asp-73 forms a hydrogen bond to Gln-163 at the domain interface (Figure 5A) and to the A-ring proprionate of heme-1 (Figure 6A). Tyr-58 is involved in hydrophobic contacts at the domain interface (Figure 5A) and to heme-2 (Figure 6B) and forms hydrogen bonds to A-ring proprionates of heme-1 and heme-2 (Figure 6A). The hydrogen bond network in CytC-78 involves similar residues including Arg-65 of the N-terminal domain and Tyr-161 of the C-terminal domain forming hydrogen bonds at the domain interface (Figure 5B) and to the A-ring proprionates of heme-1 and heme-2 (Figures 6C,D, 7C). Tyr-52 forms a hydrogen bond to the A-ring proprionate of both hemes. Moreover, both tyrosines also provide hydrophobic contacts to heme-1 and heme-2, respectively (Figures 6C,D). Among the similar features in CytC-18 and CytC-78 are on the one hand the two tyrosine and one arginine residue pointing toward the proprionate contact site with their hydroxyl groups or guanidino group, respectively (Figure 7). On the other hand, in both cytochromes one of the oxygen atoms of the heme-2 D-ring proprionates remains without a hydrogen bonding partner (CytC-18: O2D, CytC-78: O1D). However, despite the general similarity of their the hydrogen bond networks, noteworthy unique features are two acidic residues (Glu-62, Asp-73) in CytC-18 in contrast to the basic Arg-174 in CytC-78.

The binding pockets of the heme centers were analyzed manually based on the prediction of hydrophobic contacts by LigPlot+ (Figure 6; Supplementary Figure 5). In CytC-18 both hemes show a more distinguished surrounding in their respective binding pockets (Supplementary Figures 5A–D) in comparison to the hemes in CytC-78 (Supplementary Figures 5E–H). Although the number of potential hydrophobic contacts is similar for both heme sites in CytC-18 (13 vs. 12), heme-1 appears to be more tightly surrounded by its contacts than heme-2. Of these hydrophobic contacts about a third is provided by aromatic residues in both binding-pockets (4 vs. 3). The heme centers in CytC-78 are surrounded by 13 and 12 hydrophobic contacts, respectively, of which 3 are aromatic in each of the binding pockets. In contrast to CytC-18, heme-2 appears to be more tightly surrounded by hydrophobic contacts provided by Met-150, Phe-151 and Ile-154 located in a loop region (Supplementary Figures 5G,H).

The high number of hydrophobic contacts in heme-binding sites contribute to the effective shielding of the heme centers from the access of surrounding solvent (Supplementary Figures 6A–D). Still, the D-ring proprionate groups of hemes-2 are accessible in both cytochromes. In CytC-18 this access site is surrounded by a large loop which might facilitate contact with an interaction partner during electron transfer (Supplementary Figure 6A). Heme-1 in CytC-18, however, seems to be accessible only via the nonpolar moiety of the C-ring. In CytC-78, on the other hand, both heme sites are accessible via the D-ring proprionates. Here, the heme-1 access site is dominated by basic residues (Arg-65 and Arg-174). At the heme-2 access site the hydrogen bond between Asn-176 (ND2) and the D-ring proprionate (O1D) is accessible.



3.3.2 Comparison of the redox center environments of CytC-18 and CytC-78 to Cyc41 of Acidithiobacillus ferrooxidans and c4 of Pseudomonas strutzeri

In all four compared cytochromes the hydrogen bond network at the domain:domain interface involves arginine, tyrosine and glutamine residues forming hydrogen bonds to the proprionate groups (Figure 6; Supplementary Figure 7). For heme-1, one arginine, two tyrosines and one glutamine residue appear to be conserved while for heme-2 only two tyrosine residues are conserved in all four cytochromes. A common feature of the acidophile-derived cytochromes CytC-18, CytC-78 and A.f. Cyc41 is the exclusion of the one of the oxygen atoms of their D-ring proprionate at heme-2 from the hydrogen bond network (O1D in A.f. Cyc41 and CytC-78; O2D in CytC-18). Another common feature is the asymmetry of their hydrogen bond network with the heme-1 proprionates involving a higher number of contacts as well as a different set of residues in comparison to the heme-2 proprionates. In contrast to that the proprionate groups of the hemes in P.s. c4 similarly form hydrogen contacts to one arginine, one lysine, one glutamine and two tyrosines. Another unique feature of P.s. c4 are the lysine residues (Lys-42, Lys-148) (Supplementary Figures 7C,D) where the hydrogen bond networks of the acidophile-derived cytochromes include polar, but uncharged asparagine or glutamine residues or in case of CytC-18 even acidic glutamate and aspartate residues. Apart from P.s. c4, there are also the unique features in the other cytochromes such as the restriction of arginine residues to the heme-1 proprionates in CytC-18 and CytC-78, and the third tyrosine residue forming a hydrogen bond to heme-1 in A.f. Cyc41.

Comparison of the Ligplots of A.f. Cyc41 (Supplementary Figures 7A,B) and P.s. c4 (Supplementary Figures 7C,D), reveals the much higher number of hydrophobic contacts within the heme-binding pockets of A.f. Cyc41 (20 and 19) in comparison to P.s. c4 (15 and 13). The fraction of aromatic residues among these contacts is also higher in A.f. Cyc41 with 4 and 3, respectively, compared to 2 in each heme-binding pocket in P.s. c4. In CytC-18 and CytC-78 the number of hydrophobic contacts is comparable to those in P.s. c4, but the higher number of aromatic residues increases their fraction to one third of the total number of hydrophobic contacts in comparison to one fifth in A.f. Cyc41 and P.s. c4. These structural aspects might result in the extended shielding of the heme site from the surrounding solvent. While in the acidophile-derived cytochromes at least one of the two heme centers appears to be less accessible (heme-1 in A.f. Cyc41, heme-2 in CytC-78) or is even completely buried within the domain core (heme-1 in CytC-18), both heme centers in P.s. c4 are widely accessible (Supplementary Figures 6, 8). Also, the porphyrin moieties of the heme centers appear to be more tightly shielded in the three acidophile-derived cytochromes (Supplementary Figures 6, 8A,B) in comparison to P.s. c4 (Supplementary Figure 8C, D).

Despite the observed symmetry of the hydrogen bond network and the accessibility of the both heme sites in P.s. c4, the distribution of water molecules in hydrogen-bonding distance is different for the proprionates of the two heme centers (Supplementary Figures 8C, D). While seven water molecules are surrounding the proprionates of heme-2, there are only two in the case of heme-1 (Table 3). Thus, the distribution of water molecules within the hydrogen bond network at the domain:domain interface suggests that the actual solvent accessibility in P.s. c4 is also different for the two heme centers. This is similar for A.f. Cyc41 where the more buried heme-1 has only one water molecule in hydrogen-bonding distance in comparison to eight in case of the solvent accessible heme-2. Interestingly, these water molecules might form hydrogen bonds with the otherwise free O1D atom of heme-2 (Supplementary Figure 8B). Although, we cannot evaluate this observation for CytC-18 and CytC-78, it is possible that the different heme accessibility of the two domains might determine the respective electron transfer partner in the respiratory chain.





4 Discussion

Our combined approach of electrochemical characterization of the three Ferrovum-derived recombinant redox proteins HiPIP-41 and the c4 cytochromes CytC-18 and CytC-78 and their structural comparison to homologs of acidophiles and neutrophiles contributed to the field on two levels: First, the comparison of their redox behavior and their structural models revealed aspects of structure function correlations in CytC-18 and CytC-78 that present starting points for future mechanistic studies and that result in further hypotheses on their function the respiratory chain of Ferrovum sp. PN-J47-F6. Second, the Em of the three Ferrovum-derived redox proteins were found to be more positive than their neutrophile-derived homologs, and being at the same time more negative than the Em-values of homologs of more extreme acidophiles. Thus, our findings not only amend the results of earlier reports with electrochemical data on three further redox proteins, but moreover suggest a gradual fine-tuning of the Em in adaptation to the acidity of their host’s preferred habitats. Moreover, our structural comparisons revealed shared structural features of the acidophile-derived redox proteins that might be attributed with their more positive redox potentials.


4.1 Electrochemical characterization of CytC-18 and CytC-78 suggests anti-cooperative effects between their heme centers

The spectroelectrochemical characterization of CytC-18 and CytC-78 indicates that the full redox transition occurs stepwise via two redox transitions at different potentials. These lower and higher potential redox transitions are attributable to the two heme centers covalently bound in the N-terminal (heme-1) and the C-terminal domain (heme-2) of the cytochromes. In CytC-18, the ΔEm between the lower and higher potential heme is 140 mV while it is 91 mV in CytC-78. With exception of P.a. c4 (Carpenter et al., 2020) and Cyt c4 of P. haloplanktis (Di Rocco et al., 2008) the two heme centers in homologous cytochromes were also characterized by individual Em-values (Leitch et al., 1985; Cavazza et al., 1996; Giudici-Orticoni et al., 2000; Malarte et al., 2005; Chang et al., 2010; Carpenter et al., 2020). The two sequential redox transitions resulted in a double-sigmoidal shape of the absorption potential curves of CytC-18 and CytC-78 which was more clearly defined in case of CytC-18. Theoretically, this curve shape reflects the modeled redox behavior of a two-center redox protein with non-interacting Em-values (Catarino and Turner, 2001; Chi et al., 2010). However, for both cytochromes the lower potential redox transition only corresponded to approx. 25% of the total absorption change between the fully reduced and fully oxidized state while the higher potential redox transition corresponded to 75%. This observation suggests that the redox state of one heme center affects the Em of the other heme reflecting an anti-cooperative redox interaction (Zickermann et al., 1995) between the two heme centers in CytC-18 and CytC-78. Similar observations were also reported between hemes a and a3 in the cytochrome c oxidase of Paracoccus denitrificans (Gorbikova et al., 2006), hemes b and c1 in the P. denitrificans bc1 complex (Covian et al., 2007) or hemes b558 and b595 of the E. coli cytochrome bd oxidase (Bloch et al., 2009).

The analysis of the heme-heme geometry and the Fe-Fe distances highlighted a another common structural feature of CytC-18, CytC-78, A. f. Cyc41, and P.s. c4. Both heme centers are located in the same plane and in face-to-face orientation according the classification of de March et al. (2015). The spatial separation of the hemes in individual domains together with their face-to-face orientation leads to long distances Fe-Fe distances of 18.2 Å (CytC-18) and 19.2 Å (P.s. c4). This heme geometry affects the mode of electron transfer between the two redox centers. In the cytochrome c oxidase (Tan et al., 2004) or the decaheme outer membrane cytochromes MrtC and OmcA of Shewanella oneidensis (Tikhonova and Popov, 2014) the close proximity of the redox centers allows the rapid electron transfer via electron tunneling. Since this mode requires distances between the redox centers of less than 14 Å (Page et al., 1999), the electron transfer in CytC-18, CytC-78, A. f. Cyc41 and P.s. c4 is more likely to be realized via proton-coupled electron transfer (Huynh and Meyer, 2007). The slightly tilted angle of their hemes together with the face-to-face geometry results in the close proximity of the respective A-ring proprionates at the domain:domain interfaces. The four proprionate groups in each cytochrome are involved in a complex hydrogen bond network involving numerous residues of both domains. The experimentally solved structures of P.s. c4 and A.f. Cyc41 also included water molecules at the domain:domain interface which are also likely to be part of this hydrogen bond network. These hydrogen bond networks in all four c4 cytochromes present the pre-requisite of the proton-coupled electron transfer in a pre-association phase by minimizing the proton tunneling distance (Huynh and Meyer, 2007).



4.2 The character of the interdomain contacts in CytC-18 and CytC-78 might contribute to their different redox behavior

The constitution of the hydrogen bond network at the domain:domain interface might affect the redox kinetics of the cytochromes (Crowley and Ubbink, 2003). Although we did not determine kinetics parameters in the present study our electrochemical characterization of the Ferrovum-derived cytochromes strongly suggests that CytC-18 and CytC-78 harbor individual redox behaviors as was indicated by the different potential windows necessary for the full redox transition and the different degree of hysteresis between the oxidative and the reductive potential sweeps. The overall constitution of hydrogen bond network is very similar in CytC-18 and CytC-78. However, the most prominent differences present the acidic aspartate and glutamate residues in proximity of the heme-1 proprionate groups in CytC-18. They are expected to be fully protonated at pH 3.1 and are thus uncharged but also potential donors and acceptors of hydrogen bonds. In contrast to that, the hydrogen bond network of the heme-1 proprionate groups in CytC-78 involves an additional arginine residue which is not only a potential hydrogen bonding partner but also carries a positive charge at the guanidino group. Apart from the influence of the hydrogen bond network on the interdomain electron transfer also the dynamics of the domain:domain association is thought to play a central role for the redox activity of a protein (Camacho et al., 1999; Crowley and Ubbink, 2003). Indeed we observed differences in the nature of contacts at the domain:domain interfaces in CytC-18 and CytC-78. While the domain interface of CytC-18 involves more hydrogen bonds than the interface in CytC-78, the situation is vice versa with respect to the number of hydrophobic contacts. Since hydrophobic contacts act in longer range than hydrogen bonds (Israelachvili and Pashley, 1982; Onofrio et al., 2014) the different nature of interdomain contacts in the two Ferrovum-derived cytochrome is probably affecting the association dynamics and thereby the intramolecular electron transfer kinetics.



4.3 The constitution of the cofactor binding pockets appears to be the major influencing factor for the more positive Em in acidophile-derived C4 cytochromes

In their comparative study on structure and function correlations involving 33 heme-binding proteins with experimentally solved structures Smith et al. (2010) did not identify clear connections between the cytochrome’s Em and specific structural features. They have instead postulated that a combination of various structural features influence the Em. We focused our structural comparison therefore on hydrophobic contacts in the heme binding pockets and heme solvent accessibility, because they have already been identified as a central Em influencing factor in other redox proteins (Di Rocco et al., 2008, 2011; de March et al., 2015; Hosseinzadeh et al., 2016; Carpenter et al., 2020). The structural comparison of CytC-18, CytC-78, A.f. Cyc41, and P.s. c4 revealed that the heme centers in A.f. Cyc41 formed the highest number of hydrophobic contacts to their binding pockets. The total number of hydrophobic contacts in the other three cytochromes was similar, but CytC-18 and CytC-78 harbored the largest fraction of aromatic residues among these contacts. During the purification and concentration procedure of CytC-78 and CytC-18 we indeed observed a long stability of the fully reduced state of CytC-78 or partly reduced state of CytC-18 (Ullrich et al., 2023), respectively, while P.s. c4 was observed to quickly oxidize during the crystallization process in absence of an chemical oxidant (Kadziola and Larsen, 1997). Thus, the higher number of hydrophobic contacts or aromatic residues in proximity of the heme center might indeed result in the more effective shielding of the heme centers in the acidophile-derived cytochromes as was suggested by their structural models. However, the domain:domain interface, and thereby the hydrogen bond network involving the heme proprionates and residues of both domains, appears to be equally accessible for solvent water molecules since the number of water molecules at the interface of A.t. Cyc41 (7) and P.s. c4 (9) was similar.

Besides the above discussed contacts in the heme-binding pocket, other structural aspects were discussed as influencing factors of the Em, such as non-planar distortions of the heme porphyrin ring that have also been identified to effect the heme’s redox properties by influencing the Em, transition dipoles and axial ligand affinity (Shelnutt et al., 1998; Smith et al., 2010). In case of A.f. Cyc41 and P.s. c4 no distortion of the porphyrin ring structure has been reported (Kadziola and Larsen, 1997; Abergel et al., 2003; Carpenter et al., 2020). An overall structural similarity of CytC-18 and CytC-78 to A.f. Cyc41 and P.s. c4 leads us assume that the heme centers in the Ferrovum-derived cytochromes do also not have any structural distortions. Furthermore, mutant studies demonstrated that the presence of polar or charged residues in close proximity to the heme iron decreased the Em. The disruption of a hydrogen bond to the histidine axial ligand in myoglobin increased its Em (Bhagi-Damodaran et al., 2014). This effect was explained by the increase of the positive character of the Nε-atom of the histidine axial ligand and the thereby reduced electron donating ability of its imidazole ring toward the heme iron (Valentine et al., 1979). The exchange of aliphatic residues providing hydrophobic contacts to the porphyrin ring system by acidic or polar residues similarly resulted in the Em becoming up to 200 mV more negative than in the wildtype myoglobin (Varadarajan et al., 1989). Specific electrostatic contacts between the protein chain and the heme center indeed present interesting starting points for future studies. These will also require experimental structure determination because electrostatic interactions require a close proximity of the partners, and thus a high-resolution structure of the protein is needed to study them.



4.4 The more positive Em-values in acidophile-derived HiPIPs might be attributed to additional cysteine residues

The Em of HiPIP-41 is approx. 240 mV more positive than that of HiPIP 1Isu of R. tenuis and similar to the Em of Hip of A. ferridurans. The covalent binding of the [4Fe-4S]-cofactor by four highly conserved cysteines resulting in its tight shielding from the solvent is acknowledged to cause the far more positive Em in comparison to ferredoxins (Carter et al., 1972; Dey et al., 2007). Moreover, fewer hydrogen bonds between peptide bonds of the protein backbone and the cysteine sulfur atoms were detected in HiPIPs in contrast to ferredoxins (Backes et al., 1991), resulting in a lower polarity of the cofactor environment in HiPIPs (Heering et al., 1995). Beside the similar electrostatic contacts in the cofactor environment, the total number of hydrophobic contacts in the cofactor binding pocket was also similar in the structural models of HiPIP-41, HiPIP 1Isu and Hip, resulting in the anticipated complete burial of their cofactors and the effective shielding from the surrounding solvent. Moreover, the superimposition of the three structural models showed a high structural similarity and the conserved positions of the hydrophobic contacts. Since aromatic residues are anticipated to contribute to the cofactor stability by supporting its tight shielding from the protein’s surrounding solvent (Agarwal et al., 1995; Iwagami et al., 1995), their high level of conservation was not surprising. However, with respect to non-aromatic residues only their position within the protein sequence and structure were conserved but not the residues themselves. In this context, we did not identify any correlations between the size or the degree of hydrophobicity of the hydrophobic contacts and the Em.

However, the most remarkable structural feature of HiPIP-41 and Hip present the two additional cysteine residues. In Hip, Cys-52 and Cys-84 form a disulfide bridge which was assumed to contribute to the acid stability of the protein (Nouailler et al., 2006). In HiPIP-41, Cys-50 and Cys-55 are located in the core of the protein and Cys-53 is oriented toward the cofactor. These two additional cysteines were found to be highly conserved in the HiPIPs of Ferrovum spp., but they are not found in homologous proteins in neutrophilic relatives (Ullrich et al., 2023). Since cysteine residues were classified as very hydrophobic due to their very frequent location within a protein’s hydrophobic core (Janin, 1979; Rose et al., 1985), we propose that they might indeed contribute to the hydrophobic character of the surrounding of the [4Fe-4S]-cofactor and thereby modulating the Em in the acidophile-derived HiPIPs. The HiPIP Iro from A. ferrooxidans with a very positive Em of 630 mV (Yamanaka and Fukumori, 1995), however, does also not contain any additional cysteine residues (Nouailler et al., 2006).

Apart from the solvent accessibility of the [4Fe-4S]-cofactor and the very hydrophobic character of its binding pocket, also the polarity of the cluster environment (Heering et al., 1995; Stephens et al., 1996), the general surface charge of the protein (Banci et al., 1995; Stephens et al., 1996; Capozzi et al., 1998) and the position of polar patches on the protein’s surface (Babini et al., 1998; Parisini et al., 1999) have been discussed as Em modulating factors. The surface of HiPIP 1Isu is characterized by the presence of patches with both negative and positive electrostatic potential caused by acidic, basic and polar residues being exposed to the surface (Rayment et al., 1992). In contrast, the surface of HiPIP-41 is characterized by large patches of neutral surface electrostatic potential or patches with slightly positive electrostatic potentials (Ullrich et al., 2023). With respect to missing data on the surface charge of Hip it is difficult to evaluate its potential influencing effect of the overall surface charge on the Em. An earlier study of Babini et al. (1998) has indeed demonstrated how the mutation of a surface exposed histidine influences the Em and the redox kinetics of the HiPIP of Chromatium vinosum. Residues Tyr-54 and Asn-27 in HiPIP-41 might present candidates for similar studies since they are in contact with both, the cofactor-binding pocket and the surface of the protein.



4.5 Implications on the organization of the electron transfer chain in Ferrovum sp. PN-J47-F6

Based on our structural analyses and comparisons, we propose that the N-terminal hemes (hemes-1) in CytC-18 and CytC-78 are the higher potential hemes and the C-terminal hemes (hemes-2) the lower potential hemes. In CytC-18, heme-1 is more tightly surrounded by aliphatic and aromatic residues resulting in its deep burial within the protein core and an efficient shielding from the surrounding solvent. Similar observations were reported for the N-terminal heme center of Cyc41 (Abergel et al., 2003) and the C-terminal heme center of P.s. c4 (Nissum et al., 1997; Carpenter et al., 2020), respectively. Moreover, we assume that the tighter shielding of the N-terminal heme center in CytC-18 in comparison to the C-terminal heme results in the observed larger ΔEm by increasing the Em of the higher potential heme in comparison to the lower potential heme. The heme binding-pockets in the N- and C-terminal domains in CytC-78 have a more similar appearance which we assume contributes to the smaller ΔEm of its hemes. Still, the overall similar number and nature of hydrophobic contacts in the heme-binding pockets of both Ferrovum-derived cytochromes lead us to infer that the higher potential heme is associated with the N-terminal domain in both cytochromes.

The different location of the higher and lower potential hemes in the acidophile-derived c4 cytochromes CytC-18, CytC-78, and A. f. Cyc41 in contrast to P.s. c4 might reflect the different organization of the electron transfer chains. While CytC-18, CytC-78, and Cyc41 accept electrons from a soluble redox protein with a very positive Em (HiPIP-41 or rusticyanin) to transfer them further downhill to the cytochrome c oxidase in the inner membrane (Giudici-Orticoni et al., 1999; Ullrich et al., 2023), P.s. c4 shuttles electrons between inner membrane complexes III and IV (Smith et al., 1981; Kadziola and Larsen, 1997). The C-terminal domain of P.s. c4 was proposed to interact with the cytochrome c oxidase (Iwata et al., 1995; Tsukihara et al., 1995) suggesting that the higher potential heme transfers electrons further downhill to the terminal oxidase. A mutant study of Cyc41 variants (Malarte et al., 2005) and a computational docking study (Jiang et al., 2021) draw a similar conclusion for the interaction of Cyc41 in the electron transfer chain in A. ferrooxidans, suggesting that the C-terminal lower potential heme accepts electrons from rusticyanin while the N-terminal higher potential heme transfers them downhill to the aa3-type cytochrome c oxidase. Expanding this conclusion to CytC-18 and CytC-78, we propose that the C-terminal domains with the lower potential hemes interact with HiPIP-41 in the electron transfer chain of Ferrovum sp. PN-J47-F6.

With respect to the electron acceptors of CytC-18 and CytC-78 only educated guesses are possible at this stage of our current research. In A. ferrooxidans, Cyc41 (Cyc1) has a slightly more positive Em than CycA1 (Cavazza et al., 1996; Giudici-Orticoni et al., 2000). While Cyc41 transfers electrons downhill to the aa3-type cytochrome c oxidase, CycA1 transfers a smaller fraction of electrons uphill to the bc1 complex (Bird et al., 2011). The encoding gene of Cyc41 is localized directly downstream of the gene encoding the outer membrane monoheme cytochrome Cyc2 (Valdés et al., 2008). In Ferrovum sp. PN-J47-F6, the gene coding CytC-18 or its homolog in Ferrovum spp. is localized directly downstream of the Cyc2-like encoding gene (Ullrich et al., 2018). Based on the genetic organization of its encoding gene and its slightly more positive Em, we propose that CytC-18 transfers electrons downhill to the ccb3-type cytochrome c oxidase while CytC-78 interacts with the bc1 complex within the uphill branch of the electron transfer chain.




Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

SRU: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. HF: Writing – original draft, Writing – review & editing. CA-G: Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. SRU was funded by the Deutsche Forschungsgemeinschaft (DFG) through a temporary position for principal investigators within the research grant UL5081-1. The contributions of HF to this work were funded by Deutsche Forschungsgemeinschaft (DFG) through a temporary position as student research assistant within the research grant UL5081-1. CA-G is funded by budgets funds of Technische Universität Freiberg.



Acknowledgments

The authors would like to thank Ninett Gäbler for discussions on the design of the cyclic voltammetry experiments.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1357152/full#supplementary-material



References

 Abergel, C., Nitschke, W., Malarte, G., Bruschi, M., Claverie, J.-M., and Giudici-Orticoni, M.-T. (2003). The structure of Acidithiobacillus ferrooxidans c4-cytochrome. Structure 11, 547–555. doi: 10.1016/S0969-2126(03)00072-8 

 Agarwal, A., Li, D., and Cowan, J. A. (1995). Role of aromatic residues in stabilization of the Fe4S4 cluster in high-potential iron proteins (HiPIPs): physical characterization and stability studies of Tyr-19 mutants of Chromatium vinosum HiPIP. Proc. Nat. Acad. Sci. U.S. A. 92, 9440–9444. doi: 10.1073/pnas.92.21.9440

 Almagro Armenteros, J. J., Tsirigos, K. D., Sønderby, C. K., Petersen, T. N., Winther, O., Brunak, S., et al. (2019). SignalP 5.0 improves signal peptide predictions using deep neural networks. Nat. Biotechnol. 37, 420–423. doi: 10.1038/s41587-019-0036-z 

 Andersen, N. H., Christensen, H. E. M., Iversen, G., Nørgaard, A., Scharnagl, C., Thuesen, M. H., et al. (2011). “Cytochrome c4” in Encyclopedia of inorganic and bioinorganic chemistry. ed. R. A. Scott (Chichester, UK: John Wiley & Sons, Ltd)

 Babini, E., Borsari, M., and Capozzi, F. (1998). Thermodynamics of reduction of Chromatium vinosum high-potential iron-sulfur protein and its histidine depleted H42Q mutant. Inorganica Chim. Acta 275-276, 230–233. doi: 10.1016/S0020-1693(98)00115-7

 Backes, G., Mino, Y., Loehr, T. M., Meyer, T. E., Cusanovich, M. A., Sweeney, W. V., et al. (1991). The environment of Fe4S4 clusters in ferredoxins and high-potential iron proteins. New information from x-ray crystallography and resonance Raman spectroscopy. J. Am. Chem. Soc. 113, 2055–2064. doi: 10.1021/ja00006a027

 Baker-Austin, C., and Dopson, M. (2007). Life in acid: pH homeostasis in acidophiles. Trends Microbiol. 15, 165–171. doi: 10.1016/j.tim.2007.02.005 

 Banci, L., Bertini, I., Dikiy, A., Kastrau, D. H., Luchinat, C., and Sompornpisut, P. (1995). The three-dimensional solution structure of the reduced high-potential iron-sulfur protein from Chromatium vinosum through NMR. Biochemistry 34, 206–219. doi: 10.1021/bi00001a025 

 Bernhardt, P. V. (2023). Scanning optical Spectroelectrochemistry: applications in protein redox potential measurements. Chem. Methods 3:e202200047. doi: 10.1002/cmtd.202200047

 Bhagi-Damodaran, A., Petrik, I. D., Marshall, N. M., Robinson, H., and Lu, Y. (2014). Systematic tuning of heme redox potentials and its effects on O2 reduction rates in a designed oxidase in myoglobin. J. Am. Chem. Soc. 136, 11882–11885. doi: 10.1021/ja5054863 

 Bian, S., Hemann, C. F., Hille, R., and Cowan, J. A. (1996). Characterization of an autoreduction pathway for the Fe4S43+ cluster of mutant Chromatium vinosum high-potential iron proteins. Site-directed mutagenesis studies to probe the role of phenylalanine 66 in defining the stability of the Fe4S4 center provide evidence for oxidative degradation via a Fe3S4 cluster. Biochemistry 35, 14544–14552. doi: 10.1021/bi961658l

 Bird, L. J., Bonnefoy, V., and Newman, D. K. (2011). Bioenergetic challenges of microbial iron metabolisms. Trends Microbiol. 19, 330–340. doi: 10.1016/j.tim.2011.05.001 

 Bird, L. J., Saraiva, I. H., Park, S., Calçada, E. O., Salgueiro, C. A., Nitschke, W., et al. (2014). Nonredundant roles for cytochrome c2 and two high-potential iron-sulfur proteins in the photoferrotroph Rhodopseudomonas palustris TIE-1. J. Bacteriol. 196, 850–858. doi: 10.1128/JB.00843-13 

 Bloch, D. A., Borisov, V. B., Mogi, T., and Verkhovsky, M. I. (2009). Heme/heme redox interaction and resolution of individual optical absorption spectra of the hemes in cytochrome bd from Escherichia coli. Biochim. Biophys. Acta 1787, 1246–1253. doi: 10.1016/j.bbabio.2009.05.003

 Bruscella, P., Cassagnaud, L., Ratouchniak, J., Brasseur, G., Lojou, E., Amils, R., et al. (2005). The HiPIP from the acidophilic Acidithiobacillus ferrooxidans is correctly processed and translocated in Escherichia coli, in spite of the periplasm pH difference between these two micro-organisms. Microbiology 151, 1421–1431. doi: 10.1099/mic.0.27476-0 

 Camacho, C. J., Weng, Z., Vajda, S., and DeLisi, C. (1999). Free energy landscapes of encounter complexes in protein-protein association. Biophys. J. 76, 1166–1178. doi: 10.1186/1471-2105-10-421

 Capozzi, F., Ciurli, S., and Luchinat, C. (1998). “Coordination sphere versus protein environment as determinants of electronic and functional properties of iron-sulfur proteins” in Metal sites in proteins and models redox centres. eds. M. J. Clarke, J. B. Goodenough, C. K. Jørgensen, D. M. P. Mingos, G. A. Palmer, and P. J. Sadler, et al. (Berlin, Heidelberg: Springer Berlin Heidelberg), 127–160.

 Cárdenas, J. P., Valdés, J., Quatrini, R., Duarte, F., and Holmes, D. S. (2010). Lessons from the genomes of extremely acidophilic bacteria and archaea with special emphasis on bioleaching microorganisms. Appl. Microbiol. Biotechnol. 88, 605–620. doi: 10.1007/s00253-010-2795-9 

 Carpenter, J. M., Zhong, F., Ragusa, M. J., Louro, R. O., Hogan, D. A., and Pletneva, E. V. (2020). Structure and redox properties of the diheme electron carrier cytochrome c4 from Pseudomonas aeruginosa. J. Inorg. Biochem. 203:110889. doi: 10.1016/j.jinorgbio.2019.110889 

 Carter, C. W., Kraut, J., Freer, S. T., Alden, R. A., Sieker, L. C., Adman, E., et al. (1972). A comparison of Fe 4 S 4 clusters in high-potential iron protein and in ferredoxin. PNAS 69, 3526–3529. doi: 10.1073/pnas.69.12.3526

 Castelle, C., Guiral, M., Malarte, G., Ledgham, F., Leroy, G., Brugna, M., et al. (2008). A new iron-oxidizing/O2-reducing supercomplex spanning both inner and outer membranes, isolated from the extreme acidophile Acidithiobacillus ferrooxidans. J. Biol. Chem. 283, 25803–25811. doi: 10.1074/jbc.M802496200 

 Catarino, T., and Turner, D. L. (2001). Thermodynamic control of electron transfer rates in multicentre redox proteins. Chembiochem 2, 416–424. doi: 10.1002/1439-7633(20010601)2:6<416::AID-CBIC416>3.0.CO;2-Z 

 Cavazza, C., Giudici-Orticoni, M. T., Nitschke, W., Appia, C., Bonnefoy, V., and Bruschi, M. (1996). Characterisation of a soluble cytochrome c4 isolated from Thiobacillus ferrooxidans. Eur. J. Biochem. 242, 308–314. doi: 10.1111/j.1432-1033.1996.0308r.x 

 Chang, H.-Y., Ahn, Y., Pace, L. A., Lin, M. T., Lin, Y.-H., and Gennis, R. B. (2010). The diheme cytochrome c(4) from Vibrio cholerae is a natural electron donor to the respiratory cbb(3) oxygen reductase. Biochemistry 49, 7494–7503. doi: 10.1021/bi1004574 

 Chi, A., Valenzuela, L., Beard, S., Mackey, A. J., Shabanowitz, J., Hunt, D. F., et al. (2007). Periplasmic proteins of the extremophile Acidithiobacillus ferrooxidans: a high throughput proteomics analysis. Mol. Cell. Proteomics 6, 2239–2251. doi: 10.1074/mcp.M700042-MCP200 

 Chi, Q., Zhang, J., Arslan, T., Borg, L., Pedersen, G. W., Christensen, H. E. M., et al. (2010). Approach to interfacial and intramolecular electron transfer of the diheme protein cytochrome c4 assembled on au(111) surfaces. J. Phys. Chem. B 114, 5617–5624. doi: 10.1021/jp1007208 

 Covian, R., Kleinschroth, T., Ludwig, B., and Trumpower, B. L. (2007). Asymmetric binding of stigmatellin to the dimeric Paracoccus denitrificans bc1 complex: evidence for anti-cooperative ubiquinol oxidation and communication between center P ubiquinol oxidation sites. J. Biol. Chem. 282, 22289–22297. doi: 10.1074/jbc.M702132200 

 Crowley, P. B., and Ubbink, M. (2003). Close encounters of the transient kind: protein interactions in the photosynthetic redox chain investigated by NMR spectroscopy. Acc. Chem. Res. 36, 723–730. doi: 10.1021/ar0200955 

 de March, M., Di Rocco, G., Hickey, N., and Geremia, S. (2015). High-resolution crystal structure of the recombinant diheme cytochrome c from Shewanella baltica (OS155). J. Biomol. Struct. Dyn. 33, 395–403. doi: 10.1080/07391102.2014.880657 

 Dey, A., Jenney, F. E., Adams, M. W. W., Babini, E., Takahashi, Y., Fukuyama, K., et al. (2007). Solvent tuning of electrochemical potentials in the active sites of HiPIP versus ferredoxin. Science 318, 1464–1468. doi: 10.1126/science.1147753 

 Di Rocco, G., Battistuzzi, G., Borsari, M., de Rienzo, F., Ranieri, A., Tutino, M. L., et al. (2008). Cloning, expression and physicochemical characterization of a di-heme cytochrome c (4) from the psychrophilic bacterium Pseudoalteromonas haloplanktis TAC 125. J. Biol. Inorg. Chem. 13, 789–799. doi: 10.1007/s00775-008-0366-7 

 Di Rocco, G., Battistuzzi, G., Bortolotti, C. A., Borsari, M., Ferrari, E., Monari, S., et al. (2011). Cloning, expression, and physicochemical characterization of a new diheme cytochrome c from Shewanella baltica OS155. J. Biol. Inorg. Chem. 16, 461–471. doi: 10.1007/s00775-010-0742-y 

 Duarte, F., Araya-Secchi, R., González, W., Perez-Acle, T., González-Nilo, D., and Holmes, D. S. (2009). Protein function in extremely acidic conditions: molecular simulations of a predicted aquaporin and a potassium channel in Acidithiobacillus ferrooxidans. AMR 71-73, 211–214. doi: 10.4028/www.scientific.net/AMR.71-73.211

 Fukumori, Y., Yano, T., Sato, A., and Yamanaka, T. (1988). Fe(II)-oxidizing enzyme purified from Thiobacillus ferrooxidans. FEMS Microbiol. Lett. 50, 169–172. doi: 10.1111/j.1574-6968.1988.tb02932.x

 Giudici-Orticoni, M. T., Guerlesquin, F., Bruschi, M., and Nitschke, W. (1999). Interaction-induced redox switch in the electron transfer complex rusticyanin-cytochrome c(4). J. Biol. Chem. 274, 30365–30369. doi: 10.1074/jbc.274.43.30365 

 Giudici-Orticoni, M. T., Leroy, G., Nitschke, W., and Bruschi, M. (2000). Characterization of a new dihemic c(4)-type cytochrome isolated from Thiobacillus ferrooxidans. Biochemistry 39, 7205–7211. doi: 10.1021/bi992846p 

 Gorbikova, E. A., Vuorilehto, K., Wikstrom, M., and Verkhovsky, M. I. (2006). Redox titration of all electron carriers of cytochrome c oxidase by Fourier transform infrared spectroscopy. Biochemistry 45, 5641–5649. doi: 10.1021/bi060257v 

 Grettenberger, C. L., Havig, J. R., and Hamilton, T. L. (2020). Metabolic diversity and co-occurrence of multiple Ferrovum species at an acid mine drainage site. BMC Microbiol. 20:119. doi: 10.1186/s12866-020-01768-w

 Heering, H. A., Bulsink, B. M., Hagen, W. R., and Meyer, T. E. (1995). Influence of charge and polarity on the redox potentials of high-potential iron-sulfur proteins: evidence for the existence of two groups. Biochemistry 34, 14675–14686. doi: 10.1021/bi00045a008 

 Hochkoeppler, A., Kofod, P., Ferro, G., and Ciurli, S. (1995). Isolation, characterization, and functional role of the high-potential iron-sulfur protein (HiPIP) from Rhodoferax fermentans. Arch. Biochem. Biophys. 322, 313–318. doi: 10.1006/abbi.1995.1469 

 Hosseinzadeh, P., Marshall, N. M., Chacón, K. N., Yu, Y., Nilges, M. J., New, S. Y., et al. (2016). Design of a single protein that spans the entire 2-V range of physiological redox potentials. PNAS 113, 262–267. doi: 10.1073/pnas.1515897112

 Huynh, M. H. V., and Meyer, T. J. (2007). Proton-coupled electron transfer. Chem. Rev. 107, 5004–5064. doi: 10.1021/cr0500030 

 Ilbert, M., and Bonnefoy, V. (2013). Insight into the evolution of the iron oxidation pathways. Biochim. Biophys. Acta 1827, 161–175. doi: 10.1016/j.bbabio.2012.10.001

 Ingledew, W. J., and Cobley, J. G. (1980). A potentiometric and kinetic study on the respiratory chain of ferrous-iron-grown Thiobacillus ferrooxidans. Biochim. Biophys. Acta 590, 141–158. doi: 10.1016/0304-4173(82)90007-6

 Israelachvili, J., and Pashley, R. (1982). The hydrophobic interaction is long range, decaying exponentially with distance. Nature 300, 341–342. doi: 10.1038/300341a0

 Iwagami, S. G., Creagh, A. L., Haynes, C. A., Borsari, M., Felli, I. C., Piccioli, M., et al. (1995). The role of a conserved tyrosine residue in high-potential iron sulfur proteins. Protein Sci. 4, 2562–2572. doi: 10.1002/pro.5560041213 

 Iwata, S., Ostermeier, C., Ludwig, B., and Michel, H. (1995). Structure at 2.8 A resolution of cytochrome c oxidase from Paracoccus denitrificans. Nature 376, 660–669. doi: 10.1038/376660a0 

 Janin, J. (1979). Surface and inside volumes in globular proteins. Nature 277, 491–492. doi: 10.1038/277491a0 

 Jiang, V., Khare, S. D., and Banta, S. (2021). Computational structure prediction provides a plausible mechanism for electron transfer by the outer membrane protein Cyc2 from Acidithiobacillus ferrooxidans. Protein Sci. 30, 1640–1652. doi: 10.1002/pro.4106 

 Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O., et al. (2021). Highly accurate protein structure prediction with AlphaFold. Nature 596, 583–589. doi: 10.1038/s41586-021-03819-2 

 Kadziola, A., and Larsen, S. (1997). Crystal structure of the dihaem cytochrome c4 from Pseudomonas stutzeri determined at 2.2Å resolution. Structure 5, 203–216. doi: 10.1016/S0969-2126(97)00179-2 

 Laskowski, R. A., and Swindells, M. B. (2011). LigPlot+: multiple ligand-protein interaction diagrams for drug discovery. J. Chem. Inf. Model. 51, 2778–2786. doi: 10.1021/ci200227u 

 Leitch, F. A., Brown, K. R., and Pettigrew, G. W. (1985). Complexity in the redox titration of the dihaem cytochrome c4. Biochim. Biophys. Acta 808, 213–218. doi: 10.1016/0005-2728(85)90001-5

 Lieutaud, C., Alric, J., Bauzan, M., Nitschke, W., and Schoepp-Cothenet, B. (2005). Study of the high-potential iron sulfur protein in Halorhodospira halophila confirms that it is distinct from cytochrome c as electron carrier. PNAS 102, 3260–3265. doi: 10.1073/pnas.0407768102

 Liu, J., Chakraborty, S., Hosseinzadeh, P., Yu, Y., Tian, S., Petrik, I., et al. (2014). Metalloproteins containing cytochrome, iron-sulfur, or copper redox centers. Chem. Rev. 114, 4366–4469. doi: 10.1021/cr400479b 

 Malarte, G., Leroy, G., Lojou, E., Abergel, C., Bruschi, M., and Giudici-Orticoni, M. T. (2005). Insight into molecular stability and physiological properties of the diheme cytochrome CYC41 from the acidophilic bacterium Acidithiobacillus ferrooxidans. Biochemistry 44, 6471–6481. doi: 10.1021/bi048425b 

 Mao, J., Hauser, K., and Gunner, M. R. (2003). How cytochromes with different folds control heme redox potentials. Biochemistry 42, 9829–9840. doi: 10.1021/bi027288k 

 Meng, E. C., Pettersen, E. F., Couch, G. S., Huang, C. C., and Ferrin, T. E. (2006). Tools for integrated sequence-structure analysis with UCSF chimera. BMC Bioinform. 7:339. doi: 10.1186/1471-2105-7-339

 Meyer, T. E., Przysiecki, C. T., Watkins, J. A., Bhattacharyya, A., Simondsen, R. P., Cusanovich, M. A., et al. (1983). Correlation between rate constant for reduction and redox potential as a basis for systematic investigation of reaction mechanisms of electron transfer proteins. PNAS 80, 6740–6744. doi: 10.1073/pnas.80.22.6740

 Nissum, M., Karlsson, J.-J., Ulstrup, J., Jensen, P. W., and Smulevich, G. (1997). Resonance Raman characterization of the di-heme protein cytochrome c4 from Pseudomonas stutzeri. J. Biol. Inorg. Chem. 2, 302–307. doi: 10.1007/s007750050136

 Nouailler, M., Bruscella, P., Lojou, E., Lebrun, R., Bonnefoy, V., and Guerlesquin, F. (2006). Structural analysis of the HiPIP from the acidophilic bacteria: Acidithiobacillus ferrooxidans. Extremophiles 10, 191–198. doi: 10.1007/s00792-005-0486-8 

 Onofrio, A., Parisi, G., Punzi, G., Todisco, S., Di Noia, M. A., Bossis, F., et al. (2014). Distance-dependent hydrophobic-hydrophobic contacts in protein folding simulations. Phys. Chem. Chem. Phys. 16, 18907–18917. doi: 10.1039/C4CP01131G 

 Page, C. C., Moser, C. C., Chen, X., and Dutton, P. L. (1999). Natural engineering principles of electron tunnelling in biological oxidation-reduction. Nature 402, 47–52. doi: 10.1038/46972 

 Parisini, E., Capozzi, F., Lubini, P., Lamzin, V., Luchinat, C., and Sheldrick, G. M. (1999). Ab initio solution and refinement of two high-potential iron protein structures at atomic resolution. Acta Crystallogr. D Biol. Crystallogr. 55, 1773–1784. doi: 10.1107/S0907444999009129 

 Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt, D. M., Meng, E. C., et al. (2004). UCSF chimera--a visualization system for exploratory research and analysis. J. Comput. Chem. 25, 1605–1612. doi: 10.1002/jcc.20084 

 Quatrini, R., Appia-Ayme, C., Denis, Y., Ratouchniak, J., Veloso, F., Valdes, J., et al. (2006). Insights into the iron and sulfur energetic metabolism of Acidithiobacillus ferrooxidans by microarray transcriptome profiling. Hydrometallurgy 83, 263–272. doi: 10.1016/j.hydromet.2006.03.030

 Rayment, I., Wesenberg, G., Meyer, T. E., Cusanovich, M. A., and Holden, H. M. (1992). Three-dimensional structure of the high-potential iron-sulfur protein isolated from the purple phototrophic bacterium Rhodocyclus tenuis determined and refined at 1.5 Å resolution. J. Mol. Biol. 228, 672–686. doi: 10.1016/0022-2836(92)90849-F 

 Rose, G. D., Geselowitz, A. R., Lesser, G. J., Lee, R. H., and Zehfus, M. H. (1985). Hydrophobicity of amino acid residues in globular proteins. Science 229, 834–838. doi: 10.1126/science.4023714 

 Schäfer, K., Magnusson, U., Scheffel, F., Schiefner, A., Sandgren, M. O. J., Diederichs, K., et al. (2004). X-ray structures of the maltose-maltodextrin-binding protein of the thermoacidophilic bacterium Alicyclobacillus acidocaldarius provide insight into acid stability of proteins. J. Mol. Biol. 335, 261–274. doi: 10.1016/j.jmb.2003.10.042 

 Shelnutt, J., Song, X.-Z., Ma, J.-G., Jia, S.-L., Jentzen, W., and Medforth, C. J. (1998). Nonplanar porphyrins and their significance in proteins. Chem. Soc. Rev. 27:31. doi: 10.1039/a827031z 

 Slonczewski, J. L., Fujisawa, M., Dopson, M., and Krulwich, T. A. (2009). Cytoplasmic pH measurement and homeostasis in bacteria and archaea. Adv. Microb. Physiol. 55:1. doi: 10.1016/S0065-2911(09)05501-5

 Smith, H. T., Ahmed, A. J., and Millett, F. (1981). Electrostatic interaction of cytochrome c with cytochrome c1 and cytochrome oxidase. J. Biol. Chem. 256, 4984–4990. doi: 10.1016/S0021-9258(19)69355-5 

 Smith, L. J., Kahraman, A., and Thornton, J. M. (2010). Heme proteins--diversity in structural characteristics, function, and folding. Proteins 78, 2349–2368. doi: 10.1002/prot.22747 

 Stephens, P. J., Jollie, D. R., and Warshel, A. (1996). Protein control of redox potentials of iron-sulfur proteins. Chem. Rev. 96, 2491–2514. doi: 10.1021/cr950045w 

 Tan, M.-L., Balabin, I., and Onuchic, J. N. (2004). Dynamics of electron transfer pathways in cytochrome C oxidase. Biophys. J. 86, 1813–1819. doi: 10.1016/S0006-3495(04)74248-4 

 Tikhonova, T. V., and Popov, V. O. (2014). Structural and functional studies of multiheme cytochromes C involved in extracellular electron transport in bacterial dissimilatory metal reduction. Biochemistry 79, 1584–1601. doi: 10.1134/S0006297914130094 

 Tsukihara, T., Aoyama, H., Yamashita, E., Tomizaki, T., Yamaguchi, H., Shinzawa-Itoh, K., et al. (1995). Structures of metal sites of oxidized bovine heart cytochrome c oxidase at 2.8 A. Science 269, 1069–1074. doi: 10.1126/science.7652554 

 Ullrich, S. R., Fuchs, H., and Schlömann, M. (2023). Shedding light on the electron transfer chain of a moderately acidophilic iron oxidizer: characterization of recombinant HiPIP-41, CytC-18 and CytC-78 derived from Ferrovum sp. PN-J47-F6. Res. Microbiol. 175:104088. doi: 10.1016/j.resmic.2023.104088 

 Ullrich, S. R., González, C., Poehlein, A., Tischler, J. S., Daniel, R., Schlömann, M., et al. (2016a). Gene loss and horizontal gene transfer contributed to the genome evolution of the extreme acidophile “Ferrovum”. Front. Microbiol. 7:e78237. doi: 10.3389/fmicb.2016.00797

 Ullrich, S. R., Poehlein, A., Levicán, G., Mühling, M., and Schlömann, M. (2018). Iron targeted transcriptome study draws attention to novel redox protein candidates involved in ferrous iron oxidation in "Ferrovum" sp. JA12. Res. Microbiol. 169, 618–627. doi: 10.1016/j.resmic.2018.05.009 

 Ullrich, S. R., Poehlein, A., Tischler, J. S., González, C., Ossandon, F. J., Daniel, R., et al. (2016b). Genome analysis of the biotechnologically relevant acidophilic iron oxidising strain JA12 indicates phylogenetic and metabolic diversity within the novel genus “Ferrovum”. PLoS One 11:e0146832. doi: 10.1371/journal.pone.0146832

 Valdés, J., Pedroso, I., Quatrini, R., Dodson, R. J., Tettelin, H., Blake, R., et al. (2008). Acidithiobacillus ferrooxidans metabolism: from genome sequence to industrial applications. BMC Genomics 9, 597–621. doi: 10.1186/1471-2164-9-597

 Valentine, J. S., Sheridan, R. P., Allen, L. C., and Kahn, P. C. (1979). Coupling between oxidation state and hydrogen bond conformation in heme proteins. Proc. Nat. Acad. Sci. U.S. A. 76, 1009–1013. doi: 10.1073/pnas.76.3.1009

 Varadarajan, R., Zewert, T. E., Gray, H. B., and Boxer, S. G. (1989). Effects of buried ionizable amino acids on the reduction potential of recombinant myoglobin. Science 243, 69–72. doi: 10.1126/science.2563171 

 Wallace, A. C., Laskowski, R. A., and Thornton, J. M. (1995). LIGPLOT: a program to generate schematic diagrams of protein-ligand interactions. Protein Eng. 8, 127–134. doi: 10.1093/protein/8.2.127 

 Wang, X., Roger, M., Clément, R., Lecomte, S., Biaso, F., Abriata, L. A., et al. (2018). Electron transfer in an acidophilic bacterium: interaction between a diheme cytochrome and a cupredoxin. Chem. Sci. 9, 4879–4891. doi: 10.1039/C8SC01615A 

 Yamanaka, T., and Fukumori, Y. (1995). Molecular aspects of the electron transfer system which participates in the oxidation of ferrous ion by Thiobacillus ferrooxidans. FEMS Microbiol. Rev. 17, 401–413. doi: 10.1111/j.1574-6976.1995.tb00222.x 

 Yang, J., and Zhang, Y. (2015). I-TASSER server: new development for protein structure and function predictions. Nucleic Acids Res. 43, W174–W181. doi: 10.1093/nar/gkv342 

 Zheng, W., Wuyun, Q., Freddolino, P. L., and Zhang, Y. (2023). Integrating deep learning, threading alignments, and a multi-MSA strategy for high-quality protein monomer and complex structure prediction in CASP15. Proteins. doi: 10.1002/prot.26585 

 Zheng, W., Wuyun, Q., Zhou, X., Li, Y., Freddolino, P. L., and Zhang, Y. (2022). LOMETS3: integrating deep learning and profile alignment for advanced protein template recognition and function annotation. Nucleic Acids Res. 50, W454–W464. doi: 10.1093/nar/gkac248 

 Zickermann, V., Verkhovsky, M., Morgan, J., Wikström, M., Anemüller, S., Bill, E., et al. (1995). Perturbation of the CuA site in cytochrome-c oxidase of Paracoccus denitrificans by replacement of Met227 with isoleucine. Eur. J. Biochem. 234, 686–693. doi: 10.1111/j.1432-1033.1995.686_b.x 


Copyright
 © 2024 Ullrich, Fuchs and Ashworth-Güth. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Electrochemical and structural characterization of recombinant respiratory proteins of the acidophilic iron oxidizer Ferrovum sp. PN-J47-F6 suggests adaptations to the acidic pH at protein level



		1 Introduction



		2 Materials and methods



		2.1 Heterologous production and purification of recombinant redox proteins



		2.2 Determination of the redox potential



		2.2.1 Protein film voltammetry



		2.2.2 Linear sweep voltammetry coupled to UV/Vis spectroscopy









		2.3 Prediction and analysis of structural models









		3 Results



		3.1 Electrochemical characterization of the Ferrovum-derived recombinant redox proteins



		3.1.1 Determination of the redox potential of HiPIP-41 using protein film voltammetry



		3.1.2 Determination of the redox behavior of CytC-18 and CytC-78 using a spectroelectrochemical approach









		3.2 Analysis of redox center environments of HiPIP-41 and comparison to homologous HiPIPs



		3.3 Analysis of redox center environments of CytC-18 and CytC-78 and comparison to homologous c4 cytochromes



		3.3.1 Contacts at the domain:domain interface and in the heme-binding pockets of CytC-18 and CytC-78



		3.3.2 Comparison of the redox center environments of CytC-18 and CytC-78 to Cyc41 of Acidithiobacillus ferrooxidans and c4 of Pseudomonas strutzeri















		4 Discussion



		4.1 Electrochemical characterization of CytC-18 and CytC-78 suggests anti-cooperative effects between their heme centers



		4.2 The character of the interdomain contacts in CytC-18 and CytC-78 might contribute to their different redox behavior



		4.3 The constitution of the cofactor binding pockets appears to be the major influencing factor for the more positive Em in acidophile-derived C4 cytochromes



		4.4 The more positive Em-values in acidophile-derived HiPIPs might be attributed to additional cysteine residues



		4.5 Implications on the organization of the electron transfer chain in Ferrovum sp. PN-J47-F6









		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/fmicb-15-1357152-t003.jpg
Acidithiobacillus Ferrovum sp. PN-J47-F6 Pseudomonas strutzeri

ferrooxidans
Cyca CytC-18 Cytc-78 3
Heme geometry
domains 2 2 2 2
Fe-Fe distance 1874 1824 19.14 1924
0-O-distance' 254 204 244 254

Hydrogen bond network at the domain:domain-interface

Number per heme Heme-1:6 Heme-1:6 Heme-1:7 Heme-1:6

Heme-2:4 Heme-2:3 Heme-2:3 Heme-2:6

Unbonded proprionate

Heme-2 D-ring (O1D) Heme-2 D-ring (02D) Heme-2 D-ring (O1D) none
groups
‘Water molecules 7 (1atheme-1 D-ring proprionate) | Not included in prediction | Not included in prediction 9 (2 at heme-2 D-ring proprionate)
Nature of the binding pocket
Sum of hydrophobic contacts Heme-1: 20 Heme-1: 13 Heme-1: 13
Heme-2: 19 Heme-2: 12 Heme-2: 12 Heme-2: 12
Fraction of aromatic residues Heme-1:4 Heme-1:4 Heme-1:3 Heme-1:2
Heme-2:3 Heme-2:3 Heme-2:3 Heme-2:2
Heme surface accessibility
Heme-1 Partly accessible’ Partly accessible” Accessible Accessible
Heme-2 Accessible Accessible Accessible Accessible

‘Distance between O1 A-atoms of the heme proprionate groups.
“Access only via nonpolar pyrrole rings.





OPS/images/cover.jpg
, frontiers | Frontiers in Microbiology

Electrochemical and structural
characterization of recombinant
respiratory proteins of the
acidophilic iron oxidizer Ferrovum
sp. PN-J47-F6 suggests
adaptations to the acidic pH at
protein level












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology






OPS/images/fmicb-15-1357152-g005.jpg
His-156

Arg151
Val-166 Lys:162 Asp-158

m e e

! mn“;'s'% v S G

Thr47 Pro-46  “\gu go

S A0

N-domain
? C-domain

Lys-158

The-160 & Gln-157
%mg =
E Gly 41 ngoAK E &

2 Ala-d2" 0 8 G
Glu-38

Pro-152  Val-153
e e

Wi, P
) Tyr52 Leu-d8
® Gly-36 Thr-37 Trp-35






OPS/images/fmicb-15-1357152-g006.jpg
Cys-135

va|-1zo§ 8 ; & ee J %v:zm

 Met-205

§ Asn-148
Tyr-159
Gln-lﬁ‘j%

Pro-150 \\"‘%

Phe-167

@ His-139
CytC-18_heme-2

Tyr-161

" Tpagy AT

o g Asp-177
- el A- " Teroans

p ;mm-m
gfaa»lso

Phe-151

| Cys-139
Cys-136

Val-133

CytC-78_heme-2






OPS/images/fmicb-15-1357152-g003.jpg
A(552nm) [AU]

0.12
0.10
0.08
0.06
0.04
0.02
0.00

@

A(552nm) [AU]

200

300 400
E vs. SHE [mV]

500

200 300 400 500
E vs. SHE [mV]





OPS/images/fmicb-15-1357152-g004.jpg
()
Cys 22 1

Leu42 Phe-58
o | Tyrsa

Cys-53 , 3 am27
/7““5 ‘.C Phe-28
o Tyr-5d4g Fas?
Q, /7m<§ 774

(FE:
=1 cyvssy/a}g// %’he’u
& 7
Leu-10 gﬁwz
P
e

il

(‘
[ § %o
(‘ Cys-25






OPS/images/fmicb-15-1357152-t002.jpg
Taxonomic  Original host
affiliation

Protein name

Epm, pn Vs. SHE

Methodological approach

References

f-Proteobacteria | Ferrovum sp. PN~
J47-F6

y-Proteobacteria | Pseudomonas
aeruginosa

P aeruginosa

Pseudomonas strutzeri

Pseudoalteromonas

haloplanktis

Azotobacter vinelandii

Vibrio cholerae

Acidithiobacillia | A. ferridurans ATCC
33020

Acidithiobacillus

Jerrooxidans

A.ferriphilus

opc1s

opc7s

Pa.Cyte,

Cyte,

Ps.oyte,

e

Cyte,

oe

Cyel

Cyedt

Cyt. i (Cyeal)

Eyysy=276mV (£ 8mV)

Eyysy=416mV (£ 2mV)
Eypsi=308mV (£ 7mV)

99mV (+ 7mV)

Epzi=322mV (£2mV)

=258mV (£ 4mV)
=364mV (x 6mV)

240mV

340mV

Eys=385mV (£ 20mV)
Eyy s =480mV (£ 20mV)
Epp s =350mV (& 10mV)
Epp 10 =460mV (& 10mV)
Eyy 5 =430mV (& 20mV)
Eyy 5 =510mV (& 20mV)

Spectroelectrochemical voltammetry

Spectroclectrachemical voltammetry

Spectroelectrochemical voltammetry

Optical redo titration

Spectroelectrachemical voltammetry

Cyclic voltammetry (protein in

solution)

Optical redo titration

Cyelic voltammetry (protein film)

Optical redox titration

Cydlic voltammetry, square wave

voltammetry

Optical redox titration

“This study

“This study

Carpenter et al. (2020)

Leitch et al. (1985)

Carpenter etal. (2020)

Di Rocco et al. (2008)

Leitch etal. (1985)

Chang et al. (2010)

Cavazza et al. (1996)

Malarte et al. (2005)

Giud
(2000)

rticoni et al.

For each cytochrome the determined redox potentias of the two heme centers are given along with the methodological approach of their determination, the pH of the lectrochemical assay
(E. ), the reference to the study and a general taxonomic affiliation of the cytochromes original host. Ferrovium sp. PN-J47-F6 and Acidithiobacilus spp. present acidophilic bacteria while the

other bacteria are neutrophiles.





OPS/images/fmicb-15-1357152-g007.jpg
A AspT3aS  Tyr-15 B
A jan..es

~er > A ¢

¢ S )\A 7B A

j Asn-201

lheme-1  Tyr-58






OPS/images/fmicb-15-1357152-t001.jpg
Taxonomic  Original host Protein name  Ep, o4 vs. SHE  Methodological References

affiliation approach
p-Proteobacteria  Ferrovum sp. PN-J47-F6 HiPIP-41 Eny=57ImV (¢ Cyclic voltammetry This study
16mV) (protein film)
Rhodoferrax fermentans HiPIP E,7=351mV Optical redox titration Hochkoeppler et al. (1995)
Rhodocyclus tenuis 2761 HiPIP E,.-=330mV Biochemical assay Meyeretal. (1983)
a-Proteobacteria Rhodopseudomonas palustris TIE-1 PioC E,,,=450mV Cyclic voltammetry Bird etal. (2014)
y-Proteobacteria | Halorhodospira halophila Iso-HiPIP I E, > =50mV Optical redox titrations Lieutaud et al. (2005)
Acidithiobacillia Acidithiobacillus ferridurans ATCC Hip 10mV (£ Cyclic voltammetry, Bruscella et al. (2005)
33020 square wave voltammetry
(protein film)
Hip Cyelic voltammetry, Bruscella et al. 2005)
square wave voltammetry
(protein film)
Acidithiobacillus ferrooxidans Iro Eppss=633mV Yamanaka and Fukumori (1995)

The methodological approach for redox potential determination is given along with the pH of the electrochemical assay (E,, ), the reference o the study and a general taxonomic affliation
of the HiPIP’ original host. HiP1P-41 of Ferrovum sp. PN-J47-F6 and Iro of Acidithiobacillus ferrooxidans are proposed to be involved in ferrous iron oxidation while Hip of Acidithiobacillus
ferridurans is proposed to be involved in reduced sulfur compounds oxidation. The HiPIPs in the other bacteria are involved in electron transfer to photosystem I1. Ferrovium sp. PN-J47-F6
and Acidithiobacillus spp. present acidophilic bacteria while the phototrophic bacteria are neutrophiles.






OPS/images/fmicb-15-1357152-g001.jpg
ILA]

-2 4

3

200 300 400 500 600 700 800 900
E vs. SHE [mV]





OPS/images/fmicb-15-1357152-g002.jpg
2 @ @ 3 q 9
< 8 8 5 & o

< [nv] uondiosqy

Wavelength [nm]

Wavelength [nm]





