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Editorial on the Research Topic
 Microbial Bioenergetics



In nature, microorganisms use different processes to harness energy from a variety of metabolic pathways, converting, or storing it into chemical or electrochemical forms. Some organisms are capable of acquiring energy from light through photosynthesis, whereas others break down the chemical bonds of organic compounds to release energy. The variety of environments in which microorganisms can thrive is enormous, ranging from extreme pH and ionic strengths, pressure, and temperature to conditions where oxygen is scarce or even absent. Microbial bioenergetics aims to understand how microorganisms efficiently coordinate their energy needs with their different cellular physiologies, including respiration, metabolism, storage, and other biological processes. The scope of this special issue on this Research Topic is to focus on recent advances of structural, functional, and molecular biological natures of energy transduction systems in microbes. It consists of 13 articles by several groups actively engaged on these topics, with 10 of them describing original research while the remaining are reviews and method description.

The review by Buckel covers energy conservation during fermentation in anaerobic bacteria focusing on electrochemical ion gradients for ATP synthesis. These processes can be catalyzed by ubiquitous H+-or Na+-dependent ATP-synthases, documenting that anaerobes can be more efficient than aerobes. In particular, comprehensive descriptions of the biotin-containing decarboxylases and NAD:ferredoxin oxidoreductases are provided in this review, and the mechanisms of the recently discovered electron bifurcation are examined in detail.

Respiration being a major process shaping the biology of many environments, Esposti et al. focuses on heme A containing cytochrome oxidases (COX), with the aim of elucidating the evolutionary origin of COX in bacteria. Toward this, the authors used extensive sequence and phylogenetic analyses to show that the ancestors of extant iron-oxidizers were the first species to evolve a COX, suggesting that the earliest geochemical evidence for bacterial respiration seems to originate from acidophilic iron-oxidizing prokaryotes.

Several organisms, including bacteria, archaea, and fungi perform efficient extracellular electron transfer processes. In their research article, Tanaka et al. described these processes for the photosynthetic cyanobacterium Synechocystis sp. PCC 6803. The authors investigate the capabilities of this species in reducing iron hydroxides and generating (photo)electricity under a variety of physiological conditions. Their study reveals that photosynthetic microorganisms can perform, in glucose-enriched environments, ferrihydrite reduction by extracellular electron transfer processes. Bertling et al. studied the aerobic respiration carried out by the facultative anaerobe Shewanella oneidensis MR-1, showing that in this species the aa3-type cytochrome c oxidase, which is the primary oxygen reductase in aerobiosis in many bacteria, does not appear to contribute to aerobic growth in Shewanella. Instead, this activity and its contribution to aerobic growth is dependent on the energy and carbon source that the bacterium uses. In addition, the authors also examine the role of cAMP-receptor protein CRP and phosphodiesterase CpdA in regulating respiration in Shewanella, demonstrating that CRP proteins are important for aerobic respiration. In respect to extracellular electron transfer, it is known that Shewanella transfers electrons outside of the cell using the outer membrane-associated MTR complex, composed of the decaheme cytochromes MtrA and MtrC together with the 26-strand beta-barrel protein MtrB. Earlier studies have shown that in vitro mixing of purified MtrAB with soluble MtrC results in spontaneous formation of a stable high-affinity complex. In their research article Piper et al. now demonstrate that the complex thus formed has a similar structure and rate of electron transfer as compared with the MTR complex directly purified from S. oneidensis MR-1.

Leptospirillum spp. are Gram-negative, obligately acidophilic chemoautotrophic prokaryotes that can respire aerobically using reduced soluble iron or ferrous iron-containing sulfide minerals. Blake et al. explore in details the respiratory chain components of these organisms, identifying the periplasmic cytochrome 579 as a possible candidate involved in this process. Their research article describes selected structural and functional properties of cytochrome 579 after its purification to electrophoretic homogeneity from cell-free extracts. The results obtained support the hypothesis that cytochrome 579 is a periplasmic electron conductor from the outer membrane associated initial iron oxidation to a terminal reductase in the plasma membrane of Leptospirillum.

Copper (Cu) is a micronutrient that is an essential cofactor in numerous redox enzymes in all domains of life, but it can also be deleterious to cells in excess. Thus, cells have developed sophisticated Cu homeostasis processes to efficiently provide Cu to cuproproteins while controlling its toxicity. The work of Öztürk et al. investigates the maturation of an extracytoplasmic multicopper oxidase CutO from the Gram-negative facultative phototroph Rhodobacter capsulatus, involved in periplasmic Cu detoxification. The laccase-like multicopper oxidases are unique because Cu is both a substrate and a cofactor for these enzymes, yet how they acquire Cu essential for their activities remain unknown. In this research article, the authors investigated the cellular source of Cu for CutO assembly and found that it is partly provided by Cu detoxification pathway centered around the Cu-transporting P1B-type ATPase, CopA1. Moreover, they showed that a small protein CutF, clustered with cutO structural gene on some bacterial genomes, is required for maturation of CutO activity. Bacterial species often contain multiple P1BP1-type ATPases, with CopA1-type dedicated to cytoplasmic detoxification and CopA2-type providing Cu to some cuproenzymes. The heme-copper oxidases of aa3- or cbb3-types are proton-translocating respiratory cytochrome oxidases that contain a binuclear heme-copper site where oxygen reduction occurs. In a related work, Andrei et al. investigated the CopA2-type P1B-type ATPases, and showed that, as predicted, they provide Cu for maturation of the cbb3-type cytochrome oxidases. By reconstituting the purified membrane-integral CopA2-type ATPase CcoI from R. capsulatus into liposomes and monitoring Cu transport by solid-supported membrane electrophysiology, the authors demonstrate that CcoI provides the link between the cytosolic Cu and the periplasmic Cu chaperones networks during the maturation of cbb3-type cytochrome oxidase. Remarkably, the pathogenic bacterium Campylobacter jejuni is among the few bacterial species that contain only a cbb3-type cytochrome oxidase. Garg et al. identified the genes involved in the assembly, and activity, of this type cytochrome oxidase, and used mutagenesis to confirm their involvements in these processes. Most, not all, of these genes are highly homologous to their counterparts in other species, linking copper homeostasis, and cytochrome oxidase maturation in this pathogen.

Respiratory processes also play important roles in mycobacterial growth and survival as well as their response and adaptation to different environmental niche and stress, often leading to selection of “persisters” cell population in infected patients. Patil and Jain investigated in detail the mechanisms involved in transitioning to an energy-compromised state in this species upon deletion of the atpD gene, revealing that a tight relationship between energy metabolism, redox homeostasis, and lipid biosynthesis exist during ATP-depleted states of mycobacterial cells. This information may be crucial to identify and develop novel therapeutic drug targets to counter mycobacterial infections.

The review article by Gorka et al. surveys the structures and functions of primary electron donors in Type I- and Type II-photosynthetic reaction centers using the vast body of spectroscopic research that has been performed to date. In this review, density functional theory calculations on each oxidized primary donor are used to analyse the electronic properties of the involved electron donors, and the properties thus defined are used to compare and contrast the hetero- and homodimeric photosynthetic reaction centers.

In order to investigate the role of microbial rhodopsin in the heterotrophic growth via phototrophy by Actinobacteria, Chuon et al. isolated and characterized the actinorhodopsin ActR-13023 from Candidatus Aquiluna sp. IMCC13023. Their research article demonstrated that purified ActR-13023 could be reconstituted with actinobacterial carotenoids for additional light-harvesting, confirming the functional role of this gene and its product, ActR. The role of ActR for solar energy capture by microbial communities is also highlighted in this study. Lastly, Cypionka and Reese contribute a methods article, which describes a freeware app, proton.exe that can be used to assess metabolic activities associated with proton uptake/release processes based on Michaelis-Menten kinetics or first order kinetics. Proton.exe models ATP gain and proton-motive force changes in cells, allowing researchers to study proton-related metabolism in mitochondria, phototrophic bacteria, and chloroplasts. The authors used Desulfovibrio desulfuricans CNS to validate their model for different biological processes: sulfate uptake by proton-sulfate symport, scalar alkalinization by sulfate reduction to sulfide, nitrate, and nitrite reduction to ammonia as well as electron transport-coupled proton translocation.

Overall, this special issue greatly contributes to the current knowledge of various microbial bioenergetics subfields and provides the readers with a wealth of mostly current information to extend their understanding and appreciation of these vibrant and ever developing areas of the microbial world.
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Microbial extracellular electron transfer (EET) to solid-state electron acceptors such as anodes and metal oxides, which was originally identified in dissimilatory metal-reducing bacteria, is a key process in microbial electricity generation and the biogeochemical cycling of metals. Although it is now known that photosynthetic microorganisms can also generate (photo)currents via EET, which has attracted much interest in the field of biophotovoltaics, little is known about the reduction of metal (hydr)oxides via photosynthetic microbial EET. The present work quantitatively assessed the reduction of ferrihydrite in conjunction with the EET of the photosynthetic microbe Synechocystis sp. PCC 6803. Microbial reduction of ferrihydrite was found to be initiated in response to light but proceeded at higher rates when exogenous glucose was added, even under dark conditions. These results indicate that current generation from Synechocystis cells does not always need light irradiation. The qualitative trends exhibited by the ferrihydrite reduction rates under various conditions showed significant correlation with those of the microbial currents. Notably, the maximum concentration of Fe(II) generated by the cyanobacterial cells under dark conditions in the presence of glucose was comparable to the levels observed in the photic layers of Fe-rich microbial mats.

Keywords: cyanobacteria, iron redox cycle, biophotovoltaics, extracellular electron transfer, Synechocystis


INTRODUCTION

Photosynthetic microorganisms are able to transport intracellular electrons to an anode and this process, known as extracellular electron transfer (EET), has received attention within the field of biophotovoltaics (BPVs), as summarized in recent reviews (Rosenbaum et al., 2010; McCormick et al., 2015; Tschörtner et al., 2019). In a typical BPV system, oxygenic photosynthetic microorganisms such as cyanobacteria and green algae serve both as light absorbers and living anodes/catalysts for water oxidation. Previous researches have suggested that electrons are transferred from NADPH and/or electron transfer chain via some electron mediators, and/or Type IV pili (Lamb et al., 2014; Saper et al., 2018; Zhang et al., 2018). In cyanobacteria, due to the lack of organelles, both respiration and photosynthesis proceed in one cell, and they depend mutually in the cytosolic metabolism and in the electron transfer chain in the thylakoid membrane (Figure 1). Photosynthetic and respiratory electron transfer chains share the interchain components plastoquinone, the cytochrome b6/f complex, plastocyanin, and cytochrome c (Binder, 1982; Peschek et al., 2004). Therefore, not only photosynthetic reactions but respiratory reactions can affect EET flux. The electrons injected into the anode via EET are transferred to the cathode where oxygen reduction occurs, generating electricity. Thus, light to electrical energy conversion in BPVs is achieved on the basis of the functions of living photosynthetic microorganisms.


[image: image]

FIGURE 1. Schematic of the electron flux pathways related to anodic current generation and iron reduction. Red and blue arrows indicate photosynthetic and respiratory electron transfer chain. In photosynthetic electron transfer chain, electrons are transported from photosystem (PS) II to I via the interchain components, including plastoquinone, the cytochrome b6/f complex, and plastocyanin (or cytochrome c). In respiratory electron transfer chain, electrons are transported from NAD(P)H dehydrogenase (NDH) or succinate dehydrogenase to terminal oxidases (Tox) via the interchain components. Redox mediators, Type IV pili, and alternate respiratory terminal oxidase (ARTO) are suggested to function at the step of extracellular electron transfer (EET).


Microbial EET was originally identified and has been extensively studied in dissimilatory metal-reducing bacteria (DMRB) such as Shewanella spp. and Geobacter spp. (Lovley et al., 2004; Weber et al., 2006; Kato, 2015; Shi et al., 2016). DMRB are capable of utilizing solid-state Fe(III) (hydr)oxides as respiratory electron acceptors via EET in anaerobic environments, and redox-active proteins expressed in the outer membranes of these microbes are known to play an essential role in this process (Kato, 2015; Shi et al., 2016). Since Fe(II) ions are released to the environment as a consequence of EET to Fe(III) (hydr)oxides, EET from DMRB can have a significant impact on the Fe cycle in natural ecosystems (Lovley et al., 2004; Weber et al., 2006; Melton et al., 2014). In general, the capacity of DRMB to reduce metal oxides is closely correlated with the ability of the microbes to generate electricity (Bond and Lovley, 2003; Bretschger et al., 2007; Liu et al., 2010). Specifically, microorganisms that can reduce Fe(III) (hydr)oxides at a higher rate exhibit superior electricity generation characteristics, and vice versa. However, it is uncertain whether or not the (photo)electricity generation ability of photosynthetic microorganisms correlates with the capacity of such organisms to reduce Fe(III) (hydr)oxides. This is because the oxygen evolved as a consequence of photosynthetic activity rapidly oxidizes Fe(II) at pH values close to neutral, forming Fe(III) (hydr)oxides. Furthermore, none of the genes associated with EET in DMRB have been confirmed to appear in cyanobacteria (Kranzler et al., 2014).

The cyanobacterium Synechocystis sp. PCC 6803 (S6803) is an ideal model species for studying the correlation between the generation of (photo)electricity and the reduction of Fe(III) (hydr)oxides. S6803 is known to take up iron via the reduction of trace amounts of dissolved Fe(III) species using alternate respiratory terminal oxidase (ARTO) (Kranzler et al., 2011, 2014; Figure 1), and can grow using insoluble iron oxides as its sole iron source (Lamb et al., 2014). Furthermore, S6803 has been found to express electrically-conductive nanowires that are associated with the appearance of EET in DMRB (Gorby et al., 2006). Even so, there have been no attempts to quantitatively assess the ability of S6803 to reduce Fe(III) (hydr)oxides or to examine the correlation of such reduction with (photo)electricity generation. Therefore, the present work investigated the appearance of these phenomena in this microbe under a variety of conditions, such as by varying the light intensity and concentrations of oxygen and exogenous glucose. The aim of this study was to clarify the correlation between these two EET-related capabilities.



MATERIALS AND METHODS


Bacterial Strains and Cell Culture Conditions

This work employed a glucose-tolerant, wild strain of S6803 (Williams, 1988; Shimakawa et al., 2014) that was grown and stored on solid BG-11 media plates (1.5% Bacto agar). Preculturing was performed by inoculating 30 mL portions of the liquid BG-11 medium in 100 mL flasks with cells from the agar plates. These flasks were then heated at 30°C with air bubbling under white light at an intensity of 20 μmol m–2s–1 to promote microbe growth. The main culture was obtained by inoculation of a 30 mL quantity of the BG11 medium to give an optical density of 0.02 at 730 nm (OD730), applying the same conditions as employed to produce the preculture.



Electrochemical Analysis and Chlorophyll Fluorescence Measurements

The electrochemical measurements were carried out at 30°C in a single-chamber electrochemical cell with an indium-tin oxide (ITO) working electrode (3 cm2), an Ag/AgCl (saturated KCl) reference electrode and a platinum counter wire (Supplementary Figure 1). In preparation, S6803 cells were collected from the main culture with OD730 of 2–4 by centrifugation, washed twice with a 20 mM TES buffer (pH 7.5) and suspended in the same buffer. Following this, a 3.7 mL quantity of the TES buffer was added to the electrochemical cell, followed by the introduction of the cell suspension to the bottom of the cell to give an OD730 of 10. Situating the cells on the bottom working electrode was expected to increase the current obtained from this system. The generation of an anodic current was monitored using a potentiostat (HA-1510, Hokuto Denko, Tokyo, Japan) with the working electrode potential set at + 0.25 V relative to the reference electrode.

The chlorophyll fluorescence was assessed simultaneously using “e-PAM” set-up described previously (Beauzamy et al., 2020). Briefly, the signal collection fiber of dual PAM/Fiber fluorometer (Heintz Walz, Effeltrich, Germany) was positioned on the bottom ITO working electrode of the electrochemical cell (Supplementary Figure 1). Photosynthetic electron transport was driven by actinic light (635 nm), and the fluorescence signal (F) was originated from pulse-modulated measuring light (620 nm). For assessment of the fluorescence yield for cells adapted in dark conditions, the effective intensity of measuring light is set at very low level (Schreiber, 2004). The maximum fluorescence level obtained with fully reduced QA (Fm’), the primary quinone acceptor of photosystem (PS) II, was determined by applying 300 ms pulses of saturation light (7,000 μmol m–2 s–1). The effective quantum yield of the PSII [Y(II)] was calculated as (Fm’-F)/Fm’ (Baker, 2008).



Fe(III) Reduction Assay

In preparation for these experiments, S6803 cells were collected by centrifugation, washed twice with Fe-free BG11 and suspended in the same medium such that the optical density at 730 nm was 5. Ferrihydrite was prepared following a process described in a previous publication (Lovley and Phillips, 1986) and added to the cell suspension to give a final concentration of 15 mM Fe, after which a portion of a sterilized stock solution of glucose was added. The cell suspension was subsequently incubated in darkness at 30°C under a N2 atmosphere with shaking, following which the concentration of Fe(II) was determined by the ferrozine method, as described previously (Lovley and Phillips, 1987). Briefly, the harvested cell suspension was mixed with an HCl solution to give a final concentration of 0.5 M. After incubation for 15 min, the suspension was centrifuged. A 10 μL aliquot of the resulting supernatant was added to 190 μL of a 50 mM HEPES buffer (pH 7.0) containing 2 mM ferrozine. The absorption of this solution at 562 nm was measured and the Fe(II) concentration was calculated according to a standard calibration curve prepared using known concentrations of FeSO4 in solution.



RESULTS

We initially measured the anodic current to ascertain the conditions under which the S6803 exhibited the capacity to reduce Fe(III) (hydr)oxides (Figure 1). The anodic current was found to slightly increase in response to light exposure under aerobic conditions, in agreement with previous reports (Figure 2A, inset) (McCormick et al., 2011; Cereda et al., 2014; Sekar et al., 2016; Wei et al., 2016; Saper et al., 2018; Zhang et al., 2018). When irradiation was ceased, the current sharply decreased. The current was also observed to gradually increase following the addition of glucose, while the current produced by the control sample without glucose was stable (Figure 2A). The anodic current was not observed in the presence of cells or in the presence of dead cells even when the glucose was added into the system (Supplementary Figure 2). These results clearly show that S6803 can generate EET current through dissimilation of glucose in darkness. Since the respiratory electron chain share some components with photosynthetic electron chain in S6803 cells (Lea-Smith et al., 2016; Figure 1), the effect of glucose addition can be assessed by simultaneously monitoring the chlorophyll fluorescence signal. In the absence of exogenous glucose, the chlorophyll fluorescence output decreased monotonically when the light was off while, in the presence of glucose, the fluorescence initially decreased and then increased after irradiation was ceased (Figures 2B,C, black lines). In addition, although the Y(II) in darkness was almost constant over time without glucose, this value decreased in the presence of glucose (Figures 2B,C, blue lines). The data acquired under the dark conditions indicate that exogenous glucose was metabolized in the S6803 cells, and that the respiratory electron transfer chain became reductive.


[image: image]

FIGURE 2. (A) Time courses of anodic current generation from S6803 cells at + 0.25 V vs. Ag/AgCl. Red and blue lines indicate the current with and without 5 mM glucose, respectively, added at the point indicated by the red arrow. The inset shows an enlarged view of the data up to 20 min. (B,C) Chlorophyll fluorescence (black lines), current (red lines) and effective quantum yield of the PSII complex [Y(II)] (blue lines) as functions of time with and without glucose. The spikes observed at every 1 min resulted from saturation pulses. The horizontal white and black bars in each graph indicate light [(A) 200 μmol m–2 s–1 (B,C) 260 μmol m–2 s–1] and dark conditions.


Based on the above results, it was expected that the cyanobacterial reduction of Fe(III) (hydr)oxides would occur to the greatest extent under dark conditions in the presence of glucose. Therefore, we subsequently attempted to quantitatively investigate the effect of glucose on ferrihydrite reduction in the absence of light. Figure 3 plots Fe(II) concentrations over time (as determined by the ferrozine assay) in cell suspensions containing ferrihydrite. Increases in the Fe(II) concentration are evident in those samples incubated under both aerobic and anaerobic conditions (Figure 3A). Notably, ferrihydrite reduction was also observed in a batch of fresh BG-11 medium containing ferrihydrite and glucose but not S6803 cells (Supplementary Figure 3). In addition, when a cell suspension incubated with glucose but without ferrihydrite was mixed with ferrihydrite just prior to the ferrozine assay, the reduction of ferrihydrite did not occur (Supplementary Figure 4). This result demonstrates that the Fe(II) increase in Figure 3A did not result from ferrihydrite reduction by intracellular reducing equivalents. Thus, the above data indicate that S6803 was able to reduce extracellular solid-state ferrihydrite in the presence of glucose.
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FIGURE 3. Time courses of ferrihydrite reduction determined using a ferrozine assay. (A) A comparison of ferrihydrite reduction under anaerobic (red line) and aerobic (blue line) conditions. (B) The effect of glucose concentration on ferrihydrite reduction by S6803 cells. Red, orange, green, blue, and black lines indicate initial glucose concentrations of 15, 5, 3, 1, and 0 mM, respectively. Red lines in (A,B) are identical data. Values are means ± one standard deviation (error bars) of three replicate trials.


The effect of the glucose concentration on the ability of the S6803 to reduce ferrihydrite under dark conditions was subsequently examined. Because the end amount of reduced ferrihydrite in samples incubated under aerobic conditions was lower than that under anaerobic conditions (Figure 3A), the effect of glucose was examined under anaerobic conditions. Trials were performed by adding 15 mM ferrihydrite, S6803 cells and glucose to BG-11 medium followed by incubation under anaerobic conditions, and higher glucose concentrations were found to promote ferrihydrite reduction (Figure 3B). The chlorophyll concentration during incubation remained relatively constant, and so it is probable that the S6803 cells maintained their cellular components during these experiments even under continuous anaerobic, dark conditions (Supplementary Figure 5). These results establish that the cyanobacterial ferrihydrite reduction process was affected by the exogenous glucose concentration. In the case that a suspension of cells containing 5 mM glucose was exposed to light, ferrihydrite reduction under aerobic conditions was found to be slower than that under anaerobic dark conditions, although the rate of the reductive generation of Fe(II) was greater than that observed in a control experiment without cells (Supplementary Figure 3). These results suggest that cyanobacteria can reduce insoluble Fe(III) (hydr)oxides even in aerobic environments.

Based on the above results, the growth of S6803 cells was measured in the presence of both ferrihydrite and glucose under anaerobic conditions. Cells were grown under light irradiation at an intensity of 100 μmol m–2 s–1 while oxygen was continuously removed by nitrogen bubbling. During these trials, ferrihydrite was added to the BG11 medium as the sole iron source. Cells in cultures without ferrihydrite did not grow, as expected (Figure 4A, gray line) while, in contrast, cells in cultures with ferrihydrite grew well under anaerobic conditions (Figure 4A, red and blue dotted lines). In agreement with a previous report that S6803 can grow using insoluble iron oxides as the sole iron source (Lamb et al., 2014), S6803 was found to be capable of utilizing ferrihydrite as its iron source even under anaerobic conditions. Although the growth rate was unaffected by the addition of 5 mM glucose, the amount of Fe(II) slightly increased in the early stage of culturing in the presence of glucose (Figure 4A, red solid line). After the light intensity was decreased to 5 μmol m–2s–1 to mimic dim light conditions in a typical internal microbial ecosystem (Fourçans et al., 2004; Ciani et al., 2005; Ohkubo and Miyashita, 2017), the chlorophyll concentration remained almost constant both with and without glucose (Figure 4B, red and blue dotted lines). Following this transition to dim light conditions, the glucose concentration was increased to 10 mM, causing a rapid increase in the amount of Fe(II) (Figure 4B, red broken and solid lines). The above results suggest that ferrihydrite reduction sufficient for iron acquisition and cell growth (Kranzler et al., 2011, 2014; Lamb et al., 2014) is possible without exogenous glucose, although glucose can promote ferrihydrite reduction to generate an excess of Fe(II) for S6803 growth. In fact, the ferrihydrite reduction rates obtained with 3–15 mM glucose were about 100 times larger than the value reported for dissolved Fe(III) species without glucose (Kranzler et al., 2014; Supplementary Figure 6).
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FIGURE 4. S6803 and Fe(II) concentrations over time under anaerobic conditions with ferrihydrite as the sole iron source. The S6803 cells were inoculated to give an optical density at 730 nm of 0.1 and grown with N2 bubbling. (A) The rapid growth phase under 100 μmol m–2 s–1 light irradiation. (B) The stationary phase under dim light irradiation (gray background). The red and blue lines indicate data obtained with and without glucose, respectively. The solid and broken lines indicate the Fe(II) concentrations in cell suspension and solid iron samples (see also Supplementary Figure 8), respectively. The dotted lines indicate chlorophyll concentration and the gray dotted lines indicate chlorophyll concentration in cultures without ferrihydrite. Values are means ± one standard deviation (error bars) of three replicate trials.




DISCUSSION

In contrast to the light-dependent current increases reported elsewhere, the current in the present work was found to increase under dark conditions upon the addition of glucose. This result clearly shows that the EET current in S6803 can be also generated through dissimilation of glucose. Details of mutual relationship between the light-dependent and glucose-dependent EET pathways remains unknown. However, given that the photosynthetic and respiratory electron transport share some components in S6803 (Lea-Smith et al., 2016), it is reasonable to consider that the light-dependent and glucose-dependent EET pathways are also mutually correlated each other, as schematically shown in Figure 1. In fact, it was reported that respiratory systems and NADPH are known to participate in the electron pathways of photocurrent generation (Bombelli et al., 2011; Bradley et al., 2013; Saper et al., 2018). The molecular mechanisms that occur in conjunction with EET to Fe(III) (hydr)oxides in DMRB have been well investigated, and it is now known that outer membrane cytochromes play an essential role (Weber et al., 2006; Kato, 2015; Shi et al., 2016). However, these redox-active proteins have not yet been identified in S6803. It has been suggested that ARTO and/or Type IV pili are involved in the iron uptake process in S6803 (Kranzler et al., 2014; Lamb et al., 2014), and such factors may also contribute to ferrihydrite reduction and electricity generation by this microbe (Figure 1) [of note, a recent paper reported that pili has little impact on the photo-current generation capability (Thirumurthy et al., 2020)]. Another possibility is that a diffusive electron mediator excreted from the cells was responsible for ferrihydrite reduction. In fact, some redox peaks were observed in cyclic voltammograms obtained from these cells (Supplementary Figure 7). These peaks are consistent with previous reports and are attributed to small redox-active metabolites related to EET capability (Saper et al., 2018; Zhang et al., 2018).

It is also helpful to examine the possible effects of cyanobacterial ferrihydrite reduction on microbial ecosystems. Since cyanobacterial habitats become aerobic as a result of oxygenic photosynthesis, cyanobacteria have been regarded as oxidizers of Fe(II) in natural environments. However, the present study demonstrates that cyanobacteria can also act as reducers of Fe(III). In fact, Fe(II) has been detected in aerobic regions within sediment, microbial mats and seawater where cyanobacteria are also found (O’Sullivan et al., 1991; Wieland et al., 2005; Rentz et al., 2007). Although a certain amount of Fe(II) can be generated abiotically by photo-generated superoxides or photo-reaction with Fe(III)-binding ligands (Voelker and Sedlak, 1995; Barbeau, 2006), the present work suggests that Fe(II) can also be produced by EET associated with photosynthetic microorganisms in environments where glucose is present. Microbial mats are one such ecosystem, and Synechocystis species are often found in microbial mats (Fourçans et al., 2004; Singh et al., 2011) where they produce a polysaccharide as an extracellular polymeric substance (EPS) (Flemming and Wingender, 2010; Stuart et al., 2016). It has been estimated that the concentration of carbohydrates in this EPS is 45 mg/g on a wet basis, and that glucose residues account for almost all the carbohydrate (Stuart et al., 2016). This amount therefore corresponds to approximately 250 mM glucose. The present study revealed that ferrihydrite reduction occurred in the presence of glucose at a concentration of only 3–15 mM (Figure 3). Together, these data suggest that cyanobacterial Fe(III) reduction could be promoted by exogenous glucose even in natural microbial mats.

It is also of interest to compare the Fe(II) concentration range observed in our laboratory experiments with those found in natural environments. In iron-rich microbial mats containing cyanobacteria, Fe(II) has been found at concentrations from 1 to 10 mM even in the aerobic top 2.0 mm of the mats (Wieland et al., 2005). In our experiments, the maximum concentration of Fe(II) generated by the S6803 cells in the absence of light was comparable to the level in the aerobic layers of such iron-rich microbial mats (Figure 3B). Thus, the cyanobacterial reduction of insoluble Fe(III) may help maintain the concentration of Fe(II) in the photic layers of microbial mats (Supplementary Figure 8).

Although soluble Fe(II) is typically almost completely oxidized by abiotic reactions with oxygen under aerobic conditions, the Fe(II) concentration was increased and then maintained by S6803 cells even under aerobic dark conditions (Figure 3A). There are two possible explanations for this result. Firstly, the ferrihydrite reduction rate may have been faster than the abiotic Fe(II) oxidation rate and, secondly, the Fe(II) that was generated could have been poorly reactive with oxygen. The oxidation rate of dissolved Fe(II) at a concentration of 1 mM in a pH 7 solution under ambient air is estimated to be 9.6 mM h–1 (Rentz et al., 2007), which is much faster than the rate of reduction by the S6803 cells, indicating that the first possibility can be excluded. Although we tried to confirm the presence of Fe(II) in solid phase by X-ray diffraction (XRD) and transmission electron microscope (TEM), characteristic signal for crystallization of Fe(II) could not observed due to small particle size (<5 nm) (Supplementary Figure 9). However, an increase in Fe(II) in the solid fraction was observed during the ferrihydrite reduction experiments (Supplementary Figure 10). Thus, it is likely that Fe(II) was protected from oxygen in the solid phase and thus stabilized.

In summary, the present work demonstrated that S6803 can reduce ferrihydrite via EET. Both the reduction rate of ferrihydrite and the microbial current were higher under dark conditions in the presence of glucose than under light conditions. Thus, the accumulation of organic substances in local environments surrounding photosynthetic microbes could be important in terms of the enhanced reduction of iron (hydr)oxides and the generation of microbial electricity. We anticipate that further studies along these lines will provide a deeper understanding of the biogeochemical cycling of iron in nature and will also assist in the development of biophotovoltaics.
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Microbial rhodopsin is a simple solar energy-capturing molecule compared to the complex photosynthesis apparatus. Light-driven proton pumping across the cell membrane is a crucial mechanism underlying microbial energy production. Actinobacteria is one of the highly abundant bacterial phyla in freshwater habitats, and members of this lineage are considered to boost heterotrophic growth via phototrophy, as indicated by the presence of actino-opsin (ActR) genes in their genome. However, it is difficult to validate their function under laboratory settings because Actinobacteria are not consistently cultivable. Based on the published genome sequence of Candidatus aquiluna sp. strain IMCC13023, actinorhodopsin from the strain (ActR-13023) was isolated and characterized in this study. Notably, ActR-13023 assembled with natively synthesized carotenoid/retinal (used as a dual chromophore) and functioned as a light-driven outward proton pump. The ActR-13023 gene and putative genes involved in the chromophore (retinal/carotenoid) biosynthetic pathway were detected in the genome, indicating the functional expression ActR-13023 under natural conditions for the utilization of solar energy for proton translocation. Heterologous expressed ActR-13023 exhibited maximum absorption at 565 nm with practical proton pumping ability. Purified ActR-13023 could be reconstituted with actinobacterial carotenoids for additional light-harvesting. The existence of actinorhodopsin and its chromophore synthesis machinery in Actinobacteria indicates the inherent photo-energy conversion function of this microorganism. The assembly of ActR-13023 to its synthesized chromophores validated the microbial community’s importance in the energy cycle.

Keywords: actinobacteria, microbial rhodopsin, light-driven proton pumps, retinal, carotenoid, dual chromophore actinorhodopsin


INTRODUCTION

Actinobacteria are found in various terrestrial and aquatic environments. They are the most morphologically diverse prokaryotes (Servin et al., 2008). The unique genes and novel metabolic pathways present in the organism are beneficial for natural adaptation. Also, marine Actinobacteria are distributed in various marine habitats, such as marine sediments (Claverías et al., 2015), seawater (Subramani and Aalbersberg, 2013), freshwater ecosystems (Allgaier and Grossart, 2006), and melting sea ice (Fernández-Gómez et al., 2019). The Actinobacteria clade (OM1 clade; Rappé et al., 1998), constituted by members of the class Actinobacteria, had been recognized as a contributor to marine microbial communities in culture-independent studies, which involved 16S rRNA gene pyrosequencing, metagenome sequencing, and metaproteomic experiments (Jensen and Lauro, 2008). The Actinobacteria strain IMCC13023 was isolated from a surface seawater sample collected from Kongsfjorden (Svalvard, Norway) during the glacier-melting season using high-throughput extinction-to-dilution culturing. The strain was classified under the current name Candidatus Aquiluna sp. IMCC13023, candidatus name (Cho and Giovannoni, 2004; Kang et al., 2012). A protein-centric comparative metaproteomic approach adopted on an oceanic scale, targeting membrane proteins, suggested the involvement of the bacteria in nutrient transport and energy transduction, which altered our understanding of the bacterial community structure, nutrient utilization, and energy transduction, as well as viral and archaeal activities (Morris et al., 2010).

Light is a source of energy and an environmental cue that available in excess in most surface environments. In prokaryotic systems, it has been utilized by photoautotrophs and photoheterotrophs. However, the conversion of light to cellular energy has been characterized in only a few species. Freshwater actinobacteria are ubiquitous in light-illuminated aquatic environments and grow more rapidly in the absence of functional photosystems, likely because sugar transport is upregulated in light (Maresca et al., 2019). In a previous report, the actinobacterium Rhodoluna planktonica was shown to encode one actinorhodopsin (RpActR), and the functional expression of RpActR was demonstrated in native cells. Illumination induced the acidification of actinobacteria cell culture and elevated the cellular ATP content, indicating ActR-based phototrophy in native actinobacteria (Nakamura et al., 2016). Rhodopsins found in Archaea, Bacteria, and Eukaryotes, which contained opsin and a covalently bound retinal as a chromophore to absorb photons for energy conversion or the initiation of intra or intercellular signaling (Spudich et al., 2000). Microbial communities utilized the microbial rhodopsin or typed I rhodopsin with all-trans-retinal for various purposes. At the same time, animals solely used a different rhodopsin family with 11-cis retinal for visual and nonvisual phototransduction, classified as type II rhodopsin (Palczewski, 2006; Shichida and Matsuyama, 2009). Rhodopsins had been divided for microbial and animal rhodopsin, also known as type-I and type-II rhodopsin, respectively (Ernst et al., 2014). The gene for actinorhodopsin, a type I rhodopsin-family protein previously detected in actinobacteria isolates, was also found in the strain IMCC13023 (Sharma et al., 2008, 2009). Here, we demonstrated that ActR-13023 exhibited phototrophy in native actinobacterium, which confirmed the functional expression of the ActR-13023 gene, and light illumination induced the acidification of the actinobacterial cell culture. ActR-13023 expressed heterologously in Escherichia coli facilitated accurate characterization, and the findings suggested the assembly of this actinorhodopsin with retinal/carotenoid as a light-harvesting protein.



MATERIALS AND METHODS


Molecular Cloning

Candidatus Aquiluna sp. IMCC13023 cells were generously provided by Jang-Cheon Cho from the Department of Biology, Inha University, Korea. PCR primers with restriction enzyme sites and his-tag sequences were used for colony PCR. The expression vector pKA001 (Pushkarev et al., 2018) under the IPTG inducible promoter was used to express the ActR-13023 gene. pACK-blh was used to express the β-carotene dioxygenase gene, and pACK-ctrw7120 was used to expressing the β-carotene ketolase genes from Nostoc sp. PCC7120 (for canthaxanthin production; Jang et al., 2011; Yang and Guo, 2014; Gao et al., 2020). The expression vector for carotenoid was successfully constructed with an addition of a multiple cloning site under an inducible promoter into an original pAC-BETA plasmid (Addgene, United States). The detailed information of primers sequences and a global map of the expression vectors with restriction enzyme sites were documented in supplementary data (Supplementary Figure S1).



Protein Expression and Purification

Escherichia coli strain UT5600 was used for the expression system. The cloned plasmid, containing the recombinant ActR-13023 sequence, was transformed into E. coli. To express these proteins, the transformed E. coli cells were cultured in LB media until OD600nm = 0.4. Then, protein expression was achieved by inducing 1 mM of IPTG (Applichem, United States) and 5 μM all-trans-retinal (Sigma, United States), and culture for 5 h at 37°C with shaking at 240 rpm. The cells were collected and sonicated (Branson Sonifier 250, United States), and the membrane fraction was collected by ultracentrifugation for 1 h at 35,000 × g. The membrane fraction was mixed with 2% n-dodecyl-β-D-maltopyranoside (DDM) in the same volume to obtain a final solution of 1% DDM (Anatrace, United States), and the sample was continuously inverted in a chamber at 4°C for 4 h. After detergent solubilization, the sample was centrifuged at 20,000 × g for 15 min at 4°C to separate solubilized protein from the cell membrane. Then, the supernatant was collected and treated with 1 ml volume of Ni+2-NTA resin (Qiagen, Korea). Immobilized metal affinity chromatography (IMAC) for the His-tag fusion protein technique was applied to extract the pure target protein. The protein bound to the Ni+2-NTA resin was loaded to the affinity column, and the sample was washed with 25 mM imidazole (Sigma) in 0.02% DDM twice to remove non-specific binding random histidine. Finally, the target protein was eluted with 250 mM imidazole in 0.02% DDM, and the sample was filtered by Amicon centrifugal filter (Merckmilliphore, Germany). The eluted protein was washed and concentrated through Amicon centrifugal filter with a 10 kDa molecular weight cutoff membrane. The sample was washed using 5 ml of 0.02% DDM buffer to push through, and concentrated sample to 0.3⁓0.5 ml and then resuspended with another 5 ml of the same buffer to continuously repeat the process three times. Purified rhodopsin showed purple color in the 0.02% DDM solution, and the SDS-PAGE of the purified sample was assessed to confirm the protein’s molecular mass and purity. Purified rhodopsin was kept in 0.02% DDM at 4°C.



Absorption Spectroscopy and pKa Measurements

UV/VIS spectrophotometer (Shimadzu, UV-2550) was used to measure the absorbance spectra of purified ActR-13023 in DDM solution. To measure the entire spectrum, 0.02% DDM solution was used for baseline, and the sample was measured every 0.5 nm wavelength from 350 to 750 nm. The absorption spectra of wild-type and mutants in DDM were recorded in various pH conditions. Samples were divided into two sets, and one set started with pH 7.0 down to pH 4.0 with a 0.5 pH change that was adjusted by adding a tiny amount of HCL. The other set with the same condition started from pH 7.0 up to pH 10.0 with a 0.5 pH change adjusted by adding a tiny NaOH amount. Together, we collected the spectroscopic titration data of ActR-13023 wild-type and mutants dependent on pH changes. The maximum absorption of microbial rhodopsin is shifted upon protonated and deprotonated states of the Schiff base (SB) counter-ion as previously described (Spassov et al., 2001). The data were fitted with a function containing pKa component as the following equation [image: image] where A is maximum absorbance changes in Origin Pro 7.0.

Hydroxylamine reactions were carried out at pH 7.0 in a mixture of 10 mM Tris-HCL (using a small amount of HLC to adjust Tris containing pH to 7.0), 0.1% DDM, 150 mM NaCl, and 0.2 M hydroxylamine. The sample was stirred continuously along with white light irradiation at an intensity of 100 W/m2 using a short wavelength cutoff filter (>440 nm, Sigma Koki SCF-50S-44Y, Japan) for 30 min. After the reaction, the cell sample was collected by centrifuge at 4,000 rpm at 4°C for 15 min, following cell wash with 15% ethanol one time then collected in the same condition.



Proton Pumping Measurements

Proton pumping experiments were performed using whole-cell and spheroplast vesicles, as previously described (Zhu et al., 2013; Maresca et al., 2016). The spheroplast vesicles were isolated by centrifugation at 30,000 × g for 1 h at 4°C (Beckman XL-90 ultracentrifuge) and washed by 3 ml of 10 mM NaCl, 10 mM MgSO4.7H2O, and 100 μM CaCl2 (Wang et al., 2003). About 30 μl of carotenoid in ethanol with maximum absorbance density at 3 units (OD = 3) was added to 3 ml of ActR-13023-expressing spheroplasts by vigorously stirring in 50 mM MgSO4 and 50 mM Na-EDTA for an additional 30 min, followed by further incubation for 16 h at 4°C, washing twice with sonication buffer (50 mM Tris, 150 mM NaCl, pH 7), and resuspension in an unbuffered solution (10 mM NaCl, 10 mM MgSO4.7H2O, and 100 μM CaCl2). The samples were maintained in an unbuffered solution, and the pH of the solution was recorded. The sample solution was illuminated at an intensity of 100 W/m2 using a short wavelength cutoff filter (>440 nm, Sigma Koki SCF-50S-44Y, Japan) in combination with a focusing convex lens and heat protecting (CuSO4) filter, and the pH values were monitored using a Horiba pH meter F-51. The sample was stored in the dark for 5 min, and the pH values were measured in the initial dark state followed by illumination for 3 min and 3 min of darkness after illumination, and 10 μM of carbonyl cyanide m-chlorophenyl hydrazine (CCCP) was used in CCCP treated experiments. Proton change was converted by 10−ΔpH and then multiply with 10pH (initial pH), and the average data were calculated and fitted using Origin Pro 7.0.



Light-Induced Differential Spectroscopy and Photocycle Measurements

The purified ActR-13023 wild-type and mutants were stored in 0.02% DDM, and then had been measured by the time-based kinetic function of Scinco spectrophotometer (Scinco, Korea) upon light illumination. The samples had been prepared in 1 ml volume cuvette at 0.5 OD and kept in the dark conditions for 10 min at 4°C. The dark-adapted samples were used for baseline spectrum; then, the samples were illuminated with white light at an intensity of 100 W/m2 guided by an optical tube for 1 min. The light-induced absorption differences were measured every 700 msec for 60 times, and the signals were averaged as one data. Three experiments were repeated and fitted the overall differential spectra in Origin Pro 7.0.

Sample preparation and experimental set-up for photocycle had been performed by flash-induced transient absorption changes using RSM 1000 spectrophotometer (Olis, United States). ActR-13023 expressed cells were sonicated (Branson Sonifier 250, United States) three times at 45% amplitude for 2:30 min in 30-s intervals. The sample was centrifuged to check for cell lysis at 4,000 rpm at °C for 15 min, and the supernatant was collected. The pellet containing the unbroken cell was discarded. The broken membrane fragments were then collected with ultracentrifuge at 20,000 rpm at 4°C for 1 h. Flash-photolysis experiments were performed on the membrane fragments encased within polyacrylamide gel. Membrane fragments were resuspended in 0.4 ml of pH 8.0 (50 mM Tris and 150 mM NaCl), and then added 0.3 ml of 33% acrylamide and 1% bis-acrylamide solution (Dynebio, Korea), 2.4 μl of 10% ammonium persulfate (AP), and 3 μl of TEMED (N, N, N′, N′ tetramethylethylenediamine), which was used to study photocycle of microbial rhodopsin to the closest native form in E. coli membrane previously (Miranda et al., 2009). The samples were placed in plastic cases that mimic the cuvette shape and size. After solidification, the gel was removed and washed with deionized water (DIW) for 4 h at 23°C and store at 4°C for the next experiment. The samples were soaked in pH 7–8 buffer solution (50 mM Tris and 150 mM NaCl), pH adjustment using HCL solution. The experiment was conducted by a custom-built single-wavelength spectrometer described before (Waschuk et al., 2005). In short, the photocycle experiment started with 6 ns pulses of an Nd-YAG pulse laser (Continuum, Mini-light II, 532 nm, 6 ns, 25 mJ), and optical filters were applied for selected wavelengths. At least 30 signals were averaged for each data points before the fitting process.



Carotenoid Interaction Measurement

Salinibacter ruber was used to isolate salinixanthin, and the cells were grown at 37°C in a shaking incubator (180 rpm) in 200 ml Erlenmeyer flasks containing 50 ml medium of the following composition NaCl, 195; MgSO4.7H2O,25; MgCl26H2O,16.3; CaCl22H2O,1.25; KCl,5.0; NaHCO3,0.25; NaBr,0.625; yeast extract, 1.0 (all concentrations in g/L), and adjusted to pH 7.0 by HCL. Jang-Cheon Cho generously provided the actinobacteria strain IMCC13023, Inha University, Korea. The samples were collected and washed with DIW (10 ml). The cells were then sonicated (Branson Sonifier 250, United States) in DIW, and the cell lysis then mixes with methanol/acetone (3:7). The samples were centrifuged at 35,000 rpm, and the supernatant was taken to dryness. Then was dissolved in methanol and spotted on a silica gel 60 TLC plate (Sigma). The plate was developed by immersion in the corresponding solvents [100:1 ethyl acetate:ethanol and hexane (5:1 v/v)]. The carotenoid target samples were isolated from the plate and dissolved in petroleum ether, applied to the Symmetry C18 column (3.9 mm × 150 mm; Agilent, United States), and eluted with a mixture of acetonitrile and dichloromethane (31, v/v) at a flow rate of 1 ml/min. The product was confirmed based on high-resolution mass spectra data obtained from the Organic Chemistry Research Center, Sogang University, Orbitrap Mass Spectrometer, LTQ Orbitrap XL, Thermo Fisher Scientific, Korea.

The 3D structure prediction of ActR-13023 was modeled by automated protein structure homology SWISS-MODEL (PDB: 3ddl as a template), and an optimized PDB file was obtained for molecular docking prediction. Protein PDB file and carotenoid (canthaxanthin, PubChem ID: 5281227) were uploaded to an integrated docking server1 using the PM6 method by Mozyme function of MOPAC2009 as described by Bikadi and Hazai (2009). After each docking calculation, the RMSD between the lowest energy docked ligand, and the complex crystal structure was evaluated. Docking calculations were carried out using DockingServer. The MMFF94 force field (Kaminski and Jorgensen, 1996) was used for energy minimization of ligand molecule (
canthaxanthin
) using DockingServer. Gasteiger partial charges were added to the ligand atoms. Non-polar hydrogen atoms were merged, and rotatable bonds were defined. Docking calculations were carried out on the 
ActR-13023-optimized
 protein model. Essential hydrogen atoms, Kollman united atom type charges, and solvation parameters were added with AutoDock tools’ aid (Morris et al., 2009). Affinity (grid) maps of 20 × 20 × 20 Å grid points and 0.375 Å spacing were generated using the Autogrid program (Morris et al., 1998). AutoDock parameter set- and distance-dependent dielectric functions were used to calculate the van der Waals and the electrostatic terms, respectively. Docking simulations were performed using the Lamarckian genetic algorithm (LGA) and the Solis and Wets local search method (Solis and Wets, 1981). The initial position, orientation, and torsions of the ligand molecules were set randomly. Each docking experiment was derived from two different runs set to terminate after a maximum of 250,000 energy evaluations. The population size was set to 150. A translational step of 0.2 Å and quaternion and torsion steps of 5 was applied during the search.




RESULTS


Features of ActR-13023 vs. Other Microbial Rhodopsins

Rhodopsin is a retinal-binding protein ubiquitous in unicellular microorganisms (Heberle et al., 2014). ActR-13023 from strain IMCC13023 contained all critical residues for function and secondary chromophore assembly. The newly discovered microbial rhodopsin’s photochemical and physiological characterization was essential to determine the protein’s potential as an important molecule in the microbial community. Proton pumps are associated with the most significant functional class of microbial rhodopsins and are widely distributed among microorganisms inhabiting a broad range of environments (Nakamura et al., 2016). The amino acid sequence comparison of ActR-13023 to bacteriorhodopsin (BR; Khorana et al., 1979), green-light absorption proteorhodopsin (PR; Bamann et al., 2014), xanthorhodopsin (XR; Luecke et al., 2008), and actinorhodopsin (ActR; Dwulit-Smith et al., 2018) revealed the DTE motif that associated to the proton-pumping process. ActR-13023 is a typical seven α-helical membrane protein with a chromophore, all-trans-retinal, covalently bound to lysine K224 (K216 in BR). The essential residues for proton transfer, aspartic acid D85 (D85 in BR; primary proton acceptor), and glutamic acid E96 (D96 in BR), were also conserved. Figure 1A showed the alignment of ActR-13023 to other microbial rhodopsin, including BR; however, the whole sequence of BR was used for the sequence alignment that why the position of D85 and D96 were not matched. Since the original position is different from the commonly used position reported by the crystal structure of BR using truncated form protein [complete sequence bacteriorhodopsin; Pinhassi et al., 2016; accession: WP_010903069]. The protein sequence alignment of ActR-13023 to BR, PR, and XR from S. ruber (PDB: 3ddl) that was reported for carotenoid interaction (Luecke et al., 2008), and other actinorhodopsins (Dwulit-Smith et al., 2018) showed that ActR-13023 shared 11 out of 18 residues that were reported for carotenoid interaction in XR. ActR-13023 had more conserved residues to XR than PR and BR, and the phylogenetic tree suggested a smaller distance to XR than the other microbial rhodopsin. A Pro residue in the middle of helix D is known to differentiate ActR from XR (Dwulit-Smith et al., 2018; Figure 1A). Structural alignment of modeling ActR-13023 to XR (PDB: 3ddl) helped to visualize the protein similarity, where electrostatic map revealed the negatively charged regions represented the DTE motifs of ActR-13023; each residue was marked in red and labeled (Figures 1A,B). The surface view of ActR-13023 with the carotenoid antenna-salinixanthin of XR revealed an interaction pattern, where Gly replaced a bulky residue (such as Trp in case of BR) introduced specifically in an interactive pocket for carotenoid to protein and retinal. Gly145 of ActR-13023 aligned perfectly with G156 of XR and created space for docking the keto-ring of SAL into the protein (Figure 1C). Phylogenetic analysis suggested that ActR-13023 shared a close evolutionary relationship with XR, which functions as proton-pumping rhodopsin (Figure 1D).

[image: Figure 1]

FIGURE 1. Features of ActR-13023 vs. other microbial rhodopsins. (A) Multiple sequence alignment of ActR-13023 with bacteriorhodopsin (BR), proteorhodopsin (PR), xanthorhodopsin (XR), and actinorhodopsin from acI actinobacteria clades A, B, and C (ActR a–c). Gray highlights and the alphabet represent the helical segment. Cys/Thr on helix A and G (disulfide bond in ActR) is marked in yellow, DTE motifs in red, color tuning residue in green, phylogenetically differentiated ActR XR, Pro in blue, carotenoid interaction residues in cyan, and retinal-bound Lys in pink. (B) Functional visualization of ActR-13023 compared to light-driven outward proton pump. (C) Carotenoid interaction potential of ActR-13023. (D) Phylogenetic tree of ActR-13023 vs. other microbial rhodopsins (the tree was generated using MEGA X 10.1).




Functional Expression of ActR-13023

Based on primary and 3D structural modeling, ActR-13023 was predicted to be a light-driven proton pump functioning as a single molecule and assembling with retinal and carotenoids. The function of this protein was studied in native cells. The UV-visible spectrum of native cells showed maximum absorption (λmax) in the blue-green region; λmax was observed at 512 nm and the formation of a blue shoulder peak at 482 nm, a green shoulder peak at 550 nm (Figure 2). To confirm the expression of ActR-13023 in strain IMCC13023, the chromophores were removed from the native membrane using hydroxylamine and reconstituted with all-trans-retinal. As anticipated, the absorbance at 566 nm (green region) with a minor shoulder absorption peak formed at 526 nm (blue region) increased upon incubation with all-trans-retinal. Chromophore reconstitution confirmed the natural expression of ActR-13023 in native cells. Opsin-bound retinal usually produces a single peak, yet multiple absorbance readings were observed here. After 1 h of reconstitution, the absorbance at 566 nm was increased, then after 2 days of reconstitution, the height of the shoulder peak in the blue region was also increased, suggesting the interaction of carotenoid. As shown in Figure 2B, the membrane of native cells showed minor absorption peaks in the blue region, suggesting that the endogenously synthesized carotenoid was retained in the membrane after retinal removal (Figure 2B graph 1). After 1 h of reconstitution (graph 2), a sharp peak was formed at 566 nm, and after 24 and 48 h (graphs 3 and 4, respectively), the absorbances in the blue region were increased. The carotenoid isolated from the native membrane formed peaks at 472 and 501 nm (Figure 2 graph 5). In this study, the molecule was named “actinobacterial carotenoid” (Figure 2B). The natural expression of ActR-13023 revealed the importance of this protein since the corresponding gene was encoded in the genome even this strain genome is considerably compact (the summed length of the contigs is 1,359,862 bp, the smallest genome size ever reported for free-living actinobacteria, as of April 2012; Kang et al., 2012). The native cells were suspended in unbuffered solution (10 mM NaCl, 10 mM MgSO4, and 10 μM CaCl2), and light illumination to the sample induced acidification suggesting a light-driven outward proton-pumping activity (Figure 2C). Collectively, the findings indicated that ActR-13023 inherently functions as an outward proton pump for phototrophy.
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FIGURE 2. Characterization of ActR-13023 in Candidatus aquiluna. (A) C. aquiluna whole-cell spectrum (black) and expected ActR-13023 peak in the native cell (red). (B) Chromophore removal from C. aquiluna membrane and reconstitution with all-trans-retinal (1) membrane fraction with chromophore removed, (2) 1 h, (3) 24 h, and (4) 48 h after reconstitution, (5) carotenoid isolated from C. aquiluna. (C) Measurement of proton pumping potential of C. aquiluna.




Heterologous Expression and Biochemical Characterization of ActR-13023

The opsin apoprotein cannot absorb light independently in the absence of a chromophore. Therefore, we hypothesized that the strain IMCC13023 could naturally synthesize retinal as a chromophore for apo-actinorhodopsin (holo-ActR). The Actinobacteria genome harbors a bacterio-opsin related protein homolog (blh) gene that encodes a β-carotene 15,15′ dioxygenase along with carotenoid synthesis genes and the actR gene. Transcription analysis of acI actinobacteria (acI lineage of the phylum Actinobacteria, the most abundant bacterial group in most freshwater lakes; Kang et al., 2017) revealed that all retinal and carotenoid operon genes were transcribed and actR was among the most highly transcribed acI genes (Dwulit-Smith et al., 2018). Genome comparison of Candidatus Aquiluna sp. IMCC13023 to other acI actinobacteria facilitated identifying the chromophore’s synthesis pathway and retinal-producing β-carotene dioxygenase (accession no. WP_007542589.1), suggesting the presence of the natively synthesized dual chromophores retinal/carotenoid (Supplementary Figures S1A, S2). Heterologously expressed ActR-13023 in E. coli cultured in the presence of an exogenously supplemented or endogenously synthesized retinal showed the identical optical spectra with λmax at 565 nm pH = 7.0 when the protein was solubilized in detergent solution (Figure 3A). The blh gene from strain IMCC13023 was cloned in a pACK-blh plasmid together with other genes encoding proteins participating in the β-carotene-producing pathway. The expression of pAC-BETA (Cunningham et al., 1996) produced β-carotene with maximum absorption at 449 nm (orange). The pigment was treated with β-carotene 15,15′ dioxygenase, which led to the conversion of β-carotene to retinol (red) with λmax at 328 nm; the absorbance of reference retinol was measured for comparison (green; Figure 3B). The co-expression of actR and blh genes generated functional actinorhodopsin, and light-induced differential spectra of ActR-13023 revealed the light-dependent molecular photochemical changes. Upon light absorption, ActR-13023 entered a photocycle with the formation of several distinct photo intermediates (typical intermediates are M and O) initiated by the isomerization of all-trans-retinal to 13-cis-retinal. This cycle has been associated with the proton pumping mechanism (Lanyi, 1993). The ActR-13023 light-induced differential spectra showed a clear accumulation of O intermediate with absorption at 645 nm, along with depletion of the ground-state absorption at 560 nm and increase in the M intermediate components with absorption at 420 nm (Figure 3C). Photocycle measurement revealed the rapid formation of kinetic intermediates [M intermediate (t1/2 ≈ 0.42 ms), O intermediate (t1/2 ≈ 6.7 ms), and return to ground state (t1/2 ≈ 7.2 ms)], which is indicative of the highly efficient proton-pumping activity (Figure 3D). ActR-13023-expressed E. coli cell showed acidification upon light illumination followed by a dark-light cycle, and the proton pumping activity was abolished upon treatment with carbonyl cyanide m-chlorophenyl hydrazine (Sapra et al., 2003; Figure 3E). Therefore, based on the changes in the differential spectrum and acidification of both native cell and ActR-13023 containing E. coli, we concluded that ActR-13023 is a natural light-driven outward proton pump functioning with natively synthesized retinal (Figure 3F).
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FIGURE 3. Characterization of heterologously expressed ActR-13023. (A) Expression with additional all-trans-retinal (red) and bio-synthesized retinal (black). (B) Retinol conversion from β-carotene using the enzyme encoded by the C. aquiluna blh gene. (C) A light-induced differential spectrum of purified ActR-13023. (D) Flash-induced transient absorbance changes during the photocycle. (E) Proton pumping activity of heterologously expressed ActR-13023. (F) Illustration of naturally functional ActR-13023 as a light-driven outward proton pump.


The high-resolution crystal structure of bacteriorhodopsin revealed the hydrogen bond network’s characteristics and the critical mechanism underlying proton pumping associated with the retinal SB, a proton acceptor (D85), and a proton donor (D96). A mutation in ActR-13023 at the proton acceptor and donor positions inhibited the light-driven proton-pumping activity and significantly altered the protein kinetics. D85N mutant led to the loss of protonation ability from SB. The first essential process for proton transfer from SB to D85 led to the M intermediate. In the case of the D85N mutant, no proton acceptor can be protonated by SB, so no M intermediate was detected in the light-induced spectra. Proton uptake from the proton donor D96 occurred during the transition from the M to O intermediate. When wild-type ActR-13023 was used, the O intermediate absorbed light at 640 nm. However, this absorbance was not observed for the E96Q mutant. Functional mutation studies on ActR-13023 revealed a typical primary proton donor and proton acceptor in the pumping mechanism. The mutants expressed no acidification due to the absence of proton translocation across the membrane, which indicated the central roles of these residues in the hydrogen network and the pumping mechanism. The maximum absorption of ActR-13023 depends on the environmental pH, and pKa of the primary proton acceptor can be calculated in pH titration experiments. The pH-dependent shifting of ActR-13023 absorbance allowed us to calculate the pKa of SB counter-ion residues (D85). ActR-13023 showed maximum absorption at 570 nm at pH 4.0 and 550 nm at pH 10.0. The pKa ≈ 7.81 of SB counter-ion D85 as primary proton acceptor was shown in Figure 4E. In contrast, the pKa of the D85N mutant could not be calculated (notably, the small maximum shifted were observed due to the absence of protonatable acceptor residue), and the pKa for the E96Q mutant was 7.67 (Figure 4).
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FIGURE 4. Mutation studies of ActR-13023, wild-type ActR-13023, D85N, and E96Q mutants. (A) UV-visible spectra. (B) Light-induced differential spectra. (C) Proton pumping activities. pH titration and pKa calculation: (D) ActR-13023 spectra at pH 4, 7, and 10, (E) pKa value of ActR-13023, (F) pKa value of the D85N mutant, and (G) pKa value of the E96Q mutant.




ActR-13023 Is a Dual Chromophore Rhodopsin

The proton pumping activity of heterologously expressed ActR-13023 is comparable to that of other proton-pumping rhodopsins. Proteorhodopsin (PR) was expressed, and the protein expression level and proton pumping of the two rhodopsins were shown in Supplementary Figure S5. Interestingly, the native cells exhibited more buffer acidification in similar light sources and optical cell density at 600 nm. The orange color of the native cell and carotenoid-related genes in the genome suggested carotenoids’ expression in this strain. Like, XR from S. ruber that assembles with salinixanthin as a secondary light-harvesting antenna, ActR-13023 was expected for the possibility of carotenoids binding, which may functionally maximize its potential. A carotenoid molecule isolated from the strain showed a molecular weight of 591.4946 mz, and the absorption peaks were formed at 472 and 501 nm in the UV-visible spectrum (Figure 2B, graph 5). Thermodynamic insights from isothermal titration calorimetry experiments indicated a significant interaction between ActR-13023 and the carotenoid. The isolated carotenoid was titrated against ActR-13023 (as a ligand and receptor), and the essential enthalpy changes were measured after every injection. The titration profile could be best fitted using a nonlinear least-squares approach to the “one set of sites” binding model, which yielded the association constant (Ka), the stoichiometry of binding (n), thermodynamic parameters, enthalpy of binding (ΔH), and entropy of binding (ΔS) values. Measurements at 30°C yielded the following values for Ka, n, ΔH, and ΔS: 2.72 (±0.8) × 104 M−1, 0.751 (±0.03), −6.72 × 104 (±0.83) cal.mol−1, and −201 cal.mol−1.deg.−1, respectively, and the calculated changes in Gibb’s free energy (ΔG) was −6.26 kcal/mol−1 (Figure 5A). After the isothermal titration calorimetry experiment, the samples were speculated by UV-VIS spectrometer, and the absorption spectrum showed carotenoid binding characteristic where maximum absorption was observed at 512 nm accompany the shoulder shape (Figure 5B). These results indicated that purified ActR-13023 could be reconstituted with isolated carotenoids. We tried to express ActR-13023 by exogenously added the carotenoid. However, after purification, no binding complex could be isolated. This indicated that the carotenoid barely penetrated the cellular membrane, so the carotenoid was added during spheroplast preparation (see Materials and Methods section) to maximize the possibility of penetration, and samples were incubated overnight for the reaction. The absorption spectra of spheroplast showed optical shifts owing to carotenoid engagement. The ActR-13023 spheroplast showed maximum absorption at 557 nm, which shifted to 516 nm upon carotenoid binding. The addition of carotenoids gave no significant enhancement to total pH change in buffer acidification but notably improved the initial pumping rate of ActR-13023 (Figure 5C). In contrast, when salinixanthin was added to the samples, we did not see the enhancement, but a lower proton pumping rate was observed (Supplementary Figure S5). This gave an interesting question about carotenoid interaction with rhodopsin and its impacts on protein function. However, further study is required to answer this phenomenon.
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FIGURE 5. Interaction between ActR-13023 and actinobacterial carotenoid. (A) Isothermal titration calorimetry (ITC) of ActR-13023 and the carotenoid. (B) UV-Vis spectrum of ActR-13023 after ITC experiment; the samples were shown in e-tube (1) purifiedActR-13023, (2) ActR-13023 after ITC experiment with carotenoid, and (3) the carotenoid as the ligand. (C) Comparison of proton pumping in the presence, absence of the carotenoid, and ActR-13023 treated with carbonyl cyanide m-chlorophenyl hydrazine (+CCCP).





DISCUSSION

The high abundance of actinobacteria in aquatic habitats, seawater, sea ice, and freshwater has led to establishing a cellular adaptation model for energy scavenging fitness. The actinorhodopsin-encoding gene has been detected in the compact genome of Candidatus Aquiluna sp. IMCC13023, along with the retinal and carotenoid biosynthesis genes. Our results validated the importance of ActR in actinobacteria for solar energy capture and indicated its utility under nutrient stress. The biosynthetic pathways of retinal and its carotenoid precursors have been reported based on findings from the assessment of single-cell genome and metagenome sequences of freshwater-isolated actinobacteria categorized in the acI lineage clades A and B (Dwulit-Smith et al., 2018). Unlike other bacteria that encode opsins but may acquire retinal exogenously, actinorhodopsins had their chromophore synthesis machinery.

Interestingly, ActR-13023 is natively expressed with retinal and interacts with natively synthesized carotenoids as secondary chromophores. Seven genes in the actinobacteria genome are considered to encode proteins associated with retinal synthesis. Other genes that encode proteins for the synthesis of complex carotenoids, such as the β-carotene ketolase gene, have also been detected (Klassen, 2010). Consequently, ActR-13023 might be bound to retinal and complex carotenoids. The 4 keto-ring of complex carotenoids salinixanthin, canthaxanthin, and echinenone have been reported to be critical components for rhodopsin binding (Balashov et al., 2010). However, the co-expression of ActR-13023 and canthaxanthin in E. coli did not lead to the production of a binding complex (data not shown). We also stimulated ActR-13023 with canthaxanthin for evaluating its binding properties. Molecular docking studies suggested that the docking surface was in a position like that in XR; binding with salinixanthin was promoted; however, the binding constant could not be estimated (Supplementary Figure S1C). The carotenoid’s molecular weight isolated from the strain showed 591.4946 in molecular mass, which was greater than those of lycopene (536.8) and canthaxanthin (564.8), suggesting a distinct structure of this carotenoid. AcI actinobacterial gene transcription has been challenging to study. While the isolation of several carotenoid-related genes from the strain had been attempted, but the carotenoid had been unsuccessful. Light-driven outward proton pumping by native cell was significantly stronger than that in ActR-13023-overexpressed E. coli, which suggested the carotenoid’s critical role for light-driven proton pumping by ActR-13023. Molecular docking results suggested the interaction of canthaxanthin containing helices E, F, and G. However, the titration of canthaxanthin with purified ActR-13023 and co-expression did not show the binding property. This suggested that despite a similar binding pocket on helices E and F, microbial rhodopsin might exhibit selectivity toward secondary chromophores. The carotenoid from the strain may contain a unique structure compatible with ActR-13023. It will be interesting to elucidate the mechanism of dual chromophores (retinal/carotenoid) in actinorhodopsin. Our results showed that the actinobacterial carotenoid barely penetrated the cell membrane; therefore, the secondary antenna might be synthesized within the cell, or a specific carotenoid uptake mechanism may be acquired to obtain it via exogenous sources. Notably, ActR-13023 followed a rapid photocycle with the return to the ground state with a half-time of 7.2 msec. It exhibited proton pumping activity comparable to that of other well-known proton pumps such as proteorhodopsin. The potential of actinorhodopsin with dual chromophores in the aquatic environment on the earth’s surface may play a critical role in solar energy capture. Effective solar bio-energy conversion may serve as a helpful strategy against climate change issues, besides having other applications, and the role of ActR for solar energy capture in microbial communities could be the contribution to the ecosystem.
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Proton release and uptake induced by metabolic activities were measured in non-buffered cell suspensions by means of a pH electrode. Recorded data were used for simulating substrate turnover rates by means of a new freeware app (proton.exe). The program applies Michaelis-Menten or first-order kinetics to the metabolic processes and allows for parametrization of simultaneously ongoing processes. The simulation includes changes of the transmembrane ΔpH, membrane potential and ATP gains, and demonstrates the principles of chemiosmotic energy conservation. In our experiments, the versatile sulfate-reducing bacterium Desulfovibrio desulfuricans CSN (DSM 9104) was used as model organism. We analysed sulfate uptake by proton-sulfate symport, scalar alkalinization by sulfate reduction to sulfide, as well as nitrate and nitrite reduction to ammonia, and electron transport-coupled proton translocation. Two types of experiments were performed: In oxidant pulse experiments, cells were kept under H2, and micromolar amounts of sulfate, nitrate or nitrite were added. For reductant pulse experiments, small amounts of H2-saturated KCl were added to cells incubated under N2 with an excess of one of the above-mentioned electron acceptors. To study electron-transport driven proton translocation, the membrane potential was neutralized by addition of KSCN (100 mM). H+/e– ratios of electron-transport driven proton translocation were calculated by simulation with proton.exe. This method gave lower but more realistic values than logarithmic extrapolation. We could verify the kinetic simulation parameters found with proton.exe using series of increasing additions of the reactants. Our approach allows for studying a broad variety of proton-related metabolic activities at micromolar concentrations and time scales of seconds to minutes.

Keywords: vectorial proton translocation, dissimilatory sulfate reduction, dissimilatory nitrate reduction to ammonia, ATP synthase activity, Desulfovibrio desulfuricans, Michaelis-Menten kinetics, proton-sulfate symport


INTRODUCTION

All living cells, mitochondria, chloroplasts or bacteria cause various types of pH changes. First, production or consumption of acidic or basic metabolites results in permanent pH effects. As such reactions change the amount of protons in the system they are named scalar. By far more common are vectorial processes which translocate protons or metabolites across a membrane without changing their overall amount. The resulting pH effects are transient and compensated by counteracting cyclic transport processes. Some vectorial processes – named electroneutral – are not going along with a net charge transfer (e.g., transport of an anion A– in symport with a single proton H+). By contrast, electrogenic transport (e.g., symport of 2 H+ per anion A–) affects the electrical potential across the membrane. The most important electrogenic vectorial processes are proton translocation during respiration and photosynthesis, which build up the proton-motive force (pmf, composed of the trans-membrane proton gradient, and membrane potential). The pmf is then used to drive ATP conservation by the membrane-bound ATP synthase (or simply ATPase), which is also an electrogenic proton transport system. As the ATPase takes up 3–4 H+ per ATP (Cross and Müller, 2004; Steigmüller et al., 2008; Petersen et al., 2012), which before have been pumped out driven by respiratory or photosynthetic electron transport, proton translocation across a membrane is the most common process in living cells. For example, a bacterium respiring a single molecule of glucose with oxygen gains about 30 ATP (Rich, 2003). This involves vectorial translocation of up to 120 protons by the respiratory chain, which will be taken up again by the ATPase. Thus, up to 240 protons per glucose are translocated across the membrane.

Scalar consumption or production of protons can easily by recorded by means of a pH electrode. Vectorial proton transport, however, often remains invisible as the cyclic compensation processes are rather fast. Particularly, electrogenic protons are drawn back immediately by the membrane potential. Therefore one has to neutralize the membrane potential for measurements of electrogenic proton translocation. For this purpose, potassium thiocyanate (KSCN) can be used (Mitchell and Moyle, 1967, 1968). The chaotropic SCN– ion is known to be membrane permeant, thus compensating electrogenic processes and slowing down vectorial proton backflow.

In our study we analysed H2 oxidation by the versatile sulfate reducer Desulfovibrio desulfuricans, that is able to utilize nitrate, nitrite, or sulfate as electron acceptor (Steenkamp and Peck, 1981; Seitz and Cypionka, 1986; Dilling and Cypionka, 1990). Both sulfate and nitrate reduction cause scalar alkalinization of the outer bulk medium. While nitrate reduction presumably proceeds in the periplasm (Marietou, 2016), sulfate reduction is known to proceed intracellularly. We have to consider several proton-related transport processes and scalar pH changes (Figure 1).
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FIGURE 1. Proton-related processes in Desulfovibrio during sulfate reduction with hydrogen. (A) Electroneutral proton-sulfate symport; (B) electrogenic proton-sulfate symport; (C) release of H2S by diffusion and partial dissociation to H+ + HS–; (D) ATP synthase; (E) proton-translocating electron transport chain; and (F) periplasmic hydrogenase coupled to cytochrome c that channels electrons into the cell by vectorial electron transport. Red arrows point to electrogenic vectorial processes.


Desulfovibrio species possess periplasmic hydrogenases which allow for generating proton-motive force by a special mechanism named vectorial electron transport (Figure 1F, Badziong and Thauer, 1980; Marietou et al., 2005; Duarte et al., 2018). The 2 H+ produced by H2 oxidation remain in the periplasm and in equilibrium with the bulk medium until they are taken up via the ATPase (Figure 1D). The electrons derived from H2 are channeled electrogenically into the cell via cytochrome c. The eight reducing equivalents (H+ + e– or [H]) consumed during sulfate reduction are thus entering the cell via electrogenic processes (Figure 1). Additionally, sulfate reducers have proton-translocating electron transport chains (Figure 1E) allowing for translocation of more than 1 H+/e– (the maximum gain possible with vectorial electron transport).

The cells take up sulfate in symport with protons (Cypionka, 1987, 1989, 1994; Marietou et al., 2018). During growth with excess sulfate, the symport is electroneutral (Figure 1A), while sulfate limitation induces electrogenic symport, which is faster and allows for 1000-fold intracellular sulfate accumulation (Cypionka, 1995, Figure 1B). Sulfate reduction forms cytoplasmic HS– and H2S. Unlike HS–, H2S is an uncharged small molecule, and membrane permeant. It leaves the cell by diffusion (Figure 1C) and thereby exports two bound protons, just the amount taken up during electroneutral symport with sulfate. Sulfate reduction will therefore not affect the intracellular proton balance and pH. Outside, H2S dissociates partially to 0.5 HS– + 0.5 H+ causing a slight acidification. The scalar alkalinization of the bulk medium of 1.5 H+ per reduced sulfate is thus brought about by loss of 2 H+ during the initial proton-sulfate symport and a compensation of 0.5 H+ when the released H2S partially dissociates in the bulk medium.

Sulfate transport and scalar alkalinization by sulfide production run simultaneously with the different electrogenic processes described in Figures 1D–F. To visualize and separately assess the electrogenic processes, we performed experiments with a neutralized membrane potential, and we added pulses of either electron acceptor or donor to non-buffered cell suspensions.

In order to simulate the simultaneously ongoing processes, we developed a freeware app (proton.exe) describing the metabolic activities by Michaelis-Menten kinetics or – for the ATPase rate – first order kinetics. With its help one can model the ATP gain and changes of the proton-motive force as well. The simulation is applicable to physiological studies with all bacteria that perform proton-related metabolism, could also be used with mitochondria, phototrophic bacteria or chloroplasts, and demonstrates chemiosmotic energy conservation in general.



MATERIALS AND METHODS


Organism and Cultivation

Experiments were carried out with Desulfovibrio desulfuricans strain CSN (DSM 9104), grown in a pH-controlled chemostat as described by Cypionka (1986), but without sulfide recording. The reservoir medium was the freshwater mineral medium described by Cypionka and Pfennig (1986), containing lactate (30 mM) and either sulfate or nitrate as an electron acceptor in limiting concentrations (10 mM). The culture was gassed with N2. CO2 was additionally supplied by the pH regulator set to maintain a pH of 7.0.



Preparation of Cell Suspensions

The chemostat outflow was collected on ice under N2 atmosphere. Cells were harvested by centrifugation (9.950×g, 20 min, 4°C, Beckman JA-10), washed once and resuspended in N2-saturated 150 mM KCl as described by Kirchhoff et al., 2018.



Set-Up for Physiological Experiments

Washed cells were diluted with KCl (150 mM) to obtain an OD436 (Biochrom Libra S12 UV/Vis Spectrophotometer) between 5 and 40 and a final volume of 2 ml. Experiments were carried out at 30°C in a reaction chamber equipped with a pH electrode (Inlab Micro, Mettler Toledo) and magnetic stirring. Anoxic conditions were obtained by sealing the chamber with a rubber stopper and flushing it with either H2 or N2 by fine cannulas for 10 min. After the suspension was filled into the chamber, it was bubbled with the respective gas and cells were allowed to equilibrate for 30 min. After this pre-incubation, only the headspace was flushed with gas. Proton translocation was measured using the method described in former studies (Cypionka et al., 1984; Fitz and Cypionka, 1989; Kirchhoff et al., 2018). The membrane potential of the cells was neutralized by addition of 100 mM KSCN. As described above, the membrane-permeable SCN– anions are known to distribute over both sides of the membrane and compensates any electrogenic solute transport by migrating across the membrane. Two types of experiments were performed: In oxidant pulse experiments, cells were incubated under H2 to provide an excess of the electron donor. Then micromolar pulses of various electron acceptors (Na2SO4, NaNO3, and NaNO2) were added from 1 mM N2-flushed stock solutions. For reductant pulse experiments, the cell suspensions were preincubated with either Na2SO4 or NaNO3 (10 mM) under N2. Subsequently, H2-saturated KCl (150 mM, assumed to contain 680 μM H2 at 25°C, Crozier and Yamamoto, 1974) was used to add reductant pulses.

N2-flushed 1 mM HCl and KOH (in 150 mM KCl) were added to calibrate the pH measurement and to titrate the suspension back to a neutral pH. pH changes were recorded by an AD converter (ADC-16, Pico Technology).



Short Description of proton.exe

pH recordings were simulated by means of proton.exe. This freeware app (Cypionka, 2021, see Supplementary Material for download and tutorial videos) allows for modeling of metabolic processes coupled to chemiosmotic energy conservation in bacterial cells, and generates simulated pH curves resulting from metabolic processes. A freeware app (Glass2k.exe) was used to get semi-transparent windows allowing for overlays of measured and simulated pH curves. For fitting the results with real pH data, one enters technical calibration parameters of the assay like buffering capacity, sensitivity, and response time of the pH electrode. Some biological parameters describe the cell suspension, e.g., cell number and size, membrane potential, number of protons translocated per electron by the electron transport system, as well as the numbers of protons taken up per ATP, and the ATPase rate. If some of these data are not known one can start with arbitrary numbers and learn how those change the simulated pH curves. proton.exe can be used without real data. Furthermore, it calculates ATP gains and changes of the proton-motive force. The metabolic reactions are started by (virtual or real) additions of micromolar pulses of electron donors or acceptors.

Uptake and metabolic rates (v) are assumed to depend on the substrate concentration [S] and calculated once per second assuming Michaelis-Menten kinetics according to:
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with an estimated maximum rate Vmax, and Michaelis constant KM.

For proton uptake rates by the membrane ATPase first-order kinetics is assumed, i.e., the dependence on the proton gradient across the membrane (ΔpH, difference to the start value ΔpH0, which is assumed to be in equilibrium):

[image: image]

with A as the ATPase H+ uptake rate per sec.

The simulation not only generates virtual pH curves, but also calculates the corresponding concentration changes of reactants and products as well as the ATP gain. The components of the proton-motive force, i.e., ΔpH and membrane potential are calculated as well. The calculated membrane potential, however, is not used as driving parameter for the simulation as the membrane potential in our proton-translocation experiments was neutralized by KSCN. proton.exe shows the concentration changes over time graphically and saves the parameters used together with the simulation results in the csv format that can be read by any text editor or spread-sheet program.



Assessment of the Simulation Quality

All experiments were repeated at least four times. Standard deviations between measured and simulated data were determined with Excel by pairwise comparison. The simulations reached similarities to the original data curves of 86–97% (Supplementary Table 1), with the deviations mainly arising from scattering of the original data. Lower similarities were obtained for calibration pulses, which can be explained by temporary local concentration peaks, generated when HCl pulses were added close to the pH electrode sensor tip.

To check the relevance of the simulation parameters, we did series of experiments changing only the amounts of added oxidant or reductant. By this approach, the concentrations of the metabolites were changed and gave corresponding reaction kinetics. Simulation was performed the same way with all parameters but the added amounts kept constant. As both Michaelis-Menten and first order kinetics describe concentration-dependent reaction rates the accuracy of our simulations proved that we were applying realistic values.



RESULTS


Scalar pH Changes Caused by Sulfate and Nitrate Reduction

Figure 2 (data from Krekeler and Cypionka, 1995) shows a cell suspension of Desulfovibrio desulfuricans reducing additions of sulfate and nitrate with H2 as electron donor. Nitrate was reduced more rapidly than sulfate. The reactions consume 1.5 H+ per sulfate and 2 H+ per nitrate according to the Eqs 1, 2:
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FIGURE 2. Scalar pH changes correlated with sulfate and nitrate reduction by Desulfovibrio desulfuricans CSN. A cell suspension with OD436 = 1 was incubated at 30°C in H2-saturated 150 mM KCl, before small pulses of 1 mM Na2SO4, NaNO3, or HCl (in 150 mM N2-flushed KCl) were added. The red dots show the simulation obtained with proton.exe (parameters see Supplementary Material, standard deviations see Supplementary Table 1). *Data from Krekeler and Cypionka, 1995. Note that a satisfying simulation was obtained only if additions of 15 nmol sulfate and 22.5 nmol H+ (second calibration pulse) were assumed, while the original publication says 20 nmol sulfate and 30 nmol H+. Even without simulation by proton exe, it is obvious that the second H+ pulse gave a far smaller response than the 30/40 of the first one of 40 nmol H+. Further sulfate and H+ additions in the original experiment (Krekeler and Cypionka, 1995) confirmed the scalar consumption of 1.5 H+ per reduced sulfate.
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To obtain the correct scalar pH effects, the equations are written for pH = 7 and regard the pK values of H2S/HS– (7.0) and NH4+/NH3 (9.3). Proton quantification was done by adding calibration pulses of a few nanomoles H+ (as 1 mM HCl in 150 mM N2-saturated KCl), which also helped to keep the pH of the non-buffered suspension constant. Although not essential for the simple curves in Figure 2, we used proton.exe to model the reaction kinetics. The scalar pH effects of sulfate and nitrate reduction were compensated by H+ additions according to the Eqs 1, 2 (see Supplementary Material for simulation data files and tutorial #3). However, the simulation led to the discovery of an error in the originally published figure. Both, sulfate reduction and the second H+ calibration pulse could only be simulated correctly if 25% smaller additions than originally published were assumed (see legend of Figure 2). When we had published this experiment (Krekeler and Cypionka, 1995) the discrepancy had been overlooked.



Transient Vectorial pH Changes Related to Proton-Sulfate Symport

The pH curves during sulfate reduction did not always look like the one in Figure 2. Depending on the physiological state of the cells, a rapid and transient initial alkalinization occurred (Figure 3). Sulfate limitation is known to induce high-affinity sulfate uptake systems which accumulate sulfate in symport with protons (Cypionka, 1987, 1989, 1994). Furthermore, starved cells often do not reduce added sulfate immediately, probably because they have a low internal level of ATP, which is required for sulfate activation. The initial disappearance of two protons can be explained by rapid sulfate uptake via symport with protons. Intracellular sulfate reduction started with a delay and then caused a slight acidification, when H2S was diffusing through the membrane and outside partially dissociated to 0.5 HS– + 0.5 H+ (Figure 1C). The high-accumulating sulfate transport is electrogenic and probably takes up 3 H+ per sulfate (Cypionka, 1989, 1994). The electrogenic third proton, however, will be invisible as long as the cells have their normal membrane potential that will rapidly compensate electrogenic proton transitions (see section “Discussion” and tutorial videos).
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FIGURE 3. Sulfate reduction by Desulfovibrio desulfuricans CSN grown under sulfate limitation. Conditions as described in Figure 1, data from Cypionka (1995). Additionally to the pH curve, sulfate uptake and sulfide release were simulated by means of proton.exe (parameters see Supplementary Material, standard deviations see Supplementary Table 1). The simulation includes initial proton-sulfate symport followed by sulfate reduction and release of H2S part of which dissociating to H+ + HS–.


Kinetics of sulfate uptake and subsequent reduction could be modeled by proton.exe. An accurate simulation (Figure 3, see Supplementary Material for the parameters used) was only obtained if it was assumed that sulfate reduction started after completion of sulfate uptake. Sulfate uptake not coupled to immediate reduction has been reported already by Cypionka (1987; 1989; 1994). The delayed sulfide production was verified by means of a sulfide electrode, when this experiment was published first (Cypionka, 1995). The corresponding bulk sulfate and sulfide concentrations were calculated by proton.exe as well (Figure 3).



Vectorial Proton Translocation Driven by Electron Transport

In order to study electron-transport driven vectorial proton translocation, the membrane potential of the cells was neutralized by preincubation with KSCN, which did not change the overall reaction rates and final scalar pH changes. However, additional peaks indicating electron-transport driven proton translocation became visible (Figure 4). As expected, these peaks were transient as the protons simultaneously flow back via the membrane ATPase. The full amount of translocated protons is therefore not detectable by a pH electrode.
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FIGURE 4. Oxidant pulse experiment. Proton translocation coupled to nitrate- and nitrite reduction. Nitrate-grown cells were incubated under H2 in the presence of KSCN (100 mM). Sulfate was not metabolized under these conditions. pH curves and proton translocation were simulated by means of proton.exe (parameters see Supplementary Material, standard deviations see Supplementary Table 1). The H+/e– ratio was additionally calculated by logarithmic extrapolation back to the time of electron acceptor addition (see Supplementary Figure 1).


Proton uptake by the membrane ATPase is assumed to follow first order kinetics (Mitchell and Moyle, 1967, 1968), i.e., it should be proportional to the proton gradient across the membrane. Normally, one calculates the number of translocated protons by exponential extrapolation from the final phase, when there is no more electron transport but still ATPase activity going on. For our experiments, we used proton.exe to simulate these processes applying KM and Vmax values to transport and metabolic processes. Simulation gave smaller H+/e– values than extrapolation, which, however, are more realistic (see section “Discussion”).



Vectorial Proton Translocation in Oxidant Pulse Experiments

Two types of experiments were performed to study electron transport-driven proton translocation with sulfate and nitrate. In oxidant pulse experiments washed cells were incubated with KSCN under H2, and micromolar pulses of sulfate, nitrate or nitrite were added.

Cells grown with nitrate as electron acceptor performed rapid proton translocation with both nitrate and nitrite (Figure 4). The pH curves for nitrate and nitrite reduction looked almost identical which indicated that nitrate reduction to nitrite
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is not coupled to proton translocation as already reported by Steenkamp and Peck (1981). Small sulfate pulses added to nitrate-grown cells were not reduced and did not result in proton translocation with nitrate-grown cells (Figure 4). The scalar proton consumption during nitrite reduction followed Eq. 4:
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Simulation of the experiment with proton.exe was done based on the model in Figure 1, assuming periplasmic nitrate- and nitrite reduction (Marietou et al., 2005). We obtained a simulated vectorial proton translocation of 12.2 H+ per nitrate or nitrite, while the extrapolation method gave a value of 14.4 H+. The H+/H2 ratio was lower with nitrate (3 H+/H2) than with nitrite (4 H+/H2) as the nitrate reductase consumes H2 without coupling to proton translocation.



Reductant Pulse Experiments With H2

For reductant pulse experiments, the cells were incubated under N2 with KSCN and with excess sulfate or nitrate. Small pulses of H2 (added as H2-saturated KCl) caused vectorial proton translocation. However, the reactions were slower than in oxidant pulse experiment and, depending on the added amount of H2, steady-state phase of proton translocation and uptake developed (Figure 5). There was no pH effect that could be attributed to sulfate uptake, which obviously had been accumulated sufficiently. Furthermore, there was no scalar alkalinization as described by the Eqs 1, 2, 4. By contrast, with both sulfate and nitrate as electron acceptor, a slight acidification was observed as already reported by Fitz and Cypionka (1989). The pH curves could be simulated by proton.exe. Experiments with three different H2 additions confirmed the simulation quality, when the only simulation parameter changed was the amount of electron donor added (Figure 4).
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FIGURE 5. Reductant pulse experiments. Proton translocation induced by H2 pulses to cell suspensions incubated in N2-saturated KCl with KSCN (100 mM) and (A) sulfate-grown cells with 10 mM Na2SO4 or (B) nitrate-grown cells with 10 mM NaNO3. Three different H2 concentrations were added for each electron acceptor. Correspondingly the simulations by proton.exe differ only by the amounts of electron donor added (parameters see Supplementary Material, standard deviations see Supplementary Table 1).


For experiments with steady-state phases, electron-transport-driven proton translocation cannot be calculated by the logarithmic extrapolation method (see section “Discussion”). With proton.exe, however, we could simulate the experiments applying the same proton translocation of 1 H+/e– (or 2 H+/H2) for both sulfate and nitrate as electron acceptor. This result is in accordance with the assumption that H2 is oxidized by a periplasmic hydrogenase which channels two electrons per H2 into the cytoplasm via cytochrome c (Marietou et al., 2005), while the two protons resulting from H2 oxidation remain extracellular (Figure 1F). This so-called vectorial electron transport (Badziong and Thauer, 1980; Duarte et al., 2018) generates a proton-motive force without requiring proton pumps.



DISCUSSION


pH Recording and Simulation as a Powerful Tool

Acid-base titration is a well-known quantitative method, and pH electrodes are rather sensitive tools. For example, changing the pH by one unit from 7 to 8 (i.e., 10–7–10–8 mol H+/l) in a non-buffered assay, corresponds to a H+ concentration decrease by 90 nM (giving a signal response of −59 mV). The high sensitivity allows for physiological experiments at substrate limitation and natural concentration levels. We demonstrated how to measure the reduction of sulfate and nitrate (Figure 2) and nitrate and nitrite (Figure 4) in the same assay within a few minutes. As many metabolic reactions cause scalar H+ consumption or release, there are many more physiological activities that can be recorded by our approach.

Simulation of the pH curves as done in our study is not required if only scalar pH effects are visible. However, as shown in Figure 2 the simulation lead to the detection and correction of a discrepancy in published data. Although there are several parameters adjustable in proton.exe, the calibration pulses and variations of the additions restrict the simulations and lead to reproducible results.



Vectorial Proton Translocation: Extrapolation Versus Simulation

Knowing the number of protons translocated per electron during electron-transport (H+/e– ratio) is of fundamental importance for chemiosmotic considerations. It is impossible to measure all translocated protons upon addition of a small electron acceptor pulse because the backflow via the membrane ATPase starts immediately while there are still protons being pumped out. Therefore, the classical way to calculate the H+/e– ratio is based on a later phase of the pH curve, when there is no more electron transport going on. The backflow rate is assumed to follow first-order kinetics and to depend on the deviation from the initial transmembrane proton gradient, only. To calculate the number of translocated protons, a semi-logarithmic plot of the pH curve is made, the linear part of which is extrapolated to the time of electron acceptor addition.

Simulation by proton.exe also applies first order kinetics for proton backflow, but instead of a simple extrapolation to the time of acceptor addition it describes the different processes (uptake, reduction, and oxidation) by means of KM and Vmax values. This normally gives lower H+/e+ ratios, which, however, are more realistic. It appears obvious that the proton pumps cannot work at maximum rate at time zero, when the preceding steps (transport, sulfate activation etc.) are limiting factors. Furthermore, the simulation can easily mirror scalar pH effects that go on concomitantly.



Steady-State Phases Are Typical for Reductant Pulse Experiments

Although in reductant pulse experiments the same metabolites are offered as in oxidant pulse assays, the physiological state of the cells is quite different. Here we have excess electron acceptors, and a more positive redox potential due to N2 instead of H2 saturation of the cell suspensions. During the pre-incubation phase the cells will run into depletion of internal electron donors and form oxidized cytoplasmic metabolites, which were reduced instead of sulfate or nitrate when H2 became available. This explains why in reductant pulse experiments we did not find the scalar pH effects predicted by the Eqs 1–4.

We observed electron-transport driven proton translocation with different kinetics under these conditions. The rates were lower and there were steady-state phases of equal proton export- and backflow rates, particularly after increasing H2 additions. Extrapolation of the final phase of proton backflow to calculate the H+/e– ratio is not adequate under these conditions and will give too high values. Simulation of the involved processes, however, is an appropriate approach for the assessment of experiments with steady-state phases.



Using proton.exe to Understand Chemiosmotic Processes

By means of proton.exe not only pH changes and bulk metabolite concentrations are calculated. The simulation also indicates the amounts of conserved ATP with adjustable H+/ATP ratios as well as changes of the proton-motive force and its components. Trying out simulations with varied parameters (see Supplementary Material for the simulation parameters) shows which parameters are limiting the overall reaction rates and provide a deeper understanding of chemiosmotic principles.

Although there are several variables used in proton.exe, the search for the best simulation parameters will lead to similar results, particularly with respect to the limiting factors. We could verify the quality of our simulations by doing experiments with sequentially increasing pulses, thereby challenging the applied kinetic parameters. Variation of non-limiting factors hardly changes the simulation outcome, e.g., if for an oxidant pulse experiment the excess electron donor concentration is varied by a factor of 10 or even 100. Simulation thus unravels the relevant factors (The following examples are explained in the tutorial videos on www.microbial-world.com/proton.htm).


Example: ATPase Rate

It is impossible to simulate the pH curves of oxidant pulse experiments (in the absence of KSCN) if one assumes that there is electron-transport driven proton translocation and an ATPase rate below 0.5 s–1 (meaning that half of the translocated protons are flowing back within a second). Otherwise simulated curves will start to look like those obtained with KSCN. However, if one plots the membrane potential as well, it turns out that the ATPase rates must be much closer to 1.0. Even with a value of 0.95 s–1, the simulated membrane potential transiently increases to values beyond −600 mV (e.g., simulation of sulfate reduction in Figure 1). The latter value is very unrealistic and would make the membrane leaky as shown by Kirchhoff and Cypionka (2017). With an ATPase rate of 0.99 s–1 the membrane potential still changes transiently by −80 mV. In experiments with KSCN, that neutralizes the membrane potential, the ATPase rates in our simulations decreased drastically to values below 0.1 s–1, showing that the membrane potential, and not ΔpH is the major player in chemiosmotic energy conservation.



Example: Cytoplasmic Buffering Capacity

Another simulation result shows the strong buffering capacity of the cytoplasm. Based on unpublished experiments, we assumed in our simulations a buffering capacity of the cytoplasm (1 mV/mM H+ added) ten times lower than that reported for bacilli and Escherichia coli by Krulwich et al. (1985). However, even if with that assumption and with an ATPase rate of 0.95 s–1 (giving the strong response of the membrane potential described above) the cytoplasmic pH changes transiently by only 0.02 units (≅1 mV). This is quite astonishing as a bacterial cell with an cytoplasmic pH of 7.7 harbors only about 5 free H+ (to calculate this consider that pH 8 means 10–8 mol H+ per liter and that the cytoplasmic volume is below 10–15 liter, so there will be 10–23 mol or 6 free H+ in a large bacterium). However, amino acids and nucleic acids effectively buffer the cytoplasm, whereas the membrane potential – although generated by >30,000 charges per cell – is much more sensitive to electrogenic processes.



Example: Electroneutral or Electrogenic Proton-Sulfate Symport

The last example shows why electrogenic proton symport (for example with sulfate) remains invisible to the pH electrode. At non-limiting concentration, sulfate uptake is electroneutral with 2 H+ per [image: image] (Cypionka, 1995), and disappearance of two protons per sulfate can be measured with the pH electrode. During growth under sulfate limitation D. desulfuricans is known to induce an electrogenic proton-sulfate symport mechanism with 3 H+ per [image: image] (Cypionka, 1989, 1994). However, simulation of the two different situations (electroneutrally with 2 H+ per electron acceptor, or electrogenically with 3 H+, with the third H+ lowering the membrane potential by +1 charge) do not show any differences in the pH curves. This can be explained by the extremely fast backflow via the ATPase rate as described above. The only visible change in the simulation is a reduced ATP gain after electrogenic uptake, as one proton less contributes to ATP conservation.



CONCLUSION

Recording and simulating proton-related processes is a powerful approach to assess chemiosmotic energy metabolism at micromolar concentrations and time scales of seconds to minutes. The simulation app proton.exe is unique in relating pH curves (1) to biochemical reactions consuming or producing protons, (2) to proton-anion symport, and (3) to electron-transport-driven vectorial proton translocation. The simulation describes the kinetics of the reactions (KM and Vmax) and displays possible ATP gains and changes of the transmembrane pH gradient and electrical membrane potential. In our study we demonstrated its use with a sulfate-reducing bacterium as model organism. However, comparable simulations are applicable to all bacteria or mitochondria and easily adaptable to light-driven proton translocation by photosynthetic bacteria or chloroplasts.
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Homogeneous Cytochrome 579 Is an Octamer That Reacts Too Slowly With Soluble Iron to Be the Initial Iron Oxidase in the Respiratory Chain of Leptospirillum ferriphilum
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The exact role that cytochrome 579 plays in the aerobic iron respiratory chain of Leptospirillum ferriphilum is unclear. This paper presents genomic, structural, and kinetic data on the cytochrome 579 purified from cell-free extracts of L. ferriphilum cultured on soluble iron. Electrospray mass spectrometry of electrophoretically homogeneous cytochrome 579 yielded two principal peaks at 16,015 and 16,141 Daltons. N-terminal amino acid sequencing of the purified protein yielded data that were used to determine the following: there are seven homologs of cytochrome 579; each homolog possesses the CXXCH heme-binding motif found in c-type cytochromes; each of the seven sequenced strains of L. ferriphilum expresses only two of the seven homologs of the cytochrome; and each homolog contains an N-terminal signal peptide that directs the mature protein to an extra-cytoplasmic location. Static light scattering and macroion mobility measurements on native cytochrome 579 yielded masses of 125 and 135 kDaltons, respectively. The reduced alkaline pyridine hemochromogen spectrum of the purified cytochrome had an alpha absorbance maximum at 567 nm, a property not exhibited by any known heme group. The iron-dependent reduction and oxidation of the octameric cytochrome exhibited positively cooperative kinetic behavior with apparent Hill coefficients of 5.0 and 3.7, respectively, when the purified protein was mixed with mM concentrations of soluble iron. Consequently, the extrapolated rates of reduction at sub-mM iron concentrations were far too slow for cytochrome 579 to be the initial iron oxidase in the aerobic respiratory chain of L. ferriphilum. Rather, these observations support the hypothesis that the acid-stable cytochrome 579 is a periplasmic conduit of electrons from initial iron oxidation in the outer membrane of this Gram-negative bacterium to a terminal oxidase in the plasma membrane.

Keywords: Leptospirillum, cytochrome 579, electron transport, aerobic respiration, cooperative kinetics


INTRODUCTION

Leptospirillum ferrooxidans (Markosyan, 1972; Hippe, 2000), Leptospirillum ferriphilum (Coram and Rawlings, 2002), and Leptospirillum ferrodiazotrophum (Tyson et al., 2005) are species of mesophilic, vibrioid, or spiral-shaped Gram-negative prokaryotes that can be acquired as pure cultures from national/commercial culture collections. Other potential species in that genus, Leptospirillum rubarum (Goltsman et al., 2009), Leptospirillum thermoferrooxidans (Golovacheva et al., 1992; Hippe, 2000), and a group designated as “Leptospirillum group IV UBA BS” (Goltsman et al., 2013), have been reported, but none of these strains is generally available at the present time. All of these organisms are obligately acidophilic chemoautotrophs that are only known to respire aerobically on reduced soluble iron or ferrous iron-containing sulfide minerals to obtain biochemical energy, making them among the most metabolically restricted organisms known. Despite these restrictions, these microorganisms are widely distributed in both pristine and industrial bioleaching environments, where they are frequently thought to be the critical biological catalysts in the metal sulfide biooxidation process (Sand et al., 1992; Rawlings et al., 1999; Rawlings and Johnson, 2007; Garcia-Moyano et al., 2008).

The identities and cellular locations of the respiratory chain components that are responsible for iron oxidation in the Leptospirilli are poorly understood. Prior reductionist studies reported that cell-free extracts derived from iron-grown L. ferrooxidans (Hart et al., 1991), L. ferriphilum (Ram et al., 2005), or a microbial biofilm community with a low diversity of microbes that was dominated by Leptospirillum group II bacteria (Singer et al., 2008) all contained readily discernible quantities of an acid-stable, acid-soluble cytochrome with an unusual absorbance maximum at 579 nm in the reduced state. Although the likely location of this acid-compatible cytochrome 579 was in the acidic periplasm, incomplete reduction of the protein was noted using 30 mM Fe(II) at pH 2.0. Another novel cytochrome with a unique reduced absorbance maximum at 572 nm was purified from the same biofilm communities (Jeans et al., 2008). Cytochrome 572, which was reported to be localized in the outer membrane, was readily and completely reduced by soluble Fe(II) at low pH. These observations led to the working hypothesis that cytochrome 572 was the initial iron oxidase in the outer membrane, while cytochrome 579 served to shuttle electrons from the outer membrane across the periplasm to a terminal oxidase in the plasma membrane. However, the same group also noted that the reactivity of cytochrome 579 was very dependent on the developmental stage of the biofilm (Singer et al., 2010). Thus, cytochrome 579 isolated from early-stage biofilms was much more reactive with Fe(II) at low pH than was cytochrome 579 isolated from late-stage biofilms, an observation that was consistent with the hypothesis that cytochrome 579 might function as an alternative iron oxidase in early developmental-stage biofilms.

This paper describes selected structural and functional properties of cytochrome 579 that was purified to electrophoretic homogeneity from cell-free extracts of the type strain of L. ferriphilum. Although this cytochrome possessed the signature absorbance maximum at 579 nm in the reduced state, it nonetheless differed in a number of ways from the purified cytochromes 579 introduced above. First, the reduced alkaline pyridine hemochromogen spectrum of this protein was different from that of the cytochrome 579 purified from the biofilm community (Singer et al., 2008). Second, this cytochrome appeared to function as an octamer in its native state, while the purified cytochromes 579 from both L. ferrooxidans (Hart et al., 1991) and the microbial biofilm (Singer et al., 2008) appeared to be monomeric in their native states. Last, but not least, the observed pseudo-first order rate constants for the iron-dependent reduction and oxidation of the purified cytochrome exhibited extraordinary positive cooperativity, a property not reported for the other cytochromes 579. Thus, while the rates of reduction of this cytochrome were sufficiently rapid in vitro to be physiologically significant at the high ferrous concentrations achieved in the laboratory, the corresponding rates of reduction were far too slow to be significant at the concentrations of soluble iron likely to be encountered by L. ferriphilum in its natural habitat.



MATERIALS AND METHODS


Cell Culture and Quantification of Bacteria

Leptospirillum ferriphilum DSMZ 14647 was cultured autotrophically on soluble ferrous ions at 35°C in the medium described elsewhere (Tuovinen and Kelly, 1973) adjusted to pH 1.5 and amended with 44 g/L of FeSO4∙7H2O. Larger quantities of bacteria for protein purification purposes were cultured in an apparatus that permitted the in situ electrochemical reduction of the product ferric ions to achieve enhanced yields of the bacteria (Blake et al., 1994). Cells were cultured on a continuous basis in a 45-liter vessel under an applied current of 30 A with a voltage that varied from 4 to 7 V. When suspensions of cells were removed for further experimental purposes, an equal volume of fresh medium was added back to the culture vessel. Cells thus obtained were harvested by centrifugation, washed three times with 0.02 M H2SO4, pH 1.5, and resuspended in sufficient 0.02 M H2SO4 to achieve a stock suspension of 1.5 × 1010 cells per ml. Each stock suspension was stored at 4°C for up to 2 weeks while structural or spectroscopic experiments were conducted on aliquots of the cells.

Bacterial growth was monitored by quantifying bacterial carbon with a Dohrmann DC-190 high temperature carbon analyzer (Rosemount Analytical, Inc., Santa Clara, CA, United States). The premise was that any carbon detected in solutions of inorganic media at pH 1.5 must be proportional to the biomass accumulated by the obligate autotrophs that thrived on that media. Bacterial, or cell-associated, carbon was taken as the difference between the total organic carbon in the cell suspension minus that remaining after the sample had been filtered through a 0.2 μm pore-size filter.

Absolute numbers of L. ferriphilum cells were determined by electrical impedance measurements on a Multisizer 4 particle counter (Beckman Coulter, Inc., Brea, CA, United States) fitted with a 30-μm aperture. The instrument was programmed to siphon 50 μl of sample that contained Isoton II as the electrolyte. The current applied across the aperture was 600 μA. Voltage pulses attendant with impedance changes as particles passed through the aperture were monitored with an instrument gain of 4.



Purification of Red Cytochrome

The purification of cytochrome 579 from cell-free extracts of L. ferriphilum cultured on soluble iron was conducted as described elsewhere (Ram et al., 2005). Briefly, cells were resuspended in 0.01 N sulfuric acid (4 ml/g wet cell paste) and subsequently disrupted by sonic oscillation for 1 min/g wet cell paste at a power output of 125 watts. Care was taken to maintain the temperature of the solution below 7°C. Centrifugation of the sonicate at 10,000 × g for 10 min yielded a red pellet and a cloudy red supernatant. The pellet was resuspended in 0.01 N sulfuric acid (1.5 ml/g original wet cell paste) and centrifuged as described above; the two supernatants were then combined.

The combined supernatants were then subjected to ammonium sulfate precipitation. The bulk of the red cytochrome precipitated between 45 and 95% saturated ammonium sulfate. A red pellet was obtained by centrifugation of the 95%-saturated solution for 20 min at 20,000 × g. The pellet was dissolved in and dialyzed against 0.01 N sodium acetate buffer, pH 5.5. The preparation of red cytochrome was then applied to a column of carboxymethylcellulose equilibrated and developed with the same acetate buffer. All of the colored cytochrome eluted from the column in the void volume. A curious feature of this purification procedure was that the cytochrome that eluted in the void volume of the carboxymethylcellulose column was always observed to be in the yellow-green reduced state, regardless of the oxidation state of the protein when it was applied to the column. The source and identity of the reducing equivalents were not determined. The reduced protein thus obtained was converted back to the red oxidized state after mixing with a few grains of ferric sulfate. The red cytochrome at this point exhibited a single band when analyzed by standard SDS-PAGE. SDS-PAGE under reducing conditions was routinely performed on a Pharmacia Phast™ system using PhastGel gradient 10–15 polyacrylamide gels and PhastGel SDS buffer strips; proteins within the gels were visualized using a standard Coomassie Blue stain. Proteins in solution were quantified using the copper-bicinchoninic acid assay (Smith et al., 1985). The purified red protein was concentrated to approximately 10 mg protein/ml by ultrafiltration through an Amicon Centriprep-30 membrane concentrator and stored at 4°C in 0.001 N sulfuric acid. The red cytochrome remained fully redox-active for at least 6 months under these storage conditions.



Protein Subunit Structural Characterization

Amino terminal microsequencing of the purified red cytochrome was accomplished as described previously (Ronk et al., 1991). BLASTp and tBLASTn sequence similarity searches using default parameters were conducted on non-redundant protein sequences and RefSeq Genome databases, respectively, maintained for those purposes by the NCBI (Claverie and Notredame, 2007). Leptospirillum ferriphilum strains and their corresponding RefSeq assembly accession numbers were as follows: DSMZ 14647, GCF_000755505.1; ML-04, GCF_000299235.1; YSK, GCF_000695975.1; Sp-Cl, GCF_001280545.1; DX, GCF_002002505.1; ZJ, GCF_002002665.1; pb_238, GCF_900198525.1; and CF-1, GCF_001186405.1.

The subunit molecular weight of the purified protein was obtained by liquid chromatography coupled with electrospray mass spectrometry. The protein sample (1.0 μl, 14 pmoles) was injected onto a capillary reversed phase HPLC column (25 mm ID, Vydac C18) developed at 2 μl/min with a linear gradient from 22% A (0.1% trifluoroacetic acid) to 82% B (trifluoroacetic acid/water/acetonitrile, 0.1/9.9/90, v/v/v) over 30 min. The absorbance at 200 nm was monitored on an ATI/Kastos UV detector. The sample was mixed with 2-methoxyethanol (2 μl/min) for introduction into the electrospray on a Finnigan TSQ700 triple quadrupole mass spectrometer.



Native Protein Structural Characterization

The apparent molecular mass of the native cytochrome in solution was measured by two means. The first means involved Rayleigh light scattering analyses on a Dawn DSP laser photometer equipped with multiple detectors (Wyatt Technology Corp., Santa Barbara, CA, United States). The instrument was run in the batch mode with 10 ml of cytochrome sample per measurement. The protein concentrations in these static light scattering measurements ranged from 1.15 to 5.77 μg or purified protein per milliliter.

The second means involved macroion mobility measurements of the purified protein using a model 3980C macroIMS macroion mobility spectrometer from TSI, Inc. (Shoreview, MN, United States). The instrument consisted of a model 3480 electrospray aerosol generator, a model 3080C electrostatic classifier, and a model 3776 macroion/nanoparticle detector. Samples of 320 ng protein/ml were prepared by diluting the 10 mg protein/ml stock solution into 20 mM ammonium acetate. Any nonvolatile salts that were present in the stock protein preparations were sufficiently diluted in the resulting dilute samples such that any spurious nonprotein peaks that were observed at low molecular masses did not interfere with the interpretation of the protein spectra. Control analyses using purified protein that had been extensively dialyzed against 20 mM ammonium acetate demonstrated that neither the apparent mass nor the shape of the resulting protein peak in the macroIMS spectrum were changed by the desalting procedure. The ammonium acetate was prepared fresh weekly and passed through a 0.2 μm filter to remove any traces of particulate matter.



Spectral and Kinetic Characterization of Purified Cytochrome 579

Absorbance spectra were obtained on a Cary 14 dual-beam spectrophotometer as described earlier (Blake and Shute, 1987). The alkaline pyridine hemochromogen spectra of cytochrome 579 were obtained as described elsewhere (Bartsch, 1971).

Kinetic measurements were performed on an RSM-1000™ stopped flow spectrophotometer equipped with a rapid-scan module that permitted the collection and analysis of absorbance data as a function of both time and wavelength (Blake and Shute, 1987). The samples of cytochrome 579 and ferrous or ferric ions were prepared in identical solutions of sulfuric acid, pH 1.5, and added to separate syringes of the stopped flow spectrophotometer. The temperature of the driving syringes was maintained at 35 ± 1°C by circulating water; room-temperature solutions were allowed to equilibrate for 15 min in the driving syringes. Reactions were initiated by rapidly mixing 0.14 ml of the solution from each driving syringe. An operational bandwidth of 1.0 nm provided acceptable signal to noise characteristics between 350 and 700 nm.

Global fits of absorbance changes as a function of both time and wavelength over the 230-nm range of 370–600 nm were accomplished by the singular value decomposition method (DeSa and Matheson, 2004) using analysis software provided by On Line Instrument Systems, Inc., Bogart, GA, United States. The output of applying the singular value decomposition method to each three-dimensional data set of absorbance as a function of time and wavelength generated three products as follows: (i) a matrix of spectral eigenvectors that represented the changes in absorbance for the principal absorbing species; (ii) a matrix of kinetic eigenvectors that represented the mechanism that accounted for the time dependencies of the principal absorbance changes; and (iii) a diagonal matrix of eigenvalues that minimized the differences between the calculated and the observed data.



Phylogenetic Analysis

The alignment of different amino acid sequences was conducted using the MAFFT multiple sequence alignment software (v7.271) with option local pair and maximum iterations of 1,000 (Katoh and Standley, 2013). Maximum likelihood phylogenetic trees were constructed using the IQ-TREE stochastic algorithm (1.6.2; Nguyen et al., 2014). Model selection was conducted with the ModelFinder selection method (Kalyaanamoorthy et al., 2017) with a total of 1,000 boot-strap replicates using UFBoot2 (Hoang et al., 2017) and visualized with SeaView4 (Gouy et al., 2009). Candidatus Manganitrophus noduliformans (WP_168058047.1) was used as an outgroup for cytochrome 579.




RESULTS


Cell Culture by Electrochemical Reduction

A principal practical barrier to fundamental or applied research on L. ferriphilum is simply achieving sufficient cell mass for meaningful studies. Efforts to harvest bacteria cultured on insoluble substrates such as pyrite are hampered by the inability to readily separate the cell mass from the particulate inorganic materials, either insoluble substrates that remain or insoluble products such as jarosite. Efforts to cultivate the same bacteria on soluble ferrous ions at acidic pH are hampered by the discouragingly poor cell yield achieved by typical batch culture. A typical culture of L. ferriphilum yields roughly 10–20 mg wet cell paste per liter of acid ferrous sulfate medium. Greatly enhanced yields of L. ferriphilum cultured autotrophically on soluble ferrous ions were achieved for these studies by the in situ electrochemical reduction of soluble ferric ions using an apparatus described previously (Blake et al., 1994).

Figure 1 shows the accumulation of bacterial carbon as a function of time in electrolyzed ferrous sulfate media inoculated with L. ferriphilum. Electrolytic reduction was initiated when the batch culture had achieved stationary phase (the 0,0 intercept in Figure 1). By reducing the product ferric ions back to the ferrous state at the cathode, the bacteria in the catholyte experienced an endless supply of the growth substrate and continued to prosper until some other factor in the growth medium became limiting. A notable feature of electrolytic growth was the apparent linear, not exponential, dependence of bacterial growth with time. Such linear rates suggest that bacterial growth was limited by some factor that was introduced in a linear fashion. Because the electrical current necessary to maintain a steady state level of iron reduction increased significantly as the cell numbers increased over the time course of each culture, the most likely growth-limiting candidate was either oxygen or carbon dioxide. In any event, every 100 ppm of bacterial carbon was observed to correspond to approximately 1.3 g wet cell paste/liter medium. Thus, 45 L of electrolyzed medium yielded nearly 60 g of the iron-grown L. ferriphilum approximately every 2 weeks.
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FIGURE 1. Enhanced yields of Leptospirillum ferriphilum achieved by in situ electrochemical reduction of soluble iron in the growth medium. Zero time was taken as the start of electrochemical reduction after the culture had already achieved stationary phase on soluble iron in the absence of reduction. The position of the bold arrow corresponds to the replacement of 95% of the cell suspension with fresh growth medium.




Structural Properties of the Cytochrome 579 Polypeptide

SDS-PAGE conducted under reducing conditions revealed that the purified protein was comprised of a single polypeptide with an apparent molecular mass of around 16,000 Daltons. Figure 2A shows SDS-PAGE analyses conducted on five different concentrations of the purified red cytochrome. The purified protein appeared to be a single, albeit somewhat diffuse, band at all concentrations, with no visible evidence of contaminating proteins as revealed by staining with Coomassie Blue.
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FIGURE 2. Masses of the polypeptides present in the preparation of cytochrome 579 purified from cell-free extracts of L. ferriphilum. (A) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of the purified cytochrome under denaturing and reducing conditions. Protein bands were visualized by staining with Coomassie Blue. Lanes 1 through 5 represent 0.85, 1.7, 3.3, 7.5, and 15 μg of purified protein, respectively. The arrows and numbers on the ordinate represent the migration positions and masses, respectively, of stained bands associated with protein molecular mass standards (primary data not shown). The mass standards from high to low were bovine serum albumin, ovalbumin, yeast alcohol dehydrogenase, carbonic anhydrase, bovine chymotrypsin, soybean trypsin inhibitor, and bovine α-lacalbumin. (B) Deconvoluted positive-ion electrospray mass spectrum of purified cytochrome 579, showing the masses of the neutral polypeptides. Inset, primary data of the electrospray mass spectrum of the purified protein, showing the ions formed by multiple attachment of protons to the molecules.


Initial evidence for structural heterogeneity in the purified cytochrome 579 came from liquid chromatography coupled with electrospray mass spectrometry. Figure 2B shows the positive-ion electrospray mass spectrum of cytochrome 579. The main figure shows the deconvoluted spectrum for the neutral cytochrome(s) obtained using operating and analysis software provided with the mass spectrometer. The principal mass peaks observed at 16,015 and 16,140 Daltons may represent two distinct but nearly identical proteins. Alternatively, the small mass difference could derive from missing amino- or carboxyl-terminal amino acids due to proteolysis activity during preparation or from post-translational modifications of part of the sample.

The uppermost line of text in Figure 3A shows the N-terminal amino acid sequence of purified cytochrome 579 as obtained by automated Edman degradation performed on a gas-phase microsequencer. The amino acid chromatograms produced at each cycle of the automated degradation reactions were all consistent with the hypothesis that cytochrome 579 was comprised of a single type of polypeptide chain. That is, each individual chromatogram exhibited one major peak corresponding to the derivatized amino acid released from the polypeptide during that cycle. However, microsequencing analyses performed on internal peptides derived from enzymatic or chemical cleavage of cytochrome 579 also yielded sporadic instances where individual amino acid chromatograms were observed with two major peaks of approximately equal intensity (primary data not shown). These 2-peak chromatograms were frequently interspersed among more routine 1-peak chromatograms generated from the same HPLC-purified peptide(s). One hypothesis that is consistent with these observations was that the purified cytochrome 579 was comprised of two or more different polypeptide chains that were highly homologous, but not quite identical. This apparent heterogeneity in the primary structure of purified cytochrome 579 made the determination of the primary structure by traditional amino terminal microsequencing activities highly unlikely.
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FIGURE 3. Sequence comparisons of cytochromes 579 that could be expressed in different strains of L. ferriphilum. (A) Alignment of amino acid sequences obtained from either the N-terminal amino acid sequencing of cytochrome 579 purified from the type strain of L. ferriphilum or from tBLASTn searches of the genomes of purified strains of L. ferriphilum that are contained in the NCBI database. The amino acids within each shaded rectangle are those that differ from the corresponding amino acids determined in the protein sequencing data presented herein. Beyond amino acid number 40, the individual amino acid peaks in each round of the sequencing became sufficiently small and irregular so as to prevent a confident identification of the amino acid released during each round of degradation. (B) A rooted phylogenetic tree based on seven cytochrome 579 amino acid sequences taken from the proteins represented by the accession numbers shown in (A). The outlying sequence (lowermost item shown in the figure) represents a monoheme c-type cytochrome of similar length present in the genomic sequence of Candidatus Manganitrophus noduliformans. The tree was inferred using the maximum likelihood method with 1,000 replicates. The brackets and Roman numerals identify the two groups of cytochromes 579 that possess different N-terminal signal peptide sequences. (C) Identities and genetic loci of the two proteins in each strain of L. ferriphilum that bear a high level of sequence homology with the cytochrome 579 purified from the type strain of L. ferriphilum. The genetic loci within each rectangle were obtained from the tBLASTn searches conducted on each strain.


The N-terminal sequence of 49 amino acids was used as the query sequence in BLASTp searches of the L. ferriphilum species (taxid 178,606) contained in the NCBI non-redundant protein database (Figure 3A). These protein-protein searches yielded the sequences of seven different proteins that exhibited a high degree of homology to the query sequence. These seven amino acid sequences are aligned in their entirety in Supplementary Figure S1. Each of the seven proteins contained an N-terminal segment of 19–23 amino acids that was tentatively identified as a signal peptide (Ivankov et al., 2013) that targeted the mature protein to the periplasm of this Gram-negative eubacterium. The corresponding N-terminal sequences that remained after the removal of the respective signal peptides are those represented by the seven remaining N-terminal sequences shown in Figure 3A. The homology among these amino acid sequence segments is evident. One other noteworthy feature of these sequence comparisons is that every mature protein in Figure 3A possesses the CXXCH heme-binding motif (between amino acids 45 and 49) that is the only generally recognized signature sequence that is common to all c-type cytochromes.

Figure 3B shows a rooted phylogenetic tree based on eight complete protein sequences, seven homologs of cytochrome 579 and an outgroup protein comprised of a c-type cytochrome present in the genome of Candidatus Manganitrophus noduliformans. Six of the seven sequences fell into one of the two groups associated within the two brackets or clades in Figure 3B that were arbitrarily designated with the Roman numerals I and II. The three proteins within clade I share the same signal peptide sequence, which is different from the signal peptide sequence shared by the three proteins within clade II. The protein represented by the accession number AEQ75424.1 has the same signal peptide sequence as those proteins within clade II. However, the rest of its primary structure is sufficiently different so as to not warrant its inclusion within either of the two clades. It should be noted that the sequence for this latter protein was derived from a community-wide sequencing project, not from a purified strain of L. ferriphilum.

The results of BLASTp searches do not permit one to identify which homologous protein(s) may actually be expressed by individual strains of the same species. Rather, the BLASTp algorithm searches the relevant database for all proteins of all assemblies of the single species, in this case L. ferriphilum. It seemed unlikely that every individual strain of L. ferriphilum contains the genetic material to express all seven of the highly homologous forms of cytochrome 579 that are present in the species. To determine which cytochromes 579 could be expressed in individual strains of L. ferriphilum, translating tBLASTn searches were conducted on the nucleotide assemblies of the seven strains of L. ferriphilum that are currently available (Mi et al., 2011; Cardenas et al., 2014; Jiang et al., 2015; Ferrer et al., 2016; Issotta et al., 2016; Zhang et al., 2017; Christel et al., 2018). These searches were limited to those nucleotide assemblies derived from the genomic sequencing of pure strains; no relevant metagenomic sequence data were considered.

The data in Figure 3C show the results of conducting tBLASTn searches on each of the seven strains of L. ferriphilum that are available in the NCBI database using six of the seven proteins in Figures 3A,B as the queries. Each strain of L. ferriphilum contains the genetic material to express two, and only two, of the seven homologs of cytochrome 579. The corresponding genetic locus for each homolog in each strain is identified in the figure. Further, one of the two genes in each strain codes for a protein contained within one clade in Figure 3B, while the other of the two genes codes for a protein contained within the other clade in Figure 3B. That is, each strain possesses the genetic codes to express one protein from the contents of each of the two clades in Figure 3B. Genomic sequences for the homolog represented by the accession number AEQ75424.1 were not identified in any of these seven strains using the tBLASTn searches.



Structural Properties of the Native Cytochrome 579

The apparent molecular mass of native cytochrome 579 in 0.01 N sulfuric acid was determined by Rayleigh light scattering analysis (Wyatt, 1993). Figure 4A shows a Debye plot obtained with five concentrations of cytochrome 579. Extrapolation of the data to zero angle and zero concentration yielded a weight average molecular mass for the native protein of approximately 125,000 Daltons, a value close to that anticipated for an oligomer composed of eight subunits of approximately 16 kDa each. The oligomeric nature of the native protein was also evident from its chromatographic behavior on gel filtration media. Supplementary Figure S2 shows the behavior of native cytochrome 579 when the purified protein was subjected to column chromatography on Sephadex G-75. Sephadex G-75 has an effective fractionation range for globular proteins between 3,000 and 80,000 Da. The native cytochrome 579 eluted from the Sephadex G-75 column in the void volume, thus indicating that the molecular mass of the native protein was, at the very least, in excess of 80,000 Da.
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FIGURE 4. Size analyses of the native cytochrome 579 purified from cell-free extracts of L. ferriphilum. (A) A Debye plot constructed from static light scattering measurements at different angles and concentrations of purified protein n 0.01 N sulfuric acid. Protein concentrations in μg/ml: 1.15, closed circles; 2.31, open circles; 3.46, closed triangles; 4.62, open triangles; and 5.77, closed squares. R(Ø) is the excess Rayleigh ratio, Ø is the angle between the incident and the scattered light, K is an instrument constant that is determined independently, c is the concentration of cytochrome 579, and 16,464 is an arbitrary constant that permitted an appropriate spread of the data for plotting and visualizing the results. Each datum represents the mean of at least eight determinations. The concentration variations and the angular data were fit with first and second order polynomials, respectively. The dashed lines represent extrapolation to zero angle (horizontal line) and zero concentration (vertical curve), respectively. (B) Macroion mobility spectrum of purified cytochrome 579 conducted at 320 ng/ml. The spectrum consisted of the accumulated counts of 10 repeat scans of 300 s each.


Extrapolation of the data in Figure 4A to zero angle yielded a value for the second virial coefficient (Wyatt, 1993) of cytochrome 579 of 2.3 × 10−4 mole ml/g2, indicating that the cytochrome and the solvent interacted in a positive manner, an observation consistent with the observed acid solubility and stability of the protein. Extrapolation of the data to zero concentration yielded a curve that was approximately linear near the ordinate intercept. A value of 10.5 nm was calculated from the linear portion of the curve for the root mean square radius of native cytochrome 579. The root mean square radius (also known as the radius of gyration) is the value of the average distance between each of the light-scattering centers (the individual atoms) in the macromolecule and its center of mass as it exists in the acidic aqueous solvent.

The apparent molecular mass of native cytochrome 579 was also determined by macroion mobility spectrometry (macroIMS). MacroIMS is an electrospray ionization technique whereby macromolecules with masses that can exceed 1 million Daltons are dispersed from dilute solution into droplets of 100–200 nl in volume (van Duijn et al., 2005; Carazzone et al., 2008). Desolvation of these droplets generates highly charged particles that then pass through a neutralizing/charge reduction chamber (Scalf et al., 1999) where they are converted into neutral and singly charged nanoparticles. The resulting reduced-charge particles are then separated in the gas phase according to their electrophoretic mobility and quantified with a condensation particle counter. When the macromolecules are prepared in a buffer amenable to electrospray, even noncovalent polypeptide complexes that are captured within the nl droplet can be transferred intact to the gas phase (van den Heuvel and Heck, 2004).

The macroIMS spectrum obtained with purified cytochrome 579 is shown in Figure 4B. A single peak was observed with an apparent molecular mass of 135,000 Daltons. The low protein concentration in the analyte solution, 320 ng/ml, was consistent with the expectation that each 100–200 nl droplet was in the “one analyte per one droplet” operating regime. The 5–6% uncertainty in the absolute accuracy of macromolecular masses as determined by macroIMS measurements (Bacher et al., 2001) meant that these mass results were consistent with those obtained by Rayleigh light scattering analyses.



Spectral Properties of the Purified Cytochrome 579

The absorbance properties of the purified cytochrome are illustrated by the spectra in the visible region shown in Figure 5A. The native oxidized cytochrome exhibited a broad absorbance peak at 426 nm. Electrochemical reduction of the cytochrome by soluble Fe(II) produced new absorbance peaks at 441, 540, and 579 nm. These spectral properties are essentially the same as those reported for the prominent cytochromes in cell-free extracts of L. ferrooxidans (Hart et al., 1991) and microbial biofilms collected from an acid mine drainage system at the Richmond Mine (Ram et al., 2005; Singer et al., 2008). The inset in Figure 5A is a difference spectrum of the absolute spectrum of the Fe(II)-reduced cytochrome minus that of the oxidized cytochrome. While the peak at 442 nm in the difference spectrum is reminiscent of that of an a-type cytochrome, the peak at 579 nm is considerably blue-shifted from that anticipated for a typical a-type cytochrome (Smith, 1978). The visible spectrum of the reduced protein did not change when the protein was exposed to saturating concentrations of carbon monoxide, consistent with an overall pattern of hexa-coordinate, low spin ferric, and ferrous hemes.
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FIGURE 5. Visible absorbance spectra of cytochrome 579 purified from cell-free extracts of L. ferriphilum. (A) Spectra of oxidized (dashed line) and reduced (solid line) cytochrome 579 at 160 μg/ml. Both spectra were determined in 0.01 N sulfuric acid at 25°C. The absorbance spectrum of the reduced cytochrome was determined 10 min after mixing the sample of oxidized cytochrome with an excess of ferrous sulfate. Inset, a difference spectrum representing the absolute spectrum of the Fe(II)-reduced cytochrome minus that of the oxidized cytochrome. (B) Alkaline pyridine hemochromogen spectra of cytochrome 579 at 45 μg/ml. Spectra: final spectrum of the ferric heme, dashed curve; and spectrum of the ferrous heme, solid curve.


The alkaline pyridine hemochromes of cytochrome 579 are shown in Figure 5B. The initial spectrum of the ferric protein in alkaline pyridine showed a broad, relatively weak Soret band at 430 nm and a broad visible band at 600 nm (data not shown). This spectrum gradually changed with a half-time of around 6 min to another, more stable, form (dashed curve) with a sharp Soret at 418 nm and a weak visible band at 545 nm. The ferrous spectrum (solid curve) showed typical absorbance band shapes for a low spin α,β-band ferrous heme, except that the α-band was at the unexpected wavelength of 567 nm. The same ferrous alkaline pyridine hemochromogen spectrum was obtained regardless of whether dithionite was added before, during, or after the slow spontaneous transformation evident in the oxidized alkaline pyridine spectra.

Formation of the reduced pyridine hemochrome spectrum represents a powerful technique used to eliminate those differences in the native absorbance spectra of different heme groups due to the surrounding protein (Bartsch, 1971; Berry and Trumpower, 1987). The unusual α-band at 567 nm in the pyridine hemochrome of cytochrome 579 was significantly higher than those of heme b or c (557 and 550 nm, respectively; Berry and Trumpower, 1987) or isobacteriochlorin hemes such as siroheme (557 nm; Murphy and Siegel, 1973), yet significantly lower than those in hemes a (587 nm) or the d-type hemes (618 nm; Berry and Trumpower, 1987; Palmer and Reedijk, 1992). The prosthetic group(s) of cytochrome 579 could not be extracted from the protein by a variety of organic extraction protocols or by thioether bond cleavage reagents typically used to liberate heme c, when applied either with or without prior protein denaturation and digestion with proteases. Simultaneous reduction with mercaptoethanol and alkylation in the presence of 4.0 M 4-vinylpyridine (Ozols, 1990) successfully liberated all chromophores from the apoprotein, indicating that the heme may be covalently conjugated to the apoprotein by a novel sulfhydryl bond. Unfortunately, what appeared to be subsequent polymerization of the liberated hemes produced a series of heterogeneous but closely related fractions from which a single purified component has not yet been achieved or characterized. It was evident, however, that cytochrome 579 represents a heme (or hemes) of novel structure that is unique to respiratory iron oxidation in L. ferriphilum.



Electron Transfer Reactions Between Cytochrome 579 and Soluble Iron

The oligomeric nature of the native protein was also evident from kinetic studies on the oxidation and reduction reactions of the purified cytochrome with soluble iron. Purified cytochrome 579 was redox-active with ferric and ferrous sulfate at pH 1.5. Supplementary Figure S3A shows a series of kinetic scans that were acquired when the purified cytochrome 579 was rapidly mixed with 30 mM Fe(II) in a stopped flow spectrophotometer equipped with a rapid scan module. The Soret peak of the cytochrome shifted from 426 nm in the oxidized state to 441 nm in the Fe(II)-reduced state. Concomitantly, an alpha absorbance band appeared with a maximum at 579 nm. The entire set of kinetic data in Supplementary Figure S2A was described by a single exponential function of time (t):
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where A and B represent the absolute spectrum of the oxidized and reduced cytochrome, respectively, and k is the pseudo-first order rate constant for the absorbance change at all wavelengths within the rapid scan. The value of k that provided the best fit of the above equation to the kinetic data in Supplementary Figure S3A was 2.8 ± 0.2 s−1. Supplementary Figure S3B shows a single kinetic trace extracted from a three-dimensional plot such as that shown in Supplementary Figure S3A, except that the concentration of soluble ferrous iron in S3B was 60 mM. Like the entire data set at all wavelengths, the increase in absorbance at 579 nm that was concomitant with the reduction of the cytochrome 579 fit a single exponential function of time with a pseudo-first order rate constant to 84 ± 5 s−1.

The dependence of the observed pseudo-first order rate constant for the Fe(II)-dependent reduction of cytochrome 579 on the concentration of Fe(II) is shown in Figure 6A. The concentration of ferrous ions had a profound influence on the value of the rate constant. A mere 12-fold increase in the concentration of the reducing agent (5–60 mM) increased the value of the apparent rate constant over 22,000-fold from 3.7 × 10−4 to 84 s−1. The inset in Figure 6A shows a linear plot of the logarithm of the pseudo-first order rate constant as a function of the logarithm of the soluble ferrous iron concentration. The slope of this log-log plot, 5.0, is effectively the Hill coefficient for the reduction reaction and represents the power to which the concentration of ferrous ion must be raised in order to create a linear correlation among the kinetic data.

[image: Figure 6]

FIGURE 6. Reactivity of cytochrome 579 with soluble iron at pH 1.5. Absorbance changes were monitored in a stopped flow spectrophotometer when the purified cytochrome was rapidly mixed with a molar excess of soluble iron. (A) Dependence of the pseudo-first order rate constant for the reduction of oxidized cytochrome 579 on the concentration of ferrous ions. Final concentrations after mixing: cytochrome 579, 8.6 μM; and sulfuric acid, 0.02 M. The curve drawn through the data points was proportional to the concentration of ferrous ions raised to the power of 5.0. Inset, the dependence of the logarithm of the pseudo-first order rate constant on the logarithm of the molar concentration of ferrous ions. (B) Dependence of the pseudo-first order rate constant for the oxidation of reduced cytochrome 579 on the concentration of ferric ions. Final concentrations after mixing: cytochrome 579, 8.2 μM; and sulfuric acid, 0.02 M. The curve drawn through the data points was proportional to the concentration of ferric ions raised to the power of 3.7. Inset, the dependence of the logarithm of the pseudo-first order rate constant on the logarithm of the molar concentration of ferric ions. (C) Dependence of the logarithm of the ratio of the pseudo-first order rate constants for the reduction and oxidation of the cytochrome on the logarithm of the concentration of soluble iron. The reduction potentials for the purified cytochrome on the right ordinate were obtained using a standard reduction potential for the ferric/ferrous couple of 680 mV in 0.02 M sulfuric acid at pH 1.5.


Similar results were obtained when analogous kinetic experiments were conducted on the Fe(III)-dependent oxidation of the reduced cytochrome. The dependence of the observed pseudo-first order rate constant for the Fe(III)-dependent oxidation of reduced cytochrome 579 on the concentration of Fe(III) is shown in Figure 6B. The concentration of ferric ions also had a strong influence on the value of the rate constant for oxidation of the reduced cytochrome. The same 12-fold increase in the concentration of the oxidizing agent increased the value of the apparent rate constant 13,000-fold from 3.8 × 10−3 to 51 s−1. The inset in Figure 6B shows a linear plot of the logarithm of the pseudo-first order rate constant as a function of the logarithm of the soluble ferric iron concentration. The slope of this log-log plot, 3.7, is the Hill coefficient for the oxidation reaction and represents the power to which the concentration of ferric ion must be raised in order to create a linear correlation among the oxidation kinetic data.

Figure 6C shows the dependence of the logarithm of the ratio of kinetic rate constants for electron transfer on the logarithm of the concentration of soluble iron. The ratio of the iron-dependent reduction and oxidation rate constants for cytochrome 579 taken from Figures 6A,B, respectively, comprises the equilibrium constant for the following reaction:

Cyt579(III) + Fe(II) ↔ Cyt579(II) + Fe(III)

The rate and equilibrium constants for this electron transfer reaction are related as follows:

[image: image]

where kred and kox represent the pseudo-first order rate constants for the iron-dependent reduction and oxidation, respectively, of cytochrome 579, ΔE0Cyt579 and ΔE0Fe represent the standard reduction potentials for cytochrome 579 and soluble iron, respectively, R is the gas constant, T is the temperature, F is Faraday’s constant, and n is the number of electrons transferred in the reaction, in this case, one. If the data in Figures 6A,B were simply linear second-order plots, then the resulting logarithm of the ratio of rate constants would be single value that one could use to calculate a single value of ΔE0Cyt579 from the calculated value of ΔE0Fe = 680 mV in 0.02 M sulfuric acid, pH 1.5 (Blake and Shute, 1987; Blake et al., 1991). However, the striking nonlinearity of the kinetic data in Figures 6A,B creates the relationship shown in Figure 6C, where the logarithm of the ratio of kinetic rate constants is itself a linear function of the logarithm of the concentration of soluble iron. This relationship implies that the standard reduction potential of cytochrome 579 is itself a function of iron concentration, which can only happen if soluble iron binds to the octameric cytochrome and thereby influences its electron transfer reactivity and redox potential. At an iron concentration of approximately 40 mM, where kred/kox = 1.0, the reduction potential of cytochrome 579 is equal to that of the soluble iron in sulfuric acid, or 680 mV. At iron concentrations higher than 40 mM, the cytochrome 579 has a higher reduction potential than 680 mV and becomes more oxidizing, while at iron concentrations lower than 40 mM, the cytochrome 579 has a lower reduction potential than 680 mV and becomes less oxidizing. These conclusions are summarized by the corresponding calculated changes in the reduction potentials shown on the right ordinate in Figure 6C.




DISCUSSION

The first notable feature of these results is the unusual absorbance properties of the purified cytochrome. The absorbance maximum at 579 nm in the reduced state is too long for the heme to be a classic b- or c-type heme protein but too short to be an a- or d-type heme protein (Palmer and Reedijk, 1992). This observation is particularly interesting because all seven of the homologous cytochromes 579 identified above contain the CXXCH amino acid sequence that is generally acknowledged to represent a signature sequence for heme binding in c-type heme proteins. While it is evident from Figure 3A that the heme binding motif was only partially sequenced in the purified protein, the amino acids that surrounded the two difficult-to-measure cysteine residues in the motif were nonetheless identical to those in the other cytochrome 579 homologs. Additional evidence that the heme group associated with cytochrome 579 has a unique structure comes from the unexpected absorbance properties of the heme’s reduced alkaline pyridine hemochromogen spectrum. When heme proteins are exposed to strong base in the presence of high concentrations of a nitrogenous iron ligand like pyridine, the heme is released from the denatured protein and pyridines become the heme’s 5th and 6th axial ligands. The absorbance properties of such hemes are entirely dependent on the structures of the hemes themselves and are no longer influenced by their former native environoments in their respective intact heme proteins (Bartsch, 1971; Berry and Trumpower, 1987). The reduced alkaline pyridine hemochromogen absorbance peaks obtained herein at 567 nm in the absolute spectrum and 568–569 nm in the reduced minus oxidized difference spectrum (data not shown) are well-above those of b- and c-type hemes (557 and 550 nm, respectively) and well-below that of a-type hemes (587 nm; Berry and Trumpower, 1987; Palmer and Reedijk, 1992). The reduced alkaline pyridine hemochromogen spectrum of the cytochrome 579 purified from the community biofilm was reported at 587 nm (Singer et al., 2008), which matches that of an a-type heme (Berry and Trumpower, 1987), but does not match that of 567–568 nm reported herein. Of course, the heterogeneous community biofilm could have well-contained relatively higher levels of a-type heme proteins.

A cytochrome with a reduced absorbance peak at 572 nm was produced when a recombinant cytochrome c from Thermus thermophilus was expressed in Escherichia coli and heated to 70°C at neutral pH (Fee et al., 2004). Evidence was presented that one of the two vinyl groups in the heme was oxidized to a formyl group. The standard reduction potential of this recombinant cytochrome 572 was 340 mV, approximately 120 mV more positive than that of the recombinant cytochrome c with two intact vinyl groups. The reduced alkaline pyridine hemochromogen spectrum of this recombinant, heated cytochrome 572 had an absorbance maximum at 581 nm. However, the peak absorbance of the reduced alkaline pyridine hemochromogen of the native cytochrome 572 purified from the microbial community biofilm was given as 568 nm (Singer et al., 2008), which actually matches that reported herein for cytochrome 579 purified from the type strain of L. ferriphilum. It is evident that more experiments are required to clear up these discrepancies. In the meantime, it has become evident that cytochrome 579 represents the product of a novel heme that may potentially interact with the CXXCH sequence motif in a novel manner depending on the nature of any structural modifications in the heme group which have yet to be fully established.

The second notable feature of these results is the realization that the genetic sequences of each of the seven strains of L. ferriphilum that are available at the present time only contain the capacity to express two homologs or isozymes per strain of all the seven possible cytochromes 579. Further, each of the two homologs present in each strain is expressed in conjunction with a different signal peptide. The influence, if any, of these two different signal peptides on the eventual extracytoplasmic localization of the respective cytochromes 579 is unknown. There are literally hundreds of different signal peptides tentatively identified in prokaryotes. For example, careful proteogenomic studies confirmed 156 out of the 337 signal peptides predicted by version 4.0 of SignalP in the complete genome of E. coli strain K-12 (Ivankov et al., 2013). Far fewer, if any, putative signal peptides have been confirmed by actual experimentation in lesser-studied organisms like L. ferriphilum. Is one homolog of cytochrome 579 destined for the periplasm, while the other homolog is destined for the outer membrane? We simply do not know. What we do hypothesize is that both homologs were co-purified from acidic cell-free extracts of the type strain cultured herein on soluble ferrous ions. This hypothesis is based on the following two observations: (i) the deconvoluted positive-ion electrospray mass spectrum of the purified protein shown in Figure 2B provided evidence of two polypeptides that differed by only 125 Da; and (ii) the protein bands in Figure 2A that represented the purified cytochrome 579 at different concentrations were sufficiently diffuse so as to suggest the presence of two polypeptides with molecular masses that were not separable by this technique (16,015 vs. 16,140 Da). Because all of the homologs featured in Supplementary Figure S1 are highly similar with only minor, generally conservative, amino acid differences, it is perhaps not surprising that the kinetic studies conducted herein and elsewhere (Blake and White, 2020) exhibited no evidence of heterogeneity in the purified cytochrome’s functional behavior. Whether the purified cytochrome studied herein is a mixture of two homologs, or a mixture of one homolog with varying degrees of post-translational modification, or some combination of both, the fact remains that the purified cytochrome behaves as would a single homogeneous protein.

The sequence of the first 49 amino acids that was obtained using the purified cytochrome 579 was not identical to those of the proteins with accession numbers WP_036080593.1 and WP_014961757.1, the two homologs of cytochrome 579 expected to be expressed by the type strain (Figure 3C). Likewise, the molecular masses of the two protein subunits presented in Figure 2B did not exactly match those expected from the two homologs in the type strain minus the masses of their respective signal peptides and the associated heme groups. However, it should be noted that others have reported posttranslational modifications and sequence variations of cytochromes 579 present in Leptospirillum-dominated biofilms in different stages of development (Singer et al., 2010). One can also note that the type strain of L. ferriphilum was received in this laboratory from the DSMZ over 20 years ago as an active culture, and that the culture has been maintained by continually passaging the active planktonic culture the entire time. Consequently, it is entirely possible that slight genetic drift has occurred in the cytochromes 579 during that period compared with the cytochromes 579 present in “identical” strains that have been similarly maintained for long periods of time in other laboratories.

The third notable feature of these results is the observation, by two entirely different analytical methods, that the native cytochrome 579 appeared to be an octameric protein over nearly a 20-fold range in protein concentrations. At the lower end of this range, 320 ng/ml or 20 nM in subunits, macroion mobility spectrometry could easily detect sub-nanomolar concentrations of individual subunits or oligomeric proteins of less than eight subunits. This laboratory previously quantified monoclonal antibodies whose antigen binding sites were occupied with 0, 1, or 2 protein antigens when the total antibody concentration was 5 nM, or 10 nM in binding sites (Blake and Blake, 2012). There were no hints of lower-weight protein intermediates in the spectrum shown in Figure 4B. At the higher end of this range, 5.77 μg/ml or 360 nM in subunits, static light scattering measurements could easily detect polymerization of the cytochrome 579 to aggregates greater than eight subunits. If further aggregation had occurred, the weight-average molecular mass on the ordinate intercept would simply have been higher than that shown in Figure 4A. The reasons why the other purified cytochromes 579 do not appear to be oligomeric (Hart et al., 1991; Singer et al., 2008) are not known.

What are the advantages, if any, if cytochromes 579 form octamers in the acidic periplasm of L. ferriphilum? There is no evidence that bulk ferrous ions enter the neutrophilic cytoplasm when L. ferriphilum or related species respire aerobically on their limited range of inorganic electron donors. Thus, whether the electron donor is soluble iron or an insoluble iron-containing sulfide mineral, respiratory electrons must be conducted from the periphery of the Gram-negative organism across the periplasm to a terminal oxidase embedded in the plasma membrane. An impressive volume of work has been reported on prokaryotes that conduct dissimilatory reduction of extracellular soluble and insoluble iron oxides under anaerobic or microaerophilic conditions (Lovley et al., 2004; Weber et al., 2006; Paquete and Louro, 2010, 2014). A comprehensive in silico survey of 594 complete prokaryotic genomes identified 1,659 multiheme c-type cytochromes in 258 of the organisms (Sharma et al., 2010). A clear subset of these 258 organisms had the capacity to express many different multi-heme c-type cytochromes into their periplasm and/or their outer membranes, ostensibly to facilitate the required dissimilatory electron transfer reactions to extracellular soluble and insoluble acceptors. Although L. ferriphilum has not been shown to conduct dissimilatory electron transfer to extracellular acceptors (Weber et al., 2006), its aerobic energy metabolism is totally dependent on electron flow in the opposite direction from extracellular electron donors to the cytoplasmic membrane. Whether an organism expresses one large multiheme protein with 6–10 hemes or eight smaller monoheme proteins that form a stable octamer would seem to make little difference in the final product. We hypothesize that this eight-heme octamer functions to facilitate electron flow across the periplasm of L. ferriphilum during aerobic respiration on extracellular reduced iron.

The oligomeric nature of the native cytochrome 579 was also evident from the fourth notable feature of these results, the extraordinary dependencies of the rate constants for the iron-dependent reduction and oxidation of the cytochrome on the concentrations of soluble iron. The strong kinetic synergy in the reduction and oxidation of the oligomeric protein suggested that there is facile communication among the redox states of the eight heme groups, just as is hypothesized for the individual hemes in the decaheme cytochromes c in Shewanella (Paquete and Louro, 2010, 2014). Although the rates of the reduction of the purified cytochrome at Fe(II) concentrations in excess of 30 mM were clearly sufficiently rapid to be of physiological significance, the corresponding rates of reduction at sub-mM concentrations of Fe(II), conditions that are more likely to be of physiological significance to the intact organism, were far too slow to account for the overall rate of oxygen consumption by these organisms. Others have noted that the iron-dependent reduction of cytochrome 579 is faster and more complete in proteins extracted from early-stage biofilms as opposed to proteins taken from more mature biofilms (Singer et al., 2008). It has even been proposed that the slightly different cytochrome 579 that is expressed in early-stage biofilms could serve as an alternative initial oxidant of soluble iron, along with the cytochrome 572 in the outer membrane (Singer et al., 2010). Do planktonic L. ferriphilum behave more like organisms in early-stage biofilms than do those in later stages of biofilm development?

Of course, conditions experienced by the cytochrome 579 in the crowded, gel-like environment of the periplasm may not have been duplicated by the in vitro kinetic experiments conducted on purified proteins in dilute solutions. Rather, the functional properties of an intact electron transport chain that consists of the sequential transfer of electrons from iron to cytochrome 572 to cytochrome 579 to a terminal oxidase in the plasma membrane are inferred from observations on isolated biomolecules in dilute solutions. This laboratory has utilized an integrating cavity absorption meter to monitor absorbance changes in intact microorganisms as they respire aerobically on reduced iron (Blake and Griff, 2012; Li et al., 2015; Blake et al., 2016; Blake and White, 2020). Kinetic studies conducted on intact L. ferrooxidans (Blake and Griff, 2012) and intact L. ferriphilum (Blake and White, 2020) were both consistent with the hypothesis that reduced cytochrome 579 was an obligatory intermediate in the aerobic iron respiratory chain of both organisms. It is evident that the direct and accurate observation of absorbance changes in situ in intact organisms can be a useful complement to traditional reductionist approaches and to recent advances in proteomic and transcriptomic studies. In the case of L. ferriphilum, the ferrous iron-dependent reduction of the cytochrome 579 in the intact organism was complete within the 1 s mixing dead time of the instrument, even when the soluble ferrous concentration was as low as 50 μM (Blake and White, 2020). It was evident that the rate of the iron-dependent reduction of the cytochrome 579 in situ was far more rapid than was the corresponding rate of reduction of the purified protein in vitro under the same solution conditions. These contradictory observations constitute a cautionary example where a functional behavior that was monitored in vitro did not accurately reflect the analogous functional behavior that was monitored in situ.
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Respiration is a major trait shaping the biology of many environments. Cytochrome oxidase containing heme A (COX) is a common terminal oxidase in aerobic bacteria and is the only one in mammalian mitochondria. The synthesis of heme A is catalyzed by heme A synthase (CtaA/Cox15), an enzyme that most likely coevolved with COX. The evolutionary origin of COX in bacteria has remained unknown. Using extensive sequence and phylogenetic analysis, we show that the ancestral type of heme A synthases is present in iron-oxidizing Proteobacteria such as Acidithiobacillus spp. These bacteria also contain a deep branching form of the major COX subunit (COX1) and an ancestral variant of CtaG, a protein that is specifically required for COX biogenesis. Our work thus suggests that the ancestors of extant iron-oxidizers were the first to evolve COX. Consistent with this conclusion, acidophilic iron-oxidizing prokaryotes lived on emerged land around the time for which there is the earliest geochemical evidence of aerobic respiration on earth. Hence, ecological niches of iron oxidation have apparently promoted the evolution of aerobic respiration.
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INTRODUCTION

Aerobic respiring organisms contain terminal oxygen reductases for energy metabolism at different oxygen levels in the environment. The evolutionary origin of these oxygen-consuming enzymes is unknown (Castresana and Saraste, 1995; Pereira et al., 2001; Han et al., 2011; Sharma and Wikström, 2014). A common class of terminal oxidases is heme A-containing proton pumping cytochrome oxidase (COX), which has a relatively low affinity for oxygen (Han et al., 2011; Degli Esposti et al., 2019) and consequently must have evolved during or after the Great Oxygenation Event (GOE), which produced stable levels of oxygen on earth (Konhauser et al., 2011). COX of the family A of Heme Copper Oxygen Reductases (HCO) is widespread in all kingdoms of life (Castresana and Saraste, 1995; Pereira et al., 2001; Han et al., 2011; Degli Esposti, 2020) due to extensive Lateral Gene Transfer (LGT) (Nelson-Sathi et al., 2015; Soo et al., 2017). Subsequently bacterial COX became the cytochrome c oxidase of mitochondrial organelles. The prokaryotes that initially evolved COX have remained elusive (Pereira et al., 2001; Soo et al., 2017; Degli Esposti et al., 2019; Matheus Carnevali et al., 2019) and, consequently, the origin of aerobic respiration is a major unresolved problem. To address the question of COX origin, we have studied the phylogeny of two proteins specifically required for COX biosynthesis and performed new and expanded analyses on the phylogeny of the major protein subunit of COX. The latter analysis is focused on family A oxidases since the phylogenetic distribution of family B oxidases, which also have heme A, is rather patchy among bacteria. Indeed, it is possible that family B derived from some ancestral family A oxidase (Degli Esposti, 2020). Combined with other findings, our results suggest that family A COX has evolved in ancestors of extant acidophilic iron-oxidizing bacteria.

COX in mitochondria and aerobic bacteria is a multi-protein intrinsic membrane complex with several metal prosthetic groups. Subunit I, COX1, contains two heme A molecules (Figures 1A,B), denoted cytochrome a and a3 in the assembled enzyme, and one copper atom, CuB. COX2 contains two copper atoms in a binuclear center, CuA (Figure 1A). The redox reaction of molecular oxygen reduction at the heme a3-CuB center is coupled to the generation of an electrochemical gradient via conserved proton-conducting channels (Pereira et al., 2001; Ferguson and Ingledew, 2008; Han et al., 2011; Sharma and Wikström, 2014; Degli Esposti, 2020). This gradient drives ATP synthesis and various other energy-demanding functions in the cell.
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FIGURE 1. Energy metabolism and COX gene clusters of iron-oxidizing bacteria. (A) The figure illustrates the electron transport system in the cytoplasmic membrane of iron-oxidizing bacteria and proteins that function in COX biogenesis. The two heme A molecules in the COX1 subunit are indicated by dark green rectangles labeled a and a3. COX2 and other Cu-binding proteins are colored in pale blue, while proteins containing c-type cytochromes (heme C is indicated by the red rectangle) are in dark pink. COX3 and COX4 are abbreviated as 3 and 4, respectively, and are colored in bright green as subunit COX1. OM and IM indicate the outer and inner (cytoplasmic) membrane of the bacterium. Rusticyanin (rus) is shown in multiple copies because it is present in large excess with respect to the other redox proteins of the system (Blake et al., 2016). Cup refers to membrane-bound cupredoxin proteins (Degli Esposti, 2020). TlpA stands for thioredoxin-like protein A, a membrane-bound protein involved in CuA assembly. Thin arrows indicate electron transfer routes while dashed arrows indicate steps in COX biogenesis. The water enzyme product of COX is not shown. The overall scheme of electron transfer from extracellular donors to oxygen reduced in the cytoplasmic membrane applies to a variety of bacteria that have multiheme c cytochromes instead of rusticyanin mediators (Deng et al., 2018). (B) Structure of heme A. The difference of this variant of heme compared to heme B (protoheme IX) is the hydroxyethyl-farnesyl group and the formyl group. (C) Gene clusters for COX in bacteria often contain genes for heme A synthesis (ctaA, ctaB) and COX assembly (ctaG, surf1), as illustrated by representative gene clusters of iron-oxidizing Proteobacterial taxa. The size of the gene symbols is roughly proportional to gene length. hyp, gene for a short hypothetical protein.


Biosynthesis of COX requires multiple proteins that catalyze the formation of heme A, or are involved in the insertion of the metal cofactors and overall assembly of the enzyme in the membrane (Figure 1A). Heme A as a prosthetic group is only found in respiratory oxygen reductases (Hederstedt, 2012). The biosynthesis of heme A from protoheme IX (heme B) involves two enzymes (Figure 1A; Mogi et al., 1994; Hederstedt, 2012). First heme O synthase, CtaB/Cox10/CyoE, catalyzes formation of heme O and then heme A synthase, CtaA/Cox15, converts heme O into heme A. Synthesis of heme A Figure 1B requires ambient oxygen levels (Brown et al., 2002) that were attained in primordial earth only after the GOE. In bacteria, the genes for COX proteins and those for heme A synthesis and COX assembly factors show modularity, i.e., the genes are frequently clustered in the chromosome (Figure 1C). Based on the assumption that COX proteins and protein factors specifically required for COX biosynthesis have coevolved, we analyzed the phylogeny of bacterial CtaA to obtain insights on how COX has evolved. The results prompted us to establish a revised expanded classification of heme A synthases and develop a scheme for their evolution based upon phylogenetic data, which was compared to that of COX1 and the COX-specific assembly factor CtaG to define the likely origin of COX.



MATERIALS AND METHODS


Phylogenetic Analysis

Database searches and genome scanning were conducted by iterative BlastP (Basic Local Alignment Search Tool for Proteins) searches as detailed in the Supplementary Material. Briefly, wide searches expanded to 5000 hits were usually performed with the DELTABlast program using the BLOSUM62 substitution matrix (Boratyn et al., 2012). Integrated searches were expanded in granular detail to recognize established conserved domains of the (super) family to which it may belong (as shown in the NCBI protein website)1 (Lu et al., 2020) preferentially using BlastP and PSI-BLAST searches restricted to 500 hits. Classification of HCO has been undertaken using the bioinformatic classifier available at http://www.evocell.org/hcoevocell.org (Sousa et al., 2011).

Maximum likelihood (ML) trees were initially produced with the MEGA5.2 program to elaborate BLAST outputs and preliminary phylogenetic frameworks (Degli Esposti et al., 2020), with a variety of substitution models (generally the WAG model for multitopic membrane proteins and the Dayhoff or BLOSUM62 substitution matrix for membrane-anchored, predominantly water-exposed proteins, and discrete gamma distribution of four categories to account for evolutionary rate differences among sites and lineages, allowing some sites to be evolutionarily invariable (Tamura et al., 2011). The MEGA program was also used to transform ML trees into ultrametricized trees similar to BEAST tree outputs using the condensed option, with a cut-off of 50% bootstrap support.

Phylogenetic inference was routinely undertaken using either Bayesian or ML probabilistic approaches. We reconstructed ML trees using the more sophisticated IQ-Tree program (Nguyen et al., 2015), normally from its server http://iqtree.cibiv.univie.ac.at/ (Trifinopoulos et al., 2016) with the ultrafast bootstrap option of 1000 replicates and the LG model as in previous publications (Degli Esposti et al., 2019; Spang et al., 2019). Additionally, we used mixture models of amino acid substitution, such as C20 (Le et al., 2008) and EX_EHO (Le and Gascuel, 2010). We found that the EX_EHO model tended to produce trees with stronger support than those obtained with the LG model for CtaA and COX1 proteins, but not with caa3_CtaG proteins, probably because of their limited conservation. ML trees were reconstructed also with the program PhyML 3.0 (Guindon et al., 2010), and generally run from the online platform http://www.phylogeny.fr/index.cgi using the WAG model and the Shimodaira–Hasegawa (SH)-like statistical support analysis. We used the program FigTree 1.4.42 for visualizing trees obtained with various methods.

We preferentially used the BEAST 2.6.2 package for Bayesian phylogenetic inference (Drummond et al., 2006) because of its information-rich outputs (Lee et al., 2013; Drummond and Bouckaert, 2015). Although predominantly utilized for divergence studies of animal species with genes including mitochondrial COX1-3 (Lee et al., 2013; Ratnasingham and Hebert, 2013), BEAST analysis has been applied also to study the molecular evolution of bacterial redox proteins (Khadka et al., 2018; Bouckaert et al., 2019). Manually curated alignments were first loaded into the BEAUti 2 app of the package to prepare.xml files containing the detailed settings for the phylogenetic analysis run with the BEAST program (Bouckaert et al., 2019). Routinely, such settings included: four gamma categories with shape 0.3 (or other empirically estimated values) and proportion of invariant sites from 0.01 to 0.1, depending on the protein and its taxonomic sampling; BLOSUM62 or WAG as substitution models; Relaxed Clock Log model and the gamma option for the Yule birth model (other priors were left in their default setting); at least 2 million iterations for the Markov chain of Monte Carlo analysis with 5 pre-burnin. Trees were stored every 1000 iterations and then usually reduced by 10% burnin to generate Maximal Clade Credibility (MCC) output files with minimal posterior value of 0.1 using the TreeAnnotator app (Drummond and Bouckaert, 2015). MCC trees were graphically elaborated with the FigTree program, which produced a wealth of quantitative data for the various branches (Lee et al., 2013; Khadka et al., 2018), or visualized using the program DensiTree 2 (Bouckaert and Heled, 2014; Drummond and Bouckaert, 2015). In a few cases, we also used the program MrBayes v.3.0b4 as in reference (Degli Esposti et al., 2020).



Protein Sequence Analysis

Given that the quality of phylogenetic trees heavily depends upon the accuracy of the protein sequence alignments upon which they are reconstructed, we performed an in depth analysis of the sequence variation of each protein to guide its proper alignment. This analysis was undertaken by exploiting the versatility of the MEGA programs after importing whole sequences or alignments of multiple sequences downloaded directly from the BlastP searches. An initial alignment of the protein was built with a minimal set of 20 sequences using either the ClustalW or the MUSCLE algorithm within the MEGA5 program (Tamura et al., 2011). The alignments thus obtained contained several gaps that were often unnecessary to maximize for local sequence similarity, as verified by visual inspection; such gaps were then removed along manual refinements conducted with iterative rounds of implementation that were aided by the inclusion, whenever possible, of protein sequences for which 3D information is currently available. The alignments were then progressively enlarged to include sequences that were representative of different prokaryotic taxa in which the protein was found, with additional refinements to accommodate local sequence variations. Short residue gaps that were needed to properly align a single sequence were subsequently deleted along detailed manual refinements of local sequence similarity and congruent hydropathy profile.

The enlarged alignments thus refined were used to build phylogenetic trees encompassing most major molecular variants, as well as the overall taxonomic distribution of any protein studied. Some of the alignments are available upon request. Sequences that produced long branches or displayed high substitution rates were identified by statistical analysis as described in Supplementary Material. Such sequences were subsequently removed, often substituted by sequences clustering in the same subclade that did not display equivalent branch aberrations. Then the set of aligned sequences for a given protein was reduced to simplify tree presentation without altering the tree topology found with larger alignments.

The CtaA, caa3_CtaG and COX1 proteins studied here have multiple membrane-spanning segments (TM). Consequently, we have applied extensive hydropathy analysis to all proteins analyzed, using both the TMpred server https://embnet.vital-it.ch/software/TMPRED_form.html and the TMHMM Server v. 2.0 https://hsls.pitt.edu/obrc/index.php?page=URL1164644151. These programs utilize complementary methodologies that help define the ends of predicted TM (Möller et al., 2001). This sequence analysis was combined with the available 3D structural information for COX subunits (Iwata et al., 1995; Svensson-Ek et al., 2002), and CtaA (Niwa et al., 2018), to define the TM regions and other topological features in distant protein homologs, as in the case of proteins from iron-oxidizers. Membrane topology was graphically rendered with the program TOPO23 and then used as a platform for building the protein models.
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FIGURE 2. Schematic models for various types of heme A synthase. (A) B. subtilis CtaA, based on the reported crystal structure of the protein (Niwa et al., 2018). Residues conserved among type 1.1 CtaA are shown by circles. ECL1 and ECL3 indicate extracellular loops on the periplasmic side (outer side) of the membrane. Heme B (red elongated symbol) occupies the cofactor domain. Disulfide linked cysteine residues in ECL1 and ECL3 are in yellow. (B) Models for type 0 and type 2 CtaA represented by the Acidithiobacillus ferrooxidans and Rhodobacter capsulatus enzymes, respectively. See Table 1 for the classification of CtaA proteins. Residues that are conserved in the sequences of the represented types are shown by circles as in Panel (A).




Other Methods

Genome completeness was evaluated as described previously (Degli Esposti et al., 2019), or using information available in the GTNB database (Parks et al., 2018).




RESULTS AND DISCUSSION


Iron-Oxidizing Bacteria Appear to Have an Ancestral Form of Heme A Synthase

Heme A synthase is required for the biosynthesis of the characteristic heme prosthetic groups in COX. The heme A synthase enzyme protein belongs to the super-family of Cox15-CtaA, cl19388, members of which are widespread among prokaryotes (He et al., 2016). The 3D structure of Bacillus subtilis CtaA has been determined by X-ray diffraction crystallography (Niwa et al., 2018) and that of Aquifex aeolicus analyzed by cryogenic electron microscopy (Zeng et al., 2020). B. subtilis CtaA has 8 TM and two extended extracellular loops, ECL1 and ECL3, each of which contains a conserved pair of cysteine residues linked by a disulfide bond (Lewin and Hederstedt, 2016; Niwa et al., 2018; Figure 2A). Overall, the CtaA protein comprises two nearly superimposable 4-helical bundle domains, with the C-terminal domain binding a b-type heme group via two conserved histidine residues, while the N-terminal domain seems to contain the catalytic site for conversion of heme O into heme A (Figure 2).

Many members of the Cox15-CtaA superfamily lack cysteine pairs in extracellular loops, for example Rhodobacter capsulatus CtaA (Figure 2B) and the eukaryotic Cox15 homologs. These variants have been called type 2 to distinguish them from type 1 proteins represented by B. subtilis CtaA (He et al., 2016). In recent explorative work on CtaA sequences (Degli Esposti et al., 2020) we found more variants, as presented in the expanded classification system (Table 1) and in the unrooted phylogenetic tree of Supplementary Figure 1 (left). We also discovered a potential root for the phylogeny of CtaA in the Domain of Unknown Function 420 (DUF420) that has four TM. CtaM of Staphylococcus aureus, Bacillus anthracis and B. subtilis contain the DUF420 domain and are required for assembly of active COX, but dispensable for heme A synthesis (Hammer et al., 2016; von Wachenfeldt et al., 2021).


TABLE 1. Classification of heme A synthase proteins.

[image: Table 1]
Our comprehensive new classification of heme A synthases (Table 1) is based upon the integration of the molecular features found in all variants present in current NCBI protein resources, including recently added metagenome data, and the consistent phylogenetic pattern of the variants that emerged from multiple approaches of phylogenetic analysis (detailed in the Supplementary Material). The Bayesian tree shown in Figure 3A represents a condensed view of the current phylogenetic distribution of CtaA proteins in prokaryotes, encompassing diverse representatives not only of type 1 and 2, but also members of two variants that we defined recently (Degli Esposti et al., 2020). One such variant is a derivative of type 1, called type 1.5. The other variant could not be fitted in either type 1 or type 2 and hence is called type 0 (Table 1). The type 0 CtaA proteins are very divergent in sequence but contain the invariant residues that are considered crucial for activity of heme A synthases (Hederstedt, 2012) (Figure 2B) and their genes are often present at the end of either the rus operon encoding COX subunits (Figure 1C) or the cytochrome bo3 operon of acidophilic Fe2+-oxidizers (Appia-Ayme et al., 1999; Quatrini et al., 2009; Issotta et al., 2018).
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FIGURE 3. Phylogeny and evolution of heme A synthase. (A) Bayesian Maximal Clade Credibility (MCC) tree obtained with the BEAST package using an alignment of 53 CtaA and 7 DUF420 protein sequences as the outgroup. A similar topology was seen in ML trees obtained with the same alignment and different methods (Supplementary Figure 2 and results not shown). The alignment included 358 amino acid positions. Posterior support is expressed by the size of the dark circles on the nodes, the largest size representing 1 = 100%. Percentage values adjacent to various nodes are additionally shown. (B) Scheme for the molecular evolution of CtaA modelled on the silhouette of the Bayesian tree of bacterial CtaA proteins shown in Supplementary Figure 3. A primordial gene (presumed to encode a 4TM DUF420 protein) was duplicated and fused in tandem to give rise to a gene encoding a type 0-like CtaA protein. During subsequent evolution of CtaA, pairs of cysteine residues in ECL1 and ECL3 have been acquired and lost, depending on the lineage.


Type 0 CtaA consistently forms the basal branch in phylogenetic trees comprising all types of CtaA proteins (Figures 3A, 4 and Supplementary Figures 2–5). This pattern suggests a scheme for the molecular evolution of CtaA proteins (Figure 3B), which fundamentally follows the branching order of Bayesian (ultrametric) trees obtained from comprehensive alignments of the bacterial variants of CtaA. We hypothesize that the gene for a four TM DUF420 protein might have been duplicated and fused to form the gene for the ancestor of all current CtaA proteins (Figure 3B). Type 0 CtaA may constitute the extant descendant of such an ancestral protein, from which the type 2 and type 1 CtaA branched off. This branching might have occurred simultaneously, forming the sister clades that are frequently observed in phylogenetic trees (Figures 3, 4 and Supplementary Figure 3; He et al., 2016; Degli Esposti et al., 2020), or in a rapid sequence of differentiation, in which the cysteine pairs of current type 1.1 CtaA might have been acquired gradually, as suggested by some Maximum Likelihood (ML) trees (Supplementary Figure 4). The latter possibility is sustained by the occurrence of type 1.0 CtaA proteins having only the first cysteine pair and a long ECL1 comparable to that of type 2 CtaA (Table 1). These proteins are clearly different from type 1.0 proteins such as that of S. aureus, which most likely derive from a recent loss of the cysteine pair in ECL3, since they retain the same extracellular loops and closely cluster with type 1.1 CtaA proteins of related taxa such as B. subtilis (Table 1, Figures 3, 4 and Supplementary Figures 3–5). Similarly, type 1.5 CtaA likely derives from secondary losses of both cysteine pairs from type 1.1 proteins of Proteobacteria. As known from experiments with B. subtilis CtaA, the two cysteine residues in ECL1, but not those in ECL3, are important for heme A synthase activity (Lewin and Hederstedt, 2016) and the size of ECL3 can be changed without loss of enzyme activity (Lewin and Hederstedt, 2008).
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FIGURE 4. Phylogeny of CtaA proteins from bacterial and archaeal taxa. (A) Bayesian MCC tree obtained from an alignment of 58 CtaA and 4 DUF420 sequences as in Figure 3A (for a total of 358 amino acid sites), with a chain length of 6.2 million iterations; left, BEAST MCC tree with posterior support in% and node bars expressing the 95%_HPD posterior probability, equivalent to confidence intervals (Lee et al., 2013); right, overlaid 5581 trees in mirror image with the DensiTree program. (B) Majority rule-like ML tree obtained with the same CtaA alignment as in Panel (A) using the MEGA5 program (1000 bootstraps) by collapsing clades with less than 50% support. (C) ML tree obtained with MEGA5 as in Panel (B) without further manipulation. Similar ML trees were obtained with other programs such as IQ-Tree.


In summary, our detailed analysis [see Supplementary Material for the evaluation of potential problems arising from Long Branch Attraction, LBA (Brinkmann et al., 2005; Philippe et al., 2005; Bleidorn, 2017)] strongly suggests that type 0 CtaA constitutes the ancestral form of heme A synthase, or a relative thereof (Figure 3B). Next, we explored the current taxonomic distribution of these proteins that, following our rationale, would define extant taxa possessing early divergent forms of COX.



Taxonomic Distribution of Ancestral CtaA and Ecological Niches for Bacteria With This Type of CtaA

Blast searches with type 0 CtaA protein sequences against the entire nr database produced significant hits with closely related proteins and a few outgroup proteins. Currently there are about 100 recognized type 0 CtaA proteins, the majority of which is coded by the genomes of prokaryotes that share niches of acid soil or hydrothermal environments (Quatrini and Johnson, 2018; Supplementary Figure 6). The taxa of Proteobacteria with acidophilic iron- and sulfur-oxidizing physiology (Acidithiobacillus, Acidiferrobacter and Acidihalobacter spp.) contain the gene for type 0 CtaA as the sole heme A synthase. Intriguingly, several Acidithiobacillus species that lack the rus operon with COX genes also have type 0 CtaA orthologs (Acuña et al., 2013; Issotta et al., 2018). In these taxa, which include At. caldus, At. sulfuriphilus and At. thiooxidans, the gene for type 0 CtaA is usually found at the end of operons encoding orthologs of cytochrome bo3 ubiquinol oxidases. Identification of cytochrome a in the membranes of At. thiooxidans and the isolation of a cytochrome aa3 ubiquinol oxidase from the same bacterium (Sugio et al., 2006) suggest that these Acidithiobacillus spp. have heme A-containing quinol oxidases similar to B. subtilis cytochrome aa3. The distribution of genes for type 0 CtaA is scattered on the chromosome of other Proteobacteria that are not strongly acidophilic.

Biochemical studies on COX have been reported for several thermoacidophilic archaea that often share the same acidic environments with Acidithiobacillus spp., i.e., Sulfolobus (Lübben and Morand, 1994; Castresana and Saraste, 1995; Yarzábal et al., 2004) and Ferroplasma (Yarzábal et al., 2004; Castelle et al., 2015; Blake et al., 2016). However, biochemical information is not currently available for the other prokaryotes that contain type 0 CtaA. Consequently, we had to apply deductive approaches of genomic and sequence analysis to rationalize the peculiar taxonomic distribution of type 0 CtaA and understand its possible relationship with the evolution of COX.



Archaea May Be Excluded From the Ancestry of Heme A-Containing Oxidases

Given the common ecophysiology of the organisms having type 0 CtaA, two alternative hypotheses can explain their current distribution (Supplementary Figure 6). The first hypothesis is that archaea first evolved CtaA and consequently heme A-containing oxidases and then passed the genes to bacteria. The second hypothesis is that ancestors of extant acidophilic bacteria evolved CtaA and COX first and their genes were transferred by LGT to archaeal lineages sharing their same environment. We examined the first hypothesis thoroughly, considering recent reports of Thermoplasmatales oxidases forming the basal branch in COX1 trees (Golyshina et al., 2016; Spang et al., 2019), which would strengthen the idea of archaeal ancestry for COX (Hemp and Gennis, 2008; Ducluzeau et al., 2014). Our phylogenetic analysis focused on archaeal COX proteins of family A. The COX1 proteins of the phylum Ca. Marsarchaeota (Jay et al., 2018) are fusion proteins with a highly divergent form of COX3 and contain two extra TM at the N-terminal end (Supplementary Table 1). This is an ancestral feature shared with diverse bacterial COX1 sequences (Degli Esposti, 2020), but not seen in other archaeal COX1 proteins such as SoxM, which also are COX1-3 fusion proteins (Pereira et al., 2001; Komorowski et al., 2002). Conversely, COX proteins of Cuniculiplasmataceae have been considered to be ancestral to the whole family A (Golyshina et al., 2016). We confirmed the basal position of these variants and found an extra TM at their N terminal end, but noted that genomes of Cuniculiplasmataceae spp. do not contain a gene for CtaA. Hence, their COX likely represents an intermediate in the transition between family A and B oxidases.

Once mapped upon a robust phylogenetic tree of family A and B oxidases (Figure 5), the distribution of an extra TM at the N terminal end and the variants of both the K- and D-channels for proton pumping (Supplementary Figure 7) indicate that the ancestor of archaeal heme A-containing oxidases diverged after the separation of Cuniculiplasmataceae from the ancestral lineage connecting to family B (node 2 in Figure 5). If this hypothetical proto-archaeal lineage contained the ancestor of all heme A-containing oxidases, then the feature of an extra TM at the N terminal end would have been lost at least five times along their evolution. The same ancestor must have possessed the proton conducting K-channel, because the canonical form of this channel is present in both major lineages departing from its node (Figure 5 and Supplementary Figure 7). Consequently, the K-channel would have been independently lost seven times along the evolution of family A oxidases (Figure 5). Moreover, the presence of type 0 CtaA in organisms belonging to both major clades of archaeal family A oxidases implies multiple losses, if its gene were present in the archaeal ancestor (Figure 5). The appraisal of the predictions and implications applied to the tree and data in Figure 5 indicates that the second hypothesis, namely that current archaeal genes for type 0 CtaA proteins have been acquired from bacteria via multiple LGT events, is much more plausible than the first hypothesis stating the opposite. Indeed, several works have suggested or reported LGT events from bacteria to archaea, especially for proteins associated with bioenergetics such as COX (Boucher et al., 2003; Blank, 2009, 2019; Nelson-Sathi et al., 2012, 2015; López-García et al., 2015; Wolfe and Fournier, 2018). Together with our integrated analysis (Figure 5), this evidence for LGT essentially excludes the first hypothesis.


[image: image]

FIGURE 5. Phylogeny of archaeal COX1. Bayesian MCC tree obtained with the BEAST package using an alignment of 28 archaeal COX1 sequences of both the family A and B and two bacterial COX1 from Rhodobacteraceae with known 3D structure as described in the Supplementary Material. The final alignment included 558 amino acid sites. Posterior branch support was 100% except for the three cases where numerals are shown adjacent to specific nodes. The distribution of an extra TM at the N terminal end and of the different variants of the K-channel classified in Supplementary Figure 7, as well as of the D-channel (Degli Esposti et al., 2020), were annotated onto the tree branches using the symbols shown at the bottom of the figure.


Although Thermoplasmatales proteins appear to occupy the most basal branch of COX1 in phylogenetic trees (Figure 6, see also Supplementary File COX1refined100IQTreeEX_EHOFigTreefull.pdf), their clade exhibits a very long branch (Figure 6 and Supplementary Figure 8). An equivalent long branch was observed in ML trees obtained with various methods and tended to cluster together with long branches of bacterial COX1-3 fusion proteins such as those of Thermus spp. (Figure 6, cf. Supplementary Figure 8). As mentioned earlier in connection with CtaA, attraction between protein clades with long branches is a recurrent artifact in phylogenetic analysis (Brinkmann et al., 2005; Philippe et al., 2005; Bleidorn, 2017). Our analysis suggests that the basal position of Thermoplasmatales COX1-3 proteins in trees encompassing most COX subclades analyzed here (Figure 6), as well as in previously published phylogenetic trees (Spang et al., 2019), likely derives from LBA artifacts. Such problems probably arise from the different evolutionary rate of archaeal and bacterial proteins (Blank, 2009, 2019; Da Cunha et al., 2017; Cavalier-Smith and Chao, 2020). Moreover, the basal position of Thermoplasmatales COX1 in phylogenetic trees (Figure 6 and Supplementary Figure 8a) does not reflect their phylogenetic position in species trees of archaea (Blank, 2009; Colman et al., 2018; Wolfe and Fournier, 2018), which is consistent with the relatively recent age of these thermoacidophilic prokaryotes (Blank, 2009; Colman et al., 2018).
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FIGURE 6. Extended phylogenic tree of COX1 from many bacteria and Thermoplasmatales archaea. The ML tree was obtained with the program IQ-Tree using an alignment of 100 COX1 sequences from family A and B oxidases encompassing most subclades analyzed here (Supplementary Table 1). The alignment had 607 amino acid sites and was analyzed with the LG model. Similar trees were obtained with a slightly more trimmed version of the same alignment (Supplementary Figure 8a and separate supplementary file COX1refined100IQTreeEX_EHOFigTreefull.pdf), which had stronger values of%Ultrafast bootstraps support (indicated here by the size of the nodes shown on the left of the figure). The focus of this figure is to show the values for the relative branch length of the various subclades, annotated as raw values obtained from the FigTree program. See Supplementary Figure 8b for the statistical analysis of these values. Note the large values of branch length (highlighted in bold numerals) for the clades including the proteins from Thermoplasmatales and similarly COX1-3 fusion proteins from Proteobacteria and Thermus spp.




Toward a Resolution of the Phylogeny of Bacterial COX1

Given that archaea can be excluded from the ancestry of COX, we next focused our work on bacterial COX to resolve its phylogeny, following the reductionist approaches presented in the Supplementary Material. We started from the observation that no bacterial genome could be found without the concomitant presence of CtaA and family A COX1 genes. We have analyzed all forms of heme A-containing oxidases in currently available genome sequences (Supplementary Table 1) but focus here on those belonging to family A for several reasons. This family is by far the most widespread of the HCO superfamily among living organisms and it encompasses the majority of prokaryotic lineages (see Degli Esposti, 2020 and references therein). In several bacterial taxa, the gene for heme A synthase is associated with the gene cluster of the COX subunits of family A HCO (Degli Esposti, 2020), while this is rarely the case for family B oxidases (Degli Esposti et al., 2019). Furthermore, prokaryotic genomes that encode a single terminal oxidase related to family B, as members of the Cuniculiplasmataceae, do not possess a gene for heme A synthase (Figure 5). Finally, and most importantly, family B oxidases do not present the ancestral features of an extra TM at the N-terminal end and residues typical of the KC-channel that are shared by family A and C oxidases (Degli Esposti, 2020 – see also Supplementary Figure 7).

The phylogeny of bacterial COX1 is much more complicated than that of archaeal COX1, fundamentally because family A oxidases have a very broad phylogenetic distribution encompassing diverse bacterial lineages (Degli Esposti, 2020; Pereira et al., 2001). We have analyzed all COX1 variants found in available genome sequences and found that the great majority of the variants can be divided in about twenty bacterial subclades (Supplementary Table 1). Split gene clusters typically found in late diverging Actinobacteria, such as Corynebacterium spp., have been previously found to cluster with one of the subclades described in Supplementary Table 1 (Degli Esposti, 2020), and were not analyzed here. After this initial selection, we progressively removed the subclades with long branches or fast substitution rate, that were present in phylogenetically broad trees such as that in Figure 6. This strategy was integrated with a novel approach to build COX1 alignments encompassing the N-terminal region so as to minimize LBA artifacts in assessing the phylogeny of bacterial COX1, as described in the dedicated section of Supplementary Material. Using multiple methods of phylogenetic inference, we ultimately concluded that the Bayesian tree shown in Figure 7A represents a most robust phylogeny of bacterial COX1. The tree presents an early separation of the A1 and the A2 type of COX1 from the basal clade containing COXI with 2 additional TM at the N-terminal end (these proteins are abbreviated 2TM) of various lineages, including iron-oxidizing bacteria. This phylogeny was confirmed in ML trees obtained with the same refined alignment (Supplementary Figures 9–12). Moreover, an equivalent topology emerged in phylogenetic trees obtained without family C paralogs as outgroup (Figures 7B,C). Hence, the choice of outgroup proteins used in previous phylogenetic trees does not affect the consistent basal position of the proteins with the ancestral 2TM extra feature, which include all those of iron-oxidizers that have type 0 CtaA.
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FIGURE 7. Phylogeny of COX1 with and without family C outgroup. The illustration combines phylogenetic trees of COX1 obtained with similar alignments of COX1 sequences for a total of 647 amino acid sites. (A) MCC tree obtained with the BEAST program using a chain of 2 million iterations and the BLOSUM62 model applied to an alignment of 37 COX1 and three FixN protein sequences that was refined with the new approach presented in the Supplementary Material (in particular, Supplementary Figures 11, 12). The node indicated with the orange circle is the only one with posterior support below 0.97 (i.e., less than 97%) and was implemented from the tree shown in the related Supplementary Figure 12a. (B,C) Phylogenetic trees obtained with the IQ-Tree program in Panel B and the BEAST program in Panel (C) using the same WAG model as in Panel (A) and an alignment of 52 COX1 sequences without FixN paralogs as outgroup. The programs and node support systems are presented on the top left of each panel. Additional trees obtained with other programs and the same alignment (available upon request) are shown in Supplementary Figures 12a,c. The Bayesian tree in Panel (C) was re-rooted to the branch of acidophilic iron-oxidizers.




Acidophilic Iron-Oxidizers Have an Ancestral Form of the COX Assembly Protein CtaG

CtaG is required for the assembly of CuB in COX1 (Figure 1A). It must be noted that there are two different types of proteins in bacteria that are called CtaG. One is a homolog of eukaryotic Cox11 and present in, for example, P. denitrificans. We present an analysis of this type of protein and its phylogenetic distribution in a dedicated section of the Supplementary Material. The other type is named caa3_CtaG and present in, for example, B. subtilis (Bengtsson et al., 2004). The caa3_CtaG constitutes the focus of our analysis for several reasons. It is a membrane protein with multiple TM (Figure 8A) and its function is intertwined with that of CtaA to form the heme a3-CuB oxygen-reacting center in COX1. Moreover, the gene for caa3_CtaG often clusters with genes for COX in the chromosome (Figure 1C) of taxa that have the deep branching form of COX1 with the 2TM extra feature (Supplementary Tables 1, 2). Considering all these points, the molecular evolution of caa3_CtaG is likely connected with the early evolution of COX in bacteria, while that of Cox11 homologs may be more relevant to the bacterial ancestry of mitochondrial proteins (Degli Esposti et al., 2019).
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FIGURE 8. Membrane structure and phylogeny of caa3_CtaG proteins. (A) Schematic model for the deduced transmembrane structure of B. subtilis caa3_CtaG, which was rendered with the same design as that used for CtaA (Figure 2). Residues potentially acting as Cu ion ligands are indicated with blue circles or pentagons including the invariant D249 (see text). Other highly conserved residues in caa3_CtaG proteins are depicted as in Figure 2. (B) Representative Bayesian tree obtained with the BEAST package using 40 caa3_CtaG sequences that were selected to represent the major clades previously found in wide phylogenetic analysis after removing proteins exhibiting long branches (Supplementary Figures 13, 14a). A similar tree was obtained with ML inference using the IQ-Tree program (Supplementary Figure 14b). The alignment contained a total of 242 amino acid sites. Posterior support of branches is expressed in decimals. (C) Schematic model for the structure of caa3_ctaG of acidophilic iron-oxidizing Proteobacteria, exemplified by that of Acidithiobacillus ferrianus (Norris et al., 2020). (D) The ML tree was obtained with the IQ-Tree program using an alignment of 42 caa3-CtaG sequences including their N terminal part [i.e., not trimmed as in Panel (B)]. The alignment contained a total of 337 amino acid residues and is made available upon request.


There is no available structure for caa3_CtaG nor any paralog. The taxonomic distribution of caa3_CtaG is narrower than that of CtaA. To discern the molecular evolution of caa3_CtaG proteins, we undertook a systematic phylogenetic analysis of all the proteins that show the caa3_CtaG domain and have 6 to 9 TM (Supplementary Table 2). The most common structure is similar to that of B. subtilis caa3_CtaG, with 7 TM (Figure 8A). There are several conserved amino acid residues at the predicted positive (outer side) side of the membrane and which might function as Cu ligands (Degli Esposti et al., 2020), among which aspartate residue 249 appears to be invariant. The number of TM does not necessarily correlate with the phylogenetic position of caa3_CtaG proteins, which consistently cluster in three major clades (Figure 8B and Supplementary Figures 13, 14).

The possible phylogeny of caa3_CtaG proteins is shown by the tree of Figure 8B in its simplest and most robust form. This tree was reconstructed from an alignment of the sequences of 40 diverse proteins that represent the taxonomic breadth of the major clades of caa3_CtaG (Supplementary Table 2) while minimizing the presence of long branches, as described in the dedicated section of the Supplementary Material. The caa3_CtaG proteins of Acidithiobacillus spp. and Acidiferrobacter spp., which are predicted to have 8TM (one additional TM at the N-terminal end), show a different set of potential copper ion ligands than those in most other caa3_CtaG proteins (Figure 8C). However, these proteins maintain the invariant aspartate 249 (B. subtilis caa3_CtaG numbering) at the positive side of the membrane and are recognized as members of the caa3_CtaG superfamily. Using alignments that included also the N-terminal part of caa3_CtaG proteins, which has been routinely trimmed before (as in the alignment used to generate the tree in Figure 8B, cf. [Degli Esposti et al., 2020]), we obtained similar phylogenetic trees (Figure 8D and Supplementary Figure 14). Hence, the basal position of caa3_CtaG of iron-oxidizing Proteobacteria such as Acidithiobacillus spp. was confirmed in multiple ways, consistent with the molecular evolution of CtaA (Figure 3B).




CONCLUSION

This work presents converging evidence suggesting that COX of extant acidophilic bacteria, in particular iron-oxidizing Proteobacteria such Acidithiobacillus and Acidiferrobacter spp., may be the closest to primitive heme A-containing respiratory oxidases. Protein factors specifically involved in biosynthesis of COX have presumably coevolved with COX1, as reflected by the clustering of their genes with those encoding COX proteins. The results of our in depth analysis of two proteins required for the assembly of the oxygen-reacting center in COX, CtaA for the biogenesis of heme A and caa3_CtaG for CuB, strongly support the inferred phylogeny of bacterial COX. Namely, CtaA and caa3_CtaG proteins of iron-oxidizing Proteobacteria form the basal branch in phylogenetic trees obtained with different inference methods and programs of phylogenetic analysis. Once invented, the advantageous bioenergetic capacity of respiration with molecular oxygen via heme A-containing oxidases evidently spread to various prokaryotes (Han et al., 2011; Wikström and Springett, 2020).

Geochemical and ecological evidence sustains the COX phylogeny that emerges from our data. Lithotrophic bacteria, such as Acidithiobacillus spp. and other acidophilic iron-oxidizers can release abundant levels of Cu ions by bioleaching of common crust rocks (Quatrini and Johnson, 2018; Degli Esposti et al., 2020). Cu bioavailability often limits COX biogenesis in aquatic environments, especially in oceans where Cu ion concentrations are normally low (Degli Esposti et al., 2019). The earliest geochemical evidence for bacterial respiration points to ancestral iron-oxidizing bacteria similar to extant Acidithiobacillus spp. as responsible for the acid leaching of soil crust rocks containing metals such as Cu, Cr and Co, which then were washed away from emerged land producing rich deposits in ocean sediments (Konhauser et al., 2011). Metal leaching driven by bacterial respiration lasted only a few hundred million years during and after the GOE (Konhauser et al., 2011). Once surface pyrite minerals were consumed by intense oxidation, COX genes had spread laterally to soil dwelling bacteria with faster growth capacity than the ancestors of extant iron oxidizers. To conclude, the early evolution of COX was apparently promoted by the availability of relatively high levels of oxygen produced locally by Cyanobacteria, combined with the availability of surface pyrite rock material in primordial earth environments.
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Bacterial C-type haem-copper oxidases in the cbb3 family are widespread in microaerophiles, which exploit their high oxygen-binding affinity for growth in microoxic niches. In microaerophilic pathogens, C-type oxidases can be essential for infection, yet little is known about their biogenesis compared to model bacteria. Here, we have identified genes involved in cbb3-oxidase (Cco) assembly and activity in the Gram-negative pathogen Campylobacter jejuni, the commonest cause of human food-borne bacterial gastroenteritis. Several genes of unknown function downstream of the oxidase structural genes ccoNOQP were shown to be essential (cj1483c and cj1486c) or important (cj1484c and cj1485c) for Cco activity; Cj1483 is a CcoH homologue, but Cj1484 (designated CcoZ) has structural similarity to MSMEG_4692, involved in Qcr-oxidase supercomplex formation in Mycobacterium smegmatis. Blue-native polyacrylamide gel electrophoresis of detergent solubilised membranes revealed three major bands, one of which contained CcoZ along with Qcr and oxidase subunits. Deletion of putative copper trafficking genes ccoI (cj1155c) and ccoS (cj1154c) abolished Cco activity, which was partially restored by addition of copper during growth, while inactivation of cj0369c encoding a CcoG homologue led to a partial reduction in Cco activity. Deletion of an operon encoding PCuAC (Cj0909) and Sco (Cj0911) periplasmic copper chaperone homologues reduced Cco activity, which was partially restored in the cj0911 mutant by exogenous copper. Phenotypic analyses of gene deletions in the cj1161c–1166c cluster, encoding several genes involved in intracellular metal homeostasis, showed that inactivation of copA (cj1161c), or copZ (cj1162c) led to both elevated intracellular Cu and reduced Cco activity, effects exacerbated at high external Cu. Our work has therefore identified (i) additional Cco subunits, (ii) a previously uncharacterized set of genes linking copper trafficking and Cco activity, and (iii) connections with Cu homeostasis in this important pathogen.
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INTRODUCTION

Haem-copper oxidases (HCOs) are proton-translocating respiratory complexes widely distributed in both prokaryotes and eukaryotes that contain a bi-nuclear haem-copper site at which oxygen reduction occurs. Three families of HCO can be distinguished based primarily on the sequence similarity of the core subunits. Type A include the cytochrome aa3-type oxidases found in a range of aerobic bacteria and mitochondria, type B includes the ba3 oxidases only found in bacteria, and type C contains the cbb3-type oxidases, which have an integral c-type cytochrome subunit (Pereira et al., 2001). This type of enzyme has a high oxygen affinity and is typically found in a range of microaerophilic bacteria (Pitcher and Watmough, 2004).

Mechanistically, all HCOs operate using a redox loop mechanism for proton translocation across the membrane as well as pumping protons directly. However, while the A-type oxidases have two proton pathways (the D- and K-channels), which are used for water formation from oxygen and transmembrane proton pumping, respectively, the B- and C-types have a single proton pathway located in the same region as the K-channel of A-type oxidases (Buschmann et al., 2010). The stoichiometry of proton pumping by C-type oxidases has been controversial, and the best estimates indicate a H+/e ratio of only 1, which is lower than other types of HCO’s (Rauhamäki et al., 2012). However, working in combination with the quinol-cytochrome c reductase (Qcr) complex, the redox loop mechanism means that a higher overall H+/e ratio can be achieved during electron transfer from quinol to oxygen.

The redox cofactors in the cbb3 type of oxidase are bound to three subunits. CcoN contains a binuclear CuB–haem b3 (high-spin) centre at which oxygen reduction occurs and an additional low-spin b haem. CcoO is a monohaem c-type cytochrome and CcoP is a dihaem c-type cytochrome. Electron transfer proceeds from the C-haems in CcoP to CcoO and then to oxygen via the redox centres in the CcoN subunit. Additional subunits have also been identified, with less clearly defined roles. CcoQ is a small protein needed for stabilising interactions of CcoP with the CcoNO core complex in some species (Peters et al., 2008) and which is commonly encoded in the same operon as the redox active subunits. Additional small subunits in addition to or in place of CcoQ are also found in complexes from different bacteria. The CcoH subunit is now known to be an integral protein in many, but not all purified complexes. Pawlik et al. (2010) demonstrated that biogenesis of CcoNOQP in Rhodobacter capsulatus proceeds via CcoQP and CcoNO sub-complexes, but in the absence of CcoH, neither the fully assembled CcoNOQP nor the CcoQP or CcoNO sub-complex were detectable. CcoH binds to CcoP via its transmembrane domain and stays tightly associated with the active, fully assembled complex. Type C oxidases from some Pseudomonas sp. can contain CcoM, a single transmembrane subunit required for complex stability but not activity (Kohlstaedt et al., 2016; Carvalheda and Pisliakov, 2017). CcoM and CcoQ share low sequence identity and it is thought they have different functions (Kohlstaedt et al., 2016; Carvalheda and Pisliakov, 2017).

A number of additional proteins have been found to be crucial for oxidase biogenesis and in particular for the export of copper to the periplasm and its insertion into the CcoN active site subunit. The ccoG, ccoI, and ccoS genes encode proteins involved in copper handling and export and their roles were first identified in Bradyrhizobium japonicum (Preisig et al., 1996) and further clarified in R. capsulatus (Koch et al., 2000). CcoG contains two cysteine-rich motifs that resemble those encountered in [4Fe–4S] cluster containing ferrodoxins, suggesting it has an oxidoreductase role (Preisig et al., 1996) and it has recently been shown to act as a cupric reductase (Marckmann et al., 2019). CcoI is a Cu-translocating P-type ATPase that transfers copper to the periplasm (Preisig et al., 1996; Koch et al., 2000). CcoS contains no characteristic motifs or homology to characterised proteins (Koch et al., 2000). Studies of the assembly of the cbb3-type cytochrome c oxidase in R. capsulatus showed that in a ccoI deletion strain, the sub-complex CcoNOQ was absent, although monomeric CcoP was still detectable. In the absence of CcoS, the complex was assembled but with no enzymatic activity (Kulajta et al., 2006).

In eukaryotic cells, two key proteins Sco1 and Cox17 are required for the correct assembly of cytochrome c oxidase (Dickinson et al., 2000; Mattatall et al., 2000). The Cox17 protein is believed to be the specific copper donor to the mitochondrial inner membrane bound Sco1 (Horng et al., 2004). Mattatall et al. (2000) reported the discovery of YpmQ, a bacterial homolog of Sco1. Deletion of ypmQ in Bacillus subtilis reduced the expression of cytochrome c oxidase, the level of which was recovered on substituting the growth medium with additional copper. In Deinococcus radiodurans and Caulobacter crescentus, Banci et al. (2005) found a class of proteins of unknown function (referred to as PCuAC) displaying a conserved gene neighbourhood to bacterial sco1 genes, all sharing a potential metal binding motif H(M)X10MX21HXM, and potentially taking the role of Cox17 in bacteria, involving copper delivery to the Cu(A) center in the oxidase. Bacterial PCuAC and Sco protein encoding genes are widespread and often found in the same operon (Abriata et al., 2008). For example in R. capsulatus, SenC, a Sco1-homologue and PccA, a PCuAC-like periplasmic chaperone, have been identified. PccA has been demonstrated as a Cu-binding protein with a preference for Cu(I), which is required for efficient cbb3-Cox assembly, in particular, at low Cu concentrations (Trasnea et al., 2016). Cu is transferred from PccA to SenC and vice versa at similar levels, constituting a Cu relay system that facilitates Cu delivery to cbb3-type Cco (Trasnea et al., 2018). In the absence of PccA, SenC still obtains Cu that is exported by CcoI and facilitates Cco assembly, although with lower efficiency (Trasnea et al., 2018).

In contrast to the extensive information available for oxidase biogenesis and function in well studied model bacteria such as R. capsulatus, much less is known about the oxidases of divergent unrelated bacteria, such as those of the Campylobacterota (formerly Epsilonproteobacteria), containing well known human pathogens in the genera Campylobacter, Helicobacter, and Arcobacter. The microaerophilic C. jejuni is a normal commensal of birds, including poultry, where undercooked chicken is the main source of human infection. It is the most frequent cause of food-borne bacterial gastroenteritis worldwide, leading to an enormous disease buden and serious sequelae such as Guillain-Barré syndrome (O’Brien, 2017). Increasing antibiotic resistance is also a major problem and C. jejuni has been designated a WHO priority pathogen for study.

A cbb3-type cytochrome c oxidase and a cytochrome bd-type quinol oxidase (Figure 1A) are present in the C. jejuni reference strain NCTC 11168 (Parkhill et al., 2000; Taylor and Kelly, 2019) and both oxidases are highly conserved in all other sequenced strains. The cytochrome c oxidase in C. jejuni is currently thought to be encoded by ccoNOQP genes (cj1490c–cj1487c; Parkhill et al., 2000) and has been shown to have a very high affinity for oxygen (Jackson et al., 2007). A ccoN mutant was constructed by Weingarten et al. (2008) and reported to be highly sensitive to oxygen and to exhibit a microaerobic growth defect. Importantly, this mutant was unable to colonise chicks (Weingarten et al., 2008) indicating a crucial role for the Cco enzyme in energy conservation in vivo. A ccoNOQP operon deletion mutant constructed by Liu and Kelly (2015) also had an aerobic growth defect but did not seem to be more sensitive to oxygen than the wild-type and measurements using a fluorescent probe did not show accumulation of reactive oxygen species (ROS). A study of gene expression in C. jejuni growing in the chick caecum also indicated the importance of this oxidase in host colonisation: the cco gene cluster was up-regulated about fourfold, suggesting the bacteria are present in a microaerobic niche (Woodall et al., 2005).
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FIGURE 1. Characterisation of cytochrome c oxidase activity in Campylobacter jejuni. (A) Simplified schematic of electron transport pathways to oxygen. Formate is a major physiological electron donor to the menaquinone (MQ) pool, where electrons can be directed either to the quinol oxidase CioAB or to the QcrABC complex and on to the cbb3-type cytochrome c oxidase CcoNOQP. Ascorbate reduced TMPD specifically acts as a non-physiological electron donor to the CcoNOQP oxidase. Sulphide inhibits activity (—|) (B) Cco activity in wild-type cells grown in Mueller-Hinton medium at different stages of growth, measured as oxygen uptake in a Clark type electrode with ascorbate plus TMPD as electron donor. The data points show the mean rate of three independent experiments with the errors bars showing SD. In many cases the error bars are too small to be seen. Closed circles, OD measured at 600 nm; open circles, specific rate of ascorbate/TMPD driven oxygen uptake. (C) Effect of increasing sulphide concentrations on the rate of ascorbate/TMPD oxidase activity in wild-type (black bars), ccoNOQP deletion mutant (red bars), ccoNOQP complemented strain (ccoNOQP+; green bars) and cioAB mutant (blue bars). The results are shown as the mean% difference in the rate compared to the rate without any sulphide addition. Error bars show SD from three independent experiments. (D) Cco activity measured with ascorbate/TMPD without (−) and with (+) 20 mM sodium formate in the assay. Wild type (black bars), ΔccoNOQP (red bars) and ΔcioAB (blue bars) cells were grown to mid-exponential phase in Mueller-Hinton medium. The data are the average of triplicate cultures with error bars showing SD. Student’s t-tests were performed to test significance (0.01 > **p > 0.001; 0.001 > ***p > 0.0001; 0.0001 > ****p > 0.00001). Raw data for Figures 1–7 can be found in Supplementary Tables 1, 2.


Only the ccoNOQP structural genes for the cbb3-oxidase have thus far been identified in C. jejuni (Parkhill et al., 2000; Taylor and Kelly, 2019) and in particular it is unknown which additional genes/proteins are required for insertion of copper to form an active enzyme. In this work we have tested biogenesis gene function predictions based on homology and gene context by phenotypic analyses of deletion mutants in strain NCTC 11168. Table 1 provides a list of the genes studied. In addition to characterizing the function of CcoG, H, I, S, Sco, and PcuC homologues by such mutant analyses, we also show that several novel genes are required for oxidase activity. The product of one of these (designated CcoZ) has structural similarity to actinobacterial proteins involved in oxidase-cytochrome bc supercomplex formation. Preliminary evidence such an association is presented.


TABLE 1. Genes tested in this work for their role in oxidase assembly, activity and copper homeostasis.
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MATERIALS AND METHODS


Strains and Culture Conditions

Campylobacter jejuni strains were routinely grown at 42°C under microaerobic conditions [10% (v/v) O2, 5% (v/v) CO2, and 85% (v/v) N2] in a MACS growth cabinet (Don Whitley Scientific, Shipley, United Kingdom). Bacterial cells, from frozen stocks, were streaked on Columbia blood agar plates (with appropriate antibiotics) and incubated overnight in the MACS growth cabinet. Material from plates were used for inoculating 25–50 ml starter cultures in Mueller-Hinton broth supplemented with 20 mM L-serine and 10 μg ml–1 each of vancomycin and amphotericin B (MHS broth). Cultures were incubated on a shaker at 150 rpm in the MACS growth cabinet for 6–12 h followed by inoculation into growth cultures to an initial OD600 of ∼0.1. For mutant selection, kanamycin was used at 50 μg ml–1. Minimum Essential Medium alpha (MeMα), (nucleosides added, no phenol red; Life Science technologies) was also used to grow C. jejuni for some experiments (see text). MeMα was supplemented with 40 μM FeSO4, 20 mM Sodium Pyruvate and 20 mM L-Serine.



Copper Sensitivity Assay

Campylobacter jejuni starter cultures were grown as above. Cell pellets were washed by resuspending in 25 ml MeMα minimal media and centrifuged at 12,000×g for 4 min at 42°C. Cells were resuspended in MeMα minimal media and added to 5 ml MeMα (equilibrated for 4 h in a microaerobic environment at 42°C with shaking) in six well plates to make the starting OD600 ∼0.1. The media was supplemented with 0.1–5.0 mM copper sulphate (CuSO4) (Sigma-Aldrich). The six well plates were incubated in a microaerobic environment at 42°C with shaking at 160 rpm until cells reached stationary phase at which point the OD600 was measured.



Cytochrome c Oxidase Activity

cbb3-oxidase activity was measured as the rate of oxygen consumption of cell suspensions in a Clark-type oxygen electrode using 0.25 mM tetramethyl-p-phenylenediamine (TMPD) plus 1 mM sodium ascorbate as electron donor, calibrated using air-saturated 25 mM sodium phosphate buffer (pH 7.4) (220 nmol dissolved O2 ml–1 at 42°C). For wild-type and mutant comparisons, 25 ml C. jejuni cultures were grown until exponential phase in MHS without additions or with 0.25 mM copper sulphate, as required. Cells were pelleted and re-suspended in ice cold 1 ml 20 mM sodium phosphate buffer (pH 7.4) and kept on ice. Total protein concentration of the cell suspension was determined by Lowry assay and the specific rate of oxidation was calculated as nmol oxygen consumed min–1 mg–1 total protein.



Inductively Coupled Plasma Mass Spectrometry of Cell Samples

Fractionation of C. jejuni cell compartments with minimal cross-contamination is challenging so we determined total intracellular metal contents using whole cell samples. Biological triplicate cultures of C. jejuni cells were grown in 500 ml MHS broth and cells were harvested at stationary phase by centrifuging at 17,700×g for 20 min at 4°C. Cell pellets were re-suspended in 10 ml wash buffer (10 mM HEPES, 0.5 M Sorbitol and 100 μM EDTA, pH 7.5) and centrifuged as above. The wash steps were repeated three times but in the third wash, EDTA was omitted from the wash buffer. After the final centrifugation the supernatants were discarded and cell pellets was resuspended in 1 ml concentrated HNO3 (65% v/v) by vortexing. Samples were left in acid overnight and then analysed at the University of Sheffield Inductively Coupled Plasma Mass Spectrometry (ICP-MS) facility.



Isothermal Assembly Cloning and Allelic Exchange Mutagenesis

Isothermal assembly (ISA) cloning was used to generate mutant plasmids for transformation into C. jejuni, in order to delete specific genes by allelic exchange mutagenesis, replacing most of the coding region with a kanamycin resistance cassette derived from pJMK30 (van Vliet et al., 1998). The ISA reactions were performed by assembling 4 PCR amplified fragments; HincII digested pGEM3Zf(–) vector, two regions of ∼500 bp flanking the gene to be deleted, such that only the first few and last few codons of the gene were retained, and the kanamycin resistance cassette to be inserted between the two flanking regions. The kanamycin resistance cassette was amplified from pJMK30 using primers Kan F and Kan R (Table 2). The left flanking region of the gene to be deleted was amplified using primers F1 F and F1 KR (Table 2) and the right flanking region was amplified by F2 KF and F2 R. The F1 F and F2 R primers contain 30 bp adapters for the pGEM3zf(–) vector cut with HincII and the F1 R and F2 F primers contain 30 bp adapters for the kanamycin resistance cassette. All PCR amplifications were performed with Phusion polymerase (NEB). An ISA mastermix was prepared by mixing 40 μl 5 X ISA buffer, 0.125 μl T5 exonuclease (Cambio, United Kingdom), 2.5 μl Phusion polymerase (NEB) and 20 μl Taq ligase (NEB) and made to a total volume of 150 μl with dH2O. 5 X ISA buffer consists of 25% (w/v) polyethylene glycol [PEG-8000], 500 mM Tris–HCl pH 7.5, 50 mM MgCl2, 50 mM dithiothreitol [DTT], 1 mM of each dNTP, and 5 mM NAD. pGEM3Zf (–) was digested with HincII and phosphatase treated. The PCR fragments for the ISA reaction were combined in equimolar concentration with amounts ranging from 10 to 100 ng each, with the final volume of the mixture not exceeding 5 μl. A 15 μl ISA mastermix aliquot was thawed on ice and the mixture was added to it with the final volume made up to 20 μl with dH2O. The reaction was incubated at 50°C for 1 h. The resulting DNA was immediately used to transform competent Escherichia coli DH5α cells, which were then grown on LB+ kanamycin agar plates. Colonies were screened by PCR using M13 primers and correct assembly of plasmids was confirmed by automated DNA sequencing (Core Genomic Facility, University of Sheffield Medical School, United Kingdom). Plasmids were electroporated into C. jejuni, cells plated out on non-selective Columbia agar plates and incubated overnight in microaerobic conditions at 42°C. The growth was harvested and transferred to selective Columbia agar plates (with kanamycin) and incubated as above for 2–4 days. Colonies were checked by colony PCR with a combination of different screening and antibiotic cassette primers according to Table 2.


TABLE 2. Primers used in this work.
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RT-PCR

The SV Total RNA Isolation System (Promega) was used to extract RNA from growing cells of C. jejuni in minimal media with or without added copper. Gene specific qRT-PCR primers (Table 2) were designed using PRIMER 3 software (Untergasser et al., 2007) to amplify 200–300 bp sequences within the gene of interest. The C. jejuni gyrA gene was used as the reference. All primers were diluted to 25 μM concentration in nuclease-free water and checked for specificity before use by performing a PCR reaction using C. jejuni genomic DNA as template. qRT-PCR reactions (20 μl volumes) were carried out in a MX3005P thermal cycler (Agilent) in a MicroAmp® 96-well optical reaction plate (ABI prism). Reactions were performed using either the Sensifast SYBR Lo-ROX one step kit or Sensifast SYBR Hi-ROX one step kit (Bioline, United Kingdom). Each reaction contained 10 μl Sensifast SYBR 2× buffer (Bioline, United Kingdom), 0.2 μl of each gene specific qRT-PCR primer, 0.2 μl reverse transcriptase (Bioline, United Kingdom), 0.4 μl RNAse inhibitor (Bioline, United Kingdom), 2 μl of matched RNA or DNA template and 7 μl nuclease free water (Bioline, United Kingdom). Each reaction using RNA was replicated in triplicate and reactions using genomic DNA were replicated in duplicate for the standard curve. In the thermal cycler, qRT-PCR reactions were carried out at 45°C for 10 min, 95°C for 2 min, followed by 40 cycles of 95°C for 20 s, 55°C for 30 s and 72°C for 20 s each. Data were collected with the associated MxPRO QPCR software (Agilent) and analyzed using Microsoft EXCEL. A standard curve for each gene was established using a series of C. jejuni genomic DNA dilutions to normalize for variation in primer annealing efficiency between different primer pairs. The relative expression levels of the target genes were calculated following the standard curve protocol described in the User Bulletin #2 (ABI Prism 7700 Sequence Detection System, Subject: Relative Quantification of Gene Expression) given by Applied Biosystems. Target gene expression was normalized to gyrA expression, which acted as an internal control. No-template reactions were included as negative controls for each primer set being used.



Haem Blotting

Cells were harvested during stationary phase by centrifuging at 17,700×g for 20 min at 4°C. Supernatant was discarded. Cell pellet was resuspended in 10 ml of ice-cold 10 mM HEPES buffer (pH 7.4) by gentle pipetting. The cell suspension was sonicated on ice for 6 × 15 s pulses at a frequency of 16 amplitude microns using a Soniprep 150 ultrasonic disintegrator (SANYO) and cell debris/unbroken cells were removed by centrifugation at 12,470×g for 20 min at 4°C. The supernatant was removed and centrifuged at 100,000×g at 4°C for 1 h in benchtop ultracentrifuge (Beckman). The pellet was washed by pouring off 10 mM HEPES buffer (pH 7.4) twice without disturbing the pellet, which was then re-suspended in 1 ml 25 mM phosphate buffer (pH 7.4) with gentle pipetting, transferred to a glass homogeniser and homogenised gently. Homogenised total membrane protein solution was stored at –80°C and concentration was measured by Lowry assay.

Haem blotting was performed with total membrane proteins according to Vargas et al. (1993) with some modifications. Samples were prepared in sample buffer (60 mM Tris–HCl pH 6.8, 2% [w/v] SDS, 0.005% [w/v] bromophenol blue, and 10% [w/v] glycerol) and mildly denatured at 37°C for 30–60 min. Proteins were separated by two separate SDS-PAGE gels. One was stained with Coomassie blue G250 and other was electroblotted onto nitrocellulose membrane (Hybond-C extra, GE Healthcare). SDS-PAGE and nitrocellulose membrane sandwich was made according to manufacturer’s instructions and electroblotting was performed using Mini-Blot Electrophoretic Cell (Bio-Rad) in ice-cold transfer buffer (25 mM Tris, 190 mM glycine, 10% [v/v] methanol) for 1 h at constant 100 V. Then the membrane was washed with 20 mM Phosphate buffer for 5 min at RT to remove any residual SDS or methanol and covalently bound haem was detected as haem-associated peroxidase activity (Feissner et al., 2003), using the enhanced chemiluminesence (ECL) kit from GE Healthcare according to manufacturer’s instructions. Membrane was covered with pre-mixed solutions A and B, incubated for 1 min at RT and developed by exposing for different times, as necessary, in ChemiDoc Imaging System (Bio-Rad).



Membrane Protein Isolation for Blue Native PAGE

Cells were harvested by centrifugation at 17,700×g for 20 min at 4°C. Supernatant was discarded and pellet was resuspended in 20 mM Tris–HCl pH 7.4, 50 mM NaCl, 1 mM ethylenediaminetetraacetic acid, 10% v/v glycerol, 2 mM dithiothreitol and 0.005% phenylmethylsulfonyl fluoride. Cells were lysed by two passes through a French press (20,000 psi) and cell debris were removed by centrifugation at 12,470×g for 20 min at 4°C. Soluble material was loaded onto 40/15% w/w sucrose step gradients and centrifuged at 107,400×g in a Beckman SW32 Ti for 10 h at 4°C. Membranes were harvested and protein concentration was measured using the BioRad DC protein assay.



BN-PAGE

Membranes containing 10 mg ml–1 protein were incubated in 2% (w/v) α-dodecylmaltoside (DDM) for 1 h at room temperature. Solubilized protein complexes were isolated and supplemented with a one-tenth volume of blue native sample buffer (100 mM BisTris–HCl pH 7.0, 0.5 M amino-n-caproic acid, 30% (w/v) sucrose, 50 mg ml–1 Coomassie Blue G250) and centrifuged for 20 min at 18,000×g at 4°C. Sample was loaded onto NativePAGE BisTris 4–16% gels (Novex) and run at 160 V for 2 h at 4°C in NativePAGE Running Buffer. The cathode chamber was supplemented with 2 ml of 50 mM Tricine, 15 mM BisTris–HCl pH 7.0, 0.01% Coomassie Blue G250. Imaging was performed using an Amersham Imager 600 in colour.



Preparation of Peptides by In-Gel Tryptic Digestion and Analysis by Nano-Flow LC-MS/MS

Bands of interest were excised from the BN PAGE and subjected to trypsin digestion according to Pandey et al. (2000). Peptides dissolved in 0.5% (v/v) trifluoroacetic acid (TFA), 3% (v/v) acetonitrile were resolved in triplicate on an EASY-Spray PepMap RSLC C18 column (Thermo Scientific, 50 cm × 75 μm ID, 2 μm, 40°C). The gradient profile was delivered at 300 nl min–1 by a Dionex RSLCnano chromatography system (Thermo Scientific) as follows: 97% solvent A (0.1% formic acid in water) to 10% solvent B (0.08% formic acid in 80% acetonitrile) over 5 min, then 10–50% solvent B over 30 min. The mass spectrometer was a Q Exactive HF hybrid quadrupole-Orbitrap system (Thermo Scientific) programmed for data dependent acquisition with profile full MS scans at 120,000 resolution and a maximum of ten centroid product ion scans at 30,000 resolution per cycle. Proteins were identified using MaxQuant v. 1.6.10.43 (Cox and Mann, 2008) by searching the MS data files against the UniProtKB reference proteome database for C. jejuni1 (downloaded on 6 February 2020). Search parameters were: carbamidomethyl-Cys (fixed modification), Met oxidation, protein N-terminal acetylation and Gln to pyro-Glu conversion (variable modifications) with a maximum of two missed cleavages. Proteins were quantified by intensity based absolute quantification (iBAQ; Schwanhäusser et al., 2011) and normalised between MS experiments to total iBAQ.




RESULTS


Characterisation of Cytochrome c Oxidase in Cells of C. jejuni: Cco Activity Is Growth Phase Dependent, Sulphide Sensitive and Not Inhibited by Formate

Campylobacter jejuni NCTC 11168 grown under standard microaerobic conditions in complex MHS broth showed high rates of Cco activity (measured as ascorbate/TMPD driven oxygen consumption) of ∼300–400 nmol oxygen consumed min–1 mg cell protein–1 during the exponential phase of growth. However, the specific activity decreased rapidly as the cells entered stationary phase (Figure 1B). Thus, in all subsequent experiments, cells were harvested at mid-exponential phase to ensure maximal activity and valid comparisons between wild-type and mutant strains. Previously constructed deletion mutants in either the ccoNOPQ genes or cioAB genes encoding the major subunits of the two oxidases in C. jejuni (Liu and Kelly, 2015), were used as controls in subsequent experiments and to characterise the response of each oxidase to exogenous sulphide. With formate as a physiological electron donor, oxygen consumption by the cioAB mutant, where Cco is the only active oxidase, was severely inhibited by sulphide, whereas respiration in the ccoNOQP mutant was sulphide resistant up to 1 mM (Figure 1C). This agrees with studies in other bacteria where bd-type quinol oxidases are much more sulphide resistant than HCO’s (Forte et al., 2016; Korshunov et al., 2016) and also correlates with the previously documented cyanide resistance of the C. jejuni quinol oxidase (Jackson et al., 2007). Finally, it has been reported that formate stimulates growth but actually inhibits the Cco activity in C. jejuni (Kassem et al., 2017). We found that addition of formate to cell suspensions in an oxygen electrode in the presence of ascorbate/TMPD, stimulated oxygen consumption compared to ascorbate/TMPD alone (Figure 1D). A stimulation was also seen in the ccoNOQP operon deletion mutant, where formate derived electrons reduce oxygen via the alternative quinol oxidase CioAB. Interestingly, stimulation was also observed in the cioAB deletion mutant, which is unexpected if we assume the Cco complex is operating at maximal rate with excess ascorbate/TMPD. Using higher concentrations of ascorbate or TMPD did not alter these rates, so the stimulation may be due to an unidentified oxidase independent oxygen consuming process. We conclude that formate does not inhibit oxidase activity.



Deletion of ccoI or ccoS Homologues Abolishes Cco Activity, Which Is Partially Rescued by Excess Copper

In C. jejuni NCTC 11168, the genes cj1490c, cj1489c, cj1488c, and cj1487c encode the known CcoNOQP subunits, respectively, of the cbb3-type cytochrome c oxidase (Liu and Kelly, 2015), but the genes required for copper trafficking to the periplasm and insertion of copper into CcoN have not been identified. In many bacteria, a ccoGHIS operon is situated downstream of ccoNOQP, but in C. jejuni, candidate ccoGHIS genes are scattered throughout the genome and have not been functionally characterised previously. Genome annotation and BLAST searches showed that cj0369 encodes a CcoG homologue, cj1154c encodes a CcoS homologue and cj1155c encodes a CcoI homologue, which may have a copper translocating function (Figure 2A). Kanamycin resistant deletion mutants of the cognate genes were made by replacing most of the coding regions with a kanamycin resistance cassette via homologous recombination (See “Materials and Methods”). This cassette carries a constitutive promoter and no terminator. Its insertion has been shown to result in expression of operonic downstream genes (Guccione et al., 2008, 2010) thus minimizing polar effects. The deletion mutants formed by transformation of C. jejuni cells with recombinant plasmids were checked for correct mutation by colony PCR with a combination of screening and kanamycin cassette primers (Table 2).
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FIGURE 2. Dependence of oxidase activity and growth on putative ccoG, ccoI, and ccoS genes and the effect of exogenous copper. (A) Genomic regions of NCTC 11168 encoding putative ccoG (upper panel), ccoI and ccoS (lower panel) genes. Images derived from campyDB (http://xbase.warwick.ac.uk/campydb/) and genes coloured by GC composition (see scale). (B) Cytochrome c oxidase activity measured with ascorbate/TMPD as electron donor. Wildtype, ΔccoNOQP, ΔccoG, ΔccoI, and ΔccoS cells were grown in unsupplemented Mueller-Hinton medium (approx. 0.05 μM copper) or with copper sulphate added to 0.6 mM (an excess but non-toxic level; see Figure 3). The data are the average of triplicate cultures with error bars showing SD. t-tests were performed to test significance (p > 0.05, ns; 0.01 > **p > 0.001; 0.001 > ***p > 0.0001; ****p > 0.0001). The stars above the black bars represent the statistical significance of comparisons between the unsupplemented mutant and wild-type rates. Panels (C–H), copper sensitivity of growth of wild-type and ccoG, ccoI, and ccoS mutants. WT, ΔccoG (C); ΔccoI (E); and ΔccoS (G) cells were grown at different concentrations of CuSO4 in Mueller-Hinton medium until stationary phase (24 h) and the final ODs were measured. The data are the average of triplicate cultures with error bars showing SD. In panels (D,F,H), the corresponding raw data for each strain are normalised with respect to the final OD without Cu = 100%, to better visualise the degree of enhancement or inhibition of growth by copper.


Figure 2B shows from ascorbate/TMPD driven oxygen consumption rates of wild-type and mutants strains that in the ccoG (cj0369c) deletion mutant, Cco activity was reduced by ∼50%. There was an indication of a stimulation of activity in the mutant by adding excess Cu, but this just failed to reach statistical significance (P = 0.0524). In contrast, in the cj1155c and cj1154c deletion mutants, lacking the ccoI and ccoS homologues, respectively, Cco activity was almost abolished but was rescued after growth with excess copper to similar extents (6.7-fold increase in activity for ccoS and 9.1-fold for ccoI mutants) (Figure 2B). These data are consistent with the involvement of CcoI and CcoS in copper supply to CcoNOQP.



Deletion of ccoI Causes a Severe Growth Defect That Is Fully Rescued by Excess Copper

Copper sensitivity of growth assays were performed with wild-type, ΔccoS (cj1154c), ΔccoI (cj1155c), and ΔccoG (cj0369c) strains in complex MHS media by measuring final cell densities in triplicate cultures. ICP-MS analysis showed that the copper content of MHS was ∼0.05 μM; a small stimulation in growth on adding up to 0.2 mM of CuSO4 to both wild-type and mutant strains was noted. More than 2 mM CuSO4 was toxic for the bacterial cells but up to ∼1 mM had no significant toxicity in these media (Figures 2C–H).

The ccoG mutant showed a small growth defect that was insensitive to varying copper concentration compared to WT (Figures 2C,D). In contrast, cells lacking the CcoI homologue (Cj1155) were found to have a significant growth defect and were highly responsive to the external Cu concentration (Figures 2E,F). Increases in CuSO4 concentration initially strongly stimulated growth and 0.4 mM completely complemented the absence of the cj1155c gene product. However, above 0.6 mM growth was inhibited more than the wild-type. Cells lacking the CcoS homologue (Cj1154) did not have a growth defect but growth was inhibited more than the wild-type at CuSO4 concentrations above 1 mM (Figures 2G,H).



Role of the cj0908–0911 Operon in Oxidase Assembly

We hypothesised that the operonic genes cj0908–911 (Figure 3A) may encode proteins needed to transfer Cu from the periplasm to the CcoN subunit, as Cj0909 is a putative periplasmic Cu(I) binding protein homologous to bacterial PCuAC and Cj0911 is a protein belonging to the Sco1 family. As described above, members of this family are required in other bacteria as a Cu chaperone for the proper assembly of cytochrome c oxidase. However, unlike Cj0909 and Cj0911, Cj0908 and Cj0910 are paralogous proteins (41% identical) that have no characterised counterparts in Cco assembly systems in other bacteria. Interestingly, Cj0908 has a cysteine motif similar in part to thioredoxin−like [2Fe–2S] ferredoxins (Trx−like−Fd’s) of C–X4–C–X6–C, while Cj0910 is missing the first Cys but has the C–X6–C and an additional Cys at position 122 (Figure 3B). The SignalP and TMHMM servers predict no signal sequence but a single N-terminal transmembrane helix at the N-terminus of each protein, with the remainder of the protein likely to be periplasmic (Figure 3B).
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FIGURE 3. Role of the cj0908–911 genes in Cco activity. (A) Organisation of the genomic region surrounding cj0908–911 and the extent of deletions made. An operon deletion plasmid in the pGEM3Zf vector was made using primers Cj0908 ISA F1 F, Cj0908 ISA F1 KR, Cj0911 ISA F2 KF and Cj0911 ISA F2 R (Table 2) to create the flanks between which the Kan cassette was inserted. Image derived from campyDB (http://xbase.warwick.ac.uk/campydb/) and genes coloured by GC composition as in the legend to Figure 2. (B) Alignment of Cj0908 and Cj0910 using T-COFFEE and BOXSHADE to show identical residues (Black boxes) and conservative substitutions (Grey boxes). The rectangular boxed area shows the single transmembrane helix predicted using TMHMM. Arrows highlight Cys residues in either or both proteins, which may have a redox function or bind Fe. (C) Cytochrome c oxidase activity measured with ascorbate/TMPD as electron donor. Wildtype, ΔccoNOQP, Δcj0908-cj0911, and Δcj0911 cells were grown in Mueller-Hinton medium without any added copper or with copper sulphate added to 0.6 mM. The data are the average of triplicate cultures with error bars showing SD. Students t-tests were performed to check significance (p > 0.05, ns; 0.01 > **p > 0.001; 0.001 > ***p > 0.0001). The stars above the black bars represent the statistical significance of comparisons between the unsupplemented mutant and wild-type rates. (D) Copper sensitivity of wild-type and cj0908–911 mutant determined in the same way as described in the legend to Figure 3. Left panel; raw final cell density data; Right panel, data normalised to cell yield without copper = 100%.


A deletion mutant was constructed that removed the entire cj0908–911 operon, which was replaced with a kanamycin cassette. In addition, an individual cj0911 deletion mutant was made (Figure 3A). The data in Figure 3C shows that both of these mutants were clearly affected in cytochrome c oxidase activity. In the Δcj0908–cj0911 strain activity was significantly reduced (over 50% lower) but was not abolished, suggesting that these gene products are involved in CcO assembly but are not essential for it. In the Δcj0911 mutant, lacking the Sco1 homologue, activity was also reduced but to a lesser extent compared to the entire operon mutant. A significant stimulation in activity on adding excess Cu is consistent with the involvement of Cj0911 in handling Cu, although this would need to be demonstrated biochemically. In contrast the operon mutant did not show stimulation of oxidase activity by copper (Figure 3C). In addition, growth experiments (Figure 3D) showed that the Δcj0908–cj0911 operon mutant was insensitive to varying amounts of Cu with respect to WT. Additional studies with individual mutants and analysis of the gene products will be needed to fully define the roles of cj0908 and cj0910.



Deletion of the cj0908–11 Operon, cj1154c or cj1155c Does Not Affect Biogenesis of the CcoO Subunit of Cytochrome c Oxidase

Total membrane preparations of wild-type, ΔccoNOQP, ΔccoNOQP+, Δcj0908-cj0911, ΔccoS, and ΔccoI cells were made as described in “Materials and Methods” and gently denatured in the absence of mercaptoethanol to preserve haem binding to c-type cytochromes. Figure 4 shows the membrane cytochrome profiles after SDS-PAGE and protein blotting, with detection by haem-associated peroxidase activity. The two cytochrome c proteins associated with the oxidase complex, CcoO and CcoP have molecular masses of ∼25 and ∼31 kDa, respectively. CcoP could not be identified on these gels as it is about the same size as a very abundant cytochrome of a similar size but a band corresponding to the approximate size of CcoO is clearly absent in the ccoNOQP deletion mutant but present in both wild-type and complemented strains. This band is also present in membranes of the biogenesis mutants Δcj908–911, ΔccoS, and ΔccoI. This suggests that CcoO can still be inserted into the membrane in the absence of biogenesis proteins that are needed for CcoN assembly (i.e., copper insertion).
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FIGURE 4. Deletion of cj0908–911, ccoS or ccoI does not affect insertion of the CcoO cytochrome c into the cytoplasmic membrane. Samples of total membrane proteins of wild-type, ΔccoNOQP, ΔccoNOQP+, Δcj0908-cj0911, ΔccoS, and ΔccoI, were mildly denatured in the absence of mercaptoethanol to preserve attachment of C-haems to Cys residues and 20 μg protein in each lane was loaded on 10% SDS-PAGE gels. Gels were either stained with Coommassie brilliant blue (left panel) or for haem-associated peroxidase activity (right panel) using a standard enhanced chemiluminescence kit (See section “Materials and Methods”). The CcoO band (arrowed) is missing in ΔccoNOQP only. CcoP is not visible because of intense c-type cytochrome bands of a similar size.




Role of the ccoH Homologue cj1483c and Identification of ccoX, ccoY, and ccoZ; Novel Genes Downstream of ccoP That Are Required for Normal Oxidase Activity

cj1483c encodes a CcoH homologue, which in other bacteria is thought to be tightly associated with the oxidase. Intriguingly, although this ccoH homologue is just downstream of the structural gene ccoP (cj1487c), three intervening genes of unknown function (cj1484c, cj1485c, and cj1486c) are also present at this locus (Figure 5A). Given this gene organisation we constructed individual deletion mutants in each of these genes, in addition to a cj1482c mutant, to assess their Cco activity in comparison to isogenic wild-type and ccoNOQP deletion strains (Figure 5B). In both the ccoH (cj1483c) and cj1486c deletion mutants, oxidase activity was abolished and was not restored by adding excess copper, suggesting an absolutely essential role in the activity of the oxidase (Figure 5B). Both of these mutants showed a microaerobic growth defect (reduction in final cell density) and did not show any copper stimulation of growth compared to the wild-type (Figure 5C). Cj1486 is predicted by the TMHMM server to have a single transmembrane helix and is a member of a conserved family of small proteins of unknown function containing the DUF4006 domain. In the cj1484c and cj1485c mutants, in contrast to cj1486c, Cco activity was significantly decreased but not abolished. This phenotype could not be complemented by addition of exogenous copper (Figure 5B). Cj1485 consists of just 33 residues and is predicted by the TMHMM server to have a central transmembrane helix. Cj1484 (200 residues) contains a DUF5130 domain and a TPM_phosphatase domain. Finally, deletion of cj1482c had no effect on Cco activity compared to the wild-type, so we conclude that this gene is not involved in oxidase activity or biogenesis. In view of the abolished or compromised oxidase phenotypes of the cj1486c, cj1485c, and cj1484c mutants and the genomic linkage to both ccoH and ccoNOQP, we conclude that the proteins encoded by these genes are crucial for normal oxidase activity. We therefore designate these genes ccoX (cj1486c), ccoY (cj1485c), and ccoZ (cj1484c).
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FIGURE 5. Genes downstream of ccoP are required for Cco activity. (A) Gene organisation at the ccoNOQP locus. Image derived from campyDB (http://xbase.warwick.ac.uk/campydb/) and genes coloured by GC composition as in the legend to Figure 2. (B) Wildtype, ΔccoNOQP, ΔccoX (cj1486c), ΔccoY (cj1485c), ΔccoZ (cj1484c), ΔccoH (cj1483c), and Δcj1482c cells were grown in unsupplemented Mueller-Hinton medium or with copper sulphate added to 0.6 mM, as indicated. Cytochrome c oxidase activity was measured with ascorbate/TMPD as electron donor. Students t-tests were performed to check significance (p > 0.05, ns; 0.01 > **p > 0.001). The stars above the black bars represent the statistical significance of comparisons between the unsupplemented mutant and wild-type rates. (C) Growth and copper sensitivity profiles of the ΔccoX and ΔccoH strains. In panels (B,C), the data are the average of triplicate cultures with error bars showing SD.




CcoH and CcoZ Are Associated With Oxidase and Cytochrome bc Complex Proteins in a High Molecular Weight Band After Detergent Solubilisation of Membranes

Modelling using the Phyre2 server (Kelley et al., 2015) showed that CcoZ (Cj1484) is structurally similar to Msmeg_4692, a protein that is part of an oxidase-cytochrome bcc supercomplex in the actinobacterium Mycobacterium smegmatis (Gong et al., 2018; Wiseman et al., 2018). Comparison of Cj1484 to Msmeg_4692 as the template (Supplementary Figure 1) shows the same mixed beta sheet/alpha helical fold with a TPM domain found in some phosphatases present in both proteins. This raised the possibility that such a supercomplex might exist in C. jejuni. The cytochrome bc complex (menaquinol:cytochrome c reductase) in C. jejuni is encoded by the qcrABC genes (preferred designation although annotated as petABC) and contains a dihaem cytochrome c4 (QcrC) in place of cytochrome c1 (Garg et al., 2018). We solubilised membrane preparations of wild-type cells with the detergent DDM and separated proteins by BN-PAGE (Figure 6A), which revealed the presence of several high molecular weight bands, the most prominent of which were designated band I (apparent molecular weight ∼730 kDa), band II (apparent molecular weight ∼600 kDa) and band III (apparent molecular weight ∼200 kDa). These bands were excised for trypsin digestion and the resultant peptides analysed by nanoflow LC-MS/MS as described in “Materials and Methods”. The proteins contained in the bands were identified using the MS data-files as input for database searching and the complete results are shown in Supplementary Table 2. The number of proteins identified in bands I, II and III was 403, 622, and 717, respectively, and, in all cases, the highest molecular mass represented was 168.8 kDa. Therefore, the bands contain populations of proteins co-migrating in both specific and non-specific complexes that are stable in the presence of DDM. The MS analysis identified nine protein components of the putative Qcr-oxidase supercomplex: CcoN, CcoO, CcoP, CcoH (Cj1483), CcoZ (Cj1484), CcoX (Cj1486), QcrA, QcrB, and QcrC. A quantitative comparison of these proteins, using mass spectral peak intensities normalised to approximate molar amount, revealed that band I contained very low levels of CcoO, CcoP, CcoH, CcoZ, QcrA, and QcrC (Figure 6B). Band II contained all nine proteins and, for the proteins also identified in band I, their quantification indicates an abundance of around 10-fold higher than in band I (Figure 6C, left panel). Expression of protein abundance relative to CcoO suggests a stoichiometry of 1:1:1 for CcoO, QcrA, and QcrC (Figure 6C, right panel). This correlation may reflect the occurrence of a complex in vivo that comprises both Cco and Qcr subunits. The sub-stoichiometric amounts of some subunits would therefore probably result from co-migrating populations of partially assembled precursor sub-complexes of a putative Qcr-oxidase complex, or from possible concealment of trypsin cleavage sites in transmembrane regions resulting in underrepresentation of those tryptic peptides in the mass spectra. The possible existence of intermediate sub-complexes in the formation of a functional Qcr-oxidase complex is supported by the quantification of CcoO and CcoP in a 1:1 ratio in band III (Figure 6D). While CcoH and CcoX were also quantified in band III at a similar stoichiometric ratio to band II, CcoZ was depleted 10-fold. This depletion was associated with an absence of QcrB and QcrC, and a substantial reduction in QcrA. Since absolute stoichiometry determinations by label-free MS may be indicative rather than decisive, particularly for membrane proteins where MS intensities may be underrepresented, further work will be needed to confirm the existence of a Qcr-oxidase complex and elucidate the mechanism of its assembly.
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FIGURE 6. Mass spectrometry reveals co-migration of putative Qcr-oxidase supercomplex components in blue-native PAGE. (A) BN-PAGE analysis of solubilised membrane fractions from C. jejuni. Membranes solubilised with 2% (w/v) αDDM were subjected to BN-PAGE separation as described in “Materials and Methods” (Lane 1). Arrows indicate bands (I–III) excised and subjected to in-gel tryptic digestion and analysed by mass spectrometry. Lane M contains molecular size markers. (B–D) Mass spectrometry-based quantification of Qcr (green) and Cco (brown) proteins by median iBAQ (left panels), and protein abundance ratios relative to CcoO (right panels), for excised gel bands I-III.




Characterisation of a Metal Homeostasis Gene Cluster and Relationships Between Copper Homeostasis and Cytochrome c Oxidase Activity

Cj1161 is homologous to bacterial CopA proteins (Hall et al., 2008), known to be P-type ATPases that have a copper efflux function related to maintaining intracellular Cu homeostasis (Rensing et al., 2000). Indeed, a previously constructed cj1161c mutant showed increased copper sensitivity consistent with this role (Hall et al., 2008). However, the cj1161c gene is encoded in a cluster (cj1161c–cj1166c) that may have related or additional functions in copper or metal homeostasis (Figure 7A). Cj1162 is a CopZ homologue; CopZ is a cytoplasmic copper chaperone that transfers copper to CopA (Singleton and Le Brun, 2007). Cj1163 is annotated as a Zn-Co-Ni P-type ATPase transporter (a CzcD homologue) and has recently been shown to be a thermoregulated Zn exporter (Barnawi et al., 2020). Cj1164 is homologous to Zn finger proteins. Cj1165 and Cj1166 are predicted to be integral membrane proteins with six transmembrane helices. They both have sequence similarity to serine/threonine efflux proteins, suggesting that they are not relevant for metal homeostasis. In order to assess the contribution of this gene cluster to Cco activity, deletion mutants were made in each of the Cj1161c–cj1166c genes individually and initially assayed for copper sensitivity, intracellular Cu content and the effect of Cu on gene expression.
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FIGURE 7. Impairment of copper homeostasis negatively affects Cco activity. (A) Arrangement of genes encoding potential metal homeostasis proteins in C. jejuni. Genes are colour coded according GC content as in the legend to Figure 2. (B) Intracellular Cu accumulation in wild type, ΔcopA, ΔcopZ, ΔczcD, Δcj1164c, Δcj1165c, and Δcj1166c cells grown either in unsupplemented MEMα minimal medium or with 0.25 mM copper sulphate added. Intracellular Cu content at stationary phase was measured by ICP-MS and normalised to total cell protein concentration as measured by Lowry assay. The data are the means of independent triplicate cultures with error bars showing SD. One-way ANOVA was performed to determine the significance of the difference between wild-type plus copper and the corresponding mutants plus copper (p > 0.05, ns; 0.05 > *p > 0.01; 0.01 > **p > 0.001; 0.001 > ***p > 0.0001; 0.0001 > ****p). (C) Effect of copper on gene expression, measured by qRT-PCR. C. jejuni wildtype cells were grown with or without 0.25 mM copper sulphate as in panel (B). RNA was extracted (see “Materials and Methods”) and qRT-PCR performed using primers shown in Table 2 with the gyrA gene used as an internal control. The data are the means of independent triplicate cultures with error bars showing SD. For each gene, Students t-test was performed to determine the significance of the difference between expression measured without added copper (set to onefold in each case) and with added copper (p > 0.05, ns; 0.0001 > ****p). (D) Cytochrome c oxidase activity in copper homeostasis mutants. C. jejuni wildtype, ΔcopA, ΔcopZc, and ΔczcD cells were grown in 5 ml MEMα minimal media in six-well plates, three wells with 0.25 mM copper sulphate and the other three wells without. Cytochrome c oxidase activity was measured by ascorbate/TMPD driven oxygen uptake normalised to total cell protein. The data are the average of independent triplicate cultures with error bars showing SD. One-way ANOVA was performed to determine the significance of the difference between wildtype and the mutants shown, either without or with added copper sulphate (p > 0.05, ns; 0.05 > *p > 0.01; 0.01 > **p > 0.001). The decrease in oxidase activity caused by growth with excess copper is indicated as%↓.


Supplementary Figure 2 shows copper sensitivity profiles for these mutants in minimal media (based on MEM-alpha where the unsupplemented copper concentration determined by ICP-MS was ∼0.02 μM). Exogenously added CuSO4 stimulated growth up to a concentration of 0.1 mM in the wild type and all of the mutants, but ΔcopA, ΔcopZ, ΔczcD, and Δcj1164c strains were significantly more sensitive to Cu than the wild type above this concentration. For each of these mutants, the profiles were broadly similar, with a concentration of ∼0.25 mM CuSO4 resulting in a ∼50% reduction in final cell density compared to the wild type (Supplementary Figure 2). The results also showed that Δcj1165c and Δcj1166c were not differentially sensitive to Cu with respect to wild type (Supplementary Figure 2), consistent with these genes being uninvolved in copper homeostasis. Zinc sensitivity assays were performed on the czcD deletion strain (Supplementary Figure 3), which confirmed that it is indeed much more sensitive to Zn compared to the wild type or ΔcopA strains (Supplementary Figure 3A). Comparison of the intracellular zinc levels in the wild-type and czcD mutant by ICP-MS revealed a significant accumulation of zinc in the mutant cells (Supplementary Figure 3B) supporting the results of Barnawi et al. (2020).

Inductively Coupled Plasma Mass Spectrometry was also used to measure total intracellular Cu in wild type and deletion mutant strains after growth in minimal media, with and without 0.25 mM excess CuSO4. The results (Figure 7B) showed that when cells were grown in a Cu limiting environment, the intracellular Cu concentrations were very low and there was no significant difference between wild type and any of the mutant strains. However, growth in the presence of 0.25 mM CuSO4 resulted in higher intracellular Cu concentrations in ΔcopA (∼7.5-fold), ΔcopZ (∼2.4-fold), ΔczcD (∼2.8-fold), and Δcj1164c (∼5.2-fold) knock out mutants compared to wild type cells grown with 0.25 mM CuSO4. In contrast, Δcj1165c showed only a ∼1.7-fold increase and Δcj1166c showed no increase in intracellular copper compared to the wild-type. Overall, these results correlate well with the pattern of copper sensitivity shown by these mutants (Supplementary Figure 2). In order to examine patterns of copper dependent gene expression, qRT-PCR analysis was carried out on wild-type cells grown to mid-exponential phase in minimal media with or without 0.25 mM CuSO4 (i.e., the same conditions used for the ICP-MS analysis above). Figure 7C shows that expression of copA, copZ, and czcD genes was increased ∼2–3 fold by exogenous Cu and cj1164c expression increased ∼1.5-fold. The expression of cj1165c and cj1166c was not increased by copper under these conditions.

From the above results and a consideration of the properties of the encoded proteins, only the copA and copZ genes are most clearly involved in Cu homeostasis in C. jejuni, while Cj1163 (and possibly Cj1164, though this was not further studied here) is involved in zinc homeostasis (Barnawi et al., 2020). Ascorbate/TMPD driven oxygen uptake assays for oxidase activity showed that the copA and copZ knock out mutants, but not the czcD mutant, have significantly lower Cco activity than wild type cells, when grown in the absence of any added copper (Figure 7D). Furthermore, addition of a concentration of CuSO4 that is growth inhibitory in the minimal media used (0.25 mM) caused significant inhibition of Cco activity in the wild-type and this effect was exacerbated in both the copA and copZ mutants (Figure 7D). Overall, the data suggest that disruption in intracellular Cu homeostasis as well as the availability of Cu in the bacterial growth environment affects the activity of the cytochrome c oxidase.




DISCUSSION

The Cco complex is a key proton-motive respiratory component in microaerobically grown C. jejuni. Its activity is high in actively growing cells, but declines during stationary phase. The intestine is a sulphide rich environment and we confirmed from the results of our mutant studies the sulphide sensitivity of the C. jejuni Cco complex and sulphide resistance of CioAB seen in other bacteria (Forte et al., 2016; Korshunov et al., 2016). However, it has been reported previously that a ccoN mutant is unable colonise the chicken host, while cioAB mutants were found to colonise normally (Weingarten et al., 2008) which is not consistent with this pattern of inhibition. Perhaps the niche occupied by C. jejuni is deep within the mucus layer overlying the intestinal epithelium where there is sufficient oxygen but low enough sulphide to enable continued Cco activity.

A continued supply of copper is clearly essential for Cco assembly and activity, but how copper is imported into C. jejuni is unknown. Unlike many bacteria, sequenced strains of C. jejuni do not seem to possess the CcoA transporter that has been shown to be important in uptake of copper for oxidase activity in Rhodobacter and many other genera (Ekici et al., 2014). In this work, we have therefore focused on identifying those genes that are involved in exporting copper from the cytoplasm to the periplasm for incorporation into the CcoN subunit via periplasmic chaperones.

Recent evidence suggests that the key transporter for copper export across the cytoplasmic membrane for oxidase assembly in Gram-negative bacteria is the P-type ATPase CcoI, assisted by CcoG, which is now known to act as a specific cupric reductase (Marckmann et al., 2019). Unlike some other cbb3-type Cco containing bacteria, which have a ccoGHIS operon adjacent to ccoNOQP, we found that potential ccoG, ccoI, and ccoS genes are scattered throughout the genome in C. jejuni NCTC11168. Cj0369 is a membrane bound CcoG orthologue. The absence of Cj0369 reduced Cco activity substantially but this protein is clearly not essential for complex activity, suggesting other mechanisms of cupric reduction exist in the cytoplasm. In R. capsulatus, deletion of CcoG had more significant effects on the activity of the cbb3-type Cco (Marckmann et al., 2019). The loss of activity was not rescued by growing cells with excess Cu in the medium suggesting Cj0369 is not involved directly in export, but does not rule out a redox role in copper handling.

Deletion of the cj1155c gene encoding a CcoI homologue completely abolished Cco activity but the activity was largely rescued on growing cells with excess copper. The mutant also showed a severe growth defect, which was completely rescued by CuSO4 when added up to 0.6 mM, above which the Cu became inhibitory. Although this phenotype is consistent with the expected copper export role for CcoI, the ability of both the growth and oxidase phenotypes to be rescued by copper contrasts with the phenotype of a ccoI mutant in R. capsulatus (Koch et al., 2000) where exogenous copper does not rescue oxidase activity. The severity of the ccoI mutant growth defect in C. jejuni is also much greater than that of a ccoNOQP deletion mutant, suggesting an additional role. The phenotype is in fact more similar to that reported after deletion of a ccoI homologue called ctpA in Rubrivivax gelatinosus (Hassani et al., 2010). CtpA was shown to have a pleiotropic role in supplying copper not only for the cbb3-type oxidase in R. gelatinosus, but also for the alternative aa3-oxidase and the periplasmic nitrous oxide reductase, NosZ and the oxidase activity defect of a ctpA deletion mutant could be largely rescued by copper (Hassani et al., 2010). However, C. jejuni NCTC11168 does not possess these other copper containing respiratory complexes. The only other known periplasmic copper containing proteins in strain NCTC 11168 are the multi-copper oxidase CueO (Cj1516) involved in copper homeostasis (Hall et al., 2008) and the p19 protein, which is part of an iron uptake system (Chan et al., 2010; Liu et al., 2018). We found that CueO dependent phenoloxidase activity was unchanged in the ccoI mutant (unpublished observations) but further work will be required to investigate any connection with p19 or to identify other systems which may be dependent on CcoI. In R. capsulatus, the CcoNOQP complex was absent in a strain lacking ccoI, but CcoP itself was still detectable (Kulajta et al., 2006). However, a more recent study has shown that CcoN can be membrane inserted in the absence of CcoO or CcoP (Ekici et al., 2013), but the absence of CcoN (as would be expected in biogenesis mutants) usually results in loss of both of the c-type cytochromes in the complex. Although we could not visualise CcoP, haem blots did suggest the presence of CcoO in membranes of the C. jejuni ccoI mutant, possibly indicating independent assembly of the dihaem cytochrome c from the rest of the complex. This is also different to the situation in the absence of the CcoI homologue CtpA in R. gelatinosus, where both CcoO and CcoP were significantly reduced (Hassani et al., 2010). It would clearly be informative to know what the status of CcoN is in our biogenesis mutants but unfortunately we could not detect CcoN on immunoblots using R. capsulatus CcoN antibodies.

The Δcj1154c strain lacking the CcoS homologue also completely lacked Cco activity. Koch et al. (2000) reported the necessity of CcoS in R. capsulatus for the presence of haem b, haem b3, and CuB cofactors in the CcoN subunit. In R. capsulatus cells lacking CcoS, a CcoNOQP complex was detected but inactive (Kulajta et al., 2006). We found a copper sensitive phenotype for the Δcj1154c strain and the addition of excess Cu to the growth medium partly rescued the Cco activity, but in contrast to the ccoI mutant, to only ∼20% of that in C. jejuni wild-type cells. This nevertheless suggests that Cj1154 might be required for copper handling for oxidase activity.

The periplasmic copper chaperones PCuC and Sco1 act as a relay system for insertion of Cu into CcoN (Trasnea et al., 2018). In C. jejuni, we identified Cj0909 as a PCuC homologue and Cj0911 as a Sco1 homologue. cj0909 and cj0911 form an operon with cj0908 and cj0910, genes of unknown function. Both Δcj0908–cj0911 and Δcj0911 mutants showed significantly reduced Cco activity consistent with these gene products being involved in assembly of the oxidase. There was a greater reduction of Cco activity in Δcj0908–cj0911 (∼40% activity of WT) than in Δcj0911 (∼60% activity of WT), suggesting the additional importance of cj0908, cj0909, and cj0910 gene products but single deletions in each of these genes will be required to dissect their individual contributions. Work in other bacteria has shown that the periplasmic copper chaperones are required under conditions of low copper availability only and excess Cu in the medium often rescues the absence of either PCuC or Sco1 or both (Trasnea et al., 2016). When grown with excess Cu in the medium, Δcj0911 did show higher Cco activity but there was no difference in the Δcj0908–cj0911 strain. This suggests that it is not just the absence of both PCuC and Sco1 homologues in Δcj0908–cj0911 but also the absence of cj0908 and/or cj0910, which is affecting the Cco activity. The paralogous Cj0908 and Cj910 proteins are predicted to be membrane anchored with a periplasmic domain containing Trx/Fd-like Cys motifs suggestive of a redox function. A possible role for these proteins could be to reduce Cu(II) to Cu(I), which is the form required for insertion into CcoN, prior to handling by the chaperones.

Cj1483 is a CcoH homologue based on BLAST searches. ΔccoH has a growth defect and no Cco activity at all, irrespective of the amount of Cu in the medium. This observation is in accordance with the model suggested by Pawlik et al. (2010) in which biogenesis of cbb3-type Cco proceeds via CcoQP and CcoNO subcomplexes in R. capsulatus, but neither the fully assembled cbb3-type Cco nor the CcoQP or CcoNO subcomplex was detectable in cells lacking CcoH. They also showed that CcoH remains tightly associated with the active, fully assembled CcoNOQP complex.

We identified three novel genes located between ccoH (cj1483c) and ccoP (cj1487c), each of which was required for maximum oxidase activity. Mutant studies showed that CcoX (Cj1486) was essential for oxidase activity and maximum growth yield, while CcoY (Cj1485) and CcoZ (Cj1484) were important although not essential for oxidase activity. Fascinatingly, CcoZ has structural similarity (Supplementary Figure 1) to proteins that have been found to be associated with the cytochrome bcc-oxidase supercomplex in actinobacteria, e.g., M. smegmatis (Gong et al., 2018; Wiseman et al., 2018). Msmeg_4692 appears to mediate interactions of the oxidase with an extended C-terminal loop of the cytochrome bcc QcrB subunit (Wiseman et al., 2018). Examination of the QcrB sequence in C. jejuni does not show evidence of an unusually long C-terminal extension. However, one other unique aspect of the Qcr complex in the Campylobacterota in general and C. jejuni in particular, is that it contains a dihaem cytochrome c analogous to the situation in actinobacteria (Garg et al., 2018). Taken together, these observations raised the possibility that a Qcr-oxidase supercomplex might be present in C. jejuni, even though this bacterium contains multiple soluble periplasmic c-type cytochromes, two of which have been previously shown to be electron donors to the cbb3-oxidase (Liu and Kelly, 2015). However, there is now evidence from Rhodobacter that Gram-negative cbb3-type oxidases can form supercomplexes (Steimle et al., 2021). The presence of CcoZ in the same high molecular weight band resolved by BN-PAGE as the subunits of both the CcoNOP and QcrABC proteins is consistent with such an association in C. jejuni, but clearly further work will be needed to confirm this. Such a complex may be unstable and difficult to isolate, as obtaining the cryo-EM structure of the Rhodobacter supercomplex required artificial linking of the constituent Qcr and oxidase complexes (Steimle et al., 2021). Unlike the obligate Qcr-Cco interaction in actinobacteria (where soluble c-type cytochromes are absent), in Gram-negative bacteria there may be regulation of the association of these complexes (e.g., under different growth conditions or oxygen supply) and it would be informative to examine how electron transfer from Qcr to the Cco complex in C. jejuni is altered in the absence of CcoXYZ as well as how Qcr-oxidase interactions are changed.

Finally, a link between oxidase activity and copper homeostasis in C. jejuni was suggested by the reduced oxidase activity in mutants in the copA (cj1161c) and copZ (cj1162c) genes. Metal homeostasis in the Campylobacterota has recently been reviewed (Kelley et al., 2021) but copper homeostasis is still incompletely understood. The copper sensitive phenotype of a copA mutant has been established previously (Hall et al., 2008) and such a mutant is also oxidative stress sensitive (Gardner and Olson, 2018). The function of the cj1162c gene has not been previously characterized but our results show that this copZ homologue also protects against copper toxicity; its expression is increased by exogenous copper and its deletion phenocopies that of a copA mutant; increased intracellular copper and copper sensitive growth. One explanation for the reduced oxidase activity in these mutants is that an inability to regulate intracellular Cu disturbs the correct copper trafficking though CcoI, necessary for oxidase assembly. Interestingly, in R. capsulatus, where deletion of copZ also results in lower cbb3-oxidase activity, a membrane bound complex between CopZ and CcoI was detected, suggesting that the CopZ chaperone can supply CcoI with copper, as well as interacting with CopA for copper detoxification (Utz et al., 2019). However, in C. jejuni, the deletion of ccoI led to abolition of oxidase activity whereas deletion of copZ resulted in only a ∼30% reduction compared to wild-type in the absence of excess copper and ∼50% reduction in the presence of copper, so the phenotypes are not identical, as might be expected for an obligate CcoI-CopZ complex.

Based on the results obtained in this study, Figure 8 shows a working model for the handling of copper in C. jejuni NCTC 11168, particularly in relation to the assembly and function of the Cco enzyme. The major unanswered questions concern the nature of the pathway for import of copper, the role of the Cj0908/Cj0910 and CcoXYZ proteins, and the possibility of Qcr-oxidase supercomplex formation.


[image: image]

FIGURE 8. Model for copper handling and homeostasis in C. jejuni NCTC 11168. Copper must be transported from the environment into the cell, but the mechanism is currently unknown as there is no CcoA importer in C. jejuni. Copper homeostasis/detoxification is achieved by the combined action of the CopA ATP-driven efflux pump, receiving copper from the cytoplasmic chaperone CopZ and the periplasmic multi-copper oxidase CueO (Cj1516) which oxidises toxic cupric ions to less toxic cupric ions. CcoG (Cj0369) acts as a reductase that probably passes cuprous ions to CopZ. CpoZ is also thought to interact with CcoI, a specific efflux pump that is essential for copper delivery to the periplasm for transfer to the Cco enzyme complex, possibly via potential reductases Cj0908 and Cj0910 and copper chaperones PcuC (Cj0909) and Sco1 (Cj0911). Sco1 delivers cuprous copper to the CcoN subunit of the oxidase complex to form the bi-nuclear catalytic centre of the enzyme. Newly identified genes in this study encode three proteins (CcoXYZ) that might interact with both the Qcr and oxidase, perhaps forming a supercomplex. Direct copper handling proteins are shown in light blue, with light blue arrows depicting the transfer of copper ions. Electron transfers are shown as black arrows. Dark blue arrows show proton binding and release or direct proton translocation associated with electron transfer from Qcr to the oxidase complex. Soluble cytochromes c in the periplasm are shown as a red circle. The possibility of direct electron transfer between Qcr and oxidase is indicated by a dashed black line. OM, outer membrane; IM, inner (cytoplasmic) membrane.
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Shewanella oneidensis exchanges electrons between cellular metabolism and external redox partners in a process that attracts much attention for production of green electricity (microbial fuel cells) and chemicals (microbial electrosynthesis). A critical component of this pathway is the outer membrane spanning MTR complex, a biomolecular wire formed of the MtrA, MtrB, and MtrC proteins. MtrA and MtrC are decaheme cytochromes that form a chain of close-packed hemes to define an electron transfer pathway of 185 Å. MtrA is wrapped inside MtrB for solubility across the outer membrane lipid bilayer; MtrC sits outside the cell for electron exchange with external redox partners. Here, we demonstrate tight and spontaneous in vitro association of MtrAB with separately purified MtrC. The resulting complex is comparable with the MTR complex naturally assembled by Shewanella in terms of both its structure and rates of electron transfer across a lipid bilayer. Our findings reveal the potential for building bespoke electron conduits where MtrAB combines with chemically modified MtrC, in this case, labeled with a Ru-dye that enables light-triggered electron injection into the MtrC heme chain.

Keywords: cytochrome, electron transfer, microbial fuel cell, microbial electrosynthesis, photosensitizer, biomolecular wire, SANS, Shewanella


INTRODUCTION

Dissimilatory metal-reducing bacteria (DMRB) are able to gain energy for growth by coupling the oxidation of organic compounds to the reduction of iron- and manganese-containing minerals. These terminal respiratory electron acceptors are insoluble. They cannot enter the bacterial cell and DMRB have evolved mechanisms to transport electrons out of the cell across otherwise electrically insulating lipid membranes (White et al., 2016; Santoro et al., 2017). The same mechanisms allow respiration on numerous extracellular electron acceptors including suitably poised electrodes. Thus, DMRB attract much attention for their abilities to deliver clean energy and chemicals (Kato, 2015; Schroder et al., 2015; Nealson, 2017; Santoro et al., 2017) in addition to their fascinating microbiology.

Shewanella oneidensis MR-1 is a model organism for fundamental and applied studies of DMRB (Fredrickson et al., 2008; Shi et al., 2012; Breuer et al., 2015; Bursac et al., 2017). The primary mechanism of electron release from S. oneidensis MR-1 is relatively simple (Figure 1A) and at the molecular level is arguably the best understood of the DMRB. Electrons from the oxidation of organic compounds are transferred via menaquinol to the inner membrane quinol dehydrogenase CymA (McMillan et al., 2012). Periplasmic cytochromes STC and FccA then transfer electrons from CymA to the outer membrane-associated MTR complex (Sturm et al., 2015). At the cell surface, electrons are transferred from the MTR complex to terminal respiratory acceptors either directly or via flavin mediators (von Canstein et al., 2008; Marsili et al., 2008). Alongside transmembrane electron transfer, the MTR complex is proposed to transport protons across outer membranes as the rate-limiting event (Okamoto et al., 2017) during electron transfer from biofilms of S. oneidensis to electrodes.


[image: image]

FIGURE 1. The MTR complex of Shewanella. (A) Schematic of the electron transfer pathway in S. oneidensis MR-1 from menaquinol (MQH2) to external terminal respiratory electron acceptors. (B) Model for the MTR complex of S. oneidensis MR-1 based on the crystal structure (Edwards et al., 2020) of S. baltica MTR complex. MtrAB (gray) showing the hemes (red). MtrC (tan) illustrating the location of the hemes (purple) and Tyr657 (blue). Hemes numbered according to their order of attachment to the primary sequence. Image rendered with Chimera. (C) Schematic of the in vitro association of MtrC and MtrAB (above) and trans-membrane electron transfer (below) through the resultant MtrC:MtrAB complex in proteoliposomes carrying the azo-dye cargo (black hexagons).


The MTR complex (Edwards et al., 2020) is composed of three proteins (Figure 1B). Two of these proteins form an outer membrane spanning complex, MtrAB, which assembles as a naturally insulated biomolecular wire with both a structure and function that are analogous to those of an electrical cable. MtrA binds an approximately linear chain of 10 c-type hemes which spans the lipid bilayer. Those hemes are insulated from the membrane by embedding within a 26 strand beta-barrel formed by MtrB. Electrons enter MtrAB at Heme A1 in the periplasm. At the external face of MtrAB, Heme A10 is positioned close to Heme C5 in the decaheme cytochrome MtrC (heme edge-to-heme edge distance of 8 Å) (Edwards et al., 2020). By this means, electrons can transfer from MtrA to MtrC for distribution across 10 hemes and a large surface area of MtrC that can be accessed by extracellular electron acceptors. MtrC may also pass electrons to a homologous extracellular decaheme cytochrome OmcA (Shi et al., 2006).

Previously, we reported (Lockwood et al., 2018) that in vitro mixing of purified MtrAB and soluble forms of MtrC results in the spontaneous formation of a stable high-affinity complex. Formation of the complex was evidenced by native PAGE and analytical ultracentrifugation with both techniques describing a complex of approximately 210 kDa that is indicative of a 1:1 association of soluble MtrC (approximately 80 kDa) and MtrAB (approximately 120 kDa). However, at that time, no information was available on the structure or electron transfer properties of the in vitro assembled complex. We address those gaps in knowledge in this report. Utilizing small-angle neutron scattering (SANS), the complex formed spontaneously in vitro is shown to have a similar structure to the MTR complex purified directly from S. oneidensis and revealed to be equally effective in the transfer of electrons across lipid bilayers. Our results pave the way for novel synthetic biology approaches to assemble functional MtrC:MtrAB complexes in homologous and heterologous hosts, with the potential to utilize chemically modified MtrC subunits to impart non-native functionality.



MATERIALS AND METHODS


Protein Purification and Biochemical Analyses

Y657C MtrC, lacking the lipid attachment site of wild-type MtrC and carrying a C-terminal Strep II affinity tag, and MtrAB were purified as previously described (Edwards et al., 2018; Lockwood et al., 2018; van Wonderen et al., under review) after overexpression from pBAD202D/TOPO vectors carried by a strain of Shewanella oneidensis MR-1 lacking the mtr operon. Cys-directed labeling of Y657C MtrC with [Ru(4-bromomethyl-4′-methylbipyridine)(2,2′-bipyridine)2](PF6)2 (HetCat, Switzerland) was performed as described previously (van Wonderen et al., 2018, under review). The labeling efficiency was close to 100% as judged by LC-MS and UV-visible absorbance spectroscopy. The Ru-dye-labeled protein is termed Ru-MtrC (Supplementary Figure 2). For LC-MS, performed as described in van Wonderen et al. (2018), protein (typically >2 mg ml–1) was diluted with formic acid (0.1%, v/v) and acetonitrile (2%, v/v) prior to analysis.

Protein concentrations were quantified by absorbance spectroscopy of the fully oxidized, air-equilibrated proteins with all hemes in the Fe(III) state; for MtrAB using ε408 nm = 1,238,000 M–1 cm–1 and for Ru-MtrC (van Wonderen et al., under review) using ε408 nm = 1,389,000 M–1 cm–1. Extinction coefficients were experimentally determined by the pyridine hemochromagen method (Barr and Guo, 2015). Photoluminescence was measured for anaerobic protein solutions with 50 mM sodium phosphate, 50 mM NaCl, 5 mM lauryldimethylamine oxide (LDAO) (Sigma-Aldrich), pH 7.5 in sealed 1 ml quartz fluorescence cuvettes. Emission spectra were recorded using an excitation wavelength of 460 nm. Measurements were made with a Cary Eclipse Fluorescence Spectrophotometer: excitation slit width, 20 nm; emission slit width, 10 nm; and PMT detector voltage, medium.

Gel filtration chromatography was carried out at 4°C using a Superose 6 Increase 10/300 column (Cytiva) operated by an Äkta Pure chromatography system. The column was equilibrated with 50 mM sodium phosphate, 50 mM NaCl, 5 mM LDAO, pH 7.5 before loading 0.5 ml of protein sample in the same buffer. The sample was eluted at a flow rate of 0.25 ml min–1, eluent was monitored by optical spectroscopy at 410 nm to detect the presence of heme.



Analytical Ultracentrifugation

Sedimentation equilibrium analytical ultracentrifugation (SE-AUC) experiments were performed using a Beckman Optima XLA-I analytical ultracentrifuge equipped with scanning absorbance optics. Measurements were performed in 50 mM sodium phosphate, 50 mM NaCl, 0.1% (v/v) Triton X-100 (Acros Organics), pH 7.5 for which the density (ρ) was calculated as 1.007 g ml–1 using utility software in Ultrascan II (Demeler, 2005). Ultrascan II was also used to calculate the partial specific volume ([image: image]) of each protein: 0.721 ml g−1 for Ru-MtrC, 0.716 ml g−1 for MtrAB, and 0.718 ml g−1 for the Ru-MtrC:MtrAB complex. SE-AUC was performed at 20°C using speeds of 8,000, 10,000, and 12,000 rpm with absorbance profiles recorded at 410 nm. The program Ultrascan II was used to analyze the sedimentation equilibrium profiles and to fit the data to those predicted for single non-interacting species. Data are presented as [image: image] against Ln(A410 nm); the gradient of this plot can be used to determine the molecular weight (MW) of the species by the equation:

[image: image]

where R is the gas constant, T is the temperature, Cr is the sample concentration at radial distance R, Rref is the radial distance of the sample meniscus, and ω is the angular velocity. Radial distance is measured from the axis of rotation.



SANS Data Collection and Analysis

Ru-MtrC:MtrAB was prepared by combining Ru-MtrC with a slight excess of MtrAB and performing gel filtration chromatography as described above. Ru-MtrC:MtrAB eluting from the Superose 6 Increase 10/300 column with Ve < 16.5 ml, i.e., separated from free MtrAB, was pooled and loaded onto a 5-ml HiTrap Q FF column (Cytiva) equilibrated with 50 mM sodium phosphate, 50 mM NaCl, 5 mM LDAO, pH 7.5. Bound protein was washed with 50 ml of 20 mM HEPES, 100 mM NaCl, 2.8 mM Fos-choline 12 (Anatrace), pH 7.8 at 1 ml min–1 to exchange the detergent before elution with 20 mM HEPES, 0.5 M NaCl, 2.8 mM Fos-choline 12, pH 7.8. A 100-kDa molecular weight cutoff spin concentrator (Millipore) was then used to lower the NaCl concentration to 100 mM and concentrate the protein to 10 mg ml–1. Immediately prior to SANS data collection, the protein sample was dialyzed overnight in a sealed DURAN bottle containing 20 mM HEPES, 100 mM NaCl, 2.8 mM Fos-choline 12, 13% D2O, pH 7.8 using a 50-kDa molecular weight cut-off Dispo-Biodialyzer (Merck). Inclusion of 13% D2O ensured that the neutron scattering length density of the buffer matched that of Fos-choline 12 micelles. This match point was previously determined by a SANS study of MtrAB and the MTR complex (Edwards et al., 2018). Protein samples at concentrations of 6.3 and 3.1 mg ml–1 were prepared by appropriate dilution using dialysis buffer to ensure precise buffer matching. Samples of 200 microliters were centrifuged at 13,000 × g for 10 min at 4°C to remove any potentially aggregated material, although no visible pellet was observed, before being sealed in 0.1 cm path-length suprasil quartz cuvettes (Hellma). An aliquot of dialysis buffer was also prepared in the same manner and was measured alongside the protein sample for downstream buffer subtraction.

SANS data were collected on the D22 diffractometer (Institut Laue-Langevin, France) using a neutron beam (λ = 6 Å ± 10%) at three configurations of collimation, 17.6, 8.0, and 2.8 m, and respective detector distances of 17.6, 8.0, and 1.4 m covering Q ranging from 0.003 to 0.6 Å–1. The collimation cross-section was 40 × 55 mm, and the sample aperture was 7 × 10 mm. Exposure times ranged from 60 s to 2 h depending on sample concentration, contrast, and instrument configuration. Data reduction was performed using GRASP including blocked beam and empty cell background subtraction, sample thickness and transmission scaling, and calibration to absolute intensity using incident neutron flux at sample position. As the final step azimuthal averaging was performed to output the scattering intensity I(Q).

Data were processed as previously described (Edwards et al., 2018) for the MTR complex. Briefly, curves were merged and buffer subtraction was carried out utilizing IGOR Pro (Wavemetrics) with the NCNR macros installed (Kline, 2006). The ATSAS software suite (Manalastas-Cantos et al., 2021) was used to analyze the I(Q) curves in order to perform a Guinier analysis to estimate the radius of gyration (Rg) at low Q (Qmax × Rg < 1.3) and to produce Kratky plots to evaluate the overall compactness of the protein complexes. GNOM (Svergun, 1992) was used to calculate the pair distance distribution function [P(r)], i.e., the Fourier inversion of the scattering intensity [I(Q)], which provides an independent estimation of Rg as well as the maximum dimension of the scattering particle Dmax. Using DAMMIF (Franke and Svergun, 2009), 20 bead models of the molecule were refined to fit the experimental P(r). The DAMAVER suite of software (Volkov and Svergun, 2003) was then used to create pairwise alignments of all 20 models, identify and remove outliers among the models, 2 of the 20 models in this case, and create an average from the remaining 18 models. Reported molecular envelopes were produced by refinement of the averaged model using DAMMIN (Svergun, 1999). A homology model for the MTR complex of S. oneidensis (Figure 1B) was prepared by using Phyre2 to generate a model for MtrAB and combining that with the crystal structure of S. oneidensis MtrC (PDB ID: 4LM8) docked in the same position as MtrC of the S. baltica MTR complex (PDB ID: 6R2Q). This homology model was aligned to the SANS molecular envelopes using SUPCOMB (Kozin and Svergun, 2001). SANS data collection and processing statistics are reported in Supplementary Table 3.



Photoreduction of Ru-MtrC and Ru-MtrC:MtrAB Suspensions

Experiments were performed in anaerobic 50 mM Tris:HCl, 10 mM KCl, 100 mM EDTA, and 0.2% (v/v) Triton X-100, pH 8.5. Spectra were recorded in 1 ml SOG cuvettes (Hellma) in a Biochrom WPA Biowave II Diode-array spectrophotometer placed in a N2-filled chamber (Belle Technology, atmospheric O2 < 5 ppm). An Omega Optical 475RB Notch filter was used to prevent photoexcitation by the spectrophotometer. The light source for photoreduction was a Thorlabs mounted LED (λmax = 450 nm) (Supplementary Figure 1) equipped with a collimator adapter. The excitation intensity at the sample was 110 W m–2 (0.42 mE m–2 s–1) as determined by potassium ferrioxalate actinometry (Hatchard and Parker, 1956; Pitre et al., 2015). Samples were irradiated continuously from above and spectra taken at the desired time intervals. The percentage of reduced hemes was quantified using the baseline-corrected absorbance of the heme Soret band at 420 nm. The absorbance prior to irradiation was taken to be of the fully oxidized protein (0% reduced heme). The absorbance of fully reduced protein (100% reduced heme) was obtained at the end of the experiment by addition of an excess of the chemical reductant sodium dithionite.



Preparation of Liposomes and Proteoliposomes

Liposomes were prepared following an adaptation of the method reported by Stikane et al. (2019). Twenty milligrams of Polar lipid extract (Avanti Polar Lipids) was suspended in 750 μl of 50 mM Tris:HCl, 10 mM KCl, and 10 mM reactive red 120 (RR120, Sigma-Aldrich), pH 8.5 by vigorous vortexing for 20 min. The suspended lipid was then solubilized by addition of 500 μl of 250 mM octyl glucoside (Anatrace). Proteins were then incorporated by addition of 100 μl of 25 μM protein complex in 50 mM sodium phosphate, 50 mM NaCl, and 5 mM LDAO, pH 7.5. Ru-MtrC and MtrAB were mixed to form the Ru-MtrC:MtrAB complex prior to incorporation of this complex into proteoliposomes. For control experiments without proteins, liposomes were prepared by addition (100 μl) of 50 mM sodium phosphate, 50 mM NaCl, and 5 mM LDAO, pH 7.5. The resulting mixture was incubated on ice for 20 min before gradual addition, over 2 min, to ice-cold 50 mM Tris:HCl, 10 mM KCl, and 10 mM RR120, pH 8.5 to give a final volume of 50 ml. This dilution lowered the octyl glucoside concentration below its critical micelle concentration resulting in liposome formation with spontaneous protein integration and RR120 encapsulation.

The dilute liposome suspension was subjected to ultracentrifugation at 205,000 × g for 1 h to pellet the liposomes. After removal of the supernatant, pellets were transferred to a N2-filled chamber and resuspended in 50 ml of anaerobic 50 mM Tris:HCl and 10 mM KCl, pH 8.5. The liposome pellets recovered after a second ultracentrifugation, as above, were then resuspended to a final volume of 1 ml in anaerobic 50 mM Tris:HCl and 10 mM KCl, pH 8.5 and allowed to equilibrate overnight at room temperature in the anaerobic chamber. The liposome concentration of these samples was approximately 300 nM, estimated on the basis of the liposome dimensions (see below) and lipid composition as described in Supplementary Material.

Dynamic light scattering was used to assess the dimensions of the liposomes in samples containing approximately 6 nM liposome in 50 mM Tris:HCl and 10 mM KCl, pH 8.5. Measurements used a Zetasizer Nano with DTS1070-folded capillary cells (Malvern Panalytical, Malvern, United Kingdom), and zeta potentials were measured using the same equipment. Samples were equilibrated at 25°C for 2 min prior to measurement, and the solvent viscosity was considered to be that of water. The identity of proteins in each of the samples was confirmed using SDS-PAGE with proteins visualized by heme (Thomas et al., 1976) or Coomassie stain.



Transmembrane Electron Transfer in (Proteo-) Liposomes

Bleaching of encapsulated RR120 was used to monitor transmembrane electron transfer with (proteo-) liposomes as illustrated schematically in Figure 1C. All experiments were performed inside a N2-filled chamber (Belle Technology, Weymouth, United Kingdom; atmospheric O2 < 5 ppm). For experiments with sodium dithionite as the electron donor, a stock solution (20 mg ml–1) was prepared by dissolving the required mass in anaerobic 50 mM Tris:HCl and 10 mM KCl, pH 8.5. Sodium dithionite was then added (approximately 0.1 mM final concentration) to anaerobic suspensions of (proteo-) liposomes (approximately 6 nM) containing RR120 in anaerobic 50 mM Tris:HCl and 10 mM KCl, pH 8.5 in 1 ml SOG cuvettes. Absorbance spectra were measured over 30 min. Finally, Triton X-100 was added to 0.2% (v/v) to lyse the liposomes. In all cases, this final step led to rapid bleaching of all RR120 present and demonstrated the presence of excess reductant.

Photochemically driven transmembrane electron transfer was monitored by a similar method using graphitic N-doped carbon dots as described in Martindale et al. (2017) and Supplementary Figure 3. Prior to use, the graphitic N-doped carbon dots were suspended to 1 mg ml–1 in anaerobic 50 mM Tris:HCl and 10 mM KCl, pH 8.5. For photoreduction, anaerobic samples in 1 ml SOG cuvettes contained approximately 6 nM (proteo-) liposomes with encapsulated RR120, 10 μg ml–1 of graphitic-N-doped carbon dots, and 25 mM EDTA in 50 mM Tris:HCl and 10 mM KCl, pH 8.5. Samples were irradiated by visible-light (λ > 400 nm) from the side using a Krüss cold light source (Supplementary Figure 1) with a fiber optic light pipe as described in Rowe et al. (2017) Light intensity was measured at 2.5 kW m–2 using an Amprobe Solar-100 solar power meter.

Absorbance spectra were measured at desired times with a Biochrom WPA Biowave II diode array spectrophotometer. Scattering due to the liposomes was calculated using the equation:
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and subtracted from the measured data. For each series of experiments, the variables A and B were adjusted to give a good fit to the measured data where absorbance from protein and dye were minimal, below 260 and above 640 nm (e.g., Supplementary Figure 4). Dye absorbance was then quantified at 539 nm, a wavelength which is isosbestic with respect to heme oxidation state (Stikane et al., 2019).



RESULTS AND DISCUSSION

MtrAB when purified and resuspended in detergent micelles was previously (Lockwood et al., 2018) shown to bind to separately purified soluble forms of MtrC but not OmcA, which is an extracellular decaheme cytochrome of S. oneidensis homologous to MtrC. This selective binding led us to anticipate that the MtrC:MtrAB complex would have a structure similar to that of the MTR complex. MtrC Heme C5 would be positioned close to MtrAB Heme A10 (Figure 1B), and the environment of MtrC Heme C10 would be the same in purified MtrC as in the MTR complex. Labeling the surface of MtrC near Heme C10 with a luminescent dye would provide the opportunity to report on that local environment. If, in addition, that dye could transfer photo-energized electrons to the MtrC hemes, there might be opportunities to probe MtrC to MtrAB electron transfer within the MtrC:MtrAB complex following light-triggered electron injection into MtrC Heme C10.

The thiol-reactive dye [Ru(4-bromomethyl-4′-methylbipyridine)(2,2′-bipyridine)2](PF6)2 (Geren et al., 1991; Millett and Durham, 2002) has been successfully attached to cysteine residues on the surfaces of a number of redox proteins. This dye has a well-characterized luminescence that is sensitive to local environment (van Wonderen et al., 2018). Furthermore, the photoexcited dye is capable of injecting photo-energized electrons into multiheme cytochromes including S. oneidensis STC (van Wonderen et al., 2019) and of PpcA of Geobacter sulfurreducens (Kokhan et al., 2015). Thus, we prepared (van Wonderen et al., under review) a soluble MtrC variant with Tyr657 replaced by Cys on the surface of MtrC at a site close to Heme C10 (Figure 1B). Cys657 was then labeled by reaction with [Ru(4-bromomethyl-4′-methylbipyridine)(2,2′-bipyridine)2](PF6)2 to form a protein, here termed Ru-MtrC, that retains the spectral and redox properties of the hemes in the native protein (van Wonderen et al., under review).

As described below, Ru-MtrC forms a 1:1 complex when mixed with MtrAB. The structure of the resultant complex, termed Ru-MtrC:MtrAB, was assessed by analytical ultracentrifugation, gel-filtration chromatography, SANS, and luminescence spectroscopy. Electron transfer was probed by optical spectroscopy of the complex in detergent micelles and incorporated in lipid bilayers.


Oligomeric State and Solution Structure of the Ru-MtrC:MtrAB Complex

SE-AUC provides a direct measure of the average mass of proteins in solution (Lebowitz et al., 2002). As a consequence, their oligomeric state can be readily defined and SE-AUC was the method of choice for initial characterization of samples containing Ru-MtrC, MtrAB, and 1:1 mixtures of Ru-MtrC with MtrAB. Data were collected at three rotation speeds for each sample. In each case, the absorbance profile indicative of protein concentration across the sample, e.g., Figure 2A, was well-described by the behavior predicted for a single, non-interacting species. For Ru-MtrC (0.4 μM), the apparent mass was 82,400 Da, and for MtrAB (0.4 μM), it was 120,000 Da. These values are in good agreement with those of 76,788 and 114,047 Da calculated for Ru-MtrC and MtrAB, respectively, on the basis of primary sequence, covalent modification by 10 c-type hemes, and labeling of the former protein with the Ru-dye. It was concluded that Ru-MtrC and MtrAB are monomer and heterodimer, respectively, under the experimental conditions.


[image: image]

FIGURE 2. Biophysical characterization of Ru-MtrC:MtrAB. (A) Sedimentation equilibrium analytical ultracentrifugation traces for 0.4 μM MtrAB (black), 0.4 μM Ru-MtrC (red), and a mixture of 0.25 μM Ru-MtrC equilibrated with 0.25 μM MtrAB (blue). Samples were centrifuged at 8,000 rpm for 20 h at 20°C in 50 mM sodium phosphate, 50 mM NaCl, and 0.1% (v/v) Triton X-100, pH 7.5 to reach equilibrium. Lower panel: data (circles) and fits (lines) to the behavior for a single non-interacting species; see text for details. Upper panel: residuals. (B) Gel filtration chromatograms for samples of 40 μM MtrAB (black), 40 μM Ru-MtrC (red), and a mixture of 32 μM Ru-MtrC equilibrated with 48 μM MtrAB (blue). A Superose 6 Increase 10/300 column was equilibrated in 50 mM sodium phosphate, 50 mM NaCl, and 5 mM LDAO, pH 7.5. Elution was at 0.25 ml min− 1. (C) SDS-PAGE analysis of the MTR complex (➀) and Ru-MtrC:MtrAB (➁) (Ve < 16.5 ml from gel filtration shown in (B)). Proteins visualized by Coomassie and Heme stain as indicated.


Analysis of the absorbance profiles for samples containing MtrAB (0.25 μM) and an equal concentration of Ru-MtrC revealed a single homogeneous species with an apparent molecular mass of approximately 204,000 Da. This mass is comparable with the sum (190,835 Da) of those for Ru-MtrC and MtrAB. Thus, Ru-MtrC combines with MtrAB to form a heterotrimer having a 1:1 ratio of Ru-MtrC and MtrAB. We note that all samples contained 0.1% (v/v) of the detergent Triton X-100, to maintain solubility of the membrane proteins, and that the approximate micellar weight for Triton X-100 is 80 kDa. However, there is negligible micellar contribution to the overall mass for proteins of the size studied here. This is because the partial specific volume of Triton X-100 (0.91 ml g–1) (Paradies, 1980) is close to that of the buffer-electrolyte (0.99 ml g–1) such that the micelle is only weakly affected by the centrifugal force. The proteins, by comparison, have partial specific volumes of approximately 0.72 ml g–1.

Further evidence for spontaneous formation of a tight, stable complex between Ru-MtrC and MtrAB was provided by analytical gel filtration chromatography (Figure 2B). Resolution was afforded by a Superose 6 Increase column for samples having a concentration approximately 100× greater than used for SE-AUC analysis. Ru-MtrC eluted as a single peak centered on an elution volume (Ve) of approximately 17.8 ml and samples of the higher mass MtrAB complex eluted as a single peak centered on Ve approximately 17.1 ml. A sample containing Ru-MtrC (32 μM) equilibrated with an excess of MtrAB (48 μM) eluted as two peaks. The smaller peak, centered on Ve approximately 17.1 ml, is assigned to excess MtrAB. The larger peak, centered on Ve approximately 15.5 ml, is assigned to a species of higher molecular mass that we consider to be the Ru-MtrC:MtrAB complex. This interpretation was supported by SDS-PAGE (Figure 2C) of material with Ve approximately 15.5 ml where bands with the expected mass of Ru-MtrC, MtrA, and MtrB were observed.

Previously (Edwards et al., 2018), we used SANS to resolve the molecular envelopes of MtrAB and the MTR complex purified from S. oneidensis. For those experiments, proteins were suspended in a buffer containing Fos-choline 12 detergent and 13% D2O in order to match the neutron scattering length density of both detergent micelles and bulk buffer solution. Upon buffer subtraction, the scattering intensity profile of the detergent micelles is also subtracted revealing the neutron scattering intensity profile from the protein complexes alone. We used the same approach here to resolve the molecular envelope of Ru-MtrC:MtrAB. We note that our ability to prepare Ru-MtrC:MtrAB in Triton X-100 (SE-AUC), LDAO (gel filtration), and Fos-choline 12 (SANS) highlights the stability of the complex in a range of detergents.

Neutron scattering data were collected for Ru-MtrC:MtrAB at concentrations of 6.3 and 3.1 mg ml–1. The scattering intensity profiles scaled linearly with protein concentration indicating an absence of concentration-dependent interparticle interactions (Supplementary Figure 5). The scattering profiles were merged, providing a curve (Figure 3A) with high reliability and signal to noise. Guinier analysis (Figure 3B) produced a linear plot indicating that the samples of Ru-MtrC:MtrAB were not aggregated and had an approximate radius of gyration (Rg) of 46.9 ± 0.6 Å. A Kratky plot [I(Q) × Q2 vs. Q, where I(Q) is the intensity at a given scattering distance and Q is momentum transfer] (Figure 3C) indicated Ru-MtrC:MtrAB was globular. P(r) distance distribution curves were generated using the GNOM program based on inverse Fourier transform of the data to a maximum Q-value of 0.161 Å–1. The scattering intensity decreased significantly beyond this value, so data were truncated before calculation of P(r) distribution curves. The P(r) curve shape (Figure 3D) was suggestive of a globular protein with a maximum distance in the molecule, Dmax, of 166 Å and an Rg of 48.2 Å. The latter is in good agreement with the value determined by Guinier analysis (see above). The theoretical scattering produced by this P(r) curve fits well to the experimental scattering data (Figure 3A) with aχ2 of 0.764 as determined by GNOM.
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FIGURE 3. Analysis of SANS data for Ru-MtrC:MtrAB. (A) Scattering data (truncated to Q = 0.161 Å−1) shown as circles with the fit to the P(r) curve generated by GNOM shown as a line. (B) Guinier region of scattering curve, lower panel shows data as circles and a linear fit as a line. Upper panel shows residuals from fitting. (C) Kratky plot. (D) P(r) distance distribution curve. (E) Molecular envelope of Ru-MtrC:MtrAB (blue mesh) generated by DAMMIN aligned with the homology model of the MTR complex from S. oneidensis (gray with red hemes). (F) Molecular envelope of Ru-MtrC:MtrAB (blue mesh) aligned with that of the MTR complex (orange mesh). Source data for latter as reported in Edwards et al. (2018), see text for details.


The P(r) curve was used to produce ab initio structural models for Ru-MtrC:MtrAB using DAMMIF (Franke and Svergun, 2009); these were then processed with DAMAVER (Volkov and Svergun, 2003) as previously described (Edwards et al., 2018). Final refinement using DAMMIN (Svergun, 1999) produced a molecular envelope which is shown in Figure 3E. It has been aligned, using SUPCOMB (Kozin and Svergun, 2001) to the homology model for the S. oneidensis MTR complex (Figure 1B) generated based upon the crystal structure of the MTR complex from S. baltica OS185 (Edwards et al., 2020) and the structure of MtrC from S. oneidensis MR-1 (Edwards et al., 2015). The theoretical scattering profile produced by this molecular envelope had aχ2-value of 2.748 (determined by DAMMIN) against the original scattering curve (Supplementary Figure 6F), indicating a good fit to the data, and the alignment had a normalized spatial discrepancy (NSD) of 2.05. The data reveal agreement between the Ru-MtrC:MtrAB molecular envelope from SANS and the homology model for the MTR complex at the level of resolution afforded by SANS.

The scattering data obtained previously (Edwards et al., 2018) for the MTR complex was subject to the same analysis and modeling comparable with that described above for Ru-MtrC:MtrAB (Supplementary Figure 6). The final molecular envelope for the MTR complex had a χ2-value of 1.972 (determined by DAMMIN) against the scattering data (Supplementary Figure 6F) and alignment to the homology model for S. oneidensis MTR complex gave a NSD of 2.72 (Supplementary Figure 6E). The DAMMIN models of the Ru-MtrC:MtrAB and MTR complexes are compared in Figure 3F and reveal very similar global structures at the resolution provided by SANS. Both models align similarly well with the homology model for the MTR complex generated from the crystal structure (Edwards et al., 2020) of the complex from S. baltica. This finding gives confidence in the homology model generated to describe the structure of the S. oneidensis MTR complex. In addition, it reveals that the MTR solution structure is not significantly different to that resolved in a crystalline state.

SANS analysis of Ru-MtrC:MtrAB lacks the resolution required to locate the Ru-dye attached to MtrC Cys657. To confirm the dye is positioned away from the interface between MtrC and MtrAB, as expected from the structure of the MTR complex (Figure 1B), the spectral properties of the dye attached to MtrC were investigated in the absence and presence of MtrAB. If MtrC Heme C10 is located near the interface with MtrAB, we can expect this to impact the photoluminescence intensity or spectral profile of the Ru-dye. However, there was negligible change to the emission spectrum of 1 μM Ru-MtrC after incubation with 0.5, 1, or 2 μM MtrAB over a 5-h period (Supplementary Figure 7). These observations are consistent with a “correct” relative orientation of Ru-MtrC and MtrAB such that Heme C10 is positioned some distance from MtrAB (Figure 1B).



Electron Transfer Through the Ru-MtrC:MtrAB Complex

SANS analysis suggests Ru-MtrC:MtrAB assembles in either the same or a highly similar manner to the wild-type MTR complex assembled in the outer membrane of Shewanella. To further investigate the in vitro-assembled Ru-MtrC:MtrAB complex, a series of experiments explored its electron transfer properties. Initial investigations took advantage of the Ru-dye attached to MtrC. The photoexcited triplet state of this dye, generated by absorption of photons at blue wavelengths, is a strong reductant (Em approximately -830 mV vs. SHE) with a lifetime of approximately 600 ns that is capable of transferring its photoenergized electron to a nearby protein cofactor (e.g., Geren et al., 1991; Millett and Durham, 2002; van Wonderen et al., 2018, 2019, under review). The photoenergized electron becomes trapped in the protein if the oxidized dye is reduced by a sacrificial electron donor and provided there are no sacrificial acceptors present. For cytochromes with multiple hemes, such photoreduction is cumulative (van Wonderen et al., 2018) and readily quantified by changes in absorbance of the Soret band as illustrated for Ru-MtrC (e.g., Figure 4A). Initially, the protein is fully oxidized with all hemes in the Fe(III) state as indicated by the Soret band with maximum absorbance at 410 nm (Figure 4A, thick red line). Upon irradiation (λ = 450 nm) in the presence of EDTA as sacrificial electron donor, the Soret band was red shifted and gained intensity (Figure 4A, thin red lines). These changes revealed the formation of reduced Fe(II)-containing hemes. Fully reduced Ru-MtrC with 10 Fe(II) hemes produced on equilibration with an excess of the chemical reductant sodium dithionite has an intense Soret band with maximum absorbance at 420 nm (Figure 4A, black line).
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FIGURE 4. Photoreduction of Ru-MtrC and Ru-MtrC:MtrAB Suspensions. Spectra of oxidized protein (thick colored line), over 90 min irradiation (thin colored lines), and after addition of dithionite (black line) for (A) Ru-MtrC and (B) Ru-MtrC:MtrAB. Samples of Ru-MtrC (0.12 μM) and Ru-MtrC:MtrAB (0.14 μM) in anaerobic 50 mM Tris, 10 mM KCl, 100 mM EDTA, and 0.2% (v/v) Triton X-100, pH 8.5. Irradiation at 450 nm, intensity 110 W m− 2. (C) Time course of photoreduction for Ru-MtrC (red) and Ru-MtrC:MtrAB (blue). Number of reduced hemes defined by ΔA420 nm; see text for details.


Cumulative photoreduction of Ru-MtrC:MtrAB was observed during equivalent experiments (e.g., Figure 4B). Of significance was the finding that for this complex, approximately 20 min irradiation was sufficient to drive the reduction of > 10 hemes per molecule of Ru-dye (Figure 4C). It can be concluded that Ru-MtrC transfers electrons to MtrAB. Reduction was not detected in the absence of EDTA, without irradiation, and without the Ru-dye allowing us to propose a likely mechanism for the cumulative photoreduction (Scheme 1). In Scheme 1, the excited state Ru-dye is presented as ∗Ru2+, the box represents MtrC (or MtrC:MtrAB), D is the sacrificial electron donor EDTA, and only productive steps for cumulative photoreduction are illustrated.
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SCHEME 1. Proposed mechanism of cumulative photoreduction showing only productive steps.


A striking feature of the time courses for photoreduction of MtrC and MtrC:MtrAB is that the maximum (i.e., initial) rates are of the order of 1 heme min–1 despite predicted (Jiang et al., 2019, 2020) and measured (van Wonderen et al., under review) heme-to-heme electron transfer rates > μs–1. Similar behavior was described (van Wonderen et al., 2019) for the tetraheme cytochrome STC of S. oneidensis labeled in a manner comparable with that for Ru-MtrC described here. This situation points toward rate-limiting events that involve the Ru-dye, e.g., photoexcitation, EDTA oxidation, and/or charge separation (recombination). However, further investigation of these possibilities falls beyond the scope of this present study.

The timescale of cumulative photoreduction reported in this study makes it difficult to confidently distinguish the contribution of electron transfer within Ru-MtrC:MtrAB from that due to electron transfer between such complexes. To overcome this difficulty and provide a description of electron transfer through Ru-MtrC:MtrAB, we incorporated the complex into liposome bilayers. The proteoliposomes, illustrated schematically in Figure 1C, contained RR120 an azo-dye that undergoes reductive bleaching (Em = -0.4 V vs. SHE) to provide a readily quantifiable spectroscopic indicator of electron transfer into the proteoliposomes (Stikane et al., 2019).

Proteoliposomes loaded with RR120 were prepared as described in section “Materials and Methods.” SDS-PAGE confirmed that the proteins added during liposome formation were retained in the samples used to study electron transfer (Figure 5, inset). The presence of encapsulated RR120 was confirmed by a large peak from 460 to 570 nm in the absorbance spectra (Figures 6A,B) alongside a smaller Soret peak at 410 nm from Fe(III) heme. Deconvolution of these spectral features allowed the concentrations of dye and Mtr proteins to be calculated (Supplementary Figure 4 and Supplementary Table 2) and demonstrated that the ratio of complex to dye in both types of proteoliposome were similar (approximately 1:270). Dynamic light scattering revealed the size distributions of the proteoliposomes were independent of the incorporated protein (Figure 5). Zeta potential measurements gave values between -40 and -45 mV with no discernable dependence on the presence or absence of Mtr proteins. This finding is consistent with our estimate of < 5 complexes per liposome (Supplementary Table 2) with the complex having a footprint of approximately 40 nm2 in comparison with a proteoliposome surface area of approximately 30,000 nm2.
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FIGURE 5. Characterization of (proteo-) liposomes. Size analysis by dynamic light scattering of RR120-containing liposomes with Ru-MtrC:MtrAB (blue), the MTR complex (red), or no proteins (gray). Proteoliposome concentrations estimated at 6 nM in 50 mM Tris:HCl and 10 mM KCl, pH 8.5. Inset shows Coomassie-stained SDS-PAGE gel loaded with the MTR complex (➀); RR120-containing proteoliposomes with the MTR complex (➁) or Ru-MtrC:MtrAB (➂); and RR120-containing liposomes (➃). Prestained protein ladder as in Figure 2C.
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FIGURE 6. Dithionite-driven electron transfer across (proteo-)liposome bilayers (A–C) Spectra of 6 nM (proteo-) liposomes containing RR120 with indicated proteins before (thick line) and over 30 min following addition of 0.1 mM dithionite (thin lines); arrows indicate bleaching of RR120. Samples in 50 mM Tris:HCl and 10 mM KCl, pH 8.5. Scattering due to liposomes has been subtracted; see text for details. (D) Time course for bleaching of encapsulated RR120 from (A–C) with data points connected for clarity. Data are the average of n = 3 datasets and error bars show standard deviation.


The 8 electrons necessary to reduce RR120 and its small extinction coefficient (ε539 nm = 32.3 mM–1 cm–1) combined with the slow cumulative photoreduction rates for Ru-dye irradiation described above made it necessary for us to use different electron delivery systems with the (proteo-) liposomes. We chose the reductants for their previously described (Stikane et al., 2019) ability to produce rapid (<10 min) bleaching of internalized RR120 in MTR containing proteoliposomes. Addition of sodium dithionite to proteoliposomes containing Ru-MtrC:MtrAB or the MTR complex resulted in a rapid bleaching of the internalized RR120 (Figures 6A,B,D). In the absence of Mtr proteins, there was very little bleaching of the dye over the same time period (Figures 6C,D). Thus, Ru-MtrC:MtrAB is an effective conduit for electron transfer across the lipid bilayer. Furthermore, the rate of electron transfer through Ru-MtrC:MtrAB is comparable with that of the MTR complex (Figure 6D).

A final series of experiments explored the ability of graphitic N-doped carbon dots to support light-driven transmembrane electron transfer. These nanoparticles support rapid photoreduction when irradiated with white light (λ > 400 nm) in the presence of EDTA as sacrificial electron donor (Martindale et al., 2017). When our RR120 proteoliposomes containing Ru-MtrC:MtrAB or MTR complex were irradiated in the presence of EDTA, the rapid bleaching of RR120 was observed (Figures 7A,B). The complexes supported comparable rates of bleaching indicative of equivalent rates of electron transfer through Ru-MtrC:MtrAB and the MTR complex. Photoreduction of the Mtr hemes was also apparent through changes in the Soret band, specifically the red shift and increase of intensity. Almost all hemes appeared to be reduced in the first minute, indicating that electron transfer between (Ru-)MtrC and MtrAB is fast compared with the reduction of RR120. In the absence of Mtr proteins, liposomes containing RR120 showed very little evidence for dye bleaching over the same time period (Figure 7C). Thus, bleaching of the dye is dependent on electron transfer through the Mtr biomolecular wires.
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FIGURE 7. Light-driven electron transfer across (proteo-)liposome bilayers with graphitic N-doped carbon dots. (A–C) Spectra of 6 nM (proteo-) liposomes containing RR120 with indicated proteins before (thick line) and over 15 min irradiation (thin lines) with visible light (2.5 kW m− 2); arrows indicate reduction of hemes and bleaching of RR120. Samples in 50 mM Tris:HCl, 10 mM KCl, 25 mM EDTA, AND 10 μg ml− 1 graphitic N-doped carbon dots, pH 8.5. Scattering contributions from carbon dots and liposomes have been subtracted; see text for details. (D) Time course showing bleaching of encapsulated RR120 in (proteo-) liposomes from (A–C) with data points connected for clarity. Data are the average of n = 3 datasets, and error bars show standard deviation.


Equivalent experiments performed in the absence of carbon dots or EDTA showed negligible reduction of heme and no bleaching of the encapsulated RR120 (Supplementary Figure 8). Furthermore, there was no detectable increase in the rate of RR120 bleaching in Ru-MtrC:MtrAB liposomes compared with MTR liposomes (Figure 7D). We conclude that Ru-MtrC makes very little contribution to photochemical electron production in these experiments and that carbon dots are the primary driver of the observed photochemistry.

By two methods of analysis, we find that transmembrane electron transfer by the Ru-MtrC:MtrAB complex is comparable with that by the MTR complex. This supports Ru-MtrC:MtrAB having a structure comparable with that of the MTR complex of S. baltica (Figure 1B), where MtrA Heme A10 and MtrC Heme C5 lie in close proximity to facilitate electron transfer across the interface between the two decaheme cytochromes. We note that the orientation(s) of the complexes in the proteoliposome membranes is not known. However, this is unlikely to affect our conclusions. Given the demonstrated similarity in structure of the MTR complex and Ru-MtrC:MtrAB, we expect that the populations of “inside-out” and “right-side-out” complex are similar for each type of proteoliposome. Both orientations are likely to occur as the protein complexes are present during formation of the liposome bilayers.



DISCUSSION

An increasing number and diversity of organisms are recognized to naturally transfer electrons between internal enzymes and external redox partners (Bose et al., 2014; White et al., 2016). The electron transfer pathways, evolved to allow survival in the absence of cell permeable electron acceptors, now inspire biotechnology to produce green energy and/or chemicals from material typically considered waste. Examples include the remediation of water-borne organic “waste” molecules coupled to electricity production in microbial fuel cells, and the microbial electrosynthesis of valued chemicals from CO2 and N2 driven by electricity from renewable sources (Chiranjeevi and Patil, 2020). These strategies rely on electron exchange between bacteria and electrodes. However, until recently, there has been very little molecular understanding of the proteins essential for electron exchange across bacterial outer membranes. It is now apparent that outer membrane-spanning complexes with a c-type cytochrome inside a beta-barrel porin protein play a major role in such electron transfer for numerous and phylogenetically diverse Gram-negative bacteria (Hartshorne et al., 2009; White et al., 2016; Edwards et al., 2020). Biochemical details are beginning to emerge for the porin-cytochrome fusion exemplified by CYC2 of Acidithiobacillus ferroxidans (Yarzabal et al., 2002; Castelle et al., 2008) the PioAB proteins of Rhodopseudomonas palustris TIE-1 (Gupta et al., 2019; Li et al., 2020) and the PCA complexes of Geobacter sulfurreducens (Liu et al., 2014). However, it is for Shewanella species that trans-outer membrane electron transfer is perhaps best described at the molecular level (e.g., Figures 1A,B). Notably, the MTR complex provides the primary, and bidirectional, route for electron transfer across the bacterial outer membrane (Ross et al., 2011; Shi et al., 2012).

Recent resolution of the molecular structure of an MTR complex (Edwards et al., 2020) paves the way for its rational engineering to facilitate electrical interfacing of Shewanella, or heterologous hosts, with external redox partners. The present study was informed by that structure. We have engineered MtrC for photoreduction by labeling the external surface with a Ru(II)-dye photosensitizer adjacent to the terminal Heme C10. Photo-energized electrons transfer from the dye to MtrC, and subsequently to MtrAB. Furthermore, the bespoke biomolecular wire created by mixing water-soluble Ru-MtrC with the lipid-soluble MtrAB porin:cytochrome complex is indistinguishable from purified MTR in both its structure and ability to transfer electrons across lipid bilayers. Our results can now inform the engineering of bacteria for inclusion in novel biohybrid materials with bespoke transmembrane biomolecular wires. Not only do they provide insight into the cellular pathway for MTR assembly, they suggest bespoke MTR complexes may be assembled in a modular fashion on the surface of live bacteria. We consider both topics below.

Precise details of the cellular MTR assembly pathway are lacking at the present time. In MR-1, the mtrC, mtrB, and mtrA genes encoding for the components of the MTR complex are co-transcribed. The translated peptides are transported in an unfolded state, through the Sec pathway, into the periplasm. The Shewanella cytochrome c maturation pathway folds MtrA and MtrC and attaches 10 hemes to each protein (Jin et al., 2013). MtrB is then combined with periplasmic MtrA to form the MtrAB complex through a process that may be initiated in the periplasm (Schicklberger et al., 2011). By contrast the type II secretion pathway secretes folded MtrC (Shi et al., 2008) to the external cell surface where it resides as a lipoprotein (Myers and Myers, 2001). The MTR complex forms when the lipoprotein MtrC, anchored to the external cell surface, associates with MtrAB in the outer membrane. By demonstrating that soluble MtrC, lacking the N-terminal lipid attachment site (Lockwood et al., 2018) associates with MtrAB to form a complex indistinguishable from MTR, this study reveals that the interfacial contacts between MtrC and MtrAB are sufficient to define and stabilize a functional complex. The lipid anchor carried by genomically encoded MtrC appears to have no structural role. That anchor may ensure that secreted MtrC, synthesized in a process requiring significant investment of cellular resources, diffuses only across the cell surface, essentially in 2D, until it encounters and associates with the MtrAB complex to then perform its role in anaerobic respiration.

With regard to developing novel biotechnology for greener chemical synthesis, much inspiration is provided by bacteria, such as S. oneidensis MR-1, which naturally couple internal and external redox processes. Electrons, for example, derived from lactate oxidation by S. oneidensis MR-1 (Figure 1A) have been delivered (Fan et al., 2018) to an exogenous extracellular catalyst for atom-transfer radical polymerization (Figure 8A). Separately, genetic engineering of S. oneidensis introduced new metabolism and demonstrated the production of value-added substances more oxidized than the substrates (Figure 8B) when glycerol was converted to ethanol (Flynn et al., 2010) and acetoin produced from glucose (Bursac et al., 2017). Both studies benefited from electrode-assisted fermentation with the liberated electrons passed to anodes. In the future, we envisage value-adding half-reactions inside the bacteria will be coupled to value-adding half-reactions that occur outside the cells such that the concepts above are integrated in a single biotechnology. In such a scenario, the performance may be enhanced if MtrC is functionalized with an external electrocatalyst to facilitate electron exchange with the cells. Furthermore, using external photoelectrocatalysts will have the additional advantage of allowing reactions to be driven by the energy of sunlight to achieve semiartificial photosynthesis in a living organism (Figure 8C).
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FIGURE 8. Harnessing the MTR complex to couple internal (biological) and external (synthetic) catalysts in a closed redox cycle. (A) S. oneidensis as a living electrode driving an exogenous copper-based catalyst to produce radicals, these initiate olefin polymerization (Fan et al., 2018). (B) S. oneidensis performing electrode-assisted glycerol oxidation (Flynn et al., 2010). (C) A strategy to engineer bacteria for semiartificial photosynthesis motivated by this work; soluble MtrC is functionalized with a photoelectrocatalyst and then assembles spontaneously with bacteria presenting MtrAB in their outer membrane; allowing intracellular substrate oxidation to be coupled to extracellular photoelectrocatalysis.


While such opportunities are exciting, the direct labeling of bacteria with (photo-)electrocatalysts is likely to provide a challenge, not least the possibility that labeling reactions might compromise cell viability. By demonstrating spontaneous formation of a stable and functional complex able to transfer electrons across a lipid bilayer, this work suggests an alternative route to assembling such biohybrids (Figure 8C). In the first step, selective in vitro functionalization of purified, soluble MtrC would be carried out under optimal conditions. Then, spontaneous association of functionalized MtrC with cells presenting MtrAB in their outer membrane would afford assembly of the desired biohybrid materials through a strategy that makes a virtue of the intrinsic modularity of the MTR complex. With regard to this strategy, do conditions exist whereby functional MtrC:MtrAB complexes can be assembled by combining soluble, functionalized MtrC with bacteria presenting MtrAB in their outer membranes? Experiments to assess this possibility are ongoing in our laboratories. We also aim to engineer the coupling of MtrC to photosensitizers more sustainable than Ru(II)-dyes, and that support faster light-driven electron accumulation in the protein.

In conclusion, we have demonstrated photoreduction of MtrC photosensitized by covalent linkage to an inorganic dye. We have also established that the structure and electron transfer properties of the complex formed when functionalized MtrC associates with MtrAB in vitro are comparable with those of the native MTR complex. Together, these observations lay the foundations for rational engineering of the MtrC:MtrAB complex for novel synthetic biology for enhanced biotechnology of Shewanella and heterologous hosts such as Escherichia coli (Schuergers et al., 2017; Su and Ajo-Franklin, 2019).
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Mycobacteria such as Mycobacterium tuberculosis, the causative agent of tuberculosis that annually kills several million people worldwide, and Mycobacterium smegmatis, the non-pathogenic fast-growing mycobacteria, require oxidative phosphorylation to meet their energy requirements. We have previously shown that deletion of one of the two copies of atpD gene that codes for the ATP synthase β-subunit establishes an energy-compromised state in M. smegmatis. Here we report that upon such deletion, a major routing of electron flux occurs through the less energy-efficient complexes of its respiratory chain. ΔatpD bacterium also shows an increased reduced state which is further confirmed by the overexpression of WhiB3, a major redox sensor. We show a substantial modulation of the biosynthesis of cell wall associated lipids and triacylglycerol (TAG). An accumulation of TAG-containing lipid bodies is further confirmed by using 14C oleate incorporation. Interestingly, the mutant also shows an overexpression of TAG-degrading lipase genes, and the intracellular lipolytic enzymes mediate TAG hydrolysis for their utilization as energy source. We believe that our in vitro energy-depleted model will allow us to explore the critical link between energy metabolism, redox homeostasis, and lipid biosynthesis during ATP-depleted state, which will enhance our understanding of the bacterial adaptation, and will allow us to identify novel drug targets to counter mycobacterial infections.
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INTRODUCTION

Tuberculosis, caused by the bacterium Mycobacterium tuberculosis, is one of the serious public health concerns globally (Eisinger et al., 2020). M. tuberculosis is known to reside in a dormant state for prolonged period, and targeting such dormant M. tuberculosis is a big challenge for the current chemotherapeutic approaches (Gengenbacher and Kaufmann, 2012). Thus, a continuous arms race between human and mycobacteria is leading to the discovery and development of novel drug targets and therapeutics against M. tuberculosis.

Oxidative phosphorylation (OXPHOS) is an efficient pathway to sustain bacterial growth and survival (Bald et al., 2017). During this process, electrons obtained through the donors of central metabolic pathways are transferred from the respiratory complexes to O2 via electron transport chain (ETC) (Matsoso et al., 2005). This highly flexible respiratory chain in mycobacteria consist of various membrane-embedded electron carrier molecules and enzymes that mediate the transfer of electron, which is coupled with the generation of proton motive force (PMF) that drives ATP synthesis (Cook et al., 2014). The electron travels from complex-I (NADH dehydrogenase) to complex-II (succinate dehydrogenase) with the help of electron carrier molecule menaquinone. The chain is terminated via two terminal oxidases namely aa3-type cytochrome c oxidase (supercomplex along with cytochrome bc1 and cytochrome c) and cytochrome bd oxidase which eventually catalyzes the reduction of O2 to water molecule by using the electrons from menaquinone and cytochrome c, respectively (Kana et al., 2001; Matsoso et al., 2005). Previous studies suggest that in Mycobacterium smegmatis during low growth rate and low air saturation (0.6%), the cytochrome bd oxidase complex is upregulated >50-fold, which exemplifies the importance of cytochrome bd at low O2 rates (Berney and Cook, 2010). Moreover during hypoxia under the inhibitory conditions of cytochrome bc1-aa3 oxidase complex, cytochrome bd has been shown to play an important role in cell survival (Kana et al., 2001; Cook et al., 2014). Furthermore, the involvement of cytochrome bd in adaptation of M. tuberculosis toward adverse environmental conditions is very well known (Giuffre et al., 2012; Forte et al., 2016). Hence, respiration plays a very important role in mycobacterial survival in order to respond and adapt toward different environmental niche and stress conditions.

The inhibition of respiratory chain may occur either by suppression of the respiratory complexes (Lamprecht et al., 2016; Moosa et al., 2017) or due to an exposure to external stress factors such as hypoxia, nutrient deficiency, acid, NO, CO, etc., which eventually influence the redox environment of the cell by making the electron carriers more reduced (Cook et al., 2014; Iqbal et al., 2018; Akela and Kumar, 2021). Hypoxia is known to induce reactive oxygen species (ROS) (Brunelle et al., 2005), whereas NO acts as one of the major antimicrobial stress agents generating reactive nitrogen species (RNS) in the cell, thereby leading to the fluctuations in redox state (Mehta and Singh, 2019). This necessitates mycobacteria to respond toward the environmental variations to maintain homeostasis. In order to defend from the internal oxidants and reductants, mycobacteria has evolved with specific mechanisms that assist in maintaining an appropriate redox balance within the cell (Zhai et al., 2019). In M. tuberculosis, for example, it has been suggested that during reduced O2 conditions, WhiB3 senses the changes in the intracellular redox environment leading to metabolic switchover to fatty acids as the preferred nutrient source for the cell (Mehta and Singh, 2019). The presence of 4Fe–4S cluster in WhiB3 helps in maintaining redox homeostasis via regulating the metabolism and polyketide biosynthesis in the cell, thereby assisting in the persistence of the pathogen within the host (Mehta and Singh, 2019). The metabolic dependency of M. tuberculosis upon host fatty acids and cholesterol ensures a long-term survival during the persistence phase of infection (Gomez and McKinney, 2004; Pandey and Sassetti, 2008). Nevertheless, how these fatty acids are acquired, stored, and further utilized is still unclear in mycobacteria.

We have previously shown that the deletion of one of the two copies of atpD gene that codes for the β-subunit of the ATP synthase machinery renders M. smegmatis in an energy-compromised state (Patil and Jain, 2019). In the present work, we investigated in detail the mechanism involved in this adaptation and report that in M. smegmatis, deletion of atpD results in the remodeling of the ETC with utilizing less efficient proton non-translocating complexes. This results in the establishment of a reductive stress in the cell, which is dissipated by a major redox sensor, WhiB3-mediated modulation of the biosynthesis of storage lipids (triacylglycerol). We have previously shown that in ΔatpD, β-oxidation is enhanced for the generation of energy (Patil and Jain, 2019). It, therefore, appears that M. smegmatis follows two distinctive and seemingly opposite pathways in order to adapt to a low-energy state. Our work here thus reveals a distinct relationship between lipid accumulation and its utilization in M. smegmatis under energy-compromised state, and that a respiratory shift drives the global cellular changes leading to redox imbalance and metabolic dependency on fatty acid. We believe that understanding these cellular characteristics and their modulation to stress is vital for the identification and development of novel therapeutic drug targets to treat mycobacterial infections.



RESULTS

We have previously shown that M. smegmatis atpD gene (MSMEG_4936), which codes for the β-subunit of F0F1 ATP synthase, is important for mycobacterial physiology and metabolism (Patil and Jain, 2019), and that the deletion of one of the two copies of atpD renders the bacterium in an energy-compromised state. In this manuscript, we explore the impact of this deletion on the physiology of M. smegmatis and address how cell adapts to this physiological state and survives.


Deletion of atpD Results in Altered Expression of the Respiratory Chain Complexes

To understand in detail how M. smegmatis adapts to and survive in the depleted energy state, we first looked into the highly flexible mycobacterial ETC and its complexes that facilitate mycobacterial survival by coordinating with the central metabolism under variety of environmental conditions. M. smegmatis consists of energy efficient type-I NADH dehydrogenase complex (NDH1), which is proton pumping in nature, encoded by nuo operon, and a proton non-pumping type-II NADH dehydrogenase complex (NDH2) encoded by ndh gene (MSMEG_3621). The two terminal oxidases utilized by mycobacterial ETC for reduction of oxygen include the energy-efficient cytochrome bc1-aa3 supercomplex and the energetically less efficient cytochrome bd oxidase (Cook et al., 2014; Iqbal et al., 2018). The transfer of electron from these terminal oxidases generates a PMF, which is then subsequently utilized for ATP synthesis via F0F1 ATP synthase. Transcriptional analysis shows that while the genes belonging to type-I NADH dehydrogenase are downregulated (Figure 1A), the proton non-pumping type-II NADH dehydrogenase is upregulated (Figure 1B) in the ΔatpD strain as compared to the wild-type and the complemented strain. Similarly, the energy efficient terminal electron acceptor cytochrome bc1-aa3 complex is found to be transcriptionally repressed (Figure 1C), whereas the energetically less efficient cytochrome bd oxidase genes are found to be induced (Figure 1D). This shift in the mycobacterial respiration machinery observed here suggests a modification in the respiration from proton translocating to non-proton-translocating state in ΔatpD. Similar observations were also seen when M. tuberculosis was grown under hypoxia conditions (Shi et al., 2005), suggesting a conserved respiratory adaptation in both pathogenic M. tuberculosis and non-pathogenic M. smegmatis.
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FIGURE 1. Transcriptional changes in the respiratory chain complexes and an altered membrane polarization in M. smegmatis ΔatpD. Plots show the expression profiles for genes belonging to NDH1 complex (nuo operon, A), NDH2 complex (ndh, B), cytochrome bc1-aa3 complex (qcr and cta, C), and cytochrome-bd oxidase complex (cyd, D) in M. smegmatis wild-type (WT), atpD knock out (ΔatpD), and atpD-complemented (ΔatpDC) strains. Panel (E) shows the membrane polarization in all the three strains as monitored by DiBAC4(3) dye. In panels (A–D), the transcript level in each case is compared with that of M. smegmatis WT, which is taken as 1. In all the panels, data represent an average of at least three independent experiments with error bars representing standard deviation. ∗P-value < 0.05; ∗∗P-value < 0.01.


We next hypothesized that such a broad change in the ETC machinery will affect the intracellular concentration of H+, which will result in an acidic pH in the cytoplasm and alter cellular membrane polarization. Hence we measured the changes in the membrane polarization by using a fluorescent dye DiBAC4(3) [Bis (1,3-dibutylbarbituric acid) trimethine oxonol], which readily diffuses across a depolarized membrane. Interestingly, the ΔatpD bacterium displayed increased fluorescence suggesting alteration in the membrane polarization as compared to the wild-type and the complemented strain (Figure 1E). Overall our data suggest that due to the deletion of single copy of atpD, the respiratory functions and energy production factors are maintained at a low level and result in altered membrane polarization.



Altered Membrane Polarization Disrupts Redox Homeostasis in ΔatpD, and Is Balanced by Lipid Biosynthesis

Membrane potential plays an important role in energy storage during OXPHOS (Zorova et al., 2018). Previous studies suggest that bacteria possess a remarkable ability to maintain their membrane polarized, even during external stress (Prindle et al., 2015; Blee et al., 2020). A sharp decline in the membrane potential is considered dangerous to the cell, due to its inefficiency to produce ATP and leading to the generation of reductive stress in the cell (Zorova et al., 2018), which leads to slow down of respiratory complexes (Akela and Kumar, 2021). Furthermore, we have previously shown that MsmΔatpD has reduced levels of ATP with increased ROS and high NADH/NAD+ ratio, indicating an imbalanced redox state within the cell (Patil and Jain, 2019). We, therefore, asked how cell manages this intracellular redox imbalance in order to replenish the depleted NAD+ levels for survival. It has been suggested that dosS/dosR system functions as a prominent sensor for the extracellular redox signals such as reduced oxygen and NO levels (Kumar et al., 2007). WhiB3, on the other hand, is known as a major intracellular redox sensor in M. tuberculosis, which acts by maintaining the redox balance in the cell thereby regulating the central metabolism (Singh et al., 2009). M. smegmatis WhiB3 (MSMEG_1597) shares 79.8% identity with M. tuberculosis WhiB3 (Rv3416) (Supplementary Figure 1). Hence we hypothesized that in M. smegmatis under an energy-compromised state, WhiB3 acts as the major redox regulator involved in the dissipation of the reductive stress via synthesis of storage lipid. Therefore, we determined the expression level of WhiB3 in M. smegmatis, and found a threefold upregulation in its expression in atpD knock-out strain as compared to the wild-type and the atpD-complemented (atpDC) strain (Figure 2A). An upregulation in WhiB3 here clearly suggests that a redox state persists in M. smegmatis under energy-compromised state, which further corroborates with our previous study (Patil and Jain, 2019).
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FIGURE 2. Mycobacterium smegmatis ΔatpD shows redox homeostasis under energy-deprived state. Shown are the relative mRNA transcript levels of redox sensor gene WhiB3 (A), polyketide biosynthesis genes (B), trehalose di-mycolate (TDM) biosynthesis genes (C), polymethyl-branched fatty acid gene (D), and polyketide synthase-associated protein (Pap) and mmpL genes (E) in M. smegmatis wild-type (WT), atpD knock out (ΔatpD), and atpD-complemented (ΔatpDC) strains. In all the panels, the transcript level in each case is compared with that of M. smegmatis WT, which is taken as 1. Data represent an average of at least three independent experiments with error bars representing standard deviation. ∗P-value < 0.05; ∗∗P-value < 0.01.


Furthermore, since WhiB3 in M. tuberculosis is known to be a positive transcriptional regulator for lipid biosynthesis genes such as those involved in polyketide biosynthesis (pks) and complex cell wall-associated lipids (Singh et al., 2009), we determined the mRNA expression level of MSMEG_4727 (pks5), which is a homolog of M. tuberculosis pks2 with 65% identity (Supplementary Figure 2), MSMEG_0408 (pks1) (Figure 2B), trehalose di-mycolate (TDM) (mycolyltransferases) genes in M. smegmatis (Ojha et al., 2010) such as MSMEG_6398 and MSMEG_2078 (Figure 2C), MSMEG_4731, involved in the synthesis of polymethyl-branched fatty acids (Tran et al., 2019) in M. smegmatis (Figure 2D), and the polyketide synthase-associated protein (Pap) gene such as MSMEG_4728 (Onwueme et al., 2004; Tran et al., 2019), and mmpL, MSMEG_4741 (Figure 2E), which is posited to encode the enzymes involved in the synthesis and transport of glycolipids such as GPL, lipo-oligosaccharide (LOS), and sulfolipid-1 (Tran et al., 2019). Interestingly, we found an upregulation of all the cell wall-associated genes. During hypoxia, since the respiratory chain is down-regulated, M. tuberculosis is known to regenerate NAD+ from NADH via WhiB3, thereby sensing the intracellular redox alterations and causing the metabolic switchover to fatty acids as the preferred carbon source (Singh et al., 2009). Such metabolic shift induced by WhiB3 is known to regulate the production of methyl branched polyketides (PAT/DAT, SL-1, and PDIM) and TAG (Singh et al., 2009). Hence the observed overexpression of WhiB3 and its role in modulating polyketide biosynthesis in M. smegmatis ΔatpD immediately suggest an important function played by WhiB3 in homeostasis maintenance via lipid biosynthesis and as a physiological redox regulator in M. smegmatis under energy-compromised state.



Loss of atpD Severely Affects the Cardiolipin Content in M. smegmatis Cell Membrane and Altered Mycolic Acid Levels Leading to Loss of Acid Fastness

Since in MsmΔatpD, an upregulation in WhiB3 suggests dissipation of reductive stress via lipid biosynthesis, at this juncture, an analysis of the lipid content of the cell becomes extremely important. Cell membrane lipids are known to play a crucial role in the membrane dynamics during growth and stress (Stallings and Glickman, 2010; Queiroz and Riley, 2017). Mycobacterial cell membrane consists of a plethora of lipids, which function as the structural components and storage bodies for the cell (Queiroz and Riley, 2017). A general pathway for the biosynthesis of these lipids in mycobacteria is depicted in Figure 3A. Major structural and storage mycobacterial lipids include phospholipids such as the cardiolipin (CL), phosphatidylethanolamine (PE), phosphatidylinositol (PI), glycosylated PIs, phosphatidylserine (PS), phosphatidylglycerol (PG; a minor species in mycobacteria), and triacylglycerol (TAG), which is a neutral storage lipid for the cell (Crellin et al., 2013). Furthermore, out of the major phospholipids, CL accounts for the maximum amount (37%) of the total phospholipids in mycobacterial plasma membrane followed by PE (32%) and PI/PIMs (28%) (Crellin et al., 2013). We, therefore, first determined the levels of CL in all the three strains. CL is known to form aggregates within the membrane and is determined using Nonyl Acridine orange (NAO) fluorescent dye, which specifically binds to it (Mileykovskaya et al., 2001). Interestingly, the ΔatpD bacterium shows reduced fluorescence as compared to that of the wild-type and the complemented strain (Figure 3B), which is further corroborated well by the FACS analysis (Figure 3C). To gain further insight into the reduction in the cardiolipin levels in knock-out strain, we analyzed the mRNA expression level of plasma membrane biogenesis genes (depicted in Figure 3D) by reverse transcription-quantitative PCR (RT-qPCR). We observe several folds reduction in the expression of all the plasma membrane biogenesis genes (pgsA1, pgsA2, which is a putative cardiolipin synthase gene, and pgsA3) in the knock-out strain as compared to the wild-type and the complemented strain (Figure 3E). Overall, this significantly reduced fluorescence and the gene expression levels in the knock-out strain are together suggestive of low amounts of cardiolipin (CL) content in the ΔatpD strain as compared to the wild-type and the complemented strain. This also manifests a compromised cell envelope in M. smegmatis ΔatpD as shown in our previous study (Patil and Jain, 2019). Next we examined the levels of other major phospholipids in the cell such as Phosphatidylethanolamine or PE (MSMEG_6851), Phosphatidylserine or PS (MSMEG_0860), and Phosphatidylinositol or PI (MSMEG_2933) by RT-PCR as well as by monitoring the incorporation of 14C oleic acid into phospholipids of all the three strains. Interestingly, our data show that the levels of these phospholipids remain almost unchanged in both wild-type and mutant strains (Figure 3F and Supplementary Figure 3). Taken together, these results suggest that the mycobacterial cell under energy-compromised state might depend on some other lipids in order to maintain survival.
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FIGURE 3. Mycobacterium smegmatis ΔatpD shows reduced cardiolipin content. Panel (A) shows various mycobacterial membrane lipids along with the flow of key phospholipid biosynthesis pathways. PGP, phosphatidylglycerol phosphate; PG, phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine; PE, phosphatidylethanolamine; CDP-DAG, cytidine-diphosphate diacylglycerol. Panel (B) shows the Nonyl Acridine orange (NAO) dye fluorescence measured for M. smegmatis wild-type (WT), atpD knock-out (ΔatpD), and atpD-complemented (ΔatpDC) strains. Panel (C) shows the flow cytometric analysis of all the three strains after staining the cells with NAO dye. The percentage value represents the fraction of cells that are positive for that fluorescence. Flow cytometry experiments were repeated at least thrice; the graph shows only one representative data. Panel (D) shows the cardiolipin biosynthesis pathway in mycobacteria. Panel (E) shows the gene expression analysis for plasma membrane biosynthesis genes pgsA1, pgsA2, and pgsA3 by RT-qPCR in M. smegmatis wild-type, ΔatpD, and ΔatpDC strains. Panel (F) shows the relative expression level of major structural genes – MSMEG_6851 (phosphatidylethanolamine or PE), MSMEG_0860 (phosphatidylserine or PS), and MSMEG_2933 (phosphatidylinositol or PI) in M. smegmatis wild-type, ΔatpD, and ΔatpDC strains. In both panels (E,F), the transcript level in each case is compared with that of M. smegmatis WT, which is taken as 1. In panels (B,E,F), data represent an average of at least three independent experiments with standard deviation shown as error bars. ∗P-value < 0.05; ∗∗P-value < 0.01; ∗∗∗P-value < 0.005. Panel (A) is created with www.BioRender.com.


Since mycolic acid acts as the major component of the mycobacterial cell wall, we next asked if the levels of mycolic acid are affected in M. smegmatis ΔatpD. To investigate this, we first examined the transcription level of the genes belonging to the FAS-I and FAS-II pathway involved in the biosynthesis of mycolic acid. Surprisingly, several-fold downregulation in the expression level of the genes belonging to the FAS-II and FAS-I pathway such as fabD (MSMEG_4325), kasA (MSMEG_4327), kasB (MSMEG_4328), mabA (MSMEG_3150), accA3 (acetyl-CoA carboxylase; MSMEG_1807), accD4 (MSMEG_6391), accD6 (MSMEG_4329), and fas (MSMEG_4757) is observed in the atpD knock-out strain as compared to the wild-type and the complemented strain (Figure 4A). The observed downregulation in the FAS-I and FAS-II pathway genes suggests an alteration in mycolic acid levels (Shi et al., 2010) in the mutant as compared to the wild-type strain. Taken together, this indicates that the deletion of atpD gene negatively influences the de novo lipid biosynthesis. Further it is well known that alteration in the mycolic acid biosynthesis within the cell leads to loss of acid-fastness in mycobacteria (Daniel et al., 2011, 2016). Therefore, we investigated whether such phenotype is also shown by ΔatpD. Therefore, the cells were stained with Auramine-O (acid-fast staining green fluorescent dye), which stains mycolic acids present in the cell envelope of mycobacteria and has been widely used to determine the acid-fastness property of the cells. Here, the atpD knock-out strain shows reduced Auramine-O fluorescence indicating loss of acid fastness (Figure 4B). On the other hand, both the wild-type and the complemented bacteria (ΔatpDC) are acid-fast positive as judged by the retention of Auramine-O fluorescence (Figure 4B). Additionally, the mutant shows increased Nile red fluorescence, which is indicative of neutral lipid accumulation, as compared to the wild-type and the complemented strain (Figure 4B). Further, in order to obtain a quantitative estimation, we analyzed Auramine-O and Nile red fluorescence via FACS analysis and also measured the fluorescence on a SpectraMax multimode plate reader. Our results clearly show a significant reduction in the Auramine-O fluorescence and a drastic increase in the Nile red fluorescence in ΔatpD strain as compared to the wild-type and the complemented strain (Figures 4C,D). It is worth mentioning here that loss of acid-fastness is a feature reported for dormant mycobacteria (Daniel et al., 2011, 2016). Altogether, this remarkable alteration in the cardiolipin, other phospholipids, and mycolic acid levels in ΔatpD strongly points toward a significant rerouting of the lipid metabolism to other form in the mutant strain under energy-compromised state.
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FIGURE 4. Mycobacterium smegmatis shows reduced mycolic acid levels leading to loss of acid-fastness under energy-compromised state. Panel (A) shows the relative mRNA transcript levels of the genes belonging to the FAS-II and FAS-I lipid biosynthesis pathway genes such as fabD (MSMEG_4325), kasA (MSMEG_4327), kasB (MSMEG_4328), mabA (MSMEG_3150), accA3 (acetyl-CoA carboxylase; MSMEG_1807), accD4 (MSMEG_6391), accD6 (MSMEG_4329), and fas (MSMEG_4757) in M. smegmatis wild-type (WT), atpD knock-out (ΔatpD), and atpD-complemented (ΔatpDC) strains. The transcript level in each case is compared with that of M. smegmatis wild-type, which is taken as 1. Panel (B) shows the fluorescence microscopy images for the M. smegmatis WT, ΔatpD, and ΔatpDC strains after staining the cells with Auramine-O and Nile red. Panel (C) shows the flow cytometric analysis of all the three strains after staining the cells with Auramine-O and Nile red dye, as mentioned. The percentage value represents the fraction of cells that are positive for that fluorescence. Flow cytometry experiments were repeated at least thrice. Panel (D) shows the quantification by measuring the fluorescence of Auramine-O and Nile red dyes as mentioned on fluorescence plate reader for M. smegmatis WT, ΔatpD, and ΔatpDC strains. In all the panels, the experiments were repeated at least thrice. In both panels (B,C), only one representative image is shown. In panels (A,D), error bars represent standard deviation. ∗P-value < 0.05; ∗∗P-value < 0.01; ∗∗∗P-value < 0.005.




Upregulation of WhiB3 Promotes Physiological and Metabolic Adaptations by Increasing TAG Accumulation in M. smegmatis Under Energy-Compromised State

In M. tuberculosis, WhiB3 is suggested to modulate the differential production of cell wall associated and storage lipids via redox-dependent switching mechanism (Singh et al., 2009); our data also suggest a significant rerouting to some other form of lipid in MsmΔatpD. Since TAG is the major storage lipid in mycobacteria (Daniel et al., 2011), we next explored the genetic basis of this phenomenon in ΔatpD, and examined the differential expression of the genes involved in TAG biosynthesis pathway, which is also known as Kennedy pathway in M. smegmatis (Maarsingh and Haydel, 2018). Interestingly, we find that the transcription profile of the genes coding for the enzymes catalyzing the TAG biosynthesis such as glycerol kinase (glpK, MSMEG_6759), glycerol-3-phosphate acyl transferase (GPAT, MSMEG_4703), acylglycerol phosphate acyltransferase (AGPAT, MSMEG_4284), and the two wax ester synthase/acyl-CoA:diacylglycerol acyltransferase (WSDGAT, MSMEG_1882, and MSMEG_4705), which catalyzes the final step of TAG biosynthesis, is upregulated in the ΔatpD mutant as compared to the wild-type and the complemented strain (Figure 5A). In M. tuberculosis, tgs1 is known to be the major TAG synthase gene (Daniel et al., 2004), and we found the two homologs of tgs1 genes in M. smegmatis, MSMEG_5242 and MSMEG_3948, which bear significant similarity (69%) with the M. tuberculosis tgs1 (Supplementary Figure 4). Interestingly, the transcript levels of these genes are also found to be higher (Figure 5A), which strongly suggests that this phenomenon may be conserved in M. tuberculosis as well. We additionally noticed that in M. tuberculosis, tgs1 gene is under direct control of dosS/dosR operon, and is highly overexpressed under stress conditions such as hypoxia, acidic environment, and under dormancy conditions (Daniel et al., 2011). Our previous report also showed an overexpression of dormancy regulon genes dosS and dosR that are the known mediators of tgs1-dependent TAG accumulation (Patil and Jain, 2019). Thus, an overexpression of TAG synthase genes in M. smegmatis ΔatpD (under an energy-compromised state) points toward the dormancy related metabolic state in the cell.
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FIGURE 5. Increased TAG accumulation in M. smegmatis under energy-compromised state. Panel (A) shows the relative mRNA transcript levels of genes belonging to Kennedy pathway such as glycerol kinase (glpK), glycerol-3 phosphate acyl transferase (GPAT), acylglycerol phosphate acyltransferase (AGPAT), two wax ester synthase/acyl-CoA: diacylglycerol acyltransferase (WSDGAT) and the TAG synthase genes (MSMEG_3948 and MSMEG_5242; these are homologues of tgs1 in M. tuberculosis) in M. smegmatis wild-type (WT), atpD knock-out (ΔatpD), and atpD-complemented (ΔatpDC) strains. The transcript level in each case is compared with that of M. smegmatis WT, which is taken as 1. Panel (B) shows the confocal microscopy images after staining the cells with the Nile red dye. A single zoomed-in image in the Nile red panel is presented as inset for clarity. Panel (C) shows the transmission electron microscopy (TEM)-based ultrastructural analysis of all the three strains for the presence of lipid bodies (LBs). The scale bar in each image corresponds to 200 nm. Panel (D) shows the quantification of the LBs (n = 23) for the images obtained in panel (C). Panel (E) depicts the TLC image presenting the TAG accumulation in M. smegmatis WT, atpD knock out (ΔatpD), and ΔatpDC strains. Spot corresponding to the TAG is marked with an arrowhead. In panels (A,D), data show an average of at least three independent experiments with error bars representing standard deviation. ∗P-value < 0.05; ∗∗P-value < 0.01. In panels (B,C,E), only one representative image is shown.


The upregulation of the Kennedy pathway in the ΔatpD mutant strongly supports our hypothesis that the mutant retains TAG as the major storage lipid. To further confirm this finding, the mutant cells were stained with Nile red dye that specifically stains neutral lipids within the cell. Our confocal microscopy data clearly shows the presence of large number of brightly stained lipid bodies (LBs) in the knockout strain (Figure 5B). Transmission electron microscopy (TEM) analysis of the clinical strains of M. tuberculosis carried out by Vijay and coworkers clearly demonstrated a distinct accumulation of LBs containing TAG (Vijay et al., 2017). Therefore, in order to visualize the LBs in M. smegmatis, we performed its ultrastructural analysis using TEM. Our data clearly show the presence of large amount of LBs in the ΔatpD bacterium as compared to the wild-type and the complemented strain (Figures 5C,D). We additionally examined the levels of TAG in the mycobacterial cells using thin layer chromatography (TLC) wherein the knock-out strain shows a clear accumulation of TAG as an intense band compared to that obtained in the wild-type and the complemented strain (Figure 5E). Furthermore, in order to confirm that the free fatty acids (FFAs) incorporated within the knockout cells are mainly stored as TAG rather that simple FFA or phospholipids (McCarthy, 1971; Weir et al., 1972; Nakagawa et al., 1976; Barksdale and Kim, 1977), we used 14C oleic acid as a radiolabelled substrate and monitored the incorporation of 14C oleic acid as it acts as the major component of TAG. All the three bacteria viz. wild-type, ΔatpD, and ΔatpDC were grown in the presence 14C-Oleic acid, and the radiolabeled lipids were extracted and analyzed by silica-based TLC. We observe that in the knock-out strain, the incorporation of 14C-Oleic acid in TAG is significantly higher as compared to wild-type and complemented strain (Supplementary Figure 5). This further strengthens our observation that the atpD mutant retains TAG as the storage lipid.



TAG Hydrolysis Is Mediated by Intracellular Lipase Enzymes and the Consumption Can Be Blocked by Lipase Inhibitor

During dormancy, M. tuberculosis is known to utilize accumulated TAGs as energy source (Daniel et al., 2011), wherein FFAs are released via lipase-mediated hydrolysis, which further participate in β-oxidation. Therefore, in order to understand if M. smegmatis ΔatpD preferentially utilizes TAG as an energy source, we examined the expression profile of various intracellular lipase genes in M. smegmatis. Interestingly, we observe at least two- to threefold higher expression of several lipase (lip) genes such as lipG, lipJ, lipI, lipN, lipO, lipT, and lipZ in M. smegmatis ΔatpD as compared to the wild-type and the complemented bacterium (Figure 6A), indicating the possibility of enhanced TAG hydrolysis. In M. tuberculosis, lipase activity has been suggested to be regulated at post-translational level (Ravindran et al., 2014). Hence to confirm that enhanced lipase gene expression also results in enhanced lipase production, we measured the lipase activity in M. smegmatis ΔatpD in the presence and absence of a pathway-independent lipase inhibitor, tetrahydrolipstatin (THL). Lipase inhibitors are well-known to interfere with the lipid metabolism by impairing the activity of cellular lipolytic enzymes (Lass et al., 2011; Zechner et al., 2012). These lipid inhibitors are used to detect the molecular basis of TAG accumulation and its metabolism (Lass et al., 2011; Zechner et al., 2012). Our data show that in M. smegmatis ΔatpD, higher lipase expression coincides well with higher lipase activity that is reduced in the presence of inhibitor (Figure 6B). Overall our results suggest the importance of both accumulation and possible hydrolysis of TAGs for the energy production under an energy-compromised state.
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FIGURE 6. Mycobacterium smegmatis ΔatpD shows higher lipase gene expression coupled with an increased lipase activity. Panel (A) shows the relative mRNA transcript levels of the lipase genes (lipG, lipJ, lipI, lipN, lipO, lipT, and lipZ) in M. smegmatis wild-type (WT), atpD knock out (ΔatpD), and atpD-complemented (ΔatpDC) strains. The transcript level in each case is compared with that of M. smegmatis wild-type, which is taken as 1. Panel (B) shows the lipase activity in M. smegmatis WT and its atpD knock-out (ΔatpD) variant measured in the absence (–THL) and in the presence (+THL) of lipase inhibitor tetrahydrolipstatin (THL). In both the panels, data represent an average of at least three independent experiments with error bars depicting standard deviation. ∗P-value < 0.05.


In order to further confirm if ΔatpD preferentially utilizes TAG as an energy source, we monitored the TAG consumption in ΔatpD. We first grew the mutant strain for 24 h to allow for the accumulation of TAG. The cells were then transferred to a fresh medium without any carbon source and the TAG utilization was monitored for 48 h. Our results clearly show a linear decrease in the relative TAG content as a function of time, which suggests TAG hydrolysis in the mutant strain (Figures 7A,B). To further confirm that mycobacterial lipases hydrolyze TAG, the mutant bacteria were treated with an increasing concentration of THL for 2 h. Thereafter, the cells were washed and resuspended in fresh medium containing increasing concentrations of THL (5, 50, and 100 μg/ml) and were further incubated for 24 h. The samples were collected and TAG content was analyzed by TLC. The data show no significant difference in the TAG levels at 2 h time point in the presence or absence of the inhibitor (Figure 7C). However, interestingly, after 24 h of incubation, while the untreated cells show a significant disappearance of TAG, the cells exposed to increasing concentration of THL show the presence of TAG (Figures 7D,E). Taken together, our data suggest that M. smegmatis utilizes stored LBs containing TAG during energy depletion state by means of hydrolyzing neutral lipids. We wish to add here that the TAG consumption in ΔatpD also depends upon the expression of endogenous lipase enzymes, which further leads to the release of FFA. These FFAs are then utilized by the cell fueling the lipid oxidation pathways such as β-oxidation supporting the cell survival. The end product of the β-oxidation pathway is acetyl-CoA, which is directly channeled into the glyoxylate shunt to acquire cellular energy, thereby utilizing fatty acid as the major carbon source (Serafini et al., 2019). Indeed an upregulation of the β-oxidation pathway and glyoxylate shunt in M. smegmatis ΔatpD, as shown previously (Patil and Jain, 2019), corroborates well with these observations.
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FIGURE 7. Intracellular lipolytic enzymes mediate TAG hydrolysis in M. smegmatis ΔatpD. Panel (A) shows the TLC image for the triacylglycerol (TAG) accumulation and its disappearance in M. smegmatis ΔatpD upon starvation with time (in hours). TAG mobility was compared with standard (std). Spot corresponding to the TAG, diacylglycerol (DAG), and monoacylglycerol (MAG) is marked with an arrowhead. Panel (B) shows the relative quantification of TAG by densitometric analysis of the TLC with time (in hours). Here, 100% corresponds to the 0 h time point. Panels (C,D) depict the TLC image showing the TAG accumulation and disappearance after the treatment of cells with a lipase inhibitor tetrahydrolipstatin (THL) at 2 h (C) and 24 h (D) time period. “Untreated” represents cells without THL treatment. “standard” is similar to “std” in panel (A). Panel (E) shows the relative TAG content as assessed by densitometric analysis of the TLC image, obtained before and after treating the cells with the increasing concentration of THL. The experiments were repeated at least thrice. In panels (A,C,D), only one representative image is shown. In panels (B,E), error bars represent standard deviation. ∗∗∗P-value < 0.005; “ns,” not significant.




Bedaquiline-Treated Wild-Type M. smegmatis Also Shows Increased WhiB3 Expression Coupled With TAG Accumulation and Lipase Gene Upregulation

Bedaquiline (BDQ) is known as the first-in-class ATP synthase inhibitor, having an extremely high selectivity for mycobacterial ATP synthase (Lakshmanan and Xavier, 2013). Upon BDQ exposure, M. tuberculosis has been shown to undergo significant metabolic remodeling along with reduced ATP/ADP levels (Koul et al., 2014; Akela and Kumar, 2021). BDQ inhibits bacterium’s ability to utilize OXPHOS and forces the cell to rely upon substrate-level phosphorylation, thereby continuing with ATP generation (Smith et al., 2020). Although an adequate amount of energy is provided by substrate-level phosphorylation for the cell survival, mycobacteria majorly depend upon OXPHOS to sustain their basic energy requirements (Foo et al., 2020). Hence, BDQ treatment in mycobacteria is thought to disturb the cellular environment forcing the cell to reroute its metabolism to overcome the stressful condition.

An earlier work suggested that bactericidal antibiotics induce ROS formation in M. tuberculosis leading to alterations in cellular redox state (Dwyer et al., 2014). Additionally, BDQ in combination with other antibiotics such as clofazimine and telacebec is very well known to induce oxidative stress and ROS formation with increased cellular reductive stress in M. tuberculosis (Lamprecht et al., 2016). Furthermore, since M. smegmatis ΔatpD balances the cellular reductive stress via WhiB3 overexpression, we asked if this mechanism persists in M. smegmatis upon BDQ treatment also. Hence we determined the WhiB3 expression under BDQ-treated condition. Interestingly, BDQ-treated wild-type M. smegmatis shows ∼3.5-fold upregulation of the WhiB3 expression (Figure 8A). Moreover, since our previous report also suggests that M. smegmatis ΔatpD strain largely mimics BDQ-treated wild-type M. smegmatis (Patil and Jain, 2019), at this juncture, we asked if WhiB3 overexpression in BDQ-treated wild-type M. smegmatis also accumulates TAG, thereby dissipating the reductive stress and utilizing TAG as an energy source for the cell survival. Our results clearly show that BDQ-treated wild-type M. smegmatis also overexpresses TAG biosynthesis pathway genes (glpK, GPAT, AGPAT, WSDGAT1, WSDGAT2, MSMEG_3948, and MSMEG_5242) similar to the untreated ΔatpD strain (Figure 8B). Additionally, BDQ treatment also results in overexpression of lipase genes (Figure 8C), suggesting the possibility of increased TAG hydrolysis upon treatment with BDQ. These results strongly indicate that upon BDQ treatment, wild-type M. smegmatis stores as well as consumes TAG to meet its energy requirements, which mimics the ΔatpD strain in the absence of BDQ. This observation has a significant impact, since it is widely accepted that M. tuberculosis switches from carbohydrate to host fatty acids in the phagosome, and balances the reductive stress (Singh et al., 2009). Taken together, our data indicate a critical role of redox sensitive WhiB3 in regulating crucial aspects in mycobacterial physiology and survival during BDQ-treatment.
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FIGURE 8. Bedaquiline-treated wild-type M. smegmatis shows increased WhiB3 expression coupled with TAG accumulation and lipase gene upregulation. Panel (A) shows the mRNA transcript level of redox sensor WhiB3 in wild-type M. smegmatis cell either without (WT) or with bedaquiline (BDQ)-treatment (WT BDQ); for comparison with the M. smegmatis atpD knock-out strain, refer to Figure 2A. Panel (B) shows the relative mRNA transcript levels of genes belonging to Kennedy pathway such as glycerol kinase (glpK), glycerol-3 phosphate acyl transferase (GPAT), acylglycerol phosphate acyltransferase (AGPAT), two wax ester synthase/acyl-CoA: diacylglycerol acyltransferase (WSDGAT) and the TAG synthase genes (MSMEG_3948 and MSMEG_5242; these are homologues of tgs1 in M. tuberculosis) in M. smegmatis WT, its atpD knock-out variant (ΔatpD), and the bedaquiline (BDQ)-treated wild-type M. smegmatis (WT BDQ). Panel (C) shows the relative mRNA transcript levels of the lipase genes (lipG, lipJ, lipI, lipN, lipO, lipT, and lipZ) in M. smegmatis WT, atpD knock-out (ΔatpD), and the bedaquiline (BDQ)-treated wild-type M. smegmatis (WT BDQ). In all of the panels, the mRNA transcript in the case of untreated WT is taken as 1 for comparison. In each panel, the data represent an average of at least three independent experiments. Error bars represent standard deviation. ∗P-value < 0.05; ∗∗P-value < 0.01; ∗∗∗P-value < 0.005.





DISCUSSION

Mycobacterium tuberculosis exhibits a remarkable metabolic flexibility and robust ETC to survive under various stress conditions (Iqbal et al., 2018). Thus OXPHOS in mycobacteria is a tightly regulated process. However, the restricted respiration due to O2 depletion or by inhibition of ETC complexes induces changes in the mycobacterial respiratory machinery making the electron carriers to be more reduced thereby leading to alteration in the redox homeostasis (Bhat et al., 2012). Bacteria utilize a large number of dehydrogenases and redox sensors in order to dissipate reductive stress caused by an excessive accumulation of NADH and to replenish the cellular NAD+ levels (Bhat et al., 2012). For example, the Rex repressors in the Gram-positive bacteria are known to regulate the gene expression changes in response to altered NADH/NAD+ ratios (Gyan et al., 2006). The Fnr regulators also sense the intracellular O2 levels via (4Fe-4S) cluster and thereby regulate the cellular response (Kiley and Beinert, 1998). Similarly, the RegB histidine kinase (HK) of the Rhodobacter capsulatus two component system (TCS) RegBA, and the AcrB HK of Escherichia coli TCS AcrBA were also suggested to be upregulated under anaerobic conditions (Bekker et al., 2010). However, homologs of none of these genes are present in M. smegmatis.

The DosSR TCS in mycobacteria consists of two heme-based HK, DosS, and DosT, that directly sense the intracellular concentration of O2 in the cell, and relays the signal to a response regulator DosR, which upregulates the target responsive dormancy regulon genes under reduced oxygen conditions (Kim et al., 2010; Tan et al., 2010). Some major dormancy regulon genes upregulated during reduced oxygen include nitrate reductase (narK2 and narX), fumarate reductase (Frd, frdABCD), ferredoxin (fdxA), DNA repair genes (nrdZ) and TAG biosynthesis genes (tgs1) (Tan et al., 2010). In addition, upon exposure to variety of stress (reduced O2, NO, and CO), the DosSR TCS gets activated leading to an increase in the cellular NADH pools, thus playing an important role during reductive stress in mycobacteria (Kumar et al., 2007; Honaker et al., 2010). Another major redox regulator in mycobacteria is WhiB3 that senses the intracellular redox state, and helps in the dissipation of the reductive stress generated due to accumulated NADH cofactor via lipid biosynthesis (Singh et al., 2009). The metabolic shift induced by WhiB3 regulates the production of methyl branched polyketides (PAT/DAT, SL-1, and PDIM) and TAG (Singh et al., 2009). Synthesis of these lipids by WhiB3 consumes NADH, replenishing the cellular NAD+ levels and relieving the cell from reductive stress (Singh et al., 2009). Interestingly, the TAG synthase tgs1 gene is under the direct control of DosSR operon (Kumari et al., 2017). Lipid inclusions are highly prevalent amongst various prokaryotic organisms such as Rhodococcus, Streptomyces, Nocardia, and Pseudomonas aeruginosa and in eukaryotic organisms like Saccharomyces cerevisiae. In mycobacteria, TAG accumulation has recently received renewed interest. The W-Beijing lineage of M. tuberculosis also shows an upregulation of DosR/S operon with an overproduction of TAG levels. LB containing TAG are the most prominent storage fuel in mycobacteria that not only are essential for prolonged survival, infection, dormancy, and persistence, but are also required for the reactivation of growth following dormancy (Daniel et al., 2011). Similarly, the sputum analysis of pulmonary TB patients and MDR strains of M. tuberculosis also show the presence of TAG containing LB, suggesting importance of TAG accumulation in TB pathogenesis and infection (Vijay et al., 2017). Hence TAG acts as a major redox sink to dissipate reductive stress in the cell.

In the present work, we report a critical outcome of the deletion of one of the two copies of atpD gene in M. smegmatis. We have previously shown that deletion of one copy of atpD gene in M. smegmatis renders the cell in an energy-compromised state (Patil and Jain, 2019). Here we investigated the adaptive mechanisms undertaken by the bacterium during such condition. We show that M. smegmatis under energy compromised state exhibits restricted respiration by downregulating the energy efficient ETC complexes viz. NDH1 and cyt bc1-aa3 complex and upregulating energetically less efficient ETC complexes viz. NDH2 and cyt-bd oxidase complex. This broad shift in the respiratory machinery results in the trapping of protons in the cytoplasmic region, resulting in the acidification of cellular pH. This change alters the membrane polarization as seen by an increase in DiBAC4(3) fluorescence in the knockout cells as compared to the wild-type. Moreover, a higher NADH/NAD+ ratio and an increased ROS levels induces an altered redox state. Finally, in order to dissipate these reducing equivalents and to maintain intracellular redox balance, WhiB3, a major redox sensor, is upregulated and it maintains the redox homeostasis via modulating the biosynthesis of cell wall-associated lipids and TAG resulting in an accumulation of LBs. Our results show that ΔatpD bacterium tends to accumulate more LBs than the wild-type bacterium, indicating that TAG accumulation is a prominent metabolic adaptation in ΔatpD under energy-compromised state. Additionally, by using 14C oleic acid, we further show that the FFAs incorporated within the knockout cells are mainly stored as TAG rather that simple FFA or phospholipids. Furthermore, the atpD bacterium also shows loss of acid fastness and significantly down-regulated cardiolipin biosynthesis gene expression which is most likely the result of an upregulated TAG biosynthesis pathway in ΔatpD. With an upregulation of TAG pathway, we also observed a concomitant overexpression of intracellular lipases genes, suggesting that the accumulated TAG is hydrolyzed for its utilization. Furthermore, an overproduction of lipases along with the previously reported enhanced β-oxidation (Patil and Jain, 2019) together indicates that the stored lipids are used for energy production (Figure 9). This likely happens because the ΔatpD bacterium is unable to meet its energy requirements by OXPHOS due to lesser availability of functional ATP synthase. It is worth adding here that the catabolism of the fatty acids under such energy-depleted state leads to the production of acetyl CoA, which is then metabolized via glyoxylate shunt in order to avoid carbon loss via TCA oxidation. Hence the lipids are acted upon by the lipases to release FFAs, which are then metabolized via β-oxidation generating a pool of acetyl CoA, which thereafter enters the glyoxylate cycle producing energy for cell survival (Patil and Jain, 2019).
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FIGURE 9. A model depicting the adaptation of M. smegmatis under energy-compromised state. Disruption of one copy of atpD in M. smegmatis drives the transcriptional changes in the mycobacterial ETC. The energy efficient complexes (NDH1 and cyt bc1-aa3) are down-regulated while the energy less efficient complexes (NDH2 and cyt bd oxidase) are upregulated as shown by the direction of the red arrows. This leads to the remodeling of the respiration chain, and, as a result, the protons get trapped in the cytoplasmic region as they are now unable to translocate to the periplasmic region, resulting in the decrease in cellular pH. This causes a change in the membrane polarization, and leads to the reductive stress in the cell. This activates a redox sensor, WhiB3, which dissipates the reductive stress by promoting biosynthesis of cell wall associated lipids and by increasing TAG accumulation. WhiB3-mediated lipid biosynthesis helps in the regeneration of NAD+ from NADH, which helps in mitigating the reductive stress. The accumulated TAG forms lipid bodies (LB). Mycobacteria also possess another sensing mechanism DosSRT dormancy regulon, which detects changes in cellular redox state through the heme proteins of its two sensor kinases, DosS and DosT. This transfers the signal to the response regulator DosR, which mediates the upregulation of dormancy regulon genes. An essential gene of this regulon that gets activated during stress is the tgs1, which is the major TAG regulator gene, mediating production and accumulation of lipid bodies (LB) containing TAG, thereby dissipating the reducing equivalents and facilitating mycobacterial survival under energy-compromised state. Hence these combined effects of WhiB3 and Dos regulon mediated signaling pathways function to overcome the energy demand and maintain the redox homeostasis in M. smegmatis under energy-compromised state. Figure is created with www.BioRender.com.


Interestingly, wild-type M. smegmatis upon BDQ treatment also shows an upregulation in WhiB3 expression, suggesting an important role of WhiB3 mediated redox sensing in mycobacterial virulence under BDQ-treated conditions. Additionally, a predominance of TAG biosynthesis coupled with an increased lipase production is also observed similar to ΔatpD. This phenomenon appears to be conserved in M. tuberculosis; indeed, proteomic analysis of M. tuberculosis treated with BDQ showed an upregulation of TAG biosynthesis gene products at 6 and 24 h time (Koul et al., 2014). This strongly indicates that the survival response of bacterium to BDQ treatment is identical to what we observe upon creating an energy-compromised state by disrupting ATP synthase machinery.

The observed physiological changes presented in this manuscript depict a significant outcome of the metabolic dependency of mycobacteria on fatty acids as an energy source under energy-deprived state and a highly evolved mechanism of dissipating reducing equivalents in the cell via TAG metabolism. We thus conclude that mycobacteria exhibit a robust and flexible system that allows rerouting of its central metabolic pathways under an energy-compromised state. Further, since TAG accumulation provides metabolic energy to the dormant cell, we believe that our work will also contributes toward the exploration of newer possible drug targets in eliminating the dormant and persistent pathogenic mycobacteria.


Experimental Procedures


Bacterial Strains, Plasmids, Reagents, Media, and Growth Conditions

Wild-type M. smegmatis mc2155, atpD knock-out (ΔatpD), and the complemented strain (ΔatpDC) were grown in Middlebrook 7H9 (MB7H9 broth; Difco) containing 2% glucose and 0.05% tyloxapol surfactant (Sigma-Aldrich, MO, United States) as indicated, at 37°C with constant shaking at 200 rpm. M. smegmatisΔatpD and ΔatpDC were taken from the laboratory stock (Patil and Jain, 2019). The cultures were supplemented with 50 μg ml–1 kanamycin (Sigma) or 100 μg ml–1 hygromycin (MP Biomedical), wherever required. Protein expression was induced by the addition of 2% acetamide (wherever required).



Lipid Extraction and Analysis by Thin Layer Chromatography

Triacylglycerol was extracted following the chloroform:methanol (2:1 v/v) method. Briefly, the bacteria were grown in MB7H9 medium supplemented with 2% glucose and 0.05% tyloxapol till 24 h. The cells were then lyophilized and 300 mg of cells in each case were further used for TAG extraction by chloroform:methanol (2:1 v/v). The lower organic layer was collected, and the lipids were dried and re-suspended in chloroform:methanol (1:1 v/v). Lipids were further separated by TLC using hexane:diethylether:formic acid (40:10:1 v/v) as the mobile phase. The plates were allowed to dry, and stained using 5% phosphomolybdic acid in 95% ethanol followed by charring at 140°C for 5 min.

For TAG hydrolysis experiments, bacteria were grown in MB7H9 medium supplemented with 2% glucose and 0.05% tyloxapol for 24 h. The cells were then harvested by centrifugation at 5000 rpm for 15 min and washed with 1X-PBS buffer. The cells were further resuspended in the media without any carbon source in order to induce starvation. The cells were then incubated at 37°C with constant shaking at 200 rpm, and samples were collected at specific time points. For lipase inhibition experiments, the cells were pre-incubated with lipase inhibitor THL for 2 h. A portion of these cells was then harvested and washed with 1X-PBS buffer, while the remaining cells were further incubated for 24 h, with appropriate THL concentrations (5, 50, and 100 μg/ml−1). Cells were then harvested at specific time points and their lipid content was analyzed by TLC. Densitometric analysis was performed using ImageJ software to determine the relative TAG content in the samples.




Ultrastructure Analysis by Transmission Electron Microscopy

Transmission electron microscopy was carried out with M. smegmatis cells essentially as described previously (Gupta et al., 2015; Patil and Jain, 2019) with some modifications. Briefly, the bacterial cell pellet was obtained from 24 h grown culture. The cells were fixed in 0.15 M sodium cacodylate buffer containing 2% osmium tetraoxide for 2 h at RT. The cells were then washed with cacodylate buffer followed by fixation for 3 h at RT in 0.15 M sodium cacodylate buffer containing 2% tannic acid and 2% glutaraldehyde solution. The cells were then washed again with cacodylate buffer, and re-fixed with 2% osmium tetraoxide overnight. Samples were then washed with Milli-Q water and embedded in 2% molten agarose. The finely cut agar block pieces were then subjected to sequential acetone dehydration at increasing concentrations for 30 min each (30, 50, 70, 90, and 100%), followed by infiltration and embedding in Spurr’s resin. After ultra-sectioning, the samples were stained with uranyl acetate and phosphotungstic acid, imaged on FEI Talos 200S system, equipped with a 200 kV Field Emission Gun, and the LBs were counted manually.



Auramine-O and Nile Red Microscopy and Fluorescence Measurements

For fluorescence microscopy, the fluorescent acid-fast staining dye Auramine-O was used along with a neutral lipid staining dye Nile red (9-diethylamino-5H-benzo-a-phenoxazine-5-one) using the protocol as described previously (Deb et al., 2009) with some modifications. Briefly, the log phase cultures (OD600 ∼0.6) of wild-type M. smegmatis mc2155, ΔatpD, and ΔatpDC were harvested and washed with 1X-PBST (0.137 M NaCl, 0.0027 M KCl, 0.01 M Na2HPO4, 0.0018 M KH2PO4, 0.05% Tween-20). Thereafter, the cultures were evenly spread to make a smear on a glass slide, heat fixed, covered with Auramine-O (10 mg ml–1), and incubated for 20 min. The cells were then washed briefly with water and treated with the decolorizer (acid alcohol) for 30 s. Further, the specimen was washed and covered with Nile red solution (10 mg ml–1 in ethanol) and incubated for 15 min. The cells were then washed and covered with potassium permanganate solution for 1 min, washed thoroughly with water, air dried, and imaged on using ApoTome Fluorescence Microscope (Carl Zeiss) using an 100× objective lens.

For Nile red confocal microscopy experiments, the ΔatpD cells were grown for 24 h. The cells were then harvested and washed with 1X-PBS buffer and further resuspended in it. Nile red dye (10 mg/ml in ethanol) was added to the cell suspension. Cells were further incubated for 30 min in dark at 37°C. The stained cells were then harvested and washed twice with 1X-PBST buffer and finally resuspended in it. A total of 2 μl of bacterial suspension was spotted on 1% agarose pad. Bacteria were then analyzed by capturing the images on Olympus FV3000 confocal microscope with 100× oil-objective.

The flow cytometry based FACS measurements were performed using BD-FACS Aria III equipped with CELL QUEST software (South San Francisco, CA, United States). For measuring the Auramine-O and Nile red fluorescence, log phase cultures of all the strains were harvested, and washed with 1X-PBST. Both Auramine-O and Nile red dyes were added to the samples at a final concentration of 10 mg/ml. Samples were incubated at room temperature in dark for 1 h, washed twice and re-suspended in 1X-PBST buffer. Flow cytometry was performed using FITC and Texas Red filter for Auramine and Nile red, respectively. Alternatively, fluorescence was measured on SpectraMax M5 plate reader with Ex/Em wavelengths set at 438/505 nm for Auramine-O and at 550/640 nm for Nile red.



Assessment of the Presence of Cardiolipin by Staining With Nonyl Acridine Orange

The flow cytometry based FACS measurements were performed using BD-FACS Aria III equipped with cell quest software (South San Francisco, CA, United States). The total cardiolipin levels were measured using NAO (10-Nonyl Acridine orange). Briefly log phase cultures (OD600 ∼0.6) of all the strains were harvested, and washed with 1X-PBST. The cells were then incubated with 10 μM NAO for 30 min at room temperature, washed twice and re-suspended in 1X-PBST buffer. Fluorescence was then measured using FITC filter for flow cytometry, and, alternatively, on Spectramax M5 plate reader with Ex/Em wavelengths set at 495/519 nm.



Metabolic Incorporation of Radiolabeled Oleic Acid by Mycobacterium smegmatis

Wild-type M. smegmatis and its variants were grown in MB7H9 medium supplemented with 2% glucose and 0.05% tyloxapol till log phase (OD600 ∼0.6) at 37°C with constant shaking at 200 rpm. 14C-oleate (50 μCi mol–1; 5 μCi per 10 ml of culture; Perkin Elmer, Waltham, MA, United States) was then added in each culture for 30 min. Thereafter, the lipid extraction, TLC, and phosphor imaging procedures were performed as described previously with some modifications (Daniel et al., 2016). Briefly, the cells were harvested by centrifugation at 8000 rpm at 4°C and were washed with 1X-PBST buffer to remove the unincorporated radioactive material. The lipids were then extracted using chloroform:methanol (2:1 v/v). The organic layer was recovered and dried completely. The dried lipids were further dissolved in chloroform:methanol (1:1 v/v) and were subjected to TLC using hexane:ethyl ether:formic acid (40:10:1 v/v) as the mobile phase. For each sample, the amount of radioactivity present was measured on a scintillation counter, and the equal amount of radioactivity was loaded on TLC. The TLC plate was then dried and imaged on a phosphor imager (FLA 9000; GE Healthcare). For phospholipid analysis, 14C-oleate (54.3 μCi mmol–1; 5 μCi per 10 ml of culture) was added in each culture for 6 h, followed by lipid extraction as stated above. Dried lipids were further dissolved in chloroform:methanol (1:1 v/v). Equal cpm was spotted on TLC, and the lipids were separated using CHCl3:CH3OH:H2O (65:25:4 v/v) as the mobile phase, followed by phosphor imaging procedure as mentioned above.



Lipase Assay

Lipase activity was assessed using Lipase Assay Kit (Sigma Aldrich, MAK048) following the manufacturer’s instructions with some modifications. Briefly, the log phase cultures were harvested and washed with 1X-PBST. The cells were then resuspended in lipase buffer followed by the addition of lipase inhibitor (tetrahydrolipstatin or THL), wherever required, to a final concentration of 80 μM. The cells were then sonicated and were further processed for lipase assay. Fluorescence was recorded on SpectraMax M5 plate reader with Ex/Em wavelengths set at 529/600 nm.



RNA Extraction, cDNA Synthesis, and RT-qPCR

Differential gene expression profile was obtained by RT-qPCR for bacteria essentially as described previously (Patil and Jain, 2019). Briefly, the cells were grown till OD600 ∼ 0.8. The cells were then harvested, and processed for RNA isolation using RNeasy Mini kit (QIAGEN) by following manufacturer’s instructions. cDNA was synthesized using i-script cDNA synthesis kit (Bio-Rad) as per the manufacturer’s instructions. The obtained cDNA was then used for qPCR experiments, carried out on StepOnePlus real-time PCR system (Applied Biosystems) using iTaq universal SYBR green mix (Bio-Rad) as per the manufacturer’s instructions. rpoB gene was used as an internal control. Data were analyzed as per 2–ΔΔCt method. Primers used for these PCR reactions are listed in Supplementary Table 1.



Statistical Analysis

Data are represented as arithmetic means in the results that are obtained from at least three independent experiments with standard deviations shown as error bar. Statistical significance was calculated using unpaired t-test for data analysis as mentioned in the respective figure legends.
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Supplementary Figure 1 | Pairwise sequence alignment of WhiB3 protein of M. tuberculosis and M. smegmatis. Pairwise sequence alignment of WhiB3 protein from M. tuberculosis (Rv3416) and MSMEG_1597 from M. smegmatis is shown. “∗” represents conserved residue.

Supplementary Figure 2 | Sequence alignment of polyketide biosynthesis protein of M. tuberculosis and M. smegmatis. Pairwise sequence alignment of Rv3825c protein (pks2) from M. tuberculosis and MSMEG_4724 (pks5) from M. smegmatis is shown. “∗” represents conserved residue.

Supplementary Figure 3 | Phospholipid analysis by thin layer chromatography. Panel shows the TLC image depicting the phospholipids in M. smegmatis wild-type (WT), atpD knock out (ΔatpD), and atpD-complemented (ΔatpDC) strains. Spot corresponding to PE, PI, and PS (top to bottom) is marked with arrowhead. Experiments were repeated at least thrice; only one representative image is shown.

Supplementary Figure 4 | Sequence alignment of TAG synthase enzymes of M. tuberculosis and M. smegmatis. Multiple sequence alignment of Rv3130c protein (tgs1) from M. tuberculosis and its homologs MSMEG_3948 and MSMEG_5242 from M. smegmatis is shown. “∗” represents conserved residue in all three cases.

Supplementary Figure 5 | TAG accumulation examination in M. smegmatis by thin layer chromatography. Panel shows the autoradiogram of the TLC demonstrating the incorporation of radiolabeled 14C-oleic acid in TAG in wild-type (WT), atpD knock-out (ΔatpD), and atpD-complemented (ΔatpDC) strains of M. smegmatis. Arrowhead points to the various species obtained on TLC such as triacylglycerol (TAG), diacylglycerol (DAG), and monoacylglycerol (MAG). Lane 4 has the free 14C-oleic acid. Experiments were repeated at least thrice; only one representative image is shown.

Supplementary Table 1 | List of primers used in this study. Primers and their sequences used in the RT-qPCR experiments, and the genes that they target are given.
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Copper (Cu) is an essential cofactor required for redox enzymes in all domains of life. Because of its toxicity, tightly controlled mechanisms ensure Cu delivery for cuproenzyme biogenesis and simultaneously protect cells against toxic Cu. Many Gram-negative bacteria contain extracytoplasmic multicopper oxidases (MCOs), which are involved in periplasmic Cu detoxification. MCOs are unique cuproenzymes because their catalytic center contains multiple Cu atoms, which are required for the oxidation of Cu1+ to the less toxic Cu2+. Hence, Cu is both substrate and essential cofactor of MCOs. Here, we investigated the maturation of Rhodobacter capsulatus MCO CutO and its role in periplasmic Cu detoxification. A survey of CutO activity of R. capsulatus mutants with known defects in Cu homeostasis and in the maturation of the cuproprotein cbb3-type cytochrome oxidase (cbb3-Cox) was performed. This revealed that CutO activity is largely independent of the Cu-delivery pathway for cbb3-Cox biogenesis, except for the cupric reductase CcoG, which is required for full CutO activity. The most pronounced decrease of CutO activity was observed with strains lacking the cytoplasmic Cu chaperone CopZ, or the Cu-exporting ATPase CopA, indicating that CutO maturation is linked to the CopZ-CopA mediated Cu-detoxification pathway. Our data demonstrate that CutO is important for cellular Cu resistance under both aerobic and anaerobic growth conditions. CutO is encoded in the cutFOG operon, but only CutF, and not CutG, is essential for CutO activity. No CutO activity is detectable when cutF or its putative Cu-binding motif are mutated, suggesting that the cutF product serves as a Cu-binding component required for active CutO production. Bioinformatic analyses of CutF-like proteins support their widespread roles as putative Cu-binding proteins for several Cu-relay pathways. Our overall findings show that the cytoplasmic CopZ-CopA dependent Cu detoxification pathway contributes to providing Cu to CutO maturation, a process that strictly relies on cutF.

Keywords: Rhodobacter capsulatus, copper homeostasis, multicopper oxidase, respiratory and photosynthetic growth, copper chaperones, cuproenzyme biogenesis


INTRODUCTION

The redox properties of copper (Cu) make it a suitable cofactor for cuproenzymes that are involved in vital metabolic reactions (Festa and Thiele, 2011; Andrei et al., 2020). However, this inherent property of Cu makes it also very reactive and toxic even at low concentrations by facilitating the production of hydroxyl radicals that attack primarily Fe-S clusters, and by interfering with major biosynthetic pathways, including chlorophyll and c-type cytochrome maturation processes (Gaetke and Chow, 2003; Durand et al., 2015; Steunou et al., 2020). Hence, cells have developed sophisticated mechanisms for Cu homeostasis, maintaining the availability of Cu for cuproprotein biosynthesis, while simultaneously preventing Cu toxicity (Osman and Cavet, 2008; Boal and Rosenzweig, 2009; Quintana et al., 2017). During the last decade, the cbb3-type cytochrome oxidase (cbb3-Cox) of the facultative phototrophic bacterium Rhodobacter capsulatus has been developed into an excellent model for studying cuproprotein biogenesis, and the pathways for Cu detoxification and cuproprotein maturation have been delineated (Ekici et al., 2014; Utz et al., 2019; Andrei et al., 2020). The maturation of the binuclear heme b3-CuB catalytic center in subunit CcoN of cbb3-Cox is a multi-step process that requires the coordinated action of Cu transporters and Cu chaperones to supply Cu1+ to cbb3-Cox (Khalfaoui-Hassani et al., 2016). It begins with the uptake of Cu2+ by the major facilitator superfamily (MFS) protein CcoA (Ekici et al., 2012; Zhang et al., 2019). Next, intracellular Cu2+ is reduced to Cu1+ by the Cu reductase CcoG (Marckmann et al., 2019) and then conveyed via the cytoplasmic chaperone CopZ to the P1B-type ATPase CcoI for Cu1+ translocation into the periplasm (Utz et al., 2019). Especially under low Cu availability, Cu is inserted into cbb3-Cox by sequential interactions of the periplasmic Cu chaperones SenC and PccA (Lohmeyer et al., 2012; Trasnea et al., 2018).

In many bacteria, excess Cu is sensed by CueR-like transcription factors, which regulate the expression of Cu tolerance genes including copA, copZ, and cueO (Outten et al., 2000; Stoyanov et al., 2001; Changela et al., 2003; Peuser et al., 2011; Philips et al., 2015). Cu-exporting P1B-type ATPases such as CopA represent the central component of the Cu-efflux pathway in most Gram-negative bacteria (Petersen and Moller, 2000; Rensing et al., 2000; Argüello et al., 2013). Like CcoI, CopA receives Cu from the cytoplasmic chaperone CopZ and exports it in an ATP-dependent step to the periplasm (Gonzalez-Guerrero and Arguello, 2008; Utz et al., 2019). In the periplasm, laccase-like multicopper oxidases (MCOs), such as CueO of Escherichia coli and CutO of R. capsulatus, play a crucial role in Cu detoxification by oxidizing Cu1+ to the less toxic Cu2+ (Cha and Cooksey, 1991; Grass and Rensing, 2001; Outten et al., 2001; Wiethaus et al., 2006; Achard et al., 2010; Rowland and Niederweis, 2013; Granja-Travez and Bugg, 2018).

Laccase-like MCOs are unique enzymes because they require Cu ions in their catalytic centers for Cu1+ oxidation, hence Cu serves as a cofactor and a substrate for these enzymes. These Cu oxidases are typically monomeric proteins that consist of three cupredoxin domains and contain four Cu atoms in the catalytic site. These Cu ions are discriminated by distinct spectroscopic properties and referred to as T1 Cu, T2 Cu and the binuclear T3 Cu (Bello et al., 2012). Substrates bind to the T1 Cu, also referred to as blue Cu, which shuttles electrons to a trinuclear Cu site (TNC), composed of the T2 Cu and the two T3 Cu ions (Bello et al., 2012). In addition to the four Cu ions in the catalytic site, MCOs can also bind additional Cu via their methionine-rich segments (MRS), and at least three additional Cu are bound to the MRS in E. coli CueO (Singh et al., 2011). However, the length and sequence of MRS are variable between MCOs from different species (Fernandes et al., 2007; Djoko et al., 2008; Sakuraba et al., 2011). R. capsulatus CutO exhibits similarity (25% identity) to CueO of E. coli, and in particular, all Cu binding motifs are completely conserved (Wiethaus et al., 2006). CutO is encoded in the tricistronic cutFOG operon (rcc02111, rcc02110, and rcc02109) (Figure 1A), and all three genes (initially called orf635-cutO-cutR) are required for Cu tolerance (Wiethaus et al., 2006). The transcription of cutO strictly depends on the promoter upstream of cutF (Wiethaus et al., 2006), and the expression of cutO and cutG is affected by Cu availability, unlike cutF expression (Rademacher et al., 2012; Selamoglu et al., 2020). However, the mechanisms of this Cu-dependent transcriptional regulation are largely unknown. Initially, it has been suggested that CutG acts as a transcriptional repressor in the absence of Cu (Wiethaus et al., 2006). The product of cutG is homologous to the Cu-thiol oxidoreductase CopG of Pseudomonas aeruginosa (42% identity and 68% similarity) and is widely distributed among Gram-negative bacteria. It is frequently present in Cu resistance-conferring gene clusters encoding CueO, CopA, and CusCBA (Monchy et al., 2006; Wiethaus et al., 2006; Behlau et al., 2011; Marrero et al., 2012). P. aeruginosa CopG contains a cysteine-bridged tetranuclear Cu cluster and contributes to Cu resistance under anaerobic conditions via its Cu oxidoreductase activity (Hausrath et al., 2020). In addition to its enzymatic activity, CopG is proposed to be involved in Cu transfer reactions (Hausrath et al., 2020).
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FIGURE 1. Genetic organization and activity of the multi-copper oxidase (MCOs) CutO in Rhodobacter capsulatus. (A) Genetic organization of the cutFOG operon in R. capsulatus. CutO codes for the multicopper oxidase (rcc02110), and cutF (rcc02111) and cutG (rcc02109) for largely uncharacterized proteins. The open reading frame rcc02112 encodes a putative glyoxalase/bleomycin resistance protein/dioxygenase. The open reading frames rcc02108 and rcc02107 encode hypothetical proteins with unknown function. (B) CutO activity of different R. capsulatus mutants deficient in cbb3-Cox assembly and Cu homeostasis. Periplasmic fractions were isolated from the indicated strains, grown in magnesium–calcium, peptone, yeast extract (MPYE) medium supplemented with 10 μM CuSO4. 50 μg periplasmic soluble protein was used in the 2,6-DMP assay and absorbance was measured at 468 nm. The activity of wild-type (WT) was set to 100% and the relative activities of the indicated strains were calculated. The activities of mutant strains that showed significantly reduced CutO activity were also tested after complementation with pRK415-borne copies of the respective genes. WT containing the pRK415 vector served as a control. Three independent experiments were performed with three technical replicates and the error bars reflect the standard deviation (n = 9). Statistical analyses were performed with the Satterthwaite corrected two-sided Student t-test, using the activity of the WT as reference. (∗) refers to p-values ≤ 0.05; (∗∗) to p-values ≤ 0.01, and (∗∗∗) to p-values ≤ 0.001.


Unlike CutG, CutF-like proteins are detected by BLASTp in only a small subset of bacterial genomes. Searching with CutF against the non-redundant protein sequence database with default parameters identifies similar proteins in only 10 genomes, all from Rhodobacteraceae (see section “Results”). CutF from R. capsulatus encodes a predicted small protein of 118 amino acids, and has a putative Sec signal sequence, suggesting that CutF is translocated to the periplasm. Sequence alignment of CutF homologs shows a conserved CXXXC motif in its central part that could ligate Cu. cutF expression does not seem to be regulated by Cu (Rademacher et al., 2012), and a cutF translation product was not detected in comparative cuproproteome analyses of R. capsulatus, despite large differential variations of CutO- and CutG-levels under Cu-supplemented or Cu-depleted growth conditions (Selamoglu et al., 2020). These observations suggest that CutF might be a low abundance protein of unknown function, potentially required for the production of active CutO. Furthermore, in the light of the dual role of Cu as an essential cofactor and also as a substrate of MCOs, it is unclear whether the Cu cofactor required for forming the catalytic center and the substrate Cu1+ that is converted to Cu2+ by the catalytic center, are provided by the same Cu-delivery pathway. In the current study, we performed a rule-based bioinformatic search combined with profile hidden Markov Models (HMMs) to identify CutF-like proteins encoded by available proteobacterial genomes and tested the role of CutF for CutO activity, and the source of catalytic Cu and substrate Cu for CutO assembly and activity were investigated.



MATERIALS AND METHODS


Bacterial Strains and Growth Conditions

The bacterial strains and plasmids used in this study are described in Supplementary Table 1. R. capsulatus strains were grown under respiratory (Res) or photosynthetic (PS) conditions on magnesium–calcium, peptone, yeast extract (MPYE) enriched medium (Daldal et al., 1986), or Sistrom’s minimal medium A (Med A; Sistrom, 1960), supplemented with kanamycin, spectinomycin, gentamycin or tetracycline as appropriate (10, 10, 1 or 2.5 μg per mL, respectively) at 35°C. For PS growth, cultures were incubated under saturating light intensity in anaerobic jars containing H2 and CO2 generating gas packs (Becton Dickinson and Co.) (Jenney and Daldal, 1993). For protein production of arabinose-inducible genes in R. capsulatus, liquid media were supplemented with 0.5% L-arabinose (L-ara) at OD685 of 0.5–0.6 and further growth for 6 h. E. coli strains were grown on lysogeny broth medium (LB; Bertani, 1951), containing ampicillin, kanamycin, or tetracycline (at 100, 50, or 12.5 μg per mL, respectively) as appropriate.



Copper-Sensitivity Assays and NADI Staining on Plates

The growth of R. capsulatus strains in the presence of different CuSO4 concentrations was monitored using spot assays (Utz et al., 2019). Strains were grown semi aerobically overnight to an OD685 of ∼ 0.9 and cell counts were determined based on OD685 of 1.0 = 7.5 × 108 cells/mL. For each strain, 1 × 108 cells were resuspended in 400 μL medium and subsequently serially diluted in a 96-well plate. Dilutions ranging from 100 to 10–7 were spotted on MPYE plates containing different concentrations of CuSO4 by a 48 pin replica plater. The plates were incubated under the Res and Ps conditions for approx. 2 and 3 days, respectively, before scoring the data.

The in vivo cbb3-Cox activity of R. capsulatus colonies was visualized qualitatively using the “NADI” staining solution made by mixing 1:1 (v/v) ratio of 35 mM α-naphtol and 30 mM N, N, N′, N′ –dimethyl-p-phenylene diamine (DMPD) dissolved in ethanol and water, respectively (Koch et al., 1998b).



Molecular Genetic Techniques


Chromosomal Inactivation of cutFOG and copA in a ΔccoI (CW2) Strain

Chromosomal knock-out alleles of cutG and cutF genes were obtained by interposon mutagenesis using the Gene Transfer Agent (GTA; Yen et al., 1979; Daldal et al., 1986) and in-frame markerless chromosomal deletion method, respectively (Brimacombe et al., 2013). A Δ(cutG:Gm) deletion-insertion allele, carried by the conjugative plasmid pRK415 (Ditta et al., 1985) in the R. capsulatus GTA overproducer strain Y262 was used to inactivate the chromosomal copy of cutG in ΔcutO and ΔcutFO (YO-ΔcutFO) strains (Selamoglu et al., 2020) to obtain the ΔcutOG double (ΔcutOΔcutG) and the ΔcutFOG (ΔcutFΔcutOΔcutG) triple mutants (Supplementary Table 1). The in-frame, markerless chromosomal deletion method was used for creating a ΔcutF in-frame deletion allele, containing only its first four and last four codons, carried by the suicide plasmid pZDJ (pYO-Δ02111Su) in E. coli strain S17-1 (Selamoglu et al., 2020). This plasmid was conjugated into the ΔcutO strain to obtain the ΔcutFO double mutant. The transconjugants were selected for Gmr and counter-selected using sucrose, which is toxic in the presence of sacB carried by the pYO-Δ02111Su plasmid. After two passages in non-selective liquid MedA, colonies carrying a chromosomal deletion of cutF were selected for their ability to grow under Res conditions in the presence of 10% sucrose due to second homologous recombination eliminating the chromosome-integrated copy of pYO-Δ02111Su (Brimacombe et al., 2013; Kuchinski et al., 2016). A few of these sucrose-resistant and Gms colonies were screened by colony PCR to detect the in-frame deletions, and amplified fragments were confirmed by DNA sequencing. The ΔccoIΔcopA double mutant was obtained by using the pRK-CopA2:Kan plasmid (Ekici et al., 2014) carrying the Δ(copA:kan) allele in the GTA overproducer Y262 strain. GTA particles isolated from this strain were used with the ΔccoI strain for GTA-mediated interposon mutagenesis as above (Yen et al., 1979; Daldal et al., 1986).



Cloning of cutFOG Operon With Its Native Promoter and Construction of Epitope-Tagged Protein Variants

Standard molecular genetic techniques were performed as described previously (Koch et al., 1998a; Sambrook and Russel, 2001). The tagged version of cutFOG genes (cutFStrepOFlagGMycHis or cutFFlagOFlagGMycHis) were cloned while maintaining the integrity of the operon, including its 526 bp upstream (promoter) and 466 bp downstream (transcriptional terminator) DNA regions using appropriate primers (Supplementary Table 2). The DNA fragments encoding the N-terminally or C-terminally tagged version of the corresponding proteins were amplified by PCR using the wild-type (WT) MT1131 genomic DNA as a template. The PCR primers used for the NEBuilderR HiFi assembly cloning method (NEB Lab, United States) contained 20 bp long 5′ overlapping regions between the vector arms and the gene fragments, and after amplifications, the PCR products were purified by Qiagen PCR purification kit (Qiagen, Hilden, Germany). The quantity and quality of the amplified DNA fragments were checked via a nanodrop spectrophotometer and agarose gel electrophoresis, respectively, and used in the assembly reactions. HiFi assembly master mix (NEBuilderR) was used in a single step reaction to assemble the 526 bp upstream fragment, cutFStrep (or cutFFlag), cutOFlag, cutGMycHis, 466 bp downstream fragment, and the conjugative plasmid pRK415 digested with KpnI and XbaI restriction enzymes, according to the NEB protocol. In each case, the total amount of DNA fragments used was ∼ 0.4 – 0.5 pmoles, and the vector to insert ratio was ∼ 1:2 to 1:3. The samples were incubated in a thermocycler at 50°C for 60 min, and 4 μL of the assembly reaction was transformed to a chemically competent E. coli HB101 strain. Two versions of cutFStrep were constructed, one containing the tag at its C-terminus with a Gly-Gly-Ser-Ala (GGSA) linker, and the other containing the tag at its N-terminus after its signal peptide cleavage site with a GGSA linker. A similar N-terminally tagged version of cutF, replacing its Strep tag with a Flag tag was also constructed to yield cutFN–Flag. The cutOFlag and cutGMycHis were cloned by adding their tags at the C-termini of all constructs. The constructed conjugative plasmids pRK-cutFOG1 (cutFC–StrepOFlagGMycHis) pRK-cutFOG2 (cutFN–StrepOFlagGMycHis) and pRK-cutFOG3 (cutFN–FlagOFlagGMycHis) were confirmed by DNA sequencing. The correct clones were conjugated into the R. capsulatus ΔcutFOG strain via triparental crosses (Supplementary Table 1).



Construction of CutO, CutF, and CutG Mutant Derivatives

Two mutant versions of CutO were constructed by substituting Cys473 to Ala (CutOC473A, leading to the loss of the T1 Cu site), and by deleting the 41 amino acid long methionine rich MDHGAMDHSATPMQGMDGMADMMSLPGMAEMHAAME GGLSM sequence between the domains 1 and 2 of CutO (CutOΔMRS) using the mutagenic primers cutF(EP)-F, cutO(C473A)-R, cutGopr-F, and cutTer-R for CutOC473A, cutF(EP)-F, cutOdelMRS-R, cutOdelMRS-F, cutOopr-R, cutGopr-F and cutTer-R for CutOΔMRS (Supplemetary Table 2), using the cutFOG operon with its native promoter and terminator regions. The amplified fragments were assembled into the KpnI-XbaI digested pRK415 vector as above. For these mutations, pRK-cutFOFlagG plasmid carrying the CutFOFlagG variant was used as a template. This plasmid was constructed by using the primers cutF(EP)-F, cutOopr-R, cutOopr-F, and cutTer-R (Supplementary Tables 1, 2) as described above.

Substitution of two conserved Cys residues in CutF by Ala (C69XXXC73 to A69XXXA73) and truncation of C-terminal Proline-rich region (ΔP109EPEGPPPRL118) were constructed on pRK-cutFOG3 (cutFN–FlagOFlagGMycHis) by using the mutagenic primers cutF(EP)-F, cutF(C-A)-R, cutF(C-A)-F and cutTer-R for CutFC–A, cutF(EP)-F, cutF(del-Cter)-R, cutF(del-Cter)-F and cutTer-R for CutFΔC–ter (Supplementary Table 2). The amplified fragments were assembled into the KpnI-XbaI digested pRK415 vector as above.

Substitution of three conserved Cys residues of CutG to Ala (C40XC42C43 to A40XA42A43) and three Met residues to Ala (M120X(6)M127 to A120X(6)A127 of CutG) were constructed on pRK-cutFOG3 (cutFN–FlagOFlagGMycHis) by using the mutagenic primers cutF(EP)-F, cutG(C-A)-R, cutG(C-A)-F and cutTer-R for CutGC–A, cutF(EP)-F, cutG(M-A)-R, cutG(M-A)-F and cutTer-R for CutGM–A (Supplementary Table 2). Assembly of the fragments was performed as described above.



Cloning of pRS1-cutF for in vivo and in vitro Expression

The ORF of cutF was cloned into the plasmid pRS1 (Jauss et al., 2019) for in vivo and in vitro expression. The vector pRS1 was linearized by using the pRS1-F and pRS1-R primers at the start codon ATG. The amplification mixture containing the linear form of pRS1 was digested with DpnI to remove its circular form used as a PCR template. The cutFN–Flag including a 20 bp overlapping sequence of pRS1 vector was amplified from pRK-cutFOG3 by using the primers pRS1cutF-F and pRS1cutF-R (Supplementary Table 2) and Q5® High-Fidelity DNA Polymerase (NEB Lab, MA, United States). The HiFi assembly (NEBuilderR) and transformation procedures similar to those described above were used for this construction, except that the 4 μL of the assembly reaction mixture was transformed to chemically competent E. coli NEB® 5-alpha and C43(DE3) strain, selecting for Ampr colonies. The resulting plasmid pRS1-cutF was confirmed by DNA sequencing.



Total RNA Isolation and Transcription Analysis by RT-PCR

Semi-aerobic (Res grown) cultures of R. capsulatus in MPYE medium with (10 μM CuSO4) and without Cu addition were grown to mid-log phase (OD685 0.5–0.8). Total RNA was isolated from ∼1 × 109 cells thus obtained using the Qiagen RNeasy mini kit (Qiagen, Hilden, Germany), and digested with DNase I for 30 min at 25°C in the presence of RNase inhibitor RNasin. ∼120–180 ng of total RNA was used in RT-PCR reactions with the One-Step RT-PCR kit (Qiagen, Hilden, Germany). Transcriptional features of the cutFOG operon were analyzed using the cutFO(rtPCR)-F/cutFO(rtPCR)-R primer pairs covering 400 bp of cutFO, and the cutOG(rtPCR)-F/cutOG(rtPCR)-R primer pairs covering 500 bp of cutOG, and the 16SrRNA-F and 16SrRNA-R primers provided an internal control for amplification of a 450-bp region of R. capsulatus 16S rRNA gene (Supplementary Table 2; Ekici et al., 2014). Control reactions omitted the RNA template from the reaction mixture and the amplified RT-PCR products were separated using 2% agarose gels.



Biochemical and Biophysical Techniques


Membrane Preparation for SDS-PAGE and TMBZ Staining

Cytoplasmic membrane fractions and supernatant fractions (soluble cytoplasmic and periplasmic proteins) were prepared by using 50 or 250 mL of R. capsulatus cultures grown overnight under Res conditions in MPYE. Cells were broken by using either a French pressure cell at 18,000 lb/inch2 or an Emulsiflex C3 homogenizer (Avestin, Ottawa, ON, Canada) at 10,000 lb/inch2 as described earlier (Gray et al., 1994; Knupffer et al., 2019). Membranes were resuspended in 400 μL of 50 mM triethanolamine acetate (pH 7.5), 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM EDTA, and 1 mM dithiothreitol, and the protein concentrations were determined by using a modified Lowry assay (Noble and Bailey, 2009).



Multicopper Oxidase Activity

The oxidation of 2,6-dimethoxyphenol (2,6-DMP) by the periplasmic fraction (20 or 50 μg total protein) of R. capsulatus cells was monitored either continuously with a TIDAS 100 spectrophotometer for 15 min or with Ultrospec 3,100 pro reader for endpoint measurement at 468 nm. The molar concentration of oxidized 2,6-DMP was calculated using ε = 14,800 M–1 cm–1 of oxidized 2,6-DMP (Solano et al., 2001).

The periplasmic fraction was isolated following published protocols (McEwan et al., 1984; Trasnea et al., 2016). In brief, bacterial cultures (50 mL) were grown overnight on MPYE under Res or PS conditions in the presence or absence of supplementary CuSO4, as specified in the legends to the figures. The entire culture was harvested and washed at 4°C with 12 mL of 50 mM Tris–HC1 pH 8.0, the final pellet resuspended to a concentration of 10 mL/g of wet weight in the SET buffer (0.5 M sucrose, 1.3 mM EDTA, 50 mM Tris–HC1 pH 8.0), incubated with 600 μg lysozyme/mL at 30°C for 60 min, and spheroplasts formation was monitored by microscopy (Supplementary Figure 1). The suspension was sedimented at 4°C by centrifugation at 13.000 rpm for 30 min. The supernatant (periplasmic fraction) was stored on ice while the pellet was resuspended in a total volume of 1.5 mL of SET buffer in 2 mL eppendorf tubes. This suspension was sonicated on ice with a Dawe Soniprobe (United Kingdom) four times with 15 s sonication and 30 s break at 150 W and then centrifuged at 5.000 rpm for 10 min. The pellet was discarded and the supernatant was further centrifuged at 45.000 rpm for 90 min. The supernatant (cytoplasmic fraction) together with the last pellet resuspended in 100 μL of ICM buffer (membrane fraction) were stored at −80°C.



Immune Detection and Heme Staining

For immune-detection following SDS- or BN-PAGE, proteins were electro-blotted onto nitrocellulose (GE Healthcare, Germany) or PVDF Immobilon-P (GE Healthcare, Germany) membranes, respectively, and antibodies against the Flag-, His- or Myc-tags (clone 9E10) were purchased from either Sigma or Millipore (Temecula, CA, United States). Heme staining was performed as described earlier (Koch et al., 1998a). For this purpose, 16.5% Tris–Tricine SDS-PAGE were used (Schagger and Von Jagow, 1987). Samples were denatured in SDS-loading buffer for 10 min at 95°C for soluble proteins, 20 min at 37°C for membrane-bound proteins, and following electrophoresis, the c-type cyts revealed by their peroxidase activities using 3,3′, 5, 5′ tetramethylbenzidine (TMBZ) and H2O2 (Thomas et al., 1976).



In vitro Synthesis of CutF

An in vitro coupled transcription-translation system was used to synthesize CutF. Cytosolic translation factors (CTF) and high-salt washed ribosomes were used in 25 μL aliquots, as described before (Hoffschulte et al., 1994; Koch et al., 1999). A final concentration of 11 mM MgAc was used in all samples, a control sample lacking ribosomes was included, and the radioactive labeling mix containing 35S-Methionine/35S-Cysteine was purchased from Hartmann Analytic (Braunschweig, Germany). The reaction mixture was prepared on ice and then incubated for 30 min at 35°C with gentle shaking. At the end of the synthesis, the in vitro reaction was mixed with 1:1 10% TCA, precipitated for 40 min on ice, the samples were pelleted in a precooled table-top centrifuge at 13,700 × g for 18 min. The pellet was further resuspended in 30 μL TCA, mixed with a loading dye prepared as described earlier (Steinberg et al., 2020), and subsequently denatured at 37°C for 20 min. The samples were subjected to a 5–15% SDS-PAGE, and the separated proteins were visualized by phosphorimaging.



Phylogenomic Analyses


Identification of CutF-Like Proteins

Because of the relatively small size (118 amino acid residues) and poor sequence conservation, a rule-based approach was used to identify CutF-like protein sequences. Genes within a 10-gene window surrounding CutO-encoding homologs (defined as containing either PF00394 or PF07731 or both) from publicly available proteobacterial genomes were collected using the genomic context tool EFI-GNT (Gerlt, 2017; Zallot et al., 2019). Gene neighbors were then filtered based on the following criteria: the encoded protein is smaller than 170 amino acids, does not match to a known Pfam domain, contains a predicted signal peptide, a CXXXC sequence motif (where X is any amino acid), and the PP sequence motif. The resulting protein sequences were aligned with MUSCLE (Madeira et al., 2019), viewed with Jalview (Waterhouse et al., 2009), and sequences were removed based on manual inspection of the CXXXC motif alignment. The multiple sequence alignment thus obtained was used to search for similar proteins via jackhammer (Potter et al., 2018) against the Proteobacterial Reference Proteome set in the UniProt database (The UniProt Consortium, 2019) with 11 iterations at which point no additional sequences were identified. Any sequence matching to a Pfam domain was removed, resulting in a total of 2,938 sequences that we refer to as CutF-like proteins.



Copper-Oxidase Sequence Similarity Network

Bacterial reference proteomes from the UniProt database were searched for proteins that contained the three Cu-oxidase domains PF00394, PF07731, and PF07732, resulting in 4,040 sequences. The EFI-Enzyme Similarity Tool (EFI-EST1; Gerlt et al., 2015) was used to build the similarity network with an alignment score of 100, and nodes were collapsed at a similarity of 90%. The network thus built was visualized with Cytoscape (Shannon et al., 2003) and nodes were clustered using the yFiles organic layout.



Copper Oxidase Phylogenetic Reconstruction

Proteobacterial Cu oxidase-like proteins from the sequence similarity network were extracted and mapped to UniRef90 in the UniProt database (Suzek et al., 2015). Phylogenetic analysis was performed using the CIPRES web portal (Miller et al., 2010) with MAFFT on XSEDE (v. 7.305) for the sequence alignment (Katoh and Standley, 2013) and FastTree with 1,000 bootstrap replicates (Price et al., 2010). Branches with less than 50% bootstrap support were deleted.



RESULTS


CutO Activity Is Largely Independent of the Cu Supply System for cbb3-Cox Assembly, but Partly Relies on the CopZ-CopA Cu Export Pathway

Maturation of the cuproprotein cbb3-Cox depends on a complex Cu delivery chain that involves at least six proteins, which shuttle Cu from the extracellular space into the cytosol and back to the periplasm prior to Cu insertion into the catalytic subunit CcoN (Andrei et al., 2020). The complexity of this Cu supply chain raises the question of whether it is dedicated solely to cbb3-Cox assembly or also used at least partly for the maturation of other extracytoplasmic cuproproteins, such as the periplasmic CutO protein. CutO activities of mutant strains (ΔccoA, ΔccoG, ΔcopZ, ΔccoI, ΔsenC, and ΔpccA) that are deficient in known proteins required for Cu delivery to cbb3-Cox were determined using the 2,6-DMP assay with periplasmic extracts of the mutant strains (Solano et al., 2001). The specific activity of the wild-type (15 nanomoles of 2,6-DMP oxidized/min/mg of protein) was set to 100% and the specific activity in the mutants was determined (Figure 1B). The single ΔcutO mutant served as a control and showed no 2,6-DMP oxidation, indicating that this assay monitors exclusively CutO mediated multi copper oxidase activity in R. capsulatus periplasmic extracts. In comparison to the wild-type activity, no significant difference in the ΔccoA strain that lacks the MFS-type Cu importer was seen. Mutant strains lacking the two periplasmic chaperones SenC and PccA, which are required for cbb3-Cox assembly at low Cu concentrations, or CcoI, the Cu-exporting P1B-type ATPase that is essential for cbb3-Cox biogenesis (Kulajta et al., 2006; Lohmeyer et al., 2012; Trasnea et al., 2018), also showed no detectable reduction of CutO activity. A small but reproducible reduction of CutO activity (approx. 25%) was observed in the absence of the cupric reductase CcoG (Marckmann et al., 2019), which was fully restored to wild type activity by a plasmid-borne copy of ccoG (Figure 1B). CcoG reduces Cu2+ to Cu1+, which is then bound by the chaperone CopZ or the P1B-type ATPases CcoI and CopA (Gonzalez-Guerrero and Arguello, 2008; Utz et al., 2019). In contrast to CcoI, CopA is dispensible for cbb3-Cox biogenesis, but is required for Cu detoxification (Ekici et al., 2014), which in R. capsulatus also involves CcoG and CopZ (Marckmann et al., 2019; Utz et al., 2019). Therefore, the CutO activities of ΔcopA and ΔcopZ single, as well as a ΔcopAΔccoI double mutants were tested. These assays showed similar residual activities (about 60% reduction compared to wild-type) for both the single and double ΔcopA mutants, and the single copZ mutant (Figure 1B). The reduced MCO activities in the ΔcopA and ΔcopZ single mutants were fully restored by providing the respective genes in trans (Figure 1B). Considering that all strains grew well in the presence of 10 μM Cu, overall data showed that CutO production is independent of the cbb3-Cox maturation machinery, except for CcoG and CopZ, and relies partly on the CopZ-CopA dependent Cu detoxification pathway. As none of the deletion mutants examined resulted in a complete loss of CutO activity, part of the Cu supply to CutO may be provided by other proteins, or may come directly from the periplasm.



Genes of the Multicopper Oxidase Operon cutFOG Are Important Determinants of Cu Resistance Under Aerobic and Anaerobic Growth Conditions

The physiological roles of the cutFOG gene products were analyzed by creating individual ΔcutF, ΔcutO, and ΔcutG knock-out mutants and by measuring their growth at different Cu concentrations under both respiratory (Res) and anaerobic-photosynthetic (Ps) conditions. Supplemental Cu concentrations ranging from 5 to 600 μM and 5 to 75 μM CuSO4 were used for Res- and Ps-growth, respectively (Supplementary Figures 2, 3). As controls, the ΔcopA and ΔcopZ strains were included, and their Cu sensitivity profiles matched previously reported observations (Utz et al., 2019; Supplementary Figure 2). Under Res-condition the wild type grew up to 500 μM Cu, but growth impairment of the ΔcutO mutant started already at 250 μM CuSO4 (Figure 2A) and complete inhibition was observed at 400 μM CuSO4 (Supplementary Figure 2). The ΔcutF strain showed a similar Cu sensitivity, although slightly less pronounced than in the ΔcutO mutant (Figure 2A). In contrast, the ΔcutG strain was less Cu sensitive than the ΔcutO and ΔcutF strains (Figure 2A), and complete growth inhibition was only observed at 500 μM CuSO4 (Supplementary Figure 2). Despite the widespread distribution of CutG-like Cu resistance proteins and the more limited occurrence of CutF-like proteins (see below), R. capsulatus CutF appears to be as crucial for Cu detoxification as the multicopper oxidase CutO. However, the ΔcutO and ΔcutF mutants tolerated higher Cu concentrations than the ΔcopA strain under Res growth condition (Figure 2A). This observation is likely due to the accumulation of cytosolic Cu1+ in the R. capsulatus ΔcopA strain (Ekici et al., 2014; Utz et al., 2019), which might be more toxic than the accumulation of Cu1+ in the periplasm when CutO or CutF are absent.
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FIGURE 2. Copper (Cu) sensitivity assay and cytochrome c profiles of the cutF, cutO, and cutG knockout strains of R. capsulatus. (A) WT and the indicated knockout strains were serially diluted and growth was tested on MPYE agar plates supplemented with 10 or 250 μM CuSO4 for photosynthetic and respiratory growth, respectively, and incubated under appropriate growth conditions for 2–3 days. As a control, the ΔcopA strain lacking the Cu-exporting P1B-type ATPase CopA was included. (B) The cbb3-Cox activities of the indicated strains grown under respiratory conditions on MPYE + 250 μM CuSO4 were determined by the NADI reaction. The blue dye indophenol blue is formed within 45 s in the presence of active cbb3-Cox. No or very low cytochrome c oxidase activities were observed for the ΔcutO and ΔcutF strains in the presence of 250 μM Cu. (C) The c-type cytochrome profiles of mutant strains grown in the presence and absence of supplemented CuSO4 were determined by heme-staining of isolated membranes and after separation on 16.5% SDS-PAGE. Cyt cp and cyt co correspond to the subunits of cbb3-Cox, cyt c1 is the subunit of cyt bc1 complex, and cyt cy and cyt c2, correspond to membrane-bound and soluble electron carriers, respectively.


One of the major targets of excess Cu in the periplasm is the cytochrome c maturation (Ccm) pathway (Sanders et al., 2005; Durand et al., 2015; Verissimo et al., 2017). Due to the presence of a quinol oxidase, the Ccm pathway is not essential for growth of R. capsulatus under Res conditions (Koch et al., 1998a; Swem and Bauer, 2002). However, the Ccm pathway is required for Ps-growth, and the ΔcutF, ΔcutO, and ΔcutG knock-out strains were therefore also tested under PS conditions. In agreement with the inhibitory effect on c-type cytochrome biogenesis (Durand et al., 2015), the cutO and cutF deletions strains were highly Cu sensitive under PS conditions (Figure 2A and Supplementary Figure 3). In comparision to the wild type, which grew up to 75 μM Cu, the ΔcutG and ΔcopA strains were also more Cu sensitive, but still showed partial growth at 10 μM Cu (Figure 2A and Supplementary Figure 3). Although the Ccm pathway is not essential under Res condition, it is required for the activity of cbb3-Cox, as this enzyme contains two membrane-bound c-type cytochrome subunits (Gray et al., 1994; Koch et al., 1998a). Hence, the inhibition of the Ccm pathway by Cu accumulation in the periplasm was further probed by determining the cbb3-Cox activity using the NADI staining under Res conditions. All three mutant strains showed a NADI-positive response on plates without Cu supplementation, indicating that the absence of the cutFOG genes per se did not influence cbb3-Cox activity. However, in the presence of 250 μM Cu, the ΔcutO strain did not turn blue when the NADI-reagent was applied, indicating the lack of cbb3-Cox activity (Figure 2B). A reduced blue coloring was also observed in the ΔcutF strain, unlike the ΔcutG strain that was comparable to the wild-type in response to NADI staining (Figure 2B). This was further validated by performing tetramethylbenzidine (TMBZ)-mediated heme staining on membranes isolated from the deletion strains grown by respiration in the presence or absence of 250 μM Cu (Figure 2C and Supplementary Figure 4). Membranes of the Cu-supplemented wild-type strain showed reduced amounts of the membrane-bound electron donor cytochrome cy and cytochrome c peroxidase (29 and 37 kDa, respectively), but no major difference was observed in the amounts of CcoO and CcoP, the two c-type cytochrome subunits of cbb3-Cox. There was also no difference in the amounts of the cytochrome c1 subunit of the bc1 complex and the soluble electron donor cytochrome c2. In contrast, membranes of the Cu supplemented ΔcutO and ΔcutF mutants exhibited a different cytochrome profile than the wild type and the ΔcutG mutant. In the absence of CutO or CutF, only cytochrome c1 was detectable and the cytochrome subunits CcoO and CcoP of cbb3-Cox were absent, while in the absence of CutG a cytochrome c profile similar to that of wild-type cells was observed (Figure 2C).

In summary, these data demonstrated that the multicopper oxidase CutO and the functionally uncharacterized putative protein CutF are important determinants for preventing Cu toxicity and inhibition of cytochrome biogenesis in the bacterial periplasm. In contrast, although widely conserved among bacteria, CutG does not seem to play a major role in Cu detoxification in R. capsulatus, suggesting that its function is dispensable or redundant with other R. capsulatus proteins.



CutO Activity Is Strictly Dependent on CutF, While CutG Is Partially Dispensable for Its Activity

To correlate the observed Cu sensitivity phenotypes of the ΔcutF, ΔcutO, and ΔcutG mutants with their CutO activities, periplasmic fractions of the individual mutants were prepared and their CutO activities were measured spectrophotometrically using 2,6-DMP as a substrate (Figure 3A). In the absence of CutG, CutO activity was reduced to about 50% of the wild-type activity, whereas in the absence of CutF only very low CutO activity was observed (Figure 3A), demonstrating that while CutG is important, CutF is essential for CutO activity. The observed CutO activities in the ΔcutF and ΔcutG strains also correlated well with the observed Cu sensitivity phenotypes, suggesting that Cu resistance is directly linked to CutO activity.
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FIGURE 3. CutF but not CutG is essential for CutO activity. (A) CutO activity of WT and the ΔcutO, ΔcutF, and ΔcutG single mutant strains of R. capsulatus. The CutO activity was determined as described in the legend to Figure 1B. Epitope-tagged versions of cutO and cutF were expressed from an arabinose-inducible promoter from plasmid pRK415. The activity of WT was set to 100% and the relative activities of the indicated strains were calculated. Three independent experiments were performed with three technical replicates and the error bars reflect the standard deviation (n = 9). Statistical analyses were performed as described in Figure 1. (∗) refers to p- values ≤ 0.05; (∗∗) to p-values ≤ 0.01, and (∗∗∗) to p-values ≤ 0.001. (B) Cu sensitivity of the WT and the ΔcutFOG triple knock-out strain, grown under PS conditions and in the presence or absence of 10 μM CuSO4. (C) Spot assay for Cu sensitivity of the ΔcutFOG strain expressing differently tagged plasmid-borne copies of the cutFOG-operon. In cutFOFlagG, CutO was C-terminally Flag-tagged. In cutFOG1 (cutFC–StrepOFlagGMycHis) and cutFOG2 (cutFN–strepOFlagGMycHis), all three genes were tagged, but contained the Strep-tag either at the C-terminus (cutFOG1) or at the N-terminus (cutFOG2) of cutF. (D) CutO activities of the strains shown in panel (C). Periplasmic fractions were isolated from the indicated strains, grown in MPYE medium supplemented with 10 μM CuSO4. 50 μg protein of the periplasmic fractions were used in the assay. Three independent experiments were performed with three technical repetitions and the error bars reflect the standard deviation (n = 9). The activity of WT was set to 100% and the relative activities of the other strains were calculated. Statistical analyses were as in Figure 1. (∗) refers to p-values ≤ 0.05; (∗∗) to p-values ≤ 0.01, and (∗∗∗) to p-values ≤ 0.001. (E) Immunoblot analyses of the ΔcutFOG strain harboring either the cutFOG1 or cutFOG2 constructs. 50 μg of soluble protein and α-Flag antibodies were used for the detection of CutO (upper panel) and 75 μg protein and α-Myc antibodies were used for detection of CutG (lower panel). Although Strep-tagged, CutF could not be detected in immunoblots in either construct, although the cutFOG2 construct fully complemented the ΔcutFOG strain.


Epitope tagged versions of cutF, cutG and cutO genes were cloned into an arabinose inducible plasmid and introduced into the respective mutants. A C-terminally Flag-tagged CutO variant fully rescued CutO activity in the ΔcutO strain, but an N-terminally Flag-tagged CutF variant did not rescue the ΔcutF mutant (Figure 3A). The ΔcutF strain was generated by an in-frame, markerless chromosomal deletion for avoiding any potential polar effect on cutO expression. Thus, the lack of complementation by an ectopic cutF copy, suggested that either the presence of the tag on CutF interfered with its activity, or that stable production of CutF required the integrity of the cutFOG operon.

This was analyzed by constructing a ΔcutFOG triple knock-out strain and testing its complementation by different cutFOG-encoding plasmids. As predicted from the phenotypes of the single mutants, the ΔcutFOG strain was highly sensitive to Cu (Figure 3B), but Cu sensitivity was rescued by the plasmid pRK-cutFOFlagG, which encoded the cutFOG-operon under control of its native promoter and a C-terminally Flag-tagged CutO variant (Figure 3C).

Subsequently, each gene within the operon was individually tagged to allow immunological identification of the corresponding gene products. For CutF, two variants were constructed, containing a Strep-tag either at the C-terminus (pRK-cutFOG1, cutFC–StrepOFlagGMycHis) or at the N-terminus after the signal sequence cleavage site (pRK-cutFOG2 cutFN–StrepOFlagGMycHis). Plasmid pRK-cutFOG2 fully rescued the Cu sensitive phenotype of the ΔcutFOG strain, while pRK-cutFOG1 did so only partially (Figure 3C). Analyses of the CutO activities of these strains showed that CutO activity was not detectable in the ΔcutFOG strain, but activity was fully restored by the presence of pRK-cutFOG2 (Figure 3D). In contrast, in the presence of pRK-cutFOG1 only about 15% of wild type activity was detected (Figure 3D).

Immune detection of the periplasmic fractions isolated from the ΔcutFOG strain carrying pRK-cutFOG1 or pRK-cutFOG2 revealed lower CutO levels in pRK-cutFOG1 containing cells, while the CutG levels were comparable (Figure 3E and Supplementary Figure 5). Thus, the addition of a Strep-tag to the conserved C-terminus of CutF apparently impaired its function, reducing the steady-state amounts of CutO and its activity. Despite the availability of N-terminally or C-terminally tagged variants, immune detection of CutF was not possible in strains expressing pRK-cutFOG1 or pRK-cutFOG2, in line with earlier unsuccessful attempts (Rademacher et al., 2012; Selamoglu et al., 2020).

For exploring the molecular basis of this lack of CutF detection, an E. coli in vitro coupled transcription-translation system was used to confirm that CutF can be produced, as inferred by the genetic complementation assays using constructs maintaining the cutFOG operon integrity (Figure 3C). Indeed, in vitro translation confirmed the production of a protein of correct molecular mass corresponding to cutFN–Flag ORF (Figure 4A), further suggesting that the cutF product is either produced at very low levels or undergoes rapid degradation in vivo. A possible degradation of CutF would also explain the presence of the weaker approx. 10 kDa product that is detected after in vitro translation (Figure 4A). Next, appropriate RT-PCR experiments were performed to assess if the low level of CutF originates from its poor transcription, using total RNA extracted from pRK-cutFOG2/ΔcutFOG cells grown in the absence, or presence of 10 μM CuSO4 supplementation. Appropriate primer pairs (Supplementary Table 2) for the fragments overlapping the gene borders of either cutFO (400 bp) or cutOG (550 bp) were used for RT-PCR. Quantification of the amplified fragments by ImageJ revealed that the 3′ cutOG border region was amplified approx. six times more than the 5′ cutFO border region in the presence of Cu (Figure 4B). Internal controls using genomic DNA confirmed the specificity and efficiency of the selected primer pairs (Supplementary Figure 6). Assuming that cutFOG genes form a single transcription unit (Wiethaus et al., 2006), this result suggested that the stability of the 5′ end of the produced mRNA encompassing cutF is much lower than its 3′ end corresponding to cutO and cutG, in agreement with the low-level production of cutF translation product. It was previously shown that the cutF–cutO intergenic region contains a stem-loop structure that affects the stability of the cutFOG mRNA, playing a role in its post-transcriptional Cu response (Rademacher et al., 2012).
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FIGURE 4. CutF is translated into protein (A) In vitro protein synthesis of CutF. After in vitro synthesis, samples were separated by SDS-PAGE, and the radioactively labeled bands were detected by phosphorimaging. Different volumes (μl) of purified Escherichia coli ribosomes were used for in vitro synthesis (B) Transcriptional analysis of the cutFOG operon. Physical map of the cutFOG operon (upper cartoon representation) indicating the DNA fragments emerging from RT-PCR (double arrow). RT-PCR analyses of cutFOG mRNA levels in cutFOG2/ΔcutFOG cells grown on MPYE without and with 10 μM Cu2+ supplementation. The 16S ribosomal RNA (450 bp) was used as an internal control. The intensities of the bands were determined by the ImageJ software. A negative control PCR omitting templates was performed in each case to check for DNA contamination (data not shown).




The Conserved Putative Cu Binding Motif and the Proline Residues at the C-Terminus of CutF Are Essential for Its Function

The highly conserved putative Cu binding CXXXC motif in the central part of CutF, and the unusual proline-rich sequence surrounded with charged residues at its C-terminal end (Figure 5A), were probed by mutagenesis for their plausible functions using the pRK-cutFOG3 (cutFN–FlagOFlagGMycHis) construct which maintains the cutFOG operon integrity. The C69XXH72C73 motif was changed to AXXHA, and the ten C-terminal amino acids (P109EPEGPPPRL118) of CutF were deleted, yielding the plasmids pRK-CutFC–AOG and pRK-CutFΔ C–terOG, respectively. Expression of these CutF variants in the ΔcutFOG strain showed that both mutations significantly reduced the CutO levels (Figure 5B and Supplementary Figure 7), resulting in a ∼ 90% decrease of CutO activity, comparable to the CutO activity in the ΔcutF strain (Figure 5C). These data suggested that the conserved CXXXC motif, usually found in Cu chaperones, and the proline-rich sequence are essential for the function of CutF for CutO maturation and activity. Whether or not these CutO defects originate from a lack of proper Cu binding to CutF or a productive CutF-CutO interaction, remains to be further analyzed.
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FIGURE 5. The conserved cysteine motif and the proline-rich C-terminus of CutF are essential for its function. (A) Sequence logo of the conserved CutF motifs. (B) Immunoblot analysis of the CutO proteins from the strains carrying the cutFC–AOG (Substitution of putative Cu binding C69XXXC73 motif by A69XXXA73) and cutFΔC–terOG (truncation of C-terminal proline-rich region, P109EPEGPPPRL118) plasmids producing the CutFC–A and CutFΔC–ter mutant proteins, respectively. In both plasmids CutO was C-terminally Flag-tagged. 200 μg of soluble protein and α-Flag antibodies were used for the detection of CutO. 15% SDS-PAGE was used for separation. (C) CutO activities in the ΔcutFOG strain expressing either cutFOG3 (cutFN–FlagOFlagGMycHis) or the mutated cutFC–AOG or cutFΔC–terOG variants. In all cases, CutO was C-terminally Flag-tagged. The ΔcutFOG and the single ΔcutF mutants served as an additional control. Strains were grown on MPYE medium in the presence of 10 μM CuSO4. 50 μg of the same soluble protein from the periplasmic fractions were used in the assay. Three independent experiments were performed with three technical repetitions and the error bars reflect the standard deviation (n = 9). Statistical analyses were performed as in Figure 1, using the cutFOG3/ΔcutFOG strain as reference. (∗) refers to p- values ≤ 0.05; (∗∗) to p-values ≤ 0.01, and (∗∗∗) to p-values ≤ 0.001.


The availability of the mutant CutF variants allowed us to further assess the need for the structural integrity of the cutFOG operon by testing the CutO activity in the ΔcutOG strain carrying the pRK-cutFC–AOG plasmid. In this strain a functional cutF is expressed from the chromosome and functional cutOG are located on a plasmid. Similarly, the CutO activity of the ΔcutFG mutant carrying the pRK-cutFOC473AG plasmid with an inactive CutO copy (see below section “CutO Confers Cu Resistance by O2-Dependent and O2-Independent Mechanisms”) and intact copies of cutFG on the plasmid was analyzed. The latter strain contained an intact copy of cutO on the chromosome. The CutO activities in both strains were as low as in the ΔcutO or ΔcutF single mutants (Supplementary Figure 8), again supporting the need for the integrity of the cutFOG operon for CutO production, suggesting that transcription, translation or secretion of the cutFOG genes or their products are coupled.



The Conserved Putative Cu Binding Motifs of CutG Are Not Required for CutO Activity

Mutagenesis was also performed on CutG by alanine replacements of the conserved Cys and Met residues of its C40XC42C43 and M120X(6)M127 motifs, respectively, using the pRK-cutFOG3 (cutFN–FlagOFlagGMycHis) construct to yield the CutGC–A and CutGM–A variants (Figure 6A). Unlike the CutF mutations, neither of these CutG mutations significantly affected CutO activity (Figure 6B), in agreement with its dispensable role for CutO activity and maturation as well as for Cu tolerance, as already seen with a ΔcutG strain (Figure 2 and Supplementary Figures 2, 3). The higher CutO activities of the CutG mutants in comparison to the ΔcutG mutant suggests that either the putative Cu-binding motifs of CutG are dispensable for its function in CutO maturation or that possible maturation defects are compensated for by the increased production of the plasmid-encoded CutG variants.
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FIGURE 6. CutG is not essential for CutO activity (A) Model for the R. capsulatus CutG built on the X-ray structure of CopG from Pseudomonas aeruginosa (PDB ID: 6WIS) by the Swiss-Model software. The upper panel shows the conserved motifs and their substitutions. The lower panel shows the amino acid alignment between the R. capsulatus (R. cap) CutG and P. aeruginosa (P. aer) CopG. The conserved Cysteines and Methionines are highlighted in red and blue letters, respectively. (B) CutO activities of the indicated strains expressing cutGC–A and cutGM–A. The periplasmic fractions were isolated from the strains grown on MPYE medium in the presence of 10 μM CuSO4. 50 μg total protein was used in the 2,6-DMP assay. The activity of the ΔcutFOG strain carrying the plasmid pRK-cutFOG3 (cutFN–FlagOFlagGMycHis) strain was set to 100% and the relative activities of the other strains were calculated. Three independent experiments were performed with three technical repetitions and the error bars reflect the standard deviation (n = 9). Statistical analyses were performed as in Figure 1, using the activity of the cutFOG3/ΔcutFOG strain as reference. (∗) refers to p- values ≤ 0.05; (∗∗) to p-values ≤ 0.01, and (∗∗∗) to p-values ≤ 0.001.




Bioinformatic Analysis of CutF-Like Proteins and Their Co-occurrence With Other Cu- Related Genes

Bioinformatic analyses were initiated to determine the distribution of CutF homologs in bacterial genomes. Likely due to the relatively small size of CutF (118 amino acids) and the low sequence conservation across homologs, searches for sequence-similarity using BLASTp against the UniProt database resulted in only a few significant hits. However, we observed that the proteobacterial cutO homologs are often located next to a gene encoding a small protein roughly the same length as CutF, containing a CXXXC motif, a putative signal peptide, and a C-terminal PP motif, similar to R. capsulatus CutF. Based on these features, we performed a rule-based approach to generate an initial set of CutF-like proteins encoded by genes neighboring copper oxidase genes. This initial set was then used to initiate a less-restrictive search for CutF-like proteins using iteratively built profile-HMMs. We reasoned that CutF-like proteins may also be in gene neighborhoods that lack MCO genes or may have some sequence divergence not represented by the initial set.

Using this approach, we identified nearly 3,000 CutF-like sequences in reference proteomes (The UniProt Consortium, 2019) from proteobacteria, including five CutF-like sequences of R. capsulatus and two of Rhodobacter sphaeroides species (Figure 7). As exemplified by these seven proteins, the iterative nature of our analysis captured proteins that do not have the CXXXC motif found in CutF, but do have a conserved cysteine-containing variation of this motif located in roughly the same region of the protein. The C-terminal PP motif is highly conserved among these proteins. The closest annotated HMM in the PFam database to the identified CutF-like proteins is DUF2946 (PF11162), which enclose small proteins with a C-terminal PP motif and a CXXC motif instead of the CXXXC motif in the central region. Intriguingly, DUF2946 was previously associated with Cu homeostasis through gene neighborhood analysis (Kenney and Rosenzweig, 2018). CutF-like proteins, as identified here in proteobacteria, are found in all classes of proteobacteria. There is an apparent enrichment for CutF-like proteins in alpha-proteobacteria (58%), but when taking into account the number of reference proteomes available for each class, there are roughly an equal amount of CutF-like proteins in alpha- and beta-proteobacteria, half as many in gamma-proteobacteria and a quarter as many in delta-proteobacteria (Figure 8).
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FIGURE 7. Identification of CutF-like proteins in publicly available sequenced genomes. (A) Sequence logo representing profile hidden Markov model (from the 10th iteration of jackhammer) used to identify CutF-like sequences. (B) Multiple sequence alignment as viewed with Jalview (Waterhouse et al., 2009) of identified CutF-like sequences from R. capsulatus and Rhodobacter sphaeroides. The color scheme used is that of clustalx, and the UniProt protein IDs are indicated as labels. The quantitative alignment annotations below the alignment displayed as histograms are automatically calculated by Jalview for each column. (C) Genomic context of identified CutF-like sequences from R. capsulatus and R. sphaeroides. “Neighborhood” refers to genes likely in an operon with the gene encoding the CutF-like protein. Genes are colored according to identified Pfam domains shown at the bottom of the figure.
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FIGURE 8. Sequence similarity networks of Cu-oxidase-like proteins. (A) network representing sequences containing Pfam domains PF00394, PF07731, and PF07732 from Uniprot-designated reference proteomes in the proteobacterial lineage. Nodes are colored according to the legend shown in each panel. The location of nodes representing CueO and FtsP from E. coli and CutO from R. capsulatus are indicated with red arrows. (B) Nodes are colored as to whether cutF is a neighbor of the Cu-oxidase-encoding gene. (C) Nodes are colored based on whether CutF is encoded in the genome or not. For panels (B,C), numbers in parentheses on top of each panel represent the number of nodes in the network.


Having identified a set of proteins with sequence characteristic analogous to CutF, we next asked to what extent are these proteins associated with homologs of CutO. To differentiate CutO proteins from other Cu oxidases, we built a sequence similarity network (Figure 8). We found that 40% of the genes corresponding to proteins from the CutO cluster are neighboring a gene encoding a CutF-like protein, and roughly 71% of proteins belonging to the CutO cluster are encoded by genomes that also encode a CutF-like protein. The high degree of genomic co-occurrence illustrated by these proteins, suggested that a functional link between CutO and CutF is not limited to Rhodobacter. In addition to Rhodobacterales (where there were 41 cases), gene proximity was also observed in Rhizobiales (31 cases) and Rhodospirillales (5 cases). Moreover, 55% of CutO-like proteins are encoded by genomes that contain genes for both the CutF and CutG proteins. In comparison, co-occurrence between CutF-like proteins and clusters containing CueO- (the E. coli multicopper oxidase) and FtsP- (cell division protein with a multicopper oxidase-like structure) like proteins is low, being only 8% and 2%, respectively (Figure 8 and Supplementary Figure 9). However, we did observe gene proximity with a CutF-like protein and Cu oxidase proteins from outside the CutO cluster in the alpha-proteobacterial lineages Caulobacterales (2), Parvularculales (1), and Sphingomonadales (43), the beta-proteobacterial lineages Burkholderiales (10), Neisseriales (1), and Nitrosomonadales (1), and the gamma-proteobacterial lienages Acidiferrobacterales (2), Alteromonadales (11), Cellvibrionales (9), Chromatiales (4), Enterobacterales (2), Oceanospirillales (11), Pseudomonadales (11), Thiotrichales (3), and Xanthomonadales (29).

Next, we focused our gene neighborhood analysis on the CutF-like proteins. Only 23% of CutF-like proteins are associated with Cu oxidase genes, suggesting that our analysis captured CutF-like proteins that could be involved in processes independent of a Cu oxidase. Based on the putative Cu-binding proteins identified by Andreini et al. (2008), 88% of the neighborhoods contained at least one gene encoding for a putative Cu-binding protein (Supplementary Table 3), such as nitrous oxide reductase, the Cu chaperones NosL, CopC, SenC, and PccA, as well as the Cu transporters CopB, CopD, and the Cus efflux system (Supplementary Table 3). These associations plus the presence of cysteine motifs suggest that CutF-like proteins are involved in Cu homeostasis, and that there are likely different subgroups interacting with different proteins.



CutO Confers Cu Resistance by O2-Dependent and O2-Independent Mechanisms

An additional plasmid-borne CutFOFlagG variant was constructed in which the cutFOG expression is controlled by its native promoter to probe if the steady-state amounts and activities of CutO are influenced by the Cu concentration in the medium. This plasmid fully complemented the ΔcutFOG triple knock-out strain, and periplasmic extracts of these cells grown in the presence of different Cu concentrations were analyzed. The data showed a Cu-concentration dependent increase of the CutO activity (Figure 9A) that coincided with increased CutO protein levels (Figure 9B and Supplementary Figure 10A). This is in line with the Cu-induced increase of the CutO levels observed by cuproproteome analyses of R. capsulatus (Selamoglu et al., 2020) and with studies using in-frame cutO-lacZ fusions (Rademacher et al., 2012).
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FIGURE 9. Activity and steady-state levels of CutO are Cu-dependent. (A) The activity of plasmid-encoded Flag-tagged CutO (cutFOFlagG) expressed in the ΔcutFOG strain, grown in MPYE medium supplemented with different CuSO4 concentrations. 50 μg protein of the periplasmic fractions were used for the assay. Shown are the mean values of three independent assays with three technical repetitions and the error bars reflect the standard deviation (n = 9). (B) For immunoblot analysis of the CutOFlag, approximately 40 μg of periplasmic proteins were separated on 15% SDS-PAGE and treated with anti-Flag antibodies.


Multicopper oxidases like CutO use O2 as an electron acceptor and thus are catalytically active only in the presence of O2 (Solomon et al., 2008). Therefore, it was surprising that the ΔcutO strain was highly Cu sensitive even under anaerobic conditions (Figure 2). This suggested that CutO might confer Cu resistance not just by the O2-dependent oxidation of Cu1+ to the less toxic Cu2+, but also by another O2-independent mechanism. Two CutO variants, CutOC473A and CutOΔMRS, produced from the plasmid pRK-cutFOFlagG were constructed to further analyze this finding. In the CutOC473A variant, the Cys473 ligand of the T1 Cu center was replaced by alanine, which is expected to inactivate CutO. In the CutOΔMRS variant, the MRS, which accommodates the Cu ions Cu5, Cu6, and Cu7 in the E. coli homolog CueO was deleted, which is expected to reduce the ability of CutO to bind Cu (Kataoka et al., 2007; Singh et al., 2011). Both plasmids were individually transferred into the ΔcutFOG strain, and cells were tested for CutO activity, CutO levels, and Cu sensitivity (Figure 10).
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FIGURE 10. Activity, steady-state levels, and Cu sensitivity of different CutO mutants. (A) CutO activity of the CutO mutant variants CutOC473A, carrying a mutation in the T1Cu binding motif, and CutOΔMRS, in which the methionine-rich segment (MRS) was deleted, was determined by using 50 μg protein of the periplasmic fraction isolated from strains grown on MPYE medium in the presence of 10 μM CuSO4. Three independent experiments were performed with three technical repetitions and the error bars reflect the standard deviation (n = 9). The activity of the WT strain was set to 100% and the relative activities of the other strains were calculated. Statistical analyses were performed as in Figure 1, using the activity of the WT strain as reference. (∗) refers to p- values ≤ 0.05; (∗∗) to p-values ≤ 0.01, and (∗∗∗) to p-values ≤ 0.001. (B) Immunoblot analysis of Flag-tagged wild type CutO and its mutant variants grown in the presence and absence of CuSO4 supplement. After isolation of the periplasmic fraction, 50 μg protein were separated on 12% SDS PAGE and treated with anti-Flag antibodies. (C) Respiratory (Res) and (D) photosynthetic (PS) growth of R. capsulatus strains carrying a plasmid born copy of CutOFlag or its mutant variants (CutOC473A and CutOΔMRS) on MPYE medium supplemented with different amounts of CuSO4. The cutFOG1/ΔcutFOG strain carrying the cutFC–StrepOFlagGMycHis construct was used as an additional control for Ps growth.


The CutOC473A mutant had no detectable CutO activity just like the ΔcutFOG strain, but in the CutOΔMRS mutant, the CutO activity was approx. 2-fold higher than wild-type activity (Figure 10A). This is likely due to the increased accumulation of this CutO variant as indicated by immuno-detection using anti-Flag antibodies (Figure 10B and Supplementary Figure 10B). In addition, the absence of the MRS might favor access of bulky organic substrates to the catalytic site of CutO. This was shown for E. coli CueO, where the deletion of the MRS led to a 10% reduction of the cuprous oxidase activity, while it increased the oxidation of alternative substrates, like phenolic components such as 2,2’-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) or 2,6-DMP (Kataoka et al., 2007). The MRS was therefore proposed to provide a specificity filter to ensure preferentially Cu1+ oxidation (Roberts et al., 2003). When testing the Cu sensitivity profile on enriched medium supplemented with 250 μM CuSO4 under similar Res growth conditions, both mutant variants showed Cu resistance levels comparable to those conferred by the plasmid-borne wild-type CutO (Figure 10C), while the ΔcutFOG strain failed to form single colonies. When the Cu concentration was increased to 400 μM, the ΔcutFOG strain was completely unable to grow, while cells expressing either the CutOC473A variant or the CutOΔMRS variant still grew, although growth was reduced in comparison to wild-type CutO (Figure 10C). Moreover, when the same experiment was repeated under anaerobic-PS conditions, the ΔcutFOG strain was significantly growth-impaired already at 5 μM Cu and did not grow at 10 μM Cu. In contrast, both of the two CutO variants grew almost like the MT1131 wild-type strain with native CutO, or a ΔcutFOG strain complemented with endogenous CutFOG levels (Figure 10D). The observation that the CutOC473A variant, which has no O2-dependent Cu oxidase activity, also confers Cu resistance further indicated that CutO-mediated Cu resistance also involves an O2-independent step. The O2-dependent and O2-independent Cu resistance mechanisms of CutO seem to be set apart in the catalytically inactive CutOC473A mutant variant, as this mutant still provides Cu tolerance even in the absence of O2. Hence, a dual function of CutO in Cu resistance emerges: (1) O2-dependent enzymatic reduction of Cu1+ to the less toxic Cu2+, and (2) protein-mediated sequestration of Cu, reducing the total Cu concentration. The latter possibility is supported by the presence of additional Cu sites in the MRS of E. coli CueO (Singh et al., 2011) and by the observation that neither the inactivation of the T1 site nor the deletion of the MRS abolishes Cu resistance (Figure 10D).



DISCUSSION

In Gram-negative bacteria, P1B-type ATPases CopA and the CopZ-like chaperones have been identified as major determinants for Cu detoxification of the cytoplasm (Gonzalez-Guerrero and Arguello, 2008; Argüello et al., 2013; Utz et al., 2019). The multicopper oxidase CueO (CutO) provides a similar function for the periplasm by oxidizing Cu1+ to the less toxic Cu2+ and likely by sequestering excess Cu via the MRS (Petersen and Moller, 2000; Grass and Rensing, 2001; Fernandes et al., 2007; Singh et al., 2011; Novoa-Aponte et al., 2019). In many, but not all bacteria, the expression of genes determining cytoplasmic and periplasmic Cu tolerance, like copA, copZ, and cueO, are coordinated by the transcriptional regulator CueR (Outten et al., 2000; Stoyanov et al., 2001; Peuser et al., 2011). In the current study, we investigated the maturation of the cuproenzyme CutO with respect to its assembly and the mechanism by which it provides Cu resistance. The better-known multi-step machinery for Cu insertion into cbb3-Cox directed us to inquire if any known component(s) of this machinery is also used for the assembly of CutO. The results indicated that CutO activity is not affected significantly by the lack of the known cbb3-Cox assembly factors CcoA, SenC, and PccA. The latter components are critical under low Cu availability whereas Cu detoxification, including CutO induction, requires higher Cu concentration, in line with these findings. Among the remaining components, a small but reproducible decrease (∼25% of wild-type activity) was seen in the ΔccoG strain. Mutant strains lacking the Cu2+ reductase CcoG are defective in cbb3-Cox assembly and also exhibit Cu sensitivity (Marckmann et al., 2019), possibly due to the decreased CutO activity in a ΔccoG strain as seen here. Under aerobic conditions, Cu is present primarily as Cu2+, while most Cu chaperones and P1B-type ATPases involved in exporting Cu to the periplasm only bind Cu+. Hence, the elimination of CcoG might result in reduced cytoplasmic Cu1+ quota, leading to less Cu1+ loaded CopZ and subsequently to reduced Cu1+ supply to both the CopA and CcoI P1B-type ATPases (Utz et al., 2019; Figure 11). The Cu2+-reducing activity of CcoG and the Cu-transfer activity of CopZ are the only so far identified nexuses between Cu resistance and cbb3-Cox assembly in R. capsulatus.


[image: image]

FIGURE 11. The Cu detoxification and cuproenzyme biogenesis pathways for cbb3-Cox and CutO in R. capsulatus. Two Cu export routes to the periplasm have been identified so far in R. capsulatus. One of them is through the P1B-type ATPase CcoI that exports Cu1+ to the periplasm for cbb3-Cox assembly. In the periplasm, Cu is bound to SenC (or alternatively to PccA) and subsequently inserted into the catalytic subunit CcoN of cbb3-Cox. The other route is via the P1B-type ATPase CopA, which has a lower affinity/higher turnover rate for Cu, and exports excess cytosolic Cu1+ to the periplasm for CutO maturation and subsequent oxidation to Cu+2. In addition to the CopZ-CopA Cu delivery pathway for CutO maturation, alternative Cu supply pathways for CutO likely exist in R. capsulatus, but have not been characterized yet. Structures were retrieved from the protein database with the following IDs: 3RFU (CopA and CcoI), 6WIS (CopG for CutG), 3OD3 (CueO for CutO), 1K0V (CopZ), 3WDO (YajR for CcoA), 4WBR (ScoI/SenC), 2K70(PCuAC/PccA), 5DJQ (cbb3-Cox), and depicted using Swiss-PdbViewer.


The deletion of copZ and copA decreased the periplasmic CutO activity significantly (65 and 60% of wild-type, respectively), indicating that the CopZ-CopA dependent cytoplasmic detoxification system provides at least a portion of Cu1+ required for CutO maturation. However, the residual CutO activity in the absence of CopZ or CopA also indicates that alternate pathway(s) for supplying Cu to CutO exists in R. capsulatus, which need to be further explored. In Gram-negative bacteria, outer membrane proteins, like OmpC or ComC, contribute to Cu tolerance by so far unknown mechanisms (Kershaw et al., 2005; Mermod et al., 2012; Giachino and Waldron, 2020) and it is possible that Cu for CutO maturation in R. capsulatus can also be provided by Cu uptake from the environment. In any event, partial dependency of CutO activity on the cytoplasmic CopZ-CopA Cu detoxification pathway implies that compartmental Cu detoxification processes are coordinated to ensure efficient Cu homeostasis (Outten et al., 2001; Peuser et al., 2011; Rademacher et al., 2012; Pezza et al., 2016; Figure 11). Intriguingly, although the effects of CopA and CopZ on CutO activity were similar, their effects on Cu tolerance (inhibitory concentration ∼20 μM for ΔcopA and ∼200 μM CuSO4 for ΔcopZ) were about tenfold different (Utz et al., 2019). This suggests that in this species an alternative CopZ-independent pathway is able to convey Cu to CopA, which delivers Cu to the periplasm for CutO maturation. In contrast to P. aeruginosa, which contains two CopZ paralogs (CopZ1 and CopZ2) (Novoa-Aponte et al., 2019), a second copZ is not detectable in the R. capsulatus genome and the CopZ-independent Cu delivery pathway to CopA remains to be characterized.

Under both aerobic and anaerobic Ps conditions, the catalytically inactive CutOC473A variant still provided Cu resistance, although to a lesser extent than the native CutO. This is intriguing because the strictly conserved T1 Cu site is absent in this mutant due to the mutation of the C-terminal HCH motif (Roberts et al., 2002; Augustine et al., 2010). In addition, under anaerobic conditions, CutO is assumed to be inactive due to the absence of O2 as an electron acceptor. How CutO supports Cu resistance in the absence of the T1 Cu and O2 is not obvious. Considering that additional Cu binding sites have been identified in the MRS region of MCOs (Fernandes et al., 2007; Singh et al., 2011), a likely possibility is that CutO contributes to Cu resistance not only by Cu(I) oxidation but also by sequestering Cu via its secondary Cu binding sites, including MRS. This is also supported by the observation that deleting the MRS of CutO attenuated Cu resistance as compared to wild type or the CutOC473A variant of CutO. The high cellular content of the inactive CutC473A variant also indicates that the T1Cu, although essential for activity, is not required for CutO stability.

The precursor of CutO has, like its E. coli homolog CueO, a Tat signal peptide, which is often found in proteins that are transported across the membrane in a folded and inactive state (Kudva et al., 2013). In the case of E. coli CueO, it has been shown that a signal peptide-deficient CueO variant produced in the cytoplasm contained no bound Cu (even under Cu supplemented conditions) and that externally added Cu can be readily inserted in vitro to yield an active protein (Stolle et al., 2016). These findings together with the observed dependence of CutO maturation on the CopZ-CopA Cu export pathway and the co-localization of CutO with the two putative periplasmic Cu binding proteins CutF and CutG within the cutFOG operon suggest that maturation of active CutO likely occurs in the periplasm.

The experimental results of cutFOG knockout strains and the mutant variants of CutF and CutG proteins showed that CutF, but not CutG, is essential for CutO assembly. Indeed, mutating the conserved Cys residues of CutG, which ligate the two Cu ions, or mutating the two Met residues, which constitute the ligands for another Cu atom (Hausrath et al., 2020), showed that this protein is dispensable for CutO maturation. This could be due to the presence of a functionally redundant protein in the R. capsulatus periplasm. Alternatively, it has been suggested that P. aeruginosa CopG, which is homologous to CutG, might act as a Cu oxidoreductase that balances the Cu1+/Cu2+ equilibrium, and thereby contributes to Cu tolerance (Hausrath et al., 2020). Thus, CutG might be primarily required as a back-up Cu defense system.

In general, due to the toxicity of Cu, cells use chaperones with very high Cu affinity to prevent the availability of free Cu in cell compartments (Banci et al., 2010; Novoa-Aponte et al., 2019, 2020), and to convey Cu to its destination using specific protein-protein interactions (Banci et al., 2009). Biogenesis of membrane-integral and periplasmic cuproenzymes involves a large variety of specialized periplasmic Cu chaperones, in comparison to the limited variety of cytoplasmic chaperones. Clearly, a need for direct and specific protein-protein interactions emerges between the Cu donor chaperones and Cu accepting cuproproteins (e.g., SenC and PccA for cbb3-Cox, NosL for NosZ, and CueP for superoxide dismutase), which drive the biogenesis of a multitude of extracytoplasmic cuproproteins (Andrei et al., 2020). Although our data clearly demonstrate the essential role of CutF in CutO maturation, its exact function is currently unknown. It could act as a Cu chaperone that takes part in the Cu1+ transfer from CopA to CutO, in line with its essential CXXXC motif that could ligate Cu1+ with a trigonal planar geometry, similar to the Cu binding motif of SenC (Figure 11). A periplasmic function of CutF is also supported by its predicted cleavable signal sequence, which suggests a post-translational translocation into the periplasm. In E. coli, the periplasmic chaperone CusF accepts Cu1+ directly from the Cu-bound form of CopA by specific interaction upon ATP hydrolysis (Padilla-Benavides et al., 2014). A decrease in Cu1+ transfer efficiency was observed upon mutating the extracellular loops of CopA, or the electropositive surface of CusF (Padilla-Benavides et al., 2014). Similarly, CutF with its Cu chaperone-like Cu-binding motif and its genome-wide co-localization with other genes encoding cuproproteins as indicated by bioinformatic analyses may function as a periplasmic Cu1+ chaperone for CutO maturation. At the C-terminus, CutF contains a conserved proline-rich region. These regions preferentially adopt a type II helical conformation that facilitates protein-protein interactions, as shown e.g., for TonB or OmpA (Williamson, 1994). In CutF, this region may provide a structural domain for interactions with CutO and/or CopA.

Remarkably, bioinformatic analyses documented a more general role for CutF and CutF-like proteins as important members of the Cu homeostasis networks and cuproprotein biogenesis. CutF-like proteins seem widespread in proteobacteria and are more often found in alpha-proteobacterial species. On average, two CutF-like genes were found per genome, and typically in distinct gene neighborhoods, suggesting that these paralogs may have evolved to function in different Cu-trafficking processes. The corresponding genes are often found in gene neighborhoods with Cu chaperones, such as NosL, CopC, CusF, SenC, and PccA, suggesting that in those organisms, CutF-like proteins are involved in Cu homeostasis.

However, different to other periplasmic Cu chaperones, which are easily detectable and present in μM concentrations in Rhodobacter cells (Trasnea et al., 2018), CutF appears to be of very low abundance and is basically undetectable in Rhodobacter (Rademacher et al., 2012; Selamoglu et al., 2020). Still, the extremely low amount of CutF is both necessary and sufficient for full CutO activity, provided that cutF is located in cis, next to cutO conserving the structural integrity of cutFOG operon. Examination of cutF expression using a coupled in vitro transcription-translation system showed that its ORF can indeed be translated if transcribed, and related RT-PCR results indicated that its low cellular level may stem from its mRNA stability. Although cutFOG comprises a single transcription unit (Wiethaus et al., 2006), the 5′ end of this mRNA corresponding to cutF seems less abundant than the remainder covering cutO and cutG, in agreement with the higher steady-state levels of CutO and CutG in cells. The 40 bp long cutF–cutO intergenic region contains a stem-loop structure that possibly affects the stability of this mRNA. Mutagenesis of the cutF–cutO intergenic region indicated that it encodes for a Cu-responsive mRNA element that is essential for the Cu-dependent expression of cutO and cutG (Rademacher et al., 2012). Future studies addressing the exact function of CutF would require detecting CutF and monitoring its cellular localization.
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Shewanella oneidensis MR-1 is a facultative anaerobe known for its ability to reduce metal oxides. Anaerobic respiration, especially metal reduction, has been the subject of extensive research. In contrast, S. oneidensis aerobic respiration has received less attention. S. oneidensis expresses cbb3- and aa3-type cytochrome c oxidases and a bd-type quinol oxidase. The aa3-type oxidase, which in other bacteria is the major oxygen reductase under oxygen replete conditions, does not appear to contribute to aerobic respiration and growth in S. oneidensis. Our results indicated that although the aa3-type oxidase does not play a role in aerobic growth on lactate, the preferred carbon source for S. oneidensis, it is involved in growth on pyruvate or acetate. These results highlight the importance of testing multiple carbon and energy sources when attempting to identify enzyme activities and mutant phenotypes. Several regulatory proteins contribute to the regulation of aerobic growth in S. oneidensis including CRP and ArcA. The 3',5'-cAMP phosphodiesterase (CpdA) appears to play a more significant role in aerobic growth than either CRP or ArcA, yet the deficiency does not appear to be the result of reduced oxidase genes expression. Interestingly, the ∆cpdA mutant was more deficient in aerobic respiration with several carbon sources tested compared to ∆crp, which was moderately deficient only in the presence of lactate. To identify the reason for ∆cpdA aerobic growth deficiency, we isolated a suppressor mutant with transposon insertion in SO_3550. Inactivation of this gene, which encodes an anti-sigma factor, restored aerobic growth in the cpdA mutant to wild-type levels. Inactivation of SO_3550 in wild-type cells, however, did not affect aerobic growth. The S. oneidensis genome encodes two additional CRP-like proteins that we designated CrpB and CrpC. Mutants that lack crpB and crpC were deficient in aerobic growth, but this deficiency was not due to the loss of oxidase gene expression.

Keywords: aerobic respiration, Shewanella oneidensis MR1, crp, cAMP phosphodiesterase, anti-sigma factor, cytochrome oxidase


INTRODUCTION

Shewanella oneidensis MR-1 is a Gram-negative facultative anaerobe found mostly at the oxic/anoxic interface in freshwater environments. The ability of S. oneidensis to thrive in such environments is attributed to its extreme respiratory versatility with regard to electron acceptors, which include oxygen, radionuclides, elemental sulfur, and metal oxides (Fredrickson et al., 2008). The ability to use metals as terminal electron acceptors has spurred research into electricity generation by S. oneidensis. The location of c-type cytochromes, such as MtrC, on the outer cell surface (Beliaev et al., 2001) and the ability to reduce metal oxides made S. oneidensis and other metal reducing bacteria attractive candidates to study electricity production in microbial fuel cells (Bouhenni et al., 2010; Bretschger et al., 2010).

In addition to the anaerobic reductases, S. oneidensis expresses three terminal aerobic oxidases. These are encoded by the cco operon (SO_2364–2357), the cox genes (SO_4606–4609), and cydABX (SO_3286–3284). The cco and cox operons encode the cbb3- and aa3-type enzymes that belong to the heme-copper oxidase (HCO) family, while cydAB encodes a bd-type quinol oxidase (Borisov et al., 2011; Sousa et al., 2012; Le Laz et al., 2014).

Type A HCO or aa3-type cytochrome c oxidases have low oxygen affinity, and in many organisms, they are the primary enzymes used when oxygen is readily available (Ludwig, 1987; García-Horsman et al., 1994). In contrast, the cbb3-type cytochrome c oxidase has high affinity for oxygen, and it is the primary enzyme used under microaerobic conditions (Pitcher and Watmough, 2004; Buschmann et al., 2010). The bd-type enzymes are quinol oxidases that have a high affinity for oxygen, and as such, function under microaerobic conditions (Borisov et al., 2011).

The S. oneidensis aerobic oxidases do not appear to function under the same environmental conditions as their counterparts in other bacteria. The cbb3-type cytochrome oxidase, in addition to the bd quinol oxidase, appears to play a major role in aerobic respiration. Mutants deficient in cbb3-type cytochrome oxidase grew slower than the wild type, while loss of bd quinol oxidase did not have an effect on aerobic growth, suggesting that the cbb3-type enzyme is the major oxidase under aerobic conditions (Gao et al., 2010; Kouzuma et al., 2012; Le Laz et al., 2014). Mutants that lack aa3-type cytochrome c oxidase had no effect on aerobic growth and the lack of detectable enzyme activity in wild-type cells suggested that it may not be expressed (Le Laz et al., 2014). A recent report, however, showed that the S. oneidensis aa3-type cytochrome c oxidase is expressed under highly aerobic conditions and carbon starvation (Le Laz et al., 2016).

The cAMP-receptor protein CRP is a global regulatory protein that controls the expression of many of the anaerobic reductase genes (Pitcher and Watmough, 2004; Charania et al., 2009). ∆crp mutant is completely deficient in anaerobic growth with several electron acceptors and is slightly impaired in aerobic growth (Saffarini et al., 2003; Kasai et al., 2017). Three adenylate cyclases and one phosphodiesterase (CpdA) regulate cellular cAMP levels (Charania et al., 2009; Yin et al., 2016). Interestingly, mutants deficient in adenylate cyclase activity are deficient in anaerobic respiration, while a mutant that lacks CpdA is deficient in aerobic respiration (Charania et al., 2009; Yin et al., 2016). The work presented in this paper suggests that the aa3-type and cbb3-type cytochrome oxidases are involved in aerobic respiration when pyruvate and acetate are used as carbon sources. Furthermore, our results suggest that the aerobic growth deficiency observed in ∆cpdA is not due to the loss of cytochrome c oxidases, and this deficiency can be suppressed by a mutation in a putative anti-sigma factor.



MATERIALS AND METHODS


Bacterial Strains and Growth Conditions

The bacterial strains and plasmids used in this study are listed in Table 1. S. oneidensis MR-1 and Escherichia coli cells were cultured aerobically in lysogeny broth (LB) at 30 and 37°C, respectively. Antibiotics (20mg/ml chloramphenicol, 25mg/ml kanamycin, and 25mg/ml gentamycin) were added as needed. For anaerobic growth, S. oneidensis cells were grown in basal medium supplemented with 50mM lactate, 0.02% casamino acids, and 10mM of either fumarate or DMSO (Saffarini et al., 2003). Anaerobic growth was performed in Hungate tubes and monitored at A600. To test aerobic growth, the mutants and the wild type were grown with vigorous shaking in 500ml flasks containing 50ml basal medium supplemented with 0.01% casamino acids, and 30 or 50mM of the indicated carbon source. For some experiments, growth was carried out in 24 well plates containing 600μl basal medium supplemented as above. Optical density was measured using the Tecan Infinite® m200 PRO plate reader.



TABLE 1. List of strains and plasmids used in this study.
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Generation of Chromosomal Deletion Mutants

Chromosomal gene deletions were performed as described previously (Shirodkar et al., 2011). 1kb fragments flanking the gene(s) of interest were amplified using Phusion polymerase (New England Biolabs) and the primers listed in Supplementary Table S1. The fragments were amplified, digested, and then ligated before cloning into the SmaI site of the suicide vector pER21 (Table 1). Plasmids carrying the insert of interest were used to transform E. coli β2155 cells (Dehio and Meyer, 1997) by electroporation and then transferred to S. oneidensis MR-1 strains by conjugation. Mutants with chromosomal deletions were selected on 5% sucrose plates then screened by PCR to verify deletion of the target gene.



Promoter-Activity Assays

DNA fragments directly upstream of the genes of interest were amplified from genomic DNA by PCR using Phusion polymerase and the primers listed in Supplementary Table S1. HindIII and BamHI restriction sites were included in the primer design. The amplified fragments were digested and cloned into pMC10 (Shroff et al., 2010). Following transformation of E. coli β2155 (Dehio and Meyer, 1997), the plasmids were transferred into wild-type and mutant strains by conjugation. Cultures were assayed for β-galactosidase activity essentially as previously described (Miller, 1972).



cAMP Detection Assay

Shewanella oneidensis strains grown in LB overnight were diluted 1:8 with basal medium supplemented with 50mM lactate and 0.02% casamino acids and used to grow cultures aerobically and anaerobically. For anaerobic growth, cultures were supplemented with 10mM fumarate or 10mM DMSO and incubated anaerobically in sealed serum vials for 3h. For aerobic growth, 50ml cultures in 2liter flasks were grown for 3h with vigorous shaking. Cells were then pelleted and lysed by boiling in phosphate buffered saline. The supernatants from the boiled samples were used to measure intracellular cAMP using the Fluorescent HitHunter cAMP detection kit (GE-Healthcare). Protein concentrations in equivalent culture samples were determined using the BCA assay reagents (Thermo Scientific). Spent media from both aerobic and anaerobic cultures were filtered with a 0.22μm filter then used to measure extracellular cAMP levels.



Generation of ∆cpdA Suppressor Mutant

Transposon mutants in a ∆cpdA background were generated using pminiHimar RB1 (Bouhenni et al., 2005). The plasmid was transferred into S. oneidensis by conjugation. Mutants were selected on basal medium agar supplemented with 30mM lactate, 0.01% casamino acids, and 25μg/ml kanamycin. Chromosomal DNA was isolated, digested with BamHI, re-ligated, and used to transform E. coli EC100D+. Plasmid DNA was sequenced by Eurofins Scientific using the primer 615 (Supplementary Table S1). The resulting sequences were analyzed, and mutants of interest were selected for further study. Insertional inactivation of the gene of interest was achieved by cloning an internal fragment of 500bp into the suicide plasmid pER21 (Bouhenni et al., 2010). The resulting plasmid was transferred into wild-type MR-1 and ∆cpdA by conjugation. Mutants were selected on LB agar plates supplemented with 25mg/ml gentamycin.




RESULTS


The Effect of Carbon Source on Growth of S. oneidensis Oxidase Mutants

To understand the role of the S. oneidensis oxidases, we generated mutants that lack the cco, cox, and cyd operons that encode the cbb3-type oxidase, aa3-type oxidase, and bd quinol oxidase, respectively. The mutants were tested for growth using lactate, pyruvate, or acetate as carbon and energy sources. In the absence of oxygen, with either fumarate or DMSO as electron acceptors, all mutants grew similar to the wild type when lactate was used as the carbon source (Figure 1). The ∆cco mutant was slightly deficient in anaerobic growth with DMSO and fumarate when pyruvate was the sole carbon source and electron donor. Growth of the other oxidase mutants tested was indistinguishable from that of the wild type (Figure 2 and data not shown).
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FIGURE 1. Anaerobic growth of oxidase mutants in lactate-minimal medium with fumarate (A) and DMSO (B). None of the mutants exhibited growth deficiencies under the conditions tested. The data are the means and standard deviations of three independent experiments.


[image: Figure 2]

FIGURE 2. Anaerobic growth of oxidase mutants with fumarate (A) and DMSO (B) as electron acceptors and pyruvate as the carbon source. ∆cox grew similar to the wild type, while ∆cco had a moderate growth deficiency with both electron acceptors. ∆cyd mutant grew similar to the wild type but is not shown for clarity. The data are the means and standard deviations of three independent experiments.


Single and double oxidase mutants were tested for aerobic growth using different carbon sources. In the presence of lactate, deletion of cco genes slowed growth of the mutant, whereas deletion of the other oxidase genes had no effect (Figure 3A). The estimated doubling time of ∆cco mutant was 6.7h. The doubling time of ∆cyd, ∆cox, and wild-type strains ranged between 5.0 and 5.4h. In contrast, significant growth deficiencies were observed in cco and cox single and double mutants when grown with acetate or pyruvate (Figures 3B,C). Overall, growth is slower when acetate or pyruvate are used as sole carbon sources, likely exacerbating the deficiency phenotype. In the presence of acetate, the doubling time of ∆cco, ∆cox, and ∆cco∆cox mutants was 1.35, 1.3, and 1.5 times that of the wild type, respectively. A similar growth pattern was seen when the mutants were grown aerobically with pyruvate. It is noteworthy that the deficiency of the double ∆cco∆cox was more pronounced with a doubling time almost twice that of the wild type. Introduction of cox genes into the double mutant restored its ability to grow similar to the single ∆cco mutant (Figure 3C). These results suggest that the aa3-type oxidase is functional in S. oneidensis, but its activity and contribution to aerobic growth may depend on the energy and carbon source that the bacterium uses.

[image: Figure 3]

FIGURE 3. Aerobic growth of S. oneidensis wild-type and oxidase mutants with lactate (A), acetate (B), and pyruvate (C). Both ∆cco and ∆cco∆cox mutants were more deficient in growth with acetate and pyruvate than with lactate. ∆cyd mutant grew similar to the wild type but is not shown for clarity. The data are the means and standard deviations of three independent experiments.




The Role of CRP and CpdA in Aerobic Growth

The function of CpdA (SO_3901) as a cAMP phosphodiesterase has been previously described (Yin et al., 2016; Kasai et al., 2018). We generated a ∆cpdA mutant and tested for cAMP levels and growth phenotypes. In aerobically grown cells, intracellular cAMP increased from 28.9±3.1 pmoles/mg protein in the wild type to 106.2±20.3 pmoles/mg protein in ∆cpdA. Similarly, higher extracellular cAMP concentrations were consistently detected in the ∆cpdA mutant than in the wild type (26.5±3.3 and 13.8±2.5 nmoles/mg protein, respectively). These results are in agreement with the previously reported role of CpdA as a cAMP phosphodiesterase (Yin et al., 2016; Kasai et al., 2018). Because cAMP is required for CRP activation, we reasoned that a cpdA mutation will affect anaerobic respiration. Growth of ∆cpdA in lactate-basal medium with fumarate or DMSO was similar to the wild type but appeared to reach stationary phase at a lower cell density than the wild type (Supplementary Figure S1 and data not shown). Growth of ∆cpdA was also tested aerobically in rich and minimal media. We did not detect a growth deficiency when the mutant was grown aerobically in LB (data not shown). However, the mutant grew poorly in minimal medium supplemented with lactate (Figure 4). These results are in agreement with the findings of Kasai et al. (2018). We further tested aerobic growth of ∆cpdA and complemented mutant in the presence of pyruvate and acetate (Figure 4 and Supplementary Figure S2). The mutant was deficient in aerobic growth in the presence of these carbon sources and complementation restored its ability to grow similar to the wild type (Figure 4 and data not shown).

[image: Figure 4]

FIGURE 4. Aerobic growth of wild type, ∆cpdA, and complemented mutant (∆cpdAC) in basal medium supplemented with lactate (A) or pyruvate (B). Complementation of ∆cpdA restored its ability to grow with both carbon sources. Legend applies to A and B. The data are the means and standard deviations of three independent experiments.


Although S. oneidensis CRP is best known for its role in the regulation of anaerobic respiration, it appears to have an effect on aerobic respiration. To further investigate the role of CRP in this process, we monitored aerobic growth of wild type and ∆crp mutant in the presence of different carbon sources. In the presence of lactate, the ∆crp mutant exhibited a slight deficiency in growth compared to the wild type (Supplementary Figure S2). This deficiency was not observed when acetate or pyruvate was used as carbon sources or when the mutant was grown in rich medium, such as LB (Supplementary Figure S2 and data not shown). This result was surprising, and it is not clear why the crp mutant exhibits growth deficiencies with lactate but not with other carbon sources.

Previous reports suggested the positive regulation of cco and cyd genes by CRP and CpdA (Yin et al., 2016). A more recent microarray analysis suggested that CpdA does not an effect expression of these two oxidases (Kasai et al., 2018). Using lacZ-promoter fusions, we tested the expression of cco and cyd genes in ∆crp and ∆cpdA. Our results indicate that CpdA and CRP do not affect the expression of the cco operon (Figure 5). Furthermore, loss of CRP, but not CpdA, led to reduced expression of cydAB indicating that this operon is positively regulated by CRP (Figure 5).
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FIGURE 5. ß-galactosidase activity (in Miller relative to WT) of cco (A) and cyd (B) promoter-lacZ fusions under aerobic conditions in basal medium supplemented with 30mM lactate and 0.01% casamino acids.




Isolation of a ∆cpdA Suppressor Mutant

To identify the reason for ∆cpdA growth deficiency under aerobic but not anaerobic conditions, we isolated a transposon mutant in a ∆cpdA background that grew in basal medium under aerobic conditions similar to the wild type (Figure 6). Sequence analysis identified a transposon insertion in SO_3550, which is predicted to encode an anti-sigma factor and is in an operon with SO_3551 that encodes a putative extracytoplasmic function (ECF) sigma factor. To confirm that the ability of ∆cpdA SO-3550::himar to grow in minimal medium aerobically was due to inactivation of SO_3550, we generated an insertional mutation in this gene in a ∆cpdA background. Inactivation of SO_3550 in ∆cpdA restored the mutant’s ability to grow aerobically in minimal medium (Figure 6). Insertional inactivation of SO_3550 was also performed in wild-type MR-1 in an attempt to identify SO_3550 function. However, analysis of the resulting mutant did not reveal any growth deficiencies under the conditions we tested (Figure 6).
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FIGURE 6. Aerobic growth of wild-type Shewanella oneidensis and ∆cpdA strains in basal medium supplemented with 30mM lactate and 0.01% casamino acids. Insertional inactivation of SO_3550 in ∆cpdA allowed the phosphodiesterase mutant to recover its ability to grow aerobically in minimal media. Inactivation of SO_3550 in wild-type MR-1 did not affect the ability of the mutant to grow aerobically. The data are the means and standard deviations of three independent experiments.




Identification of Putative cAMP-Binding Proteins Involved in Aerobic Respiration

In addition to CRP, the S. oneidensis genome contains two genes, SO_2550 and SO_2551, that we designated crpB and crpC, respectively. These genes are separated by 125 nucleotides. Sequence analysis identified putative nucleotide and DNA-binding domains with similarity to CRP-like proteins. Single and double chromosomal deletion mutants were generated and tested for aerobic growth with different electron acceptors. ∆crpC grew aerobically with all carbon sources tested. Similarly, a mutant that lacks cprB did not exhibit any aerobic growth deficiency. In contrast, a strain that lacked both genes was deficient in aerobic growth with lactate, pyruvate, and acetate. These results suggest that crpB and crpC may be redundant and both play a role in aerobic growth. Complementation of the mutants restored their ability to grow with all carbon sources tested (Figure 7). Since the double ∆crpB ∆crpC mutant was deficient in aerobic growth, we tested it for expression of cco and cyd genes using promoter-lacZ fusions. There was no detectable difference in ß-galactosidase activity in the mutant compared to the wild type, suggesting that neither CrpB nor CrpC regulate the expression of the cco and cyd genes (Supplementary Figure S3).
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FIGURE 7. Aerobic growth of wild type, ∆crpB and ∆crpC with lactate as the carbon source. Loss of both genes resulted in slow growth compared to the wild type. Growth was restored to wild-type levels by the introduction of crpC. Complementation was also achieved by the introduction of crpB and crpC on a plasmid (data not shown). The data are the means and standard deviations of three independent experiments.





DISCUSSION

Shewanella oneidensis exhibits amazing respiratory versatility that allows it to survive in the changing oxic/anoxic interface of aquatic environments. At least 14 terminal electron acceptors have been identified and many anaerobic terminal reductases and reduction pathways have been elucidated (Beliaev et al., 2002; Fredrickson et al., 2008; Gao et al., 2009; Shirodkar et al., 2011; Brockman et al., 2020). For aerobic respiration, three terminal oxidases have been identified. The cbb3-type is active under oxygen replete conditions and appears to be the major oxidase (Le Laz et al., 2014) while the bd-type quinol oxidase, encoded by cydAB, functions under microaerobic conditions and early stationary phase (Zhou et al., 2013; Le Laz et al., 2014). The function of the aa3-type was more difficult to identify. Earlier reports suggested this cytochrome c oxidase does not play a role in aerobic respiration and may not be expressed (Zhou et al., 2013). Biochemical analysis failed to detect aa3-type oxidase in aerobic cells grown in rich media (Le Laz et al., 2014), but the enzyme was detectable in cells grown in minimal medium but starved for nutrients similar to the Pseudomonas aeruginosa aa3-type oxidase (Kawakami et al., 2010; Le Laz et al., 2016; Osamura et al., 2017). Kouzuma et al. (2012) isolated a mutant deficient in the aa3- and cbb3-type oxidases that grew slower than the wild type or the single mutants on lactate (Kouzuma et al., 2012) suggesting that the aa3-type cytochrome c oxidase activity is not confined to conditions of extreme nutrient stress. Our results support this prediction. In defined minimal media supplemented with lactate, little difference was observed between the wild-type and the single oxidase mutants (Figure 3). However, the growth patterns of these mutants appear to change dramatically in the presence of other carbon courses. The ∆cco mutant was clearly deficient in aerobic growth with pyruvate and acetate. The ∆cox mutant had a significant deficiency when grown with acetate, and the double ∆cco∆cox was noticeably deficient in growth in the presence of both carbon sources (Figure 3). Lactate is the preferred carbon source for S. oneidensis and in its presence, acetate metabolism is inhibited (Tang et al., 2007). Based on the results presented in this paper and work from others, we propose that the S. oneidensis aa3-type cytochrome oxidase is active under nutrient stress in the absence of its preferred carbon source. It may be that expression of aa3-type cytochrome oxidase constitutes part of a stress response to nutrient or oxidative stress conditions. We also observed that the ∆cco strain was mildly deficient in anaerobic growth with fumarate & DMSO as electron acceptors (Figure 2). This result backs the findings of Gao et al. (2010) who observed that the ∆cco mutant was deficient in Uranium reduction.

Carbon metabolism in E. coli and other bacteria is regulated by the cAMP-receptor protein CRP (Guest, 1992). In S. oneidensis and its close relative Shewanella ANA-3, CRP regulates anaerobic respiration (Saffarini et al., 2003). S. oneidensis ∆crp mutants were deficient in aerobic growth with lactate but were not significantly deficient with acetate or pyruvate (Kasai et al., 2017 and Supplementary Figure S2). The aerobic growth deficiency in ∆crp does not appear to be due to loss of oxidase genes since expression of the cco operon is not affected by loss of CRP (Figure 5). cydAB expression was downregulated in ∆crp, but because loss of cydAB does not significantly affect aerobic growth, we do not expect this regulation to be the reason for the crp mutant deficiency. In addition to CRP, ArcA, which regulates anaerobic DMSO reduction in S. oneidensis, appears to be involved in aerobic growth. arcA mutants grow slower than the wild type under aerobic conditions (Gralnick et al., 2005; Shroff et al., 2010). These results are surprising because ArcA appears to negatively regulate cco gene expression under both aerobic and anaerobic conditions (Figure 5 and Shroff et al., 2010).

cAMP phosphodiesterases regulate gene expression by controlling intracellular cAMP levels. These enzymes are involved in colony size, virulence, regulation of carbon metabolism, and biofilm formation among others (for review see Matange, 2015). Their function can be dependent or independent from the cAMP-receptor protein and may include hydrolysis of other cyclic nuclides, such as cGMP (Matange, 2015). S. oneidensis CpdA hydrolyzes cAMP and cyclic di-GMP (This work; Yin et al., 2016; Kasai et al., 2018). Although S. oneidensis CpdA is involved in the regulation of cAMP levels under both aerobic and anaerobic conditions, it does not appear to play a significant role in anaerobic growth, unlike CRP (Supplementary Figure S1). In contrast, S. oneidensis cpdA mutants are deficient in aerobic growth. This deficiency was observed in minimal (Figure 4) but not in rich media (Kasai et al., 2018). Although previous reports suggested that CpdA positively regulates the expression of aerobic oxidase genes, our results (Figure 5) and those of Kasai et al. (2018) indicated that expression of the oxidase genes was not affected in ∆cpdA. In fact, the aerobic growth deficiency in cpdA mutant can be complemented by the addition of casamino acids (Supplementary Figure S4 and Kasai et al., 2018). It is interesting to note that growth of ∆cpdA with 0.2% casamino acids was similar to growth of the wild type with 0.05% casamino acids. This suggests that the mutant, although it can be complemented with casamino acids, is still deficient compared to the wild type (Supplementary Figure S4).

To further understand the role of CpdA in aerobic respiration, we isolated a suppressor mutant of cpdA with an insertion in SO_3550 that is predicted to encode an anti-sigma factor. This gene is located downstream of SO_3551, which is predicted to encode an ECF sigma factor. The two genes appear to be arranged in an operon with another ORF (SO_3552). Since SO_3550 is the last gene in the presumptive operon, its disruption is not expected to affect the expression of the two other ORFs, suggesting that loss of only the anti-sigma factor is sufficient to restore aerobic growth to the cpdA mutant to almost wild-type levels (Figure 6). The function of SO_3550 is not clear. We attempted to identify its function by inactivating this gene in the wild-type strain, but we did not detect a deficiency in growth when compared to the wild type. It is intriguing that SO_3550 is adjacent to an ECF sigma factor gene and that sequence analysis predicts possible regulation of this operon by CRP. The microarray data presented by Kasai et al. (2018) do not indicate up- or downregulation of any of the five MR-1 ECF sigma factors or their cognate anti-sigma factors in the ∆cpdA mutant (Kasai et al., 2018). Therefore, the action of this anti-sigma factor and its cognate sigma may not be directly affected by cpdA. ECF sigma factors are typically activated in response to stress. In view of the fact that ∆cpdA growth deficiency can be ameliorated by either the addition of amino acids (Supplementary Figure S4 and Kasai et al., 2018) or inactivation of SO_3550, we suggest that the growth deficiency may be due to energy stress and lack of sufficient ATP. This may be reflected in the downregulation of amino acid biosynthesis genes in ∆cpdA (Kasai et al., 2018). In the absence of a cAMP phosphodiesterase, the cell accumulates cAMP and may deplete ATP normally used for biosynthesis and growth. Inactivation of SO_3550 is predicted to activate the ECF sigma factor SO_3551. SO_3551 may modulate the function of a subset of adenylate cyclases under stress conditions or play a role in the regulating of amino acid metabolism. Clearly, additional work is needed to elucidate the function of SO_3550 and its putative cognate sigma factor SO_3551.

Many S. oneidensis genes exhibit redundancy. Genes involved in metal reduction, for example, have multiple homologs in the genome. There are three adenylate cyclases whose functions appear to be partially redundant. There is also redundancy in the function of terminal oxidases, such as the cbb3- and bd- type oxidases. CRP is no exception. The S. oneidensis genome encodes two putative cAMP-receptor-like proteins. Similar to CRP and ArcA, CrpB and CrpC play a role in aerobic growth (Figure 7) but do not appear to have an effect on the expression of terminal aerobic oxidase genes (Supplementary Figure S3). We suggest that these CRP-like proteins have a role in carbon metabolism similar to CRP (Kasai et al., 2017). The results presented here add to our knowledge of the mechanisms of aerobic respiration in S. oneidensis, but also add new elements to the complexity of the process. Clearly additional work is needed to understand how S. oneidensis regulates growth and respiration in its environment.
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Anaerobic bacteria ferment carbohydrates and amino acids to obtain energy for growth. Due to the absence of oxygen and other inorganic electron acceptors, the substrate of a fermentation has to serve as electron donor as well as acceptor, which results in low free energies as compared to that of aerobic oxidations. Until about 10 years ago, anaerobes were thought to exclusively use substrate level phosphorylation (SLP), by which only part of the available energy could be conserved. Therefore, anaerobes were regarded as unproductive and inefficient energy conservers. The discovery of electrochemical Na+ gradients generated by biotin-dependent decarboxylations or by reduction of NAD+ with ferredoxin changed this view. Reduced ferredoxin is provided by oxidative decarboxylation of 2-oxoacids and the recently discovered flavin based electron bifurcation (FBEB). In this review, the two different fermentation pathways of glutamate to ammonia, CO2, acetate, butyrate and H2 via 3-methylaspartate or via 2-hydroxyglutarate by members of the Firmicutes are discussed as prototypical examples in which all processes characteristic for fermentations occur. Though the fermentations proceed on two entirely different pathways, the maximum theoretical amount of ATP is conserved in each pathway. The occurrence of the 3-methylaspartate pathway in clostridia from soil and the 2-hydroxyglutarate pathway in the human microbiome of the large intestine is traced back to the oxygen-sensitivity of the radical enzymes. The coenzyme B12-dependent glutamate mutase in the 3-methylaspartate pathway tolerates oxygen, whereas 2-hydroxyglutaryl-CoA dehydratase is extremely oxygen-sensitive and can only survive in the gut, where the combustion of butyrate produced by the microbiome consumes the oxygen and provides a strict anaerobic environment. Examples of coenzyme B12-dependent eliminases are given, which in the gut are replaced by simpler extremely oxygen sensitive glycyl radical enzymes.

Keywords: ΔμNa+, decarboxylation, ferredoxin, Rnf, electron bifurcation, coenzyme B12, glycyl radical enzymes, oxygen sensitivity


INTRODUCTION

Fermentation is a chemical reaction catalyzed by living cells with two different meanings. In biotechnology the bacterial production of a certain compound mainly from glucose under aerobic conditions is called fermentation, e.g., L-lysine fermentation. In this review, however, fermentation is defined as an anaerobic bacterial redox process of an organic substrate leading to different products, e.g., fermentation of glutamate to ammonia, CO2, acetate, butyrate and hydrogen. Thereby glutamate is oxidized to CO2 and acetate; the resulting reducing equivalents are used to synthesize butyrate and H2 to establish a balanced chemical equation. Inorganic electron acceptors such as nitrate, sulfate or Fe(III) are not involved; otherwise the process would be called respiration rather than fermentation. Thermodynamically, a fermentation is an exergonic process with a free energy of ΔG°′ <−20 kJ/mol. ΔG° is defined for 1 M substrates and products, 105 Pa for gasses and at a temperature of 298 K. Under biological conditions, in dilute aqueous solutions (55.5 M H2O) and at pH 7.0, ΔG°′ is used. In this review, the ΔG°′ values have been calculated from the data given by Thauer et al. (1977).

A well-established fermentation is the conversion of glucose by lactic acid bacteria to lactate at pH 7.0 with ΔG°′ = −185 kJ/mol (eq. 1). In contrast, the aerobic oxidation of glucose in mammalian cells with O2 to CO2 and H2O yields ΔG°′ = −2,872 kJ/mol (eq. 2).
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Glucose oxidation via glycolysis, pyruvate dehydrogenase, Krebs’ (citric acid) cycle and mitochondrial respiratory chain are very well analyzed processes leading to about 38 mol ATP/mol glucose; (−2,872 kJ/mol glucose): (38 mol ATP/mol glucose) = −76 kJ/mol ATP. Hence in a catabolic reaction with one or more irreversible steps, a free energy change of −76 kJ is required to generate 1 mol ATP, whereas under equilibrium conditions only about −50 kJ are necessary (Thauer et al., 1977; Buckel and Thauer, 2013). If this value is applied to the fermentation of glucose to 2 lactate, the ATP yield should be (−185 kJ/mol): (−76 kJ/mol ATP) = 2.4 ATP, which is 20% higher than 2.0 ATP via substrate level phosphorylation in glycolysis. This examples tells why energy conservation in fermentative anaerobic bacteria has been considered as inefficient. The discovery that anaerobic bacteria are able use in addition electrochemical ion gradients for ATP synthesis, catalyzed by ubiquitous H+ or Na+ dependent F1F0-ATP-synthases (von Ballmoos et al., 2009), changed this view. Work by Konings and colleagues showed that in the glucose fermenting Streptococcus cremoris, the export of a formed lactic acid molecule is accompanied by a proton, which establishes an electrochemical proton gradient (Otto et al., 1980). Since 2 lactic acids are produced from glucose, two additional protons are exported which can give rise to 0.5 ATP catalyzed by ATP synthase. Thus the involvement of electrochemical ion gradients allows bacteria to use energy increments that are smaller than that of 1 ATP, which makes anaerobes even more efficient than aerobes. Therefore, the amount of energy to synthesize 1 ATP in anaerobes is now considered as about −66 kJ rather than −76 kJ in aerobes; see section “Fermentation of Glutamate: 2-Hydroxyglutarate or 3-Methylaspartate Pathway?”

In this review, I will show that also anaerobes have enzymes which are able to generate a Na+/H+ motive force, the biotin-containing decarboxylases (see section “Biotin-Containing Decarboxylases as Sodium Ion Pumps”) and the NAD:ferredoxin oxidoreductase (Rnf, see section “The Na+/H+ Pump Ferredoxin:NAD Oxidoreductase Also Called Rnf”). Sections “Flavin Based Electron Bifurcation” and “On the Mechanism of Electron Bifurcation Catalyzed by EtfAB-Bcd” will give an introduction to flavin based electron bifurcation, by which “energy rich” reduced ferredoxin and flavodoxin are obtained. In section “Fermentation of Glutamate: 2-Hydroxyglutarate or 3-Methylaspartate Pathway?” the 2-hydroxyglutarate and the 3-methylaspartate pathway of the fermentation of glutamate are introduced, which apply the biotin-containing decarboxylases and Rnf together with substrate level phosphorylation (SLP) to obtain the maximum theoretical yield of ATP. Section “Oxygen-Tolerant and -Intolerant Radical Enzymes” tackles the question why nature evolved two different pathways of glutamate fermentation. Finally, section “Butyrate Provides Anaerobiosis in the Gut” shows how butyrate converts the human gut to an extremely oxygen-free environment and an ideal environment for strict anaerobic bacteria.



BIOTIN-CONTAINING DECARBOXYLASES AS SODIUM ION PUMPS

Concomitant with the discovery of Konings, bacterial Na+ pumps were detected and isolated, driven by decarboxylation (Buckel, 2001a). The first decarboxylase of this type was detected by Dimroth (1980) in Klebsiella pneumoniae and characterized in the following years as biotin containing integral membrane enzyme catalyzing the decarboxylation of oxaloacetate to pyruvate, ΔG°′ ≈ −30 kJ/mol coupled to the translocation of 2 Na+. This breakthrough was followed by methylmalonyl-CoA decarboxylase from Veillonella aerogenes (Hilpert and Dimroth, 1982) and glutaconyl-CoA decarboxylases from Acidaminococcus fermentans, Peptostreptococcus asaccharolyticus (formerly called Peptococcus aerogenes; Ezaki et al., 1983) and Clostridium symbiosum (Buckel and Semmler, 1982, 1983). These enzymes share a common two step mechanism: the carboxyl group of the substrate is transferred to enzyme bound biotin. Addition of a proton to the carbonyl group of the formed N-carboxybiotin causes decarboxylation, which drives the translocation of Na+ ions from the cytoplasm through the membrane to the outside of the bacterium. These biotin containing decarboxylases are composed of 3–5 subunits. The largest and hydrophilic α-subunit catalyzes the carboxy transfer from substrate to biotin and the extremely hydrophobic β-subunit is responsible for the decarboxylation of carboxybiotin and Na+ transport. Biotin is covalently attached to a conserved lysine residue of the γ-subunit and the small δ-subunit connects the α-subunit in the cytoplasm with the β-subunit in the membrane (Vitt et al., 2020). Variations are observed with the γ-subunit. In oxaloacetate decarboxylase from K. aerogenes, a small domain of the α-subunit serves as γ-subunit (Schwarz et al., 1988; Xu et al., 2020), whereas glutaconyl-CoA decarboxylase from C. symbiosum contains two slightly different γ-subunits (Kress et al., 2009). The amount of Na+ ions transported by these pumps could be determined for oxaloacetate decarboxylase from K. pneumoniae as up to 2 Na+ per decarboxylation (Dimroth and Thomer, 1993). This is supported by the recent cryo-EM structure (4.5 Å resolution) of the trimeric βγ-subunit complex of oxaloacetate decarboxylase from Salmonella typhimurium, where two Na+ binding sites in one β-subunit were detected. Unfortunately, the coupling between decarboxylation of carboxybiotin and Na+-transport could not be elucidated (Xu et al., 2020).

Oxaloacetate decarboxylase from K. pneumoniae is involved in the fermentation of citrate to 2 acetates, 1.2 CO2 and 0.5 formate. The pathway involves citrate cleavage to acetate and oxaloacetate, decarboxylation of the latter to CO2, pyruvate and ΔμNa+, cleavage of pyruvate with CoA to acetyl-CoA and formate, substrate level phosphorylation (SLP) with acetyl-CoA to acetate, CoA and ATP. Generation of ΔμNa+ is used for citrate transport and for driving the endergonic reduction of NAD+ for anabolic purposes by formate via ubiquinol (Pfenninger-Li and Dimroth, 1992). A balanced stoichiometry of citrate fermentation would give ΔG°′ = −78.7 kJ/mol, which is the amount of energy required for the synthesis of about 1.2 ATP (eq. 3).
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Propionigenium modestum thrives from an apparently very simple chemical reaction, the decarboxylation of succinate to propionate (eq. 4) (Hilpert et al., 1984). Propionate CoA-transferase converts succinate to succinyl-CoA, which is rearranged to (R)-methylmalonyl-CoA in a coenzyme B12-dependent manner. Epimerization affords (S)-methylmalonyl-CoA, which is decarboxylated to propionyl-CoA, whereby ΔμNa+ is generated (Hilpert and Dimroth, 1982). At the low succinate concentrations in the Canale Grande in Venice, Italy (ca. 1 mM), from which the organism was isolated (Schink, 1982), the free energy is sufficient for about ½ ATP (eq. 4). ΔμNa+ directly drives the Na+-dependent F1Fo-ATP synthase (Laubinger and Dimroth, 1988).
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THE NA+/H+ PUMP FERREDOXIN:NAD OXIDOREDUCTASE ALSO CALLED RNF

The genes coding for Rnf have been known from Rhodobacter capsulatus, where it is involved in nitrogen fixation and named Rnf (for Rhodobacter nitrogen fixation) (Schmehl et al., 1993). Similar genes were detected in the genome of C. tetani, a close relative of C. tetanomorphum, whose membranes catalyzed the oxidation of NADH with ferricyanide [hexacyanoferrate(III)] (Brüggemann et al., 2003; Imkamp et al., 2007). The enzyme complex in membranes from C. tetanomorphum, which contained the highest activity, could be solubilized with dodecylmaltoside and purified (Boiangiu et al., 2005; Jayamani, 2008). SDS-PAGE indicated that the complex was composed of six different subunits RnfCDGEAB (Figure 1), RnfCDGE are related to four subunits of the sodium pumping NADH:quinone oxidoreductase (Nqr) from Vibrio cholerae (Steuber et al., 2014a,b). The yellow-brownish native enzyme complex contained covalently bound flavin, non-covalently bound FMN, riboflavin and 23 ± 1 mol Fe per mol protein, most likely in six iron-sulfur clusters (Boiangiu et al., 2005).
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FIGURE 1. An example of energy conservation in butyrate producing anaerobic bacteria via the generation of an ion motif force. The bifurcating EtfAB-Bcd complex reduces 2 Fd with NADH driven by the exergonic reduction of crotonyl-CoA to butyryl-CoA with a second NADH. The Rnf complex in the membrane produces 2 ΔμNa+ from the exergonic reduction of NAD+ by 2 Fd–. The ATPase generates 1 ATP from 4 ΔμNa+.


The oxidation of NADH with ferricyanide catalyzed by Rnf in membrane vesicles from C. tetanomorphum showed no Na+-dependence; probably the electrons did not pass through all six subunits due to a short cut. Therefore, the reaction was performed in reverse. The reduction of NAD+ was measured in an assay, in which 1 mM Ti(III)citrate was used to keep ferredoxin in the reduced state. Controls showed that Ti(III)citrate reduced NAD+ without ferredoxin and membranes at pH ≥ 7.0. But at pH 6.8 again no Na+-dependence could be observed (Imkamp et al., 2007; Jayamani, 2008). The first Na+-transport with an Rnf was demonstrated with membrane vesicles from Acetobacterium woodii, NAD+, Ti(III)citrate and 22Na+ by Biegel and Müller (2010). The electrogenic transport was stimulated by valinomycin in the presence of K+ and inhibited by 100 μM Na+-ionophore N,N,N’,N’-tetracyclohexyl-1,2-phenylendioxydiacetamide (ETH 2120). Later Ti(III)citrate was replaced by purified carbon monoxide dehydrogenase/acetyl-CoA synthase and CO as reductant for ferredoxin, which resulted in much more reliable dependencies on Na+ (Hess et al., 2013). In a similar manner reduced ferredoxin and flavodoxin quinol were generated with the electron bifurcating electron transfer flavoprotein (EtfAB) and butyryl-CoA dehydrogenase (Bcd) both from A. fermentans (see also next chapter, eq. 5). With membranes from A. fermentans it was shown that Rnf activity was Na+-dependent with apparent Km = 120 ± 20 μM Na+ and Km = 280 ± 50 μM Li+ at pH 6.8; in addition, Km = 2.0 ± 0.4 μM flavodoxin and 1.4 ± 0.1 μM ferredoxin were measured (Chowdhury et al., 2016). The values for Rnf from A. woodii were: Km = 201 ± 30 μM Na+ at pH 6 and Km = 155 ± 39 μM Na+ at pH 7.7 (Hess et al., 2013). Surprisingly, the Km values for Na+ and Li+ are much lower than those of the biotin-containing Na+ pumps glutaconyl-CoA decarboxylase from A. fermentans (Buckel and Semmler, 1982) or oxaloacetate decarboxylase from K. pneumoniae (Dimroth and Thomer, 1986), which exhibit apparent Km values of 1.0–1.5 mM Na+ and 25–100 mM Li+. Recently a survey showed that not all anaerobic bacteria contain Rnfs and not all Rnfs are Na+-dependent. Thus the Rnf activity is absent in R. capsulatus and Escherichia coli, but present also in Bacteroides fragilis, Clostridium ljungdahlii, V. cholerae, and Clostridium kluyveri. Besides C. tetanomorphum, A. fermentans, and A. woodii, a Na+-dependence could be only detected in Rnf from B. fragilis (Hess et al., 2016).



FLAVIN BASED ELECTRON BIFURCATION

Ferredoxin-dependent electron bifurcation represents an important additional process to generate the energy rich molecule. Only a few enzymes, such as pyruvate ferredoxin: oxidoreductases (PFOR), reduce ferredoxin, the substrate of Rnf. A search for a reductant other than PFOR, took the butyryl-CoA dehydrogenases (Bcd) into consideration, because the difference between the reduction potentials of NAD/NADH, E0’ = −320 mV, and crotonyl-CoA/butyryl-CoA, E0’ = −10 mV, amounts to +310 mV, equal to ΔG°′ = −n × F × ΔEo’ = −2 × 96.5 × 0.310 Volt = −59.8 kJ mol–1. Probably Bcd also reduces ferredoxin or pumps Na+ driven by this large ΔG°’. The hypothesis of a membrane bound butyryl-CoA dehydrogenase (Bcd) could be refuted by the already known isolation of a soluble green homotetrameric Bcd from A. fermentans which could be separated from the yellow heterodimeric electron transferring flavoprotein (EtfAB) (Buckel, 1990). A very similar green soluble Bcd has been known from Megasphaera elsdenii (formerly called Peptostreptococcus elsdenii) (Engel and Massey, 1971), which like A. fermentans belongs to the Negativicutes, a class with a Gram-negative cell wall of the, predominantly, Gram-positive phylum Firmicutes (Latin: cutis firma = strong outer skin) (Marchandin et al., 2010). In contrast, butyryl-CoA dehydrogenase from the Gram-positive C. tetanomorphum forms a tight complex with the heterodimeric EtfAB (EtfAB-Bcd). But immunogold labeling and electron microscopy clearly showed that this EtfAB-Bcd complex was also not associated with the membrane (Herrmann, 2008). Nevertheless, a hypothesis arose from these negative results that the reduction of crotonyl-CoA with NADH catalyzed by Bcd from C. tetanomorphum was somehow involved in the reduction of ferredoxin (Eo’ = −420 mV). Furthermore, since 1969 it was known that cell extracts of Clostridium kluyveri catalyzed an acetyl-CoA dependent reduction of ferredoxin with NADH (Thauer et al., 1969). Since the cell extract contained all enzymes for the synthesis of butyrate (Seedorf et al., 2008) as did C. tetanomorphum cells, it was ferredoxin that indeed should be reduced by NADH. Similar to complex III of the mitochondrial respiratory chain, it was postulated that NADH reduced EtfAB, which bifurcated one electron exergonically to δ-FAD of Bcd and the other endergonically to ferredoxin (eq. 5) (Herrmann et al., 2008). To reduce crotonyl-CoA with two electrons, repetition of the reaction is required:
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This hypothesis was verified first with the purified Etf-Bcd complex from C. kluyveri (Li et al., 2008). The catalytic amounts of purified ferredoxin from Clostridium pasteurianum were regenerated with purified [FeFe]hydrogenase also from C. pasteurianum. If one of the components of this assay (NADH, crotonyl-CoA, Fd, hydrogenase or EtfAB-Bcd) was omitted, no reaction could be observed. Hence the electron bifurcation system is tightly coupled. The purified Etf-Bcd complex from C. tetanomorphum catalyzed exactly the same reaction as in eq. 5, as did the combination of Bcd and EtfAB from A. fermentans or M. elsdenii (Chowdhury et al., 2014, 2015).



ON THE MECHANISM OF ELECTRON BIFURCATION CATALYZED BY EtfAB-Bcd

To study the mechanism of electron bifurcation, EtfAB-Bcd was chosen, because it contains no iron-sulfur cluster and in the resting state, it is state stable under air; for other bifurcating systems see: Buckel and Thauer (2018a, b) and Kayastha et al. (2021). EtfAB-Bcd harbors three differently bound FAD molecules, α- and β-FAD in EtfAB, and δ-FAD, one in each subunit of the tetrameric Bcd (Figure 1). As source for EtfABs, A. fermentans (Chowdhury et al., 2014) and M. elsdenii (Chowdhury et al., 2015; Vigil et al., 2021) are the most suitable organisms, because their EtfABs form no tight complexes with their Bcds and can be studied separately. The crystal structure EtfAB from A. fermentans (Af-EtfAB) revealed its composition of 3 domains, similar to those of Etfs involved in fatty acid and anaerobic toluene oxidations (Figure 2, Bifurcation-like state) (Chowdhury et al., 2014; Vogt et al., 2019). Domains I and II form subunit A and domain III subunit B. α-FAD is located in domain II (subunit A) with its isoalloxazine ring at the interface to domain III (subunit B). β-FAD sits on domain III with its isoalloxazine ring at the interface between domains III and I. β-FAD is only present in bifurcating Etfs, whereas in non-bifurcating Etfs, e.g., those acting as electron acceptors of acyl-CoA dehydrogenases, AMP alone occupies the place of the AMP part of β-FAD; the place for the isoalloxazine part is empty (Roberts et al., 1996). In Af-EtfAB, the distance between α- and β-FAD is 18 Å; the possible rotation of α-FAD on the flexible domain II toward β-FAD by about 10° shortens the distance between the two FADs to 14 Å, the longest distance of fast electron tunneling (Moser et al., 1992). NADH is located close to β-FAD. Since the already known structure of Bcd from M. elsdenii did not tell anything about the interaction with Etf (Djordjevic et al., 1995), the structure of the tight EtfAB-Bcd complex from Clostridium difficile was solved (Figure 2, Dehydrogenase state) (Demmer et al., 2017). The structure revealed the homotetrameric Bcd with one EtfAB at each subunit, (EtfAB)4(Bcd)4. Furthermore, α-FAD on the flexible domain II has rotated by about 80° in the opposite direction toward δ-FAD of Bcd, until 8 Å distance. Thus the two structures represent two states of the bifurcating system. The structure of EtfAB alone is close to the bifurcating state with a distance between α-FAD and β-FAD of 18 Å. In complex with Bcd, α-FAD swings into the dehydratase D-state, which brings it 34 Å apart from β-FAD (Figure 2).
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FIGURE 2. Partial crystal structures of the recombinant Etf-Bcd complex from C. difficile produced in E. coli; EtfAB and 2 subunits of the tetrameric Bcd are displayed. The dehydratase state shows the structure as solved. In the bifurcation state domain II of Etf rotated CW by 80° as found in Etf from A. fermentans (see red arrow); Etf, domains I + II (subunit A) in green, domain III (subunit B) in light brown, Bcd1 in yellow and Bcd2 in pinkish-brown. In the dehydratase state, α-FAD and δ-FAD are located close together (8 Å distance), ready for ET. In the bifurcation-like state, α-FAD and β-FAD are 18 Å apart; further rotation by 10° CW would bring them closer together by 4 Å, ready for electron bifurcation (taken from Buckel and Thauer, 2018a).


Potentiometric titrations with dithionite under anaerobic conditions followed by UV/vis spectroscopy revealed the reduction potentials E0’ for EtfAB, α-FAD/α-FAD•– = +134 mV, α-FAD•–/α-FADH– = −36 mV, β-FAD/β-FADH•– = −271 mV; for Bcd, δ-FAD/δ-FAD•– = −42 mV, δ-FAD–/δ-FADH– = −64 mV (Figure 3; Sucharitakul et al., 2021b). The one-electron reduction potentials of β-FAD could not be measured by the applied method, because the half-life of the semiquinone is expected to be extremely short, T1/2 ca. 10 ps (Lubner et al., 2017). In analogy to the long-known Q-cycle in the mitochondrial complex III, a reactive β-FAD•– with an extremely low stability constant (log Ks<<0) is necessary for electron bifurcation (eq. 6) (Bergdoll et al., 2016). Therefore, the β-FAD/β-FAD•– reduction potential must be much more negative than that of β-FAD•–/β-FADH–, whereas in flavoproteins with stable semiquinones the opposite is the case (log Ks > 0), e.g., flavodoxin from A. fermentans with reduction potentials for FAD/FAD– = −60 mV are much higher than that for FAD–/FADH– = −420 mV (Hans et al., 2002).
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FIGURE 3. Scheme of electron bifurcation in the EtfAB-Bcd complex. The different FADs are placed according to their approximate reduction potential. NADH reduces β-FAD to β-FADH–, which bifurcates. One electron goes to α-FAD– and the formed semiquinone, β-FAD•−, reduces ferredoxin (Fd) to Fd–. The formed hydroquinone (α-FADH–) swings over to Bcd and transfers one electron to δ-FAD. Note the decrase of the reduction potential of α-FAD•− due to the change in location from Etf to Bcd. Repetition of this process yields δ-FADH–, which reduces crotonyl-CoA to butyryl-CoA. The FAD semiquinones are red, the quinones yellow and the hydroquinones colorless (Sucharitakul et al., 2021a,b).
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To convert Ks to the one-electron reduction potentials of the bifurcating cofactor with a reduction potential of E0’, the relationship of eq. 7 is used. A graphical plot of E’ versus log Ks gives two straight lines which cross at E’ = Eo’ and log Ks = 0. At log Ks > 0, the potentials are normal and at log Ks < 0 the potentials are inverse or called “crossed” (Nitschke and Russell, 2012).
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Two values of Ks were determined experimentally, 10–14 to 10–15 with the cytochrome bc1 complex III (Zhang et al., 2007) and 10–21 with the bifurcating archaeal enzyme NAD+ ferredoxin-NADP reductase (Nfn), which reversibly bifurcates the electrons from NADPH to ferredoxin and NAD+ (eq. 8) (Lubner et al., 2017).
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Besides from the Archaeon Pyrococcus furiosus (Lubner et al., 2017), Nfn has also been characterized from the bacteria C. kluyveri (Wang et al., 2010), Thermotoga maritima (Demmer et al., 2015) and Sporomusa ovata (Kremp et al., 2020). The enzyme acts as transhydrogenase and in the reverse direction ensures with the “energy rich” Fd– that the NAD+/NADPH ratio is kept low at E’ = −380 mV and the NAD+/NADH ratio high at E’ = −280 mV. Hence in vivo NADPH is a better reductant and NAD+ a better oxidant.

According to Eq. 7, the one-electron reduction potentials of β-FADH– are calculated with an assumed log Ks = −15.2 to ± 0.0295 × (−15.2) + (−0.271) = ± 0.448−0.271 = +0.177 and −0.719 Volt (Figure 3; Buckel and Thauer, 2018a). The electron with the higher potential goes endergonically from +177 mV to α-FAD– (−36 mV) and the lower potential electron goes exergonically from −719 mV to ferredoxin (−390 mV) sitting about 6 Å apart from β-FAD. Thus the two one-electron transfers are coupled; the first electron moves uphill only if the second electron falls downhill to ferredoxin and vice versa (Figure 3). Now the formed α-FADH– rotates by 90° toward Bcd and transfers one electron to δ-FAD of Bcd and the regenerated α-FAD– returns to β-FAD. Surprisingly, in the presence of Bcd, the reduction potential of the formed α-FADH– changes to close to the two-electron reduction potential of α-FAD/α-FADH– = −228 mV, which enables much better electron transfer to the potential of δ-FAD/δ-FAD– = +162 mV. The next electron bifurcation transfers one electron via α-FADH– to δ-FAD– (−63 mV) and the formed δ-FADH– changes to the two-electron reduction potential of −100 mV, which easily reduces crotonyl-CoA to butyryl-CoA (−10 mV; Figure 3).

Probably the reader wonders why during electron bifurcation, α-FAD•– rather than α-FAD acts as high potential acceptor. There are three reasons, firstly the reduction potential of α-FAD with +134 mV is too high, whereas that of α-FAD•– is more in the right range of −36 mV. In electron bifurcation, the potential difference between β-FADH– and α-FAD•– with + 179−(−36) = +215 mV should be similar to the negative difference between the potentials of β-FADH– and Fd with − 719−(−390) = −329 mV, to ensure tight coupling. With α-FAD as acceptor, the difference of + 179−(+134) = +45 mV would be much too low. Secondly, the change of the one-electron reduction potential of α-FADH– to the two-electron reduction potential cannot occur at the state of α-FAD•–. Thirdly, as soon as EtfAB encounters NADH, either in vitro or in vivo, α-FAD is reduced to the semiquinone (Sucharitakul et al., 2021a). Finally, stopped flow measurements by Jeerus Sucharitakul directly showed that Etf with α-FADH– indeed transferred one electron to Bcd, whereas with α-FAD•– no electron transfer was observed (Sucharitakul et al., 2021b, unpublished).



FERMENTATION OF GLUTAMATE: 2-HYDROXYGLUTARATE OR 3-METHYLASPARTATE PATHWAY?

The previous chapters described enzymatic systems which are able to establish electrochemical Na+ or H+ gradients for energy conservation in anaerobic bacteria. In addition, electron bifurcation as a major source of reduced ferredoxin has been presented. This chapter shows how the two pathways of glutamate fermentation apply these systems to obtain the theoretical yield of ATP/glutamate (eq. 9). −314 kJ/5 glutamate: −66 kJ/ATP = 4.8 ATP/5 glutamate; 0.96 ATP/glutamate.
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(Buckel, 2001b).

In the 2-hydroxyglutarate pathway (Figure 4), which has been found in A. fermentans, C. symbiosum, P. asaccharolyticus, and F. nucleatum (Buckel and Barker, 1974), NAD+ oxidizes glutamate to 2-oxoglutarate and ammonia (Hornby and Engel, 1984). The formed NADH reduces 2-oxoglutarate to (R)-2-hydroxyglutarate (Yu et al., 2012), which is converted to the thioester by acetyl-CoA (Buckel et al., 1981) and dehydrated to glutaconyl-CoA; for a review see Buckel (2019). Glutaconyl-CoA is the substrate of the third group of biotin-containing and Na+-dependent decarboxylases (Buckel and Semmler, 1983). Glutaconyl-CoA is a vinylogous malonyl-CoA, in which the δ-carboxylate is equally activated as the β-carboxylates in malonyl-CoA and methylmalonyl-CoA. Decarboxylation of 5 glutaconyl-CoA yields 5 × 2 ΔμNa+ and 5 crotonyl-CoA (2-butenoyl-CoA), three of which disproportionate oxidatively to 6 acetyl-CoA and 3 NADH (Figure 5). Four NADH reduce 2 crotonyl-CoA to 2 butyryl-CoA and 4 ferredoxin (Fd) to 4 Fd– via electron bifurcation. Two Fd– give rise to H2 catalyzed by a [FeFe]hydrogenase and the other two Fd– to 2 ΔμNa+ + 1 NADH via Rnf. In summary, the 5 ΔμNa+ used for the transport of 5 glutamates into the cell have to be considered (Brüggemann et al., 2003). The net conserved energy amounts to 5 × 2 + 2 – 5 = 7 ΔμNa+ and 2 butyryl-CoA + 6 acetyl-CoA, 5 of which are required for the activation of 5 × 2-hydroxyglutarates. The remaining 3 thioesters are equivalent to 3 ATP by SLP (Table 1). If 4 ΔμNa+ give 1 ATP, then the yield is 7/4 + 3 = 4.75 (≈ 4.8) ATP/5 glutamate, as expected.
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FIGURE 4. Fermentation of glutamate via 2-hydroxyglutarate or via 3-methylaspartate. The numbers in the circles represent the corresponding enzymes; red numbers denote radical enzymes: 1, (S)-glutamate dehydrogenase; 2, (R)-2-hydroxyglutarate dehydrogenase; 3, glutaconate CoA-transferase; 4, (R)-2-hydroxyglutaryl-CoA dehydratase; 5, glutaconyl-CoA decarboxylase, Na+-pumping; 6, glutamate mutase, coenzyme B12-dependent; 7, methylaspartase; 8, mesaconase; 9, (S)-citramalate lyase; 10, pyruvate:ferredoxin oxidoreductase (PFOR). Ac-CoA, acetyl or glutaconyl-CoA; Fd, ferredoxin; Fd–, reduced ferredoxin. The formation of butyrate and acetate are shown in Figure 5. Hydrogen, H2 is formed from 2 H+ and 2 Fd–, catalyzed by a [FeFe]-hydrogenase.
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FIGURE 5. Butyrate synthesis in anaerobic bacteria. 1, Thiolase; 2, (S)-3-hydroxybutyryl-CoA dehydrogenases, NADH and NADPH specific; 3, (S)-3-hydroxybutyryl-CoA dehydratase; 4, electron bifurcating EtfAB-butyryl-CoA dehydrogease complex; 5, butyrate CoA-transferase.
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FIGURE 6. Butyrate nourishes the mucosa cells and makes the colon anaerobic. The major part of the food is digested and absorbed in the small intestine. The remaining fibers are hydrolyzed to monosaccharides and amino acids by the anaerobic bacteria and fermented the large intestine or colon to acetate, propionate and butyrate. The mucosa cells combust the produced butyrate with oxygen from blood and colon, whereby the colon becomes strictly anaerobic.



TABLE 1. Energy conservation in the two pathways of glutamate fermentation.
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Several clostridia, Clostridium tetanomorphum, C. cochlearium, and C. tetani, use a completely different pathway of glutamate fermentation, but with the same stoichiometry as that via 2-hydroxyglutarate (eq. 9) (Buckel and Barker, 1974). This 3-methylaspartate pathway is initiated by the coenzyme B12-dependent carbon skeleton rearrangement of (S)-glutamate to (2S,3S)-3-methylaspartate (Barker et al., 1964), from which ammonia is readily eliminated affording mesaconate (methylfumarate) (Barker et al., 1959). Addition of water yields (S)-citramalate (2-methylmalate) (Blair and Barker, 1966), which is cleaved to acetate and pyruvate (Buckel and Bobi, 1976). Oxidation of 5 pyruvate to 5 acetyl-CoA, 5 CO2 and 10 Fd– is catalyzed by pyruvate:ferredoxin oxidoreductase (PFOR) (Figure 4). 4 Acetyl-CoA condense to 2 acetoacetyl-CoA, which are reduced with 2 NADH to 2 (S)-3-hydroxybutyryl-CoA, dehydrated to 2 crotonyl-CoA and further reduced with 4 NADH to 2 butyryl-CoA and 4 reduced ferredoxin via electron bifurcation (Figure 5). For the reduction of 6 NAD+ by Rnf, 12 Fd– are consumed and give rise to 12 ΔμNa+. The remaining 2 Fd– are used to produce 1 H2. The import of 5 glutamate consumes 5 ΔμNa+. In summary, 3 ATP are obtained via SLP from 1 acetyl-CoA and 2 butyryl-CoA and 7/4 ATP from the remaining 12–5 = 7 ΔμNa+, altogether 4.75 ATP/5 glutamate, the same as in the 2-hydroxyglutarate pathway (Table 1).

The fermentations of glutamate via methylaspartate or 2-hydroxyglutarate lead to identical products and to identical amounts of conserved ATP. Therefore, the question arises why bacteria exclusively use one of these pathways. One would expect that bacteria prefer the 2-hydroxyglutarate pathway because the 3-methylaspartate pathway requires about 30 additional enzymes for the anaerobic biosynthesis of the coenzyme B12 (Moore and Warren, 2012), whereas in the 2-hydroxyglutarate pathway only the ubiquitous cofactors NAD, FAD, CoA, pyridoxal-5′-phosphate and biotin are involved. These cofactors are not pathway specific, because they are also necessary for anabolism. In absence of vitamin B12, Fusobacterium varium uses the 2-hydroxyglutarate pathway, whereas after addition of 1 μM vitamin B12 or just 1 μM CoCl2 to the medium, the organism ferments glutamate via 3-methylaspartate (Ramezani et al., 2011). Hence, F. varium is able to synthesize coenzyme B12 when Co2+ is present and the argument that the expression of 30 additional genes for B12 synthesis favors the 2-hydroxyglutarate pathway does not apply. Therefore, the reason for the existence of this pathway must be found somewhere else.

The organisms using the 2-hydroxyglutarate pathway, A. fermentans, P. asaccharolyticus, C. symbiosum, F. nucleatum, and F. varium were isolated from anaerobic niches of the human host, preferentially from the human large intestine. In contrast, the members of the 3-methylaspartate pathway C. tetanomorphum, C. tetani, C. cochlearium, C. lentoputrescens, C. limosum, C. malenominatum have been detected outside the gut on places like soil, where organic matter decomposes anaerobically (Buckel, 2001b). The employment of the 2-hydroxyglutarate pathway in the human gut could be due to the much lower oxygen concentration as compared to soil which encounters often exposures to air through plant roots, earthworms, moles, etc. Probably, the oxygen sensitivity of enzymes of an important pathway might be responsible for the ecology of the organism.

Both glutamate fermenting pathways contain oxygen sensitive radical enzymes. Whereas coenzyme B12-dependent glutamate mutase in the 3-methylaspartate pathway is only moderately oxygen sensitive, 2-hydroxyglutaryl-CoA dehydratase in the 2-hydroxyglutarate pathway immediately becomes inactive after exposure to air. Coenzyme B12-dependent mutases catalyze the reversible radical rearrangement of a methine radical to a methylene radical. The process is initiated by homolysis of the carbon-cobalt bond of coenzyme B12. The formed 5′-deoxyadenosyl radical abstracts the Si-hydrogen atom from the methylene group at C3 of (S)-glutamate and after rearrangement adds it back to the formed methylene radical yielding the methyl group of (2S,3S)-3-methylaspartate. After each turnover, the radical disappears by reformation of the carbon-cobalt bond of the coenzyme, for a review see Buckel and Golding (1996). Thus, in the presence of air, the radicals are only transiently exposed to oxygen as the coenzyme B12-dependent methylmalonyl-CoA mutase in human mitochondria.

In contrast, 2-hydroxyglutaryl-CoA dehydratase acts with a completely different radical mechanism (Buckel and Keese, 1995), for a review see Buckel (2019). The enzyme system is composed of two proteins. The homodimeric activator contains one ADP in each subunit and one [4Fe-4S] cluster coordinated by four cysteines, two from each subunit, similar to the iron protein (NifH) of nitrogenase (Locher et al., 2001). The heterodimeric dehydratase holds one [4Fe-4S] cluster in each subunit. Each cluster is coordinated by three cysteines; the fourth coordination is occupied in subunit A by a sulfur atom and in subunit B by water, which can be replaced by the thioester carbonyl of the substrate. The dehydration is initiated by ATP/ADP exchange of the activator and reduction of its [4Fe-4S]2+ cluster by reduced ferredoxin (Fd–). Driven by ATP hydrolysis, the extra electron is transferred to or “shot into” the [4Fe-4S] cluster of subunit A and further shifted to cluster B, where 2-hydroxyglutaryl-CoA is bound. The electron in cluster B reduces the thioester carbonyl to a ketyl radical, which due to its lower basicity is replaced from the iron by the hydroxyl group at C-2, a process called ligand swapping. Aided by the iron of cluster B, the nucleophilic ketyl eliminates the hydroxyl group to form an enoxy radical. The hydroxyl group at the iron of the cluster acts as base to remove the now acidic β-proton at C-3. The resulting allylic ketyl replaces the formed water by a second ligand swapping and returns the electron via cluster B to cluster A. The formed product glutaconyl-CoA is released and cluster B is able to accept the next substrate together with the electron form cluster A. The dehydratase is able to catalyze at least 1000 turnovers before another ATP molecule has to be hydrolyzed to continue catalysis (Kim et al., 2005). Proof of this mechanism was obtained by detection of the corresponding allylic ketyl radical of (R)-2-hydroxyisocaproyl-CoA dehydratase from C. difficile (Kim et al., 2008).

It has been shown experimentally that (R)-2-hydroxyacyl-CoA dehydratases are indeed much more oxygen sensitive than coenzyme B12-dependent carbon skeleton mutases. Whereas 2-hydroxyglutarate dehydratases had to be purified and assayed under strict exclusion of oxygen (Kim et al., 2005), glutamate mutase could be purified under air. During catalysis, however, after about 1 min a significant effect of air on the rate of 3-methylaspartate formation from glutamate was observed (Leutbecher et al., 1992). In the dehydratases, the electron never disappears during the catalytic cycle and the iron-sulfur cluster of the activator is solvent accessible, which makes it extremely oxygen sensitive. The question arises why the gut, where (R)-2-hydroxyacyl-CoA dehydratases are active, contains such low oxygen concentrations despite its ample supply with oxygen-rich blood (see section “Butyrate Provides Anaerobiosis in the Gut”).



OXYGEN-TOLERANT AND -INTOLERANT RADICAL ENZYMES

In the previous chapters it has been shown that the 3-methylaspartate pathway tolerates oxygen because after each turnover of glutamate mutase, the cobalt-carbon bond between the 5′-deoxyadenosyl radical and cob(II)alamin is reformed. Thus, only during catalysis the radical is exposed to oxygen. In contrast, in (R)-2-hydroxyglutaryl-CoA dehydratase of the alternative glutamate fermenting pathway, the radical is always present and exposed to the medium. In addition, the iron-sulfur clusters of the dehydratase and its activator are very oxygen-sensitive. Most likely, this is the reason, why organisms of the 2-hydroxyglutarate pathway are only found in the gut or in strictly anaerobic marine sediments. Furthermore, B12-dependent carbon skeleton mutases and eliminases as well as thiamin diphosphate dependent enzymes are substituted in the gut by glycyl radical enzymes (Table 2). Similar to (R)-2-hydroxyacyl-CoA dehydratases, glycyl radical enzymes also require specific activating enzymes. These activases belong to the large family of radical SAM enzymes, which catalyze the one electron-reduction of S-adenosylmethionine (SAM) to methionine and the 5′-deoxyadenosyl radical. This radical irreversibly abstracts one hydrogen from a conserved glycine residue of the enzyme to give a stable protein-bound radical. Upon binding of substrate, the glycyl radical abstracts the sulfhydryl hydrogen form a nearby cysteine residue, which in turn removes the hydrogen atom from the substrate. After the rearrangement, the radical returns to the glycine residue and remains stable until the next turnover, unless it is attacked by oxygen (Knappe and Sawers, 1990; Shisler and Broderick, 2014).


TABLE 2. Pairs of oxygen-tolerant and intolerant enzymes which catalyze the same reaction or are key enzymes of alternative pathways leading to the same products.

[image: Table 2]

Many organisms including humans are able to degrade propionate via carboxylation of propionyl-CoA to (S)-methylmalonyl-CoA and racemization to (R)-methylmalonyl-CoA, which is rearranged to succinyl-CoA mediated by coenzyme B12. The Krebs cycle converts succinyl-CoA to oxaloacetate, which enters gluconeogenesis or is degraded via pyruvate to acetyl-CoA. Propionibacteria use the reverse pathway to produce propionate from succinate. Veillonella alcalescens and P. modestum conserve energy with the biotin-dependent Na+-pump (S)-methylmalonyl-CoA decarboxylase (Hilpert and Dimroth, 1982; Schink, 1982). In contrast, Clostridium propionicum, isolated from marine mud (Cardon and Barker, 1946), converts alanine, cysteine and serine via pyruvate (Hofmeister et al., 1993) to (R)-lactate, which is dehydrated via (R)-lactyl-CoA to acrylyl-CoA (Schweiger and Buckel, 1984; Hofmeister and Buckel, 1992) and reduced to propionyl-CoA (Hetzel et al., 2003). Like 2-hydroxyglutaryl-CoA dehydratase, lactyl-CoA dehydratase is an extremely oxygen sensitive radical enzyme (Parthasarathy et al., 2010). The rumen micro-organism Megasphaera elsdenii reduces about half of the consumed lactate in the same way as C. propionicum; the other half is oxidized to acetyl-CoA, from which butyrate (C2 + C2), valerate (C2 + C3) and caproate (3 × C2) are formed (Lewis and Elsden, 1955).

The pyridoxal-5′-phosphate dependent elimination of water from threonine leads to 2-oxobutyrate and ammonia (Hofmeister et al., 1993). Homocysteine, derived from methionine, suffers a similar elimination to 2-oxobutyrate, ammonia and sulfide. Some anaerobic bacteria oxidize 2-oxobutyrate with ferredoxin to propionyl-CoA catalyzed by a thiamin diphosphate (TDP)-dependent enzyme and excrete propionate. C. propionicum reduces 2-oxobutyrate to (R)-2-hydroxybutyrate and dehydrates (R)-2-hydroxybutyryl-CoA to crotonyl-CoA, catalyzed by (R)-lactyl-CoA dehydratase (Hofmeister and Buckel, 1992).

Three eliminations of water from 1,2-diols are known, each of which is catalyzed by two different enzymes, either coenzyme B12-dependent or by the much more oxygen-sensitive glycyl radical enzymes (Table 2). The coenzyme B12-dependent glycerol dehydratase catalyzes the removal of the central hydroxyl group of glycerol yielding 3-hydroxypropanal (Forage and Foster, 1982), which can be reduced to 1,3-propanediol, a building block for polyesters. The discovery of the glycyl radical dehydratase from Clostridium butyricum (O’Brien et al., 2004) though extremely oxygen-sensitive, paved the road to a more economic fermentation of 1,3-propanediol from glycerol, because the already established procedure with the coenzyme B12-dependent enzyme required feeding with the precious vitamin B12. The mechanism of coenzyme B12-dependent eliminations was first studied with propane-1,2-diol dehydratase from Aerobacter aerogenes by Janós Rétey and Dulio Arigoni in Switzerland (Rétey et al., 1966) as well as Robert H. Abeles (Zagalak et al., 1966) in the United States. In the human gut, degradation of L-fucose (6-deoxygalactose) and L-rhamnose (6-deoxymannose) affords propane-1,2-diol, which is dehydrated to propanal, catalyzed by the glycyl radical enzyme propane-1,2-diol dehydratase (Levin and Balskus, 2018). The third pair of coenzyme B12 and glycyl radical enzymes catalyzing the same reaction are classes II and III of ribonucleotide reductase (Greene et al., 2020). The formation of the conserved thiyl radical in this enzyme is performed in class II by the 5′-deoxyadenosyl radical from coenzyme B12 and in class III by the glycyl radical. Abstraction of the 3′-hydrogen of the ribonucleotide by the thiyl radical and deprotonation of the 3′-hydroxyl group affords a nucleophilic ketyl (radical anion), which eliminates the adjacent 2′-hydroxyl group (Buckel, 2019). The reduction of the formed enoxy radical differs between the classes. In class II the reductants are two cysteine residues which form a disulfide, whereas class III uses formate for this purpose.

In the eliminations of ammonia from ethanolamine or trimethylamine from choline, carbon nitrogen bonds are broken. Interestingly, for the deamination of ethanolamine only a coenzyme B12-dependent enzyme is known (Shibata et al., 2010), whereas the elimination of trimethylamine from choline is exclusively catalyzed by a glycyl radical enzyme (Craciun et al., 2014). Perhaps the different elimination mechanisms, but not the oxygen sensitivity, are responsible for the kind of radical enzyme applied. It has been proposed theoretically (Buckel, 1996; Feliks and Ullmann, 2012; Kovacevic et al., 2018) and demonstrated experimentally (Levin and Balskus, 2018) that in the dehydration of propane-1,2-diol catalyzed by the glycyl radical enzyme, the hydroxyl group at C2 is eliminated. Coenzyme B12-dependent propane-1,2-diol dehydratase and glycerol dehydratase, however, shift the hydroxyl group at C2 to C1, forming propane-1,1-diol or 3-hydroxypropane-1,1-diol which dehydrate to the aldehydes. Because trimethylamine is a better leaving group than ammonia, chemistry might compel choline lyase to use the glycyl radical mechanism. Trimethylamine (TMA) is of medical importance, because in the liver it is oxidized to the N-oxide (TMAO), which may cause cancer and other diseases (Gatarek and Kaluzna-Czaplinska, 2021).

The oxidation of pyruvate to acetyl-CoA is a complex reaction for which nature has developed thiamin diphosphate, which causes Umpolung of the carbonyl group of the 2-oxo acid to enable decarboxylation. Most likely a concealed radical is involved in the reaction (Chen et al., 2018). The oxidant is either NAD+ or ferredoxin. In aerobes with NAD+ the reaction is irreversible, but reversible with ferredoxin in anaerobes (Eqs. 10, 11). Thus this reaction is an example of anaerobes being more efficient energy converters than aerobes.
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Under strict anaerobic conditions, pyruvate dehydrogenase of E. coli (Eq. 10) is replaced by the glycyl radical enzyme, pyruvate formate lyase (PFL), which catalyzes the reversible cleavage of pyruvate to acetyl-CoA and formate (Eq. 12). The enzyme is also present in other enterobacteria and several clostridia.
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The degradation of taurine (2-aminoethylsulfonate) in aerobes and facultative anaerobes affords sulfoacetaldehyde by amino transfer to pyruvate. The aldehyde is converted by the TDP-dependent sulfoacetaldehyde acetyltransferase Xsc to acetyl phosphate and sulfite (Ruff et al., 2003). Under the strict anaerobic conditions in the gut, the Bacillus Bilophila wadsworthia bypasses Xcs with an aldehyde reductase and the glycyl radical enzyme isethionate lyase. This enzyme catalyzes the radical diol dehydratase-like elimination of isethionate (2-sulfoethanol) yielding acetaldehyde and sulfite which is reduced to H2S (Peck et al., 2019). AdhE catalyzes the oxidation of acetaldehyde to acetyl-CoA, which as well as acetyl phosphate yields ATP by SLP. The genes iseG and iseH coding for isethionate lyase and its activating enzyme were also detected in several well-known sulfate reducing organisms (Dawson et al., 2021). The genes from Desulfovibrio vulgaris str. Hildenborough were expressed in E. coli and the produced proteins characterized as active isethionate lyase (Xing et al., 2019; Wei and Zhang, 2021).

In this review it has become apparent that radical reactions play an important part in the metabolism of anaerobes and most likely already in prebiotic chemistry (Dragicevic et al., 2015). Table 2 summarizes the pairs of oxygen-tolerant and intolerant enzymes which catalyze radical reactions leading to the same product or are key enzymes of alternative pathways. Whereas the oxygen-intolerant 2-hydroxyacyl-CoA dehydratases and glycyl radical enzymes have simple cofactors, the oxygen-tolerant coenzyme B12 and TDP-dependent enzymes use the most complex cofactors known in biochemistry (Jurgenson et al., 2009; Moore and Warren, 2012). Apparently, the oxygen-intolerant radical enzymes evolved first and prevailed under the primeval atmosphere until the oxygen concentration raised, which forced nature to develop the oxygen tolerant and much more complex cofactors coenzyme B12 and TDP. The oxygen-intolerant radical enzymes survived only in strictly anaerobic places such as the human gut and marine sediments. Probably, these coenzyme B12 and TDP dependent fermentations were not present at the origin of life, but emerged just before or during the Great Oxidation event at 2.1 billion years ago (Anbar et al., 2007).



BUTYRATE PROVIDES ANAEROBIOSIS IN THE GUT

Many obligate anaerobic bacteria in the human gut produce butyrate. The most common pathway is the condensation of two acetyl-CoA to acetoacetyl-CoA, followed by the first reduction to (S)-3-hydroxybutyryl-CoA, dehydration to crotonyl-CoA and the second reduction to butyryl-CoA as shown in the fermentation of glutamate via 3-methylaspartate. The first reductants are NADH or at low acetyl-CoA concentrations NADPH as found in Clostridium kluyveri. The stronger reductant NADPH helps to shift the unfavorable equilibrium of acetyl-CoA condensation to acetoacetyl-CoA toward (S)-3-hydroxybutyryl-CoA (Figure 5). The second reduction by NADH is coupled to the reduction of ferredoxin via electron bifurcation (Buckel and Thauer, 2013). Butyrate is released either by a CoA-transferase with acetate or by SLP via butyryl-phosphate (Louis and Flint, 2017). This pathway is used by most organisms fermenting carbohydrates, as are bacteria related to Roseburia intestinalis, Faecalibacterium prausnitzii, and Eubacterium hallii (all belong to Firmicutes). They are among the most abundant known butyrate-producing bacteria in human feces, comprising about 8% of the total flora (Hold et al., 2003). The majority of the bacteria in the human gut belong to Bacteroidetes (Gevers et al., 2012; Huttenhower and Gevers, 2012), which produce acetate and succinate rather than butyrate. As mentioned above A. fermentans, M. elsdenii, and C. difficile also use electron bifurcation for butyrate synthesis.

To the author’s knowledge, electron bifurcation with crotonyl-CoA appears to be the only pathway to butyrate in anaerobes. Probably no anaerobe wants to abandon the large energy released during butyrate synthesis by taking another route. Some acetate assimilating aerobes, however, reduce crotonyl-CoA with NADH directly to butyryl-CoA without proceeding via Etf. Actually the enzyme acts as crotonyl-CoA carboxylase yielding ethylmalonyl-CoA. Only at low CO2 concentrations the product is butyryl-CoA (Erb et al., 2007).

Fermentations of amino acids, which give rise to butyrate, are degraded to acetyl-CoA or directly to crotonyl-CoA as shown by the fermentation of glutamate via 2-hydroxyglutarate. Clostridium propionicum oxidizes threonine and methionine to (R)-2-hydroxybutyrate which is converted to crotonyl-CoA by a mechanism similar to that shown for (R)-2-hydroxyglutarate (Barker and Wiken, 1948). The complex anaerobic degradation of lysine in Clostridium subterminale SB4 (Barker, 1981) and Fusobacterium nucleatum (Barker et al., 1982) involves the radical SAM-dependent 2,3-shift and the coenzyme B12-dependent 6,5-shift of the amino groups to 3,5-diaminohexanoate (Ruzicka et al., 2000). The latter is deaminated to 3-oxo-5-aminohexanoate and cleaved with acetyl-CoA to acetoacetate and 3-aminobutyryl-CoA followed by deamination to crotonyl-CoA (Jeng and Barker, 1974) and reduction to butyryl-CoA, which forms butyrate and acetoacetyl-CoA with acetoacetate. Histidine is degraded to butyrate via glutamate either by C. tetanomorphum via the 3-methylaspartate pathway or by C. symbiosum via the 2-hydroxyglutarate pathway (Barker, 1981). In a Stickland type fermentation, proline is reduced to 5-aminovalerate by Clostridium sporogenes (Stickland, 1935), which is deaminated to 5-hydroxyvalerate and further converted via homocrotonyl-CoA to valerate (homobutyrate) by Clostridium viride (Eikmanns and Buckel, 1991; Buckel et al., 1994).

In the human gut, butyrate is the preferred nutrient of the mucosa cells, which form the inner wall of the large intestine, also called colonic epithelia cells. Butyrate activates the nuclear peroxisome proliferator-activated receptor-γ (PPAR-γ), a transcription factor, which in turn stimulates mitochondrial β-oxidation. The very active β-oxidation of butyrate is fueled by oxygen from the blood and consumes any remaining oxygen inside of the intestine resulting in an oxygen-free medium, where anaerobes optimally thrive. PPAR-γ also inhibits expression of the NO2 gene, which codes for an enzyme that catalyzes the oxidation of arginine with oxygen to nitric oxide (NO). NO is further oxidized to nitrate, an electron acceptor for potentially pathogenic enterobacteria. For example, E. coli, the best known bacterium of the human gut, is well adapted to the strict anaerobic environment as demonstrated by its glycyl radical enzymes class III ribonucleotide reductase and pyruvate:formate lyase (PFL, eq. 11). However, in the presence of oxygen or nitrate the facultative anaerobe forms pyruvate dehydrogenase (eq. 10) and multiplies very fast, from about 1% of the anaerobic microbiome to a major inhabitant of the gut. In case, the quickly spreading E. coli strain is pathogenic, severe diseases can occur. To prevent such events, butyrate nourishes colonic epithelia cells, which provides an oxygen-free medium for the microbiome in the large intestine and protects the host from harmful bacteria (Cani, 2017). For a constant butyrate production, the microbiome must be well fed with carbohydrates and amino acids. However, glucose, lactose, starch, glycogen and most proteins are digested and resorbed already in the small intestine, and nothing is left for the microbiome in the gut. Therefore, the human diet must contain indigestible carbohydrate and protein fibers for the mircrobiome, which is able to hydrolyze almost every glycosidic and peptide bond. Hence, fibers for the human diet are necessary for a healthy gut. The microbiologists Erica and Justin Sonnenburg remind their children to eat enough fibers by saying “Feed your bugs!” (Sonnenburg and Sonnenburg, 2015).
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FAD•–, FAD anionic semiquinone; FADH–, FAD hydroquinone; Fd, ferredoxin; Fd– reduced ferredoxin.
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Copper (Cu)-transporting P1B-type ATPases are ubiquitous metal transporters and crucial for maintaining Cu homeostasis in all domains of life. In bacteria, the P1B-type ATPase CopA is required for Cu-detoxification and exports excess Cu(I) in an ATP-dependent reaction from the cytosol into the periplasm. CopA is a member of the CopA1-type ATPase family and has been biochemically and structurally characterized in detail. In contrast, less is known about members of the CopA2-type ATPase family, which are predicted to transport Cu(I) into the periplasm for cuproprotein maturation. One example is CcoI, which is required for the maturation of cbb3-type cytochrome oxidase (cbb3-Cox) in different species. Here, we reconstituted purified CcoI of Rhodobacter capsulatus into liposomes and determined Cu transport using solid-supported membrane electrophysiology. The data demonstrate ATP-dependent Cu(I) translocation by CcoI, while no transport is observed in the presence of a non-hydrolysable ATP analog. CcoI contains two cytosolically exposed N-terminal metal binding sites (N-MBSs), which are both important, but not essential for Cu delivery to cbb3-Cox. CcoI and cbb3-Cox activity assays in the presence of different Cu concentrations suggest that the glutaredoxin-like N-MBS1 is primarily involved in regulating the ATPase activity of CcoI, while the CopZ-like N-MBS2 is involved in Cu(I) acquisition. The interaction of CcoI with periplasmic Cu chaperones was analyzed by genetically fusing CcoI to the chaperone SenC. The CcoI-SenC fusion protein was fully functional in vivo and sufficient to provide Cu for cbb3-Cox maturation. In summary, our data demonstrate that CcoI provides the link between the cytosolic and periplasmic Cu chaperone networks during cbb3-Cox assembly.

Keywords: P1B-type ATPases, CcoI, cbb3-type cytochrome c oxidase biogenesis, SenC, Rhodobacter capsulatus, solid-supported membrane electrophysiology, CopZ


INTRODUCTION

Copper is an essential, yet potentially toxic micronutrient, which is required for the catalytic activity of many important enzymes, like cytochrome oxidases (Cox) or Cu-Zn superoxide dismutases. The redox properties of Cu are especially crucial for the oxygen-linked activities of these enzymes, but they also favor cytotoxic effects that can lead to the formation of hydroxyl radicals (Argüello et al., 2013; Andrei et al., 2020). Cu homeostasis is therefore tightly controlled by the coordinated action of Cu transporters and Cu chaperones to maintain a sufficient Cu quota for cuproprotein biogenesis while preventing accumulation of excess Cu in the cytosol (Rosenzweig and O'Halloran, 2000; Rensing and Grass, 2003; Banci et al., 2010a; Arguello et al., 2016). Central to this coordination are P1B-type ATPases, a ubiquitous class of transition metal exporters, located in the cytoplasmic membrane of bacteria, the basolateral membrane of enterocytes or the trans-Golgi network of hepatocytes and brain cells (Crisponi et al., 2010; Smith et al., 2014; Andrei et al., 2020).

Despite sequence variations, the overall structure of Cu-transporting P1B-type ATPases is largely conserved between the family members from different species. They usually consist of eight transmembrane helices (TM) and three cytoplasmic domains (Arguello et al., 2007). The transmembrane module contains two invariable metal binding sites (MBSs), TM-MBS1 and TM-MBS2, characterized by the presence of conserved Cys-Pro-Cys and Asp-Met-Ser motifs, respectively (Wu et al., 2008). Inactivation of any of these sites leads to the inhibition of Cu transport, and reduced ATPase activity (Gonzalez-Guerrero et al., 2008, 2009). In the cytoplasmic module, the nucleotide-binding domain (N-domain) binds ATP for the transient phosphorylation of an invariant Asp residue located in the phosphorylation domain (P-domain). The third cytoplasmic domain, the actuator domain (A-domain), is suggested to relay conformational changes from the N- and P-domains to the transmembrane module and to control the dephosphorylation of the P-domain. The ATP-dependent Cu translocation by P1B-ATPases largely follows the Post-Albers cycle, first described for Na+, K+-ATPases (Post et al., 1972; Palmgren and Nissen, 2011). However, due to the potential toxicity of Cu and the virtual absence of free Cu in the bacterial cytosol, the catalytic activity of P1B-type ATPases is thought to be further influenced by Cu transfer reactions from cytosolic Cu chaperones to their MBSs (Arguello et al., 2016).

Typically, bacteria contain more than one Cu-exporting P1B-type ATPase. While CopA1-type ATPases export excess Cu and primarily mediate Cu detoxification, CopA2-type ATPases provide Cu for cuproprotein biogenesis (Preisig et al., 1996; Koch et al., 2000; Gonzalez-Guerrero et al., 2010; Smith et al., 2014). This functional diversity is also reflected by distinct catalytic activities: CopA1-type ATPases have a high turnover rate and low affinity for Cu(I), while the opposite applies to CopA2-type ATPases, in line with the general concept that affinity gradients are important determinants for the cellular Cu metabolism (Banci et al., 2010c).

In addition to their different catalytic properties, CopA1- and CopA2-type ATPases also show variations in their soluble MBSs (Figure 1), which can be located at the N-terminus (N-MBSs) or at the C-terminus (C-MBSs; Mandal and Arguello, 2003; Drees et al., 2015). In most CopA1-type ATPases, the N-MBSs are not essential for Cu-transport, but rather function as Cu-sensing domains to regulate Cu translocation rates, potentially via interaction with the ATP-binding N-domain and A-domain (Wu et al., 2008). The most common Cu-binding motif in N-MBSs is a Met-x-Cys-x-x-Cys motif that adopts a ferredoxin-like βαββαβ fold, also found in cytosolic CopZ-like Cu chaperones (Banci et al., 2003; Rodriguez-Granillo and Wittung-Stafshede, 2008; Agarwal et al., 2010). Matching Cu-binding motifs in CopA1-ATPases and their cognate chaperones appears to be important for their activity, as illustrated by the less common cupredoxin-like Cys-x-Cys-x-Met-x-Met motif of Streptococcus pneumoniae CopA, which is also present in its cognate chaperone CupA (Fu et al., 2013).
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FIGURE 1. Comparison of Rhodobacter capsulatus CopA and CcoI. The CopZ-like CxxC Cu binding site (N-MBS1 in CopA and N-MBS2 in CcoI) is depicted in pale blue. CcoI contains an additional glutaredoxin-like MBS (CPAC, N-MBS1) at the very N-terminus, depicted in yellow. The core cytoplasmic and transmembrane domains of CcoI and CopA are depicted in orange, with the two transmembrane Cu binding sites indicated (TM-MBS1 & 2). Numbers in subscript refer to the amino acid positions in the respective protein.


Little is known about the function of the N-MBSs in CopA2-type ATPases, which like CcoI, are relevant for the export of Cu required for the cbb3-type Cox in bacteria. This type of Cox is widely distributed in bacteria, but absent in eukaryotes (Ekici et al., 2012). The cbb3-type Cox of the facultative phototrophic bacterium Rhodobacter capsulatus has developed into a well-studied model system for dissecting bacterial Cu homeostasis, because cbb3-Cox is the only Cox present in this organism and contains only one Cu ion in its catalytic heme b-CuB center of subunit CcoN (Gray et al., 1994; Steimle et al., 2021). This is different from the universally conserved aa3-type Cox, which contains a second Cu center in the electron-accepting subunit II (Thompson et al., 2012). In cbb3-Cox, this subunit is replaced by the two membrane-bound c-type cytochromes, CcoO and CcoP (Ekici et al., 2012). The absence of CcoI in R. capsulatus cells prevents the formation of an active cbb3-Cox, but has no major effect on Cu sensitivity, in agreement with its dedicated function in cuproprotein biogenesis (Utz et al., 2019). CcoI is part of a complex Cu supply chain identified in R. capsulatus (Koch et al., 2000), which starts with Cu(II)-uptake by the major facilitator super family member CcoA (Ekici et al., 2014). Once in the cytosol, Cu(II) is reduced to Cu(I) by the membrane-bound ferredoxin-like protein CcoG. CcoG represents the first bacterial cupric reductase that reduces Cu(II) in the cytosol, and this activity is important for efficient cbb3-type Cox assembly (Marckmann et al., 2019). Cu(I) is then likely bound to the Cu chaperone CopZ. R. capsulatus CopZ was found to interact with both CopA and CcoI and this interaction is likely guided by the Cu concentration in the cytosol. At high Cu concentrations, CopZ primarily transfers Cu to CopA for extrusion, while at low Cu concentrations, CopZ mediates Cu transfer to CcoI for cbb3-Cox assembly (Utz et al., 2019). Interestingly, the absence of CopZ markedly increases Cu sensitivity in R. capsulatus, but only slightly reduces cbb3-Cox activity, indicating that Cu detoxification is the primary role of CopZ. In addition, at low Cu availability, two periplasmic Cu chaperones are involved in conveying Cu to cbb3-Cox. The membrane-bound SenC is homologous to the ScoI-family of Cu chaperones, also involved in the assembly of the CuA-center in subunit II of aa3-Cox (Canonica et al., 2019a,b). SenC cooperates with the soluble, periplasmic Cu chaperone PccA and Cu transfer between both proteins has been confirmed experimentally (Trasnea et al., 2018). In vitro studies showed that Cu transfer between SenC and PccA works in both directions (Trasnea et al., 2018), leaving unknown whether SenC, PccA or a so far unknown protein is the primary acceptor of translocated Cu(I) in the periplasm. In the absence of PccA, cbb3-type Cox activity is reduced to approx. 30%, but when senC is deleted basically no cbb3-type Cox activity is present under low Cu availability (Lohmeyer et al., 2012; Trasnea et al., 2016), indicating that PccA is not essential for cbb3-Cox assembly, even at Cu-limiting conditions.

In R. capsulatus, CcoI is considered to be a central player in the Cu supply pathway to cbb3-Cox, yet experimental proof that it indeed transports Cu is lacking. In addition, the unusual presence of two distinct N-MBSs in CcoI raises questions about their role(s) in CcoI-mediated Cu delivery to cbb3-Cox. Finally, how CcoI cooperates with periplasmic Cu chaperones for cbb3-Cox assembly is largely unknown. In the current study, we used solid-supported membrane electrophysiology (SSM) to demonstrate the ATP-dependent Cu(I) translocation by CcoI. This method allows to monitor the ability of transporter proteins to translocate charged ions across the membrane. Furthermore, we analyzed the role of the two N-MBSs in CcoI and provide evidence that a CcoI-SenC complex is required for cbb3-Cox assembly.



MATERIALS AND METHODS


Bacterial Strains and Growth Conditions

Escherichia coli C43(DE3) cells were grown aerobically in lysogeny broth (LB) at 37°C. When indicated, the medium was supplemented with 50μg/ml ampicillin or 12.5μg/ml tetracycline. R. capsulatus wild type and mutant strains were grown semi-aerobically on enriched yeast-peptone medium (MPYE) or Sistrom’s minimal medium (Sistrom, 1960) at 35°C, with 110rpm shaking and supplemented with appropriate antibiotics (Supplementary Table S1). For protein production, solid and liquid media were supplemented with 0.2% or 0.5% L-arabinose (L-ara), respectively. All strains and plasmids are listed in Supplementary Tables S1, S2.



Molecular Genetic Techniques

For mutating the CcoI MBSs, the plasmid pBAD-ccoI-Myc/HisA, which contains ccoI under the control of the Para promoter (Utz et al., 2019), was used as template for PCR-mutagenesis. All primers are listed in Supplementary Table S3. This generated the plasmids pBAD-ccoI(C25A/C28A)-Myc/His, pBAD-ccoI(C57A/C60A)-Myc/His and pBAD-ccoI(C417A/C419A)-Myc/His, which were confirmed by sequencing. The constructs were transformed into E. coli C43(DE3) for protein purification. For expression in R. capsulatus strains, the constructs were inserted into the broad host range plasmid pRK415. First, the pBAD-ccoI-Myc/HisA derivatives were linearized using the pBAD-specific 4a and 4b primers (Supplementary Table S2) with 20bp 5' overlapping regions containing the BamHI restriction site and then integrated into BamHI digested pRK415 by the HiFi Gibson assembly method, as described by the manufacturer (NEB Lab, MA). The constructs were first transformed into chemically competent E. coli DH5-α cells, and thereafter to HB101 cells for heterologous conjugation. The pRK-ccoI(C25A/C28A), pRK-ccoI(C57A/C60A), and pRK-ccoI(C417A/C419A) constructs were confirmed by sequencing and then conjugated into R. capsulatus strains by triparental conjugation. CcoI production was monitored after induction with 0.5% L-ara and visualized by immune blotting using antibodies against the Myc and His tags.

For the chromosomal inactivation of copZ and copA genes in the R. capsulatus ΔccoI strain, the pRK415-ΔcopZ plasmid carrying the Δ(copZ::Gm) allele was introduced into R. capsulatus Gene Transfer Agent (GTA) overproducer strain Y262, as described before (Koch et al., 1998; Utz et al., 2019). The GTA particles carrying the Δ(copZ::Gm) allele were mixed with the ΔccoI strain for GTA mediated interposon mutagenesis (Yen et al., 1979; Daldal et al., 1986), yielding the ΔccoIΔcopZ double mutant. The ΔccoIΔcopA double mutant was generated as described (Öztürk et al., Submitted). The pRK-copA::Kan plasmid carrying the Δ(copA::kan) allele (RCAP_rcc01180) in R. capsulatus Y262 strain (Ekici et al., 2014) provided the GTA particles used with the ΔccoI strain to generate the ΔccoIΔcopA double mutant (Supplementary Table S1).

The ccoI-senC fusion and its inactive variants ccoI(C417A/C419A)-senC and ccoI-senC(C83A/C87A) were cloned into the L-ara inducible expression vector pBAD-Myc/HisA. The plasmid pBAD was linearized by using the primer 5a and 5b (Supplementary Table S3) and the PCR product thus obtained was digested with DpnI to remove the template plasmid. The ccoI coding sequence without its stop codon was genetically fused to the senC coding sequence starting at Gly2 as its first amino acid, via an overlapping sequence encoding GGSG-FLAG-GGSG as a linker, and amplified by using the pair of primers 6a and 6b, 7a and 7b (Supplementary Table S3). Genomic DNA of R. capsulatus MT1131 was used as a template. For the mutated versions of ccoI and senC, the pair of primers 8a and 8b, 9a and 9b (Supplementary Table S3) were used, respectively. HiFi Gibson assembly method (NEB) was used as described above to yield pBAD-ccoI-senC, pBAD-ccoI(C417A/C419A)-senC, and pBAD-ccoI-senC(C83A/C87A) plasmids, which were confirmed by sequencing. These plasmids were then integrated into the broad host range plasmid pRK415, generating pRK-ccoI-senC, pRK-ccoI(M)-senC, and pRK-ccoI-senC(M) (M designating the respective mutants), which were confirmed by sequencing and transformed into chemically competent E. coli HB101 cells for subsequent triparental conjugation into R. capsulatus strains.



CcoI Purification

E. coli C43(DE3) cells producing wild-type and appropriate variants of CcoI for downstream purification purposes were grown to an optical density (OD600) of 0.6, cooled down for 20min at 4°C and supplemented with 0.2% L-ara. Cultures were incubated at 30° C, 180rpm for 90min., and all downstream steps were performed on ice. Cells were harvested at 7,460 x g for 12min in a JLA 9.100 rotor. The pellet was washed in 50ml 50mM TeaAc buffer and recentrifuged. 10ml of resuspension buffer (50mM TeaAc, pH 7.5, 1mM EDTA, pH 8, 0.4mM aminohexanoic acid) per 10g of cells was used to resuspend the pellet. Prior to cell disruption, 2mM Pefabloc, 2mM DTT and 5 Complete Protease Inhibitor tablets (Roche, Germany) were added per 100ml of cell suspension, which was passed three times through the Emulsiflex-c3 (Avestin, Ontario, Canada) with an applied pressure of 10,000psi. After cell disruption, cell debris were removed by centrifugation for 20min in a F21 rotor at 27,000 x g. The supernatant was then further centrifuged at 192,800 x g in a Ti 50.2 rotor for 2h, to isolate the membrane fraction. Subsequently, the membranes were resuspended with a loose Dounce homogenizer pestle in 10ml dilution buffer (25mM Tris, pH 7.5, 500mM NaCl, 10mM MgCl2, 10% Glycerol, 2mM Pefabloc, 2mM DTT, 1 tablet of Complete Protease Inhibitor/50ml buffer) per each gram of membrane fraction. Membrane proteins were solubilized using 1% (w/v) DDM (ThermoFisher Scientific, Germany) in the presence of 2mM Pefabloc, 2mM DTT, and 1 tablet of complete protease Inhibitor/50ml suspension and incubated, under gentle rotation for 1h at 4°C. Solubilized proteins were separated from the insoluble material by centrifugation at 192,800 x g, for 45min, 4° C, using a 50.2 Ti rotor. Finally, the supernatant was spiked with imidazole pH 7.5 to reach a final concentration of 25mM and filtered through a 0.4μm sterile filter immediately before injecting it onto a 5ml HisTrap HP (High Purity) affinity column (VWR International), previously charged with Ni and equilibrated in Buffer A (dilution buffer enriched with 0.03% (w/v) DDM and 25mM imidazole pH 8.0). After three washing steps with increasing imidazole concentrations (25mM, 50mM, and 100mM imidazole, respectively) and removing impurities, CcoI was selectively eluted with Buffer A enriched with 0.03% (w/v) DDM and 300mM imidazole. The pooled CcoI fractions were then concentrated using an Amicon filter with 50kDa cut-off size (Milipore, Germany) and injected onto a size exclusion Superdex 200 16/600 column (GE Healthcare, Germany) pre-equilibrated in Buffer B (25mM Tris pH 7.5, 10mM MgCl2, 300mM NaCl, 5% Glycerol, 2mM DTT, 0.03% DDM). The monomeric protein peak was pooled, concentrated to 10mg/ml, as determined using the BCA assay kit (ThermoFisher Scientific, Germany) and directly used for proteoliposome reconstitutions or ATPase assays. All steps described were performed at 4°C.



Liposome Preparation and Proteoliposome Reconstitution

Three lipid mixtures were used to prepare liposomes for CcoI reconstitution: (a) 1ml E. coli polar lipids (Polar), (b) 15mg/ml E. coli polar lipids supplemented with 4mg/ml phosphatidyl-choline (Polar + PC) and (c) a 1ml mixture of pure lipids (3.5mg/ml DSPC (18:0 1,2-distearoyl-sn-glycero-3-phosphatidyl-choline), 3.5mg/ml PE (16,1 1,2-dipalmitoleoyl-sn-glycero-3-phosphatidyl-ethanolamine), 2mg/ml PG (18:0–18:1 1-stearoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol), 1mg/ml DGTS (1,2-dipalmitoyl-sn-glycero-3-O-4'-(N,N,N-trimethyl)-homoserine); all obtained from Avanti Polar Lipids, Alabaster, United States). The pure lipid mixture was designed to better mimic the native R. capsulatus membrane lipid composition (Imhoff, 1991; Aygun-Sunar et al., 2006). The lipids were dissolved in chloroform and mixed in a round flask. The chloroform was then evaporated using a rotary evaporator operating under a 100–150mbar vacuum for 1h, at room temperature. The resulting dried lipid film was hydrated using 2.5ml liposome buffer (25mM Tris-HCl pH 7.5, 300mM KCl) to a final lipid concentration of 10mg/ml and resuspended for 90min in the rotary evaporator by rotation, without vacuum. To obtain large unilamellar vesicles, the lipid suspensions were extruded 21 times through a 0.4μm polycarbonate membrane (Whatman®; Merck, Germany) using a mini-extruder (Avanti Polar Lipids, Alabaster, Unied States). 250μl aliquots of the different liposomes were flash frozen in liquid nitrogen and stored at −80°C until further use.

For CcoI reconstitution, 250μl of a chosen liposome suspension were slowly thawed and destabilized by the addition of 50μl of 10% (v/v) Triton X-100, for 1h at room temperature, prior to protein incorporation. To prepare proteoliposomes with a lipid-to-protein ratio (LPR) of 5:1, 60μl of pure CcoI (10mg/ml) were added to detergent-destabilized liposomes. The suspension was incubated for 30min at room temperature and the detergent was removed using bio-beads (Bio-Rad Laboratories, Germany) and proteoliposome buffer (25mM Tris–HCl pH 7.5, 300mM KCl, 5mM MgCl2), following the supplier instructions. The 2× 1h incubation with activated bio-beads were performed at room temperature on a rocking platform, while the third incubation step was carried out at 4°C, overnight. The final proteoliposome suspensions were aliquoted and, if not immediately used, flash frozen in liquid N2 and stored at −80°C.



Solid Supported Membrane Electrophysiology

To determine the ability of CcoI to transport Cu(I), solid-supported membrane (SSM) electrophysiology was employed (Schulz et al., 2008; Grewer et al., 2013; Wacker et al., 2014; Rycovska-Blume et al., 2015; Bazzone et al., 2017; Tadini-Buoninsegni, 2020). All measurements were performed on a SURFE2R-N1 instrument (Nanion Technologies, Munich, Germany). For these experiments, 3mM diameter gold electrodes were coated with 50μl of 0.5mM 1-octadecanethiol in isopropanol, for 45min at room temperature. Then, 1.5μl of a lipid suspension (16.5mg/ml diphytanoyl phosphatidylcholine and 0.28mg/ml octadecylamine, in n-decane; Avanti Lipids) was added and covered in 50μl of proteoliposome buffer (25mM Tris-HCl pH 7.5, 300mM KCl, 5mM MgCl2). Finally, to establish the sensor unit, 10μl of liposomes (negative control) or proteoliposomes were added to adsorb onto the hybrid bilayer-coated electrodes by 1h incubation at room temperature, followed by a 30min centrifugation step at 2,500 x g, 20 °C. Once inside the instrument, the sensor is subject to a rapid flux (100μl/s) and exchange of solutions (Bazzone et al., 2013, 2017; Wacker et al., 2014). Typically, exchange cycles between a non-activating (NA), activating (A), and again NA-solutions, lasting 2s each, are applied. The two solutions are ionically equivalent, but the molecular species thought to trigger the electrogenic event is only present in the A-solution while the NA-solution should minimize solution exchange and lipid interaction artifacts, and also brings the system back to baseline (Toyoshima, 2009; Mattle et al., 2015; Smith et al., 2015; Bazzone et al., 2017; Gantner, 2017). In our case, on top of containing a stabilizing buffer for the protein and enough salts to reduce artifacts (Bazzone et al., 2013, 2017), the NA- and A-solutions also contained MgCl2 (to stabilize ATP), cysteine (to maintain the Cu(I) oxidation state and deliver it to the ATPase; Yang et al., 2007) and ascorbic acid to reduce Cu(II) to Cu(I).

In SSM-electrophysiology, the establishment of a compound membrane between the adsorbed vesicles and the hybrid bilayer on the gold electrode surface (the measuring electrode) allows recording transient currents via capacitive coupling (Bazzone et al., 2017). In brief, the rapid exchange of solutions establishes a membrane potential across the vesicle membrane that acts as driving force for protein-mediated electrogenic events. Typically, the analysis of such transient currents is done upon perfusion of the system from a NA- to A-solution. The peak of the transient reflects the number of charges that participate in the electrogenic event and its decay in a function of the electrogenic event itself and the amount of protein that is present in the system (Bazzone et al., 2017; Gantner, 2017). The transient currents were initially analyzed using the SURFE2R-N1 instrument specific analysis software (Nanion) and further processed in OriginPro 2020 and Excel.



ATPase Assay

The ATPase activity of CcoI was determined by using 33P-ATP (Hartmann Analytic, Braunschweig, Germany) as substrate (Wenk et al., 2012). Purified CcoI or its variants were incubated with 10–100μm 33P-ATP solution in a final volume of 20μl reaction buffer (50mM Tris pH 7.5, 300mM NaCl, 10mM MgCl2, 0.03% DDM, 10% glycerol). The amount of protein to be used was determined by titration of 1–16μM final protein concentration in the reaction mixture. To measure the effect of Cu(I) on the ATPase activity of CcoI, Cu(II) was reduced to Cu(I) with 10mM ascorbic acid and titrated to the reaction mixture. The reaction was incubated for 15min at 35° C, with gentle shaking. The released inorganic phosphate was separated from the reaction mixture by mixing with 800μl charcoal solution (20mM phosphoric acid, 5% charcoal). After 10min incubation on ice, the charcoal was pelleted in a precooled table-top centrifuge for 12min at 17,130 x g maximum speed. To determine the amount of hydrolyzed 33PO4, 200μl of the supernatant was mixed with 3ml scintillation liquid and measured with a scintillation counter (PerkinElmer Life Sciences, Waltham, United states). As controls, blank measurements were performed without protein and subtracted from the experimental values.



Preparation of ICM and Blue Native PAGE Analyses

For preparation of inverted cytoplasmic membranes (ICMs) of R. capsulatus strains, previously published protocols were used (Koch et al., 1998; Pawlik et al., 2010). Native complexes were investigated on Blue Native (BN) PAGE as described in (Utz et al., 2019) and antibodies against c-Myc (clone 9E10, Sigma Aldrich) and polyclonal antibodies against CcoN (Koch et al., 1998) were used.



cbb3-Cox Activity Assays (DMPD and TMPD)

For dimethyl-p-phenylendiamine (DMPD) oxidation (Marckmann et al., 2019), 108 cells with an OD685 0.8–1 were collected from each strain and mixed with 1mM DMPD in Buffer D (25mM Tris pH 7.5, 150mM NaCl) to a final volume of 1ml. DMPD oxidation was monitored photometrically at 554nm for at least 4min. The DMPD oxidation in wild type MT1131 was set to 100% cbb3-Cox activity. The TMPD (N, N, N, N-tetramethyl-p-phenylendiamine) oxidation assay for determining cbb3-Cox activity was performed using ICMs. 10μg of total protein in ICMs were mixed with 1mM TMPD and adjusted to a final volume of 1ml with Buffer D. TMPD oxidation was monitored photometrically for at least 30s at 611nm. Cox-independent TMPD oxidation was monitored in the presence of 200μM sodium-cyanide, a specific inhibitor of cbb3-Cox, and subtracted from the cyanide-free sample. Data processing was performed as described for the DMPD assay.



Reproducibility Statement

All experiments were performed multiple times with independent biological and technical replicates as indicated in the legends to the figures. The mean values and standard deviations (SD) were calculated using the Excel and Graphpad prism softwares. For statistical analyses, a Student unpaired two-way t-test with the Satterthwaite correction was performed (Welch-test).1 Probability values (values of p) are indicated in the legends to the Figures. A value of p >0.05 was generally considered to be not significant (n.s.). To obtain statistically meaningful SSM data, a minimum of five sensors were analyzed per proteoliposome batch and at least two proteoliposome preparations for a given protein/variant were used. Reported peak current values represent the average of a minimum of three measurements per sensor and the error bars represent the standard deviation of the mean. At the end of a given set of experiments, the stability of the protein used was confirmed by comparing the final electrogenic signal obtained to that recorded under the initial conditions. Only signal losses less than 20% were accepted.




RESULTS


The P1B-Type ATPase CcoI Drives Electrogenic Cu(I) Efflux For cbb3-Cox Maturation

CcoI shares high sequence similarity with P1B-type ATPases, which constitute a conserved family of ATP-dependent Cu(I) export proteins (Arguello et al., 2007; Smith et al., 2014). CcoI contains four putative MBSs (Figure 1; Supplementary Figure S1). The cytosolically exposed N-terminus contains two MBSs: the glutaredoxin-like CPAC motif (N-MBS1; Hatori and Lutsenko, 2016) is present in CcoI-like P1B-type ATPases, but absent in CopA-like P1B-type ATPases (Figure 1), whereas the CAVC motif (N-MBS2) is conserved in both CopA- and CcoI-like ATPases and is homologous to the Cu-binding motif of the CopZ-like copper chaperones (Utz et al., 2019; Andrei et al., 2020). Two other MBSs are present in the membrane-integral domain of CcoI (Figure 1). The CPC motif (TM-MBS1) is located in the transmembrane helix (TM) 4 and the NMS motif (TM-MBS2) is formed by an asparagine residue from TM5 together with methionine and serine residues from TM8. Both TM-MBSs are conserved among Cu-transporting P1B-ATPases (Arguello et al., 2007; Smith et al., 2014) and are necessary to drive the outward transport of copper (Mandal et al., 2004).

Cu transport by CopA-like P1B-type ATPases has been extensively studied using different methods (Gonzalez-Guerrero et al., 2010; Völlmecke et al., 2012; Drees et al., 2015; Abeyrathna et al., 2020; Tadini-Buoninsegni, 2020), but similar information on CcoI-type ATPases is limited. Cu transport by CopA1 and CopA2 of Pseudomonas aeruginosa has been determined by using E. coli expressed proteins and monitoring 64Cu accumulation in membrane vesicles (Gonzalez-Guerrero et al., 2010). This allowed for identifying important kinetic differences between the two types of Cu transporting ATPases (Raimunda et al., 2011). Yet, the activity of a CopA2-type ATPase has not been studied so far using a reconstituted system devoid of any other transporter, which might interfere with data interpretation.

Earlier work demonstrated that the absence of CcoI results in an inactive and unstable cbb3-Cox (Koch et al., 2000; Utz et al., 2019). The cbb3-Cox deficiency in the ΔccoI strain could not be complemented by increasing the external Cu concentration in the medium, or by expressing a plasmid-borne copy of copA, encoding for the second Cu-exporting P1B-type ATPase present in the R. capsulatus membrane (Ekici et al., 2014; Utz et al., 2019). In order to validate the hypothesis that CcoI is involved in the transport of Cu for cbb3-Cox maturation, we employed solid-supported membrane electrophysiology. This technique allows monitoring protein-mediated electrogenic events in a controlled in vitro setup (Wacker et al., 2014; Bazzone et al., 2017). Thus, R. capsulatus CcoI containing a C-terminal Myc-His tag was expressed in E. coli C43(DE3) cells, purified to homogeneity (Supplementary Figure S2), and reconstituted into liposomes (CcoI-LPs) at a 5:1 lipid-toprotein ratio (LPR). After adsorption of the CcoI-LPs to the sensor surface, the electrogenic response of the protein was monitored as transient currents established over time. The use of purified CcoI, reconstituted into liposomes, offers the unique advantage of monitoring its Cu translocation properties in the absence of any other protein.

To optimize the background signal-to-noise ratio of the SSM measurements and minimize any unspecific interaction of Cu(I) with the polar head group of the lipids, various lipid and buffer components were tested (Supplementary Figure S3). Three lipid mixtures were used to generate liposomes (LPs): (a) E. coli polar lipids (Avanti Polar Lipids) (b) E. coli polar lipids supplemented with the neutral phospholipid PC (phosphatidylcholine) in a 3:2 ratio, and (c) a mixture of pure phospholipids, containing 18:0 PC (DSPC; 1,2-distearoyl-sn-glycero-3-phosphocholine), 16:1 PE (1,2-dipalmitoleoyl-sn-glycero-3-phosphoethanolamine), 18:0–18:1 PG (1-stearoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol; sodium salt)), DGTS (1,2-dipalmitoyl-sn-glycero-3-O-4'-(N,N,N-trimethyl)-homoserine) in a 2:3.5:3.5:1 ratio.

The best experimental conditions were obtained when the vesicles were prepared using pure lipids (Supplementary Figures S3A, S4) and the non-activating (NA)-solution was composed of 25mM Tris-HCl, pH 7.4, 300mM KCl, 5mM MgCl2, 10mM ascorbic acid and 20mM cysteine (plus 300μM CuCl2 or 250μM ATP, as indicated). To investigate the effect of ATP in the presence of Cu(I), both NA- and activating (A)-solutions contained Cu, while ATP was only present in the A-solution. Likewise, to probe the effect of Cu in the presence of ATP, both solutions contained ATP, but only the A-solution had Cu. Under these conditions, when CcoI-LPs were subject to a concentration jump of ATP (250μM) in the presence of Cu (300μM), a transient current with an average amplitude of 1.3nA was recorded (Figure 2A, black trace), in line with a Cu(I) translocation event. In contrast, a control experiment using LPs subjected to the same cycle of solutions yielded a much smaller increase in amperage (Figure 2A, red trace), reflecting residual interactions of Cu(I) or ATP with the lipid environment. In the converse experiment, i.e., when CcoI-LP were flushed with A-solution containing 300μM Cu(I) in a background of 250μM ATP, similar current increases were also detected with only minor signals when LPs were used (Figure 2B). On average, the electrogenic signals observed for both the ATP-induced or Cu(I)-induced transient currents showed comparable amplitudes (Supplementary Figure S5A).
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FIGURE 2. ATP-dependent Cu(I) translocation by CcoI. Wild-type CcoI (A,B,E), and the CcoI(C417A/C419A) variant with a mutated TM-MBS1 (C,D,F), were reconstituted at a 5:1 LPR (lipid-to-protein ratio) in liposomes (LP) prepared using a mixture of DSPC(1,2-distearoyl-sn-glycero-3-phospho-choline), POPE (1,2-dipalmitoleoyl-sn-glycero-3-phosphatidyl-ethanolamine), SOPG (1-stearoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)), and DGTS (1,2-dipalmitoyl-sn-glycero-3-O-4'-(N,N,N-trimethyl)-homoserine) at a 2:3.5:3.5:1 ratio. Representative current traces are shown. These traces were obtained when CcoI-LP (CcoI reconstituted in liposomes, black line) or LP (liposomes, red line) were adsorbed to a sensor unit and subsequently exposed to concentration jumps of 250μM ATP in the presence of 300μM Cu(I) (A,C). In addition, traces of concentration jumps of 300μM Cu(I) in the presence of 250μM ATP were recorded (B,D). (E) Same setup as in (A), except that 250μM of the non-hydrolysable ATP analog AMP-PNP was used. (F) As in (E), but the CcoI(C417A/C419A) variant was analyzed. All signals were recorded using a SURFE2R-N1 (Nanion Technologies, Munich, Germany).


No significant responses were recorded when the CcoI(C417A/C419A) variant was reconstituted into LPs (Figures 2C,D). In this variant, alanine residues replaced the conserved cysteine residues from the Cu-binding TM-MBS1 motif. As expected, CcoI(C417A/C419A)-LPs did not show any electrogenic response upon activation by ATP (Figure 2C) or Cu(I) (Figure 2D). Similarly, when CcoI-LPs or CcoI(C417A/C419A)-LPs were activated with Cu(I) in the presence of the non-hydrolysable ATP analogue AMP-PNP, there was no electrogenic response, demonstrating that ATP hydrolysis is required for Cu(I) translocation by CcoI (Figures 2E,F). Additional controls included the activation of CcoI-LPs with ATP in a Cu(I) background containing the Cu(I)-chelator bathocuproinedisulfonic acid (BCS; 5mM) or in a background of 300μM Co(II) ions. In all these cases, the recorded transient currents were only residual (Supplementary Figures S5B, S5C).

Therefore, the overall data are consistent with an ATP-driven Cu(I) translocation by CcoI, and substantiate the earlier hypothesis that the absence of cbb3-Cox activity in the ΔccoI strain is due to an impaired Cu-transport from the cytosol to the periplasm (Koch et al., 1998, 2000; Kulajta et al., 2006).



High Cu(I) but Not Cu(II) Concentrations Inhibit ATPase Activity of CcoI

The N-terminal metal binding site of CopA-like ATPases is suggested to serve as a Cu sensor that regulates the ATPase activity (Huster and Lutsenko, 2003; Mandal and Arguello, 2003; Wu et al., 2008). Considering the presence of two distinct N-MBSs in CcoI-like ATPases (Figure 1), the ATPase activity of detergent-solubilized, purified CcoI in the presence of different Cu(I) concentrations was analyzed by monitoring 33P-γ-ATP hydrolysis. The data revealed a Cu(I)-concentration-dependent decrease of the ATPase activity. Even at the lowest concentration tested (2μM), the ATPase activity was reduced by approx. 20% (Figure 3A). In contrast to Cu(I), the addition of Cu(II) up to a concentration of 32μM had no drastic effect on the ATPase activity of CcoI (Figure 3A). As Cu(I) was generated and maintained in its reduced state by the presence of ascorbic acid, the influence of equivalent ascorbic acid concentrations were also tested, but concentrations up to 4mM did not significantly influence the ATPase activity (Figure 3B).

[image: Figure 3]

FIGURE 3. The ATPase activity of CcoI is inhibited by Cu(I) (A) The ATPase activity of CcoI was determined by quantifying the hydrolysis of 33P-γ-ATP in the presence of 1μM purified CcoI in detergent and at increasing concentrations of Cu(I) (▲, with ascorbic acid) or Cu(II) (⚫, without ascorbic acid). Released 33P was quantified via a scintillation counter. Error bars represent the standard deviation (SD) of three technical replicates. (B) As in A, but the ATPase activity of purified CcoI was analyzed in the presence of ascorbic acid concentrations (◼) equivalent to the ones used in (A) for Cu(I). (C) The influence of the different CcoI metal binding sites (MBSs) to the ATPase activity in the absence (no suppl., white bars) and presence of either 2μM Cu(I) (light grey bars) or 2μM Cu(II) (dark grey bars). The amount of hydrolyzed ATP by wild type CcoI in the absence of added Cu was set to 100% and the relative 33P release was calculated. Error bars represent the standard deviation (SD) of the mean values of three technical replicates. Statistical analyses were performed with the Satterthwaite corrected unpaired Students t-test. *refers to values of p≤0.05; **to values of p≤0.01; ***to values of p≤0.001 and (n.s.) to not significant.


Cu(I)-dependent inhibition of the ATPase activity was also observed for Thermotoga maritima CopA, but this required higher Cu(I) concentrations, and likely does not involve any MBSs (Hatori et al., 2008). The possible involvement of the CcoI-MBSs in Cu(I) mediated ATPase inhibition was analyzed by expressing three plasmid-borne ccoI mutant alleles in the ΔccoI strain. The first CcoI variant contained alanine replacements in the glutaredoxin-like N-MBS1 [ccoI(C25A/C28A)], the second had similar replacements in the CopZ-like N-MBS2 [ccoI(C57A/C60A)], and the third was mutated in the TM-MBS1 [ccoI(C417A/C419A)], which was also used in the SSM experiments (Figure 2). These mutated CcoI variants were purified to homogeneity and their ATPase activity was analyzed.

The N-MBS1 mutation reduced the ATPase activity by approx. 30% (Figure 3C), compared to the wild type CcoI activity. This activity was further reduced by approx. 20% in the presence of Cu(I) (Figure 3C), similar to the inhibitory effect on wild type CcoI. The N-MBS2 mutation also reduced the ATPase activity by approx. 25%, compared to the wild type, but in this mutant, the addition of Cu(I) had a more pronounced inhibitory effect as it reduced the ATPase activity by 50%. The TM-MBS1 also showed an approx. 30% reduction of the ATPase activity, which dropped further in the presence of Cu(I). The inhibitory effect of Cu(I) on the TM-MBS1 mutant was comparable to that observed for wild type CcoI and the N-MBS1 mutant. As observed for the wild type (Figures 3A,C), the addition of 2μM Cu(II) did not significantly influence the ATPase activity in any of the CcoI mutants.

The ATPase activity of the TM-MBS1 mutant, which does not translocate Cu(I) based on the SSM experiments (Figure 2), indicates that ATP hydrolysis is not strictly coupled to Cu(I) binding or translocation. The data further show that the ATPase activity of CcoI is inhibited by already rather low Cu(I) concentrations, and that Cu(I) inhibition is more pronounced in the absence of N-MBS2. This finding suggests that, unlike CopA (Hatori et al., 2008), Cu(I) inhibition of CcoI activity is influenced by the MBSs, and that the ATPase activity of CcoI is particularly sensitive to Cu(I) in the absence of the N-MBS2. Note that the SSM experiments with CcoI-LPs were performed at Cu(I) concentrations that inhibited the ATPase activity of purified CcoI in detergent (Figures 2, 3). The lack of inhibition in the SSM experiments is probably explained by the presence of 20mM cysteine in the SSM buffers, which act as a strong Cu chelator and Cu donor (Pujol et al., 2011).



Dissecting the Contributions of the CcoI Metal Binding Sites to cbb3-Cox Activity

In the absence of CcoI, cbb3-Cox maturation is inhibited, resulting in very low amounts of the catalytic subunit CcoN and only background cbb3-Cox activities (Koch et al., 2000; Utz et al., 2019). This indicates that cbb3-Cox is a primary target of CcoI-mediated Cu(I) translocation. For dissecting further the contribution of the different MBSs in CcoI for cbb3-Cox activity in R. capsulatus cells, NADI-staining was performed as semi-quantitative assay for cbb3-Cox activity. In the presence of an active cbb3-Cox, α-naphthol and DMPD are converted to indophenol blue, which is detectable as blue color in R. capsulatus colonies (Koch et al., 1998; Figure 4A). Wild type MT1131 colonies turned blue within seconds (NADI+), while the ΔccoI strain did not show any color reaction (i.e., NADI−), even on Cu-supplemented media (10μM or 25μM additional Cu; Figure 4A; Supplementary Figure S6A). Expressing a plasmid-borne copy of ccoI in the ΔccoI strain restored the NADI reaction (i.e., cbb3-Cox activity).
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FIGURE 4. Distinct effects of the CcoI MBSs on cbb3-Cox activity. (A) NADI staining of wild type R. capsulatus MT1131 or the ΔccoI strain, expressing different plasmid-encoded ccoI variants. The strains were grown semi-anaerobically on MPYE media, supplemented with 10μM, 25μM CuSO4 or without copper supplementation (−). 0.2% L-ara was added to the strains that carried a ccoI plasmid-borne copy to allow expression. Images showing the entire agar-plates are displayed in Supplementary Figure S6A. (B) 108 cells of the indicated strains grown in the presence of 10μM CuSO4 or without copper supplementation were TCA precipitated, separated on a 12% SDS-PAGE and immune-blotted with antibodies against the Myc-tag (upper panel). As a loading control, the lower part of the same membrane was stained with Ponceau S (lower panel). Quantification of three biological replicates is shown in Supplementary Figure S6B. (C) Cytoplasmic membranes of the different R. capsulatus strains were isolated and 10μg of total protein were separated on a 16.5% SDS-Tris-Tricine polyacrylamide gel, immune-blotted and decorated with antibodies against CcoN (upper panel). As a loading control, the upper part of the gel was stained with Coomassie brilliant blue (lower panel). Quantification of three biological replicates is shown in Supplementary Figure S6C. (D) cbb3-Cox activity was determined via a DMPD oxidation assay. For each strain, 108 cells grown to exponential phase were mixed with 1mM DMPD and monitored for 4min spectrophotometrically at 554nm. The WT activity was set to 100% and the relative activities of the other strains were calculated. The bars represent the mean values of three biological replicates with three technical repetitions each and the standard deviation is indicated by error bars (n=9). Statistical analyses were performed with the Satterthwaite corrected unpaired two-sided Student t-test, using the activity of the wild type grown in the absence of additional Cu as reference.*refers to values of p≤0.05; **to values of p≤0.01, and ***to values of p≤0.001.


The ccoI(C25A/C28A) allele containing the mutated N-MBS1 in the ΔccoI strain, resulted in a NADIslow phenotype on media without Cu supplementation, and in a NADI+ phenotype on Cu-supplemented media (Figure 4A). In contrast, the ccoI(C57A/C60A; N-MBS2 mutant) allele failed to restore cbb3-Cox activity on media without Cu supplementation (NADI−), but these cells showed a NADI+ phenotype on Cu-supplemented media (Figure 4A). The expression of the ccoI(C417A/419A) allele in the ΔccoI strain did not support cbb3-Cox activity (i.e., NADI−), in agreement with its inability to transport Cu (Figure 2). Immune detection using α-Myc antibodies on whole cells expressing the different ccoI versions, revealed reduced amounts of all three mutated CcoI variants in comparison to wild type CcoI (Figure 4B; Supplementary Figure S6B), possibly indicating their reduced stability. Importantly, the addition of Cu did not significantly change the levels of wild type CcoI or its variants (Figure 4B; Supplementary Figure S6B). The NADI− phenotype of ΔccoI strains expressing the different ccoI alleles with mutated MBS was validated by monitoring the presence of the Cu-containing catalytic subunit CcoN of cbb3-Cox via immune detection. CcoN was readily detectable in wild type membranes, and basically absent in ΔccoI membranes (Figure 4C). When wild type CcoI was expressed in the ΔccoI strain, the CcoN levels became comparable to the wild type. However, upon expression of the N-MBS mutant alleles, only a weak CcoN band could be detected (Figure 4C; Supplementary Figure S6C), supporting the results from the NADI staining in the absence of additional Cu supplementation. CcoN was basically absent when the TM-MBS1 mutant allele was tested in the ΔccoI strain.

The semi-quantitative analyses via NADI staining were confirmed by DMPD-oxidation based on quantitative photometric cbb3-Cox activity assays using whole cells (Figure 4D). The activity in wild type (MT1131) cells grown without additional Cu was set to 100% and this value increased by approx. 30% when cells were grown in the presence of additional 25μM Cu. No activity was observed in the cbb3-Cox mutant strain GK32 (ΔccoNO), which contains a chromosomal deletion of the ccoN and ccoO structural genes of cbb3-Cox (Koch et al., 1998). The ΔccoI strain exhibited less than 10% of the wild type activity, which increased to approx. 30% when cells were grown in the presence of additional Cu (10μM Cu). This is different from the previous results based on O2-consumption assays using purified membranes, which showed no influence of Cu supplementation to cbb3-Cox activity in the ΔccoI strain (Koch et al., 1998; Kulajta et al., 2006). Whether this is related to the different assay conditions or to cbb3-Cox independent DMPD oxidation was not further evaluated. Almost wild-type cbb3-Cox activity was detected in the ΔccoI strain expressing the plasmid-borne ccoI copy. In the ΔccoI strain expressing the ccoI(C25A/C28A) allele, approx. 25% of the wild type activity was detected, which increased to full wild type activity in Cu-supplemented (10μM Cu) media. CcoI(C57A/C60A) expressing cells also showed approx. 25% of wild type activity without Cu supplementation, but the addition of Cu only increased the activity to approx. 60% of the wild type. Finally, the ccoI(C417A/419A) allele only allowed for 2% of the wild type activity, which was increased to approx. 10% when cells were grown in the presence of additional Cu (Figure 4D).

Overall data indicated that the function of the different MBSs in CcoI is dependent on external Cu availability. While the inactivation of the glutaredoxin-like N-MBS1 can be fully restored by Cu supplementation, the CopZ-like N-MBS2 yielded an intermediate phenotype that could only be rescued partially by Cu addition. Considering that the CopZ-like N-MBS2 is conserved between CcoI and CopA, while the presence of the N-MBS1 is a particular feature of the high-affinity CcoI, these findings suggested that N-MBS1 might be important for receiving Cu from an alternative Cu donor different than CopZ, such as glutaredoxin or even glutathione (Maghool et al., 2020; Stewart et al., 2020).



The N-Terminal Metal Binding Sites Are Important Under Low Intracellular Copper Concentrations

The partial or full complementation of cbb3-Cox activity in the N-MBS mutants by Cu supplementation of the medium is likely due to increased intracellular Cu concentrations, which might exceed those usually observed in bacteria (Heldal et al., 1985; Rae et al., 1999; Ekici et al., 2014). Recent data indicated that deleting CopZ or CopA also increases the intracellular Cu concentrations (Utz et al., 2019). Thus, whether or not the two CcoI N-MBSs mutants could support cbb3-Cox assembly in the absence of CopZ or CopA was analyzed.

The CcoI variants were conjugated into a ΔccoIΔcopZ strain and the cells were grown on MPYE medium without Cu supplementation and with 10μM or 25μM CuSO4 addition. The ΔccoIΔcopZ strain showed a NADI− phenotype independent of Cu supplementation (Figure 5A) and was rescued to NADI+ phenotype with a plasmid-borne copy of ccoI, supporting the earlier observation that CopZ is involved in, but not essential for cbb3-Cox assembly (Utz et al., 2019). This is also confirmed by the NADI+ phenotype of the ΔcopZ single mutant (Utz et al., 2019). When the ccoI(C25A/C28A) or the ccoI(C57A/C60A) alleles were expressed in the ΔccoI strain, the external Cu-dependent cbb3-Cox activities were observed as before (Figures 4A, 5A). However, the expression of the ccoI(C25A/C28A) allele in the ΔccoIΔcopZ double mutant allowed for a weak NADI+ even in the absence of additional Cu (Figure 5A). The ccoI(C57A/C60A) allele started to restore the NADI phenotype of the ΔccoIΔcopZ double mutant strain at 10μM CuSO4 or above (Figure 5A; Supplementary Figure S7). As a control, expression of the ccoI(C417A/C419A) allele did not rescue the cbb3-Cox activity of the ΔccoIΔcopZ strain, even in the presence of Cu supplementation, indicating that the rescue phenotypes observed were specific to the N-MBS mutants of CcoI.
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FIGURE 5. The cytoplasmic copper concentration influences metal acquisition by CcoI. (A) NADI staining of different R. capsulatus strains expressing either wild type ccoI from a plasmid (WT) or the indicated variants. Cells were grown on MPYE plates in the presence of 10μM or 25μM CuSO4 or without copper supplementation. (B) NADI staining of the R. capsulatus ΔccoIΔcopA double-knock-out expressing different ccoI alleles. Images showing the entire agar-plates are displayed in Supplementary Figure S7.


When CopA is missing, the increase of intracellular Cu concentration is even more pronounced than that seen in the ΔcopZ strain (Utz et al., 2019). When the CcoI N-MBS mutant alleles were expressed in the ΔccoIΔcopA double mutant, both of these alleles were able to rescue cbb3-Cox activity even without any Cu supplementation (Figure 5B), while the TM-MBS1 mutant could not regain any cbb3-Cox activity (Figure 5B; Supplementary Figure S7).

In summary, these data indicate that increasing the intracellular Cu concentration due to the absence of the CopZ-CopA-mediated Cu export pathway is sufficient to compensate for the absence of the N-MBSs in CcoI, while the inactivation of TM-MBS1 cannot be bypassed by even large amounts of extracellular Cu supplementation. The different responses of the CcoI N-MBS1 and N-MBS2 mutants to external Cu addition both in the presence and absence of CopZ support the idea that the two N-MBSs have distinct roles in CcoI function.



The CcoI-SenC Interaction Is Required For cbb3-Cox Activity

Due to the toxicity of free Cu, most cellular Cu is chelated by dedicated cytosolic and periplasmic Cu chaperones (Andrei et al., 2020), which transiently interact with P1B-type ATPases to deliver or receive Cu (Gonzalez-Guerrero et al., 2009; Fu et al., 2013; Padilla-Benavides et al., 2014). A transient interaction of CopZ with CcoI on the cytoplasmic side of the membrane was recently observed (Utz et al., 2019). However, whether CcoI also interacts with periplasmic chaperones, like SenC or PccA, remains unknown. For detecting possible contacts between CcoI and SenC or PccA, BN-PAGE analyses were performed, followed by immune detection using c-Myc antibodies. The data indicated that wild-type CcoI runs as a stable entity at approx. 150kDa (Supplementary Figure S8A), which would be consistent with a CcoI dimer. Dimerization of P1B-type ATPases has been observed before for ATP7B in humans and for CopA in A. fulgidus (Jayakanthan et al., 2017). However, when CcoI-containing membranes were solubilized with SDS (instead of DDM) prior to BN-PAGE, the 150kDa band remained intact (Supplementary Figure S8B), suggesting that it rather reflected a CcoI monomer. Determining the exact size of a protein complex via BN-PAGE is difficult and many proteins/protein complexes show aberrant migrations on BN-PAGE due to the binding of DDM and Coomassie (Heuberger et al., 2002; Kulajta et al., 2006). The 150kDa band was also observed in membranes of the ΔccoI strain expressing the modified MBS alleles of CcoI (Supplementary Figure S8A) while it was absent in ΔccoI membranes. Upon Cu supplementation, additional weaker bands became visible in all strains at 250kDa, 400 KDa, and 600kDa (Supplementary Figure S8A). However, these entities were also visible in the ΔsenC and ΔpccA strains and antibodies against SenC or PccA do not recognize any of them (data not shown), suggesting that SenC and PccA are not present in these complexes.

Our earlier findings demonstrated that the periplasmic chaperone SenC is crucial for cbb3-Cox assembly at low Cu concentrations as its absence abolishes almost completely cbb3-Cox activity (Lohmeyer et al., 2012; Trasnea et al., 2016, 2018). SenC was also shown to directly interact with cbb3-Cox (Lohmeyer et al., 2012). In contrast, deleting PccA reduces cbb3-Cox activity only by 30% and the corresponding strain retains its NADI+ phenotype (Trasnea et al., 2016). We reasoned that if SenC serves as a periplasmic Cu acceptor for the CcoI-transported Cu, then a CcoI-SenC fusion protein should facilitate Cu transfer to cbb3-Cox. Such an approach has been employed before for monitoring electron-transfer reactions (Lee et al., 2008). A CcoI-SenC fusion protein was therefore constructed in which the C-terminus of CcoI was fused in-frame with the N-terminal TM of SenC. As controls, the TM-MBS1 of CcoI, and the Cu-binding site of SenC were mutated in two separate CcoI-SenC fusion constructs, generating the ccoI(M)-senC and ccoI-senC(M) alleles, respectively (Figure 6A). The wild type fusion construct and its mutant variants were expressed in the NADI− ΔccoI and ΔsenC strains and their NADI phenotypes were monitored. The CcoI-SenC fusion protein was able to rescue both the ΔccoI and ΔsenC strains to NADI+ (Figure 6B), demonstrating that this entity is produced in an active form in these strains. Conversely, the ccoI(M)-senC allele failed to rescue the ΔccoI strain, and similarly, the ccoI-senC(M) allele failed to rescue the ΔsenC strain (Figure 6B), indicating that the CcoI-SenC fusion protein is fully functional only when the Cu binding sites in both proteins are intact. The functionality of the CcoI-SenC fusion furthermore supports their close interaction and the possibility of a direct Cu transfer from CcoI to SenC.
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FIGURE 6. A CcoI-SenC fusion protein is sufficient for Cu delivery to cbb3-Cox. (A) Cartoon showing the genetically fused CcoI-SenC fusion protein, using known structures of the SenC-homologue ScoI (PDB 4WBR) and of CopA (PDB 3RFU). The Cu binding site in SenC and the TM-MBS1 of CcoI are indicated by turquoise spheres. (B) NADI staining of the wild type MT1131 and the ΔccoI and ΔsenC single mutants (upper panel), and the ΔccoI or ΔsenC single mutants expressing different CcoI-SenC fusion proteins (lower panel) CcoI(M)-SenC designates a fusion protein in which the fusion protein contains the ccoI(C417A/C419A) mutation in TM-MBS1. CcoI-SenC(M) designates a fusion protein in which the Cu binding site of SenC is mutated (senC(C83A/C87A) mutation). (C) NADI staining of the ΔpccA single and a ΔpccAΔsenC double knock-out strain expressing the CcoI-SenC fusion proteins when indicated.


Although not essential for cbb3-Cox assembly, PccA can exchange Cu(I) with SenC, suggesting that it might also cooperate with SenC for Cu transfer to cbb3-Cox, at least under certain conditions. Thus, the CcoI-SenC fusion constructs were also tested in a ΔsenCΔpccA double mutant, which is NADI− due to the absence of SenC. As expected, expression of the wild type CcoI-SenC fusion protein restored the NADI+ phenotype in the ΔsenCΔpccA strain, while that of the ccoI-senC(M) allele was unable to do so (Figure 6C), showing that the fusion protein was also active in a strain where a native CcoI was also present. In summary, these data suggest that a CcoI-SenC interaction is critical for cbb3-Cox assembly and that it likely naturally occurs in R. capsulatus membranes.




DISCUSSION

In the current work, the P1B-type ATPase CcoI of R. capsulatus was investigated. In contrast to its well-studied paralog CopA, which acts as the primary Cu exporter when cells are exposed to high Cu concentrations (Yang et al., 2007; Gonzalez-Guerrero and Arguello, 2008; Ekici et al., 2014; Mattle et al., 2015; Purohit et al., 2018; Utz et al., 2019; Abeyrathna et al., 2020), a detailed characterization of CcoI was hitherto lacking. Previous studies had demonstrated that CcoI is essential for the assembly and activity of cbb3-Cox in bacteria, including R. capsulatus (Koch et al., 2000; Kulajta et al., 2006; Utz et al., 2019), Bradyrhizobium japonicum (Preisig et al., 1996) and Rubrivivax gelatinosus (Hassani et al., 2010). Based on the high sequence conservation between CopA and CcoI (33.2% sequence identity; Supplementary Figure S1), including its putative metal-specificity conferring amino acids (Ekici et al., 2014), it was proposed that CcoI could export Cu for the assembly of the heme b-CuB binuclear center in CcoN, the catalytic subunit of cbb3-Cox (Kulajta et al., 2006). However, it was also found that the addition of external Cu could not rescue cbb3-Cox activity in the ΔccoI strain (Koch et al., 1998, 2000; Kulajta et al., 2006). In contrast, in strains lacking the periplasmic Cu chaperones SenC or PccA, the cbb3-Cox activity can be rescued by increased external Cu concentrations (Lohmeyer et al., 2012; Trasnea et al., 2016, 2018). This observation is rather surprising because both chaperones are thought to transfer Cu from CcoI to cbb3-Cox during maturation (Lohmeyer et al., 2012; Trasnea et al., 2016). In addition, the cbb3-Cox defect in the ΔccoI strain is also not remediated by increasing the cellular amounts of CopA, even though this was found to enhance Cu transport into the periplasm and to confer Cu resistance (Utz et al., 2019).

Despite sharing high sequence conservation with CopA and having an undisputed involvement in cbb3-Cox assembly, the ultimate proof that CcoI indeed transports Cu was lacking. For addressing this, we have produced and purified CcoI, reconstituted it into liposomes and performed solid-supported membrane (SSM)-based electrophysiology measurements, in analogy to what was done for CopA-like P1B-type ATPases (Abeyrathna et al., 2020). Our results revealed that the presence of CcoI is absolutely required to observe electrogenic transient currents with amplitudes well above background, and these can only be elicited by Cu(I) when ATP (but not a non-hydrolysable analog) is present. These results clearly establish that, like CopA, CcoI also functions as an ATP-dependent Cu exporter.

Next, the role of the two N-MBSs of CcoI was analyzed. Many bacterial CopA-like ATPases contain one or two N-MBSs, which are characterized by a CopZ-like (MxCxxC) Cu binding motif and a ferredoxin-like fold (Fan et al., 2001; Banci et al., 2002; Mandal and Arguello, 2003; Wu et al., 2008; Zhou et al., 2012; Drees et al., 2015). In some cases, these motifs are separated by only a few amino acids, like in B. subtilis (Singleton et al., 2008), while in E. coli, they are 34 amino acids apart, which probably favors their independent communication with the other CopA domains (Barry et al., 2010; Leshane et al., 2010; Drees et al., 2015). While the TM-MBSs are essential for Cu translocation (Gonzalez-Guerrero et al., 2008, 2009), the N-MBSs in bacterial CopA-like ATPases appear to be non-essential (Fan et al., 2001; Gonzalez-Guerrero and Arguello, 2008; Drees et al., 2015). Instead, they are proposed to regulate the ATPase activity in response to Cu availability (Wu et al., 2008; Arguello et al., 2016) and to support Cu-loading of the TM-MBSs (Figure 7; Drees et al., 2015; Maghool et al., 2020). Current models suggest that in the absence of Cu, the N-MBS is interacting with the N- and the A-domains of CopA, preventing either ATP binding or phosphorylation of the P-domain (Tsivkovskii et al., 2001; Wu et al., 2008; Gonzalez-Guerrero et al., 2009).

[image: Figure 7]

FIGURE 7. Model on Cu concentration-dependent Cu loading of CcoI in R. capsulatus. At low cytoplasmic Cu concentration, the CopA levels (light orange) are low and the N-terminal metal binding site N-MBS2 (purple) of CcoI (green) is loaded primarily by the cytoplasmic Cu-chaperone CopZ (purple; thick arrow). Cu loading of N-MBS2 is suggested to facilitate the Cu translocation reaction via the two transmembrane Cu binding sites (TM-MBS1 & TM-MBS2). The glutaredoxin-like N-MBS1 is likely accepting Cu from alternative Cu donors such as glutaredoxin or glutathione (dark gray) and Cu-loading of N-MBS1 is likely involved in regulating the ATPase activity of CcoI. Whether Cu can be transferred from N-MBS1 to N-MBS2 is not known (dotted arrow). From CcoI, Cu is transferred via the periplasmic Cu chaperone SenC (dark orange) to cbb3-Cox (light gray) for maturation of the heme b-CuB binuclear center in CcoN. SenC can also exchange Cu with the periplasmic Cu chaperone PccA (blue hexagon), which potentially could metalate other cuproproteins. At high cytoplasmic Cu concentrations, CopZ transfers Cu preferentially to CopA for Cu detoxification (thick arrow). As most CopZ is occupied with Cu delivery to CopA, Cu loading of CcoI is preferentially achieved by alternative Cu donors (thick arrow), likely via N-MBS1, but residual loading of N-MBS2 by CopZ can still occur (dotted arrow). In the absence of either N-MBS1 or N-MBS2 or CopZ, Cu translocation by CcoI can still occur, likely because the alternative Cu donors can deliver Cu also directly to TM-MBS1 for Cu translocation. At high Cu concentrations, SenC can be bypassed by an unknown mechanism (not shown). All Cu transfer pathways likely occur at all Cu concentrations, but the preferred use is defined by cytoplasmic Cu concentrations. The figure was prepared using biorender (biorender.com).


Remarkably, although the TM-MBSs are conserved between the CopA-like and CcoI-like ATPases, there are differences in the N-MBSs. In Rhizobium meliloti and B. japonicum, the CcoI-like ATPase FixI contains only one N-MBS (Preisig et al., 1996), which resembles the CopZ-like Cu binding motif, but lacks the Met residue upstream of the CxxC motif. In R. capsulatus and R. sphaeroides, CcoI contains two N-MBSs, separated by 28 amino acids. N-MBS1 contains a glutaredoxin-like CPAC motif (Ströher and Millar, 2012), while N-MBS2 contains a CVAC motif, which also lacks the typical upstream Met residue of CopZ-like motifs. The presence of a glutaredoxin-like motif in N-MBS1 and the absence of the typical Met residue in the CopZ-like N-MBS2, conceivably allows CcoI to receive Cu also from Cu donors other than CopZ (Figure 7). The absence of the Met residue in CopZ-like Cu binding motifs does not influence Cu binding, but it increases the flexibility of this motif (Palm-Espling et al., 2013), most likely by reducing interactions with other hydrophobic residues (Rosenzweig et al., 1999; Poger et al., 2005). The absence of the Met residue in the N-MBS2 of CcoI could potentially position the cysteine residues in a more flexible conformation, suitable to receive Cu from alternative Cu donors, including glutaredoxin and small molecules, like glutathione or cysteine (Figure 7; Helbig et al., 2008; Banci et al., 2010c; Singleton et al., 2010; Aliaga et al., 2016; Bhattacharjee et al., 2017; Dolgova et al., 2017). These molecules have been linked to Cu metabolism in other species (Li et al., 2004; Helbig et al., 2008) and have been shown to interact with P1B-type ATPases (Rosenzweig et al., 1999; Maghool et al., 2020). A CopZ independent Cu transfer to CcoI would also explain, why cbb3-Cox activity is reduced by only 30% in the absence of CopZ (Utz et al., 2019).

Our data show that the function of both N-MBSs and the TM-MBS in R. capsulatus CcoI can be functionally dissected. The mutated CcoI variants are produced at a comparable level (Figure 4B), but show distinct effects on cbb3-Cox activity. Mutating either N-MBS in CcoI reduces cbb3-Cox activity by about 75%, while mutating the TM-MBS1 reduces it completely (Figure 4D). This indicates that both of the N-MBSs are important but not essential for CcoI-mediated Cu translocation (Figure 7). However, cbb3-Cox activity in the N-MBS1 mutant can be fully restored by additional Cu, while the N-MBS2 mutant is only partially rescued. This is different for the TM-MBS1 mutant, which does not support cbb3-Cox assembly even at higher Cu concentrations. The observation that the cbb3-Cox related phenotype of the N-MBS2 mutant lies between the phenotypes observed for the N-MBS1 and TM-MBS1 mutants, suggests that the main function of N-MBS2 is to increase the local Cu concentration in close proximity to the TM-MBSs, while Cu-binding to N-MBS1 is additionally required for regulating the ATPase activity (Figure 7). Although further studies are needed to firmly establish a regulatory role of N-MBS1, this possibility is in line with the reduced ATPase activity of the N-MBS1 mutant and increased Cu(I) sensitivity when N-MBS2 is mutated. Due to the similarity between the N-MBS2 of CcoI and the Cu binding motif of CopZ, it appears likely that Cu is transferred from CopZ to N-MBS2, similarly as observed for CopA-like ATPases (Figure 7; Mandal and Arguello, 2003; Singleton and Le Brun, 2007; Rodriguez-Granillo and Wittung-Stafshede, 2008; Boal and Rosenzweig, 2009; Gonzalez-Guerrero et al., 2009; Banci et al., 2010b; Argüello et al., 2013). This is in line with the transient interaction between CcoI and CopZ that has been observed in R. capsulatus (Utz et al., 2019). Cu-loading of N-MBS2 by CopZ possibly enhances the subsequent Cu translocation step (Arguello et al., 2016), which would explain why the N-MBS2 mutant cannot be fully rescued by increased Cu concentrations. The partial rescue of the N-MBS2 mutant by increasing Cu concentrations (Figure 7) might be due to the presence of a conserved Cu entrance platform on the cytoplasmic side of TM2 in CcoI. In CopA, this site has been shown to serve as an additional contact site for direct Cu delivery to TM-MBSs (Gonzalez-Guerrero and Arguello, 2008).

Our data show that the in vitro ATPase activity of CcoI is inhibited by rather low Cu(I), but not Cu(II), concentrations. At Cu concentrations of 5–40μM, which are often used for stimulating CopA-like ATPases (Drees et al., 2015), the CcoI-like ATPase is almost completely inhibited. CopA-like ATPases can also be inhibited by high Cu(I) concentrations, but this does not depend on the MBSs (Hatori et al., 2008), and rather appears to be unspecific because it has also been observed for Zn2+/Cd2+- transporting P-type ATPases (Schurig-Briccio and Gennis, 2012). This inhibition is different in the case of CcoI, as our data show that inactivation of N-MBS2 significantly increases Cu(I) sensitivity, while inactivating N-MBS1 does not influence Cu(I) inhibition. In R. capsulatus, Cu(I) induced inhibition of CcoI is likely physiologically relevant for coordinating Cu export via either CopA or CcoI. CopA-like ATPases are transcriptionally up-regulated in response to 10μM Cu supplementation (Quintana et al., 2017; Utz et al., 2019), while the expression of CcoI is down-regulated (Utz et al., 2019). However, at lower Cu concentrations (5μM), there is no significant change in the CcoI protein levels (Selamoglu et al., 2020). Thus, Cu(I)-induced substrate inhibition of CcoI might fine-tune the Cu export pathways, as its inhibition would prevent an overload of the Cu-delivery pathway to cbb3-Cox, while simultaneously boosting Cu-detoxification via the CopZ-CopA pathway.

P1B-type ATPases transfer Cu from cytosolic to periplasmic Cu chaperones and thus provide the link between the cytosolic and periplasmic Cu homeostasis systems (Rensing and Grass, 2003; Argüello et al., 2013; Andrei et al., 2020). R. capsulatus contains two characterized periplasmic Cu chaperones, SenC and PccA (Lohmeyer et al., 2012; Trasnea et al., 2016), which are predicted to transfer Cu from CcoI to cbb3-Cox (Figure 7; Andrei et al., 2020). A SenC-PccA complex has been observed in vivo (Trasnea et al., 2016) and copper exchange between both proteins can occur in vitro (Trasnea et al., 2018). However, it was still unknown whether SenC or PccA was the primary acceptor of CcoI-mediated Cu translocation. Our study now revealed that a genetically fused CcoI-SenC complex is sufficient to support cbb3-Cox assembly, even in the absence of PccA. This is in line with data showing that a ΔpccA strain still exhibits 60% of wild type cbb3-Cox activity, while the activity is dropped to less than 10% in the ΔsenC strain, which is also characterized by increased cytosolic Cu concentrations (Trasnea et al., 2016). However, both mutants are fully rescued by increasing the Cu concentration in the medium (Lohmeyer et al., 2012; Trasnea et al., 2016). SenC has been shown to directly interact with cbb3-Cox by chemical cross-linking (Lohmeyer et al., 2012), suggesting that SenC transfers Cu from CcoI to cbb3-Cox (Figure 7). Although we cannot exclude that the mobility of SenC’s periplasmic Cu-binding domain might be partially restricted in the CcoI-SenC fusion protein, the fusion protein is active as indicated by its ability to rescue both the ΔccoI and ΔsenC strains. A functional link between CcoI and SenC is also deduced from the observation that senC is transcriptionally upregulated at high Cu concentrations in the ΔccoI strain (Lohmeyer et al., 2012).

The role of PccA in Cu transfer to cbb3-Cox is less clear; PccA could be involved in conveying Cu to some periplasmic cuproproteins, including SenC. Detailed studies on the assembly of the di-copper center (CuA center) in subunit II of the aa3-type cytochrome c oxidase of Bradyrhizobium diazoefficiens have recently demonstrated that the first Cu is provided by the SenC-homologue Sco1 and that the PccA-homologue PcuC is required for regenerating Cu-loaded Sco1 and for providing the second Cu ion for the assembly of the CuA center (Canonica et al., 2019a, b). The CuB center of cbb3-Cox contains only one Cu and our data suggest that Cu-loading of SenC likely occurs via CcoI. Yet, PccA could serve as a back-up strategy for Cu loading of SenC (Figure 7), as supported by the observation that the SenC-PccA complex is stabilized in the absence of CcoI (Trasnea et al., 2016).

In summary, our study provides further insight into the complexity of cuproprotein biogenesis by demonstrating the ATP-dependent Cu translocation by CcoI, by dissecting the different functions of its two distinct N-terminal metal binding sites (N-MBSs), and by showing that a CcoI-SenC fusion protein is fully functional in Cu delivery to cbb3-Cox (Figure 7). This physical proximity suggests that SenC likely serves as acceptor for Cu that is translocated by CcoI into the periplasm and destined for cbb3-Cox maturation. Future studies monitoring direct Cu transfer from CcoI via SenC to cbb3-Cox will hopefully further validate this pathway.
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Chlorophylls (Chl)s exist in a variety of flavors and are ubiquitous in both the energy and electron transfer processes of photosynthesis. The functions they perform often occur on the ultrafast (fs–ns) time scale and until recently, these have been difficult to measure in real time. Further, the complexity of the binding pockets and the resulting protein-matrix effects that alter the respective electronic properties have rendered theoretical modeling of these states difficult. Recent advances in experimental methodology, computational modeling, and emergence of new reaction center (RC) structures have renewed interest in these processes and allowed researchers to elucidate previously ambiguous functions of Chls and related pheophytins. This is complemented by a wealth of experimental data obtained from decades of prior research. Studying the electronic properties of Chl molecules has advanced our understanding of both the nature of the primary charge separation and subsequent electron transfer processes of RCs. In this review, we examine the structures of primary electron donors in Type I and Type II RCs in relation to the vast body of spectroscopic research that has been performed on them to date. Further, we present density functional theory calculations on each oxidized primary donor to study both their electronic properties and our ability to model experimental spectroscopic data. This allows us to directly compare the electronic properties of hetero- and homodimeric RCs.

Keywords: primary donor, reaction center, heterodimer, homodimer, chlorophyll, electron paramagnetic resonance, density functional theory


INTRODUCTION

Photosynthesis is perhaps one of the most important processes in nature. The ability of oxygenic photosynthesis to utilize the virtually inexhaustible supply of solar energy has powered the planet for billions of years. Some of the earliest signs of the presence of anoxygenic phototrophs, found in South Africa, date to more than 3.4 Ga (Tice and Lowe, 2004) and are believed to have used hydrogen (H2) and/or iron (Fe) as the source reducing equivalents for carbon fixation (Widdel et al., 1993; Fischer et al., 2016). In the modern era, evolutionary history is marked by the advent of cyanobacteria [∼ 2.4 Ga (Hofmann, 1976; Bekker et al., 2004; Rasmussen et al., 2008)] that utilizes the free energy provided by the sun to generate a highly oxidizing species that splits water, producing reducing equivalents that are ultimately stored as NADPH or ‘biohydrogen’ for use in atmospheric CO2 fixation. This process has evolved to be incredibly efficient, with a quantum efficiency of 0.97 for energy capture (Şener et al., 2011). Furthermore, the energy loss in these systems is mitigated by electron-transfer processes where approx. 60% of the energy of a red photon is conserved (Ke et al., 1973).

Light-driven electron-transfer in photosynthesis originates in a structure known as the reaction center (RC). Reaction centers are large, multi-subunit pigment-protein complexes that harvest light energy through a network of internal or external chlorophyll (Chl) or bacteriochlorophyll (BChl) molecules and store the energy through charge separation and mobilization (Golbeck, 2006; Vinyard et al., 2013). Photoexcitation of the RC leads to rapid charge separation between two (or more) (B)Chl molecules bound in the polypeptide core of the RC. The initial charge separation is subsequently stabilized by electron transfer through a series of cofactors, which extends the lifetime of charge separation from the picosecond to the physiologically relevant millisecond time scale. There are two types of RCs in nature, Type I and Type II, that can be differentiated in several ways. The most obvious difference is the identity of the terminal electron acceptors of the RCs. The electron transfer pathway(s) in Type I RCs utilize iron-sulfur ([4Fe–4S]) clusters, whereas, Type II RCs use quinone molecules as terminal acceptors. Moreover, the identity and orientation of the primary electron acceptor(s) are different in Type I and II RCs (Figure 1). The primary acceptor of Type II RCs is a (bacterio)pheophytin [(B)Pheo], lacking a central metal ion, whereas the primary donor of the RC [with the exception of the RC from Acaryochloris marina (Chen et al., 2005; Tomo et al., 2007)] is a (B)Pheo derivative, (B)Chl, of the same type. In contrast, Type I RCs always contain (B)Chl a (or related derivative) as the primary acceptor regardless of the identity of the primary donor (Orf et al., 2018).
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FIGURE 1. Structure and orientation of early (B)Chl acceptors in Type I (top) and Type II (bottom) RCs viewed from different angles. (A,C) A parallel orientation of the primary donor macrocycle planes, and (B,D) a perpendicular orientation of the primary donor macrocycle planes. The (B)Chl molecules of the primary donor, (B)Chl1, are shown in green, (B)Chl2 in blue, and (B)Chl3/(B)Pheo in red. The two (pseudo-)symmetric branches of cofactors are denoted as ‘A’ and ‘B,’ respectively.


Reaction centers can be further categorized as homodimers and heterodimers. The core of homodimeric RCs is comprised of a dimer of polypeptide subunits that are encoded by a single gene, e.g., the RC of Heliobacterium modesticaldum. Homodimeric RCs tend to be simpler in function, containing fewer polypeptide subunits and electron-transfer cofactors (Gisriel et al., 2017). While there are two branches of symmetric cofactors available for electron transfer in homodimeric RCs, it is predicted that since there is no means of differentiating between the two branches, it is axiomatic that both are employed equally. In contrast, heterodimeric RCs contain two distinct polypeptide subunits with reasonably high sequence homology. These RCs also contain two branches of cofactors for electron transfer, which appear symmetric. However, the heterogeneity of the protein-matrix leads to significant differences in the usage and time scales of electron transfer. For example, in the heterodimeric Type I RC of cyanobacteria, photosystem I (PS I), electron transfer in the A-branch is preferred over the B-branch by a factor of ∼ 2 (Agalarov and Brettel, 2003; Poluektov et al., 2005). This situation is pushed to the extreme in heterodimeric Type II RCs, such as, photosystem II (PS II) and the bacterial RC (bRC) from Rhodobacter (Rba.) sphaeroides and Rhodopseudomonas (Rps.) viridis, where the A-branch is exclusively used for electron transfer (Mimuro et al., 1995; Wakeham and Jones, 2005; Williams and Allen, 2009; Vinyard et al., 2013). Although the protein matrix effects responsible for the free energy differences that lead to branch specificity in RCs are yet to be fully elucidated (Wakeham and Jones, 2005), the study of site-specific genetic variants has yielded partial insight on the factors that influence directionality in heterodimeric RCs (Kirmaier et al., 1991, 1999; de Boer et al., 2002).

(Bacterio)chlorophyll molecules are amongst the most ubiquitous cofactors in RCs, with BChls commonly found in anoxygenic phototrophic bacteria, such as, the green sulfur bacterium, Chlorobaculum tepidum, and purple bacterium, Rba. sphaeroides, while Chls are found in oxygenic phototrophs, such as, higher plants and cyanobacteria (Oren, 2011). Both Chl and BChl molecules are tetrapyrrole macrocycles that bind a central metal ion, which is usually Mg2+ (but also Zn2+ in rare cases) (Tomi et al., 2007; He et al., 2019; Charles et al., 2020). The (B)Chl molecules can be distinguished by the extent of delocalization of the π-system across the tetrapyrrole macrocycle, which leads to a shift in the absorbance maximum, with the BChls absorbing farther to the red (Strain and Svec, 1966). The (B)Chls can be further divided into different ‘flavors,’ differentiated by the substituents on the macrocycle and are often denoted by a letter, such as, Chl a and Chl b. There are six Chl molecules, Chl a, 81-hydroxy-Chl a, divinyl-Chl a/b, Chl b, Chl d, and Chl f, and six BChl molecules, BChl a, BChl b, BChl c, BChl d, BChl e and BChl g, currently known (Chew and Bryant, 2007). Divinyl (DV)Chls are a variation of Chls, where the ethyl group of the pyrrole ring (II) is changed to a vinyl group (Steglich et al., 2003; Ito and Tanaka, 2011; Barrera-Rojas et al., 2018). This relatively minor change allows for absorption of blue light with virtually no impact on the lifetime of the excited state (see below) or their fluorescence quantum yield (Steglich et al., 2003). They are predominately found in Prochlorococcus, a deep-sea growing marine cyanobacterium that uses DVChls to absorb the plentiful blue light found deeper in the water column (Ralf and Repeta, 1992; Moore et al., 1995; Partensky et al., 1999). In general, the various substituents on the (B)Chl macrocycles lead to changes of the extended π-system, which results in shifts of the absorbance bands. The structures of three of the most common (B)Chl molecules are shown in Figure 2. In addition to a functionalized tetrapyrrole macrocycle, (B)Chls contain a long hydrophobic tail that is often a phytol group (Chew and Bryant, 2007), but can also be other substituents, such as, farnesol in heliobacteria (Hb) (Kobayashi et al., 1991) and green sulfur bacteria (Gsb) (Frigaard et al., 2006). While the function of the phytol tail is likely to serve as a lipophilic anchor within the hydrophobic trans-membrane region(s) of proteins, it has been suggested that steric effects can impact the electronic properties of the macrocycle, as well as control the chelation properties of the central metal ion (Fiedor et al., 2008).
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FIGURE 2. The chemical structures of (A) chlorophyll a (Chl a) (B) chlorophyll b (Chl b), and (C) bacteriochlorophyll a (BChl a). The nitrogen atoms of the four pyrrole rings in each macrocycle are labeled as I, II, III, and IV, respectively.


The arrangement of (B)Chl molecules in Type I and Type II RCs are presented in Figure 1. For the purposes of this review article, we will follow a common nomenclature for the (B)Chl cofactors across a variety of hetero- and homodimeric RCs. The two branches of cofactors will be denoted as ‘A’ and ‘B,’ as is common for Type I RCs. It should be noted that for Type II RCs, ‘A’ corresponds to the ‘L’ and ‘D1’ branches of the bRC and PS II, respectively. Similarly, ‘B’ refers to the ‘M’ and ‘D2’ branches of the bRC and PS II, respectively. The two closely spaced (B)Chl molecules near the luminal side of each RC are termed Chl1X, where X is the associated A- or B-branch (Figure 1). These dimeric (B)Chl1A/1B molecules comprise the primary donor, Pλ, where λ is the wavelength of maximal absorbance. As both the chemical identity of the pair of (B)Chls in the primary donor, and the surrounding electrostatic environment vary between species, the value of λ is unique for each RC. We term the second pair of (B)Chl molecules of the RC as ‘(B)Chl2A/2B.’ The (B)Chl in this position is also commonly referred to as the ‘accessory (B)Chl,’ as well as BA/B and ChlA/B in the bRC and PS II, respectively. The orientation of (B)Chl2A/2B in Type I RCs is nearly perpendicular to the membrane plane, and parallel to the plane of (B)Chl3A/3B, while Type II RCs display a roughly parallel orientation of (B)Chl2A/2B with the membrane plane and are almost perpendicular to the neighboring (B)Pheo. We label the final pair of (B)Chl molecules in the RC as (B)Chl3A/3B, but we refer to these cofactors as (B)PheoA/B in Type II RCs (this in keeping with the nomenclature used for Type II RCs). The (B)Chl3A/3B molecules are also commonly referred to as HA/B and A0 in the bRC and PS I, respectively.

There are several reasons that (B)Chl molecules are ubiquitous in photosynthesis [reviewed in Mauzerall et al. (1976) and Björn et al. (2009)], and in the interest of brevity we will only address a few reasons here. First, Chl molecules have an extended and modifiable π-system, drastically reducing the energy gap between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), which allows for absorption of photons in the visible region of the electromagnetic spectrum. As described below, slight modification of the π-system of Chl derivatives allows for the absorption of different wavelengths of light. This, in turn, allows organisms to exist in a variety of different ecological niches, or to switch their relative Chl abundance in response to changes in the environment (Humbeck et al., 1984). Second, the extended lifetime of Chl excitation allows for efficient photochemistry. It should be noted that the time scale of Chl de-excitation in vivo is ∼ 0.3–2.3 ns (Brody and Rabinowitch, 1957; Mar et al., 1972; Morales et al., 2001) which is marginally faster than in vitro [5.1 and 3.9 ns for Chl a and Chl b, respectively (Brody and Rabinowitch, 1957; Brody, 2002)]. The enhanced time scale of de-excitation of Chl molecules in vivo is due to the interaction with the surrounding protein matrix. Regardless, these values are significantly slower than charge separation events, which occur with lifetimes of ∼ 100 fs (Shelaev et al., 2010) therefore providing ample time for photochemistry to occur.

Another important factor that dictates the use of (B)Chls is the tunability of the electronic properties through interactions with the surrounding protein matrix. Figure 3 showcases the redox potentials (both in vitro and in vivo) for a variety of monomeric (B)Chl molecules and primary donors of RCs. While smart protein-matrix interactions are not unique to (B)Chls, there are a multitude of methods by which the protein matrix can affect the redox properties of a Chl monomer or multimer (Srinivasan and Golbeck, 2009; Olson et al., 2013; Allen and Williams, 2014). One method for shifting a (B)Chl toward either a more positive or more negative redox potential is through the addition or elimination of charged residues within a distance of ∼10 Å of the cofactor (Williams et al., 2001; Johnson and Parson, 2002; Johnson et al., 2002; Ishikita et al., 2006). This method has immense flexibility in altering the potential depending on the charge of the added residue, with the impact being roughly controlled by the distance to that residue. The amplitude of this shift has been observed to vary for different cofactors, with a ∼50–60 mV shift (in either direction) for P865 (Allen and Williams, 2014) from the bRC, and up to +144 mV for the phylloquinones and iron-sulfur cluster, FX, of PS I (Karyagina et al., 2007; Srinivasan and Golbeck, 2009). Hydrogen bonding provides yet another means of tuning the redox properties of cofactors, with the added benefit of serving as a structural component. The redox potential of P865 has been shown to increase by 60–125 mV when a hydrogen bond is added, while removal of a preexisting bond decreases the potential by a similar amount (Allen and Williams, 2014). This effect is mirrored in the quinone acceptors of PS I (Srinivasan and Golbeck, 2009) and the bRC (Taguchi et al., 2013; Vermaas et al., 2015), to such an extent that the Gly225L residue that is hydrogen bonded to the secondary quinone acceptor, QB, of the bRC is thought to be primarily responsible for the difference of the redox potential between the primary and secondary quinone, QA, and QB (Wraight, 1979; Kleinfeld et al., 1984a; Taguchi et al., 2013). Indeed, the addition of a hydrogen bond to the phylloquinone acceptor, A1, in PS I (by altering the axial ligand of the Chl3 molecule) shifts its redox potential such that it is too positive to participate in forward electron transfer (Sun et al., 2014; Gorka et al., 2021a).
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FIGURE 3. Comparison of the mid-point potential of a variety of (B)Chls in vitro and primary donors in vivo. Isolated in vitro values are depicted in green and hetero and homodimeric primary donors are in blue and dark yellow, respectively.


While the addition of charged residues and hydrogen bonds constitute common strategies for controlling the redox properties of cofactors in proteins, there are aspects that are unique to (B)Chls in RCs. First, a typical strategy involves π-stacking of a nearby amino acid residue or neighboring cofactor. This has an ancillary benefit of facilitating the binding of cofactors (Mao et al., 2003), however, it is limited in that π-stacking only alters the potential in one direction, i.e., toward a more negative potential. This strategy has been used to alter the potential of the phylloquinone cofactors, A1A/1B, of PS I leading to a decrease in the potential from approx. 27 mV (Srinivasan and Golbeck, 2009) to 150 mV (Kaupp, 2002) by the presence of a π-stacked Trp679A/Trp677B residue. To date, there have been few studies of this phenomenon in (B)Chl molecules, but given the extended π-system of the (B)Chls, and the recent discovery of a π-stacked Phe residue in the green-sulfur bacterial (Gsb)RC (Chen et al., 2020), this appears to be a feasible approach. Additionally, the wide variety of available axial ligands that are employed in the binding of (B)Chls in RCs can have a sizeable impact on the redox potential (Heimdal et al., 2007). While most Chl molecules in the photosynthetic antenna complexes are bound by the imidazole of a His residue, as expected by hard-soft acid-base theory (Pearson, 1963), other groups are frequently employed as axial ligands as well. For example, a Met residue is used to bind the Chl molecules, Chl3A/3B, involved in electron transfer in PS I (Jordan et al., 2001), and changes to this axial ligand have been demonstrated to significantly impact the electronic (Gorka et al., 2021a) and electron-transfer (Cohen et al., 2004; Dashdorj et al., 2005; van der Est et al., 2009; Santabarbara et al., 2010) properties of Chl3A/3B. Finally, planar ring distortions can lead to changes in the absorptive features of (B)Chl molecules (Zucchelli et al., 2007). These protein matrix effects work in tandem to help tune the spectral, electronic, and redox properties of (B)Chl molecules so as to serve multiple functions, even within the same RC.

(B)Chls are critical to photosynthesis as they are not only used to harvest solar energy but these are the only pigments used to generate a charge-separated state, and play an integral role in photosynthetic electron transfer. Light harvesting in photosynthesis is often performed through a pool of densely packed (B)Chl molecules that allow energy transfer to neighboring pigments over very short time scales using fluorescence resonance energy transfer (FRET) (Oppenheimer and Schwinger, 1941; Şener et al., 2011). In the case of PS I, the antenna pool is contained within the RC itself (Jordan et al., 2001; Şener et al., 2011) and is comprised of nearly 100 Chl molecules, although additional antenna complexes are also formed under differing physiological conditions (Bibby et al., 2001). For example, the bacterial reaction center (bRC) and PS II contain light-harvesting complexes (LHCs), termed LHC-I and LHC-II, which aid in light harvesting and energy transfer through closely packed (B)Chl molecules (Deisenhofer et al., 1985; McDermott et al., 1995; Koepke et al., 1996; Papiz et al., 2003; Roszak et al., 2003; Şener et al., 2011; van Amerongen and Croce, 2013). This process can also occur externally through energy transfer from the chlorosome to the RC via the Fenna-Matthews-Olson (FMO) protein (Olson, 2004), as is the case for green sulfur bacteria (Olson, 2013). However, energy transfer to the RC in green sulfur bacteria is unusually inefficient (Blankenship et al., 1995; Francke et al., 1996; Neerken et al., 1998; Oh-oka et al., 1998; Olson, 1998), with an estimated value of only ∼ 30%. The energy of an absorbed photon migrates across this network of (B)Chl molecules until the energy finds its way to a thermodynamic well in the RC, known as the trap. Excitation of the trap leads to the charge-separation reaction in the RC. This process occurs on ultrafast time scales, from fs (Shelaev et al., 2010; Song et al., 2021) to ps (Holzapfel et al., 1989; Peloquin et al., 1994; Holzwarth and Müller, 1996), and has thus been difficult to study. Recent advances in theoretical and experimental techniques have led to several proposed models for charge separation in RCs. While a detailed analysis of every model is outside the scope of this review article, we will provide brief descriptions of the types that have been put forth. It should also be noted that given the variations in cofactor identity, structure, and organization in the different RCs, the exact mechanism of charge separation may vary between them. Therefore, the models for each RC are described in greater detail in the respective sections [for a comprehensive review, please see Savikhin and Jankowiak (2014)].

In general, three categories of models for charge-separation have been proposed in the literature, where the process originates either at the: (i) primary donor, (ii) accessory Chl, or (ii) a larger group of highly coupled cofactors. Shown in Scheme 1 is a simple representation of the models.
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SCHEME 1. Simple archetypes of charge separation models. (A) Excitation of primary donor, Pλ, leading to charge separation between Pλ and Chl3. (B) Excitation of Chl2, leading to charge separation between Chl2 and Chl3, followed by the hole on Chl2 being filled by Pλ. (C) Excitation of highly coupled Pλ, Chl2 (and potentially Chl3). Please note that Chl3 is a Pheo in Type II RCs.


For many years, the primary donor (P) had been thought of as the initial site for charge separation (White et al., 1996; Savikhin et al., 2000; Gibasiewicz et al., 2001; Gobets and van Grondelle, 2001; Gobets et al., 2001; Melkozernov, 2001; Savikhin and Jankowiak, 2014), whereby this electronically coupled special pair of (B)Chl molecules serves as an energy sink for the antenna complexes. While it was unclear whether the act of charge separation or energy transfer to the trap was the limiting factor, all of the models assumed that the low-potential reductant emerged from the primary donor, initially reducing (B)Chl2. Advances in ultrafast optical spectroscopy have made it possible to investigate the femto- and picosecond transient states of the RCs, which led to various proposed models for the charge separation reaction. A thorough review of ultrafast optical spectroscopy methods can be found in Berera et al. (2009) and Schlau-Cohen et al. (2012). Ultrafast spectroscopy has been employed for the study of the bRC (Van Brederode et al., 1997; van Brederode et al., 1998, 1999; van Stokkum et al., 1997; Vos et al., 1997; van Brederode and van Grondelle, 1999; Konar et al., 2018; Ma et al., 2019), PS II (Schatz et al., 1987; Peterman et al., 1998; Novoderezhkin et al., 2007; Myers et al., 2010), PS I (Müller et al., 2003, 2010; Holzwarth et al., 2006a; Cherepanov et al., 2017, 2020, 2021), and the HbRC (Kojima et al., 2020; Song et al., 2021). Early research on the bRC demonstrated that charge separation with the successful formation of the reduced QA⋅– state still occurs in site-directed genetic variants with significantly slower energy transfer from BChl2A∗ to P865 (Van Brederode et al., 1997; van Brederode et al., 1998). These results, coupled with the observation that direct excitation of BChl2A resulted in the formation of P865∗, led to a model in which BChl2A was the genesis of the charge-separated state. Other studies around the same time period suggested instead that the early BChls should be considered a hexamer, where both P865 and BChl2 can be coherently excited (Vos et al., 1997). Much later, multiple two-dimensional electronic spectroscopy with better time resolution showed that when vibrational and electronic factors are considered, it is more reasonable to conclude that P865 initiates charge separation (Niedringhaus et al., 2018; Ma et al., 2019) and that P865 and BChl2A/2B are electronically coupled, allowing for excited state migration (Konar et al., 2018). In principle, this could lead to the presence of multiple redundant mechanisms of charge separation in the system.

Analogous models for charge separation were also proposed for PS I using ultrafast spectroscopy methods. Ultrafast difference spectroscopy of wild-type (WT) PS I showed a mixture of the excited P700∗ state and the radical states associated with the charge-separated state, P700⋅+Chl2A/B⋅–. Moreover, perturbation of the protein environment surrounding the Chl2A/2B cofactors through site-directed genetic variants appeared to slow the formation of the charge-separated state in the symmetric branch, e.g., changes to Chl2B suppressed the formation of P700⋅+Chl2A⋅– state. This suggested the presence of a highly coupled system of Chl molecules in PS I. Most recently, ultrafast spectroscopy of both WT PS I and genetic variants of the protein environment in the vicinity of the Chl2 cofactor have suggested the formation of an initial excited state (Chl2AP700Chl2B)∗ (Cherepanov et al., 2020, 2021), which rapidly leads to the formation of the first charge-separated state, P700⋅+Chl2⋅–.

In contrast, Müller and coworkers have proposed a mechanism of charge separation in PS I that originates at Chl2 (Müller et al., 2003; Holzwarth et al., 2006a), where the first charge-separated state is Chl2⋅+Chl3⋅–. Here, the hole on Chl2 was suggested to be reduced by P700 (Chl1), forming the first stable charge-separated state, P700⋅+Chl3⋅–. Theoretical studies of PS II have found that this is a promising model, as Chl2 was observed to have the lowest site energy of the initial Chl/Pheo molecules in the core (Sirohiwal et al., 2020). Recent findings have indicated common ground with both of the models described above, suggesting that the initial four (or six) Chl molecules of PS I are highly electronically coupled, and participate in charge separation to various extents. Similar models have also been proposed for the homodimeric RC from H. modesticaldum, invoking both the BChl2/BChl3 pair (Song et al., 2021) and/or all six core BChl molecules (Kojima et al., 2020; Song et al., 2021) in the excited state. It should be noted that these models are not necessarily mutually exclusive as different models likely take priority under different excitation conditions and may vary between RCs.

With the recent availability of the X-ray crystal and cryo-electron microscopy structures of the HbRC and GsbRC (Gisriel et al., 2017; Chen et al., 2020), respectively, we have the unique opportunity to compare the electronic structure of the primary donors in a variety of RCs. The goal of this article is to review research on the geometric and electronic structure of a variety of primary donors of hetero and homodimeric RCs, with an emphasis on pulsed electron paramagnetic resonance (EPR) and density functional theory (DFT) methods. We will focus on six RCs: (i) The heterodimers, P700 of Photosystem I (PS I), P680 of Photosystem II (PS II), P865 and P960 of the bRCs from Rba. sphaeroides and Rps. viridis, respectively, and (ii) homodimers, P800 of H. modesticaldum and P840 of the green-sulfur bacterium, C. tepidum.



GEOMETRIC STRUCTURES


Geometric Structure of the Primary Donor of Heterodimeric Reaction Centers


The Primary Donor, P700, of Photosystem I

We begin by describing the extensively studied primary donor, P700, of PS I. Cyanobacterial PS I [reviewed in Golbeck (2006)] is a composed of 12 or 13 polypeptide subunits that bind the light-harvesting and electron-transfer cofactors. There are 90 Chl a molecules that function as the light-harvesting antenna while the electron-transfer cofactors are comprised of two pseudo-symmetric branches of six Chl a molecules (Chl1A/1B, Chl2A/2B, and Chl3A/3B), two phylloquinones (A1A/1B), and three [4Fe–4S] clusters, FX, FA and FB (Figures 4A,B). The electron-transfer cofactors are largely bound in the transmembrane PsaA and PsaB polypeptide subunits, with the terminal [4Fe–4S] clusters, FA and FB, bound by PsaC on the stromal side of the RC (Figure 4A).


[image: image]

FIGURE 4. (A) The core subunits (PsaA, green; PsaB, blue; and PsaC, yellow) and cofactors of PS I as observed by X-ray crystallography (PDB ID: 1jb0), (B) the cofactors that participate in the primary electron transfer pathway of PS I and (C) the binding pocket of the primary donor, P700. (D) The core subunits (D1, red; D2, blue) and cofactors of PS II as observed by X-ray crystallography (PDB ID: 3wu2), (E) the cofactors that participate in the primary electron transfer pathway of PS II and (F) the binding pocket of the primary donor, P680. Commonly used labels are in parentheses. Part (C,F) emphasize the prominent protein-matrix effects of the primary donor of PS I and PS II, respectively, where the residues that are hydrogen bonded to the primary donors are shown in red, and nearby non-polar or π-stacked residues are colored in gray.


There is currently a lack of consensus on the mechanism of charge separation in PS I. Early models had suggested that P700 functioned as the source of the electron (White et al., 1996; Savikhin et al., 2000; Gibasiewicz et al., 2001; Gobets and van Grondelle, 2001; Gobets et al., 2001; Melkozernov, 2001; Savikhin and Jankowiak, 2014), whereby the dimerization of Chl1A/Chl1B created a lower energy site that traps the excitation energy. Subsequently, it was proposed that Chl2, instead of acting as the first electron acceptor, served to trap the energy and was the source of the charge-separated state (Müller et al., 2003; Holzwarth et al., 2006a). It was proposed that Chl2 would reduce Chl3 and the hole that was generated would migrate to P700, ultimately creating the charge-separated P700⋅+Chl3⋅– state. However, theoretical studies have suggested that the redox potentials of the Chl2/Chl3 pair make this mechanism thermodynamically unlikely (Ptushenko et al., 2008). More recently, advances in theoretical and experimental methods have led to a highly electronically coupled model, wherein (P700Chl2AChl2B)∗ form an exciplex, with the negative charge localized primarily on Chl2 (Cherepanov et al., 2020, 2021). While there are differences that remain in the field, and the mechanism may vary based on experimental conditions and across organisms, it should be noted that similar models have been proposed in other Type I RCs (Kojima et al., 2020; Song et al., 2021).

While the overall mechanism remains under study, the lifetime of the various electron-transfer steps of PS I are reasonably well understood. Exciton migration from the antenna system to the trap appears to be the limiting step in charge separation, occurring with a lifetime of ∼ 5 ps (Wasielewski et al., 1987; Shelaev et al., 2010). However, charge separation is known to occur within 100 fs of photoexcitation of the trap (Shelaev et al., 2010). It is upon charge separation that the electron-transfer pathway bifurcates between the A- and B-branches, forming the P700⋅+A0A⋅– or P700⋅+A0B⋅– state. Unlike Type II RCs, each branch is utilized, albeit unequally, with the A-branch being favored in cyanobacteria by a factor of two in comparison with the B-branch (Agalarov and Brettel, 2003; Poluektov et al., 2005). Electron transfer then proceeds to the A1A and A1B cofactors within ∼ 30–50 ps (Brettel, 1997; Itoh et al., 2001), and then within 20 or 200 ns, respectively (Agalarov and Brettel, 2003; Kurashov et al., 2018) to the inter-polypeptide [4Fe–4S] cluster, FX, where the A- and B-branches are known to converge (Figure 4B). Subsequently, electron transfer occurs linearly though the FA and then FB clusters (Díaz-Quintana et al., 1998) with a lifetime of ∼ 200 ns, after which the electron is transferred to a soluble electron acceptor, ferredoxin (Mondal and Bruce, 2018) or flavodoxin (Pierella Karlusich and Carrillo, 2017), for downstream processes. For a detailed analysis of the electron-transfer and charge-recombination lifetimes in PS I, please see (Kurashov et al., 2018).

It is important to understand the structural and electronic factors that influence the redox and kinetic properties of the primary donor, P700, as it is critical for light-driven electron transfer in PS I. P700 is a dimer of a Chl a’ and Chl a molecules, Chl1A and Chl1B, where Chl a’ is the 132 epimer of Chl a (Kobayashi, 1996; Webber and Lubitz, 2001; Figure 4C). Of all of the primary donors that are discussed in this review, P700 appears to have the most extensive and asymmetric protein-cofactor interactions based on the X-ray crystal structure (Jordan et al., 2001). Perhaps an obvious indication is the striking asymmetry of the hydrogen (H)-bonding environment of the two Chl molecules, Chl1A and Chl1B, that comprise the primary donor. As can be seen in Figure 4C, Chl1A has three hydrogen bonds, provided by the Tyr735PsaA, Tyr603PsaA, and Thr743PsaA residues, with a hydrogen H-bonding distance of 2.8, 3.3, and 3.1 Å, respectively. Additionally, there is a water molecule within 3.3 Å of Chl1A, which is not present near Chl1B. While it is possible that the hydrogen bonds may facilitate selective binding of the Chl a’ epimer, these are also likely to serve as a means to alter the redox potential of Chl1A relative to Chl1B, providing strict control over the distribution of electron density. The hydrogen bonds do not appear to be the only significant deviation in the protein matrix that could influence asymmetry between Chl1A and Chl1B, as three Leu residues (Leu630PsaB, Leu650PsaA, and Leu654PsaA) preferentially interact with Chl1B, although Leu654Psa and Leu630PsaB are found in the non-overlapping regions of the rings. Beyond this, both contain axially ligated His residues, which should not contribute to any asymmetrical effects.

Alterations to the primary donor, P700, of PS I from Chlamydomonas reinhardtii with the axial ligands, His656PsaB and His676PsaA, have demonstrated profound effects on its properties. Initial studies, where the His656PsaB residue was replaced by Asn or Ser, displayed a shift in the mid-point potential of P700 by +40 mV, with a corresponding alteration in its spectral features. While such changes are to be expected, electron-nuclear double resonance (ENDOR) spectroscopy of P700⋅+ in the genetic variants revealed an increase in electron spin density at the methyl group in position 12 by ∼ 20%, suggesting a significant effect on the electron delocalization over the two halves of the dimer (Webber et al., 1996). Subsequently, additional variants were studied that included changes to the axial ligand of Chl1A on the A-side, His676PsaA, and non-polar, acidic, basic, and uncharged residues in the vicinity. Changes to the redox properties of P700 displayed an expected pattern, where soft base ligands, such as, the S atom of a Cys residue, had the most profound effect on the redox potential, shifting the potential by up to ∼ + 140 mV. The effects on the electronic properties of P700⋅+ were subtle and highly asymmetric.

Shown in Figure 5A are the inter-cofactor distances and orientation of the Chl1A/1B molecules of P700. P700 has perhaps the most archetypal parallel orientation of the two Chl macrocycles of Chl1A and Chl1B in the dimer, with the distance between the macrocycles varying from 3.5–3.6 Å. There is significant overlap of the ring planes of the Chl1A and Chl1B macrocycles, as the center-to-center distance between the two Mg2+ ions is 6.3 Å. Much like every other primary donor, the most prominent overlap occurs over the pyrrole group of the N3 atom, with a small overlap of the pyrrole of N2. The space-filling model in Figure 6A shows the extent of the overlap between the two macrocycles. Because of the significant overlap, the nearest ring nitrogen atoms are amongst the closest amongst all of the RCs discussed here. The most relevant are the N3A–N3B, N2A–N2B, and N3A–N2B distances of 3.7, 4.4, and 4.9 Å, respectively. These values are shown in Table 1 for comparison with analogous distances in other RCs. Figure 6A also highlights the typical orientation of the phytol tail of P700 in comparison with that of other Type I RCs, i.e., a configuration that is tight to the central rings of the macrocycles with a small bend influenced by the presence of a water molecule.
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FIGURE 5. Analysis of inter-cofactor distances and relative orientation of primary donors from the heterodimeric RCs: (A) Photosystem I, (B) Photosystem II, and the bacterial RC from (C) Rba. sphaeroides and (D) Rps. viridis.
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FIGURE 6. Space filling models of (A) P700 from PS I, (B) P680 from PS II, (C) P865 from the bRC of Rba. Sphaeroides and (D) P960 from the bRC of Rps. Viridis.



TABLE 1. Distance parameters of the primary donors of heterodimeric and homodimeric RCs.

[image: Table 1]


The Primary Donor, P680, of Photosystem II

This section is focused on the Type II heterodimeric RC, photosystem II (PS II) [reviewed in Vinyard et al. (2013) and Lakshmi et al. (2014)]. The primary electron-transfer cofactors of PS II are present in the core polypeptide subunits, D1 and D2, and encompassed by ∼ 22–23 smaller polypeptides, whose identity varies among differing organisms. The primary electron-transfer pathway of PS II is composed of the following cofactors that are common to heterodimeric Type II RCs: four pseudo-symmetric Chl a molecules, two pheophytins (PheoA and PheoB) and two quinones (QA and QB) (Figures 4D,E). In contrast to other Type II RCs, the electron-transfer pathways also contain two redox-active tyrosine residues, YD and YZ, and a unique tetranuclear manganese calcium-oxo (Mn4Ca-oxo) cluster, which is the well-known water-splitting catalytic moiety of PS II. The redox properties of the primary donor, P680, further differentiate PS II from other Type I and Type II RCs. The primary donor, P680, of PS II is by far the most oxidizing of any RC discovered thus far, with an Em of ∼ 1,200 mV (Rappaport et al., 2002; Ishikita et al., 2005, 2006; Figure 3). In fact, it is one of the most oxidizing species that is found in nature. The evolutionary reason for this is clear, as P680 needs to be a strong oxidant in order to allow for successive oxidations of the Mn4Ca-oxo cluster that leads to the catalytic conversion of two substrate water molecules into dioxygen. The extremely high oxidizing potential of P680 showcases the amazing ability of nature in modulating the redox potential of identical or highly similar cofactors for different purposes (Ishikita et al., 2006).

Once again, there are various proposals in literature on the location of the primary charge separation of PS II, but recent findings suggest that charge separation originates at the ‘accessory’ Chl, termed Chl2A (Groot et al., 2005; Holzwarth et al., 2006b; Romero et al., 2010; Duan et al., 2017; Sirohiwal et al., 2020; Tamura et al., 2020). Theoretical modeling of site energies has indicated that contrary to previous assumptions, Chl2A has the lowest energy of all of the initial Chls. The reason for this deviation from other Type II heterodimeric RCs (see below) is attributed to the need to incorporate the Mn4Ca-oxo cluster used in water splitting (Tamura et al., 2020). In other studies, Stark spectroscopy was used to observe multiple mixed exciton charge-transfer states: (Chl1Bδ+Chl1Aδ–Chl2A)∗, (Chl2Aδ+PheoDδ–)∗, and (Chl1B+Chl1A–)δ*, suggesting a highly electronically coupled model. Interestingly, multiple empirical methods have found two events associated with charge separation, at 100–400 fs and ∼1.8 ps (Romero et al., 2010; Duan et al., 2017). Regardless of the mechanism, within ∼ 1.5 ps of photoexcitation of the trap, an electron is transferred to PheoA, forming the charge-separated [P680⋅+PheoA⋅–] state. Unlike PS I, electron transfer within PS II is branch specific, only occurring through the A-side involving the cofactors associated with the D1 polypeptide subunit (with the exception of the primary quinone, QA, that is bound in the D2 polypeptide). The stabilization of the relatively short-lived P680⋅+PheoA⋅– state is achieved through rapid forward electron transfer to the primary quinone acceptor, QA, within 200 ps and then to the secondary quinone, QB, within ∼ 200–400 μs. Much like the bRC, QB is doubly reduced and doubly protonated after two turnovers of the RC, forming the labile quinol, QBH2, with the second electron transfer step occurring notably slower than the first one (∼500–800 μs) (Bowes et al., 1980; Robinson and Crofts, 1983; de Wijn and van Gorkom, 2001; Sauer and Yachandra, 2004). As previously mentioned, the terminal quinone acceptors are a hallmark of Type II RCs as are the [4Fe–4S] clusters of the Type I RC, PS I. Meanwhile, on the acceptor side, the hole on P680⋅+ is reduced by the redox-active tyrosine, YZ, which, in turn, is re-reduced by the Mn4Ca-oxo cluster. Two turnovers of PS II are required for the complete reduction of QB and a total of four turnovers results in the oxidation of two molecules of substrate water to dioxygen at the catalytic Mn4Ca-oxo cluster (Vinyard et al., 2013).

The primary donor of PS II, P680, is a dimer of Chl a molecules, Chl1A and Chl1B. In contrast with P700, which displays an asymmetry of interactions with the protein matrix, P680 of shows less asymmetry in the protein matrix for each Chl a molecule. P680 contains one hydrogen bond at each Chl a provided by the Ser282D2 residue and a water molecule at Chl1A and Chl1B, respectively (Figure 4F). Moreover, the axial ligand to each Chl a is a His residue, His197D1 and His198D2, where the His197D1 residue also serves to bind a water molecule in proximity of the Chl1A cofactor. It should be noted that the importance of the His198D2 residue is in question and may well be species-dependent. While the alteration of the His198D2 residue in PS II from Synechocystis sp. PCC 6803 displayed changes in the spectral profile of P680 with a corresponding drop in the redox potential of ∼ 80 mV (Diner et al., 2001), analogous genetic variants of His198D2 in PS II from Thermosynechococcus elongatus displayed no discernable effects on the spectral, redox, or kinetic properties of P680 (Sugiura et al., 2008). Aside from the H-bonding interactions, the only other deviation between the environment of Chl1A and Chl1B of P680 are the residues Leu182D2 (near Chl1B) and Met183D1 (near Chl1B), in the non-overlapping region of the Chl a macrocycles.

The primary donor, P680, further differentiates itself from P700 in terms of the inter-cofactor distances and relative orientation of the Chl a molecules. While the macrocycles adopt a parallel orientation with a similar distance between the ring planes of Chl1A and Chl1B of 3.4–3.6 Å, the distance between the Mg2+ ions increases to 8.2 Å in P680. This results in minimal overlap of Chl1A and Chl1B, which is evident only in part of the N3 pyrrole group (Figure 5B, Top Panel). The limited overlap of the ring planes is further manifest as an increased distance between the nearest nitrogen atoms of Chl1A and Chl1B. The distance for the three nearest nitrogen atoms are: N3D1–N3D2 (5.0 Å), N3D1–N2D2 (5.6 Å), and N2D1–N2D2 (6.2 Å) (Figure 5B, bottom panel). This reveals that not only is there an increase in the distance between proximal nitrogen atoms of Chl1A and Chl1B, but the longest distance of the three nitrogen atoms is observed in N2D1–N2D2 (as opposed to N3A–N2B for P700). This suggests that the macrocycles exhibit a small degree of ‘outward’ rotation relative to each other. However, the orientation of the tail of P680 is typical of other Type II RCs, where it extends outward toward the stromal side of the protein. The space-filling model shown in Figure 6B provides a visual representation of the change in ring overlap, slight outward rotation, and the change of the tail orientation of P680.



The Primary Donor, P865 and P960, of the Bacterial Reaction Centers

The final set of heterodimeric primary donors is that of the bRCs from Rba. sphaeroides and Rps. viridis (more recently known as Bl. viridis) [reviewed in Leonova et al. (2011) and Savikhin and Jankowiak (2014)]. The determination of the X-ray crystal structure of these RCs dates back to several decades. Indeed, the first X-ray crystal structure of a membrane protein ever obtained was from Rps. viridis, for which Hartmut Michel, Robert Huber, and Johann Deisenhofer were awarded the Nobel Prize in chemistry in 1988 (Deisenhofer et al., 1985). In contrast with the other heterodimeric RCs, the bRC is relatively simple, being composed of only three polypeptide subunits, L, M, and H. An additional subunit containing four cytochrome c polypeptides is present in Rps. viridis, but the electron-transfer cofactors are entirely contained within the L and M subunits of the bRC. Similar to PS II, the electron transfer chain of the bRC is comprised of four bacteriochlorophylls (BChl), two bacteriopheophytins (BPheoA and BPheoB) and two quinones (QA and QB) (Figures 7A,B,D,E).
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FIGURE 7. (A) The core subunits (M, blue; and L, red) and cofactors of the bRC from Rba. sphaeroides as observed by X-ray crystallography (PDB ID: 1aij), (B) the cofactors that participate in the primary electron transfer pathway of the bRC from Rba. sphaeroides and (C) the binding pocket of the primary donor, P865. (D) The core subunits (M, blue; and L, red) and cofactors of the bRC from Rps. viridis as observed by X-ray crystallography (PDB ID: 2jbl), (E) the cofactors that participate in the primary electron transfer pathway of the bRC from Rps. viridis and (F) the binding pocket of the primary donor, P960. Commonly used labels are in parentheses. Part (C,F) emphasize the prominent protein-matrix effects of the primary donor of the bRC from Rba. sphaeroides and Rps. viridis, respectively, where the residues that are hydrogen bonded to the primary donors are shown in red, and nearby non-polar or π-stacked residues are colored in gray.


The predominant model of charge separation in the bRC includes the initiation of electron transfer at the primary donor (Niedringhaus et al., 2018), P865 and P960, in Rba. sphaeroides and Rps. viridis, respectively. Theoretical studies have even suggested that charge separation can occur in the primary donor between BChl1A and BChl1B itself (Xu et al., 2002). However, Huang and coworkers used polarization selective spectroscopic methods to demonstrate that the excitation of BChl2 can lead to two sub-populations, wherein there is rapid formation of BChl2A⋅+PheoA⋅– in approximately half of the RCs, and the excitation migrates to P865 in the remaining RCs (Huang et al., 2012). The photoexcitation of the primary donor results in charge separation within 3–5 ps in Rba. sphaeroides (Martin et al., 1986; Holzapfel et al., 1989; Lauterwasser et al., 1991; Peloquin et al., 1994; Holzwarth and Müller, 1996) and a slightly faster rate of ∼ 2 ps in Rps. viridis (Wasielewski and Tiede, 1986; Huppman et al., 2002). The rapid formation of the PheoA⋅– state is unexpected given its long distance from the primary donor. Hence, it was proposed that the accessory BChl, BChl2, may play a role in charge separation. Through a combination of transient absorption spectroscopy (Arlt et al., 1993; van Stokkum et al., 1997), ultrafast mid-IR spectroscopy (Pawlowicz et al., 2008), mutagenesis (Shkuropatov and Shuvalov, 1993; Heller et al., 1996; Kennis et al., 1997; Roberts et al., 2001), and cofactor replacement experiments (Kirmaier et al., 1995a,b), the presence of BChl2⋅– was indeed detected and it was found to play an integral role in electron transfer. However, the first stable electron transfer intermediate is largely considered to be PheoA⋅–, after which the electron is transferred to the primary quinone, QA, in ∼ 200 ps. The reduction of QA, and the subsequent change in the presence of an electric field causes a structural perturbation to the solvation (and ultimately the protein) structure (Arata and Parson, 1981; Kleinfeld et al., 1984b; McMahon et al., 1998), which allows for the final step of electron transfer and the reduction of the secondary quinone, QB. Similar to PS II, two turnovers of the bRC are required for the complete reduction of QB, which functions as a two-electron/two-proton acceptor, forming the quinol, QBH2 (Wraight, 2004).

The primary donor of the bRC is a dimer of two BChl molecules that are bound by the L and M polypeptide subunits. It is interesting that the identity of the BChls, and thus the spectral features of the primary donors, P865 and P960, of the bRC from Rba. sphaeroides and Rps. viridis are different. In Rba. sphaeroides, the primary donor, P865, is a dimer of BChl a molecules, while P960 of Rps. viridis is a dimer of BChl b molecules. In this section, we will focus on both bRCs as the differences between the two are minor. The binding site of P865 and P960 suggests a moderately asymmetric H-bonding environment that could influence the relative redox potential of each primary donor. As shown in Figures 7C,F, there is a hydrogen bond to the BChl molecules of P865 and P960 from the Tyr210L and Tyr195L residue that are within 3.4 and 2.6 Å, of BChl1B, respectively, and the His168L that is within 2.9 and 2.7 Å of BChl1A in P865 and P960, respectively. There is an additional residue that provides a hydrogen bond to BChl1A in P960, Thr248L, with the hydroxyl and carboxyl group at a distance of 2.7 and 3.3 Å, respectively. Additional differences between the two bRCs include the residues that are located in the non-overlapping region of the BChl rings. In P960, there are two non-polar residues, Val157L and Leu184M, whereas, in P865 there is a non-polar, Val157L, and an unusual polar residue, Thr186M. The axial ligands of all of the BChl molecules, however, remain similar to all of the other primary donors, with His202M (P865)/His200M (P960) and His173L ligating BChl1B and BChl1A, respectively.

Further analysis of the inter-cofactor distances and relative orientation of the BChl macrocycles of P865 of the bRC from Rba. sphaeroides reveals a structure that is similar to P680 of PS II, albeit with unusual features. A view of the macrocycle plane (Figure 5C, Top Panel) indicates an overlapping structure that is similar to PS II, whereby the overlap of the two BChl rings is nearly exclusively on the pyrrole associated with N3. The Mg–Mg distance of P865 is 7.6 Å, which is in between PS II (8.2 Å) and PS I (6.3 Å); however, there is significantly more overlap than exists in P680. But perhaps the most defining feature of the BChl dimer of P865 is in how it deviates from a parallel orientation of the ring planes. The macrocycles form a ‘V’ shape when viewed parallel to the ring plane, pointing toward the luminal side of the protein. While most prominently seen in Rps. viridis, it is also observed in Rba. sphaeroides (Figures 5C,D). As expected, this results in a change of the distance between the nearest nitrogen atoms of the macrocycles. While the N3 nitrogen atoms remain the closest at 4.6 Å and the N3M–N2L distance is next at 6.0 and 5.9 Å in P865 and P960, respectively, N2M is located at a distance of 5.9 and 5.8 Å from N3L in P865 and P960, respectively, which is different from the pattern that is observed in other RCs. The space-filling model P865 and P960 shown in Figures 6C,D displays the macrocycle overlap and tail orientation that is common to other Type II RCs.



Geometric Structure of the Primary Donor of Homodimeric Reaction Centers


The Primary Donor, P800, of Heliobacterium modesticaldum

The homodimeric RC from H. modesticaldum, HbRC, is a simplified complex which is often considered an exemplar of ancestral Type I RCs (Ferlez et al., 2016; Orf et al., 2018). It has long been known that the HbRC is composed of a dimer of PshA polypeptide subunits, but it was not until the availability of the X-ray crystal structure that another identical pair of polypeptide subunits, PshX, were found on the periphery of each PshA polypeptide subunit (Gisriel et al., 2017; Figure 8A). The electron-transfer cofactors are completely housed in the PshA polypeptide core, and are comprised of four symmetric BChl g molecules, two 81-OH Chl a molecules, and a single inter-polypeptide [4Fe–4S] cluster, FX (Figure 8B). Note the lack of the two quinones and two additional [4Fe–4S] clusters bound by a small soluble ferredoxin-like protein present in the other Type I RC, PS I, discussed above (Romberger and Golbeck, 2012).
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FIGURE 8. (A) The core subunits (PshA, Blue and Red) and cofactors of the HbRC from H. modesticaldum as observed by X-ray crystallography (PDB ID: 5v8k), (B) the cofactors that participate in the primary electron transfer pathway of the HbRC and (C) the binding pocket of the primary donor, P800. (D) The core subunits (PscA1, blue; PscA2, red; and PscB, green) and cofactors GsbRC from C. tepidum as observed by cryo-electron microscopy (PDB ID: 6m32), (E) the cofactors that participate in the primary electron transfer pathway of the GsbRC and (F) the binding pocket of the primary donor, P840. The residues in part (C,F) that are providing hydrogen bonds are shown in red, and nearby non-polar or π-stacked residues are colored in gray.


The mechanism(s) of primary charge separation in the HbRC has been the focus of several recent studies. The unusual pigment composition of the HbRC, where multiple types of (B)Chl molecules are involved in electron transfer, lends itself particularly well to the direct observation of the transient excited states using optical spectroscopic methods. Ultrafast pump-probe spectroscopy was initially employed to study energy transfer amongst the various pools of BChl molecules as well as the initial states of charge separation, suggesting a highly coupled system of early BChl molecules (Kojima et al., 2020). Subsequently, global analysis of two-dimensional electronic spectra suggested multiple pathways of charge separation. The direct photoexcitation of the trap was suggested to generate the excited state [BChl2/Chl3]∗, which then extended to [P800/BChl2/Chl3]∗ in ∼ 90 fs and led to the formation of the first charge-separated state, [P800/BChl2]⋅–Chl3⋅+, within 900 fs (Song et al., 2021). Alternately, the excitation of the antenna system led to the formation of the initial charge-separated state, [P800/BChl2]⋅–Chl3⋅+, within 2.2 ps. Regardless of which mechanism is involved, the final charge separated state, P800⋅+A0⋅–, was formed within 20–25 ps, which is in agreement with previous observations (Chauvet et al., 2013; Kojima et al., 2020). Once the stable P800⋅+A0⋅– state is formed in the HbRC, the electron is transferred to the FX cluster in 600–800 ps (Nuijs et al., 1985a; Chauvet et al., 2013).

Much like PS I, the primary donor of the HbRC, P800, is composed of an epimer of the primary pigment of the RC, which is BChl g’ (Kobayashi et al., 1991). The P800 dimer may be the most interesting of all the cases discussed here, not because it contains extensive protein-matrix effects like those observed for P700, but rather due to the lack of apparent protein matrix effects from the surrounding environment. While FTIR spectroscopy had previously suggested that a cysteine residue, either Cys469 or Cys601, may be hydrogen bonded to the primary donor itself (Noguchi et al., 1997), the high-resolution X-ray crystal structure of the HbRC has revealed that this is not the case (Gisriel et al., 2017). Instead, the differential signal at 2550/2560 cm–1 that was observed in the FTIR spectra was likely due to Cys601, a residue that is in close proximity to the axial His ligands, His537, of P800. Indeed, there are no apparent hydrogen bonds that have been observed in either of the BChl g’ molecules of the HbRC (Figure 8C). Also lacking are any effects from neighboring water molecules. The only observable residues are Ile514 that resides in the non-overlapping region of the BChl g’ macrocycles and a nearby Phe511 residue within 4.4 Å that is oriented in a pseudo π-stacked fashion.

Several facets of the inter-cofactor distances and relative macrocycle orientation further showcase the unique nature of the BChl g’ dimer of P800. The Mg–Mg distance is the shortest of all known RCs, at 5.7 Å, which results in a significant amount overlap of the BChl g’ macrocycles (Figure 9A). Moreover, while the macrocycles maintain a roughly parallel orientation, there is a minor bend in each BChl, which causes the distance between the rings to vary from 3.1 to ∼ 3.5 Å, the former being the shortest distance between ring planes seen thus far. An interesting artifact of the macrocycle structure is reflected in the distance between the nearest nitrogen atoms of the rings. Not only is N3–N3 distance of 3.1 Å representative of the closest point between the two macrocycles, the distance between N2–N2 and N3–N2 for each ring is identical at 4.7 Å (the distance parameters for homodimeric RCs are summarized in Table 1). This suggests a highly coupled dimer resulting in nearly symmetric electron density on each macrocycle. The extensive overlap of the two macrocycles of P800 is evident in the space-filling model shown in Figure 10A, with a tail orientation typical of Type I RCs.
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FIGURE 9. Analysis of inter-cofactor distances and relative orientation of primary donors from the homodimeric RCs: (A) P800 from the HbRC, and (B) P840 from the GsbRC.
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FIGURE 10. Space filling models of (A) P800 from the HbRC and (B) P840 from the GsbRC.




The Primary Donor, P840, of Chlorobaculum tepidum

The RC from the green sulfur bacterium C. tepidum, GsbRC, is a homodimer of the membrane-bound PscA polypeptide subunit (Figures 8D,E), which is encoded by a single gene, pscA (Hager-Braun et al., 1999; Hauska et al., 2001). The GsbRC core also includes PscB, a polypeptide analogous to PsaC in PS I, however, this polypeptide subunit is less tightly bound than PsaC and can be removed with detergent treatment (Miller et al., 1992; Schmidt et al., 2000) or at relatively low salt concentration (Miller et al., 1992; Jagannathan and Golbeck, 2008). While the polypeptide core and accompanying cofactors of the GsbRC should be considered a homodimer, the symmetry is broken by the PscB polypeptide, whose arbitrary orientation (in conjunction with PscD) directs the binding of the FMO-1, -2, and -3 proteins on the cytoplasmic side of the membrane (Chen et al., 2020). The electron-transfer cofactors reside within the homodimeric core and are comprised of two BChl molecules that constitute the primary donor, P840, four Chl a molecules, and three [4Fe–4S] clusters, FX, FA, and FB. Similar to the HbRC, note the absence of any quinones between Chl3 and the [4Fe–4S] clusters. For a detailed review of the GsbRC, please see (Hauska et al., 2001).

Charge separation in the GsbRC appears to follow a pattern similar to that of other Type I RCs. Time-resolved transient absorption spectroscopy at various temperatures has suggested that a highly electronically coupled system of (B)Chls are responsible for energy trapping and primary charge separation (Neerken et al., 1998, 1999). It should be noted that similar data is not available for the homodimeric HbRC, hence, a detailed comparison of the mechanism is not possible here. Regardless, photoexcitation of the trap appears to be complete within 2 ps, allowing charge separation to occur within 25 ps (Francke et al., 1996; Neerken et al., 1998, 1999), a lifetime that is nearly identical to the HbRC. Optical spectroscopy on the picosecond time scale showed that subsequent electron transfer from A0⋅– to FX occurs within 600 ps (Nuijs et al., 1985b; Shuvalov et al., 1986), notably slower than A0⋅– oxidation in PS I. Electron transfer then proceeds linearly through the two [4Fe–4S] clusters, FA and FB, that are bound by the PscB subunit in <5 μs (Hauska et al., 2001).

Similar to PS I and HbRC, the primary donor of the GsbRC is comprised of a 132-epimer, BChl a’ (Kobayashi et al., 2000). Examination of the primary donor of the GsbRC in Figure 8F reveals that the protein-matrix effects are much more pronounced than those of the analogous homodimeric RC, the HbRC, from H. modesticaldum. As discussed recently, the markedly lower resolution of the cryo-electron microscopy structure (as compared to other X-ray structures) suggests that assignments of protein matrix interactions should be considered tentative (Gisriel et al., 2021). There exists a total of four hydrogen bonds, two on each BChl macrocycle, provided by the Tyr681 and Thr685 residues (Figure 8F). However, as this is a homodimeric RC, it is expected that the effects of these interactions will impact the redox properties of each BChl a molecule equally and only serve to alter the redox potential of the primary donor, P840, as opposed to influencing the localization of the charge density. Another interesting feature of the protein matrix is the identity of the non-polar residues that fill the non-overlapping region of the macrocycles. While these tend to be amino acid residues with a short aliphatic side chain, such as Val and Ile in both heterodimeric and homodimeric RCs, there are aromatic residues in the GsbRC, e.g., Phe600. The side chain of the Phe residues are orthogonal to the BChl a macrocycles, suggesting that there are no π-stacking interactions present. However, the aromatic residues are within a distance of 3.1 Å of the BChl a macrocycles and are likely to impact the redox properties of the P840 dimer.

The inter-cofactor distances and relative orientation of the BChl a macrocycles of the primary donor, P840, appear to be similar to P700 and P800 of PS I and the HbRC, respectively. The Mg–Mg distance of 6.4 Å for P840 (Figure 9B, Top Panel) is close to that of the P700 donor of PS I (6.3 Å), resulting in significant overlap of the two macrocycles, including both the pyrrole rings of N3 and to a lesser extent the pyrrole ring associated with N2. However, when viewed along the ring planes, it is clear that the macrocycles remain in a roughly parallel orientation, but adopt a non-planar or domed shape. While analogous to the HbRC, the deviation from planarity is much more extensive in P840. This bending results in a slight deviation in the identity of the nearest nitrogens of the macrocycles, where N3s remain proximal to each other at 3.9 Å, and both N2s are proximal to the opposing N3, at 5.4 and 5.5 Å. The space-filling model shows overlapping rings and a tail orientation that shares a high similarity to that of P700 (Figure 10B).



ELECTRONIC STRUCTURE OF THE PRIMARY DONOR OF HETERODIMERIC AND HOMODIMERIC REACTION CENTERS


Continuous-Wave and Pulsed Electron Paramagnetic Resonance Spectroscopy Measurements

Continuous-wave (CW) and pulsed electron paramagnetic resonance (EPR) spectroscopy has been used for the study of the electronic structure and function of (B)Chl cofactors of RCs (Commoner et al., 1956; Käβ et al., 1995, 1996; Käβ and Lubitz, 1996). As described above, developments in protein crystallization and X-ray crystallography led to outstanding high-resolution structures of PS I, PS II, the bRC and HbRC from cyanobacteria, purple bacteria and heliobacteria, respectively (Stowell et al., 1997; Jordan et al., 2001; Umena et al., 2011; Gisriel et al., 2017). These advances have been complemented by other techniques, such as, cryo-electron microscopy, that provided the structure of the GsbRC from green sulfur bacteria (Chen et al., 2020). While these structures have delivered insight on the geometry and relative topology of the (B)Chl dimers in the neutral ground state, spectroscopic measurements have been instrumental in determining the electronic properties of the individual primary donors. CW and pulsed EPR methods have been especially well suited to probe the structure of the oxidized primary donors as the high sensitivity and specificity of the detection of unpaired electron spin(s) has helped overcome limitations of the large size of the RCs, and the use of powder samples has largely eliminated the need for soluble or crystalline material.

Photooxidation of the primary donor, P, generates a paramagnetic center with an unpaired electron spin, S, of 1/2 which makes it possible to probe the P⋅+ state by EPR spectroscopy. The EPR signal of P⋅+ is known to display a relatively small g-anisotropy, with a featureless resonance at X-band (9.6 GHz) frequency (Commoner et al., 1956; Norris et al., 1971). One of the earliest applications of CW EPR spectroscopy demonstrated that steady-state photoaccumulation of the primary donor cation, P700⋅+, of PS I (Commoner et al., 1956), resulted in a signal at a g value of 2.0025. Subsequently, Norris and coworkers showed that the EPR signal of P700⋅+ arises from a strongly excitonically coupled Chl a dimer (Norris et al., 1971; Davis et al., 1993; Mac et al., 1998; Käβ et al., 2001) with a line width that is narrower than that of monomeric Chl a⋅+ in vitro (Norris et al., 1971). This observation provided initial evidence for the delocalization of the unpaired electron spin across the dimeric Chl1A/1B cofactors of P700⋅+ (Norris et al., 1971). The line width of the excitonically coupled dimeric Chl1A/1B molecules of P700⋅+ is related to the width of a monomeric cation signal through the relationship, ΔHN = 1/√N⋅ΔHM (where ΔHN and ΔHM are the line width of the multimeric chlorophyll cation with spin delocalization, ChlN⋅+, and a monomeric Chl⋅+ cation, respectively). The presence of a narrower line width, and hence the possible delocalization of the unpaired electron spin, was also observed in the primary donor, P680⋅+ and P865⋅+, of PS II and the bRC from Rba. sphaeroides, respectively (van Gorkom et al., 1974; Davis et al., 1979).

Although the g-anisotropy of an oxidized primary donor, P⋅+, is not resolved at X-band (9.6 GHz) frequency, it is possible to observe the anisotropy at higher EPR frequencies (Webber and Lubitz, 2001). One of us has previously demonstrated that the g-anisotropy of P700⋅+ can be resolved at D-band (130 GHz) EPR frequency using perdeuterated PS I from Synechococcus lividus (Poluektov et al., 2002). These studies suggested that the g-anisotropy of P700⋅+ is smaller than that of monomeric Chl a⋅+ in vitro, which was explained by the delocalized electronic character of P700⋅+ or a heteromeric model of the primary donor. Using higher EPR frequencies, Angerhofer, Redding and coworkers determined the g-anisotropy of P700⋅+ of PS I from Chlamydomonas reinhardtii (Petrenko et al., 2004) and higher plants (Bratt et al., 1997, 2000), which suggested that the electron spin distribution of P700⋅+ may be more monomeric than dimeric. A similar comparison of the g-anisotropy of P865⋅+ of the bRC from Rba. sphaeroides with monomeric BChl a⋅+ in vitro also revealed little difference in the respective line widths (Burghaus et al., 1993). However, these results were in contrast with previous experimental and computational studies. Thus, it appeared that the magnitude of g-anisotropy of the primary donor cation, P⋅+, alone was not sufficient to provide definitive evidence on the extent of the delocalization of the electron spin over the (B)Chl molecules.

In principle, the direct measurement of magnetic hyperfine couplings between the unpaired electron spin and NMR-active nuclei could reveal the distribution of the electron spin density and hence, the electronic structure of the Chl1A/1B dimer in the oxidized primary donor, P⋅+. However, it is not possible to measure the electron-nuclear hyperfine interactions using CW EPR spectroscopy due to the inhomogeneous broadening of the peaks in the spectrum. Therefore, hyperfine spectroscopy methods, such as ENDOR, electron-spin-echo envelope modulation (ESEEM) and two-dimensional (2D) hyperfine sub-level correlation (HYSCORE) spectroscopy, in conjunction with computational modeling, have been used to obtain information on the electronic structure of the oxidized primary donors (Britt, 1993; Deligiannakis et al., 2000; Lakshmi and Brudvig, 2000, 2001; Prisner et al., 2001; Harmer et al., 2009). The electron-nuclear hyperfine interactions determined by both experimental and computational methods have been used to identify the CW EPR signals, characterize the surrounding environment and coordination geometry, and quantitatively determine the hyperfine couplings and electron spin density distribution of the oxidized primary donors, P⋅+, in RCs. These measurements have included hyperfine interactions of the unpaired electron spin of the oxidized primary donor, P⋅+, with NMR-active nuclei, such as 1H, 13C, 15N and 14N of the (B)Chl molecules.

Electron-nuclear double resonance spectroscopy is a double resonance technique with reasonably high spectral resolution that has typically allowed for the measurement of small hyperfine couplings. Initial ENDOR spectroscopy studies of P⋅+ utilized CW radio-frequency irradiation, although this was replaced by pulsed methods, such as, Mims and Davies ENDOR, which have the advantage of more selective measurement of the nuclear hyperfine couplings (Hoffman, 2003; Kulik and Lubitz, 2009). More recently, ESEEM spectroscopy has been applied to the study of the oxidized primary donor, P⋅+, as it overcomes the inhomogeneous broadening of EPR resonances and provides access to unresolved electron-nuclear hyperfine couplings (Deligiannakis et al., 2000). The hyperfine couplings that are measured by ENDOR and ESEEM spectroscopy are orientation dependent, which means that information on the hyperfine anisotropy is lost in powder EPR samples with random orientations. Therefore, the hyperfine measurements of P⋅+ have also been performed on single-crystals of RCs or at high EPR frequencies, where the g-anisotropy of P⋅+ is better resolved making it possible to select for specific orientations of the molecules with respect to the applied magnetic field.

The nuclear transitions of multiple abundant spins, such as, 1H or 14N, in powder samples or frozen solutions have often been difficult to resolve by one-dimensional ENDOR and ESEEM spectroscopy due to spectral overcrowding of signals. Hence, we and others have been employing HYSCORE spectroscopy, which is a two-dimensional version of ESEEM, to obtain correlations between nuclear transitions to facilitate the detection and assignment of multiple hyperfine-coupled proton and nitrogen atoms of the oxidized primary donors, P⋅+, in two-dimensional frequency space (Höfer et al., 1986). All three of the hyperfine methods, ENDOR, ESEEM and HYSCORE, are highly sensitive as the electron spin-coupled nuclear transitions are monitored through the observation of a paramagnetic electron spin (Webber and Lubitz, 2001). Additionally, these methods are versatile as they can detect weak hyperfine couplings to less sensitive nuclei with smaller magnetic moments, such as, 14N and 15N atoms.

The hyperfine interactions of protons (1H), carbon (13C) and nitrogen (both 14N and isotope-labeled 15N) atoms of the oxidized primary donor, P700⋅+, P865⋅+, P960⋅+, P680⋅+, and P840⋅+ of the heterodimeric RCs, PS I, the bRC from Rba. sphaeroides and Rps. viridis, PS II and the homodimeric RCs, GsbRC from Chlorobium limicola and Chloroacidobacterium thermophilum (Cab. RC) (Charles et al., 2020), respectively, have been determined by pulsed EPR spectroscopy methods. As shown in Figures 4C,F, 7C,F, 8F, the primary donors of PS I, PS II, the bRCs and GbRC are comprised of a dimer of (B)Chl1A and (B)Chl1B molecules (Stowell et al., 1997; Jordan et al., 2001; Umena et al., 2011). Earliest estimates of the hyperfine coupling parameters of P700⋅+ of PS I were obtained by Dikanov, Astashkin and coworkers using ENDOR and ESEEM spectroscopy of the nitrogen atoms (both 14N and 15N) of the Chl a and Chl a’ macrocycles interacting with the unpaired electron spin (Dikanov et al., 1983; Astashkin et al., 1987). It was observed that the unpaired electron spin of P700⋅+ displayed magnetic interactions with four nitrogen atoms, where two of the nitrogens were strongly hyperfine coupled with an isotropic hyperfine coupling, Aiso, of ∼ 2 MHz, and two other nitrogens were weakly coupled with a much smaller Aiso of ∼ 0.2 MHz. While the early results were semi-qualitative, they established the feasibility of hyperfine measurements on P700⋅+ and highlighted the need for measurements that would yield higher spectral resolution.

Subsequently, the unpaired electron spin density distribution of the oxidized primary donors was determined by quantitative measurements of the hyperfine interactions of the protons and nitrogen atoms, which were compared with those of monomeric Chl a⋅+ and BChl a⋅+ in vitro (Astashkin et al., 1988). There is broad consensus in the field that the oxidized heterodimeric primary donors are comprised of a dimer of coupled (B)Chl molecules, albeit with small differences on the extent of asymmetry of the electron spin delocalization across the dimer. The asymmetric spin density distribution (ratio 3:1 to 5:1) of P700⋅+ has been observed by 1H, 14N and 15N ENDOR, HYSCORE and single crystal EPR and ENDOR measurements (Käβ et al., 1995; Käβ and Lubitz, 1996; Deligiannakis and Rutherford, 2001; Käβ et al., 2001; Webber and Lubitz, 2001; Chestnut et al., 2021). Recently, using 14N HYSCORE spectroscopy we conclusively established that there are at least four distinct 14N atoms (and likely more than four nitrogen atoms if we consider the possibility of overlapping cross-peaks in the spectrum) that are interacting with the unpaired electron spin of P700⋅+ (Gorka et al., 2021b). The isotropic hyperfine couplings, Aiso, range from 1.4–2.8 MHz, indicating that the electron spin is distributed on at least four nitrogen atoms. In conjunction with previous and current findings, this indicates that P700⋅+ is comprised of a strongly electronically coupled Chl a dimer, where the unpaired electron spin density distribution is asymmetric over the two Chl a molecules (Käβ et al., 1995; Käβ and Lubitz, 1996; Deligiannakis and Rutherford, 2001; Käβ et al., 2001; Webber and Lubitz, 2001; Chestnut et al., 2021). A summary of the experimental hyperfine and quadrupolar couplings of the nitrogen atoms of P700⋅+ is presented in Table 2.


TABLE 2. Experimental 14N isotropic hyperfine couplings of the nitrogen atoms of P700⋅+, P865⋅+, and P840⋅+ of the GsbRC and Cab. RC.

[image: Table 2]Early experimental measurements of P865⋅+ of the bRC from Rba. sphaeroides had determined two or four nitrogen hyperfine coupling tensors, which were on average smaller than those of the monomeric BChl a⋅+ in vitro by a factor of 2 (Lubitz et al., 1984). At the time, this seemed adequate as only four reduced hyperfine couplings were expected for the nitrogen atoms in a symmetric BChl dimer model of P865⋅+. Consequently, the first ENDOR and ESEEM spectroscopy studies were interpreted on the basis of an essentially symmetric spin density distribution across BChl1A and BChl1B of P865⋅+ (Lubitz et al., 1984; Lin et al., 1986; Astashkin et al., 1988). A detailed 1H ENDOR study performed on single crystals of the bRC from Rba. sphaeroides near room temperature showed that the 3:1 electron spin density distribution in favor of the Chl1A (Lendzian et al., 1993), which was also observed for P960⋅+ of the bRC from Rps. viridis (Lendzian et al., 1988). This observation was further supported by the determination of 15N hyperfine couplings under similar conditions using 15N-labeled single crystals of the bRC (Lendzian et al., 1992). However, the complete hyperfine tensors were not determined in these experiments and hence, the assignment of the hyperfine couplings was only possible by comparison with molecular orbital calculations. These results were further confirmed by ESEEM measurements of P865⋅+ and P960⋅+ of the bRC from Rba. sphaeroides and Rps. viridis (Davis et al., 1993). Subsequently, a combined ESEEM and HYSCORE spectroscopy study of monomeric 15N-labeled BChl a⋅+ in solution and P865⋅+ in I5N-labeled bRC from Rba. sphaeroides yielded a much higher asymmetry of the spin density ratio of approximately 5:1 (Käβ et al., 1995; Table 2).

Proton ENDOR and HYSCORE spectroscopy have also been employed for the study of the primary donor cation, P680⋅+, in core preparations of PS II containing the D1, D2 and cytochrome b559 polypeptides (Rigby et al., 1994a). The hyperfine parameters of the protons of methyl groups obtained from 1H ENDOR spectroscopy was used to calculate the electron spin density distribution of P680⋅+. Comparison of the hyperfine parameters and electron spin density distribution of P680⋅+ with the Chl a⋅+ monomer in vitro indicated an apparent reduction in the unpaired electron spin density for P680⋅+. Similar to P700⋅+ and P865⋅+, these studies suggested that P680⋅+ was a weakly coupled Chl1A/1B dimer with 82% of the unpaired electron spin located on one of the chlorophyll molecules. Based on the experimental hyperfine parameters of P700⋅+, P865⋅+, P960⋅+, and P680⋅+, it is evident that the asymmetric spin density distribution that is observed does not appear to be caused by the structural difference of the (B)Chl molecules of P⋅+ in heterodimeric RCs, but by the interaction of the cofactors with the protein environment.

There have been far fewer reports on the primary donors of the homodimeric RC, HbRC and GsbRC. The oxidized primer donor, P840⋅+, of the GsbRC in Chlorobium limicola membranes was studied by 1H ENDOR and Triple electron-nuclear-nuclear spectroscopy (Rigby et al., 1994b). These studies showed that P840⋅+ is comprised of a BChl a dimer with a highly symmetrical distribution of electron spin density between BChl1A and BChl1B. Moreover, Triple spectroscopy resolved the separate contributions of the two halves of the dimeric primary donor and revealed small deviations from a 1:1 electron spin density distribution. Subsequently, 14N ESEEM spectroscopy of the GsbRC in Chlorobium limicola membranes (Table 2) confirmed that the electron spin density distribution of P840⋅+ is shared equally between the two BChl a molecules (Bratt et al., 1996). In these studies, P840⋅+ was found to be closest yet to the symmetrical ‘dimer’ that was originally thought to exist in bRCs.

Most recently, we probed the oxidized primary donor, P840⋅+, of Chloroacidobacterium (Cab.) thermophilum with 14N and 67Zn HYSCORE spectroscopy (Charles et al., 2020). Cab. thermophilum is a microaerophilic, chlorophototrophic species in the phylum Acidobacteria that employs a homodimeric RC with BChl molecules. The Cab. RC is highly unusual, as pigment analyses have shown the presence of three (B)Chl molecules, BChl aP, Chl aPD, and Zn2+-BChl aP′, in the ratio 7.1:5.4:1 (He et al., 2019). While Chl aPD was shown to be the primary electron acceptor, we demonstrated that the primary electron donor, P840, contains a dimer of Zn2+-BChl aP′ molecules. The 14N and 67Zn hyperfine couplings (Table 2) and DFT calculations have indicated that the electron spin density is distributed nearly symmetrically over the two Zn2+-(B)Chl aP′ molecules of P840⋅+ (Charles et al., 2020), as expected in a homodimeric RC. To our knowledge, this is the only example of a photochemical RC in which the (B)Chl molecules of the primary donor are metalated differently from those of the antenna.



Computational Studies of the Spin Density Distribution

The electronic structure of the oxidized primary donors, P700⋅+, P680⋅+, P865⋅+, and P960⋅+, of the heterodimeric RC, PS I, PS II and the bRC, have been probed by semi-empirical molecular orbital, quantum mechanics/molecular modeling (QM/MM) and density functional theory (DFT) methods. Early RHF-INDO/SP calculations by Lubitz and coworkers suggested that P700⋅+ of PS I is formed by a dimer of Chl a and Chl a’ molecules, Chl1A and Chl1B, respectively, with an asymmetric charge and electron spin density distribution in favor of the Chl a half of the dimer (Käβ et al., 1995; Webber and Lubitz, 2001; Plato et al., 2003). The predicted asymmetry of the charge and spin density distribution across Chl1A and Chl1B was in agreement with previously reported EPR and ENDOR spectroscopy studies (Käβ et al., 2001). Interestingly, the stepwise inclusion of the electrostatic interactions of the Chl1A and Chl1B molecules of P700⋅+ with the neighboring amino acid residues, such as, Thr743PsaA, which forms a putative hydrogen bond with the keto group of Chl a’, and His680PsaA and His660PsaB, serving as axial ligands to the Mg atoms of Chl1A and Chl1B, respectively, led to systematic enhancement of the electronic asymmetry that yielded a spin density ratio of almost 5:1. Molecular orbital calculations indicated that hydrogen bonding specifically stabilized the Chl1B molecule of the dimer, which suggested that the unpaired electron of P700⋅+ would predominantly reside at this site. This was corroborated by the DFT calculations performed by Sun and coworkers, who found that the asymmetry of the spin density of P700⋅+ was mainly due to the hydrogen bond to the 131-keto-O group of Chl1A (Sun et al., 2004). More recently, using QM/MM methods Saito and Ishikita (Saito and Ishikita, 2011) estimated the asymmetry of spin density of P700⋅+ as 22.4:77.6 in favor of the Chl1B molecule. This ratio was in good agreement with the experimental value of 25:75–20:80 that was obtained for the spin density distribution for P700⋅+ of PS I from spinach (Davis et al., 1993) and 15:85 for P700⋅+ of PS I from Thermosynechococcus elongatus (Käβ et al., 2001). The general consensus has been that there are three factors that significantly contribute to a larger spin population of Chl1B relative to that of Chl1A, namely, (i) the presence of the Thr743PsaA residue that forms a hydrogen bond with the 131-keto-O group of Chl1A, which is absent in Chl1B, (ii) the identity of Chl1A as a Chl a epimer, which leads the methyl ester group of Chl1A and Chl1B to be oppositely oriented with respect to the chlorin plane and (iii) the conserved pair of Arg750PsaA and Ser734PsaB residues that interact with Chl1A and Chl1B.

The charge and spin density distribution of P680⋅+ of PS II has also been studied by DFT and QM/MM methods. The charge distribution determined by natural population analysis indicated that the positive charge of P680⋅+ was significantly delocalized over the two Chl a molecules, Chl1A and Chl1B, with a slight bias in favor of the Chl1B molecule (ratio of 0.46:0.54) (Takahashi et al., 2008). However, the charge delocalization, and similar spin density distribution, on Chl1A and Chl1B of P680⋅+ in this study (Takahashi et al., 2008) was in contrast with experimental observations that the charge is mostly localized on one of the Chl a molecules, Chl1A, of P680⋅+ (Rigby et al., 1994b). More recently, the delocalization of the charge and spin density across the Chl1A and Chl1B dimer of P680⋅+ was studied by Saito and coworkers using QM/MM methods (Saito and Ishikita, 2011). The Chl1A:Chl1B charge and spin density distribution was found to be 76.9:23.1 and 80.6:19.4, respectively, based on the complete structure of PS II that was obtained from the 1.9 Å X-ray crystal structure (Umena et al., 2011). The calculated spin density distribution was more asymmetric than the charge delocalization in the previous QM/MM study, which was also observed in computational studies of the other oxidized heterodimeric primary donors. The ratio of the spin density distribution on the Chl1A and Chl1B dimer of 80.6:19.4 was in agreement with the ratio of 82:18 that was obtained from experimental 1H ENDOR spectroscopy of P680⋅+ of PS II from spinach (Rigby et al., 1994a) and the ratio of 80:20 from flash-induced spectroscopic studies of PS II from Synechocystis sp. PCC 6803 (Diner et al., 2001). This suggested a preferential localization of the cationic state on Chl1A over Chl1B irrespective of the homology of the protein sequences between the D1 and D2 polypeptide subunits of PS II. Interestingly, the removal of the protein subunits of PS II in the QM/MM calculations yielded an isolated Chl1A:Chl1B ratio of 57.5:42.5 in vacuum. The significantly lower ratio of Chl1A:Chl1B in the absence of the polypeptide subunits, in comparison with that obtained in their presence, suggested that the remarkable asymmetric distribution of the cationic state among Chl1A and Chl1B of P680⋅+ was not due to the geometry of the Chl molecules but due to the asymmetric protein environment provided by PS II. Based on this observation, it was concluded that the Chl1A:Chl1B ratio of ∼ 80:20 was mainly due to the difference in the amino acid residues that were interacting with Chl1A and Chl1B of P680.

Initial semi-empirical RHF-INDO/SP calculations of the 15N hyperfine couplings of P865⋅+ of the bRC had yielded a spin density ratio of 1.8:1 across the BChl1A and BChl1B dimer, which appeared to be in agreement with the early 1H ENDOR data (Lendzian et al., 1992). However, later ENDOR, ESEEM and HYSCORE spectroscopy measurements of both single-crystal and powder samples of the bRC from Rba. sphaeroides and Rps. viridis indicated that the ratio of the electron spin density distribution is 3:1 or 5:1 in favor of BChl1A (Lendzian et al., 1988, 1992, 1993). Subsequent semi-empirical molecular orbital calculations by Lubitz and coworkers on the oxidized primary donor, P865⋅+, using RHF-INDO/SP methods (Käβ et al., 1995) reproduced the experimental isotropic hyperfine couplings to within 10% error, which facilitated the assignment of the hyperfine couplings of all of the nitrogen atoms of the BChl1A and BChl1B dimer and a ratio of the electron spin density distribution of 5:1 was deduced from the measured and assigned hyperfine couplings of the 15N atoms of P865⋅+. Most recently, the asymmetry of the spin density distribution and electronic coupling of the (B)Chl molecules of the oxidized primary donor, P865⋅+, from Rba. sphaeroides, as well as P700⋅+ and P680⋅+, of PS I and PS II from Synechococcus elongatus, and Thermosynechococcus vulcanus, respectively, was estimated by frozen-density embedding diabatic (FDE-diab) methodology (Artiukhin and Neugebauer, 2018). The calculated ratio of spin densities was in agreement with previous experimental results for PS II and the bRC, where 82% and 66% of the spin density of P680⋅+ and P865⋅+ was found to be located on the Chl1A molecule.

Density functional theory and QM/MM methods are powerful tools for the investigation of the electronic structure of the oxidized primary donors. As described above, there are several reports in literature on computational studies of P700⋅+, P680⋅+, P865⋅+, and P960⋅+ of PS I, PS II and the bRC from Rba. sphaeroides and Rps. viridis, respectively. However, to our best knowledge quantum-mechanical calculations to determine the hyperfine and quadrupolar parameters of the 14N atoms of the primary donors of the homodimeric RCs, with the exception of the Cab. RC (Charles et al., 2020), are lacking at this time. This may be because the high-resolution structures of homodimeric RCs have been determined only very recently. In order to facilitate a comparison of the oxidized primary donor of hetero- and homodimeric RCs, we performed DFT calculations on computational models of P800⋅+ and P840⋅+ of the HbRC and GsbRC from heliobacteria and green sulfur bacteria, respectively. The goal is to obtain a better understanding of the effect of the relative geometry, symmetry and protein matrix effects on the electronic structure of the dimeric BChl molecules in the oxidized primary donor of homodimeric RCs.

In order to assess the computational methods that were employed in this study, we performed DFT calculations on models of P700⋅+, P680⋅+ P865⋅+, and P960⋅+ that were derived from the X-ray crystal structure of PS I (Jordan et al., 2001) (PDB ID: 1jb0), PS II (Umena et al., 2011) (PDB ID: 3wu2) and the bRC from Rba. sphaeroides (PDB ID: 1pcr) (Ermler et al., 1994) and Rps. viridis (PDB ID: 1prc) (Deisenhofer et al., 1995). The computational model of each primary donor included the dimeric (B)Chl molecules, (B)Chl1A and (B)Chl1B, the axial histidine ligands of the (B)Chls and proximal hydrogen-bonding and hydrophobic residues in the protein matrix as observed in the respective structures (Figures 4C,F, 7C,F). The dimeric models contained the complete (B)Chl molecules with the exception that the phytol tail was truncated by a methyl group after 23 carbon atoms. Please note that there may be an effect of the accessory (B)Chl molecules, (B)Chl2A and (B)Chl2B, on the spin density distribution of the oxidized primary donors, which was not investigated in this study.

The single-point energy of each model was calculated employing the hybrid-generalized gradient approximation (hybrid-GGA) B3LYP functional (Dunham et al., 1971; Becke, 1988; Lee et al., 1988) along with the special EPR-optimized EPR-II (Barone, 1995) basis set for the lighter atoms and 6-31G(d) for magnesium, respectively, for most calculations, and the valence polarization basis sets (SVP and TZVP) (Schäfer et al., 1992; Weigend and Ahlrichs, 2005; Weigend, 2006) with the decontracted auxiliary basis sets (i.e., the coulomb fitting def2/J) (Weigend, 2006) when necessary. The calculations were performed in the spin-unrestricted mode for nuclear quadrupole couplings and isotropic hyperfine interactions of pyrrole nitrogen atoms. To account for the influence of solvent effects, a model of uniform dielectric constant of solvents using the conductor-like polarizable continuum model (CPCM) was used in the calculations (Klamt and Schüürmann, 1993; Cossi et al., 2003). The CPCM used a dielectric constant, ε, of 4.0 for incorporating the effects of the protein environment in all of the DFT calculations. All of the calculations included dispersion correction using a DFT-D3 approach with Becke-Johnson damping (D3BJ). In order to estimate the effect of the exchange functional, the hyperfine tensor calculations were also performed with the hybrid-meta-GGA TPSSh (Tao et al., 2003) functional along with the chain of spheres (RIJCOSX) (Staroverov et al., 2003; Neese et al., 2009) approximation and an EPR-II (Barone, 1995) and 6-31G(d) basis set for the lighter atoms and magnesium, that were previously used in the single-point energy calculations. The DFT calculations of P700⋅+, P680⋅+, P865⋅+, and P960⋅+ were validated by comparison of the calculated and previously published experimental hyperfine coupling constants of the 14N atoms. Although the absorbance features of chromophores have been reasonably estimated through quantum mechanical calculations [e.g., the primary donor of Rba. sphaeroides (Eccles et al., 1988)], we focused on the prediction of hyperfine coupling constants for the purpose of this review article.

As a starting point for the DFT calculations, we selected a simple computational model for P700⋅+ that was comprised only of the Chl1A and Chl1B molecules. In this model, the electron spin density across the singly occupied molecular orbital (SOMO) of isolated Chl1A/1B⋅+ was distributed predominantly on the Chl1A molecule. This was in contrast with experimental findings where the electron spin was predominantly located on Chl1B (see above). To determine the effects of protein-cofactor interactions, we systematically expanded the computational model of P700⋅+ to include the axial ligands, His680PsaA and His660PsaB, putative hydrogen-bonding residues, Thr743PsaA, Tyr735PsaA, and Tyr603PsaA and the hydrophobic residues, Leu630PsaB and Leu650PsaA. As observed in Figure 4C, the protein matrix effects appear to be completely asymmetric across the Chl1A/1B dimer of P700 as the hydrogen bonding and electrostatic interactions are limited to Chl1A, while the hydrophobic effects are localized in the vicinity of Chl1B. We observed that despite the presence of the axial His ligands and putative hydrogen bonding residues, the asymmetric electron spin density distribution in the SOMO that was observed in the DFT calculations was still in favor of Chl1A, albeit there was a slight change in the distribution of the spin density within the Chl1A molecule. Interestingly, it was the introduction of the hydrophobic effects from the addition of the residues, Leu630PsaB and Leu650PsaA, which resulted in a shift of the spin density distribution in favor of the Chl1B half of the dimer of P700⋅+.

For the DFT calculations of P865⋅+ of the bRC from Rba. sphaeroides, the computational model included the Tyr210L, Val157M, His202L, Thr186L, His168M, and His173M residues that are proximal to the BChl1A and BChl1B molecules in the X-ray crystal structure (Figure 7C; Ermler et al., 1994). Similarly, the computational model of P960⋅+ of the bRC from Rps. viridis contained the Val157M, Tyr195L, His200L, Leu184L, His168M, Trp167M, His173M, and Thr248M residues (Figure 7F). We observed that the calculated electron spin density distribution in the SOMO of P865⋅+ and P960⋅+ was in favor of the BChl1A molecule, both in the absence and presence of the hydrogen-bonding and hydrophobic amino acid residues. We observed a similar trend in the DFT calculation of P680⋅+ of PS II with a model comprised of the Chl1A and Chl1B dimer with the Ser282D1, Leu182D2, Met183D1, His197D1, and His198D2 residues (Figure 4F), where the spin density in the SOMO was located on the Chl1A half of the dimer. The localization of the electron spin density on the (B)Chl1A molecule of P865⋅+, P960⋅+, and P680⋅+ was in contrast with that of P700⋅+, where the asymmetric distribution of the electron spin density was in favor of the Chl1B molecule.

The hyperfine coupling constants of the 14N atoms of the oxidized primary donors, (B)Chl1A and (B)Chl1B, of P700⋅+, P680⋅+, P865⋅+, and P960⋅+ that were obtained from the DFT calculations are presented in Table 3. In the case of P700⋅+ and P865⋅+ of PS I and the bRC from Rba. sphaeroides, respectively, a comparison of the experimental (Table 2) and calculated (Table 3) 14N hyperfine couplings indicates that the calculations corroborate the experimental values obtained by ENDOR, ESEEM and HYSCORE spectroscopy. Further, the ratio of the asymmetric spin density distribution across the (B)Chl1A and (B)Chl1B dimer of P700⋅+ and P865⋅+ that was estimated from the spin populations was 5.7:1 and 5.6:1, respectively, which was in good agreement with the approximate estimate of Chl1B:Chl1A:5:1 and BChl1A:BChl1B:5:1 that was obtained from spectroscopic measurements of P700⋅+ and P865⋅+ (Käβ et al., 1995; Käβ et al., 1995; Käβ and Lubitz, 1996; Deligiannakis and Rutherford, 2001; Käβ et al., 2001; Chestnut et al., 2021). To our best knowledge, the 14N hyperfine coupling constants of P680⋅+ are not available in literature. However, the asymmetric spin density distribution that was determined in the DFT calculations of P680⋅+ of Chl1A:Chl1B:6:1 was roughly in agreement with the ratio of Chl1A:Chl1B:80:20 in literature. The broad agreement between the calculated and experimental hyperfine coupling constants and the high asymmetry of the electron spin density distribution of the oxidized heterodimeric primary donors indicates that the DFT methods used in this study are comparable with the experimental data in literature. However, it is important to note that the Kohn-Sham DFT methods employed may have resulted in slight over delocalization of the electron spin density across the oxidized primary donors (Artiukhin and Neugebauer, 2018). Further studies are in progress to address this possibility.


TABLE 3. Calculated 14N isotropic hyperfine coupling parameters of the nitrogen atoms of P700⋅+, P865⋅+, P960⋅+, P680⋅+, P800⋅+, P840⋅+ (of the GsbRC).
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The DFT calculations on the oxidized heterodimeric primary donors of PS I, PS II and the bRC were consistent the magnetic parameters and asymmetric electron spin distribution over the (B)Chl dimer of P700⋅+, P680⋅+, P865⋅+, and P960⋅+. Following which, we performed DFT calculations to understand better the effects of the electronic structure and local symmetry on the hyperfine and quadrupolar parameters of the 14N atoms in the oxidized primary donors, P800⋅+ and P840⋅+, of the RC from the HbRC and GsbRC, respectively. The coordinates for the atoms in the computational models of P800 and P840 were derived from the structures of the HbRC and GsbRC from H. modesticaldum (PDB ID: 5v8k) (Gisriel et al., 2017) and C. tepidum (PDB ID: 6m32) (Chen et al., 2020), respectively. Similar to the computational models of the heterodimeric primary donors, the models for the homodimeric ones included the dimeric BChl molecules, BChl1A and BChl1B, and the axial ligands to each BChl monomer (Figures 8C,F). Once again, the models contained the complete BChl molecules with the exception that the farnesol tail was truncated by a methyl group after 23 carbon atoms. Both the HbRC and GsbRC are comprised of a homodimeric polypeptide subunit core encoded by the single genes, pshA and pscA, respectively. However, the symmetry of the homodimeric core of the GsbRC is broken by the presence of an additional PscB polypeptide (Chen et al., 2020). Additionally, while the primary donor, P840, of the GsbRC contains a symmetric BChl a’ dimer with four hydrogen-bonding residues (Figure 8F), two on each BChl molecule, P800 of the HbRC is comprised of a dimer of BChl g′ molecules that lack hydrogen-bonding interactions (Figure 8C). However, it is expected that the effects of the hydrogen-bonding interactions of P840 of the GsbRC will impact the BChl molecules equally, which will not influence the localization of the charge or spin density distribution. Since there are no residues that appear to be participating in hydrogen bonds with P800 of the HbRC, the spin density is also expected to be completely symmetric.

The DFT calculations of the oxidized primary donor models, P800⋅+ and P840⋅+, of the HbRC and GsbRC were also performed with B3LYP level of theory using an EPR-II and 6-31G(d) basis set for the lighter atoms and Mg, respectively. The calculated 14N hyperfine coupling constants (Table 3) and the spin populations of BChl1A and BChl1B that were obtained from the DFT calculations indicated that the ratio of the electron spin density distribution across the dimer of P800⋅+ and P840⋅+ of the HbRC and GsbRC, respectively, are completely symmetric. The unpaired electron spin density distribution in the singly occupied molecular orbital (SOMO) of P800⋅+ and P840⋅+ was also symmetric (Figures 11A,B). The calculated hyperfine couplings of the nitrogen atoms of P800⋅+ of the HbRC and P840⋅+ of the GsbRC (Table 3) were in agreement with the experimental couplings obtained from 14N ESEEM and HYSCORE spectroscopy measurements of P840⋅+ from Chlorobium limicola and Cab. thermophilum membranes, respectively (Table 2), respectively. This is indeed interesting as P800 of the HbRC is comprised of a BChl g’ dimer, while P840 of Cab. thermophilum has been shown to a dimer of Zn2+-BChl a′ molecules. This suggests that the protein environment surrounding P⋅+ in the HbRC and GsbRC is likely similar to that of the Cab. thermophilum RC.
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FIGURE 11. Electron spin density distribution on the Chl1A macrocycles of the homodimeric oxidized primary donor (A) P800⋅+ of the HbRC from Heliobacterium modesticaldum (PDB ID: 5v8k) (Gisriel et al., 2017) and (B) P840⋅+ of the GsbRC from Chlorobaculum tepidum (PDB ID: 6m32) (Chen et al., 2020) in the singly occupied molecular orbital (SOMO) as determined through DFT calculations.


Although the symmetry of the homodimeric core in the structure of the GsbRC is broken due to the presence of the additional PscB polypeptide, it appears that this did not impact the magnetic parameters of the BChl dimer of P840⋅+. This finding is in agreement with the 1H ENDOR and HYSCORE spectroscopy studies that demonstrated that the electron distribution of P840⋅+ of the GsbRC from Chlorobium limicola was symmetrical in nature (Rigby et al., 1994b). However, there is the possibility that the small asymmetric effects from the extended protein environment, leading to minor deviations from total symmetry were not observed in the DFT calculations. This would most likely be due to the limited computational model of P840⋅+ that was adopted in this study.

The spatial arrangements of (B)Chl molecules in the primary donor of PS I, PS II, and the bRC are similar, where there are small differences in the inter-cofactor distance and relative orientation of the (B)Chl molecules. However, the protein matrix effects on the two halves of the (B)Chl dimer are highly asymmetric and this results in the localization of the spin density on a single (B)Chl molecule. We observed that the asymmetry of the spin density distribution is not solely caused by the structural differences of the (B)Chl macrocycles, but by the interaction of the cofactors with the protein environment. In contrast, these asymmetric effects are not present in homodimeric RCs, resulting in nearly equal sharing of spin density between the two BChl molecules (Figures 11A,B). The absence of asymmetric electrostatic and/or hydrophobic effects from the surrounding protein environment leads to a symmetric distribution of the charge and spin density in the homodimeric primary donors, P800⋅+ and P840⋅+. This effect is also mirrored in the distance between the macrocycles to ensure that spin density is not localized on one molecule. A direct consequence of the symmetric electronic structure of P800 and P840 is that it allows for electron transfer through both branches of cofactors with equal efficiency, which is not the case with the heterodimers examined in this study.



COMPARISON OF THE PRIMARY DONORS IN HETERO AND HOMODIMERIC REACTION CENTERS

Overall, the DFT calculations of the hetero- and homodimeric oxidized primary donors indicated that the presence of the surrounding protein matrix has profound effects on the distribution of the electron spin density across the (B)Chl molecules. Although the spatial arrangement of (B)Chl molecules in the primary donor of PS I, PS II, and the bRC are similar, there are small differences in the inter-cofactor distance and relative orientation of the (B)Chl molecules. As expected, at larger inter-molecular separations the spin density distribution becomes more localized on a single (B)Chl molecule. The increased localization of spin density in the cationic state is caused by the absolute magnitudes of the electronic coupling that decreases exponentially with the inter-molecular separation. It appears that this asymmetry of the spin density distribution is not solely caused by the structural differences of the (B)Chl macrocycles, but by the interaction of the cofactors with the protein environment. This is perhaps most apparent in P700, where the protein environment is highly asymmetric with respect to hydrogen bonds and non-polar residues around the two Chls. Interestingly, it is the combination of both hydrogen bonds and non-polar residues that provide the preferential localization on Chl1B, since, in the absence of the Leu residues, localization is expected to be completely inverted in favor of Chl1A. This observation may merit further detailed investigation. In contrast, these asymmetric effects are not present in homodimeric RCs, resulting in nearly equal sharing of spin density between the two BChl molecules.

The protein environment and its effect on the neutral P700 state was recently probed by Mitsuhashi et al. using a combination of computational methods (QM/MM/PCM and time-dependent DFT). They found that this asymmetric environment led to a high coupling for the HOMO of the neutral Chl1A/Chl1B pair (85 meV), but a low coupling of the LUMO (15 meV) (Mitsuhashi et al., 2021). They concluded that this caused a preferential (but not exclusive) localization of the excited state on Chl1A, resulting the strong preference for A-branch electron transfer. Interestingly, this does not extend to the bRC, where the neutral HOMO and LUMO couplings were found to be high (115 and 134 meV, respectively), implying that the excited state is shared nearly equally among the two BChl molecules. The deciding factor in branch specificity instead occurs at the BChl2A level, in line with previous mutagenesis experiments (Kirmaier et al., 2001). It appears that manipulations to the electronic structure of the primary donor alone are not enough to confer the quantitative branch specificity required in Type II RCs, but are sufficient to lend a slight preference to branch usage, as observed in PS I. This may explain why Type II RCs display less asymmetry of protein matrix effects while attaining high asymmetry in the branch usage.

In addition to affecting the electronic coupling between the two (B)Chl monomers, the protein matrix also influences the dimer as a whole. As highlighted in Figure 3, the monomeric (B)Chls as well as the primary donors exist on a wide distribution of possible redox potentials. From most oxidizing species, P680 of PS II with a potential of ∼ 1,200 mV, to the least oxidizing, P800 of the HbRC at ∼ 225 mV, the Em values span a range of nearly 1,000 mV, thus showcasing both the versatility and profound impact that the protein matrix effects can have in altering the electronic properties of (B)Chl molecules. An interesting example is the comparison of P700 of PS I to the P865 and P960 of the bRCs. There are significant differences in redox properties of BChl a [Em = + 640 mV (Fajer et al., 1975)], Chl a [Em = + 800 mV (Fajer et al., 1982; Maggiora et al., 1985)], and Chl b [Em = + 940 mV (Kobayashi et al., 2007)], and yet the primary donors of P700 (composed of Chl a), P865 (composed of BChl a), and P865 (composed of BChl b) that have nearly the same redox potential of ∼ 500 mV (Moss et al., 1991; Williams et al., 1992; Nagarajan et al., 1993; Lin et al., 1994; Brettel, 1997; Alric et al., 2004). It should be noted that the redox potential for BChl b is unknown, but it is likely more oxidizing than BChl a and close to that of Chl a. Regardless, through a combination of (B)Chl dimerization and implementation of extensive protein-matrix effects, heterodimeric RCs can modulate the redox potential of the primary donors by at least 300 mV as compared to the respective monomers. Perhaps even more impressive is the remarkably precise control that proteins have to tailor their interactions with chemically dissimilar molecules to achieve a highly similar mid-point potential.

Not only are RCs capable of tuning the mid-point potentials of disparate Chls to similar values, but the reverse is also observed, where proteins are able to modify chemically identical primary donors to achieve vastly different redox potentials. Nowhere is this effect more pronounced than in the comparison of P680 and P700 of PS II and PS I, respectively. Even though P680 and P700 are both composed of Chl a molecules, their redox potentials vary by over 600 mV, with the Em of P680 and P700 ∼ 1,200 mV (Rappaport et al., 2002; Ishikita et al., 2005) and ∼ 500 mV, respectively. Indeed, nature is able to take a modestly oxidizing species and form one of the most oxidizing cofactors in biology. Please note that the value of the redox potential of P700 is approximate, as it has been shown to vary in different organisms, with P700 of spinach PS I reporting a value of +470 and ∼ +400 mV for the cyanobacterium Gloeobacter violaceus (Nakamura et al., 2011). Regardless, the difference of ∼700 mV for a dimer of chemically identical Chl molecules is noteworthy. While this difference is staggering, it must be acknowledged that these RCs ultimately are primed to serve vastly different functions. PS I must generate a low potential reductant sufficient to reduce a soluble ferredoxin, while PS II needs to generate a strong oxidant for water splitting at the Mn4Ca-oxo cluster.

In contrast to heterodimers, the primary donors of homodimeric reaction centers exhibit remarkably similar midpoint potentials. Redox titrations on the primary donor, P840, of the GsbRC yielded a reduction potential of +217 (Azai et al., 2016)–+240 mV (Fowler et al., 1971; Prince and Olson, 1976; Hauska et al., 2001). Related experiments on P800 from the HbRC yielded a surprisingly similar Em of +225 mV (Prince et al., 1985). This is notable given the differences in the surrounding protein environment and chemical identity of the BChl molecules. While they share the same axial ligands, P800 lacks any hydrogen bonds while P840 has two putative hydrogen bonds to each BChl in the dimer and two unique aromatic residues in close proximity. There are currently no empirical measurements in the literature for the Em of BChl g, so it is difficult to assess the degree to which the redox potential of P800 must be altered to achieve a value of +225 mV. However, the fact that the HbRC, containing BChl g, can achieve the same redox potential as GsbRC, containing BChl a, without the extensive protein-matrix effects suggests a more oxidizing potential of BChl g. The reason for the Em of each RC to shift by ∼ 250 mV in comparison to the heterodimeric Type I RC, PS I, is not well understood, as both RCs are capable of reducing soluble ferredoxins (Seo et al., 2001; Romberger and Golbeck, 2012). It should be noted that the more simplified RCs have fewer electron transfer cofactors and therefore do not need to account for the loss of ΔG. However, that the GsbRC is associated with a cytochrome c551 that is only 53 mV more negative than P840 (Kusumoto et al., 1999) may be a contributing factor. Further insight can be gained from the HbRC, as the BChl g pigments that compose the primary donor are subject to relatively controlled oxidation to Chl aox in the presence of light and O2. Interestingly, partial oxidation of the pair, resulting in BChl g/Chl aox remains functionally active and able to generate a charge-separated state (Ferlez et al., 2015). However, full oxidation of both BChl g molecules results in a loss of activity. Whether this loss of activity arises from a decoupling of the dimer, a shifting of its redox potential, or another substantial change to its electronic properties remains an open question.

Alterations to the redox and electronic properties of primary donors and its effects on the efficiency of charge separation have been studied in literature. Interestingly, small changes to the local protein environment can substantially impact the redox potential of the primary donor. Allen and Williams (Allen and Williams, 1995) investigated a series of site-specific genetic variants that either altered, added, or deleted hydrogen bonds to P865. Removing all of the hydrogen bonds by replacing a His residue by a Phe decreased the redox potential of P865 by 95 mV, while the addition of three His residues resulting in a total of four hydrogen bonds increased the potential by 260 mV. Concomitant with increase of the redox potential was a decrease of the recombination rate of the P865⋅+QA⋅– state by 60% and an increase in the lifetime of the excited state decay by ∼ 15 times. Similar genetic variants of other bRCs have displayed similar effects (Jia et al., 1993; Wachtveitl et al., 1993a,b). For example, a change in the electrostatic environment when the Tyr210L residue in the bRC from Rps. viridis was replaced by Phe, Ile, or Trp, each resulted in a redox potential that was sequentially more positive (Alden et al., 1996). A better understanding of the factors that influence the redox properties of primary donors has allowed for exciting progress in re-directing electron transfer within the bRCs (Wakeham and Jones, 2005; Williams and Allen, 2009).

Nature has many robust tools for the tuning and control of photosynthetic electron transfer cofactors that are tailored to its various needs, especially the primary donors of photosynthetic RCs. It has demonstrated the ability to not only align the redox potential of differing cofactors, but also push identical molecules to extreme oxidative potentials. Protein-matrix effects have a profound impact on the electronic properties of both the neutral and oxidized states of the primary donor, which we are just beginning to understand. As shown in this review, modern computational methods can be employed to model these states and accurately re-create the electronic properties that are observed experimentally. As we are able to understand better the influence of hydrogen bonds, charged and/or hydrophobic residues, the geometry and relative orientation of the (B)Chls, and protein motion (Gorka et al., 2020) on the highly efficient processes of light harvesting and electron transfer, it delivers insight on the evolutionary photosynthetic origins in our past and provides a blueprint for the design of artificial photosynthetic systems in the future.
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Classification Description Taxonomic distribution
Class Type ECL1 length  Cys pair 1 ECL3 length Cys pair2 Other features
D 0 Medium No Extremely short No Compact TMB&7 Acidithiobacilli, Fe-oxidizing
gammaproteobacteria, Nitrococcus,
Metallibacterium, Salinisphaera, Defluviimonas;
thermoacidophilic Archaea:
Thermoplasmatales, Sulfolobales and Ca.
Marsarchaeota
c 1.0 Medium Yes Long No Long ICL2 Alicyclobacilli iron-oxidizers
c 1.0 Medium Yes Medium or short No Fused with ctaB or alone Deinococus-Thermus, Chloroflexi MAG,
Armatimonadetes, Verrucomicrobia,
Spirobacillus, Staphylococcus,
deltaproteobacteria, Euryarchaeaota MAGs
C 1.0 Long Yes Variable No Often substitution ES7N *; Verrucomicrobia, CFB including Ca.
many from metagenomes Marinimicrobia, Balneolaeota, other phyla,
unclassified bacteria
C 1.0 Medium or long Yes Medium or long No Cys pair 1 separated by 6 aa Chloroflexi, Acetothermia (fused with CtaB)
C 1.0 Long Yes Very short No 3D structure’, Cys pair 1 Aquificae e.g., Aquifex aeolicus and
separated by 5 aa Hydrogenovirga
B i) Medium Yes Medium Yes 3D structure~, Cys pair 1 Bacillales, Cyanobacteria, Actinobacteria,
separated by 6 aa Proteobacteria, Ktenobacter (fused with CtaB)
B e Medium Yes Short Yes Substitution ES7K and H123N *  betaproteobacteria e.g., Ca. Accumulibacter,
Acidiferrobacteraceae e.qg., Sulfurifustis
B 1.1 Long Yes Long Yes Fused with ctaB, Cys pair 2 Bdellovibrio & Halobacteriovorax,
separated by 8-9 aa alphaproteobacteria MAG, other Proteobacteria
B 1.2 Long Yes Very short Yes Substitution H278D * Aquificae e.g., Thermocrinis
C 1.3 Medium Yes Short No Substitution HGON * Actinobacteria: Acidimicrobiaceae;
Proteobacteria MAG
A 1.4 Medium Yes 4TM, Cys pair separated by 6 Archaea: TACK (Aeropyrum pernix),
aa Euryarchaeota & Asgard
D 1.5 Medium to long No Long No Long ICL2 Verrucomicrobia, Acidobacteria, Chlorobi, Ca.
Rokubacteria, Ca. Poribacteria, Omnitriophica,
Ca. Division NC10, Salinibacter, Ca.
Entotheonella, Planctomycetes
D 2.0 Extremely long No Long No Long ICL2 Gemmatimonadetes, Flavobacteria, Ca.

Caldichraeota, Chloroflexi, Proteobacteria,
mitochondria (Cox15)

The new classification of CtaA proteins here presented is expanded compared to that of reference (He et al., 2016) to include all the different types and subtypes that
have been found in current versions of the NCBI database. The first column shows the alternative classification in classes A to D (Lewin and Hederstedt, 2016). ECL1 and
ECL3 indiicate major extracellular loops while ICL2 indicates intracellular loop 2. See Figure 2 for structural models of various types of CtaA. ~ (Niwa et al., 2018), " (Zeng
etal., 2020), * (B. subtilis CtaA residue number, see Figure 2A).





OPS/images/fmicb-12-683260/cross.jpg
3,

i





OPS/images/fmicb-12-683260/fmicb-12-683260-g001.jpg
Ascorbate 600 "=
1 :
Formate TMPD 2
o A i —
~ C “a * 2 400 g
? 0, a g”
—> QcrABC |--|CcoNOQP ( o | -
HO 9 £
l = | 200 'E
o, sulphide o
H20 0 10 20
Time (h)
C D
20 B wWT = 1000 WT AccoNOQP | AcioAB
Q 2
— o dekek ekkk ok
E 6 B AccoNOQP S 800{ —— il —
c B ccoNOQP? =
. : o e il
g H AcioAB & 600 -
S -20- £
o = 400
E £
© .40- o
32 40 O 200
°)
£
'60 T T T T T c 0
100 200 400 600 1000 - + - + - +

Sulphide (uM) Formate





OPS/images/fmicb-12-683260/fmicb-12-683260-g002.jpg
A

ccoG
336000 337000 338000 339000 340000
ccoS ccol
Cj1154c
1085000 1086000 1087000 1088000 1088000
024 026 028 03 032 034 036
GC
B
Acco
= WT NOQP AccoG AccoS Accol
s 900
- ns
(o]
| .
2 400- ns
© I !
o
o 300
£
- *kk
:E 200' *%
=
o 100- |
E *ekkk
i - i i
c 0 )

(@)

0OD600

b5 D 150
& WT
2
1.0 §10 AccoG
(3]
(a]
0.5 O s0;
X
I ]
1
0.0 i 0 : : : :
0.0 0.1 0.2 0.4 0.6 1.0 2.0 5.0 0 1 2 3 4 5
CuSO, (mM) CuSO, (mM)
“g’asoo WT
g Accol
1.0 5 200
o
0.5 I I 3 1008
0.0 I I Al 0
0.0 01 02 04 0.6 1.0 2.0 5.0 0 1 2 3 4 5
CuSO, (mM) CuSO, (mM)
H
%
1.0 £ 1004 AccoS
S
)
0.5 < 50
]
0.0 01 0.2 04 0.6 1.0 2.0 50 0 1 2 3 4 5
CuSO, (mM)

CuSO, (mM)






OPS/images/fmicb-12-664216/fmicb-12-664216-g005.jpg
AAS45824_SoxM_COX13_Metallosphaera_sedula
; AGJ63666_SoxM_COX13_Sulfolobus_islandicus
d WP_011279051_SoxM_COX13_Sulfolobus_acidocaldarius

BBD73009 suxM COX13_ Sulfodiicoccus acldlphllus
0 Pyrobaculum
NHJ39921_COX1_A2_type_Asgard_archaeon
PWI46396_COX1_A2_type_Ca_Heimdallarchaeota_B3_Heim
OLS27277_COX1_A2_type_Ca_Heimdallarchaeota_LC_3
0LS29256.1_COX13_A2_type_Ca_Heimdallarchaeota_LC_2
CQH50702_COX1_Halobacterium_hubeiense
WP_01 _COX1_Halob ium_salinarum
WP_127015105_COX1_Haloarcula_multispecies
WP_170095904_COX1_Haloarcula_argentinensis
GBF09265_COX13_Aeropyrum
Q9YDX6_COX13_Aeropyrum
WP_158318587_COX13_Aeropyrum_camini
) WP_151103863_COX13_Haloarcula
. PSN98237_COX13_Ca_Marsarchaeota_G2_ECH_B_SAG-F08
PS004321 COXIJ Ca_| Marsarchaeota 62 ECH B_SAG-G06
WP_054 "‘15 COX13 Aci
WP_17148168_COX13_Ferroplasma_ acldlphllum
WP_153274183_COX13_Picrophilus_torridus

i ; pdb[1AR1|A_COX1_Paracoccus_3D
HCO ancestor L_ﬁ o A COXT. Rhodobacter 3D
e EQB72844_COX1_Thermop _A-pl
1 WP_077076430_COX1_Cuniculiplasma_divulgatum
- 2 WP_010903627_ba3_Halobacterium_salinarum
f__ 9 WP_011323196_ba3_| Natronomonas

WP ba3_Haloarcula
Pyrobaculum

76

0.2

Symbols: A TMextraa N terminus; i} partial D-channel; B D-channel, full; B K-channel, full; @ modified K-channel; i hybrid channel

Q no CtaA; @ type 0 CtaA; A loss of 1TM extra





OPS/images/fmicb-12-664216/fmicb-12-664216-g006.jpg
=95
=75

} % Ultrafast bootstraps
. >50

... branchlengthwell above average

OEO-«M subtype (a)b Proteobacteria
0.56

A1 KC channel Elusimicrobia MAG
A1 KC channel Oligoflexia

1=

0.03

A2 subtype delta

A2 subtype a-l

A2 subtype CyoCAB
COX13 Thermus

A1 type Acidimicrobia

bo3 ubiquinol oxidase

0.34

2.06

0.26

A1 caa; Bacilli
ubiquinol oxidases bacterium HR33

A1 Chloroflexi

Subtype a COX13 Proteobacteria

0.3

139 B family Natronomonas

1.63

B family Burkholderia

0'—2“’0« B family bacteria

062 ba3 B family Chloroflexus

0.5

1.14
e coxiz Thermorlasmatales

FoxA probably B family





OPS/images/fmicb-12-664216/fmicb-12-664216-g007.jpg
BUSIIEGOUITY § XOYOIOND WL
PUUTY DN 2V LT
00UI000UY IV MILZ
SORINNQOIUICS ZY ML
euoiseqoued ad zv
avo0AoadAiqns 2y
appadAans 2y

0U0120Q0010.d JNIOPIIR LT -
SIS SPYSOPIRNLT - v
'
)

readAgns zy
xoyoiouD 3 deg adA LY
©UD;30QO0I0IE no&cn..- W

N Y
Q0SNG RUUTY Y LY
OA WY '
2dfa Ly ﬁ [ewrep U JoUeisOd VOddns epou |

dn0IBN0 IO LXOD TS 1O 994 OO LSY3G ueisakeg

[
sencnuag %sEN

QU9I0Q0N0Id FHIOPIR LT LU|—

CUIIQOURIY P XOYOONDO LT
PUURYD DM ZY LT

Ay M 159;0.40 % Voddns epou _
dn0I6IN0 INOWIM LXOD Z§ JO 334 TN SNSUISLOD 33:1-D1

BLIIONQOURIY P XOYOIOND WLZ
SN ONYdOPIOT WIZ
©110300 Q00101 ONYDOPIOE WIZ
euspeqouei odh 2y

Bv00LD 0dqns Zy

wep odQqns 2y

1-e odAqns zy

PXAYOIOWD B NHICY LY
CLOUqON0Ld qe 0dAqns Ly
dA w
w

" w
<< poddns Jouajsod 1sabuons yum LXOD 0% JO @91 DO LSY38 ueisakeg

oraoeLIpPRWPNg lII-¢






OPS/images/fmicb-12-664216/fmicb-12-664216-g008.jpg
Proteobacteria (most)
bifunctional Actinobacteria

Chloroflexi CSP1-4

Chloroflexi CF-167

Rhodovibrio group

w 2 Bacilli
— —19'< 3 Solirubribacterales
1 1 Acidiferrobacter
Acidithiobacillus

© © © major clades of CtaG proteins

1. Proteobacteria

2. Bacilli & Acidimicrobia

3. Solirubrobacterales

Acidiferrobacter

At ferrianus.

At _PQ33

At ferrivorans






OPS/images/fmicb-12-664216/fmicb-12-664216-g003.jpg
Bayesian tree of various CtaA types B Molecular evolution of CtaA

protein accessions and taxa clades by type

other Ty
WP_011338957_type_2_ Rhodobacter_sphasroxdes_2.4.1
WP_043560054_ty pe. matinoncs_pholotrophica

-2 Gem:
WP_012026872_type_2_Flvobacterium_johmsonise type 2
WP_O20455177_type_2_Pelagibacter_ubmue
QQYA0516 tvoe 2 UTCRX1
OUUSATIT type.1.0 Amelinonadetes 6513
WP.013451123.bype.10.Ocuantierm

type 1.0 fused Thermus etc.

i & Chloroflexi

type 1.1 Bacilli & Chloroflexi

87 type 1 acidophilic Firmicutes

type 1 Aquificae

type 1.1 Alphaprotebacteria
type 1.1 Proteobacteria
type 1.1 Cyanobacteria
type 1.1 fused Oligoflexia

type 1 Aquificae

type 1.1 fused Oligoflexia
type 1.5

68

type 1 Proteohacteria

93 OUV2B671_type. 111 Alphoprotecbacteria. THED100 and Cyanohacteria
o, 82763558, §pe 413, Tatee o, i
S ot s ot GEECH

PENO3AG0_ty po.
8 WP_011178101, &” 0_Pucrophius_The rmop ks matales.
YP0O00T3013 o0 Melaoaphmo, yelrwstoreres type 0 Archaea
e

_ty pe_0_Sohrub rales_T0-9
WP_110138546, N” D_Andl"mbmhr sp. SPIL3 s
OBS10033_type_0_Acklihabbacter_prospens_F5 type 0 Proteobacteria
00 WP_035838712_type_0_Deflusmonss_ap. 20V17
WP_081120000_type_O_Metallbactenum_schefflen
2p. L0

ST T G Bty st e
B —— i . ] DUF420 outgroup

04






OPS/images/fmicb-12-664216/fmicb-12-664216-g004.jpg
A Bayesian MCC tree of 62 CtaA proteins
100

65

87

B ML tree majority rule ultrametric

03

b type 1.0 fused Thermus

10 type 2

&stype1' T3

63

% type 1 Proteobacteria
» J_‘” type 1.1 fused Oligoflexia

;ﬁ type 1.5 various taxa
type 1.1 Bacilli & Chloroflexi

P
i type 0 Archaea

0
nl—”lype 0 Bacteria j|lype

. DUF420 outgroup

cumulative view of all Bayesian trees

type 2

type 1.0 fused Thermus
type 1 Proteobacteria
type 1 Aquificae

type 1.1 fused Oligofiexia
type 1.5

type 1 Bacilli & Chloroflexi
type 0 Archaea

type 0 Bacteria

DUF420 outgroup

C ML tree

100

_-_g';_type 1.0 fused Thermus
100

72

100
type 0 Archaea

— <

% :
% type 0 Bacteria

type 2
type 1 Aquifi

type 1 Proteobacteria

type 1.1 fused Oligofiexia
type 1.5 various taxa

type 1.1 Bacilli & Chlorofiexi

type 0

= DUF420 outgroup





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fmicb-12-683260/fmicb-12-683260-t002a.jpg
Campylobacter jejuni NCTC 11168 gene deletion ISA primers 5'-3'

Cjo908 ISAF1 F

Cjo908 ISA F1 KR

Cjo911 ISAF1 F

Cj0911 ISAF1 KR

Cjo911 ISA F2 KF

Cj0911 ISAF2 R

CJ1154C ISAF1

-n

CJ1164C ISAF1 R

CJ1154CISAF2 F

CJ1164C ISAF2 R

CJ1155C ISA F1

-n

CJ1165C ISAF1 R

CJ1165C ISAF2 F

CJ1155C ISAF2 R

CJ0369C ISA F1

-

CJO369C ISAF1 R

CJ0369C ISAF2 F

CJO369C ISAF2 R

CJ1483C ISAF1

-n

CJ1483C ISAF1 R

CJ1483C ISAF2 F

CJ1483C ISAF2 R

CJ1486C ISA F1

-

CJ1486C ISAF1 R

CJ1486C ISAF2 F

CJ1486C ISAF2 R

CJ1485C ISA F1

-

CJ1485C ISAF1 R

CJ1485C ISAF2 F

CJ1485C ISAF2 R

GAGCTCGGTACCCGGGGATCCTCTAGAGTCACC
TACTGGAGTTTTCAAATCTCC
AAGCTGTCAAACATGAGAACCAAGGAGAATTATA
GACAACCTTTTAAAACAAGCC
GAGCTCGGTACCCGGGGATCCTCTAGAGTCTTA
ATAATCACAAAACCATAGAGTTAAAA
AAGCTGTCAAACATGAGAACCAAGGAGAATTTT
TTTAGCTCAAAATCAAAATAAAA
GAATTGTTTTAGTACCTAGCCAAGGTGTGCTTA
TACTTAAGCAAAAAGATCGGTT
AGAATACTCAAGCTTGCATGCCTGCAGGTCGTT
TCTCAATTTGAAAATATTTCAAATA
GAGCTCGGTACCCGGGGATCCTCTAGAGTCAAG
AGAAGGTGCAAAAGAGC
AAGCTGTCAAACATGAGAACCAAGGAGAATTCA
TGATTATACTATTCATTCTT
GAATTGTTTTAGTACCTAGCCAAGGTGTGCTTC
TTAAAAAGAAAAGCCTT
AGAATACTCAAGCTTGCATGCCTGCAGGTCCAC
CGTCTCTATCTAAAAATA
GAGCTCGGTACCCGGGGATCCTCTAGAGTCATC
GCTTCGATTTTTAAAAG
AAGCTGTCAAACATGAGAACCAAGGAGAATTGC
AATGTTCACATTTCATA
GAATTGTTTTAGTACCTAGCCAAGGTGTGCAGG
ATTAAAGAATGAATAGTATAA
AGAATACTCAAGCTTGCATGCCTGCAGGTCCAC
CGTCTCTATCTAAAAATA
GAGCTCGGTACCCGGGGATCCTCTAGAGTCACC
TATCATACCAATTTGAATGATT
AAGCTGTCAAACATGAGAACCAAGGAGAATGTG
TCCTTGCATTTTTAGACC
GAATTGTTTTAGTACCTAGCCAAGGTGTGCAAA
AATGAACTCAAATAGAACACCATCAC
AGAATACTCAAGCTTGCATGCCTGCAGGTCAGG
AGCGTTAATTAAAACATTAAGAT
GAGCTCGGTACCCGGGGATCCTCTAGAGTCTTT
TAATGAAAATATTTTAAGTCAAAAAGTAA
AAGCTGTCAAACATGAGAACCAAGGAGAATAAT
TATAGCCAAAAGTGAAAGCA
GAATTGTTTTAGTACCTAGCCAAGGTGTGCGAA
ACAGTGGGTTTTTTTAGCT
AGAATACTCAAGCTTGCATGCCTGCAGGTCTAC
TTAAAAAACCTTGCAAATCATAA
GAGCTCGGTACCCGGGGATCCTCTAGAGTCCAA
TGGGTCAAAATATCTTTTTAGT
AAGCTGTCAAACATGAGAACCAAGGAGAATTCA
CCCCTTGAAAGAGAAAT
GAATTGTTTTAGTACCTAGCCAAGGTGTGCGTA
AGGCTTTGGAATATTTAATTGTT
AGAATACTCAAGCTTGCATGCCTGCAGGTCGCA
GCATTATAAATATCACCTTTATTTG
GAGCTCGGTACCCGGGGATCCTCTAGAGTCATG
TAGCAAAAGATCTTTCAGCT
AAGCTGTCAAACATGAGAACCAAGGAGAATTGT
GCTTCCTTTATACTTCTATGATC
GAATTGTTTTAGTACCTAGCCAAGGTGTGCAAA
AAATATTACAAGATGGCTTTTTT
AGAATACTCAAGCTTGCATGCCTGCAGGTCTAT
CACGATTTGCATTACCTATAGA
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CJ1484C ISAF1 F

CJ1484C ISAF1 R

CJ1484C ISAF2 F

CJ1484CISAF2 R

CJ1482C ISAF1 F

CJ1482C ISAF1 R

CJ1482C ISAF2 F

CJ1482C ISAF2 R

CJ1161CISAF1 F

CJ1161CISAF1 R

CJ1161CISAF2 F

CJ1161CISAF2 R

CJ1162C ISAF1 F

CJ1162C ISAF1 R

CJ1162C ISAF2 F

CJ1162C ISAF2 R

CJ1163C ISAF1 F

CJ1163C ISAF1 R

CJ1163C ISAF2 F

CJ1163C ISAF2 R

CJ1164C ISAF1 F

CJ1164C ISAF1 R

CJ1164C ISAF2 F

CJ1164C ISAF2 R

CJ1165C ISAF1 F

CJ1165C ISAF1 R

CJ1165C ISAF2 F

CJ1165C ISAF2 R

CJ1166C ISAF1 F

CJ1166C ISAF1 R

GAGCTCGGTACCCGGGGATCCTCTAGAGTCCCA
TGGAGAAGATGGAAAAG
AAGCTGTCAAACATGAGAACCAAGGAGAATCTA
AAAAAAAGCCATCTTGTAATATTTT
GAATTGTTTTAGTACCTAGCCAAGGTGTGCACA
AAGAAGAATAAAGAGGAAAAAAA
AGAATACTCAAGCTTGCATGCCTGCAGGTCGCC
TTGAAGAGCTAAAAATTCTT
GAGCTCGGTACCCGGGGATCCTCTAGAGTCGAA
ACTAAAAAAAGTTTTTGGCC
AAGCTGTCAAACATGAGAACCAAGGAGAATTGA
AGAGCTAAAAATTCTTAATTTCA
GAATTGTTTTAGTACCTAGCCAAGGTGTGCATA
AACTCATTTATAAAAAGGAATTAAAATG
AGAATACTCAAGCTTGCATGCCTGCAGGTCCAA
GCTCGTTAAAAAAATTTTCTT
GAGCTCGGTACCCGGGGATCCTCTAGAGTCAGC
TATTGTATTATCAATCTTGCTTTT
AAGCTGTCAAACATGAGAACCAAGGAGAATACG
CAATTCTTCCATTATAAACG
GAATTGTTTTAGTACCTAGCCAAGGTGTGCAAG
AATTTAAAAATTTAATTTTTA
AGAATACTCAAGCTTGCATGCCTGCAGGTCACA
TTCCAAACCATTCTGCAA
GAGCTCGGTACCCGGGGATCCTCTAGAGTCCAT
GATAATTGTAGCTATTTTGGG
AAGCTGTCAAACATGAGAACCAAGGAGAATCAA
TTAACATTTTTTACTTTAAATTTCATTTT
GAATTGTTTTAGTACCTAGCCAAGGTGTGCTTT
ATAATGGAAGAATTGCGTATAAA
AGAATACTCAAGCTTGCATGCCTGCAGGTCCTT
CTTCTTTAAAAATTTGCAAATACA
GAGCTCGGTACCCGGGGATCCTCTAGAGTCTTT
GGCTCTAGCTATAGGAGTGAG
AAGCTGTCAAACATGAGAACCAAGGAGAATATC
TTATATCCTTTTTTGCTTGACAT
GAATTGTTTTAGTACCTAGCCAAGGTGTGCAAG
GAGTGAAAATGAAATTTAAAGTAA
AGAATACTCAAGCTTGCATGCCTGCAGGTCAAA
CATTTCAAAATACATAATAATCACACT
GAGCTCGGTACCCGGGGATCCTCTAGAGTCGAT
TTGGCTTTGCTTATGCTT
AAGCTGTCAAACATGAGAACCAAGGAGAATAAT
CTACATTACAAACTGGACATAACA
GAATTGTTTTAGTACCTAGCCAAGGTGTGCAGC
TTTTTGACTTTTAATTTTTATAAAAAT
AGAATACTCAAGCTTGCATGCCTGCAGGTCGGT
TTTAGCGTCAATTTCTTTT
GAGCTCGGTACCCGGGGATCCTCTAGAGTCGTG
CTTTAAGCTGGGCTATATATG
AAGCTGTCAAACATGAGAACCAAGGAGAATTAA
AATAAATTCAATCATCTTAAAATCCC
GAATTGTTTTAGTACCTAGCCAAGGTGTGCACT
AGACATGCAAAAAAACATTAAAA
AGAATACTCAAGCTTGCATGCCTGCAGGTCTGG
GAATGATGATGTTCATG
GAGCTCGGTACCCGGGGATCCTCTAGAGTCGAA
CTATCCAAATTTGTTCCACTAC
AAGCTGTCAAACATGAGAACCAAGGAGAATTAT
ATCAGGTTTTTCCATATTTTAATAATCT
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CJ1166C ISAF2 F

CJ1166C ISAF2 R

GAATTG AGTACCTAGCCAAGGTGTGCTTT
TGGGA AAGATGATTGA
AGAATACTCAAGCTTGCATGCCTGCAGGTCGTT
TTAATG GCATGTCTAG

Campylobacter jejuni NCTC 11168 mutant screening primers 5'-3’

Cj0908 F screening
Cj0911 F screening
Cj0911 R screening
Cj1154c¢ F screening
Cj1154c¢ R screening
Cj1155¢ F screening
Cj1155¢ R screening
Cjo369c F screening
Cj0369c¢ R screening
Cj1483c F screening
Cj1483c R screening
Cj1486¢ F screening
Cj1486¢ R screening
Cj1485¢ F screening
Cj1485¢ R screening
Cj1484c¢ F screening
Cj1484c R screening
Cj1482¢ F screening
Cj1482c¢ R screening
Cj1161c F screening
¢j1167¢ R screening
Cj1162c¢ F screening
¢j1162c R screening
Cj1163c¢ F screening
¢j1163c¢ R screening
Cj1164c F screening
¢j1164c R screening
Cj1165¢ F screening
¢j1165¢ R screening
Cj1166¢ F screening
¢j1166c R screening
KanR F

KanR R

TTCCTTGTACTTTATCAAGTAAATTTGG
AAGCACAGAGCTTAAATCTGG
ACACTCTTTGGCGCTAGGTT
CAAGAAAAGGGTATTGTGGC
GCAAATAATTTCTAGCCAAAAAA
CATTGCATCGTATTCGAGTT
GCAAATAATTTCTAGCCAAAAAA
TTCTTCGATAATTACAAAAGCTCC
GGCTAATTATATCTTAATTTTGGTTAATAAAA
CTTCATATAGGATGAAAAAAATATTACAAG
AATCAAGTTTTAAAAGATATTCAAGATTAAA
TTTTTCAAGTATAGGTCAATATAATGAAGA
ATAGTATCACGATTTGCATTACCTATAG
TTAAACATGGTTCAAAAGGTATGA
TTTAGTTTCTAACATTTTTTTTCCTCTT
TGCTGCTTATGTAGCAAAAGA
TGCTCAAACAAACTTTATCTAAAAAT
CTATAGGTAATGCAAATCGTGATACT
TGAGTAAGACCCAAACAATAACTTC
TGTCAATATGAAGTCCGCTTT
AAAATTAATCATCATTTTTAAGAGAGAT
GGCTTTTATCAATGCTTTAACCA
ATATTTTCTAAAATTCTTTGATAATCTTG
TATCTTATTTCTTTTATACGCAGTGA
TTTTAAAGCCTAAAAAAGCATG
TTTTGATTTGTTGTATAGCACTTG
AAGCGGACTTCATATTGACAT
ATCATATTACTTTAAATGTTGTAGATATGG
AAAGAATTTGAAAGGATTGAATAAAT
GTGCTGCAAACTGAGAATCTC
AACCAAATCTACATTACAAACTGGAC
ATTCTCCTTGGTTCTCATGTTTGACAGCTTAT
GCACACCTTGGCTAGGTACTAAAACAATTC

Campylobacter jejuni NCTC 11168 qRT-PCR primers 5'-3’

GyrA RT_F

GyrA RT_R

Cj1161c RT_F
Ci1161c RT_R
Cij1162¢c RT_F
Cj1162c RT_R
Cj1163c RT_F
Cj1163c RT_R
Cj1164c RT_F
Ci1164c RT_R
Cj1165¢c RT_F
Cj1165¢c RT_R
Cj1166¢c RT_F
Cj1166c RT_R

Underlined bases are adaptor regions corresponding to the pGEM3zf vector (ISA F

ATGCTCTTTGCAGTAACCAAAAAA
GGCCGATTTCACGCACTTTA
TTATGTGAATTCTAGCGGGG
CCCAAAGCTACAAGGGTATT
TAGAAGTGGATTTGGAGCAA
CGCTCTACAATCTCAAAACC
TGGCACTTTTAAGCGATACT
TGCACCCTTAAACATCATCA
AGTGATAGGAGTGGAGTTGA
GCCTAGCCAACTTTCTTTCT
GGGATTTGGCTTTGCTTATG
CTAGAGCCAAAGTCACAGAA
ATGCGTAGGAAGAATAGCTG
AAAAGCCGAATTTGCCATAG

and R primers) or to the kanamycin resistance cassette (ISA KR and KF primers).
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Campylobacter Gene Gene product function Predicted cellular
jejuni locus tag name location
¢j0369¢c ccoG  Cupric reductase for cbbg  Inner membrane
oxidase biogenesis anchored; cytoplasm
facing
¢j0908 - Unknown Inner membrane
anchored; periplasm
facing
¢j0909 pcuC  Possible periplasmic Cu Periplasm
chaperone. Contains
DUF461
¢j0910 — Unknown Inner membrane
anchored; periplasm
facing
cjo911 scol Periplasmic Cu chaperone  Inner membrane
anchored; Periplasm
facing
cj1154c ccoS  cbbz-oxidase biogenesis Inner membrane
protein anchored
cj1155¢ ccol cbbgz-oxidase biogenesis Inner membrane
protein; Cu exporting
ATPase
cj1161c copA  Cuexporting ATPase Inner membrane
cj1162¢c copZ  Cuchaperone Cytoplasm
cj1168¢c czcD Zn exporting ATPase Inner membrane
cj1164c - Unknown; Zn finger protein  Cytoplasm
cj1165¢c = Unknown; DUF1212, Inner membrane
possible solute transporter
cj1166¢c = Unknown; DUF1212, Inner membrane
possible solute transporter
cj1482¢c —= Unknown; DUF386. Cytoplasm
Possible DNA helicase
cj1483¢c ccoH  Oxidase subunit Inner membrane
cj1484c ccoZ Unknown; DUF5130 Inner membrane
cj1485¢c ccoY  Unknown Inner membrane
cj1486¢ ccoX Unknown; DUF4006 Inner membrane
cj1487¢c ccoP  Oxidase subunit; Inner membrane;
cytochrome ¢ periplasm facing
cj1488¢c ccoQ  Oxidase subunit Inner membrane
cj1489c¢c ccoO  Oxidase subunit; Inner membrane;
cytochrome ¢ periplasm facing
¢j1490c ccoN  Oxidase subunit; Cu-heam  Inner membrane

protein

DUF, domain of unknown function.

Cellular location of gene products was inferred using

topology prediction by Signal P and TMIHMM servers.

sequence analysis and
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Citrate’~ + HyO — CO; + formate™ + 2 acetate”; AG®”

= —78.7kJ/mol (3)
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CeH1206 +6 O — 6 CO + 6 H20;

AG” = —2.872kJ/mol

(2)
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CeH1206 — 2 CH3—CHOH—COO™ +2H™;

AG” = —185kJ/mol

(1)
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Strain/Plasmids Description References

MR- Wild-type S. oneidensis Fredrickson et al., 2008
SR-694 MR-1Acrp Charania et al., 2009
SR-722 MR-1AcpaA This work
SR-1507 MR-1 ASO_2364-2,367 (Acco)  This work
SR-1648 MR-1 ASO_4,606-4,609 (Acox) ~ This work
SR-1649 MR-1 AccoAcox This work
SR-1699 MR-1 vith pER21 insertion “This work
inS0_3,550
SR-1700 AcpdA with pER21 insertion  This work
inSO_3,550
SR-1716 MR-1 AcydAB (Acyd) “This work
SR1717 MR-1 ASO-2551 This work
SR-1718 MR-1 ASO_2550-2,551 This work
EC100D+ E. coli EC100 derivative, pir+  Epicenter Technologies
p2155 pir:RP4, K Dehio and Meyer,
1997
Plasmids
pJBC Cloning and sequencing vector,  Bouhenni et al,, 2010
cmt
pER21 R6K ori, G, sacB, lacZ Bouhenni et al,, 2005
a-fragment
pMC10 Promoter probe vector, lacZ,  Shroff et al., 2010
cm®
pAB1 OpaA in pJB3CME This work

RB1 miniHimar Transposon Bouhenni et al., 2005
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Succinate®™ + H™ — propionate™ + CO,; AG® =
—24.4 k] /mol; at 1 mM concentrations AG* = — 43.5 k] /mol
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