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Abstract

:

The utilization of light energy to power organic-chemical transformations is a fundamental strategy of the terrestrial energy cycle. Inspired by the elegance of natural photosynthesis, much interdisciplinary research effort has been devoted to the construction of simplified cell mimics based on artificial vesicles to provide a novel tool for biocatalytic cascade reactions with energy-demanding steps. By inserting natural or even artificial photosynthetic systems into liposomes or polymersomes, the light-driven proton translocation and the resulting formation of electrochemical gradients have become possible. This is the basis for the conversion of photonic into chemical energy in form of energy-rich molecules such as adenosine triphosphate (ATP), which can be further utilized by energy-dependent biocatalytic reactions, e.g., carbon fixation. This review compares liposomes and polymersomes as artificial compartments and summarizes the types of light-driven proton pumps that have been employed in artificial photosynthesis so far. We give an overview over the methods affecting the orientation of the photosystems within the membranes to ensure a unidirectional transport of molecules and highlight recent examples of light-driven biocatalysis in artificial vesicles. Finally, we summarize the current achievements and discuss the next steps needed for the transition of this technology from the proof-of-concept status to preparative applications.
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1. Introduction


Due to the steadily increasing global energy demand, the rapid depletion of fossil fuels, and the growing level of environmental awareness, alternative concepts for the synthesis of chemical products have to be driven forward. In this context, there is much interest in developing catalytic processes that make use of the almost infinite solar energy. The conversion of photonic to chemical energy by photosynthesis is the basis for the majority of life on Earth as we know it and artificial photosynthetic systems can truly be described as “biomimetic”. The mimicry of natural strategies for the conversion of energy-depleted molecules, most importantly adenosine diphosphate (ADP) and the oxidized nicotinamide cofactors NAD(P)+, into their energized counterparts adenosine triphosphate (ATP) and NAD(P)H is highly interesting for energy-demanding enzymatic cascade reactions and, in particular, for carbon-fixation. The utilization of carbon dioxide (CO2) as feedstock is of high relevance for the development of sustainable “green” production processes of organic compounds and is paving the way to a bio-based chemical industry [1].



In order to reap the full benefits of photosynthesis, the compartmentalization of cells has to be mimicked since the light-induced formation of electrochemical gradients across membranes is the crucial natural strategy of cells to harness the photonic energy. As such artificial compartments, vesicles derived from lipids (liposomes) or polymers (polymersomes) have drawn intensive attention [2,3]. In this review, we compare liposomes and polymersomes as compartments for the utilization of light as an energy form for biocatalysis and give an overview of light-driven proton-pumps that can be used as tools for the generation of the corresponding proton gradients. In addition, we summarize the approaches that have been developed to control the orientation of the membrane proteins within the artificial membranes and review the application examples of the vesicle-based biocatalysis powered by light.




2. Comparison of Liposomes and Polymersomes as Artificial Compartments


2.1. General Properties of Liposomes


Liposomes are self-assembling spherical vesicles consisting of natural biological lipids or of synthetic alternatives. As a simplified mimicry of membrane-surrounded natural cell compartments, liposomes have been of great interest for researchers and have been well studied since the 1960s [4]. Depending on the preparation method, liposomes can be generated that fall into different size categories, i.e., small unilamellar vesicles (20–100 nm), large unilamellar vesicles (100 nm–1 µm), and giant unilamellar vesicles (>1 µm) [2]. In addition, multilamellar vesicles consisting of concentric lipid bilayers analogous to onion layers can be produced that have typical diameters of several micrometers.




2.2. Major Fields of Application of Liposomes


The tunable size and lipid composition in combination with the possibilities to embed membrane proteins into the bilayers and to encapsulate materials in the vesicle lumen are the basis for the versatile use of liposomes in diverse fields of application. Amongst many others, they have been used as delivery vehicles for drugs (see review [5]), dermal carriers in cosmetics (see review [6]), functional compound carriers in food technology (see review [7]) and nano-vesicles to profile lipid–protein interactions in proteomics [8,9,10]. In particular, the high biocompatibility of lipid bilayers has paved the way to embed membrane proteins into the membrane of liposomes, which opens up the possibilities of spatially separating cascade reaction steps and using liposomes as artificial reaction compartments (see review [11]).




2.3. Functionalization of Liposomes for Light-Driven Biocatalysis


Many research groups were inspired to embed different photosynthetic systems into the membrane of liposomes to convert light energy into ATP and to employ liposomes for light-driven biocatalysis [12,13,14,15,16,17,18,19,20]. In those studies, different phospholipids were used to mimic the transversal heterogeneity of a natural asymmetric membrane, which is composed of an outer layer (with the lipids phosphatidylcholine and sphingomyelin) and an inner layer (with the lipids phosphatidylethanolamine, phosphatidylserine and phosphatidylinositol) [21,22]. Subsequently, an asymmetric charge distribution occurs across the bilayer, with higher negative charge in the inner layer typically due to phosphatidylserine. This chemical property facilitates the correct orientation of many transmembrane proteins which carry a positive charge on their cytosolic domain [23,24,25]. To imitate this physiology of natural membranes, different mixtures of lipids were used. Table 1 gives an overview of the liposome-based photosynthetic systems that have been established so far and of the employed lipid mixtures. In most cases, lipids belonging to the class of phosphatidylcholines (PC) have been used, which are either employed as a molecule mixture (most commonly derived from natural sources such as egg yolk or soybeans) or as pure compounds, e.g., in form of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC). Likewise, phosphatidic acid (PA) and phosphatidylethanolamine (PE) represent mixtures of lipids with the same headgroup but varying (saturated or unsaturated) acyl chains. The structures of lipids that were used in pure form are shown in Figure 1 (phosphatidylcholines) and Figure 2 (other lipids). Due to the poor stability of liposomes, looking for more stable alternatives has become a new trend in recent years and polymersomes are emerging as most promising alternative vesicle type [26,27].




2.4. General Properties of Polymersomes


Polymersomes are also hollow spherical vesicles, but in contrast to their lipid-based counterparts they consist of self-assembling amphiphilic block copolymers [28]. The most common polymers used for polymersome formation are di- (AB-type) or tri-block copolymers (more commonly of the ABA-type, rarely of the ABC-type). A and C represent hydrophilic blocks whereas B is hydrophobic.




2.5. Major Fields of Application of Polymersomes


Polymersome research focused mainly on targeted drug-delivery and diagnostic imaging [29,30], the de novo-design of artificial cells and the mimicry of organelles in synthetic biology [31,32], and the development of nanoreactors for enzymatic reactions [29,32,33,34].




2.6. Advantages and Challenges of Using Polymersomes


In comparison to liposomes, the significant advantages of polymersomes are their higher chemical and mechanical stability [35] as well as their lower permeability, which allows a tighter control over all mass transfer phenomena [36] (Figure 3, which also summarizes the main features of polymersomes and liposomes, e.g., encapsulation, lateral fluidity and chemical versatility). During the last decade, considerable effort has been devoted to the development of stimulus-responsive polymersomes for drug delivery, which decompose in response to environmental changes such as variations in pH or magnetic field, as reviewed recently [2]. For this purpose, the uncontrolled diffusion out of these vesicles has to be negligible. In the context of artificial photosynthesis, the lower permeability of the polymer membrane might also be of advantage because the ATP production per proton that is translocated by the light-driven proton pumps should be more efficient if the passive back-diffusion across the membrane is as low as possible. However, detailed comparative studies addressing this question are still lacking. The higher stability and lower permeability of polymersomes is mainly associated with their increased membrane thickness [37]. This raises problems for the functional integration of transmembrane proteins, which have been evolved to fit perfectly into natural lipid membranes with a typical thickness of 3–5 nm [38]. The main challenge in this context is the so-called hydrophobic mismatch, which is defined as the difference between the lengths of the hydrophobic transmembrane segment and of the hydrophobic membrane core (Δd = dmembrane − dprotein) [39]. Nevertheless, the successful reconstitution of membrane proteins into polymer membranes has been demonstrated for several types of polymers (see Review [40]), but the functional integration is dependent on both, the nature of the polymer and the membrane thickness [41]. The polymer that has been used most extensively for the integration of membrane proteins, usually for the establishment of a highly selective mass transport into and out of the vesicles, is poly(2-methyloxazoline)-poly(dimethylsiloxane)-poly(2-methyloxazoline) (PMOXA-PDMS-PMOXA) [30,34,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57]. In this case, the ability to accommodate membrane proteins easily and in functional form, is due to the high flexibility and high fluidity of the PDMS-based polymers [41,58,59], as well as to their broad polydispersity [60,61]. These characteristics do not only allow sufficient lateral diffusion of the polymers to facilitate natural membrane protein functions, but also enable shorter polymers to aggregate at the integration point and allow membrane compression in the vicinity of the membrane proteins, which leads to a reduction of the energy penalty exerted by the hydrophobic mismatch. In case of PMOXA-PDMS-PMOXA membranes, hydrophobic mismatches of at least 7 nm are tolerated leading to functional reconstitutions of proteins into polymer membranes with a thickness of about 14 nm [41]. In contrast, for polyisobutylene-polyethylene glycol-polyisobutylene membranes (PIB-PEG-PIB) it has been demonstrated that a hydrophobic mismatch of 2 nm prevents the reconstitution of a channel protein in functional form [62].




2.7. Functionalization of Polymersomes for Light-Driven Biocatalysis


Apart from functionalizing polymersome membranes for selective mass transport [34,63,64,65,66,67,68,69], efforts have been made to embed different photosynthetic elements into polymeric membranes to prepare polymersomes as artificial photosynthetic organelles, which are able to use light energy for ATP synthesis as well as to power downstream reactions [70,71,72]. Polymers, which have been employed specifically for light-driven biocatalysis and showed compatibility with the photosynthetic elements, are listed also in Table 1. Their chemical structures are shown in Figure 4.





3. (Artificial) Photosynthetic Systems for Light-Driven Proton Translocation


If light is supposed to be utilized for energy consuming cascade reactions, in the perspective of sustainable green production processes, the conversion of light energy into a molecular energy currency (until now, mostly ATP, NADH, and NADPH being generated in vitro) has to be the basis of all considerations. We therefore compiled an overview of available (artificial) photosynthetic systems, which have been proved to be functional after insertion into the membrane of artificial vesicular compartments.



Until now, there are three types of photosynthetic systems which have been employed successfully in artificial vesicles. The first type comprises the light-activated proton gates bacteriorhodopsin (BR) and proteorhodopsin (PR). BR, as the first identified microbial rhodopsin, was discovered in the haloarchaeon Halobacterium salinarum [79]. It appears purple due to the absorption of light at 560 nm and utilizes light energy to pump protons from the cytoplasm into the extracellular space [80]. BR has been successfully expressed in eukaryotic cells (e.g., yeast [81,82,83] and oocytes [84]) and bacteria [85]. However, in E. coli it was poorly folded into the correct conformation needed to bind the chromophore. PR also generates proton gradients across membranes via utilization of light energy in bacteria, with absorption maxima in the blue-green visible light [86]. PR can be expressed in E. coli in its fully functional form, with two additional genes being necessary for the synthesis of the involved chromophore [86,87,88]. The generated proton gradients by both proton pumps mentioned could be employed for ATP synthesis as well as for regeneration of the cofactor NAD+ to NADH (Figure 5a [89]).



The second type of photosystems being used for light-driven biocatalysis are the light capturing photosystems of chloroplasts from plants, algae and cyanobacteria as well as their equivalent in photosynthetic bacteria (the reaction center, RC). In plants, algae and cyanobacteria, two photosystems are employed. Photosystem II (PSII) splits water into protons, electrons and oxygen and drives the photophosphorylation via light absorption (absorption maximum at 680 nm [90]). The proton translocation is coupled with the electron transport chain, leading to the generation of a proton gradient [91]. Via light absorption, electrons are transferred from water to ferredoxin in the oxygenic photosynthesis. This can further regenerate the cofactor NADP+ to NADPH to provide the reactions of the Calvin cycle with low-potential electrons, leading to the fixation of CO2 into organic molecules (Figure 5b [89]). The photosynthetic RC of purple non-sulfur bacteria, as a transmembrane protein-pigment complex, localizes in the intracytoplasmic membrane and functions as a light-driven ferrocytochrome c-ubiquinone oxidoreductase [92]. Via photo-absorption, charge separation takes place in the special pair of bacteriochlorophyll a in the RC, and electrons are transferred in a cyclic chain with ubiquinone as redox mediator, shuttling protons across the membrane. Two net protons are pumped from the cytoplasm into the periplasm, creating a proton gradient across the photosynthetic membrane to synthesize ATP (Figure 6) [93,94,95].



Apart from the above mentioned biological photosynthetic systems, the third type is the artificial RC, composed of an electron donor and an acceptor linked to a photosensitive porphyrin, thereby forming a molecular “triad” (carotene-porphyrin-naphthoquinone, (Figure 7) [15,96]. This synthetic RC was coupled with the redox mediator quinone, mimicking the proton-translocating function of natural proteins and creating proton gradients across liposomal membranes upon photoexcitation [96]. Steinberg and coworkers have reported that 1000 molecules of the molecular triad as well as 500 molecules of quinone were integrated into the lipid bilayer (liposomes with a diameter of 150 nm, composed of phosphatidylcholine and phosphatidic acid, 10:1 weight ratio plus 20% cholesterol) [15]. Compared with all above-mentioned natural biological photosynthetic systems, the artificial RC has the highest integration capacity per liposome, yielding 7 ± 1 ATP per CF0F1 per second. The second-best result was obtained with a system employing around 470 photosystems (PR+PSII) per liposome (with a diameter of 100 nm), yielding 4.3 ± 0.1 ATP per ATP synthase per second [20]. However, to increase the final number of generated ATP molecules per artificial compartment it is necessary to further increase the amount of ATP synthase molecules integrated per artificial vesicle as well as to maintain their high bioactivity during the assembly of the system and during the course of the reaction.




4. Insertion Orientation and Efficiency


For an efficient conversion of light energy into the form of energy-rich molecules such as ATP, the involved membrane proteins have to insert in correct orientation into the membrane. It is not trivial to control the orientation of the membrane proteins in the course of the insertion and to increase their (directed) integration efficiency into the membranes of artificial vesicles, since the reconstitution of most membrane proteins in vitro occurs in random orientation [17,97,98,99,100,101,102,103].



There have been quite a few strategies tested until now for controlling the orientation of membrane proteins during insertion into liposomes and polymersomes. A protein that has been in employed in many studies is the RC from Rhodobacter sphaeroides. This RC has an overall asymmetric hydrophobicity, with two hydrophobic subunits called L and M and a hydrophilic H subunit [104]. For this protein, it has been shown that there is a positive correlation between the vesicle size of liposomes and the net-orientation of the RC [105]. The percentage of RCs in their physiological orientation decreased from 82% in the largest vesicle population with diameters >200 nm to 64% in the smallest vesicle population with diameters around 80 nm. Importantly, both values were determined at the same lipid-to-protein ratio of 560. In the same study, the effect of the ionic strength was investigated and a strongly negative correlation was found leading to an almost unidirectional insertion at very low ionic strength. Another study showed that the charge status of the lipids also affected the RC orientation since 70% of RCs exposed their H-subunit outside of positively charged liposomes while their orientation was inversed (60–70%) in neutral and negatively charged liposomes [106]. The asymmetric hydrophobicity of the RC from R. sphaeroides has also been utilized for oriented insertion. Mavelli and coworkers (2017) reconstituted this protein into giant lipid vesicles (20 µm) using a droplet emulsion transfer method (Figure 8). The RC was stabilized in an aqueous solution by detergents, leading to RC-containing micelles. This micellar solution was then emulsified in a lipid-rich oil phase to form water-in-oil (w/o) droplets. The H subunit of the RC (indicated by the orange color), due to its hydrophilic property, preferred to face toward the aqueous core of the droplet and inserted in its physiological orientation. This method yielded up to 90 ± 1% physiologically oriented RCs in the liposomal membranes, which generated a pH-gradient after light induction [73]. The same water-in-oil method was used by Yanagisawa et al. (2011) to facilitate an oriented insertion of the membrane protein KcsA into giant unilamellar vesicles [107].



As mentioned in Section 2.3, the asymmetry of the natural membrane is of significant importance for the directed insertion of membrane proteins in vivo. Tunuguntla et al. [74] have demonstrated that the orientation of PR in liposomal membranes could be controlled by the lipid compositions. PR is asymmetrically charged, with an abundance of positively charged residues at the C-terminus and a number of negatively charged residues at the N-terminus [108]. Lipids with positively charged, negatively charged and zwitterionic headgroups were tested and it turned out that the terminus, which was charged in the same way as the lipid, was positioned on the surface of the outer bilayer (Figure 9).



In case of polymersomes it has been shown that the chemical composition of the amphiphilic polymers forming the vesicles is able to affect the orientation of the membrane proteins in the polymeric membrane as well [109,110,111,112]. The RC from R. sphaeroides was spontaneously reconstituted by Liang and coworkers into hierarchically organized membrane arrays of synthetic block copolymers via a charge-interaction-directed mechanism and stayed fully active as indicated by spectroscopic examination [72]. Moreover, a directed insertion of membrane proteins can be induced by using asymmetric membranes composed of amphiphilic ABC triblock copolymers with two chemically different water-soluble blocks A and C [113].



Protein engineering has also been applied to tackle the problem of membrane protein integration in random orientation. A sophisticated method to avoid the undesired proton pumping activity of wrongly oriented proton pumps is the selective deactivation of proteins that were integrated in non-physiological orientation. D. Fotiadis and coworkers developed a rationally designed PR mutant with an engineered on/off switch based on the reversible chemical modification of an introduced cysteine residue that allows for the selective deactivation of wrongly oriented PR molecules [75]. A clear disadvantage of this method is the net-loss of proton pumping activity which is undesirable in view of the laborious isolation and reconstitution of proton pumps. This drawback can be circumvented by using a different protein engineering strategy that directly affects the orientation of the PR molecules during their insertion. This strategy was inspired by the observation that some proteins always insert almost exclusively in one orientation into preformed vesicles. This phenomenon occurs if a membrane protein has a hydrophilic domain that impedes its translocation to the other side of the membrane [114]. A well-known example is the ATP synthase with its characteristic catalytic head-group [70]. Recently, using the example of PR it was shown that this effect is also achieved if membrane proteins are artificially fused to a soluble protein, such as green or red fluorescent protein (Figure 10) [76,78]. This method represents an elegant and highly effective way to control the orientation of the membrane proteins. A similar effect was achieved by His-tag mediated attachment of large Ni-NTA coated silicate particles to the C-terminus of PR to enhance the insertion via the N-terminus into preformed membranes of proteoliposomes [115].




5. Light-Driven Biocatalysis in Artificial Compartments


As the most important energy currency in living organisms, ATP powers most of the energy consuming reactions and provides tight regulation of many biosynthetic pathways. For biotechnological applications the provision of ATP, therefore, is of prime importance. ATP is generated by F0F1-ATP synthases in living organisms in two ways: (1) oxidative phosphorylation and (2) photophosphorylation via light-induced proton gradients [116,117,118]. ATP synthases have been reported to be functionally reconstituted within artificial vesicles, e.g., liposomes [13,14,15,19,20,77,119], polymersomes [54,70,71], as well as within protein- or polymer-based microcapsules [120,121,122]. ATP synthesis was powered by the proton gradients generated by coupling with BR [12,14,54,70,71,77,119], PSII/PR [20], PSII [19], and artificial RC [15].



To efficiently produce ATP from light-driven artificial compartments, it is very important to maintain the bioactivity of the photosystems as high as possible. That is especially crucial for the membrane associated protein PSII, which is a large protein multiunit complex with a molecular mass up to 350 kDa [123]. It has been shown to be difficult to preserve a high bioactivity of PSII after being reconstituted into nonbiological membrane systems [124]. The group of Li has reported that, by using a simple coprecipitation method [125], PSII was entrapped in a hydrogel-like porous microsphere, followed by coating with ATPase proteoliposomes on its surface (Figure 11) [19]. This microsphere was proved by a photoreduction assay to be helpful to preserve the bioactivity of PSII.



Applications of the above-mentioned light-driven artificial compartments are not constricted to mere ATP synthesis, which can be further utilized to supply energy for ATP-consuming (cascade) reactions. Shin and coworkers demonstrated an artificial photosynthetic organelle which was constructed by co-reconstituting plant-derived PSII and PR into the same liposomal compartment (Figure 12a), and the two photoconverters exhibited independent optical activation (Figure 12b) [20]. ATP was synthesized via red light illumination whereas its synthesis was hindered upon green light exposure. These photosynthetic organelles were further encapsulated within giant vesicles (15 µm), together with all components needed for an ATP-dependent actin polymerization. Upon light induction, protons translocated across the lipid membrane from the giant vesicle lumen into liposomal lumen and ATP was generated in the lumen of giant vesicles to further energize the actin polymerization (Figure 12c). Additionally, the ATP-producing photosynthetic organelles were suspended in an aqueous solution to couple them with carbon fixation. For this purpose, pyruvate carboxylase, acetyl-coenzyme A and bicarbonate were added to the reaction buffer. Direct coupling between carbon fixation and ATP synthesis was indicated by the formation of oxaloacetate as well as its abolishment due to the addition of an inhibitor of the pyruvate carboxylase. The coupling between ATP-consuming metabolic reactions and controllable light-driven ATP synthesis represents an important step toward the establishment of light-driven biocatalytic systems for the preparative synthesis of chemicals.



Apart from liposomes and polymersomes, larger artificial compartments have been created by using surfactant proteins or detergents. Montemagno and coworkers have integrated BR/F0F1 ATPase into liposomes and polymersomes. They used the Tungara frog surfactant protein Ranaspumin-2 and the surfactant Tween-20 to form so called “foam channels”, which functioned as the larger compartments and hosted light-driven ATP generating liposomes and polymersomes, respectively, together with multi-enzyme-systems of the Calvin-Benson-Bassham (CBB) cycle with glyceraldehyde-3-phosphate (G3P) as the product. To further assimilate G3P to glucose, corresponding enzymes were added. This co-entrapment in the solution within the foam channels made it possible to efficiently couple the ATP consuming metabolic cascade reactions with the light-induced ATP synthesis (Figure 13) [71].




6. Why Is Light-Driven Biocatalysis Interesting?


The current examples of vesicle-based light-driven biocatalysis are only of academic interest. However, these studies have to be regarded as pioneering examples for artificial reaction systems that make use of light energy for the generation of organic compounds. Due to the complexity of the systems, it is obvious that their preparative application should first focus on high-value products. Biotransformations employing purified enzymes that catalyze ATP- or NAD(P)H-consuming reactions, which are not compatible with current cofactor regeneration systems, e.g., due to inhibition phenomena or complicated product separation, would represent good starting points. Recent advances in the fields of large-scale production of polymersomes and the development of biocatalytically active nanoreactors, which could be combined with the photosynthetic vesicles in a modular fashion, are of prime importance for the realization of such syntheses (see review [126]). In the long run, one might even think about the production of low-cost compounds such as biofuels, if advances in the state of the art in the areas of membrane protein production and assembly of the photosynthetically active vesicles improve the cost-efficiency of the syntheses. A major challenge in this context is the low efficiency of natural photosynthesis. Plants employing the Calvin−Benson−Bassham (CBB) cycle, so-called C3 plants, have an observed photosynthetic efficiency of around 1% with an estimated upper limit of 4.5% [127]. For comparison, the highest reported efficiency of the conversion of solar energy into electricity by solar cells, which are employed in photovoltaic systems, amounts currently to 46.0% [128]. In recent years, microalgae have been widely discussed as better alternative for biofuel production compared to land plants since they should have higher efficiencies due to the lack of cells without photosynthetic activity, which are responsible for a loss of 30% of photons [127,129]. This advantage would also be true for artificial photosynthetic vesicles. Another advantage would be the possibility of optimizing the relation of light-harvesting pigments to reaction centers. This would not only reduce the photodamage to the system, but also help to avoid saturation at high light intensities, which is reached in natural systems at an intensity corresponding to 20% of full sunlight [127].




7. Conclusion and Outlook


The utilization of solar energy for the generation of high-energy chemical bonds requires a reaction system that is able to convert photonic into chemical energy rather than dissipating it into heat. Natural phototrophic organisms achieve this goal via the light-induced generation of electrochemical gradients across membranes, whose energy can be conserved in form of energy-rich molecules such as ATP. In recent years, significant advances have been made in the construction of photosynthetically active membrane-enveloped compartments on the basis of liposomes and polymersomes that mimic these natural principles. A broad variety of vesicles with (artificial) photosynthetic systems in their membranes have been generated, predominantly by embedding natural membrane proteins with proton pumping activity into diverse lipid or polymer membranes. Since the unidirectional transport of molecules is a fundamental prerequisite for the efficient formation of electrochemical gradients, much research effort has been devoted to control the orientation of the membrane proteins during the insertion. In this context, the generation of artificial fusion proteins between membrane proteins and soluble fusion partners (such as GFP) has been shown to be an easy but powerful tool to facilitate a directed insertion [78]. First encouraging examples for the synthesis of chemical compounds by light-driven biocatalysis have been published such as the coupling of light-controlled ATP production with energy-dependent carbon fixation reactions resulting in the production of glucose [71] or oxaloacetate [20]. These studies demonstrate the general feasibility of the vesicle-based biocatalytic concept and can be regarded as first steps on the way to sustainable processes employing these exciting new tools. The future goal will be to use artificial photosynthetic mechanisms to power a broad variety of biocatalytic reactions and to employ this technology in the development of a new generation of green production processes of important chemical compounds. In addition to ATP-consuming (cascade) reactions, synthetic routes involving NAD(P)H-dependent oxidoreductases could greatly benefit from the utilization of light energy for the reduction of NAD(P)+ as cost effective and inherently sustainable cofactor regeneration method. In a long-term perspective, even the investigation of biofuel production using these artificial vesicles might be conceivable. However, to accomplish the transition from the proof-of-concept status to chemical reactions on a preparative (or even industrial) scale, there are still major challenges to be addressed. Most importantly, the purification of membrane proteins is extremely cumbersome and has to be significantly optimized to make available the amounts required for large-scale applications. However, the tremendous research efforts that are currently devoted to cell-free protein expression could lead to the development of an important enabling technology for light-driven biocatalysis and speed up the establishment of this catalytic concept as a critical tool of future green chemistry.
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Figure 1. Structures of phosphatidylcholines that were used for the generation of liposomes with photosynthetic activity. Abbreviations are listed in the footnote of Table 1. Below the common abbreviation of the lipids, an alternative name is presented that describes the fatty acid chains in a comprehensible manner, i.e., (number of carbons in the fatty acid chain): (number of double bonds in the fatty acid chain). Thus, 14:0 corresponds to 14 carbons in the fatty acid chain without any double bond. In case of two different fatty acid chains, the individual descriptions of the chains are separated by a dash. 
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Figure 2. Structures of further lipids (apart from phosphatidylcholines) that were used for the generation of liposomes with photosynthetic activity. Abbreviations are listed in the footnote of Table 1. The number-based nomenclature, which is given below the common abbreviation, is explained in the legend of Figure 1. 
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Figure 3. Properties comparison between liposomes and polymersomes [2]. Reproduced by permission of The Royal Society of Chemistry. 
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Figure 4. Structures of polymers that were used for the generation of polymersomes with photosynthetic activity. Abbreviations are listed in the footnote of Table 1. The polybutadiene (PBD)-containing triblock copolymers were prepared from hydroxyl terminated polybutadiene that has been mainly formed by 1,4-addition [55]. 






Figure 4. Structures of polymers that were used for the generation of polymersomes with photosynthetic activity. Abbreviations are listed in the footnote of Table 1. The polybutadiene (PBD)-containing triblock copolymers were prepared from hydroxyl terminated polybutadiene that has been mainly formed by 1,4-addition [55].



[image: Catalysts 09 00012 g004]







[image: Catalysts 09 00012 g005 550]





Figure 5. Light-driven biocatalytic processes in vivo. (a) ATP synthase and NADH:quinone oxidoreductase catalyze the formation of ATP and NADH using the energy stored in proton gradients generated by proteorhodopsin in bacteria. The reversibility of the NADH:quinone oxidoreductase reaction helps to balance the levels of the reduced and oxidized nicotinamide cofactors and of the redox carriers ubiquinone (Q) and ubiquinol (QH2). (b) For oxygenic photosynthesis in cyanobacteria, two photosystems are employed, which transfer electrons (e−) from water to ferredoxin (Fd). Upon excitation of photosystem II, ubiquinone (Q) is reduced to ubiquinol (QH2). Subsequently, the cytochrome b6f complex re-oxidizes QH2 and reduces plastocyanin (P), which in turn transfers the electrons to the photosystem I. The electron transfer to oxidized ferredoxin (Fdox) is then triggered by excitation of photosystem I. The reduction of the nicotinamide cofactors links this process to the carbon fixation in the Calvin cycle. Finally, the oxygen-evolving complex (OEC) oxidizes water to regenerate the system for the next electron transfer. For purposes of clarity, the ATP synthase, which also catalyzes the formation of ATP in this system, has been omitted. Reprinted from E. T. Johnson and C. Schmidt-Dannert, Light-energy conversion in engineered microorganisms, Trends in Biotechnology, 26(12), 682–689, Copyright (2008), with permission from Elsevier [89]. 
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Figure 6. The photophosphorylation and oxidative phosphorylation pathways of purple non-sulfur bacteria. The nicotinamide adenine dinucleotide (NADH) dehydrogenase catalyzes a reduction of the redox carrier ubiquinone (Q) to ubiquinol (QH2). This process is coupled to the translocation of protons from the cytoplasm to the periplasm. The succinate dehydrogenase (Succ-DH) oxidizes succinate to fumarate and transfers the two electrons to Q. The heme-containing ubiquinol oxidase, which is also acting as a proton pump, transfers electrons from QH2 to oxygen. The cytochrome bc1 complex mediates the transfer of electrons from the ubiquinol pool to the second type of diffusible redox carrier in the membrane, the cytochrome c2, and pumps protons into the periplasm. The cytochrome c oxidase oxidizes two molecules of cytochrome c2 and reduces oxygen to water, thereby translocating protons into the periplasm. The photosynthetic apparatus comprises a reaction center (RC) and a light-harvesting complex (LHC) and is involved in the transfer of electrons from cytochrome c2 to QH2. This light-driven transfer is special because it proceeds from high to low redox potential. Finally, the adenosine triphosphate (ATP) synthase converts the energy stored in the electrochemical gradient into chemical energy in the form of ATP. Electron flows that are solely photosynthetic or respiratory are indicated by red dashed–dotted and blue dashed lines, respectively. There is no information about stoichiometry in this figure. Reprinted with permission from S. Klamt, H. Grammel, R. Straube, R. Ghosh and E. D. Grilles, Mol Syst Biol., 4:156, Copyright (2008). (doi:10.1038/msb4100191) [95]. 
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Figure 7. The chloroplastic F0F1-ATP synthase and an artificial photosynthetic apparatus based on a molecular triad were reconstituted into liposomes. The molecular triad consisted of carotene-porphyrin-naphthoquinone (C-P-Q). The photocycle that translocates protons into the lumen of the liposome is shown. The triad generates the species C•+-P-Q•− upon light excitation. The intramolecular redox potential of this molecule, bearing a carotenoid radical cation and a naphthoquinone radical anion, is connected to a proton transfer mediated by a quinone (QS), which is alternating between a reduced and an oxidized state. The reduction takes place at the vesicle surface when QS accepts an electron from the radical anion and gets protonated to the semiquinone HQS•. This species shuttles both, the proton and the electron, to the inner membrane surface where the oxidation by the C•+-P-Q species takes place. The proton is set free into the vesicle lumen and the resulting proton motive force leads to the generation of ATP by the action of the embedded F0F1-ATP synthase. Reprinted by permission from Nature, Light-driven production of ATP catalysed by F0F1-ATP synthase in an artificial photosynthetic membrane, G. Steinberg-Yfrach, J.-L. Rigaud, E. N. Durantini, A. L. Moore, D. Gust and T. A. Moore, Copyright (02041998) (doi:10.1038/33116) [15]. 
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Figure 8. Droplet transfer method for the directed reconstitution of reaction centers (RC) into giant lipid vesicles. (A) Water-in-oil (w/o) droplets, which were formed by emulsifying an aqueous solution (I-solution) in an oil phase, were transferred into an aqueous phase (O-solution) by centrifugal forces. (B) For the reconstitution of reaction centers (RCs), w/o droplets were formed in the presence of RC-containing micelles. Using this method, a high percentage of correctly oriented RCs in giant lipid vesicles was achieved since the hydrophilic H subunit of the RC (depicted in orange) preferred to face toward to the aqueous core of the droplet. Reprinted with permission from E. Altamura, F. Milano, R. R. Tangorra, M. Trotta, O. H. Omar, P. Stano and F. Mavelli, Highly oriented photosynthetic reaction centers generate a proton gradient in synthetic protocells, PNAS, 2017, 114(15), 3837-3842 [73]. 
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Figure 9. Directionality of the insertion of proteorhodopsin (PR) into liposomes. (A) Different lipids, which have positively charged, negatively charged or zwitterionic headgroups, were tested. (B) The asymmetric charge distribution at the C-/N-termini of proteorhodopsin control the orientation of the protein during insertion. The terminus of PR, which has the same charge as the liposome bilayer, localizes on the surface of the outer bilayer. Reprinted from R. Tunuguntla, M. Bangar, K. Kim, P. Stroeve, C. M. Ajo-Franklin, Lipid bilayer composition can influence the orientation of proteorhodopsin in artificial membranes, Biophys. J, 105(6), 1388-1396, Copyright (2013) with permission from Elsevier [74]. 
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Figure 10. Control of the orientation of proteorhodopsin (PR) in liposomal membranes by artificial fusion to soluble proteins. (A) Unmodified PR was reconstituted into liposomes in random orientation. (B) With a C-terminally fused hydrophilic domain (in this case: green fluorescent protein), PR inserted into liposomes with the N-terminus pointing into the vesicle lumen. (C) If the N-terminus was fused to a water-soluble red fluorescent protein (mCherry) domain, PR inserted into the liposome in the opposite orientation and the C-terminus was pointing into the vesicle lumen. Reprinted from N. Ritzmann, J. Thoma, S. Hirschi, D. Kalbermatter, D. Fotiadis, Fusion domains guide the oriented insertion of light-driven proton pumps into liposomes, Biophys. J, 113, 1181–1186, Copyright (2017) with permission from Elsevier [76]. 
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Figure 11. (A) Light-driven biocatalysis in an artificial chloroplast, consisting of a PSII-based microsphere and a F0F1-ATPase proteoliposome coating. For this assembly, hydrogel-like PSII-based microspheres were prepared through co-precipitation of bovine serum albumin, PSII, and calcium carbonate. After crosslinking by glutaraldehyde, the calcium carbonate core was removed. Subsequently, F0F1-ATPase proteoliposomes were coated on the surface of these microspheres. Under illumination, the entrapped PSII split water into protons, which led to the generation of ATP by the F0F1-ATPase proteoliposomes on the shell. (B) The photonic energy captured by the light-harvesting complex (LHC) of PSII evokes several charge separation and electron-transfer processes. The release of protons occurs at the site of a Mn4CaO5 cluster. The generated proton gradient prompts the rotational catalysis of F0F1-ATPase in the coating. (C) Redox potential scheme during the electron transfer. Reprinted with permission from X. Feng, Y. Jia, P. Cai, J. Fei and J. Li, Coassembly of photosystem II and ATPase as artificial chloroplast for light-driven ATP synthesis, ACS Nano, 2016, 10(1), 556-561, Copyright (2016) American Chemical Society [19]. 
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Figure 12. Artificial photosynthetic organelles and their application. (a) Via light activation, photosynthetic system II (PSII) and proteorhodopsin (PR) created a proton gradient and ATP was produced. (b) With the same photosynthetic organelle, ATP synthesis was controlled by an optical switch. Red light facilitated ATP synthesis whereas green light hindered its production. (c) Encapsulation of the photosynthetic organelle as energy module within a giant vesicle for the coupling of ATP synthesis with actin polymerization. Red light facilitated the actin filament growth and green light impeded its growth. Reprinted by permission from Springer Nature, K. Y. Lee, S.-J. Park, K. A. Lee, S.-H. Kim, H. Kim, Y. Meroz, L. Mahadevan, K.-H. Jung, T. K. Ahn, K. K. Parker and K. Shin, Photosynthetic artificial organelles sustain and control ATP-dependent reactions in a protocellular system, Nat Biotechnol, Copyright (2018) [20]. 
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Figure 13. A foam-based artificial photosynthetic system. BR/F0F1 ATP synthase was reconstituted in polymersomes or liposomes. These ATP-producing vesicles were hosted within the foam channels and coupled with multi-enzyme systems to power carbon fixation. For this purpose, the enzymes of the Calvin−Benson−Bassham (CBB) cycle were employed. The reaction is divided into three phases. Phase 1: The enzyme RuBisCo (ribulose 1,5-bisphosphate carboxylase) catalyzes the carboxylation of ribulose-1,5-bisphosphate to form an unstable C6-compound that decomposes into two molecules of 3-phosphoglycerate. In phase 2, 3-phosphoglycerate is phosphorylated and reduced to glyceraldehyde 3-phosphate under consumption of ATP and NADH (the cofactor is not shown in the figure). In phase 3, glyceraldehyde 3-phosphate molecules are used for the formation of the C6-sugar and the regeneration of ribulose-1,5-bisphosphate. Reprinted with permission from D. Wendell, J. Todd and C. Montemagno, Artificial photosynthesis in Ranaspumin-2 based foam, Nano Lett., 2010, 10(9), 3231-3236, Copyright (2010) American Chemical Society [71]. 
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Table 1. List of studies which used liposomes and polymersomes for light-driven biocatalysis by embedding (artificial) photosynthetic systems.
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	Liposomes/Polymersomes
	Embedded Membrane Proteins/(Artificial) Photosynthetic Systems
	References





	Crude soybean phospholipids or pure PC/PE/(cardiolipin)
	Purple membrane from Halobacterium halobium/mitochondrial ATPase
	[12]



	PC/PA/cholesterol (Molar ratio 6.4:0.6:0.3) (optimized composition)
	BR from Halobacterium salinarium/chloroplastic F0F1-ATPase (mass ratio 1:10)
	[14]



	PC/PA/cholesterol (20 mol%) (Mass ratio 10:1)
	Artificial RC/chloroplastic F0F1-ATPase
	[15]



	SOPC
	BR from Halobacterium salinarium
	[16]



	POPC/PG/cholesterol (Molar ratio: 5:1:1)
	RC from Rhodobacter sphaeroides R-26
	[17]



	PC, PC/PA, DPhPC
	BR from Halobacterium salinarium
	[18]



	DMPC/DMPG (Mass ratio 9:1)
	PSII from spinach (microsphere) /chloroplastic F0F1-ATPase (proteoliposomes)
	[19]



	POPC/POPE/POPG/Cholesterol (Molar ratio 2:1:1:1)
	PSII from spinach/heterologously expressed PR/ATP synthase from Bacillus pseudofirmus
	[20]



	POPC/POPG (Molar ratio 9:1)
	RC from Rhodobacter sphaeroides R-26
	[73]



	POPC/POPG (Molar ratio 4:1) DOPC:DOTAP (Molar ratio 4:1)
	Heterologously expressed PR
	[74]



	DOPC
	Heterologously expressed PR
	[75]



	DOPC
	Heterologously expressed PR
	[76]



	PC/PA/cholesterol (Molar ratio 9:1:3)
	BR from Halobacterium halobium/F0F1-ATP synthase from Bacillus PS3
	[77]



	DOPC PMOXA17-PDMS65-PMOXA17
	Heterologously expressed PR
	[78]



	PMOXA-PDMS-PMOXA
	BR from Halobacterium salinarium
	[53]



	PEtOz-PDMS-PEtOz
	BR from Halobacterium salinarium/F0F1-ATP synthase from Bacillus PS3
	[54,70]



	P4VP28-b-PBD22-b-P4VP28 P4MVP18-b-PBD93-b-P4MVP18
	Heterologously expressed PR
	[55]



	PMOXA12-PDMS33-PMOXA12
	BR from Halobacterium/F0F1-ATP synthase from Bacillus PS3
	[71]



	P4MVP28-b-PBD22-b-P4MVP28 P4MVP29-b-PBD56-b-P4MVP29
	RC from Rhodobacter sphaeroides
	[72]







Abbreviations: BR: bacteriorhodopsin, DMPC: 1,2-dimyristoyl-sn-glycero-3-phosphocholine, DMPG: 1,2-dimyristoyl-sn-glycero-3-pho