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            Abstract
Inside cells, complex metabolic reactions are distributed across the modular compartments of organelles1,2. Reactions in organelles have been recapitulated in vitro by reconstituting functional protein machineries into membrane systems3,4,5. However, maintaining and controlling these reactions is challenging. Here we designed, built, and tested a switchable, light-harvesting organelle that provides both a sustainable energy source and a means of directing intravesicular reactions. An ATP (ATP) synthase and two photoconverters (plant-derived photosystem II and bacteria-derived proteorhodopsin) enable ATP synthesis. Independent optical activation of the two photoconverters allows dynamic control of ATP synthesis: red light facilitates and green light impedes ATP synthesis. We encapsulated the photosynthetic organelles in a giant vesicle to form a protocellular system and demonstrated optical control of two ATP-dependent reactions, carbon fixation and actin polymerization, with the latter altering outer vesicle morphology. Switchable photosynthetic organelles may enable the development of biomimetic vesicle systems with regulatory networks that exhibit homeostasis and complex cellular behaviors.
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                    Figure 1: Design and applications of the photosynthetic artificial organelle.[image: ]


Figure 2: Light-driven ATP synthesis in the artificial organelle.[image: ]


Figure 3: Optical control mechanism of the artificial organelle.[image: ]


Figure 4: Control of actin polymerization and membrane shape of the photosynthetic protocellular system by light.[image: ]
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Regulation of intravesicular pH of a PSII-PR co-reconstituted proteoliposome by selectively activating PSII with red light and PR with green light.
Time-lapse video of a PSII-PR co-reconstituted proteoliposome stimulated by alternating white (400â€“700 nm), red (660 Â± 52 nm), and green (540 Â± 27 nm) light. The intravesicular pH rapidly decreased from an initial pH of 8.2 with the activation of both PSII and PR with white light (0â€“28 min) and decreased further with the activation of PSII with red light (28â€“36 and 44â€“50 min) but increased with the activation of PR with green light (36â€“44 and 50â€“60 min). The intravesicular pH of the proteoliposome was measured using a ratiometric pH SNARF-1 indicator. Scale bar = 10 Î¼m. (MOV 1231 kb)


Three-dimensional reconstruction of microscopic images of actin filaments in a protocellular system.
The actins (white lines) encapsulated inside a protocellular system were polymerized when they were coupled via ATP synthesis of the artificial organelles (green dots) inside the membrane system (membrane: red outer boundary). (MOV 11015 kb)


Actin polymerization in the protocellular system during white light illumination.
Time-lapse video of a protocellular system (red) containing photosynthetic organelles (green) and G-actin showing polymerization of actin filaments (white). Optical stimulation initiated G-actin nucleation (~15 min) and F-actin elongation (~60 min), leading to formation of a single F-actin sphere (~135 min). The F-actin sphere grew until the membrane ruptured (275 min). Scale bar = 10 Î¼m. (MOV 4702 kb)


Regulation of actin polymerization in a protocellular system via the organelle-based optical regulatory mechanism.
ATP-dependent actin (white lines) polymerization in a protocellular system (membrane: red outer boundary) was coupled with the ATP regulatory mechanism of the artificial organelles (green dots). The projection area of a F-actin sphere increased when ATP synthesis was facilitated via PSII activation with red light (120â€“180 and 240â€“300 min), but the F-actin area remained the same or decreased when ATP synthesis was impeded via PR activation with green light (180â€“240 min). Scale bar = 10 Î¼m. (MOV 2026 kb)


Regulation of actin polymerization in a protocellular system via the light-on and light-off protocols.
ATP-dependent actin (white lines) polymerization in a protocellular system (membrane: red outer boundary) was coupled with the ATP regulatory mechanism of the artificial organelles (green dots). The projection area of a F-actin sphere increased in the light-on condition (white light, 120â€“180 min), and the F-actin area continuously increased even after the start of the light-off condition (180â€“200 min). The quenching rate of actin polymerization in the light-off case was slower than that of the green-light case. Scale bar = 10 Î¼m. (MOV 1814 kb)


Failure of actin polymerization in a protocellular system in the absence of light stimulation (negative control).
Time-lapse video of a protocellular system (red) containing photosynthetic organelles (green) and G-actins. Polymerization of actin filaments (white) was not initiated without light illumination, indicating that actin polymerization is completely dependent on ATP synthesized by the organelles. Scale bar = 10 Î¼m (MOV 1078 kb)


Failure of actin polymerization in a protocellular system in the absence of artificial organelles (negative control).
Time-lapse video of a protocellular system (red) containing G-actins. Polymerization of actin filaments (white) was not initiated without the photosynthetic artificial organelles, indicating that actin polymerization is completely dependent on ATP synthesized by the organelles. Scale bar = 10 Î¼m. (MOV 3027 kb)


Failure of actin polymerization inside a protocellular system whose membrane lacked magnesium ionophores.
Time-lapse video of a protocellular system (red) containing photosynthetic organelles (green) and G-actins. Upon illumination, F-actins (white) were polymerized outside the protocellular system. In contrast, actin polymerization inside the protocellular system was not initiated in the absence of magnesium ionophores because magnesium ions were not being transported into the protocellular system. When the membrane ruptured, F-actins inside the cell suddenly polymerized because diffusion of magnesium ions outside the membrane allowed polymerization to occur. Scale bar = 10 Î¼m. (MOV 19852 kb)


Initiation of actin polymerization in a protocellular system by magnesium influx.
Time-lapse video of a protocellular system (red) containing ATP molecules, G-actin, and membrane-bound magnesium ionophores. Actin polymerization occurred when magnesium ions were added outside the protocellular system, showing that magnesium influx through the ionophores initiates actin polymerization. Scale bar = 10 Î¼m. (MOV 1887 kb)


Strong repulsive membraneâ€“actin interaction in a single phase protocellular system made of Lo2 phase membrane mixture.
Time-lapse video of a protocellular system containing photosynthetic organelles (green). The membrane system (red), made of the Lo2 phase mixture (sphingomyelin, polysaturated PEG-2000-PE, and cholesterol), induced a strong repulsive interaction between the membrane and actin filaments (white), resulting in a spherical membrane shape and a gap between the membrane and actin filaments. Scale bar = 10 Î¼m. (MOV 13044 kb)


Weak attractive membraneâ€“actin interaction in a single phase protocellular system cell made of Lo1 phase membrane mixture.
Time-lapse video of a protocellular system containing photosynthetic organelles (green). The membrane system (red), made of the Lo1 phase mixture (sphingomyelin and cholesterol), induced a weak attractive interaction between the outer membrane and actin filaments (white), resulting in attachment of actin filaments to the membrane. Notably, the membrane fragments remained attached to the F-actin sphere even after the membrane ruptured. Scale bar = 10 Î¼m (MOV 3007 kb)


Strong attractive membrane-actin interaction in a single phase protocellular system of Ld phase membrane mixture.
Time-lapse video of a protocellular system containing photosynthetic organelles (green). The membrane system (red), made of the Ld phase mixture (polyunsaturated phospholipids), induced a strong attractive interaction between the membrane and actin filaments (white), resulting in attachment of actin filaments to the membrane and local membrane deformation (wrinkled shape). Scale bar = 10 Î¼m. (MOV 2139 kb)


Shape change in a phase-separated protocellular system made of Ld-Lo2 phase mixtures by membraneâ€“actin interactions.
Time-lapse video of a protocellular system containing photosynthetic organelles (green). The membrane system (red) was made of two different phase membrane mixtures (Ld and Lo2) using the phase-separation method. Polymerized actins (white) were strongly attached to the Ld phase membrane owing to the strong interaction between actin and the Ld phase membrane, but they did not attach to the Lo2 phase membrane owing to the repulsive interaction between actin and the Lo2 phase membrane. The difference between local filamentâ€“membrane interactions induced a change in the global protocellular system's curvature, deforming the spherical cell into an asymmetrical dumbbell shape as actin polymerization proceeded. Scale bar = 10 Î¼m. (MOV 3823 kb)
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