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Abstract: During the light-dependent reaction of photosyn-
thesis, green plants couple photoinduced cascades of redox
reactions with transmembrane proton translocations to gen-
erate reducing equivalents and chemical energy in the form of
NADPH (nicotinamide adenine dinucleotide phosphate) and
ATP (adenosine triphosphate), respectively. We mimic these
basic processes by combining molecular ruthenium polypyr-
idine-based photocatalysts and inverted vesicles derived from
Escherichia coli. Upon irradiation with visible light, the
interplay of photocatalytic nicotinamide reduction and enzy-
matic membrane-located respiration leads to the simultaneous
formation of two biologically active cofactors, NADH
(nicotinamide adenine dinucleotide) and ATP, respectively.
This inorganic-biologic hybrid system thus emulates the
cofactor delivering function of an active chloroplast.

Introduction

Although converting just a fraction of the incoming solar
energy into chemical bond energy,[1,2] photosynthesis repre-
sents a key process enabling the occurrence of sophisticated
life on earth.[3] Thus, it also serves as a functional blueprint
for the sustainable harvesting and storage of solar energy in
the 21st century.[4] With its precisely membrane-organized
photosystems (PSs), catalytic subunits and electron transport

chains, photon absorption by green plants induces a directed
charge separation on the nanoscale provoking the oxidation
of water as well as the reductive formation of NADPH
(nicotinamide adenine dinucleotide phosphate).[5] Based on
the positioning of the catalytic subunits on different sides of
the thylakoid membrane and a proton pump integrated in
between the two photosystems PSI and PSII, an electro-
chemical proton gradient (proton motive force, pmf) across
the membrane is additionally established. This represents
the driving force of ATP (adenosine triphosphate) synthesis
via chemiosmotic coupling.[6–8] ATP constitutes the central
energy storage molecule within all living systems and is thus
a crucial cofactor for many energy-dependent biochemical
reactions, such as CO2 fixation reactions in the Calvin–
Benson–Bassham cycle.[9]

Using visible light as a switchable stimulus or energy
source, several strategies for the semi-artificial photo-
induced production of ATP have been reported.[10] They
range from adding non-natural chromophore nanoparticles
to intact chloroplasts for improved ATP synthesis[11,12] over
bioengineered originally non-photosynthetic
microorganisms[13,14] to a variety of bottom-up fabricated
liposomes and polymersomes.[15]

As a pmf always represents the ultimate starting point
for ATP synthesis, these vesicle systems can be classified by
the photo-responsive agent generating the proton gradient.
Typically, reconstituted bacteriorhodopsins (bRs),[16–25]

photoacids[26–28] or photobases[29] are utilized. Additionally,
successful ATP synthesis was triggered by the photoactivity
of whole membrane-embedded PSII aggregates releasing
protons upon oxidation of water at the Mn4CaO5

cluster.[30–32] Moreover, in the presence of hydrophobic
quinones acting as proton shuttles, the charge separated
excited state of an organic molecular triad was capable of
acidifying the inside of a vesicle resulting in the photo-
catalytic ATP formation at reconstituted ATP
synthases.[33,34]

Some of these light-dependent systems made further use
of the generated ATP,[23,24,32] e.g. ATP synthesis was coupled
to energy demanding cascade reactions such as DNA
transcription.[35] It was also shown that the fixation of CO2

yielding oxaloacetate from pyruvate[32] or even glucose,
exploiting all components of the Calvin–Benson–Bassham
cycle, can be realized.[22] Furthermore, parallel NADPH and
ATP formation by fully functional chloroplasts inside cell-
sized droplets were used for a variety of bio-engineered CO2

fixation processes.[36]
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Beyond this scope, an interlink between the photo-
chemical NADH (reduced nicotinamide adenine dinucleo-
tide) generation with the respiratory electron transport
chains[37] would result in a fully functional mimic of a
chloroplast’s behavior. Therefore, we intended to generate a
hybrid system consisting of a molecular photocatalyst
providing NADH which is subsequentially consumed by
inverted E. coli proteomembranes driving the ATP syn-
thesis. These inverted proteomembranes originate directly
from E. coli cells by a single passage through a French
Press.[38–40] Thus, the cell membranes become everted
resulting in an inside-out conversion of all membrane
proteins present in the E. coli cell including the respiratory
chain complexes and the ATP-synthase. This inversion
brings the valuable advantage of an easy accessibility of the
membrane proteins and their reaction products normally
present in the intracellular space. Therefore, the generation
of a pmf necessary for ATP synthesis can easily be achieved
by the addition of NADH to the exterior solution and
thereby activating the NADH-dehydrogenase-ubiquinone
complex with its proton pumping activity.[41,42] In the
presence of ADP and inorganic phosphate (Pi) the in vitro
ATP-synthesis using these inverted E. coli vesicles could be
shown, e.g. by an adapted micro-biosensor approach.[43]

Photochemical dyads consisting of a light absorbing
moiety coupled to an NADH forming catalytic unit are
ideally suited as these heterodinuclear transition metal
complexes ensure close spatial proximity between essential
components in biologically complex environments. These
architectures benefit from ultrafast electron transfers from
the chromophoric moiety to the catalytic center via the
bridging ligand.[44–47] This efficiently generates a charge
separated state which can be quenched in the presence of
suitable sacrificial reductants enabling catalytic turnover.

Based on our recent work demonstrating the successful
coupling of photochemical NADH formation followed by
enzymatic pyruvate reduction[48] we chose the water-soluble
dinuclear complex [(bpy)2Ru(tpphz)Rh(Cp*)Cl]Cl3 (1,
bpy=2,2’-bipyridine, tpphz= tetrapyridophenazine, Cp*=

pentamethylcyclopentadienyl) to provide reduced cofactor
equivalents to the NADH dehydrogenase of inverted E. coli
proteomembranes. As the generated ATP is further utilized
by hexokinase in an enzymatic phosphorylation reaction, the
designed inorganic-biologic hybrid system constitutes a
reaction network in which a heterodinuclear photocatalyst
finally induces the ATP dependent formation of glucose-6-
phosphate (G6P) upon irradiation with visible light (see
Scheme 1). Consequently, the presented approach enables a
photoinduced simultaneous formation of the two ubiquitous
cofactors ATP and NADH which represents a biochemical
prerequisite for fully autonomous self-sustaining synthetic
protocells.

Results and Discussion

The envisaged transition metal complex–inverted E. coli
vesicle hybrid system was designed to operate with two non-
interfering catalytic cycles in an aqueous buffer solution, i.e.

the vesicle-independent NADH formation in the exterior
bulk solution and the ATP synthesis in the confined space of
the proteomembranes using the freely diffusing nicotina-
mides. In order to minimize possibly detrimental effects of
pronounced complex–vesicle interactions, [(bpy)2Ru-
(tpphz)Rh(Cp*)Cl]Cl3 (1, see Scheme 1) was chosen as
NADH producing photocatalyst, lacking the lipophilicity
increasing tert-butyl groups on the terminal bpy ligands of
the previously investigated heterodinuclear complex used
for the photobiocatalytic pyruvate reduction.[48] Following
established protocols,[49] 1 was synthesized by stirring
[(bpy)2Ru(tpphz)]Cl2 and [Rh(Cp*)Cl2]2 in methanol at
room temperature. The resulting complex possesses three
chloride counter anions which ensure a high solubility in
water (see chapters 5 and 6 of the Supporting Information
for detailed synthetic protocols and structural character-
ization).

Typical for a ruthenium tris-bipyridine like complex, the
photocatalyst 1 possesses a broad 1MLCT band in the visible
region with λmax=443 nm (Figure 1A). Irradiation into this
band using one LED-stick (λmax=465 nm) for 5 h does not
lead to any significant photodecomposition of complex 1
(Figure S1). The photostability of this compound is there-
fore ensured for the photobiocatalysis experiments since in
this case irradiation was typically performed for only 1.5 h.
Compared to the mononuclear analog [(bpy)2Ru(tpphz)]Cl2
(3) the ruthenium based emission in 1 is quenched almost
completely which indicates efficient intramolecular electron
transfer to the Rh center (Figure 1A).[47] This photochemical
reductive activation of the catalytic center is a key prereq-
uisite for subsequent regioselective NADH formation.[50]

In fact, the RhCp* center in complex 1 proved to be
active in the reduction of NAD+ (oxidized nicotinamide
adenine dinucleotide) to NADH via two chemically orthog-
onal pathways. First, the light-independent formate-driven

Scheme 1. Schematic overview of the photobiocatalytic process con-
necting the photocatalytic NADH formation of 1 with the enzymatic
ATP and G6P production using inverted E. coli vesicles as the central
cofactor conversion machinery.
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nicotinamide reduction verified the catalytic ability of the
RhCp* moiety as indicated by formation of the character-
istic 340 nm band of NADH (Figure 1B).[50] Next, also the
photoinduced NADH formation occurred under conditions
later used for combining the photocatalyst and the inverted
vesicles (Figure 1C; 50 mM BTP (bis-tris propane), 140 mM
choline chloride, 5 mM MgCl2, 5 mM Na3PO4, 1 mM NAD+

and 0.2 M triethanolamine (TEOA) at pH 8.0). Here,
TEOA served as sacrificial reducing agent regenerating the
RuII state of the photooxidized RuIII center, hence prevent-
ing deleterious recombination of the metal based charge
separated state.[47] Consequently, no NADH formation was
observed in the absence of TEOA (Figure S2). 1 is therefore
capable to photocatalytically generate NADH under bio-
logically compatible reaction conditions.

The inverted E. coli vesicles were generated as previ-
ously described elsewhere.[43] Depending on different
batches, the inverted vesicles had a total protein content of
20–30 μgμL� 1. To assess the ability of the prepared inverted
vesicles to synthesize ATP in vitro, a qualitative luminiol/
luciferase assay was used (Figure 1D). Here, the successful
ATP formation after addition of NADH was monitored by
increasing luminescence values. Previously it could be shown
that ATP synthesis is indeed driven by the ATP synthase
present in the membrane of the vesicles since addition of
2 μM of the ATP synthase inhibitor venturicidin A com-
pletely suppressed the ATP synthesis capacity of the E. coli
inverted membrane vesicles.[43]

To evaluate an appropriate amount of vesicles and
NADH for the in vitro ATP-synthesis a quantitative

Figure 1. A) Ground-state UV/Vis absorption (solid lines) and steady-state emission spectrum (dotted lines) of the complexes 1 and 3 in DMSO.
B) Photo-independent NADH production using 1 (5 μM) and NaHCO2 (100 mM) as chemical reductant. C) Photocatalytic reduction of NAD+ in
the photobiocatalysis buffer, using complex 1 (20 μM). D) Evaluation of the in vitro ATP-synthesis with inverted E. coli vesicles (650 μgmL� 1 total
protein concentration) using a luminol-luminescence assay. ATP synthesis was monitored at 560 nm in the presence (red curve) or the absence of
vesicles (black curve). The black arrow indicates addition of NADH (500 μM final concentration) to initiate the vesicle respiration and the ATP
synthesis. E) Emission of AO in the presence of vesicles upon initial addition of the respective substrate (ATP or NADH; 1.0 mM or 0.5 mM final
concentration, respectively) or the pure buffer (black triangle) and subsequent addition of NH4Cl (green triangle). F) Course of the AO fluorescence
in the presence of 650 μgmL� 1 (total protein concentration) of inverted E. coli vesicles. As indicated with the first arrow, NADH addition (500 μM,
final concentration) initiates respiratory activity of the vesicles. Addition of ADP, NH4Cl or the pure buffer is indicated with the asterisk marked
arrow. G) Course of the AO fluorescence after addition of NADH (500 μM) to 650 μgmL� 1 (total protein concentration; addition is indicated by the
black arrows) of the inverted E. coli vesicles which were either used directly (black curve) or irradiated for 3 days at room temperature (red curve)
using one LED-stick (λmax=465 nm, 45–50 mWcm� 2). H) Emission of AO in the presence of an independently irradiated photocatalysis mixture
with the subsequent addition of the vesicles (t=50 s). The photocatalysis mixture was irradiated for 2 h in the typical photobiocatalysis buffer
(1 mM NAD+, 25 μM 1 (black trace) or 0 μM 1 (i.e. “blank”, orange trace)); the inset shows the emission resulting from the photogenerated
NADH (λmax�460 nm) after these 2 h of irradiation. I) Course of formazan formation, detected by its absorbance at 492 nm. The mixture consisted
of glucose (0.1 mM), hexokinase (1 U), G6P-DH (1 U), NADP+ (0.5 mM), diaphorase (0.8 U) and INT (0.1 mM). The addition of ATP (0.5 mM,
final concentration) is indicated by the black arrow and induces the enzymatic reaction cascade depicted in Scheme S1. J) Exemplary kinetic
analysis of the photogenerated NADH by formazan absorbance at 492 nm after workup of the aliquots taken from the photobiocatalysis at the
given irradiation time using 5 μM 1 as catalyst (see also Figures S5 and S10). K) Exemplary kinetic development of ATP concentration during the
photobiocatalysis using 5 μM 1 as the catalyst (see also Figure S5). L) Comparison of the ATP output from different catalysis mixtures using 5 μM
of catalyst 1.
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luminiol/luciferase assay was used (Figure S3). Based on
these data, the NADH concentration was set to 500 μM and
the amount of vesicles was adjusted to 0.65 μgμL� 1 total
protein content for every further experiment.

Next, the vesicles’ ability to generate a pmf by oxidation
of NADH was examined in detail using an acridine orange
assay (AO assay). The fluorophore AO is able to accumu-
late inside the vesicles by following the proton gradient
across the membrane leading to the quenching of AO
fluorescence due to the reduced absorbance of the formed
dimeric AO aggregate at the chosen excitation
wavelength.[51] As expected, addition of NADH to the
buffered vesicle solution led to the formation of a proton
gradient across the vesicle membrane indicated by a
decreasing AO fluorescence (Figure 1E). As depicted in
Figure 1E as well, also the addition of ATP to the reaction
mixture resulted in an acidification of the vesicle demon-
strating the known ATPase activity of the F1FO-ATP
synthase present in the membrane.[52–54] The respective
buffer control resulted in no AO quenching compared to the
addition of NADH and ATP. As the NADH-induced
formation of a proton gradient was also abolished upon the
subsequent addition of ADP (Figure 1F), the inverted E.
coli vesicles work as depicted in Scheme 1. The order of
biochemical events can thus be described by an NADH
oxidation-induced vesicle acidification followed by the
conversion of ADP into ATP.

The capacity of proton gradient formation after the
addition of NADH was also evaluated after several days of
irradiation of a vesicle solution using a blue light emitting
LED-stick (λmax=465 nm). As revealed by the AO assay,
formation of a typical proton gradient across the E. coli
vesicle membrane could be observed even after 3 days of
constant irradiation indicating the excellent photostability of
the vesicles needed for further photobiocatalytic experi-
ments (Figure 1G).

After confirming the photostability as well as the
catalytic activity of the separate systems, i.e. photocatalytic
NADH-formation by 1 and productive NADH consumption
by the inverted E. coli vesicles, combination of these
independent catalytic entities to achieve the final synergistic
hybrid system was performed. In a first step, however, the
individual processes were still separated spatially and
temporarily in order to evaluate whether NADH generated
by 1 in the absence of the inverted E. coli vesicles in fact
initiated the formation of a proton gradient when brought in
contact with the proteomembranes. After irradiating 1 mM
NAD+ in the presence or the absence of 25 μM 1 for 2 h in
the typical buffer used for photobiocatalysis experiments
(see above), emission spectroscopy verified the formation of
reduced nicotinamides only when 1 was present (Figure 1H).
Subsequently, AO was added to these solutions and
emission at 530 nm was recorded. After an equilibration
period, vesicles were injected into the solutions and in
contrast to the sample without photocatalyst 1 being present
in solution, the observed emission increase was much less
pronounced for the sample which did contain 1 during a 2 h
lasting irradiation process prior to vesicle addition. As a
result of the above-described AO accumulation inside the

vesicles, which is associated with lowered emission intensity
at 530 nm, this indicates the formation of a proton gradient
by the successful consumption of photocatalytically gener-
ated NADH (see also Figure S4).

Next, the simultaneous formation of NADH and ATP
by the full photobiocatalytic hybrid system was intended.
However, since NADH formation using 1 did only proceed
gradually (Figure 1C), reverse proton pumping of the
vesicles at the expense of ATP hydrolysis (Figure 1E) had to
be prohibited. This was achieved using hexokinase-catalyzed
G6P formation, trapping the reactive phosphate moiety of
ATP on the glucose backbone (see Scheme S1). The
equilibrium of the hexokinase reaction is clearly located at
the product side.[55] Although it was reported that the
product G6P can diminish the activity of hexokinase up to
54%,[56] the utilization of an excess of hexokinase and long
reaction times should make inhibition of the hexokinase
activity neglectable. Therefore, a quantitative phosphate
transfer from ATP to glucose forming G6P in a quantitative
manner can be assumed. Based on a 1 :1 stoichiometry, this
allows calculation of present ATP levels by enzymatic G6P
quantification.

In order to quantify photocatalytically generated G6P,
oxidation to the corresponding 6-phospho-δ-lactone using
glucose-6-phosphate dehydrogenase (G6P-DH) and
NADP+ as cofactor was performed. This step occurred
during the workup of the aliquots taken from the photo-
biocatalysis. Due to the overlapping absorbance with the Ru
complexes, the hereby generated NADPH was not analyzed
directly. On the contrary, the NADPH dependent diaphor-
ase-catalyzed reductive ring-opening of the tetrazole deriva-
tive INT (3-(4-Iodophenyl)-2-(4-nitrophenyl)-5-phenyl-2H-
tetrazol-3-ium chloride), yielding the pinkish formazan form
(λmax=492 nm), was coupled to the aforementioned reaction
(Figure 1I and Scheme S1). This method additionally al-
lowed the verification of the biochemical usability of the
photogenerated NADH by a second enzymatic method:
Analysis of a photobiocatalytic control experiment exclud-
ing the vesicles resulted in the formation of formazan
(Figure 1J; the diaphorase also utilizes NADH as cofactor
for the reductive ring-opening reaction). In contrast, the
presence of the vesicles was inhibiting the NADH-depend-
ent formation of formazan thus showing that the photo-
catalytically generated NADH was in fact consumed via the
respiratory activity of the added E. coli vesicles.

Based on these promising results, the full photobiocata-
lytic system as depicted in Scheme 1 was then examined. In
accordance with the obtained results showing only a small
dependence of the synthesized ATP with varying NADH
concentrations (Figure S3), two different concentrations of 1
(5 and 25 μM) both resulted in the photobiocatalytic
formation of similar amounts of G6P, i.e. 15.0�1 μM ATP
(corresponding to the amount of formed G6P) using 25 μM
of 1 and 17.9�0.3 μM ATP utilizing 5 μM of 1 (Figure 1L).
Hence, using 5 μM 1, the process of photo-induced ATP
(G6P) formation can be described as catalytic with respect
to 1 (TON�3.6�0.1). As outlined in chapter 2 of the
Supporting Information, a rough calculation on the energy
efficiency of this process with 5 μM 1 considering the
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amount of absorbed photons yields a value of ca. 3×10� 3 %.
For a system exclusively focusing on ATP formation, an
energy efficiency of up to 4% was reported.[34] Moreover, as
shown in Figure 1K, the ATP (G6P) levels were constantly
increasing during irradiation (see also Figure S5).

To verify the necessity of all incorporated components
contributing to the overall process, exclusion experiments
were performed omitting either photocatalyst 1, the vesicles,
NAD+ or keeping the solution for 90 min in the dark. In
none of these cases was ATP (G6P) detected (Figure 1L).
Consequently, the reaction sequence shown in Scheme 1
correctly describes the molecular processes that occur. The
system consists of a visible light-dependent photoredox
catalytic process yielding NADH, followed by the respira-
tory consumption of the nicotinamides at the vesicle-
integrated NADH dehydrogenase. The generated proton
gradient ultimately provokes ATP production leading to the
subsequent G6P synthesis by G6P-DH.

E. coli, from which the proteomembrane vesicles origi-
nate, is a facultatively anaerobic bacterium and possess two
types of NADH dehydrogenases (Ndh, NuoA-N) differing
in their activity depending on the presence or the absence of
oxygen.[57–59] However, both are expressed under the applied
aerobic growth conditions.[60] Thus, it enables the bacterium
to generate a pmf and consequently also ATP even in the
absence of oxygen, conditions that are necessary for the
photocatalytic NADH formation utilizing photocatalyst 1.[61]

For comparison, using membrane vesicles originating from
the strictly aerobic Pseudomonas putida resulted in no
photocatalytic ATP formation using 1 as catalyst (data not
shown). This is rationalized by the observation that also no
ATP was formed when NADH was simply added to these
vesicles under exclusion of oxygen. Unlike that, in the

presence of oxygen these vesicles did show the capacity for
ATP production upon NADH addition.[43]

To further investigate the interplay of Ru complexes and
the inverted E. coli vesicles, additional experiments were
performed. The use of [Ru(bpy)3]Cl2 (4) as photoredox
active reference complex resulted in no detectable ATP
formation. Since 4 exhibits appropriate photostability (Fig-
ure S1), the inactivity can be correlated to the inability of
photocatalytic NADH production as it lacks the RhCp*
catalyst moiety (Figures S6–S8). Contrary, using [(bpy)2Ru-
(tpphz)]Cl2 (3), a concentration dependent ATP formation
was observed (Figure S9). In addition to the small amounts
of NADH that were generated upon irradiation as reported
previously (Figures S4, S7),[48] we mainly associate this
finding with the interaction of this complex with the
proteomembranes via its tpphz ligand. This is verified by an
increasing emission of 3 upon vesicle addition (Fig-
ure 2A).[62,63]

According to recent literature, such interactions possibly
enable other pathways of ATP formation.[64,65] To test this,
we utilized [(bpyP)2Ru(tpphz)]Br2 (5) (bpyP= (2,2’-bipyri-
dine-4,4’- diylbis(methylene))bis(phosphonic acid)) which is
—like the lipids present in the inner E. coli membranes[66,67]

—negatively charged under the slightly basic buffer
conditions.[68] With this anionic complex, significantly re-
duced interactions with the inverted E. coli membranes
were detected (Figure 2B, C and S11) and consequently no
ATP formation was observed. As for the heterodinuclear
analog [(bpyP)2Ru(tpphz)Rh(Cp*)Br]Br3 (2) similar ATP
(G6P) amounts (22.8�0.8 μM, using 5 μM 2; TON�4.6�
0.2, see also Figure S12) as for complex 1 were obtained, the
modified bpy ligands do neither impart photoredox activity
(Figure S7) nor NADH consumption by the E. coli vesicles

Figure 2. A) and B) Changes of the luminescence intensity of complexes 3 (A) and 5 (B) (both 10 μM and dissolved in the photobiocatalysis buffer)
upon addition of increasing volumes of the vesicle suspension (650 μgmL� 1). C) Comparison of the relative emission intensity increase of
complexes 3 and 5 upon addition of the vesicles (650 μgmL� 1, N=2; the errors are small and are thus mostly overlayed by the data points).
D) Evaluation of complex-vesicle interactions by comparing the ground-state UV/Vis absorption spectra of the respective complexes prior and after
an 1 h long incubation at room temperature (see Figure S13 for detailed spectra, N=2). Bottom: Molecular structures of the complexes 2, 3 and 5.
The phosphonic acid groups highlighted by blue color become deprotonated under the utilized buffer conditions.[68]
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(Figure S12). Instead, the inability of 5 to effectively interact
with the membranes impedes ATP formation.

These interaction studies via emission spectroscopy were
complemented by incubation-centrifugation experiments
analyzed by UV/Vis absorption spectroscopy (Figure 2D
and Figure S13 for detailed spectra). The loss of ruthenium
complex in the supernatant solution by loading the vesicles
with the chromophores was much stronger for 3 than for 5.
This trend was also observed for the heterodinuclear
complexes as 1 was sticking to the vesicles at a higher extent
than 2. As complex 4 did not stain the vesicles at all,
lipophilicity as well as overall charge both contribute to the
interaction of Ru complexes and the inverted E. coli
vesicles. Thus, in the case of lipophilic complexes, the
interaction with the vesicles can be decreased by incorpo-
ration of anionic functional groups.

To delineate a full picture of the photocatalytic ATP
formation in the present system, the detection of a proton
gradient in the absence of NAD+ and ADP was intended.
After optimizing the reaction conditions (see Figures S14–
S17), 20 μM ruthenium complex (1, 3 or 5) and 5 μM AO
were used for monitoring the visible light-driven acid-
ification of the vesicles. Consistent with catalytic outcomes,
light-switch results and the centrifugation experiments (Fig-
ure 2), a proton gradient in the absence of NAD+ was only
detected for complex 3 (Figures S18, S19).[64,65]

Based on the obtained data, it can thus be concluded
that the heterodinuclear complexes 1 and 2 induce the
visible light-driven ATP synthesis exclusively via an NAD+

dependent pathway as schematically depicted in Scheme 1.
In view of their ability to imitate a chloroplast’s behavior by
simultaneously generating NADH as well as ATP, the
heterodinuclear Ru� Rh complexes 1 and 2 in combination
with inverted E. coli vesicles are emphasized for their use in
future self-sustaining synthetic protocells.

Conclusion

The presented hybrid system consisting of the heterodinu-
clear tpphz-bridged Ru� Rh photocatalysts and inverted E.
coli vesicles is capable of generating the two biologically
active cofactors NADH and ATP simultaneously using
visible light as external energy source. It therefore imitates
the main function of natural chloroplasts to provide reduced
nicotinamides as well as ATP for subsequent energy-
requiring reductive cascade reactions. By analyzing the
individual processes necessary to synthesize ATP, it was
shown that the photocatalytically generated NADH in fact
acidifies the inside of the proteomembrane vesicles. This
resulting pmf is then used to convert ADP and Pi into ATP,
finally resulting in the phosphorylation of glucose. This last
step is reminiscent of the natural chloroplast system as well,
since in green plants photochemically generated ATP is
utilized in a biochemically similar phosphorylation reaction
to activate ribulose-5-phosphate for CO2 fixation and
reduction.

Additionally, it was found that the interactions of the
investigated Ru polypyridine complexes and E. coli derived

vesicles can be controlled by the overall charge and lip-
ophilicity of the coordination compounds. We find that in
accordance with the presence of negatively charged lipids in
the vesicle membrane, the negatively charged meth-
ylphosphonate derivatives 2 and 5 show significantly lower
affinity to the vesicles. The combination between 2 and the
proteomembrane vesicles therefore represent a system in
which the photocatalytic NADH formation and the subse-
quent pmf triggered ATP generation are decoupled with
minimal electrostatic interactions.

With these results at hand further applications such as
cascade reactions utilizing both cofactors NADH and ATP
can be envisaged. Energy-intensive reductive activations of
N2 as well as CO2 fixation reactions might be possible if
suitable enzymes would be provided to the presented
cofactor-producing inorganic–biologic hybrid system. For
such cascade reactions, the system is benefiting from the fact
that the generated cofactors are well accessible in the
exterior bulk solution rendering it unnecessary to imbed the
required enzymes in the vesicular architectures. Hence, our
system paves the way towards self-sustaining synthetic
protocells which are able to produce reducing equivalents
and molecular energy equivalents autonomously, provided
they receive suitable photonic input.
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