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ABSTRACT: Protocell analogs (lipid vesicles) to modern cell
membranes have been postulated as compartments that may have
been involved in primordial metabolism during the transition from
geochemistry to biochemistry on early Earth. The transduction of light
energy into chemical energy for metabolism was a key step in the
transition from the earliest metabolisms to phototrophy. Photocatalytic
minerals may have served the role of enzymes during these transitional
stages. Here, we demonstrate a simple photoheterotrophic protometab-
olism promoted by photocatalytic minerals across a model protocell
(vesicle) membrane. These minerals in the extra-vesicular medium
utilized light energy to drive a coupled, multistep transmembrane
electron transfer reaction (TMETR), while simultaneously generating a
transmembrane pH gradient and reducing nicotinamide adenine dinucleotide (NAD+) to NADH within the vesicle. The proton
gradient or chemiosmotic potential could have provided a basis for adenosine triphosphate (ATP) synthesis and NADH could
potentially have driven further metabolic chemistry inside the protocells.

1. INTRODUCTION

The origin of protometabolism before enzymes existed is one
of the central issues in origins of life studies. Modern metabolic
processes are multistep, coupled redox reaction cycles that are
catalyzed by specific enzymes. These enzymes are assisted by
cofactors such as NAD+ and nicotinamide adenine dinucleo-
tide phosphate (NADP+) and their reduced forms NADH and
NADPH, respectively. In most metabolisms, the reduction of
NAD(P)+ to NAD(P)H is linked to the generation of a
transmembrane pH gradient or chemiosmotic potential, which
drives ATP synthesis. The importance of a transmembrane pH
gradient in developing protometabolism has been high-
lighted.1−3 Furthermore, recognizing the metabolic significance
of NAD even in an “RNA world” scenario, a prebiotic synthesis
of NAD has been achieved recently.4

A cell membrane defines the cell by providing a boundary
separating the inner components from the environment. It has
been proposed that self-assembling vesicles of single chain
amphiphiles (SCAs) could have served as compartments for
performing the first metabolism on the prebiotic Earth.5 These
SCA vesicles have been widely studied as model protocells due
to their prebiotic availability, their similarity to modern
phospholipid membranes in their ability for growth, division
and encapsulating water-soluble solutes to catalyze reactions as
reviewed recently.6−9 Thus, lipid membrane protocells have
the advantage of being able to grow and divide, which
distinguishes them from other model protocell systems such as
“mineral membranes” and coacervates. Mixed fatty acid and

phospholipid membranes have also been studied10−13 and
found to possess enhanced stability toward metal ions that are
ubiquitous in most geochemical environments.12,13

It has been hypothesized by some that the first cells may
have evolved chemoautotrophic metabolisms at oceanic
hydrothermal vents1,2 whereas others have argued for hetero-
trophy.14,15 An ideal model (proto)cell metabolism system
should at least be able to both generate a transmembrane pH
gradient by a transmembrane electron transfer reaction
(TMETR) as well as drive an intracellular coupled redox
reaction cycle. Various attempts have been made to mimic
parts of protometabolism nonenzymatically in model proto-
cells16−18 as well as contemporary photoautotrophic metabo-
lism in the absence or presence of enzymes for artificial light-
harvesting systems.19−21 In previous model (proto)cell
systems, a one-step, TMETR was shown,16,20,21 but these
studies did not show a coupled reaction network inside the
vesicle. In contrast, a two-step ETR with reductant, oxidant
and photocatalytic mineral all enclosed within the vesicle was
shown recently but this model system is not a transmembrane
reaction.18 Furthermore, a transmembrane pH gradient was
not reported in any of these previous (proto)cell studies.16−21

Progress has been made in establishing a proton gradient
across precipitated iron sulfide mineral walls and by
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thermophoresis in a water column but coupling to NAD+

reduction was not shown in these cases.22,23 Recently, the
oxidation of NADH to NAD+ and the generation of a reverse
chemiosmotic potential across a membrane was shown using
iron−sulfur cluster peptide complexes.24 Here, we show that a
model photoheterotrophic protometabolism could be devel-
oped in the presence of photocatalytic minerals as prebiotic
enzymes to promote a multistep TMETR with simultaneous
generation of a transmembrane pH gradient (chemiosmotic
potential) and reduction of NAD+ to NADH (Figure 1).

The model protometabolism is composed of the following:
(1) a lipid vesicle representing a model protocell; (2) an extra-
vesicular reductant or sacrificial (terminal) electron donor
(serine, glycine, 2-propanol); (3) photosensitizer or photo-
catalytic mineral; (4) an electron shuttle, a polyaromatic
hydrocarbon (PAH), embedded within the membrane bilayer
(either naphthopyrene or perylene); (5) an electron mediator,
rhodium trisbipyridine (Rh(bipy)3

3+) complex, encapsulated in
the vesicle; and (6) a terminal electron acceptor, cofactor
NAD+, coencapsulated in the vesicle. The potential role of
minerals in various aspects of the origins of life have long been
postulated as reviewed elsewhere25 but only recently have the
mechanisms of mineral surface-promoted vesicle self-assembly
and nonenzymatic RNA oligomerization been elucidated.26,27

The present study is the first report showing that photo-
catalytic minerals such as, CdS, FeS2, CdSe, TiO2, and ZnO,
present in the extra-vesicular medium can use light energy to
drive transmembrane, coupled photoelectrochemical redox

reactions inside vesicles, which produce a proton gradient and
promote intravesicular reaction of reduction of NAD+.

2. EXPERIMENTAL SECTION
Detailed experiment methodology is available in the
Supporting Information.

2.1. General Procedure for Vesicle Preparation and
Size Exclusion Chromatography. The 20 mM POPC and
75 mM OA vesicle solutions with 50 μM polyaromatic
hydrocarbons (PAHs), 15 mM NAD+ and 2.5 mM rhodium-
(III)-tris(2,2′-bipyridine) trichloride (Rh(bipy)3Cl3) were
prepared in bicine buffer (200 mM, pH 8.5) (Supporting
Information). The vesicle samples were extruded 11 times
through a 1 μm polycarbonate membrane to form mono-
disperse and single-bilayer vesicles (Figure S3). Afterward,
vesicles encapsulated with NAD+ and Rh(bipy)3Cl3 were
separated from the unencapsulated solutes by gravity size-
exclusion chromatography with a glass column filled with
Sephadex G-50 medium beads. Fractions were collected by an
automatic fraction collector and the absorbance was measured
in a plate reader at 260 nm (NAD+ absorbance peak) and 320
nm (Rh(bipy)3Cl3 absorbance peak) (Figure S3). Vesicle
fractions containing encapsulated solutes were mixed together.

2.2. General Procedure of TMETR Experiments and
NADH Enzymatic Assay. Mineral particles were charac-
terized by transmission electron microscopy for approximate
sizes (Figure S4 and Table S1). Photocatalytic mineral and
terminal electron donor were added to the purified vesicle
suspension (prepared as described in section 2.1 above), so
that they were present in the extravesicular medium. The final
mineral concentration was either 0.5 or 2.0 mg/mL and the
terminal electron donor concentration was 40 mM. Sub-
sequently, samples in septum-sealed glass vials were deoxy-
genated by purging with N2 for 10 min. Afterward, sample vials
were irradiated for 1, 2, and 3 h with UV lamp at 365 nm.
Extraction of reaction products, removal of PAH from vesicles
and removal of extra-vesicular minerals were achieved
following the procedure from Summers and Rodoni18

(Supporting Information). The emission spectrum of NADH
was obtained by excitation at 340 nm and the NADH peak was
detected at ∼450 nm. The confirmation for the formation of
active NADH form was achieved by adding Na−pyruvate (25
mM) and the enzyme LDH (0.2 Units) to the extracted
sample (Supporting Information). Prior to their addition,
sample pH was adjusted to ∼7.5 using HCl.

2.3. Measurement of Proton Gradient Across Mem-
brane. The 20 mM pure POPC or 75 mM OA vesicles
encapsulated with 0.05 mM pyranine (8-hydroxypyrene-1,3,6-
trisulfonic acid, HPTS) were prepared in buffer (200 mM
bicine) to obtain the desired pH, between 7 and 9 (Supporting
Information). The pH of buffer solutions was adjusted with
sodium hydroxide. The vesicle samples were extruded through
1 μm pore of the polycarbonate membrane and were purified
from unencapsulated dye by using size exclusion chromatog-
raphy. Subsequently, sample vials were irradiated for 1, 2, and
3 h with UV lamp at 365 nm. Pyranine was excited at 402 and
460 nm, and emission was recorded at 510 nm. The ratio
between these emissions (510/402 and 510/460 nm) depends
on the change in the intravesicular pH. A calibration curve was
made by using vesicles prepared at different pHs. For the
TMETR experiment, CdS (0.5 mg/mL) was added to the
vesicle suspension and samples were then exposed to UV
radiation at 365 nm for 3 h. The change in the pyranine

Figure 1. Schematic representation of coupled multistep TMETR
network across a model protocell membrane in the presence of a
photocatalytic mineral. The photocatalytic mineral acts as photo-
sensitizer, the PAH is the electron shuttle and Rh(bipy)3

3+ is the
electron mediator. An extravesicular simple organic compound acts as
terminal electron donor and NAD+ represents the terminal electron
acceptor. A representative TMETR system consists of lipid vesicles, 1-
palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) (2 mM) or
oleic acid (OA) (7.5 mM); electron shuttle (50 μM, green hexagons),
naphthopyrene (NP) or perylene; extravesicular photocatalytic
mineral particles (0.5 mg/mL, yellow hexagons), TiO2 or CdS or
ZnO or FeS2 or CdSe; electron donor (40 mM), serine or glycine or
2-propanol; Rh(bipy)3

3+ complex (2.5 mM) and NAD+ (15 mM)
were present in the intravesicular medium.
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fluorescence as a result of intravesicular pH change was
measured every hour. All fluorescence measurements were
performed by the plate reader (Synergy H1, BioTek Instru-
ments, Winooski, VT).
2.4. Synthesis of Rhodium(III)−Tris(2,2′-bipyridine)

Trichloride: Rh(bipy)3Cl3·5H2O Complex. Rhodium trisbi-
pyridine complex was used as an electron mediator. Rhodium
trisbipyridine was synthesized according to Kirch et al.28 Then
30 mL of aqueous ethanol 1:1 (15 mL of H2O and 15 mL of
ethanol) was added to the reaction mixture ((rhodium
trichloride (0.55 g; 10.5 mmol), bipyridine (1.2 g; 30.8
mmol) and N-ethyl morpholine (2.5 mL)), and the mixture
was heated under reflux conditions at 80 °C with frequent

shaking. A brown color suspension developed over time. The
UV/vis spectrum of the solution was monitored, and the
mixture was cooled down as soon as the spectrum showed a
peak at ∼320 nm and no free bipyridine peak was left at 280
nm. The reaction usually required 30−40 min for completion.
Afterward, the reaction mixture was vacuum filtered, and the
solvent was pumped off on a rotavapor (Heidolph, HeivAP,
Germany). The brownish solid obtained was twice recrystal-
lized from ethanol/water/butanol (50:10:40). The pale yellow
crystalline material obtained was washed with the chilled
recrystallized solvent mixture and dried under air to yield the
complex.

Figure 2. Coupled multistep TMETR photocatalyzed by various minerals using POPC vesicles and serine as the terminal electron donor. Emission
spectra of NAD products generated after UV irradiation in the presence of various photocatalytic minerals. The system consists of POPC vesicles
encapsulating NAD+, extra-vesicular mineral and serine, and NP embedded in the bilayer. The first graph in each row (left panel) represents the
total product formed after 0, 1, 2, and 3 h of UV irradiation and the remaining plots shows the LDH assay of the TMETR products at each time
point (Supporting Information). The legends in the first graphs of both left and right panels are valid for the corresponding panels in the second to
fourth rows. Experimental conditions: POPC (2 mM), naphthopyrene (50 μM), extravesicular mineral loading (0.5 mg/mL) and electron donor
serine (40 mM), Rh(bipy)3

3+ complex (2.5 mM), and NAD+ (15 mM) in the intravesicular medium. See the Supporting Information for details.
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3. RESULTS AND DISCUSSION
3.1. Photocatalytic Minerals Promote TMETR. Nic-

otinamide adenine dinucleotide can be reduced enzymati-
cally29 or nonenzymatically in the presence of an electron
mediator by electrochemical30−32 or photochemical33,34

means. We first investigated the ability of various photo-
catalytic minerals, CdS, FeS2, CdSe, TiO2, ZnO, ZnS, and
Cu2S, to generate NADH from NAD+ in bulk solutions
followed by transmembrane reactions involving vesicles. In
bulk solution, the ultraviolet (UV) illumination of these
photocatalytic minerals at mildly alkaline pH (8.5) in the
presence of NAD+, Rh(bipy)3

3+ complex, and various electron
donors led to the formation of NAD products within 1−5 min
(Supporting Information, Figures S1 and S2). Photoreduction
of NAD+ produces the enzymatically active and biologically
relevant form, 1,4-NADH; the inactive form, 1,6-NADH; and
NAD2 dimers (Scheme S1). All these products have emission
spectra near ∼450 nm. Hence, in order to confirm the
formation of the active form, the products were reoxidized to
NAD+ using the lactase dehydrogenase (LDH) enzyme
(Supporting Information). Biologically active 1,4-NADH was
formed in the presence of all minerals except ZnS and Cu2S.
The ZnS and Cu2S particle sizes are very large, ∼10 and 40
μm, and therefore, they have very low reactive surface area. On
the basis of these bulk solution results, we next investigated
lipid vesicle systems.
For the TMETR in the model protocell system, terminal

electron acceptor (NAD+) and electron mediator (Rh-

(bipy)3
3+) were encapsulated in POPC vesicles with electron

shuttle (naphthopyrene or perylene) embedded in the lipid
bilayer. Photocatalytic minerals (CdS, FeS2, CdSe, TiO2, and
ZnO) and reductant (serine, glycine, or 2-propanol) were
added to the extra-vesicular medium (Supporting Information,
Methods). We have previously found that vesicles remain
intact in the presence of a wide range of minerals,26 an
important feature for the vesicle compartment to be a part of
an effective transmembrane reaction. We have found that
vesicles were stable up to 3 h of UV radiation (Figure S5).
Therefore, the systems were illuminated by UV radiation for
up to 3 h. The emission peak at ∼450 nm increases with time
indicating progress of the TMETR (Figure 2). A small peak at
383 nm was also observed, ascribed to inelastic scattering.18

To confirm formation of active 1,4-NADH, the LDH assay
was performed. The NADH peak decreased rapidly after the
addition of LDH due to its reconversion to NAD+, clearly
indicating that 1,4-NADH had been produced during the
TMETR (Figure 2). The efficiency of producing total NAD
products (active NADH, inactive NADH, dimer) decreases
according to the sequence TiO2 > CdS ∼ ZnO > CdSe > FeS2.
In order to separate out the amount of active NADH from the
inactive NADH and dimer, the area under the curves from
Figure 2 was integrated and is reported in Figure 3 and Table
S2. It was found that TiO2 was the most effective photocatalyst
in generating 1,4 NADH followed by CdS, ZnO, FeS2, and
CdSe, respectively. In the case of TiO2, 4−10 times more
TMETR products were formed after 3 h UV irradiation as

Figure 3. Percentage of TMETR products formed after UV irradiation of 1, 2, and 3 h relative to 0 h in the presence of various photocatalytic
minerals. The data from Figure 2 were used to calculate the percent yield of products.
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compared to other photocatalytic minerals studied after similar
duration of irradiation.
In the above-mentioned TMETR’s, the photocatalytic

activity of minerals was utilized to drive redox cycles inside
the vesicles. The hole−electron (h+−e−) pair generated by the
photocatalytic mineral during the UV-irradiation was separated
across the membrane. The terminal electron donor (reductant)
added outside the membrane, was oxidized by the holes (h+)
to aldehydes or glyoxylic acid and H+ along with the
generation of NH3 and CO2

35−37 (Scheme S2). In the first
step of the TMETR process, electrons were transferred from
extra-vesicular mineral to the electron shuttle, naphthopyrene,
embedded in the bilayer, which subsequently transferred the
electron to the intravesicular electron mediator, Rh(bipy)3

3+.

The Rh(bipy)3
3+ was irreversibly reduced to Rh(bipy)2

+ by
two electrons,28,33 which were then passed on, as a pair, to
NAD+ to eventually form NADH (Scheme S3). Previous
studies of one-step TMETR used methyl viologen or
ferricyanide as the electron acceptor from the transmembrane
electron transfer because these compounds undergo a
colorimetric change which can be tracked by UV−vis
absorbance.16,21 However, neither of these compounds has
the ability to transfer two electrons in the next step of the
TMETR to NAD+. Furthermore, NAD2 formation is sup-
pressed in the presence of Rh(bipy)3

3+.33 Hence, Rh(bipy)3
3+

was used in the above TMETR experiments. Importantly, in
the absence of Rh(bipy)3

3+ complex biologically active 1,4-

Figure 4. Coupled multistep TMETR photocatalyzed by CdS employing various lipid membranes (A, B) and various terminal electron donors (B−
D). (A) Emission spectra of NAD products generated after UV irradiation of OA vesicles encapsulating NAD+ with extra-vesicular CdS and serine
and NP embedded in the bilayer. (B, C, D) Emission spectra of NAD products generated after UV irradiation of POPC vesicles encapsulating
NAD+; extra-vesicular CdS and serine (B) or glycine (C) or 2-propanol (D); and NP embedded in the bilayer. The first graph in each row (left
panel) represents the total product formed after 0, 1, 2, and 3 h of UV irradiation and the remaining plots shows the LDH enzyme assay of the
TMETR products at each time point (see Supporting Information for details). The legends in the first graphs of both left and right panels are valid
for the corresponding panels in the second to fourth rows. Experimental conditions: POPC (2 mM) or OA (7.5 mM), naphthopyrene (50 μM),
extravesicular mineral loading (0.5 mg/mL), and electron donor (40 mM), Rh(bipy)3

3+ complex (2.5 mM), and NAD+ (15 mM) in the
intravesicular medium. See Supporting Information for details.
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NADH was not formed (Figure S6) and the peak increase was
attributed to the inactive NADH and the dimer (Scheme S1).
Rh(bipy)3

3+ is used here as a model compound to represent
some prebiotic molecule capable of a two-electron transfer.
Rh(bipy)3

3+ was also used in another protocell experiment
where all the reaction components, including oxidant,
reductant, electron mediator and photocatalytic mineral, were
encapsulated within the vesicle.18 We can suggest some metal
complexes that may be analogues for the rhodium complex,
such as metal porphyrins, that can take part in electron transfer
reactions. The porphyrin-type metal complexes consist of a
macrocyclic tetrapyrrole ligand and a tightly bound metal ion,
such as Fe2+/3+, Mg2+, Co3+, and Ni2+.38 Porphyrins and
metalated porphyrins could potentially be formed under
simulated prebiotic conditions.39,40

The effect of particle loading was investigated at 0.5 and 2.0
mg/mL mineral loading. No discernible difference in TMETR
was found at higher mineral loading suggesting saturation of
available mineral surface (Figure S7, parts A and B).
In the absence of minerals, no reaction products were

formed until 1 h UV (Figure S8, parts A and B). The products
after 2 and 3 h of UV exposure were found to be enzymatically
inactive as indicated by no decrease in the product peak with
time in the LDH assay (Figure S8, parts C and D). These
results emphasized the essential requirement of photocatalytic
minerals to achieve the TMETR.
The minerals used here were chosen were based on their

prebiotic availability and their extensive use as semiconductors.
For instance, CdS (greenockite) and FeS2 (pyrite) would have
formed under the anoxic conditions on early Earth and FeS2
has similar structure to the active cores of many photosynthetic
enzymes. Titania (rutile and anatase) occurs as an accessory
phase in many rocks. CdSe, ZnO (zincite), and TiO2 are
widely used in materials science applications.
3.2. Diverse Protocell Membranes Support TMETR.

The above experiments were conducted using POPC, a
phospholipid, to form the vesicles. Phospholipids and related
lipids have been abiotically synthesized41−44 and may have
been present in mixed lipid membranes in later stages of
protocell evolution.12,13 However, single chain amphiphiles
such as fatty acids are generally considered to be more
prebiotically plausible compared to pure phospholipid
membranes.45 Therefore, experiments were also conducted
with pure oleic acid (OA) vesicles (Figure 4).

The results showed that the TMETR process is not
dependent on the type of lipid, as long as the vesicles are
impermeable enough to separate intra- and extra-vesicular
solutes. However, the emission intensity of NADH in POPC
system was higher than for the OA system (Figure 4B versus
Figure 4A). This could be due to the presence of a greater
number of vesicles in the POPC system as compared to the
OA system based on the much lower critical vesicle
concentration of POPC. In these experiments, CdS (green-
ockite) was used for most as it is mineral of a prebiotic
relevance. Moreover, CdS was found be an effective prebiotic
photocatalyst (Figure 2A and Figure 3).

3.3. PAHs as Electron Shuttle/Electron Wire. Naph-
thopyrene or perylene were used as the electron shuttle
embedded in the membrane (Supporting Information). They
were chosen as representative PAH species for their similarities
to the PAHs found in chondritic meteorites45,46 as well as for
their favorable photoredox properties. In our TMETR
experiments, no discriminable difference was observed between
NP and perylene (Figure S7, parts B and C).
Interestingly, when serine is used as a terminal electron

donor TMETR was not observed in the absence of PAHs as
the electrons cannot pass through the bilayer and neither can
serine (Figure S9). As noted earlier, PAHs in the membrane
bilayer acts as an electron shuttle for the transfer of electrons.
In the absence of electron transfer, NAD+ was not reduced to
NADH and only NAD+ dimers were formed inside the vesicles
(the product peak did not decrease with time in the LDH
assay). These results provide evidence that our complete
experimental system is a true TMETR without leakage of
oxidant or reductant crossing the membrane.

3.4. Simple Organics as Sacrificial Electron Donors.
Various simple organic electron donors such serine, glycine, 2-
propanol, and methanol were tested in bulk solution (Figure
S2) and in vesicle suspensions (Figure 4). The LDH enzyme
assay showed the formation of biologically active NADH in the
presence of all the reductants (Figure 4). However, note that
using methanol as the reductant, the product was formed even
in the absence of intramembrane PAH as electron shuttle,
demonstrating that methanol is permeable to the membrane
(Figure S9B). Hence, the reaction with methanol is not a true
TMETR. Interestingly, 2-propanol was impermeable up to 2 h
(Figure S9C) unlike methanol, which was found to be
permeable soon after adding to the vesicles. Hence, the

Figure 5. (A) Emission spectra of NAD products generated in the absence of a terminal electron donor after UV irradiation. The system consists of
POPC vesicles encapsulating NAD+ and Rh(bipy)3

3+; extravesicular CdS; and NP embedded in the bilayer; (B−D) LDH enzyme assay for the
products formed after 1, 2, and 3 h of UV irradiation, respectively. The legend for B is valid for parts C and D. Experimental conditions: POPC (2
mM), naphthopyrene (50 μM), extravesicular mineral loading (0.5 mg/mL), and Rh(bipy)3

3+ complex (2.5 mM) and NAD+ (15 mM) in the
intravesicular medium. See Supporting Information for details.
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TMETR using 2-propanol as a reductant was conducted only
up to 2 h (Figure 4D).
Photochemical TMETR conversion of NAD+ to NADH also

occurs in vesicles systems lacking any terminal electron donor
(Figure 5). However, the amount of 1,4-NADH formed in the
absence of electron donor was lower (Figure 5) than in its
presence at the same duration of UV irradiation (Figure 4).
These results were in agreement with a previous study
involving bulk dispersions of TiO2−NAD+−Rh(bipy)33+
complex.33 In the absence of external sacrificial electron
donor, the photocatalytic mineral can act as an electron
donor.47 Meanwhile, the holes generated by UV irradiation can
be scavenged by OH•− radicals formed from OH− groups at
the mineral surface.33

3.5. Solution pH Affects the TMETR Efficiency. Oceans
on the young Earth may have changed from weakly acidic in
the early Hadean to near-neutral in the late Hadean eon.48

Therefore, TMETR experiments were also conducted at pH
7.0 and 7.4 in addition to 8.5 (Figure S10). The enzymatically
active form, 1,4-NADH, was only formed at slightly alkaline
pH consistent with previous reports that the rate of formation
NADH in bulk TiO2 dispersions increases with increasing
solution alkalinity from 7.2 to ∼9.5 and drops at high pHs.33,34

In summary, the experiments described above, including
those where one component of the TMETR setup is
systematically removed to check for the formation of 1,4
NADH, confirm that all the components are required for a
TMETR. These experiments also confirm that the present
setup represents a true transmemembrane reaction without
leakage of oxidant or reductant across the membrane.
3.6. Transmembrane Charge Transfer Generates a

Proton Gradient. In the present study, POPC and OA
membranes were examined for their potential to develop and
maintain a pH gradient across the bilayer. In the TMETR
experiments, the oxidation of sacrificial electron donor outside
the membrane by the hole generated from the photocatalytic
mineral produces protons in addition to aldehydes or glyoxylic
acid (Scheme S2). If the protons thus generated cross the
bilayer, potentially by lipid “flip-flop” mechanism,49,50 this
would result in a decrease of the intravesicular pH. The pH
inside the vesicle is monitored as the change in the
fluorescence of encapsulated pyranine, a pH sensitive dye
(Figure 6, Supporting Information).
A decrease in fluorescence of pyranine was observed for

both types of membranes indicating the acidification of the

internal volume. However, in comparison to OA membranes
where the pH dropped by 1.2 units, POPC vesicles showed a
minimal change in pyranine fluorescence equivalent to ∼0.3
pH units. This result reflects the greater stability and rigidity of
the diacyl chains in phospholipids compared to those in single
chain amphiphiles. Thus, a pH gradient was generated in the
case of both OA and POPC membranes. This gradient was
largely maintained across the POPC membrane but was
partially dissipated in the case of OA. The magnitude of the
transmembrane gradient in the POPC vesicles can be
estimated from the pH drop observed across the OA
membrane.
Energy transduction through transmembrane proton gra-

dients is an integral part of present day metabolism and may
also have been important for the first cells. Several attempts
have been made to test the abiotic generation of a pH gradient
in liposomes such as by incorporating Fe−S cluster peptide
complex in the bilayer,24 growth of SCA vesicles,49 loss of
cyanide radicals from ferrocyanide by UV illumination51 and
accumulation of charged molecules (amino acids, phosphate,
or nucleotides) by convection and thermophoresis.52 pH
gradients have also been generated across pores in iron sulfide
precipitates and in a water column by thermophoresis.22,23,52

The present study provides evidence of a transmembrane pH
gradient being generated in lipid vesicles simultaneously with
NAD+ to NADH reduction through a coupled multistep
TMETR. The proton gradient generated could have eventually
lead to ATP synthesis and the NADH could potentially have
been involved in further metabolic reaction.

4. CONCLUSIONS

The origins of life field had largely focused on the prebiotic
formation of protocell membranes and RNA with less attention
paid to evolution of protometabolism in protocells. The results
presented here demonstrate that various photocatalytic
minerals present in the extra-vesicular medium can drive
redox chemistry inside vesicles by a TMETR resulting in the
generation of a proton gradient and simultaneous NADH
generation. The present study provides a proof of concept for
photocatalytic mineral-promoted transmembrane energy trans-
duction for the emergence of a transitional photoheterotrophic
protometabolism in late-stage protocells.

Figure 6. Transmembrane pH gradient generated by the TMETR. (A) Acidification of pure POPC and OA vesicles encapsulated with pyranine dye
prepared at pH 8.5. (B) Schematic illustrating the flip-flop mechanism of OA molecules from the outer to the inner leaflet of the membrane with
subsequent release of the proton, resulting in acidification of the intravesicular volume.
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