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CONTEXT & SCALE

Renewable electricity, as a clean

energy carrier, can also be an

energy source for biological

systems. However, to directly

power biological systems with

electricity, electrical energy needs

to be converted into ATP, the

universal energy currency of life.

Using synthetic biology, we

designed a minimal

‘‘electrobiological module,’’ the

AAA cycle, that allows direct

regeneration of ATP from

electricity. The AAA cycle is a

multi-step cascade of 3–4

enzymes that does not require any
SUMMARY

Electricity is paramount to the technical world and plays an increas-
ingly important role as a future energy carrier. Yet, it is not widely
used to directly power biological systems. Here, we designed a
new-to-nature electrobiological module, the acid/aldehyde ATP cy-
cle (AAA cycle), for the direct conversion of electrical energy into
ATP. The AAA cycle contains a minimum set of enzymes and does
not require membrane-based charge separation. Realizing a propio-
nate-based version of the AAA cycle, we demonstrate continuous,
electricity-driven regeneration of ATP and other energy storage
molecules from �0.6 V vs. SHE at 2.7 mmol cm�2 h�1 and faradaic ef-
ficiencies of up to 47%. Notably, the AAA cycle is compatible with
complex cell-free systems, such as in vitro transcription/translation,
powering the processing of biological information directly from
electricity. This new link between the technical and biological worlds
opens several possibilities for future applications in synthetic
biology, electrobiotechnology, and bioelectrocatalysis.
membranes and can be interfaced

with many different applications.

We show how ATP and other

biological energy storage

molecules can be produced

continuously at �0.6 V and further

demonstrate that more complex

biological processes, such as RNA

and protein synthesis from DNA,

can also be powered by

electricity. Our synthetic

electrobiological module

provides a direct interface

between electricity and biology,

and opens up new avenues for

electricity-driven biological

systems for a sustainable future.
INTRODUCTION

The transition to renewable energy systems is instrumental for achieving a carbon-

neutral society. Electrification, especially when based on renewable energies, is a

key element in reaching this goal and is expected to increase worldwide from 21%

to 30% of the total energy consumption by 2030 (https://www.iea.org/reports/

electrification). Despite the growing availability of electricity from renewables, one

major challenge is the use and storage of electrical power, which currently amounts

to �3 terawatts (TW) per year (ca. 28,000 TWh, ca. 100 exajoule).1,2 Several energy

storage systems have been developed, with batteries being one of the most prom-

inent technical storage solutions.

Even though biological systems are able to use and store more than 130 TW per

year,3 interfacing them directly with electricity has been explored only sparsely.4,5

Current efforts to use (and store) electrical energy in biological systems mainly focus

on the electricity-powered production of electron-carrying substrates, such as

hydrogen, CO, formate, methanol, or acetate.6–8 These electron carriers are subse-

quently metabolized and/or respired by microbial cells to conserve chemical en-

ergy.9–13 Alternatively, electromicrobial systems have been developed in which mi-

crobial cells are directly powered with electricity.14,15 However, all these cases

represent examples for cell-based systems, which allocate a significant fraction of

the energy for self-replication and often suffer from a mismatch between engineer-

ing and cellular objectives.16
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An up-and-coming field with great perspective to overcome these limitations is cell-

free or in vitro biological systems. Although these systems are increasingly used in

academia and industry, a major drawback is their requirement for external chemical

energy. To directly power cell-free systems with electricity, there is a need to convert

electrical energy into biochemical energy, specifically reducing power (e.g., NAD(P)

H and ferredoxin) and adenosine triphosphate (ATP), the universal energy currency

of the cell. Although methods for producing redox cofactors from electricity have

been established,17,18 the conversion of electric energy into ATP has yet to be

demonstrated.

In cells, ATP is synthesized through a rather complicated process involving several

membrane-bound redox protein complexes. Electrons are transferred along

different redox centers, creating a proton motive force across the membrane, which

is subsequently harvested for ATP synthesis (Figure 1A). However, using this sophis-

ticated system in vitro is challenging because it requires the stable assembly of

multiple enzyme complexes in the correct orientation and stoichiometry within a

membrane. Moreover, introducing these membrane systems to cell-free systems

inevitably increases complexity and decreases the robustness of the in vitro system.

Overall, the complex biochemistry of naturally evolved membrane-based systems or

comparable vesicle-based derivatives19–22 has restricted the use of external elec-

tricity to power cell-free and/or in vitro systems.

To overcome these challenges, we sought to design an interface between electricity

and biological systems that would provide a simpler way from electrical energy into

ATP. Specifically, we aimed to realize a new-to-nature electrobiological module that

(1) comprises a minimal set of biological components, (2) does not involve mem-

brane-bound charge separation, and (3) can be coupled to other in vitro modules,

providing a direct way to power complex cell-free biological systems with electricity

(Figure 1C).
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RESULTS

Design of the AAA cycle

To realize a minimal electrobiological module for the continuous production of ATP

from electricity, we first looked into the possible ways to generate ATP from aden-

osine diphosphate (ADP) and inorganic phosphate (Pi) enzymatically. Besides mem-

brane-bound ATP synthase, several membrane-independent enzyme systems have

been described that convert the energy stored in mixed phosphoanhydrides (e.g.,

acetate kinase [AckA] and 3-phosphoglycerate kinase), enol phosphates (pyruvate

kinase), or thioesters (guanosine diphosphate [GDP]-forming succinyl-coenzyme A

[CoA] synthetase and ADP-forming 4-hydoxybutyryl-CoA synthetase) into ATP un-

der release of the free acids, making them prime targets for the ATP-forming step.23

To employ these ATP-generating reactions in an electrobiological module, the free

acids need to be recycled back to the substrates through electrochemical activation.

Several enzymes have been described that use low-potential electrons to directly

reduce free acids into their corresponding aldehydes.24–27 The energy stored in

these aldehydes can be subsequently harnessed to oxidatively generate phospho-

acid anhydrides, either directly or via concomitant CoA thioester formation and sub-

sequent transfer of the phospho-group. Combined together, these reactions form a

3–4 reaction cycle, in which low-potential electrons are used to drive the formation of

ATP (as well as NAD(P)H) through an acid/aldehyde redox couple, which we termed

the acid/aldehyde ATP cycle (AAA cycle, Figure 1B).
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Figure 1. The AAA cycle: a minimal electrobiological module

(A) ATP synthesis through oxidative phosphorylation, electrons from NADH, and FADH2 pass to O2 through a series of redox centers in the electron

transport chain (ETC), going from a higher energy level to a lower energy level, creating a proton gradient across the membrane. The electrochemical

energy stored in this gradient then drives the synthesis of ATP as protons flow back through ATP synthase. In the scheme, a phosphate/oxygen (P/O)

ratio of 2.5 for NAD(P)H and 1.5 for FADH2 is assumed.

(B) ATP synthesis through the AAA cycle developed in this work. Enzymatic conversion of an aldehyde to a carboxylic acid can either produce reduced

ferredoxin, or NAD(P)H and ATP. Coupling the ferredoxin- and ATP/NAD(P)H-dependent branches allows us to draft a cycle in which a carboxylic acid is

first reduced to an aldehyde using reduced ferredoxin as reducing equivalent and then recycled back while generating NAD(P)H and ATP. The net

reaction is converting an electron carrier of higher energy, reduced ferredoxin, to lower-energy reducing power, NAD(P)H, while using the energy

difference to produce ATP.

(C) Technical implementation of the AAA cycle. A propionate-based AAA cycle converts electricity into ATP, which can power various in vitro systems, as

shown in this work. Suc, succinate; Fum, fumarate; Fd2�
red, reduced ferredoxin; Fdox, oxidized ferredoxin; Ald, CoA-acylating aldehyde dehydrogenase;

Ack, acid kinase.
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Realization of the AAA cycle

To realize the AAA cycle, we first focused on identifying an enzyme candidate for the

reduction of non-activated carboxylic acids into their corresponding aldehydes,

which is thermodynamically challenging due to the very low redox potential of

acid/aldehyde couples (E0� = �580 mV). Ferredoxin-dependent aldehyde

oxidoreductases (AORs) have been shown to catalyze this reaction in vivo with

reduced ferredoxin (Fd2�
red)

28,29 and in vitro with low-potential electron carriers

such as reduced tetramethyl viologen (TMV) (E0� = �536 mV),30 Ti (III) citrate
Joule 7, 1745–1758, August 16, 2023 1747
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(E0� = �800 mV),31 or Eu (II)-EGTA (E0� = �1,100 mV).32 AORs are classified into

several branches, including formaldehyde ferredoxin oxidoreductase (FOR), glycer-

aldehyde-3-phosphate ferredoxin oxidoreductase (GAPOR), and broad-substrate

range aldehyde ferredoxin oxidoreductase (WORs or bona fide AORs). Thus, various

AAA cycles can be designed based on different AORs (Figure S1).

Recently, a tungsten-containing AOR from the mesophilic betaproteobacterium Aro-

matoleum aromaticum EbN1 (AORAa) has been isolated and characterized in detail.31

This enzyme catalyzes the oxidation of different aldehydes, including benzaldehyde,

acetaldehyde, and propionaldehyde, with either benzyl viologen (BV) or NAD+ as

electron acceptors. Compared with related enzymes from other microorganisms,

AORAa is highly active at ambient temperatures, remarkably stable after exposure

to air (>1 h half-life), and can be conveniently purified from a homologous expression

system.31,32 Based on the favorable characteristics and availability of AORAa, we

decided to use this protein to realize an AAA cycle with acetate or propionate. To cata-

lyze the acid reduction reaction of AORAa, we sought to use hexamethyl viologen

(HMV, E0� = �610 mV) as a soluble electron carrier and kinetically/thermodynamically

favorable conditions, including a low pH (pH = 6), high substrate concentration

(60 mM acetate or propionate), as well as constant removal of the aldehyde product

with phenylhydrazine. Under these conditions, AORAa catalyzed the reduction of ace-

tate and propionate into the corresponding aldehydes (demonstrated as their phenyl-

hydrazones; Figures 2A and S2) at 72G 3 and 57G 3mU/mg, respectively (Figure S3).

Next, we aimed at coupling AORAa with a CoA-acylating aldehyde dehydrogenase

to further convert the aldehydes into their corresponding CoA esters. Note that

AORAa accepts NAD+ as an electron acceptor but not NADP+.31 To avoid direct

transfer of electrons from reduced HMV onto NAD+ by AORAa, which would shortcut

the AAA cycle, we sought to employ an NADPH-dependent enzyme. We used a

CoA-acylating propionaldehyde dehydrogenase (PduP-NP) from Rhodopseudomo-

nas palustris BisB18 that was recently engineered to accept NADP+ as an electron

acceptor.33,34 Kinetic characterization of PduP-NP demonstrated that the enzyme

showed better catalytic properties for propionaldehyde (KM = 0.77 G 0.21 mM,

Vmax = 9.8 G 1.1 U/mg) compared with acetaldehyde (KM = 2.0 G 0.54 mM and

Vmax = 2.8G 0.35 U/mg) (Figure S4). We thus decided to realize the AAA cycle based

on propionate (AAAP cycle).

When we coupled AORAa and PduP-NP, we could demonstrate the formation of pro-

pionyl-CoA from propionate, using liquid chromatography-mass spectrometry (LC-

MS). Adding pyruvate and lactate dehydrogenase (Ldh) to recycle NADPH further

improved the yield (Figure S5). To further convert propionyl-CoA into propionyl-

phosphate, we decided to use phosphate acetyltransferase (Pta) from Escherichia

coli. For the ATP production step (i.e., converting propionylphosphate into propio-

nate), we tested AckA and propionate kinase (TdcD) from E. coli and chose TdcD

because of its favorable kinetic parameters with propionylphosphate (Figure S6).

With all enzymes for the AAAP cycle at hand, we aimed at assembling the complete

cycle. We first verified that the PduP-NP, Pta, and TdcD cascade produced ATP from

propionaldehyde under the working conditions of AORAa (i.e., pH = 6 in the pres-

ence of 60 mM propionate; Figure 2B). We then reconstructed the full cycle with

AORAa, used Ti(III)-reduced HMV as an electron donor, and added 60 mM propio-

nate to start the cycle. Initial tests showed that the negative control without propio-

nate also produced ATP, which we could trace back to myokinase contamination

(Figure S7). Increasing the purity of protein preparations by additional size exclusion
1748 Joule 7, 1745–1758, August 16, 2023
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Figure 2. Demonstration of the AAAP cycle

(A) Verification of propionate reduction reaction of AORAa with LC-MS. HMV is reduced by Ti(III)-citrate to serve as an electron donor. Phenylhydrazine is

added to drain away acetaldehyde. Reaction mixture in the absence of AORAa or propionate is used as the negative control.

(B) ATP production of the PduP-NP, Pta, and TdcD cascade under the working conditions of AORAa. Pyruvate and Ldh were added for NADPH recycling.

As shown, the cascade produced ATP from propionaldehyde under the working conditions of AORAa (i.e., pH = 6 with 60 mM propionate present), and

recycling NADPH increased the yield.

(C) ATP production of the AAAP cycle powered by Ti(III) reduced HMV. Shown are the dynamics of ATP of the AAAP cycle over 80 min. The data in (B) and

(C) represent mean G SD (standard deviation) obtained in triplicate experiments (n = 3).
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chromatography together with the addition of myokinase inhibitor, P1,P5-di(adeno-

sine-50)pentaphosphate (AP5A), suppressed background ATP formation in the con-

trols. Under these optimized conditions, the AAAP cycle produced about 30 mMATP

in 80 min from Ti(III)-reduced HMV (Figure 2C).
Joule 7, 1745–1758, August 16, 2023 1749
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Coupling of the AAA cycle with electricity

Having established the AAAP cycle with reduced HMV, we aimed at coupling it to an

electrochemical cell to directly power ATP formation from electricity. In our initial

setup, all three electrodes (glassy carbon working, platinum counter, and Ag/AgCl

reference electrode) of the electrochemical cell were placed in a single compart-

ment. Although HMV was readily reduced and oxidized at the working electrode

(Figure S8), the purple color characteristic of reduced HMV quickly disappeared af-

ter turning off electricity, indicating that the HMV reduced by electricity was not sta-

ble. Moreover, we also observed that the three-electrode setup negatively affected

the AOR reaction (Figure S9). We therefore assumed that the counter electrode pro-

duced oxygen and/or reactive oxygen species (ROS) from water splitting, which

would be detrimental for both reduced HMV and AOR. Therefore, we switched to

an H-type cell, a two-compartment electrochemical cell with a proton-conducting

Nafion membrane, to physically separate the cathodic and anodic compartments.

With this setup, reduced HMV was functionally stable (Figure S10) and could be

used as a mediator to power the production of 57 mM ATP in 45 min (Figure S11)

in a discontinuous fashion (i.e., when the AAAP cycle was subsequently added to

the reaction mixture).

We next aimed at a continuous operation of the AAAP cycle in the two-compartment

system (Figure 3A). Initial experiments demonstrated that continuous ATP produc-

tion was indeed possible and directly depended on the current applied (Figure S12).

However, we noticed that reduced HMV could directly reduce NADP+ at low rates

that increased with the concentration of reduced HMV (Figure S13). In the absence

of HMV, no reduction of NADP+ (e.g., on the cathode) was observed (Figure S14).

Cyclic voltammetry (CV) of HMV in the presence of different reagents of the AAAP

cycle (Figure S15) showed no significant background activity of HMV with other re-

action components, indicating that reduced HMV only reacted with NADP+. To

avoid the accumulation of reduced HMV, we limited its production by operating

the system between �0.57 and �0.53 V vs. standard hydrogen electrode (SHE). Un-

der these conditions, we observed a current response of �0.51 to �0.14 mA/cm2

(1.3–0.37 mmol electrons h�1) (Figure S16), and the reaction mixture showed a

very light purple color (at least over the first 2 h), indicating low steady-state concen-

trations of reduced HMV in the system.

After adjusting the steady-state concentrations of reduced HMV, we run the AAAP

cycle, using 0.3 mg/mL total enzymes (including the four AAAP enzymes, as well

as Ldh for NADPH recycling) and 60 mM propionate as the starting substrate.

With this setup, we observed a faradaic efficiency (FE) for HMV reduction of about

70%–80% (Figure S17) and achieved continuous ATP production with up to

165 mM ATP produced in 5 h, reaching a yield of 17%. The steady-state (first hour)

production rate was 1.03 mmol cm�2 h�1 at a total FE of 22% for ATP production

(not counting any other reduced intermediates in the system; Figure 3B).

Application of the AAA cycle for energy and information storage

Having demonstrated the direct production of ATP from electricity with the AAAP cy-

cle, we sought to couple our minimal electrobiological module to different in vitro

systems. We first coupled the AAAP cycle to hexokinase (HK) for in situ production

of glucose 6-phosphate (G6P). G6P is used as a redox and energy carrier for different

biocatalytic systems35 and is an important building block for energy storage in bio-

logical molecules, such as starch or glycogen. In our coupled system, about 400 mM

G6P was produced in 4 h corresponding to a yield of 20%. The steady-state (first

hour) production rate was 2.71 mmol cm�2 h�1 at 47% overall FE (Figure 3C). This
1750 Joule 7, 1745–1758, August 16, 2023
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Figure 3. Electricity-driven ATP production from the AAAP cycle and its applications

(A) Scheme of the AAAP cycle producing ATP from electricity. In this cycle, AOR first converts propionate to propionaldehyde using HMV reduced by

electricity. Propionaldehyde is further converted into propionate through three enzymatic steps, generating NADPH and ATP. Pyruvate and Ldh recycle

NADPH to push the equilibrium toward the ATP-producing direction.

(B) ATP production of the AAAP cycle over time, driven by electricity. The starting composition of the full cycle includes five enzymes (AOR, PduP-NP,

Pta, TdcD, and Ldh), HMV, cofactors (CoA, NADP+, and ADP), propionate, pyruvate, and AP5A. Omitting AOR or applied electricity from the system did

not result in ATP production and served as negative controls. ATP concentrations were quantified by the luciferin-luciferase assay. The same samples

were also quantified with LC-MS (see Figure S18 for the results).

(C) Coupling of electricity-produced ATP with G6P production from glucose. G6P was continuously produced from glucose and electricity when glucose

and hexokinase (HK) were coupled with the AAAP cycle. Omitting AOR or electricity from the system abolished G6P production. 1 mM ADP was initially

introduced.

(D) Coupling of electricity-produced ATP with in vitro transcription (TX) and translation (TL). Shown is the fluorescence signal resulting from TX-TL of

EGFP in a custom-prepared PURE system lacking ATP and energy-regenerating enzymes. The green curve is obtained by supplementing the PURE

system with the full AAAP cycle, after applying electricity for 5 h as sole source of ATP for performing TX-TL. In the negative control (gray curve), the PURE

system was fed with an AAAP cycle setup lacking the AOR enzyme, after applying electricity for 5 h. The data represent mean G SD (standard deviation)

obtained in triplicate experiments (n = 3) except for the without (w/o) AOR controls in (B) and (C) (n = 1).
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indicated that coupling ATP production to downstream molecules (G6P) creates

sinks that increase FEs.

Next, we aimed at powering more complex in vitro systems with our electrobiolog-

ical module. One of the most fundamental processes in biology is information pro-

cessing, in particular transcription (TX) and translation (TL) of nucleic acids. To

demonstrate AAAP cycle-powered TX, we used a modified RNAOutput Sensor Acti-

vated by Ligand Induction (ROSALIND) platform.36 In this TX system, a fluorogenic

dye-binding RNA aptamer (3WJdB, ‘‘Broccoli’’) is expressed by T7 RNA polymerase

under consumption of nucleotide triphosphates including ATP (Figure S19A). We

run the AAAP cycle for 5 h and added the reaction mixture into above TX system

(lacking ATP) at a 1:10 dilution to detect a visible RNA output corresponding to

about 20 mM ATP (Figure S19B). These results demonstrated that the ATP produced

by the AAAP cycle is incorporated into RNA, successfully linking biological informa-

tion processing with electricity.

In the next step, we wanted to power both, TX-TL, with our electrobiological module

to demonstrate the electrification of protein production from DNA templates. To

establish such a system, we made use of a custom-prepared cell-free TX-TL system

that lacks ATP and all enzymes for ATP regeneration (customized PUREfrex). We first

optimized the system to detect the production of an enhanced green fluorescent pro-

tein (EGFP) or a luciferase (NanoLuc) from a DNA template, starting with ATP concen-

trations as low as 80 mM and ADP/ATP ratios as high as 4:1. We then run the AAAP

cycle for 5 h with electricity and transferred the reaction mixture in a 2:5 ratio into

the PUREfrex system to produce either EGFP (Figure 3D) or NanoLuc luciferase (Fig-

ure S20). These experiments demonstrated the successful powering of in vitro protein

production from electrically generated ATP serving as an mRNA monomer, as well as

an energy source. Together, these experiments showed that one of the core processes

of biological systems can, in principle, be directly powered by electricity.
DISCUSSION

In summary, we developed a new-to-nature module for the conversion of electricity

into ATP, the universal energy currency of life. Our approach represents a fundamen-

tally different strategy compared with recent efforts, which used electricity to

facilitate the production of ATP from organic compounds but did not power ATP

formation directly from electricity.37

Our electrobiological module, the AAAP cycle, consists of only four enzyme compo-

nents, does not require membrane-based charge separation, and can be coupled to

different in vitro processes. Compared with natural or reconstructed membrane-

based systems, the AAAP cycle allows the direct use of electrical energy for biolog-

ical processes, such as catalytic conversions and information processing and its

further storage in biological molecules (such as G6P, nucleic acids, or proteins).

When coupled to downstream processes, the AAAP cycle shows a FE of up to 47%

even without extensive optimization. Improving FE further will directly improve

the overall efficiency of the AAAP cycle. One factor limiting FE is the instability of

reduced HMV and its spontaneous reduction of NADP+. This limitation could be

overcome by switching to other electronmediators and/or bymore carefully control-

ling their concentrations in the electrochemical system.

In our current setup, we produced 0.2–0.4 mM ATP from 1 mM ADP. This yield is

likely thermodynamically limited by the high concentration of propionate in the
1752 Joule 7, 1745–1758, August 16, 2023
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system, which inevitably limited the conversion from propionaldehyde to

propionate through PduP-NP, Pta, and TdcD (and in particular, the release of

propionate from propionylphosphate). At the same time, high propionate

concentrations are required to boost the propionate reduction reaction of AOR.

Note that AORs have high KM for carboxylic acids probably because only the

protonated acid can bind to the enzyme and act as the substrate.38 Because

the AOR reaction with reduced HMV itself is not thermodynamically limited

(E0� (acid/aldehyde) = �580 mV vs. E0� (HMV2+/HMV+,) = �610 mV, resulting in a

DG0� = �5.79 kJ/mol), improving the kinetic parameters of the enzyme (e.g.,

lowering its KM for propionate) has the potential to improve product yields of the

AAAP cycle.

The AAAP cycle shows an estimated energy efficiency of 17% (Note S1) and is

currently limited by FE losses and relatively low NADPH/NADP+ and ATP/ADP ra-

tios. However, our synthetic module still compares favorably with naturally evolved

solutions. In nature, the bifurcating enzyme, ferredoxin:NAD+ reductase (Rnf), cou-

ples the transfer of two electrons onto NADP+ with proton or ion pumping across a

membrane, which allows the cells to create 0.5 ATP.39,40 By contrast, our electrobio-

logical module allows the direct production of 1 ATP from transferring two electrons

onto NADP+ without a membrane. This is achieved by using the artificial mediator

HMV as the electron donor, which shifts the thermodynamics of the AAAP cycle

from DG0m = 28.5 kJ/mol (Fd2�
red + NAD(P)+ + ADP + Pi / Fdox + NAD(P)H +

ATP) to �9.7 kJ/mol (2HMV+,+ NAD(P)+ + ADP + Pi / 2HMV2+ + NAD(P)H +

ATP), showcasing the potential of synthetic biological systems for expanding the

natural solution space by new designs.

Overall, the AAAP cycle provides a direct interface between electrical and biological

systems, which might lay the foundation for different applications in bio(electro)

catalysis, biotechnology, and synthetic biology in the future. Using electricity

directly for storing energy and information in (synthetic) biological systems will

open new ways to link the technical and natural worlds.

EXPERIMENTAL PROCEDURES

Resource availability
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tact, Dr. Tobias J. Erb (toerb@mpi-marburg.mpg.de).

Materials availability

Strains and plasmids used in this study are available upon request from the lead con-

tact. This study did not generate new unique chemicals.

Data and code availability

The datasets generated in this study are available from the lead contact on reason-

able request.

Synthesis of hexamethylviologen chloride (4,40-Bipyridinium,

1,10,2,20,6,60-hexamethyl-, chloride)

Tetramethyl bipyridine (0.8 g, 3.8 mmol) was slowly heated in dimethyl sulfate (6 mL)

to 110�C. After 1 h, the cooled solution was poured into Et2O (20 mL) to precipitate

the viologen product as a MeSO4
� salt that was filtered and washed with Et2O. The

MeSO4
� counterion was exchanged in two steps into Cl�. First, the MeSO4

� coun-

terion was exchanged to PF6
� by adding portion-wise NH4PF6 (6.2 g, 38 mmol) to
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a solution of the MeSO4
� viologen in water (10 mL). The reaction mixture was stirred

at room temperature overnight. The PF6
� viologen product was filtered, washed

with cold water, and dried under a high vacuum. Finally, the counterion was

exchanged into Cl� by adding tetrabutylammonium chloride (10.6 g, 38 mmol) to

a solution of the PF6
� viologen in acetonitrile (ACN) (50 mL). The mixture was stirred

overnight at room temperature. The product was filtered, washed with cold ACN,

and dried under a high vacuum. The viologen chloride was obtained with 41%

yield (0.49 g, 1.6 mmol). 1H NMR (400 MHz, D2O) d/ppm: 8.18 (s, 4H, aromatic),

4.18 (s, 6H, N-CH3), 2.93 (s, 12H, C-CH3) (Figure S21). 13C NMR (101 MHz, D2O)

d/ppm: 157.32, 148.75, 125.45, 40.28, and 21.50 (Figure S22). The redox

potential of the viologen derivative was measured using a three-electrode setup

(glassy carbon working electrode, platinum counter electrode, and Ag/AgCl 3.5 M

reference electrode) in 100 mM phosphate buffer pH 6. A midpoint potential

of �610 mV vs. SHE (Ep,a = �582, Ep,c = �637 mV vs. SHE, average values based

on measurements at various scan rates) was found for the single electron reduction

step of the viologen dication into the radical cation state (Figure S8). The reaction

scheme for this synthesis is:

Plasmid construction

See supplemental experimental procedures for details. Plasmids are listed in

Table S1. Primers used are listed in Table S2.

Protein expression and purification

See supplemental experimental procedures for details. See Figure S23 for the SDS-

PAGE of all purified proteins.

Assay of the PduP-NP, Pta, and TdcD cascade

The PduP-NP, Pta, and TdcD cascade was assayed aerobically under the working

conditions of AORAa. The assay was performed in a 50 mL reaction mixture contain-

ing 100 mM phosphate buffer pH 6, 5 mM MgCl2, 0.2 mM propionaldehyde, 1 mM

NADP+, 1 mM ADP, 0.2 mM or 0.5 mM CoA, 0.5 mM pyruvate, 60 mM propionate,

0.2 mM AP5A, 1.8 mg PduP-NP, 0.7 mg Pta, 0.4 mg TdcD, and 0.9 mg Ldh. The reac-

tion was started with the addition of propionaldehyde. A reaction mixture without

adding propionaldehyde was used as the negative control. A reaction mixture con-

taining everything (with 0.5 mM CoA) except Ldh was set up to check the effect of

NADPH recycling. Samples (10 mL) were withdrawn, mixed with 40 mL AXP internal

standard mixture (2 mM AMP-15N5, 2 mM ADP-15N5, and 2 mM ATP-13C10 in H2O),

quenched with 3% formic acid, and analyzed for AXPs with LC-MS/MS using the

method described in supplemental experimental procedures.

Assay of the AAAP cycle powered with Ti(III) reduced HMV

The assay was performed anaerobically in a 50 mL reaction mixture containing

100 mM phosphate buffer pH 6, 5 mM MgCl2, 5 mM HMV, 0.6 mM Ti(III)-citrate,

1 mM NADP+, 1 mM ADP, 0.25 mM CoA, 0.5 mM pyruvate, 60 mM propionate,

0.2 mM AP5A, 8.7 mg AORAa, 2.1 mg PduP-NP, 0.7 mg Pta, 0.4 mg TdcD, and

0.8 mg Ldh. Ti(III)-citrate was first added into phosphate buffer containing HMV to

produce reduced HMV. Subsequently, other components were added to the
1754 Joule 7, 1745–1758, August 16, 2023
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reduced HMV containing buffer. The reaction was started with the addition of pro-

pionate. A reaction mixture without adding propionate was used as the negative

control. Samples (10 mL) were withdrawn, mixed with 40 mL AXP internal standard

mixture (2 mM AMP-15N5, 2 mM ADP-15N5, and 2 mM ATP-13C10 in H2O), quenched

with 3% formic acid, and analyzed for AXPs with LC-MS/MS using the method

described in supplemental experimental procedures.

Setup of electrochemical experiments

All electrochemical experiments were performed using an EmStatblue (Palmsense)

potentiostat. A three-electrode setup was employed using a glassy carbon

electrode as the working electrode, a platinum as the counter electrode, and an

Ag/AgCl (3.5 M KCl) (eday, ETO72) as the reference electrode. All potentials were

reported vs. the SHE using E(SHE) = E(Ag/AgCl 3.5 M) + 205 mV. The glassy carbon

electrodes with a diameter of 3 mm were polished using alumina powder following

the standard protocols. The electrochemical experiments were run under oxygen-

free conditions inside a glovebox (Vinyl Glove Box, COY Lab Products). Electro-

chemical experiments were carried out in a single compartment or in a two-compart-

ment setup separated by a Nafion membrane (Nafion N117, Ion Power).

Assay of electricity-powered AAAP cycle

The assay was performed anaerobically in an 800 mL reaction mixture containing

100 mM phosphate buffer pH 6, 5 mM HMV, 5 mM MgCl2, 1 mM NADP+, 1 mM

ADP, 0.25 mM CoA, 0.5 mM pyruvate, 60 mM propionate, 0.2 mM AP5A,

177.8 mg AORAa, 27.6 mg PduP-NP, 10.0 mg Pta, 6.0 mg TdcD, and 11.8 mg Ldh.

Except for AORAa, other enzymes were prepared aerobically and contained oxygen.

To guarantee an anaerobic environment before adding AORAa, a small amount of

reduced HMVwas first produced to scavenge oxygen. To do so, the HMV containing

phosphate buffer was reduced for 330 s at �0.56 V vs. SHE with stirring (at 500 rpm)

directly under the working electrode. The current was around �0.4 mA/cm2 under

this condition. Subsequently, other components were added to a final 900 mL vol-

ume. Then, a 100 mLmixture was taken out to react without electricity as the negative

control. The rest of the 800 mL reaction mixture was placed in a two-compartment

electrochemical cell with a glassy carbon electrode (0.07 cm2 area), and reduced

for 5 h at potentials between�0.57 and�0.53 V vs. SHE. The potential was adjusted

according to the color of the reaction mixture to keep the reduced HMV (purple co-

lor) concentration low (see Figure S16 for details). A reaction mixture containing

everything except AORAa was applied electricity with the same potentials for 5 h

as another negative control. Samples (17 mL) were withdrawn at different time points.

10 mL sample was mixed with 40 mL AXP internal standard mixture (2 mM AMP-15N5,

2 mM ADP-15N5, and 2 mM ATP-13C10 in H2O), quenched with 3% formic acid, and

analyzed for AXPs with LC-MS/MS using the method described in supplemental

experimental procedures. The 2 mL sample was mixed with 198 mL water and

analyzed for ATP with the luciferin-luciferase assay using the ATP Bioluminescence

Assay Kit CLS II and following the manufacturer’s protocol.

The FE of ATP production, FEATP, was calculated based on the following equation:

FEATP =
ðCATP60m 3V60m+ðCATP20m+CATP40mÞ3Vs Þ3 23 F

R
i ðAÞ dt

Here CATP20m, CATP40m, and CATP60m (mol L�1) are the ATP concentration (quantified

with the luciferin-luciferase assay) in the reaction mixture subtract the ATP concen-

tration in without electricity control at times 20, 40, and 60 min, respectively. V60m

(L) is the volume of the reaction mixture at time 60 min, Vs is the sample volume
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(17 mL), F (C mol�1) is the Faraday constant, and
R
i ðAÞ dt is the amount of electrons

passed through the working electrode in the first hour.
In vitro TX-TL assay

Energy solution preparation

The following solutions were prepared. SolutionA(-Salts-tRNAs-amino acids [AAs]-

ATP) (2 mL):creatine phosphate (147.06 mM), folinic acid (0.15 mM), spermidine

(14.71 mM), DTT (7.4 mM), guanosine triphosphate (GTP) (14.71 mM), cytidine

triphosphate (CTP) (7.4 mM), uridine triphosphate (UTP) (7.4 mM), and HEPES (pH

7.6, 367.65 mM). Salts solution (2 mL): magnesium acetate (184.38 mM), and potas-

sium glutamate (1.563 M). tRNAs solution (200 mL): tRNAs (560 A260 mL�1). tRNAs

were quantified by using UV absorption A260 in Thermo Scientific NanoDrop 2000

spectrophotometer. AAs solution (4 mL): 20 proteinogenic AAs (3 mM). The four

solutions were combined in a 50 mL reaction, by mixing 6.8/3.2/5/5 v/v/v/v

solutionA(-Salts-tRNAs-AAs-ATP):salts solution:tRNAs solution:AAs solution, in or-

der to get the desired concentrations, adapted from Ueda and coworkers41: creatine

phosphate (20 mM), folinic acid (0.02 mM), spermidine (2 mM), DTT (1 mM), GTP

(2 mM), CTP (1 mM), UTP (1 mM), HEPES (pH 7.6, 50 mM), magnesium acetate

(11.8 mM), potassium glutamate (100 mM), tRNAs (56 A260 mL�1), and AAs (0.3 mM).

Coupling the AAAP cycle with TX-TL for EGFP production

6.8 mL of solutionA(-Salts-tRNAs-AAs-ATP), 3.2 mL of salts solution, 5 mL of tRNAs so-

lution, 5 mL of AAs solution, 2.5 mL custom PUREfrex Solution II D(MK, CK, NDK, and

PPiase) (enzymes), 2.5 mL PUREfrex Solution III (ribosomes), 1 mL RNase inhibitor,

150 ng of EGFP DNA template, 1.7 mL HEPES (pH 8.2, 1.5 M), and 20 mL of sample so-

lution weremixed on ice. Nuclease-free water was added to bring the reaction volume

to 50 mL. EGFP linear DNA template was amplified from gBlock encoding EGFP by

Phusion High-Fidelity DNA Polymerase. Sample solutions are the reaction mixture

of the AAAP cycle after applying electricity for 5 h and the reaction mixture of the

AAAP cycle without AORAa after applying electricity for 5 h (the negative control).

The reactions were gently mixed, transferred into a 384-well black transparent bot-

tom plate, sealed to avoid evaporation, spun down at 2,000 rcf, 4�C in Thermo Fisher

Scientific Heraeus Multifuge X1R Centrifuge, and incubated at 37�C for 6 h into Te-

can Infinite M Plex plate reader. The plate reader parameters were the following:

mode = fluorescence bottom reading, interval time = 2 min, lexc = 488 nm,

lem = 515 nm, gain = 100, number of flashes = 25, integration time = 20 ms, shaking

orbital duration = 20 s, and shaking orbital amplitude = 5.5 mm.

Coupling the AAAP cycle with TX-TL for NanoLuc luciferase production

3.4 mL of solutionA(-Salts-tRNAs-AAs-ATP), 1.6 mL of salts solution, 2.5 mL of tRNAs

solution, 2.5 mL of AAs solution, 1.25 mL custom PUREfrex Solution IID(MK, CK, NDK,

and PPiase) (enzymes), 1.25 mL PUREfrex Solution III (ribosomes), 0.5 mL RNase inhib-

itor, 75 ng of pME-NanoLuc, 0.85 mL HEPES (pH 8.2, 1.5 M), and 10 mL of sample

solution weremixed on ice. Nuclease-free water was added to bring the reaction vol-

ume to 25 mL. Sample solutions are the reaction mixture of the AAAP cycle after

applying electricity for 5 h and the reaction mixture of the AAAP cycle without

AORAa after applying electricity for 5 h (the negative control).

The reactions were gently mixed and incubated at 37�C, for 6 h into the Thermo Fisher

Scientific ProFlex PCR System. 200 mL luciferase assay reagent was prepared bymixing

1/50 v/v luciferase assay substrate:luciferase assay buffer. The reactions were diluted

1/1 v/v reaction:luciferase assay reagent and transferred into a 384-well white
1756 Joule 7, 1745–1758, August 16, 2023
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transparent bottom plate. The plate reader parameters were the following: mode =

luminescence, attenuation = none, and integration time = 1,000 ms.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.joule.

2023.07.012.
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