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A B S T R A C T   

Adenosine-5-triphosphate (ATP) is the main energy vector in biological systems, thus its regeneration is an 
important issue for the application of many enzymes of interest in biocatalysis and synthetic biology. We have 
developed an electroenzymatic ATP regeneration system consisting in a gold electrode modified with a floating 
phospholipid bilayer that allows coupling the catalytic activity of two membrane-bound enzymes: NiFeSe hy
drogenase from Desulfovibrio vulgaris and F1Fo-ATP synthase from Escherichia coli. Thus, H2 is used as a fuel for 
producing ATP. This electro-enzymatic assembly is studied as ATP regeneration system of phosphorylation re
actions catalysed by kinases, such as hexokinase and NAD+-kinase for respectively producing glucose-6- 
phosphate and NADP+.   

1. Introduction 

The role of biocatalysis is established in chemical and pharmaceu
tical industries, manufacturing over 50,000 tonne/year in commodities 
and high-value chemicals [1]. However, cofactor regeneration is one of 
the main issues that limits the application of many enzymes in bio
catalytic processes and synthetic biology [2–4]. Adenosine-5- 
triphosphate (ATP) is one of the most important cofactors in nature. It 
is not only essential as an energy vector for driving up-hill enzymatic 
reactions, as it is also involved in the synthesis of RNA and DNA, 
phosphorous-containing biological intermediates and other cofactors, 
such as flavin adenine dinucleotide (FAD), nicotinamide adenine dinu
cleotide (NAD+) and nicotinamide-adenine-dinucleotide phosphate 
(NADP+) [5]. The use of stoichiometric amounts of enzyme cofactors is 
inefficient for industrial processes, thus a regeneration system should be 
included. Most in vitro ATP regeneration systems are based in the 
coupling of a second enzymatic reaction in which ATP is synthesized 
from ADP and phosphate. The main enzymes used for this purpose are 
kinases, specially those that use low cost substrates such as poly
phosphate, acetyl phosphate and creatine phosphate [4–6]. However, 

these ATP regeneration systems used in batch require additional steps 
for the separation of the desired product of the biocatalytic process from 
the compounds involved in the cofactor recycling. Moreover, kinases are 
often catalytically reversible enzymes and an equilibrium between ATP 
synthesis and hydrolysis may be reached. 

Alternatively, light-driven ATP regeneration systems have been re
ported, which are mostly based on the reconstitution of F1Fo-ATP syn
thase and bacteriorhodopsin in liposomes [7–9]. Although these systems 
have the advantage of using sunlight as energy source, the low photon 
efficiency of bacteriorhodopsin as proton pump greatly limits the rate of 
ATP synthesis, also the proteoliposomes’ stability is low [4,10]. Another 
interesting alternative is the development of chemically-driven ATP 
regeneration strategies based on biomimetic systems that focus on 
compartmentalized and immobilized membrane enzymes. They 
comprise a semi-permeable biological or biomimetic membrane that 
allows generating a transmembrane proton gradient in presence of a fuel 
or light, which drives the ATP synthesis [10–13]. Several of these stra
tegies involve the co-reconstitution of ATP-synthase with a second 
membrane-bound enzyme that generates the proton gradient, such as 
cytochrome Qbc [14], cytochrome c oxidase [15,16], NADH 
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dehydrogenase [17] or bo3 oxidase [18]. F1Fo-ATP synthase has also 
been immobilized on an artificial semi-permeable membrane in an 
electrochemical cell, in which an electrochemical potential gradient was 
induced to drive ATP synthesis [19]. Electrochemical systems for co
factors regeneration or substrate generation, such as hydrogen peroxide 
for peroxygenases, are very suitable for biocatalytic processes because 
they allow in situ control in real time [20–22]. Therefore, they are 
adequate for operating in biocatalytic cascade reactions and in contin
uous flow-through devices with high atomic and energy efficiency 
[3,23,24]. 

In this context, we have previously reported that the combined 
immobilization of the membrane-bound NiFeSe hydrogenase from 
Desulfovibrio vulgaris with F1Fo-ATP synthase from Escherichia coli allows 
using the oxidation of H2 as a fuel for producing ATP. The ATP regen
eration system consisted in a gold electrode modified with a floating 
phospholipid bilayer (PhLB) that allows coupling the catalytic activity of 
the two membrane-bound enzymes. The deposited biomimetic mem
brane serves as enzyme support and simultaneously provides a confined 
aqueous phase close to the electrode [25]. The H2 oxidation activity of 
the hydrogenase covalently bound to the electrode surface generates a 
change of the local pH of 1–2 at the aqueous interface between the 
electrode and the floating PhLB [26], leading to a proton gradient across 
the biomimetic membrane that triggers ATP production by the 
embedded ATP-synthase [25]. 

In the present work we show the applicability of this electro- 
enzymatic biomimetic assembly as an ATP regeneration system 
coupled to phosphorylation reactions catalysed by kinases, such as 
hexokinase and NAD+-kinase for respectively producing glucose-6- 
phosphate and NADP+. 

2. Materials and methods 

2.1. Chemicals 

NaOH 99%, 2-(N-morpholino)ethanesulfonic acid (MES buffer), 4- 
aminothiophenol 97% (4-APh), adenosine 5′-triphosphate disodium 
salt hydrate (ATP) BioXtra ≥ 99%, Adenosine 5′-diphosphate sodium 
salt (ADP) bacterial, ≥95% (ADP), NAD+ Grade II, free acid, NADP+

disodium salt, magnesium chloride hexahydrate, D-(+)-Glucose ≥
99.5%, D-Glucose 6-phosphate disodium salt hydrate (G6P), n-dodecyl- 
β-D-maltoside (DDM), N-(3-dimethylaminopropyl)-N′-ethyl
carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS) 98%, 
chloroform absolute grade, methanol absolute grade, ethanol absolute 
grade, H2NaPO4 99%, Na2HPO4 99%, H2KPO4 99% and K2HPO4 99% 
were purchased from Merck. The Bio-Beads SM-2 adsorbents used were 
from Bio-Rad, and sulfuric acid 96% and hydrogen peroxide 33% were 
supplied by Panreac. The MicroPolish alumina suspensions were ob
tained from Buehler. All solutions were prepared with Milli-Q grade 
water (18.2 MΩ⋅cm, Millipore). 

2.2. Enzymes 

F1Fo-ATP synthase (ATPase) from E. coli was purified as described by 
Gutiérrez-Sanz et al. [25]. 

For purification of the membrane NiFeSe-hydrogenase (Hase) from 
D. vulgaris Hildenborough was grown anaerobically at 37 ◦C in standard 
lactate − sulfate medium supplemented with 10 μM NiCl2⋅6H2O, 10 µM 
W and 10 μM NaSeO3⋅5H2O. Cells were suspended in 20 mM Tris–HCl 
pH 7.6 with DNase and were disrupted by three passages through a 
French Press applying 6.9 MPa. The preparation of membrane extract 
was performed as described in Zacarias et al. [27]. All purification 
procedures were performed at a pH of 7.6 and at 4 ◦C in the presence of 
0.2% (w/v) SB3–12. The purification was performed aerobically using 
ion-exchange chromatography columns. The extract with solubilized 
membrane proteins was loaded on a Q-Sepharose HP column (XK 26/ 
10—GE Healthcare) equilibrated with buffer A (20 mM Tris–HCl pH 7.6, 

0.2% (w/v) SB3–12) and a stepwise gradient of NaCl was performed 
(0–350 mM, with 50 mM steps). The fraction of interest was eluted 
around 300 mM NaCl and concentrated in an Amicon® ultrafiltration 
cell with a 30 kDa cut-off membrane, where the ionic strength was also 
adjusted. SDS-PAGE and activity-stained native gels were performed to 
evaluate the purity. The fraction from the first chromatographic step 
was loaded in a second Q-Sepharose HP column (XK 16/10—GE 
Healthcare) equilibrated with 20 mM Tris–HCl pH 7.6, 0.1% (w/v) n- 
dodecyl β-D-maltoside (DDM) and a stepwise NaCl gradient was per
formed as described above to yield pure Hase as judged by SDS-PAGE 
and activity-stained native gel. 

The following enzymes were purchased from Merck: hexokinase 
from Saccharomyces cerevisiae type F-300 lyophilized powder, 
≥130 units⋅mg− 1 protein (biuret); human NAD+ kinase, recombinant, 
expressed in E. coli, ≥95% purity (SDS-PAGE); glucose-6-phosphate 
dehydrogenase (G6P-DH) from Leuconostoc mesenteroides, lyophilized 
powder, ≥550 units⋅mg− 1 protein (biuret); glucose-6-phosphate dehy
drogenase from baker’s yeast (S. cerevisiae) type VII, ammonium sulfate 
suspension, ≥200 units⋅mg− 1 protein, 

2.3. Preparation of liposomes and proteoliposomes 

90 µL of 10 mg⋅mL− 1 L-α-phosphatidylcholine (PC) and 9 µL of L- 
α-phosphatidic acid (PA) from chicken egg (Avanti Polar Lipids) PC in 
1:1 (v) of chloroform: methanol were added to 200 µL of the same so
lution in a Florence Flask, which was inside an ice bath to maintain the 
stability of the lipids. The solution was dried with a very light N2 flow, 
while turning the flask around its own axis to achieve a more homoge
neous drying. After this, the flask was left for 40 min under N2 flow in 
ice. The dried lipids were re-suspended in 250 µL of 0.1 M sodium 
phosphate buffer pH 5.5 and stirred during 40 min in a vortex at 500 
rpm to let the liposomes be formed. After, the liposomes were passed 
through a membrane with a pore diameter of 1 µm using an Avanti 
extruder to obtain a quasi-monodisperse suspension of unilamellar 
vesicles, and then diluted with 365 µL of 0.1 M sodium phosphate buffer 
pH 7.6 and 10 µL of 10 mg⋅mL− 1 DDM in the same buffer to obtain a final 
concentration of 1 mg⋅mL− 1 liposomes. The suspension was finally 
stirred for 30 min with a 2 mm micro magnet in a 1.5 mL Eppendorf at 
90 rpm. 

To obtain the proteoliposomes, ATPase was added to reach a con
centration of 11 µg⋅mL− 1 and it was let to mix under 90 rpm magnetic 
stirring during 1 h. Afterwards the suspension was diluted with 0.1 M 
sodium phosphate buffer pH 5.5 to a final concentration of 0.4 mg⋅mL− 1. 
The last step was the removal of the DDM detergent from the solution 
with Bio-Beads®. A small spatula tip of these Bio-Beads® was dropped 
into the suspension and stirred for 30 min with the micro magnet at 90 
rpm. After the first 30 min, the proteoliposomes solution was changed to 
a new Eppendorf, removing the used Bio-Beads® while adding new Bio- 
Beads® and stirring again for 30 min at 90 rpm. This process was 
repeated twice, but the last time the agitation was left overnight. Finally 
the suspension was transferred to a new Eppendorf without any Bio- 
Beads® and stored at 5 ◦C. The proteoliposomes could be used without 
compromising their performance for approximately one week. 

2.4. Preparation of Au/4-APh/Hase/PhBL-ATPase electrodes 

Rotating disk electrodes of polycrystalline gold of 0.5 cm diameter 
(Pine Instruments) were cleaned and modified with a 4-APh self- 
assembled monolayer (SAM) as reported previously [28]. The electro
active area of the clean bare electrodes measured by cyclic voltammetry 
(CV) was 0.24 ± 0.03 cm2 (n = 60 experiments) in sulfuric acid. A drop 
of 15 µL of 25 µM Hase in 10 mM MES buffer pH 5.5 with 0.1% (m/v) 
DDM was deposited on top of the electrode modified with the 4-APh 
SAM and incubated for 20 min. After, it was carefully washed with the 
same buffer of the enzyme solution. Next, a 17 µL drop of 21 mM EDC in 
10 mM MES buffer pH 6.0, 0.1% DDM was placed on top, followed by a 
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14 µL drop of 11 mM NHS in the same buffer for covalent attachment of 
the Hase. 30 min later the electrode was carefully washed with the same 
buffer. Finally, the Au/4-APh/Hase electrode was introduced in a vial 
containing 1 mL of 0.3 mg⋅mL− 1 ATPase proteoliposome solution (5.75 
µg of ATP synthase) and approximately 250 mg⋅mL− 1 of Bio-Beads®, 
and it was incubated at 4 ◦C overnight. Finally the Au/4-APh/Hase/ 
PhBL-ATPase electrode was carefully washed with 0.1 M phosphate 
buffer pH 7.6. All electrochemical experiments were done with newly- 
modified electrodes. 

2.5. Electrochemical measurements 

An Autolab PGSTAT30 potentiostat controlled by Nova 2.1.1 soft
ware (Metrohm) equipped with FRA impedance module was used for the 
electrochemical experiments. 

The impedance characterization experiments were performed in a 
three-electrode cell filled with 6 mL of 2.5 mM potassium ferro/ferri
cyanide in 0.1 M phosphate buffer pH 7.0. The reference electrode was a 
BAS Ag/AgCl (3 M NaCl), a platinum wire was used as counter electrode 
and bare or modified gold disk electrodes were used as working elec
trodes. A bias potential of + 0.22 V under 10 mV amplitude alternating 
current was applied, and 30 frequencies logarithmically spared within 
the range 10 kHz –1 Hz were measured. The experimental impedance 
spectra were fitted using the Randles electronic equivalent circuit. 

The electro-enzymatic ATP regeneration experiments for glucose 
phosphorylation were done inside a MBraun glove box with O2 < 0.1 
ppm with a three-electrode electrochemical cell using platinum wire as 
counter electrode and a calomel electrode (SCE, Metrohm) as reference 
electrode, as described previously [29]. The electro-enzymatic ATP 
regeneration experiments for NAD+ phosphorylation were done in a 
smaller three-electrode electrochemical cell with an electrolyte solution 
volume of 5 mL and temperature-controlled with a Pharmacia Biotech 
MultiTemp III circulator water bath, also inside the same anaerobic box. 
The reference electrode was a BAS Ag/AgCl (3 M NaCl) and the counter 
electrode was a Pt wire. For both glucose and NAD+ phosphorylation 
experiments the working electrodes were the modified gold disks con
nected to a MSR electrode rotator from Pine Instruments. All redox 
potentials are given relative to the used reference electrode in each case. 

2.6. Hexokinase activity measurements 

20 mL of a solution with 20 mM D-glucose, 5 mM MgCl2, 0.5–10 mM 
ATP and 5 U of hexokinase in 0.1 M phosphate buffer pH 7.6 was 
introduced into a vial and shaken continuously using a roller mixer at 
60 rpm at room temperature. 350 µL aliquots were taken every 20–30 
min, which were boiled at 100 ◦C for 5 min to inactivate the hexokinase 
enzyme before measuring the amount of produced G6P. 

The measurements using the Au/4-APh/Hase/PhBL-ATPase elec
trode as ATP regeneration system were performed inside the glove 
chamber in an electrochemical cell with 20 mL of 0.1 M potassium 
phosphate buffer pH 7.6 solution containing 20 mM D-glucose, 5 mM 
MgCl2 and 0.5 mM ADP, or 0.5 mM ATP in the case of positive controls. 
The solution was first bubbled for 20 min with N2 at 25 ◦C, to ensure that 
all residual oxygen was removed, and second with H2 for 20 min to 
activate the immobilized hydrogenase. After this step, to start the 
phosphorylation reaction the temperature of the electrochemical cell 
was raised to 30 ◦C, 5 U of hexokinase (50 µL) was added to the elec
trolyte solution, the electrode was rotated at 80 rpm and a chro
noamperometry was run at 0.2 V vs. SCE during two hours. Aliquots of 
350 µL were taken every 30 min from the electrochemical cell and boiled 
at 100 ◦C for 5 min before quantification of the produced G6P. 

2.7. NAD+ kinase activity measurements 

5 mL of a 0.1 M potassium phosphate buffer solution pH 7.6 con
taining 10 mM NAD+, 5 mM MgCl2 and 1 mM ADP, or 0.5 mM ATP for 

the positive control experiments, were added to an electrochemical cell 
inside the glove box with the Au/4-APh/Hase/PhBL-ATPase electrode as 
ATP regeneration system. The immobilized Hase was activated as 
described above and the phosphorylation reaction started by addition of 
0.25–0.75 U of NAD + kinase (50 µL) and running a chronoamperometry 
during 2–5 h at 0.23 V vs. Ag/AgCl (3 M Cl-), under 1 atm H2, 80 rpm 
electrode rotation and 30 ◦C. Aliquots of 150 µL were taken every 30–60 
min from the electrochemical cell and immediately analyzed for quan
tification of NADP+ formed. 

2.8. Quantification of G6P formation 

2.695 mL of 0.1 M phosphate buffer pH 7.6 containing 6 mM MgCl2 
and 3 mM NAD+ were introduced into a 3 mL quartz cuvette and 300 µL 
of sample (diluted 10-fold from the phosphorylation reaction aliquots) 
were added. The cuvette was introduced into a Shimadzu UV-2401PC 
UV–vis spectrometer with a magnetic stirrer and the temperature 
controlled at 25 ◦C by a JP Selecta® Tectron thermostatic bath. The 
spectrophotometric experiment was started by measuring the absor
bance at 340 nm and adding 5 µL (1 unit) of G6P-DH from 
L. mesenteroides. The slope of the NADH absorption increase vs. time was 
determined from the linear region after the enzyme addition and this 
value was extrapolated to a calibration standard obtained with known 
concentrations of G6P. 

2.9. Quantification of NADP+ formation 

890 µL of 50 mM phosphate buffer pH 7.6 containing 3 mM G6P and 
6 mM MgCl2 were introduced to a 1 mL quartz cuvette and 100 µL of the 
sample (diluted 10-fold from the phosphorylation reaction aliquots) 
were added. The spectrophotometric assay was run as described for the 
G6P quantification method, but now 10 µL (2 U) of G6P-DH from 
S. cerevesiae were added for starting the experiment. The slope of the 
absorption increase vs. time was determined from the linear region after 
the enzyme addition and this value was extrapolated to a calibration plot 
previously obtained with known concentrations of NADP+. 

2.10. AFM measurements 

Tapping mode AFM images were acquired with an Atomic Force 
Microscope from Agilent Technologies 5500 with the substrate 
immersed in 0.1 M HEPES buffer solution at pH 7.6. All images were 
recorded at room temperature employing rectangular gold-coated can
tilevers with silicon nitride tips, and a nominal spring constant of 0.28 
Nm− 1 and resonant frequency of 66 kHz in air (APPNANO HYDRA6R). 
Data acquisition and analysis were performed using PicoView 1.3 
(Agilent Technologies) and WSxM 5.0 Develop 8.0 (NanoTech) [30], 
respectively. 

3. Results and discussion 

The objective of the work was to study the application of a gold 
electrode modified with two co-reconstituted membrane enzymes on a 
floating phospholipid bilayer as an electroenzymatic ATP regeneration 
system coupled to phosphorylation reactions catalyzed by kinases. The 
first biocatalytic reaction to be studied was the phosphorylation of 
glucose to glucose-6-phosphate (G6P) by hexokinase because it is 
frequently used as a model reaction to test ATP regeneration systems 
[5,6]. The ATP regeneration system (Schematic 1) is based on the 
membrane NiFeSe hydrogenase from D. vulgaris covalently attached in a 
oriented way to a gold electrode modified with a SAM of 4-APh to form a 
monolayer over its surface [25,29], followed by fusion of proteolipo
somes of E. coli ATP-synthase using the lipid tail of the immobilized 
hydrogenase as a scaffold for formation of a floating phospholipid 
bilayer [25]. 

Impedance spectroscopy and AFM measurements were done to 
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characterize the step-by-step construction of the biomimetic membrane 
enzymes electrode. Fig. 1 shows the Nyquist plots obtained by 
measuring the electrochemical impedance spectroscopy for each of the 
different steps of the modified electrode building. A significant decrease 
of the electron transfer charge resistance on the electrode surface is 
observed after its modification with the thiol SAM, which is explained by 
the positively charged 4-APh groups of the monolayer favoring the 
interaction against the negatively charged redox probe [Fe(CN)6]3-/4-. 
As expected, the covalent attachment of the Hase monolayer increases 
the electron transfer resistance, which is significantly increased after the 
proteoliposomes fusion. This increase of the charge resistance to about 
600 Ω can be attributed to formation of a floating phospholipid bilayer 
[31]. This value is significantly lower than that measured for tethered 
lipid bilayers, which are much more compact and insulating [32,33]. 
Some defects are expected in the floating phospholipid bilayer due to the 
roughness of the gold surface of the electrode, which could make it less 
insulating. Nevertheless, it is compact enough to allow a net balance of 

protons accumulation in the electrode/phospholipid bilayer interface 
due to the H2 oxidation catalytic activity of Hase, as we have previously 
reported [26]. 

In a previous work we characterized by AFM the step-by-step 
modification of Au(111) plates with the 4-APh monolayer, covalently 
linked hydrogenase layer and finally after fusion of ATPase proteolipo
somes [25]. We now present the AFM study done directly on the gold 
disk electrodes used for the electrochemical experiments. The images of 
the gold disk electrode modified with the 4-APh monolayer indicate the 
presence of regions with low rugosity (1–2 nm) and deep crevices (up to 
15 nm) on the surface expected for polycrystalline gold that has been 
polished with alumina particles of different sizes (Fig. 2 and S1). 
Although this surface is rougher and has a higher defect density than Au 
(111) [25], itś topography is significantly modified by the presence of 
the floating lipid-protein bilayer. The smaller grooves are smoothed and 
the roughness of the upper layer is increased, being both things 
compatible with the expected biomimetic construction of Au/4-ATP/ 
APh/Hase/PhBL-ATPase (Fig. 2 and S1). The image after the proteoli
posomes fusion shows a film over the electrode surface with protusions, 
ca. ~ 10 nm, which can be attributed to the large soluble F1 domain of 
the ATP-synthase inserted in the phospholipid bilayer [25]. Therefore, 
the AFM characterization is in agreement with reconstituted ATP- 
synthase molecules having the adequate orientation with their hydro
philic part facing the external solution. We cannot rule out completely 
that some ATP synthase molecules may not be in the correct orientation, 
thus their heads facing the electrode/bilayer interface support, because 
they would not be observed by AFM. However, the presence of a hy
drogenase monolayer underneath the phospholipid bilayer should 
probably not favor this orientation of the ATP-synthase because of steric 
impedance. In any case, if some of the ATP-synthase molecules were in 
the opposite orientation they would be not active in our measurements 
because ATP/ADP should not permeate across the phospholipid bilayer. 

The reaction catalysed by hexokinase consumes 1 ATP molecule per 
glucose molecule phosphorylated (Schematic 1), and the ADP formed 
can be recycled to ATP by the Hase/ATPase-modified electrode poised 
at + 0.2 V vs. SCE in phosphate buffer under H2 atmosphere [25]. In 
order to follow the evolution of the phosphorylation reaction, we used a 
spectrophotometric method for the quantification of G6P. This was done 
by using a second enzymatic reaction catalysed by G6P-DH from 
L. mesenteroides, in which G6P is converted into 6-phosphogluconate and 

Scheme 1. Phosphorylation of glucose catalyzed by hexokinase coupled to the electroenzymatic ATP regeneration system based on co-immobilized hydrogenase and 
ATP-synthase on a gold electrode modified with a floating phospholipid bilayer. 

Fig. 1. Faradaic impedance spectra obtained in the presence of 2.5 mM K3Fe 
(CN)6 and 2.5 mM K4Fe(CN)6 for bare Au electrode (blue squares), Au/4-APh 
electrode (brown squares), Au/4-APh/Hase electrode (green triangles), Au/4- 
ATP/APh/Hase/PhBL-ATPase electrode (red circles). 
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the NADH cofactor is obtained as by-product (Schematic 1) [6]. A 
calibration plot was obtained by measuring the rate of NADH production 
at λ = 340 nm with known concentrations of G6P. As NAD+ concen
tration is in excess, a linear dependence of the NADH formation rate 
with G6P concentration in the range from 0.0006 to 1.3 mM was 
measured (Figure S2). 

Once the quantification method for G6P was setup, we studied the 
dependence of the glucose phosphorylation rate catalyzed by hexoki
nase on the initial ATP concentration. Fig. 3 shows the results obtained 
with 0.5 and 10 mM ATP, which clearly indicate that at the higher 
concentration of ATP, G6P was produced at a faster rate. However, we 

also observe that for both cases the rate of G6P formation decreases 
considerably after 60 min. With an initial ATP concentration of 10 mM a 
plateau of G6P concentration around 7 mM is reached, possibly due to 
hexokinase product inhibition [34]. In the case of lower initial con
centration of ATP, almost quantative phosphorylation of glucose was 
reached after 2 h of reaction. Therefore, all further experiments were 
performed with an initial concentration of ATP or ADP of 0.5 mM. 

The performance of the electroenzymatic ATP regeneration system 
was tested by adding to the 100 mM phosphate buffer electrolyte solu
tion of the electrochemical cell 5 units of hexokinase, 20 mM glucose 
and 0.5 mM ADP. After activation of the immobilized hydrogenase 

Fig. 2. AFM images of Au disk electrode modified with a 4-APh monolayer (A) and after covalent binding of Hase and fusion of ATPase proteoliposomes (B). The z- 
axis profiles shown correspond to the black lines in the images. 
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under 1 atm of H2 (Figure S3), a chronoamperometry was run at + 0.2 V 
vs. SCE with electrode rotation and at 30 ◦C. This temperature is lower 
than the optimum temperature for the hydrogenase electrocatalytic 
activity, but we previously reported that at 40 ◦C under 1 atm H2 causes 
the reductive desorption of the 4-APh SAM [35]. Fig. 4 clearly shows 
that increasing amounts of G6P are produced during 2 h with the ATP 
cofactor provided only by the hydrogenase/ATPase electrode. The rate 
of G6P production measured was 0.027 ± 0.006 µmol × min− 1. We do 
not have a direct measurement of the amount of F1F0-ATP-synthase 
immobilized in the electrode, but we can estimate its coverage from the 
AFM characterization [11,25]. Taking into account the average elec
troactive area of the gold disk electrodes and the enzymés molecular 
weight, we can then estimate around 85 ng of ATP-synthase recon
stituted on the electrode with a coverage of roughly 0.7 mol/cm2 [25]. 
Therefore, an approximate specific activity of 320 µmol G6P min− 1 ×

mg− 1 (ATPase) is calculated, which is higher than those reported in the 
literature using light-driven ATP regeneration systems [10] or using 
acetate kinase in solution as ATP-regeneration system instead of F1F0- 
ATP-synthase [6]. Negative control experiments done in absence of the 
electrode (Fig. 4) or with one that did not contain reconstituted F1F0- 
ATP-synthase in the phospholipid bilayer (Fig. 5) showed no G6P pro
duction. As a positive control experiment, we introduced an initial 0.5 
mM ATP in the electrolyte solution instead of ADP. In this case the rate 
of glucose phosphorylation was much faster, indicating that the elec
troenzymatic ATP regeneration system limits the rate of the phosphor
ylation reaction. Nevertheless, after 2 h of reaction the amount of G6P 
formed exceded the initial ATP concentration, thus indicating cofactor 

recycling by the coupled reactions (Fig. 5). 
The successful coupling of the electro-enzymatic ATP regeneration 

system to the phosphorylation reaction of glucose led us to couple our 
electro-enzymatic ATP regeneration system to the commercially inter
esting synthesis of the cofactor NADP+. The enzyme NAD+ kinase 
phosphorylates NAD+ to NADP+ while consuming 1 ATP molecule per 
substrate molecule (Schematic 2). To determine the concentration of the 
produced NADP+ we again used a spectrophotometric assay catalyzed 
by G6P-DH. In order to specifically discriminate between produced 
NADP+ and NAD+ we used G6P-DH of Saccharomyces cerevesiae instead 
of L. mesenteroides [36]. By using this NADP+-specific G6P-DH we sup
pressed the problem of having a very large initial concentration of NAD+

in the electrolyte solution, which otherwise could not be distinguished 
from the NADP+ without the use of additional chromatographic 
methods as HPLC to separate both cofactors [37]. We first performed the 
calibration plot with known concentrations of NADP+ and in excess of 
G6P. A linear dependence of the NADPH rate formation with the initial 
of concentration of NADP+ was measured in the 0.6–10 µM range 
(Figure S4). 

Fig. 6 shows the results obtained for the phosphorylation of NAD+

catalyzed by NAD+ kinase coupled to the electro-enzymatic ATP 
regeneration system poised at 0.23 V vs. Ag/AgCl (3 M Cl-) under 1 atm 
H2. Again, the ATP-regeneration system was able to feed the biocatalytic 
reaction with ATP, measuring a rate of NADP+ production of 0.6 nmol ×

Fig. 3. Rate of glucose-6-phosphate production catalyzed by 5 units of hexokinase with initial ATP concentrations of 0.5 mM (A, blue solid squares) and 10 mM (B, 
blue solid squares). The initial concentration of glucose was 20 mM. The hollow squares correspond to the control experiments without hexokinase. Error bars 
correspond to 3 replicate measurements. 

Fig. 4. Rate of glucose-6-phosphate production catalyzed by 5 units of hexo
kinase with an initial ADP concentration of 0.5 mM in presence of Au/4-Atph/ 
Hase/PhBL-ATPase electrode poised at + 0.2 V vs. SCE, 80 rpm electrode 
rotation, under 1 atm H2 and 30 ◦C (blue solid squares). The initial concen
tration of glucose was 20 mM. The red triangles and hollow squares correspond 
to the control experiments without hexokinase or without the enzymatic elec
trode, respectively. Error bars correspond to 6 replicate measurements. 

Fig. 5. Rate of glucose-6-phosphate production catalyzed by 5 units of hexo
kinase in presence of Au/4-Atph/Hase/PhBL-ATPase electrode poised at 0.2 V 
vs SCE, 80 rpm electrode rotation, under 1 atm H2 and 30 ◦C with an initial 
concentration of 0.5 mM ATP (red squares) or ADP (blue solid squares). The 
initial concentration of glucose was 20 mM. The green squares correspond to 
the negative control chronoamperometry performed with a Au/4-Atph/Hase/ 
PhBL electrode (no ATPase) with an initial concentration of 0.5 mM ADP 
(green squares). Error bars correspond to 6 replicate measurements. 
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min− 1. The estimated specific activity is around 5 µmol NADP+ min
− 1⋅mg− 1 (ATPase). The rate of NADP+ production was faster in the 
positive control with an initial 0.5 mM ATP concentration, indicating 
again that ATP regeneration limits the overall rate. The electro- 
enzymatic ATP regeneration system was at least operational for 5 h, 
although the rate of NADP+ production did show some decrease after 3 
h. The negative control without the ATP-regeneration system, and with 
only ADP in the electrolyte, gave negligible values for NADP+ quanti
fication that did not change with time, confirming the very low inter
ference of NAD+ in the detection assay. 

4. Conclusions 

We show in this work that the gold electrodes modified with Hase 
and ATPase co-immobilised with a floating phospholipid bilayer are 
functional as an ATP-regeneration system for biocatalytic phosphory
lations. The rates of G6P and NADP+ production measured were 27 and 
0.6 nmol × min− 1 respectively, using ATP provided only by the electro- 

enzymatic regeneration system. The estimated specific activities of the 
reconstituted ATPase for the studied phosphorylation reactions are 
higher than those reported in the literature using other light or chemi
cally driven ATP regeneration systems (Table S1). The use of H2 as fuel 
for the ATP-regeneration system and the electrochemical control for 
driving the process make this electro-enzymatic system suitable for 
batch processes without requiring additional separation steps of prod
ucts. However, for practical applications the operational stability of the 
system at long reaction times (5–24 h) and the re-usability of the elec
trodes should be tested. Furthermore, to overcome ATP regeneration 
rate-limiting the biocatalytic reaction, the reactor design should be 
improved to increase the ratio between the electrode area and the re
action volume. Indeed, these Hase/ATPase-modified electrodes could be 
applied in flow-through sytems for biocatalytic cascade reactions with in 
situ control of the ATP regeneration in real time. 
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Scheme 2. Phosphorylation of NAD+ catalyzed by NAD+-kinase coupled to the electroenzymatic ATP regeneration system based on co-immobilized hydrogenase 
and ATP-synthase on a gold electrode modified with a floating phospholipid bilayer. 

Fig. 6. Rate of NADP+ production catalyzed by NAD+ kinase in presence of Au/ 
4-Atph/Hase/PhBL-ATPase electrode poised at + 0.23 V vs. Ag/AgCl (3 M Cl-), 
under 1 atm H2, 80 rpm of electrode rotation with an initial concentration of 
0.5 mM ATP (red squares, 0.25 enzyme units) or 1 mM ADP (blue squares, 0.75 
enzyme units). The initial concentration of NAD+ was 10 mM. The green 
squares correspond to the control experiment in absence of NAD+ kinase 
(green squares). 
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