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Abstract

The design of efficient schemes for nicotinamide adenine dinucleotide (NAD) regeneration is
essential for the development of enzymatic biotechnological processes in order to sustain
continuous production. In line with our motivation for encapsulation of redox cascades in
liposomes to serve as microbioreactors, we developed a straightforward strategy for
interfacial oxidation of entrapped NADH by ferricyanide as external electron acceptor.
Instead of the commonly applied enzymatic regeneration methods, we employed hydrophobic
redox shuttle embedded in the liposome bilayer. Tetracyanoquinodimethane (TCNQ)
mediated electron transfer across the membrane and thus allowed us to shortcut and to
emulate part of the electron transfer chain functionality without the involvement of membrane
proteins. To describe the experimental system we developed a mathematical model, which

allowed for determination of rate constants and exhibited handy predictive utility.
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Introduction

Due to its prime function as a cofactor in redox reactions, nicotinamide adenine dinucleotide
(NAD) is a vital regulator in living cells and is thus related to fundamental processes such as
transcription, cell cycle and apoptosis'*~. Regarding its immediate role in metabolism, the
significance of NAD arises from its abundance — most of the known oxidoreductases depend

on NAD(P). The required stoichiometric quantities render many, otherwise elegant,
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biotransformation pathways uneconomic. Therefore, the expanding field of enzymatic
biotechnology is seeking for efficient ways for NAD regeneration®’. Along with this
biotechnological perspective, our rationale comes from a bottom-up synthetic biology
standpoint. The reductionist view of the cell® as a set of metabolic reactions in a confined
space has designated the encapsulation of enzymes in phospholipid vesicles as one of the
main workhorses in this research field”*. The assembly of such liposome bioreactors is still in
its infancy due to the intrinsic complexity of metabolic networks and the difficulties in
realizing transport mechanisms for reactants and products. Another major hurdle is the supply
of cofactors such as NAD(P) and ATP, which virtually represent the energy needed to drive
the reactions. To the best of our knowledge, no schemes for direct cofactor transport through
the lipid membrane (e.g. through reconstitution of specific cofactor transporters) have been
devised until now. Thus, studies in the framework of artificial cells have been generally
limited to easy-to-follow model reactions, DNA-related reactions and whole-cell extracts®”'°,
The entrapment of dehydrogenases for more practical applications such as stabilization has
been largely overlooked'' and the few existing reports relied on the limited quantity of
initially entrapped NAD'*'*!*_ On the contrary, strategies for continuous NAD" regeneration
in liposomes have been employed for energy conversion systems, similar to the concept of
biofuel cells. Kano and coworkers constructed “artificial microbes” through entrapment of
dehydrogenases and a diaphorase as biocatalyst for NADH oxidation, and demonstrated the
generation of electrical current with ethanol" and glucose16. Regeneration of diaphorase was
accomplished through electrochemical oxidation of 2,3-dimethoxy-5-methyl-1,4-
benzoquinone (coenzyme Q) as diffusional mediator, which freely penetrated the liposomes.
With the ultimate goal of reconstituting practically relevant metabolic cascades in vesicles,
we sought for ways to oxidize entrapped NADH by redox agents placed outside of the
compartment, in order to maintain a minimal composition and to avoid undesired interactions
(e.g. with the components of enzymatic regeneration systems®). Therefore, we intentionally
refrained from architectures, employing enzymes and mediators (oxidants) present in the
liposome interior, which were previously applied'’, to create a minimal and versatile
regeneration chassis without the involvement of additional proteins. Thus, we aimed for a
transmembrane oxidation scheme, which would keep the oxidant to the vesicle exterior and
would resemble the natural setup of electron transport chains. Studies on transmembrane
electron transfer have historically strived for elucidation of the physical principles behind
electron transfer chains (oxidative phosphorylation and photosynthetic) and have resulted in

. . 17 . .
numerous examples of reduced in vitro models '. In a founding experiment to construct a
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simple model system for the chemiosmotic hypothesis Hinkle investigated the mediated
reduction of ferricyanide by ascorbate and thereby implicitly postulated certain requirements
for transmembrane electron transfer mediators'®. The majority of similar works was motivated
by fundamental interest in electron transfer with an emphasis on photo-transducers for energy
conversion, and in very few cases straightforward implementation was proposed. As far as we
know, the only example of a conceptually akin, application-driven assembly was the reduction
of encapsulated methemoglobin by NADH in the context of hemoglobin vesicles as red-cell
substitutes'”.

In a similar fashion, we developed a method for oxidation of entrapped NADH through a
mediator embedded in the membrane. Thus, we reproduced and streamlined through a distinct
form of interfacial redox catalysis the simultaneous pyridine nucleotide oxidation and

transmembrane electron transfer, functionalities typically exclusive for biological systems

(Fig. ).
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Figure 1: Schematic presentation of the analogy between transmembrane electron transfer in biological systems
and in the present case. Electron flow shown in red block arrows. A) in the mitochondrial electron transport
chain NADH-ubiquinone oxidoreductase (Complex I) oxidizes NADH (product from metabolism, e.g. citric acid
cycle) and reduces ubiquinone (UQ) in the bilayer; the resulting ubiquinol is then re-oxidized by quinol--
cytochrome-c oxidoreductase (Complex III), which also reduces Fe(III) in the heme group of cytochrome c
(Cyt ¢). B) NADH encapsulated in liposome (product of prospective enzymatic oxidation) is oxidized by
mediator such as TCNQ embedded in the bilayer; reduced TCNQ is then re-oxidized by Fe(IIl) in the
ferricyanide complex. In both cases electrons are transferred from the interior to the exterior but in the present
case this process occurs without the involvement of Complexes I and II1.
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Materials and methods

Materials

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) from Avanti Polar Lipids Inc.
(Alabaster, AL, USA) was dissolved in chloroform to a concentration of 100 mg mL ™" and
used as a stock solution. NAD" and NADH-disodium salt were purchased from Carl Roth
GmbH (Karlsruhe, Germany). Potassium ferricyanide (Ks;[Fe(CN)g]) was purchased from
Merck KGaA (Darmstadt, Germany). All other chemicals including 7,7,8,8-
tetracyanoquinodimethane (TCNQ), ubiquinone 10, Nile Red, 5(6)-carboxyfluorescein and
Triton X-100 10% solution were purchased from Sigma-Aldrich Chemie GmbH (Steinheim,
Germany). Octyl B-D-glucopyranoside was purchased from GLYCON Biochemicals GmbH
(Luckenwalde, Germany). LITCNQ was synthesized according to the literature®®. Deionized
water was obtained from a Milli-Q water purification system (Millipore Corp., Billerica, MA,

USA).

Preparation of vesicles

Three different hydrophobic mediators were reconstituted in the bilayer membrane and
NADH or carboxyfluorescein were encapsulated in the hydrophilic interior of vesicles,
prepared by extrusion. In the general procedure 40 pL of POPC stock solution were diluted
with 200 pL chloroform for better dispersion and the mixture was spread on the bottom of a
glass tube by a pipette. For preparation of vesicles with mediator 80 pL (1 mg mL™
ubiquinone in chloroform), 66 pL (0.3 mg mL™' TCNQ in acetonitrile) or 64 pL (0.5 mg mL™
Nile Red in methanol) were added to the POPC solution before drying, maintaining a 50:1
molar ratio between lipids and mediator in order to preserve bilayer integrity. Then the lipid
layer was dried under gentle nitrogen flow and vacuum for 1 h. Afterwards the resulting thin
films were rehydrated by adding 500 puL. MOPS buffer (100 mM MOPS, 250 mM KClI, Tris,
pH 7.2), which contained 10 mM NADH or 10 mM carboxyfluorescein when necessary. To
detach the film from the tube, the hydration solution was pipetted against the tube wall
multiple times and subjected to short vortex cycles in order to resuspend homogeneously.
Then the suspensions were treated in repetitive freeze-thaw cycles (>6 times), whereby each
cycle consisted of freezing in liquid nitrogen for 1-2 min and thawing for 2—4 min in 40 °C
water bath. In some cases an aliquot of the resulting suspensions was imaged on Axio imager
Al microscope (Carl Zeiss, Germany) in order to follow the formation of vesicles and the

presence of mediator in the membrane. In order to obtain large unilamellar vesicles (<200 nm)
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of uniform size, the lipid suspensions were filtered >11 times by Avanti extruder (Avanti Polar
Lipids, Inc., Alabaster, AL, USA) through Nuclepore Track-Etched Membrane filter (0.2 um
pore size, Whatman PLC, UK). The filtrate, containing vesicles, was collected and stored at
4 °C for later use.

When NADH or carboxyfluorescein were encapsulated, the free compounds in the
hydration solution were separated by column chromatography through a disposable PD-10
desalting column (GE Healthcare Life Sciences, Chicago, IL, USA) filled with 8.3 mL
Sephadex G-25 matrix (@14.5 mm ca. 50 mm). The filtrate containing purified vesicles was
collected and stored at 4 °C.

The size of vesicles was determined by dynamic light scattering (DLS) using a Zetasizer
Nano ZS (Malvern, Worcestershire, UK) with a 663 nm He-Ne laser at a fixed scattering
angle of 173° at 25 °C. Every measurement was run three times with 70 s duration of each
single run and the average was obtained. In addition the size and concentration of vesicles
were determined by tunable resistive pulse sensing (TRPS) on a gqNano instrument (Izon
Science Ltd., Christchurch, New Zealand). For the measurement a NP200 stretchable
nanopore was used, which was calibrated with carboxylated polystyrene beads (CPC400F,
mean size 350 nm, concentration 6x10'" particles mL™"). The lower fluid cell was filled with
75 wl MOPS buffer and 35 ul of the vesicle suspension in MOPS buffer were added to the
upper cell. Size distribution and concentration were calculated from the measurement data

with the instrument software (Izon Control Suite 2, Chrsitchurch, New Zealand).

Transmembrane electron transfer experiments

The oxidation of NADH was evaluated by monitoring the fluorescence intensity of NADH on
Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies, Santa Clara, CA, USA).
Briefly, vesicles with different mediators, reconstituted in the membrane and encapsulated
NADH were placed in a 10 mm quartz cuvette (500 pL, Hellma, Germany) at room
temperature and the fluorescence was monitored for over 12 h at 460 nm (slit width: 20) at
excitation wavelength of 340 nm (slit width: 20) after the addition of different amounts of
ferricyanide (100, 200, and 400 uM). Vesicles lacking mediators and/or NADH were also
monitored under the same conditions as controls. In the case of leakage experiments the
carboxyfluorescein fluorescence was monitored at 524 nm (slit width: 2.5) at excitation

wavelength of 494 nm (slit width: 2.5).
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Results and discussion

Screening of transmembrane electron transfer mediators

Despite the substantial difference between the redox potentials of NADH and oxygen (0.82
V' — (= 0.32 V**) = 1.14 V at standard conditions, 25 °C and pH 7), NADH is stable against
oxygen unless either species are activated. On the contrary, reaction of NADH with
ferricyanide readily takes place when the two components are in the same aqueous phase (Fig.
S1). Ferricyanide is a convenient and widely used oxidant with high water solubility, unlike
oxygen. The ferri/ferrocyanide redox couple has a long history in transmembrane electron
transfer studies'” and can be traced back to some fundamental experiments in this field'®. In
addition, it is easily regenerated electrochemically, thus providing possible means for the use
of electrical energy to drive biological reactions as shown in the literature'>'**,

In the present case, apart from ion carrier properties, favorable redox potential and
lipophilic partitioning, we additionally aimed for favorable kinetics towards NADH. The first
apparent candidate was ubiquinone 10 (coenzyme Q;o, UQ), which acts as an electron transfer
mediator within the hydrophobic region of the lipid membrane as part of the respiratory chain
in mitochondria. UQ has been found to stimulate electron transfer in free-standing bilayers™
and to mediate NAD redox conversions in supported and tethered bilayers®°. TCNQ is
another mediator with a long history in electron transfer research, which has been extensively

728 and supported bilayers”, and was

studied by electrochemical techniques in free-standing
also used in amperometric sensor for NADH determination®. Similarly to UQ, TCNQ
partitions exclusively in the membrane, evidenced by the estimated partition coefficient of
520 000*'. 1In addition to the previous two molecules we hypothesized that Nile Red, a
common lipid stain, could also be employed because of the structural similarity to other
phenoxazine and phenothiazine dyes with known activity for NADH oxidation®*".

In order to test the validity and effectiveness of our approach for transmembrane NADH
oxidation, we produced large unilamellar vesicles, containing NADH in the interior, whereas
the respective mediators were embedded in the bilayer. To prove localization of the mediators
in the membrane, after rehydration the lipid suspensions were imaged on a fluorescence
microscope. While reduced UQ exhibits intrinsic fluorescence in liposomes with a peak
around 370 nm**, it was not possible to observe the oxidized form under a microscope. On the
contrary, TCNQ is fluorescent in non-polar solvents and the intensity decreases fast with

increasing solvent polarity”. Due to the broad emission spectrum it was possible to observe

both green and blue fluorescence of the vesicle suspension before extrusion, which indicated
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successful localization of TCNQ in the hydrophobic region of the bilayer (Fig. S2). Nile Red
on the other side exhibited bright red/orange fluorescence as expected (data not shown).

Based on DLS measurements, the average diameters of different vesicle preparations
matched well the filter pore size of the extruder and the low polydispersity index in the range
0.1-0.2 indicated monodisperse distributions. In addition, mean diameter and concentration of
vesicles were determined by TRPS (Table S1). NADH encapsulation and subsequent column
purification did not change vesicle size, compared to vesicles containing only mediator. The
reconstitution of UQ resulted in reduction of size to ca. 150 nm (vs. 170 nm for the other
mediators), which can be attributed to the increased density and order of the bilayer36.

All three mediators apparently stimulated the decrease of NADH fluorescence when 400
uM ferricyanide was added to the outer solution (Fig. 2). Since the amount of encapsulated
NADH (~15 nmol in the sample, 1.6-5.2x102" mol NADH per vesicle) and the concentration
of vesicles in the cuvette slightly varied (+ ca. 10% difference in the intensity) the curves
were normalized to their initial values for more clear comparison (original data in Fig. S3).
NADH is known to be unstable in certain aqueous solutions, whereby the most influential
factors are pH and buffer type’’. Therefore, we also monitored the stability of NADH, both
free and encapsulated in mediator-free vesicles (Fig. 2) and found around 10% decay in the
course of the measurement. From the three mediators TCNQ exhibited the most prominent
activity. In fact, the fluorescence decrease in the case of UQ and Nile Red cannot be
unequivocally ascribed to the proposed mechanism due to the insufficient statistics of these
preliminary screening experiments. Moreover, while TCNQ stimulated exponential decrease,
the behavior in the other two cases was qualitatively similar to degradation, whereby a
detrimental effect of the lipid phosphate groups can be anticipa‘[ed3 .

Regarding UQ, although Campos and Kataky deduced UQ-mediated electron transfer for
the NAD'/NADH couple from cyclic voltammetry data in a black lipid membrane (BLM)
setup, their quantitative analysis based on impedance spectroscopy resulted in a negligible
change of the apparent electron transfer rate constant from 6.89+0.70x10° ¢cm s ' in
unmodified films to 7.81+0.78x10® ¢cm s ' in UQ-modified ones®. Indeed, it would be
puzzling if UQ in the mitochondrial membrane efficiently oxidized NADH since the proton

pumping by Complex I would be bypassed in that way’®.
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Figure 2: Relative fluorescence intensity profiles of different POPC vesicle suspensions at 460 nm: vesicles with
reconstituted mediators + encapsulated <10 mM NADH in presence of 400 uM potassium ferricyanide (black,
red and blue full dots); vesicles with reconstituted mediators only (black, red and blue empty diamonds); vesicles
with encapsulated <10 mM NADH (green full triangles); free 20 uM NADH in solution (green empty triangles);
~0.37 mM POPC in 100 mM MOPS, 250 mM KCl, Tris, pH 7.2.

In the case of TCNQ-mediated transmembrane electron transfer, the fluorescence of
encapsulated NADH decreased to about 20% of the initial value after 5 h and did not change
significantly afterwards. However, the residual fluorescence signal did not originate from
unoxidized NADH but from a background signal. The latter was confirmed in control
experiments with vesicles lacking NADH, normalized to the respective vesicle preparations
containing NADH, as shown in Fig. 2. The small deviation in the case of TCNQ was due to
the different vesicle concentrations in the samples. In addition, fluorescent spectra at the
beginning and at the end of the experiment indicated complete disappearance of the
characteristic NADH emission peak (Fig. S4). It should be noted that in order to increase the
light output of the measurement to account for the low NADH concentration and weak
intrinsic fluorescence, we used the maximum available slit widths, which respectively resulted
in higher noise. Thus, empty UQ and Nile Red vesicles also exhibited about 10% of the full
vesicles response (Fig. 2), while the background signal at 460 nm in the case of TCNQ
vesicles was in addition augmented by the TCNQ fluorescence™.

Provided that NADH reacts with ferricyanide in bulk (Fig. S1), the decrease of NADH
fluorescence might be ascribed to direct, unmediated oxidation of NADH, released from the

vesicles through membrane defects due to the presence of TCNQ. To rule out this possibility
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we performed control experiments with pristine and TCNQ-containing liposomes and
assessed the respective leakage. Although dequenching of NADH has been previously used to
determine liposome stability against ethanol'®, we did not observe sufficient increase in
fluorescence intensity after disrupting the vesicles with surfactants (about 7% difference at
460 nm) to be able to quantify the possible leakage of NADH. In contrast, carboxyfluorescein
(CF) exhibits sharp self-quenching (Fig. S5) and is therefore used in a standard method for
assessment of liposome stability and permeability®”. Based on the experimental limitations of
direct NADH monitoring on the one side and the established use of the CF assay on the other
side, alongside the smaller size of CF compared to NADH, we evaluated the influence of

TCNQ on membrane permeability through CF as a model for encapsulated species.
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Figure 3: Fluorescence profiles of carboxyfluorescein encapsulated in POPC vesicles at 524 nm, without or with
embedded TCNQ; ~0.37 mM POPC in 100 mM MOPS, 250 mM KClI, Tris, pH 7.2.

In triplicate experiments the dye fluorescence was monitored for 13 h and afterwards 1%
octyl glucoside (OG) was added in order to disrupt the vesicles and achieve complete release
and dequenching. CF is known to spontaneously leak from POPC vesicles with a low rate but
the precise mechanism is unknown®. The presence of TCNQ in the membrane resulted in a
small increase of content release (Fig. 3), which could not account for the observed NADH
oxidation rate (Fig. 2). In the relevant time frame of 5 h, vesicles with 1:50 and 1:25 ratio of
TCNQ to POPC exhibited 5.6+2.3% and 4.1+1.6% release, respectively, while pure POPC

liposomes let out 2.2+0.9% of their content.
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Modeling of TCNQ-mediated electron transfer

Based on the mediator screening results we identified TCNQ as a promising catalyst for
transmembrane NADH oxidation and we varied the concentration of ferricyanide to examine
its effect. Decrease of ferricyanide resulted in slower NADH oxidation as shown in Fig. 4 (at

least triplicate measurements).
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Figure 4: NADH concentration profiles (experimental average: error bars, and simulated: full lines) of POPC
vesicle suspensions with reconstituted TCNQ in presence of different potassium ferricyanide concentrations;
~0.37 mM POPC in 100 mM MOPS, 250 mM KCl, Tris, pH 7.2.

In order to convert the fluorescence signal to concentration we used a calibration curve of free
NADH (Fig. S6) and corrected for the background fluorescence of empty TCNQ vesicles.
Despite the fact that the NADH calibration curve was not recorded at identical conditions
(free NADH in the pM range versus encapsulated in the mM range) we assumed that its use
was justified because we did not observe quenching effects in the relevant concentration
range, neither in bulk experiments, nor after disrupting the vesicles with Triton®. In addition,
the total volume of vesicles estimated from TRPS data (1.98x10 ml in 1 ml) corresponded to
the expected fluorescent signal when accounting for the inevitable losses during encapsulation
(ca. 15 puM “bulk” or 7.6 mM intravesicular concentration, originating from 10 mM NADH
used for encapsulation, diluted ~500 times). Information about the NADH concentration
change enables the comparison between the present system and NADH:ubiquinone
oxidoreductase (Complex I), which can be regarded as a biological counterpart of TCNQ. If
we take as an example the experiment with 200 uM ferricyanide during the first 60 min (steep

decrease), the average rate of NADH oxidation is about 0.13 uM min . This value is
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comparable to the reported activity of isolated enzyme (~0.2 pM min' *'

) but normalizing to
the molecular weight of the respective catalysts would result in a better figure of merit.

In the next step we developed a homogeneous phase model to describe the properties of
the system. TCNQ is known to undergo two one-electron reductions: to a radical anion
(TCNQ-") at 0.21 V vs. SHE, and subsequently to a dianion (TCNQ*") at —0.45 V vs. SHE**
#_ Since the potential of the second redox conversion is more negative than the NADH
potential (—0.32 V vs. SHE), we concluded that the mediator is monoreduced, according to the
stoichiometry in Eq. 1. The mechanism of 1-benzyl-1,4-dihydronicotinamide (NADH model
compound) oxidation with tetracyanoethylene also involved radical anion™. In addition, the

electrochemical behavior of immobilized TCNQ during the oxidation of NADH* or enzyme-

bound FAD® suggests as well that monoanion species are involved.

k
NADH + 2 TCNQ® > NAD* + 2 TCNQ~ + H* (Eq. 1)

The mechanism of hydride transfer during NADH oxidation is still not completely
elucidated and there is a dichotomy between concerted and stepwise pathways, as shown with
NADH analogues™®. After the confirmation of the NADH radical cation (NADH-")" it is
widely accepted that the chemical oxidation involves a multistep mechanism with consecutive
e /H'/e steps (see Supplementary Note 1). The absence of isotope and pH effects during the
oxidation of NADH by ferrocene ruled out hydride transfer and rate-limiting deprotonation
and justified the first electron transfer as a rate determining step.**. In the present case we
assumed a similar situation and modeled the oxidation of NADH by TCNQ" through an
irreversible bimolecular one-electron transfer with k; 4,, (see Supplementary Note 1).

While pure TCNQ has been rarely used for NADH oxidation®® * (mostly bound in charge
transfer complexes®), it has an established record in combination with ferri/ferrocyanide in

BLM? and ITIES*"* electrochemical setups, according to Eq. 2:

TCNQ™ + [Fe(CN)g]>~ ple! TCNQ® + [Fe(CN)g]*™ (Eq. 2)

where K., = k>'/k; . Unlike the previous reaction, which has been taken as irreversible due to
the large driving force (~0.53 V) and the known difficulties in chemical reduction of NAD" to
NADH*, we considered the regeneration of TCNQ0 as reversible. The redox potential of
ferricyanide (around 0.41 V vs. SHE®") lies closer to that of TCNQ, and despite that the

reaction form in Eq. 2 is thermodynamically favorable, potential-determining ions can
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influence the equilibrium through a Galvani potential and thus drive uphill electron transfer’’.
This has been confirmed in ITIES (interface between two immiscible electrolyte solutions)

43, 52

systems, which are useful models for the half-reactions in the present case . With respect

to the partitioning of ions in the bilayer, the ability of TCNQ to transport protons and other
cations has been demonstrated through electrochemical experiments in a BLM setup™ >,
which postulates the generation of additional interfacial potential difference as a plausible
phenomenon.

Apart from ferricyanide oxidation, we observed a decrease of the NADH concentration in
the absence of added electron acceptor (Fig. 4). As discussed in the previous section,
spontaneous NADH degradation took place’” but the observed rates were lower (Fig. 2) and
therefore the possibility of TCNQ oxidation by dissolved oxygen cannot be ruled out. A
computational DFT study has recently revealed that metal salts such as FeTCNQ can
efficiently catalyze four-electron oxygen reduction”, while in the past it has been shown that
electrogenerated TCNQ dianions interact with oxygen to form a,a-dicyano-p-toluoyl-
cyanideS6. In addition, TCNQ radical anions (TCNQ-"), which take part in Eqs. 1 and 2 also

exhibit charge transfer interactions with oxygen®’. Based on this notion we hypothesized the

irreversible reduction of oxygen to water as a competing reaction to the ferricyanide reduction

(Eq. 3).

k
2TCNQ™ +% 0, + 2 H* 5 2TCNQ® + H,0 (Eq. 3)

The redox potentials for oxygen reduction at pH 7 are 0.82 V and 0.28 V vs. SHE to water and
peroxide, respectively”’, which renders both pathways thermodynamically feasible but the
former one more likely. Since oxygen was in excess with respect to TCNQ and the
experimental system was buffered we disregarded protons and expressed the reaction through
a pseudo second-order kinetics with k3 4, (see Supplementary Note 2).

After definition of the equation system, the experimental data for NADH oxidation were
fitted to extract a parameter set (Table 1, initial conditions summarized in Table S2). While
the concentrations of NADH, oxygen and ferricyanide were readily available, the
homogeneous TCNQ concentration was calculated to 7.4 pM (~5700 molecules per vesicle)
based on TRPS results (6.99x10'® nm? total outer surface area of vesicles in 1 ml, multiplied
by 2 to account for two leaflets, 0.63 nm” area of POPC*®, TCNQ:POPC = 1:50, assuming
uniform distribution of TCNQ). The parameter estimation was performed by minimizing the

residual sum of squares (RSS) between simulation and experimental datasets using the
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toolbox Copasi™. A genetic algorithm was used to find an approximation for a suitable global
minimum of the RSS® and afterwards the gradient oriented simplex algorithm was applied to
certainly reduce the RSS into global minimum and the best suiting parameter set’’. The fitted
kinetic constants and equilibrium constants are identifiable, so that the RSS around the
minimum fulfils the condition for an F-test in 95% confidence interval with »n constants and m

data points of measurement®,

Table 1: Estimated rate and equilibrium constants.

Parameter Fitted value Confidence interval
ki app 2.58x10°M 's” + 1.6x10
K. 5.7x10° +2.2x10°
ks app 42M s +£1.2

The fitted curves described well the experimental data (Fig. 4) but it is not straightforward
to compare the obtained constants with literature values because the latter have been
expressed in different ways. For instance, the rate constant for NADH oxidation by TCNQ in
an amperometric sensor has been determined to 4.8x10° M™' s™' based on peak current
analysis3 O It should be noted that this work used unconventional reaction scheme expression
through an electrically unbalanced reaction between NADH and TCNQ, while the typical
scheme for mediated enzymatic electrodes is neutral and accounts for the respective electron
stoichiometry as in Eq. 1*. The rate constants greatly varied in other homogeneous systems.
For instance, the oxidation of NADH by ferrocene was previously determined to be 50 times
slower than in the present case (5.4 M ' s )* but when radiolytically generated dibromide
radical anion was used as oxidant the rate constant was 7 orders of magnitude higher (1.1—
1.5x10° M ' sH®.

On the contrary, the obtained K., characterizing Eq. 2, was in the range of values,
resulting from the expected concentrations of species, having in mind the excess of
ferricyanide. In addition, we transformed K., into electron transfer rate constant in order to
compare it with existing values in ITIES setups. The Marcus cross-relation® allows for
calculation of homogeneous electron transfer rate constant, according to: k;; =
(kiikaoK of12)"° W5, where k;,, K, are analogous to k', K., in the present case. The
contributions of various work terms for reactants and products expressed in the parameters f;,
(known as frequency factor) and W, are typically close to 1 and thus f;;, W;; = 1 is a

customary assumptionés. The self-exchange rate constants (k;;, k22) for TCNQ/TCNQ-~ and
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ferri/ferrocyanide have been cited to 10° M ' s~ and 5.8x10* M ' s', respectively’>. We
divided the obtained homogenecous k;» by the surface-to-volume ratio of the bilayer
(relationship derived from mass balance) to convert it to a heterogeneous rate constant and
calculated a value of 0.27 cm M ™' s™'. In addition, since it is known that the self-exchange
reaction of ferri/ferrocyanide is influenced by cations, we used a cation-independent k,, value
of lower magnitude (2.4x10* M ' s )%, and obtained ca. 15 times lower value (0.018 cm M
s ") for the heterogeneous bimolecular rate constant.

The latter has been previously determined for TCNQ/ferricyanide by impedance analysis
in ITIES setup to 0.129 cm M ' s™' based on apparent standard rate constant of 5.4x10™ cm

Uin the

s' . The same authors reported decreased apparent rate constant of 1.8x10° ¢cm s~
presence of adsorbed phospholipid monolayer at the interface and discussed it in the context
of the Markus theory™. It should be noted, that the heterogeneous bimolecular constant (0.129
cm M 's™") has been defined at zero driving force (referred to as standard) in the context of
the Butler-Volmer theory®’. Thus, in the expression for K., the bimolecular constants cancel
out and K., is dependent only on the driving force, expressed as potential, which we
determined to around —130 mV in the present case. Assuming transfer coefficient of 0.5, the
driving force of —130 mV was used to transform the literature standard rate constant to a
forward rate constant™® (~0.01 cm M ' s™") to be able to compare it with the values calculated
through the Marcus cross-relation (0.27 or 0.018 cm M ™' s™"), which included the driving
force by definition and neglected work-related terms. As can be seen, the orders of magnitude
roughly correspond to each other but we will refrain from further conclusions due to the
different experimental setups and made assumptions. With respect to the equilibrium, Barker
et al. have studied its manipulation through partitioning ions and reported a useful Tafel
relationship for k," and k, . However, direct reading of the driving force in the present case is
obstructed, since their scale was defined with respect to the partitioning perchlorate ion>.
Despite the simplicity of the developed model, as it did not include thermodynamic
parameters or mass transport, it exhibited a useful predictive power also in regard to certain
experimental effects. It was not possible to find a feasible parameter set under the assumption
that the total amount of TCNQ was initially uncharged. Therefore, we supposed that during
the vesicle preparation a certain amount was reduced to TCNQ-". By estimating the initial
conditions, we found that approximately 85% of the total TCNQ pool was in the form of a
radical anion (Table S2). Indeed, the spontaneous reduction of TCNQ in Langmuir-Blodgett
monolayers has been reported and discussed in terms of stabilizing effects of the lipid cationic

head group and the interfacial hydroxyl group concentration®. According to our simulation
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results, TCNQ-~ was reoxidized when ferricyanide was added to the vesicle suspension,
assuming a range of values for k» (e.g. Fig. S7). This effect increased the pool of active

mediator and enhanced the NADH oxidation, according to Eq. 1.

Redox states of TCNQ

To determine the redox state of TCNQ in the present setup, we monitored the absorbance of
rehydrated phospholipid suspensions before extrusion in presence of the two oxidants
(ferricyanide and oxygen). For these experiments we used four times higher TCNQ
concentration (50:4 molar ratio between lipids and mediator) in order to magnify the
respective signals. Neutral TCNQ in methanol exhibits a maximum at 395 nm, which
corresponds to the transition from ground to first excited state (So—S;) (Fig. S8). In the case
of the TCNQ anion there are two main bands — one at 420 nm (Dy—D;) and a broader one
with two maxima at 740 and 840 nm (Dy—D)), corresponding to doublet transitions due to
the unpaired single electron®. The spectrum of the suspension after rehydration revealed the
characteristic TCNQ radical anion features — a pronounced band above 600 nm and peak at
425 nm with a lower magnitude (Fig. 5a). This proved the spontanecous reduction during
preparation, anticipated by the estimation of initial conditions and observed previously®®.
After addition of 400 uM ferricyanide to the sample the peaks corresponding to Sp—S; or
Dy—D, transitions could not be analysed because they were masked by the oxidant but
the >600 nm band was immediately reduced (<1 sec), which manifested oxidation of TCNQ-",
as predicted by the model. In a parallel experiment the initial TCNQ/lipid suspension was
aerated with oxygen for 5 h. The decrease of the Dy—D; band (Fig. 5b) indicated TCNQ-~

oxidation, consistent with the outcome of the vesicle experiments (Fig. 4).
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Figure 5: Absorbance spectra of hydrated POPC/TCNQ suspensions a) in presence of 400 uM potassium
ferricyanide and b) during aeration with oxygen. 10 mM POPC, 0.8 mM TCNQ in 100 mM MOPS, 250 mM
KCl, Tris, pH 7.2.

We have demonstrated a feasible strategy for the transmembrane oxidation of encapsulated
NADH by externally added electron acceptor without the involvement of proteins, and
described the system behaviour through a spatially lumped homogeneous model. The primary
motivation behind this approach was the utilization as NAD" regeneration strategy for

enzymatic oxidations but the system also holds conceivable potential for use in living cells
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with respect to redox tuning of the NAD pool”

. The theoretical description resulted in
consistency with literature information and predicted a spontaneous TCNQ reduction effect.
In this work we substantiated the chemical aspect of “synthetic” in synthetic biology, opposed
to the common interpretation in terms of man-made design in the top-down approach. A plain
molecule like TCNQ allowed us to mimic certain electron transfer chain functionalities
through a special form of interfacial redox catalysis, found in living cells. In this respect,
replacement of natural electron shuttles with synthetic counterparts provides the basis for
novel architectures and opens new process design possibilities in the stepwise assembly of
minimal cells for biotechnological applications.

The results display the potential of the presented concept but logically raise additional
questions. From an experimental point of view the next logical step (already undertaken) is
encapsulation of an NAD-dependent dehydrogenase to demonstrate the utility of our approach
for continuous cofactor regeneration. Experiments for more precise elucidation of the
mechanism would be also beneficial. Regarding the better theoretical description of the
system that we are striving for, it will be useful to expand the rate expressions with electron
transfer parameters such as potential, according to Butler-Volmer kinetics or Markus theory.
In this way we would be able to account for interfacial potential effects due to e.g. transport of
protons. Another important aspect that has to be considered is the influence of mass transport
in this obviously heterogeneous system, whereby the interface plays a leading role. It remains
to be seen how much the higher physicochemical precision would improve the predictability
of the model but it would provide a solid engineering framework for membrane electron

transfer phenomena in (synthetic) biological systems.
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