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1. Introduction

Advanced 96-microtiter plate based
bioelectrochemical platform reveals molecular
short cut of electron flow in cytochrome P450
enzymery

Ronny Frank, @2 Christoph Prénnecke,® Ronny Azendorf,? Heinz-Georg Jahnke,?
Annette G. Beck-Sickinger @°® and Andrea A. Robitzki & *?

In bioelectrocatalysis, immobilised redox enzymes are activated in a bioelectronic interface without redox
equivalents such as NADPH, thus enabling heterogeneous flow chemistry. The functional contact between
enzyme and electrode requires a high degree of optimisation regarding choice of electrode material,
electrode pre-treatment, enzyme immobilisation and reaction conditions. So far, however, there are no
systems that can easily enable an optimisation procedure at a higher throughput. Here, we present an
advanced platform with a vertical divided cell architecture in conjunction with a developed 96-
multipotentiostat to be able to drive redox enzymes in 96 well microtiter plate based multielectrode arrays.
This platform controls 96 independent three-electrode setups with arbitrary working electrode materials.
We demonstrate its applicability in a mutation study of cytochrome P450 BM3 using indium tin oxide as
electrode material and the 7-ethoxycoumarin product quantification assay. We show that the
bioelectrocatalytic activity of P450 BM3 can be amplified when the cofactor FAD is erased from the
enzyme by a single point mutation, so that FMN becomes the first electron entry point. Bioelectrocatalysis
thus offers an approach to enzyme simplification as a remedy for the inherent instability of self-sufficient
cytochrome P450 enzymes. In addition, we examined native and artificial enzyme activation with respect
to ionic strength and buffer composition. The optimal conditions of the activation types differ substantially
from each other and exhibit a new molecular facet in enzyme characteristics. In a proof-of-principle we
demonstrate that the platform is also compatible with raw cell extracts, thus opening the door for random
mutagenesis screenings.

industrial biotechnology, while the group of oxidoreductases,

Enzymes are widely used as biocatalysts in the feed, food and
technical industries."™ Their ability to catalyse specific
chemical reactions under ambient conditions qualifies them
especially with regard to green chemistry for the production
of fine chemicals and pharmaceuticals. However, considering
the available large variety of enzymes, only a minor part is
suitable to be adapted for an industrial application. At
present, enzymes from the group of hydrolases, which are
used for the degradation of natural polymers, dominate in
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which  catalyse  electron  transfer  reactions, are
underrepresented.” A decisive reason for this is the generally
higher complexity of oxidoreductases, which can be seen, for
example, in the dependence on redox cofactors and unstable
and expensive redox mediators such as NADH or NADPH.
There are several methods for circumventing native redox
mediators, which are, however, primarily only suitable at a
laboratory level.* One of the promising techniques applicable
to larger scale is direct electrode enzyme regeneration in
which electrons are transferred directly to bound cofactors to
operate the enzyme bioelectrocatalytically. Due to the
necessary immobilisation on electrode surfaces, this method
is directly compatible with flow reactor systems.

Cytochrome P450 enzymes are a much-noticed subgroup
of oxidoreductases. They are able to selectively derivatise
thermodynamically indistinguishable and inert C-H bonds,
which is hardly and sometimes not at all feasible using
classical chemistry.”® However, in addition to redox mediator
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dependency, these enzymes are limited in terms of stability,
solvent tolerance and often low activity to be wused
industrially.”® Thus, the performance and robustness of
cytochrome P450 enzymes have to be improved for
biotechnological Unfortunately, the simultaneous
optimisation of qualitatively different enzyme characteristics
has so far posed a major challenge,” especially when
bioelectrocatalytic product formation should be used as
processing or evolutionary parameter.

Recently, we demonstrated the bioelectrocatalytic
activation of cytochrome P450 BM3 immobilised on indium
tin oxides electrodes.’® P450 BM3 is a 119 kDa class VIII
self-sufficient bacterial flavocytochrome in which the
cytochrome domain is naturally fused to a cytochrome-
reductase domain that resembles the eukaryotic cytochrome
P450 reductase.'’ P450 BM3 stands out by one of the
highest turnover numbers for ®-hydroxylation of fatty acids
and epoxidation of arachidonic acid as well as for its simple
recombinant expression.'® It is not only one of the best
studied cytochrome P450 enzymes, but also a valuable
resource for pharmaceutical purposes and research."*™'®
From a mechanistic point of view, the native electron
transfer in P450 BMS3 is quite well understood.'>'**°
Electrons are transferred from NADPH to the non-covalent
bound cofactor FAD and then forwarded to the heme
cofactor by a shuttle subdomain containing FMN. Recently,
we developed rationally designed P450 BM3 variants that
showed significantly enhanced bioelectrocatalytic activity
due to an introduced surface-affine peptide tag that
improved enzyme orientation on the electrode surface.*
However, a major limitation for further quantitative
investigation was the number of independent and parallel-
addressable three-electrode setups to ensure equivalent test
conditions for all samples. Therefore, to execute efficient
laboratory-scale library screening and enzyme development
strategies a considerably extended system of 96 parallel
potentiostats is required. In view of the effort associated
with a 96-multi-potentiostat  system, alternatives to
potentiostat driven systems that use the 96 well microtiter-
plate format have been described. Typically this includes
the mediated electron transfer, e.g. in case of cytochrome
P450 BM3 using zinc dust as an electron source and cobalt
sepulchrate as a mediator.*>** The adjustment and variation
of the electrochemical potentials for mechanistic studies is
however not straightforward in these mediated systems.
Described 96 well microtiter plate configurations that use
potentiostats e.g. for direct electron transfer, have so far
been limited in that they either work sequentially by
multiplexing® or only work with rare measuring methods
in a two-instead of a typical three-electrode
configuration.”**® From a technological point-of-view, no 96-
multi-potentiostat-multi-electrode-system is currently
available for bioelectrocatalytic screening of immobilised
redox enzymes that especially addresses the need for
product quantification, combinability with optical methods
and microtiter-plate based constraints.

use.
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This work introduces a fully parallelised 96 well microtiter
plate based bioelectrochemical screening platform including
a new developed 96-multi-potentiostat unit to investigate the
bioelectrocatalytic activity of cytochrome P450 BM3 in
conjunction with a photonic readout (Fig. 1). This platform
marks a major improvement compared with our previous 12-
potentiostat system, having not only eight times more
potentiostats integrated in a portable unit but also a new 96
well electrode architecture. The new system is built on three
separate modules that are simply stacked on each other to
generate 96 completely independent three-electrode setups in
vertically divided cell configuration. The first module is a
modified standard 96 well microtiter plate with multi
electrode array as bottom to provide 96 working electrode
chambers. The second module is a 3D-printed unit that
provides 96 partner chambers in the divided cell architecture
and connects these by agarose bridges to the first module.
The third module is the multi-potentiostat-controlled
electrode main module through which counter and reference
electrodes are supplied and to which the working electrodes
are connected.

In order to show the applicability of the developed
platform to understand the bioelectrocatalytic process of
redox enzymes, we investigated flavine-deficient mutants of
the cytochrome P450 BM3 to find the electron entry point.
Since the artificial enzyme activation can differ significantly
from the native process, we demonstrate the suitability of the
platform for mapping relevant reaction conditions. In
addition, we demonstrate in a proof-of-concept the
applicability for library screening purposes through
compatibility with raw cell extracts.

2. Experimental section

2.1. Fabrication of 96 well multi-electrode array

Indium tin oxide working electrodes were produced via lift-
off technique in a cleanroom (class 1000) using borosilicate
plates with dimensions of 113.5 x 75 x 1 mm® (Goettgens
Industriearmaturen; Germany). Glass plates were cleaned
with piranha solution, structured with positive photo resist
AR-P 3510 (Allresist, Germany) and sputtered with 300-500
nm indium tin oxide (Sindlhauser Materials GmbH,
Germany) in a CREAMET 500 (Creavac, Germany). Indium tin
oxide electrodes were annealed at 500 °C for 10 min. The
sheet resistance was in the range of 19-38 Q sq ' (more
details can be found in the ESL} Fig. S1).

The prepared electrode array was bonded to the bottom of
a milled black polypropylene microtiter plate (Nunc™
Microwell™, Thermo Fisher, Germany) using epoxy resin
EPO-TEK 302-3M (Epoxy Technologies, Germany) in a self-
built bonding device (Fig. S27).

On the day of use, the 96 well indium tin oxide array was
cleaned with a RCA-1 solution of H,0,(30%)/NH3(25%)/H,O
(v/v/v 1:1:5) for 15 min at room temperature, afterwards 10
min in 1 M hydrochloric acid and another 5 min in H,O/

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Concept of the developed 96 well bioelectrochemical analysis system. Left pipeline for testing new enzyme mutants and for profiling
enzyme properties using the developed 96-bioelectrocatalytic system (MTP = microtiter plate, EC = electrochemical) middle design of the 96 well
two-chamber three-electrode setup. The system is composed of three modules. Module 1: 1-2 = 96-microtiter plate with working electrode array
(1) and the bottom chambers (2); module 2: 3-4 = 3d-printed unit to provide 96 agarose bridges (3) and 96 top chambers (4); module 3: 5-7 = the
electrode main module carries the counter electrodes (5), reference electrodes (6) and the spring-loaded probes (7) to contact the working
electrodes. Right bioelectrocatalysis: modelled structure of P450 BM3 showing the cofactors and substrate turnover for fluorometric product
quantification (for illustration only). P450 BM3 catalyzes hydroxylation reactions under consumption of oxygen.

H,0,/NH; solution. ITO electrodes were stored in ultrapure
water until use to avoid recontamination.

Morphology of the ITO electrodes was investigated by
atomic force microscopy using a JPK Nanowizard III (Bruker)
in intermittent-contact mode (Fig. S31). The mean RMS
surface roughness of ITO electrodes was 4.6-4.7 nm.

2.2. Design and fabrication of the 288-electrode main module

The body of the electrode main module was designed in
Inventor Professional 2016 and produced by additive
manufacturing using an Ultimaker 3 extended with the
Ultimaker PLA. Counter electrodes were made by coiling
platinum wire (d = 0.3 mm, L = 5 c¢cm, Chempur GmbH,
Germany), which was soldered to a contact pin. Reference
electrodes were custom-made Ag/AgCl electrodes generated
from a silver wire (d = 0.8 mm, L = 2.45 cm) by galvanisation
in potassium chloride. In order to contact the 96 working
electrodes, spring loaded probes of a length of 45 mm and a
hub of 4 mm were soldered on a double contact pin. In order
to precisely position and align the spring-loaded probes to
the microtiter plate, 4 x 4 well PLA stabiliser were inserted,
which were also produced by additive manufacturing. The
main module is connected via LSHM plugs (Samtec) to the
96-multi-potentiostat.

2.3. Design and fabrication of the 96 well top chamber module

The top chamber module establishes 96 top chambers for
the counter and reference electrodes, and connects these via
an agarose cylinder to the 96 bottom chambers given by the
microtiter plate. The structure was designed in Inventor
Professional 2016 and 3d-printed vertically on a Lulzbot
Mini using natural PLA (eSun). Each cylinder has an
ellipsoid base (major axis 4.1 mm, minor axis 3.3 mm) and
a length of 10 mm.

This journal is © The Royal Society of Chemistry 2020

2.4. Development of the 96-multi-potentiostat

The De-Ford-type potentiostat circuit was used as starting
point. COM-board development and potentiostat circuit
simulations were performed with PSPICE (Cadence Design
Systems) and Mulisim (National Instruments). PCB layouts
were built in EAGLE (Cadsoft), fabricated by Multi Circuit

Boards and equipped by Sinus Messtechnik GmbH.
Electronic components (e.g. microcontroller, AD/DA-
converter, operational amplifier) were purchased from

Mouser Electronics Inc., RS Components GmbH and Digi-Key
Electronics. The chassis of the multi-potentiostat was
designed in Inventor Professional 2016 (Autodesk) and
produced by CNC Future Technics GmbH.

2.5. Experimental procedure of the bioelectrocatalytic assay

Cloning and expression of P450 BM3 variants in E. coli is
described in the ESL} To avoid batch variability between
single experiments, raw cell pellets from one expression were
aliquoted to 0.3 g units and stored at —-80 °C. In order to
prepare the enzyme solution for bioelectrocatalytic activity
testing, these cell pellets aliquots were thawed on ice and
resuspended in 800 uL PBS (pH 7.2) with addition of protease
inhibitor cocktail (Roche). The cells were disrupted by
sonication (3 x 60 s, 30 s pause interval) with a UP50H
sonicator (Dr. Hielscher GmbH, 0.5 cycle, 40% amplitude) on
ice and centrifuged for 10 min at 16 000 x g (Biofuge pico,
Heraeus). The supernatant was further cleaned using a 0.45
um PES filter (TPP). Thus prepared raw cell extract was
always kept on ice and only used on the day of preparation.
Purified P450 BM3 was generated from raw cell extract by
IMAC using the C-terminal His-tag as described in the SI.
Protein concentration of potentially active enzyme was
assessed by CO-assay.”

Agarose bridges, which connect each chamber pair, were
prepared in one step by immersion of the 96 well top
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chamber module in 4% agarose with 0.15 M KCI solution.
After cure, the bottom of the bridges were placed in 0.15 M
KCI solution of a 96-microtiter plate and 40 pL of 0.15 M KCl
solution were sited on top of the agarose bridges to avoid
shrinking during storage time. In order to maximize the time
of electrolyte concentration stability in the reaction chamber,
the 1 M KCI solution in the top chamber was added just in
time, when the testing plate was ready for measuring.

The purified P450 BM3 was immobilised on the ITO
electrode array from 60 puL of a 500 nM solution to which 2
UM FAD and 2 uM FMN were added. Immobilisation was
performed by adsorption at 4 °C for 30 min. Stocks of the
raw cell extracts were diluted by factor of 50 or higher to
immobilise the unpurified P450 BM3. Afterwards, each well
of the 96-microtiter plate was washed four times with 100 pL
PBS (+2 uM FAD, +2 uM FMN). In case of testing different
buffer compositions, washing was performed two times with
PBS and two times with the buffer of interest. The top
chambers were filled with 1 M KCI solution and the washing
solution of the bottom chamber was replaced by 200 pL
reaction  solution, containing additional 1 mM
7-ethoxycoumarin (Alfa Aesar, Germany) and 1% DMSO. The
modules were assembled and the reaction was started at -0.8
V for 30 min. After the reaction time, the setup was
disassembled and 180 pL of the reaction solution were pH-
shifted in 120 pL of 1.5 M glycine buffer (pH 10.2) to measure
the fluorescence at Ex: 380/10 nm/Em: 465/35 nm (TECAN,
F200).>” Procedure to assess enzyme activity with NADPH is
described in the ESL}

2.6. Software for potentiostat control

In order to control all 96 potentiostat modules, a configuration
interface was generated in LabView 2010, in which each
potentiostat module can be individually programmed and
electrochemical data can be recorded and presented.

2.7. Statistics

Graphpad Prism 5 was used for all statistical analysis.
Presented graphs are given as mean + SEM unless stated
otherwise. Each experiment consisted of at least three
replicates and sum of experiments is given as “n”.
Significance of mean difference was analyzed by two-way
ANOVA and Bonferroni post hoc test, considering *, P < 0.05
as significant, **, P < 0.01 very significant and ***, P < 0.001
extremely significant.

3. Results and discussion

3.1. Concept and structure of the 96 well bioelectrocatalytic
platform

Enzyme activation by direct electron transfer is artificial in
its nature. Thus optimization of reaction conditions can
severely differ regarding its results from the native reaction
pathway. Given that, it is pivotal to adapt enzyme features
directly at the site of operation. For direct electron transfer,
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this approach is typically limited by the number of available
potentiostats and a manageable parallel setup assembly
process (e.g. concerning space requirements, cable harnesses,
surface pretreatments etc.).

Here, we designed a 96 well divided cell three-electrode
setup in conjunction with a 96-multi-potentiostat in order to
be able to assess the bioelectrocatalytic activity of
immobilised cytochrome P450 BM3 mutants in 96 well
microtiter plate format (Fig. 1). The platform can be used to
evaluate P450 BM3 mutants from raw cells extracts for library
screening purposes or to profile single P450 BM3 mutants
regarding e.g. pH, buffer concentration, additives and activity
at certain electrochemical potentials. While the 96-multi-
potentiostat drives the enzymes and records electrochemical
data, the product turnover is measured fluorometrically using
the 7-ethoxycoumarin/7-hydroxycoumarin (7-EC/7-HC) end-
point assay, although also other fluorescent substrates such
as benzyloxyresorufin can be applied. Unfortunately, the
activity of the cytochrome P450 BM3 enzyme cannot be
directly determined from the current signal of the multi-
potentiostat. Due to the oxygen reduction reaction, which
occurs concomitantly to the enzyme activation during
cathodic polarization, the influence of oxygen on the
measurement signal is too high.>® However, since oxygen is
required for the enzymatic reaction, it cannot be omitted
either. This is the reason we chose product quantification by
fluorescence to determine the bioelectrocatalytic activity.
Thus, we are measuring the functional electron transfer,
which leads to product formation, as opposed to an
electrochemical signal that could originate from free
cofactor.”® Given that fluorescence is quite specific in terms
of excitation and emission spectra, there are no cross-
sensitivities to be concerned of. Due to the fact that the
product quantification is performed fluorometrically, the
counter electrode had to be spatially separated from the
working electrode to a top chamber as otherwise the
enzymatic product would be destroyed because of oxidative
potentials during bioelectrocatalysis. Since all wells of the
microtiter plate carry a working electrode filling the entire
bottom, we provided the top chamber in a vertical
construction. This way we avoided interconnection of two
adjacent wells in the microtiter plate, which would result in
only 48 three-electrode setups. For this purpose we designed
a top chamber module that contained separate chambers for
all 96 counter electrodes and connections to the working
electrode chambers. These connections enable us to use
agarose as a replaceable salt bridge and convection barrier.

The working electrode array consists of 96 pear-shape
planar electrodes (Fig. 2A1). Each working electrode includes
a section for enzyme immobilisation of the size of 44 mm?®
and a section for electrical contacting. The section for
enzyme immobilisation takes up the entire bottom of a
chamber to achieve maximum sensitivity. Due to the short
electrical path length between these two sections also semi-
conductive materials such as indium tin oxide can be used.
Furthermore, given the planar structure of the working

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 96-Microtiter plate based bioelectrochemical analysis system. A1 geometry of single working electrodes (i: area for electrical contacting, ii:
electrochemical active area). A2 geometry of the 96-microtiter plate (arrow indicates gap necessary for electrical contacting). B1 and B2 model of
the 96-top chamber module. C1 and C2 overview and detail image of the electrode main module. D1-D3 assembly of the system. In D1, module 1
(microtiter plate with multi electrode array) is placed in the stacking device. In D2, module 2 is placed on top and vertically positioned by four nuts.
In D3, module 3 is inserted (shown without cables). D4 system in working state incl. splash guard. D5 system in explosive presentation. E1-E3 detail
images of the assembly, the agarose bridges and the spring loaded probes contacting transparent ITO electrodes.

electrodes, they can be produced on arbitrary substrates with
techniques such as printing, sputtering or chemical vapour
deposition. After bonding to an adapted 96 well microtiter
plate, the electrode surface can further be modified
dependent on the application of interest. The required 96
well microtiter plates allow electrical contacting of the
working electrodes by providing a passage for spring-loaded
probes between the adjacent chambers (Fig. 2A2). Although it
is in principle possible to use additive manufactured
microtiter plates e.g. from natural PLA, we generally observed
higher variances in the bioelectrocatalytic assay than with
adapted commercial 96 well microtiter plates. This is
probably caused by the rougher surface structure due to the
fused filament fabrication process, resulting in unequal
washing efficiencies during the enzyme immobilisation in
contrast to the high quality surface of microtiter plates
produced by injection molding.

In order to generate top chambers for the counter
electrodes, we produced a reusable 96 well top chamber

This journal is © The Royal Society of Chemistry 2020

module by additive manufacturing (Fig. 2B). A single top
chamber has a volume of 400 pL and includes an open
cylindrical structure on the bottom which is freshly filled
with agarose for an experiment. The agarose cylinders have
an average length of 8 mm and can easily be ejected after an
experiment (Fig. S41). The top chamber module also allows
passage of the spring loaded probes.

In order to perform an assay in a 96 well microtiter plate,
96 three-electrode setups are realised from a single electrode
main module, which is comprised of the 96 counter and 96
reference electrodes as well as 96 spring loaded probes that
contact the working electrodes in the microtiter plate
(Fig. 2C). These 288 units are plugged to sockets in the
electrode main module and can easily be replaced. All
sockets are soldered to a printed circuit board, which allows
the connecting of all electrodes with the 96-multi-potentiostat
(Fig. 2D5). In order to reduce the degrees of freedom of the
long spring contact probes, additive manufactured alignment
stabilizers were used in six 4 x 4 matrices.

Lab Chip, 2020, 20, 1449-1460 | 1453
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The complete system is assembled by stacking the
modules on each other, starting with the bottom chamber
module (96 well microtiter plate with the multi electrode
array), the top chamber module and finally the electrode
main module (Fig. 2D1-D3). In a stacking device, screws help
to guide the modules, while nuts are used to define the final
positions and to generate the pressure of the spring contact
probes on the working electrodes (Fig. 2D4). The printed
circuit board translates all electrode positions into four
LSHM plugs, which are connected by flexible flat band cables
to the multi-potentiostat. The assembly is completed in
approx. one minute. Although the insertion of the contact
pins seems tricky, little training is required due to the low
tolerances of the device.

The multi-potentiostat consists of 96 De-Ford type
potentiostat modules® arranged in two clusters of 48
modules on two communication boards, which are referred
to as COM-boards (Fig. 3A and B). Each COM-board is
connected via a USB port to a PC. The main purpose of a
single COM-board is to transfer configuration settings to and
to receive data from each of the 48 potentiostat modules

View Article Online
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attached to it (Fig. S5Af). Each module is assigned a
specification number in a protocol and its data is sent to the
user interface during a measurement in a constant stream to
display live data. In addition, the COM-board and its
firmware were developed to communicate with other types of
measurement modules such as impedance analysers or
analog data converters in the future.

The development of modules instead of a single board
design with 96 potentiostat channels offers the option of
simple upscaling, which is currently only limited by the
number of USB ports available on the analysis computer and
its computing power. The modular construction also allows
replacement of broken units or to insert upgraded modules
with additional functionality. Each module of the multi-
potentiostat consist of a analog and digital circuit (Fig. 3C)
and provides a voltage range of +10 V with a resolution of 0.3
mV and current ranges from +10 mA down to +1 pA with a
minimal resolution of 0.12 nA. A condensed drawing of the
potentiostat circuit is shown in Fig. S5B.f Each module is
able to perform staircase cyclic voltammetry and constant
potential as well as open cell potential measurements. For

36 mm

analog circuit

digital circuit

10 1 12

00! | OOOO
‘0000 000000
44 4 90000000
X 14+ 90000000
"@0000000O000O

\

Y
i I I A

A A VAT

COM-board 1 COM-board 2

Fig. 3 96-Multi-potentiostat unit to control the bioelectrocatalytic analysis system. A 96-multi-potentiostat unit with closed chassis, (B) inner
structure consists of two COM-boards carrying (1) the potentiostat modules, (2) current transformer, (3) and LSHM plugs (3). Chassis includes
active air cooling by 4 fans (4). C single potentiostat module, functional blocks: (1) connector pins to the COM-board for the SPI-data-interface as
well as digital and analog power supply, (2) microcontroller for data-processing, (3) digital-analog converter to generate the excitation signal and
analog-digital-converter to convert the measuring signal, (4) amplifier stages of the potentiostat circuit, (5) switches to choose the electrochemical
method and to generate defined signals at unused amplifiers to avoid oscillation, (6) multiplexer to adjust the current ranges, (7) connector pins
for the potentiostat electrodes. D software interface to configure each potentiostat module arranged analogous to the ANSI 96 standard format
and data presentation during a cyclic voltammetric measurement using 0.2 mM ferri/ferrocyanide for scan rates of 25 mV s™ to 800 mV s
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techniques such as cyclic voltammetry, each module is
capable to deliver a scan rate of up to 10 V s™" at a sampling
rate of up to 200 Hz. To demonstrate the functionality of the
developed potentiostat modules we compared cyclic
voltammetry and constant potential ~measurements
performed in the bioelectrochemical platform with those of a
commercial high-precision potentiostat (Fig. S6t).

The multi-potentiostat is controlled from a self-built
program written in LabView. The graphical interface enables
configuration of each potentiostat module and includes
options for constant potential, cyclic voltammetry and open
cell potential measurements (Fig. 3D). Once an
electrochemical method has been selected for all
potentiostats, each module can be configured individually
with regard to the parameters of the method. Derived
electrochemical data from the measurement are presented in
real-time, which is shown in Fig. 3D for different scan rates
in a cyclic voltammetry measurement.

3.2. Considerations concerning a vertical two-chamber setup

The vertical structure generally carries the risk that if the
agarose barrier fails, the liquid cannot be held in the top
chamber and short-circuits working electrodes of various
potentiostat modules. However, it has been found that this
case did not occur, which can be explained by the large
interaction surface of the inner cylinder wall of the top
chamber module and the agarose due to the high surface
roughness produced by the additive manufacturing process.

Since the agarose acts as a convection barrier, the question
arises how long it would take for liquids in the bottom and top
chamber to mix. We analysed this by impedance spectroscopy
using  different  potassium  chloride  concentrations.
Independent of agarose concentrations between 2.5% and 5%,
mixing starts after 45 min (Fig. S7Df), which offers a
measurement window with no cross-contamination between
these two chambers taking place. This is also in accordance
with a FEM simulation of diffusion (Fig. S87).

This has also a direct consequence regarding the reference
electrode, which is located in the top chamber in addition to
the counter electrode. While this makes the system practical
to handle, it can also prevent released ions, e.g. Ag(i) of the
silver/silver chloride electrode, from contaminating the
reaction solution in the bottom chamber. This might
otherwise be a problem, as the interaction of silver ions with
sulfhydryl or thioether groups can disrupt the function of
sensitive enzymes.’’*> The localization of the Ag/AgCl
reference electrode in the top chamber also allows the
chloride concentration to be adjusted to fine-tune the
reference potential. However, homogeneity of the reference
electrodes is quite high with a maximal deviation of +5 mV
from the mean (Fig. S97). In the other direction, the reference
electrode is neither contaminated nor compromised, as it
would be in the bottom chamber e.g. by residual protein,
other electrolytes (e.g. potassium nitrate) or additives.

This journal is © The Royal Society of Chemistry 2020
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Apart from these advantages, however, a greater distance
of approx. 12-14 mm between the reference electrode and
the working electrode has to be accepted. This is
accompanied by an increased ohmic drop depending on the
electrolyte concentration in the bottom chamber, the agarose
bridge and the top chamber (Fig. S7Af). To estimate the
extent, the total solution resistance was impedimetrically
measured for different electrolyte concentrations. In the
normal operating state for bioelectrocatalytic measurements
(meaning KCI concentration in bottom chamber and in
agarose bridge is 0.15 M and in top chamber 1 M) this results
in a resistance of 350 Q (Table S171). Given that the current
during a bioelectrocatalytic measurement with indium tin
oxide electrodes has always been below 10 pA (typically in the
range of 2-5 pA) at a working potential of —0.8 V (Fig. S7Ct),
the ohmic drop would be 3.5 mvV. This value increases
slightly to 5.8 mV if the top chamber would be also filled
with 0.15 M KCI solution, whether 2.5% or 5% agarose is
used. In each case, the deviation from the target value is
quite small for most applications, and certainly negligible for
mutant screening purposes. There is also no significant
change of the cell potential, when the potassium chloride
concentration is 150 mM in the bottom chamber and 1 M in
the top chamber, compared to an equilibrated state at 150
mM (Fig. S107).

3.3. Investigation of the bioelectrocatalytic activity of P450 BM3

Recently, we showed a cytochrome P450 BM3 variant for a
directed immobilisation on indium tin oxide using a surface-
binding peptide.*® This enzyme variant was significantly
more bioelectrocatalytically active than the untagged variant.
However, there were certain drawbacks alongside. On the one
hand the surface-binding tag blocked the NADPH binding
site of the cytochrome P450 reductase domain, when not
bound to the target surface, resulting in less activity with
NADPH in solution. On the other hand, the enzyme variant
was purified by FLAG affinity chromatography, which is
suitable for sensing and not for high throughput purposes
compared with other purification systems.**** In order to
circumvent both aspects we found a new variant in which a
hexahistidine tag is introduced between the C-terminus and
the surface-binding tag. This new variant, which we refer to
as BM3 FT6H and still has the three mutations A74G/F87V/
L188Q, could be easily expressed and purified and showed
almost complete restored activity in solution (Fig. S11, Table
S27), meaning the surface-binding tag does no longer block
the NADPH entry site. Thus, native and artificial activation
can be better compared.

3.3.1. Removal of the cofactor FAD boosts
bioelectrocatalytic activity. The native electron transfer in
P450 BM3 is quite well investigated.">'®™*° In contrast, little
is known about the direct electron transfer from indium tin
oxide to P450 BM3. One hint has been that activity is lost if
the non-covalent flavin-cofactors leach out during storage.>
To decide whether the two flavins are in fact essential
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electron acceptors and if so, which of them is more crucial,
we produced FMN- and FAD-deficient variants. To delete
FMN we used the already characterised G570D mutant.*” In
order to destabilize the FAD binding we have generated
mutations at position 862 (namely G862D and G862E), which
are intended to induce strong electrostatic repulsion with the
diphosphate group of FAD. We also tested mutation of the
tyrosine at position 860 to alanine (Y860A), thereby
disturbing interaction with the adenine group of FAD.
Additionally we investigated mutation of tryptophan at
position 1046 (namely W1046A, W1046M), which interacts
with the isoalloxazine ring system of FAD and acts as a
gatekeeper for electron transfer from NADPH to FAD.'>?%?7
UV/vis spectra of the generated mutants indicated loss of
FMN for the G570D mutant, and loss of FAD for G862, G862E
and Y860A (Fig. 4B).

Low change in UV/vis spectra was observed for W1046M
and medium change for W10464, indicating only partial loss
or at least altered FAD binding. Surprisingly, we found that
loss of FAD led to a bioelectrocatalytic activity increase of up
to 80% (Fig. 4A) that correlated inversely with the FAD signal
in the UV/vis spectra. Loss of FMN by the G570D mutation
led to inactivation of the enzyme, whether a concomitant
G862D mutation, to delete FAD, was present or not. These
results demonstrate for the first time that FMN but not FAD
is essential for the bioelectrocatalytic process of cytochrome
P450 BM3 on indium tin oxide, and strengthens the
hypothesis that direct electron transfer takes place under
consideration of previous findings.'®*° Although we can
conclude that FMN is an electron entry point, we cannot
exclude the same for FAD. To explain the activity increase in
absence of FAD, it could be argued that an intermediate
electron transfer step is eliminated, making the overall
process more efficient. However, it is acknowledged that
electron transfer within the reductase domain is not rate-

>
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limiting for the substrate turnover.*®*° Moreover, we
performed a potential series from —0.3 V to -1.0 V for the
initial FT6H variant and the G862D and Y860A mutant (Fig.
S13t). Maximal activity is reached at -0.8 V whether FAD is
present or not. This absent of a positive shift in case of the
absence of FAD, could be interpreted that FMN is always the
electron entry point, taking into account the redox potential
order of the native pathway.'® A further explanation lies in
the peculiarity of P450 BM3 of having an inactive
reduced” state in which FMN and FAD exist as quinone and
semiquinone, respectively.’® By deleting FAD, this state might
be no longer possible, leading to a prolonged -catalysis.
Although this finding might suggest an increase in efficiency
by truncating the FAD domain, new cryo-EM data show that
dimerization in BM3 takes place at the reductase domain.*’
Thus, the FAD binding domain forms a central core for the
active dimer structure and its absence is consistent with the
limitations of such truncated variants.*'

It will be interesting to see, whether other electrode
materials perform even better than indium tin oxide e.g. due to
a different over potential regarding flavin reduction. However
first results with titanium and titanium nitride electrodes
demonstrate the superiority of indium tin oxide for the tested
mutant FT6H G862D (Fig. S1471), which is also a question of
enzyme orientation and electrode/cofactor distance.

3.3.2. Bioelectrocatalysis in P450 BM3 is sensitive to high
ionic strengths. To demonstrate the applicability of the
developed screening platform for mapping certain enzyme
properties, the influence on activity of potassium chloride
concentration and the ratio of potassium chloride to
potassium hydrogenphosphate was investigated using BM3
FT6H. The analysis was also compared to native activation by
NADPH performed under otherwise identical conditions.
Fig. 5A(left) shows that the highest activity in a potassium
chloride concentration series was determined to be 230 mM

“over-
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Fig. 4 Analysis of the cofactor-dependence of the bioelectrocatalytic process. A enzyme activity of FT6H variants with mutations affecting the
flavin-binding domains in solution with NADPH (left) and under bioelectrocatalytic conditions (right). B UV-vis spectra of FT6H variants in presence
of the substrate octylbenzene sulfonate (left) and the difference spectra (insert). Correlation of FAD-signal (green area in difference spectra, mean
value of 455-480 nm) with bioelectrocatalytic activity (right). Black dashed line: Non-linear regression (one-site total binding). For additional

difference spectra see Fig. S12.1
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Fig. 5 Mapping of bioelectrocatalytic activity of P450 BM3 in the developed analysis system. A activity of P450 BM3 FT6H in a potassium chloride
concentration series (left) and at different ratios of potassium chloride and hydrogenphosphate (right) compared with the activation of the
immobilised enzyme by NADPH. The pH of all solutions was 7.2. w/o GDH: without the NADPH regeneration system (consisting of glucose and
glucose-dehydrogenase). B BM3 immobilised from raw cell extract (left) compared to the purified enzyme (right) at different immobilisation
concentrations (BM3 variants include mutations A74G/F87V/L188Q; FT6H = Flag-BM3-Hg-(RTHRK)3, FT6 = Flag-BM3-He; NI = not induced, | =

induced with IPTG).

for the bioelectrocatalytic process and 370 mM for the
NADPH process, based on a third-order polynomial non-
linear regression. This shift could be the result of the
decrease of the bioelectrocatalytic activity at high ionic
strength caused by enzyme desorption from the surface.”
The activity of the NADPH process would not be affected in
this case as contact to the electrode is not essential. In fact,
the observed behaviour in the NADPH process mainly reflects
the characteristics of the enzyme in solution.

3.3.3. Activity profile suggests inhibitory effect of
hydrogenphosphate. Fig. 5A(right) shows the influence of the
diametric ~ change  of  potassium  chloride  and
hydrogenphosphate concentration so that the total anion
concentration remains constant. The activity of the
bioelectrocatalytic process is low at high hydrogen phosphate
(140 mM) and at low chloride concentration (10 mM) but
continuously increases when the anion ratio is reversed,
except for 0 mM hydrogenphosphate when no pH buffer
capacity exists. The NADPH process shows high activity
between 25 and 125 mM chloride or hydrogenphosphate. In
contrast to the bioelectrocatalytic process, activity starts to
drop when hydrogenphosphate concentration falls below 25
mM. This opposite movement is even more pronounced over
the entire anion-ratio span, if the bioelectrocatalytic
activation is compared to the NADPH activation of the
enzyme in solution.

It is interesting to note that at very low
hydrogenphosphate concentrations, the change of 10 mM to
5 mM results in a stronger increase in bioelectrocatalytic
activity (+15%) than would have been expected from the
simultaneous minimal change of 140 to 145 mM in
potassium chloride concentration (Fig. S157). This suggests
that hydrogenphosphate might inhibit the
bioelectrocatalytical process. To see whether this effect is

This journal is © The Royal Society of Chemistry 2020

unique to hydrogenphosphate, it will be interesting to test
more electrolytes of singly and doubly charged ions and
compare those activity profiles e.g. with the Hofmeister
series.

3.3.4. Raw cells extracts exhibit 73% efficiency of the
purified enzyme. In a proof-of-concept BM3 FT6H was used
as a test enzyme to demonstrate the capabilities of the
developed analysis system to assess activity directly from raw
cell extracts. For this purpose, the activity of induced and
non-induced BM3 FT6H raw cell extracts was determined after
immobilisation on indium tin oxide in different dilution
levels. In parallel, the purified enzyme was investigated in an
immobilisation concentration series. Fig. 5B shows that there
is an optimal dilution at which a maximum activity can be
measured. For the purified FT6H the optimal immobilisation
concentration was 333 nM with a product amount of 9.34 +
0.86 pmol min™" 7-HC. Below this concentration, the activity
decreases probably because the surface is no longer
completely occupied. Above this concentration, the decreasing
activity might be explained by an unfavorable enzyme
orientation due to a different packaging mode or multilayer
formation, which shields the bioelectrocatalytically active
enzyme layer directly bound to the electrode from the
solution. In terms of the raw cell extract an activity of 73%
(6.84 = 0.61 pmol min™' 7-HC) of the purified enzyme could
be achieved. The immobilisation concentration at the highest
activity was 275 nM FT6H (compare Table S37). Similar to the
purified enzyme, the activity decreased below and above this
concentration. The overall lower activity when using raw cell
extract can be explained by competing binding partners that
can occupy the electrode surface. To determine basal level
activities, we investigated raw cell extracts from samples not
induced by IPTG. A maximum activity of 0.30 + 0.03 pmol
min~' 7-HC was observed at the equal dilution (0.5% of the
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stock concentration) as in the induced sample. The residual
activity, corresponding to a cytochrome P450 concentration of
11 nM in the diluted immobilisation solution, can largely be
explained by low level expression because of the leaky control
of the T7/lac expression system.*’ Based on proteome data of
the E. coli BL21 (DE3) strain (UPID UP000002032) eight other
enzymes, belonging to the P450 EC classification 1.14, exist,
but play only a minor role due to different substrate spectra.
Therefore, it is interesting to note that the same dilution in
the not-induced sample led to the highest activity even
though the P450 concentration was at least 25-fold lower,
which is also attended by a decrease in activity of similar
extent. If an enzyme variant is used that does not carry the
surface-binding tag (FT6), the maximum activity shifts to
lower dilutions (1% of the stock concentration). This was
quite unexpected, especially because the P450 concentration
is comparable in induced FT6 and FT6H raw cell extracts. For
mutant screenings, this immobilisation effect should be
taken into account when setting the hit threshold. However, it
seems reasonable to assume, that single point mutations do
not alter the optimal immobilisation concentration as much
as the presence or absence of an immobilisation tag. Further
investigations, for example by means of OWLS, regarding the
surface loading in relation to the concentration of competing
binding partners and the stringency of the washing
procedure, would be necessary to characterize and quantify
this effect more precisely.**

4. Conclusion

This work has introduced a fully parallelised 96 well
microtiter plate based bioelectrochemical screening platform
with a 96-multi-potentiostat capable of assessing the
bioelectrocatalytic activity of cytochrome P450 BM3 by
product quantification in conjunction with a photonic
readout. The benefit of a multi-potentiostat lies especially in
the manifold possibilities for enzyme activation. Not only
constant potential activation is possible, but also activation
by potential pulses, switching potentials or by a dynamic
potential range as in cyclic voltammetry. The applicability of
the developed platform was demonstrated for mechanistic
studies, mapping of optimal reactions conditions and
compatibility with raw cell extracts and thus efficient mutant
screening strategies. Compared to previous  12-
potentiostat system, it was possible for the first time to build
a fully parallel 96-microtiter plate system in which also
semiconducting materials can be used without any problems
due to the short conduction paths. In addition, the high
number of parallel reaction rooms allows effective screening
of variable reaction parameters in a single experiment.

The separation of the working and counter electrode into
different cells aligned vertically in 96-microtiter plate format
for activity testing with fluorescent substrates is ideal to
achieve the largest possible surface of a planar working
electrode and hence highest possible sensitivity without
additional surface roughening. Enzyme with

our

variants
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improved bioelectrocatalytic activity originating from this
system will elicit a new round of miniaturisation, since less
surface area is required for further advancement. Smaller
working electrodes make room to shrink the total height of
the system down to a common microtiter plate and would
allow the direct integration of the electrode system into a
fluorescence reader for simultaneous electrochemical and
optical real-time monitoring.

As derived from the developed analysis system, the
reduction of enzyme complexity by deletion of the FAD

binding in P450 BM3, which leads to an increased
product turnover, reveals the potential of
bioelectrocatalytic =~ enzyme  activation. New  reaction

pathways will dismiss domains from some of their natural
functions and make them highly mutable. Instead of
truncating these domains, we reason they will be best
treated by assigning them new functions that are specific
and beneficial for the bioelectronic interface such as pH-
stability, reversible surface attachment and oxidative stress
tolerance. Thus, this platform can be a valuable tool to
study and improve redox enzymes in bioelectronic
interfaces, e.g. for flow reactor systems.
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