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Nanobiomolecular Multiprotein Clusters on Electrodes for the
Formation of a Switchable Cascadic Reaction Scheme**
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Abstract: A supramolecular multicomponent protein archi-
tecture on electrodes is developed that allows the establishment
of bidirectional electron transfer cascades based on interpro-
tein electron exchange. The architecture is formed by embed-
ding two different enzymes (laccase and cellobiose dehydro-
genase) and a redox protein (cytochrome c) by means of
carboxy-modified silica nanoparticles in a multiple layer
format. The construct is designed as a switchable dual analyte
detection device allowing the measurement of lactose and
oxygen, respectively. As the switching force we apply the
electrode potential, which ensures control of the redox state of
cytochrome c. The two signal chains are operating in a non-
separated matrix and are not disturbed by the other biocatalyst.

Biochemical pathways and signal chains are characterized
by an effective coupling of individual reaction steps. This
results in a rather high specificity in signal transduction.
Furthermore, these highly complex systems allow a switching
between different reaction cascades, depending on external or
internal stimuli, as for example the presence of a certain
substance. With respect to redox reactions, photosynthesis
and the respiratory chain are famous examples for such
systems based on sequential reaction steps with high preci-
sion.l™! Such pathways mainly rely on the production of
molecules for subsequent conversion, the use of small shuttle
molecules interacting with defined components of the chain
or direct reaction of protein molecules. Apparently, these
efficient biological principles have been adopted for the
construction of artificial signal chains.®” In such a way,
protein functionalities can be coupled to electrochemical
detection schemes, allowing for signal generation in the
presence of individual substances or certain types of mole-
cules.’"% This concept has not only relevance in biosensor
research,''? biofuel cell development,'>'¥ and logic-gate
sensing schemes,'>!% but also for the construction of biohy-
brid systems mimicking essential biological functions.
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Based on the developments in protein electrochemistry in
the last decades, significant progress has been achieved in the
construction of advanced bioelectronic entities. The choice is
by no means limited to a monolayer arrangement of proteins
on electrodes.'” ¥ A diverse spectra of different approaches
have been reported for multilayer formation using polyelec-
trolytes,'”? biospecific interactions,?*) covalent cou-
pling, redox polymers,?>?! nanoparticles,”?*! or “molec-
ular wires”.?>3% These systems exploit sequential reactions
and several electron-transfer steps. A particular group of
systems make use of direct protein—protein interactions and
confine their reactions to electrode surfaces. The addressed
developments are based on cytochrome ¢ (cyt ¢) multilayers
allowing for efficient electron transfer through the entity,*3
as well as for an effective coupling with several biocata-
lysts.133-3

Herein we present a novel system that allows an activity
switch between two enzymes co-immobilized in a supramolec-
ular network. As switching force, we apply the electrode
potential. This type of signal chain is formed by embedding
two different biocatalysts, the multi-copper enzyme laccase®”
(Lac), the multi-domain enzyme cellobiose dehydrogenasel*!
(CDH), and the redox protein cytochrome c¢ (cytc) in an
artificial matrix composed of carboxy-modified silica nano-
particles (SiO,NPs; Figure 1). With such a system, we have
been able to construct a bidirectional electron transfer
cascade providing the basis for dual analyte detection.
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Electron-transfer steps of the signal cascade:

Electrode - cytc - cytc - CDH/cyt b . CDH/FAD Lactose
Electrode - cyte - cytc ‘ [Laccase] - 0,

Figure 1. Representation of a [SiO, NP/CDH-cyt ¢/SiO, NP/Lac-cyt c],
multiprotein architecture prepared on a cyt ¢ monolayer electrode. The
cyt ¢ monolayer is assembled on a mixed thiol layer (MU/MUA). Layer
structure (n=1, 2, 3, 4-tetralayers).
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To switch on the activity of laccase, electrons have to be
delivered for oxygen reduction. On the other hand, for the
activation of the enzyme CDH, the electrons generated
during sugar oxidation need to be collected. This role is
intended to be performed by cyt c. Consequently by adjusting
the redox state of cyt ¢ in the entire supramolecular network
the activity of the two different biocatalysts can be simply
switched on and off. Both enzymes have been chosen since
cyt c—enzyme interaction have been shown with the proteins
in solution before.[**!

The entity is designed as a dual analyte measuring device
in order to detect both lactose and oxygen. Thereby, we
confine the CDH-cyt ¢ and Lac-cyt ¢ interprotein ET reaction
to a surface and couple it with cyt ¢ self-exchange and the
direct electron transfer (DET) of cytc to the transducing
electrode. Non-conducting SiO, NPs have been modified with
a carboxylic function to ensure electrostatic interactions with
the proteins.

The tri-protein architecture with embedded Lac, CDH,
cytc, and SiO,NPs as scaffold is assembled on a cytc
monolayer by alternating incubation steps in solutions of
SiO,NPs, cyt ¢/CDH, and cyt ¢/Lac mixtures. The monolayer
electrode consists of cyt ¢ adsorbed on a mixed thiol layer of
mercaptoundecanoic acid (MUA) and mercaptoundecanol
(MU). A representation of the modular architecture is shown
in Figure 1.

The arrangement makes use of the different net charges of
the proteins. As CDH and Lac possess a negative net charge
and cyt ¢ a positive charge at pH 7, this can be used to form
precomplexes of cytc/CDH and cytc/Lac in a defined
mixture, with an excess of cyt ¢ to interact with the negative
charges on the SiO, NP surface. The formation of the entity
with cyt ¢, Lac, CDH, and SiO,NPs on a gold surface can be
confirmed by quartz crystal microbalance (QCM) experi-
ments, which indicate a defined binding of the components to
the surface (see the Supporting Information). By definition an
arrangement composed of four immobilization steps
(SiO,NP, CDH/cyt ¢, SiO,NP, Lac/cyt ¢) is termed here as
a tetralayer.

To ascertain the electrochemical characteristics, tri-
protein  electrodes  [cyt ¢/SiO,NPs/cyt c:CDH/SiO, NPs/
cyt c-Lac],, are studied by cyclic voltammetry (CV). In
a first evaluation, only the cyt ¢ molecules in the layered
architectures are investigated at higher scan rates (Figure 2).
The CVs show that the cyt ¢ molecules in the nanobiomo-
lecular assembly are electroactive. The amount of addressable
cyt ¢ correlates with the number of assembly steps, as it
increases with the number of layers deposited (four tetra-
layers I'=79 pmolcm ). The distinct increase proves the
efficient electron transfer by cyt c—cyt ¢ exchange throughout
the system despite the presence of two different enzymes.

The communication of the cyt ¢ molecules in the different
protein stacks is only one precondition for a functional system
composed of three different proteins which are arranged to
exchange electrons with each other. Therefore, to examine
the catalytic properties of the enzyme CDH in this triprotein
entity, the electrode is exposed to a lactose containing
solution and CV is performed at small scan rates (3 mVs™).
Here a substantial oxidation current can be observed starting
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Figure 2. Cyclic voltammograms of 1-4 Au-MUA/MU-cyt ¢-[SiO, NPs/
cyt c:CDH/SiO, NPs/cyt c-Lac], tetralayer electrodes (each tetralayer
contains two cyt ¢ layers) measured at higher scan rates (100 mVs™)
in lactose-free buffer. The increase of the addressable cyt ¢ is shown
with increasing number of layers, compared to a monolayer electrode
(pH 7, 5 mM potassium phosphate buffer).
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Figure 3. Cyclic voltammograms of Au-MUA/MU-cyt ¢-[SiO, NPs/

cyt ¢:CDH/SiO, NPs/cyt c-Lac],_, electrodes (tetralayers (n=1, 2, 3, 4)

with lactose 5 mm (scan rate 3 mVs™', pH 4.5, 20 mm phosphate-

citrate buffer). Catalytic currents are determined for the CDH in the

multilayer system. Inset: cyclic voltammogram of a four tetralyer

electrode with and without lactose.

from potentials around —0.05 V vs. Ag/AgCl (Figure 3). The
monitored catalytic current of the system originates from
lactose oxidation at CDH molecules. The reaction cascade
can be described as followed: the catalytic oxidation reaction
at the FAD-domain of CDH provides the electrons, which are
in turn transferred to the heme-cyt b-domain of CDH by
intraprotein ET and from there by cyt b—cyt ¢ and cyt c—cyt ¢
interprotein ET towards the electrode, as catalysis occurs only
in the potential range of cyt c conversion (Figure 1). Fur-
thermore, it has been seen in control experiments in which
only cyt ¢ is immobilized that no catalytic response to lactose
can be observed.

To investigate the efficiency of the signal chain, the
dependence of the catalytic response on the number of
immobilized layers is studied. For this purpose, electrodes
with different numbers of [cyt ¢/SiO,NPs/cyt c:CDH/
SiO,NPs/cyt c-Lac], tetralayers are prepared and analyzed
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Table 1: Catalytic currents and cyt ¢ concentrations in the triprotein
architectures build of 1-4 tetralayers.

Dual enzyme ~ Number of Cytcconc®  Cat. current [nA]"!
electrodes tetralayers  [pmolcm™ Lacl CDHY
CDH:Lac 1 21£2 —26+1 4£1
CDH-Lac 2 40+3 —45+2 6£1
CDH:Lac 3 63+3 —70+6 9+£2
CDH:Lac 4 79+8 —110+£11 1542

[a] Cyt ¢ concentrations are determined by calculating the peak area in CV
at 100 mVs™". [b] Catalytic currents are measured after the addition of
5 mm lactose (CDH, at positive polarization) or in air-saturated buffer
(Lac, at negative polarization) at a scan rate of 3 mVs™". [c] At —200 mV.
[d] At +450 mV.

by CV at pH 4.5. On basis of the recorded CV data, it can be
shown that with an increased number of layers the catalytic
current increases accordingly (Table 1).

About a fourfold enhancement of the catalytic current is
found for a four tetralayer compared to a one tetralayer
electrode. The apparent increase of the catalytic current and
the amount of electroactive cyt ¢ with growing number of
deposited triprotein layers provides evidence for an efficient
electron transfer through the architecture. It also implicates
that CDH and cyt ¢ molecules deposited in different stacks
are in electrical contact with the electrode. This allows
a cascade-like activity increase when lactose is diffusing into
the multilayered system.

Although laccase has been co-immobilized in the nano-
biomolecular system, the activity cannot be detected in the
same potential range as applied for CDH. By switching the
potential in the CV experiments to more negative values,
a significant reduction current is observed, which is caused by
the reduction of oxygen (Figure 4). The catalytic current
results from reduction of cytc, which is enhanced by
subsequent oxidation by neighboring laccase molecules.
Oxygen reduction near the potential of cytc conversion
verifies the proposed functionality of the switchable protein

04
.50
-1004

I/ nA
-150

-200

-250

air-saturation

-250

-04 03 02 01 00 01 02 03 04
4 Potential / V (vs. Ag/AgCI/1 m KCI)
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Figure 4. Cyclic voltammograms of Au-MUA/MU-cyt c-[SiO, NPs/

cyt ¢:CDH/SiO, NPs/cyt ¢-Lac],_, electrodes measured in air saturated
buffer (scan rate 3 mVs™', pH 4.5, 20 mm phosphate-citrate buffer).
Inset: cyclic voltammogram of a four tetralayer electrode in air-
saturated and argon-purged buffer.
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architecture. Thus, a second signal chain can be concluded
which starts from the electrode where cyt c is reduced and the
electrons are transferred by the cyt c—cyt ¢ interprotein ET to
the T1 center of laccase and from there to the trinuclear
copper cluster at which the electrons are used for molecular
O, reduction to produce water (Figure 1).

To gain an impression of the influence of the number of
immobilized Lac layers on the catalytic reduction current,
electrodes with different numbers of layers are investigated
by determining the difference in the reduction current, at
—200 mV in air-saturated buffer (Figure 4). From the CVs, it
can be clearly seen that the reduction current increases by
increasing the number of tetralayers. This means that by
raising the number of catalytic sites (amount of laccase), the
bioelectrocatalytic conversion of oxygen can be enhanced.
This is accompanied by an increase in cytochrome ¢ amount,
acting as electron shuttle for both enzymes in the system
(Figure 2).

To evaluate whether the protein-based signal chains can
follow the concentration of the substrates, the assembly is
analyzed for different lactose (for CDH) and oxygen (for Lac)
concentrations (see the Supporting Information). The col-
lected data display a linear dependence of the reduction
current on the O, concentration (0-100 % air saturation) or of
the oxidation current on the lactose (0.02-1.0 mm) content in
solution, respectively (3 mVs™). As the dual-enzyme system
can follow the enhanced oxygen or lactose conversion at the
laccase or CDH, respectively, it suggests that the overall
current through the triprotein architecture is limited at least
in this concentration range by the catalytic reduction (Lac) or
oxidation (CDH) at the enzymes rather than by the reactions
between the enzymes and cyt ¢, cyt ¢, and cyt ¢ or cyt ¢ and the
electrode.

As already mentioned above, the enzymes and the redox
protein have different functions within the dual architecture.
Therefore, the relative amount of CDH or Lac and cyt ¢ in
each layer should have a profound effect on oxygen reduction
or lactose oxidation. When the cyt ¢/CDH ratio is decreased
from 20:1 to 10:1, we observe a significant decrease in the
catalytic response. Therefore, although the number of recog-
nition sites for lactose is increased (larger amount of CDH),
the withdrawal of electrons from the enzyme becomes
limiting and thus the activity is diminished. When high
concentrations of CDH are present, the electron pathway
from cyt c to cyt ¢ seems to be disturbed. Such a behavior has
also been observed for the cyt ¢/Lac ratio (< 20:1) in terms of
the catalytic response.

In conclusion, we developed a layered protein architec-
ture on electrodes allowing for two functional signal chains
based on protein—protein reactions. For this purpose the
enzyme CDH, Lac, and the redox protein cyt ¢ are arranged
by means of charged silica nanoparticles in a layer-by-layer
design. Within this layered nanobiomolecular architecture,
two enzymes can be connected to the electrode by cytochro-
me c in an immobilized state. As the activity of the enzymes is
controlled by the delivery or withdrawal of electrons, the
redox state of cyt ¢ can be used for switching the activity of
the biocatalysts on and off. Given that the electron transfer
throughout the layered entity is feasible, laccase and cello-
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biose dehydrogenase in different distances to the electrode
can be addressed. The switchable reaction cascades for Lac
and CDH function in an unseparated matrix without disturb-
ing the reaction of the other participant. Cytc acts as
bidirectional molecular wire on the basis of interprotein
electron transfer. The approach is expected to open the way
for the development of multiplex biosensors, and is also
a significant advance in mimicking of biological electron-
transfer cascades.
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