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Surface Reconstitution of a De Novo
Synthesized Hemoprotein for Bioelectronic
Applications**
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Electrical contacting of redox proteins and electrode
surfaces is of fundamental interest in the application of
redox-active biomaterials in bioelectronic devices,!!! biosen-
sors,?! biofuel cells,®l and optobioelectronic systems.” Mod-
ification of redox enzymes with electroactive relay groupst® or
immobilization of the biocatalysts in redox-functionalized
polymersl® provide means to establish electrical communica-
tion between the redox sites in the proteins and the electrode
surfaces. Recently, reconstitution of an apo-flavoenzyme on
an electrode functionalized with a relay-FAD monolayer was
reported to yield an aligned biocatalyst exhibiting effective
electron transfer with the electrode surface.”? This concept
was further broadened to organize enzyme electrodes by
cross-linking cofactor —biocatalyst affinity complexes on the
electrode surface. The resulting electrically contacted enzyme
electrodes were then used as biosensors.®l

Extensive research efforts are directed to a de novo
synthesis of proteins that provide wide variability in biomi-
metic chemistry.l” % In particular, preparing synthetic pro-
teins by antiparallel a-helix elements on a cyclic peptide is an
efficient strategy for the synthesis of predetermined struc-
tures.'! This method was successfully applied to tailor a
synthetic cytochrome b analogue by the assembly of four
antiparallel helices containing two heme binding sites in the
hydrophobic interior.'”! The elucidation of catalytic proper-
ties and customized redox functions of these synthetic
proteins remains a challenging perspective for future nano-
scale bioelectronics.

Here we report on the assembly of a four-bundle synthetic
protein as a monolayer on a Au electrode. We demonstrate
the stepwise reconstitution of two Fe-protoporphyrin IX
complexes into the synthetic protein. The resulting reconsti-
tuted protein reveals electrical contact with the electrode
surface. Vectorial electron transfer proceeds in the aligned
redox-active monolayer assembly, leading the synthetic he-
moprotein to act as a rectifier. We also demonstrate that the
synthetic hemoprotein functions as an electron transfer
mediator for the native redox protein, nitrate reductase,
and that the bioelectrocatalyzed reduction of nitrate is
activated.
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The structure of the synthetic de novo synthesized protein is
shown in Scheme 1. The protein consists of 128 amino acids
and has a mass of 14728 Da. It was prepared!” from
unprotected peptides (previously purified by HPLC) by the
reaction of Ne-(bromoacetyl)lysine residues (of helix B) and

f BrAc-GGELRELHEKLAKQFEQLVKLHEERAKKLGGC-NH;
B Ac-LEELWKKGEELAKKLQEALEKGKKLAKIACBr)-NH:

Scheme 1. Stepwise assembly of the monolayer of Fe-protoporphyrin

reconstituted de novo synthetic protein on a Au electrode.

bromoacetyl glycine residues (of helix A) which were coupled
to cysteine SH groups of the template. Flexible Gly-Gly-Cys
units are part of the two helices A and provide a means for the
covalent attachment of the de novo protein on an electrode
surface. There are two histidine residues in each of the “A”
helix bundles. The histidine units are positioned to allow axial
ligation to the Fe -heme sites.

Scheme 1 also depicts the assembly of the synthetic protein
as a monolayer on the Au surface. Coupling of a heterobifunc-
tional reagent, N-succinimidyl-3-maleimidopropionate, to a
cysteamine monolayer associated with a Au electrode was
followed by covalent linkage of the terminal maleimide
functionalities to the thiol groups of the protein.’] The
resulting monolayer was allowed to interact with Fe™ - pro-
toporphyrin IX. The inset of Figure 1A shows the cyclic
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Figure 1. A) Differential pulse voltammogram (a) and deconvoluted
voltammograms (b, c¢) of the monolayer of Fe'-protoporphyrin IX
reconstituted synthetic protein on the surface of the Au electrode. Inset:
Cyclic voltammogram of the Fe'-protoporphyrin reconstituted synthetic
protein (scan rate 200 mVs™!). B) Differential pulse voltammograms (scan
rate 20mVs~!, pulse height 2mV) of the synthetic proteins after
reconstitution with Fe'—protoporphyrin IX for 20 (a), 40 (b), 60 (c), 80
(d), and 100 min (e). Reconsitution was performed in DMSO with a Fe'!'—
protoporphyrin IX concentration of 1x10-*M. The experiments were
performed in 0.1M phosphate buffer (pH 7.0) at 25°C; electrode geo-
metrical area 0.2 cm?, roughness factor 1.3. I=current, E = potential vs.
SCE.

voltammogram of the Fe'—protoporphyrin IX reconstituted

monolayer. A single redox wave is observed. Differential
pulse voltammetry reveals that the electrical response of the
heme consists of two overlapping redox waves (Figure 1A).
These waves were deconvoluted to two separate electro-
chemical processes: The reduction potential of one heme
center is —0.423 V [versus the saturated calomel electrode
(SCE)], and the reduction potential of the second heme
center is shifted by about +66 mV to —0.357 V. These values
are in agreement with those found for the soluble variant of
the protein.

Coulometric analysis of the redox waves of the two heme
sites reveals that the two Fe'-protoporphyrin IX units
occupy the protein bundle in a 1:1 ratio, and that the surface
coverage of the heme-reconstituted synthetic protein is 2.5 x
10~ molem—2. Similar cyclic and differential pulse voltam-
mograms were obtained by the coupling of a synthetic
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hemoprotein reconstituted with Fel-protoporphyrin IX in

solution to the electrode. Assuming that the diameter of
the base of the four-helix bundle is about 25 A, the theoretical
surface concentration of densely packed cylindrical four-helix
bundles is around 2.7 x 10~ molecm2. Thus, we conclude
that the resulting coverage by the four-helix bundles
corresponds to an almost densely packed monolayer config-
uration.

Figure 1B shows the differential pulse voltammetry waves
of the monolayer upon interaction with Fe''—protoporphyr-
in IX for different time intervals. It is evident that the heme
site exhibiting the slightly more negative redox potential
reconstitutes more slowly into the synthetic protein. The
results indicate that the individual redox potentials of the
heme sites can be tuned by the protein environment at the
binding site.

Figure 2 A depicts the chronoamperometric response of the
heme-reconstituted protein monolayer. For the two heme
sites, positioned at different distances, a biexponential decay
of the current is expected, where the fast electron transfer
should occur to the heme positioned close to the electrode.['!
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Figure 2. A) Chronoamperometric response upon reduction of the mono-
layer of the Fe"' —protoporphyrin IX reconstituted synthetic protein on the
electrode (potential step from —0.2 to —0.5V vs. SCE). Inset: semi-
logarithmic analysis of the decay of the current upon reduction. B)
Chronoamperometric response upon oxidation of the monolayer of the
Fe' - protoporphyrin IX reconstituted synthetic protein on the electrode
(potential step from —0.6 to —0.3 V vs. SCE). Inset: Semilogarithmic
analysis of the decay of the current upon oxidation. All experiments were
performed in 0.1m phosphate buffer (pH 7.0) at 25°C. I=current, E =
potential vs. SCE.
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The resulting transient current, however,
follows a single-exponent electron transfer
rate (inset of Figure 2 A). This is attributed
to a vectorial electron transfer in the bifunc-
tional ~ Fe-protoporphyrin IX  array
(Scheme 1). The rate constant for single
electron transfer corresponds to the fast
electron transfer to the heme site close to
the electrode. Secondary, fast electron trans-
fer to the second heme center that is
mediated by the heme site close to the
electrode competes with long-range direct
electron transfer from the electrode to the
second heme site. As a result, the rate of
reduction of the bifunctional assembly is
controlled by the rate of electron transfer to
the heme center close to the electrode.
These results imply that the heme center
exhibiting the more negative potential is
positioned close to the electrode, which
results in the electron transfer cascade.
Thus, the fact that the Fe' - protoporphyr-
in unit exhibiting the more negative poten-
tial reconstitutes more slowly into the pro-
tein can be explained by the hindrance
involved in the binding of the heme posi-
tioned close to the electrode surface. This
conclusion, with regard to the vectorial
electron transfer cascade in the synthetic
hemoprotein, is supported by following the
chronoamperometric response to the oxida-
tion of the reduced assembly (Figure 2B).
The oxidation involves a biexponential
decay of the current with two components,
one for a fast electron transfer (k=40s7")
and one for a slow electron transfer (k=1s"!; inset of the
Figure 2 B). The rate of the fast electron transfer is identical to
that observed in the reduction, and hence corresponds to the
oxidation of the Fe'—heme site close to the electrode surface.
The rate of the slow electron transfer is attributed to the
oxidation of the remote Fe!! center. The slow electron transfer
is detected, since the heme center close to the electrode
cannot mediate the oxidation due to its more negative redox
potential. Thus, the bifunctional heme—-de novo protein
assembly represents elements of a bioelectronic rectifier.
Vectorial electron transfer proceeds effectively in the system
due to appropriate ordering of the reduction potentials of the
heme centers. The back electron transfer to the electrode is
retarded since the primary heme site, close to the electrode,
acts as a barrier for the oxidation process.

The electrically contacted de novo hemoprotein monolayer
associated with the electrode activates electron transfer to
native redox proteins, and stimulates bioelectrocatalyzed
transformations. Interaction of the synthetic bifunctional
hemoprotein monolayer on the electrode with the native
cytochrome-dependent nitrate reductase (NR; E.C.1.9.6.1
from E. coli) results in the formation of an affinity complex
(Scheme 2). Evidence for this was provided by microgravi-
metric quartz crystal microbalance studies. The associa-
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Scheme 2. Assembly of the integrated layered electrode composed of nitrate reductase
(NR) and the Fe - protoporphyrin IX reconstituted synthetic protein.

tion of nitrate reductase to the cyclic scaffold of the
protein is supported by the fact that the de novo protein is
in a densely packed configuration. The resulting affinity
complex was cross-linked with glutaric dialdehyde to
yield a stable and integrated bioelectrocatalytically active
electrode.

Figure 3 shows the cyclic voltammogram of the resulting
integrated enzyme electrode. The electrocatalytic cathodic
current observed in the presence of added nitrate (NO3)
indicated the bioelectrocatalyzed reduction of NOj at the
potential characteristic of the synthetic hemoprotein. Control
experiments revealed that no bioelectrocatalyzed reduction
of NOj3 occurs in the absence of NR, or upon direct coupling
of the native biocatalyst (NR) to the base monolayer of
maleimide on the electrode. Thus, the synthetic hemoprotein
associated with the electrode stimulates electron transfer
to NR, and the mediated electron transfer activates
the bioelectrocatalyzed reduction of NOj3. The amperometric
response of the integrated bioelectrocatalytic electrode
is controlled by the concentration of nitrate (inset of
Figure 3).

In conclusion, we have addressed the assembly of a
bifunctional Fe™ - protoporphyrin de novo protein monolay-
er on a Au electrode, and demonstrated the electrical
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Figure 3. Cyclic voltammograms of the integrated layered electrode
composed of cross-linked nitrate reductase and the Fe'—protoporphy-
rin IX reconstituted de novo protein at NO3 concentrations of 0 (a), 12 (b),
24 (c), 46 (d), and 68mM (e) (scan rate 5 mVs™'). Inset: Calibration curve
for the amperometric responses (at —480 mV vs. SCE) of the electrode at
different NOj concentrations. All experiments were performed in 0.1m
phosphate buffer (pH 7.0) at 25°C; electrode geometrical area 0.2 cm?,
roughness factor ~20. [/ = current, E = potential vs. SCE.

contacting of the synthetic redox protein with the conductive
support. We presented the organization of the synthetic
redox protein by the reconstitution of Fe-proto-
porphyrin IX into the protein, and discussed the use of this
functionalized electrode for bioelectronic applications.
Specifically, we demonstrated the activity of the electrically
contacted bifunctional synthetic heme as a bioelectronic
rectifier and as a base interface to organize integrated enzyme
electrodes for biosensor applications. The potential perspec-
tives of such reconstituted, electrically contacted de novo
proteins seem to be very broad as the function of the de novo
protein can be tuned and tailored within the synthetic
protocol.
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