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During the last decade protein electrochemistry at miniaturized electrodes has become important not
only for functional studies of the charge transfer properties of redox proteins but also for fostering the
development of sensitive biosensor and bioelectronic devices. One of the major challenges in this field
is the directed coupling between electronic and biologically active components. A prerequisite for a fast
and reversible electron transfer between electrode and protein is that the protein can be bound to the
electrode in a favourable orientation. We examined electrostatic and bioaffinity-tag binding strategies
for the directed immobilization of horse heart cytochrome c (cytc) on gold electrode surfaces to achieve
this goal. Horse heart cytc was expressed in E. coli either as non-modified or genetically modified, i.e.
histidine (his)-tag containing protein. The his-tags were introduced at defined positions at the N- or
C-terminus of the polypeptide. It was our aim to generate tagged-versions of cytc that facilitate strong
electronic coupling between protein and electrode and, at the same time, retain their catalytic and reg-
ulatory properties. The combination of different immobilization strategies, e.g. his-tag and electrostatic
immobilization also opens new avenues for bivalent immobilization of proteins. This is of interest for
molecular bioelectronic and biosensing applications where the proteins are immobilized between two
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crossing electrodes.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The immobilization of redox active proteins on electrode sur-
faces and the investigation of charge transfer processes associated
with redox enzymes have become increasingly important for the
development of novel biosensors and bioelectronic devices with
enhanced sensitivity and selectivity (Armstrong and Wilson, 2000;
Willner and Katz, 2005; Wu and Hu, 2007; Liu et al., 2010). Espe-
cially the development of functionalized electrodes incorporating
proteins from biological electron transfer systems is a growing field
of research activities due to their promising applicability in inno-
vative chemo- and biosensor devices (Maly et al., 2005; Silveira
et al,, 2010; Wu et al., 2011; Yagati et al., 2011). One major chal-
lenge in protein electrochemistry is to establish efficient electron
transfer pathways between the electrode and the immobilized pro-
tein while retaining the proteins’ functional integrity. This can be
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achieved by immobilizing the redox protein such that the redox
center is in close proximity to the electrode. Since the redox center
is central to the enzymatic function such immobilization strategies
might lead to a loss of enzymatic activity. In recent years research
has largely been concentrated on charge transfer investigations of
cytochrome c (cytc) as a model system. This redox protein plays
a key role in mitochondria, where it acts as an electron shuttle in
the respiratory chain and interacts with several essential enzymes.
It is thus an ideal protein to study the mechanisms for inter- and
intramolecular electron transfer (Imabayashi et al., 1997; Murgida
and Hildebrandt, 2008; Song et al., 1993). Numerous electrochem-
ical investigations have focussed on the electron transfer of this
redox protein with respect to electrode structure (Leopold and
Bowden, 2002; Schroper et al., 2008) and immobilization strategies
(Atakaand Heberle,2003; Hansen et al.,2003; Leopold and Bowden,
2002; Schroper et al., 2010; Song et al., 1993). Various immobi-
lization strategies were investigated to elucidate their influence
on charge transfer to and through cytc to identify the most effi-
cient electron transfer conditions. Very good redox responses have
been described for cytc electrostatically immobilized on Au elec-
trodes covered with short chain thioalkanoic acids (Avila et al.,
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2000; Protsailo and Fawcett, 2000; Tarlov and Bowden, 1991). In
contrast redox activity was reduced when cytc was electrostati-
cally immobilized on long chain thioalcanoic acids and aromatic
thiols (Imabayashi et al., 1997). More recently novel immobiliza-
tion concepts have been developed allowing a directed bifunctional
immobilization of redox proteins that holds premise to foster inno-
vative bioelectronical and biosensorical applications. A bifunctional
binding of the protein strictly defines its orientation in the junc-
tion and thereby directs the charge transfer through a predicted
pathway. By this strategy the reliability and reproducibility of a
biosensorical device can be improved due to the largely reduced
probability of a protein to reorient and thereby perturb the optimal
conformation for device operation.

In this manuscript we examined bioaffinity-tag binding strate-
gies for the directed immobilization of horse heart cytc on gold
electrode surfaces. We demonstrate the capability of the recombi-
nant proteins to form specific bonds to a gold electrode and gold
nanoparticles in parallel. The functional bivalent binding i.e. the
electron transfer through tag-tethered cytc and the accessibility of
the native binding site for enzymes was examined by an electroen-
zymatic reaction catalyzed by the enzyme cytc reductase.

2. Materials and methods
2.1. Materials

All chemicals were of high purity grade and used with-
out further purification. Sodium phosphate dibasic dodecahy-
drate (ultra>99%), sodium phosphate monobasic monohydrate
(ultra>99.5%), imidazole (>99.5%), No,,Na-bis(carboxymethyl)-L-
lysine hydrate (ANTA), dithiobis(succinimidylpropionate) (DTSP)
and 3-mercaptopropionic acid (MPA, purum >99%) were pur-
chased from Fluka. Ethanol (purum > 99.8%) and sodium chloride
(puriss >99.8%) were supplied from KMF Laborchemie Han-
dels GmbH (Germany). 11-Mercaptoundecanoic acid (MUA,
95%), ammonium sulphate (>99.5%), nickel(II) sulphate, Gly-Gly
hydrochloride, nicotinamide adenine dinucleotide (NADH) and the
proteins cytochrome c from equine heart (BioUltra > 99%) and cytc
reductase from porcine heart were purchased from Sigma-Aldrich.
Construction, expression and purification of recombinant cytc are
described in the Supplemental information (SI). All other chemi-
cals were purchased from Sigma-Aldrich. Aqueous solutions were
made using ultra-pure water produced by a MilliQ system (Milli-
pore).

2.2. Surface modification

Protein immobilization was performed on Au substrates cov-
ered with self-assembled monolayers (SAM). For electrochemical
investigations a flame annealed Au (1 1 1) crystal was used, whereas
surface plasmon resonance (SPR) measurements were performed
by using a glass slide with Au film (15-30 nm) prepared by phys-
ical vapour deposition (n=1.61). All Au surfaces were cleaned
in sulphuric acid followed by subsequent extensive rinsing with
MilliQ water before use. For electrostatic immobilization, the
cleaned Au surface was incubated in 10 mM ethanolic solution
containing MUA or MPA for at least 5min and subsequent rins-
ing with ethanol and MilliQ water. Alternatively the Au surface
was functionalized with a NiNTA SAM as described previously
(Ataka et al., 2004; Mayer et al., 2005) enabling the immobilization
of his-tagged recombinant cytc. The cleaned Au surface was first
incubated in 2.5 mM dithiobis(succinimidyl propionate) (DTSP) in
DMSO for 15min, then dried under argon and immersed into
a 150 mM N(a),N(a)-bis(carboxymethyl)-L-lysinehydrate (ANTA)
solution (in 0.5 M K, COj3 buffer, pH 9.8) for 90 min. Finally the NTA

functionalized surface was loaded with Ni2* ions by applying a
50 mM NiSQ, solution for 15 min followed by rinsing with MilliQ
water.

2.3. Protein immobilization

The Au (111) electrodes covered with SAM molecules were
incubated in 10 wM cytc solution in 5.78 mM sodium phosphate
buffer (pH 7) for at least 5 min (electrostatic binding) and 60 min
(tag immobilization), respectively, followed by a rinsing step to
remove unbound protein. Alternatively, protein adsorption was
monitored by in situ SPR using a flow cell configuration and a
Kretschmann-type spectrometer (BIOSUPLAR 3, Mivitec GmbH,
Germany, A=670nm). The absorption process occurring at the
solid-liquid interface can be monitored in real time, by selecting
an appropriate angle of incidence € and monitoring the reflected
intensity as a function of time. Knowledge of the shape of the res-
onance curve enabled interpretation of the reflected intensity as a
shift of the angle of resonance. The flow rate of sample injection
and rinsing was controlled at 0.256 ml/min with a pump (REGLO
Digital, ISMATEC, Switzerland).

2.4. Atomic force microscopy

All atomic force microscopy (AFM) measurements were per-
formed in tapping mode at room temperature with a MultiMode
AFM/STM (Bruker, Santa Barbara, CA) equipped with a Nanoscope-
IV controller and a 15 pum scanner. Commercially available silicon
cantilevers have been employed with resonance frequencies
between 260 and 300 kHz.

2.5. Cyclic voltammetry

The redox behaviour of immobilized cytc was investigated by
cyclic voltammetry using an EG&G 283 Potentiostat (Princeton
Applied Research, Princeton, NJ, USA). Au (11 1) electrodes were
prepared by flame annealing and incubation in ethanolic SAM solu-
tion followed by protein immobilization as described above. Before
starting the electrochemical recording the cytc covered electrodes
were thoroughly rinsed with buffer to remove unbound protein.
Cyclic voltammograms (CV) were recorded under argon atmo-
sphere in 5.78 mM sodium phosphate buffer at pH 7. A platinum
wire and a Ag/AgCl electrode (3 M KCl) were employed as counter
(CE) and reference electrodes (RE), respectively. All potentials are
quoted versus the Ag/AgCl potential. The crystal was immersed
to the electrolyte in a hanging meniscus configuration. The elec-
troenzymatic reaction was initiated by injection of 0.8 mg/ml cytc
reductase and 7.5 mM NADH (Sigma-Aldrich).

3. Results and discussion
3.1. Genetically modified his-tagged cytc

Cloning of the recombinant his-tagged cytc variants was suc-
cessful and confirmed by sequencing (data not shown). In total
four cytc constructs were expressed. These included pJRhrsN2
(Rumbley et al., 2002) coding for wildtype cytc and the modified
variants pJRhrsN2-Chis, pJRhrsN2-Nhis and pJRhrsN2-NChis cod-
ing for affinity-tagged cytc constructs with either a C-terminal
(C-his), N-terminal (N-his) or bifunctional (NC-his) hexahistidine
tags (Fig. 1A). Yields of E. coli expressed and purified recombinant
cytc were ~3 mg/L for wildtype cytc and up to 12 mg/L for his-
tagged proteins. All purified samples were checked and compared
to commercially available cytc by Coomassie-stained SDS-gels as
exemplarily shown in Fig. 1B for cytc (NC-his). In this example a
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Fig. 1. (A) Pictogram of horse heart cytc (Wt). The amino acid sequence is given in the one letter code. The three recombinant cytc constructs with C- and/or N-terminal
his-tag are also displayed. (B) Coomassie stained SDS polyacrylamide gels of purified his-tagged cytc and commercially available horse heart cytc. For comparison a low

molecular weight (LMW) standard was used.

protein of approximately 14 kDa was enriched in the eluate. Two
protein bands of higher molecular weight most likely are dimeric
and trimeric forms of cytc (Fig. 1B).

3.2. Investigation of functionality

Due to their intrinsic heme group, chromo proteins like cytc
can be characterized by UV/vis absorption spectroscopy which
exhibit heme-characteristic absorption bands (Will et al., 1983).
Absorption spectra of oxidized and reduced cytc show significant
differences, experimental details are described at SI. Oxidized cytc
has two absorption bands at 410 nm (Soret band) and 530 nm.
In its reduced form the Soret band shifts to 416 nm, the 530 nm
band disappears whereas two additional bands appear at 520 nm
and 550 nm (Margoliash and Walasek, 1967). All purified proteins
were analyzed by UV/vis adsorption spectroscopy in the range
between 380 nm and 600 nm to control for correct heme loading
and functionality. A comparison to commercially available cytc in
the reduced form (Fig. 2A) revealed that all samples resulted in
almost identical spectra. As an example the adsorption bands at
416 nm, 520 nm and 550 nm for purified cytc (NC-his) are shown in
Fig. 2A. From this result a correct heme loading can be concluded for
all recombinant cytc types. Variations in peak height are attributed
to differences in cytc concentration. Functional integrity was also
investigated by a photochemical enzyme test utilizing cytc reduc-
tase. Therefore, cytc was oxidized chemically by adding potassium
hexacyanoferrate (III). The UV/vis spectrum was recorded reveal-
ing two bands at 410 nm and 530 nm. Addition of cytc reductase
(0.005-0.025 U; porcine heart; Sigma-Aldrich) and NADH (1 mM;
Sigma-Aldrich) led to a change in the absorption spectrum within
five minutes due to the formation of the reduced form of cytc
(Fig. 2B). The native enzymatic conversion from oxidized cytc to its
reduced form could be observed for all his-tagged cytc constructs
as reported previously for cys-tagged cytc variants (Schréper et al.,
2010). Thus all recombinant cytc constructs were accessible for cytc
reductase and no significant difference can be observed between
the enzymatic reduction of native cytc and recombinant protein.
Therefore, it can be assumed that all recombinant proteins were
fully functional.

3.3. Immobilization studies

Electrostatic binding as well as affinity tag binding of recom-
binant his-tagged cytc on modified Au surfaces was investigated

by SPR and compared to the results gained for commercial non-
modified cytc (Fig. 3). Electrostatic binding of commercial Wt cytc
was fast, showed Langmuir adsorption behaviour and resulted in a
stable surface coverage in less than 10 min as can be seen from the
black curve in Fig. 3A. Rinsing with buffer caused no significant pro-
tein desorption. Electrostatic binding of his-tagged cytc was also
successful leading to a stable coverage, although binding kinetic
was slower (>20 min). For all three his-tagged constructs signifi-
cant differences in the SPR experiments were observed (Fig. 3A)
leading to deviant Areflectivity values and correlated with an
increased surface coverage compared to non-modified cytc. These
observations suggest different immobilization behaviour(s) and
most likely the formation of protein films with thicknesses exceed-
ing monolayers due to the additional his-tags. Interestingly, higher
surface coverage could not be explained by unspecific binding since
rinsing with buffer did not cause significant desorption. The forma-
tion of such aggregates might be caused by coordination of metal
ions to histidines of neighbouring proteins. The observed cover-
age also differed with respect to the number and position of the
his-tags, since sterical effects of the tags result in different pro-
tein binding configurations. Immobilization of his-tagged cytc on
NiNTA modified Au surfaces was also monitored by SPR (Fig. 3B).
In all cases binding via the his-tag was successful and showed fast
adsorption behaviour typical for self-assembled monolayers and
leading to almost identical surface coverage. For cytc (N-his) the
fastest binding was observed saturating within 15 min, whereas
cytc (C-his) binding saturated after approximately 25 min, indicat-
ing differences in the binding kinetics. As a result, an interference
of two competing binding events can be assumed for cytc (NC-
his) (>30 min), which decelerates the binding of further incoming
proteins. Unspecific interactions were not observed for any affinity-
tag binding. The SPR measurements revealed that all recombinant
proteins could be immobilized either by electrostatic immobiliza-
tion or via their affinity-tags leading to stable protein coverage.
Bifunctional immobilization of recombinant cytc was investigated
by using Au nanoparticles (AuNP) with a diameter of 5 nm which
were functionalized by carboxylic groups. First cytc was immo-
bilized via the affinity-tag and monitored by SPR as described
previously (Fig. 3B). After protein binding saturated the sample
was shortly rinsed before in a second step AuNP solution (5 nm cit-
rated gold colloid suspension, Sigma-Aldrich; 1:1 diluted in sodium
phosphate buffer) was applied to the surface. This led to a second
electrostatic binding event of the citrated nanoparticles ontop of
the tag-tethered cytc (Fig. 3C), whereas AuNP did not show any
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Fig. 2. (A) UV/vis spectra of purified his-tagged recombinant cytc in comparison to commercially available wildtype horse heart cytc in reduced form. (B) UV/vis spectra of
the same cytc in chemically oxidized state (black curve) and 1 min, 3 min, and 5 min after the addition of cytc reductase and NADH.

binding to the NiNTA covered surface without cytc (data not
shown). Binding of AuNPs was independently confirmed by AFM
measurements (Fig. 3D and E). The NiNTA functionalized surface
covered with his-tagged cytc (N-his) (Fig. 3D) was incubated in
nanoparticle solution for 15min followed by rinsing in MilliQ
water. Fig. 3E shows the sample from Fig. 3D but now completely
covered with the 5 nm particles (surface coverage ~80%).

3.4. Electrochemistry

The redox activity of immobilized recombinant his-tagged cytc
and native cytc was investigated by cyclic voltammetry. Com-
mercial Wt cytc was immobilized electrostatically on a Au (111)
electrode modified with MUA and CVs were recorded at 100 mV/s as
described above. Defined oxidation and reduction peaks positioned

at O0mV (Ag/AgCl) with no peak separation are consistent with
published data (Song et al., 1993). A surface coverage of B, =66%
redox active protein was calculated from the mean charge den-
sity o (Table 1). Interestingly, his-tagged cytc electrostatically
immobilized on MUA did not show any redox signal as illustrated
exemplarily for cytc (C-his) in Fig. 4A (dashed curve). We assume
that the his-tag prevents electron transfer, independent from its
position at the N- or C-terminus of the protein. On the contrary,
immobilization of these proteins on Au (11 1) covered with a short
chain length MPA SAM resulted in a clear electrochemical signal
(Fig. 4A; green curve). Here the lower distance between electrode
surface and redox center enables an efficient electron transfer.
However, the separation of the oxidation and reduction peaks
(~80mV) indicated a kinetic limitation as it is usually known for
long chain molecules and thus far distance electron transfer (Avila
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Fig. 3. (A) SPR diagrams for electrostatically immobilized wildtype cytc in comparison to electrostatically immobilized his-tagged cytc (C-his, N-his, NC-his). Arrows heads
(a) mark the starting point for rinsing with buffer. (B) SPR diagrams for his-tag binding of recombinant cytc. Arrows heads (A ) mark the injection of —COOH functionalized
AuNPs. (C) Schematic view of the electrostatically immobilized AuNPs ontop of cytc. (D) Tapping mode AFM image of a Au (11 1) surface covered with his-tag immobilized

cytc (N-his) before and (E) after incubation in AuNP solution.
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Table 1

Electrochemical data for electrostatically and affinity-tag immobilized cytc con-
structs on Au (11 1) covered with variable SAMs. Data were determined from cyclic
voltammograms recorded with 100 mV/s. Data for cytc (C-cys) was published before
(Schroper et al., 2010) and is given for comparison.

Eo [mV] AE [mV] Om [LClcm?] By [%]
Cytc (Wt) MUA 0 8 1.09 66
Cytc (C-his) MPA 1 82 0.44 27
Cytc (C-cys) MUA 5 8 0.91 54
Cytc (C-his) NiNTA 54 44 0.20 12
Cytc (N-his) NiNTA 74 36 0.07 4
Cytc (NC-his) NINTA 59 38 0.11 6
Cytc (C-cys) MPhOH 69 59 1.26 75

et al., 2000; Feng et al., 1997; Niki et al., 2002; Yue and Waldeck,
2005; Yue et al., 2008). Thus it could be assumed that the dis-
tance between electrode and redox center of all his-tagged cytc
constructs was larger than for native cytc. Electron transfer could
only be achieved when short chain length SAM molecules, like MPA,
were used for immobilization. A crucial aspect of this work was to
produce and purify recombinant cytc that can be immobilized via its
affinity tag while still enabling electron transfer. Therefore, all his-
tagged cytc constructs were immobilized on NiNTA functionalized
Au(111)electrodes as described above and CVs were recorded. For
all three constructs stable redox peaks with slight peak separation
were observed (see Fig. 4B) which confirmed reversible surface-
confined charge transfer. Cytc (C-his) yielded the strongest redox

(A) 5.

— Au + MUA + cyt ¢ (Wt)
---- Au + MUA + cyt ¢ (C-his)
—— Au + MPA + cyt ¢ (C-his)

2_
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—— Au + NiNTA + cyt ¢ (C-his)
—— Au + NiNTA + cyt ¢ (NC-his)

0.4 0.2 0.0 0.2 0.4
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Fig. 4. Cyclic voltammograms of (A) electrostatically immobilized his-tagged cytc
in comparison to wildtype cytc (black curve) and (B) recombinant cytc samples
immobilized via their his-tag on a NiNTA functionalized Au (11 1) electrode at a
scan rate of 100 mV/s. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

signal whereas cytc with N-terminal his-tag and the combined NC-
terminal tags showed less pronounced redox activity. This might be
explained by the proximity of the C-terminus and one of the main
electron transfer pathways through cytc (Willner and Katz, 2005).
Peak potentials were shifted to more positive potentials, indicat-
ing a structural influence of the immobilization strategy on heme
coordination and thus redox potential. A similar observation has
been described by Murgida and Hildebrandt (2008). They showed
the existence of two conformational isomers. In the native form
an axial histidine and a methionine coordinate the heme iron. The
second isomer lacks the methionine binding due to an electrostatic
gating effect. The interfacial electric field of short chain carboxylic
monolayers induces a rapture of the relatively weak methionine
coordination, which is accompanied by a cathodic shift of the redox
potential. This assumption was supported by the potential differ-
ences between proteins immobilized via electrostatic interactions
and affinity-tags, studied in this work.

The cyclic voltammograms revealed a separation of the anodic
and cathodic peak in the range of 40 mV, indicating a kinetic lim-
itation of the electron transfer. In contrast to the electrostatic
immobilization it can be assumed that affinity-tag binding leads to
a non-conformal orientation and thus an increased mean distance
between electrode and heme group. Considering the geometric
dimension of cytc (d~3.5nm) (Louie and Brayer, 1990) and an
assumed maximum surface concentration of 19 pmol (Heering
et al., 2004) we calculated from the charge densities surface cover-
ages By of ~2% for cytc (C-his) and of approx. 5% for the other two
constructs. These values are similar to those reported by Heering
et al. (2004) for YCC immobilized via Cys102. Since SPR and AFM
measurements revealed a densely covered surface these low val-
ues compared to the electrostatic binding can be attributed to
immobilized cytc which does not contribute to the charge transfer.
Such behaviour might be explained by an inhomogeneous orienta-
tion of cytc molecules on the electrode surface leading to variable
distances between heme and electrode. As a consequence only a
fraction of all proteins obtained an orientation enabling electron
transfer. For cytc (C-his) the charge transfer was favoured due to
the proximity between the his-tag and the intramolecular elec-
tron transfer pathway (Willner and Katz, 2005). Taken together,
we can conclude that a reversible electron transfer between elec-
trode and his-tagged cytc is more pronounced for C-terminal cytc
(C-his) than for cytc (NC-his) and (N-his). Comparing these results
to the findings reported for cys-tagged cytc (Schroper et al., 2010)
it is noteworthy that charge density and thus, contribution of sur-
face molecules to the electrochemical signal is more pronounced for
cys-tag binding than for his-tag binding. This might be explained by
the higher conformation flexibility of ion-based binding via NiNTA
in comparison to rather ridged bonds of peptides (cys-tag) and elec-
trostatic binding (wildtype). Therefore, ridged bonds may provide a
more firm and efficient electronic coupling between electrode and
protein.

Functionality of immobilized redox proteins and the abil-
ity of catalytic electron transfer is a major challenge for
prospective applications in the field of biosensors or molecu-
lar bioelectronics. Previous studies focusing on electroenzymatic
interactions between cytc and enzymes like cytc oxidase (Haas
et al, 2001), cytc peroxidase, cd; nitrite reductase and nitric
oxide reductase (Heering et al.,, 2004) pointed out the impor-
tance to ensure native enzyme binding facilitating reproducible
electron relay when cytc was immobilized on the electrode
surface. Electrostatically immobilized cytc was unable to inter-
act with solved cytc oxidase because the binding site of cytc
is located in a lysine rich domain facing the electrode (Koppenol
and Margoliash, 1982). To overcome this constrain alternative bind-
ing sites were explored. The use of native (Heering et al., 2004)
or recombinant engineered cysteine binding sites (Schréper et al.,
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2010) in the C-terminal region of cytc demonstrated the suitability
of such alternative immobilization strategies to ensure enzymatic
functionality. To verify the potential applicability of the recom-
binant his-tag immobilized cytc, its capability to relay electrons
to enzymes was studied according to Haas et al. (2001). Since we
demonstrated above that our recombinant cytc could be reduced
by cytc reductase in solution, this enzyme was now employed to
interact electrochemically with cytc immobilized via its his-tag
to the NiNTA functionalized electrode. CVs of the electroenzy-
matic reaction of surface tethered proteins showed stable redox
signals as described above (2 mV/s, Fig. 5). Instantaneously after
injection of porcine heart cytc reductase (0.8 mg/ml) and 7.5 mM
NADH the redox response changed significantly. A strong increase
of the oxidative current as it is typical for electroenzymatic reac-
tions (Willner and Katz, 2005) was observed for all his-tagged
constructs. Fig. 5 shows the CV exemplary for cytc (C-his) (blue
curve) and cytc (NC-his) (red curve). CVs of cytc (N-his) had almost
identical shape and peak height confirming the electroenzymatic
applicability of all constructs. The increasing anodic current can be
explained by the recurring process of enzymatic reduction and elec-
trochemical oxidation where electrons are transferred from NADH
via cytc reductase to the heme group of cytc. Here, electrons were
directly transferred from the reduced cytc to the electrode driven
by the applied potential. This resulted in an oxidized form of cytc
which could then be reduced enzymatically again. As described
for coupled electrochemical reactions, the redox peaks observed
for cytc reductase free cytc (Fig. 4) vanishes for the enzyme linked
system due the permanent relay of electrons through the immobi-
lized cytc (Bard and Faulkner, 2001). The moderate increase of the
electrocatalytic current implies a kinetic limitation in enzymatic
turnover. Such behaviour is quite evident due to the higher molec-
ular weight of cytc reductase compared to the small immobilized
cytc molecules and might be explained by diffusional and/or steric
limitations in enzyme binding. We also immobilized cytc electro-
statically before injection of reductase and were not able to detect
any catalytic response. This result confirms the findings of Haas
etal.(2001)who used cytc oxidase instead of cytcreductase. In both
cases electron relay cannot take place because both enzymes, i.e.
cytc oxidase and cytcreductase, need to bind to the same lysine rich
domain of cytc (Koppenol and Margoliash, 1982) which is buried
when cytc is immobilized electrostatically.

4. Conclusion

In conclusion we succeeded to express and purify three ver-
sions of fully functional his-tagged recombinant cytc that could
be used for bifunctional immobilization on electrode surfaces. We
were able to demonstrate that all three cytc constructs could be suc-
cessfully immobilized to an electrode surface either by electrostatic
immobilization or via its his-tag. Immobilization via the C-terminal
his-tag enabled most efficient electron transfer due to the prox-
imity between C-terminus and the major electron transfer path.
Furthermore, we were able to demonstrate that his-tag immobi-
lized cytc was able to functionally interact with its native effector
enzyme cytc reductase as well as to bind to surfaces of solids
like AuNPs. With an electroenzymatic experiment we also demon-
strated the alternating electron transfer between electrode and
effector enzyme via the immobilized cytc molecule. Proteins with
the capability to perform selective bivalent binding to different
biological or inorganic partners are of special interest for molec-
ular bioelectronics because they facilitate an oriented assembly of
functionally linked biomolecules and solid device components in
predictable fashion. By this means, such proteins may advance the
development of novel biosensing devices where direct enzymatic
charge transfer is required between electrode and enzyme. Fur-
thermore, devices can be envisioned where electroactive proteins
are immobilized in an oriented fashion between two crossing elec-
trodes or bridging a nanosized gap between two nanoelectrodes.
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