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The creation of efficient electron-transfer interfaces between
redox-active proteins and electrodes is a key technological
step toward further development of high-performance bio-
sensors and photoelectric conversion biodevices.[1] One of the
strategies for wiring the redox-active proteins effectively onto
the electrodes is noncovalent immobilization by cofactor
reconstitution. Photosynthetic protein complexes,[2] flavo-
enzymes,[3] and hemoproteins[4] have been successfully cou-
pled to electrodes by using this method. Another promising
approach for the enhancement of electron transfer efficiency
involves custom-designed fabrication of redox-active protein
assemblies on the electrodes.[5]

We recently described the preparation of linear hemo-
protein self-assemblies by a specific heme/heme pocket
interaction, in which a heme moiety is externally attached
to the surface of the H63C single mutant of cytochrome b562

(CYT)[6] or A125C single mutant of myoglobin.[7] The
supramolecular self-assembling systems of proteins[8] also
allowed us to immobilize these assemblies on an electrode
surface. Herein we demonstrate the construction of hierarch-
ical assemblies of photoactive hemoproteins connected with
the photosensitizing cofactor, namely zinc protoporphyrin IX
derivatives (ZnPP),[9] on a gold electrode (Figure 1). This
system provides markedly enhanced electrochemical com-
munication relative to a single layer of the protein.

The ZnPPs 1a and 1b, which include a maleimide group at
the terminus of the one of the heme propionate side chains,
were synthesized to introduce the cofactor at the Cys63

residue on the protein surface. Those modified cofactors have
different linker lengths between the zinc porphyrin and the
protein surface (Figure 1). Coupling of 1 a or 1 b to the H63C
mutant was carried out in a buffered solution. The modified
protein was denatured with a 6m guanidine-HCl (Gdn-HCl)
solution. The solution was then extracted with 2-butanone to
remove the excess ZnPP and the intrinsic native heme, and
the separated aqueous layer was dialyzed to remove Gdn-
HCl. This process results in the apoprotein modified with
ZnPP (ZnPP–apoCYT). The modified protein exhibits char-
acteristic Soret (429 nm) and Q (552 and 592 nm) bands that
originate from axial coordination of His and Met residues,[10]

thus indicating that the external ZnPP linked onto the protein
surface was incorporated into the heme pocket of the protein
matrix (Figure S1 in the Supporting Information). The
interprotein oligomer of zinc-substituted CYT (ZnPP–apoC-
YT)n was successfully prepared in a manner similar to the
methods used in our previously reported preparation of
a monomer unit with an external heme moiety.[6b,c]

To anchor the protein oligomers on the gold electrode
through a ZnPP/heme pocket interaction, a ZnPP-immobi-
lized gold electrode (ZnPP/Au) was prepared by using the
reported method with a slight modification:[4a] Firstly, a gold
electrode was immersed in a mixed solution of mercaptopro-

Figure 1. Strategy for immobilization of supramolecular zinc-substi-
tuted cyt b562 assemblies on the gold electrode.[11] Native heme shown
in red, ZnPP in blue, and protein matrices in green.
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pionic acid and 3,3’-dithiobis(propionic acid hydroxysuccin-
imide ester) with a molar ratio of 5:1 to form the self-
assembled monolayer (SAM). Secondly, the electrode was
treated with 1,12-diaminododecane, followed by coupling of
ZnPP with the terminal amino groups gave the ZnPP-
immobilized surface. The increased mass of the electrode
was analyzed by using a quartz crystal microbalance (QCM)
and confirmed covalent immobilization of ZnPP on the gold
surface.[12]

Further immobilization of the modified apoprotein units,
ZnPP–apoCYT, onto the ZnPP/Au electrode was evaluated
by electrochemical impedance spectroscopy (EIS), which
provides sensitive detection of protein binding according to
the resistance changes at the electrode–solution interface.
The ZnPP/Au electrode was immersed in the protein solution
and the unbound proteins in the solution were thoroughly
washed away to provide the protein-modified electrodes. The
measurements were performed in a buffered solution con-
taining 5 mm K4[Fe(CN)4]/K3[Fe(CN)4]. The charge-transfer
resistance RCT for the ZnPP/Au electrode was 0.5 � 104 W,
whereas an increased RCT value (1.3 � 104 W) was observed in
the presence of the apoprotein of wild type cytochrome b562

(apoCYTwt; Figure S2). This result suggests the immobiliza-
tion of the protein matrices through the ZnPP/heme pocket
interactions.[13] Furthermore, much larger resistance values
were obtained in the case of (1a–apoCYT)n (2.1 � 104 W) and
(1b–apoCYT)n (2.3 � 104 W), thus indicating the construction
of the integrated assemblies of the zinc-substituted CYT on
the gold surface ((ZnPP–apoCYT)n@ZnPP/Au).

QCM measurements were conducted to evaluate the
degree of the interprotein assemblies of (1a–apoCYT)n and

(1b–apoCYT)n on the ZnPP/Au electrode. Upon addition of
apoCYTwt, the frequency of the ZnPP-immobilized QCM
decreased by 80 Hz (Figure S3). This value is saturated upon
the addition of excess apoCYTwt, thus showing that the
apoproteins occupy the electrode surface. The surface density
of the CYTwt matrices was calculated to be 5.4 �
10�12 molcm�2. In contrast, significant frequency decreases
were observed upon the addition of (1a–apoCYT)n (315 Hz)
and (1b–apoCYT)n (558 Hz), therefore confirming the accu-
mulation of the ZnPP–apoCYT units on the gold electrode
(Figure S3). The average numbers in the protein assemblies of
(1a–apoCYT)n (n = 3.9) and (1b–apoCYT)n (n = 7.0) indicate
that (1b–apoCYT)n with more flexible linker is advantageous
for integrating the layer of zinc-substituted CYT.

The electrode surfaces with the protein assemblies in
a buffered solution were directly analyzed by atomic force
microscopy (AFM) to investigate the detailed morphology
(Figure 2). AFM studies showed that the electrode surface of
apoCYTwt@ZnPP/Au immersed in a buffered solution was
fully covered with a single layer of the object of 5 nm in
height, which is consistent with the sum of the length for the
thiol linker (ca. 2.5 nm) and cytb562 (ca. 2.5 nm; Figure 2a). In
contrast, as shown in Figure 2b, we observed significantly
higher objects (ca. 20 nm) which show almost perpendicular
orientation to the surface on the electrode (1 b–apo-
CYT)n@ZnPP/Au, thus suggesting that fibrous protein olig-
omers were prepared as shown in Figure 1. The average
height of the assemblies on the surface is 15.5 nm, which is
consistent with that observed by QCM measurements. Such
a rigid rodlike alignment of the proteins would be achieved
because of the restricted motion of cylindrical CYT protein

Figure 2. 3D and 2D AFM images of a) apoCYTwt@ZnPP/Au and b) (1b–apoCYT)n@ZnPP/Au. c) The height profiles in green line in the 2D
images of apoCYTwt@ZnPP/Au and (1b–apoCYT)n@ZnPP/Au. d) Plausible structural model of (ZnPP-apoCYT)n.

Angewandte
Chemie

2629Angew. Chem. Int. Ed. 2012, 51, 2628 –2631 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


units connected with the relatively short linkers at the
terminal of the heme propionate side chain (Figure 1).

Photocurrent measurements of (ZnPP–apoCYT)n-
@ZnPP/Au employed as a working electrode were carried
out to investigate the properties of the hierarchical hemo-
protein assemblies containing the photosensitizer. Figure 3
shows photocurrent response patterns of the prepared

electrodes during on/off cycles of white light in the presence
of methyl viologen (MV2+) as an electron acceptor. We
observed the clear rise and fall of the cathodic current under
the bias potential of �200 mV (vs. Ag jAgCl).[14] The action
spectra of (ZnPP–apoCYT)n@ZnPP/Au showed character-
istic peak maxima that correspond to the Soret and Q bands,
respectively (Figure S4). This observation is a strong indica-
tion that the photocurrent originates from the photoexcita-
tion of ZnPP within the protein, followed by the reduction of
MV2+. When apoCYTwt@ZnPP/Au was irradiated with mon-
ochromatic light at 420 nm (0.043 mW), we observed a photo-
current response of 13 nA cm�2, whereas the photocurrents of
(1a–apoCYT)n@ZnPP/Au (30 nA cm�2) and (1b–apoC-
YT)n@ZnPP/Au (60 nA cm�2) were significantly increased.[15]

These findings support the fact that more densely layered
assembly of the zinc-substituted proteins on the electrode
surface effectively enhances the photocurrent generation.

In conclusion, the construction of zinc-substituted hemo-
protein assemblies on the gold electrode by a specific non-
covalent ZnPP/heme pocket interaction provides a novel
strategy for development of a programmed integration of
biomolecules. This work indicates that the fabricated supra-
molecular assemblies of a photoactive protein on an electrode
show a great potential for increasing photoelectric conversion
using biodevices. Efforts to expand the attractive features of
hemoprotein matrices as electron transfer mediators, sensors,
and catalysts through this strategy are now in progress.

Experimental Section
Electrochemical measurements were recorded with a potentiostat
(CompactStat, Ivium Technologies) using a platinum wire as a coun-
terelectrode and a standard Ag jAgCl reference electrode. The
electrolyte was 100 mm MOPS buffer (pH 7.0) containing 5 mm

K4[Fe(CN)4]/K3[Fe(CN)4].
Quartz crystal microbalance (QCM) measurements were per-

formed using a cell equipped with a 27 MHz QCM plate oscillating at
the fundamental frequency. The ZnPP-immobilized QCM cell was
filled with a buffered solution (10 mm KPi, pH 7.0, 500 mL), and the
time course frequency changes were observed upon the addition of
the protein solution (4 mm (1a–apoCYT)n, (1b–apoCYT)n, and
apoCYTwt).

The zinc-substituted hemoprotein assemblies were constructed
on the Au(111) electrode surface on the quartz slide, AuroSheet-
(111) K. After the electrode surface was immersed with a drop of
a fresh buffered solution (50 mm Tris-HCl, pH 7.5), the electrode was
gently rinsed with the buffer. AFM images were acquired in AC mode
with an Asylum Research MFP-3D-SA microscopy using a SiN4 tip
(Olympus micro cantilever AC40TS with a radius of 10 nm and
a spring constant of 0.1 N m�1). The images were taken at room
temperature with the line scan speed of 0.5 Hz and 256 pixels per line.

Photocurrent measurements were performed in a typical three-
electrode configuration connected to a potentiostat (CompactStat,
Ivium Technologies). The protein-modified gold electrode, as a work-
ing electrode, was mounted at the cell window (diameter 6 mm) and
exposed to the aqueous electrolyte solutions. A platinum wire
electrode and a Ag jAgCl (saturated KCl) electrode (BAS, Japan)
were employed as counter and reference electrodes, respectively. The
measurements were performed under anaerobic conditions in a dark
box. The photocurrent response was recorded under potentiostatic
conditions with exposure to the light under an N2 atmosphere. The
modified side of the electrode was irradiated by a 500 W xenon arc
lamp (Ushio Optical Modulex, SX-U1501XQ) filtered with an IR cut-
off filter (Asahi Spectra, Super cold filter 5C0751) or a monochroma-
tor (Shimadzu, SPG-120S). The electrode was placed at a distance of
20 cm from the edge of the guided optical fiber. The light intensity of
the monochromatic light at the electrode surface was monitored with
a luminometer (Minolta, Illuminance meter T-10P).
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