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Hierarchical assemblies of the noteworthy photoactive cytochrome bsg, reconstituted with zinc protopor-

phyrin IX covalently linked with the protein surface were constructed on a gold electrode modified with
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an apoprotein of cytochrome bsg,. The integrated photoactive hemoproteins were characterized by elec-

trochemical impedance and quartz crystal microbalance analyses. The protein-immobilized electrode
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Introduction

Creation of an electron-transfer interface between a redox-
active protein and electrode is a key technological step toward
further development of biosensors and photoelectric conver-
sion biodevices." To achieve an efficient electrochemical com-
munication using a protein, many methodologies have been
developed including protein immobilization which is
mediated by noncovalent interactions, such as an electrostatic
interaction with self-assembled monolayers (SAMs) on electro-
des,” an affinity interaction with tag peptides® and a specific
protein—cofactor interaction.” A further strategy to enhance
the electrochemical communication is the accumulation of
proteins on the electrode. The immobilization of proteins as
multilayers has been reported using electrostatic interaction,”
hydrophobic interaction,® interaction with polyelectrolytes,”
and protein-nanoparticle interaction.®

Among the redox-active proteins, hemoproteins seem to be
promising components for the construction of functional
protein-immobilized electrodes due to their remarkable func-
tions, such as electron transfer, catalysis, and sensing. Hemo-
protein-immobilized electrodes have thus become of wide
interest to evaluate their electrochemical behaviors® and/or
generate a functional system, such as a biocatalyst,'® a bio-
sensor,'! and a biofuel cell.*?

We previously described the preparation of linear hemo-
protein self-assemblies via a specific heme-heme pocket inter-
action, in which a heme moiety is externally attached to the
surface of the H63C single mutant of cytochrome b5, (CYT)"

Department of Applied Chemistry, Graduate School of Engineering, Osaka University,
Suita, Osaka 565-0871, Japan. E-mail: onoda@chem.eng.osaka-u.ac.jp,
thayashi@chem.eng.osaka-u.ac.jp; Fax: +81-6-6879-7930; Tel: +81-6-6879-7928

16102 | Dalton Trans., 2013, 42, 16102-16107

exhibits enhanced photocurrent generation relative to the one having a Zn-substituted hemoprotein

or the A125C single mutant of myoglobin."* The supramolecu-
lar self-assembling systems of proteins'® also allowed us to
immobilize these assemblies on an electrode surface. We thus
recently reported the construction of assemblies of photoactive
hemoproteins connected with the photosensitizing cofactor,
zinc protoporphyrin IX (ZnPP) derivatives,>”'® on a gold elec-
trode and their enhanced electrochemical communication
relative to a monolayer of the zinc-substituted protein.'” The
relationship between the function and the protein-assembly
orientation on the electrode surface will be important. In this
paper, we thus demonstrate the construction of assemblies of
photoactive hemoproteins connected with ZnPP, in which each
protein immobilized in an opposite orientation to the elec-
trode, to investigate the effect of orientation (Scheme 1). The
characterization and the photoelectrochemical behaviors of
the photoactive hemoprotein assemblies are described.

Results and discussion

To anchor the protein oligomers on the gold electrode via the
ZnPP-heme pocket interaction, a linker between a gold elec-
trode and an apoprotein of the H63C mutant (apoCYT) was
first prepared as follows: One of the terminal amino groups of
1,12-diaminododecane was protected with #-Boc and then the
free amino group was converted to a maleimide moiety. After
the deprotection of #-Boc, the obtained 1-(12-aminododecyl)-
1H-pyrrole-2,5-dione precursor was then coupled with 3,3'-
dithiobis(propionic acid) to yield linker 1. The gold elec-
trode was immersed in a mixed solution of mercaptopropionic
acid (100 mM) and 1 (20 mM) to form the self-assembled
monolayer (SAM) (Scheme 1b). The maleimide-modified elec-
trode was immersed in the protein solution of apoCYT, and
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Scheme 1 (a) Supramolecular Zn-substituted cyt bses assemblies.'® Native
heme (in red), ZnPP (in blue), and protein matrices (in green). (b) Preparation of
an apoCYT-modified gold electrode. (c) Immobilization of the Zn-substituted
cyt bsg, assemblies on the apoCYT-modified electrode.

the unbound proteins in the solution were thoroughly washed
away to provide an apoCYT-modified gold electrode (apoCYT/
Au). The electrochemical impedance spectroscopy (EIS)

This journal is © The Royal Society of Chemistry 2013

View Article Online

indicates that the proteins are immobilized by a covalent
linkage between the Cys residue of apoCYT and the maleimide
on SAM (vide infra).

Next, according to our previous report, we prepared the
photoactive protein oligomer, (ZnPP-apoCYT),, as shown in
Scheme 1a.'”” Coupling of the apoprotein on the gold elec-
trode and noncovalent immobilization of (ZnPP-apoCYT),
were evaluated by the EIS measurement, which provides a sen-
sitive detection of protein binding derived from the resistance
changes at the electrode-solution interface. The measure-
ments in Fig. 1 were performed in a buffered solution con-
taining 5 mM K,[Fe(CN)s)/K;[Fe(CN)e]. The charge-transfer
resistance Rcr for the maleimide-modified gold electrode was
ca. 0.5 x 10" Q, whereas an increased Rcr value (1.3 x 10" Q)
was observed after ZnPP-reconstituted CYT (rCYT(ZnPP))
was immobilized on the maleimide-modified electrode via the
maleimide-Cys covalent linkage (rCYT(ZnPP)/Au). Furthermore,
much larger resistance values, 2.5 x 10" Q, were obtained
when (ZnPP-apoCYT), was immobilized on apoCYT/Au, indi-
cating the construction of the integrated assemblies of the Zn-
substituted CYT on the gold surface via noncovalent ZnPP-
heme pocket interaction ((ZnPP-apoCYT),@apoCYT/Au).

To evaluate the degree of interprotein assemblies on the
(ZnPP-apoCYT),@apoCYT/Au electrode, QCM measurements
were conducted (Fig. 2). Upon the addition of zinc-substituted
wild type cytochrome bse, (rCYTw(ZnPP)) without cysteine
residue on the surface to the maleimide-modified electrode,
only a slight frequency decrease was observed. In contrast,
upon the addition of rCYT(ZnPP) with Cys, the frequency of
the maleimide-immobilized QCM decreased by ca. 180 Hz.
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Fig. 1 Alternative-current impedance spectra of (ZnPP-apoCYT),@apoCYT/Au
(m), rCYT(ZnPP)/Au (O), and maleimide-modified gold electrode (O) obtained in
a 100 mM MOPS (pH 7.0) buffer containing 2.5 mM Ks[Fe(CN)g] and 2.5 mM
Ka[Fe(CN)g]. Fitted data are shown as solid lines. The biased potential was +0.10 V
(vs. Ag|AgCl). The frequency was from 100 kHz to 0.01 Hz and the amplitude
was 10.0 mV. The inset shows the equivalent circuit applied to the data fitting.
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Fig. 2 Frequency changes in response to the addition of the proteins:
rCYT,:(ZnPP) (dotted line) and rCYT(ZnPP) (dashed line) to the maleimide-
modified Au electrode, respectively, and (ZnPP-apoCYT), (solid line) to the
apoCYT/Au electrode. Samples were added into 500 pL of a buffered solution
(100 mM KPi (pH 7.0)) in the QCM cell at 25 °C (final concentration of the
sample was 4 pM).

This value is almost saturated upon the addition of excess
rCYT(ZnPP), showing that the the rCYT(ZnPP) protein occupies
the electrode surface via the covalent linkage. Furthermore, a
significant frequency decrease upon the addition of (ZnPP-
apoCYT), (700 Hz) was observed, supporting the accumulation
of ZnPP-apoCYT units on the electrode. Such a prominent fre-
quency decrease was not observed when (ZnPP-apoCYT), was
added to the bare gold electrode. The average number (1) of
the oligomer formation within the assemblies was estimated
to be 3.8. The limited number of the assembly may stem from
the non-specific interaction between the cofactors and the
surface of the proteins, which were immobilized in a tightly
packed fashion on the electrode surface.

Photocurrent measurements of (ZnPP-apoCYT),@apoCYT/
Au employed as a working electrode were carried out to investi-
gate the properties of the hierarchical protein assemblies con-
taining the photosensitizer. Fig. 3 shows photocurrent
response patterns of the prepared electrodes during on/off
cycles of white light in the presence of methylviologen (MV>")
as an electron acceptor. We observed the clear rise and fall of
the cathodic current under the bias potential of —200 mV (vs.
Ag|AgCl). When the electrode covalently immobilized with Zn-
substituted CYT via Cys63 was irradiated with monochromatic
light at 420 nm (0.043 mW), we observed a photocurrent
response of 18 nA cm ™, which was slightly increased relative
to that found in the monomer-immobilized via ZnPP in our
previous report (13 nA em™?). This suggests that the two Tyr
residues which position between the heme pocket and Cys63
would be possibly involved in the electron transfer pathway
from the electrode to ZnPP (Fig. 4). In addition, the photo-
currents of (ZnPP-apoCYT),@apoCYT/Au were almost doubled
(38 nA ecm™?), indicating that more densely layered assembly of
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Fig. 3 Photocurrent response patterns of (ZnPP-apoCYT),@apoCYT/Au (in
red), rCYT(ZnPP)/Au (in blue), and our previously reported hemoprotein assem-
bly (in green)'”® during on/off cycles of white light. The bias potential was
—200 mV (vs. Ag|Agdl).

Fig. 4 The structure of cytbse, showing Tyr101 and Tyr105 residues between
heme and Cys63.

the zinc-substituted proteins on the electrode surface
enhances the photocurrent generation. Although the four
layers of the protein including three layers of the photosensi-
tizing moieties were assembled on average, the photocurrents
increased only twice. This suggests that the proteins more
distant from the electrode surface would be less efficient to
generate photocurrents. We also found that our previously
reported Zn-substituted cytochrome bse,, in which the zinc
cofactor is located directly on the electrode, is more effective
(60 nA cm™?) than the assembly here in photocurrent gen-
eration (Fig. 3). Hence a smaller assembly (3.8 units) was
formed relative to the previously reported system (7.0 units).

Conclusions

In conclusion, Zn-substituted hemoprotein assemblies via a
specific noncovalent ZnPP-heme pocket interaction were con-
structed on the apocytochrome bsq,-immobilized electrode,
which was characterized by EIS and QCM measurements. The
present work demonstrates that the fabricated supramolecular
assemblies of a photoactive electron transfer protein in the

This journal is © The Royal Society of Chemistry 2013
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orientation opposite to our previously reported system also
generate cathodic photocurrents. Efforts to expand the attrac-
tive features of hemoprotein assemblies with a controlled
orientation by this strategy to photoelectric conversion are now
in progress.

Experimental
Instruments

"H NMR spectra (400 MHz) were recorded using a Bruker
DPX400 NMR spectrometer, and chemical shifts are reported
in ppm relative to the residual solvent resonances. ESI-TOF MS
analyses were performed using a Bruker Daltonics micrOTOF.
UV-Vis spectra were taken using a Shimadzu UV-3150 or
UV-2550 spectrophotometer equipped with a thermostated cell
holder. The pH values were monitored using an F-52 Horiba
PH meter. Quartz-crystal microbalance (QCM)
ments were performed using AFFINIX Qup (Initium, Japan).
Electrochemical measurements were made with a potentiostat
(CompactStat, Ivium Technologies) using a platinum wire
as a counter electrode and standard Ag|AgCl as a reference
electrode. The electrolyte was 100 mM MOPS buffer (pH 7.0)
containing 5 mM K,[Fe(CN)]/K3[Fe(CN)s].

measure-

Materials

Zinc protoporphyrin IX with maleimide at the propionate side
chain,'”” mono-N-Boc protected 1,12-dodecane diamine** and
3,3'-dithiobis( propionic acid) were prepared according to a pre-
vious report.'® Other reagents and chemicals were purchased
and used as received. The H63C mutant of cytochrome bsg,
(CYT) was expressed in E. coli and purified as previously re-
ported."***° Zinc protoporphyrin IX was obtained by a convention-
al procedure. Apo forms of proteins (apoCYT and apoCYTy),
the reconstituted proteins with zinc protoporphyrin IX
(rCYT(ZnPP) and rCYT,,(ZnPP)), and the photoactive protein
oligomer (ZnPP-apoCYT), were prepared according to the
methods of previous reports with modification.®”*””

Synthesis

1-(12-Aminododecyl)-1H-pyrrole-2,5-dione trifluoroacetate.
To a suspension of maleic anhydride (93.0 mg, 0.954 mmol) in
80 mL of benzene, a solution of mono-N-Boc protected 1,12-
dodecane diamine (260 mg, 0.867 mmol) in 40 mL of benzene
was added. The resulting mixture was stirred at room tempera-
ture for 1 h, and ZnBr, (215 mg, 0.954 mmol) and hexamethyl
disilazane (209 mg, 1.30 mmol) in 20 mL of benzene were
then added. The resulting suspension was refluxed for 2 h.
After cooling to room temperature, the reaction mixture was
poured into 20 mL of 0.5 M HCl,q. The organic layer was sepa-
rated and the aqueous portion was extracted twice with 150 mL
portions of CH,Cl,. The combined organic layers were washed
with saturated aqueous NaHCO; (150 mL x 2), brine (150 mL x
1), and dried over Na,SO,. The solution was then filtered, and
the filtrate was dried under vacuum to yield the crude product,
N-Boc protected 1-(12-aminododecyl)-1H-pyrrole-2,5-dione, as

This journal is © The Royal Society of Chemistry 2013
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a white solid. To a solution of N-Boc protected 1-(12-amino-
dodecyl)-1H-pyrrole-2,5-dione in 10 mL of CH,Cl, was added
3 mL of trifluoroacetic acid. The solution was stirred for 4 h at
room temperature. After the solvent was evaporated, the
residue was dissolved in a minimal amount of MeOH. By
adding isopropyl ether to the solution, a white solid was preci-
pitated to give trifluoroacetate salt of 1-(12-aminododecyl)-
1H-pyrrole-2,5-dione (161 mg, 0.575 mmol, 67%). '"H NMR
(400 MHz, CDCl;) 6 7.84 (br, 2H), 6.71 (s, 2H), 3.52 (t, ] = 7.2,
2H), 2.93 (t, ] = 7.2, 2H), 1.64-1.26 (m, 20H); ESI-TOF MS (posi-
tive mode) m/z caled for Cy6H,sN,0, [M + H]" 281.22, found
281.24.

Synthesis of 1. Both 1-(12-aminododecyl)-1H-pyrrole-2,5-
dione trifluoroacetate (120 mg, 0.428 mmol) and 3,3'-dithiobis-
(propionic acid) (40.0 mg, 0.190 mmol) were mixed in dry
CH,Cl,, and then N-(3-dimethylaminopropyl)-N'-ethyl carbodi-
imide hydrochloride (363 mg, 1.9 mmol) was added under a N,
atmosphere at 0 °C. The mixture was stirred for 6 h at room
temperature and then filtered. After the removal of the solvent,
the resulting mixture was extracted with CH,Cl, and washed
with brine (50 mL x 3). The organic layer was dried over an-
hydrous Na,SO,. The product was purified by column chromato-
graphy (SiO,, CH,Cl,-MeOH = 10/1 — 5/1(v/v)) to yield 2 as a
white solid (157 mg, 0.214 mmol, 50%). 'H NMR (400 MHz,
CDCl;) 6 6.71 (s, 4H), 6.35 (br, 2H) 3.53 (t, J = 7.2, 4H), 3.37 (t,
J = 7.2, 4H), 1.60-1.27 (m, 48H); ESI-TOF MS (negative mode)
m/z caled for C3gHg,N4O6S, [M + Cl]™ 769.38, found 769.27.

Preparation of modified gold electrodes

A gold-coated quartz slide (AuroSheet(111), Tanaka Kikinzoku
Kogyo K.K., Japan) with (111) surface (>80%) was used as an
electrode. An electrochemically cleaned gold electrode was
modified by soaking in 300 pL of a DMSO solution of mercapto-
propionic acid (100 mM) and 1 (20 mM) to form a self-
assembled monolayer. After incubation for 6 h at room temp-
erature, the electrode was thoroughly rinsed with water and
then immersed in a 100 pM protein solution (apoCYT,
rCYT(ZnPP)) in 200 pL of 10 mM Tris-HCI buffer (pH 7.0) to
give the electrode modified with each protein.

Quartz-crystal microbalance (QCM) measurements

QCM measurements were performed using a cell equipped
with a 27 MHz QCM plate oscillating at the fundamental fre-
quency. The maleimide- or apoCYT-immobilized QCM cell was
filled with 500 pL of a buffered solution (10 mM KPi, pH 7.0),
and the time course frequency changes were observed on
the addition of the protein solution (4 pM (ZnPP-apoCYT),,
rCYT(ZnPP), or rCYTy, (ZnPP)).

Photocurrent measurements

Photocurrent measurements were performed in a typical three-
electrode configuration connected to a potentiostat as reported
previously.'”” A 50 mM Tris-HCI (pH 7.5) containing methyl-
viologen (1 mM) was used. The maximum current with
clear photoresponses was obtained under the bias potential
of =200 mV.
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