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The direct electron transfer between human cytoglobin (Cygb) and the electrode surface, which would
allow manipulating the oxidation states of the heme iron in Cygb, was first observed by immobilizing Cygb
on a nanoporous gold (NPG) electrode via a carboxy-terminated alkanethiol. The voltammetric performances
of the wild type and mutated Cygb-immobilized NPG electrodes were evaluated in the absence or presence of
potential substrates. The obtained results demonstrated that the usefulness of the proposed method in under-

standing the function of Cygb in molecular basis.
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Introduction

Human cytoglobin (Cygb), which contains a heme as the
active site, is the fourth globin protein in mammals and is
ubiquitously expressed in many organs.” Although the true
cellular function(s) of Cygb still remains unclear, the up-
regulation of Cygb under hypoxic conditions suggests that this
molecule protects cells under hypoxic/ischemic conditions.>®
The activities of Cygb include scavenging of reactive oxygen
species, peroxidase activity, lipid oxidation, nitric oxide (NO)
oxidation, and NO, reduction. These activities might be re-
lated to the function(s) of Cygb, but their mechanisms are in-
completely understood and require in vitro study.*® As some
of the Cygb activities are expressed via the reduced (ferrous)
state of heme iron, they are usually assayed by a reductant
such as dithionite. However, this sometimes leads to difficulty
in achieving accurate data analysis and precise regulation of
the redox states of Cygb.

In recent time, direct electron transfer (DET) reaction be-
tween redox proteins and an electrode has been achieved by
various strategies.” ¥ Electrochemical methods with DET are
attractive for applications in biosensors and bioreactors using
the redox enzymes. DET methods are also applicable to the
molecular-based analyses of protein functions associated with
the redox state change of its active site. In the electrochemi-
cal method, the oxidized or reduced state of a redox enzyme
can be precisely altered by controlling the electrode potential,
without adding an oxidizing or reducing agent. Therefore,
electrochemical methods are powerful tools for understand-
ing detailed protein functions in the absence and presence of
potential ligands, substrates, and other affecting agents. The
electron-transfer rate is an exponentially decreasing function
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of the distance between the active (redox) site in the protein
and the electrode surface, which itself depends on the ori-
entation of the protein; hence DET would be observed only
when the protein orientations on the electrode surface are
adequately controlled.” A strategy that inhibits the denatur-
ation of the protein structure on the solid electrode surface is
also important. When modified by functional organic layers,
the electrode surface can interact with the protein molecules
at an orientation that achieves DET.>!'® Recently, many re-
ports have shown that electrodes with various nanostruc-
tures, such as nanoparticles, nanorods, nanotubes, nanopores,
and nanosheets, can facilitate the DET of redox proteins by
minimizing the aforementioned distance."'"'? We also dem-
onstrated that a nanoporous gold (NPG) electrode, which can
be facilely produced by a simple anodization method, enables
electrochemical control of the redox states of CYP'® and neu-
roglobin (Ngb,' the third globin protein) through the DET
reaction.

In this study, we applied our NPG electrode system to
Cygb, and newly observed an electron transfer reaction be-
tween the electrode and the protein by voltammetry. Judging
from the clear bioelectrocatalytic responses in the presence
of potential substrates, the present system can effectively in-
vestigate the molecular basis of Cygb activities coupled with
electron transfer, and provide insights into Cygb function(s).

Experimental

Highly purified Cygb was prepared in an E. coli expres-
sion system.'"” A mutant Cygb was prepared by site-directed
mutagenesis as previously reported.’” The NPG electrode
was constructed by anodizing a commercially-available planar
gold electrode in a 35-500mM HCI solution and the surface
area was estimated as 0.7cm’ (on average) from the reduc-
tive charge on the gold surface oxide."*'¥ The morphology
of the NPG surface was characterized by scanning electron
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microscopy (SEM). Both the planar (non-anodized) gold and
the NPG surfaces were modified with 5-carboxy-1-pentaneth-
iol, and the purified Cygb was immobilized on the modified
electrode surface through the amino group(s) on the enzyme
surface.'”” The electrochemical measurements were performed
with a configuration consisting of a Pt wire, an Ag|AgClsat.
KCl, and a Cygb immobilized electrodes, as auxiliary, refer-
ence, and working electrodes, respectively, at 25°C under
Ar atmosphere, using an ALS model 660D electrochemical
analyzer. The potentials were converted to potentials versus
the standard hydrogen electrode (SHE). The effect of an NO
donor, namely, 1-(Hydroxy-NNO-azoxy)-L-proline (PROLI
NONOate), on the electrochemical response of Cygb was also
investigated.

Results and Discussion

Redox State Control of Cygb by Direct Electrochemical
Method To investigate the DET between Cygb and the elec-
trode, the voltammetry of the Cygb-immobilized NPG elec-
trode was compared with that of a Cygb-immobilized planar
gold electrode. The representative surface morphology of the
NPG electrode was shown together with that of planar gold
electrode (Figs. 1A, B). The NPG was composed of ligaments
and pores as described in previous reports,'*'® and the liga-
ment sizes were approx. S0nm. The obtained voltammograms
of the Cygb-immobilized electrodes were shown in Figs. 1C
and D. At the Cygb-immobilized planar gold electrode, no
clear faradaic signal appeared (Fig. 1C). On the other hand,
Cygb-immobilized NPG electrode exhibited a well-defined
couple of current peaks with a formal potential, E”, of
—0.035V at pH 6.0 (Fig. 1D). The surface density of electro-
chemically active Cygb molecules on the NPG electrode sur-
face was 1.8 pmol cm ™2, consistent with a monolayer coverage.
The obtained E* value was close to that (—0.037 V) afforded
when a freely diffusing Cygb was subjected to a titration
method at pH 7.0,'”” demonstrating that the present method
can evaluate the redox chemistry of Cygb. The considerably
enhanced electrochemical signals of Cygb on the NPG elec-
trode compared with a planar gold electrode could arise from
the curvature effect'® of the nanoporous structure. A curved
surface would admit more Cygb molecules with orientations
that favor electron transfer with the electrode surface; more-
over, the enlarged electrode surface area of the NPG would
increase the total amount of immobilized Cygb.

Electron Transfer Kinetics of Cygb Using the Cygb-
immobilized NPG electrode, the potential scan rate depen-
dences of the voltammetric peak currents and potentials were
analyzed (Fig. 2). The peak currents in both the cathodic
and anodic directions linearly increased with the scan rate
(Fig. 2A), indicating the electrochemical responses from the
surface-confined Cygb. The separation between the cathodic
and anodic peak potentials increased as the scan rate increases
as shown in Fig. 2B (trumpet plot). From this plot, the ap-
parent heterogeneous electron transfer rate constant (k") was
estimated to be 1s™" using a simulation program.'” This value
was significantly smaller than that (46s™") obtained for human
Ngb-immobilized NPG electrode prepared by the same immo-
bilization strategy.'¥ Although both globins have a six-coordi-
nated heme iron and catalyze similar reactions as mentioned
above,® the slower electron transfer kinetics of Cygb implies
that Cygb inherently has a larger structural reorganization
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Fig. 1. (A, B) Representative Surface Morphologies of the Planar Gold

(A) and NPG (B) Electrodes Observed by SEM; (C, D) Cyclic Voltam-
mograms Obtained at Cygb-Immobilized Planar Gold (C) and NPG (D)
Electrodes in 0.1 M Bis-Tris Buffer Solution (pH 6.0) Containing 100 mM
NacCl

Cygb was attached on each surface via the amino groups of the protein mol-
ecules. Potential scan rate: 0.05Vs™.
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Fig. 2. (A) Cyclic Voltammograms of a Cygb-Immobilized NPG Elec-
trode Obtained at Different Potential Scan Rates in 0.1 M Bis-Tris Buffer
Solution (pH 6.0) Containing 100mM NaCl

Scan rates (Vs™'): 0.05 (thin gray line), 0.2 (gray line), 0.5 (dark gray line), 1
(black line); (B) Relationship between peak potentials and scan rates derived from
the Cygb-Immobilized NPG electrodes. Black and gray circles indicate the cathod-
ic and anodic peak potentials in the voltammograms, respectively.

around the active site compared to that of Ngb. The result
agrees with the fact that Cygb has a slower autoxidation rate
(7.5 X 10 ?min"" in the fast phase and 7.2 X 10 >min"' in the
slow phase at pH 7.4 and 25°C) than that (approx. 0.17min ")
of Ngb.2°2? These kinetic differences between the two globins
may differentiate the function(s) of the globins.
Electrochemical Assay of Wild Type (WT) and Mutated
Cygbs As described, DET reaction between Cygb and the
electrode has been demonstrated, then we examined the
electrocatalytic reactions of Cygb on two potential substrates
(H,O, and nitrite). Recently, the intramolecular disulfide bond
between cysteines, Cys38 and Cyc83, has been shown to affect
the affinity for exogenous ligands and the catalytic activity
of Cygb.?"*» To understand the effect of disulfide formation/
breakage on the electrochemical properties of Cygb, the C38S
and C83S double mutant (2CS) was also studied in addition
to WT. Figures 3A and B show the voltammograms of the
WT and mutant electrode preparations, respectively, in the
presence and absence of H,O,. The 2CS mutant exhibited a
clear redox-peak couple as in the case of WT in the absence
of H,0,. The redox potential of the mutant was estimated
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as —0.040V (Fig. 3B), which was very close to that of WT.
Therefore, the intramolecular disulfide bridge exerted little
effect on the redox potential. This suggests that the corre-
sponding disulfide formation/breakage does not significantly
alter the strength of the axially coordinated ligands to the
heme iron. One of these ligands, His81, is a distal one that ap-
proaches the Cys83 residue. When an exogenous ligand binds
to the heme iron in Cygb, the His81 ligand must dissociate
from the iron; therefore, the strength of the His coordina-
tion could be an important determiner for the ligand binding
property. Astudillo et al. reported®® that the disulfide bridge
modulates the conformational dynamics in Cygb including
the size and energy barrier between the internal hydrophobic
sites. Hence, the present electrochemical result indicates that
the difference in exogenous ligand affinity with and without
the intramolecular disulfide bridge would not result from the
perturbation of His81 coordination but from the structural
changes around the distal pocket altering the ligand migration
pathway.**)

Upon addition of H,O,, the electrocatalytic current in the
cathodic direction at the redox potential of the heme iron in
Cygb was clearly observed in a H,0, concentration-dependent
manner for both WT and 2CS mutant (Figs. 3A, B). When the
H,0, was added, no faradaic current was detected at the car-
boxyalkanethiol-modified NPG electrode within the potential
region in Fig. 3." The H,0, catalytic reaction has been widely
recognized in other hemoproteins such as hemoglobin, myo-
globin, and neuroglobin, where the electrochemically reduced
heme iron was re-oxidized chemically by the H,O, to produce
the catalytic current'***?>; hence, it was reasonably observed
for both Cygb WT and 2CS regardless of the intramolecular
disulfide bond. Thus, the electrocatalytic reaction of Cygb on
its capable substrate was clearly demonstrated using the NPG
electrode.

Cygb is known to show nitrite reductase activity under
hypoxic conditions,?>?® which is expected to generate NO to
facilitate vasodilation and increase blood flow to the hypoxic
tissue. Panels C and D of Fig. 3 show the voltammograms of
WT and 2CS, respectively, upon the addition of nitrite under
the Ar atmosphere at 0.1Vs™. For WT, a significant increase
in the cathodic current was clearly detected at the redox po-
tential of Cygb. As no significant voltammetric signal was
detected at the carboxyalkanethiol-modified NPG electrode,
the nitrite must have been reduced by the electrochemically
reduced ferrous Cygb. On the other hand, the 2CS mutant
did not exhibit such an increase in the current. These electro-
chemical results coincide with the previous report that Cygb
without intramolecular disulfide bond showed much slower ni-
trite reductase activity (50 times smaller rate constant)’® than
that of Cygb with the disulfide bridge, which was revealed
with spectroscopic method. Note that the electrocatalytic cur-
rent generated by the Cygb-immobilized NPG electrode in
nitrite concentration-dependent manner was only observed at
the concentration lower than around 500u4M. Increasing the
nitrite concentration beyond this level diminished the catalytic
current, as evidenced by the smaller signals than those of the
initial state (Fig. 3C, gray dotted line). Although this observa-
tion is poorly understood at present, previous work suggested
that NO molecules stably bind to ferrous Ngb and the adduct
exists in a less active (frozen) state under hypoxic condi-
tions.?” To investigate whether NO molecules affect the elec-
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Fig. 3. Cyclic Voltammograms Obtained at Cygb-Immobilized NPG

Electrodes for WT (A, C) and 2CS Mutant (B, D) upon Addition of H,0,

(A, B), and Nitrite (C, D) Obtained in 0.1 M Bis-Tris Buffer (pH 6.0)
Dashed black lines were without H,O, or nitrite. [H,0,]: 0, 10, 30 uM. [nitrite]:

0, 100, 500, and 2000 uM. Dotted gray curve was obtained in 2000 uM of nitrite.
Scan rates in panels (A, B) and (C, D) were 0.02 and 0.1 Vs™!, respectively.
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Fig. 4. (A) Cyclic Voltammograms of the Cygb-Immobilized NPG

Electrodes before and upon Addition of NO Donor (Light to Dark Lines
Indicate Increasing NO Concentration) Obtained in 0.1 M Bis-Tris Buffer
(pH 6.0) at 0.1Vs™'; (B) Observed Current Ratio (Normalized by the
Ratio in the Absence of NO) versus NO Concentration, Derived from the
Voltammograms

The current ratio is represented as the mean * standard deviation (n =3 indepen-
dent experiments).

trochemical response of Cygb, we conducted the voltammetry
of the Cygb-immobilized NPG electrode in the presence of an
NO donor. As shown in Figs. 4A and B, the faradaic current
signals in the voltammogram clearly decreased with increas-
ing NO concentration, indicating that NO inhibits the electron
transfer reaction of Cygb. Hence, we speculate that the NO
molecules produced by the nitrite reduction of Cygb inhibit its
catalytic reaction, which could imply that the NO generation
by Cygb in the cytoplasm is tuned by this inhibition mecha-
nism.

Conclusion

We manipulated the redox state of human Cygb by a direct
electrochemical method using an NPG electrode. The obtained
electrochemical characteristics provide novel information for
understanding Cygb functionality. As the NPG electrode can
be facilely prepared by a simple strategy, the proposed system
is expected as a useful tool for investigating the molecular
basis of Cygb function(s).
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