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steinyl bolaamphiphile self-
assembly as a horseradish peroxidase-mimetic
catalyst

Chaemyeong Lee and Sang-Yup Lee *

Horseradish peroxidase (HRP) is an important oxidative enzyme with a heme cofactor whose Fe centre acts

as the active site. Its catalytic activity is expressed upon association with the heme cofactor through

coordination between Fe and histidine imidazole. In this study, a HRP-mimetic catalyst was prepared by

binding hemin to the self-assembled suprastructure of cysteinyl bolaamphiphiles through an Fe–thiol

bond, and its oxidative catalytic activity was investigated. The cysteinyl bolaamphiphile self-assembly is

rich with surface-exposed cysteine thiols, which served as binding sites. The activity of the prepared

HRP-mimetic catalyst was pH-dependent and increased with increasing temperature, with an activation

energy of 31.7 kJ mol�1. The kinetic parameters obtained by varying the substrate concentrations

suggested a ping-pong mechanism where H2O2 and substrate bind sequentially to the active centre. The

cysteinyl bolaamphiphile self-assembly provides a biomimetic support on which various metallic

cofactors can bind to induce biochemical activity.
Introduction

Horseradish peroxidase (HRP) is a widely studied oxidative
enzyme for H2O2 activation found in the roots of horseradish. It
has long been used for biological and biochemical processes
such as phagocytosis and ELISA experiments requiring selective
oxidation of target substrates.1,2 HRP is a holoenzyme with
a heme cofactor whose Fe centre acts as the active site. Struc-
tural studies revealed that the heme Fe ion coordinates with the
proximal His170 ligand while the neighbouring Asp247 residue
is supposed to impart anionic character to His170 imidazole by
forming a hydrogen bond (Scheme 1).3,4 The versatile applica-
bility and structural characteristics of HRP, particularly its
catalytically active metalloporphyrin, prompted many
researchers to devise HRP mimics. For example, hematine5,6

and other metalloporphyrins7 exhibit peroxidase-like activity
originating from the central transition metal ion, e.g. Fe.
Various materials, such as histidine-decorated solid electrodes,8

hydrogels,9 and activated carbon bres,10 also have been
exploited as supports of hemin to mimic the HRP structure.
Recently, hemin alone was examined as an alternative oxidation
catalyst to HRP,11 but was found to be less active than the
hemins bound on a support.9 Notably, although the coordina-
tion of the central Fe ion is crucial to achieve a high activity, the
coordination (or binding) method of hemin has not been
considered in previous studies of HRP mimics. In the presence
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of a suitable hemin-binding ligand, an alternative of the His170/
Asp247 combination, hemin will yield high oxidative catalytic
activity upon binding.

Cysteine thiol is a possible binding ligand that can provide
hemin with the enhanced catalytic activity and considerable
binding strength. The cysteine thiol–heme Fe ion tethering is
observed in natural enzymes. For example, cytochrome P450
(ref. 12) and chloroperoxidase13 have an active site of thiol-
bound heme at which the enzymatic oxidation reaction is
carried out. In addition, thiol–iron ion binding is advantageous
to tether strongly the hemin on the substrate in the absence of
additional binding motifs like the heme pocket.14 Considering
these functions of thiol–Fe binding, the cysteine-decorated
matrices are promising supports for hemin immobilization.
Recently, we reported that the self-assembly of cysteinyl
bolaamphiphiles (Cys-C7 hereaer) can produce a so, biomi-
metic matrix with abundant surface-exposed thiols and disul-
des.15 The Cys-C7 consists of a central hydrophobic heptyl
chain conjugated to hydrophilic cysteine motifs through
peptide bonds. Because of the amphiphilic character, the Cys-
C7 molecules self-assemble to form suprastructures stabilized
by hydrogen bonding. The self-assembly process results in an
ordered arrangement of the bolaamphiphiles at the molecular
level with exposure of thiol (and disulde) groups to which
hemin can bind. The hemin-decorated self-assembled structure
showed good structural stability under chemical and thermal
stresses,15 and can therefore be exploited as a solid HRP-
mimetic catalyst, which undergoes a change in chemical
composition during the oxidation reaction, as illustrated in
Scheme 1.
RSC Adv., 2017, 7, 38989–38997 | 38989
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Scheme 1 HRP structure and HRP-mimetic catalyst prepared from cysteinyl bolaamphiphile self-assemblies. At the active site of HRP, the heme
cofactor is linked to His170. The cysteinyl bolaamphiphile self-assembled structure contains numerous cysteine sulfhydryl groups on the surface.
Upon binding of hemin with the surface-exposed sulfhydryl groups, a catalytically active HRP mimic was obtained.
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Here, the effect of experimental conditions such as pH and
temperature on the oxidative catalytic activity of the hemin-
decorated self-assembled Cys-C7 was investigated. The orange
dye Acid Orange 7 (AO7), known to be a serious water pollutant,
was tested as a substrate for degradation by catalytic oxidation
in the presence of H2O2. Decomposition of the dye was moni-
tored to evaluate the catalytic activity of the HRP-mimetic
catalyst, and the activation energy was determined from the
reaction rates at various temperatures. The mechanism of the
catalytic oxidation was deduced from kinetic studies. Our
results revealed that the bolaamphiphile assembly was a reli-
able biomimetic support with Fe binding sites and a protein-
like environment, which expressed the oxidative catalytic
activity from hemin presumably by facilitating Fe(III)/Fe(IV)
transition during the catalysis.
Experimental section

For the preparation of the cysteine-rich matrix, Cys-C7 was
synthesized from L-cysteine and azelaic acid according to
a previously reported procedure.15 Briey, the cysteine benzyl
ester p-toluene sulfonate was synthesized and was conjugated
with azelaic acid through the carbodimide chemistry. Aer the
hydrolysis of the intermediate product and subsequent crys-
tallization, puried Cys-C7 powder was obtained. The pure Cys-
C7 powder was dissolved in HEPES buffer (10 mM, pH 7.0) at
a concentration of 7 mg mL�1 and le for one day in the buffer
solution at room temperature for self-assembly. Bovine hemin
(>90%, Sigma-Aldrich, St. Louis, MO) was dissolved in the
prepared Cys-C7 assembly suspension at a concentration of
38990 | RSC Adv., 2017, 7, 38989–38997
0.1 mM, and le for one day to bind to the surface of the Cys-C7
assemblies. The hemin-bound Cys-C7 assemblies were applied
as the HRP-mimetic catalysts.

When preparing the Cys-C7 assemblies, the reducing agent
b-mercaptoethanol (b-ME) was added to the Cys-C7 solution at
a concentration of 10 mM to reduce the disulde bonds. In the
absence of b-ME, cysteine thiols are oxidized to form disulphide
bonds during the self-assembly. To evaluate the effect of
cysteine thiol oxidation on the catalytic activity, Cys-C7 assem-
blies prepared in the presence/absence b-ME were used as
supports, respectively, in preparing the HRP-mimetic catalysts
by addition of hemin.

The catalytic activity was tested by adding H2O2 and AO7 (dye
content $85%, Sigma-Aldrich) substrate solutions to the
prepared HRP-mimetic catalyst suspension. Stock solutions of
H2O2 and AO7 were prepared in HEPES buffer (10 mM, pH 7.0)
at concentrations of 10 mM and 0.05 mM, respectively. To the 1
mL of the HRP-mimetic catalyst suspension, 1 mL of AO7
solution and 0.1 mL of H2O2 solution were added in sequence to
initiate the catalytic reaction. Aer mixing the substrate solu-
tions, the concentrations of the reaction mixture were as
follows: Cys-C7 3.3 mg mL�1, hemin 0.048 mM, AO7 0.024 mM,
and H2O2 0.48 mM. The progress of the catalytic reaction was
monitored by following the disappearance of the characteristic
AO7 absorption band at 484 nm by UV-vis spectroscopy (S-3100,
Scinco).16

Since hemin binding to the support is a decisive factor of the
catalytic activity, concentrations of Cys-C7 (0.48–6.67 mg mL�1)
and hemin (0.005–0.048 mM) were controlled to observe the
effect of each component on the catalysis. To observe the effect
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Catalytic oxidation of AO7 by the HRP-mimetic catalyst and the
individual components used for its preparation. (a) Normalized AO7
concentration representing the activity of the catalyst and its individual
components, (b) AO7 degradation ratio by the catalyst and its indi-
vidual components (error bar represents the standard deviation, n¼ 3),
(c) oxidation profiles of AO7 by HRP and the HRP-mimetic catalyst at
various concentrations.
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of pH, HEPES buffer solutions at various pH (pH¼ 3.5–8.2) were
used whose pH was controlled with 0.1 M HCl and 0.1 M NaOH.
Activation energy of the catalyst was determined from the
reaction rate at various temperatures (10–50 �C). From the slope
of the AO7 oxidation proles at the beginning of the reaction,
the reaction rate was determined and the reaction rate
constants were determined assuming a rst order reaction. The
reusability of the catalyst was tested by repeating the AO7
oxidation reaction. Aer 10 min reaction time, the remaining
AO7 concentration was measured, and the catalytic activity was
determined. Aer each use, the catalysts were collected, washed
with deionized water, and re-dispersed in the AO7 solution for
repeated use.

Control experiments using the natural HRP (lyophilized, 148
U mg�1, Sigma) were performed for the activity comparison to
the mimetic catalyst. Oxidation of AO7 was carried out in
various HRP concentrations in HEPES buffer solution (10 mM,
pH 7.0) in the presence of AO7 and H2O2 substrates.

Results and discussion

The catalytic oxidation of AO7 was represented by the degra-
dation ratio that was calculated by the following equation:

Degradation ratio ¼
�
1� C

C0

�
(1)

where C and C0 are the residual and initial concentrations of
AO7, respectively. Fig. 1a shows the decomposition of AO7 with
time in the presence of HRP-mimetic catalyst components. The
catalytic activity of the hemin-bound Cys-C7 assemblies was
demonstrated by control experiments. AO7 was not oxidized by
Cys-C7 assembly alone indicating the absence of catalytic
activity of the functional groups of the Cys-C7 assembly such as
thiol, disulde, and carboxyl groups. Moreover, negligible
catalytic activity was observed in the presence of hemin alone,
with a 10.2% AO7 degradation ratio aer 30 min reaction time,
which is similar to the degree of natural degradation of AO7
(9.6%) (Fig. 1b). Although hemin alone was reported to show
oxidation activity in the presence of SO3

2� ion,11 it is reasonable
to consider that hemin is not active for AO7 oxidation when not
immobilized on a reliable support matrix. The HRP-mimetic
catalyst formed by binding of hemin to the Cys-C7 assembly
showed high oxidation activity, as indicated by the rapid
degradation of AO7; specically, 80% AO7 degradation was
observed in 15 min. Moreover, AO7 oxidation by the HRP-
mimetic catalyst was clearly evidenced by the colour change of
the solution from orange to transparent (Fig. 1b, inset).

The activity of the HRP-mimetic catalyst was compared with
that of HRP. As a control, HRP was dissolved in HEPES buffer
(10 mM, pH 7) at a concentration of 0.35 mg mL�1. To this HRP
solution, AO7 and H2O2 substrates were added at designed
concentrations (0.024 and 0.48 mM, respectively) to initiate the
oxidative catalysis. The oxidation proles of AO7 by HRP and by
the HRP-mimetic catalyst at various concentrations are shown
in Fig. 1c. The oxidation proles at the same concentration of
0.35 mg mL�1 indicate that the activity of the HRP-mimetic
catalyst was a little lower than that of HRP. The activity of the
This journal is © The Royal Society of Chemistry 2017
HRP-mimetic catalyst was estimated to be between 110 and 130
U mg�1 from other oxidation proles. This suggests that the
prepared mimetic catalyst has considerable activity although it
is not as active as HRP.

For the peroxidase, the oxidative catalytic activity originates
from a reactive Fe(IV)-oxo radical intermediate in the centre of
hemin,17–19 which is formed by heterolytic cleavage of H2O2 and
binding of oxene on Fe ion that is coordinated with a chelating
porphyrin ligand.8,20 The observed catalytic activity suggests
RSC Adv., 2017, 7, 38989–38997 | 38991
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that cysteine thiol of Cys-C7 assembly was an effective binding
ligand for generating the active Fe(IV)-oxo intermediate species
of hemin. The anionic cysteinate is likely to stabilize Fe(III)
leading to formation of Fe(IV)-oxo intermediate when H2O2 is
associated with.21 Compared to building His/Asp combination
in a well-controlled conformation, usage of cysteine is advan-
tageous to prepare a HRP mimic because of its simplicity and
high binding affinity to Fe, which allows the solid immobiliza-
tion of hemin on the surface of the support.

Because the catalytic activity stems from the binding of
hemin to Cys-C7 assembly, the effect of each component of the
HRP-mimetic catalyst was investigated. First, the catalytic
activity was examined at different hemin concentrations. AO7
degradation increased with increasing hemin concentration at
xed concentrations of Cys-C7 (3.3 mg mL�1) and H2O2

(0.47 mM). Specically, the degradation rate of AO7 was deter-
mined for hemin concentrations in the range of 0.005–0.04 mM
from the slope of the degradation plot at the early stage (t < 400
s) of the reaction (Fig. 2a and b). The increasing degradation
rate implies the formation of more active sites with increasing
addition of hemin to the Cys-C7 assemblies, leading to faster
degradation. At hemin concentrations above 0.04 mM, the
binding sites of the Cys-C7 assembly seemed to be saturated,
and no further increase in degradation rate was observed. When
Fig. 2 Effect of hemin and Cys-C7 assembly on the catalytic activity. (a)
reaction rate at different hemin concentrations (0.005–0.048 mM) and
concentration at different concentration of Cys-C7 (0.48–6.67 mgmL�1)
activity upon addition of b-mercaptoethanol, which reduces the disulfid

38992 | RSC Adv., 2017, 7, 38989–38997
0.048 mM hemin was used, the AO7 degradation ratio did not
exceed 0.8 (C/C0 ¼ 0.2), as shown in Fig. 2a, suggesting that
complete degradation of AO7 could not be achieved, presum-
ably because of inactivation of the catalyst. Inactivation of the
active site of hemin may result from the interaction of the
phenoxy radicals with the catalytic centre.22

The effect of hemin concentration suggests that the activity
of the HRP-mimetic catalyst can be inuenced by the amount of
Cys-C7 assembly. Thus, we examined the catalytic activity at
various Cys-C7 concentrations in the range of 0.48–6.67 mg
mL�1 while keeping the hemin concentration at 0.048 mM. No
signicant differences in the initial degradation rate were
observed, indicating that the initial reaction rate was mainly
determined by the amount of hemin (Fig. 2c). However, overall,
the degradation ratio increased proportionally with the amount
of Cys-C7. It can be inferred that higher Cys-C7 concentrations
provided more cysteine thiol binding sites for hemin resulting
in the formation of more catalytically active sites and therefore
higher degradation ratios.

The binding of hemin to the Cys-C7 assembly was mainly
governed by the surface cysteine sulydryl groups. During the
self-assembly process, the cysteine thiols were oxidized to form
disulde bonds. Addition of b-ME to the Cys-C7 assembly
suspension would reduce the disulde bonds to thiol groups
Normalized AO7 concentration and (b) corresponding initial oxidation
constant Cys-C7 concentration (3.3 mg mL�1). (c) Normalized AO7
and constant hemin concentration (0.048 mM). (d) Change in catalytic
e bonds in the Cys-C7 assembly.

This journal is © The Royal Society of Chemistry 2017
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providingmore binding sites for hemin, thereby resulting in the
formation of more active sites. Fig. 2d shows the AO7 degra-
dation proles before and aer reduction of the disulde bonds
on the Cys-C7 assembly. Without b-ME, less hemin molecules
could bind to the Cys-C7 assembly resulting in lower catalytic
activity, whereas aer reduction of the disulde bonds, the
degree of AO7 degradation increased. This result demonstrates
that the binding between cysteine thiol and hemin Fe ion is the
key to the catalytic activity. Formation of disulde bonds during
self-assembly is inevitable because of the vicinity of the cysteine
thiols.

The catalytic reaction was also strongly affected by physico-
chemical conditions such as pH and temperature. Similar to the
natural enzyme, the HRP-mimetic catalyst showed an optimal
pH. Fig. 3a shows the AO7 concentration proles during the
catalytic oxidation at different pH values. The catalytic AO7
degradation was accelerated by increasing the solution pH from
3.5 to 7.0, at which the maximum catalytic performance was
achieved, and was retarded at a basic condition of pH 8.2. The
maximum performance at pH 7.0 is indicative of the biological
character of the HRP-mimetic catalyst. We considered the pH
effect on the individual components of the catalyst and on the
substrate. In the absence of the catalyst, the degradation of AO7
is promoted in acidic solution due to the neutralization of the
SO3

� group of AO7 and formation of HOOc radicals from H2O2

dissociation.23 In addition, hemin alone shows maximum
oxidation activity at pH 3.2.10 Thus, the maximum catalytic
Fig. 3 AO7 concentration profiles during the catalytic oxidation at
different (a) pH values and (b) temperature.

This journal is © The Royal Society of Chemistry 2017
activity at pH 7.0 suggests that the optimal performance was not
due to an enhanced substrate activity or hemin activation, but is
indicative of the HRP-like character of the prepared catalyst,
which is consistent with the optimal pH of HRP (6.0–7.2).24–26

The pH-dependent activity of the HRP-mimetic catalyst suggests
the anionic cysteinate coordination to Fe(III) of hemin, which is
common for many metalloproteins.21 Under acidic conditions,
the cysteinate is protonated to form neutral cysteine that weakly
binds Fe(III). Thus, less hemin binding binds on the Cys-C7
assembly resulting in decrease of catalytic activity. At the
basic condition, promotion of the ionization of SO3

� group of
AO7 is likely to retard the catalysis.

Interestingly, the catalytic activity of the HRP-mimetic cata-
lyst continuously increased with increasing temperature up to
45 �C (Fig. 3b), in contrast with the natural HRP activity, which
decreases at temperatures above 38 �C.26–28 The temperature
dependency is a non-biological character of the HRP-mimetic
catalyst, although the activity did not increase further at
temperatures above 45 �C. This non-biological behaviour is
presumably due to the thermal stability of the Cys-C7 assembly
structure and solid hemin binding through the cysteinate-Fe
bonding. On the other hand, the structure of HRP is destabi-
lized above �40 �C, resulting in reduced catalytic activity.29,30

The molecular interactions responsible for the assembly of Cys-
C7 molecules, including hydrophobic interactions, hydrogen
bonding, and disulde bondings, were weakened by increasing
temperature, but were still strong enough to maintain the Cys-
C7 assembly stability.

The activation energy of the HRP-mimetic-catalysed oxida-
tion was evaluated from the reaction rate constants at different
temperatures. To estimate the apparent rate constant, kobs, the
reaction was treated as a pseudo-rst-order reaction dependent
only on the AO7 concentration. Because the concentration of
H2O2 was about 20 times that of AO7, the effect of the H2O2

concentration was negligible. This pseudo-rst-order reaction
rate can be simply calculated by eqn (2):

�rAO7 ¼ kobsCAO7 (2)

where CAO7 is the concentration of AO7. The reaction rate �rAO7
was determined from the slope of the oxidation curve at the
onset of the reaction.

The logarithm of the reaction rate constant, kobs, was plotted
against 1/T according to the Arrhenius equation, and the acti-
vation energy was calculated from the slope of the linear
regression (Fig. 4). The activation energy of AO7 oxidation cat-
alysed by the HRP-mimetic catalyst was 31.7 kJ mol�1, which
was higher than that of the reaction catalysed by HRP
(15.6 kJ mol�1)31 or hemin–graphene composite (20.37 kJ
mol�1),32 but lower than that of the oxidation promoted by
hemin alone (37.0 kJ mol�1).11 The magnitude of the activation
energy suggests that the interaction between the Cys-C7
assembly and the AO7 substrate was not sufficiently strong to
accelerate the catalysis. As reported for other oxidation cata-
lysts, the affinity of the catalyst support to the substrate inu-
enced the reaction rate.33,34 The activation energy would
increase with increasing inertness of the support to the target
RSC Adv., 2017, 7, 38989–38997 | 38993
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Fig. 4 Determination of the activation energy of AO7 oxidation cat-
alysed by the HRP-mimetic catalyst from the Arrhenius plot. Assuming
pseudo-first-order reaction kinetics, the apparent rate constant (kobs)
was determined from the onset reaction rate at each temperature.
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substrate. It is likely that the attractive interaction between AO7
and the Cys-C7 assembly was not signicant because the
aromatic nature of AO7 was repulsive to the surface carboxyl
and sulydryl groups of the Cys-C7 assembly.

Absence of distal H2O2 binding site is another factor for the
high activation energy. Distal ligands of His42 and Arg38 work
Fig. 5 Steady-state kinetic assay of the HRP-mimetic catalysts. The app
linear double-reciprocal plots, which were obtained (a, b) for various H2O
0.14 mM) and (c, d) for various AO7 concentrations at a fixed H2O2 conce
were determined at pH 7.0 using the HRP-mimetic catalysts prepared fro
standard deviation (n ¼ 3).

38994 | RSC Adv., 2017, 7, 38989–38997
as acid/base to facilitate the heterolysis of H2O2 resulting in the
promotion of the overall catalysis.35 It is natural that the acti-
vation energy (and rate) of the reaction is lowered in the absence
of such assisting ligands.

The oxidation catalysed by the HRP-mimetic catalyst is a bi-
substrate reaction with kinetics governed by both substrates.
Detailed analysis of kinetics and mechanism was performed
based on the reaction rates at different substrate concentra-
tions. The catalytic reaction rate can be described by the bi-
substrate Michaelis–Menten (MM) eqn (3):36

v0 ¼ kcat½E0�½AO7�½H2O2�
KOPD

M ½H2O2� þ KH2O2

M ½AO7� þ ½AO7�½H2O2�
(3)

where kcat and KM
i are the apparent turnover number and the

Michaelis constant for substrate i, respectively. The reaction
rates for the oxidation of AO7 were determined varying the
concentration of one substrate while keeping the other
substrate concentration constant. The kinetics obeyed the bi-
substrate MM model with linear double-reciprocal plots.

Fig. 5a and b show the MM kinetic and double-reciprocal
plots, respectively, obtained using the reaction rates deter-
mined at xed AO7 concentrations while varying the H2O2

concentrations. As can be seen from the MM kinetic plots, the
substrate-dependent reaction rates indicated the enzyme-like
behaviour of the HRP-mimetic catalyst. Similar concentration-
arent reaction rates obeyed the Michaelis–Menten kinetic model with

2 concentrations at a AO7 fixed concentration (0.005, 0.01, 0.05, and
ntration (1.43, 3.33, 4.80, and 23.8 mM), respectively. The reaction rates
m 0.048 mM hemin and 3.3 mg mL�1 Cys-C7. Error bars represent the

This journal is © The Royal Society of Chemistry 2017
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dependent MM kinetic plots were obtained at xed H2O2

concentrations (Fig. 5c and d). The kinetic parameters, namely,
the Michaelis constants (KM) and turnover numbers (kcat), were
determined from the double-reciprocal plots assuming
a pseudo-rst-order reaction, and the catalytic efficiency
(kcat/KM) was calculated. The catalytic efficiencies and kinetic
parameters are listed in Table 1. The substrates showed
different affinities for the HRP-mimetic catalyst. The Michaelis
constant (KAO7

M ) increased with increasing AO7 concentration
(Fig. 5a and b), indicating a weak attractive interaction between
AO7 and the HRP-mimetic catalyst. For substrates with good
affinity for the catalyst, the KM decreases with increasing
substrate concentration.37 The weak interaction between AO7
and the HRP-mimetic catalyst is consistent with previous
results on the activation energy. The turnover number
(kAO7cat ) also increased with AO7 concentration, but not signi-
cantly. Thus, the catalytic efficiency (kAO7cat /K

AO7
M ) decreased with

AO7 concentration. The slight increase in turnover number was
presumably due to the high AO7 content in the reaction
mixture, which enhanced the chances of collision for reaction at
the active sites.

A similar change in the kinetic parameters was observed
when varying the H2O2 concentration (Fig. 5c and d). With
increasing H2O2 concentration, kH2O2

cat /KH2O2
M decreased because

of a drastic increase of KH2O2
M accompanied by a mild increase of

kH2O2
cat . The KH2O2

M increase suggests that the driving force for
H2O2 binding to the Fe centre of hemin is not signicant, either.
In natural HRP, the His 42 and Arg38 in distal helix promotes
the binding of H2O2 to the Fe centre.38 Furthermore, these distal
ligands are responsible for the high reaction rate of HRP.39

However, the lack of this assisting amino acid in the HRP-
mimetic catalyst resulted in a low affinity for H2O2.

The reaction mechanism of the HRP-mimetic catalyst can be
inferred from the parallel double-reciprocal plots, which sug-
gested a ping-pong mechanism where an intermediate complex
is formed by association of one substrate to the active site fol-
lowed by reaction with the other substrate.31 This agrees with
the generally accepted mechanism of HRP where the associa-
tion of H2O2 with the Fe active centre of hemin generates the
Table 1 Apparent kinetic parameters of the HRP-mimetic catalyst

AO7 conc.
(mM) kAO7cat (s�1) KAO7

M (mM)
kAO7cat /K

AO7
M

(s�1 mM�1)

0.005 35.9 � 2.4 0.07 � 0.01 536.1 � 5.0
0.01 39.1 � 1.6 0.1 � 0.02 317.2 � 4.8
0.05 44.2 � 7.6 0.4 � 0.05 112.6 � 5.3
0.14 44.4 � 9.1 1.4 � 0.56 33.0 � 9.9

H2O2 conc.
(mM) kH2O2

cat (s�1) KH2O2
M (mM)

kH2O2
cat /KH2O2

M
(s�1 mM�1)

1.34 64.2 � 6.4 45.7 � 1.9 1.4 � 0.1
3.33 84.5 � 3.8 105.0 � 4.3 0.8 � 0.0
4.80 99.8 � 4.2 147.4 � 4.2 0.7 � 0.1
23.8 104.5 � 3.7 615.9 � 2.8 0.2 � 0.1

This journal is © The Royal Society of Chemistry 2017
active Fe(IV)]O intermediate leading to subsequent oxidation
of the other substrate. This ping-pong mechanism based on the
formation of active intermediates with H2O2 was also observed
in many other peroxidase-mimetic catalysts with active sites of
biological and organic compounds.40–42

To evaluate the practical applicability of the HRP-mimetic
catalyst, its reusability was investigated. The oxidation of AO7
was monitored with repeated use. The catalytic activity gradu-
ally decreased (Fig. 6a), presumably because of hemin degra-
dation by repeated exposure to H2O2. Heme was reported to be
degraded by H2O2 leading to inactive species, which were
produced by the formation of Fe(II)-oxy species or by binding of
O2c radical.43 Fig. 6b shows the AO7 oxidation proles with
repeated use of the catalyst. The onset rate (corresponding to
the initial slopes) of the normalized AO7 concentration proles
decreased with reuse of the catalyst, and the reaction reached
a plateau at a lower degree of AO7 oxidation. These results
conrm the degradation of the catalyst, indicating that the
decrease in catalytic activity was not caused by the loss of
catalyst or detachment of hemin during the collection and
washing steps. Because hemin degradation is also observed
even in natural enzymes with heme cofactors, the inherent
vulnerability of hemin was considered responsible for the
degradation of the catalyst.

Finally, the HRP-mimetic catalyst was applied for the
oxidation of other organic substrates. Two organic compounds
Fig. 6 Reusability of the HRP-mimetic catalyst. (a) Changes in the
degradation ratio and (b) AO7 degradation profiles with repeated use
of the catalyst (error bar represents the standard deviation, n ¼ 3).
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Fig. 7 Catalytic oxidation of methylene blue (MB) and o-phenyl-
enediamine (OPD) by the HRP-mimetic catalyst (left: degradation ratio
of each component, right: photographic images of substrate solutions
before and after the catalytic oxidation).
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of methylene blue (MB) and o-phenylenediamine (OPD) were
tested as substrates. Since catalytic oxidation was mainly
induced by the active Fe(IV)-oxo radical intermediate at the
hemin centre, these organic compounds are readily oxidized in
the presence of the HRP-mimetic catalyst. Degradation ratios of
these two compounds are shown in Fig. 7. High degradation
ratio of MB and OPD indicates that the oxidative catalysis
mechanism works for other organic substrates as well as AO7.
Except MB and OPD, other organic compounds (3,30,5,50-tetra-
methylbenzidine and pyrocatechol) were also oxidized by the
catalyst (data not shown). Thus, the HRP-mimetic catalyst is
applicable for the oxidation of various organic substrates
without substrate specicity. The absence of the specic
binding site for a target substrate in the HRP-mimetic catalyst
accounts for the absence of substrate specicity.
Conclusions

In summary, experimental data demonstrated that hemin
bound to Cys-C7 assemblies through a cysteine thiol–Fe bond
showed oxidative catalytic activity. The Cys-C7 assembly served
as a biomimetic matrix whose surface-exposed thiol groups
bound Fe of hemin to express the oxidative catalytic activity by
facilitating the formation of the active Fe(IV)-oxo radical inter-
mediate during catalysis. The prepared HRP-mimetic catalyst
displayed a lower activation energy than hemin alone and
enhanced stability at temperatures above 40 �C. Compared to
other polymeric and biomolecular supports using hemin as the
active site, the Cys-C7 assembly provided an obvious binding site
for hemin while the catalytic oxidation proceeded by the ping-
pong mechanism. Expression of the catalytic activity of hemin
aer binding to the thiol-rich support conrmed that coordi-
nation of the central Fe ion was the key factor to form the active
catalyst intermediate. The synergistic combination of natural
cofactors and biomimetic supports prepared by the assembly of
engineered bolaamphiphiles is an appealing method to develop
enzyme-mimetic catalysts with designed activity.
38996 | RSC Adv., 2017, 7, 38989–38997
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