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ABSTRACT

In this work, the regeneration of native horseradish peroxidase

(HRP), following the consecutive reduction of oxo-ferryl p-cation
(compound I) and oxo-ferryl (compound II) forms, was observed

by UV–visible spectrometry and electron paramagnetic resonance

(EPR) in the presence of methylene (MB
+
), in the dark and under

irradiation. In the dark, MB+ did not affect the rate of HRP

compound I and II reduction, compatible with hydrogen peroxide

as the solely reducing species. Under irradiation, the dye

promoted a significant increase in the native HRP regeneration

rate in a pH-dependent manner. Flash photolysis measurements

revealed significant redshift of the MB+ triplet absorbance

spectrum in the presence of native HRP. This result is compatible

with the dye binding on the enzyme structure leading to the

increase in the photogeneratedMB· yield. In the presence of HRP

compound II, the lifetime of the dye at 520 nm decreased �75%
relative to the presence of native HRP that suggests MB· as the

heme iron photochemical reducing agent. In argon and in air-

saturated media, photoactivated MB
+

led to native HRP

regeneration in a time- and concentration-dependent manner.

The apparent rate constant for photoactivated MB+-promoted

native HRP regeneration, in argon and in air-saturated medium

and measured as a function of MB
+

concentration, exhibited

saturation that is suggestive of dye binding on the HRP structure.

The dissociation constant (KMB) observed for the binding of dye to

HRP was 5.4 ± 0.6 lMM and 0.57 ± 0.05 lMM in argon and air-

saturated media, respectively. In argon-saturated medium, the

rate of the conversion of HRP compound II to native HRP was

significantly higher, k2argon = (2.1 ± 0.1) · 10
)2
s
)1
, than that

obtained in air-equilibrated medium, k2air = (0.73 ± 0.02) ·
10)2s)1. Under these conditions the efficiency of photoactivated

MB+-promoted native HRP regeneration was determined

in argon and air-equilibrated media as being, respectively:

k2 ⁄KMB = 3.9 · 103 and 12.8 · 103 MM
)1 s)1.

INTRODUCTION

Horseradish peroxidase (HRP) is a heme containing enzyme

catalyzing the oxidation by hydrogen peroxide of a wide

variety of inorganic and organic compounds such as iodide,
bromide, ascorbate, ferrocyanide, cytochrome c and the
leuco form of many dyes (1). The term HRP is used
somewhat generically as the root of horseradish (Armoracia

rusticana) contains a number of distinctive peroxidase
isoenzymes of which the C isoenzyme (HRP C) is the most
abundant (1). HRP C comprises a single polypeptide chain

with 308 amino acid residues. The enzyme structure exhibits
four disulfide bridges between cysteine residues 11–91, 44–
49, 97–301 and 107–209, and a buried salt bridge between

Asp99 and Arg123. Sites of glycosylation are in loop regions
of the structure at Asn13, Asn57, Asn158, Asn186, Asn198,
Asn214, Asn255 and Asn268, and bear branched heptasac-
charides that account for 75–80% of the glycans. These

oligosaccharides invariably contain two terminal GlcNAc
and several mannose residues (2,3). The enzyme structure
exhibits two Ca2+ ions: one of them is coordinated with

Asp43, Asp50, Ser52 (side chains) and Asp43, Val46, Gly48
(carbonyl groups) and a structural water, and the other one
is coordinated with Thr171, Asp222, Thr225, Asp230 (side

chains) and Thr171, Thr225 and Ile228 (carbonyl groups).
The heme group exhibits the heme iron pentacoordinated
bearing His170 as the distal ligand (4). Five oxidation states

of HRP, ferrous, ferric, compounds I and II, oxy-ferrous,
are known and formed during the peroxidase and oxidase
cycles of the enzyme. In the peroxidase cycle the Fe(III)
heme iron of the resting enzyme coordinates a deprotonated

hydrogen peroxide molecule to form compound 0. In this
step, recent literature data suggest that His42 acts initially as
a proton acceptor (base catalyst) and then as a donor (acid

catalyst) at neutral pH, consistent with the observed slower
rate and lower efficiency of heterolytic cleavage observed at
acid pH. Arg38 is influential in lowering the pKa of His42,

as well as in aligning HOOH in the active site, but it does
not play a direct role in proton transfer. Compound 0 is
turned into compound I (oxoferryl p-cation radical) by the

heterolytic cleavage of HOOH and generates the reduced
form of the peroxide (water for HOOH and alcohol-derived
for ROOH). Compound I is converted to compound II
(oxoferryl heme iron) by attacking another peroxide mole-

cule or another reducing agent as depicted by Scheme 1.
Compound II returns to the native form by attacking*Corresponding author email: ilnantes@umc.br (Iseli L. Nantes)
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another molecule of the reducing agent. In the oxidase cycle
the ferric enzyme can be reduced to the ferrous form and, in

the presence of molecular oxygen, converted to compound
III. The electronic structure of compound III of HRP is
similar to that of oxymyoblogin and oxyhemoglobin and can

be described as Fe2+-O2 or the isoelectronic Fe3+-O2
). The

dioxygen bound to HRP has a significant superoxide
character and is highly reactive. Compound III can also
be generated by the reaction of compound II with excess of

peroxide and can return to the native form by the
detachment of the superoxide ion (1,5,6).

As cited above, HRP can use a wide variety of reducing

agents to reduce the high valence intermediates. Literature
data describe that a parent enzyme produced by the fungus
Phanerochaete chrysosporium, the lignine peroxidase (Lip), can

oxidize various heterocyclic dyes including methylene blue
(MB+) (7–9). In this regard, MB+ exhibits photochemical
properties and it is a sensitizer used in vitro for a variety of

applications, including energy conversion and photodynamic
therapy (10). The photoexcitation of MB+ leads the dye to the
triplet excited state via intersystem crossing. In the monomer
form, predominant at low concentrations (up to 8 lMM) or in

the presence of excess of SDS, MB+ generates singlet oxygen
(O2(

1Dg)) (Type II mechanism) via energy transfer to ground
state molecular oxygen. At high concentrations, triplet MB+,

aggregated as dimer, generates dye-derivate free radicals
MB2+d

and MB
d

(Type I mechanism) (11). The neutral radical
of the dye, MB

d

, is a reducing agent able to reduce ferric

cytochrome c (12). For peroxidases, literature data have shown
the use of the chemical and electrochemical reducing potential
of MB+ to reduce the oxidized intermediates of the enzymes
(13,14). However, the photogenerated MB

d

is also a potential

reducing agent for the peroxidases. Investigation concerning
peroxidase reactions in the presence of photoexcited MB+ was
reported for the peroxidase-oxidase (PO) oscillator (15). In this

model for complex reaction network, where NADPH is the
principal electron donor (14,16–18) the interference in the
oscillations were interpreted as coming from the excited MB+-

promoted NADPH oxidation. In this work, for the first time, a
light-driven catalytic cycle of HRP with the intermediacy of
photoexcited MB+ is described. This finding brings to light the

potential use of this system in nanotechnology and energy
transduction.

MATERIALS AND METHODS

Chemicals. Horseradish peroxidase (Type VI–A) was obtained from
Sigma Chemical Co. (St. Louis, MO). Hydrogen peroxide and MB+

werepurchased fromAldrich (Milwaukee,WI).The concentrationof the
dilute HOOH solutions and HRP solutions were always checked

spectrophotometrically using the molar extinction coefficient at
240 nm (HOOH), �240 = (39.4 ± 0.2) MM)1 cm)1 and 403 nm (HRP),
�403 = 1.02 · 105 MM

)1 cm)1 (19). All aqueous solutions were prepared
with deionized water (mixed bed of ion exchanger, Millipore) and the
pH was measured using a combined glass electrode (Orion Glass
pH SURE-FLOW). The reference electrode (ROSS, Model 8102) was
filled with Orion Filling Solution (ROSS). The pHmeter was calibrated
using METREPAK pHydrion standard buffer solutions (Brooklyn,
NY).

Irradiation system. Samples in 5 mMM phosphate buffer, at 25�C,
were irradiated in a glass chamber with a halogen light bulb of 500 W
power, set at a distance of 30 cm. Irradiance was measured with
calibrated detectors and a meter (Fieldmate-Coherente). In this
condition, the power reaching the sample was measured by the power
meter as being �10 mW. The glass chamber was cooled by circulating
water.

UV–Vis measurements. All spectra were performed in a Photodiode
Array Spectrophotometer MultiSpec-1501 (Shimadzu Co., Kyoto,
Japan).

Enzymatic kinetics. The data sets represent the average of three
independent measurements. The kinetic data were recorded at 403 nm,
the Soret band wavelength peak of the HRP native. The observed
conversion of HRP compound II into HRP native obeys a relationship
that could be fit to the first-order (Eq. 1).

DA403nm ¼ lim� 1� e �kobs�tð Þ
� �

ð1Þ

where DA403nm and lim are the concentration of native HRP regener-
ated at a given time and at infinite time, respectively, and kobs is the
observed first-order rate constant for the conversion of HRP com-
pound II to the native form.

The influence of dye concentration on the conversion rate of HRP
compound II to the native form obeyed (Eq. 2):

kobs ¼
kobsmax

� MB½ �
kMB þ MB½ � ð2Þ

where kobs is the observed conversion rate of HRP compound II to the
native form, kobsmax is the maximum rate, [MB] is the concentration of
the dye, and KMB is the apparent dynamic or pseudoequilibrium
constant for complexation between HRP compound II and the dye.

The influence of pH on the conversion rate of HRP compound II to
the native form by hydrogen peroxide obeyed (Eq. 3):

kobs ¼
lim�10pH�pKa

10pH�pKa þ 1
ð3Þ

where lim = kobs independent of pH and kobs is the observed first-
order rate constant for the conversion of HRP compound II to the
native form.

Laser flash photolysis. The data were obtained with an Applied
Photophysics system composed of a Nd:YAG laser (Spectron Laser
System, Warwickshire, UK), operating at 532 nm, delivering pulses
with 30 mJ ⁄ pulse and 10 ns (full width at half maximum), and a pulsed
150 W Xe lamp. Control electronics and a Hewlett–Packard model
54510B digitizing oscilloscope interfaced to a PC were used for data
capture.

EPR spectrometry. Direct EPR measurements of heme iron signal
were obtained in a Bruker ELEXSYS EPR System E-580, X-band
spectrometer under the following conditions: gain 45 dB, modulation
amplitude 1.0 mT, microwave power 0.64 mW, microwave frequency
9.47 GHz, center magnetic field 240.0 mT, scan range of magnetic field
410.0 mT, temperature variation between 4 and 50 K, time constant
10.24 ms and conversion time 40.96 ms. After mixing, solutions were
quickly introduced into an EPR quartz tube that was previously cooled
in liquid nitrogen. After freezing, the sample was introduced into the
microwave cavity at low temperature and the EPR measurements were
performed.

Docking simulations. Docking simulations with flexible ligand were
performed by using ArgusLab software (20). The HRP template was
1H55 from Protein Data Bank. The ligand molecules were MB+ and
the corresponding neutral form.
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Scheme 1. Routes for electron transfer from MB
d

to HRP in the
presence and in the absence of O2.
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RESULTS

Figure 1a shows the changes in the HRP and MB+ spectra in
the presence of hydrogen peroxide and under irradiation. The
thick solid line represents the spectrum of HRP in the presence

of MB+ before the addition of hydrogen peroxide. The HRP
spectrum, in the presence of MB+, remains unchanged in the
absence of hydrogen peroxide both in the dark and under

irradiation (data not shown). The addition of hydrogen
peroxide leads to changes in the HRP spectrum compatible
with the formation of compound II (dotted line) as the Soret
band was shifted from 403 to 418 nm. In this condition, the Q

bands of HRP spectrum were also compatible with the
formation of compound II but they were overlapped by the
MB+ spectrum. The irradiation of the sample with a 500 W

halogen lamp led to the rapid return of HRP compound II to
the native form (kobs = 0.395 min)1). Figure 1b shows the
spectra of HRP and MB+ during the reaction with hydrogen

peroxide in the dark. In the ground state, MB+ did not affect
the rate of HRP compound II spontaneous decay
(kobs = 0.066 min)1) compatible with hydrogen peroxide as
the solely reducing species. In the course of the reaction carried

out under irradiation (Fig. 1a), MB+ exhibits 5 nm blueshift
of the visible band peaking at 665 nm. The ratio of the visible
band peak intensity ⁄ absorbance intensity at 620 nm was also

changed from 1.81 to 1.56. These MB+ spectral changes were
not observed during the HRP catalytic cycle in the dark
(Fig. 1b) and under irradiation in the absence of hydrogen

peroxide (data not shown). This result suggests that aggregated
forms of the dye should be consumed in the reaction. The
blueshift exhibited by the MB+ visible band peak (Fig. 1a)

could be assigned to the formation of photoproducts from
the oxidized form of the dye or from the reaction of MB·
and MB2+ with the protein structure to form protein
adducts as has been observed with other positively charged

dyes (21).
These results indicate that the excited state of MB+ is

involved in the reduction of the high valence intermediates of

HRP, compounds I and II. The participation of the excited
state of MB+ in the completion of HRP cycle also became
evident when the pH curves for the reduction of compound II

in the presence and in the absence of photoactivated MB+ are
compared (Fig. 2).

In Fig. 2, the pH curve for the HRP cycle in which
hydrogen peroxide was used as both oxidant and reducing

agents reveals, as expected for HRP C (22), that the reaction
exhibited a pH curve with pKa around 8.5 (black solid
circles). In the presence of photo-activated MB+ (gray solid

circles), the pH curve for the HRP cycle revealed increase in
the reaction rate over all the investigated pH range. In this
condition, the maximal rate is attained at pH 7.0. The

subtraction of the pH curve obtained in the absence of
photo-activated MB+ (black solid circles) from the pH curve
obtained in the presence of photo-activated MB+ (gray solid

circles) resulted in a pH curve with one transition at pH
�6.25 (gray solid triangles). The pKa �6.25 matched with
that determined for the triplet MB+ kobs (black solid
triangles). These results are in accord with the neutral radical

MB
d

as the reducing agent for the HRP high valence
intermediates. The possibility that the superoxide ion gener-
ated by electron transfer from MB

d

to molecular oxygen was

the reducing agent has been excluded as the presence of
molecular oxygen disfavored significantly the reaction
(Fig. 3a–c).

At this point it was important to investigate the effect of
both MB+ concentration and the presence of oxygen on the
rate of HRP compound II reduction (Fig. 3a–c). Figure 3a,b,
illustrates a representative time course of native HRP regen-

eration by photoactivated MB+ in argon- and in air-saturated
media, respectively. It can be observed that, in both condi-
tions, photoactivated MB+ led to native HRP regeneration in

a time- and concentration-dependent manner. The apparent
rate constant for photoactivated MB+-promoted native HRP
regeneration, in argon- and in air-saturated medium, was

measured as a function of MB+ concentration to determine
the second-order constant of the dye (Fig. 3c, closed and open
circles, respectively). In both conditions the curve for the rate

of the reaction as a function of MB+ concentration exhibits
saturation that is suggestive of dye binding on the HRP
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Figure 1. UV–visible spectra of HRP in the course of the reaction with
hydrogen peroxide. (a) In the presence of MB+ under irradiation
before (thick solid line) and 15 s after the addition of hydrogen
peroxide (dotted line). The thin solid lines represent, according to the
arrow, the spectra obtained at 1, 5, 10 and 20 min after the addition of
hydrogen peroxide. (b) In the presence of MB+ in the dark at time 0
(thick solid line) and 15 s after the addition of hydrogen peroxide
(dotted line). The thin solid lines represent, according to the arrow, the
spectra obtained at 1, 5, 10 and 20 min after the addition of hydrogen
peroxide. The reaction was carried out in 5 mMM phosphate buffer, pH
8.0, at 30�C. The hydrogen peroxide and HRP concentrations were 6
and 4 lMM, respectively.
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structure. Scheme 1 depicts the model of interaction between

HRP and the dye; the dissociation constant (KMB) observed
for the binding of dye to HRP was (5.4 ± 0.6) lMM and
(0.57 ± 0.05) lMM in argon- and air-saturated media, respect-

ively. In argon-saturated medium, the rate of conversion of
HRP compound II to native HRP was significantly higher,
k2argon = (2.1 ± 0.1) · 10)2 s)1, than that obtained in air-

equilibrated medium, k2air = (0.73 ± 0.02) · 10)2 s)1. This
result is coherent, as molecular oxygen is a well-known
quencher for triplet species that, in this reaction, could be
the precursor of the reducing species for the enzyme. Molecu-

lar oxygen can also oxidize MB
d

and prevent the electron
transfer from the dye to the enzyme. However, it is important
to note that the argon purgation in the medium cannot

promote complete molecular oxygen depletion and the k2argon
value obtained is yet apparent. Under these conditions the
efficiency of photoactivated MB+-promoted native HRP

regeneration was determined in argon- and air-equilibrated
media, respectively: k2 ⁄KMB = 3.9 · 103 and 12.8 · 103

MM
)1 s)1. The higher catalytic efficiency observed in air-equil-

ibrated medium comes from the significantly higher affinity to

HRP exhibited by the dye in this condition (KMB �10-fold
lower). Considering Scheme 1, the presence of molecular
oxygen is expected to increase the steady state ratio

[MB+] ⁄ [MB
d

] via quencher of the triplet state of the dye
and ⁄ or the oxidation of its neutral radical. The hydrophobicity
of MB+ could provide affinity to the heme crevice reinforced

by the interaction with a negatively amino acid side chain at
this site. The loss of the positive charge after the conversion of
MB+ to the reduced form (MB

d

) could decrease the affinity to

the enzyme and at the same time could favor the electron
transfer to oxoferryl heme iron.

These results also exclude superoxide ion as the reducing agent
for the high valence forms of HRP. There are two possibilities
for the photogeneration of MB

d

able to reduce HRP high

valence intermediates: (1) electron abstraction of another MB+

molecule bound at the neighborhood (23); (2) electron abstrac-
tion of an amino acid side chain of the protein.

The flash photolysis analysis of the reaction contributed to
elucidate the reducing MB+ species responsible for the
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MB+ in the dark. (b) The same experiment carried out under
irradiation. (c) Curve for the rate of native HRP regeneration as a
function of MB+ concentration. The solid circles represent the results
obtained in argon-saturated medium and the open circles represent the
results obtained in air-saturated medium. In the argon-saturated
medium, the k2 obtained from (Eq. 1) were: k2argon = (2.1 ±
0.1) · 10)2 s)1, and k2air = (0.73 ± 0.02) · 10)2 s)1. The experiments
were carried out in 5 mMM phosphate buffer, pH 8.0, in the presence of 4
lMM HRP, 6 lMM hydrogen peroxide, at 30�C.
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The reactions were carried out in 5 mMM acetate (pH range 3.0–5.0),
phosphate (pH = 3.0, pH range 6.0–7.0 and 11.0–13.0) and ammo-
nium hydroxide (pH range 8.0–10.0), at 30�C. The hydrogen peroxide
and HRP concentrations were 6 and 4 lMM, respectively.
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reduction of HRP high valence species. Figure 4a,b shows the
spectra of 15 lMM excited MB+ in the absence of HRP (opened
circles) and in the presence of 15 lMM native HRP (black solid
circles) obtained at 5 and 10 ls after the laser pulse (Fig. 4a,b,
respectively). In both figures, it is clear that the presence of
HRP changes significantly the MB+ triplet spectrum. HRP
decreases the contribution of the MB+ triplet signal (400–

420 nm region) and favors the contribution of the MB
d

signal

(430–525 nm region) in the spectra obtained immediately after
the MB+ excitation by the laser pulse (11).

This result suggests that the binding of MB+ molecules on
the HRP structure favors the decay of triplet MB+ via electron

abstraction. In this case triplet MB+ bound in the enzyme
structure could abstract one electron from another MB+

molecule bound closed to the dye excited molecule or the

excited MB+ could abstract one electron from an HRP amino
acid residue.

The lifetime of triplet MB+, measured at 420 nm, was

around 10 ls in the absence of HRP and 7 ls in the presence
of HRP (data not shown).

Figure 4c shows the decay of MB
d

signal in the presence of

native HRP and in the presence of HRP compounds I and II
produced by the addition of hydrogen peroxide in the medium.
The lifetime of MB

d

was 7.5 ls in the absence of HRP (data
not shown) and in the presence of 15 lMM native HRP, but the

conversion of HRP to the high valence form compound II
decreased the lifetime of MB

d

to 2.0 ls. This result corrobor-
ates that photochemically-generated MB

d

is the reducing agent

for the high valence forms of HRP.
In order to detect and characterize any radical species

formed, the reaction of HRP with H2O2 was accompanied by

EPR spectroscopy with samples frozen at defined times and
run at the indicated temperature. The EPR spectrum of native
HRP obtained in 10 mMM phosphate buffer, pH 8.0, reveals, at
the low field region, the presence of two high spin species of the

Fe(III) heme iron (g = 6.0) with a quasi-axial symmetry. The
proportion between the HRP species could be modulated by
varying the ionic strength (data not shown) and the presented

condition was chosen to reproduce the conditions used for
kinetic experiments. The addition of hydrogen peroxide led to
the disappearance of the g = 6.0 signal indicating that both

HRP conformations were converted to the high valence
intermediates. At the same time, the appearance of a relatively
broad EPR signal at the high field region (g = 1.998) could be

observed, characteristic of compound I, oxyferryl porphyrin p-
cation radical with antiferromagnetic coupling between the
electrons of the heme iron and the porphyrin ring as described
by Schulz et al. (24) (Fig. 5a). As indicated in Fig. 5a, in the

course of the reaction, the HRP heme iron g = 6.0 signal was
progressively recovered concomitant with the g = 1.998 signal
disappearance. However, the recovered HRP heme iron signal

reveals different proportions of the enzyme species at the end
of the catalytic cycle. This spectral change could result from
the oxidation of HRP amino acid residues by the high valence

forms of heme iron. Before the addition of hydrogen peroxide,
the presence of MB+ slightly altered the HRP EPR spectrum
suggesting the selection of a local symmetry of the heme iron.
This result is compatible with the binding of MB+ molecules

close to the heme group (Fig. 5b). Figure 5c shows the EPR
spectra of HRP in the course of the reaction with hydrogen
peroxide, in the presence of MB+ and under irradiation with a

500 W halogen lamp. Under irradiation, the addition of
hydrogen peroxide led to the disappearance of the g = 6.0
signal concomitant with the appearance of the g = 1.998

signal; however, the catalytic cycle was extremely faster in this
condition (240 min in the dark and in the absence of MB+ and
11 min under irradiation in the presence of MB+). Figure 5d

shows the effect of temperature on the HRP g = 1.998 signal.
The EPR spectra shown in Fig. 5d were obtained at 4, 8, 10,
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13, 20, 30, 40 and 50 K (as indicated by the arrow). The
decrease in the g = 1.998 signal with the increase in tempera-

ture corroborates that this paramagnetic species is not a free
radical small molecule. For free radical small molecules, an
increase in the EPR signal concomitant with an increase in the
temperature at a constant microwave power (0.64 mW, in the

conditions of the present work) is expected, as this signal, as a
consequence of microwave saturation, is drastically decreased
at low temperatures.

Numerical integration of this signal was compatible with the
broad signal described in Schulz et al. (24) assigned as HRP
compound I. Area calculation of the g = 1.998 EPR signal

showed that this signal corresponds to around 6% of the
native HRP EPR signal area. Considering that the EPR
experiments were not carried out by using a stopped-flow
artifact, the EPR signal detected immediately after hydrogen

peroxide addition was from remaining compound I and the
missing of the signal means that compound I was almost
converted to compound II as attested by the corresponding

UV–visible spectrum carried out at the same time interval
(Fig. 1a, dotted line).

Considering that the kinetic data, flash photolysis and EPR

results strongly supported the binding of MB+ on HRP, a
molecular model for the MB+ binding in HRP could provide a
sketch of the dye ⁄ enzyme complex compatible with the experi-

mental results. Figure 6 shows that MB+ molecules could bind
to HRP region at the heme crevice. The molecular model points

out the existence of two potential sites for MB+ binding at the
immediacy of the heme group but kinetic data show that the
binding of one MB+ molecule is enough to reduce HRP
compound II. Thus, the HRP-bound triplet MB+ could

abstract one electron from an amino acid side chain or from
another HRP-bound MB+ molecule or via a collisional
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Figure 5. EPR analysis of 100 lMM HRP obtained at 11 K in 5 mMM phosphate buffer, pH 8.0, in the course of the reaction with hydrogen peroxide.
(a) HRP EPR spectra obtained before and 15 s, 3 min, 11 min and 4 h after the addition of hydrogen peroxide. (b) EPR spectra of native HRP in
the absence (thin solid line) and in the presence of 100 lMM MB+, before irradiation (thick solid line). (c) HRP EPR spectra obtained at 15 s, 3 and
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Figure 6. Cartoon showing possible sites for MB+ binding on HRP
structure. Left panel—MB-bound HRP structure. Except when
indicated, the amino acid lateral side chains are not shown for clarity.
Right panel corresponds to a zoom of the heme crevice. The models
were generated by using ArgusLab docking software (20).
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mechanism. According to the molecular model, the photocon-
version of MB+ (light blue dye molecule) toMB

d

eliminates the
electrostatic interaction of the dye with a negatively charged
amino acid, here represented by Asp182 (red side chain),

decreasing the affinity to the enzyme. In this condition, the
binding could result from the remaining hydrophobic interac-
tion between the dye molecule and amino acid residues such as

Phe and Pro (green amino acid side chain). In this regard, the
docking performed by using the neutral form of the dye showed
affinity for the same HRP region (data not shown).

According to the results presented above the following
mechanisms could be proposed for the HRP catalytic cycle
triggered by hydrogen peroxide in the dark and ⁄ or in the

absence of MB+ and under irradiation in the presence of MB+

(Schemes 2 and 3, respectively).
In the dark and ⁄ or in the absence of MB+, the addition of

hydrogen peroxide in an HRP-containing medium triggers the

well-known peroxidase cycle. The catalytic cycle observed
when hydrogen peroxide was the only available substrate
could implicate that peroxide acts as both oxidizing (formation

of compound I) and reducing agents (formation of compound
II and regeneration of native form) of the heme iron.
Peroxidases have been found to utilize HOOH to reduce

compound I when no other substrate is available (25,26). In
this case, one electron reduction of compound I by HOOH
generates O2

)· and compound II, which reacts with another
HOOH molecule producing H2O and compound III (oxyper-

oxidase). The reaction of compound II with hydrogen peroxide
is proposed to occur via two paths: in path 1, the reaction of
ferryl peroxidase with hydrogen peroxide is preceded by

dissociation of the hydroxyl anion and in path 2, hydrogen
peroxide is oxidized by ferryl peroxidase to a superoxide
radical, which reacts with ferric peroxidase to form compound

III. Anyway, compound III quickly decays to the native form
and generates ion superoxide. Compound III formation results
in enzyme turnover in the absence of reducing substrates;

however, progressive irreversible enzyme inactivation has been
also identified under this condition probably due to the attack
of ion superoxide to enzyme structure (13).

The addition of MB+ in an HRP-containing medium led to
the formation of a complex protein dye in which, under
illumination, MB+ binding could occur before or after the
photoreduction. The addition of hydrogen peroxide converts

free and dye-bound HRP in the high valence form compound I.
Considering that MB+ could occupy the heme crevice (Fig. 6),
the irradiation of the dye could generate MB

d

in the proximity

of heme iron. In this condition, MB
d

is expected to act as the
principal photo-reducer agent of the HRP high valence
intermediates produced by the addition of hydrogen peroxide.

Thus, in samples illuminated in the presence of MB+ the HRP
catalytic cycle is considerably accelerated.

The capacity of MB
d

to act as reducing agent for HRP

high valence intermediates raises the possibility that the
photochemical interference of MB+ in the PO oscillator
could not be restricted to the oxidation of NADPH (15). In
the PO oscillator, a catalytic cycle is initiated when NADPH

reduces native ferric HRP to the ferrous form and it is
converted to NADP

d

. The Fe2+ HRP reacts with O2 to form
compound III that is oxidized by NADP

d

to compound I.

The cycle is completed by the consecutive reduction of
compounds I and II by NADPH. Although the PO cycle is
feasible only in the presence of O2, a condition that lessens

the reduction of HRP high valence intermediates by MB
d

, the
findings presented in this work point out the possibility that
photogenerated MB

d

could, besides NADPH, contribute,
even minimally, to the consecutive reduction of compound I

and compound II.

CONCLUSIONS

Methylene blue is able to bind in HRP structure and forms the
neutral radical MB

d

in a feature that allows electron transfer to

the high valence forms of the enzyme. The UV–visible
spectrum of the HRP-bound MB+ does not suggest the
formation of stacked dimers of the dye. The binding of MB+

in the HRP structure led to changes in the MB+ triplet

spectrum obtained by the flash photolysis technique.
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Scheme 2. HRP catalytic cycle by using HOOH as both oxidizing and reducing agents.
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The neutral radical (MB
d

) generated from the excited state

of MB+ can promote the reduction of the high valence
intermediates of HRP, compounds I and II and accelerate
the completion of the enzyme cycle. The kinetic data

obtained in air- and argon-saturated medium reveal that
MB+, the steady-state predominant form in the presence of
molecular oxygen, exhibits 10-fold higher affinity to the
HRP heme crevice than MB

d

, but its inability to reduce

the heme iron decreases significantly the maximal rate. In
the presence and in the absence of oxygen, the curve for the
rate of the reaction as a function of MB+ concentration

exhibited saturation in accordance with MB+ binding on the
HRP structure. We considered two possible mechanisms for
the photogeneration of MB

d

in the presence of HRP: (1) the

binding of two MB+ molecules on a HRP molecule allows
that, under excitation, triplet MB+ can abstract one electron
from another dye molecule in the ground state to form MB

d

that is able to reduce HRP compounds I and II; (2)
monomeric MB

d

generated by electron abstraction of an
amino acid residue of the protein was responsible for
enzyme reduction.

The participation of photo-generated MB
d

as the reducing
agent in the HRP cycle is evident by the following findings:
(1) changes in the pH curve for the reduction of compound

II in the presence of photoactivated MB+; (2) matching of
the pKa values obtained from the pH curve of HRP
compound II reduction by photoactivated MB+ and from

the pH curve of triplet MB+ reactivity; (3) decrease in the
MB

d

lifetime in the presence of HRP compound II but not
in the presence of native HRP; (4) decrease in the lifetime of
the HRP oxoferryl species in the presence of photoactivated

MB+.
EPR measurements obtained during the reaction of HRP

with hydrogen peroxide in the absence and in the presence of

irradiated MB+ show the formation of g = 1.998 species that
could be assigned to the HRP oxoferryl p cation (compound I,
spin 1 ⁄ 2) (24).

For the first time a light-driven HRP cycle is described. The
use of light to activate the reducing agent introduces a turn
on ⁄ off device in the cycle control. Therefore, this finding could

be useful in making use of solar energy in several fields of
nanotechnology.
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