
International Journal of Biological Macromolecules 170 (2021) 189–195

Contents lists available at ScienceDirect

International Journal of Biological Macromolecules

j ourna l homepage: ht tp : / /www.e lsev ie r .com/ locate / i j b iomac
Investigation of static magnetic field effect on horseradish peroxidase
enzyme activity and stability in enzymatic oxidation process
Narjes Emamdadi a, Mostafa Gholizadeh a,b,⁎, Mohammad Reza Housaindokht a,b

a Department of Chemistry, Faculty of Science, Ferdowsi University of Mashhad, Mashhad, Iran
b Research and Technology Center of Biomolecules, Faculty of Science, Ferdowsi University of Mashhad, Mashhad, Iran
Abbreviations: HRP, horseradish peroxidase; PGL, pyro
gallate; SMF, static magnetic field; MF, magnetic field; EL
electromagnetic fields; PMF, pulsed magnetic field; RMF
alternating magnetic field.
⁎ Corresponding author at: Box 91775-1436, Mashhad,

E-mail address: m_gholizadeh@um.ac.ir (M. Gholizade

https://doi.org/10.1016/j.ijbiomac.2020.12.034
0141-8130/© 2020 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 31 May 2020
Received in revised form 14 November 2020
Accepted 5 December 2020
Available online xxxx

Keywords:
Static magnetic field
HRP enzyme
Oxidation reaction
Activity
Pyrogallol
The activity of Horseradish Peroxidase (HRP) Enzyme exposed to a static magnetic field (SMF) during the oxida-
tion reaction of pyrogallol (PGL) and the epigallocatechin gallate (EPCG) flavonoid was recorded at different
times. As the data showed, the enzyme activity increased by 77.17% with increasing incubation time up to
30 min. The kinetic parameters KM and Vmax for PGL sample incubated in SMF for 30 min were
5.641 × 10−3 mM, 4.424 × 10−2 mmol/min, respectively, and for EPCG sample with the same condition were
8.65 × 10−4 mM, 2.37 × 10−3 mmol/min, respectively. Exposure of HRP enzyme to SMF changed the optimum
pH from 7.0 to 6.0 in 10 min, but did not create any change in the optimum temperature of the enzyme. After
120 h, the residual activity of normal enzyme was 17% higher than that of the incubated enzyme. The structural
changes of the control and HRP enzyme incubated in SMF were investigated by relative viscosity, fluorescence
and CD, UV–Vis spectrophotometry. The structural changes in the presence of SMF were found to cause changes
in the enzyme activity. In fact, changes in the amount of hydrogen bonds between enzymes and solvents can be a
reason for this behavior from amolecular point of view. Using a staticmagnetic field can provide a new approach
to control and direct enzyme-based biological processes.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The activities of a biological system can be altered by its exposure to
an external stimulus, depending on the characteristics of the stimulus
used [1]. Different physical stimuli such as electromagnetic and mag-
neticfields can change the catalytic properties and consequently, the ac-
tivity of the enzyme. In addition to altering the structure of the enzyme,
an externalmagnetic field can change the kinetic energy of the unpaired
electrons involved in enzyme's catalytic activity, which affect chemical
and biochemical reactions [2]. Magnetic fields can be used in a
bioprocess in two ways: 1. Enzymes without magnetic carriers are free
and the magnetic field is applied as an external agent. 2. Enzymes
with magnetic carriers are used as a base to immobilize the enzyme.
The magnetic field changes the protein conformation via specific ions
within the enzyme, such as magnesium, manganese, calcium, or iron,
known as cofactors [3].
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Enzymes or biocatalysts are catalysts that catalyze chemical reac-
tions in living organisms. These catalysts have been widely used in var-
ious sciences such as biology, medicine, food industry, agriculture, etc.
[4]. Enzymes are key to regulating and increasing the rate of biochemi-
cal processes in cellmedia. Features such ashigh selectivity and specific-
ity make them an important factor in environmental applications. An
important drawback of this category of catalysts compared to chemical
catalysts is their low stability and activity in some conditions [3]. Perox-
idases are a large family of enzymes found in abundance in animals and
plants [5]. HRP enzyme (EC. 1.11.1.7) is a member of the peroxidase
family, which has been widely used and studied for analytical purposes
[6]. This enzyme, which is extracted from horseradish root [7], has a
heme metal ion (iron III) and two calcium atoms, which play an essen-
tial role in the structure and function of the enzyme. Also, it has already
been proven that the concentration of free ions in cells changes by ap-
plying weak magnetic fields on living organisms [8]. HRP enzyme is
highly applicable in the field of biological technology because it has
the ability to destroy phenolic compounds by its catalytic action during
an oxidation process [7].

Polyphenols have been shown to have a variety of therapeutic ef-
fects against pathological conditions such as cancer, diabetes, and car-
diovascular diseases. They have become very popular among
scientists, recently. Green tea contains polyphenols with a large number
of catechins such as catechin, epicatechin, epicatechin-3-galate,
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epigallocatechin, and epigallocatechin-3-galate, among which EPCG is
the most abundant [9]. EPCG has received a great deal of attention for
its anti-viral, anti-inflammatory, and anti-cancer properties. This com-
pound is prone to oxidation and loses its stability at high pH and tem-
perature [10]. Furthermore, it has the highest biological activity
compared with other catechins in green tea (Scheme 1) [9,11].

The effect of various magnetic fields on the structure and function of
different enzymes have been studied and reported. The results reported
in [3] showed that the rotational magnetic field (RMF) can increase HRP
enzyme activity by 49% and 68% at pH of 6.5 and 7.0, respectively, de-
pending on the conditions applied within 8 h. The induction of RMF
on the laccase increased its activity by 11%, 11% and 9% at 10, 40 and
50 Hz, respectively. In addition to the enzyme activity, the stability
andoptimumpHof the enzyme changed under the influence of RMFpa-
rameters [2]. After the plant was exposed tomagnetic fields with inten-
sities of 45, 90, 200 and 250mTat different times of 5, 10, 20 and30min,
the activity of catalase and ascorbate peroxidase enzyme in a magnetic
field with the intensity of 200 mT increased by 92% and 3.2 times, re-
spectively. However, the highest activity was reported for glycol perox-
idase at 90 mT. In fact, the medicinal properties of this plant increased
with increasing the activity of antioxidant enzymes and the concentra-
tion of polyphenols [12].

A magnetic field can alter the physicochemical properties
(e.g., conductivity, dielectric constant) of a reaction environment.
Some enzymes, including laccase, contain metal ions such as Mg2+,
Cu2+, Fe2+, Ca2+, and Mn2+. They may play an important role in stabi-
lizing the three-dimensional structure of the enzyme as well as in the
catalytic process. The ions in the protein structure form ionic, covalent,
and hydrogen bonds that determine the path of electron transfer at the
catalytic site of the target enzyme. The complex spatial structure of the
proteinmakes it possible tomaintain specific and unique geometries for
metal sites. The interaction of external magnetic fields with the
three-dimensional structure of a protein canpotentially induce changes,
leading to different geometries ofmetal sites on the active site of the en-
zyme. Many of them are transition metals that may be paramagnetic or
diamagnetic, so they can be affected by an external magnetic field [2].
HRP enzyme has Fe3+ and two calcium ions in its active site. Heme as
the site of ligand binding to the enzyme can be found in the reduced
or oxidized form. Depending on the ligand binding to the active site,
the reduced form of heme (iron) can show paramagnetic or diamag-
netic properties during the catalytic cycle. Besides, the magnetic field
can increase the passage (transfer) through individual stages of a
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Scheme 1. Molecular structure of epigallocatechin-gallate flavonoid.
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chain of reactions leading to an increase in the reaction rate not only
by changing charge transfer rate but also by increasing kinetic energy
of unpaired electrons [3]. The effects of other factors in a magnetic
field on biochemical reactions have been studied in recent years,
whichmayplay a role in enzymeactivation or inhibition. Applyingmag-
netic field to enzyme changes the conformation of this molecule so that
its tertiary structure alters also changes the enzyme activity [13]. The ef-
fects of ELF-EMF onHRP enzyme activity are not associatedwith confor-
mational changes but the change is caused by the interaction of the field
with charged ionswithin the HRP enzyme structure [8]. In the oxidation
reaction catalyzed by HRP enzyme in the presence of hydrogen perox-
ide, compound (I) - the intermediate radical cation species, is formed
from the iron atoms. In reaction, compound (I) and substrates (PGL or
EGCG) form compound (II), which is a kind of cation formedwith a rad-
ical substrate. The reaction of compound (II) with a neutral substrate
molecule releases the native form of the enzyme and the radical form
of the substrate into the reaction environment [3]. Such reactions,
which proceed by a radical mechanism (or by producing radical inter-
mediates), can be affected by the magnetic field. The magnetic field
can change the rate of the reaction by increasing the kinetic energy of
the unpaired electrons and transferring it to other components of the
reaction. On the other hand, the external magnetic field can rotate elec-
trons and change them from the singlet state to the triplet state and pro-
duce radicals. In this way, chemical and biochemical reactions can
indirectly affect the protein under the magnetic field [2]. Therefore,
changes in enzyme activity can be due to one or both of the following
main reasons: (1) Interaction of the magnetic field with the intermedi-
ate produced in theHRP enzyme reactionwith the substrate; (2) The ef-
fect of the magnetic field on the molecular structure of the enzyme [3].
In general, the magnetic field increased the enzyme' activity [2,14] in
some cases and decreased the activity [8,15] in other cases.

The effect of different magnetic fields on biochemical systems has
been studied before, but there are few reports of the effect of SMF on
the activity and structure of enzymes [2]. The reports have decreased
in recent years, causing us to apply SMF here. In this study, the results
of a different approach were reported. While examining the role of the
field on enzyme activity, an attempt was also made to investigate the
cause of the change in enzyme behavior. The cause of the change in en-
zyme activity due to changes in structure and environmentwas also an-
alyzed here. In addition, substrateswith significant size differences have
been selected to complete the proposed analysis.

2. Experimental

2.1. Materials

HRP P8250was a sigmaproduct (typeVIA, RZ=3.0); PGL, EPCG, po-
tassium phosphate dibasic, potassium acetate and hydrogen peroxide
(30% v/v) were purchased from Aldrich and used without further puri-
fication. All the other reagent chemicals were of the highest available
grade. Dionized water was used throughout the experiment.

2.2. Characterizations

UV–Vis spectra were recorded on a UV-2550 (SHIMADZU) and Visi-
ble measurements were performed on vis 2100 single beam spectro-
photometer. Fluorescence spectra determined by means of F-2700
(HITACHI) Fluorescence spectrophotometer. Far UV-CD experiments
were performed on a Jasco-815 spectropolarimeter equipped with a
Jasco 2-syringe titration mechanism. Spectra were recorded in the UV
region (190–240) with the same protein concentration in a 1-mm
path length quartz cuvette. A bandwidth of 1 nm was used together
with a response timeof 2.0 s,with a scanning rate at 50nm.min−1 to ob-
tain the final spectrum as the average of three scans. The instruments
were calibrated with ammonium d-10-camphorsulfonic acid. To deter-
mine the viscosity, a modified Ostwald viscometer was used. It was
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equipped with a temperature control system and an automatic system
for recording the time of bubble discharge and fluid passage through
the capillary tube. Doubly distilled water, which was deionized by a
Millipore Q-Plus 185 system, was used dionized water in the prepara-
tion of reagent and experiment at 30 ͦ C. The intensity of the magnetic
field measured by a magnetometer was 52mT in the uniformmagnetic
field. All laboratory supplies and equipment belong to the research lab-
oratory of the Faculty of Science of Ferdowsi University of Mashhad.

2.3. Solution preparation

To prepare PGL solution, 2.0mg of PGLwas dissolved in 1.0ml of de-
ionized water. Then, 100 μl of it was added to the solution including de-
ionized water, 100 mM phosphate buffer (pH 6.0) and 0.3% hydrogen
peroxide solution. Finally, the reaction started with the increase in
0.01% enzyme solution, and after 10 s, the adsorption values were re-
corded at a wavelength of 420 nm. The final volume of the solution
was 1.0ml and thefinal concentration of PGL andHRP enzyme in the so-
lution were 2.0 and 2.27 × 10−5 mM, respectively. To perform stability,
optimum temperature and optimum pH reactions, the above solution
was prepared with PGL with a concentration of 4.0 mM.

To make flavonoid solution, 1.0 mg of EPCG was dissolved in 1.0 ml
of solution containing 1:1 ratio of deionized water and methanol, re-
spectively. Then, 100 μl of substrate solution was added to the solution
including pH 6.0 phosphate buffer and 0.3% hydrogen peroxide solution
and the final volume of the solutionwith deionizedwater and 0.01% en-
zyme solution reached 2.5 ml. The reaction was started by increasing
the HRP solution and the changes in adsorption over time were re-
corded after 10 s at the wavelength of 325 nm (according to Maximum
Lambda of the reaction (λmax)) of EPGC. The final concentrations of
EPGC and HRP enzyme in solution were 0.1 and 2.27 × 10−5 mM,
respectively.

2.4. Enzyme incubation

HRP enzyme solution was prepared by dissolving HRP powder in
phosphate buffer 100 mM pH 6.0. Vials containing the enzyme solution
were incubated in SMF for 10, 20, 30, and 40 min at 0 °C.

2.5. Activity assay

HRP enzyme activity in the PGL oxidation in the presence of hydro-
gen peroxide was conducted according to the procedure [16]. In sum-
mary, the solution was prepared with hydrogen peroxide (w/w) 0.5%,
potassium phosphate buffer 100 mM pH 6.0, and PGL solution (w/v)
5% and its absorbance was read at 420 nm. Then the enzyme solution,
which was incubated in SMF for a certain time was added. After 10 s
of stirring for obtaining a homogeneous solution, the increase in adsorp-
tion was recorded at 420 nm for different durations. The activity of the
enzyme was obtained by subtracting the absorbance of time 0, absor-
bance before enzyme injection, from the absorbance of time 20
secounds and placing the result in relation [16] of the protocol.

2.6. Determining KM and Vmax

The HRP enzyme solution was exposed to the magnetic field for 10,
20, 30 and 40min. Different concentrations of PGLwere prepared in the
range of 0.5–7.0 mM. Then, at constant temperature, pH, and hydrogen
peroxide concentration, PGL oxidation reaction took place in the pres-
ence of the control enzyme and the enzyme incubated in SMF for differ-
ent durations. Ten seconds after the injection of the enzyme into the
solution containing the substrate, the absorbance was recorded by a
spectrophotometer. Obtained data were fitted to Lineweaver-Burk
plot. KM and Vmaxwere calculated from the slope of the obtained curves.
All reactions were repeated 6 times. Mean and standard deviation
values were used for graphical representation and calculations. EGCG
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kinetic parameters were calculated at 0.4–1.8 mM concentration range
as described above.

2.7. Investigation of the effect of SMF on enzyme structure

Solutions with a concentration of 1.5 mM of enzyme were prepared
in phosphate buffer pH 6.0. The UV Visible Spectrum (200 to 500 nm)
and the fluorescence spectrum at the excitation wavelength of
280 nm (300 to 500 nm) were taken from control enzyme and the en-
zyme incubated for 10 and 30 min. Far UV-CD spectrum (190 to
240 nm)was taken from the 7.0 × 10−3 mM solution of control enzyme
and the enzyme incubated for 10 min in a SMF.

2.8. Investigation of the effect of SMF on stability, optimum pH and
temperature

To evaluate the stability of the enzyme at room temperature, en-
zyme solutionwas incubated for 120 h at pHand30 °C. First, enzymeac-
tivity was measured every 1 h for 5 h and then, every 24 h for 120 h. To
measure the optimumpH, the oxidation reaction of PGL was performed
in acetate and 100mMPhosphate Buffer with different pH values in the
range of 4.0–8.0 at constant temperature. However, to evaluate the op-
timum temperature, the oxidation was done at different temperatures
between 40 and 60 °C at constant pH. These reactions with the control
enzyme and the enzyme incubated for 10 min in SMF were performed
in a situation where the concentrations of PGL, hydrogen peroxide and
enzyme were constant.

2.9. Viscometry

The relative viscosity of the enzyme was measured from 5.0 ml of
3.5 × 10−1 mM solutions including the solution of control enzyme and
the solution of enzyme incubated for 10 min in SMF.

2.10. Statistical analysis

For statistical analysis of normality of the results, Shapiro-Wilk test
was performed. Statistical analysis of the results was performed with
the use of analysis of variance (ANOVA, Kruskall–Wallis test). All mea-
surements were carried out in four sets of three repetitions (n = 12).
The differences between mean values were considered significant at
p-values <0.05. All statistical analyses were conducted with Excel
2013 software.

3. Results and discussion

The effect of SMF on kinetic (catalytic) parameters was analyzed
with a field strength of 52 mT and exposure of up to 40 min at 10-
minute intervals. The kinetic parameters changed significantly depend-
ing on how long the enzyme was incubated in the magnetic field.

3.1. The effect of SMF on HRP enzyme activity

Fig. 1 shows the relationship between the HRP enzyme activity and
the duration of incubation in SMF. Enzyme activity increased as the in-
cubation duration in SMF increased up to 30min. This change in activity
may be due to changes in the enzyme structure.

HRP enzyme activity highly depends on environmental conditions
such as temperature and the duration of incubation in SMF. Comparing
the activity values of the enzyme incubated in SMF with the control en-
zyme, 24.09%, 41.72%, 77.17% and 70.46% of significant increase
(p < 0.05) was observed for 10, 20, 30 and 40 min of incubation,
respectively.
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3.2. Effect of SMF on HRP enzyme kinetic parameters

As Table 1 shows, the KM values of the enzyme exposed to SMF de-
creased and its Vmax increased compared to the control enzyme, indicat-
ing an increase in activity with increasing duration of enzyme
incubation in SMF. These results are in agreement with the results re-
ported by [3]. This indicates that the magnetic fields of two different
types can have similar effects on HRP enzyme activity.

In addition, kcat (The number of substrate molecules that are con-
verted to the product per time unit at the active site of the enzyme) is
a parameter used to compare the activity of an enzyme in different con-
ditions. The value of this parameter in this study shows that the incuba-
tion of the enzyme in the magnetic field increases it compared with the
control enzyme (1.02 s−1). This increase which is dependent on the in-
cubation period is 1.37 to 2.49 for 10 and 40 min, respectively. There-
fore, it can be concluded that incubation in SMF increases the catalytic
power of the enzyme. The maximum increase in catalytic efficiency
(kcat/KM) achieved in 30min of incubation is 3.84, which is twice the ef-
ficiency of the control enzyme.

The observed changes are due to the role of the magnetic field,
which can be inflicted on the system in several ways:

1. Changes made in the solvent: Leading to changes in the polarization
of water molecules, inter- and intra-molecular hydrogen bond
strength, etc. [2,17].

2. Changes made in the enzyme structure: Whether structural changes
have occurred or not can be determined with spectroscopy.

3. Changes in substrate penetration into the active site of the enzyme: It
examines the function of the enzyme, which indicates the effect of all
of the above options.
Given that a significant increase in activity has been observed during

10 min of enzyme incubation in SMF, it has been considered as a con-
stant time to investigate the role of other environmental parameters
on the activity and structure of HRP enzyme.

3.3. The effect of SMF on HRP enzyme activity at different pHs

HRP enzyme activity was measured under SMF in acetate and phos-
phate buffer (100 mM) in the pH range of 4.0–8.0 at 30 °C (Fig. 2).
Table 1
Kinetic parameters of HRP enzyme in SMF with PGL as a substrate at pH 6.0 and different incu

HRP enzyme in SMF KM (mM) × 10−3 Vmax (mmol/min

Control 8.739 ± 0.001 2.308 ± 0.002
10 min 7.44 ± 0.01a 3.111 ± 0.03a

20 min 6.301 ± 0.001 3.504 ± 0.02a

30 min 5.641 ± 0.01a 4.424 ± 0.03a

40 min 11.203 ± 0.0006a 5.652 ± 0.002a

a Means sharing the same superscript are not significantly different from each other (p > 0.
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Fig. 2 shows the effect of different pH values on the activity of the
control enzyme and the incubated enzyme. The pHprofile of the control
enzyme that was favorable in pH of 7.0–8.0 was less favorable for the
magnetic-field-exposed enzyme. Instead, the pH of 5.5–6.5 showed
greater activity compared to the control. Incubation of the enzyme in
SMF changes the optimum pH of the HRP enzyme from 7.0 to 6.0. It
has been previously reported that the change in the optimum pH of
the incubated enzyme can be due to the effect of SMF on the structure
of the enzyme, because the exposure of the water solvent to the mag-
netic field may cause a change in the network of hydrogen bonds and
polarize the molecules [2]. In fact, by changing the structure of the en-
zyme in SMF, amino acids that release H+ are placed on the surface.
Hence, the amount of pH around the enzyme increases. As a result, in re-
sponse to the structural change caused by the application of SMF, the
optimum pH is reduced to a certain extent and, thereby the perfor-
mance and activity of the enzyme are improved. This optimum pH
shift shows the compatibility of the enzyme incubated in an acidic envi-
ronment so that the incubated enzyme is very sensitive to the alkaline
environment and its activity is significantly reduced compared with
the control enzyme. This phenomenon can be clearly observed at
pH 7.0 and 7.5 [6].

3.4. The effect of SMF on optimum temperature

The effect of different temperatures on the control and incubated en-
zymes were investigated. Fig. 3 showed that the SMF had no effect on
the spectral pattern and the optimum temperature of the enzyme, but
accelerated the increase and decrease in the activity of the enzyme be-
fore and after the optimum temperature. As the temperature rised to
50 °C, the SMF had a positive effect on the activity of the enzyme.
Since then, however, the temperature eliminated the positive effect of
changes in the structure of the enzyme through changing the structure.
In addition, the SMF lost its activating role at higher temperature. Based
on the Figure, the SMF did not change the heat resistance of the enzyme.
In fact, the change in enzyme conformation is due to the application of
SMF in a direction that prevents improper structural changes of HRP
up to 50 °C. It was already revealed that by applying heat to an enzyme
in soluble form, they are more likely to open the native three-
bation durations. ± - means standard deviation.

) × 10–2 kcat (s−1) × 103 kcat/KM (×103 s−1 M−1)

1.01 ± 0.001 1.16 ± 0.1
1.37 ± 0.01a 1.84 ± 2.23a

1.54 ± 0.01a 2.78 ± 2.51a

1.94 ± 0.01a 3.84 ± 3.44a

2.49 ± 0.001a 2.22 ± 0.03

05).
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dimensional conformation of the protein. Therefore, in this way, they
can affect the structure-function relationship of the enzyme [6].

3.5. The effect of SMF on enzyme stability

The stability of the control and incubated enzymes are presented in
Fig. 4. As shown in the figure, the activity of both enzymes decreases
over time. Up to 3 h, the activity of the incubated enzyme is higher
than that of the control enzyme, but over time, its activity decreases
compared with the control enzyme. After 120 h, the residual activity
of the incubated enzyme and the control enzyme has reached 40 and
57%, (p < 0.05) respectively. Although the SMF has increased the activ-
ity of the enzyme in the early times, the loss of activity of this enzyme
over time up to 5 h is more noticeable compared with the control en-
zyme. Since then, both enzymes' activities remain almost constant
over time. Therefore, the change in the activity of the enzyme incubated
in the field is maintained for a certain period of time, after which its ac-
tivity is almost equal to the activity of the control enzyme.

To interpret the results obtained so far (activity title, Kinetic param-
eters, pH and optimum temperature and stability), the effect of enzyme
incubation in the magnetic field on the structure of the enzymewas in-
vestigated by various spectroscopic methods.

3.6. UV–Vis spectrophotometer

Fig. 5 shows the visible UV spectrum recorded for HRP enzyme in
phosphate buffer pH 6.0 for the control and 10 and 30min of incubation
in SMF states.

The HRP enzyme has two peaks in the UV–Vis region. One peak ap-
pears in the ultraviolet region and the other peak is in the visible area
(Fig. 5). The spectra are of the control enzyme and the enzymes exposed
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to for 10 and 30min. In general, there is no change in the overall pattern
of the spectrum, and only the absorbance intensity increased in the en-
zymes incubated for 10 and 30 min, respectively. Changes in the 280-
nanometer range can be attributed to changes in the enzyme structure,
and the results show that the intensity of theUV spectrumhas increased
with increasing duration of enzyme exposure to SMF. In addition, the
changes observed in wavelengths above 300 nm are related to the
soret group of enzymes that are involved in the enzymatic reaction.
Changes in the visible area peak can be attributed to changes in the
structure of the enzyme that lead to changes in enzyme activity.
3.7. Fluorescence spectroscopy

Fig. 6 shows the emission spectrumof the incubated and control HRP
enzyme. The intensity of the emission spectrum of the incubated en-
zyme for 10 and 30min increased compared to the control state, respec-
tively. A small red shift was observed from 311 nm in the control to
313 nm for the minutes 10 and 30 of the magnetic-field-exposed en-
zyme. These changes indicate changes in the HRP enzyme conforma-
tion. These results are probably due to the partial unfolding of the
enzyme, where the higher the shift, the greater the amount of
unfolding.
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3.8. Secondary structure analysis of peroxidases: Circular Dichroism studies

Circular Dichroism (CD) is an important technique for studying the
structure of enzymes. Studies in the Far UV-CD region provide impor-
tant and practical information about the secondary structure of the en-
zyme because peptide bonding is themain adsorbent in this region [18].
Fig. 7 shows the Far UV-CD spectrum of HRP enzyme in control and
magnetic-field-exposed states. The spectrum has two minimums at
210 and 222 and a maximum at 193 nm for peroxidase. Examination
of spectrum intensity shows that the role of SMF is creating an alpha-
helix and reducing beta-sheets and random coils.

Table 2 shows an estimate of HRP enzyme secondary structure con-
tents in the controlled and magnetic-field-exposed states. SMF in-
creases the percentage of alpha-helix and reduces the random coil and
Beta-sheets.

3.9. Relative viscosity

The relative viscosity for the control enzyme and the enzyme incu-
bated for 10 min in SMF were measured to be 1.15 and 1.16, respec-
tively. No significant difference was observed in viscosity. Therefore,
the structural difference is so small that it cannot be measured by this
method.
Table 2
The percentage of secondary structure elements of control and incubated HRP enzyme in SMF

HRP enzyme in SMF Alpha-helix% Beta-str

Control 43.19 ± 0.07 12.29 ±
10 min 44.06 ± 0.05 12.07 ±

Table 3
Kinetic parameters of HRP enzyme in SMF with EPCG as a substrate at pH 6.0. ± - means stan

HRP enzyme in SMF KM (mM) × 10−4 Vmax (mmol/min

Control 7.22 ± 0.00005 2.22 ± 0.00006
10 min 5.24 ± 0.00004 2.62 ± 0.00003
20 min 4.52 ± 0.00007 2.77 ± 0.00004
30 min 8.65 ± 0.0003a 2.37 ± 0.0004a

40 min 5.08 ± 0.00002 2.02 ± 0.00003a

a Means sharing the same superscript are not significantly different from each other (p > 0.
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3.10. The effect of SMF on EGCG kinetic parameters

Given that EGCG flavonoid is a largemolecule and has two PGL rings
in its structure, whichmake it similar in structure to PGL, we decided to
use this compound as a substrate for enzymatic oxidation reaction by
HRP enzyme in the control and 10, 20, 30, and 40 min of SMF states,
and investigate the changes in its oxidation reaction in these two states
relative to each other and to PGL (Table 3).

KM and Vmax decreased and increased at minutes 10 and 20 of incu-
bation of HRP enzyme solution in SMF, respectively, which indicates an
increase in the magnetic-field-exposed enzyme activity in comparison
to control state. According to Table 3, KM and Vmax increased and de-
creased in 30min, respectively, indicating a decrease in enzymeactivity.
The increase and decrease in activity resulted from the change of struc-
ture of HRP enzyme under SMF. This increase in HRP enzyme activity is
also observed in the oxidation of PGL, but the increase in enzyme activ-
ity in PGL oxidation reaction is observed up to 30 min of incubation in
SMF. The kcat value for the control enzyme in the presence of the flavo-
noid EPCG is 97.8, which reaches a maximum value of 122.35 in 20min
through incubation in SMF. The catalytic efficiency of this substrate is
similar to that of kcat. That is this parameter increases for incubated en-
zyme in comparison with a control enzyme and reaches its maximum
value of 27.1 in 20 min. Comparison of these two parameters for these
two substrates indicates that the structure and volume of the substrate
used can play an effective role in increasing the catalytic efficiency and
kcat. Therefore, the values of catalytic efficiency for PGL and EPCG in
their maximum amount were tripled and doubled, respectively, com-
pared with the control enzyme. Furthermore, during the longest period
of incubation of the enzyme in SMF (40 min), this parameter increased
by 91% and 30% for PGL and EPCG, respectively. These values indicate
that the complexity and volume of the structure can play an effective
role in the amount of increasing the kinetic parameters of the enzyme,
but the structural similarity of the substrate can be helpful in predicting
the trend of behavioral changes in the HRP enzyme under similar
conditions.

4. Conclusion

The present study aimed to investigate the effect of SMF on the
structure and kinetic parameters of theHRP enzyme.Maximumenzyme
activity was observed at 10 min of exposure to the SMF at 50 °C and
pH 6.0. After 120 h of incubation at room temperature, the stability of
the enzyme exposed to the field dropped more than that of the control
enzyme. In addition, this enzyme showed a lowKM andhigh catalytic ef-
ficiency after incubation in the SMF, which indicates the role of field ac-
tivation forHRP enzyme in theprocess of oxidationwith substrateswith
, estimated from CD spectra using SELCON III software. ± - means standard deviation.

ucture% Turn% Unordered coil%

0.07 21.38 ± 0.07 23.14 ± 0.07
0.05 21.49 ± 0.05 22.38 ± 0.05

dard deviation.

) × 10−3 kcat (s−1) kcat/KM (×104 s−1 M−1)

97.80 ± 2.86 13.58 ± 0.72
114.67 ± 1.51 22.34 ± 1.46
122.35 ± 1.94 27.09 ± 0.27
111.79 ± 18.49a 12.13 ± 3.19a

89.04 ± 1.63a 17.55 ± 0.46

05).
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the same functional group, but different volumes. Examination of the
structure of the incubated enzyme demonstrated that the change in
HRP enzyme activity resulted from its structural change. Changes in
the soret peak on the change of the active site and changes in the inten-
sity and shift of fluorescence as well as changes in the CD spectrum in-
dicated changes in the structure of the enzyme, which in turn can cause
changes in activity, optimum pH and stability of the enzyme. Regarding
the stability of the enzyme, it can be claimed that the effect of SMF on
the structure of the enzyme is in the form of a memory effect which is
well shown in the early times. Enzyme incubated in SMF for a short
time can also have the potential to be used in commercial and industrial
applications.
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