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Abstract
Extensive applications of peroxidase (POX) have raised the global market demand at a considerable rate
during the forecast period of 2020 - 2025. Nonetheless, the large-scale POX preparation still relies on the
extraction from agricultural products, while there is an accumulative driving force toward employing
biotechnological processes with agricultural hassle free identity. In pursuit of this trend, a novel heme
peroxidase was purified to homogeneity (MW of 40 kD) from the callus culture of Ocimum basilicum L. in
darkness on Murashige-Skoog medium supplemented by 2,4-dichlorophenoxyacetic acid (10-6 M) and
kinetin (10-5 M). The highest activity of the purified peroxidase (ObPOX) was observed in Tris-base buffer
at pH 7.5 and 80 °C. ObPOX showed high stability over pH(s) 5 to 7.5 and temperatures of 15 to 60 °C.
ObPOX specific activity was 1245.142 AU mg-1 in the presence of phenol, 4 times higher than that of HRP.
ObPOX showed moderate affinity for guaiacol (Km = 21.5 mM), but obtained an exceptionally high
specificity constant (kcat/Km = 66743.7 s-1M-1) for GASA (4-[(4-Hydroxy-3-methoxyphenyl) azo]benzenesulfonic acid), the introduced substrate for determination of blood sugar. Applying ObPOX
instead of HRP in glucose measurements of the real samples improved the regression constant of the
correlation diagram between the tests and the lab results from 0.958 to 0.981. Physicochemical
properties of ObPOX as well as the growth rate of basil callus (5.04 g L-1 per day) and the yield of ObPOX
production (35 mg per 100 g dry biomass per subculture) designates O. basilicum cell culture for largescale production of a robust peroxidase.

Introduction
Peroxidase (POX), EC number 1.11. 1. X, is a ubiquitous enzyme with numerous applications in nature
and industries. About 80% of the discovered POXs belong to heme-peroxidases, which are categorized in
two large families of peroxidase-cyclooxygenase (found in animals) and peroxidase-catalase (found in
non-animal species) (Shigeto and Tsutsumi 2016). Established uses of POX in food, cosmetic, and health
care industries as well as proven applicability in fabrication of biosensors, agricultural waste valorization,
bio-bleaching and water and soil bioremediation have raised the global market demand at a considerable
rate during the forecast period between 2020 and 2025 (Market Reports World. Horseradish Peroxidase
(HRP) Market Size, Share 2020 Analysis, Revenue, Price, Market Share, Growth Rate, Forecast by 2024|
Says Market Reports World. 2020). Nonetheless the large scale preparation of POX still relies on the
extraction from agricultural products (González-Rábade et al. 2012), while there has been a remarkable
shift toward employing biotechnological processes as well. The advantages of new technologies along
with the increases in the costs of labor and energy accompanied by the shortages in agricultural land and
water have speeded up this rather new trend (González-Rábade et al. 2012). Among the developed
biotechnological techniques, plant cell and tissue culture has received special attention due to its
uncomplicated setup prerequisites and high potential for production of numerous simple and complex
natural molecules including enzymes (Fehér 2019; Rani and Abraham 2016). Because of totipotency of
plant cells, this technology allows production of the desired molecules in either wild or geneticallymodified cells, tissues, and the whole plant. However, each of these methods has its own advantages and
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limitations. For instance, a techno-economic analysis study has shown that the transformed Nicotiana

benthamiana can be used for production of horseradish peroxidase (HRP) in a biofarm platform with the
proven plant yield of 240 mg HRP kg− 1 biomass (Walwyn et al. 2015). In addition to the economically
accepted yield, production of a single isozyme (HRP C) is the best advantage of this method. But this
technology is still dependent on the agricultural provisions whereas plant cell and hairy root culture are
bioreactor-based technologies, which make them free of the cultivation hassle (Ochoa-Villarreal et al.
2016). Plant cell culture can be carried out on jellified (solid) and in liquid (suspension) mediums.
However, due to the problems associated with the latter one such as shear stress, foam formation, cells
aggregation, and incompetent respiration and gas transport (Valdiani et al. 2019), there is an inclination
toward using solid cell cultures as well as hairy root cultures (Efferth 2019; González-Rábade et al. 2012).
There are reports that show the biomass growth, production of the desired compound, or both are heavily
affected because of the shear stress of the suspension culture bioreactors (Haida et al. 2019), while solid
cell culture is practically easier and economically more amenable (Efferth 2019; Ochoa-Villarreal et al.
2016). In view of these premises and in pursuit of a reliable source for a potent plant POX, solid culture of
basil cells was thoroughly studied. Sweet basil (Ocimum basilicum L.) is a culinary and ornamental herb
with high antioxidant capacity (Vlase et al. 2014). It has been recently shown that the solid cell culture of
basil can be used for high-yield production of phenolic acids and anthocyanins by applying proper light
cycles (Nazir et al. 2019). Recently, it has also been shown that blood sugar can be determined precisely
in less than 30 seconds by using a diazo substrate for HRP vis the joint enzymatic reactions of glucose
oxidase and a peroxidase (Mohammadnejad et al. 2020). In this work we demonstrate better
performance of Ocimum basilicum peroxidase (ObPOX) as compared with that of HRP.

Materials And Methods

Chemicals and plant materials
HRP (C), phenylmethylsulfonyl fluoride (PMSF), hydrogen peroxide (H2O2), Folin-Ciocalteu reagent, phenol
and ammonium sulfate were purchased from Merck (Darmstadt, Germany). 4-Aminoantipyrine (4AAP),
2,4-dichlorophenoxyacetic acid (2,4-D), N-(2-furanylmethyl)-1H-purin-6-amine (kinetin) and
tetramethylethylenediamine (TEMED) were purchased from SigmaTM Chemical and Biochemical
Company (St. Louis, MO, USA). Guaiacol was from Fluka Chemie GmbH. Catalase (CAT) was purchased
from Serva electrophoresis GmbH (D-69115 Heidelberg). The azo dye 4-[(4-Hydroxy-3-methoxyphenyl)
azo]-benzene sulfonic acid (GASA) was synthesized as described before (Haghbeen and Tan 1998).
Sephadex G-50 and anionic diethylaminoethyl cellulose (DEAE-C) were purchased from Pharmacia.
Seeds of Ocimum basilicum L. (Basil) were purchased from Pakan Bazr Company
(http://www.pakanbazr.com). Other chemicals were taken from the authentic samples. Solid Murashige
and Skoog medium (MS) was prepared according to the literature using 8 g L-1 of agar (Saad and
Elshahed 2012). Spectrophotometric measurements were carried out using a UV/Visible Specord 50+
spectrophotometer (Analytik Jena, Germany). The results were analyzed using the Microsoft Office Excel.
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Seed Germination and Callus Induction
The viable sterilized seeds sprouted on hormone-free MS supplemented with sucrose (3%) at pH 5.8.
Seedlings were allowed to grow on the same medium in a growth chamber (25 ± 2 ºC, light/dark cycle of
16/8 h). To induce callus, the excised explants from the leaves of the young plantlets were put on a solid
MS medium supplemented with sucrose (3.0%), 2,4-D (10-6 M) and kinetin (10-5M) at the same pH and
temperature. The resulting callus cells were proliferated on the same medium in the dark. The fast
growing friable cells were selected and subcultured every 5 weeks. To calculate the biomass, the weights
of the callus were recorded before and after drying at 37 °C for 48 h.

Callus extraction for total phenolic compounds (TPC) and
radical scavenging activity (RSA) measurements
The desired fresh callus (2.5 g) was smashed and grounded in a mortar containing 5.0 to 10 mL of
methanol (MeOH) or acetate buffer (0.02 M, pH 5.5). The resulting extract was centrifuged (1500 g, 15
min) using a Beckman Centrifuge, J-21 model, then filtered (Whatman® Ashless, Grade 42 Filtration
Paper, Sigma) and maintained in the dark at 4.0 °C. TPC and RSA measurements were conducted
according to the reported procedures (Khosravi et al. 2019).

Extraction and purification of ObPOX
Fresh O. basilicum callus (100 g) was homogenized in 200 mL of Tris-base buffer (0.01 M, pH 6.0)
containing PMSF (0.55 μM) at 4.0 °C. The tissue debris was removed by centrifugation (8,000 g, 20 min
at 4.0 ᵒC). The pellet was washed twice using 20 mL of the extraction buffer, then it was added to the
extract. The resulting homogenate crude extract was subjected to step-wise ammonium sulfate
precipitation (20-80%). Based on the activity assay results, the sediment at 80% saturation was collected
by centrifugation (12,000 g, 20 min, at 4.0 °C). Then, it was dissolved in a minimum volume of the
extraction buffer for further experiments.
The solution of the previous step (1 mL) was chromatographed on a Sephadex G-50 column (2 × 50 cm)
using Tris-base buffer (0.01 M, pH 6.0) as the mobile phase. The output of the column was monitored
spectrophotometrically at λ = 280 nm. The collected fractions were checked for the POX activity at 516
nm as explained below. Based on the resulting chromatogram, the selected active fractions were pooled
and loaded onto on a DEAE-C column (1×30 cm) equilibrated with Tris-base buffer (0.01 M, pH 6.0).
Proteins were eluted with a stepwise gradient of 0.0–0.2 M NaCl in the same buffer. The fractions (1 mL)
were examined at 280 nm. According to the resulting chromatogram, the selected active fractions were
pooled and used in further experiments.

SDS-PAGE and two-dimensional electrophoresis
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Protein content of the desired solutions was measured by Bradford method (Kruger 2009). SDS-PAGE of
the samples was performed according to the standard Laemmli (Laemmli 1970). The protein bands were
visualized by both Coomassie brilliant blue G250 and AgNO3 staining methods. To run a high-resolution
2D gel electrophoresis, isoelectric focusing (IEF) was first performed as described earlier (Farhadi et al.
2011). The second dimension separation was performed using a 12.5% gel according to Laemmli. The
gel was stained by silver nitrate.

Assay of CAT and POX activities
CAT activity measurements were performed in PBS (0.05 M, pH 7.0) containing H2O2 (0.66 mM) and 100
µL of the crude enzyme extract. The progress of the reaction was monitored through the depletion of
H2O2 at 240 nm (Beers and Sizer 1952). A standard curve obtained for the commercial CAT (Fig. S1,
supplementary document) was used to calculate the results in term of mg of CAT per gram of dry
biomass.
Three spectrophotometric assay methods were used for various kinetics purposes in this study. POX
activity assays in the presence of phenol (0.215 µM), 4AAP (0.003 mM), and H2O2 (0.66 mM) followed at
516 nm and the extinction coefficient (ε516= 6500 cm-1 M-1) of quinone-imine product was used for
calculation purposes (Mohammadnejad et al. 2020; Vojinović et al. 2007). POX activity measurements in
the presence of guaiacol (20 mM) and H2O2 (0.66 mM) was followed at 470 nm and the calculations
were done by using the extinction coefficient (ε470= 26600 cm-1 M-1) of the chromophoric product
(Farhadi et al. 2011). Routine assays were carried out in a conventional quartz spectrophotometry cell in
a total volume of 3 mL in the desired buffer solution at 20 °C.
ObPOX activity was also studied by using GASA as the organic electron-donor. These reactions were
carried out in Tris-base buffer (0.05 M, pH 7.0) containing the desired amounts of GASA (ε = 9654 cm-1 M1

) and H2O2 by using pure ObPOX (49 nM). The progress of each reaction was followed

spectrophotometrically by monitoring the absorbance decrease at 460 nm (Mohammadnejad et al.
2020).

Optimal pH, Temperature, and stability profiles of ObPOX
The guaiacol-based assay method was used for the determination of the optimal pH of activity. These
experiments were carried out in two different buffer systems [PBS (0.05 M) and Tris-base (0.05 M)] over a
pH range of 3.5 to 9.5 in the presence of a constant amount of ObPOX (49 nM) at 20 °C. The pH stability
of ObPOX was examined after incubation of the enzyme in Tris-buffer solution (0.05 M) with the desired
pH for half-an-hour.
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To determine the optimal temperature of ObPOX activity, the guaiacol-based assays in Tris-base buffer
(0.05 M, pH 7.5) over a temperature range of 15 to 100 °C were repeated by employing purified ObPOX
(49 nM). Similar experiments were conducted after incubation of the enzyme solution at the desired
temperature for half-an-hour to examine thermal stability of ObPOX.

ObPOX inhibition, activation and inactivation
The impact of the selected effectors, including Ca2+, Mn2+, NaN3, Na2EDTA, ascorbic acid, cysteine, and
glutathione, on the activity of ObPOX in the presence of guaiacol was investigated after 15 min (T0) and
1 h (T1) incubation of the enzyme with the desired concentration of the effector at pH 7.5 and 20 °C. The
results were interpreted in terms of activation and inhibition.
Inactivation of ObPOX by its co-substrate, H2O2 (5.0 - 40 mM), was investigated in the presence of GASA
(10 µM), as the organic substrate during one min reaction time (T0) and after incubation of the enzyme
(49 nM) with the selected concentration of hydrogen peroxide for 30 min (T1).

Velocity Curves
Velocity curves of the ObPOX activity were obtained at 20 °C by using constant amounts of H2O2 (0.26
mM) and the enzyme (49 nM) in Tris-base buffer (0.05 M, pH 7.5) containing different concentrations of
i) guaiacol (5.0 - 85 mM), and ii) GASA (4.0-100 µM). The velocity curve of ObPOX for H2O2 (0.03-2.12
mM) was obtained by using a constant concentration of guaiacol (5.0 mM) in the same buffer and
temperature. All the presented data are the average of, at least, three repeated experiments. Enzymatic
Kinetics constants (Km , kcat, kcat/Km ) for the substrates were calculated from the corresponding
Lineweaver-Burk plots of the data and the results were double checked by Eadie–Hofstee method.

Determination of blood glucose concentration using ObPOX
Blood samples were obtained from the volunteers under fasting conditions in the laboratory of Taban
Interdisciplinary Diabetes Clinic (https://www.tabanclinic.com). Sample preparation, glucose
determination of the samples, and statistical analyses were carried out according to previously reported
procedures (Mohammadnejad et al. 2020), using purified ObPOX and HRP as the control. All the sample
preparations were carried out under the guidelines of Bioethics Committee of National institute of Genetic
Engineering and Biotechnology of Iran (Approval number: IR.NIGEB.EC.1398.6.24 B).

Results And Discussion

Biomass production
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The seeds of basil germinated in less than 4 days and the excised explants of the young basil plant were
subjected to callus induction, which occurred in less than 3 weeks with 89% of frequency, Fig. 1A, under
the applied conditions. The growth curve of the callus, Fig. 1B, reveals that the linear proliferation of the
cells happened between day 7 and 28 with a growth rate of 0.126 g day − 1 (5.04 g L− 1 per day). This
resulted in about 18 and 11-fold growth of the callus (wet and dry weights, respectively) during the 35-day
subculture (Fig. 1B and 1C).
The biomass graph of the proliferated cells, Fig. 1C, found a correlation coefficient of 0.98 with the
growth curve. However, the highest biomass accumulation (dry/wet callus weights = 6.05%) was
observed on day 21 of the subculture (Fig. 1D). In contrast to Nazir et al. works (Nazir et al. 2019; Nazir et
al. 2020), in this study, the basil callus was grown in darkness as the preliminary examinations showed
about 13% higher POX production in darkness as compared with those proliferated under light conditions
(Fig. S2 Supplementary document). In the presence of light, phenylpropanoid pathway branches from pcoumaric acid towards flavonoids (Lobiuc et al. 2017), a phenomenon that was not observed in darkness.
This might relate to the observed changes in ObPOX activity. However, light had increased the biomass
accumulation to 190 g L− 1 in the solid cell culture of basil (Nazir et al. 2020), about 51% higher than that
obtained biomass in this work (126.16 g L− 1).

Antioxidant Capacity Of The Proliferated Cells
Although phenolic compounds account for a significant part of antioxidant capacity of a plant extract,
the share of other molecules especially antioxidant enzymes is also noteworthy. Methanol is a good
solvent for phenolic acids and flavonoids, while most of peptides and proteins are better dissolved in
water. Figure 2A and 2B, which show the correlations between the total phenolic content (TPC) and the
radical scavenging activity (RSA) of the basil callus extracts, indicate that both the TPC and RSA of the
methanolic extract were higher than those of the aqueous extract, 44 and 49% respectively. However, both
data reveal that the biosynthesis of the phenolic compounds was increasing up to day 31. Comparing
Fig. 2A and 2B discloses two important points. TPC of the methanolic extract increased only 2% between
days 21 and 31 when there was 10.3% increase in TPC of the aqueous extract. Meanwhile, there were
significant increases in the corresponding RSA values (21.3 and 28.1%, respectively). These data indicate
that the synthetic developments of the basil cells were toward making molecules with higher antioxidant
capacities.
Examination the activities of catalase (CAT) and ObPOX (two important antioxidant enzymes) during the
linear growth of the basil callus, Fig. 2C, indicates that CAT has gradually left its role to ObPOX. In
contrast to the disproportionation action of CAT on hydrogen peroxide (Eq. 1 (Grigoras 2017)), POX can
accept various organic compounds as the electron-donor, which results in the production of a pair of
organic radicals in addition to water during a POX catalytic cycle (Equations 2). This capability allows
ObPOX to support both developmental phenomena and the active biosynthetic machine of the basil cells
during proliferation and aging on the solid culture (Rezaie et al. 2020). Overlaying the graphs of the
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ObPOX activity and the biomass growth (Fig. 1D) discloses that despite deceleration of the biomass rate,
ObPOX activity remained increasing assumingly for the sake of the cellular biosynthetic developments
(Fig. 2A and 2B) (GÓMEZ-VÁSQUEZ et al. 2004).

Purification of ObPOX
Stepwise precipitation of the proteins of the basil callus crude extract (Fig. 3A) suggested collecting of
the precipitate at 80% saturation of ammonium sulfate. Size-exclusion chromatography of the precipitate
caused the removal of most of the unwanted proteins (Fig. 3B). Then, an extra chromatography of this
enzyme on an anion-exchange column resulted in a sharp fraction (Fig. 3C), which produced one
homogeneous band on SDS-PAGE (Fig. 3D). Table 1 presents the quantitative summary of this procedure.

Table 1
Quantitative results of the purification scheme applied for preparation of ObPOX from O. basilicum callus
(100g).
Steps

Volume
(mL)

Total
activity
(AU)

Protein
(mg)

Specific
activity⁑
(AU mg

−1

Recovery

Fold

(%)
)

Crude extract

200

15442

144.4

106.93

100

1

Ammonium sulfate
(80%)

8

11710

38

308.16

75.83

2.88

Sephadex G-50

15

7230

11.7

617.94

61.74

5.77

DEAE-anion exchange

6

2179

1.75

1245.14

30.14

11.64

⁑

Specific activity was calculated by using ε516 = 6500 cm− 1 M− 1 for the quinone-imine product and
unit of activity was considered as the µmole(s) of the product per min.

Due to the inadequate information as well as the differences in the sources of the enzymes, degree of
purity, assay methods, activity unit definitions, and the applied assay conditions, it is difficult to have a
clear comparison between the data of Table 1 with the data of the reported plant POXs (Table 2). Yet,
comparisons between some data are informative. For instance, the protein content of the crude extracts
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of hairy roots of Daucus carota L. (carrot), Ipomoea batatas L. (sweet potato), and Solanum aviculare
(kangaroo apple) was about 3 to 4 times higher than that of the crude extract of the basil callus (Tables 1
and 2) (de Araujo et al. 2004). But, their activities were, at least, one-seventh of the basil crude extract
(106.93 AU mg− 1) regardless of the employed electron-donors. Interestingly, the callus of carrot (D.
carota) had already been examined as a candidate source of plant POX (Xu et al. 1998). But the reported
POX activity of its crude extract (54.0 AU/g of FW) is about one-third of the basil callus extract (Table 2).
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Table 2
Production information of some reported plant POXs.
Source

Assay method

[Reported amount]

N.P.S a &
Total
protein

Daucus carota,

Glb, PBS (pH 6),

Ipomoea batatas,

470 nm, ε = 26.6k
M− 1 cm− 1

Solanum aviculare

Gl, PBS (pH 6),

NR d, 2.1
U/mg

1, 6.5 mg

NR, 15.1
U/mg

1, 4.9 mg

NR, 7.6
U/mg

1, NR

[0.1 g callus of
carrot]

Phoenix
dactylifera L.
[50 g of date palm
leaves]

Gl, PBS (pH 6),
470 nm (ε = 26.6k
M− 1 cm− 1)

Glycine Max.

Gl, Citrate (pH 4.6)

[1 g of soybean
coat]

470 nm (ε = 26.6k
M− 1 cm− 1)

Citrus medica

Gl, PBS (pH 6)

[80 g of leaves]

470 nm,

Commiphora
gileadensis

Gl, Tris (pH 7)

3, 381 (Bf)
e

4, 4 mg
(Bf)

3, 556.15
mg (Lw)

4, 16.76
(Bf)

Gl, PBS (pH 5)

4, 40.24
mg (Bf)

[1kg tomatoes]

MW

Unit definition

& RZ

NR,
NR,

Oxidation of 1
µmol/min

NR

(de Araujo et al.
2004)

NR,

NR,

54.0 U/g
of FW

NR

Oxidation of 1
mol/min

1.3 mg

55
kD,

Oxidation of 1
µmol/min

NR

(Al-Senaidy and
Ismael 2011)

44
kD,

µmol of Gl
oxidized/min

0.5

(Parsiavash et al.
2015)

32
kD,

Oxidation of 1
µmol/min

NR

(Mall et al. 2013)

40
kD,

1 unit of Abs.
f
/min

NR

(Almulaiky and AlHarbi 2019)

0.77 mg

42kD,

104.61
U/mg

0.7

ΔAbs. /mg
prot./min

906.2
(U/mg)

[10 g of Arabian
balsam peel]

Lycupersicon
hirsulum

Specific
activity

1, 5.8 mg
(Lw) c

[1 g hairy root]

Daucus carota

Total POX
(mg)

NR,
1549.89
(U/mg)
10.76 mg
62.08
kU/mg
0.153 mg
9503.3
(U/mg)

(Xu et al. 1998)

(Marangoni et al.
1989)

(Number of Purification Steps)a, (Guaiacol)b, (Lowry method)c, (Not reported)d, (Bradford method)e,
(Absorbance)f, (Dimethylaminobenzoic acid)g,, (Weight of fresh source)h, (o-Dianisidine)i, and ?
means unclear.
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Source

Assay method

[Reported amount]

Prunus domestica
[700 g of plums]

Cucurbitapepo
[2 kg Zucchini
peel]

N.P.S a &
Total
protein

Gl, McIlvaine (pH
6.5)

4, 1421.7
mg (Bf)

470 nm,
DMABg, PBS (pH
7)

5, 8040 mg
(Lw)

Total POX
(mg)
Specific
activity
0.175 mg
2345865
(U/mg)
42 mg
443 U/mg

MW

Unit definition

& RZ

58
kD,

0.001
Abs./min/mL

NR

(Enachi et al.
2018)

38.8
kD,

oxidized DMAB
µmole/min

2

by 1 mg/mL of
POX
(Casella et al.
1993)

Brassica oleracea

Gl, Tris (pH 6),

[? Broccoli stem]

420 nm, ε = 25.5k
M− 1 cm− 1

Allium sativum

Gl, Acetate (pH 5),

[?, garlic]

470 nm

Eupatorium
odoratum

ABTS, Acetate (pH
5),

[?, leaves]

405 nm, ε = 36.8k
M− 1 cm− 1

Sorghum bicolor

ABTS, Acetate (pH
4),

[50g of grains]

Vigna mungo
[1g of Black gram
husk]

4, 47.5 mg
(Bf)

4, 497 mg
(Bf)

4, 1509 mg
(NR)

5, 1050 mg
(Bf)

405 nm,
oDiAi Acetate (pH
5.5),

3, 22.2 mg
(Bf)

460 nm (ε = 30k
M− 1 cm− 1)

0.05 mg
882 U/mg

0.27 mg
13,860
U/mg
2.2 mg
7094
U/mg
2.8 mg
1071
U/mg
0.22 mg
1215291
U/mg

48
kD,

Amount of
oxidized Gl/min

0.55

(Thongsook and
Barrett 2005)

36.5
kD,

0.1 Abs./min

NR

(Marzouki et al.
2005)

55
kD,

Oxidation of
1µM/min

NR

(Rani and
Abraham 2006)

38
kD,

1 µmol of
ABTS/min

4

(Dicko et al. 2006)

36
kD,

Oxidation of 1
µmol /min

1.9

(Ajila and Rao
2009)

(Number of Purification Steps)a, (Guaiacol)b, (Lowry method)c, (Not reported)d, (Bradford method)e,
(Absorbance)f, (Dimethylaminobenzoic acid)g,, (Weight of fresh source)h, (o-Dianisidine)i, and ?
means unclear.
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Source

Assay method

[Reported amount]

Jatropha curcas
[400 g of leaves]

Carica papaya,
[25 g of unripe
papaya]

Euphorbia tirucalli

Total
protein
Gl, Citrate (pH 5),
25°C

[1 g of leaves and
stems]

4, 2880 mg
(Bf)

470 nm (ε = 26.6k
M− 1 cm− 1)
Gl, PBS (pH 7),
37°C

4, 230.71
mg (Bf)

470 nm (ε = 6.39k
M− 1 cm− 1)
Gl, Acetate (pH 5.5)

[? g of latex]

Cytisus multiflorus

N.P.S a &

Gl, PBS (pH 6),
25°C

2, 145 mg
(Bf)

4, 34.4 mg
(Bf)

470 nm, ε = 5200
M− 1cm− 1)

Zingiber officinale

Gl, Acetate (pH 5.5)

[2 g ginger]

470 nm

4, 4.82 mg
(Bf)

Total POX
(mg)
Specific
activity
5.0 mg
24,800
(U/mg)
3.38 mg
68.59
(U/mg)
4 mg
126.5
(U/mg)
0.011 mg
17962
(U/mg)
0.25 mg
13,136
(U/mg)

MW

Unit definition

& RZ

48
kD,

Oxidation of 1
µmol/min

3.2

(Cai et al. 2012)

240
kD,

Making 1 mmol
product/min

NR

(Pandey et al.
2012)

38.8
kD,

change of 0.1 unit
Abs./min

1.2

(Shukla et al.
2016)

49
kD

Oxidation of 1
µmol/min

2.5

(Pérez Galende et
al. 2016)

42
kD,

1 unit of Abs./min

NR

(El-Khonezy et al.
2020)

(Number of Purification Steps)a, (Guaiacol)b, (Lowry method)c, (Not reported)d, (Bradford method)e,
(Absorbance)f, (Dimethylaminobenzoic acid)g,, (Weight of fresh source)h, (o-Dianisidine)i, and ?
means unclear.
In spite of discrepancies between different works (Table 2), there are POX examples from plant sources
which are comparable with the results of this work such as POX of Phoenix dactylifera (Date palm leaves,
2.6 mg purified enzyme per 100 g of the source with a specific activity of 906.2 AU mg− 1) (Al-Senaidy and
Ismael 2011), and POX of Glycine Max. (Soybean) coat with a specific activity of 1549.89 (AU mg− 1)
(Parsiavash et al. 2015). There are also results with exceptionally high values such as POX of Citrus
medica leaves (13.45 mg purified enzyme per100 g of the source with a specific activity of 62080 AU
mg− 1) (Mall et al. 2013).
It is noteworthy to mention that the yields of HRP per unit weight of radish are highly variable and depend
on climatic and other factors (Walwyn et al. 2015). In view of this fact, the commercial HRP is sold with
different grade of purity including low (150 AU mg− 1), medium (250–330 AU mg− 1), and high (> 330 AU
mg− 1) based on guaiacol assay at 25°C (Walwyn et al. 2015). Comparing the specific activity of the
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purified ObPOX (1245.14 AU mg− 1) with a commercial HRP (206.35 AU mg− 1), which had been assayed
with the same method of this research (Farhadi et al. 2011), discloses the potential activity of ObPOX.

Physicochemical properties of ObPOX
The SDS-PAGE analysis (Fig. 3D) suggested an average MW of 40 kD for the monomer of ObPOX, which
was close to the MW of many plant POXs such as of HRP (40–46 kD) (Barnard 2012), and Commiphora
gileadensis (Arabian balsam) (40 kD) (Almulaiky and Al-Harbi 2019) POXs. Two-dimensional
electrophoresis of ObPOX resulted in separation of several spots with MW ranging from 38 to 60 kD and
pI between 5 to 5.5 (Fig. S3 supplementary document). Isozyme-multiplicity in Class III plant peroxidases
originates from a ubiquitous multigene family of the enzyme, post-translational modifications, and the
length and number of associated glycan chains (González-Rábade et al. 2012). In contrast to HRP
isozymes which all show RZ values > 1, the UV-Visible spectrum of ObPOX (Fig. 4A) was quite similar to
the tomato POX spectrum (RZ = 0.7 (MARANGONI et al. 1989)) suggesting an RZ value of 0.67.
Figure 4B illustrates the activity profile of ObPOX over a wide range of pH (3.0-9.5) indicating that the
enzyme tolerates acidic pH(s) much better than alkaline ones. In fact, a pH change from 7.5 to 8 causes
an activity loss of 40% while shifting pH from 5 to 7.5 grounds the gradual ObPOX activity increase from
70 to 100%. Examination of ObPOX activity in Tris and PBS buffers revealed the preference of the
enzyme for the organic buffer over the inorganic one (Fig. 4C) and half an hour incubation of ObPOX in
mediums with different pH(s) prior to the activity assays, Fig. 4B, proved instability of ObPOX at pH > 7.5,
which is ascribed to the loss of the prosthetic group at alkaline mediums and alkaline denaturation
(Valderrama et al. 2002). Similar optimal pH of activity and susceptibility to alkaline pH(s) have been
reported for several plant POXs including those extracted from Prunus domestica (plums, pH 6.5) (Enachi
et al. 2018), C. gileadensis (pH 7.0-7.5) (Almulaiky and Al-Harbi 2019), and Arnebia euchroma callus (7.5)
(Farhadi et al. 2011).
Similar to pH sensitivity, thermal stability is an important feature that determines the applicability
spectrum of an enzyme. Activity examination of ObPOX by one-minute assay in the range of 15 to 100°C
disclosed activity increase of the enzyme up to 80°C, Fig. 4D. Assessing the stability of ObPOX after 30minute incubation at the mentioned temperatures showed high thermostability of the enzyme up to 50°C
while it had lost only 12% of its activity at 60°C. The thermostability plot suggests a thermal index (T50 =
74°C) for ObPOX. Interestingly, ObPOX could maintain about 11.1% of its activity at 90°C, Fig. 4D, while
HRP, with the mean optimal of 30°C, lost about 96.4% of its activity at 70°C whit in 10 min (Mogharrab et
al. 2007). Although the maximum catalytic activity of most of the studied plant POXs were in the range of
40–65°C, there were several plant POXs which passed this border. For instance, Ficus sycomorus pox
was able to retain about 77% of its initial activity at 70°C after 30 min incubation (Abdel-Aty et al. 2018).

Kinetics of ObPOX catalytic activity
Activation And Inhibition
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The adverse effects of Ca2+ and Mn2+ on the structural stability and activities of plant POXs (Class III)
have been documented. The former divalent cation with an imperative impact on molecular folding acts
as prosthetic group and stabilizes the POX structure through maintenance of the heme pocket structure
associated with high catalytic activities and usually demonstrates stimulatory effects on plant class III
peroxidases (Medda et al. 2003). However, the latter affects it presumably via disruption of the enzyme
structure through binding to the thiol group (-SH) of cysteine or formation of covalent bonds with other
amino acid side chains at the enzyme active site (Barnard 2012). Study the kinetics of ObPOX after
incubation of this enzyme with Ca2+ (5mM) for 15 min and 1 hr revealed 50 and 81%, respectively,
increase in the activity. In contrast, conducting similar experiments with ObPOX after incubation with
Mn2+ (10 mM) caused 78 and 94% decrease in the enzyme activity (Table 3). Heme-POXs (Class III) are
also inhibited by azide anion due to the interaction of the ion with the metal ion of a metal enzyme
(Barnard 2012; Farhadi et al. 2011). The impact of N3− on ObPOX as a heme-POX was also investigated
in a similar way. The data of Table 3 shows that ObPOX experienced 48 and 92% loss of activity after 15
min and 1 hr incubation with N3−. The inhibitory effects of some important food additives including
ascorbic acid, cysteine, and glutathione on plant POXs have been demonstrated and discussed in the
literature (Tao et al. 2018). Likewise, these compounds exerted inhibitory effects on the ObPOX activity
(Table S1, Supplementary document). However, the most severe impact belonged to glutathione, which
caused a 92% loss of ObPOX activity.
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Table 3
The normalized data of ObPOX activity changes in the presence of various concentrations (mM) of CaCl2,
MnCl2, NaN3, and H2O2.
Effector

CaCl2

MnCl2

NaN3

H2O2

Time‡

Control†

Concentration (mM)
0.5

1

5

10

15

20

40

T0

100

-

105.58
± 4.36

149.74
± 4.06

128.42
± 4.26

115.73
± 3.8

-

-

T1

100

-

124.24
± 2.89

181.31
± 2.97

150 ±
5.067

130.80
± 4.9

-

-

T0

100

-

74.69 ±
1.03

35.104
± 2.02

22.44 ±
3.028

-

-

-

T1

100

-

31.43 ±
0.97

21.63 ±
1.72

6.12 ±
1.13

-

-

-

T0

100

-

69.84 ±
0.91

55.64 ±
2.48

52.62 ±
3.027

-

-

-

T1

100

-

69.31 ±
0.67

18.6 ±
1.63

7.39 ±
0.08

-

-

-

T0

100

-

-

80.87 ±
1.02

49.03 ±
2.19

-

32.87
± 2.66

17.63
± 1.99

T1

100

-

-

81.0 ±
3.28

16.16 ±
1.73

-

0.0

0.0

‡

T0 and T1 are 15 and 60 minutes incubation time of ObPOX with the effector prior to the activity
measurements. In the case of H2O2, T0 and T1 were one and 30 minutes, respectively.
†

Activity of ObPOX in the presence of guaiacol in Tris-base buffer solution (0.01 M, pH 7.5) at 25 ± 1
ᵒC was taken as the Control (100%). To study the effect of hydrogen peroxide guaiacol was replaced
by GASA.

The Choice Of Electron-donor
Kinetics studies on a POX in the presence of various electron-donors are usually conducted to shed light
on the functional capacity as well as the objectives of the intended research, e.g., those which aim to
elucidate the ligninolytic potential of a POX select lignin precursors for the kinetics studies, and those
with environmental concerns usually use phenols, chlorophenols, etc. Consequently, these kinetics
studies were directed toward GASA, a synthetic diazo substrate of HRP introduced for direct, rapid, and
precise determination of blood sugar (Mohammadnejad et al. 2020). In addition, the kinetics of ObPOX
was studied in the presence of guaiacol as a traditional substrate of POXs for comparative purposes
(Table 4). The reported Km values of plant POXs for guaiacol ranges from 0.036 mM (Raphanus
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raphanistrum POX) (Jovanović et al. 2018), to 113.2 mM (P. domestica POX) (Enachi et al. 2018).
Therefore, the Km of ObPOX (21.5 mM) reveals moderate affinity of this enzyme for guaiacol.
Table 4
Kinetics parameters of ObPOX in Tris-base buffer (0.05 M, pH 7.5) at 20°C.
Substrate

Km (mM)

Vmax (µM min− 1)

Kcat (s− 1)

kcat /Km (s− 1 M− 1)

Guaiacol a

21.5

20.1

6.80

316.41

GASAa

0.053

10.4

3.54

66743.7

H2O2b

0.802

0.794

0.526

655.86

a

Activity was measured using 0.26 mM H2O2. b Activity was measured using 5.0 mM guaiacol.

All the reactions were carried out in the presence of a constant amount of ObPOX (49 nM).
Using guaiacol as the substrate, the affinity of ObPOX for H2O2 was also evaluated. The outcome (Km =
0.802 mM, Table 4) was indicative of high affinity of ObPOX for hydrogen peroxide as compared with
that of HRP (Km = 3.7 mM) (Barnard 2012), but in an overall view, ObPOX has a moderate affinity for
H2O2 ifit is compared POXs of other plants such as pencil tree latex (Euphorbia tirucalli, Km = 15 mM),
white lead tree (Leucaena leucocephala, Km = 5.6 mM), Oil palm leaf (Elaeis oleifera, Km = 1.3), and
papaya fruit (Carica papaya, Km = 0.25 mM) (Jovanović et al. 2018).
In contrast to the moderate affinity for guaiacol, ObPOX showed an exceptionally strong affinity for GASA
(Km = 0.053 mM, Table 4). This, in turn, gave a high specificity constant (kcat/Km ) to GASA (66743.7 s−
1M− 1),

which was promising of the high sensitivity of ObPOX to this substrate in the joint-enzymatic

assay of glucose. Prior to the glucose determination tests, it was necessary to optimize H2O2
concentration. Gradual inactivation of POX in the presence of high concentrations of H2O2 triggers poor
reproducibility and failure of the subsequent assays (Valderrama et al. 2002). Studies have revealed that
the optimal concentration of H2O2 is heavily reliant on the chemical nature of the reducing substrates
(Jovanović et al. 2018; Shigeto and Tsutsumi 2016). Therefore, the inactivation of ObPOX by hydrogen
peroxide was studied in the presence of GASA (Table 3). Consequently, H2O2 (5mM) causing only 20%
enzyme inactivation was selected as the best concentration for these experiments.

Determination of blood glucose concentration
The joint-enzymatic assay of blood sugar is based on the oxidation of glucose by glucose oxidase that
produces equimolar of D-gluconic acid and H2O2. Then, HRP converts hydrogen peroxide to water by the
help of an electron donor (Majumdar et al. 2016). In Trinder method, which is the base of several
commercial kits and clinical measurement methods, phenol is used beside 4-aminoantipyrin.
Consequently, upon enzymatic oxidation of phenol, a red color (ε = 6500 cm− 1 M− 1) is developed that can
Page 16/27

be measured at 510 nm by a simple spectrophotometer (Farhadi et al. 2011; Mohammadnejad et al.
2020). Due to the high concerns about the accurate reading of blood glucose and some problems
associated with the Trinder method, some other spectrophotometric methods have been developed. In the
more recent one, by using GASA as the electron-donor, it was shown that blood sugar could be
determined precisely in less than 20 seconds (Mohammadnejad et al. 2020). To evaluate the applicability
of ObPOX in the joint-enzymatic measurement of glucose, the blood samples of 20 participants were
analyzed by an authorized clinical lab and GASA method using both HRP and ObPOX (Table 2S,
Supplementary document).
Figure 5A and 5B illustrate Pearson’s analysis of the blood sugar determinations by HRP-GASA and
ObPOX-GASA methods versus the lab results. Accordingly, there is a higher correlation between the lab
and ObPOX-GASA measurements (r = 0.98) as compared with that of HRP-GASA method (r = 0.95). The
independent t-test (Table 5) rejects any statistically significant difference between these results.
Nonetheless, the larger regression constant of the ObPOX-GASA correlation diagram (Fig. 5B) discloses
the higher precision of ObPOX-GASA method over the HRP-GASA method. This could be ascribed to the
better sensitivity of ObPOX to GASA in comparison with HRP.

Table 5
Independent t-test analysis of the results of the blood glucose determination by three
independent methods of Laboratory (Lab), GASA (HRP) and GASA (ObPOX).

p-value ˂ 0.01

Methods

Regression analysis

Lab vs GASA (HRP)

Y = 0.9634x + 0.1851

R2 = 0.96

N.S *

Lab vs GASA (Ob.POX)

Y = 0.9468 + 6.7394

R2 = 0.96

N.S

GASA (HRP) vs GASA (Ob.POX)

Y = 0.9421 + 3.8757

R2 = 0.98

N.S

* Not significant.

Conclusion
The callus culture of O. basilicum seems to be reliable source for in-vitro production of both phenolic
acids and peroxidase. This assumingly originates from the high antioxidant capacity of the plant.
However, depending on the goals, the applied conditions for the callus proliferation differs from one
another. Studying the growth of basil callus on MS medium containing 2,4-D and kinetin in darkness and
the absence of any type of elicitors revealed concomitant increase in production of the phenolic
compounds and peroxidase during a 35-day subculture. The produced peroxidase showed 4 times higher
affinity for phenol, as compared with that of HRP, as well as an exceptionally high specificity constant for
a diazo substrate introduced for accurate determination of blood sugar. The better performance of this
peroxidase in the blood glucose determination in the real samples was demonstrated.
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Abbreviations
POX

Peroxidase

DEAE-C Diethylaminoethyl cellulose

HRP

Horseradish peroxidase

MS

ObPOX

Ocimum basilicum peroxidase

TPC

Total phenolic compounds

PMSF

Phenylmethylsulfonyl fluoride

RSA

Radical scavenging activity

4AAP

4-Aminoantipyrine

2,4-D

2,4-dichlorophenoxyacetic acid

TEMED

Tetramethylethylenediamine

GASA

4-[(4-Hydroxy-3-methoxyphenyl) azo]-benzene sulfonic acid

IEF
CAT

Murashige and Skoog medium

Isoelectric focusing
Catalase
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Figures

Figure 1
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A) The appearance of O. basilicum leaf explants (a1), callus induction (a2), and the proliferated callus
(a3) on MS medium supplemented with kinetin (10-5 M) and 2, 4-D (10-6 M) in darkness at 25±2 °C. The
growth plots of B) wet basil callus and C) its dry biomass during a 35-day subculture. D) Overlaid plots of
biomass (solid line) and ObPOX (dotted line) production over a period of subculture.

Figure 2
Normalized values of TPC (filled bars) and RSA (dotted bars) of A) aqueous (acetate buffer pH 5.5), B)
methanolic extracts, as well as C) POX (filled bars), and CAT activities of the crude extract of the basil
callus. Error bars show ±SD.
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Figure 3
A) Residual activities of ObPOX in the collected precipitates at different level of saturation to ammonium
sulfate. Chromatographic elution profiles of ObPOX purification on B) Sephadex G-50, and C) DEAE-C
columns. E) SDS-PAGE [Coomassie blue (left) and AgNO3 (right) stain] of the purified ObPOX. M and E
stand for Marker and Enzyme, respectively.
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Figure 4
A) UV-Visible spectrum of ObPOX in at pH 7. B) Overlaid plots of optimal pH of activity (▲), and pH
stability (■) of ObPOX at 20 ºC. C) Activity of ObPOX in Tris-base (▲) and PBS (■ buffers. D) Overlaid
plots of optimal temperature of activity (▲) and thermal stability (■) of ObPOX at pH 7.
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Figure 5
Pearson’s correlation plots of the blood glucose determination in the blood serum samples of 20
volunteers by A) HRP-GASA, and B) ObPOX-GASA methods against the laboratory analysis results.
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