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Purification and Characterization of a Peroxidase Isozyme
from Indian Turnip Roots
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A peroxidase isozyme (TP I) from Indian turnip roots (Brassica rapa) was purified. TP I had a

minimum molecular mass of 45 000 Da as determined from sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE). A far-UV circular dichroism (CD) spectroscopy study of TP

I revealed the presence of 44% R-helix, 16% β-sheet, and 40% random structure. The N-terminal

sequence of TP I was found to be Gln-Phe-Val-Ile-Pro-Thr-Tyr-Ala-Trp-Gln. Pyromellitic dianhydride

(PMDA)-modified TP I showed enhanced thermal stability and p-chlorophenol removal efficiency. In

the absence of polyethylene glycol (PEG), PMDA-modified TP I (dose of 50 units mL-1) converted

100% p-chlorophenol, while at the same time, native TP I could convert only 85%. In the presence

of PEG, PMDA-modified TP I (dose of 0.05 units mL-1) converted p-chlorophenol completely in

45 min, while native TP I required 60 min for complete conversion. The KM value toward the sub-

strates p-chlorophenol and o-cresol decreased after PMDA modification of TP I, which indicated

increased affinity for these substrates.
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INTRODUCTION

Peroxidases (EC 1.11.1.7) are hemeproteins that catalyze the
oxidation of a variety of molecules at the expense of hydroper-
oxides, most often H2O2. Peroxidases are found ubiquitously in
animals, plants, and microorganisms and efficiently catalyze the
oxidation of a variety of substrates (1). The best studied peroxi-
dases are plant peroxidases, which are monomeric proteins with
molecular weights of 30-40 kDa and contain a single, noncova-
lently bound heme group (2). Peroxidases find widespread appli-
cations in bioremediation, biocatalysis, diagnostics, biosensors,
and therapeutics (3). Because of their broad substrate specificity,
peroxidases have been exploited for the detoxification of various
aromatic pollutants, such as phenols, aromatic amines, and dyes,
present in wastewater/industrial effluents (4, 5).

Over the years, peroxidase from horseradish (Armoracia
rustanica) has been widely studied and has been the only com-
mercial source for peroxidase. Obviously, a need has been felt to
evaluate peroxidases from other plant sources in terms of sub-
strate specificity, pH, and temperature stability and to use these
peroxidases in bioremediation and immunoassays. Peroxidase
obtained from soybeans (Glycin max) has high pH stability
(pH 2-10), as compared to horseradish peroxidase (HRP)
(pH 4-8) (3). Turnip root (Brassica rapa) is another source of
peroxidase, which had been identified in 1968 by Mazza and co-
workers (6). Recently, one group from Brazil (7-9) and another
group from Iran (10, 11) have isolated peroxidase from turnips
grown in their respective regions. In India, Matto and Husain

(12,13) have reported application of partially purified turnip per-
oxidase for the decolorization of textile dyes. The same group had
earlier reported bioaffinity immobilization of turnip peroxidase
(14, 15).

The present work describes the purification of a peroxidase
isozyme from the roots of Indian turnip. One important goal was
to use it for bioremediation by taking p-chlrophenol as a model
system.

MATERIALS AND METHODS

Materials. Fresh turnip roots were purchased from a local market.
ConcanavalinA-sepharose 4B (ConA-sepharose 4B) was purchased from
GE Healthcare, Piscataway, NJ. (diethylamino)ethyl (DEAE)-cellulose,
methyl-R-D-mannopyranoside, 2,20-azinobis(3-ethylbenzthiazoline-6-sulfonic
acid) (ABTS), and 3,30,5,50-tetramethylbenzidine (TMB) were purchased
from Sigma Chemical Co., St. Louis, MO. Pyromellitic dianhydride
(PMDA) was purchased from Eastman Kodak Company, Rochester,
NY. All other reagents and chemicals were of analytical grade.

Peroxidase Activity Determination. Peroxidase activity was mea-
sured using the well-established and frequently used spectrophotometric
assaywithTMBas a substrate (16). The substrate solutionwas prepared as
follows: 0.002 mL of 30% (v/v) H2O2 and 1 mL of dimethyl sulphoxide
(DMSO) solution containing 1.5 mg of TMB were added to 15 mL of
0.03M citrate-phosphate buffer at pH 5.5. The reactionmixture contained
0.5 mL of appropriately diluted enzyme and 1.5 mL of substrate solution.
Incubation was carried out for 10 min at 25 �C. The reaction was stopped
with 0.5 mL of 2 M H2SO4. Absorbance was read at 450 nm. A total of
1 unit (U) of enzyme activity is defined as the amount of enzyme that
catalyzes the oxidation of 1 μmol of TMB/min at 25 �C into a colored
product (ε=5.9� 104 M-1 cm-1 at 450 nm).

Protein Estimation. The protein concentration was determined
according to the procedure described by Bradford (17), using bovine
serum albumin (BSA) as a standard protein.
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Preparation of Crude Turnip Extract (8). Turnip roots (500 g) were
washed and cut into pieces and homogenized in 500mL of 0.1MTris-HCl
at pH7.0. The extract was centrifuged at 12000g for 15min at 4 �C, and the
supernatant was used for further purification.

Affinity Chromatography on Con A-Sepharose 4B. The crude
extract (150mL)was precipitated by adding solid ammonium sulfate up to
85% saturation. After the precipitates stood overnight at 5 �C, they were
collected by centrifugation at 12000g for 15 min. The precipitates were
redissolved in a minimum volume of 0.1 M Tris-HCl buffer and dialyzed
extensively against 0.1 M Tris-HCl at pH 7.0 containing 0.5 M NaCl and
0.001 M CaCl2, MgCl2, and MnCl2 for 24 h.

The dialyzed fraction (75 mL) was applied on a Con A-sepharose 4B
column (1�20 cm, 10mL bed volume) previously equilibrated with 0.1M
Tris-HCl at pH 7.0 containing 0.5 M NaCl and 0.001 M CaCl2, MgCl2,
and MnCl2. The column was washed with the same buffer to remove
weakly bound proteins, and then the adsorbed protein was eluted with a
linear gradient of 0-0.1 M methyl-R-D-mannopyranoside. Fractions of
2 mL were collected; absorbance was read at 280 nm; and the peroxidase
activity and protein content were checked in each fraction.

Anion-Exchange Chromatography on DEAE-Cellulose. The
fractions from a Con A-sepharose 4B column containing peroxidase
activity were pooled and dialyzed against 0.05 M Tris-HCl at pH 8.6.
The dialyzed sample (10 mL) was applied on a DEAE-cellulose column
(1� 20 cm, 10 mL bed volume) previously equilibrated with the above
buffer. The column was washed with the same buffer to remove weakly
bound proteins. The adsorbed protein was eluted with a linear gradient of
0-0.5 M NaCl in the same buffer. Fractions of 2 mL were collected;
absorbance was read at 280 nm; and the peroxidase activity and protein
content were checked in each fraction.

Polyacrylamide Gel Electrophoresis (PAGE). The purity of the
sample obtained at various stages of purification was checked by sodium
dodecyl sulfate (SDS)-PAGE. It was performed using 12% gel according
to the procedure described earlier (18) on a Genei gel electrophoresis unit
(Bangalore Genei Pvt. Ltd., Banglore, India) and using standard mole-
cular weight markers (Bangalore Genei Pvt. Ltd., Bangalore, India).

N-Terminal Sequencing of Turnip Peroxidase Isozyme I (TP I).
The N-terminal sequencing was performed at the All India Institute of
Medical Sciences, New Delhi, India. The pure protein sample was sub-
jected to PAGE (12%) and electroblotted on a polyvinylidene fluoride
(PVDF) membrane. The first 10 amino acids from the N-terminal end of
TP I were sequenced by the Edman degradation method on an automated
sequencer (PPSQ 21A Shimadzu protein sequencer).

ChemicalModification of TP I. The acetylation of TP I with PMDA
was performed as described earlier (19). PMDA solution prepared in
dimethylsulfoxide (0.002 M, 1 mL) was added dropwise at 4 �C to 0.9�
10-3μgL-1 TP I solution (10mL; prepared in 0.1MKH2PO4 buffer at pH
8.0) with stirring. The reactionmixture was further stirred for 2 h followed
by dialysis against the same buffer.

Determination of theDegree ofModification.The determination of
amino groups modified was carried out using trinitrobenzenesulphonic
acid (TNBS) according to theproceduredescribedearlier (20).TNBS (0.03M,
0.025 mL) was added to 1 mL of sample solution in 0.1M borate buffer at
pH 9.3 and incubated at 25 �C for 1 h. Absorbance was read at 420 nm.
Pure glycine was used as a standard.

Substrate Specificity of TP I. Substrate specificity of TP I toward
various substrates, viz. TMB, ABTS, guaiacol, phenol, p-chlorophenol,
and o-cresol, was studied by assaying the enzyme using varying concen-
trations of each substrate at a fixed concentration of H2O2. The data were
fitted in the Hanes-Woolf equation using Leonora software to calculate
the kinetic parameters (21).

Circular Dichroism (CD) Spectroscopy. CD measurements were
carried out on a JASCO J-815 spectropolarimeter (Jasco Corporation,
Tokyo, Japan) equipped with a Peltier-type temperature controller and a
thermostatted cell holder, interfaced with a thermostatic bath. All solu-
tions were filtered with a 0.22 μm pore nylon filter before performing the
experiments. Far-UV CD spectra (200-260 nm) were recorded on a 1 cm
path length quartz cell at a protein concentration of 0.5mgmL-1 in a 0.01M
sodium phosphate buffer at pH 7.0.Mean residual elipticity [θ] in deg cm2

dmol-1 was calculated using the formula: [θ]=0.1[θo]Mo/cl, where [θo] is
the observed elipticity inmillidegrees,Mo is the mean residue weight of the
protein (Mo=110), c is the protein concentration (mg cm-3), and l is the

path length (cm). The percentage of different secondary structures was
estimated using the K2D program (22).

Thermal Stability. PurifiedTP I (native and PMDA-modified; 0.5mg
mL-1) was incubated at different temperatures (30-80 �C) for 15min.The
samples were then cooled to room temperature and assayed for peroxidase
activity using TMB as a substrate at 25 �C. The starting activity at 0 min
was taken as 100%.

p-Chlorophenol Removal Using Native and PMDA-Modified TP

I. In a glass vial (30 mL), reagents were added in the following order: (1)
0.01Mphosphate buffer at pH7.5, (2) TP I (native andPMDA-modified),
(3) PEG (0.1 mg mL-1), and (4) p-chlorophenol solution (0.001 M). The
final reaction volumewas 5mL.The reactionwas initiated byaddingH2O2

(0.001M). For the time-course study, aliquots were withdrawn at particu-
lar time intervals and an excess of catalase was added to terminate the
reaction. The samples were centrifuged at 10000g for 20 min at 25 �C, and
p-chlorophenol was estimated in the supernatant.

Estimation of the Concentration of p-Chlorophenol. The concen-
tration of p-chlorophenol was determined according to the assay procedure
reported earlier (23). The samples obtained were subjected to p-chloro-
phenol determination as follows: 0.15 mL of ammonium buffer [0.7 g of
ammonium chloride and 6.5 mL of 25% (v/v) liquor ammonia were
dissolved in 10 mL of distilled water] was mixed with 2.55 mL of sample
(appropriately diluted in distilled water). A total of 0.15 mL of 8 g L-1

4-aminoantipyrine aqueous solutionwas added to themixture followed by
the addition of 0.15 mL of 36 g L-1 potassium ferricyanide aqueous solu-
tion. The p-chlorophenol concentration was determined by measuring the
absorbance at 510 nm. The total p-chlorophenol concentration was deter-
mined from a calibration graph based on pure p-chlorophenol.

RESULTS AND DISCUSSION

Purification of Turnip Peroxidase. Affinity Chromatography
on Con A-Sepharose 4B. Con A is known to bind to several
important glycoproteins (24). Con A recognizes R-D-glucose and
R-D-mannose with free hydroxyl at the 3, 4, and 6 positions (25).
Purification of HRP using Con A-sepharose has been reported
earlier (26,27). Results of purification of turnip peroxidase using
Con A-sepharose 4B column chromatography are shown in
Table 1. All of the peroxidase activity (100%) bound to the affi-
nity matrix. At the same time, 78% of loaded protein came in
the unbound fraction (Figure 1a). When bound peroxidase
activity was eluted with a linear gradient of 0-0.1 M methyl-R-
D-mannopyranoside, 93% of total peroxidase activity could be
recovered (Table 1), with anoverall fold purificationof 23 andRZ
value of 1.0 [The ratio of absorbance of the Soret band (403 nm)
to that at 280 nm is defined as theRZvalue. It is used as ameasure
to ascertain the degree of purity of peroxidase preparation (28)].
RZ=1 reflects impure peroxidase preparation.Highly pureHRP
has a RZ value of 3.04 (26). However, RZ values for pure peroxi-
dases are different among peroxidases from different sources
because of different aromatic amino acid compositions (29).

Anion-Exchange Chromatography on DEAE-Cellulose.
Several isozymes of turnip peroxidase have been reported in the
literature (6-9). Mazza and co-workers (6) have reported seven
isozymes of turnip peroxidase. They purified five of the seven
isozymes,whichwere designated as P1, P2, P3 (acidic proteins), P6,
and P7 (basic proteins) using a combination of anion- and cation-
exchange chromatography. P1, P2, and P3 having molecular

Table 1. Purification of TP I

sample

total protein

(mg)

total enzyme

activity (U)

specific

activity

(U mg-1)

fold

purification

yield

(%)

crude extract 150 18770 125 100

85% (NH4)2SO4

precipitation

98 18395 188 1.5 98

Con A-sepharose 6 17475 2912 23 93

DEAE-cellulose 2.8 9635 3441 28 51
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weights of 55 000, 56000, and 45000 Da, respectively, constitut-
ing 12.5, 9, and 23.7% of total peroxidase activity. P1, P2, and P3
had pI (isoelectric point) values of 3.3, 3.5, and 3.7, respectively.
P6 andP7 isozymeswere basic proteins andhadmolecularweights
of 44 000 and 34000 Da, with 15.5 and 39% of total peroxidase
activity, respectively. P7 was described as amajor isozyme, having
a pI value of 11.6. Duarte-Vazquez and co-workers (8) have
reported two neutral isozymes of turnip peroxidase, which were
obtained fromunbound fractions ofDEAE-cellulose chromato-
graphy followed by methyl hydrophobic interaction chromato-
graphy (HIC). These isozymes named F1 and F2 constituted
7.77% (36 000 Da) and 13.5% (39400 Da) of the overall peroxi-
dase yield, respectively. The same group (9) has reported an acidic
isozyme of turnip peroxidase obtained after the elution from a
Resource-Q anion-exchange column having a molecular weight
of 49 000 Da, which constituted 20.3% of total peroxidase
activity. Hamed et al. (10) have reported two isozymes, i.e., main
soluble (SP2) and ionically bound (IBP4), from an Iranian variety
of turnip. These isozymes were purified using a combination
of ammonium sulfate precipitation, cellulose phosphate, and

phenyl-sepharose chromatography. SP2 constituted 38% while
IBP4 constituted 13% of total peroxidase activity.

The peroxidase activity containing fractions obtained from the
Con A-sepharose 4B column were loaded to DEAE-cellulose.
The peroxidase activity was distributed into two peaks (Figure 1b).
The unbound fraction constituted 43% of the starting activity and
had aRZ value of 1.7, while the eluted fraction constituted 51%of
the starting peroxidase activity andhad aRZvalue of 2.5 (Table 1).
SDS-PAGEAnalysis andMolecular-WeightDetermination.

The SDS-PAGE pattern of the fractions obtained after ammo-
nium sulfate precipitation, Con A-sepharose 4B, and DEAE-
cellulose is shown inFigure 2. The peroxidase fraction eluted from
DEAE-cellulose showed a single band having a minimum
molecular mass of 45 000 Da, as determined by SDS-PAGE.
The turnip peroxidase isozymes are monomeric proteins, and
their molecular weights are in the range of 34 000-51500 Da, as
reported by earlier workers (6-9).

Because TP I eluted from DEAE-cellulose constituted half
of the initial peroxidase activity, it was selected for further
characterization.

Figure 1. (a) Column chromatography of turnip peroxidase using Con A-sepharose 4B. The matrix (10 mL) was packed in a Supelco glass column (1�
20 cm) and equilibrated with 0.1 M Tris-HCl buffer containing 0.5 M NaCl and 0.001 M CaCl2, MnCl2, and MgCl2 at pH 7.0. The dialyzed fraction (75 mL)
obtained after ammonium sulfate precipitation was applied to a column at a flow rate of 24mL h-1. The unbound protein was removed by washing the column
with the same buffer. The bound protein was eluted by a linear gradient of 0-0.1 M methyl-R-D-mannopyranoside. (b) Purification of turnip peroxidase
isozymes using DEAE-cellulose. Matrix (10 mL) was packed in a Supelco glass column (1�20 cm) and equilibrated with 0.05 M Tris-HCl buffer at pH 8.6.
The dialyzed fraction (10 mL) obtained after a Con A-sepharose 4B column was applied to a column at a flow rate of 24 mL h-1. The unbound protein was
removed by washing the column with the same buffer. The bound proteins were eluted by a linear gradient of 0-0.5 M NaCl.
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N-Terminal Sequencing of TP I. The first 10 residues from
the amino terminal of TP I were sequenced. The sequence was
Gln-Phe-Val-Ile-Pro-Thr-Tyr-Ala-Trp-Gln. The BLAST search
against the National Centre for Biotechnology Information
(NCBI; www.ncbi.nlm.nih.gov) database indicated that TP I is
structurally related to the peroxidase family (Figure 3).
CD Spectroscopy. The far-UV CD spectrum of TP I showed

characteristicR-helix structure, such as negative bands at 208 and
222 nm (Figure 4a), in agreement with other reports on turnip
peroxidase and HRP (30-32). Estimation of secondary structure
components using the K2D program revealed 44% R-helix, 16%
β-sheet, and 40% random structure. HRP is found to have 35%
R-helix, 14% β-sheet, and 51% random structure (30). The
process of thermal denaturation of TP I was monitored directly
by following ellipticity changes at 222 nm (Figure 4b). Themelting
temperature (Tm) calculated from the first-order derivatives of the
ellipticity-temperature plot was 50 �C for TP I. Guerrero and
co-workers (32) have reported Tm of 57 �C for turnip peroxidase
isozyme.
Substrate Specificity. The substrate specificity of TP I was

examined (Table 2). Chemical modification of TP I produced
changes in catalytic properties of an enzyme. TNBS analysis
showed 0.75� of modification of ε-amino groups in the PMDA-
modified TP I. Table 2 also shows the values of apparent kinetic
parameters of PMDA-modified TP I studied with various sub-
strates. The values of kinetic parameters (KM and Vmax) for TP I

(native) are matched with those reported earlier by other workers
(7-9,31). In all of the cases, except p-chlorophenol and o-cresol,
KM values were same for both native and PMDA-modified TP I.
In the case of p-chlorophenol and o-cresol, the KM values dec-
reased after chemical modification, which indicated more affinity
for these substrates upon chemical modification. TheVmax values

Figure 2. SDS-PAGE analysis of the turnip peroxidase. The polyacryl-
amide gel (12%) was stained with Coomassie Brilliant Blue. Lane 1,
molecular-weight marker; lane 2, ammonium sulfate precipitation; lane 3,
Con A-sepharose fraction; lane 4, DEAE-cellulose unbound fraction;
and lane 5, DEAE-cellulose eluted fraction.

Figure 3. N-Terminal sequence of TP I. The pure protein sample was
subjected to PAGE (12%) and electroblotted onto a PVDFmembrane. The
first 10 amino acids from the N-terminal end of TP I were sequenced by the
Edman degradation method on an automated sequencer (PPSQ 21A
Shimadzu protein sequencer).

Figure 4. (a) Far-UVCD spectrum of purified TP I for estimation of secon-
dary structure components. (b)CDmelting curve bymeasuring the change
in ellipticity at 222 nm during thermal denaturation of TP I (first-derivative
curve).

Table 2. Determination of Kinetic Parameters for Native and PMDA-Modified
TP Ia

substrate kinetic parameter native TP I PMDA-modified TP I

TMB

KM (M) 0.045 � 10-3 0.045 � 10-3

Vmax (M min-1) 4.33 � 10-6 4.85 � 10-6

Vmax/KM 96.2 105.4

ABTS

KM (M) 0.19 � 10-3 0.18 � 10-3

Vmax (M min-1) 0.12 � 10-6 0.13 � 10-6

Vmax/KM 0.63 0.72

guaiacol

KM (M) 0.14 � 10-3 0.14 � 10-3

Vmax (M min-1) 0.99 � 10-6 1.1 � 10-6

Vmax/KM 7.07 7.9

phenol

KM (M) 1.17 � 10-3 1.12 � 10-3

Vmax (M min-1) 50 � 10-3 55.8 � 10-3

Vmax/KM 42.7 50

p-chlorophenol

KM (M) 1.5 � 10-3 1.1 � 10-3

Vmax (M min-1) 52.3 � 10-3 55.2 � 10-3

Vmax/KM 35 50

o-cresol

KM (M) 16.7 � 10-3 9.1 � 10-3

Vmax (M min-1) 44.6 � 10-3 44.1 � 10-3

Vmax/KM 2.6 4.8

a Kinetic parameters were calculated at 25 �C at various concentrations of each
substrate. Experiments were carried out in triplicate and percentage error was within
5% in each set of readings.
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improved slightly for all of the substrates upon chemical modi-
fication, except o-cresol. In the case of o-cresol, the Vmax value
decreased negligibly from 44.6� 10-3 to 44.1� 10-3 M min-1.
The kinetic efficiency parameter Vmax/KM for all of the sub-
strates was improved as well after modification of TP I. The
improvement in catalytic efficiency after chemicalmodification of
amino groups of peroxidases has been reported earlier (32-34).
Guerrero et al. (32) havemodified turnip peroxidase isozymewith
methoxypolyethylene glycol (MPEG). After modification, turnip
peroxidase isozyme showed a KM value similar to that of native
peroxidase isozyme but a significantly greater kcat value (33 000-
38000 s-1) for ABTS oxidation, in aqueous buffer (32). Song
et al. (33) have reported a similar KM value after modification
with phthalic anhydride but a greatly improved kcat value from
1.45 � 106 to 2.88� 106 min-1 for p-chlorophenol. Song et al.
(33, 34) have reported improved substrate affinity (KM) and the
catalytic efficiency (kcat/KM) of HRP for various phenolic com-
pounds after phthalic anhydride modification. PMDA converts
a single positive charge on the amino group to three negative
charges and, hence, is known to have a drastic effect on enzyme
properties (19).

Thermal Stability. Thermal stability patterns of native and
PMDA-modified TP I were compared (Figure 5). Thermal
stability was found to have increased after PMDAmodification.

The PMDA-modified enzyme retained 100% activity at 40 �C
after 15min, while the native enzyme lost 15% activity. At 80 �C,
the native enzyme lost 95% activity, while at the same time, the
PMDA-modified enzyme was able to retain 25% activity. A
similar improvement (but to a lesser degree) in thermal stability of
chemically modified peroxidases from a variety of sources has
been reported earlier (31, 35, 36). Mogharrab et al. (31) have
reported an increase in the melting temperature of HRP by 3 �C,
and the catalytic efficiency enhanced by 80% after chemical
modification of surface-exposed lysine residues. Ryan et al. (35)
have studied chemical modification of HRP using bifunctional
imido esters and succinimides. The t1/2 values were improved
significantly (3-9 min) after modification of HRP with dimethyl
suberimidate (DMS) (35). Similarly, when HRP was modified
with ethylene glycol-bis(succinic acid N-hydroxysuccinimide
ester), t1/2 increased from 6 to 147 min (35). The improved
thermal stability of TP I after chemical modification can make
it a potential catalyst for carrying out various synthetic reactions
at elevated temperatures (37, 38).
Comparison of Properties of TP1 with Other Known Turnip

Root Isozymes. Plants, more than other life forms, produce
enzymes with kinetic characteristics depending upon the climate
of the region. Quite a few isozymes of peroxidase from turnip
roots have already been described in the literature. While some
comparisons have already beenmade during the above discussion,
Table 3 summarizes this comparison in a more extensive way.

One striking observation is that on the basis of percent activity
of a particular isozyme, TP1 has 51% of the total peroxidase
present in Indian turnip roots. Its specific activity is also highest
among isozymes reported by others. It does not seem to be
identical to any peroxidase isozyme (from turnip roots) that has
been reported in the literature.
p-Chlorophenol Removal Using Crude Turnip Peroxidase.

Waster water treatment using p-chlorophenol as a model system
was studied using a crude extract of turnip peroxidase. Panels a
and b of Figure 6 show the time-course conversion study of
p-chlorophenol using crude extract in the presence and absence of
PEG, respectively. A very large amount of crude turnip enzyme
(200UmL-1) was required to completely convert p-chlorophenol
in the absence of PEG (Figure 6a). When p-chlorophenol treat-
ment was studied using crude turnip peroxidase in the presence of
PEG, a minimum of 2 U mL-1 crude enzyme was required for
complete conversion (Figure 6b).

p-Chlorophenol Removal Using Purified Native and PMDA-
Modified TP I. PMDA-modified TP I was also examined for
wastewater treatment using p-chlorophenol as a model system
and compared to native TP I.Figure 7a represents the time course

Figure 5. Thermal stability of purified TP I (native and PMDA-modified).
Protein samples (0.25 mg mL-1) were incubated at different temperatures
(30-80 �C) for 15 min. The samples were then cooled to room tem-
perature and assayed for peroxidase activity using TMB as a substrate at
25 �C. Experiments were carried out in triplicate, and error bars represent
the percentage error in each set of readings.

Table 3. Comparison of the Properties of Different Purified Turnip Peroxidase Preparations

turnip peroxidase isozyme

properties TP I SP2 (10) IBP4 (10) P7 (6 ) F1 (8 ) TAP (9 )

purification scheme ammonium sulfate

precipitation, Con

A-sepharose, DEAE-
cellulose

ammonium sulfate

precipitation, cellulose

phosphate, phenyl-

sepharose

ammonium sulfate

precipitation, cellulose

phosphate, phenyl-

sepharose

DEAE-Sephadex,

CM-Sephadex

acetone precipitation,

DEAE-cellulose,

methyl HIC

acetone precipitation,

DEAE-cellulose,

Sephadex G-100,

Resource-Q

content (%) (on the

basis of activity)

51 38 13 39 7.8 20.3

U/mg 3441 2760 896 NMa 1130 1810

molecular weight (Da) 45000 NM NM 34000 36000 49000

RZ value 2.5 NM NM 2.94 2.3 3.1

optimum pH 5.5 6.5 6 NM 4.5 4

thermal stability 75% at 50 �C
for 15 min

NM NM NM 70% at 65 �C
for 11 min

90% at 60 �C
for 25 min

aNM = not mentioned.
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for the conversion of p-chlorophenol into free radicals and sub-
sequently into polymers as a function of enzyme dose (30, 40, 50,
and 60 U mL-1) in the absence of PEG using native and modi-
fied TP I. In the absence of PEG, conversion of p-chlorophenol
was much faster, and while 60 U mL-1 native TP I was still
required, the 100% conversion of the p-chlorophenol was
obtained in 4 min. When the native TP I dose was 50 U mL-1,
only 80% conversion of p-chlorophenol could be obtained in
4 min, and after that, there was no conversion. The conversion
was still less with the native TP I dose of 30 and 40 U mL-1. On
the other hand, the conversion of p-chlorophenol with PMDA-
modified TP I was much faster and the enzyme dose required was
still less compared to that with native TP I. When the PMDA-
modified TP I dose was 60 U mL-1, 100% conversion of
p-chlorophenol was obtained in 2 min. At the enzyme dose of
50 U mL-1, the PMDA-modified TP I could completely convert
p-chlorophenol in 4 min.

It has been known that PEG can improve the efficiency of
phenol removal by forming a protection layer in the vicinity of the
active center of peroxidase to restrict the attack of free phenoxy
radicals formed in the catalytic cycle and ultimately reduces the

dose of peroxidase required to convert phenol (39-41). Figure 7b
represents the time conversion of p-chlorophenol using native and
PMDA-modified TP I in the presence of PEG. It shows that, in
the presence of PEG, only 0.05 UmL-1 native TP I was required
to completely convert the p-chlorophenol but the time required
was 60 min. Use of 0.1 U mL-1 native TP I completed the
conversion (100%) in 45 min. A further increase in enzyme dose
made the conversion faster, and with 0.5 U mL-1 native TP I,
complete conversion was possible in 20 min itself. In the presence
of PEGalso, the effect of PMDAmodificationon p-chlorophenol
was again very significant. When PMDA-modified TP I was
0.025 U mL-1, 80% conversion was obtained after 60 min.
p-Chlorophenol conversion using 0.025 U mL-1 native TP I
produced only 50% conversion after 60 min, and after that,
there was no conversion. At higher doses of PMDA-modified TP

Figure 6. (a)Comparison of the time-course conversion of p-chlorophenol
by crude turnip peroxidase in the absence of PEG. Reactions were carried
at 25 �C with 0.001 M p-chlorophenol and 0.001 M H2O2. The amount
of peroxidase added was varied: (2) 50 U mL-1, ([) 100 U mL-1, (9)
150UmL-1, and (b) 200UmL-1. Aliquotswerewithdrawnat various time
intervals and analyzed for p-chlorophenol concentration. The experiments
were performed in triplicate, and error bars represent the percentage error
in each set of readings. (b) Comparison of the time-course conversion of
p-chlorophenol by crude turnip peroxidase in the presence of PEG. Reac-
tions were carried at 25 �C with 0.001 M p-chlorophenol, 0.001 M H2O2,
and 0.1 mg mL-1 PEG. The amount of TP I added was varied: (2)
1UmL-1, ([) 2UmL-1, (9) 3UmL-1, (b) 4UmL-1, and (O) 5UmL-1.
Aliquots were withdrawn at various time intervals and analyzed for
p-chlorophenol concentration. The experiments were performed in tripli-
cate, and error bars represent the percentage error in each set of readings.

Figure 7. (a)Comparison of the time-course conversion of p-chlorophenol
by native and PMDA-modified TP I in the absence of PEG. Reactions were
carried at 25 �C with 0.001 M p-chlorophenol and 0.001 M H2O2. Aliquots
were withdrawn at various time intervals and analyzed for p-chlorophenol
concentration. The amount of TP I added was varied. Native TP I: (2)
30 UmL-1, ([) 40 UmL-1, (9) 50 UmL-1, and (b) 60 UmL-1. PMDA-
modified TP I: (4) 30 U mL-1, (]) 40 U mL-1, (0) 50 U mL-1, and (O)
60 U mL-1. The experiments were performed in triplicate, and error bars
represent the percentage error in each set of readings. (b) Comparison of
time-course conversion of p-chlorophenol by native and PMDA-modified
TP I in the presence of PEG. Reactions were carried at 25 �Cwith 0.001 M
p-chlorophenol, 0.001 M H2O2, and 0.1 mg mL

-1 PEG. Amount of TP I
added was varied. Native TP I: (2) 0.025 U mL-1, ([) 0.05 U mL-1, (9)
0.1 UmL-1, and (b) 0.5 UmL-1. PMDA-modified TP I: (4) 0.025 UmL-1,
(]) 0.05 U mL-1, (0) 0.1 U mL-1, and (O) 0.5 U mL-1. Aliquots were
withdrawn at various time intervals and analyzed for p-chlorophenol
concentration. The experiments were performed in triplicate, and error
bars represent the percentage error in each set of readings.
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I (i.e., 0.05, 0.1, and 0.5 U mL-1), the conversion was faster
compared to that of native TP I. A 0.5 UmL-1 PMDA-modified
TP I converted p-chlorophenol completely in 8 min itself.

Finally, to conclude, the present work describes purification
and characterization of TP I from turnip roots (B. rapa).
Chemical modification of TP I by PMDA showed enhanced
thermal stability and enhanced p-chlorophenol removal effi-
ciency, as compared to native TP I. Crude turnip peroxidase
(1 U mL-1) brought complete conversion in 60 min in the pre-
sence of PEG. Considering that the purified isozyme would
be a costly choice for bioremediation of wastewater, it is satis-
fying to note that crude extracts of turnip roots also led to
complete removal of the phenol. The high specific activity
(3441 U mg-1 for TP I) can make it a good candidate for
peroxidase for immunoassays and immunohistochemistry appli-
cations. Some properties of TP I have been compared to turnip
peroxidase isozymes from different regions reported by earlier
workers.
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derivatives of horseradish peroxidase. Enzyme Microb. Technol.
1994, 16, 501–505.

(36) Liu, J. Z.; Wang, M. Improvement of activity and stability of
chloroperoxidase by chemical modification. BMC Biotechnol.
2007, 7, 23.

(37) Lee,M. Y.; Dordick, J. S. Enzyme activation for nonaqueous media.
Curr. Opin. Biotechnol. 2002, 13, 376–384.



5552 J. Agric. Food Chem., Vol. 58, No. 9, 2010 Dalal and Gupta

(38) Davis, B. G. Chemical modification of biocatalysts. Curr. Opin.
Biotechnol. 2003, 14, 379–386.

(39) Dalal, S.; Gupta, M. N. Treatment of phenolic waste water by horse
radish peroxidase immobilized by bioaffinity layering. Chemosphere
2007, 67, 741–747.

(40) Hiner, A. N. P.; Ruiz, J. H.; Rodriguez-Lopez, J. N.; Varon, M. B.;
Acosta, F. G. The inactivation of horseradish peroxidase isoenzyme
A2 by hydrogen peroxide: An example of partial resistance due to the
formation of a stable enzyme intermediate. J. Biol. Inorg. Chem.
2001, 6, 504–516.
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