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ABSTRACT

Polyphenol oxidases (PPOs) are copper containing enzymes that play a significant role in the browning of fruits and
vegetables by catalyzing hydroxylation and oxidation reactions. Currently, PPO gained significant interest of the
researchers due to its potential applications in food, paper, pulp and, textile industries and also in pharmaceuticals. The
present study was designed to purify and characterized PPO isoforms from fresh banana fruit pulp. The three novel
active PPO isoforms (65 kDa, 45 kDa, 28 kDa) were detected by gel filtration chromatography and sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The purified isoforms were further studied for the optimum pH
(6.5), temperature (40°C), Michaelis constant (Km) and maximum reaction velocity (Vmax). The N-terminal
microsequencing was performed on applied biosystem’s pulse liquid protein sequencer and was found to be 28 kDa
(Alanine, proline, asparagine, serine, arginine) and 45 kDa (Alanine, proline, isoleucine, alanine, proline). Sequences
were aligned by CLUSTALW and showed significant similarity with previously reported banana PPOs.
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INTRODUCTION

Polyphenol oxidases (PPOs) are found in
animals, plants, fungi and bacteria (Mayer et al. 2006).
Tyrosinase, catechol oxidase and laccases are the three
types of PPO which catalyze hydroxylation of
monophenols to diphenols (cresolase activity) and
oxidation of diphenols to quinone (catecholase activity)
that further polymerized to brown pigments called
melanins (Simsek et al. 2007; Queiroz et al. 2008). PPO
enzyme has been studied in many fruits and vegetables
due to its significant role in browning process (Wuyts et
al. 2006; Anaya-Esparza et al. 2017; Jesus et al. 2018).
Different studies have clearly shown that PPO enzyme is
mostly involved in the enzymatic browning process of
plant food that occurs during storage and processing
(Munoa-pina et al. 2018). Researchers have found
significant applications of PPO in various industries. In
food industry PPO have wide range of applications as in
the improvements in flavor of tea, coffee and cocoa,
determination of ascorbic acid, pectin gelation of sugar
beet and as a biosensor (Polaina and MacCabe, 2007).
Recent research states that PPO has a significant role in
increasing plant immunity (Taranto et al. 2017). PPO
have potential applications in drug industries, biosensor
and also in the degradation of phenolic compounds. PPO
has been used in the synthesis of 3,4-dihydroxy-L-
phenylalanine called L-DOPA which is used in the
treatment of Parkinson’s disease. PPO from fungi and

potato play an important role in degradation of the
organic contaminants (Hou et al. 2011) and in the
formation of pigments (Mohammadi et al. 2002; Bravo
and Osorio; 2016). It is also implicated in oxygen
scavenging (Constabel et al. 2000). Tyrosinase is found
generally in humans and animals. In skin, hair as well as
in eye pigmentation it is mainly involved in melanin
synthesis. Exoskeleton formation (Halaouli et al. 2006) is
one of the most important functions of PPO in insects.
Tyrosinase has a key role in the healing system of
wounds (Kong et al. 2000). In case of any cut and
damage to the plant, PPO oxidizes some phenolic
compounds and form polymeric structure for the plant
protection against the microorganisms and insects. In
vegetables and fruits this process results due to enzymatic
browning that cause significant loss to the food
industries. Laccase, a type of PPO has a significant
function in the lignification processes and it is also
capable of cross linking the phenolic monomers. PPO
plays an important role in lignin degradation in fungi. In
fungi PPO is also involved in the detoxification process
of toxic compounds, spore formation as well as
pigmentation. The best studied role of PPO in bacteria is
the melanins formation that provides protection to the
spores of bacteria and cells against oxidants, UV
radiations and free radicals (Claus and Decker 2006). In
most recent studies PPO has been studied in many plant
food such as mung bean sprouts (Sikora and Świeca,
2018), soursop nectar (Anaya-Esparza et al. 2017), acai
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fruit (Jesus et al. 2018) bayberry juice (Cao et al. 2017),
blueberry (Siddiq and Dolan, 2017), tea leaf (Teng et al.
2017), and cape gooseberry (Bravo and Osorio, 2016).

Banana is considered a significant crop in the
whole world and one of the most important food sources
in the developing world (Paul et al. 2001). Currently
commercialization of banana is increasing and expanding
but during handling, storage and processing its tissues
turn dark brown because of the PPO action (Sojo et al.
1998a). Fruits and vegetables are rich source of
polyphenol oxidase enzyme. In previous studies, the
molecular weight of purified PPO from banana (Musa
sapientum) pulp was estimated to be 41000 and 42000
and the maximum PPO activity was found at pH 6.5 and
30°C temperature and PPO was stable for 30 minutes
above that temperature (Yang et al. 2000). In another
study, PPO from one banana variety [Musa (AAA Group)
‘Gros Michel’] was purified using Sephacryl S-200 HR
and fast protein liquid chromatography on Mono Q
column and PPO activity was maximum at pH 7
(Chaisakdanugull and Theerakulkait, 2009). It was found
that PPO forms four active bands with native PAGE and
five active bands with SDS-PAGE and PPOs activity was
optimum at pH 7 (Karakus et al. 2009). The two active
PPO isozymes were obtained from banana using
sephadex column chromatography (Nematopour et al.
2008).

The main significant problem that confronts us
after reviewing the literature about PPO purification from
banana was that there was no detailed previous research
available regarding banana (Musa acuminata, Cavendish
subgroup of the AAA group). Only few studies have
focused on PPO purification from other banana varieties.
It was our interest to know whether the banana fruit pulp
hold PPO isoforms or not.

Keeping in view the significant increase in PPOs
importance in various fields and richness of PPO in
banana, the present study was designed. The aim of this
study is to explore the PPO enzyme in detail from fresh
banana (Musa acuminata, Cavendish subgroup of the
AAA group) fruit. We have extracted, purified and
studied the biochemical properties of PPO. N-terminal
sequencing of the purified isoforms was carried out for
the first time and sequences were aligned. Phylogenetic
tree was also constructed.

MATERIALS AND METHODS

Materials: Sodium phosphate buffer was used in the
extraction. The protein precipitation was performed by
centrifugation using cold acetone. Water 1525 binary
pump with superdex column was used for high
performance liquid chromatography (HPLC). Column
chromatography with sephadex G-100 column was
performed. NuPAGE Novex Bis-Tris gel in X Cell Sure
Lock Mini Cell (Invitrogen, Thermo Fisher Scientific, cat

no. NP0004) was used. Western blotting (wet blotting)
was used for transferring the gel on polyvinylidene
diflouride membrane (PVDF). The N-terminal
microsequencing was performed using applied
biosystem’s pulse liquid protein sequencer (ABI Model
477A).

Extraction of polyphenol oxidase: The extraction
procedure was used as explained by Mahmood et al.
(2009) with some modifications. Fresh banana fruits were
peeled and cut in small slices and crude extract for PPO
extraction was prepared by homogenizing 80 g of sliced
fruit in 100 mL, 0.1 M sodium phosphate buffer (pH 7)
using waring blender for ~5 min. Homogenate was
centrifuged at 8000 rpm for ~90 min. Supernatant was
collected and stored at 4°C for further analysis.

Purification of polyphenol oxidase

Acetone precipitation of protein: The method was used
as described by Guray (2009) with few modifications.
Crude extract of fresh banana fruit pulp was subjected to
acetone precipitation. Cold acetone (1.5 volumes) was
added to crude extract (1 volume) and kept at constant
stirring for 8 “h” at 4°C. Precipitates were collected from
the extract after centrifugation at 8000 rpm for ~30 min
and were dissolved in 10 mL of buffer (0.1 M phosphate,
pH 7).

Gel filtration chromatography: PPOs after acetone
precipitation from the crude extract of banana were
purified by high performance liquid chromatography. In
order to get standard chromatogram, bovine serum
albumin was initially injected into the HPLC superdex
column, and then the purified sample (1 mL) after
acetone precipitation was injected. Phosphate buffer, 0.1
M (pH 7) was used for washing the column and each
fraction (3mL volume) was collected during the complete
running cycle (~24 min) of the sample. All the fractions
were tested for the protein concentration and PPO
activity. PPO assay was performed with catechol
substrate. Fractions having PPO activity were stored at
4°C for further experiments (Karakus and Pekyardimci,
2009; Guven et al. 2017).

PPO was also purified by column
chromatography with sephadex G-100 column (1.2×70
cm). Crude extract of fresh banana fruit pulp (20 mL)
after acetone precipitation was loaded into the sephadex
G-100 column and each fraction with 3 mL volume was
collected after washing the column using buffer (0.1 M
phosphate buffer, pH 7). All the fractions were obtained
at the time until no absorbance was observed at 280 nm.
Protein concentration and PPO activity was determined
from all the fractions. PPO active fractions were stored at
4°C and used in for further analysis (Guray, 2009).

Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE): It was performed by



Sajjad et al., The J. Anim. Plant Sci. 31(2):2021

544

NuPAGEBis-Tris Mini Gels in X cell Sure Lock mini-
cell using standard protocol. NuPAGE LDS sample
buffer and NuPAGE reducing agent were added to
prepare the samples (100 µL). Heating (5-10 min) was
done before loading the samples into the gel cassette
wells. The 20X NuPAGE MES or MOPS sodium dodecyl
sulphate running buffer (50 mL) was added to deionized
water (950 mL) to prepare 1X Sodium dodecyl sulphate
running buffer for the gel. Gel cassette was placed into
the X cell sure lock and buffer chambers (upper and
lower) were loaded with 1X running buffer. Gel was
stained with staining solution (deionized water 55 mL,
methanol 20 mL, stainer A 20 mL, stainer B 5 mL) after
the completion of electrophoresis process (200V, 35
min).

Measurement of PPO activity: PPO assay was done
using the method Kumar et al. (2008) with little
modifications. PPO activity was performed by taking 200
mM substrate solution and 0.1M phosphate buffer and the
reaction rate was determined after the addition of enzyme
solution. Catechol was used as a substrate. Activity for
the enzyme was expressed in a unit that was defined as
the amount of enzyme that causes 0.001 absorbance
changes in ~1min. Absorbance was taken using
spectrophotometer (UV-Visible spectrophotometer
Evolution 60) at 420 nm.

Studies of biochemical properties of PPO

Optimum pH: The optimum PPO activity of purified
banana PPO isoforms from fresh banana fruit pulp was
determined using buffer with varying pH i.e. 3, 3.5, 4,
4.5, 5, 5.5, 6, 6.5, 7, 7.5 and 8. Polyphenol oxidase assay
was performed to observe the maximum activity of the
enzyme by using catechol as substrate.

Studies of the optimum temperature: Enzyme solution
was incubated at varying temperatures i.e. 30°C, 40°C,
50°C, 60°C, and 70°C for 15 min and the reaction rate
was studied at room temperature by PPO assay (Guray,
2009).

Studies of the metal ions: Metal ions play an important
part in the catalytic activity of many enzymes. In order to
check the effect of metal ions on PPO activity of banana,
metal ions such as CuSO4, KCl and CaCl2 (1 mM) were
added into enzyme solution (Guray, 2009) and the
reaction rate was determined by performing PPO enzyme
assay using the above described method in the
measurement of PPO activity.

Enzyme kinetics studies: Michael-Menten constant (Km)
and maximum rate of the reaction (Vmax) for banana
PPOs were determined. Km was calculated by
Lineweaver-burk plot.

Protein microsequencing: Wet blotting was used to
transfer the proteins from the gel to the

Polyvinylidenedifluoride (PVDF) membrane. Blotting
buffers, PVDF membrane, whatman 3 MM filter paper,
blotting membrane, electroblotting equipment,
electrophoresed gel, blotting cassette and sponge pad
were used. The anode side of the blotting cassette was
placed in a dish containing blotting buffer and a sponge
pad was placed on the top of blotting cassette. The
whatman 3MM filter paper (two pieces) was placed on
the sponge pad and air bubbles were removed. Methanol
was used to wet the PVDF membrane and was placed in
the blotting buffer above the blotting sandwich. The
SDS-PAGE gel was placed above the PVDF membrane.
Another sponge pad was placed into the buffer above the
gel and the cathode side of the blotting cassette was
immersed on the sponge pad and fixed to the anode side.
At the end the cassette was removed from the dish of
buffer and was placed into the blotting tank filled with
transfer buffer. It was connected to the power supply for
two hours at 500 mA. The 0.2% (w/v) coomassie brilliant
blue staining solution was used to stain the membrane for
2 min and then it was destained and washed with
deionized water. Further the membrane was placed in a
clean plastic bag for future use and N-terminal
microsequencing was performed on applied biosystem’s
pulse liquid protein sequencer by Edman chemistry and
Applied Biosystem’s computer program.

Multiple sequence alignment and phylogenetic
studies. Sequences were aligned in order to study the
phylogenetic relationship of the purified PPO isoforms
from fresh banana fruit pulp with previously reported
PPO sequences from banana. Sequences were obtained
(https://www.ncbi.nlm.nih.gov/) and converted to
FASTA format and pasted into ClustalW
(http://www.genome.jp/tools-bin/clustalw) for multiple
sequence alignment.

Statistical analysis. All the experiments were performed
in triplicates and data was analyzed by means±standard
error (SE) using descriptive statistics and regression.
Prism pad statistical software (GraphPad Prism, Version
5.02) was used in the preparation of graphs for studying
the biochemical properties of the enzyme.

RESULTS

Preparation of Musa acuminata crude extract. Crude
extract of banana was prepared and PPO assay was
performed to determine PPO activity using catechol
substrate. PPO activity from the crude extract of fresh
banana fruit pulp was determined to be 5.59 µM/min and
protein concentration was observed as 8.375 mg/mL
(Table 1).
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Purification of polyphenol oxidase

Acetone precipitation. PPO activity after acetone
precipitation was found to be 2.86 µM/min and protein
concentration was taken as 3.844 mg/mL (Table 1).

Gel filtration chromatography. Fractions were tested
for the PPO activity using catechol substrate and the PPO
activity was observed in the fractions collected between
10-14.45 min (Fig 1). PPO purification with sephadex G-
100 column was performed and the PPO activity was
observed between 17-23 fractions (Fig 2). Table 1 shows
stepwise purification result of polyphenol oxidases from
banana fruit pulp. Total PPO activity after gel filtration
was taken as 1.698 µM/min. Total protein concentration
was determined to be 0.635 mg/mL. Specific activity of
PPOs was observed as 2.67 U/mg. Purification folds and
yield was calculated to be 4.04 and 30%.

SDS-PAGE. Electrophoretic pattern of the gel indicates
three isoforms of PPO (65 kDa, 45 kDa, 28 kDa) from
fresh banana fruit pulp (Fig 3).

Biochemical properties of banana PPO. PPO isoforms
from fresh banana fruit pulp purified through HPLC were
used for further biochemical properties analysis.

Determination of optimum pH. PPO activity was
determined using 0.1 M buffer (sodium phosphate) with
varying pH (3, 3.5, 4, 4.5, 5, 5.5, 6, 6.5, 7, 7.5, and 8)
during enzyme assay with catechol substrate. Absorbance
was taken at 420 nm and the result showed that banana
fruit pulp PPO activity was maximum at pH 6.5 and 7
(Fig 4).

Determination of optimum temperature. The banana
fruit pulp PPO isoforms was optimum at 30 to 40°C and
above that temperature PPO activity was slightly less and
starts decreasing (Fig 5).

Effect of metal ions on PPO activity. The varying
concentration of metal ions was added in order to check
the effect of metal ions on polyphenol oxidase activity of
fresh banana fruit pulp. PPO assay for the metal ions was
performed and it was found that metal ions neither

increased nor decreased the PPO activity; copper ions
were the only exception because PPO is the enzyme with
dicopper center that’s why the presence of copper ions
(1mM Conc.) increased the PPO activity (Fig 6).

PPO kinetic studies. Km and Vmax values using catechol
substrate under optimal conditions were determined by
means of Lineweaver-burk plot and Km and Vmax for
banana PPO (53.33 mM, 9.15 µM/min) were calculated
(Fig 7).

N-terminal microsequencing. N-terminal
microsequencing was performed after transferring the gel
to the PVDF membrane on an applied biosystem̕ s pulse
liquid protein sequencer. Edman chemistry was used with
applied biosystem̕ s computer program for protein
sequencing. N-terminal microsequence of the two
purified isoforms from banana fruit pulp showed alanine,
proline, asparagine, serine, arginine (28 kDa) and
Alanine, proline, isoleucine, alanine, proline (45 kDa)
amino acid sequence (Fig 8a-e, Fig 9a-e).

Multiple sequence alignment and phylogenetic
analysis. Sequences were aligned by CLUSTALW (Fig
10a and b) and phylogenetic tree was drawned. It was
found that PPO isoforms (45 kDa, 28 KDa) purified from
banana fruit pulp in the given study have strong sequence
similarity with the previously reported PPOs from other
banana varieties (Accession no AHH92811.1 &
ACJ65307.1). The phylogenetic tree (Fig 11) showed two
PPO isoforms B3 (28 kDa) and B4 (45 kDa) and its
closed relation with AHH92811.1 & ACJ65307.1 banana
PPOs. These (AHH92811.1 & ACJ65307.1) are
tyrosinase isoforms and our purified isoforms have strong
resemblance with tyrosinase, a type of PPO (Figs 12 a
and b). PPO contain dinuclear copper center, three
domains are usually present which include chloroplast
transit peptide present at amino-terminal position and
carboxyl-terminal position (Ono et al. 2006). The copper
region CuA and CuB is present in central position (Fig
13). Three histidine residues help in functioning of each
copper atom and form the active site (Ono et al. 2006).

Table 1. Stepwise Purification Result of Banana PPO

Steps Total Activity
(µM/min)

Total Protein
(mg/mL)

Specific
Activity (U/mg)

Yield (%) Purification
(Folds)

Crude Extract
Acetone
Precipitation
Gel Filtration

5.59

2.86
1.698

8.375

3.844
0.635

0.66

0.74
2.67

100

51
30

1

1.12
4.04
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Figure 1. Elution profile of banana fruit pulp polyphenol oxidase isoforms obtained from high performance liquid
chromatography using superdex column, retention time (RT) 10-14.35 minutes with 0.15 absorbance on
spectrophotometer. Time period of 24 minutes is showing on horizontal axis and absorbance is showing
on vertical axis. HPLC graph is showing different peaks at 10-24 minutes. There are elution of low
molecular weight compounds present in the crude extract that are eluted later on around 24 min peak
and afterwards.

Figure 2. Column chromatography (Sephadex G-100) of banana fruit pulp PPO isoforms from crude extract after
acetone precipitation. Polyphenol oxidase activity was observed between 17-23 fractions. Number of total
fractions is shown on horizontal axis and protein concentration (mg/mL) on vertical axis. Total 50
fractions were collected.
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Figure 3. SDS PAGE of banana fruit pulp PPO isoforms; Lane 1 & 2: molecular weight markers (198, 98, 62, 49,
38, 28, 17, 14, 6 kDa)). Lane 3 & 4: banana PPO isoforms (28, 45 and 65 kDa) molecular weight.

Figure 4. The pH optimization of PPO extracted from banana fruit pulp. Each bar plot represents mean value of
the PPO activity at varying pH (3, 3.5, 4, 4.5, 5, 5.5, 6, 6.5, 7, 7.5 and 8). Error bars are representation of
standard error (SE) of the data. Phosphate buffer of varying pH is plotted on horizontal axis and PPO
activity at different pH is plotted on vertical axis. The optimum PPO activity was observed at pH 6.5 and
7.
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Figure 5. Temperature optimization of PPO extracted from banana fruit pulp. Each bar plot represents mean
value of the PPO activity at varying temperatures (30°C, 40°C, 50°C, 60°C and 70°C). Error bars are
representation of standard error (SE) of the data. The temperature in °C is plotted on horizontal axis and
PPO activity is plotted on vertical axis. The optimum PPO activity was observed at 30-40°C temperature.

Figure 6. Effect of metal ions on PPO activity of banana fruit pulp. Each bar plot represents mean value of the
PPO activity in the presence of metal ions. First bar is showing mean value of PPO activity in the absence
of metal ions. Remaining three bar plots are showing PPO activity of banana fruit pulp in the presence of
metal ions (CuSO4, KCl, CaCl2). Error bars are representation of standard error (SE) of the data. The
metal ion presence (1mM Conc) is plotted on horizontal axis and PPO activity of banana fruit pulp is
plotted on vertical axis.

Figure 7. Lineweaver-burk Plot of banana fruit pulp PPO.
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Figure 8 (A-E). Graphs showing N-terminal microsequencing of purified PPO isoform (45 kDa) from banana
fruit pulp. (A) Graph showing Alanine residue. (B) Graph showing Proline residue. (C) Graph showing
Isoleucine residue. (D) Graph showing Alanine residue. (E) Graph showing Proline residue. Arrow head
symbol in the graphs are representing peaks of sequenced amino acid.
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Figure 9 (A-E) Graphs showing N-terminal microsequencing of purified PPO isoform (28 kDa) from banana fruit
pulp. (A) Graph showing Alanine residue. (B) Graph showing Proline residue. (C) Graph showing
Asparagine residue. (D) Graph showing Serine residue. (E) Graph showing Tyrosine residue. Arrow
head symbol in the graphs are indicating peaks of the sequenced amino acid.
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Figure 10 (A-B) Multiple sequence alignment of banana fruit pulp PPO isoform (28 kDa) with previously
reported PPO sequences from other banana varieties.
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Figure 11. Phylogenetic tree of banana fruit pulp PPO isoforms with previously reported PPO sequenced from
other banana varieties.  In the above phylogenetic tree B3 (Banana isoform, 28 kDa) and B4 (Banana
isoform, 45 kDa) are the PPO isoforms purified from banana apple fruit pulp in the current study.
Diagram is showing relationship of B3 and B4 PPO isofoms with sequenced banana PPO (Accession
ACJ65307.1 and AHH92831.1) available in databases.

Figure 12 (A-B) Multiple sequence alignment showed sequence homology of purified and sequenced PPO
isoforms from banana fruit pulp in this study with PPOs having accession no; ACJ65307.1 and
AHH92831.1. (A) Tyrosinase (AHH92831.1) Conserved Domains. (B) Tyrosinase (ACJ65307.1)
Conserved Domains.

Figure 13. Schematic diagram of PPO domains and conserved residues. Typical PPOs contain N-terminal transit
peptide (green), which is cleaved at an Alanine motif. The Conserved CuA and CuB domains are shown
in Blue, the C-terminal domain in Grey.

DISCUSSION

Our findings showed PPO isoforms with
maximum PPO activity from banana fruit pulp. The table

1 shows stepwise purification result of polyphenol
oxidase. Total protein concentration was determined to be
0.635 mg/mL, total yield (30 %) and purification folds
(4.04) were also found. High yield purification of PPO
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isoforms with maximum PPO activity was observed in
the present study. In line with previous studies the
reported study on banana showed maximum PPO activity
(740U/2 mL) after fast protein liquid chromatography
(Chaisakdanugull and Theerakulkait, 2009). One another
study on banana (Musa acuminate Grande naine) showed
maximum PPO activity using sodium phosphate buffer
(Wuyts et al. 2006).

A further novel finding of the present study was
the detection of three active bands (28, 45 kDa) on SDS-
PAGE. This result was then compared with previous
studies where the PPO existence in number of isoforms
was studied in different plants and reported studies on
banana PPOs showed different number of PPO isoforms
that might be possible due to developmental stages,
artifact formation during purification, conditions for
storage and native enzyme modifications (Harel et al.
1968; Lerner et al. 1972; Cash et al. 1976; Lieberei et al.
1978; Meyer et al. 1980). The covalent interactions
between catalytically produced quinones and PPO protein
could produce artifacts having different molecular
weights and isoelectric points than the native one
(Interesse et al. 1984; Kowalski et al. 1992).
Modifications of PPO could also occur by the covalent
attachment of glycosides to PPO (Flurkey et al. 1980;
Raffert et al. 1995). The process of multiplicity was also
described by the activation of the enzymes latent forms in
few cases. Changes in the enzymes tertiary structure as a
result of detergents and denaturing agents during
different isolation methods used may also accounts for
the multiplicity process of PPO enzyme. The existence of
PPO in multiple isoforms may also be the result of
differential expression of several different gene family
members (Boss et al. 1995). Electrophoresis pattern of
gel with showed three isenzymes of PPO
(Chaisakdanugull and Theerakulkait, 2009). SDS-PAGE
showed nine PPO isoenzymes in the interior of banana
pulp (Montgomery et al. 1975). PPO isoforms migrated
as three intense and 1 weak bands after activity staining
with substrate (Catechol), while 4 bands stained with
coomassie brillant R-250 during native PAGE. In Alanya
banana five bands (105 kDa, 52 kDa, 26 kDa, 18 kDa and
15 kDa) of PPO was observed by SDS-PAGE (Karakus
and Pekyardimci, 2009).

The maximum PPO activity in the present study
was observed at pH 6.5 and 7. By comparing the result
with reported studies on bananas, the optimum activity of
polyphenol oxidase at pH 7 (Montgomery et al. 1975;
Karakus and Pekyardimci 2009; Chaisakdanugull and
Theerakulkait, 2009) was observed. The maximum PPO
activity at 6.5 pH was also investigated in another study
(Chong et al. 2011).

The maximum PPO activity from banana fruit
pulp was observed at 30-40°C. A similar pattern of result
was obtained in a previously reported study and it was
found that the best temperature for PPO was 30°C (Yang

et al. 2000). Previously, it has been studied that the
maximum activity of banana PPO was found at 25-30°C
with catechol substrate (Karakus and Pekyardimci, 2009).
The optimum temperature (30°C) was also observed in a
study (Chong et al. 2011).

The PPO activity was increased in the presence
of copper ions. The increased in PPO activity was
observed in the reported study (Guray, 2009). The
increase in PPO activity was also observed after the
addition of copper ions in apple fruit (Aydin et al. 2015).
The Km and Vmax for banana PPO (53.33 mM, 9.15
µM/min) were calculated in the given study. Km in case
of 20 mM catechol substrate was 15.95 mM in Alanya
banana (Musa cavendishi) (Karakus and Pekyardimci,
2009). Compared with other fruits the Km and Vmax for
apple fruit pulp PPO were found to be 74.21 mM and
4.45 µM/min. Km of PPOs of different fruits vary as Km
from Victoria grape (52.6mM), cocord grape (67 mM),
apple (230 mM) and red delicious apple (220 mM)
(Rapeanu et al. 2006; Rocha et al. 2011;
Satjawatcharaphong et al. 1983). N-terminal sequences of
both purified PPO isoforms showed alanine as first amino
acid residue. Alanine was the first amino acid appeared at
N-terminal region and it is reported that alanine residue
appeared in the X-ray structure of PPO at the N-terminal
region of the mature protein (Virador et al. 2010).

Conclusions: In the current study, three novel PPO
isoforms (65kDa, 45kDa, 28kDa) extracted from fresh
banana fruits pulp were characterized. The maximum
PPO activity for these PPO isoforms was found at pH
6.5. The most favorable temperature for PPO activity was
found in a range of 30 to 40°C and highest activity was
achieved at 40°C. The Km (53.33 mM), and Vmax (9.15
µM/mL) values using catechol substrate under optimal
conditions were determined by means of Lineweaver-
Burk plot. N-terminal microsequencing of the purified
PPO isoforms from banana fruit pulp was applied for the
first time and showed APNST (28 kDa), and APIAP (45
kDa) amino acid residues. Furthermore, the multiple
sequence alignment by CLUSTALW showed these
tryosinase isoforms are strongly related with banana PPO
(AHH92831.1 and ACJ65307.1). The high yield of two
novel PPO isoforms from banana fruit pulp is a
breakthrough for their efficient use in biotechnological
applications in medicine, environmental technology,
textile industry, Pulp and paper industry and food
industry as well as useful in future to predict crystallized
structures. This approach can be further used to purify
PPO isoforms to their crystalline structure. Further
studies to predict the crystalline structure of these PPO
isoforms and their genetics can be done to improve their
activity.
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