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Abstract

Polygalacturonase is a pectinolytic enzyme with potential applications in the food, chemical, textile, and paper industries.
Herein, extracellular Exo-polygalacturonase (Exo-PG) was biosynthesized from Penicillium fellutanum by harnessing the
potential of wheat bran as an agricultural substrate via solid-state fermentation (SSF). Optimization protocol revealed the
maximum production of the enzyme at 40% moisture level, pH 4.0, temperature 40 °C, and fermentation duration of 96 h.
The partially purified enzyme derivative exhibited its maximum biocatalytic activity at pH 4.0 and 40 °C. It retained appre-
ciable stability over a wide temperature range of 3070 °C and a pH range of 3.0-8.0. Values of K, and V,,,, i.e., Michae-
lis—Menten constants, were calculated to be 12.5 mg/mL and 22.22 pmol/mL/min, respectively. The activation energy for
thermal denaturation was determined to be 128.8 kJ/mol. Exposure to a hydrophobic environment, i.e., urea, considerably
suppressed the enzymatic activity. A significant increase in the clarity and viscosity reduction was achieved for all fruit
juices after treatment with Exo-PG. Conclusively, the current findings may represent Exo-PG as a prospective and promising
candidate for diverse bio-applications in the food and beverage industries.

Keywords Agro-industrial waste - Exo-polygalacturonase - Penicillium fellutanum - Solid-state fermentation: Michaelis—
Menten constants - Thermal denaturation - Activation energy - Fruit juice clarification

1 Introduction

Microbial pectinases are a group of fascinating food
enzymes that catalyze pectin breakdown in the plant cells
walls [11, 48]. Pectin is a high molecular weight biomac-
romolecule present in the cell wall and middle lamella of
plants. It is a jell-like material acting as cement for plant
cells. The structural organization of pectin is formed by
alpha-1,4-linked galacturonic acid (Gummadi and Panda,
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2003). Pectinolytic enzymes from microbial origin hold a
25% of share in the global market of food enzymes. Pec-
tinases have a broad range of industrial applications, e.g.,
in extraction and purification of fruit juices, tea and coffee
fermentation, retting of fiber crops, and textile and paper
industry [24, 38, 50]. Pectinases are responsible for splitting
glycosidic bonds of long-chain galacturonic acid residues of
the pectinaceous substances [26]. They are mainly classified
into pectin esterases, depolymerizing enzymes, and proto
pectinases.

Enzymes are procured from various natural sources,
i.e., plants and animals; however, microbial fermentation
has gained the utmost attention due to a lot of advantages
compared with other sources because of a higher metabolic
assortment of microorganisms, the regular availability of
biocatalyst/biomolecule in all seasons, and its production at
optimized levels in labs in less time [41, 51, 52]. The most
famous microorganisms reported so far for enzyme produc-
tion are filamentous fungi, bacteria, and yeasts (Bilal and
Igbal, 2019; [6, 7, 20].

@ Springer


http://orcid.org/0000-0001-5388-3183
http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-021-01902-2&domain=pdf

11142

Biomass Conversion and Biorefinery (2023) 13:11141-11151

Fermentation is a process that involves the biologi-
cal interconversion of the complex substrates into simpler
compounds by microorganisms, such as fungi, bacteria, and
yeast. The submerged fermentation (SmF) and solid-state
fermentation (SSF) can be successfully employed to produce
pectinases. However, the submerged fermentation technique
is economically least favorable. In a more economical SSF
process, microbial development and product formation occur
on solid substrates’ surface without free water, which is a
natural habitat for fungal growth (Zheng et al., 2000; [33,
45]. The solid substrate provides an attachment area for
fungi, which is beneficial for fermentation with low moisture
levels [25]. Due to these advantages, pectinases are currently
being produced from various fungal strains under SSF.

Various studies have been conducted to purify and char-
acterize fungal polygalacturonases from various micro-
organisms [1, 34]. Partial purification of pectinases from
microbial sources is usually carried out via the ammonium
sulfate precipitation technique [14]. Characteristic study of
pectinases can be carried out by observing the effect of pH
and temperature on enzyme activity by applying various
conditions. All enzymatic proteins possess an optimum tem-
perature and pH at which they show the highest activity, e.g.,
a commercial pectinase might be activated within a tempera-
ture and pH range of 45-55 °C and 3.0-6.5, respectively.

Pectinases are an integral part of many industrial pro-
cesses. In 1930, they were used for the first time in the alco-
hol and beverage industries, playing a vital role in fruit and
vegetable extraction and having an imperative contribution
to alcohol and beverage manufacturing at a commercial
scale. In addition, they are also used to clear the cloudiness
of citrus juices, as the removal of haze from juices has been
a matter of great concern on a commercial scale [6, 21, 29].

Many enzymes from the hydrolases family, i.e., pecti-
nase, hemicellulase, and xylanase, have been reported so
far for their promising applications in the modern fruit juice
processing industries leading us towards more stable and
clarified juices of different seasonal fruits. Global account
of pectinases is more than 10% of the total industrial-scale
enzymes produced commercially. Most pectinases originat-
ing from microbial sources are implemented in the bever-
age industries for juice extraction and clarification purpose.
These pectinases are responsible for the breakdown of struc-
tural polysaccharides of pulpy fruits and decline in turbidity,
viscosity, and improvement in consistency [28, 40]. Addi-
tionally, biocatalytic clarification is advantageous over con-
ventional methods in terms of high catalytic efficiency, more
specificity, and low energy consumption [28, 40].

A wide range of applications of this enzyme provides
different studies aiming at its production for its potential use
in various industrial practices. Lu et al. [28] found a puri-
fied polygalacturonase to have a stimulatory and significant
effect in the juice clarification of four different fruits. Results
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showed that the purified polygalacturonase had a remarkable
impact on the clarification of tangerine and apple juices. In
another finding, Patil et al. [39] reported a significant reduc-
tion in viscosity for apple, orange, banana, and sapota juices
via treatment with polygalacturonase of Paecilomyces vari-
otii NFCCI 17609 as these fruits are naturally enriched with
pectin, thereby showing a marked reduction in viscosity. In
comparison to commercial pectinase, the results obtained
by polygalacturonase from P. variotii NFCCI 1769 were
observed to be substantial.

Keeping in view the commercial significance of this
important industrial enzyme, the present study intends
the production of Exo-polygalacturonase from Penicillium
fellutanum using wheat bean as an agricultural waste in
solid-state fermentation. The optimally produced enzyme
was partially purified and characterized concerning various
parameters, including thermodynamic and kinetic charac-
teristics. Finally, the industrial potential of Exo-PG was
assessed via studying the treatment of different fruit juices
with Exo-PG to observe the viscosity, haze, and clarification
parameters.

2 Materials and methods
2.1 Preparation of substrates

Wheat bran used for Exo-PG biosynthesis was obtained from
a local commercial market in Faisalabad, Pakistan. It was
oven-dried until a constant weight was attained. The dried
sample was ground in an electric mill and sieved to obtain
homogenous particle size using an Octagon Sieve (OCT-
Digital 4527-01). Dried and ground substrate was stored in
an air-tight jar for further study.

2.2 Fungal strain and preparation of inoculum

Penicillium fellutanum was obtained from the department of
plant pathology, University of Agriculture, Faisalabad. The
strain was sustained on potato dextrose agar (PDA) slants
and revived every week, then stored at 4 °C in a refrigera-
tor. Sporulation media was prepared by taking 39 g of PDA
in 1000 mL of distilled water. The solution was then sim-
mered for about 5-7 min with constant stirring. The cooled
PDA solution was equally distributed in sterilized test tubes,
plugged with cotton and aluminum foil and immediately
sterilized in an autoclave at 121 °C for 15 min. These test
tubes were placed on a clean surface in a slanting position
to increase the surface area until solidification and inocu-
lated with spores of the fungus under sterilized conditions
in a laminar airflow followed by incubation at 30-35 °C till
sporulation and stored at 4 °C in a refrigerator.
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For inoculum preparation, 250-mL Erlenmeyer flasks
containing 100 mL of the medium, consisting of (g/L)
(NH,),SO,, 4.0; MgS0O,.7H,0; KH,PO,, 5.0; NH,NO;, 2.0;
0.2 g/L; trisodium citrate, 2.5 g/L; peptone, 2 g/L; and yeast
extract 0.1 g/L. were used as inoculum medium with a 2.0%
final glucose concentration. Small gravels (5-6) washed with
chromic acid were added into flasks to break mycelia for
obtaining the homogenous suspension of spores, followed
by autoclaving at 121 °C for 15 min before inoculation. Seed
culture (inoculum) was prepared by inoculating a loop full of
the stock culture from the slants to autoclaved media under
sterilized conditions, following the incubation at 30-35 °C
with an agitation speed of 120 rpm. A 3-day-old culture
with a spore count of 1x 10 spores per mL was used as an
inoculum.

2.3 Exo-polygalacturonase production
and harvesting of the growth media

Ten grams of the substrate (wheat bran) were transferred
in a series of Erlenmeyer flasks (250 mL) humidified with
the distilled water (40-80%) and then sterilized at 15 psi for
20 min at 121 °C. After sterilization, the cooled flasks were
inoculated with 2-3-mL spore suspension, cotton plugged
and incubated at 30-35 °C for 72-96 h. Optimization of
media for the maximum Exo-PG production was conducted
following a classical approach by varying one factor while
keeping other variables constant. Fundamental factors influ-
encing Exo-PG production studied were moisture (20-80%),
pH (2-8), and time of incubation (24—120 h). After the com-
pletion of fermentation, the crude enzyme was extracted by
mixing the fermented substrate with 70 mL of 0.1 M phos-
phate buffer (pH 7.0) and then shaking the mixture in an
orbital shaker at 130 rpm. The crude extract was collected,
and then 30 mL of buffer was again mixed in residue fol-
lowed by shaking at 150 rpm. A 100 mL of crude extract col-
lected was filtered by ultra-vacuum filtration and subjected
to Exo-PG assay and protein estimation.

2.4 Enzyme assay and estimation of protein
contents

The activity of Exo-PG (Exo-polygalacturonase) was deter-
mined by measuring reducing groups released from pectin
solution using the 3,5-dinitrosalicylic acid (DNS) method
[30]. In this method, D-Galacturonic acid monohydrate was
used as a standard reference. A suitably diluted enzyme
solution (0.1 mL) was then added to the reaction mixture
containing the pectin solution (1%) and acetate buffer
(50 mM at pH 5.5) and immediately incubated at 40 °C for
30 min. Later, this enzymatic reaction was terminated by
adding DNS reagent (1 ml) followed by heating in a boiling
water bath for 5-10 min. The reducing sugars formed in the

solution were observed at 535 nm. The enzyme activity units
were determined by Eq. 1

standard factor X Abs. of sample

Activity of Exo — PG = - - -
Reaction Time X extract of enzyme in mL

ey

A unit (U) of the Exo-PG, defined as a quantity of enzyme
that liberates one micromole of the galacturonic acid per
minute at 40 °C at a pH of 5.5. Enzyme production in SSF
was expressed in the units per gram of the dry substrate (U/
gds).

Total protein content was estimated using the method
of Bradford [17]. The standard reference used was bovine
serum albumin (BSA). In the test tube containing 100 pL
amount of the enzyme, 100 pL of the Bradford reagent was
added, the mixture was incubated at room temperature for
10-15 min, and absorbance was recorded on a spectro-
photometer at 595 nm. Control blank was made using an
equal volume of distilled water as taken for the enzyme.
For the standard curve, 25 mg BSA was dissolved in 25 mL
of distilled water. The BSA solution was diluted ten times
to prepare a standard stock solution (0.1 mg/ml). Different
dilutions, e.g., 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09,
and 0.1 mg/mL, were prepared. Then, 100 pL. was added
to a test tube containing 900 pL of Bradford reagent from
each solution. 100-pL distilled water was then added into
a test tube with 0.9 mL of Bradford reagent for the blank.
The absorbance of all the samples was observed at 595 nm
after 10—15 min of incubation at room temperature [7, 8].
A standard curve was plotted between absorbance and con-
centration of protein, and the standard factor was found to
be 0.36 (Fig. S1).

2.5 Partial purification of Exo-polygalacturonase
via (NH,),S0, precipitation

Ammonium sulfate precipitation method was adopted to par-
tially purify the enzyme and reduce fermented broth volume,
followed by dialysis at 4 °C [6]. Different quantities of solid
ammonium sulfate were separately added to 10 mL of the
crude enzyme to obtain 25% to 90% saturation at 4 °C. Test
tubes were kept overnight at a 4 °C, and the residue was col-
lected by centrifugation at 10,000 rpm for 10 min at 4 °C. The
supernatant and residue both were assayed for Exo-PG activ-
ity after dialysis. Eighty percent saturation level was found to
be the best to get the maximum enzyme as a palette residue.
So, ammonium sulfate at 80% saturation level was added to
the crude Exo-PG solution, gradually in small amounts, in an
ice-cold water bath (4 °C) with mild shaking. The solution
was left overnight at 4 °C following the subsequent centrifuga-
tion at 10,000 rpm for about 15 min at 4 °C. The non-active
supernatants, for enzyme activity, were immediately discarded,
and the palette in the form of residue was dissolved in a small
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amount of 50 mM of phosphate buffer (pH 7.0) and dialyzed
overnight against 25-mM phosphate buffer (pH 7.0) [7, 8, 15].

2.6 Characterization of Exo-polygalacturonase

Partially purified Exo-PG was biochemically characterized for
activity and stability profiles comparative to temperature, pH,
effects of metal ions, chemicals, inhibitors, etc. [14, 15, 28].

2.6.1 Effect of temperature on the activity of Exo-PG

Effect of temperature for hydrolysis of pectin was determined
by incubating the enzyme and substrate mixture at various
temperatures (25-90 °C) under standard assay conditions [30].
Arrhenius plot was used to calculate the activation energy (E,).
The effect of temperature on the reaction rate was expressed as
temperature quotient (Q;,), which is the factor for which the
reaction rate increases with every 10 °C rise in the tempera-
ture. Qo was then calculated by rearranging Eq. 2 [43].

— antil Ex10
Qyo = antilog, R2 )

where E=E,, the energy of activation.

2.6.2 Thermodynamic and kinetic study of Exo-PG
for substrate hydrolysis

The values of Michaelis—Menten kinetic constants (k,,, Vi;.,)
were obtained by incubating the fixed amount of enzyme (Exo-
PG) with varied pectin substrate concentrations. Lineweaver
Burk plot was plotted between the inverse of substrate con-
centration [1/S, %] and the inverse of velocity [1/V], taking 1/
[S] along X-axis and 1/[V] along Y-axis [2]. From the graph,
the values of V.. and k, (Michaelis—Menten constant) were
calculated.

Thermodynamic parameters for the substrate hydrolysis
were determined by the rearrangement of Eyring’s absolute
rate equation, derived from transition state theory [43]:

AH* =E,-RT 3)
AG* = —RTI (k“”h)

AG" is the free energy of activation.

where k_, can be described as

o= (1) (s ) (358)

where k, is Boltzmann’s constant (R/N)=1.38x 107>
JK,
T is the absolute temperature (K).
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h is Planck’s constant=6.626x 1074 J s.

N is Avogadro’s number=6.02 x 10%* mol~".

R is the gas constant=8.314 JK~! mol~..

AH* is the enthalpy of activation.

AS" is the entropy of activation for hydrolysis of substrate

_ AH* — AG*
B T

AS* (6)

2.6.3 Effect of the pH on activity and stability of Exo-PG

Optimum pH for Exo-PG production was established by
incubating the purified enzyme using a pH range of 2.5-10
under the standard assay conditions [13]. Following buffers
were used for the said purpose: glycine/HCI (pH 2.5-3.5),
sodium-acetate/acetic acid (pH 4-5.5), sodium-phosphate
buffer (6.0-7.5), and glycine/NaOH (pH 8.0—10). The stabil-
ity of the enzyme at various pH was determined by measur-
ing the residual enzyme activity after overnight incubation
of Exo-PG with buffers having different pH ranging from 2.5
to 10 for 24 h at 4 °C.

2.7 Applications of Exo-PG in fruit juice clarification

The potential of Exo-PG was tested for fruit juice clarifica-
tion. Different fruits juices, like apples, grapes, and peach,
were treated with different amounts of the Exo-PG [7, 8, 49].
Different units of enzymes depending on the pulp of juice
(40-200 Units) (40 Units for apple juice, 200 Units for peach
juice and 30 units for grapes juice) were used to treat juice
samples following incubation in an orbital shaker at 120 rpm
for 60 min at 50 °C followed by centrifugation for 20 min
at 10,000 rpm. A control experiment was also conducted,
and the same volume of distilled water was used for the
enzyme. The clarification parameter of juices following each
treatment was evaluated using a spectrophotometer by tak-
ing absorbance at 660 nm [10]. The viscosity parameter of
the juices was evaluated in 50 mL of juice samples at room
temperature using a digital viscometer (Brookfield model
DV-E, USA), and results were expressed in centipoise units.

3 Results and discussion

3.1 Exo-polygalacturonase production
and optimization

3.1.1 Effect of fermentation duration on Exo-PG
production

The fermentation period is an important factor affecting
the production of Exo-PG obtained from any fungal source.
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Incubation time is a statistically significant & critical param-
eter as it affects the growth rate of microorganisms lead-
ing to enzyme biosynthesis. During the incubation time,
the enzyme can react with the substrate for a given time
when the reaction is concentrated towards producing the
bioproducts effectively [5]. Different incubation periods
were employed in the present study, i.e., 24, 48, 72, 96, and
120 h, and the highest Exo-PG production (74 U/gds) was
obtained at 96 h of incubation (Fig. 1). Similar results have
been reported by Mrudula and Anithraraj [31], who obtained
the optimum enzyme production at 96 h of incubation.

3.1.2 Effect of moisture content on Exo-PG production

The moisture level is also one of the most important and
major factors having a crucial role in SSF to attain the
maximum production of the enzyme. Very low or very high
substrate humidity levels tend to reduce the fungal enzyme
production due to disruption in growth and less penetration
of the microorganisms in the substrate bed, making the nutri-
ents less accessible for fungus to grow. The microorganisms
need optimum moisture levels for proper growth to induce
and biosynthesize the molecule of interest [4]. Exo-PG pro-
duction was observed to be reduced when the level of mois-
ture exceeds or decreases the optimum level. At a higher
moisture level, the substrate prevents the penetration of the
oxygen and proper diffusion of nutrients, while on the other
hand, low moisture levels can lead towards inhibition of the
enzyme activity and inadequate access of microorganisms
to the nutrients [22]. Wheat bran was moistened with differ-
ent moisture levels for examining the impact of water level
on Exo-PG production. The maximum enzymatic activity
(198 U/gds) was obtained at 40% moisture content (Fig. 2).

80
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Exo-PG activity (U/gds)
N L
[—} (—]

24 48 72 96 120
Time (h)

Fig. 1 Effect of incubation time on the production of Exo-PG

Similar results were documented by Castilho (2000), where
the highest enzyme activities were achieved at a 40% mois-
ture level.

3.1.3 Effect of medium pH on Exo-PG production

Medium pH is one of the pivotal factors influencing the
growth and metabolism of enzymes in the SSF. Every micro-
organism has an optimal working level of pH and a range of
pH for activity and growth [32]. pH was determined using
different buffers in the range of 2.0-8.0. The maximum Exo-
PG production was achieved at pH 4.0 with an activity of
190 U/gds (Fig. 3). Pagarra (2019) reported that pH 4.0 was
the optimal pH for the utmost Exo-PG activity. Comparable
results were achieved by Rashmi et al. [42] and reported
Exo0-PG production by Aspergillus niger at pH optima of
4.0. Nazir et al. [35] demonstrated the optimal activity of the
purified enzyme at pH 4.5 with a decrease in the activity at
increased pH value. pH optima value contradicts the findings
of Amin et al. [6], who reported the optimum pH to be 6.0.

3.1.4 Effect of incubation temperature on Exo-PG
production

Incubation temperature is a crucial factor to produce
enzymes by SSF because it affects the enzymatic struc-
ture and growth of microorganisms (Roses and Guerra
et al., 2009; [27]. Temperature is significant for develop-
ing different biological processes, as temperature affects
enzyme inhibition and protein folding and determines cell
death. By keeping the incubation time and pH of medium
optimum, SSF was performed at different temperatures
ranging from 30 to 60 °C. The maximum activity (208 U/
gds) was observed at 40 °C (Fig. 4). Maximum Exo-PG

200 A

p—

n

=
1

100 -

50+

Exo-PG activity (U/gds)

20 30 40 50 60 70 80
Moisture content (%)

Fig. 2 Effect of the % moisture content on Exo-PG production
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Fig. 3 Effect of pH on Exo-PG production

activity found in the present study agrees with the findings
of Gomes et al. [23], who determined the maximum activ-
ity for Exo-PG production at 37 °C. Comparable results
were reported by Anand et al. [10]. However, the present
results contradicted Ahmed et al. [3], who reported the
maximum activity of Exo-PG at 55 °C. These findings
could arise because different fungal strains may yield dif-
ferent enzymatic proteins with some different biochemical
behaviors and properties (Adedeji et al., 2019).
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Fig.4 Effect of the temperature on Exo-PG production
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3.2 Partial purification of Exo-PG

Exo0-PG was partially purified using the ammonium sulfate
precipitation technique. Exo-polygalacturonase exhibited
increased activity on the addition of solid ammonium sul-
fate (NH4)2SO4 until a 75% saturation was reached. The
supernatant of Exo-PG showed no activity. Therefore, after
75% ammonium sulfate precipitation, enzymatic pallets were
collected and dialyzed against the distilled water for salts
removal. The summary of the purification of Exo-PG from
P. fellutanum is given in Table 1.

3.3 Biochemical characteristic study of Exo-PG
3.3.1 Optimum pH and pH stability

Enzyme’s tertiary and quaternary structures and level of
organizations are affected mainly with different pH val-
ues because of the involvement of weak forces of attrac-
tion. Enzymes possess amphoteric nature and possess both
basic and acidic amino acid residues. These amino acids
substantially affect overall charge distribution because of the
involvement of electrostatic attraction, thereby immensely
influencing the enzyme stability, activity, and solubility [35].
The activity of Exo-PG was investigated over a range of pH
(2.5-10.0), and the results are shown in Fig. 5a. Activity
profile revealed that the Exo-PG from P. fellutanum func-
tioned actively under the acidic pH range and showed the
maximum activity at pH 4.0. Likewise, enzymatic stabil-
ity against various pH values was evaluated using different
buffers (within a range of 3.0-10.0) for a period of 24 h.
The purified enzyme was found to be stable in the pH range
of 4-6 (Fig. 5b). Comparable results were also recorded by
Amin et al. (2017a, b. Pagarra (2019) reported that an Exo-
PG by A. niger was stable in the pH range of 3—7. Nazir et al.
[35]. observed that the enzyme showed greater stability over
the pH range of 3.5-5.5, decreasing the activity above or
below this range. Likewise, these enzymes are reported sta-
ble over a broad pH range with stability over 3.0-9.0 pH
for polygalacturonase enzyme from Solanum macrocarpum
[19].

Table 1 A summary of purification of Exo-PG from Penicillium fel-
lutanum

Treatment  Total Total Specific  Purifi- Recovery
activity  protein activity  cation %
(8)) (mg) (U/mg)  factor
Crude 1399.1 46.025 30.39 1 100
(NH,),S0,  716.04 17.27 414 1.36 51
precipita-

tion
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3.3.2 Optimum temperature and thermal stability

Temperature is one of the central factors of extreme
importance in regulating the activity of the enzyme. Char-
acteristic properties of the proteins, such as the hydro-
gen bonding and hydrophobic interactions, help resist
enzymes’ thermal denaturation [35]. Exo-PG was assayed
at various temperatures, i.e., 30, 35, 40, 45, 50, 60, and
70 °C, at its optimum pH. As shown in Fig. 6, Exo-PG
exhibited the maximum activity at 40 °C, which was the
optimum temperature of the enzyme, while a considerable
loss of activity was observed to be at temperatures above
40 °C because of protein denaturation reactions at higher
temperatures. Above 70 °C and below 40 °C, the enzyme

200 + \

160 +

120

Exo0-PG activity (U/mL)
xR
(=}

u

[
<
1

0 T T T T T
30 40 50 60 70

Temperature (°C)

Fig. 6 Effect of temperature on Exo-PG activity

activity was reduced substantially, more likely because of
structural modification of enzyme that disrupts its interac-
tion with the substrate. Pagarra et al. [37] found an opti-
mum temperature for Exo-PG to be 50 °C. Amin et al. [6]
found 37 °C as the optimal temperature. Enzymes with a
wide temperature stability range are suitable for numerous
biotechnological applications, as many biotechnological
processes need high-temperature values [12]. To evaluate
the thermo-stability of polygalacturonase, the enzyme was
incubated at different temperatures between 50 and 70 °C
at different time intervals. Residual activity at various tem-
peratures is given in Fig. 7 and S2. Exo-PG obtained from
different sources have a temperatures range of 35-55 °C.
According to Azar et al. [13], the maximum activity of the
enzyme was observed between 55 and 65 °C.

3.4 Thermodynamic characterization

Thermodynamic characterization is very important for
determining the relation between the structure and func-
tion of the enzymes. AH* and AS* are the most signifi-
cant parameters in structure—activity relation. AS* and
AH* provide a change in entropy and heat to convert the
enzyme from native to transition state during the thermal
inactivation. Large values of AH* are representative of the
protein denaturation reaction. The thermo-stabilization of
the enzyme is accompanied by a decrease in AH* and AS*
[6]. Exo-PG from P. fellutanum was incubated at a range of
50-70 °C to determine the thermal inactivation (Table 2).
For computing different thermodynamic parameters, the
energy of the activation (E,) was calculated by plotting
the Arrhenius plot (Fig. 8).
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Fig.7 First-order thermal
inactivation curves of exo-PG
from Penicillium fellutanum
at various temperatures
(50-70 °C)

4.7

In residual activity

3.7

3.4.1 Activation energy (E,)

The activation energy (E,) was calculated using the Arrhe-
nius plot. In the Arrhenius plot, the slope of Lnk was plotted
against 1/T. The activation energy (E,) for thermal denatura-
tion was observed to be 128.8 kJ/mol. The activation energy
value reported by Sharma and Satyanarayana [48] for alka-
line pectinases was found to be 74.7 kJ/mol.

3.4.2 Determination of kinetic constants
Michaelis—-Menten kinetic constants (V,,,., K,,) were evalu-
ated using various concentrations of pectin from 0.2-5 M.
Stock solution of pectin (5 M) was prepared using volu-
metric flask, k,,, was found to be 12.5 mg/mL, and V,,,, was
22.22 pmol/mL/min (Fig. 9). Similar findings have been
documented by Amin et al. (2017a, b. A K, value was cal-
culated to be 2.3 mg/mL for the Exo-PG from A. niger, while
an enzyme obtained from A. tubingensis was observed to
exhibit K, value of 3.2 mg/mL [10].

20 30

Time (min)

40 50 60

3.5 Effect of urea on Exo-PG activity

As urea destroys hydrophilic sites of enzymes, it denatures
protein, which has less hydrophobic amino acid than hydro-
philic amino acid residues [6]. The long-term exposure to
urea inhibits the catalytic performance drastically. In the
present case, the results showed that an activation trend
was observed with urea (Fig. 10). Niture [36] documented
a deactivating effect of the urea when present in the higher
concentrations. However, when urea was at lower concen-
trations, it had no considerable effect on Exo-PG activity.

3.6 Exo-PG biocatalyst-assisted fruit juice
clarification

Exo-polygalacturonases are fundamental elements of the
fruit juice industry. These are being employed in the clarifi-
cation of various fruit juices [47]. This application of Exo-
PG in fruit juice clarification establishes a huge prospect for
bio-industrial exploitation [6]. Treatment of crude enzyme
was carried out with peach, apple, and grape juices, and
treatment efficiency was estimated by measuring the clari-
fication and viscosity of juices. Treated fruit juice samples
were found to have decreased viscosities compared with

Table 2 Thermodynamic

) _ Temperature K, (min~") T, (min) AH (KJmol™) AG (KImol™) AS (Jmol™! K)
parameters for 1rr§:ver51ple (K)
thermal denaturation of Exo-PG
from Penicillium fellutanum 323 0.001 693 126.182 97.85 0.0877
328 0.002 346.5 126.141 97.49 0.0873
333 0.007 99 126.098 95.57 0.0916
338 0.011 63 126.056 95.80 0.0895
343 0.014 49.5 126.015 96.57 0.0858

E,=128.867 kJ/mol (for thermal denaturation)
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Fig.8 Arrhenius plot for determination of activation energy for the
substrate hydrolysis
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those possessed by raw juice samples (Fig. 11). Enzymati-
cally treated samples of fruit juices showed more clarity
than untreated samples as observed at 660 nm. Pectinaceous
material offers a high capacity of holding water and develops
a network structure. Pectin material is directed towards the
degradation by a pectinolytic enzyme, reducing the pectin’s
water holding capacity, subsequently the free water released
in the system, thereby decreasing the viscosity level [7, 8].
The viscosities for juices such as apple, grape, and peach
were calculated to be 0.87, 1.013, and 0.797 centipoise.
A profound increase in the clarity and viscosity reduction
was achieved for the fruit juices after treating with Exo-PG.
Our results agree with Patil et al. [39], who reported 42%,
50%, 23%, 44%, 28%, 48%, and 18% reductions in viscosi-
ties of orange, apple, pomegranate, sapota, grape, banana,
and guava fruit juices, respectively, after treatment with a
polygalacturonase of Paecilomyces variotii. Similarly, Lu
et al. [28] examined the % transmittances at 660 nm in the
tangerine, orange, grapefruit, and apple juice clarification
and reported 3.51, 4.36, 8.04, and 12.2% increase in trans-
mittance, respectively. Their results showed that the purified
polygalacturonase had a more remarkable and noticeable
effect on apple juice clarification, where the % transmittance

4
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Fig. 10 Effect of urea on Exo-PG activity
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Fig. 11 Clarification of fruit juices. (A) absorbance reduction and (B)
viscosity of apple, grape, and peach juices after Exo-PG treatment

at 660 nm increased from 78.7 to 88.31%. Fruit juice clari-
fication is observed because the pectin degrading enzymes
can break the insoluble pectin into soluble galacturonic acid
molecules leading towards an increased and improved sense
of color and taste of fruit juice products [28].
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4 Conclusion

An Exo-polygalacturonase from Penicillium fellutanum was
produced using wheat bran and purified and characterized
in kinetic and thermodynamic parameters. The purified
enzyme exhibited optimum pH and temperature of 4.0 and
40 °C, respectively. The enzyme was found stable over a
wide pH range from 4.0 to 6.0. Exposure to urea drastically
suppressed the biocatalytic activity of the enzyme. Depend-
ing upon the nature of the enzyme, the purified enzyme was
further processed towards determining its potential for the
clarification of fruit juice. Exo-polygalacturonase from P.
fellutanum is an excellent and promising candidate for the
applications in the fruit juice industry.
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