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			ABSTRACT

		

		
			Pectinolytic enzymes, widespread in plants, fungi and microorganism, gain commercial importance for improving the yield and nutraceutical properties of juice processing industry, degumming of fibre plants and maximum oil recovery. These enzymes break down complex polysaccharide polymers of plant tissues into simpler monomer like D-galacturonic acids. In this study, polygalacturonase from grape skin was purified by salting out with ammonium sulfate, gel filtration on Sephadex G-75 column and ion exchange on Q-Sepharose column chromatography. Polygalacturonase was recognised as a protein with 47kDa molecular weight by SDS-PAGE. The optimum pH of purified polygalacturonase activity was found to be 4.5 and stable within pH range 3.5-5.5. Temperature dependent studies revealed temperature optimum of enzyme to be 40°C and stable up to 60°C. Among substrates, polygalacturonic acid was established as the best substrate for polygalacturonase showing its specificity in the hydrolysis of polysaccharide galacturonate chain. The presence of Na+1 and K+1 enhanced polygalacturonase activity up to 110% and 130%, respectively when used at a concentration of 1mM, however, the enzyme was almost completely inhibited by Pb+2 and Hg+2. Purified polygalacturonase showed pectinolytic effect in juice clarification by attaining maximum clarity (95% transmittance) after incubation at 50°C for 60 min. Total amount of phenolic and free radical scavenging activity of juice was improved after clarification. To understand the effect of juice clarification parameters, response plots based on surface response methodology were developed that showed significant impact of independent variables like enzyme concentration, temperature and incubation time on the dependent variables and improved the overall quality of apple juice. Hence, acidic plant polygalacturonase isolated in this study would be useful as a potential candidate for its biotechnological applications in fruit juice clarification.
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			Introduction

			Propensity for fruit and vegetable juice consumption has been raised in modern age and is predicted to increase in future due to improved mode of life and profound health awareness 
(Hyson, 2015). It is now almost practically impossible to achieve quality juice production without the profound use of food processing enzymes in food industries. Pectinolytic enzymes are in practice since olden times but on commercial level, it was first used in wine and fruit juice preparation in 1930 (Tapre and Jain, 2014). Pectinolytic enzymes are routinely used for smooth juice extraction through reduction in viscosity and water binding capacity of pectin (Nakkeeran et al., 2011; Rehman et al., 2013). Enzymatic liquefaction of fruit pulp offer advantages in improvement of soluble components, juice yield, colour, aroma, phenolic components and reduced cloudiness (Buchert et al., 2005).

			Microorganisms and plants are the main sources of pectinolytic enzymes. These enzymes are used to breakdown pectin polymer. The degradation of plant cell wall structures require a large number of enzymes with different specificity and are divided into groups according to their substrates i.e. cellulases, hemicellulases, pectinases and lignases etc. Pectinolytic enzymes belong to huge group of enzymes which help in pectin transformation and degradation and generally classified according to their site of cleavage. Endopolygalacturonase (EC 3.2.1.15) disrupts glycosidic bond within the pectin chain while exopolygalacturonase (EC 3.2.1.67) cleave glycosidic bond at the end of the pectin chain resulting in hydrolysis of pectin chain. Endopolygalacturonase, exopolygalacturonase, pectin or pectate lyase, rhamnogalacturonan hydrolase and lyase, pectin methyl esterase, acetyl esterase and rhamnogalacturonan acetyl esterase act on the main chain of pectin. Enzymes involved in cleavage of hairy region of pectin are arabinofuranosidases, endoarabinase, β-galactosidase, endogalactanase and feruloyl esterase. Rhamnogalacturonase acts on rhamnogalacturonic segment and polygalacturonase acts on galacturonic acid. Polygalacturonase is probably the most studied pectin degrading enzyme (Sakai et al., 1993). Acidic polygalacturonases are mainly used in juice and wine making while alkaline polygalacturonases are used in degumming of plant fibre, paper making, pectic waste water, oil recovery and coffee fermentation (Kashyap et al., 2001). 

			Polygalacturonase has been isolated from different plants like tomato (Ali and Brady, 1982), strawberry (Nogata et al., 1993), Zimbabwean wild fruits (Muchuweti et al., 2004), Jamaica cherry (Gayathri et al., 2007), mango (Prasanna et al., 2006), ripened banana (Gayathri and Nair, 2015), Solanum macrocarpum L. (Chinedu et al., 2017) and many other fruits.

			One of the most popular summer fruits are grapes which belongs to warm and temperate zone. Vitis genus of grapes consists of almost sixty species, though, the cultivated grape are derived from prime species “Vitis vinefera”. Dessert grapes, wine grapes and raisin grapes are three comprehensive divisions of grapes. Grapes are usually consumed as table grapes, juices, wines, raisins, jams, jellies and frozen products. In Pakistan, mostly European grapes are cultivated. Balochistan and KPK provinces are growing 70% of total grapes with annual production of 122 thousand tons. The average of existing yield is 19 tons ha-1 while the possible yield can be 25 tons ha-1 (Khan et al., 2008; Kausar et al., 2017).

			Polygalacturonase have been employed for effective clarification in various juice preparations like pear, guava, banana, papaya, carrot, beet (Soares et al., 2001), pine apple juice (Tochi et al., 2009), fresh apple juice (Ajayi et al., 2011) and lemon juice (Maktouf et al., 2014). In the beverage industry, enzymatic juice extraction process followed by clarification and membrane separation is considered as an innovative step for concentration of juice. In enzyme treated juice clarification, pectin breakdown is greatly influenced by enzyme concentration, incubation time and temperature (Rai et al., 2004; Sin et al., 2006).

			The aim of current trial is to purify and characterize polygalacturonase from grapes skin and to optimize the PG concentration, incubation time and temperature for apple juice clarification and further characterization of PG treated and untreated juice using response surface methodology (RSM).

			Materials and methods

			Protein extraction

			Polygalacturonase enzyme was extracted from grapes skin by slightly modified method (Singh and Dwivedi, 2008). A total of 100 grams of fresh grapes (Vitis vinifera) were collected from the local market. To achieve powder form, the skin of grapes was peeled off and crushed along with liquid nitrogen in sterilized pestle and mortar. 30% homogenate of grapes powder was prepared in extraction buffer (50mM sodium acetate buffer pH 4.5, 20mM EDTA, 20mM cysteine, 0.1% β-mercaptoethanol and 0.5% triton X-100) and incubated at 4°C for 30 min. Polyvinylpolypyrrolidone was added before homogenization. Mixture was centrifuged at 10,000 rpm (SiGMA® Laborzentrifugen) for 10 minutes at 4°C. Supernatant obtained after passing through the filter paper was utilized as a source of enzyme for further investigation.

			Assay of polygalacturonase (PG) activity

			PG activity was examined by DNS method described by Miller (1959) using D-galacturonic acid as a standard. 0.5g polygalacturonic acid (PGA) comprising 0.02% sodium azide was soaked in 50mM sodium acetate buffer (pH 4.5) for two hours. Reaction mixture having 0.5ml suitably diluted enzyme and 0.5ml PGA in a test tube was incubated at 40°C for 30 min and then centrifuged at 3000 rpm for 10 min. After addition of DNS reagent in subsequent supernatant, the mixture was heated in boiling water bath for 5 min and cooled till room temperature. Reducing sugars liberated in the reaction mixture were determined at 540nm by using the UV/visible light spectrophotometer (UV-2450; Shimadzu). Polygalacturonase activity (PA) was calculated by using the following formula.
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			One unit of polygalacturonase activity (U) was defined as the amount of enzyme that catalyzes the release of 1µmol of D-galacturonic acid per minute under standard assay conditions. 

			PG diffusion assay

			For determining the PG activity, staining method was used in which wells were prepared on PGA agar plate (0.5% polygalacturonic acid, 4% agar in 50mM sodium acetate buffer pH 4.5). Samples having different PG activities (0.1-0.3U) were introduced in respective wells and sodium acetate buffer loaded as control. The plate was kept at 37°C for 2 h. Staining of substrate agar plate was done with 0.02% congo red for 15 min. Zones of PG activity were visualized after destaining with 1M NaCl.

			Protein estimation

			The protein contents in crude extract as well as in purified preparation were determined by Bradford method (Bradford, 1976) with bovine serum albumin (Sigma Chemicals Co., USA) as a standard. 

			Purification of PG

			Ammonium sulphate precipitation

			The crude PG extract was obtained after 85% ammonium sulphate saturation. Protein extract was centrifuged at 8,000 rpm for 15 min. The pellet obtained was dissolved in 50mM sodium acetate buffer of pH 4.5 and kept at 4°C. PG activity and protein concentration of the extract was measured according to previously described methods.

			Gel Filtration chromatography

			Dialysis was carried out to remove the salt from precipitated protein sample. The dialyzed sample was lyophilized until the solution was dry like powder. The powder was dissolved in 50mM sodium acetate buffer (pH 4.5). 1ml of lyophilized sample was loaded on a Sephadex G-75 (Pharmacia Fine Chemicals, Sweden) column (0.25x30cm) which was pre-equilibrated with 50mM sodium acetate buffer of pH 4.5. 1ml of the lyophilized sample was loaded on gel filtration column having the flow rate of 1ml/min. The protein was eluted by using the same buffer and 60 fractions (1ml each) were collected. Polygalacturonase activity and protein concentration in all fractions were determined.

			Q-Sepharose chromatography

			Fractions having PG activity were combined and filtered in an amicon ultrafiltration cell fixed with 10,000 MW cutoff membrane (Millipore Co., USA) under nitrogen pressure at 4°C. The concentrated enzyme sample was purified on Q-Sepharose (Sigma Chemicals Co.) column with dimensions of 1.6 x 10 cm which was equilibrated with Tris-HCl buffer of pH 8.5 under natural flow rate. The proteins were eluted with the same buffer containing a linear gradient of 0 to 1.5M NaCl. Protein concentration and PG activity of fractions obtained (1ml) was determined.

			Polyacrylamide gel electrophoresis

			Molecular mass determination of purified polygalacturonase was done by measuring the relative mobility of proteins in 12% SDS-PAGE (Bio-Rad) along with standard protein size marker (Invitrogen) as per method illustrated by Laemmali (1970). After electrophoresis, SDS gel was stained with a solution containing 0.1% Coomassie Brilliant Blue R-250 (Sigma), 10% glacial acetic acid and 30% methanol. The gel was destained in destaining solution comprising 10% glacial acetic acid and 30% methanol in distilled water. The molecular weight of purified polygalacturonase was determined by comparing with protein ladder (Invitrogen). 

			Zymography for PG activity

			To identify the PG activity on the gel directly, modified method described for cellulase enzymes was used (Beguin, 1983). Under native condition, 15% polyacrylamidе gel еlеctrophorеsis was performed. SDS was omitted and 0.3% polygalacturonic acid solution as substrate for polygalacturonase was incorporated in separating gel. After electrophoresis, staining of native gel with 0.02% Congo red dye for 15 min and destaining with 1M NaCl solution was done. The gel was treated with acetic acid to improve the contrast.

			Characterization of purified PG

			Effect of pH

			The influence of pH on purified PG activity was noted by keeping pH of reaction mixtures using 1% PGA as substrate. Sodium acetate buffer with pH range of 2.5-5.0 and sodium phosphate buffer with pH range 5.5-7.0 were used.

			pH stability of PG was determined by incubating purified enzyme without substrate in buffer solutions of pH varying from 2.5-7.0 at room temperature for 1 h. The residual enzyme activity was measured under standard conditions.

			Effect of temperature

			The optimum temperature of purified PG was determined by incubating a known amount of PG activity at various temperatures ranging 10-700C with 1% PGA as substrate prepared in optimized buffer. 

			The thermal stability of the PG was assessed by incubating it various temperatures (10-70°C) for 1 h prior to the substrate addition. The residual enzyme activity was then measured under standard conditions of pH and temperature.

			Substrate specificity

			The substrate specificity of PG was determined after incubating it with different concentration (0.5-1.5%) of polygalacturonic acid (PGA), pectin, xylan, cellulose and galactose as substrate. The relative activity of each substrate was measured by taking PGA as a control. 

			Effect of metal ions

			The enzyme was incubated at room temperature with 1mM concentration of different metal ions (Na+1, K+1, Ca+2, Mn+2, Cu+2, Mg+2, Fe+3 Pb+1 and Hg+2). Then, the enzyme activity was determined as mentioned above.

			Clarification of apple juice

			Unripe apples were picked, cut in cubes and meshed in blender and pressed by twofold of cheese cloth to obtain raw and unclarified juice. Unclarified juice was pasteurized and temperature was immediately brought to 40°C. Apple juice in the absence of purified PG was considered as control and incubated under same condition as that of sample. Purified PG (2.5U/ml and 5.0U/ml) was added to 1ml apple juice (pH 4.0) and reaction was incubated at 40 and 50°C for various time periods (30 and 60 min) in shaking water bath. The reaction was stopped by keeping reaction mixture in boiling water bath for 5 min and centrifuged at 3,000 rpm for 10 min. The supernatant was analyzed for various physic-chemical parameters as such as clarity (% transmittance) at 660nm, color at 440nm and percentage reduction in viscosity. The juice viscosity was measured by Ostwald viscometer. Total soluble solids (°Brix) were measured by refactometer. Turbidity of juice was determined with turbidity meter and results were described in nephelometric turbidity units (NTU). Total phenolic content of apple juice was estimated according to previously reported method (Emmons and Peterson, 2001). The amount of phenolic content was measured as gallic acid equivalent from standard graph of gallic acid and expressed in mg/ml gallic acid equivalent. DPPH method was used to determine the free radical scavenging activity of apple juice (Brand-Williams et al., 1995). 0.1mM DPPH solution in methanol was prepared. 50μl of PG treated juice was mixed with 1.5 ml of DPPH solution in covered test tube for the determination of total scavenging activity. Under optimized conditions of temperature and time, the absorbance was checked at 515 nm. The DPPH scavenging activity of apple juice was determined from the following formula:
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			After juice clarification, the effect of three independent variables such as enzyme concentration, temperature and incubation time on dependent variables like yield, viscosity, turbidity, clarity, total phenolic content, total soluble solid and DPPH antioxidant activity was examined by response surface methodology (RSM). Analysis of variance (ANOVA) based on response surface methodology was considered to validate the model and plots were obtained by keeping one variable constant and changing the other two variables within experimental range. With the help of box plots, cumulative effect on the response variables was established.

			Results and Discussion

			Pectinolytic enzymes, abundant in microorganism and plants, have about 25% share of international sale and purchase of food enzymes. Polygalacturonase is extensively studied pectinolytic enzymes and has significant importance in the biotechnological applications (Jayani et al., 2005). Enzyme treatment in industrial applications is ecofriendly, robust, conserves energy and regarded as safe. Enzymes are highly productive as compared to industrial chemicals (Urlaub, 2002). 

			Instead of microbial enzymes, plant source enzymes are preferably used in food and pharmaceutical industries for multiple reasons (Jach et al., 2010). Unfortunately, plants have not been actively investigated as source of commercial enzymes except very few enzymes like malt amylase, papain and bromelain extracted from barley malt, papaya latex and pineapple, respectively (de Roos et al., 2007).

			PG extraction and diffusion Assay

			PG enzyme was extracted from grapes skin. Crude extract was suitably diluted and analyzed for PG enzyme activity and total protein content. An agar plate diffusion assay was used to assess the PG activity forming distinctive haloes of PGA hydrolysis (Fig.1). As a result of diffusion through gel, PG helps to breakdown PGA and producing a light halo around the well, since the Congo red dye reacts only to unhydrolyzed substrate. This PGA plate clearing approach appears to be semi-quantitative as the diameter of hydrolysis area is directly proportional to the amount of enzyme used in the wells. 
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			Fig. 1. Holes around the wells in a PGA-agar plate. Wells were loaded with different amounts of polygalacturonase and incubated at 40°C for 24 h. The plate was stained with 0.02% Congo red and then destained with 1M NaCl. A, Control; B, 0.1U of polygalacturonase; C, 0.2U of polygalacturonase; D, 0.3U of polygalacturonase.

			Purification of PG

			Enzyme purification helps to set free the required enzyme from the cluster of proteins present in the crude extract. During purification, the purity of the enzyme is usually checked by increase in its specific activity. Purified enzyme helps to learn about its catalytic activities and its behavior towards regulators that can alter its activity (Kornberg, 2009). Moreover, kinetic and product inhibition studies are conducted with purified enzymes.

			Brief description of PG purification is illustrated in TableI. After dialysis and lyophilization, sample was precipitated by ammonium sulphate (85%) and loaded on Sephadex G-75 that was pre-equiliberated with 50mM sodium acetate buffer (pH 4.5). PG activity appeared as single peak as depicted in Figure2. All the fractions having activity were combined and purified further by Q-Sepharose chromatography. Proteins bound to column were eluted by linear gradient of NaCl (0-1.5M) in Tris-HCl buffer (pH 8.5) as shown in Figure3. Purified PG enzyme had activity of 128.57 U/mg whereas percentage recovery was 25 and 15.0 times purification fold.
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			Fig. 2. Gel filtration through chromatography on Sephadex G-75 column of polygalacturonase from grapes.

			Many researchers have reported multi-step procedure for purification of PG from various sources. PG was purified from ripened banana with specific activity of 79.95U/mg (Gayathri and Niar, 2014) and mango pulp with 34.36U/mg specific activity, 13.6 percent recovery and 19.4 times purification fold (Prasanna et al., 2006) by two chromatographic steps while Gayathri et al. (2007) purified PG from fruit tissues of Jamaica cherry (Muntingia calabura) with 292.9 U/mg specific activity, 7.8 percent recovery and 511.2 times purification fold by using three chromatographic steps. Interestingly, Chinedu et al. (2017) have reported the purification of PG from S. macrocarpum with specific activity 10211.47 U/mg and percentage recovery of 17.85 and 108.3 times purification fold by employing only single chromatographic step.
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			Fig. 3. Q-Sepharose chromatography of polygalacturonase after concentration by ultrafiltration.

			Properties of purified PG

			Molecular weight determination

			The molecular weight of purified PG on 12% SDS-PAGE was evaluated as 47 kDa shown in Figure4A. Under native conditions, PG activity was further confirmed by 15% (w/v) polyacrylamide gel having 0.3% PGA followed by staining with Congo red. Enzyme activity was appeared as prominent band with red background of gel as presented in Figure4B. Nearly similar molecular mass have been reported in avocado PG isoforms (46 and 48kDa) (Wakabayashi and Huber, 2001) and in mango pulp PG isoforms (45 and 51 kDa) (Prasanna et al., 2006). However, numerous investigators have reported diverse molecular weight of plant polygalacturonase contrasting to our study like tomato (115kDa) by Ali and Brady (1982), papayas (164 kDa and 34 kDa) by Chan and Tam (1982), banana (120, 105 and 65kDa) by Singh and Dwivedi (2008).

			Table I.- Purification scheme of polygalacturonase from grape skin.

			
				
					
					
					
					
					
					
				
				
					
							
							Purification steps

						
							
							Total activity 

							(U)

						
							
							Total protein 

							(mg)

						
							
							Specific activity 

							(U/mg)

						
							
							Purification fold

						
							
							Yield 

							(%)

						
					

					
							
							Crude extract

						
							
							360

						
							
							42

						
							
							8.57

						
							
							1.0

						
							
							100

						
					

					
							
							Ammonium sulphate precipitation

						
							
							301

						
							
							30

						
							
							10.03

						
							
							1.17

						
							
							83.16

						
					

					
							
							Gel filtration chromatography

						
							
							200

						
							
							5

						
							
							40

						
							
							4.66

						
							
							55

						
					

					
							
							Ion exchange chromatography

						
							
							90

						
							
							0.7

						
							
							128.57

						
							
							15.0

						
							
							25
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			Fig. 4. A, SDS-PAGE analysis of polygalacturonase from grapes: Lane M, marker; Lane 1, crude enzyme; Lane 2, after Q-sepharose chromatography. B, zymography analysis of purified polygalacturonase from grapes: Lane 1, 0.5 U; Lane 2, 1.5 U.

			Effect of pH on activity and stability of purified PG

			Tertiary and quaternary structures of enzymes are greatly affected by pH. Enzymes possess both acidic and basic amino acids due to their amphoteric nature. Keeping in view the dissociation constants and pH of surrounding, these charged amino acids have profound influence on overall peripheral charge distribution, thus greatly manipulating the enzyme activity, stability and its solubility (Chaplin and Bucke, 1990).

			Purified PG in current study was found to be optimally active at pH 4.5 as appeared in Figure5. Enzyme exhibited its full activity at pH 4.5 while approximately 55% at pH 6.5. However, further increase in pH reduced the enzyme activity. The optimum pH of purified PG enzyme was similar to the pH optima reported in pears, pH 4.5 (Pressey and Avants, 1976) and papaya, pH 4.6 (Chan and Tam, 1982). According to Chun and Huber (1998), polygalacturonases, usually have optimum pH from 4 to 4.5 However, polygalacturonase reported from various fruits had optimum pH ranging 3.0-6.0; S. macrocarpum had optimum pH 3.0 (Chinedu et al., 2017), ripened banana and mango pulp, pH 3.5 (Gayathri and Niar, 2014; Prasanna et al., 2006), Jamaica cherry and peach, pH 4.0 (Gayathri et al., 2007; Pressey and Avants, 1973), mango PG1 had pH 5.0 (Singh and Dwivedi, 2008), strawberry, pH 5.5 (Nogata et al., 1993) and PGII and PGIII isoforms of mango had pH 6.0 (Singh and Dwivedi, 2008). 

			Since purified PG in our study showed activity in acidic region, therefore it could possibly be employed in clarification of fruit juice according to previously reported literature (Kashyap et al., 2001).

			To study the pH stability of PG, enzyme was added to the buffers of different pH for one hour at room temperature, followed by measuring the residual activity. Purified enzyme was stable in the pH range 3.5 to 5.5, however above and below this pH, the activity decreased as shown in Figure5. Comparable pH stability profile for Jamaica cherry PG (3.0-6.0) is reported by Gayathri et al. (2007). PG enzymes are also reported exhibiting pH stability even at broader pH range; pH stability of PG from S. macrocarpum was in pH range 3.0 to 9.0 (Chinedu et al., 2017).
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			Fig. 5. Optimum pH and pH stability of purified polygalacturonase from grapes. The effect of pH on enzyme activity was determined at 40°C using 0.05M of various buffers. For pH stability, the enzyme was diluted with buffers of pH range (2.5-7.0) and incubated at room temperature for 1 h and determined the residual activity at 40°C. The data is representative of mean of three experiments.

			Effect of temperature on activity and stability of purified PG

			Temperature is an important factor that regulates the enzyme activity. Characteristic properties of proteins like hydrophobic interactions, hydrogen bonding and ionic strength resist the enzymes to thermal denaturation (Voordouw et al., 1976). 

			In order to determine optimum temperature of purified enzyme, it was incubated for 10 min at temperature ranging 10-70°C. The purified enzyme was optimally active at 40°C as illustrated in Figure6. Similar optimal temperature are also reported for PG of mango pulp (Prasanna et al., 2006), ripened banana (Gayathri and Niar, 2014) and Jamaica cherry (Gayathri et al., 2007). Low and high temperature optima for PG in different fruits are also reported by Chinedu et al. (2017) for S. macrocarpum PG (30°C), by Chan and Tam (1982) for papaya (45°C) and by Mukherjee (2013) for C. gigantea PG (50°C). 

			Thermal stability of the PG was evaluated by keeping enzyme at different temperatures before the substrate added and residual enzyme activity was measured under standard conditions. Purified enzyme preserved its activity up to 60°C when incubated for one hour and afterwards declined sharply as shown in Figure6. Previous reports are comparable to present study like Jamaica cherry (Gayathri et al., 2007) and S. macrocarpum (Chinedu et al., 2017).

			Enzymes having wide pH range and temperature stability are favorite candidate for many biotechnological applications as a lot of biotechnological processes require high temperature and acidic or basic pH values (Antranikian, 2009). 
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			Fig. 6. Optimum temperature and thermal stability of purified polygalacturonase from grapes. The optimal temperature was determined at different temperatures by incubating known amount of enzyme activity with 1% PGA. Temperature stability was obtained by preincubating enzyme at various temperatures ranging from 10-70°C for 1 h. The data is representative of mean of three experiments.

			Substrate specificity of purified PG

			Substrate specificity of purified enzyme was found by employing various substrates. Polygalacturonic acid at its 1% concentration was found excellent substrate while appreciable activity (58%) was also achieved when pectin used as shown in Figure7. Yang et al. (2011) have reported an endo-PGA1 showing maximum activity on PGA substrate (100%), followed by pectin (47.7%). Nevertheless, cellulose, xylan and galactose substrates exhibited poor substrate specificity towards purified PG enzyme even enzyme concentration increased from 0.5 to 1.5%.
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			Fig. 7. Effect of different substrates on purified polygalacturonase activity. Data are presented as mean of three experiments.
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			Fig. 8. Effect of metal ions on activity of purified polygalacturonase. The data is illustrative of mean of triplicate experiments.

			Inhibition and activation studies

			Various metal ions influence the enzyme by activating or inhibiting its activity, therefore, the effect of some potential metal ions on PG activity was determined in a reaction mixture containing 1mM of each chemical. Na+1 and K+1 enhanced PG activity upto 110% and 130%, respectively when employed at 1mM concentration (Fig.8). The activation of PG by monovalent metal ions in banana and Jamaica cherry were reported by Pathak and Sanwal (1998) and Gayathari et al. (2007) while contrasting results in mango were observed as PG activity was inhibited or slightly affected by monovalent metal ions (Singh and Dwivedi, 2008).

			Table II.- Effect of PG concentration, time and temperature on juice yield, total soluble solids, transmittance, viscosity, turbidity, total phenolic content and % DPPH antioxidant activity of apple juice.

			
				
					
					
					
					
					
					
					
					
					
					
					
				
				
					
							
							PG enzyme concentration U/ml

						
							
							Temp (°C)

						
							
							Time (h)

						
							
							Juice yield (%)

						
							
							Total soluble solids 

							(°Brix)

						
							
							% transmittance (660nm)

						
							
							Viscosity (m Pa s)

						
							
							Viscosity reduction (%)

						
							
							Turbidity (NTU)

						
							
							Total phenolic content 

							(mg/ml)

						
							
							% DPPH antioxidant activity

						
					

					
							
							Control 

						
							
							40

						
							
							1

						
							
							20

						
							
							11.1

						
							
							22

						
							
							2.0

						
							
							-

						
							
							33.9

						
							
							1.26

						
							
							74

						
					

					
							
							40

						
							
							2

						
							
							25

						
							
							11.3

						
							
							30

						
							
							1.90

						
							
							5

						
							
							32.8

						
							
							1.56

						
							
							74.5

						
					

					
							
							50

						
							
							1

						
							
							30

						
							
							11.4

						
							
							38

						
							
							1.90

						
							
							5

						
							
							31.7

						
							
							2.05

						
							
							74

						
					

					
							
							50

						
							
							2

						
							
							55

						
							
							11.6

						
							
							45

						
							
							1.85

						
							
							7.5

						
							
							31.5

						
							
							2.12

						
							
							76

						
					

					
							
							PG enzyme concentration 

							2.5U/ml

						
							
							40

						
							
							1

						
							
							56

						
							
							12.1

						
							
							52

						
							
							1.60

						
							
							20

						
							
							28.5

						
							
							3.5

						
							
							75

						
					

					
							
							40

						
							
							2

						
							
							62

						
							
							12.3

						
							
							68

						
							
							1.51

						
							
							24.5

						
							
							26.4

						
							
							7.5

						
							
							75.5

						
					

					
							
							50

						
							
							1

						
							
							68

						
							
							12.6

						
							
							70

						
							
							1.48

						
							
							26

						
							
							22.4

						
							
							7.9

						
							
							75.7

						
					

					
							
							50

						
							
							2

						
							
							72

						
							
							13.4

						
							
							74

						
							
							1.27

						
							
							36.5

						
							
							20.3

						
							
							10.2

						
							
							75.9

						
					

					
							
							PG enzyme concentration 

							5U/ml

						
							
							40

						
							
							1

						
							
							71

						
							
							13.4

						
							
							70

						
							
							1.24

						
							
							38

						
							
							20.2

						
							
							11.2

						
							
							75

						
					

					
							
							40

						
							
							2

						
							
							73

						
							
							14.4

						
							
							85

						
							
							1.17

						
							
							41.5

						
							
							10.9

						
							
							11.9

						
							
							75.4

						
					

					
							
							50

						
							
							1

						
							
							75

						
							
							14.4

						
							
							90

						
							
							1.15

						
							
							42.5

						
							
							5.5

						
							
							12.5

						
							
							75.7

						
					

					
							
							50

						
							
							2

						
							
							77

						
							
							14.8

						
							
							95

						
							
							1.09

						
							
							45.5

						
							
							3.9

						
							
							13.82

						
							
							77

						
					

				
			

			In our case, PG activity was partially inhibited by Ca+2, Mn+2, Cu+2, Mg+2, Fe+3 and almost completely inhibited by Pb+1 and Hg+2. Nevertheless, contrasting results obtained regarding divalent (Ca+2 and Mg+2) and trivalent cation (Fe+3) that stimulated PG activity in banana and Ca+2, Mg+2 and Zn+2 in mango (Gayathri and Niar, 2014; Prassana et al., 2006). These studies revealed that divalent ions may stimulate enzyme activity due to stabilization of negatively charged carboxyl groups present in pectin structure (Pathak and Sanwal, 1998). Complete inhibition of PG activity in Jamaica cherry by Hg+1 and Pb+2 (Gayathari et al., 2007) was in accordance with present study. 

			Effect of PG on clarification of apple juice

			Microbial pectinolytic enzymes have potential applications in various industries like textile, paper, food and beverage industries (Garg et al., 2016). PG has already been reported from several plants and their widely use in industrial applications. Throughout the world after orange juice, clarified apple juice is amongst the most consumed fruit juices (Kahle et al., 2005). Pectinolytic enzymes are gaining increasing interest to be used at commercial level for extraction of juices from various fruits and their clarification as well. Apples are perishable and delicate fruit and the juice produced has a high nutritional value hence the polygalacturonase extracted from grapes was applied to unripe apple juice to study its potential in juice clarification. 

			In the present study, purified PG from grapes skin enhanced the percentage yield and transmittance while it decreased the viscosity and turbidity of apple juice after clarification as shown in TableII. Color of juice is a sensory attribute which was very light as absorbance of juice at 440nm reduced from 1.42 to 0.28 after clarification. Minor changes in yield can have a great impact on cost of juice production at commercial level. The yield was improved up to 77%, transmittance of juice increased up to 95% and total soluble solids (°Brix) raised up to 14.8 (Figs. 9, 10). Reduction in percentage viscosity of juice was found to be 45.5% and turbidity value reduced to 3.9 NTU while total phenolic content improved up to 13.82 mg GAE/ml and DPPH scavenging activity increased up to 77% (Figs.11, 12). Hence, nutraceutical potential and organoleptic features of apple juice were improved. 

			Previous findings on enzyme based juice clarification have fascinating results which is reported for lemon juice clarification by enzymatic treatment (Maktouf et al., 2014). Lemon juice after extraction has cloudy, viscous sol like appearance with high gelling power which is due to pectin polymer. The enzymatic treatment of the juice degrades the colloidal particles. PG enables the reduction in viscosity and turbidity of lemon juice up to 77% and 47%, respectively by depolymerization of insoluble pectin. Moreover, comparable results to present study obtained regarding reduction in viscosity after clarification which increased juice yield and minimized membrane clogging, a common hurdle observed during filtration procedures (de Carvalho et al., 2008; Chaudhri and Suneetha, 2012). Storage of juice did not affect the appearance of enzyme treated clarified juices. Notable haze formation was not observed even after 2 months of storage at room temperature (Gupta and Singh, 2004). Interestingly, raw fruits treated with pectinolytic enzyme aids in conspicuous release of phenolic content from the fruits (Sharma et al., 2013). Phenolic components act as potent antioxidant which helps to improve and maintain general health by limiting the risk of debilitating diseases like heart disease and different malignancies (Miller and Rice-Evans, 1997). Phenolic content, its composition or structure demonstrate crucial role for improving antioxidant activity (Bhanja et al., 2008). It was also found that 15% increase in phenolic content of drinks after enzyme treatment suggested that dragon fruit beverage is much better than the untreated beverage in terms of improved antioxidant capacity (Aliaa et al., 2010). Total soluble solids also tend to increase by enzyme based juice clarification. Yousaf and Ibrahim (1994) noted that total soluble solid content of soursop juice after enzyme clarification was improved from 6.8 to 7.3 °Brix after one hour incubation time. However, increasing incubation time did not raise total soluble solids of juice. Enzyme treatment has sophisticated effect on juice clarity. A similar behavior was observed in banana juice clarification regarding fluctuation in temperature, incubation time and enzyme concentration (Lee et al., 2006). 
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			Fig. 9. Response Surface plots showing interactive effect of temperature (left panel) and time (right panel) on % yield, % transmittance and total soluble solid content (°Brix) of juice employing various PG enzyme concentrations.

			[image: ]

			Fig. 10. Box plots showing interactive effect of temperature (left panel) and time (right panel) on % yield, % transmittance and total soluble solid content (°Brix) of juice employing various PG enzyme concentrations.

			Response surface methodology (RSM) is a valuable statistical tool helpful in demonstration of impact of numerous independent and response variables (Box and Draper, 1987). To assess the relationship between experimental aspects and observed results, response surface methodology was employed and to estimate statistical significance of the model, Fisher’s test for analysis of variance (ANOVA) was performed. The model was actually significant according to ANOVA results. Small p-value depicted that PG treatment on various juice clarification parameters were statistically significant up to 99% confidence level with p-value <0.05. Incubation time, enzyme concentration and temperature were described as three independent variables and eleven combinations were used. The collaborative effect of time and incubation temperature on various parameters of apple juice using PG purified from grapes skin was indicated in response surface curves and it showed that the temperature up to 50°C has positive effect on juice clarification. Similarly, treatment time appeared to have positive effect on juice clarification
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			Fig. 11. Response Surface plots showing interactive effect of temperature (left panel) and time (right panel) on % viscosity reduction, turbidity, total phenolic content  and % DPPH antioxidant activity of juice employing various PG enzyme concentrations.

			[image: ]

			Fig. 12. Box Surface plots showing interactive effect of temperature (left panel) and time (right panel) on % viscosity reduction, turbidity, total phenolic content  and % DPPH antioxidant activity content of juice employing various PG enzyme concentrations.

			Table III.- ANOVA results of apple juice parameters based on response surface methodology (RSM).

			
				
					
					
					
					
					
					
				
				
					
							
							Source

						
							
							df

						
							
							SS

						
							
							MS

						
							
							F-Value

						
							
							P-Value

						
					

					
							
							Juice yield% (R2 = 80.92%)

						
					

					
							
							Model

						
							
							2

						
							
							3782.0

						
							
							1891.0

						
							
							19.08 

						
							
							0.001

						
					

					
							
							Residuals

						
							
							9

						
							
							892.0

						
							
							99.1

						
							
							
					

					
							
							Total

						
							
							11

						
							
							4674.0

						
							
							
							
					

					
							
							% Transmittance (R2 = 85.28%)

						
					

					
							
							Model

						
							
							2

						
							
							5370

						
							
							2685

						
							
							26.08

						
							
							0.000

						
					

					
							
							Residuals

						
							
							9

						
							
							927

						
							
							103

						
							
							
					

					
							
							Total

						
							
							11

						
							
							6297

						
							
							
							
					

					
							
							% Viscosity (R2 = 93.30%)

						
					

					
							
							Model

						
							
							2

						
							
							2847.5 

						
							
							1423.8 

						
							
							62.62 

						
							
							0.000

						
					

					
							
							Residuals

						
							
							9

						
							
							204.6 

						
							
							22.7

						
							
							
					

					
							
							Total

						
							
							11

						
							
							3052.2

						
							
							
							
					

					
							
							Total phenolic content (R2 = 89.13%)

						
					

					
							
							Model

						
							
							2

						
							
							225.17 

						
							
							112.59 

						
							
							36.90 

						
							
							0.000

						
					

					
							
							Residuals

						
							
							9

						
							
							27.46 

						
							
							3.05

						
							
							
					

					
							
							Total

						
							
							11

						
							
							252.63

						
							
							
							
					

					
							
							% DPPH antioxidant (R2 = 85.22% )

						
					

					
							
							Model

						
							
							2

						
							
							2.927

						
							
							1.463

						
							
							2.45

						
							
							0.002

						
					

					
							
							Residuals

						
							
							9

						
							
							5.382

						
							
							0.598

						
							
							
					

					
							
							Total

						
							
							11

						
							
							8.309

						
							
							
							
					

					
							
							Total soluble solids (°Brix) (R2 = 88.59%)

						
					

					
							
							Model

						
							
							2

						
							
							16.927

						
							
							8.463

						
							
							34.94

						
							
							0.000

						
					

					
							
							Residuals

						
							
							9

						
							
							2.180

						
							
							0.242

						
							
							
					

					
							
							Total

						
							
							11

						
							
							19.107

						
							
							
							
					

					
							
							Turbidity (NTU) (R2 = 83.16% )

						
					

					
							
							Model

						
							
							2

						
							
							1024.7

						
							
							512.3

						
							
							22.22

						
							
							0.000

						
					

					
							
							Residuals

						
							
							9

						
							
							207.6

						
							
							23.1

						
							
							
					

					
							
							Total

						
							
							11

						
							
							1232.2

						
							
							
							
					

				
			

			up to one hour. PG enzyme concentration up to 5 U/ml had positive effect while low enzyme concentration found to be less effective for juice clarification purpose. The analysis of variance (ANOVA) was done using Minitab software which showed that the response surface models developed for all response variables were adequate (TableIII). Interaction of time and enzyme concentration was found to be significant. Previous studies for optimum conditions of enzyme based juice clarification have nearly similar results. Under optimized conditions of enzyme concentration 1.5 U/ml, temperature 40°C and incubation time of 30 min for mango juice clarification by PG purified from Aspergillus awamori MTCC 9166, response plots and contour plots were established based on regression coefficient values which showed that 60% viscosity reduction of mango juice was achieved after clarification (Anuradha et al., 2016). Sapodilla juice was clarified by PG purified from Streptomyces lydicus and response surface methodology (RSM) was employed to establish optimum conditions of juice clarification (Jacob et al., 2008). Diwan and Shukla (2005) optimized conditions for clarification of guava juice employing 2% purified enzyme for 20 h incubation time. Optimum conditions for pectinase were established to achieve maximum sweet lime juice yield after clarification (Rai et al., 2004).

			Conclusion

			Enzymes possessing distinguished biochemical, physic-chemical features with economical production employed in downstream applications have always been attractive in research projects. A well maintained upstream process technology is required for the production of microbial pectinolytic enzymes which alters overall cost. No such upstream technology is required for extraction of enzymes from plants. The benefit of enzyme extraction from plant source is that plants itself behaves as bioreactor, thereby, making easy harvest of enzymes (Mukharjee, 2013). Enzyme based juice clarification possess several benefits over mechanical methods. Under mechanical extraction, pectin present in fruit pulp has unpleasant effect on juice recovery due to reduced filtration. Pectinolytic enzymes are better choice to overcome recovery losses and have become part of modern fruit juice processing industries claiming improvement in juice recovery, total soluble solids, clarity, total phenolic content and antioxidant activity and significant decline in juice viscosity and turbidity. 

			In present study, purified PG from grapes had pH optima 4.5 and stability in pH range 3.5 to 5.5; hence the potential of acidic grape polygalacturonase in apple juice clarification was studied under optimized conditions of incubation time, enzyme concentration and temperature. For better understanding of juice clarification results, box plots and response plots based on RSM were developed which demonstrated that the operating variables (enzyme concentration, temperature and incubation time) had affected the overall quality of apple juice by achieving significant results with low p-value (less than 0.05). Considering the significance of PG enzyme, experiments are in progress for its biotechnological applications and to improve the production and its stability by recombinant DNA technology.
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Pectinolytic enzymes, widespread in plants, fungi and microorganism, gain
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commercial importance for improving the yield and nutraceutical properties of ST did 1l 1 K and RG

juice processing industry, degumming of fibre plants and maximum oil recovery.
These enzymes break down complex polysaccharide polymers of plant tissues into
simpler monomer like D-galacturonic acids. In this study, polygalacturonase from
grape skin was purified by salting out with ammonium sulfate, gel filtration on
Sephadex G-75 column and ion exchange on Q-Sepharose column chromatography.
Polygalacturonase was recognised as a protein with 47kDa molecular weight by
SDS-PAGE. The optimum pH of purified polygalacturonase activity was found to
be 4.5 and stable within pH range 3.5-5.5. Temperature dependent studies reveale
temperature optimum of enzyme to be 40°C and stable up to 60°C. Among substrates,
polygalacturonic acid was established as the best substrate for polygalacturonase
showing its specificity in the hydrolysis of polysaccharide galacturonate chain.
The presence of Na*! and K*! enhanced polygalacturonase activity up to 110% and
130%, respectively when used at a concentration of 1mM, however, the enzyme
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was almost completely 1nh1b1ted by Pb*2 and Hg+2 Punﬁed polygalacturonase

(95% transmlttance) after mcubatlon at 5()°C for 60 min. Total amount of phenohc

and free radical SINVERMBDUGTION juice was improved aftet]lcdtmificmtesequoire a large number of enzymes with
understand the effect of juice clarification parameters, respatiftenelutspegsfditynand are divided into groups according
Pﬁmmnsﬂponsefmnethddoiogy e deegletpbdethatjalmeved sigtiifitasitbetyptest icf cellulases, hemicellulases, pectinases

depasdenptiomiabss bkencnaysad donaenitetionggenpatature amd ligndseson/tinRectinolytic enzymes belong to huge
isn prediepmhdent irmiaddes imd fiypeovddetheoovienpllogedlity ofzappie plienzbieese,which help in pectin transformation
amdic plafit pofygakaetiropastoisndhtedi¢nlthis studyenensld be asdfdégsndapioemnal generally classified according to their
dydodgte Gdsits hidsecinwapivadtappdatatiihs imfrossjbiee clasfieavdncleavage. Endopolygalacturonase (EC 3.2.1.15)

to achieve quality juice production without the profound
use of food processing enzymes in food industries.
Pectinolytic enzymes are in practice since olden times but
on commercial level, it was first used in wine and fruit juice
preparation in 1930 (Tapre and Jain, 2014). Pectinolytic
enzymes are routinely used for smooth juice extraction
through reduction in viscosity and water binding capacity
of pectin (Nakkeeran ef al., 2011; Rehman et al., 2013).
Enzymatic liquefaction of fruit pulp offer advantages in
improvement of soluble components, juice yield, colour,
aroma, phenolic components and reduced cloudiness
(Buchert et al., 2005).

Microorganisms and plants are the main sources
of pectinolytic enzymes. These enzymes are used to
breakdown pectin polymer. The degradation of plant cell

disrupts glycosidic bond within the pectin chain while
exopolygalacturonase (EC 3.2.1.67) cleave glycosidic bond
atthe end of the pectin chain resulting in hydrolysis of pectin
chain. Endopolygalacturonase, exopolygalacturonase,
pectin or pectate lyase, rhamnogalacturonan hydrolase
and lyase, pectin methyl esterase, acetyl esterase and
rhamnogalacturonan acetyl esterase act on the main
chain of pectin. Enzymes involved in cleavage of hairy
region of pectin are arabinofuranosidases, endoarabinase,
B-galactosidase, endogalactanase and feruloyl esterase.
Rhamnogalacturonase acts on rhamnogalacturonic
segment and polygalacturonase acts on galacturonic
acid. Polygalacturonase is probably the most studied
pectin degrading enzyme (Sakai ef al, 1993). Acidic
polygalacturonases are mainly used in juice and wine
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