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 Introduction 

 Pectinases comprise a highly diverse group of biocata-
lysts responsible for the enzymatic degradation of pectic 
substances, whose function resides in providing integrity 
to the plant tissues. Among pectinases, the most thor-
oughly studied subgroup is involved in the degradation 
of the so-called smooth region of the pectin backbone 
(homogalacturonan), which includes esterases and de-
polymerases. These enzymes have been widely used with-
in the fruit and vegetable processing industry for the ex-
traction and clarification of fruit juice, and mash treat-
ment, and within the wine industry for clarification of 
white wine must and to improve color extraction during 
red wine elaboration [Grassin and Fauquembergue, 2009; 
van Rensburg and Pretorius, 2000]. The intrinsic acidity 
of fruit juices and wines requires the use of acidic pectin-
ases, most of which are commercially produced from fun-
gal sources.

  Polygalacturonases (PGs) are depolymerizing en-
zymes that degrade homogalacturonan by hydrolysis of 
α(1–4) glycosidic bonds between galacturonate residues. 
Tailor-made enzymatic preparations for several industri-
al purposes tend to constitute of a complex mix of poly-
saccharide-degrading enzymes in which PGs are usually 
present.
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 Abstract 

 An endo-polygalacturonase secreted by  Aspergillus sojae 
 was characterized after being purified to homogeneity from 
submerged cultures with orange peel as the sole carbon 
source by gel filtration and ion-exchange chromatogra-
phies. According to SDS-PAGE and analytical isoelectric fo-
cusing analyses, the enzyme presents a molecular weight of 
47 kDa and pI value of 4.2. This enzyme exhibits considerable 
stability under highly acidic to neutral conditions (pH 1.5–
6.5) and presents a half-life of 2 h at 50   °   C. Besides its activity 
towards pectin and polygalacturonic acid, the enzyme dis-
plays pectin-releasing activity, acting best in a pH range of 
3.3–5.0. Thin-layer chromatographic analysis revealed that 
tri-galacturonate is the main enzymatic end product of poly-
galacturonic acid hydrolysis, indicating that it is an endo-
polygalacturonase. The enzyme exhibits Michaelis-Menten 
kinetics, with K M  and V MAX  values of 0.134 mg/mL and 9.6 
μmol/mg/min, respectively, and remained stable and active 
in the presence of SO 2 , ethanol, and various cations assayed 
except Hg 2+ .  © 2017 S. Karger AG, Basel 
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   Aspergillus sojae  is a koji   mold that has been extensively 
used in traditional Asian food fermentation processes, 
such as the production of miso and soya sauce [Bourdi-
chon et al., 2012]. Several studies have been performed re-
garding PG production by  A. sojae  growing on complex as 
well as simple sugar-containing substrates [Fratebianchi et 
al., 2017; Gögus et al., 2006]. Nevertheless, very few were 
aimed at characterizing the enzymes responsible for this 
activity, having worked with crude or semipurified extracts 
at any case [Dogan and Tari, 2008; Tari et al., 2008]. The 
study of the properties of  A. sojae  PG(s) is essential to de-
termine the extent of its potential industrial applications, 
and to assess the feasibility for large-scale processes.

  As pectin is probably one of the most complex macro-
molecules in nature, characterization of pectin-degrading 
activities in a crude extract has the drawback of being un-
able to determine whether the effects are caused by a sin-
gle enzyme or by a multienzymatic consortium. Besides, 
crude extracts may contain substances that can act as en-
zymatic inhibitors and have to be eliminated before per-
forming a proper analysis. Therefore, in order to un-
equivocally characterize and study the properties of pec-
tinases, prior purification is highly recommended. In the 
present investigation, we describe the purification of an 
endo-PG secreted by  A. sojae  ATCC 20235 when grown 
in submerged cultures with orange peel as the substrate, 
and proceed to characterize the isolated enzyme in terms 
of its biochemical and kinetic properties.

  Results and Discussion 

 Pectinolytic Production Profile of A. sojae 
 Pectin-depolymerizing activities (PG, endo-PG, and 

pectin lyase, PL) were measured during the growth of  A. 
sojae  in a culture medium which consisted of ground or-
ange peel and ammonium sulfate. The time course of the 
production of PG and endopectinase (endoP) activities 
shows that both activities increased in parallel through-

out the culture and reached maximum values from 168 h 
onwards; enzyme purification steps were therefore per-
formed from 7-day-old cultures (online suppl. Fig. 1; see 
www.karger.com/doi/10.1159/000460296 for all online 
suppl. material). Similar kinetics of PG production by fil-
amentous fungi in shake-flask cultures have been report-
ed [Galiotou-Panayotou et al., 1997; Malvessi and Silvei-
ra, 2004]. In contrast, solid-state cultures of  A. sojae  on 
wheat bran and orange peel gave maximum PG activity 
after 120 h of incubation [Heerd et al., 2012].

  As endoP activity is determined by a viscometric 
method, it reflects the total depolymerization activity po-
tentially caused by both PL and PG enzymes [Gusakov et 
al., 2002]. However, no PL activity was detected during 
the cultivation, suggesting endoP and PG activities result 
from the production of at least 1 endo-PG enzyme. The 
viscometric method is time consuming and allows fewer 
simultaneous sample determinations compared to the re-
ducing sugar method. Because of the above, and since the 
endoP/PG activity ratio was kept fairly constant along the 
culture, the PG activity assay was the method chosen to 
follow the purification process.

  Enzyme Purification 
 A PG was purified to homogeneity from the superna-

tant of a 7-day-old culture of  A. sojae  by gel filtration and 
ion exchange chromatographies. The purification proce-
dure is summarized in  Table 1 . In addition to PG activity, 
the starting crude extract presented weak pectinesterase 
(PE) activity. This concomitant activity along with other 
contaminants was successfully separated from the PG-
active fraction by Q Sepharose followed by Sp Sepharose 
chromatographies. After a final polishing step on a Super-
dex 75 column, a homogeneous fraction showing PG ac-
tivity was obtained with a 15.2-fold enrichment and a 
42.6% recovery. Zymogram and SDS-PAGE (sodium do-
decyl sulfate-polyacrylamide gel electrophoresis) analysis 
revealed a single homogeneous band with activity to-
wards polygalacturonic acid (PGA;  Fig. 1 a).

 Table 1.  The main steps involved in the purification of A. sojae polygalacturonase

Purification step Volume, 
mL

Total protein,
mg

Total activity,
UPG

Specific activity,
UPG/mg

Yield, % Purification 
(fold)

Crude extract 400 14.73 12,593 854.7 100 1
Q Sepharose 200 4.07 10,657 2,619 84.6 3.06
SP Sepharose 200 1.18 9,147 7,738 72.6 9.05
Superdex 75 30 0.41 5,370 13,023 42.6 15.2
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  Biochemical Characterization 
 The apparent molecular weight of  A. sojae  PG deter-

mined by SDS-PAGE was 47.0 ± 0.9 kDa. In another 
study, 2 different protein bands of 36 and 53 kDa were 
observed on a gel after an SDS-PAGE of a partially puri-
fied PG-active fraction produced by  A. sojae  on sub-
merged cultures [Tari et al., 2008]. The small difference 
in molecular weight between this 53-kDa protein and the 
 A. sojae  PG presented here suggests that both might actu-
ally be the same molecule. Nevertheless, more than 1 
pectinolytic enzyme can be produced by the same mold 
[Dinu et al., 2007; Semenova et al., 2003]. PGs secreted by 
a wide variety of microorganisms, such as  Fusarium gra-
minearum  [Ortega et al., 2014],  Saccharomyces cerevisiae 
 [Gainvors et al., 2000], or  Streptomyces lydicus  [Jacob et 
al., 2008], present molecular mass values of 40, 42, and 43 
kDa, respectively, ranging within the value found in this 
study.

  Analytical isoelectric focusing (IEF) revealed a pI value 
of approximately 4.2 for the purified enzyme ( Fig. 1 b), 
which is lower than that reported of most microbial PGs 
[Jayani et al., 2005] although it fits into the pI range de-
scribed for these enzymes.

  The pH stability of  A. sojae  PG was studied within the 
pH range of 1.0–6.5. After 2 h of incubation, the purified 
enzyme retained more than 75% of its initial activity be-
tween the pH values of 2.0 and 6.5, and showed up to 55% 

residual activity within a very low pH interval (1.0–2.0; 
 Fig. 2 a). The purified PG was further incubated for 24 h 
in the pH range of 1.0–3.0, retaining 35% of its initial ac-
tivity at pH 1.0 and more than 75% from pH 1.5 onwards. 
Fungal PGs tend to be stable under acidic conditions [Jay-
ani et al., 2005], although stability studies are seldom per-
formed at a pH of approximately 2.

  Regarding the effect of temperature, the enzyme was 
fully thermostable up to 45   °   C, whereas 25% of the initial 
activity was retained after 210 min of incubation at 50   °   C; 
the thermal inactivation of the enzyme at the latter tem-
perature was successfully fitted to a first-order kinetic 
model, under which a half-life close to 2 h was calculated 
( Fig.  2 b). In comparison, the half-lives of purified PGs 
from  A. giganteus ,  Trichoderma harzianum , and  Penicil-
lium viridicatum  at 50   °   C were reported as 18, 30, and 60 
min, respectively [Mohamed et al., 2006; Pedrolli and 
Carmona, 2010; Silva et al., 2007], while the PG isolated 
from the thermophilic  Thermoascus aurantiacus  was 
completely stable upon incubation for 1 h at 50   °   C, and 
exhibited a half-life of 10 min at 60   °   C [Martins et al., 
2007]. The  A. sojae  PG is therefore fairly thermostable 
and suitable for use in fruit juice processing applications. 
The fact that the clarification process can be generally re-
duced to 1 h if developed at 50   °   C [Lea, 1995], and that the 
purified PG shows a half-life of 2 h at 50   °   C, makes the 
enzyme adequate for such purposes. In this context, it is 
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  Fig. 1.   a  SDS-PAGE analysis of the purifi-
cation process of  A. sojae  PG. Lane 1, crude 
extract; lane 2, sample obtained from Q 
Sepharose chromatography; lane 3, pre-
stained protein molecular weight marker 
(20–120 kDa; Thermo Scientific, Rockford, 
IL, USA); lane 4, sample obtained from SP 
Sepharose chromatography; lane 5, sample 
obtained from Superdex 75 chromatogra-
phy; lane 6, zymogram of the sample ob-
tained from Superdex 75 chromatography. 
 b  Analytical IEF. Lane 1, broad range pI 
marker (GE); lane 2, purified PG. 
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also worth mentioning that PG activity of the purified 
enzyme when assayed at 50   °   C was 2.3 times higher than 
measured under standard assay conditions (35   °   C).

  The purified PG acted successfully upon PGA, citrus 
pectin, and lemon protopectin, being within the pH range 
for optimum substrate-dependent activity (online suppl. 
Fig. 2). For PGA, optimum enzyme activity was observed 
at pH 5.0, while with protopectin as the substrate the en-
zyme acted best at pH 4.3; as for citrus pectin, optimum 
activity was found at pH 3.5 but the enzyme still worked 
at pH 2.3, showing 35% relative activity. Dependence of 
optimum pH with the substrate assayed was also reported 
for a purified endo-PG from  A. kawachii  [Contreras Es-
quivel and Voget, 2004], which at pH 2.0 worked opti-
mally on protopectin while it was almost inactive towards 

PGA. pH influence studies on enzyme activity with differ-
ent pectic substances can be useful to predict the proper 
conditions for different industrial applications; for in-
stance, enzymatic maceration of plant tissues should as-
sure limited pectin degradation and high pectin-releasing 
(PR) activity, while for fruit juice extraction and clarifica-
tion, complete destruction of pectin is sought. The relative 
activity of the purified PG towards PGA decreases consid-
erably at pH 6.5 (online suppl. Fig. 2), whereas a crude PG 
produced by  A. sojae  with glucose and maltrin as carbon 
sources still displays 80% relative activity at pH 7.0 [Tari 
et al., 2008], concluding that these are 2 different enzymes, 
and indicating that  A. sojae  would produce different PGs 
depending on the nature of the carbon source used. Dif-
ferential expression of PG activities was found in  A. 
kawachii , which produced and secreted 2 different en-
zymes whose relative proportion varies markedly if the 
fungus is grown in a culture medium with glucose or lem-
on pomace as substrate [Vita et al., 2009].

  Regarding metal ions, although some studies have re-
ported their capability to stimulate the activity of fungal/
bacterial PGs [Jacob et al., 2008; Pedrolli and Carmona, 
2010], when testing Ca 2+ , K + , Mg 2+ , and Zn 2+  we did not 
find any effect on  A. sojae  PG. In line with the above re-
sults, inhibition was not observed in the presence of 
EDTA, which suggests the enzyme activity apparently 
does not depend on any free cation. The purified enzyme 
lost its entire activity when incubated along with Hg 2+ , 
which, known for acting as a thiol-blocking agent, indi-
cates a possible involvement of cysteine residues in the 
substrate binding or in the catalytic processes. On the oth-
er hand, PG activity was not affected by β-mercaptoetha-
nol, suggesting that either the tertiary structure of the en-
zyme does not present disulfide bonds or that these are not 
accessible to the reducing agent. Besides, neither the incu-
bation with 15% (v/v) ethanol nor with 100 mg/L SO 2  al-
tered the activity of the purified enzyme, which would al-
low its application during wine making, where SO 2  is nor-
mally used to inhibit unwanted yeast and bacteria and to 
protect wine from excessive oxidation.

  Mode of Action 
 Thin-layer chromatography (TLC) analysis of the hy-

drolysis products of PGA shows that oligogalacturonates 
as well as di- and primarily tri-galacturonates were pro-
duced during the first stages of the reaction ( Fig. 3 ). After 
6 h of incubation, oligogalacturonates were completely de-
graded, resulting in tri-galacturonate as the major final re-
action product, which is consistent with the 34% degrada-
tion obtained (online suppl. Fig. 3). These results indicate 
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  Fig. 2.  Influence of pH ( a ) and temperature ( b ) on the stability of 
the purified  A. sojae  PG. Error bars represent the standard devia-
tion of the mean, calculated for 3 replicates. 

MMB460296.indd   4MMB460296.indd   4 11.04.2017   13:53:2511.04.2017   13:53:25



 Endo-Polygalacturonase from  A. sojae : 
Purification and Characterization 

J Mol Microbiol Biotechnol
DOI: 10.1159/000460296

5

that the enzyme is an endo-PG (EC 3.2.1.15). Although in 
lesser amounts, mono- and di-galacturonates were also 
found among the final products, with  D -galacturonic acid 
(GALA) mainly produced at the final stage of the reaction. 
The substrate degradation pattern exhibited by  A. sojae  
endo-PG suggests the enzyme cleaves this substrate in a 
random fashion but does not display processivity; instead, 
several random hydrolysis events may occur, ending with 
the dissociation of the enzyme from its target molecule and 
the subsequent formation of a new active complex with 
another polymer chain [Benen et al., 1999]. Furthermore, 
 A. sojae  endo-PG proves to be incapable of hydrolyzing 
trimers, which were accumulated at the end of the reac-
tion. The formation of mono- and di-galacturonates would 
have originated from occasional random hydrolysis events 
at the first or second glycosidic linkage, the frequency of 
which increases – especially the cleavage at the first bond 
– as the size of the transient oligomers decreases.

  Kinetic Characteristics 
 The K M  and V MAX  values were 0.134 mg/mL and 9.6 

μmol/mg/min, respectively (online suppl. Fig. 4a). This 
K M  value is among the lowest reported for purified PGs 
towards PGA [Jayani et al., 2005], indicating a very high 
affinity for its substrate. A purified PG with slightly high-
er affinity towards PGA was reported by Niture et al. 

[2001] from  Fusarium moliniforme  (K M , 0.12 mg/mL). 
The turnover constant (k cat ) and specificity constant (k cat /
K M ) values for this enzyme were also calculated as 7.5/s 
and 56 mL/mg/s, respectively. Specificity constant values 
for different reported PGs vary considerably [Dinu et al., 
2007; Mohamed et al., 2006; Niture et al., 2001; Semenova 
et al., 2003], and it has been demonstrated that the use of 
k cat /K M  for comparing the catalytic effectiveness of en-
zymes can be misleading [Eisenthal et al., 2007].

  We found that  A. sojae  endo-PG was likely to be inhib-
ited by its reaction products because linear progression 
curves of formation of reducing end groups were hard to 
obtain when the initial end-product concentration was 
higher than 350 mg/L. Indeed, the enzyme was found to 
be competitively inhibited by its end products with an in-
hibition constant (K i ) of 0.6 m M  (online suppl. Fig. 4b), 
expressed as tri-galacturonate as the major hydrolysis 
product. The only report of end-product inhibition con-
stants for endo-PGs was reported recently by Mertens 
and Bowman [2016] as 0.767 m M  for the competitive in-
hibition exerted by di-galacturonate over an endo-PG 
from  Rhizopus oryzae . In light of the above results, from 
a practical point of view a continuous enzymatic process 
with the enzyme immobilized onto a solid support should 
be developed when possible, in order to avoid any possi-
ble complication related with product accumulation. 

1 2 3 4 5 6 7 8

  Fig. 3.  TLC analysis of the products ob-
tained after 0, 10, 20, 30, 60, and 360 min of 
hydrolysis of PGA with      A. sojae  PG (lanes 
1–6, respectively). Lane 7, tri-galacturonic 
acid standard; lane 8, GALA standard. 
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  Conclusions 

 An endo-PG from  A. sojae  was successfully purified 
to a homogenous state as judged by SDS-PAGE and IEF. 
The enzyme proved to be a robust biocatalyst, as it is 
stable over a broad pH and temperature range and in the 
presence of several metal ions. Its maximum activity to-
wards PGA and pectin in acid media, as well as its capac-
ity to solubilize pectin and its tolerance to SO 2  suggests 
the enzyme can be applied for the extraction and clarifi-
cation of fruit juices and during winemaking at the pre-
fermentative debourbage stage. Combinations of  A. so-
jae  endo-PG with other pectinases and carbohydrases 
may contribute to widen the application range and pro-
duce tailor-made enzymatic preparations for specific 
purposes.

  Experimental Procedures 

 Chemicals 
 Pectin from citrus fruits, PGA, tri-galacturonic acid, GALA 

and m-hydroxydiphenyl were purchased from Sigma Chemical 
Co. (St. Louis, MO, USA). Orange peel, supplied by a local citrus 
company, was dried at 60   °   C for 2 days, milled to powder with a 
laboratory mill, and stored at room temperature until use. All oth-
er chemicals and reagents used were of analytical grade. 

  Microorganism and Inoculum 
  A. sojae  ATCC 20235 was obtained from the American Type 

Culture Collection. The fungus was propagated on YME plates (10 
g/L malt extract, 4 g/L yeast extract, 4 g/L glucose, 20 g/L agar), and 
incubated at 30   °   C until sporulation. Stock cultures were stored at 
–80   °   C. Molasses agar slants were prepared as described in Gögus 
et al. [2006] and used to obtain the spore suspensions for the seed 
inoculum. After 1 week of incubation at 30   °   C, spores were har-
vested from the slants using 0.02% Tween-80 water and counted 
in a Neubauer Chamber (Marienfeld, Germany).

  Culture Conditions for Enzyme Production 
 Fermentations were carried out in 1,000-mL Erlenmeyer flasks 

containing 200 mL of a culture medium composed of ground or-
ange peel (40 g/L) and ammonium sulfate (2.75 g/L) in water. The 
initial pH of the culture medium was adjusted to 3.3 before inocu-
lation with 1.4 × 10 5  spores/mL. Cultures were performed at 30   °   C 
and 200 rpm in an orbital shaker for 216 h. Samples of 2 mL were 
withdrawn every 12 h, centrifuged at 6,000 rpm for 20 min and the 
supernatants assayed for enzyme activities and total protein con-
tent determinations. The crude extract used for enzyme purifica-
tion was obtained as supernatant after withdrawing and centrifug-
ing the entire contents of each flask.

  Enzyme Assays and Protein Determination 
 Enzyme activity measurements were performed at 35   °   C and 

pH 5.0, unless otherwise stated. PG activity was determined as de-
scribed in Cavalitto et al. [1999]. One unit of PG activity was de-

fined as the amount of enzyme that produces 1 μmol of reducing 
groups as GALA per min.

  endoP activity   was assayed and calculated according to Gusa-
kov et al. [2002]. One unit of endoP activity was defined as the 
amount of enzyme required to achieve a 50% reduction in viscos-
ity of the pectin solution in 10 min of reaction.

  PL activity was determined spectrophotometrically at 235 nm 
by measuring the initial rate of formation of unsaturated reaction 
products from citrus pectin [Edstrom and Phaff, 1964]. One unit 
of PL activity was defined as the amount of enzyme that releases 1 
μmol of 4,5-unsaturated oligogalacturonides per minute.

  PE activity was qualitatively determined by adapting the pro-
cedure described by Vilariño et al. [1993] to a microplate assay. PR 
activity was assayed following the procedure outlined in Contreras 
Esquivel et al. [1999] with slight modifications. Lemon protopectin 
used as a substrate was prepared as stated in Cavalitto et al. [1997]. 
The reaction mixture consisted in 20 mg of substrate, 950 μL of 
12.5 m M  citric acid – 6.25 m M  Na 2 HPO 4  buffer (CPB), and 50 μL 
of enzyme sample. After 30 min of incubation in a water bath, the 
admixture was filtered and the solubilized pectic substances were 
determined by adding precooled sodium tetraborate to 200 μL of 
filtrate, boiling the mixture for 10 min and adding 30 μL of m-
hydroxydiphenyl solution. The tubes were left at room tempera-
ture for 30 min after which absorbance at 525 nm was measured. 
One unit of PR activity was defined as the amount of enzyme re-
quired to solubilize pectic substances equivalent to 1 μmol of 
GALA per minute.

  Citrus pectin and PGA used as substrates were prepared as 5 
and 2 g/L solutions, respectively, in 20 m M  of acetate buffer (AcB), 
except for the PE activity assay, in which distilled water was em-
ployed. Total proteins were quantified by the Bradford protein 
method, using bovine-serum albumin as standard.

  Enzyme Purification 
 The crude extract was filtered through cheesecloth and con-

centrated under reduced pressure at 32   °   C. The concentrated ex-
tract was loaded on a Sephadex G-25 gel-filtration column (Gen-
eral Electric, Little Chalfont, UK) equilibrated with AcB (pH 5.0, 
20 m M ) and eluted isocratically with the same buffer at a flow rate 
of 1 mL/min. Collected fractions exhibiting PG activity were 
pooled and applied to a Q Sepharose FF (General Electric) anion 
exchange column, preequilibrated with AcB (pH 5.0, 20 m M ). 
Bound proteins were eluted on a linear gradient of NaCl (0.0–1.0 
 M ) in AcB (pH 5.0, 20 m M ) over 7 column volumes at a flow rate 
of 3 mL/min. The collected fractions that showed PG activity were 
pooled, concentrated by lyophilization and desalted on AcB (pH 
3.0, 20 m M ) with a column packed with Sephadex G25, prior to its 
application to an SP Sepharose FF column (General Electric) pre-
equilibrated with the desalting buffer. Elution of the bound pro-
teins was carried out with a 3 mL/min linear gradient of NaCl 
(0.0–0.5  M ) in AcB (pH 3.0, 20 m M ) over 5 column volumes. After 
analyzing the collected fractions, those showing PG activity were 
pooled, concentrated by lyophilization, resuspended in AcB (pH 
5.0, 20 m M ) and loaded on a Superdex 75 column (General Elec-
tric) preequilibrated with AcB (pH 5.0, 20 m M ). Proteins were 
eluted isocratically at a flow rate of 0.5 mL/min with AcB (pH 5.0, 
20 m M ), and fractions that resulted positive for PG activity were 
pooled and stored at –20   °   C for further characterization. All chro-
matographic steps were performed with an AKTA-FPLC-U900 
system (General Electric).
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  Electrophoresis 
 SDS-PAGE was conducted according to Laemmli [1970]. Slab 

gels were subjected after electrophoresis to either colloidal Coo-
massie G-250 staining for protein visualization [Neuhoff et al., 
1988], or zymogram analysis. For the latter, gels were soaked for 
60 min in AcB (pH 5.0, 20 m M ) containing 25 g/L Triton X-100, 
washed with distilled water, and incubated in a 2-g/L PGA solution 
at 35   °   C for 45 min. Active bands were visualized as clear zones in 
a dark background after staining with 0.2 g/L ruthenium red.

  Analytical IEF was performed with a Multiphor II IEF unit 
(General Electric) on a polyacrylamide gel containing 5% acryl-
amide and 2% ampholytes in a 3–10 pH range. Samples were fo-
cused along with pI markers (Broad Range pI Kit, General Electric) 
for isoelectric point determination. The protein bands were stained 
with Coomassie R-250.

  Effect of pH on Enzyme Stability 
 The pH stability of the purified enzyme was examined over a 

range of 1.0–6.5 by measuring the residual PG activity after an in-
cubation step for 2 or 24 h at 20   °   C in CPB.

  Effect of pH on Enzyme Activity 
 The influence of pH on the activity of the purified enzyme was 

determined with PGA, citrus pectin, and lemon protopectin with-
in the pH range of 2.3–6.5. Each substrate was prepared or moist-
ened in CPB, preadjusted to the required pH value, and PG or PR 
activities were measured under the standard assay conditions.

  Effect of Temperature on Enzyme Stability 
 The thermal stability of the purified enzyme was studied by in-

cubation for 210 min at different temperatures, ranging from 40 to 
60   °   C. Aliquots were withdrawn at regular time intervals and the 
residual PG activity was assayed under standard assay conditions.

  Determination of Kinetic Parameters 
 The kinetic constants K M  and V MAX  of the purified enzyme 

were calculated by fitting the PG activity data determined in a 
0.09–9 g/L PGA concentration range to a linear regression after 
applying the Hanes-Hultin equation [Hultin, 1967]. The inhibi-
tion constant, K i , for the end products of PGA degradation was 
calculated after applying the Dixon equation [Dixon, 1953] to the 
PG activity data measured with increasing amounts of the end 
products, at 0.375 and 0.4375 g/L PGA.

  Influence of Metal Ions and Other Chemicals on Enzyme 
Activity 
 The effect of Ca 2+ , Mg 2+ , Zn 2+ , K + , and Hg 2+  on the enzyme 

activity was studied by incubating the purified enzyme for 2 h at 
20   °   C in the presence of 1 m M  of these metal ions. The effects of 
β-mercaptoethanol (2 m M ), EDTA (5 m M ), ethanol (15% v/v), and 
SO 2  (100 mg/L) were also tested by proceeding as stated above. The 
PG activity was subsequently measured under standard conditions 
and expressed as the percent residual activity with respect to a con-
trol (100% PG activity).

  TLC Analysis 
 TLC analysis of the enzymatic degradation products was per-

formed on silica gel (60 F254) glass plates (Merck, Kenilworth, NJ, 
USA), employing n-butanol/acetic acid/water (9:   4:7 v/v/v) as the 
mobile phase. After chromatography, the air-dried plate was sub-
merged into a solution containing 5 g/L of phosphomolybdic acid 
dissolved in ethanol with 4% sulfuric acid, and heated at 105   °   C for 
5 min. Samples for TLC analysis were obtained by incubating the 
purified enzyme with 2 g/L of PGA in 20 m M  of AcB (pH 5.0), and 
withdrawing aliquots at several incubation times, which were 
boiled for 5 min so as to inactivate the enzyme. The reducing end 
groups were measured and expressed as the amount of GALA, us-
ing a GALA standard.
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