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Abstract

Two extracellular isoenzymes of polygalacturonases PG1 and PG2 were isolated from 3-day-old culture filtrates of Trichoderma
reesei. The two enzymes were purified to homogeneity by ion-exchange, gel filtration and hydrophobic interaction chromatogra-
phies. PG1 and PG2 exhibit similar molecular weights from gel filtration and SDS-PAGE. Their properties, including optimal pH
and temperature, thermal stability and Km were compared. Characterization of substrate specificity showed that the two enzymes
had higher affinity toward PGA (B0100) derived from sugar beet pectin (SBP) than PGA from lime pectin. A series of SBPs with
different distribution patterns of methyl and acetyl groups, produced by treatment with either plant pectin methylesterase
(P-series) or fungal pectin methylesterase (F-series) or base catalysis (B-series), was used as substrates for PG1 and PG2.
Substrates with a low degree of esterification were preferred substrates. The activities of PG1 and PG2 were strongly correlated
to the degree of methylation and very little effect from acetylation. The products generated by digestion of selected lime and SBPs
were analysed using matrix assisted laser desorption ionisation time of flight (MALDI TOF) MS. A mode of action revealed a
random cleavage pattern for PG1 and PG2, confirming that these enzymes are endopolygalacturonases. © 2003 Elsevier Science
Ltd. All rights reserved.

Keywords: Sugar beet; Lime; Pectins; Polygalacturonase; MALDI TOF MS

1. Introduction

The polygalacturonases catalyse the hydrolytic cleavage
of the O-glycosyl bond of �-D-(1�4)polygalacturonan.
The pattern of degradation proceeds in either a random
(endo-polygalacturonase, EC3.2.1.15) or terminal fash-
ion (exo-polygalacturonase, EC 3.2.1.67). Polygalactur-
onases are produced by higher and lower plants,
bacteria and fungi. The role of the enzyme in microbial
pathogenesis,1,2 fruit ripening and softening,3 abscis-
sion,4 and growth,5 has been well established. Fungal

PGs are also used in industrial applications, such as
processing aids for extraction, clarification, and de-
proteinization of fruit juices, for maceration of fruits
and vegetables, and for extraction of vegetable oils.6,7

Novel fields of application have also recently been
envisaged for PGs in the production of oligogalactur-
onides as functional food components.6

PGs from a large number of fungi have been purified
and characterised. They show extensive variation in
physical and chemical properties.8–11 However, amino
acid compositions of PGs appear quite similar, suggest-
ing that the basic protein structure is maintained
among different fungi.12 Based on their sequences, PGs
have been classified in family 28 of the glycosidases.13

PG-I, -II, -C and -E from A. niger were described as
inverting enzymes.14 It could be hypothesised that all
PGs follow a similar stereochemistry of the hydrolysis
reaction, as the mechanism is conserved among all the
members of a given family.15 To date, one of the best
producers of pectin-degrading enzymes is A. niger.

Abbre�iations: PG, polygalacturonase; PGA, polygalactur-
onic acid; DP, degree of polymerization; HG, homogalacturo-
nan; PME, pectin methylesterase; DE, degree of esterification.
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Trichoderma reesei has a long history of safe use in
industrial-scale enzyme production. Applications of
cellulases and xylanases produced by this fungus are
found in food, animal feed, pharmaceutical, textile and
pulp and paper industries. T. reesei is non-pathogenic
for man and it has been shown not to produce fungal
toxins or antibiotics under conditions used for enzyme
production.16 This is the first report on the purification
and characterization of two polygalacturonases from
T. reesei with high activity toward acetylated and
methylated homogalacturonans. Base-treated sugar
beet pectin (SBP) (B0915), containing methyl and ace-
tyl groups, was used as an inductive carbon source in
culture. We also studied the substrate specificities of
the enzymes using a series of SBPs with varying degree
of acetyl and methyl esterification. The degradation
products were analysed by matrix assisted laser des-
orption ionisation mass spectrometry (MALDI) TOF
MS.

2. Experimental

2.1. Synthesis of model pectins

The partially methyl- and acetylesterified pectins were
produced by Danisco (Dr Hans Christian Buchholt,
Brabrand, Denmark) and comprised six series, three
from SBP and three from lime pectin (E81, a regular
commercial pectin with 81% methylesterification). For
the first model series, starting materials were
deesterified by a fungal (Aspergillus sp.) pectin
methylesterase (F-series). For the second series, start-
ing materials were treated with a plant pectin
methylesterase (P-series). The third series was obtained
by alkaline treatment of starting materials (B-series).
Finally, a fully deesterified lime pectin, also obtained
by saponification, called lime polygalacturonic acid,
served as a control. For the SBP series, the first two
numbers designated the degree of methylation and the
second two numbers the degree of acetylation. For the
lime pectin series the number designated only the de-
gree of methylation.

2.2. Organism and growth conditions

The T. reesei ATCC 26920 is maintained on potato
dextrose agar plates with 0.1% base-treated SBP
(B0915) at 5 °C. The extracellular enzyme was pro-
duced by fermentation of this fungus in shaking flasks
using potato dextrose broth containing 0.1% of B0915.
The shaking flasks were incubated for 3 days at 30 °C
and 200 r.p.m on a laboratory shaker before the su-
pernatant was recovered by filtration.

2.3. Purification of PG

Purification of T. reesei PG was followed by measur-
ing the activity towards polygalacturonic acid. The
cell-free broth was concentrated using ultrafiltration
(Amicon cut value 10 kDa) and dialysed against 20
mM Tris–HCl buffer pH 7.0. Dialysed material was
loaded onto a DEAE–Sepharose CL-6B column
(10×1.6 cm i.d) equilibrated with 50 mM Tris–HCl
buffer pH 7.0. The enzymes were eluted with a linear
gradient from 0.0 to 0.5 M NaCl in the same buffer.
Two peaks of active fractions were pooled and con-
centrated using ultrafiltration and designated PG1 and
PG2. The two enzymes were separately loaded onto
HiPrep 16/60 Sephacryl S-200 HR column (Amersham
BioScience) equilibrated with 20 mM Tris–HCl buffer
pH 7.0 containing 0.1 M NaCl. The active fractions of
PG1 were dialysed against 50 mM sodium acetate
buffer pH 5.0 using ultrafiltration and loaded onto a
HiTrap SP-Sepharose FF column (5×1 mL, Amer-
sham Biosience) and the enzyme was eluted with a
stepwise gradient from 0.0 to 0.5 M NaCl in the same
buffer. The enzyme was eluted very early at 0.05 M
NaCl. The active fractions of PG2 after Sephacryl
column were dialysed against 50 mM sodium acetate
buffer pH 5.0 using ultrafiltration and applied on a
HiTrap Phenyl Sepharose FF column (5×1 mL,
Amersham BioScience) equilibrated with 1.8 M
(NH4)2SO4 in sodium acetate buffer pH 5.0. Bound
proteins were eluted with a linear decreasing gradient
from 1.8 to 0.0 M (NH4)2SO4. The fractions contain-
ing enzyme activity were collected and dialysed against
50 mM sodium acetate buffer pH 5.0 using ultrafiltra-
tion. The last step in the purification of PG1 and PG2
was the application of the concentrated samples to gel
filtration (Superdex 75 HR 10/30, Amersham Bio-
Science) equilibrated with 50 mM sodium acetate
buffer pH 5.0 containing 0.1 M NaCl using FPLC
system. The proteins were eluted at a flow rate of 20
mL/h for all columns. All steps were performed at
4 °C.

2.4. Enzymatic assay

PG activities were calculated from the increase in re-
ducing ends,17 using galacturonic acid as standard.
Reaction mixtures contained 0.9 mL substrate (1 g/L)
incubated with 0.1 mL appropriately diluted PG at
40 °C. The hydrolyses were carried out in 50 mM
sodium acetate buffer pH 4.5. Reducing end assays
were carried out in microtiter plates.18 One unit of
enzyme activity is defined as the amount of enzyme
which increases the O.D. 1.0 per min per mL under
standard assay conditions.
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2.5. Protein determination

Protein content was determined by the dye binding
assays.19 Protein dye reagent was purchased from Bio-
Rad Laboratories. Bovine serum albumin was used as
the standard.

2.6. Molecular weight determination

The native molecular weight was determined by a Su-
perdex 75 HR 10/30 using a molecular weight calibra-
tion kit from Amersham BioScience. The subunit
molecular weight was determined by electrophoresis of
purified enzyme on 10–20% Tricine gel (Novex) using
denatured conditions at pH 8.8 as described by
Laemmli.20 A molecular weight calibration kit (Amer-
sham BioScience) was loaded under the same condi-
tions to allow the determination of the molecular mass.
The proteins were stained by silver nitrate.

2.7. Enzyme characterization

Estimates of optimal temperature and pH were made
by using a temperature range of 10–90 °C and a pH
range of 3.5–5.5. The thermal stability was investigated
by measuring the residual activity of the enzymes after
15 min of incubation at different temperatures. The km
values were determined from Lineweaver–Burk plots
by using substrate concentrations from 0.05 to 0.54
mg/mL.

2.8. Enzymatic digestion

A pectin sample was dissolved in 50 mM sodium ace-
tate buffer pH 4.5 (for PG1) and 4.2 (for PG2 and A.
niger PGII) at a concentration of 5 mg/mL and incu-
bated with purified enzyme (0.1 U) for a defined period
of time at room temperature. The thermal stability was
investigated by measuring the residual activity of the
enzyme after 15 min of incubation at different tempera-
tures. The reaction was stopped by treating the samples
in a boiling water bath for 5 min.

2.9. Mass spectrometer

MALDI time-of-flight (TOF) spectra were acquired on
a PerSeptive Biosystems Voyager-DE using delayed ion
extraction (delay time 100 ns). To avoid saturation of
detector gating (cut-off at 500 Da) was used. The
instrument was calibrated externally in negative ion
mode using the peptides angiotensin I and ACTH.21,22

2.10. Sample preparation for MALDI TOF MS

2,4,6-Trihydroxyacetophenone (THAP, HPLC grade;
Aldrich) was dissolved in MeOH to a concentration of
200 mg/mL. Nitrocellulose (Trans-blot transfer
medium, 0.45 �m; BioRad) was dissolved in acetone to
a concentration of 30 mg/mL and diluted with iso-
propanol to a final concentration of 15 mg/mL. THAP
and nitrocellulose solutions were mixed in the ratio 4:1.
A 0.2 �L volume of this matrix solution was placed on
the metal target. The solution spread out rapidly, form-
ing a thin layer of homogeneous, very fine crystals.
Analyte solutions were desalted using home-made
miniaturised columns (2 �L volume) containing about
1.5 mg ammonium loaded cation exchange resin (50W-
X8, 200–400 mesh, hydrogen form; Bio-Rad) as de-
scribed earlier.23 The analyte solution (1.5 �L) was
passed through the column and spotted directly onto
the matrix layer.

3. Results

3.1. Production of PG

The production of PG by T. reesei was induced by
addition of the model SBP (B0915). PG activity reached
its maximum at about 3 days of incubation at 30 °C
(data not shown).

3.2. Purification of PG

By DEAE–Sepharose column two polygalacturonases
PG1 and PG2 were separated (Fig. 1). Further purifica-
tion of PG1 and PG2 was carried out by two series of

Fig. 1. A typical elution profile for the chromatography of T.
reesei on DEAE-Sepharose column (10×1.6 cm i.d.) previ-
ously equilibrated with 50 mM Tris–HCl buffer, pH 7.0 at a
flow rate of 20 mL/h and 2 mL fractions.
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Table 1
Purification scheme for T. reesei polygalacturonases

Total protein (mg) Specific activity (units/mg)Purification step Fold purificationTotal units Recovery %

4.98 8.93 144.5 100Crude extract

DEAE–Sepharose
0.42 2510.5 2.79PG1 23.6
0.28PG2 68.219.1 7.6 42.9

PG1
0.031 251.6 28.1 17.5Sephacryl S200 7.8
0.011 563.66.2 63.1SP-Sepharose 13.9

5.5Superdex 0.006 916.6 102.6 12.3

PG2
0.067Sephacryl S200 189.912.7 21.2 28.5

Phenyl-Sepharose 0.0329.5 296.8 33.2 21.3
0.012 708.38.5 79.3Superdex 19.1

steps, Sephacryl S-200, SP-Sepharose and Superdex 75
for PG1, and Sephacryl S-200, Phenyl-Sepharose and
Superdex 75 for PG2, respectively. The specific activi-
ties for the purified PG1 and PG2 was 917 and 708
units/mg protein. These correspond to purification fold
of 103 and 79 for PG1 and PG2, respectively. The
purification of PG1 and PG2 is summarised in Table 1.
The purified PG1 and PG2 were homogenous as judged
by SDS-PAGE (Fig. 2), where one protein band was
detected on the gel for each enzyme. Molecular weights
of the PG1 and PG2, as assessed by gel filtration
chromatography, were 66 and 63 kDa. This is in agree-
ment with that observed by SDS-PAGE (66 kDa).

3.3. Characterization of PG1 and PG2

The pH optima of T. reesei PG1 and PG2 were 4.5 and
4.2 and their activities dropped rapidly at pHs 3.5 and
5.0, respectively (Fig. 3). The temperature optima of
PG1 and PG2 were 40 and 50 °C, respectively (Fig. 4).
PG1 was almost inactive at 60 °C, while PG2 exhibited
75% of its activity at that temperature. PG1 and PG2
were stable up to 40 and 60 °C, and lost most of their
activities at 60 and 80 °C, respectively (Fig. 5). The
Km’s of PG1 and PG2 were 0.15 and 0.93 mg/mL,
respectively (Fig. 6).

The mode of action PG1 and PG2 were tested with a
series of SBPs with different distribution patterns of
methyl and acetyl groups. These model pectins were
produced by treatment with either plant pectin methyl
esterase (p-PME), fungal (f-PME) or base. The activity
was calculated relative to lime polygalacturonic acid
which was arbitrarily assigned 100% activity (Table 2).
The PGA derived from SBP (B0100) was a better
substrate for PG1 and PG2 than lime polygalacturonic
acid with 60 and 24% increase in their activities, respec-
tively. SBP B0915, with low degree of methylation (9%)

compared to a high degree of acetylation (15%), re-
tained a high percentage of residual activities for PG1
(94%) and PG2 (81%). The activities of PG1 and PG2
with SBPs decreased as the degree of methylation in-
creased and did not depend on their acetylation. PG1
and PG2 had, as expected, very low activity toward the
highly esterified SBPs (E-series). The substrate specific-
ity of PG1 and PG2 from T. reesei was compared with
PGII from A. niger. In contrast to the T. reesei en-
zymes, PGII had higher affinity toward lime PGA than
all the SBPs, from B-series (Table 2). In addition, PG1
and PG2 were also tested with another series of lime
pectins and the results were compared with PGII as
previously reported by Pages et al.10 (Table 3). PG1 had
higher activity towards the pectins B15, B34, B43, F11,
and F31 than that for lime PGA. Its activity was
increased in the range of 9–65%. PG2 was only more

Fig. 2. SDS-PAGE of molecular weight determination of T.
reesei PG1 and PG2. (a) PG1; (b) PG2; (c) standard proteins:
myosin (220 K); phosphorylase b (97.4 K); bovine serum
albumin (66 K); ovalbumin (46 K); carbonic anhydrase (30
K); trypsin inhibitor (21.5 K), lysozyme (14.3 K).
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Fig. 3. pH optima of T. reesei PG1 and PG2. Fig. 4. Temperature optima of T. reesei PG1 and PG2. The assays were incubated
at different temperatures ranging from 5 to 90 °C. Fig. 5. Effect of temperature on stability of T. reesei PG1 and PG2. The assays
were incubated at various temperatures for 15 min prior to substrate addition, followed by cooling in an ice bath. Activity at zero
time was taken as 100% activity. Fig. 6. Lineweaver–Burk plots relating T. reesei PG1 and PG2 reaction velocity to PGA
concentration.

active to B15. PG1 and PG2 had more affinity toward
most lime pectins than PGII. The enzymatic activities
also decreased with increased degree of methylation of
lime pectins.

The end products of digestion from the different
model pectins with PG1, PG2 and A. niger PGII were
analysed by MALDI TOF MS. Products formed during
the very early stages of the reaction were compared
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with those present at intermediate and final stages of
enzymatic reactions. A range of oligogalacturonides
was observed (Table 4). After digestions for 5 mins of
the lime pectins B34, F31 and P41, PG1 and PG2
released shorter oligomers with a DP of 3–4 containing
both free and esterified products. With the exception of
the degradation of P41 by PG1, most oligomers were
non-esterified and DP ranged from 3 to 9. For the same
time of incubation, the end products of A. niger PGII
for these three pectins had DP ranged from 3 to 14.
Varying degree of methylation was observed for B34
and F31, but only free galacturonic acid oligomers was
found with P41. For SBP B0915, few oligomers were
produced in the initial phase of the reaction for all
three enzymes. With increasing digestion time, different
oligomers were produced (�DP 14) with high DE for
B34 and F31, and low DE for P41. In the case of
B0915, the oligomers produced by PG1 had a low
degree of methylation and acetylation compared to
PG2 and PGII. At the end of the digestion, the tri- and
tetramer oligomers were the major products, indicating
that most of the long chain oligomers were cleaved to
the short chain oligomers. Figs. 7 and 8 show some
selected degradation patterns for B34 (lime pectin) and
B0915 (SBP) by PG1, PG2 and PGII. After 5 min of

Table 3
Relative activity of T. reesei PG1 and PG2 towards different
models of lime pectins ( 0.1% substrate/assay)

% Relative activityPectins

PG1 PG2 PGII a

PGA 100 100 100
143B15 121 62

57B34 101144
109B43 95 48

7 18B64 n.d.
2 8B71 n.d.

F11 n.d.99165
126F31 76 59

F43 91 59 48
24F58 23 19

19F69 19 13
F76 16 8 12

101 90 84P41
98P46 78 n.d.
69P53 40 n.d.
46P60 38 41

n.d.34P66 20

E81 5 76

E81: highly esterified lime pectin.
a Pages et al.10

Table 2
Relative activity of T. reesei PG1, PG2 and A. niger PGII
towards different models of SBPs (0.1% substrate/assay)

Pectins % Relative activity

PG1 PG2 PGII

100PGA (Lime) 100 100

B0100 160 124 90
94.5B0915 81.4 66
47.4 50.7B2516 41
34.3 23.2B3124 24.7

B4626 15.9 11.3 9.5
B5326 11.7 8.0 8.5

44.7F2830 41 n.d.
F3331 33.9 24.8 n.d.
n.d.

19.8 16.4F4429 n.d.
21.3 11.4F5129 n.d.

P3429 35.6 45.2 n.d.
28P4628 29.7 n.d.

P5323 18.5 17.4 n.d.

4.3E7327 6.4 n.d.
E8614 2.1 3.2 n.d.

n.d.1.01.2E9409

14.8SBP6230 10.9 5.2

E: highly esterified SBP. SBP: untreated sugar beet pectin.
n.d.: not determined.

Table 4
Digestion data of model pectins with 0.1 units of T. reesei
PG1 and PG2 and A. niger PGII at different incubation times
analysed by MALDIMS in negative ion mode

PG2PG1 PGIITime of incubation (h)Pectin
DPDP DP

3–12 3–13B0915 3–104
24 3–7 3–11 3–12

3–10 3–14 3–1248

3–45 (min) 3–14B34 3–4
3–133–14 3–144

3–123–113–1424
3–1448 3–14 3–13

3–4 3–4 3–105 (min)F31
3–144 3–12 3–14

24 3–103–12 3–11
3–133–103–1448

3–9 3–4 3–125 (min)P41
4 3–8 3–10 3–6

3–7 3–63–324
3–648 3–6 3–6

DP: degree of oligogalacturonoids polymerisation. B0915:
SBP. B34, F31, P41: lime pectins.
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digestion of B34 with PG1 and PG2, similar and short
DP oligomers was produced. Varying methylated
oligomers were produced by PG1 and PG2 after 24 h of
digestion and reached up to DP 14 and 11, respectively,
with high amount of short oligomers up to DP 5. In
contrast, PGII produced long chain methylated
oligomers (�DP 14 and 12) after 5 min and 24 h,
respectively. After 4 h of digestion of B0915 by PG1
(Fig. 8), high amount of short oligomers (�DP 7) with
low degree of methylation and acetylation were ob-
served. In contrast only low amount of long DP
oligomers (�10) with high degree of esterification were
observed. Homogenous oligomers (�DP 7) with very
low degree of esterification were produced after 24 h of
digestion. The patterns of products produced by diges-
tion of B0915 with PG2 and PGII were similar, where

highly DP oligomers up to 12 with varying degree of
esterification were detected.

4. Discussion

Methyl esterification is widespread in native (very often
high-methoxyl) pectins, e.g., mango (54%), sugar beet
(65%), lime (65%), and sunflower (81%). The degree of
acetylation however is generally low in native pectins,
with some exceptions, e.g., sugar beet and apple pectins
(35%).27 Despite the fact that most naturally occurring
pectins contain high degree of esterification, A. niger
PGs display a low tolerance or preference for partially
methylesterified pectins.10,24,25 It could therefore be of
interest to find new sources of enzymes in order to

Fig. 7. Digestion of lime pectin B34 with T. reesei PG1 and PG2, and A. niger PGII at different incubation times analysed by
MALDIMS in negative mode. [M−H]− ions are labelled by giving the DP in normal numbers and the number of methyl ester
groups in superscript numbers.
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Fig. 8. Digestion of SBP B0915 with T. reesei PG1 and PG2, and A. niger PGII at different incubation times analysed by
MALDIMS in negative mode. [M−H]− ions are labelled by giving the DP in normal numbers, and the first and second number
of methyl and acetyl ester groups in superscript numbers, respectively.

achieve a higher preference for partially methyl and
acetyl esterified pectins. In the present study, the extra-
cellular PG was secreted when T. reesei was grown in
liquid medium containing SBP (B0915) with high de-
gree of acetylation (15%) and low degree of methylation
(9%). Usually the organism is grown in culture with
polygalacturonan as the carbon sources and the opti-
mal substrate for PG is polygalacturonan.26 We purified
T. reesei PG1 and PG2 and used of models of SBP
(with methyl- and acetyl esterification) and lime pectin
(with methyl esterification) to characterise the enzymes.

In comparison with PGs characterised from other
fungi, PG1 and PG2 were monomeric proteins with
molecular weight of 66 kDa. This was in agreement

with those reported for Sclerotina sclerotiorum,28,29

Fusarium oxysporum,30 and Colletotrichum lindemuthi-
anum.31 The optimal pH and temperature of T. reesei
PG1 and PG2 were 4.5 and 4.2, and 40 and 50 °C,
respectively. All PGs exhibit optimal pH in the acidic
region between 3.5 and 5.5,9,32,33 and optimal tempera-
ture between 40 and 55 °C.8,32 T. reesei PG1 appears to
have a significantly higher affinity for PGA ( Km 0.15
mg/mL) than PG2 (Km 0.93 mg/mL). The Km of the
reported polygalacturonases vary from 6.7 mg/mL for
Aspergillus carbonarius enzyme34 to 0.12 mg/mL for the
Fusarium moniliforme enzyme.33

The relative reaction rates of T. reesei PG1 and PG2
for different models of sugar beet and lime pectins were
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measured to clarify their substrate specificity. PG1 and
PG2 had higher affinity toward PGA derived from SBP
(B0100) than lime PGA. On the contrary, A. niger PGII
had slightly higher affinity toward lime PGA than sugar
beet PGA. PG1 and PG2 had more affinity toward
B-series of SBPs than A. niger PGII. The results of
specificity of SBPs indicated that the decrease in activ-
ity was correlated strongly with the increase in degree
of methylation, whilst the degree of acetylation had
very little effect. When PG1 and PG2 were tested with
a series of lime pectins with different degree of methyla-
tion, PG1 was highly active on the pectins with degree
of esterification up to 43% for B- and F-series, while
PG2 is only highly active up to degree of esterification
15% (B15). The same series of lime pectins was tested
with A. niger PGII, PGI, and PGII mutants E252A and
N186E. The enzymes showed higher affinity toward
lime PGA than methylated lime pectins.10 In addition,
the distribution of the methylesterification groups also
resulted in different relative activities, where PG1 and
PG2 had higher affinity toward P-series of lime pectins
with high degree of esterification (above 60%) com-
pared to B- and F-series with the same degree of
esterification (Table 4). In general, substrates with a
low degree of esterification are preferred.35 As the
degree of esterification increases (usually above 20%),
Vmax decreases and Km increases.36 PGs preferentially
attack pectate over pectin and their activities decrease
as the degree of methylation increases.37 Barnby et al.38

found that the activity of endo-PG from K. marixan
with 37.8% esterified pectin is about 95% and with 61%
pectin esterification, the activity decrease to 25%. Like-
wise, in S. cere�isiae 1389 and IM1-8b, when 30%
esterified pectin was used, the activity decreased by
about 30% and when the methylation was 70%, it
decreased by approx 60%.39 On the other hand, the
substrate specificity of some fungal PGs was studied
using different DP of oligogalacturonic acid, where
Stereum purpureum PG could hardly hydrolyse with DP
lower than 5.40

PGs in combination with MALDI-TOF can be used
as an efficient tool to determine the fine structure of
pectins. Further knowledge about the model pectins,
however, is required. The three different series of model
pectins have been characterised as follows: (a) for P-se-
ries, the action of p-PME is believed to follow a single
chain mechanism and results in the consecutive removal
of a number of neighbouring methyl ester groups.41

This gives rise to block-structures of adjacent free
galacturonic acid units on the homogalacturonan (HG)
backbone; (b) for F-series, de-esterification by f-PME is
believed to result from a multiple chain mechanism,
which is believed to lead to a random removal of
methyl ester groups;41 (c) for B-series, chemical de-es-
terification using base catalysis is like f-PME treatment,
also believed to produce a random methyl esterification

pattern.42 The MALDI TOF method23 was applied to
analyse the products formed by enzymatic digestion of
partially methyl esterified HG. The pattern of oli-
gogalacturonides produced at the beginning of the
degradation of B34, F31 and P41 with the three en-
zymes tested indicated that these enzymes cleaved in the
randomly esterified HG for B34 and F31 and nones-
terified block-wise HG for P41. With the same time of
incubation, only a few oligomers were produced with
B0915, indicating strongly that the enzymes had a low
tolerance to this substrate containing both methyl and
acetyl groups. Generally, most plant cell wall pectins,
degraded by pathogenic fungal PGs, have only a vary-
ing degree of methyl groups. The digestion of P41 by
the three enzymes was characterised by liberation of
lower DP oligomers with low DE compared to the B34
and F31. Therefore, PG1, PG2 and PGII had highest
affinity toward P41 than B34 and F31. In addition,
PG1 had lowest tolerance for B0915 than PG2 and
PGII, because PG1 produced low DE oligomers. Of all
A. niger PGs, PGII has the lowest tolerance for
methylesterified substrates.24,25 Our previous work re-
ported that the increased fragmentation of f-PME
treated pectins by PGII can be explained since f-PME
function in nature synergistic with PGII to accomplish
a very effective breakdown of plant cell walls by the
fungal attack. This implies that f-PME produces a
pattern of methylesterification that favours endo-PG II
attack.42 The pattern of the oligomers produced by
degradation of different pectin models confirmed that
the P-series had a block-wise pattern of free galactur-
onic acids on HG, while the B- and F-series had
randomly esterified HG. In addition, the mode of ac-
tion revealed a random cleavage pattern for PG1 and
PG2, confirming that these enzymes are indeed endo-
polygalacturonases.
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