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a  b  s  t  r  a  c  t

Pectins  account  for one  of  the  major  polysaccharides  of  plant  cell  walls  and are  commonly  used  in  the  food
industry  as gelling  and  stabilising  agents.  Pectin  methylesterase  (PME)  can alter  pectin  structure  and  affect
their  gelling  properties  by de-esterifying  galacturonic  acid.  Previously,  we reported  different  behaviours
of plant  and  fungal  PMEs  on  high  methylated  pectins  in  solution  or during  the  gelling  process  (Slavov  et  al.,
2009). In  the  present  study,  the  behaviour  of the  two  PMEs  is studied  on  a medium  methylated  pectin  in
solution, i.e.  in  the  absence  of  calcium,  or during  the  gelling  process,  i.e.  in the  presence  of calcium.  Only
eywords:
ectin
heological behaviour
egree of methoxylation
egree of blockiness
emethylation

slight  modifications  were  observed  for  Aspergillus  aculeatus  PME  behaviour  between  the  two  conditions.
On  the  opposite  we  show  a role  of  calcium  on the  processivity  of  orange  PME: the  processivity  decreases
in  the  presence  of  calcium.

© 2011 Elsevier Ltd. All rights reserved.
nzymes

. Introduction

Pectins are a complex group of structural plant polysaccha-
ides, mainly located in primary cell walls of higher plants. They
re involved in the control of cell wall properties and in many
hysiological processes as plant cell growth (Willats, McCartney,
ackie, & Knox, 2001; Wolf, Mouille, & Pelloux, 2009) or plant

efence against phytopathogens (Lionetti et al., 2007; Messiaen
 Van Cutsem, 1994; Ridley, O’Neill, & Mohnen, 2001). Next to
iological interest, pectins are also used for their thickening and
elling properties in the industry. In food industry, pectins can be
sed as stabilizing agent in acidic milk beverage (Jensen, Rolin, &

psen, 2010), gelling agent in dairy dessert or fruit jam (Arltoft,
adsen, & Ipsen, 2008) or fat agent replacer (Min, Bae, Lee, Yoo, &

ee, 2010). In pharmaceutical industry, pectins have several utiliza-
ions and have been recently used in the treatment of breakthough
ancer pain as transmucosal delivery system (Portenoy, Burton,
abrail, & Taylor, 2010). Pectin structure is complex (Voragen,
oenen, Verhoef, & Schols, 2009). Commercial pectins are mainly
onstituted by homogalacturonan, a linear homopolymer of �(1–4)
inked d-galacturonic acid, which can be esterified with methanol

t C6 carboxyl group. The degree of methylation (DM), as the degree
f polymerization, affects gelling properties of pectins. The DM sub-
ivides pectins in two classes with different gelling abilities. Pectin

∗ Corresponding author. Tel.: +33 02 40 67 50 58; fax: +33 02 40 67 50 84.
E-mail address: estelle.bonnin@nantes.inra.fr (E. Bonnin).

144-8617/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.06.081
with a high DM (high methoxylated (HM) pectin, DM > 50%) can
form a gel in acidic conditions in the presence of high sugar con-
centration. In the opposite, gelation of low methoxyl pectin (low
methoxylated (LM) pectin, DM < 50%) occurs at higher pH in the
presence of divalent ions, such as calcium, which acts as a bridge
between pairs of carboxyl groups of different pectin chains. The
main industrial sources for pectin extraction are apple pomace
and citrus peels, which provide HM pectin. LM pectin can be
obtained after chemical de-esterification of HM pectins. However,
this process often induces pectin depolymerisation, thus reducing
gel forming ability of pectin (Fraeye, Duvetter, Doungla, Van Loey,
& Hendrickx, 2010b).

In planta,  pectins are integrated in plant cell walls and evolve
during cell growth and development. They are secreted into the
wall as highly methylesterified. They are further modified by
endogenous pectin methylesterases (PME) that catalyse the enzy-
matic de-esterification of pectin. The modulation of PME  action
allows control of plant cell wall properties like local pH, porosity
or stiffness (Denès, Baron, Renard, Péan, & Drilleau, 2000). PMEs
can also be found in some plant cell wall degrading microorgan-
isms like phytopathogenic fungi and bacteria. In this case PMEs
demethylate the pectin network for facilitating bacterial or fungal
invasion (Fries, Ihrig, Brocklehurst, Shevchik, & Pickersgill, 2007).
PMEs offer demethylation without molecular weight loss of pectin

(Hotchkiss et al., 2002). Moreover, whereas chemical demethy-
lation leads to a random pattern of methylation, PMEs can lead
to more ordered pattern depending on their origin. The mode of
action of PMEs has been widely studied in pectin solution (Limberg

dx.doi.org/10.1016/j.carbpol.2011.06.081
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:estelle.bonnin@nantes.inra.fr
dx.doi.org/10.1016/j.carbpol.2011.06.081
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t al., 2000). Most fungal PMEs demethylate short sequences of GalA
esidues before attacking next chain. This action generates short
equences of free galacturonic acid with a random-like distribution.
lant PMEs demethylate in a more blockwise fashion, converting
arge parts of a chain before attacking next chain (Catoire, Pierron,

orvan, Hervé du Penhoat, & Goldberg, 1998). This action generates
ong sequences of free contiguous galacturonic acid with a block-

ise distribution. A relationship between the strength of calcium
ectin gel and the patterns of methylation generated after plant and
ungal PME action has been evidenced (Fraeye et al., 2009; Luzio &
ameron, 2008). In the presence of blocks, stronger gels are formed.
oreover, Hotchkiss et al. (2002) demonstrated that a pectin de-

sterified by a plant PME  exhibits calcium sensitivity at a higher
M than a pectin chemically de-esterified.

Simultaneously, several authors reported about PME’s activity
n HM pectin in presence of calcium (O’Brien, Philp, & Morris,
009; Slavov et al., 2009; Vincent & Williams, 2009). In these works,
ectin gelation and pectin de-esterification by PME  occur concomi-
antly and the context is closer to PME  environment found in planta.
’Brien et al. (2009) reported that different calcium concentrations
nd temperature values influence rheological properties of the sys-
em in the presence of fungal PME. However, no change in the
elation time was noticed as a function of temperature (20–40 ◦C)
ven when the temperature approaches optimum temperature of
he PME. This behaviour was attributed to competition between de-
sterification and formation of Ca2+ induced “eeg-box” junctions.
incent and Williams (2009) characterized the gelation mecha-
ism in the presence of a plant PME  using microrheology. They
lso investigated the pattern of demethylation by capillary elec-
rophoresis (Vincent, Cucheval, Hemar, & Williams, 2009). They
eported a reduction in the block length generated by PME  in the
resence of calcium. The demethylation pattern generated by plant
ME in the presence or in the absence of calcium led to the forma-
ion of different networks in presence of calcium, a flexible and
emi-flexible, respectively.

In a previous work, we  reported how Aspergillus aculeatus (Aa-
ME) and Orange (O-PME) demethylate HM pectins in the presence
r in the absence of calcium (Slavov et al., 2009). We observed an
ffect of calcium on the mode of action of the enzymes. Aa-PME
cted in a more blockwise manner and O-PME acted in a more ran-
om manner than in the absence of calcium. The differences have
een linked to the gelation behaviour of pectins in the presence of
alcium and Aa-PME or O-PME. One hypothesis was that during the
emethylation process, gelation occurs which can generate phys-

cal constraints for PME  and modify its behaviour. In the present
ork, a medium methylated pectin (MM  pectin) of 46% DM was
sed to study PME’s behaviour in a pre-gelled system where it is
ossible to take into account its physical constraints. We  report
ow the biochemical characterisation of the system with the aim
f studying the influence of the media on PME’s behaviour in a phys-
cal point of view. In this way, the modifications in PME’s behaviour
an be investigated and connected to the gelation behaviour

. Materials and methods

.1. Materials

The citrus MM pectin was kindly provided by Cargill Texturiz-
ng solutions (lot n◦13830, Baupte, France). It has a DM of 46% and a
alacturonic acid content of 77.3%. Pectin solutions were prepared
t 25 mg  ml−1 by dissolving the pectin powder in 50 mmol  l−1 MES
2-[N-morpholino] ethane-sulphonic acid) buffer at pH 6 during 2 h

t 4 ◦C under magnetic stirring. The pH was thereafter adjusted to

 using 0.1 mol  l−1 NaOH and the pectin solutions stored overnight
t 4 ◦C. To remove large aggregates and impurities, pectin solution
as centrifuged at 17,000 × g for 30 min  and the supernatant was
ymers 86 (2011) 1657– 1664

filtered on nitrocellulose filters with successive porosity ranging
from 8 �m to 0.8 �m (Millipore). The concentration was deter-
mined by drying 2 ml  of solution in an oven at 110 ◦C overnight
and measuring the dry weight.

The pectin methylesterases used were from orange (O-PME,
461 U mg−1, lot 087K7435, P4500, Sigma, L’Isle d’Abeau, France)
and A. aculeatus (Aa-PME, Uniprot Q12535), the later one being
kindly provided by Novozyme A/S (Copenhagen, Denmark). The
enzymes were solubilised at 5 mg  ml−1 in 10 mmol l−1 MES  buffer
(pH 6) and dialysed overnight at 4 ◦C against the same buffer. Activ-
ities of PMEs were determined by the colorimetric method using
N-methylbenzothiazolinone-2-hydrazone (MBTH, Sigma M8006-
1G) and alcohol oxidase (E.C.1.1.3.13, Sigma A2404) for oxidation of
the released methanol (Anthon & Barrett, 2004). Before enzymatic
incubation, enzymes were diluted as necessary with 10 mmol l−1

MES  buffer. The enzymes used in the present work have different
pH optima: O-PME has its pH optimum at 9 (Savary, Hotchkiss, &
Cameron, 2002) while Aa-PME optimum pH is 4.5 (Duvetter et al.,
2006). In order to compare their action without changing the exper-
imental conditions, an intermediate pH value of 6 was  chosen.

The endo-polygalacturonase (AnPGII, E.C. 3.2.1.15, Uniprot
P26214, Novozymes) was  from Aspergillus niger and was  puri-
fied in the laboratory as described elsewhere (Sakamoto, Bonnin,
Quemener, & Thibault, 2002).

2.2. Methods

2.2.1. Determination of PME kinetic parameters
The kinetic parameters were determined by performing PME

activity assays at different MM pectin concentrations from 1 to
20 mg ml−1. Activity assays were conducted at 30 ◦C and pH 6.
The Michaelis constant (Km) and the maximum velocity (Vmax)
were determined using Lineweaver–Burk double reciprocal plot in
which the reciprocal of the initial rates of PME  activity were plot-
ted against the reciprocals of the pectin concentration. Assays were
performed in duplicate.

2.2.2. Kinetics
Pectin and calcium chloride solutions were preheated at 50 ◦C

during 2 min. Then CaCl2 solution was  added drop by drop to
pectin under strong magnetic stirring. The final concentrations
were 15 mg  ml−1 for pectin and 5 mmol  l−1 for calcium. The mix-
ture was held at 50 ◦C under stirring for 1 min. Then O-PME or
Aa-PME solution was added to have a final enzyme concentration of
0.4 nkat ml−1. The final mixture was split in 150 �l-samples which
were incubated at 30 ◦C. PME  activity was  stopped by heating the
samples at 70 ◦C (10 min) every hour during 6 h and then at 10 and
24 h. After heating, the samples were diluted in 50 mmol  l−1 MES
pH 6 at 2 mg  ml−1 for DM and DBabs determination.

2.2.3. Degree of methylation (DM)
DM was  determined using infrared spectroscopy. Infrared spec-

tra were recorded between 1800 and 1535 cm−1 at 4 cm−1 intervals
using a Brucker spectrometer (Vector 22). Pectin films were pre-
pared in duplicate drying 150 �l of 2 mg  ml−1 pectin–water on
BaF2 window. In the selected spectral range, the absorptions bands
at 1740 and 1620 cm−1 are assigned to C O stretching vibrations
of ester and carboxylate, respectively. An equation of prediction
was developed by applying a Principal Components Regression to
infrared data of pectins (Danisco Ingredients, Braband, Denmark)
which DM varied (DM: 11, 19, 28, 46, 71). The equation of predic-
tion was characterised by a coefficient of determination r2 0.9914
and a standard error of calibration sec of 2.18%.
2.2.4. Measurement of the absolute degree of blockiness (DBabs)
After enzymatic fingerprinting of the pectins with AnPGII

(Slavov et al., 2009), the absolute degree of blockiness
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Table 1
Specific activity of O-PME and Aa-PME in the presence or the absence of 5 mmol L−1

calcium.

Origin of PME Specific activity (nkat mg−1 powder)

T
K

P. Videcoq et al. / Carbohydra

as calculated from the amount of non-methylesterified
onomer, dimer and trimer released by AnPGII and was

xpressed as a percentage of total GalA (Guillotin et al.,
005).

Pectins were diluted at 0.1% in 50 mmol  l−1 acetate buffer pH 4.
hen 0.21 nkat AnPGII was added and incubation was carried out at
0 ◦C for 72 h. Further enzyme (0.21 nkat) was added at 24 and 48 h.
ince the preferred substrate of endoPGII is polygalacturonic acid,
he more blocky structure the pectin has, the more degradation
roducts are obtained. The degradation products were measured
y high performance anion exchange chromatography (HPAEC)
t pH 13. HPAEC was performed using a column Carbopac PA-1
2 × 50 mm,  Dionex) at 25 ◦C and was eluted at 0.250 ml  min−1 with

 gradient of sodium acetate. The oligosaccharides were detected
y a pulsed amperometric detector. The GalA content of pectins was
olorimetrically determined by the automated m-hydroxybiphenyl
ethod (Thibault, 1979). The processivity expresses the multiple

ttack on a single chain that means the capacity of the enzyme to
tay on the pectin chain for many catalytic events. Consequently
t generates blocks of free galacturonic acids that are evaluated by
Babs.

.2.5. Rheological measurements
Dynamic rheological measurements were performed at 30 ◦C

sing a stress-controlled rheometer (AR2000, TA instrument)
quipped with a Peltier temperature controller and with a
one-plane device (40 mm diameter, 2◦ angle, gap 98 �m).  The
isco-elastic properties of pectin gels were characterised by mea-
uring the storage (G′) and loss moduli (G′′) over time during 48 h
t a frequency of 1 rad s−1. Then mechanical spectra were obtained
y measuring G′ and G′′ over the frequency range 0.01–100 rad s−1.
′ and G′′ values are given with a standard error of 50 Pa. All
xperiments were performed with low strain amplitude of 1%. It
as checked that the stress applied was well within the linearity
omain of visco-elasticity. To prevent evaporation of the solvent,
he free surface of the sample was always covered with a thin layer
f low-viscosity paraffin oil. Pectin and CaCl2 solutions were pre-
eated at 50 ◦C during 2 min. CaCl2 solution was then added drop by
rop under strong magnetic stirring. The mixture (final pectin con-
entration: 15 mg  ml−1, final calcium concentration: 5 mmol  l−1)

as held at 50 ◦C under stirring for 1 min  before PME  addition

Aa-PME or O-PME, 72 �l, final concentration: 0.4 nkat ml−1). The
ixture was transferred to the plate of the rheometer preheated at

0 ◦C.

able 2
inetic parameters of O-PME and Aa-PME.

References Conditio

Citrus sinensis (Valencia) in this work DM = 46%
pH 6; 30
50 mmol

Citrus sinensis (Valencia) in this work DM = 46%
pH 6; 30
50 mmol
5 mmol  L

Citrus sinensis (Navel) (Versteeg, Rombouts, Spaansen, Pilnik, 1980) DM = 62%
pH 7; 30
150 mmo

Citrus sinensis (Valencia) (Hou, Jeong, Walker, Wei, Marshall, 1997) DM = 64%
pH 7; 22
100 mmo

Aspergillus aculeatus in this work DM = 46%
pH 6; 30

Aspergillus aculeatus in this work DM = 46%
pH 6; 30
5 mmol  l

Aspergillus aculeatus (Christgau et al., 1996) DM = 75%
pH 4.6; 3
Without calcium In the presence of calcium

Aa-PME 37.7 ± 2.5 126.6 ± 2.3
O-PME 31.9 ± 2.7 42.3 ± 4.8

3. Results

3.1. Determination of kinetic parameters of Aa-PME and O-PME

As the pH and temperature chosen for these experiments were
not Aa-PME and O-PME optima, specific activity and kinetic param-
eters were investigated in the conditions applied in this study.

The specific activity was  determined in the presence and the
absence of calcium (Table 1). As already observed by Slavov et al.
(2009) on HM pectin, Aa-PME specific activity was  higher in the
presence than in the absence of calcium. In the case of O-PME a
slight increase in the specific activity was noticed when adding
calcium.

Km and Vmax of O-PME and Aa-PME were measured (Table 2). The
Michaelis constant (Km) allows quantifying the affinity between the
enzyme and its substrate, whereas Vmax is the maximum velocity
of the enzyme. These two parameters evolve conversely. An effi-
cient enzyme can be defined by a low Km in association with a high
Vmax. In comparison with kinetic parameters found by Christgau
et al. (1996) without calcium, our parameters reflected a lower
affinity for pectic chains and a lower maximum rate of catalysis
of Aa-PME. In the presence of calcium, Km and Vmax decreased
compared to the values characterising the same system without
calcium. Thus, calcium ions enhanced the affinity of Aa-PME for
pectins and decreased the maximum velocity.

For O-PME, the Km found was 10 fold higher and Vmax was
slightly higher than the values in the literature, showing how these
values depend on reaction parameters such as temperature, salt
concentration, pH of the reaction medium and pectin structure. In
the presence of 5 mmol  l−1 calcium, an increase of Km and Vmax was
noticed. This means that calcium ions decreased O-PME affinity for
pectic chains but increased its demethylation velocity.

3.2. Characterisation of the demethylation rate of Aa-PME and

O-PME in the presence or not of calcium

The DM of MM pectin incubated with PMEs was monitored dur-
ing 24 h in the presence or not of 5 mmol l−1 of calcium. With

ns Km (mg ml−1) Vmax (�mol min−1 ml−1 mg−1)

◦C
 l−1 MES

8 15.6

◦C
 l−1 MES
−1 CaCl2

19.8 68.6

◦C
l  l−1

0.083

◦C
l l−1 NaCl

1.1 0.53

◦C
92.5 65.7

◦C
−1 CaCl2

3.53 297

0 ◦C
27
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Fig. 1. Evolution of DM during Aa-PME action (a) and O-PME action (b) on

a-PME (Fig. 1a), in the absence of calcium, the DM dropped
own in the first hour from 46% to 27%, and then decreased
ntil 24 h to reach a final DM of 16%. With O-PME (Fig. 1b), the
ame DM drop was observed in the beginning of the incubation.
fterward the decrease stopped around 6 h at a DM of 24% that
emained rather constant until 24 h. Indeed, Aa-PME can de-esterify
M pectin more extensively than O-PME. In the presence of cal-

ium, for both PMEs, a slight increase in the demethylation rate
as observed (Fig. 1a and b). This increase during the first hour

f the kinetics did not affect the final respective DM,  as sim-
lar values with and without calcium were found after 24 h of
ncubation.

.3. Characterisation of the demethylation pattern by Aa-PME
nd O-PME in the presence or not of calcium

The initial DBabs of MM pectin was 16% ± 0.41. It was  further
onitored during 24 h on MM pectin incubated with PMEs in the

resence or not of 5 mmol  l−1 of calcium (Fig. 2). The higher the

Babs is, the most blocky the methyl distribution is.

For both PMEs and both conditions, the DBabs increased rather
uickly until 6 h then the increasing rate slowed down. This decel-
ration was well marked for Aa-PME kinetics.

Fig. 2. Evolution of DBabs during Aa-PME action (a) and O-PME action (b) on MM
ectin (15 mg ml−1) with (squares) or without (circles) 5 mmol l−1 calcium.

As expected, O-PME acted in a more blocky way  than Aa-PME in
the absence of calcium. This difference between the two enzymes
was lowered in the presence of calcium. Slight differences of the
methyl distribution were found between the pattern of demethyla-
tion of Aa-PME in the presence (DBabs = 42.9%) or in the absence of
calcium (DBabs = 37.8%) after 6 h (Fig. 2a). Aa-PME tended to act in a
more blocky way  in the presence of calcium. On the opposite, with
O-PME, the methyl distribution that was expected to be more ran-
dom, exhibited a higher DBabs in the absence of calcium (Fig. 2b).
After 6 h, the DBabs reached 48.1% and 35.4% in the absence or pres-
ence of calcium, respectively. This gap was kept constant after 24 h,
where the DBabs was  63.3% and 51.1%, without calcium and with
calcium, respectively. After 24 h action in the presence of calcium,
the DBabs induced by O-PME and Aa-PME were close to each other.
Then, in the presence of calcium, O-PME hydrolyses methylesters
in a more random way  and generates shorter blocks than in the
absence of calcium.

3.4. Comparison of rheological behaviour of calcium–pectin

systems resulting from the action of O-PME and Aa-PME in situ

MM pectin (final concentration, 15 mg  ml−1) was mixed with
calcium (final concentration, 5 mmol  l−1) at 50 ◦C. Before pouring

 pectin (15 mg ml−1) with (squares) or without (circles) 5 mmol  l−1 calcium.
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Fig. 3. Kinetics (a) and mechanical spectra (b) for MM

he mixture on the rheometer plate, PME  was added. The evolution
f rheological parameters was followed by measuring G′ and G′′ as

 function of time at 1 rad s−1.
In the absence of PME, the storage modulus G′ of MM pectin gel

ncreased slowly with time until a value of 4.6 Pa (Fig. 3a). Then
he mechanical spectra displayed the typical characteristics of a
eak physical gel and exhibited a storage modulus of 4.6 Pa at

.01 rad s−1 (Fig. 3b). G′ was independent of frequency at least at
ow frequency and was over G′′.

In the presence of both O-PME and calcium, G′ increased rapidly
s a function of time. Gelation kinetics was characteristic of those
f LM pectin (Fig. 4a). After 48 h, the equilibrium was  reached with

 modulus of 3078 Pa. Then, the mechanical spectra exhibited a G′

early independent of frequency on all frequency range and largely
ver G′′. These parameters characterised a strong gel behaviour
ith a G′ of 2964 Pa at 0.01 rad s−1 (Fig. 4b).

In the presence of calcium, Aa-PME showed a different
ehaviour. Its action on pectin led to a slow gelation kinetics
Fig. 5a). G′ increased slowly, in the first 10 h and the slope

ncreased afterwards. Then, the equilibrium took a long time to
e reached. After 48 h, the mechanical spectrum characterised

 strong gel with a storage modulus of 2762 Pa at 0.01 rad s−1

Fig. 5b).

Fig. 4. Kinetics (a) and mechanical spectra (b) for MM pectin (15 mg  ml−1) incu
n (15 mg  ml−1) in the presence of 5 mmol l−1 calcium.

The rheological characterisation of these mixtures showed dif-
ferences in the kinetics of action of the two  enzymes: after 24 h,
Aa-PME-formed gel exhibited a G′ of 1559 Pa whereas O-PME-
formed gel reached a G′ of 2699 Pa. On the contrary after 48 h, both
systems behaved as strong gels with rather similar final moduli,
2929 Pa for Aa-PME and 3049 Pa for O-PME.

However, the relative importance of viscous and elastic con-
tributions to gel behaviour was  slightly different between the two
systems, but very different from the one obtained without enzymes.
This was  indicated by calculating the ratio of G′′ over G′, named the
loss tangent (tan ı). A higher viscous component was observed in
the Aa-PME gel (tan ı = 0.02 at 0.01 rad s−1) than in the O-PME gel
(tan ı = 0.01 at 0.01 rad s−1). The gel formed after 24 h in the pres-
ence of O-PME was  more elastic, where as the DM and DBabs were
higher than the one obtained with Aa-PME.

4. Discussion

4.1. Influence of calcium on PME activity
In our experimental conditions, an increase of specific activ-
ity was  observed for both enzymes in the presence of CaCl2. The
increase is well marked for Aa-PME and slighter for O-PME.

bated with O-PME (0.4 nkat ml−1) in the presence of 5 mmol L−1 calcium.
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Fig. 5. Kinetics (a) and mechanical spectra (b) for MM pectin (15 mg  ml−1

The activity of plant and fungal PME  is known to be enhanced
y metal ions. Some plant PMEs referred to as “salt dependant” are
nable to hydrolyse methylester in the absence of salt (Cameron
t al., 2003). The commercial PME  from orange peel has been clas-
ified as a thermolabile salt independent (type I) PME  (Savary et al.,
002). However, in the presence of NaCl (1.2% w/v), the optimum
H shifted to a neutral range (about 6) instead of 9 in the absence of
aCl (Savary et al., 2002). Moreover, low concentration of calcium

ons increases the rate of demethylation of O-PME (Charnay, Nari,
 Noat, 1992). Experiments in the presence of methylene blue have
een performed to investigate this activation on a PME  from soy-
ean (Nari, Noat, & Ricard, 1991). The methylene blue can mimic
he interaction between calcium ions and free galacturonic acid.
n the range of calcium ion concentration where an enhancement
f the de-esterification is observed, methylene blue has the same
ffect, suggesting that the interaction between ions and pectin is
redominant to favour the activity. Moreover, it has been shown
hat polygalacturonic acid behaves as a competitive inhibitor of
he reaction by trapping PME  on blocks of free carboxyl groups
Fayyaz, Asbi, Ghazali, Man, & Jinap, 1995; Maldonado, Strasser de
aad, & Callieri, 1994; Nari et al., 1991). The activation observed in
he presence of cations may  be due to the interactions between free
alacturonic acids and cations that can release the PME  from free
alacturonic acid. However, at high concentration, calcium ions act
s a competitive inhibitor, decreasing the enzyme affinity without
hanging the catalysis rate (Charnay et al., 1992). Indeed, a free
arboxylate group adjacent to the ester bond is required to initi-
te plant PME  activity. Massiot, Perron, Baron, and Drilleau (1997)
eported that O-PME could not act on totally methylesterified apple
ectin. So at high calcium concentration, these required free car-
oxylate groups could be masked by calcium ions that inhibit
nzyme reaction.

This inhibition may  also exist for Aa-PME because the presence
f one or two free galacturonic acids is preferred at the active-site
f A. niger PME  (van Alebeek, van Scherpenzeel, Beldman, Schols, &
oragen, 2003). Indeed, A. niger PME  is highly similar to Aa-PME,
o their behaviour may  be close (Christgau et al., 1996). How-
ver, the possible action of A. niger PME  on totally methylesterified
alaturonic acid zone from apple pectins (Massiot, Perron, Baron,
 Drilleau, 1997) show that a free galacturonic acid is not required
or the enzyme to bind to its substrate. An increase of 150% of Aa-
ME activity on HM pectin was already observed by Christgau et al.
1996) in the presence of 10 mmol  l−1 of calcium.
bated with Aa-PME (0.4 nkat ml−1) in the presence of 5 mmol l−1 calcium.

Then, in our system, an interaction divalent cations – pectin
might enhance the activity of Aa-PME and O-PME by screening
negative charges from galacturonic acid. But this theory alone does
not explain the role of cations on PME  activity. If divalent cations
enhance activity only by screening negative charges, the same
activation should have been observed with sufficient amount of
monovalent cations (Leiting & Wicker, 1997).

4.2. Modification in the demethylation pattern

By comparing the pattern of demethylation of pectin de-
esterified in the presence or not of calcium, we observed that O-PME
generates smaller blocks on MM pectin with than without calcium.

A reduction in the length of blocks generated by O-PME action
in the presence of calcium was already observed by capillary elec-
trophoresis on HM pectin (Vincent et al., 2009). The same authors
have linked these results to the microstructure of pectin gels inves-
tigated by microrheology (Vincent & Williams, 2009). Two kinds of
gels have been obtained, one network done of semi-flexible poly-
mers, the other one composed of flexible polymers. The flexible one
is obtained by de-esterification of HM pectin by a plant PME  in the
presence of calcium whereas the semi-flexible one is obtained by
calcium addition after enzymatic de-esterification with the same
enzyme. The length of the generated blocks was  short in the flexible
network. Each binding calcium pectin zone had only the minimum
length for ensuring stability at a pre-requisite temperature (Vincent
& Williams, 2009). From the results, it can be hypothesized that the
presence of calcium ions could generate a steric hindrance for the
interaction between PME  and pectin. A junction zone is formed each
time enough contiguous free galacturonic acids are liberated by O-
PME’s action. These junction zones can create steric hindrance, and
trigger O-PME uncoupling. This theory concords with the decrease
of O-PME affinity for pectins in presence of calcium reported here
and the competitive inhibitor role of calcium reported by Charnay
et al. (1992).

The decrease of the block length has also been observed when
O-PME acts in an acidic medium suggesting a modification in the
O-PME mode of action according to pH (Cameron, Luzio, Goodner,
& Williams, 2008). This observation has also been reported on apple

PME  (Denès et al., 2000).

In the present study, the chosen pH is 6. pH value seems to have
no effect on Aa-PME processivity as no differences have been found
between the demethoxylation pattern at pH 4.5 and 8 (Duvetter
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ig. 6. The storage modulus (G′) as a function of DBabs for the kinetics of Aa-PME
squares) and O-PME (circles) in the presence of 5 mmol  l−1 calcium.

t al., 2006). On the opposite, it could lead to an intermediate degree
f processivity for O-PME.

Aa-PME led to longer blocks on HM pectin in the presence than in
he absence of calcium at pH 6 (Slavov et al., 2009). Indeed, Aa-PME

ode of action is giving rise to short blocks of de-esterified residues
istributed all over the chain (Fraeye et al., 2007). The block size
an be increased by several successive binding as suggested for
lant PME (Vincent & Williams, 2009) or by inducing several cat-
lytic events along the chain. Thus, this hypothesis agrees with the
ncrease of Aa-PME affinity for pectin in the presence of calcium.

The influence of calcium on Aa-PME demethylation pattern was
ot observed on MM pectin. This difference might be due to the

ower DM of the pectin used in the present work. The appear-
nce of longer blocks depends on the initial degree of methylation.
hristensen, Nielsen, Kreiberg, Rasmussen, and Mikkelsen (1998)
easured the Km of an orange PME  (Citrus sinensis Navelina) in the

resence of pectin with different DMs  (Christensen et al., 1998).
hey reported an increase in the affinity concomitantly with an
ncrease of DM.  Here, the MM pectin used has a relatively low DM,

hich allows a weak previous gelation in the presence of calcium.
t means that pectin with a DM of 46 already have blocks of free
alacturonic acid long enough to allow junction formation thanks
o calcium ionic linkages, as shown by the initial value of DBabs
f 16%. The probability of having contiguous free galacturonic acid
s higher with DM 46% than with DM 71%. Moreover, in the pres-
nce of calcium, part of the starting points for PME  demethylation
ight be unavailable for the enzyme as they are involved in ionic

nteractions with calcium. In the case of HM pectin, less galactur-
nic acid are involved in such interaction and thus available for
nzyme action. Hence, the modification of PME  behaviour might
e a consequence of several factors: a modification of the electro-
tatic potential, a steric hindrance provoked by the formation of
unction zone and destabilizing the PME, less accessibility to the
tarting sites required for demethylation.

.3. Relationship between gel properties and pectin structures
The systems formed by Aa-PME or O-PME in the presence of
M pectin and calcium exhibited differences in their evolution

nto gels. Rheological measurements showed differences in the
el strength after 24 h. O-PME-formed gel exhibited a G′ value 1.7
ymers 86 (2011) 1657– 1664 1663

fold higher than Aa-PME’s one whereas the pectin DM is higher
than the one obtained for pectin after action of Aa-PME. This phe-
nomenon, already observed with HM pectin (Slavov et al., 2009)
can be explained by the differences in DBabs values. Indeed, DBabs
seems to better correlate with elastic modulus than the DM does
(Fraeye et al., 2010a; Ström et al., 2007). For 24 h of demethylation,
the DBabs reached with O-PME is higher than the one obtained
with Aa-PME. The delayed gelation kinetics is observed when Aa-
PME  acts on MM pectin in the presence of calcium and not with
O-PME. Even with this delayed gelation, rearrangements occur in
the network with Aa-PME and lead to close final characteristics of
the gel. Moreover, a linear relation exists between DBabs and the gel
strength when O-PME acts on MM pectin in the presence of calcium
(Fig. 6). On the contrary, in the presence of Aa-PME, this relation
can be divided in two  parts: a linear relation at the beginning of
the kinetics with a different slope than the one obtained with O-
PME, and another part where the values tend to join O-PME’s ones.
These observations suggest the appearance of a change in Aa-PME
kinetics, which can modify the evolution of the gel strength.

5. Conclusion

O-PME in the presence of calcium exhibited less processivity on
MM pectins than on HM pectin. On the opposite, the effect of cal-
cium on the pattern of demethylation of MM pectin with Aa-PME
was reduced. The presence of calcium modulates O-PME  activity
on MM pectins but may  be not the only origin for the modifications
observed in PME’s behaviour. As already suggested, gel formation
can generate physical constraint for PME  influencing its diffusion
and inducing changes in its activity. The influence of the environ-
ment state on the diffusion of PME  will be analysed to investigate
this issue.
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