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Separation of pectin methylesterase isoenzymes from tomato
fruits using short monolithic columns
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Abstract

One of the main forms of tomato pectin methylesterase (PME; EC 3.1.1.11) that is applicable to the food industry was isolated from fresh
tomato fruit. The extraction of the PME isoenzymes involved washing the fresh tomato flesh with water in order to remove sugars and than
solubilizing the enzymes with a diluted HCl solution at pH 1.6. The extract was then neutralized to pH 7.4 using buffer solution. After filtration,
the solution was directly fractioned using Convective Interaction Media (CIM®) short monolithic disk column bearing sulfonyl (SO3) groups
and using a linear gradient from 0 to 700 mM NaCl. The injection volume was 3 ml and the diameter of the column was 12 mm and length
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mm. The isolated fractions were monitored for protein content and PME activity. The fraction with the targeted enzyme, which sho
ndependent activity, was further purified and concentrated by ultrafiltration and finally purified by a second semi-preparative cation
hromatography step using a CIM carboxymethyl (CM) disk monolithic column consisting of two disks and applying a step gradie
kg of fresh tomato fruits, 7.5 mg of purified PME with molecular mass estimated to be 26 000 by sodium dodecyl sulfate–polya
el electrophoresis (SDS–PAGE) was obtained. A fraction with mixed PME and polygalacturonase activity was also obtained. Co

he published procedures for the isolation and purification of PME from plant materials, this new procedure is much faster and mor
he potential application of CIM disk short monolithic columns in the analysis and semi-preparative extraction and isolation of

soenzyme is presented.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Pectin methylesterase (PME; EC 3.1.1.11) is plant cell
all enzyme that has also been found in pathogenic fungi
nd bacteria. PME catalyzes the removal of methyl groups

rom the polygalacturonic acid chain of pectin. De-esterified
ectins are susceptible to the subsequent action of poly-
alacturonase (PG; EC 3.2.1.15) and pectin lyase (PL; EC
.2.2.10). However, the role of PME in plant growth and de-
elopment is not yet understood. Transgenic tomatoes show-
ng a 10-fold reduction in PME activity were used to inves-
igate the role of PME in tomato fruit ripening. The reduced
ME activity caused an almost complete loss of tissue in-
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tegrity during fruit senescence, but showed only a sma
fect on fruit firmness during ripening[1]. De-esterificatio
of pectins in different parts of the tomato plant or at differ
times in plant development may involve different forms
PME [2].

The control of PME and related enzymes in food indu
is important for improving the quality of food. For exa
ple, unmethoxylated pectin is being used in the jam indu
as gelling agent. It is able to form gels in the presenc
Ca2+ ions. However, its substitution with pure PME (unc
taminated with polygalacturonases and pectin lyases) i
pected to improve the quality of the product. PME may
be beneficial in the juice industry for the removal of solu
pectin polymers which give unwanted haze formation in
juice [3]. But, the residual activity of the thermostable P
is sometimes undesired, because it is responsible for

021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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destabilization of fruit juices[4]. The PME inhibitor purified
from kiwi fruit can be utilized for the detection of residual
PME activity in fruit products and also in PME inactivation
[5].

A rich source of PME is tomato (Lycopersicon escu-
lentum) fruit which contains three main forms of PME
which are all basic proteins with molecular masses be-
tween 23.8 and 42 kDa[2,6–8]. Isolation of PME isoforms
from tomato fruit extracts[6,7,9] was performed using dif-
ferent chromatographic methods. Ion-exchange chromatog-
raphy, which is common to all of these published proce-
dures, can now be performed on monolithic stationary phases,
which may provide much faster separations then traditional
media.

A very useful summary of monolithic materials (prepa-
ration, properties and applications) was recently published
[10]. In the last decade, monoliths have been widely used for
preparative and analytical separation of biopolymers[11,12].
One of the first useful monolithic stationary phases for the
rapid separation of proteins was designed in a disc format
[13]. Short bed Convective Interaction Media (CIM®) disks
monolithic columns are unique among chromatographic
columns, because of their monolithic structure and extremely
short column length (3 mm). Due to the monolithic structure,
significantly enhanced mass transfer between the mobile and
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and polygalacturonic acid were obtained from Fluka (Buchs,
Switzerland). Phenol red was purchased from Coleman &
Bell (Norwood, USA) and potassium sodium tartrate tetrahy-
drate from Kemika (Zagreb, Croatia).

All of the solutions were prepared with deionized water
(Millipore Milli-Q).

The solution of tomato PME from Sigma was prepared
as follows: 1 mg/ml of PME in 20 mM Tris buffer (pH 7.4)
containing 100 mM NaCl and 750 ng of tomato PME was
applied to SDS–PAGE.

2.2. Extraction of PME

Ripe tomato fruits were purchased from the local market
and the PME extraction was performed at room tempera-
ture. After removal of the peels and the seeds, the tomato
flesh (100 g) was homogenized. After the addition of 100 ml
of cold water and homogenisation with an Ultraturrax (ro-
tor/stator homogeniser: Ultraturrax/Ika T 25). The pH of the
homogenate was adjusted to 3 with 0.1 M HCl. Thereafter, the
solution was mixed for 5 min by the Ultraturrax. After cen-
trifugation of the solution for 20 min at 12 000 rpm, the pellet
was dissolved in 200 ml of water using Ultraturrax. After cen-
trifugation of the solution at 12 000 rpm for 20 min, the pellet
was dissolved in 100 ml of water using Ultraturrax and pH
w en-
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tationary phase results in extremely fast separation of
olecules like proteins and DNA[14]. CIM disk monolithic

olumns are successfully used for the separation of pep
15], proteins and nucleic acids[13], low and high molecula
ass substances[16,17], plasmid and genomic DNA[18] and
ntibodies[19]. They are also used as the enzyme rea

20,21]and for the direct synthesis of peptides[22,23]. Most
f the separations performed on CIM ion-exchange m

ithic columns used a salt gradient, except one separa
hich used a pH gradient[24].
The aim of our work was to investigate the applicab

nd efficiency of CIM disk monolithic columns for the an
ytical and preparative separation of multiple forms of tom
ectin methylesterase from a tomato fruit extract in ord
btain a sufficient amount of pure enzyme for further ex

mental work.

. Experimental

.1. Chemicals

Tomato pectinesterase (EC 3.1.1.11), MW-SDS-70L
or molecular weights 14.000–70.000), Tris(hydroxy
thyl)aminomethane (Tris) and Bicinchoninic acid (BC
it for protein determination, PhastGel Blue R tablets
ommasie brilliant blue R-350 and 3,5-dinitrosalicylic a

DNS) were purchased from Sigma-Aldrich (Steinheim, G
any). Sodium hydroxide, sodium chloride, sodium ace
nd acetic acid were purchased from Merck (Darmstadt,
any). Pectin from apples (70–75% degree of esterifica
as adjusted to 1.6 with diluted hydrochloric acid. After c
rifugation of the solution for 20 min at 12 000 rpm, 120
f Tris was added to the supernatant and the pH was ad

o 7.4 by adding 2 M sodium hydroxide. The supernatan
ained after centrifugation for 15 min at 14 000 rpm was
ered through a membrane filter (Millipore Millex–HV, h
rophilic poly(vinylidene difluoride) (PVDF) 0.45�m) and

hen injected into an HPLC system or stored at−20◦C.
For comparison, a simple extraction using 100 g of tom

omogenate mixed with 100 ml of 1 M NaCl for 5 min w
ltraturrax followed by centrifugation at 12 000 rpm
0 min was performed.

The final extraction for preparative purposes was
ormed according to the first extraction using HCl with 1
f tomato fruits.

.3. Determination of the protein content

The concentration of the proteins in the extract and
PLC fractions was determined by spectrophotometric
ro BCA Protein Assay (Sigma) using a Bicinchoninic A
it.

.4. HPLC separation

The HPLC system consisted of a ConstaMetric 4100 p
Thermo Separation Products (TSP), Riviera Beach,
SA), AS3000 autosampler (TSP) with a fixed 100�l loop

or analytical work or a Rheodyne injector (model 7125) w
3 ml self made loop for semi-preparative work and a S

roMonitor 3200 UV detector (TSP) set to 280 nm. Sep
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tion was performed on Convective Interaction Media (CIM)
disk monolithic columns (diameter, 12 mm; length, 3 mm)
bearing sulfonyl (SO3) or carboxymethyl (CM) cation groups
from BIA Separations, Ljubljana, Slovenia. Regeneration of
the CIM disk monolithic columns was performed by placing
them into a 1 M NaOH water solution.

PME isoenzymes from crude tomato extracts were sepa-
rated using a linear gradient of sodium chloride on a CIM
SO3 disk monolithic column. The mobile phase consisted of
buffer A: 20 mM Tris (2.42 g Tris base per 1 l, neutralised
with 10 times diluted concentrated HCl to pH 7.4) and buffer
B: buffer A containing 1 M NaCl, pH adjusted to pH 7.4, at
a flow rate of 4 ml/min.

The gradient used for the semi-preparative chromatogra-
phy was as follows: 100% A (1 min), linear gradient from
100% to 30% A (4 min), 30% A to 100% A (0.1 min), 100%
A (0.9 min).

Analytical chromatography was performed using the same
SO3 disk and mobile phases as above, but with a different
gradient, due to the smaller injection volume of 100�l: linear
gradient from 100% A to 30% A (3 min), 30% A to 100% A
(0.1 min), 100% A (0.4 min), at a flow rate of 4 ml/min.

Ultrafiltration (Amicon, 8400) was performed using
YM10 (Millipore, Bedford, USA), YM30 and XM50 mem-
branes (DIAFLO ultrafiltration membranes, Amicon, Dan-
v
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defined conditions. 3,5-Dinitrosalicylic acid was used as a
spectrophotometric reagent for galacturonic acid.

2.7. Polyacrylamide gel electrophoresis (SDS–PAGE)

The purity and molecular masses of PME were determined
by SDS–PAGE on a slab gel prepared with 15% (resolv-
ing gel) and 4% (stacking gel) acrylamide by the Laemmli
method[25]. The samples of crude tomato extract, isolated
protein fractions and tomato PME from Sigma were applied
in parallel with a protein standard marker MW-SDS-70L (kit
for molecular masses, 14 000–70 000). After electrophore-
sis, the gels were subjected to silver staining according to the
procedure of Heukeshoven and Dernick[26].

3. Results and discussion

Two extractions of the PME isoenzymes from 100 g of
fresh tomato fruits were compared in order to choose the
optimal extraction conditions. The first extraction was per-
formed according to Pressey and Woods[6] with a minor
modification in the last step. During this step, the addition
of NaCl followed by ultrafiltration were omitted. Instead,
the extract was prepared for chromatography by adding Tris
b 7.4
b ex-
t 4

T
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t
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F ct
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2
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24 − −
25 − −
Activity was determined using the substrate with 200 mM NaCl.
ers, MA, USA).
Sodium chloride present in the concentrates XM50

M10 and filtrate XM50 (with the isolated PME fraction
ig. 1) was removed by passing these solutions through a
0 column (prepacked Sephadex G-25 column, Amers
iosciences, UK). The obtained eluates were filtered thro
0.45 and 0.20�m membrane filters (Minisart, Sartoriu

efore the next chromatographic step using two CIM
isks (in the same housing) using the same mobile p
nd the same flow rate used for the separation on the3
isk. For this separation, the following sodium chloride s
radient was used: 100% A (1 min), from 100% A to 9
(0.1 min), 90% A (3.9 min), 90% A to 100% A (0.1 min

00% A (1.9 min). Injection volume was 3 ml.

.5. PME activity assay

Substrate: 0.4 g pectin was dissolved in 80 ml of w
hile heating. NaCl (1.17 g) was added along with 1 m

ndicator solution (9 mg of phenol red dissolved in 10 ml
er by ultrasonication) and adjusted to pH 7.5 (raspberry
olour) with 0.1 M NaOH or a bit of 0.1 M HCl and fille
ith water up to a total volume of 100 ml. For the visual

imation of the activity, 50�l of the test solution was mixe
ith 0.5 ml of the substrate and a colour change from re
ellow indicated activity.

.6. PG activity assay

The PG activity was measured as the amount of g
uronic acid released from the polygalacturonic acid u
uffer (20 mM in the final extract) and adjusting the pH to
y adding NaOH. An additional difference was that the

raction was performed at room temperature and not at◦C.

able 1
ME activity of chromatographic fractions obtained after fractionatio

wo differently prepared extracts of fresh tomato on a CIM SO3 disk mono-
ithic column (Fig. 1, linear gradient)

raction no. HCl extract NaCl extra

1 − −
2 ± +
3 ± ±
4 ± ++
5 − +
6 − +
7 − +
8 − −
9 − −
0 − −
1 − −
2 − −
3 − −
4 + +
5 +++ +++
6 +++ +++
7 + +
8 + −
9 ± ++
0 ± +
1 ± −
2 − −
3 − −
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The second extraction was a simple extraction with 1 M NaCl.
Both extracts (“HCl extract” and “NaCl extract”) were diluted
ten times after centrifugation and the chromatographic step
was performed as described for the semi-preparative HPLC.
Fractions were collected in 10 s intervals with time 0 being
the beginning of the chromatographic run. PME activity of
the collected fractions was estimated visually (Table 1) with
the substrate prepared without NaCl and with 200 mM NaCl
[6,9].

Fractions of the “NaCl extract” showed stronger PME ac-
tivity than the fractions of the “HCl extract”. This is partic-
ularly the case for the fractions at the beginning and near
the end of the fractionation (Table 1). Additionally, only
fractions 15 and 16 (fraction B,Fig. 1) showed PME ac-
tivity when analysed with the substrate prepared without
NaCl, which proved that only these fractions contained “salt
independent PME isoenzyme”[6,9]. This experiment also
proved that PME from peak A (Fig. 1) is not the same as

in peak B (Fig. 1) and does not originate from disk over-
loading. Fraction 19 (fraction C,Fig. 1) had PME and PG
activity. The “HCl extract” contained fewer proteins than
the “NaCl extract”, while the content of the salt indepen-
dent PME isoenzyme, which was chosen for the isolation,
was similar in both extracts. However, due to the low con-
tent of NaCl, “HCl extract” was directly applicable for the
semi-preparative cation-exchange chromatography on CIM
SO3 disk monolithic columns, which was not the case for
the “NaCl extract”. For these reasons, the final extraction of
PME isoenzymes from 1 kg of fresh tomato was performed
using the extraction method with HCl.

The obtained crude extract from 1 kg of fresh tomato fruit
was fractioned by the HPLC system via the 3 ml loop in con-
ditions described for the semi-preparative HPLC. The tar-
geted enzymes were separated from the remaining proteins by
means of cation-exchange chromatography using CIM SO3
disk monolithic columns, Tris buffer (20 mM, pH 7.4) and a

F
3
w
A

ig. 1. Semi-preparative HPLC separation of PME isoenzymes from crude
mm) using a linear gradient elution and injection volume of 3 ml. All three pe
as detected in peak C. Binding buffer (A): 20 mM Tris, pH 7.4, elution buffer
(1 min), 0–70% B linear in 4 min, 30–100% A in 0.1 min, 100% A (0.9 min).
tomato extract on a CIM SO3 disk monolithic column (diameter, 12 mm; length,
aks A, B (salt independent PME activity) and C showed PME activity. PG activity
(B): buffer A containing 1 M NaCl, pH 7.4; flow rate: 4 ml/min; gradient: 100%
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Fig. 2. SDS–PAGE (15%) with coomassie blue staining for purity control of
PME isolated from the crude extract. Lanes: (1) standard protein marker (val-
ues inMr × 103 at left-hand side); (2) tomato crude extract; (3–5) different
applications of fraction B (Fig. 1).

linear sodium chloride gradient. It was demonstrated that the
separation is insensitive to slight differences in the pH value
of the mobile phase.Fig. 1shows the obtained chromatogram
for the separation of proteins from the crude tomato extract.
The fractions indicated by all three chromatographic peaks
(A–C) showing PME activity were collected. The concen-
tration of proteins was determined in the extract and in the
HPLC fractions A–C. It was proven that it is essential to mix
(vortex) the sample solutions just before taking an aliquot for
the assay.

To check the purity of the isolated fractions, the crude ex-
tract, the isolated fractions A–C, and the Sigma PME tomato
standard were applied to the SDS–PAGE with coomassie blue
staining (Fig. 2). The molecular mass of the PME isoenzyme
in fraction B was estimated to be 26 000 (above the standard
marker of 24 000), which is in any case more than 24 000
as estimated by Pressey and Woods[6]. The results from
the SDS–PAGE using more sensitive silver staining showed
several bands for fractions A and C (Fig. 3). In addition to
PME activity, fraction C also showed PG activity, which is
according to the literature[27], probably related to the band

F E
f
c (3)
t otein
m

at approximately 43 kDa. Because of the additional bands
(at the top of the gel) in lanes 6–8 (Fig. 3) for combined
fractions B from 10 chromatographic runs, an additional pu-
rification step was necessary to obtain pure targeted PME
from fraction B which contained the largest amount of PME
(Fig. 1).

Because of the sharp elution from the CIM disk (Fig. 1,
elution volume less than 1 ml against injection volume of
3 ml!) all the fraction B’s with already concentrated PME
were combined and concentrated by means of ultrafiltration
by first using a cut-off YM30 membrane. The obtained YM30
concentrate and YM30 filtrate were analysed by analytical
HPLC. About 90% of the total PME mass obtained after ul-
trafiltration remained in the YM30 concentrate. The YM30
filtrate was further subjected to ultrafiltration using a cut-off
YM10. In order to separate the upper bands (Fig. 3, lanes
6–8) from the targeted PME, another ultrafiltration step of

Fig. 4. Purification of PME isoenzyme from fraction B (Fig. 1) on a CIM
CM column (two disks with diameter, 12 mm and length, 3 mm) using step
gradient elution and injection volume, 3 ml. Peak B1 showed salt indepen-
dent PME activity. Binding buffer (A): 20 mM Tris, pH 7.4; elution buffer
(B): buffer A containing 1 M NaCl, pH 7.4; flow rate: 4 ml/min; gradient:
100% A (1 min), 0–10% B in 0.1 min, 10% B (3.9 min), 90–100% A in
0.1 min, 100% A (1.9 min).
ig. 3. SDS–PAGE (15%) with silver staining for purity control of PM
ractions isolated from the crude extract on a CIM SO3 disk monolithic
olumn (Fig. 1, linear gradient). Lanes: (1) fraction A; (2) fraction C;
omato crude extract; (4) tomato PME from Sigma; (5) standard pr
arker; (6–9) combined fractions B from 10 chromatographic runs.
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Fig. 5. SDS–PAGE (15%) with silver staining for purity control of the tar-
geted PME, fraction B1 (Fig. 4) purified from fraction B (Fig. 1) on a CIM
CM disk monolithic column (Fig. 4, step gradient). Lanes: (1) targeted PME,
fraction B1 and (6) standard protein marker.

the YM30 concentrate using a cut-off XM50 was performed
which resulted in about 16% proteins (estimated by protein
analysis) in the XM50 concentrate. The obtained 2.5 ml of
concentrate XM50 and 22 ml of filtrate XM50 with the pro-
tein content being 450 and 280�g/ml, respectively, showed
PME activity and also gave a PME peak when analysed by

HPLC. The YM10 filtrate also showed a minor peak at the
same retention time as PME, but did not have PME activity
and was only an impurity with a low molecular mass. Pu-
rity testing of the XM50 and YM10 concentrates and XM50
filtrate by silver staining SDS–PAGE showed that an ad-
ditional purification step is needed and that the ultrafiltra-
tion through YM30 and XM50 should be omitted potentially
speeding up the whole procedure and increasing the final
yield.

The obtained solutions of the XM50 concentrate and fil-
trate, and YM10 concentrate were stored at−20◦C. Be-
fore the final chromatographic purification these solutions
were desalted via a PD10 column and filtered through 0.45
and 0.20�m membrane filters. The targeted PME was fur-
ther purified by an additional chromatographic step by using
a weaker cation-exchanger CIM–carboxymethyl (CM) disk
monolithic column and a step gradient. Due to the relatively
high sample loading, two disks were inserted into the hous-
ing to increase the capacity of the column. As can be seen in
Fig. 4, 10% of mobile phase B (100 mM NaCl) was enough to
elute the targeted enzyme from the disks. Purity testing of the
isolated targeted PME enzyme (B1,Fig. 4) by silver staining
SDS–PAGE (lane 1,Fig. 5) showed that the last purification
step was successful. The yield was 7.5 mg of purified salt in-

F
S
b

ig. 6. Analytical HPLC separation of PME isoenzymes on a CIM SO3 disk mono
amples: tomato crude extract (A) fraction B1 fromFig. 4(B) and tomato PME f
uffer A containing 1 M NaCl, pH 7.4; flow rate: 4 ml/min; gradient: 0–70% B
lithic column using a linear gradient elution and injection volume of 100�l.
rom Sigma (C). Binding buffer (A): 20 mM Tris, pH 7.4, elution buffer (B):
linear in 3 min, 30–100% A in 0.1 min, 100% A (0.4 min).
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dependent PME isoenzyme isolated from 1 kg of fresh tomato
fruits.

The isolated PME isoenzyme corresponded to the PME
in fractions 15 and 16 from the preliminary experiments
(Table 1). The salt independent activity (at pH 7.4) of the iso-
lated PME is similar to those reported for isoenzymes (PEIV:
Mr 24 000[6]; PME1: 31 000[7]; PE-A: 36 000[8]; PME1a
and PME1b: both 34 000[9]), but with different mole-
cular masses which were all estimated from SDS–PAGE.
SDS–PAGE of tomato PME standard from Sigma (Fig. 3, lane
4) previously investigated by Savary[9] showed many com-
ponents including those appearing also in our extracts. This
was additionally confirmed by an analytical HPLC separation
of PME isoenzymes from tomato crude extract, fraction B1
and tomato PME from Sigma (Fig. 6). The observed differ-
ences are explained by the fact that different PME forms and
different contentration of these forms depend on the tomato
variety and other conditions (ripeness degree, soil and cli-
mate conditions, etc.). Extraction conditions can influence
the yield of the individual forms, especially when harsh con-
ditions as in our case (low pH!) are applied. It might not be
a coincidence that the extraction according to Pressey and
Woods[6] resulted in the PME with the lowest molecular
mass.

During the chromatographic work, HPLC peak distortions
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Furthermore, our work showed a potential application of
short monolithic columns in analysis and semi-preparative
work. Additionally, the high separation speed enables fast
method development and the separation procedures for the
CIM disks serve as a basis for scaling up the separation pro-
cedures to be used for the separation of proteins from larger
extract amounts.
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