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Abstract

A series of pectins with different distribution patterns of methyl ester groups was produced by treatment with
either plant (p-PME) or fungal pectin methyl esterases (f-PME) and compared with those obtained by base catalysed
de-esterification. The products generated by digestion of these pectins with either endopectin lyase (PL) or
endopolygalacturonase II (PG II) from Aspergillus niger were analysed using matrix assisted laser desorption
ionisation mass spectrometry (MALDIMS) and high-performance anion-exchange chromatography with pulsed
amperometric or UV detection (HPAEC-PAD/UV). Time course analysis using MALDIMS was used to identify the
most preferred substrate for each enzyme. For PL, this was shown to be fully methyl esterified HG whereas for PG
11, long regions of HG without any methyl esterification, as produced by p-PME was the optimal substrate. The
blockwise de-esterification caused by p-PME treatment gave a decrease of partly methylated oligomers in PL
fingerprints, which did not effect the relative composition of partly methylated oligomers. PG 1II fingerprints showed
a constant increase of monomers and oligomers without any methyl ester groups with decreasing degree of
esterification (DE), but almost no change in the concentration of partly methylated compounds. PL fingerprints of
f-PME and chemically treated pectins showed decreasing amounts of partly methyl esterified oligomers with
decreasing DE, together with a relative shift towards longer oligomers. PG II fingerprints were characterised by an
increase of partly methylated and not methylated oligomers with decreasing DE. But differences were also seen
between these two forms of homogenous de-esterification. Introduction of a certain pattern of methyl ester
distribution caused by selective removal of certain methyl ester groups by f-PME is the most reasonable explanation
for the detected differences. © 2000 Elsevier Science Ltd. All rights reserved.
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higher plants [1,2]. They are composed of
several subunits, which include homogalactur-
onan (HG) rhamnogalacturonan I (RG 1),
rhamnogalacturonan II (RG II) and xylo-
galacturonan [3]. Homogalacturonan (smooth
region) consists of up to 200 (1 —4)-linked
a-D-galacturonic acid residues [4], which can
be methyl-esterified at position 6 and acety-
lated at positions 2 or 3.

RG 1 has a backbone composed of the
disaccharide repeating unit [o-L-Rha-(1 —4)-
a-D-GalA-(1 —»2)]. Arabinan, galactan and
arabinogalactan side chains are attached to
O-4 of some of the rhamnosyl residues [1]. RG
IT consists of a (1 — 4)-linked a-D-galacturonic
acid backbone, which is substituted with four
different oligosaccharide side chains [5],
whereas xylogalacturonan contains substitu-
tion of xylose on a HG backbone [6]. The
galacturonic acid units in all these subunits
can be methyl esterified and acetylated as in
the HG.

Relatively little is known about the struc-
tural basis for the functional properties of
pectin, because a detailed structural character-
isation is often hindered by its high degree of
complexity and heterogeneity.

The availability of homogeneous enzyme
preparations has increasingly contributed to
the structural characterisation of pectin struc-
ture, as recently reviewed by Voragen et al.
[7]. Enzymes can be used to specifically frag-
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Scheme 1. Action of pectinases on the homogalacturonan
backbone (PG, endopolygalacturonase (E.C. 3.2.1.15); PL,
endopectin lyase (E.C. 4.2.2.10); p-PME and f-PME pectin
methyl-esterase (E.C. 3.1.1.11) from plant or fungal origin,
respectively).

ment the pectin polymer in certain positions
and the generated products can be structurally
characterised.

MALDIMS is a powerful technique for the
analysis of complex mixtures of galacturonic
acid oligomers, which requires minimal sam-
ple clean up [8]. Methyl esterification patterns
on each oligomer in the complex mixture can
be determined using a newly developed se-
quencing method based on ESIMS/MS [9].
Quantification of oligomers can be performed
using HPAEC separation technology [10].

In the present study, we have used plant
and fungal pectin methyl esterases (p-PME
and f-PME) to modify pectins and endopectin
lyase (PL) and endopolygalacturonase II (PG
II) to analyse the enzymatically modified
pectins. Furthermore, we compared the enzy-
matic processes with alternative chemical
treatments. An overview of the enzymes used
and their action on HG is given in Scheme 1.

By using PME from either plant or fungal
origin, different patterns of methyl esterifica-
tion will be available and compared with those
obtained after chemical treatment. The differ-
ent esterification patterns influence the way
hydrolytic enzymes like PL or PG 1II cleave
the HG backbone. The specificity of the en-
zyme is reflected in the different oligomer
patterns, which were analysed both by means
of mass spectrometry and high performance
separation techniques.

2. Results and discussion

Production and chemical characterisation of
model pectins.—Three series of model pectins
were generated by separately treating the same
mother pectin with p-PME, f-PME and base.
Therefore, the variations in the samples result
from the de-esterification procedure used. One
lot of commercial high ester lime pectin
(GRINSTED™ Pectin URS 1200; E81) was
chosen as the starting material because it al-
lows greatest flexibility due to a high degree of
esterification (DE, 81%). Methyl esterification
patterns in the lime pectin raw material are
compensated to some extent by the acid
catalysed esterification with methanol, which
is used in production of the mother pectin to
increase the DE to 81%.
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Table 1
Analysis data for model pectins *

Pectin sample % DE % AGA n (L/g) Av. M, (D) % Dry matter pH in 1% solution CS
In AAIS In sample
Mother pectin GRENDSTEW ™ Pectin URS 1200
E81 81.1 873 78.7 0.45 90,000 91.0 3.20 0.066
Samples from de-esterification with p-PME
P76 76.1  89.7 81.5 0.35 70,000 93.8 3.17 0.061
P73 729 923 82.6 0.34 68,000 93.2 3.24 0.16
P70 70.4  90.5 80.3 0.29 57,000 93.7 3.19 0.13
P66 66.2  91.7 83.6 0.30 60,000 95.5 3.33 0.95
P60 59.7  90.2 81.7 0.26 52,000 96.8 3.34 gel.
P53 52,6  89.1 80.9 0.28 55,000 90.8 3.38 gel.
P46 46.1  89.8 78.3 0.26 51,000 93.1 4.07 gel.
P41 40.5 879 78.7 0.26 51,000 89.6 4.12 n.a.
Samples from de-esterification with f-PMFE
F76 75.7  89.8 85.9 0.46 93,000 95.8 3.17 0.067
F69 689 834 82.4 0.40 81,000 95.8 3.10 0.057
F58 582 904 82.5 0.40 81,000 94.6 3.16 0.031
F43 42,6 893 77.9 0.37 74,000 93.0 3.16 0.28
F31 31.1  86.6 74.5 0.35 69,000 92.5 4.72 n.a.
F11 11.0 847 66.8 0.27 53,000 88.3 4.40 n.a.
Samples from base catalysed de-esterification
B71 71.3  89.5 82.6 0.40 80,000 95.0 2.99 0.11
B64 63.8  88.2 83.7 0.38 75,000 95.2 2.65 0.12
B43 429  88.1 83.5 0.22 43,000 94.2 2.32 n.a.
B34 337 893 85.6 0.45 89,000 94.0 2.47 n.a.
B15 147 918 88.2 0.31 62,000 94.1 3.56 n.a.
PGA 1.4 86.7 64.6 0.20 39,000 85.5 5.15

2 DE, degree of esterification; AGA, anydro-galacturonic acid; AAIS, acid and alcohol insoluble solids; av. Mw, weight average

molecular weight; CS, calcium sensitivity; gel., gelation of test sample; n.a., not analysed.

The action of p-PME is believed to follow a
single chain mechanism [11] and to result in
the consecutive removal of a number of neigh-
bouring methyl ester groups. This gives rise to
the introduction of so-called block-structures
of adjacent free galacturonic acid units on the
HG backbone, which allow calcium cross-
linking of pectin chains. The correlation be-
tween increasing formation of  the
block-structures and decreasing DE due to
p-PME treatment was reflected in the changes
in calcium sensitivity shown in Table 1. In this
way calcium sensitive high ester pectins
(DE > 50%) can be produced. In addition to
increased calcium sensitivity, p-PME treat-
ment gives rise to improved protein stabilisa-
tion characteristics for high ester pectins [12].

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 [11]. When {f-PME is
used for de-esterification (F-series), no in-
crease of calcium sensitivity was observed un-
til a DE < 50% was reached.

Chemical de-esterification using base cataly-
sis (B-series) is — like f-PME treatment —
also believed to produce a random methyl
esterification pattern.

Chemical analysis data for the samples pro-
duced are summarised in Table 1. Due to the
higher pH conditions used for production of
the P- and B-series, these samples show re-
duced average molecular weight compared
with the F-series pectins caused by backbone
cleavages, which is due to base catalysed B-
elimination reactions [13].
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Analysis of enzyme specificity.—In order to
use enzymes as analytical tools for analysis of
intramolecular homo- or heterogeneity of
pectin, knowledge about the substrate specific-
ity of the applied enzymes is required. For
both enzymes used in this work, full amino
acid sequence analysis and crystallographic
data [14] are available. Catalytic residues have
been identified by site directed mutagenesis
[15]. For PG II, the substrate binding site is
made up of seven subsites [16], whereas for PL
an even larger number — around 9-13 sub-
sites — 1s discussed [17]. Both enzymes have
been studied on either fully methyl esterified
oligogalacturonides or oligomers without any
methyl esterification [15,16]. Work on well
defined partly methyl esterified oligogalactur-
onides is limited due to difficulties in obtain-
ing pure materials in sufficient quantities [18].

We have applied our recently developed

MALDIMS method [8] to analyse the prod-
ucts formed by enzymatic digestion of partly
methyl esterified HG. Products formed during
the very early stages of the reaction were
compared with those present at intermediate
and final stages of the enzymatic reaction.
This provided important information about
the preferred sites of enzyme attack on the
HG and the structural requirements for a
successful enzyme substrate interaction. The
latter can be analysed by sequence analysis of
products that accumulated during the reac-
tion, either because of slower turn over rates
or the absence of further cleavage positions on
the oligomer.

During short incubation times, PL liberated
mainly higher and fully methyl esterified
oligomers (DP 4-15) from E81 (Fig. 1(A))
and thus has a preference to cleave in areas
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Fig. 1. Digestion of E81 mother pectin with different amounts of PL at different incubation times analysed by MALDIMS in
positive mode to also detect fully methylated species: (A) start of reaction; (B) progression; (C) chosen end-point of reaction.
Sodium cationised ions [M + Na]* are labelled by giving the DP in normal and the number of methyl ester groups in superscript

numbers.
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with 100% methyl esterification. However, if
higher amounts of PL and longer incubation
times were applied, some initial products were
cleaved further (Fig. 1(B) and (C)), although
the DE value of the accumulating oligomers
was still very high. The presence of smaller
fully methyl esterified oligomers (up to DP 7)
indicated a weaker binding of those substrates
due to an incomplete saturation of all sub-
strate binding subsites of the enzyme. Analysis
of the oligomers present at the chosen end
point (20 h) showed a complex mixture of
oligomers (Fig. 1(C)) with large variations in
DP and DE. Fully esterified oligomers were
still present up to DP 6. Kinetic studies (data
not shown) showed that the cleavage rate was
constantly slowed down but never reached an
end point. The reaction was stopped after an
incubation period of 20 h with 0.1 U PL/5 mg
pectin. If at that stage an additional aliquot of
enzyme was added, about 2-3% additional
product formation could be observed after a
second 20 h incubation period (data not
shown).

Recently, we reported [9] the results ob-
tained by ESI ion trap MS/MS sequence anal-
ysis of oligomers from extended PL digestion.
We demonstrated that most oligomers were
present in mixtures of several stereoisomers
regarding their methyl esterification pattern
and several oligomers containing a free galac-
turonic acid on the newly formed reducing
end were detected. The cleavage point for PL
is therefore not limited to two adjacent methyl
esterified galacturonic acid units but can also
be positioned between a free acid and a
methyl esterified species. This explains the
large complexity in the oligomer composi-
tions. However, no oligomers without any
methyl ester groups were detected in the PL
digest. The action of PL is therefore limited to
fully or partly methyl esterified regions on the
HG. PGA or block-structures of adjacent
galacturonic acids as present in the P-series
pectins cannot be cleaved by PL.

MALDIMS spectra from PG II digests of
P41 and F31 (Fig. 2) were more homoge-
neous, with respect to the number of different
oligomers formed, compared with the data
obtained from PL digests. Kinetic studies
(data not shown) on P-series pectins allowed

us to distinguish three reaction phases. In the
first phase, a rapid digestion of the unes-
terified block-structure occurred. The reaction
rate was similar to that observed for PGA and
the products formed were oligomers without
any methyl esterification (Fig. 2(A)). In the
second phase, the reaction rate slowed down
to levels comparable with the initial rates of
PG II digestion of the F- and B-series pectins.
Partially methyl esterified oligomers were seen
in MALDIMS and only smaller oligomers
(DP < 6) without any methyl ester groups
were detected. In the third phase (Fig. 2(C)
and (D)), these small non-esterified oligomers
were cleaved further. ESIMS analysis of these
sample showed that the mono-, di- and
trimers were the only species present without
any methyl ester groups (data not shown). We
have previously described [9] that partially
methyl esterified oligomers obtained from an
extensive PG II digestion carry one or two
free galacturonic acid units on the reducing
end and one to three adjacent free galactur-
onic acid groups on the non-reducing end. A
methyl esterified unit was never observed to be
located at either end of the oligomers, indicat-
ing the strict requirement of PG II to cleave
between two adjacent free galacturonic acid
units.

For the F- and B-series pectins, the reaction
kinetics of PG II digestion were divided into
two phases corresponding to phases two and
three for the P-series pectins. In contrast, PG
IT digestion of PGA showed two phases com-
parable with phases one and three for the
P-series pectins.

Fingerprinting of model pectins with pectin
lyase.—PL is most active on fully methylated
HG and therefore shows highest activity on
E81. De-esterification of E81 led to a continu-
ous decrease of oligomer formation, as mea-
sured by the increase in OD,;s,,,, after the 20 h
incubation period. Thus PL generated three-
fold less product with P41 and B43 than ESI1.
In contrast, PL treatment of F43 lead to a
tenfold drop in product formation compared
with E81. These results indicated that different
methyl esterification patterns were present on
the F-, B- and P-series pectins. Clearly the
f-PME destroys PL cleavage sites most effi-
ciently, whereas p-PME produces pectins with



298 G. Limberg et al. / Carbohydrate Research 327 (2000) 293-307
A)
2 _ 40 50 6° 70 incubation of P41
= 0 10 mU PG 1II for 10 min
o ] 8
x ]
21
= 90
& 3
b= h | L“ 100 110
- 0 ALJ e | PR " I " Lo L
L S A DL L A N A S e S S R B B R B S S B B S I
750 1000 1250 1500 1750 2000 2250 m/z
B)
3 4 50 51 82 incubation of F31
) 92 10 mU PG II for 10 min
% 2
Z 100
2 8’
5}
k=
0 R e e e e U
75041 1000 1250 1500 1750 2000 2250 miz
o
= 4 51 incubation of P41
=4 200 mU PG II for 20 h
X
=
B - ) ©, 2 S
é 73 g4 ) N o 2. =
c 2 S “ " o
= 721J 4 gy = = a2
s ll : YJLIA\ ol
1250 1500 1750 2000 2250 m/z
- 8 41 51 52 62 ;
Q 6 5 73 8 incubation of F31
X 4 . 200 mU PG II for 20 h
- 9
Z 4 g4 93
5 10
£2 s 125 136
0 e S S
750 1000 1250 1500 1750 2000 2250 m/z

Fig. 2. Digestion of blockwise de-esterified P41 and a homogenously de-esterified F31 using different amounts of PG 1II at different
incubation times, as analysed by MALDIMS in negative ion mode: (A) start of reaction with P41; (B) start of reaction with F31;
(C) chosen end-point of reaction with P41; (D) chosen end-point of reaction with F31. [M — H]~ are labelled as in Fig. 1.

the highest rate of PL degradation, indicating
that areas with high DE are still present on
the HG of P41.

To further analyse the nature of the
oligomers formed by PL digestion, we used
high-performance anion-exchange chromatog-
raphy (HPAEC). Due to the complexity of the
oligomer mixture (see Fig. 1) a complete sepa-
ration of all partially methyl esterified
oligomers was not achieved. Therefore we de-
termined the DP distribution of the oligomers
after base catalysed de-esterification at 2-—
3°C. The oligomers were separated on a

Mono Q anion exchange column and detected
by their A,;s, as earlier described by Endress
et al. [19]. Because every oligomer contains
one unsaturated unit at the non-reducing end,
the DP distribution can be obtained on a
molar basis directly from the relative peak
integration area. Multiplication with the abso-
lute molar concentration of double bonds and
the molecular mass of the oligomer yielded the
absolute concentrations of oligomers in mg/
mL, as shown in Fig. 3. The P-series pectins
(Fig. 3(A)) showed very similar oligomer
chain length distribution together with a con-
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stant decrease in oligomer concentrations with
decreasing pectin DE. This shows that PL
does not digest those areas modified by p-
PME. These de-esterified regions contain large
blocks of adjacent free galacturonic acids and
are therefore not represented in the oligomer
patterns. The oligomers formed by PL diges-
tion of P-series pectins originated from essen-
tially unchanged HG, and therefore PL
showed identical cleavage patterns.

However, de-esterification using f-PME re-
sulted in a change in oligomer chain length
distribution (Fig. 3(B)). Large oligomers
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Fig. 3. Fingerprinting of model pectins using PL. The amount
of oligomers formed is expressed in mg/mL, which was calcu-
lated from peak areas of Mono Q separation and increase of
OD at 235 nm. For details see Section 4: (A) P-series; (B)
F-series; (C) B-series pectins.

(DP > 8) relatively increased in PL digests ac-
companied by a significantly higher drop in
total oligomer concentrations. As a conse-
quence, the absolute concentrations of large
oligomers (DP > 15) for F58 were found to be
higher than for E81, F76 and F69, even so,
the total oligomer concentration was signifi-
cantly lower for F58 compared with E81, F76
and F69. The trimer was, in all F-series sam-
ples, the oligomer present in the highest con-
centration. For F31, no double bond
formation due to cleavage by PL could be
determined by changes in OD at 235 nm.

The B-series pectins showed a similar be-
haviour with respect to the increasing relative
and absolute amounts of larger oligomers, but
the drop in the total oligomer concentrations
were much lower than found for the compara-
ble F-series samples. Already for B71 the
trimer was no longer the oligomer present in
the highest concentration. These results under-
line the different methyl esterification patterns
found in these two series.

To investigate the charge distribution on the
oligomers formed by PL digestion, the still
methyl esterified digests were separated on
Mono P, as shown in Fig. 4. When fractions
from this separation were analysed using
MALDIMS, the basis of separation was
found to be determined predominantly by the
number of charges present on the oligomers.
For example, some fractions contained
oligomers with different DPs but always two
free acid groups (data not shown). However,
oligomers with the same mass over charge
ration were detected in different fractions, in-
dicating that the relative position of the acid
groups also influenced retention times.

The P-series pectins (Fig. 4(A)) showed sim-
ilar relative peak intensities in the area for
highly esterified oligomers with lower DP (0—
25 min). Parts of the new formed block-struc-
ture could now be detected as a late eluting
peak at about 55 min retention time. This
fraction was the only fraction that was recog-
nised by the block-structure specific antibody
PAM 1 [20]. f-PME treated pectins (Fig. 4(B))
contain, with decreasing DE, lower amounts
of weakly binding high methylated oligomers
and higher amounts of stronger binding
oligomers containing less methyl ester groups.
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distribution on oligomers generated by PL digestion as reten-
tion on Mono P weak anion exchange chromatography (235
nm trace). For separation see Section 4: (A) P-series; (B)
F-series; (C) B-series pectins.

This is consistent with the above mentioned
observation that de-esterification with f-PME
leads to a deletion of PL cleavage sites and
thereby results in longer oligomers with less
methyl ester groups. The overall increase in
the number of charges present on each
oligomer resulted in increased retention times.

The B-series pectins (Fig. 4(C)) and the
F-series pectins gave similar profiles, although
the shift to longer retention times for the
B-series pectins was not as significant as for
the F-series pectins. This can be best seen by
comparison of pectins F43 and B43. This re-
sult provides additional evidence that F- and
B-series pectins differ in their pattern of
methyl esterification.

Fingerprinting with PG II.—The finger-
prints generated by PG II digestion of the
pectins were analysed for their quantitative
oligomer chain length distribution and for
their charge distribution by HPAEC with
PAD detection [10a]. Due to the high pH of
the eluent, all methyl ester groups were re-
moved instantaneously when the material was
introduced in the solvent stream and separa-
tion of the oligomers takes place according to
DP. Molar response factors determined on
purified oligomers were used for quantifica-
tion. The complete digestion of the tetramer
without methyl-ester groups (as analysed by
MALDIMS) was chosen as the end point of
the reaction. Further addition of enzyme and
longer incubation times yielded less than 1%
additional product formation. The amount of
enzyme applied (0.2 U) was adjusted to allow
full digestion of all pectins within the 20 h
time frame.

Fingerprints on P-series pectins (Fig. 5(A))
showed that de-esterification using p-PME led
to an increase in the amounts of mono-, di-
and trimer, only a minor increase of the tetra-
and pentamer and no measurable changes in
the quantities of large oligomers. This indi-
cates that p-PME treatment generates block-
structures of adjacent free galacturonic acids
that are cleaved by PG II to give mono-, di-
and trimers without any methyl ester groups.
The slight increase in oligomer concentrations
for tetra- and pentamer from E81 to P70
could be caused by cleavages close to the new
formed block-structures because no further
increase can be seen after this initial drop in
DE.

PG 1I digestion of f-PME treated pectins
showed a distinctively different profile (Fig.
5(B)). The concentrations of the monomer and
the oligomers with DP 2-10 were increased
with decreasing DE up to F58. These stable
products were no longer substrates for PG II
due to their methyl esterification. The
oligomer concentration for all F-series pectins
peaked for the pentamer. This is probably due
to a specific de-esterification pattern created
by f-PME on the HG, because this phe-
nomenon was not observed for the B-series
pectins (Fig. 5(C)). Further de-esterification
(F43, F31, F11) yielded additional increases in
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the concentration of the monomer and small
oligomers (DP 2-6), whereas concentrations
of larger oligomers (DP > 6) started to de-
crease. Furthermore, f-PME pectins showed a
much higher rate of cleavage with PG II than
the corresponding B-series pectins with similar
DE values.

There was also an increase in concentra-
tions of oligomers with DPs 1-12 observed
following PG II digestion of the B-series
pectins with decreasing DE (Fig. 5(C)). The
trend to higher concentrations for smaller
oligomers was clearly visible for B34 and B15,
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Fig. 5. Fingerprinting of model pectins using PG II. The
amount of oligomers formed is expressed in mg/mL, which
was calculated from PAD-response on Dionex HPLC relative
to the response for glucuronic acid as internal standard. For
details see Section 4: (A) P-series; (B) F-series; (C) B-series
pectins.

but no distinct maximum for a specific
oligomer length was detectable.

Analysis using HPAEC at neutral to acidic
pH [10b] confirmed that for the P-series
pectins all the oligomers contributing to the
increase of DP 1-3 were without any methyl
ester groups. The f-PME treated samples con-
tained high amounts of methyl esterified
oligomers (Fig. 2). For example, most of the
formed trimer contained one methyl ester
group located on the central unit, as shown
earlier by described ESIMS/MS measurements
[9].

During the preparation of this manuscript,
a paper by Daas et al. [21] appeared in which
similar results were described. The authors
have used a method that involves digestion
with a different endo-PG and quantification of
the oligomers without any methyl ester
groups, using HPAEC at acid pH. Their re-
sults for de-esterification with another plant
pectin methyl esterase from tomato and chem-
ical de-esterification are comparable with our
results for the p-PME and base treated
pectins. The effect of f-PME and the differ-
ence to chemical modification was not investi-
gated by them.

3. Conclusions

The technique of enzymatic fingerprinting
involves a combination of detailed product
characterisation using MALDIMS and earlier
described ESIMS/MS methods and product
quantification using HPAEC with PAD or
UV detection. Time course analysis of the
enzymatic fragmentation of pectin allowed us
to study the substrate specificity of PL and
PG 1II on their natural pectin substrate in
great detail.

Significant differences in the de-esterifica-
tion mechanism of plant and fungal pectin
methyl esterases (p-PME and f-PME) and a
base catalysed de-esterification were shown us-
ing fingerprinting with PL and PG II. PG II
has a more restricted substrate specificity than
PL and therefore gave a clear differentiation
between the presence of a blockwise or differ-
ent forms of homogeneous de-esterification
patterns. Fingerprinting using PL, however,
was better able to show the differences be-
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tween the two forms of homogeneous de-ester-
ification patterns obtained by f-PME or base
treatment.

De-esterification using p-PME has been
identified as a process that selectively intro-
duces block-structures of adjacent free galac-
turonic acid units on the HG, whereas f-PME
and base treatment lead to two different forms
of homogeneous methyl esterification pat-
terns. For f-PME treated pectins, the PG II
digestibility is greatly enhanced and simulta-
neously the PL digestibility is significantly de-
creased compared with pectins with similar
DE obtained from base treatment. The in-
creased fragmentation of f-PME treated
pectins by PG II can be rationalised as the
role f-PME plays in its natural synergy to PG
IT action for most efficient breakdown of plant
cell walls by fungal attack. This implies that
f-PME produces a pattern of methyl esterifica-
tion that favours endo-PG II attack.

Additionally, enzymatic de-esterification
will reduce the DE in the HG only, whereas
base treatment will reduce the total DE. This
effect of substrate specificity could also ex-
plain some of the observed differences be-
tween the B- and F-series pectins.

As a final conclusion, we show that three
different de-esterification mechanisms for
pectin can be distinguished. A blockwise de-
esterification caused by the action of p-PME
and two different forms of homogeneous de-
esterification caused by either f-PME and base
treatment. f-PME introduced a homogeneous
pattern of methyl esterification that favours
endo PG II attack. Whether the homogeneous
methyl esterification pattern obtained by base
treatment is similar or equal to a statistical
random distribution needs to be further
investigated.

4. Experimental

Purification of pectin methyl esterases.—Plant
pectin methyl esterase (p-PME) was purified
from orange peels as described [22]. f-PME
from Aspergillus niger was purified from Pek-
tolase™ (Danisco Ingredients, Brabrand). A
45-50 mL sample was dialysed against 50

mM MES (pH 6.8) and then applied to a
DEAE-Sepharose FF column (1.5 x 30 cm).
The flow rate was 100 mL/h. Unbound
proteins were eluted with 50 mM MES (pH
6.8). The bound proteins were eluted with a
linear NaCl gradient (0-0.5 M, 1000 mL) in
the same buffer. The protein elution profile
was monitored at 280 nm. Fractions of 10 mL
were collected and those containing PME ac-
tivity were pooled and dialysed against 50
mM NaOAc (pH 5.0) overnight. The dialysed
PME fraction was further fractionated by an-
ion-exchange chromatography on a HiLoad Q
Sepharose HP column 26/10 (Pharmacia,
Uppsala). The column was equilibrated with
50 mM NaOAc (pH 5.0). Proteins binding to
the column were eluted with 1000 mL of a
linear gradient from 0 to 0.3 M NaCl. The
flow rate was 100 mL/h and fractions of 10
mL were collected. The fractions containing
PME activity were pooled and applied to
HiLoad Phenyl Sepharose HP 26/10, which
was equilibrated with 1.8 M (NH,),SO, in 50
mM NaOAc (pH 5.0). The bound proteins
were eluted with 1000 mL of a linear gradient
from 1.8 to 0 M (NH,),SO,. The flow rate was
100 mL/h. The pooled fraction containing
PME activity was dialysed against 50 mM
NaOAc (pH 5.8) containing 0.1 M NaCl and
then fractionated by size-exclusion chro-
matography (SEC) on a HiLoad Superdex 75
26/60 column equilibrated with the same
buffer. All operations were performed at 4 °C.
After SEC the PME fraction showed only one
protein band on SDS-PAGE with a M, of 43
kDa. PME activity was determined at pH 4.5,
as described by Christensen et al. [22].
Purification of pectin lyase. PL from A.
niger was purified from Pektolase™ (Danisco
Ingredients, Brabrand). Aliquots of Pectolase
were dialysed and then separated on a DEAE-
Sepharose FF column, followed by Hiload
Phenyl Sepharose equilibrated with 50 mM
MES (pH 6.8), as described for f-PME. The
fractions containing PL activity were pooled
and dialysed against 50 mM triethanolamine
(pH 7.5). The dialysed sample was applied to
a HiLoad Q Sepharose 26/10 column. The
bound proteins were eluted with linear NaCl
gradient in 50 mM triethanolamine (pH 7.5)
(0-0.5 M, 1000 mL). The PL fraction was
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finally purified by gel filtration on a HiLoad
Superdex 75 26/60 in 50 mM NaOAc, 0.1 M
NaCl, pH 5.8, as described for f-PME after
dialysis against the same buffer.

SDS-PAGE revealed that PL was homoge-
neous. PL cleaves pectin by B-elimination and
generates unsaturated pectin oligomers con-
taining a terminal non-reducing residue with a
4,5-double bond. The PL activity was fol-
lowed continuously in a spectrophotometer at
235 nm using 1 mL 0.5% citrus pectin (DE
70%) in 50 mM NaOAc (pH 4.8) at 40 °C.

PG II was a kind gift from Drs Jaap Visser
and Jacques Benen, Department of Molecular
Biology of the Industrial Microorganism Wa-
geningen Agricultural University, The Nether-
lands. Enzyme activity was determined as
described before [16] using PGA as a
substrate.

Synthesis of model pectins.—The raw mate-
rial for the preparation of the P-, F-series and
B-series pectins was lime peel from Mexican
lime (Citrus aurantifolia). A commercially ex-
tracted slow set pectin from this peel was used
as the parent pectin for commercial produc-
tion of GRINDSTED™ Pectin URS 1200
(E81) by esterification in acidified MeOH.

De-esterification using p-PME (P-series).
GRINDSTED™ Pectin URS 1200 (125 g)
was dissolved in 4 L hot demineralised water
under efficient stirring. Sodium chloride (46.6
g) was added and the solution was stirred for
at least 2 h, while the temperature decreased
to 40°C. The pH was adjusted to 7.0 by
addition of 1 M NaOH under efficient stir-
ring. p-PME was added and the enzymatic
de-esterification was continued at 40 °C. A pH
of 7.0 was maintained by automatic addition
of 1 M NaOH until the desired DE was
achieved. This could be estimated from the
consumption of NaOH. The de-esterification
was stopped by lowering the pH to 3.0 by
addition of 4 M HCI. The pectin solution was
heated to 75°C for 5 min to inactivate the
enzyme. After cooling to below 40 °C, the
pectin was precipitated by mixing with 4 L
isopropyl alcohol and the precipitation mix-
ture was stirred for 1 h. The precipitated
pectin was filtered off and washed twice by
suspension in 2 L of 3:2 isopropyl alcohol-
water for 1 h and finally pressed in a cotton

cloth and dried in an oven at 45 °C for 20 h.
In general about 115 g of dry pectin was
isolated and milled to a fine powder.

De-esterification using f-PME (F-series).
GRINDSTED™ Pectin URS 1200 (125 g)
was dissolved as described above. The pH was
adjusted to 4.5 by addition of a solution of
20% aq Na,CO,;. An appropriate amount of
f-PME was added and the enzymatic de-ester-
ification was continued at 40 °C and pH 4.5
by automatic dosage of a 20% aq soln of
Na,CO;. When the desired DE was achieved
the reaction was stopped as described above.
After cooling to below 40 °C, the pectin was
precipitated in 5 L isopropyl alcohol and
stirred for 1 h. The precipitated pectin was
washed and dried as described above. About
115 g of dry pectin was isolated and milled to
a fine powder.

Base catalysed de-esterification (B-series).
GRINDSTED™ Pectin URS 1200 (125 g)
and NaCl (5.46 g) were dissolved in 4 L hot
demineralised water under efficient stirring.
After stirring for at least 1 h the solution was
cooled in an ice bath to 2—3 °C. The tempera-
ture was kept below 4 °C, while the pH was
increased to 9.0 by addition of 1 M NaOH.
The mixture was stirred at that temperature
and 1 M NaOH was added to maintain the
pH about 9.0 until the desired DE was
achieved. For those pectins having a DE
above 40% the de-esterification process was
stopped by lowering the pH to 2.8 by addition
of 4 M HCI. The pectin was precipitated by
addition to 5 L isopropyl alcohol and the
precipitate was treated as described above.
About 115 g of dry pectin was isolated and
milled to a fine powder.

If the desired DE of the pectin was below
40%, the pectin was precipitated in 1.2 L 2 M
HCI. The precipitated mixture was kept below
5 °C during the night, after which the volumi-
nous precipitate was filtered off in a cloth and
washed at room temperature (rt) by suspen-
sion for 2 h in a mixture of 800 mL MeOH
and 1 L 2 M HCI. After filtration through a
cotton cloth, the precipitate was further
washed by suspension for 2 h in 2 L of 1:1
MeOH —water, followed by a wash with 2 L
67:33 MeOH-water. Finally, the precipitate
was pressed in a cloth and dried in an oven at
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45°C for 20 h. About 105 g of dry pectin
powder was isolated after milling.

Preparation of polygalacturonic acid (PGA).
GRINDSTED™ Pectin URS 1200 (150 g)
was dissolved in 3.8 L hot demineralised water
and after dissolution the mixture was cooled
to 50°C. The pH was increased to 4.5 by
addition of 20% Na,CO; soln under efficient
stirring. f-PME (1400 U) was added and the
reaction progressed for 4 h at 50 °C, with
addition of 1 M NaOH to keep the pH con-
stant at 4.5. The mixture was stirred without
further pH adjustment at rt for another 16 h.
The mixture was then cooled to 2-3 °C and
the pH was increased to 11 and kept there by
addition of 1 M NaOH. After reaction for 4 h
the temperature was increased to 40 °C for 1 h
and finally the pH was lowered to 5.0 by
addition of 4 M HCI and the solution was
heated to 70 °C for 5 min. After cooling to
40 °C, the polygalacturonate was precipitated
by pouring into 4 L isopropyl alcohol. After
filtration through a cotton cloth the precipi-
tate was further washed by suspension for 2 h
in 2 L of 1:1 MeOH-water, followed by a
wash with 2 L 67:33 MeOH-water. Finally
the precipitate was pressed in a cloth and
dried in an oven at 45 °C for 20 h. The yield
of polygalacturonate was 105 g.

Characterisation of pectins.—Commercial
lime pectins usually contain less then 0.2%
acetylation. Therefore the degree of acetyla-
tion has not been analysed separately but is
included in the degree of esterification.

Determination of DE and content in galac-
turonic acid (%0AGA). The procedure is a mod-
ification of the method described in the Food
Chemical Codex 3rd edition [23]. Approxi-
mately 3 g sample (a) was accurately weighed
into a beaker and was stirred for 10 min at rt
with a mixture of 3 mL concd HCI added to
60 mL of 3:2 isopropyl alcohol-water. The
suspension was quantitatively transferred to a
weighed fritted glas tube with the same HCI
and aq isopropyl alcohol mixture as above,
followed by 3:2 isopropyl alcohol—water, until
the filtrate was free of chloride. The residue
was finally washed with 10 mL isopropyl alco-
hol and dried in an oven at 105 °C for 2.5 h.
After cooling the residue was weighed (b). The
content of acid and alcohol insoluble solids
(AAIS) was calculated as:

AAIS = b/a x 100%

About 0.25 g of the dried material (c) was
exactly weighed in a 250 mL conical flask,
moistened with 0.5 mL EtOH and dissolved in
100 mL of carbonate free distilled water. The
sample was titrated with 0.1 M NaOH until
pH 9.0 to record the initial titre V. Then
exactly 10 mL 1 M NaOH was added and
mixed and the sample was left tightly closed
for 15 min at rt for saponification of ester
groups. Then exactly 10 mL of 1 L M HCI
was added and stirred until the precipitated
material had dissolved again. The mixture was
titrated with 0.1 M NaOH until pH 9.0 to
record the final titre V.
The DE was calculated as:

DE = V,/(V, + V,) x 100%

The content of AGA in AAIS was calculated
as:

{AGA in AAIS}
= (1.7607 x V, + 1.9016 x V5)/c%.

The content of AGA in the pectin sample was
calculated as:

{AGA in sample}
= {AGA in AAIS} x b/a%

Determination of intrinsic viscosity and aver-
age molecular weight. The intrinsic viscosity

[7]= }13%% is determined by extrapolating
Npl/c to ¢ =0. The determination of #/c at
low pectin concentration is a good approxima-
tion to the intrinsic viscosity, being particu-
larly useful to compare the average molecular
size of pectin samples.

A 1% aq sodium hexametaphosphate soln
was prepared and the pH was adjusted to 4.75
by addition of a few drops of concd HCI. A
pectin sample (0.09% w/v based on dry mat-
ter) was dissolved in this solution. The sample
was transferred to a Hoeppler viscometer and
thermostated at 21 °C. The falling time of a
glass ball (¢ = 15.6 mm) was measured for the
test solution (¢,,) and the sodium hexameta-
phosphate solution was used as reference
(t.r-)- The specific viscosity was determined as

”sp = ttest/lref. —1
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and the intrinsic viscosity was approximated
by

[7] =~ ny,/cwhere ¢
=1 g/L, (0.9 g pectin dry matter
+ 0.1 g moisture).

The equation M, ~ 200,000*#,, was used to
approximate the weight average molecular
weight in the range 50,000—120,000 Da.

Determination of dry matter and pH of
pectins. The content of dry matter in the
pectin samples was determined by gravimetry
after drying of pectin in an oven for 2.5 h at
105 °C.

The pH of the pectin samples was measured
in a 1% aq pectin soln at rt.

Determination of calcium sensitivity (CS) in
high ester pectins. CS is defined as the relative
increase of viscosity of a pectin solution in the
presence of Ca’" ions. The following test
method based on a modification of the proce-
dure described by Glahn et al. [24] was used.

Pectin (4.00 g) was dissolved in about 600
mL of demineralised water. The pH was ad-
justed to 1.50 by addition of 1 M HCI. The
sample was diluted to 666.67 g with deminer-
alised water. This solution (290.0 g) was
weighed in two beakers. To the reference sam-
ple, 10.0 mL of 1.00% aq sodium hexameta-
phosphate soln was added. To the other sam-
ples, 10 mL of 0.25 M CaCl, soln was added.
Both samples were mixed with 50.0 mL 1 M
NaOAc buffer (pH 4.70). After stirring for at
least 15 min, the viscosity of the reference and
the test sample were measured in a Brookfield
DVII viscometer (spindle 2, 60 rpm) at 21 °C.
CS was calculated as:

_viscosity of test sample
~ viscosity of reference sample

If the test solution gels, the CS is too high to
allow an accurate determination of CS.
Enzymatic fingerprinting using pectin lyase
(PL).— A pectin sample was dissolved in a 50
mM NaOAc buffer (pH 5.0) at a concentra-
tion of 5 mg/mL by overnight shaking at rt.
Pectin lyase (100 mU) was added to 1 mL of
the above pectin solution and was incubated
at rt for 20 h. The reaction was stopped by
incubating the samples in a boiling water bath
for 5 min. The total amount of newly formed

oligomers was determined spectrophotometri-
cally. A 50 pL treated sample was diluted with
Milli Q water to 1 ml and the absorption was
read at 235 nm against the untreated sample
solution at the same dilution. The molar
amount of new formed oligomers was calcu-
lated as

¢ =[(OD,;5{PL treated} — OD,;s{untreated})
/5500] x 20 [mol/L]

using the molar absorption coefficient ¢=
5500 mol ~! for methyl esterified 4,5 anhydro-
a-D-galacturonide [25].

For saponification of methyl ester groups,
the samples were cooled down to 3 °C and 0.1
mL of 0.5 M NaOH per 1 mL of pectin
solution was added to increase the pH to 12.
The sample was shaken for 16 h at 3 °C and
then it was neutralised by the addition of 0.1
mL of 0.5 M HCI per 1 mL pectin solution.
The samples were centrifuged and passed over
a 0.45 pm filter prior to chromatographic
analysis.

An Akta Explorer 100 (Pharmacia) with
UV detection at 235 nm was used for HPLC
analysis. Milli Q water and 0.75 M NH,HCO,
in Milli Q water were used as eluents A and B
at a flow rate of 1 mL/min. Eluents were
degassed prior to use. An aliquot (100 pL) of
de-esterified sample was loaded onto an ana-
lytical Mono Q (HR 5/5, Pharmacia) strong
anion exchange column equilibrated with 95%
eluent A and 5% eluent B. After 5 min at
equilibration conditions, a stepwise linear gra-
dient (10 min 5-45% B; 30 min 45-80% B, 10
min 80-100%) was used for elution. 4,5-Un-
saturated galacturonic acid oligomers were
eluted in order of their DP. After each run the
column was washed for 10 min with 100% B
and allowed to re-equilibrated for 13 min with
5% B. The peaks were integrated and their
area were calculated as relative values of the
total integration areas of all peaks. The rela-
tive peak area for each oligomer peak was
multiplied by the overall oligomer concentra-
tion determined by spectrophotometric mea-
surement at 235 nm, as described above, and
multiplied by its molecular mass to give the
amount of oligomer expressed in mg/mL. The
results for the P-, F- and B-series pectin are
shown in Fig. 3.
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For qualitative analysis of the PL finger-
prints prior to de-esterification, an aliquot of
the crude digest was centrifuged and filtered
and a 100 pL. sample was loaded onto an
analytical Mono P (HR 5/5 Pharmacia) weak
anion exchange column equilibrated with
100% eluent A. The HPLC system flow rate
and eluents A and B were as described above.
Fully methylated oligomers were eluted with
100% A in 5 min. Then a stepwise linear
gradient (0—10% B in 20 min, 10-50% B in 30
min and 50-100% B in 5 min) was used to
elute the partially methyl esterified oligomers.
After each run, the column was washed for 5
min with 100% B and re-equilibrated for 15
min with 100% A. Traces obtained for the P-,
F- and B-series pectins are shown in Fig. 4.

Enzymatic fingerprinting using endo poly-
galacturonase II (PG II).—A pectin sample
was dissolved in a 50 mM NaOAc buffer (pH
4.2) at a concentration of 5 mg/mL by
overnight shaking at rt. For quantification,
0.1 mg/mL of glucuronic acid was added as
internal standard. This pectin solution (1 mL)
was incubated with 200 mU PG II for 20 h at
rt. The reaction was stopped by treating the
samples in a boiling water bath for 5 min. The
samples were centrifuged and filtered through
a 0.45 um filter prior to chromatographic
analysis. Oligomer separation was carried out
by HPAEC on a Dionex Al 450 system using
PAD detection. Sodium hydroxide (0.1 M)
(from a 50% aq soln, Malinckroft Baker, Hol-
land) and 1 M NaOAc (anhyd, E. Merck) in
0.1 M NaOH were used as eluents A and B.
Eluents were degassed by sparging 15 min
with helium and kept under helium for the
entire run. The sample (20 pL) was loaded
onto an analytical PA 10 (250 x 4.9 mm,
Dionex) strong anion exchange column con-
nected to a PA 10 guard column (40 x 4.9
mm, Dionex) equilibrated at 90% A and 10%
B. Chromatography was performed at a flow
rate of 0.8 mL/min with a post column addi-
tion of 0.4 mL/min 0.3 M NaOH prior to
PAD detection. For elution of galacturonic
acid oligomers in their DP sequence, a step-
wise linear gradient (10-50% B in 10 min,
followed by 50-65% in 15 min and 65—75% in
15 min) was used. After each run, the column
was washed with 100% B for 5 min and

allowed to re-equilibrate with 90% A and 10%
B for 10 min.

Due to the high pH of the eluents, all
oligomers were de-esterified instantly and
eluted in their DP order. The internal stan-
dard glucuronic acid eluted between the galac-
turonic acid monomer and dimer. Peaks were
integrated relative to the internal standard.
Solutions of purified oligomers with DP 1-8,
obtained from Drs A.G.J. Voragen and G.-J.
van Alebeek (Department of Food Chemistry,
Wageningen Agricultural University) were
used for quantification. For oligomers larger
than 8, the molar response factor of the oc-
tamer was used. The molar amount of each
oligomer was multiplied by its molecular mass
and is expressed in mg/mL as shown for the
P-, F- and B-series pectin in Fig. 3.

Mass spectrometry.— Matrix assisted laser
desorption ionisation (MALDI) time-of flight
(TOF) spectra were acquired on a Bruker
Reflex II mass spectrometer (Bruker Daltonik,
Bremen, Germany) in reflector mode using
delayed ion extraction (delay time 400 ns). To
avoid saturation of the detector by matrix
ions, low-mass detector gating (cut-off at 600
Da) was used. The instrument was calibrated
externally in positive and negative ion mode
using the peptides angiotensin I and ACTH
(1-17).

Sample preparation for MALDIMS. 2,4,6-
Trihydroxyacetophenone (THAP, HPLC
grade; Fluka) was dissolved in MeOH to a
concentration of 150 mg/mL. Nitrocellulose
(Trans-blot transfer medium, 0.45 pm; Bio
Rad) was dissolved in acetone to a concentra-
tion of 15 mg/mL. THAP and nitrocellulose
solutions were mixed in the ratio 4:1. A 0.2 pL
volume of this matrix solution was placed on
the metal target. The solution spread out
rapidly forming a thin layer of homogeneous,
very fine crystals. Analyte solutions were de-
salted using home-made miniaturised columns
(2 pL volume) containing about 1.5 mg am-
monium loaded cation exchange resin (50W-
X8, 200—400 mesh, hydrogen form; Bio-Rad)
as described earlier [8]. The analyte solution
(1.5 pL) was passed over the column and
spotted directly onto the matrix layer. For
analysis in negative ion mode, about 0.1 mg of
cation exchange resin was added to the ana-
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lyte droplet and the sample was allowed to dry
in air. When the sample was dry, loose cation
exchange resin was removed with pressurised
air. Addition of cation exchange resin on the
target was omitted, if measured in positive ion
mode (detection of sodium cationised ions).
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