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he speciation of metals with biologica compounds
(proteins, peptides, amino acids, etc.) is the subject of
increasing interest since the complexation of heavy
metals may reduce their toxicity and their bicavalaibility.

The complexation of divalent cations with the
carboxylic acid groups of uronic acids from pec-
tins is well established. However, one pectic

polysaccharide, Rhamnogalacturonan Il, exists However, there are a limited number of studies concerning
as a borate ester cross-linked dimer that forms the speciation of metals with plant polysaccharides. This is
coordination complexes with selected di- (Pb%, somewhat surprising since plant cell walls contain polysac-
Ba** and Sr*) and trivalent (lanthanides) cations. charides (pectins) that contain a high proportion of nega-
The cation-rhamnogalacturonan Il complex tively charged glycosyl-residues. In this article, we discuss
accounts for the majority of lead in wines and the cation-binding characteristics of pectins and in particu-
fruit juices and may also account for some of the lar describe the selective binding of heavy metals and lan-
heavy metals present in plant cell walls. thanides by the structurally complex pectic polysaccharide

rhamnogalacturonan |1 (RG-I1).
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Metals and Biomolecules

Pectic polysaccharides and the primary
plant cell walls

The célls of growing plant tissue and of parenchyma of fruits
and vegetables are surrounded by the primary cell wall. The
primary walls of dicots and non-graminaceous monocots are
believed to consist of a rigid, rod-like cellulose/xyloglucan
load-bearing network that is embedded in and interacts with
a compression-resistant, hydrated pectin network [1]. Small
guantities of structural glycoproteins, enzymes, and pheno-
lic esters are also intercalated into these networks. The
pectin network is cross-linked by divalent cations (mainly
C&*) and one of its functions is to determine the cation-
exchange capacity of the wall.

To date, only three pectic polysaccharides (homogalac-
turonan, rhamnogalacturonan, and substituted galacturonan)
have been isolated from primary cell walls and structurally
characterized [2]. Homogalacturonan is a linear chain of 1,4-
linked a-D-galactopyranosyluronic acid (GalpA) residues in
which some of the carboxyl groups are methyl esterified.
HG may, depending on the plant source, be partialy O-
acetylated and contain other, as yet, unidentified esters.

Rhamnogalacturonans | (RG-1) are a group of pectic poly-
saccharides that contain a backbone of the repeating disac-
charide [® 2)-a —L—Rhap— (1® 4) — GalpA— (1]. The back-
bone GalpA residues may be O-acetylated on C-2 and/or
C-3 but there is no evidence that the GalpA residues are
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methyl esterified. Between 20 and 80% of the rhamnosyl
(Rhap) are, depending on the plant source and the method
of isolation, substituted at C—4 with neutral and acidic
oligosaccharide side-chains.

Rhamnogalacturonan 1l (RG-II) is a substituted galactur-
onan that is present in the walls of all higher plants pre-
dominantly as a dimer that is cross-linked by a borate ester
[3]. RG-II contains eleven different glycosyl-residues includ-
ing the unusual sugars 3—C—carboxy—5—deoxy—L—lyxose
(aceric acid), 3—deoxy—2—keto—D-manno—octulosonic acid
(Kdo), 3—deoxy—2—keto—D—lyxo—heptulosaric acid (Dha),
apiose, 2-0-methyl—xylose, and 2—0—methyl-fucose. The
RG-1I backbone is composed of at least seven 1,4-linked
a-D-GalpA residues of which some may be methyl esteri-
fied. Two structurally different disaccharides are attached to
C-3 of the backbone and two structurally different octasac-
charides are attached to C-2 of the backbone (Fig. 1).

Pectic polysaccharides in the human diet

Pectins are important in the human diet and health since they
are a magor component of dietary fiber and have been
reported to lower serum cholesterol levels, to bind heavy
metals, and to have immunostimulating and anti-ulcer activ-
ities. Pectins affect the texture and processing characteristics
of fruits and vegetables. The ability of pectins to form gels
has been exploited by man for many centuries and these
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Figure 1. Hypothetical structure of mRG-Il. The attachment sites of side chains on the homogalacturonan backbone have not been

determined.
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polysaccharides have numerous applications; especialy in
the food industry [4]. Pectins are extracted from plant tis-
sues (e.g. fruits and vegetables) with chelators and acids, by
heat treatment, or enzymic (endo-polygalacturonase, pectin-
lyase) treatments.

RG-1 and RG-II are both solubilized during the process-
ing of fruits and vegetables and are present in fruit-juices
and fermented beverages including cider or wine [5]. The
concentration of RG-I and RG-Il in these products is
increased by enzymic maceration and liquefaction of plant
material during processing [6]. Such treatments hydrolyze
the homogal acturonan portion of pectin in the cell wall and
thereby increase the solubility of pectic polysaccharides.

Complexation of metals with pectic
polysaccharides

The ability of pectins to bind cations is due to the presence
of non-methyl esterified galacturonosyl residues. Demethyl
esterified pectins form gels in the presence of calcium due
to the formation of ionic cross-links between homogal actur-
onan chains. The mechanism of gelation is not fully under-
stood, although one model (the “egg-box” model) has
received much attention. In this model, calcium cross-linked
junction zones are proposed to form between homogal actur-
onan chains that contain at least six contiguous and non-
esterified galacturonosyl residues (Fig. 2). This results in the
formation of a polymer network in which water molecules
are entrapped. The gelation of pectins and the physical prop-
erties of the gel are controlled by the extent of methyl ester-
ification of the galacturonosyl residues and their interaction
with divalent cations -(mainly Ca?*).

Due to their anion character, pectins are used as cation-
exchangers for the removal of metal cations from agueous
solutions [7]. The divalent cations are exchanged with mono-
valent counter-ions (Na" or K*). The complexation capacity
increases between pH 3 and 7 due to the dissociation of the
carboxylic acid groups. Divaent cations can be classified
according to the selectivity (affinity, ratio metal/free car-
boxylic groups) of their complexation [7]:

Cu* ~ Pb* >> Zn? > Cd? ~ Ni* > C&*.

Such differences in specificity allow the use of pectins or
plant biomass for the removal of heavy metal cations from
aqueous solutions. The total capacity of a pectic polysac-
charide to complex metal cations is directly related to its
degree of methyl-esterification, degree of polymerisation,
and its glycosyl-residue composition.

Complexation of specific metal cations
with the dimers of rhamnogalacturonan Il

Rhamnogalacturonan 11 is present in the primary walls of all
higher plants predominantly as a dimer (dRG-11-B) that is
cross-linked by a 1:2 borate-diol ester [3]. The ester is
believed to be located between two of the four 3'-linked
apiosyl residues present in the dimer. The dimer forms
slowly in vitro by treating the monomer (mRG-11) at
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Figure 2.The “egg-box”model for the cross-linkage of two non-
esterified galalacturonan chains.

pH 2.5 — 4.0 with an equimolar amount of boric acid.
Typically, the yield of dRG-1I-B is < 30% after 24 h,
although the rate and extent of dimer formation is increased
by using higher concentrations of boric acid. The addition
of an equimolar amount of Pb?*, Ba*, Sr?*, La¥, Eu¥* Ce*,
Pr3*, or Nd** dramatically increases the reaction velocity and
complete conversion of the monomer to the dimer occurs in
30 min at pH 3.5 in presence of Pb?* [3]. The role of the
cations in dimer formation has not been determined although
it appears to be catalytic. The cation most likely forms a 1:1
coordination complex with the dimer and this may involve
coordination to the oxygens of glycosyl residues in the prox-
imity of the borate esters or to the oxygens of the borate
ester. The cation coordinated to the dimer is not removed by
treatment with chelex resins, although it is partially removed
a a dow rate by using a large molar excess (~ 100 fold) of
CDTA or EDTA.

A limited survey of the cations that promote dimer for-
mation in vitro has indicated that they have certain common
characteristics including:

- avaence of 2+ or 3+;
. acrystal ionic radius > 0.95 A;

- an electronic configuration with an incompletely filled
sub-shell;

- alow ionization energy;

- an afinity for oxygen-donor ligands.

Physiologically important metal cations (e.g. Cu®, Fe*,
Mg? or Zn?*) do not promote dimer formation. Calcium
which has an ionic radius of 0.99 A has a low affinity for
dRG-I1-B. Mercury which has a crystal ionic radius of 1.10
A does not promote dimer formation and this may be due
to the fact that Hg?* has a low affinity for oxygen-donor lig-
ands. Thus, dRG-11-B can have the potentia to be used for
the complexation of Pb?*, Ba?*, Sr?*, La*, Eu®* Ce¥, Pr¥,
and Nd* since these cations readily displace Na*, K* and
Ca?* from the dimer.
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Speciation of selected metal cations
in plant cell walls

The complexation of specific metal cations with the dRG-
I1-B has been demonstrated in vitro by treating mRG-I1 with
boric acid and cations [3]. Such complexes are aso likely
to be present in the plant cell wall since treating walls with
endo-polygalacturonase solubilizes dRG-I1-B that contains
Sr2* (~0.3 moles/mole dimer), Ba* (~0.1 moles/mole dimer),
and Pb?* (~0.1 moles/mole dimer) [3,8,9]. The mRG-II from
the same plants contain little if any of these cations. These
results are consistent with previous studies that reported the
presence of lead in the insoluble fraction (cell wall) of
plants. The physiological significance of the ability of dRG-
[1-B to bind heavy metalsin muro is not known, athough it
may alow plants to grow in the soils that contain elevated
amounts of toxic cations. The potential application of these
findings for bioremediation of contaminated soils has been
proposed [10].

Speciation of selected metal cations
in wines and fruit juices

RG-II accounts for less than 5% of the primary cell wall but
its resistance to fragmentation by all known pectolytic
enzymes is responsible for its unusually high concentration
in products obtained by pectolytic enzyme treatment of plant
material. Wines and fruit juices may, depending on the
source, contain between 50 — 400 mg L of dRG-I1-B [6,8].
This concentration (5 — 40 uM) is sufficient to complex all
of the Pb?*, Ba?*, Sr?*, and lanthanide cations present in most
wines and juices. Moreover, boron is also present in rela
tively high concentration in fruits and vegetables (20 —
50 ng g dry wt) and thus is not a limiting factor for the
formation of dRG-11-B.

We have shown, using graphite furnace atomic absorption
spectrophotometry (AAS) [11], that the majority of lead in
wines is bound with dRG-11-B. Recently, we have extended
these studies by using size-exclusion chromatography (SEC)
with on-line detection of cations by inductively-coupled-
plasma mass spectrometry (ICP-MS) [12] to determine the
total, free and bound lead in 20 wine samples (red, white,
rosé, and sparkling) from different countries. The co-elution
of dRG-II, boron and lead from the SEC column (Superdex
75-HR 10/30) confirmed that lead is indeed complexed with
dRG-I1-B. Between 45 and 95% of the lead in the wines is
bound to dRG-II-B and no free mineral lead is detected.
These products provide compelling evidence that much of
the lead is bound to dRG-11-B, although it is likely that other
lead complexants are also present in some wines. The results
of preliminary studies using SEC-ICP-MS indicate that in
wines Sr#*, Ba?* and lanthanides are also complexed to dRG-
I1-B.

One consequence of our results with heavy metals in
wines is that the description of wine as a significant source
of lead in the human diet needs to be reevaluated.
Nutritional studies are required to establish if the complex-
ation of metal cations by dRG-I1-B limits their bioavailabil-
ity and their absorption through the gastro-intestinal tract.
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The addition of pectic polysaccharides to the human diet has
been shown to reduce the uptake of toxic metals and
actinides [13]. However, pectins also bind physiologicaly
important cations (Ca*, Cu?*, Mg? or Zn?*) and eevaed
consumption of pectins may result in a decrease in the avail-
ability of essential minerals. dRG-11-B has a higher degree
of selectivity for cations than does pectin and may have
potential applications as a food additive for the removal of
toxic cations.

Isolation and characterization
of metal-dRG-II-B complexes

Extraction and purification of dRG-II-B

RG-II is solubilized by treating plant cell walls with pec-
tolytic enzymes. In most studies homogeneous purified
endo-polygalacturonase are used. This enzyme specifically
fragments the homogalacturonan backbone of pectins and
releases RG-I, RG-Il and low molecular weight oligogalac-
turonides. These molecules are separated and purified by a
combination of successive anion-exchange and size-exclu-
sion chromatographies. Alternatively, commercial pectinases
that are used to liquefy plant material can also be used to
solubilize RG-Il. These enzyme preparations are a mixture
of pectinases, cellulases and hemicellulases, but since none
of the enzymes are capable of degrading RG-11, they can be
used to quantitatively release RG-I1 from plant material [6].
Fermented beverages including wine and cider can be used
as a direct source of RG-II since part of the manufacturing
process involves degradation of the fruit cell walls with
pectinases produced by the fermentation microflora.

The RG-II is then isolated by ethanol-precipitation or
ultrafiltration of the wine or of the fruit juice, and purified
by a combination of anion-exchange and size-exclusion
chromatographies. These low-resolution chromatographic
techniques typically do not resolve dRG-I1-B and mRG-II.
However, the monomer and the dimer are readily separated
using high-resolution SEC columns such as Superdex 75-HR
10/30 (Pharmacia, Sweden) [3,9].

Chemical characterization of RG-II

The glycosyl-residue and glysosyl-linkage compositions of
RG-1l are determined by GLC analysis. The neutral glyco-
syl-residue compositions are determined, after acid hydroly-
sis, by converting the released monosaccharides into their
aditol acetates derivatives. The neutral and acidic glycosyl-
residue compositions are determined, after solvolysis with
methanolic HCI, by converting the methyl glycosides into
their corresponding per-O-trimethylsilylated derivatives. The
identification of some of the monosaccharides present in
RG-Il (e.g. apiose, 2-0-methyl-xylose, 2-0-methyl-fucose,
Kdo, Dha, and aceric acid) requires the use of GLC-MS.
However, the simultaneous appearance of these monosac-
charides in the same polysaccharide is considered to be diag-
nostic for the presence of RG-II.

Glycosyl-linkage composition analysis is determined by
GLC-MS analysis of the partially methylated alditol acetate
derivatives. The procedure involves permethylation of RG-II
followed by reduction of the methyl esterified carboxyl
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groups, acid hydrolysis, and conversion of the released
methylated monosaccharides to their corresponding O-
methylated alditol acetates derivatives.

Several other analytical techniques including *H, *C or
1B NMR spectroscopy, €lectrospray mass spectrometry,
matrix-assisted-laser-desorption time-of-flight mass spec-
trometry have also been used for the structural characteriza-
tion of RG-II.

Identification of metal cations complexed
to dRG-II-B

The cations bound to isolated dRG-11-B preparations have
been identified and quantified by inductively-coupled-
plasma-atomic-emission spectroscopy (ICP-AES) [8] or
graphite furnace atomic absorption spectrophotometry
(AAS) [11]. SEC-ICP-MS is aso a powerful technique for
determining the cation contents of dRG-11-B [9,12]. In prin-
ciple, 2"Pb NMR spectroscopy could be used to structurally
characterize the dRG-I1-B/Pb complex. However, lead has a
relatively insensitive nucleus (comparable to 3C) and the
chemical shifts of lead are concentration-dependent which is
likely to complicate the interpretation of the NMR spectra.
Lanthanides are used as chemica shift reagents in NMR
spectroscopy and athough dRG-11-B is known to bind lan-
thanides, the use of these interactions for NMR spectroscopy
analysis has not been investigated.

Conclusion

The selective complexation of Pb?*, Ba?*, Sr?*, La**, Eu®*
Ce*, Pr¥*, and Nd* by dimers of RG-Il has been docu-
mented, although the locations of the glysosyl residues that
participate in the formation of the coordination complex
have not been identified. The specificity of the complexation
for toxic metals and the occurrence of relatively high
amounts of dRG-1I-B in wines and fruit juices may have
implications in human nutrition. The actual bio-availability
and toxicity of bound Pb? in wine and cider need to be
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determined. The potential use of RG-11 as a food additivein
contaminated area is now being investigated. The role of
dRG-11-B and metals in the normal growth and development
of plants is also being studied.
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