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ABSTRACT

Pectins are complex structural components of plant cell walls, which can be
composed of at least 17 monosaccharides of which a-D-galactopyra-
nosyluronic acid is quantitatively the most important. They are nowadays
viewed as multi-block cobiopolymers, containing homogal acturonan,
xylogal acturonan, rhamnogal acturonan-1, and rhamnogal acturonan-I1 struc-

KEYWORDS

Thecdl wall;
Pectins;
Structural domains;
Functional properties;
Gelling agents.

tural domains. Thisoverview of pectinsis, however, restrictive inasmuch as
other block copolymers, namely apiogal acturonan, gal acturonogal acturonan,
galactogalacturonan, and arabinogal acturonan have also been reported to
be integral part of pectins from diverse sources. The review aims at high-
lighting and updating the extraordinary pectin repertoire and related (bio-
)functionalities with a special mention of the overlooked polymers.
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INTRODUCTION

Pectinsare probably the most complex and diver-
sified polysaccharides of the (primary) cell wall of dl
land plants. They area so themost intriguing and ver-
satilefromafunctional point of view. Thewell-known
functiona propertiesof pectinsaretheir gdling abilities
towhich they owethename ‘pectin’ in reference to the
Greek word ‘pektikos’, which means to ‘congeal, so-
lidify or curdle’.*3 Thisfunctionality of pectinsiscur-
rently exploited inthefood industry for theproduction
of jelies, jams, and marmal ades. Pectins appear to be
al so good thickening and stabili zing agents of various
food systems such as sauces, dessertsand acid milk

products. Certain kinds of pectins and pectin-like
polysaccharidesfrom by-productsof different plants,
such ascacao, cauliflower, chicory, endive, pumpkin,
soybean, and more particularly sugar beet, have proved
effectiveemulsifiersof oil-in-water emulsions®*® The
so-caled modified (citrus) pectins, which are mixtures
of gd acturonan- and/or galactan-rich pectic fragments,
have been reported to be potent inhibitors of galectin-
3-mediated cancer cells. Inplanta, pectinsare princi-
paly structurd componentsfulfillingimportant biologi-
cd functionssuch aspromoting seed germination, pro-
tecting plantsfrom withering and conferringtothema
certain resistanceto cold and drought,'® and partici-
pating in the cell growth and devel opment. In muro,
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themechanica propertiesand therdativeflexibility and
strength of thecell wall, itsintegrity, and porosity are
believed to be primarily determined by the pectin ma-
trix polymers,[¥ and in association with water, any
changein the composition of the pectin components
and their relationship oneto another can extensively
alter thetextureand the strength of the cell wall.[*%11
Pectins are al so thought to provide charged surfaces
that modulatewa | pH and ionic balance, regul ate ad-
hesion of cellsto oneanother, and functionassigna (or
recognition) moleculesthat alert the plant cellsto the
presence of symbiotic organisms, pathogens, andin-
sects["1213 However, theterm “pectin’ is vague enough
and asomewhat mideading sinceit rather impliesone
macromolecule.**¥ Pectinsin fact includere atively
simpleto highly complex polymer structures, all con-
taining essentially the glycosyl residue a-D-
gdactopyranosyluronic acid (a-D-GapA). Pectinsare
alsoviewed asagroup of polysaccharidesthat havein
common ahigh proportion of a-D-GalpA,1** amix-
ture of heterogeneous, branched and highly hydrated
polysaccharidesrichin a-D-GapA that are extracted
fromthecdl wall by Ca?*-chelating agentssuch asam-
monium oxalate, EDTA, EGTA or CDTA ,*d afamily
of complex polysaccharidesthat contain a-D-GapA™
or asaclassof moleculesdefined by the presence of
o-D-GalpAl®, Pectins are, however, believed to be
composed of at least 17 different monosaccharides,
containing morethan 20 different linkages.41"19 Stud-
iesusing enzymes of known specificitiesto degrade
purified cell wall materid s(CWMSs) or pectinsextracted
from them have reveal ed that the different monosac-
charidesarenot randomly distributed in aunique ‘gi-
ant’ pectin macromolecule, but are rather organized in
anumber of block polymers,42°24 completely or partly
interconnected by asyet unidentified linkagestoform
the so-called pectin network aso referred to as pectin
matrix. Over theyears, severd pectic componentshave
been purified and structurally characterized, alowing
pectins to be currently defined as multi-block
cobiopolymers, including three-to-four pectic polysac-
charidetypes, viz. unsubstituted homogal acturonan
(HG), rhamnogal acturonan-I (RG-I) backbone
(branched with different side chains of arabinan, galac-
tan and arabinogd actans-| and I1), rhamnogd acturonan-
[l (RG-11) and/or xylogal acturonan (XGA)[t3171822 Tg

date, the so-called alternating ‘hairy’ (RG-I) and
‘smooth’ (HG) regions model? and two challenging
modd s, viz. the ‘RG-I backbone’ model with HG side
chaing'” and the lately proposed living-thing like
model 1?2 in which the previous two have been ac-
counted for, arethethree remarkabl e hypothetic mod-
els. It should, however, be underlined that four other
pecti c polysaccharides, viz. apiogd acturonan (ApGA),
gaactogalacturonan (GGA), arabinogal acturonan
(A ,GA), and gd acturonogal acturonan (GaGA) have
been described®2+28, but very often overlooked and
omitted from the literature, probably because they
seemed not to be amply ubiquitous, compared to the
first four. Thelatter six branched polymersall havein
common a(1—4)-linked o-D-ga acturonan backbone,
and therefore can be gathered under the genericterm
of ‘substituted galacturonans’*31¢, Thus, pectinscan
truly be viewed as a class of highly heterogeneous
polysaccharides of at least 8 different block copoly-
mers, from thecedll wallsand somemucilagesand exu-
datesof (higher) plants, some of which form complex
(or composite) macromoleculesviaasyet not clearly
elucidated inter-linkages. For example, extracted pec-
tinsfrom apple, citrus, and yellow passion (Passiflora
edulisf. flavicarpa) fruit (Y PF) rinds appeared to be
complex-like macromol ecul es, composed chiefly of
blocksof HG, followed by RG-1, XGA, and/or RG-II,
with probably aminor amount of free GGA in apple
pecting[*24?"], tragacanthic acid (the main polysaccha
ride component of gum tragacanth from Astralgus
gummifer) was reported to include predominantly
blocksof XGA and few RG-11, soybean solublepectin
wasfound to contain mainly stretchesof RG-I followed
by HG, XGA, and probably GGA?*3%0  and
comaruman, an ammonium oxal ate (A O)-extracted
pectin from the marsh cinquefoil Comarumpalustre
consisted mainly of HG followed by RG-I and some
GaGA blocks?!. However, itisworth underlining that
itisstill amatter of controversy astotheway inwhich
thedifferent structural domainsare arranged to form
complex pectin(s) inmurd™. Therdativeamount, fine
structure, and length of each domain may vary widdy
from sourceto source, between different cell types, at
different sagesof cdlular deve opment, and evenwithin
asinglecdl wall3418, Thefinestructuresof thepectic
polysaccharidesgovernther biologicd functionsin-and-
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out of muro*+1¢ Expanding our knowledge of how
structuraly diversified pectinsare proves essential to
understanding thefunctiona versatility withinthecell
wall aswell asafter extraction and purification. The
present review amsat providing an updatefor theeight
possiblestructural domains of complex pectinswitha
special attention focused on thefour currently over-
looked, and yet functionally maybeimportant, pectic
polysaccharides.

THE FOUR COMMON PECTIN
STRUCTURAL DOMAINS

Unsubstituted homogalacturonans

Unbranched homogalacturonans (HGSs), oftenre-
ferred to as linear (homo)galacturonans,
polygal acturonans (PGAS) or ‘smooth’ regions (SRs)
of complex pectins, arethefirst typeof pectic polysac-
charidesthat have been purified from (pectinsfrom)
plant cdl wallg%1. They have been shown, by different
methods of structurd andysis(e.g., methylation analy-
sis, NMR, FTIR, anomeric configuration and optical
rotation), to be non-substituted polymeric chains of
(1—>4)-linked-a-D-GalpA units, partially
methylesterified at C-6 position of a-D-GalpA units,
irrespectiveof theoriginof plant cell wals, their matu-
ration stage, and physiological behavior. Someof the
GalA unitsof the HG chain can be acetylesterified at
O-2 and/or O-3 positions with a degree of
acetylesterification (DAc) amounting over 60%, de-
pending on the source and extraction method*34:32,
Thelength, themethylesterification degree (DM) and
pattern of HG chains may vary widely from sourceto
sourceand location venueinmuro (e.g., middielamdla
and primary cell wall (PCW)). It has recently been
shownthat the (native) HG lengthiislikely to be about
two-fold shorter inthe cell walls of commelinoid-re-
lated monocot speciesthan in the cell walls of dicot
speciesat full maturation stage”. Linear HGsarethe
simplest and the most abundant pectic polymerssofar
characterized, representing ~50-70% of the cell wall
pecting41619 HGs asintact as possi bl e, with respect
tochanlength, areusudly isolated astheinsoluble prod-
uctsof extracted pectins hydrolyzed under optimized
acid conditiong*2™. They can account for up to 95%
(w/w) of extracted pectins and contain morethan 70%

of thewholepectin Gal A residues, indicating their over-
whelming mgority over other Sructurd domainsof pec-
tins such as branched RGs-11414%3, They seemed to
be, however, less profuse (than RG-1 domains) in a
pectin-like structure from soybean cotyledons*® and
ingtrikingly minor amountsin (water-soluble) mucilages
from Arabidopisthaliana and Linumusitatissimum
(flax) seedd®*1, They are (almost) exclusively respon-
siblefor thewell-known gelling ability of pectins. Itis
widdy bdlieved that high methyl esterified (HM) pectins
(DM >50) form gelsin the presence of sugar (e.g., SU-
crose) and acid (pH 2.2-3.0), i.e., the so-called HM

pectin-sugar-acid-gels ((HM-)SAG) and low
methylesterified (LM) pectins (DM < 50) form gelsin
thepresenceof divalent cations(e.g., Ca*), commonly
referred to as ‘calcium gels’. However, it has recently
been reported that some (commercid) HM pectins (DM

>60%) having sufficiently unesterified GalA resduesor
block sequences of non-esterified Gal A residues, as
obtained by trestmentswith plant pectin-methylesterases
(p-PMEs), formed Ca?*-mediated gel 9%, indicating
that the methyl esterification pattern (block or non-block
wise) isthe main determining factor of Ca2*-induced
gelation of pectinsrather thanthe DM. HGscan aso
function as biosorbent, owing to a strong cation ex-
change capacity (CEC), thereby appearing to be po-
tentia heavy metal ‘scavengers’ from, for example, the
human body and water andland contaminated with such
threatening pollutants“®. In muro, HG chains are
thought to be cross-linked by Ca?*, thereby forming
gdl-like structures, inthemiddlelamell ag, that foster
cdl-cdl adhesion by adjoining different cell wall sabut
and to function asthe gluewhich consolidatesthe pec-
tin network of the PCW“142, They may also determine
thewater-binding and holding capacity, knowing that
water isthe main constituent of thecd | wall.

Rhamnogalactur onans|

Unlike HGs, rhamnogal acturonans-1 (RGs-) are
compositiondly heterogeneous, containing diverseneu-
tra sugar (NS) units, notably a-L-Rhap, f-D-Gdp and
a-L-Araf inadditionto a-D-Ga pA. Although (nearly)
unbranched RGs-I have been characterized from A.
thaliana seed mucilage®¥, RGs-| areusually branched,
complex polysaccharideswith abackbone composed
of therepeating diglycosyl [—>2)-a-L-Rhap-(1—4)-

ey, Research & Reotews On

Polymer



76 On the rich pectin repertoire and functional versatility

RRPL, 2(2) 2011

Review

a-D-GalpA-(1-] =, which carries, at O-4 (mainly)
and/or O-3 (scarcely) positionsof a-L-Rhap residues,
sdechansof sngleresiduestolong polymersof differ-
ent kinds: (1—»5)-a-L-arabinans, (1—4)-B-D-
galactans, arabinogalactans-l (AGs-1), and
arabinogalactans-11 (AG-11) with a(1—3)-linked 3-
D-gadactan core. Other would be sidechains(residues)
are the rare sugar a-L-Galpi®#, o-D-Galp“,
arabinogalactans with (1—6)-linked 3-D-galactan
core“47 galactoarabinang®#9, linear (1—2)-linked
ga actan and even branched (1— 3)-linked rhamnan®?.
Onthe other hand, agreater number of Rhaover GalA
(GalA/Rha~0.35) hasbeen determinedin RGs-| from
L. usitatiss mumand A. thaliana seed mucilageswith
no other linkage group interrupting theexpected disac-
charide backbone unitg®!. On the basis of the latter
data, it can be posited for the existence, in some plant
materias, of either unusual RG-1 bearing side chainsof
few Rha units and possibly rhamnan or authentic
gdacturonorhamnansin which few (1—4)-linked a.-
D-GdpA unitsappear to beinserted into (1—»2)-linked
o-L-rhamnan chains. Thedegree of a-L-Rhap substi-
tution with side chains may amount up to essentially
100%5152, The Gal A units of the backbone are par-
tially acetylesterified at O-2 and/or O-3 positionsand
the DA may vary widely from sourceto source. Also,
unusua acetylation at O-3 position of Rhap unitshas
recently beenidentified inthe RG-1 domains of okra
pectin-like structures“!. In contrast, it iswidely as-
sumed that the Gal A residues of RGs-| are not methyl-
esterified, because RGs-1 are not degraded under [3-
eliminative  circumstances!’*9,  though
methylesterification (up to ~100%) may occur in, for
example, applefruit, tobacco lamina, citrusped, kid-
ney bean cotyledon, sugar beet pul p, mung bean and
flax hypocotyl pectins RG-I regiong4%354, Albeit long
since thought to be homogenous with a M« of ~200
kDaand abackbone containing asmany as 100 Rha-
GalA repeatd™, more recent studies have shown that
RGs-| arehighly heterogeneousinsize, not only inthe
backbone but a so in the side chaind**, such an ex-
tent that different popul ations can exist evenwithin ho-
mogenoustissues. Moreover, assuming acertain level

of homogeneity with respect to source, the Dpsof the
RG-I backboneand polymer (M« ~50-2000 kDa) may
vary widely from ~15to ~400 Rha-Gal A repeats and

from 200to 1000 glycosyl residuesper macromolecule,
respectively, depending onthe origini*+%51, RGs-| are
thusdiversified that they arecurrently viewed asafam-
ily of structurally related, often ultra branched
heteropolysaccharides present in plant PCWs, muci-
lages, and exudate gums 4+, RGs-|, asintact aspos-
sble, areusudly purified by digesting ‘intact’ CWMs
and extracted pectins with highly-purified
endopolyga acturonases (EndoPGs) in combination or
not with highly-purified exopolygalacturonases
(ExoPGs) andfractionating thesolubleproductsby s ze-
exclusion chromatography (SEC) preceded or not by
ion-exchange chromatography (IEC) purificati on4258,
They aregenerdly duted on SEC asthehighest (aver-
age) molecular-weight (M, ) polysaccharide materials.
RG-I polymersare one of themost complex polysac-
charidesand quantitatively the second structural do-
mainsof pectinsafter the HG domains. However, they
arelikely to bedominant in (soluble) soybean cotyle-
don pecting® and overwhel mingly predominant (over
HGs) inwater-soluble mucilagesfrom A. thalianaand
L. usitatissimum (flax) seedd®354]. In muro, RGs-|
are, for example, believedto hold acentra function as
ascaffoldtowhich other pectic polymers, suchasHGs
and RGs-1l, are covalently attached asside chainsto
form the pectin network*”41, which governsthecell
wall srength, eadticity, flexibility, and mechanica prop-
erties. Changesintissuefirmnessandtissue softeningin
ripening fruitsarecommonly re ated to degradation (10ss)
of pectin RG-I galactan and arabinan side chaing*!.
Out of muro, certain purified RG-1 materialsenriched
with side chains of (1—4)-3-D-galactan and/or
arabino(1— 3,6)-p-D-ga actan proved to be effective
immunostimulating, anti-complementary, and anti-can-
cer (anti-adhesive, anti-proliferative, anti-angiogenetic,
and anti-metastatic) agentg*2%%1, Though RGs-| per
searerather poor thickening and typically non-gelling
agents, they areassumed to form junction zone-termi-
nating structural elementsessential toavoidingmicelle
formation with ensuing undesirable phenomena, viz. tur-
bidity, syneresis, and precipitation, in HM-SA G,

Rhamnogalacturonans- |

Among substituted galacturonans (SGs) hitherto
characterized, rhamnogdacturonans-1l (RGs-l) arethe
most complex and probably themost ubiquitous. They
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haveindeed been purified fromthe cell wallsof some
lower plants(e.g., ferns, horsetails, and lycopods), al-
most dl higher plantsexamined sofar, wine, and evena
crudeenzyme preparation from Aspergillusniger mar-
keted as Pectinol AC'#6162, RGs-11 are composed of
asmany as 12 different monosaccharidesand ~28-36
individud glycosyl residues, interconnected by more
than 20 different glycosidic linkages. Thisgivesriseto
highly complex, branched macromol eculeshaving a

(1—-4)-linked a-D-gd acturonan backbone (of br 7—
15), partially methylesterified at C-6 position and bear-
ing four well-defined oligosaccharidechains. RGs 1l are,
therefore, structuraly different from RGs-1. Seven out
of the different glycosyl residues, namely Apif, 2-O-
Me-Fucp, 2-O-Me-Xylp, aceric acid (AceA, 3-C-
carboxy-5-deoxy-L-xylose), 2-keto-3-deoxy-D-
manno-octulosonic acid (KdoA), 3-deoxy-D-lyxo-
heptulosaricacid (DhA), and o-L-Gap arerarely found
innatura substances, thefirst six of which areconsid-
ered to bespecificto RGs-I1, thereby representing their
diagnostic glycosyl residues. RGs-11 are usualy puri-
fiedfrom ‘intact’ CWM s and extracted pectins by Endo-
PGs (+Exo0-PGs)/IEC-SEC procedured®46183l, | ess
expensveliquefying crudeenzymepreparationswitha
widerangeof pectinolyticand hemicdlulasicactivities,
such as Drisdl ases, Pectinases, and Rapidaseshave d-
ternatively been utilized to solubilize RGs-I| from plant
ti ssued®648% owing to ahigh level of resistancetoall
known polysacchari de-degrading enzyme preparations
except for the glycanases-rich cell-freeextract of Peni-
cilliumdal eag®. On appropriate SEC columns, RGs-
Il eluteasintermediate M  materials between RGs-|
and oligogal acturonides (from HG domains degraded
by EndoPGs (+ExoPGs)). Solubilized RGs-I1 canbe
intheform of borate-ester-linked dimers(dRGs-11) and/
or (borate-ester-free) monomers (mMRGs-I1). In case
both formsare present in enzymatic digests, the SEC
chromatogram shows, in M decreasing order, sepa-
rate peaks of RG-I, dRG-Il, mRG-II, and oligoGalA
material 967, BothmRG-Il and dRG-II havethesame
(or very similar) glycosyl resdue and linkage composi-
tions, but are differentiated by the boron content and
the M, values, which are of ~5.0 and 10.0 kDa, re-
spectively. Awidely held view isthat RGs-I1 are pre-
dominantly presentinthecell wall asdimerg13%56268l,
which is supported by later work(*4670 Alsp, itisa

> Review

common belief that RGs-1l are structurally conserved
throughout the plant kingdom to such anextent they are
viewed asaunigque macromolecule. Itisworth under-
lining, however, that someintravariationsin the back-

bone length and DM of wine RGs-Il (Dp 8-15) and
intervariationsin whole RG-11 macromoleculeshave
been reported’® ™ which could result in significant dif-
ferencesinfunctional properties, more particularly in
bioactivity!®®. RGs-1l can account for between 0.5%
and 8% (w/w) of the pectin-rich PCW of dicot and
non-graminaceous monocot speciesand lessthan 0.1%
(w/w) of the pectin-poor PCW of commelinoid-related
monocot species?4€272 and hence are quantitatively
minor cell wall polysaccharides. They arethought to
account for 10-11% (w/w) of (cell wall) pecting™.
However, theRG-11 content of pectinsfrom CWMsof
different monocot and dicot speciesislikeytobeless
than 5%, The RG-II fraction represents ca. 1.5%
(w/w) of Pectinol AC and 20% (w/w) of a cohol-pre-
cipitated polysaccharides from red wing® ™, thereby
being amaj or polysaccharide component of thisfer-
mented beverage. Although usually present in minor
amountsin the PCWSsof plants, theubiquity of RGs-I
alowstothink that they should play specia role(s) in
muro. Immunocytochemical studieshave aso shown
that RGs-11 are enriched near the plasmamembrane,
but amost absent fromthemiddlelamellae. It has, how-
ever, been suggested that RGs-I1 could be attached to
ascaffold RG-1 structure in the pectin matrix of the
PCW741 |t isbelieved that RG-11 dimer formationis
required for theformation of athree-dimensiona pec-
tin network in muro contributing to the mechanical
properties of the PCW!2, They arealso required for
normal growth and devel opment of plantsinthesense
that changesinthewall propertiesand pore sizethat
resultsfrom decreased borate cross-linking of pectin
RG-11 chains, may |ead to many of the symptoms asso-
ciated with boron deficiency in plantg®>™. Also, pollen
tube growth and elongation in A. thaliana has been
found to be conditioned by the synthesisof the RG-II
diagnostic glycosyl residue KdoA™!. Out of muro,
RGs-11 are somewhat in quest of functionality, though
they may also be effective exchanger of heavy metal
cations such as Pb?* and Cu?, thereby appearing as
potentid reducing agentsof thelevel sof toxic cationsin
soil and water®® and possibly in human organs con-
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taminated with such threatening chemical elementsat
the genesisof some cancer types. A RG-11-containing
pectin-like structure (blupleuran) from Bupleurum
fal catum has been found to exhibit efficacious anti-
ulcer activitied™, which might beat |east partly dueto
thepresenceof RG-11. WhileRGs-I1 have beenidenti-
fied astheimmunol ogically active components (of wa-
ter solublepolysaccharides) intheleavesof Panax gin-
seng, RG-11 containing extractsfrom other plant sources
haveexhibited no pharmacol ogica activity, implying thet
further investigations arerequired beforeassigning a
definiteroleto RGs-11 for which somedight structura
variationscould explain the observed significant differ-
encesintermsof bioactivity!®.

Xylogalacturonans

Xylogalacturonans (XGASs) arethe second well-
enough known typeof SGs. Theoverd| structure con-
sists of an interior chain of (1—»4)-linked a-D-
galacturonan, partialy substituted at O-3 position by
single non-reducing 3-D-Xylp residuesand possibly
with longer sidechains(bp 2-8) of 1 +2/1—3/1—4/
1-2,3/1-2,4/1—3,4-linked B-D-xylang45%, Sub-
stitution at O-2 position of a-D-GalpA, by -D-Xylp
isnot common, but it hasexclusively been suggested to
occur inthe XGA domain of zosterine (or zosteran),
whichisanAO-solubilized pectinfrom marineseagrass
plantd™ and together with substitution a O-3 position
in XGA from cultured-carrot cell$7. The 3-D-xylan
side chainsof XGAsare often substituted with o.-L-
Araf, a-L-Fucp and B-D-Galp unitsand thel atter two,
in turn, can be substituted at O-4 and O-4/0-6, re-
spectively, by B-D-GIcpA units®, though pure XGA
materiashave been reported from apectin-like struc-
ture from soybean CWM™, The degree of substitu-
tion of the gal acturonan backbone by 3-D-Xylp units
(i.e., Xyl/Ga A molar ratio) anditsDM may vary widdly
from ~20 to ~100% and from ~40 to ~90%, respec-
tively, depending on the source%, In contrast, itis
not knownwith certainty if the X GA backboneisacetyl-
esterified. Also, the pr of the XGA backbonevaries
widdy from 21 to possibly 120 GalA units. Theisola-
tion methods of X GAsincludevariousmild chemical
(akaineor acid)?# and enzymati 52+ conditions,
which may at least partly explainthewiderangeof Dp
above-specified, inasmuch aschemicd proceduresare

not totally selectivefor glycosidiclinkages. Ontheother
hand, theexistenceof XGAsinthecdl wallsof plants
can be evidenced by treating pectins extracted from
them with Endo-xyl ogal acturonan hydrolase (XGH),
which releases X GA oligomersof different ppg98Y.
XGAsare heavily susceptibleto Exo-PGsbut hardly
to Endo-PGs, though an Endo-PG accommodating a
xylosylated Gal A residue of the backbonejust follow-
ing the hydrolysis site has recently been reported(©.
XGAsareusudly purified from thewallsof reproduc-
tive plant tissues, and aretherefore thought to havea
speciaized function associ ated with storagetissues of
reproductive organs3%. A relation has a so been sug-
gested between expression of the LM 8 epitope (against
XGA) and the subsequent onset of regenerationinwhesat
callus culture®. On the other hand, X GAshave been
identified inthewdlsof non-reproductiveorgans(roots,
stems, and leaves) of diverse plantg>*#l, thus suggest-
ingalarger array of functiondlities, notably contribution
toplant (cell wall) resistanceto phytopathogens. Out
of muro, XGAs remain polysaccharides in quest of
function. Polymersof X GA are believed to be present
inthewallsof arestricted number of plantg**%, but
nowadaysthisview seemsto beoutdated, inasmuch as
thelist of (thewallsof) plants containing themiscease-
lesdy extending. They haveindeed beenidentified, for
example, inthecdl wallsof pinepollen, kidney beans,
red beans, soybeans, Japanese radish, onion bulbs,
cotton seeds, potato tubers, chestnut bran, peahulls,
A. thaliana stem and (young and mature) leaves, mul-
berry leaves, root caps of wheat, pears, appl s, citrus,
grapes, watermelons, Y PFfruits, and evenintreeexu-
dates such gum tragacanth from A. gummifer(4145584,
Thisshowsthat X GAsarerather ubiquitous contrary
to previousassumption.

THE CURRENTLY OVERLOOKED PECTIC
POLYSACCHARIDES

Apiogalacturonans

Apiose-substituted galacturonans, commonly re-
ferred to as apiogal acturonans (ApGAs), haveorigi-
nally been isolated and partially characterized from
CWM of the aguatic monocot (duckweed) Lemna
minor®, though thispolysaccharidekind hadlongsince

Research & R“I’J’“m Dp o

olymer



RRPL, 2(2) 2011

Beda M.Yapo 79

> Review

been suspectedin zosteran, apectinfromthecdl wals
of theed-grass Zosteramarina’®!. By treating CWM
of L. minor with 0.5% agueousAO, twoApGA frag-
ments have been reported®, one of whichwas com-
posed exclusively of D-GalpA and D-Apif residues
(25-28%) and the other contained additionally D-Xylp
(three-fold lower than D-Apif) and D-Galp. By differ-
ent structural studiesincluding PAH, autohydrolysis,
methylation andysisand Smith (periodate) degradation,
it hasbeen shown thatApGAs possessalinear (1—4)-
linked a-D-gal acturonan backbone, partly substituted
at O-3 pogitionwith snglenon-reducing -D-Apif res-
dues(Figure 1a). Thegd acturonan backbone of ApGAs
ispartidly methylesterified with agenerally low DM
(15-30%). By chemical treatments of CWM of L.
minor under conditions (0.5% agueousAO, pH 6.2,
22°Cor 70 °C, 3 h) similar to those originally used™®,
followed by IECfractionations, fivehomogenousApGA
fractions (regarding the charge density), withan Api
content ranging from 7.9 to 38.1% have been re-
ported®, Further structurd studies of the most repre-
sentativefraction by PAH (pH 4.5, 100 °C, 3 h), pec-
tinase-degradation, proton magnetic resonance and
molecular optical rotation have confirmed the (1—4)-
linked o-D-gal acturonan backbonestructure, but indi-
cated subgtitution at O-2/O-3 positionsby “apiobioside’
(B-D-Apif-(1—3)-B-D-Apif-(1—) sdechainsrather
than by single non-reducing B-D-Apif residues®. In
lieu of gpiobioses dechains, thesidechainsof theA GA
domainsof lemnan, anAO-extracted pectinfrom CWM
of L. minor, werefound, by PAH, pectinase-digestion,
and NMR studies, to beformed of singleand (1—5)-
linked D-Apif residues attached to O-2 and O-3-po-
sitionsof D-GalA residues of the gal acturonan back-
bone®. In contrast to the previousreports, thetreat-
ment of CWM of L. minor with 0.7—1% aqueousAO
(70°C, 3-5h) did not directly afford A GA fractions,
but rather lemnan encompassing at least HG and RG-I
domainsin additiontotheA GA domainasrevealed
by the presence, inthelemnan, of glycosyl resduesother
than Gal pA andApif, namdy Galp, Araf, Xylpandtrace
amountsof Glcp after completehydrolysiswith 0.5-1
M H,SO,, at 95 °C for 16 h!®. Similar results have
been obtained by extraction of CWMsof three species
of the Zosteraceaefamily (Z. marina, Z. pacifica, and
Phyllospadix) with 1% aqueous AO (70 °C, 3-5 h)

wherebyApGA (with aDM 20-22%) accounting for
~25% of zosteran have been reported™. These re-
ports, taken together, suggest thatApGAs areprobably
present inthe cell walls of these aguatic monocotyle-
donous species, not only asfree polysaccharide ele-
ments, but a so as multi-block copolymersof complex
pectins, i.e., larger pectin macromoleculesincluding
additionally at least (unsubstituted) HG and branched
RG-I domains.Long homogenousApGA polymershave
been rel eased from lemnan and zosteran by treating them
with highly-purified Endo-PGsor partidly-purified com-
mercia pectinase preparations, suggesting that native
ApGAsoouId haveaconsderably highapiosylationleve
that protects them from degradation by pectinases.
ApGAswi thahighApi content areindeed pectinase-
resistant, whereasA_GAswith alow Api content and
extengvey debranchedApGAsae heavily susceptible
to pectinases’”#7, That the apiosyl units are evenly,
randomly, or cluster-like distributed over the
gdacturonan coreof (intact) ApGAs isnot knownwith
certainty, though theremarkabl e extent of resistanceto
Endo-PGsmorefavorably suggestsarandom-likedis-
tribution. ApGAscen completely be debranched off thelr
apiosyl side chainsby PAH (0.1 M HCI, 100 °C, 30
minor 0.5M H,S0,,95°C, 5 h), and almost totally by
autohydrolysis (AmberliteIR-120 (H*) resin-treated
water solution refluxed for 4 h), thusfurnishing the
ga acturonan backbone without apparent degrada-
tion”#1, Thismight be greatly facilitated by thehigh
acid-lability of theglycosdiclinkagesinvolving D-Apif
residues. Digestion of zosteran (M, ~ 40-90 kDa) with
commercial (A. niger) pectinases (37 °C, 48 h) af-
forded ‘pure’ A GA (Mw ~22 kDa), as ethanol -pre-
cipitate, which structural studies (PAH, periodate oxi-
dation and methylation anaysis) showed that GalA resi-
dues of theApGA backbonewere substituted, at O-2
and/or O-3 positionsby Apif resdueswithanApi/GaA
molar ratio of ~5:4[77, TheA GA domain of zosteran
would then be made up of ~65 a-D-Ga A unitsinthe
backbone, partialy substituted with ~80 3-D-Apif res-
duesinsingleand (1—5)-linked D-Apif residues at-
tached to the O-2 and O-3-positions of D-GalA resi-
dues of the backbone. Thisvalueof Dp of theA GA
backboneiscomparableto that of the unsubstituted
HG domainsof pectinsfrom CWMsof miscellaneous
commelinoid-related monocot species?. In contrast to
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zosteran and lemnan, A GAs aretotdly solubleinwa
ter with agreat salt concentration (upto~2M NaCl),
which would be promoted by thehigh Api content®”.
Thisproperty istraditionally related to the ability that
these aquatic monocots haveto grow and proliferatein
seawater. Todate, no CWMsfrom ‘land’ plants have
been reported to contai nA GAs, suggesting that they
may be restricted to these aquatic monocotyledonous
plants. Zosteran (1-2% aqueous sol utions) and A GA
(2% agueous solution) from it form dense-and-stable
gelsand considerably less stable gels, respectively, in
the presenceof acid (pH 2.0-3.0), a 20 °C, and after
24-40 h of storage®. Addition of sucrose (up to a
25% concentration of it in the solution) has shortened
thegdlingtimd®, but gpparently not the strength of the
gesformed, indicating thatApGAs arerather poor gel-
forming agents under low sugar-acid gel conditions.
They might, however, proveto beeffectivegdling agents
inthepresenceof Ca?*, considering theremarkably low
DM. Ontheother hand, they could be potent thicken-
ing or stabilizing agents.

ﬁerAlpif B-D-Apif

| }

2 2
— u-D-GaIpA-t1—>4)-u-D-Ga\pA-(l—)4}-v,-D-Ga)lpA-[1—>4)-u-D-Ga§pA -(1—4)-u-D-GalpA (1—

! 1

1
p-D-Apif

a

1
p-D-Apif

b
a—D-G-1a\pA (1-5>4)-0-DGalpA a-D-GalpA
1

| |
- -D-Ga IpA(1—}4)—u-D-G:a |pA(1—>4)-u-D-c33a IpA(1 —»4)—u-D—GzaIpA(1 —4)0-D-Galph(—
) f
u-D-(]SaIpA q—D—éfﬁIpA (1—=4)}-a-D-GalpA
Figurel: Schematicrepresentationsof thestructural fea-
turesof (a) apiogal acturonans(ApGAs) and (b) galacturonoga-
lacturonans(GaGAS).

Galacturonogalacturonans

Gdacturonoga acturonans (GaGAS) or GalA-sub-
stituted gal acturonans have been reported asblock co-
polymer of complex pectin only recentlyi?69:%2l though
aprecursory moiety had beenlong sincesuggestedin
akali-solubilized pectinfrom CWM of mountain pine
pollen®, GaGAshaveindeed been shownto bebuild-
ing blocksof comaruman, an A O-extracted pectinfrom
CWM of themarsh cinquefoil Comarumpalustré®u,
TheGaGA domainsof comaruman havebeenrelessed
by PAH and Endo-PG digestion of the pectin, indicat-

ing that GaGAs arerecal citrant to Endo-PGs. Struc-
turd sudieswiththehdp of AFM and methylation andy-
sishavereveded that GaGAs (Figure 1b) are (1—-4)-
linked a-D-gal acturonans bearing at O-2 and/or O-3
positions of some of the a-D-GalpA residues of the
main chain, single non reducing a-D-GalpA residues
and/or relatively long side chainsof (1—4)-linked and
1-53/1—>3,4-linked o-D-Gal pA residues®®, Pectins
which have been extracted by variouschemicd agents
(CDTA, Na,CO,, HCI) from CWMs of tomato fruit
and sugar beet roots have al so been shown, by AFM
studies, to contain GaGA blockswith long polymeric
sidechaing®**, These GaGA blockshavelately been
isolated by controlled-acid hydrolysis (CAH; 0.1 M
HCI, 80°C) of pectins as 72-h acid-resistant branched
polymerd®! viaundetermined branching site(s) on the
GaGA backbone. Furthermore, Endo-PG digestion of
pectins extracted from leek CWM afforded only 85%
of theGalA residues contained in 72 h-CAH-res stant
HG materia from the same pectic acid, suggesting that
Endo-PG-resi stant gal acturonan fraction made up of
15% of the Gal A residues might correspond to exten-
svey substituted GaGA swith sidechainsof singleand/
or relatively short Gal A residues, considering that the
72 h-CAH-resistant HG material washomogenousin
Sze, euting asasingle, symmetrical, and narrow pesk
polymert, Thisisrather different from thereport on
GaGA domainswithlong PGA sidechainsinNa,CO.-
extracted tomato pectin®%!, GaGAsarevirtually not
degraded by CAH (0.1 M HCI, 80 °C) after 24 h and
commence to be broken down after 72 h from their
branches under conditionswhich cleave off linkages
involvingexclusvely GaA residued®.. Therefore, it may
bethat (lower amountsof) GaGAswithlong PGA side
chainsthan (linear) HGs, possibly present in theleek
pectic acid, have been split off from the branching
points, thereby providing only homogenousHG samples
after 72-hinour studies®¥. Thesedatasuggest that the
length of the backbone of GaGAs can be aslong as
that of linear HGs. In contrast, thesidechainsof GaGAs
may vary from single Gal A residuesto polymericlinear
and/or sparsely branched PGAs. Since GaGAs are
hardly susceptibleto Endo-PGs, contrary to HGs, they
can be purified from tomato pectinsby treating the 72-
h CAH-resistant products with Endo-PGs and prob-
ably from other complex pectins containing them by
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digestion with the enzymatic combination
[rhamnogal acturonan hydrolase (RG-ase), endo-
(1—>5)-a-L-arabinanase (Endo-A), endo-(1—4)-B-
D-gdactanase (Endo-G), a-L-arabinofuranosidase (o-
Ara-ase) and 3-D-gd actosidase (B-Gal-ase)] shown
to be effective on the RG-I regions of hot water-ex-
tracted soybean pectin, commercid (hot acid-extracted)
citruspectin, and cold akali-extracted Y PF pectinsfol-
lowed by Endo-PGg**41, Until now, alimited num-
ber of plant cell walls have been reported to contain
GaGAs. Thisdoesnot, however, precludethe possi-
bility that GaGAscould bewidespreadin plants, owing
tothephylogenica distanceexistingamong sourcesthat
have been found to contain them. Comaruman aswell
asitsgaacturonan (GaGA and HG) backbone frag-
ments possess anti-inflammatory propertiesand are
capableof inhibiting adhes on of human neutrophilsto
fibronectin, and diminishing PM A-initiated generation
of radical oxygen species (ROS) in neutrophil§%.

Galactogalacturonans

Galactogal acturonans (GGAS) are galactose-
substituted gal acturonans having an interior chain of
(1—4)-linked a-D-gal acturonan, branched with side
chainsof single3-D-Gap resduesand/or 1—-3/1—>4/
1—->6/1—3,6-linked 3-D-Galp residues (Figure 2a).
The ga acturonan backbone of GGAscanbepartialy
methylesterified a C-6 of GAA resdueswith sometimes
a very high DM, GGAs appeared to be block
copolymers of complex pectin-like structuresin the
exudates (gum Karaya) from Serculia speciessuch as
S caudata, S setigera, and S. urens?®!, zostering'®,
acidic polysaccharide from soyasauce®, pectin-like
fraction from lupin cotyledong®, an AO-extracted
pectin (named panaxan) and pectin-like structure, both
from Panax ginseng C. A. Meyer®%, On the other
hand, aseparate population of GGAs, accounting for
~5% of apple pectic substances, hasbeen observedin
pectin-lyase/pectate-lyase-resistant ‘hairy regions’
(HRs) of applepectinsand ared so hardly degradable
by Endo-GI?4. A similar polymer may bepresentinthe
cell wallsof potato, onion, and radish tissues?!. The
structural characteristics of side chains and their
branching siteson theinterior chain (backbone) vary
from sourceto source. For example, the structure of
GGA from red ginseng acidic polysaccharides (RGAP)

was shown to bealinear chain of (1—4)-linked o-D-
galacturonan carrying, at thereducing end, asingleunit
of reducing Galp viaits O-6 position®?, whereasin
GGA from zosterinel®, and complex acidic
polysaccharide from soya sauce®, side chains of
1-3,6-linked and linear (1—~4)-linked 3-D-gd actan,
respectively, were connected, viaO-3 position of GaA
residues, to the gal acturonan core of GGA blocks. In
GGA block of the complex pectin-like structure of
exudate (Karaya) gumsfrom Serculia species, theside
chainsoccurred at O-2 position of GalA residues of
theinterior chain assinglenon-reducing Galp units®.
Itisworth underlining, however, that Gal A-containing
galactansfrom Jeol (Odinawodier, Roxb) and cholla
(Opuntia fulgida) gums, inwhich singlenon-reducing
GalpA and Galp unitsappeared to be attached, viaO-
3 and/or O-4 positions, to aninterior chain of (1—6)-
[3-D-ga actan should not be confused with GGAsfrom
somegumsand mucilages®. Thegaactan sidechains
of GGAsareoften terminated by single (non-reducing)
o-L-Araf residues and/or 1—+3/1—5-linked-a-L-
arabinans, thereby giving riseto arabinose-containing
GGAs s or arabino-galacto-galacturonans. In earlier
work, D-Gal- and L-Ara-containing complex
macromol ecules comprising aframework of (1—4)-
linked o.-D-galacturonan, which carriesat O-2 and/or
O-3positionsof Ga A residues numerousbranches of
D-Galp and L-Araf residues have indeed been
characterized from mucilages of Plantago psyllium
seedsand from complex pectin from CWM of thebark
of Amabilisfirl®1%l, Theisolation methods of GGAs
includeboth chemicd (mild-dkdi hydrolysisand PAH)
and enzymatic (pectin-lyase/pectate-lyase, commercid
pectinase, and highly-purified Endo-PG)
procedureg®242997.% Thefact that digestion of these
extracted pectinswith pectinasesaffords ‘intact’ GGA
blocks strongly suggests that they are resistant to
pectinases, an ability which may beconferred by ahigh
level of galactosylation. Though the exact in muro
location of GGAstothedifferent cdl wal compartments
isnot known, itispossblethat thispectic polysaccharide
typeispart of pectinspresent inthemiddlelamelld?,
and probably attached to HG, inasmuch as they are
rel eased by treating (extracted) pectinswith theabove-
mentioned HG-degrading enzymes. They may then
contributeto cellsadhes on by adjoining different cell
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wallsabut. GGAshavebeen sofar identified aspart of
pectins, exudate gumsand mucilagesfrom few plants.
Nevertheless, thefact that they occur in very distinct
plant materials allows to forward that they may be
widespread in plants. Out of muro, GGA could be
potent immunostimulating, complement-fixing and
antitumor agents. Certain GGA core chains have,
indeed, been found to enhance immunomodul ating
tumoricidd activitiesof naturd killer cdlsand nitricoxide
(NO) production of macrophage®, thereby appearing
to be potential heath benefit macromolecules.

Arabinogalacturonans

Arabinogd acturonans (A GAs) arearabinose-sub-
stituted gal acturonanswhich have a(1—4)-linked a-
D-galacturonan core branched, viaO-3 position and/
or terminal reducing point, by single (nonreducing) or
multiple side-stubsof a-L-Araf residues (Figure 2b).
Thiseghth pectic polysaccharide type hasbeen char-
acterized from complex pectinsfrom miscd laneousplant
materials such as apples®, field-bean (Dolichos
lablab) hullg*¢, Plantago psylliumseeds®, Amabilis
fir bark!?®, Plantago major leavesd®®, dfdfa(lucerne)
leaves and stemd®1%? and carnation (Dianthus
caryophyllus) rootg*®. Thepresenceof A GAsin plant
cell wallshasbeen evidenced by immunolocalisation
withantibodiestoA GAs, generated by polyclona an-
tiseraproduced by addition of acomplete adjuvant!®4,
A GAsareprobably distinct block copolymersof the
HRs of pectingd°+1%2 and thereforethey could partici-
patein thereinforcement of the pectin network of the
PCW. Though the number of plant cell wallsshownto

a £-0-Galp-{1<—4)-p-D-Galp{1 <—4)-p-D-Galp

3
—>4]-U.-D-Ga|pAl:l—»4]-=;-D-GéIp}'«[l—>4J-:.r-D»GalpA[l—):lj-u-D»Ga oAl —&)-o-D-Galp(1—
1
[-D-Galp(1l—3)-p-D-Galp(1—+3)p-D-Galp
]

f

1
p-D-Galp{1—3]|p-D-Galp

b o-L-Araf o -L-Araf
1 1

| '

a 3
— 0-D-GalpA-(1—»4)-0-D-GalpA-(1—+4)-0-D-GalpA-[1—+4)-0-D-GalpA-{1—4)-0-D-Gal pA-(1—»
3

!
o -L-Araf
Figure2: Schematicrepresentationsof thestructural fea-
turesof (a) galactogalactur onans(GGAS) and (b) ar abinogala-
cturonans(A GAs).

contain A GAs seemsto berestricted, the possibility
that they arewidespread enough cannot be overl ooked,
owingtotheir presencein distinct plant sources. Puri-
fied A GAs from the HRs of pectins from P. major
exhibited efficient anti-complementary activities, and
therefore could beapotential health benefit product.

CONCLUDING REMARKS

Pectins are a class of extremely diversified
polysaccharides present in the cell walsof most plants,
sometree exudates and plant material mucilages. In
general, cell wall pectinsare believed to be, at least
partly, in the form of multi-block copolymers of
homogal acturonan, rhamnogalacturonan-I,
rhamnogal acturonan-Il and to a lesser extent,
xylogalacturonan. However, apiogal acturonan,
gal acturonogal acturonan, gal acto-gal acturonan, and
arabinogal acturonan, which are currently overlooked
and hardly mentioned in the literature, also occur as
multi-block copolymersof complex pectinsfrom vari-
ousplants. Thissuggeststhat pectinsmay be structur-
ally much more compositein muro thanimagined so
far, encompassing at least eight different building
blocks. Thisexceptional structura diversity of pectins
islikely to berelated to their functional versatility in-
and-out-of muro. Theremay therefore still alongway
to goto completely exhaust therich pectin repertoire
and comprehensively elucidatethefine structure(s) of
pectins present within the cell wall, aconsequence of
which could be a better understanding of their large
array of functionalitiesand possibly thefinding of new
applicationdomains.
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