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Abstract

Commercial citrus pectin containing galacturonic acid and rhamnose in a ratio of �40:1 was
saponi®ed and then exhaustively digested with endopolygalacturonase (EPG). The products were
separated by ultra®ltration into low-molecular-weight (LMW) and high-molecular-weight (HMW)
fractions. The LMW fraction accounted for 80% of the starting material, but for only 10% of the
total rhamnose. The molar ratio of galacturonic acid to rhamnose of the LMW fraction was 236,
suggesting that very few small Rha-containing oligomers were generated by the EPG digestion. No
distinct Rha-containing oligomers were found by various chromatographic analyses of the LMW
fraction. The HMW fraction, which only accounted for 10% by weight of the starting pectin,
contained more than 85% of the rhamnose. The ratio of GalA to Rha in the HMW fraction was
1.7:1 and partial acid hydrolysis of this fraction produced a series of oligomers consisting of
GalA±Rha repeating units, suggesting that it contained rhamnogalacturonan, which has a back-
bone composed of GalA±Rha disaccharide repeating units. The HMW fraction also contained
large amounts of arabinose and galactose, which probably originated from side chains linked to
some of the rhamnose residues. We propose that commercial citrus pectin is composed of two
regions: the predominant region consists of chains of uninterrupted 1,4-linked �-d-GalA residues
with between 60±70% of the residues methyl esteri®ed; and the other region consists of rhamno-
galacturonan with a backbone composed of GalA±Rha disaccharide repeating units and neutral
sugar side chains. # 1998 Elsevier Science Ltd. All rights reserved
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1. Introduction

Powell et al. [1] proposed that homo-
galacturonan (HG) regions of several fruit pectins

consist of 1,4-linked �-d-galacturonic acid residues
in blocks of �25 residues separated by single
rhamnosyl residues and suggested that this would
generate `kinks' in the otherwise linear structure of
the pectins. This conclusion was based on the
observation that a partial acid hydrolysis of pec-
tins, presumed to be selective for rhamnosyl lin-
kages, generated material that eluted as a relatively
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homogeneous fraction on a Sephadex G-50 col-
umn. The chain length of this material was esti-
mated by end-group analysis to be �25 residues.
This model has become almost universally accep-
ted. However, other experiments in which the lin-
kages of Rha residues in pectins were selectively
cleaved, using a lower acid concentration and tem-
perature, have generated HGs that contain less
than 1% Rha and have molecular weights such
that they must contain up to 200 residues [2].

We reasoned that if there are signi®cant numbers
of Rha residues interspersed within the HG region
of citrus pectin, then it should be possible to gen-
erate short Rha-containing oligomers by endopoly-
galacturonase (EPG) digestion of saponi®ed
pectin. We have previously shown that the active
site of a highly puri®ed, commercial EPG of
Aspergillus niger binds four contiguous, non-
esteri®ed GalA residues. The enzyme cleaves the
glycosidic bond between the third and fourth resi-
dues from the nonreducing end [3,4]. Methyl ester-
i®cation of any of these four residues prevents
hydrolysis. However, esteri®cation of residues out-
side the four that are bound to the enzyme does
not inhibit activity. If a Rha residue is no more
inhibitory than a methyl-esteri®ed GalA residue,
then we can predict what products are likely to be
formed from an HG containing isolated, single
Rha residues (see Fig. 1). Complete digestion of
pectic acid with this EPG generates monomer,
dimer and trimer of GalA in comparable amounts.
Thus, we would expect the products of a complete
digestion of saponi®ed citrus pectin to be pre-
dominantly the monomer, dimer and trimer of

GalA, plus a signi®cant amount of oligomers con-
taining four, ®ve, or six GalA residues and one
Rha. The expected Rha-containing oligomers were
not found.

2. Experimental

Pectin and its saponi®cation.ÐCommercial
citrus pectin (10 g) from Sigma Co., St Louis, MO
(No. 9135) was suspended in 30mL of ethyl alco-
hol, and 300mL of water was added to dissolve the
pectin. Saponi®cation of the pectin was carried out
at room temperature by adjusting the pH of the
solution to pH 11 with 1M NaOH and maintain-
ing it at pH 11 until there was no signi®cant change
for 15min. After saponi®cation, the pH of the
solution was adjusted to pH 4 by the addition of
glacial acetic acid. Almost complete de-esteri®ca-
tion was con®rmed by analysis of the degree of
esteri®cation as described previously [5].

EPG digestion of pectin.ÐHigh-purity Aspergil-
lus niger EPG obtained from Megazyme Company,
Australia was used without further puri®cation.
EPG (100mL, 2830 nKat) was added to the de-
esteri®ed pectin solution, and the mixture was kept
at 37 �C for 24 h. The EPG digest was centrifuged
in a Sorvall RC2-B centrifuge (12 kg, 10min) to
remove the precipitate. The precipitate was then
washed with water (2�50mL) and centrifuged
again. The supernatants were combined and freeze-
dried for further fractionation and characterization.

Ultra®ltration of EPG-digested pectin.ÐThe
EPG-digested pectin was ultra-®ltered using a

Fig. 1. Schematic diagram of the expected degradation of saponi®ed pectin containing an isolated Rha residue by endopolyga-
lacturonase. Arrows point out all possible cleavage sites for the enzyme. Note that on the nonreducing side of the rhamnose, clea-
vage at any of the closest four GalA residues would leave too short a GalA segment for further enzyme action. Since the enzyme
cleaves between the third and fourth residues of the four residues to which it binds, the linkage between the GalA and Rha residues
cannot be cleaved. Toward the reducing side of the Rha, the closest that the enzyme can hydrolyze the polymer would be three
residues away. Cleavage four residues away would leave a four-residue stretch of GalA residues that could be cleaved by the
enzyme. Thus every oligomer produced should have three GalA residues to the reducing side of the Rha.
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YM10 (10 k MW cuto�) membrane (Amicon Inc.,
Beverly, MA) into two major fractions, a low-
molecular-weight fraction (LMW) and a high-
molecular-weight fraction (HMW). The LMW
fraction was then dialyzed in 1 k MW cuto� tubing
(Spectro/Por MWCO1000, Spectrum Medical
Industries Inc., Houston, TX) to remove most of
the mono- and di-galacturonic acids [6]. The
material remaining in the dialysis tubing was
designated the medium-molecular-weight fraction
(MMW). The fractions obtained by ultra®ltration
and dialysis were freeze-dried prior to further
characterization.
Anion-exchange chromatography.ÐAnion-exchange

chromatography was performed on a Dionex Bio-
LC system (Dionex Corporation, Sunnyvale, CA)
using a 15�0.9 cm column of Poros 50 HQ strong
anion-exchange packing (Perseptive Biosystems,
Farmington, MA), a 25�2.25 cm column of
DEAE-650 S Toyopearl (Supelco Inc., Bellefont,
PA), or a semipreparative 25�0.9 cm Carbopac
PA1 anion-exchange column (Dionex Corporation,
Sunnyvale, CA) and a continuous permanganate
post-column detector [7] described previously.
Gradient elution was accomplished with ammo-
nium acetate bu�er, pH 5.2, at a ¯ow rate of 2mL/
min. The samples were injected with the column
equilibrated in 30mM bu�er. After 3min a linear
gradient of from 30mM to M ammonium acetate
over 60min was used to elute the sample.
Size-exclusion chromatography.ÐSamples were

chromatographed on 50�2.25 cm columns packed
with TSK-GEL Toyopearl size-exclusion medium
(HW50S or HW55S, Supelco Inc., Bellefonte, PA)
in 50mM ammonium acetate bu�er, pH 5.2, and
detected with a Shodex RI-71 refractive index
detector (Shodex Co., Japan). Pooled fractions
were repeatedly freeze-dried to remove ammonium
acetate.
High-performance capillary zone electrophoresis

(HPCZE).ÐOligosaccharides were labeled with
8-aminonaphthalene-1,3,6-trisulfonate (ANTS)
and analyzed on a custom-built capillary electro-
phoresis instrument as previously described [4].
GLC analysis of sugar composition.ÐSamples

were methanolyzed and trimethylsilylated as
described by Chaplin [8] and analyzed on a Varian
3300 gas chromatograph (Varian Associates, Palo
Alto, CA) using a DB-1 fused silica capillary col-
umn (30m�0.25mm, 0.25�m ®lm thickness: J&W
Scienti®c, Inc., Rancho Cordova, CA) and inositol
as internal standard [9].

NMR spectroscopy.Ð1H NMR spectra of sam-
ples in D2O were recorded at 30 �C on a Varian
Unity Inova 400 NMR spectrometer. Chemical
shifts are reported in ppm relative to the signal of
HOD (4.75 ppm).
Tri¯uoroacetic acid (TFA) partial hydrolysis of

HMW fraction.ÐThe HMW fraction obtained by
ultra®ltration was treated with 2MTFA at 80 �C
for 5 h. The hydrolyzed HMW fraction was sepa-
rately chromatographed on an HW50 size-exclu-
sion column and a PA1 anion-exchange column.
Fractions obtained from the PA1 column were
analyzed by CZE and NMR spectroscopy.
Matrix-assisted laser desorption time-of-¯ight

mass spectrometry.ÐOligosaccharides were dis-
solved in aqueous 2% acetonitrile containing 0.1%
tri¯uoroacetic acid. This solution was mixed with
an equal volume of dihydroxybenzoic acid and
dried on the sample plate in air. Spectra were
obtained on a Perseptive Biosystems Voyager
matrix-assisted laser desorption time-of-¯ight mass
spectrometer in the positive ion mode.

3. Results

Fractionation and quantitation of the pectin.Ð
After EPG digestion of the saponi®ed pectin, 10%
of the material was insoluble and was removed by
centrifugation. The soluble material was fractio-
nated on a DEAE Toyopearl ion-exchange column,
but this column did not give satisfactory resolution
of the oligomers. Size-exclusion chromatography
of the major peaks eluting from the column
showed them to contain a combination of oligo-
meric and polymeric material. Thus, the soluble
portion of the enzyme digest was separated by
ultra®ltration with a 10 kD cut-o� membrane into
relatively high (HMW) and relatively low (LMW)
molecular weight fractions. The sugar composi-
tions of the LMW and HMW fractions, the
untreated pectin, and the insoluble fraction are
given in Table 1. The starting pectin had a similar
sugar composition to that reported previously for
citrus pectin [5]. Our data con®rm the report by
Thibault et al. [2] that there is insu�cient rham-
nose present in the pectin to give one Rha per 25
residues of GalA. The precipitate had a slightly
higher ratio of GalA to Rha than the initial pectin
sample and contained more noncarbohydrate
material. It was not investigated further. The
HMW fraction accounted for only 10% by weight
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of the pectin but contained more than 85% of total
rhamnose. The HMW fraction had a ratio of GalA
to Rha of 1.7, indicating most likely that it was
predominantly rhamnogalacturonan [10,11], not
homogalacturonan. The LMW material, which
accounted for 80% by weight of the total pectin
but only for 10% of the total rhamnose, had a very
high ratio of GalA to Rha. Assuming that all the
rhamnose in the LMW fraction was from EPG-
digested HG, there could be, at most, only one
Rha per 236 GalA residues. We conclude that most
of the rhamnose is concentrated in the region giv-
ing rise to the HMW fraction rather than evenly
distributed throughout the pectin.
Characterization of LMW and MMW frac-

tions.ÐWe have indicated that EPG treatment of
HG should generate oligosaccharides containing
from four to six GalA residues and one Rha resi-
due, if the HG contains the putative isolated Rha
residues. Such oligosaccharides would be expected
to pass through a 10 kD cut-o� ultra®ltration
membrane, since GalA oligomers of up to at least
15 residues can, to some extent, pass through this
membrane (see Fig. 2a). Capillary electrophoresis
of the ANTS-labeled LMW fraction showed that
mono-, di-, and tri-GalA were the most abundant
oligosaccharides and only small amounts of longer
oligomers were detected (see Fig. 2b). Since only
the reducing ends of the oligosaccharides are
labeled, the ratios of peak areas give an estimate of
the relative molar proportions of each species
detected. The GalAn oligomers (Fig. 2b) were ten-
tatively identi®ed by comparison of their migration
rates to GalAn oligomers (Fig. 2a) prepared by
autoclave hydrolysis of pectic acid [12], followed
by passage of the acid-soluble fraction through the
same 10 kD cut-o� ultra®ltration membrane
used to fractionate the EPG-digested pectin.
Because the electrophoresis was carried out at pH
2.5, the charge on each oligomer was contributed

predominantly by the ANTS label. Thus the rate of
migration was inversely proportional to the size of
the oligomer.

To enrich for oligomers over three residues in
length, the LMW fraction was dialyzed against
water in 1000 MW cut-o� tubing. The sugar com-
position (see Table 1) of the retained material
(MMW) indicated a signi®cant enrichment for
Rha-containing oligomers, and there was a con-
siderable decrease in the amount of material
recovered. The MMW fraction accounted for only
�17.5% by weight of the LMW fraction. The
MMW fraction still contained an abundance of
dimer and trimer of GalA (Fig. 2c). There were
also oligomers migrating in the region anticipated
for ®ve- to seven-residue oligomers (see Fig. 2c).
We estimate that these oligomers represent

Table 1
Sugar compositions (mol percentage) of commercial citrus pectin and fractions of its EPG digest

Fraction Weight (g) Ara Rha Xyl Man GalA Gal Glc GalA/Rha Sugars a (%)

Intact pectin 10.0 2.0 2.2 0.4 0.2 88.2 6.3 0.8 40.2 54.3
Precipitate 0.9 1.7 1.8 0.4 0.2 92.7 2.5 0.8 52.8 48.4
LMW 8.0 0.6 0.4 0.2 0.1 96.4 1.6 0.6 236.0 79.4
MMW 1.4 2.6 1.4 0.5 0.1 91.2 3.4 0.5 66.9 81.8
HMW 1.0 14.1 18.6 1.4 0.5 32.0 31.8 1.5 1.7 78.5

a Percentage of the weight of the sample accounted for by GLC after methanolysis and trimethylsilylation. Polygalacturonic acid is
known not to depolymerize completely under these conditions [18]. Thus the GalA content of the intact pectin and precipitate is
probably underestimated.

Fig. 2. Capillary zone electropherograms of ANTS-labeled (a)
autoclave hydrolysate of pectic acid which passed through a
10 kD cut-o� ultra®ltration membrane, (b) LMW fraction,
and (c) MMW fraction. The numbers indicate how many
residues of GalA were in the labeled oligomer. R indicates
peaks from the reagent.
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�10mol% of the MMW fraction. The MMW
fraction was chromatographed on a Dionex PA1
column as shown in Fig. 3b. Individual peaks were
collected (see Fig. 3b) and tentatively identi®ed by
a combination of sugar compositional analysis, 1H
NMR spectroscopy, mass spectrometry, and by
comparison of their elution times with standards
on ion-exchange chromatography (Fig. 3a) and
CZE. Table 2 summarizes the tentative identi®ca-
tions for the peaks in Fig. 3b. There was insu�-
cient Rha in proportion to GalA in any of the
fractions to indicate more than a trace of the Rha-
containing oligosaccharides we expected. Some of
the peaks were shown to contain methyl or ethyl
esteri®ed oligogalacturonides (Table 2). The ethyl
esters were probably formed during the saponi®-
cation of the pectin, which was performed in the
presence of ethanol to aid in the suspension of the
pectin during its dissolution. The presence of
methyl esters showed that saponi®cation was not
complete. The PA1 chromatogram was con-
siderably simpli®ed after the MMW fraction was
itself saponi®ed (see Fig. 3c). As anticipated, peak
4 (the methyl and ethyl esteri®ed tetramer) dis-
appeared, and a signi®cant peak for the tetramer of
GalA appeared, but in addition, a peak for the
pentamer of GalA became prominant. Peaks 10, 11
and 12 remained unchanged.
Partial characterization of HMW.ÐSince we

were unable to detect oligomers containing Rha in
the LMW fraction, we partially characterized the

HMW fraction to determine the nature of the Rha-
containing polymeric material. This fraction is
unlikely to contain small Rha-containing oligomers
since GalA oligomers of �15 residues pass through
the 10 kD ultra®ltration membrane (see Fig. 2a).
Anion-exchange chromatography of the HMW
fraction on a PA1 column showed no evidence of
any discrete oligomers, except for traces of the tri-
mer and unsaturated tetramer of GalA. Most of
the material eluted as a very broad peak across the
region where the dimer to decamer of GalA would
elute. The material also eluted from an HW-55
size-exclusion column as a broad peak in the region
corresponding to pullulan standards of 180±23 kD.

The HMW fraction was treated for 5 h at 80 �C
with 2M TFA, and the products were fractionated
on an HW-50 size-exclusion column. The arabi-
nose and galactose eluted in the included volume,
indicating that the neutral sugar side chains of the
HMW fraction had been hydrolyzed. Material
from the center of the broad peak eluting just after
the void volume was labeled with ANTS and ana-
lyzed by CZE. Two di�erent series of peaks were
detected (Fig. 4b). The faster migrating series co-
migrated with the homologous series prepared
from pectic acid by autoclave hydrolysis (Fig. 4a),
indicating that it was composed of homo-
galacturonan fragments that had not been digested
by EPG. The slower migrating homologous series
had much wider spacings between peaks (see
Fig. 4b). When the entire partial acid hydrolysate
was fractionated on a PA1 anion-exchange col-
umn, two series were again apparent (Fig. 5b). The
later eluting series co-chromatographed with the
GalAn oligomers (Fig. 5a). However, the other
series of peaks eluted much earlier from the col-
umn (see Fig. 5b). The second numbered peak of
the earlier eluting series was shown by 1H NMR
spectroscopy (see Fig. 6), and by comparison to
published spectra [13±16], to be [GalA±Rha]2. The
third numbered peak appeared to be [GalA±Rha]3
because of the similarity of its 1H NMR spectrum
to that of the previous peak with the exception of
the lesser intensities of the signals from the redu-
cing Rha residue and of the two H-1 signals of the
adjacent GalA residue corresponding to the two
anomeric forms of the reducing Rha. We presume
that the other peaks in the series contain increasing
numbers of the repeating disaccharide. In the CZE
experiments (e.g., Fig. 4), the oligomer migration
rate was dependent on both the charge and radius
of gyration of the labeled oligomer. With neutral

Fig. 3. HPAEC chromatograms (PA1 column) of (a) auto-
clave hydrolysate of pectic acid as described in Fig. 2, (b)
MMW fraction, and (c) resaponi®ed MMW fraction.
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sugar-derived oligomers, the charge comes only
from the triply charged ANTS label. GalA oligo-
mers, even at the pH of 2.5 used for the electro-
phoresis, contribute to the overall charge of the
ANTS derivatives. Thus GalAn oligomers migrate
faster than neutral sugar oligomers. The [GalA±
Rha]n series of oligomers has a wider spacing

between peaks because of the increase of two sugar
residues between members, and a migration rate
between that expected for a GalA oligomer and a
neutral sugar oligomer because of the presence of
both noncharged and charged sugar residues.

Table 2
Identi®cation of PA1 column fractionated MMW

Peak Digested fragment GalA (mol%) a GalA/Rha (molar ratio) Identi®ed by

NMRb CZE HPLC MS

1 Neutral sugars 2.7 ± @ @

2 GalA 98.0 ± @ @ @

3 GalA2 99.4 ± @ @ @ @

4 Esteri®ed GalA4
c 100.0 ± @ @

5 GalA3 99.6 541.0 @ @ @ @

6 Unknown c,d 85.7 27.1 @

7 Unsatd. GalA3
e 92.6 83.3 @ @

8 Unknown c,d 93.2 31.2 @

9 GalA5 89.7 33.5 @

10 Unsatd. GalA4
d,e 96.8 92.0 @ @

11 Unknown d 98.5 104.1 @

12 Unknown d 99.0 158.8 @

aMol percent of identi®ed sugars.
b Comparison to 1H NMR spectra of well characterized GalAn oligomers [19] [20].
c Esteri®cation indicated by the presence of 1H NMR signals at 4.95 and 4.93 ppm [20]. For peak 4, ethyl ester was indicated by a
triplet at 1.32 ppm correlated only to a quartet at 4.26 ppm in the TOCSY spectrum. Methyl ester was indicated by extra signal
intensity at 3.84 ppm.
d These appear by sugar composition and 1H NMR to be oligomers of GalA. Peak 6 contains small amounts of fucose, xylose and
other neutral sugars and must be a mixture of neutral sugar-containing GalA oligomers. Peaks 10, 11 and 12 give the 1H NMR
expected for GalAn oligomers but also have signals at 4.16, 4.19, 4.81 and 4.93 ppm indicative of the presence of an as yet uni-
denti®ed component.
e Both 1H NMR signal at 5.8 ppm [20] and the appropriate masses appearing on the mass spectra con®rmed the presence of unsa-
turated tri- and tetra-GalAs.

Fig. 5. HPAEC chromatograms (PA1 column) of an aliquot
of (a) autoclave hydrolysate of pectic acid (b) the entire TFA
partial hydrolysate of HMW. The numbers indicate the num-
ber of disaccharide repeating units in the rhamnogalacturonan
fragments.

Fig. 4. CZE electropherograms of (a) autoclave hydrolysate
of pectic acids soluble at pH 2 and (b) polymeric portion of
partial TFA hydrolysate of the HMW fraction.
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From the above results we conclude that the
HMW is predominantly composed of the strictly
repeating [GalA±Rha]n rhamnogalacturonan with
neutral sugar side chains in combination with some
HG that was not digested by the EPG.

4. Discussion

Despite the continued acceptance in the litera-
ture of the presence of isolated Rha residues within
the HG regions of pectins, e.g. [17], we were unable
to isolate oligogalacturonides containing single
Rha residues from an EPG digest of saponi®ed
citrus pectin. We could predict which oligo-
saccharides should be produced and where they
should elute upon high-resolution ion-exchange
chromatography or CZE, but could not detect
them. The sugar composition of the starting pectin
indicated that there was one Rha residue for every
40 GalA residues. However, 85% of the Rha in
citrus pectin was found to be present in a strictly
repeating [GalA±Rha]n rhamnogalacturonan.
Thus, there is only one Rha residue per 200±300
GalA residues in the HG regions. Renard et al. [15]
also found that citrus pectins contain rhamnoga-
lacturonan. It is furthermore possible that small

fragments of the RG region of pectin are generated
by hot acid extraction of the pectin from citrus
pulp, and that these are the source of the trace
amounts of Rha in the LMW fraction.

Traces of Rha have often been reported in pur-
i®ed GalA oligomers. These oligomers are usually
prepared by partial acid hydrolysis, or by enzyme
digestion of pectin, followed by ion-exchange
chromatography, with no prior size fractionation.
Thus, it is likely that the Rha originates from
rhamnogalacturonan in the pectin. RG is hetero-
geneous with respect to molecular weight and side-
chain composition and it elutes from anion-
exchange columns over a very wide range of ionic
strengths. Thus, all fractions from the column are
likely to contain some RG.

The absence of isolated Rha residues in pectins
has relevance to the study of the biosynthesis of
pectins. It would be unusual for one glycosyl
transferase to be capable of transferring a GalA to
the nonreducing end of both a pre-existing chain of
GalA residues and to a Rha residue. A di�erent
GalA transferase would likely be required to start
the continuation of the growing HG chain after
insertion of a single Rha. If a GalA transferase that
were only capable of adding GalA to Rha con-
tinued the chain elongation after addition of a Rha

Fig. 6. 1H NMR spectrum of the material in the peak numbered `2' in Fig. 5b. The numbered peaks in Fig. 6 are assigned as 1: C
H-1, 2: A H-1a, 3: B H-1 (on Rha �), 4: B H-1 (on Rha �), 5: D H-1, 6: A H-1b, 7: B H-4, 8: D H-4, 9: A H-6b, 10: A H-6a, 11: C H-
6. Bold letters refer to the individual sugar residues as indicated in the ®gure.
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to the end of an HG chain, then there would be a
switch to synthesis of rhamnogalacturonan. This
would result in a block co-polymer with the HG
region toward the reducing end and the RG region
toward the nonreducing end. Alternatively, pectin
chain synthesis may start as a rhamnogalactur-
onan, but after some time a second galacturonosyl
tranferase takes over that can only transfer GalA
residues to GalA residues, leading to blocks in the
opposite order to the case above. In either case,
this would explain the almost universal co-extrac-
tion of RG and HG regions of pectins.
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