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Abstract

A 2-O-methylfucosyl-containing heptasaccharide was released from red wine rhamnogalacturonan II (RG-II) by acid hydrolysis
of the glycosidic linkage of the aceryl acid residue (AceA) and purified to homogeneity by size-exclusion and high-performance
anion-exchange chromatographies. The primary structure of the heptasaccharide was determined by glycosyl-residue and
glycosyl-linkage composition analyses, ESIMS, and by 'H and '*C NMR spectroscopy. The NMR data indicated that the
pyranose ring of the 2,3-linked L-arabinosyl residue is conformationally flexible. The L-Arap residue was confirmed to be a-linked
by NMR analysis of a tetraglycosyl-glycerol fragment, [o-L-Arap-(1 —4)-B-D-Galp-(1 - 2)-a-L-AcefA-(1 - 3)-B-L-Rhap-(1 - 3)-
Gro], generated by Smith degradation of RG-II. Our data together with the results of a previous study,! establish that the 2-O-Me
Fuc-containing nonasaccharide side chain of wine RG-II has the structure (Api = apiose):
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Data are presented to show that in Arabidopsis RG-II the predominant 2-O-MeFuc-containing side chain is a mono-QO-acetylated
heptasaccharide that lacks the non-reducing terminal B-L-Araf and the a-L-Rhap residue attached to the O-3 of Arap, both of
which are present on the wine nonasaccharide. © 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction walls by treatment with endo-a-(1 —4)-polygalactur-

onase.>* RG-II is also present in the commercial en-

Rhamnogalacturonan II (RG-II) is a low-molecular
weight (5—-10 kDa), structurally well-defined, complex
pectic polysaccharide that is released from plant cell

* Corresponding author. Tel.: + 1-706-5426281; fax: + 1-
706-5424412
E-mail address: jpresteg@ccrc.uga.edu (J.H. Prestegard).

zyme preparation Pectinol AC* and in red wine.>¢
RG-II exists in the primary cell wall and in wine as a
dimer that is cross-linked by a 1:2 borate—diol ester.®!°
The ester is formed between the apiosyl residue (Api) of
the 2-O-MeXyl-containing side chain in each RG-II
monomer.'" Dimer formation in vitro is pH dependent
and is promoted by divalent cations.”!' Somewhat un-
expectedly, the stability of the dimer and its in vitro
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rate of formation are reduced by replacing L-Fuc
residues by L-Gal residues.!” More importantly, these
structural changes result in a decrease in borate cross
linking of RG-II in muro, which itself is proposed to be
responsible for the dwarf phenotype of the Arabidopsis
murl mutant.'” Such results, when taken together with
the ability of the dimer to selectively bind heavy metal
ions including Pb>*, Sr?*, Ba® ", and La**,%!? suggest
that the properties of RG-II are determined by its
primary structure and solution conformation.

Computer-generated, low-energy structures for the
four oligosaccharide side chains of RG-II have been
described,!? although the predicted conformations have
not been substantiated with experimental data. The
results of an NMR spectroscopic study of monomeric
RG-II have been reported,'* but some of the signal
assignments have been questioned.! A complete and
unambiguous assignment of the 'H and '*C spectra of
RG-II requires that oligosaccharide fragments of this
pectic polysaccharide are generated and structurally
characterized. Such an approach has been successfully
used for the structural characterization of plant cell-
wall xyloglucans.!’

Chemical fragmentation of RG-II has led to the
isolation and structural characterization of four struc-
turally different oligoglycosyl side chains,*!®~2! referred
to as side chains A, B, C, and D.® Side chain A is a
2-0O-MeXyl-containing octasaccharide,? whereas side
chains C and D are the disaccharides B-L-Araf-(1 — 5)-
B-p-Dha-(1 —» and a-L-Rhap-(1 - 5)-B-pD-Kdo-(1 —, re-
spectively.!”?® Side chain B was reported to be a
heptasaccharide containing aceric acid (AceA),* al-
though recent evidence suggests that the heptasaccha-
ride may have originated from an octa- or
nonasaccharide.”> Moreover, a high-field NMR spec-
troscopic analysis of a portion of side chain B gener-
ated from wine RG-II has established that the AceAf
and Galp residues are o and P linked, respectively,' and
thus the original assignments for the anomeric configu-
rations of these glycosyl residues* were incorrect.

We now report the complete assignment of the 'H
and C NMR spectra of an aceric acid-containing
heptasaccharide and an aceric acid-containing tetra-
glycosylglycerol fragment generated from wine RG-II
by selective acid hydrolysis and by Smith degradation,
respectively. These data, together with the results of a
previous study,' provide a unambiguous primary se-
quence for side chain B of wine RG-II. Our data
indicate that in this oligosaccharide, the 2,3-linked o-L-
arabinopyranose residue exhibits multiple conforma-
tions, and that the side chain is conformationally
dynamic in intact RG-II. We also provide data to show
that side chain B exists predominantly as a mono-O-
acetylated nonasaccharide in wine RG-II and as a
mono-O-acetylated heptasaccharide in Arabidopsis
RG-II, which provides evidence that its structure may
vary, depending on the plant source.

2. Experimental

2.1. Generation and isolation of aceric acid-containing
side chain B from red wine RG-II

RG-IT was isolated from red wine as previously de-
scribed.® A solution of RG-II (5 g) in 2% aq AcOH
(500 mL) was incubated for 1.5 h at 100°C. The
solution was cooled and then concentrated to dryness
under vacuum. The residue was dissolved in water and
freeze-dried, then dissolved in a mixture of H,O (130
mL) and HOAc (20 mL), followed by the addition of
95% EtOH (850 mL). The resulting mixture was kept at
4°C for 16 h, and the precipitate that formed was
removed by centrifugation. The soluble fraction was
concentrated to dryness under vacuum yielding ~ 200
mg of material. This material was fractionated (~ 8
mg/run) on a Superdex peptide 10/30/HR column using
50 mM ammonium formate at pH 5 with a 0.6 mL/min
flow rate and a HP RI detector. The major peak, which
eluted between 23 and 26 min was collected manually
and repeatedly freeze dried to remove ammonium for-
mate. The residue was dissolved in H,O and fraction-
ated (~5 mg/run) by HPAEC using a semiprep
CarboPac PA1 column (9 x 250 mm). The column was
eluted at 2mL/min with 100 mM NaOH (0-5 min),
followed by a gradient (0—200 mM NaOAc, in 100 mM
NaOH, 5-30 min). The column was then washed with
800 mM NaOAc in 100 mM NaOH (15 min) and then
equilibrated for 15 min with 100 mM NaOH prior to
the next injection. The eluant was monitored with a
PAD detector, and fractions were collected manually.
The major peak (Fraction 4) was desalted using an
OnGuard-H* ion-exchange cartridge (Dionex) and
then freeze-dried. Fraction 4 gave a single peak when
chromatographed, using the above gradient at 1 mL/
min, on an analytical (4 x 250 mm) CarboPac PAI
column.

2.2. Smith degradation of RG-II

Wine RG-II (150 mg) was de-esterified by treatment for
16 h at 4 °C with 0.1 M NaOH (15 mL). The solution
was adjusted to pH 5 with HOAc and then dialyzed
(3500 MW cut-off). The de-esterified RG-II (145 mg)
was then treated for 45 min at 20 °C with 0.1 M HCI
(10 mL) to convert the RG-II to its monomeric form.’
The solution was dialyzed and freeze-dried. A solution
of monomeric RG-II (140 mg) in 50 mM sodium
periodate was kept for 48 h at 20 °C in the absence of
light.>* Ethylene glycol (I mL) was added, and the
solution was kept at 20 °C for 1 h to destroy the excess
sodium periodate. A solution (10 mL) of NaBH, (10
mg/mL in | M NH,OH) was then added dropwise, and
the mixture was kept for 16 h at room temperature (rt).
The excess NaBH, was destroyed by the addition of
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HOAc. The solution was dialyzed and then freeze-
dried.

A solution of the periodate-oxidized and NaBH,-re-
duced RG-II (100 mg) in 0.1 M TFA (25 mL) was kept
for 24 h at 40 °C. The solution was concentrated to
dryness under a stream of air, and the residual TFA
was removed by washing the residue with MeOH (3 x 5
mL). A solution of the residue in 25 mM ammonium
formate, pH 6.5 (5 mL) was fractionated on a Q-Sep-
harose anion-exchange column (2.2 x 10 cm). Neutral
material was eluted at 2 mL/min with 25 mM ammo-
nium formate, pH 6.5 (100 mL). The acidic oligogly-
coses were eluted with 250 mM ammonium formate,
pH 6.5 (200 mL). The acidic fraction was concentrated
to dryness under vacuum, dissolved in water (15 mL)
and then repeatedly freeze-dried to remove the ammo-
nium formate. A 2-mL solution of the residue in water
was filtered (0.2-pm Nylon-66 membrane), and 200-uL
portions fractionated by HPAEC on a semipreparative
CarboPac 1 column (9 x 250 mm, Dionex Corp, Sun-
nyvale CA) by eluting at 2 mL/min with 100 mM
NaOH (0-5 min), followed by a 0-100 mM NaOAc
gradient in 100 mM NaOH (5-45 min), and finally
with 800 mM NaOAc in 100 mM NaOH (45-55 min).
The eluant was monitored with a pulsed amperometric
detector (Dionex Corp) at 30 pamp sensitivity. Frac-
tions were collected manually. The fractions were de-
salted (5 mL/cartridge) using OnGuard H cartridges
(Dionex Corp) and freeze-dried.

2.3. Conversion of the oligoglycoses in Fraction 4 to
their corresponding oligoglycosyl alditols

A solution of Fraction 4 (1 mg) in 1 M NH,OH (100
pL) was treated for 2 h at 20 °C with NaBD, (250 pL;
10 mg/mL in 1 M NH,OH) to convert the reducing end
of the oligoglycose to a deuterium-labeled alditol. The
solution was acidified with HOAc to destroy the excess
borodeuteride. The sample was then concentrated to
dryness under a flow of nitrogen gas. The residue was
treated with MeOH containing 10% HOAc (3 x 250
puL) to remove boric acid, and then with MeOH (3 x
250 pL). A solution of the residue in water (500 pL)
was desalted using an OnGuard-H™* cation exchange
cartridge (Dionex Corp) and then freeze-dried. The
NaBD,-reduced Fraction 4 was hydrolyzed for 1.5 h at
121 °C with 2 M TFA. The released glycoses were
converted to their corresponding alditols by treatment
with NaBH, in 1 M NH,OH and then per-O-acety-
lated.?* The acetylated alditols were quantified by GC
and analyzed by GC-EIMS to distinguish the H-re-
duced alditols from the deuterium-labeled alditol that
was derived from the reducing glycose of the
oligosaccharide.

2.4. Determination of the glycosyl linkage composition
of Fraction 4

A solution of Fraction 4 and NaBH,-reduced Fraction
(500 pg) in dimethyl sulfoxide (200 uL) were treated for
15 min at 20 °C with NaOH/Me,SO (200 pL) and CD;l
(100 uL).** Deuterated methyl iodide was used so that
2-O-MeFuc could be unambiguously identified by GC—
MS. Water (1 mL) was added, and the excess CD;I was
removed by flushing the solution with N,.
Dichloromethane (2 mL) was added, and the organic
phase was washed with water (4 x 2 mL). The organic
phase containing the methylated oligosaccharides was
then concentrated to dryness under a flow of N,. The
methylated oligosaccharides were converted to their
corresponding partially methylated alditol acetates, and
the products were analyzed by GC and GC-EIMS.**

2.5. Preparation of the alcohol insoluble residue of
Arabidopsis thaliana rosette leaves

A. thaliana plants (ecotype columbia) were grown in
potting soil in a growth chamber at 19 °C with 14 h of
light and 15°C with 10 h of dark. The rosette leaves
were harvested from four-week-old plants. Rosette
leaves were suspended in aqueous 80% ethanol and
homogenized using a polytron disrupter. The suspen-
sion was filtered through nylon mesh, and the residue
washed with aqueous 80% EtOH and then with EtOH.
The residue was suspended in MeOH:chloroform (1:1
v/v, 500 mL) and stirred for 30 min at rt. The suspen-
sion was filtered through Whatmans No.l paper, and
the residue was washed with acetone. The residue,
referred to as the ‘alcohol-insoluble residue’ (AIR), was
then vacuum dried at rt.

2.6. Solubilization of pectic polysaccharides from A.
thaliana AIR

The AIR (5 g) from A. thaliana plants was suspended in
50 mM NaOAc, pH 5 (250 mL), and hydrated for 4 h
at rt. The suspension was treated for 16 h at 23 °C with
homogeneous preparations of Aspergillus aculeatus
pectin methylesterase (PME, 20 units; 1 unit releases 1
pumol MeOH/min), 4. niger endopolygalacturonase
(EPG, 15 units; 1 unit release 1 umol reducing sugar/
min), and A. niger exopolygalacturonase (ExoPG, 1
unit; 1 unit release 1 pmol reducing sugar/min). The
suspension was filtered through nylon mesh, and the
soluble material was concentrated to ~ 50 mL by ro-
tary evaporation under reduced pressure, dialyzed
(3500 MW cutoff) against deionized water, and freeze
dried. The insoluble fraction was suspended in 50 mM
NaOAc, pH 5, (200 mL) and treated with the same
mixture of enzymes. The soluble material was then
isolated and freeze-dried.
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2.7. Isolation of RG-II from the EPG-soluble material

A solution of the combined EPG-soluble material ( ~
350 mg) in 50 mM NaOAc, pH 5 (6 mL), was frac-
tioned on a Sephadex G-75 column (3.3 x 100 cm) at
1.0 mL/min by elution with 50 mM NaOAc, pH 5.2.
Fractions (3.5 mL) were collected, and portions (100
ul) were analyzed colorimetrically for uronic acid.?®
The RG-II-containing fractions were combined, dia-
lyzed and freeze dried. The RG-II eluted predominantly
as a single peak when analyzed by size-exclusion chro-
matography (SEC) on a Superdex-75 HR10/30 column
eluted with 50 mM ammonium formate, pH 5.°

2.8. Generation of side chain B-enriched material from
wine and Arabidopsis RG-I1

Solutions of A. thaliana and red wine RG-II ( ~ 10 mg)
in 0.1 M trifluroacetic acid (2 mL) were kept for 24 h at
40 °C.* The solutions were concentrated to dryness
under a flow of air. MeOH ( ~ 1 mL) was then added,
and the solution was concentrated to dryness. The
residues were then dissolved in water and freeze-dried.
Separate solutions of each residue in 50 mM ammo-
nium formate, pH 5 (400 puL) were then fractionated by
SEC using a Superdex-75 HR10/30 column.” The elu-
ant was monitored with a Hewlett—Packard 5770A
refractive index detector. Fractions were collected man-
ually and repeatedly freeze-dried to remove the volatile
ammonium salt.

2.9. Mass spectrometry

Electrospray-ionization mass spectrometry (ESIMS)
was performed with a PE Sciex API III biomolecular
analyzer operated in the positive-ion mode.?? Solutions
of oligosaccharides (100 pg) in 25% aq MeOH contain-
ing 0.5% HCI (100 pL) were infused into the electro-
spray source at 5 pL/min using a Harvard 22 syringe
pump. The ion spray was operated at 5000 V with an
orifice potential of 35 V. At least twenty scans (500—
1500 amu) were collected and averaged. Matrix-assisted
laser-desorption  time-of-flight mass spectrometry
(MALDI-TOF-MS) was performed with a HP G2025A
LD-TOF system in the positive-ion mode and with
0.5% dihydroxybenzoic acid as the matrix.

2.10. NMR spectroscopy

Fraction 4 (6 mg) was dissolved in 99% D,O (5 mL)
and freeze-dried. The residue was dissolved in 99.9%
D,O (0.5 mL) and Na,CO; (1 mg) was added. The pH
of the solution was initially adjusted to 6.5 by bubbling
with CO,. Data were collected on Varian Inova 600
and 800 MHz spectrometers at 11, 25 and 60 °C. Gradi-
ent versions of COSY, HSQC,>” HSQC-TOCSY? and

TOCSY,>?® HMBC,*' and NOESY?>? experiments were
performed using standard Varian pulse sequences. Data
from non-gradient HSQC and selective one-dimen-
sional TOCSY*-* experiments were also collected.
Data were processed with Varian and Felix (Molecular
Simulations, Inc.) software.

The COSY spectra were collected with 400 x 2048
complex points and a spectral width of 8§ ppm. The data
were processed with shifted squared sinebell window
functions, and zero filled to obtain a 2048 x 2048 ma-
trix. The TOCSY and NOESY spectra were 256 x 2048
complex points, with mixing times of 100 and 200 ms,
respectively. Heteronuclear spectra were recorded with
128 or 256 x 1024 complex points covering 120 ppm in
the *C dimension. These data were processed typically
with gaussian window functions and zero filling to
obtain a 1024 x 2048 matrix. The chemical shifts were
measured relative to internal acetone with 'H at § 2.22
and *C at 6 33.0.%

3. Results

The results described below confirm that the major
oligosaccharide isolated as ‘Fraction 4’ is a heptasac-
charide with structure 1.

B-L-Araf 2-O-Me a-L-Fucp
1 1
{ 2
2 2
o-L-Rhap-(1—-2)-a-L-Arap-(1—4)-B-D-Galp-(1>2)-a-L-AcefA
3
1
1
o-L-Rhap

3.1. Glycosyl residue and linkage compositions of the
oligoglycose present in Fraction 4

Partial acid hydrolysis of red wine RG-II followed by
SEC and semipreparative HPAEC gave a product
(Fraction 4) that contained Rha, Ara, Gal, 2-O-MeFuc
and AceA in the molar ratios 2.3: 2.1: 0.9: 1.0: 0.4. The
AceA content of Fraction 4 is underestimated due to its
low recovery using the alditol acetate procedure.'®
Fraction 4 was shown, by glycosyl-linkage composition
analysis, to contain equimolar amounts of nonreducing
terminal Araf, 2-O-MeFucp and Rhap, 2-linked Rhap,
2,3-linked Arap, and 2,4-linked Galp. Somewhat lower
amounts of 2-linked AcefA were also detected. The ESI
mass spectrum of Fraction 4 contained ions at m/z
1057 and 1079, corresponding to the [M + H]* and
[M + NaJ]* ions, respectively, of a heptasaccharide
composed of two rhamnosyl, two arabinosyl, one galac-
tosyl, one 2-O-methylfucosyl, and one reducing aceric
acid residue.
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Aceric acid was the only deuterium-labeled alditol
detected by glycosyl-residue composition analysis of
NaBD,-reduced Fraction 4 thereby establishing that
AceA is present at the reducing end of the oligoglycose
in this fraction. This result is in contrast to previous
studies showing that oligoglycoses terminated at their
reducing end with apiose are generated by treating
RG-II for 24 h at 40°C with 0.1 M TFA.*** We
assume that the oligoglycose in Fraction 4 was gener-
ated by hydrolysis of the glycosidic linkage between the
2-linked AcefA residue and the 3-linked Rhap residue
when RG-II was treated with aq 2% HOAc for 1.5 h at
100 °C. Nevertheless, these results, when taken together
with the results of glycosyl-linkage composition analysis
and the results of previous studies,®?? suggest that the
major oligosaccharide in Fraction 4 is structure 1.

3.2. 'H and *C NMR spectroscopic characterization of
1

The complete '"H and '*C chemical shift values for the
heptasaccharide 1 at 60 °C are given in Tables 1 and 2.
Fig. 1 shows the anomeric and ring regions of an
TH{!3C}-HSQC spectrum at 60°C, and all signals
from the seven glycosyl residues are labeled. Spectra
were assigned from conventional two-dimensional

Table 1

'H NMR chemical shifts and 3Jyy values for heptasaccharide 1

homo- and heterocorrelated spectra, and in general
chemical shifts matched literature values.'*® The 2-
linked a-aceric furanuronosyl residue has no proton on
C-3, and so the two proton pairs of H-1-H-2 and
H-4-H-5 were connected via the HMBC spectrum
(data not shown). There was no evidence of two
anomeric forms of the aceric acid despite its being at
the reducing end. The chemical shift (6 5.65) of the
anomeric proton of the o-2-O-methylfucopyranosyl
residue (F1 in Fig. 1) was unusually downfield, but its
connectivity in TOCSY and HMBC spectra, and the
chemical shifts for the remainder of the spin system
were consistent with the assignment. The terminal ara-
binosyl residue was confirmed to be a furanose from its
C-4 chemical shift value of ¢ 84.1.

The glycosidic linkages in 1 were all confirmed by
HMBC and NOESY data, as well as by characteristic
carbon chemical shifts of linked carbons. In the HMBC
spectrum, direct trans-glycosidic connectivity was seen
between H-1 of the galactopyranosyl residue and C-2 of
the aceric acid, between H-1 of the fucopyranosyl and
C-2 of the galactopyranosyl residues, and between H-1
of the terminal arabinofuranosyl and C-2 of the 2-
linked rhamnosyl residues. NOESY crosspeaks were
seen between these linkages, as well as between H-1 of
the 2-linked rhamnosyl and C-2 of the 2,3-linked

Residue H-1 H-2 H-3 H-4 H-5 H-6
-2)-L-AcefA 5.22 @ (4.7)° 4.45 NA 4.39 1.14
-2,4)-B-p-Galp 4.66 (7.8) 3.67 3.96 3.96 3.70 3.86, 3.77
o-L-2-O-Me-Fucp 5.65 (3.7) 3.45 4.00 3.81 4.37 1.17 (3.47 -OMe)
-2,3)-0-L-Arap 5.04 (3) 4.05 (4) 3.96 (5) 4.06 (8,4) 3.90, 3.58 (10)
a-L-Rhap 5.01 (1.5) 4.12 3.82 3.47 3.85 1.27
-2)-a-L-Rhap 5.07 (1.3) 3.98 3.77 3.43 3.76 1.28
B-L-Araf 5.09 (4.7) 4.13 4.18 3.89 3.79, 3.69

2D,0 at 60 °C, in ppm relative to DSS, measured from internal acetone at 2.22 ppm.

3 Juy values in Hz, measured at 25 °C; values for 2,3-linked Arap measured at 60 °C.
Table 2
13C NMR chemical shifts and 'J.y; values for heptasaccharide 1
Residue C-1 C-2 C-3 C-4 C-5 C-6
-2)-L-AcefA 96.6 = (181)® 85.3 84.7 82.5 18.6
-2,4)-B-D-Galp 103.7 (164) 75.6 77.4 78.3 77.2 63.9
a-L-2-O-MeFucp 97.6 (176) 79.9 70.7 74.4 68.8 17.9 (59.8 -OMe)
-2,3)-0-L-Arap 102.7 (173) 74.8 75.9 67.4 63.6
a-L-Rhap 101.2 (172) 72.5 72.8 74.6 71.3 19.2
-2)-a-L-Rhap 100.5 (173) 80.2 71.9 74.8 72.2 19.2
B-L-Araf 103.6 (179) 78.8 75.2 84.1 63.4

#D,0 at 60 °C, in ppm relative to DSS, measured from internal acetone at 33.0 ppm.
> 1Joy values in Hz measured at 25 °C; values for 2,3-linked Arap measured at 60 °C.
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Fig. 1. Regions of the 600-MHz 'H{!*C} HSQC spectrum of heptasaccharide 1 at 60 °C. Top panel, ring carbons; bottom panel,
anomeric carbons. (Ac)AcefA; (G)Galp; (F)2-OMeFucp; (A)Arap; (R)Rhap; (tR) terminal-Rhap; (tA) terminal-Araf.

arabinopyranosyl residues, and H-1 of the terminal
rhamnosyl and C-3 of the 2,3-linked arabinospyranosyl
residues. A NOESY crosspeak was observed between
H-1 of the 2,3-linked arabinopyranosyl and the over-
lapping H-3 and H-4 of the galactopyranosyl residue;
however, the chemical shifts for H-4 and C-4 of the
galactopyranosyl residue (Tables 1 and 2) confirm the
4-linkage.*’

Anomeric configurations were determined by 3Jyy
and 'Jyc scalar coupling constants (Tables 1 and 2), as
well as characteristic chemical shifts.'*® Fig. 1 shows
low-intensity crosspeaks for the 2,3-linked arabinopy-
ranosyl residue (e.g., A3 and AS5), and their linewidths
and chemical shifts change with temperature, suggest-
ing some conformational averaging (Fig. 2). This is not

unexpected since arabinopyranose can exist in both 'C,
and *C, chair conformers (Fig. 3).*® The !C, o-L-
configuration best fits the measured scalar coupling
constants (Tables 1 and 2), but there was also the
possibility of a B-L-arabinopyranose structure (Fig. 3)
averaging between a distorted *C; and perhaps other
non-chair conformations. Therefore, the a-L configura-
tion was independently confirmed by examining a sec-
ond oligosaccharide fragment.

3.3. Evidence that side chain B of wine RG-II contains
a 2,3-linked a-L-Arap residue

Side chain B contains four glycosyl residues (3-linked
B-L-Rhap, 2-linked o-L AcefA, 2,4-linked B-D-Galp,
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Fig. 2. Regions of 800-MHz 'H{!3C} HSQC spectra of heptasaccharide 1 at 11 and 60 °C. The top panels show the broadening
of the C-5 resonance (peaks AS5) of arabinopyranose at lower temperatures. The bottom panels show a large temperature-depen-
dent chemical shift of the arabinopyranosyl H-1 and C-1 (peak Al).

and 2,3-linked L-Arap) that are resistant to periodate
oxidation and five glycosyl residues (3'-linked B-D-Apif,
T 2-O-Me o-L-Fucp, T PB-L-Araf, T o-L-Rhap and
2-linked «-L-Rhap) that are susceptible to periodate
oxidation (Fig. 4). Thus, we anticipated that Smith
degradation of RG-II would generate a tetraglycosyl
alditol containing the periodate-resistant Arap, f-Galp,
B-Acef, and B-Rhap residues together with a three-car-
bon fragment (glycerol) that is formed by periodate
oxidation of a 3'-linked B-D-Apif residue (see Fig. 4).
The unsubstituted Arap residue is at the nonreducing
terminus of the tetraglycosyl alditol and most likely
adopts the *C, chair conformation that is characteristic
of free arabinopyranose.

Smith degradation of RG-II followed by anion-ex-
change chromatography of the products on Q-Sep-
harose gave a fraction that was rich in Ara, Gal, Rha,
AceA, and glycerol. This fraction was then separated
into two major components (S1 and S2) by semiprepar-
ative HPAEC-PAD (data not shown). Fraction S1
contained a mixture of oligosaccharides and was not
further analyzed. The MALDI-TOF mass spectrum of

o-L-Arap

1C,

B-L-Arap

Fig. 3. Chair forms of a-L- and B-L-arabinopyranose.
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Side Chain B: G = 3-D-1,4-galacturonosyl backbone

B-L-Araf*-(1->2)-a-L-Rhap*  2-O-Me-a-L-Fucp*
1 1

| {
2 2
o-L-Arap-(1-4)-B-D-Galp-(1—2)-o-L-AcefA-(1—3)-p-L-Rhap-B-D-Apif*
3 1
1 J
1 2
o-L-Rhap* (G)

| 1.NalO4/48 h, 20 °C

| 2.NaBH,

| 3.0.1 MTFA/24h, 40 °C
a-L-Arap-(1-4)-B-D-Galp-(1->2)-o-L-AcefA-(1—-3)-B-L-Rhap-(1—1 and 1—-3)-sn-Gro

Tetrasaccharide 2

Fig. 4. Generation of tetrasaccharide 2 by Smith degradation of RG-II. The residues in sidechain B marked with an asterisk have
cis-diols susceptible to periodate oxidation.

Table 3
'"H NMR chemical shifts and 3Jy; values for the tetraglycosyl alditol 2 and free arabinose

Residue H-1 H-2 H-3 H-4 H-5 H-6
a-L-Arap 4.54 2 (1.7)° 3.58 (9.8) 3.65 (3) 3.90 (<2) 3.89, 3.61 -
-4)-B-p-Galp 4.52 (7.8) 3.66 (9.8) 3.73 (3.2) 4.12 (<2) 3.71 3.80
-2)-a-L-Acef 5.38 (5.0) 439 - 4.84 (6.5) 1.19 -
-3)-B-L-Rhap (form 1) 4.86 (<2) 4.18 (3) 3.89 (10) 3.57 (10) 3.75 (6.3) 1.31
-3)-B-L-Rhap (form 2) 487 (<2) 4.19 (3) 3.89 (10) 3.57 (10) 3.75 (6.3) 1.31
-3)-Gro (form 1) 3.57¢ (4) 391 3.66 - - -
3.72¢ (6) 3.57
-3)-Gro (form 2) 3.48¢< (6) 3.91 3.66 - - -
3.78¢< (4) 3.57
Free o-L-Arap 4.49 (7.8) 3.49 (9.9) 3.64 (3.6) 3.92 (2.1, <2) 3.88, 3.66 -
Free p-L-Arap 5.22 (3.6) 3.80 (9.8) 3.86 (3.4) 3.98 (1.5, 2.5) 4.01, 3.63 -

2D,0 at 25°C, in ppm from DSS, measured from internal acetone at 2.22.

3 Juy values in Hz.

¢ The absolute stereochemistry of the two different glycerol aglycons was not determined, so the carbon bearing the glycosidic
substituent is arbitrarily designated as C-1. Further analysis of stereochemistry would allow these carbons to unambiguously
assigned as sn-3 or sn-1.

Table 4
13C NMR chemical shifts for the tetraglycosyl alditol 2 #

Residue C-1 C2 C3 C-4 C-5 C-6
a-L-Arap 105.0 72.1 73.0 69.0 67.1 -
4)-B-D-Galp 104.5 71.5 73.7 77.2 75.4 61.3
2)-0-L-Acef 98.4 88.4 78.5 13.3 -
-3)-B-L-Rhap (form 1) 100.5 67.4 76.8 70.7 69.2 17.5
-3)-B-L-Rhap (form 2) 100.0 67.4 76.8 70.7 69.2 17.5
-3)-Gro (form 1) 68.8 71.0 63.0 - - -
-3)-Gro (form 2) 69.1 71.0 63.0 - - -

2 D,0O at 25°C, in ppm from DSS, measured from internal acetone at 33.0 ppm.
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S2 contained ions at m/z 693 and 715 corresponding to
[M 4+ H]* and [M+ Na]™*, respectively, of a tetra-
glycosyl alditol (2) composed of one Ara, one Gal, one
Rha, and one aceric acid residue, and glycerol:

3.4. Side chain B of wine RG-II is a nonasaccharide

The primary structures of heptasaccharide 1 and the
tetraglycosyl alditol 2, together with the primary struc-

a-L-Arap-(1 - 4)-B-D-Galp-(1 - 2)-a-L-AcefA-(1 — 3)-B-L-Rhap-(1 — 3)-Groa
2

The resonances in the 'H (Table 3) and '*C (Table 4)
NMR spectra of 2 were assigned by standard 2-dimen-
sional NMR spectroscopic techniques. Two sets of

B-L-Araf
1
\
2

ture of a enzymically-generated undecaglycosyl alditol!
provide compelling evidence that in wine RG-II side
chain B is the nonasaccharide 3:

2-O-Me o-L-Fucp

1
{
2

a-L-Rhap-(1—2)-a-L-Arap-(1—4)-p-D-Galp-(1>2)-o-L-AcefA-(1—3)-p-L-Rhap-(1—-3°)-p-D-Apif-(1>
3

7\
1

o-L-Rhap

resonances for glycerol and two sets of resonances for
the B-Rhap residue, which is directly linked to glycerol,
are present in the '"H and '*C spectra of 2 (see Tables 3
and 4). This result was expected because 2 is a mixture
of two diastereomeric compounds that differ in the
absolute configuration of the aglycon (1-sn-glycerol vs.
3-sn-glycerol). These two diastereoisomers are formed
by the nonstereospecific reduction of the ketone (dihy-
droxyacetone) generated by periodate oxidation of C-3
of the B-Apif residue.

The 'H spectrum of 2 contained resonances at J 4.52
and J 4.54 that were assigned to the anomeric protons
of B-Galp and o-Arap residues, respectively. A long-
range interglycosidic scalar coupling between H-1 of
the a-Arap residue and H-4 of the B-Galp residue was
clearly visible in the high-resolution gCOSY spectrum?®
and confirmed that the anomeric resonance at ¢ 4.52
originated from the a-Arap residue. The resonances of
H-2 through H-4 of the B-Galp and a-Arap spin sys-
tems were readily traced in the COSY and TOSCY
spectra of 2. The scalar coupling network of the a-Arap
and B-Galp residues of 2 could not be unambiguously
traced beyond H-4 because of signal overlap and the
small magnitude of *Jy,ys for these spin systems.
Therefore, the H-5,, and H-5., resonances of the termi-
nal a-Arap residue were assigned by reference to the 'H
spectra of arabinose (see Table 3). This also allowed the
resonances corresponding to H-5, H-6 and H-6" of the
B-Galp residue to be assigned by process of elimination.

The anomeric configuration and ring conformation
of an arabinopyranosyl residue is readily determined by
measuring its *Jy  scalar coupling constants. As Table
3 indicates, *Jy, 1, and *Jy, 145 are both greater than 7
Hz, characteristic of the trams-diaxial arrangement of
H-1, H-2 and H-3 in a *C; chair conformation, and
thus confirms the a-Arap configuration (Fig. 3).

3

3.5. The number of glycosyl residues differ in the
aceric acid-containing side chain generated from Ara-
bidopsis leaf RG-II and wine RG-II

We have provided evidence that in wine RG-II side
chain B is a nonasaccharide (3). However, the results of
other studies**~** have suggested that the number of
glycosyl residues in this side chain may vary depending
on plant source. Thus, we compared the structures of
side chain B that were released by treating A. thaliana
rosette leaf and red wine RG-II for 24 h at 40 °C with
0.1 M TFA. This treatment has been shown to selec-
tively hydrolyze the apiosidic linkage of side chain B.*
A. thaliana RG-II was chosen, as this plant has become
a model system in numerous areas of plant biology
research.®

The side chain B-enriched material obtained from
wine RG-IT (W1) contained Api, Rha, Ara, Gal, Me-
Fuc, and AceA in the molar ratios of 1.0: 2.8: 2.1: 1.3:
1.0:0.8, whereas the corresponding material from Ara-
bidopsis (AT1) contained Api, Rha, Ara, Gal, MeFuc,
and AceA in the molar ratios of 1.0:1.7: 1.5: 1.5:
0.9:0.8. Such a result indicated that the number of
rhamnosyl and arabinosyl residues differ in side chain
B from Arabidopsis and wine RG-II. To confirm and
extend this observation we used ESIMS to determine
the number of glycosyl residues in these side chains and
the extent to which these side chains are O-acetylated.

The ESI mass spectrum of Fraction AT1 (Fig. 5A)
contained ions at m/z 953 and 995 corresponding to
[M + H]* from a mono- and di-O-acetylated hexasac-
charide composed of one Api, one Rha, one AceA, one
Gal, one Ara, and one 2-O-MeFuc residue. The ESI
mass spectrum also contained ions at m/z 1099 and
1141 corresponding to [M + H]* from a mono- and
di-O-acetylated heptasaccharide composed of one Api,
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two Rha, one AceA, one Gal, one 2-O-MeFuc, and one
Ara residue. Protonated molecular ions corresponding
to the hexa- and heptasaccharide and their mono- and
di-O-acetylated derivatives were also present in the ESI
mass spectrum of Fraction W1 (Fig. 5B). This spectrum
also contained ions at m/z 1203, 1245, and 1287 corre-
sponding to [M + H]* from a octasaccharide and its-
mono- and di-O-acetylated derivatives, respectively.
These octasaccharides are likely to contain one addi-
tional Rha residue because their masses are 146 amu
greater than the corresponding heptasaccharides. The
ion at m/z 1231 also corresponds to [M + H]* from a
mono-O-acetylated octasaccharide. However, this mass
is 132 amu greater than the mono-O-acetylated hep-
tasaccharide. An increase in mass of 132 amu corre-
sponds to the addition of one Ara residue. The ions at
m/z 1335, 1377, and 1419 correspond to [M + H]* of a
nonasaccharide and its mono- and di-O-acetylated
derivatives, respectively. These nonasaccharides are
most likely formed by the addition one Rha (146 amu)
and one Ara (132 amu) residue to the heptasaccharide.

We have shown that partial acid hydrolysis of wine
RG-II generates aceric acid-containing hexa-, hepta-,
octa, and nonasaccharides and their mono and di-O-
acetylated derivatives. Oligosaccharides with a DP be-
tween 6 and 8 could be generated by partial acid
hydrolysis of the nonasaccharide. Nevertheless, the pos-
sibility cannot be discounted that the 6-, 7-, 8-, and
9-mer are genuine side chains of wine RG-II. In con-
trast, no discernible amounts of octa and nonasaccha-
ride were generated by partial acid hydrolysis of RG-I1
isolated from Arabidopsis rosette leaf cell walls. More-
over, no octa- or nonasaccharides were generated by

1099

995 141

B 1245 1377

Relative Intensity
;*2
=
‘9
¥
~

911

1057 1231
1141
| 1203
1335 || 1419
1287 I ”
900 1100 1300 1500
m/z

Fig. 5. ESI mass spectra of the side chain B-enriched fraction
generated from Arabidopsis and wine RG-II. (A) Arabidopsis
RG-II; (B) wine RG-II.

0.1M TFA treatment of RG-II isolated from the Ara-
bidopsis murl-2 mutant, and RG-II isolated from the
walls of suspension-cultured Arabidopsis cells (M.A.
O’Neill, unpublished results). It is unlikely that the
octa- and nonasaccharides were hydrolyzed to the hep-
tasaccharide by contaminating glycanses in the EPG
and PME used to release RG-II from Arabidopsis walls
because treating wine RG-II with these enzymes had no
discernible effect on the structure of side chain B (data
not shown). Thus, we conclude that it is unlikely that
quantitatively major amounts of aceric acid-containing
octa- and nonasaccharide are present in Arabidopis
RG-II.

4. Discussion

The primary sequence of the aceric acid-containing
nonasaccharide 3 that is linked to the backbone of red
wine RG-II has been determined. Our data establish
that the a-L-Arap residue is substituted at C-3 with a
nonreducing terminal o-L-Rhap residue and at C-2 with
the disaccharide B-L-Araf-(1 —2)-a-L-Rhap. Our data
also confirm a previous report! that showed that side
chain B contains a 2,4-linked B-D-Galp residue and a
2-linked o-1L-AcefA residue. The "*C and 'H NMR
resonances have been completely assigned for the hep-
tasaccharide derived from side chain B by hydrolysis at
aceric acid. This extends and corrects assignments for
side chain B resonances given in a previous report on
intact RG-11.12

The primary structure determination of side chain B
is the first step toward a detailed conformational analy-
sis of RG-II. An unambiguous primary structure for
the 2-O-Me-xylose-containing side chain remains to be
determined, as does the precise location of each of the
four side chains along the homogalacturonan
backbone.

4.1. The a-L-Arap ring is conformationally flexible

The NMR data suggests that the 2,3-linked arabinopy-
ranosyl residue is flexible, consistent with other studies
that have reported dynamic conformational processes
for arabinopyranosyl residues. For example, the !C,
conformer is believed to be the predominant form of
the 2-linked o-L-arabinopyranosyl residue in saponins
isolated from Platycodon grandiflorum.*® The equi-
librium is shifted toward the *C, conformer by O-acety-
lation. Our NMR scalar coupling data for 1
(IJCI,HI =173, 3JHl,Hz =3, 3JH3,H4 =5, and 3JH4,H§ =38
Hz) are consistent with the presence of a branched
Arap residue that exists predominantly, but not solely
in the !C, chair conformation (see Fig. 3). In contrast,
the terminal nonreducing Arap residue in 2 exists pre-
dominantly in the *C; chair conformation. The '*C line
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widths of the Arap H-5-/H-5¢ cross peaks in the HSQC
of 1 (Fig. 2) are broadened at temperatures below
60 °C, indicative of a chemical shift difference between
the conformers that puts the exchange process at an
intermediate rate on the NMR time scale. Interestingly,
the proton linewidths are less affected. As the chemical
shift of C-5 in a pyranose is known to be sensitive to
the axial or equatorial position of the anomeric oxygen
(the ‘gauche-effect’),?” this broadening may result from
a movement of the anomeric center relative to C-5.
Furthermore, the steric interactions between the glyco-
syl substituents at C-1, C-2 and C-3, on this highly
substituted Arap residue may prevent the ring from
adopting a single stable conformation.

4.2. Variations in the length of side chain B

Side chain B has been reported to exist as a hepta-,
octa-, and nonasaccharide in the walls of suspension-
cultured sycamore (Acer pseudoplatanus) RG-II?> and
as a nonasaccharide in ginseng (Panax ginseng) leaf
RG-I1.*° Our data show that this side chain is a
nonasaccharide in red wine RG-II and a heptasaccha-
ride in Arabidopsis RG-II. Side chain B has been
reported to be an octasaccharide in bamboo (Phyl-
lostachys edulis) shoot RG-I1,*' and as a hexasaccha-
ride in the RG-II isolated from sugar beet (Beta
vulgaris)  pulp,** akamutsu (Pinus  densiflora)
hypocotyls,** and red beet (Beta vulgaris L var condi-
tiva) tubers.** Thus, the number of glycosyl residues in
this side chain may vary depending on the plant source,
although the possibility cannot be discounted that these
structural variations result from differences in the pro-
cedures used to chemically fragment and isolate RG-I1
oligosaccharides. Nevertheless, the limited data avail-
able suggest that the structural variations result from
the presence or absence of substituents linked to C-2
and/or C-3 of the Arap residue. This residue is 2,3-
linked in red wine® and ginseng RG-IL* but is 2-linked
in Arabidopsis RG-II and has been reported to be
present as a terminal nonreducing residue in sugar
beet*? and red beet RG-IL.** Thus, some plants may
lack the glycosyl transferases required to add the Araf
and Rhap residues to the Arap residue. Alternatively,
all plants may synthesize a nonasaccharide, but only
some of them may produce exoglycanases that ‘trim’
the nonasaccharide to smaller oligosaccharides.

The complex primary structure of RG-II is conserved
in higher plants. Moreover, in all plants that have been
examined to data at least 95% of the RG-II in the
primary wall is present as a dimer that is cross-linked
by borate. This cross-link is required for normal plant
growth because a reduction in the extent of cross-link-
ing of RG-II in the Arabidopsis murl mutant is in large
part responsible for the dwarf phenotype of this plant.!?

Reduced RG-II crosslinking occurs as a result of re-
placing L-fucosyl residues (in wild-type plants) with
L-galactosyl residues (in murl plants). Thus, the glyco-
syl sequence and the three-dimensional conformation of
RG-IT are likely to be important in regulating the
interaction of this pectic polysaccharide with borate. It
is likely that RG-II cross-linking in the walls of grow-
ing cells requires the precise positioning of the apiosyl
residues of two RG-II molecules, together with the
lowering of energetic barriers to borate diester forma-
tion. Although the Arap residue discussed above is
remote from the proposed borate crosslinking site in
the primary sequence, its position in the three-dimen-
sional structure is not known. Thus, the conformational
transitions of the RG-II side chains required for the
diester formation may depend in part on the conforma-
tional equilibrium of the Arap. Additional research is
required to determine the importance of the conforma-
tional flexibility of RG-II side chains in the cross-link-
ing process.
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