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Arabinans and galactans are neutral pectic side chains and an important part of the cell
walls of dicotyledonous plants. To get a detailed insight into their fine structure, various
oligosaccharides were isolated from quinoa, potato galactan, and sugar beet pulp after
enzymatic treatment. LC-MS? and one- and two-dimensional NMR spectroscopy were
used for unambiguous structural characterization. It was demonstrated that arabinans
contain B-(1—3)-linked arabinobiose as a side chain in quinoa seeds, while potato
galactan was comprised of B-(1—4)-linked galactopyranoses which are interspersed
with a-(1—4)-linked arabinopyranoses. Additionally, an oligosaccharide with two adjacent
arabinofuranose units O2-substituted with two ferulic acid monomers was characterized.
The isolated oligosaccharides gave further insight into the structures of pectic side chains
and may have an impact on plant physiology and dietary fiber fermentation.
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INTRODUCTION

Pectins are among the main cell wall polysaccharides of dicotyle-
donous plants. Arabinans and galactans are neutral side chains
of rhamnogalacturonan-I, which is part of the pectic polysaccha-
rides. Neutral pectic side chains are often a major part of the cell
wall polysaccharides in dicotyledonous plants and involved into
important physiological processes in the plant, for example fruit
softening (Pena and Carpita, 2004). The main structural char-
acteristics of arabinans and galactans are well known. They are
attached to the rhamnogalacturonan-I backbone at position O4
of the rhamnosyl residues. Arabinans are composed of a backbone
of a-(1—5)-linked arabinofuranoses, which may be branched at
position O3 and/or O2. Galactans are comprised of a B-(1—4)-
linked backbone of galactopyranoses, which can be decorated by
terminal arabinofuranoses and galactopyranoses (Voragen et al,,
2009). In plants of the order of Caryophyllales, ferulic acid can
be attached to the O2-position of the arabinoses and the O6-
position of the galactoses, adding additional complexity to pectin
structures (Ishii and Tobita, 1993; Colquhoun et al., 1994; Bunzel
et al., 2005). Ferulic acid substitution may result in cross-linking
of polysaccharide chains due to oxidative dimerization of the
ferulates, altering the physicochemical properties of these poly-
mers, the cell walls of plants, and plant based food products
(Bunzel et al., 2001). Also, ferulic acid can be liberated by the
human microbiota in the large intestine (Holck et al.,, 2011).
Liberated ferulic acid and its microbial metabolites are poten-
tially reabsorbed from the colon (Zhao and Moghadasian, 2010).
Arabinans and galactans also are part of the dietary fiber com-
plex and are suggested to have prebiotic effects (Van Laere et al.,
2000; Thomassen et al., 2011). Most often, the main structural
features of pectic side chains are determined only. Despite having

a major impact on physiological effects, more complex structural
elements are often not analyzed or cannot be determined by
routine methods.

In this study, we isolated three oligosaccharides from dif-
ferent dicotyledonous plants, representative of pectin structural
features. They were characterized by LC-MS? and one- and two-
dimensional NMR spectroscopy. Novel structural features were
demonstrated, broadening our knowledge about the structures of
neutral pectic side chains.

MATERIALS AND METHODS

PLANT MATERIALS AND SAMPLE PREPARATION

Quinoa seeds (Chenopodium quinoa Willd.), grown and harvested
2012 in Bolivia, were from a local supplier. They were milled
to a size < 0.5mm, defatted with acetone, and used for fiber
preparation. Insoluble dietary fiber was isolated before enzymatic
digestion of the non-starch polysaccharides. Starch was degraded
by incubating 20 g of quinoa flour, suspended in 200 mL of phos-
phate buffer (pH 6.2), with thermostable a-amylase (1.5mlL,
Termamyl 120L, EC 3.2.1.1, from B. licheniformis, 120 KNU/g,
kindly donated by Novozymes, Bagsvaerd, Denmark) for 20 min
at 95°C. After adjusting the pH to 7.5 with sodium hydrox-
ide, 1.12 g protease (Alcalase 1.5 MG Type FG, EC 3.4.21.62,
from B. licheniformis, 1.5 AU/g, kindly donated by Novozymes)
were added and the mixture was incubated for 30 min at 60°C.
The pH was adjusted to 4.5 with hydrochloric acid, and amy-
loglucosidase was added (700 wL, AMG 300L, EC 3.2.1.3, from
A. niger, 300 AGU/g, kindly donated by Novozymes). After
incubation for 30 min at 60°C, the mixture was filtrated, and
insoluble fiber was washed with water, ethanol (99%), and
acetone.
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Insoluble fiber (5g) was suspended in 500 mL of bidistilled
water and 50 U endo-arabinanase (9 U/mg, EC 3.2.1.99, from
A. niger, Megazyme, Bray, Ireland) were added. The mixture was
incubated for 24 h, heated to 95°C for 5min and centrifuged
to remove the undigested residue. The sample was freeze-dried
before further fractionation.

Pectic galactan from potato (Solanum tuberosum L.) was
from Megazyme. The galactan (200 mg) was dissolved in 20 mL
of bidistilled water and incubated with 25mg of Driselase®
(Sigma Aldrich, Schnelldorf, Germany) for 24h at 40°C.
Undigested polysaccharides and higher oligosaccharides were
precipitated with ethanol (99%)/water (80/20, v/v) and removed
by centrifugation. After evaporation and lyophilization, charged
rhamnogalacturonan-I oligosaccharides were removed by pass-
ing the redissolved hydrolyzate through an LC-SAX SPE column
(Supelco, Sigma Aldrich).

Sugar beet pulp (Beta vulgaris L. subsp. vulgaris), kindly pro-
vided by Suedzucker (Mannheim, Germany), was freeze-dried
and milled to a size < 0.5mm. Milled pulp (< 0.5mm, 80g)
was suspended in 5L of bidistilled water, and 8 g of Viscozyme L
(Novozymes) were added. The mixture was incubated for 48 h at
40°C, followed by heating to 95°C for 5 min. The hydrolyzate was
loaded onto a column (45 x 5 cm) packed with Amberlite XAD-
2 (Supelco, Sigma Aldrich). The column was washed with 1L of
water, the phenolic acid oligosaccharides were eluted with 750 mL
of methanol, and the eluate was evaporated to 10 mL (sample
loop size at Sephadex LH-20 chromatography).

OLIGOSACCHARIDE ISOLATION

The isolation procedures for compound 1 and 2 were very similar.
The freeze-dried oligosaccharides were redissolved in bidistilled
water (10 mL) and fractionated by using Bio-Gel P2 chromatog-
raphy (Bio-Rad Laboratories, Hercules, CA, USA) (sample loop
size: 10 mL, bed volume: 85 x 2.6 cm). Elution was carried out
with bidistilled water (1 mL/min) at 45°C, and the effluent was
monitored by refractive index detection (Smartline RI detec-
tor 2300, Knauer, Berlin, Germany). Collected fractions were
freeze-dried, and further fractionation was performed on an
HPLC system (L-7100 pump, L-7490 RI detector, Merck/Hitachi,
Darmstadt, Germany) equipped with a semipreparative C18 col-
umn (250 x 8 mm, 5um, Eurosphere 100, Knauer). Bidistilled
water was used as eluent (1.5 mL/min for compound 1, 1 mL/min
for compound 2). Separations were performed at 5°C (com-
pound 2) and 25°C (compound 1).

For isolation of compound 3, the hydrolyzate was loaded
onto a Sephadex LH-20 column (85 x 2.6 cm, GE Healthcare
Biosciences, Pittsburgh, PA, USA). Elution was carried out
with water (0.5mL/min), water/methanol (70/30, v/v), and
water/methanol (30/70, v/v, 1 mL/min; UV detection at 325 nm).
The collected fractions were concentrated and purified by
semipreparative HPLC (AZURA P2.1L pumps, UVD2.1L UV
detector, Knauer) using a semipreparative Luna CI8 col-
umn (250 x 10mm i.d., 5pum particle size, Phenomenex,
Torrance, CA, USA). The following gradient composed of
water (A) and methanol (B) was applied: 0-2.5min 20% B;
2.5-30min from 20% B to 100% B; 30-45min 100% B;
45-46 from 100% B to 20% B; 46-50 min 20% B. A flow

rate of 2mL/min was used, and UV-detection was carried out
at 325 nm.

MONOSACCHARIDE ANALYSIS
An aliquot of the oligosaccharides was hydrolyzed with 2 M triflu-
oroacetic acid (TFA) at 121°C for 30 min. After evaporation, the
samples were redissolved in water and analyzed by HPAEC-PAD
on an ICS-5000 System (Thermo Scientific Dionex, Sunnyvale,
CA, USA) using a CarboPac PA-20 column at 25°C. A flow
rate of 0.4 mL/min and the following gradient composed of (A)
bidistilled water, (B) 0.1 M sodium hydroxide, (C) 0.1 M sodium
hydroxide + 0.2 M sodium acetate were used: Before every run,
the column was rinsed with 100% B for 10 min and equilibrated
for 20 min with 90% A and 10% B. After injection, the following
gradient was applied: 0—1.5 min, from 90% A and 10% B to 96%
A and 4% B; 1.5-22 min, isocratic, 96% A and 4% B; 22-32 min
from 96% A and 4% B to 100% B; 32—42 min, isocratic, 100% C.
To determine the D/L-monosaccharide configuration, the
evaporated TFA hydrolyzate was heated overnight at 130°C
with 150 pL of (R)-2-octanol and 5L of TFA as described by
Leontein et al. (1978). Solvent was removed and samples
were silylated by wusing 80puL of N,O-bis(trimethylsilyl)
trifluoroacetamide and 20 pL of pyridine. The samples were
analyzed by GC-MS (GC-2010 Plus and GCMS-QP2010 Ultra,
Shimadzu, Kyoto, Japan) equipped with an Rxi-5Sil MS column
(30m x 0.25mm 1id., 0.25um film thickness, Restek, Bad
Homburg, Germany) using the following conditions: initial
column temperature, 150°C; ramped at 1°C/min to 200°C;
ramped at 15°C/min to 300°C. Split injection was performed at a
split ratio of 1:10, the injection temperature was 275°C. Helium
was used as carrier gas at 40 cm/s, and the transfer line was held
at 275°C.

LC-MS? CHARACTERIZATION
LC-MS? was carried out on a Surveyor HPLC System, coupled
to an LXQ linear ion trap MS" system (Thermo Fisher Scientific,
Waltham, MA, USA). For analysis of compound 1 and 2, a porous
graphitized carbon (PGC) column (Hypercarb, 100 x 2.1 mm,
3 wm) (Thermo Fisher Scientific) was used. The following gradi-
ent composed of 25 WM aqueous LiCl (A) and acetonitrile (ACN)
(B) was used: 0—1 min, 100% A; 1-20 min, from 100% A to 90%
A; 20-28 min, from 90% A to 30% A; 28-31 min, from 30% A
to 20% A; 31-35 min, isocratic 20% A; 35-36 min, from 20% A
to 100% A; 36—41 min, equilibration with 100% A. A flow rate of
0.4 mL/min was applied, and the column was heated to 60°C.
Due to weak ionization of compound 3, this compound was
injected directly into the ESI source (negative mode) by using a
syringe pump at 20 pL/min.

NMR CHARACTERIZATION

The oligosaccharides were hydrogen-deuterium exchanged and
dissolved in D,O (compound 1 and 2) or acetone/D, 0O 3:1 (com-
pound 3). Spectra from 'H, H,H-Correlated Spectroscopy
(COSY), Heteronuclear Multiple-Quantum  Correlation
(HMQC), and Heteronuclear Multiple Bond Correlation
(HMBC) experiments were acquired on a Bruker (Rheinstetten,
Germany) Ultrashield 700 MHz NMR. Internal acetone was
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used as an internal reference [2.22/30.89 ppm for compound 1
and 2 (Gottlieb et al., 1997), 2.04/29.80 ppm for compound 3
(Allerdings et al., 2005)].

RESULTS

COMPOUND 1

Quinoa insoluble fiber was hydrolyzed with endo-arabinanase,
and the hydrolyzate was fractionated using Bio-Gel P2 chomatog-
raphy. Semipreparative HPLC purification of the correspond-
ing fractions yielded compound 1 in sufficient amounts and
purity for further analysis. Monosaccharide analysis showed that
L-arabinose was the only monosaccharide present. LC-PGC-MS
of the lithium-cationized oligosaccharide showed a quasimolec-
ular ion with m/z 685, indicating an arabinose pentamer. Since
endo-arabinanase should be able to cleave a linear pentamer, the
isolated pentamer was hypothesized to be branched. This hypoth-
esis was supported by the MS? spectrum (Figure 1). Westphal
et al. (2010b) showed that cross ring cleavages are the source
of the main fragments of linear arabinooligosaccharides, while
MS? spectra of branched oligosaccharides show higher intensi-
ties from interglycosidic cleavages. The dominating fragment ion
is m/z 553 (mass loss of 132 Da), which corresponds to the loss of
an anhydro-arabinose. The 60 Da (m/z 625) and 90 Da (m/z 595)
mass losses result from cross ring cleavage through the reducing
unit. Because these fragments are of a much lower intensity than
the interglycosidic cleavage fragment, compound 1 seems to be a
branched arabinan pentamer.

The oligosaccharide showed a complex '"H NMR spectrum,
requiring 2D NMR experiments for unambiguous structure elu-
cidation. A COSY spectrum allowed for the assignment of the
corresponding ring protons to the well resolved anomeric pro-
tons. The signal at 5.08 ppm represents two H1 protons as indi-
cated by the HMQC spectrum. The '*C chemical shifts of units R,
A, and T (Table 1), which were obtained from the HMQC spec-
trum, were in good agreement with literature data for a reducing
(O5 substituted), an «a-(1,3,5)-substituted, and a terminal -
arabinofuranose (Westphal et al., 2010a). This was confirmed by
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FIGURE 1| CID MS2 mass spectrum of lithium cationized compound 1
(m/z 685).

HMBC cross peaks between C5 of unit A and H1 of unit T, and
between C5 of unit R and H1 of unit A (Figure 2). Additionally,
there were cross peaks between C4 and H1 for unit A and T, con-
firming the furanose form. The O3 substitution of unit A was
confirmed by a cross peak between H1 of unit a and C3 of unit
A. The C chemical shifts of unit a suggested an a-linked ara-
binose in furanose form. The 8¢5 value of unit a is similar to
the 3¢5 value of unit T. Also, the carbon signal of C3 of unit a
is shifted downfield to 84.48 ppm. This suggests that this arabi-
nose is substituted at position O3 instead of O5. The >C chemical
shifts of the remaining arabinose unit b are different from those of
the other arabinoses, but comparable with data for a terminal -
linked arabinofuranose (Cardoso et al., 2002). The furanose form
was confirmed by the corresponding HMBC cross peak between
C4 and H1. A weak HMBC cross peak between C1 of unit b and
H3 of unit a (Figure 2) suggests that unit b is linked to posi-
tion O3 of unit a. In conclusion, NMR and MS data suggest the
structure shown in Figure 2 for compound 1.

COMPOUND 2

Compound 2 was isolated by Bio-Gel P2 chromatography
and semipreparative HPLC after Driselase digestion of pectic
galactans from potato. A galactose/arabinose ratio of approxi-
mately 3:1 was determined by HPAEC monosaccharide analysis.
Determination of the D/L monosaccharide configuration by GC-
MS showed that arabinose was present in its L-configuration and
galactose in its D-configuration. LC-PGC-MS resulted in a very
broad peak with m/z 643 (corresponding to the lithium adduct
of an oligosaccharide made up of three galactoses and one arabi-
nose). The peak broadening is typical for sugars in their pyranose
form on reversed phase columns. Besides the quasimolecular ion
(m/z 643), the MS? fragmentation pattern showed a high inten-
sity of a 60 Da mass loss (m/z 583) and a water loss (m/z 625)
(Figure 3). Hofmeister et al. (1991) investigated MS? fragmen-
tation patterns of lithium cationized hexopyranose disaccharides
and described the mass losses observed here as characteristic for
an (1—4)-linkage. The main fragment at m/z 481 represents the
loss of anhydro-galactose. The absence of fragments representing
the loss of an arabinose residue (mass losses of 132 Da or 150
Da) suggests that arabinose is not present in a terminal position.
The fragments at m/z 463 and at m/z 421, which could represent
18 Da and 60 Da mass losses of m/z 481, may point to a (1—4)-
linkage of the internal galactose. The intense fragment at m/z
349 may result from a 132 Da mass loss of m/z 481 or of a com-
bined loss of galactose and arabinose. Although not all fragments
can be explained, LC-MS? points to an (1—4)-linked galactan
containing an internal arabinose unit.

The "H NMR spectrum of compound 2 showed well resolved
signals for the anomeric sugar protons between 4.5 and 4.7 ppm
with coupling constants around 8 Hz, in addition to one signal at
5.27 ppm with a coupling constant of 4 Hz (Figure 4). This sug-
gests the presence of B-linked galactopyranoses and the absence
of arabinose in its furanose form (Agrawal, 1992). This hypothe-
sis was confirmed by the HMQC spectrum. 'H and '*C chemical
shifts for unit R, A, and T (Table 1) were comparable to those
reported for a reducing 4-linked galactopyranose, a B-(1—4)-
substituted galactopyranose, and a terminal $-galactopyranose
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Table 1| 'H and 13¢C chemical shifts and coupling constants of the isolated oligosaccharides.

COMPOUND 1
Unit 1 2 3 4 5
R-a 5.25 4.03 4.04 4.23 3.76/3.83
101.92 82.07 76.60 82.04 67.35
R-B 5.30 4.10 4.09 3.94 3.76/3.83
96.18 76.80 75.04 79.92 67.35
A 5.10/6.11 4.29 4.1 4.29 3.85/3.95
108.19 79.94 82.69 82.05 6702
T 5.09 4.13 3.95 4.10 3.82/3.70
108.15 81.74 77.26 84.69 61.86
a 5.19 4.37 3.96 4.16 3.72/3.84
107.87 80.38 84.48 83.43 61.79
b 5.08 4.12 4.04 3.90 3.72/3.82
102.26 77.02 74.95 82.73 63.78
COMPOUND 2
Unit 1 2 3 4 5 6
R-a 5.27 (4.0) 3.86 3.96 4.23 4.12 3.72/3.83
93.04 69.23 70.40 79.49 70.47 61.62
R-B 4.60 (8.0) 3.568 3.76 4.17 3.76 3.72/3.83
9717 72.92 74.14 78.47 74.14 61.62
A 4.64 (8.0) 3.66 3.78 4.14 3.71 3.79
105.12 72.75 74.12 78.17 75.48 61.61
T 4.57 (8.0) 3.62 3.65 69.25 3.68 3.77/3.79
105.47 71.77 73.09 3.91 75.86 61.59
a 4.60 (8.0) 3.68 3.73 4.08 3.64/4.21 -
105.22 72.58 73.58 78.92 66.72
COMPOUND 3
Unit 1 2 3 4 5 6 7 8 9 10
R-a 5.13(2.3) 3.93 3.91 4.13 3.62/3.80 - - - - -
102.38 82.64 77.31 82.01 6795
R-B 5.17 (4.4) 3.93 3.91 3.82 3.62/3.80 - - - - -
96.69 75.86 77.31 80.58 6795
A 5.06/5.05 5.02 4.20 4.21 3.73/3.87 - - - - -
106.37 84.31 76.14 83.64 66.53
T 5.1 5.07 4.06 4.08 3.63/3.75 - - - - -
106.45 84.57 76.17 84.84 61.72
Fa - 7.20 - n.d. 6.77 (8.0) 7.07 (8.0) 7.59 (16.0) 6.33 (16.0) - 3.80
n.d. 111.56 149.02 n.d. 116.29 124.26 147.30 113.49 n.d. 55.97
Fg - 7.12 - n.d. 6.77 (8.0) 6.99 (8.0) 7.54 (16.0) 6.27 (16.0) - 3.78
n.d. 111.40 149.00 n.d. 116.32 124.13 147.32 113.42 n.d. 55.97

The corresponding structures including the descriptors are shown in Figures 2, 4, 6.

(Fransen et al., 1998; Lichtenthaler et al., 2001; Ishii et al., 2005).
13C chemical shifts of unit a were in good agreement with data for
an a-arabinopyranose, except that C4 is shifted downfield (Ishii
et al., 2005). This suggests substitution at this position and is in
good agreement with the MS? experiments. An HMBC cross peak
between C4 of unit a and HI1 of unit T confirmed this assign-
ment (Figure 4). The unusual ringform of the arabinose is also
evidenced by a weak cross peak between C5 and H1. Additionally,
cross peaks between C4 of the units A and R and H1 of the units
a and A demonstrated the p-(1—4)-linkages between the units g,
A and R (Figure 4). Thus, these data demonstrate the structure of
compound 2 as shown in Figure 4.

Chemical shifts are given in ppm, coupling constants in Hz. n.d., not determined.

COMPOUND 3

A Viscozyme L hydrolyzate of sugar beet pulp was fraction-
ated by using Sephadex LH-20 chromatography, and compound
3 was obtained from the methanol/water 70/30 eluate. After
semipreparative HPLC purification, monosaccharide analysis of
the purified compound showed L-arabinose as the only monosac-
charide present. ESI-MS showed a quasimolecular ion [M-1]~ at
m/z 765, corresponding to three arabinose units, esterified with
two ferulic acids. The MS? spectrum yielded mass losses of 60
and 90 Da (m/z 705 and m/z 675), typical for cross ring cleav-
ages through a 5-substituted, reducing arabinose (Figure5). A
weak interglycosidic cleavage fragment (m/z 633) is also present,
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FIGURE 2 | HMBC spectrum and structure of compound 1. Diagnostic long range correlations are marked and explained in the text.
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FIGURE 3 | CID MS2 mass spectrum of lithium cationized compound 2
(m/z 643).

suggesting that ferulic acid is not attached to the reducing arabi-
nose. The remaining fragments (m/z 499 and m/z 529) may result
from a mass loss of 176 Da of the fragments at m/z 705 and m/z
675, corresponding to a loss of an anhydro-ferulic acid. Levigne

et al. (2004) isolated a diferuloylated oligosaccharide showing the
same quasimolecular ion from sugar beet. The MS? spectrum of
that compound showed different intensities of the fragment ions
than the compound analyzed here. It also contained only minor
amounts of the fragments at m/z 499 and m/z 529. These frag-
ments were assigned to impurities by the authors. They proposed
a structure where an (1—5)-linked arabinotriose is esterified by
two ferulic acids at O2 of the (1—5)-linked arabinose and at O5
of the terminal arabinose. The differences in the MS? spectrum
suggest that the positions of esterification could be different in
the compound analyzed here.

Thus, NMR spectroscopy was required to unambiguously
assign the structure of compound 3. The 'H spectrum confirmed
the presence of two ferulic acid residues (Figure 6). Two sets of
H7/H8 protons with coupling constants of 16 Hz demonstrated
that both ferulic acids are present in their trans-configuration.
The ®C chemical shifts are very similar for both ferulic acids
and in good agreement with data for ester-linked ferulic acid
(Colquhoun et al.,, 1994; Bunzel et al., 2005). Since the phe-
nolic protons do not couple with the propenylic proton H7 in
the COSY spectrum and because both ferulic acid units showed
similar 13C chemical shifts (Table 1), assignments were made
assuming that the downfield shifted H7 and H8 protons belong
to the same ferulic acid unit as the downfield shifted H2, H5,
and H6 protons. The anomeric region of the oligosaccharide
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FIGURE 5 | CID MS? mass spectrum of compound 3 in negative mode
(m/z 765).

(5.0—5.2 ppm) shows signals for the o- and B-anomers of H1 of
the reducing arabinose and signals for H1 of unit A and T. These
signals were distinguishable because H1 of unit A was split due
to the long-range effect of the - and B-anomers. Two additional
signals besides the anomeric protons are present, which were

assigned to the downfield shifted H2 protons of unit A and unit
T. The ring protons were assigned based on COSY cross peaks.
The assignments were confirmed by using the HMQC spectrum
(Figure 6). Both carbons attached to the H2 protons show a
13C downfield shift. The 8¢ values of these C2 carbons (84.31
and 84.57 ppm, Table 1) are in good agreement with data for
an (1—5)-linked arabinose with a ferulic acid attached to O2
(Colquhoun et al., 1994; Bunzel et al., 2005). The 3¢ values for
the reducing arabinose unit R and the terminal arabinose unit T
(except for the C2 downfield shift) are also in good agreement
with literature data. Due to the low sample amount, the HMBC
spectrum did not provide further information; thus, it was not
possible to determine which ferulic acid is linked to which ara-
binose unit. However, from MS and NMR data the structure of
compound 3 was suggested as shown in Figure 6.

DISCUSSION

The isolated oligosaccharides provide new information about
the fine structure of pectins. Compound 1, which contains a
side chain of O-B-L-arabinofuranosyl-(1— 3)-arabinofuranose
attached to O3 of the arabinan backbone, is a new struc-
tural feature of arabinans. While O3 substitution of the
arabinan backbone is a common structural feature of ara-
binans, P-glycosidic linkages and oligomeric arabinose side
chains are rarely described. It was already demonstrated
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FIGURE 6 | HMQC spectrum and structure of compound 3. Signals in the anomeric region are assigned and explained in the text.

that mung bean microsomal membranes contain a p-(1—3)-
arabinopyranosyltransferase, which transfers arabinopyranose
units on long linear arabinan chains, but not to small ara-
binose oligomers. Cardoso et al. (2002) described that arabi-
nans in olive pomace contain a-(1— 3)-linked arabinobiose side
chains as well as terminal B-arabinofuranoses linked to the O5-
position of the arabinan backbone. The authors also described
that this structural feature disappeared during the ripening of
the fruits, indicating an important role in cell wall develop-
ment (Cardoso et al., 2007). Besides a plant physiological impact,
terminal B-arabinofuranoses may also affect polysaccharide fer-
mentation in the human large intestine. To degrade arabinans
containing p-arabinofuranosyl residues, a -arabinofuranosidase
is required. Recently, such an enzyme was cloned and char-
acterized from Bifidobacterium longum (Fujita et al., 2014). If
other bacterial strains are not able to express this enzyme,
there would be an enhancement of the prebiotic effect of the
polysaccharides.

To the best of our knowledge, compound 2 is the first evi-
dence that arabinopyranoses are incorporated into (1—4)-linked
galactan backbones. Mostly, arabinose units are described in their
furanose form, which are attached as side chains to the O3-
position of the galactose backbone units (Habibi et al., 2004).
Ishii et al. (2005) described the transfer of arabinopyranose to the
terminal end of (1—4)-linked galactan chains by using microso-
mal membranes from mung bean. Huisman et al. (2001) digested
soy bean galactans and analyzed them for galactan structures

by MALDI-TOF MS and methylation analysis. They described
terminal arabinopyranoses at the end of (1—4)-linked galactan
chains and galactan oligosaccharides with internal arabinoses.
Based on methylation analysis data, the arabinose was inter-
preted as a (1—5)-linked arabinofuranose. However, it cannot
be excluded that (1—4)-linked arabinopyranose was present,
because both structural features result in the same partially
methylated alditol acetates in the methylation analysis. The exis-
tence of internal arabinopyranoses suggests that, in addition
to the presence of an enzyme for the transfer of arabinopy-
ranose units to galactans, there could also be an enzyme to
transfer galactose units to arabinopyranoses. These structural
elements may also significantly alter plant cell wall physiology
and the fermentation of galactans in the human large intes-
tine. It was demonstrated that galactans are degraded during
fruit ripening, probably through plant derived enzymes such as
B-galactosidase (Pena and Carpita, 2004; Goulao et al., 2007).
Without enzymes hydrolyzing internal arabinopyranoses, degra-
dation in the plant cell wall as well as in the large intestine would
be limited. The required enzyme is an ao-arabinopyranosidase,
which was already isolated from Bifidobacterium breve (Shin et al.,
2003).

Compound 3 demonstrates that two adjacent arabinoses can
carry ferulic acid residues at position O2 in sugar beet arabinans.
Levigne et al. (2004) isolated an arabinan oligosaccharide which
also contained three arabinoses and two ferulic acids. Based on
MS? data, they proposed that the two non-reducing arabinoses
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are substituted by ferulic acid at positions O2 and O5. Because
the arabinan backbone is characterized by (1—5)-linkages, this
structural element is limited to chain ends of the arabinans. The
structural element presented here can, however, be located within
the arabinan chain. As a consequence, the enzymatic degrada-
tion of these sites by feruloyl esterase may be influenced by the
high degree of substitution. Although, it was reported that feru-
loyl substitution does not influence the fermentation by human
intestinal microbiota (Funk et al., 2007; Holck et al., 2011), single
structural elements were not investigated in these studies.

This study highlights the importance of NMR spectroscopy
in the structural studies of carbohydrates. Although LC-MS?
is a most useful tool to obtain first structural information or
to confirm known structural elements, it would not have been
possible to unambiguously characterize these oligosaccharides
without detailed NMR studies. In addition, all three compounds
cannot be specifically detected in methylation analysis, as this
method cannot distinguish between (1—5)-linked arabinofu-
ranose and (1—4)-linked arabinopyranose. Also, information
about the anomeric configuration and ferulic acid substitution is
lost by performing methylation analysis. The isolated oligosaccha-
rides add complexity to the structure of pectic neutral side chains.
Because their presence was only proven in one plant material
yet, other plant materials need to be analyzed for these structural
features. If they are demonstrated to be common structural ele-
ments of pectins, more detailed studies on their effects on plant
physiology and microbial fermentation in the human gut will be
required.

ACKNOWLEDGMENTS

The authors are grateful to Anke Krause for experimental sup-
port. Funding for NMR instrumentation was provided by the
Office of the Vice President for Research, the Medical School,
the College of Biological Science, NIH, NSF, and the Minnesota
Medical Foundation.

REFERENCES

Agrawal, P. K. (1992). NMR-spectroscopy in the structural elucidation of oligosac-
charides and glycosides. Phytochemistry 31, 3307-3330. doi: 10.1016/0031-
9422(92)83678-R

Allerdings, E., Ralph, J., Schatz, P. E, Gniechwitz, D., Steinhart, H., and Bunzel,
M. (2005). Isolation and structural identification of diarabinosyl 8-O-4-
dehydrodiferulate from maize bran insoluble fibre. Phytochemistry 66, 113—124.
doi: 10.1016/j.phytochem.2004.10.026

Bunzel, M., Ralph, J., Marita, J. M., Hatfield, R. D., and Steinhart, H. (2001).
Diferulates as structural components in soluble and insoluble cereal dietary
fibre. J. Sci. Food Agric. 81, 653—660. doi: 10.1002/jsfa.861

Bunzel, M., Ralph, J., and Steinhart, H. (2005). Association of non-starch
polysaccharides and ferulic acid in grain amaranth (Amaranthus caudatus
L.) dietary fiber. Mol. Nutr. Food Res. 49, 551-559. doi: 10.1002/mnfr.2005
00030

Cardoso, S. M., Ferreira, J. A., Mafra, 1., Silva, A. M. S., and Coimbra, M. A.
(2007). Structural ripening-related changes of the arabinan-rich pectic polysac-
charides from olive pulp cell walls. J. Agric. Food Chem. 55, 7124-7130. doi:
10.1021/jf070769w

Cardoso, S. M., Silva, A. M. S., and Coimbra, M. A. (2002). Structural characterisa-
tion of the olive pomace pectic polysaccharide arabinan side chains. Carbohydr.
Res. 337, 917-924. doi: 10.1016/S0008-6215(02)00082-4

Colquhoun, I. J., Ralet, M. C., Thibault, J. E, Faulds, C. B., and Williamson, G.
(1994). Structure identification of feruloylated oligosaccharides from sugar-beet
pulp by NMR spectroscopy. Carbohydr. Res. 263, 243-256. doi: 10.1016/0008-
6215(94)00176-6

Fransen, C. T. M., Van Laere, K. M. ], Van Wijk, A. A. C,, Brull, L. P,
Dignum, M., Thomas-Oates, J. E. et al. (1998). a-D-Glcp-(1<>1)-p-D-Galp-
containing oligosaccharides, novel products from lactose by the action of
B-galactosidase. Carbohydr. Res. 314, 101-114. doi: 10.1016/S0008-6215(98)
00285-7

Fujita, K., Takashi, Y., Obuchi, E., Kitahara, K., and Suganuma, T. (2014).
Characterization of a novel B-L-arabinofuranosidase in Bifidobacterium longum.
J. Biol. Chem. 289, 5240-5249. doi: 10.1074/jbc.M113.528711

Funk, C., Braune, A., Grabber, J. H., Steinhart, H., and Bunzel, M. (2007).
Moderate ferulate and diferulate levels do not impede maize cell wall degrada-
tion by human intestinal microbiota. J. Agric. Food Chem. 55, 2418-2423. doi:
10.1021/jf063109k

Gottlieb, H. E., Kotlyar, V., and Nudelman, A. (1997). NMR chemical shifts of com-
mon laboratory solvents as trace impurities. J. Org. Chem. 62, 7512-7515. doi:
10.1021/j0971176v

Goulao, L. F, Santos, J., De Sousa, 1., and Oliveira, C. A. (2007). Patterns
of enzymatic activity of cell wall-modifying enzymes during growth
and ripening of apples. Postharvest Biol. Technol. 43, 307-318. doi:
10.1016/j.postharvbio.2006.10.002

Habibi, Y., Mahrouz, M., Marais, M. E,, and Vignon, M. R. (2004). An arabinogalac-
tan from the skin of Opuntia ficus-indica prickly pear fruits. Carbohydr. Res. 339,
1201-1205. doi: 10.1016/j.carres.2004.02.004

Hofmeister, G. E., Zhou, Z., and Leary, J. A. (1991). Linkage position determination
in lithium-cationized disaccharides: tandem mass spectrometry and semiem-
pirical calculations. J. Am. Chem. Soc. 113, 5964-5970. doi: 10.1021/ja000
16a007

Holck, J., Lorentzen, A., Vigsnaes, L. K., Licht, T. R., Mikkelsen, J. D., and Meyer,
A. S. (2011). Feruloylated and nonferuloylated arabino-oligosaccharides from
sugar beet pectin selectively stimulate the growth of Bifidobacterium spp. in
human fecal in vitro fermentations. J. Agric. Food Chem. 59, 6511-6519. doi:
10.1021/j£200996h

Huisman, M. M. H., Brull, L. P,, Thomas-Oates, J. E., Haverkamp, J., Schols, H. A.,
and Voragen, A. G. J. (2001). The occurrence of internal (1—5)-linked arabi-
nofuranose and arabinopyranose residues in arabinogalactan side chains from
soybean pectic substances. Carbohydr. Res. 330, 103—114. doi: 10.1016/S0008-
6215(00)00269-X

Ishii, T., Ono, H., Ohnishi-Kameyama, M., and Maeda, I. (2005). Enzymic trans-
fer of a-L-arabinopyranosyl residues to exogenous 1,4-linked B-D-galacto-
oligosaccharides using solubilized mung bean (Vigna radiata) hypocotyl
microsomes and UDP-B-L-arabinopyranose. Planta 221, 953-963. doi:
10.1007/500425-005-1504-x

Ishii, T., and Tobita, T. (1993). Structural characterization of feruloyl oligosac-
charides from spinach-leaf cell walls. Carbohydr. Res. 248, 179-190. doi:
10.1016/0008-6215(93)84125-P

Leontein, K., Lindberg, B., and Lonngren, J. (1978). Assignment of absolute
configuration of sugars by GLC of their acetylated glycosides formed from
chiral alcohols. Carbohydr. Res. 62, 359-362. doi: 10.1016/S0008-6215(00)
80882-4

Levigne, S. V., Ralet, M. C. J., Quemener, B. C., Pollet, B. N. L., Lapierre, C., and
Thibault, J. E. J. (2004). Isolation from sugar beet cell walls of arabinan oligosac-
charides esterified by two ferulic acid monomers. Plant Physiol. 134, 1173-1180.
doi: 10.1104/pp.103.035311

Lichtenthaler, F. W., Oberthur, M., and Peters, S. (2001). Directed and effi-
cient syntheses of P(1—4)-linked galacto-oligosaccharides. Eur. J. Org.
Chem. 2001, 3849-3869. doi: 10.1002/1099-0690(200110)2001:20<3849::AID-
EJOC3849>3.0.CO;2-Q

Pena, M. J,, and Carpita, N. C. (2004). Loss of highly branched arabinans and
debranching of rhamnogalacturonan I accompany loss of firm texture and cell
separation during prolonged storage of apple. Plant Physiol. 0135, 1305-1313.
doi: 10.1104/pp.104.043679

Shin, H. Y., Park, S. Y., Sung, J. H., and Kim, D. H. (2003). Purification and char-
acterization of a-L-arabinopyranosidase and a-L-arabinofuranosidase from
Bifidobactetium breve K-110, a human intestinal anaerobic bacterium metab-
olizing ginsenoside Rb2 and Rc. Appl. Environ. Microbiol. 69, 7116-7123. doi:
10.1128/AEM.69.12.7116-7123.2003

Thomassen, L. V., Vigsnaes, L. K., Licht, T. R., Mikkelsen, J. D., and Meyer, A. S.
(2011). Maximal release of highly bifidogenic soluble dietary fibers from indus-
trial potato pulp by minimal enzymatic treatment. Appl. Microbiol. Biotechnol.
90, 873-884. doi: 10.1007/s00253-011-3092-y

Frontiers in Chemistry | Food Chemistry

November 2014 | Volume 2 | Article 100 | 8


http://www.frontiersin.org/Food_Chemistry
http://www.frontiersin.org/Food_Chemistry
http://www.frontiersin.org/Food_Chemistry/archive

Wefers et al.

Novel arabinan and galactan oligosaccharides

Van Laere, K. M. J., Hartemink, R., Bosveld, M., Schols, H. A., and Voragen, A.
G. J. (2000). Fermentation of plant cell wall derived polysaccharides and their
corresponding oligosaccharides by intestinal bacteria. J. Agric. Food Chem. 48,
1644-1652. doi: 10.1021/jf9905191

Voragen, A. G. J., Coenen, G. J., Verhoef, R. P,, and Schols, H. A. (2009). Pectin, a
versatile polysaccharide present in plant cell walls. Struct. Chem. 20, 263-275.
doi: 10.1007/s11224-009-9442-z

Westphal, Y., Kithnel, S., De Waard, P., Hinz, S. W. A., Schols, H. A., Voragen,
A. G. ], et al. (2010a). Branched arabino-oligosaccharides isolated from sugar
beet arabinan. Carbohydr. Res. 345, 1180-1189. doi: 10.1016/j.carres.2010.
03.042

Westphal, Y., Kithnel, S., Schols, H. A., Voragen, A. G. J., and Gruppen, H.
(2010b). LC/CE-MS tools for the analysis of complex arabino-oligosaccharides.
Carbohydr. Res. 345, 2239-2251. doi: 10.1016/j.carres.2010.07.011

Zhao, Z. H., and Moghadasian, M. H. (2010). Bioavailability of hydroxycinnamates:
a brief review of in vivo and in vitro studies. Phytochem. Rev. 9, 133—145. doi:
10.1007/s11101-009-9145-5

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 30 September 2014; accepted: 24 October 2014; published online: 10
November 2014.

Citation: Wefers D, Tyl CE and Bunzel M (2014) Novel arabinan and galactan
oligosaccharides from dicotyledonous plants. Front. Chem. 2:100. doi: 10.3389/fchem.
2014.00100

This article was submitted to Food Chemistry, a section of the journal Frontiers in
Chemistry.

Copyright © 2014 Wefers, Tyl and Bunzel. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

www.frontiersin.org

November 2014 | Volume 2 | Article 100 | 9


http://dx.doi.org/10.3389/fchem.2014.00100
http://dx.doi.org/10.3389/fchem.2014.00100
http://dx.doi.org/10.3389/fchem.2014.00100
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org
http://www.frontiersin.org/Food_Chemistry/archive

	Novel arabinan and galactan oligosaccharides from dicotyledonous plants
	Introduction
	Materials and Methods
	Plant Materials and Sample Preparation
	Oligosaccharide Isolation
	Monosaccharide Analysis
	LC-MS2 Characterization
	NMR Characterization

	Results
	Compound 1
	Compound 2
	Compound 3

	Discussion
	Acknowledgments
	References


