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The glycoprotein structure of gum ghatti was investigated. The covalent bonding between polysaccha-
rides and proteins was firstly confirmed by high performance size exclusion chromatography (HPSEC)
using refractive index (RI) and UV detectors. Partial acid hydrolysis and enzymatic degradation were also
utilized. Several structural fragments such as AraHex;-HexA-HexNAc, HexsHexNAc,, AraHex,HexNAc,
Hex;oHexNAc and HexsHexNAc-Asn were identified from MALDI-TOF spectrum; using 1D and 2D NMR
spectra, the linkage site of amino acids and polysaccharides was determined as N-linked (Hex)n-GIcNAc-
Asn. Combined with the polysaccharide structure obtained before, a glycoprotein structure model was
proposed. It was composed of 1,6-linked galactose backbone, which were attached by numerous of sugar

NMR side chains and peptide chains.

Structure characterization

Crown Copyright © 2012 Published by Elsevier Ltd. All rights reserved.

1. Introduction

The major application of gum ghatti in foods is mainly due to
its emulsification ability, which was reported to be superior to that
of gum Arabic when used at lower concentrations (Al-Assaf, Amar,
& Phillips, 2008). Recently, some work has been done to explain
the mechanism of superior emulsification property of gum ghatti.
Firstly, more gum component was found to be adsorbed onto the
oil droplets in the emulsions of gum ghatti (30%, w/w) than that of
gum Arabic (7-10%) (Katayama et al., 2008). Secondly, the adsorbed
components of gum ghatti in the emulsion distributed evenly in the
whole molecular weight range: from high molecular to low molec-
ular weight; on the contrary, only the high Mw fraction of gum
Arabic was adsorbed on to the oil surface (Katayama et al., 2008).
This could explain why gum ghatti is a better stabilizer even at rela-
tively lower gum content. Thirdly, the protein content of gum ghatti
is higher than that of gum Arabic (Al-Assaf et al., 2008). However,
to our best knowledge, little work was done to explain the emul-
sification properties of gum ghatti from the structural perspective.
We recently fractionated gum ghatti into four homogenous frac-
tions (Kang, Cui, et al., 2011a) and characterized the two major
structures (Kang, Cui, et al., 2011b; Kang, Cui, Chen, et al., 2011).
The current study is a continuation of previous studies in order
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to understand why gum ghatti is a better emulsifier than gum
Arabic.

For comparison purposes, the glycoprotein structure of gum
Arabic is summarized here. It was a highly heterogeneous polysac-
charide and consisted of three main fractions. These fractions were
arabinogalactan protein complex (AGP), arabinogalactan (AG) and
glycoprotein (GP). One of the proposed models for AGP was that
of hydrophilic carbohydrate blocks linked to a protein chain with
a wattle-blossom-type structure which was readily degradable
by proteolytic enzyme (Osman, Menzies, Williams, Phillips, &
Baldwin, 1993).

In order to clarify whether the protein and polysaccharide parts
in gum ghatti were covalently linked or not, the composition and
physicochemical properties before and after treatment (with mild
acid, protease, a-L-arabinofuranosidase, and [-p-galactosidase)
were determined. Molecular weight profiles for both polysac-
charide and protein were monitored by high performance size
exclusion chromatography (HPSEC) coupled with refractive index,
UV absorbance, right and low angle light scattering, and viscome-
ter detectors. The weight average molecular weight (Mw) values
were calculated using a conventional calibration for relatively small
molecular weight (<10,000 Da), whereas, a triple detection method
is used for large molecular weight peaks (>10,000 Da). The detailed
protein and polysaccharide linkage information in the protein-rich
fractions were obtained using 1D and 2D NMR (COSY, TOCSY, HMQC
and HMBC) and MALDI-TOF-MS analysis. Understanding the link-
age pattern between protein and polysaccharide of gum ghatti
could lead to preparation of natural high-efficiency emulsifier and
stabilizer through chemical modification.
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2. Materials and methods
2.1. Materials

2.1.1. Samples
Gatifolia SD, a specially selected, cleaned and spray dried prod-
uct of gum ghatti, was from San-Ei Gen F.F.L, Inc., Osaka, Japan.

2.1.2. Enzyme and chemicals

The a-L-arabinofuranosidase from Aspergillus niger (Lot. 10401),
[3-p-galactosidase from A. niger (80601) and protease from Bacillus
licheniformis (Lot 50901) were purchased from Megazyme.

2.2. Methods

2.2.1. Amino acid composition

The Gatifolia SD was hydrolyzed by 6 M HCl in screw-capped
tubes. Tubes were flushed with N, and then heated at 110°C for
24 h. The hydrolysates were rotary-evaporated to dryness under
vacuum at 40°C, then analyzed on an Agilent 1100 high per-
formance liquid chromatography for the amino acid composition
(Agilent Corporation, America) (4.0 mm x 125 mm, Amersham Par-
macia Biotech, Switzerland). The elution programme consisted of a
gradient system with buffer A (40 mM Na,HPO4, pH 7.8) and buffer
B (ACN:MeOH:water, 45:45:10, v/v/v), respectively, at a flow-rate
of 1 mL/min. The elution pattern was monitored by measuring the
absorbance at 450 nm when excited at 340 nm.

2.2.2. Dearabinosylation of Gatifolia SD

Gatifolia SD (800 mg) was dissolved in 40 mM sodium acetate
buffer (400 mL, pH 4.0) with 0.04% NaN3, and incubated with 100 .l
A. niger a-L-arabinofuranosidase at 40°C for 3 days. The reac-
tion was terminated by heating at 100°C for 5 min. After dialysis,
ethanol precipitation, centrifugation and lyophilization, the precip-
itate and supernatant could be obtained and designated AP and AS,
respectively. Then the samples were dissolved in deionized water,
filtered through a 0.45 pm filter membrane, and analyzed by high
performance size exclusion chromatography (HPSEC) coupled with
refractive index, UV absorbance, right and low angle light scatter-
ing, and online-viscometer detectors.

2.2.3. Degalactosylation of Gatifolia SD

Gatifolia SD (10 mg) was dissolved in 20 mM sodium acetate
buffer (5mL, pH 4.5) with 0.04% NaN3 and incubated with 25 ul
A. niger [3-D-galactosidase at 60°C for 3 days. The procedure was
repeated and the solution dialyzed against deionized water. After
enzyme inactivation (15 min, 100°C), 3 volumes of ethanol was
added to the solution, then centrifuged and lyophilized, the super-
natant was designated GS, and the precipitate was named as GP.
Both samples were analyzed for protein content and molecular
weight distribution.

2.2.4. Partial acid hydrolysis of Gatifolia SD

Gatifolia SD (2g) was hydrolyzed with 0.1 M trifluoroacetic
acid (10mL) at 100°C for 20 min, 60 min, 120 min, and 210 min.
After hydrolysis samples were cooled down to room temperature
and precipitated with three volumes of ethanol (v/v) followed by
freeze drying. The precipitate and supernatant for each sample
were designated 20P/20S, 60P/60S, 120P/120S and 210P/210S cor-
respondingly (Fig. 1).

2.2.5. Fractionation of 210P by Bio-gel
The 210P, the precipitate fraction after 210 min acid hydrolysis,
was applied on a Bio-Gel P-4 (Hercules, CA) and eluted with distilled
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Fig. 1. Procedure for partial acid hydrolysis of Gatifolia SD.

water at a flow rate of 0.5 mL/min at 25 °C. Fractions of every 2.6 mL
were collected and analyzed by HPSEC.

2.2.6. Protease hydrolysis of Gatifolia SD

The Gatifolia SD, 210P and Artemisia sphaerocephala Krasch seed
gum (used as control for verifying the enzyme activity), were dis-
solved seperatedly in 80 mM phosphate buffer (pH 7.5), then the
protease was added and incubated at 60°C for 3 days with con-
stant stirring, followed by dialysis (1000 Da Mw cut-off) and then
freeze drying.

2.2.7. Chemical and monosaccharide analyses

Protein content was analyzed by a NA2100 Nitrogen and Pro-
tein Analyzer (Strada Rivoltana, Milan, Italy) using the factor of
6.25 to convert measured nitrogen into protein content. Ash and
moisture contents were examined according to the AOAC methods
(Anonymous, 2000).

Monosaccharide composition analysis was conducted using a
modified method of Mopper et al. (1992). Detailed procedure was
described earlier (Kang, Cui, et al., 2011a).

Uronic acid content was carried out using a high performance
anion exchange chromatographic method described earlier (Kang,
Cui, et al., 2011a). The sample was prepared by hydrolysis in 1M
H,S04 at 100°C for 2 h with galacturonic acid and glucuronic acid
as standards.

2.2.8. Molecular weight characterization

The molecular weight distribution profile was determined
using a high performance size-exclusion chromatograph (HPSEC)
equipped with multiple detectors: a differential pressure viscome-
ter (DP) for viscosity determination; a refractive index detector
(RI) and a UV detector for concentration determination; a right
angle laser light scattering detector (RALLS) and a low angle laser
light scattering detector (LALLS) (Viscotek, triple detector array
from Malvern company). Two columns in series: a Shodex Ohpak
KB-806M (Showa Denko K.K., Tokyo, Japan), and an Ultrahydro-
gel linear (Waters, Milford, CT, USA) were equipped. The columns,
viscometer and RI detector were maintained at 40°C. The eluent
was 0.1 M NaNOs3 containing 0.03% (w/w) NaNs3 at a flow rate of
0.6 mL/min. Data was obtained and analyzed using the OmniSEC
4.6.1 software.

2.2.9. Matrix assisted laser desorption ionization-time of flight
(MALDI-TOF) mass spectrometry

The matrix chosen for MALDI-TOF analysis was 2,5-
dihydroxybenzoic (DHB) acid, 10mg of recrystallized DHB
was dissolved in 1 mL of 20% ethanol solution in HPLC grade water.
Samples were re-suspended in an equal volume of matrix solution



J. Kang et al. / Carbohydrate Polymers 89 (2012) 749-758 751

Table 1
Amino acid composition of Gatifolia SD.

Amino acids Content (%) Amino acids Content (%) Amino acids Content (%)
Asx 18.62 Ala 5.64 Arg 3.52
Lys 9.59 Leu 5.27 Cys-s 3.49
Glu 9.41 Thr 4.55 His 3.48
Gly 9.14 Ser 4.38 Phe 2.81
Val 6.73 lle 3.81 Met 0.11
Pro 5.81 Tyr 3.6
Table 2
Relative monosaccharide composition of original Gatifolia SD, AP and AS.
Yield (%)? Rha Ara Gal Glc Xyl Man
Gatifolia SD 2.56 57.27 33.83 0.98 2.62 2.75
AP 73.72 1.28 46.70 44.35 0.00 4.49 3.18
AS 26.18 5.25 87.08 6.67 1.00 0.00 0.00

@ Calculated from the monosaccharide content.

and dried on a stainless steel plate prior to MALDI analysis. The
sample/matrix mixtures were allowed to air-dry, and were ana-
lyzed in a Bruker Reflex III (Bruker Daltonik, Germany) equipped
with a 337 nm nitrogen laser (Mass Spectrometry Facility, Univer-
sity of Guelph), operating in reflectron and linear detection mode
with an external calibration. Samples were analyzed in positive
ion modes scanning from 0 to 10,000 m/z using ion suppression
up to 500 m/z. For all experiments, the ion sources 1 and 2 were
held at 20kV and 16.35kV, respectively, and the guiding lens
voltage at 9.75KkV. The reflector detection gain was set up at 5.3
with pulsed ion extraction at 200 ns. 15% of laser energy was used,
which is equal to ~7 mJ per laser shot. Spectra were acquired from
an average of at least 100 shots. The spectra were processed using
the mMass software (Strohalm, Kavan, Novak, Volny, & Havlicek,
2010).

2.2.10. NMR methods

Samples were dried in a vacuum oven (~80°C) for 6 h, then dis-
solved in 5 mL deuterium oxide (D,0) (~4%, w/v) and freeze dried.
This procedure was repeated three times to completely replace H
with D, and samples were finally dissolved in D,0 at room temper-
ature for 3 h before NMR analysis.

Both 'H and 13C NMR spectra were recorded on a Bruker AMX
500 FT spectrometer at 25 °C, the detailed procedure was described
earlier (Cui, Wood, Blackwell, & Nikiforuk, 2000).

3. Results and discussion
3.1. Amino acid composition of Gatifolia SD

Amino acid analysis of the original gum ghatti (Gatifolia SD)
(Table 1) showed that Asx, Lys, Glx and Gly were the major amino
acids and accounted for 18.62%, 9.59%, 9.41% and 9.14% of the
total amino acids. In the hydrolysis process, amino acids Asn and
GIn were converted to Asp and Glu, respectively. Therefore, the
Asn or Asp content was shown as Asx, and Glx represents Glu or
Gln.

This result was significantly different from the amino acids com-
position of gum Arabic, which is mainly composed of Hyp (32.7%),
Ser (16.3%), Leu (6.8%), Pro (7.6%) and Thr (7.0%) with only 3.9%
of Asp (Qi, Fong, & Lamport, 1991). This difference in amino acid
composition indicated a different protein structure of gum ghatti
compared with gum Arabic.

3.2. Degradation of Gatifolia SD by enzyme and chemical method

3.2.1. Degradation of Gatifolia SD by «-L-arabinofuranosidase

The total arabinose content was 57.27% (w/w) based on total
sugar of Gatifolia SD. Degradation by «-L-arabinofuranosidase
removed 22.80% of arabinose relative to the total sugar of Gat-
ifolia SD. After ethanol precipitation, the arabinose content was
determined as 46.70% in the AP fraction (Table 2). Meanwhile,
the methylation results of gum ghatti after uronic acid reduction
showed that the amount of t-araf in gum ghatti was 27.32% (Kang,
Cui, Chen, et al., 2011) of the total sugar. Not all of the terminal ara-
binose was removed, which might be caused by steric hindrance
of the molecule due to the large molecular weight and highly
branched structure; namely, the enzyme could not approach the
site to hydrolyze the glycosidic bond.

The HPSEC coupled with multiple detectors was used to monitor
the polysaccharide and protein component distribution in the orig-
inal gum ghatti (Gatifolia SD) and its hydrolysates. Rl response was
used to monitor the concentration (both polysaccharide and pro-
tein), while the UV detector was used to trace the proteinaceous
component. The RI and UV elution profiles of original gum and its
hydrolysates (before ethanol precipitation) are shown in Fig. 2.

Three peaks were observed from the HPSEC profile in the
oligosaccharide region for the hydrolyzed sample: the peak molec-
ular weights were 1027, 247 and 145 Da, respectively, based on
dextran standards. These results indicated that mono-, disaccharide
and 4-8 units of oligosaccharide were removed from the Gatifolia
SD. It is worth noting that the UV profile of the Gatifolia SD and a-L-
arabinofuranosidase degraded sample were very similar, as shown
in Fig. 2. This result suggested that the protein groups were not
linked to the arabinose located at the outer layer (branches) of the
polysaccharide molecule.

3.2.2. Degradation of Gatifolia SD by B-p-galactosidase

Three small fractions were generated by the treatment of the
Gatifolia SD using [3-D-galactosidase, as shown in Fig. 3. The peak
molecular weight of these three fractions was 143,617 and 1578 Da,
respectively. These small fractions were composed of monosaccha-
ride, 2-4 and 6-10 units of oligosaccharides. By comparing the RI
profile of Gatifolia SD with degraded product by 3-p-galactosidase
(Fig. 3), the Mw (calculated by triple detection method using RI, LS
and Viscometer detector) after degradation was slightly reduced
(from 958 to 869 kDa), suggesting that large amount of oligosac-
charide or monosaccharide were removed; the backbone of the
polysaccharides remained intact. In addition, the UV profile of the
hydrolyzed polysaccharide did not change (Fig. 3). Further sug-
gesting that the protein moiety was not covalently linked to the
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Table 3

Protein content of partial acid hydrolysates.
Hydrolysis time Precipitate Supernatant
20 min 13.70 + 1.36 3.26 + 2.13
60 min 10.73 + 2.67 1.40 + 0.26
120 min 16.23 £ 1.12 1.76 £ 0.11
3.5h 13.79 £ 0.02 1.16 + 0.07

galactose residues on the periphery of the molecules; and suggests
that they are linked to the backbone of the polysaccharides.

3.2.3. Partial acid hydrolysis of Gatifolia SD

As described in Section 2.2.4, Gatifolia SD (2 g) was hydrolyzed
with 0.1 M TFA (10 mL) at 100°C for 20 min, 60 min, 120 min, and
210 min, respectively. The hydrolysates were neutralized and pre-
cipitated with three volumes of ethanol (v/v) to give precipitate and
supernatant fractions which are designated as 20P/20S, 60P/60S,
120P/120S and 210P/210S, respectively.

As shown in Table 3, the protein contents in the precipitated
fractions (20P, 60P, 120P and 210P) were all higher than 10%; on
the contrary, the protein content in the soluble fractions were very

883.757
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low: 3.26%, 1.40%, 1.76%, and 1.16% (w/w) for the corresponding
20S, 60S, 120S and 210S fractions. These results showed that the
protein moieties were mainly associated with the precipitate frac-
tions. The results of monosaccharide composition analysis of the
hydrolysates are shown in Table 4. After 20 min of acid hydrol-
ysis, most of the arabinosyl units were removed; as a result, the
level of galactosyl units in the precipitate fraction increased. With
increasing hydrolysis time, rhamnose content was also decreased
in the precipitate fraction; on the contrary, the relative amounts of
xylose and mannose were increased. All these results indicated that
galactose, mannose and xylose were likely located at the backbone
or core part of the molecule, while the arabinosyl and rhamnosyl
units were located in the periphery of the molecule.

The HPSEC coupled with multiple detectors was used to mon-
itor the molecular weight distribution of the polysaccharide and
proteinaceous components in the gum ghatti (Gatifolia SD) and the
precipitate fractions after partial acid hydrolysis; the results are
shown in Fig. 4.

The original gum ghatti gave a symmetrical peak at the reten-
tion volume around 15mL in both RI and UV (280 nm) profiles.
After hydrolysis (0.1 M TFA at 100°C) for 20 min, the retention
volume of the peak shifted to 17 mL in both RI and UV profiles,
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Fig. 2. HPSEC RI (a) and UV (b) profiles of Gatifolia SD before and after treatment 4 with a-L-arabinofuranosidase.
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Fig. 3. HPSEC RI and UV profile of Gatifolia SD after treatment with 3-p-6 galactosidase.
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Table 4
Relative monosaccharide composition of partial acid hydrolysates.
Precipitate Supernatant
20P 60P 120P 210P 20S 60S 1208 210S
Rha 1.48 0.49 0.36 0.4 2.18 224 2.26 2.45
Ara 13.37 8.77 10.71 6.84 80.58 73.21 64.6 72.61
Gal 72.62 77.1 72.93 80.4 14.43 20.06 27.75 21.05
Glc 0 0.78 0.78 1.19 0 0.25 0.24 0.14
Xyl 6.96 524 445 6.06 2.78 4.05 4.73 3.51
Man 5.57 7.61 10.77 0.02 0.17 0.42 0.25
Table 5

Molecular weight and proportion of each fraction from acid hydrolysis.

Higher Mw fraction

Lower Mw fraction

Mw (Da) Weight proportion (w/w) Mw (Da) Weight proportion (w/w)
Original 958,357 100% - -
20P 77,748 78.10% 3167 21.90%
60P 27,349 70.00% 2217 30.00%
120P 10,791 71.60% 2393 28.40%
210P 8,959 76.90% 2153 23.10%

accompanied with a smaller peak at 19.7 mL, observed only in the
RI profile. The Mw of the two peaks in the RI chromatograph of the
20P was 78 and 3.1kDa, respectively. This observation indicated
that after 20 min hydrolysis, some of the branches were removed
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— — — — T - 2
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7] =
oz 120P o)
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Fig. 4. HPSEC profiles from Rl and UV signals of mild acid hydrolysates of Gatifolia 8
SD with different hydrolysis time (20 min, 60 min, 120 min and 210 min); RI: (-@-);
Uv (-).

from the gum ghatti molecule; however, the protein moieties were
only linked with the high molecular weight fraction. In the same
way, the 60P, 120P and 210P fractions also yielded two peaks. Their
corresponding molecular weights were 27.3 and 2.2 kDa for 60P,
10.8 and 2.4 kDa for 120P, 9.0 and 2.2 kDa for 210P, respectively,
which are summarized in Table 5. Further observations could be
drawn from Fig. 4 and Table 5: with an increase of hydrolysis time,
more branches were removed from the backbone or core part of
the polysaccharide molecule; the Mw of the remaining portion
decreased gradually. It is important to notice that the retention vol-
umes of the UV peaks always coincided with that of the RI peaks,
suggesting that protein moieties were still attached to the backbone
or core part of the polysaccharide after extensive acid hydrolysis.

3.3. Elucidation of protein—polysaccharide linkage of the high
protein content fraction 210P

3.3.1. Fractionation of the 210P

210P was chosen as a representative of Gatifolia SD for the
investigation of the linkage between protein and polysaccharide,
because it has the lowest molecular weight among all the pre-
cipitates (Fig. 4) and relatively higher protein content (Table 3).
The two molecular weight fractions of 210P were separated by
eluting through a Bio-gel P400 column: the higher Mw fraction
was designated 210PH, and the lower Mw was named as 210PL.
The molecular weight distributions of 210P, 210PH and 210PL are

-44.137]

Peak 1 Peak 2

-72.00
Original 210P

-90.00 il

-108.00 210PH

-126.00 4

RI response

-144.00 4

~=

210PL
T T T T T T T 1

16.0 17.0 18.0 19.0

Retention Volume (mL)

200 210 220

Fig. 5. SEC RI profile of original 210P and its two components (high Mw fraction
and 11 low Mw fraction).
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Fig. 6. MALDI-TOF mass spectra of 210P high Mw fraction (a) whole spectrum and (b) 13 expansion of the region indicated by the box in (a).

shown in Fig. 5, which indicated a good separation of the two frac-
tions.

3.3.2. Protease hydrolysis of 210PH

Gatifolia SD and 210PH were subjected to protease hydroly-
sis. Protease did not decrease the Mw of the 210PH and Gatifolia
SD significantly, and the protein content of the ethanol precipi-
tate after protease hydrolysis was 12.28%, which was slightly lower
than that of the original 210PH (13.79%). The effectiveness of the
protease was verified in a previous study (Guo et al., 2011). Our
results showed that the protease could only hydrolyze a small
part of the protein in gum ghatti; in other words, the majority of
the protein components in 210PH were not affected by protease

probably because of the steric hindrance which prevented the pro-
tease from accessing the bonds.

3.3.3. MALDI-TOF-MS study of 210PH

The higher Mw fraction 210PH was subjected to MALDI-TOF
MS. A series of ions were detected with relatively strong inten-
sity in the mass spectrum (Fig. 6a). The m/z values were 705,
867, 1029, 1191, 1353, 1514, 1676, 1838, etc. as labeled in Fig. 6;
the mass differences between the neighboring peaks were 162 Da,
suggesting that they were due to the elimination of 1 mol hex-
ose, which was mainly galactose according to the monosaccharide
composition results of 210P (Table 4). In addition, the ions at
m/z 867.1 corresponded to the theoretical molecular weight of
four hexoses (specifically galactose or mannose in the current
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Fig. 7. 1D NMR ('H) spectrum (a) and 2D NMR (COSY, TOCYS, HMQC and 15 HMBC) spectra (b) of 210PH.

study) and one N-acetylhexosamine (Hex,HexNAc). Consequently,
m/z 705, 1029, 1191, 1353, 1514, 1676 and 1838 were derived
from HexszHexNAc, HexsHexNAc, HexgHexNAc, Hex;HexNAc,
HexgHexNAc, HexgHexNAc and Hex;pHexNAc, respectively. In
addition, several ion peaks were observed with less intensity, as
shown in Fig. 6b, which was the expansion of the marked region
in Fig. 6a. The mass difference between 867.1 and 999.1 was
132 Da, indicating that a pentose (specifically arabinose in the cur-
rent study) was cleaved from the molecule. Since m/z 867.1 was
assigned to HexgHexNAc, it can be concluded that 999.1 m/z was
AraHex4HexNAc. The ions at m/z 1071.1 can be recognized as 867.1
plus 203, indicating the presence of N-acetyhexosamin. Based on
the above analysis, ions at m/z 1071.1 would be of Hex4HexNAc;.
Accordingly, ions at m/z 909.1 corresponded to HexsHexNAc,. The
mass difference between m/z 1055.1 and 909.1 was 146, which was

derived from a loss of deoxyhexose (specifically rhamnose in the
current study). Combined with previous results, ions at m/z 1055.1
could be assigned to RhaHexszHexNAc;. lons at m/z 1043.1 were
attributed to Hex3-HexA-HexNAc due to the mass difference of
176 relative to ions at m/z 867.1, as shown in Fig. 6a, because frag-
ment 176 was a loss of hexuronic acid. A less intensive ion peak
at m/z 881.1 was observed to have a difference of 162 with m/z
1043.1, indicating the ions at m/z 881.1 were Hex,-HexA-HexNAc.
While a 132 m/z peak difference was detected between m/z 881.1
and 1013.1, leading to a conclusion that the ions at m/z 1013.1
were AraHex,-HexA-HexNAc. The mass difference between 983.1
and 867.1 was 114 Da, which was responsible for the elimination
of asparagine, and the fragment of 983.1 could be attributed to
Hex4HexNAc-Asn. This result could also be verified by the highest
content of Asx in 210P among all the amino acids (Table 1).
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3.3.4. 1D and 2D NMR analysis 210PH

Most of the NMR signals of protein and polysaccharide were
located in different regions of 1D spectra, except the H* signals
of amino acids overlapped with the signals from polysaccharides.
However, these overlapped peaks can be resolved in 2D NMR
spectra. Therefore, NMR is still a powerful tool for analyzing the
structure of glycoproteins or glycopeptides with relatively low
protein or peptides content. In this study, 210PH was subjected
to 1D and 2D NMR investigation including homonuclear 'H/'H
correlations spectroscopy (COSY, TOCSY), heteronuclear 13C/'H
multiple-quantum coherence spectroscopy (HMQC) and heteronu-
clear multiple bond correlation (HMBC) and the spectra are shown
in Fig. 7b.

The fragment Hex,HexNAc-Asn obtained from the MALDI-TOF
results led to a hypothesis that Asn might link to the HexNAc. In
order to verify this hypothesis, the linkage patterns and chemical
shifts of Asn and GlcNAc and GalNAc were investigated in 1D and
2D NMR spectra.

The 'H spectrum of 210PH is shown in Fig. 7a, the signals from
7.1 to 9.0 ppm were derived from the backbone signals of pro-
tein, while 7.5-6.0 ppm originated from the side chains of protein;
the resonances from O to 3 ppm belonged to the aliphatic group
of protein and polysaccharide. The broad peak around & 2.96 (as
marked in the 'H spectrum) belonged to the signals HP of Asn,

which were the overlap of two resonances. The COSY spectrum gave
the correlation between neighboring protons within one amino
acid or sugar ring, in the region of 3-5ppm and 7-9 ppm, sev-
eral cross peaks were observed, most of them belonged to the
correlation between HN and H* of amino acids. Most of the cross
peaks were between 3-5ppm and 3-5 ppm corresponded to the
signals of polysaccharides as marked in Fig. 7b. The correlation
between HN and H®, H* and HP of Asn was detected; the corre-
sponding cross peaks were located at & 8.25 and 4.4 ppm, 4.4 and
2.9ppm indicating the chemical shifts of HN and H® were 8.25
and 4.40 ppm, the results also confirmed the above assignment
of HP. To obtain the 13C chemical shifts of Asn, HMQC spectrum
was analyzed and the cross peaks at & 2.947 and 39.002 ppm
were observed, as shown in Fig. 7b, indicating that peak at
39.002 ppm was the CPB chemical shift of Asn. However, the cor-
relation between H* and C* could not be found due to the low
intensity. The assignment of CP is consistent with the results of a
previous study (38.9 ppm) (Wishart, Bigam, Holm, Hodges, & Sykes,
1995).

The peaks at the chemical shift of 2.012 and 2.073 ppm in 'H
spectrum were assigned to the CH3 of NAc group, which is in agree-
ment with literature values (Halbeek et al., 1980). The peak at &
5.024 ppm was attributed to the H-1 of GIcNAc by comparing with
the literature value of & 5.03 ppm (Davis, Hirani, Bartlett, & Reid,
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1994) and 5.075 ppm (Sturm, Bergwerff, & Vliegenthart, 1992), and
this assignment was verified by the J1,2 value of 7.698 Hz, which
was in agreement with Halbeek’s results (Halbeek et al., 1980). In
the TOCSY spectrum, two peaks were observed to have the correla-
tion with the anomeric proton of GIcNAc, which were 5.02 and 4.05,
5.02 and 4.10, respectively. This result indicated that the other non-
anomeric proton chemical shifts were 4.05, and 4.10 ppm (Fig. 7b).
However, three other proton chemical shifts could not be assigned
due to weak signals. The corresponding cross peak of the anomeric
proton and carbon was found in the HMQC spectrum at & 5.01
and 101.3 ppm, indicating the chemical shift of C-1 of GIcNAc was
101.3 ppm.

The sequence of glycosyl residues and amino acids of 210PH
was determined by a long-range HMBC experiment. A cross peak
between & 8.25 and 102.0 ppm in the HMBC was observed, where
the signal at 8.25ppm belonged to the resonance of HV of Asn,
while the peak at 102 ppm was attributed to the 13C signal for
the anomeric carbon of GIcNAc. This result confirmed that Asn was
connected with GlcNAc by N-link, as shown in Fig. 8a.

In summary, the results of partial acid hydrolysis indicated
that most of the protein was covalently linked to the backbone
of the polysaccharide instead of the side chains. Both of the a-
L-arabinofuranosidase and [3-D-galactosidase could release small
molecular weight fragments from the molecules of gum ghatti.
No protein was detected in those fractions, which supported the
conclusion that protein was linked to the main chain of the
polysaccharide. Combination of MALDI-TOF analysis and HMBC
NMR spectroscopy further confirmed that the link of the protein
moiety with the polysaccharides mainchain was through GIcNAc
N-linkage. Based on the structure work of gum ghatti elucidated in
our previous reports (Kang, Cui, et al., 2011a, 2011b), the glycopro-
tein structure of gum ghatti was proposed as shown in Fig. 8b. It
was composed of a galactose backbone with numerous side chains,
and proteins are attached directly to the core part of the polysaccha-
ride. This model could explain why gum ghatti exhibited a stronger
emulsification capacity than gum Arabic at the same concentration;
it was probably caused by more hydrophobic group present in the
protein parts.

4. Discussion and conclusions

Using partial acid hydrolysis, enzymatic degradation, HPSEC,
MALDI-TOF-MS and 1D and 2D NMR, the glycoprotein structure of
Gatifolia SD was investigated in the present study. Results indicated
that the protein was covalently linked to the polysaccharide at the
core part of the molecule. The linkage pattern between protein
and polysaccharide was also studied. Summarized all the results,
three possible explanations for superior emulsification proper-
ties of gum ghatti are listed as follows: (1) the highly branched
structure of the molecules could cause the steric effects between
different oil droplets by which the molecules were attached. This
steric effect could decrease the rate of coalescence, hence main-
taining the stability of emulsion systems. (2) The amphiphilic
character of the glycoprotein molecules could also enhance the sta-
bility of the emulsion system, as the proteinaceous moieties could
be functioning as the anchoring point to adsorb to oil droplets;
whereas the hydrophilic polysaccharide moieties could be sur-
rounding the outer layer of the oil droplets and also create the
steric effects to prevent coalescence. (3) The relatively low hydro-
dynamic radius (23 nm) of the molecules, compared to other nature
hydrocolloids, make it easy to be attached to oil droplets before
flocculation and coalescence phenomena happens in the system.
Based on the proposed model, the peptide chains were attached
to the backbone of the gum ghatti molecules, which could be
used to explain why the whole molecular weight range of gum

ghatti molecules adsorbed onto the oil droplets in the emul-
sions (Katayama et al., 2008). The small Mw molecules of gum
ghatti might be the degraded product of large molecules. Since the
proteins were linked to the backbone of the gum ghatti molecules,
and difficult to be removed during the degradation. Therefore, most
of the gum ghatti molecules have protein and can be absorbed to
the oil droplets in the emulsion system. This is different from the
wattle-blossom model of gum Arabic, in which the small molecu-
lar weight fraction only contains polysaccharide, hence only large
molecular weight fractions could be detected on the surface of oil
droplets in emulsion system (Katayama et al., 2008). The results
from the current study could be used to explain why the adsorbed
components of gum ghatti emulsion distributed evenly across the
whole Mw range, from high molecular to low molecular weight
while only the high Mw fraction of gum Arabic was adsorbed
(Katayama et al., 2008).
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