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Abstract

Polygalactomannans (PGMs) represent an important family of polysaccharides. They are obtained from the
endosperm of leguminous plant seeds and are employed in a growing number of industrial applications as thickening
agents and rheology modifiers. Each PGM has a typical mannose/galactose (M/G) ratio (from ~1 to ~5), which
determines its solubility, viscosity and other physico-chemical properties.

Complex polysaccharides are commonly characterized by proton nuclear magnetic resonance ('H-NMR),
whereas mass spectrometry (MS) has not yet seen wide application. In this work, a new quantification method for
sugar epimers in PGMs is presented, based on the characteristic fragmentation patterns of mannose and galactose
in tandem MS (MS/MS) analyses.

Standard galactose and mannose have been analyzed and fragmented in negative-ion mode on a hybrid
quadrupole/time-of-flight (qTOF) mass spectrometer equipped with a nano electrospray ionization (ESI) source.
The MS/MS spectra indicate accumulation of the same fragments for the two monosaccharides, but significant and
reproducible differences in the relative intensities of the product ions. Known mixtures of mannose and galactose
have been analyzed by the same procedure to test the applicability of the method for quantification purposes. The
resulting peak intensities over the entire MS/MS spectrum can be deconvoluted as a linear combination of the signals
from pure mannose and galactose standards, obtaining reliable and reproducible quantification of the epimers.

The method has been applied to the characterization of hydrolysis products of PGMs from different species of
leguminous plants, such as guar (Cyamopsis tetragonolobus), sesbania (Sesbania bispinosa) and tara (Caesalpinia

spinosa), in order to assess specific susceptibility to hydrolysis conditions.
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Introduction

Polysaccharides from animal (e.g., chitin, chitosan and hyaluronan),
vegetal (e.g., cellulose, starch and pectin) and microbial (e.g., xanthan,
gellan and curdlan) organisms are emerging as attractive materials in
several industrial fields. They are employed as emulsion stabilizers,
rheology modifiers, coating agents etc. in food, textile, cosmetic,
biomedical and pharmaceutical branches [1-5]. Thanks to their non-
toxic, biodegradable and renewable origin and their amenability to
chemical and biochemical modifications, these compounds represent
a promising alternative to synthetic polymers for the development of
new functionalized materials [6-8].

An important group of polysaccharides is represented by
polygalactomannans (PGMs), mainly obtained from the endosperm of
the seeds of leguminous plants, where they represent a reserve source
for carbon and energy upon germination [9]. Nowadays, the most
widely employed PGM for industrial purposes is obtained from the
guar plant (Cyamopsis tetragonolobus), mainly cultivated in India [10].
Other important, but commercially less exploited PGM:s are extracted
from locust bean (Ceratonia siliqua) and fenugreek (Trigonella
foenum-graecum), spontaneous plants of the Mediterranean regions,
from tara (Caesalpinia spinosa), native to South America, and from
sesbania (Sesbania bispinosa), native to Asia and Africa [9,11]. PGMs
are high-molecular weight polymers of about 1-2 MDa [12,13]. They
are normally composed of a $(1->4)-D-mannan backbone with several
a(1->6) branches of single D-galactose units (Figure 1), although
more complex ramifications have been described [6]. The interest in
these polymers is mainly due to the possibility of obtaining solutions
with unique rheological properties, like extreme viscosities and non-

Newtonian behavior [13-15]. PGMs are often subjected to chemical
reactions (e.g., hydroxyalkylation, carboxymethylation) [16,17]
or enzymatic treatments (e.g., depolymerization by P-mannanase,
oxidation by laccase or galactose oxidase) [18-20], in order to modify
their solubility and viscoelastic properties, or to obtain hybrid,
functionalized materials [21,22].

PGMs from distinct leguminous species generally differ in structural
properties, like the amount and distribution of galactose ramifications
along the backbone, resulting in different physico-chemical properties
of the PGMs solutions [13]. Mannose/galactose (M/G) ratio can vary
from ~1 to ~5 [6,9,14,23], affecting structural properties and solubility
of the polymer. The abundance of cis-OH groups in the mannan
backbone induces a strong tendency to form inter-chain hydrogen
bonds, promoting precipitation and poor solubility in polar solvents.
The presence of galactose ramifications enhances solubility preventing
such interactions by steric hindrance. Therefore, PGMs with low
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Figure 1: Schematic representation of PGM structure, showing a portion of mannan backbone and one galactose ramification.

M/G (i.e., with high galactose content) usually dissolve easier than
others, leading to the formation of viscous, non-Newtonian fluids. For
example, locust bean gum (M/G ~4) requires a boiling procedure to
reach full hydration, while fenugreek (M/G ~1) and guar (M/G ~2)
gums are highly soluble even in cold water [9,10]. Thanks to the non-
ionic nature of PGMs, the viscosity of the resulting solutions is almost
constant over a wide range of temperature and pH [6,10]. The degree
of galactose substitutions also affects the propensity of the polymer to
form gels, although the relation to the M/G ratio is not straightforward
and is strongly dependent on environmental conditions [13,24].

Computational simulations suggest that the M/G ratio is a key
factor also for PGMs conformational properties [25-27]. Galactose
substitutions promote chain bending via intramolecular H-bonding,
favoring compact conformations and affecting structural properties
like persistence length and gyration radius. As a result, PGMs with low
M/G are predicted to be more compact and flexible than the variants
with high M/G [27]. Experimental data on the radius of gyration are
in agreement with the trend suggested by computational modeling
[13,27].

Other factors, such as the pattern of galactose substitutions, have
also been suggested to affect the conformational properties of PGMs
[25,27]. This “fine structure” of the polymers seems to vary even
among variants of the same species [28]. Different patterns have been
described, such as periodic [6,28], random [28-30] or hybrid [28,31].

Several experimental techniques have been applied to the study of the
physico-chemical properties of PGMs. Size-exclusion chromatography
is usually employed for the estimation of the molecular-weight
distributions [13,32], while ®C-NMR combined with enzymatic
hydrolysis are used for the determination of the galactose distribution
on the backbone [28,33-36]. The M/G ratios are commonly obtained by
gas chromatography, liquid chromatography or '"H-NMR, on intact or
hydrolyzed PGMs [13,37-39]. Mass spectrometry (MS) has seen only
limited application to PGM analysis [20,40-45], although it has a strong
potential as an approach complementary to other techniques for the
characterization of complex mixtures.

In this work, a new approach to M/G quantification, based on
tandem electrospray-ionization mass spectrometry (ESI-MS/MS), is
proposed. The method exploits the distinct fragmentation patterns

of mannose and galactose when subjected to collision-induced
dissociation (CID) with an inert gas [46]. The method is applied
here to the analysis of different PGMs, in order to characterize the
depolymerization products and to assess the specific susceptibility to
hydrolysis conditions.

Materials and Methods

Analysis of mannose and galactose standard solutions by
mass spectrometry

D-(+)-mannose (Carbosynth, Compton, UK) and D-(+)-galactose
(Sigma Aldrich, St. Louis, MO, USA) were dissolved in milliQ water
at a final concentration of 10 uM. The stock solutions were mixed
together obtaining different M/G ratios (0.11, 0.43, 1.00, 2.33 and 9).
Pure mannose and galactose solutions and their mixtures were freshly
prepared before each ESI-MS analysis. The samples were infused by
borosilicate-coated capillaries of 1 pm internal diameter (Thermo
Fisher Scientific, Waltham, MA USA) into a QSTAR-Elite hybrid
quadrupole/time-of-flight (qTOF) instrument equipped with a nano-
electrospray ion source (AB Sciex, ForsterCity, CA, USA). MS and MS/
MS measurements were performed both in positive- and negative-ion
mode, employing the instrumental settings indicated in the Results
section. MS/MS spectra were obtained by CID of singly charged ions
with molecular nitrogen. The recorded spectra were averaged over 1
minute acquisition time.

Quantification of M/G from ESI-MS/MS data

The relative intensity of each peak in MS/MS spectra can be
interpreted as the sum of the corresponding peaks generated by pure
mannose and galactose, weighted by the fractional amount of the
sugars in the sample:

Ly = fudis + foliG (1)
Ju+fe=1 (2)

where I, is the intensity of the generic fragment peak from
the mixture, I, and I, are the intensities of the same peak in pure
mannose and galactose samples, and f,, and f_ are the sugar fractional
amounts. The above model is based on the assumption that mannose
and galactose ions from the same sample have identical fragmentation
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propensities. The f, value was estimated by combining equations (1)
and (2) and minimizing the following function:

2
Z{Iv( _[fGIG +(1_fG)]M ]} @)
The sum was extended over the 10 most intense peaks of the MS/

MS spectrum. Setting the first derivative of the function (3) to zero,
the fraction f can be expressed as:

Z([,x_],.w)(],G_I'M) (4)

i

Jo = 3
2(1«1 711M)

7

The M/G ratio is then given by:

M/G:f&:ﬂzi_l ®)

Jfo S Jo

PGMs chemical hydrolysis

Flours from guar (Cyamopsis tetragonolobus), tara (Caesalpinia
spinosa) and sesbania (Sesbania bispinosa) (industrial stocks from
Lamberti SpA, Albizzate, Italy) employed in this work have a PGM
content of 85-90%, and a Brookfield viscosity of ~5000, ~4500 e
~3000 mPa/s, respectively, in 1% (w/v) aqueous solutions. PGMs were
purified by dispersing 30 g of flour in a 7:3 ethanol:water mixture (v/v)
and vacuum-filtering the solution by a Biichner funnel. The resulting
powder was resuspended in acetone, filtered again, and dried for 12 h
at 65°C. After purification, 1.5 mg of PGM was dissolved in 300 mL
of milliQ water and the pH was lowered below 2 by the addition of an
acidic solution (0.5 M HCI, 26.5 M HCOOH or 13.5 M CF,COOH,
according to the chosen protocol). Chemical hydrolysis was performed
by autoclaving the solution at 121°C for 1.5 h. Right after the incubation

in the autoclave, the solution was cooled on ice for 30 min, and
neutralized by the addition of NaOH. Insoluble material was removed
by centrifugation before MS analysis.

Results

Mannose and galactose fragmentation properties in the gas-
phase

Aqueous solutions of standard mannose and galactose were
analyzed by ESI-MS in the two different ionization polarities. In positive
ion-mode, the spectra of either monosaccharide are dominated by
sodiated molecular ions, with only barely visible peaks corresponding
to protonated species. CID experiments on sodium adducts do not
lead to sugars fragmentation at any value of collision energy (CE),
indicating a mere loss of the Na* ion during the collisions with the inert
gas (data not shown), in agreement with previous reports on the MS/
MS behavior of pentoses and hexoses in positive ion-mode [46].

In negative ion-mode, the prevalent peak corresponds to the
deprotonated form of the sugars (m/z 179) (Figure 2A and 2B).
Although the isomeric nature of the two monosaccharides gives rise
to identical signals, the MS/MS spectra are different for mannose or
galactose (Figure 2C and 2D), due to different susceptibility of the sugars
to competing fragmentation pathways [46]. The fragments obtained by
CID are the same in the two cases, and result from the neutral loss of
water and/or formaldehyde (Table 1 and Figure 2D) [46]. The relative
intensities of the corresponding peaks, however, are dependent on the
sugar nature. The main distinction for the two epimers is represented
by the propensity to lose two formaldehyde molecules (producing an
ion at m/z 119), that is highly pronounced for mannose and quite low
for galactose. Besides this major difference, other minor variations in
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Figure 2: ESI-MS (A, B) and ESI-MS/MS (C, D) spectra in negative ion-mode of aqueous solutions of 10 uM galactose (A, C) and mannose (B, D). In (A) and (B)
the signal corresponding to the deprotonated monosaccharide (m/z 179) is labeled by a black circle. Fragmentation of the 179- ion was performed at DP -80 V and
CE -10 V. Peaks are labeled by the m/z value (A-C) or by the neutral fragment lost, relative to the parent ion (D).
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m/z Elemental composition Neutral loss
179 CH,,0f -

161 C,H,O, H,O

149 CH,0O, CH,0
143 CH,0, 2H,0

131 CH,0, CH,0 +H,0
119 CH,O, 2CH,0
113 C,H,O, CH,0 +2H,0
101 C,H.O, 2CH,0 +H,0
89 C,H.O, 3CH,0

71 C,H,0, 3CH,0 +H,0
59 C,H,0, 4CH,0

Table 1: Peak assignment for the MS/MS spectra (parent ion m/z 179).

the fragmentation patterns are also observable. These differences in
the fragmentation patterns can be exploited for deconvolution of the
spectra of sugar mixtures.

Quantification of mannose and galactose content in reference
mixtures

Known mixtures of mannose and galactose have been analyzed
by ESI-MS/MS in the negative ion-mode by fragmentation of the
179" ion. The fractional amount of galactose (f) has been estimated by
applying equation (4) on the 10 most intense fragmentation peaks. The
effectiveness of the quantification method has been evaluated by linear
regression on measured vs. expected f, plots (Figure 3).

The influence of instrumental settings has been explored by varying
capillary voltage (CV), declustering potential (DP) and collision energy
(CE) systematically and independently. The conditions that minimize
the quantification error were IS -1.1 kV, DP -80 V and CE -10 V
(Figure 3). CV does not have a significant effect on f, estimation (data
not shown). On the contrary, DP influences the quantification results
(Figure S1A (supplementary material)), leading to an overestimation
of galactose at low voltage values (i.e., -60 V or below). This behavior
could be ascribed to different properties of the sugars in desolvation,
declustering or in-source dissociation, affecting the transmission
efficiency of the ions into the collision cell. Both sugars are prone
to in-source dissociation under the here employed experimental
conditions, as indicated by the spectra reported in Figure 2A and
2B. The parameter that mostly affects the quantification results is CE
(Figure S1B and S1C), inducing biases at either low (i.e., -7.5 V and
below) or high (i.e., -15 V and above) values. Low CE values result
in poor fragmentation, while high CE values lead to preferential
accumulation of the smaller fragments. In either case, quantification is
hindered by the lack of several diagnostic peaks. Nevertheless, Figure 3
shows that reliable quantification is obtained upon optimization of the
instrumental parameters on standard mixtures. The procedure displays
good reproducibility, yielding relative small standard deviations over
three independent sets of measurements on freshly prepared samples
(Figure 3).

Analysis of PGMs acidic hydrolysis by mass spectrometry

The method described in the previous sections has been applied to
the characterization of the products obtained by chemical hydrolysis
of three PGMs: guar, tara and sesbania. Canonical protocols for acidic
hydrolysis of polysaccharides at high temperature have been employed
[47-50] in order to obtain a complete depolymerization of the PGM:s in
their monosaccharide constituents.

The analysis of the HCl-hydrolyzed PGMs by ESI-MS in negative

ion-mode (Figure 4) shows the presence of a peak at m/z 179 for all the
three samples, in agreement with accumulation of free mannose and/or
galactose. However, the peak corresponding to disaccharides (m/z 341)
is also present in the spectra (Figure 4A and 4B), suggesting that the
hydrolysis process is highly advanced but not fully complete. The MS/
MS data for the 179 ion from the three samples are shown in Figure 4D-
4F and the quantification results are summarized in Table 2. The results
reflect the known ranking in galactose content (tara<guar<sesbania)
and display a fairly good agreement, especially for tara, with the M/G
values reported in the literature, as assessed by other techniques.

On the other hand, a systematic underestimation of M/G seems
to emerge from the data. This bias could be ascribed to incomplete
hydrolysis, together with a higher susceptibility of galactose to
the depolymerization conditions employed here. Due to exclusive
localization of galactose in the ramifications of the PGM structure, it
is conceivable that these monomers are released preferentially under
suboptimal depolymerization conditions. The discrepancy between
expected and measured M/G ratios becomes larger as the galactose
content in the PGMs increases (i.e., M/G decreases) (Table 2),
consistent with a stronger screening-effect on mannoses and/or higher
availability of galactose ramifications.

Guar PGM has also been hydrolyzed by formic or trifluoroacetic
acids, in order to compare different depolymerization protocols. The
resulting M/G values are in keeping with those obtained by HCI (0.89
+0.11 with formic and 0.82 + 0.16 with trifluoroacetic acid). Chloridric
acid seems to be the most suitable acid for PGMs hydrolysis, followed
by formic acid and trifluoroacetic acid.

Discussion

The distinct fragmentation properties of mannose and galactose
enable deconvolution of MS/MS spectra to the end of epimer
quantification from given mixtures. The method represents an
interesting alternative or complementation to the techniques typically
employed to this purpose (e.g., NMR and chromatography). MS is
attractive in terms of speed and sensitivity and being independent
of sugar derivatization. The protocol is not limited to mannose
and galactose quantification, and is virtually applicable to any
monosaccharides presenting detectable differences in gas-phase
fragmentation, like glucose and fructose [46].

The method has been employed to monitor chemical hydrolysis
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Figure 3: Plot of measured vs. expected f; in known mannose/galactose
mixtures, quantified by ESI-MS/MS (DP -80 V, CE -10 V). Error bars indicate
standard deviation over three independent experiments. The best linear fit of the
data (dashed line) and the corresponding equation are shown.
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Figure 4: ESI-MS (A-C) and ESI-MS/MS of deprotonated monosaccharides (D-F) spectra of HCI-hydrolyzed guar (A, D), sesbania (B, E) and tara (C, F). The peaks
corresponding to monosaccharides (¢), disaccharides (++) and sugar fragments (*) are labeled in panels (A-C). The peaks in panels (D-F) are labeled by the m/z value.

Leguminous species Measured M/G MIG. fangeé | peferences
from literature
Guar (Cyamopsis 0.96 + 0.08 1.4-1.6 [14,23]
tetragonolobus)
Sesbania (Sesbania bispinosa) 0.79+0.13 1.3-15 [14]
Tara (Caesalpinia spinosa) 2.33+£0.22 2.5-3.0 [14]

Table 2: Estimation of the M/G ratio in different PGMs by HCI hydrolysis and
ESI-MS/MS. The range of M/G values from the literature, obtained by different
techniques, is given for comparison.

of PGMs from three leguminous species, leading to M/G estimations
that are in fair agreement with the values reported in the literature and
reflect the different galactose content characterizing the three flours.
Systematic discrepancies, however, suggest that the depolymerization
process is not complete, as further evidenced by the presence of
disaccharides in the hydrolysis products. It is therefore recommendable
to systematically optimize the hydrolysis protocol testing the effects of
incubation conditions, such as polymer concentration, temperature,
stirring, incubation time type and concentration of the acid. ESI-
MS and ESI-MS/MS could be further employed to monitor chemical
and/or enzymatic depolymerization reactions, in order to optimize
hydrolysis conditions and to characterize the response of flours from
different species. Another particular issue in the quantitative analysis of
hydrolyzed polysaccharides is that mixtures of monosaccharides with
vastly different physicochemical properties (i.e., negatively charged,
neutral, deoxy etc.) are often obtained [51,52]. This is a challenge for
either chromatographic or MS analysis, due to signal dispersion over
multiple peaks and/or detection failure for some components of the
sample. Further investigation will be needed to assess whether the
present method could be extended to monosaccharide degradation
products and to test its robustness towards sugar nature.

The applicability of the method is now limited to the quantification
of monosaccharides, and does not deliver information on the details
of the polysaccharide structure. However, the method might be
extended to the analysis of oligosaccharides and the study of galactose-
substitution pattern. Differences in the fragmentation properties of
disaccharides have been already described [46], and these features could
be exploited for structural investigation of PGMs. Further potential
applications involve monitoring and mapping PGMs modifications
(e.g., oxidation, methylation, etc.), as a first step for the creation of

functionalized polymers and nano-engineered materials.
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