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Abstract

The structural analysis of carbohydrates remains challenging mainly due to the lack of rapid
analytical methods able to determine and quantitate glycosidic linkages between the diverse
monosaccharides found in natural oligosaccharides and polysaccharides. In this research, we
present the first LC-MS/MS-based method for the rapid and simultaneous relative quantitation of
glycosidic linkages for oligosaccharide and polysaccharide characterization. The method
developed employs ultra-high performance liquid chromatography coupled with triple quadrupole
mass spectrometry (UHPLC/QqQ-MS) analysis performed in multiple reaction monitoring
(MRM) mode. A library of 22 glycosidic linkages was built using commercial oligosaccharide
standards. Permethylation and hydrolysis conditions along with LC-MS/MS parameters were
optimized resulting in a workflow requiring only 50 pg of substrate for the analysis. Samples were
homogenized, permethylated, hydrolyzed, and then derivatized with 1-phenyl-3-methyl-5-
pyrazolone (PMP) prior to analysis by UHPLC/MRM-MS. Separation by C18 reverse-phase
UHPLC along with the simultaneous monitoring of derivatized terminal, linear, bisecting, and
trisecting monosaccharide linkages by mass spectrometry is achieved within a 15-minute run-time.
Reproducibility, efficacy, and robustness of the method was demonstrated with galactan (Lupin)
and polysaccharides within food such as whole carrots. The speed and specificity of the method
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enables its application toward the rapid glycosidic linkage analysis of oligosaccharides and
polysaccharides.
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INTRODUCTION

Carbohydrates are the most abundant bio-molecules in nature and are composed of
monosaccharides, oligosaccharides, and polysaccharides. Carbohydrates are of fundamental
biological importance: both as a source of energy and as the main structural and functional
components of plant, fungi cell walls, and animal cell membranes—4. Structures of
carbohydrates also display a wide range of bioactive properties in nature. For example,
oligosaccharides can act as chemical messenger molecules and regulate physiological
processes within plants®. Similarly, free oligosaccharides present in human milk are known
to promote the growth of beneficial gut bacteria within infants®-8. Protein-bound
oligosaccharides have been shown to be important for protein folding, biological
recognition, and molecular trafficking®11. In bacterial chemotaxis, monosaccharides such as
galactose are known to be attractant for £scherichia colil?. As food, plant carbohydrates
have unique nutritional digestibility. For example, amylopectin, a digestible polysaccharide
component of starch, is composed of a a(1—4) glucose backbone with occasional
a(1—4,6) glucose branching, while cellulose, a B(1—4) linear glucose polysaccharide, is
non-digestible3 illustrating that glycosidic linkages along with the anomeric character play
a key role in the bioactivity of carbohydrates.

Monosaccharide and oligosaccharide analysis have been the focus of several major efforts in
our research and elsewhere4-19, We have recently developed a monosaccharide analysis
method based on LC-MS with greater sensitivity and speed than previous methods?®.
Oligosaccharide and glycan analysis have significantly advanced and are now commonly
applied in a rapid throughput manner29-25, However, methods for the rapid linkage analysis
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of plant polysaccharides remains elusive. Thus, our knowledge of food polysaccharides and
their structures can be best described, with few exceptions, as rudimentary.

The common platform for the structural analysis of polysaccharides, involves gas
chromatography coupled to mass spectrometry (GC-MS)26-2%, However, analysis by GC-
MS requires that the carbohydrates are volatile, which involves multiple derivatization steps
and requires a high amount of material for analysis due to lack of sensitivity3C. Other
methods including high pH anion-exchange chromatography with pulsed amperometric
detection (HPAEC-PAD), capillary electrophoresis (CE), high-performance liquid
chromatography (HPLC) separation coupled with UV detection are used for monosaccharide
profiling31-36, However, these methods are either non-structure informative, require long
run-times to achieve isomer separation, or not amenable to rapid throughput analysis. Recent
developments on the implementation of LC-MS-based techniques for carbohydrate analysis
has greatly improved the sensitivity and specificity for the detection of

monosaccharides® 37-38_ Furthermore, the use of multiple reaction monitoring (MRM) has
been shown as an effective method for the quantification of glycoproteins3%-40,
metabolites*1=42, oligosaccharides*344, and monosaccharides!®: 45-47,

The most common method for the glycosidic linkage analysis of oligosaccharides and
polysaccharides typically involves permethylation of free hydroxyl groups using the
Hakomori approach?8. Next, the permethylated monosaccharides are released by acid
hydrolysis resulting in residues that will only contain free hydroxyl groups in specific
positions that indicate the locations of previous glycosidic bonds. Furthermore, alpha/beta
stereochemical information is lost during this process. Whether the monosaccharides exist in
either the cyclic or open-chain form, reduction of the anomeric center is often necessary as
multiple peaks in the analysis can arise from the presence of anomers30. The remaining free
hydroxyls located on the released residues can be further derivatized by either acetylation or
silylation#8-49, The derivatized compounds are usually prepared in volatile organic solvents
prior to injection and analysis by GC-MS, making evaporation of samples a considerable
concern and rendering the platform not suitable for large sample sets26-29. 50-52,

Derivatization of the reducing end of monosaccharides with 1-phenyl-3-methyl-5-
pyrazolone (PMP), developed by Honda et a/., has been commonly used for the quantitation
of monosaccharides by liquid chromatography coupled with UV detection®3-57. The labeling
reaction involves the addition of two hydrophobic PMP molecules to the reducing end of a
monosaccharide by Michael addition. The increased hydrophobicity of the derivatized
monosaccharides facilitates improved separation by reversed-phase C18 liquid
chromatography®8-59. However, use of UV detection for accurate quantitation of PMP-
labeled monosaccharides is non-structure selective, thus, relies heavily on chromatographic
separation. Recently, an LC-MS-based method from this laboratory has been reported for the
simultaneous quantitation of PMP-labeled monosaccharides?®.

In this study, we developed a methodology which utilizes permethylation in combination
with PMP derivatization followed by UHPLC/QqQ-MS analysis operated in the MRM mode
for the elucidation and relative quantitation of glycosidic linkage residues derived from
oligosaccharides and polysaccharides. We illustrate the broad scope of this method for the
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simultaneous analysis of 22 unique glycosidic linkages representing terminal, linear,
branching bisecting and trisecting species within oligosaccharides and both soluble and
insoluble polysaccharides. The method employs permethylation with iodomethane followed
by acid hydrolysis using trifluoroacetic acid (TFA) and derivatization with PMP. Optimized
UHPLC conditions offer efficient chromatographic separation and analysis of isomeric
linkage residues within a 15-minute run. Validation of this approach was performed using
polysaccharides from whole food such as whole carrots. Furthermore, the method’s speed
and sensitivity make it ideal for the analysis of oligosaccharides and polysaccharides derived
from foods and biological samples.

EXPERIMENTAL PROCEDURES

Samples and materials.

Ammonium acetate (NH4Ac), TFA, iodomethane (contains copper stabilizer, 99.5 %),
sodium hydroxide pellets (NaOH) (semi-conductor grade, 99.99% trace metals basis),
ammonium hydroxide solution (NH4OH) (28-30%, NH3 basis), PMP, dichloromethane
(DCM), methanol (MeOH) (HPLC grade), stachyose, and anhydrous dimethyl sulfoxide
(DMSO) were purchased from Sigma-Aldrich (St. Louis, MO). Acetonitrile (ACN) (HPLC
grade) was purchased from Honeywell (Muskegon, Ml). 2-O-(a-D-mannopyranosyl)-D-
mannopyranose, 1,4-D-xylobiose, 1,5-a-L-arabinotriose, 1,3-a-1,6-a-D-mannotriose,
isomaltotriose, 4-O-(b-D-galactopyranosyl)-D-galactopyranose, lactose, 2’-fucosyllactose
(synthetic), nigerose, 3-O-(b-D-galactopyranosyl)-D-galactopyranose, 3-O-(a-D-
mannopyranosyl)-D-mannopyranose, 1,4-b-D-mannotriose, maltohexaose, 1,6-a-D-
mannotriose, and amylopectin were obtained from Carbosynth (Compton, UK). Galactan
(Lupiry), 33-a-L-arabinofuranosyl-xylotetraose and sophorose were acquired from
Megazyme (Chicago, IL). Whole carrots were purchased from Whole Foods (Davis, CA).
Nanopure water was used for all experiments.

Optimization of permethylation reaction.

Samples containing 50 pg maltohexaose oligosaccharide were permethylated using
iodomethane in a solution of DMSO containing concentrated NaOH and reacted on a shaker
at room temperature for 0, 10, 30, 50, and 70 minutes, respectively. The reaction was
quenched at each time-point by the addition of ice-cold water. The addition of ice-cold water
prevents a rise in temperature and degradation caused by the “peeling” reaction89. A liquid-
liquid extraction using DCM and subsequent washes with ice-cold water was performed to
remove excess NaOH and DMSO. The upper aqueous layer was discarded and the
remaining bottom organic layer containing permethylated products was collected and dried
to completion by vacuum centrifugation. Samples were subjected to acid hydrolysis with
TFA followed by vacuum centrifugation. The released permethylated monosaccharide
residues were derivatized with PMP following a previously established procedure by Xu et
al>. Samples were subjected to analysis by ultra-high pressure liquid chromatography/
multiple reaction monitoring mass spectrometry (UHPLC/MRM-MS).

Anal Chem. Author manuscript; available in PMC 2019 November 06.
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Preparation of polysaccharide standards and whole carrot samples for derivatization and

analysis.

Stock solutions of amylopectin and galactan (Lupin) polysaccharide standards were
prepared in water. A whole carrot root was chopped, lyophilized, ground to a fine powder
using a mortar and pestle, then a stock solution of this processed material was prepared in
water. Further homogenization of sample was accomplished by bead blasting with 1.4 mm
stainless steel magnetic beads for 3 minutes using a Next Advance Bullet Blender Storm 24
(Next Advance, Troy, NY).

Acid hydrolysis reaction optimization.

Aliquots containing 50 ug of amylopectin were permethylated using the optimal time of 50
minutes. Samples were subjected to acid hydrolysis for 30, 60, 90, 120, 150, and 180
minutes. Three experimental replicates for each time-point were performed. The resulting
samples were subjected to PMP derivatization. Samples were enriched by liquid-liquid
extraction with DCM and water, and analyzed by UHPLC/MRM-MS.

Ultra-high pressure liquid chromatography/triple quadrupole mass spectrometry (UHPLC/
QgqQ-MS) analysis.

Separation and analysis of the permethylated PMP-labeled monosaccharides was carried out
on an Agilent 1290 Infinity 11 UHPLC system coupled to an Agilent 6495A triple
quadrupole (QqQ) mass spectrometer (Agilent Technologies, Santa Clara, CA). For analysis,
1 uL of sample was injected onto an Agilent ZORBAX RRHD Eclipse Plus C18 column
(2.1 mm x 150 mm i.d., 1.8 um particle size) equipped with an Agilent ZORBAX Eclipse
Plus C18 guard cartridge (2.1 mm x 5 mm i.d., 1.8 um particle size) and separated using a
15-minute binary gradient with a constant flow rate of 0.22 mL/min. Mobile phase A: 25
mM NHzAc in 5 % ACN/water (v/v), adjusted to pH 8.2 using NH4OH; Mobile phase B:

95 % ACN/water (v/v). The following binary gradient was used: 0.00-5.00 mins, 21.00 % B;
5.00-9.00 mins, 21.00-22.00 % B; 9.00-11.00 mins, 22.00 % B; 11.00-13.60 mins,
22.00-24.50 % B; 13.60-13.61 mins, 24.50-99.00% B; 13.61-13.80 mins, 99.00 % B;
13.80-13.81 mins, 99.00-21.00 % B; 13.81-15.00 mins, 21.00 % B.

Samples were introduced into the mass spectrometer using an electrospray ionization (ESI)
source operated in the positive ion mode. Nitrogen drying and sheath gas temperatures were
set at 290 °C and 300 °C, respectively. Drying and sheath gas flow rates were set at 11
L/min and 12 L/min, respectively. The nebulizer pressure was set to 30 psi. Capillary and
fragmentor voltages were set at 1800 V and 380 V, respectively. To execute collision induced
dissociation (CID), the collision energy was set to a constant 35 V. Data acquired from the
UHPLC/QgQ-MS was collected using Agilent MassHunter Workstation Data Acquisition
version B.06.01. Data analysis was performed using Agilent MassHunter Quantitative
Analysis software version B.06.00.

RESULTS AND DISCUSSION

The method developed employs a UHPLC/MRM-MS platform for the glycosidic linkage
analysis of oligosaccharides and polysaccharides using permethylation in combination with
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PMP derivatization. First, permethylation of free hydroxyls on the polysaccharide is
performed using the Hakomori method?8. Next, the monosaccharides are released at their
respective glycosidic bonds by acid hydrolysis with TFA at an elevated temperature. Upon
completion of the hydrolysis, positions of the hydrolyzed glycosidic bonds are retained as
free hydroxyl groups. Lastly, the released monomers undergo derivatization at the reducing
end with PMP and are analyzed by UHPLC/MRM-MS employing C18 as the stationary
phase.

Construction of the MRM transitions

Depending on the degree of branching present within a given oligosaccharide or
polysaccharide structure, the resulting hydrosylates would contain a unique degree of
permethylation (DoPe) value. For example, Scheme S-1 displays the structure of derivatized
galactose monosaccharide residues linked at either the (1—2)- or (1—4)-hydroxy! positions.
These residues have a DoPe value of 3, which is equal to the number of methylation sites.

To determine transitions for the MRM method, fragment ions from the derivatized structures
were scanned using the QqQ operated in product ion mode. The protonated precursor ion of
each derivatized monosaccharide was subjected to CID. The protonated precursor ion mass
is equal to the sum of the initial monosaccharide mass, the mass of a methyl group
multiplied by the monosaccharide DoPe value, and the mass of two PMP residues ([M

+ 14*DoPe value + 330 + H]*). Three major fragment ions were observed by MS/MS and
used for MRM transitions. The most abundant fragment ion, /m/z175.1, was chosen as the
quantifier ion and is the result of fragmentation between PMP and C1 of the derivatized
monosaccharide (Figure 1A-B, Scheme S-1).

The second most abundant fragment ion is the result of fragmentation between C2-C3 of the
monosaccharide and one C1-PMP bond. If the monosaccharide residue is linked at the
(1—2)-position, a signal at m/z217.2 will be observed as the second most abundant
fragment ion (Figure 1A, Scheme S-1). However, monosaccharide residues linked at
positions other than the (1—2)-position yield m/z231.2 as the second most abundant
fragment ion (Figure 1B, Scheme S-1). The two fragment ions, m/z217.2 and m/z231.2
differentiate between monosaccharide residues linked at the (1—2)-position and those not
linked at this position, respectively. Because terminal (T) linkage residues are only linked at
the anomeric hydroxyl position, only fragment ions of /7/z175.1 and m/z231.2 are
produced upon CID.

To elaborate further, the following linear hexose monosaccharide residues will produce
fragment ions of m/z175.1 and m/z231.2 upon CID: (1—3)-, (1—4)-, or (1—6)-hydroxy!l
positions, where (1)- denotes linkage at the anomeric position. Similarly, deoxyhexose
residues produce these ions when linked in the (1—3)- or (1—4)-hydroxy! positions.
Pentose monosaccharides, such as arabinose in the furanose form, will produce these ions
when linked at either the (1—3)- or (1—5)-positions. Furthermore, pentoses such as xylose
existing in the pyranose form, produce these ions when linked at either the (1—3)- or
(1—4)-positions. However, linear hexoses, deoxyhexoses, and pentoses, in either the
pyranose or furanose form, will produce fragment ions of m/z175.1 and m/z217.2 when
linked only at the (1—2)-positions.

Anal Chem. Author manuscript; available in PMC 2019 November 06.
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For branched bisecting hexose monosaccharide residues, the following pairs of linkages will
produce fragment ions of m/z175.1 and m/z231.2: (1—3,4)-, (1—3,6)-, or (1—4,6)-
hydroxyl positions. Deoxyhexoses, along with pentoses in the pyranose form, also produce
these fragment ions when linked at the (1—3,4)-positions. Pentoses in the furanose form
produce these fragment ions when linked at the (1—3,5)-positions. Bisecting hexose
residues produce fragment ions of m/z175.1 and m/z217.2 when linked at the (1—2,3)-,
(1—2,4)-, or (1—2,6)-positions. Similarly, deoxyhexoses and pentoses in the pyranose form
produce these fragment ions when linked at the (1—2,3)- or (1—2,4)-positions and
(1—2,3)- and (1—2,5)-positions for pentoses in the furanose form.

Trisecting hexose monosaccharide residues produce fragment ions corresponding to /m/z
175.1 and m/z 231.2 when linked at the (1—3,4,6)-positions. However, fragment ions /m/z
175.1 and m/z 217.2 are produced for trisecting hexoses linked at the (1—2,3,4)-,
(1—2,3,6)-, or (1—2,4,6)-positions. Scheme S-1 provides the proposed structures of the
fragment ions produced by CID of protonated precursor ions of monosaccharides with
linkage combinations with or without linkage at the (1—2)-positions.

Because monosaccharides at the non-reducing end are always linked at the anomeric
hydroxyl position, annotation for the 1-hydroxyl position can be dropped. A general and
more simplified short-hand annotation system is further described. Linear monosaccharide
residues are given the annotation of “X-" followed by the corresponding monosaccharide,
where “X” represents a linkage position other than the anomeric 1-hydroxyl position.
Bisecting and trisecting monosaccharide linkage residues are simplified with an annotation
of “X,X-"and “X,X,X-", respectively, followed by the corresponding monosaccharide. For
example, instead of using (1—2,3,6)-glucose to describe a trisecting glucose residue, the
short-hand annotation of 2,3,6-glucose is used. This short-hand annotation system is used to
annotate glycosidic linkages throughout the remainder of this paper.

Permethylation reaction

A time-point study using a maltohexaose oligosaccharide standard was performed at 0, 10,
30, 50, and 70 minutes, in triplicate, to optimize the permethylation reaction for 50 ug of
starting material. The optimal permethylation time was determined by monitoring the
absolute abundances of the expected T-glucose and 4-glucose linkage residues at each time-
point. A plot displaying the release of the linkage residues from maltohexaose at each of the
different time-points is shown in Figure S-1. Both 4-glucose and T-glucose increased with
the 4-glucose reaching maximum at 50 minutes. Released T-glucose residues reached
maximum at approximately the same reaction period. The decline in abundance of the 4-
glucose residue at the 70-minute time-point may be attributed to degradation by the peeling
reaction. Based on these results, a reaction time of 50 minutes was used for all subsequent
permethylation reactions.

Hydrolysis reaction

A crucial step in obtaining the most comprehensive profile of monosaccharide linkages
within the analysis involves use of effective acid hydrolysis conditions. While the acid
lability of monosaccharides in oligosaccharides and polysaccharides vary depending on
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monosaccharide structure and linkage composition1-62, a general acid hydrolysis method
was developed for the analysis of glycosidic linkages within food and purified
polysaccharides. Amylopectin was used as a model polysaccharide to determine the optimal
hydrolysis conditions needed to release permethylated monosaccharides.

The optimal hydrolysis reaction time was determined by monitoring the release of
permethylated monosaccharide residues at different reaction times after labeling with PMP.
The time of acid hydrolysis was optimized to maximize the release of linkage residues by
altering the reaction time from 30 to 180 minutes in 30-minute increments. Absolute peak
areas using ion abundances for each identified linkage residue were compared at each time
point to determine the optimal hydrolysis condition. The optimal hydrolysis condition for
amylopectin was determined to be 120 minutes (Figure S-2). Degradation of all
permethylated monosaccharide residues from amylopectin was observed at hydrolysis times
> 150 minutes. Terminal and 4-glucose residues were the most abundant species observed as
expected. Minor abundances corresponding to two branched bisecting hexose species were
observed. While it is expected for amylopectin to contain 4,6-glucose residues, an additional
unexpected branched species of different linkage was also observed. Neither species could
be distinguished, therefore, were both given the designation of X,X-hexose (1) or X,X-
hexose (I1) to describe the unknown linkages.

Construction of the glycosidic linkage library

Commercial standards with known structures were used to create a library of various
monosaccharide linkages. Standards that were utilized to construct the library include 2-O-
(a-D-mannopyranosyl)-D-mannopyranose, 1,4-D-xylobiose, 1,5-a-L-arabinotriose, 1,3-
a-1,6-a-D-mannotriose, isomaltotriose, 4-O-(b-D-galactopyranosyl)-D-galactopyranose,
lactose, 2’-fucosyllactose, nigerose, 3-O-(b-D-galactopyranosyl)-D-galactopyranose, 1,6-a-
D-mannotriose, 33-a.-L-arabinofuranosyl-xylotetraose, sophorose, 3-O-(a-D-
mannopyranosyl)-D-mannopyranose, 1,4-b-D-mannotriose, and stachyose. For the analysis,
permethylated and PMP-labeled monosaccharide residues were prepared and analyzed by
UHPLC/MRM-MS

To demonstrate the behavior of the standards when placed through the linkage analysis
workflow, 4-O-(b-D-galactopyranosyl)-D-galactopyranose and 2’-fucosyllactose are
described in greater detail. The standard 4-O-(b-D-galactopyranosyl)-D-galactopyranose is a
disaccharide that contains one 4-galactose and one T-galactose. After work-up, the
corresponding residue for a 4-galactose contains three methoxy groups (DoPe 3) and two
PMP derivatives. Terminal galactoses, however, will contain four methoxy groups (DoPe 4)
and two PMP derivatives. The resulting protonated precursor ion masses for 4-galactose and
T-galactose are m/z553.3 and m/z567.6, respectively. Transitions of m/z553.3 — m/z
175.1 and m/z553.3 — my/z231.2 for 4-galactose and m/z567.6 — m/z175.1 and m/z
567.6 — m/z231.2 for T-galactose were monitored and observed (Figure S-3A).

The standard 2’-fucosyllactose is a trisaccharide that contains one 4-glucose, one 2-
galactose, and one T-fucose. After putting 2’-fucosyllactose through the same reaction
workflow, each of these expected linkage residues will contain three methoxy groups (DoPe
3) and two PMP derivatives, resulting in a protonated precursor ion mass of 7/2553.3, m/z

Anal Chem. Author manuscript; available in PMC 2019 November 06.
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553.3, and m/z537.2, respectively. Expected transitions of 7/2553.3 — m/z175.1 and m/z
553.3 — m/z231.2 for 4-glucose along with m/z537.2 — m/z175.1 and m/z537.2— m/z
231.2 for T-fucose were monitored and observed (Figure S-3B). Because the galactose was
linked at the 2-position, transitions of m/z553.3 — m/z175.1 and m/z553.3 — m/z217.2
were also monitored and observed (Figure S-3B).

For 4-O-(b-D-galactopyranosyl)-D-galactopyranose, linkage residues corresponding to 4-
galactose and T-galactose were observed at 7.9 and 12.3 minutes, respectively. The
calculated ratio of linkage residues based on relative peak areas was found to be 0.76 4-
galactose:1.00 T-galactose yielded, nearly to the expected 1.00 4-galactose:1.00 T-galactose
ratio. For 2’-fucosyllactose, elution times of 8.3, 8.7, and 12.0 minutes were observed for 4-
glucose, 2-galactose, and T-fucose, respectively. The calculated relative peak area ratio of
0.81 4-glucose:2.73 2-galactose:1.00 T-fucose differs from the expected 1.00 4-glucose:1.00
2-galactose:1.00 T-fucose ratio. This suggests either that the instrumental response varies for
each of the linkage residues or that different acid hydrolysis conditions were required. While
the calculated ratios slightly differ from the expected values for both 4-O-(b-D-
galactopyranosyl)-D-galactopyranose and 2’-fucosyllactose, the method was sufficient to
obtain retention time values necessary to construct the linkage library.

Based on 16 oligosaccharide standards, a library of 22 unique glycosidic linkage residues
encompassing bisecting, linear, and terminal species for xylose, arabinose, fucose, mannose,
galactose, and glucose was developed using the above approach. Bisecting residues obtained
include 3,4-P-xylose (pyranose form) and 3,6-mannose. Linear residues obtained include 4-
P-xylose, 5-F-arabinose (furanose form), 2-mannose, 3-mannose, 4-mannose, 6-mannose, 2-
galactose, 3-galactose, 4-galactose, 6-galactose, 2-glucose, 3-glucose, 4-glucose, and 6-
glucose. Terminal residues obtained include T-P-xylose, T-F-arabinose, T-fucose, T-
mannose, T-galactose, and T-glucose.

The retention times, DoPe values, precursor ion masses, and product ion masses for the
obtained glycosidic linkages are summarized in Table 1. Several of the standards used
contained identical linkages, thus, were used to further validate retention times and identity
of the linkage residues. Figure 2A shows an MRM chromatogram of pooled oligosaccharide
standards placed through the workflow to demonstrate the chromatographic separation and
analysis for a mixture of linkage residues.

In general, linkage residues of different monosaccharide classes (for example, deoxyhexose
versus hexose or pentose versus hexose) along with their corresponding DoPe values are
resolved by mass. However, there are two pairs of isomeric compounds that are not readily
chromatographically resolved such as: 6-galactose and 6-glucose; 6-mannose and 4-
galactose. This ambiguity can be resolved based on a separate monosaccharide analysis,
which can be performed complimentary to the linkage analysis. The standards developed in
Table 1 were used to determine linkages in more complicated polysaccharides. Although the
developed library was used for the positive identification of glycosidic linkages, MRM
transitions for trisecting, bisecting, linear, and terminal species for each class of
monosaccharide were additionally monitored.
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Linkage analysis of polysaccharides

To demonstrate the method’s ability to accurately identify the linkage components of a
polysaccharide, the approach was applied to the commercially available polysaccharide
standard, galactan (Lupin). The specified structure of galactan contains a linear backbone of
repeating p(1,4)-galactose monosaccharides. However, the standard is reported to contain
other monosaccharides such as arabinose, rhamnose, and xylose. It is unclear if these
components are from polysaccharide contaminants or exist as free monosaccharide
impurities.

Relative abundances for the glycosidic linkages identified within galactan were obtained by
the analysis of four experimental replicates. A representative MRM chromatogram showing
the major linkage abundances present within galactan is shown in Figure S-4. Table S-1 lists
a total of 18 linkage residues identified with relative abundances > 0.1 %. Analysis of this
standard reveals the presence of 4-galactose/4-mannose (50.4 + 1.9 %) and T-galactose (25.1
+ 2.6 %) in high abundance. Despite the lack of resolution between 4-galactose and 4-
mannose, it is likely that this abundance corresponds solely to 4-galactose based on the
reported monosaccharide composition. The surprisingly high relative abundance of T-
galactose may be due to the presence of free galactose monosaccharide present within the
standard. Two co-eluting bisecting hexose linkage residues, 2,X-hexose and X,X-hexose (9.3
+ 2.1 %), and X,X-hexose (2.7 £ 1.0 %) were found, indicating the presence of an additional
heterogeneous polysaccharide. Analysis of the standard also revealed non-hexose linkage
residues such as 5-F-arabinose (0.4 + 0.1 %), T-F-arabinose (5.3 = 0.7 %), and X-
deoxyhexose (2.3 + 0.5 %). While linkages for rhamnose are not included in the linkage
library, it is presumed that the identified X-deoxyhexose residue is a linear linkage of
rhamnose. These results confirm the expected linkage composition of the monosaccharide
residues present within galactan. Standard deviations were calculated to be < 2.6 %,
demonstrating the method’s high reproducibility for the analysis of a purified
polysaccharide.

We further evaluate the method’s capabilities for the characterization of polysaccharides
within a complex matrix, such as whole carrots. Results by both UHPLC/MRM-MS and the
standard GC-MS method were obtained by performing three experimental replicates using
the same starting material. A total of 24 linkage residues were elucidated from the whole
carrot samples using the LC-MS method. A representative MRM chromatogram for whole
carrots is displayed in Figure 2B. Table 2 shows the detailed comparison of the relative
abundances for identified glycosidic linkage residues within whole carrots by UHPLC/
MRM-MS and the standard GC-MS method. Standard deviations were found to be < 1.1 %
and are comparable to the < 1.6 % standard deviation values obtained by the GC-MS
analysis workflow. This illustrates reproducibility of the presented method for the analysis
of insoluble starting material such as whole foods consisting of a mixture of carbohydrates.
The analysis revealed high amounts of T-glucose (37.3 £ 0.6 %) and 4-glucose (19.9

+ 1.1 %) which is likely representative of the starch and cellulose components present within
carrots53. The relatively high abundance of T-glucose could be a result of free glucose
monomers or the presence of disaccharides, such as sucrose. Furthermore, linkages
corresponding to T-F-arabinose (11.3 + 0.7 %), 4-galactose/6-mannose (9.8 £ 0.1 %), 4-P-
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xylose (0.7 = 0.0 %), and 5-F-arabinose (2.4 £ 0.0 %) were detected. These constituents are
likely derived from other polysaccharides present within carrots.

Analysis of whole carrots by GC-MS at a separate site resulted in identification of only 13
glycosidic linkage residues. A combination of differences in sample preparation and
instrumental sensitivity between the two platforms may contribute to the discrepency in
identified linkage residues. Results from the GC-MS workflow show identification of
linkages mainly from hexose residues and < 0.8 % for deoxyhexose residues. The lack of
arabinose and xylose residues detected by the GC-MS workflow is noteworthy given the
relatively high abundances observed when using the UHPLC/MRM-MS workflow. Overall,
the difference in the number of identified linkage residues between the two platforms
exemplify the increased sensitivity advantage when performing the analysis using the
presented workflow.

CONCLUSIONS

In this research, we developed a MRM method that is capable of rapidly profiling 22 unique
glycosidic linkages present in oligosaccharides and polysaccharides. While the number of
linkages was limited by the availability of standards, we are currently synthesizing new
linkage standards that will significantly increase the total number in the near future.
Although the use of acid hydrolysis after permethylation results in a loss of alpha/beta
stereochemical information, the combination of these approaches followed by derivatization
with PMP results in effective chromatographic separation of isomers during the analysis.
Method validation was performed with the GC-MS method, which is still the gold standard
for this type of analysis. Additionally, the high reproducibility of the analysis in
experimental replicates of a polysaccharide suggests that the developed sample preparation
method is sufficiently robust to profile branching residues together with the linear and
terminal components within polysaccharides. This method further compliments our recent
method on monosaccharide analysis that is also based on LC-MS analysis. The
monosaccharide analysis method improved the previous existing GC-MS analysis method
by being over 1000 more sensitive and five times faster in analysis timel°. The presented
UHPLC/MRM-MS method provides similar enhancements and is a powerful new tool for
carbohydrate glycosidic linkage analysis. It will, we hope, renew interests in the
development of other protecting groups and reducing-end labels for more specific
applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
MS/MS spectra of the methylated PMP-labeled protonated precursor ion /m/z553.3 for (A)

2-galactose and (B) 4-galactose. Fragmentation by CID of 2-galactose results in signals m/z
175.1 and m/z 217.2 as the two most abundant fragment ions while the fragmentation of 4-
galactose produces signals /7/z175.1 and m/z231.2 as the two most abundant fragment
ions.
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Figure 2.

(A) MRM chromatogram of 22 methylated PMP-labeled monosaccharides obtained from

pooled commercially available oligosaccharides. (B) - MRM chromatogram for whole

carrots. Solid and dashed traces represent quantifying and qualifying transitions,

respectively.
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Library containing 22 unique glycosidic linkages built using oligosaccharide standards.

Table 1.

Linkage Residue RT (mins) DoPeValue Pre-Cursor lon (m/z) Product lons (m/2)

2-Mannose 4.88 3 553.3 175.1,217.1
3,4-P-Xylose 5.35 1 495.2 175.1,231.2
4-P-Xylose 5.98 2 509.2 175.1,231.2
5-F-Arabinose 6.12 2 509.2 175.1,231.2
3,6-Mannose 6.29 2 539.2 175.1,231.2
6-Galactose 6.76 3 553.3 175.1, 231.2
6-Glucose 6.76 3 553.3 175.1,231.2
6-Mannose 7.52 3 553.3 175.1,231.2
4-Galactose 7.52 3 553.3 175.1, 231.2
4-Glucose 7.92 3 553.3 175.1,231.2
2-Galactose 8.20 3 553.3 175.1,217.1
T-P-Xylose 8.25 3 523.2 175.1,231.2
3-Glucose 8.52 3 553.3 175.1,231.2
3-Galactose 8.68 3 553.3 175.1,231.2
2-Glucose 9.39 3 553.3 175.1, 217.1
T-F-Arabinose 9.93 3 523.2 175.1,231.2
3-Mannose 10.23 3 553.3 175.1,231.2
4-Mannose 10.59 3 553.3 175.1, 231.2
T-Fucose 11.24 3 537.2 175.1,231.2
T-Galactose 11.57 4 567.6 175.1,231.2
T-Glucose 12.15 4 567.6 175.1, 231.2
T-Mannose 12.50 4 567.6 175.1,231.2
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Linkage analysis comparison of the same whole carrot (N=3) starting material by both UHPLC/MRM-MS and

Table 2.

GC-MS.

Linkage Residue RT (mins) Relative Abundance (%) GC-MSLinkageResidue GC-MS Relative Abundance (%)
T-Glucose 12.36 37.3x0.6 T-Glucose 58.9+1.6
4-Glucose 7.87 199+1.1 4-Glucose 259+15

T-F-Arabinose 10.04 113+0.7 **T-F-Arabinose ND
4-Galactose/6-Mannose 7.45 9.8+0.1 4-Galactose 6.9+0.5
T-Mannose 12.92 46%05 T-Mannose 06+0.1
4-Mannose 10.76 0.3+0.0 4-Mannose 1.8+0.0
T-Galactose 11.78 33+0.2 T-Galactose 14+0.1
4-P-Xylose 5.98 0.7£0.0 *4-P-Xylose ND
5-F-Arabinose 6.12 24+00 *5-F-Arabinose ND
3-Glucose 8.52 1.0+0.2 3-Glucose 05+0.1
T-P-Xylose 8.29 0.9+0.0 **T-P-Xylose ND
3,4-P-Xylose 5.22 0.8+0.0 *3,4-P-Xylose ND
2-Glucose 9.51 0.8+0.1 2-Glucose 11+03
X-Deoxyhexose 8.93 0.7+£0.2 **X-Deoxyhexose ND
6-Galactose/6-Glucose 6.68 0600 **6-Glucose ND
T-Fucose 11.44 05400 **T-Fucose ND
T-Deoxyhexose 11.98 0.5+0.0 *"'T-Deoxyhexose ND
X, X-Hexose 6.44 04+0.1 4,6-Glucose 0.6+0.1
3-Mannose 10.25 37+0.1 **3-Mannose ND
T-Hexose 13.67 0200 **T-Hexose ND
X,X-Hexose 7.15 0.1+£0.0 3,4-Glucose 0.7+0.1
X-Pentose 7.15 0.1£00 **X-Pentose ND
*2,4—Galactose - ND 2,4-Galactose 0.6+0.1
*2-Rhamnose - ND 2-Rhamnose 0.3+0.0
*2,4-Rhamnose - ND 2,4-Rhamnose 0.8+0.0

*
Not detected by UHPLC/MRM-MS

*:

ok
Not detected by GC-MS
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