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ARTICLE INFO ABSTRACT

Keywords: Identification of arabinoxylo-oligosaccharides (AXOS) within complex mixtures is an ongoing analytical chal-
Arabinoxylo-oligosaccharides lenge. Here, we established a strategy based on hydrophilic interaction chromatography coupled to collision
AXOS

induced dissociation-mass spectrometry (HILIC-MS") to identify a variety of enzyme-derived AXOS structures.
Oligosaccharide reduction with sodium borohydride remarkably improved chromatographic separation of iso-
mers, and improved the recognition of oligosaccharide ends in MS-fragmentation patterns. Localization of ara-
binosyl substituents was facilitated by decreased intensity of Z ions relative to corresponding Y ions, when
fragmentation occurred in the vicinity of substituents. Interestingly, the same B fragment ions (MS2) from HILIC-
separated AXOS isomers showed distinct MS® spectral fingerprints, being diagnostic for the linkage type of
arabinosyl substituents. HILIC-MS" identification of AXOS was strengthened by using specific and well-
characterized arabinofuranosidases. The detailed characterization of AXOS isomers currently achieved can be
applied for studying AXOS functionality in complex (biological) matrices. Overall, the present strategy con-
tributes to the comprehensive carbohydrate sequencing.

HILIC-ESI-CID-MS"
Negative ion mode
NaBH,4 reduction
Structural elucidation

1. Introduction

Arabinoxylan (AX) is an abundant cereal fiber in both human and
animal diets. Investigating the prebiotic and immunomodulatory prop-
erties of AX and (enzymatically) derived arabinoxylo-oligosaccharides
(AXOS) is of great nutritional, scientific and commercial interest
(Broekaert et al., 2011; Mendis et al., 2016). Previous studies have
shown that the prebiotic potential of AXOS depended on degree of
polymerization (DP) and substitution pattern (Broekaert et al., 2011;
Mendis et al., 2018; Rumpagaporn et al., 2015). Therefore, detailed
characterization of AXOS in complex matrices may greatly improve our
understanding about their bio-functionality.

In general, cereal grain AX (i.e., from wheat, maize, rye, rice) is
composed of a backbone of p-(1 — 4)-linked p-xylosyl (Xyl) residues,
substituted mainly by L-arabinofuranosyl (Ara) units at the O-2- and/or
0O-3-positions of Xyl units. To a lesser extent, 4-O-p-methyl-glucuronoyl
and acetyl substituents occur, and a part of the Ara units might be
further O-5-substituted by feruloyl units (Fauré et al., 2009; Izydorczyk
& Biliaderis, 1995). Cereal grains present diverse AX populations,

primarily due to variation in the type and distribution of Ara sub-
stituents over the AX backbone (Gruppen et al., 1993b; Saulnier et al.,
2007; Vinkx & Delcour, 1996; Wang et al., 2020). Consequently, the
corresponding (enzyme-derived) AXOS mixtures contain a range of
differently substituted structures.

Although oligosaccharide identification has considerably improved
in the last decades (Kamerling & Gerwig, 2007; Nagy et al., 2017; Wang
et al., 2021), detailed identification of AXOS in mixtures remains an
ongoing analytical challenge due to the aforementioned complexity.
High Performance Anion Exchange Chromatography (HPAEC) has been
shown to provide valuable information regarding the oligosaccharide
composition of enzymatic (A)XOS digests (Gruppen et al., 1993a;
McCleary et al., 2015; Mechelke et al., 2017; Pastell et al., 2008).
However, scarcely available standards and low compatibility with mass
spectrometric techniques, due to the high salt concentration of eluents,
hamper the identification of unknown oligosaccharides by HPAEC
(Mechelke et al., 2017; Nagy et al., 2017). AXOS purified from enzy-
matic digests were subjected to nuclear magnetic resonance (\H NMR)
spectroscopy to accurately determine the position and linkage type of
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Ara substituents (Biely et al., 1997; Gruppen et al., 1992; Hoffmann
et al., 1991; Pastell et al., 2008). Still, TH NMR analysis requires high
purity and amount of analytes (Kiely & Hickey, 2022), which compli-
cates the analysis of (minorly present) AXOS from complex biological
matrices. Next to 'H NMR, direct infusion mass spectrometry (MS™), has
been widely used for AXOS structural analysis (Matamoros Fernandez
et al., 2004; Mazumder & York, 2010; Quéméner et al., 2006; Wang
et al., 2021). In specific, hyphenation of MS" to normal phase and
reverse phase liquid chromatography (LC-MS") further progressed AXOS
characterization (Bowman et al., 2012; Maslen et al., 2007). Still,
chromatographic resolution was not sufficient to address AXOS identi-
fication in complex biological mixtures. Hydrophilic interaction liquid
chromatography (HILIC) was recently reviewed to exhibit increased
selectivity for glycan analysis compared to reverse phase chromatog-
raphy, and higher compatibility with MS compared to normal phase
chromatography (Nagy et al., 2017). HILIC coupled to MS has been
assessed to separate and characterize in vitro-generated AXOS, human
milk oligosaccharides, as well as cello-, galacto-, manno-, arabino- and
pectic oligosaccharides mixtures (Demuth et al., 2020; Hernandez-
Hernandez et al., 2012; Juvonen et al., 2019; Leijdekkers et al., 2011;
Remoroza et al., 2018; Sun et al., 2020). Furthermore, the character-
ization of alginate-oligosaccharides in fecal samples by HILIC-MS
(Jonathan et al., 2013) demonstrated the potential of HILIC-based ap-
proaches to separate and identify oligosaccharides present in complex
biological matrices. Still, further research is warranted to improve HILIC
separation and MS-based identification of AXOS isomers present in
mixtures.

The chromatographic resolution of a- and p-anomers of oligosac-
charides in LC, including HILIC, has been shown to result in signal loss
and peak broadening (Churms, 2002; Schumacher & Kroh, 1995). The
latter can be overcome by reducing oligosaccharides, for example with
sodium borohydride (NaBH4) (Abdel-Akher et al., 1951; York et al.,
1996). Such reduction has been shown to result in better HILIC sepa-
ration for cello-oligosaccharide mixtures with increased signal in-
tensities, and allows the discrimination in MS of fragment ions
originating from either the non-reducing or reduced end (Domon &
Costello, 1988; Sun et al., 2020; Vierhuis et al., 2001). So far, to the best
of our knowledge, chromatographic resolution and MS fragmentation
patterns of NaBHg-reduced (A)XOS subjected to HILIC-MS"™ have not
been studied.

Hence, the present study aimed at developing a strategy to charac-
terize individual (A)XOS present in complex mixtures formed during
arabinoxylan depolymerization by endo-xylanases. For that, AXOS
mixtures were further treated with arabinofuranosidases and were
reduced by NaBHy, prior to their HILIC-MS" analysis. Hereto, it was
hypothesized that structurally different NaBH4-reduced (A)XOS show
chromatographic resolution in HILIC and exhibit distinct MS fragmen-
tation patterns. The principles on which this strategy is based are
considered compatible with the analytical needs for the structural
elucidation of other types of polysaccharides.

2. Materials and methods
2.1. Materials

Wheat flour arabinoxylan (medium viscosity; WAX), linear XOS (DP
2-6; X5-Xg), branched AXOS standards (XA3XX, XAZXX & XA3XX
mixture, A273XX), GH10 endo-1,4-p-xylanase from Thermotoga maritima
(Xyn_10), GH43 a-arabinofuranosidase from Bifidobacterium adolescentis
(Abf 43) and GH51 «o-arabinofuranosidase from Aspergillus niger
(Abf_51) were obtained from Megazyme (Bray, Ireland). A commercial
enzyme preparation (HX) enriched in GH11 endo-1,4-p-xylanase from
Trichoderma citrinoviride was provided by Huvepharma NV (Berchem,
Belgium). In AXOS abbreviations, unsubstituted xylosyl residues are
annotated as X, while xylosyl residues substituted at O-2, O-3 or at both
0-2 and 0-3 positions by arabinosyl units are annotated as A%, A% and
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A3 respectively, according to Fauré et al. (2009).

2.2. In vitro production of arabinoxylo-oligosaccharides (AXOS)

WAX (5.5 mg/mL) was dissolved in 50 mM sodium acetate (NaOAc)
buffer (pH 5.0). Next, 4.55 mL WAX solution was transferred in a 15 mL
tube, and 455 pL of HX or Xyn_10 solution pre-diluted in the same
NaOAc buffer was added to start the incubations. The enzyme doses used
were chosen to result in total or ‘end-point” degradation of WAX. In-
cubations were carried out at 40 °C overnight followed by enzyme
inactivation at 99 °C for 15 min. Supernatants (e.g., AXOS mixtures)
were analyzed with HPAEC-PAD (10 times diluted), and after reduction
(see Section 2.4) with HILIC-ESI-CID-MS".

2.3. Enzymatic fingerprinting of arabinosyl substituents in AXOS

Two AXOS mixtures obtained (see Section 2.2) by using the two
distinct endo-xylanases were subsequently treated with Abf 43, Abf 51
and a combination thereof (Abf 43/Abf 51). GH51 Abfs release single O-
2- or O-3-linked arabinosyl substitutions (reviewed by Lagaert et al.,
2014), while Abf 43 only releases the O-3 arabinosyl from a disubsti-
tuted Xyl moiety (Sgrensen et al., 2006; Van den Broek et al., 2005).
Although the Abf 51 currently used was previously shown to be also
active toward disubstituted AXOS, especially A2"3XX (Koutaniemi &
Tenkanen, 2016), in our research, only a very minor amount of AZH3xx
was degraded after 8 h and current experimental conditions, as shown
by HPAEC (see Fig. S1). Aliquots (500 pL) of the AXOS mixtures were
transferred in clean reaction tubes and were mixed with 480 pL or 460
pL 50 mM sodium acetate buffer (pH 5.0) for single or combined Abf
incubations, respectively. Next, 20 pL of Abf 43 and/or Abf 51 solution
was added to achieve a final dosing of 0.1 U/mL. The samples, alongside
controls with no Abf added, were incubated at 40 °C for 8 h, followed by
enzyme inactivation at 99 °C for 15 min. Oligosaccharide and Abf di-
gests were analyzed with HPAEC-PAD (10 times diluted), and after
reduction with HILIC-ESI-CID-MS".

2.4. Reduction of oligosaccharides

Aliquots (200 pL) of DP2-6 XOS mixture (1 mg/mL each), AZ"3XX (1
mg/mL), AZXX (1 mg/mL; see Supplementary information), XA%XX (1
mg/mL), XAZXX/XA3XX (2 mg/mL), AXOS mixtures (1 mg/mL; see
Section 2.2) and AXOS mixtures digested with Abfs (1 mg/mL; see
Section 2.3) were reduced with 200 pL 0.5 M NaBH4 solution in 1 M
NH4OH at room temperature for 4 h. The reaction was stopped by
addition of 50 pL acetic acid and was followed by sample clean up on
Supelclean™ ENVI-Carb™ solid phase extraction (SPE) cartridges (250
mg, Sigma Aldrich, St. Louis, MO, USA). The cartridges were activated
with 80% (v/v) acetonitrile (ACN; Biosolve, Valkenswaard, The
Netherlands) containing 0.1% (v/v) trifluoroacetic acid (TFA; Sigma
Aldrich) and conditioned with water. Samples were loaded on the car-
tridges and washed with water. Analytes eluting with 40% (v/v) ACN
containing 0.1% (v/v) TFA were collected and dried by evaporation. The
dried analytes were redissolved in 400 pL 50% ACN prior to their HILIC-
ESI-CID-MS" analysis.

2.5. Separation and identification of reduced AXOS with HILIC-ESI-CID-
Ms"

Separation and identification of individual AXOS in mixtures was
performed by hydrophilic interaction chromatography - electrospray
ionization - collision induced dissociation - tandem mass spectrometry
(HILIC-ESI-CID-MS™) using a previously described method (Sun et al.,
2020), with modifications. The analysis was performed on a Vanquish
UHPLC system (Thermo Fisher Scientific, Waltham, MA, USA) equipped
with an Acquity UPLC BEH Amide column (Waters, Millford, MA, USA;
1.7 pm, 2.1 mm ID x 150 mm) and a VanGuard pre-column (Waters; 1.7
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Fig. 1. HILIC-MS extracted ion chromatograms (A) of four NaBH,-reduced DP5 (m/z 679; [M-H] ~) isomers: AZ3XX (1), XA3XX(2), XAZXX (3) and X5 (4). Negative
ion mode CID-MS? spectra (B) of eluted isomers 1-4; average spectra across the chromatographic peaks. The fragments are annotated according to Domon and
Costello (1988) and Juvonen et al. (2019). Blue: glycosidic linkage fragments; Red: cross-ring fragments; /: double cleavage; x: o or § antennae. Alternative fragments

are presented in brackets.

pm, 2.1 mm ID x 5 mm). The column temperature was set at 35 °C and
the flow rate was 0.45 mL/min; injection volume was 1 pL. Water (A)
and ACN (B), both containing 0.1% (v/v) formic acid (FA) (all solvents
were UHPLC-grade; Biosolve), were used as mobile phases. The sepa-
ration was performed by using the following elution profile: 0-2 min at
82% B (isocratic), 2-32 min from 82% to 71% B (linear gradient),
32-32.5 min from 71% to 42% B (linear), 32.5-39 min at 42% B (iso-
cratic), 39-40 min from 42% to 82% B (linear) and 40-50 min at 82% B
(isocratic). Oligosaccharide mass (m/z) was on-line detected with an
LTQ Velos Pro mass spectrometer (Thermo Fisher Scientific) operated in
a negative ion mode. The mass spectrometer was equipped with a heated
ESI probe, and was run at three modes: Full MS, MS? on selected MS
ions, and MS? on selected MS? ions. Ion selection was different for DP 3,
4, 5, 6 and 7 oligosaccharides (Table S1), and each DP series was
analyzed in separate runs. The settings used were: source heater

temperature 425 °C, capillary temperature 263 °C, sheath gas flow 50
units and source voltage 2.5 kV. MS? scanning was performed at m/z
range 150-1200: CID with normalized collision energy set at 40%,
activation Q of 0.25 and activation time of 10 ms. The m/z range of MS®
scan events depended on the m/z value of the daughter ion. The CID was
set at 35%, while all other parameters were similar to MS? scanning.
Mass spectrometric data were processed by using Xcalibur 2.2 software
(Thermo Fisher Scientific).

3. Results and discussion
3.1. Separation and identification of reduced, isomeric AXOS standards

The aim of this research was to develop a strategy for AXOS identi-
fication in complex mixtures, making use of HILIC-MS" It was
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Fig. 2. Negative ion mode CID-MS?® spectra of m/z 679 — 395 [M-H] "~ (A) and m/z 679 — 527 [M-H] "~ (B) corresponding to AZ3XX (1), XA3XX (2), XAZXX (3) and
Xs (4) (MS?; see Fig. 1). The fragments are annotated according to Domon and Costello (1988) and Juvonen et al. (2019). Blue: glycosidic fragments; Red: cross-ring
fragments; /: double cleavage; x: « or p antennae. Alternative fragments are presented in brackets. The precise structure of the newly formed end of B fragment ions is
unknown as it may undergo several rearrangements (dashed ring), hence corresponding MS>-ring-fragments have been annotated tentatively.
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hypothesized that reduction of the oligosaccharides would not only
improve chromatographic resolution, but would also aid in their MS-
based identification, as has been suggested for other types of oligosac-
charides (Bennett & Olesik, 2017; Vierhuis et al., 2001; York et al.,
1996). First, the elution and fragmentation patterns of reduced, standard
(A)XOS all having a DP of 5 (A2"3XX, XA3XX, XAZXX, X5) were inves-
tigated (Figs. 1, 2), before delving into complex AXOS mixtures. The
overall separation and resolution of reduced DP 5 isomers was enor-
mously improved (Fig. 1A) in comparison to that of underivatized (A)
XO0S (Fig. S2). The reduced (A)XOS isomers eluted in the following
order: A2+3XX, XA3XX, XA%XX and X5 (Fig. 1A). Interestingly, the
observed shorter retention times of reduced AXOS compared to the
linear (reduced) counterpart (e.g., Xs5), provides a first indication of
arabinosyl substitution when specific analytical standards are not
available.

Full-scan MS mode (data not shown) indicated that oligosaccharides
were present in a single-charged, deprotonated state ([M-H]") or as
deprotonated formate adducts ([M+FA-H] ). The [M-H]  products
were preferred for further MS analysis, because fragmentation of
[M+FA-H]~ products was either not obtained or resulted in complex
spectra with various formate-adducted fragments, as was also observed
by Sun et al. (2020) for cello-oligosaccharides.

The obtained fragmentation spectra were annotated according to the
nomenclature proposed by Domon and Costello (1988). MS> analysis
(Fig. 1B) revealed that for all separated reduced standard DP 5 AXOS
(Fig. 1A), Y (Y4.2: m/z 547, 415, 283), Z (Z4.5: m/z 529, 397, 265) and B
(B4.2: m/z 527, 395, 263) ions were the main fragments, while C ions
(C3: m/z 413, Co: m/z 281) were only visible at highest zoom levels (not
shown). Z ions were predominant for Xs, but less abundant for Ara-
substituted isomers (Fig. 1). In particular, the abundance of Z3 and Z,
was lower in A%*3XX compared to XA3XX and XA?XX. The lower
abundance of C ions in negative ion mode MS? has not been previously
observed for underivatized oligosaccharides, such as AXOS and cello-
oligosaccharides (Juvonen et al., 2019; Quémeéner et al., 2006; Sun
et al., 2020). More explicitly, C ions occurring from the reducing end,
have been previously described as integral diagnostic fragments for such
underivatized AXOS structures (Juvonen et al., 2019; Quéméner et al.,
2006). Most likely, reduction resulted in less stable C ions compared to
Y, Z and B ions. This observation is in line with previous studies
reporting the decrease in C ion abundance after reduction of mucin-
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derived oligosaccharides, cello-oligosaccharides, and galacto-
oligosaccharides (Doohan et al., 2011; Logtenberg et al., 2020; Sun
et al., 2020). Cross-ring fragments 02a, and %*A, were observed at
relatively low abundances (Fig. 1B), mainly with further loss of water (e.
g, °’2A4(3)—H20: m/z 467, 0’2A3(2)—H20: m/z 335). Nevertheless, these
two cross-ring fragment types have been proven to be important in-
dicators of the p-(1 — 4) linkages between xylosyl backbone residues
(Quéméner et al., 2006). Furthermore, double cleavages involving B and
Y or Z glycosidic ions, as well as Yso/Y3p, Z30/Z3p, Y3x/Z3x double
cleavages were observed (Fig. 1), in line with MS? fragmentation spectra
of underivatized oligosaccharides in previous reports (Bauer, 2012;
Domon & Costello, 1988; Juvonen et al., 2019). Additional double
cleavages involving glycosidic and cross-ring fragments (*2A,/Y
(®2A,-H,0/7)) currently observed have been also reported for under-
ivatized AXOS (Juvonen et al., 2019). For example, m/z 335 was
observed in all four isomers (Fig. 1), and represented a cross-ring
cleavage (°’2A2(3)—H20) in XA3XX and Xs. Yet, the formation of m/z
335 in XA%XX and A%*3XX could not be explained by %2A, cleavage
alone, and might have resulted from double cleavage that involved the
loss of O-2-linked Ara. The formation of such double cleavage fragment
ions is not uncommon (Bauer, 2012; Domon & Costello, 1988; Rodrigues
et al., 2007), but impedes conclusive identification of the four isomers
based on their MS? spectra.

Therefore, relevant Y and B fragment ions (MS?) were further
investigated by MS>. To that end, MS® analysis of Y34y (m/z 547)
(Fig. S3), B3(4) (m/z 527) and Bys) (m/z 395) (Fig. 2) was carried out.
MS? analysis of m/z 679 — 547 ion across all four DP 5 isomers mainly
showed B and Y fragments, while the formation of Z3 (m/z 397) was
more restricted in AZ3XX than in XA3XX and XA%XX (Fig. S3). The latter
confirmed the MS? analysis of AXOS structures (Fig. 1), pointing out that
Z ions were less favored in the vicinity of Ara substituents. Conversely,
the corresponding MS® spectra of m/z 679 — 547 ions for XA3XX and
XA%XX resembled that of Xs (Fig. S3). This observation indicated the loss
in MS® of Ara instead of the terminal xylosyl moiety, from both MS? ions
having the same m/z value.

In MS?, the spectra of all isomers in the case of m/z 679 — 395 and
m/z 679 — 527 were dominated by B, Y and Z ions, while L5A and %A
ions were also present (Fig. 2). In particular, isomers presented distinct
MS2 spectra for m/z 679 — 395, mainly differing in relative intensities of
m/z 377, 359, 365 and 347 ions (Fig. 2A). The ions m/z 377 and m/z 359
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Overview of (A)XOS isomers DP 2-7 detected by HILIC-ESI-CID-MS". The m/z [M-H] , number of isomers (n), code, retention time (RT), relative abundance,
characteristic MS? and MS? ions, diagnostic MS? ion ratio and the resolved structures of (A)XOS are included.

m/z [M-H]~ Iso-mers (n) Code RT (min) Relative Characteristic fragment ions (m/z)‘ Ms? fragment ion (m/ Structure
(DP) (ART, min)®  abundance” 2)
) 263 395  527°
HX Xyn_10 Diagnostic MS® ion
ratio®
283 (2) 1 X, 3.9 12.0 148 - - - - XX®
415 (3) 2 3. 4.3 (2.5) 1.3 24.4 MS?: 283, 265, 263, 221 409 - - A%X
X3 6.8 1.2 1.0 MS3: 263 (245, 215, 173, 131, 113) 0.4 - - XXX®
547 (4) 4 4. 7.3 (3.3) 5.6 1.3 MS2 415, 397 - 9.6 - A%XX
4. 7.8 (2.8) 205 311 MS®: 395 (377, 347, 305, 263,245) - 0.6 - XA%X
4.iii 8.4 (2.2) 1.0 1.0 - 0.1 - AZXXE
X4 10.6 0.4 - - 0.2 - XXXX®
679 (5) 5 5.i 8.3 (6.3) - 8.3 MS% 547, 529 - 9.7 - ASA%X
5.ii 9.3(5.3) 0.7 6.6 MS?>: 547 (415,397), 527 (509,479, 437, 395, 377) - 4.7 0.3 AZT3XXE
5.ii 11.5 (3.1) 37.8 0.6 395 (same as DP 4) - 0.6 152 XASXX®
5.iv 12.2 (2.4) - 0.4 - 0.2 0.2 XAZXXE
Xs 14.6 - - - 0.2 0.5 XXXXX®
811 (6) 9 6.i 9.8 (8.4) - 0.4 MS?% 679, 661 - - - AZT3A3X!
6.ii 12.0 (6.2) - 0.3 MS®:679 (547, 529), 547 (415, 397), 527 (same as DP 5) - - 1.2 Mitg;,”
6.iii 12.5 (5.7) 3.3 3.2 - - 20.8  XASA%X'
6.iv 13.1 (5.1) 0.5 0.3 - - 2.4 -
6.v 14.2 (4.0) 3.8 2.5 - - 1.4 XAZF3XX
6.vi 15.3 (2.9) 1.9 - - - 1.7 XA3XXX
6.vii  15.7 (2.5) 0.2 0.1 - - 7.2 XXA3XX
6. 16.0 (2.2) - 0.1 - - 0.7 XAZXXX
viii
X 18.2 - - - - 0.6 XXXXXX®
943 (7) 7 7.i 12.9 (8.6) - 0.5 MS?% 811,793 - - - Mitg;,"
7.ii 13.9 (7.6) - 0.5 MS®: 811 (679, 661), 679 (same as DP 6), 527 (same as DP5)  — - 2.0 Mty
7.iii 14.5 (7.0) - 2.2 - - 0.9 Mty
7.iv 15.9 (5.6) 0.8 - - - 2.9 Mitg;,"
7.V 16.1 (5.4) 4.1 - - - 3.7 XASA3XX!
7.vi 16.6 (4.9) 0.3 0.2 - - - -
7vii 177 (3.7) 4.3 0.1 - - 0.9 XAZF3XXX
X, 21.5 - - - - 0.6 XXXXXXX
 Relative retention time (ART) of AXOS compared to linear XOS of the same DP.
b

Determined by integration of (A)XOS peaks in HILIC-MS, with the sum of all peaks present in each digest set at 100%.
m/z values of MS® ions are indicated within brackets, next to their parent MS? ion, in bold.
m/z values of MS? fragment ions (B,) investigated by MS® to generate the diagnostic ion ratios °>A,~H,0:B,~H,0 (see below).

¢ Values represent ratios between m/z 215:245 (DP 3), m/z 347:377 (DP 4, 5) and m/z 479:509 (DP 5, 6, 7).

Tentative structures.
& Identified based on standards.

1 Structure was not unambiguously determined by MS", but substitution pattern was confirmed by Abf treatment (Fig. S5); Mltg;,: containing multiple (>2) single
arabinosyl substituents, Mlty,x: containing both single and double arabinosyl substituents.

were most likely formed by the loss of one (By3)-H20) or two (Bz
(3-2H20) water molecules, respectively, due to the dehydration of the
MS? fragment ion. The ions m/z 365 and m/z 347 were assigned to 1°A
cross-ring fragments, without or with additional loss of water,
respectively.

Furthermore, the intensity ratio of 1’5A2(3)—H20:B2(3)—H20 (m/z
347:377) was approximately 5 for A2"3XX, 0.6 for XA®XX and 0.2 for
XA%XX and Xs. Additionally, Z3 presented lower relative intensity for
AZ3XX compared to mono-substituted isomers. The m/z 305 (*2X;) ion
was mainly observed in XA2XX, while it was not very abundant in
AZ3XX. Although X-type fragments have been reported to be scarce in
negative ion mode (Domon & Costello, 1988), their formation has been
observed in recent studies for underivatized oligomers (Juvonen et al.,
2019; Sun et al., 2020). Alternatively, the same ion (m/z 305) could have
resulted from the 2*A, or 2*A3 cleavage in XA®XX and X5 respectively.
The m/z 679 — 527 ion (B3(4)) corresponding to different isomers was
also investigated by MS? (Fig. 2B). The observed spectral fingerprint was
comparable to that of m/z 679 — 395, with the fragment ions B34)-H20,
B34)-2H20, 1’5A3(4), 1’5A3(4)7H20 and Z3x(4) being differently abundant
between isomers. In this case, the 1’5A3(4)—H20:B3(4)—H20 ratio (m/z
509:479) was approximately 0.3 for A2+3XX, 152 for XA3XX, 0.2 for
XA%XX and 0.5 for Xs. It was observed that while XA?XX and Xs

presented low values for fragment ion ratios in MS®, for both m/z 679 —
395 and m/z 679 — 527, this was not the case in the presence of O-3-
linked Ara. In specific, A2"3XX and XA®XX demonstrated contrasting
Ms® profiles for m/z 679 — 527 and m/z 679 — 395. Consequently, it
could be concluded that both the linkage type and position of Ara sub-
stituents influenced the MS® fragmentation patterns of reduced AXOS.
Overall, MS® analysis was instrumental in discriminating between AXOS
isomers by distinguishing between different linkage types and positions
of Ara substituents on the xylan backbone.

3.2. Chromatographic separation and MS-based annotation of (reduced)
AXOS in mixtures obtained by enzymatic hydrolysis of arabinoxylan

The approach discussed in Section 3.1 for standard AXOS was further
applied to two types of AXOS mixtures: wheat arabinoxylan (WAX)
digested by a GH11 endo-xylanase (HX) or by a GH10 endo-xylanase
(Xyn_10). The obtained AXOS mixtures were subsequently digested by
Abf 51 and/or Abf 43. HPAEC-PAD analysis (Fig. S4) confirmed that
Abf 51 removed Ara from single substituted Xyl residues, resulting a
mixture of XOS and AXOS with intact doubly substituted xylosyl resi-
dues. Abf 43 only cleaved O-3-linked Ara from doubly substituted
xylosyl residues (Sgrensen et al., 2006; Van den Broek et al., 2005),
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Fig. 4. Negative ion mode CID-MS? (1) and CID-MS® spectra of m/z 679 — 547 [M-H]  (2), m/z 679 — 395 [M-H]  (3) and m/z 679 — 527 [M-H] (4) for 5.i.
Average spectra (B) of the chromatographic peak present in Xyn_10 treatment (A). The fragments are annotated according to Domon and Costello (1988) and
Juvonen et al. (2019). Blue: glycosidic fragments; Red: cross-ring fragments; /: double cleavage; x: a or f antennae. Alternative fragments are presented in brackets.
Structures a, b correspond to 3 due to the loss of either arabinosyl substituent. The precise structure of the newly formed end of B fragment ions is unknown as it may
undergo several rearrangements (dashed ring), hence corresponding MS>-ring-fragments have been annotated tentatively.

releasing singly substituted AXOS. The combination of both Abfs
resulted mainly in (unsubstituted) XOS (Fig. S4).

The (A)XOS mixtures were further subjected to NaBH4 reduction,
followed by HILIC-MS" analysis (Fig. 3). Distinct peaks were observed
corresponding to reduced DP 3-7 pentose oligomers as based on their m/
z values, and were coded accordingly as explained below (i-vii; Table 1).
HX mainly released X, 4.ii and 5.iii, while Xyn_10 mainly released Xg, 3.
i and 4.ii as end products from WAX. The different AXOS profiles ob-
tained by HX and Xyn_10 were linked to the previously demonstrated
lower tolerance of GH11 endo-xylanases to Ara substituents compared to
GH10 endo-xylanases (Biely et al., 1997; Kormelink et al., 1993). Apart
from the oligosaccharides shown in Fig. 3, other minorly present DP 6
and 7 (A)XOS were released as well, and are shown at a higher sensi-
tivity in Fig. S5.

First, XOS (DP 2-6) mainly formed by the combination of Abf 43/
Abf 51 were identified on the basis of elution time and MS? spectra of

corresponding standards. As has been observed for the DP 5 standards
(Section 3.1), AXOS eluted before linear XOS with the same DP. Second,
4.iii, 5.ii, 5.iii and 5.iv were annotated as AZXX, A%*3XX, XA%XX and
XAZXX, respectively, based on retention time and (identical) MS? spectra
of available standards (Fig. 2; Fig. S6; Table 1). Next, Abf 43 and Abf 51
treatment of HX and Xyn_10 WAX digests further assisted in tentatively
identifying individual AXOS. For example, the peaks 5.ii, 6.v and 7.vii
disappeared upon Abf 43 treatment, while the relative abundance of 4.
iii and 5.iv increased (Fig. 3). At the same time, peak 6.viii was formed
(Fig. S5). Consequently, it was concluded that 5.ii (A%3XX), 6.v and 7.
vii represented disubstituted AXOS, while 4.iii (A2XX), 5.iv (XAZXX) and
6.viii, represented O-2 monosubstituted AXOS. The peaks (partly)
removed by Abf 51 treatment represented AXOS with single Ara sub-
stitutions (Lagaert et al., 2014; Sgrensen et al., 2006). As a consequence,
mainly XOS as well as disubstituted 5.ii, 6.v and 7.vii AXOS remained in
the Abf 51 digests. Peaks like 4.iii and 6.iii were minorly visible in
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Fig. 5. Negative ion mode CID-MS? (B) spectra of 4.i (1), 4.ii (2), 4.iii (3) and X4 (4) DP4 AXOS/XOS isomers (m/z 547; [M-H] ). Average spectra across the most
abundant chromatographic peaks between treatments (A). The fragments are annotated according to Domon and Costello (1988) and Juvonen et al. (2019). Blue:
glycosidic fragments; Red: cross-ring fragments; /: double cleavage; x: o or f antennae.

Abf 51 digests (Fig. 3), suggesting almost complete Abf 51 action under
the current experimental conditions.

3.3. Detailed identification of enzymatically derived (reduced) DP 3, 4
and 5 AXOS isomers in mixtures

In addition to the first annotation described in Section 3.2, the
structure of partially annotated AXOS was further investigated by MS".
Apart from 5.ii-iv, an additional pentasaccharide (5.i) was released by
Xyn_10, but not by HX. Digestion by Abfs demonstrated that 5.i was
singly-substituted (Fig. 3). Its MS? and MS® (m/z 679 — 547, 527, 395)
spectra are shown in Fig. 4. In line with the observations made for AXOS
standard (Section 3.1), the Z4 ion was less abundant compared to the Y4
ion in MS2, suggesting that Ara substitution was present at, or next to,
the non-reducing terminal Xyl residue.

MS? analysis of m/z 679 — 547 demonstrated that Z3 formation was
suppressed in 5.0 compared to XA3XX, XA2XX and Xs (Fig. 4). This
confirmed the presence of an additional arabinosyl, attached to the
penultimate xylosyl residue from the non-reducing end in 5.i. Next, the
MS?2 spectrum of m/z 679 — 395 fragment ion (B4/Y4) was comparable

to those of A%>"3XX and XA3XX standards (Fi g. 2), and the 1’5A3-H20:B4/
Y4—H50 ratio (m/z 347:377) was estimated to be ~10 (Table 1). The
observation that 5.i presented similar features to both A%*3XX and
XA3XX, demonstrated the presence of O-3-linked arabinosyl sub-
stituents, reflecting the most abundant substitution type in wheat ara-
binoxylan (Hoffmann et al, 1991; Pandeirada et al, 2021).
Additionally, the absence of the corresponding diagnostic ions from the
MS? spectrum of m/z 679 — 527 for 5.i, indicated that fragmentation
was more restricted in comparison to other DP 5 (A)XOS (Fig. 2), and
reflected a different substitution pattern. Based on the above, we pro-
pose that 5.i is substituted by two single, consecutive O-3-linked Ara
units (A3A3X; Table 1). It should be noted that the m/z 395 ion in 5.i was
a product of double cleavage (B4/Y4), involving the loss of one of the two
Ara substituents (Fig. 4). The release of A3A3X and AZ3XX from WAX by
a GH10 endo-xylanase exhibiting similar mode of action as Xyn_10, has
been previously demonstrated by IH NMR (Kormelink et al., 1993).
Having obtained an overview of the influence of Ara substitution on
the fragmentation of DP 5 AXOS, we proceeded in identifying DP 3 and 4
isomers in a similar manner. Both HX and Xyn_10 treatments resulted in
the release of one trisaccharide (3.i), eluting before X3 and three DP 4
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Fig. 6. Negative ion mode CID-MS? spectra of the daughter ion m/z 547 — 395 [M-H] ™ corresponding to 4.i (1), 4.ii (2), 4.iii (3) and X4 (4) (MSz; see Fig. 5). The
fragments are annotated according to Domon and Costello (1988) and Juvonen et al. (2019). Blue: glycosidic fragments. Red: cross-ring fragments; /: double
cleavage; x: o or f antennae. Alternative fragments are presented in brackets. The precise structure of the newly formed end of B fragment ions is unknown as it may
undergo several rearrangements (dashed ring), hence corresponding MS>-ring-fragments have been annotated tentatively.

AXOS (4.1, 4.ii, 4.iii: A%XX) (Fig. 3). In specific, 3.i and 4.ii were major
products released by Xyn_10, while 4.i and 4.ii were main products
released by HX. A2XX was minorly present in both cases. Abf treatment
revealed that all four (reduced) DP 3 and 4 AXOS detected were singly
substituted (Fig. 3).

Starting with DP 4 isomers, the suppression of Zs ion in MS? (Fig. 5)
confirmed the substitution site for both 4.i and 4.ii. Next, MS® analysis of
the daughter ion (m/z 547 — 395) in 4.i and 4.ii was performed (Fig. 6).
In this case, 4.i presented similar MS® spectrum for m/z 547 — 395 as
A?"3XX (Fig. 2) and ASA3X (Fig. 4). Moreover, 4.i presented “°A,-H,0:
B3-Hy0 (m/z 347:377) ratio ~10, which was comparable to the value
obtained for AA®X (Table 1). Hence, it is proposed that a high 1"°A,-
H,0:B4-H,0 ratio, accompanied by the observed spectral fingerprint
during fragmentation of MS? ion m/z 395, was characteristic for O-3-
linked arabinosyl at the non-reducing terminus, albeit not diagnostic for
the entire oligomeric structure. The spectral fingerprint and »*>A,-H,0:
By-H0 ratio (m/z 347:377- 0.6) observed for 4.ii during fragmentation
of m/z 395 MS? ion were comparable to XA®XX (Fig. 2B.2, Table 1).
Hence, it is postulated that such findings were indicative of internal O-3-
linked arabinosyl. Consequently, 4.i was annotated as A>XX and 4.ii as
XA3X. Although this assignment is approached with caution, the elution
of 4.ii between A®XX and A?XX further supports its validity.

MS? analysis of 3.i and X3 (Fig. 7A) confirmed that arabinosyl sub-
stitution suppressed the intensity of Zy ion (m/z 265) in 3.i. MS® analysis
of m/z 415 — 263 (Fig. 7B) showed that the 1.5A5-H,0:By-H,0 (m/z 215
and 245, respectively) ratio was approximately 40 for 3.i and 0.4 for X3.
Therefore, the presence of a terminal O-3-linked arabinosyl was
deduced, based on the fragmentation fingerprints of m/z 395 MS? ions
corresponding to DP 4 and 5 AXOS. Hence, 3.i was labelled A®X. This
was substantiated by the presence of 2*A, cross-ring cleavage (Fig. 7).

We further aimed at identifying several of the multiple DP 6-7 AXOS

released in minor quantities during WAX endo-xylanase treatment
(Fig. 3 and Fig. S5) on the basis of observations made so far for DP 3-5
isomers. To begin with, Abf profiling enabled the assignment of 6.v to
XA2T3XX (see Section 3.2, Fig. 3). Based on the observations so far, 6.
i-iv and 7.i-vi were substituted at multiple Xyl residues. Conversely, 6.
vi, 6.vii and 6.viii were classified as singly substituted, and 7.vii as
doubly substituted AXOS.

MS? analysis of singly substituted DP 6 (Fig. S7) isomers demon-
strated that differences in the Y/Z ratios between branched and linear
isomers were less pronounced than those observed for pentasaccharides
(Fig. 1). Consequently, deduction of the branching point in AXOS > DP 5
may not be solely achieved by the relative intensity between Y and Z
ions in MS2. Subsequent MS® experiments revealed that the m/z 811 —
679 fragment ion corresponding to 6.vi presented similar spectral
fingerprint to X¢ (Fig. S8), indicating arabinosyl attachment to the
penultimate xylosyl residue for 6.vi. In contrast, the m/z 811 — 679 MS>
spectrum for 6.vii demonstrated Ara substitution at the third Xyl residue
from the non-reducing end.

MS? fragmentation of the 6.vi and 6.vii m/z 811 — 527 fragment ion
(B3) (Fig. S9) resulted in similar spectral fingerprints to O-3-linked AXOS
such as XA3XX (Fig. 2B) and XA3X (Fig. 6). Additionally, the higher
1’5A3—H20:B3—H20 ratios (m/z 479:509; 6.vi-1.7, 6.vii-7.2) compared
to Xg (Table 1) confirmed the presence of O-3-linked Ara in both 6.vi and
6.vii, which were then annotated as XA3XXX and XXA%XX, respectively.
Following the same procedure, 6.viii was identified as XAZXXX.
Furthermore, MS? and MS® (m/z 811 — 679, m/z 811 — 547) analysis of
6.iii revealed the presence of a xylotetraose backbone, that was
substituted by two Ara, most likely attached to two contiguous, internal
Xyl residues (Fig. S10). Furthermore, 6.iii presented a similar MS3
spectrum for m/z 811 — 527 (B3/Y3y(2p)) compared to XA3XX and
ASA3X (Figs. 2B, 4), revealing the presence of O-3-linked Ara, likely
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Fig. 7. Negative ion mode CID-MS? (B) spectra of 3.i (1) and X3 (2) DP3 AXOS/XOS isomers (m/z 415; [M~H] ") and CID-MS? (C) spectra of the daughter ion m/z 415
— 263 [M-H] . Average spectra across the most abundant chromatographic peaks between treatments (A). The fragments are annotated according to Domon and
Costello (1988) and Juvonen et al. (2019). Blue: glycosidic fragments; Red: cross-ring fragments; /: double cleavage; x: « or  antennae. Alternative fragments are
presented in brackets. The precise structure of the newly formed end of B fragment ions is unknown as it may undergo several rearrangements (dashed ring), hence

corresponding MS>-ring-fragments have been annotated tentatively.

attached to the penultimate Xyl from the non-reducing end. Therefore,
6.iii was putatively annotated as XA3A3X, although the linkage type of
the second Ara could not be confirmed. Similarly, 6.i, and 7.v were
tentatively annotated as A%P3X3X and XA3A3XX (Figs. S11, S12),
respectively. Finally, the conversion of 7.vii to 6.viii (XA2XXX) upon
Abf 43 treatment suggested that the former was XA%*3XXX (see Section
3.2, Fig. S5).

Overall, our annotation of DP 3-7 AXOS based on MS" spectra and
Abf action was substantiated by previous studies reporting the release of
similar structures from wheat AX by GH10 and GH11 endo-xylanases. In
those studies, AXOS were firstly purified, and then identified by 'H NMR
(Hoffmann et al., 1991; Kormelink et al., 1993; McCleary et al., 2015;
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Pastell et al., 2008).

3.4. Developing a rationale for identifying AXOS isomers by HILIC-MS™

In this study, structurally different NaBH4-reduced (A)XOS were
separated and identified by HILIC-MS2 and MS® analysis. It should be
emphasized that AXOS debranching by Abfs exhibiting distinct mode of
action was integral in distinguishing between doubly and singly
substituted oligomers. An overview of the current findings is presented
in Table 1.

Reduced (A)XOS elution in HILIC depended on DP, with smaller
molecules eluting earlier. This elution behavior has previously been
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AXOS identification workflow

1. HILIC-MS i
+ DP assignment based on m/z value ;

Separation of isomers based on RT |
+ Distinction of singly and doubly substituted structures after i
Abf_43, Abf_51 treatments )

| 2. MS? |

I+ Localization of substituted Xyl based on Y vs Z ion* ]

! intensity. !

i “both ions result from the same glycosidic linkage !
3. MSs3

|
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i » Y type fragment ions > Localization of substituted Xyl

| based onY vs Z ion* intensity

I« B type fragment ions = ldentification of Ara-substituent
| linkage type based on "SA,—H,0% : By—H,0 ion ratio
I

|

|

Scheme 1. AXOS identification workflow by the currently developed HILIC-
MS" strategy.

described for reduced cello-oligosaccharides and human milk oligosac-
charides (Remoroza et al., 2018; Sun et al., 2020). Similar behavior has
been observed for underivatized DP 3-7 XOS and AXOS as well (Demuth
et al., 2020; Juvonen et al., 2019). Moreover, the elution of (reduced)
isomeric structures of the same DP strongly depended on the number,
linkage type and position of Ara substituents. In specific, di- and
multiple-substituted AXOS eluted before monosubstituted ones, while
linear (reduced) XOS eluted at the end of each DP series. Within
disubstituted species, AXOS with two single arabinosyl substitutions
eluted before doubly-substituted AXOS. Within monosubstituted spe-
cies, O-3-linked AXOS eluted earlier than O-2-linked ones. Finally,
(reduced) AXOS substituted at, or closer to, the non-reducing terminus,
eluted before AXOS with similar number and linkage type of internal
arabinosyl branches.

Structural elucidation of HILIC-separated AXOS by MS" typically
involved a two-step approach: localization of the branching unit(s) by
MS? and MS?, followed by assigning MS® spectral fingerprints to specific
structures (Scheme 1). The relative intensities of Y and Z ions deriving
from the first glycosidic linkage from the non-reducing end in MS2, and
by subsequent glycosidic fragments in MS®, were revealing of the sub-
stitution site(s). In specific, Z ion formation was found to be suppressed
when glycosidic cleavage occurred in the vicinity of Ara substituents. On
the contrary, Y and Z ions from the cleavage of the first glycosidic
linkage from the non-reducing end presented similar intensities when
two or more contiguous unsubstituted xylosyl residues were present.
MS? analysis of selected MS? ions revealed the formation of rather
similar fragments, but at different relative intensities for (A)XOS iso-
mers. In particular, MS® fragmentation of By MS? ions generated the
L5A,-H,0 and By-H,0 ions, whose relative ratio was indicative of the
arabinosyl substituent linkage type. Selection of B fragment ions for MS>
analysis depended on AXOS DP, with larger B fragment ions being
selected for higher DP oligosaccharides. It was observed that disubsti-
tuted AXOS resulted in higher ratios than monosubstituted ones. MS>
analysis of B ions m/z 263 and m/z 395 for DP 3-5, demonstrated that
terminal O-3-linked Ara resulted in higher LSA_-H50: By-H,0 ion ratios
than internal O-3-linked Ara. However, this was not the case for MS®
fragmentation of B ions m/z 527 for DP 5-7. Still, all AXOS containing O-
3-linked Ara presented higher 1’SA,(-HZO: Bx-H50 ion ratios than AXOS
with internal O-2-linked Ara and XOS. Thus, distinct spectral
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fingerprints can now be attributed to particular structures, and can be
used as discriminants of the branching pattern of unknown AXOS.

In this study, reduced AXOS structures were discerned by combining
the information obtained for oligomer HILIC (relative) retention time,
degradation by Abfs and MS? and MS® fragmentation patterns and
diagnostic ion ratios (Scheme 1). As an example, XA3XXX, XXA3XX and
XAZXXX (Table 1) were identified as singly substituted due to their
degradation by Abf 51. Next, the position of the substituent along the
backbone was determined by MS? analysis, followed by MS® analysis of
Y fragment ions. Finally, MS® analysis of B fragment ions demonstrated
that both XA®XXX and XXA3XX presented higher values for diagnostic
ion ratio B-H,0:"°A-H,0 compared to XA%XXX. This annotation was
further supported by the earlier elution in HILIC of the peak identified as
XA3XXX compared to the peaks corresponding to XXA3XX and XAZXXX.
Moreover, all three AXOS eluted earlier than their linear counterpart
(Xp), with the latter being identified with the use of an analytical
standard.

Currently, AXOS reduction resulted in differentiated fragmentation
patterns compared to those of underivatized AXOS (Juvonen et al.,
2019; Quéméner et al., 2006), confirming previous MS" studies of
reduced oligosaccharides (Doohan et al., 2011; Sun et al., 2020). More
importantly, AXOS reduction allowed a clear distinction between Y/Z
and B/C fragmentation pathways. Hence, reduced AXOS were identified
by comparing the relative abundance of specific diagnostic fragment
ions, and not by the presence or absence of double cleavage fragment
ions, as in previous research for underivatized AXOS (Juvonen et al.,
2019; Quémeéner et al., 2006). Our approach was established for DP 5
AXOS standards and validated for unknown DP 3-7 AXOS. Finally, the
present findings suggest that despite being tedious, pre-column deriva-
tization might still be necessary to fairly elucidate oligosaccharide
structure by ESI-CID-MS". As a note of critical reflection, the proposed
strategy for (A)XOS identification can be complemented with optimi-
zation of the chromatographic separation for higher DPs as well as
expansion of the spectral library, by purifying and analyzing additional
AXOS standards. Moreover, reduction has been previously shown to
enable the chromatographic separation and MS-based annotation of
fucoidan, human milk and galacto-oligosaccharides (An et al., 2022;
Logtenberg et al., 2020; Remoroza et al., 2018). Similar to our current
observations, DP 3 galacto-oligosaccharides isomers also presented
different relative intensities for Y and Z fragment ions in MS? (Logten-
berg et al., 2020). Therefore, apart from AXOS, the strategy currently
developed is expected to be relevant for other (hetero)xylan-derived
oligosaccharides as well as other oligosaccharide species, and can thus
contribute to the more comprehensive -characterization of
carbohydrates.

4. Conclusion

We currently present a strategy for the identification of AXOS iso-
mers in enzyme digests, assisted by NaBH,4 reduction of the oligomer
followed by HILIC-MS". Z ion formation was suppressed in the vicinity of
Ara substituents. Therefore, the relative intensity between correspond-
ing Y and Z ions revealed the position of arabinosyl substituents. Further
structural elucidation was achieved by assigning diagnostic spectral
fingerprints to structural motifs containing O-3-, O-2-, and O-2,3-linked
arabinosyl substituents. Moreover, arabinosyl-debranching enzymes
were crucial tools for revealing oligosaccharide structures, establishing
MS fragmentation rules and setting up an oligosaccharide library. The
identification strategy currently described will be highly relevant for
studying the functionality of individual AXOS structures in complex
matrices such as digesta and waste streams. Moreover, it is expected to
further contribute to the characterization of novel xylanolytic enzymes.
Finally, a similar approach may be relevant for identification of other
oligosaccharide species as well as polysaccharide sequencing.
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