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Abstract

Ultra-high-performance liquid chromatography (UHPLC) with charge transfer dissociation mass spectrometry (CTD-MS) is
presented for the analysis of a mixture of complex sulfated oligosaccharides. The mixture contained kappa (x), iota (¢), and
lambda () carrageenans that contain anhydro bridges, different degrees of sulfation ranging from one to three per dimer,
different positioning of the sulfate groups along the backbone, and varying degrees of polymerization (DP) between 4 and 12.
Optimization studies using standard mixtures of carrageenans helped establish the optimal conditions for online UHPLC-CTD-
MS/MS analysis. Optimization included (1) UHPLC conditions; (2) ion source conditions, such as the capillary voltage, drying
gas and nebulizing gas temperature, and flow rate; and (3) CTD-MS conditions, including data-dependent CTD-MS. The
UHPLC-CTD results were contrasted with UHPLC-CID results of the same mixture on the same instrument. Whereas CID
tends to produce B/Y and C/Z ions with many neutral losses, CTD produced more abundant A/X ions and less abundant neutral
losses, which enabled more confident structural detail. The results demonstrate that He-CTD is compatible with the timescale of
UHPLC and provides more structural information about carrageenans compared to state-of-the-art methods like UHPLC-CID
analysis.

Keywords Highly sulfated oligosaccharides - lon-pair reagent - Radical ion fragmentation - High-energy activation - Charge
transfer dissociation

Introduction

Carbohydrates are among the most abundant and structurally
diverse biomaterials found on earth [1]. The inherited struc-
tural complexity of carbohydrates has evolved to perform di-
verse roles in nature. Biologically relevant carbohydrates have
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participated in crucial processes in living organisms, such as
in cell-cell recognition, cell interactions, and maintaining the
structural integrity of cells [2]. Among those biologically rel-
evant carbohydrates, sulfated polysaccharides have attracted
considerable attention due to the significant roles they play in
living organisms. Carrageenans are a subclass of sulfated
polysaccharides that are extracted from the cell wall of marine
red seaweeds, Rhodophyta [2], and they provide both struc-
tural rigidity to the seaweeds and cell-cell recognition between
host cells and pathogen cells [2, 3]. Nearly 90% of the world’s
carrageenans comes from Kappaphycus and Eucheuma sea-
weeds that are cultivated in Indonesia and the Philippines [4].
Carrageenans are widely used as thickening and gelling ingre-
dients in the food and pharmaceutical industries [3, 5].
Carrageenan oligosaccharides are considered as potential ther-
apeutic products with immunomodulatory [6],
antihyperlipidemic [7], anticoagulant [8], anti-inflammatory,
and antioxidant properties [9]. More importantly, in many
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studies, highly sulfated carrageenans have shown antiviral ac-
tivity against the hepatitis A virus (HAV) [10], herpes simplex
virus (HSV) [11, 12], influenza A virus (IAV) [13, 14], and
dengue virus [15, 16]. These biological and unique physio-
chemical properties of carrageenans correlate with the posi-
tion and number of sulfate groups on the sugar residues along
with the degree of polymerization (DP) of the structure [3, 9,
17]. Therefore, the detailed structural analysis of carrageenans
not only assists in the identification of the chemical properties
that lead to the significant physio-chemical behavior of these
sugars but also provides information regarding the relation-
ship between the structure and biological activity of these
compounds.

Carrageenans have a primary structure that is polymeric in
nature and consists of a linear chain of alternating 1,3-linked
[3-D-galactose (G) and 1,4-linked «-D-galactose (D) disac-
charide repeating units [18]. They are classified into sub-
classes, according to the number and position of the substitu-
ents of the sulfate ester group and the presence of anhydrous
bridges to make 3,6-anhydrogalactose (DA) units. Among
these subclasses, the three mainly exploited in industry
are kappa (k), iota (1), and lambda ()\) carrageenans. Their
structures are presented in Fig. 1 [18, 19]. k-Carrageenans are
built of a DA monomer and a G monomer with C4 sulfation
(G4S), which together represents a repeating polymer of the
form (DA-G4S),,.. (-Carrageenans are built of a DA monomer
with C2 sulfation (DA2S) and a G monomer with a sulfate
group at C4 (G4S) position, which is depicted as (DA2S-
G4S),,. A-Carrageenans are highly sulfated and the repeating
unit contains a D monomer with C2 and C6 sulfation
(D2S,6S) and a G monomer with a sulfate group at C2
(G2S), which is shown as (D2S,6S-G2S),,. Carrageenans dif-
fer from GAGs mainly by their unique monosaccharide com-
position. GAGs contain N-acetylglucosamine, N-
acetylgalactosamine, glucuronic acid, and iduronic acid units
with 2-O/N, 4-0O, and 6-0 linked sulfation patterns, whereas
carrageenans have galactose units with 4-O and 6-O linked
sulfation [17, 20, 21].

x-Carrageenan

o}

(DA-G4S),

Fig. 1 Different repeating unit compositions of carrageenans
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1-Carrageenan

(DA2S-G4S),

The structural heterogeneity among the subclasses of car-
rageenans can be attributed to the algal species, life stage,
environmental conditions, and the extraction procedure of
the polysaccharide [2, 18, 22]. k-Carrageenan and ¢-carra-
geenan are produced from Kappaphycus and Eucheuma spe-
cies, respectively. A-Carrageenans are produced from cold-
water species such as Gigartina skottsbergii, Chondrus
crispus, and Mastocarpus stellatus [4, 23]. The cold-water
species produce another important carrageenan type called
hybrid carrageenans, which consist of kappa-iota hybrids,
kappa-lambda hybrids, and kappa-2-hybrids [4]. Hybrid car-
rageenans lead to the production of heterogenous grade carra-
geenan with different rheological properties [4]. Enzymes
such as x-, t-, and \-carrageenases are used to produce oligo-
saccharides from polysaccharides carrageenans by cleavage of
the internal (3-(1-4) linkages of x-, ¢-, and A-carrageenans
[24]. Due to the complex nature and lability of the sulfate
substituents, these compounds are difficult to analyze; there-
fore, effective analytical tools are needed to characterize these
complex carrageenans.

Nuclear magnetic resonance (NMR) spectroscopy is a
powerful tool applied in the characterization of carrageenan
oligosaccharides [25, 26], but the time-consuming purification
procedures and requirement of hundreds of micrograms or
more of sample limit the use of NMR for structural analysis
[18]. Unlike NMR, mass spectrometry techniques are gener-
ally compatible with separations and enable faster analyses of
more complex mixtures and with significantly smaller sample
sizes [27]. Tandem mass spectrometry (MS/MS) is particular-
ly effective for the structural analysis of oligosaccharides [28,
29].

In tandem mass spectrometry, glycosidic cleavages such as
B/Y and C/Z ions help provide the general saccharide compo-
sition, whereas cross-ring fragments such as A/X ions help
identify the linkage and the branching patterns [28, 29].
Collision-induced dissociation (CID) is a widely used MS/
MS technique for oligosaccharides [29, 30], even for sugars
containing sulfate modifications, such as glycosaminoglycans
(GAGs) [31]. However, CID is generally more likely to
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generate glycosidic fragments than the more structurally in-
formative cross-ring fragments [21, 32, 33]. In addition, CID
tends to produce abundant, uninformative neutral losses and
consecutive fragments, especially of the labile sulfate modifi-
cations. Therefore, CID often fails to provide some of the most
important detailed structural information [17, 33].

As alternatives to CID, electron- and ion-based MS/MS
techniques have been used for the analysis of sulfated oligo-
saccharides, including glycosaminoglycans (GAGs) and car-
rageenans [21, 33-35]. Electron- and ion-based MS/MS tech-
niques, such as electron capture dissociation (ECD) [36],
electron-induced dissociation (EID) [37], electron detachment
dissociation (EDD) [34], and negative electron transfer disso-
ciation (NETD) [35] have all been successfully applied to
sulfated oligosaccharides. ECD of x-carrageenans provided
informative fragments in the presence of divalent metal ad-
ducts [36], but ECD can only be applied to multiply charged
positive ions, which limits the applicability towards highly
acidic and neutral oligosaccharides [36]. In EDD, multiply
charged anions undergo radical-driven fragmentation process-
es after irradiation with approximately 19 eV electrons [33].
EDD can produce sulfate-retaining glycosidic and cross-ring
cleavage products, which helps to determine the site of
sulfation [34, 38].

NETD is another fragmentation technique in which gas-phase
electron transfer occurs at thermal energies between the analyte
anion to a rare gas cation [35, 39]. Both EDD and NETD are
capable of providing sufficient fragmentation to distinguish epi-
mers of GAGs [40]. In the analysis of complex mixtures, the
activation times of NETD are amenable to chromatographic cou-
pling, but EDD requires longer activation times and is not as
compatible to chromatographic coupling [40]. EDD and NETD
are typically applied to precursor ions with a charge state >2 [34,
35], whereas EID can be used for singly and multiply charged
negative ions [37]. Even though ECD, EDD, and EID often
produce more structural information compared to CID, they tend
to be restricted to Fourier-transform ion cyclotron resonance
(FTICR) mass analyzers, which are cost-prohibitive for most
laboratories. ECD and EID have recently been implemented on
benchtop, hybrid instruments, but the figures of merit are still
under assessment [41].

Photon-based MS/MS techniques can also provide useful
fragments including cross-ring cleavages with sulfated oligo-
saccharides [40, 42]. Ultraviolet photodissociation (UVPD)
and extreme ultraviolet dissociative photo-ionization (XUV-
DPI) are widely used photon-based MS/MS techniques that
have shown promising results for GAGs, carrageenans, and
porphyrans [40, 43]. UVPD produces sulfate-retaining glyco-
sidic and cross-ring fragments in shorter times compared to
EDD, which is a useful feature for online analysis of complex
mixtures [40]. Softer wavelength UVPD requires a chromo-
phore derivative to be bound to the native oligosaccharides
and potentially limit the structural information [42, 44], but

vacuum-UV (VUV-PD) does not require specific chromo-
phores [45-48]. XUV-DPI has been shown to provide effi-
cient fragmentation by using photons in excess of 18 eV from
a synchrotron radiation source [43]. However, XUV-DPI has
been restricted to the use of specialized laboratories due to the
limited access to synchrotron radiation sources.

Free-radical-activated glycan sequencing (FRAGS) re-
agent is an alternative method based on free-radical-driven
dissociation techniques [49]. The FRAGS reagent can selec-
tively conjugate to the reducing terminus of the glycan and,
upon collisional activation, the FRAGS reagent generates a
free-radical, which simultaneously induces both glycosidic
and cross-ring fragmentation without glycan rearrangements
and internal or external residue losses [49, 50].

Helium charge transfer dissociation (He-CTD) uses a
kiloelectronvolt beam of helium cations to ionize and frag-
ment precursor ions [51], and it has provided promising re-
sults for oligosaccharides [32, 52], peptides [51], proteins
[53], and lipids [54]. Prior to the development of He-CTD,
Schlatholter’s group and Zubarev’s group performed valuable
experiments involving cation-cation reactions at elevated ki-
netic energies [55-57]. Schlathélter’s group showed that
helium cations in the region of 2—10 keV have the ability to
abstract an electron from a singly charged protonated precur-
sor ion and form a doubly charged radical ion via two different
pathways: electron stopping and charge transfer [55, 57]. In
both mechanisms, excess energy allows radical-driven frag-
mentation of the target ions [32, 51, 54], but electron stopping
is dominant and provides significantly higher excitation ener-
gies than charge transfer. Hoffman and Jackson used the dis-
tribution of product ions following the He-CTD fragmentation
of neutral chloroform in the trap to estimate that the average
energy during activation is in the range of 3040 eV [51],
which is significantly higher than the excitation energy avail-
able through pure charge transfer.

He-CTD has been successfully applied to the characterization
of sulfated oligosaccharides, including GAGs and carrageenans
[17, 21, 32, 58]. He-CTD provided structurally informative frag-
ments that were similar to EDD and XUV-DPI and included
glycosidic and cross-ring fragments from highly acidic sulfated
compounds. He-CTD preserved the sulfate groups on many frag-
ments and therefore enabled the localization of labile sulfate ester
modifications [17, 21]. In addition, He-CTD has been used to
distinguish the 3-1,4- and 3-1,3-linked native oligosaccharides,
which is a useful tool for in-depth structural analysis in carbohy-
drate research [58].

Before analysis, enzymatic degradation using carrageenases is
typically performed to produce lower molecular weight oligosac-
charides. Such enzymolysis typically leads to a more complex
carrageenan mixture [2, 9]. Strong anion exchange chromatog-
raphy (SAX) would be the ideal method to separate the highly
ionized sulfated oligosaccharides [59, 60], but SAX separations
achieved under high alkaline and/or salt concentration are not
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compatible with online MS analysis [59, 61]. Size exclusion
chromatography (SEC) has been used to separate depolymerized
GAGs of different lengths [62, 63], but the resolution of SEC
is generally not as good as other LC techniques [20, 59].
Hydrophilic interaction liquid chromatography (HILIC) has been
widely used for separation of sulfated oligosaccharides [64], and
the elution order correlates with the polarity of oligosaccharides,
which is readily determined by the size, sulfation, and acetylation
content [59, 64]. Successful implementation of HILIC LC-
NETD-MS/MS for structural characterization of heterogenous
sulfated oligosaccharides has been reported in recent studies
[65]. Although HILIC separation is sensitive to the oligosaccha-
ride chemical composition and compatible with online ESI-MS,
HILIC does not separate isomers effectively [64]. Porous graphit-
ic carbon (PGC) chromatography uses hydrophobic and elec-
tronic interactions between the analyte and the stationary phase
and has been used to separate «- and (-carrageenan oligomers
[18, 26]. However, many groups report that long conditioning
times are required between runs to provide reproducible retention
times [66].

lon-pair reversed-phase HPLC (IP-RP-HPLC) is a promis-
ing technique that uses alkyl ammonium salts and a reversed
phased resin to separate charged analytes [20, 67]. IP-RP-
HPLC has been used to separate carrageenans, GAGs, and
heparin isomers, and the order of elution is related primarily
to the number of free sulfate modifications and secondarily to
the oligomer length [2, 59, 61, 68, 69]. Some of the advan-
tages of online analysis with IP-RP-HPLC are (1) requirement
of lower salt concentrations, which is compatible with mass
spectrometric detection; (2) removal of alkaline earth metal
cations from the oligosaccharide sample mixture; and (3) sta-
bilization of the sulfate groups and preventing their decompo-
sition in the ESI source [2, 68].

The work herein demonstrates that CTD-MS/MS can op-
erate on a timescale compatible with IP-RP-UHPLC for the
analysis of a complex carrageenan mixture derived from red
algae Rhodophyta. The obtained results from IP-RP-UHPLC-
CTD-MS/MS were compared with IP-RP-UHPLC-CID-MS/
MS to evaluate the relative effectiveness of the two tech-
niques. The described [P-RP-UHPLC-CTD-MS/MS method
led to the structural characterization and differentiation of car-
rageenan oligomers of different lengths, structures, and ex-
tents of sulfation, and shows promise for future applications
involving complex mixtures of anionic oligosaccharides.

Experimental
Reagents and oligosaccharides
Hexylamine (HA) was purchased from Sigma-Aldrich.

Formic acid (FA), HPLC-grade methanol (MeOH), and
Optima® LC/MS grade Acetonitrile (ACN) were purchased
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from Fisher Scientific (Fair Lawn, NJ). Ultra-pure 18 M)
water was obtained from a Milli-Q apparatus from
Millipore. Oligosaccharides were produced by the laboratory
CNRS-UPMC UMR 8227, Station Biologique, (Roscoff,
France). x-Carrageenans from Euchema Cottonii (Cottoni
X-6913, CPKelco), t-carrageenan from Eucheuma
denticulatum (ref 2544-88-02, Danisco), and A-carrageenan
from Gigartina skottsbergii (ref 2544-89-01, Danisco) were
degraded enzymatically into oligosaccharides using k-
carrageenase, L-carrageenase, and \-carrageenase, respective-
ly. For all samples, purification was carried out by size exclu-
sion chromatography. The complex mixture of carrageenans
was prepared using individual carrageenan samples.

lon-paired reversed phase chromatography
separation

Chromatographic separation was performed on a Shimadzu
Nexera X2 UHPLC system (Kyoto, Japan) using a Waters
BEH C18 column with the following dimensions: 100 mm X
1.0 mm, packed with 1.7 um particles (Wexford, Ireland). The
flow rate was set to 0.15 ml/min and the column heater was set
to 40 °C. A binary gradient was used for separation with
mobile phase A consisting of pure water with 25% of
20 mM hexylamine and mobile phase B consisting of pure
ACN with 25% of 20 mM hexylamine. The pH of the 20 mM
hexylamine was adjusted to pH 6 by the addition of acetic
acid. The gradient was increased linearly from 16.6 to 35%
of solvent B for 10 min, then raised linearly from 35 to 63.4%
between 10 and 20 min, then increased linearly from 63.4 to
73.4% between 20 and 24.50 min. Re-equilibration of the
column was performed between 24.51 and 32.50 min with
16.6% of solvent B to resemble initial elution conditions.

He-CTD

He-CTD was performed on a modified amaZon ETD quadru-
pole ion trap from Bruker Daltonics (Bremen, Germany), the
details of which are described elsewhere [51, 70]. Briefly, a
saddle field fast ion source from VSW/Atomtech,
(Macclesfield, UK) was fixed above a 2-mm hole in the ring
electrode of the 3D ion trap and connected to a variable leak
valve (Model 203, Granville-Phillips) to control the flow of
helium gas through the fast ion source, which typically raised
the pressure of the main vacuum chamber by ~1 x 10~> mbar.
The ion source was connected to an economical home-built
system that employs an Ultravolt HVA series high voltage
power supply (Advanced Energy, Denver, CO, USA). The
+7.5 kV high voltage from the Ultravolt UHA was pulsed
from ground to high voltage with rise times as fast as 5 ns
by using a Behlke 101-03 switch (Behlke, Billerica, MA,
USA). A TTL signal was taken from the MS? event of the
Bruker amaZon and sent to an Agilent 33250A arbitrary
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function generator (AFG) (Keysight Technologies, Santa
Rosa, CA, USA), to provide an independently variable delay
and pulse width. A DS1054 digital oscilloscope (Rigol,
Beaverton, OR, USA) compared the trigger waveform from
the AFG with the scan function of the Bruker amaZon to
ensure that the high voltage pulses coincided with the desired
storage period of the scan function. The saddle field fast ion
source has an 85% conversion efficiency. Therefore, the
+7.5 kV anode voltage generates helium cations with a max-
imum kinetic energy of approximately 6.6 keV and a mean
energy closer to 6.4 keV. The saddle field fast ion source pulse
was matched with the fragmentation portion of the scan func-
tion of the instrument with the CID amplitude set to 0.

Online CTD-MS

The effluent from the UHPLC was connected to the standard
Apollo electrospray ionization source (Bruker Daltonics,
Billerica, MA). The capillary voltage and end cap voltage
were set to —4500 V and — 500 V, respectively. The nebulizer
pressure was set to 30 psi, and the dry gas flow rate and dry
gas temperature were set to 4 L/min and 150 °C, respectively.
Experiments were conducted in data-dependent acquisition
(DDA) mode from m/z 150-2000. The most abundant charge
state of each analyte was chosen as the precursor ion. The
precursor ions were isolated with a window of 8 Da to prevent
unwanted fragmentation of the fragile sulfate groups, and the
CID collision energy was set at 0 (arbitrary units) to prevent
CID when CTD was active. The fast ion gun was pulsed on for
50 ms and the product ions were stored for an additional
150 ms after activation to help reduce the observed chemical
background. As a comparison to CTD, data of the same car-
rageenan mixture using the same UHPLC conditions was also
collected using traditional CID on the same instrument with a
CID collision energy at 0.70 V and a 200 ms activation time.
For online UHPLC-CID, smart fragmentation was turned on
and set to ramp from 80 to 120% of the CID collision energy.
The low mass cutoff was set to 27% of the precursor ion.

Data analysis

Raw data were transformed in Bruker Compass Data Analysis
4.0 SP4 software and further processed using Microsoft Excel
(Microsoft, Redmond, WA, USA). The peaks in the
deconvoluted spectra were chosen manually based on their
signal-to-noise ratio, isotope envelope distribution, and frag-
mentation patterns. Peaks also had to appear in at least five
replicate spectra across chromatographic peaks to be consid-
ered sufficiently reliable for identifications. Product ion as-
signments for LE-CID (low-energy CID) and He-CTD were
achieved using an in-house analysis database made in Excel.
Product ion mass accuracies were typically better than
0.05 Da and no larger than 0.25 Da. ChemDraw 19.1

(PerkinElmer, Walthman, MA, USA) was used for chemical
structure illustrations.

Results and discussion

The focus of this study is to resolve the structures of sulfated
oligosaccharides, namely carrageenans extracted from the cell
wall of marine red seaweeds Rhodophyta. These carrageenans
are present with repeating sulfation patterns and are good
sources of oligosaccharides with specific sulfation positioning
[71]. The complex mixture contained various carrageenans,
including x, ¢, and A structures with varying degree of poly-
merization, sulfation, and different positioning of the sulfate
groups along the backbone. The carrageenan mixture was
separated using IP-RP-UHPLC prior to MS analysis. Figure
2 shows the total ion chromatogram (a) and the reconstructed
total ion chromatogram (b) of the complex mixture. The elu-
tion order of the carrageenan components is governed primar-
ily by the number of sulfate groups interacting with IP agents,
thus by the type of carrageenan [20, 43]. The retention times
are affected secondarily by the DP of each carrageenan cate-
gory, where longer DP structures have longer retention times
[2, 59]. k-DP4 has two sulfate groups and elutes first at
1.4 min using the conditions provided in the experimental
section. Following x-DP4 is x-DP6 with three sulfate groups
(at 2.6 min), xk-DP8 with four sulfate groups (at 3.7 min), and
k-DP12 with six sulfate groups (at 5.4 min). Others have
shown that IP-RP chromatography is able to separate x-carra-
geenans up to (DA-G4S),¢ while preserving the integrity of
the molecules [2]. t-DP6 contains a total of six sulfate groups
present for three dimeric units and elutes at 5.9 min. Finally,
A-DP6 and A\-DP8 with three sulfate units per dimer unit elut-
ed last. Sulfated oligosaccharides yielded precursor ions in
either the 1+ or 2+ charge state, which were formed by having
one or two more [P reagents, respectively, than the number of
sulfate groups [2].

In addition to the efficient separation of the carrageenan
mixture, [P-RP-UHPLC demonstrates the capability of main-
taining the structural integrity of the eluting sulfated oligosac-
charides by preserving the labile sulfate groups [2, 59].
Table 1 provides the separated carrageenans, their elution
times, and the precursor ion m/z values that were isolated
and exposed to LE-CID or He-CTD for structural characteri-
zation. All product ions observed are annotated based on the
Domon and Costello nomenclature system [72].
Supplementary Information (ESM) Tables S1-S12 contain
lists of identified fragment ions from LE-CID and He-CTD
for each analyte.

Fig. 3 shows the LE-CID and He-CTD spectra obtained for
the x-carrageenan DP4 eluting at 1.4 min. The precursor ion in
each spectrum is the [M + 3IPRH]* at m/z 1094.5. In Fig. 3a
the LE-CID spectrum shows that the majority of the fragments
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Fig. 2 Chromatograms of IP-RP-UHPLC separation of a complex mixture of enzymatically derived carrageenans: a) total ion chromatogram; b)
reconstructed ion chromatogram of molecular ions obtained concurrently with Fig. 2a. (DP = degree of polymerization; DS = degree of sulfation)

are glycosidic bond cleavages [21, 27, 71]. Many fragments
also contain neutral losses of IP reagent, SO3, and H,O, such
as Y5-IPR at m/z 849.32, Y5-IPR-SO3 at m/z 769.35, Ys-
21PR-SO; at m/z 668.26, and Y3-2IPR-2SO; at m/z 588.29.
Single or multiple SO losses are commonly seen with CID
because they are facile low-energy rearrangement reactions
[27, 36]. Glycosidic fragments are useful in identifying the
general saccharide composition of the precursor, but the

absence of cross-ring cleavages and the extensive neutral
losses adds ambiguity to the saccharide composition and sul-
fate group localization [21].

In contrast to the LE-CID spectrum in Fig. 3a, the He-CTD
spectrum in Fig. 3b shows a variety of cross-ring fragments
and glycosidic cleavages throughout the structure, with an
overall greater number of fragment ions compared to the
LE-CID spectrum [17, 21, 32]. A systematic series of

Table 1 Summary of sulfated

oligosaccharides separated using Oligosaccharide =~ MW Nominal precursor m/z [M  Retention # of sulfate Structure

the IP-RP-UHPLC gradient that (Da)  +nIPRH]™™" time (min) ~ groups (s)

were exposed to either He-CTD

or LE-CID. (DA = anhydro-D- k-DP4 788.1 1094 (n =3) 1.4 2 (DA-G4S),

galactose, G = 3-D-galactose, k-DP6 1173.1 1582 (n =4) 2.6 3 (DA-G4S);3

D= a-D-galactose and numbers - pg 15582 1085 (n =6) 37 4 (DA-G4S),

before an S indicates the location

of any sulfate groups) K-DP12 2329.9 1573 (n =8) 54 6 (DA-G4S)s
1-DP6 1410.0 1114 (n=8) 5.9 6 (DA2S-G4S);
A-DP6 1770.9 1413 (n =11) 7.9 9 (D28S,6S-G2S);
A-DP8 2261.8 1265 (n =14) 8.5 12 (D28,6S-G2S),
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Fig. 3 IP-RP-UHPLC-MS/MS spectra of k-carrageenan DP4 at 1.4 min
collected in positive ion mode using a) LE-CID and b) He-CTD. The
insets show the annotated product ions. Fragments with unambiguous
assignments are annotated in green, whereas ambiguous assignments

structurally informative glycosidic fragments and cross-ring
fragments, like 15X, 92X, and %2A,, ions, are produced in
the He-CTD spectrum of x-DP4 [17]. Unlike CID, unambig-
uous localization of the sulfates on the backbone is possible
with He-CTD because many of the fragments have retained
the labile sulfate groups [17, 21]. These observations are

m/z

are annotated in blue. The notation M* in the labels refers to the precursor
[M + 3IPRH]" species, which was selected as the isolated precursor ion at
m/z 1094.48

similar to related work in which sulfate and IP groups
retaining glycosidic and cross-ring fragments have been re-
ported with XUV photo-dissociation (XUV-PD) for x-DP6
in the presence of heptyl ammonium as the IP agent [43].
LE-CID and He-CTD spectra for x-DP8 and x-DP12 are
shown in Fig. 4 and ESM Fig. S1, respectively. For x-DPS,
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Fig. 4 IP-RP-UHPLC-MS/MS spectra of x-carrageenan DPS eluting at
3.7 min using a) LE-CID and b) He-CTD. The insets show the annotated
product ions. Fragments with unambiguous assignments are annotated in
green, ambiguous assignments are annotated in blue, and annotations in

the doubly charged precursor ion at m/z 1085.48 was isolated
and fragmented using both CID and He-CTD. Similar to «-
DP4, the LE-CID spectrum in Fig. 4a for x-DPS8 contains
abundant B/Y and C/Z glycosidic fragments [22, 27, 71].
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red are doubly charged. The notation M* in the labels refers to the pre-
cursor [M + 6IPRHJ** species, which was selected as the isolated precur-
sor ion at m/z 1085.48

The LE-CID spectrum is populated with neutral losses of
H,0, IP reagent, and SO;, which complicates the spectrum
and provides redundant information. Compared to the LE-
CID spectrum of k-DP4, the doubly charged x-DP8 produced
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a larger number of unambiguous glycosidic cleavages and less
abundant fragments corresponding to cross-ring cleavages.
The unambiguous glycosidic pairs, Y;/Y3, Y3/Ys, and Ys/
Y, can be used to identify the repeating unit composition of
x-DP8 (DA-G4S) [17, 27]. Fragments corresponding to **A,,
have been reported for CID of sodium adducted x-DP6 [71],
but the related fragments were not observed here using IPR
adducts of k-DP4 or x-DP6. However, 2’4An fragments were
abundant in the CID spectrum of the x-DPS structure in the 2+
charge state bound with 6 IPR groups. The presence of the Y5
and >*A, fragment pair in x-DPS8 helps to narrow down the
sulfation position to 3rd and 4th position of the G4S unit. In
the absence of prior knowledge about the structure, additional
cross-ring cleavages such as 924, and %X, are needed to
provide an accurate location of the 4-O sulfate group because
of the isomeric nature of >*A, and ' A,.

In contrast to the LE-CID spectrum of x-DP8 in Fig. 4a, the
He-CTD spectrum in Fig. 4b produced a series of abundant
15X, 92X, A, and °2A, cross-ring fragments, which is
reminiscent of He-CTD of the same oligosaccharides studied
in negative ion mode [17]. A similar series of cross-ring frag-
ments have also been reported with XUV-PD with synchro-
tron radiation for x-DP6 in the presence of heptyl ammonium
as the IP agent [43]. Likewise, in ESM Fig. S1b, the He-CTD
spectrum of k-DP12 shows a series of unambiguous X, and
02, fragments, which are not observed in the corresponding
LE-CID spectrum (ESM Fig. S1a).

The series of unambiguous cross-ring cleavages in the He-
CTD spectra provides evidence that He-CTD is equally effec-
tive with larger oligosaccharides, such as DP8 and DP12, as it
is for smaller oligosaccharides. xk-DP12 is greater than 3 kDa
in mass, and CTD fragmentation of the 2+ precursor generally
preserved the six labile sulfate groups. In these experiments,
reducing end labelling was not performed, which can lead to
mis-assignments in peak annotation. However, labelling with
heavy oxygen (‘%0) has been used successfully in the past to
help differentiate ions originating from the reducing and non-
reducing termini [1, 32].

Figures 5, 6, and 7 show the fragments observed for x-
DP6, -DP6, and A\-DP6, respectively, using both LE-CID
and He-CTD. ESM Fig. S3 shows the LE-CID and He-CTD
product ion spectra for x-DP6 from which the fragment ion
maps in Fig. 5 were derived. Figure 5a shows that LE-CID
was able to determine the monomeric composition of xk-DP6
through the generated glycosidic cleavages. The Y5 fragment
helped to distinguish the DA monomers at the non-reducing
ends, whereas the Y5/Y s fragment pair provided the repeating
disaccharide unit composition (DA-G4S) of k-DP6 [22, 27,
71].

In contrast to LE-CID, He-CTD provided a series of
19X, and ®?A, cross-ring cleavages for x-DP6, as shown
in Fig. 5b. Again, the types of fragments formed in He-
CTD are similar to those formed in XUV-PD [43] and

negative mode CTD [17]. The '°X, and *?A, ions were
also characteristic in the He-CTD spectra for x-DP4, k-
DPS, and k-DP12 in Figs. 3b and 4b and ESM Fig. S2b,
respectively. The majority of the cross-ring fragmentation
products can be seen throughout the structure, and many
monosaccharide units have undergone multiple cross-ring
cleavages, as described before [17]. Similar to LE-CID,
repeating unit DA-G4S is identified by the glycosidic
cleavage pairs Y; and Y5. He-CTD also generated %A,
fragments with k-carrageenans, which has previously
been reported with ECD in the presence of divalent metal
adducted k-carrageenans [36]. Cross-ring cleavages, such
as »*A, and °~A,, can help locate the 4-O sulfation group
in k- and ¢- carrageenans [17]. 4-O sulfation is also found
in GAGs, including dermatan sulfate and chondroitin sul-
fate, which is difficult to locate with EDD and NETD
because they tend to form less abundant 2’4An or 2’4Xn
fragments [21, 35, 38]. With the He-CTD results and the
prior knowledge about the glycosidic linkage position, the
24A,/Z fragments place the sulfate position at the 3rd or
4th position on the G4S unit [2]. Without the prior knowl-
edge of the structure, additional cross-ring fragments,
such as 0’zAn, are needed to accurately locate the 4-O
sulfation under these conditions.

+-DP6 eluted at 5.9 min and contains the DA2S-G4S re-
peating disaccharide unit with a sulfate group on each mono-
saccharide unit. Figure 6 shows the fragment ion maps of ¢-
DP6 with LE-CID and He-CTD that were derived from the
product ion spectra in ESM Figs. S4a and S4b. As expected,
LE-CID generated a majority of glycosidic fragments, some
prominent Y, ions, and an extensive series of neutral losses of
IPR, H,0, and SO;, which inundate the spectrum with redun-
dant information in a similar fashion to LE-CID of x-DP4 and
k-DP6. The repeating unit DA2S-G4S is identified with the
Y1/Y3 and Y3/Ys fragment pairs, but the lack of cross-ring
fragments makes it difficult to localize the 2-O and 4-O sulfate
modification on individual monomeric units. In contrast to
LE-CID, He-CTD produced both glycosidic cleavages and a
rich set of cross-ring cleavages, with many more fragments
retaining the sulfate groups compared to LE-CID. Again,
these results mirror the findings of the same structures in neg-
ative ion mode CTD [17].

The He-CTD fragment ion map of ¢-DP6 shows prominent
15X, and *X,, product ions [17]. The "X, fragments are
abundant towards the reducing end, which is similar to the
various k-carrageenans, whereas O’zXn fragments tend to be
more abundant towards the non-reducing end [17]. This pat-
tern is somewhat unique in ¢-carrageenans relative to x- and \-
carrageenans. The generation of **X,, fragments helps local-
ize the 2-O sulfation group, which is more valuable for the ¢-
carrageenans compared to the x-carrageenans. Even without
prior knowledge of glycosidic linkage positions among the
DAZ2S and G4S units, the unambiguous fragment pairs of
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Fig. 5 Fragment ion maps for xk-DP6 at 2.6 min with a) LE-CID and b) He-CTD. Blue annotations are ambiguous because of alternative isobaric

annotations and green annotations are unambiguous

0-2x /'S A5 can be used to localize the 2-O sulfation on the
DA2S monomers. The absence of unambiguous glycosidic
cleavages at the center of the molecule makes it difficult to
identify the repeating unit of the structure.

Identification of the 2-linked modifications in monomer
units is not only important for «- and A-carrageenans but is
also important in the analysis of GAGs samples. For example,
EDD and NETD are used as powerful tools in the analysis of
GAGs because they are capable of producing A, °*X,, and
13X, fragments and confirm the 2-O sulfation on glucuronic

+
HN VI

acid (GlcA) and 2-N sulfation on glucosamine [21, 35]. In the
presence of an anhydro bridge in the ring structure, only '°X,,,
0’zXn, and 0’2An fragments were produced, which limits the
information that can be harvested about the linkage positions
among the DA2S and G4S units [17, 43]. However, the pres-
ence of “?A,, ®?X5, and '°A; product ions helps to obtain the
linkage details of the DA2S unit. The previous comparison of
He-CTD and EDD of GAGs in negative ion mode [21] and
the demonstration that He-CTD is highly effective for the 2-O
sulfated carrageenans in positive mode both indicate that He-

Fig. 6 Fragment ion maps for (-DP6 at 5.9 min with a) LE-CID and b) He-CTD. Blue annotations are ambiguous because of alternative isobaric

annotations and green annotations are unambiguous
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Fig. 7 Fragment ion maps for A-DP6 at 7.9 min with a) LE-CID and b) He-CTD. Blue annotations are ambiguous because of alternative isobaric

annotations and green annotations are unambiguous

CTD of GAGs in positive mode ought to be compatible with
HPLC-based separations of complex mixtures of GAGs in the
future.

Compared to both x- and ¢-carrageenans, \-carra-
geenans have more sulfate modifications throughout their
backbone, with three sulfate groups on each pair of re-
peating disaccharide unit (D2S,6S-G2S), as shown in Fig.
7. The 2+ precursor ion at m/z 1412.64 contains 9 nega-
tively charged sulfate groups and 11 non-covalent, posi-
tively charged ion-pair-reagent ions. ESM Fig. S5a shows
that LE-CID was able to produce mainly the glycosidic
cleavages throughout the precursor and fewer cross-ring
cleavages than He-CTD, but the absence of heavy oxygen
labelling means that only the C; and Bs fragments are
unambiguous fragments. The repeating unit D2S,6S-G2S
is identified with the C5/Bs fragment pair. Similar to LE-
CID of the k- and ¢-carrageenans, LE-CID of A\-DP6 did
not provide any significant unambiguous cross-ring cleav-
ages, which therefore limits the information regarding sul-
fate group positions within each monomer.

However, despite the presence of 11 non-covalently
bound adducts, the He-CTD produced both glycosidic
and high-energy cross-ring fragments, with a majority of
the cross-ring fragments localized towards the reducing
end and a majority of the unambiguous glycosidic frag-
ments localized on the glycosidic bond between the
D2S,6S and G2S units at the center (ESM Fig. S5b).
D2S,6S monomers in the non-reducing end of the struc-
ture do not show any possible cross-ring fragments, and

only the D2S,6S monomer at the reducing end shows
multiple cross-ring cleavages, including unambiguous
%2A5 and *°As and ambiguous 14%, and °°X,. The
D2S,6S-G2S repeating unit is identified by the glycosidic
fragment pairs B3/Bs. The 2-linked sulfate group on the
G2S monomer in the reducing end of the structure can be
localized with the aid of the '“Ay/*°A4 fragment pair,
which is not possible with the LE-CID spectrum. He-
CTD therefore provides significantly more structural in-
formation than LE-CID, but the limited number of cross-
ring fragments and their localization towards the reducing
end limits the amount of information that is available to
locate the 6-O sulfation on the D2S,6S monomer in A-
DP6.

A visual comparison of different fragment ion types
including glycosidic fragment, glycosidic fragment -SO;
loss, cross-ring fragment, and cross-ring fragment -SO;
loss for k-, ¢t-, and A-carrageenans (DP6) is shown in
Fig. 8. The generated donut plots display percentages of
the summed ion intensity of fragment ion types produced
with LE-CID and He-CTD for the three carrageenan cate-
gories. The plots show that LE-CID is less likely to pro-
duce abundant cross-ring fragments compared to He-CTD.
Among the glycosidic fragments generated with LE-CID,
A-carrageenan shows a higher percentage of sulfate groups
retained with glycosidic fragments at 53%. He-CTD of «-
DP6 shows the highest percentage of cross-ring fragments
at 48.5% and has the lowest percentage of sulfate losses for
both glycosidic and cross-ring fragment types at 37.8%. In
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Fig. 8 Charts to show the relative k-DP6
distribution of fragment ion
abundances for xk-DP6, (-DP6, 17.4% 16.8%
and \-DP6 carrageenan. In - e
general, cross-ring cleavages in
dark blue are considered desirable
LE-CID
65.9%
8.2%
21.5%
16.0%
He-CTD
32.5% 21.8%
= Glycosidic Glycosidic -SO3

future He-CTD studies, different charge states of carra-
geenans should be investigated to identify the optimum
charge state for each subclass to maximize the preservation
of labile sulfate groups [73, 74].

Conclusion

In this study, we have demonstrated the applicability of
online He-CTD for the analysis of a complex sulfated
oligosaccharide mixture, which contains kappa (), iota
(¢), and lambda (\) carrageenans with different degrees
of polymerization (DP) (between DP4-12), anhydro brid-
ges, different degrees of sulfation ranging from one to
three per dimer, and different positioning of the sulfate
groups along the backbone. Our results demonstrate that
He-CTD is compatible with the timescales and sample
loads required for UHPLC and provides spectra with ad-
equate S/N ratios to enable extensive structural informa-
tion while achieving comparable performances with EDD,
NETD, and XUV-PD. In contrast to LE-CID, more of the
He-CTD product ions retain the labile sulfate groups.
Even in the absence of '®0-labelling, He-CTD provided
a series of informative and unambiguous fragments corre-
sponding to high-energy, radical-induced cross-ring cleav-
ages from both the reducing end and non-reducing ends,
such as °X,, %°X,, and %A, product ions. With the
exception of the 1,5-cleavages, the A, and X, ions pro-
vide useful linkage information that is not typically pos-
sible using LE-CID. Similar to LE-CID, He-CTD also
generates glycosidic bond cleavages, which provides
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additional information about the dimeric repeating se-
quence of each carrageenan oligosaccharide. This work
highlights the efficient use of He-CTD activation directly
coupled with a separation technique for the characteriza-
tion of complex mixtures and opens up possible applica-
tions in the food, pharmaceutical or medical industries.
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