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I. Abstract

Glycans, carbohydrates, and glycoconjugates are involved in many crucial biological processes,
such as disease development, immune responses, and cell-cell recognition. Glycans and carbohydrates are
known for the large number of isomeric features associated with their structures, making analysis
challenging compared with other biomolecules. Mass spectrometry has become the primary method of
structural characterization for carbohydrates, glycans, and glycoconjugates. Metal adduction is especially
important for the mass spectrometric analysis of carbohydrates and glycans. Metal-ion adduction to
carbohydrates and glycoconjugates affects ion formation and the three-dimensional, gas-phase structures.
Herein, we discuss how metal-ion adduction impacts ionization, ion mobility, ion activation and
dissociation, and hydrogen/deuterium exchange for carbohydrates and glycoconjugates. We also compare
the use of different metals for these various techniques and highlight the value in using metals as charge
carriers for these analyses. Finally, we provide recommendations for selecting a metal for analysis of

carbohydrate adducts and describe areas for continued research.



I1. Introduction

Glycans, which are polymers of monosaccharides, are involved in cellular signaling
(Bucior et al., 2004), immune response (Le Pendu et al., 2014), and disease progression (Dube &
Bertozzi, 2005; Varki et al., 2015; Kailemia et al., 2017). Glycans are often attached to proteins or
lipids, forming glycoconjugates; though oligosaccharides also exist in biological systems as
metabolites and human milk oligosaccharides (HMOs). Glycans and oligosaccharides result from
enzymatic reactions; therefore, the structures are heterogeneous with compositional, anomeric
configurational, and linkage isomers, contributing to the formation of diverse branched structures
(Bertozzi & Rabuka, 2009), as shown in Figure 1. Theoretically, ~10'? possible mammalian glycan
structures have been predicted (Laine, 1994). This diversity of potential structures, combined with
isomeric features, makes the structural analysis of glycans challenging. Yet, analytical methods

are necessary to correlate glycan structures with their biological functions.

Figure 1. Structural features of carbohydrates.
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Biomolecular protein structures have been characterized using nuclear magnetic
resonance (NMR), X-ray crystallography, and mass spectrometry (MS) (Wormald et al., 2002;
Kleckner & Foster, 2011). NMR and X-ray crystallography have substantial limitations for
glycan analysis. NMR requires large quantities of pure samples, making the analysis of
heterogeneous glycans challenging (Vliegenthart et al., 1983; Bubb, 2003; Rondeau et al., 2003).
Additionally, glycosidic bonds are flexible, which limits the use of crystallization. Therefore, MS
has become a prevalent method for glycan analysis (Kailemia et al., 2014; Grabarics et al.,
2021). MS methods require significantly reduced sample quantities (micromolar to nanomolar
concentrations) compared to NMR and X-ray crystallography (Mechref & Novotny, 2002).
Additionally, because MS monitors the mass-to-charge (m/z) ratio of analytes, heterogeneous
structures with different numbers of monosaccharides can be distinguished by differences in m/z,
while isomers can be characterized with tandem methods, including ion mobility spectrometry
(IMS)-MS and tandem MS (MS/MS) (Grabarics et al., 2021; Peng et al., (accepted for
publication)).

Gas-phase ions are detected in MS; thus, ions must be generated in the instrument source.
Neutral carbohydrates contain hydroxyls but lack acidic or basic functional groups. Some glycans
and glycoconjugates, including glycolipids, proteoglycans, and acidic HMOs, ionize in negative-
ion mode through proton loss in acidic functional groups (Zaia, 2005; Chao & McLuckey, 2021;
Peterson & Nagy, 2021). Yet, the ionization efficiency for protonated, neutral carbohydrates is
low (Harvey, 2000). Metal-ion adduction, in which oxygen atoms in carbohydrate hydroxyls
coordinate to metal ions, improves ionization efficiency in positive-ion mode (Harvey, 2000;
Harvey, 2001). For metal-carbohydrate adducts, the charge is localized to the metal, which is
distinct from protonation or deprotonation, where the charge can migrate throughout the gas-phase
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structure (Zhang & Brodbelt, 2004; Struwe et al., 2016; Mucha et al., 2018; Liyanage et al., 2019).
Furthermore, the three-dimensional structures formed by coordination are unique to the metal and
carbohydrate, which has been valuable for characterizing carbohydrate structures. Na® is
ubiquitous and readily observed as an adduct with carbohydrates, even when Na" salts are not
added to the sample. Other metal ions have also been used to form carbohydrate adducts for MS
analyses. Table 1 lists the physical properties of these metals, including charge, ionic radius,
charge density, ionization energies, and electron configuration. In this review, we will examine the
utility of metal-ion adduction for MS analyses of carbohydrates and glycoconjugates and compare

the effects of different metal ions.

Table 1. Metals used for carbohydrate ionization and their physical properties.

) ) Charge First Second
Element Charge Ionic Radius Density Ionization | Ionization Electron
(Q)a (R)b 3 Energy Energy Configuration
(QR) | (kJ/mol)! | (kJ/mol)®
H 1.00 - - 1310 - -
Li 1.00 0.090 1370 520 7300 [He]
Na 1.00 0.116 640 496 4560 [Ne]
K 1.00 0.152 285 419 3050 [Ar]
Rb 1.00 0.166 219 403 2600 [Kr]
Cs 1.00 0.181 169 376 2230 [Xe]
Mg 2.00 0.086 3140 738 1450 [Ne]
Ca 2.00 0.114 1350 590 1150 [Ar]
Ba 2.00 0.149 605 503 965 [Xe]
Al 3.00 0.0675 9750 578 1820 [Ne]
Cr 3.00 0.0755 6970 653 1590 [Ar]3d?
Mn 2.00 0.097 2190 717 1509 [Ar]3d°
Fe 2.00/3.00 0.092/0.0785 2570/6200 | 763 1560 [Ar]3d%/[Ar]3d’
Co 2.00 0.0885 2890 760 1650 [Ar]3d’
Ni 2.00 0.0830 3500 737 1750 [Ar]3d®
Cu 1.00/2.00 0.0910/0.0870 | 1330/3040 | 746 1960 [Ar]3d'Y/[Ar]3d°
Zn 2.00 0.0880 2940 906 1730 [Ar]3d!°
Cd 2.00 0.109 1540 868 1630 [Kr]3d!°
Ag 1.00 0.129 476 731 2070 [Kr]3d!°
La 3.00 0.117 1870 538 1070 [Xe]

%Q in 1.6x10" C. ® R in nm (Shannon, 1976). °Q/R? in 1.6x10' C/nm?. ¢ (Haynes et al., 2016)



II1. Ionization of Carbohydrates

Electrospray ionization (ESI) (Yamashita & Fenn, 1984) and matrix-assisted laser
desorption ionization (MALDI) (Karas et al., 1985; Tanaka et al., 1988) are common for MS
analyses of carbohydrates. Both methods are soft ionization techniques that can be combined with
tandem methods for isomer identification (Zaia, 2004). In ESI, ions form as analytes transition
from solution to the gas phase. This enables ESI to be readily coupled with liquid chromatography
(LC), allowing for carbohydrate separations in the liquid phase before ionization (Kohler & Leary,
1995; Kawasaki et al., 1999). Alternatively, in MALDI, ions are formed under vacuum from a
solid, organic matrix. MALDI has been used to rapidly screen samples, allowing for high
throughput analysis of carbohydrates (Drake et al., 2018). In positive-ion mode, both MALDI and
ESI result in the formation of metal-adducted and protonated carbohydrate ions.
A. Electrospray Ionization (ESI)

ESI is one of the primary methods for creating gas-phase, metal-adducted carbohydrates
(Zaia, 2004; Grabarics et al., 2021). In ESI, a potential is applied to a liquid exiting a capillary,
resulting in the formation of a Taylor cone and the release of charged droplets. As solvent
evaporates, charge builds up in the droplets. When the charge density overcomes the solvent
surface tension, at the Rayleigh limit (Lord Rayleigh, 1882), each droplet fissions into smaller,
highly charged droplets. These processes of evaporation and fission repeat until nanodroplets form,
with analyte ionization occurring from nanodroplets (Konermann et al.,, 2013). Many
carbohydrates do not contain basic or acidic functional groups; thus, rather than acquiring or losing

protons during ESI, neutral carbohydrates coordinate to metal ions.



Molecular dynamics (MD) simulations have predicted that Na*-adducted carbohydrates
ionize by the charged residue model (CRM) (Calixte et al., 2020). In the CRM, solvent evaporates
to dryness, causing residual charges in the drying droplets to adduct to the analyte (Konermann et
al., 2013). As shown in Figure 2A-C, hydrogen bonding between carbohydrate hydroxyls and
aqueous solvent causes carbohydrates to be retained in the droplet center. If multiple carbohydrates
are present in the droplets, clusters of Na* ions and carbohydrates form as the solvent continues to
evaporate (Figure 2C). However, these clusters break apart, primarily releasing adducts with a
single carbohydrate and a single Na" (Figure 2D-F). These simulations correlate well with
experimental results, in which a single carbohydrate and single Na* are the most abundant ion,
though structures with one Na* and either two or three carbohydrates were observed at lower signal

magnitude.

Figure 2. Timepoint images of an MD simulation showing release of a model trisaccharide, melezitose
(Mel) from an aqueous droplet. (A) Initial aqueous droplet (3 nm radius) with 5 trisaccharides, water
molecules, and 18 Na*. (B) As solvent evaporates, Na* is ejected from the droplet. (C) As solvent
evaporates, the trisaccharides remain in the droplet center, clustering with Na* ions. (D-H) At low solvent
density, individual Na*-trisaccharide adducts are released from the cluster. Na* ions are in blue,
hydrogens are white, oxygens are red, and carbons are cyan. [Color figure can be viewed at
wileyonlinelibrary.com] Reprinted with permission from Calixte, E. L., et. al. Release of Carbohydrate-
Metal Adducts from Electrospray Droplets: Insight into Glycan Ionization by Electrospray. J. Phys.

Chem. B, 2020, 124, 3, 479-486. Copyright 2020 American Chemical Society.
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Hydrogen bonding and carbohydrate localization are significant when comparing
differences in ionization efficiency for carbohydrates sprayed from ESI versus nano-ESI. In ESI,
larger droplets form, which undergo more cycles of evaporation and fission. Since charged droplets
are released from the parent droplet surface, significant charge can be lost from the droplet prior
to complete desolvation of the carbohydrate (Bahr et al., 1997). The charge loss reduces the
potential for charge carriers to be retained in the late stage nanodroplets, minimizing the
probability for carbohydrates to form ion adducts. In nano-ESI, smaller initial droplets form, which
require fewer cycles of droplet evaporation and fission (Karas et al., 2000). Thus, the nanodroplets
retain charges that can be adducted to the carbohydrate analytes as the droplets evaporate to

dryness.



When performing MD simulations on Na'-adducted carbohydrates, ionized from binary
solvent mixtures containing 25% or more water, the solvents were observed to demix during the
simulation with the more volatile solvent (acetonitrile or methanol) moving to the droplet surface,
while the carbohydrate remained solvated by water in the droplet center (Calixte et al., 2021).
Ionization from these mixed solvent systems, showed that the CRM was still the dominant
ionization mechanism. However, differences in the evaporative time (~40 ns) were observed as
the percentage of the organic additive (acetonitrile or methanol) was increased from 0 to 99%. This
difference in evaporative time was hypothesized to be the reason for increased ionization
efficiency of carbohydrates. Evaporation of the more volatile solvent results in smaller aqueous
droplets, from which charge would be adducted to the retained carbohydrates before release into
the gas phase.

Permethylation increases ionization efficiency of carbohydrates (Dell, 1990). MD
simulations have indicated that the ionization mechanism for a permethylated trisaccharide is the
ion evaporation method (IEM) (Calixte et al., 2020). In IEM, charged analytes are pushed out of
the nanodroplet in small solvent clusters due to coulombic repulsion. The replacement of hydroxyl
protons with methyls to form ethers causes carbohydrates to become more hydrophobic and
migrate to the droplet surface, where ejection becomes energetically favorable in the presence of
a metal ion. The gas-phase structures of permethylated carbohydrates are distinct from unmodified
structures due to alterations in the inter- and intra-molecular hydrogen bonding networks in ESI
droplets (Warnke et al., 2019; Calixte et al., 2020). In addition to increasing the ionization
efficiency, permethylation locks the carbohydrate into a single anomeric configuration, preventing

mutarotation at the reducing end when solvated during ESI (Warnke et al., 2019). Permethylation
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also stabilizes sialic acid residues, which are labile and can be lost during some MS analyses
(Nishikaze, 2019).

Metal adduction is more effective for carbohydrate ionization than protonation, but the
choice of metal ion affects ionization efficiency. Ca*"-carbohydrate adducts have yielded higher
signal intensities than adducts with other metals (Harvey, 2001; Schaller-Duke et al., 2018). This
is hypothesized to be due to the ionic radius of Ca*" being ~0.10 nm (Table 1), which allows for
the formation of a highly stabile complex as the carbohydrate coordinates to the ion immediately
before release into the gas-phase (Angyal, 1989). Other group II metals, such as Mg?", yield higher
signals for carbohydrate adducts than group I or transition metals (Harvey, 2001; Schaller-Duke
et al., 2018); while divalent transition metals, such as Co?", Zn>", and Ni**, generate higher signals
than trivalent ions of Fe*" or AI’" (Schaller-Duke et al., 2018). Thus, the signal intensity of
carbohydrate-metal adducts decreases according to group II > divalent transition metals > group I
> trivalent transition metals. Finally, the weak ion signals for protonated carbohydrates, compared
to carbohydrate adducts of group I or group II metals, have limited the use of protonated
carbohydrates for MS analysis (Harvey, 2005a).

The charge states of metal-adducted carbohydrates are dependent on the metal ion as well
as the carbohydrate size. For example, it is challenging to form ions with charges greater than 2+
for pentasaccharides or smaller carbohydrates, though these charge states (> 2+) are required for
several electron-based fragmentation techniques (Zubarev et al., 1998; Syka et al., 2004; Huang &
Dodds, 2015a; Wong et al., 2022). For penta- and tetra-saccharides, a single monovalent or
divalent metal ion can coordinate to the carbohydrate, generating either 1+ or 2+ carbohydrate
ions, respectively. For carbohydrates with seven or more monosaccharide subunits, 2+ ions can

form from either two monovalent metals or a single divalent metal. Charge states of 3+ or higher
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are rarely achieved with metal adducts (Adamson & Hékansson, 2007; Zhao et al., 2008; Schaller-
Duke et al., 2018). However, 3+ ions of maltoheptaose have been detected with two divalent metals
and a complexed anion (Schaller-Duke et al., 2018). Finally, it is challenging to form multiply
protonated carbohydrates due to the preference for coordinating metals (Harvey, 2001; Adamson
& Hakansson, 2007).

Various carbohydrate-metal adducts have been detected in the gas-phase, including adducts
containing one metal and one carbohydrate (Asam & Glish, 1997; Sible et al., 1997), two metals
and two carbohydrates (Williams et al., 2010; Morrison et al., 2017a), one metal and two
carbohydrates (Schaller-Duke et al., 2018), and one carbohydrate with a divalent metal and an
anion (Sible et al., 1997; Xie et al., 2020; Xie et al., 2021). The number of monosaccharide subunits
in the carbohydrate and the metal adduct influence the detected gas-phase ions. When examining
a trisaccharide model system, increasing the molar ratio of sugar to metal in the sprayed solution
increased the probability of detecting two sugars adducted to a single Na" (Calixte et al., 2020).
However, the primary detected species was still the adduct with one sugar and one Na*. For
maltoheptaose, a heptasaccharide, the ion with the highest magnitude contained two Na* adducted
to a single sugar. However, maltotetraose and melezitose, a tetra- and tri-saccharide, respectively,
formed adducts with a single sugar and a single Na" at the highest magnitude. The difference in
the number of adducted Na" is hypothesized to be due to coulombic repulsion of the metal ions,
preventing attachment of multiple metals to small carbohydrates. Additionally, MD simulations
show that a single Na" can coordinate with multiple monosaccharide subunits within a
trisaccharide model system (Calixte et al., 2020). For divalent metals (Zn**, Mg?*, Ca**, and Co*"),
maltoheptaose and maltotetraose formed adducts with one metal and one sugar at the highest signal

intensity (Adamson & Hakansson, 2007; Schaller-Duke et al., 2018). Again, this could be related
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to coulombic repulsion since the higher charge state could make the binding of a second metal,
even on the larger sugar, less favorable. This difference between divalent and monovalent metal
ions indicates that the metal properties, such as charge, are important to the number of ions that
can coordinate to the carbohydrate when forming gas-phase structures (Adamson & Hékansson,
2007; Schaller-Duke et al., 2018).

Experimentally, there are several ways to generate metal-adducted carbohydrates. Metals
can be added to the samples and sprayed with the carbohydrate (Asam & Glish, 1997; Harvey,
2000). It is common to add only a single metal to a sample because multiple metals cause
competition during ionization, which disperses detected ion signal across several m/z. In addition,
with certain metals, such as Li" or K*, naturally occurring isotopic distributions can disperse ion
signal over multiple m/z (Haynes et al., 2016). Alternatively, trace metals can form detectable
adducts with carbohydrates (Bansal et al., 2020; Abikhodr et al., 2021). Thus, Na“ contamination
can result in signal or competition when other metal ions are added to the sample. To form
protonated carbohydrate ions, the addition of formic or acetic acid is required because without
acid, metal contaminants outcompete protons (Harvey, 2000; Uppal et al., 2017; Mookherjee et
al., 2018; Mookherjee et al., 2020). Metals such as Na*, K*, Li*, or Ag" have also been sprayed
through secondary ESI sprayers, with adduction occurring during droplet mixing in EST (Swanson
et al., 2017; DeBastiani et al., 2021). Metals can also be attached by ion/ion reactions in the gas-
phase (Chao & McLuckey, 2021; Chao & McLuckey, 2021). For these reactions, Na* or Mg?* are
ionized in positive-ion mode while attached to ligands. Carbohydrates or glycoconjugates are
ionized in negative-ion mode by deprotonating a hydroxyl or acidic functional group. Then, ion/ion

reactions occur as the metal is transferred from a nitrogen-containing ligand to the hydroxyl
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oxygens in the carbohydrate. Gas-phase metal binding causes the loss of the ligand and shifts the
charge state based on the charge of the metal .

Glycoconjugates can also form metal-adducted ions during ESI. Acidic glycoconjugates,
such as glycosaminoglycans (GAGs), readily form deprotonated ions. Sulfate functional groups
are highly acidic; thus, the charge state increases in relation to the number of sulfate functional
groups in a GAG. Metal ions, including Na*, Ca**, Mn**, and K", have been attached to GAG ions
to improve the stability and prevent the loss of sulfate groups from ionization, though these adducts
are often detected in negative-ion mode (Zaia & Costello, 2003; Leach et al., 2011; Liu &
Hékansson, 2011; Leach et al., 2017). Metal adduction can form additional charge states,
increasing the number of detected peaks and splitting the ion signal over multiple m/z (Wolff et
al., 2008). Unlike work with neutral carbohydrates, metal-adducted GAGs lose a proton when
adducting a metal. The Amster group has shown that for the addition of every Na", a proton is lost
from the detected ion, causing GAG anions with a charge state of -5 to be detected with either one
Na" combined with the loss of six protons or three Na” with the loss of eight protons (Leach et al.,

2017).

B. Matrix-Assisted Laser Desorption lonization (MALDI)

MALDI is another method for ionizing carbohydrates. To utilize MALDI, the carbohydrate
is first mixed with a matrix, such as 2,5-dihydroxybenzoic acid (DHB). Then, the mixture is
spotted on a plate to dry, which allows for evaporation of the remaining solvent while under
vacuum. The selected matrix can significantly affect the carbohydrate ionization efficiency and
must be compatible with the carbohydrate and solvent to crystallize (Mohr et al., 1995). Then,
under vacuum, a UV laser (commonly between 190 and 360 nm) or IR laser (2 to 11 um) is used

to ablate the carbohydrate-matrix mixture (Berkenkamp et al., 1997; Zenobi & Knochenmuss,
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1998; Harvey, 1999). Ions are formed from the desorbed samples by attachment of H" or group I
metals to carbohydrates. Metal salts (micromolar to millimolar concentrations) can be added to the
matrix solutions before crystallization (Bornsen et al., 1995; Cancilla et al., 1996; Lee et al., 2016).
However, Na” and K* contaminants can also result in detectable ion signals (Bornsen et al., 1995;
Morelle et al., 2004). The reader is referred to several other publications for MALDI details that
are beyond the scope of this review (Zenobi & Knochenmuss, 1998; Harvey, 1999; Lai & Wang,

2017; Harvey, 2021).

Multiple distinct ionization mechanisms have been proposed for MALDI. The predominant
mechanism is hypothesized to be the thermal proton/cation transfer model (Chu et al., 2014). This
two-step mechanism hypothesizes that the laser melts the matrix through increased surface
temperature, which causes both the metal salt and the carbohydrate to dissolve in the matrix.
During desorption, the metal adducts to the carbohydrate before entering the mass analyzer of the
MS. This theory suggests that close contact between the salt and matrix molecules improves the
formation of metal-adducted carbohydrates (Lee et al., 2016). Alternatively, the chemical physics
and chemical dynamics (CPCD) model is another potential ionization mechanism for MALDI
(Knochenmuss, 2002; Knochenmuss, 2003). CPCD involves three steps, ablation, primary
ionization, and secondary ionization. In primary ionization, photons cause the formation of bound
electron-hole pairs in which the electrons pool, forming ion pairs with opposite charges from
matrix molecules due to proton or electron transfer. During secondary ionization, ion/molecule
and ion/ion reactions occur between the matrix and analyte. It is during this secondary ionization
that a carbohydrate abstracts a metal from a salt or matrix ion to form a metal-adducted ion

(Knochenmuss, 2016).
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MALDI analysis of carbohydrates has focused on using group I metals to form singly
charged adducts. Carbohydrate adducts with group II metals do not readily form by MALDI (Mohr
et al., 1995). For maltoheptaose-metal adducts, the ion signal intensities for group 1 metals during
MALDI are Cs* > K" > Na" > Li" (Bornsen et al., 1995; Mohr et al., 1995). However, for
monosaccharide-metal adducts, the ion signal intensities are Li* > Na" > K" (Botek et al., 2001).
This suggests differences in metal binding preference during MALDI based on the size of the
carbohydrate and metal ion. Unlike ESI, in MALDI, a single metal adducts to a single, neutral
carbohydrate regardless of the carbohydrates size (Nicolardi et al., 2021). The detection of a single
species, one metal with one carbohydrate, simplifies spectral identification compared to the
multiple adducts that can form during ESI (Stahl et al., 1991; Cancilla et al., 1996; Harvey, 1999).
However, there have been cases with sialylated N-linked glycans and gangliosides in which two
or three Na" or K™ adduct to the glycan, while one or two protons are lost, forming singly charged
ions, e.g. [M - H + 2Na/K]" or [M - 2H + 3Na/K]" (Harvey et al., 1999a). Forming protonated
carbohydrates using MALDI is challenging due to the higher affinity for oxygens coordinating

metals in the gas-phase instead of protons (Chen et al., 2016).

The ionization efficiency of metal-adducted carbohydrates is dependent on both the metal
and the matrix in MALDI. The ionization efficiency for pentasaccharides and smaller
carbohydrates adducted to Na" have lower signals than larger carbohydrates when using DHB as
the matrix. It is hypothesized that the differences in ionization efficiency are due to how the matrix
affects metal adduction. 1,4-dihydroxynaphthalene-2-carboxylic acid (DHN) combined with Na*
adduction enhances ionization of carbohydrates with masses below 1000 Da (Naven & Harvey,
1996). However, the impact of matrix interactions on the ionization efficiency of metal adducts is

not well understood at a mechanistic level. Permethylation and other derivatization methods can
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be combined with MALDI to improve the signal intensity and provide additional stability of metal-
carbohydrate/glycoconjugate adducts (Powell & Harvey, 1996; Okamoto et al., 1997; Morelle et

al., 2004; Kang et al., 2005; Wuhrer et al., 2006).

IV. Ion Mobility

A. Principles of Ion Mobility

Ion mobility spectrometry (IMS) coupled to MS has become a valuable technique for
analyzing glycans (Chen et al., 2018). Isomeric carbohydrates cannot be distinguished by MS
alone since they have the same m/z; thus, IMS is a tool for distinguishing isomers based on their
three-dimensional, gas-phase conformations. IMS is a gas-phase method that monitors the mobility
of ions as they traverse through an inert buffer gas (e.g., N2 or He) under an applied electric field.
Differences in ion velocities cause ions to separate based on size, shape, and charge.

In drift tube-ion mobility spectrometry (DTIMS), a voltage (V) is applied to drive ions

through a drift tube of length L, resulting in a uniform electric field (£) (Equation 1).

E=+ €Y)

Ions migrate through the drift tube due to their charge and the applied field. However, the drift
tube is filled with neutral gas molecules, resulting in collisions between the ions and buffer gas.
These collisions result in drag forces that increase the time (z,) for the ions to pass through the drift

tube, affecting the ions’ velocity (v,) (Equation 2).
Vo=t )

The ions’ mobility (K) describes the movement of ions in the drift tube, based on the ions’ v, and

the influence of £ (Equation 3).
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k=+ (3)

The buffer-gas number density (N) influences K because more buffer gas molecules increase the
frictional drag force that ions experience as they move through the drift tube.

The time for an ion to pass through a drift tube, or the arrival time (%), is used to calculate
K. Momentum transfer collisional cross sections (CCS, Q) relate an ion’s mobility to its three-
dimensional size and shape. CCS values can be calculated from K values determined in DTIMS
experiments using the low-field Mason-Schamp equation (Revercomb & Mason, 1975; Clowers

et al., 2005; Marchand et al., 2017):

0= 3 21 Y% ze 4
16 ukgT KN (4)

where z is the charge of the ion, e is the charge of an electron, k; is the Boltzmann constant, 7" is
the temperature of the buffer gas, u is the reduced mass of the ion and buffer gas, and N is the
buffer-gas number density.

In traveling wave-ion mobility spectrometry (TWIMS), a direct current (DC) voltage is
applied to electrodes in a stacked ring ion guide, and a traveling wave is created by changing the
magnitude of this applied voltage in set intervals (Shvartsburg & Smith, 2008; Dodds & Baker,
2019). The motion of the resulting traveling wave can be controlled by changing the wave velocity
and height. The traveling wave pushes ions through a buffer gas-filled tube, resulting in ions with
higher mobility “surfing” along the voltage wave, while ions with lower mobility “roll over the
wave”, causing separation (Shvartsburg & Smith, 2008; Richardson et al., 2018). Ions are
separated based on mobility differences, where smaller, higher mobility ions travel faster and
migrate out of the TWIMS cell earlier than larger, lower mobility ions. In addition, radio frequency

(RF) voltages are used to confine and focus the ions traversing the TWIMS cell, enhancing ion
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transmission. Compared to DTIMS, TWIMS platforms allow for ions to travel longer path lengths
with lower voltages, though experimental parameters, such as wave height, wave velocity, and gas
pressure, must be optimized to enhance ion separation (Dodds & Baker, 2019). K and CCS values
cannot be directly calculated from arrival times (z,) in TWIMS due to the changing electric field.
Thus, in TWIMS, CCS is calculated after calibrating with standards of known CCS values (°TCCS)
(Gelb et al., 2014). To improve the accuracy of CCS measurements, it is important to utilize metal-
adducted carbohydrate standards with similar charge states.

It has been suggested that both K and CCS values be reported for DTIMS experiments, and
that TWIMS calibrations utilize K instead of CCS (Gabelica et al., 2019). These recommendations
are suggested to minimize the uncertainty associated with DTIMS and TWIMS measurements,
including the effects of nonuniform fields, £, and variations in the gas pressure and temperature
(Gabelica et al., 2019). Nevertheless, new calibration methods to derive accurate CCS calculations
and measured uncertainty with TWIMS devices have been reported (Edwards et al., 2021;
Richardson et al., 2021).

In trapped ion mobility spectrometry (TIMS), stacked ring electrodes make up the TIMS
analyzer, which includes the entrance funnel, TIMS tunnel, and exit funnel (Michelmann et al.,
2015; Ridgeway et al., 2018). Each electrode is divided into quadrants and RF and DC voltages
are applied to create an electric field that is directed opposite to the buffer gas moving across the
length of the TIMS analyzer, holding ions stationary. The RF voltage applied to each quadrant of
the ring electrodes is responsible for confining and focusing the ions into each section of the TIMS
analyzer. The DC voltage applied to the electrodes results in ions being transported across the
TIMS analyzer. In conjunction with the buffer gas, the electric field across the TIMS analyzer

results in ions being accumulated and trapped. Decreasing the applied electric field results in ions
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migrating out of the TIMS analyzer based on their K. Ions with a lower mobility migrate first while
ions with higher mobility are retained in the tunnel, and subsequently separated. Similar to
TWIMS, K values cannot be directly measured; therefore, CCS calculations require calibration

with standards of known PTCCS.

B. Gas-Phase Structures of Carbohydrate-Metal Adducts

The three-dimensional structures of metal-adducted carbohydrates in the gas phase are
dependent on the ionic radius of the metal, the coordination bond sites between the metal and
carbohydrate oxygen atoms, and the intramolecular hydrogen bonds within the carbohydrate
(Woods, 2018). The effects of structural features, such as glycosidic linkages, anomericity, and
hydrogen-bond geometry, affect how carbohydrates coordinate metal ions (Gyurcsik & Nagy,
2000; Mucha et al., 2019; Calixte et al., 2020). Simulations of ESI predict that metal-adducted
carbohydrates ionize via the charged residue model (Figure 2) (Calixte et al., 2020). For a
trisaccharide model system, Na* coordinates to the carbohydrate as the solvent in the droplet
evaporates to dryness. Upon entering the gas phase, metal coordination and formation of
intramolecular hydrogen bonds reduce the conformational freedom of the carbohydrate, limiting
the number of gas-phase conformations compared to those observed in solution. Density
functional theory (DFT) and other quantum chemical calculations have been used to examine
Na" binding to oxygen atoms in monosaccharide rings (e.g., xylose, arabinose, glucose, and
galactose) (Heaton & Armentrout, 2008; Zheng et al., 2017). These calculations predicted that
distinct oxygen atoms in each monosaccharide bind to Na', changing the size of the sodiated-
monosaccharide structures. Similarly, Mg?*, Ca®", Zn?*, and Cd*" coordinate to different oxygen

atoms in methyl B-D-xylopyranoside, resulting in different conformations (Fabian, 2007).
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Different group I metals have been used to generate different three-dimensional gas-phase
structures due to differences in binding interactions between the metals and oxygen atoms of
carbohydrates. Though these studies focused on monosaccharides coordinating metals, similar
gas-phase structural variations are expected for larger oligosaccharides based on both the
carbohydrate structure and metal ion (Bythell et al., 2017; Rabus et al., 2017). These structural
differences enable separation of isomeric carbohydrates during IMS due to differences in arrival

times, CCS values, and mobility features in arrival time distributions (ATDs).

C. IMS Analysis of Carbohydrate-Metal Adducts

The gas-phase structures of carbohydrate-metal ion adducts are dependent on carbohydrate
structure. Maltose, trehalose, melibiose, and sucrose are disaccharide isomers with a-linkages.
Maltose and trehalose both contain two glucose units, melibiose is composed of a galactose and
glucose, and sucrose is composed of a glucose and fructose. When adducted to the same metal, the
arrival time for sucrose is less than that of trehalose (Huang & Dodds, 2013). Similarly for two
pentasaccharide linkage isomers, when adducted to the same metal, the arrival time for lacto-N-
fucopentaose (LNFP) V is less than that of LNFP I. The structural differences between LNFP V

and LNFP I are shown in Figure 3.

Figure 3. Human milk oligosaccharide (HMO) structures, including Lacto-N-fucopentaose
(LNFP I), Lacto-N-fucopentaose (LNFP II), Lacto-N-fucopentaose (LNFP III), Lacto-N-
fucopentaose (LNFP V), Lacto-N-tetraose (LNT), Lacto-N-neotetraose (LNnT), Lacto-N-

hexaose (LNH), and Lacto-N-neohexaose (LNnH).
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The ionic radius of the metal ion also has an effect on the gas-phase structure of
carbohydrate-metal adducts. K -adducted sucrose and trehalose had different arrival times, while
Li"-adducted sucrose and trehalose had similar arrival times. (Huang & Dodds, 2013). Figure 4
shows that CCS values of disaccharide-metal adducts increase with increasing ionic radius (see
Table 1) for group I metals (Huang & Dodds, 2013). Two pentasaccharide linkage isomers, LNFP
I and II (Figure 3), were studied as Li*, Na", K, Rb", and Cs" adducts (Fenn & McLean, 2011).
Although an increase in CCS was observed between Li'-, Na'-, and K'-adducted LNFP I and II,
an increase in CCS was not observed between the largest group I metals studied, Rb" and Cs™.
Unlike the above trend for group I metal-adducted disaccharides, CCS values of group I metal-
adducted pentasaccharides did not increase with increasing ionic radius. Linkage isomers, lacto-
N-tetraose (LNT) and lacto-N-neotetraose (LNnT) (Figure 3) were analyzed by DTIMS as [M +
Na]’, [M +K]’, and [M — H + Zn]", where M is the HMO (Zheng et al., 2017). LNT and LNnT
exhibited similar arrival times when adducted to Na', though the arrival times for the two structures

differed when adducted to K*. However, when LNT and LNnT were adducted to divalent Zn>" and
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deprotonated, the arrival times for the two isomers differed more, yielding improved separation.
These results illustrate that though the metal ion affects the gas-phase structure of the carbohydrate

adduct, the relationship between arrival time and metal ion radius is not linear or predictable.

Figure 4. Average CCS (Q) for Li*-, Na*-, K’-, Rb*-, and Cs"-adducted disaccharides versus the cross-
sectional area of the metal ion. Reprinted with permission from Huang, Y.; Dodds, E. D. Ion Mobility
Studies of Carbohydrates as Group I Adducts: Isomer Specific Collisional Cross Section Dependence on

Metal Ion Radius. Anal. Chem. 2013, 85, 20, 9728-9735. Copyright 2013 American Chemical Society.
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In IMS, the gas-phase structures of carbohydrate-metal ion adducts are dependent on the
combination of the metal ion, carbohydrate structure, and coordinate interactions. Figure 4 shows
how the CCS is affected by the combination of the carbohydrate structure and the metal ion. For
example, the CCS of melibiose and trehalose are distinct when adducted to Li* or Na* but similar
when adducted to larger group I metal ions (Huang & Dodds, 2013). Additionally, apparent
differences in CCS were observed between LNFP I and II when adducted to Li", Na*, and Cs™,
however the CCS for LNFP I and II were similar when adducted to either K™ or Rb" (Fenn &

McLean, 2011). These results demonstrate that CCS differences between LNFP I and II are a result

23



of both the size of the metal being bound to the isomer, as well as the coordinate interactions (Fenn
& McLean, 2011). Thus, it is hypothesized that the carbohydrate size and its associated flexibility
affect the carbohydrate coordination sites to the metal, resulting in different three-dimensional gas-
phase structures.

For some carbohydrate-metal adducts, multiple gas-phase structures can form, which are
detected in IMS (Xie et al., 2020). Na*-adducted stachyose, a tetrasaccharide, yielded an ATD that
indicates one dominant population of gas-phase structures was detected in IMS. However, K- and
Rb"-adducted stachyose resulted in broader ATDs with shoulders, indicating the presence of
multiple gas-phase conformations. In comparison, isomaltotetraose, a compositional isomer of
stachyose, generated ATDs with a single population of gas-phase structures when adducted to Na*,
K*, and Rb". Furthermore, compared to group I metal-adducted stachyose, isomaltotetraose
adducted to the same metal had an earlier arrival time, indicating more compact metal-adducted,
gas-phase structures (Xie et al., 2020).

Arrival times and CCS values are affected by the charge state of the carbohydrate-metal
adduct. Carbohydrates, ranging from tri- to hexa-saccharides, and dimers of tetra- and penta-
saccharides, were adducted to Na* or Ca?" and analyzed by DTIMS (Xie et al., 2020). Ca*-
adducted carbohydrates had faster arrival times and larger mobilities (K) than Na*-adducted
carbohydrates. Arrival times of 270 carbohydrate-metal ion complexes were used to calculate
CCS values (Equation 4) and determine IMS trends from the observed results (Xie et al., 2020).
Group II metal-adducted carbohydrates, [M + group II]** and [2M + group 11]**, where M is the
carbohydrate, had greater CCS values compared to group I metal-adducted carbohydrates [M +
group I]*. This aligns with Equation 4, which shows that CCS is proportional to ion charge (z).

Additionally, a wider range of CCS values resulted for [2M + group II]*" complexes compared to
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a smaller range of CCS values for [M + group I1]** complexes. As previously described, the size
of both the carbohydrate and the metal ion influences the gas-phase conformation of
carbohydrate-metal adducts and affects the resulting arrival times and CCS values. In addition,
we hypothesize that compared to a single carbohydrate coordinating a metal ion, when two
carbohydrates coordinate a metal there are more potential gas-phase structures since the
carbohydrates can take many different orientations while solvated during ESI, including different
a and B anomeric forms at the reducing end, resulting in the formation of more gas-phase
conformations and wider CCS distributions for [2M + group II]** complexes compared to [M +
group I1]*" complexes. Additionally, ESI conditions affect the formation of gas-phase
carbohydrate-metal adducts ( Calixte et al., 2021). Solvents affect intramolecular hydrogen
bonding within carbohydrates during ESI, which can lead to differences in the structures of gas-
phase ions that cannot interconvert following solvent evaporation. All of these factors may affect
the structures and associated CCS for the metal-adducted carbohydrate complexes. In
comparison to the [M + Na]’, [M + K]", and [M — H + Zn]" complexes of LNT and LNnT
described above, further analysis on LNT and LNnT adducted to doubly sodiated cations, [M +
2Na]**, resulted in the baseline separation of the isomers (Zheng et al., 2017). The order of their
separation also differed when adducted to 2 Na", with LNT migrating first, whereas with [M +
K]" and [M — H + Zn]", LNnT migrated first (Zheng et al., 2017). These results illustrate that the
charge state of the metal-adducted carbohydrate can affect the gas-phase structure of the
carbohydrate-metal complex, allowing the carbohydrates to be separated based on arrival times
and/or CCS values.

Transition metal complexes have also been used to analyze carbohydrates by IMS-MS

(Gaye et al., 2016). Utilizing various combinations of carbohydrates (M) and metal ions with either
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an amino acid (L-serine (L-Ser), L-asparagine (L-Asn)) or peptide (L-phenylalanine-glycine (L-
Phe-Gly)), a dataset of CCS values was established to distinguish 16 isomeric monosaccharides.
Based on a three-dimensional CCS plot for isomer adducts of [M + L-Ser + H]" (x-axis), [M + L-
Phe-Gly + H]" (y-axis), and [M + (L-Phe-Gly H)+ Mn?']* (z-axis), D-talose was not distinguished
from D-idose and D-altrose. Further characterizations were conducted on D-talose, D-altrose, and
D- and L-idose as adducts with either Mn?" or Co?" and either deprotonated Ser or Asn (Gaye et
al., 2016). With [M + (L-Ser — H) + Mn?']", the CCS of the complexes of all monosaccharides
were not distinguished. However, the D-talose complex could be distinguished from the other
monosaccharides as [M + (L-Ser — H) + Co*']", indicating differences in the gas-phase
conformations as a result of the different divalent cation. For [M + (L-Asn — H) + Mn?*]"
complexes, D-altrose was distinguished from D-idose and D-talose. Additionally, the [M + (L-Asn
—H) + Co?']" complex enabled D-idose to be distinguished from D-talose and D-altrose. Although
D- and L-idose were not distinguished from each other, it was apparent that unique CCS values
resulted from forming complexes using Co?* or Mn?" with different amino acids, which enabled
some monosaccharide isomers to be distinguished.

Ga-phase conformers of monosaccharide isomers adducted to transition metals were also
investigated by DTIMS as [M + (L-Phe-Gly — H) + Mn**]* complexes, composed of a carbohydrate
(M), deprotonated L-Phe-Gly peptide, and Mn?" (Gaye et al., 2016). D-idose, L-idose, D-altrose,
L-altrose, D-glucose, L-glucose, D-gulose, L-gulose, D-talose, L-talose, L-allose, and L-galactose
were analyzed individually and one CCS mobility feature was observed for each isomer. Of all the
D-enantiomers examined, two mobility features were observed for D-mannose, D-allose, and D-
galactose, whereas among the examined L-enantiomers, only L-mannose had two features.

Although D-mannose and L-mannose exhibited two mobility features and had similar CCS values,
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the peak intensities of the two conformers differed, allowing the monosaccharides to be
distinguished. In the carbohydrate complexes with deprotonated L-Phe-Gly, it was hypothesized
that Mn?" is at the center of the complex, forming three coordinate bonds with hydroxyl groups in
the monosaccharide and three coordinate bonds within the deprotonated peptide (Gaye et al.,
2016). Based on the conformational space of the trimeric complexes and the observed differences
among the ATDs for the D- and L-monosaccharides, multiple gas-phase conformations were
formed, allowing each monosaccharide to be distinguished from the others.

Carbohydrate adducts with both a metal cation (Ca** and Ba®") and a halogen anion (CI,
Br, and I') have also been used to distinguish isomeric pairs of oligosaccharides by TIMS (Xie et
al., 2021). Adducts of [M + metal + halogen]” with M as the oligosaccharide, have been used to
analyze linkage isomers, stereoisomers, and structures with different monosaccharides. [M + Ca +
Cl]" complexes enabled separation of isomer pairs of malto- and isomalto-triose, -tetraose, -
pentaose, and -hexaose using low and high resolving power parameters, which varied the mobility
and ramp settings for TIMS. With low resolving power settings, broad peaks were observed for
[M + Ca + CI]" complexes of isomer pairs of malto- and isomalto-triose, -tetraose, -pentaose, and
-hexaose, compared to the high resolving power settings. In addition, when using low resolving
power settings, only minor separation was observed for [M + Ca + C1]" complexes of maltotriose
and isomaltotriose. Using high resolving power settings, multiple peaks, representing multiple
conformers, were observed for all maltose complexes of [M + Ca + CI]'. Additionally, all
conformers for malto-triose, -tetraose, -pentaose, and -hexaose complexes of [M + Ca + CI]",
excluding the minor peaks of maltotriose, were baseline resolved from isomalto-triose, -tetraose,
-pentaose, and -hexaose complexes. Because maltotetraose and stachyose could not be resolved as

[M + Ca + CI]" complexes under high resolving power settings, the mobility distributions of
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maltotetraose and stachyose pairs were also studied as [M + Ca + X]" and [M + Ba + X]*
complexes, where X represents a halogen anion (CI, Br', orI') (Xie et al., 2021). It was observed
that the mobility differences between maltotetraose and stachyose complexes, [M + Ca + X]°,
increased as the anion size increased from CI” to Br to I'. In contrast, for maltotetraose and
stachyose complexes of [M + Ba + X], the mobility differences decreased with increasing anion
size (CI' < Br” < I). Differences in the mobility distributions for maltotetraose and stachyose
complexes, [M + Ca + X]"and [M + Ba + X]", differed based on the metal and halogen. Of all the
complexes studied, [M + Ca + I]" and [M + Ca + Br]" were most effective in resolving various
isomeric pairs of carbohydrates. From the twenty-one isomeric pairs consisting of tri-, tetra-,
penta- and hexa-saccharides that differed in the monosaccharide unit composition,
stereochemistry, and regiochemistry, twenty were able to be distinguished as [M + Ca + I]" and
[M + Ca + Br]" complexes, whereas twelve were baseline resolved when analyzed as [M + Ca +
I]" complexes. These results indicate that adducting carbohydrates with both a metal cation and a
halogen anion can change the gas-phase conformations of the carbohydrate, resulting in

characteristic conformational features and the separation of isomer pairs.

D. IMS with High Resolving Power
Different IMS techniques yield different resolution (R) and resolving power (R,) (Cumeras
et al., 2015; Sans et al., 2018; Dodds & Baker, 2019). The R, of a single peak is calculated from
the ion’s arrival time (#,) and the peak width at half the maximum height (FWHM) (Equation 5)

(Siems et al., 1994; Kanu et al., 2008; Dodds et al., 2017; Bohnhorst et al., 2020).

ta

R. =
P FWHM

(5)
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DTIMS and TIMS instruments have lower resolving powers than TWIMS instruments,
though new IMS platforms aim to further increase the resolving power (Michelmann et al., 2015;
Dodds et al., 2017; Dodds & Baker, 2019; Hollerbach et al., 2020; May et al., 2021). Cyclic IMS
(cIMS) and structures for lossless ion manipulations (SLIM) offer the ability to resolve multiple
gas-phase conformations with extended path lengths compared to traditional IMS techniques.
cIMS and SLIM platforms utilize printed circuit boards (PCBs), consisting of closely aligned RF
and DC electrodes, that apply electric fields to manipulate ion movement (Tolmachev et al., 2014;
Attah et al., 2019). TWIMS, operating at low voltages, is utilized in both cIMS and SLIM devices
to separate ions based on mobility differences. Additionally, the RF electric fields enable ion
transport over long distances without significant ion loss, providing effective ion transmission
(Tolmachev et al., 2014).

Both cIMS and SLIM enable increased resolving power compared to traditional IMS
(DTIMS, TWIMS, TIMS) due to increased ion path lengths for separations. In cIMS instruments,
the traveling waves move ions in a circular cell with a path length of 98 cm, though multipass
separations can be performed to further increase the path length (Giles et al., 2019). Multipass
separations can also be achieved with a TW-based SLIM serpentine ultralong path with extended
routing (SUPER) device, with each pass through the device being 13.5 m (Deng et al., 2017). With
SLIM SUPER, ions travel through the device in serpentine motions, making multiple turns around
the PCB. Both cIMS and SLIM can suffer from “wrap-around” or “rollover” effects, where a faster
ion laps a slower ion (Hollerbach et al., 2020). Multi-level SLIM devices can remove these effects.
Thus, recent SLIM designs include elevators and escalators, allowing ions to traverse through
multiple levels of the device, extending the path length to 43 m, and increasing the resolving power

(Ibrahim et al., 2017; Hollerbach et al., 2020).
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SLIM enabled resolution of Na“-adducted trisaccharide isomers, which could not be
resolved by DTIMS. Four Na'-adducted trisaccharide isomers, including melezitose, raffinose,
maltotriose, and isomaltotriose, were analyzed individually and separated from a mixture (May et
al., 2021). Melezitose and raffinose are non-reducing carbohydrates that differ in one
monosaccharide unit, linkages, and anomericity, while isomaltotriose and maltotriose are reducing
carbohydrates with different linkages. In DTIMS, only melezitose could be resolved. The other
three trisasccharides generated broad mobility peaks, preventing the carbohydrates from being
resolved. However, with SLIM, narrower ATDs resulted. Melezitose and raffinose were fully
resolved, and isomaltotriose and maltotriose were partially resolved. The SLIM experiments
resulted in a higher resolving power (R, of 297) compared to the DTIMS experiments (R, of 56).

Metal adduction can lead to different gas-phase conformations, including those associated
with different carbohydrate anomeric configurations. The SLIM SUPER platform, consisting of a
45 m path length, has been used to separate Na'-adducted isomers. For Na'-adducted
trisaccharides, different numbers of peaks were detected for reducing versus non-reducing
carbohydrates (Nagy et al., 2018). Figure 5 shows that single peaks were observed for non-
reducing carbohydrates, melezitose and raffinose, while multiple peaks were observed for reducing
carbohydrates, maltotriose and cellotriose. These additional mobility features are hypothesized to
result from the anomeric configurations at the reducing end of the carbohydrates, generating
different gas-phase conformations, which can be distinguished in IMS with sufficient resolving
power. Na'-adducted pentasaccharide isomers, including linear cellopentaose, linear
maltopentaose, and branched mannopentaose were separated in a SLIM device with a 13 m path
length (Deng et al., 2016). Mannopentaose differs in both the monosaccharide composition and

connectivity, compared to the stereoisomers cellopentaose and maltopentaose. The SLIM mobility
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data showed multiple mobility peaks for the Na"-adducted carbohydrates that were not resolved

by DTIMS, indicative of the anomeric configurations of the carbohydrates.

Figure 5. Separation of Na“-adducted trisaccharide isomers by cIMS. Republished with permission of
Royal Society of Chemistry, from Nagy, G., et. al. Unraveling the isomeric heterogeneity of glycans: ion
mobility separations in structures for lossless ion manipulations. Chem. Comm. 2018, 54, 83, 11701-

11704; permission conveyed through Copyright Clearance Center, Inc.
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SLIM was also utilized to distinguish various [M + H]" and [M + K + H]*' species of
HMGOs, resulting in different observed gas-phase conformations (Nagy et al., 2018). Protonated
HMO isomers, LNT and LNnT, were resolved using a SLIM device with a 31.5 m path length.
Four peaks were observed in the ATD of [LNT + H]", indicating that multiple conformations exist
in the gas-phase. The conformational differences are hypothesized to be due to a and B anomers
existing in the gas-phase and protons coordinating to different sites (Nagy et al., 2018). Lacto-N-
hexaose (LNH) and lacto-N-neohexaose (LNnH), which are linkage isomers (Figure 3), were
resolved as [M + K + H]*" ions after one pass (13.5 m) through a SLIM SUPER device, with arrival

times of 0.140 s and 0.133 s, respectively. However, after nine passes (121.5 m), an additional,
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unresolved conformational feature of LNnH was observed, indicating improved resolution for
longer path length separations (Deng et al., 2017). [M + K + H]*" complexes of lacto-N-
fucopentaose isomers (linear LNFP I and branched LNFP II and III shown in Figure 3) were
separated using SLIM SUPER with a 45 m path length. Due to the differences between the linear
and branched HMO structures, their separation resulted in multiple mobility peaks in the ATDs,
corresponding to multiple gas-phase conformations, potentially due to different K coordination
sites (Nagy et al., 2018). In comparison to utilizing [M + H]" complexes for separating LNT and
LNnT, [M + K + HJ* complexes of LNH and LNnH could be resolved at shorter path lengths
(Deng et al., 2017), indicating that the metal addition provides enhanced separation. Additionally,
depending on the HMO size and isomeric structural features, both [M + H]" and [M + K + H]*"
HMO complexes result in multiple conformational features, indicating differences in gas-phase
conformations.

cIMS has also been used to distinguish carbohydrate isomers of varying size using different
metal adducts. A mixture of isomeric Na'-adducted pentasaccharides, including maltopentaose,
cellopentaose, and branched mannopentaose, were separated in a cIMS device after three passes,
approximately a 3 m path length (Giles et al., 2019). Na"-adducted isomeric di- and tri-saccharide
HMO-core structures, including lactosamine, galactosyllactoses, fucosylated, and sialylated
structures, were resolved on a cIMS platform with an extended path length of 40 m (Peterson &
Nagy, 2021). Furthermore, as the path length was increased in increments from 10 m to 40 m,
additional features were observed in the mobility data, highlighting the improvement in isomer
resolution with increasing path length. Stereoisomeric pairs of maltose and cellobiose, as well as
malto- and cello-triose, -tetraose, -pentaose, and -hexaose were adducted to group I metals (Li”,

Na*, K*, Rb", and Cs") and analyzed by cIMS with a path length of up to 15 m (Williamson et al.,
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2021). After separating each pair of metal-adducted stereoisomers and calculating the o/f
anomeric ratios of the reducing end configuration, a trend was observed in the ATDs for the
anomeric forms of the malto- and cello-stereoisomers. It was observed that the B cello-anomers
had a higher mobility than the a cello-anomers, while the B-malto-anomers had a lower mobility
than the a-malto anomers. It was hypothesized that multiple mobility peaks resulted from the a
and B forms at the reducing end of the carbohydrates. Similar to lower resolving power IMS,
separation of the stereoisomers was dependent on the carbohydrate and metal ion. For maltose and
cellobiose, K" adducts yielded the best separation, while for malto- and cello-triose, Li* adducts
resulted in the best separation. Additionally, the best separation was displayed for pairs of Li" and
Na" adducts of malto- and cello-tetraose and malto- and cello-pentaose, respectively. However, a
specific group I metal was not shown to separate pairs of malto- and cello-hexaose. Thus, there
were no observed trends to correlate the size of the metal and ability to resolve pairs of maltose
and cellobiose, malto- and cello-triose, -tetraose, -pentaose, and -hexaose and their anomeric

forms.

V. Fragmentation of Carbohydrates

Tandem MS (MS/MS), which utilizes fragmentation, is valuable for analyzing isomeric
species. During fragmentation, chemical bonds are broken in a manner dependent on the chemical
structure of the precursor ion. Therefore, differences in gas-phase, isomer structures can be
exploited to form diagnostic fragments with distinct m/z values and peak abundances.
Fragmentation is deemed effective for sequencing structures based on the fragmentation
efficiency, which is defined by the intensity of the precursor ion before and after fragmentation,
as well as the ability to form unique fragments. However, a high fragmentation efficiency does not

ensure the formation of diagnostic fragments. Scheme 1 shows carbohydrate fragments and the
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associated Domon and Costello nomenclature (Domon & Costello, 1988). B/Y and C/Z fragments
form from glycosidic-bond cleavages, while A/X fragments form from cleavages within rings. A,
B, and C fragments retain the non-reducing end of the carbohydrate, while X, Y, and Z fragments
retain the reducing end. The subscripted numbers identify the monosaccharide subunits retained
in the fragment. For example, a B1 fragment retains one monosaccharide subunit. Superscripts are
used to describe the location of cross-ring cleavages for A/X fragments. As discussed in the
ionization section of this review, many carbohydrate ions are formed as an adduct with a single
charge carrier or metal ion. Therefore, detection is limited to fragments that maintain a charge.
This is different than protein and peptide fragmentation, which may contain multiple protons,
enabling detection of fragments on both sides of the cleaved bond. Additionally, the precursor ion
signal intensity is important because higher precursor ion signals may enable the detection of low

intensity fragments formed by less energetically favorable pathways.

Scheme 1. Modified from Domon & Costello, 1988

OH

OH

A. Collision Induced Dissociation
Collision-induced dissociation (CID) is an ion/molecule reaction in which an ionic species

repeatedly collides with neutral gas molecules, such as helium, argon, or nitrogen (Jennings, 1968;
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McLafferty & Schuddemage, 1969; McLafferty et al., 1973). These collisions increase the internal
energy of the ions, causing dissociation of the carbohydrate bonds. Several related factors affect
ion fragmentation by CID, including the efficiency of CID in converting kinetic energy into
internal energy for the analyte ion, the amount and variability of the deposited energy, and the
timeframe over which collisional activation occurs relative to the time required for unimolecular
dissociation (McLuckey & Goeringer, 1997; Mitchell Wells & McLuckey, 2005). Additionally,
the instrument must sample the reaction at a timescale appropriate to monitor dissociation

(Mitchell Wells & McLuckey, 2005).

The fragmentation energy affects the product ions formed from metal-adducted and
protonated carbohydrates. Single, high-energy collisions (>1 keV) form large numbers of cross-
ring and glycosidic-bond cleavages for Na" adducts (Spengler et al., 1994; Harvey et al., 1997).
This is in contrast to low collision energies (<100 eV), which require multiple collisions since
most of the collision energy is not converted into internal energy (Mitchell Wells & McLuckey,
2005). Low-energy CID is known to predominantly cleave glycosidic bonds; however, the extent
of cross-ring cleavage is heavily influenced by the metal utilized to form the carbohydrate adduct
(Sible et al., 1997; Konig & Leary, 1998; Harvey, 2001; Schaller-Duke et al., 2018). Because
cross-ring cleavages are crucial for determining linkages, these fragments are vital for
differentiating isomers (Konig & Leary, 1998).

Metal adduction alters the CID fragmentation mechanisms of carbohydrates compared to
protonation (Harvey, 2000; Bythell et al., 2017). For protonated species, the detected CID
fragments are primarily glycosidic-bond cleavages, with very few cross-ring cleavages (Harvey,

2000; Bythell et al., 2017; Castillo et al., 2021), though water loss is another major product (Bythell
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et al., 2017). CID of protonated carbohydrates is also limited by inefficient ionization, making
detection of low intensity fragments challenging.

For group I metal-adducted carbohydrates, fragmentation is proposed to occur by charge-
remote fragmentation, in which the metal does not directly initiate dissociation; rather,
fragmentation is hypothesized to require a mobile proton (Bythell et al., 2017; Rabus et al., 2017).
Glycosidic-bond cleavage requires movement of a proton to the glycosidic bond. For Na'-adducted
cellobiose (Scheme 2), a proton migrates from the carbon-6 hydroxyl to the glycosidic bond. Then,
nucleophilic attack from the alkoxide on carbon-1 causes glycosidic-bond cleavage (Rabus et al.,
2017). Mechanisms for minor products have hypothesized that a proton attached to carbon-2 could
also migrate to the glycosidic oxygen to initiate bond dissociation (Bythell et al., 2017). The metal,
Na" in Scheme 2, stabilizes hydroxyls during proton migration by coordinating multiple oxygens
during the dissociation reaction. This stability is not present for protonated carbohydrates, as the
proton is hypothesized to interact with one, or at most, two oxygens. Thus, the gas-phase structures
of metal-adducted carbohydrates influence CID fragmentation. This difference in stability is
fundamental to the fragmentation differences seen for metal-adducted compared to protonated

carbohydrates.
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Scheme 2. Modified from Rabus et al., 2017

C
5 -0 'OH
”O% o
HO < oH

Cross-ring cleavages require that two bonds be broken in a carbohydrate ring, both of
which require proton migration. For Na‘-adducted carbohydrates, a proton is hypothesized to
move from a hydroxyl to the oxygen in the monosaccharide ring. Scheme 3 shows the cross-ring
cleavage of Na“-adducted gentiobiose to form “2A». First, a proton migrates from the hydroxyl on
carbon-1’ to the oxygen in the monosaccharide ring, causing the glucose ring to open and form an
aldehyde. A second proton then migrates from one of the remaining hydroxyls to the aldehyde,
cleaving a carbon-carbon bond and resulting in a cross-ring cleavage. In Scheme 3, for the

formation of the “?A; fragment, a proton migrates from the carbon-2” hydroxyl to the aldehyde.
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The redistribution of electrons results in cleavage between carbon-2’ and carbon-3’. Although it is
not well understood mechanistically, the presence of the metal is hypothesized to make these cross-
ring cleavages more energetically favorable during CID by stabilizing the complex through

coordination with multiple oxygens (Bythell et al., 2017; Rabus et al., 2017).

Scheme 3. Modified from Rabus et al., 2017

The proton charge carrier is a fundamental part of the CID mechanism for protonated
carbohydrates. The proton initially migrates to the glycosidic bond for dissociation. Scheme 4
shows the CID dissociation mechanism for protonated lactose. With redistribution of the internal
vibrational energy, a hydroxyl oxygen (e.g. from carbon-6) attacks carbon-1, cleaving the
glycosidic bond and forming an anhydro carbohydrate, similar to the Bi product in Scheme 2
(Bythell et al., 2017). The proton can remain associated with the glycosidic oxygen or migrate to

the anhydro carbohydrate post-cleavage (Scheme 4), which determines whether the charge is
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retained on the reducing or non-reducing end. An alternate mechanistic pathway involves the lone
pair of electrons attached to the oxygen in the monosaccharide ring forming a double bond with
carbon-1, which causes cleavage of the glycosidic bond and formation of an oxocarbenium ion for
the B fragment (Bythell et al., 2017). Energetics calculations for both structures are similar. For
the oxocarbenium ion formed through the alternate mechanism, a proton can be abstracted from a
hydroxyl on the monosaccharide at the non-reducing end after glycosidic cleavage to form a

charged Y fragment.

Scheme 4. Modified from Bythell et al., 2017
OH¢

HO

Dehydration neutral loss fragmentation mechanisms have also been investigated with

protonated and metal-adducted carbohydrates. Experimentally, multiple dehydration neutral losses
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have been observed for a single monosaccharide (Mookherjee et al., 2018). Mechanistic
differences have been described for Na*-adducted N-acetylhexosamines (GlcNAc and GalNAc)
compared to protonated systems for the first dehydration neutral loss. Na'-adducted N-
acetylhexosamines have been shown to lose a non-labile hydrogen attached to carbon in addition
to the loss of a hydroxyl group (Chiu et al., 2019), while protonated N-acetylhexosamines (GIcNAc
and GalNAc) lose two labile hydrogens in addition to oxygen during the dehydration reaction
(Mookherjee et al., 2018). This mechanistic difference is hypothesized to be related to charge
remote fragmentation with metals as opposed to charge directed fragmentation for protonated N-
acetylhexosamines. The metal is predicted to create a more acidic environment, allowing a
hydrogen attached to a nearby carbon to transfer to a carbonyl before the hydrogen transfers to a
nearby hydroxyl to yield water loss (Chiu et al., 2019). However, the second and third dehydration
neutral loss reactions of protonated N-acetylhexosamines lose nonlabile hydrogens in addition to
labile hydrogens (Mookherjee et al., 2018). Li*- and Na'-adducted hexose monosaccharides
(glucose, galactose, and mannose) have shown a similar but distinct dehydration mechanism to
protonated N-acetylhexosamines, with the loss of two labile hydrogens and oxygen (Chen et al.,
2017; Abutokaikah et al., 2018). These mechanistic differences seen with CID indicate that the
metal-adduction impacts hexosamines in a distinct manner compared with hexoses.

Although a mechanism has yet to be published for CID fragmentation of carbohydrates
adducted to divalent or trivalent metals, the metals are likely to affect fragmentation. For example,
for Ca?"-adducted carbohydrates, the detected fragments retain the same 2+ charge state (Schaller-
Duke et al., 2018). Therefore, the fragmentation mechanism is likely similar to that proposed for
Na*-adducted carbohydrates in Schemes 2 and 3. However, for some metals, such as Ni**, Co*",

and Mg?*, a mixture of 2+ and 1+ fragments that have lost a proton are detected (Schaller-Duke et
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al., 2018; Wong et al., 2022). The proton loss suggests that a distinct mechanism may occur during
dissociation. Furthermore, because the number of cross-ring cleavages is similar to that detected
from deprotonated ions in negative-ion mode, the formation of a 1+ ion that has lost a proton may
be critical to the formation of cross-ring cleavages (Harvey, 2001; Adamson & Hakansson, 2007a).

Group I metals influence the fragmentation patterns of carbohydrates during CID due to
charge density. Studies in the mid-90s from the Lebrilla group compared CID fragmentation
patterns of group I metals adducted to carbohydrates (Cancilla et al., 1996). They found that Li*
and Na" produced the highest fragmentation efficiency for high-mannose N-linked glycans and
HMOs, while the large ionic radii of Rb* and Cs* resulted in almost no fragmentation. In addition,
glycosidic-bond cleavages were the dominant fragments detected from K*-, Na™-, and Li'-
adducted carbohydrates (Cancilla et al., 1996; Harvey, 2001; Przybylski & Bonnet, 2013;
Hofmann et al., 2017; Schaller-Duke et al., 2018). These results indicate that the ionic radius is
important in carbohydrate fragmentation (Cancilla et al., 1996). The ionic radius (Table 1)
influences the bond distance between the carbohydrate oxygens and the cation (Bythell et al.,
2017). Additionally, a singly charged metal with a large ionic radius has a low charge density
(Table 1) (Cancilla et al., 1996; Harvey, 2000). The lower charge density limits the mobility of
protons within the carbohydrate, which is necessary to cause dissociation by CID (Cancilla et al.,
1996). The lower charge density also influences the predicted energy barrier for metal loss, which
can become energetically favorable compared to covalent bond dissociation, limiting the structural
information achievable from CID with very low charge density metals (Chen et al., 2017).
However, when low charge density metals such as Na* are adducted to a- and B-glucose anomers,
the monosaccharide isomers can be distinguished from one another based on the energetic

favorability of dehydration reactions for a-glucose. Na'-adducted a-glucose can more accessibly
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form 2-ketone or 1,2 anhydroglucose compared to Na-adducted B-glucose, allowing for anomeric
isomers to be distinguished based on difference in dehydration loss.

The charge density of the carbohydrate-metal ion adduct is likely the influential factor in
fragmentation differences between metal-adducted disaccharides and larger oligosaccharides. Na*
and Li" adducts of di- and tri-saccharides form more cross-ring cleavages than Na'- and Li'-
adducted heptasaccharides, such as maltoheptaose (Asam & Glish, 1997; Harvey, 2000; da Costa
etal., 2012; Azenha et al., 2013). Greater numbers of cross-ring cleavages have been observed for
larger carbohydrates adducted to divalent and trivalent metals (Konig & Leary, 1998; Harvey,
2001; Schaller-Duke et al., 2018; Wong et al., 2022). For larger carbohydrates the low charge
density of group I metals limits the yield of cross-ring cleavages in low-energy CID. This suggests
that the metal properties and size of the carbohydrate impact the charge density of the gas-phase
adduct ion.

The ionization energy is another important metal property affecting fragmentation.
Fragments of carbohydrates adducted to either group II or divalent transition metals have been
compared to group I metal adducts. Doubly charged transition metals, including Zn**, Ni**, and
Co?" with high second ionization energies (Table 1), lead to significant cross-ring cleavages (Sible
et al., 1997; Harvey, 2001; Schaller-Duke et al., 2018). The second ionization energy is theorized
to impact the affinity for sharing electrons with oxygens in hydroxyl groups, impacting the ion
stability. Therefore, a metal with a higher second ionization energy is hypothesized to form a less
stable ion, leading to more energetically favorable fragmentation pathways. The higher second
ionization energy is also hypothesized to promote the loss of protons, which may explain why CID
fragments of Co?*-, Zn**-, and Ni**-adducted carbohydrates are detected as 1+ ions following

proton loss. Group II and transition metals with lower second ionization energies (Ca**, Mg?*, and
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Mn?"), yield a moderate number of cross-ring fragments (Fura & Leary, 1993; Sible et al., 1997;
Harvey, 2001). Research indicates that Ca®" is effective at creating detectable cross-ring cleavages
because of its intense precursor signal, which is a factor that benefits group II metals and Mn?" in
comparison to other metals and protonation (Harvey, 2001). Monovalent and divalent Ag" and
Cu?' influence CID fragmentation in a distinct manner compared to other transition metals.
Although most transition metals cause substantial cross-ring cleavages, Cu?*" and Ag' have
displayed results similar to that of group I metals by predominantly forming glycosidic-bond
cleavages (Harvey, 2001; Harvey, 2005). The CID fragmentation behavior of Ag" is hypothesized
to be due to the similar charge density of Ag” and Na* (Table 1). Furthermore, it is hypothesized
that the high second ionization energy and unique electron configuration of Cu?*, compared with
other divalent transition metals, causes Cu®" to act similarly to group I metals and Ag* (Harvey,
2001; Schaller-Duke et al., 2018). The high second ionization energy of Cu?" causes the ion to be
unstable in the 2+ form. Also, it may be favorable for Cu®* to transition to Cu” due to the complete
d-orbital shell, which could improve the gas-phase stability of Cu”. This likely explains why Cu"-
adducts are often formed from ESI (Harvey, 2001).

For divalent and trivalent metals, a deprotonated precursor, [M + metal - nH]", or anion
adduct, [M + metal + anion]’, can be fragmented, which affects the resulting CID spectra.
Although deprotonated precursors are often detected at lower intensities than divalent metal-
adducted carbohydrates, the fragmentation spectra can be diverse, which is valuable for structural
analyses of carbohydrates. La*", Cr*", Fe*", and A" form [M + metal - 2H]" or [M + metal - H]**
during ionization and yield substantial cross-ring fragmentation, comparable to that seen for Co*"
and Ni*" adducts, detected as [M + metal]>" (Schaller-Duke et al., 2018; Schaller-Duke, 2019).

When detecting fragments from [M + metal + anion]", the anion (CI" or Br’) is commonly lost
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during CID through neutral loss, forming HCI or HBr; yet, the metal is retained, indicating that
the anion is likely coordinated to hydrogens as opposed to the retained metal ion (Fura & Leary,
1993). For [M + metal + Cl]*, where the metal was Ca**, Co?" or Mn?*, cross-ring cleavages could
be used to distinguish two linkage isomers of mannotriose (Sible et al., 1997). However, analysis
of [M + metal + anion]" and trivalent metal adducts is often challenging due to the weak precursor
ion signal compared to [M + divalent metal]*".

Differences in the collision energy required to induce fragmentation when using low-
energy CID have been investigated for protonated and group I metal adducts of carbohydrates. For
group I metal adducts, the collision energy required to initiate dissociation decreases for K™> Na*
> Li" (Cancilla et al., 1996; Harvey, 2000; Bythell et al., 2017). In comparison to group I metal
adducts, protonation requires lower collision energies to induce fragmentation (Harvey, 2000).
When directly comparing fragmentation of Li*- and Ca®"-adducted trisaccharides, Ca**adducts
required three times less collision energy to induce dissociation (Kim, 2021). It has been suggested
that lower charge density metals (Table 1) require more energy to initiate fragmentation when
using low collision energies (Bythell et al., 2017). The differences in energy requirements to
induce fragmentation are likely due to the differences in the cation binding distance to the hydroxyl
oxygens, which impacts the precursor and product ion stability. Protons, being smaller, have closer
interaction distances than all group I metals (Cancilla et al., 1996; Bythell et al., 2017).

Metal adduction can stabilize labile carbohydrate modifications and prevent structural
rearrangements. For example, fucose and xylose migration can occur during CID of protonated
carbohydrates (Briill et al., 1998; Wubhrer et al., 2006; Hecht et al., 2017; Mucha et al., 2018).
Fucose is a critical monosaccharide found in human glycans and HMOs, while xylose is a common

monosaccharide found in plant N-linked glycans. Fucose and xylose migration lead to
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misidentification of precursor ion structures. By utilizing Na* adducts, fucose migration can be
minimized (Brill et al., 1998; Mucha et al., 2018), though it has been hypothesized that other
metals would also effectively minimize migration due to the mechanism of charge-remote
fragmentation (Mucha et al., 2018). Since the metal is not directly involved in dissociation, it
coordinates with multiple oxygens, creating a stable charge location. However, with protonation,
since the location of the charge site migrates and can interact with just one oxygen, this allows for
fucose migration to occur (Mucha et al., 2018). GAGs have labile sulfate groups that vary in
location, making cross-ring cleavages necessary to identify their locations. Na"- and Ca*'-
adduction prevent the loss of sulfate groups during CID of GAGs (Zaia & Costello, 2003; Taylor
et al., 2009; Kailemia et al., 2012). Unlike other types of carbohydrates, metal adduction minimally
affects the number of cross-ring cleavages or glycosidic-bond cleavages for GAGs (Zaia &
Costello, 2003; Kailemia et al., 2012). This is likely because with metal adduction, multiple
deprotonation sites for GAGs still exist that are involved in the fragmentation mechanism. Finally,
HMOs and glycans with labile sialic acid monosaccharides have been stabilized by metal
adduction during CID (Leavell & Leary, 2001).

Derivatization can also influence fragment formation when combined with metal adduction
or protonation. Recent publications have examined CID fragmentation of metal-adducted (Co*" or
Ni**) carbohydrates, which are known to be effective at forming cross-ring cleavages with
underivatized carbohydrates (Schaller-Duke et al., 2018). However, when the same metals are used
to fragment permethylated glycans, glycosidic-bond cleavages become more predominant (Zhu et
al., 2015). When using group I metals of Na" and Li', the formation of cross-ring cleavages
decreases and glycosidic-bond cleavages increase during low-energy CID (Briill et al., 1998;

Solouki et al., 1998; Prien et al., 2009). The addition of methyl groups likely inhibits and alters the
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movement of protons around the carbohydrate, limiting the formation of cross-ring cleavages at
low collision energies. However, cross-ring cleavages have been detected for Na'-adducted,
permethylated glycans when using high-energy CID (Lemoine et al., 1996). CID of metal-
adducted, permethylated and underivatized carbohydrates have also been detected, losing the metal
adduct and having a proton as the remaining charge carrier (Han & Costello, 2011; Wong et al.,
2022). These results suggest that metal loss from CID may depend on the metal in the precursor,
with Mg?"-adducted precursors being more likely to lose the metal and become protonated
fragments compared to Na'-adducted carbohydrates (Wong et al., 2022).
B. Electron-Based Fragmentation

In electron-based fragmentation, an energized electron is transferred to a precursor ion,
which results in bond cleavage. Low-energy electron-based fragmentation techniques include
electron capture dissociation (ECD) (Zubarev et al., 1998) and electron transfer dissociation (ETD)
(Syka et al., 2004). ECD involves creating a low-energy (~1 eV) electron beam that interacts with
a trapped precursor ion to induce fragmentation (Zhurov et al., 2013). ECD can also use a higher
energy electron beam of ~9 to 10 eV, often called hot-ECD (HECD) (Kjeldsen et al., 2002; Zhurov
et al., 2013). The formation of a stable electron beam has previously required high vacuum systems
of ~107!% torr, which are only present in Fourier transform-ion cyclotron resonance (FT-ICR) mass
spectrometers (Zhurov et al., 2013). However, recent advances have enabled the use of ECD with
mass analyzers with higher pressures than FT-ICRs (Fort et al., 2018; Beckman et al., 2021),
though applications to carbohydrates are minimal at this time. Multiply charged precursor ions are
required for ECD because adding an electron reduces the charge of the detected fragments; this
prevents the analysis of group I metal adducts and protonated carbohydrates because they do not

regularly form multiply charged ions (Harvey, 2000; Huang & Dodds, 2013; Mookherjee et al.,
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2020). For multiply charged, metal-adducted carbohydrates, ECD has yielded a diverse array of
cross-ring and glycosidic-bond cleavages, which are required to distinguish isomers (Adamson &
Hékansson, 2007; Yu et al., 2012; Huang et al., 2014).

ETD involves the transfer of a low-energy electron from a radical anion reagent to a
multiply charged cation to induce fragmentation through an ion/ion reaction (Syka et al., 2004).
Therefore, like ECD, ETD requires a multiply charged precursor to analyze glycans. The
recombination energy is different for ETD compared to ECD since the electron must overcome
the electron affinity of the anion reagent to transfer from the anion to the cation (Mentinova et al.,
2013). The difference in recombination energy is hypothesized to be the fundamental difference
that separates the available fragmentation pathways in ETD from those in ECD. Additionally, since
ETD occurs through ion/ion reactions, proton-transfer-induced fragmentation (PTD) or proton-
transfer charge reduction (PTCR) can occur and compete with ETD (Gunawardena et al., 2005).
Proton transfer involves transferring a proton from the precursor ion to the ETD anion reagent
(Stephenson & McLuckey, 1996; Gunawardena et al., 2005). The extent of proton transfer (PT)
and electron transfer (ET) are dependent on the molecular properties of the anion reagent,
including the electron affinity and Franck-Condon factors (Gunawardena et al., 2005).
Fluoranthene, azulene, and azobenzene are the most commonly used ETD reagents because of
their ability to induce more electron-based dissociation than proton transfer (Gunawardena et al.,
2005; Compton et al., 2012). However, for metal-adducted carbohydrates, fluoranthene and 1,4-
dicyanobenzene are common reagents because of their commercial availability, though
fluoranthene has been more readily utilized because 1,4-dicyanobenzene causes charge reduction

or electron transfer no dissociation (ETnoD) (Huang & Dodds, 2015).
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The mechanism for low-energy electron fragmentation (e.g., ECD and ETD) is influenced
by the charge state and charge density of the precursor ion, making the metal adduct important for
dissociation (Liu & McLuckey, 2012). It has been hypothesized that the metal captures the
electron, then abstracts a hydroxyl group forming a bond and resulting in a carbon radical within
a monosaccharide ring (Han & Costello, 2011; Huang et al., 2014). Scheme 5 shows a
fragmentation mechanism for Mg?*-adducted cellobiose. Mg"® abstracts the carbon-3’ hydroxyl to
form a radical on carbon-3’. The electron can then migrate around the ring, generating several
different cross-ring cleavages. In Scheme 5, the radical migrates from carbon-3’ to carbon-5’ to
carbon-1" and back to carbon-3’, causing bond cleavages and the formation of the >*A, + H
fragment and multiple neutral products. Scheme 5 also shows that a radical hydrogen can be
ejected, causing the detected fragment to lose a proton, as shown with the formation of the >*A,
fragment (Yu et al., 2012; Huang et al., 2014). Although in an alternate proposed mechanism, the
24A, fragment is hypothesized to form from radical hydrogen migration (Huang et al., 2014).
Radical hydrogen migration within or between fragments or radical hydrogen ejection from a
fragment is hypothesized to be more energetically favorable at low charge states and low charge
densities for peptides, which is likely the case for carbohydrates as well (Leymarie et al., 2003;

Bythell, 2013; Bythell, 2014).
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Scheme 5. Modified from Huang et al., 2014
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The charge density, electron configuration, and second ionization energy of the metal
adducted to the carbohydrate are critical properties for producing unique fragments during ETD
and ECD, which are required for distinguishing isomeric carbohydrates. Significant cross-ring and
glycosidic-bond cleavages for disaccharides and larger carbohydrates (11 monosaccharide
subunits) can be formed by low-energy electron fragmentation (ETD and ECD). Adducts with
Ca?", Sr**, Ba®*, 2 Na“, and 2 H", result in few cross-ring or glycosidic cleavages, though more
fragments are produced with ECD compared to ETD (Adamson & Hékansson, 2007; Yu et al.,
2012; Schaller-Duke et al., 2018; Wong et al., 2022), likely due to the slightly higher
recombination energy in ECD (Mentinova et al., 2013). Figure 6 shows fragmentation spectra of
2Na*-, Mg?'-, Cu?*-, and Co**-adducted maltotetraose after undergoing a 400 ms ion/ion reaction
with fluoranthene. Here, distinct differences in fragmentation can be seen across the four metals,
indicating how the unique gas-phase structures of metal-adducted maltotetraose interact with
fluoranthene during ion/ion reactions. The metal substantially affects the extent of cross-ring
cleavages, with Co?* yielding the most cross-ring cleavages (Schaller-Duke et al., 2018). As
previously mentioned in the CID section, it is hypothesized that because of the high second
ionization energy of Co?" (Table 1), ions formed through ESI are less stable than group II metal
adducts and require the sharing of additional electrons from carbohydrate oxygens. These
additional interactions with oxygens can readily induce fragmentation. Mg?" was moderately
effective at producing cross-ring cleavages (11 cross-ring cleavages), with slightly less than half
the number detected with Co**. Compared with Co?*, Cu?" displays predominantly glycosidic-
bond cleavages. It is hypothesized that because Cu" exists with a stable electron configuration with

a full outer d-orbital shell, this limits fragments formed from Cu®** compared to Co*" (Schaller-
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Duke et al.,, 2018). Finally, Figure 6 shows that few fragments were observed for ETD
fragmentation of maltotetraose adducted to two Na'. For both ECD and ETD, 2 Na" are less
efficient for fragment formation due to the low charge density compared to adducts with 2 Li",
Co?*, Mg?*, Zn**, La*" and Ni** (Adamson & Héakansson, 2007; Yu et al., 2012; Schaller-Duke et
al., 2018; Schaller-Duke, 2019; Wong et al., 2022). Experimental work with 2 K*-, 2 Rb*-, and 2
Cs"-adducted to maltoheptaose result in metal loss during ECD (Yu et al., 2012). These metals
have charge densities that are so low that electron fragmentation pathways may not be energetically

favorable.

Figure 6. Fragmentation of 2 Na*-, Mg?*-, Cu*'-, and Co?"-adducted maltotetraose, using fluoranthene as
an ETD reagent. The colors are utilized to distinguish differences in the product ions with black, blue,
red, and green representing neutral losses, glycosidic-bond cleavages, cross-ring cleavages, and internal
cleavages, respectively. Internal cleavages are a combination of a cross-ring and glycosidic cleavage. The
remaining precursor ions are labeled in light blue/cyan. [Color figure can be viewed at
wileyonlinelibrary.com] Reprinted with permission from Schaller-Duke, R. M.; Bogala, M. R.; Cassady,
C. J. Electron Transfer Dissociation and Collision-Induced Dissociation of Underivatized Metallated
Oligosaccharides. J. Am. Soc. Mass Spectrom. 2018, 29, 5, 1021-1035. Copyright 2018 American

Chemical Society.
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ETD and ECD fragmentation of metal-adducted carbohydrates are altered by
permethylation. ETD and ECD of permethylated carbohydrates can form both protonated and
metal-adducted fragments from metal-adducted precursors (Zhao et al., 2008; Han & Costello,
2011), which has only been observed at low intensities for underivatized carbohydrates (Wong et
al., 2022). Therefore, the methyl groups likely alter the fragmentation mechanisms and
energetically favorable pathways, affecting the detected fragments (Han & Costello, 2011).

HECD, with electron beam energies of ~9 eV to 10 eV, can improve fragmentation of
carbohydrate-metal adducts formed with low charge density, group I metals, such as 2 Na*, 2 K™,
2 Rb", and 2 Cs". The higher energy is not expected to alter the fragmentation mechanism, as the
metal adduct is still expected to accept the electron to induce dissociation (Yu et al., 2012).
However, higher energy may allow the electron to migrate within the carbohydrate structure to
produce additional cross-ring and glycosidic-bond cleavages that are not observed using ECD with
lower electron beam energies. Permethylated carbohydrates adducted to group I metals showed
increased cross-ring and glycosidic-bond cleavages, and increased fragmentation efficiency
compared to ECD (Yu et al., 2012). Although HECD has several advantages, its use has been
limited by instrumental availability.

Electronic excitation dissocation (EED) (Nielsen et al., 2000) developed in parallel to ECD
and HECD since all three fragmentation methods utilize an electron beam to cause dissociation.
In EED, a high-energy (>10 eV, ~14 eV to 19 eV) electron beam causes an electron within the
precursor ion to be ejected and recaptured (Zubarev, 2003). For carbohydrates, the electron can be
recaptured by either a carbon or oxygen within a monosaccharide ring, which forms diradicals and
induces fragmentation (Huang et al., 2016). Scheme 6 shows the formation of the diradical at

carbon-1" and 2’°. EED is mechanistically distinct from ECD and HECD, in which the electron is
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captured at the metal center (Scheme 5). As the diradicals migrate around the monosaccharide,
multiple cross-ring cleavages can occur, as shown in Scheme 6 by the formation of Na*-adducted
1SA; and *5A,. Scheme 6 shows the formation of the A fragment from radical migration from
carbon-1’ to carbon-5’ and the formation of formic acid as a neutral loss. Then, A, is formed
from radical cleavage of the bond between carbon-3’ and carbon-4’, forming a double bond
between carbon-4’ and carbon-5’ and a neutral loss of 1,2 ethenediol. Unique to the electron
fragmentation techniques, EED allows for the analysis of singly or multiply charged carbohydrates
(Yu et al., 2012; Tang et al., 2018). Because the metal is not as influential for initially capturing
the electron in EED, it has been hypothesized that EED may be useful for fragmenting
carbohydrate-metal adducts that have low fragmentation efficiency in ECD or CID (Huang et al.,

2016).

54



Scheme 6. Modified from Huang et al., 2016
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Compared to other fragmentation methods, EED is less effected by the metal forming the
adduct with a carbohydrate. Thus, EED has been valuable for fragmenting carbohydrate adducts
with low charge density metals (<1.6x10'° C/nm?), including Na*, K, Rb", and Cs". EED has
yielded significant cross-ring cleavages for carbohydrate adducts with these metals (Yu et al.,
2012; Yuet al., 2013). Carbohydrates adducted to metals with moderately higher charge densities,
including Li*, Ca**, and Mg?", resulted in similar amounts of cross-ring and glycosidic-bond
cleavages by EED when compared to Na'-adducted carbohydrates (Yu et al., 2012; Wong et al.,
2022). Figure 7 displays fragmentation spectra for Li"-adducted sialyl Lewis A (sLe?), which

shows glycosidic-bond and cross-ring cleavages labeled in blue and red, respectively. Figure 7
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also displays several isomeric cross-ring cleavages in green and displays fragments that can be
identified as either cross-ring cleavages or glycosidic cleavages in black. EED has both a higher
fragmentation efficiency and creates more unique fragment products when fragmenting Li-
adducted permethylated carbohydrates (Figure 7) compared to ETD and ECD fragmentation (Han
& Costello, 2011; Yu et al., 2012; Yu et al., 2013). Therefore, EED is less dependent on the
physical properties of the metal charge carrier, making Na" the preferred metal adduct due to its

ubiquity in sample preparations.

Figure 7. EED fragmentation for permethylated, Li*-adducted sialyl Lewis A (sLe*). Fragments
identified specifically as glycosidic cleavages or cross-ring cleavages are labeled in blue and red,
respectively. Isomeric cross-ring cleavages are labeled in green. Fragments that could be either a cross-
ring or glycosidic-bond cleavage are labeled in black. The remaining precursor ion is also labeled in
black. [Color figure can be viewed at wileyonlinelibrary.com] Reprinted with permission from Yu, X., et
al. Detailed Glycan Structural Characterization by Electronic Excitation Dissociation. Anal. Chem. 2013,

85,21, 10017-10021. Copyright 2013 American Chemical Society.
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EED is also similarly effective for fragmenting underivatized and permethylated glycans
(Yu et al., 2012; Huang et al., 2016; Tang et al., 2018; Wong et al., 2022). Thus, EED can be
combined with LC, where Na'-adducted carbohydrates form during EST due to Na" contamination
(Yu et al., 2013; Tang et al., 2018). When combined with porous graphitic carbon-liquid
chromatography (PGC-LC), a mixture of three permethylated, high mannose, N-linked glycan
isomers were identified, showing the effectiveness of EED (Wei et al., 2020). Unlike results with
ETD and ECD, EED of both permethylated and underivatized, metal-adducted carbohydrates have

formed protonated fragments at moderate intensities (Yu et al., 2013; Wong et al., 2022). EED,
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similar to ECD, is still not broadly accessible to researchers, but as shown in Figure 7, EED can
be effective at fragmenting metal-adducted carbohydrates.

Electron detachment dissociation (EDD) (Budnik et al., 2001) and negative electron
transfer dissociation (NETD) (Coon et al., 2005), which are the negative ion dissociation analogs
of EED and ETD, respectively, have been applied to metal-adducted GAGs. However, with EDD
and NETD an electron is lost causing a decrease in the charge state in negative-ion mode (Zhurov
etal., 2013). As previously discussed, the addition of Na™ can stabilize labile sulfate group, which
can also be lost during EDD and NETD for GAG ions that lack metal adducts (Wolff et al., 2010).
However, unlike CID, EDD and NETD of Na"-adducted GAGs have shown that Na" alters the
fragmentation mechanism by decreasing the number of cross-ring and glycosidic-bond cleavages.
It is hypothesized that the addition of more Na* adducts decreases the proton mobility within EDD
and NETD, limiting fragmentation and sulfate loss (Wolff et al., 2008; Wolff et al., 2010; Leach
etal., 2017). Although Na"-adduction limits fragmentation for GAGs from NETD, the attachment
of multiple Na" adducts has improved localization of sulfate modifications since the Na"-adduction
selectively minimizes sulfate loss fragmentation pathways (Leach et al., 2017).

C. Photon Fragmentation Methods

Photon absorption is another effective method for carbohydrate dissociation. The two most
common methods of photon dissociation are ultraviolet photodissociation (UVPD) (Bowers et al.,
1984) and infrared multiphoton dissociation (IRMPD) (Woodin et al., 1978). The number of
photons required to cause dissociation is related to the energy of the photon and the structure of
the analyte. For UVPD, a pulsed laser delivers the photons over a nanosecond timescale to ions in
an ion trap, time-of-flight (TOF), quadrupole time-of-flight (QTOF), or FTICR (Brodbelt et al.,

2019). UVPD has utilized three wavelengths to fragment metal-adducted carbohydrates effectively

58



- 157 nm (F» laser), 193 nm (ArF laser), and 355 nm (solid state Nd:YAG laser) corresponding to
7.9 eV, 6.4 eV, and 3.5 eV, respectively, per photon (Thompson et al., 2004; Wilson & Brodbelt,
2008; Shaw et al., 2013; Morrison & Clowers, 2017). This energy allows for bonds to be broken
with the absorption of a single photon.

General fragmentation mechanisms have been proposed for UVPD; however, the
mechanisms are not as well understood as CID or electron-based fragmentation (Julian, 2017).
Two mechanisms have been proposed for UVPD of biomolecules. The first mechanism involves
the absorbance of a photon, causing excitation of an electron and bond dissociation on the
femtosecond timescale (Zabuga et al., 2014). This dissociation mechanism is similar to that of
EED with rapid electron migration, enabling the formation of many cross-ring cleavages, as seen
with UVPD using 157 nm excitation. The second mechanism relies on the internal conversion of
the photon’s energy into vibrational modes (Julian, 2017), which leads to dissociation of the
weakest bonds. This mechanism is similar to that observed for low-energy CID and is observed
for UVPD with 193 nm and 355 nm excitation. Thus, the photon wavelength affects which
mechanism is dominant in producing fragments for UVPD.

Metal adduction and the excitation wavelength influence carbohydrate fragmentation by
UVPD. The 157 nm excitation has been more successful at creating carbohydrate fragments than
193 nm (Devakumar et al., 2008; Morrison & Clowers, 2017). Na'-adducted trisaccharides form
many cross-ring and glycosidic cleavages with 157 nm excitation (Zucker et al., 2011). Using 193
nm, only Co**- and Na‘-adducted tetrasaccharides have been investigated, with Co?* adducts
yielding greater fragmentation efficiency than Na" adducts. Although both Co?" and Na* adducts
display predominantly glycosidic-bond cleavages, the fragments were detected at low intensities

(Morrison & Clowers, 2017). The Clowers group hypothesized that the limited fragmentation

59



efficiency is related to metal-adducted carbohydrates having few UV absorbing functional groups
at 193 nm (Morrison & Clowers, 2017). For Na“-adducted glycans and carbohydrates (unmodified
or permethylated), more cross-ring cleavages resulted from UVPD at 157 nm than CID
(Devakumar et al., 2007; Devakumar et al., 2008; Zucker et al., 2011; Lee et al., 2012). The
attachment of fluorophores, such as 6-aminoquinoline (6-AQ), 2-amino-9(10H)-acridone
(AMAC), 7-aminomethylcoumarin (AMC), and 2-aminobenzamide (2-AB), resulted in fragments
for Na'-adducted carbohydrates with 355 nm excitation (Wilson & Brodbelt, 2008). Modifying
carbohydrates with fluorophores adds functional groups that can absorb additional wavelengths of
light. For Na'-adducted, fluorescently labeled carbohydrates, 355 nm excitation increased the
glycosidic-bond cleavages compared to CID, but few cross-ring cleavages were detected (Wilson
& Brodbelt, 2008).

In IRMPD, precursor ions absorb multiple infrared photons causing fragmentation. IRMPD
requires tens to hundreds of photons to be absorbed by the precursor because each photon's energy
is approximately 0.1 eV (Brodbelt & Wilson, 2009). IR photon absorption can coincide with
collisional cooling, depending on the pressure of the collision cell, which redistributes the absorbed
energy to vibrational degrees of freedom, requiring absorption of many photons to sufficiently
increase the internal energy and cause dissociation. IRMPD experiments often utilize lasers with
fixed wavelengths, such as the 10.6 pum wavelength from a CO> laser (Zhang et al., 2005; Adamson
& Hékansson, 2007). However, free-electron lasers (FEL) with wavelengths between 5 pm and
250 um have been used as well (Lancaster et al., 2006; Polfer et al., 2006). IRMPD analysis of
carbohydrates has utilized wavelengths between 7 um and 11 um at the Free Electron Laser for
Infrared Experiments (FELIX) site (Oepts et al., 1995) because metal-adducted and protonated

carbohydrates absorb these wavelengths (Polfer et al., 2006).
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Mechanistically, IRMPD is expected to form similar fragments as low-energy CID for
metal-adducted and protonated carbohydrates (Schemes 2-4). Therefore, like CID, IRMPD can
fragment either singly or multiply charged carbohydrates, allowing many different metals or
protons to be used as charge carriers. For IRMPD, the absorbance of every photon causes the
vibrational redistribution of energy, which enables dissociation through the mobilization of
protons (Zhang et al., 2005). If a metal-adducted carbohydrate is fragmented by IRMPD, charge
remote fragmentation occurs; however, protonated carbohydrates initiate charge induced
fragmentation. Therefore, the IRMPD fragmentation mechanism is influenced by the charge
carrier and metal adduct.

Experimentally, IRMPD fragmentation data of carbohydrates is influenced by the metal
adduct. Thus, metals with higher charge density and divalent metals with higher second ionization
energy induce more cross-ring cleavages. For maltoheptaose and complex-type N-linked glycans,
more cross-ring cleavages are detected for Co?" adducts compared to Na*, H*, Mn?*, or Ba?"
adducts (Adamson & Héakansson, 2007). These extensive cross-ring cleavages are hypothesized to
be due to the higher charge densities and second ionization energies of Co?*, which is important
for increasing the mobility of protons and creating a less stable precursor. Na*, Mn?*, Ba?*, and
protonated carbohydrates primarily form glycosidic-bond cleavages using an IRMPD wavelength
of 10.6 um (Zhang et al., 2005; Adamson & Hakansson, 2007; Li et al., 2011). IRMPD was used
to distinguish eight disaccharide linkage and anomeric isomers adducted to Li" based on
differences in the relative intensities of 11 fragments monitored at wavelengths between 7 pm and
11 um (Polfer et al., 2006). Of eight Li*-adducted disaccharides, only gentiobiose and isomaltose,
which are 1-6 linked disaccharides, formed all 11 fragments. Using a wavelength of 9.0 to 9.6 um,

optimal fragment magnitude differences for all 11 fragments were observed (Polfer et al., 2006).
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The effective fragmentation of Li"-adducted disaccharides is likely due to the charge density of
the overall ion and metal being exploited to create unique fragments. These results indicate that
the charge density and ionization energy of metals (Table 1) are critical to fragment formation in

IRMPD.

D. Gas-Phase IR Spectroscopy

IRMPD spectroscopy (IRMPDS), causes vibrational excitation and dissociation of metal-
adducted and protonated carbohydrates through the absorption of tens to hundreds of IR photons.
IRMPDS uses a similar experimental technique to IRMPD where IR photon absorption
redistributes the absorbed energy to available vibrational degrees of freedom of the carbohydrate
or glycoconjugate ion. Absorption of photons increases the internal vibrational energy, which
causes dissociation of the lowest energy bonds through intramolecular proton transfer reactions.
The main difference to IRMPD is that many wavelengths are examined with IRMPDS, causing
wavelength-dependent photofragmentation to occur with carbohydrates based on the vibrational
excitation modes for gas-phase structures. This allows for the formation of IRMPDS spectra in
terms of wavelength as opposed to IRMPD, which monitors the magnitude of m/z of fragments.
IRMPDS uses an optical parametric oscillator (OPO) (Gulyuz et al., 2011) or FEL available at
FELIX (Oepts et al., 1995) or “Collaboration pour un Laser Infrarouge a Orsay” (CLIO) (Lemaire
et al., 2002). The unique gas-phase structures of metal-adducted or protonated carbohydrates are
monitored over a selected wavenumber range, typically between 2700 cm™ and 3700 cm’!, to
examine vibrational stretching modes of C-H (~2840-3000 cm™), N-H (~3100-3400 cm™), and O-
H (~3400-3700 cm™) bonds found in carbohydrates (Pearson et al., 2015; Barnes et al., 2020).
Experimental data and computational calculations have suggested that the charge carrier

significantly influences C-H, N-H, and O-H bond stretching modes (Pearson et al., 2015; Barnes

62



et al., 2017). C-C stretching (~900-950 cm™), C-O stretching (~970-1200 cm™), C-OH bending
(~1200-1500 cm™), and C=0 stretching (~1700 cm™") have also been examined with IRMPDS
(Contreras et al., 2012; Gamez et al., 2013). However, examining C-C stretching, C-O stretching,
and C-OH bending could not differentiate different group I metals adducted to a-cyclodextrin
(CD) (Gamez et al., 2013). Photofragmentation yield, which is based on the fragmentation
efficiency of the analyte at different wavelengths, is calculated based on the combined intensity of
the fragments and the remaining intensity of the precursor using a modified version of the Beer-
Lambert law and is used to generate IRMPDS spectra (Barnes et al., 2017).

The energy of the laser pulses impacts the charge carriers that can be examined with
IRMPDS. IRMPDS spectra have typically used ~5 to 10 Hz lasers with ~ 10 to 60 mJ pulses;
therefore, recording the spectra can take ~40 minutes based on the low repetition rate of the laser
pulses (Pearson et al., 2015; Barnes et al., 2017). The energy of these laser pulses has allowed for
monitoring the photodissociation of group I metal-adducted carbohydrates (Valle, 2005). Recent
developments have used lasers with higher repetition rates (kHz) and lower energy per laser pulse
(1 uJ), which still provides detectable dissociation but allows for the same spectrum to be acquired
in just 1 minute (Yeni et al., 2022). However, using kHz lasers with 1 puJ of energy per laser pulse
has limited these rapid IRMPDS analyses to protonated carbohydrates because of the lower energy
requirements to induce detectable fragmentation with protonated carbohydrates compared to
metal-adducted carbohydrates (Yeni et al., 2022).

The fragment ions that are monitored with IRMPDS to obtain an IRMPDS spectra are also
influenced by the charge carrier. For example, with Rb*-adducted monosaccharides, the only
fragment detected is the metal ion (Pearson et al., 2015). However, for Li* or protonated species,

glycosidic cleavages, cross-ring cleavages, and dehydration products can be detected to monitor
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the photofragmentation yield (Tan et al., 2017; Yeni et al., 2022). This data suggests that with
larger ionic radii metals, which have a lower charge density, fewer fragment ions can be monitored
to determine the photofragmentation efficiency.

IR spectra, collected from IRMPDS, are dependent on the charge carrier for carbohydrate
analyses since coordination between the charge carrier and carbohydrate hydroxyls alters the
vibrational energy, which changes the vibrational frequencies that cause dissociation. Pyranose
and furanose rings of Li"-adducted galactose were distinguished based on gas-phase IR spectra
(Ho et al., 2021). Figure 8 shows IRMPD spectra between 3500 cm™ and 3700 cm™ for Li'-
adducted disaccharides with differences in OH stretching. The differences in peak intensities are
due to differences in metal-adduction changing the photofragmentation efficiency, which relates
to the available vibrational modes for photon absorption of the isomers. In comparison, protonated
disaccharides containing galactose as pyranose and furanose rings could be differentiated, but the

protonated monosaccharides could not be.

Figure 8. This figure displays the IRMPD spectra for Li*-adducted disaccharides, fGalp(1-4)-GlcpNAc
(top) in blue and pGalf{1-4)-GlcpNAc (bottom) in green. [Color figure can be viewed at
wileyonlinelibrary.com] Adapted with permission from Ho, J. S., et. al. Distinguishing Galactoside
Isomers with Mass Spectrometry and Gas-Phase Infrared Spectroscopy. J. Am. Chem. Soc. 2021, 143, 28,

10509-10513. Copyright 2021 American Chemical Society.
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IRMPDS is limited by spectral broadening, as seen in Figure 8, which has limited the
analysis of metal-adducted and protonated carbohydrate adducts larger than trisaccharides (Tan et
al., 2017; Depland et al., 2018; Schindler et al., 2018; Ho et al., 2021). Spectral broadening creates
broad Gaussian peaks that make it challenging to attribute bond vibrations to specific IR
wavelengths, which in turn limits the ability to distinguish isomers based on differences in gas-
phase structure. Increased spectral broadening is hypothesized to be due to heterogeneity within
the gas-phase ion population (Yalovenko et al., 2020). Spectral broadening also occurs due to the
heating of the ions through the acceptance of multiple photons to induce fragmentation, which
causes the ion to lose its original gas-phase structure (Valle, 2005). Past work has examined H',
Li", Na", K, Rb", and Cs"* carbohydrate adducts with IRMPDS (Pearson et al., 2015; Schindler et
al., 2017; Depland et al., 2018; Ho et al., 2021). Metals with larger ionic radii coordinate with
additional oxygens, as seen with Rb", and require higher energy laser pulses to induce dissociation.
Higher energy laser pulses create additional internal energy that can be distributed into accessible

vibrational modes, causing peak broadening. Thus, analysis of protonated and Li"-adducted
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carbohydrates using lower energy pulses that can induce dissociation with limited peak broadening
is preferred (Pearson et al., 2015; Tan et al., 2017; Yeni et al., 2022).

With cryogenic IR, spectral broadening can be minimized compared to room-temperature
gas-phase IRMPDS, allowing for analysis of glycans with up to 10 monosaccharide subunits
(Yalovenko et al., 2020). There are two methods for performing cryogenic IR. Both cryogenic IR
spectroscopy techniques can use tunable OPO lasers or FEL. The first technique, known as
messenger tagging, involves cooling gas-phase ions to 40 K by tagging them with cold, gaseous
N>, He, or Ho, forming a weakly bound complex that is detected by a shift in m/z (Kamrath et al.,
2011; Masellis et al., 2017). An IR laser is focused on trapped, weakly complexed ions, causing
dissociation of the complex with the absorption of a single photon. Like IRMPDS, the absorption
of the photon at a given wavelength using messenger tagging is dependent on the accessible
vibrational modes of the gas-phase ion, which causes dissociation of the complex and is minimally
impacted by the weakly complexed ions. Dissociation of the tagged complex is observed by an
increase in the peak intensity of the untagged ions and a decrease in the peak intensity for the
tagged ions (Masellis et al., 2017). The cryogenic IR spectrum is acquired by plotting the ratio of
tagged ions versus the sum of the tagged and untagged ions as a function of the laser wavelength.
Since similar vibrational modes are investigated with messenger tagging compared to IRMPDS,
similar wavenumbers between 2700 cm™ and 3700 cm™ are examined to dissociate the tagged
complex (Warnke et al.,, 2021). The second technique encapsulates the ions within helium
nanodroplets, which cools the ions to ~0.37 K. The ions are released from the nanodroplets after
absorption of multiple IR photons if the photon wavelength is in resonance with the vibrational
excitation modes of the ion (Smolarek et al., 2010; Mucha et al., 2017). The ejection of cold ions

from helium nanodroplets is monitored by examining the intensity of the m/z of the analyte of
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interest at varying wavelengths. Analysis of helium nanodroplets utilizes 1000 cm™ to 2000 cm™!
wavenumbers to monitor vibrational modes that are distinct from those commonly analyzed with
either messenger tagging or IRMPDS (Mucha et al., 2017). The wavenumbers examined with
helium nanodroplets are related to vibrational modes of C-O and coupled C-O-C-O stretches that
are detected from 950 cm™! to 1200 cm™'. O-H-bending vibrations are also monitored using helium
droplets from 1200 cm™ to 1500 cm™ (Mucha et al., 2017). The cold temperature of cryogenic IR
from the messenger tags or helium droplets causes evaporative cooling and minimizes
conformational flexibility when interacting with photons, which increases spectral resolution
compared to IRMPDS (Mucha et al., 2017).

Cryogenic IR spectroscopy results are influenced by the charge carrier. Additional gas-
phase interactions are associated with metals having larger ionic radii, as can be seen in Figure 9
for B-CD adducted to Li", Na“, K', Rb", and Cs™ (Rabus et al., 2021). Computational data has
shown that metals with large ionic radii interact with more oxygen atoms than metals with small
ionic radii (Cancilla et al., 1996; Bythell et al., 2017). These additional OH vibrational modes lead
to additional IR peaks, as seen with three significant peaks for Rb*- and Cs"-adducted B-CD
compared to just two significant peaks for Li'-, Na'-, and K"-adducted B-CD at wavenumbers
between 3350 to 3450 cm™! (Figure 9). This additional peak is hypothesized to be generated from
additional binding interactions between the C6 hydroxyls and the large ionic radii metals.
Protonated carbohydrates are often preferred for cryogenic IR spectroscopy when examining large
N-linked glycans because of the less convoluted IR spectra compared to metal adduction (Dyukova
etal., 2020). It is possible that because a proton has a smaller ionic radius than any metal, H" would
interact with fewer oxygen atoms, minimizing the number of the vibrational modes compared to

the large number possible for larger glycans and HMOs with metal adducts, forming fewer IR
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peaks. However, because of the ubiquitous nature and preference of carbohydrates binding Na*,
as previously discussed, many publications using cryogenic IR have mainly focused on Na'-
adducted carbohydrates, which have still provided distinct cryogenic IR spectra for distinguishing
several isomeric carbohydrates and HMOs (Ben Faleh et al., 2019; Warnke et al., 2019; Abikhodr

et al., 2021; Warnke et al., 2021).

Figure 9. The figure shows the cryogenic IR spectra for B-CD adducted to group I metals, including Li*
(red, top), Na* (grey), K" (purple), Rb" (pink), and Cs* (green, bottom). [Color figure can be viewed at
wileyonlinelibrary.com]. The two marked rectangles display the transitions for carbon-2 (C2) and carbon-
3 (C3) hydroxyl (OH) bond stretching. Reproduced from Rabus, J. M., et. al. Unravelling the structures of
sodiated B-cyclodextrin and its fragments. Phys. Chem. Chem. Phys. 2021, 23, 24, 13714-13723, with

permission from the Royal Society of Chemistry.
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E. Charge Transfer Dissociation
Charge transfer dissociation (CTD) (Chingin et al., 2014) has demonstrated highly
effective fragmentation of metal-adducted carbohydrates. In CTD, a plasma is generated by

applying microwave energy to a neutral gas (Chingin et al., 2014; Hoffmann & Jackson, 2014).
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Electrons are then abstracted from the plasma, forming a cation beam that collides with precursor
ions in a trap to induce dissociation. Helium has become the preferred gas for CTD because it has
the highest known electron affinity for a singly charged ion (Hoffmann & Jackson, 2014).
Therefore, all published data fragmenting carbohydrates has used helium-CTD (He-CTD).

All metal-adducted carbohydrates have shown similar results with extensive cross-ring
cleavages (Sasiene et al., 2021), indicating that He-CTD is independent of the metal ion forming
the adduct. He-CTD analysis of a branched heptasaccharide with two Na" adducts, one K" and one
H*, or one Mg?", produced both 2+ and 1+ fragments (Sasiene et al., 2021). These He-CTD results
showed similarities to EED since fragments from both techniques are detected with a mixture of
charge states (Yu et al., 2012; Sasiene et al., 2021). Figure 10 shows a comparison of the fragments
formed from Na'-adducted XXXG xyloglucan, which is a polysaccharide found in plant cell walls,
from both low-energy CID and He-CTD, respectively. Figure 10 shows that though both He-CTD
and low-energy CID have high fragmentation efficiencies for Na*-adducted XXXG xyloglucan,
many additional cross-ring cleavages are formed with He-CTD. These results indicate that He-
CTD is a promising fragmentation technique that can readily produce distinct fragments from
carbohydrates with low charge density metals, such as Na*. The fragmentation mechanism for He-
CTD is not well understood, unlike the previously discussed fragmentation techniques. However,
the He-cation beam likely interacts with carbon or oxygen atoms to form diradicals, which may be
necessary to form abundant cross-ring cleavages. He-CTD has been hypothesized to occur by
initiating radical cleavages at an energy of 6 keV, which can overcome the electrostatic barrier
associated with interactions between cationic He and cationic analytes (Hoffmann & Jackson,

2014).
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Figure 10. Comparison of (A) low-energy CID and (B) He-CTD fragmentation of Na-adducted XXXG
xyloglucan. The precursor ion with 1085.0 m/z was fragmented for both methods. Dark blue arrows
indicate unambiguous fragment identities; yellow arrows indicate ambiguous fragment identities caused
by alternative isomeric product ions. [Color figure can be viewed at wileyonlinelibrary.com] Reprinted
with permission from Sasiene, Z. J., et. al. Charge transfer dissociation of a branched glycan with alkali-
and alkaline earth metal adducts. J. Mass Spectrom. 2021, 56, 7, €4774, from John Wiley & Sons.

Copyright John Wiley & Sons, Ltd.
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He-CTD is promising for differentiating isomeric carbohydrates because fragmentation is
independent of the metal adduct used for analysis. He-CTD can fragment singly or multiply
charged ions, allowing for the analysis of Na*, K*, Mg?*, and Ca*"-adducted carbohydrates. Na*-
adducted tetra- and penta-saccharides result in significant cross-ring cleavages, which can be used
to distinguish 1-3 and 1-4 linkage isomers using CTD (Buck-Wiese et al., 2020). For example,
fragmentation of Na“-adducted cellulose and lamarin, with five degrees of polymerization or five
glucose subunits (DP5) that differ solely in linkage position, produced glycosidic-bond cleavages
and diagnostic cross-ring cleavages. Although few publications exist using He-CTD, these results
suggest that He-CTD could become a useful tool for distinguishing isomeric, metal-adducted

carbohydrates if more broadly accessible to the MS community.

F. Tandem Fragmentation Methods

In tandem fragmentation, two events are combined with the secondary fragmentation event
occurring either simultaneously with the primary event or up to several milliseconds afterward.
Additionally, the fragmentation events can occur in the same or different mass analyzers (Horn et
al., 2000; Ledvina et al., 2009; Frese et al., 2013). Thus, these events can occur simultaneously or
be separated by time and/or space in the instrument.

Multi-stage collision-induced dissociation (CID") involves using multiple CID events to
repeatedly fragment a precursor ion or to selectively fragment products of an initial CID event.
CID" can also be defined as collision-induced dissociation to the 2" (CID?) or the 3™ (CID?) to
specify the number of fragmentation events. CID" has been highly effective for fragmenting
carbohydrate adducts with low charge density metals (Na") and protonated carbohydrates, which
have been the primary charge carriers published using CID" (Sheeley & Reinhold, 1998; Weiskopf

et al., 1998; Mookherjee et al., 2018; Mookherjee et al., 2020). Because initial CID fragments are
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predominantly glycosidic-bond cleavages, additional cross-ring and glycosidic-bond cleavages
have been observed for H- and Na'-adducted carbohydrates (underivatized or permethylated)
using CID? and CID?, improving the capability to distinguish isomers (Weiskopf et al., 1997;
Sheeley & Reinhold, 1998; Mookherjee et al., 2020).

Electron transfer collision-induced dissociation (ETciD) and electron transfer higher-
energy collision dissociation (EThcD) (Frese et al., 2012) combine ETD with CID. These
techniques involve the initial ion/ion reaction, followed by low-energy collisional activation to
fragment ions that do not dissociate due to non-covalent interactions. The electron transfer no
dissociation (ETnoD) product can yield an intense signal compared with detected fragments from
the initial ion/ion reaction (Huang & Dodds, 2015; Schaller-Duke et al., 2018). Therefore, ETnoD
limits the ability to distinguish isomeric carbohydrates. The addition of vibrational energy to
ETnoD products can cause charge reduced species to dissociate into distinct fragments. Isomeric
HMOs adducted to Ba®>* or Ca*" have been distinguished with ETciD (Huang & Dodds, 2015).
Ba®" adducts of two pentasaccharide isomers, lacto-N-fucopentaose (LNFP) I and V (see Figure
3), have similar CID spectra, as shown in Figure 11A. However, CID fragmentation of the ET
products of the Ba™®-adducted isomers yield distinct fragmentation products, allowing for the
isomers to be distinguished (Figure 11B). ETciD has shown similar improved fragmentation for
Ca?"-adducted HMOs (Huang & Dodds, 2015). The supplemental vibrational activation in EThcD
and ETciD can increase fragment detection for low charge density, divalent metals (Table 1), such
as Ca** and Ba**. Though it has not been tested, the fragmentation of carbohydrate complexes with
divalent transition metals might benefit from EThcD and ETciD as well. Divalent transition metals

have higher charge densities, but significant ETnoD is seen for Co*"-adducted maltotetraose
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(Figure 6). Therefore, EThcD and ETciD are valuable tandem fragmentation techniques that

address the problem of ETnoD for specific metal adducts.

Figure 11. Comparison of CID and ETciD fragmentation of Ba**-adducted LNFP I (top) and LNFP V

(bottom). (A) CID fragmentation spectra for Ba**-adducted carbohydrates. (B) ETciD fragmentation

spectra for the same Ba?*-adducted isomers. AU represents the collision voltage applied to the ions to

induce fragmentation. Adapted with permission from Huang, Y.; Dodds, E. D. Discrimination of Isomeric

Carbohydrates as the Electron Transfer Products of Group II Cation Adducts by lon Mobility

Spectrometry and Tandem Mass Spectrometry. Anal. Chem. 2015, 87, 11, 5664-5668. Copyright 2015

American Chemical Society.
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G. Fragmentation and IRMPDS/cryogenic IR Spectroscopy

IRMPDS has also been combined with CID to gain additional structural information that
cannot be obtained with a single technique. CID has been combined with IRMPDS by performing
CID in the same linear ion trap (LIT) as IRMPDS (Schindler et al., 2017). IRMPDS has shown
that following CID fragmentation, anomeric linkage information is retained in gas-phase
structures. This allows for larger carbohydrate systems to be identified based on consistent
IRMPDS spectra of the fragments, which can be reliably confirmed using available
monosaccharide standards (Schindler et al., 2017). These standards are often not available for
larger carbohydrate systems, which has limited structural validation to fragments. Researchers
found that the IR spectra of protonated and Li‘-adducted fragments could be matched to the IR
spectra of protonated and Li"-adducted monosaccharides with matching anomeric states. It has yet
to be investigated if other metal adducts enable analysis of anomeric memory using IRMPDS.

Combining the techniques of cryogenic IR and CID has enabled the validation of the CID
fragmentation mechanisms for Na"-adducted carbohydrates by comparing the IR spectra for
glycosidic cleavage fragments with disaccharide and monosaccharide standards. Additionally,
cryogenic IR spectra have been compared to computational predictions to determine the most
probable structures of B2 - B4 ions (Rabus et al., 2021). In these experiments, CID has also been
implemented with cryogenic IR spectroscopy using a hexapole before the cryogenic IR
spectroscopy (Pellegrinelli et al., 2020; Rabus et al., 2021). These examples demonstrate the
utility of cryogenic IR spectroscopy and IRMPDS in tandem with CID to effectively examine the
mechanisms of glycosidic cleavages for Na“-adducted carbohydrates. When used in tandem,
these two techniques offer complimentary structural details of metal-adducted carbohydrates,

which is valuable for distinguishing carbohydrate isomers.
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VI. IMS Coupled with Fragmentation

IMS and fragmentation can be combined to acquire structural information that cannot be
determined by either technique individually. Fragmentation can occur either before or after IMS.
Though multiple fragmentation techniques can be coupled with IMS, CID is the most common
(Hofmann et al., 2017; Ujma et al., 2019). Here, we will examine applications of CID, ETD, EED,
or UVPD with IMS for structural analysis of carbohydrates.

CID is often applied before IMS because disaccharides are easier to resolve than larger
saccharides when using low resolving power IMS (Huang & Dodds, 2013; Hofmann et al., 2017).
Na" is the most commonly used metal adduct for tandem CID and IMS experiments because high-
intensity fragments from glycosidic bond cleavages result, which can be more easily monitored
than divalent metal adducts that form more extensive mixtures of moderate-intensity fragments
(Schaller-Duke et al., 2018). Blood group tri- and tetra-saccharides, HMOs, and parotid gland N-
linked glycans adducted to Na" have been distinguished using CID before TWIMS (Hofmann et
al., 2017). Figure 12 shows the drift times of Na"-adducted tri- and tetra-saccharide precursors and
glycosidic-bond cleavage fragments. The drift times and CCS values for glycosidic cleavage
fragments are the same when the same type 1 or type 2 core-structure fragments are formed from
different fucose-linked isomeric precursors (Hofmann et al., 2017). Evaluating and distinguishing
the drift times and CCS values for core structures allows for the formation of diagnostic drift times
and CCS values that can be used to differentiate larger and complex isomeric N-linked glycans
and HMOs. Li*-adducted carbohydrates have been fragmented by CID, resulting in both glycosidic-
bond and cross-ring cleavage fragments that can be monitored by high-resolution cIMS (Ollivier
etal., 2021; Ollivier et al., 2021a). Using Li"-adducted carbohydrates has enabled cIMS separation

of both cross-ring and glycosidic cleavage fragments, enabling differentiation of isomeric
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carbohydrates within a set of 33 carbohydrates (Ollivier et al., 2021a). Similar to results with Na",
Li"-adducted fragments formed diagnostic CCS values for certain fragments allowing for
differentiating anomeric pentasaccharide isomers. Although publications have shown that drift
times of protonated fragments can be used to distinguish disaccharide linkage isomers
(Mookherjee et al., 2020), tandem CID with IMS is challenging for protonated carbohydrates
because fucose migration can occur (Harvey et al., 2002). Recent experiments using TWIMS after
CID have also shown that linkage memory exists for protonated carbohydrates (Mookherjee et al.,
2020). Here, linkage memory describes the retention of the precursor linkage position and/or
stereochemistry, following glycosidic-bond dissociation by CID. The Guttman group determined
that 1-6 linkages of protonated disaccharides could be differentiated from 1-3 and 1-4 linkages
based on the ATD of protonated Y: fragments. This work was done with low resolution TWIMS
and could not differentiate the 1-3 and 1-4 linkage based on the ATD of the protonated Y

fragments.

Figure 12. CID fragmentation spectra and drift times of eight Na"-adducted Lewis and blood group
carbohydrates. (A) CID spectra of the Na*-adducted precursor (P) and fragment (F) ions. Fragments ions
(F) are the result of fucose loss from precursor ions at 698 m/z (red) or 552 m/z (blue). (B) IMS arrival
time distributions of Na*-adducted Lewis and blood group precursor (P) and fragment (F) ions resulting
from CID. Colors in the IMS distributions (B) correlate with the m/z values presented in the MS/MS
spectrum (A). [Color figure can be viewed at wileyonlinelibrary.com] Reprinted with permission from
Hofmann, J., et. al. Identification of Lewis and Blood Group Carbohydrate Epitopes by Ion Mobility-
Tandem-Mass Spectrometry Fingerprinting. Anal. Chem. 2017, 89, 4, 2318-2325. Copyright 2017

American Chemical Society.
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When CID is applied after IMS, the structures of different gas-phase conformations can be
analyzed (Ujma et al., 2019). With the development of high-resolution cIMS, three gas-phase
conformations of three different Na*-adducted pentasaccharides could be detected, though only a
single conformation was observed with lower resolution IMS. The three gas-phase conformations
correlate to an open ring reducing end monosaccharide and two closed rings representing the o

and [ anomeric configuration of the reducing end monosaccharide for each analyzed
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pentasaccharide. These structures were supported by detecting unique cross-ring cleavages for the
open-ring conformation, which were not detected for either closed-ring conformation of cello- or
malto-pentaose (Ujma et al., 2019). The third pentasaccharide (mannopentaose) is branched, which
limited the ability to create unique cross-ring cleavages by CID for validating the open-ring
conformation, as seen with the Na"-adducted linear pentasaccharides (cello- and malto-pentaose).
High-resolution ¢cIMS has been used to examine Na'-adducted HMO di- and tri-saccharides
(Peterson & Nagy, 2021). CID was conducted post-IM to distinguish Na"-adducted linkage
isomers, resulting in different fragments with varying intensities (Peterson & Nagy, 2021). CID
fragmentation after IMS can also distinguish mixtures of Co?*-adducted tetrasaccharide homo- and
hetero-dimers of the form [2M + Co]*", where M is identical glycans or isomers, respectively
(Morrison et al., 2018). Co** produced unique fragments, allowing for six tetrasaccharide hetero-
and homo-dimers to be separated. Although IMS could separate the monomers from the dimers
based on drift times, the homo- and hetero-dimers could not be distinguished without CID. Overall,
IMS combined with CID can improve the structural analysis of isomeric carbohydrates from
complex mixtures using different metal-ion adducts.

Electron transfer reactions generate unique gas-phase structures that can be analyzed by
IMS. As previously stated, ET does not always cause dissociation (ETnoD), and the charge
reduced products can be separated from other charge reduced isomers via IMS. Carbohydrate
isomers were adducted to group I metals, group Il metals, or charge reduced group II metals formed
by ETnoD, and CCS values were measured using TWIMS (Huang & Dodds, 2015a). Charge
reduced Ca™, Mg*®, and Ba" allowed for better separation of ETnoD products of tri-, penta- and
hexa-saccharides compared to Ca**, Mg?*, and Ba®" adducts. As a general trend, Group I metal

adducts of Na®, Li*, and K* without ET were more effective for separating trisaccharides and
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hexasaccharides than charge reduced group II metals (Huang & Dodds, 2015a), although, Ba™
was more effective at separating the pentasaccharides than Na®, Li" and K" based on the CCS
values. These results highlight the effects of the metal ionic radius and charge density changes
after the ion/ion reaction. Specifically, different metals have unique interactions with the anion
reagent, forming distinct gas-phase structures compared to the 2+ or 1+ metal adducts, as seen by
differences in CCS values (Huang & Dodds, 2015a).

Although EED is minimally influenced by the metal ion, when EED is applied post-IMS,
isomeric carbohydrates can be distinguished (Pu et al., 2016). As previously mentioned, EED is
beneficial for detecting fragments from carbohydrate adducts with low charge density metals
(Table 1), such as Na" (Yu et al., 2012). TIMS allowed for quick baseline separation of Na'-
adducted HMOs, LNT and LNnT, followed by the generation of unique cross-ring cleavages using
EED, which were not generated by CID, ECD, or ETD (Pu et al., 2016).

UVPD has also been utilized post-IMS to fragment individual, Na"-adducted di- and tri-
saccharides (Zucker et al., 2011; Lee et al., 2012). Though low resolution IMS could not resolve a
mixture of seven isomeric Na'-adducted disaccharides, UVPD yielded fragments with unique
cross-ring cleavages of the Na'-adducted gas-phase precursor ions, allowing for all seven
disaccharides to be distinguished (Lee et al., 2012).

Cryogenic IR-spectroscopy has been combined with CID and/or IMS, providing
complementary information regarding carbohydrate structure (Bansal et al., 2020; Rabus et al.,
2021). CID has been combined with cryogenic IR spectroscopy and IMS using a module allowing
CID to occur in an isolated portion of a SLIM device after precursor IMS separation of all ions,
but before recording a cryogenic IR spectrum (Bansal et al., 2020). Since CID is done within the

SLIM device, IMS can also be used to separate the fragments before recording the cryogenic IR
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spectra. CID occurs by constructing a quadrupole ion trap-like structure along the SLIM path to
trap the ions by applying a DC voltage at the front and back of the trap. Then by increasing the RF
and DC voltage of all electrodes in the trap, the ions accelerate as the ions move out of the trap
and back onto the main SLIM separation path, increasing the occurrence of collisions with the
nitrogen buffer gas and yielding fragmentation (Webb et al., 2016; Bansal et al., 2020).
Combining CID, IMS, and cryogenic IR spectroscopy can further enhance the ability to
distinguish isomeric metal-adducted carbohydrates, which cannot be distinguished using CID or
low resolution IMS. Evidence of consistent IR fingerprints and anomeric memory of Na*-adducted
fragments was shown using cryogenic IR spectroscopy after IMS separation of the precursor
followed by CID and finally IMS separation of the fragments (Bansal et al., 2020). Here, anomeric
memory was shown by examining the cryogenic IR spectra and IMS arrival times from the Na'-
adducted C» fragment of LNnT and comparing the spectra and arrival times for standards of Galp1-
4GlcNAc with a or § reducing ends. A consistent IR spectral fingerprint with a unique peak at
~3435 cm™! and arrival time of ~175 ms for both the Na*-adducted C> fragment of LNnT and the
B-reducing end standard of Gal1-4GIcNAc validated the anomericity of the glycosidic bond, as

shown in Figures 13 (Bansal et al., 2020).

Figure 13. (A, top) Arrival times are shown for the Na*-adducted GalB1-4GlcNac with a (blue) or  (red)
anomeric conformations at the reducing end of the carbohydrate. (A, bottom) Arrival times of the Na'-
adducted GalpB1-4GlcNac fragment (red), resulting from fragmentation of LNnT. The disaccharide with
the B configuration at the reducing end (A, bottom in red) has the same arrival time as that of the standard
(A, top in red). (B, top) Cryogenic IR spectra for Na'-adducted Galp1-4GlcNac standard with either the a
(blue) and B (red) anomeric conformation at the disaccharide reducing end. (B, bottom in red) The

cryogenic IR spectra of the Na“-adducted Galp1-4GlcNac fragment from LNnT matches the spectra for
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the disaccharide standard with the B configuration at the reducing end (B, top in red). [Color figure can
be viewed at wileyonlinelibrary.com] Reprinted with the permission from Bansal, P., et. al. Using SLIM-
based IMS-IMS Together with Cryogenic Infrared Spectroscopy for Glycan Analysis. Anal. Chem. 2020,

92, 13,9079-9085 (https://pubs.acs.org/doi/10.1021/acs.analchem.0c01265). Further permission related to

the material excerpted should be directed to the American Chemical Society.
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VII. Hydrogen/deuterium exchange mass spectrometry

Hydrogen/deuterium exchange (HDX) experiments have been used to determine the
number of labile hydrogens within molecules and to characterize molecular conformations (Bai et
al., 1993; Katta & Chait, 1993; Wales & Engen, 2006; Konermann et al., 2011; Gallagher &
Hudgens, 2016). Labile hydrogen atoms attached to oxygen, nitrogen, and sulfur can exchange
with deuterium from deuterating reagents (e.g., deuterated ammonia (ND3), deuterium oxide
(D20), deuterated methanol (CH30D), etc.) in either solution or the gas phase. Integrating HDX
with MS allows the quantity of deuterium exchange to be measured due to the mass difference of
the labeled and unlabeled analytes. Molecular conformations can be monitored by HDX because
exchange rates are dependent not only on the exchanging functional group, but also on their

accessibility to the deuterating reagent. Thus, three-dimensional conformations can be
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characterized and molecular regions that are highly structured will take longer to exchange in
comparison to less structured regions (Linderstrom-Lang, 1958).

Solution-phase HDX is commonly utilized to examine protein structure and dynamics.
Proteins are diluted into a D>O-based buffer to initiate exchange. Due to the chemical exchange
rates, these methods focus on detecting HDX at backbone amides within proteins. Following
exchange, samples are quenched in acidic buffer (pH 2.5) to minimize the loss of deuterium labels,
or back exchange, at backbone amides (Konermann et al., 2011). Traditional solution-phase HDX
is of limited applicability for carbohydrates since hydroxyl groups are prone to rapid exchange and
back exchange, on the order of microseconds to milliseconds (Kostyukevich et al., 2014; Liyanage
et al., 2019; Kim & Gallagher, 2020). Carbohydrates containing acetamido functional groups have
been labeled using solution-phase HDX; however, this functional group is only present in certain
classes of monosaccharides, limiting widespread carbohydrate analyses (Guttman et al., 2011).

Solution-phase HDX labeling of carbohydrate hydroxyls has generated valuable
information regarding the CID fragmentation pathways for Li'- and Na'-adducted mono- and di-
saccharides (Hofmeister et al., 1991; Abutokaikah et al., 2018). For these experiments,
carbohydrates are incubated in D>O solvent prior to ionization, causing all labile hydrogens to
exchange with deuterium. Deuterium labeling showed that Na'-adducted monosaccharides
undergo a retro-aldol mechanism to form cross-ring cleavages by CID (Scheme 3) (Bythell et al.,
2017; Rabus et al., 2017; Chiu et al., 2019). Additionally, D>O loss during fragmentation of Li"-
adducted monosaccharides was observed from hydroxyls, rather than loss of C, protons
(Abutokaikah et al., 2018). In both instances, labeling the hydroxyls with deuterium enabled the

C, protons and the hydroxyl protons to be distinguished, allowing for mechanistic insights.
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Gas-phase HDX methods introduce gaseous deuterating reagents, typically ND3z or D»O,
into different vacuum regions of the mass spectrometer, such as the LIT (Kaltashov et al., 1997,
Evans et al., 2003), transfer cell (Uppal et al., 2017), or FT-ICR cell (Gard et al., 1993; Campbell
et al., 1995; Liyanage et al., 2019). In contrast to solution-phase HDX, gas-phase HDX occurs
after an ion is formed, so labels are not indicative of solvated conformations but rather gas-phase
conformations (Uppal et al., 2017). Gas-phase HDX has been effective for labeling protonated-
oxonium ions that are generated after carbohydrate fragmentation (Uppal et al., 2017). However,
carbohydrate-metal adducts do not exchange in the gas phase to an appreciable extent (Zhang &
Brodbelt, 2004; Uppal et al., 2017; Liyanage et al., 2019).

Recently, HDX has been performed during ESI as analytes transition from solvated species
to gas-phase ions (Figure 14) (Kostyukevich et al., 2013; Zherebker et al., 2016; Liyanage et al.,
2019; DeBastiani et al., 2021). For these in-EST HDX methods, deuterating reagents, such as D>O
or CH30D, are introduced as liquid or gas during ionization. Because exchange is negligible for
carbohydrate-metal adducts in the gas phase, these methods monitor deuterium incorporation for
solvated carbohydrates with the exchange reaction being quenched upon metal adduction and ESI
droplet desolvation (Kostyukevich et al., 2015; Kim et al., 2018; Liyanage et al., 2019). Initial in-
ESTHDX analyses of carbohydrates showed different m/z distributions depending on spray solvent
(acetonitrile, H>O, methanol, and ethanol) for both a Na'- and K'-adducted pentasaccharide
(Kostyukevich et al., 2015). Recent MD simulations have shown that the solvent surrounding a
Na*-adducted carbohydrate alters the inter- and intra-molecular hydrogen bonding, which could
lead to populations with different structures, e.g., dihedral angles (Calixte et al., 2021). These
simulations support the data with different HDX distributions, which show that different

carbohydrate conformations are present in different solvents.
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Figure 14. Schematic of in-ESI HDX. A plume of charged droplets is emitted from the spray needle, which
shrink through desolvation and coulombic fission, resulting in nanodroplets. Analytes are exposed to
deuterated reagent (e.g., D-O) whilst in the solvated droplets and as desolvated, gaseous ions prior to
entering the vacuum region of the MS. Carbohydrates form metal adducts as they transition from solvated
nanodroplets to gaseous ions, with metal-adduction quenching HDX and preventing gas-phase exchange.
Therefore, carbohydrates undergo HDX while solvated within the initial droplets and nanodroplets. [Color

figure can be viewed online at wileyonlinelibrary.com]
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For HDX analyses that aim to monitor conformations, exchange is measured at multiple
timepoints to examine how molecular dynamics affect HDX. To alter the HDX labeling time,
methods have been developed to change the lifetime of ESI droplets, including changing the tip
size from which samples are sprayed and altering the spray solvent conductivity, both of which
alter the initial size of ESI droplets (Kim & Gallagher, 2020; Liyanage et al., 2021). Three Na'-
adducted trisaccharide isomers were detected following in-ESI HDX (Liyanage et al., 2021). These
isomers, including melezitose, maltotriose, and isomaltotriose, could be distinguished based on

differences in HDX. This work shows potential to further distinguish carbohydrate isomers in a
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MS workflow as well as provide a unique insight into solvated carbohydrate structures that is not

readily available through other MS-based techniques.

VIII. Conclusion

Metal-ion adduction is a valuable tool for mass spectrometric analyses of carbohydrates
and glycoconjugates. The metal ion properties, specifically the size of the ionic radius, charge
density, and ionization energies, have significant impacts on carbohydrate analyses by MS-based
techniques. Metal adduction improves ionization efficiency for carbohydrates in both ESI and
MALDI. Fragmentation of metal-adducted carbohydrates provides unique fragments, which are
often required to distinguish isomeric carbohydrates. Metal adduction also stabilizes
glycoconjugates with labile modifications, allowing for additional structural information to be
acquired from fragmentation. IMS-MS measures differences in the three-dimensional structures
of metal-adducted carbohydrates. The use of different metals for these analyses has enabled more
thorough characterizations of carbohydrates by yielding diagnostic fragments, CCS values, and
arrival time distributions. Metal-adduction also serves as a quenching mechanism, in tandem with
desolvation, for in-ESI HDX of carbohydrates, providing a unique capability to characterize
solvated glycan structures by MS.

Na" is the most common metal, charge carrier for carbohydrate analyses; however,
experimental results have indicated that other metals yield superior results for MS-based analyses
of carbohydrates. Li*, Ca?*, Mg?", and Co*" have favorable physical properties, such as the charge
density and second ionization energy, for characterizing carbohydrate-metal-ion adducts.
Specifically, adducts with Ca*", Mg**, and Co*" have improved ion signals compared with Na*-

and proton-adduction when ionized by ESI. Ca*", Mg**, and Co®" also form a diverse array of
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fragments with multiple fragmentation techniques. Recently CTD and EED have been shown to
be highly effective at forming unique dissociation products, regardless of the charge carrier, though
these fragmentation techniques are not yet broadly accessible to the MS community. Finally, Li"
adducts appear to be the best metal ion for IRMPDS and cryogenic IR spectroscopy due to the
minimal band broadening compared to other metal ions.

Although metal adduction has enabled carbohydrate analyses, the structural complexity of
naturally occurring carbohydrate and glycoconjugate systems drives the need for continued
development of analytical methods. High-resolution IMS, ECD, EED, CTD, IRMPDS, and
cryogenic IR spectroscopy have yet to be commonly integrated into commercial MS instruments
and analytical workflows. Yet, all of these methods are promising for their abilities to analyze
glycans. IRMPDS and cryogenic IR spectroscopy have enabled structural analyses of
carbohydrates since spectra can be compared to computational predictions, which enables
structural validation when standards are not available. High-resolution IMS has shown the ability
to resolve linkage and stereoisomers, though additional studies are needed to test the limits of these
separations. However, the widespread adoption of gas-phase IMS separations could increase the
use of metals by enabling rapid direct injection methods that allow metal salts to be added directly
to the sample before MS analysis. Post-LC column addition of Na*, Li*, and Co?* has been utilized
to improve identification of carbohydrates since the mid-90s (Kohler & Leary, 1995), but the
technique has yet to become widespread. Finally, a large amount of work has focused on using
Na" as the metal adduct of choice because it is a common contaminant and LC separations are
incompatible with the addition of high metal-salt concentrations. Thus, most available fragment
identification software focuses on identifying H'- or Na'-adducted carbohydrates and glycans.

This has required manual identification for data utilizing other metals, which is time consuming.
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Development of improved software for fragment identification for multiple metal adducts could
extend the applications of metal adducts for carbohydrate analyses in the MS community because
implementing metal-adduction has already improved experimental results and will continue

providing additional structural details and insight into complex, biological carbohydrate structures.

IX.Abbreviation List
o alpha
S beta
U reduced mass of the ion and buffer gas
Q collisional cross section
Ax full width of peak at half its maximum height
AMAC 2-amino-9(10H)-acridone
AMC 7-aminomethylcoumarin
6-AQ 6-aminoquinoline
2-AB 2-aminobenzamide
Asn asparagine
ATD arrival time distribution
CCS collisional cross section
bTccs CCS values measured by DTIMS, often utilized as standards
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CD

CID

CID"

CID?

CID?

cIMS

CLIO

CPCD

CRM

CTD

DC

DHB

DHN

DP5

DTIMS

ECD

cyclodextrin

collision-induced dissociation

multi-stage collision-induced dissociation

collision-induced dissociation to the 2™

collision-induced dissociation to the 3™

cyclic ion mobility spectrometry

Collaboration pour un Laser Infrarouge a Orsay

chemical physics and chemical dynamics

charged residue model

charge transfer dissociation

direct current

2,5-dihydroxybenzoic acid

1,4-dihydroxynaphthalene-2-carboxylic acid

five degrees of polymerization or five glucose subunits

drift tube ion mobility spectrometry

electric field

charge of an electron

electron capture dissociation
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EDD

EED

ESI

ET

ETD

ETciD

EThcD

ETnoD

eV

FEL

FELIX

FT-ICR

FWHM

GalNAc

GAG

Galp1-4GIcNAc

Galf

Glep

electron detachment dissociation

electron excitation dissociation

electrospray ionization

electron transfer

electron transfer dissociation

electron transfer collision induced dissociation

electron transfer high-energy collision dissociation

electron transfer no dissociation

electron volts

fragment

free-electron laser

Free-Electron Lasers for Infrared Experiments

Fourier transform-ion cyclotron resonance

full width of peak at half its maximum height

N-acetylgalactosamine

glycosaminoglycan

N-acetyl-D-lactosamine

galactofuranose

galactopyranose
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GlcNAc

Gly

HECD

He-CTD

HMO

HDX

IEM

IMS

IR

IRMPD

IRMPDS

K

kg

LC

LNFP

LNH

LNnH

N-acetylglucosamine

glycine

hot electron capture dissociation

helium-charge transfer dissociation

human milk oligosaccharide

hydrogen/deuterium exchange

ion evaporation method

ion mobility spectrometry

infrared

infrared multiphoton dissociation

infrared multiphoton dissociation spectroscopy

mobility

Boltzmann constant

length

liquid chromatography

Lacto-N-fucopentaose

lacto-N-hexaose

lacto-N-neohexaose
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LNnT

LNT

LIT

MALDI

MD

Mel

MS

MS/MS

m/z

N

nano-ESI

NETD

NMR

OPO

PCB

Phe-Gly

lacto-N-neotetraose

lacto-N-tetraose

linear ion trap

carbohydrate analyte

matrix-assisted laser desorption/ionization

molecular dynamics

melezitose

mass spectrometry

tandem mass spectrometry

mass-to-charge ratio

gas number density

nano-elecrospray ionization

negative electron transfer dissociation

nuclear magnetic resonance

optical parametric oscillator

precursor

printed circuit board

phenylalanine-glycine
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PGC

PT

PTCR

PTD

QTOF

RF

sLe?

SLIM

Ser

SUPER

la

TOF

TIMS

TWIMS

UVPD

porous graphitic carbon

proton transfer

proton-transfer charge reduction

proton-transfer-induced fragmentation

quadrupole time-of-flight

resolution

radio frequency

resolving power

sialyl Lewis A

structures for lossless ion manipulations

serine

serpentine ultralong path with extended routing

temperature

arrival time

time-of-flight

trapped ion mobility spectrometry

traveling wave ion mobility spectrometry

ultraviolet photodissociation
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V voltage

Va velocity

z ion charge
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