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ABSTRACT: Despite recent advances in glycomics, glycan characterization still remains an analytical
challenge. Accordingly, numerous glycan-tagging reagents with different chemistries were developed,
including those involving acid-base chemistry and/or free radical chemistry. Acid-base chemistry excels
at dissociating glycans into their constituent components in a systematic and predictable manner to
generate cleavages at glycosidic bonds. Glycans are also highly susceptible to depolymerization by free
radical processes, which is supported by results observed from electron-activated dissociation (ExD)
techniques. Therefore, the free radical activated glycan sequencing (FRAGS) reagent was developed so as
to possess the characteristics of both acid-base and free radical chemistry, thus generating information-
rich glycosidic bond and cross-ring cleavages. Alternatively, the free radical processes can be induced via
photodissociation of the specific carbon-iodine bond which gives birth to similar fragmentation patterns
as the FRAGS reagent. Furthermore, the methylated-FRAGS (Me-FRAGS) reagent was developed to
eliminate glycan rearrangements by way of a fixed charged as opposed to a labile proton, which would
otherwise yield additional, yet unpredictable, fragmentations including internal residue losses (IRL) or
multiple external residue losses (M-ERL). Lastly, to further enhance glycan enrichment and
characterization, solid-support FRAGS was developed.

INTRODUCTION

Glycosylation is one of the most common and important post-translational modifications on proteins that
play a vital role in biochemical systems.! Glycan significantly influence protein folding, activity, stability,
solubility, trafficking, localization, oligomerization, and often have intimate involvement in intercellular
and intracellular interactions.? Alterations of glycan structures have been found in various diseases, such
as cancer metastasis, Alzheimer’s disease, inherited diseases, pathogen-host interactions, and immune
recognition.>”’ Therefore, profiling disease-associated glycans is essential for the understanding of their
functions and mechanisms at the biomolecular level, while also facilitating the identification of diagnostic
glycan biomarkers and better design of therapeutic drugs. However, unlike DNA, RNA, and proteins,
which possess a predominantly linear structure comprised of a limited number of subunits with a defined
stereochemistry, glycans may exhibit incredibly complicated branched structures with a large number of
subunits having both structural and stereochemical diversity (Figure 1). Moreover, glycosylation is
difficult to control as slight condition differences can lead to major glycan structural changes.
Furthermore, complete structural characterization requires information regarding linkage, sequence,
branching, and anomeric configuration. As a result, glycomics is far less developed than its siblings,
genomics, and proteomics.
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Figure 1. An example of the isomeric heterogeneity of glycans can be represented by the subtle
differences in configuration, connectivity, and composition.
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Many techniques including high-performance liquid chromatography (HPLC),%!° electrophoresis,
mobility,'*!'” and nuclear magnetic resonance (NMR),'®!° have been employed for glycan structural
analysis. However, each of these methods has its limitations. HPLC, electrophoresis, and ion mobility
require well-characterized glycan standards. Currently, glycan structure elucidation by these techniques is
impeded by the lack of well-characterized glycan standards with structural and stereochemical diversity.
NMR requires relatively large quantities of a highly pure sample, and interpretation of NMR spectra is
difficult due to the similar chemical environments of many protons and carbons. Mass spectrometry,
noted for its minimal sample consumption, high sensitivity, and short acquisition time, has been widely
employed for the structural characterization of glycans. Moreover, because mass spectrometers can
perform tandem mass spectrometry (MS") analysis, they have been used extensively as indispensable
tools for glycan structural analysis. Low-energy collision-induced dissociation (CID) typically generates
glycosidic bond cleavage when applied to glycans.?*2* Infrared multiphoton dissociation (IRMPD),
another slow-heating fragmentation method, gives results similar to low-energy CID.?>*® High-energy
CID?’, stepped collision energy/higher-energy collisional dissociation (sceHCD)?*?°, and vaccum
ultraviolet multiphoton dissociation*-** are unavailable on many modern instruments, even though they
can generate more cross-ring cleavages than low-energy CID and IRMPD. More recently, electron-
activated dissociation (ExD) techniques such as electron capture dissociation (ECD),?!**37 electron
detachment dissociation (EDD),**-? and electron transfer dissociation (ETD)?**4%*}, and electronic
excitation dissociation!%*-46 (EED) have demonstrated the capability of providing extensive and
complementary information about glycan structures. Another development in glycopeptidomics in recent
years is the use of electron transfer/higher-energy collisional dissociation (EThcD) #7*° techniques
together to provide considerable information about intact structures and locations of glycosylation sites.
Mechanisms for ExD methods have been proposed, all of which involve radical-driven fragmentation
processes accompanied by complex hydrogen migration and rearrangement. With most ExD methods, the
fragmentation efficiency is often relatively low, and cross-ring cleavages are unsystematic and
unpredictable due to the absence of well-defined sites for radical generation. Nonetheless, such
approaches require special instrumentation to allow interactions between electrons and the targeted ions.

ACID-BASE CHEMISTRY



In contrast to the often unpredictable and unsystematic dissociation pathways associated with the above
techniques, natural enzymes excel at depolymerizing glycans into their constituent components in a
systematic and predictable manner. This is accomplished by taking advantage of acid-base catalysis to
achieve the selective cleavage of the glycosidic bond. In fact, the enzymatic structural analysis of glycans
employing a set of highly specific exoglycosidases, sequentially or in a matrix array, has proven to be a
powerful analytical tool for the determination of the sequence, the linkage type, and the anomeric
configuration.>® However, this method requires highly pure samples, fully completed hydrolysis,
maintenance of optimal enzymatic conditions, and lengthy enzymatic incubation periods. The impact of
these natural enzymes throughout glycan analysis provides an impetus to develop biomimetic reagents
that, when combined with MS, attempt in part to replicate their chemistry while eliminating the
shortcomings of a purely enzymatic approach to glycan sequencing. To mimic the highly selective
cleavage and the importance of acid-base chemistry at the active site of natural enzymes during the
process of enzymatic glycan depolymerization, reagents such as 2-aminobenzoic acid (2-AA) and 2-
aminobenzamide (2-AB) (Figure 2) have been developed and commercialized for glycan quantitation and
characterization.’'-* Collisional activation of the protonated glycans labeled with 2-AA and 2-AB
generates cleavages at glycosidic bonds, resulting in B-type and Y-type ions. However, hexose
rearrangements were observed upon collisional activation. Meanwhile, Beauchamp and Gao et al. have
developed a sequestered proton reagent for acid-catalyzed glycan sequencing (PRAGS; Figure 2) that
derivatizes the reducing terminus of glycans with a pyridine moiety possessing moderate proton affinity.>*
Similarly, the gas-phase collisional activation of singly-protonated PRAGS-derivatized maltoheptaose
generates extensive Y ions, (Figure 3) which is quite different from the CID of [M+Metal]",*’
[Mpermethylated + Na]*,!” [M - H + C1]*,'” and [M - 2H]* glycans,'? wherein not only the Y ions but also the
A, B, C, X, and Z ions are observed. In particular, the Y ions provide composition and sequence
information for the structural analysis of maltoheptaose. Collisional activation on the singly-protonated
PRAGS-derivatized highly branched model glycan (Figure 4) mainly generates not only the systematic Y
ions but also the Y+Y ions which are generated via a pair of C1-O glycosidic bond cleavages. Moreover,
glycan rearrangement ions resulting from the internal residue loss (IRL), and multiple external residue
losses (M-ERL) are formed. As shown in Figure 4, Y3ur+Y2n and Ysuu+Yon are IRL ion resulting from
the internal loss of N-acetylglucosamine, and Y11.+Y1u, YirtY3un, YirtYsur, Y3ur+Ysun, and Yir+Bou
are M-ERL ions due to simultaneous cleavages of two glycosidic bonds.*®*’ These rearrangement ions are
proposed to be initiated by the labile proton and pose a potential problem for the structure determination
of the unknown glycans.
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Figure 2. Reagents previously and currently used for glycan analysis: 2-aminobenzoic acid (2-AA), 2-
aminobenzamide (2-AB), proton reagent for acid-catalyzed glycan sequencing (PRAGS), free radical-
activated glycan sequencing (FRAGS), iodoaniline, and methylated free radical activated glycan
sequencing reagent (Me-FRAGS).
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Figure 3. The fragmentation patterns observed following the CID of the singly-protonated PRAGS-
derivatized maltoheptaose (a), the CID spectra of singly-protonated PRAGS-derivatized maltoheptaose
(b), the fragmentation patterns observed following the CID of the singly-protonated FRAGS-derivatized
maltoheptaose (c¢), and the CID spectra of singly-protonated FRAGS-derivatized maltoheptaose (d),.
Precursor ion refers to the protonated molecular ion. The possible fragmentation of the reducing terminus
glycan subunit is not observed due to the low mass cut-off (Gao et al., 2013).
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Figure 4. The fragmentation patterns that are observed following the CID of the singly-protonated
PRAGS-derivatized LNDFH II (a), and the CID spectrum of the singly-protonated PRAGS-derivatized
LNDFH II (b). Precursor ion refers to the protonated molecular ion (Gao et al., 2013).

COMBINATION OF ACID-BASE CHEMISTRY AND FREE RADICAL CHEMISTRY

Recently, free radical chemistry>® has regained great attention in the field of biomolecular
characterization.>®-%* Glycans are also highly susceptible to depolymerization by the free radical processes
that are induced via the interactions with reactive oxygen species (ROS) or reactive nitrogen species
(RNS).5! This also agrees with electron-activated dissociation (ExD) techniques for glycan structure
analysis, which usually involves fragmentation via the low-energy free radical dissociation pathways.
Inspired by the susceptibility of glycans to dissociate by means of free radicals through ExD, a
biomimetic free radical activated glycan sequencing (FRAGS) reagent was developed to both understand
the reactions between free radicals and glycans and to generate information relevant to the structure of
glycans.>* The FRAGS reagent possesses a free radical precursor for the glycan characterization, a glycan
coupling site for covalently attaching glycans by regiospecific derivatization at the reducing terminus, and
a mass spectrometric manipulation site for ionization. The FRAGS reagent was demonstrated to generate
systematic and predictable cleavages, yielding a wealth of structural information, including the sequence,
the linkages, and the branching sites. A series of abundant and systematic dissociation patterns including
the Y, “2X, 1*X, Z, and n ions are generated, providing detailed structural information (Figure 3). The
systematic Y and Z ions provide composition and sequence information while the ®*X and n ions provide
linkage information. For topological characterization, the !X ions provide useful information. More
fragmentation patterns including glycosidic bond cleavage, cross-ring cleavage, IRL, and M-ERL are



observed for LNDFH II, which represents branched glycans (Figure 5). The characteristic Zin+ZiL
provides direct evidence of the two branch structures, such as that found in the FRAGS-derivatized
LNDFH II (Figure 5). Starred peaks (Y*) are the product ions corresponding to the glycosidic bond
cleavages from the precursor ion without losing TEMPO. Moreover, the Y+Z, and Y+!*X ions are
formed, wherein Y ion results from acid-base chemistry while Z and X ions result from free radical
chemistry.
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Figure 5. The fragmentation patterns observed following the CID of the singly-protonated FRAGS-
derivatized LNDFH II (a and b, two schemes are shown to label all fragmentation patterns in a



deconvoluted manner), and the CID spectrum of the singly-protonated FRAGS-derivatized LNDFH 1I (c¢).
Starred peaks are the product ions corresponding to the glycosidic bond cleavages from the precursor ion
(Gao et al., 2013).

Zhang and Julian reported an alternative way to generate a nascent free radical via the photodissociation
of the specific carbon-iodine bond for glycan characterization.> The radical precursor is linked to glycans
via either covalent reduction amination or noncovalent complexation. The nascent radical, generated by
the homolytic bond cleavage of the specific carbon—iodine bonds in protonated systems by either
collisional activation or photodissociation, results in the characteristic glycosidic bond cleavage and
cross-ring cleavage products. The CID mass spectrum for the singly-protonated maltoheptaose is
dominated by fragments resulting from glycosidic bond cleavages (as shown in Figure 6a), with uncertain
assignments of the fragments due to the structural symmetry of maltoheptaose. The CID mass spectrum
for iodoaniline-derivatized maltoheptaose yields a full series of the Y ions that reveal the nature of each
monosaccharide building block. Finally, a close inspection of Figure 6b reveals additional low abundance
peaks (shown in greater detail in Figure 6¢). These peaks represent the secondary fragments derived from
the radical ion. LNDFH I and LNDFH II are two hexasaccharide isomers which differ only in the linkage
position of one fucose group (Figure 7). These two isomeric glycans can be differentiated by the
generation of a relatively high abundance of the Z4, ion for the LNDFH I isomer and the Z34p/Z1p ions for
the LNDFH II. Overall, the collisional activation of the radical isomers generates the glycosidic bond
cleavage and the cross-ring fragmentations. It needs to be noted that glycan rearrangement ions are also
observed due to the mobile proton, similar to the PRAGS and FRAGS reagents.
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Figure 6. (a) the CID spectrum of the protonated maltoheptaose; the assignments of the peaks are
ambiguous due to the maltoheptaose symmetry. (b) the CID spectrum of the protonated maltoheptaose
that was previously derivatized with 2-iodoaniline; the X, Y, Z fragments were assigned based on the free
radical precursor, which is depicted in the structure shown on the right. (¢) the zoomed-in version of
Figure 6b. (d) the CID spectrum of the protonated radical maltoheptaose, which was generated by the
photodissociation of the 2-iodoaniline-modified maltoheptaose (Zhang et al., 2014).
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Figure 7. (a) the RDD spectrum of the protonated lacto-N-difucohexaose I (LNDFH I) that was
previously modified with 4-iodoaniline. (b) the RDD spectrum of the protonated LNDFH II isomer that
was previously modified with 4-iodoaniline (Zhang et al., 2014).

FREE RADICAL CHEMISTRY

As briefly mentioned, the unpredictable gas-phase glycan rearrangements mislead the structural analysis.
For instance, the fucose migration is the most common rearrangement observed upon the activation of the
gas-phase glycan ions and yet is unpredictable.>%* Fucose mostly exists as a terminal modification of
oligosaccharides that are not further elongated, which is involved in a wide variety of biological and
pathological processes, and is one of the most common and important types of glycosylation in cancer
and inflammation.®>*7 It is therefore of great importance to avoid the mass spectrometric fucose migration
to obtain accurate glycan structures. Although different mechanisms have been proposed for fucose
migration, the labile proton plays a pivotal role in the proposed dissociation pathways.*>%*% To address
this problem, Beauchamp and Gao et al. designed and synthesized the methylated free radical activated
glycan sequencing reagent (Me-FRAGS, Figure 2), which contains a free radical precursor and a fixed
charge on a pyridine moiety.*® Like the PRAGS and FRAGS reagents described previously,>*”® the Me-
FRAGS reagent reacts selectively with the aldehyde and keto groups and thus targets glycans with
regiospecific derivatization at the reducing terminus. Three pairs of glycan isomers, differing only in the
location of the fucose subunit in each pair, are employed here to test the capability of the Me-FRAGS
reagent.

The 2’-fucosyllactose and 3-fucosyllactose differ only in the location of a single fucose subunit. The
fucose subunit is bonded to the galactose subunit of lactose through an al-2 linkage in 2’-fucosyllactose
but to the glucose subunit of lactose via an a1-3 linkage in 3-fucosyllactose (Figure 8). As controls, the
CID spectra of the PRAGS- and FRAGS-derivatized 2’-fucosyllactose and 3-fucosyllactose ions are
discussed. The Y ions, internal residue loss (IRL) ions, and multiple external residue losses (M-ERL) ions
were observed in the CID spectra of the PRAGS-derivatized 2’-fucosyllactose and 3-fucosyllactose
(Figure 8). The Yi+Y2 (IRL) ion formed by the fucose migration of the 2’-fucosyllactose has the same
mass as the product ion Y1, of the 3-fucosyllactose. Moreover, the Yi,+Y 13 (M-ERL) ion for the 3-
fucosyllactose has the same mass as the Y1 ion for the 2’-fucosyllactose. The IRL and M-ERL jointly
contribute to the generation of two similar CID spectra, making the differentiation of these two simple



glycan isomers and the unknown glycan analysis difficult and ambiguous. More extensive fragmentation,
including the glycosidic bond cleavage (Y and Z), and the cross-ring cleavage ('°X and “*X) are
generated when employing the FRAGS reagent (Figure 8). Product ions that were formed via IRL and M-
ERL are also observed, such as the Yi+Y> and the Yi1,+Y1p ions (Figure 8). Moreover, the Y* ions are
generated via the glycosidic bond cleavage directly from the precursor ion with the retention of the
radical precursor. The labile proton is proposed to be the origin of the IRL, M-ERL, and Y* ions.
Furthermore, the Y+Z and Y+!°X ions are generated by the combination of acid-base and free radical
chemistry, wherein the Y ion originates from the fragmentation generated by the labile proton while the Z
and X ions result from the free radical. The generation of the IRL, M-ERL, Y*, Y+Z, and Y+!°X ions
increases the complexity of the spectra, making the interpretation of glycan structure and differentiation
of these isomeric glycans ambiguous. Me-FRAGS reagent was developed to eliminate the formation of
the labile proton and thus eradicate the potential for glycan rearrangements. As expected, the
disappearance of the IRL, M-ERL, Y*, Y+Z, and Y+!°X ions significantly decreased the complexity of
the MS? spectra (Figure 8). Fortunately, all of the essential Y- and Z-type glycosidic bond, '*X cross-
ring, and Z+Zp cleavages are preserved for the characterization of glycans. The Z,+Zp ion serves as a
diagnostic product ion that identifies the type of branching structure. The resulting systematic free radical
directed dissociation of the glycan inspired the development of a radical-driven glycan deconstruction
diagram (R-DECON diagram), which visually summarizes the MS? results and thus allows for the
assembly of the glycan skeleton (Figure 9). Clearly, the branch site can also be identified by the Y, Z, and
15X ions (Figure 9) in the glycan R-DECON diagrams. Therefore, the 2’-fucosyllactose and 3-
fucosyllactose can be differentiated unambiguously by Me-FRAGS by means of preserving the radical
chemistry but eliminating the acid-base chemistry. To further assess the capability of the Me-FRAGS
reagent to distinguish more complex isobaric, yet branched, glycan structures, LNFP I and V, and
LNDFH I and II were examined. Each pair of glycan isomers differ only in the location of one fucose
subunit but can be easily distinguished by the unique fragmentation patterns. Again, the Z, Y (Ym and
Ywm2), X, and Zo+Zg ions are generated (Figure 10) and the R-DECON diagram facilitates the
straightforward visualization of the glycan skeleton (Figure 11). The branch sites can be confirmed
unambiguously by the Z,+Zg 1ons (Z14+Z1p for LNDFH 1, Z14+Z1s and Z340+Z34p for LNDFH II).
Moreover, the relative abundance of the Z,+Zg ion increases greatly by eliminating the acid-base
chemistry, which supports the radical-driven mechanism for forming this ion proposed previously.>*
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Figure 8. The CID spectra of the singly-protonated PRAGS-derivatized 2’-fucosyllactose (a) and 3-
fucosyllactose (b), and the fragmentation patterns observed following the CID of the singly-protonated
PRAGS-derivatized 2’-fucosyllactose and 3-fucosyllactose, respectively. The parent ion refers to the
protonated molecular ion. The CID spectra of the singly-protonated FRAGS-derivatized 2’-fucosyllactose
(c) and 3-fucosyllactose (d). The parent ion refers to the protonated molecular ion. The peaks that are



marked with asterisks are the product ions which correspond to the glycosidic bond cleavages from the
precurspr ion. The fragmentation patterns observed following the CID of the Me-FRAGS-derivatized 2’-
fucosyllactose (e) and 3-fucosyllactose (f), and the CID spectra of the Me-FRAGS-derivatized 2°-
fucosyllactose and 3-fucosyllactose, respectively. The precursor ion refers to the methylated molecular
ion (Desai et al., 2016).
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GLYCAN ISOMER DIFFERENTIATION

Combined with Orbitrap HCD and ion trap CID, Me-FRAGS has been used to differentiate
glycan anomers, epimers, and constitutional isomers via simple one-step collisional activation,
which generates unique precursor-structure-dependent fragment ions and/or fragment ions with
different relative intensities.”! The fragmentation patterns and relative abundances of fragment
ions upon the ion trap CID of the Me-FRAGS-derivatized nigerose are independent of the
collision energy due to the slow heating process (Figure 12). In contrast, both the fragmentation
patterns and the relative abundances of the fragment ions of the Me-FRAGS-derivatized nigerose
are dependent upon the Orbitrap HCD collisional energy. As a result, more fragmentation
patterns are generated from Orbitrap HCD than ion trap CID. The relative abundance of the ion
corresponding to the loss of TEMPO increases as the Orbitrap HCD collisional energy is
increased from 15 to 25 but decreases dramatically once the Orbitrap HCD collisional energy is
increased beyond 35 (Figure 12). Meanwhile, the relative abundance of the low-mass fragment
ions increases significantly as the Orbitrap HCD collisional energy is ramped up. For instance,
the relative abundances of the Z1-H2O ion (m/z 279), Y1+2H ion (m/z 315), Z1-C3HsO3 1on (m/z
223), and '“Xo+H ion (m/z 181) increase significantly. Moreover, new fragment ions are
generated at high Orbitrap HCD collisional energy, such as the '*X,-CH>Os ion (m/z 193) and
the “*Xo-OHe ion (m/z 207). As a result, the Orbitrap HCD of the Me-FRAGS derivatized
nigerose generates diverse, yet informative, fragment ions, which could be used as a
“fingerprint” to determine the glycan linkages, anomeric center configuration, and stereocenters.
The Y1-C2H40: 1on (m/z 253) is characteristic for 1-4 linkage disaccharides, such as maltose,
cellobiose, and lactose (Figure 13). Moreover, the Y+H-CH>O (m/z 284) ion is unique for 1-6
linkage disaccharides, such as isomaltose, gentiobiose, and melibiose (Figure 13), which is
further confirmed by the study of the Me-FRAGS-derivatized glucose tetrasaccharide with one
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terminal a-1—6 linkage. The disaccharide isomers with the same linkage site have similar

Orbitrap HCD spectra but can be differentiated by Risomer values, which are calculated by using
the following equation wherein R and R» refer to the abundance ratios of the two selected pairs
of MS" fragment ions.
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Figure 12. The MS? spectra of the Me-FRAGS derivatized nigerose by CID and HCD with

collisional energies of 15, 25, 35, and 45 (Murtada et al., 2020).

14



15y, 343 ,

g 1004 maltose ! i -TEMPO A m;%k
L e 1.5 o - . 476 o
% 3 504 Yot YrGHAO, YysH-CH,O 22'? ZtH Y1 Yir2H | -(TEMPO+CH,OH) N Precursorlon i T =181 ?_)_
°5 ) 315 459 ,ll L ~207
o 4% 181 253 / 313 i\ Eh

0——.—q—.—..,‘4v|-l—'—|—'—|—r-A,-'—\—'—v—'—|'r"‘?r|‘r|&-i _,_'Z:l'_,_‘r,":'q-l‘,_A,_, 10,

81m“cellobiose 476 297,208 Loy O
5.1 459 f\ o 2T
® T 50 297 A I 632 ¥t B 5
257 18 053 M 298 315 N\ I s

S Y | W A W ; G — A W e ““m;,,

o 1°°-|3C1D$E ’{ 2720 U
33 . I o
E 4 o uk
& g 181 253 N 298 .'ﬁ'\ ll{ 4/5\9 'I "., ozl

04— B e e S e ey A A hlr—-A,——-.-A-m
g 100 kgjibiose 1.
@ 4 ' 1
% § 50 343 Il[ II -ﬂl h
© 5 813 459 I 632 o [, \\,
m 2 0, 181 Jl'ﬁ\ 315 ‘,II |\ !1] ns
inmnnisasasalnnnsslasns 1 T T e e

8100 sophorose oy 2}—
L 2 1 -1
%% 50 "‘\ o ,"l"
= 1 : 1
& é 181 298 313 315 \ 459 4:6 632 (ﬁoz)_ =313, 315

0 4y 1T TTOOT T T r T e R I e T T 1T T T T E}G‘ T T ] " o
1004 MNP s
. % |nigerose 243 |'I | 'E"' o
® - 459 | %o
=g S0 297 {1 632 OHL? <}_>—
mé 1 181 N 313 315 .f} 1\ \m T
0 Y 1 T T T — e T T e rv‘)'v——\ﬁ'—rAﬁ HO.. 43
1004 343 476 H 313,

@ isomaltose Lo, TS

g 459 f\ PN
Z® 297 315 A I\ o, - 297, 98
@ g S04 A / \ 1 632 o o

2 J f\ 313 \ [ ' N %
-1 181 284 { 298 A [ [ 1w ?}—0

< 0 T  Nam nae puan ¥ f el jv—\' — T T 1 T T 3‘|é5 1T |34‘E§| fL'—\\’ um r_"A!_"\"_' H-,c'“'

u,mo'gentiobiose [N R 1 1;7

[+] 1 TR e
5 %] 297 l‘ D o?j\)—
= £ . =181 -
@3 181 284 | 298 313 f JL 459 478 632 o D

R e T e R T Bz e T oL

@ 1004 melibiose <-uo“/” 3,318

% 1 . 297, 298
,: L ' _\__.;,.4

OH -NH
22 | 284 297 208 313 315 459 476 632 & _<}=>—°
o A A . oH W
—— T T T T Tt b TR e i He
L U N I B \”J@\ (S pe @ g @
S EEEEFF IELE FEELTE S F P é’? e
m/z miz miz miz miz m'z miz miz miz m/z

Figure 13. The zoomed in MS? spectra of the Me-FRAGS derivatized disaccharides that were
subjected to HCD with a collisional energy of 25 (Murtada et al., 2020).

The mass spectrometric analysis of glycans has been hampered by trace amounts of glycan
sample available from low-abundant glycoconjugates in biological sources. It is therefore
especially challenging to directly analyze glycans by MS with even traces of these other
components as some species, including proteins and peptides, are often much more readily
ionized, and thereby greatly suppress glycan ionization and detection. As a result, efficient
glycan enrichment and separation from complex biological mixtures are crucial for mass
spectrometric glycan characterization. To address these issues, a multi-functional solid-supported
free radical probe (SS-FRAGS, Scheme 1) was developed by Gao and Beauchamp.”? The probe
comprises a solid support, disulfide bond, free radical precursor, pyridyl, and hydrazine moieties.
SS-FRAGS selectively captures free glycans, allowing for their enrichment and purification. The
disulfide bond acts as a temporary covalent linkage between the solid support and the free radical
reagent, allowing the release of glycans via the cleavage of this bond after enrichment and
purification. The free radical precursor generates a nascent free radical upon collisional
activation, which simultaneously initiates low-energy free radical dissociation pathways, thus,
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fragmenting the glycan. The pyridyl functional group allows for a fixed charge, thereby allowing
for glycan structure determination from the analysis of the systematic fragmentation of the
glycan back towards the reducing terminus without the potential for glycan rearrangements. The
hydrazide functional group selectively targets bioconjugates at the reducing terminus of the
glycan, thereby serving as a coupling site between the reagent and the glycan.
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Scheme 1. The structures of the solid-supported free radical probes.

GLYCAN ENRICHMENT AND CHARACTERIZATION

Glycans are selectively captured through covalent conjugation to the SS-FRAGS via the
reduction reaction between the unique glycan reducing terminus and the probe hydrazide moiety
(glycan coupling site of the probe, Figure 14). To achieve glycan purification and enrichment,
the impurities and/or excess reactants are thoroughly washed away by water and acetonitrile.
After enrichment, the conjugated glycans are released by the selective cleavage of the disulfide
bond by using the chemical scissors, dithiothreitol (DTT). Then, the conjugated glycans are
methylated by reacting with iodomethane at the pyridine nitrogen site to avoid glycan
rearrangement during collisional activation, ionized by electrospray ionization (ESI), and
subjected to collision-induced dissociation (CID) within the ion trap. LNDFH I and IT were
employed as branched isobaric glycans to assess the capability of the SS-FRAGS to analyze
more complicated glycan structures and differentiate glycan isomers. Similarly, systematic and
predictable radical-directed glycan fragment ions are generated upon collisional activation,
including Z, Y, '°X, and Zq+Zg ions retaining the charge on the reducing terminus. More
importantly, the unique fragmentation pattern Zo+Zp (Z34+Z3p for LNDFH I and Z14+Z1p and
Z3aatZ30p for LNDFH II, Figure 15) is observed only at the branch site, providing the
information to confirm the presence and location of the branch structure. It is essential to note
that the two glycosidic linkages need to be adjacent to each other to observe the unique Zq+7Zp
ion. The glycan LNDFH I has 1-3 and a1-4 linkages on the branch site while LNDFH II has al-
3 and B1-4 linkages on the first branch site and $1-3 and a1-4 linkages on the second branch site.
The determination of the branch sites with two glycosidic linkages which are not adjacent to
each other will be discussed in the case of glycans released from RNase B (vide infra).
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To test the capability of the SS-FRAGS for the enrichment of glycans from biological samples,
the analysis of glycans released from ribonuclease B (RNase B) from bovine pancreas was
performed. The RNase B (1 mg) was denatured at 90 °C for one hour. Then, the glycans were
enzymatically released from the RNase B by PNGase F followed by the enrichment protocol
described in Figure 14. Although PNGase F is the most common route for glycan liberation,
those through chemical means are still well-established. Recently, sodium hypochlorite (the
active ingredient in commercial bleach) has shown the capability to release free reducing glycans
from glycoproteins.”® Either way, after glycan release prior to utilizing the SS-FRAGS and
following the procedure described in Figure 14, all of the impurities, including the proteins,
peptides, salts, and detergents, were easily washed away by water and acetonitrile, allowing for
the purification and enrichment of glycans. Using SS-FRAGS is advantageous relative to the
derivatization of glycans with other previously described reagents in that it requires less effort
and time for enrichment by utilizing a solid-support. As shown in Figure 16, abundant ions were
detected, enabling subsequent collision-induced dissociation for further structural
characterization of the glycans released from the RNase B, which is further discussed below. The
FRAGS reagent (Figure 16b), which was proved to allow for the systematic and predictable
cleavages for glycan structure elucidation, was used as a point of comparison to provide support
for the capability of the solid-supported probe for enriching glycans. Ultimately, no signal was
observed for the parallel control test (Figure 16b). To further compare the SS-FRAGS with Cig
solid-phase extraction (SPE), the SPE purification was run after the derivatization of FRAGS.
Either way, it is clear that the SS-FRAGS obtains better glycan purification than SPE.
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Figure 16. The enrichment of glycans released from RNase B by the SS-FRAGS (a), and the
control by using the FRAGS reagent (b) (Fabijanczuk et al., 2019).

As previously mentioned, abundant mass spectrometric signals were observed for the target
glycans that were released from RNase B. Figure 17 shows the CID mass spectra of the free
radical probe-derivatized glycans that were released from RNase B. As expected, only the
systematic Z, Y, and !X cleavages were generated due to the presence of the well-defined site
of radical generation.. For the glycans released from RNase B, the structure of the most abundant
isomer of MansGIcNAc: is proposed and validated to have two branch sites with distal
glycosidic linkages. The configuration of these two branch sites is confirmed by the
corresponding loss of mannose subunits on each side of the branch site. Furthermore, there is an
absence of fragmentations that would otherwise pertain to the loss of two mannose or four

mannose residues for MansGIcNAc».
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Figure 17. The fragmentation patterns observed following the CID of the MNPs-FRP-
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refers to the methylated molecular ion (Fabijanczuk et al., 2019).

CONCLUSIONS AND PERSPECTIVES

The development of reagents recruiting acid-base and/or free-radical chemistry has shown the
ability to accurately characterize glycans based on the induction of unique product ions. Acid-
base chemistry excels at dissociating glycans into their constituent components at glycosidic
bonds. However, the unpredictable glycan rearrangement ions can mislead the interpretation of
MS? spectra. Fortunately, free radical chemistry with the development of a fixed charge
eradicates all of the IRL, M-ERL, Y*, Y+Z, and Y+'°X ions while retaining all of the essential
Y- and Z-type glycosidic bond, X cross-ring, and Z,+Zg cleavages. Additionally, reagents that
make use of radical chemistry brings the power of the election dissociation techniques without
the need for additional instrumentation. Currently, the aforementioned reagents are capable of
accurately distinguishing among branched isobaric isomers similar to lacto-N-difucohexaose |
and II and branched N-glycans that were liberated from glycoproteins similar to RNase B. Such
capabilities could translate into the future characterization of human disease glycan biomarkers
or quality assurance assays of glycosylated biopharamceuticals.

However, given that these reagents are limited to glycan characterization, the future development
of fluorescent free-radical tags for simultaneous glycan quantitation and characterization would
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be desirable for the field of glycomics. For example, abnormal quantities of certain human
disease glycan biomarkers can be just as essential to monitor as the structure of glycosylations.
Thus, the implementation of a sensitive and quantitative analytical technique of glycans with
simultaneous characterization capabilities is ideal for the comprehensive study of glycans. For
the biopharmaceutical industry, it is just as important to monitor the amount of glycosylations on
biologics as part of a more extensive quality assurance assay. For instance, slight differences in
the number of glycosylations can significantly impact the safety and efficacy of glycosylated
biopharmaceuticals. Thus, in the future, the development of a reagent that is capable of both
glycan quantitation via fluorescence and glycan characterization via free radical-mediated
processes is an attractive and impactful project to pursue next.
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