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Abstract

The importance of glycans in biological processes are matched by their structural complexity. Coating
the surface of most living cells, glycans play key roles in many biological processes, and the role they
play is closely related to their structures. Structural determination of glycans remains however very
challenging, due to the isomeric complexity inherent to this class of molecules. Many of the
monosaccharides which make up the building blocks of glycans are isomeric, and can link together in
various positions, resulting in a vast number of constitutional isomers and anomers. Furthermore,
glycan synthesis is not template driven, resulting in glycans being naturally heterogenous, with a wide
range of different structures occurring from cell to cell. This thesis presents a new approach, aimed at
determining glycan primary structure, by combinig collision-induced dissociation (CID) with cryogenic
messenger-tagging infrared spectroscopy and ultra-high resolution ion mobility (IMS), performed on
home-built state-of-the-art instruments.

The first part of this thesis gives an overview of the instrumentation used to carry out the research
presented. A detailed account of the addition of a new, ultra-high resolution ion mobility stage to the
existing apparatus is provided, along with its characterization.

We then investigate the generality of initial findings, showing that glycan C fragments generated by
CID from disaccharides retain the anomericity of the glycosidic bond, and demonstrate that this rule
extends to larger C fragments than those observed in the initial study and also applies to large, and
branched parent molecules. These finding are significant as they imply that C fragments always appear
to retain the anomericity of the glycosidic bond from which it was generated, a property that will
greatly benefit glycan sequencing.

Next, we present a methodology developed, using Y fragments generated from mobility-separated
glycans, to identify which mobility-separated species correspond to the a and B reducing-end
anomers. This allows us to distinguish the reducing anomers from other structures when studying a
mixture of isomeric glycans by IMS. The data obtained from studying C and Y fragments of glycans can
be used in a complementary way to build a spectroscopic database, which assigns exact glycan
structures to specificinfrared spectra. The creation of such a database would allow for rapid and exact
identification of glycans, greatly advancing the field of glycomics.

Finally, the cyclic oligosaccharide B-cyclodextrin was investigated by spectroscopy and IMS. The
structures of its main dissociation products were computed by electronic structure calculations and
compared to their experimental vibrational spectra. The fragments observed corresponded in mass
to either B-type or Z-type fragments, and the calculated lowest energy structures which match the
experimental data seem to indicate that the fragments observed are 2-ketone B fragments. Further
investigation of B fragments generated from other systems may indicate a correlation between the
structure of these fragments and the type of glycosidic bond from which they are produced. If this
turns out to be the case, then B fragments can also be added to the spectroscopic database as
identifiers for glycan structures.

Keywords: collision-induced dissociation, cryogenic spectroscopy, ion mobility spectrometry, glycans,
glycan isomers, glycan anomers, anomer retention, cyclodextrin.



Résumé

L'importance des glycanes dans les processus biologiques est comparable a leur complexité
structurelle. Recouvrant la surface de la plupart des cellules vivantes, les glycanes jouent un role clé
dans de nombreux processus biologiques, et ceci est étroitement lié a leurs structures. La
détermination structurelle des glycanes reste cependant tres difficile, en raison de la complexité
isomérique inhérente a cette classe de molécules. De nombreux monosaccharides qui constituent les
blocs de construction des glycanes sont des isomeres et peuvent se lier entre eux en différentes
positions, ce qui donne lieu a un grand nombre d'isomeres constitutionnels et d'anomeres. De plus,
la synthese des glycanes n'est pas pilotée par un modele, ce qui fait que les glycanes sont
naturellement hétérogénes, avec un large éventail de structures différentes d'une cellule a l'autre.
Cette thése présente une nouvelle approche, visant a déterminer la structure primaire des glycanes,
en combinant la dissociation induite par collision (CID) avec la spectroscopie infrarouge cryogénique
et la mobilité ionique a ultra-haute résolution (IMS), réalisée sur des instruments de pointe faits
maison.

La premiére partie de cette these donne un apercu de l'instrumentation utilisée pour mener a bien
les recherches présentées. Un compte rendu détaillé de I'ajout de la mobilité ionique a ultra-haute
résolution a I'appareil existant est fourni, ainsi que sa caractérisation.

Nous étudions ensuite la généralité des résultats initiaux, montrant que les fragments C de glycans
générés par CID a partir de disaccharides conservent I'anoméricité de la liaison glycosidique, et
démontrons que cette régle s'étend a des fragments C plus grands que ceux observés dans |'étude
initiale et s'applique également a des molécules parentes plus grandes et ramifiées. Ces résultats sont
importants car ils impliquent que les fragments C semblent toujours conserver I'anoméricité de la
liaison glycosidique a partir de laquelle ils ont été générés, une propriété qui profitera grandement au
séquencage des glycanes.

Ensuite, nous présentons une méthodologie développée, en utilisant des fragments Y générés a partir
de glycanes séparés par mobilité, pour identifier quelles espéces séparées par mobilité correspondent
aux anomeres a et B réductrices. Cela nous permet de distinguer les anomeéres réducteurs des autres
structures lors de I'étude d'un mélange de glycanes isomeriques. Les données obtenues par I'étude
des fragments C et Y des glycanes peuvent étre utilisées de maniére complémentaire pour construire
une base de données spectroscopique, qui attribue des structures exactes de glycanes a des spectres
infrarouges spécifiques. La création d'une telle base de données permettrait une identification rapide
et exacte des glycanes, ce qui ferait progresser de maniere signifiant le domaine de la glycomique.

Enfin, I'oligosaccharide cyclique B -cyclodextrine a été étudié par spectroscopie et IMS. Les structures
de ses principaux produits de dissociation ont été calculées par des calculs de structure électronique
et comparées a leurs spectres vibrationnels expérimentaux. Les fragments observés correspondaient
en masse a des fragments de type B ou de type Z, et les structures calculées de plus basse énergie qui
correspondent aux données expérimentales semblent indiquer que les fragments observés sont des

7

fragments B de structure 2-cétone. Une étude plus approfondie des fragments B générés a partir



d'autres systéemes pourrait indiquer une corrélation entre la structure de ces fragments et le type de
liaison glycosidique a partir duquel ils sont produits. Si cela s'avere étre le cas, alors les fragments B
peuvent également étre ajoutés a la base de données spectroscopique en tant qu'identificateurs des
structures de glycanes.

Mots clés : dissociation induite par collision, spectroscopie cryogénique, spectrométrie de mobilité
ionique, glycanes, isomeres de glycanes, anomeres de glycanes, rétention d'anomeres, cyclodextrine.



List of abbreviations

Abbreviation
ATD
CCsS
CD

CE

CID
DFT
ECD
EDD
ESI
ETD
FAB
FAIMS
HPLC
IMS

IRMPD
LC
MALDI
MIPS
Nd:YAG
MS
NMR
OPO
PCB

RF
SLIM
SNGF
TOF
TW

uv
ZPE

Definition

arrival time distribution

collision cross section

cyclodextrin

capillary electrophoresis
collision-induced dissociation
density functional theory

electron capture dissociation
electron detachment dissociation
electrospray ionization

electron transfer dissociation

fast atom bombardment

field asymmetric ion mobility
high-pressure liquid chromatography
ion mobility spectrometry

infrared

infrared multiple photon dissociation
liqguid chromatography
matrix-assisted laser desorption
Modular Intelligent Power Sources
neodymium-doped yttrium aluminium garnet
mass spectrometry

nuclear magnetic resonance

optical parametric oscillator

printed circuit board

radiofrequency

structures for lossless ion manipulation
Symbol Nomenclature for Glycans
time of flight

travelling wave

ultraviolet

zero-point energy

\



Table of contents

ADSEIOCE ...ttt ettt ettt e e e e ettt e e e e e e et eaae s 1
RESUMB ...ttt et ettt e e e e e ettt a e e e e e e v
o) o] o) oTa =AY, [0 a o) KPP Vi
TODIE Of CONEENTS. ... ssanssnsssssnnnnnes Vil
TANELOGUCTION ...ttt ettt e et e ettt a e e e e e ettt eeaeens 1
1.1 The analysis of biomolecules by gas-phase techniques.........cccccvvviiiiiiiiiii, 1
1.2 Glycans, theirimportance and chall@NGES .........uuuviiiiiiiiiiiiiiiiiiii 1
1.3 State of the art of glycan analysis and ongoing development ..............uvvvviveiiiiiiviiininiinnnnnn. 4
1.4 Fragmentation Of Y CaNS.......uu i uuuiiiiiiiiiiiiiiiiiiiiii bbb bbb bbb bbb bbb bbb bbb abaaaaaes 7
1.5 Theme of this r@SEArCH .......ueiiiiee e e s e 9
2. EXperimental QPPIOGCH .........ooueeeeveeeiieeiiiiiiiiiiiiiiiiiiiiieieeeeeteetaeeeeeeeeeeeeeeeeeeeeaeeeeseesssssseesnnes 11
2.1 A tandem mass spectrometer for cryogenic spectroscopy of gas-phase molecularions ......... 11
2.2 Addition of a SLIM-based ion mobility stage to the tandem mass spectrometer for
cryogenic spectroscopy of gas-phase molecular ions...........ccoccvvvevevcieineeecie e 14
b 2 R Lo o I {0 a T 1= I =T o TP PP 15
2.2.2 Travelling wave IMS implemented DY SLIM .......ccocuiiiiiiee e e e e e eearneeee s 16
2.2.3 SLIM based ion guide and CID FEEION ........uuiiieiiiieeiiiiieee e e eecitreeee e e e e siirreeeeeesessnarrreeeeeeessaseneaeeeens 19
B 2 [T 1 o] o 1ot OO O O PO PPPUPO 20
2.2.5 Detection of ions in the SLIM IMS section and ioNn gUIde ...........ceeeeeieriiiiiiieeee e 20
2.2.6 Performance of the SLIM-IMS MOAUIE ..........ccooiiiiiiiiiiiiie et e 21
3. Collision-induced dissociation of sodiated glycans ...............ccuueeeeeveeveeveeeeeeeeeveeeevievevevnnnn, 25
3.1 Fragmentation of the glycosidic lINkage ........cooviiiiiiiiiiiiieee e, 25
3.2. Center-of-mass referenCe frame . ... e 26
3.3 Mean free path and the effects of pressure ..., 27
3.4 Collisional activation and the two-Step ProCesS......ccuiiviiiiiiiiiiiiieeeee e 29
3.5 Unimolecular dissociation and RRKM theory.........cccccvviiiiiiiiiieeeeeeee e 30
3.6 Competitive pathways and ion relaxation ........cccccevvviiiiiiii 31
3.7 ClOSING COMMENTES .iiiiiiiiiiiiiccccee e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eeeeaeeeeees 32
4. Anomeric retention of glycan C-type fragments...............ceeeeeeeeeeveeeveeeeeeeeeeeeeeeeseeeevnevennnnn, 33
N oY oo [F Tt o o NN TP PPPRPTRPPP 33
4.2 EXperimental PProach... ... e e e e e 34
4.3 Mass Spectra Of CID fragmMeENnts .....cuiiiiiiiiiiiiiiciiiieeeeeeeeeeeeeeeeeeeeeee e e e e e e e e e e e e e e e e e e e e e eeeeeeees 34
4.4 Cryogenic infrared spectrum of a monosaccharide ........ccccvvveiiiiiiiiiiiiiiiiieeeeeee, 36
4.5 Spectroscopic investigation of the anomeric retention of C fragments........ccccccceeeeeeiernninnnnnnn. 37

Vi



4.6 Spectroscopic identification of an ambiguous fragment.......cccccvvvviiiiiiiii, 41

Loy A 6o o Vol LU Ty o o L3N 41

5. A new glycan sequencing strategy coupling ion-mobility-selected CID and messenger-

EAGGING IR SPECLIOSCOPY ...eeeeeaeeeeeeee e ettt et eeetee s e et e e e eeaaneeeees 43
5.1 INtrOdUCTION oo a e 43
5.2 Experimental @approach ... 44
5.3 Spectroscopic study Y fragments generated by CID of mobility-selected precursors............... 44

5.3.1 Disaccharide Gal(B-4)GalNAC.......cueiiiiiiiiiiiieeeeeeeeiiteee e e e e esrreeeeeeeessabrereeeeessssaaraeeeeeesssssssrneeeens 45
5.3.2 TrisaCCharide MAN-L......ccciiiiiiiiiiee e ettt ee e e e e e et r e e e e e e satbaeeaeeeesssasaaaaeeeaeeesssssnseeaaeseesssssrneeaens 47
R T N =1 - 1= Yol o F= T o [T M\ o PP 50
5.3.4 Pentasaccharide MaltoPeNnta0se. . ...ciiicuuiiiiieeeeeeeiiieeee e e e sttt e e e e e e e e e e e e s e s nabrreeeeeeesnnsaneaeaeeas 51
5.4 Comparison of mobility-separated disaccharides to their permethylated standards............... 54
5.5 CONCIUSIONS i e e e e e e e e e e e e e e e e e e e e e e e e e e eees 56

6. Unravelling the structures of sodiated B-cyclodextrin and its fragments.......................... 58
30 1Y oo [0 4 o o H TR 58
3 A V11 o o £ 60

6.2.1EXPEriMENTAl DETANIS ...uvviiiiiiieiiiiieee ettt e et e e e e e et e e e e e e s atrr e e e e e e e e s anararaeeeeeeaanrrraaaaeas 60
6.2.2 Computational GPPrOACH.........eiiiiiiee e e e e e e e e e e e e e e e e e aaaaaaaae s 60

6.3 RESUILS aNd DiSCUSSION .uiieieeieieeieeieeee e e e e e e e e e e e e e e e s e e e e e s s e s e s s s e s s e s s e e e easesasssassssssansssnnns 61
6.3.1 CID MASS SPECIIUM ...ttt ettt e ettt e e e e e e ettt e e e e eeeteaaa e e e e eeettasaaa e e e eeeetasnnna e eaeeeeennnnaneaaes 61

6.3.2 lon mobility and cryogenic IR action spectra of sodiated o-CD and B-CD......ccccceeeeriiieeiniiieeeennneen. 63

6.3.3 Cryogenic IR spectra of CID fragments........cceiiiieiiiiiiiiieee e eeeiiiieeee e e e e e e s e e e e e e s aaaraeaee s 66

6.3.4 ComMPAriSON WIth TREOIY c.iieiiiiiiiiiie ettt e e et e e e e e e s rr e e e e e e e e s sasabaeeeeeeeessansneaeeeens 68

I N 0o T Vol [V 1Y o] o YRR 73

A 0o Tl [V X [ o 3PP 75

Appendix: Fragmentation mechanisms, calculated spectra, and relative energies of the

candidate fragment ion structures of B-cyclodextrin ..............cuuuveeveeveveeeeeveiiiiiiiiiieiiivvivannnnn, 78
ACKNOWICAGEMENLES ...ttt ettt e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aeaaeeens 82
CUITICUIUIM VOO ..ottt ettt e e e e e ae s 85
Robert Pellegrinelli..............coooueeeeeeeiiieeiiieiieeeee ettt 85
211 [To o Tde o] ) PP 88

Vil



1.Introduction

1.1 The analysis of biomolecules by gas-phase techniques

The function of biomolecules in living organisms is closely related to their structure, which is why a
considerable amount of time and effort has been devoted to unravelling their architecture. Of the
various techniques proposed to unravel biomolecular structure, gas-phase techniques have proven to
be extremely useful due to their high sensitivity and selectivity. Isolating an analyte molecule from its
solution environment facilitates its detection and identification by allowing measurements to be made
on the bare molecule without clouding from the environment. This is one of the key advantages of
gas-phase techniques, where rapid identification of and primary structure determination of
biomolecules become possible. This ability to rapidly provide information on biomolecules has greatly
increased with the invention of soft ionization techniques such as electrospray ionization (ESI)! and
matrix-assisted laser desorption (MALDI)?, which have allowed for the seamless transfer of large,
intact biomolecules into the gas phase.

As a result, structural studies of isolated peptides, lipids, nucleic acids, and glycans has become
possible, allowing to analyze the linkage and composition of these molecules with unprecedented
rapidity and detail, revolutionizing the fields of metabolomics,® genomics, and proteomics.* Mass
spectrometry (MS)-based protein sequencing methods make use of the easy detection fragment
masses to re-construct the full peptide sequence. The high sensitivity MS-based methods has led to
the detection of slight changes in metabolite levels as indicators for diseases such as cancers,””’
cardiovascular diseases,®® and inborn errors of metabolism.'%!2 Improvement of ambient ionization
methods has allowed for in vivo and in situ MS imaging along various dimensions,*? lipid profiling in

1415 3nd the imaging of proteins in a three-dimensional sample

different layers of tissue sample,
volume.!® The development of action spectroscopy has allowed for spectroscopic studies of gas-phase
biomolecules to be performed, providing a whole new approach to identification and structure

determination.?’

In this work, we cover the application of gas-phase techniques to the complex field of glycomics, and
present the latest innovations for glycan structure elucidation, based on fragmentation in the gas
phase.

1.2 Glycans, their importance and challenges

Glycans are compounds consisting of monosaccharides linked together by glycosidic bonds, which play
a central role in many biological processes. Most proteins on cell surfaces are heavily glycosylated,
resulting in almost all living cells being covered by a “forest” of glycans called the glycocalyx (Figure
1.1). These mediate both intrinsic and extrinsic recognition between cells and external entities.'®%°
Blood group type and organ-donor compatibility?!, and immune response to pathogens® are all

strongly influenced by glycans. The processes by which viruses gain access to host cells and escape



immune detection are also principally mediated by glycans on viral surfaces, which help to “unlock”
host cells and mask certain features recognized by the immune system.???* For example, recent
studies on the SARS-CoV-2 spike protein has shown that a number of N-linked glycans contribute to
its folding as well as helping in immune evasion.?>® In one way or another, glycans are implicated in
virtually all major human diseases. In order to gain a better understanding of these processes and
propose effective and targeted solutions, it is essential to understand the structure of glycans, which
is directly related to their physiological functions.

(a)
I~ Glycoprotein: protein with Glycolipid: lipid with
' o - carbohydrate attached carbohydrate
= Phospholipid
Peripheral . - - bilayer
membrane Integral membrane Cholesterol :
protein proteins Protein channel
Cytoskeletal filaments

(b) (C) A =Fucose

O = Galactose

[ =N acetyl galactosamine

;—b
C

Figure 1.1: lllustration of a cell membrane with glycoproteins and glycolipids highlighted on the cell

surface, reproduced with permission from reference?’ (a). Scanning electron microscopy image of the

glycocalyx of a cell, reproduced with permission from reference?® (b). lllustration of how glycans are
responsible for blood group type (c).

[l =N acetyl glucosamine

Despite being of fundamental importance in biological processes, deciphering glycan primary
structure is complex. This complexity arises from both their biosynthetic pathways and their inherent
chemical structure. Glycan synthesis is not a template-driven process, but rather relies on the
presence and concentration of enzymes that link monosaccharides together. While the presence of
such enzymes is determined by genes, their concentrations depend on the cellular environment,



which can greatly vary from cell to cell. This results in a large heterogeneity in the glycosylation of
proteins, for example, with each glycosylation site having the possibility of hosting different glycans.

To fully appreciate the complexity of glycans, it is necessary to understand the basics of glycan
structure. We take the example of glucose (Figure 1.2). In solution, glucose exists as an equilibrium
between its open-chain and cyclic forms, but in aqueous solutions, over 99% of glucose is in a cyclic
pyranose form (Figure 1.2a). The carbon atoms are labelled C-1 through C-6, with the C-1 being part
of the aldehyde group in the open-chain form. The C-1 hydroxyl group is the most labile due to the
electron-donating effect of the adjacent oxygen and is called the anomeric OH. This OH group exists
in either axial or equatorial configurations in the pyranose form, producing a and B anomers (Figure
1.2b), which interconvert in solution through a process called mutarotation.? The equilibrium for
glucose is 36% a and 64% B at room temperature. When forming polymers, the unit containing a free
anomeric OH is called the reducing end, while the other extremity is referred to as the non-reducing
end (Figure 1.2c). Every reducing sugar will therefore possess a racemic mixture of reducing anomers,
resulting from the anomeric OH being in the a or B configuration according to thermodynamic
equilibrium.

(a)

Open-chain Hexose chair
OH
(b)
OH G o M OH
HO
[ o o
HO -
OH OH
OH
a-anomer B-anomer
() -
OH
OH
HO ° o}
Ho 2 HO. o o
OH HO OH
OH
OH
Non-reducing end Reducing end

Figure 1.2: The basics of glycan structure taking glucose as an example. (a) carbon numbering and the
typical ring-structure of a monosaccharide, (b) different anomers due to the position of the reducing
end OH group, (c) designation of reducing and non-reducing end in a glucose polymer.

The complexity of glycan structure is further rooted in the fact that many of the monosaccharides,
which are the building blocks of glycans, differ only in the stereochemistry around an asymmetric
carbon atom (Figure 1.3a). Moreover, when a glycosidic linkage is formed at the anomeric carbon (C-
1), it can adopt either an a or a B configuration resulting in different anomers (Figure 1.3b).



Furthermore, glycosidic linkages can be formed at different hydroxyl groups, giving rise to a multitude
of regioisomers and branched structures, all of which can have equivalent monosaccharide content
and molecular mass (Figure 1.3c). The combination of all these various types of isomerisms leads to
an enormous number of possible of primary structures for a glycan of a given mass. For example, a
glycan comprised of six monosaccharide units can exist in any one of 1x10*2 different isomeric forms,*
each of which will have different properties. Because of this isomeric complexity, the structural

determination of glycans remains a challenging yet, undeniably important task.

In the context of this work, the SNGF notation for drawing glycans is used.?! This shorthand allows the
simple representation of complex glycan structures as a series of colour-coded symbols joined by
straight lines, representing the glycosidic linkages, over which the anomericity and linkage position
are indicated. The glycosidic linkage is always assumed to originate from the C-1, except for 2-ketoses
which originate from C-2. A small glossary of the common monosaccharides used in this work is
presented in the inset of Figure 1.3.

(a) O OH OH
. o ol
HO ~ ‘
OH HO HO -
w S\weoH oH

Mannose

O = Galactose (Gal)

@ = Glucose (Glc)

Glucose Galactose
@ =Mannose (Man)

(b)

Gal(a1-3)GalNAc

NHAc

OH

OH
OH
on OH
o
0
"o o oH
OH

NHAc

Gal(B1-3)GalNAc

[] =N acetyl galactosamine (GalNAc)

B = N acetyl glucosamine (GIcNAc)

(c)

OH

NHAc
HO!

OoH
OH on o]
OH
o o OH
o HO.
OH
Ho 0 OoH o
OH
NHAG " OH

Gal(@1-3)GalNAc Gal(B1-4)GalNAC

Figure 1.3: Structural complexity of glycans, with the illustration of (a) isomeric monosaccharides, (b)
glycan anomers, (c) regioisomers. Inset: abbreviations of common monosaccharides used in this work.

1.3 State of the art of glycan analysis and ongoing development

Due to the complex nature of glycans, direct measurements of the molecular structure may seem to
be the best option. X-ray crystallography is such a direct measurement, that has been used to measure
glycan structure to a limited extent.?? The limitation of X-ray crystallography arises from the fact that
most glycans do not crystallize, most likely due to their flexible nature, making it less likely for them
to pack uniformly into a crystalline structure. Nuclear magnetic resonance (NMR) spectroscopy is the



most widely used technique when an absolute structural characterization of a molecule is necessary.
This has been used to determine the structure of glycans with a high degree of precision,**>* and *H
NMR is commonly used by carbohydrate suppliers to validate their products. Although both
techniques can potentially provide all the details on glycan structure, they require considerable
amounts of sample, making them unsuitable for analytical purposes.

Analytical techniques that separate molecules based on their structure and physical properties have
gained traction for the study of glycans. Capillary electrophoresis (CE), which separates charged
molecules based on their migration time between two electrodes, has been used to separate and
identify glycans.®® Typically, glycans are chemically labelled by a charged, florescent label, which plays
the double role of ensuring good mobility in the electric field and of providing easy UV detection.” A
ladder of standards, consisting of increasingly large polysaccharides, have been used to estimate the
size, monosaccharide content and structure in CE studies of glycans.?® 3 High-pressure liquid
chromatography (HPLC) separates molecules based on their affinity to a stationary phase inside a
column and characterizes them by their retention times. Much like CE, glycans can be functionalized
with a fluorescent label and detected optically as they elute from the chromatographic column.*® The
use of enzymes, typically exoglycosidases, which can cleave specific types of glycosidic bonds from the
non-reducing end, has been used in conjunction with CE and HPLC techniques to provide a complete
glycan sequencing strategy, capable of determining monosaccharide content, linkage position, and
anomericity to a high degree of accuracy.’*** Although powerful, these approaches are time-
consuming and labour intensive, with separation runs taking tens of minutes and enzymatic digestions
often taking hours, and cannot always resolve all types of isomerism. This beckons the development
of faster, simpler, and more structurally sensitive methods for glycan analysis.

Mass spectrometry (MS), which distinguishes ions based on their mass to charge ratio (m/z), is the
most widely used technique for glycan analysis due to its speed and sensitivity.***’ Although simple
MS is unable to distinguish between glycan isomers, tandem mass spectrometry (MS"), which consists
of breaking a mass-selected parent ion and detecting the fragments, has been able to provide
structural insights into complex glycans, based on the identification of particular fragments or
fragmentation patterns.*®>° Recently, tandem mass spectrometric techniques have unraveled many
structural details such as linkage position, branching, and in some cases the anomericity of small
glycans.>®*2 Even so, MS" alone is unable to distinguish between all the isomers and isomeric fragments
formed when studying glycans. It has therefore been coupled to separation techniques such as HPLC,
providing hybrid methods that have allowed many glycan isomers to be separated and identified based
on their retention times and MS patterns.*?*>>* Schemes have been developed in which a glycan
sample is treated by arrays of enzymes which cleave specific glycosidic bonds, and the products are
then separated by HPLC and analyzed by tandem MS.*? 54%5 Such methods are very powerful, with the
ability to fully sequence large oligosaccharides. However, they often require chemical labeling of the
glycans, long incubation times, and multiple chromatographic runs, making them complex and time
consuming. This leaves the floor open to faster, more direct separation techniques to be partnered to
MS" analysis.

lon mobility spectrometry (IMS) separates ions moving through an electric field in the presence of an
inert gas. This separation is based on the collisional cross section (CCS), which is specific for each
compound and drift gas. Many different types of ion mobility exist, the most common of which are



drift tube IMS (DTIMS), field asymmetric IMS (FAIMS), and travelling wave IMS (TWIMS).>® lon mobility
has been coupled to MS analysis, adding the ability to separate isomeric and isobaric species that
could not be resolved by MS, giving rise to many different hyphenated IMS-MS techniques.>” Adoption
of these techniques for the study of biomolecules has provided a new and powerful way to separate
and probe different molecular conformations.®® A few examples include the direct measurement of

5961 separation of chiral amino acids,® and the

64-65

protein folding as a function of pH and temperature,
assembly of viruses,® and the separation and distinction of isomeric glycan structures.

lon mobility has recently been coupled with MS" techniques for the study of glycans, separating
isomers on the millisecond timescale, and thus providing an attractive and novel alternative to HPLC.*
%8 Glycans of different monosaccharide content, as well as regioisomers and anomers with the same
monosaccharide content have been identified using IMS-MS".%7- 676 The development of structures
for lossless ion manipulation (SLIM) allows for ion mobility to be performed on very long serpentine
drift paths, traced out by electrodes on a pair of mirroring printed circuit boards.””’° Studies of glycan
fragments generated by tandem MS and combined with IMS have led to the identification of
regioisomers and anomers of the parent glycans based on different arrival time distributions (ATDs)
of the fragments.”*”? Implementation of such SLIM-based technology has allowed for unprecedented
resolution on relatively compact instruments, which can easily separate different isomeric glycans,
and even sub-structures within a single glycan.®’ Nevertheless, IMS is still unable to distinguish most
subtle structural differences common to many isomeric glycans. Moreover, IMS has difficulty
assigning a separated drift peak to a specific primary structure.

Thus, while IMS can answer the question, “How many structures are there?”, the question, “What are
these structures?” is more difficult to answer.

Another approach to for glycan analysis is to use vibrational spectroscopy. Molecular spectra are
sensitive to the slightest change in molecular structure. This can be particularly useful for analysing
molecules with intrinsically complex structures, such as glycans. Room temperature vibrational
spectroscopy, combined with MS? and IMS techniques, have been used to gain detailed structural
information and identify epimers and anomers of small glycans.”> 8%’ However, this approach is
limited, as the spectra of larger glycans tend to be too congested at room temperature to be used as
identifiers. Cooling molecules to cryogenic temperatures eliminates inhomogeneous broadening,2®
substantially improving spectral resolution and cryogenic messenger-tagging IR spectroscopy has
enabled the fingerprinting of glycans of increasing size and isomeric complexity to be identified based
on their IR spectra.?>** Combining ion mobility with cryogenic IR spectroscopy provides a formidable
tool for identifying different glycan isomers, and the recent integration of ultra-high resolution SLIM-
based IMS has allowed for various glycan isomers to be separated and their spectra recorded
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individually, revealing minor structural differences, even in glycans containing up to ten
monosaccharides.”>* Although cryogenic IR spectroscopy can be used to identify large and complex
glycans, it cannot infer the primary structure from the spectrum alone. Most glycans are too large to
be accurately treated by quantum mechanical calculations, which are needed to assign experimental
spectra to molecular geometries. If we wish to use spectroscopy to analyse glycan structure, we must

have either one of two things:



1. A reference spectrum for every naturally occurring glycan structure (isomer, anomer, open
ring form, etc.)

2. A method to break the glycan of interest into smaller glycan structures for which the
associated spectra are known in such a way that the parent structure can be reconstructed.

While a database of spectra for every single glycan structure does not yet exist, such a spectral
database can be constructed if we possess a set of common, small glycans for which their IR spectra
and associated structures are known. This will form an initial spectroscopic database. If we then
fragment larger glycans into those contained in our initial database without losing structural
information of the parent upon fragmentation, we can then identify the exact primary structure of
the parent glycan and add its IR spectrum to the database. The database can thus be progressively
expanded to larger, more complex glycans, ultimately resulting in every common glycan structure
being associated to an IR spectrum, which opens the door to using spectroscopy as a rapid and easy
means of glycan identification.

1.4 Fragmentation of glycans

Fragmentation of gas phase ions by various techniques in tandem mass spectrometry (illustrated in
Figure 1.4), which has been a valuable tool for the structural elucidation of peptides and proteins, has
also proven to be a powerful method to probe and identify glycan structures.®
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Figure 1.4: General workflow of fragmentation processes used in an MS? study.

Of these fragmentation techniques, collision-induced dissociation (CID) is the most frequently used.
The fragments produced by CID principally come from glycosidic bond cleavages and provide
information on glycan sequence and branching.®® Cross-ring fragments, resulting from the breaking
two bonds in the sugar ring, occur less frequently and require higher collision energies. When formed
however, these fragments conserve the glycosidic bond and can therefore provide information on
linkage positions and bond anomericity.>> °”°8 For this reason, various electron dissociation methods
such as electron capture dissociation (ECD), electron transfer dissociation (ETD), and electron
detachment dissociation (EDD) have been used to produce cross-ring fragments not formed by CID
and in larger abundances, providing more information on glycan structures.”°* Although less
commonly used, IRMPD also allow the generation of more cross-ring fragments not always accessible
by CID.10?

The nomenclature for the fragmentation of glycans was first proposed in 1988 by Domon and Costello
and follows that used for peptides.®® Fragments containing the non-reducing end are labelled Ay, B,
and C,, while fragments containing the reducing sugar unit are labelled X», Y, and Z,. Subscripts



indicate the position in the glycan chain relative to the reducing end, and superscripts are used for
cross-ring fragments to indicate which bonds are cleaved within the carbohydrate ring, as illustrated
in Figure 1.5. The different fragments carry different information about the precursor molecule. While
the C and Y fragments are themselves intact glycans, principally used to identify the monosaccharide
content and branching,®*1% the B and Z fragments are intact saccharides from which an H,0 has been
eliminated (-18 a.u.). This points to an extra degree of unsaturation, predicted to be in the form of a
ketone or an ahydro structure.®¥ 1% The A and X fragments come from cleaving two bonds in the
glycosidic ring. These fragments appear to be strongly dependant on the type of glycosidic linkage,
which is preserved during this kind of fragmentation, making them useful indicators of anomericity

51, 97-98

and linkage position, although they often require high-energy CID or other processes such as

electron capture dissociation,® 99-101,107-108

Figure 1.5: Domon and Costello nomenclature for glycan fragments.®® The C and Y fragments carry a

hydrogen making them intact glycans.

Chemical modification such as permethylation of the free hydroxyl groups before fragmentation helps
locate the position of the glycosidic linkages in the precursor molecules.®® 1%° Recently, software
developments have increased the automation of structure prediction based on fragment analysis.**°
Nevertheless, some structural information is often lost upon fragmentation, which is why CID can be
combined with ion mobility to get a better understanding of how to relate fragments to parent

structures, as discussed in the previous section.®7-68 7073

The nature of the precursor glycan ion plays a key role in determining which fragments will be formed
by a given dissociation method. Protonated and deprotonated glycans fragment very differently, with
the former producing mainly B, and Y, ions, while the fragmentation patterns of the latter seem more
molecule-dependant.®® Forming adducts between glycans and polyatomic anions or metal cations
allow for a greater control over the fragmentation pathways. It has been reported that CID studies on

104-105 \while metal cation-adducts

N-glycan-nitrate adducts predominantly produced C-type fragments,
seem more prone to cross-ring fragmentation.*® % %5 All the fragmentation studies presented in this
work were performed on positively and singly charged glycans, either by addition of a proton or by

complexation to a singly-charged metal cation.



Very recently, the combination of CID with IR spectroscopy has shown that C fragments from alkali
metal-complexed disaccharides retain the anomericity of the glycosidic bond in their reducing end
OH.®2 One of the goals of the work presented in this thesis is to investigate the generality of the
anomeric retention of C fragments for larger and more complex glycans and is presented in Chapter
4. Furthermore, we explore how the IR spectra of Y fragments, generated from mobility-resolved
glycans can be used to identify the reducing anomers of the precursor molecule (Chapter 5). This
ongoing work indicates that IR spectroscopy combined with CID can add a powerful new dimension
to glycan analysis and reveal structural details that were until now obscured.

1.5 Theme of this research

For over a decade, the Rizzo research group has pioneered spectroscopic studies of biomolecules in
the gas phase. With earlier works mainly performed on peptides, the focus shifted to glycans in 2017,
when Masellis et al performed the first mobility-selected cryogenic IR spectra of disaccharides, using
a 2 meter drift tube to get mobility separation and messenger tagging for spectroscopic detection.®
111 Since then, ultra-high resolution ion mobility based on SLIM technology has been implemented,

allowing for more detailed studies to be performed on glycan isomers and anomers.%19% 112

A key contributing factor to our success in studying large biomolecules has been cryogenic
spectroscopy. Cooling ions to cryogenic temperatures before taking their IR spectra greatly improves
the spectral resolution by eliminating inhomogeneous broadening, i.e. the broadening due to the
thermal population of rovibrational states and the presence of multiple conformers that are
populated at room temperature. Moreover, using messenger-tagging spectroscopy ensures that the
action spectra obtained are from a single-photon process, which ensures their linearity and
robustness. Unlike multiple photon spectroscopy, as soon as a single photon is absorbed the tag boils
off and the product ions are detected. This avoids inherent broadening common to multiple photon
spectroscopy, further enhancing spectral resolution.

The work performed for this thesis employs the state-of-the-art techniques, associating collision-
induced dissociation with cryogenic messenger-tagging IR spectroscopy and ultra-high resolution ion
mobility, to study the fragmentation of positively charged glycans. We present the experimental
approach used to perform this research and give a detailed view on recent upgrades made on to the
main instrument that has been used throughout this thesis in Chapter 2. The theory behind collisional
activation and unimolecular dissociation applied to a glycan ion are discussed in Chapter 3. The
following chapters elaborate how cryogenic IR spectroscopy and ultra-high resolution ion mobility can
be combined with CID to study C and Y fragments of linear and branched oligosaccharides, providing
unprecedented structural information, unambiguously identifying the anomericity of glycosidic bonds
as well as fingerprinting reducing-end anomers. These lay the cornerstones to building a spectroscopic
glycan database, in which every glycan structure has an associated fingerprint spectrum. This database
can be grown to include ever larger glycan structures until a point where ultimately, every naturally
occurring glycan structure can be identified by matching its spectrum to an entry in the database.

In the last chapter, we study the fragmentation of B-cyclodextrin, an important cyclic oligosaccharide.
Theoretical calculations performed on the fragments formed were compared to experimental data,



giving useful insights into the structure of the fragments, and potential fragmentation mechanisms.
The relevance of this work in the context of the development of glycomics are discussed in the
conclusions, as well as future directions.

10



2. Experimental approach

A home-built tandem mass spectrometer equipped with a cryogenicion trap was used to perform the
majority of the experiments discussed in chapters 4 and 6, and is presented here. The original
instrument was tuned to produce glycan fragments by collision-induced dissociation (CID), which were
then investigated by cryogenic infrared (IR) spectroscopy. An additional ultra-high resolution ion
mobility stage was later added to this instrument, allowing to perform mobility selection of ions before
CID and spectroscopic interrogation. The addition and characterization of this mobility stage is
described in the second part of this chapter and this new setup was used to perform the experiments
described in chapter 5.

2.1 A tandem mass spectrometer for cryogenic spectroscopy of gas-phase molecular
ions

A home-built tandem mass spectrometer,!'* equipped with a cryogenic octupole ion trap was used in
this work is schematically shown in Figure 2.1.
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Flgure 2.1: Schematic representation of the tandem mass spectrometer, setup to obtain cryogenic
messenger-tagging IR spectra of mass-selected molecules and CID fragments. Pressures, in mBar, are
indicated in parenthesis for the various differentially pumped sections. Inset: IR messenger-tagging
spectroscopy.
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Gas-phase ions are produced by nano-electrospray ionization (nESI) from a solution in which the
analyte is dissolved, typically in a mixture of water and methanol. The concentration of analyte used
ranges between 50 and 100uM, and the flow rate is ~100nL/min. The ions are radially confined in a
home-built ion funnel, equipped with a jet disruptor to block droplets coming from the source,
reducing the pumping load on the next stage.'** The continuous stream of ions is accumulated in a
hexapole ion trap and released as short ion pulses at a 10Hz frequency by switching the hexapole exit
lens from high to low voltage. The ions pulse is sent through a first quadrupole mass filter and guided
to an octupole ion trap. The original setup used a 22-pole ion trap which was replaced by the current
octupole to achieve better focusing of ions along the central axis.'®> The trap is maintained at
cryogenic temperatures by a by a closed-cycle cryogenic cooler and a resistive heater. Here, ions are
cooled by collisions with a cold buffer gas and containing a mixture of helium and nitrogen, which is
pulsed into the trap several milliseconds before the ions arrive. Upon cooling, the ions form weakly-
bound complexes with nitrogen molecules, which serve as “tags” to monitor photon absorption. The
tagged ions in the trap are then irradiated every second trapping cycle by a pulse of IR photons
generated from a Nd:YAG pumped, tunable optical parametric oscillator (OPO, LaserVison). They are
extracted through a second quadrupole mass filter and detected on a channeltron.

When the IR photon is in resonance with a vibrational transition of the tagged ion, the ion is excited
to a higher vibrational state before redistributing the energy intramolecularly among its vibrational
modes. This process causes the dissociation of the nitrogen tag, and the IR spectra is obtained by
monitoring the depletion of the tagged ion mass as a function of IR wavelength in a laser-on /laser-off
experiment (Figure 2.1 inset).

The conditions of the cryogenic trap are tuned to achieve mostly singly N, tagged species as shown
for the singly sodiated monosaccharide GalNAc-a-OMe in Figure 2.2. This is to prevent the scenario
where a higher-order tagged species loses all but one if its tags upon IR irradiation, hence resulting in
anincrease of singly tagged species and an observed gain at the resonance transition. Itisinteresting
to note that for this molecule, the distribution of tags appears to be truncated and a maximum of only
two N, tags are observed. This is likely due to a limited number of binding sites for the N, tag on this
relatively small molecule.
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Figure 2.2: Mass spectra of the N,-tagged, sodiated GalNAc-a-OMe at 50 K and 70 K. The higher
temperature favors the formation of singly tagged species and is used to measure IR spectra.

Collison-induced dissociation is achieved by accelerating ions from the funnel into the hexapole with
a potential difference typically ranging between 100 and 270 V. The collisions occur in the hexapole
with residual molecules at ~102 mbar, and the collision energy can be tuned by adjusting the potential
difference between the ion funnel exit and hexapole bias. The fragmentation process will be discussed
in more detail in Chapter 3. Figure 2.3 illustrates fragmentation spectra of a sodiated tetrasaccharide
with increasing potential difference. These MS spectra were obtained by running the first quadrupole
mass filter as a simple ion guide and scanning the mass selection of the second quadrupole mass filter.
At a potential difference of 100 V, the parent is the predominant species, while the formation of
fragments from breaking the glycosidic bonds as well as cross-ring fragments become more abundant
as the voltage is increased. The first quadrupole mass filter can then be used to select any of these
fragments for further spectroscopic investigation. Fragments observed show resemblances to those

reported on recent MS" studies of similar metal-complexed oligosaccharides.'%® !¢

13



200V Be 24,
Yo 0.2/_\4
_WM‘A_A\.J\ A AAAA\JL L
2
‘@
=
2
c
s 150V
=
k)
6]:') (L VPO WU W SV 1 A—_.A_A. A WL
100V
A e A A A A e A e
100 200 300 400 500 600 700 800

m/z

Figure 2.3: MS? spectra of the tetrasaccharide [Gal(B-3)GalNAc(B-4)Gal(B-4)Glc]Na* with 100, 150 and
200V potential difference between the ion funnel and hexapole. Identified CID fragments are labelled.

2.2 Addition of a SLIM-based ion mobility stage to the tandem mass
spectrometer for cryogenic spectroscopy of gas-phase molecular ions

In order to perform separation of ions prior to fragmentation and/or spectroscopy, an ion mobility
device, was designed and built in our lab, was added to the tandem mass spectrometer described in
the previous section. This device uses traveling wave (TW) ion mobility and was implemented by
structures for lossless ion manipulation (SLIM) technology, developed initially by Richard Smith and
coworkers.””7® As mentioned in the introductory chapter, such SLIM-IMS devices have been recently
shown to achieve ultra-high resolution, separating molecules with minor structural differences,
including glycan isomers and anomers.®% %! The fact that ions can be turned 90° on these SLIM-IMS
devices allow for very long drift paths to be achieved on a relatively compact device, and the use of
TW to move the ions through the drift gas makes for a low voltage device, as opposed to kV power
supplies associated with the classical DC drift tube.

The addition of such a technology to our existing instrument allows us to separate specific glycan
isomers or anomers prior to CID and cryogenic spectroscopy experiments. These targeted
experiments, performed on anisolated glycan structure, allow us to characterize its fragmentation and
obtain its spectral fingerprint which can be added to the spectroscopic database, allowing it to be
rapidly identified in future experiments.

A schematic view of the instrument is shown in Figure 2.4, with more detailed information on specific
parts in the following sub-sections. lons of interest are generated by nano-electrospray ionization
(nESI), accumulated and trapped in an ion funnel, then released as packets into the SLIM-IMS region
for separation. The SLIM-IMS region is filled with a drift gas, typically helium, between 1.5 and 2.5
mbar. After traversing the IMS region, mobility-separated ion packets are conducted through a
differentially pumped region by a planar RF guide with a constant DC gradient. An ion lens at the next
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conductance limit can be used as a gate to slice out particular ion packets by their arrival times. The
ions then pass through a hexapole ion guide before arriving at a mass-selecting quadrupole (Q1). An
RF octupole guide with a DC quadrupole bender on either end directs the mass- and mobility selected
ions into a cryogenic octupole trap, where messenger-tagging IR spectroscopy is performed. A third
DC bender and a second mass-selecting quadrupole with a channeltron detector are used to detect
the tagged and untagged species.
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Figure 2.4: Schematic of the instrument in which SLIM-IMS is coupled to a tandem mass spectrometer
with a cryogenic ion trap. Typical pressures for each differentially pumped section are indicated.

2.2.1lon funnel trap

To generate an ion packet from the continuous nESI source, two grids were added to a home-built ion
funnel,'®® as shown in Figure 2.5. Thus, the space between grid2 and the end electrode is used as a
trap to accumulate the ions and produce a short pulse for IMS separation.'’” Typical voltages for Vi,
Vegrig1, Verid2, and Vout are given in Table 2.1. The voltage on the last funnel electrode, Veng, is set to 275
V for a period of 99.5 ms to trap the ions and then lowered to 250 Volts for 0.5 ms to release them

into the subsequent IMS separation path. We thus run the experimental cycle at 10 Hz, which is
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compatible with the repetition rate of the pulsed optical parametric oscillator that generates infrared
pulses for spectroscopic interrogation of the ions further downstream.

Figure 2.5: Schematic view (a) and relative operating potentials (b) of the various elements of the
ion funnel trap.

Table 2.1: Typical DC voltage settings for the ion funnel trap.

Electrodes Vin Varid1 Varid2 Vout Vend
Voltage (V) 380 280 270 260 275/250

2.2.2 Travelling wave IMS implemented by SLIM

The IMS device was designed using structures for lossless ion manipulation (SLIM) technology, first
implemented by Smith and coworkers.””78 This consists of a “sandwich” of mirror-image printed circuit
boards (PCB), illustrated in Figure 2.6, and consists of three types of electrodes: (1) Guard electrodes
confine the ions in the x-direction, perpendicular to the direction of travel. (2) RF electrodes which
confine the ions in the y-direction between the two boards. (3) Repeating arrays of eight electrodes,
to which a square potential is applied. This potential is stepped forwards one electrode at a time to
produce a travelling wave which moves the ions in the z-direction, along the SLIM path.

The RF electrodes produce an effective potential (V) in the y-direction, which is a scalar function of
the y coordinate and is defined by the local intensity of the RF electric field (Egp):
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where z is the ion’s charge state, e is the elementary charge, m is the ion’s mass, and w is the angular
frequency related to the RF frequency f (Hz) by w = 2rf. Since the RF electrodes do not produce any
confinement in the x-direction, guard electrodes are necessary to keep the ions from dispersing off
the edges of the track. It has been determined that when the spacing between the top and bottom
boards is under 3 mm, the penetration of the DC guards in the effective potential in the y direction is
eliminated.!® This is important as such penetration of the DC potentials will create off-center minima
in the potential along the y-axis, resulting in the ions grouping close to the top and bottom RF
electrodes. The electric potentials along the x- and y-coordinates are shown in Figure 2.7, where the
(0,0) point is defined as the midpoint between the upper and lower boards and the left and right-side
guard electrodes. We see that a global minimum is created around the (0,0,z) trajectory, and ions will
not leave this region if their kinetic energy does not exceed the potential barriers produced by the
guard electrodes. By keeping the ion’s kinetic energy below that of the potential well, the lossless
regime is achieved and the ions can be transferred along the z-axis with negligible losses.
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Figure 2.6: illustration of the electrode configuration on the PCB of a SLIM board and of the travelling
wave configuration on the rung electrodes (left), and a 3D arrangement of a pair of PCB SLIM boards
(right).
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Figure 2.7: sketch of the (a) DC potential profile between the guard electrodes along the x-coordinate,
(b) effective potential of the RF electrodes along the y-coordinate.

As the TW moves along the z-axis, the ions are pushed as packets in the valley between two wave
peaks. The ions move with the same speed as the TW and ions of different mobility do not separate
from one another. This operation is dubbed “surfing mode”, as the ions surf on the travelling wave and
do not roll over. When the TW’s speed is increased, the collisions with the drift gas provide enough
drag force so that ions with a larger collisional cross section (CCS) will roll over the TW and arrive at a
later time. This roll over point is different for different CCSs, with bulkier ions rolling over sooner, and
having longer drift times than more compact structures. Thus, when operating in roll-over mode,
different structures can be separated from each other, based on their mobility through the drift gas.

The unit shown in Figure 2.6 can be repeated for extended lengths and can also be configured to
produce 90° turns.'?® These features were combined to produce the 35 x 28 cm SLIM board shown in
Figure 2.8, with a serpentine ion path and a single-pass length of 7.5 m. The elements labelled B1, B2,
B3, and B4 are electrodes which can be switched between traveling waves for propelling ions or static
DC voltages, which can be used to block them. The bias of the SLIM board is typically set at 200 V,
which is 50 volts lower than the Veng of the ion funnel, to introduce the ion pulse and achieve annealing
of conformers. lons of interest can be separated by travelling-wave IMS while traversing either a single
pass along the 7.5 m serpentine path on the SLIM device or multiple passes through the same
structure.
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Figure 2.8: Schematic view of the SLIM board with a 7.5 m serpentine path used for IMS separation.
The elements marked B1-B4 can be switched between the normal traveling wave potential and DC
blocking potentials.

The optimum TW and DC settings for ion mobility separation are determined empirically. The TW
consists of a square wave (i.e. 50% duty cycle) that can be varied in speed and amplitude. In a typical
experiment, a TW amplitude of 15 V and speed of 420 m/s is used to separate ions. When performing
IMS separation in a single-pass on the 7.5 m serpentine path, travelling wave voltages are applied to
the elements B1, B2, and B3, while a blocking voltage of 240 V is applied to B4, which forces the ions
to exit the SLIM board. To achieve longer path lengths and thus higher IMS resolution, the ions can be
cycled multiple times by applying a blocking voltage of 240 V to B3 and a travelling wave to B4, which
drives the ions into the next cycle. Elements B1 and B2 can be used as blocks to trap ions on the board
instead of in the ion funnel, however we did not operate in this mode during the work reported here.

2.2.3 SLIM based ion guide and CID region

A planar RF ion guide, a schematic of which is shown in Figure 2.9, was designed based on the work of

120-121 3nd is used to carry ions through the next stage of differential pumping

Smith and coworkers,
and also to fragment them. The mirror-image pair of PCB boards contains guard electrodes (orange)
to which we apply a static DC potential, and rung electrodes (blue) which have an RF potential
superimposed on a DC potential. As with the TW SLIM device, the RF potential serves to confine ions
in the direction normal to the board surface, while the guard electrode confines them perpendicular
to their propagation direction. The DC potential on both the guard and rung electrodes gradually
decreases along the length of the board, pushing the ions towards the RF hexapole. The exit of this
planar guide narrows to concentrate ions into the subsequent hexapole guide through the slicing lens,
which with a diameter of 0.6 mm, provides a conductance limit. An RF frequency of 1 MHz and
amplitude of 20 V along with a DC gradient (i.e., difference between Vi, and V) of a few tens of volts
are used to guide the ions. The guard voltages (Vin-guard and Voutguard) are maintained 1 to 2 V higher
than the DC imposed upon rung electrodes in order to keep the ions focused in the center of the track.
Fragmentation of mobility-resolved isomer ions is induced by accelerating the ions through a potential
difference of 100-200 V between the SLIM exit and the planar ion guide at a pressure of 10" mbar.
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After passing through a quadrupole for mass selection, either the parent or fragment ions are then
directed to the cryogenic ion trap where they can be characterized by messenger-tagging IR
spectroscopy.
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Figure 2.9: Schematic view of the planar, RF ion guide used in this work. The guide consists of two
mirror-image boards of this type.

2.2.4 Electronics

The travelling waves, RF, and DC potentials for the SLIM-IMS and planar ion guide are generated by a
customized power supply (GAA Custom Engineering, LLC). It provides eight TW output channels, two
DC supplies for guard electrodes, an RF power supply for the SLIM and planar ion guide, and eight DC
power supplies varying from -250 V to +250 V to bias various elements. An RF frequency of 550 KHz is
used to drive the SLIM board, and 1 MHz is applied to the planar ion guide. The DC, RF, and TW
potentials s are controlled by the Modular Intelligent Power Sources (MIPS) software and triggered by
an 8-channel delay generator (BNC MODEL 565).

2.2.5 Detection of ions in the SLIM IMS section and ion guide

The voltage setting for ion transition through the newly added stages had to be found empirically. For
this, a picoammeter was used to detect for ions at different points along the ion path. While
performing these tests, the last ion funnel electrode (Vens in Figure 2.5) was left on a constant DC
voltage to allow for a continuous flow of ions to enter the SLIM device, thus facilitating detection of
the ion current. The electrodes that were probed were B1 and B4 on the SLIM board (Figure 2.8), and
the ion lens at the conductance limit separating the planar guide from the hexapole (Figure 2.4). Once
current was detected, parameters were adjusted to maximise the current on each of these elements.

A maximum ion current of ~50 pA on B1 could be achieved by adjusting the bias of the SLIM board to
be 50 V less than the exit of the ion funnel. It is worth to mention that the ion current measured at
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the end of the ion funnel was ~100 pA, which indicates that there are some significant ion losses when
passing from the funnel into the SLIM boards. The ion current detected on B3 is optimized by tuning
the RF frequency and guard voltages and a current about equivalent to that detected on B1 is
achieved, indicating minimal losses of ions through the 7.5m drift path. However, a maximum of only
2 pA can be detected on the ion lens after the planarion guide, once again indicating significant losses.
Although we cannot exclude the possibility that these losses occur in the planar ion guide, it seems
much more likely that the ions are being lost when passing through the ion lens which separates the
SLIM IMS board from the planar ion guide. In any case, once 2 pA of current has been achieved on this
lens, ions are easily detected on the channeltrons downstream.

2.2.6 Performance of the SLIM-IMS module

We characterized the IMS capabilities of this new instrument using the reverse peptides GRGDS and
SDGRG in their singly charged state ([M+H]*) which have collisional cross sections (CCSs) of 135.2 A2
and 133.9 A? respectively.}?? The resolution a TW-IMS device cannot be calculated directly from the
drift times because of the complex relationship between drift times and collisional cross section.?®
Instead, we calibrate our drift time scale with these previously calculated CCSs and calculate the
resolution of our IMS device using the peak-width definition shown in equation 2.2:

R=— 2.2

where () is the CCS and AQ is the peak width on the CCS axis at half of its height. Assuming linearity
between CCS and drift times over this range, we calculate the resolution for the two peptides as a
function of the number of cycles and plot the results in Figure 2.10. The resolution after a single cycle
along the 7.5 m serpentine path is ~200, classifying our device as ultra-high resolution. After eight
cycles, which represents a ~60 m pathlength, a resolution increases to 560 is achieved. This indicates
the newly designed SLIM-IMS is able to separate isomers that differ in CCS by as little as 0.18%.
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Figure 2.10: (a) Arrival time distribution of singly protonated cations for a mixture of the reverse-
sequence peptides GRGDS and SDGRG for different number of cycles n (7.5 m per cycle). The arrival
times after multiple cycles have been aligned to the first peak of the single-cycle ATD. (b) IMS
resolution of the new instrument as a function of the number of cycles n.

The transmission of our device is demonstrated in Figure 2.11, where GRGDS was sent once, twice,
and three times through our ion SLIM track. The ATD was recorded for each cycle (Figure 2.11a) and
the integrated signal, corresponding to the number of ions, is shown in Figure 2.11b. A 3.75 % loss of
ions over the three cycles (22.5m) is an acceptable transmission, allowing us to reach a resolution of
well over 200, without sacrificing ion intensity.
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Figure 2.11: (a) Arrival time distribution of singly protonated SDGRG for 1, 2, and 3 cycles through the
SLIM. (b) integrated signal for each cycle, with the losses indicated as a percentage.

To demonstrate the capability of our modified instrument to produce CID fragments, we used the
singly sodiated isomeric human milk oligosaccharides Lacto-N-tetraose (LNT) and Lacto-N-neotetraose
(LNNT). The results are shown in Figure 3.11. Each of these sugars separated into two distinct mobility
peaks after 7.5 and 15m drift paths respectively (Figures 2.12b and 2.12e) indicating that each
molecule contains two structures, most likely the reducing end anomers. Each of these mobility peaks
were gated and fragmented upon entering the SLIM ion guide region, producing a number of
fragments shown in Figures 2.12c and 2.12f. For LNT, the CID spectrum looks identical for the first and
second mobility peak, but in the case of LNnT, the second mobility peak appears to provide a higher
fragmentation yield. However, assigning a structure to each mobility peak based on the fragmentation
pattern alone is not straightforward and will not be attempted here.

This data illustrates that our instrument is capable of performing mobility-selective CID which, when
coupled with spectroscopy, will provide a very promising new tool to identify isomeric molecules. The
application of this to glycans will be explored in Chapter 5.

23



LNT LNnT

(a) (d)
G R
O BI3_.1[3 3 B4 B4mmmBl3 \Bl4
s s
7.5 m drift path 15 m drift path
(b) (1 cycle) (e) . . (2 cycles)
LNT_P1 LNT_P2 LNnT_P1
‘ : AL - —J_—_
34 36 38 40 42 44 58 60 62 64 66 68
(C) Arrival time (ms) ( f) Arrival Time (ms)
[ENnT_P1]
100 o 100 k4
80+ 80 -
60 60 -
40| - 40
3884; 550 406
20 20 365 568
0,
300 400 500 600 700 800
m/z
100 4 i 100~ 73‘1
|
80+ 80—
60 -] 550 \“
“‘ \
N b B3/23) | [yarcs] ‘
40 388‘!%' 550Y || ses |
3/C3| I |
20+ 568 ‘ \‘
0‘\w-ww.wuw\.-u.u-v.-m-.w-vwvuvu-upuL"r.% B S LR R '.'ff.‘m.iw
300 400 500 600 700 800 300 400 500 600 700 800
m/z m/z

Figure 2.12: Nomenclature of C/Y fragments of (a) LNT and (d) LNnT, IMS separation and slice of (b)
LNT and (e) LNNT, and isomer-specific fragmentation of well-sliced peaks for (c) LNT and (f) LNnT.
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3. Collision-induced dissociation of sodiated glycans

To fully appreciate the underlying principles on which the work of this thesis is based, it is important
to understand the collisional journey of a glycan ion as it travels through our instrumental setups
described in Chapter 2. We will take as example the initial instrument, on which the majority of the
work presented in this thesis was performed (Chapters 4 and 6). The collisional journey of the ions
through the updated version of the instrument with the SLIM-IMS stage is analogous to that presented
here, with the exception that the ions undergo extra collisions with the buffer gas as they go through
the serpentine SLIM path. These collisions however are not observed to produce any fragmentation
due to the high pressure in this region causing collisional deactivation to play an important role and is
further addressed in section 3.4.

The gas-phase glycan ion produced by electrospray is bound to a sodium cation by non-covalent
interactions and is manipulated through the electric fields thanks to the +1 charge of this cation. This
singly-sodiated glycan is transferred through a 15 cm ion funnel at 3 to 4 mbar pressure before being
transferred into the hexapole in the next differentially pumped stage. Upon leaving the ion funnel,
the ion is accelerated through a strong electric field at a significantly lower pressure of ~102 mbar.
The ion experiences collisions of significant energy in this region which causes it to fragment. The
fragments which carry the sodium charge continue their journey into lower pressure regions where
collisions become unlikely and are selected by a quadrupole mass filter for spectroscopic analysis and
detection.

From this, it is clear that the ion does not fragment whenever it hits a gas molecule, but rather that
certain conditions must be fulfilled before fragmentation can occur. In this chapter, we will cover the
mechanisms responsible for collision-induced dissociation (CID) and see how they relate to the
fragmentation of glycans.

3.1 Fragmentation of the glycosidic linkage

Fragmentation at the glycosidic linkage is the most commonly observed type of fragmentation in
glycans. As discussed in chapter 1.4, this leads to the formation of B, Y, C, and Z fragments. The
mechanisms and kinetics of these processes tend to vary greatly, depending on the charge state of
the parention, so we will focus on studies that have been carried out on singly sodiated sugars, which
is the charged state used in all the CID experiments presented in this thesis. Using tandem mass
spectrometry experiments, combined with computational methods, Bythell and coworkers proposed
mechanisms for the formation of B/Y and C/Z fragments from singly sodiated disaccharides.'?*1?°
Importantly, the activation barriers for B/Y and C/Z fragmentation were calculated to be ~230 kJ/mol
and ~310 kJ/mol, respectively. This corresponds to the general observation that the B/Y
fragmentation pathway is generally more abundant in sodiated sugars than the C/Z pathway.
Converting these activation energies to electron volts gives us 2.38 eV for B/Y, and 3.21 eV for C/Z
fragmentation. The collisions of our glycan ions with the gas must therefore result in the transfer of
at least a few electron volts into the ion’s internal energy for any fragments to be observed. This
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energy transfer must result from some of the ion’s kinetic energy being converted into internal energy
and this is what will be discussed in the following section.

3.2. Center-of-mass reference frame

To determine how much of an ion’s kinetic energy is available to be converted into internal energy
upon a collision, let us consider what happens when an ion of mass m, collides with a neutral gas
molecule of mass N. To facilitate the description of this process, it is easier to work in the center-of-
mass (COM) reference frame instead of that of the laboratory (Figure 3.1), and we will approximate

the colliding molecules as point masses.

Figure 3.1: Laboratory and center-of-mass (COM) coordinate systems of masses m and N prior to a
collision the origin of the laboratory is indicated as O.

When sitting on the COM framework, the sum of momenta of the two masses is by definition equal
to zero:

m(Rm - Rcom) + N(RN - Rcom) =0 31
Differentiating Ry, With respect to time in the above expression gives U om :

mR',, + NR'y

com com m+N

The kinetic energy of the particles m and N relative to each other is given by their velocity vectors r',,
and r'y:

1 ! 1 !
Erer = Em(r m)z +EN(r N)Z 33

Where 1',, and 1’y can be expressed in terms of R',,, and R’y :

_ N(R,m - R,N) _ erel

r,m = R,m - R,com = R,m —Veom = m+ N m N 3.4
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Where v, replaces the expression (R',, — R'y). Substituting this into the expression for the kinetic
energy gives:
1 ( mN

Evor == (——
rel m+ N

2 )vrel2 3.6

If the kinetic energy of the system after the collision is less than the kinetic energy before, then some
of the energy was transferred to internal energy in the colliding particles. Because energy is conserved,
this amount energy converted into internal energy (Q) must be equal to the change in kinetic energy:

AR _1<mN> ) 1<mN> ) 3.7
Q=8 =5\ NV ~ 2\ ) ¥r '

We can see that the value of Q will be maximum when vy = 0, that is the particles stick together after
colliding, in which case:

1/ mN ) N 1 ) N
Onax = 3 o) 7 = (w2 = () B >

From this expression, we can see that the mass of the ion and neutral gas target play a role in the
energy transferred. The larger the mass of the neutral with respect to the ion, the closer the fraction

N . N .
(m) tends to unity, and the larger the transfer of kinetic energy to internal energy. In order to

determine be able to determine the kinetic energy of our ions in the collision region, we need to know
the electric field through which the ion travel, but also how far the ions will travel on average before
colliding with the neutral gas. This distance, known as the mean free path, is pressure-dependent and
is the focus of the next section.

3.3 Mean free path and the effects of pressure

Mean free path is the average distance a particle will travel through a gas before colliding with one of
the gas molecules. The mean free path A for an ion of diameter d travelling through an ideal gas is
given by the expression:

RT

l=——7— 3.9
\V2md2?N,P

where R is the ideal gas constant, T is the temperature of the gas, N4 is the Avogadro’s number, and
P is the pressure of the target gas in the collision region.
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In order to better visualize the situation in the collision region, Figure 3.2a shows the part of the
instrument presented in Chapter 2.1 where CID occurs, and Figure 3.2b illustrates the voltages across
the interface between the ion funnel exit and the hexapole bias.
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Figure 3.2: close-up illustration of the CID region in the tandem mass spectrometer described in
Chapter 2., with (a) the CID region highlighted, and (b) the voltage profiles used to generate fragments.

At a pressure of P = 102 mbar, the mean free path of a lactose ion (d = 2 nm) is calculated to be A =
0.2 mm. This disaccharide ion fragments at the conditions shown in Figure 3.2b, where the ion is
accelerated over a 200 V drop across a 1 mm gap between the exit of the ion funnel and the hexapole
bias. The electricfield in the CID region is therefore 200 V/mm. Because the mean free pathis 0.2 mm,
the ions undergo on average 5 collisions while traversing this electric field, resulting in 40 eV per
collision. However, we know from the previous section that not all this energy is converted into
internal energy. Using equation 3.8 and taking nitrogen as the collision gas (N = 28), the maximum
kinetic energy which is available to be converted into internal energy (Qqx) is 2.8 eV. Therefore, a
single collision would be enough to cause the activation barrier to form B/Y fragments, and two
collisions will be needed to generate C/Z fragments, according to the activation barriers calculated for
sodiated lactose.’?*1? |n reality, the energy transfer will be lower Q,,,4, as this value is calculated
making the assumption that the colliding particles stick together after the collision. This will almost
never be the case and therefore Q@ < Qq4x, requiring more than a couple of collisions to induce
fragmentation. But since the ions collide on average 5 times while traversing this stage, it seems
probable that some of them pick up enough energy to fragment, and we see this experimentally.
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From this, we can conclude that our ion gains sufficient internal energy to fragment. How this energy
is redistributed within the molecule and how unimolecular dissociation happens are the subject of the
next two sections.

3.4 Collisional activation and the two-step process

The process of dissociation of polyatomic molecules due to collisions is described by the Linderman
mechanism, shown in equations 3.10 and 3.11. The reaction is assumed to occur as two elementary
steps: bimolecular activation and deactivation (equation 3.10) with the rate constants k and k'
respectively, and unimolecular dissociation to products with the rate constant k; (equation 3.11).

m+N 2m*+ N, k k' 3.10
m* — products, kg 3.11

A collisionally activated molecule (m*) can therefore either form products, or undergo a subsequent
collision which deactivates it. The process of activation/deactivation is pressure dependent. If we
consider a very low-pressure regime, in which our molecule m experiences a single collision with the
neutral gas N, the formed activated species m* will not experience a subsequent deactivating
collision, and will therefore form products. Conversely, if the pressure of the gas is high enough, the
high frequency of collisions will result in the deactivating process to be significant, to a point where
no products will be formed. This is the case in the SLIM IMS device, where high frequency of collisions
maintains an equilibrium between the molecules and the drift gas, and no fragmentation is observed
in this stage of the device.

It is generally assumed that during CID, the process of activation happens much faster timescale than
unimolecular dissociation. This allows the two events to be treated separately as a two-step process.
lon activation can occur through a single, high-energy collision which brings a molecular bond above
its dissociation limit, resulting in the breaking of that bond as shown in Figure 3.3a. This is the case of
high-energy CID where a single collision, usually in the keV range, resulting in the molecule being
excited to a higher electronic state from which it dissociates. In such cases, the energy absorbed during
the collision does not have the time to redistribute throughout the molecule, resulting in non-
statistical formation of fragments. When ion activation occurs through a series of low-energy collisions
(Figure 3.3b), the vibrational states are usually excited and the process of raising the molecule’s
internal energy above the dissociation threshold is gradual. This allows time for the gained energy to
populate the various vibrational modes of the molecule by intramolecular vibrational energy
redistribution (IVR) and the fragmentation occurs as a statistical process, consistently taking the
fragmentation pathways with the lowest activation barriers. This is the case of low-energy CID in which
the collisions are generally in the 1 to 100 eV range.?®
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Figure 3.3: illustration of the activation processes leading to unimolecular dissociation by (a) a single

high-energy collision, and (b) multiple collisions.

As we calculated in the previous section, collisional energy in our instrument is about 40 eV, putting
us in the range of low-energy CID. Therefore, the model in Figure 3.3b applies to our ions, and the
energy absorbed by our ions through collisions have the time to redistribute throughout the molecule
by IVR. And the formation of fragments is a statistical process.

It does not suffice that the dissociation threshold (E,) is reached for fragmentation to happen. An
excess amount of energy, known as the kinetic shift, is required to induce fragmentation on a
timescale relevant to the measurement. This has to do with the kinetics of unimolecular dissociation
which is described for polyatomic molecules by the Rice, Ramsperger Kassel and Marcus (RRKM)
theory.

3.5 Unimolecular dissociation and RRKM theory

When the collisionally activated molecule spontaneously dissociates into products, and the reaction
coordinate contains a single barrier, transition state theory can adequately describe the kinetics of
the process. However, as is often the case in polyatomic molecules, the potential energy surface is
such that there is more than one reaction barrier along the reaction coordinate. Between any two
such reaction barriers, there will be a potential well as, shown by the one-dimensional cut of a multi-
dimensional potential energy surface in Figure 3.4. A molecule with enough internal energy to cross
the first barrier will dissociate into products, but the products may reside for a time in this well as a
seemingly stable molecule, before escaping over the second barrier. This temporary trapping is due
to some of the total energy of the system flowing out of the reaction coordinate and into the internal
degrees of freedom of the system (indicated by the double arrow in Figure 3.4). Consequently, the
molecule behaves as though it was bound, even though it has enough energy to dissociate, and only
when the energy flows back into the reaction coordinate does the molecule cross the second barrier
and form the dissociated products.
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Figure 3.4: illustration of a unimolecular dissociation along a reaction coordinate with two barriers,
shown as a one-dimensional cut of a multi-dimensional potential energy surface. After crossing the
first barrier, the products can get temporarily trapped in the local minimum if the energy leaves the
reaction coordinate and flows into other degrees of freedom before returning and driving the
products to dissociation.

To calculate the rate constant of such a process, the Rice, Ramsperger Kassel and Marcus (RRKM)!?’
theory is typically used. This theory is based on two assumptions: (1) statistical redistribution of the
vibrational energy among all the vibrational modes of the molecule is achieved on a timescale much
smaller than that of the reaction, (2) the formation of reactants to products, crossing of the transition
state is irreversible.

For a fragmentation reaction defined by a threshold energy (E;), RRKM theory provides an equation
describing the rate constant of the fragmentation as a function of internal energy:

Iy pt(ENE’

20 .
k(E) = ho (D) 3.12

where p(E) is the density of vibrational states of the reactant, p*(E’) is the density of states on the
transition state surface, and h is the Plank’s constant. This equation gives the ratio of the total number
of states on the transition surface with energies between the threshold energy E, and a given energy
E to the density of reactant states at this energy E. Furthermore, we can see from equation 3.12 that
the rate of unimolecular dissociation is greater than zero only if the ion is above the threshold energy
(i.e. E — Ey > 0), and also that that the rate of dissociation will increase with energy.

3.6 Competitive pathways and ion relaxation

When an ion has been collisionally activated, unimolecular dissociation is not the only reaction that
may occur. Molecular rearrangements can also occur once collisional activation has imparted
sufficient energy to cross the activation barriers between different conformers. This tends to happen
especially in low-energy CID where the activation process happens gradually, allowing time for the
energy to find the reaction coordinate responsible for rearrangements. One consequence of this is
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that fragments may be generated from a different conformer than the one that was initially targeted,
provided the timescales of rearrangement are shorter than those of collisional activation and
dissociation from the initial conformer. Although such rearrangements can be important when

128 it is often of little importance in analytical

studying molecules consisting of a few atoms,
applications to larger molecules, such as glycans where multiple conformers are commonly expected.
In the particular case of glycans, the primary structure is generally the subject of interest and a
fragment that can identify a bond linkage or monosaccharide sequence is valuable information,

regardless of whether the parent underwent a conformational change prior to the fragmentation.

lon relaxation from its collisionally activated state can occur through spontaneous emission of an IR
photon, or through collisional deactivation. The spontaneous emission of photons to cool vibrationally

129-130 3nd therefore does not

excited molecules is a slow process, typically occurring over seconds
kinetically compete with fragmentation. As already discussed in section 3.4, collisional deactivation
can also occur, but in the CID region, the pressure of 10 mbar results in an insufficient number of

collisions for this process to be significant.

3.7 Closing comments

In this chapter, we follow the collisional journey of an ion through our instrumental setup. The ion
accumulates energy in the CID region, where the pressure is low enough so that collisional
deactivation becomes unlikely, while being high enough so that collisions occur within the distance
across the electric field. The collisions occur on the order of ~40 eV and some of the kinetic energy is
converted into vibrational energy upon collision. The mean free path allows for multiple collisions to
occur, which gradually raise the internal energy of the ion above the dissociation threshold, the
process of IVR ensuring that the energy is statistically distributed among the vibrational modes of the
molecule. Hence, the dissociation follows the reaction coordinate with the lowest activation barriers
and the rate of dissociation can be described by RRKM theory.

In the following chapters will explore how we can combine this process with infrared spectroscopy
and ion mobility to provide ways to identify glycan isomers by breaking them down by CID and
studying their fragments. We will also try to gain some insight into the mechanistics of glycan
fragmentation.
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4. Anomeric retention of glycan C-type fragments

As described in Chapter 1, collision-induced dissociation (CID) of glycans can generate fragments
which reflect the structural details of the parent molecule. Recent studies have shown that C;
fragments generated by CID of lithiated disaccharides and protonated tetra and pentasaccharides
retain the anomericity of the glycosidic bond.®? If this result can be generalized to larger parent
molecules and larger fragments, it would provide a powerful tool for glycan sequencing. When using
a spectral database approach, this property could serve, for example, to identify fragments of a parent
that is not yet part of the database. By matching the fragments to database entries and using the
principle of anomer retention, we can then re-construct the exact structure of the parent glycan,
including bond anomericity, and add its IR spectrum as a new entry to our database.

In this chapter, we use messenger-tagging infrared (IR) spectroscopy to investigate the generality of
anomer retention upon CID of increasingly large and complex sodiated glycans. Our results
demonstrate that anomericity appears to be retained for these glycans, regardless of the fragment
size and branching.

The content of this Chapter is adapted with permission from the article: R.P. Pellegrinelli, L. Yue, E.
Carrascosa, S. Warnke, A. Ben Faleh, and T.R. Rizzo, “How General Is Anomeric Retention during
Collision-Induced Dissociation of Glycans?”, JACS 2020. It is available online at:
https://pubs.acs.org/doi/10.1021/jacs.0c00264.

4.1 Introduction

In glycan analysis, determining the anomericity of the glycosidic bond stands out as a particular
challenge. Very recently, Compagnon and co-workers showed spectroscopic evidence that C;
fragments (Figure 4.1) generated by collision-induced dissociation (CID) of lithiated disaccharides and
protonated sugars tetra and pentasaccharides retain the anomeric configuration of the glycosidic
bond,® and this has also been investigated by coupling ion mobility with tandem MS.”% 31
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Figure 4.1: Nomenclature for B/Y and C/Z fragments of glycans. It should be noted that both the C and
Y fragments carry a hydrogen to form an intact glycan.
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This finding raises many questions: How general is anomeric retention in the gas phase? Does it apply
to larger, more complex glycans? Does it apply to larger fragments? The answers to these questions
are likely to have profound implications for glycan analysis.

The anomericity of the glycosidic bond, which can exist in either the a or B configuration, is commonly
determined by coupling exoglycosidase digestion with liquid chromatography.*? 5% 33->4 However, this
usually involves lengthy incubation times and multiple chromatographic separations. As already
discussed in the introduction, techniques such as NMR3* and X-ray crystallography*? can provide
detailed structural information including the anomeric configuration, but they require a relatively
large amount of sample, which is often not available in the case of glycans. Branching, bond position,
and anomericity can be successfully determined using tandem MS by analyzing the fragments from

relatively small glycans,52' 55, 132-134

although the latter require observing cross-ring fragments that
preserve the anomeric configuration of the glycosidic bond.* ¢ Nevertheless, tandem MS is typically

unable to fully distinguish between all isomeric forms.

Infrared (IR) spectroscopy is a promising tool for glycan analysis, as the vibrational spectrum is
extremely sensitive to the slightest of structural differences. Recently, room-temperature infrared
multiple photon dissociation (IRMPD) has been used to fingerprint monosaccharide fragments,® while
cryogenic IR spectroscopy has been used by Pagel and coworkers®*® as well as our group®°* to identify
spectral fingerprints of increasingly complex sets of isomeric glycans. Cryogenic spectroscopy has the
advantage of eliminating thermal inhomogeneous broadening, resulting in significantly increased
resolution for large molecules with congested vibrational spectra.'®® In this work, we use cryogenic
messenger-tagging infrared spectroscopy and ultrahigh-resolution ion mobility spectrometry (IMS) to
investigate the generality of anomeric retention upon CID.

4.2 Experimental approach

The tandem mass spectrometer described in Chapter 2.1 was used in this study and the details of this
instrument can be found elsewhere.'*? The sodiated glycan ions were sprayed from a 100 uM solution
of water and methanol (1:1). Fragmentation was induced by collisions in the hexapole at a pressure
of 10" mbar by accelerating the ions through a potential difference between the funnel exit and
hexapole bias. A potential difference of ~200 V is used to fragment sodiated glycans. Fragments of a
specific m/z are selected by a first quadrupole mass filter and sent to a cryogenic octupole ion trap
enclosed in a copper housing. For sodiated species, the trap is maintained at 60K, ions are cooled by
collisions with a cold gas mixture containing He/N, (90/10) and tagged with a weakly bound nitrogen
molecule. The tagged ions are irradiated every other trapping cycle by a single IR pulse from an optical
parametric oscillator (OPO) before being sent through a second quadrupole mass filter and detected
by a channeltron.

4.3 Mass spectra of CID fragments

The generation of C fragments from the sodiated glycans did not always yield a high ion intensity. As
pointed out in Chapter 1.4, B and Y fragments were often the main fragmentation product for sodiated
species, and this may be rationalized by the reaction barriers for the B/Y transition states being lower
than that of the C/Z pathways, as discussed in Chapter 2.1.1241% The mass spectrum of the singly
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sodiated disaccharide Gala(1-3)GalNAc and tetrasaccharide LNnT, both of which were studied in this
work, are shown in Figure 4.2 as a function for different potential differences between the ion funnel
and the hexapole. Fragments identified from glycosidic cleavages are highlighted. It is clear from both
spectra that the fragments highlighted are not present at low potential differences, but only appear
after a certain amount of activation, representing the dissociation threshold. Increasing the potential
difference from 130 V to 220 V on Gala(1-3)GalNAc (Figure 4.2a), increases the yield of B; and Y;
fragments without noticeably increasing the C; fragment. This means that experiments investigating
the C; fragment of this molecule could be carried out at lower collision energy than that required for
another molecule like LNnT. However, for the sake of consistency, all CID experiments of sodiated
sugars in this chapter were run at ~200 V.

The mass spectrum of LNNT (Figure 4.2b) contains ambiguous peaks, with the fragment at m/z 550
corresponding to either a B; or a Z; fragment and the fragment at m/z 568 being either a C; or Y3
fragment. The fragment at m/z 550 could be identified by O labelling at the reducing end OH. If the
fragment is a Z3, a mass shift of +2 a.u. will be observed, since Z fragments carry the reducing end OH,
while the B; fragment would not show any mass shift. This however was not done, as these fragments
are not of interest in the context of this chapter. The fragment at m/z 568 is however important to
the goal of this work. If itis Cs, it could expand our study of anomeric retention to fragments containing
three monosaccharide units. Unfortunately, this fragment was identified as a Y3 fragment by
spectroscopy (section 4.6) and does not tell us anything about the anomeric configuration of the
glycosidic bond.
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Figure 4.2: Mass spectra of the disaccharide Gala(1-3)GalNAc (a) and the tetrasaccharide LNnT (b) at
different potential differences (indicated) across the CID region. Identified fragments from glycosidic
cleavages are indicated and highlighted.

4.4 Cryogenic infrared spectrum of a monosaccharide

The infrared spectrum of the sodiated monosaccharide GalNAc is shown in Figure 4.3a. The 3200 —
3750 cm™ range scanned by our OPO corresponds to the stretching modes of the NH and OH
functional groups. The spectrum shows six vibrational bands, while the molecule only contains five
oscillators in this energy range (one NH and four OH). This indicates that more than one conformer
must be present. The assignments of these bands can be partially done based on textbook knowledge
of the vibrational energies of the oscillators present in the molecule. The distinct band between 3300
and 3350 cm™ is characteristic of a secondary amine N-H stretch, while the bands above 3580 cm™
represent the free O-H stretching region. The vibrations observed in the 3450 — 3470 cm™ region
correspond to a an OH group which is slightly bound, either intramolecularly or to the sodium cation.
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These vibrational transitions have been observed for cryogenic gas-phase ions and in some cases have
been assigned either by calculation and/or isotopic labelling. 1373

_ ( a) Secondary N-H stretch Free O-H stretch

[GalNAc - NaJ*

Relative depletion

08 subsituted
[GalNAc - Na]*

B B B O B B L L [ N B N B ) S B B B I B N B I B B B
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wavenumber / cm’
Figure 4.3: CryogeniclR spectra of the singly sodiated monosaccharide GalNAc. The spectral regions
corresponding to different molecular oscillators are indicated. (a) the spectrum of the natural
monosaccharide, (b) the spectrum of GalNAc with O labelling at the anomeric OH.

Although it is impossible to assign the OH bands based purely in intuition, we could expect the C6-OH
to be the freest OH as it is somewhat removed from the rest of the molecule and therefore would
therefore be in the free OH region. A study done by Schindler et al seems to support the idea that the
C6-OH is among the freest in the OH region.'* One hydroxyl which is easy to assign is the C1-OH.
Dissolving the monosaccharide in H,0®® will exchange the O of this carbon to the O isomer. This
will change reduced mass of this OH oscillator, resulting in a shift in vibrational frequency
corresponding to -12 cm™. This shift is clearly visible in Figure 4.3b, and we can therefore assign this
band to the anomeric OH stretch.

4.5 Spectroscopic investigation of the anomeric retention of C fragments

We first tested anomeric retention in the C; fragments of Gala(1-3)GalNAc and GalB(1-3)GalNAc by
comparing their cryogenic vibrational spectra (Figures 4.4a, d) with those of the methylated a and B
anomers of galactose (Figures 4.4b, c).
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Figure 4.4: Cryogenic vibrational spectra of the C; fragments of galactose-containing disaccharides (a,
d) and of a tetrasaccharide (e) and their comparison to the methylated anomers of galactose (b, c).

Because methylated galactose does not interconvert at the anomeric carbon, the spectra of the
substituted monosaccharides should provide a good model of anomerically pure galactose, except for
the absence of the anomeric OH stretch band, which occurs at 3652.5 cm™ in the a.anomer and 3644.5
cm™ in the B anomer. Figure 4.4e shows the IR spectrum of the C; fragment generated from a
tetrasaccharide GalPB(1-3)GalNAcB(1-4)GalB(1-4)Glc. All spectra of the C; fragment, which is itself an
intact galactose, show a clear correspondence with those of the respective methylated galactose
anomer. This demonstrates that C; fragments produced from an a glycosidic linkage represent the
anomerically pure a monosaccharide, and that fragmentation of the B glycosidic linkage gives the
anomerically pure B monosaccharide, irrespective of the size of the initial glycan.

To test whether anomer retention also occurs in N-acetylated C-fragments of glycans, we performed
similar experiments on two disaccharides and a trisaccharide containing GalNAc at the nonreducing
end. Figure 4.5 compares spectra of C; fragments to the isomer-specific spectra of the
monosaccharide GalNAc obtained using an apparatus that employs ultrahigh-resolution IMS based on
structures for lossless ion manipulations (SLIM)!2% 14 to separate the two anomers before measuring
their spectra.
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Figure 4.5: Cryogenic vibrational spectra of C; fragments of glycans with GalNAc at the nonreducing
end. Inset: High-resolution arrival time distribution of GalNAc.

Two ion-mobility peaks for GaINAc were resolved after 11 cycles on the SLIM board, which represents
a total drift path of ~20 m. The vibrational spectrum of the ions contained in the first mobility peak
(Figure 4.5c) matches that of the C fragments generated from an a glycosidic linkage (Figures 4.5a, b),
while the spectrum of the ions in the second mobility peak (Figure 4.5d) matches the fragment
generated from a B glycosidic linkage (Figure 4.5e). It should be noted that because the two mobility
peaks were not baseline separated, vibrational bands from the major component (Figure 4.5c) appear
in the spectrum of the minor component (Figure 4.5d), but with reduced intensity. However, one can
see that the peak at 3465 cm™, for example, is absent from the spectrum of Figure 4.5e, suggesting
that the GalNAc fragment from GalNAcB(1-3)Gal is anomerically pure.

Although we have not assigned the two ion mobility peaks (inset, Figure 4.5c, d) to the a and B
anomers, we have shown previously that for small sodiated saccharides structurally similar to those
presented in this work, the two mobility peaks observed by ultrahigh-resolution IMS separation
correspond to the a and B anomers.?? Furthermore, the fact that the spectrum of the C; fragment
generated at an a glycosidic linkage corresponds exclusively to the spectrum from the first mobility
peak, and likewise for the B fragment and second mobility peak, provides strong evidence that the
two mobility peaks observed correspond to the o and  anomers. If mutarotation were to occur upon
fragmentation, one would expect a mixture of anomers in the fragment spectra, which is not observed
here. There is thus strong evidence that the presence of the N-acetyl group does not affect anomeric
retention upon dissociation to form a C; fragment.

39



In order to evaluate the generality of anomeric retention further, analogous experiments were carried
out on the C; fragments of the human milk oligosaccharides LNnT and LNnH. In Figure 4.6, we show
the cryogenic vibrational spectra of the C; fragment from these species and compare them to the
spectra of the a and B anomers of GalB(1-4)GIcNAc (Figures 4.6a, b), which we separately measured
after separation by SLIM-based ion mobility.14?
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Figure 4.6: Cryogenic vibrational spectra of the C; fragments from LNnT (c) and LNnH (d) compared
to those from the separated anomers of GalB(1-4)GIcNAc (a, b). Inset: high-resolution arrival time
distribution of GalB(1-4)GIcNAc.'*?

The spectra of the C, fragments from both LNnT (Figure 4.6c) and LNnH (Figure 4.6d) show a good
match with the spectrum of the slower mobility peak of GalB(1-4)GIcNAc (Figure 4.6b). This indicates
that C; fragments of the linear tetrasaccharide LNnT and the branched hexasaccharide LNnH also
retain the anomericity of the

glycosidic bond.

These results clearly indicate that mutarotation does not occur for sodiated glycans in the gas phase
under the collision energies used. This is in agreement with previous findings on sodiated sugars!*
and indicates that the barrier for gas-phase mutarotaiton of such cationized species must be
significantly higher than those for fragmentation. A computational study performed on neutral,
isolated tetrose saccharides reported activation barriers of mutarotaiton to be ~1.86 eV.'* This is less
than the fragmentation barriers which were calculated for sodiated disaccharides.??*'?* It is therefore
very likely that the cation plays an important role in increasing the barrier of mutarotation.

Furthermore, the process of ring closing in the gas phase to produce the opposite anomer is very
unfavourable from an entropy viewpoint. It may be that ring opening does occur along with
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fragmentation in some cases. This might account for the extra bands observed in Figure 4.4a, where
both the a anomer of galactose and its open-ring form might be produced by CID. This is however not
observed for any of the other C fragments, their spectra matching which all show the exact number
of bands as their respective standards sprayed from solution and investigated under non-fragmenting
conditions.

4.6 Spectroscopic identification of an ambiguous fragment

The tetrasaccharide LNnT produced a fragment at m/z 568 (Figure 4.2b) which could correspond to a
Cs oraYs fragment. To identify this fragment, we measured its IR spectrum (Figure 4.7a) and compared
it to that of the trisaccharide GalB(1-4)GIcNAcB(1-3)Gal (Figure 4.7b), which would have the same
structure as the C; fragment. The two spectra in Figure 4.7 are very different, with almost no matching
band positions. This indicates that the m/z 568 fragment is not Cs, but the Y; fragment, and therefore
does not carry any information on the anomericity of the glycosidic bond that was broken to form the
fragment.
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Figure 4.7: Cryogenic IR spectrum of m/z 568 fragment generated from LNnT and corresponding to
two possible structures, Cs and Y5 (a). IR spectrum of the trisaccharide GalB(1-4)GIlcNAcB(1-3)Gal with
the same structure as the C; fragment from LNnT (b).

4.7 Conclusions

Our results on sodiated glycan fragments extend the findings by Compagnon and coworkers® in a
significant way. The higher spectroscopic resolution afforded by cryogenic IR spectroscopy, together
with ultrahigh-resolution ion mobility, provides us with the capability of identifying the anomeric
forms of larger CID fragments by comparing them to anomerically pure reference compounds. Our
observation of anomer retention in the fragmentation of glycans as large as hexasaccharides (Figure
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4.6d) and the fact that it occurs for fragments larger than C; (Figure 4.6c and 4.6d) suggest that it may
be the rule rather than the exception, arising from the large barriers for mutarotation in the gas phase.
If further studies confirm this generality, it would open new possibilities for determination of the
primary structures of biologically relevant glycans and provide an important new tool for glycomics.
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5. A new glycan sequencing strategy coupling ion-mobility-selected
CID and messenger-tagging IR spectroscopy

Ultra-high resolution ion mobility spectrometry (IMS) can achieve the separation of glycan isomers
that differ only in the anomericity of a single glycosidic bond. Adding a spectroscopic dimension allows
for these separated structures to be identified based on their vibrational fingerprints. However, every
reducing sugar in solution consists of a mixture of a and B anomers at the reducing end, which can
also be separated by ultra-high resolution IMS. Being able to determine which mobility peaks observed
in IMS come from the a and B reducing anomers and to be able to get a spectroscopic fingerprint for
these anomerically pure species gives a twofold advantage:

1. Ittodistinguish which mobility peaks separated by IMS come from differences in the glycosidic
linkage, and which arise from reducing end anomers. The former indicates the presence of
different glycan structures which is biologically important, while the latter can be disregarded
from a biological point of view.

2. The spectra of isolated a and B reducing anomers can be used as standards to identify C-
fragments that retain the anomericity of the glycosidic bond as discussed in Chapter 4. This
circumvents the need to purchase standards which have been locked into either the a or B
configuration by permethylation at the reducing end, such standards often being very costly
and challenging to produce.

The work presented in this chapter is cantered around the fact that Y-fragments are intact glycans
that carry the reducing end OH. A mid-sized glycan may separate into its a and B reducing anomers
by ion mobility, but unless we have the corresponding reducing-end permethylated standards, it is
impossible to spectroscopically determine which one is which. Although such anomerically pure
standards are rare or even non-existent for sugars containing three or more saccharide units, they are
easily obtainable for some common mono- and disaccharides. Therefore, a Y; or a Y, fragment were
to be generated from a parent glycan which has been mobility-separated into its two reducing
anomers, the spectra of the fragment could be matched to that of an anomerically pure standard and
therefore the separated parent species identified. The spectra of each reducing anomer of the parent
can then be added to our spectral database and used to further glycan studies.

5.1 Introduction

The combination of IMS with tandem MS methods have allowed for the separation, and in some cases
identification, of various glycan isomers. For instance, a cyclic IMS instrument has been recently used
to separate and partially identify the isomers of a set of pentasaccharides based on their fragmentation
pattern.'*1% Although providing significant advances in the field of glycan analysis, IMS-MS studies
alone are unable to provide unambiguous identification of all the possible isomers, such as assigning
a specific drift peak to a single reducing-end anomer.
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Combining IMS with cryogenic messenger tagging spectroscopy has allowed our group to distinguish
between the various isomers present within a certain glycan.'*” Nevertheless, the vast number of
possible structures make it challenging to interpret complex vibrational spectra of larger
oligosaccharides and determine the specific isomeric form. Moreover, the size of most glycans put
them out of reach of current theoretical methods that are typically used to associate vibrational bands
to a certain structure. This problem can be overcome by using a database of spectral fingerprints
constructed using glycan standards,*®® however it is often difficult to obtain standards of pure
isomeric forms.

Breaking down glycans into smaller fragments by CID prior to spectroscopic investigation can simplify
the interpretation of the spectra. This approach relies on breaking the molecule of interest into C- or

Y-type fragments,'®

which are themselves intact glycans, and then matching their IR spectra to a
database of known standards. As has been shown in the previous chapter, this technique has revealed
that for alkali metal complexed C-type fragments, the anomericity of the glycosidic linkage is
retained.’”? 8% 112,198 However, many glycosidic linkages preferentially produce B- or Y-type fragments
rather than C-type fragments, and this is a limiting factor to using only the latter to sequence glycan
structure. In this work, we explore how Y fragments, which carry the anomeric OH, can be used to
assign the anomers of a set of mobility-separated oligosaccharides. In this chapter, we show a
systematic approach, combining mobility-selective CID and cryogenic IR spectroscopy, which can
identify the anomers of large glycans using only a small set of anomerically pure and commercially
available mono- and disaccharide standards. The spectra of the precursor molecules can then be
assigned to a single anomer and added to our database, providing us with a spectral library of complex
molecules for which anomerically pure standards are often unavailable.

5.2 Experimental approach

Experiments were run on a home-built instrument that couples SLIM-based IMS to a tandem mass
spectrometer, equipped with a cryogenic octupole ion trap, as described in Chapter 2.2. Fragmentation
can be achieved through collisions in the SLIM ion guide at a pressure of 10" mbar by increasing the
potential difference between the IMS bias and the ion guide entrance to ~120 V.

The oligosaccharides galacto-N-biose (GalB1-3GalNAc), N,N’-diacetylchitobiose (GIcNAc B1-4 GIcNAc),
methyl 2-acetamido-2-deoxy-a-D-glucopyranoside (GIcNAc-a-OMe), methyl 2-acetamido-2-deoxy-b-
D-glucopyranoside (GIcNAc- B OMe), lactose, and lactose were purchased from Carbosynth (UK). The
trisaccharide Man-1 and the tetrasaccharide lacto-N-neotetraose (LNnT) were purchased from Dextra
(UK). The disaccharides methyl-a-lactoside and methyl- B -lactoside were purchased from Synthose
(Canada). All samples were used without further purification and diluted in a 50:50 water-methanol
solution to a concentration of ~70 pM. Only the singly sodiated cations were investigated in this work.
Helium was used as both a drift gas for IMS and collision gas for CID, while a He/N, mix (90:10) was
pulsed into the cryogenic ion trap for both cooling and messenger tagging.

5.3 Spectroscopic study Y fragments generated by CID of mobility-selected precursors

Evidence of mobility-selected CID. The singly sodiated trisaccharide Man-1 (m/z = 609), which is part
of the core structure for all N-glycans'*, was fragmented on a commercial Q-TOF (Waters Premier)
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and its major fragments identified (Figure 5.1A). The trisaccharide was then resolved into two peaks
after a single pass on the SLIM board of our home-built instrument, corresponding to a 7.5 meter
pathlength (Figure 5.1B). This is in accordance with the distributions observed in ion mobility studies
of similar reducing sugars and has been speculated, and in some cases confirmed, to be due to the a
and B anomers.?% %1 1% To search for CID products, the first quadrupole was set to the expected
fragment masses from Figure 5.1A, and the potential difference between the SLIM bias and SLIM ion
guide entrance was increased until fragments were observed (Figure 5.1C). Optimal fragmentation was
achieved for a voltage difference of ~120V at a pressure of ~10™" mbar.
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Figure 5.1: (A) Fragmentation pattern of [Man-1+Na]*, measured on a Q-Tof Premier (Waters). (B) ATD
of [Man-1+Na]*measured after one cycle on the SLIM-IMS device.(C) Fragments generated from the
mobility-separated parent after the IMS stage corresponding to the fragments observed on the Q-
TOF.

The sodiated Y, (m/z = 447) and B, (m/z = 338) fragments were observed. The fact that they arrive at
the same time as the parent molecule excludes the possibility that these species are generated in
solution, as they would have separated from their precursors due to their distinct mobility. This
confirms that they correspond to fragments of the mobility-separated trisaccharide.

5.3.1 Disaccharide Gal(B-4)GalNAc

To test our ability to identify mobility-separated anomers based on the IR spectra of their Y fragments,
we chose a simple disaccharide, galacto-N-biose, which is a core structure of mucin-type O-glycans.**°
Its arrival-time distribution was resolved into two peaks after two cycles along the SLIM separation
path (Figure 5.2A).
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Figure 5.2: (A) Arrival-time distribution of the sodiated disaccharide Gal(B-3)GalNAc after two SLIM
cycles and the associated IR spectra. (B) IR spectra of the Y; fragments, GalNAc, generated from each
mobility peak of the disaccharide. (C) Anomerically pure IR spectra of GaINAc generated by C;
fragmentation of the disaccharides GalNAc(a-3)Gal and GalNAc(B-3)Gal. Red indicates the a anomer
and blue the B anomer, assigned after comparing the spectra of the Y; fragments to the anomerically
pure standards.

These two mobility peaks give distinct IR spectra, with the first (blue) having a strong band at 3557
cm™ which is attenuated in the IR spectrum of the second (red) mobility peak. Moreover, the band at
3471 cm™ in the spectrum of the first mobility peak shifts to 3458 cm™ in that of the second. To
determine whether the two mobility peaks of Figure 5.2A correspond to different anomers of the
disaccharide, we measured infrared spectra of the Y; fragments generated from each one (Figure
5.2B). We then compared them to spectra of pure anomers of GalNAc (Figure 5.2C), which were
generated by C; fragmentation of the reverse sequence disaccharides, GalNAc(a-3)Gal and GalNAc(B-
3)Gal, and which retain the anomericity of the glycosidic bond.** The spectrum of the Y; fragment
from the first mobility peak shows a clear band at 3454 cm™, which is the signature feature in the
spectrum of the B anomer, while the Y: fragment coming from the second mobility peak shows a
distinct band at 3464 cm?, identifying it as the a-anomer (Figure 5.2C). Based on the baseline mobility
of the two species, contamination from one peak to the other seems very unlikely. Therefore, the
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band at 3464 cm™ in the Y; fragment from the first mobility peak (blue) most likely comes from a
second conformer within the B anomer, with a vibration which happens to coincide with the position
of the a-anomer. This phenomenon has already been observed during double resonance experiments
preformed on protonated glucosamine and should be kept in mind as a potential limitation for
spectroscopic identification.'®! Nevertheless, we conclude that the first mobility peak of the sodiated
disaccharide parent molecule, galacto-N-biose, comes from the B-anomer while the second mobility
peak is from the a-anomer, allowing us to associate the corresponding IR spectra to each anomer.
These can now be added to a spectroscopic database as identifiers of the a-and B-anomers of galacto-
N-biose.

5.3.2 Trisaccharide MAN-1

As shown in Figure 5.1B, Man-1 can be separated into two mobility peaks after a single pass. The IR
spectrum of each peak is similar yet distinct (Figure 5.3A). Since anomerically pure standards for Man-
1 are not readily available, identification of these two species is performed by examining their
fragments. The Y, fragments were generated from each mobility peak and their IR spectra measured
(Figure 5.3B). Although very similar, the relative intensities of the bands at 3433 cm™ and 3457 cm™
can be used to distinguish them. The species corresponding to the faster peak in the ATD (red) has a
weak band at 3433 cm™ inits IR spectrum followed by a strong band at 3457 cm®, whereas the slower
peak in the ATD (blue) has a strong band at 3433 cm™ followed by a weak band at 3457 cm™.

These spectra were then compared to those of the corresponding disaccharide, N,N’-
diacetylchitobiose, mobility-separated after two cycles (Figure 5.3C). By matching these spectra to
those of the Y, fragments, we conclude that the first mobility peak of Man-1 corresponds to the second
mobility peak of N,N’-diacetylchitobiose and second mobility peak of Man-1 to the first mobility peak
of N,N’-diacetylchitobiose. This seeming inversion is because the Y, fragments carry the ATD of the
parent molecule and therefore do not correspond the drift time of N,N’-diacetylchitobiose. These
assignments are based on spectra that differ only in the relative intensities of the bands. This is not
what is typically expected from the IR spectra of reducing anomers, where a shift in band position is
commonly observed. We must therefore be cautious when drawing these conclusions, and work
currently is being carried out to confirm whether the species separated in these experiments are
indeed the reducing anomers.

Finally, Y1 fragments of the mobility-separated N,N’-diacetylchitobiose were generated (Figure 5.3D).
Since the C; and Y; fragments of this disaccharide are isomeric, a separate experiment was carried out
in which the reducing end hydroxyl was labelled with 08 and the CID spectrum taken in our Q-TOF. A
shift of the fragment at mass from 244 to 246 was observed (see Figure 5.4), leading to the conclusion
that Y: fragments were being formed, since C; fragments would not have been affected by the isotopic
label. The IR spectra of the Y; fragments were then compared to those of the anomerically pure
methylated monosaccharides, GIcNAc-a-OMe and GIlcNAc- B-OMe (Figure 5.3E). The methylation of
the reducing end OH prevents the mutarotation in solution, locking the sugar into a single anomer.
From the bands at 3447 cm™, 3528 cm™, and 3549 cm™ we conclude that the Y; fragment from the
second mobility peak matches the spectrum of GIcNAc-a-OMe, indicating that this is the a-anomer.
The absence of these signature bands in the Y; fragments from the first peak suggests that this is the
B-anomer. It is worth mentioning that the spectra of the Y; fragments possess a clear band at 3640
cm?, which is absent in spectra of the methylated standards, and this is due to the reducing end OH
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band as has been observed in previous studies.?>3 Furthermore, GIcNAc- B OMe has an extra band at
3427 cm®, which is not present in the fragment IR spectrum. This may be due to slight structural
changes resulting from the methyl group replacing the hydrogen on the reducing end.

Using this result, we can work backwards, assigning every mobility peak and every IR spectrum to
either the a-anomer (coded red) or the B-anomer (coded blue), providing a wealth of anomer-specific
spectra that can be added to our database and serve as building blocks when analyzing larger N-
glycans.
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Figure 5.3: (A) Mobility-separated IR spectra of the precursor trisaccharide [Man-1+Na]*.(B) Spectra of
the Y, fragments generated from the mobility-separated precursor.(C) Mobility separation and IR
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5.3.3 Tetrasaccharide LNNnT

To extend our method to a larger, more complex oligosaccharide, we investigated the human milk
tetrasaccharide, LNnT. Separating into two well-resolved peaks after two cycles, the ATD indicates the
presence of two isomers with distinguishable IR spectra (Figure 5.5A), which we believe to be the o
and B reducing-end anomers. To assign them, we apply the same procedure of breaking the mobility-
separated species into fragments for which we have anomerically pure standards. The relevant
fragment produced by CID of the mobility-separated LNnT is the Y, fragment, corresponding to the
common disaccharide lactose. The IR spectra of the fragments (Figure 5.5B) are clearly distinguishable,
with one band shifting from 3558 cm™in the spectrum of the faster peak in the ATD (blue) to 3545 cm’
Lin the second peak (red), and the two highest frequency bands being inverted in their relative
intensities. These spectra were compared to those of the anomerically pure methyl-a-lactoside and
methyl- B -lactoside (Figure 5.5C). The band at 3545 cm™ clearly identifies the second peak as the a-
anomer, while the band at 3558 cm™ identifies the first peak as the B-anomer. The small blue4 shift (+
4 cm™?) of these bands in the methylated standards as well as the differences in the 3630 cm™ to 3660
cm™range can be attributed to the OMe group replacing the OH at the anomeric carbon, which has an
effect on the coupled network of OH oscillators.

These results confirm that the isomers of the parent LNnT separated by ion mobility are indeed the
two reducing-end anomers, and that the first peak in the ATD corresponds to the B-anomer while the
second peak is the a-anomer. Furthermore, the anomer-specific IR spectra of both lactose and LNnT
that we obtained can be used in a spectroscopic database for analyzing human milk oligosaccharides.
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Figure 5.5: Mobility separation and corresponding IR spectra of the precursor [LNnT+Na]* (A), IR
spectra of the Y, fragments (lactose) generated from the mobility-separated precursor (B), and the
anomerically pure IR spectra of methyl-a-lactoside and methyl- 3 -lactoside (C). Colours red and blue
indicate identified a and B anomers, respectively.

5.3.4 Pentasaccharide maltopentaose

Maltopentaose is commonly used in the preparation of dextran ladders for -capillary
electrophoresis.'>? After two cycles on the SLIM board, singly sodiated maltopentaose separates into
three peaks. The IR spectra of the first two peaks were measured and show clear, distinct features
(Figure 5.6A). The ATDs obtained are similar to those found for maltopentaose in previous ultra-high
resolution ion mobility studies, and it is believed that the two major peaks come from the reducing
anomers, while the third peak may come from an open-ring configuration.*' 146 To test this, we
measure the IR spectra of the Y4 fragments generated from the major mobility peaks of the parent
molecule (Figure 5.6B). Previous O labelling experiments have confirmed that the fragment is Y, and
not C; which would have the same mass.?* The spectra of the Y, fragments were compared to the
mobility-separated spectra of maltotetraose, which is the corresponding tetrasaccharide (Figure
5.6C). A comparison shows that the spectrum of the Y, fragment generated from the first mobility
peak of the parent corresponds to that of the second mobility peak of maltotetraose, with distinct
bands matching at 3438, 3463, and 3511 cm™. The spectrum of the Y, fragment generated from the
second mobility peak of the parent glycan matches that of the first mobility peak of maltotetraose,
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with their unique bands matching at 3426, 3469, and 3516 cm™. We therefore conclude their
structural correspondence, and the seeming inversion is merely due to the fact that the Y, fragments
carry the mobility of the parent molecule.

Only the first IMS peak of maltotetraose was fragmented due to the low abundance of the second
peak. The Y, fragment, corresponding to the common disaccharide maltose, was generated and its IR
spectrum measured (Figure 5.6D). A separate MS? experiment involving O*® labelling of the reducing
was carried out on our Q-Tof to confirm that the Y; fragment was being formed and not the C; (Figure
5.7). This spectrum was then compared to the spectra of the anomerically pure methyl-a-maltoside
and methyl- B -maltoside (Figure 5.6E). The band positions at 3505, 3600, and 3640 cm™ clearly
identify the Y, fragment as being the B reducing anomer. This indicates that first mobility peak of
maltotetraose, as well as the second mobility peak of maltopentaose, are the f anomers. This supports
the claim that the two major mobility peaks of maltopentaose are due to the a and B reducing
anomers by identifying the second mobility peak as the B anomer.
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Figure 5.6: Mobility separation and IR spectra of the singly sodiated precursor, maltopentaose (A). IR
spectra of the Y4 fragments (maltotetraose) generated from the mobility separated precursor (B).
Mobility-separated IR spectra of singly sodiated purchased standard maltotetraose (C). IR spectrum of
the Y, fragment (maltose) generated from the first mobility peak of maltotetraose (D), and comparison

with anomerically pure methyl-a-maltoside and methyl- f -maltoside (E).
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Figure 5.7: Fragmentation studies of O labelled maltotetraose performed on a Q-Tof (Waters
Premier). The shift of the fragment from m/z 365 to 367 indicates that it is a Y fragment, as O*®
substitutes the oxygen at the reducing end.

5.4 Comparison of mobility-separated disaccharides to their permethylated standards

In the previous section, the studies of LNnT and maltopentaose were not fragmented to a
monosaccharide for the reducing-end anomers to be assigned. The reason for this is that the
disaccharides corresponding to the Y, fragments (namely lactose and maltose), give a mixture of C;
and Y; fragments upon collision-induced dissociation, which, have the same mass. For this reason,
corresponding disaccharides, with the reducing end locked into a single anomer by permethylation,
were used to identify the anomericity of the Y, fragments. This leads to an interesting question: if we
mobility-resolve the non-methyltated disaccharides in our IMS device, how will their spectra compare
to those of the anomerically pure standards?

Singly sodiated lactose separated after one cycle on the SLIM board into two baseline resolved peaks,
each giving a distinct IR spectrum (Figure 5.8A), analogous to those obtained from the Y, fragment of
LNnT (Figure 5.5B). When compared to the IR spectra of methyl-a-lactoside and methyl- B -lactoside
(Figure 4.8B), we observe the same characteristic band at 3545 cm™ that identifies the second mobility
peak to be the a anomer. Similarly, the band at 3558 cm™ identifies the first mobility peak as the B
anomer and we observe the same 4 cm™ shift in the positions of these bands with respect to the
methylated standards, as observed when comparing the Y, fragments of LNnT. We therefore conclude
that the two mobility peaks of lactose, resolved on our SLIM device correspond to the a and
anomers, with the first peak being the B anomer and the second peak being the o« anomer.
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Figure 5.8: Mobility separation and IR spectra of singly sodiated lactose (A). Comparison with the

anomerically pure IR spectra of methyl-a-lactoside and methyl- B -lactoside (B). Red and blue indicate
the identified a and B anomers respectively.

The same experiment was performed on singly sodiated maltose, but unlike the other molecules
studied in this chapter, maltose separated into three mobility peaks of comparable intensity after a
single pass on the SLIM device (Figure 5.9A). The IR spectra of each of these mobility peaks were
measured, the first and third giving very similar spectra, while the spectrum of the middle peak was
distinct. When compared to the anomerically pure permethylated standards (Figure 5.9B), the band
positions at 3504 cm™ and 3590 cm™ indicate that both the first and third mobility peaks both share
the structure of the o anomer. This is further supported by a lack of the band at 3640 cm™, which is a
clear identifier of the B anomer. This indicates a behaviour that has not been observed so far, two
molecules with the identical primary structure arriving at different drift times. This could be attributed
to the a anomer having two conformers which separate during IMS, but the similarity of the two
spectra make this explanation unlikely, as two conformers which are different enough to be easily
separated by IMS should show more spectral differences than what is observed here. A more likely
explanation is that a fraction of the a anomer travels through the SLIM as either as a dimer or as a
solvent adduct, which then breaks into the bare monomer upon entering the lower pressure regions.
This will result in the o anomer appearing at two different drift times as is observed here, one
corresponding to the drift time of the bare molecule and the other to that of its dimer or solvent
adduct. If this is indeed the case, then the process of dimerization or cluster formation must be
anomer specific, since this is only observed for the a anomer. The f anomer is clearly identified as the
middle peak in the ATD.
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Closer inspection of the spectra of the first and third mobility peaks show that they are not completely
identical. The main differences lie in the relative intensities of the relative at 3620 cm™ and 3630 cm’
L which are slightly inverted, as well as the band at 3504 cm™ which is narrower in the spectrum from
the first peak. These slight differences may indicate that the two species, although both the a anomer,
may have a slightly different three-dimensional structures due to the fact that one of them may have
travelled through the SLIM path while being complexed to some other molecule, which then
separated from the ion on entering high vacuum. However, no definitive conclusion can be drawn
from the current data, and further investigations should be carried out if similar situations are
encountered in the future.
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Figure 5.9: Arrival time distribution of sodiated maltose and the IR spectrum of each sliced peak (A).
Comparison to the anomerically pure methyl-a-maltoside and methyl- B -maltoside (B).

5.5 Conclusions

In this work, we have demonstrated how the combination of ion-mobility-selective CID with cryogenic
IR spectroscopy can be implemented in a sequential manner to identify the reducing-end anomers of
biologically relevant oligosaccharides. By exploiting the fact that Y fragments retain the anomeric
information of their parent structures, we are able to identify the mobility separated anomers of larger
glycans by spectroscopically matching their fragments to anomerically pure, commercially available
mono- and disaccharides.

This method allows us to obtain the anomerically pure IR fingerprints of large molecules for which
methylated standards are often not obtainable. These fingerprints can in turn be used as standards to
assign structures to even larger, more complex oligosaccharides. Ultimately, a sufficiently large
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database can be created, allowing for rapid structural identification of large, unknown
oligosaccharides.

In the case of glycans cleaved from a protein, there will always be an equilibrium between reducing-
end anomers in solution, where the mutarotation reaction that converts them can easily occur.
However, these anomers often give rise to multiple peaks in the arrival-time distributions observed
using ion mobility, which can complicate the use of IMS for glycan analysis. We demonstrate here that
IR spectra of individual, reducing-end anomers can be used to assign the peaks in an ion mobility ATD,
allowing one to distinguish them from other isomeric forms.

More broadly, the general approach employed here can be used to identify the other types of CID
fragments, which will help in piecing together the primary structure of isomerically complex glycans.

57



6. Unravelling the structures of sodiated B-cyclodextrin and its
fragments

In this chapter, we study the common cyclic oligosaccharide, B-cyclodextrin. We present the cryogenic
infrared spectra of its alkali metal-complexes and of its main dissociation products generated by
collision-induced dissociation. We characterized the parent molecule by ultra-high resolution ion
mobility and cryogenic messenger-tagging infrared spectroscopy. Unlike the fragments presented in
the previous chapters, the fragments of B-cyclodextrin all form from breaking two glycosidic linkages.
We observe a set of sodium-cationized fragments that differ in mass by 162 u, corresponding to B-
type or Z-type fragments, and measure their cryogenicinfrared spectra. For the m/z 347 fragment ion,
electronic structure calculations indicate that the lowest energy 2-ketone ion structure (B, fragment)
is consistent with experimental spectra. For the m/z 509 fragment ion, both the 2-ketone Bs and Z3
calculated structures are consistent with the experimental data. However, the calculated vibrational
spectra of the lowest-energy theoretical structures of the larger m/z 671 ions are not consistent with
experiment, indicating either that we are trapping a higher energy conformation or we fail to model
one or more specific interactions effectively (i.e., either by sampling or the choice of computational
chemistry model).

This chapter is adapted with permission from the article: J. Rabus, R.P. Pellegrinelli, A.H. AbiKhodr,
B.J. Bythell, T.R. Rizzo and, E. Carrascosa, “Unravelling the structures of sodiated B-cyclodextrin and
its fragments”, Phys. Chem. Chem. Phys., 2021,23, 13714-13723. It is available online at
https://doi.org/10.1039/D1CP01058A. All the experimental measurements were made in our
laboratory, while the quantum chemical calculations were performed by our collaborators, B. J.
Bythell and J. Rabus.

6.1 Introduction

The synthesis and biomedical applications of large cyclic molecular systems have received growing
attention, mainly due to their ability to bind selectively to substrates based on non-covalent
interactions.'>® Crown ethers are arguably the most popular and best investigated host molecules for
complexing metal ions and are widely used in organic and supramolecular chemistry.™* Cyclic
oligosaccharides occur both naturally and synthetically, and they share similar properties with crown
ethers in being able to act as a host for metal cations, organometallic complexes, and biologically
relevant molecules.’®™ Among the advantages of these compounds is their relative ease of
derivatization, allowing for a suitable functional group to be attached to the cyclic oligosaccharide,
which can alter their affinity to a certain enantiomer and thus make them good chiral selectors. This
is of great interest in separation techniques such as liquid chromatography and capillary

electrophoreses.1>61%7

The best-known cyclic oligosaccharides are cyclodextrins (CDs), which are produced enzymatically
from starch and occur in three different configurations: «, B, and vy, made up of 6, 7, and 8 D-
glucopyranose units, respectively, and linked together by a-(1-4) glycosidic bonds.**® The non-toxicity
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and inexpensive synthesis of cyclodextrins has made them the molecules of choice for many
applications including drug delivery, cosmetics, and food processing.'>>62 Very recently, a modified
B-CD has been shown to have broad spectrum anti-viral properties, including against herpes and
Zika.1

The properties of cyclodextrins arise from their unique conical cylindrical structure, with the hydroxyls
pointing outwards while the glycosidic oxygens and the hydrogens line the interior,'®* leading to a
hydrophobic zone inside the cylinder, and a hydrophilic zone on the exterior. This allows CDs to form
complexes with a wide variety of compounds, ranging from nonpolar molecules that are captured in
the hydrophobic cavity, to polar molecules and ions which preferentially interact with the outer polar
surface. Because of this feature, cyclodextrins are water soluble and can be used to bring poorly
soluble compounds into aqueous solution by enclosing them in their hydrophobic cavity. For B-CD,
the C2 and C3 hydroxyls form a complete hydrogen-bonded network on the wide rim, while the C6
hydroxyls form a separate network on the narrow rim, resulting in a rigid structure (Figure 6.1).1%°

é p -EOH;\ Narrow rim

Ho % Wide rim
y'd
&j\\t e%/ N

Figure 6.1: Schematic representation of B-cyclodextrin, with its conical structure represented on the
right. The carbon atoms connected to the hydroxyls are labelled C2, C3 and C6 for one glucose unit.

Complexation of CDs with guest molecules and ions can distort these structures. It is therefore
important to identify these subtle structural details and determine how they affect the
physicochemical and biological properties of these species. For this purpose, techniques are needed
that can isolate, control and probe molecules. Tandem mass spectrometry (MS") coupled with soft-
ionization techniques, such as electrospray ionization (ESI) and matrix-assisted laser desorption
(MALDI), has emerged as a key tool to investigate large molecules and complexes.'® Mass
spectrometry has thus been used to study many properties of cyclodextrins, including their host-guest
interaction with various organic molecules, their binding selectivity with different metal cations, and
their fragmentation patterns in the gas phase.®”"172 MS coupled to collision-induced dissociation (CID)
is often used in biomedical and pharmaceutical contexts to reconstruct the primary structure and
binding characteristics of complexed and functionalized CDs. For instance, fragmentation spectra can

173-174 as weII

help determine the chirality of target analytes present in CD-based host-guest complexes,
as identify regioisomers of functionalized CDs. 1" Furthermore, studies that use CDs to promote or
catalyze the synthesis of biodegradable products rely on CID-MS studies to determine the number and
structural arrangement of derivative host units attached to the CD guest, and consequently optimize
the synthetic strategy.’>¥’® The homomolecular nature of cyclodextrins makes them interesting
models for CID studies, because they are limited to three types of fragmentation: B/Y, C/Z and cross-
ring fragmentation.!®® Fragmentation of B-CD-metal cation complexes by CID has primarily shown a

series of product cations separated by 162 u, which corresponds to a dehydrated glucose unit that
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requires fragmentation of two glycosidic linkages.1%* 77178 |n addition, other cross-ring fragmentation
channels have been observed, especially for anions.”

In this work, we apply the unique combination of tandem MS with ion mobility spectrometry (IMS)
and cryogenic IR spectroscopy to investigate sodiated B-CD and spectroscopically probe its CID
products. Understanding which fragmentation pathway(s) is (are) responsible for product ions will
provide insight into potential dissociation mechanisms of oligosaccharides which, until now, remain
only partially understood.

6.2 Methods

6.2.1Experimental Details

To explore the fragmentation characteristics and corresponding structural signatures of [B-CD+Nal*,
tandem mass spectrometry, collision-induced dissociation and laser spectroscopy are combined in a
homebuilt instrument, schematically depicted in Chapter 2.1, the details of which have been
previously reported.!3

B-Cyclodextrin (purchased from Sigma Aldrich and used with no further purification) was dissolved in
a water-methanol (1:1) mixture at 0.1 mM concentration, complexed to group | cations, and
introduced into the gas phase via nano-electrospray (nESl). In the case of sodiated B-CD cations, these
were accelerated through a potential difference of ~240 V into the hexapole ion trap at 102 mbar,
creating fragments via CID. The parent ions or fragments were selected by the first quadrupole mass
filter and sent to the cryogenic octupole trap. Here messenger tagging spectroscopy was performed
at 50-60K using N, as a molecular tag. The spectra were normalized to the OPO power, which varies
slightly over the range of the scan.

To investigate whether multiple isomers coexist in the gas phase for the studied species, analogous
solutions of sodiated B-CD and a-CD were electrosprayed into a recently developed ultrahigh-
resolution ion mobility spectrometer attached to a cryogenic trap and a time-of-flight mass
spectrometer.®? The ion mobility device allows for separation path lengths of over 10 meters and has
demonstrated the ability to separate structurally analogous saccharide anomers. Thus, structural
differences arising from differing hydrogen bonding arrangements, ring deformations (chair, boat,
skew), and sites of sodiation should be well resolved.

6.2.2 Computational approach

To understand the formation mechanism and structure of the observed fragments, theoretical
simulations were carried out on the three smallest fragment ions. As previously,8 106 125 179
simulations were performed using the genetic algorithm tool Fafoom!®18! to enable effective
characterization of the potential energy surface. The structures were optimized using the MMFF94
force field.’®?18¢ This approach samples a wide range of ring structures incorporating multiple chair,
boat, and skew forms, enabling a thorough interrogation of the potential energy surface. All oxygen
sites had sodium cations added using custom scripts to generate starting points for the calculations.
Geometry optimizations of the resulting candidate conformations were performed with the Gaussian

09 software package®®’ at the HF/3-21G, B3LYP/6-31G(d), and B3LYP/6-31+G(d,p) levels of theory.8®
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190 For the putative charged fragments of the largest species with m/z 671, a combination of a
preliminary PM6 optimization with a HF/3-21g single point energy calculation was performed prior to
the aforementioned series of calculations. Degenerate structures were removed at each stage, and
only the most competitive non-degenerate structures were optimized at each successively realistic
level of theory. Additional, targeted manual adjustment and supplementation of the structural pool
analysed were performed to reduce the chance that chemically relevant species had been neglected.
Subsequent simulations utilizing the CREST package,®"*%* which systemically places a sodium ion at
each lone pair of the molecule, with subsequent molecular dynamics using a semiempirical engine
followed by B3LYP/6-31G(d) and B3LYP/6-31+G(d,p) calculations broadened the pool of low (and high)
energy candidate structures but failed to generate new global minima. All minima were tested by
vibrational analysis (all real frequencies). The potential energy surface generated combined the zero-
point energy correction (ZPE) to the electronic energy (E«, 0 K) for improved accuracy (AEeizpeok). The
related, standard enthalpy (AHaesx), Gibbs free energy (AGzssk), and entropy (ASzssk) corrections to 298
K were also determined. Calculated B3LYP/6-31+(d,p) vibrational frequencies were utilized for
comparisons with the experimental spectra. A scaling factor of 0.955 was used for all vibrational
frequencies and a 5 cm™ full width at half maximum Lorentzian line shape was employed for
comparison to the experimental spectra. Targeted single point calculations at the M06-2X, and ®b97X-
D levels of theory were also performed on the selected minimum energy structures to help address
variability. Subsequent targeted M06-2X and ®wb97X-D optimizations and frequency calculations with
6-31+G(d,p) basis sets on m/z 671 candidates were consistent with the B3LYP data.

6.3 Results and Discussion

6.3.1 CID mass spectrum

Figure 6.2 presents mass spectra of sodiated B-CD under largely non-dissociative conditions (a) and
CID conditions (b). The spectrum in Figure 6.2(b) exhibits the [B-CD+Na]* precursor ion mass at m/z
1157, as well as a sequence of lower mass peaks at m/z 995, 833, 671, 509 and 347.
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Figure 6.2: CID-MS of sodiated B-CD and its fragments, carried out with a potential difference of 100
V (a) and 240 V (b) in our tandem mass spectrometer. Consecutive loss of 162 m/z is observed from
the parent at 240 V, while no fragments are observed at 100V.

d171, 177 and

This series indicates spacings of 162 u, a fragment moiety that has been previously observe
corresponds to a singly charged, dehydrated glucose monosaccharide. Detection and analysis of the
monomeric dehydrated glucose fragment at m/z 185 was not attempted, mainly due to the increased
number of overlapping ions in the low mass range. A minor peak at m/z 893 corresponds to the loss
of 264 mass units and is ascribed to a minor cross-ring fragmentation process also observed in
previous investigations.”* 1’ The masses corresponding to the three- and four-glucose unit fragments
(m/z 509 and m/z 671) appear as the most intense CID products, whereas formation of two- and six-

residue fragments appear with much lower intensity.

It is difficult to determine whether the fragmentation occurs in a sequential or simultaneous manner.
However, similar peaks and relative intensities are produced in a commercial time-of-flight (ToF)
spectrometer (Waters Q-Tof Premier, Figure 6.3(a)) and our home-built instrument. To further
investigate this, a series of CID experiments at increasing collision energies were performed on the Q-
Tof, and all the main fragments appeared at the same energy threshold, providing no evidence for a
sequential process (see Figure 6.3(b)).
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Figure 6.3: (a) MS and MS? spectra of sodiated B-CD at different fragmentation energies in the collision
cell of a commercial QTof spectrometer (Waters Permier). The MS spectrum shows the presence of
protonated fragments either already present in solution or produced in-source. Formation of the main
sodiated fragments starts at voltage difference of around 80V between the quadrupole bias and the
collision cell bias. The main fragment masses are marked by green shaded areas. (b) Relative intensity
of CID fragments of sodiated 3-CD normalized to the precursor intensity as a function of collision cell
energies on a commercial QTof spectrometer (Waters Permier).

6.3.2 lon mobility and cryogenic IR action spectra of sodiated a-CD and B-CD

Precursor [3-CD+Na]* ions can adopt different conformations depending on the relative orientation
of the OH groups at both the narrow and wide rims of the conical cylindrical structure (Figure 6.1).
The relative orientation of these donor-acceptor hydrogen bonding networks at both edges of the
molecule can potentially lead to four different combinations, depending whether the hydrogen
bonding pattern is clockwise (cw) or counter-clockwise (cc): cc-cc, cc-cw, cw-cc and cw-cw.®
Distortion of these symmetric conformations through inclusion of Na* might significantly increase the
number of conformers. To evaluate whether electrosprayed [3-CD+Na]" ions form a distribution of
conformers, additional experiments were carried out using a recently designed instrument that
combines ultrahigh-resolution travelling-wave ion mobility spectrometry (IMS) using structures for

) 141,195
’

lossless ion manipulation (SLIM with cryogenicinfrared spectroscopy to provide isomer-specific

structural identification of complex molecules.? In this work, sodiated B-CD was cycled through the
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IMS section of this apparatus over a total length of ~¥17 meters, which has been shown to be sufficient
to separate small structural differences.'** However as shown in Figure 6.4(b), only one primary, well-
resolved peak was observed in the arrival time distribution (ATD) under these conditions. A similar
experiment on the six-member cyclic structure [a-CD+Na]* also reveals a single peak in the ATD (Figure
6.4 (a)). These results can be potentially interpreted in three ways: (1) the monomodal ATDs
demonstrate the presence of a single, stable gas-phase conformer for both sodiated «- and 3-CD; (2)
both cyclodextrins consist of multiple stable conformers (with different relative orientations of the
hydrogen bonding networks, or different coordination number between the Na* and CD, for example)
that are so structurally similar that they cannot be separated using our SLIM-IMS device; or (3) the
monomodal ATD results from multiple conformers that rapidly interconvert.

(a)

a-CD
1 pass
8 passes
L, | By
S !L 0}
J Y]
T T T T 1 :"_
0 50 100 150 200 5
o
(b) )
B-CD T
1 pass g
5
b -}
7 10 passes
- bttt

T T T T T T T

T 1 T L B L B
0 50 100 150 200 3300 3400 3500
time / ms wavenumber / cm

A e e
3600

Figure 6.4: Arrival times of [a-CD+Na]* (a) and [B-CD+Na]* (b) and their corresponding cryogenic IR
spectra. Note that the fast ATD peak in the left panels of (a) and (b) corresponds to doubly charged
dimers of the corresponding cyclodextrins that cannot be discriminated by our quadrupole mass filter
and are propelled faster through the IMS buffer gas due to their doubly charged character.

Option (3) appears highly unlikely, given the rigid geometry of both sodiated -CD and a-CD and the
consequent significant strain associated with the concerted rearrangement of the hydrogen-bonded
hydroxyl groups. We cannot completely rule out the possibility of (2), that structurally similar [a-
CD+Na]* or [B-CD+Na]* conformers are present within the same ATD peak. Structural changes resulting
from different coordination numbers of the sodium cation will likely lead to structural distortions
easily resolved by our ion mobility device. Even if two or more cyclodextrin conformers would have
such similar CCS that our SLIM-IMS is unable to resolve them, corresponding calculations would also
not be able to reproduce the slight difference in CCS, as the resolution of our IMS instrument exceeds
the accuracy of such calculations. As discussed more fully below, cryogenic IR spectroscopy is highly
sensitive to structural differences, and the number of bands in each of the spectra of Figure 6.4 is
consistent with presence of single conformers. Thus, the most straightforward conclusion from the
data of Figure 6.4 is that both sodiated a— and 3-CD exist as single conformers in the gas phase.

The cryogenic IR spectra corresponding to the monomodal ATD distributions of sodiated a- and 3-CD
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shown in Figure 6.4 were obtained by gating the monomer ATD peak, storing and tagging the
corresponding ions in a cryogenic ion trap, and monitoring the depletion of tagged species as a
function of IR wavenumber using a ToF spectrometer. Both IR spectra show similarities, with three
distinct regions of IR transitions representing three types of OH oscillators. The lowest energy range
of the spectra (3330-3450 cm™) exhibits broad bands for both [a-CD+Na]" and [B-CD+Na]*. The [a-
CD+Na]* spectrum presents a slightly asymmetric feature at 3375 cm™, while the spectrum of [B-
CD+Na]* shows three distinct bands with maxima at 3355, 3395 and 3410 cm™. Previous theoretical
studies on neutral and metal-complexed CDs predict a tight hydrogen bonded network between the
C6 hydroxyls on the narrow rim, and find that Na* and other metal cations preferentially coordinate

with these hydroxyls.%19°

Additional cryogenic IR spectra of B-CD complexed to other group | metal cations (Figure 6.5)
demonstrate that the ionic radius strongly affects the bands below 3450 cm™. The IR spectra in this
wavenumber region show three major bands for all complexed B-CD cations, whereas only the
complexes with Cs* and Rb* show significant spectral similarity. These experimental findings support
the notion that the C6 hydroxyls are binding sites for the metal cations, but also hint to the formation
of additional hydrogen bonding networks between these C6 OHs, which vary in number and strength
depending on the complexed metal cation. For instance, the small Li* will be complexed by a reduced
amount of C6 O-atoms, thus likely promoting one or more strong hydrogen bonds between the
hydroxyls undergoing metal complexation and other neighbouring free C6 OHs. Such a strong
hydrogen bond could be the reason for the broad low energy band centred at 3225 cm™, which is only
present in the IR spectrum of [B-CD-Li]*. Furthermore, the spectrum of [B-CD-Li]* shows two unique
transitions at 3553 cm™ and 3572 cm™ which are not present in any of the other metal-complexed
spectra. Since these bands occur only for the Li* cation, it is possible that they correspond to two of
the C6 hydroxyl groups which escaped the strong hydrogen bonding network localized around the Li*.
In contrast to the lithium case, the large radii Cs* and Rb* cations will be complexed by many of the
seven C6 hydroxyl groups of B-CD, preventing the strong hydrogen bonds predicted for the Li*
complex. These symmetry considerations agree with the theoretical predictions of Gamez and
coworkers, which find a trivalent coordination of the C6 hydroxyls for the [a-CD-Li]* complex, whereas
the lowest energy [a-CD-Cs]* complex consists of five C6 Oxygens binding to the metal cation.!*® Based
on these arguments, an even stronger symmetric complexation could be inferred from the [a-CD-Na]*
spectrum (Figure 6.4(a)), where the presence of one single transition centred at 3370 cm™ plausibly
arises from a structural arrangement with the C6 hydroxyls binding to the metal cation, leading to a
network of concerted hydrogen bonds. In contrast, the low energy spectral region in sodiated 3-CD
hints to a more asymmetric binding pattern to the metal cation
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Figure 6.5: Cryogenic IR spectra of -CD complexed with group | cations. The two marked areas denote
the transitions associated to the C2 and C3 OH oscillators.
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The differences between sodiated a- and B-CD in this spectral region can be thus attributed to
different sodium binding patterns and consequent symmetry distortions of the two molecules. In
summary, we assign these low energy transitions to the C6 hydroxyl stretch vibrations and associate
the differences in this region to the number of metal-binding C6 hydroxyls as well as the resulting
strength of additional intramolecular hydrogen bonds between these OHs.

The higher energy part of the spectra shows two groups of narrow transitions in the 3450-3550 cm™
and 3560-3700 cm™ ranges. Based on the above assignment, these oscillators correspond to the C2
and C3 hydroxyls located on the wider rim. Theoretical studies have repeatedly shown that these
hydroxyls form a hydrogen-bonded network that can adopt two different configurations around the
rim (cw and ccw), either with the C3 hydroxyls hydrogen-bonded to the partially free C2 hydroxyls of
the adjacent glucose moieties, or the reversed configuration. While these two possible configurations
prevent us from assigning the groups of IR transitions to specific hydroxyls, the 3450-3550 cm™ and
3560-3700 cm™ transitions correspond to the hydrogen-bonded and partially free hydroxyls on the
wide rim, respectively. The similarity between sodiated a- and B-CD in these spectral regions further
supports that the metal cation does not bind here, but rather at the narrow rim.

6.3.3 Cryogenic IR spectra of CID fragments

Sodiated fragments of [B-CD+Na]" were produced by collision-induced dissociation between the ion
funnel and the hexapole followed by m/z selection in the first quadrupole and storage in the cryogenic
trap, where their IR spectra were recorded (Figure 6.6(a-f)). These spectra provide well-resolved
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transitions that can be used to help determine the structure(s) of the fragment ions. Note that the IR
spectrum of the precursor sodiated -CD (Figure 6.6(f)) obtained on the mass spectrometer discussed
in Chapter 3.1 is highly consistent with the [B-CD+Na]* spectrum (Figure 6.4(b)) obtained using the
IMS-MS device. This spectral comparison demonstrates that the conformational landscape of sodiated
B-CD is similar in both instruments. Following all above arguments, we expect that the CID fragments
of Figure 6.2(b) are produced from a single [3-CD+Na]* conformer.

To associate the observed spectroscopic features with a specific structure, compositional sampling
simulations followed by electronic structure and vibrational frequency calculations were performed
on the sodiated fragments containing 2, 3, and 4 residues (m/z 347, 509, and 671, respectively).

(@ n=2,m/z=2347

(b) n=3, m/z=509

() n=4,m/z=671

(d) n=5,m/z=2833

(e) n=6,m/z=995

Relative depletion

(f) [B-CD+Na]*

II|IIII|IIII|IIII|IIII|IIII|IIII|III||IIII|||1I|

3300 3400 3500 3600 3700

-1
wavenumber / cm

Figure 6.6: Cryogenic IR spectra of the main CID fragments of [3-CD+Na]* (a-e) and the parent ion (f).
The index n refers to the number of monosaccharides in each fragment.

The spectra of the 2- and 3-residue sodiated fragments (Figure 6.6(a, b)) exhibit a series of well-
resolved bands above 3530 cm™ as well as one band in the 3480-3490 cm™ range. Neither spectrum
show bands below 3470 cm™. In both cases, the observed number of transitions match the expected
number of OH stretch vibrations if one assumes that there is only a single conformer. The most
distinct IR signatures are observed for the 4-residue fragment (Figure 6.6(c)). The three clumps of well-
resolved bands resemble the spectral features observed for [a-CD-Na]* (see Figure 6.4(a)). Synthesis
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of similar cyclic tetrasaccharides has been previously carried out,2°0-20

and very recently the first
synthesis of a 4-member cyclodextrin was reported.?’? However, both the significant strain imposed
on the glucose units?® together with the predicted high barrier to re-cyclization make the formation
of a 4-member cyclodextrin unlikely. Despite this, we tested this hypothesis computationally, as

discussed below.

In contrast to the spectra of the smaller fragments, the 5- and 6-residue ions (Figure 6.6(d-e)) exhibit
a significant number of broad bands at lower wavenumber, which are characteristic of hydrogen-
bonded OH stretch vibrations. The spectrum of the 5-residue fragment contains a few weak bands in
the 3280-3320 cm™ range, four strong broad features in the 3400-3550cm™ range, as well as several
weaker transitions at higher wavenumber. There are fewer bands for this fragment than the number
of OH oscillators, indicating that some bands overlap. The 6-residue fragment (Figure 6(e)) exhibits a
less resolved IR spectrum, with overlapping bands across the entire range between 3360-3630 cm™.
Comparing the n=6 fragment to the isomeric [a-CD-Na]* (Figure 6.4(a)) reveals a difference in the
number, position, and breadth of the bands, which may reflect the difference between a more
symmetric, rigid, cyclic structure and an open, asymmetric one. The spectroscopic differences
between the n=6 fragment and [o.-CD+Na]* thus imply the presence of a substantial energy barrier to
re-cyclization of the CID fragment. Rather, one (or several) open fragment structure(s) must be
stabilized and kinetically trapped in its (their) potential minimum (minima) through collisional cooling.

6.3.4 Comparison with Theory

Simulations of the 2-, 3-, and 4-residue fragments resulted in a significant number of low energy
conformations. For the 2- and 3-residue fragments, simulations predict four distinct types of
energetically stable structures (Figure 6.7), with an additional cyclic form found for the 4-residue
dissociation product.
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Figure 6.7: Putative ion structure types potentially formed from [B-CD+Na]’, illustrated for the 2-
residue, m/z 347 species: (a) 2-ketone B3; (b) 1,6-anhydro B5; (c) 1,2-anhydro B»; and (d) Z; ion.

Three of the four fragments are B ions, while the remaining fragment species is a product of a Z-type

106, 179, 204-205

fragmentation. Our B3LYP data support 2-ketone B-type fragments as the lowest energy

124-125

structures. The mechanistically less likely to be formed 1,6-anhydro B ion structure is next

followed by the epoxide 1,2-andydro structures, which are consistently least energetically favourable

68



(285 kl mol ). The Z fragments are predicted to be 10-20 kJ mol™? higher in energy than the 2-ketone
B ion structures. Large basis set M06-2X and mb97X-D single-point calculations predict the 2-ketone
and 1,6-anhydro terminated B ion structures and the Z ion structures to be of similar relative energy.
All levels of theory substantially disfavour the strained 1,2-anhydro terminated B ion structures. The
lowest energy structures of each type of fragment are shown in following Figures, and the
corresponding relative energies are indicated in Tables A1-A3 of the appendix.

For the 2-residue fragment (m/z 347), Figure 6.8 depicts the comparison between the experimental
spectrum and the IR transitions calculated for the lowest energy B, and Z; ion structures. This result
strongly suggests formation of a 2-ketone B, ion structure (Figure 6.7a). Consequently, we assign: (1)
the ~3485 cm™ band to the symmetric O-H stretch of the carbon 3 hydroxyl of residue 2, H-bonded to
the adjacent ketone oxygen and the O-H of the carbon 2 hydroxyl of residue 1 (also H-bonded); (2)
the 3556 ¢cm™ band to the asymmetric stretch of the same hydroxyl groups; (3) the 3620 cm™ band to
the carbon 4 hydroxyl of residue 1, O-H stretch; (4) the 3630 cm™ band to the carbon 3 hydroxyl of
residue 1, O-H stretch; (5) the 3636 cm™ band to the carbon 6 primary hydroxyl of residue 2, O-H
stretch; and (6) the 3683 cm™ band to the carbon 6 primary hydroxyl of residue 1, free O-H stretch.
Following these assignments, and in contrast to the cyclic structures proposed for the metal
complexes (Figure 6.5), the low energy bands observed for the sodiated ring-opened -CD fragments
do not necessarily relate to the C6 hydroxyls.

The proposed mechanism for this fragmentation process is presented in Figure 6.9 and is adapted
from earlier proposals for linear systems,10¢ 179204205 Other candidate fragmentation pathways are
detailed in Figure Al of the appendix. The mechanism involves abstraction of a carbon 2 hydroxyl
proton, formation of a ketone, and a 1,2-hydride shift with concerted glycosidic bond cleavage.%®17*
204205 This ring opening simultaneously creates the first 2-ketone and a new C4 hydroxyl group from
the cleaved glycosidic linkage. i.e., nominally a linear B; 2-ketone terminated structure. Further
dissociation of a second glycosidic bond in an identical manner results in generation of 2-residue and
5-residue structures with the sodium cation in an ion-molecule complex.'?* Provided the complex has
sufficient lifetime, a competition for the sodium cation ensues in which the fragment with the larger
sodium affinity should most frequently predominate.’?*!% If the 2-residue fragment separates with
the sodium attached, an m/z 347 ion is detected, and if the 5-residue fragment separates with the
sodium attached, an m/z 833 ion is detected.
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Figure 6.8: Comparison between the experimental (top) and simulated IR spectra for the m/z 347
fragment. (a) represents the ketone, (b) the 1-6 anhydro, (c) the 1-2 anhydro and (d) the Z fragment
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Figure 6.9: Proposed fragmentation mechanism for the formation of the m/z 347 fragment

Comparison between experimental and theoretical IR spectra of the 3-residue fragment is less
conclusive (Figure 6.10). None of the theoretical spectra of the lowest energy structures are perfectly
consistent with experiment. The lowest energy 2-ketone Bs-type structure is reasonably consistent
with experiment (Figure 6.10a, mean deviation = 5.9 cm™, R2= 0.97). However, the Zs-type structure
shows a similar quality of fit (Figure 6.10d, mean deviation = 12.0 cm™, R2= 0.94)). In contrast, the
1,2-anhydro Bs prediction lacks sufficient intermediate energy bands and there is no evidence to
support any population of the 1,6-anhydro Bs structure. The latter is consistent with structural
arguments against the feasibility of the cross-ring proton transfers necessary to generate these
structures from alpha linked sugars as illustrated in Figure Alc of the appendix.

If our tentative assignment of the 2-ketone Bs or the Z; ion structure for the m/z 509 peak is correct,
this offers a potential explanation for the origin of the m/z 671 spectrum —that is, analogous 3-residue
and 4-residue structures together with a sodium cation comprise the ion-molecule complex formed
following dissociation of the 2 glycosidic bonds. As both neutrals are of similar size and comprise the
same functional groups, similar sodium affinities should be expected, enabling both ions to be formed
and detected, provided the ion-molecule complex has sufficient lifetime to enable sodium cation

transfer between the fragments.!*
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Figure 6.10: Comparison between the experimental (top) and simulated IR spectra for the m/z 509
fragment. (a) represents the ketone, (b) the 1-6 anhydro, (c) the 1-2 anhydro Bs and (d) the Z3 fragment
structures.
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Following this argument, either a 2-ketone B4 or a Z4 structure would be expected for the 4-residue
fragment, but none of the lowest energy 2-ketone B. nor Z, theoretical spectra are particularly
consistent with the experimental spectrum for m/z 671 (Figure A2 of the appendix). This is similarly
true for the other fragment structure types including potential cyclic candidate structures.

However, we did locate a low energy 2-ketone B, structure that was far more consistent with the
experimental spectrum (Figure 6.11). The broad bands at low wavenumber correspond to strongly H-
bonded C6-OH stretches (predicted at 3290 and 3377 cm), consistent with the broad feature at
~3310-3380 cm™. The bands at intermediate wavenumber correspond to a mixture of H-bonded
environments (C3-OH, C6-OH, C2-OH, C2-OH, C2-OH) at 3473, 3502, 3520, 3546, and 3566 cm™,
respectively. The bands at high wavenumber (3602, 3616, 3626, and 3662 cm™) comprise three C3-
OH stretches and a free C6-OH stretch.

11
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0

800-
3200 3250 3300 3350 3400 3450 3500 3550 3600 3650 3700 3750

wavenumber / cm™?
Figure 6.11: Comparison between the experimental (top) and simulated IR spectra for the m/z 671
fragment. The simulated spectrum represents a 2-ketone B, structure at 7.9 kJ/mol.

6.4 Conclusions

This work reports fingerprint vibrational spectra for a series of metal complexed -CD cations,
focusing on sodiated B-CD and its CID products. We obtain distinct, well-resolved infrared
spectra for each of the main fragments. Simulations followed by electronic structure and
vibrational frequency calculations were performed for the 2-, 3-, and 4-residue ions
corresponding to B or Z ion structures and compared to the experimental results. The main
findings of this work are:

(1) Collisional activation of [3-CD+Na]* results in a series of fragment ions differing by 162 u.

Cryogenic IR spectroscopy experiments on the major fragment ions provide well-resolved
vibrational fingerprints in the 3200-3750 cm™ spectral region.
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(2) Our combined experiments and calculations support the formation of a single gas-phase
conformer in each of the m/z 347, 509, and 671 species. The experimental spectrum for n=5
suggests formation of a single fragment conformer, while that for the 6-residue fragment
suggests the presence of more than one stable conformer.

(3) There are four main types of potential fragmentation products for the 2-, 3-, and 4-residue
fragments. For the 2-residue fragment, the predicted lowest energy 2-ketone-type fragment is clearly
the most similar to the experimental spectrum. For the 3-residue fragment, both the predicted lowest
energy 2-ketone-type and Zs-type fragments show significant similarities to the experimental
spectrum. The 4- residue fragment is also most consistent with a 2-ketone type structure, which in
turn would support the same for the 3-residue fragment (Figure 6.9). Thus, all the fragments seem to
form 2-ketone structures.

(4) The results presented here also demonstrate that cryogenic IR spectroscopy and theory can
be used to directly relate spectroscopic patternsin CD-metal cationic complexes to the location
and degree of coordination between the host CD and the metal ion.

In a broader context, this work demonstrates the potential of our method to unravel atomic-

level structural features of complex biomolecular systems that can help address key
macromolecular functions.
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7. Conclusions

In this thesis, we presented cryogenic IR spectra of glycans, and their fragmentation products
generated by CID. We used ultra-high resolution IMS to separate reducing-end glycan anomers,
allowing us to obtain the IR spectra of the separated anomers and their CID fragments. The addition
of a new ultra-high resolution IMS stage to a homebuilt tandem mass spectrometer, and its
characterization was described in detail in Chapter 2. After discussing the underlying mechanisms
behind ion activation and unimolecular dissociation leading to CID of glycans in Chapter 3, the
cryogenic IR spectra of C-type and IMS-selected Y-type glycan fragments, were presented in the
subsequent chapters. These provide complementary information for the development of a
spectroscopic glycan database that will ultimately be able to unambiguously identify the exact
structure of any glycan. The cyclic oligosaccharide B-cyclodextrin was studied in the final chapter using
IR spectroscopy, ultra-high resolution IMS, and CID. The structural arrangement of the hydroxyls on
the molecule as well as the binding sites for metal cations were predicted from the measured IR
spectra. Spectra of the CID fragments were compared to electronic structure calculations, giving
insight into the potential structures of the B-type and Z-type fragments produced.

Our study of glycan C-type fragments, presented in Chapter 4, significantly extends initial studies
performed by the Compagnon group which shows that lithiated and protonated C; fragments retain
the anomericity of the glycosidic bond at their reducing end for sugars up to pentasaccharides. We
show this to be the case for C; and C, fragments, generated from both linear and branched parent
oligosaccharides, comprising of up to six sugar units. Our cryogenic IR spectroscopy provides sufficient
resolution to clearly distinguish the anomers of glycans containing several sugar units, allowing us to
easily determine that the C fragments consist of a single anomer, corresponding to that of the
anomericity glycosidic bond from which it was generated. This discovery provides a powerful new tool
for glycomics. It allows for a clear determination of the anomericity of glycosidic bonds within a glycan,
which has been challenging up to this point.

The development of ultra-high resolution IMS has greatly benefitted the field of glycan analysis,
allowing for rapid separation of isomers of very similar structures. The identification of the structures
separated by IMS is not always trivial, as every reducing sugar possesses two anomers at the reducing
end, which interconvert freely in solution, but lock into either the a or B configuration when
transferred into the gas phase. These reducing-end anomers can be separated by ultra-high resolution
IMS, resulting in extra mobility peaks being observed when studying glycans. In Chapter 5, we use the
IR spectra of Y fragments, generated from parent glycans separated by ultra-high resolution IMS, to
assign the peaks separated by ion mobility to the reducing a and 3 anomers. This is important from
an analytical perspective. When analyzing a mixture of isomeric glycans by IMS, it isimportant to know
which mobility separated species come from different glycosidic linkages and which ones come from
the anomers at the reducing end. Our approach allows us to take a spectral fingerprint of the a and
reducing anomers of glycans, allowing them to be distinguished from other structures.

The work presented in chapters 4 and 5 play a fundamental role in the development of a spectroscopic
glycan database, which would be ultimately be able to unambiguously identify any glycan’s exact

75



structure, down to the anomericity of every glycosidic bond and the reducing end hydroxyl. The
determination of glycosidic bonds in larger, more complex structures than those presented in this
thesis can be achieved using C fragments, while the database of anomerically pure glycan spectra can
be expanded using ultra-high resolution IMS followed by Y-fragmentation. Current work, expanding
on the research presented here, is aimed at determining the exact structures of large glycans such as
Man-8, which until now is not fully understood. This will result in significant advances in the field of
glycomics, ultimately leading to a better understanding of glycosylation and opening the door to new
types of glycan-based therapeutics.

After having studied the C and Y fragments for linear and branched oligosaccharides, we investigated
the cyclic molecule, B-cyclodextrin (CD). Although this molecule is better known for its industrial uses,
itis an oligosaccharide and an understanding of its fragmentation could be beneficial in understanding
the fragmentation of other glycans. Chapter 6, provides insight into B -CD’s hydrogen-bonding
network and metal-complexation cites as well as possible fragmentation mechanisms. The groups of
vibrational bands observed in the molecule’s IR spectrum could be related to the different hydroxyl
groups present on B-CD, by measuring the spectra of the different complexes between 3-CD and alkali
metal cations. The IR spectra of the main fragmentation products of B-CD were measured and the
three smallest fragments compared to electronic structure calculations, performed by our
collaborators B. J. Bythell and J. Rabus. Correspondence between the experimental and calculated
data indicate that the 2-membered fragment corresponds to a B, ion with a 2-ketone structure, while
the 3-membered fragment spectrum shows correspondences with both the 2-ketone Bs and Z3
calculated structures. Although none of the calculated lowest-energy structures correspond the to
spectrum of the 4-membered fragment, a low energy structure corresponding to the 2-ketone B, was
found which is consistent with the experimental data. This supports the hypothesis that all the
fragments formed are of 2-ketone structures. These findings give insights into the structures of CID
fragments of glycans, as well as provide evidence supporting proposed fragmentation mechanisms of
sodium-complexed sugars. This, combined with future works, can be used to gain a better
understanding of the fragmentation pathways of metal-complexed oligosaccharides.

As already stated, future work should focus on expanding the spectroscopic database of glycans, using
a combination of IMS, C fragments and Y fragments to assign an IR spectrum to every glycan structure
observed in the gas phase. Priority should be placed on fragments that are common to certain classes
of glycans. For example this work characterized N,N’-diacetylchitobiose, which is a core structure for
N-glycans, and N-acetyllactosamine and lactose for human milk oligosaccharides. Larger characteristic
sequences could be identified and included to the database, reducing the number of steps required
to identify some large, unknown oligosaccharide. Furthermore, spectroscopic studies of B fragments
could allow for extra leverage on determining glycans primary structure. As seen in chapter 6, several
structures were proposed for the B fragments, the 2-ketone structure appearing to best match our
experimental spectra. Nevertheless, it would be worthwhile to investigate if the preferred structure
of the B fragment is dependent on the anomericity and/or the connectivity of the glycosidic bond, as
seems to be indicated by recent works.”*”? This would allow for B, C and Y fragments to be used in
complementary fashion, leading to an even better characterization of glycan structure.
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Appendix: Fragmentation mechanisms, calculated spectra, and relative
energies of the candidate fragment ion structures of B-cyclodextrin
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Figure Al: Simplified mechanisms for glycosidic bond dissociation in [-CD+Na]* leading to the (a)
2-ketone B, ion, (b) the 1,2-anhydro B, ion, (c) the 1,6-anhydro B, ion products and the (d) Z, ion
product. The latter involves formation of an alkene bond between C3 and C4 of the non-reducing end
of the product ion.
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Figure A2: Comparison of m/z 671 lowest energy theoretical spectra with the experimental IR
spectrum: lowest energy (a) 2-ketone B, ion structure; (b) 1,6-anhydro B, ion structure; (c) 1,2-
anhydro By ion structure; (d) Z4 ion structure; (e) Cyclic ion (symmetrical) calculated at the B3LYP/6-
31+G(d,p) level of theory.
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Table Al. Relative energies of m/z 347 minima. Superscript “a” indicates single point calculations
performed using the structure of each type calculated at the B3LYP/6-31+G(d,p) level of theory.

Energies in kJ mol™.

m/z 347 AEeok+zpe (AGaosk) AEq0x AFEci0x
Structures B3LYP/6-31+G(d,p) M06-2X/6-311+G(2d,p)* | wB97XD/6-311+G(2d,p)*
Ketone B, 0(0) 7.0 0

Z, 14.9 (12.8) 14.4 15.8
1,6-andydro B, 222 (24.2) 0 3.4
1,2-andydro B, 106.4 (106.2) 84.8 90.0

Table A2. Relative energies of m/z 509 minima. Superscript “a” indicates single point calculations
performed using the structure calculated at the B3LYP/6-31+G(d,p) level of theory. Energies in kJ mol

1

m/z 509 AFE i okszre (AG20sk) AEe)ox AEe 0k wB97XD/6-
Structures B3LYP/6-31+G(d,p) MO06-2X/6-311+G(2d,p)? 311+G(2d,p)?
Ketone Bs; 0(0) 9.9 0

Z3 21.8(32.0) 21.3 19.5
1,6-andydro B; 29.2 (44.8) 0 0.3
1,2-andydro Bs 86.5 (92.0) 83.7 85.5

Table A3. Relative energies of m/z 671 minima. Superscript “a” indicates single point calculations
performed using the structure calculated at the B3LYP/6-31+G(d,p) level of theory. Energies in k) mol

1

m/z 671 AE e oxs7pe (AG298K) AEei o AEeiox wB97XD/6-
Structures B3LYP/6-31+G(d,p) MO06-2X/6-311+G(2d,p)? 311+G(2d,p)?
Ketone B. 0(0) 0 0

Zs 11.5(14.9) 2.0 11.0
1,6-andydro B. 41.6 (37.5) 1.4 4.2
Cyclic 56.3 (73.4) 58.6 10.2
1,2-andydro B4 89.0(90.2) 74.4 83.4
Z,4 ring-open 68.7 (63.7) 75.6 74.3
Z, ring-open I 69.7 (57.4) 88.0 89.4
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