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Chapter 1

Introduction

1.1. Glycans and the Diversity in their Chemical Structure

Glycans are among the most abundant biomacromolecules in our biosphere
and are essential in growth, function, and fitness of multicellular organisms.!?
Since the first half of the 20" century, the study of glycans has advanced when
glycans were considered primarily as source of energy and structural material.
Revolutionary is the understanding that biological information is not only
contained in DNA (the genome), RNA (the transcriptome) and proteins (the
proteome). In fact, metabolites (the metabolome), glycans (the glycome) and
lipids (the lipidome) contribute to the enormous biological complexity. By
definition, the glycome comprises all glycans in an organism and, indeed, may
be considered one of the most diverse entities.

Glycans can exist in free form or in covalent complexes with proteins, lipids or
RNA3 as glycoconjugates. In proteins, glycosylation is the most abundant form
of post-translational modification. Most often N- or O-linked, the glycans are
involved in structural* > or recognition tasks, enabling a variety of specific
biological functions, such as fertilization®® or immune response.” ' The
glycosylation patterns on proteins can be highly dynamic, which is obvious in
an evolutionary sense, but also accounts for pathological variations.!’> 12 It is
often the glycosylation pattern that introduces the distinct diversity in
glycoproteins.

Glycosylation has been the objective of research for novel therapeutic targets
in tumor and cancer therapy. During ovarian tumor growth and proliferation,
sulfated glycosaminoglycans (GAGs) bound to proteins on the surface of cells
facilitate signal transduction and therewith act as co-receptor.!> For eatly
detection of hepatocellular carcinoma, glycosylation with fucose (fucosylation)
at core positions at the protein is approved as biomarker distinguishing it from
e.g. chronic hepatitis.!*



Introduction

The COVID-19 pandemic accelerated basic research targeting viruses to find
drugs and vaccines to treat and prevent billions of infections. Viruses exist in
very diverse morphologies, yet some are largely glycosylated to form a
glycosylation shield on their surface, which can play a role in the effectiveness
of immune evasion.'> The highly glycosylated HIV-1 virus is considered evasion
strong, which can hinder the development of broadly neutralizing antibodies.
In contrast, following an infection with or immunization against the SARS and
MERS viruses, neutralizing antibodies are readily produced. The overall
structure, density and repetitive glycosylation with mannose is found to
determine the strength of the glycosylation shield, yet, the immunogenic
response of viruses is orchestrated by a multitude of factors.!0

As human milk oligosaccharides (HMO), free glycans have an important role in
the development of newborns. They serve as a metabolic substrate for desired
intestinal bacteria and therewith lay the basis for a healthy intestinal microbiota
composition.!”. 18 Acting as antimicrobials, HMOs can also lower the risk for
viral, bacterial, and protozoan parasite infections. Breast feeding surely provides
infants with the best nutrition, nevertheless, the supplement of free HMOs,
example given in Figure 1, in commercial infant formula is nowadays extremely
well researched and available due to advancements in enzymatic synthesis.!% 20

The terms sugars, glycans, carbohydrates, or saccharides are generally
interchangeably used. The diversity in this large family of biomolecules
originates already in the smallest building blocks: the monosaccharides. In
mammals, ten monosaccharides are considered the most abundant: In a study
of more than 3000 mammalian glycans, N-acetyl-D-glucosamine was found
with 31.8% the most abundant.?! In Figure 1, these monosaccharides are shown
in a simplified form, using the symbol nomenclature for glycans (SNFG).22
Chemists make use of this short form to ease the reading of larger biopolymers.
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A. Example Structures of Common Glycan Classes

Fucosylated HMO Glycosaminoglycan ‘ e’ ’
n

& : OH OH
o 0 HO Q
HO 0
HO HN
Pﬂi ok
HO N
B. Symbol Nomenclature for Glycans — SNFG
6
. Glucose . N-Acetylglucosamine
4
O Galactose D N-Acetylgalactosamine
3 2
. Mannose ‘ N-Acetylneuraminic acid
==——a
A\ Fucose Q Glucuronic acid —5
ﬁ Xylose G Iduronic acid Al L

Figure 1: Representation of complex glycan structures in mammals. A. Examples of human milk
oligosaccharides (HMOs) and glycosaminoglycans are given. B. The symbol nomenclature for
glycans (SNFG)?? offers simplified representations of glycan structures. Symbols are shown for
some abundant monosaccharides.

Present in an open chain or heterocyclic five- or six-membered ring form,
monosaccharides are grouped by the number of carbon atoms into trioses,
tetroses, pentoses, hexoses, and heptoses. These groups are further divided by
the functional groups present (in the open chain form), such as an aldehyde in
aldoses or a ketone in ketoses. The carbon atoms are labelled numerically
beginning with the carbon atom clockwise next to the heterocyclic ring oxygen,
see first chemical structure in Figure 2. The orientation of the hydroxy groups
in the chain defines the composition, depicted in Figure 2. Already for the
aldohexoses, including glucose and galactose, sixteen isomers are chemically
possible. The - or p-configuration are the two enantiomers (image and mirror
image) for a monosaccharide, of which the latter is more prominent in nature.
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Isomerism in Glycans OH
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Figure 2: Isomerism in glycans occurs on different levels: glycan composition, connectivity,
configuration, and branching.

Via glycosidic bond formation, monosaccharides are polymerized to form
disaccharides and further oligo- to polysaccharides. Upon bond formation,
another stereocenter is formed, the anomeric center, which defines the
configuration of the glycan, see Figure 2. The reducing end (or core; opposed
to non-reducing end or terminal) of a glycan chain is at the anomeric Cl
position which is not involved in a glycosidic bond but can be otherwise
covalently bound, such as in glycoconjugates. Monosaccharides provide
different linkage positions so that different connectivity and branching are
possible, as depicted in Figure 2. The diversity in glycans—from their
composition, connectivity, configuration, and branching—exceeds that of both
proteins and DNA. Further attachments such as sulfation, methylation, and
phosphorylation are not even considered, yet, important in their functioning.
Overall, many aspects in the chemical space of glycans shape their diversity and
in the present thesis, two aspects shall be the topic of discussion and introduced
in the following: fucosylation in glycans and sulfated glycosaminoglycans.

Fucose is an unusual monosaccharide and abundant in mammals in free glycans,
glycoproteins, and glycolipids. A distinct feature is the lack of a hydroxy group
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at the C6 position, Figure 3. Further characteristic of the deoxy sugar is the
naturally occurring L-configuration, whereas most other biologically relevant
monosaccharides are found in D-configuration. Fucose, a 6-deoxy-L-galactose,
is almost exclusively the ultimate or penultimate monosaccharide in glycan
chains and always in o-configuration. It is attached at a terminal site in
N-glycans, O-glycans or glycolipids, at the core of complex N-glycans or also in
some cases directly as O-glycan to serine or threonine. Thirteen to-date
identified fucosyltransferases are involved in the transfer of fucose from
guanosine 5'-diphospho-8-L-fucose to the acceptor site at the glycan chain. The
enzymes are located in the Golgi apparatus and in case of
O-fructosyltransferases, in the endoplasmic reticulum 2!, 23 24

A. B. C.
OH
HO A on| A Oy | Q
H ‘ - --Ser/Thr
CH, 1 A OA
OH A <
a-L.-Fucose Le” Le¥ Mucin-type O-glycan

Figure 3: The unusual monosaccharide fucose. A. Most characteristic for the chemical structure
is the lack of a hydroxy group at the C6 position. B. The two isomers Lewis b (I.eb) and Lewis y
(LeY) are important blood group antigens. C. In O-glycans, which are most abundant on mucins,
fucosylation plays an important role in recognition processes, such as fertilization?, and blood
group antigens, here Lewis x (Le¥), can be found at terminal positions.

Glycosaminoglycans (GAGs) are a large class of glycans that share common
and distinct chemical features that make them diverse and well-recognizable.
Probably most characteristic is their long, unbranched and often highly acidic
glycan core. The smallest building block are disaccharides with an alternating
N-acetyl hexosamine (occasionally deacetylated) and a hexuronic acid or
galactose. Based on connectivity and monosaccharides, four families are
typically defined: hyaluronan, chondroitin- and dermatan sulfate, heparan
sulfate and heparin, and keratan sulfate. The hexuronic acids present in GAGs
are D-glucuronic acid and its C5 epimer L-iduronic acid. Only keratan sulfate
lacks the hexuronic acid and instead possess a galactose monosaccharide. In
heparan sulfate and hepatin, monosaccharides are exclusively 1,4-linked,
whereas in hyaluronan and chondroitin- and dermatan sulfate the hexuronic
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acid is 1,3-linked to the N-acetyl hexosamine. In keratan sulfate, the N-acetyl
hexosamine is 1,3-linked to the galactose monosaccharide. The four families are
shown in their SNFG representation in Figure 4.

GAGs are produced in different parts of cells. Heparan sulfate and heparin and
chondroitin- and dermatan sulfate are synthetized in the Golgi apparatus and
are part of large glycoproteins, termed proteoglycans. Sharing a common linker,
they are O-linked to serine. The family of keratan sulfates is complex and can
have different N- and O-linked conjugation motifs. Hyaluronans are free
glycans and are directly synthesized in the cell membrane.

Diversity in glycans and specific biological functions can generally arise from
unusual covalent modifications. With the exception of hyaluronan, all GAG
families are sulfated with different naturally occurring sulfation motifs, see
Figure 4.26. 27 Heparan sulfate and heparin are most extensively sulfated and
heparin, a highly sulfated form of heparan sulfate, is certainly among the highest
negatively charged biopolymers. Heavily sulfated domains can have more than
two sulfates per disaccharide on average. In heparan sulfate, the sulfation
pattern in a single glycan chain is organized within domains to form
heterogeneous sites. In keratan sulfates, the acidic character only stems from
the sulfate functional groups.
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Repeating Disaccharide Units Sulfation Motifs

A. Hyaluronan

o] .o
none none

-GIcAB3GIcNAcB4-

B. Chondroitin- and Dermatan Sulfate

I I
M DjL none 4S 65  456S
-GlcAB3GalNAcp4- -ldoAa3GalNAcB4- none 28  none 28

C. Heparan Sulfate and Heparin

[on] foum] [ mWIAR

-GlcAB4GIcNAca4- -ldoAc4GlecNAco4-
> P B I
NS NS3S  NSBS NS3S6S
fom foml |4 6 6 o
28

-GlcAR4GIcNa4- -ldoAc4GlcNo4- none none 28

D. Keratan Sulfate

lou S
none 6S

-GalB4GIcNAGR3-

poly-N-acetyllactosamine O b
none 6S

Figure 4: Structural features in glycosaminoglycans: the basic building blocks and sulfation motifs.
A. Hyaluronans are the only non-sulfated GAGs. B. Chondroitin and dermatan sulfate are closely
related. Chondroitin sulfate contains only D-glucuronic acid whereas dermatan sulfate contains
both epimers. C. Heparan sulfate and heparin are the most highly charged GAGs. D. Keratan
sulfate contains galactose instead of hexuronic acid.

In proteoglycans, heparan sulfate, heparin, chondroitin, and dermatan sulfate
often participate in GAG-protein interactions that mediate biological functions,
such as the regulation of fibroblast growth factor signaling, in which the specific
sulfation motifs on heparan sulfate (co-receptor) is found essential,?% 2 however
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this is debated in recent literature.3%: 3! The bioactive motif in large GAG chains
is generally shorter and ranges from a few disaccharides to a dodecasaccharide.
The GAG-protein interaction can follow different mechanisms involving
discrete bioactive sequences or electrostatic interactions.’? In the latter case, the
interactions from negatively charged groups in the GAGs and basic amino-acid
residues in the protein ligands are less specific. Nonetheless, the elucidation of
the bioactive subsequence to deduce structure-activity relationships is for many
interactions the key to understanding the biological functions.

In summary, glycans play an important role in all sources of life. The diversity
in their chemical structures—from isomerism, unusual glycans or covalent
modifications—influences molecular recognition and may encode biological
functions. The analysis and knowledge of certain structural features in glycans
is, therefore, a premise to basic research. Elucidating a glycan’s code challenges
the field of instrumental analysis, and the toolbox of techniques shall be
introduced in the following sections.

1.2, Standard Techniques for the Structural Analysis of Glycans

Analytical chemists strive to find the go/d standard for the structural analysis of a
certain class of molecules. In glycan analysis, the utilized techniques most often
originate from genomics and proteomics. Contrary to proteins, the structure of
glycans from mammalian source is not directly encoded in the genome. Glycan
synthesis is non-template derived and underlies a higher dynamic, hindering the
simple transfer of techniques. Over the past years, the analyses of the glycome
has defined its own measures and techniques, which shall be briefly reviewed
here. The focus in the present thesis lies on the analysis of glycans, therefore,
selected literature for the analysis of intact glycoconjugates shall only be cited
here 3336

Glycans from natural sources often require diverse isolation and enrichment
strategies prior to their structural analysis.’% In case of glycoconjugates, the
glycans are often enzymatically or chemically released. Large glycosaminoglycan
(GAG) chains can further be reduced in size by chemical depolymerization or
lyase digestion to determine the bulk properties of the GAG population.*!: 42
For the separation of glycans, commonly employed techniques include several
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types of liquid or, less frequently electrophoretic chromatography, such as
reversed-phase high-performance liquid chromatography (RP-HPLC),*
capillary electrophoresis (CE),* hydrophilic interaction liquid chromatography
(HILIC),* porous graphitized carbon (PGC)* chromatography ot strong anion
exchange (SAX)# chromatography. For the detection of the analytes, mass
spectrometry (MS) analysis and ultraviolet or fluorescence detection are used,
of which the latter demands additional derivatization steps. Derivatization steps
can not only serve the detectability of glycans but also e.g. enhance their
ionization in the MS detection and aid their sequencing. 0. 48,49

Nuclear magnetic resonance (NMR) spectroscopy gives information on the
primary structure of glycans and many glycans from natural sources have been
identified this way. Especially from the signals of the anomeric carbons, the
configuration of monosaccharides can be directly deduced. In combination with
databases, a number of structural features are distinguishable, but most often
NMR is combined with data from MS. Elaborate pulse sequences and NMR
spectroscopy of active nuclei of low natural abundances require large sample
amounts, long measurement times and large expenses for instrumentation and
consumables. Still, in the early years of glycan analysis, NMR was one of the
most important techniques.?- 3051

Mass spectrometry (MS) experiments increased in popularity in glycan analysis
due to its information content at high sensitivity and speed. Indeed, excellent
reviews have been published throughout the last years.’ 3% 5256 A mass
spectrum directly yields the mass-to-charge ratio (7/3) of ionized molecules
over a large range of biomolecules, from small metabolites to large viruses.>”5
Moreover, the mass of a small ionized glycan—with sufficient accuracy—can
provide information on the present monosaccharides in terms of hexoses
versus N-acetyl hexosamines and deoxyhexoses. The broad applicability of MS
certainly arises from different ionization modes (cations or anions, the latter is
useful for GAGs) and the use of coordinating ions (adduct formation).

The ionization of the sample is the beginning of every MS analysis. In the past
decade, electrospray ionization (ESI)®.¢! has become the dominant ionization
method over matrix-assisted laser desorption/ionization (MALDI)S2 63 for
glycans. Small to large glycans are especially gently transferred from solution to
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the gas phase. In the ESI process, a high voltage, typically +/- 0.5 to 3 kV, is
applied to a capillary containing the analyte solution. A counter electrode is
placed at a short distance from the capillaty’s tip. Here, the strong electric field
leads to a distortion of the liquid surface’s shape to form a cone (Taylor cone).
When the electric field exceeds a critical voltage, the liquid Taylor cone breaks
up into droplets that move towards the counter electrode. From these charged
droplets that contain the analyte, solvent evaporates until the Coulombic
repulsion inside the droplet is too large. Moreover, the fission of the droplet
leads to second generation droplets. After several iterations of evaporation and
fission, the droplets are so small that the bare ion is eventually released into (ion
evaporation model) or obtained in (charge residue model) the gas phase. ESI
capillaries with a smaller opening of the tip, termed nano ESI (nESI), are a
variation of increasing popularity due to the reduced sample consumption,
increased sensitivity, and enhanced ionization efficiency.6466

In tandem MS (or MS/MS) and MS», ionized analytes are activated in the gas
phase by collisions,’”® electrons”7? or photons™ 7 to produce targeted
fragmentation. Each method allows for specific fragmentation mechanisms and
can yield complementary information. The fragment ions are detected and are
ideally highly specific to the precursor ion to deduce its chemical structure.
Collision-induced dissociation (CID) is probably most widely used in glycan
analysis. Ions are accelerated in an electric field and undergo several inelastic
collisions with neutral gas molecules. With the sequential activation, energy is
redistributed throughout the ion and the weakest bonds are typically cleaved.
In positive ion mode, glycosidic bond cleavage is most dominant but also labile
functional groups, such as sulfates, are dissociated easily. For anions, cross-ring
cleavages are often present, which can indicate branching and connectivity. A
limitation of tandem MS is that many glycan isomers with identical mass exhibit
highly similar fragmentation spectra, especially in positive ion mode. This
circumstance highlights the need for an additional separation dimension, such
as in LC-MS/MS.

Rearrangement reactions in targeted fragmentation experiments can be used to
produce highly characteristic fragment ions but they have always challenged the
interpretation of results.” In the early days of proteomics, a gas-phase

10



Introduction

rearrangement reaction was observed which led to erroneous sequence
assignments. Peptide scrambling in protonated or multiply protonated ions
involves head-to-tail macrocyclization and reopening prior to CID. As a
consequence, the original sequence information is lost.”6-80

A rearrangement reaction frequently observed in CID of glycan cations is the
intramolecular transfer of a terminal fucose monosaccharide, termed fucose
migration or internal residue loss (IRL).8! The rearrangement leads to the
presence of misleading fragment ions, which in turn can produce faulty
structural assignments. This rearrangement reaction is regarded a universal
phenomenon and is frequently observed for O-glycans but also for fucosylated
glycans from other glycan classes. During migration, a fucose residue is
transferred from the nonreducing end of a glycan to an adjacent or remote site
within the same molecule. In fragmentation experiments using CID, fucose
migration may be accompanied by internal residue loss (IRL). Unexpected /3
fragments indirectly indicate the occurrence of the reaction. Besides fucose,
rearrangement reactions have been observed for xylose,8 83 rhamnose,? 8 and
glucuronic acid,?? with distinct masses, but also mannose®> is able to migrate
and more challenging to detect. Several studies based on tandem MS have been
published investigating the reaction mechanism and driving forces, the kinetics
and energetics, and, of utmost concern, the destination of the migrating
monosaccharide. Both short-8 and long-range$” migration reactions atre
possible. For both cases, the close proximity in space of the migrating residue
and the destination within the chain are important, yet difficult to predict. The
rearrangement reaction has been observed for 1,2-; 1,3-, 1,4-, and 1,6-linked
migrating monosaccharides. Considering the time scale of the reaction,
experiments using MALDI-TOF/TOF-MS show that the reaction for the
investigated ions is faster than microseconds.®® The abundance of ion signals
resulting from IRL is collision energy-dependent. When plotting the relative
abundance of an ion against the collision energy, the ion from a simple loss of
a terminal fucose and the ion from IRL with migration of fucose show the same

11
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cutve shape, indicating a similar mechanism.%¢ Yet, the exact mechanism of
fucose migration remains unresolved to date.”

Activation of ions in mass spectrometers is not only associated to targeted
fragmentation experiments but can also occur unintended in other parts of the
instrument. Radio frequency (RF) fields in regions with higher pressures, e.g. in
ion traps or ion guides in transfer stages, are known to induce ion heating.®
Furthermore, also in the source region, collisions with residual gas molecules,
that cause unintended activation of the analytes, can frequently occur.”
Subsequently, a major challenge in the investigation of sulfated GAGs is the
neutral loss of SO3 without explicit activation.*?°! The decomposition hinders
the analysis of the sulfate pattern and can lead to ambiguous results. In positive
ion mode, counter ions such as quaternary ammonium and phosphonium salts
have shown to stabilize sulfate groups.?? In negative ion mode, the extend of
sulfate loss is considerably decreased for charged sulfate groups.”” Using
coordinating cations, such as metals, the charge density can be further reduced
in highly sulfated and highly charged GAGs to stabilize the ions in the gas
phase.%

To summarize, in recent years, a variety of approaches evolved for the
identification of complex glycans. Mass spectrometry (MS) is certainly one of
the most widely used tools in glycan analysis. However, structure-sensitive
methods are needed to enable unambiguous sequencing or to fully understand
gas-phase rearrangement reactions. Therefore, ion mobility-mass spectrometry
(IM-MS) and MS-based infrared (IR) spectroscopy shall be introduced as
orthogonal techniques to advance the MS-based toolbox.

1.3.  lon Mobility-Mass Spectrometry

Ton mobility spectrometry (IMS) is a versatile gas-phase separation technique
routinely applied in combination with mass spectrometry (IM-MS) for the
separation and structural analysis of glycans.”>? Different measurement

* Paragraph adapted from: Grabarics, M.; Lettow, M.; Kirschbaum, C.; Greis, K.; Manz, C.; Pagel,
K., Mass Spectrometry-Based Techniques to Elucidate the Sugar Code. Chem. Rev. 2022, 122,
7840-7908.
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principles have been developed and utilized for the analysis of glycans, e.g.,
travelling wave IM-MS or trapped IM-MS. In the present thesis, drift tube IM-
MS (DTIM-MS) shall be addressed, which is the oldest IM-MS technique. The
basic idea of DTIM-MS is that ionized molecules of varying size, charge, and
shape drift with different velocities through a buffer gas under the influence of
an electric field. Upon their motion through the electric field, the ions collide
with the particles of the neutral and inert buffer gas, e.g., nitrogen or helium.
Compact ions undergo less collisions and travel faster through the drift cell than
extended ions. While MS alone is sensitive to the weight of an ion, IMS is
sensitive to the shape. In Figure 5, a drift cell is schematically drawn with
molecules of identical #/z-ratios but different shapes. MS expetiments are
typically performed in microseconds and IMS experiments are on the
millisecond range, perfectly matching orthogonally.

drift tube R
# . He or N2 g*
" PRS-
B
7}

ion signal

e tric ficld -
constant electric field drift time

Figute 5: Scheme of three molecules of identical 77/ z-ratio that drift through a buffer gas-filled
drift cell under the influence of a constant electric field. Their drift time through the drift cell is
recorded and plotted as arrival time distribution.

In recent years, standardized protocols to perform measurements and to report
results have been developed to further aid the comparability across
laboratories.?”> 1% For the optimization of measurement conditions and to
increase the separation power of an instrument, a practical approach has been
developed that transfers the widely-used plate-height model from
chromatography to IM-MS.101. 102 These efforts further strengthen the position
of IM-MS in the analytical chemistry community.

In DTIM-MS, ions are directed through a stationary gas by applying a constant
and homogeneous electric field E so that ions with higher mobilities undergo
less collisions and travel faster. Therefore, DTIM-MS is a time-dispersive
measurement principle. When operated in the “low-field limit”, the mobility K
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of anion is directly proportional to the velocity 24 which derives from the length
of the drift tube L. and the observable drift time 7.

=%a__-
k=% E-ty @
The ion’s mobility depends on the pressure p and the temperature T. For
comparison across laboratories, the reduced mobility Ky is, therefore,
normalized for standard pressure pyg and temperature T

T,
Ko = K- 22 @)

Generally, the mobility of an ion is further converted to the rotationally-
averaged collision cross section (CCS) £ of an ion. The Mason-Shamp
equation!®3 104 relates the ion’s reduced mobility to the ion’s CCS:

3ze 2t 1
TN ey 3
B 0

where z is the ionic charge state, ¢ the elementary charge, IN the buffer gas
number density, u the reduced mass of the ion-neutral collision partners and £p
the Boltzmann constant. An advantage of DTIM-MS is that the CCS (PTCCS)
can be determined experimentally without further calibration.

Hence, CCS values are comparable, physical quantities that can be readily stored
in databases!'’> and be compared to calculated CCS, commonly using the
trajectory method today.1%-198 This extends the objective of IM-MS
experiments from separating glycans to identifying and sequencing glycans
based on their gas-phase shape.10°-111

1.4, Mass Spectrometry-based Infrared Spectroscopy”
1.4.1.  General Principles

Mass spectrometry-based infrared (IR) spectroscopy is directly implemented
within the mass spectrometer and yields a structure-sensitive fingerprint of a
glycan, complementing the information from MS.11Z117 In the following

*Adapted from: Grabarics, M.; Lettow, M.; Kirschbaum, C.; Greis, K.; Manz, C.; Pagel, K., Mass
Spectrometry-Based Techniques to Elucidate the Sugar Code. Che. Rev. 2022, 122, 7840-7908.
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sections, the general principles are introduced and compared to classical
absorption spectroscopy. Furthermore, the types of instruments are described.

IR spectroscopy is a powerful tool used to directly identify unknown molecules
from their IR spectrum and deduce information on their structure, such as
functional groups, intra- and intermolecular interactions, as well as molecular
conformations. Electromagnetic radiation in the IR range can excite molecules
if the frequency of the incident radiation is in resonance with IR active
vibrational transitions. IR radiation expands from the edge of the visible
spectrum to the microwave range and can be further divided into the higher
energy, near IR (>4000 cm!), mid-IR (4000—400 cm) and lower energy, far IR
(400-10 cm™) regime. Most stretching and bending vibrations are found in the
mid-IR range. Classical IR spectroscopy techniques are based on direct
absorption spectroscopy, which measures the attenuation of light after passing
through a solid, liquid, or gaseous sample. The absorbance as a function of the
frequency is derived from the Lambert-Beer law. The concept of direct
absorption spectroscopy is depicted in Figure 6.
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Figure 6: Direct absorption vs. action spectroscopy. A. Concept of direct absorption
spectroscopy. The Lambert-Beer law relates the intensity of transmitted light I at a specific
frequency » to the intensity of the incident light Iy, the absorption cross section g, the path length
/, and the particle density IN. B. Concept of action spectroscopy (upper panel). The equation is
derived from the Lambert-Beer law and relates the number of unaffected ions # at a specific
frequency » to the number of precursor ions 7y, the absorption cross section g(»), and the photon
fluence F(»). Infrared multiple photon dissociation time-of-flight mass spectra of a 7/ z-selected
highly sulfated pentasaccharide without (middle panel) and with (lower panel) resonant IR
irradiation. Two fragments with a sequential loss of neutral SO3 are observed upon multiple
photon dissociation at 1264 cm-1.

For m/ zselected ions in the high vacuum of a mass spectrometer, the sample
density is usually limited to 106 singly charged ions per cubic centimeter due to
Coulomb repulsion and the resulting space-charge limit.!'® The attenuation of
light after passing through the low-density sample is so low that it is very hard
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or in most cases even impossible to measure. Therefore, vibrational
spectroscopy of ions in the gas phase is typically performed as action
spectroscopy, as addressed in recent reviews.!!”. 119 Here, the absorption of
photons is measured indirectly by following an action, e.g., the dissociation of
the intact ion or electron detachment as in gas-phase ultraviolet spectroscopy.
A schematic concept of action spectroscopy can be found in Figure 6.

In action spectroscopy, the number of unaffected ions 7 at a specific frequency
v can be expressed as a function of the number of precursor ion sy, the
absorption cross section ¢(v), and the photon fluence F(») in the following
equation which is derived from the Lambert-Beer law:'17

n(v) = ny- e IWFO) “

The challenge is that IR light is usually much lower in energy than the threshold
to dissociation; therefore, the analytes must have a low batrier to dissociate, or
the laser system must be of high enough intensity to enable multiple photon
absorption. With the advance of tunable and powerful laser systems such as IR
free-clectron lasers (FELs)!'20122 and benchtop laser systems such as optical
parametric oscillators and optical parametric amplifiers (OPO/OPA), the
interest in gas-phase IR spectroscopy of 7/ z-selected ions for their structural
analyses started growing. Early works by the Simons group!? 124 investigated
small, neutral glycans in a UV-IR double-resonance experiment from a free jet
expansion. Limited to the presence of UV chromophores and the harsh
ionization method, the method was only applicable to small glycans. Combined
with ESI sources, the field of IR spectroscopy finally opened up for the
investigation of larger glycan ions.!25-127

Theoretical calculations serve to correlate and explain experimental results from
IR spectroscopy. To model glycan ions, empirical force field and semiempirical
and first-principle methods are typically used.!# 128 The conformational space
and structural features of glycans, with ring puckering, glycosidic bond
geometry, charge migration processes, and hydrogen bonding, renders the
sampling of possible chemical structures challenging. For harmonic!?. 130 and
anharmonic'® frequency calculations, the sampled structures need to be
reoptimized at a sufficiently high first-principle level of theory, which is costly,
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especially for anharmonic calculations. Yet, on the long run, computational
resources and the accuracy of calculations could match the needs of larger
glycans.

1.4.2. Experiment Designs
Infrared Multiple Photon Dissociation

One of the most widely used types of IR action spectroscopy is infrared
multiple photon dissociation (IRMPD) spectroscopy, in which weakly bound
clusters or ions with energetically low fragmentation bartiers are fragmented
upon irradiation.!'”> 19 An IR spectrum is recorded by measuring the
fragmentation yield as a function of the wavelength. The IRMPD mechanism
is a nonlinear process involving the sequential absorption of a large number of
IR photons (typically tens to hundreds) in which the energy of a single photon
is distributed throughout the ion via internal vibrational distribution (IVR); i.c.,
the original vibrational mode relaxes via anharmonic coupling to vibrational
background states. The sequential absorption of single photons, hence, takes
place via the same fundamental vibrational level; yet the internal energy of the
ion rises with vibrational excitation until the dissociation threshold is reached
and the ion fragments. With the IVR-coupled excitation process, the vibrational
excitation is randomized throughout the ion so that the fragmentation occurs
statistically, and usually the weakest bonds dissociate. For the above reason,
IRMPD fragmentation patterns closely resemble those obtained by CID.
Inherent to the process, red-shifting of absorption bands and spectral
congestion can leave an imprint on the IRMPD spectrum. Additionally, glycans
typically populate a large number of coexisting conformers at room temperature
due to their conformational flexibility, which further increases spectral
congestion and limits IRMPD spectroscopy to mostly mono- and
disaccharides.!? 132134

Various designs of IRMPD instruments are published, yet in the most basic
approach an interaction region with electrodynamic ion optics is sufficient to
radially define the ion cloud and achieve an efficient overlap of the ions with
the laser. Ion storage proves beneficial for slow dissociation processes so that
the ions can be irradiated for a longer time. Online coupling of IRMPD with
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LC-MS workflows is challenging because the time required to record an
IRMPD spectrum usually exceeds 10 min, which is not compatible with the
time scale of LC peaks. However, efforts are underway to generate IRMPD
spectra from chromatographically separated glycans.!3

Messenger-Tagging Spectroscopy

Another approach that does not require multiple photon excitation steps is
messenger-tagging spectroscopy which follows the detachment of a weakly
bound and weakly interacting messenger atom or molecule upon resonant
irradiation, schematically shown in Figure 7. The typical tag for the investigation
of glycans is nitrogen,!?¢ and for other molecules the use of helium,!3¢ argon,'3
and hydrogen'?® has been explored. Contrary to IRMPD spectroscopy, the
IVR-mediated detachment mechanism of the tag in messenger-tagging
spectroscopy is a neatly linear process overcoming red-shifting and reducing
spectral congestion. Furthermore, the power of the tunable IR laser required
for messenger-tagging spectroscopy is significantly lower and thus renders the
approach more compatible with benchtop lasers. Coincidently, this limits the
numbers of glycan conformers present, therewith further reducing spectral
broadening. Several IR spectroscopic studies on glycans, small building blocks
up to oligosaccharides, using messenger-tagging spectroscopy have been
published.!3, 140

Already in the 1980s, messenger-tagging spectroscopy was developed as a
concept using a supersonic jet expansion followed by electron ionization or
corona discharge. With the low temperatures in the supersonic jet, ions or
clusters formed weakly bound complexes with coexpanded hydrogen. The
detachment of the hydrogen tag upon irradiation was detected in a quadrupole
mass analyzer. Since the mid-1990s, the development of cryogenic ion traps!#!:
142 enabled the investigation of more fragile (bio-)molecules produced from soft
ionization sources. Here, ions are transferred to the cryogenic ion trap, cooled
by collisions, and eventually tagged with buffer gas at temperatures between 3
and 70 K. Various designs for cryogenic ion traps are developed to serve
different purposes: such as temperatures below 3 K, long storage times, spatial
spread of the ion cloud, or space focusing of ions with the ejection from the
trap. First, multipole ion traps were developed,'#3-14> and later planar multipole
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ion traps!46-148 and ring ion guide traps'#’ followed. It was recently published!3¢
that a wire quadrupole ion trap, with a linear quadrupole geometry in which
each of the rods is approximated by six copper wires, reaches temperatures
below 3 K and is attached to a commercial mass spectrometer.

Infrared Spectroscopy in Helium Nanodroplets

IR action spectroscopy in helium nanodroplets is currently applied in basic
research only, yet the spectral quality which is achievable for glycan ions sets
new benchmarks in the field.%: 14 The superfluid helium nanodroplets are
produced from a precooled reservoir of helium with evaporative cooling and
formation of nanodroplets of a defined size distribution (typically 105> helium
atoms). Before irradiation, the trapped ions are picked up by the traversing
helium nanodroplets and cooled to the equilibrium temperature of the droplet
of 0.37 K. Upon irradiation with a resonant photon, the ion is vibrationally
excited and quickly cooled again to its ground state by evaporation of helium
from the shell of the droplet. After several iterations, the ion is eventually
released from the droplet and detected background-free. With this approach, a
unique resolving power and distinct spectral fingerprints have been recorded
for various classes of glycans and glycoconjugates.3s 127, 150-153
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Figure 7: Comparison of types of IR action spectroscopy. A. Instrumentation and scheme of
action for infrared multiple photon dissociation (IRMPD) spectroscopy. With resonant
irradiation, multiple IR photons excite the intact precursor ion until the fragmentation threshold
is reached. Fragment and precursor ions are detected. B. Instrumentation and scheme of action
for messenger (tagging) spectroscopy. lons are tagged with buffer gas atoms or molecules, e.g.,
Nz, He, or Ar, in a cryogenic ion trap. With resonant irradiation typically with a single photon,
the tag is detached, and the bare ion is detected. C. Instrumentation and scheme of action for
cryogenic spectroscopy in helium nanodroplets. The ions are picked up by helium nanodroplets
in an ion trap and cooled to 0.4 K. With resonant irradiation, the ion is excited and immediately
cooled again by evaporative cooling. After several iterations, the ion is released from the
nanodroplet and detected.
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1.5. Aim and Outline

As already stated before, glycans are omnipresent in nature and make up the
largest amount of the biomass found on Farth. The field of glycosciences has
only recently emerged more strongly. The understanding that glycans play
central roles in biological processes has eventually shifted the focus from the
genome and proteome to the glycome. Here, terminal sequences, unusual
glycans (such as fucose), and covalent modifications (such as sulfation) are
known to play a central role. The recent technological developments in IR
spectroscopy hold great potential for the identification of complex glycans in
the gas phase.

The first aim of this doctoral work is to understand the rearrangement reaction,
termed fucose migration, which is frequently observed in tandem MS
experiments of fucosylated glycans using cryogenic IR spectroscopy in the gas
phase. The work is built on the previous observation that the reaction takes
place in intact glycan ions and is promoted without explicit activation of the
ions. To date, only assumptions have been made on the final product of the
rearrangement reaction in the prominent fucosylated epitopes Lewis x and
blood group H type 2. Furthermore, several mechanisms have been proposed
but a common understanding has not been achieved. The aim is to give an in-
depth insight into the triggers of the reaction, the final product and eventually
the mechanism. From the exact chemical structure of an ion, a deeper insight
into the reaction can prove beneficial for the development of MS strategies.

The second aim of this doctoral work is to establish MS-based IR spectroscopy
as an addition to the MS-based toolbox for the sequencing of
glycosaminoglycans. The linear, acidic and often highly sulfated glycans still call
for more advanced analytical tools that can unambiguously identify sulfation
positions and epimetization. To date, standard techniques, such as LC-MS/MS
and IM-MS, reach their limits and novel methods are being explored.

An overview of the gas-phase IR spectroscopy experiments performed in this
thesis, namely IRMPD spectroscopy and spectroscopy in helium nanodroplets,
is given in Chapter 2. Furthermore, the operational mode of a new apparatus
for messenger-tagging IR spectroscopy of mobility-selected ions is described
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and initial experiments presented. Messenger-tageing IR spectroscopy for
glycan ions will presumably be more broadly accessible to analytical chemists
due to the simpler design (compared to helium nanodroplet spectroscopy) but
also feature a high resolving power which is needed for larger glycan ions
(compared to IRMPD).

In the past, it has been shown that fucose migration can occur in intact glycan
ions to which MS alone is blind. In Chapter 3, the prototypical glycans Lewis
x and blood group H type 2 are studied with adduct ions and additional
functional groups of varying proton affinities to deduce the role of a mobile
proton in the reaction. This chapter is based on the publication “The Role of the
Mobile Proton in Fucose Migration” published in the journal Analytical Bioanalytical
Chemistry. Using a combination of three MS-based techniques (IM-MS, radical-
directed dissociation (RDD) and cryogenic IR spectroscopy) combined with
computational methods, the final structure and the mechanism of the migration
reaction are finally decoded in Chapter 4. This chapter is based on an early
version of “Decoding the Fucose Migration Product in Blood Group Epitopes”.

The high resolving power of cryogenic IR spectroscopy was previously used to
identify conformation in peptides, charge-induced structural changes in
proteins, small isomeric glycans, reaction intermediates in glycosylation
reactions and glycolipids. To assess the potential of cryogenic IR spectroscopy
for GAG analysis, the IR spectra of a sulfated GAG pentasaccharide and
tetrasaccharide are discussed in Chapter 5, which is based on “Tnfrared Action
Spectroscopy of Glycosaminoglycans” published in the journal Analytical Bioanalytical
Chemistry. Subsequently, systematic investigations of epimerization and
sulfation are presented in Chapter 6 and Chapter 7, respectively. Chapter 6 is
based on “Cryogenic Infrared Spectroscopy Reveals Structural Modularity in  the
Vibrational Fingerprints of Heparan Sulfate Diastereomers” published in Analytical
Chemistry and Chapter 7 is adapted from “Chondroitin Sulfate Disaccharides in the
Gas Phase: Differentiation and Conformational Constraints” published in Journal of
Physical Chemistry A. Finally, in Chapter 8, cryogenic IR spectroscopy is
combined with random forest modelling to predict structural features in GAGs
that almost fully characterize the underlying chemical structure, namely the class
and sulfation positions. This chapter is in parts based on an early version of
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“Predicting Structural Motifs of Heparan- and Chondroitin Sulfates using Cryogenic Infrared
Spectroscopy and Random Forest”.
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Chapter 2

Experimental Overview

2.1.  Infrared Multiple Photon Dissociation Spectroscopy

Infrared multiple photon dissociation IRMPD) is the most widely applied type
of infrared (IR) spectroscopy in the gas-phase environment of a mass
spectrometer. The original instrumental setup for IRMPD spectroscopy,
utilized in this thesis, is described in the following section. The apparatus is
redesigned in the course of this thesis, which is the topic of the following
section. The setup is connected to the Fritz Haber Institute free-electron laser
(FHI FEL), which is briefly introduced at the end of this chapter. Figure 8
shows a schematic overview of the instrument, which can be divided into four
parts: (A) mass spectrometry: with nano-electrospray ionization (nESI) source
and quadrupole mass filter, (B) drift tube ion mobility spectrometry (DTIMS),
(C) interaction region for IRMPD and (D) the IR light source.
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Figure 8: Scheme of the home-built setup for infrared multiple photon dissociation spectroscopy
combined with drift tube ion mobility spectrometry which was a user station at the free-electron
laser of the Fritz Haber Institute.

With the nESI source of the home-built instrument, ions were produced by
applying needle voltages of approx. 0.5 kV for the investigated cations. The
nESI glass capillaries which are used on all mass spectrometers in this thesis are
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produced using a micropipette puller (Flaming/Brown P-1000, Sutter
Instrument, USA) and coated with Pd/Pt alloy with a sputtet coater (108auto,
Cressington Scientific Instruments, UK). The tip of the glass capillaties is cut
by hand using tweezers. The ions are transferred to the entrance funnel via a
capillary which is slightly off-axis to the first, hourglass-shaped ion funnel. The
charged analytes atre collected and radially focused in the ring-electrode, radio
frequency ion funnel, or entrance funnel. The ions ate trapped in the second
half of the entrance funnel before being injected to the drift tube, typically at
10-20 Hz. The drift region consists of conductive glass tubes and is filled with
helium or nitrogen buffer gas as drift gas at typically 2-3 mbar for nitrogen and
3—6 mbar for helium. Ion mobility spectrometry measurements are performed
within the low-field regime with field strengths of 5-18 V cm. For CCS
calculation, the temperature in the drift region is measured with a Pt100
resistance thermometer and the buffer gas pressure is monitored with a high-
precision absolute pressure transducer (type 627, MKS Instruments, USA). A
pressure difference of 0.6 mbar is maintained between the drift region and the
entrance funnel to avoid contamination. At the end of the drift region, the ions
are collected and radially confined in a second ring-electrode, radio frequency
ion funnel, or exit funnel. The ions are transferred to high vacuum via two ring-
electrode ion guides which are differently pumped. Via electrostatic deflection
in an ion gate, ions of a particular arrival time are selected for further
investigation. Before entering the interaction region, a quadrupole mass filter is
used to further select the ions of interest by their 7/%-ratio. The interaction
region is a second quadrupole in which the IR beam from the FHI FEL overlaps
the radially confined ion cloud. The focus point of the IR beam is adapted
dynamically using a pneumatically controlled adaptive mirror (AO90/70,
Kugler, Germany) to control the number of photons per area unit sufficient for
the dissociation process. For ATD measurements, the ions are detected using
an off-axis electron multiplier (AF632, ETP lon Detect, Adaptas, USA). For
IRMPD spectroscopy measurements, the ions are deflected perpendicular to a
home-built Wiley-McLaren-type of time-of-flight mass analyzer equipped with
an electron multiplier (AF882, ETP lon Detect, Adaptas, USA).
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In spectroscopy experiments, the abundances of the precursor ion N, and
fragmentions ) Nrare recorded as a function of the laser’s wavenumber in steps
of 2 cm!. The IMS part of the instrument is operated at 20 Hz and the FHI
FEL at 10 Hz. Monitoring the intensities of the non-irradiated ions with every
scan step gives a background spectrum and helps to determine the stability of
the ion source. After two IR spectra are successfully recorded, the laser power
and wavenumber are calibrated by measuring the power and the exact
wavenumber at ten wavenumbers over the operated wavenumber range. The
laser power is fitted using a quartic polynomial function. To obtain the IR
spectrum from the absorption cross section ¢(») in Equation (4), Section 1.4.1,
the total number of ions Ny is replaced with the sum of N, and } Nyand the
equation is rearranged to:

Np(v) y- 1 (5)

o) < —In (S T

The ion signal is divided by the laser power as a first order approximation. For
cach analyte, at least two independent scans with high reproducibility are
measured and averaged. The ion signal intensity is normalized to [0,1]. The
relative intensity of each partial spectrum, when using different laser focus
settings, is scaled on the basis of the intensity of spectral lines found in the
overlapping measurement regions.

The drift region consists of segmented, conductive tubes of glass (Photonis
Scientific, USA) and was extended from 805.5 mm to 1612 mm in length in the
frame of this thesis. Hach new segment is commercially manufactured to a
homogenous electric resistance in the G range over a length of approx.
200 mm. Additional resistors on the outside of each segment and on the
connection between two segments modulate the resistance so that the electric
field throughout the old and new drift region and among each segment is nearly
homogenous. The electric resistance over the total length of the drift region is
185 MQ, hence each segment has an electric resistance of 23 MQ. The time
period that a measurement is being made over one measurement cycle, or the
IMS duty cycle, is now twice as high. The new IMS resolving power R = 7,/ At
is experimentally determined approx. 55 using the tetrabutylammonium iodide
trimer [(TBA);Lo]* with 7/ 980 and PTCCSyie of 270 A2 (Appendix).
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2.2.  Messenger-Tagging Spectroscopy
2.2.1. The General Design

Messenger-tagging spectroscopy addresses the shortcomings of IRMPD, i.e.
heating of the ion with subsequent red-shifting and broadening, by altering the
type of action. Here, the action is the dissociation of a messenger tag from the
ion which generally requires much less energy. The design and the operation of
the setup for messenger-tagging spectroscopy (Figure 9) is the topic of the
following sections. It is an extension to the DTIM-MS part and a redesign of
the spectroscopy part of the setup described in Section 2.1. In the frame of this
thesis, the apparatus was built and operated for the first beam time shifts at the
FHI FEL. The development of the idea and design of the apparatus is the work
of several people over the last years.

Fritz Haber Institute
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Figure 9: Scheme of the setup for messenger-tagging spectroscopy combined with DTIM-MS.

The front end of the instrumental setup is described in Section 2.1 and remains
unchanged up to the quadrupole mass filter. In Figure 10, a more detailed
technical drawing of the setup is depicted in top view. Furthermore, a detailed
scheme of all DC and RF voltages is given in the Appendix. The former
interaction region is now used to guide the ions to the first quadrupole bender.
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For IMS experiments, the ions travel linearly and are detected using a high
energy dynode (HED) electron multiplier (DM283, ETP ion detect, Adaptas,
USA).

For messenger-tagging spectroscopy, the ions are perpendicularly deflected into
the cryogenic hexapole ion trap. The novel ion trap contains two
compartments: tagging and ejection and is described in further detail in the
following section. For diagnostic reasons, a second electron multiplier (AF632,
ETP Ion Detect, Adaptas, USA) is attached to the quadrupole bender to
monitor the ions on-axis coming from the cryogenic ion trap. In the hexapole
interaction region, the messenger-tagged ions overlap the IR beam from the
FHI FEL for infrared photon dissociation (IRPD). The focus point of the IR
beam is adapted using a pneumatically controlled adaptive mirror (model
AO90/70, Kugler GmbH, Germany). Every second ion package is irradiated
with IR light. In a commercial, high-resolution time-of-flight mass analyzer
(Micromass, UK) the ions are detected off-axis to the interaction region. For
data acquisition, a rapid analog-to-digital converter (PXIe 5160, National
Instruments, USA) with 10-bit resolution, 500 MHz bandwidth and a sampling
rate of up to 2.5 Gs/s, is employed to digitize the signal.

A LabVIEW controlled National Instruments platform provides several analog
and digital in- and outputs to generate control voltages for e.g. data acquisition
or the drift voltage power supply. An analog-to-digital converter from a
multifunction module (PXIe 6363, National Instruments, USA) is used to
digitize the ATD signal with 16-bit resolution, 2 MHz bandwidth and a
sampling rate of 2 MS/s.
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Figure 10: Simplified technical drawing of the instrumental setup for messenger-tagging spectroscopy combined with drift tube ion mobility-mass
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2.2.2. The Cryogenic Hexapole Ion Trap

The heart of the IR spectroscopy experiment is the new cryogenic ion trap that
was assembled and tested in the framework of this thesis. As discussed in
Section 1.4.2, several designs of ion traps for IR spectroscopy have been
published. This novel ion trap is designed with two compartments to allow for
an independent operational mode of the IMS patt and IR spectroscopy part to
improve in speed and stability. In the following section, the design, the mode
of action and applied voltages are described.

To briefly explain the mode of action, the drift time- and 7/z-selected ions
from the IMS part enter the first compartment of the cryogenic ion trap, the
tagging compartment. The ions are immediately cooled with buffer gas to the
temperature of the copper housing. They lose an excess of kinetic energy and
are efficiently trapped for up to several seconds. The buffer gas is a mixture of
nitrogen in helium. Nitrogen freezes to the ions as messenger tag whereas
helium stays gaseous as carrier gas. A package of messenger tagged ions is
transferred to the ejection compartment by lowering the trapping potential of
the ion gate. As soon as the ion gate closes, the ion package is ejected from the
cryogenic ion trap and accelerated and steered towards the interaction region.

The 36 segments of the ion trap are made of printed circuit boards (PCBs) with
an opening in the center in the shape of a hexapole, see schematic drawing in
Figure 9. The PCBs are mounted in a copper housing. The copper housing has
apertures at the front, the end and in the middle at the ion gate with diameters
of 3 mm, 60 mm, and 6 mm, respectively. A turbomolecular pump is connected
to the chamber so that the two compartments of the trap and the further flight
path of the ions are differently pumped. Hence, cycles of pulsing and pumping
of gas are not needed, as in most other designs, see Chapter 1. In the trapping
compartment, a pressure of typically 10-3 mbar is achieved, whereas the ejection
compartment is maintained at a pressure of approx. 10-> mbar and the further
flicht path is at a pressure of approx. 10 mbar, see Figure 11. As a result, the
tagged ions can be efficiently tagged, then gently ejected and accelerated,
respectively, towards the interaction region.
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DC potentials are connected to the front and rear of each tagging and ejection
region with chains of resistors in between. Figure 11 describes the applied DC
and RF potentials in the different stages of operation: trapping and tagging,
transfer and ejection. In the tagging compartment, a shallow confining potential
of 3 V is used to trap the ions. A small ramp rising from front to end of 1 V
has experimentally shown to stabilize the ions during trapping. To spatially
compress the ion package, the DC offset voltages across the ejection
compartment are designed with a parabolic gradient. An RF voltage with a
frequency of 1.32 MHz is applied to radially confine and stabilize the ions in
both compartments.

trapping and tagging of ions after IMS transfer of tagged ions ejection of tagged ions to IR spectroscopy
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Figure 11: DC and RF voltages applied in the cryogenic ion trap in different operational stages:
trapping and tagging, transfer and ejection. The pressures in the two compartments of the ion
trap and in the chamber range from 10-3 to 10-¢ mbar, of which the pressures inside the trap are
an estimation.

The ion trap is cooled using a closed-cycle helium cryocooler (Sumitomo RDK-
408D2, SHI, Japan) and a compressor unit (Sumitomo CSW-71D, SHI, Japan).
The trap is directly mounted to the adapter stage or second stage of the
cryocooler and electrically isolated with a thin foil of Kapton. Three precision
diode temperature sensors are attached to the first stage of the cryocooler, the
adapter stage and the bottom of the ion trap. A 25 W resistive heating element
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controls the temperature from to 26 K at minimum to 150 K, which is ideal for
nitrogen tagging experiments. A defined buffer gas mixture is prepared directly
prior to the use. To avoid heating, the buffer gas is precooled at the interface
of the cryogenic ion trap and the adapter stage before it flows into the tagging
compartment.

The design of the cryogenic ion trap with its two compartments (I) tagging and
(II) ejection is unique. The missing necessity of pumping the ion trap before IR
spectroscopy accelerates the experiment on the orders of seconds in one duty
cycle. Furthermore, the continuous flow of ions into the cryogenic ion trap
allows a more stable operation of IR spectroscopy experiments and flexibility
in timing of the IMS part. The IMS part can be operated up to repetition rates
10-times higher compared to a synchronous operational mode of IMS and

spectroscopy.
2.2.3. Time-Sequence Generation

The timing of voltage switches that control ion optics such as ion gates is crucial
for the operation of the instrumental setup. A detailed scheme of the voltages
applied is given in Appendix. Two 8-channel delay generators (PXI 6602 and
PXIe 6612, National Instruments, USA) were installed to generate trigger pulses
which are controlled using LabVIEW.

In the front end of the instrument, the ions are injected to the drift tube at
repetition rates up to 200 Hz with a length of typically 150 ps controlled by an
internal clock from LabVIEW. A fraction of an ATD with lengths of 50 to
200 ps is selected, the ATD slice. The ATD slice is referenced to the IMS gate
and several milliseconds later depending on the ions’ mobilities. Figure 12
shows the pulse sequence of the IMS part and a representative drift time plot
with ATD slicing of the monomer of human islet amyloid polypeptide (hIAPP)
in charge state 4+ with two conformations of different mobilities.
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Figure 12: Scheme of trigger pulses for ion mobility spectrometry (IMS). The slicing of arrival
time distributions (ATD) for further investigation is shown in a representative ATD plot of
human islet amyloid polypeptide (hIAPP) as [nIAPP+4H]*4* with 7/ 977. The cation has two
conformational shapes with baseline-separated mobilities.

The trigger pulse from the FHI FEL with a frequency of 10 Hz is used to
control the spectroscopy part and synchronize laser and ions. It is defined with
a fixed lead of 700 ps prior to the arrival of the laser beam.

To ovetlap the ions and the laser in the interaction region, a series of timings
are experimentally defined and depicted in Figure 13. The trigger pulse of the
cryogenic trap gate, termed tet gate, tO transfer the ions from tagging to ejection
has a typical length of 400 us, which can vary for different ions. The ions are
¢jected from the ejection compartment with a delay, termed At gatecjection, after
closing the gate. Act gate-ciection 1S experimentally determined 0 ps which indicates
an instability of the ions in the ejection compartment. The ejection trigger pulse
has a fixed length of 150 ps. The trigger pulse to control the pusher and puller
of the time-of-flight mass analyzer has a fixed length of 150 ps. The time tror
is the time that the ions need from the ejection compartment to the time-of-
flight mass analyzer which depends on their 7/z-ratios. Due to the length of
the ion path from the cryogenic ion trap to the time-of-flight mass analyzer, the
spread of the ion cloud does not allow to detect ions with a 7/ z-difference of
more than approx. 20 with the same efficiency. The ions overlap the light from
the FEL at approx. half of tror. This time is determined experimentally for each
ion and termed tighe.
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Figure 13: Scheme of trigger pulses for messenger-tagging spectroscopy. The trigger pulse of the
Fritz Haber Institute free-electron laser (FHI FEL) is used to synchronize the ions and the laser
beam in the instrumental setup.

The frequency for the ions is doubled to 20 Hz to record a background
spectrum, i.e. without irradiation of the ions, laser off, in each cycle. Therefore,
all trigger pulses, except the reference, induce a second train of pulses with a
delay of 50 ms and the two trigger pulses are combined in a logic box before
they reach certain voltage switches. Grey arrows are used to show the
dependencies in time for the train of pulses. The state of the toggle trigger pulse
is used to acquire the data on two independent channels of the analog-to-digital
converter: the IR spectrum and the background spectrum.

2.2.4. Performance Characterization

The ideal tagging condition for a specific ion is mainly affected by three factors:
temperature, gas mixture, and trapping time. The trapping time can be neglected
in this instrumental setup because of the unique situation that ions constantly
or at higher frequencies arrive in the tagging compartment. The temperature
and gas mixture are determined for every ion.

The tagging behavior was evaluated for the protonated peptide leucine-
enkephalin [LEK+H]* (7/z 556), the sodium adduct of the trisacchatide lewis
x [Les+Na]* (#/% 552) and its protonated equivalent [Lex+H]* (72/3 530).
Interestingly, despite extensive tuning of the tagging conditions, the three ions
showed different tagging behaviors. [LEK+H]* is predominantly present as
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singly tagged ion, whereas [Lex+Na]* shows efficient tagging for higher order
or multiply tagging. [Lex+H]* shows least tagging efficiency and is mostly
present as untagged ion. The three cations are similar in their 7/ -ratios, yet
differ in their physical-chemical properties, most importantly their charge
solvation and polarity. Considering the differences in tagging behavior as well
as the limitations to detect ions of different 7/ z-ratio in the time-of-flight mass
analyzer (see previous section), the measurement routine is adapted to three
different cases. (1) For predominantly singly tagged ions, the intensity of the
bare, untagged ion is recorded. (2) For predominantly multiply tagged ions, the
depletion of the highest multiply tagged ion is recorded and (3) for
predominantly non-tagged ions, the depletion of the fraction of singly tagged
ions is recorded. The three cases are depicted in the Appendix.

In the first tagging spectroscopy experiments, the ion yields of the bare ion and
tagged ions with irradiation Np.m, Nigr and without irradiation Nj.p, N are
recorded as a function of the laser’s wavenumber in steps of 2 cm!. With the
newly implemented control software in LabVIEW, the exact wavenumber is
recorded directly with every scan step and the laser power is measured every 30
scan steps. The laser power is fit using a quartic polynomial function. To
calculate the IR spectrum, Equation (4), Section 1.4.1, was rearranged, in a first
order approximation, to:

Ntag-on(v) 1 (6)

O-(V) x—In (Nb—on(v)+Ntag—on(V) ' m

The number of unaffected ions # is defined as Ny, and the total number of
ions is the sum of Ny, and Ny To account for variations in laser fluence, the
ion signal is divided by the laser power F. For predominantly multiply tagged
ions and for predominantly non-tagged ions, tagging cases (2) and (3), the IR
spectrum is obtained from:

Ntag—an(v) L1 (7)

U(V) x—In (Ntag—off(v) m

Here, the ion yield Ny is the total number of ions. For each analyte, at least

two independent scans are measured and averaged. The ion signal intensity is
normalized to [0,1].
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Figure 14: Upper panel: IRPD spectrum of leucine-enkephalin [LEK+H]*. Lower panel:
Recorded ion yield for the tagged ion [LEK+H+Ny|* and the bare ion [LEK+H]* with
irradiation (laser on, dark grey) and without irradiation (laser off, light grey).

Initial experiments were performed with [LEK+H]* (#/z556). The peptide has
been studied using different types of gas-phase IR spectroscopy techniques.!>*
15 The IRPD spectrum with nitrogen tagging at 40 K with 10% nitrogen in
helium is shown in Figure 14.

2.3.  Infrared Spectroscopy in Helium Nanodroplets

The following section describes the home-built setup for IR spectroscopy in
helium nanodroplets with the basic layout and operational mode. The setup is
a user station at the Fritz Haber Institute free-electron laser (FHI FEL) which
is also briefly introduced at the end of this chapter.

Figure 15 shows a scheme of the instrumental setup which consists of five parts:
(A) the front end with the ionization source, transfer to high vacuum and mass
filter, (B) the helium droplet source, (C) the variable temperature ion trap, (D)
the interaction and detection region and (E) the IR light source.
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Figure 15: Scheme of the home-built setup for IR spectroscopy in helium nanodroplets which is
attached to the Fritz Haber Institute free-clectron laser.

The front end of the apparatus is a commercial and modified quadrupole time-
of-flight mass spectrometer (Q-TOF Ultima, Waters Corporation, UK). The
analyte is ionized using a nano-eletrospray ionization (nESI) source by applying
voltages to the nHSI needle containing the analyte solution between -0.5
and -1.0 kV for anions and about 1 kV for cations. The Pd/Pt-coated needles
are prepared in-house as described in Section 2.1. Molecular ions form from
charged droplets and are doubly deflected into the apparatus in a Z-type
pathway. The ions are transferred to high vacuum through two differential
pumping stages using ring electrode ion guides. In the quadrupole mass filter,
the ions are selected by their 7/ ratios up to 7/ ratios of 2000. In the first
quadrupole bender, the ions travel linearly towards the first commercial, high-
resolution time-of-flight mass analyzer (Micromass, UK) operated in W-mode,
not depicted in Figure 15 and solely used for diagnostic reasons.

For IR spectroscopy, the ions are orthogonally deflected towards the variable
temperature hexapole ion trap. The ion trap is filled with helium buffer gas for
several seconds in which the ions undergo collisions to lose an excess of kinetic
energy for efficient trapping and to thermalize with the housing of the trap. The
ion trap has a length of 300 mm with an inner diameter of 9.1 mm. At the space-
charge limit, the total number of ions inside the trap were calculated to be
approx. 107 ions. The housing of the ion trap is made of copper and contains
six internal cooling channels through which nitrogen gas flows, that is externally
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cooled by liquid nitrogen. The housing is stepwise cooled to a maximum of
90 K and heated to 350 K using a thermocouple to measure the temperature
and a heater to regulate the temperature on the copper housing.

A beam of helium nanodroplets traverse the ion trap to capture single ions
immediately after the helium buffer gas is pumped from the trap. The
nanodroplets of an average size of 10> helium atoms are produced by expanding
high purity helium gas into high vacuum using an Even-Lavie valve (EL-C-C-
2013, Uzi Even & Nachum Lavie, Israel) with a nozzle temperature of 21 K
and an opening time of 17us. The valve body is cooled using a closed-cycle
helium cryocooler (RDK 408D2, Sumitomo Heavy Industries Ltd., Japan). The
ion-doped helium nanodroplets have a high kinetic energy and easily overcome
the shallow confining potential of the ion trap towards the interaction region of
the instrument.

In the interaction region of the instrument, the ion-doped helium nanodroplets
overlap the IR beam from the Fritz Haber Institute free-electron laser and at a
resonant transition, ions are eventually released from the droplet. The
mechanism of ion release from helium nanodroplets is discussed in Chapter 1.
The focus point of the IR beam is shifted along the interaction region using a
pneumatically controlled adaptive mirror (model AO90/70, Kugler GmbH,
Germany). Therewith, the photon density, i.e. the number of photons per area
unit, is controlled. The interaction region consists of a stacked ring electrode
ion guide in which a spatial compression of the formerly large ion cloud is
achieved by applying DC offset voltages across the ion guide with a parabolic
gradient. In a second quadrupole bender, the ions are directed towards the off-
axis detection region. The released ions are detected in a second, commercial,
high-resolution time-of-flight mass analyzer (Micromass, UK) operated in
V-mode. Early experiments in this thesis were performed using an on-axis
home-built Wiley-McLaren-type of time-of-flight mass analyzer with a lower
resolution.

An IR spectrum is recorded as the integrated ion intensity as a function of the
laser’s wavelength in steps of 2 cml. The laser power is measured every 30 scan
steps and fit using a quartic polynomial function. The ion signal is divided by
the laser power as a first order approximation. The exact wavenumber of the
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laser is recorded with every step. The ion signal intensity is normalized to [0,1].
When using different focus settings in certain wavenumber ranges, i.e. higher
or lower photon flux per unit area, the different wavenumber ranges are
normalized relative to each other on the basis of the intensity of spectral lines
found in the overlapping measurement regions. For each analyte, at least two
independent scans are measured and averaged.

2.4.  'The Fritz Haber Institute free-electron laser

All instrumental setups for IR spectroscopy are attached as user stations to the
Fritz Haber Institute free-electron laser (FHI FEL). In free-clectron lasers,
photons are produced from relativistic electrons as gain medium passing
through a periodic magnetic structure, the undulator, in high vacuum. The
kinetic energy of the electrons and the periodic magnetic structure are tunable
so that free-electron lasers are tunable over a wide range of wavelengths. The
FHI FEL is schematically shown in Figure 16 and has been described in several
publications. Regular user operation of the FHI FEL started in 2013 and has
been continuously running since then.

isochronous bends

diagnostic
beam line

IR cavity
mirrors
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beam dump

electron gun \ linac 1

Figure 16: Schematic overview of the Fritz Haber Institute free-electron laser (FHI FEL). Figure
adapted from literature.!?0
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An electron gun produces an electron beam at 1 GHz micro-pulse repetition
rate. The electron bunches are compressed in a buncher cavity and subsequently
accelerated by two consecutive linear accelerators (LINACs). The latter defines
the kinetic energy of the electrons between 15 and 50 MeV and 36 MeV for the
experiments in this thesis. A chicane between the two LINACs can be used to
additionally compress the length of the electron beam down to picoseconds.
The electron beam is bent into the laser cavity. The 2 m long mid-IR undulator
with NdFeB permanent magnets inside the laser cavity forces the electrons to
a sinusoidal transverse motion, called wiggling motion. The undulator gap, i.c.
the distance between the permanent magnets, defines the strength of the
magnetic field and therewith the electrons’ trajectories through the undulator.
With the wiggling motion of the first electrons, incoherent, monochromatic
radiation is emitted. The wavelength of the radiation is determined by the
undulator period, gap and electron energy. The radiation is reflected by the
gold-plated laser cavity mirrors at the ends. The cavity mirrors are at a distance
equal to a multipole of the generated wavelength. After reflection, the emitted
light then overlaps the next incoming electron beam, so that a process called
micro-bunching of the electrons is achieved which modulates the spatial
distribution of the electrons along their propagation direction evenly. This has
the effect that coherent radiation is emitted. After several roundtrips, the gain
in radiation is strongly increased and the IR beam is outcoupled through a hole
in one of the mirrors in the cavity. A shortening of the laser cavity leads to
longer micro-pulses with smaller band width but also less power. The IR beam
of the FHI FEL has a pulse structure of macro-pulses at 10 Hz with a length of
10 ps consisting of micro-pulses at a repetition rate of 1 GHz with a length of
a few picoseconds and a spectral width of 0.3 to 0.5% (FWHM) of the
respective wavelength. Macro-pulse energies of 200 m] are achieved at

maximum.
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Chapter 3

The Role of the Mobile Proton in Fucose Migration*

Fucose migration reactions represent a substantial challenge in the analysis of
fucosylated glycan structures by mass spectrometry. In addition to the well-
established observation of transposed fucose residues in glycan-dissociation
product ions, recent experiments show that the rearrangement can also occur
in intact glycan ions. These results suggest a low-energy barrier for migration of
the fucose residue and broaden the relevance of fucose migration to include
other types of mass spectrometry experiments, including ion mobility-mass
spectrometry and ion spectroscopy. In this work, cold-ion infrared
spectroscopy was utilized to provide further insight into glycan scrambling in
intact glycan ions. Our results show that the mobility of the proton is a
prerequisite for the migration reaction. For the prototypical fucosylated glycans
Lewis x and blood group antigen H-2, the formation of adduct ions or the
addition of functional groups with variable proton affinity yields significant
differences in the infrared spectra. These changes correlate well with the
promotion or inhibition of fucose migration through the presence or absence
of a mobile proton.
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* Adapted from: Lettow, M.; Mucha, E.; Manz, C.; Thomas, D. A.; Marianski, M.; Meijer, G.; von
Helden, G.; Pagel, K., The role of the mobile proton in fucose migration. Anal. Bioanal. Chen.
2019, 4717 (19), 4637-4645.
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3.1. Introduction

Glycans are among the most abundant biomacromolecules in living organisms
and are essential in a variety of biological functions, such as cell-signaling and
molecular recognition.? 15 The glycosylation patterns of proteins, lipids, or
other organic molecules are in many cases highly dynamic, which is obvious in
an evolutionary sense,!”” but also accounts for physiological as well as
pathological variations.!>® Fucose is a deoxy hexose found in a wide range of
biologically relevant glycans and is easily distinguishable from many other
hexoses due to the lack of the hydroxy group at the C-6 position. In mammalian
glycans, fucose is the fifth most abundant monosaccharide (7.2%), and nearly
every fourth terminal end (23.8%) carries a fucose.?! Among human milk
oligosaccharides, up to 80% are fucosylated, depending on the individual’s
secretor status.!” Glycans attached to proteins are usually fucosylated in the
Golgi apparatus or in the endoplasmic reticulum during the final step of glycan
processing by different fucosyltransferases.??> Altered fucosylation can account
for pathological variations, for example, the overexpression of fucose in cancer
cells. The fucosylated Lewis y (LeY) antigen is highly expressed on a wide range

of tumors, and tumor growth can be inhibited by suppressing Ley expression.!$-
160

The inherent structural diversity of glycans and the limited availability of
standards have made glycan structural characterization a major analytical
challenge. Tandem mass spectrometry (MS) is a powerful tool in the analysis of
glycan structures?. 161163 and is often combined with chromatography'¢* and/or
ion mobility spectrometry.”’> 10 In general, tandem MS can provide the mass of
the intact ion and, additionally, the masses of its fragment ions in a single
experiment. Different types of fragmentation techniques yield distinct types of
fragment ions that provide information on the original glycan sequence.
Information-rich fragment spectra contain glycosidic fragments and/or cross-
ring fragments, but can also show rearrangement products and internal
fragments. An effective application of MS in glycan analysis therefore requires
comprehensive knowledge of potential gas-phase reactions and fragmentation
pathways.

44



The Role of the Mobile Proton in Fucose Migration

Suitable techniques to shed light on the mechanism of a gas-phase reaction in
MS are infrared (IR) spectroscopy,®- 15> ion mobility-mass spectrometry (IM-
MS),"8. 165 hydrogen-deuterium exchange (HDX),” stable isotope labeling!®¢ or
computational modeling.”7 A very prominent reatrangement teaction in
biomolecules that has been investigated extensively in the last years is peptide
scrambling. Peptide scrambling in protonated or multiply protonated b-type
peptide ions involves a head-to-tail macrocyclization and subsequent reopening
reaction prior to fragmentation in tandem MS with collision-induced
dissociation (CID). Consequently, the original sequence information is lost
during scrambling, which may result in erroneous assignments. The
phenomenon was first reported in 1997.76 Since the beginning of the 2000s, the
underlying mechanism and the structure of the macrocyclic intermediate have
been successfully proven using mainly a combination of IR spectroscopy and
computational modeling.'é” It has been found that the incidence of this gas-
phase rearrangement is negligible in shotgun proteomics but of major interest
in understanding the fragmentation pathways in CID.168-170

For more than 20 years, researchers have also been studying glycan
rearrangement reactions in tandem MS experiments.83 86 Most of these studies
are based on the observation of unusual fragment masses that arise from a
rearrangement of fucose and occasionally other monosaccharide units such as
xylose®? during the CID process. This phenomenon is also often referred to as
internal residue loss (IRL) and has been studied extensively by probing the
influence of different adduct ions!™ 172 or an aglycon* and different
derivatization strategies.’”- 8817 Based on these findings, various mechanisms
have been proposed,$* 8 all of which involve a mobile proton that is able to
migrate to the reactive site. However, despite these efforts, the underlying
mechanism is not fully understood to date.

Recently, a glycan sequence scrambling reaction in the intact trisaccharide ions
Lewis x (Le¥) and blood group antigen H-2 (BG-H2), which are substructures
of the tetrasaccharide Lewis y (LeY), was reported.'”* The observed fucose
migration involves the cleavage of a glycosidic bond and the subsequent or
concerted formation of a new glycosidic bond (Figure 17). The reaction takes
place in the presence of a proton and is inhibited in its absence, namely in the
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sodium adducts. Interestingly, this reaction was found to occur under soft
conditions without substantial collisional activation, which indicates a rather
low-energy barrier for the rearrangement. Based on these results, the conclusion
was that fucose residues could spontaneously migrate from the terminal end of
a glycan chain to adjacent or remote intramolecular sites of the glycan without
CID. The previously reported occurrence of unexpected fragment masses in
IRL is therefore likely only a result, but not the cause of fucose migration.

Fucose ._ c'+ B
migration CID
.' B-C —P.' B —".- B + C

c B-c +®

Figure 17: Glycan rearrangement reactions consist of two independent, consecutive steps: fucose
migration and then collision-induced dissociation (CID) with internal residue loss (IRL) products
and glycosidic fragments. The energy barrier for a fucose migration is low and the product of a
fucose migration reaction is stable. The IRL fragment is labeled with an asterisk. A, B, and C
represent monosaccharides. Glycosidic linkages are indicated with bars.

Here, we build on the previous findings and investigate the role of the mobile
proton in fucose migration in the intact ion pair BG-H2 and Le* using cryogenic
IR spectroscopy. In order to increase or diminish the mobility of protons in the
investigated ions, functional groups and adduct ions with competitive proton
affinity have been utilized. Our results clearly show that a mobile proton at a
specific site of the molecule is required for fucose migration.
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3.2. Experimental Details
Sample preparation

Lewis and blood group antigens were purchased from Dextra Laboratories
(UK) and Biozol (Germany) and used without further purification. Solvents
(HPLC grade) and labeling reagents were purchased from Sigma-Aldrich (USA)
and used without further purification. Aqueous glycan stock solutions (1 mM
and 100 pM for labeled glycans) were further diluted prior use with
water/methanol (v/2, 50/50) to yield 20-500 uM analyte solutions. To promote
the adduct formation in the measurements of [M+NH4|*, [M+NMe;H|* and
[M+NEtH]*, ammonium acetate, trimethylammonium chloride, and

triethylammonium acetate, respectively, were added in concentrations of 1—
5 mM.

Synthesis of labeled glycans

For glycan labeling, the Lewis and blood group antigens were dissolved in water
to yield 100 mM stock solutions. The stock solutions were divided into 10 pL.
(1 pmol) aliquots and freeze-dried. The glycans were labeled with
2-aminobenzoic acid (AA) and 4-amino-N-(2-diethylaminoethyl) benzamide
(procainamide) via reductive amination using standard protocols.!”> Removal of
the excess label was performed using paper chromatography.!’ The labeled
glycans were further purified using HypetSep Hypercarb SPE cartridges
(ThermoFisher Scientific, USA) according to manufacturet’s instructions. The
labeled glycans were then freeze-dried and dissolved to aqueous 100 pM stock

solutions.
Cryogenic IR spectroscopy

The experimental setup is comprehensively described in Section 2.3.
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3.3. Results and Discussion
3.3.1. Ammonium adduct ions

First, trisaccharides of the Lewis y-series (Lev-series) were investigated as
ammonium adducts [M+NH4]* (7/z 547). The Lev-seties consists of the
tetrasaccharide Lev and the two trisaccharides BG-H2 and Le* that are
substructures of Ley (Figure 18).
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Figure 18: A. The investigated Fucosylated glycans. The trisaccharide Lex and BG-H2 are
substructures of the tetrasaccharide Lev. B. The trisaccharide Le* is exemplarily translated into its
skeletal structure. C. The symbol nomenclature for glycans (SNFG)?? offers simplified
representations. Symbols are shown for the relevant monosaccharides in this chapter.

The IR spectra of the trisaccharide standards BG-H2 and Le* are shown in
Figure 19 and were recorded using the instrumental setup described above. The
instrument settings were tuned to minimize activation of the parent ion. As
expected, both IR spectra show well-resolved features in the range of 1000 cm!
to 1700 cm . Generally, vibrations in glycans around 1100 cm! are associated
with numerous C-O and coupled C-O-C—O-stretch vibrations of the
(hemi-)acetal. Features above 1500 cm ! and around 1650 cm! canonically stem
from the amide II (N-H bend) and amide I (C=O stretch) vibrations in
N-acetylglucosamine monosaccharides. Weaker vibrations between 1200 and
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1500 cm! are O—H-bending modes. With a charged site at the amide group, the
amide vibrational modes can be strongly shifted, e.g. with a proton at the
oxygen, the amide I vibration is likely red-shifted. A confident assignment and
differentiation of the amide I and II features can therefore not be made.

[M+NH,]* = 548

T

2

T

[M+NH,]* = 548

NN

1000 1050 1100 1150 1600 1650 1700
wavenumber (cm™') ——=

Figure 19: IR spectra of the parent ions BG-H2 (upper panel) and Lex (lower panel) investigated
as [M+NH4]* species (/% 547) in the range of 1000-1200 cm and 16001710 cm-!. The two
IR spectra are nearly identical.

The IR spectrum of BG-H2 as [M+NH4]* (Figure 19, upper panel) shows nine
well-resolved bands in the range from 1000 to 1200 cm. The strongest
absorptions are found at 1045, 1075 and 1089 cm!. Between 1200 and
1600 cm!, weaker absorption bands, which are not resolvable with the utilized
instrumental setup, are observed. A broad absorption is found in the higher
wavenumber range of the spectrum around 1660 cm™. A comparison of the IR
spectrum of BG-H2 with that of Lex as [M+NH,4|* ion (Figure 19, lower panel)
reveals many similarities. The main absorptions in the IR spectrum of Lex are
found between 1000 and 1200 cm'! and around 1660 cml. In the lower
wavenumber range, the strongest absorptions are at 1075 and 1089 cm and in
the higher wavenumber range, a broad absorption is found around 1660 cm-!.
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In general, all features in the IR spectrum of Lex are also present in the spectrum
of BG-H2, however, with varying intensity, which likely results from differing
ratios of alpha and beta anomers in the gas phase. The nearly identical IR
spectra of the intact ammonium adduct ions therefore imply that the
trisaccharides BG-H2 and Lex rearrange to the same chemical structure, not
only as protonated ions as observed previously!7* but also as ammonium adduct
ions. This is in good agreement with previously reported CID experiments in
which IRL reactions have been found for ammonium adducts.!”

Observing fucose migration in protonated ions and ammonium adducts at
almost identical instrument conditions indicates a comparable energy barrier,
migration mechanism and possibly even structure in the two types of ions. In
order to test this hypothesis, the optical signatures of protonated and
ammonium adduct ions of the Ley series are compared. Remarkably, very
similar IR signatures are observed for the isomers BG-H2 and Le, regardless
whether they are present as [M+NH4]* or [M+H]* species. The stacked overlay
in Figure 20 reveals that the main features are qualitatively present in all four IR
spectra (indicated by vertical dashed lines). This is a rather surprising
observation, as different adduct ions typically change the gas-phase
conformation of the molecule substantially and therefore lead to distinct IR
traces. A possible explanation for the striking similarities observed here is that
the present species are in fact not strict [M+NH4]* adducts, but rather neutral
ammonia adducts of a protonated glycan [NH3;+MH]*. The proton directly
transfers to the glycan while the ammonia is coordinated as the neutral species,
which does not seem to change the gas-phase conformation of the glycan. With
only weak interactions of the neutral ammonia molecule, the observed
absorptions largely correspond to those of the protonated glycan ion, which in
turn is able to undergo fucose migration.
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[Lex+H]*
—— [BG-H2+HJ*
——  [Le™NH,J’

—— [BG-H2+NH,J*
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Figure 20: Stacked overlay of the IR spectra of the parent ions BG-H2 and Lex investigated as
[M+H]* and [M+NH4]* species in the range of 1000-1710 cm™ (break between 1150 and
1640 cm™). The spectra of the protonated species are reproduced from Mucha et al.1”* and shown
in the range of 1020-1690 cm-!. The four IR spectra are highly similar.

Ammonia loss can be an indicator for the [NH3+MH]* species. Recorded as
[M+H]* ions, the ammonia loss can either be produced by varying the cone
voltage or also after ejection from the helium nanodroplet. The latter has been
recorded over all scans. A fraction of [M+H]* ions are detectable in each scan
indicating loosely bound ammonia. It should be pointed out that the [M+H]*
ion signal is recorded with each scan but it is not part of the resulting IR
spectrum of the [M+NH4]* species.

Gas-phase proton transfer is one of the most commonly observed processes in
ion-molecule chemistry and studies have provided a substantial database of
thermochemical parameters. For singly charged species, the protonation
propensity is predominantly governed by the gas-phase proton affinity (PA) of
the present functional groups. The gas-phase basicity (GB) and the PA are
directly derived from the reaction of a neutral molecule with a proton to form
the protonated species, with the GB corresponding to the Gibbs free energy
change and the PA as the respective enthalpy change.”” In the trisaccharides
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BG-H2 and Lex, the proton is likely located at the C=O of the amide (PA
230 kcal mol! for C=0O compared to 220 kcal mol! for the N-H group).!”
Even though the actual proton affinity can deviate depending on the local
environment, the PA of free ammonia is considerably lower (204 kcal mol-)!77
which supports the formation of a [NH3;+MH]*-type ion and the presence of a
mobile proton.

3.3.2.  Alkylammonium adduct ions

To further test the impact of proton mobility, the trisaccharide Le* was
investigated with two alkylammonium adduct ions as [Lex+NMesH]t and
[Lex+NEtH]* (Figure 21).

[Le*+NH,]* = 548 O;.

[Le*+NMe H]" = 589
—— [Lex+NELH]' = 631

| ! | T 7 T
1000 1050 1100 1650 1700
wavenumber (cm') ——»

Figure 21: Ovetlay of the IR spectra of [Lex+NMes;H]* (black line), [Lex+NEt;H]* (blue line)
and [Lex+NH,4]" (blue filled) in the range of 1000-1710 cm! (break between 1150 and 1640 cm'?).
The spectra of the alkylammonium adducts are very similar and differ from that of the ammonium
adduct of Lex.

The spectra of BG-H2 with different alkylammonium adduct ions could not be
recorded as a result of unstable electrospray conditions. As shown in Figure 22,
trimethylammonia (PA 227 kcal mol!) and triethylammonia (PA 235 kcal
mol)177 have substantially higher gas-phase PAs than ammonia. A proton
transfer from the alkylammonium ions to the glycan as observed for ammonium
ions is therefore energetically unlikely. The spectra of [Lex+NMes;H]* and
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[Lex+NEt;H]* shown in Figure 21 confirm this hypothesis. The two traces are
almost identical, but differ considerably from the spectrum of [Lex+NHy4|*. The
spectra of the alkylammonium adducts show two well-resolved bands at
1050 cm! and 1085 cm!, of which the first is a split band. In the higher
wavenumber range, a peak is found, which in comparison to the ammonium
adduct is slightly blue-shifted. The only noticeable difference in the two
alkylammonium adduct spectra are a side peak at 1081 cm! in the spectrum of
[Lex+NMesH|™ and a subtle shift of the feature at higher wavenumbers.
However, the tremendous difference to the spectrum of the ammonium adduct
is apparent. Alkylammonium adduct ions demobilize the proton or at least offer
two possible protonation sites. Therefore, the gas-phase structures of the
alkylammonium adducts of Lex are rather similar while those of the ammonium

adduct closely resembles that of the protonated species.
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C=0 in N-acetylglucosamine
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Figure 22: Proton affinity of different adduct ions in kcal mol! compared to the proton affinity
of the C=0 group in a representative N-acetylglucosamine (gray line).!7”- 178 Due to the local
environment, the PA of the C=0O group in Le* can be slightly different.

3.3.3. Fluorescently labeled glycan ions

Glycans are challenging to study with common analytical techniques, especially
at low analyte concentrations. A modification of the sugars with fluorescent
labels facilitates their analysis and quantification by liquid chromatography
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using fluorescence detection. Since glycans themselves do not fluoresce, they
are typically modified with a fluorophore at their reducing end by reductive
amination. Popular chromophores in LC are 2-aminobenzamide (2-AB),
anthranilic acid (AA) or 4-amino-N-(2-diethylaminoethyl) benzamide
(procainamide).*- 17 Labeling often goes in-line with improved protonation
efficiency due to the presence of one or more apparent basic sites at the label.
As a result, fluorescence labeling is also beneficial for hyphenated LC-MS
techniques.” However, to date relatively little is known about the impact of
fluorescence labeling on the previously described fucose migration reaction. In
otder to evaluate this, the trisaccharides of the Lev-series were modified with
the common AA (7/z 651) and procainamide-labels (72/% 749) (Figure 23).

anthranilic acid (AA) procainamide
OH HO o OH
OHH OHH
RO N RO
RO™ AN RO AN H
)=O ):O \/\r‘ll\/\
BG-H2 R,=H R, = a-Fuc-(1—-2)-B-Gal

Le* R,=a-Fuc R,=B-Gal

Figure 23: Chemical structures of the investigated, labeled trisacchatides. Bold red atoms indicate
possible protonation sites.

IR spectra of the protonated ions [M+H]* were recorded in the range from 900
to 1800 cm™ and 1000 to 1800 cm!, respectively, and the obtained traces are
shown in Figure 24. In the range from 1000 to 1200 cm!, the dominant
vibrations arise from the typical C-O and coupled C—O—-C-O-stretch
vibrations of the (hemi-)acetal. In stark contrast to the spectra of the
unmodified trisaccharides, all four spectra show a large number of vibrations in
the range from 1250 to 1500 cm, which are predominantly associated with
functional groups of the labels. In the last part of the spectra, from 1500 to
1800 cm-!, the vibrations derive either from the amide vibrations in the
N-acetylglucosamine or from the label.
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Figure 24: A. IR spectra of the parent ions Lex-AA (upper panel) and BG-H2-AA (lower panel)
investigated as [M+H]* species (72/z 651) in the range of 900~1800 cm-L. The two IR spectra ate
distinguishable from each other, and the gray dashed lines indicate major differences. B. IR
spectra of Lex-procainamide (upper panel) and BG-H2-procainamide (lower panel) investigated
as [M+H]* species (7/%749) in the range of 1000-1800 cm-!. For both isomeric sets, the two IR
spectra are clearly distinguishable from each other, and the gray dashed lines indicate major
differences.
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In AA-labeled glycans (Figure 24), vibrations above 1700 cm stem from the
C=0 stretch in the carboxylic acid at the aromatic ring. The IR spectra of the
AA-labeled glycans show well-resolved bands but also broad features. The latter
may result from a larger set of accessed low-energy conformers and/or
protonation isomers (protomers).!8" In the IR spectrum of BG-H2-AA, the
main features are found at 1087, 1305, 1523, and 1740 cm. In the IR spectrum
of the isomeric trisaccharide Lex-AA, the main absorptions are at 1044 and
1087 cm in the lower wavenumber range and at 1305 and 1582 cm and at
1705 and 1743 cm! in the higher wavenumber range. The IR fingerprints of the
two isomeric trisaccharides differ. Especially above 1450 cm-!, the vibration
bands are diagnostic. The main differences in the IR spectra are marked with
vertical gray dashed lines.

In procainamide-labeled glycans (Figure 24), a second amide group and a
tertiary amine contribute to the IR spectrum. The spectra of BG-H2-
procainamide and Le*-procainamide show less well-resolved features than the
spectra of the AA-labeled derivatives. In both spectra, strong amide vibrations
are found from 1500 to 1700 cm!. The spectral signatures or fingerprints of the
two isomeric trisaccharides are clearly distinguishable from each other.

Based on the observed spectra, both labels—anthranilic acid and
procainamide—seem to alter the proton mobility in the Le¥ series, which leads
to an inhibition of fucose migration. Based on the data, it is not possible to
exclude a rearrangement reaction; however, the observed chemical structures
are clearly different.

For procainamide, these results are consistent with previous CID experiments,
which show that this label reduces or inhibits IRL reactions in fucosylated
glycans.!8! Glycans labeled with anthranilic acid, on the other hand, have been
reported to produce unknown mass-to-charge signals from IRL reactions in
tandem MS experiments.®> A possible explanation for this different behavior
might be the competition between protonation sites. In AA-labeled glycans, the
proton has at least two possible sites with comparable affinity: the amide group
on the N-acteylglucosamine and the secondary, aromatic amine. The former
would facilitate a migration reaction, while the latter would inhibit it. In the
procainamide label, the basic tail with a tertiary amine probably has the highest
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proton affinity while the secondary, aromatic amine and the aromatic amide
have compatible affinities to the N-acteylglucosamine. It is therefore
conceivable that in both cases more than one protomer is populated at room
temperature. A migration, however, is—if at all—only conceivable in case of
the AA label. It can therefore be concluded that an additional functional group
with comparable or higher proton affinity inhibits or at least alters the fucose
migration reaction in the isomeric trisaccharides of the Lev-series.

3.4. Conclusion

Cryogenic IR spectroscopy was used to study the impact of adduct formation
and proton mobility on fucose migration reactions in the glycan isomers BG-H2
and Le*. In ammonium adducts, the proton is located at the glycan in the form
of a [NH3+MH]*-type ion of the individual isomers. These ions are in many
ways similar to [MH]* ions and show fucose migration to the same, yet not fully
unraveled, chemical structure. In the alkylammonium adducts of Le¥, on the
other hand, the proton is immobilized at the adduct, which leads to a distinct
glycan structure in which fucose migration is likely not occurring. A similar
behavior was observed when different functional groups with competitive
proton affinity are introduced. In these structures, fucose migration to one
chemical structure is inhibited or at least altered, since multiple competing
protonation sites in the glycan reduce proton mobility. These results agree well
with our previous results in which fucose migration is inhibited in the sodium
adducts.

In summary, our results suggest that a proton needs to be localized on the
trisaccharide and presumably in close proximity to the rearranging
monosaccharide for the fucose migration reaction to take place. This
observation validates what has already been found in work on IRL. The proton
mobility is influenced in the presence of adduct ions or functional groups with
competitive proton affinity.
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Chapter 4

Decoding the Fucose Migration Product in Blood
Group Epitopes*

Fucose, a signaling carbohydrate that is typically attached in the final step of
glycan processing, is involved in a range of processes such as the regulation of
selectin-dependent leukocyte adhesion or pathogen-receptor interactions.
Mass-spectrometric techniques, commonly used to determine the structure of
glycans, frequently show fucose-containing chimeric fragments that obfuscate
the analysis. The rearrangement reaction leading to these fragments—often
referred to as fucose migration—has been known for more than 25 years, but
the chemical identity of the rearrangement products and the mechanism remain
unknown. In this work, we combine ion-mobility spectrometry, radical-directed
dissociation mass spectrometry, and cryogenic-ion IR spectroscopy with high-
throughput density functional theory calculations to deduce the structure of the
rearrangement products in the model trisaccharides Lewis x and blood group
H type 2. The structurally unconstrained search yields the fucose moiety
attached to the galactose with an «l,6 glycosidic bond as the most
thermodynamically stable ion. The computed CCSs and IR spectra of the model
agree well with the experimental values, which further supports the «1,6-linked
structure as the rearrangement product. Finally, we discuss two possible
rearrangement mechanisms which would lead to the formation of such a

O
ST A

product.

LeX

* Based on an early version of: Lettow, M.; Mucha, E.; Lambeth, T. R.; Greis, K.; Yaman, M.;
Manz, C.; Hoffmann, W.; Meijer, G.; Julian, R. R.; von Helden, G.; Marianski, M.; Pagel K.
Decoding the Fucose Migration Product in Blood Group Epitopes. Manuscript in preparation.

>
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4.1. Introduction

Glycans are responsible for a range of key-biological functions, such as nutrient
storage, molecular signaling, and cell-cell communications. The widespread use
of glycans is enabled by their large structural heterogeneity, owed to the non-
trivial assembly rules of isomeric monosaccharides, and their large
conformational flexibility. This structural complexity poses a challenge for
analytical methods aimed at determining glycan molecular structure. Colluded
with a lack of a simple amplification mechanism, this renders glycomics lagging
behind genomics and proteomics.!82 Today, the structural analysis of glycans is
typically performed by sophisticated tandem mass spectrometry (MS)
techniques. The tandem MS spectrum of a glycan usually contains glycosidic
and cross-ring fragments, which can be used to reconstruct the topology of the
precursor.’? The assignment, however, is often hampered by the appearance of
non-native chimeric fragments, which are caused by an internal rearrangement
of particular monosaccharide building blocks. Fucose, a Co6-deoxy
L-monosaccharide involved in the extracellular communication, such as the
regulation of selectin-dependent leukocyte adhesion,!8 and the viral docking to
the host cell,'8* is particularly prone to migration along the glycan sequence.?:
172, 185187 This phenomenon has been known for more than 25 year, however,
the mechanism as well as structural triggers of the rearrangement remain
unknown.8! 82. 174 Finally, the migration is not limited to fucose, but has also
been observed for other biologically relevant saccharides such as thamnose,??
mannose,® and recently, xylose.52

In recent years, the capabilities of MS for glycan analysis have been significantly
enhanced by the introduction of orthogonal gas-phase techniques. Ion mobility-
mass spectrometry (IM-MS) adds a structural dimension to the mass-to-charge
ratio in form of a rotationally-averaged collision cross section!?. 11! and action
infrared spectroscopy probes the spatial structure of the ion in form of an IR
spectrum. 126,127,188 In the past, we have applied both techniques to identify the
glycosidic bond regio- and stereochemistry in glycans'?” and glycoconjugates,?
and unraveled the structure of reaction intermediates in glycosylation
reactions.!®0, 152,189 Radical-mediated dissection of glycans in tandem MS has
shown to be structure sensitive to discriminate isomeric glycans.!0: 191 In radical-
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directed dissociation (RDD) MS, a radical, generated upon UV
photodissociation, migrates along the glycan core to produce diverse
dissociation products, such as cross-ring cleavages for cations, increasing its
sensitivity compared to collision-induced dissociation.!92

Recently, we elucidated the migration of fucose in the Lewis x (Le¥) and blood
group antigen H, type 2 (BG-H2) trisaccharides. They share a
D-galactopyranose [1,4D-N-acetylglucosoaminepyranose (Galf1,4GlcNAc)
core, but differ by the attachment of the fucosyl moiety (Figure 25). In Le, the
fucose is attached via an «1,3 glycosidic bond to the reducing GIcNAc, whereas
in BG-H2 the fucose is linked by an «1,2 bond to the galactose. Cryogenic IR
spectroscopy revealed identical mid-IR fingerprints for the protonated
[Lex+H]* and [BG-H2+H]* trisaccharide ions, which indicates that fucose
migration can occur at ambient conditions and does not require collision-
induced dissociation.'™ In a subsequent work, we further showed that the
rearrangement is promoted by a mobile proton, whereas lithium, sodium and
adducts with an immobilized proton inhibit migration, see Chapter 3. However,
the final structure of the rearrangement product and the triggers that initiate
migration remain elusive to date. In this work, we combine structural data from
IM-MS, cryogenic IR spectroscopy and RDD with high-throughput density
functional theory (DFT) modeling to elucidate the molecular structure of the
rearrangement product and discuss possible mechanisms leading to its
formation.

4.2.  Experimental Details
Mass spectrometry-based experiments

The three utilized instruments have been described in great detail in previous
publications,'?>194 and therefore only relevant details are discussed here. In the
utilized IM-MS experiment, molecular ions are generated by nano-electrospray
ionization and transferred into the instrument via a capillary inlet. Before being
injected to an 80.55 cm long drift tube for mobility separation, the ions are
accumulated and stored in an hourglass ion funnel. This section can be used to
collisionally activate the ions below their dissociation threshold (sub-CID, harsh
conditions) by applying an electric field of up to 190 V cm! over a distance of
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approx. 1 cm. Under soft conditions, the electric field strength is only 30 V cm-!
across the respective distance. With a helium gas pressure of approx. 4.1 mbar,
the ions quickly loose an excess of kinetic energy before entering the drift tube.
After the separation and subsequent m/z-selection, their atrival time
distributions (ATD) are recorded in the high vacuum stages of the mass
spectrometer. From the ATDs, drift times are extracted from which mobilities
are calculated. The mobilities are subsequently converted into PTCCSh. using
the Mason-Schamp equation.!?>

RDD experiments were performed using a modified Thermo Fisher LTQ linear
ion trap. Prior to analysis, the molecules are derivatised with a para-iodoaniline
linker to provide a photocleavable C—I bond using established protocols.’® To
technically achieve that, the trisaccharides were modified by an additional
galactose monosaccharide at the reducing end, such that the Lex and BG-H2
motives are preserved (Figure 26). In a multistep MS workflow, the parent ions
are generated by nano-electrospray ionization, collisionally activated below their
dissociation threshold (sub-CID, harsh conditions), 7/ z-selected and irradiated
using fourth harmonic (266 nm) pulses from a Continuum Minilite II Nd:YAG
laser. The generated radical ions of interest are isolated and activated via CID
with a relative energy of 20 to yield the respective mass spectrum.

In cryogenic IR spectroscopy, the ions are generated by nano-electrospray
ionization. To avoid excessive activation, soft source conditions are used to
transfer the intact ions to the gas phase.” Next, the 7/ z-selected species are
accumulated in a hexapole ion trap, which can be maintained under room
temperature (warm trap) or cooled to 90 K (cold trap). These ions are then
captured by superfluid helium nanodroplets (approx. size of 105 atoms)
traversing the trap. Inside the droplet, which acts as a transparent thermostat,
the ion is rapidly cooled down to 0.4 K. Downstream the apparatus, these
droplets are irradiated by the Fritz Haber Institute IR free-electron laser (FHI-
FEL). The resonant frequency of the laser pulse and a molecular vibration
causes the droplet evaporation, leading to the ion release from the droplet,
which is recorded using the time-of-flight (TOF) spectrometer. The ion count
recorded at the TOF as a function of the frequency yields the IR spectrum of
the ion in cryogenic conditions.
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Computational modelling*

The here presented DFT-based search protocol has been previously
successfully applied to the structural assignment of glycoconjugates® and amino
acids complexes.!? The search protocol, which has been implemented in the
glypy python package,'’is outlined below. First, the conformational spaces of
the amide-protonated Lex and BG-H2 ions, with both the « and B-anomers and
cis (-c-) and trans orientation (-t-) of the amide bond, were sampled using
replica-exchange molecular dynamics that led to eight conformational spaces.
Next, two distinct structures, which differed by the orientation of at least one
glycosidic bond, were selected to initialize a structural search using CREST, a
part of the xtb package.!” The GFN2-xTB energy function was chosen,
because it outperforms other empirical and semiempirical methods when tested
against mono- and disaccharide benchmark sets.!?% 19 The conformational
ensembles were then merged and clustered to select a set of 750 conformers,
which were reoptimized using the PBEO hybrid density functional and a small
basis set.?0 For each ion, the resulting ensembles were clustered again using
tighter geometrical criteria. We collected the 121 conformers within a 6 kcal
mol! energy window above the respective lowest energy structure, which were
then reoptimized at the PBEO+D?3 level of theory in a larger basis set. Finally,
each of these eight sets was appended with structures generated from a third
independent CREST search and reoptimized at the same level of theory, which
resulted in additional 185 conformers. The relaxed geometries were used for
the harmonic frequency analysis to derive their free energies, derivation of the
anharmonic spectra for selected ions, and prediction of their CCS using the
projection approximation method implemented in the sigma code (hereafter
referred as PACCS).20!

4.3.  Results and Discussion

The arrival-time distributions (ATDs) of the [Lex+H]* and [BG-H2+H]" ions,
which were recorded at soft and harsh (sub-CID) conditions to mimic the
source conditions in commercial mass spectrometers, are shown in the Figure
25. The [Lex +H]* ions show highly similar ATD profiles under both conditions

* Calculations were performed by Kim Greis, Murat Yaman, and Mateusz Marianski.
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with a collision cross section in helium buffer gas PTCCSpy of 143 A2 The ATD
of the [BG-H2+H]" ions, on the other hand, changes upon activation. Under
soft conditions, the ions yield a PTCCSp. of 146 A2, which decreases to 143 A2
at harsh conditions. A structural compaction upon heating is not observed for
glycan ions of that size, and the subtle drop in size instead is likely caused by
structural isomerism yielding ions of a similar size as [Lex+H]*.
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Figure 25: IM-MS data at soft and harsh (sub-CID) conditions of Lex and BG-H2. A. Arrival-
time distributions of activated (harsh conditions) and non-activated (soft conditions) intact
precursor standards of [Lex+H]|" and [BG-H2+H]* in heatmap representation. Upon activation,
DTCCSy. of the [BG-H2+H]* ion decreases from 146 A2 to 143 A2, but PTCCSy. of [Lex+H]*
of 143 A2 remains unchanged. B. Symbol nomenclature for glycans (SNFG) eases the
representation of complex glycans. C. Arrival-time distributions of [Lex+H]* and [BG-H2+H]*
from (A) shown in classical plots for comparison.

To shed light on the potential rearrangement, RDD spectra of Lex- or BG-H2-
based tetrasaccharides were recorded without (soft) and with sub-CID (harsh)
activation (Figure 26). The BG-H2-based structure generally shows more
pronounced differences in fragment abundance between soft and harsh
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activation conditions than the Lex-based tetrasaccharide. In the respective RDD
spectrum, the glycosidic fragment at 7/% 512 increases in intensity at sub-CID
conditions, whereas the glycosidic fragment at »/z 443 decreases, pointing
towards a rearrangement within the core Gal-GlcNAc unit. In contrast, the
ratios of the most intense ion fragments in the RDD spectrum of the Lex-based
tetrasaccharide do not change significantly. Furthermore, in all RDD spectra,
fucose migration to the linker or the additional galactose can be observed
(m/ 2404, denoted with an asterisk), which highlights the general ability of
fucose to undergo migration reactions to different sites. While some of these
sites could be easily identified by their masses, migration along the sequence
might yield fragments with unchanged 7/ value so that such rearrangement is
camouflaged.
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Figute 26: Radical fragmentation spectra afforded by photodissociation of the precutsor 7/3 895
and RDD of the generated radical glycan 7/5 768 (indicated with an arrow) of the isomeric A.
Lex-based tetrasaccharide and B. BG-H2-based tetrasaccharide. The spectra of the BG-H2-based
tetrasaccharide show more pronounced differences between soft and harsh conditions compared
to the spectra of the Le*-based tetrasaccharide.

To corroborate these results, we recorded the cryogenic-IR spectra (using cold
trap) of the two modified tetrasaccharides (Figure 27). The vibrational spectrum
of the Lex-based tetrasaccharide appears as sub-spectrum of that of the BG-H2-
based tetrasaccharide, which is readily visible in their amide region. The former
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shows only one band in the amide I region (main contribution from v(C=0) of
the GlcNAc), which, in addition to another blue-shifted band, is mirrored in
the spectrum of the latter. With only one C=0 oscillator in these molecules,
the two bands in the IR spectrum of the BG-H2-based tetrasaccharide, strongly
shifted by approx. 50 cm, can be associated to the presence of two isomeric
structures.

Le*-based tetrasaccharide
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Figure 27: IR spectra of the intact A. Lex- and B. BG-H2-based tetrasaccharides. The IR spectrum
of the Lex-based tetrasaccharide featutres a subset of vibrational bands from the IR spectrum of
the BG-H2-based tetrasaccharide. As an inset, IR spectra recorded with a higher laser focus (i.e.
higher photon density) are given with each spectrum to potentially resolve weaker vibrational
modes.

Finally, we recorded the IR spectra of the two trisaccharides at different trap
temperatures. We hypothesize that accumulation of the ions in the cold trap
should slow the rearrangement process enough to record the IR spectra of the
precursor ions. The IR spectra of the [Lex+H]* ions obtained in a warm or cold
trap show little difference, while the IR signatures of the [BG-H2+H]" ions are
clearly sensitive to the trap’s temperature (Figure 28). In a warm trap, the
[BG-H2+H]* spectrum is similar to that of [Lex+H]|*. Quenching of the
isomerization kinetics by cooling of the trap leads to several additional features
in the IR spectra. Both spectra of [Lex+H]* exhibit a complex feature in the
region of C—C and C-O stretching modes between 1025-1175 cm, and a
narrow band in the amide I region at 1660 cm. By contrast, the spectrum of
the [BG-H2+H]" ions accumulated in the cold trap lacks the band at 1060 cm-!
and instead displays additional peaks at 1100 cm™ and 1140 cm! as well as a

67



Decoding the Fucose Migration Product in Blood Group Epitopes

broad feature in the amide I region between 1640 cm ! and 1700 cm!. Especially
the amide I region is sensitive to the chemical environment of the N-acetyl
group in the GIcNAc monosaccharide. At room temperature, the ions are
expected to be present in more conformations than at 90K. Upon contact with
the helium droplets, the ensemble is flash frozen, leading to kinetic trapping of
individual conformers. Usually, this leads to crowded and more complex spectra
at higher trap temperature. However, in the particular case of [BG-H2+H]*,
richer features in the amide I region are observed for the cold-trap settings. This
is likely the result of the trapping of multiple chemical structures—precursor,
product structures, and potential reaction intermediates—rather than different
conformers of the same ion.

==warm trap

Lex f'-cold trap
o

A 10251075 1125 1175 1600 1650 1700 1750
BG-H2

oN |

A

1025 1075 1125 1175 1600 1650 1700 1750
Wavenumber (cm™)

Figure 28: IR spectra of the intact [Lex+H]* and [BG-H2+H]* standards recorded using warm
and cold traps. The spectrum of [Lex+H]* remains unchanged, but the spectrum of [BG-H2+H]*
changes (guided by dashed lines) when the temperature of the trap is changed.

In summary, the three MS-based experiments can be interpreted as the fucose
rearrangement from [BG-H2+H]* to the [Lex+H]* ion. The spectra of
[BG-H2+H]* show strong dependence on the activation condition, while the
[Lex+H]* appears to be insensitive. However, at this point we cannot exclude
the alternative scenario, in which both glycans rearrange to a third common—
yet unknown—structure. In this case, the fucose of the [Lex+H]* ion is more
labile and undergoes the rearrangement already during the ionization process,
while the [BG-H2+H]" ion is stable enough to be captured in the cold trap.

To determine which of these two migration mechanisms—the interconversion
between the two precursors, or the rearrangement towards a third unknown
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structure—occurs, we applied methods of computational chemistry to identify
the lowest-free energy structure that matches the experimental PTCCSp. and IR
spectrum. The resulting free-energy hierarchy and the spectra of the two most
stable anomers are shown in Figure 29.
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Figure 29: A. The PACCS vs. relative free energy (AF) of conformers of the [Lex+H]* and
[BG-H2+H]* at PBE0+D3/6-311+G(d,p) level of theory. The dashed line indicates the
experimental CCS, and the free energies are plotted relative to the lowest-free energy conformer
of [3-c-BG-H2+H]*. B. The comparison of the experimental and vibrational spectrum of the
most stable anomers of [BG-H2+H]*.

The theory predicts that the two most stable anomers are [-c-BG-H2+H]*
(AF=0.0 kcal mol"), and [a-t-BG-H2+H]* (AF=1.5 kcal mol!), whereas the
lowest-free energy structures of [a-t-Lex+H]* and [B-t-Lex+H]* are 4.1 and
3.5 kcal mol! less stable, respectively. The PACCS of the [3-t-Lex+H]* of 133 A2
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is substantially smaller than the experimental value of 143 A2, Furthermore, it
is 9 A2 lower than the PACCS of the [3-c-BG-H2+H]* (142 A2), which is larger
than the contraction of 3 A2 that occurs upon activation of the [BG-H2+H]*
ion. Furthermore, the simulated IR spectra of the [Lex+H]* ion show a poor
agreement with the experimental spectrum, as the theory does not predict the
correct shape of the band in the 1075-1125 cm! region. It also misplaces the
position of the protonated amide band, predicting it at 1650 and 1700 cm-! for
the (B- and o-anomers, respectively. The simulated spectrum of the
[8-BG-H2+H]" ion (Figure 29), on the other hand, resembles to some degree
the amide I features observed in the cold-trap spectrum. Specifically, the
protonated amide bands of the - and a-anomers at 1640 and 1700 cm,
respectively, match the additional shoulders in the broad feature visible in the
amide region. Thus, in addition to the rearrangement product, also the
[BG-H2+H]* ions are observed in the IR spectrum recorded using the cold
trap. However, the [Lex+H]* ion is not the product of this rearrangement and
there is abundant evidence supporting this claim: 1) the a- and $-anomers of
[Lex+H]* are thermodynamically less stable than the [BG-H2+H]* isomers; 2)
the [Lex+H]" ions are too compact and the predicted compaction of CCS is
much larger than the observed 3 A2 and 3) the predicted IR spectrum of
[Lex+H]* matches pootly to the experimental spectrum. Based on these
grounds, we conclude that the rearrangement must proceed towards a third,

unknown structure.

To reveal the identity of the rearrangement product, we have repeated the
structural search for all conceivable constitutional isomers of the trisaccharide.
We have investigated each type of linkage between the fucose and the
GalB1,4GlcNAc core in both anomeric forms, in both configurations of the
glycosidic bond, and both orientations of the amide group, which in total equals
to 56 types of structures. This involved 4999 additional optimizations in the
smaller basis set, followed by 786 additional geometry relaxations and frequency
calculations in the larger basis set. The relative free energies of the most stable
conformers, along with the difference between PACCS and PTCCSpe, are
summarized in Table 1.
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The expanded structural search confirms that neither [Lex+H]|* nor
[BG-H2+H]* constitutes the thermodynamic global minimum of the
trisaccharide structural space. Instead, the global minimum features the fucose
moiety attached by a 1,6 glycosidic bond to the galactose. This trans-amide
bond a-anomer (Ja-t-o1,6+H]*) is more stable by 5.7 kcal mol? than the most
stable conformer of the BG-H2/Les pair, and its PACCS matches the
experimental value well. Two other structures, which have fucose connected by
either the a1,1a or 1,18 linkages to the reducing GlcNAc, are less stable by 1.0
and 2.3 kcal mol! respectively, and all other structures are at least 4 kcal mol!
less stable than the global minimum. Most notably, the fucose attached to the
N-acetyl group of the GIcNAc, which has recently been reported as the
potential fucose rearrangement product,?’? is at least 10.9 kcal mol! less stable
than the [o-o1,6+H]* ion, and has a PACCS 11 A2 smaller than the experimental
value. In case of the $-anomer, there are six chemically different ions within a
free-energy range of 1.0 kcal mol. These include the [3-c-BG-H2+H]*, the
B-anomer of the fucose linked via the «1,06Gal bond, an ion with
GlcNACcB1,18Fuc bond, and three other ions that have the B-glycosidic bond
and cis-amide bond orientation. Other rearrangement products are at least
3.0 kcal mol! less stable than the most stable 8-anomer.
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Table 1: The relative free energy in kcal mol! at 300 K, with respect to the lowest-free energy
a-anomer of Fucal,6GalB1,4GIcNAca and the difference between calculated PACCS and
experimental PTCCSyie of 143 A2 of the lowest-free energy conformer of each possible fucose
position around the Gal81,4GlcNAc core. Cells with the data for the Lex and BG-H2 are in bold
letters. The lowest energy conformer is highlighted in gray.

®-anomer B-anomer

Bond configuration o B8 o B

Linkage Amide | AF  ACCS AF ACCS AF ACCS AF ACCS

1,1 trans 1.0 1 2.3 2 6.0 0 4.6 0
1,1 cis 7.6 -12 7.7 -15 6.6 -4 6.6 -9

>

1,2 trans | 10.9  -11 149  -11 140 -10 175 -13

1,2 cis 13.3 6 18.8 -5 15.1 3 17.7 0
GIlcNAc
1,3 trans 8.3 -5 8.7 -8 7.7 -7 7.7 -4
1,3 cis 11.8 -3 10.1 -4 9.1 -1 8.2 -2
1,6 trans 5.9 -3 5.9 -8 7.6 -7 5.4 -7
1,6 cis 9.3 1 7.1 -3 8.1 3 4.9 -3
1,2 trans 5.7 -5 6.3 -5 6.3 0 7.4 7
1,2 cis 7.0 -3 7.4 -5 4.2 -1 5.0 -3
13 trans 8.2 0 4.2 -10 8.6 3 8.9 2
1,3 cis 9.4 1 8.9 5 7.2 2 6.8 6
Gal

1,4 trans 5.8 2 44 -3 7.7 3 7.3 -1
1,4 cis 10.1 -12 6.5 0 9.1 0 4.5 0

1,6 trans | 0.0 0 4.1 1 4.4 0 7.0 -4

1,6 cis 7.0 0 7.9 -10 6.2 -5 8.7 2

>
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Among these potential candidates, the RDD data excludes the 1,1
rearrangement product as potential candidate for the Lex and BG-H2-based
tetrasaccharides. In these, this position is blocked by the label but still
rearrangement is observed when induced with sub-CID conditions. Therefore,
the 1,1 rearrangement product shall also be excluded for the trisaccharides. This
leaves only one possible candidate for the rearrangement product in Lex and
BG-H2 trisaccharides, which has the fucose linked with the «1,6 glycosidic
bond to the terminal galactose. To validate this prediction, we have compared
the calculated spectra of several different low-energy ions with the experimental
IR spectrum (Figure 30). The computed spectrum of the [a-t-al,6+H]*
provides an excellent match in the amide I region, which explains the narrowing
of the band that happens in combination with the warm trap. In addition, the
1000-1200 cm? region qualitatively agrees surprisingly well with the
experimental data. The spectrum shows several bands at 1040, 1075, 1100 and
1130 cm !, which are also present in the experimental IR spectrum, whereas
none of the spectra of other low-energy structures provide a comparable match.
Therefore, we conclude that the unknown rearrangement product observed in
the three MS-based experiments has the fucose connected with the «1,6
glycosidic bond to the terminal galactose. This assignment is validated by the
three independent measurements: the thermodynamic stability of the ion, its
CCS, and the IR fingerprint. The small discrepancies in the IR spectrum, such
as the missing band at 1060 cm! and a small shoulder at 1700 cm!, are likely
caused by the presence of small amounts of the 3-anomer which features more
chemically different ions of similar stability.
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Figure 30: The comparison of the experimental and anharmonic theoretical spectra for few low-
energy ions of different chemical structures.

Finally, the rearrangement mechanism that leads to the formation of the ion
has to be considered. The rearrangement product retains the a-configuration of
the glycosidic bond, which can be achieved by two subsequent Sn2-like
reactions, proceeding through a less stable intermediate (Figure 31). This
proposed mechanism does not suffer from the entropy penalty associated with,
for example, the ring opening and closing mechanism proposed in the
literature.’6 During the first step of the rearrangement of [BG-H2+H]*, the
protonated amide acts as a proton donor, which protonates the Fucal,2Gal
glycosidic bond through a chain of hydroxy groups. After the rotation around
the GalB1,4GlcNAc bond, the anomeric carbon of the fucose moiety is attacked
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from the B-side by the carbonyl oxygen in the amide group. The resulting
intermediate has a similar structure to that reported recently by the group of
Boons.?02 Next, another rotation around the GalB1,4GIcNAc bond prearranges
the ion for the second Sn2 reaction: a nucleophilic attack of the 6-O of the
galactose to the a-side of the fucose anomeric carbon, which recovers the initial
a-configuration. In the proposed mechanism, the first fucose migration to the
amide group constitutes the rate-determining step. In [Lex+H]*, the fucose
moiety is already in the proximity of the amide group. As a result, this first step
of the rearrangement is accelerated, making the ion more prone to the
rearrangement—so prone in fact that none of the three experiments records the

true spectrum of the Lex trisaccharide.
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Figure 31: The proposed closed-ring reaction mechanism of the [o-t-BG-H2]* leading to
the formation of the [o-t-1,6+H]".

Alternatively, the rearrangement might proceed via a modified mechanism
proposed by Hatvey et. al,8 which involves a protonation-induced fucose-ring
opening step (Figure 32). In the [BG-H2+H]*, the ring opening would form a
carbocation on the anomeric carbon of the fucose group, which constitutes a
good target for the nucleophilic attack by the adjacent 3-O group. After the
attack, the resulting intermediate ion would feature three fused rings. The
fucose transfer to 3-O could be completed by a stereospecific nucleophilic
attack by the 5-O, which, by ring closing, would lead to the formation of the
transition [Lex+H]* ion. Next, the rotation around the GalB1,4GlcNAc would
position the 6-O on the galactose for the second step of this rearrangement,
which leads to the transfer of the fucose moiety to the 6-O on the galactose. In
this mechanism, the [Lex+H]* acts as intermediate ion, after the rate-limiting
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first rearrangement step, which would explain why the true spectrum of the Lex
ion was not recorded.
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Figure 32: The proposed open-ring reaction mechanism of the [a-t-BG-H2]* leading to
the formation of the [a-t-a1,6+H]*.

4.4. Conclusion

In summary, using three MS-based methods—IM-MS, RDD-MS and
cryogenic-IR spectroscopy—we investigated the structure and stability of the
intact, protonated ions of the human blood group epitopes Lex and BG-H2 and
identified the final rearrangement product of fucose migration. First, our data
confirm that CID is not a prerequisite for fucose migration. Second, the large-
scale DFT calculations likely identified the structure of the rearrangement
product. Surprisingly, this product is neither Lex nor BG-H2. Instead it is a third
structure which is common to both of them and catries the fucose moiety
attached via an o1,6 glycosidic bond to the terminal galactose. Regardless of the
activation conditions, the CCS and spectral fingerprint of this structure match
well with that recorded for rearranged Lex. This indicates that the rearrangement
barrier leading to this structure is particularly low, so low that none of the
experiments probes the true Lex structure. [BG-H2+H]* on the other hand,
requires more activation energy and can therefore be trapped intact in the mass
spectrometer. This difference in migration barrier highlights that structural
motifs which appear similar at first glance may behave very different in tandem
MS experiments—which has broad implications for the MS—based sequencing
of carbohydrates.
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Chapter 5

Infrared Action Spectroscopy of
Glycosaminoglycans*

Glycosaminoglycans (GAGs) are a physio- and pharmacologically highly
relevant class of complex saccharides, possessing a linear sequence and strongly
acidic character. Their repetitive linear core makes them seem structurally
simple at first glance, yet differences in sulfation and epimerization lead to an
enormous structural diversity with only a few GAGs having been successfully
characterized to date. Recent infrared action spectroscopic experiments on
sulfated mono- and disaccharide ions show great promise. Here, we assess the
potential of two types of gas-phase action spectroscopy approaches in the range
from 1000 to 1800 cm- for the structural analysis of complex GAG
oligosaccharides. Synthetic tetra- and pentasaccharides were chosen as model
compounds for this benchmark study. Utilizing infrared multiple photon
dissociation action spectroscopy at room temperature, diagnostic bands are
largely unresolved. In contrast, cryogenic infrared action spectroscopy of ions
trapped in helium nanodroplets yields resolved infrared spectra with diagnostic
features for monosaccharide composition and sulfation pattern. The analysis of
GAGs could therefore significantly benefit from expanding the conventional
MS-based toolkit with gas-phase cryogenic IR spectroscopy.

Cryogenic IR Spectroscdby

* Adapted from: Lettow, M.; Grabarics, M.; Mucha, E.; Thomas, D. A.; Polewski, L.; Freyse, J.;
Rademann, J.; Meijer, G.; von Helden, G.; Pagel, K, IR Action Spectroscopy of
Glycosaminoglycan Oligosaccharides. Anal. Bioanal. Chem. 2020, 412, 533-537. Maike Lettow and
Marké Grabarics contributed equally.
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5.1. Introduction

Living systems encode information and function in the sequence of
biopolymers. Determining the primary structure of nucleic acids and proteins
has played a central role in the progress in life sciences, with an arsenal of
sensitive and automated sequencing strategies currently available. The high-
throughput de novo sequencing of glycans, however, is still one of the biggest
challenges in bioanalytics.!'* 116 An important group of complex carbohydrates
are glycosaminoglycans (GAGs). These are strongly acidic polysaccharides with
a linear sequence of repeating disaccharide units.23 Based on the structure of
these disaccharides, five families of GAGs are distinguished. With the exception
of naturally occurring hyaluronan, the backbone is diversely sulfated, giving rise
to a multitude of isomeric sequences.

GAGs are ubiquitous in the extracellular matrix and on cell surfaces.?# Both as
glycoconjugates and in unconjugated form, they mediate various physio- and
pathophysiological ~ processes, such as haemostasis, inflaimmation,
tumorigenesis or target-cell recognition in infections.!? 205 Heparin—arguably
the best known and pharmaceutically most relevant natural GAG—is a widely
used and potent anticoagulant.?® Due to its unfavorable pharmacokinetic
properties, natural heparin is being increasingly substituted by low molecular
weight heparins (LMWHs) and synthetic GAG analogues. The best example of
the latter approach is fondaparinux (Arixtra®), a heparin-related fully synthetic
pentasaccharide, approved by the EMA and the FDA (Figure 33).
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Figure 33: The synthetic anticoagulant fondaparinux (as sodium salt) presented as chemical
structure and in the symbol nomenclature for glycans (SNFG, legend given in grey box).2?
Highlighted in red are the positions of the sulfate groups.

Improved quality control in pharmaceutical analysis and more broadly the
pursuit to elucidate the glycocode, both urge the development of efficient
sequencing methods. However, the analysis of GAGs has proven to be
extremely challenging. Despite the relatively simple backbone, they exhibit
immense complexity, which arises from two aspects of their structure: size
polydispersity and sequence microheterogeneity. As polydisperse systems, their
degree of polymerization is not well-defined, making efficient separation
methods essential. Sequence microheterogeneity, on the other hand, is the result
of uronic acid epimerization and the extent and position of sulfation.
Multidimensional workflows combining chromatographic or electrophoretic
separation with mass spectrometry (MS) have been traditionally employed to
tackle the aforementioned difficulties.?0”. 208 Here, the high charge density and
the instantaneous, often unintended loss of sulfates during ion manipulation
cause additional problems. In recent years, significant progress has been made
in using novel electron-based ion activation methods (EDD,2® EID,?10
NETD)?!! and ultraviolet photodissociation (UVPD)7 to improve the
capabilities of MS to overcome the unique challenges of GAG analysis. Another
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promising direction is to employ ion mobility spectrometry (IMS) to separate
isomers or isomeric fragments prior to MS analysis.?'2 213 A complementary
method to MS-based approaches is Fourier transform infrared (FTIR)
spectroscopy, which has been employed for the spectroscopic profiling of intact
biological samples.?'* 215 However, despite the aforementioned successful
attempts, GAGs are still largely underexplored.

The potential of gas-phase infrared (IR) spectroscopy on mass-selected ions to
tackle the complexity of GAGs has been demonstrated using infrared multiple
photon dissociation (IRMPD) spectroscopy!? 216 and messenger-tagging
spectroscopy.?!'” Generally, spectra measured at low temperatures and without
excessive ion heating proved to be better resolved. Here, we employ IRMPD
spectroscopy and cryogenic IR spectroscopy in helium nanodroplets in a
comparative manner to benchmark the analytical performance of each method.
The aforementioned spectroscopic studies focused on disaccharides. Here, we
extend the molecular space and report gas-phase IR spectra for synthetic tetra-
and pentasaccharides with a different degree of sulfation. Such well-defined
structures are well-suited for proof-of-principle analyses, exhibiting every
aspect of sequence microheterogeneity, including uronic acid stereochemistry.
In addition, the investigated molecules are similar in size to the smallest GAG
oligosaccharides that carry biological information.?” Finally, they provide
residue overlap that is essential for sequencing longer GAG chains based on
their characteristic fragments.

5.2. Experimental Details
Sample preparation

Fondaparinux-sodium salt (Arixtra®) was purchased from Sigma-Aldrich (St
Louis, USA). The sulfated oligohyaluronans were synthesized as described
previously.?® All samples were used without further purification. Solvents
(HPLC grade) were purchased from Sigma-Aldrich (St Louis, USA). Aqueous
glycan stock solutions with a concentration of 1 mM were further diluted prior
use with water/methanol (v/v, 50/50) to yield 50-500 uM analyte solutions.
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Infrared multiple photon dissociation spectroscopy

The experimental setup is comprehensively described in Section 2.1.
Cryogenic infrared spectroscopy in helium nanodroplets

The experimental setup is comprehensively described in Section 2.3.
5.3.  Results and Discussion

5.3.1. Fondaparinux

First, the commercially available fondaparinux-sodium salt (1727 Da, Figure 33)
was investigated as doubly protonated species [fondaparinux+2H]?* (»/z 864)
and as adduct with two additional sodium ions [fondaparinux+2Nal?*
(m/ % 886). Using IRMPD, IR spectra for both species were recorded (Figure
34). Activation of both precursor ions leads to the loss of one of the eight
possible sulfate groups as neutral SOs. The level of activation, i.e., the number
of photons exciting the molecule, is tuned such that ideally only one loss
channel is populated. Both spectra show three regions of absorptions. Most
specific for the investigated ions are the positions of bands above 1600 cm-, a
region that is typically attributed to the stretching vibrations of carbonyl and
carboxylate functional groups. The [fondaparinux+2H]?* ion exhibits a strong
absorption centered at 1755 cm!, which indicates that two protons are located
at the carboxyl functional groups, making them neutral. In comparison, the
sodiated analogue [fondaparinux+2Na|?* shows a strong stretching vibration
of the charged carboxylates at 1630 cm!. Between 1200 and 1450 cm-!, mainly
the antisymmetric SOs stretching modes from multiple sulfate groups are
observable,'? with minor contributions of weak C—H bending vibrations. In
the lower wavenumber range, combined C—O and C-C stretching vibrations
from the glycan core and also the symmetric SO5 stretching modes are typically
found. Overall, the spectra are rather congested, especially in the lower
wavenumber range.
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Figure 34: A. IRMPD spectroscopy of fondaparinux-sodium salt (1727 Da) investigated as adduct
with two additional sodium ions [fondaparinux+2Na]?* (upper panel) and as doubly protonated
species [fondaparinux+2H]?>* (lower panel). B. Cryogenic IR spectroscopy in helium
nanodroplets of the aforementioned ions. Dashed lines indicate an ovetlap of measurements
using different laser focus.

To qualitatively benchmark the gain in spectral quality at low ion temperature,
the IR spectrta for both species [fondaparinux+2Na]>* and
[fondaparinux+2H]*" were recorded using cryogenic IR spectroscopy (Figure
34). Generally, the position of the absorption bands obtained in IRMPD is
reproduced. Yet, the spectral resolution in the cryogenic IR spectra is much
higher even in the lower wavenumber range. A limitation is that the intensity of
bands in the higher wavenumber range is much lower and as a consequence the
carbonyl vibration above 1750 cm™! cannot be sufficiently resolved.
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5.3.2. Hyaluronic Acid Tetrasaccharides

As cryogenic IR spectroscopy yields spectra of improved resolution, the ability
of the method to provide discrete spectral features potentially diagnostic to the
sulfation pattern was tested. To do so, a model system of the hyaluronic acid
(HA) family was studied. Sulfated hyaluronic acid (SHA) derivatives are in focus
of current research to systematically tailor GAG-protein interactions (Figure
35).218 These newly developed potential drug candidates serve as well-defined
standards in this study. With their low degree of sulfation, high stability in a
mass spectrometry experiment and acidic nature, negative ion mode is well-
suited for these molecules.

6,
Q 0 u . linkage 43*2

glucuronic  iduronic  glucosamine N-acetyl-
acid acid glucosamine - a =f

Figure 35: Chemical structure and SNFG representation?? of the investigated synthetic, sulfated
(highlighted in red) hyaluronic acid (SHA) derivative.

The IR spectra for the non-sulfated HA tetrasaccharide as [HA-2H]? (/3 400)
and the doubly sulfated 2SHA derivative as [2SHA-2H]> (7/3 480) were
recorded using cryogenic IR spectroscopy (Figure 36). The strongest absorption
in the spectrum of the non-sulfated [HA-2H]? is the carboxylate antisymmetric
stretching vibration at 1645 cm!. The presence of this band confirms the
deprotonation of the carboxyl functional group. The amide I band (the C=0O
stretching vibration of secondary amides) arising from the GIcNAc moiety is
most likely overlapped by the strong vibration of the carboxylate anion. The
corresponding amide II and III vibrations are assigned to the features observed
at 1585 cm and 1372 cm, respectively. Absorptions between 1000 and
1200 cm ! mainly stem from the glycan core.
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In order to elucidate the impact of sulfation, the spectrum of the doubly
sulfated, but otherwise chemically identical glycan [2SHA-2H]?%, was recorded
for comparison. As expected from the relative proton affinities of the
carboxylate and sulfate moieties, the carboxyl functional groups are neutral,
which is confirmed by the C=0O stretching vibration at 1770 cm-!. The signal at
1685 cm! is assigned to the amide I vibrations. The amide II and I1I vibrations
can be assigned qualitatively to the bands at 1547 and 1372 cm!. The vibration
at 1455 cm! is in a spectral region in which O—H bending modes in carboxyl
groups are typically found. Most importantly, the sulfates show multiple well-
resolved bands between 1200 and 1350 ecm™! (Figure 306, highlighted with red
squares).

A [HA2HP  m/z=400

[2SHA-2H]*  m/z = 480

1000 1100 1200 1300 1400 1500 1600 1700 1800
wavenumber (cm') ———p

B. [HA-H|  m/z = 800

T‘L’“‘A—.ﬂ“‘*. f\' A

— 1 T 1 T T T T
1000 1100 1200 1300 1400 1500 1600 1700 1800
wavenumber (cm’') —

Figure 36: A. Cryogenic IR spectroscopy in helium nanodroplets of the non-sufated hyaluronic
acid (HA) as [HA-2H]? (upper panel) and the 2SHA derivative as [2SHA-2H]> (lower panel).
Absorption bands corresponding to sulfate groups are highlighted with red squares. B. Cryogenic
IR spectroscopy in helium nanodroplets of the non-sufated HA as [HA-H]-.
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Finding the optimal charge state is crucial to obtaining good spectral quality.
With two carboxylate functional groups, the singly deprotonated ion of the
tetrasaccharide HA yields a congested spectrum (Figure 36). Two chemically
almost identical deprotonation sites aid the formation of two deprotomers, each
with a multitude of individual conformers. In addition, the dense hydrogen
bonding network within the molecule can promote charge migration, which
further increases the number of potentially observable species.?!?

5.4. Conclusion

In summary, we here demonstrate the potential of IR action spectroscopy in
the range from 1000 to 1800 cm! for the structural characterization of highly
complex GAG oligosaccharides. Well-resolved IR spectra of oligosaccharides
up to pentasaccharides were obtained using cryogenic IR spectroscopy in
helium nanodroplets. Signals arising from sulfate groups appear in a spectral
range in which typically no other diagnostic vibrations occur. As a result,
vibrational patterns with high informational content are highly resolved. The
optimal charge state depends on the functional groups present and is crucial for
the spectral quality. Besides being sensitive to minute structural differences,
cryogenic IR spectroscopy on mass-selected ions has the potential to be
implemented in existing MS-based workflows. Current MS-based databases??
could be extended with IR fingerprints of intact and fragment ions of GAGs.
As such, gas-phase IR spectroscopy could serve as a key analytical technique
for the characterization of GAG oligosaccharides in the future.
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Chapter 6

Cryogenic Infrared Spectroscopy Reveals Structural
Modularity in the Vibrational Fingerprints of
Heparan Sulfate Diastereomers*

Heparan sulfate and heparin are highly acidic polysaccharides with a linear
sequence, consisting of alternating glucosamine and hexuronic acid building
blocks. The identity of hexuronic acid units shows a variability along their
sequence, as D-glucuronic acid and its C5 epimer, L-iduronic acid, can both
occur. The resulting backbone diversity represents a major challenge for an
unambiguous structural assignment by mass spectrometry-based techniques.
Here, we employ cryogenic infrared spectroscopy on mass-selected ions to
overcome this challenge and distinguish isomeric heparan sulfate
tetrasaccharides that differ only in the configuration of their hexuronic acid
building blocks. High-resolution infrared spectra of a systematic set of synthetic
heparan sulfate stereoisomers were recorded in the fingerprint region from
1000 to 1800 cm™. The experiments reveal a characteristic combination of
spectral features for each of the four diastereomers studied and imply structural
modularity in the vibrational fingerprints. Strong spectrum-structure
correlations were found and rationalized by state-of-the-art quantum chemical

Glycosaminoglycan IR Spectroscopy calculations. The ﬁndings
) | e+0-@ Linear demons.tra.te the potential of
@ GleAX-GleAX-L ® + @ - g mbination  cryogenic infrared spectroscopy
il oAl e to extend the mass
IdoA-X-IdoA-X-L - i .
¢ ' ®-® Modularity  spectrometry-based toolkit for
A J . v R .
ryrrerreramml b O the sequencing of heparan
Ny R Spectra-Structure

" I \ ¢ s sulfate and structurally related
M N hea w® oo Relationship .
@ Sl & biomolecules.

* Adapted from: Lettow, M.; Grabarics, M.; Greis, K.; Mucha, E.; Thomas, D. A.; Chopra, P.;
Boons, G. J.; Karlsson, R.; Turnbull, J. E.; Meijer, G.; Miller, R. L.; von Helden, G.; Pagel, K.,
Cryogenic Infrared Spectroscopy Reveals Structural Modularity in the Vibrational Fingerprints
of Heparan Sulfate Diastereomers. Anal. Chem. 2020, 92, 10228-10232. Maike Lettow and Marké
Grabarics contributed equally.
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6.1. Introduction

Heparan sulfate and heparin are structurally closely related, sulfated
representatives of glycosaminoglycans (GAGs), a class of acidic polysaccharides
with a linear sequence of repeating disaccharide units.20%22! Being present in the
extracellular matrix and at the surface of cells, they regulate various biological
processes, ranging from hemostasis to inflammation and tumor metastasis.2¢ 206,
22 The backbone of heparan sulfate and heparin consists of alternating
o-D-glucosamine (GIcN, often acetylated as GlcNAc) and hexuronic acid
building blocks. The identity of the hexuronic acid units varies in heparan
sulfate and heparin chains: B-D-glucuronic acid (GlcA) and its C5 epimer,
o-L-iduronic acid (IdoA), are both present. This backbone diversity is unique
among GAGs and represents a major challenge for structural characterization.

Recent developments in electron-based ion dissociation methods enabled
tandem mass spectrometry to overcome many difficulties in GAG analysis
stemming from the presence of multiple sulfate groups’.7%211.223 and from the
potential variability of hexuronic acid stereochemistry.?2+226 Despite these
improvements, an unambiguous distinction between GlcA and IdoA in
isomeric heparan sulfate sequences is still extremely challenging and, in certain
cases, may prove to be impossible by mass spectrometry alone.??’

A promising strategy to unravel hexuronic acid stereochemistry is to employ
ion mobility-mass spectrometry (IM-MS). IM-MS has been successfully applied
for the analysis of intact GAG ions?12 228,229 a5 well as of their fragments to
facilitate the sequencing of larger structures in a bottom-up approach.!'? Besides
improving the speed and confidence of analyte identification, IM-MS often
enables the separation and differentiation of heparan sulfate ions that differ only
in the stereochemistry of hexuronic acid building blocks. In certain cases,
however, the mobilities of such diastereomers are too similar, impeding an
unambiguous structural assignment by IM-MS.

Previous studies revealed that mass-selected GAG ions exhibit characteristic
spectral features in the mid-infrared'? and OH-stretching region.217. 230
Cryogenic temperatures 1in either messenger-tagging infrared (IR)
spectroscopy?!” or helium nanodroplet IR spectroscopy, see Chapter 5, are
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crucial in the identification of GAG ions larger than monosaccharides. Both
cryogenic IR spectroscopy approaches yield spectra that are reproducible and
comparable across laboratories and instruments.2’! Building on these findings,
we here employ cryogenic IR spectroscopy in helium nanodroplets to study the
influence of hexuronic acid stereochemistry on the vibrational fingerprints of
heparan sulfate oligosaccharide ions from 1000 to 1800 cm-'.

0.2.  Experimental Details
Sample Preparation

The tetrasaccharides were chemically synthesized as described previously.?32
Solvents (HPLC grade) were purchased from Sigma-Aldrich (St Louis, USA).
The tetrasaccharides were dissolved prior to use in water/methanol (v/v,
50/50) to yield 50 uM analyte solutions.

Cryogenic Infrared Spectroscopy

The utilized experimental setup is comprehensively described in Section 2.3 and
has been described in detail previously.!54 233

Computational Methods*

The conformational space of the disaccharide building blocks GlcA-GlcNACcG6S,
IdoA-GIcNAC6S, GlcA-GIeNAc6S-L and  IdoA-GIcNAc6S-L as  singly
deprotonated anions were sampled using the evolutionary algorithm
FAFOOM?* utilizing the external software FHI-aims?>* for local DFT
optimization of each sampled structure. Mutation of all rotatable bonds and
ring puckers was allowed during conformational search. Each generated
structure was optimized at PBE+vdWTS level of theory?. 237 with light basis
set settings. That method yielded excellent results for glycans in past studies.!2.
150,189 For each building block ten genetic algorithms were performed. Low-
energy structures with distinct structural motifs were reoptimized in Gaussian
16238 at PBE0-D3/6-31G(d) level of theory2® for all atoms, except sulfur, for
which the 6- 311+G(2df,2pd) basis set was employed.'?® The 6-31G(d) basis set
is too small to model anions accurately and solely using that basis set leads to

* Calculations were performed by Kim Greis
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unreasonable structures. It was found that reasonable structures can be
efficiently modelled if the large basis set is solely used for sulfur while
maintaining a small basis set for the other atoms. The harmonic frequencies and
the relative free energies at 90 K of the building blocks were computed at the
same level of theory. The lowest-energy structures for each building block were
reoptimized and the harmonic frequencies computed at PBE0-D3/ma-def2-
TZVP level of theoty.

6.3. Results and Discussion

For the experiments, a set of well-defined, aminoalkyl-linked synthetic heparan
sulfate tetrasaccharides was chosen. The four tetrasaccharides represent a
complete set of all possible permutations with repetitions of GlcA and IdoA;
the rest of the molecule is identical.232 The chemical structures are shown in
Figure 37. In the four tetrasaccharides, the configurations at two stereogenic C5
atoms are varied, which makes them diastereomers and in pairs of epimers with
only one alteration. These moderately sulfated tetrasaccharides were
investigated as doubly deprotonated ions [molecule-2H]? with 7/z 510, which
makes them relatively stable in the gas-phase environment of a mass
spectrometer. The tetrasaccharides carry two 6-O sulfate functional groups (6S)
at which the charges are localized. Thus, charge migration and population of
multiple deprotomers can be limited which decreases the spectral complexity,!2-
219 which is also discussed in Chapter 5.
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Figure 37: Cryogenic IR spectroscopy in helium nanodroplets from 1000 to 1800 cm™! of heparan
sulfate tetrasaccharides: (A) GlcA-GIcNAc6S-GlcA-GIeNAc6S-L, (B) IdoA-GlcNAc6S-GlcA-
GIecNACc6S-L, (C) GleA-GleNAc6S-1doA-GleNAc6S-L, (D) IdoA-GleNAc6S-1doA-GIeNAc6S-
L, investigated as [molecule-2H]? anions with /% 510. Abbreviated are B-D-glucuronic acid
GlcA, a-L-iduronic acid IdoA, 6-O-sulfo-N-acetyl-a-D-glucosamine GIcNAcG6S, and aminoalkyl-
linker I ((CH2)sNH>) from synthesis.
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Cryogenic IR spectra in the fingerprint mid-IR range from 1000 to 1800 cm!
were recorded and are shown in Figure 37. All spectra consist of well-resolved
lines, and the four diastereomers can be unambiguously distinguished from each
other based on their IR signatures. Assignments of spectral lines within
wavenumber ranges are based on theoretical calculations of disaccharides and
previously published calculations of sulfated monosaccharides.!? For all four
anions, the spectral features observed from 1000 to 1150 cm! can be assigned
to combined C-O and C-C stretching vibrations of the glycan core.
Additionally, the symmetric SOj3 stretching modes of the sulfate functional
groups are typically found around or below 1050 cm and usually overlap.
Spectral lines corresponding to the combined, antisymmetric SO3 stretching
modes are observed between 1150 and 1350 cm!. Smaller features from 1200
to 1500 cm! correspond to multiple C-H and O-H bending modes. For the
GlcNAc moieties, the amide I and II vibrations, the stretching vibration of the
C=0, and the combined bending modes of the N—H, respectively, are expected
to be active between 1500 and 1700 cm™. Above 1700 cm!, spectral lines
correspond to the C=0O stretching vibration in the neutral carboxyl functional
groups of GlcA and IdoA.

The region between 1000 and 1150 cm! in the spectra in Figure 37 is congested
for all four species. At higher wavenumbers, however, characteristic bands can
be observed, allowing for specific assignments. In the spectra in Figure 37 A.,
C., a band at around 1175 cm! is observed. In the spectra in Figure 37 B., D.,
this band seems to be replaced by a band at approx. 1220 cm. It is thus
reasonable to assign the band at 1175 cm™! to stem from the sulfate group in
GlcA-GIecNACc6S and the band at approx. 1220 cm ! from the sulfate group in
IdoA-GIcNACc6S, both at the nonreducing end. Moving to higher
wavenumbers, in all four spectra, a band is observed at 1295 cm'. To the higher
wavenumber side in the spectra in Figure 37 C., D., a band at 1330 cm! is
observed, which appears to be connected to the presence of the sulfate group
in IdoA-GIcNAc6S-L at the reducing end of the glycan. At higher
wavenumbers around 1600 cm, an intense band is observed in the spectra in
Figure 37C., D., which again coincides with the disaccharide IdoA-
GIcNACc6S-L at the reducing end. The absorption bands in the region of the
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antisymmetric SOj3- stretching modes are always present in two IR spectra, in
an IR spectrum of a homogeneous diastereomer (either two GlcA or two IdoA)
and in an IR spectrum of a heterogeneous diastereomer (one GlcA and one
IdoA), with the exception of the vibration at 1295 cm.

A. linear combinations
— homogeneous diastereomers
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heterogeneous diastereomers
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Figure 38: A. Linear combinations of the cryogenic IR spectra in helium nanodroplets from 1000
to 1800 cm' of the homogeneous diastereomers (upper panel) GlcA-GlcNAc6S-GlcA-
GIcNAc6S-L and IdoA-GleNAc6S-IdoA-GleNAc6S-L and of the heterogeneous diastereomers
(lower panel) IdoA-GlcNAc6S-GlcA-GIeNAc6S-L and GlcA-GleNAc6S-1doA-GIcNAc6S-L. B.
Overlay of the linear combinations. Abbreviated are 8-D-glucuronic acid GlcA, a-L-iduronic acid
IdoA, 6-O-sulfo-N-acetyl-a-D-glucosamine GleNAc6S and aminoalkyl-linker L ((CHz)sNH»).

The difference in the absorption pattern in the region of the antisymmetric SO3-
stretching region likely reflects a hexuronic acid-dependent change in the
chemical environment of the sulfate groups. With the variation in the hexuronic
acid stereochemistry, the hydrogen-bonding network in the tetrasaccharides
seems to change. Furthermore, the local conformation in the disaccharide
modules appears discrete, i.e., without strong hydrogen-bonding networks to
the rest of the chain.

To test whether the absorptions derive from chemically discrete modules of
disaccharides in the tetrasaccharide, the linear combinations of the IR spectra
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of the homogeneous diastereomers and of the IR spectra of the heterogeneous
diastereomers were constructed and are shown in Figure 38 A. Assuming
discrete increments of disaccharides with discrete IR signatures, both linear
combinations represent a 1:1:1:1 combination of the IR signatures of all
possible disaccharide modules, GlcA-GIcNAc6S, 1doA-GlecNAc6S, GlcA-
GIcNACc6S-L, 1doA-GIcNAc6S-L, at the nonreducing end or at the reducing
end adjacent to the aminoalkyl-linker L. In the region of the antisymmetric SO3-
stretching modes and also around 1600 cm!, the two linear combinations reveal
very similar absorption patterns, which becomes especially apparent in the
overlay of the linear combinations in Figure 38 B. The IR signatures between
1000 and 1150 cm ! and above 1600 cm™! are more congested and, even though
qualitatively matching, did not line up perfectly.

To investigate the structural motifs that lead to the differences in the IR
signatures, the conformational space of the four disaccharides was explored
using the evolutionary algorithm FAFOOM?* with local density functional
theory optimization in FHI-aims.?3> The sampled structures were screened for
differences in the interaction between the carboxyl, amide, sulfate, and
potentially present aminoalkyl-linker with relevant distances less than 2 A. For
each building block, low-energy structures with these distinct interaction motifs
were reoptimized, and vibrational frequencies were computed in Gaussian 1623
at the PBE0-D3/6-31G(d)2%: 2% level of theory for all atoms except sulfur, for
which the basis set 6-311+G(2df,2pd) was employed. Low-energy structures
below an arbitrary threshold of 15 k] mol! relative to the lowest-energy
structure of each building block are listed with their type of interaction and their
relative free energy in Table 2. The lowest-energy structure of each building
block was reoptimized and the frequencies computed at PBE0-D3/ma-def2-
TZVP?40, 241 Jevel of theory for all atoms.
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Table 2: Low-energy structures of the four investigated disaccharides and their structural motifs
in the hydrogen-bonding pattern of the carboxyl, amide, sulfate and linker, the type of interaction
and computed relative free energies at 90 K (AF). The free energies have been computed at PBEO-
D3/6-31G(d) level of theoty for all atoms except for sulfur, for which 6-311+G(2df,2pd) has
been employed, using Gaussian 16. Type A, B, Y, Z interactions are specified in Figure 39. Type
0 is a non-specific interaction in which the carboxyl, amide and sulfate (and linker) only interact
with hydroxy groups. Type 1 is any other, specific interaction that is not described in Figure 39.
Abbreviated are B-D-glucuronic acid GlcA, a-L-iduronic acid IdoA, 6-O-sulfo-N-acetyl-a-D-
glucosamine GIcNAc6S and aminoalkyl-linker L ((CH2)sNHy).

Disaccharide Structure Structural motif in the Type of AFqx in
hydrogen-bonding pattern interaction  kJ mol-!

GlcA- 1 COOH:--O=C(amide) A 0
GIcNACc6S

2 non-specific interaction 0 11.8
IdoA- 1 COOH---0380 B 0
GIcNACc6S

2 non-specific interaction 0 1.1

3 COOH:*--0O3S0 B 2.9

4 non-specific interaction 0 11.7
GlcA- 1 C=0O(amide):-*-HOCO:--H,;N Y 0
GIcNACc6S-L

2 COOH:-*NH;--O=C(amide) 1 4.0

3 COOH:--03S0 B 10.3
IdoA- 1 NH(amide)---NH;:--OCOH VA 0
GIcNACc6S-L

2 non-specific interaction 0 1.0

3 NHz--O380 1 39

4 NH(amide)---NH; Z) 55

5 non-specific interaction 0 11.6
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The lowest-energy structures for the four disaccharides reveal four different
structural motifs, which are depicted in Figure 39 for the nonreducing end
disaccharides GlcA-GlcNAc6S and IdoA-GIcNAc6S and for the disaccharides
with aminoalkyl-linker GlcA-GIcNAc6S-L and IdoA-GlcNAc6S-L. The native
disaccharide GIcA-GIcNAc6S predominantly forms a Type A pattern in
hydrogen bonding in which the amide carbonyl oxygen acts as hydrogen bond
acceptor for the neutral carboxyl OH.

A. B.
R R R HO H
O}:o C?:o 0):0”4-17”/\»2 R):c:"-»-u_N/\R
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U NN RO N
o 05 [s) \gf R
)LN_R 0=%-0 )LN,R
H o) H
R
Type A Type B Type Y Type Z
GIcA-GIcNAGES  1doA-GIcNACES GIcA-GIGNACES-L IdoA-GIcNACBS-L

Figure 39: Structural motifs in the lowest-energy structures for (A) GlcA-GleNAc6S (left), IdoA-
GIeNACGS (right) and (B) GlcA-GIeNAcGS-L (left), IdoA-GleNAcG6S-L (right). Abbreviated are
B-D-glucuronic acid GlcA, o-L-iduronic acid IdoA, 6-O-sulfo-N-acetyl-a-D-glucosamine
GIcNAc6S and aminoalkyl-linker L ((CHz)sNHy).

The epimer IdoA-GIcNAcG6S shows preference for a Type B hydrogen bonding
pattern in which the charged sulfate group forms an ionic hydrogen bond with
the neutral carboxyl. The structural motif in the disaccharides with aminoalkyl-
linker is dominated by an interaction between three of the functional groups in
question: the amide carbonyl from GIcNAc, the neutral carboxyl group from
the hexuronic acid and the amino group from the linker.

6.4. Conclusion

In conclusion, we show here that cryogenic IR spectroscopy is capable of
unambiguously distinguishing isomeric heparan sulfate oligosaccharides that
differ only in the configuration of hexuronic acid building blocks. In a wider
context, the findings show that IR spectroscopy of mass-selected ions displays
great potential for the analysis of heparan sulfate and heparin. Reference spectra
from further small building blocks such as those reported here facilitates their
identification. Cryogenic IR spectroscopy may be combined with offline
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chromatographic or electrophoretic separation, ion mobility spectrometry, or
tandem MS techniques to significantly improve the fragment-based
sequencing!’? of longer GAG chains in the future. Furthermore, our study
reveals a strong spectra-structure correlation for this set of ions, which results
from key intramolecular interactions that are unique for the individual
stereoisomers and can be directly linked to specific structural elements. It is not
clear whether these unique structural motifs are preserved in larger GAG ions,
which is an interesting question for further investigations. The differences in
the detailed molecular structure of the ions will help to unravel differences in
the currently pootly understood fragmentation behavior of GAGs in MS
experiments.

97






Chapter 7

Chondroitin Sulfate Disaccharides in the Gas Phase:
Differentiation and Conformational Constraints™

Glycosaminoglycans (GAGs) ate a family of complex carbohydrates vital to all
mammalian organisms and involved in numerous biological processes.
Chondroitin and dermatan sulfate, an important class of GAGs, are linear
macromolecules  consisting of disaccharide building blocks of N-
acetylgalactosamine and two different uronic acids. The varying degree and the
site of sulfation render their characterization challenging. Here, we combine
mass spectrometry with cryogenic infrared spectroscopy in the wavenumber
range from 1000 to 1800 cm. Fingerprint spectra were recorded for a
comprehensive set of disaccharides bearing all known motifs of sulfation. In
addition, state-of-the-art quantum chemical calculations were performed to aid
the understanding of the differences in the experimental fingerprint spectra.
The results show that the degree and position of charged sulfate groups define
the size of the conformational landscape in the gas phase. The detailed
understanding of cryogenic infrared spectroscopy for acidic and often highly
sulfated glycans may pave the way to utilize the technique in fragment-based
sequencing approaches.
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* Adapted from: Lettow, M.; Greis, K.; Grabarics, M.; Hotlebein, J.; Miller, R. L.; Meijer, G.;
von Helden, G.; Pagel, K., Chondroitin Sulfate Disaccharides in the Gas Phase: Differentiation
and Conformational Constraints. J. Phys. Chem. A 2021, 125, 4373-4379.
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7.1.  Introduction

Carbohydrates or glycans are biological macromolecules that make up a
significant amount of organic matter on earth and fulfill essential functional and
structural roles in living organisms.! Glycosaminoglycans (GAGs) are a major
family of glycans, which participate in biological processes, such as hemostasis,
inflaimmation, cell migration, proliferation, and differentiation.?¢ 32 242 GAGs
are long, acidic, and often sulfated, and within this family, an important class is
chondroitin sulfate and dermatan sulfate (CS/DS). CS/DS are usually a part of
larger glycoproteins, so-called proteoglycans, and often have chain lengths of
over 50 disaccharide units.?08. 243,244 A characteristic for the glycan backbone of
CS/DS ate repeating disaccharide units of two different uronic acids (UA)
linked to N-acetylgalactosamine (GalNAc) (Figure 40). The UA in CS is
glucuronic acid (GlcA), whereas the backbone of DS contains iduronic acid
(IdoA) monosaccharides. Disaccharide fragments from larger chains are the
product of bacterial chondroitinase digestion, which introduces a double bond
between C4 and C5 in the UA (then abbreviated AUA). Varying O-sulfations at
C2 of the uronic acid and at C4 and C6 of the GalNAc further increase the
complexity of CS/DS chains significantly.?” The most informative level of
GAG analysis resides in its disaccharide building blocks; therefore, disaccharide
analysis is essential for any oligosaccharide or full-length GAG sequence.

Recent developments in mass spectrometry-based techniques, such as electron-
based dissociation?!!. 212. 245 and ion mobility-mass spectrometry,?*>- 247 have
improved the sensitivity and integrity in GAG analysis toward varying uronic
acid stereochemistry and in sulfation.’? 2# Nevertheless, the distinction of
certain sulfation motifs, especially O-sulfations at C4 and C6 in CS/DS, is still
exceptionally challenging by mass spectrometry-based techniques.247. 249253
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Figure 40: A. Investigated chondroitin sulfate disaccharide 1in chemical representation followed
by its representation in the symbol nomenclature for glycans (SNFG)?2. Both « and 3 anomers
are present in the sample. B. Representative structure of the proteoglycan bikunin, which carties
one site for an O-linked chondroitin sulfate chain.8. 208,254,255 The protein chain is depicted with
gray circles and the three-letter code is used to highlight serine. C. The SNFG offers simplified
representations. Symbols are shown for the relevant monosaccharides in this chapter.

A novel approach for GAG structural characterization is infrared (IR)
spectroscopy of ions in the gas phase.!> GAGs and their fragments ranging
from monosaccharides to pentasaccharides (Chapter 5 and Chapter 6) have
shown to exhibit a wealth of characteristic spectral features.12%.216.217 Cryogenic
temperatures have enhanced the spectral quality significantly in the midinfrared
(Chapter 5) and the OH-stretching region.?!” Here, we assess the capability of
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cryogenic IR spectroscopy for the differentiation and structural characterization
of uronic acids of CS/DS disaccharides with all known motifs of sulfation.

7.2.  Experimental Details
Sample Preparation

Glycosaminoglycans were purchased from Iduron (Alderley Edge, U.K.) and
used without further purification. For each disaccharide, a stock solution of
1 mM in H>O was further diluted prior to use to yield a 50 uM analyte solution
in HO/MeOH (v/2, 1/1).

Ion Mobility-Mass Spectrometry

Drift tube (DT) ion mobility-mass spectrometry measurements were performed
on a modified Synapt G2-S HDMS instrument (Waters, Manchester, U.K.)
containing a drift tube instead of the commercial traveling wave cell?* and
equipped with a nanoelectrospray ionization source. lon mobilities were
determined employing the stepped-field approach, and collision cross sections
(CCS) were derived from the respective mobilities using the Mason-Schamp
equation.!”>

Cryogenic Infrared Spectroscopy

The experimental setup is comprehensively described in Section 2.3 and in
recent publications.!?7 151,233

Computational Methods*

The conformational space of the disaccharides was sampled using the
evolutionary algorithm FAFOOM?23 utilizing external software FHI-aims?*> for
local DFT optimization of each sampled structure at the PBE + vdW75237 level
of theory and /ght basis set settings. Mutation of all rotatable bonds and ring
puckers was allowed during the conformational search. The algorithm allows
functional groups to interact. In total approx. 250 structures were sampled for
each disaccharide using the described approach. The methodology has
previously yielded excellent accuracy for small glycans.128. 189

* Calculations were performed by Kim Greis.
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7.3.  Results and Discussion

Chondroitin sulfate disaccharides ranging from non-sulfated species up to triply
sulfated species were chosen to cover all known sulfate combinations. In Figure
40, the chemical structure of the triply sulfated disaccharide 1 is depicted. To
assure molecular stability in the gas phase and limit charge migration, the
disaccharides were investigated as deprotonated anionic species with a charge
state equal to the number of sulfates at which the charges are localized,'? also
see Chapter 5. The non-sulfated disaccharide was investigated with a charge
state equal to the number of carboxyl groups, i.e., as singly charged species.

Cryogenic IR spectra in the mid-IR range were recorded at a minimum from
1000 to a maximum of 1800 cm™ (Figure 41 and Figure 42). The assignment of
spectral ranges to vibrational features is based on previous theoretical
calculations of sulfated monosaccharides!? and tetrasaccharides (Chapter 6). In
brief, the spectral range below 1100 cm! is most characteristic for symmetric
stretching of the charged sulfate v(SO37) and overlaps the spectral range from
1000 to 1150 em™ in which v(C-O) and v(C-C) are found. From 1150 to
1350 cm!, strong antisymmetric stretching vibrations of the charged sulfate
va(SO3) typically dominate the IR signature in sulfated glycosaminoglycans.
Multiple minor vibrational features between 1200 and 1500 cm! correspond to
C-H and O-H bending modes. Furthermore, above 1300 up to 1700 cm!, the
amide vibrations I to III are found in N-acetylated monosaccharides, of which
amide I between 1600 and 1700 cm! is usually the most intense. Minor
contributions of v(C=C) in the range of amide I are characteristic for GAGs
derived from lyase digestion. Above 1700 cm-, v(C=0) indicates the absence
of a charged site at the carboxyl functional group. Carboxylate anions on the
other hand yield an intense vibrational feature around 1650 cm, corresponding
to the antisymmetric stretch v,(COO), whereas the potentially weaker v(COO")
is typically found between 1300 and 1400 cm.

The IR signature of the triply sulfated disaccharide 1 exhibits a unique
absorption pattern with the strongest feature centered at 1292 cm! in the
spectral range of vo(SOs). Single bands are, in some cases, close to the
bandwidth of the free-electron laser (FWHM approx. 5 cm, i.e., 0.3-0.5% of
the respective wavelength). The IR signatures of the isomeric disaccharides 2 to
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4 show a variety of well-resolved bands and are unambiguously distinguishable
from each other. Especially, the IR signatures of disaccharides 2 and 3 with
O-sulfation at C2 exhibit surprisingly narrow spectral features for ions of this
size.

Although smaller in molecular size compared to the disaccharides with higher
sulfation, the singly sulfated disaccharides 5 to 7 show a more complex IR
signature, as shown in Figure 42. Especially the range up to 1400 cm-! is more
congested and shows less deviation between weak- and high-intensity signals.
In disaccharide 6 carrying O-sulfation at C4, the range between 1650 and 1800
cm! shows a multitude of vibrational features for the two strongest potential
oscillators in that range, i.e., C=O in the carboxyl and the amide groups. The
non-sulfated disaccharide 8 was included to assess the impact of the backbone,
and the IR spectrum clearly reveals that this ion carries the charge at the
carboxylate.
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Figure 41: Cryogenic IR spectra of triply sulfated disaccharide 1 investigated as a [M-3H]? anion
with a mass-to-charge ratio (7/3) of 205 and doubly sulfated disaccharides 2—4 investigated as
[M-2H]?% isomeric anions with 7/ of 269. On top of the first spectrum, the main vibrational
features for these ions are qualitatively assigned in a horizontal bar.
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Figure 42: Cryogenic IR spectra of sulfated disaccharides 5-7 investigated as [M-H]- isomeric
anions with /5 of 458 and non-sulfated disaccharide 8 investigated as a [M-H]- anion with 7/
of 378.

The size of the ensemble of conformations present during the experiment
correlates to the congestion of the IR spectrum and the number of vibrational
features in a range in which a limited number of functional groups absorb. In
our experimental setup, the ensemble of conformations is mainly defined by
the temperature of the coolable ion trap (90 K). When the molecules are picked
up by the superfluid helium nanodroplets (0.4 K), the rate of cooling is so fast
that ions are kinetically trapped in local conformational minima.'* The IR
spectra of the higher sulfated disaccharides are remarkably well resolved,
whereas the IR spectra of the singly sulfated disaccharides are highly congested.
Our hypothesis is that the higher sulfated and also higher charged disaccharides
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exhibit only a limited number of low-energy conformers, whilst the singly
sulfated and also singly charged disaccharides exhibit a larger ensemble of low-
energy conformers. To test this hypothesis, quantum chemical calculations were
performed and the conformational space of the sulfated disaccharide  anomers
was extensively sampled to yield approx. 250 conformers for each disaccharide.
The 3 anomer was chosen under the premise that the stereocenter at C1 has
only a minor influence on the overall conformation of the disaccharide. For
each ion, all sampled conformers with relative energies (AEppg) up to 50 kJ mol-
! were selected and characterized using two criteria: (A) the intramolecular
distances of charged sulfates toward the hydrogens of the carboxyl and amide
groups and (B) the dihedral angles W(C1-O-C3-C4) and ®(C2-C1-O-C3)
(Figure 43).

A. Distance of charged sulfates B. Dihedral angles
to carboxyl and amide groups

Figure 43: I. The intramolecular distances of charged sulfates toward the hydrogens of the
carboxyl and amide groups is the first critetium to qualitatively assess the conformational

diversity. II. The dihedral angles ¥(C1-O-C3-C4) and @ (C2-C1-O-C3) at the glycosidic bond are
the second criterium.

To qualitatively assess the conformational diversity, the diagrams relating
relative energies to structural parameters and Ramachandran-type plots for
glycosidic dihedral angles give insights into the orientation of selected
functional groups and the glycan backbone, respectively. Key interactions in
these molecules are hydrogen bonds of the charged sulfates toward the
hydrogens of the carboxyl and amide groups. For this reason, the x-axis in the
energy diagram shows the distances of all charged sulfates toward either the
secondary amide of N-acetyl or the neutral carboxyl functional groups and on
the y-axis of the relative energies. The different distances in a single
conformation are, thus, given from left to right at the same relative energy. The
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Ramachandran-type plots for glycosidic dihedral angles, analogous to
Ramachandran plots of peptides and proteins, show the dihedral angles
PY(C1-O-C3-C4) and O(C2-C1-O-C3) on y- and x-axes, respectively, with dots
for single conformers, which are colored according to the relative energy.

The conformers of disaccharide 1, Figure 44, with three charged sulfate groups
show trends in the orientation of the sulfate groups. More importantly, one
conformer is with 15 k] mol significantly lower in energy than the second- and
third-lowest-energy conformers. The hydrogen-bonding network is dominated
by the interaction between the O-sulfate group at C4 and the neutral carboxyl
functional group but also by the O-sulfate group at C2 and the secondary amide.
The O-sulfate group at C6 has in all conformers a distance larger than 5 A
toward the amide and carboxyl to minimize Coulombic repulsion with the
sulfate groups in their proximity. The Ramachandran-type plot shows a very
narrow distribution, indicating similarities in the glycan backbone of the low-
energy conformers. Conformers of high similarity are more likely to relax into
the same local minimum or the global minimum in the cryogenic ion trap.
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Figure 44: Results of quantum chemical calculations for the triply sulfated disaccharide 1. For
comparison, a scaled version of the IR spectrum from Figure 41 is reproduced. A. Calculation of
the intramolecular distance of selected functional groups in A in conformers with relative energies
AEppg < 50 k] mol!. B. Calculation of the dihedral angles ¥(C1-O-C3-C4) and & (C2-C1-O-C3)
in the degree at the glycosidic bond with respect to the relative energies of the conformers. The
results are presented in Ramachandran-type plots for glycosidic linkages.

Disaccharide 2 with two charged sulfate groups likewise reveals trends in the
energy diagram, yet, far more conformers are within 20 k] mol! of the lowest-
energy conformer (Figure 45). The distribution in the Ramachandran-type plot
is narrow. In the singly sulfated disaccharide 6, on the contrary, the O-sulfate at
C4 does not form a hydrogen bond with the neutral carboxyl (Figure 45). The
Ramachandran-type plot shows that two clusters of conformers with large
differences in their glycan backbone are present. This can indicate that at least
two but probably several local minima are populated that are conformationally
constrained to reach the same or global minimum structure.
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Figure 45: Left panel: calculation of the intramolecular distance of selected functional groups in
A in conformers with relative energies AFppg < 50 k] mol!. Right panel: calculation of the
dihedral angles W(C1-O-C3-C4) and ®(C2-C1-O-C3) in the degree at the glycosidic bond with
respect to the relative energies of the conformers. The results are presented in Ramachandran-
type plots for glycosidic linkages. Results for the doubly sulfated disaccharide 2 (A) and singly
sulfated disaccharide 6 (B). Generally, an increase in conformational heterogeneity is observed
with a decreasing extent of sulfation and charge.

The plots of the disaccharides 3-5 and 7 (Appendix) further support the
observed trend of a growing conformational heterogeneity in chondroitin
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sulfate ions with a decreasing degree of charged groups, which are sulfate
groups in this case.

For disaccharides 1, 2, and 6, selected low-energy conformers were reoptimized
at a higher level of theory. Theoretical infrared spectra were computed for the
lowest-energy conformers and compared to the experimental spectra. The
match between computed and experimental spectra is satisfying, yet,
anharmonicities challenge the calculations for glycosaminoglycans and extend
the computational effort.!3!

In addition to gas-phase IR spectroscopy, drift tube ion mobility-mass
spectrometry (DTIM-MS) experiments were performed to compare the
potential of the method for disaccharide differentiation. The rotationally
averaged collision cross section (CCS) reflects the shape of an ion and is an
instrument-independent physical property. CCS values of the disaccharides,
measured in nitrogen and helium, are summarized in Table 3. The most
challenging isomeric disaccharides 6 and 7 with O-sulfate cither at C4 or at C6
are not distinguishable based on their CCS. The results indicate that
differentiating certain isomeric disaccharides in sets 2—4 and 5-7 is possible but
may require IMS instrumentation with resolving power on the order of 100
when they are present in a mixture and measurement uncertainties below 0.5%

when present alone.
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Table 3: Collision cross sections (CCSs) of the investigated chondroitin sulfate disaccharides.

Molecule z m/z DTCCSn2P DTCCS g
1 AUA2SB1-3GalNAc4S6S -3 205 317 160
2 AUA2881-3GalNAc4S -2 269 241 138
3 AUA2SB1-3GalNAc6S -2 269 244 140
4 AUAB1-3GalNAc4S6S -2 269 239 135
5 AUA2531-3GalNAc -1 458 190 127
6 AUAB1-3GalNAc4S -1 458 189 122
7 AUAB1-3GalNAc6S -1 458 189 122
8 AUAB1-3GalNAc -1 378 178 112

2 monoisotopic mass-to-chatrge (7/3) ratio. b in AZ, DT: drift tube.

7.4. Conclusion

In summary, we show here that cryogenic IR spectroscopy has the potential to
unambiguously differentiate all known sulfation patterns in uronic acids of
chondroitin sulfate and dermatan sulfate disaccharides, including the distinction
of 4-O and 6-O sulfation, a long-standing challenge in GAG analysis.
Identification of disaccharide isomers based purely on their ion mobility-
derived CCS values is partially ambiguous and requires outstanding resolving
power. Furthermore, we show that for chondroitin sulfate ions with a low
charge state and a low degree of sulfation, large ensembles of low-energy
conformers are present. Whereas for higher charged and higher sulfated
chondroitin sulfate ions, only a few low-energy conformers are present. This
conformational constraint in highly charged gas-phase ions has also been
described for other biomolecules such as peptides and proteins.?s” Yet,
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additional experiments are necessary to evaluate whether this effect purely
results from Coulombic repulsion or also from the nature of the O-sulfate
groups, which, in contrast to more localized carboxylates, potentially induce
further constraints with their steric repulsion?$ and conformational flexibility.
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Chapter 8

Predicting Structural Motifs of Heparan- and
Chondroitin Sulfates using Cryogenic Infrared
Spectroscopy and Random Forest*!

Machine learning algorithms for extracting patterns in data sets have become
important tools in diverse areas of chemistry. Especially in infrared (IR)
spectroscopy, random forest algorithms have been successfully used for
classification tasks and regression analysis in small to large data sets. With the
unprecedent resolution of cryogenic IR spectroscopy for glycosaminoglycans
(GAGsS), the question was raised whether random forest modelling could aid to
predict structural motifs in complex GAG samples from their IR signature. A
proof-of-concept study is presented to combine cryogenic IR spectroscopy
with random forest to deduce the sulfation pattern and GAG family from the
IR spectrum. With a comparably small training set of 22 cryogenic IR spectra,
a hexasaccharide ion could be correctly classified for the GAG family and the
presence of N-, 2-O, 4-O, and 6-O sulfation. Current similarity, score-based
techniques that operate on databases holding a rich collection of GAG spectra
may thus be superseded by the predictive power of machine learning.

* Based on an early version of: Riedel, J.; Lettow, M.; Grabarics, M.; Gétze, M.; Miller, R. L.;
Boons, G.-J., Meijer, G.; von Helden, G.; Szekeres, G. P.; Pagel, K., Predicting Structural Motifs
of Heparan- and Chondroitin Sulfates using Cryogenic Infrared Spectroscopy and Random
Forest. Manuscript in preparation.

Maike Lettow carried out the cryogenic infrared spectroscopy experiments and Jerome Riedel
performed the computational work which is only briefly summarized in the present thesis.

T Partly, the introduction is adapted from: Grabarics, M.; Lettow, M.; Kirschbaum, C.; Greis, K,;
Manz, C.; Pagel, K., Mass Spectrometry-Based Techniques to Elucidate the Sugar Code. Chez.
Rev. 2022, 122, 7840-7908.
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8.1. Introduction

Glycosaminoglycans (GAGs) are a large class of linear, often highly acidic
polysaccharides found in nature. Depending on the disaccharide building block,
four families are generally differentiated, namely hepatin and heparan sulfate
(Hp/HS), chondroitin and dermatan sulfate (CS/DS), keratan sulfate (KS) and
hyaluronan (HA). For their analysis, tandem mass spectrometry (MS/MS) using
mostly electron-mediated fragmentation® and more recently ion mobility-mass
spectrometry (IM-MS)!'10 are being employed nowadays. Yet, the sequencing of
GAGs is still extremely challenging and pure synthetic or naturally-derived
standards are rare.

As a relatively new field augmenting the GAG sequencing toolbox, GAG
analysis by gas-phase ion spectroscopy in the infrared (IR) range emerged only
throughout the past decade.”> 15 In the following paragraph, the research from
different groups is reviewed to strengthen that the field is at a stage in which
large data analysis tools become more relevant.

The Dugourd group published the first experimental gas-phase spectra of
sulfated disaccharide anions in the UV range from 220 to 290 nm.?* The exact
gas-phase molecular structure of the set was further investigated using density
functional theory (DFT). The experimental spectra were found to be in
reasonable agreement with the calculated spectra and revealed that UV
spectroscopy is sensitive to the modes of the sulfate groups present.20* The first
gas-phase IR spectrum using infrared multiple photon dissociation (IRMPD)
spectroscopy in an FT-ICR cell from 3400 to 3700 cm™! of D-glucuronic and L-
iduronic acid monosaccharides was published by Polfer and co-workers.!
They investigated rubidium adducts of monosaccharides and showed that the
method is sensitive to the epimerization at C5. Similar results were obtained for
the same monosaccharides investigated as anions.?¥ Compagnon and co-
workers'?> used IRMPD spectroscopy from 3200 to 3700 cm! to record the
spectrum of a protonated glucosamine with 6-O sulfation. In their publication,
they describe the potential of gas-phase spectroscopy coupled to MS as a tool
to differentiate sulfated from phosphated saccharides based on their vibrational
modes. Harmonic and anharmonic (VPT2 and finite temperature molecular
dynamics) frequency simulations were used to predict the wavenumber of
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certain  OH stretches in the sulfate and phosphate functional groups.
Glucosamine with 6-O sulfation was later used as a model to test the accuracy
of a large number of quantum chemical methods.!3! Methods which are
satisfying at higher wavenumbers are shown to fail from 500 and 1700 cm! as
the anharmonic nature of the sulfates challenges the calculations. The best
match between experimental and theoretical spectra from 500 to 1700 cm-! was
obtained using the computationally most demanding method. DFT was further
applied to anionic monosaccharides and compared to their IRMPD
experimental spectra.!?

Going larger, IR spectra of isomeric CS and HS disaccharides as positively
charged sodium adducts were published in the range from 3200 to 3700 cm-!
using messenger-tagging spectroscopy coupled to IM separation.?'7 At
cryogenic temperatures, the resolving power is sufficient to differentiate the five
isomers only based on their IR fingerprints. Using IRMPD spectroscopy, four
isomeric CS and HS disaccharides were investigated from 2700 to 3700 cm!
and two of the set also from 550 to 1850 cm1.!2? The authors explored the use
of different charge states, species, and ionization modes to limit the numbers
of conformers present in the gas phase. In another study, MS in a 3D ion trap
analyzer was combined with IRMPD spectroscopy from 2800 to 3700 cm! for
Y- and B-type fragment anions of CS disaccharide isomers with 4-O or 6-O
sulfation.?!¢ Generally, these two isomers cannot be differentiated by MS alone
and are challenging in IMS. The resolving power of IRMPD reached its
limitations for GAG disaccharides, yet here, the two isomers could still be
distinguished from their spectroscopic fingerprints.

With the advent of machine learning, algorithms for pattern recognition in IR
spectra are now frequently used to circumvent the need for comprehensive
databases to identify unknown analytes. Random forest (RF)62 203 is a
supervised machine learning technique which has been successfully applied in
vibrational spectroscopy, e.g., to identify diseases in serum samples or to follow
pathological processes in cells.?04-266 Random forest classifiers train an ensemble
of classification and regression trees (CART) to create a network of decision
rules. CARTSs answer the classification by probing spectral features with respect
to their expected value inferred from model training. In random forest
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classifiers, the prediction probability is simply obtained as the ensemble average
of each CART prediction.

Here, we combine cryogenic IR spectroscopy in the gas phase and random
forest to predict structural motifs—namely the GAG family (HS versus CS),
N-sulfation (IN-S), O-sulfation at 2-O (2-O-S), 4-O (4-O-S), and 6-O (6-O-S)—
that almost fully define the chemical structure of GAGs. We present a workflow
to train random forest classifiers that can be readily extended for further
classifications, such as O-sulfation at C3. A machine learning approach for IR
spectroscopy should not be used as a black box tool. The in-depth
understanding of vibrational features in the IR spectra is still mandatory for an
accurate interpretation. Therefore, a detailed discussion of spectral bands is
included before the data is fed into the algorithm.

8.2.  Experimental Details
Materials and Methods

A library of GAG standards is assembled to cover sulfation variation,
epimerization, backbone diversity, degree of polymerization, and chain length.
The spectrum library includes sixteen disaccharides (CS 1-8, HS 9-16), six
tetrasaccharides (17-22), and one hexasaccharide (23). The disaccharides were
purchased from Iduron (Manchester, UK). The tetrasaccharides and
hexasaccharide were chemically synthesized as previously published.?32 267
Solvents (HPLC grade) were purchased from Sigma-Aldrich (St Louis, USA).
All glycans were dissolved prior to use in water/methanol (v/v, 50/50) to yield
50 uM analyte solutions. The gas-phase IR spectra of the library were recorded
on the custom-built helium nanodroplet instrument in the range of 1000—
1800 cm!. A description of the experimental setup can be found in Section 2.3.

Computational Details

The experimental IR spectra were extracted from time-of-flight intensity values
measured as a function of the laser wavelength. The ion signal was divided by
the laser power as a first order approximation. Linear interpolation with 2 cm-!
steps was employed to align spectra on a commonly shared wavenumber axis
before finding the largest shared wavenumber range among spectra (1010—
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1786 cm™). In addition to the spectroscopic features, information about the
charge, degree of sulfation, and, when tetrasaccharides were part of the training
set, the presence of a linker was added. The wavenumber features were binned
by integration of the IR trace in windows of fixed width (15 ecm™) for the
purpose of feature reduction. After spectral binning, bins were normalized to
[0,1] to minimize the influence of absolute intensity values as latent variables in
growing of the decision trees, because in helium nanodroplet spectroscopy
intensities are not linear due to the absorption of multiple photons before the
ions are ejected. This can result in over- or underestimating intensity values of
vibrational modes.!3* For model training, feature selection was performed using
an evolutionary optimization algorithm as implemented in the
GAFeatureSelectionCl” class provided by sklearn-genetic-gpt.26% 29 The algorithm
uses selection, reproduction, and mutation stages to choose the locally optimal
features. In each generation, only the fittest candidates are used for
reproduction. Classification was performed using a random forest classifier
trained by a Leave-One-Out cross-validation approach. Computationally, the
RandomForestClassifier class provided by scikit_learn was used.?7
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8.3.  Results and Discussion
Cryogenic Infrared Spectroscopy

The set of di-, tetra- and hexasaccharide GAGs form a diverse spectral library,
from which structural motifs could be inferred. The full library of
glycosaminoglycans is shown in Table 4 and a legend to the symbol
nomenclature for glycans (SNFG) is given in Figure 46. The CS disaccharide
spectra of 1-8 are presented and discussed in Chapter 7. Whereas, the HS
tetrasaccharide spectra of 17-20 are shown and part of the discussion in
Chapter 6.

Table 4: Assembling a library of GAG standards. The library contains of 16 disaccharides, six
tetrasaccharides and one hexasaccharide. The GAGs can consist of glucuronic acid (GlcA),
iduronic acid (IdoA), uronic acid with double bond (AUA), N-acetylglucosamine (GlcNAc),
N-acetylgalactosamine (GalNAc) or glucosamine (GIcN) and can carry N- (NS), 2-O (25), 4-O
(4S), and 6-O (6S) sulfation. The 7/z-ratio of the ions are given and to ease the reading of their
chemical structures, the symbol nomenclature for glycans (SNFG) is depicted for each GAG (for
the legend, see Figure 46). The tetrasaccharides carry an aminopentyl linker (L1), and the
hexasaccharide a para-methoxyphenyl linker (I.2).

Label Structure SNFG m/z
1 AUA2SB1,3GalNAc4S6S /éj 205
2 AUA2SB1,3GalNAc4S /g:l 269
3 AUA2SB1,3GalNAc6S /?jj 269
4 AUAB1,3GalNAc4S6S /gj 269
5 AUA28B1,3GalNAc /%:] 458
6 AUAB1,3GalNAc4S /gj 458
7 AUAB1,3GalNAc6S /ej] 458
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Symbol Nomenclature for Glycans — SNFG
0 Glucuronic acid [l  N-Acetylglucosamine

(GIcA) (GlcNAc)
Iduronic acid [0 N-Acetylgalactosamine
4 (IdoA) (GalNAc)
/e Uronic acid with N Glucosamine ( GIcN)
double bond (AUA) ____ 4

e Sulfate (S) ? »
~~ unknown 3

Figure 46: Legend of the symbol nomenclature for glycans (SNFG).22 SNFG is used for a concise
representation of the investigated GAGs.

The cryogenic IR spectra of the heparan sulfate disaccharides 9-16 were
measured in the range from 1000 to 1800 cm™! and are plotted in Figure 47.
Selected vibrational features (summarized in Table 5) were assigned based on
previous experimental and theoretical results of glycan cations and anions.!?
27,272 In sulfated GAGs, the 1000 to 1150 em™! range is populated by v(C-O)
and v(C—C) modes, which overlap with the symmetric stretching of charged
sulfates. The strong antisymmetric SOs stretching vibrations appear between
1150 to 1350 cm. These features serve as a unique fingerprint of the sulfation
pattern in glycans. Further minor bands between 1200-1500 cm! can be
assigned to C—H and O-H bending modes. The distinct amide I-11I modes
between 1300 and 1700 cm™! (of which amide III is generally very weak in IR
spectra) stem from N-acetylation in GAGs. The amide I, with major
contribution from v(C=0), is typically the most intense amide region in the
spectra, and it is highly sensitive to the intramolecular hydrogen bonding pattern
associated to the conformation of the glycan. With strong hydrogen bonding at
the carbonyl functional group, the C=0 bond is weakened and the amide I is
red-shifted. The amide II region is mainly populated by the N—H in-plane
bending vibration with decreasing contributions from the C-N stretching
motion and other minor components. The weak stretching mode v(C=C)
around 1600 cm! is characteristic for GAGs derived from lyase digestion.

122



Predicting Structural Motifs of Heparan- and Chondroitin Sulfates using Cryogenic
Infrared Spectroscopy and Random Forest

e

A [M-3H* = 191

1M
N DD -
1A.2u&._JLAJJJ\
MMM

s

[M-2HJ? = 247

—

1o

JL [M-2H]> = 247
13 e

®
[M-HJ = 458
A ks woness
15 Z
e
[M-H] = 416
16

e

[M-H] = 378

I N T N I ! I ' I v I T N I v 1
1000 1100 1200 1300 1400 1500 1600 1700 1800
Wavenumber (cm™)

Figure 47: Cryogenic IR spectra of heparan sulfate disaccharides with varying and naturally
occurring sulfation patterns. Top to bottom: the triply sulfated disaccharide 9 is investigated as
[M-3H]?- anion, the doubly sulfated disaccharides 10—12 are investigated as [M-2H]?- anions, the
singly sulfated 13-15 and the non-sulfated 16 disaccharides are investigated as [M-H]- anions.
Their 7/ % ratios are given next to the respective IR spectrum.
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Above 1700 cm!, the C=O stretching vibration comes from the neutral
carbonyl functional group in the hexuronic acid moiety. In non-sulfated GAGs,
the charged carboxylate functional group yields a strong peak around 1650 cm-!,
corresponding to the antisymmetric COO- stretching.

All HS disaccharides 9-16 show unique IR signatures. N-acetylation (and
therewith lacking N-sulfation) is easy to determine due to the presence of the
amide I (1600-1700 cm™) and II (1500-1600 cm) vibrations in the IR
fingerprints of disaccharides 10, 13, 14, and 16. A silent amide region can
indicate that HS is either N-sulfated or has a free primary amine, while the
O-sulfation motif in these ions (2-O or 6-O sulfation) are hard to differentiate
based on the IR spectra. This can later be circumvented by analyzing the 1294—
1300 cm! range, where a single strong mode at =1300 cm! (or somewhat red-
shifted in case of high sulfation) can indicate N-sulfation. The number of
conformers captured in the cryogenic ion trap can vary even for ions of similar
chemical structure (Chapter 7). A double band in the IR spectrum of
disaccharide 10 with a shift in the amide I band of =35 cm! can indicate that
two conformers (or anomers) were present in the trap. The number of
conformers in the cryogenic ion trap for disaccharides 9, 11, and 15 appears to
be rather low, because the neutral carboxylic acid only yields a single v(C=0)
mode.

In the other seven HS disaccharides, this band shows an apparent tendency:
with increasing sulfation, the v(C=0) stretching vibration red-shifts from the
17531781 cm! region (singly sulfated) to the 1739-1762 cm! region in the
doubly-sulfated HS ions, and eventually to 1712 cm in the triply-sulfated HS
ion. This red-shift is most probably a contribution by the electron-withdrawing
characteristics of sulfates, leading to a reduction in electron density around the
carboxylic moiety with increasing sulfation. In the spectrum of 11, 12, and 14,
the v(C=0O) band appears at 1753 and 1763 cm as a double peak, while the
region below 1400 cm! is more populated with (often weak) modes compared
to the other spectra. This leads to two conclusions: these three ions can exist in
a more extended conformational space than the other ions, while they also share
a highly similar chemical environment around the carboxylic moiety.
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Table 5: Tentative assignment of selected vibrational modes in Figure 47. v(v,) designates the
(antisymmetric) stretching mode.

Frequencies 9 10 1 12 13 14 15 16
(cm)
va(SO3) 1217, 1238, 1185, 1183, 1260, 1173, 1185, ~ —

1279, 1278, 1256, 1212, 1272, 1186, 1217,
1204, 1287, 1300, 1257, 1316, 1218, 1233,
1311 1294, 1324, 1283, 1330, 1296, 1271,

1355 1356 1301, 1349 1314, 1297,

1327, 1323, 1326,
1361 1334, 1351,
13517, 1367,
1370 1397
amide 11 — 1517, — — 1543, 1515, — 1534,
1533 1550 1538 1555
amide 1 — 1641, — — 1697 1670, — 1647,
1675 1710* 1701
v(C=0) 1713 1739 1753, 1769, 1754, 1766 — —
1762 1782, 1763,
1790 1788
v(COO) — — — — — — — 1664

“could also be amide III vibrational mode.
“could also be a v(C=0) mode of the neutral carboxylic acid.

The v(C=0) region in the spectrum of 13 contains several additional bands,
with unique band positions compared to the previous case pointing towards a
different chemical environment for the carboxylic moiety. This can result from
the fact that the only charged sulfate in this case is located on the same
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monosaccharide unit as the carboxylic group itself. The three charged sulfates
in disaccharide 9 show intense v,(SO3’) vibrational features in the IR spectrum,
which can overpower the v(C=0) and account for relatively low intensity. It is
important to note that the relative intensities only serve as qualitative measures
in helium nanodroplet spectroscopy.!>* Interestingly, the most intense band in
the IR spectrum of disaccharide 13, which carries 2-O sulfation, is at 1055 cm.
The v(C-0O) and v(C-C) of the glycan core, and v4(SO3) in this region are
difficult to differentiate, therefore this strong mode remains unassigned.

The cryogenic IR spectra of HS tetrasaccharides 21 and 22 were measured in
the range from 1000 to 1800 cm™ and are plotted in Figure 48. The two
diastereomers are differentiable from their IR signature and selected vibrational
modes are summarized in Table 6.

The residual aminopentyl linker present from the chemical synthesis has
additional contributions in the 1200-1500 cm! region corresponding to C—H
deformation, while the scissor bends of neutral, primary amines are typically
found around 1600 cm! and are of very low intensity.?’3 274 This highly flexible
linker can form interactions of different strength with several different
functional groups in the molecules, which may distribute their vibrational
contribution over an extended wavenumber range, thus resulting in an overall
weak NHo signal.

21

Q!gé.{; L1

| [M-4H]" = 273

22

Sty-&%y-u

[M 4H4 =273

—_———
1000 1100 1200 1300 1400 1500 1600 1700 1800
Wavenumber (cm™)

Figure 48: Cryogenic IR spectra of heparan sulfate tetrasaccharides from 1000 to 1800 cm-1. The
tetrasaccharides are O-sulfated at C6 and N-sulfated at every glucosamine. They are diastereomers
and carry an aminoalkyl-linker (LL1) from synthesis.
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To date, the pentasaccharide Fondaparinux was the longest GAG investigated
using IR spectroscopy, see Chapter 5. Here, the cryogenic IR spectrum of the
hexasaccharide 23 was recorded and is shown in Figure 49. The heparan sulfate
hexasaccharide carries three negatively charged sulfate groups and a residual
para-methoxyphenyl linker from chemical synthesis. The band positions of
selected vibrational features are summarized in Table 6.

23
‘mom oW
[M-3HJ* = 499

Mo Asann_
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Figure 49: Cryogenic IR spectra of a heparan sulfate hexasacchatide from 1000 to 1800 cm-!. The
hexasaccharide is O-sulfated at C6 at every glucosamine and carries a para-methoxyphenyl linker
(L2) from their chemical synthesis.

Table 6: Tentative assignment of selected vibrational modes in Figure 48 and Figure 49. v(v,)
designates the (antisymmetric) stretching mode.

Frequencies 21 22 23
(cm?)
va(SO3) 1150, 1207, 1267, 1160, 1191, 1203, 1192, 1202, 1290,

1286, 1296, 1301, 1247, 1266, 1274, 1301, 1400"

1357, 1393 1292, 1302, 1392,
1400

amide 1T — — 1511, 1530
amide 1 — — 1684, 1704
v(C=0) 1739, 1780 1781, 1787 1725, 1740

*could also be amide 111 vibrational mode.

“could also be a v(C=0) mode of the neutral carboxylic acid.
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Random Forest

To optimize the feature-to-sample ratio for the present study with a comparably
small data set, spectral binning and subsequent feature selection are applied to
reduce the feature space, i.e. the intensity values measured at each wavenumber
step. In IR spectroscopy, neighbouring IR channels are typically strongly
correlated, thus, requiring additional feature engineering beyond spectral
binning.
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Figure 50: Prediction outcome
and  confidence for the
disaccharide classifications in
the complete combinatorial
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included here are HS/CS, and
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In the initial step, the training set contains 15 (of total 16) disaccharides to
evaluate the classification outcome in predicting the structure (HS or CS), and
the presence or absence of N-, 2-O-, 4-O-, and 6-O-sulfation for the remaining
disaccharide, see Figure 48. In total, the models predicted the correct structural
motifs in 73% of the cases and the prediction confidence was generally lower
for false predictions. In agreement with the in-depth analysis of the IR spectra,
the prediction score (or prediction accuracy) for N-sulfation is with 81%
generally high due to the absence of amide vibrations. Only the classification of
4-O-S achieved a higher prediction score with 94%. All disaccharides were
correctly classified except for disaccharide 6 which was falsely labelled as non-
4-0 sulfated molecule. Lower prediction scores were observed in predicting
2-0-S and 6-O-S with 73% and 63%, respectively. The decision rules for the
distinction of HS and CS, which can have different structural motifs in the set,
are more complex and here, the highest number of features were selected for
classification. Still, the prediction score of only 50% shows that the
classification for HS/CS remains inconclusive. Especially for the CS
disaccharides, the distinction failed more often. Disaccharides 3—6 and 8 were
falsely labelled as HS disaccharides while disaccharides 10, 14 and 16 were
incorrectly assigned as CS disaccharides.

In the next step, the IR spectra of the tetrasaccharides 17-22 were systematically
added to the training set to test the influence of the training set size on the
prediction score. With increasing training set size, the prediction score strongly
improved and scored 97% with 21 analytes in the training set. The
tetrasaccharides are not only different in their GAG chain length but also carry
a linker from their chemical synthesis (aminoalkyl-linker, 1), introducing
additional vibrational contributions to regions that were previously not affected
by the presence of a linker, therefore challenging the robustness of the
algorithm. With a complete training set of 21 di- and tetrasaccharides, the
remaining tetrasaccharide was used for the prediction of structural motifs. The
results are shown in Figure 51. With one exception, ie. 6-O sulfation in
tetrasaccharide 19, all structural motifs were predicted correctly across the
excluded samples. Tetrasaccharide 19 is structurally related to samples 17, 18
and 20, see Chapter 6, which are exclusively sulfated at 6-O. Especially in the
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wavenumber region above 1450 cm 1, the IR spectra of 19 and 20 share selected
vibrational features and reveal significant differences to the IR spectra of 17 and
18. These vibrational features were associated to the terminal motif IdoA-
GIcNAC6S-L1 present only in 19 and 20. For tetrasaccharide 19 (and in contrast
to tetrasaccharide 20), many wavenumber bins of the random forest classifier
for 6-O sulfation are located in the higher wavenumber region, most likely
introducing ambiguity to the classification.

Finally, a hexasaccharide with a different linker from chemical synthesis (para-
methoxyphenyl linker, 1.2) was tested against the training set including 16
disaccharides and 6 tetrasaccharides. The results are shown in Figure 51, last
row. With a high confidence, all structural motifs in the triply sulfated
hexasaccharide are predicted correctly only from the IR signature.

HS/CS N-8 2-0-8 4-0-8 6-0-8

Correct

Prediction
® @ 0 + o
Prediction

Figure 51: Prediction outcome and confidence for the tetrasaccharide and hexasaccharide
classifications. The hexasaccharide 23 is only used for classification and is not part of the training
set for the tetrasaccharides. In each classification task, the respective sample is excluded from the
training set. The training set proves sufficient to make high-confidence predictions about
structural motifs in unknown GAGs.
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8.4. Conclusion

Here, the gas-phase cryogenic IR spectra of a comprehensive set of GAGs were
recorded and used in random forest classifications for predicting the class
(HS/CS) and sulfate positions (2-O-, 4-O-, 6-O-, N-sulfation). The library of IR
spectra is sufficiently complex for a proof-of-concept study to combine
cryogenic IR spectroscopy and random forest modelling, yet small enough to
justify the measurement time at the FHI FEL, until tunable table-top systems
become more available in the mid-IR range.?”> The chemical features included
nearly fully characterize the underlying chemical structure, with exception to
modifications among domains and acetylation (i.e. GIcNAc versus GIcN).
While some structural motifs can be directly identified from the IR fingerprint,
machine learning tools could automate the identification. It was shown that
already a small random forest training set with 21 samples allows to predict
GAG structural motifs with high confidence in tetra- and hexasaccharides. The
results demonstrate that random forest modeling can circumvent the need of
large databases to match IR spectra of GAGs for structural identification and
automate the interpretation of complex signatures.
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Unusual monosaccharides (fucose), covalent modifications of glycans
(sulfation) and terminal sequences play important biological roles in physiology
and pathology of living organisms. Furthermore, in an evolutionatry sense,
uncommon structures are often the result of selection pressures and can be the
source to a deeper understanding of the evolution of glycosylation.!>” At the
same time, fucosylated glycans and sulfated glycans still challenge standard mass
spectrometry (MS)-based analytical workflows in glycan analysis. MS emerged
throughout the last decade as the most widely used analytical technique in
glycan analysis. As a stand-alone technique, it is limited in glycan analysis due
to the presence of isomers. Isomerism in glycans arises from their composition,
connectivity, configuration, and branching. Therefore, MS is often coupled to
orthogonal techniques such as liquid chromatography (LC) and ion mobility
spectrometry (IM-MS). Most recently, the combination of cryogenic IR
spectroscopy in the gas phase with MS proved beneficial for the identification
of smaller glycans. At low measurement temperatures, the IR spectrum of small
glycans provides a unique fingerprint to the underlying chemical structure and
conformation.

In this thesis, cryogenic IR spectroscopy as an addition to the MS-based
analytical toolbox was used to shed light on the migration of fucose residues in
MS experiments. This elusive rearrangement reaction is not restricted to tandem
MS workflows but is recently found to occur in intact ions without extensive
activation. Here, the role of the proton in fucose migration reactions was
investigated for the two glycan epitopes Lewis x and blood group H type 2. A
systematic study of adduct ions and functional groups with competing proton
affinities demonstrated that the proton can be selectively mobilized and
demobilized. Planning MS-based experiments of fucosylated glycan cations
certainly needs an effective strategy to circumvent the presence of a mobile
proton in order to avoid erroneous sequence assignments.

In a multidimensional approach, IR spectroscopy, IM-MS, RDD and
computational modelling were combined to decode the rearrangement product
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and the reaction mechanism. The trisaccharides Lewis x and blood group H
type 2 were found to migrate to a third chemical structure, in which the fucose
moiety is most likely 1,6-linked to galactose. The barrier is much higher for
blood group H type 2 compared to Lewis x and it is feasible that the latter is
never detected in its original chemical structure in the mass spectrometer. These
results generalize fucose migration to a universal issue in any mass spectrometer
to which even various orthogonal MS-based techniques can be blind.

In the second part of this thesis, cryogenic IR spectroscopy in combination with
computational modelling was employed for the structural analysis of sulfated
glycosaminoglycans (GAGs). Diversity in the chemical structure of linear and
acidic GAGs arises from the GAG class, sulfation, epimerization and
acetylation. Using messenger tagging IR spectroscopy, sulfated mono- and
disaccharides have been characterized successfully recently. In the present
thesis, the prominent anticoagulant pentasaccharide fondaparinux which carries
cight sulfate functional groups was investigated using cryogenic IR
spectroscopy in helium nanodroplets as a proof-of-concept. The spectroscopic
fingerprint features unique absorption bands in the mid-IR range for the sulfate
functional groups. With this knowledge, a systematic set of all naturally
occurring sulfation variations in chondroitin and dermatan sulfate (CS/DS)
further demonstrated the capabilities of cryogenic IR spectroscopy for their
differentiation. Moreover, from their IR fingerprints in combination with
computational modelling, conformational diversity arising from sulfation and
charge density distribution could be derived. In a different study, the IR
fingerprints of four heparan sulfate (HS) diastereomers revealed a modularity
in their chemical structure which was explained, using computational modelling,
from their unique hydrogen bonding patterns. The knowledge of the preferred
hydrogen bonding pattern could aid e.g. the development for labelling strategies
in IM-MS. The results show that the high resolution in the optical fingerprints
of GAGs allows to unambiguously resolve their diversity atising from GAG
class, sulfation and epimerization. The results exemplify the importance of gas-
phase cryogenic IR spectroscopy to enhance future analytical workflows for
GAG sequencing. A fully MS-based workflow could involve the ionization of
an intact GAG chain and combine tandem MS with IM-MS and cryogenic IR
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spectroscopy of respective fragments to unambiguously characterize a GAG
chain in a single MS experiment.

In the last part, cryogenic IR spectroscopy was combined with random forest
modelling to extract vibrational features that are characteristic to structural
features in GAGs. The selected structural features included the GAG class and
sulfation and therefore, almost fully characterize the undetlying chemical
structure. In a proof-of-concept study, a prediction score of >97% could be
achieved for HS tetra- and hexasaccharides based on a training set of only 21
spectra. Especially for certain marker motifs, such as 3-O-sulfation in cancer
cells, this workflow could prove beneficial. With machine learning algorithms,
the need for comprehensive spectral databases could be circumvented for the
identification of unknowns. Owerall, the tesults show that MS-based IR
spectroscopy certainly has the potential to leave the framework of academic
basic research and add as a valuable addition to the MS-based analytical toolbox.
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Samenvatting

Weinig voorkomende monosachariden (fucose), covalente modificaties van
glycanen (sulfering) en terminale sequenties spelen belangrijke rollen in de
fysiologie en pathologie van levende organismen. Weinig voorkomende
structuren zijn in evolutionaire zin vaak het resultaat van selectiedruk en kunnen
derhalve een dieper inzicht leveren in de evolutie van glycosylering.
Gefucosyleerde glycanen en gesulfoneerde glycanen vormen echter nog steeds
een uitdaging voor standaard workflows in glycaananalyse. Massaspectrometrie
(MS) heeft zich in het laatste decennium ontwikkeld tot de meest gebruikte
technick voor glycaananalyse, maar is beperkt door de aanwezigheid van
isomeren. Isomeren van glycanen zijn het gevolg van hun samenstelling,
connectiviteit, configuratie en vertakking. MS wordt daarom vaak gekoppeld
aan complementaire technieken zoals vloeistofchromatografie (LC) en ion-
mobiliteitsspectrometrie (IM-MS). Gedurende de laatste jaren is de combinatie
van cryogene infrarood (IR)-spectroscopie in de gasfase met MS van grote
waarde gebleken voor de identificatie van kleinere glycanen. Bij lage
meettemperaturen geeft het IR spectrum van kleine glycanen een unieke
vingerafdruk van de onderliggende chemische structuur en conformatie.

In dit proefschrift is cryogene IR-spectroscopie in combinatie met MS-
gebaseerde analytische technieken gebruikt om licht te werpen op de migratie
van fucose in MS-experimenten. Deze ongrijpbare migratiereactie is niet
beperkt tot tandem MS workflows, maar is recentelijk ook waargenomen in
intacte ionen zonder uitgebreide activering. De rol van het proton in fucose-
migratiereacties is onderzocht voor de twee glycaanepitopen Lewis x en
bloedgroep H type 2. In een systematische studie van adductie-ionen en
functionele groepen met concurrerende protonaffiniteiten is aangetoond dat
het proton selectief gemobiliseerd en gedemobiliseerd kan worden. Het meten
van gefucosyleerde glycaan-kationen met MS vereist een effectieve strategie om
de aanwezigheid van een mobiel proton te omzeilen om foutieve sequentie-
toewijzingen te voorkomen.

In een multidimensionele benadering zijn IR spectroscopie, IM-MS, radical-
directed dissociation (RDD) MS en computationele modellering gecombineerd

137



Samenvatting

om het migratieproduct en het reactiemechanisme te ontcijferen. De
trisachariden Lewis x en bloedgroep H type 2 blijken te migreren naar een
chemische structuur, waarin fucose hoogstwaarschijnlijk 1,6-gekoppeld is aan
galactose. De barricre is veel hoger voor bloedgroep H type 2 dan voor Lewis
x en het is goed mogelijk dat de laatste nooit in zijn oorspronkelijke chemische
structuur gedetecteerd is in de massaspectrometer. Uit deze resultaten blijkt dat
fucose-migratie een universeel probleem is in elke massaspectrometer en dat
ook het gebruik van verschillende complementaire MS-gebaseerde technieken
dit probleem niet geheel kan oplossen.

In het tweede deel van dit proefschrift is cryogene IR spectroscopie in
combinatie met computationele modellering gebruikt voor de structurele
analyse van gesulfoneerde glycosaminoglycanen (GAG’s). De verscheidenheid
in de chemische structuur van lineaire zure GAG’s komt voort uit de GAG
klasse, sulfatie, epimerisatie en acetylatie. Met behulp van messenger tagging IR
spectroscopie zijn recentelijk met succes gesulfoneerde mono- en disachariden
gekarakteriseerd. In dit proefschrift is het anticoagulant pentasaccharide
fondaparinux, dat acht sulfaatgroepen bevat, onderzocht met behulp van
cryogene IR spectroscopie in helium nanodruppels om het werkingsprincipe
van de meting aan te tonen. De spectroscopische vingerafdruk toont unicke
absorptiebanden in het midden-IR bereik voor de sulfaatgroepen. Het meten
van een systematische set van alle natuurlijk voorkomende sulfatievariaties in
chondroitine- en dermatan-sulfaat (CS/DS) heeft de differentiatie
mogelijkheden met behulp van cryogene IR spectroscopie verder aangetoond.
Uit de IR-vingerafdruk in combinatie met computationele modellering kan
bovendien conformationele diversiteit als gevolg van sulfatie en
ladingsdichtheidsverdeling worden afgeleid. In een andere studie onthullen de
IR-vingerafdrukken van vier heparansulfaat (HS) diastereomeren een
modulariteit in hun chemische structuur die verklaard is met behulp van
computationele modellering door hun unieke waterstofbrugpatronen. De
kennis van het geprefereerde waterstofbindingspatroon zou bijvoorbeeld
kunnen helpen bij de ontwikkeling van labelingstrategieén in IM-MS. De
resultaten laten zien dat de hoge resolutie in de optische vingerafdrukken van
GAG’s het mogelijk maakt om eenduidig de diversiteit op te lossen die
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voortkomt uit GAG klasse, sulfatie en epimerisatie. De resultaten illustreren het
belang van gas-fase cryogene IR spectroscopie om toekomstige analytische
workflows voor GAG sequencing te verbeteren. Een volledig op MS
gebaseerde workflow zou de ionisatie van een intacte GAG-keten kunnen
omvatten en tandem MS met IM-MS en cryogene IR-spectroscopie van de
respectieve fragmenten kunnen combineren om een GAG-keten eenduidig te
karakteriseren in één enkel MS-experiment.

In het laatste deel van het proefschrift is cryogene IR-spectroscopie
gecombineerd met random forest modellering om vibratie patronen die
kenmerkend zijn voor structurele eigenschappen in GAG’s aan te tonen. De
geselecteerde structurele eigenschappen omvatten de GAG-klasse en sulfatie en
karakteriseren derhalve bijna volledig de onderliggende chemische structuur. In
een proof-of-concept studie is een voorspellingsscore van >97% bereikt voor
HS tetra- en hexasachariden op basis van een trainingsset van slechts 21 spectra.
Vooral voor bepaalde markermotieven, zoals 3-O-sulfatie in kankercellen, zou
deze workflow nuttig kunnen blijken. Met algoritmen voor machine learning
zou de noodzaak voor het gebruik van uitgebreide spectrale databanken voor
de identificatie van onbekende GAG’s kunnen worden omzeild. Concluderend
kan gesteld worden dat de resultaten zoals beschreven in dit proefschrift
aantonen dat IR-spectroscopie op basis van MS zeker het potentieel heeft om
het stadium van het academisch basisonderzoek te vetlaten en een waardevolle
aanvulling vormt op MS gebaseerde analytische technieken.
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Research Data Management

This thesis has been carried out in accordance with the research data
management policy of the High Field Magnet Laboratory & FELIX Laboratory
(HFML-FELIX), Radboud University, the Netherlands.

Data sets for the results presented in this thesis are deposited in Zenodo, part
of the CERN’s Data Centre, as a data sharing collection with a unique digital
object identifier (DOI) 10.5281/zenodo.6881155. It can be accessed via
https://doi.org/10.5281/zenodo.6881155.

Data sets available are:

e Experimental IR spectral data as xy-files.
e  Experimental IM-MS data as xy-files.

Data sets exist for the Chapters 3, 4, 5, 6, 7 and 8.
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Figure 57: Left panel: calculation of the intramolecular distance of selected functional groups in
A in conformers with relative energies AEpg < 50 k] mol-l. Right panel: calculation of the
dihedral angles W(C1-O-C3-C4) and d(C2-C1-O-C3) in the degree at the glycosidic bond with
respect to the relative energies of the conformers. The results are presented in Ramachandran-
type plots for glycosidic linkages. Results for disaccharide 3 (A) and disaccharide 4 (B).
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Figure 58: Left panel: calculation of the intramolecular distance of selected functional groups in
A in conformers with relative energies AFppe < 50 k] mol!l. Right panel: calculation of the
dihedral angles W(C1-O-C3-C4) and d(C2-C1-O-C3) in the degree at the glycosidic bond with
respect to the relative energies of the conformers. The results are presented in Ramachandran-
type plots for glycosidic linkages. Results for disaccharide 5 (A) and disaccharide 7 (B).
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