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1. INTRODUCTION

1.1. Human milk oligosaccharides

Human milk oligosaccharides (HMOs) are the third most abundant solid component in
breast milk, after lactose and lipids. These complex carbohydrates play a crucial role in
infant nutrition, far beyond their initial perception as mere nutrients. HMOs possess a
range of biological activities, including prebiotic effects, antiadhesive properties against
pathogens, modulation of the immune system, regulation of intestinal epithelial cells, and
contribution to brain development. [1]. While most glycans are typically conjugated to
proteins or lipids, HMOs occur unconjugated in human milk [2]. Despite their
indigestibility by human enzymes, HMOs exert their effects by shaping the gut
microbiota, enhancing the gut barrier function, and modulating immune responses [3].
These diverse roles emphasize the potential for promoting health from infancy to
adulthood [4,5]. The recognition of HMOs' functions has led to their consideration as a
gold standard in infant nutrition [6,7]. Regulatory agencies, such as the FDA in the United
States and EFSA in the European Union, have acknowledged the safety and beneficial
properties of certain HMOs, leading to their approval as ingredients in infant formulas
and dietary supplements [7,8]. Research has identified nearly 200 distinct HMO
structures, ranging from simple to highly complex glycans composed of three to more

than 30 monosaccharide units [9—-12].

1.1.1. Chemical structure and diversity of HMOs

HMOs exhibit a remarkable diversity in their chemical structures, which are composed
of five major monosaccharides: glucose (Glc), galactose (Gal), N-acetylglucosamine
(GlcNAc), fucose (Fuc), and the sialic acid (Sia) primarily in the form of N-
acetylneuraminic acid (Neu5Ac). Each HMO molecule contains lactose (Galpf1-4Glc) at
the reducing end, which can be extended through B1-3 or f1-6 linkages by lacto-N-biose
(GalB1-3GIcNAc, type 1 chain) or N-acetyllactosamine (Galpf1-4GIcNAc, type 2 chain).
The elongated HMO chain or the lactose can undergo fucosylation in al-2, al-3, or al-4
linkages, and/or sialylation in 0.2-3 or a2-6 linkages, resulting in a wide range of structural
variations [1]. The general structure of HMOs can be seen in Figure 1, while the HMO

structures investigated herein are represented in Figure 2.
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Figure 1. Representation of HMO structures. (A) Structure and atomic numbering of the
monosaccharide building blocks of HMOs. (B) Monosaccharide building blocks of HMOs using
Symbol Nomenclature For Glycans (SNFG) [11]. (C) General HMO structure, including chain
elongation possibilities and modification sites of the HMO backbone. (D) Sialylation sites. (E)

Fucosylation sites [13].

HMOs can be categorized based on their core structures into two main groups: neutral
HMOs and acidic HMOs. Neutral HMOs are further divided into fucosylated and non-
fucosylated types, while acidic HMOs contain sialic acid residues. Key representatives of
HMOs in breast milk include 2'-fucosyllactose (2'-FL), lacto-N-tetraose (LNT), and lacto-
N-neotetraose (LNnT). Among these, 2'-FL is the most abundant, comprising about 30%
of total HMOs [14,15]. The overall concentration of HMOs in breast milk is highly
dynamic, ranging from approximately 20-25 g/L in colostrum to 5-15 g/L in mature milk,
with substantial interindividual variation influenced by maternal genetics and lactation
stage [1]. While 2'-FL is most prevalent, it lacks an N-acetyl group. In contrast, several
HMOs containing N-acetyl residues—such as LNT, LNnT, LNFP II, LNFP III, 3'-SL, 6'-
SL, LSTa, LSTb, and even more complex structures like DFLNnH and MFLNH Ill-are
present in concentrations ranging from 0.2 to 1.0 g/L depending on maternal Secretor
status and other factors [16,17]. These N-acetylated structures represent a substantial
portion of the total HMO pool and are biologically relevant due to their general functional
roles.

Recent advancements in HMO production technologies have explored alternative
biosynthetic platforms to improve both structural diversity and scalability. While

microbial fermentation remains the dominant method for industrial HMO production,



plant-based expression systems have been developed to synthesize a wide range of
HMOs, including complex structures such as lacto-N-fucopentaose I, which are typically

difficult to produce via microbial fermentation [18].
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Figure 2. Schematic representation of investigated HMOs from this work, detailing
monosaccharide linkages and structural categories. Grey circles indicate Lewis X (Le*) motifs.
(The chemical structures of all investigated HMOs are shown in Figures Al and A2 in the
Appendix.)

1.1.1.1. Genetic factors influencing HMO composition

The composition and abundance of HMOs vary significantly among lactating women,
largely due to genetic factors, particularly those involving glycosyltransferase genes.
These genetic variations play a crucial role in determining the specific HMO profile in
human milk [1,19].

One primary genetic determinant of HMO composition is the Secretor gene (FUT2),
which encodes a-1,2-fucosyltransferase. This enzyme adds fucose to the HMO backbone,
resulting in fucosylated HMOs. Women who are Secretor-positive, produce milk rich in
fucosylated HMOs such as 2'-fucosyllactose, whereas those who are Secretor-negative

have significantly lower levels of these HMOs [20,21].



Another key gene influencing HMO composition is the Lewis gene (FUT3), which
encodes a-1,3/4-fucosyltransferase. Secretors with functional FUT2 and FUT3 genes
produce a broader range of HMOs, including both a-1,2 and a-1,3/a-1,4 fucosylated
oligosaccharides. In contrast, non-Secretors or individuals with inactive FUT3 genes have
a more restricted HMO profile [1,22]. The interaction between FUT2 and FUT3 activities
creates a complex pattern of HMOs and determines the expression of various Lewis
determinants, including Lewis a (Le?), Lewis b (Le®), Lewis X (Le*), and Lewis y (Le?).
These structural variations depend on the linkage pattern of the outermost Gal (B1-3 or
1-4), and the linkage of Fuc to the internal GIcNAc (al-4 or al-3) [2].

Beyond individual glycosyltransferase genes, epigenetic factors and gene-environment
interactions also influence HMO composition. Maternal diet, health status, and hormonal
changes during lactation can affect the expression of glycosyltransferase genes, thereby

contributing to HMO variability [19].

1.1.2. Functional roles of HMOs

1.1.2.1. Antimicrobial and antiviral effects

One of the primary roles of HMOs is their antimicrobial and antiviral properties. HMOs
act as soluble decoy receptors that prevent pathogens from attaching to the intestinal
epithelial glycocalyx, thereby reducing the risk of infection. For instance, HMOs such as
2’-FL and LNT have been shown to inhibit the adhesion of pathogens like Campylobacter
Jjejuni and Entamoeba histolytica to intestinal cells [23,24]. Additionally, HMOs exhibit
antimicrobial and antibiofilm effects against bacteria such as Group B Streptococcus
(GBS) and Staphylococcus aureus, significantly inhibiting their growth and biofilm
formation [25-27].

1.1.2.2. Modulation of intestinal epithelial cells

HMGOs also directly influence intestinal epithelial cells, enhancing barrier function and
modulating cell proliferation and differentiation. They have been shown to increase the
proliferation of crypt cells under inflammatory conditions, which may protect against
necrotizing enterocolitis [28]. Furthermore, HMOs can alter the structure of the intestinal
epithelial cell glycocalyx layer, enhancing its thickness and reducing pathogen adherence

[29].
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1.1.2.3. Immune modulation

In addition to their direct antimicrobial effects, HMOs modulate the immune system.
They can influence cytokine production and promote a balanced Th1/Th2 response,
potentially reducing excessive mucosal leukocyte infiltration and activation [1,30]. For
example, HMOs such as disialyllacto-N-tetraose (DSLNT) have been shown to suppress

inflammation and support the maturation of the intestinal mucosal immune system [23].

1.1.2.4. Support of beneficial microbiota

Another critical function of HMOs is their role in shaping the gut microbiota. HMOs
selectively promote the growth of beneficial bacteria, particularly Bifidobacterium
species, which are prevalent in the guts of breastfed infants [26]. These bacteria can
ferment HMOs, producing short-chain fatty acids that enhance gut barrier function and
protect against pathogens [31]. The fermentation products of HMOs, such as acetate, also
contribute to the preservation of intestinal barrier integrity by upregulating proteins

responsible for maintaining tight junctions [32,33].

1.1.2.5. Contribution to brain development

HMOs also contribute significantly to brain development and cognitive function as they
are a source of sialic acid, which is crucial for brain development [34]. Sialic acid is a
component of gangliosides and glycoproteins in the brain that play key roles in
neurodevelopment. Studies have shown that breastfed infants, receiving high levels of
sialylated HMOs through human milk, have higher concentrations of sialic acid in their
brains compared to formula-fed infants [35]. This increased availability of sialic acid from
HMOs supports the formation of neural cell membranes and synaptic connections, which
are vital for cognitive functions and learning abilities [36]. Animal studies have
demonstrated that dietary sialic acid enhances learning and memory, suggesting a direct

link between HMOs and improved cognitive outcomes in breastfed infants [37].

1.1.3. Analytical techniques for HMO characterization

1.1.3.1. Structural Elucidation of HMOs

The structural characterization of HMOs is a complex but critical task in understanding
their biological functionality. HMOs exhibit remarkable structural complexity, arising

from their variations in monosaccharide composition, glycosidic linkages, and branching
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patterns. This diversity necessitates advanced analytical methods that can unravel their
intricate structures with precision.

Among these, mass spectrometry (MS) has emerged as the cornerstone for HMO analysis
due to its high sensitivity and ability to analyse complex biological mixtures. Over the
years, MS-based approaches have evolved to address the unique challenges posed by
HMO:s. Electron transfer dissociation (ETD) has been particularly effective in identifying
branching and linkage patterns by producing abundant cross-ring cleavage products,
critical for differentiating structural isomers [38]. Complementing this, ultraviolet
photodissociation (UVPD) offers superior fragmentation capabilities compared to
traditional collision-induced dissociation (CID), enabling detailed analysis of sialylation
and fucosylation patterns, which are essential for understanding functional differences
among isomeric HMOs [39]. Label-free LC-ESI-MS/MS has further enhanced structural
selectivity by employing glycan-specific fragmentation strategies, allowing for high-
throughput analysis of both neutral and acidic HMOs while overcoming challenges
associated with co-elution phenomena [40,41]. Recent studies employing negative-ion
ESI-MS" have enabled the sequencing of difucosylated nona- and decasaccharides,
revealing novel backbone structures and branching patterns that were previously
uncharacterized [42]. This multi-stage MS approach, combined with CID and tandem MS
techniques, has provided deeper insights into the fine structural details of high-degree
polymerization HMOs.

Ion mobility mass spectrometry (IM-MS) enhances MS by separating ions based on their
shape-to-charge ratios. Techniques such as trapped ion mobility spectrometry (TIMS)
provide high-resolution separation, making it possible to distinguish isomeric HMOs that
are otherwise indistinguishable by MS alone [43,44]. The measurement of collision cross-
section (CCS) values in IM-MS has provided an additional layer of identification for
HMGOs, serving as a structural fingerprint to identify and differentiate isomers with
precision. Studies have shown that CCS values are sensitive to both structural and
electronic variations, providing a robust means of resolving complex HMO mixtures.
This approach is particularly effective when combined with tandem MS, as it allows for
the simultaneous acquisition of structural and compositional data [45,46].

Hybrid methods, such as those combining IM-MS with MS/MS or electronic excitation

dissociation (EED) with fixed-charge derivatization, have further expanded the analytical
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toolkit. EED, for example, enables de novo sequencing of native glycans at the MS? level,
eliminating the need for time-consuming derivatization steps like permethylation [47].
This not only simplifies sample preparation but also enhances the accuracy and efficiency
of glycan analysis.

Advancements in computational tools and machine learning algorithms are now being
leveraged to process and interpret the vast datasets generated by these advanced
techniques. Automated methods integrating IM-MS and MS data are increasingly being
adopted for large-scale HMO analysis [48].

While MS techniques are at the forefront of HMO structure analysis, NMR spectroscopy
remains a critical tool for confirming stereochemical configurations and glycosidic
linkages. Despite its inherently low sensitivity, NMR spectroscopy provides valuable
insights into the structural complexity of HMOs, helping elucidate isomeric linkages and
fine structural features that are challenging to capture by other methods.

The foundational role of NMR in HMO analysis began with simpler 1D NMR techniques,
particularly 'H and '3C spectra, which enabled the identification of basic structural motifs
[49]. Early applications also utilized chemical shift analysis and scalar coupling to
understand glycosidic linkages and configurations. For example, in the study of simple
oligosaccharides such as 2°-FL, 'H coupling constants and heteronuclear 'H-!>C coupling
constants were analysed to confirm linkage configurations, with molecular simulations
complementing experimental data to refine the dynamic conformations [50].

With advancements in NMR spectroscopy, investigation of more complex HMOs became
possible, revealing their intricate branching and linkage patterns. Multidimensional
techniques such as COSY, TOCSY, and HSQC enabled the resolution of overlapping
signals, characterization of branching patterns, and identification of spin systems within
sugar residues. For highly complex HMOs, such as lacto-N-decaose from human milk,
2D NMR measurements have been employed to investigate branching and fucosylation
patterns [51,52]. Notably, NOESY and ROESY experiments introduced spatial
interaction mapping, revealing intra- and inter-residue proximity. NOE cross-peaks
proved the stereochemistry of glycosidic linkages in oligosaccharides with densely
packed branching [51].

The study by van Leeuwen et al. introduced a rapid 'H NMR-based method for classifying
milk groups based on Lewis and Secretor blood group epitopes in HMOs. This approach

13



significantly simplified the identification of (al-2)-, (al-3)-, and (al-4)-linked fucose
residues, enabling the categorization of HMOs into specific milk groups [53]. Since its
publication, this method has been widely adopted and further refined in subsequent
research, highlighting its lasting impact of the NMR method on HMO studies [54,55].
Several studies emphasize the routine use of NMR methods for structural characterization
of synthesized HMOs. A study by Xiao and co-workers demonstrated the practicality of
NMR in structure verification, especially in the context of chemoenzymatic strategies,
pointing out the critical role of NMR in synthetic glycan research [56].

NMR spectroscopy has also become an indispensable tool for analysing both HMO and
non-HMO metabolites in human milk. Pratico et al. applied 'H NMR to rapidly
characterize the metabolomic profiles of human milk, including fucosylated HMOs and
other bioactive components [57]. Smilowitz and co-workers quantified a wide array of
metabolites, illustrating distinct variations tied to secretor phenotypes [58]. Spevacek et
al. highlighted dynamic changes in metabolite concentrations during early lactation for
term and preterm milk [59]. Expanding this scope, Wang and co-workers identified
unique non-HMO metabolite profiles associated with Lewis-negative and non-Secretor
mothers [60]. Collectively, these studies underscore the utility of NMR for unveiling the

compositional and functional diversity of HMOs.

1.1.3.2. Chromatographic techniques for HMO analysis

Chromatographic techniques, often coupled with advanced detection systems, provide
key tools for resolving the structural complexity of HMOs and understanding their
biological functions.

HPLC is one of the most employed techniques for HMO analysis. Different stationary
phases enable HPLC's adaptability to various analytical challenges. Reversed-phase
chromatography (RPC) and hydrophilic interaction liquid chromatography (HILIC) are
frequently used to profile neutral and acidic HMOs. These techniques have also been
applied in industrial settings to ensure rigorous quality control of HMOs, particularly for
impurity profiling and structural characterization. For instance, validated HPLC methods,
combined with NMR spectroscopy, have been employed to achieve full mass balance
closure and detect byproducts in industrially produced 2’-FL, enhancing the precision of

HMO characterization [61].
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HILIC provides robust separation for sialylated HMOs due to its interaction with the
hydrophilic moieties of the oligosaccharides [62,63]. Pre-column derivatization is a
widespread practice in HPLC to enhance sensitivity and detection. For instance, tagging
HMOs with fluorescent labels such as 2-aminobenzamide (2-AB) significantly improves
their chromatographic and mass spectrometric profiles. This approach facilitates the
resolution of isomeric structures that are otherwise challenging to distinguish [64]. Porous
graphitic carbon (PGC) chromatography provides excellent resolution for isomers,
including o/B anomeric forms. To prevent anomeric splitting, the separation of reducing
sugars typically involves reductive derivatization to their alditol form. Despite its
efficacy, PGC's high susceptibility to contamination and retention variability over time
pose operational challenges [65].

Capillary electrophoresis (CE) is a powerful electromigration technique that combines
high-resolution separation with minimal sample requirements. CE has been applied in
capillary zone electrophoresis (CZE) and capillary gel electrophoresis (CGE) modes for
HMO analysis [62]. When coupled with laser-induced fluorescence (LIF), CE offers a
complementary technique for HMO analysis. CE excels in resolving acidic
oligosaccharides like 3’- and 6’-sialyllactose, which often exhibit overlapping
chromatographic behaviour in HPLC systems. The high resolving power of CE is
particularly advantageous for analysing isomers, owing to its sensitivity to charge-to-size
ratios [62,63,66,67]. Recent advancements in multicapillary gel electrophoresis (MCGE)
have further enhanced throughput and resolution. Using borate-crosslinked gels, this
method achieves exceptional separation efficiency for both neutral and acidic HMOs,
demonstrating its potential for high-throughput applications [66].

High-pH Anion Exchange Chromatography (HPAEC) coupled with pulsed amperometric
detection (PAD) is well-established for its ability to resolve neutral and acidic HMOs
without prior derivatization. However, pre-fractionation to separate neutral and acidic
HMGOs is often necessary, increasing analysis time. Although PAD provides a low
detection limit, its structural information is limited, necessitating MS coupling for
comprehensive analysis [62,64,68].

GC (coupled with MS), although less commonly used for oligosaccharides, remains a
valuable technique for specific applications, such as the quantification of fucosylated

HMO isomers. Methods employing trimethylsilyl derivatization enhance volatility and
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stability, enabling accurate quantification of key HMOs like 2’-fucosyllactose and 3-

fucosyllactose [68].

1.1.3.3. Analytical methods for HMO quantification

The field of HMO analysis has advanced significantly, with diverse methods now
available to quantitatively assess these compounds in a variety of matrices, including
breast milk, infant formula, dietary supplements, infant urine and feces, and even foods
containing added HMOs. These techniques address the complexity and diversity of HMO
structures, providing robust and accurate quantification that supports both scientific
research and industrial applications.

HPLC has been widely employed, often coupled with refractive index (RI) detection for
specific HMOs such as 2’-FL and 3-FL in various food matrices like milk and yogurt.
These methods achieve high linearity, precision, and reproducibility, making them
suitable for stability and shelf-life studies in food products [69]. Similarly, derivatization
techniques enhance fluorescence detection, enabling the simultaneous analysis of
multiple HMOs in infant formula and adult nutritionals with high specificity and
sensitivity [70].

MS techniques, often combined with LC, have significantly advanced HMO
quantification by offering unparalleled sensitivity and structural specificity. Methods like
PGC-LC-MS allow simultaneous quantification of neutral and acidic HMOs with
accurate calibration and validation across complex biological matrices [65,71]. Another
example is HPAEC-PAD, which has proven to be accurate for resolving structurally
similar HMOs such as 2’-FL and lactose in lactose-rich environments like infant formula
[72].

A combined approach utilized '"H NMR spectroscopy alongside HPAEC-PAD and PGC-
LC-MS to analyse HMOs in maternal milk and infant feces. Absolute concentrations of
3-FL in human milk were determined using HPAEC-PAD, while its concentration in
infant fecal samples, along with 16 other major HMO structures, was quantified by PGC-
LC-MS. To complement the quantitative analysis, 'H NMR was utilized to determine the
relative levels of fucosylated epitopes, enriching the structural information obtained from
these measurements and providing deeper insights into HMO profiles and their metabolic

transformations [73].
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Recently, a novel quantitative NMR method was developed to overcome challenges in
HMO analysis caused by spectral overlap with sample impurities. This method offers
high precision and accuracy in measuring 2’-FL and 3-FL in complex food matrices,
outperforming conventional chromatography-based approaches in simplicity and speed
of sample preparation [74].

Additionally, advances in automated data processing tools, such as LC/MS search
libraries, further streamline high-throughput analysis, integrating quantification with
structural elucidation [75].

Rapid methods are increasingly recognized in industrial contexts, such as the reductive
amination techniques used for labelling HMOs with UV-active compounds. These
methods, characterized by reduced runtime and reliance on widely available

instrumentation, are pivotal for large-scale quality control and regulatory compliance

[76].

1.2. SN NMR spectroscopy for glycan characterization

The application of "N NMR spectroscopy has significantly advanced the structural
characterization of glycans, particularly glycosaminoglycans (GAGs) such as heparin,
heparan sulfate (HS), and hyaluronan (HA). These linear polysaccharides, composed of
alternating uronic acid and hexosamine residues, exhibit complex patterns of sulfation
and acetylation, making their molecular-level characterization challenging. Integrating
ISN'NMR, particularly through 'H-detected techniques, enables the elucidation of specific
structural motifs critical for their biological activity.

GAGs like heparin and HS contain N-acetylglucosamine (GIcNAc) and N-sulfo-
glucosamine (GlcNS) residues, which are amenable to analysis via "N NMR. These
residues are central to understanding glycan microstructure due to the sensitivity of their
nitrogen chemical shifts to sulfation and neighbouring chemical environments [77]. One
of the initial "N NMR-based method developments by Limtiaco et al. focused on
detecting '°N in amino sugars through long-range couplings to carbon-bound protons,
making it suitable for glycan analysis. TheIMPACT-HNMBC (improved and accelerated
constant-time proton nitrogen multiple-bond correlation) pulse sequence is particularly
effective for molecules with fast N-H exchange, such as amino sugars containing N-sulfo

substitutions or unmodified amino groups [78].
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Langeslay and colleagues expanded the application of 'H-'>N NMR spectroscopy for
GAG characterization. Their work focused on optimizing experimental conditions to
detect nitrogen-linked protons in sulfamate groups, overcoming challenges posed by fast
proton exchange in aqueous environments [79,80]. They developed sensitive techniques,
including '"H->"N HSQC and HSQC-TOCSY to assign NMR resonances to structural
motifs such as GIcNS residues and sulfation patterns. These have been applied to the
characterization of heparin, heparan sulfate, and pharmaceutical derivatives [79,81].
Similarly, Beecher and Larive extended this approach to unmodified glucosamine (GIcN)
and 3-O-sulfoglucosamine (GIcN3S) in aqueous solutions, achieving the first direct
detection of their amine protons through 'H-'>N HSQC. Their work characterized solvent
exchange properties and temperature dependencies, paving the way for deeper insights
into GAG microstructures [82,83].

SN  NMR spectroscopy was also influential in the structural analysis of hyaluronan
oligosaccharides. By employing !°N- and '*C-isotopic labelling Blundell et al. achieved
complete sequence-specific assignments of nuclei in hyaluronan oligomers up to
decasaccharides. Their studies provided critical insights into end-effects, the dynamic
perturbations from terminal residues on internal structures, and their significance in
understanding hyaluronan’s polymeric conformation in solution [84,85].

The reduced signal overlap inherent in >N spectra provides a clear advantage in
simplifying the interpretation of complex data sets, particularly compared to the dense
signal environments typical in 'H- and '*C-based analyses. For example, Pomin's studies
demonstrated that '"H-'N chemical shifts could reliably distinguish sulfation patterns
within GAG components, even in mixtures, and introduced isotopic '°N-labelling to
enhance sensitivity and trace metabolic pathways in cell cultures [86]. In a later study,
Pomin investigated the fast exchange properties of the sulfamate proton in GlcNS and
employed techniques such as dynamic nuclear polarization (DNP) to improve '°N signal
detection, allowing detailed analysis of both monosaccharides and GAG chains in

solution [87].
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2. OBJECTIVES

The primary objective of this work is to explore and characterize the structural complexity
and isomeric diversity of HMOs using advanced NMR techniques, particularly 'H-">N
HSQC and related methodologies. This research aims to develop N NMR-based
methods to distinguish isomeric tri-, tetra-, and pentasaccharide HMO structures, as well
as to perform comprehensive 'H-'"N NMR analyses of hexa-, hepta-, and octasaccharide
HMOs containing Lewis X motifs, isolated from human milk. These include performing
complete resonance assignments (‘H, °C, and '°N) of all investigated HMOs to identify
unique structural motifs and distinguish isomers, as well as investigating the structural
connectivity within HMOs to elucidate their spatial configurations.

This work introduces, for the first time, the observation of the '°N nucleus into the NMR
characterization of HMOs. By a systematic investigation of '°N and 'H chemical shifts of
N-acetylglucosamine (GlcNAc) and N-acetylneuraminic acid (NeuSAc) moieties, the
study aims to enhance the identification of isomeric structures. Furthermore, the research
investigates several complex HMOs, including LNH, LNnH, and their derivatives
containing Lewis X antigen (Galfl-4(Fucal-3)GIcNAc—) building blocks. Notably,
many of these HMOs, are being extensively analysed via NMR for the first time, with
their exact structures determined and reported.

By achieving these objectives, the research aims to advance the understanding of HMO
structural diversity and establish a framework for their detailed characterization using

non-destructive, high-resolution NMR methods.
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3. METHODS

3.1. Chemicals

Tri-, tetra- and pentasaccharide HMOs; lacto-N-tetraose (LNT), lacto-N-neotetraose
(LNnT), sialyllacto-N-tetraose a (LSTa), sialyllacto-N-tetraose b (LSTb), lacto-N-
fucopentaose II (LNFP II), lacto-N-fucopentaose III (LNFP III), 3’-sialyllactose (3’-SL),
and 6’-sialyllactose (6’-SL) were obtained from DSM (Hersholm, Denmark). Hexa-,
hepta- and octasaccharide HMOs; lacto-N-hexaose (LNH), lacto-N-neohexaose (LNnH),
monofucosyllacto-N-neohexaose I (MFLNnH I), monofucosyllacto-N-neohexaose II
(MFLNnH II), monofucosyllacto-N-hexaose III (MFLNH III), and difucosyllacto-N-
neohexaose (DFLNnH) were isolated from human milk.

While the details of HMO preparation are beyond the scope of this dissertation, the
isolation procedure is thoroughly described in the publication on which this work is based
(see chapter 9: Bibliography of the candidate’s publications). Briefly: human milk
samples were collected from healthy volunteers at various postpartum stages, all screened
for major infectious diseases. The samples were classified based on donor status using 'H
NMR analysis and processed accordingly [53]. Defatting, protein and lactose removal,
desalting, and fractionation steps were carried out to isolate the oligosaccharide fraction.
Neutral and sialylated HMOs were obtained via ion-exchange chromatography. Further
purification steps included gel permeation chromatography and HPLC to yield defined
oligosaccharide fractions.

Additional chemicals and reagents included deuterium oxide DO (99.9 atom% D), 3-
(trimethylsilyl)-1-propanesulfonic acid sodium salt (DSS) and N-acetyl-D-glucosamine
from Merck (Darmstadt, Germany), N,N',N",N"-tetraacetylchitotetraose from Carbosynth
(Compton, United Kingdom) and sodium phosphate and HCl from Reanal (Budapest,
Hungary). Freshly prepared ultrapure water was obtained using the Select Fusion water
purification system (SUEZ Water Technologies & Solutions, Feasterville-Trevose, PA,

USA).

3.2. Instrumentation

Instrumentation included the SevenCompact S210 pH-meter and standard reference
buffers (pH 2.00, 4.01, and 7.00) from Mettler-Toledo (Greifensee, Switzerland). NMR

spectra were recorded using two Bruker Avance III systems (Bruker Biospin GmbH,
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Rheinstetten, Germany): a HDX instrument ('H: 799.68 MHz, *C: 201.10 MHz, '>N:
81.04 MHz) equipped with an 800 SA 'H&!F/'*C/'*N TCI cryoprobe, and a HD
instrument ('H: 600.05 MHz, '*C: 150.89 MHz, '"N: 60.81 MHz) equipped with a
Prodigy cryo-probehead. Both systems were operated at room temperature (295 or 298
K) and controlled using TopSpin 3.5 software (patch level 7) with pulse programs from
the Bruker software library.

3.3. Sample preparation

For the purchased HMOs (tri- to pentasaccharides), solutions were prepared at a target
concentration of 10 mM whenever sufficient substance quantities were available. For
isolated HMOs (hexa- to octasaccharides), the available amounts were limited, thus, the
entire available sample (approximately 1-2 mg) was used. The HMOs were dissolved in
a minimal volume of'a 9:1 H.0:D:0 solvent mixture containing 5 mM sodium phosphate
(NaH:PO.), and the pH was adjusted to 3.0 with 0.1 M HCI. DSS (0.5 mM) was used as
the NMR chemical shift reference for both 'H and *C nuclei.

Most HMOs were prepared in 500 ul of buffer using standard 5 mm Wilmad 541
(CortecNet, Voisins-Le-Bretonneux, France) or Norell Standard Series (Merck,
Darmstadt, Germany) NMR tubes, while mass-limited samples were dissolved in 300 pl
buffer and measured in D20-matched Shigemi BMS-005TB tubes (Merck, Darmstadt,

Germany) to maximize sensitivity.

3.4. NMR methods

3.4.1. NMR spectroscopic parameters and data analysis

The chemical shifts () for '"H and '*C nuclei were referenced to the internal standard
(DSS), while the coupling constants (J) are given in Hz. Heteronuclear ’N NMR
experiments were performed at natural abundance. The '°N resonances were deduced
from the heteronuclear 2D spectra with chemical shifts relative to liquid ammonia.
Assignments for '"H and '*C shifts were validated through cross-experiments. Signal
overlap was managed by selective pulse excitation and fine-tuning of experimental
parameters. Spectral processing and analysis were performed using TopSpin 3.5.

software.
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3.4.2. NMR experiments

The resonance assignments of tri- to pentasaccharide HMOs were achieved using the
following pulse sequences from the Bruker software library without modification: '*C
(zgpg30), DEPTQ (deptqgpsp), 'H-'H COSY (cosygpmfqf), 'H-'*C HSQC
(hsqcedetgpsisp2.2), 'H-13C selective HSQC (shsqcetgpsisp2.2), 'H-'3C HMBC
(hmbegplpndqf), 'H-'H ROESY (roesyphpr.2), 'H-'H TOCSY (mlevphpr.2), selective
gradient TOCSY (seldigpzs), and selective gradient 'H-'H ROESY (selrogp)
experiments.

For hexa- to octasaccharide HMOs, the same pulse sequences were applied. Although,
DEPTQ, ROESY, and TOCSY experiments required no modifications, the remaining

pulse sequences were adapted to include solvent suppression.

3.4.2.1. NMR experiments with solvent suppression

The low pH and high H>O content of the NMR buffer was critical for observing amide
proton resonances, which provide valuable structural insights. However, the overlap
between the H>O resonance and certain anomeric proton signals necessitated the use of
high-quality solvent suppression to achieve accurate resonance assignments. To address
this, pulse programs from the Bruker library were modified by separating the DI
relaxation delay from the presaturation delay, now encoded as the D2 delay parameter.
These modifications ensured optimal solvent suppression while preserving amide signal
integrity. The power level for presaturation was individually tested for each experiment
to prevent signal reduction via saturation transfer. The modified D2 parameter was also
integrated into the 1D 'H (zgpr) pulse sequence with solvent suppression, ensuring

consistency across all experiments.

NMR experiments for tri- to pentasaccharide HMOs were conducted using a 600 MHz
NMR instrument. The experimental parameters were as follows:

The 'H spectra were recorded in a 7211.539 Hz (12.0 ppm) spectral width (SWH), with
32 scans (NS) and 16 dummy scans (DS). The size of the fid was 32768 (TD), and receiver
gain was set automatically. Transmitter frequency offset (O1) was set based on the water
'H resonance. The 90° pulse (P1) was set by calibration for each sample individually. The

delay parameters (D1, D2) were set to 2 s.
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The 'H-">N HSQC (hsqcetgpsi2) spectra were acquired with a spectral width (SWH)
6009.615 Hz (10.0 ppm) in F2 and 608.147 Hz (10.0 ppm) in F1. A total of 64 scans (NS)
and 16 dummy scans (DS) were recorded, along with 2048 complex points (TD) in F2
and 64 in F1. Transmitter frequency offset (O1) parameters in F2 and F1 were set based
on preliminary trial experiments. In addition, 2 s relaxation delays were used (D1, D2).

The 'H-">’N HSQC-TOCSY (hsqcdietgpsi) spectra were acquired with a spectral width
(SWH) 6009.615 Hz (10.0 ppm) in F2 and 608.025 Hz (10.0 ppm) in F1. From 650 to
715 scans (NS) and 16 dummy scans (DS) were recorded, along with 2048 complex points
(TD) in F2 and 64 in F1. Transmitter frequency offset (O1) parameters in F2 and F1 were
set based on preliminary trial experiments. In addition, 2 s relaxation delays were used as

D1 and D2, while D9 was set to 120 ms.

NMR experiments for hexa- to octasaccharide HMOs were conducted using an 800 MHz
NMR instrument. The experimental parameters were as follows:

The 'H spectra were recorded in a 9578.544 Hz (12.0 ppm) spectral window (SWH), with
8 scans (NS) and 8 dummy scans (DS). The size of the fid was 65536 (TD), and receiver
gain was set based on preliminary trial experiments. Transmitter frequency offset (O1)
was set to the water 'H resonance and optimized to yield FID with minimum area. The
90° pulse (P1) was set by calibration for each sample individually. Following the
relaxation delay D1 of 18 s, presaturation was achieved by the delay D2 of 2 s and a
typical power level of 50-70 pW. Selective 1D TOCSY spectra were started from NH
and isolated anomeric CH resonances to observe the high-resolution multiplets in each
individual monosaccharide units representing a distinct spin system, applying R-SNOB
pulse shapes for selective excitation and mixing times of 20, 40, 60 and 120 ms. Selective
1D ROESY spectra from the same signals were also acquired with 300 ms mixing time
to explore spatial relationships.

The "H-""N HSQC spectra were acquired with a spectral width (SWH) between 6880.734
and 6402.049 Hz (8.6 - 8.0 ppm) in F2 and between 162.082 and 324.163 Hz (2.0 - 4.0
ppm) in F1. A total of 32-64 scans (NS) and 16-32 dummy scans (DS) were recorded,
along with 1600-1800 complex points (TD) in F2 and 16-64 in F1. In addition, 0.1-1 and

2 s relaxation delays were used for D1, D2, respectively.
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4. RESULTS

4.1. Optimization of experimental conditions

The optimization of experimental conditions was critical to ensuring reliable and
reproducible NMR data. To achieve this, N-acetylglucosamine (GIcNAc) was selected as
a model compound. GIcNAc is not only commercially available but also one of the five
fundamental building blocks of HMOs. Its biological relevance and structural simplicity
make it an excellent representative for studying exchangeable amide (NH) protons in
HMOs. These protons, known for their solvent exchange properties, are highly sensitive
to experimental conditions, making them an ideal focus for our study.

An H>0:D>0 mixture in a 9:1 ratio was chosen for the solvent to maintain a suitable
environment for the NH proton. This composition allowed the observation of the NH
resonance in the 'H spectra while providing a sufficient deuterium lock for NMR. As the
amide NH proton resonance is influenced by solvent exchange rates, and these rates are
pH-dependent, an initial investigation focused on identifying the optimal pH range for
maximizing signal intensity.

Unbuffered GlcNAc samples were analysed over a pH range of 3.0-9.0. This approach
minimized the potential interference of buffer components in accelerating exchange rates.
The NH resonance was monitored via integration in 'H NMR spectra. The results (Figure
3) indicated that sharper peaks with greater integral values were consistently observed
within the pH range of 3.0-5.0. This observation aligns with prior findings by Green et
al., who demonstrated the influence of lower pH values on line widths and exchange rates,
particularly for amide protons in glycosaminoglycan derivatives [88].

Following measurements were performed using buffered solutions to refine conditions.
While increasing buffer concentrations from 5 mM to 50 mM enhanced buffer capacity,
it was accompanied by a noticeable decrease in NH resonance intensity, particularly at
higher pH values (Figure 4). This reduction likely stemmed from enhanced exchange rates
catalysed by buffer anions. A pH of 3.0 and 5 mM phosphate-buffer concentration were
chosen as a compromise, balancing optimal NH signal intensity and sufficient buffer

capacity.
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Figure 3. Selected region of the '"H NMR spectra of GlcNAc in H,0:D,0 9:1 v/v unbuffered

solution indicating the '"H NMR resonances of the amide NH protons of GIcNAc anomers in the
range of pH 3.0-9.0. The amide resonances of GIcNAc B- and a-anomers at pH 3 were detected

at 0 8.22 and ¢ 8.12 ppm, respectively [13].

Efficient solvent suppression was crucial to the successful observation of GlcNAc NH
resonances, as water typically generates a dominant signal in aqueous NMR. The amide
NH signal is particularly sensitive to saturation transfer and exchange effects with water,
which can dominate the spectra if not carefully managed. Among the various available
solvent suppression techniques, the presaturation method (zgpr pulse sequence) was

selected for its simplicity and effectiveness in our further experimental setup.
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Figure 4. Selected regions of the '"H NMR spectra of GIcNAc in a H,O:D,0 9:1 v/v solution,
recorded within the pH range of 3.0-5.0. Phosphate- and acetate-based buffers were used at
concentrations of 5 mM and 50 mM. The anomeric NH proton resonances of GIcNAc are

observed at J 8.22 ppm (B anomer) and ¢ 8.12 ppm (o anomer).

This method, which involves selectively saturating the water signal prior to acquisition,
provided a robust solution for our needs. However, the implementation required precise
adjustment of pulse sequence parameters to decouple presaturation from the main
sequence relaxation delays. This adjustment ensured that solvent suppression did not
inadvertently saturate the exchangeable NH resonances. The utility of such modifications
for sensitive proton detection is well supported in the foundational work on solvent
suppression methods, which outlined the theoretical and practical framework enabling
such targeted optimization [89].

The optimized parameters were applied to 'H-'>N HSQC (hsqcetgpsi2) and 'H-'’N
HSQC-TOCSY (hsqcdietgpsi) sequences, integrating presaturation into the experimental
design. Power levels and relaxation delays were carefully calibrated to maximize NH

signal detection while avoiding sample degradation or overheating. The results, as shown
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in Figure 5, highlight the improvements in spectral clarity and resolution achieved

through these modifications.
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Figure 5. "TH-'’N HSQC spectra of GIcNAc¢ in H,0:D>0 9:1 v/v at pH 3.0 with the pulse sequence
hsqcetgpsi2 unmodified (A) and with presaturation (B).

4.2. Complete 'H, 13C, and >N resonance assignments of the HMO samples

4.2.1. Introduction to HMO resonance assignments

The structural elucidation and comprehensive NMR analysis of HMOs represent a critical
step toward understanding their complex structural diversity and biological significance.
While the tri-, tetra-, and pentasaccharides investigated herein, are more widespread,
complete NMR assignments for these molecules remain notably absent from the
literature. Although previous studies have employed NMR techniques to investigate some
of these HMOs for certain structural or functional purposes [50,52,53,55,57,73,90-95],
these works focused on limited aspects rather than providing comprehensive resonance
assignments.

The isolated hexa-, hepta-, and octasaccharides represent more complex HMOs, posing
additional challenges. The incomplete or altogether absent resonance assignments for
these HMOs in existing studies underscore the need for advanced structural analysis. For
instance, while Dua et al. in 1985 identified some distinctive non-overlapping 'H
resonances in LNH and its mono- and difucosylated derivatives [90], and Bandara et al.
presented synthesized hexasaccharides LNH and LNnH with corresponding NMR

spectra, no in-depth characterization of these or related HMOs had been conducted
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[91,92]. Moreover, the exact structural details of certain HMOs, such as MFLNnH I and
11, particularly regarding the fucose binding site, remained unresolved until now [90,96—
98].

This study represents the first in the literature to observe NH proton resonances in HMOs,
leveraging heteronuclear 'H-'N correlation to expand the scope of structural insights.
The novel observation of NH proton resonances provides additional dimensions of
information, facilitating the unambiguous assignment of amide groups and connectivity
between monosaccharide units.

The 'H, *C, and ’N NMR resonance assignment of the HMOs were deduced from 1D
and 2D NMR spectra using 3-10 mM HMO solutions in an H>O:D,0 9:1 (v/v) mixture,
prepared in a 5 mM phosphate-buffered pH 3.0 solution with 0.5 mM DSS as chemical
shift reference.

The workflow employed for resonance assignment integrates various NMR experiments
and is applicable to the range of HMOs with the degrees of polymerization (dp) studied
here. Despite the variations in structure and complexity, the fundamental approach

remains consistent.

4.2.2. NMR experimental approach and workflow

The '"H NMR spectrum served as the primary entry point for resonance assignment in all
cases (Figure 6A and 7A). Depending on the composition of the analysed HMO —whether
it contained one or two GlcNAc units or one GlcNAc and one Neu5Ac unit— one or two
strongly downfield-shifted NH resonances were observed in the 'H spectra (Figure 6A,
6B and 7A). While the anomeric region was relatively well-resolved for HMOs with
smaller dp values (Figure 7A), more complex HMOs exhibited significant crowding and,
in some cases, overlap with the water resonance (Figure 6C). These characteristics
highlighted the need of complementary experiments to eliminate uncertainties. To map
the spin systems of individual monosaccharides, 1D TOCSY series were recorded (Figure
6D). These experiments provided essential insights into the multiplicity patterns of

overlapping resonances and facilitated the identification of specific building blocks.
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Figure 6. Representative 'H NMR spectrum sections of HMOs with dp 6-8 containing two
GIcNAc moieties. (A) Characteristic 'H spectral regions of MFLNnH II. (B) Two distinct amide
resonances in the 'H spectrum of LNH. (C) Assignment of each anomeric 'H resonance of

DFLNnH. (D) Selective gradient 'H TOCSY series of the resonance 6 4.42 (B-Gal*® H-1) [99].

Additionally, 2D TOCSY spectra were recorded across the entire chemical shift range to
confirm assignments and resolve ambiguities (Figure 7D). Singlet resonances of acetyl-
groups and doublet resonances of fucose’s methyl-groups were distinctly observed in the
'H spectrum at lower chemical shift values, aiding in the identification of these structural
motifs (Figure 6A and 7A). In cases of severe overlap, particularly in the densely
populated region between 3.5-4.0 ppm, band-selective 'H-C HSQC spectra were
contributory (Figure 7C). These experiments in conjunction with DEPTQ spectra allowed
the assignment of individual carbon resonances and resolution of ambiguities due to
spectral overlap. To establish 'H-"H connectivities between well-resolved resonances,
COSY spectra were recorded. For long-range correlations, the HMBC spectrum proved
invaluable, confirming 'H-'C resonance assignments and elucidating connectivity
between monosaccharide units. This was particularly useful for resolving structures of
HMOs containing multiple acetyl groups. To confirm stereochemistry and spatial

relationships among the building blocks, 2D ROESY and selective 1D ROESY

29



experiments were conducted (Figure 7E). These experiments verified inter-residue

connectivities and provided critical information about the spatial arrangement of the

HMOs. The complete resonance assignment of the investigated HMOs can be found in

Tables 1-4.
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Figure 7. Representative spectra of the NMR workflow shown using the example of the

pentasaccharide LSTb. (A) The 600 MHz '"H NMR spectrum of LSTb using solvent suppression

highlighted the characteristic 'H spectral regions. (B) The molecular structure of LSTb. (C) The
“carbohydrate” region of 'H-"*C HSQC spectrum of LSTb. (D) 2D '"H-'H TOCSY spectrum of
LSTb. (E) Selected "H-"H 2D ROESY spectral region of LSTb [13].

30



4.2.3. Resonance assignment of tri-, tetra-, and pentasaccharide HMOs

Table 1. The complete 'H, '*C, and '>N resonance assignment of LNT, LNnT, LNFP III, and LNFP III in H,O: D,O 9:1 v/v solvent at pH 3.0 [13].

LNT LNnT LNFP II LNFP III
H m,J [Hz] BC/N H m,J [Hz] BC/N H m,J [Hz] BC/®N H m,J[Hz] BC/®N
a-Glc
1 5.22 d,3.7 94.6 5.22 d, 3.7 94.6 5.22 d,3.7 94.6 5.22 d,3.7 94.6
2 3.57 dd, 9.9,3.8 74.0 3.57 dd, 9.9,3.8 74.0 3.57 dd, 9.9, 3.8 74.0 3.57 dd, 9.9, 3.8 74.0
3 3.82 t,9.5 74.2 3.82 t,9.3 74.2 3.82 t,9.4 74.2 3.82 t,9.4 74.2
4 3.63 t,9.5 81.0 3.63 t,9.3 81.0 3.63 t,9.4 80.9 3.63 t,9.4 81.0
5 3.94 m 72.8 3.94 m 72.8 3.94 m 72.8 3.94 m 72.8
6 3.86 m 62.7 3.86 m 62.7 3.85 m 62.7 3.85 m 62.7
B-Gle
1 4.66 d,7.9 98.5 4.66 d,7.9 98.5 4.66 d,7.9 98.5 4.66 d,7.9 98.5
2 3.27 m 76.6 3.27 m 76.6 3.27 m 76.6 3.27 m 76.6
3 3.63 m 77.1 3.63 m 77.1 3.63 m 77.1 3.63 m 77.1
4 3.64 m 80.9 3.64 m 80.9 3.63 m 81.0 3.64 m 80.9
5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
6a 395  dd, 12.0,2.0 3.95  dd, 12.0,2.0 395  dd, 12.1,2.0 395  dd, 12.0,2.0
6b 3.79  dd, 12.2,5.0 62.9 3.79  dd, 12.2,5.0 62.9 3.79  dd, 12.1,5.0 62.8 3.79  dd, 12.0,5.0 62.8
p-Gal
1 4.43/4.43 d, 7.7 105.60/57  4.43/4.43 d,7.9 105.61/58  4.42/4.42 d,7.9 105.62/58  4.42/4.42 d,7.9 105.61/58
2 3.60/3.58 dd,9.8,7.8 72.80/77 3.60/3.58 dd,9.8,7.9 72.76/73  3.59/3.57 dd,9.8,7.9 72.75/73  3.59/3.57 dd,9.8,7.9 72.76/73
3 3.74/3.72 t,3.0 84.72/69  3.72/3.71 t,3.0 84.78/76  3.72/3.70 t,3.0 84.81/78  3.71/3.69 t,3.0 84.81/78
4 4.15 d, 32 71.13/10 4.15 d,3.2 71.14/12 4.15 d, 3.4 71.12/10 4.15 d,3.4 71.19/09
5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
6 3.76 m 63.78/77 3.76 m 63.78/77 3.76 m 63.79/78 3.76 m 63.79/77
B-GlcNAc
1 4.72/4.72 d, 8.4 105.3 4.69/4.69 d, 8.3 105.46 4.69/4.69 d, 8.5 105.4 4.70/4.70 d, 8.5 105.3
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2 3.90 m 57.5 3.80 m 58.0 3.95 m 58.6 3.96 m 58.7
NH 8.36 d, 9.6 122.48 8.27 d, 9.5 122.98 8.44 d, 9.8 122.39 8.41 d, 9.8 122.27
CcoO 177.7 177.7 177.5 177.5
CH3 2.02 s 25.0 2.03 S 25.0 2.03 ] 25.1 2.02 S 25.0

3 3.80 t, 9.6 84.8 3.73 m 75.0 4.07 t, 9.6 78.6 3.87 m 77.5

4 3.57 t, 9.6 71.2 3.73 m 80.8 3.75 t, 9.6 74.8 3.94 m 75.7

5 3.47 dgd(; 120‘30’ 77.9 3.58 m 77.3 3.53 dt, 9.5, 3.0 77.9 3.57 m 77.8

6a 3.90 m 3.95 dd, 12.2,2.0 3.94 m 3.97 m
6b 3.78 dd, 12.5,5.3 63.3 3.85 dd, 12.2,4.7 626 3.86 dd, 12.5,3.2 624 3.87 m 62.4

p-Gal

1 443 d, 84 106.2 4.47 d, 7.8 105.53 4.50 d, 7.7 105.55 445 d, 7.8 104.46

2 3.52 dd, 9.8,7.8 73.5 3.54 dd, 9.8,7.8 73.8 3.48 dd, 9.8,7.7 73.3 3.49 dd, 9.8,7.9 73.8

3 3.64 dd, 10.0, 3.0 75.3 3.67 dd, 10.0, 3.3 75.3 3.62 dd, 9.8,3.4 75.1 3.65 dd, 9.8,3.3 75.3

4 3.90 d, 3.4 71.3 3.92 d,3.5 71.3 3.88 d,3.5 71.2 3.90 d,3.4 71.2

5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

6 3.76 m 63.8 3.75 m 63.84 3.72 m 64.5 3.72 m 64.3

a-Fuc

1 5.02 d, 4.0 100.7 5.12 d, 4.0 101.3

2 3.80 dd, 10.5, 4.0 70.6 3.69 dd, 104, 4.0 70.5

3 3.88 dd, 10.3,3.3 72.0 3.90 dd, 10.4,3.3 72.0

4 3.79 d, 3.3 74.8 3.79 d,3.3 74.2

5 4.87 o.l. 69.6 4.83 o.l 69.4
CH3 1.17 d, 6.7 18.1 1.17 d, 6.6 18.0
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Table 2. The complete 'H, '3C, and '>N resonance assignment of LSTa, LSTb, 3’SL, and 6’SL in H,O: D,O 9:1 v/v solvent at pH 3.0 [13].

LSTa LSTb 3°SL 6’SL
'H m, J [Hz] BC/5N 'H m, J [Hz] BC/I5N 'H m, J [Hz] BC/I5N 'H m, J [Hz] BC/I5N
a-Gle
1 5.22 d, 3.7 94.6 5.22 d, 3.8 94.6 5.22 d, 3.8 94.6 5.22 d,3.7 94.6
2 3.57 dd, 9.9,3.8 74.0 3.57 dd, 9.9, 3.8 74.0 3.57 dd, 9.9, 3.8 74.0 3.60 dd, 9.8,3.8 73.9
3 3.82 t,9.4 74.2 3.82 t,9.4 74.2 3.83 t,9.4 74.2 3.84 t,9.3 74.4
4 3.63 t,9.4 81.1 3.63 t,9.4 81.1 3.66 t,9.4 80.9/80.8 3.61 t,9.3 82.4/82.3
5 3.94 m 72.8 3.94 m 72.8 3.94 m 72.8 3.95 m 72.7
6 3.86 m 62.7 3.86 m 62.7 3.88 m 62.7 3.88 m 62.9
B-Gle

1 4.66 d, 8.0 98.5 4.66 d,7.9 98.5 4.66 d, 8.0 98.6 4.66 d, 8.0 98.4
2 3.27 m 76.6 3.28 m 76.6 3.28 dd, 9.0, 8.0 76.7 3.30 t, 8.6 76.6
3 3.63 m 77.2 3.63 m 77.2 3.63 t,9.2 77.1 3.63 m 77.4
4 3.64 m 81.0 3.64 m 81.0 3.67 dd, 9.5,8.3 80.9/80.8 3.61 m 82.4/82.3
5 n.a. n.a. n.a. n.a. 3.59 ddd, gg’ 3.0, 77.5 3.63 m 77.4
6a 3.95 dd, 12.0, 2.0 3.95 dd, 12.0,2.0 3.96 dd, 12.3,2.0 3.95 dd, 12.3,2.0

6b 3.79 dd, 12.2, 5.0 62.8 3.79 dd, 12.2, 5.0 62.9 3.82 dd, 12.3, 5.0 628 3.79 dd, 12.3,4.4 63.0

pB-Gal
1 4.43/4.43 d, 7.9 105.60/58  4.43/4.43 d, 7.7 105.60/57 4.52 d, 7.7 105.3 4.42 d, 7.9 105.93/90
2 3.60/3.58 dd, 98,79 72.80/78 3.59/3.57 dd,9.8,7.9 72.78/74 3.57 dd, 9.9,7.9 72.2 3.53 dd, 9.8,7.9 73.6
3 3.74/3.72 t,2.9 84.65/63 3.72/3.70 t,3.3 85.04/84.99 4.11/4.10 t,3.0 78.21/20 3.67/3.65 t, 3.0 75.2
4 4.15 d, 3.2 71.12/10 4.17 d,3.3 70.97/94 3.95 d, 3.0 70.2 3.93 d,3.3 71.33/31
5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
6 3.78 m 63.79/78 3.78 m 63.92/91 3.74 m 63.85/84 ;zg m 66.3
B-GlcNAc

1 4.73/4.72 d, 8.4 105.2 4.69/4.68 d, 8.54 105.4
2 3.90 m 57.4 3.98 m 57.5

NH 8.34 d, 9.6 122.30 8.35 d, 9.6 122.50

(6{0) 177.68 177.67

CH3 2.02 S 25.1/24.8 2.02 S 25.0
3 3.80 t,9.5 84.9 3.79 t,9.5 84.4
4 3.57 t,9.5 71.2 3.63 t,9.5 71.1
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ddd, 10.0,

ddd, 9.8, 5.2,

5 3.47 53,22 77.9 3.54 29 76.4
6a 3.90 m 3.97 dd, 10.8,5.7
6b 3.78 dd, 12.0, 5.3 63.3 3.76 d, 10.8 65.5
p-Gal
1 4.50 d, 7.8 106.1 4.43 d,7.7 106.1
2 3.54 dd, 9.7, 8.0 71.9 3.52 dd 10.0, 7.8 73.5
3 4.08 dd, 9.7, 3.0 78.3 3.63 dd, 10.0, 3.3 75.3
4 3.93 d, 3.0 70.0 3.90 d,3.4 71.4
5 n.a. n.a. n.a. n.a.
6 3.72 m 63.8 3.78/3.74 m 63.9
a-NeuSAc
1 176.5 176.1 176.5 176.10/09
2 102.3 102.9 102.4 102.9
30 1.78 t, 12.1 1.68 t, 12.1 1.80 t,12.2 1.74 t,12.2
3p 2.75 dd, 12.4,4.7 425 2.74 dd, 12.3,4.7 42.8 2.75 dd, 12.4,4.7 423 2.70 dd, 12.4,4.6 428
4 3.68 di%’lzz.';’ 71.2 3.68 m 71.1 3.68 dg%”li';’ 71.2 3.65 dg%}ig’ 71.2
5 3.84 m 54.4 3.82 m 54.7 3.85 m 54.5 3.85 m 54.6
CH; 2.02 S 25.1/24.8 2.03 S 24.8 2.03 S 24.8 2.02 S 24.8
NH 8.07 d, 9.3 122.91 8.09 d, 9.3 123.14 8.08 d, 9.3 122.98 8.06 d, 9.4 123.01
CcoO 177.72 177.79 177.8 177.7
6 3.62 dd, 10.4, 1.8 75.5 3.66 dd, 104, 1.8 75.2 3.62 dd, 104, 1.8 75.6 3.72 dd, 104, 1.7 75.2
7 3.59 d, 9.0 70.8 3.58 d, 9.0 71.0 3.59 70.9 3.56 d, 9.0 71.2
8 3.87 m 74.7 3.88 m 74.5 3.88 m 74.6 3.89 m 74.6
9a 3.85 m 3.87 m 3.87 m 3.88 m
9b 3.64 m 65.3 3.63 m 654 3.64 m 65.4 3.64 m 65.5
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4.2.4. Resonance assignment of hexa-, hepta-, and octasaccharide HMOs

Table 3. The complete 'H, '*C, and '>N resonance assignment of LNH, LNnH, and MFLNH III in H>O: DO 9:1 v/v solvent at pH 3.0 [99].

LNH 'H m, J BC /BN LNnH H m, J BC/N  MFLNH I H m, J BC /BN

a-Gle a-Glc a-Glc
1 5.21 d, 3.8 94.6 1 522 d, 34 94.6 1 522 d, 3.8 94.6
2 3.58 dd, 9.9,3.8 74.0 2 3.58 dd, 10.0, 3.8 74.0 2 3.58 m 74.0
3 3.82 t, 9.5 74.2 3 3.82 t, 9.6 74.2 3 3.83 m 74.2
4 3.60 m 81.7/81.6 4 3.60 m 81.5/81.6 4 3.60 m 81.7
5 3.93 m 72.7 5 393 m 72.7 5 393 m 72.7
6 3.86 m 62.7 6 3.86 m 62.7 6 3.86 m 62.7

p-Gle B-Gle B-Gle
1 4.66 d, 7.9 98.5 1 4.66 d, 8.2 98.5 1 4.66 d, 7.8 98.5
2 3.29 dd, 10.0, 8.1 76.7 2 3.28 dd, 9.9, 8.0 76.7 2 3.28 dd, 10.0, 8.0 76.7
3 3.64 m 77.2 3 3.64 m 77.2 3 3.64 m 77.2
4 3.60 m 81.7/81.6 4 3.60 m 81.5/81.6 4 3.60 m 81.7
5 3.62 m n.a. 5 n.a. n.a. 5 3.62 m n.a.
6a 3.94 d, 12.0 62.8 6a 3.94 d, 12.0 62.8 6a 3.95 m 62.9
6b 3.79 d, 12.0 62.8 6b 3.79 d, 12.0 62.8 6b 3.80 m 62.9

B-Gal 3¢ B-Gal ¢ B-Gal 3¢
1 4.42 d, 7.8 105.66/65 1 4.42 d, 7.9 105.7 1 4.42 d, 7.8 105.7
2 3.58 m 72.7 2 3.58 m 72.6 2 3.58 m 72.7
3 3.72 t,3.3 84.43/40 3 3.70 t, 3.0 84.5 3 3.72 t,3.2 84.4
4 4.14 d, 3.0 71.2 4 4.14 d, 3.0 71.2 4 4.13 d, 3.0 71.1
5 3.82 m 76.2 5 3.82 m 76.2 5 3.82 m 76.1
6a 3.98 m 71.4 6a 3.98 m 71.3 6a 3.97 m 71.4
6b 3.83 m 71.4 6b 3.83 m 71.3 6b 3.83 m 714
B-GleNAc 3 B-GlcNAc 3 B-GlcNAc 3

1 4.72 d, 8.0 105.2 1 4.69 d, 83 105.4 1 4.72 d, 8.3 105.2
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2 3.89 m 57.5 2 3.79 m 58 2 3.89 m 57.5
NH 8.32 d, 9.6 122.37 NH 8.24 d, 9.5 122.88 NH 8.32 d, 9.6 122.37
CcO 177.7 CcO 177.7 CO 177.7
CH; 2.02 s 25.0 CH; 2.03 s 25.0 CH; 2.02 s 25.0

3 3.80 m 84.8 3 3.73 m 75.0 3 3.80 m 84.8

4 3.57 t, 9.5 71.2 4 3.73 m 80.8 4 3.57 t,9.3 71.2

5 3.47 m 77.9 5 3.58 m 77.25 5 3.47 m 77.9

6a 3.90 m 63.3 6a 3.96 d, 12.0 62.7 6a 3.90 m 63.3

6b 3.78 m 63.3 6b 3.85 d, 12.0 62.7 6b 3.78 m 63.3

B-GleNAc ¢ B-GleNAc ¢ B-GlcNAc ¢

1 4.63 4,80 103.7 1 4.63 d, 8.0 103.7 1 4.63 d 103.5

2 375 m 578 2 375 m 2 3.90 m 58.4
NH 8.17 d, 9.0 121.81 NH 8.17 d, 9.1 121.81 NH 8.31 d, 9.6 121.18
CcoO 177.3 CO 177.3 CO 177.1
CH; 2.05 S 25.2 CH; 2.06 ] 25.2 CH; 2.05 S 25.3

3 3.72 m 75.2 3 3.72 m 75.2 3 3.89 m 77.5

4 3.72 m 81.1 4 3.72 m 81.1 4 3.92 m 76.0

5 3.60 m 77.4 5 3.61 m 77.4 5 3.60 m 78.1

6a 3.99 d, 12.0 62.8 6a 3.99 d, 12.0 62.8 6a 4.00 d, 12.0 62.6

6b 3.84 d, 12.0 62.8 6b 3.84 d, 12.0 62.8 6b 3.86 d, 12.0 62.6

B-Gal 3® B-Gal ‘@ B-Gal 3®

1 443 d,7.6 106.2 1 4.47 d,7.8 105.56/54 1 4.43 d,7.6 106.2

2 3.52 dd, 10.5,9.6 73.5 2 3.54 dd, 10.0, 8.0 73.8 2 3.52 dd, 10.5, 8.0 73.2

3 3.64 dd, 10.0, 3.6 75.29 3 3.66 dd, 10.0, 3.8 75.3 3 3.65 dd, 9.8, 3.3 75.3

4 3.91 d,3.2 71.3 4 3.92 m 71.4 4 3.92/3.90 d,2.8 71.3/71.2

5 3.70 m 78.0 5 3.72 m 78.1 5 3.70 m 78.0

6 3.76 m 63.8 6 3.76 m 63.8 6 3.76 m 63.8

B-Gal 4© B-Gal 4© B-Gal 4©
1 4.46 4,78 105.55 1 4.46 4,78 105.56/54 1 4.44 4,76 1045
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2 3.54 dd, 10.3, 8.0 73.8 2 3.54 dd, 10.0, 8.0 73.8 2 3.49 m 73.8

3 3.66 dd, 10.0, 3.3 75.33 3 3.66 dd, 10.0, 3.8 75.3 3 3.65 dd, 9.8, 3.3 75.3
4 3.92 d,3.0 71.4 4 3.92 m 71.4 4 3.92/3.90 d, 2.8 71.3/71.2

5 3.72 m 78.1 5 3.72 m 78.1 5 3.59 m 77.6

6 3.76 m 63.8 6 3.76 m 63.8 6 3.72 m 64.3

a-Fuc 3©®

1 5.09 d, 3.8 101.3

2 3.69 dd, 10.4,3.9 70.5

3 3.90 dd, 10.4,3.2 72.0

4 3.79 d, 2.0 74.7

5 4.82 o.L 69.4

CH3 1.17 d, 6.5 18.0
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Table 4. The complete 'H, '*C, and '>N resonance assignment of MFLNnH I, MFLNnH II, and DFLNnH in H>O: DO 9:1 v/ solvent at pH 3.0 [99].

MFLNnH I H m, J BC/N  MFLNnH II H m, J 3BC/N  DFLNnH H m, J BC /5N
a-Glc a-Gle a-Glc
1 5.22 d, 3.7 94.6 1 5.22 d, 3.7 94.6 1 522 d, 3.7 94.6
2 3.58 dd, 9.8,3.8 74.00 2 3.58 dd, 9.8, 3.8 74.0 2 3.58 dd, 9.8,3.8 74.0
3 3.82 t,9.3 74.2 3 3.82 t,9.3 74.2 3 3.82 t,9.3 74.2
4 3.60 m 81.7/81.8 4 3.60 m 81.6 4 3.60 m 81.7/81.6
5 393 m 72.7 5 3.93 m 72.7 5 393 m 72.7
6 3.86 m 62.7 6 3.86 m 62.7 6 3.86 m 62.7
B-Gle p-Gle B-Gle
1 4.66 d, 7.9 98.5 1 4.66 d, 8.0 98.5 1 4.66 d, 7.9 98.5
2 3.28 dd, 10.1, 8.1 76.7 2 3.29 dd, 10.1, 8.1 76.7 2 3.28 dd, 10.1, 8.1 76.7
3 3.63 m 77.2 3 3.63 m 77.2 3 3.63 m 77.2
4 3.60 m 81.7/81.8 4 3.60 m 81.5 4 3.60 m 81.7/81.6
5 n.a. n.a. 5 n.a. n.a. 5 n.a. n.a.
6a 3.94 d, 12.0 62.8 6a 3.94 d, 12.0 62.8 6a 3.94 d, 12.0 62.8
6b 3.79 d, 12.0 62.8 6b 3.79 d, 12.0 62.8 6b 3.79 d, 12.0 62.8
B-Gal ¢ B-Gal ¢ B-Gal ¢
1 442 d, 7.9 105.7 1 441 d,7.8 105.7 1 4.42 d,7.8 105.7
2 3.58 m 72.69/62 2 3.57 m 72.62/60 2 3.57 m 72.6
3 3.70 t, 3.0 84.51/49 3 3.69 t, 3.0 84.54/52 3 3.69 t, 3.0 84.54/52
4 4.13 d, 3.1 71.1 4 4.14 d, 3.0 71.15/13 4 4.13 d, 3.3 71.1
5 3.82 m 76.1 5 3.82 m 76.1 5 3.82 m 76
6a 3.97 m 71.3 6a 3.97 m 71.3 6a 3.97 m 71.3
6b 3.83 m 71.3 6b 3.83 m 71.3 6b 3.83 m 71.3
B-GlcNAc? B-GleNAc 3 B-GleNAc?
1 4.69 d, 83 105.4 1 4.70 d, 8.2 105.2 1 4.70 d, 83 105.2
2 3.80 m 58.0 2 3.95 ddd, 9.7, 9.5, 8.2 58.7 2 3.96 ddd, 9.7,9.5,8.3 58.7
NH 8.24 d, 9.5 122.88 NH 8.38 d, 9.7 122.19 NH 8.38 d, 9.7 122.19

38



CcO 177.6 CcO 177.4 CcO 177.4
CH3 2.03 S 25.0 CHs 2.02 S 25.0 CH3 2.02 S 25.0
3 3.73 m 75.0 3 3.87 t, 9.5 77.45/42 3 3.87 t, 9.5 77.44/42
4 3.73 m 80.8 4 3.94 m 75.7 4 3.94 m 75.7
5 3.58 m 77.25 5 3.57 m 77.8 5 3.57 m 77.8
6a 3.96 d,12.2 62.7 6a 3.97 m 62.4 6a 3.97 m 62.4
6b 3.85 dd, 12.1, 4.6 62.7 6b 3.87 m 62.4 6b 3.87 m 62.4
B-GlcNAc ¢ B-GleNAc ¢ B-GleNAc ¢
1 4.63 d 103.5 1 4.63 d, 8.1 103.7 1 4.63 d,82 103.5
2 3.90 m 58.4 2 3.75 m 57.8 2 3.90 m 58.4
NH 8.31 d, 9.6 121.18 NH 8.17 d, 9.0 121.82 NH 8.32 d, 9.3 121.19
CO 177.1 CO 177.3 CcO 177.1
CH3 2.05 S 25.3 CHs 2.05 S 25.2 CH3 2.05 S 25.3
3 3.89 m 77.56/53 3 3.72 m 75.3 3 3.89 m 77.55
4 3.92 m 76.0 4 3.72 m 81.1 4 3.92 m 76.0
5 3.60 m 78.1 5 3.61 m 77.4 5 3.60 m 78.1
6a 4.00 d, 114 62.6 6a 3.99 dd, 12.2, 1.8 62.8 6a 4.00 d, 12.0 62.6
6b 3.86 dd, 12.4,3.8 62.6 6b 3.84 dd, 12.2,5.7 62.8 6b 3.86 d, 12.0 62.6
p-Gal 43 B-Gal 43 B-Gal 40
1 4.47 d, 7.7 105.5 1 4.45 d, 7.7 104.5 1 4.45 d, 7.8 104.45
2 3.54 dd, 9.7, 8.0 73.77 2 3.49 dd, 10.8,7.9 73.9 2 3.49 dd, 10.1, 8.0 73.85/82
3 3.67 dd, 10.0, 3.3 75.33 3 3.65 dd, 10.1,3.3 75.3 3 3.65 dd, 9.8, 3.3 75.30/29
4 3.92 d, 3.2 71.4 4 3.90 d,3.2 71.2 4 3.90 d, 3.1 71.15/14
5 3.60 m 78.1 5 3.59 m 77.6 5 3.59 m 77.6
6 3.76 m 63.8 6 3.72 m 64.3 6 3.73 m 64.29/28
p-Gal 46 B-Gal 4© B-Gal 46)
1 4.44 d, 7.8 104.5 1 4.46 d, 7.7 105.6 1 4.44 d, 7.8 104.53
2 3.49 dd, 9.5, 8.0 73.82 2 3.54 dd, 10.3, 8.0 73.8 2 3.49 dd, 10.1, 8.0 73.85/82
3 3.65 dd, 9.8, 3.3 75.29 3 3.66 dd, 10.1,3.3 75.3 3 3.65 dd, 9.8, 3.3 75.30/29
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4 3.90 d, 3.2 71.1 4 3.92 d, 3.1 714 4 3.90 d, 3.1 71.15/14
5 3.59 m 77.6 5 3.72 m 78.1 5 3.59 m 77.6
6 3.72 m 64.3 6 3.76 m 63.8 6 3.73 m 64.29/28
a-Fuc 3® o-Fuc 3® a-Fuc 3®
1 5.09 d,3.9 101.3 1 5.12 d, 3.9 101.3 1 5.12 d,3.9 101.28
2 3.69 dd, 104, 3.8 70.5 2 3.69 dd, 10.4, 4.0 70.5 2 3.69 dd, 10.3,3.9 70.5
3 3.89 dd, 10.4,3.2 72.0 3 3.90 dd, 10.4,3.2 72.0 3 3.90 dd, 10.4,3.5 72.04/02
4 3.79 d,2.6 74.7 4 3.79 d,2.7 74.7 4 3.79 d,2.7 74.7
5 4.82 o.l 69.4 5 4.82 o.l 69.4 5 4.82 o.l 69.42/38
CH; 1.17 d, 6.6 18.0 CH; 1.17 d, 6.6 18.0 CH; 1.17 d, 6.6 18.0
a-Fuc 3®
1 5.09 d, 3.9 101.32/31
2 3.69 dd, 10.3,3.9 70.5
3 3.89 dd, 104, 3.5 72.04/02
4 3.79 d,2.7 74.7
5 4.82 o.l 69.42/38
CH3 1.17 d, 6.6 18.0
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5. DISCUSSION

5.1. General phenomena in NMR spectra across HMOs of varying complexity and

instrumentation

The HMOs were analysed using two different NMR spectrometers depending on their dp.
For HMOs with dp 3-5 (tri- to pentasaccharides), spectra were recorded at 600 MHz,
while for the more complex HMOs with dp 68 (hexa- to octasaccharides), limited sample
amounts and spectral resolution challenges necessitated the use of an 800 MHz
spectrometer.

A common feature observed across all HMOs was the presence of the reducing-end Glc
residue, which consistently exhibited both a- and B-anomeric forms. As a result, two sets
of resonances were assigned to this residue, clearly marked as separate building blocks in
the assignment tables (Tables 1-4). In certain cases, particularly for the B-Glc residue, the
H-5 resonance could not be unambiguously assigned due to strong overlap, an issue noted
in both the dp 3-5 and dp 68 HMOs.

The resonance doubling caused by anomeric forms was also reflected on the H-1, H-2,
and H-3 resonances of the adjacent Gal residue. This anomeric splitting was more evident
in the spectra recorded at 600 MHz for dp 3—5 HMOs and was consistently highlighted
in the assignment tables using a slash (/) notation. This phenomenon was observed less
frequently for dp 6-8 HMOs, and the splitting was hardly resolvable, therefore, average
chemical shift values were reported to two decimal places.

Similarly, for the Gal residue, located adjacent to the Glc unit at the reducing end,
anomeric splitting was evident in nearly all '*C resonances for dp 3—5 HMOs at 600 MHz.
However, this effect was less pronounced or unresolved in the larger (dp 6—8) HMOs
studied at 800 MHz. In such cases, the average '*C chemical shifts were reported to one
decimal place. Where splitting was still observable, the values were separated with a slash
notation and provided to two decimal places for higher accuracy.

Another consistent feature was the minor anomeric splitting observed in the H-1
resonance of GIcNAc, the third monosaccharide residue. This phenomenon was observed
at 600 MHz in dp 3—5 HMOs but became negligible in the spectra of dp 6—8 HMOs.
One of the most challenging resonances to resolve under the tested conditions was the H-

5 resonances of the Gal residues adjacent to the glucose unit at the reducing end for each
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HMO with dp 3-5, as well as the H-5 of the other Gal moiety (linked to the GIcNAc unit)
in each tetra- and pentasaccharides. For dp 3—5 HMOs, the assignment of this resonance
remained uncertain due to insufficient resolution, even with selective TOCSY excitation.
However, at 800 MHz, the enhanced resolution enabled the unambiguous assignment of
the H-5 resonance in dp 6-8 HMOs.

Among the investigated HMOs, the GIcNAc moiety was fully assignable across the entire
range of dp values. Similarly, for HMOs containing a fucose moiety, all resonances
associated with this unit could also be completely assigned.

Special consideration was required for HMOs containing both GlcNAc and Neu5Ac
moieties, such as for the isomeric pair of LSTa and LSTb. While these HMOs exhibited
overlapping N-acetyl CH3 resonances in LSTa, the corresponding signals in LSTb were
resolved. The non-overlapping acetyl CH3; and carbonyl groups of LSTb were
unequivocally distinguished and assigned using selective HSQC and HMBC spectra,

enabling clear differentiation between the two isomers.

5.2. Comparison of the NMR characteristics of the isomeric tri-, tetra-, and

pentasaccharide HMOs

5.2.1. LNT-LNnT

This pair of isomeric tetrasaccharides shares the same monosaccharide composition,
differing only in the position of the Gal attachment to the GlcNAc residue. In LNT, Gal
elongates GIcNAc at position 3 (type 1 chain), while in LNnT, it attaches at position 4
(type 2 chain). The 'H chemical shifts of the GIcNAc moiety reveal significant differences
at positions 2 (Adu-2=0.10 ppm), 3 (Adu-3=0.07 ppm), 4 (Adu-4= 0.16 ppm), and 6 (Adk-
6o=0.07 ppm). Similarly, *C resonances exhibit notable shifts at positions 3 (Adc.3 = 9.8
ppm) and 4 (Adc4 = 9.6 ppm) of the GlcNAc unit, reflecting the linkage variations (see
Figure 8A).

The amide 'H resonances also differ by Adku= 0.09 ppm, with the >N chemical shifts
being sensitive to the linkage type (BGall-3BGlcNAc vs. BGall-4BGlcNAc), showing a
Adn = 0.50 ppm difference (see Figure 8B). Similar patterns are observed in the core
disaccharides containing the Gal-GlcNAc moiety, specifically lacto-N-biose (LNB, Gall-
3GIcNAc) and N-acetyllactosamine (LacNAc, Gall-4GlcNAc). These disaccharides

exhibit analogous chemical shift variations in their amide (‘H and '°N) resonances,
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consistent with their respective tetrasaccharides (see Figures A75-A76 and Table Al in

the Appendix).
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Figure 8. Overlaid 2D NMR spectra of LNT and LNnT. (A) Overlaid 'H-"*C HSQC spectra of
LNT and LNnT, illustrating 'H and '*C NMR chemical shift perturbations of the GIcNAc moiety.
(B) Overlaid 'H-’N HSQC spectra of LNT and LNnT, highlighting the distinct 'H-'’N

correlations of the GIcNAc unit in these isomeric tetrasaccharides [13].

5.2.2. LNFP II-LNFP III

These isomeric pentasaccharides differ in the attachment of the Fuc and Gal moieties to
the GlcNAc residue. In LNFP II, Fuc attaches at position 4 and Gal at position 3, while
in LNFP III, this configuration is reversed (see Figure 9A). The 'H and the *C NMR
chemical shifts of the GIcNAc unit show substantial differences at the elongation sites: at
position 3 (Adu-3=0.20 ppm and Adc3=1.1 ppm) and at position 4 (Adu-4=0.19 ppm and
Adc4=0.9 ppm). The Fuc moiety also displays noticeable variations, with Adu.1 =0.10
ppm and Adc.1 =0.6 ppm and Adu2>=0.11 ppm. Similar effects are observed in the Gal
moiety at the connection site (Adc-1=1.09 ppm).

The amide resonances demonstrate modest differences (Adwu= 0.03 ppm), with "N

chemical shifts showing a slightly larger variation (Aon = 0.12 ppm) (Figure 9A).

5.2.3. LSTa-LSTb

This pair of pentasaccharides contains two different N-acetyl groups due to the presence

of both GlcNAc and Neu5Ac moieties. LSTa has a linear structure with the Neu5Ac unit
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linked to the Gal moiety, while LSTb adopts a branched structure, with GlcNAc
connected to both Gal and NeuSAc (see Figure 9B).

Significant differences are evident in the 'H NMR assignments at position 3 of the Gal
unit (Adu3 = 0.45 ppm), indicating the presence or absence of the NeuSAc unit.
Corresponding '*C resonances also show large shifts at positions 2 and 3 of the Gal unit
(Adc2=1.6 ppm and Adc-3 = 3.0 ppm) and at positions 5 and 6 of the GIcNAc moiety
(Aoc-s= 1.5 ppm and Adc6=2.2 ppm, respectively). Additionally, the axial H-3 resonance
of NeuS5Ac provides a clear and reliable distinction between the isomers, with a
characteristic shift of AdH-3ax = 0.10 ppm.

The distinction between the N-acetyl groups of GlcNAc and Neu5Ac is confirmed
through 2D TOCSY experiments. Although the 'H amide shifts are minor (Adxu = 0.01
for GlcNAc and Adwn = 0.02 ppm for NeuS5Ac), the N chemical shifts are more
pronounced (Aon = 0.20 ppm for GIcNAc and Adn = 0.23 ppm for Neu5Ac) aiding in

isomeric distinction (Figure 9B).
5.2.4. 3’SL-6’SL

In these trisaccharides, Neu5Ac connects to the lactose core at different positions. Distinct
chemical shift differences are observed at positions 3 and 6 of the Gal unit in both 'H
(Adu-3=0.44 ppm; Adi6=0.22 ppm) and *C (Adc-33 = 3.0 ppm; Adc6= 2.5 ppm) spectra.
As with the LST isomers, the axial H-3 resonance of Neu5Ac is sensitive to structural
variations (Adu-3ax = 0.06 ppm).

The amide 'H (Adwu = 0.02 ppm) and >N (Adx = 0.03 ppm) resonances show minimal
sensitivity to the differing linkages (Figure 9C).
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Figure 9. Overlaid "H-'"N HSQC spectra of (A) LNFP II and LNFP III, (B) LSTa and LSTb, (C)
3’SL and 6’SL, highlighting the distinct 'H-'"N correlations of the GleNAc and/or Neu5SAc unit
in these isomeric HMO pairs [13].

5.3. Using 'H-SN HSQC-TOCSY to distinguish tri-, tetra-, and pentasaccharide

isomers

The complete 'H, *C, and "N NMR assignment of each HMO enables a detailed
comparison of the GIcNAc moiety, a shared structural component in all oligosaccharides
(see Tables 1 and 2). The recorded data reveal significant chemical shift perturbations in
both the 'H and '°N resonances of the N-acetyl groups, as well as in the 'H signals of the
GlcNAc unit. To combine these effects and improve resolution, 'H-"’N HSQC-TOCSY
experiments were conducted at natural abundance. This method correlates the protons
within the GIcNAc spin system to the >N chemical shifts of the acetamide group,
providing a sensitive means of identifying subtle structural differences in isomeric

HMOs. Although the 'H-"’N HSQC-TOCSY experiment has lower sensitivity than a
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regular "H-'>N HSQC, this limitation is negligible for HMOs, which are highly soluble

and available in sufficient amounts for analysis.
5.3.1. Application to tetrasaccharide isomers: LNT and LNnT

Figure 10 presents the overlaid 'H-'>N HSQC-TOCSY spectra for LNT and LNnT, two
common HMO tetrasaccharides with the subtle difference in the position of the Gal
attachment to the GIcNAc residue. Their GIcNAc spin systems display therefore distinct
patterns and the 0.50 ppm difference in their >N chemical shifts makes their 'H NMR
pattern readily distinguishable. This experiment simplifies the crowded "CH region" and
emphasizes the 'H chemical shifts of the entire GIcNAc moiety, providing a clear
distinction between the glycosidic linkages connecting Gal and GIcNAc. Combining the
'H and >N chemical shifts therefore aids in providing a simple distinction between the

two 1somers.

ppm ppm
1 6,2 3,6’ 4 5 I
122.5- @ T —‘ @ -122.5
ILNT
123.0- a E b - 123.0
LNnT ™ ||
......... ohhN L L S N
8.5 84 ppm 46 44 42 40 38 3.6 ppm

Figure 10. Overlaid 'H-"N HSQC-TOCSY spectra of LNT and LNnT with the '"H NMR
assignment of their GlcNAc moiety [13].

5.3.2. Application to tri- and pentasaccharide isomers: LNFP II and LNFP III, 3’SL
and 6’-SL

The pentasaccharides LNFP II and LNFP III contain an additional Fuc unit linked to
GlcNAc at different positions. Their 'H-'’N HSQC-TOCSY spectra (see Figure 11)

reveal unique chemical shift patterns, enabling straightforward differentiation.
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Figure 11. Overlaid 'H-""N HSQC-TOCSY spectra of LNFP Il and LNFP III with the '"H NMR
assignment of their GIcNAc moiety [13].

This method is similarly effective for sialylated HMOs, where the NeuSAc acetamide
group provides a useful reporter. The sialyllactose isomers 3’SL and 6’SL exhibit distinct
"H NMR patterns correlated with their >N chemical shifts (see Figure 12).

ppm ppm
122.9—5 5—122.9
123.0—5 3ax 5—123.0
123.1—5 5—123.1
123.25 --.----.----.----5123.2
3.0 2.5 2.0 ppm

Figure 12. Overlaid 'H-'’N HSQC-TOCSY spectra of 3’SL and 6’SL with the 'H NMR
assignment of their Neu5Ac moiety [13].
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5.3.3. Dual reporter moieties in LSTa and LSTb

The 'H-">'N HSQC-TOCSY method is especially valuable for isomers containing two
reporter moieties, such as LSTa and LSTb. These isomers feature both GlcNAc and
Neu5SAc units, with Neu5SAc linked to either Gal or GIcNAc. As shown in Figure 13, the
spectra exhibit two distinct regions corresponding to the GIcNAc and Neu5Ac moieties.
Even minor differences in NeuSAc linkage are observable in the H-3ax chemical shifts.

Both LSTa and LSTb share an LNT-type core structure, but the sialylation significantly
influences GIcNAc chemical shifts, further aiding isomer identification. The

perturbations observed for GIcNAc are highlighted in Figure 13.
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Figure 13. Overlaid "H-'"N HSQC-TOCSY spectra of isomeric LSTa and LSTb with the "H NMR
assignment of their GIcNAc and Neu5Ac moieties [13].
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5.3.4. Limitations of the method

The limitations of this approach were assessed using the "N HSQC spectrum of para-
LNnH, a hexasaccharide containing two GIlcNAc reporter moieties, under unbuffered
conditions. Here, no significant chemical shift differences were observed for the 'H and
N nuclei of the two acetamide groups. The 'H-'>’N HSQC cross-peaks completely
overlapped, appearing as a single correlation at the same values as LNnT (see Figure
A77). Thus, the method could not distinguish the GlcNAc residues in para-LNnH at 600
MHz.

5.3.5. Evaluation with a model compound

A further model compound (a non-HMO tetrasaccharide) possessing repeating GIcNAc
units (N,N',N",N"-tetraacetylchitotetraose) was also investigated. Although the '°N and
'H resonances of alpha and beta anomers of GIcNAc at the reducing end differed sig-
nificantly, further GIcNAc residues showed no chemical shift perturbation, and therefore
their '°N and 'H resonances could not be resolved (see Figures A78-A79 in the
Appendix).

Recent work by Wiesinger and Nestor offers further insight into the properties of similar
chitin oligomers. Their study utilized advanced 'H-'’N HSQC and 'H-"N HSQC-
TOCSY techniques to investigate GIcNAc residues, focusing on distinguishing cis-trans
isomerism of the N-acetyl group and minor conformational states. This method
complements our analysis by providing enhanced resolution for unresolved resonances,
and their rigorous approach highlights the potential of such techniques for distinguishing
more complex structures. Additionally, the evaluation of several HSQC pulse sequences,
including BEST-HSQC and CP-HISQC, provided practical strategies for improving
spectral resolution and sensitivity [100]. Although identifying of cis-trans isomers of the
N-acetyl moiety in HMOs was beyond the scope of our study, we also observed the
presence of the minor (cis) isomer in most of the samples. This finding suggests that
additional structural variations may exist, warranting further investigation with more
specialized NMR techniques. In this context, isotope-edited and isotope-filtered NMR
experiments could be particularly valuable for the detailed characterization of HMOs
provided that isotope-labelled HMOs are available, as they can help resolve minor

conformational states that might otherwise remain undetected.
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5.4. Comparison of the NMR characteristics of the hexa-, hepta- and octasaccharide

HMOs

5.4.1. Key correlations in hexa-, hepta- and octasaccharides

To elucidate the structural relationships between individual monosaccharide units within
the investigated HMOs, characteristic key correlations were identified using NMR
techniques. These correlations provide critical insights into the spatial connectivity and
linkage specificity of hexa-, hepta-, and octasaccharide HMOs.

An HMBC correlation was observed between the H-1 anomeric proton of the B-Gal>®
monomer unit (lactose at the reducing end) and the C-4 carbon atom of the Glc unit.
Additionally, the H-4 proton resonance of the B-Gal*® unit at the reducing end exhibited
a distinctive, non-overlapping chemical shift (~4.14 ppm), allowing selective gradient
experiments for targeted analysis.

Beyond standard intrapyranose correlations, selective gradient ROESY experiments
revealed spatial proximity between B-Gal*® H-4 and B-GIcNAc® H-1. Furthermore, an
HMBC cross-peak between B-GlcNAc® H-1 and B-Gal*® C-3 confirmed their direct
connectivity.

The B-Gal*® unit at the reducing end exhibited substitution at position 6, which resulted
in a significantly higher shift (~71.4 ppm) for the C-6 carbon compared to other
monosaccharide units (~62—64 ppm). Consequently, an HMBC cross-peak was observed
between B-Gal*® C-6 and B-GlcNAc® H-1.

Moreover, the B-GIcNAc® units were consistently substituted with a Gal*® unit at
position 4 in all investigated HMOs. This was confirmed by an HMBC cross-peak
between Gal*® H-1 and B-GIcNAc® C-4. Depending on the backbone type (LNH or
LNnH), B-GlcNAc?® was substituted at position 3 or 4 with either a Gal*® or Gal*® unit,
respectively. These linkages were verified through HMBC cross-peaks between
Gal*®#®) H-1 and B-GlcNAc? C-3/C-4.

For HMOs containing Fuc building blocks at position 3 of the B-GlcNAc® and/or B-
GlcNAc® monosaccharide units, distinct HMBC correlations were detected between Fuc
H-1 and B-GlcNAc*® C-3. Furthermore, selective gradient ROESY experiments identified

additional correlations between Fuc H-1 and the CH; (acetyl) resonances of p-GleNAc>,
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as well as between the CHs resonance(s) of Fuc and the H-2 resonance(s) of the outermost
Gal (Gal*®/ Gal*®/ Gal*®) attached to B-GIcNAc*° at position 3 and/or 4.

These crucial correlations are visually depicted in Figure 14, where arrows illustrate inter-
monosaccharide relationships, and atom numbering clarifies their connectivity.
Additionally, each monosaccharide unit is abbreviated, with circled portions highlighting

the Le* motif when linked to GlcNAc at position (3) or (6) in DFLNnH.

& to M
N
3
K HO

/\ ROESY correlations
/\ HMBC correlations

a/B-Glc OH

Figure 14. Key correlations in establishing the connectivities between individual monosaccharide

units illustrated on the structure of DFLNnH. The grey circles refer to the Le* motifs [99].

5.4.2. "H-'SN HSQC spectra reveal the significance of 2D correlations as distinctive

structural unit characteristics

Building on our prior results, where we established the unique role of GIcNAc as an
NMR-active "reporter” moiety due to its 'H-"N HSQC correlations, we have extended
this approach to hexa-, hepta-, and octasaccharide HMOs (LNH, LNnH, and their a1-3
mono- and difucosylated derivatives), each featuring two GIcNAc monosaccharide units
serving as reporter moieties. This methodology enables the identification of structural

isomers and fucosylated derivatives based on their distinct "H-">N HSQC fingerprints.
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5.4.2.1. Resolving NH resonance overlaps using "H-'>SN HSQC

In the '"H-'>N HSQC spectrum of each HMO, two distinct correlations were identified in
the F1 dimension, despite potential NH proton resonance overlap in the F2 dimension
(Figure 15). Given the severe NH resonance overlap in the 'H dimension, direct
differentiation of GIcNAc units using 1D spectra alone is challenging. However, the 'H-
SN HSQC spectrum enables clear resolution of these cross-peaks, facilitating the

distinction of the two GlcNAc units.
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Figure 15. The severe NH resonance overlap in the 'H dimension exhibits well-resolved cross-
peaks when using 'H-'"’N HSQC on the MFLNH III heptasaccharide, thereby allowing the
distinction of the two GIcNAc units [99].

5.4.2.2. Comparing 'H-'SN HSQC correlations across HMOs

Comparing all twelve 'H-'>N HSQC correlations in all six HMOs revealed significant
cross-peak overlaps, indicating similar NMR chemical shifts for the N-acetyl group of
GlcNAc units across different structures. These were condensed into five distinct 'H-'"N
fingerprint regions (denoted A—E), serving as unique identifiers of GIcNAc substructures

through the investigated HMOs (Figure 16).
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Figure 16. Overlaid 'H-'>N HSQC spectra of the investigated HMOs reveal five distinct GIcNAc
units (A, B, C, D, E) across the structures, as evidenced by overlapping NMR chemical shifts
[99].

By comparing the overlapping NH cross-peaks with the assigned GIcNAc moiety of each
HMO, three critical structural insights were derived:

(1) Whether the GIcNAc moiety carries a Fuc substituent with an a1-3 bond.

(i)  Its connection to the lactose subunit at the reducing end (B1-3 or $1-6 bond).

(111)  Its linkage with the outermost Gal (as part of a type-1 or type-2 chain).

To standardize the interpretation of "H-!>N correlations, we assigned distinct alphabetical
labels (A-E) to GlcNAc-containing substructures in the investigated HMOs. This
classification provides a systematic framework for distinguishing core hexasaccharides
(LNH, LNnH) and their fucosylated derivatives, as well as their structural analogues in

tetra- and pentasaccharides (Figures 16 and 17).

5.4.2.3. Classification of GlcNAc-containing substructures

This classification was further extended to distinguish structurally related tetra- and
pentasaccharides lacking B-Gal6 branching, where corresponding B' and C' notations

were introduced. Additionally, fucosylated derivatives (e.g., LNFP III) were assigned the
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E' label, ensuring consistency in representing HMOs across different levels of structural

complexity.

@

LNH Lacto-N-hexaose LNnH Lacto-N-neohexaose

i~

LNnT LNFP 1l

(© \

MFLNH Il Monofucosyllacto-N-hexaose Il

MFLNnH Il Monofucosyllacto-N-neohexaose Il

o]
0-0)

DFLNnH Difucosyllacto-N-neohexaose

J

Figure 17. Alphabetical classification of GlcNAc-containing substructures present in the

investigated HMOs based on their 'H->'N HSQC correlations. (A) Hexasaccharide core
structures: LNH (A, B) and LNnH (A, C). (B) Tetrasaccharides (LNT, LNnT) and their
fucosylated derivative (LNFP III) lack branching at f-Gal6 and are denoted as B', C', and E',
respectively. (C) Le* motif-containing hepta- and octasaccharides were classified according to

their core hexasaccharides and fucosylation pattern [99].
5.4.2.4. The impact of B-Gal6 branching on 'H-'>SN HSQC correlations

The effect of B-Gal6 branching on 'H-"N HSQC correlations was particularly
noteworthy. Our findings reveal that even minor structural variations — such as the
presence or absence of PB-Gal6 branching — significantly impact 'H-'>N HSQC
correlations of GIcNAc units attached to the same B-Gal. Specifically, the absence of -
Gal6 branching leads to consistently higher 'H and "N NMR chemical shifts,

demonstrating a uniform perturbation effect across both nuclei (Figure 18).
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Figure 18. The effect of p-Gal6 branching on 'H-'’N HSQC correlations in GlcNAc units
attached to the same B-Gal at position 3, leading to increased 'H and '*N chemical shifts. (A)
LNH, MFLNH III, and LNT (comparison of B' and B). (B) LNnH, MFLNnH I, and LNnT
(comparison of C' and C). (C) MFLNnH II, DFLNnH, and LNFP III (comparison of E' and E)
[99].

Our results underscore that the 'H-'>N HSQC correlations of "reporter" GlcNAc moieties
are highly sensitive to fucosylation patterns and branching in Le* HMOs. This sensitivity
provides a powerful tool for distinguishing structural isomers and variations, further
highlighting the utility of 2D NMR methods for detailed structural characterization of
HMOs.

5.4.3. Application of the 'H-'SN HSQC method for HMO mixture analysis

To assess the effectiveness of the developed 'H-'"N HSQC method, we applied it to a
structurally diverse HMO mixture. The sample, an isolated fraction of neutral

oligosaccharides (HMO-dp7), represents a naturally occurring mixture of diverse HMOs.
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The experiment was performed under the same solution conditions and NMR parameters
as the individual HMO analyses to ensure consistency.

The 'H-'N HSQC correlations of the GIcNAc units in the HMO mixture spectrum were
identical to those observed in individual HMO samples, enabling precise identification.
This direct correlation enabled the precise identification of HMOs within the mixture,
confirming that the established fingerprinting approach is applicable to complex, multi-

component systems (Figure 19).
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Figure 19. Overlaid 'H-'’N HSQC spectra of the HMO-dp7 mixture and individual HMOs,

demonstrating consistent GIcNAc correlations for precise structural identification [99].

In non-overlapping spectral regions, additional HMOs featuring alternative fucosylation
patterns — notably Le® and Le® motifs — or variations in branching such as linear para-
isomers could be inferred. This underscores the method’s ability not only to identify

known structures but also to detect structural heterogeneity within HMO mixtures.

These results highlight the power of "H-'>N HSQC as a rapid and precise method for
characterizing HMO mixtures, establishing a distinctive spectral fingerprint for Le*-

bearing HMOs. By enabling structural distinction of key fucosylation patterns, this
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method provides critical insights into HMO-biomacromolecule interactions, furthering
our understanding of their biological roles. As a non-destructive and highly selective
NMR-based approach, it offers new opportunities for advancing HMO glycoscience and
exploring their structural complexity.

The ability to resolve and classify Le*-bearing HMOs is particularly valuable considering
the broader biological relevance of structurally similar motifs. For instance, sialyl Lewis
X (sLe*), which shares the same core structure with additional sialylation, is known to
mediate key processes in immune recognition and cell adhesion. The biological
significance of sLe* in leukocyte trafficking and cancer metastasis underscores the
importance of precise structural investigations of related glycan motifs, supporting future

studies on their functional implications [101].
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6. CONCLUSIONS

In this thesis, we have conducted a comprehensive structural and isomeric
characterization of HMOs using 'H-'N'. NMR methods. By integrating HSQC and
HSQC-TOCSY methodologies, we have demonstrated their effectiveness in
distinguishing HMO isomers with high specificity. Our findings contribute to
glycoscience by refining analytical techniques that enhance the structural elucidation of
complex oligosaccharides.

For the first time, we have applied 2D heteronuclear '’N NMR experiments for the
characterization of isomeric HMOs. We systematically characterized the "N NMR
resonances of GIcNAc- and NeuSAc-containing HMOs, presenting a detailed
investigation of nitrogen chemical shifts in these bioactive carbohydrates. By establishing
'H-I>N chemical shift correlations, we introduced a novel approach for differentiating
structural isomers, particularly in distinguishing trisaccharide, tetrasaccharide, and
pentasaccharide HMOs (3°SL, 6°’SL, LNFP II, LNFP III, LSTa, LSTb). Our results
demonstrate that GIcNAc and NeuSAc moieties serve as sensitive reporter units,
reflecting the chemical environment within different HMOs. Notably, LNT and LNnT
exhibited the largest '°N chemical shift perturbations, whereas the NeuSAc moiety in
3’SL and 6’SL was less responsive to structural variation. These results demonstrate that
'H-'>N NMR methods provide a powerful complement to existing MS-based methods,
offering a non-destructive and highly selective technique for structural determination.
Furthermore, we extended the application of "H-'N HSQC spectroscopy to larger HMOs
isolated from human milk, including hexa-, hepta-, and octasaccharides (LNH, LNnH,
MFLNH III, MFLNnH I, MFLNnH II, DFLNnH), revealing critical insights into
fucosylation patterns, glycosidic linkage effects, and 3-Gal6 branching. Special emphasis
was placed on the Lewis X motif, where we demonstrated that GIcNAc units could
effectively report on branching and fucosylation patterns, aiding in the structural
characterization of Le*-containing HMOs. Our identification of characteristic 'H-">N
HSQC spectral regions enables the classification of GlcNAc-containing substructures,
facilitating the rapid assignment of HMO compositions in biological samples.

As part of our study, we also explored the potential of 'H-'>’N HSQC techniques for
analysing HMO mixtures. While applied to a specific mixture, our findings indicate that
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this approach could serve as a valuable complementary tool for future investigations into
complex oligosaccharide compositions.

Overall, we have established 'H-'>’N HSQC NMR as a powerful tool for HMO structural
characterization, offering enhanced resolution and specificity for isomeric differentiation.
Our findings provide a robust analytical foundation for future research in glycoscience,
with applications ranging from infant nutrition optimization to the development of
bioactive oligosaccharide-based therapeutics. Furthermore, our approach has the potential
to be expanded for studying glycan interactions and broader glycan structural diversity,

paving the way for novel applications in both academic research and industrial analysis.
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7. SUMMARY

Our work presents the structural and isomeric characterization of human milk
oligosaccharides (HMOs) using advanced 'H-'>N NMR spectroscopy. HMOs, a diverse
class of bioactive carbohydrates found in human milk, play essential roles in infant
nutrition, immune modulation, and microbial interactions. Despite their significance,
structural elucidation remains challenging due to their complexity and isomeric diversity.
Our study aimed to refine non-destructive, high-resolution NMR techniques to enhance
HMO differentiation, particularly through the application of 'H-'>"N HSQC and HSQC-
TOCSY experiments.

Our research focused on the complete resonance assignments of various HMOs, ranging
from trisaccharides to octasaccharides, including fucosylated and sialylated structures. A
key outcome was the establishment of 'H-'>N NMR as a powerful tool for distinguishing
isomeric HMOs based on nitrogen chemical shifts of GIcNAc and NeuSAc moieties,
which serve as structural “reporters.” Our study demonstrated that 'H-">’N HSQC spectra
reveal subtle structural differences, aiding in isomer identification beyond conventional
'H-13C NMR methods.

Additionally, our research explored the impact of Lewis X motifs and glycosidic linkages
on HMO structural variation. The developed NMR approach was successfully applied to
an HMO mixture, demonstrating its applicability for rapid and precise structural
characterization.

In conclusion, this study advances glycan analysis by integrating heteronuclear 2D NMR
techniques for isomeric resolution, providing a robust analytical framework for future

studies on HMOs in nutritional, biomedical, and industrial applications.
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Figure A1l. Chemical structures of the investigated tri-, tetra-, and pentasaccharide HMOs
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Figure A2. Chemical structures of the investigated hexa-, hepta-, and octasaccharide HMOs
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Figure A3. 'H NMR spectrum of LNT (H.0:D,0 9:1 v/v solvent at pH 3.0)
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Figure A4. *C NMR spectrum of LNT (H,0:D-0 9:1 v/v solvent at pH 3.0)
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Figure A5. 'H -'"H COSY spectrum of LNT (H,0:D,0 9:1 v/v solvent at pH 3.0)
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Figure A6. 'H -3C HSQC spectrum of LNT (H,0:D>0 9:1 v/v solvent at pH 3.0)
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Figure A7. 'H -3C HMBC spectrum of LNT (H>0:D>0 9:1 v/v solvent at pH 3.0)
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Figure A8. 'H -'H TOCSY spectrum of LNT (H,0:D>0 9:1 v/v solvent at pH 3.0)
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Figure A9. 'H -'"H ROESY spectrum of LNT (H.0:D>0 9:1 v/v solvent at pH 3.0)
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Figure A10. 'H -'>N HSQC spectrum of LNT (H,0:D-0 9:1 v/v solvent at pH 3.0)
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Figure A12. '"H NMR spectrum of LNnT (H,0:D>0 9:1 v/v solvent at pH 3.0)
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Figure A13. *C NMR spectrum of LNnT (H,O:D,0 9:1 v/v solvent at pH 3.0)

Figure A14. 'H -'H COSY spectrum of LNnT (H,0:D>0 9:1 v/v solvent at pH 3.0)
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Figure A15. 'H -*C HSQC spectrum of LNnT (H,0:D,0 9:1 v/v solvent at pH 3.0)

.

1l

J

ppm

tre "
-

- 40
-— 60
.— 80
100
-—120
-—140

~ 160

- 180

2 ppm

Figure A16. 'H -'*C HMBC spectrum of LNnT (H,0:D>0 9:1 v/v solvent at pH 3.0)
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Figure A18. 'H -'"H ROESY spectrum of LNnT (H,0:D,0 9:1 v/v solvent at pH 3.0)
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Figure A19. 'H ->'N HSQC spectrum of LNnT (H.0:D-0 9:1 v/v solvent at pH 3.0)
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Figure A20. 'H -'"N HSQC-TOCSY spectrum of LNnT (H,0:D>0 9:1 v/v solvent at pH 3.0)
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Figure A21. "TH NMR spectrum of 3’SL sodium salt (HO:D,0 9:1 v/v solvent at pH 3.0)
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Figure A22. '*C NMR spectrum of 3’SL sodium salt (H,O:D,0 9:1 v/ solvent at pH 3.0)
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Figure A23. 'H -'"H COSY spectrum of 3’SL sodium salt (H,0:D,0 9:1 v/v solvent at pH 3.0)
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Figure A24. 'H -"*C HSQC spectrum of 3’SL sodium salt (H,O:D-0 9:1 v/v solvent at pH 3.0)
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Figure A25. 'H -*C HMBC spectrum of 3’SL sodium salt (H,0:D-0 9:1 v/v solvent at pH 3.0)
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Figure A26. 'H -'"H TOCSY spectrum of 3’SL sodium salt (H,O:D,0 9:1 v/ solvent at pH 3.0)
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Figure A27. 'H -'"H ROESY spectrum of 3’SL sodium salt (H,O:D,0 9:1 v/v solvent at pH 3.0)
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Figure A28. 'H -'N HSQC spectrum of 3’SL sodium salt (H,0:D,0 9:1 v/v solvent at pH 3.0)
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Figure A29. 'H ->'N HSQC-TOCSY spectrum of 3’SL sodium salt (H,O:D,0 9:1 v/v solvent at
pH 3.0)
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Figure A30. 'H NMR spectrum of 6’SL sodium salt (HO:D,0 9:1 v/ solvent at pH 3.0)
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Figure A31. *C NMR spectrum of 6’SL sodium salt (H,O:D,0 9:1 v/v solvent at pH 3.0)
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Figure A32. 'H -'"H COSY spectrum of 6’SL sodium salt (H,O:D,0 9:1 v/v solvent at pH 3.0)
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Figure A33. 'H -'3C HSQC spectrum of 6’SL sodium salt (H,O0:D>0 9:1 v/v solvent at pH 3.0)
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Figure A34. 'H -*C HMBC spectrum of 6’SL sodium salt (H,O0:D>0 9:1 v/v solvent at pH 3.0)
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Figure A36. 'H -'"H ROESY spectrum of 6’SL sodium salt (H,O:D,0 9:1 v/ solvent at pH 3.0)
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Figure A37. 'H -'SN HSQC spectrum of 6’SL sodium salt (H.O:D,O 9:1 v/v solvent at pH 3.0)
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Figure A38. 'H -1’N HSQC-TOCSY spectrum of 6’SL sodium salt (H,O:D,0 9:1 v/v solvent at

pH 3.0)
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Figure A39. '"H NMR spectrum of LNFP II (H,O:D,0 9:1 v/v solvent at pH 3.0)
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Figure A40. *C NMR spectrum of LNFP II (H>O:D,0 9:1 v/v solvent at pH 3.0)
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Figure A41. 'H -"H COSY spectrum of LNFP II (H,O:D-0 9:1 v/v solvent at pH 3.0)
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Figure A42. 'H -"*C HSQC spectrum of LNFP II (H>0:D,0 9:1 v/v solvent at pH 3.0)
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Figure A44. 'H -'"H TOCSY spectrum of LNFP II (H,0:D>0 9:1 v/v solvent at pH 3.0)



8 7 6 5 4 3 2 ppm

Figure A45. 'H -'"H ROESY spectrum of LNFP II (H>0:D>0 9:1 v/ solvent at pH 3.0)
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Figure A46. 'H -'>N HSQC spectrum of LNFP II (H,0:D>0 9:1 v/v solvent at pH 3.0)
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Figure A47. 'H ->'N HSQC-TOCSY spectrum of LNFP II (H>O:D>0 9:1 v/v solvent at pH 3.0)
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Figure A48. '"H NMR spectrum of LNFP III (H>O:D,0 9:1 v/ solvent at pH 3.0)
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Figure A49. *C NMR spectrum of LNFP III (H,0:D,0 9:1 v/v solvent at pH 3.0)
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Figure A50. 'H -'H COSY spectrum of LNFP III (H,O:D,0 9:1 v/v solvent at pH 3.0)
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Figure A51. 'H -13C HSQC spectrum of LNFP III (H>O:D>0 9:1 v/v solvent at pH 3.0)
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Figure A52. 'H -3C HMBC spectrum of LNFP III (H,0:D>0 9:1 v/ solvent at pH 3.0)

ppm
- 20
L 40
- L 60
1 ' " 80
st 100
120
140
160
N 180
I I I B i S I N e
5 4 2 ppm



_ppm
1. L. i
- s PR
?_ ! .

— . v e
8 7 6 5 4 3 2 ppm

Figure A53. 'H -'"H TOCSY spectrum of LNFP III (H,O:D,0 9:1 v/v solvent at pH 3.0)
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Figure A54. 'H -'"H ROESY spectrum of LNFP III (H,O:D,0 9:1 v/v solvent at pH 3.0)
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Figure A55. 'H -'>N HSQC spectrum of LNFP 1II (H,O0:D,0 9:1 v/v solvent at pH 3.0)
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Figure A56. 'H -'"’N HSQC-TOCSY spectrum of LNFP III (H,O:D,0 9:1 v/ solvent at pH 3.0)



OH N
OH o oH
o oo HO .o OH
() i /: ;O HO e} o OH
NH O
My OH ° ° N °
OH NH OH HO OH
H304\<O OH

L B B T ey By M M S B

80 75 70 65 60 55 50 45 40 35 30 25

ppm
Figure A57. '"H NMR spectrum of LSTa (H>0:D>0 9:1 v/v solvent at pH 3.0)
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Figure A58. °C NMR spectrum of LSTa (H,0:D,0 9:1 v/v solvent at pH 3.0)
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Figure A59. 'H -'"H COSY spectrum of LSTa (H,0:D,0 9:1 v/ solvent at pH 3.0)
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Figure A60. 'H -'*C HSQC spectrum of LSTa (H,0:D>0 9:1 v/v solvent at pH 3.0)
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Figure A62. 'H -'"H TOCSY spectrum of LSTa (H>0:D,0 9:1 v/v solvent at pH 3.0)
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Figure A63. 'H -'"H ROESY spectrum of LSTa (H,0:D,0 9:1 v/ solvent at pH 3.0)
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Figure A64. 'H ->'N HSQC spectrum of LSTa (H.O:D,0 9:1 v/v solvent at pH 3.0)
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Figure A66. '"H NMR spectrum of LSTb (H>0:D»0 9:1 v/v solvent at pH 3.0)
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Figure A67. *C NMR spectrum of LSTb (H,0:D>0 9:1 v/v solvent at pH 3.0)
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Figure A68. 'H -'"H COSY spectrum of LSTb (H,0:D>0 9:1 v/v solvent at pH 3.0)
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Figure A69. 'H -3C HSQC spectrum of LSTb (H.0:D,0 9:1 v/v solvent at pH 3.0)
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Figure A70. 'H -'*C HMBC spectrum of LSTb (H>0:D,0 9:1 v/v solvent at pH 3.0)
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Figure A72. 'H -'"H ROESY spectrum of LSTb (H.0:D-0 9:1 v/v solvent at pH 3.0)
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Figure A73. 'H ->N HSQC spectrum of LSTb (H,0:D20 9:1 v/ solvent at pH 3.0)
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Figure A74. 'H -'>N HSQC-TOCSY spectrum of LSTb (H>0:D,0 9:1 v/v solvent at pH 3.0)
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Figure A76. 'H-"*C HSQC spectrum of LNB



Table Al. Complete resonance assignment of the disaccharides LacNAc and LNB

LacNAc LNB
GIlcNAc GlecNAc
Gal Gal
o B a B
IH 13C ISN IH 13C ISN IH 13C lH 13C 15N IH 13C ISN lH 13C
1 (520 933 473 977 446/447 105.6(5.17 93.8 ol. 975 4.46/4.42 106.2/106.3
2 (13.89 56.6 3.70 59.1 3.54 73.8 || 4.06 55.7 3.80 58.4 3.52 73.5/73.6
3 [|3.73 814 na. na 3.67 754 [13.93 829 3.76 85.3 3.65 75.4
4 [|3.89 72.1 3.60 77.6 3.92 714 (1358 715 3.55 714 3.92 71.4
5 (13.97 73.0 na. na 3.72 78.1 [13.89 74.0 349 782 3.71 78.0
3.83 3.76
6 [3.88 62.8 62.9 3.76 63.9 [|3.83 63.4 63.5 3.76 63.8
3.96 3.90
NH |[ 8.20 123.65 8.25 122.88 8.23 123.19 | 8.33 122.28
n.a.: not assigned, o.l.: overlapped
C—@|r122.7
@ -
LNnT -122.9
" ~~
| 3
-123.1 5
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O—@|r
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Figure A77. Overlaid 'H-'N HSQC spectra of LNnT and para-LNnH
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Figure A78. 'H -"'N HSQC spectrum of N,N’,N’>,N’*’-Tetraacetylchitotetraose (H,0:D,0 9:1
v/v solvent at pH 3.0)
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Figure A79.'H -'>’N HSQC-TOCSY spectrum of N,N’.N>°,N’>’-Tetraacetylchitotetraose
(H20:D,0 9:1 v/v solvent at pH 3.0)
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Figure A80. 'H NMR spectrum of LNH (H,0:D»0 9:1 v/v solvent at pH 3.0)
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Figure A81. DEPTQ spectrum of LNH (H>O:D,0 9:1 v/v solvent at pH 3.0)
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Figure A82.'H-13C HSQC spectrum of LNH (H,0:D,0 9:1 v/v solvent at pH 3.0)
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Figure A83. 'H-"*C HMBC spectrum of LNH (H,0:D,0 9:1 v/v solvent at pH 3.0)
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Figure A84. 'H-'H TOCSY spectrum of LNH (H,0:D,0 9:1 v/ solvent at pH 3.0)
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Figure A85. 'H-">’N HSQC spectrum of LNH (H,0:D,0 9:1 v/v solvent at pH 3.0)
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Figure A86. 'H NMR spectrum of LNnH (H,0:D,0 9:1 v/v solvent at pH 3.0)
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Figure A87. DEPTQ spectrum of LNnH (H,O:D,0 9:1 v/v solvent at pH 3.0)
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Figure A88.1H-13C HSQC spectrum of LNnH (H,0:D»0 9:1 v/v solvent at pH 3.0)
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Figure A89. 'H-"*C HMBC spectrum of LNnH (H,0:D,0 9:1 v/v solvent at pH 3.0)
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Figure A90. 'H-'H TOCSY spectrum of LNnH (H,0:D,0 9:1 v/ solvent at pH 3.0)
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Figure A91."H-'SN HSQC spectrum of LNnH (H>0:D>0 9:1 v/v solvent at pH 3.0)
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Figure A93. DEPTQ spectrum of MFLNH III (H,O:D,0 9:1 v/v solvent at pH 3.0)
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Figure A94.'H-13C HSQC spectrum of MFLNH III (H,0:D,0 9:1 v/v solvent at pH 3.0)
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Figure A95.'"H-3C HMBC spectrum of MFLNH III (H,O:D,0 9:1 v/v solvent at pH 3.0)
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Figure A97. 'H-'>N HSQC spectrum of MFLNH III (H>O:D,0 9:1 v/ solvent at pH 3.0)
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Figure A99. DEPTQ spectrum of MFLNnH I (H,O:D»O 9:1 v/v solvent at pH 3.0)
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Figure A100. 'H-'*C HSQC spectrum of MFLNnH I (H>O:D,O 9:1 v/ solvent at pH 3.0)

f
I
Y _g/)/ b1 )'!'I"'”M&A I .J’L ppm
—1 - : ) ik 20
i - 40
!
| § R ’ - 60
== 1 -;)}- e
L I - - = .
= R fg%i' - 80
1 :. LA
!
. b -100
= ~ = A L
F120
-140
k!
~160

T T T T T T T T T \ T T T T
80 75 70 65 60 55 50 45 40 35 30 25 20 15 ppm

igure A101. 'H-"*C HMBC spectrum of MFLNnH I (H,O:D,0 9:1 v/ solvent at pH 3.0)
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Figure A102. 'H-"H TOCSY spectrum of MFLNnH I (H>O:D,0 9:1 v/v solvent at pH 3.0)
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Figure A103. 'H-">N HSQC spectrum of MFLNnH I (H,O0:D,0 9:1 v/ solvent at pH 3.0)
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Figure A105. DEPTQ spectrum of MFLNnH II (H,O:D»O 9:1 v/v solvent at pH 3.0)
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Figure A106. 'H-"*C HSQC spectrum of MFLNnH II (H,O:D>0 9:1 v/v solvent at pH 3.0)
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Figure A107. 'H-"*C HMBC spectrum of MFLNnH II (H,O:D>0 9:1 v/v solvent at pH 3.0)
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Figure A109. 'H-">N HSQC spectrum of MFLNnH II (H,O:D,0 9:1 v/v solvent at pH 3.0)
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Figure A111. DEPTQ spectrum of DFLNnH (H>0:D,0 9:1 v/v solvent at pH 3.0)



ppm

: l.m JHI |

Figure A112."H-3C HSQC spectrum of DFLNnH (H,0:D,0 9:1 v/v solvent at pH 3.0)
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Figure A113."H-*C HMBC spectrum of DFLNnH (H,0:D,0 9:1 v/ solvent at pH 3.0)
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Figure A114. 'H-'H TOCSY spectrum of DFLNnH (H,O:D,0 9:1 v/ solvent at pH 3.0)
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Figure A115. 'H-""N HSQC spectrum of DFLNnH (H.0:D,0 9:1 v/v solvent at pH 3.0)



