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Summary

Biopolymers self-assemble generating dynamic and complex functional materials that carry out
sophisticated tasks. Nature has been a source of inspiration for chemists to create artificial analogs that
mimic biopolymer self-assembly. In contrast to peptides and DNAs, carbohydrates are less understood at
the molecular level and therefore have rarely been employed as scaffolds to construct self-assembling
materials using bottom-up approaches. To date, carbohydrates’ potential in supramolecular chemistry remains
mostly untapped. In this thesis, I established structure-property correlations for oligosaccharides and then
translated this knowledge into design principles to access self-assembling carbohydrate materials. The use
of non-natural monosaccharides and bottom-up approaches were central to deeply understand and design
synthetic carbohydrate materials.

In Chapter 2, I developed synthetic routes to fluorinated monosaccharide building blocks (BBs) and
employed these BBs to assemble a broad collection of complex fluorinated glycans using Automated Glycan
Assembly (AGA). Fluorination was exploited as a method to manipulate the hydrogen bonds of cellulose,
a polysaccharide with high propensity to crystallize. The subtle role of the substitution pattern and position
of the fluorine atom was investigated using X-ray diffraction analysis (XRD). In the second part of Chapter
2, I explored the use of fluorinated glycans as NMR probes. First, 19F-labelled glycans served for structural
analysis 2722 NMR revealing the tendency of some oligosaccharides to adopt helical conformations. Last,
"F-labelled Lewis antigens, a class of biologically relevant glycans, were employed to study their binding to
proteins and to monitor in real-time enzymatic reactions.

In Chapter 3, I developed a bottom-up approach to study the self-assembly and the chirality of supramolecular
carbohydrate materials. In the first part, I employed a simple disaccharide that self-assembles into helical
fibers to study the transfer of chirality across scales. Site-specific modifications identified key non-covalent
interactions stabilizing the assembly. In the second part, I translated the botfom-up approach to a more
complex natural polysaccharide and used synthetic oligomers to understand chirality transfer across scales
in cellulose. Synthetic D- and L-cellulose oligomers were found to assemble into platelets with controlled
dimensions that further aggregate into bundles, displaying chiral features directly connected to their
monosaccharide composition. The insertion of L-Glc units in the sequence of D-Glc cellulose oligomers
drastically impacted macroscopic properties such as solubility, crystallinity, and chirality of bundles.

In Chapter 4, I presented the rational design and synthesis of a glycan adopting a stable secondary structure,
challenging the common belief that glycans are not capable of folding due to their flexibility. By combining
natural glycan motifs, stabilized by a non-conventional hydrogen bond and hydrophobic interactions, I
designed a glycan hairpin, a secondary structure not present in nature. AGA enabled rapid access to
synthetic analogs, including site-specific '3C-labelled ones, for NMR conformational analysis. Structural
analysis 22 NMR unequivocally confirmed the folded conformation of the synthetic glycan hairpin. This
work demonstrates that it is possible to program glycans to adopt defined conformations in aqueous
solution.

Overall, the bottom-up approaches used in this doctoral thesis allowed for a deeper understanding of the
principles dictating carbohydrate self-assembly. The work presented here opens the way to future
explorations of glycans as scaffolds for self-assembly or to perform complex functions as catalysis.






Zusammenfassung

Biopolymere sind selbstanordnende, dynamisch-komplexe Funktionsmaterialien, die bedeutende Aufgaben
erfillen. Far die Synthese kinstlicher Analoga dienen der Wissenschaft die von der Natur genutzten
Mechanismen der Selbstorganisation noch immer als Vorbild und Inspirationsquelle. Im Gegensatz zu
Peptiden und DNA sind Kohlenhydrate auf molekularer Ebene bis jetzt nur wenig erforscht. Bisher wurden
sie nur selten als Basis fiir selbstorganisierende Materialien mit Bottom-up-Ansitzen verwendet. Bis heute
bleibt das Potenzial von Kohlenhydraten in der supramolekularen Chemie weitgehend ungenutzt. In dieser
Arbeit habe ich Struktur-Eigenschafts-Korrelationen fir Oligosaccharide erforscht und mit Hilfe dieser
Designprinzipien gestaltet, die den Zugang zu selbstorganisierenden Kohlenhydratmaterialien ebnen. Dabei
war die Verwendung nicht-natiirlicher Monosaccharide und Bo#tom-up-Ansitze von zentraler Bedeutung,
um ein tieferes Verstindnis fir die Entwicklung synthetischer Kohlenhydratmaterialien zu gewinnen.

In Kapitel 2 entwickelte ich synthetische Wege zu fluorierten Monosaccharid-Bausteinen (BBs) und
erschloss, unter zur Hilfenahme von Awutomated Glycan Assembly (AGA), eine breite Sammlung komplexer
fluorierter  Glykane. Die  Fluorierung  wurde als  Methode zur  Manipulation  der
Wasserstoftbrickenbindungen von Cellulose, einem Polysaccharid mit hoher Kristallisationsneigung,
genutzt. Die Rolle des Substitutionsmusters und der Position des Fluoratoms wurde mit Hilfe der
Réntgenbeugungsanalyse (XRD) untersucht. Im zweiten Teil von Kapitel 2 testete ich das Potential der
fluorierten Glykane als NMR-Sonden. Zunichst dienten "F-markierte Glykane zur Strukturanalyse mittels
NMR, wobei die Tendenz einiger Oligosaccharide zur Annahme helikaler Konformationen deutlich wurde.
SchlieBlich wurden "F-markierte Lewis-Antigene, eine Klasse biologisch relevanter Glykane, zur
Untersuchung ihrer Bindung an Proteine und zur Uberwachung enzymatischer Reaktionen in Echtzeit
eingesetzt.

In Kapitel 3 entwickelte ich einen Bottom-up-Ansatz zur Untersuchung der Selbstorganisation und der
Chiralitdt von supramolekularen Kohlenhydratmaterialien. Im ersten Teil konnte ich mit Hilfe eines
einfachen Disaccharids, dass sich selbst zu spiralférmigen Fasern zusammensetzt, die Ubertragung von
Chiralitdt Gber mehrere MalBstibe hinweg verfolgen. Durch ortsspezifische Modifikationen wurden
wichtige nicht-kovalente Wechselwirkungen identifiziert, die den spezifischen Aufbau stabilisieren. Im
zweiten Teil Gbertrug ich den Bottom-up-Ansatz auf das natiirlich vorkommende Polysaccharid Cellulose.
Die Studien der synthetischen Oligomere erlaubten es den Chiralititstransfer iiber mehrere Mal3stibe
hinweg zu verstehen. Ich konnte feststellen, dass sich synthetische D- und L-Cellulose-Oligomere zu
Plittchen mit kontrollierten Abmessungen zusammensetzen, die sich wiederum zu chiralen Biindeln
anordnen. Die Chiralitit dieser Aggregate ist dabei direkt von der Monosaccharidzusammensetzung
abhingig. Die Einfugung von L-Glc-Einheiten in die Sequenz von D-Gle-Cellulose-Oligomeren wirkte sich
drastisch auf die makroskopischen Eigenschaften wie Loslichkeit, Kristallinitdt und Chiralitit der Bindel

aus.

In Kapitel 4 habe ich das rationale Design und die Synthese eines Glykans mit einer stabilen
Sekundirstruktur vorgestellt und damit die gingige Meinung widerlegt, dass Glykane aufgrund ihrer
Flexibilitit nicht faltbar sind. Durch die Kombination natiirlicher Glykanmotive, die durch eine
unkonventionelle Wasserstoffbriickenbindung und hydrophobe Wechselwirkungen stabilisiert werden,
habe ich eine Glykan-Haarnadel entworfen, eine Sekundarstruktur, die in der Natur nicht vorkommt. AGA
ermoglichte einen schnellen Zugang zu synthetischen Analoga, einschlieBlich ortsspezifischer 13C-
markierter Spezies, die fiir NMR-Konformationsanalysen genutzt werden kénnen. Die Strukturanalyse
mittels NMR bestitigte eindeutig die gefaltete Konformation der synthetischen Glykan-Haarnadel. Diese
Arbeit zeigt, dass es moglich ist, Glykane so zu programmieren, dass sie in wissriger Losung definierte
Konformationen annehmen.



Insgesamt ermdglichten die in dieser Dissertation verwendeten Bottom-up-Ansitze ein tieferes Verstindnis
der Prinzipien, die die Selbstorganisation von Kohlenhydraten bestimmen. Die hier vorgestellte Arbeit
offnet den Weg fiir kiinftige Untersuchungen von Glykanen als Geriiste fiir die Selbstorganisation oder zur
Ausfiihrung komplexer Funktionen wie der Katalyse.
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1 Introduction
This chapter has been modified in part from the following articles:

G. Fittolani, P.H. Seeberger, M. Delbianco Helical polysaccharides Pepr. Se. 2019, 112, 1, 24124
https://doi.org/10.1002/pep2.24124

T. Tyrikos-Ergas,” G. Fittolani,* P.H. Seeberger, M. Delbianco Structural Studies Using Unnatural
Oligosaccharides: ~ Toward  Sugar  Foldamers  Biomacromolecules 2020, 21, 1, 18-29
https://doi.org/10.1021 /acs.biomac.9b01090

G. Fittolani, T. Tyrikos-Ergas, D. Vargova, M. A. Chaube, M. Delbianco Progress and challenges in the
synthesis of sequence controlled polysaccharides Beilstein . Org.  Chem. 2021, 17, 1981-2025
https://doi.org/10.3762/bjoc.17.129
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1.1  Synthetic materials based on peptide, nucleic acids, and glycans

In nature, biopolymers self-assemble to generate dynamic and complex functional materials.! Upon self-
assembly peptides, nucleic acids, and carbohydrates are capable of achieving unique properties. For
instance, self-assembly is responsible for the excellent thermal stability and mechanical strength of collagen,
a structural protein component of human skin.? Similarly, polysaccharides such as cellulose and chitin
achieve excellent mechanical properties through the hierarchical self-assembly of single chains into fibrils.3#
Nucleic acids self-assembly into compact double helical structures enables safe and efficient storage of
genetic information. Molecular self- assembly is driven by non-covalent interactions such as van der Waals,
electrostatic, and hydrophobic interactions as well as hydrogen and coordination bonds. Non-covalent
interactions are typically longer range compared to covalent bonds, reversible, and often benefit from
cooperativity.>

Nature has been a source of inspiration for chemists to create artificial analogs that mimic biopolymer self-
assembly.c-!1 Self-assembling synthetic materials offer all the advantages of a bottom-up approach; these
materials are programmable, can be responsive to external stimuli, and can be manipulated at the nanoscale
to control their 3-D shape, physicochemical, and mechanical propetties.'2!> Sequence engineering and/or
chemical modifications enable fine-tuning of the material and the reversibility of the self-assembly process,
permitting responsiveness to external stimuli (e.g. pH, temperature, ionic strength), adaptation to the
environment, and the ability to exert bioactive functions. Last, biopolymer-based materials are expected to
be biocompatible. Using self-assembly, a variety of synthetic materials with diverse macroscopic properties
and nanoscale morphologies has been created ranging from fibers, membranes,!* platelets,'> hydrogels,!¢ as
well as more complex architectures such as DNA origami (Figure 1.1).!7.18 Synthetic self-assembling
materials are attractive for a wide range of applications in the biomedical field.!> A prominent example is in
tissue regeneration in which the reversibility of the self-assembly and the precise geometrical display of
bioactive moieties triggering a biological event are great advantages over conventional covalent polymers.!”

Peptides have been designed to self-assemble and generate a plethora of materials. Amphiphatic peptides
were among the first self-assembling peptides discovered in the 1990s; their sequences featured alternating
hydrophobic and hydrophilic residues and were capable of forming nanofibers and macroscopic
membranes.®!* Attaching a hydrophobic alkyl tail to a B-sheet promoting peptide sequence allowed to
obtain peptide amphiphiles, capable of assembling into fibers of various shape and properties (Figure
1.1A).20 Peptide sequences responsible for protein amyloid formation were exploited to generate hydrogels,
nanotubes, and artificial biofilms.!%21-23 In addition, short peptides have been programmed to fold into
hairpin secondary structures and self-assemble into fibers forming a hydrogel.1¢24 Other self-assembling
peptides rely on a-helices scaffolds forming coiled-coil superstructures that can assemble in a predictable
manner to achieve precise control over the 3-D shape.?>2¢ Collagen has also been a source of inspiration
for designing peptides that self-assemble into triple helical fibrils based hydrogels (Figure 1.1B, /ef?).2728
Sequence manipulation of collagen mimetic peptides gave access to an entirely new morphology resembling
thin square platelets (Figure 1.1B, rjgh?).1>2° More recently, it was shown that protein could be designed to
self-assemble into well-defined nanoscale architectures (Figure 1.1C).30-33 These advancements were
supported by novel computational methods, enabling accurate protein folding prediction.?*

Other spectacular examples of synthetic self-assembling material are DNA-based assemblies. 71835 The high
predictability and specificity of base pairing and the well-studied molecular conformation of DNA fostered
the development DNA nanotechnology.? This field has advanced so rapidly in the last two decades that it
is now possible to generate nanoscale objects with virtually any 2-D or 3-D shape iz rational design (i.e.
DNA origami, Figure 1.1D).'8

In contrast to peptides, proteins, and DNA, synthetic self-assembling carbohydrate materials remain, to
date, highly unexplored. Carbohydrates are often exploited merely as a hydrophilic moiety and rarely
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Figure 1.1 A) Peptide amphiphiles and model of the self-assembled fibers. B) Collagen mimetic peptides can be designed to self-
assemble into fibers (/ff) or platelets (right) as observed in TEM images. C) Protein engineered to self-assemble into defined nano-
sized architectures. TEM image (bottom) of the designed two-component protein cage-like architecture (7gp). D) The DNA origami
technique allows folding a long single-stranded DNA sequence into various nano-sized architectures (bottom). AFM images of a
disk with three holes (79p). Reprinted (or adapted) with permission from Ac. Chem. Res. 2017, 50, 2440-2448 Copyright 2017
American Chemical Society, Nat. Chens. 2011, 3, 821-828 Copyright 2011 Nature Publishing Group, J. Awm. Chem. Soc. 2014, 130,
4300-4308 Copyright 2014 American Chemical Society, Nazure 2006, 440, 297-302 Copyright 2006 Nature Publishing Group, and
Natnre 2014, 510, 103-108 Copyright 2014 Nature Publishing Group.

employed as scaffolds to construct self-assembling materials using bottom-up approaches.’” Only few
examples of self-assembled carbohydrate materials have been reported, mostly based on simple mono- and
disaccharides.’ Still, carbohydrates offer many attractive features. They are highly diverse in nature since
they are constructed from a vast pool of more than 100 natural monosaccharides that can be combined
into linear or branched polymers, suggesting an enormous potential to access new conformations compared
to other biopolymers. Plenty of exceptional polysaccharide-based materials exist in nature that could serve
as an inspiration for the generation of synthetic materials viz a bottom-up approach. For instance, cellulose
and chitin are mechanically stable structural materials found in plant and fungal cell walls, respectively, with
a strong tendency to self-assemble in a hierarchical fashion (Figure 1.2A and B). Carrageenans, sulfated
polysaccharide found in algae, undergo ion-mediated folding into helical secondary structures and further
chain association (i.e. supercoiling) leads to hydrogel formation (Figure 1.2A and C).3%:40

In comparison with peptides and DNA, the chemical structure of carbohydrates is intrinsically more
complex and diverse, hampering the development of rationally designed carbohydrate assemblies.
Thorough structure-function correlations, enabled by easy access to synthetic compounds and rigorous
structural characterizations, have fosteted the creation of synthetic materials based on peptides and DNA.
In contrast, the synthetic and analytical challenges of carbohydrates have severely limited the development
of bottom-up approaches in the carbohydrate materials field. Top-down approaches, in which carbohydrates
are extracted from natural sources and chemically modified, have dominated the scene to date.*!42 However,

11
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Figure 1.2 A) Chemical structure of cellulose, chitin, k-, and 1-carrageenans. B) Hierarchical levels of the cellulose fiber structure.
Adapted with permission from Cellulose 2019, 27, 5877-5892 Copyright 2019 Nature Publishing Group. C) Primary, secondary,
tertiary, and quaternary structures arising in carrageenans. Single carrageenan chains undergo ion-mediated folding into helical
conformation structures that can further form intra- or intermolecular supercoiled structures (inserts are AFM images). Adapted
with permission from Biomacromolecules 2019, 20, 1731-1739 Copyright 2019 American Chemical Society.

extraction of oligosaccharides from natural soutces often results in heterogeneous mixtures hampering
structure-function correlations. Chemical synthesis can provide homogeneous oligosaccharide samples but
can be challenging and lengthy (see Section 1.3). Constructing glycosidic linkages requires both regio- and
stereocontrol, imposing the use of multiple protecting groups and time-consuming protocols. Beside
synthesis, also structural analysis is a major challenge (see Section 1.2).43 The lack of chromophores limits
the use of circular dichroism (CD) and difficulties in obtaining single crystals hinder the application of X-
ray crystallography. NMR of carbohydrates may provide some structural information (but suffers from
other problems discussed more in detail in Section 1.2). Addressing the synthetic and analytical challenge
of carbohydrates is highly important to generate design principle to access synthetic catbohydrate materials.
Such principles are well-established for peptides® and DNA!8 enabling the creation of synthetic materials,
but they are still lacking for carbohydrates.
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1.2  Conformational analysis of oligo- and polysaccharides

The study of polysaccharide secondary structures, and higher hierarchical assemblies, is hampered by the
intrinsic complexity of polysaccharides. The main variable implicated in polysaccharide conformation is the
geometry of the glycosidic linkage, with the monosaccharide units generally considered rigid (in the case of
pyranose rings).** The torsion angles @ (Hi-Ci-Oy-Cy) and ¥ (C1-O4-Ci-Hy) define the relative orientation
of two monosaccharides involved in a glycosidic bond. For 1,6-linkages, the w torsion angle (Os-Ce-Cs-Os)
provides additional flexibility. The most populated conformation is generally the exo-syn-®,* due to
hyperconjugation between the exocyclic oxygen lone electron pair (n;) and the antibonding orbital (6*) of
the endocyclic C—O bond (i.e. exo-anomeric effect) (Figure 1.3).46 The W dihedral is more sensitive to
sterics, favoring the anti-W conformer.#’” Water interacts with the hydroxyl groups and can disrupt
intramolecular hydrogen bonds. As a result, glycosidic linkages possess a significant degree of freedom,
often resulting in quite flexible oligosaccharides.*

Such complexity has hampered the development of suitable analytical techniques. Even though some crystal
structures were obtained for polysaccharide samples using X-ray fiber diffraction, the geometry of many
complex oligo- and polysaccharides remains less well understood. The complementary, rather than
alternative methods used to study polysaccharide conformations and folding can be divided into three broad
categories: 1) diffraction techniques, ii) imaging techniques, and iii) spectroscopic techniques.
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Figure 1.3 Exo-anomeric effect on « and $ glycosidic linkages (79p). Standard definition of dihedral angles used for the description
of a glycosidic bond exemplified for a 3-1,4 glycosidic linkage (%f) and an «-1,4 glycosidic linkage (right).

One of the most powerful diffraction techniques used to study polysaccharide crystal structures is fiber (or
film) X-ray diffraction (XRD) analysis. Due to their nature, sufficiently large single crystals of
polysaccharides are hard to obtain, whereas it is possible to prepare oriented fibers (i.e. all the helical axes
are parallel to each other). The fiber diffraction pattern, aided by modelling, can give information on the
helix type (i.e. pitch and symmetry), on the possible formation of intertwining helices, as well as on the
relative otientation (i.e. parallel/antiparallel).45 A complementary technique is selected area electron
diffraction (ED), which allows for the measurement of a diffraction pattern of micro-sized crystals (Figure
1.4A)>! A related method is microcrystal electron diffraction (MicroED), a recently developed technique
that involves the continuous recording of the electron diffraction pattern while rotating the specimen at
cryogenic temperatures.>'-53 This method allows for the acquisition of ED patterns with different crystal
orientations to determine the crystal structure. MicroED represents a promising technique for studying
self-assembled crystalline materials in their native state, avoiding tedious crystallization trials. Nevertheless,
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these methods have an intrinsic limitation since they can only reveal the conformation in solid phase and
they require samples in crystal or fiber form.

Among the imaging techniques, Atomic Force Microscopy (AFM) has been applied to directly visualize
single polysaccharide molecules, with the significant advantage to operate in “near-native” conditions.>*-7
With this technique, it has been possible to follow secondary and tertiary structure formation of
carrageenans, as a function of time or salt concentration.3%40:58-60 However, a general AFM method to obtain
high-resolution images applicable to other classes of polysaccharides is not available to date. Similatly,
cryoEM methods are not yet capable of capturing the fine details of glycan conformations, despite the
recent advancements.’! Recently, a single molecule imaging technique has been developed, combining
controlled deposition and scanning tunneling microscopy (STM) (Figure 1.4B). This technique involves a
first step of deposition of mass-selected oligosaccharide ions ([M-H]") on a Cu(100) surface held at 120 K
using the electrospray ion-beam deposition (ES-IBD) method.®? In a second step, observation of the single
oligosaccharide chains is performed by scanning tunneling microscopy (STM) at 11 K.¢3 The STM imaging
permits subnanometer resolution and direct visualization of the single residues. Although this method is
not capable of studying glycans in solution, resolution improvements and image analysis have great potential
to provide information on the glycosidic linkage conformation.®* A major limitation of this method is that
it is limited to the study of the conformation in gas phase and interaction with solvent molecules is thus
neglected.

NMR is often the technique of choice to gain structural information of glycans in solution.®-67 With NMR,
it is possible to estimate inter-proton distances by measuring peak intensities observed in nuclear
Overhauser effect (NOE) experiments (Figure 1.4C). The NOE originates from a direct through-space
dipolar interaction occurring between two nuclei. However, NOE intensity decreases quite rapidly with the
inter-proton distance (NOE  16) and distance measurements are possible only within about 5 A. When
NOE enhancements are close to zero, due to the unfavorable tumbling regime of the glycan (wote = 1 for
MW of ca. 1000-2000 Da), rotating frame nuclear Overhauser effect (ROE) experiments can be used.® In
such experiments, a spin-lock sequence is applied allowing NOE enhancements to be always positive across
the entire tumbling regime.®® However, this experimental advantage comes with the drawback of the large
number of artifacts. Other methods, such as the residual dipolar coupling (RDC) analysis, measurements
of J-couplings across O-glycosidic linkages, and hydrogen bond studies are useful complementary tools.656%-
74 The most important drawbacks of glycan NMR analysis are i) conformational averaging and ii) spectral
overlap. Compared to proteins, glycans are flexible and can rapidly interconvert between multiple
conformational states complicating the NMR analysis, typically performed over a larger time scale. As a
consequence, the different conformational states of a glycan in solution are averaged during NMR
experiments. Another limitation is the severe chemical shift degeneracy often observed in 'H NMR spectra.
To overcome this issue, the introduction of isotopic labels®-7175 or paramagnetic lanthanide complexes77
can be exploited. However, generating a 3-D structure solely from NMR data is rather difficult and
molecular dynamics (MD) simulations are often employed as a complementary tool to guide structural
analysis.#70.78-80 Circular dichroism (CD) is another spectroscopic method which can be used for
conformational analysis. CD is well established in peptide science, providing a characteristic fingerprint for
each secondary structure. However, the absence of chromophores in polysaccharides limited the use of this
technique. Chromophores in polysaccharides can be located in the sidechain and might not be informative
of the backbone conformation.8! An alternative for polysaccharides, lacking chromophores with absorption
above 190 nm, is vacuum ultraviolet circular dichroism (VUCD). VUCD enables conformational studies,
exploiting higher energy electronic transitions, typical of the ether chromophore. Nevertheless, the need
for intense vacuum UV sources, complex instrumentation (L.e. synchrotron radiation), and the rather
challenging results interpretation limited the use of this technique.??
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Figure 1.4 A) TEM image and selected area electron diffraction pattern of a xylan nanocrystal (4ff). Molecular packing of the
xylan chains in the unit cell (#gh?). Adapted with permission from Biomacromolecules 2021, 22, 898-906 Copyright 2021 American
Chemical Society. B) Schematic workflow of glycan transfer and deposition via ES-IBD combined with single-glycan STM
imaging. Adapted with permission from Nazure 2020, 582, 375-378 Copyright 2020 Nature Publishing Group. C) 2D NOESY
spectrum allows the identification of cross peaks (/ff). Schematic overview of inter-residue NOEs (right, arrows). Adapted with
permission from J. Am. Chem. Soc. 2013, 135, 13464-13472 Copyright 2013 American Chemical Society.
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1.3  Synthesis of oligo- and polysaccharides

Synthetic oligosaccharides are essential tools to establish structure-property correlations by facilitating the
structural analysis.®? Synthesis offers the opportunity to access poly- and oligosaccharides with well-defined
composition, length, and substitution. In particular, the generation of labelled oligosaccharides (e.g. F,
13C) could enormously help NMR structural analysis.® Nevertheless, the complexity and diversity of poly-
and oligosaccharides makes the synthetic process laborious and time consuming. Several aspects are crucial
to plan a successful poly- or oligosaccharide synthesis. Propetly designed starting matetials and/or catalysts
are requited to ensure regio- and stereocontrol during glycosidic bond formation. Control over the
polysaccharide length (degree of polymerization, DP) and regioselective insertion of modifications or
branches are additional challenges. Two main approaches are available for obtaining well-defined structures
(Figure 1.5): i) enzymatic®*! and ii) chemical synthesis. Another possible approach is chemical
polymerization,’? however this method lacks control over the length and substitution pattern. Combination
of methods can also be exploited to overcome limitations of the individual methods. An example is
chemoenzymatic methods in which synthetic BBs are used to direct enzymatic transformations on the
oligosaccharide.”

Enzymatic polymerization Chemical synthesis

BBs synthesis

HO Q Enzyme O_EO_]_O 0 _o—~v~—0, 20 o
> y; 5 HO oy—
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No PGs Regio- and stereoselective Non-uniform MW
Low substrate scope
Low availability

i) Glycosylation
ii) Global deprotection

Well-defined compounds
O_O_O_O Unnatural modifications
Time-consuming

Figure 1.5 Enzymatic (/ff) and chemical (righ?) approaches for the synthesis of polysaccharides. For each method, advantages
(green) and disadvantages (red) are highlighted.

The use of enzymes has undeniable advantages because it offers the possibility to use unprotected sugars
as substrates and guarantees remarkable control of the regio- and stereoselectivity during glycosylation.
Mono- or oligosaccharides bearing a reactive LG (e.g. phosphate, fluoride, nucleotide) are polymerized by
the enzyme to form the desired oligo- ot polysaccharide (Figure 1.5, /ff). Several classes of enzymes are
available, including hydrolases, phosphorylases, suctases, glycosyltransferases, and glycosynthases.35:94-97
Despite the numerous advantages of this approach, limited enzyme availability as well as their high
specificity narrowed the substrate scope. Generally, enzyme reactive sites are highly specific and tolerate
only small modifications, hampering the formation of non-natural polymers.”® Low glycosylation yields and
product hydrolysis represent in some cases additional hurdles associated with enzymatic synthesis of
polysaccharides.”” With this approach, homopolymers are often obtained as non-uniform samples, because
the enzymes cannot distinguish between acceptors with different lengths in the reaction mixture.

Chemical synthesis provides compounds with well-defined length and substitution pattern (Figure 1.5,
right), but requites substantial synthetic effort. For this reason, only few examples of long polysaccharides
prepared by chemical synthesis are available. Propetly designed building blocks (BBs) are needed, often
prepared following numerous synthetic steps. In general, BBs are equipped with a reactive anomeric leaving
group (LG) to allow for glycosylation and suitable PGs to ensure regio- and stereocontrol.!'® Even though,
in most cases, BB preparation follows straightforward protection/deprotection strategies, the low selectivity
and yield of certain transformations'0:192 can limit the scope of this approach. The desired polysaccharide
is assembled following a linear or a convergent approach. In the former, the desired BBs are added
sequentially to the growing polysaccharide chain vz a series of glycosylation reactions. In contrast, a
convergent approach (also known as fragment coupling) allows connecting pre-assembled oligosaccharide
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blocks. To decrease the synthetic time required for the chemical synthesis of polysaccharides, automated
solid-phase supported or solution-based techniques have been developed.103-106

Automated Glycan Assembly (AGA)!'?7 connects monosaccharide BBs on a solid support following a linear
approach (Figure 1.6). The solid support is a polystyrene-based Merrifield resin equipped with a cleavable
linker.108 Cycles of glycosylation and selective deprotection are iteratively performed to access the desired
oligo- or polysaccharide with full control over the length and the monosaccharide sequence.!97:19%8 Excess
reagents and byproducts can be removed by filtration while the desired product remains anchored to the
solid support. The AGA cycle involves i) acidic wash to prepare the resin, ii) coupling step with a glycosyl
donor and an activator, i) capping step (i.e. acetylation) to block unteacted acceptor, and iv) temporary
protecting group cleavage to liberate the acceptor for the subsequent coupling step (Figure 1.6). When
constructing branched structures, orthogonal temporaty protecting groups are used (Figure 1.6, bottom).
Washing steps with different solvents are included in the AGA cycle to ensure removal of excess reagents
and preparation of the solid support for the next reaction. The whole process is automated and controlled
via a computer. Upon completion of the assembly, the desired product is released from the solid support
and subjected to global deprotection to remove all remaining permanent protecting groups. The reaction
used to cleave the desired product from the solid support depends on the linker used. Currently, the most
widely used linker consists of a photosensitive methyl-6-nitroveratryl (MeNV) ot ¢-nitrobenzyl (oNB)
structute that can be cleaved upon irradiation with UV light (366 nm, Hg lamp) in a flow photoreactor
(Figure 1.6, bottom lef). 1 AGA offers the possibility to assemble collections of related, well-defined
compounds in a short amount of time. Recently, large polysaccharides (i.e. 100mer and 151mer) could be
accessed using AGA."0 Another significant advantage of AGA (and chemical synthesis in general) is the
possibility to incorporate Non-natural monosaccharides in a site selective manner. Non-natural residues
such as isotopically labelled residues, can simplify structural NMR analysis, opening the way to structure-
function correlations (see Section 1.2).
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Figure 1.6 Synthetic cycle of AGA exemplified for a linear structure (#gp). Photocleavable linkers, protecting, and leaving groups
used in this thesis (bottom).

17



1.4 Non-natural synthetic glycans

1.4.1 The inspiration: non-natural amino acids

In peptide and protein science, the incorporation of non-canonical amino acids (ncAAs) allows for the
alteration of the properties of the peptide. Perturbing the primary sequence with ncAAs can serve to
understand the role of each residue for the function of a protein.!!! Protein engineering with ncAAs expands
the functions normally accessible with the canonical twenty amino acids.!'? For instance, including ncAAs
into proteins allowed manipulation of photophysical properties, incorporation of biorthogonal handles (e.g.
azide, alkyne)!!3 for further functionalization, stabilization of folding, tuning of protein-protein interactions,
and offered tools to study protein structure through NMR (e.g. isotopic labelling).!14

Incorporation of fluorinated ncAAs has drawn considerable attention in the past decades.!'> Fluorine is an
element with unique propetties rarely occurring in natural products. Fluorine is a small and highly
electronegative atom and the C-F bond is chemical inert due to its extreme stability (105.4 kcal/mol).!16
The insertion of fluorine in a molecule is often accompanied by dramatic physicochemical changes (e.g.
pK., solubility, 7z vive stability, intermolecular interactions modulation). When multiple fluorine atoms are
installed in a molecule its hydrophobicity is enhanced. Therefore, the incorporation of fluorinated ncAAs
became a standard strategy to modify peptides and proteins with two major purposes: i) the alteration of
physicochemical properties and ii) the use of “F atoms as reporter groups for NMR studies.!12115.117.118
Fluorinated ncAAs can be used to generate hyperstable protein folds through subtle mechanisms, as
demonstrated for fluorinated collagen analogs. Collagen single-chains self-assemble into tightly packed
triple helices that arrange into fibrils of exceptional stability.?2 The replacement of proline with 4R-
fluoroproline in a collagen model peptide significantly raised the melting temperature of the triple helix.
Fluorination of proline altered the puckering of the five-membered ring favoring a pre-organization of the
single chains in a conformation suitable to form the triple helices (Figure 1.7A).119120 Several examples
exist that used fluorinated ncAAs to impact peptide conformation and hydrophobicity or to direct highly
specific protein-protein interactions through the “fluorous effect”.1'2117.118 The fluorous effect has been
exploited also to direct the self-assembly of peptide materials.1?! An additional advantage of the introduction
of fluorinated ncAAs is the possibility to carry out 1YF NMR experiments to monitor binding events, protein
(mis)folding, protein-membrane interactions, and protein aggregation (Figure 1.7B).122-124 The use of the
F NMR channel enables real-time monitoring during 7z vitro experiments as opposed to traditional
structural studies involving X-ray crystallography. The absence of background signal of biological samples
in the F NMR channel allows also to carry out i ce// NMR experiments on labelled peptides and
proteins. 125
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Figure 1.7 A) Structure of a triple helical peptide containing 4R-methylproline and 4R-fluoroproline (PDB 3IPN). The 4R-
fluoroproline preferentially adopts an exo ring pucker. B) General overview of the applications of 1F-labelled ncAAs for 1F NMR
studies of proteins.
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Besides fluorinated ncAAs, mirror-image D-amino acids are also a widely explored class of ncAAs
employed in the modification for peptide and proteins. D-amino acids have been incotporated into peptides
and proteins for many purposes such as enhancing proteolytic!?¢ and thermal stability,!?” to explore the
conformational space of heterochiral proteins,'?® or to facilitate crystallization (ie. racemic
crystallization).'2? Furthermore, mirror image amino acids found many applications in the study of self-
assembling peptides and contributed to the elucidation of the origin of supramolecular chirality of amyloid
fibrils.!30-132 Synthetic peptides made of L- and D- amino acid sequences suggested that amino acids located
at the termini were responsible for the twist adopted by peptide supramolecular fibers.822133.134 Chirality
can also be used as a design tool to control morphology!35-136 and mechanical properties'?™-139 of self-
assembled peptide materials. For instance, it was found that co-assembling .- and D-peptides into fibrils
(Figure 1.8A and B) leads to enhanced mechanical rigidity of the resulting hydrogel due to unique favorable
interactions taking place between the two enantiomers (Figure 1.8C).137138 Inter-residue hydrophobic
interactions are maximized between the different layers of the peptide in the interior of a fibril leading to
higher stiffness. This example demonstrates that mirror image D-amino acids have great potential to tune
bulk mechanical properties of self-assembling peptides using a bottom-up approach.
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Figure 1.8 A) Assembly mechanism for enantiomeric peptides leading to the formation of a network of fibrils. B) TEM image of
fibrils obtained from the racemic gel. C) Model of the two enantiomers in their co-assembled, racemic fibrillary state. Adapted
with permission from J. Am. Chem. Soc. 2011, 133, 14975-14977 Copyright 2011 American Chemical Society and ACS Cent. Sci.
2017, 3, 586-597 Copyright 2017 American Chemical Society.

1.4.2 Non-natural monosaccharides

The use of non-natural monosaccharides has been explored mainly in the context of glycomimetics, to
improve the performance of natural glycans as drugs (e.g. bioavailability, affinity for the target, enzymatic
stability).!'* Modification of monosaccharides typically involve i) functional group modification, ii)
replacement of the endocyclic oxygen with other atoms (i.e. C, S, or N), and iii) modification of the
glycosidic linkage. Still, to date, the incorporation of non-natural monosaccharides into complex and large
oligosaccharides is much less explored as opposed to the use of ncAAs in peptides and proteins.

Replacing C-OH groups with C-F can be used as a strategy to tune hydrogen bonding and interactions with
water molecules with potential impact on the conformation, the aggregation propensity, and the interactions
with proteins. However, limited studies have been carried out with fluorinated glycans, since the installation
of fluorine into an oligosaccharide backbone can be challenging.'#! To date, the site-specific installation of
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fluorine proved to be a successful strategy to increase the 7 vivo stability of glycoproteins,!4? to generate
enzyme inhibitors,'* to enhance immunogenicity,!#14> to selectively disrupt protein-glycan hydrogen
bonds,!#¢ or to enhance CH-n interactions.!*” Furthermore, simple fluorinated glycans have been used as
NMR probes to detect binding with proteins or for structural studies.!*® However, fluorinated
monosaccharides have not been incorporated in complex glycans nor have they been exploited to rationally
alter conformational properties or inter-molecular interactions. The synthesis remains a major hurdle,
suggesting that the use of automated synthetic techniques, such as AGA, could be explored to quickly
access to collection of oligosaccharides that incorporate fluorinated monosaccharide building blocks.

Other modifications of monosaccharide include the replacement of the endocyclic oxygen with non-natural
functionalities, typically used to increase oligosaccharide stability towards enzymatic degradation. The
endocyclic oxygen has been replaced with a methylene moiety (i.e. carbasugars), with sulfur (i.e. thiasugars),
or with a CF> moiety. Although with some differences, these synthetic analogs are generally increasing the
flexibility of the glycosidic linkage.'4-1>! In addition, modification of the glycosidic linkages by replacing
the oxygen with sulfur (i.e. S-glycosides) or carbon (C-glycosides) are other strategies to improve enzymatic
stability, resulting often in increased flexibility of the oligosaccharides.!40:152

The exploitation of non-natural monosaccharides in longer and complex glycans remains, to date, largely
underexplored. The recent advancements of automated platforms and synthetic protocols allowed to access
increasingly complex and large polysaccharides, 04110153155 paving the way for the application of non-natural

monosaccharides.
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1.5 Rational design of synthetic materials

The design of synthetic peptide materials was fostered by the wide availability of automated solid-phase
peptide synthesis (SPPS) devices, which gave rapid access to broad collections of well-defined peptides for
systematic conformational analyses. Determination of folding propensity of single amino acids'*® and
elucidation of the factors that influence a-helix and $-sheet stability!>” were key elements in establishing
design principles to create peptides adopting a specific conformation or that self-assemble.! In the 1990s,
the design and the synthesis of a peptide autonomously folding into a triple-stranded B-sheet was an
enormous breakthrough.!57.15%.1¢0 Nowadays, entire proteins can be designed to obtain diverse folded
conformations and novel functions (i.e. protein de #ovo design).3* Similarly, the development of DNA
nanotechnology was fostered by a thorough understanding of nucleotide base pairing and DNA
conformation combined with automated synthetic'®! and amplification (i.e. PCR) methods.'8 Nowadays,
DNA sequences can be designed to self-assemble in a wide variety of nanostructures (i.e. DNA origami,
see Section 1.1).

ncAAs enabled the exploration of new primary sequences folding into completely new conformations,
beyond natural ones. Artificial folded molecules inspired by the structure and function of biopolymers were
developed and termed “foldamers”.162-164 Foldamers adopt highly predictable and stable secondary
structures with distinct size and shape (Figure 1.9A).163165 Given the diversity of accessible 3-D shape,
foldamers could be used to mimic or expand the properties and functions of natural biopolymers.
Foldamers can be designed with conformations that promote specific binding to proteins or small
molecules with applications in pharmacology; to perform catalytic transformations mimicking enzymes;!0
or to self-assemble into supramolecular aggregates.'¢” Recently, a helical foldamer was employed to catalyze
a macrocyclization reaction by providing ideal orientation of two catalytic groups (Figure 1.9B).168 In this
seminal study, the modularity of the foldamer scaffold allowed an exploration of different reactive groups
and spatial orientation to find an optimal arrangement.!¢”

The generation of foldamers, heavily relying on ncAAs, and the demonstration that these scaffolds can
accomplish functions beyond the ones found in natural biopolymers, is a solid demonstration of their
potential in catalysis, medicinal chemistry, or material science. I imagined that a similar approach to
carbohydrates can generate even more structural diversity and further expand foldamer applications.
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Figure 1.9 A) Foldamer backbones (#9p) consisting of conformationally constrained a-, 3-, and y-amino acids that generate helical

folded structures with diverse size and shape (bottom). B) Foldamer-catalyzed macrocyclization. Reproduced from
www.gellman.chem.wisc.edu.
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1.6  Aims of this thesis

The general aim of my doctoral research was to establish structure-property correlations for
oligosaccharides and then translate this knowledge into design principles to access self-assembling
carbohydrate materials. In contrast to other biopolymers (i.e. peptides, DNA), carbohydrates are less
understood at the molecular level and therefore have rarely been employed as scaffolds to construct self-
assembling materials using bottom-up approaches. Thus, to date, carbohydrates’ potential in supramolecular
chemistry remains mostly untapped. In this doctoral thesis, I present the use of non-natural
monosaccharides to understand structure and function of oligosaccharides. Furthermore, I suggest a
rational bottom-up approach to understand and design self-assembling carbohydrate materials.

The aim of my first project (Chapter 2) was to understand the impact of single-site fluorination in
oligosaccharides and exploit the fluorine atom as an NMR reporter to study oligosaccharides, from a
structural to a functional perspective. The project required the implementation of the following steps:

1. Design and optimization of the synthesis of fluorinated monosaccharide BBs

2. Synthesis of a broad collection of complex fluorinated glycans

3. Evaluation of the impact of fluorination on the oligosaccharide conformation »iz MD simulations
and single molecule imaging (in collaboration with Dr. Theodore Tyrikos-Ergas and Dr. Kelvin
Anggara)
Evaluation of the crystallization propensity of the fluorinated glycans via XRD

5. Use of "F-labelled BBs to study the solution conformation of oligosaccharides (in collaboration
with Dr. Ana Poveda)

6. Study of ""F-labelled glycans as probes for the screening of protein-glycan interactions (in
collaboration with Dr. Elena Shanina)

The aim of my second project (Chapter 3) was to develop a bottom-up approach to understand the self-
assembly of carbohydrate materials. In particular, the main objective was to understand the origin of the
supramolecular chirality found in cellulose fibrils, yet not fully understood at the molecular level. To this
end, I had to implement the following steps:

1. Synthesis of non-natural mirror-image L-Glc BBs

2. Synthesis of site-specific modified disaccharides as model systems to understand the rules that
govern oligosaccharide aggregations

3. Study of the self-assembly of simple disaccharide model systems (in collaboration with Dr. Soeun
Gim and Dr. Yu Ogawa)

4. Preparation of a collection of well-defined cellulose oligomers

5. Study of the self-assembly properties of the synthetic cellulose oligomers through XRD, AFM,
TEM, and electron diffraction (in collaboration with Dr. Yu Ogawa)

6. Design and perform experiments to understand the origin of chirality and correlate
oligosaccharide sequence with supramolecular chirality

In my last project (Chapter 4), the aim was to create a glycan secondary structure that does not exist in
nature. In particular, the objective was to demonstrate the feasibility to program glycans to adopt a defined
conformation in aqueous solution. To this end, I had to implement the following steps:

1. Establish principles to rationally design a glycan secondary structure

2. Identify target structures with the aid of MD simulations (in collaboration with Dr. Theodore
Tyrikos-Ergas)

3. Design and synthesize suitable BBs for the synthesis of the target structures

4. Optimize the synthesis of the target oligosaccharides

5.  Study the conformation of the oligosaccharides »iz NMR (in collaboration with Dr. Ana Poveda)
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2 Fluorinated glycans as tools to study carbohydrate
structures and functions
This chapter has been modified in part from the following articles:

Y. Yu, T. Tyrikos-Ergas, Y. Zhu, G. Fittolani, V. Bordoni, A. Singhal, R.J. Fair, A. Grafmuller, P.H.
Seeberger, M. Delbianco Systematic Hydrogen-Bond Manipulations to Establish Polysaccharide Structure-
Property Cotrelations Angew. Chen., Int. Ed. 2019, 58, 37, 13127-13132
https://doi.org/10.1002/ange.201906577

K. Anggara, Y. Zhu, G. Fittolani, Y. Yu, T. Tyrikos-Ergaas, M. Delbianco, S. Rauschenbach, S. Abb, P.H.
Seeberger, K. Kern Identifying the Origin of Local Flexibility in a Carbohydrate Polymer Proc. Natl. Acad.
8. 2021, 118, 23, ¢2102168118 https://doi.org/10.1073/pnas.2102168118

A. Poveda, G. Fittolani, P. H. Seeberger, M. Delbianco, J. Jiménez-Barbero The Flexibility of
Oligosaccharides Unveiled Through Residual Dipolar Coupling Analysis Front. Mol. Biosci. 2021, 8, 784318
https://doi.org/10.3389 /fmolb.2021.784318

G. Fittolani,* E. Shanina,* M. Guberman, P.H. Seeberger, C. Rademacher, M. Delbianco Automated
Glycan Assembly of 1F-labeled Glycan Probes Enables High-Throughput NMR studies of Protein-Glycan
Interactions Angew. Chem. Int. Ed. 2021, 60, 24, 13302-13309 https://doi.org/10.1002/anie.202102690

*equal contribution
Specific contribution
Section 2.2.1 1 performed the optimization of the building blocks synthesis.

Section 2.2.2 1 performed synthesis, XRD and NMR analysis. Dr. Theodore Tyrikos-Ergas and Surusch
Dijalali performed the MD simulations. Dr. Kelvin Anggara performed the STM imaging.

Section 2.2.3 1 performed the synthesis of the fluorinated analogs and Dr. Ana Poveda performed the NMR
analysis.

Section 2.2.4 1 performed the design and the synthesis of all fluorinated probes and Dr. Elena Shanina the
NMR analysis.
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2.1  Introduction

The intrinsic complexity of polysaccharides poses a bottleneck to the understanding of their structure and
function. In order to establish structure-property correlations, tools to manipulate glycans at a molecular
level and study their 3-D structure are needed. Well-defined chemical modification and/or introduction of
non-natural residues in a glycan give the opportunity to tune the molecular structure. By changing glycans
polarity, ability to engage in hydrogen bonds, hydrophobicity, and solubility it is possible to also alter their
macroscopic properties. A systematic study of the effect of such manipulations allows to correlate molecular
structure with the properties of the natural counterpart.

Fluorine incorporation is widely explored in medicinal and material chemistry.!16170171 The features of
fluorine offer unique advantages to tune physicochemical propetties of molecules. Fluorine is a small, highly
electronegative atom and the C-F bond is chemically inett due to its extreme stability (105.4 kcal/mol).116
The C-F bond has been used to replace functional groups such as C-OH, C-H, and C=0. The installation
of fluorine atoms can alter the metabolic stability of a drug or inhibit a certain metabolic pathway.!”® Despite
the high polarization of the C-F bond, hydrogen bonds involving the fluorine atom are rare and thus
deoxyfluorination can be used to manipulate hydrogen bonds. In addition, when multiple fluorine atoms
are installed in a molecule its hydrophobicity is enhanced. Inspired by peptide and protein science, in which
fluorinated amino acids have been used to tune intra- and intermolecular interactions (Figure 2.1A, see
also Section 1.4.1),115117.121.172 T explored the properties of fluorinated glycans. Fluorination can tune
hydrogen bonding and interactions with water molecules, suggesting that OH/F substitutions in
oligosaccharides can have a profound effect on the glycan conformation. Still, to date, the challenging
installation of fluorine into an oligosaccharide backbone (i.e. multistep syntheses, stereo-control required,
harsh conditions)!4! has prevented broad structural studies using fluorinated glycans.

The presence of fluorine also enables the use of the ’F NMR channel. Among all NMR-active nuclei, the
F nucleus stands out due to its unique properties such as: i) high sensitivity to local chemical environment,
i) short acquisition times, iii) simple spectra, iv) broad chemical shift range, and v) absence in biological
systems (no background signal).'23173 Thus, fluorinated amino acids have been used as NMR reporters in
peptide and protein science.!?22123 For example, a 1F reporter installed on a protein can provide a real-time
readout of ligand binding (Figure 2.1B, see also Section 1.4.1).174 Similar studies can be imagined with 1°F-
labelled glycans, 143175177 with the additional advantage that labelled analogs overcome the chemical shift
degeneracy of glycans. “F-labelled glycans have the potential to dissect protein-glycan interactions,!78179
and simplify conformational studies.®6.180 Still, the labour-intensive multistep synthesis of I labelled
glycans has limited these studies to small collections of short and relatively simple glycans.!48181-184 T engthy
synthetic protocols have hampered the synthesis of larger and more complex synthetic fluorinated glycans.

A B \
Residue 10 \\
Readout
Phenyl (F) 19F Probe 19F Probe
<> @
F: F
y & + Ligand
F 3 —_—
F F Perfluorophenyl (Z)
Residue 29
Modulation of inter- and intramolecular interactions 19F NMR reporter

Figure 2.1 A) Fluorinated phenylalanine enables modulation of the strength of inter- and intramolecular stacking interactions.
Reprinted with permission from Angew. Chem. Int. Ed. 2010, 49, 8635-8639 Copyright 2010 Wiley-VCH. B) Schematic illustration
of the detection of binding using a 'F reporter installed on a protein. Adapted from Naz. Chem. Biol. 2009, 5, 341-343.
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In the first part of this chapter, I developed efficient synthetic routes to fluorinated Glc and GIcNAc BBs
(Section 2.2.1). Using these non-natural monosaccharides, I assembled a broad collection of complex
fluorinated glycans using AGA.197 These synthetic compounds were designed to manipulate hydrogen
bonds in cellulose, a polysaccharide with high propensity to crystallize, and generated more soluble analogs
(Section 2.2.2). High-resolution imaging permitted the visualization of single molecules confirming the
higher flexibility predicted by MD. The aggregation of fluorinated cellulose was then investigated by XRD,
revealing the subtle role of the F substitution pattern. In the second part of this chapter, I explored the use
of fluorinated glycans as NMR probes. A collection of “F-labelled glycans was exploited to confirm the
helical conformation of a 3-1,6 Glc hexasaccharide via residual dipolar coupling (RDC) analysis (Section
2.2.3). Lastly, I prepared 'F-labelled Lewis antigens, a class of biologically relevant glycans, to study their
binding to proteins (Section 2.2.4). Protein-glycan interactions were screened in high-throughput and
enzymatic reactions were followed in real-time through the F NMR channel.
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2.2  Results and discussion

2.2.1  Synthesis of fluorinated building blocks

Cellulose is a linear polysaccharide consisting of 3-1,4 linked Glc. In cellulose chains, Glc hydroxyl groups
are all oriented equatorially and have a strong tendency to engage into a dense network of hydrogen bonds
(Figure 2.2).18>-187 The propensity of cellulose to crystallize is largely dependent on these hydrogen bonds
with additional contributions from other non-covalent interactions such as the hydrophobic interactions
occurring between the C-H rich, apolar faces of the Glc units.’8818% T designed non-natural cellulose
analogues to explore the effect of the substitution of specific OH with F atoms on the resulting material.
By placing a fluorine at the C-3 of Glc, I aimed at disrupting the key intramolecular hydrogen bond
occurring between the OH-3 and the O-5 of the following residue in the cellobiose repeating unit (Figure
2.2, /ef)). In contrast, placing a fluorine at the C-6 of Glc should disrupt other hydrogen bonds, such as the
one between OH-6 and O-2 of the subsequent Glc residue (Figure 2.2, righf). Both substitution are also
expected to interfere with intermolecular hydrogen bonds as well as tune the dipolar momentum of the Glc
units due to the strong EWG nature of fluorine. I then applied a similar strategy to get insights into chitin,
a linear polysaccharide consisting of 3-1,4 linked GlcNAc residues, that shares with cellulose the propensity
of aggregating into crystalline domains stabilized by inter- and intramolecular hydrogen bonds. Here, 1
modified the C-6 position of GleNAc by OH/F substitution.

3F-Gle

+ Disruption of H-bonds
+ Dipole change

Figure 2.2 The dense network of hydrogen bonds of cellulose can be manipulated by introducing deoxyfluorinated Glc units.

The synthetic cellulose and chitin analogues will be prepared by AGA, requiring the preparation of propetly
designed fluorinated BBs. To install fluorinated Glc and GlcNAc residues within the 3-1,4 cellulose or
chitin backbone, I designed and performed the synthesis of BB2.1, BB2.3 and BB2.4 (Figure 2.3).
Additionally, I prepared BB2.2 to construct 3-1,6 Glc linkages (see Section 2.2.3). To be compatible with
the AGA technology, each BB was equipped with a reactive anomeric leaving group, either a thioether or
a phosphate. Permanent protecting groups (Bn, Bz, or TCA) and a temporary protecting group (Fmoc)
enabled the regioselective step-wise elongation of 3-1,4 glycosidic linkages. B-Stereoselectivity was ensured
by participation of the C-2 Bz or N-TCA protecting groups.

OBn OFmoc F F
0 0 0 1%
Fm°°oFé§LSEt B”%&&sm Fm°§ﬁoé§psa FmOgﬁgé&Mo—B—osu
0Bz 0Bz 0Bz

NHTCA OBu
BB2.1 BB2.2 BB2.3 BB2.4
U 9 steps \U/ 9 steps \U/ 6 steps \U/ 6 steps
~ O o
" Ph—\-0
(o} o}
o 5 o< ﬁo/%/sa 3 SEt
)( HO oH NHTCA
D-allose diacetone 21 24

Figure 2.3 Target deoxyfluorinated Glc and GlcNAc BBs.
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The syntheses of BB2.1 and BB2.2 were accomplished in nine steps starting for D-allose diacetone
(performed during my M.Sc. internship preceding the start of my doctorate).!”0 In the case of BB2.3 and
BB2.4, I devised synthetic routes that start from commercially available starting materials and that minimize
the number of synthetic steps required.

First, I performed the synthesis of the 6F-Glc BB (BB2.3). To introduce the fluorine moiety, I planned a
regioselective C-6 deoxyfluorination of compound 2.2, readily accessible in four steps from commercially
available intermediate 2.1 (Scheme 2.1). The first strategy involved the regioselective tosylation of 2.2,!%1
followed by the nucleophilic substitution with CsF on intermediate 2.3b. However, this route yielded only
trace amounts of desired product 2.3a (Table 2.1, entries 1 and 2) together with a significant amount of
the elimination side-product 2.3¢ (ESI-MS m/z 401.1 [M+H]* and 'H NMR (CDCl3) & 6.02 ppm (d, ] =
4.8 Hz), Scheme 2.1). Next, I attempted the deoxyfluorination directly on 2.2 using DAST in the presence
of pyridine.!? These conditions yielded trace amount of 2.3a and decomposition of the starting material
(Table 2.1, entries 3 and 4). When the reaction was performed in the absence of base, compound 2.3a was
formed as a major product in a modest 34% yield (Table 2.1, entry 6 and 7). Performing the reaction at
higher temperatures only led to complex mixtures which complicated isolation (Table 2.1, entry 5). The
low yield of the DAST-mediated deoxyfluorination of thioglycoside 2.2 can be the results of the following
side-reactions: i) elimination, to give 2.3c, is a commonly observed side reaction in nucleophilic
subsitutiton!? using the fluoride ion which can act as a base, ii) a migration reaction involving the anomeric
SEt moiety!** could generate 2.3d (observed as anomeric fluoride at ca. 130-140 ppm in F NMR), and iii)
DAST-mediated thioglycoside activation!®>197 could produce reactive species capable of undergoing
glycosylation with the nucleophiles present in solution or promote starting material decomposition, as
observed when higher temperatures are used. The replacement of the thioglycoside leaving group with a
more stable analog (e.g. O-based glycoside) could overcome these synthetic hurdles, however this operation
would imply many more protecting group manipulations that might result in comparable overall yields.

OTs

HO_-0Q CsF
TsCl BnO SEt t-amyl alcohol
DCM:Py 0Bz 100 °C
0 2.3b (80% or
0 071: RT (80%) +BUOH, 60 °C

4h
OH F
PhY2 o 4 steps o Conditions o
HO SEt T HO set — o O SEt
OH BnO BnO
OBz OBz
2.1 2.2 2.3a
DAST SEt
P - ol
n n
N 0Bz OBz
SFs 2.3c 2.3d

Scheme 2.1 Selective C-6 deoxyfluorination of 2.2 and potentially forming side-products. Refer to Table 2.1 for the conditions
used.

Entry Reagents Conditions lelg:m Notes
i) TsCl (1.3 equiv.), Py i) DCM, 0 °C to RT, 7h .
! i) CsF (3 equiv.) ii) ~amyl alcobol, 100°C, 11 Lraces  2:3cmajor product
i) TsCl (1.3 equiv.), Py i) DCM, 0 °C to RT, 7h .
2 i) CsF (3 equiv.) ii) ~BuOH, 60 °C, 1h Traces 2.3¢ major product
3 DAST (1.2 equiv.) Py, -20 °C to 70 °C - 2.2 decomposition
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4 DAST (1.2 equiv), Py (2 equiv.) DCM, -40 °C to 40°C, 5 h Traces *
5 DAST (1.2 equiv.) DCE, -20 °C to 70 °C 27% *
6 DAST (1.2 equiv.) DCM, -40 °C to RT, 5 h 29% *
7 DAST (1.2 equiv.) DCM, -40 °C to 40 °C, 5 h 34% *

Table 2.1 Screening of conditions for the selective C-6 deoxyfluorination of 2.2. *Several unidentified side products among
which 2.3¢ and 2.3d. Reported ate isolated yields.

After the deoxyfluorination step, installation of Fmoc on 2.3a completed the synthesis of BB2.3. In
summary, BB2.3 was synthesized in six steps starting from the commercially available intermediate 2.1
(Scheme 2.2).

OH . .
PP YO o dsteps /é&/ DAST o FmocCl o
Ho&$/SEt —~» Bno SEt ————> HOZ set T oo Fmegos SEt
OH OBz oew 0Bz o 0Bz
-40°C 1040 °C DCM, RT
24 22 5h 2.3a (34%) 3h BB2.3 (72%)

Scheme 2.2 Synthetic route to BB2.3.

Next, I focused on the synthesis of the 6F-GlcNAc BB2.4. Initially, I attempted the deoxyfluorination of
the primary hydroxyl group using DAST on intermediate 2.4, bearing three free hydroxyl groups.!®® This
strategy gave a complex mixtures of products with only trace amounts of 2.7 (Scheme 2.3). In a second
attempt, I converted the triol 2.4 into intermediate 2.5 in two steps since an efficient deoxyfluorination
procedure was reported for an analogous thioglycoside intermediate.'” However, the subsequent DAST-
mediated deoxyfluorination of 2.5 failed, yielding a complex mixture of side products with no desired
product 2.6 (Scheme 2.3). Next, inspired by the successful deoxyfluorination of the 3-O-Bn intermediate
(2.2), I converted the triol 2.4 into diol 2.9 in three steps (Scheme 2.3). In this case, the DAST-mediated
deoxyfluorination provided desired the product 2.10, albeit in modest yield (Table 2.2). The reaction with
DAST produced a complex mixture of products and isolation of the desired product proved challenging.
Initially, a mixture of DCM and 1,4-dioxane was employed to solubilize the starting material 2.9, but
anomerization!”>-197 was observed (Table 2.2, entry 1). To simplify purification and characterization, I
performed the reaction in ACN. These conditions minimized anomerization,?” yielding the target
compound 2.10 in 23% yield (Table 2.2, entry 2). A further improvement of the yield of the
deoxyfluorination step could be expected replacing the thioether anomeric leaving group with an O-based
anomeric LG that should not interact with DAST, however increasing significantly the number of steps
necessary.
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Scheme 2.3 Routes explored to access the C-6 deoxyfluorinated GlcNAc intermediate. For the conversion of 2.9 into 2.10 the
conditions are reported in Table 2.2.

Entry Reagents Conditions Yield for

2.10

1 DAST (1.1 equi DCM:1,4-di 1:1),-20°C to RT, 5 h 26%
(1.1 equiv.) :1,4-dioxane (1:1), - o RT, (@8 3:2)*

2 DAST (1.1 equi ACN, -40 °C to 50 °C, 5 h 23%
(1.1 equiv) & 0o (03 4:96)*

Table 2.2 Conditions used for the C-6 deoxyfluorination of intermediate 2.9. Reported are isolated yields.*Anomeric ratio was
measured by integration of the H-1 signals in the 1H NMR.

To complete the synthesis of BB2.4, Fmoc was installed and the thioether leaving group exchanged with a
dibutyl phosphate one (Scheme 2.4). The latter aimed to increase the donor reactivity that could be
beneficial when working with unreactive acceptors such as the GIcNAc-OH-4.200201 During the installation
of the dibutyl phosphate anomeric group, the trichloro oxazoline side product?? 2,12 was formed alongside
to the target compound BB2.4 (Scheme 2.4). An additional step, adapting a reported procedure,?%3
permitted the conversion of the trichloro oxazoline into the desired BB2.4.

OH E

Ph—X-0 pTsOH, EtSH o DAST
TR T ot T el
NHTCA DCM NHTCA ACN NHTCA
RT, 1h -20°C to 50 °C
28 2.9 (88%) 5h 2.10, (23%)
af 1:9
Q TFOH
HO-P-OBu  pcwm, -30 °C FmocCl
OBu 2h DCM:Py
0°C to RT
| (76%) v o an
. B 1:4 E HO—II;—I'—OBu .
. o o 0 9 OBu
mognO + Fmog%)o o—FI’—OBu D — Fmog%)o O SEt
Na O NHTCA OBu NIS, TFOH NHTCA
CCly pemo-e 2.1 (93%)
2.12 (48%) BB2.4 (41%)

ap 45
Scheme 2.4 Synthetic route to BB2.4.

In summary, BB2.3 and BB2.4 were obtained through synthetic routes that minimize overall steps and
protecting group manipulations. Further improvements of the deoxyfluorination step could be imagined
with new reagents that minimize elimination reaction.2’* It is worth mentioning that the success of the C-6
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deoxyfluorination of thioglycoside intermediates seems highly dependent on the protecting group pattern,
potentially modulating the rate of the multiple side reactions that can occur.
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2.2.2 Deoxyfluorination as tool to manipulate hydrogen bonds

I assembled a collection of cellulose analogs using BB2.1, BB2.3, and BB2.5 (Figure 2.4) to study the
effect of deoxyfluorination and the pattern of substitution on the resulting oligomers. The synthesis of
fluorinated cellulose analogs was performed using AGA, following cycles of glycosylation and Fmoc
deprotection on solid support L1 (see Experimental section 6.3.2). Solid-phase removal of Bz esters
(Module F1) was followed by cleavage from the solid support (Module G1) and subsequent hydrogenolysis
(Module H1 or H2) (for details on AGA modules see Experimental section 6.2). One single final
purification step afforded a collection of fluorinated cellulose analogs. The cellulose analogs were assembled
with either 3F- or 6F-Glc units. For both analogs, different substitution patterns were explored: alternated
(FAFAFA), random (AFAAFA), block (FFFAAA, and fffAAA), and fully substituted (FFFFFF and ffffff)
(Figure 2.4).
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Figure 2.4 AGA of a collection of deoxyfluorinated cellulose analogs. Yields of isolated products after AGA, Post-AGA and
purification are reported in parentheses. The Symbol Nomenclature for Glycans (SNFG) was used to represent the
oligosaccharides. Capital F indicates 3F-Glc while lowercase f indicates 6F-Glc.

To understand the impact of deoxyfluorination at a single molecule level, MD simulations were performed
employing a modified version of the GLYCAMOG carbohydrate force field (by Dr. Theodore Tyrikos-
Ergas).205206 The comparison between the unsubstituted AAAAAA and the di-substituted AFAAFA
hexasaccharides showed that both analogs adopted a linear and extended conformation in solution (Figure
2.5A). A higher conformational variability was observed for AFAAFA, as exemplified in the end-to-end
distance plot (Figure 2.5B): larger fluctuations and a smaller end-to-end distance average value indicated
higher flexibility. To confirm this observation, a recently developed single molecule imaging technique was
employed (see Section 1.2).93.64 The experiments wete performed at the Max Planck Institute for Solid State
Research by Dr. Kelvin Anggara. The imaging technique involves a first step of deposition of mass-selected
oligosaccharide ions ([M-H]J) on a Cu(100) surface held at 120 K using the electrospray ion-beam deposition
(ES-IBD) method.52 In a second step, observation of the single oligosaccharide chains is petformed by
scanning tunneling microscopy (STM) at 11 K.6> Subnanometer resolution enabled the direct visualization
of the single residues and quantification of the local chain flexibility. We demonstrated that AAAAAA
chains adopted mostly straight geometries, while AFAAFA presented both straight- and bent-chain
geometries (Figure 2.5C). The increased flexibility of AFAAFA single chains translated into a drastically
decreased propensity to form crystalline domains. While AAAAAA displayed a cellulose 11 pattern,!'8o
AFAAFA showed an amorphous XRD pattern (Figure 2.5D). In addition, the solubility drastically
increased to values > 50 mg/mlL (AAAAAA solubility was < 1 mg/mL). Together, these results suggest
that C-3 deoxyfluorination increased the overall flexibility of the single chain by disrupting the
intramolecular OH-3/0-5 hydrogen bond. The enhanced flexibility drastically increased solubility and
decreased crystallinity of the fluorinated analog.
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Figure 2.5 A) Representative snapshot from the MD simulations. B) End-to-end distance plot extracted from the MD simulations
and average value. C) STM images of the two hexasaccharides obtained after ES-IBD on a Cu(100) surface. D) Powder XRD
profile for the two hexasaccharides.

Following these preliminary results (Figure 2.5), I studied the impact of the substitution pattern and the
effect of the different deoxyfluorination site on cellulose hexasaccharides (i.e. 3F-Glc versus 6F-Glc, see
Figure 2.4). Interestingly, the hexasaccharide with a block pattern of C-3 fluorination (FFFAAA) displayed
a cellulose II-type XRD pattern, despite the high degree of substitution (Figure 2.6A). In contrast, when
the pattern was alternated (FAFAFA) an amorphous XRD pattern was observed. When 6F-substituted
block pattern hexasaccharide fffAAA was analyzed, an amorphous XRD was observed indicating that
substitution site (OF versus 3F) is a key parameter in controlling the aggregation propensity (Figure 2.6A).
These results are consistent with the similarity observed in the Ramachandran plot extracted from MD
simulations (Figure 2.6B): while FFFAAA resembles AAAAAA, fffAAA showed a broader distribution,
with a wider range of W dihedral angles populated (Figure 2.6B, balck arrow). The radius of gyration plots
confirmed that the 6F substituted analog fffAAA has a higher overall flexibility, exploring extended
geometries as well as more compact conformations (Figure 2.6C). All the other modified hexasaccharides
showed amorphous XRDs (Figure 2.6A). Overall, the 3F substitution appears to perturb less the typical
extended cellulose conformation compared to the 6F substitution in the specific case of a block pattern.
However, when the degree of substitution increases, such as in the fully substituted analogs, both 3F and
OF substitution appeat to disrupt the typical crystallinity of cellulose.

The introduction of fluorine into oligosaccharides enables the use of the "F NMR channel to perform
structural studies.!*3!48 Easily accessible experimental values, such as chemical shifts and coupling
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Figure 2.6 A) Powder XRD analysis of synthetic deoxyfluorinated cellulose analogs and the natural counterparts. B)
Ramachandran plots for all the glycosidic linkages combined obtained by MD simulations. C) Radius of gyration plots extracted
from the MD simulations.
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constants, can provide useful structural information. For instance, the YF NMR chemical shifts of
FFFAAA indicate that a different chemical environment surrounds the 3F moiety (i.e. internal versus
external units, ca. 2.5 ppm difference), potentially due to largely different interactions with the solvent
molecules (Figure 2.7A). In contrast, the YFF NMR chemical shifts of fffAAA display a much smaller
difference between internal and external residues (ca. 1 ppm, Figure 2.7C). In the case of 6F substituted
analogs, 1F NMR allows a qualitative analysis20” of the populations of the w dihedral angle using as reference
the calculated values?®8 for the three different w rotamers (Figure 2.7B). I measured different 3Jis.ps values
for the external (27.2 Hz) versus the internal (25.8 Hz) residues (Figure 2.7C). This difference suggests that
the gg rotamer population is lower in external residues compared to internal ones. A complete estimation
of the gg, g7, and #g populations required an additional experimental value (i.e. 3/ue.ns) which could not be
extracted due to severe spectral overlap in the 'H NMR. MD simulations supported this experimental
observation, showing a similar trend of decreased gg population for external residues both for AAAAAA
(Figure 2.7D, p) and for fffAAA (Figure 2.7D, bottom).
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Figure 2.7 A) Fluorinated cellobiose repeating unit (7gp) and excerpt of the 1F NMR of FFFAAA (bottom). B) Definition of gg,
gt, and 7g rotamers of the w dihedral angle. The respective 7] values were previously reported. C) Excerpt of the 1F NMR of
fffAAA and respective ?Jps.rs values. D) Predicted populations of the rotamers for the w dihedral angles for external (/f) and
internal (rght) residues of two analogs.

Overall, the data presented here suggest that the OH/F substitution at the C-6 has a bigger impact on the
crystallization tendency than a substitution at the C-3. This indicates that the OH-6 plays a more important
role than OH-3 in the crystallization process, potentially due to its higher exposure to solvent molecules,
as indicated by NMR on 3F and 6F analogs. Further expetiments are ongoing to support this hypothesis.

These results will be compared with analogs of fluorinated chitin prepared with 6F-GlcNAc BB2.4
(ongoing). With the aid of MD simulations and experimental values of solubility and XRD profiles, we are
aiming to understand the impact of C-6 deoxyfluorination in chitin. A comparison between cellulose and
chitin will be performed to understand the role of the C-6-OH for the aggregation and crystallinity in these
two abundant polysaccharides.
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2.2.3 VF-labelled glycans enable NMR structural studies

In Section 2.2.2, I showed how OH/F substitutions can dramatically alter the macroscopic propetties of
polysaccharides by altering the conformation through the disruption of selective hydrogen bonds. In this
Section, I will discuss how fluorine can be exploited to assist the structural analysis of unlabeled analogues.
As extracting conformational information of oligosaccharides using NMR is a challenging task, fluorinated
glycans can be conveniently studied using " NMR and the structural analysis can be considerably
simplified compared to unlabeled analogs.143148 Cases where chemical shift degeneracy is extreme, such as
in the scenario of highly repetitive oligosaccharides, can benefit from labelling with NMR active nuclei. To
achieve this goal, a careful OH/F substitution has to be planned to make sure that solution state
conformations are minimally altered.

We aimed to confirm the structure of 8-1,6 Glc hexamer 2.13 (Figure 2.8A). 13C-labelled analogs, prepared
by AGA, were useful probes to provide preliminary data supporting the proposed helical conformation
obtained by MD.#3 However, direct experimental evidence of the helical shape of the hexamer remained
elusive because the methods commonly employed (i.e. NOEs, J-couplings) are limited to short-range
distances (< 5 A).65 To describe global conformations, residual dipolar coupling (RDC) analysis is often
preferred because it can provide information on the relative orientation between monosaccharide rings,
regardless of their distance in space.’#2210 In particular, RDC delivers information on the relative
orientation of specific X-Y bonds between NMR-active nuclei (Figure 2.8B). RDCs are generated with
samples dissolved in “alignhment media” which are anisotropic phases (e.g. liquid crystals, stretched polymer
gels) that induce a partial alignment of the oligosaccharide molecules with respect to the magnetic field.®?
This alignment provides RDCs (in the order of Hz), which depend on the otientation between the X-Y
bond vector with respect to the magnetic field (Figure 2.8B). The RDCs are extracted from HSQC NMR
spectra comparing aligned and non-aligned samples.

Screw helix conformation

Bo

Figure 2.8 A) MD analysis indicated that a 8-1,6 Glc hexamer adopts a screw helix conformation. B) Simplified cartoon
exemplifying the principle of RDCs analysis. The arrows represent C-H vectors of labelled residues.
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In order to obtain experimental evidence of the helical shape of 3-1,6 Glc oligosaccharides, site-specific

13C-labelled analogs were initially targeted. In this case, all the intra-ring C-H vectors are parallel to each
other and should provide the same RDC value (Figure 2.9A). The only C-H vectors that could provide

additional information are the ones belonging to the highly flexible methylene moiety of the
monosaccharide. 1 hypothesized that site-specific "F-labelling could provide an additional vector
orientation to be measured through RDC analysis (Figure 2.9A). I therefore installed an equatorial F
substituent at position C-3, to minimize interference with folding.
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Figure 2.9 A) Comparison between 3C- and 19F-labelled monosaccharides for RDC analysis. 13C-BBs enable RDC measurement
on all the C-H vectors (red arrows) while 19F-labelled BBs enable RDC measurement on C-F as well as one C-H vector (red arrows).
B) Synthesis of five hexasaccharide analogues 2.14-20 bearing labelled functionalities in specific position of the glycan chain. The
synthesis includes AGA and Post-AGA (detailed procedures are described in Experimental sections 6.2 and 6.3).

Using BB2.7 and BB2.8, a collection of analogs of the $-1,6 Glc hexamer '3C-labelled at different residues
was synthesized using AGA (by Dr. Martina Delbianco) (Figure 2.9B). To complement this collection, I
synthesized three "F-labelled hexamers by AGA using BB2.6 and BB2.2!% (Figure 2.9B). Two mono-
fluorinated compounds (2.18 and 2.19) served as chemical shift reference, whereas the di-fluorinated
analogue 2.20 was employed in the RDC studies.
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To perform the RDC analysis, the labelled analogs were dissolved in an alignment medium, a cromoglycate
sodium salt (cromolyn) solution in D20.211:212 Cromolyn is a small rigid aromatic molecule capable of self-
aggregating into liquid crystalline phases consisting of columnar aggregates (chromonic phases).?!?> These
columns are aligned perpendicular to the magnetic field. The RDC NMR analysis was performed by Dir.
Ana Poveda (CIC bioGUNE) and further details on the experiments are reported in the original publication
(see Experimental section 6.3.3).214 After confirming similar degree of alignment among the different
samples, RDCs were experimentally determined from the HSQC NMR spectra at 800 MHz (Table S2.1).
These experimental values were compared with calculated ones for different 3-D models. The predicted
conformations for the hexasaccharide (Figure 2.10, %) displayed differences in the conformation around
the o torsional angle (Figure 2.10, right panel). The helical shape was observed when all w displayed the
ganche-ganche conformation (ggs) while a linear and extended shape was characterized by all gauche-trans (gts).
Intermediate conformers adopted various combinations of ggand g7 rotamers.

99,/9t,/99, gt,/99,/9t,

Figure 2.10 3-D models of the hexasaccharide selected for the comparison with the experimental data. G1 is always presented in
the same orientation for comparison. The description of the gg and gf rotamers is shown in the right panel.

A comparison between the experimental RDCs and those predicted for the models (Figure 2.10) served
to establish the overall conformation of the hexasaccharide. A quality factor (Cornilescu Quality factor,
CQf)?15 was calculated to identify which conformer fits best to the experimental data (Table 2.3). A perfect
fit is observed when the CQf equals zero, while a deviation indicates worse fit. The fitting analysis gathered
in Table 2.3 used different data sets. The fitting is considerably improved when the methylene data are
neglected (entries 3 and 4, Table 2.3). When the 3C-19F RDC values are taken into consideration, the best
fitting is obtained for a mixed gg/gf form (CQf=0.15, entry 4, Table 2.3).

These data suggest that in the cromolyn alighing medium, the hexasaccharide exists as an ensemble of
conformers. The extended shape appears to be poorly populated while more compact conformation with
larger gg populations ate more likely to exist, including the helical ggs. The nature of the 3-1,6 glycosidic
linkages generates a higher flexibility due to the number of dihedral angles available. No single conformer
could be fitted to the experimental data meaning that conformational averaging is taking place, as often
observed for oligosacchatides.®566 RDC analysis suggested a tendency to adopt compact conformations,
including the helical one (ggs). The “F-labelled analogs supported the structural elucidation by expanding
the number and the orientation of the bonds useful for RDC analysis.
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Conformers / CQf

Analysed CH:> Alignment
Entry compounds included medium
P & (@) (@) gw/ghlw g /wwlds g
1 2.14, 215, 2.17 Yes Cromolyn [ 0.46  0.50 0.80 0.51 0.63 0.53
2 2.14, (21911:5)’ 2.20 Yes Cromolyn 052 | 0.26 0.79 0.50 0.54 0.71
3 2.14,2.15,2.17 No Cromolyn  0.22 0.11 0.49 0.24 0.52 0.35
4 2.14, (21911:5)’ 2.20 No Cromolyn 042 = 0.15 0.72 0.48 0.39 0.64

Table 2.3 Cross-fitting of the experimental RDC data obtained in the chromonic medium for the model structures shown in
Figure 2.10, with w angles in the gg or g conformations. The fitting of the experimental RDCs to other intermediate structures
with mixed gg and g¢ otientations of the hydroxymethyl groups ((sg/g2)s, (st/g8)3, ge2/gt2/ 922 gt2/9g2/9%2) is also presented. The
Cornillescu Quality factor (CQf) derived from the fitting in MSPIN is shown as a quality parameter of the adjustment. The best
fitting for each compound is highlighted in green (bold). The following best fitting is light shaded.
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2.2.4 VF-labelled glycan probes to study protein-glycan interactions
In Section 2.2.3, F-labelled oligosaccharides have been used for conformational analysis. In this Section,
I present how "F-labelled can serve as useful probes to study functional aspects of glycans, such as binding

to proteins and interactions with enzymes.

A challenge in the study of glycan-protein interactions is the need for highly sensitive methods capable of
detecting the often low affinities. Several analytical techniques have been developed to quantitatively
describe these interactions at the molecular level and in a high-throughput manner.216-218 Most of these
strategies rely on immobilized glycans (e.g. microarray technology)?16-220 or require large amount of samples
and analysis time (e.g. ITC?2!, SPR?22 or X-ray crystallography??). In contrast, NMR allows for the detection
of protein-glycan interactions in a fast and reliable manner, providing information on the binding mode in
a homogeneous assay format in absence of immobilization protocols.!48180 19F-labelled probes have been
used to study a plethora of phenomena including (mis)folding, real-time i vivo events,'22-124173,174.224 protein-
ligand interactions, and high-throughput ligand screening.225226 Inspired by these works, I developed '°F-
based glycan probes that enabled the study of protein binding events and enzymatic transformations, while
providing guidelines for future design of glycan probes for NMR spectroscopy.
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Figure 2.11 A) F-glycans design: the 19F reporter was placed on the Glc unit, distal from what is commonly recognized as the
binding site of Lewis type 2 antigens. B) Binding was detected observing changes (decrease in peak intensity or chemical shift
perturbation, CSP) in the "F NMR channel upon addition of protein.

I targeted Lewis type 2 antigens, a class of biologically relevant glycans involved in several physiological and
pathological processes, including cancer, where they act as cell adhesion or recognition mediators.227:228
Subtle differences in the fucosylation pattern strongly impact their interaction with proteins and ultimately
can lead to host immune system elusion.??*-232 Recently, an elegant procedure to access a collection of Lewis
type 2 antigens by AGA was reported.?® I envisioned a similar approach to produce a set of F labelled
analogues to screen protein binding in a simple YF NMR assay. Since the position of the F reporter is
thought to be crucial to obtain valuable information, F-labelled glycans, hereafter F-glycans, were designed
with the "F reporter in the lactose inner core subunit (Figure 2.11A). This position is distal from the
binding site (Ze. non reducing end) to minimize the effect of the fluorine atom during the binding
event.234235 | hypothesized that labelling of the inner cote glucose unit should maintain sensitivity to the
binding event due to overall changes in the correlation time of the glycan in the bound state, reporting
changes in the ’F NMR signal (Figure 2.11B).22* In addition a chemical shift perturbation (CSP) could also
occut upon binding (Figure 2.11B).

F labelled analogues of Lewis type 2 antigens were assembled on a solid support (functionalized Merrifield
resin, L2) using BB2.1 and BB2.9-12 (Figure 2.12A). The BBs are equipped with a thioether or a
dibutylphosphate reactive leaving group. Orthogonal cleavage of the 9-fluorenylmethoxycarbonyl (Fmoc)
and levulinoyl (Lev) temporary protecting groups permits regioselective chain elongation. Benzyl (Bn),
benzoyl (Bz), and N-trichloroacetyl (TCA) groups protect the remaining functionalities. B-Stereoselectivity
duting glycosylation with BBs BB2.1 and BB2.9-12 is ensured by anchimeric assistance of the protecting
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groups at C-2, while a-stereoselectivity with BB2.12 was vetified in previous studies.?> BB2.1 is labelled
with the 1F reporter at C-3 position.'”® Each oligosacchatide was assembled in an overnight run following
previously reported conditions for unlabelled analogues (see Experimental section 6.3.2).233 Post-AGA
manipulations included solid-phase methanolysis (Module F1),! photocleavage!?” from the solid support
(Module G1), and hydrogenolysis (Module H1 and H2) (for AGA modules see Experimental section 6.2).
A single final purification step afforded the target F-glycans (F-Lac, F-nLac,, F-Lex, F-H type 2, and F-
Levy) in overall yields of 5% to 16% over 7 to 15 steps.
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Figure 2.12 A) BBs, including BB2.1 bearing the 19F reporter, were employed for the AGA of a collection F-labelled Lewis
type 2 antigen analogues represented following the Symbol Nomenclature for Glycans (SNFG). B) The F-glycans were screened
against proteins, including mammalian and bacterial lectins, as well as enzymes. The enzymes were screened in the absence of
donor (i.e. CMP-Neu5Ac) to probe binding to the substrate. The binding strength was defined depending on the changes observed
in the NMR after addition of the protein (right panel). Strong binding (b/ue) is defined as a decrease in peak intensity higher than -
25% ot a chemical shift perturbation (CSP) bigger than 0.01 ppm in the YF NMR. Weak/medium binding (/ght blue) is defined
as a decrease in peak intensity higher than -25% in the CPMG filtered 1°F NMR. No binding (white) is defined as a decrease in
peak intensity lower than -25% in CPMG filtered 'YF NMR.
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The F-glycans were screened against mammalian and bacterial lectins as well as enzymes (performed by Dr.
Elena Shanina, see Experimental section 6.3.4). A F and CPMG NMR screening was performed to probe
the interactions of five F-glycans (F-Lac, F-n-Lacs, F-Lex, F-H type 2, and F-LeY) with mammalian
(Langerin, DC-SIGN) and bacterial (LecA, LecB, BambL) lectins and enzymes («(2,3)-sialyltransferase
trom Pastenrella multocida (Pmoa23ST)?6 and a(2,6)-sialyltransferase from Photobacterinm damsela (Pda26ST)?37)
(Figure 2.12B). Upon protein binding, the molecular tumbling rate of the glycan is drastically affected
resulting in a decrease of the '°F signal intensity.??* Monitoring 'F chemical shift perturbation (CSP) or
change in peak intensity upon addition of protein allowed to qualitatively evaluate the strength of the
interaction. A decrease in peak intensity or a CSP in YF NMR indicates strong binding. Application of a
spin echo filter allowed the detection of weak binders. The Carr-Purcell-Meiboom-Gill (CPMG) spin echo
filter allows to remove the contribution of resonances of bound ligand, typically having short transverse
relaxation time (T2) and broad signals.®® As a result, bacterial (LecA, LecB and BambL) and mammalian
(DC-SIGN ECD) lectins preferred fucosylated glycans (Figures S2.2A, S§2.2B, §2.2C and S2.2E). No
binding to F-glycans was observed in presence of Langerin ECD (Figure S2.2D), in agreement with
previous reports.?38 In contrast, the enzymes showed much weaker interactions and a slight preference for
shorter non-branched glycans (Figure S2.3).

After confirming the success of the F-glycans in revealing binding with proteins, I wanted to answer two
questions regarding these NMR glycan probes. First, I wanted to confirm that the fluorine labelling did not
affect the binding with the protein counterpart. Second, I wanted to explore the importance of reporter
position in revealing binding. To answer these two questions, I focused on the interaction between the
lectin DC-SIGN and fucosylated Lewis antigens. DC-SIGN recognizes cellular ligands and pathogens that
express Lewis antigens. In particular, Lex and Ley present on Schistosoma mansoni?>® and Helicobacter pylor?40
or endothelial cells?*!, respectively, are known binding partners for DC-SIGN.?#2 The strong preference of
DC-SIGN for fucosylated ligands has also been elucidated with the crystal structure of the carbohydrate-
binding site of DC-SIGN bound to Lex.2¥ The qualitative CPMG NMR screening of mammalian lectins
confirmed the interaction of DC-SIGN with fucosylated glycans F-Lex, F-H type 2 and F-Ley (Figure
2.12B), as indicated by changes in the NMR peak intensity of the reporter molecule. First, I explored the
role of the 1F reporter in F-glycan binding to DC-SIGN. Protein-observed "N HSQC NMR of DC-SIGN
CRD in the presence of F-Le* and Le* were performed (by Dr. Elena Shanina). Both ligands promoted
similar changes in the backbone of DC-SIGN CRD, confirming that deoxyfluorination did not affect
binding (Figure 2.13A). Then, I investigated the effect of the reporter’s position on the ability to reveal
binding events. I conjugated a CF3 moiety on the H type 2 sample using mild conditions to afford CF3;-H
type 2 (Figure 2.13B). Functionalization of the remote end of the aminopentyl linker enabled °F-labelling
in a position far from the carbohydrate-binding site. The new ligand was tested using F and CPMG NMR
and, remarkably, its binding was observed with both mammalian (DC-SIGN, Figure 2.13C) and bacterial
lectins (BambL, Figure S2.4). These results indicate that the positioning of the 'F reporter on the Glc unit
does not affect the binding of F-glycans with proteins. Furthermore, the 1°F reporter can be remote to the
glycan binding site to avoid any interference with the binding event, while preserving excellent sensitivity.
However, the functionalization of the amino-linker with a CF3 moiety prevents any further conjugation of
the glycan (e.g. to protein, surface, liposome).

Besides monitoring lectin-glycan binding, the '’F NMR assay allowed to monitor the binding of F-glycans
(F-Lac and F-nLacy) to enzymes. Two sialyltransferases (Pma23ST?% and Pda26ST2%7) were screened in
the absence of glycosyl donor (i.e. CMP-Neu5Ac) and revealed weak binding to the glycan substrate
(Figure 2.12B and S2.3). This is particularly relevant because acceptor binding sites of transferases usually
have a very low affinity and are difficult to detect. Shorter non-branched glycans (F-Lac and F-nLacy)
showed stronger binding than longer branched ones. F-Lex did not show any binding with Pma23ST or
Pda26ST, matching its known poor reactivity as acceptor (Figure §2.3).2# In contrast, Pda26ST showed
weak binding to F-H type 2, in agreement with previously reported enzymatic activity (Figure S2.3).237
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Figure 2.13 A) CSP plot of assigned resonances of DC-SIGN ECD in presence of F-Lex and Le* showing that F-Le* perturbed
resonances similarly to unlabelled Le*. B) Conjugation of a CF3 reporter on the aminopentyl linker of unprotected H type 2.
Reaction conditions: CF3COOEt (7.4 equiv.), NEt; (3.7 equiv.), DMSO, RT, 16 h, yield 51%. C) CPMG NMR screening of F-
glycans alone (grey) and in presence of DC-SIGN ECD (biue). DC-SIGN ECD binds to F-H type 2 and CF3-H type 2 as shown
by a decrease in peak intensity in presence of protein (orange lines).

This simple assay could be envisioned as screening platform to identify acceptor substrates for known

enzymes and for the discovery of new glycosyltransferases.?45-246

Next, I wanted to expand the scope of applications of the F-glycans to real-time monitoring of enzymatic
reactions. I hypothesized that the high sensitivity of the 1°F reporter to subtle modifications in its chemical
environment??* could be exploited to reveal transformations occurring to the glycan. The difference in
chemical shift between substrate and product could serve to monitor the reaction in real-time (Figure
2.14A). The possibility to place the °F reporter on a carbohydrate unit in proximity to the functionalization
site is crucial to detect a chemical shift perturbation. I selected two enzymes (8-galactosidase?*’ and
Pma23ST2%%) and their activity was monitored on a model substrate, F-Lac. Glycosidic bond cleavage,
mediated by B-galactosidase, was followed by F NMR (performed by Dr. Elena Shanina). Cleavage of the
terminal 3-galactose induced a chemical shift perturbation and allowed real-time tracking of the enzymatic
reaction (Figure 2.14B). Next, glycosidic bond formation promoted by Pma23ST?3 was monitored in real-
time. Pma23ST trasnfers N-Acetyl-neuraminic acid (Neu5Ac) from an activated cytidine monophosphate
donor (CMP-Neu5Ac) to the C-3 OH of the terminal galactose unit of F-Lac to yield F-sLac. The
electron-withdrawing nature of Neu5Ac induced a chemical shift perturbation of 0.2 ppm on the F
labelled acceptor, allowing to track in real-time the enzymatic sialylation process (Figure 2.14C). When the
F reporter was positioned remotely to the reactive site of the acceptor (> 3 residues away, F-nLacy), no
chemical shift perturbation was noticed, despite the success of the enzymatic transformation (Figure S2.6).
Thus, in contrast to what observed for protein binding, the position of the 1°F reporter is key to monitor

enzymatic reactions.
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Figure 2.14 A) Principle of 1YF NMR monitoring of enzymatic reactions. A 1YF NMR readout enables detection of the enzymatic
transformation occutring on the glycan. B) F-Lac was incubated with $-galactosidase and ¥F NMR was used to perform real-
time tracking of F-Glc product formation. C) B) F-Lac was incubated with Pma23ST and ¥F NMR was used to perform real-
time tracking of F-sLac product formation. Product formation was confirmed by HPLC (Figure S2.5).
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2.3  Conclusions

In summary, I developed the AGA synthesis of several, diverse, well-defined fluorinated oligosaccharides
ranging from cellulose, a natural structural material, to Lewis type 2 antigens, biologically relevant complex
glycans. Single-site fluorination, designed to disrupt specific hydrogen bonds, permitted to study how
specific modification patterns affect the conformation as well as the macroscopic properties of the material.
Single molecule imaging allowed to directly visualize how fluorination impacts cellulose chain
conformation. In addition, fluorine enabled the study of a helical hexasacchatide #iz RDC analysis.
Furthermore, the unique properties of fluorine enabled the study of glycans from a functional perspective.
A collection of complex glycans labelled with a 'F reporter was assembled by AGA and used for the high-
throughput NMR screening and characterization of protein-glycan interactions. In addition, these probes
allowed for real-time tracking of enzymatic transformations (e.g. sialylation).

Single-site fluorination represents a powerful method to manipulate molecular flexibility through the
disruption of hydrogen bonds and is expected to have an impact where fine structural manipulation of
glycan conformation is needed (e.g. protein glycan interactions). Such molecular level manipulations enable
also fine tuning of macroscopic properties (e.g. crystallization propensity), which could be useful in
designing self-assembling carbohydrate materials. In this chapter, I demonstrated that 1°F-labelled glycans
are versatile probes for NMR studies since both structure (Section 2.2.3) and function (Section 2.2.4) can
be studied. Labelled glycans, rapidly assembled through AGA, could be essential tools to study glycans’
secondary structures which have long been neglected.®® Furthermore, the ability of 1°F glycan probes to
reveal binding or enzymatic transformation in solution and in real-time could open the way to 7 ce// NMR

applications, often hampered by high background signals.124125.148
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3 A bottom-up approach to study the supramolecular
assembly and chirality of carbohydrate materials
This chapter has been modified in part from the following articles:

S. Gim, G. Fittolani, Y. Nishiyama, P.H. Seeberger, M. Delbianco Supramolecular Assembly and Chirality
of Synthetic Carbohydrate Materials Angew. Chem., Int. Ed. 2020, 59, 50, 22577-22583
https://doi.org/10.1002/ange.202008153

S. Gim, G. Fittolani, Y. Yu, Y. Zhu, P. H. Seeberger, Y. Ogawa, M. Delbianco Targeted chemical
modifications identify key features of carbohydrate assemblies and generate tailored carbohydrate materials
Chem. Enr. ]. 2021, 27, 52, 13139-13143 https://doi.org/10.1002/chem.202102164

G. Fittolani, D. Vargova, P.H. Seeberger, Y. Ogawa, M. Delbianco Bottom-up approach to understand
chirality transfer across scales in cellulose assemblies J. Am. Chem. Soc. 2022, 144, 27, 12469-12475
https://doi.org/10.1021 /jacs.2c04522

Specific contribution

Section 3.2.1 1 performed the synthesis (building blocks and LL, DD-PFB, DD-3F). Dr. Yang Yu
performed the synthesis of DD-6F. Dr. Soeun Gim and Dr. Yu Ogawa performed microscopic
characterization (TEM, AFM) and powder XRD.

Section 3.2.2 1 performed the synthesis (building blocks and Ds, Ls, LsD3, LyD4, LD, LD¢L, LDsL). Dr.
Denisa Vargova performed the synthesis of Ds, D7, Dg, Dy. I performed the microscopic characterization
(TEM, AFM) and XRD analysis. Dr. Yu Ogawa performed the electron diffraction analysis.
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3.1 Introduction

Non-natural monosaccharides represent unique tools to study structure and the aggregation of
carbohydrates. Site-specific deoxyfluorination enabled the selective disruption of hydrogen bonds in
cellulose and gave access to the ’F NMR channel for NMR studies (Chapter 2). In this chapter, non-natural
monosaccharides were exploited to study the chirality of self-assembled carbohydrate materials. Using
mirror-image monosaccharides, I aimed at studying the transfer of chirality occurring across different
hierarchical levels of carbohydrate materials. The underlying theme in this chapter is the bottom-up approach
that was used to gain molecular understanding of supramolecular chirality, a common feature of natural
carbohydrate assemblies, and ultimately to control it.

Self-assembled systems are widespread in nature at all scales, from micro- to macroscopic level.!
Biopolymers can form hierarchically self-assembled materials based on non-covalent interactions such as
van der Waals, electrostatic, n-n stacking, hydrophobic interactions, as well as hydrogen and coordination
bonds.37:248249 When discrete molecules assemble to form a supramolecular system, new properties emerge
such as supramolecular chirality.?5025! Molecular chirality - based on covalent bonds - is well-understood
and many synthetic methods are available to construct asymmetric molecules.?52 In contrast, the driving
forces and key interactions imparting chirality at the supramolecular level are harder to elucidate and,
therefore, to reproduce. Supramolecular chirality has been observed in inorganic materials, polymers, as
well as biological aggregates (e.g. amyloids) and much research has been devoted to describe the origin of
these twists.?> In order to understand such complex systems at a molecular level, synthetic model systems
have been developed. For instance, well-defined model peptides have contributed to the long lasting debate
on the origin of the twist in amyloid aggregates.'39-132 Synthetic peptides based on defined sequences of L-
and D-amino acids suggested that amino acids located at the peptide termini were responsible for the twist
adopted by peptide supramolecular fibers,!33134 with left handed twist associated to the presence of L.-amino
acids.®?? Moreover, fine-tuning of these synthetic analogs generated novel chiral self-assembled materials
with tunable shapes and properties.!3>-137

I proposed to study the self-assembly and the chirality of supramolecular carbohydrate materials using a
bottom-up approach. Simple and well-defined synthetic compounds formed the basis of this approach. First,
I studied the transfer of chirality across scales using a simple disaccharide model system that self-assembles
into helical fibers. I employed site-specific modifications to identify key non-covalent interactions
stabilizing the helical supramolecular assembly. In the second part of the chapter, I expanded this bottons-up
approach to a more complex natural polysaccharide and used synthetic oligomers to understand chirality
transfer across scales in cellulose. Synthetic cellulose oligomers with well-defined sequences of natural D-
Glc and its enantiomer L-Glc, constituted the model system. These cellulose oligomers self-assemble into
platelets with controlled dimensions that further aggregate into bundles, displaying chiral features directly
connected to their monosaccharide composition. The insertion of L-Glc units in the sequence of D-Glc
cellulose oligomers drastically impacted the macroscopic properties, such as solubility, crystallinity, and
chirality of the bundles. Overall, this chapter introduces a bottom-up approach for the study of carbohydrate
materials and highlights the importance of the molecular sequence in dictating supramolecular assembly
and chirality. The bottom-up approach presented here allowed a molecular level understanding of the self-
assembly process opening the way to site-specific modifications that could generate functional carbohydrate
materials.
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3.2 Results and discussion
3.2.1 A model system to study chirality and supramolecular assembly of carbohydrate materials

3.2.1.1 Manipulating supramolecular chirality with mirror-image monosaccharides

A previous study performed in my group identified that simple oligosaccharides self-assemble into defined
supramolecular structures.?>* In particular, upon solvent switch, dimer DD (Figure 3.1) self-assembled into
fibers around micrometers long and nanometers wide (Figure 3.2A, for details see Experimental section
6.4.4). The formation of fibers occurred upon injecton of a DD solution (100 mg/ml in
hexafluotisopropanol, HFIP) into water (final concentration 2 mg/mL). The crystal structure of these fibers
was determined using X-ray diffraction (XRD), solid-state NMR (ssNMR), and microctystal electron
diffraction (MicroED) by Dr. Yu Ogawa. Combined, these characterization techniques provided molecular
detail of the packing of DD in the fibers. MictoED was especially useful because it enabled a molecular
level characterization of the fibers in their native state avoiding time consuming crystallization trials.53255
MicroED was never employed to study oligosaccharides due to their electron beam sensitivity. DD was an
ideal substrate since the benzyl groups are known to render the crystal more resistant to prolonged
irradiation.256:257
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Figure 3.1 Chemical structure of DD.

Powder XRD and ssNMR analysis indicated the high crystallinity of the assemblies and the presence of two
sets of DD in a single unit cell (see Experimental section 6.4.4). MicroED analysis of DD fibers at cryogenic
temperatures provided a high resolution crystal structure. Electron diffraction patterns obtained from the
flat section of the fiber (circled area in Figure 3.2A) indicated high crystallinity with a resolution of ca. 1.2
A. The crystal structure was determined by tilt series MicroED analysis to be an orthorhombic unit cell
witha =52 A, b =20 A, c = 37 A (Figure 3.2B, see Experimental section 6.4.4). The tentative molecular
packing model in bc and ac projections show a short a-axis indicating that DD molecules assume an overall
flat conformation and stack along the a-axis (Figure 3.2C). The glucose ring planes are oriented roughly in
the be plane. The aromatic rings assemble in a close proximity to each other. The interactions between the
aromatic rings are mostly C-H---n type edge-to-face interactions. No face-to-face n-n stacking is present in
the packing model, as the molecular spacing in the stacking direction (5.2 A, a-axis), is larger than the
maximum acceptable distance for n-n stacking formation (3.8 A).28 The carbohydrate moieties are not in
close contact with each other. The relatively low density of the crystal implies that water molecules may be
involved in the crystalline lattice. The distances between hydroxyl groups of adjacent molecules allow
forming water-bridged hydrogen bonds with a single water molecule between the hydroxyl groups. The
DD crystalline fibers were subjected to a sequential electron microdiffraction experiment with an electron
probe size of about 100 nm. Each ED pattern obtained along the fiber axis corresponds to a different
lattice projection (Figure 3.2D), revealing left handed twists along their fiber axes. In all ED patterns, the
a*-axis is oriented along the fiber axis of the crystal, indicating that the stacking of flat molecular sheets
occurs parallel to the fiber axis (Figure 3.2E). The crystal twists along the stacking direction, implying that
this phenomenon is likely to originate from a slight rotation between the stacked molecules. The apparent
half twist pitch (180 degree rotation) is about 5 um in most crystallites, resulting in a rotation per unit cell
of about 0.02 degree. While crystal twists were observed previously for natural carbohydrate crystals such
as cellulose and chitin, the mechanism of twisting of carbohydrate crystals is still elusive.522260 These
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Figure 3.2 MicroED analysis of self-assembled DD performed at cryogenic temperature. A) Diffraction contrast image of DD
crystals. B) Electron diffraction diagram obtained from the circled area in A. C) Tentative molecular packing model of DD in the
unit cell determined using the MicroED method. Hydrogen atoms are omitted for clarity. D) Twist geometry followed by
sequential electron microdiffraction. E) Schematic of molecular packing manner in the fibrillary DD crystal.

results suggests that well-defined synthetic systems could shine light on the twisting mechanism of natural
systems as well as on the relationship between molecular chirality and supramolecular structures.

After observing that DD self-assembles into left handed fibers (Figure 3.3, /%f?), I hypothesized that the
enantiomeric dimer should invert the fiber chirality. This result would demonstrate a direct correlation
between molecular and supramolecular chirality. Moreover, being able to control the helicity of the fibers
would offer an additional tool to tune the properties of self-assembled materials.201262 Indeed, chirality is
an important design mode in peptide nanotechnology.?3 In particular, heterochiral peptide-based systems
offer many advantages such as increased stiffness of the self-assembled fibers,!? increased stability towards
enzymatic degradation,?* and access to new morphologies.135136.139 Inspired by this work on peptides, 1
synthesized the enantiomeric disaccharide LL starting from L-glucose (Scheme 3.1, for details see the
Experimental section 6.4.1). The synthesis started from L-Glc 3.1 and, through a seven-step synthesis, led
to BB3.1 (Scheme 3.1, further details are reported in Experimental section 6.4.1). The key step is the regio-
selective reductive benzylidene ring opening of intermediate 3.3 to give 4-O-Bn protected 3.4a.205 BB3.11is
equipped with a temporary protecting group (Fmoc), a reactive thioglycoside leaving group (SEt), and
permanent protecting groups (Bn and Bz) to enable regio- and stereo-selective construction of consecutive
B-1,6 linkages between Glc units in LL (Scheme 3.1).
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Scheme 3.1 Synthesis of BB3.1 and LL.

Upon solvent switch, LL formed the enantiomeric helical fibers (right handed), confirming the direct
correlation between oligosaccharide chirality and fiber helicity (Figure 3.3, r/gh?). Furthermore, the racemic
mixture DD-LL, prepared by solvent switch method, aggregated in a completely new and flat morphology
(Figure 3.3, middle and Figure S3.3). AFM analysis of the flat aggregates suggested that the two
enantiomers may construct a layer-by-layer supramolecular assembly (see Figure $3.2B). The height of the
sheets varies from a few hundreds of nanometers to several micrometers, with the single layer measuring
1.5 nm, which is comparable to one dimension of the disaccharide. XRD confirmed that both enantiomers,
DD and LL, have identical crystallinity, whereas the racemic mixture packs in a different manner (see
Figure $3.2A), as previously obsetved for heterochiral peptides assemblies.!35:136.139
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Figure 3.3 Chemical structures of DD and LL enantiomers and SEM images of their supramolecular assembly. While DD (/f?)
and LL (rgh?) show opposite helicity, the racemic mixture DD-LL (iddl) generated flat sheet-like assemblies (scale bars 10 pm).
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3.2.1.2 Targeted chemical modifications identify key non-covalent interactions that stabilize
supramolecular assembly

In a second part of this project, I focused on validating the molecular structure of DD fibers (Figure 3.2C).
According to the MicroED-based molecular packing model (Figure 3.4A), the key intermolecular
interactions responsible for the formation of the supramolecular fiber (Figure 3.4B) are 1) C-H-- 7 edge-
to-face type interactions between the aromatic rings and 2) water-bridged hydrogen bonds between specific
hydroxyl groups stabilized the assembly. To validate the proposed crystal structure, I designed and
synthesized three analogs of DD bearing single-site modifications (Figure 3.4C-E). Each modification was
aimed at disrupting a particular interaction and highlight the importance of the replaced moiety in the
assembly process. Compound DD-PFB bears a pentafluorobenzyl (PFB) group at the anomeric position,
resulting in enhanced hydrophobicity and altered electrostatic interactions. Moreover, the PFB group does
not engage in C-H- - -n edge-to-face stacking because the electron rich para-F does not interact with electron
rich phenyl rings.26¢ Compounds DD-3F and DD-6F are the C-3 and C-6 deoxyfluorinated analogues,
respectively. Deoxyfluorination was designed to selectively disrupt specific H-bonds.#¢17 Furthermore,
this approach will identify functional groups that are non-essential for the self-assembly, that could act as
handles to introduce other functionalities for generating functional materials.

The synthesis of DD-PFB, DD-3F, and DD-6F is described in the Experimental section 6.4.2. Upon
solvent switch (HFIP to water, see Experimental section 6.4.4), DD-PFB and DD-3F remained soluble
and, upon drying, formed amorphous aggregates (Figure 3.4C and D). In contrast, DD-6F formed
insoluble fibers (Figure 3.4E), suggesting that modifications at the non-reducing end C-6 position are
tolerated.

DD-PFB DD-3F DD-6F

Figure 3.4 A) Schematic representation of the unit cell of Figure 3.2C to highlight the site of the modifications. B-E) Chemical
structures and SEM images of DD, DD-PFB, DD-3F, and DD-6F, respectively.
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The drastically different outcome between DD-3F and DD-6F demonstrates the importance of the C-3
hydroxyl group for the assembly process. In addition, the lack of self-assembled structures for DD-PFB
indicates that the C-H-'n edge-to-face type stacking interactions are disrupted by the electronegative
fluorine atoms of the PFB moiety. DD-6F fibers resembled the one formed from DD according to powder
XRD and electron diffraction patterns (Figure $3.2C). However, a higher level of flexibility (i.e. twist and
curvature) was observed for DD-6F fibers, likely arising from displacement between stacked molecules
along the fiber axis.
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3.2.2 A bottom-up approach to study cellulose assemblies

In Section 3.2.1, a simplified model system for studying carbohydrate materials, consisting of a disaccharide,
was presented. With the characterization methods developed for this model system, I was interested in
expanding the bottom-up approach to a more complex natural polysaccharide. Cellulose is a perfect candidate
to showcase this approach as it is a natural structural material with strong tendency to generate
supramolecular hierarchically organized assemblies.

A bottom-up approach based on synthetic analogs has never been applied to study cellulose, the most
abundant organic material on Earth, despite the growing interest in the chiral properties of cellulose
nanofibers (CNFs), cellulose nanocrystals (CNCs) and their assemblies. Native CNFs are intrinsically chiral,
possessing nanoscale twists along the fiber direction. Chiral cellulose particles can assemble into larger chiral
architectures 7z vivo. Helicoidal arrangements of cellulose fibrils are found in the plant cell walls, and are
capable of generating colors in the absence of any pigment through structural coloration.?67.268 Left handed
and, in some rare cases, right handed helicoids have been obsetved.2¢” Still, the mechanism for helicoids
formation in plants remains debated, invoking the role of other cell-wall constituents (e
hemicelluloses).268.269

Inspired by nature, CNCs have been used to fabricate optical materials such as films?70-272 and structurally
colored pigments.?’> Due to their chirality, CNCs have found applications as nanosized chiral inducers for
liquid crystals assemblies?’ and heterogeneous enantioselective palladium catalysis?’> or as chiral
templates.?’6277 [ pitro, when a suspension of CNCs transitions from a diluted to a concentrated regime,
spontaneous self-organization results in the formation of a chiral nematic liquid crystalline phase. While the
intrinsic twisted morphology of single CNCs is considered to govern the chirality of these chiral nematic
phases, the mechanism by which nanoscale chirality is transferred to larger scale is debated.278-280 While
single particles (7.e. CNCs) are right handed, upon self-assembly, an inversion of chirality occurs, resulting
in a left handed chiral nematic phase (Figure 3.5).28! This inversion was quantified using atomic force
microscopy (AFM) and electron diffraction methods.>%25-282 Recently, bundles of naturally sourced
cellulose crystallites have been suggested to be responsible for the transfer of chirality across different
hierarchical levels.280283 However, heterogeneous degrees of polymerization and crystal sizes of cellulose
nanomaterials obtained via #op-down approaches complicated the description of these systems at the
molecular level 28 Computational models have speculated on the origin of the twist in cellulose crystals and
are, to date, the only option to study these systems at the molecular level.285 Thus, the molecular origin of
this twist and the mechanism of chirality transfer to higher hierarchical assemblies remain open questions.

Figure 3.5 Right handed CNCs (/f) self-assemble into left handed nematic liquid crystals phases. Reprinted with permission
from ACS Nano 2018, 12, 5141-5148 Copyright 2018 American Chemical Society.

3.2.2.1 Cellulose oligomers assemble into nanocrystals
I targeted well-defined cellulose oligosaccharides resembling the macroscopic propetties of cellulose (..
crystallinity, mode of assembly) as model system to study cellulose assembly. Cellulose oligomers with
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defined length (uniform dispersity, D=1) were synthesized by AGA107.1% on a solid support (functionalized
Merrifield resin, see Experimental section 6.2) using protected D-Glc BB3.3 and BB3.4 (Figure 3.6). The
BBs were equipped with an anomeric thioether or dibutylphosphate reactive leaving group, while most
hydroxyl groups were masked as benzyl (Bn) ethers and benzoyl (Bz) esters. Upon glycosylation, cleavage
of the 9-fluorenylmethoxycarbonyl (Fmoc) temporary protecting group liberated the hydroxyl group to be
used in the following regio-selective chain elongation. Iterative cycles of glycosylation and Fmoc
deprotection permitted precise control over the length of the oligomer. Neighboring group participation
of the ester group at C-2 ensured B-stereoselectivity during glycosylation. Each oligosaccharide was
assembled overnight following previously reported conditions.!”? Post-AGA manipulations included solid-
phase methanolysis, photocleavage from the solid support, and hydrogenolysis (see Experimental section
6.2). A single final purification step afforded the target cellulose analogs in overall yields of 6 to 60%. Longer
cellulose analogs (degree of polymerization, DP > 6) were pootly soluble after the hydrogenolysis step and
therefore obtained in drastically decreasing isolated yield. The enantiomeric non-natural analog Ls was
assembled using protected L-Glc BB3.2 (Scheme 3.2, further details are reported in Experimental section
6.4.1). The key step in the synthesis of BB3.2 involved the selective ring opening of the benzylidene
protected intermediate 3.3 to obtain the 6-O-Bn protected compound 3.4b (Scheme 3.2).265
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Scheme 3.2 Synthesis of L.-Glc BB 3.7b.

To evaluate the crystallinity and the aggregation tendency of these oligomers, I employed powder XRD,
TEM and AFM. Powder XRD indicated that all analogs Ds, Ds, and D7 (DP ranging from 5 to 7) assemble
with the cellulose II crystal structure (Figure 3.6B).1%¢ Ds was highly soluble, D¢ showed intermediate
solubility, while D7, Ds, and Dy were pootly soluble in water (Table S3.1). The mirror-image oligomer L
showed a cellulose II-type powder XRD profile and solubility similar to Ds.

Conventional TEM imaging of the negatively stained cellulose oligomers (1 mg/mL in water) indicated the
presence of thin platelet-like particles for analogs with DP=6 (Figure S3.6, S3.9, $3.13, and S3.15). No
platelets were observed for Ds, suggesting that its high water solubility prevented assembly at the
concentration used for this study. The platelets obtained from Dg are ca. 50-500 nm long and ca. 20-50 nm
wide. A similar morphology was observed for the assembly of enzymatically synthesized cellulose
oligomers?¢ and for mercerized cellulose nanocrystals,®’ both based on the cellulose II-type crystal
structure. CryoTEM demonstrated that the platelets existed in aqueous suspension and were not the result
of solvent evaporation (Figure 3.6C and D). Electron diffraction (ED) analysis of the platelets generated
from Ds and Ls confirmed the cellulose II type assembly (Figure 3.6D) and indicated a molecular packing
where the cellulose chains are aligned in an antiparallel manner along the platelet thickness (Figure 3.6E).
The (001) faces are exposed on the top and bottom sides of the platelets, presenting an alternation of
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Figure 3.6 A) AGA of cellulose analogs using protected monosaccharide BBs (overall yields reported in parentheses. Solid
support and modules used for AGA and Post-AGA are reported in Experimental section 6.2). B) Powder XRD profiles for
selected cellulose oligomers indicating a cellulose II-type molecular packing. C) CryoTEM image of Dg platelets (scale bar 200
nm). D) CryoTEM image of Lg platelets with the electron diffraction diagram obtained from the red circled area (red circe, scale
bar 200 nm). E) 3-D molecular model of the platelets composed of cellulose oligomers (Dg) arranged in antiparallel fashion
according to the cellulose II crystal structure. F) AFM image of Lg platelets and height trace measurement (scale bar 200 nm).

reducing and non-reducing ends at the surface. The (110) face is exposed at the platelet tip and presents
the Glc hydrophobic face. In aqueous media, crystal growth along the hydrophobic [110] direction is faster
than along the hydrophilic [1-10] ditection, resulting in elongated platelets.?86 Owing to the controlled
length of the cellulose oligomers, the platelets have a well-defined thickness corresponding to the oligomers
length. AFM analysis confirmed the tunable thickness of the platelets (Figure 3.6F), increasing of about
0.5 nm across the oligomer series, consistent with the addition of a single Glc unit (Figure $3.26-S3.30).
This finding suggests that chemical synthesis can generate cellulose materials with tunable and controlled
sub-nanometer dimensions.

3.2.2.2 Nanocrystals assemble into chiral bundles

No evident chiral features were observed when inspecting the single platelets. However, TEM and AFM
imaging revealed the formation of bundles of platelets alongside with isolated ones. These bundles displayed
intrinsic chiral features clearly distinguishable by TEM (Figure 3.7A). D¢ bundles showed a right handed
twist (Figure 3.7B, 83.7, and S83.8), while L¢ bundles were left handed (Figure 3.7C, S3.10, and S3.11).
The absolute chirality of the bundles was confirmed by AFM imaging (Figure 3.7D and E and Figure
$3.31). Spherulite-type assemblies have been observed previously for enzymatically synthesized a-chitin2®
and cellulose 11289 aggregates, although no chiral features were recognized. The formation of bundles in this
system reflected the strong tendency of the platelets to interact with each other during the drying process,
likely due to the increasing concentration.
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Figure 3.7 A) TEM image of D¢ (1 mg/mL aqueous suspension) shows bundles of platelets with intrinsic chirality (red arrows).
B) TEM images of D (1 mg/mL aqueous suspension) bundles showing an intrinsic right handed chirality (scale bar 500 nm). C)
TEM images of L¢ (1 mg/mL aqueous suspension) bundles showing an intrinsic left handed chirality (scale bar 500 nm). D-E)
AFM images of Dg (I mg/mL aqueous suspension) bundles showing an inttinsic right handed chirality. F) The fan-like
arrangement of the stacking platelets was interpreted as a rotation between the (001) planes.

The analysis of samples at different drying conditions clarified the mechanism of the evaporation induced
assembly (Figure 3.8). Aqueous suspensions wete deposited on TEM grids and the suspension was blotted
with a filter paper to a different extent, leading to different amount of water left on the grid surface at the
end of the drying process. The sample prepared with extensive blotting showed mainly flat individual
platelets (Figure 3.8A), while short blotting, hence more remaining water, promoted the formation of large

A B C

Figure 3.8 TEM images of grids obtained with different blotting strength of Le. A) Extensive blotting yielded mainly discrete
platelets. B) Low blotting strength induces formation of large bundles with platelets stacking. C) At the lowest blotting strength
the bundles composed of platelets show no edge features suggesting that the platelets tend to merge (or fuse). Scale bars 200 nm.
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bundles (Figure 3.8B). With decreasing blotting strength, multiple platelets stack on top of each other and
a twist along the main axis appears (Figure 3.8C and Figure 3.7A). When enough water remained after
blotting, no edge features can be seen by TEM suggesting that the platelets tend to merge (or fuse).

3.2.2.3 Chirality transfer from the oligomers to the bundles

During the evaporation induced assembly, the platelets stack on top of each other and rotate in a fan-like
manner suggesting a slight rotation between the (001) crystal faces (Figure 3.7E and S3.12). Thus, 1
hypothesized that the (001) surface of the platelets (or the interaction between these surfaces) plays a major
role in the assembly process, determining the chirality of the bundles (Figure 3.7F). This hypothesis is in
agreement with amyloid-type assemblies of peptides, in which amino acids at the termini are responsible
for the supramolecular twist.!3313* Chirality transfer processes from different parts of the monomeric units
(core and/or termini) also have been reported for supramolecular polymer assemblies.2%0

To gain insight into the origin of the twist, I designed three different experiments. First, I analyzed the
assembly of a Dg + Lg racemic mixture (Figure 3.9A). A racemic mixture of D¢ and L was dissolved in
water and lyophilized; the XRD profile showed an amorphous arrangement (Figure 3.9B). No platelets
not bundles were observed during TEM analysis of the Dgs + Lg solution in water (1 mg/mL), suggesting
an interaction between the two enantiomers that prevented crystallization. When the Ds + L¢ racemic
mixture was recrystallized using a DMSO to MeOH solvent switch method (see Experimental section
6.4.5), the powder XRD showed a prevalence of the cellulose 11 pattern and platelets were regenerated, but
no chiral features were observed (Figure 3.9B and C, and Figure S3.17).

We then focused on the assembly of cellulose oligomers with mixed sequence of D- and L-Glc residues.
Five new oligomers were synthesized to selectively change the residues placed at the termini of the sequence
(Figure 3.9D). In the second experiment, we analyzed the assembly of LoDy, LsD3, and LDs in which a
D-Glc core was capped at the non-reducing end with L-Glc residues. In this scenario, both D- and L-Glc
residues are displayed at the (001) surface due to the antiparallel arrangement of cellulose II (Figure 3.9E,
top). When a large portion of D-Glc residues was replaced by their mirror-image L-Glc, such as in LDy
and L3Ds, crystallinity was lost and solubility drastically increased (Table S3.1 and Figure S3.4 and S3.5).
In contrast, when only one L-Glc unit was placed at the non-reducing end of the oligomer, such as in LD,
the solubility was comparable to that of D and the cellulose II crystal packing preserved (Table S3.1 and
Figure S3.4 and S3.5). TEM analysis showed LD platelets and bundles with similar size and shape as for
the model system Ds (Figure S3.18). However, the introduction of L-Glc weakened the twisting tendency
and no clear handedness could be deduced from TEM images (Figure 3.9E, bottom and S$3.19).

In a third experiment, we focused on oligomers bearing L-Glc residues at both termini, such as in LDsL
and LDgL. In this scenario, only L-Glc residues are displayed at the (001) surface, while the core of the
crystal is based on D-Glc units (Figure 3.9F, 79p). The solubility of those oligomers was comparable to the
model system Dg (Table S$3.1), however, unexpectedly, LDsL and LDgL displayed a cellulose IVu-type
XRD profile®! (Figure S3.4) and assembled into square platelets with no bundle-type aggregates (Figure
$3.20 and 83.24). Recrystallization using a solvent switch method from DMSO to MeOH converted LDgL
to cellulose 11, as confirmed by XRD (Figure $3.5), and generated the typical platelet morphology (Figure
$3.21 and S3.22). Similar to the second scenario, LDgL bundles of platelets displayed attenuated chiral
features and, in some cases, the bundles appeared to be left handed (Figure 3.9F, bottor and S3.23).

Opverall, the data on LDg and LDsL suggest that perturbing the molecular nature of the surface of cellulose
II platelets drastically affects the chirality of their assembly. Bundles with much less pronounced chiral
features were observed. No complete inversion of bundle chirality was noticed in the case of LDsL,
suggesting that not only the surface, but also the core of the platelets are responsible for inducing the
chirality of the homochiral assemblies (i.e. Dg).
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Figure 3.9 A) Simplified model of platelets formed by mixing Dg and Le. Self-sorting (#9p) or co-assembly (bottom) of the two
enantiomers are two possible scenarios. B) Powder XRD profiles for Dg + Lg racemic mixtures. “The sample was prepared by
rectystallization from DMSO/MeOH (see the Experimental section 6.4.5). C) TEM image of Dg + Lg (MecOH suspension) after
recrystallization (scale bar, 500 nm). D) Hybrid D-/L-cellulose analogs were synthesized using protected monosacchatide BBs
(overall yields reported in parentheses). BBs, solid support, and modules used for AGA and Post-AGA are reported in the
Experimental section 6.2. E) Simplified model of LDg platelets and top view of the (001) face (zgp). TEM images of LDs bundles
(aqueous suspension, bottom) showing a twisted morphology (red arrows, scale bars 500 nm). F) Simplified model of LDgL platelets
and top view of the (001) face (Zgp). TEM images of LDgL bundles (MeOH suspension, bottom) showing a twisted morphology
(red arrows, scale bars 500 nm).
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3.3 Conclusions

In this chapter, I presented how synthetic model systems can shine light on self-assembled carbohydrate
materials and their chirality. The use of non-natural mirror-image monosaccharides (i.e. L-Glc) enabled to
correlate molecular to supramolecular chirality. Starting from a simple self-assembling disaccharide DD, 1
developed a method to manipulate the chirality of the assemblies by introducing non-natural L.-Glc residues.
Helical fibers (left or right handed) as well as flat lamellae could be accessed on demand by using the
disaccharides DD, LL, or a racemic mixture DD-LL. Furthermore, to validate the proposed crystal
structure of DD fibers, I designed and synthesized site-specific modified analogs. Using this approach, I
identified which modifications are tolerated and which disrupt key non covalent interactions preventing
supramolecular assembly.

In the second part of these projects, I translated this bottom-up approach to a natural polysaccharide. I
established a model system for the study of cellulose aggregation using synthetic oligomers produced by
AGA. Cellulose oligomers of defined length and sequence, including D- and L-Glc, self-assembled into
thin platelets with thickness matching the length of a single oligomer chain. Within the platelets, the
oligomers arranged in a cellulose 1I fashion (antiparallel chain arrangement). The thickness of the platelet
can be manipulated at the nanoscale by tuning the length of the synthetic cellulose oligomer. The synthetic
cellulose platelets further assembled into bundles displaying intrinsic chiral features directly connected to
the chirality of the cellulose chain (right handed for D¢ and left handed for Lg). Synthetic hybrid D- and L-
cellulose oligomers helped to elucidate the origin of the chirality of these bundles. Terminal residues of
opposite chirality drastically weakened the twisting tendency of the bundles, suggesting that the surface of
the platelets plays an important role in determining the chirality of the bundles. Still, the surface does not
solely determine the twist, as complete inversion of chirality was not observed for analogue displaying only
L-Glc at the extremities.

Bundles of naturally sourced cellulose crystallites have been recently proposed to be a key element in the
transfer of chirality across different hierarchical levels.280283 The model system presented herein offers a
well-defined approach to validate this hypothesis that could be extended to other polysaccharides, such as
chitin. In contrast to cellulose, the chiral nature of chitin nanocrystals (ChNCs) remains elusive?2 even
though i vitro formation of chiral nematic phases?’? and helicoidal organization of chitin microfibrils have
been reported.
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4 Design and synthesis of a glycan hairpin
This chapter has been modified in part from the following article:

G. Fittolani, T. Tyrikos-Ergas, A. Poveda, Y. Yu, P.H. Seeberger, J. Jiménez-Barbero, M. Delbianco
Synthesis of a glycan hairpin Manuscript in preparation 2022

Specific contribution
Section 4.2.1 1 performed the design of the hairpin and Dr. Theodore Tyrikos-Ergas the MD simulations.

Section 4.2.2 1 performed the synthesis of the building blocks and the AGA of hairpin analogs. Dr. Yang Yu
performed the synthesis of intermediate $4.7.

Section 4.2.3 1 performed the NMR studies on all unlabelled analogs and Dr. Ana Poveda performed the
NMR studies on the labelled analogs.
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4.1 Introduction

The strong tendency of cellulose oligomers to interact with each other forming supramolecular assemblies
(Chapter 3) made me realize this could be a starting point to develop more complex glycan assemblies. The
non-covalent interactions taking place between cellulose chains appear to be strong, often leading to a high
propensity of crystallization. I envisioned to exploit this feature of cellulose to design a glycan secondary
structure. With similar approaches, synthetic peptides were designed to fold into defined secondary
structure and self-assemble into materials with controllable properties (see Section 1.1 and 1.5).

Linear amino acid sequences encode the information needed to generate 3-D motifs such as helices, sheets,
and turns, which can combine to give complex functional macromolecules (i.e. proteins). Using the same
alphabet of 20 a-amino acids, it is possible to design molecules with engineered 3-D structures.?”> The
development of non-natural amino acids expanded the catalogue even further and molecules with size,
shape, and arrangement beyond the natural ones could be generated (i.e. foldamers).162-16429%4 Following the
principle ‘form follows function’, foldamers were designed to recognize specific ligands?*> or penetrate cell
membranes'®* as well as to perform catalysis!'¢616% or to undergo supramolecular assembly'¢’. Moreover,
these designed systems largely improved our understanding of the factors influencing the stability of protein
folding.293.296

In contrast, glycan structures capable of folding into defined 3-D shapes have never been designed, despite
the potential numerous advantages. Glycans are constructed from a vast pool of more than 100 natural
monosaccharides that generates linear or branched polymers, suggesting an enormous potential to access
new conformations. The presence of many hydroxyl groups with well-defined orientations provides
opportunities for site-specific functionalization. The tendency of naturally occurring polysaccharides to self-
assemble into hierarchically organized materials is another attractive feature.’® However, to date, the
complex chemical synthesis of glycans and the lack of design principles have prevented access to glycans
with predictable 3-D shapes. Glycans are historically considered flexible molecules, rarely exhibiting stable
secondary structures,** with few exceptions for polysaccharides capable of adopting helix- (e.g. amylose) or
ribbon-like (e.g. cellulose) conformations in solution.?” Nevertheless, the central role of glycans in a
biological setting is often tightly related to the conformation and presentation they adopt.?’® Recent studies
report increasing evidence that even small glycans can adopt relatively well-defined conformation in
solution, often stabilized by intramolecular hydrogen bonds.67.7183299-306 ‘The increased understanding of
glycan behavior suggests that glycans capable of adopting stable 3-D architectures can be created.

Herein, I rationally designed a glycan capable of folding autonomously into a secondary structure motif to
challenge the common view that sees glycans exclusively as flexible molecules.*% Inspired by peptide
model systems, I constructed a glycan that adopts a hairpin secondary structure motif in aqueous solution.
The design was based on the combination of natural glycan structural elements and aided by Molecular
Dynamics (MD) simulations. Automated Glycan Assembly (AGA) provided rapid access to a series of well-
defined glycan sequences, including 3C-labelled analogues to facilitate the structural and conformational
analysis. NMR spectroscopy detected long-range inter-residue nuclear Overhauser effects (NOEs) that
unequivocally confirmed the folded conformation of the synthetic glycan hairpin. This work demonstrates
that it is possible to program glycans adopting defined conformation in aqueous solution,’” opening
opportunities for endowing glycans with new properties and functions.
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4.2 Results and discussion

4.2.1  Design of a glycan hairpin

Peptide model systems have largely improved our understanding of the factors influencing protein folding
and stability.??32% This is especially true in the case of protein B-sheets, for which folding rules could be
deduced from model systems consisting of a hairpin (i.e. strand-loop-strand). In a hairpin, the B-turn acts
as a B-sheet nucleator, placing the two strands adjacent to each other and favoring inter-strand interactions
in a parallel®® or antiparalle]’® fashion (Figure 4.1A). Intramolecular hydrogen bonds stabilize the turn
unit and hold the two strands in a closed hairpin conformation (Figure 4.1A). Model systems such as
double!60310 or triple!57.15 stranded B-hairpins served as blueprints to gain molecular insights into protein
folding308309,311-313 and have proven essential to study structural aspects of amyloid aggregation.?'* Beyond
applications in biology, these systems have been employed to generate self-assembling nanomaterials®2223
and hydrogels,'%?* or as catalysts for asymmetric catalysis31>.

Given the breadth of the research on peptide hairpins, I decided to explore the design of an analogous
secondary structure motif in glycans. The molecular nature of glycans, composed of hydroxyl-rich
backbones, makes the design of a glycan folded secondary structure highly challenging in comparison to
peptides and imposes the exploration of new design rules. Interactions with water are strong and drastically
impact the conformation in solution, disrupting intramolecular hydrogen bonds. Long-range inter-residue
interactions are scarce and the absence of hydrophobic sidechains limits the stability of glycan secondary
structures.* Still, within the glycan realm, subtle non-covalent interactions can take place (Figure 4.1B),
which have a large impact on macroscopic properties's® or bioactivity.?”® These non-covalent interactions,
combined with design rules developed for peptides, served as inspiration for the creation of a glycan hairpin.

A parallel glycan hairpin structure, composed of two strands attached to a turn, is a secondary structure
motif absent in nature. The design requires 1) a suitable glycan loop adopting a turn conformation and 2)
two stacking strands.?1¢ The similarity of the Lewis X (Le¥) trisaccharide conformation to that of naturally
occurring peptide B-turns prompted us to explore this glycan motif as a starting point for the design of the
turn unit. Lex adopts a fairly rigid closed conformation in aqueous solution stabilized by hydrophobic
interactions between the methyl group of L-Fuc and the B-face of Gal. Further stabilization arises due to a
non-conventional CH---O hydrogen bond?7 between the H-5 of L-Fuc (I-Fuc-5) and the O-5 of Gal
branches (Figure 4.1B).393304306 This CH---O hydrogen bond forms a 10-membered atom ring analogous
to naturally occurring peptide B-turns. Looking at the 3-D shape of Le¥, I noticed that further
monosaccharide extensions at the OH-4 positions of the stacked residues could keep a parallel arrangement
between the two new moieties, provided that OH-4 displays an equatorial orientation.?** Therefore, the
canonical Le~ trisaccharide loop was modified by converting 3-1,4-Gal into 3-1,4-Glc and «-1,3-L-Fuc into
a-1,3-L-Rha, both presenting OH-4 in the equatorial orientation (Figure 4.1C, 3mer-I). I hypothesized
that the non-conventional hydrogen bond could still act as a key stabilizing force to keep in spatial proximity
the two branches.’** Two additional turn units were also designed: i) 3mer-II is based on GlcNAc
substituted with two Glc residues attached as $-1,4 and §$-1,3 branches, lacking the stabilizing non-
conventional H-bond, and ii) 3mer-III, in which the branched GlcNAc residue was substituted by Glc,
ideally preserving an optimal spatial arrangement of the two branches to engage in the CH---O hydrogen
bond (Figure 4.1C).

As model for the stacking strands, I was inspired by the cellulose backbone, a polysaccharide consisting of
a B-1,4-Glc repeating sequence (Figure 4.1B). Cellulose is a linear polysaccharide adopting a rigid rod
conformation in solution stabilized by intramolecular hydrogen bonds between the OH-3 and O-5 of
neighboring Glc residues. Strong intermolecular interactions such as hydrogen bonds and hydrophobic
interactions between the C-H rich faces of Glc drive amphiphilic cellulose chains to self-assemble into
highly ordered (insoluble) crystallites.'818 Thus, I selected oligomers of cellulose as strand sequences due
to their propensity to assemble in a regular manner.318.319
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Overall, the design includes a rigid turn-like glycan, stabilized by a non-conventional CH--O hydrogen
bond, carrying two cellulose oligomer strands. Natural glycan structural elements are thus combined to
generate an non-natural glycan hairpin. As target structures, I set a short pentasaccharide (5mer-I) and two
nonasaccharides analogs (9mer-I and 9mer-II) (Figure 4.1D).
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Figure 4.1 A) Autonomously folding anti-parallel or parallel peptide 3-sheet model systems are composed of a turn unit (e.g. B-
turn or Gly-CHDA) and two strands interacting »iz hydrogen bonds (red dotted lines, exemplified for parallel B-sheets). B) Naturally
occurring glycans with turn-like conformation (i.e. LeX trisaccharide) and strand-like conformation (i.e. cellulose) inspired the
design of an artificial glycan hairpin. C) The glycan turn unit 3mer-I was designed to preserve the non-conventional hydrogen
bond (red dotted line) and optimally align two hydroxyl groups (red boxes) to elongate the strands of the hairpin. D) Synthetic glycan
hairpin model system composed of two cellulose strands attached as branches to a trisaccharide turn unit. The following
abbreviations are used for monosaccharides: Glc = glucose, Gal = galactose, GIcNAc = N-acetyl glucosamine, Rha = rhamnose,
Fuc = fucose. The monosaccharide residues are represented following the Symbol Nomenclature for Glycans (SNFG) graphical
representation.

Atomistic MD simulations were carried out to screen the tendency of the designed glycans to adopt the
desired conformation. All the modelled structures were simulated for 500 ns, employing a modified version
of the GLYCAMO0625 carbohydrate force field (see Experimental section 6.5.3). The systems were solvated
with TIP5P320 water model to avoid excessive interactions between the monomers.?% I began by comparing
3mer-I, 3mer-II, and 3mer-III to identify the optimal sequence for the turn unit. The MD trajectory
suggested a clear difference in overall conformation between 3mer-I and 3mer-II. The latter displayed
enhanced flexibility and extended conformation compared to 3mer-I, as cleatly indicated by the large
fluctuations in the root mean square deviation (RMSD) plot and the higher value of the radius of gyration
(Ry) (Figure $4.6). In contrast, 3mer-I adopted a more rigid and compact turn-like conformation with a
single conformer dominating nearly all the simulation time (Figure 4.2A, 7gp). MD simulations pointed at
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typical exo-syn-®/syn-¥ conformations for all glycosidic linkages in 3mer-I (Figure 4.2A, bottomr and
Figure 84.7). In contrast, Ramachandran plots for 3mer-II suggested a two-state situation (i.e. closed versus
open conformation, Figure $4.11) with the $-1,4 glycosidic linkage between Glc and GlcNAc fluctuating
between exo-syn-®/syn-¥ and non-exo-®/syn-¥ conformations (Figure 4.2A, bottomr and Figure S4.8).
Similarly to 3mer-I, 3mer-III displayed a rigid closed conformation albeit slightly more flexible, likely due
to the lack of the NHAc moiety (Figure $4.6, S4.9, and $4.10). Importantly, 3mer-I displayed the
hydroxyls planned for elongation of the two strands in an ideal orientation (Figure 4.2B).

A 3mer-l 3mer-ll B

Glc A-OH-4

Glc B-OH-4 —

[ 3mer- [ 3mer-il

-180 3 -180
4180 120 -60 0 60 120 180 180 -120 60 0 60 120 180

Figure 4.2 A) Over imposition of seven representative snapshots (#9p) and Ramachandran plots for the 8-1,4-Glc linkage (bottom)
extracted from the MD simulation show the larger degree of flexibility of 3mer-II compared to 3mer-I. B) Over imposition of
the 3-D models (centroid structures) of 3mer-I and 3mer-II.

I then analyzed the hairpin analogs, 9mer-I and 9mer-II, to monitor how the turn unit impacted the overall
conformation of the glycan hairpins. According to MD, only 9mer-I adopted a closed hairpin conformation
with the two cellulose strands in close proximity (Figure 4.3A). The turn unit based on 3met-I held the
two cellulose strands in an optimal orientation resulting in small inter-residue distances across the strands
(between 5.0 and 7.2 A, Figure 4.3B, #p and Figure $4.12). In contrast, in 9mer-II the turn unit based on
3mer-II did not hold the two strands in proximity and the two cellulose strands tended to stay further apart
(up to 18.0 A, Figure 4.3B, #9p). This tendency was also reflected in the R, and RSMD plots which pointed
at a rigid and compact shape for 9mer-I versus a flexible, more extended shape for 9mer-II (Figure 4.3B,
bottom and Figure $4.13). MD simulations suggested also that larger glycan hairpins based on the 3mer-I
turn unit could in principle be obtained, even though larger fluctuations were observed for the residues

located at the non-reducing termini (Figure $4.14 and $4.15).
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Figure 4.3 A) Over imposition of seven representative snapshot shows a closed hairpin conformation for 9mer-I (#gp) in contrast to a
highly flexible and open conformation for 9mer-II (bortom). B) Inter-residue distances (#9p) and Ry (bortom) plots showing opposite trends
for the two nonasaccharides regarding overall conformation and flexibility.
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4.2.2  Synthesis of a glycan hairpin

To access the target compounds, I planned to use the BBs reported in Figure 4.4 and AGA. All BBs are
equipped with reactive anomeric thioether or phosphate leaving groups and permanent protecting groups
(Bn, Bz, and TCA). BB4.1 is equipped with two orthogonal protecting groups — levulinoyl ester (Lev) and
9-fluorenylmethoxycarbonyl (Fmoc) — allowing for the construction of branched structures. In addition, 1
designed and synthesized BB4.4 to install Glc as an alternative branching unit (for further details see
Experimental section 6.5.1). BB4.2a and BB4.2b, bearing a single temporary protecting group, were used
to elongate the linear cellulose strands. For the installation of the key a-L-Rha unit of the turn unit, I
designed a three-step synthetic route to access BB4.3a (Scheme 4.1). Solid supports L1 and L3 allowed
for the synthesis of the target glycans with the free reducing end.3?!

OMe
OBn OBn STol o
Q FmocO O a
Fm‘i%?ﬁsa Bn(;é?B/ZR FmocOBZ?Q# RO
R OBz NO,
BB4.1 R=NHTCA BB4.2a R = STol BB4.3a L1 R=H
BB4.4 R=0Bz BB4.2b R = OPO(OBU), L3 R=CH,PhCH,OH

Figure 4.4 Set of BBs and solid supports used for the AGA of glycan hairpin analogs. Temporaty protecting groups are highlighted
in red and blue.

The synthesis of BB4.3a started from triol 4.1. To achieve regio-selectivity during the benzoylation step, 1
exploited the higher reactivity of OH-3 and OH-2 of I-Rha when compared to OH-4. Highly regio-
selective 2,3-O-benzoylation of 4.1 performed at low temperature (-30 °C) afforded 4.2.322 Subsequently
Fmoc protection of OH-4 yielded BB4.3a.

STol STol STol
BzCl FmocCl
HOZrL —> oR —  Fmoc0 L
HO DCM:Py BzO Py:DCM BzO
OH 230 °C OBz RT, 2h OBz
15 mi
41 min 4.2 (75%) BB4.3a (71%)

Scheme 4.1 Synthesis of BB4.3a.

With these protected monosaccharide BBs in hand I moved on to the AGA of the target hairpin analogs.
The synthesis proceeded from the branching monosaccharide towards the non-reducing end, elongating
one strand at a time, following cycles of glycosylation and Fmoc deprotections (Module E1, see
Experimental section 6.2). Once the first strand of the hairpin was constructed using BB4.2a or
BB4.2b,1%9323 the terminal hydroxyl group was capped (Module D, see the Experimental section 6.2).
Elongation of the second strand proceeded after Lev deprotection (Module E2).

Elongation of the «-1,3 branch of the hairpin glycan proved problematic during the synthesis of 5mer-I
and 9mer-I as observed in the HPLC traces of the crude products after global deprotection (Figure 4.5A
and S4.4). Low reactivity of the L-Rha-OH-4 solid bound acceptor was observed, resulting in the presence
of a deletion side product lacking a Glc unit in the second branch, 4mer-I (Figure 4.5A). I hypothesized
two possible causes for the low nucleophilicity of L.-Rha-OH-4: i) the bulky 3-1,4 branch, installed on the
GlcNAc branching unit, increased steric hindrance at the hydroxyl group and ii) the EWG nature of the 3-
O-Bz group installed in BB4.3a decreased nucleophilicity through inductive effect. I designed an
experiment to establish the cause of the low reactivity and thus devise a strategy to overcome it. In
compound 4.3, the «-1,3 branch of the hairpin glycan is elongated in absence of the bulky -1,4 branch
(Figure 4.5B). After subjecting 4.3 to one cycle of glycosylation, incomplete glycosylation was observed
indicating that electronic effects play a major role in determining the low reactivity of L-Rha-OH-4 (Figure
4.5C).
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Figure 4.5 A) RP HPLC trace of the crude product after global deprotection for the synthesis of 5mer-I using BB4.3a (Method
Al). The two peaks correspond to « and $ anomers of the free reducing end. B) Experiment to establish the cause of the low
reactivity. C) RP HPLC trace of the crude product after global deprotection for the synthesis of 3mer-IV using BB4.3a (Method
Al). The two peaks correspond to o and 3 anomers of the free reducing end. For further details on Modules for AGA and
purification method see Sections 6.2.3 and 6.2.4.

To increase the nucleophilicity of the L-Rha acceptor, I replaced the EWG 3-O-Bz group with an EDG 3-
O-Bn. I designed a four-step synthesis to access BB4.3b, minimizing protecting group manipulations
(Scheme 4.2). The key step is a tin mediated regio-selective benzylation of 4.1 to obtain 4.5, which I adapted
from a previously reported protocol developed for D-Man.324 Subsequent regio-selective benzoylation of
4.5 to obtain 4.6 could be achieved thanks to the higher reactivity of OH-2 compated to OH-4. Installation
of Fmoc afforded BB4.3b.

i) Bu,SnO
STol  65°C, MeOH STol STol STol
16 h BzCl FmocCl
HO Q —> oL HO AR FmocO Q
HO ii) CsF, BnBr BnO Py BnO Py:DCM BnO

OH RT, DMF OH DCM, -30 °C OBz RT, 2h OBz

5h o 20 min o 9
4.1 4.5 (67%) 4.6 (61%) BB4.3b (71%)

Scheme 4.2 Synthesis of BB4.3b.

The newly synthesized BB4.3b was tested in the AGA of 5mer-I and the absence of deletion side products
confirmed its excellent reactivity as a glycosyl acceptor (see Experimental section 6.5.2). With the optimized
set of BBs, I synthesized the target compounds using AGA (Figure 4.7). A representative example of the
AGA of 9mer-I is reported in Figure 4.6.
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Figure 4.6 A) AGA of 9mer-I. Post-AGA includes cleavage from the solid support, global deprotection steps, and final
purification (see Experimental Section 6.5.2). B) RP HPLC trace of the crude product after global deprotection for the synthesis
of 9mer-I using BB3b (Method B1). The two peaks belong to the « and § anomers of 9mer-I.

Each oligosaccharide was assembled in an overnight run using protected monosaccharide BBs. Post-AGA
steps included solid-phase methanolysis, photocleavage from the solid support, and hydrogenolysis (see the
Experimental section 6.2.4). The latter proved increasingly challenging for 5mer-I and 9mer-I, requiring
multiple hydrogenolysis cycles to convert the N-trichloroacetyl (TCA) protecting group to the N-acetyl
moiety. The turn units 3mer-I, 3mer-II, and 3mer-III as well as the longer hairpin analogues 5mer-1I,
9mer-I and 9mer-II were obtained after a single final purification step in overall yields of 10 to 27%
(Figure 4.7).
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Figure 4.7 AGA of glycan hairpin model structures using protected monosaccharide BBs. Overall yields are reported in parentheses.
Reaction conditions for AGA and Post-AGA are reported in the Experimental section 6.2.
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4.2.3 NMR structural analysis

The structural analysis has been a major obstacle to the complete description of peptide B—sheet models.
Circular dichroism (CD) provides simple and rapid information on the overall conformation, but lacks
molecular details. X-ray crystallography affords molecular resolution, but fails to represent the range or
ensemble of conformations that may be present in solution. NMR spectroscopy can capture the solution
conformation(s) with molecular resolution and is to date the most reliable technique to characterize peptide
B-sheet models.?!? Glycan structural studies are even more challenging because the lack of chromophores
limits the use of CD, while difficulties in obtaining single crystals hinder the application of X-ray
crystallography to glycans beyond a certain size (i.e. tetrasaccharides). NMR may provide some structural
information, but suffers from severe overlap between the resonances of different residues and the scarcity
of inter-residue and long range NOEs.05.00.325

A key feature of our turn is the non-conventional CH---O hydrogen bond forming a 10-membered ring
that holds the two branches in an ideal parallel orientation. Such non-conventional hydrogen bonding has
been hypothesized for rhamnosylated motifs,>** but not investigated further.326327 I set out to verify this
hypothesis using the chemical shift deviation (A8) of Rha-5 as an indicator.3°2-304 I compared 3mer-I and
3mer-III with 3mer-IV, in which no hydrogen bond can occur, observing a significant downfield shift of
Rha-5 for the first two compounds (A3 = 0.36 ppm, Figure 4.8A, see Experimental section 6.5.4 for details)
providing solid ground to our hypothesis.

To confirm the spatial proximity between key residues at both sides of the putative hairpin, nuclear
Overhauser effect spectroscopy (NOESY, see Section 1.2) experiments were employed. First, complete
assignment of the resonances was carried out using a combination of HSQC and selective 1D TOCSY
experiments (see Experimental section 6.5.4). Next, the 2D NOESY spectra were inspected for the
presence of cross-peaks indicating through-space correlations between different protons (see Experimental
section 6.5.4). The analysis of the NOESY spectra provided additional evidence that 3mer-I adopts a closed
turn-like conformation. In particular, besides the typical NOEs between protons across glycosidic linkages
(Gle-1/GleNAc-4 and Rha-1/GIcNAc-3), T observed key NOEs between the Glc and Rha moieties (Gle-
2/Rha-5, Glc-2/Rha-6, Glc-4/Rha-5, and Glc-4/Rha-6) (Figure 4.8B, 75 and Figure S4.26 and $4.27).
Inter-proton distances of 2.9, 3.6, 3.6, and >4 A, estimated by applying the Isolated Spin Pair
Approximation to the NOE intensities, satisfactorily matched those calculated in the MD simulations.
Similar NOEs between the key proton pairs were also observed for 3mer-IIT suggesting a related
conformation (Figure $4.38 and $4.39). The NOE pattern observed for 3mer-I (and 3mer-III) is fully
consistent with previous reports on analogous glycan motifs (including Lex)303:304326 further corroborating
the presence of a closed conformation. In contrast, only the standard NOEs across the glycosidic linkages

CH:---O hydrogen bond 3mer - turn unit
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Figure 4.8 A) The chemical shift of Rha-5 reflects the presence of a non-conventional CH---O hydrogen bond. The table reports
the chemical shifts for Rha-5. B) Experimental NOEs extracted from NOESY NMR experiments for 3mer-I and 3mer-II (rea
arrows).
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were observed for 3mer-II, in agreement with distances calculated in the MD model, indicating that the
two branches are further apart compared to 3mer-I (Figure 4.8B, boztoz and Figure S4.32 and $4.33).

The short hairpin model 5mer-I was then scrutinized. The observed downfield shift of Rha-5 confirmed
the presence of the non-conventional hydrogen bond (A8 = 0.38 ppm, Figure 4.8A). The unfavorable
tumbling regime of 5Smer-I prevented the use of NOESY experiments at the spectrometer frequency used
in this study (i.e. 600 MHz) and ROESY experiments were necessary to observe positive NOEs. A
transverse ROESY (t-ROESY) pulse sequence was used to minimize common artifacts (e.g. TOCSY
transfer).328 Both inter- and intra-residue NOEs are detected in the 2D t-ROESY NMR. To identify intra-
residue NOEs, which are not useful for conformational analysis, I recorded a 2D TOCSY spectrum and
overimposed it with the 2D ROESY. In Figure 4.9 (#5p), the blue cross-peaks that are not overlapping with
grey cross-peaks can be unambiguously assigned to an inter-residue NOE. The t-ROESY?3? experiment
confirmed the presence of the key inter-residue NOEs between Glc A and Rha, identical to those observed
for 3mer-I (Figure 4.9A-K and Figure $4.46). The observed NOEs are summarized in Figure 4.9
(bottom). These data proved that the closed conformation of the turn unit remains stable upon elongation
of the two strands. To confirm that Smer-I folds into a hairpin conformation, additional evidence of the
proximity between Glc B and Glc C on the two strands was required. The NOE between Glc B-1 and Glc
C-2 was evident in the 2D t-ROESY (Figure 4.9] and Figure S4.44). To corroborate this evidence, 1
performed a selective 1D t-ROESY experiment and I observed the NOE between Glc B-1 and Glc C-2,
corresponding to an inter-proton distance of ca. 3.0 A, in full agreement with the MD simulations (Figure
4.10 and Figure S4.45). As commonly recognized for peptides, the NOEs between residues not close in
sequence are a strong indication that 5mer-I adopts a hairpin conformation (Figure 4.9, bottom).
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Figure 4.9 Overimposed 2D t-ROESY NMR (green-blue, 600 MHz, mixing time 300 ms, 300 K, D>O) of 5mer-I showing inter-
residue NOEs and 2D TOCSY NMR (grey, 400 MHz, mixing time 120 ms, 300 K) (#p). A-K) Excerpts of the 2D t-ROESY
NMR. Experimental NOEs extracted from t-ROESY NMR experiments for 5Smer-1 (red arrows) and snapshot of the MD
simulation of 5mer-I showing a hairpin conformation (boztom).
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Figure 4.10 Overlay of selective 1D t-ROESY (600 MHz, mixing time 200 ms, 294 K, D,O) and 1D TOCSY of 5mer-I. The
1D t-ROESY was obtained by selective excitation of the Glc B-1 resonance (8 4.41 ppm). The key NOE between Glc B-1/Glc
C-2 is highlighted in a red box.

The next challenge was to demonstrate that the hairpin conformation is also kept in longer glycan
structutres. Thus, long-range inter-residue NOEs were also searched within 9mer-I, as ultimate prove that
this oligomer autonomously folds into a hairpin conformation. However, the severe chemical shift
degeneracy hampered any standard structural analysis besides the observation of the hydrogen bond-
induced downfield shift of Rha-5 (A8 = 0.40 ppm, Figure 4.8A) and a key Rha-6/Glc A-2 NOE confirming
the stability of the closed turn unit conformation (Figure 4.11B).

To break the chemical shift degeneracy, and thus perform the required NMR analysis, two selectively 1>C-
labelled analogs of 9mer-I were synthesized, employing 13C-BB2b, using AGA (see Experimental section
6.5.2). 9mer-I-B and 9mer-I-F present a 13Cg-labelled Glc at residues B and F of the hairpin structure,
respectively (Figure 4.11A). The use of site-specific labelled analogs allowed extracting the key inter-residue
NOE information otherwise inaccessible due to spectral ovetlap. Half-filtered 'H[3C], 1H['2C] NOESY
expetiments, only showing inter-residue NOEs, demonstrated the presence of the Glc B-1/Glc G-2
medium size NOE, corresponding to an inter-proton distance of 2.9-3.0 A on 9mer-I-B (estimated by
applying the Isolated Spin Pair Approximation to the NOE intensities, Figure 4.11C), which was further
confirmed by HSQC-NOESY (Figure 84.47). Next, HSQC-NOESY was recorded for 9mer-I-F and
another key medium size NOE (Glc F-6/Glc C-2, Figure 4.11D) was detected, corresponding to an intet-
proton distance of ca. 4.0 A. These data unambiguously show that, even for the nonasaccharide, the hairpin
conformation is kept in solution (Figure 4.11E and F).

Further demonstration of the different 3-D shape of 9mer-I versus the 9mer-II analogue was deduced from
diffusion-ordered NMR spectroscopy (DOSY) experiments independently carried out for both molecules
at the same concentration (Figure 4.11G). A significant difference in the diffusion coefficients estimated
for both molecules (2.03 10-1° m2/s for 9Imer-I and 1.77 10-° m2/s for 9mer-II) was observed, indicating
a much more compact structure for 9mer-I. According to the Stokes-Einstein equation that describes
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DOSY experiments, the effective hydrodynamic volume of 9mer-II is 50% larger than that of 9mer-I (the

ratio of hydrodynamic volumes is 1.52).
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Figure 4.11 A) AGA enabled the rapid synthesis of two labelled analogs of 9mer-I. For details about BBs, reaction conditions,
and AGA sce the Experimental section 6.2. B) Excerpt of the 2D NOESY NMR of 9mer-I showing the key NOE (Rha-6/Glc
A-2) at the turn unit (298 K, mixing time 300 ms, D20, 800 MHz). C) Excerpt of the half-filtered 2D 'H[3C], 'H['2C] NOESY
NMR of 9mer-I-B showing the typical inter-residue NOEs actoss the glycosidic linkages and the key NOE (Glc B-1/Glc G-2)
between the two strands of the hairpin (298 K, mixing time 300 ms, D,O, 800 MHz). The symbol ¢ indicates signals belonging
to an impurity. D) Excerpt of the 2D HSQC-NOESY NMR of 9mer-I-F showing the expected intra-residue NOEs and the key
NOE (Glc F-6/Glc C-2) between the two strands of the hairpin (288 K, mixing time 300 ms, D>O, 800 MHz). The symbol ¢
indicates signals belonging to an impurity. E) Selected experimental NOEs extracted from NMR conformational experiments for
9mer-I (red arrows). F) Snapshot of the MD simulation of 9mer-I showing a hairpin conformation. G) Superimposed DOSY
spectra of 9mer-1 (blue) and 9mer-11 (red) (295 K, DO, 600 MHz). The corresponding diffusion coefficients are indicated.
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4.3 Conclusions

In this chapter, I designed a glycan that folds into a secondary structure not found in nature. Employing
design principles developed for creating peptide hairpin structures, I designed and synthesized a glycan
hairpin. The hairpin design combined natural glycan structural elements to access a turn unit and two
stacking strands. The glycan turn unit was inspired by the Lex trisaccharide motif, adopting a closed
conformation stabilized by a non-conventional hydrogen bond. The two strands were based on cellulose
chains, adopting a rigid rod conformation stabilized by intramolecular hydrogen bonds and hydrophobic
interactions. Atomistic MD simulations aided the design, by providing 3-D models of the glycans as a
blueprint for synthesis and structural analysis. A collection of synthetic hairpin analogs, including C-
labelled oligosaccharides, was rapidly synthesized by AGA. The detection of long range NOEs
unambiguously demonstrated the hairpin conformation adopted by the nonasaccharide 9mer-I, and its
shorter analogs. DOSY experiments further confirmed the propensity to adopt a closed and compact
conformation.

Our work illustrates that glycan sequences capable of adopting specific secondary structure motifs can be
designed. Glycans with predictable folded shapes will expand the catalogue of foldamer scaffolds. The vast
alphabet of monosaccharides available might result in many structural motifs, beyond the commonly known
natural geometries. New natural polysaccharides are continuously discovered and their unprecedented
sequences could provide a source of secondary structure motifs.?¥33! In addition, non-canonical
monosaccharides could be used as templates, inducing even shorter glycans to fold, similarly to what
happened for peptides.?3? I imagine that the ability to control the conformation of glycans could lead to
predictable functions and properties, with applications in catalysis and nanotechnology.
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5 Conclusions and outlook

The ultimate goal of my thesis was to establish structure-function correlations for oligosaccharides and then
translate this knowledge into design principles to generate self-assembling carbohydrate materials. Botom-
up approaches are underlying themes in my doctoral thesis and allowed me to expand our understanding of
the principles dictating carbohydrate self-assembly. The knowledge acquired in the study of carbohydrate
materials culminated in the rational design of a glycan secondary structure, not found in nature. This work
will serve as a starting point for the future design of oligosaccharides with applications in material science

and catalysis.

In the first part of this thesis (Chapter 2), I developed efficient synthetic routes to fluorinated Glc and
GlcNAc BBs and assembled a broad collection of complex fluotinated glycans using Automated Glycan
Assembly (AGA). These non-natural compounds were designed to manipulate hydrogen bonds in cellulose,
a polysaccharide with high propensity to crystallize, and generated more flexible and soluble analogs. High-
resolution imaging permitted the visualization of single molecules, confirming the higher flexibility
predicted by Molecular Dynamics (MD) simulations. Furthermore, by exploiting the ""F NMR channel,
fluorinated oligosaccharides were used as probes for conformational studies and to screen for carbohydrate-

protein interactions.

Currently, the effect of site-specific fluorination is being studied for chitin, using the 6F-GIcNAc BB 1
synthesized. Chitin, similarly to cellulose, has a strong tendency to crystallize, and the impact of fluorination
pattern has never been explored. Preliminary results obtained in my group showed that chitin crystallinity
is much less affected by fluorination compared to cellulose, indicating that these two polysaccharides, while
sharing many structural similarities, might differ considerably in the factors influencing crystallinity (Figure
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Figure 5.1 A) A comparison between the impact of OH/F substitution in cellulose and chitin could give an insight into the
different factors dictating the crystalline behavior. B) Fluorinated chitin could be tested for its stability against chitinases. C)
Mixtures of 19F-labelled glycans prepared by AGA could be useful to increase the throughput of YF NMR binding assays (%f)).
Labelling glycans extracted from natural sources with 1F reporters could be exploited as an alternative method to labelling with
UV-Vis chromophores (right).
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5.1A). Site-specific fluorination of cellulose and chitin could also serve as a tool to manipulate enzymatic
degradation. Cellulose and chitin are degraded by cellulases?3? and chitinases?**-33¢ and the specific insertion
of fluorine could modulate the rate of degradation or even prevent it (Figure 5.1B). Experiments in which
fluorination site and pattern are systematically varied might reveal enzyme preferences and identify
candidates that are stable to enzymatic degradation. This would be particular interesting in the case of chitin,
because chitooligosaccharides (COS) are known to trigger an innate immune response in humans and
antifungal defense mechanisms in plants’¥7-3% in a size-dependent manner.?** In addition, fluorinated
monosaccharides, incorporated in a site-specific manner via AGA, will be key tools to provide structural
information on other polysaccharides. F-labelled oligosaccharides could also serve as probes for high-
throughput screenings to identify acceptor substrates for enzymes or for the discovery of new
glycosyltransferases.?*>24 Mixtures of site-specific F-labelled glycans with different chemical shift could
be designed for rapid real-time detection of binding to a protein or enzymatic reaction (Figure 5.1C, /f?) 220
The realization that the fluorine labels can be placed remotely from the glycan interacting site (Section 2.2.4)
could be exploited for labelling naturally extracted oligosaccharides (Figure 5.1C, righ?). Typically, naturally
extracted oligosaccharides are labelled (or tagged) with UV-Vis active chromophores to carry out protein
binding studies.340341 1YF-Jabelling could serve as an alternative labelling method that allows using NMR
spectroscopy for detection and benefits from the minimal impact of 1°F reporters.

In Chapter 3, I developed a bottom-up approach that uses a simple synthetic model system to correlate
molecular and supramolecular chirality of carbohydrate materials. I drew a correlation between molecular
and supramolecular chirality by exploiting non-natural mirror image monosaccharides (i.e. L-Glc). I started
with a simple disaccharide (Section 3.2.1) and developed a method to manipulate the chirality of the self-
assembled twisted fibers. Next, I systematically modified the disaccharide to validate the proposed fiber
crystal structure. In the second part of Chapter 3 (Section 3.2.2), I translated this bostom-up approach to a
natural polysaccharide. I established a model system for the study of cellulose aggregation using synthetic
oligomers produced by AGA. I discovered that cellulose oligomers of defined length and sequence,
including D- and L-Glc, self-assembled into thin platelets with tunable thickness. The synthetic cellulose
platelets further assembled into bundles displaying intrinsic chiral features directly connected to the chirality
of the cellulose chain. Synthetic hybrid D- and L-cellulose oligomers helped to elucidate the origin of the
chirality of these bundles, associated to both the surface and the core of the platelets.

Future projects can be envisioned from the work described in Chapter 3. In Section 3.2.2.3, I observed that
certain hybrid D-/L-cellulose oligomers, in contrast to homochiral D-cellulose oligomers, displayed a
square platelet morphology and a cellulose IVu-type XRD pattern (Figure 5.2A). The cellulose IV crystal
structure is currently the focus of a collaborative project with Dr. Yu Ogawa (CNRS-Cermav, Grenoble)
aimed at using synthetic oligosaccharides to resolve the fine details of molecular association »iz MicroED
(see Section 1.2). Revealing the molecular details of the particles obtained from synthetic cellulose oligomers
could be interesting to understand the factors (e.g. primary sequence, crystallization conditions) that dictate
shape and size of the aggregates. A broader systematic screening of D- and L-cellulose hybrid oligomers
combined with electron diffraction and powder XRD analysis could be envisioned to correlate structure
and properties. The knowledge gained from such a systematic study could be used in the future to design
oligosaccharide sequences that self-assemble into particles with defined 3-D shape.

Another possible follow up project could exploit synthetic cellulose oligomers as a scaffold for designing
self-assembling materials. The strong propensity of cellulose to stack and form aggregates could be
exploited to direct the self-assembly, while other residues could be used to promote solubility and
interactions with water (Figure 5.2B). In the field of supramolecular peptide materials, similar concepts
have been exploited to design peptide amphiphiles.®? Different length of the cellulose portion and the
hydrophilic portion could be used to finely tune the shape and/or the property of the self-assembled object
(e.g. fiber, hydrogel, platelet).342343
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The cellulose bundles desctibed in Section 3.2.2.2 show a well-defined chirality and can be imagined as
chiral dopant to direct the self-assembly of naturally sourced CNCs. The presence of crystallite bundles is
emerging as a key factor in controlling CNCs self-assembly.283 Currently, only left handed chiral nematic
phases can be obtained. Synthetic analogs capable of generating enantiomeric bundles could be interesting
materials to invert the chirality of CNCs films for photonic applications (Figure 5.2C).270 Last, the bottom-
up approach presented herein for cellulose could be extended to other polysaccharides, such as chitin, for
which supramolecular chirality is not well-studied and the literature is still lacking.
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Figure 5.2 A) Platelets with diverse shape and size were observed for hybrid D- and L-cellulose sequences. Understanding the
factors governing size and the shape of cellulose oligomer platelets could give access to materials with defined size and shape. B)
The cellulose backbone could serve as a scaffold to generate self-assembling materials. The stacking tendency of cellulose could
be used to guide the self-assembly. Materials with diverse shapes and properties could be created. C) Synthetic cellulose platelets
that assemble into chiral bundles could serve as chiral dopants for naturally extracted CNCs.

In Chapter 4, I applied the knowledge gained in previous projects to rationally design a glycan capable of
folding into a secondary structure in a way not found in nature. Employing design principles developed for
creating peptide hairpin structures, I designed and synthesized a glycan hairpin that combines natural glycan
structural elements. MD simulations assisted the design and guided the synthesis, 7z AGA, of glycan hairpin
analogs. Finally, NMR validated the MD simulation and unambiguously demonstrated the hairpin
conformation adopted by the nonasaccharide.

Further steps could involve the study the self-assembling propensity of the glycan hairpin (Figure 5.3A).
The longest analog described in Chapter 4 (a nonasaccharide) is highly soluble in water, however longer
analogs could potentially lead to aggregation. Powder XRD and TEM imaging could aid the characterization
of the crystal structure and particle morphology obtained.

Another interesting avenue is the stabilization of the glycan hairpin motif (Figure 5.3B). A possible strategy
is macrocyclization which has been widely explored for peptide hairpins334 but rarely applied to
glycans.3#5346 The introduction of a salt bridge between the two strand of the hairpin could provide further
stabilization.3¥7 Salt bridges are key stabilizing interactions in peptide hairpins, but have not yet been
reported to contribute to the stability of glycan secondary structures.
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Finally, a stable and simple glycan secondary structure can be imagined as a scaffold to design effective
catalysts for organic reactions (Figure 5.3C). In the last decade, low molecular weight peptides and
foldamers have been exploited as catalysts for a wide range of asymmetric transformations, site-selective
functionalizations, and macrocyclizations.!66:315348 Catalyst-substrate non-covalent interactions and catalyst
conformation are crucial elements for efficient catalysis. The development of peptide B-turn catalysts
resulted in a wide scope of catalytic transformation (Figure 5.3C, /gf?).315348349 A similar perspective can be
imagined for the glycan turn units described in Chapter 4 (Figure 5.3C, righ?). Even though glycans that
catalyze reactions are not known in nature, they have a number of attractive features such as the large
number of monosaccharides available and the diverse spatial orientation of the hydroxyl groups that can
be used to graft reactive functionalities. The high density of stereochemical information of glycans could
be useful in asymmetric reactions. This feature could be exploited to design catalysts for asymmetric
reactions or site-selective functionalizations.
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Figure 5.3 A) Further stabilization of the hairpin could be achieved using a covalent link between the two strands (e.g.
macrocyclization) or through a non-covalent interaction, such as a salt bridge. B) Further studies are underway to understand the
tendency to self-assemble of the glycan hairpin and how the length of the strands impact this behavior. C) Peptide B-turns have
been exploited as organocatalysts (4ff). The well-defined conformation of the glycan turn unit could serve as a scaffold for
generating organocatalysts (righ?).



6 Experimental section

6.1  General materials and methods

All chemicals used were reagent grade and used as supplied unless otherwise noted. The automated
syntheses were performed on a home-built synthesizer developed at the Max Planck Institute of Colloids
and Interfaces.?® Analytical thin-layer chromatography (TLC) was performed on Merck silica gel 60 F254
plates (0.25 mm). Compounds were visualized by UV irradiation or dipping the plate in a staining solution
(sugar stain: 10% H,SO4 in EtOH; CAM: 48 g/L ammonium molybdate, 60 g/L cetic ammonium
molybdate in 6% H>SO4 aqueous solution). Flash column chromatography was carried out by using forced
flow of the indicated solvent on Fluka Kieselgel 60 M (0.04 — 0.063 mm). Analysis and purification by
normal and reverse phase HPLC was performed by using an Agilent 1200 series. Products were lyophilized
using a Christ Alpha 2-4 LD plus freeze dryer. 'H, 3C and HSQC NMR spectra were recorded on a Varian
400-MR (400 MHz), Varian 600-NMR (600 MHz), Bruker Biospin AVANCE700 (700 MHz) Bruker
AVANCE III 800 (800 MHz) spectrometer. Spectra were recorded in CDCl; or MeOD using the solvent
residual peak chemical shift as the internal standard in 'H and 13C NMR (CDCls: 7.26 ppm 'H, 77.0 ppm
13C, MeOD: 3.31 ppm 'H, 49.0 ppm 13C) or in DO using the solvent as the internal standard in 'H NMR
D20: 4.79 ppm 'H). 'H NMR spectra for all compounds were recorded without >C decoupling. Weak
intensity 13C resonances were derived from the respective HSQC crosspeaks. 'H NMR integrals of the
resonances corresponding to residues at the reducing end are reported as non-integer numbers and the sum
of the integrals of a and § anomers is set to 1. High resolution mass spectra were obtained using a 6210
ESI-TOF mass spectrometer (Agilent) and a MALDI-TOF autoflexTM (Bruker). MALDI and ESI mass
spectra were run on TonSpec Ultima instruments. IR spectra were recorded on a Perkin-Elmer 1600 FTIR
spectrometer. Optical rotations were measured by using a Perkin-Elmer 241 and Unipol L1000 polarimeter.
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6.2 Automated Glycan Assembly

6.2.1 General materials and methods

The automated syntheses were performed on a home-built synthesizer developed at the Max Planck
Institute of Colloids and Interfaces. All solvents used were HPLC-grade. The solvents used for the building
blocks, activator, TMSOTY and capping solutions were taken from an anhydrous solvent system (J.C.
Meyer). The building blocks were co-evaporated three times with toluene and dried for 1 h on high vacuum
before use. Oven-heated, argon-flushed flasks were used to prepare all moisture-sensitive solutions.
Activator, capping, deprotection, acidic wash and building block solutions were freshly prepared and kept
under argon during the automation run. All yields of products obtained by AGA were calculated on the
basis of resin loading. Resin loading was determined following previously established procedures.35!

6.2.2  Preparation of stock solutions

*  Building block solution: between 0.06 and 0.10 mmol of building block (depending on the BB,
see Module C1 and C2) was dissolved in DCM (1 mL).

* NIS/TfOH activator solution: 1.35 g (6.0 mmol) of recrystallized NIS was dissolved in 40 mL
of a 2:1 v/v mixture of anhydrous DCM and anhydrous dioxane. Then triflic acid (55 pL, 0.6
mmol) was added. The solution is kept at 0 °C (ice bath) for the duration of the automation run.

*  Fmoc deprotection solution: a solution of 20%./, piperidine in DMF was prepared.

* Lev deprotection solution: hydrazine acetate (550 mg, 5.97 mmol) was dissolved in
pytidine/AcOH/H,O (40mL, v/v, 32:8:2) and sonicated for 10 min.

*  TMSOTIS solution: TMSOTT (0.45 mlL, 2.49 mmol) was added to DCM (40 mL).

* Capping solution: a solution of 10%./, acetic anhydride and 2%, /. methanesulfunic acid in DCM
was prepared.

6.2.3 Modules for automated synthesis

Module A: Resin preparation

All automated syntheses were performed on 0.0125 mmol scale. Resin (L1, L2, or L3) is placed in the
reaction vessel and swollen in DCM for 20 min at room temperature prior to the synthesis. During this

time, all reagent lines needed for the synthesis are washed and primed. After the swelling, the resin is washed
with DMF, THF, and DCM (three times each with 2 mL for 25 s).

OMe OMe
/\/\/\
O\O HO NCbz o HO O\O
o 170 o
NO, OsN NO,

L1 (0.35 mmol/g) L2 (0.30 mmol/g) L3 (0.37 mmol/g)

o = Merrifield resin

Module B: Acidic wash with TMSOTY solution (20 min)

The resin is swollen in 2 mL. DCM and the temperature of the reaction vessel adjusted to -20 °C. Upon
reaching the low temperature, TMSOTT solution (1 mL) is added dropwise to the reaction vessel. After
bubbling for 3 min, the acidic solution is drained and the resin washed with 2 mL. DCM for 25 s.

I bati
Action Cycles Solution Amount T (°C) nm% ation
time
Cooling - - - -20 (15 min)*
Deliver 1 DCM 2 mlL, -20 -
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Deliver 1 TMSOT( solution 1 mL -20 3 min
Wash 1 DCM 2 mL -20 25 sec

*Time required to reach the desired temperature.

Module C1: Thioglycoside glycosylation (35 min-55 min)

The building block solution (0.10 mmol of BB in 1 ml of DCM per glycosylation) is delivered to the
reaction vessel. After the set temperature is reached, the reaction is started by dropwise addition of the
NIS/TfOH activator solution (1.0 mL, excess). The glycosylation conditions (T4, T», ti, and t2) are building
block dependent and are reported in for each synthesis. After completion of the reaction, the solution is
drained and the resin is washed with DCM, DCM:dioxane (1:2, 3 mL for 20 s) and DCM (two times, each
with 2 mL for 25 s). The temperature of the reaction vessel is increased to 25 °C for the next module. In
case of a double cycle (C1*, *Double cycle), module C1 is repeated twice.

I bati
Action Cycles Solution Amount T (°C) neubation
time
Cooling - - - T -
Deliver 1 BB solution 1 mL Ty -
I fOH
Deliver 1 N S/T . 1 mL T -
activator solution
Reaction time 1 Ty t1
(BB dependent) to T t2
Wash 1 DCM 2 mL T, 5 sec
DCM : Di
Wash 1 Loxane 2 mlL T, 20 sec
(1:2)
Heating - - - 25 -
Wash 2 DCM 2 mL >0 25 sec

Module C2: Glycosyl phosphate glycosylation (45 min)

The building block solution (0.06 mmol of BB in 1 ml of DCM per glycosylation) is delivered to the
reaction vessel. After the set temperature is reached, the reaction is started by dropwise addition of the
TMSOTT solution (1.0 mL, stoichiometric). After completion of the reaction, the solution is drained and
the resin washed with DCM (six times, each with 2 mL for 25 s). The temperature of the reaction vessel is
increased to 25 °C for the next module. In case of a double cycle (C2*, *Double cycle), module C2 is
repeated twice.

Action Cycles Solution Amount T (°C) Inmfbation
time
Cooling - - - -30 -
Deliver 1 BB solution 1 mL -30 -
Deliver 1 TMSOTT solution 1 mL -30 -
Reaction time ’ i i -30 5 min
(BB dependent) to -10 40 min
Wash 1 DCM 2 mL -10 5 sec
Heating - - - 25 -

81



Wash 6 DCM 2 ml >0 25 sec

Module D: Capping (30 min)

The resin is washed with DMF (two times with 2 mL for 25 s) and the temperature of the reaction vessel
adjusted to 25 °C. A pyridine solution (2 mL, 10%./, in DMF) is delivered into the reaction vessel. After 1
min, the reaction solution is drained and the resin washed with DCM (three times with 3 mL for 25 s).
Capping solution (4 mL) is delivered into the reaction vessel. After 20 min, the reaction solution is drained
and the resin washed with DCM (three times with 3 mL for 25 s).

Action Gl Sl Amount T (°C) Incubation
time
Heating - - - 25 (5 min)*
Wash 2 DMF 2 mL 25 25 sec
Deliver 1 10% Pyridine in DMF 2 mL 25 1 min
Wash 3 DCM 2 mL 25 25 sec
Deliver 1 Capping Solution 4 ml, 25 20 min
Wash 3 DCM 2 mL 25 25 sec

*Time required to reach the desired temperature.

Module E1: Fmoc deprotection (9 min)

The resin is washed with DMF (three times with 2 mL for 25 s) and the temperature of the reaction vessel
adjusted to 25 °C. Fmoc deprotection solution (2mlL) is delivered to the reaction vessel and kept under Ar
bubbling. After 5 min, the reaction solution is drained and the resin washed with DMF (three times with 3
mL for 25 s) and DCM (five times each with 2 mL for 25 s). The temperature of the reaction vessel is
decreased to -20 °C for the next module.

Action Cycles Solution Amount T (°C) Inmfbation
time

Wash 3 DMF 2 mL 25 25 sec
Deliver 1 Fmoc depr. solution 2 mL 25 5 min
Wash 1 DMF 2 mL

Cooling - - - -20 -
Wash 3 DMF 2 mL <25 25 sec
Wash 5 DCM 2 mL <25 25 sec

Module E2: Lev deprotection (90 min)

The resin is washed with DCM (three times with 2 mL for 25 s). DCM (1.3 mL) is delivered to the reaction
vessel and the temperature of the reaction vessel is adjusted to 25 °C. Lev deprotection solution (2mL) is
delivered to the reaction vessel, kept under pulsed Ar bubbling for 30 min. This procedure is repeated twice.
The reaction solution is drained and the resin washed with DMF (three times with 3 mL for 25 s) and DCM
(five times each with 2 mL for 25 s).
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Incubation

Action Cycles Solution Amount T (°C) time
Wash 3 DMF 2 mL 25 25 sec
Deliver 2 Lev depr. solution 2 mlL 25 30 min
Wash 1 DMF 2 mL - -

Cooling - - - -20 -
Wash 3 DMF 2 ml, <25 25 sec
Wash 5 DCM 2 mlL <25 25 sec

6.2.4  Post-AGA manipulations

Module F1: On-resin methanolysis

The resin is suspended in THF (4 mL). MeONa in MeOH (0.5 M, 0.4 mL) is added and the suspension is
gently shaken at room temperature. After micro-cleavage (see Module G2) indicates the complete removal
of benzoyl groups, the resin is repeatedly washed with MeOH (3 x 2 mL) and DCM (3 x 2 mL).

Module F2: Solution-phase methanolysis

The protected oligosaccharide is dissolved in MeOH : DCM (1.5 mL, 1:1). NaOMe in MeOH (0.5 M, 3
equiv. per benzoyl ester) is added and the solution stirred at room temperature, neutralized with Amberlite
IR-120 (H+ form), filtered and concentrated z vacuo. The crude compound is used for hydrogenolysis
without further purification.

Module G1: Cleavage from solid support
The oligosaccharides are cleaved from the solid support using a continuous-flow photoreactor as described
previously.!0?

Module G2: Micro-cleavage from solid support

Trace amount of resin (around 20 beads) is dispersed in DCM (0.1 mL) and irradiated with a UV lamp (6
W, 356 nm) for 10 minutes. ACN (10 uL) is then added to the resin and the resulting solution analyzed by
MALDI.

Module H1: Hydrogenolysis

The crude compound obtained from Module G1 is dissolved in 2 mL of EtOAc:/BuOH:H-0O (2:1:1). 100%
by weight Pd/C (10%y) ot Pd(OH)»/C (10-20%., moistened with water) is added and the reaction stitred
in a pressurized reactor under Ha pressure (4 bar). The reaction progress is monitored to avoid undesired
side products formation (ie. degradation of reducing end).?® Upon completion, the reaction is filtered
(PTFE 0.45 pm 25 mm syringe filter, Fisher scientific) and washed with EtOAc, H>O, and ACN (4 mL
each). The filtrates are concentrated 7 vacuo.

Module H2: Hydrogenolysis at ambient pressure

The crude compound obtained from Module G1 is dissolved in 2 mL of EtOAc:/BuOH:H>O (2:1:1). 100%
by weight Pd/C (10%L,) is added to the stirred flask, the reaction purged for 5 min with a N balloon, and
equipped with a Ha balloon. The reaction progress is monitored to avoid undesired side products formation
(z.e. degradation of reducing end).?*? Upon completion, the reaction is filtered (PTFE 0.45 ym 25 mm
syringe filter, Fisher scientific) and washed with EtOAc, H>O, and ACN (4 mL each). The filtrates are
concentrated iz vacuo.
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Module I: Purification

The final compounds are analyzed using analytical normal or reverse phase HPLC (Agilent 1200 Series,

Methods A1, B1, and C1). The purification of the crudes is conducted using normal or reverse phase HPLC
(Agilent 1200 Series, Method A2, B2, and C2).

Method Al: (Hypercarb column, ThermoFisher scientific, 150 x 4.6 mm, 3 pum) flow rate of 0.7
mL/min with HxO (0.1% formic acid) and ACN as eluents [isocratic (5 min), linear gradient to
30% ACN (30 min), linear gradient to 100% ACN (5 min), isocratic 100% ACN (5 min)].

Method A2 (Prep): (Hypercarb column, ThermoFisher scientific, 150 x 10 mm, 5 um), flow rate
of 3 mL /min with H>O (0.1% formic acid) and ACN as eluents [isocratic (5 min), linear gradient
to 30% ACN (30 min), linear gradient to 100% ACN (5 min), isocratic 100% ACN (5 min)].

Method B1: (Hypercarb column, ThermoFisher scientific, 150 x 4.6 mm, 3 pm) flow rate of 0.7
mL/min with HxO (0.1% formic acid) and ACN as eluents [isocratic (5 min), linear gradient to
60% ACN (30 min), linear gradient to 100% ACN (5 min), isocratic 100% ACN (5 min)].

Method B2 (Prep): (Hypercarb column, ThermoFisher scientific, 150 x 10 mm, 5 pm), flow rate
of 3 mL/min with HO (0.1% formic acid) and ACN as eluents [isocratic (5 min), linear gradient
to 60% ACN (30 min), linear gradient to 100% ACN (5 min), isocratic 100% ACN (5 min)].

Method C1: (Synergi Hydro RP18 column, Phenomenex, 250 x 4.6 mm), flow rate of 1.0 mL/min
with H>O (0.1% formic acid) and ACN as eluents [isocratic (5 min), linear gradient to 30% ACN
(30 min), linear gradient to 100% ACN (5 min), isocratic 100% ACN (5 min)].

Method C2 (Prep): (Synergi Hydro RP18 column, Phenomenex, 250 x 10 mm) flow rate of 4.0
mL/min with H;O (0.1% formic acid) and ACN as eluents [isocratic (5 min), linear gradient to
30% ACN (30 min), linear gradient to 100% ACN (5 min), isocratic 100% ACN (5 min)].

Method D (Prep): (Manual reverse phase Cys silica gel column chromatography, 80 x 15 mm):
H>O (0.1% formic acid, 10 mL), 3% MeOH (10 mL), 6% MeOH (10 mL), 9% MeOH (10 mL),
12% MeOH (10 mL), 15% MeOH (10 mL).

Method E1: (YMC-Diol-300 column, 150 x 4.6 mm), flow rate of 1.0 mI./min with Hexane and
EtOAc as eluents [isocratic 20% EtOAc (5 min), linear gradient to 55% EtOAc (35 min), linear
gradient to 100% EtOAc (5 min)].

Method E2 (Prep): (YMC-Diol-300 column, 150 x 20 mm), flow rate of 15 mL/min with Hexane
and EtOAc as eluents [isocratic 20% EtOAc (5 min), linear gradient to 55% EtOAc (35 min), linear
gradient to 100% EtOAc (5 min)].

Following final purification, all deprotected products are lyophilized on a Christ Alpha 2-4 LD plus freeze

dryer prior to characterization.
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6.3
6.3.1

Experimental section for Chapter 2

Synthesis of fluorinated building blocks

OH F F
Ph—X-0 4 steps DAST FmocCl
Oﬂ/SE —, HO 2 HO O g —— FmogO O ok
HO t T —", Bno SEt  pcm BnO t Py BnO
OH OBz _40°Ct040°C 0Bz DCM, RT 0Bz
21 2.2 5h 2.3a (34%) 3h BB2.3 (72%)
OH OH F
2steps  Ph—X-0 pTsOH, EtSH DAST
0 0 ' 0 0
HS&/SB — Bﬁ&/ st —— B SEt  — - H% SEt
NHTCA NHTCA DCM NHTCA ACN NHTCA
RT, 1h -20°C to 50 °C
24 238 2.9 (88%) 5h 2.10, (23%)
ap 1:9
1 TfOH
HO-P-OBu  pcwm,-30 °C FmocCl
OBu 2h DCM Py
| (76%) l C to RT
op 1:4 O
E E HO- P OBu
Fmoco N2 é&w y o
moc
BnoO + Fmogls Q~—#-0Bu Fmegto SEt
Ny O NHTCA OBu NIS, TFOH NHTCA
CCla bemo-e 211 (93%)
2.12 (48%) BB2.4 (41%)
a:p4:5

Scheme S2.1 Synthesis of BB2.3 and BB2.4.
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Synthesis of 2.3a
F
HO HO
BnO SEt  pcm BnO SEt

OBz 400¢ to 40°C OBz
2.2 sh 2.3a (34%)

SF,
DAST

2.2 was prepared according to previously established procedures.?>3

2.2 (490 mg, 1.17 mmol) was dissolved in anhydrous DCM (10 mL) and cooled to -40 °C (dry ice/ACN
bath) under Ar atmosphere. DAST (171 pL, 1.29 mmol) was dissolved in anhydrous DCM (200 uL) and
added dropwise to the reaction mixture. After 30 min, the cooling bath was removed and the reaction
heated up to 40 °C. The solution was stirred for additional 5 h and then quenched with MeOH at 0 °C.
The crude reaction mixture was diluted with DCM and washed once with brine. The crude compound was
purified by silica gel flash column chromatography (Hexane : EtOAc = 3:1->1:1) to give 2.3a as a colotless
oil (167 mg, 34%).

H NMR (400 MHz, Chloroform-d) & 8.11 — 8.02 (m, 2H), 7.64 — 7.56 (m, 1H), 7.47 (tt, ] = 6.7, 1.2 Hz,
2H), 7.32 — 7.15 (m, 5H), 5.36 — 5.24 (m, 1H), 4.81 — 4.51 (m, 5H), 3.78 — 3.67 (m, 2H), 3.58 (dddd, | =
21.5,8.3,5.0,2.7 Hz, 1H), 2.82 — 2.63 (m, 2H), 2.34 (s, 1H), 1.24 (t, ] = 7.5 Hz, 5H). 13C NMR (101 MHz,
Chloroform-d) 6 165.34, 137.77,133.51, 129.99, 129.79, 128.78, 128.606, 128.29, 128.17, 84.14, 83.80, 82.19
(d, ] =173.4 Hz), 78.55 (d, ] = 18.6 Hz), 74.94, 72.25, 69.07 (d, ] = 7.2 Hz), 24.12, 14.92. ""F NMR (376
MHz, Chloroform-d) 8 -233.66 (td, | = 47.3, 22.8 Hz). [«]p?* -18.12 (c 1.2 g/100 mL, CHCl3). IR » = 3482,
2927,1724,1268, 1086, 1070, 1027, 710, 700 cm-!. (ESI-HRMS) m/z 443.1291 [M+Na]* (C22H2sFOsSNa
requires 443.1302).

TH NMR of 2.3a (400 MHz, CDCls)
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13C NMR of 2.3a (101 MHz, CDCl;)
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HSQC NMR of 2.3a (CDCL)
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Synthesis of BB2.3

F F

0 FmocCl o
HO SEt T - FmocO SEt
BnO Py BnO
OBz DCM, RT OBz
2.3a 3h BB2.3 (72%)

2.3a (167 mg, 0.40 mmol) was dissolved in DCM (5 mL) and pyridine was added (100 pL, 1.2 mmol).
FmocCl (200 mg, 0.77 mmol) was dissolved in DCM (1.5 mL) and added to the reaction mixture at RT
under Ar atmosphere. The solution was stirred for 3 h and then quenched with a 1 M solution of HCI. The
crude reaction mixture was diluted with DCM, washed once with 1 M HCI, and once with brine. The crude
compound was purified by silica gel flash column chromatography (Toluene : DCM = 4:1->3:1 then
Toluene : EtOAc = 4:1) and recrystallized from DCM : Hexane to give the BB2.3 as a white solid (186 mg,
72%).

'H NMR (400 MHz, Chloroform-d) & 8.05 — 7.96 (m, 2H), 7.81 — 7.72 (m, 2H), 7.66 — 7.53 (m, 3H), 7.50
—7.36 (m, 4H), 7.30 (tt, ] = 7.5, 1.0 Hz, 2H), 7.20 — 7.00 (m, 5H), 5.33 (dd, ] = 10.0, 9.1 Hz, 1H), 4.95 (dd,
J=10.2,9.2 Hz, 1H), 4.63 — 4.49 (m, 5H), 4.48 — 4.40 (m, 2H), 4.20 (t, ] = 6.8 Hz, 1H), 3.91 (t, ] = 9.1 Hz,
1H), 3.82 — 3.69 (m, 1H), 2.82 — 2.65 (m, 2H), 1.23 (t, ] = 7.5 Hz, 3H). 3C NMR (101 MHz, Chloroform-
d) 8 164.99, 154.17, 143.08, 143.04, 141.36, 137.18, 133.38, 129.91, 129.54, 128.48, 128.21, 128.00, 127.88,
127.73,127.24, 125.04, 124.91, 120.17, 120.15, 83.69, 81.56 (d, ] = 175.3 Hz), 80.81, 76.73, 74.45, 73.92 (d,
] = 6.2 Hz), 71.64, 70.14, 46.79, 24.00, 14.80. F NMR (376 MHz, Chloroform-d) & -230.76 (td, ] = 47.0,
20.0 Hz). [o]p 23.35 (c 0.6 ¢/100 mL, CHCl). IR » = 2928, 1754, 1729, 1248, 1028, 742, 710 cm-1. (ESI-
HRMS) m/z 665.1992 [M+Na]* (C37H3sFO-SNa requires 665.1980).

1H NMR of BB2.3 (400 MHz, CDCl;)
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13C NMR of BB2.3 (101 MHz, CDCl;)
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HSQC NMR of BB2.3 (CDCl)
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Synthesis of 2.9

OH
Ph—X-0 PTSOH, EtSH é&p
O ;
Bﬁ&p et — =  HOJ SEt
NHTCA DCM NHTCA
RT, 1h
2.8 2.9 (88%)

Compound 2.8 was synthesized according to previous reported procedure >

2.8 (8.30 g, 15.2 mmol) was dissolved in anhydrous DCM (200 mL). EtSH (2.20 mL, 29.7 mmol) and
pTsOH (577 mg, 3 mmol) were added to the reaction mixture under Ar atmosphere and stirred at RT.
After 10 min, a white precipitate formed. The solution was stirred for 1 h and quenched with NEt3 (1 mL).
The crude reaction mixture was dried under vacuum and purified by flash column chromatography (Hexane

: Acetone = 2:121:1>1:2) to give 2.9 (6.17 g, 88%).

'H NMR (400 MHz, MeOD) & 7.44 — 7.16 (m, 6H), 4.89 (d, ] = 8.5 Hz, 1H), 4.77 — 4.66 (m, 2H), 3.95 —
3.81 (m, 2H), 3.75 — 3.64 (m, 2H), 3.57 — 3.49 (m, 1H), 3.42 — 3.33 (m, 1H), 2.84 — 2.65 (m, 2H), 1.26 (t, |
= 7.5 Hz, 3H). 15C NMR (101 MHz, MeOD) & 163.88, 139.86, 129.17, 128.82, 128.51, 84.72, 84.59, 82.38,
76.13, 72.07, 62.79, 57.35, 24.89, 15.28. [a]p? -0.87 (c 1.05 g/100 mL, MeOH). IR » = 3322, 2931, 1691,
1527, 1071, 1043, 822 cm!. (ESI-HRMS) m/z 480.0172 [M+Na]* (Ci-HxCLNOsSNa requires 480.0176).

H NMR of 2.9 (400 MHz, MeOD)
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*The peak at 4.87 ppm belongs to residual water.
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13C NMR of 2.9 (101 MHz, MeOD)
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COSY NMR of 2.9 (MeOD)
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Synthesis of 2.10

OH E
HO o DAST HO o
BnO SEt ~  BnO SEt
NHTCA ACN NHTCA
-20 °C to 50 °C
2.9 5h 2.10, (23%)
a:f1:9

2.9 (6.17 g, 13.4 mmol) was dissolved in anhydrous ACN (130 mL) and cooled down to -20 °C. DAST
(1.96 mL, 14.8 mmol) was added dropwise to the reaction mixture under Ar atmosphere. After 20 min the
cooling bath was removed and the reaction heated to 50 °C. The solution was stirred for additional 3 h and
quenched with MeOH at 0 °C. The crude reaction mixture was dried under vacuum and purified by flash
column chromatography (Hexane : EtOAc = 3:1->2:1->1:1) to give 2.10 as an inseparable mixture of
anomers (1.42 mg, 23%, a:f ratio 7:93). During the reaction, anomerization was observed.

Analytical data for the § anomer: 'H NMR (400 MHz, Chloroform-d) 8 7.45 — 7.27 (m, 5H), 6.94 (d, ] =
8.1 Hz, 1H), 4.98 (d, /] = 10.3 Hz, 1H), 4.84 (d, ] = 11.3 Hz, 1H), 4.76 — 4.51 (m, 3H), 3.98 (dd, ] = 10.0,
8.4 Hz, 1H), 3.71 — 3.48 (m, 3H), 2.82 — 2.63 (m, 2H), 2.23 (s, 1H), 1.28 (t, ] = 7.4 Hz, 3H). 3*C NMR (101
MHz, Chloroform-d) 8 161.87, 137.73, 129.00, 128.53, 128.20, 82.69, 82.13 (d, ] = 173.4 Hz), 81.78, 78.49
(d,J =18.4 Hz), 75.12,69.91 (d, ] = 7.2 Hz), 57.52, 24.74, 15.21. F NMR (376 MHz, Chloroform-d) & -
234.01 (td, | = 47.1, 22.9 Hz, F-6 ), -236.12 (td, ] = 47.4, 26.7 Hz, F-6 ). [«]p?* -23.91 (c 0.7 g/100 mL,
CHCl3). IR » = 3302, 2928, 1688, 1539, 1084. 834, 825 cm!. (ESI-HRMS) m/z 482.0163 [M+Na]*
(C17H21CsFNO4SNa requires 482.0133).

TH NMR of 2.10 (400 MHz, CDCl;)
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13C NMR of 2.10 (101 MHz, CDCl;)
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HSQC NMR of 2.10 (CDCls)
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Synthesis of 2.11

F F

Hoé&w e, Fm°co/§&M
BnO SEt BnO SEt
NHTCA DCM:Py NHTCA
0°CtoRT
2.10 3h 2.11 (93%)

2.10 (1.42 g, 3.1 mmol) was dissolved in DCM:Py (3:1, 15 mL) and cooled to 0 °C. FmocCl (1.60 g, 6.2
mmol) was dissolved in DCM (0.5 mL) and added to the reaction mixture under Ar atmosphere. The
solution was stirred for 20 min at 0 °C then warmed up to RT and stitred for additional 3 h, after which
time it was quenched with a 0.5 M solution of citric acid. The crude reaction mixture was diluted with
DCM, washed once with 0.5 M citric acid and once with brine. The crude compound was purified by silica
gel flash column chromatography (Hexane : Acetone = 3:1-22:1->1:1) and recrystallized from DCM :
Hexane to give 2.11 as an inseparable mixture of anomers (1.84 g, 87%, o:f ratio 3:97).

Analytical data for the § anomer: 'H NMR (400 MHz, Chloroform-d) 6 7.76 (dd, ] = 7.6, 3.1 Hz, 2H), 7.61
—7.51 (m, 2H), 7.40 (tt, ] = 7.6, 1.7 Hz, 2H), 7.31 — 7.16 (m, 7H), 6.98 (d, ] = 8.0 Hz, 1H), 5.09 (d,] = 10.2
Hz, 1H), 4.88 (t,] = 9.5 Hz, 1H), 4.63 (s, 2H), 4.56 — 4.48 (m, 2H), 4.45 — 4.36 (m, 2H), 4.28 (t,] = 9.4 Hz,
1H), 4.19 (t, ] = 6.9 Hz, 1H), 3.76 (dddd, ] = 20.5, 10.0, 4.6, 2.9 Hz, 1H), 3.68 — 3.53 (m, 1H), 2.83 — 2.65
(m, 2H), 1.28 (t, ] = 7.4 Hz, 3H). 3C NMR (101 MHz, Chloroform-d) & 161.88, 154.31,143.13 (d,] = 1.5
Hz), 141.45, 137.25, 128.58, 128.12, 127.96, 127.34, 125.15, 124.99, 120.28, 120.25, 8.44, £81.57 (d, ] =
175.4 Hz), 78.50, 76.66 (d, ] z= 19.6 Hz), 74.99, 74.70 (d, ] = 6.1 Hz), 70.35, 57.73, 46.84, 24.88, 15.24. F
NMR (376 MHz, Chloroform-d) & -231.05 (td, ] = 47.0, 20.5 Hz, F-6 ), -232.92 (td, ] = 47.3, 23.9 Hz, F-
6 o). [a]p2 +14.06 (c 1.0 g/100 mL, CHCl3). IR » = 3321, 1754, 1692, 1530, 1257, 758, 742 cm-. (ESI-
HRMS) m/z 704.0836 [M+Na]* (C32H3 CsFNOsSNa requires 704.0814).

H NMR of 2.1 (400 MHz, CDCl;)

HNNSNo

NNNNNN

98



13C NMR of 2.11 (101 MHz, CDCl;)
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HSQC NMR of 2.11 (CDCl)

b b

COSY NMR of 2.11 (CDCl;)
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Synthesis of BB2.4

O
Il
HO-P-OBu F F
] 0B 0 o
u O Il
Fmocooéomsa — ™% 0—P-OBu  + Fmoggoﬁx\

Bn |
NHTCA NIS, TfOH NHTCA OBu NYO
DCM, -20 °C
2.11 oh BB2.4 (41%) CCls
a:p 4:5 212 (48%)

oxazoline side product

2.11 (1.90 g, 2.78 mmol) was co-evaporated with toluene three times and dissolved in anhydrous DCM (35
mlL). Activated molecular sieves (4 A) were added to the mixture and the suspension was stirred at RT for
1 h. A solution of dibutyl phosphate (15 mL. of a 7%, solution in DCM stirred in presence of activated 4 A
molecular sieves for 1 h, 5.30 mmol) was added to the solution of 2.11 and cooled down to -20 °C. NIS
(751 mg, 3.34 mmol) and TfOH (17.5 uL, 0.20 mmol) were added and the reaction was slowly allowed to
RT. After 2 h, the reaction was quenched with NaHCOj; saturated aqueous solution, filtered, diluted with
DCM and washed once with 10% aqueous Na»S;Os. The organic layer was dried NaxSO,, concentrated
under vacuum and purified by silica gel column chromatography (Hexane : Acetone 5:12>4:1->3:1->2:1)
to obtain BB2.4 as a sticky colorless solid (952 mg, 41%, a:f ratio 4:5). The oxazoline side product 2.12
formed during the reaction and was isolated as a sticky colorless solid (827 mg, 48%).

Analytical data for BB2.4:

'"H NMR (400 MHz, CDCl3) 6 8.00 (d, J = 6.3 Hz, 0.5H), 7.81 — 7.72 (m, 2H), 7.62 — 7.49 (m, 2H), 7.40
(td, ] = 7.4, 4.2 Hz, 2H), 7.32 — 7.27 (m, 2H), 7.25 — 7.17 (m, 5H), 6.88 (d, ] = 8.6 Hz, 0.5H), 5.74 (dd, ] =
6.0, 3.3 Hz, 0.5H), 5.60 — 5.54 (m, 0.5H), 4.99 (dd, ] = 10.4, 9.1 Hz, 0.5H), 4.93 — 4.82 (m, 0.5H), 4.67 (d,
= 11.1 Hz, 0.5H), 4.64 — 4.56 (m, 1.5H), 4.56 — 4.44 (m, 2.5H), 4.44 — 4.35 (m, 1.5H), 431 (ddt, ] = 11.7,
8.8, 3.1 Hz, 0.5H), 4.27 — 3.94 (m, 7H), 3.80 (ddt, | = 18.6, 8.8, 3.8 Hz, 0.5H), 1.76 — 1.55 (m, 4H), 1.40
(dq, ] = 14.9, 7.4 Hz, 4H), 1.00 — 0.87 (m, 6H). 3C NMR (101 MHz, CDCLy) 8 162.37, 162.07, 154.33,
154.15, 143.20, 143.12, 143.06, 143.03, 141.49, 141.46, 137.33, 137.05, 128.69, 128.50, 128.18, 128.15,
128.03, 128.01, 127.36, 127.34, 125.11, 125.09, 124.97, 96.32, 95.35 (d, ] = 6.5 Hz), 82.07 (d, ] = 38.8 Hz),
80.32 (d, J = 39.6 Hz), 78.10, 75.95, 74.41 (d, ] = 13.7 Hz), 73.57, 73.37, 70.83, 70.63, 70.38, 70.36, 68.88,
68.81, 68.65, 68.58, 68.55, 68.52, 68.50, 56.90 (d, | = 8.9 Hz), 54.33 (d, ] = 7.8 Hz), 46.90, 46.87, 32.37,
32.35,32.31, 32.29, 32.21, 32.12, 32.04, 18.73, 18.70, 13.73, 13.70, 13.68. 3'P NMR (162 MHz, CDCl;) & -
2.75, -3.58. 1F NMR (376 MHz, CDCLy) & -230.70 (td, | = 46.9, 18.9 Hz), -231.98 (td, ] = 47.0, 22.4 Hz).
IR » = 3252, 2963, 1756, 1719, 1259, 1029, 968 cm<. (ESI-HRMS) m/z 852.1664 [M+Na]*
(C33H44C13FNO1()PN2L requires 852.1 644)

Analytical data for 2.12:

'"H NMR (400 MHz, CDCl3) 8 7.82 — 7.76 (m, 2H), 7.65 — 7.59 (m, 2H), 7.44 (t, ] = 7.5 Hz, 2H), 7.40 —
7.27 (m, 7TH), 6.39 (d, ] = 7.4 Hz, 1H), 4.98 (dt, / = 8.0, 1.6 Hz, 1H), 4.86 (d, ] = 12.2 Hz, 1H),4.71 (d, ] =
12.2 Hz, 1H), 4.65 (dd, ] = 7.7, 3.6 Hz, 1H), 4.53 (dd, ] = 7.4, 3.6 Hz, 1H), 4.50 — 4.40 (m, 3H), 4.27 (t, ] =
7.5 Hz, 1H), 4.19 (s, 1H), 3.88 (dddd, ] = 22.5, 7.4, 4.4, 2.7 Hz, 1H). *C NMR (101 MHz, CDCls) 8 163.02,
154.16, 143.16, 143.10, 141.43, 141.41, 137.13, 128.69, 128.28, 128.17, 128.12, 127.37, 127.31, 125.34,
125.29,103.73, 82.24 (d, ] = 176.8 Hz), 73.48, 71.95, 70.47, 69.89 (d, | = 6.7 Hz), 69.40 (d, ] = 19.1 Hz),
65.52, 46.72. YF NMR (376 MHz, CDCl3) 6 -230.89 (td, | = 47.1, 22.5 Hz). IR » = 2956, 1751, 1259, 981,
742 coyl. (ESI-HRMS) m/z 620.1012 [M+Na]* (C3H2sCsFNOg requires 620.0804).
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Recovery of the oxazoline side product 2.12

(0]
i
F HO-P-0Bu F
O
FmocO O OBu O i
Bno/ﬁx\ FmocO” O—P-OBu
CCly DCM, -30 °C
212 2h BB2.4 (76%)

oip 1:4

2.12 (781 mg, 1.26 mmol) was co-evaporated with toluene three times and dissolved in anhydrous DCM
(15 mL). Activated molecular sieves (4 A) were added to the mixture and the suspension was stirred at RT
for 1h. A solution of dibutyl phosphate (10 mL of a 7.5%, solution in DCM stirred in presence of activated
4 A molecular sieves for 1 h, 3.78 mmol) was added to the suspension of 2.12 and cooled down to -30 °C.
TfOH (50 pL, 0.57 mmol) was added dropwise and the reaction stirred at -30 °C for 2 h, after which time
it was quenched with NEt; (90 pL). The reaction was diluted with EtOAc, passed through a short plug of
silica, and concentrated under vacuum. The crude was purified by silica gel flash column chromatography
(Toluene 100%=2>10% EtOAc : Toluene) to yield BB2.4 as a sticky colotless solid (843 mg, 76%, «:f ratio
1:4).
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H NMR of BB2.4 (400 MHz, CDCl)
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31P NMR of BB2.4 (162 MHz, CDCl;)
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HSQC NMR of BB2.4 (CDCl)
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COSY NMR of BB2.4 (CDCl;)
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'H NMR of 2.12 (400 MHz, CDCls)
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F NMR of 2.12 (101 MHz, CDCl;)
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COSY NMR of 2.12 (CDCly)
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6.3.2 Oligosaccharide Synthesis

o) 0 0
FmocO_ SEt BnO SEt Fm°ggoéS/SEt
OBz OBz OBz
BB2.1 BB2.2 BB2.3
OBn OFmoc OFmoc
o) o) o)
Fm°gﬂoég/sm B’E‘goég/SR Bg‘goéwsa
Bz OBz OBz
BB2.5 BB2.6 R=Tol BB2.8 ("3C¢)
BB2.7 R=Et "
o =13¢
0OBn Bno OBN
Q o]
FmocO 0 BnO T
LevO SEt 0-P-OBu
NHTCA FmocO “OBu
BB2.10 BB2.11

Figure S2.1 BBs used for the AGA of fluorinated oligosaccharides.
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Synthesis of FzA;

OMe

HO

NO,
L1

BnO
0 BB2.5
i) AGA: Fm°gﬁo/§§psm -
OBz
BnO o)
BB2.1\ FmocO SEt
x3 F
OBz

ii) Post-AGA l
HOOO 3900 HO\ o HOQ\ 4 ho
F3A3
Step BB Modules Notes
- A L1 swelling

AGA (BB2.5)x3 (B, C1, D, EDx3 C1: (BB2.5, -20°C for 5 min, 0°C for 20 min)
(BB2.1)x3 (B, C1,D, EDx3 C1: (BB2.1, -20°C for 5 min, 0°C for 20 min)

F1: (30 h)

Post-AGA - F1,G1,H21 H2: (4 h)

I: Method D)

Automated synthesis, global deprotection, and purification afforded F3As as a white solid (3.5 mg, 25%

overall yield).

H NMR (600 MHz, D,0) & 5.09 (d, ] = 3.8 Hz, 0.4H), 4.55 — 4.38 (m, 7.6H), 4.31 (dt, | = 52.8, 8.9 Hz,
1H), 3.94 — 3.75 (m, 8H), 3.70 (dddt, ] = 20.1, 114, 7.8, 4.3 Hz, 6.4H), 3.64 — 3.41 (m, 15H), 3.34 (dd, | =
3.22 (td, ] = 8.3, 5.1 Hz, 2H), 3.18 — 3.12 (m, 0.6H). 13C NMR (151 MHz, D,0) & 102.29,
102.28, 101.54, 101.46, 101.38, 101.32, 96.77, 95.69, 95.57, 94.99, 94.89, 93.77, 93.67, 91.75, 78.56, 78.41,
78.18, 78.08, 75.59, 75.54, 75.48, 75.42, T4.75, T4.73, T4.72, T4.65, 74.59, 74.18, 73.94, 73.86, 73.82, 73.80,
73.75, 73.69, 73.64, 72.88, 71.90, 71.82, 71.81, 71.69, 71.23, 71.16, 70.05, 67.84, 67.72, 60.14, 60.13, 59.94,
59.78, 59.71, 59.50. F NMR (564 MHz, D,0) & -192.33 (dt, ] = 52.2, 14.0 Hz), -192.53 (dt, ] = 52.2,13.9
Hz), -195.00 (dt, ] = 52.8, 13.9 Hz). (ESI-HRMS) m/z 1019.3104 [M+Na]* (CsHsoF30Na requires

10.0, 5.3 Hz, 1H),

1019.3037).
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RP HPLC of F3A; (ELSD trace, Method C1, tg = 17.2 min)
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“C NMR of F;A; (151 MHz, Deuterium Oxide)
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HSQC NMR of F;A; (Deuterium Oxide)
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Synthesis of Fg

OMe
“Q
HO
NO,
L1
BnO
i) AGA: Fmocol&&/sa 332.1
OBz
ii) Post-AGA l
HO 0 o M o HON o HO HO
F o] Q
OH F/&?H/ F&?H/ '&ﬁfo&ﬁ_‘/o{%o
OH H
Fe
Step BB Modules Notes
AGA - A L1 swelling
(BB1)x6 (B,C1,D,EDx6 C1: (BB2.1, -20°C for 5 min, 0°C for 20 min)
F1: (16 h)
Post-AGA - F1,G1, H2, 1 H2: (5 h)
I: Method D)

Automated synthesis, global deprotection, and purification afforded Fg as a white solid (0.4 mg, 3% overall
yield).

TH NMR (700 MHz, D,0O) 6 5.19 (t, ] = 3.6 Hz, 0.5H), 4.62 (d, ] = 8.0 Hz, 1H), 4.58 — 4.45 (m, 9.5H), 4.37
(dt, J = 52.8, 8.9 Hz, 1H), 3.92 (dd, ] = 17.5, 8.2 Hz, 10H), 3.85 — 3.79 (m, 3H), 3.76 (dd, | = 12.7, 4.7 Hz,
5H), 3.71 — 3.61 (m, 2H), 3.59 — 3.45 (m, 9H), 3.40 (s, 1H). YF NMR (564 MHz, D;O) 6 -192.14 —-192.48
(m), -194.93 — -195.09 (m). (ESI-HRMS) m/z 1025.2947 [M+Na]* (CssHssFsO25Na requires 1025.2907).

13C NMR was not recorded due to the limited amount of sample.
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RP HPLC of Fs (ELSD trace, Method C1, tg = 19.5 min)
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“F NMR of Fs (376 MHz, Deuterium Oxide)
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Synthesis of f3A3

OMe

HO

NO,
L1

. Fmogdo O, BB2.5
i) AGA: BnO STol 3
OBz
o
BB2.3) FmocO SEt
3 BnO
X OBz

ii) Post-AGA l

F F
on HO™ oy HO HO 2o Okw
OH OH OH HO oh OH

f3A;

Step BB Modules Notes
- A L1 swelling
AGA (BB2.5)x3 (B,C1, D, EDx3 C1: (BB2.5, -20°C for 5 min, 0°C for 20 min)
(BB2.3)x3 (B, Cl1, D, E1)x3 C1: (BB2.3, -20°C for 5 min, 0°C for 20 min)
F1: (16 h)
Post-AGA - F1,G1, H2,1 H2: (3 h)
I: (Method D)

Automated synthesis, global deprotection, and purification afforded f3A3 as a white solid (4.6 mg, 35%
overall yield).

IH NMR (600 MHz, D:O) & 5.24 (d, ] = 3.8 Hz, 0.4H), 4.92 — 4.66 (m, 6H), 4.68 (d, ] = 7.9 Hz, 0.6H),
4.62 — 4.50 (m, 5H), 4.03 — 3.94 (m, 3H), 3.93 — 3.80 (m, 5H), 3.80 — 3.74 (m, 3H), 3.73 — 3.51 (m, 14H),
3.42 —3.27 (m, 5H). 3C NMR (151 MHz, D,O) & 102.72, 102.51, 102.45, 102.27, 95.68, 91.75, 82.07 (d,
= 167.6 Hz), 81.49 (d, ] = 167.6 Hz), 78.56, 78.40, 78.41, 78.20, 77.72, 77.69, 77.59, 77.55, 75.20, 74.75,
74.73,74.71, 74.35, 74.24, 74.18, 73.94, 73.89, 73.82, 73.77, 73.73, 73.24, 73.20, 73.12, 73.08, 72.95, 72.92,
72.89, 72.88, 72.85, 72.78, 71.23, 71.16, 70.05, 68.29, 68.24, 59.94, 59.76. 19F NMR (564 MHz, D,O) 5 -
233.89 (qd, | = 47.7, 27.2 Hz), -234.89 (td, ] = 47.1, 25.8 Hz). (ESI-HRMS) m/z 1019.3206 [M+Na]*
(C36H59F3028Na requires 1019.3037).
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RP HPLC of f3A; (ELSD trace, MethodCl, tg = 16.5 min)
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BC NMR of f;A; (151 MHz, Deuterium Oxide)
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HSQC NMR of f3A;3; (Deuterium Oxide)
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Synthesis of fs

OMe

HO

NO,
L1

F
. . FmocO (o} BB2.3
i AGA Bno/k/sa o
OBz

i) Post-AGA j

F F
Hﬁ&&g&&&%o@o&(f o JFlo
OH oH HO HO Ho S
OH OH on HO oH OH

fe

Step BB Modules Notes
AGA - A L1 swelling
(BB2.3)x6 B,C1, D, E1 C1: (BB2.3, -20°C for 5 min, 0°C for 20 min)
F1: (16 h)
Post-AGA - F1,G1, H2, 1 H2: 3 h)
I: (Method D)

Automated synthesis, global deprotection, and purification afforded fs as a white solid (3.7 mg, 30% overall
yield).

1H NMR (600 MHz, D,0O) 8 5.27 (d, ] = 3.7 Hz, 0.4H), 4.79 (s, 12.6H), 4.56 (dd, ] = 13.5, 8.0 Hz, 5H),
410 (dd, J = 31.1, 10.1 Hz, 0.6H), 3.91 — 3.63 (m, 16H), 3.60 (dd, ] = 9.8, 3.8 Hz, 0.4H), 3.58 — 3.50 (m,
2H), 3.44 —3.29 (m, 5H). 3C NMR (151 MHz, D,0) § 102.71, 102.52, 95.83, 82.07 (d, ] = 168.3 Hz), 81.47
(d, ] = 167.8 Hz), 77.68, 77.56, 77.52, 75.19, 74.35, 74.23, 73.96, 73.73, 73.23, 73.11, 72.95, 72.82, 72.78,
71.09, 68.28. 19F NMR (564 MHz, D,0O) 8 -233.70 — -234.10 (m), -234.47 (td, ] = 47.5, 31.2 Hz), -234.89
(td, ] = 47.2, 25.7 Hz). (ESI-HRMS) m/z 1025.3114 [M+Na]* (C3sHseFsO,5Na requires 1025.2907).

122



RP HPLC of fs (ELSD trace, Method C1, tg = 20.5, 21.5 min)

TH NMR of fs (600 MHz, Deuterium Oxide)
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13C NMR of fs (151 MHz, Deuterium Oxide)

T T T T T T T T T T T T T T T T T T T T T T T T T
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
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F NMR of fs (564 MHz, Deuterium Oxide)

" , T " T , "
-233.0 -2335 -2340 -2345 -2350 -2355 -236.0
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T T T T T T T T T T T T T T T T T T T T T T T T
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f1 (ppm)
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HSQC NMR of f3A;3; (Deuterium Oxide)
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Synthesis of 2.18

AN
HO NCbz

O,N

L2

OFmoc

ngoé& STol @
X

OBz

m OFmoc
OFmoc \/ F SEt
BnO BB2.6
BzO STol X3

OBz

1) AGA:

2) Post-AGA

2.18 3F-G3
Step BB Modules Notes

- A L2 swelling
AGA (BB2.6)x3 (B,C1,D, EDx3 C1: (BB2.6, -20°C for 5 min, 0°C for 20 min)
BB2.2 B,C1,D, E1l C1: (BB2.2, -20°C for 5 min, 0°C for 20 min)
(BB2.6)x2 (B, C1, D, E1)x2 C1: (BB2.6, -20°C for 5 min, 0°C for 20 min)

I*: (Method E2, tr = 33.5 min)
F2: (16 h)
Post-AGA - G1, I* F2 H1, 1*
0stAG 21 EE L HI1: 20 h)

I**: (Method C2: 15.0 min)

Automated synthesis, global deprotection, and purification afforded 2.18 as a white solid (2.4 mg, 17%
overall yield).

IH NMR (600 MHz, Deuterium Oxide) 8 4.60 (d, | = 8.0 Hz, 1H), 457 — 4.39 (m, 6H), 4.31 — 4.19 (m,
5H), 3.99 — 3.79 (m, 8H), 3.79 — 3.59 (m, 8H), 3.57 — 3.45 (m, 10H), 3.44 — 3.39 (m, 1H), 3.38 — 3.31 (m,
4H),3.29 (t, ] = 8.4 Hz, 1H), 3.02 (t, ] = 7.6 Hz, 2H), 1.76 — 1.64 (m, 4H), 1.52 — 1.43 (m, 2H). 13C NMR
(151 MHz, Deuterium Oxide) 8 102.95, 102.83, 102.16, 102.06, 96.15 (d, ] = 180.6 Hz), 75.85, 75.67, 75.60,
75.51, 74.85, 74.80, 73.56, 73.50, 73.01, 72.97, 71.63, 71.50, 70.13, 69.56, 69.38, 68.86, 68.77, 68.69, 68.54,
68.35, 67.76, 67.64, 60.66, 39.33, 28.13, 26.50, 22.04. F NMR (376 MHz, Deuterium Oxide) & -195.13 (dt,
] =529,13.7 Hz). (ESI-HRMS) m/z 1078.420 [M+H]* (C4iH7sFNOs requires 1078.420).
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NP HPLC of crude fully protected compound after photocleavage (Module E1) (ELSD trace,

Method B, tr = 30.5 min).

T T T T
10 20 30 40

RP HPLC of 2.18 (ELSD trace, Method C1, tgr = 15.0 min)

min
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TH NMR of 2.18 (600 MHz, Deuterium Oxide)

T T T T T T T T T T T T T T T T T T T
.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 4.5 4.0 35 3.0 25 2.0 15 1.0 0.5 Q

5.0
f1 (ppm)

13C NMR of 2.18 (151 MHz, Deuterium Oxide)
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1 (ppm)
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YF NMR of 2.18 (376 MHz, Deuterium Oxide)
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Synthesis of 2.19

2) Post-AGA

OH
2.19 3F-G1
Step BB Modules Notes
- A L2 swelling
AGA BB2.2 B,C1,D, E1l C1: (BB2.2, -20°C for 5 min, 0°C for 20 min)
(BB2.6)x5 (B, C1,D, EDx5 C1: (BB2.6, -20°C for 5 min, 0°C for 20 min)
I*: (Method E2, tg = 29.6 min)
F2: (16 h)
Post-AGA - G1, I*, F2, H1, I**
ost S D H1: (20 b)

I**: (Method C2: 14.4 min)

Automated synthesis, global deprotection, and purification afforded 2.19 as a white solid (3.8 mg, 21%

overall yield).

IH NMR (600 MHz, Deuterium Oxide) 8 4.57 — 4.52 (m, 6H), 4.46 (dt, ] = 52.8, 8.9 Hz, 1H, H-3), 4.24
(dq, ] = 11.3, 3.0, 2.4 Hz, 5H), 3.99 — 3.85 (m, 7H), 3.81 (ddd, ] = 13.8, 10.1, 8.8 Hz, 1H), 3.77 — 3.62 (m,
7H), 3.62 — 3.55 (m, 1H), 3.55 — 3.45 (m, 10H), 3.45 — 3.39 (m, 1H), 3.34 (ddt, ] = 9.6, 7.9, 2.1 Hz, 5H),
3.04 — 2.99 (m, 2H), 1.70 (h, | = 7.2, 6.7 Hz, 4H), 1.47 (p, ] = 7.7, 7.2 Hz, 2H). 3C NMR (151 MHz,
Deuterium Oxide) 8 102.95, 102.92, 102.88, 102.83, 101.37, 101.29, 96.32 (d, ] = 181.0 Hz, C-3), 75.86,
75.60, 75.52, 74.87, 74.84, 74.82, 73.56, 73.50, 73.02, 72.98, 71.62, 71.50, 70.31, 69.56, 69.41, 69.39, 69.35,
68.76, 68.72, 68.70, 68.54, 68.35, 67.78, 67.66, 60.66, 39.34, 28.11, 26.53, 22.03. 19F NMR (376 MHz,
Deuterium Oxide) 8 -195.04 (dt, ] = 52.7, 13.9 Hz). (ESI-HRMS) m/z 1078.419 [M+H]* (C4H:FNO3

requires 1078.420).
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NP HPLC of crude fully protected compound after photocleavage (Module G1) (ELSD trace,

Method El, tg = 29.6 min)

mAU_; '
] N
400—3 ‘
] |
300 [
200-3 [ !
! ’,
0_54M_/\\_ T = ,___U“A/ W,,,,‘__,ﬁm\_ e
! I % pa % % % % p P2 s
RP HPLC of 2.19 (ELSD trace, Method C1, tr = 15.3 min)
mV
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i3
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024
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TH NMR of 2.19 (600 MHz, Deuterium Oxide)

—_—
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13C NMR of 2.19 (151 MHz, Deuterium Oxide)
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YF NMR of 2.19 (376 MHz, Deuterium Oxide)

B s e s s e e e s
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Synthesis of 2.20

HO™ >">""NCbz
0
02N
L3
OFmoc
BnO 0 SEt @
F
1) AGA: 0Bz U
m OFmoc
BB2.6 Q
BnO
STol
OFmoc \/ BzO ©
OBz
Q
BnOF SEt BB2.2
OBz /\ OFmoc
BB2.6 o]
Y Bros STol
OBz
2) Post-AGA

2203F-61-63 M
Step BB Modules Notes
- A L2 swelling
BB2.2 B,C1,D, E1 C1: (BB2.2, -20°C for 5 min, 0°C for 20 min)
AGA BB2.6 B,C1,D, E1l C1: (BB2.6, -20°C for 5 min, 0°C for 20 min)
BB2.2 B,C1,D, E1l C1: (BB1, -20°C for 5 min, 0°C for 20 min)
(BB2.6)x3 (B, C1,D, EDx3 C1: (BB2.6, -20°C for 5 min, 0°C for 20 min)
I*: (Method E2, tr = 30.2 min)
F2: (16 h)
Post-AGA - G1, I* F2 H1, 1*
OsEAG S HI1: 20 h)

I**: (Method C2: 16.1 min)

Automated synthesis, global deprotection, and purification afforded 2.20 as a white solid (2.4 mg, 17%
overall yield).

IH NMR (600 MHz, Deuterium Oxide) & 4.55 (d, ] = 8.0 Hz, 1H), 4.49 (dd, ] = 8.1, 5.6 Hz, GH), 4.40 —
431 (m, 1H), 4.20 (dd, ] = 11.2, 5.4 Hz, 5H), 3.98 — 3.74 (m, 9H), 3.74 — 3.51 (m, 9H), 3.51 — 3.34 (m, 9H),
330 (t, ] = 8.2 Hz, 4H), 2.98 (t, | = 7.5 Hz, 2H), 1.66 (h, ] = 7.2 Hz, 4H), 1.43 (p, ] = 7.9 Hz, 2H). 13C
NMR (151 MHz, Deuterium Oxide) 8 102.96 (d, ] = 2.4 Hz), 102.84 (d, ] = 2.4 Hz), 102.15, 102.07, 101.37,
101.29, 96.32 (d, J = 180.9 Hz), 95.17 (d, ] = 180.9 Hz), 75.86, 75.61, 75.53, 74.87, 74.86, 74.80, 73.57,
73.53, 73.51, 73.47, 73.02, 72.98, 72.96, 71.63, 71.51, 70.29, 69.56, 69.40, 69.34, 68.89, 68.79, 68.54, 68.35,
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67.77,67.65, 60.67, 39.31, 28.10, 26.37, 22.02. 1F NMR (376 MHz, Deuterium Oxide) 8 -194.87 — -195.28
(m) (BSI-HRMS) m/z 1080.415 [M+H]* (Cs1H:sFNOs requires 1078.416).

NP HPLC of crude fully protected compound after photocleavage (Module E1) (ELSD trace,
Method B, tg = 29.7 min).
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RP HPLC of 2.20 (ELSD trace, Method C1, tg = 16.2 min).
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H NMR of 2.20 (600 MHz, Deuterium Oxide)
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13C NMR of 2.20 (151 MHz, Deuterium Oxide).
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YF NMR of 2.20 (376 MHz, Deuterium Oxide).
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Synthesis of F-Lac

L2

OBn
O
Fm°°o,:/§$/sa BB2.1 5o OBN
. OBz
1) AGA: 2o § o
U FmocO STol

OBz

2) Post-AGA
Ho OH OH
Hoég/o/éowo/\/\/\r\mz
F
OH OH
F-Lac
Step BB Modules Notes
- A L2 swelling
AGA BB2.1 B,C1,D, E1 C1: (BB2.1, -20°C for 5 min, 0°C for 20 min)
BB2.9 B,C1,D, El C1: (BB2.9, -20°C for 5 min, 0°C for 20 min)
F1: (16 h)
Post-AGA - F1,G1, H2, I H2: (3 h)

I: Method A2, tx = 19.6 min)

Automated synthesis, global deprotection, and purification afforded F-Lac as a white solid (1.17 mg, 20%
overall yield).

H NMR (600 MHz, Deuterium Oxide) & 4.67 — 4.55 (m, 1H, H-1 Glc, H-3 Glc), 4.54 (d, ] = 8.1 Hz, 1H,
H-1Gal), 450 (d, ] = 7.9 Hz, 1H), 4.05 —3.92 (m, 4H), 3.87 (dd, ] = 12.3, 5.1 Hz, 1H), 3.81 (dd, ] = 11.8,
7.7 Hz, 1H), 3.78 — 3.65 (m, 4H), 3.64 — 3.53 (m, 3H), 3.01 (t, ] = 7.5 Hz, 2H, CH>-NH3" linker), 1.70 (h, |
= 7.4, 6.8 Hz, 4H, 2x CH; linker), 1.47 (p, ] = 7.7 Hz, 2H, CH: linker). 13C NMR (151 MHz, Deuterium
Oxide) 6 102.81 (s, C-1 Gal), 101.11 (d, ] = 12.1 Hz, C-1 Glc), 94.77 (d, ] = 183.6 Hz, C-3 Glc), 75.46 (d,
J =169 Hz), 75.18, 73.80 (d, ] = 8.1 Hz), 72.57, 71.72 (d, ] = 18.1 Hz), 70.92, 70.17 (s, CH2-O linker),
68.43, 60.79, 59.77, 39.31 (s, CH2-NH3* linker), 28.07 (s, CH: linker), 26.49 (s, CH; linker), 22.01 (s, CH;
linker). 1F NMR (564 MHz, Deuterium Oxide) § -192.23 (dt, ] = 52.1, 14.0 Hz). (ESI-HRMS) m/z 430.208
[1\/I+H]+ (m/z calcd for C17H33FN01(]: 430208)
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RP-HPLC of F-Lac (ELSD trace, Method Al, tg = 21.4 min)
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1BC NMR of F-Lac (151 MHz, D;0)
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B —

HSQC NMR of F-Lac (D:0)
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Synthesis of F-Lac,

O,N
L2

OBn
o)
Fm°°°,§&sa BB2.1 5o OB
OBz
/\, 0
OBn BB2.9 ) Emoco STol
1) AGA: N
o)
Fm?.%?o SEt |BB2.10

OBz
OBn
NHTCA BnO
@ % 0
\__/ Bno 0-P-OBu
OBu

2) Post-AGA
Ho ,OH OH  Ho OH OH
OH NHAC OH OH
F-nLac,
Step BB Modules Notes
_ A L2 swelling

BB2.1 B,C1,D, El C1: (BB2.1, -20°C for 5 min, 0°C for 20 min)

AGA BB2.9 B,C1,D, El C1: (BB2.1, -20°C for 5 min, 0°C for 20 min)

BB2.10 B,Cl,D,El C1: (BB2.10, -20°C for 5 min, 0°C for 40 min)
BB2.11 B, C2,D,E1,E2 C2: (BB2.11, -35°C for 5 min, -15°C for 30 min)
F1: 3 d)
Post-AGA - F1, G1, H1, I H1: 3 d)
I: (Method D)

Automated synthesis, global deprotection, and purification afforded F-nLacy as white solid (1.64 mg, 16%
overall yield).

1H NMR (700 MHz, Deuterium oxide) 4.71 (d, J = 8.4 Hz, 1H, H-1), 4.59 (dt, ] = 52.0, 7.8 Hz, 1H, H-3
Glo), 453 (d, ] = 8.0 Hz, 1H, H-1), 448 (t, ] = 8.8 Hz, 2H, 2x H-1), 4.16 (s, 1H), 4.07 — 3.89 (m, 5H), 3.89
—3.65 (m, 14H), 3.64 — 3.50 (m, 5H), 3.00 (t, ] = 7.7 Hz, 2H, CH,NHs* linker), 2.04 (s, 3H, CH; NHAG),
1.73 — 1.64 (m, 4H, 2x CH, linker), 1.53 — 1.43 (m, 2H, CH linker). 13C NMR (151 MHz, Deuterium oxide)
8 174.84, 102.83 (s, C-1), 102.80 (s, C-1), 102.66 (s, C-1), 101.13 (s, C-1) 94.72 (d, ] = 184.3 Hz, C-3 Glc),
82.13, 78.14, 75.57, 75.29, 74.72, 74.50, 73.81, 72.44, 72.12, 71.66, 70.90, 70.15 (s, CH,-O linker), 69.92,
68.48, 68.18, 60.96, 60.72, 59.78, 55.14, 39.28 (s, CH linker), 28.06 (s, CH, linker), 26.33 (s, CH, linker),
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22.11 (s, CHy NHAG), 21.99 (s, CH linker). 9F NMR (564 MHz, Deuterium oxide) 8 -192.16 (dt, ] = 52.1,
14.0 Hz). (ESI-HRMS) m/z 795.344 [M+H]* (m/z caled for C5iHssFNoOn: 795.341).

RP-HPLC of F-nLac4 (ELSD trace, Method Al, tg = 28.1 min)
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13C NMR of F-nLac, (151 MHz, D,0)
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L e e e e B e e e e e
41915 -191.7 -1919 -192.1 -192.3 -1925 -192.7 -192.9
1 (ppm)

o

T T T T T T T T T T T T T T T T T T T T
30 20 10 0 -10 -20 30 40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -2C
f1 (ppm)

144



HSQC NMR of F-nLac, (D;0)
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Synthesis of F-Lex

O,N
L2

OBn
0
FmocO&/SEt@ Bno ,OBN
OBz
BB2.9 &&
U FmocO STol
1) AGA: Fm°°°§&55t BB2.10

OBz
NHTCA

) G
BnO OBn BB2.12

BnO
O o]
BnO O—Ig—OBu BB2.11
FmocO \OBu

2) Post-AGA

Ho /O

HO
F-Le*
Step BB Modules Notes
A L2 swelling
BB2.1 B,C1,D, El C1: (BB2.1, -20°C for 5 min, 0°C for 20 min)
BB2.9 B,C1,D, E1 C1: (BB2.9, -20°C for 5 min, 0°C for 20 min)
AGA BB2.10 B,C1, D, E2 C1: (BB2.10, -20°C for 5 min, 0°C for 40 min)
BB2.12 B,C1,D, El C1: (BB2.12, -40°C for 5 min, -20°C for 20 min)
BB2.11 B,C2,D, El C2: (BB2.11, -35°C for 5 min, -15°C for 30 min)
F1: (3 d)
Post-AGA F1,G1, H1, I H1: (3 d)
I: (Method D)

Automated synthesis, global deprotection, and purification afforded F-Lex as a white solid (1.1 mg, 8%
overall yield).

IH NMR (700 MHz, Deuterium Oxide) 8 5.14 (s, 1H, H-1 Fuc -1,3), 4.89 — 4.83 (m, 1H, H-5 Fuc «-1,3),
472 (d, ] = 8.4 Hz, 1H, H-1), 4.67 — 451 (m, 2H, H-3 Glc, H-1), 4.50 — 444 (m, 2H, 2x H-1), 4.21 — 4.13
(m, 1H), 4.06 — 3.82 (m, 11H), 3.82 — 3.64 (m, 10H), 3.59 (ddt, J = 17.3, 10.2, 3.8 Hz, 5H), 3.51 (t, ] = 8.9
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Hz, 1H), 3.00 (t, ] = 7.6 Hz, 2H, CH>NHs* linker), 2.03 (s, 3H, CH; NHAG), 1.68 (p, ] = 7.8, 7.1 Hz, 4H,
2x CH linker), 1.46 (p, | = 7.5 Hz, 2H, CH, linker), 1.18 (d, ] = 6.7 Hz, 3H, CH; Fuc). *C NMR (151
MHz, Deuterium oxide) 8 170.97 (s, C=O NHAC), 102.82 (s, C-1), 102.46 (s, C-1), 101.71 (s, C-1), 101.13
(s, C-1), 98.54 (s, C-1 Fuc a-1,3), 94.73 (d, ] = 178.3 Hz, C-3 Glc), 82.16, 75.07, 74.85, 74.71, 73.81, 73.01,
72.42,71.85,70.99,70.15 (s, CHa-O linker), 69.92, 69.14, 68.29, 68.16, 67.65, 66.63 (s, C-5 Fuc a-1,3), 61.44,
60.73,59.58,39.29 (s, CH,-NH;* linker), 28.06 (s, CH, linker), 26.35 (s, CH, linker), 22.19 (s, CHs NHAG),
21.99 (s, CH, linker), 15.24 (s, CH; Fuc). "F NMR (564 MHz, Deuterium oxide) 8 -192.15 (dt, ] = 52.2,
14.0 Hz). (ESI-HRMS) m/z 941.403 [M+H]* (m/z caled for CsHeFN,Ooy: 941.398).

RP-HPLC of F-Lex (ELSD trace, Method Al, tg = 24.3 min)

10 20 30 40 50 min

TH NMR of F-Lex (700 MHz, D,0)

T T T T T T T T T T T T T T T T T T T T
).0 9.5 9.0 85 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0 0.5 Q

1 (ppm)
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13C NMR of F-Lex (151 MHz, D,0)

T T T T T T T T T T T T T T T T T T T T T T T T T
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

1 (ppm)

YF NMR of F-Lex (376 MHz, D,0)

T T T T T T T T
-191.8-191.9-192.0-192.1 -192.2 -192.3 -192.4 -192.5
f1 (ppm) *

LT

T T T T T T T T T T T T T T T T T T T T
30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -2C
f1 (ppm)

* The peak at -122.29 ppm is a fluoride impurity
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HSQC NMR of F-Lex (D,0)
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Synthesis of F-H type 2

HO™ >">""NCbz
)
L2
OBn
(0]
Fmocol:/g/SEt @ Bno OBn
0Bz
OBn @ Fmoco&/STol
ﬁ/ U OBZ
1) AGA: FmocO O
) LevO SE(@ BnO OBn
NHTCA /_\' o
BB2.11! g0 Q
Fmoco O~ PCOBu
Q7 ~STol (BB2.12 OBu
mBn .
BnoOBn
2) Post-AGA
Ho ,OH OH  Ho OH OH
Hoé&/ﬁgﬁ/o&/o OF&OWO/\/\/\NHQ
0 NHAc OH OH
(0]
7,
HOOH
F-H type 2
Step BB Modules Notes
- A L2 swelling
BB2.1 B, ClD,El C1: (BB2.1, -20°C for 5 min, 0°C for 20 min)
BB29 B,Cl,D,El C1: (BB2.9, -20°C for 5 min, 0°C for 20 min)
AGA
BB2.10 B, Cl D,El C1: (BB2.10, -20°C for 5 min, 0°C for 40 min)
BB2.11 B,C2, D, El C2: (BB2.11, -35°C for 5 min, -15°C for 30 min)
BB2.12 B,Cl,D,E2 C1: (BB2.12, -40°C for 5 min, -20°C for 20 min)
F1: 2 d)
Post-AGA . F1, G1, H1, I HI: (3 d)

I: (Method D)

Automated synthesis, global deprotection, and purification afforded F-H type 2 as a white solid (1.3 mg,
10% overall yield).

1H NMR (700 MHz, Deuterium Oxide) & 5.32 (s, 1H, H-1 Fuc «-1,2), 4.71 (d, ] = 8.5 Hz, 1H, H-1), 4.68
— 4.44 (m, 4H, 4x H-1, H-3 Glc), 4.23 (q, | = 6.5 Hz, 1H, H-5 Fuc a-1,2), 4.20 — 3.64 (m, 25H), 3.64 — 3.50
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(m, 2H), 3.47 (m, 1H), 3.01 (t, ] = 7.6 Hz, 2H, CH>NH;* linker), 2.05 (s, 3H, CH; NHAc), 1.80 — 1.62 (m,
4H, 2x CH linker), 1.46 (p, ] = 8.0 Hz, 2H, CH, linker), 1.27 — 1.20 (d, ] = 6.1 Hz, 3H, CH; Fuc). 13C
NMR (151 MHz, Deutetium oxide) 8 170.79 (s, C=O NHAc), 102.82 (s, C-1), 102.68 (s, C-1), 101.13 (s,
C-1), 100.19 (s, C-1), 99.35 (s, C-1 Fuc «-1,2), 94.75 (d, ] = 196.3 Hz, C-3 Glc), 82.07, 76.39, 75.85, 75.58,
75.19, 75.04, 74.70, 73.76, 73.46, 72.00, 71.61, 70.15 (s, CHo-O linket), 69.94, 69.55, 69.05, 68.14, 66.87 (s,
C-5 Fuc a-1,2), 61.05, 60.68, 59.78, 55.33, 39.28 (s, CH,-NH;* linker), 28.06 (s, CH, linker), 26.33 (s, CH,
linker), 22.13 (s, CHs NHAc), 21.99 (s, CH, linker), 15.24 (s, CHs Fuc). °’F NMR (564 MHz, Deuterium

oxide) § -192.17 (dt, ] = 52.1, 14.1 Hz). (BSI-HRMS) m/z 941.404 [M+H]* (m/z caled for CyHeFN2Oog:
941.398).

RP-HPLC of F-H type 2 (ELSD trace, Method Al, tr = 27.4 min)

mv

T T T
5 10 15 20 b3 30 35 40

H NMR of F-H type 2 (700 MHz, D,0)

. L

T T T T T T T T T T
).0 9.5 9.0 85 8.0 7.5 7.0 6.5 6.0 5.5

; i y ; ; y T ; ,
50 45 4.0 35 3.0 25 2.0 15 1.0 0.5 0
f1 (ppm)
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3C NMR of F-H type 2 (151 MHz, D20)

T T T T T T T T T T T T T T T T T T T T T T T T T
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

1 (ppm)

1F NMR of F-H type 2 (564 MHz, D,0)

T i T i T T T T
-191.7 -191.9 -192.1 -192.3 -192.5 -192.7
f1 (ppm)

i

T T T T T T T T T ; ; T ; T ; T T T
30 20 10 0 -10 20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 ~-150 -160 -170 -180 -190 -2C
1 (ppm)
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HSQC NMR of F-H type 2 (D;0)
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Synthesis of F-Ley

HO™ >""NCbz
o)

Q
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OBn
(0]
Fm°°°,£§psa BB2.1 B0 O8N
OBz /_\
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u BnOOBn

BnO OBn
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07 —=STol
08 BB2.12 P\TOB"
. BnoOBn

2) Post-AGA
Ho O OH  Ho O OH
HO%O&&/O&O&/OWNW
0 NHAG OH OH
HO 0 on
F-LeY
HOOH
Step BB Modules Notes
- A L2 swelling
BB2.1 B,C1,D, E1l C1: (BB2.1, -20°C for 5 min, 0°C for 20 min)
BB2.9 B,C1,D, E1l C1: (BB2.9, -20°C for 5 min, 0°C for 20 min)
AGA BB2.10 B,C1, D, E2 C1: (BB2.10, -20°C for 5 min, 0°C for 40 min)

BB2.12 B, Cl1,D, E1 C1: (BB2.12, -40°C for 5 min, -20°C for 20 min)
BB2.11 B, C2,D, E1 C2: (BB2.11, -35°C for 5 min, -15°C for 30 min)

BB2.12 B,C1,D C1: (BB2.12, -40°C for 5 min, -20°C for 20 min)
Fl: (3 d)
Post-AGA - F1, G1, H1, I H1: (3 d)

I: Method A2, tg = 22.0 min)

Automated synthesis, global deprotection, and purification afforded F-Le¥ as a white solid (0.8 mg, 5%
overall yield).
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TH NMR (700 MHz, Deuterium Oxide) 8 5.28 (d, | = 3.6 Hz, 1H, H-1 Fuc «-1,2), 5.12 (d, ] = 4.0 Hz, 1H,
H-1 Fuc «-1,3), 4.89 (q, ] = 6.8 Hz, 1H, H-5 Fuc «-1,3), 4.73 (d, ] = 8.4 Hz, 1H, H-1), 4.59 (dt, ] = 52.3,
8.8 Hz, 1H, H-3 Glc), 4.54 — 4.50 (m, 2H, 2x H-1),4.48 (d, ] = 7.9 Hz, 1H, H-1), 4.26 (q, ] = 6.6 Hz, 1H,
H-5 Fuc a-1,2), 416 — 4.13 (m, 1H), 4.05 — 3.90 (m, 7H), 3.90 — 3.64 (m, 17H), 3.63 — 3.55 (m, 5H), 3.46
(ddd, j=10.1,5.2,2.4 Hz, 1H), 3.05 — 2.99 (m, 2H, CH,-NH;* linker), 2.03 (s, 3H, CH; NHAc), 1.69 (dp,
J=13.8,7.1 Hz, 4H, 2x CH: linker), 1.47 (qd, /] = 9.6, 8.9, 6.5 Hz, 2H, CH; linker), 1.27 (d, ] = 6.6 Hz, 3H,
CH; Fuc), 1.24 (d, ] = 6.6 Hz, 3H, CH; Fuc). ®C NMR (176 MHz, Deuterium oxide) 8 170.92 (s, C=O
NHAC), 102.88 (s, C-1), 101.20 (s, C-1), 101.13 (s, C-1), 100.22 (s, C-1), 99.44 (s, C-1 Fuc «-1,2), 98.60 (s,
C-1 Fuc «-1,3), 94.83 (d, ] = 182.8 Hz, C-3 Glc), 82.16, 76.40, 75.63, 75.39, 74.87, 74.76, 73.88, 73.83,
73.56, 73.09, 71.95, 71.85, 71.72, 70.22 (s, CH»-O linker), 70.02, 69.74, 69.19, 68.75, 68.29, 68.22, 67.72,
66.92 (s, C-5 Fuc a-1,2), 66.80 (s, C-5 Fuc «-1,3), 61.48, 60.75, 59.86, 59.80, 56.15, 39.35 (s, CH>-NHs"
linker), 28.13 (s, CH: linker), 26.40 (s, CHz linker), 22.28 (s, CH3; NHAc), 22.06 (s, CH: linker), 15.46 (s,
CHj; Fuc), 15,44 (s, CHs Fuc). F NMR (564 MHz, Deuterium oxide) & -192.16 (dt, | = 52.4, 14.1 Hz).
(ESI-HRMS) m/z 1087.462 [M+H]* (m/z calcd for Cy3H76FN2O0s: 1087.450).

RP-HPLC of F-Ley (ELSD trace, Method Al, tg = 23.0 min)

: |

IR, U

5

T
10 20 30 min

TH NMR of F-Ley (700 MHz, D,O)

II o

y y ; y i ; T T T T ; i y ; ; y ; ; ,
)0 95 9.0 85 8.0 7.5 7.0 6.5 6.0 5.5 50 45 4.0 35 3.0 25 2.0 15 1.0 0.5 0
f1 (ppm)
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13C NMR of F-Lev (151 MHz, D,0)

T T T T T T T T T T T T T T
20 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10 -2

f1 (ppm)

F NMR of F-Ley (564 MHz, D,0)

T i T T T T
41919 -192.0 -192.1  -1922 1923  -192.4
f1 (ppm)

T T T T T T T T T T T T T T T T T T T T
30 20 10 0 -10 -20 30 40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -2C
f1 (ppm)
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HSQC NMR of F-Ley (D:0)
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Synthesis of CF3-H type 2

Ho OH OH  Ho OH OH
0 0 O O A
Hoéwﬁoég/o éS/%o o NH,
0 OH

NHAC OH
$2.1
oroH
0
PR NEt,
EtO” CF; | DMSO
Ho O oH  Ho OH OH o)
0 o 0 o) AN J
HO fo 0 HO © N
% NHAC OH OH
0
7,
orH
CF3-H type 2

$2.1 was prepared by automated synthesis according to previously established protocols.?33

$2.1 (250 pg, 0.27 pmol) was dissolved in DMSO (150 pL) and a triethylamine solution (10 L, 0.1 M in
DMSO, 1 umol) was added. A solution of ethyltrifluoroacetate (20 uL, 0.1 M in DMSO, 2 pmol) was added
and the mixture stirred at RT overnight. The reaction was then diluted with water, lyophilized, and purified
by RP HPLC (Module I, Method A2, tr = 38.6 min). CF3-H type 2 was obtained as a white solid (140 pg,
51% yield).

IH NMR (600 MHz, Deutetium Oxide) § 5.32 (d, ] = 3.1 Hz, 1H, H-1 Fuc «-1,2), 472 (d, ] = 8.4 Hz, 1H,
H-1), 4.56 (d, ] = 7.7 Hz, 1H, H-1), 449 (d, ] = 8.0 Hz, 1H, H-1), 446 (d, ] = 7.9 Hz, 1H, H-1), 4.23 (q, ]
= 6.6 Hz, 1H, H-5 Fuc a-1,2), 4.16 (d, | = 3.4 Hz, 1H), 4.02 — 3.87 (m, 5H), 3.87 — 3.57 (m, 22H), 3.51 —
3.45 (m, 1H), 3.35 (t, | = 7.0 Hz, 2H, CH,NH;* linker), 3.33 — 3.29 (m, 1H), 2.06 (s, 3H, CH; NHAG),
1.70 —1.59 (m, 4H, 2x CH, linker), 1.42 (p, ] = 7.7 Hz, 2H, CH. linker), 1.24 (d, ] = 6.6 Hz, 3H, CH; Fuc).
19F NMR (564 MHz, Deutetium oxide) 8 -75.92. (ESI-HRMS) m/z 1057.372 [M+Nal]* (m/z caled for
Cs9HsF3N,O6Na: 1057.367).
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RP-HPLC of the crude reaction mixture (ELSD trace, Method Al)

mV—;
453 {
3.5—:

E “ $51 CF,-H type 2
253 J~ (= ’28.6) ik rpe

23 ‘

E ‘ 1 I
| \ |

h R N R N A

RP-HPLC of pure CF3-H type 2 (ELSD trace, Method Al, tr = 39.1 min)

mv 4

134
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.| ‘1 |
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H NMR of CF;-H type 2 (600 MHz, D,0O)
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1F NMR of CF5-H type 2 (564 MHz, D,0)

T T T . T
-75.80 -75.90 -76.00 -76.10
1 (ppm)

. T T . . . . . . .
10 0 -10 20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160
1 (ppm)

* The peak at -122.29 ppm is a fluoride impurity
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6.3.3 RDC analysis
Compound 2.17 2.14 2.17 2.15 2.20 2.20
[BCJ-G1-G3  [BCg-G2  [BCy-G1-G3 [3CJ-G4  3F-G1-G3  3F-G1-G3

Residue Gl G2 G3 G4 3F-G1 3F-G3
C1-H1 23 -19 -25 -4.2 18 -30
C2-H2 25.2 -23 -19.7 -1.2

C3-H3 -21.9 -5 23 -24
C3-F - - - - -13 13
C4-H4 -23.9 -5.3

C5-H5 -19.5 -4.5

C6-H6a 10.3 21.3 -0.1 -13

C6-H6b 3.6 -10.2 2.9 4.3

s;llitglg 89 85 89 84 81 81

Nao” N ° O~ oNa
OH

Table S2.1 RDCs (Hz) values measured in the cromolyn medium for the different 13C-labelled or F-containing hexasaccharides.
The YF-substituted and '3C-labelled residues are indicated (refer to Figure 2.8A for residue labelling). The specific RDC values in
the Table correspond to the specified residue. The deuterium residual Quadrupolar splitting (Hz) for every measurement is also
shown. The estimated error in the RDC values is ca. 1Hz. The splitting in the deuterium lock signal (2H Q splitting) confirmed a

similar degree of alignment for each sample.

Two set of spectra were recorded: one in isotropic conditions, and the second in anisotropic media. Both
isotropic and anisotropic data were obtained in the same sample, just varying the temperature: 293 K for
anisotropic conditions and 308 K for isotropic conditions. The residual dipolar couplings (D) were obtained
by subtracting the '] C-H splitting measured in a F2-coupled HSQC spectrum acquired in isotropic

0 o_Ah_o o

cromolyn sodium salt

conditions (Jcn) to the same coupling obtained in anisotropic conditions (*T'cu):

Den = 1T(IH‘]J(IH
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6.3.4 NMR studies of glycan-protein interactions
Recombinant proteins Detailed experimental information on expression of recombinant LecA, LecB, BambL,
Langerin, and DC-SIGN can be found in the original publication.3>>

1"F NMR screening All experiments were performed on a Bruker Ascend700 (Avancelll HD) spectrometer
equipped with a 5 mm TCI700 CryoProbe™ in 3 mm tubes (Norell §-3-800-7) at 298 K. The proteins were
screened at 10 uM (or 67 mU/mL for enzymes) against F-glycans: F-Lac, F-nLacs, F-Lex, F-H type 2
and F-Ley in 25 mM Tris-HCI pH 7.8, 150 mM NaCl, 10% DO, 25 uM TFA and 5 mM CaCl; at 298 K.
For this, proteins were mixed at 1:1 in volume ratio with the F-glycans resulting in the concentrations of
10 uM (or 67 mU/mL for enzymes) and 50 uM, respectively. The enzymes wete screened in the absence
of donor (ze. CMP-Neu5Ac). F spectra were recorded with 512 scans, a spectral width of 10 ppm, a
transmitter offset at -190 ppm, acquisition time of 2 s and 1 s relaxation time. T2-filtered spectra were
recorded using a CPMG pulse sequence with a 180° pulse repetition rate of 0.38 s using same acquisition
and relaxation times.3>%37 19F Ro-filtered experiments for 0.6 mM F-H type 2 and 0.15 mM LecA were
petformed with a CPMG pulse sequence with a 180° pulse repetition rate of 0, 0.24, 0.48, 0.72, 0.96 and
1.2 s using the same buffer and acquisition conditions as described above. F and CPMG NMR spectra of
50 uM CF3-H type 2 were recorded in presence of 10 uM DC-SIGN ECD and 5 uM BambL with 16
scans, a spectral width of 10 ppm, a transmitter offset at -75 ppm, acquisition time of 2 s and 1 s relaxation
time. Data were recorded without proton decoupling. All spectra were analyzed in MestReNova 11.0.0
(Mestrelab Research SL). The binding strength was defined depending on the changes observed in the
NMR after addition of the protein. A decrease in peak intensity higher than -25% or a CSP higher than
0.01 ppm in the normal F NMR was interpreted as strong binding, a decrease in peak intensity higher
than -25% in the CPMG filtered YF NMR as weak/medium binding, and a dectease in peak lower than -
25% in normal or CPMG filtered 1?F NMR as no binding.

Real-time F NMR kinetic measurement The enzymes B-galactosidase (E. co, CAS: 9031-11-2), and «(2,3)-
sialyltransferase from Pasteurella multocida (Pmo23ST, E. coli EC no. 2.4.99.4) were purchased from Sigma
Aldrich. The enzymatic reactions with B-galactosidase (0.15 pM), and Pmo23ST (100 mU/mL) were
performed at 310 K in 25 mM Tris-HCI pH 7.8, 150 mM NaCl with 2 mM MgCl,, 100 uM TFA and 10%
D,O. The concentration of F-Lac was 250 uM. The reactions with B-galactosidase were monitored every
149 s. All data were recorded without proton decoupling with 32 scans, acquisition time of 2 s and relaxation
delay of 1 s. All spectra were referenced to TFA at -75.6 ppm. To monitor the sialylation of 250 uM F-Lac
with Pma23ST, we used the buffer conditions reported above with 275 pM CMP-Neu5Ac and recorded
data at time points: 0 min, 13 min, 32 min, and 246 min. All data were recorded without proton decoupling
with 128 scans, acquisition time of 2 s and relaxation delay of 1 s. All spectra were referenced to TFA at -
75.6 ppm. To determine the yield<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>